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ABSTRACT

A SQUID magnetometer has been used to study
the N.M.R, signal and the relaxation time of normal
aluminum in low magnetic fields as a function of tem-
perature for the opurpose of doing thermometry below
1K. The variation of signal amplitude with tempera-
tures and r.f. power is found to agree with the pre-
dictions from the Bloch equations. A description is
eiven of the cryostat that used a circulating helium
gas heat exchanger to cool the experimental stage to
1.3X and adiabatic demagnetization of a paramagnetic
salt to further cool the stage to 240 mK.

The N.M.Z. spectrum of lithium in a crystal
of lithium niobate was also studied at 4.2K. The
quadruvole coupling constantkequ/h was measured to
he 52 4+ 1 KHz and is compared.to previous results.

The design of = new cryostat to operate
below 100 mK to replace the current one in use is
discussed. The construction and operation of a liquid

helium level indicator is discussed and commented on.
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INTRODUCTION

This thesis can be divided into two main tonics
of study: (1) an investigation into the vossibilities
of using SQUID magnetometer detection of N.M.R. at very
low temperatures for (a) thermometry and (b) weak signal
enhancement, (2) the development of a specially designed
adiabatic demagnetization cryostat to achieve the low
temperature and a study of how to incornorate the SQUID

and the SQUID elements in it.

The rapid develooment of methods of obtaining
temperatures below 1K has accentuated the need for re-
liable thermometry. Originally these low temperatures
were achieved only by adiabatic demagnetization of a
paramagnetic salt. Now cooling can be accomplished by
a 3He-4He dilution refrigérétqr, adiabatic compressional
cooling of 3He, and nuclear cooling. Tach of the afore-
mentioned methods have their advantages but whichever
technique is used, the temperature or temverature change
must be known accurately.

A convenient method of measuring temverature

is the magnetic thermometer based on Curie's Law.

SQUID magnetometers have been used to measure the
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temperature dependent longitudinal changes in(statio
magnetization of nucleaf paramagnets and also of nara-
masnetic salts such as CMN. This type of thermometry,
where the susceptibility is the temperature dependent
variable, is a powerful measuring technique due to its
simplicity. Normallyv this type of thermometer is cali-
brated in ﬁhe hirher temperature range (liquid helium)
but this method does have its limitations because any
changee in the outnut of the SQUID i.e. flux Jumos or
base line drift, would invalidate the calibration.

Another avpproach is afforded by measurement
of the N.M.R. signal height and spin-lattice relaxation
time using a SQUID magnetometer. This method is in com-
petition with conventional techniques. Two basic in-
struments have been used in this conventional method;
the continuous wave which looks at signal amolitude,
and the free precession decay. method where both the am-
nlitude and the relaxation time could be measured well
down into the sub millikelvin range. This bpulsed N.M.R.
thermometer has been so develoned by Yalstedt, Hahn,
Froldevaux and Geisslerl and further improved by them
and cthers to such a depree of precision that thev are
now available commercially.

An important aspect of N.M.,R. thermometry



relates to the choice of nuclear spvecies, its chemical
state and the form it ié to be used in. Metallic sam-
vles nrovide the best possibilities for thermal con-
duction and fast attainment of thermal equilibrium at
very low temperatures and thev have been investicated

by many workers for this purvose., Qualitv of the samnle
is importaﬁt because any magnetic impurities in some
metals could cause a departure from Curie's Law. Metal
samples can be used in one of several forms, either as

a thin foil, as a powder or as a bundle of wires,
Whichever form is used, the thickness exposed to r.f.
radiation should be small compared to the skin denth.
Factors that affect the choice are availability, ease of
handling and the form that it is supplied in.

Aalto, Collan, Gylling and Noresg have con-
structed an N.M.k. thermometer where thery used a series
of r.f. pulses at the Larmor precession frequency to
destroy the nuclear mapnétization and observed the
nuclear free vprecession sienal on an oscilliscope as
the nuclear temverature returned to equilibrium with
the lattice temperature. This pulse method was emploved
to discriminate between the sienal and the laree coherent
backeground of the magnetic impurities in the host metal,

platinum. However, it is not clear whether or not this



rapld measurement technique actually extracts the N,M.R.
sipnal from the backeround noise caused by the impurity
in the sample. These impurities affect the line width
of the resonance hence temperature behaviour of the
maenetic impurities will adversely affect the perfor-
mance of the nuclear svin signal as a thermometer as
stated by Symko.°

A‘literature search showed that aluminum was
the best choice to start a study.4 In samples of simi-
lar volume, there will be more aluminum nuclei oresent
than either of the copper isotopes, 63Cu and 650u, as
the relative sensitivity of aluminum is greater than
both isotopes of copver, it is expected to produce a
larcer signal. The ratio of amplitudes of the signsls

650u is approximately 4:2:1.

from 27Al and from 63Cu and
The relaxation time of 650u and 27Al are both relatively
long, 1,23 s and 1.8 s respectively at lK.3 Also in a
dilute aluminum alloy, magnetih impurities such as iron
and manganese do not form locél moments.'3

A sample of lithium niobate was also studied
in the oresent exnerimental apraratus. Lithium nibbate
is availahle in relatively perfect single crvstal form
and is currentlvy used in many new sonhisticated devices,

Previous studies on the physieal properties of the

material have been done by conventional N.M.R,9-11



Our nurpose then was to cool the erystal to verv low
temperatures to sese if more and nossibly new informstion
could be gleaned from the study of the N.M.R. vroperties
of LiNbOz with a 3QUID magnetometer at these low tempera-

tures.

A major portion of the work deals with the
development of an adiabatic demagnetization cryostat
that included a SQUID magnetometer and a small N.M.EKE.
head located on the exverimental stage, The technical
problems that had to be solved arose because the normal
operating temnerature of the SQUID is 4,2, whereas the
K.}M.R. head producing the sirnal is located on the ex-
nerimental stage that onerates below 1XK.

Since the SQUID requires the bath temnerature
to be 4.2K, an effective continuously operating refrig-
erator and heat exchangers héd to be develoned that
could cool the entire lower sféae to at least 1.3K as
the starting tempverature if efficient cooling bv adia-
batic demaernetization of a paramagnetic salt is to bhe
obtained.

One vroblem encountered was to desirn a
vacuum tieht seal for the lsads from the superconductinge
flux transformer in the N.M.R. head to the SAUID. To

interchange samples, the N.M.R. r.f. head had to be



removable thus necessitating a junction in the leads
of the transformer and élso in the leads to the r.f.
coil. It was decided to incorporate both the sesal and
Junction of the leads into a small box. The Join must
be superconducting but niobium wire leads cannot be
soldered. The separation between the connections must
be as small as possible to redﬁce the self-inductance
of the leads and hence lessen the noise being introduced
into the superconducting flux transformer.

Development of adequate shielding of the SQUID
and the SQUID elements is extremely important as the
amplitude of the desired signal is only a fraction of

the changes in the sarth's mapnetic field.

In Chapter I of this thesis, we shall first
briefly discuss the SQUID and the principle of the method
used to obtain the N,M.R, sienal, then we will consider
its application to thermometry when the relevant signal
is measured by slow passage,}by fast passage and finallv
by an r.f. pulse technique to studv the relaxation time.
Chapter II will deal with the experimental apparatus,
the vrocedure for cooling below 1K by adiabatic demage-
netization and then the method of obtaining the N.M.&.
tracines. Chapter ITI discusses phe cooling results

and an evaluation is done of the heat lesk =t the low



temperature. Chapter IV looks at the results for
alurinum foil and aluninum powder at different tempera-
tures and fields,BO and finally compares the results to
the theory. Chapter V covers the results of the lithium
signal in lithium niobate with some comments on the
npurity of the crystal. The concluding remarks and desipgn
suppestions-for a new cryostat’is in Chanter VI. 1In-
cluded in this work as an Appendix is the description

and the circuit dispram of a liquid helium level indi-
cator torether with some comments on its verformance and

precision.
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CHAPTER I

S9UID
The theory and opefation of an r.f. biased
roint contact SQUID has been excellently covered in
the literature and in Lounasmaa's book and there-
fore will nbt be discussed here;lz
With three copper shields and the stainless
steel dewars protecting the exneriment from any elec-

trical noise, a single pick-up coil was used, instead
13

of the pradiometer configuration used by Goodchild™ ",
in the N.M.R. magnetometer head to increase the ampli-
tude of the signal.

PRINCIPLE OF THE METHOD

Ruclear magnetic resonance was observed by
continuously monitoring the longitudinal magnetization
of a sample placed in a constant mapgnetic field Bo,
along the Z axis as the frequency of an r.f., field
Byjcos wt , along the X axis is swept throush the
ILarmor orecession frequency w, (See Fig. #1). The
sample was maintained at a constant temperature T,
that could be varied between 240 mK to 4.2K for the
purpose of investipating N.M.K. thermometry in this

temverature range.
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Many nuclei, in their eround state have non-
Zero anfular momentum and a dinolar maenetic moment that
Fives rise to nuclear maynetiSh. Due té the smallness
of the nuclear moments, magneﬁic counling between the
nuclear snins is such that temneratures in the order of
107K or less will bhe needed for ordering to occur and
the observation of ferromapnetism or antiferromagnetism
(i.e. u¥ =~ k7). TIn the termperature ranee of interest

here, the nuclei obey Curie's Taw with ereat accurscy,
b




namely
Ny*h?T (I+1)B
M— O:'XB
3kT 0 o (1)
or
CBO
M= =2
Tq (2)

where C is Curie's constuant and Tg is the spin temper-
ture. In so far as the spin system is in thermal equi-
librium with its lattice, the temperature derived from
the magnetization measurements is equal to T, the ab-
solute temperature of the lattice down to at least 1 mK.
Now the Bloch equation of the motion of the

nuclear mapnetization of an ensemble of free snins in

a homogeneous field H is

%%/I = vMxH (3)
In a static field,‘HZ = H,, the mapnetization

along Z, M, relaxes to M, in a characteristic time Ty

(the longitudinal relaxaticn time) and can be described

Z z 0 (4)

Also if there 1s a verturhinge r.f. field pernendicular
to Hy, then there will be a comvonent of the nuclear

magnetization also at rieht angles to HO. Since the
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spins are not actually free, but interact with each
other and their surroundings, the transverse magnetiza-
tion will decay at a rate given by

dM

e oo, W (5)
T dt

n k=

where T, i1s the transverse relaxation time.
2
The motion due to relaxation can he super-

imposed on the motion of the free spins giving

= MI'+M3' M -M
T < Yo 2 Oy (g)
dz T, T,

where ?', 3', & k' are the unit vectors in the lab frame
of reference.

We shall now assume steady state conditions
near saturation where the apovlied field is a sum of D.C.
field.

