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In this thesis sre described further deveiropmentis
in the design and comstruction oi apparatus for ro-
iucing very low temperatures L; the technique of
adiabatic demuagnetization of nuclear =,in systems, a
technizue .roposed inde endently in .954 by Gorterl
and by .urti and Simon” .  Improved methous of measuring
nuclesr susceptibilitics have led to 4 more accurate
¢9tl ate of the vulue of €n, the nuclear interaction
temperature, for copper nuclel in copper motal. It ise
shown that €n is four times smaller than the value es-
tinatcd b Spohr3 in his earlier experiments and is in
f=wct close t¢ the theoretical vulue for magnetic dipole
interuction. 7The nuclear s in-conduction eisctron re-

ilaxetion tiie has been meuasured at various temperatures

and this is discussed in relation to nuclear spin rel-
axation theories.

The cryostat desigrcd for these experiments is des-
cribed in scue detalli. A wetal heliun iewar of large
cageucity has been designed with close spaced walls in

the tail to make best use of the small internzl diamster
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of the high powered solenoid for produeing the sitrong
magnetic fields. vun advantages of this particular
vessel are expluined. |

L closed circuit H93 sy otem is desoribed which enables
a thermzl shi=ld t¢ be mwintuined 8ti 0.%5"4., This over-
comes the disuivani..es of the thermal shield covled by
n separate paramagnetic salt, as used by Spohr, allowing
the tcuserature of the .ar.c.ggnetic heat sinz %o be
measgured., This ﬂe) sr8ben was designed to wur: on the
princinsle of initial condensation :t 1°K followed by
pum ing w:th a diffusion pump to 0.35°%, ueing 0.2 ci’
of 11 uid (1,0 cn® of zos at NJF.P.). Subsidiary ex-
perirccts are described to test the .erformance of this
system,

M A.C., method o1 measurins the nucleir susceptibility
has been developeld to resicce the previous bal . istic system,
“his method employed a balianced ..C. bril; e which was un-
belanced by the nuclear susceptibilii,. It was 80 arranged
that the proximity of large masses of metal 1ld not «ifect
the measurements., The improve:..cnt in tachnique has shown
that the for: of idccay of the nuclear susceptibility is
exponential and not linesr as previuusly assumeld allowing

more accurate values of the nuclear spin temperature at
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the instant of demagnetization 1o be found. The lowest

spin temperature achieved was 1.3 x 1076 %. 1t is

shown also that the conduction electrons do not become

cooled to these temperatures &s oreviously thought4.
Experiments on copper give a nuclear interaction

temperature Oy = L.75 x 1077 K where 6pn is defined

in terms of thesplitting of the nuclear energy levels

due to the internal field. The value of ©&n is calculated

using the expression
S
kI T4

where T{ and Hj are the initial temperature and field
before demagnetization, Tg is the final spin temperature
and r&n and I are the nuclear magnetic moment and spin.

This value is equal, within the range of experimental
and theoretical uncertainty, to that computed on the basis
of magnetic dipole,indirect exchange, and pseudo-dipolar
jnteractions. This would seem to indicate that quadrupole
splitting is not as important as previously assumed3. The
relationship of this ©, to the Curie teuperatures of the
theories of nuclear ferromagnetism is discussed.

The nuclear spin relaxstion time "C has been measured

with conduction electron temperatures in the range ,012°%k



to 3.l)°i. fhese exocerirents showed Lo inv.raoe relotion

of T and T4, the conduction l.eciron ea.erd lit. Purther-
more the v iues of TTe (which in this case -~er S ale 4

in zero field) were found to be a fuctor 5.5 Lines smaller
than thicse found by Redfieldﬁ in an =xsoev i field, wsin
nuclear resonance techniyues, wbove 1%%. fpslication

of an external magne.ic field caused the vorsxetion time

to increase. These resulits are Jdiscussed il refercnce
tothe theories of nuclour relaxation in metuis by Anrjiﬁ;ay

and more recently by ﬁedfiwida.
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In 19:4 it w.u uroposed by Gorter'and by Jurti
znd 3imoﬁzthat the technigue of adisbutic demagnetiz-
ution for obtaining very low temperatures could be
ap -Lied to nuclear spin systems. It was pointed
out that nuch lower temperatures could be uchieved
in this way than by using highly uiiute. electron
paramagnetics and that usefuil initormation concerning
nuclear spin inteructions and ordering would be ou-
tained?

In adiabatic demagnetizaution the spin entro;y
of an assembly of interacting megnetic dipoles, in
contuct with a4 low temperature heat reservoir, is
reiuccl by the application of =« magnetic field. S5 Ub—
segquent «.llabatic, reversible removsl of the field
(igentropic denu, nctization) causes the temreruture
0f the spin system to falil t0 that at hich the sume
degree of ordering woul.i be produced by the intcractions
between the megnetic spins alons, ihe final temperature
is given by the well known expression

T = TyHp/Hy
where Hf, the final field, is the "internal ficld” due
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to the magnetic spins which is of the order rk/r3, where
r is the separation of neighbouring spins of moment M-,
and where T; and Hy are the temperature and field beiore
demagnetization.

Some paramagnetic salts are sufficiently dilute
and the internmal field sufficiently small that there
is almost complete disorder in the spin system even at
1 %%. Phis disorder can be removed by a magnetic field
~10 K@ and upon demagnetization the temperature falls
to between 10~ °K and 1 OK, according to the strength
of the interactions. The very lowest of these temper-
atures can only be reached by using highly diluted salts
with perhaps only one magnetic atom in every thousand.
For these salts the available entropy per unit volune,
and hence the specific heat, is very small and in general
it can be said that few experiments have been performed
below 0.003 °K for this reason.

Nuclear paramagnetics can be used to obtain very
low temperatures for their interactions are also very
weak., This is because of the small magnetic moment
of nuclei and not because of = large separation, in fact
in the most suitable nuclear paramagnetics every nucleus

is magnetiec. This gives a nuch higher available entropy
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per unit voiume than ior diluted electron paramasnetics
and for & given interwuction tem. erature they have &a
correspondingly higher gpecific heat ser unit volume,

There are consiierable technical difficulties in-
volved in nucleur cooliny experimentis.

Because of the smell magnetic moments of nuclel
it is necessary to use strong magnetic fields and very
low temperatures in order to remove even a small pro-
portion of the nuclear spin entropy. Present tech-
niiues, as desoribed in this thesis, are linited to
the use of fields of up to 30 K@ at .012 °K. Under
these conditions it is only possible to remove & fraction
of one per cent of the total spin entropy.

In order to obtain ihecsge initial conditions it is
necessary to use a two stage demagnetization technicue
using en electron paramagnetic matcsrisl to obtain a
temper.ture ~ 10~ K (:enerally referred to as the "heat
sink"). 1t must be possible to magnetize the nuclear
specimen in a high field without remagnetizing the heat
sinik. This generally needs & specially designed high
powered solenold.

| The most formidible problem is that of thermal con-
tact between the nuclear specimen und the parasmaznetic

heat sink, Considerable pro,ress hus ueen made by the



" et al.,

1.4

‘\
pressed fin technique and more recently by using a slurry

of the salt in glycerolgor other suitable media, but
this still remains one of the liuiting factors.

It 18 essential that the materizl chosen for nuclear
cobling experiments has & reusonably small nuclear spin-
lattice relaxation time so that the nuclear gpins cun
come into thermal equilibrium with the heat sink during
magnetization. DJielectric materials have ti0s of the
order of hours at these temperatures aithough this can
be reduced by the addition of electron paramagnetic im-
purities or ¥ centresf> ihe most sultuble subst:onces
ere metals which have relsxution times of the order of
a minute at 102 OK due to the hyperfine coupling with
the conduction eleatrons:z

0f the available metals with large Curie constants
muay are superconductors or ferromagnetics which are not
suitzable., Some of the wlkull metuls having a high Curie
constant would be very suitable were it not for the dif-
ficulties involved in making a specimen in the form
neceasary for the.e experiments. The metal with the :
most suitable prooerties is copper and this was used in

these experiments and the earlier experiments of rurti

q
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'In order that the demagnetization be adiabatic it
ls necessury to prevent heat flowing into {the nuclear
svin system from the heat sink and to prevent :iy other
spurious heat infiuxes., This is a problem of consider—
::ble difficultj, calling for ithe use of heat switches,
therual shields, and other techniques.
ihe ‘ihermod i of nuclear Cooling