H =H =_" (7)

Z o - =

y
and an r.f. field Hy of amplitude Hy = -wy/yrotating
at a frequency w near wg. This field will be one of

the rotating components of

H = 2H.cos{wt) (8)

X 1
In the frame rotating around H, at the frequency w,

there will be an effective static field



Heff = (Ho + Y) k + Hll
= (n - wo)k - wli

Y (9)

where ?, J, k are the unit vectors in the rotating
frame of reference. In this rotating frame, the

equation of motion (6) is now

(M3 + M'3) (M - M)

a2

t U =D .
where Mx and My are the tranverse components of M in

the rotating frame. Hquation (10) can be rewritten as

dMe dM! dM
X3, Y3 L 27 _
at Tt Jd gk
(M;ci + M}'rj + MZk)x(AU)k - wll)
(M 4+ MF) (M - M)
- 0% (11)
2 1
or
aM? M
X _ _ X ' 12
e T2 + AUJMy (12)
daM! y&
dt = = AU)M’ - T - \.UlMZ (13)



dM, (M- M)
@ =TT (14)

We can obtain steady state solutions by setting
dM& dM} dMZ
¢ ~at " a - © (15)

and solving the three ensuing equations. Since the nick-
up coll in the N,VM.R. mapnetometer head is aliened in
the Z direction, only changes in the MZ will be de-

tectad, that is

(1 + (s0T,)?)N
O
M, = 2 2 2 (16)
1+ (AwPZ) + v HlTlTZ
at resonance, AWZI o, i,e, W= w ., and
MO
M, = = (17)
1 + Y°HIT,T,

As the SQUID only detects changes in masnetization, we
are interested only in AMz = My - Mz which is vrovortional

to S.H., the signal amplitude from the SQUID electronics.

M yRHRT. T
(o]

SH. 112 (18)

1+ yzHiTsz

Equation (18) affords us an easy determination of the

field factor for Hy simply by plotting a graph of S.H.
versus current to the r.f. coil and finding the corres-

ponding current at half the saturation value, then

vYPHET, T, = 1 (19)
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In the case of a metal, Ty can be replaced

by the Korringa relation

T.T = K (20)

But i1t must be remembered that X is field dependent

o2

' 2 2 .
B™ + 2b

Where Ty is the high field value. The constant X can
vary from 1.8 K-s at high field (B>10 mT) to 0.7 I-s
at zero field.

Since the nuclei are expected to obev Curie's
Law down below 1 mK, Mo in equation (18) can bhe replaced

to yield

2.2
Y"HIKT,B_

T(T + yzHiKTz)

which is valid for slow passage through resonance. This

(22)

S.H. o

is the equation of Merediﬁh et all4, which for a given
By, the sienal height is proportional to T2 for low
power and 1 gt high power,

It is important that eddv current heating in
the sample is kept small in order not to disturb the
temperature of the lattice. The eddy current heating,

Q, of a powder sample comprised of spheres, by an r.f.
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. . -
of amplitude Bl’ assuming full penetration is

é = 7.50w2RZB§V (23)

As Q is proportional to the square of By, it is very
important to keep B, &s small as possible. The eddy
current heating in the powdered aluminum of an average
radius of 4Of4m, where Bl is ZO'uT oscillating at
125 KHz is 0.31 uW. However, not only is the samnle
warmed by eddy current heating, but also the r.f. coil
itself and the r.f, shield, which in turn would also
raise the temperature of the samvle and entire lower
stare.

By only having the r.f. on for short times

(i.e. approximately 1ls) to do a measurement of T.. the

1
heating will be much less than usine a continuous wave
method.

The relaxation‘time,Tl, can be measured by
doing an adiabatic fast péssage and then turning off
the r.f. and record the corresvonding relaxation or a
short duration pulse of the order of 1 second may be
used. In the first case, the change in magnetization
will be 2 M, since we are giving a 180° pulse to the
spins with a temperature of ~Ts and the second case,

the maximum change will be Mz since we are not inte-

frating all the contributions to the magnetization.
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The relaxation will be of the form

M, = Mo(l - 2exp(—t/Tl)) (24)

which is a solution to esquation (4). T, can be ob-
tained from a granh of 1lnM, vs t.

Due %o the extreme sensitivity of the 33UID,
the temperatﬁre dependence of tﬁe electronic magnetiza-
tion of the sample from skin depth effects mav be de-
tected by the SQUID. This would result in a disper-
sive tyne of behaviour, i.e. a drift-like shift in the
base line and the peaks to be displaced by an amount
less than 1KH215. This effect would be most noticeable
in the aluminum foil sample as the thickness was three
times the skin depth.

Paulilashowed that the corresct form of the

magnetization due to the conduction electrons is

. NuB.T _ N -
M:MT -MB (25)

which is independent of temperature. The calculated
megnetization is 3 x 10-4 o, Which is less than the
lowest detectable signal by the SQUID, O.Ol@o and,
hence the magnetization and any temperature variation
will not be observed.

LITHIUL NIOBATE

-
For a nucleus of spin I, a mapnetic moment
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M= YhI, and an electric quadrupole moment eQ,‘located

in an axially svmmetric gradient of strength eq = 37,/d7,
where z i1s the principnle axis of the field gradient
tensor and in a magnetic field Bo aligned along z, there

will be one central peak given by

v

= YB, (26)

i
=

—F

Both lithium and niobium have a quadrupole

7

moment, for ‘Li, I = 3/2 and there will be two equally

spaced satellite peaks separated from the main peak by

2 2
e“qQ (3cos®s - 1)
AV = = ¢ > (27)

where © is the angle between the major field cradient
direction and By, and equ/h is the quadrupole couvling
constant. For 2°Nb, I = 9/2 and there will be eight
satellite peaks and one main neak.

The intensity of the line corresponding to
nm e n-1 transition is proportional to the transition
probability, that is

S.H. o I(I +1) - m(m - 1) (28)

or alternately

S.H. o (I +m)(I - m + 1) (28a)

The ratio of the sienal heirshts then for the
peaks corresponding to the following transitions,

- 3/2 » - 1/2: - 1/2 4 4+ 1/2: +1/2 3 + 3/2 are 3:4:3,



This is not rigourously correct but it is a good

anoroximation.
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CHAPTZR II

ZXPERTIMENTAL APPARATUS

INTRODUCTION

The cryostat used in this work to obtain tempera-
tures below 1K by adisbatic demagnetization of a para-
magnetic salt, is, on the whole, of conventional design
(cf. Lounasmaa (1975) and references cited therein). It
incorporates é 1K plate inside the vacuum chamber to which
the cooling salt is placed in thermal contact via a cir-
culating helium gas type of heat exchanecer as described
by Kevstone, Thoulouze and Lacazel? A schematic diagram
of the cryostat is shown on Fig. 2 where the set of
dewars providing the 4.2K environment have been omitted.

There are two separate pumping manifolds; one
serves mainly to pump over the liquid helium in the 1K
plate or pot and is connected to a large Kinney pumping
station serving the whole laboratory while the other mani-
fold nrovides the high vacuum necessary to evacuate the
calorimeter chamber and the éas,heat exchanger; it has
facilities to introduce metered amounts of exchange gases
(H2 or He) and is used in various stages of lesak detection.

This cryostat including the high vacuum mani-
fold is mounted on a metal plate attached to an elevator
fixed to the laboratory wall. This vertical motion is
neeessary to put in place the liquid nitrogen-liquid

helium dewar set that rests on the floor.
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To reduce vibration to the cryostat, the pumping
line from the 1K plate anq the return line from the cryo-
stat were connected to the main return line of the labora-
tory by a flexible rubber hose.

At the beginning of an experiment liquid helium
is syphoned in. As some difficulties were experienced
with this set-up, a few remarks on the transfer procedure
will be given.

Initially a great deal of difficulty was en-
countered transferring the liquid helium with any degree
of efficiency. The first solution involved taping a de-
flecting shield to the heat exchanger, and another shield
taped to the upper plate of the calorimeter. A twelve-
inch extension was soldered to the end of the syohon to
ensure that the tip was well below the calorimeter flange
to effectively use the full cooling power of the liquid
helium and its vapour. For a secondary and any subse-
quent filling, the extension was removed to prevent ex-
cessive boiling on retransférring which occurs when the
warm helium gas comes through at first.

Although the technique did work most of the
time, the system was crude and cumbersome to attach each
time, since the shields had to be positioned exactly or
else the syphon would catch on the upper plate and could
not be lowered anv further. The ligquid helium would then

spray on to the upper plate of the calorimeter and be
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directed up and out of the dewar resulting in a waste of
liquid helium. This system was later abandoned for a
more reliable guide.

A 9.6 mm O.D. by 61 cm long stainless steel tube
had a 9.6 mm wide by 40 cm long section removed. The
lower end of the slotted tube was then closed to be el-
liptically shaped. The upvner end was flared to fit tightly
into the synhon puide. However, after transfer, rapid
boil-off was observed through the syphon guide. The reason
for this is not clearly understood. In an effort to pre-
vent this from reoccurring, a series of holes, 1.6 mm in
diameter, were drilled below the flared part, but this did
not stop either the blow-off or the rapid boiling of the
liquid helium. The pguide tube was then lowered to be ap-
proximately 10 mm below the entrance of the syonhon suide.
The upner part of the slotted tube was attached with
masking tape to the pumping line of the 1K refrigerator and
the bottom was simply taped to the calorimeter flange to
hold it secure.

This guide tube also fills another purpose; it
vrotects the SQUID from thermal shock., During one run,
the syvhon dislodped the guide on the initial transfer and
on the subsequent transfsr, the warm gas made the SQUID
normal. When it returned to its superconducting state,

it was too noisy for the electronics to "lock". 1t
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required eighteen hours to return to its original nlacid
state.

APPARATUS

We will discuss in turn nine of the main components
of the cryostat, they are: (1) dewars, (2) 4.,2K environ-
ment, (3) 1.3K refrigerator, (4) experimental stare,
(5) salt pil;, (6) gas heat exchanger, (7) Carbon Fesis-
tance Thermometers, (8) N.M.R. head, (9) solenoids and
magnetic shielding.
(1) Dewars

The experiment was performed in a set of stain-
less steel dewars. The nitroeen dewar is 19.9 cm I.D.,
25.3 cm 0.D., and 119.7 cm deep and was manufactured in
house to replace the original stainless steel dewars. The
outer wall of the dewar is formed from a rolled sheet of
stainless steel and the inner wall is an 8 in. stainless
steel tube. ‘rapped around the outside of this tube are
several lavers of aluminized one half mil mylar., 4 char-
coal trav was anchored to the bottom vlate, The helium
dewar, 13.9 em T.D,, 16.6 cm 0.D. and 122 cm deep, was also
manufactured in house. The inner wall is a 54 in. stain-
less steel tube specially manufactured for crvogenics as
it had been annealed after forming to prevent deformation
on cooling. The problem of the deformation plagued the

original helium dewar. As with the nitroeen dewar, the
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outside of the tube is wrapped with the aluminizeqd mylar.
Since the SQUID is extremely sensitive to mechanical
vidrations, it is necessary to minimize the agitation
caused by boiling by using the aluminized mylar to reduce
the heat input to the liquid nitrogen and liquid helium.

The helium dewar is sealed at the top by a
stéinless steel flange and by a rubher "o" ring. Heat
transfer down this dewar is reduced by a styrofoam olug.

(2) 4.2K Environment

Since the critical current of the SQUID is
temperature dependent, it must be kept in the liquid
helium at 4.2K. The means that the bath cannot be pumped
on and, therefore, this necessitates a refriegerator to
cool the salt pill to 1K prior to demagnetizing and a
high vacuum system to thermally isolate it.