Consider an ws:enbly 0f srins, say unit volume con-
taining N nuclei of spin I and moment ’&n . At high
temperatur:s in zero field the entropy is Hk 1o (2I1+1)
corresponding to the (;.EI-t-l)ﬂ states of the assembly.
Appl;cation of 2 field H at tenerature T reduces the
s8;in entropy and = simple thermodynsmic c.iculation shows
thet for vilues of H/T such that Curics' law holds the
entrocy (neglecting self-ordering) is

S = Ik log(21+1) - &\ (1/T)2
- where A Hrgn(I 1) /3% I is the Curie constant
rer ualt wolume. From this eguation can be culoulated the
reduction in entropy of a nuclear spin system for .iven
initial conditions.

A% very low temperatures in zero externsl field there
will be self-ordering due to the interactions, for the
(21*-1)” levels are not completely ic-enerate but are

s5plit into a band of levels of small but finite width.
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Suppose thecse (21-\--1)H levels ol the complete assenbiy
of N nucleli be H1y Ko eees EH cecces o« Then the pare
tition function l1s

2 = 9 exp (=~ By/xT)
= (eze 1)V Z (= p/an) + %:Z@» En/k1)? ...

where the summation is over the (214-1)ﬂ levels.
it higher temperatures when these levels have almost
the same probabillity density the series conver;es rapidly.
The sum of the levels can be taken to be zero and so to
the first approximation
2 = (21+21)N [14— g(?/x%z)]
where ;2- is the meun square energy of the (2I+ l)Iq levels
of the N nuclel.
FProm this 1% can be shown that the entropy is
s = DNk [log,(;?l +1) - #(5%/mr2 )]

showing that the reduction is entropy by self~-ordering
in gero field is, to the first approximation, proportional
to T-2 und the mean square splitting of the energy levels
per nucleus,

A more convenient way of deseribing this aversge mean
square splitting is in terms of a nuclcur spin degeneracy
temperature 9n, Spohr used a sinolified Licture of the

zero field splitting in his definitiondof Gn[.o In his
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model all nuclei werein an intermal field such that the
energy Jifference of adJacent levels wus k Op. In this
case the entropy in zero field is

5 = Ik [log(é.’l +1) - (1/0)1(1 + 1)(%/?)%1 .

For the s:xke of continuity the same €, wil. be used
in this thesiso but it will be defined in terms of the
average mean square s8plitting of the enerygy levels by

I(I+ 1)k en)z = 3 —EZ/N.

In these nueclear cooling experiments the value of
®n is found by finding the relaitionship betveen the en-
tropy amd nuclear uspin temperature in zero fieid after
demagnetization,

The initial re.uction in eniropy b, the field Hy
at temperature Ty is

As = ¥\ (Hy/14)°
the self-ordering being negligibly small. ‘fter demag-
netization the final temperature is that at whieh this
reuuction in entropy occurs by self-ordering, so that

[m: I(I + 1)/9 (On/1¢)° = [_Hr&(l * x)/ekI] (E3,/74)°

eiving

Op = /*n.Hi Ty /KI T4.
From this equation and a kno:.ica.gze of the nuclear con-

stants, the initial conditions and final temperature
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the nuclear spin degeneracy temperature, which is a
measure of the average mean squarse splitting of the

energy levels in zero field, can be found.
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In this type of experiment it 1s important to
keep the heat leaks into the specimen very smell, One
serious heat leak whieh is able to hy-pass thermal
shields is that due to vibration. The mecuanism by

which heat is liberated in specimens at very low
temperatures is not ieny well understood although
experimentally well known,

For this reason the whole apparatus was mounied on
a conerete raft weighing nearly halfl a ton which was
supported on ten helical springs. The natural périoda
of vibration were of the order of ¢tne second, It was
hoped that this low-pass filter would remove vibrations
from the generator and rotary pumps. All couplings to
the apparatus were flexible,

Vibrations were also generated on the apparatus
itself. These were due to the bumping of mercury in the
three Aiffusion pumps, the automatic Toenler pump in the
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HeJ system and perhaps small vibrations due to the
boiling of liguid oxygen a:' helium in the metal dewar,
To reduce these to a minimun the aercury pumps were
mounied on & separate internal fremework eumbedded
separately in the concrete raft, Flexible pumping lines
were used as far as possible to conneet them to the
eryostat, The Toepler pump was seated Adirectly onto the
soncrete, It was hoped that the massive construction
of the dswar and cryostat woul? help reduce the vibrations
due to the boiling of the oxygen and heliun, |
In spite of these precantions however, vibration

heating ntill remained the biggest heat leak into the

speeimen,

A

It was decided to use a ucial dewar for the liquid
helium based on thc originel idea of Henry? “he dewar
was fixed to the top plate of the c-ryostat asse¢biy by
three large threaded studs and sealcd by an Q ring,
This ensured that the tall of tie “ewar was aluays in
correct alignment with the axle of the high povered
solenoid. The O ring seal alloved the interior of ihe

dewar to be evacuated during the precooling proces:,
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The liquid oxygen %ank held about three litres and
this boiled off via one of the three vents running
through the centre: of the threaded studs, One of thcse
tubes extended to the bottom of the tank to facilitate
quick removal of the liquid if this were necessary.

This guantity lasted for twelve hours and moreover as the
tank iteelf had a large heat capacity, the temperature of
the shield would remain below 200°K for several more hours,
+his ensble the interior of the dewar and cryostat to be
kept at a temperate ~ 100°K overnight between experiments.
This prevented Jeterioration of the speciuen (see below)
and allowed iumediate precooling with ligquid nydrogen

on the following morning with a consequent saving of time,
In this way the specimen could bc kept col? for several
weeks until a new specimen was required,

The total mass of metal to be cooled te helium
temperatures was of the order 7.5 kilograms and so it would
have been quite impracticable to cool this Irom liguid
oxygen temperature with liquid heliun, ILiquid hydrogen,
which has & larger hecat of vaporization and is cheaper,
was used for precooling from 90°K, This was syphoned
directly into the helium Aewar, the temperature at the
top of the cryostat and at the very botton of the “ewar
bein; monitored using two direct reading carbon re-istanee

thermomaters,
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Kaeh carbon resistor (LAB 47 ohm ¥ watt) was in @&
Wheatstone briige circuit exaetly balanced at 20°K and
giving full scele reading at 90°K, The maximun
sensitivity oi this theremometer was at the low tempera-
ture end where it was needed, A further scale hetween
20%K and L ¢2°K was also available.,

With practice precooling could be done in such a way
that no free liquid hydrogen remained in the dewar, Any
excess liguid could be removed by means of a heatepr
gituated within 1 mm of the bottom of the dewar,
Temperature equilibriuwn in the tail was greatly as.isted
by the thiek pure copper ripple shield (see below), The
process of precooling with liguid hydrogen took about
twenty=five minutes; the final temperature of the tail
being about 25°K,

At this point the helium iransfer syphon was
inserted into the apparatus, This syphon had a necdle
valve fitted at the outside end, The whole of the
interior of the dewar and the syphon up to the valve was
punped free of hydrogen using a rotary pump. 7The helium
tranafer vecssel was fixed to the syphon and the valve
opened to allow a little of the col? heljumto enter the
evacuated dewar, the pressure rieing to~ 5 mm Hg, After

this had mixed with the last traces of hydrogen it was
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pumped cut and discarded, This flushing actlion was
performed at lecast three times to ensure that no hydrogen
could be returned to the helium gas hol“er,

By the end of this process the temperature in the
dewar rose slightly to about 30°K, The syphon valve
was then fully opened and liquid helium allowed into the
dewar, a slight overpressure in the trancport dewsr
assisting this process, Cooling from 20°K to 4.2°K was
a relatively fast process as the hcat capacitier were
much lower and the themaal conductivity of the ripple
shield in the tail was very high. Only about 200 ccs
of 1iquid heifium were required to cool 7.5 kilograms of
gopper and biasse With one full transport Jewvar of
1400 ces 1t was usual %0 finish with 1000 ces of liquid
in the Jdewar, This was su:fieient for one experiment of
twelve hours, Considering the lé;ge cryostat and dewar
t0 be cooled this was quite eean&m&cal. This :mcthod was
also econcmical with time; experiments could be siarted
within an hour of the initial precooling.