The inner part of the experiment is nrotected
from the 4.2K by a copper calorimeter. The calorimeter
can, has, at the top, a hrass fiénge that has been drilled
and tavped for 6-32 brass bolts;' The can is bolted to a
matching upper flange consisting of a brass plate through
which the various tubes and wires pass connecting thé ex-
veriment té the outside environment. Orieinally, all the
seams of the calorimeter can had been soft soldered.
However, these joins developed leaks as they could nof
tolerate the strain imposed by the banging of the super-

conducting solenoid whichhad s tendency to swavy when the
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entire apparatus was lowered into the dewar. The flange
on the calorimeter can had to be silver soldered to en-
sure a strong leak tight joint.

Indium metal wire is used to seal the calori-
meter can to the upper plate. This is done by first
cleaning the two brass surfaces to remove any grease, dust
or hair. The indium wire (thirty to forty mil in diameter)
is coated with a thin film of Apiezon N grease, The grease,
which serves as a release agent, is found useful to remove
the crushed indium wire after opening the calorimeter since
the indium forms an alloy with the brass and cannot be
easily removed. The grease on the wire does not have any
detrimental effect on the sealing properties of the wire,

In over thirty experiments, only one lesk attributable to
the wire was detected,

(3) 1.3K Refrigerator and Shield

The desipn of the 1K refrigerator is essentially
that of De Long, Symko and Wheatlequ consisting of a
filter, an impedance, an evaporating chamber, a pumving
line and the necessary external pump,

The filter which is necessary to avoid any dust
from entering the impedance line, is a sintered brass plug
(e General Motors tyve gas filter) mounted in a close-
Titting brass sleeve located on the upper vlate of the
calorimeter,

The original impedance consisted of sa simple,
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small, internal bore capillary. With it, the lowest
temperature that could be achieved at the maximunm sumping
speed available was 1.8X. This is not a good enough
initial temperature for efficient magnetic cooline.

This capillary was partially removed and a
new impedance installed. This new impedance is a stain-
less steel capillary (0.25 mm I.D. by 18 cm long) with a
0.25 mm by 15 em long Nichrome wire pushed through.
Since the measured clearance between the wire and the wall
of the cavpnillary is essentially nil in all cases, a high
impedance was expected. The menufacturing of the im-
pedance is gquite simple. The capillary was reemed out
with a 0.20 mm Nichrome wire. This removed most of the
dirt and smoothed out anv burrs that were present. A
stream of water was blown through, followed by a rinsing
of acetone to clean the bore. The capillary was then air
dried. The wire to be inserted as the restriction, was
wiped clean with a paper towel,'finsed with acetone and
allowed to dry. The wire was then pushed into the capil-
lary. 1If the wire did not slide in all the way bhecause the
surface of it was nicked or scored, it was smoothed with
2/0 emerv paver until it did fit.

Following the procedure of De Long et al.l? the
impedance factor, Z, of the capillary was measured, where

Z is defined by




Z =1 AP
T ¥ . (29)

Where n is the coefficient of viscosity of the gas, AP
is the pressure drop across the impedance for a volume
flow rate V. 4s the 7% of air is almost equal to that of
helium at room temperature, air was used to measure 7.

To actually measure 2, the flow rate through the
capillary, V, was measured with a bubble type, horizontal
flow meter. The flow meter consisted of a plastic T

Jjunction: +to one side was attached the impedance to be

Lo ———
N | e S —— I —r— ]
compressed impedance

u Glass
Air Caplitary Capillary

Mercury
Manometer

Rubber pBuld

Fig. #4 Impendence Measuring Set-up

measured; to the bottom, = fubber bulb containing "Snoop";
and to the other side of the Ty, almm I.D. by 20 cm long
glass capillary. Prior to measuring the imvedance, the
bore of the capillary was wetted with "Snoop" to reduce the
friction of the bead of "Snoop" as it moved along the tube,.
This bead was timed as it moved between two fixed pnoints.
An average of several readings was taken as the times were

quite varied (avorox. 10%).
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Different wires were tried until the éorpect
impedance was found. |

The value found for Z is 1.4 x 1018 p=3, onis
compares to the values of De Long et al. who had found
that Z should be between 0.87 to 2.0 x 1018 =3 to achieve
a temperature of 1.3K. The value of 7, 1.4 x 1018 p=3,
was the minimum value obtained, since it was found that
Z is dependent on AP. The range of values for 2, as a
function of AP, was between 1.4 to 2.0 x 1018 n~3,

The evavorating chamber, which has an interior
surface area of 25 cmg, and thus the temperature of the
plate will be within 1% of the liquid helium*®, is con-
structed of a copner plate (10.1 cm by 3.3 mm thick) to
which is soldered a copper cap (See Fig, #3). Coming in
through the ton of the cap are the input and the outnut of

the heat exchanger, the impnedance canillary and the

pumping line made of 9.5 mm 0.D. stainless steel that enters

1.0 ecm into the chamher. The'tubing of the heat exchanger
is wrapped around the end of the pumping line and soldered
to it to ensure good thermal contact.

The entire refrigerator and lower stage, which
1s fixed to the 1K plate by three Franhite rods, are all
supported by the stainless steel numping line of the 1K
nlate. The plate is used to thermally anchor, at 1K, all

the electrical leads going to the lower stare,
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Mounted on the plate is a carbon resistance ther-
nometer (described below) to monitor the temperature and
hence the performance of the refrigerator, and a small
second heat exchanger. |

The pumping line of the refrigerator is directly
connected to the head of the crvostat by a series of suc-
cessively larger bore stainless steel tubes and includes
a radiation trap.

The oressure in the line at the top of the
cryostat is measured with either a mercurv manometer or
an MKS Baratron gauge (type 170M). The accuracy and the
four dipit display of the Baratron permit an easy check on
the functioning of the 1K plate. Once the temperature of
the plate has stabilized, as measured by the carbon resis-
tance thermometer, the operating pressure is steady and in
the order of 1.1 to 1.2 mm of He. A4ny sudden heat load on
the pot would cause the pressure to increase to tyvically
1.6 to 1.9 mm of He (eg., when the salt is warmed as the
suverconducting solenoid is energized). Monitoring the car-
bon resistance thermometer is no longer necessary unless an
accurate reading of the temperature is required.

The pumping line from the head of the cryvostat is
connected to the control vacuum manifold of the laboratory
by a flexible rubber hose. This hose is used to reduce the
vibration to the exveriment which would normally disturb the

SWID operation and introduce an unacceptable heat leak to
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the salt. The pump for this System is a Kinney.(tvpe KDH
130) with a pumping speed of 80 1 s,

A copper shield completely surrounds the lower
stage and the salt pill. It is securely attached to the
1K plate by three screws (00-72) which also imvrove the
thermal anchoring of the shield to the refrigerator.

Since the 1K plate and lower stage are sunported by just
the pumping line, the entire structure forms a pendulum.
To reduce any vibrations of this form, four beryllium
copper springs were attached with masking tape to the
bottom of the "tail" of the 1K shield. These springs were
formed by bending back a piece of beryllium copper to an
anele of 30° and then the eng wrapped with TPFE tavpe to
reduce friction when the calorimeter can is installed.

(4) The Ixperimental Stage

The experimental stage is essentially a copper
plate 52.6 mm in diameter by 5.0 mm thick which has a
heat exchanger in the center, the NMR head and two carbon
resistance thermometers (all will be seen later) (See
Fig. #3). Mounted below the plate is the salt pill to
supply the magnetic cooling for below 1K. The salt pill
will be described later.

The experimental stage is supported by three
sraphite rods (AGOT gravhite, 6.3 mm in diameter 11.0 cm
long) located at the edge of the plate. These rods replace

three stainless steel Ssupnorts since a calculation showed
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that too much heat was being conducted down the ‘original
stainless steel support rods. One end of a delrin rod
was machined to form a sleeve (6.3 mm in diameter by
10 mm high) that would fit over the end of the granhite
rod. In order for the Fraphite rods to fit the orifginal
holes in the experimental stage and 1K plate for the
stainless steel supports and not to touch the 200 nmK
shield, the threaded section had to he eXocentrically
located., It was hoped that the delrin, being more
flexible than the rigid eraphite, would prevent the
graphite from breaking. However, this flexibility allows
the lower stage to vibrate, causing a noisy sipnal to the
SQUID. The graphite also Serves as an effective ad-
sorption pumplzto remove any traces of helium fFas in the
calorimeter chamber.

Shielding of the exXperiment is provided by two
copper shields., The urper shield is a conper disc that
is anchored to the experimental stapge by three conper
rods (2.5 mm in diameter by 10.5 em long). The plate is
drilled to allow the fFravhite support rods through as
well as all the electrical leads a2nd the heat eXchanpger
capillaryv., The other shield is a8 thin walled copper tube
(53.8 mm in diameter, 0.6 mm thick and 103.3 mm long)
that surrounds the exverimental srea. This tube is helc

in place by three small screws (00-72), that allow the
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shield to be removed for work to be done on the exneriment,
When installed, the sleeve.thermally short circuits the ex-
perimental stage to the upper shield,

To prevent the lower stage from vibrating, three
strips of mylar (3 cm long by 6 mm wide by 9.13 mm thick)
were coiled and one inserted in each of the spaces be-
tween the graphite rods and the upper shield (See Fie. #3).
This did improve the signal to noise ratio apnreciably,

(5) Salt Pill

The salt pill consists of 53 g (0.11 ¢ of ion)
of chromium potassium alum crystallized onto a bundle of
620 silver wires (0.25 mm in diameter)lv. The spacing of
the wire bundle is maintained by a plastic screen hetween
each successive laver of wire. Since the salt dehydrates
ravidly, it is protected by a thin coating of Silicone
frease and a layver of vlastic wrap. To reduce the heating
caused by radiation, the pill is wrapped in % mil alumin-
ized mylar. Two nylon spacefs are used to nrevent the
pill from touching the 1K shield.

The holder for the wire bundle was machined from
a solid copper disc to form a clamp with a detachable side.
The bundle is pushed through the hole in the center of the
holder and clamped into position. The holder is then
mounted underneath the experimental plate by three brass

screws (8-32), A thin film of Apiezon N grease 1s used
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to ensure good thermal contact between the holder snd the
experimental stare,

(6) Heat Exchangers

The circulation of helium gas through four heat
exchangers is used to cool the experimental stage and the
salt pill from 9K to 1.3K prior to demagnetizing
(See Fig. #3).

The first exchanger cools the gas to 4.2K. Tt is
Just a spiral of copper tubing (2.4 mm 0.D. by 0.8 mm I.D.
by 33 cm long) located in the bath just above the flange
of the calorimeter. The second heat exchanger at 1.3K,

Is a coil of copper tubing (2.4 mm 0.D. by 0.8 mm I.D. by
5.4 cm long) and is soldered to the pumping line inside

the 1K refrigerator. The third is also a coil of copner
tubing (2.4 mm 0.D. by 0.8 mm I.D. by 2.4 cm long) soft
soldered to a hollow cylinder of copper on the exnerimental
stare. It cools the stage and salt pill to 1.3K.

To minimize the heat leak down the return capil-
lary from the heat exchanger on the experimental stage, it
was necessary to obtain adequate thermal anchoring to the
1K plete. As the normal heat load during cooling, on the
1K plate is less than its critical power level, the plate
remains at its normal operating temperature. Bv allowing
a4 small volume of helium to condense in the exchangers,
superfluld creep can be used to cool the lower stage to

1.3K without pumping to circulate the gasl7. By employing
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two exchangers at 1K instesd of only one, it would be
possible then to obtain cooling along both cavlllaries.
Due to restrictions in space, this second exchaneer had
to be quite small. It was mechined from a piece of
copper stock that was drilled and tapped with a 10-24
thread (See Fig, #6). A solié copper plug (4.36 mm in
diameter) with a notch at the top, was cut for the 24
thread but the cut was only 8 mil deep; it was then
tightly screwed into the first piece. This leaves a tri-
angular path of 18 cm in length and contact area of
2.4 om® through the gap in the thread for the gas to fol-
low. The gas is cooled equally on all three sides of the
triangle, as the plug is in thermel equilibrium at all
times with the rest of the exchanperlg.

The two exchanpers at 1K are connected to the
experimental stage by two stainless steel capillaries
(1 mm 0.D., 0,75 mm T.D., 30 cm long). This length was
chosen to reduce the heat leak down the length of the
capillary. |

Helium gas, taken from the gas evavporating from
the bath and passed through a charcoal trap at 77K, 1is
pumped by a Sareent Welch pump (Model /€805, 0.83 1s-1)
through the exchangers at a rate that can be controlled by
a needle valve at the intake.

(7) Carbon Resistance Thermometers (C.R.T.)

To measure the temperature, Speer resistors
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(1002 grade, 2200 nominal room temperature valué) were
used following the recommendation of Johnson (cf. Johnson
and his references).

The leads of the resistors were trimmed to leave
a short extension of 3 mm and then the resistor was ground
flat to form a platelet 0.3 mm thick. 1In erinding, most
of the tin-lead solder was removed from the leads, im-
proving the thermal contact between the resistor and the
wire leads . The wire leads were #46 AWC cooper wire and
were soldered to the resistor with Indalloy solder. The
resistors were wrapped in a 1 mil mylar sheet that had been
smeared with Apiezon M grease to improve thermal contact.
The carbon element thus prepared, was sandwiched between
two conically shaped half cylinders, wedged into the tavered
hole of a cylindrical holder, secured in place by a threaded
section. The support was made of copper and then Fo0ld plated
to ensure good, nermanent thermal contact properties. These
units give excellent respdnse tb'temperature chanpes; any
variation in pumping on the 1K ﬁlate would result in an im-
mediate change of the resistor.

The resistances of the thermometers were measured
to within 0.1% with a three wire 87 Hz Wheatstone bridee
using phase sensitive detection. The bridre was previously
constructed in the lab and consisted of General Radio 510

decades, GR 500J 10KQ (+ 0.025%) fixed standards, a
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Princeton Avnlied Research model 129 Phase Sensitive
Detector (P.S.D.), a Hewlett Packard model 551A test os-
cillator and a Philips strip chart recorder. The bridge
1s & more refined version of the one used by Johnsonlg .
Ground loop problems, capacitive effects, pick up and
vibration have been virtually eliminated by enclosing all
components in.a strong steel box, and by having a sinele
ground post fof all connections (the amphenol connectors
were attached to sheets of phenolic, leaving the grounds
floating). (See Fig. # 10)

The resistors were individually calibrated from
4.2K to 1.35K against the 1958 Helium Temperature Scale
by immersing the resistors in the helium bath directly
and pumping on the bath. The pressure was measured with
a mercury manometer connected to the bath at the head of
the cryvostat. For pressure below 10 em of He, the MKS
Baratron gauge was used. Agreement hetween the manometer
and the Baratron pauge was within 2% in the overlapping
range (<1mK). A germanium resiétor, Cryocal model
#CR 1000-1.5-100 (range 1.5K to 100K) was used as a check.
Small discrepancies between the tempereture measured‘by
the manometer and that of the germanium resistor appeared,
but the difference is believed to be from a change in the
calibration of the germanium resistor through aging .

For calibration of the lower C.R.T. below 1.4K,
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Fig. #9 Schematic of Resistance Bridge
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the C.K.T. (RJ) used by Johnsofﬁ;was mounted beside the
lower C.R.T. on the experimental stare. Rj had been cali-

brated to 80 mK, but six vears afo. It is not known what

effect age has on Speer resistors, so as a check, the cali-
bration was carried fror 200 mK to 2X to compare with the
previous calibration. The two lines do not quite match
exactly, but the accuracy is adequate for thg proposed
usage for thié set of experiments.

The graphs for the calibration are on pages 42
and 43. Johnson's calibration is included to show the
rmuch slower rise of resistance at lower temperatures,
probably due to the geometry of the resistors, Rj being
cylindrieal with only the insulation removed versus the
nlatelet form described above for our C.R.T. 4 least

squares fit was done for the C.R.T. using the exopression

of Hetzler and Watson.zo
- -
% - A - BR - CI\‘)"" (30)

The selid line drawn through'thé points represents the above
expression. The values for the'constants A, B, and C are
included in the tables.

In attemnting a calibration of the lower résistor
aFainst Rj, a8 great deal of difficulty was encountered due
to time wasted trving to rebalance the bridee for each
measurement. A relationship between the off balance voltage

of the P.D.S. null detection and the resistance was sought,
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1

From Halliday and Resnick2 y the current, i, through a

galvanometer of a Yheatstone bridee is fgiven by

= B -
i (Rg = Ry) L (31)
(R + ZRg) (ﬁs + RX) + 2ns Rx

where Eg is the resistance of the standard decade resistors,
R the standard resistors (10KQ & 0.025%), R, the unknown
resistance, and Rg the ‘resistance of the Falvanometer, here

the P.S.D,

iR, =V =EHK R, -~
g g (ds Hx) _____ (32)

{R + Bkg) (kg + Ky) + 2Ry Hy
Now 2ky7in, and k (R 4+ R ) >» R K
£ S X s X
V = E Kg (Bs - ﬁzl = B (RS - R (%3)
2Ry (Rg + Ey) 2(Rg + R.)

incorporating the amplification of the P.S.D.

Vout =K (Rs - Rx)

D e e Yt mts e et i

(Kg + Ry)

(34)

The error in the above expfession is estimated to be no
worse than 1 part in 2 x 104.

To calibrate, the bridege is balanced initially
at any constant temperature to give Rqy. Then the bridgee
is unbalanced by changing the decade resistors to Rl for
a near maximum deflection of the P.S.D. The outnut, Vaus,
of the P.S.D. may be read with digital voltmeter for

better accuracy or recorded on a strip chart recorde».
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K = Vout (E + Kg) (35)

S e i ot o it aomrveet

(i - &)

K remains constant to within 2% (with a multivlication

factor being emploved) when changing scales on th

D

P.8.D.,
allowing rapid measurements to be taken with efood pre-
cision. However, it was found that K does vary from run
to run (appfox. 10%), but no reél vairation was noticed
during any particular run.

(8) Nc}u’!oRo Head

In the magnetometer detection of the N.M.R.
phenomena used, the sample is exvosed to a local r.f.
field Bycos wt, whose frequency is swept through re-
sonance. It is placed in a constant maenetic field,
Bo, tranped in a large cylindrical Superconducting tube
which is perpendicular to Bl‘ The nuclear magnetization
along Bo is monitored by the secondary coil of a3 super-
conducting flux transformer whose primary is located 1in
the SQUID element above, o

The sample is thus centrally located in what
we call the N.M.R. head. The r.f. coil producing the
Blcos(ﬂt field, is wound directly on the sample itself
to minimize the required space for it and the magnetometer
pick-up coil, and tooptimize the filling factor and, there-
fore, obtain the largest N.K.H. signal possible.

The N.M.it. head is essentially the same as those
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used by Goodchildls, Daygzand Meredith et al.l4with some
variations to be described below. (See Fip. A3)

The head consisted of four main components
(a) the radio frequency shield, (b) pick-up coil of the
flux transformer, (c¢) +the field trap and (d) the sample
holder and r.f. coil.

(a) The shield (for dimensions, see Fig. #13) was machined
from a solid bar of copper stock., Initially the shield had
been drilled all the way to the bottom, then the hole was
enlarged to 4.8 mm leavine a shoulder for the sample to
rest on for accurate positioning, as well as reducing the
mass of the shield. The bottom of the shield has been cut
to form a hexagon. This permits the shield to be easily
tightened to the experimental stape with a small wrench,
(b) The magnetometer pick-up coil, consisting of 20 turns
of 76um insulated niobium wire, was wrapped around the r.ft.
shield. The middle of the coil was centered on the middle
of the sample. To prevent the ?ick-up coil from shorting
to the shield, the shield was first wrapped with a 1 mi1
mylar sheet.

The twisted leads of the pick-up coil of the flux
transformer, were passed through a lead capillary to a brass
Junction box where it was connected to the leads coming from
the primary winding in the SOUID at 4.2K. The Junction box

was vacuum sealed at the top with Styoasb to the underneath



48

Lead Capillary

Stcinless Steel

Capillary

r.f. Shield

®

[ - £

© 5 s £

-— - O

i 5 3 %

s o 2

£ 2
© v a = =
2 4 a o ? ]
L O o L 3 o
Zz - (7] (%) o ']

Fig. #13 N.M.R. Head




- 49 .

of the upper flanree of the calorimeter. To maénetically
shield the circuit at the Junction, the box was closed

with a covervlate held by four Screws and the entire hox

was wrapped in superconducting lead foil. The leads from
the SQUID, shielded by a lead cavillary, went through the
upper flange of the calorimeter to the Junction box. S&ince
the lead canillary could not be soldered to the cap on the
upper flenge for a vacuum tight seal, an evoxy seal was
essential., Stycast was chosen since it has been extensively

used to seal wires inside tubing . The Stycast was

STYCAST
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Fig. /14 Stycast Seal

liberally applied around the capillary and capr to 2void any
possible channels that may result in leaks. (See Fig., #14)
The leads at the SQUID were sealed at the cnening of the

lead capillary by Stvcast and they were also sealed in the
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box by Stycast again. Electrical contact between the leads,
was made through two small (3.2 mm wide by 7.9 mm long and
3.2 mm thick) niobium blocks set into Styeast to electri-
cally isolate them. The blocks had been drilled and tapped'
at each end for a small stainless stéel screw. The hare
lead was pressed onto the niobium block by a washer pressed
down by the screw. This tvpe of contact where the leads
and the niobium block are cleaned, is as reliable as spot
welding and more convenient to use particularly when
changing the N.M.HR. head for a new sample.

(c) The field trap was a hollow cylinder that had been
machined from a round bar of unannealed niobium. The
dimensions (12.7 mm 0.D. bv 9.6 mm T.D. by 57.7 mm long)
were chosen to give a snug fit when mounted over the r.f.

shield. This close fit was needed to minimize any stray
1>

-

r.f, from leaking around the seams to the pick up coil .
To prevent the trap from vibrating, the base of
it is smeared with greamse that freezes the trap to the
experimental stage at lower temperatures.
(d) The sample holder is a small piece of delrin machined
in the form of an ¥X. A stainless steel capillary, 50 mm
long, is plued in one of the grooves. The r.f. coil, used
to induce the nuclear magnetic resonance, is wrapned
directly onto the samnle, TFor conducting samnles, eg,
galuminum, a layer of 1 mil mvlar is “irst wraoned around,

The coil consists of 15 turns of #40 AWG wire. The
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twisted leads are brought through the stainless steel
capillary, and the sample glued to the bottom of the
holder.

The sample is then lowered into the r.f. shield;
for samples that need not be saved, Araldite was poured
in to imvrove thermal contact, if the samnle was to be
saved, then Apiezon N grease was used.