The evaporation rate from this dewar can be estimated
using the following data:

Cross sectional area of the inner inconel tube =

0,90 em?
Mean conductivity of inconel (4.2° to 90°K) =

0,051 watts/c.: Aeg.
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Croas sectional areas of pumping tubes and
electrical leads = 0,2 om®
Mean conductivity of tubes and leads = 0.12 watts/cm “e;.
gpeeific heat of helium gas, C, = 2049 joules/degl.mole
Latent heat of vaporization, A, = 37 jourles/mole
Distance between levels at 90°K and 4.2°K = 30 em
The differentisl eguation for the contuctivity
problem 18
2 (KA) ﬁ-g = - MO gxﬁ
where M is the evaporation rate in moles/sec. This
assumes perfeet thermal equilibrium at all levels in the
inconel tube between the gas and the walls. Integrating
and inserting the appropriate boundary condition

-"‘z(m)%}g = M c(e-u.e)n;l

and integrating again

= L
_ ._{H?EL log:{%ﬂf&;:}ﬂﬁ?éy*ﬁ@ﬁ£)=='x

How @ = 4,2° when x = 30 am, and 80

- -3 1°3E'('9"-u.2)+:x

With the values given the evaporation rate should be

1,33 moles per hour, i.e. 43 ces o ligqui® heliun per

hour,
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The other source of heat leak into the dewsar was by
radiation from surfaces at 90°K, All suriaces were
cleaned by an aeid Aip; in this way the net flow of huat
can be reduced to one or two percent of that for black
body surfaces, L‘he heat lcak cstimated in the case of
this dewar was ~ 10 milliwatts which i1s equivalent to
~13 cc of heliwn per hour. It might be thought that
the extra flow of cold gas would help to reluce the heat
canduetion into the dewar but by mcans of an extra tern
in the foregoing analysis it 1s found that the effect 1is
very small,

The measured evaporation rate was 60(} 5) ces per
hour - a value elightly larger than that calculated, but
close enough to show that the assumptions of ;;00d4 thermal
equilibriwn between the gas and the walls and of low
radiation input are Justified,

It can be shown that at freqﬁencies lower than those
at which the skin Adepth becomes comparable with the radius,
the rate of eddy current heating in a eylindrical
conductor of unit permeability and &adius a which is
parallel to en alternating magnetic field of amplitude

H an? frequency w 18

2,22
Q = L-’--QE%- ergs/ca’ see.
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where the resistivity £ 1s expressed in e,m.u.
(1 eemeus = 10~9 ohm cm),

The nuclear cooling speciaen is composed of pure
copper wire of radius 0064 cu and haz a total volume of
about 5 em?, It will be shown that it is absolutely
essential that the heat input to the copper during the
process of magnetization of the nuclear spin system 1s
kept well below 102 erg/second, The value of L tTor
copper at very low temperatures is atout 20 e,u.u. and so
it can be seen that for the magnetitlic rlipple components
7 (v H) must be kept below 402 padians oersted/sec,

For an iron free solenold being run Airectly from a
generator at a field of up to 30 KO this is a stire
requirenent, In fact for the generator and solenold used
S(wH) was sbout 3 x 105 which would put approximately
4000 times the permiﬁsibie amount of heat into the spescimen,

This heating was reduced by the use of a ripple shleld,
similar to that first used by 8poh£°1n the fir-{t nuclcar
cooling experiment, This was & thiek, pure copper tube
fitting incie the tail of the helium dewar., Due to ithe
high ratio of induetance to resistance at L.2°K it acted
as a very good filter to magnetic flel’s at frequencics

above a few cycles per second,
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The following analysls shows quantitatively the
effect of thic shield, Consider a lon; cylindrical tube
of cross sectional area A and circumferential resistance
R per unit length in a magnetic field Hoe“°t parallel to
the axis, Then at a point inside the tube the fleld will
be H where

bgd M ,n-net©t

We expect to find a solution of the form

H = a.He““t"'e)

where o is real and £ 1s a phase angle. Substitution
in the Aifferaential equation pives