The r.f. leads were brought out of the calo-
rimeter throush a long stainless steel capillary. The
capillary was sealed at both ends with Stycast. As in
the case of the lead capillarv from the SQUID, the stain-
less steel capillary could not he soldered to the flanpge.
This meant that Stycast had to be used to seal the capil-
lary to the cap on the upver flanre. (See Fie. #14)

The electrical connections between the r.f.
leads out of the capillary =nd a small diameter coaxial
cable leading out of the crvostat were insulated and
wrapped with conper foil to~reduée vossible r.f. leakare,

(9) Solenoids and_Suverconducting Shield

The superconducting solenoid used in the adisbatic
demagnetization of the salt is a Ferranti-TPackard typé
7001-7012-C with 3 maximum field of 7.0T at 4¢ amps., The
bore of the solenoid is 35.6 mm with a homogeneity of 19%.
The solenoid is supported by three stainless steel tuhes

that are anchored to the head of the crvostat.
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The power supply used to energize the magnet
is a Hewlett-Packard Harrison 62604 DC Power Supnly
which is capable of producing one kilowatt (100 amps at
10 volts) and is extremely stable. The current through
the solenoid is monitored by measuring the voltage
across a stundard maneanin resistor (50mV = 100 amvs)
with a D.V.M. "During =2 run, the power supply continually
supplies current; the persistent mode of the solenoid is
not used,

To minimize eddy current heating on demagne-
tizing, the current limitinge resistor of the vower supvply

is gredually brought to zero by a motorized drive. Tim

(¢!

taken for demagnetizing is approximately 30 minutes.

For magnetic shielding, a superconducting lead
sheet completely encloses the SQUID, superconducting sole-
noid ané calorimeter. The shield is made from a 1.4 mm
thick lead sheet wrapped around.an aluminum tube. The
seam of lead was soldered tosether for food electrical con-
tact. The shield has an inner diameter of 127 mm and is
610 mm high.

Supvlving the field, By, for the N.M.E. fieid
trap is a Helmholtz vair of coils. The coils have a bore
of 278 mm and & coil diameter of aporoximately 380 mm.
This large bore allows the dewar set to be located inside

the coils. The field factor (calculated) is 1.18mT/amp.
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The pair of coils is supnorted by four aluminum iegs
ad Justed to have the N.M.R; field trap in the centre of
applied field.

The power supply is an Eastern Scientific
Instrument, capable of 2.25 kilowatts (15 amps at 150 volts).
The stebility of the power supply is not critical since the
sunpnly is turnéd off once the field is trapped.

The field profile of the Helmholtz pair was
mapped with an E.F.L. Industries CGaussmeter model 505 (Hall
effect probe) to within 2%, The field profiles are plotted
on vages 54, 55 as a function of B along the Z axis and

along the X axis.
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INTRODUCTION

A cryostat designed to verform N.M.R. SQUID mag-
netometer measurements below 1K using magnetic cooling
with an indirect helium gas heat exchanger presents seversl
uncomnon features which have required the develooment of |
a set of experimental procedures. These concern the pre-
paration of the cryostat, the precooling and final cooling
stages, the trapping of a stable field Bo for N.M.R., the
successive steps in adiabatic demapnetization cooling and
the recording of N.M.R. signals. While most of these pro-
cedures are well known, it is nevertheless important to
summarize them briefly, pointing out important sequences
and particular precautions which are essentizsl for a suc-
cessful run. It is also important to record here as a
rulde for future users of this crvostat.

(a) Prevaration of the Cryvostat

After positioning.the'aewar set in the large
Helmholtz pair of coils that wiil provide the vertiocal
N.M.r. field B, to be trapped, the cryostat attached to
the elevator was carefully lowered into place and the
dewar flange sealed. The air inside it was flushed out
by circulating helium gas from a compressed eas cyvlinder
for some 8 to 10 minutes. This is advisable for several

reasons but in this set-up in particulsr to ensure that
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during cool-down the delicate point contact of the 3QUID
orobe, which is not sealed.off, in this instance, is not ad-
versely affected later by freezing water vapour or even by
freezing air. ©Next, the gas heat exchangers overating be-
tween the 1K not and the lower plate were evacuated to
primary vacuum. After severgl minutes 1t was the 1K not
that wes pumped for five minutes to rerove any traces of
air that could block its intake impedance capillary. Then
the valve in the line from the pump to the 1K pot was
closed and the pot allowed to fill slowlv with helium gas
through the intake capillary. The numnps could be stovped
at this point.

(b) Precooling to liguid nitrogen temperature

During the evening preceding a run, the liquiad
nitrogen dewar was first filled and left to evaporate
slowly on its own, while the crvostat started cooling., The
liguid nitroeen dewar was replenished apain later at 3 a.m,
by a previously set electric timer and, from then on until
the helium was trensferred, it was maintained full with an
automatic liquid nitroeen level controller. By 10 a.m.,
the interior had normally reached 80 to 85K. The calo-
rimeter was then pumped to primary vacuum and enough hydro-
gen exchanpe gas admitted to bring the pressure to aoproxi-
mately 60 Pa. DIvacuation of the calorimeter is done only

after the cooling salt is frozen to avoid its dehydration,
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in spite of the fact that the salt pill assembl& is coated
with silicone grease ang ﬁrotected by a plastic sheet en-
velop. This vprotection is adequste to slow down the de-
hydration when exposed to the atmosvhere but would not vro-
tect the salt if evacuated at room temperature.

Hvdrosen plays the role of an efficient exchenge
fas until it freezes out around 9X. TIn = calorimeter such
a8 ours, helium exchange gas would be absorbed on the very
large cooling area of the salt and its complex insulating
supports and structure. The high vacuum pumving sSpeed
available to evacuate this exchange gas would be insufficient
to remove the helium in a reasonable period of time, This
adsorbed helium that would eventually coat all the vital
parts with an unsaturated film, thermally connecting the
salt and its supports to the 1K rot and possibly the 4K
environment. This would preclude the possibility of ef-
ficient adiabatic cooling. Hydrogen on the other hang has
the disadvantage of freezing out before the interior of the
calorimeter has reached 4K, Howéver, around 9K, the heat
capacity of the salt and copper is quite small and the nor-
mal operation of the exchangers (to be discussed later) 1is
sufficient to cool the interior to 4.2K.

It is interesting to note that if no exchange
fgas was used at all in the calorimeter, but instead helium

was clrculated through the heat exchangers to cool the
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interior from 77X to 4.2K, it would take four hdurs after
completing the transfer because the cooling cavacity of
the small amount of gas 1is so low.

Prior to transferring of liquid helium, the
C.R.T.'s were checked and the Helmholtz pair was ener-
gized to 12.5 mT after the water to the cooling jacket
had been turned on.

(c) Liquid Helium Transfer

Initially liquid helium was deliberately syphoned
Slowly into the dewar, fully wutilizing the high heat capa-
city of the gas to cool the large mass of the suvercon-
ducting solenoid. Since the solenoid is located at the bot-
tom of the dewar, the syphon must be long enough to reach
the solenoid and effectively cool it with the cold gas,
This length makes it quite cumbersome to handle and diffi-
cult to position correctly but if proper care is not taken,
a great amount of helium could Ee wasted and still no liquid
collected in the dewar. This explains why such a great deal
of effort was spent in perfectiné a reliable syphon transfer
guide. |

During the transfer, the 1K pot is continuously
pumped to help cool the interior of the calorimeter by
drawing in and circulating cool helium gas. Vith the hy-
drogen exchange gas, the interior cooled ranidly from 77K
almost maintaining an equilibrium with the exterior down

to about 9K.



- 80 -

The temperature of the solenoid was monitored
by measuring the D.C. resistance of the covver plating on
the wire. Another check on the state of cooling of the
cryostat was effected by observine the sudden apoearance
of the trianpular pattern of the SQUID electronics on the
oscilliscope. This happens as soon as the point contact
of the 3QUID pfobes becomes superconducting and occurs
before any liquid has collected, since the transition tem-
perature of niobium is 9K.

As soon as the large sunerconducting solenoid
had gone through its transition, the rate of transferring
liquid helium was increased. The liquid would then start
to collect quite easily. It is easy to find out when the
N.M.R. field trap went through its transition trapping the
field By as then the SQUID would momentarily lose "lock"
i.e. the normal, steady triangular pattern on the oscilli-
scope would rapnidly oscillate for three to five seconds.,

The cooling of either the 1K pot or the lower
stage can be monitored continuously by the corresponding
C.R.T. on the null meter of the A.C. bridee and/or the
strip chart recorder connected to it.

The level of the liquid helium in the dewar was
measured to within % cm with a Niomax wire level indicator,.
Details on the construction and overation of this level

indicator is given in the Appendix.,
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Typically, 18 to 20 liters of liquid helium were
needed to fill the dewar if the superconducting solenoid
was in place, and 14 liters if it was not.

Helium gas was circulated through the exchanrcers
at a rate of 100 ml per minute to cool the lower stage
from 9K to 2.19K (the lamda point). This rate was chosen
because it was found that at highér flow rates, the helium
fas would not have adequate time to come to thermal equi-
librium with the 1K pot and cause the lower stage to warm.
At the \ point, the circulation was stonped and the re-
maining gas was pumped out. Finally, 200 milliliters of
fgas (at 5.T.P.) were readmitted to cool the entire lower
stage to 1.3K by superfluid creen. The amount of helium
rFas present in the exchanecers is very critical; too little -
and Inadequate cooling 1is observed since thermal isolation
is effectively achieved; too much - and heat is conducted
down from the 4.2K bath to the 1K pot to the vnlate which
stoos the cooling. 1If the dirculation Is just stovvped
after the lamda point is reached and the gas in the ex-
changers allowed to remain, then the residual volume of
liquid and gas is too great and results in no cooling,

(d) adiabatic Demagnetization Cooling

The field of the superconducting solenoid was
turned on and brought up to 2.5T once the nill had cooled

to 1.4K. The heat of mapnetization of the salt nill was
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removed by the helium in the heat exchangers. Tﬂe tem-
perature of the salt v»ill Qas originally monitored by a
calibrated Spneer resistor attached to the bottom of the
pill and fixed there with grease to improve thérmal con-
tact.

Prior to demagnetizing, the helium in the heat
exchangcers was'removed by purmving for fifteen minutes.

Various times of demagnetization were tried.
Reducing the current by manually turning = rheostat, oroved
inadequate as the field went from 100 mT to zero too
rapidly (less than 20 seconds) causing considerahle eddy
current heating. A motorized drive was later installed to
turn the rheostat at a much slower rate.

(e) N.M.R. Signal

The N.M.K. signals were obtained in a manner
3 ,
similar to that described by Goodchildl: a triangular wave
from a Hewlett Packard 3310A Function Cenerator was anplied

to the VCG IN of a Wavetek model 164 30 MHz Sweep Cenerator

and to the X axis of an X-Y recorder (Hewlett-Packard 7004B).

This swept the frequency of the Vavetek about the reso-
nance point and caused the X axis of the recorder to oscil-
late about its zero., For slow passape conditions, a low
driving frequency (avprox. 0.01Hz) was used and for adia-
batic fast passage, a much higher frequency (aporox. 1Hz).

The frequency output of the Wavetek was measured with a
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Ceneral Radio 1192 Frequency Counter. The outpui of the
SQUID electronics was fed into the Y axis of the X-Y re-
corder to give the N.M.R. tracings (See Wips. 18,19,20 & 23).