aedB (1 « 1p) = 1 wharepzk%i’_

By equating real and imaginary parts

tan B = - p
and ¢ = coa B
80 a = (1 + pa)“%

The phase of the field in the tube lags by tmm"1p and the
anplitude is reduced by a factor (1 + p2)‘%. So at high

frequencies the shieldiny factor is inversely proportional

to the frequeney but will approach unity as the frequency
decreases,
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The ripple shield in this experiment was 60 cms long,
53 cms in diameter and U,2 ciu thick and 1t was drawm from
pure electrolytic copper and anncaled, In the graph are |
ghown experimental values of the shieliing factor to_cther
with theoreticel curves for the states value if resistivitiy,
As can be seen the points at [42° K and 90°K £it the
theoretical curves or values of resistivity expected at
these tcmpardtures.

The skin depth in a metal is approximately \/T-%
and so for W< 1000 and A = 20 esils the skin &pth is
< 1 mm, These experimental points fall within the
frequency range where the sikin “epth phenounenon is not
lmportant, |

The dominant frequencles of the magentic ripple field
were between 10 ¢/8 and 500 ¢/s, By measuring with a pick-
‘up. coil inside the shield at 4,2°K it was found that
-Z(wa). as measured by the peak to pecak amplitude of the
noise voltage incduced in the coil and displsyed on a
CeReOe,y was reduced by the shield from ~ 3000 to ~ 100
at a D,C, field of 30Kf,

If a steady magnetic field is removed sultdenly from
this shield the field insire is governed by the ‘equatlm

%-ﬁ-bﬁao
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This shows that the ileld (ecays exponentiaclly with a
time constant of 0,17 seconis ia this case, i.c, chocrter
than any'timﬁ actually used for magncectizing or
demagnetizing,

It should be pointed out that acecidenial tripring
o the generator excitation, which causes the magnet
current to drop to zero in about one second, will induce
large currents in this shield and liberate heat into the
1iquid helium, A field of 30K¥ dropping to zero in one
second would induce sufficient heat to boil off ~ 100 ces
of liquid helium, However 4t i1s unlikely that hecat
trangfer tothe helium would be sufficienily fast to
prevent the temperature of the shiel” Irom rising so
increasing the resistance and choking back the induced
current. Neverthele:s in future apparatus where iieléds
of 100K0 may be use” with ripple shields of 50 em®
cross-sectional area this type of accident may cause
trouble,

The ripple shield in these experiments was made
very long to cover the whole of the cryostat in the tail
of the dewar in order to reduce ripple heating in the
metal helium vessel at 0,9°K and the Hed capsule, Until
this shield was employed it was not possible to pump the
heliun below 1°K when magnetizing,
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Ihe oryostat

The eryostat was of all metal construction and
consisted of an outer jacket containing e vacuum space
in which was suspended a Aouble walle? vecsel containlng
heliun at 0,9°X, Vithin this veseel was a vacuwu srace
which could when necessary be filled with helium as
exchange gas, Suspended within this space by a 3 mm
germen silver pumping tube was a Hed capsule (see Chapter
3) with an attached shield which acted as a tﬁermal shield
to the speeimen suspended within it, A schematic “iagram
of the cryostat is shown, The verious removeble jackets,
the shields, and the oredle were made of thin wallcd
telescoplc brass tubing with hard soldered joints, The
overall length of the eryostat was 60 cms and the clear-
ances between jacket at different temperatures was ~ 1 :m.
The small clearances were made possible Dy the use of
fine tufnol star spacers at the bottom of the Jackets.

The 0,9°K cryostat was initially filled, via a
needle valve opersate’ from above the spparatus, with
1iquid helium from the dewar, T7The valve was situated in
l44 2°K helium so that there was no problem due tgéleakﬁ.
When ti. valve was closed the helium was pumped to 0.9°K