For the T, measurements of aluminum, the X
axis was still driven by the triangular wave but the r.f.
function generator was adjusted to operate on the reso-
nance frequency, i.e. causing the maximum N.M.R. signal.
After several seconds, the r.f. lead was disconnected and
the ensuing output of the SQUID was observed on the Y axis
as the disturbed nuclei regained their thermal equilibrium
value., To ensure that it was really the decaying N.M.R.
sisnal that was observed and not a change in the base line
of the SQUID output, the r.f. cable was disconnected when
the frequency was far off resonance and no drift 1like
change in base line was noted.

The SQUTID electronics driving the SQUID probe
mostly used in this work is a SHE SQUID Control combined
with a SHE SQUID System r.f. Head Model 300. This svsten
has three levels of amplification (1, 10 and 100, the
latter being used exclusively in the work renorted later),
four filters on its D.C. output (100, 10, 1 and 0.1 Ez)
and a 860 dB, 60 Ez notch filter.

N.M.R. adiabatic fast passapge of the proton sie-
nal was used to determine the magnitude of the field 8o

present in the superconducting niobium field tranlS.
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CHAPTER III

COOLING BELOW 1K RESULTS

Due to an essentially untraceable and recurring
vacuum microleak in the calorimeter that occurred more
often than otherwise, very few leak free runs could be
performed but enough that the cooling behaviour of the
cryostat could be studied. Thus, in spite of the very
adverse conditions, the fFood runs were sufficient to per-
mit a first evaluation of the cooling canability of the
svstem. The cooling results obtained will be summari=zed
here and commented on from the point of view of doing
N.M.R., below 1K in this cryostat,

To obtain the maximum cooling nower of the salt,
it 1s important to start from as low a temnerature as
vossible vrior to demaenetization;z. With the helium gas
at 10 KPa circulsting at a rate of 1.5 ml s! in the heat
exchanser, the temperature of the'lower stage to which the
salt is thermally tied, was observed to cool from 4K to
2.12K (X point) in approximately SO minutes. With the
circulation stopped, the temperature decreased further to
1.3K in about 15 minutes. This last portion of cooling is
accelerated probably due to the presence of a suvperfluid
HelIT film in the hesat exchanger tubes between the 1K plate

17

and the lower stage ', By maenetizing the coolings salt

slowly enough, it was possible, even if the temperature of



- B85 -

the salt rose to 4K and above, to maintain the lower stage
below the N\ point. 4 period of £ %o 1 hour elavsed between
the end of magnetization and the time necessary to bring
the temperature of the salt down close to 1.3K in the pre-
sence of the high magnetizing field.

After the salt had cooled to 1.3K, the lower
stage was thermally isolated from the 1K pot by pumping out
the helium’in the heat exchangers. Since the helium was
superfluid, this opumping required 15 minutes to reduce the
oressure 3 Pa as measured at the top of the cryostat with g
Plrani vacuum gauge.

Cn demagnetizing, the salt cooled quite quickly,
following the reduction of the field and reasched its lowest
temperature of 70mK 10 minutes after the field was brought
to zero. During that time the temperature of the plate fol-
lowed that of the salt cooling further and further as the
salt warmed and both proceeded to a common thermal equilib-
rium. This indicates that there was fairly eood thermsl
contact between the s=2lt and lower stage. The experimental
stage reached its lowest temperature of 240mK 15 minutes
after the field had been reduced to zero. In the final
stege of demagnetizing, the salt showed a sudden warming
trend due to eddy current heating in the silver wires and
in the copper plate. This heat was eventually absorbed by

the salt; however, this heating would adversely affect the
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lowest attainable temperature.

A calculation éhowed that as much as 80 uJ of
heat would be produced by eddy current heating if the de-
mapnetization was done too quickly, i.e. at a rate greater
than 2.3 mT s™% in the last few tens of mT. 3Slowing the
demagnetization rate would still produce excessive eddy
current heating because there is a relatively large amount
of metal exposed to the fringing field of the magnetizing
solenoid., Since there is alwavs a residual heat leak to
the lower stage and the salt due to conduction along the
supports, vibration and a residusl amount of exchange gas,
demagnetizing too slowly is not advisable either. Thus a
compromise has to be struck to attain the lowest tempera-
ture.

The lower stage on which the N.M..L. measurements
below 1K must be made, warmed to 1.3K in 45 minutes after
reaching its lowest temperature. The heat leak mentioned
above was estimated to be'befwsen 9 and 10 4¥W (90 to 100
ergs-s"l). To evaluate the heat leak, one must take
into account the total masses of copper and silver and
the mass of the cooling salt, and calculate from their
known heat capacities the amount of heat necessary to warm

them between two values of temperature in the observed

time interval separating then.



i.e.

y - 1
Q = tf(nsts + ng,CPay, + nAngAg)dT (36)

Here the exact amount of copper involved was not known
accurately enough to do a nrecise calculation.

It was observed that the lower stage warmed@ from
240mK to 300mK in about 22 mindtes. This would avpear
sufficient to perform several adiabatic fast nassage N.M.R.
measurements and allow several measurements of Tl. Finally
it is a sufficiently long period of time to do a slow nas-
sage recording of a N.M.R. sienal around 300mK.

It is assumed here in all cases that the samnle
to be investipated is a metal that has a relaxation time
T; not exceeding several tens of seconds. (eg, T]=6s for
27Al at 300mK)

During the good runs, the pressure of the high
vacuum line leading into the exverimental chamber was in
the vicinity of 100 uPa as read on a cold cathode dis-
charge pauge at the topn of the crvostat and hence at room
temperature. The vressure in the calorimeter containing
the salt is probably lower by at least a factor of ten.
Indeed the pressure may have been even lower, vossibly be-
tween 10 yPa and 10 »nPa because the cold s=2lt and the

gravhite have a fairly large crvopumping effect.
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CHAPTER IV

ALUMINUM RESULTS

INTRODUCTION

This section deals with the advantages and
some preliminary results on the use of the 27A1 N.M.R.
signal for the purnose of thermometry. The magnetic
properties of the metal to be used for the thermometer
are very important since it often havnens that even
ninute quantities of magnetic impurities of electronic
origin add unwanted and voorly known temnerature de-
vendent contributions to the overall maenetization.
Moberly et al (to be published) found that iron and
manfanese impurities in aluminum do not contribute to
the magnetization down to 10 mK. Thus aluminum is
likely to be a reliable substance for N.M.R. ther-
mometry even if it is not in the purest state. Another
interesting feature is that the nuclear spin-lattice
relaxation time of aluminum is one of the longest,
with a Korringa constant of 1.8 s-X.

The N.M.R. sifnal was studied at three dif-
ferent temperatures, 4.2K, 3.4K and 1.35K, as a func-
tion of By and in a constant field By (13 mT) for two
different forms and origfin of samples: aluminum foil
and powder,

To ret meaningful readings, a thermometer must
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be in thermal equilibrium with the bath whose tempera -
ture it is measuring and ;t is imvortant to avoid any
thermal gradients in the thermometer itself. A metal
foil is likely to fulfil these conditions rather well
as a continuous striv should show good heat conduction
even at low temperatures and maintaining the entire
sample reasonably well at the same temperature.

Thé actual sample studied was a strip of
Alcan Aluminum Foil, 200 mm long by 15 mm wide by
26 um thick with a mass of 210 mg (or aporox. 4.7 x 10°%
nuclei). A4 strip of mylar sheet of the same width but
30 mm longer was 1aid on top of the foil and flued to
one end. The two sheets were rolled together into =
tight coil. The sevaration by the myler was to nrevent
electrical contact between the layers and allow the
r.f. to fully irradiate the samnle., A sinple small
strip of myvlar was wranped end for end on the sample
and an r.f. coil consisting of 15 turns of #40 AVG
cooner wire was wound on. 'The~samnle was then in-
serted into the N.M.R. head and cast into nlace with
Araldite to improve the thermal contact to the head
and lower stagel4. With these precsutions, it was
hoped that the temperature of the foil would be the
same as that measured with a C.R.T. attached to the

lower starge,
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As the results with the foil were not satis-
factory (to be discussed later), it was decided to
investipate aluminum powder. The powder was made by filing
an aluminum rod (4N ovurity) and passing the powder
through a 100 mesh sieve. 4As viewed with a nmicro-
scope; the grains of powder appeared as rectanpsularly
shaped turnings rolled into a sphere with an averapge
radius of 40 um. 4 sample of approximately 90 mg
(2 x 1021 nuclei) was thus prepared. The powder was
packed into a teflon tube (4.8 mm I.D.), permeated
with molten parafin wax and zllowed to cool. The
solidified sample was later removed and an r.f. coil
wound on it as for the foil sample, It was then in-
serted into the N.M.R. head and sealed with sraldite.

The reason for using an r.f. coil directly
wound on the sample rather than a saddle shaned tvoe
of r.f. coil vair as other investipators have done,
is to minimize the flux reduction factor due to the
geometrical arrangement of the.magnetometer. Fol-
lowinp the analysis develoned by Goodchildls, let us
define by A%, the flux change detected by the flux
transformer coil and by A%g the flux chanre occurring
in the sample undergoing resonance. Let Ag be the

cross sectional area of the samnle, A, be that en-

c
closed by the flux transformer coil and Ay, that
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enclosed by the Nb field trap. Goodchild has defined

as a "reduction factor" the ratio
SR Bl (37)
Aeg AT - AS
It expresses the ratio of the flux chanee

recorded by the marnetometer with respect to the flux
change actually taking place in the sample. It is g
sort of "filling factor" which would have a value ap-
proaching 100% in the case of a transformer coil
tightly wound on the sample (i.e. when Ay = Ag).

For aluminum, Aq, expressed in percentages
of the field trap ares is 44.4%, Ag is 25.2%. There-

fore A%,/Aés is 0.74. Thus 26% of the sienal is lost,

The method of calculeting flux loss is only approximate

8s it assumes that the flux distribution is a step

function. Merely bv increasing the area of the trav by

a factor of two, the signal can be increased by 20% so

that A$;/A%5 would become 0.89,
EXPERTMENTAL_RESULTS

A tvpical 27A1 sirFnal with the aluminum foil
sample at 1.35K is shown in Fig. /1€ with the peak at a

frequency of 151 KHz corresponding to 13,6 mT in arcree-

ment with the field determined by the frequency of a
proton signal also observed and originating from the
mylar. The signal with the powder sample is shown in

Fig., #19. The centre frequency is at 142 Kz
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corresponding to a field of 12.8 mT. The frequency
markers were introduced ﬁanually on the tracing by the
experimenter reading it off the freqﬁency meter and
are accurate to better than 0.1%. The tracings were
obtained as the frequency was Swept up and down past
the resonance at rates approaching slow vassage con-
ditions. The valuesof By used in the studies of the
foil sample were 25.0, 13.6 and 12.8 mT and for the
powder, 13.6 and 14.2 m7T. The signal to noise ratio
was 63,1 with a 1 Hz filter in the SQUID control
electronics for the powder at 4.2K, 10:1 with no
filter for the foil at 1.35K with By equal to 16 ym
and 30:1 for By equal to 51 uT.

Measurements of the line widths at half in-
tensity eave 0,95 *+ 0.03 mT for the foil ang
0.71 & 0.02 mT for the powder in fields of 12.8 mT
and 13.6 mT respectively, The large drift in the base
line made line width remasﬁrements of the foil impossibhle
to do accurately,

The relaxation rate of aluminum vowder at
4.2K was studied and a typical tracing is shown on
Fige. #20, r17The average of a number of such readings
for T; is 0.37 4+ 0.04 seconds.

To determine the field factor of By, it was

found experimentally that for low nower, B] is
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proportional to the voltage output of the Waveﬁek.

Equation 18 can be rewritten as

2
S.H, = —-8:9%_
N 1 + bve (38)

A graph of sipgnal height versus voltare is nlotted for
the aluminum siepnal and shown in Fie. #21 and a least
squares fit Was done using equation 37 to find the vol-
tage corresponding to half of the saturation signal.
Then from equation 19 a calculation rives a field factor
of llOuTV"l. The fit to the data is food but 1t must

be noted that the theoretical line only avvroximates

the exverimental vpoints. The values of the constants
were found to be 11.77 for a and 0.,4805 for b, but

with an error of 10%. The nrofile of the field of

the r.f. coil was then mapped (See Fip. #22) and it is
immediately apparent that By is not uniform through-
out the sample, varving by as much as a factor of three.
This could exvlain the variation in the theoretical
line from the experimental points.

DISCUSSION

The measured line widths of aluminum are

tabulated below and compared to previous results



78

: JopmMod TV
.mczpwamaﬁ.m.nmzmnm>q0ﬂpmp:pmmmogmmnc Hm%.&ﬁm

(SHOA) %3laADM jo nding aboijop
A o 80 90 0 20 o

I i T ] | i 0

Aioayy —

yblay  joubig

(Wd)




(in arbitrary units)

B

T

N

SAMPLE

oLl 1 ! !

-2 -1 ) I
Distance from Centre (cm)

Fig. #22 Field Profile, r.f. Coil




0.71 = 0,02 mT present results bowder
0.95 = 0.03 mT nresent results foil
0.88 mT Seymour~4

0.81 mT Poulig®d

0.84 nT Knight®®

The difference in line widths between the
foll and the powder is probably not due to a deforms-
tion in the lattice structure of the foil from the
rolling process in manufacture which would cause g
broadening in the line width27. The lattice para:
neters of the foil and powder were measured using
X-ray powder patterns and ana:l_}rsedg8 Fiving values of
404.6 pm for the nowder and 404.5 pn for the foil.

It would anpesr that the crystul structure is identi-
cal for both of them and vet a chemical analvsiszg
has shown that there is 1% iron in the foil that is
not in solution. Symko3 noteé‘that iron as a trace
impurity has no contribution to_the bulk maenetism
and hence no effect on line widﬁhs or relaxation time,
but does not comment for a large amount of iron dis-
persed throush the foil. It is not known how iron is
arranged in the foil, X-ray analysis has failed to
reveal whether the iron is there as an impurity
crystallite scattered randomly through the metsl or

on the surface left there by the rolling orocess in



manufacturing.

The difference in the line widths then may
be attributed to the high concentration of iron which
does form some kind of local moment.

The values of Sevmour, Poulis énd Knirsht were
calculated from the position of the maximum end minimum
in the derivative of the absorption curve, whereas the
values for the powder are measured for the line width
at half intensity which may not he an equivalent method.

he results for the relaxation time of aluminum,

0.37 + 0.04s is in good apreement with the published
datas’ 30. ilost of the error in T7 is caused by the noise
in the relaxation signal and not in base line drift.
This noise is a difficult problem since it can not he
removed by vlacing filters in the output of the elec-

tronics.
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CEAPTER ¥

LITHIUM NIOBATE RESULTS

Introduction

Due to the enhancement of the N.M.R. signal
with decreasing temperature, it was decided to try
to observe tﬁe 7Li sienal and the evasive 93Nb sienal
below 4.2K,

Both 7Li and 95nb have an electric quadrunole
moment. The lithium N.M.RE. svectrum is easily observed
and as its quadrupole coupling coupling constant equ/h,
is small, it is only weakly affected by impurities and
temperature, whereas Peterson et al6 have shown how
elusive the %3yp lines are in lithium niobate. This is
easily'explained on the basis of the large quadrupole
coupling constant of 22.02 MHz and on the basis of the
difficulty of obtaining the niobate samples in exact
stoichiometry because slight imperfections widen the

. . . oo 5,759
lines and make their observation very difficult.”’

A1l measurements were done on g single crvstal
donated to us by Dr. Felgelson of StanfTord University,
The original crystal, as supplied, was comprised of the

seed crystal and the top of the pull and was renutedly
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exactly stoichiometric. The seed crystal was cut from
the bulk of the sample with a wire saw and has the fol=-
lowing dimensions; SAmm wide, 3 mm thick and 11.4 mm
in length with the "¢" axis of the crystal parallel to
its length.

The sample had 24 turns of #40 AWG copper
wire for the f.f. coil that completely encomnassed the
crvstal. The measured inductance of the r.f. coil at
7.9 MHz is between 5 and 7uH. The crystal was then
glued to the delrin sample holder and inserted into the
head of the N.M.R. magnetometer. Since the sample
holder fits the bore of the N.M.&R. head quite snugly,
this allows accurate positioning of the sample whose
alignment to By, the trapoed field, should be within 30,

Due to the small area of the sample ( 9 mm?
or 9.9% of the total area enclosed by the field trap),
the filling factor will be quite low i.e. 0.61 or 39%
of the signal is lost. Thié is ' to be compared with the
aluminum which had only a 26% 1loss.
kesults

Due to the persistent leak in the calorimeter,
the N.M.R. magnetometer could not be cooled and all
measurements were done at 4.2K. A typical recording
of the ’'Li Signal in slow passage mode is on pace 8

Afain the tracings were done by increasing and decreasing
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the frequency to sweep through resonance, The'centre
line frequency of the 4 % 9 ¥ & transition is at

218.3 + 0.2 KHz corresponding to 13.19 + 0.02 mT which
arrees with the field obtained from the proton signal.
The sienal to noise ratio is 30:1 for a 1 Hz filter at
the output of the SQUID electronics. The filter in-
troduces g délay in the signal being fed into the ¥-V
recorder. Therefore, when the sweep is QOne by in-
creasing the frequency, the nosition of the three peaks
will be shifted to the risht, and for decreasing the
frequency, the peaks will be shifted to the left. The
true centre frequency of the peaks will be obtained by
averaging the peak vositions. The frequency markers
were done manually on the tracing and have an accuracy
of 0.1%.

The separation between the peaks of the satel-
lites directly gives the coupling constant for r7L:’L in
LiNbO3 where 6, in equation (27), the angle between
B, and the "c" axis, is zero askis the case here, An
average of several readings gives 52 + 1 KHz,

The line intensities in the N.M.h. spectrum
in the case I = 3/2, must be related as 3:4:331. How-
ever the presence in the crystal of various defects
such as impurities, vacancies and dislocations leads

to a decrease in the intensity of the individual lines,
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the decrease occurring in the intensity of the satel-
lites first. Thus the infensity of the satellites is
a measure of the deprree of crystal perfectioneo

The intensity of the three peaks was measured
by summing the heights of the corresponding peaks for
the two sweeps of increasing and decreasing frequency
as the scan Was not a true slow passage mode. This
would allow for any relaxation effects which were quite
long, in the order of 9 seconds or longerzg. The
measured ratios of the intensities are 2.7:4:2.7 or
about 0.2 of the theoretical value of the intensities
for the satellites,

The technique of Jachgswas attempted in an
effort to observe the low field N.M.R. spectrum to
obtain information on the quadrupole spectrum of 93Nb.
The spectrum should have peaks at 1, 2, 3 and 4 MYz,
Unfortunately there was some coupling of the r.f. to the
SQUID which caused the eleétfonics of the SQUTD to "un-
lock™ above 1 MHZz and thus no sienal céuld be detected.

The value of the coupling constant in this

work is compared to previous results
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Author equ/h (KHz) Comments
Burns (1962) 46 independent of T
Peterson et al (1967) 55.2 + 0.4 room temperature
Bogdanov et al (1958) 53 room temperasture
Lamarche (1978) 51 + 1 4,2K
This work 52 + 1 4,.2K

The value of Av is in agreement with the
previous results of Bogpdanov and Lamarche, but is
higher than Burns and lower than Peterson. The measure-
ments of Burns were done on s powder which makes inter-
pretation of results extremely difficult. Peterson et
al® have done extensive measurements of Av, the distance
between satellite peaks as a function of 6, which is
fgiven by equation (21). Assuming that the coupling con-
stant of Peterson is valid at 4.2K, then the error in
alignment of the "¢" axis to the applied field B, is 11°,
This error is improbable as the "c¢" axis is along the
lengsth of the sample and the alipnment could not be worse
than 3° which would only change AV by less than 1 KHz,

This difference may he significant and mayv. be
explained in terms o?f a temperature dependence desnite
the findines of Burns?® y Or the sample may have been
slightly imperfect52. In this set of experiments, the

relaxaticn rate, Tl, was not measured which is 1 good
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indicator of the vresence of crystal defects. Toweve

Judeing by the intensity of the satellite lines, the

number of defects are indeed few.

er,
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CHAPTHER VI

CONCLUSIONS

The high sensitivity and rapid response of
the SQUID magnetometer makes it an extremely useful
instrument to detect N.M.R. phenomena in low tempera-
ture experiments, The preliminary results reported
in this thesis show that the N.M.R. signal of aluminum
is a promising material for thermometry helow 4.2XK.

The measured line widths of 27Al are 0.71 +
0.02 mT for a powder of pure metal and 0.95 4 0,03 mT
for a commercially available foil in fields of 12.8 mT
and 25.0 mT respectively. 4 relaxation time of 0.37 ¢
0.04 s at 4.2K was obtained for the vowder in a field
of 12.8 mT. The temperaturé dependence of the sienal
amplitude of the aluminum foil was found to be close
to what can be predicted from the Bloch equations.,

The difference in line widths between the
foil and the powder is probably attributable to the
presence of iron in the foil. Further studies should
be done to observe if the high concentration of iron
causes departure from Korringa's relationn.

The N.M.R. spectrum of 7Li was observed in

LiNbOz; and the value of the coupling constant equ/h,
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was measured to be 52 + 1 KHz. The presence of‘crystal
defects and impurities is not anvarent, considering
that the observed results for the relative intensities
of the satellite peaks and main veak is indeed very
close to that predicted by theory.

N.M.R. thermometry can be improved by choosing
another substance whose nuclear spin system has a shorter
spin-lattice relaxation time and hence will return to
thermal equilibrium much quicker at lower temperatures
after a measurement has been completed. ZLess time will
be needed to measure this shorter Ty and thus it will
not be as adversely affected by base line drift. This
short relaxation time does, however, require a recording
instrument that can trace a very fast signal. The best
candidate for low temperature thermometrv is metallic
tin whose Korringa constant is 0.03 K—s.3 This system
also has the advantage that magnetic impurities do not
form local moments that would affect the relaxation
rate.3 However with its extremélv short relaxation time
at high temperatures, the SQUID mapnetometer may not be
capable of following the fast chanfe in magnetization
from the decaving signal. A studv would have to be done
to determine the shortest Ty that the 3QUID can accur-

ately follow.
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At such low temperatures, it would be ‘ad-
vantageous to use a finer powder for the samnle than
the 80um diameter used in our experiments to reduce

the eddy current heating, even thouesh it is quite low.