with a 2" mercury diffusion pump and a rotary PUIRD o
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Attachcd to the outer jacket and situate® in the
1icv4d heliuwm in the fewar were thc two set. of tntual
induetance ¢ ils fo rwesuring the angnotioc susceptibllity
of the paramegnetic heat cink end that o the nuclcer
specimen, -he :orvir was mecsured conventlonally with
a ballistie galvanometer. The mutual inductance coils
for the nuclesr = .«clmen vere lapger, husving 18,000 turns
on the secondary of both the ncasuring eoll an” the
identical compensator coil, The nrissries were wound
with extre twrns &l tic ende i order ‘o ive a flield
of 350 per aupere uniformly over the nuclear specinen
to within £ 27 yet ."alling off guielldy beyond the
speoinen. This precaution was taken to ensure that any
propertie:; depending on the magnitude of the oi:asunsing
ield woul”® not be obecured an? at the ~muc time reduce

any signal {rom nuclei not in the specimen 1%.el7,

The iron free, water cooled, high power solenoid
used in these experiments was Aesigned by ?aﬂialézfor
’fiolﬂa up to JOXZ at 1 .egawatt. In faet it was never
used above 700 kilowatts buecause of tie danger of
sleotrical and ..cchaniecal breakdown,

The colls in this solenoid were split into two

groups. The uvper group were use’ when magnetizing the
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paramagnetic heat sink.  hen Liic nuclear ciage was
magnetized most of the currcat vas passed througa the
lover ,roup of ccils tut & saell frection (.0224) was
fed in s :(everse Jirection througin lhe upper set ia ueder
to balance cut the stray magnetic ficld aeti:y; orn tie
paranagnetic heat sink tc a value well below the internal
fiel” of potassium chrome slum ( ~ 300f)., The current
for this balancing circuit was derived from the same
generator as that for the luower colls via a waler cooled
resistor network =2nd the current ietio for the two coil
rystems should 1n principle have remalna2d constant at
02244 Hpvever the recistance of the coil system changed
wiil, the power bheing cdissipated while the vwater cooled
resistor network did not, o ehansing the current ratio.
The resistors were adjusted Lo gilve coirect balancing

at the hi;h:st povers used «n’ the ic¢ls on the para-
magnetic salt at luwer powers was lec: than 30 €. The
chanze in temperature of the heat sink Mue t0 this small
field was estimated to be lesz than 3%,



CHAPTER 3
The He’ System

The uppcr stage of the nuclear ccoling specimen,
the paramagnetic heat sink, had to be masgnetized with a
rield of 25Kg at 0.,9%°K to remove the electron spin

e ions. 80 the specimen was situated

entropy of the Cr
within a cryostat at 0,9°K and exchange gas was used to
transfer the heat of magnetization. After pumping off
this gas the ealt was demagnetized to the specific heat
anomaly at (012°K. If the immecdiate surroundings had
been allowed to remain at 0.9°K there would have been a
heat leak ~ 100 ergs/min by conduction through the

specimen surports to the hest sink and a heat leak

et

~ 20 ergs/min by the adsorption of gases onto the specimen

from the walls at 0.9°K.

3uch a large heat leak would have had two important

consequences., Firstly the large conduction leak into the

heat sink would have prevented nuclear magnetizations
lasting more than acout firfteen minutes, for aft:r that

time parts of the heat sink would have been at a
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temperature well above ,012%°K, Secondly the large
adsorption heat leak to the nuclear siare woulld have

caused a large temperature Adrop across the junction of the
metal and the paramagnetic salt (~ .005°K for 20 ergs/min,.
This woul® mean that the initisl H/T ratio for nuclear
magnetization would not have been known accurately.

If a successful heat switoh experiment had been
accomplished, i.,e. if the whole of the nuclear stage had
been therwally isolated at 10‘6°K, it woul? have been
necessary to keep the adsorption heat leak to the nueclcar
stage to much les. tnan10.1 erges/min because the total
heat content would have beun only ~ U.1 erg. Lo some
wethod of reducing these heat influxes had to bBe used,

Spoh;iJ:Q the earlicr expciiment., used a shield
co0led by manganous auwnonium sulphate to surround the
specimen but unfortunately this prevented reliable
measurenent of the temperature of the heat sink,

This difflculty was overcowme by the use of a shield
cooled by pumping liquid Ho3. #hen thlis shield vas
pumped from 0,9°K to 0,35°K the conduction heat leak was
reduced by a factor ~ 10, It was presumed (in the abse:nce
of any ~irect evidence, that at this tempcrature it acted

as a good "getter" for any ;ases desorbe” from the

cryostat walls at 0,9°K. The tempcrature of the heat
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sink could be found accurately by measurement of the
susceptibility.