“With the development of the recurring micro-
leak continuously admitting helium gas into the calo-
rimeter, it wés not possible to cool the N,M.R. head
much below 4.2K. During the first experiments to
determine the cooling capability of the crvostat, the
lower stuarge did cool to 240 mK but the N.M.Z. head
was not yet mounted. After the N,V,RK. head was at-
tached, the experimental plate was cooled onlv bv the
1X pot to 1.35K. Tt was then that the microleak
developed and all means of leak detecting failed to
discover the source of the leak. Due to this untrace-
able leak and in an effort to reach even lower tempera-
tures than 240 mK, the cryostat will have to be com-
vletely rebuilt and it canAinéorporate other imnrove-
ments as well.

In the present apparétus, with virtually =211
of the lower volume in the dewar occupied by the calo-
rimeter and the large superconducting solenoid with its
supports and persistent mode switch, there is no snace

to mount a small solenoid to supnly the field B, for the
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N.M.R. field trap. This necessitated the use of the
large Helmholtz pair that, althoursh the field from then
was extremely uniform, the maximum available field was
only 15 mT. This field is much below the critical

field of 54 mT necessary to destroy the superconductivity
in the aluminum powder.

To make room for a second solenoid that will
it inside the supports of the large superconduct ing
solenoid, the lower stage will have to be greatly re-
duced in size. This can be done by using the r.f. shield
of the N.L.k. head as a direct thermal link between a
small heat exchanper located at the top of the shield and
the s3lt »ill situated bhelow (See Fig. #24 and 25). This
will reduce the overall diameter of the experimental
stage to less than 25 mn. This will also decrease the
amount of copner that has to be cooled to a fifth of its
orieinal mass and hence a lowef temperature should bhe
reached after demapnetizing the éalt.

The lower heat exchanger will be a larrer modi-
fied version of the one previously described in section 8
of Chapter II. There will be a deeper cut into the nlug
to increase the contact area for the exchange gas (See
insert in Pig. #25).

We would recommend abandoning the single r.f.

coil wound directly on to the sample and have instead,
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a vermanently mounted pair of saddle coils. Access to
the sample area in the shield will be by a small vlug
that screws in from the bottom. The salt pill will be
attached to a threaded section on the r.f. head by a
slotted copper collar. The ».f. head and the salt pill
will be supnorted by the niobium field trap that will
screw onto thé heat exchanger,

The entire lower stage will be sunported by
a sinfle, solid eraphite rod 15 mm in diameter and
100 mm long. The heat leak down the eranhite should be
quite small, less than 100 nW (1 ere-s-1).

By using the r.f. shield as a support, the
overall length of the crvostat will be increased by 45 mm.
To help in keeping the tail as short as possible, a coil
of conper refrigerator tubing (2.4 mm 0.D.) soldered to
a8 thin conper plate will be used as the continuously
operating refrigerator instead of the present 1K not.
The impedance capillary intéke from the 4K bath to the
1K vlate will remain the same. Mounted on the plate will
be two similar heat exchangers in the inlet and outlet
lines of the lower stage. These will be of the desien
previously described in section 6 of Chanter TIT; hut
modified to fit the geometry. Instead of the helium
entering at the tov» angd leaving at the bottom, it would

enter at the top and leave a3t the side (See Fie. #24),
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The capillary lines to the lowerp stage will be ﬁade

of cupro-nickel and have aimensions of 2 mm 0.D.,

1 mm I.D. and 400 mm long. The expected heat leak down
both will be slightly greater than 400 nW.

411 capillaries and electrical leads will nass
through an opening between the coils near the center
of the 1K plate to thermally anchor them at 1K and allow
an easy vnassage to the experimental area.

To reduce eddv current heating, the r.f. leads
and saddle coils will be made of niobium wire. The
capillary shielding the leads will be superconducting
lead instead of cupro-nickel or stainless steel to de-
crease heat flow down the shield from the 1K plate,

Both the r.f. and pick-up coil will be connected to the
exterior of the calorimeter throursh two separate junection
boxes (See Ch. II, sec.B8) encased in sheets of super-
conducting lead.

The leads to a C.R.T. mounted in the experi-
mental stage will have to be made of a non-suverconducting
metal. It was found that the lead plated maneanin wires
travped a field and when they vibrated, this produced a
low frequency magnetic field which was picked up by the
r.T. leads and fed into the pick-un coil in the N.KM.R.
head and then to the SQUID.

inally the salt nill, N.M.K. head and lower

heat exchanger would be completely wranped in several
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layers of aluminized % mil mvlar to reduce heating by
radiation.

It is expected that since the heat leak will
be quite low, around 800 nW, and the mess of the ex-
verimental stage will be small, the N.M,%. head can
be cooled much below 100 mK, allowing lower temnera -
tures to be reached and longer times to conduct a more

thorough investigation of N.M.R. thermometry.
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APPENDIZX

The Niomax wire level indicator for liquid
helium is similar to the kind used at the C.R.T.B.T.
laboratorises in Grenoble, Francez4.

The principle of ovperation is quite simple:
the length of a superconducting wire in contact with the
liquid helium is superconducting and the remainder, above,
is normal and its resistance is nearly temperature inde-
pendent. Therefore to know the level, one simply measures
the resistance of the wire and determines the level since
it is inversely proportional to the resistance.

To obtain such a behaviour, there are two im-
portant considerations. First, a superconducting wire
having the right thermal conduction oroperty must be chosen,
and second, the measuring current must be optimized., To
solve the first problem, Niomax wire consisting of a com-~
posite of multifilaments of a superconducting allov in a
conper~nickel matrix was sugpested to us. Conner-nickel
is known to be a relatively noor thermal conductor. The
same composite in a copper matrix would probably not work
for this purvose. The s=cond requirement is easilvy found
by experimentation when it is reslized that for a particu-~
lar level of helium in contact with the wire, there is a
wide range of values of measuring currents for which the
resistance is constant. This plateau in the R-T charac-

teristic curve of the device gives the condition for the



optimum operating current. In our device, this was found
to be around 120 mi. Tf thé level indicator is operated
much below 100 mA (eg., 40 mA), then the device loses its
sensitivity to changes in level.

The circuit (See Fig.26) is a modified version
of the C.R.T.B.T. circuit and was designed and built by
fA. Buser of our electronics shop. The circuit consists of
a 24 V regulated power supply snd a 100 miA constant current
source. The voltage across the Niomax wire is measured with
a galvanometer whose scale has been modified to read in
centimeters of liquid level. It is equally possible to con-
nect a digital voltmeter across the superconducting sensor
for a more precise reading., With the galvanometer, it is
possible to read the level to + % em while the digital volt-
meter vermits an accurscy of 2 1 mm. As it is found that
during thé initial transfer of the 1liquigd helium, the surpe
of cold gas mavy cool the entire wire below its supercon-
ducting transition temperature, insnite of the measuring
current flowing through. Some means of bringing the un-
immersed part normal must be included in the circuit. For
that purpose a large value capacitor was included in the
electronics that can be switched on to supnlv a larce cur-
rent pulse down the wire to warm it and to resume normal

operation of the level indicator.

The Niomax level indicator gives g consistently
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accurate reading of the level, as has been confirmed by
experimentation in glass dewars. It is thus more reliable
and more precise than the carbon resistor variety of
level detectors.

During an experiment, the level indicator may
be operated continuously. It was found that the noise
generated bv it was quite negligible since it did not have
any apparent effects on the operation of the SQUID which
is very sensitive to its immediate environment. The loss
of liquid helium on the other hand from the boiling caused
by Joule heating (<1 watt) is small and is removed by the
escaping geas.

The wire is supported by a plastic rod that is
slightly longer than the wire and is secured to the rod by

passing it through several spacers made from pieces of

Teflon tubing taped to the rod. The rod can then be mounted

in any convenient place in the cryvostat.,
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CALIBRATION TABLE OF C.k.™, UPPILR

R
960.40
961.5
962.4
936.6
964.5
965,53
971.4
982,1
989, 4
993,53

1000.3

1027.7

1083,0

1095.0

1107.0

1158.0

1180.0

1190.0

1210.0

1220.0

1230.0

1240.0

1250.0

1260.0

T
4.24K
4,23
4,20
4,15
4,14
4,12
4,08
3.83
3.71
3.68
3.56
3.23
2.68
2.59
2.49
2.18
2,05
2.01
1.915
1.870
1.832
1.790
1.745
1.710
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CALIBRATION TABLE OF C.RK.T. UPPZER

k T 2y
1270.00Q 1.673% | 1.691K
1280.0 1.640 1.658
1290.0 1.572 1.526
1320.0 1.526 1.538
1338.8 1.483 1.487
1357.0 1.400 1.416
1377.0 1.379 1.392
1387.0 1.365 1.369
1396.2 1.349 1.349

* T, calculated using

1 =4 - B ~ CR}

c

where A = -0,344263
B = 0.00162086
C =

-0.0315042
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CALIBRATION TABLE OF C.R.T. LOWEK
From 4.242K to 1.397K

R I Te*
825.4 Q 4.242K 4,274K
827 4,223 4.226
835 4,009 4,000
840 3.892 3.871
845 3,777 3.749
850 3.669 3.635
855 3.563 3.527
860 3.455 3.426
865 3,373 3.330
870 3.281 3.239
875 3.197 3.153
860 3.104 3.072
885 3.036 2.994
890 2.960 2.920
895 2.6e88 2.850
900 2.818 2.783
910 2.703 2.658
920 2.583 2.543
930 2.474 2,437
940 2.375 2.340
950 2.285 2.250
960 2,193 2.167
970 2.110 2.089
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CALIBEATION TABLE OF C,k.T. LOWER

From 4.242K to 1.397K

R T To*
9800 2.035K 2.017K
990 1.964 1.949

1000 1.898 1.886
1010 | 1.835 . 1.828
1020 1.777 1.771
1030 1.723 1.718
1040 1.671 1.669
1050 l1.621 1.822
1060 1.577 1.577
1070 1.534 1.535
1080 1.493 1.495
1090 1.455 1.457
1100 1.417 1.421
1102 1.410 1.414
1106 1.397 o 1.400
* T, 1s calculated using
1= A - Bi - CRE
Te
where A = -0.6402545
B = 0.0022755
C = -0.0349439
From 239 mK to 1.12K
33360 239 mK 239 mK

3325 240 240
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CALIBRATION TABLE OF C.R.T. LOWEK

From 239 mK to 1.12K

R z e

32000 250 mK 250 mK

3089 260 260

3042 265 265

2949 | 268 274

2977 269 271

2932 272 276

2925 276 277

2893 277 281

2916 279 278

2846 280 286 |
2816 286 290 |
2473 334 340

2380 352 362

2299 372 B 375

2029 a47 448

1865 518 | 511 5
1820 526 532 |
1776 555 555 |
1762 570 567 |
1682 605 611 §
1647 665 636

1543 720 723

1509 765 758



s
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CALIBEHATION TABLE OF C.Ek.T. LOWER

From 239 mK to 1.12K

; T iy
13950 905 mK 907 mK
1376 945 938
1318 1.05K 1.05K
1287 - 1.12 1.12

* TC is calculated using

1l = A - Bk - CR*®

To

where A = -3,80945
B = 0.0003399
C = 0.118824