A liquid He3‘cnyoetat is a wmost convenient method
for obtaining temperatures in the range 1°K to 0.3°K
i.e, well below those obtainable using HeM, ihe vapour
pressure of He> is ~ 102 times larger than that of Hed
at 1°K and at U.5°K the ratio is ~ 104, It has the
advantage that there is no A film which givesrise to
large evaporation rates in Helt cryostats., Whereas it is
airricult to pump Helt below 50u Hg it is quite easy to
pump H03 to 5u Hg with a small pumping system,

Liquid He3 has a hcat of evaporation of~7 x 106
erga/cm3 at 0.35'K.'3 (By way of comparigon it should be
noted that demagnetized manganous ammonium sulphate can
only absorb 5 x 104 orgs/am5 below this tempcrature,)
About 10. of the liquid ls evaporated in cooling the
other 90% from 1°K to 0,35°K,

Several typecs of H33 cryostat have been used but
1n' general they all use the continuous refrigeration
methég'g; the single shot condensation method?*the
vapour pressure of Hed at 1°K is 8.6 mm g and so0 it is
quite easily con?lensed from a low pressure jas handling
system or from the high pres:ure sijde of a "iffusion or

rotary pump (a- in the continuous method). In this

apparatus the single shot condensationwas used,



The capsule iteelf wus made of brass und heavily
constructed deczuse of the poor thermal conductivity of
thie material at 0.3 %K (~J.5 milliwatts/om deg)e A large
surfece area (13 cm?) wae allowed for attaching tho
shicld, which surrounis the specimen, using "ood's metul.
I% was fearei that the thermal resistance of this soldered
Joint would be high, the %Wood's metal being superconducting
and well below the transition point.

The shield would not have been satisfactory if made of
thin bress tube for with the expecte. heat leaks the temp-
eraturc‘ditforance between the top and botiom would have
been vQO,l) O%, The use of copper tube of aimilur thicikness

would have introduced aiftiéultias due %0 eddy current
heating during the raising wni lowering of the magnetic
£ie0ld even if it were sloticd. As the thermal conductivity
of pure copper 1s ~ 1000 times thut of brass aut these
temperatures, it was deciiel to usc thin brass tubing
with a thin layer of copper on the vutslde surface., This
was deposited by a vright cop or plating process untli it
was 0.1 mn thiciks the coppor wus not brittle ani amorphous
but ehiny and soft. Assuming the thormul conductivity at
0.3 %L to be ~ 0.5 watts/cm deg «nd that all the heut iouk

into the oupsule came from the lower end (the worst poesible
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case) the temperature drop along the shiel’® would be
~ 40730k,

An experiment was performe? with an auxiliary carbon
resistance thermometer situated at the very bottom of
the shield, It was found that any temperature Alfference
between this and the capsule was less than the experi-
mental uncertainty of the thermometcrs (~10"29K), so
showing that the shield and the Wood's metal joint were,
thermally, quite satisfactory.

The temperature of the boitom of the shield was also
measured during a typical nuclear demagnetization when
20K# was reduced to zero in 30 seconds, Heavy induced
currents were prevented by a longitudingl slit 0,2 mm
wide ranning the whole length of the shield. However
smaller eddy currents were set up in the walls which
caused a slisht rise in temperature to 0,5°K which fell
back to 0,35°K in a few secon’s. It was hoped that ay
desorption of gas from the shield due to these induced
currents would come from the outside copper plated
surface where most of the heat 1s produced a:d not from
the inside brass surface. The capsule was suspenied
from the 0,9°K cryostat by the 3mm german silver pumping
tube, 2,5 ocms long. From the data of Bermaﬂ7an the
thermal conductivity of german silver at these tempera-

tures it was calculated that the conduction heat leak
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would be 15 ergs/second, A substantial reduction of this
figure night be expected due to the hcat capacity of the
evaporating gas bet.ie.m 0,35°K and 0,9°K, There would
also be a heat influx to the shiels Aue to the "getterin;"
of Aesorbed helium from the walls at 0,9°K., This was
estimate’d to be ~ 5 ergs/second (~1 erg/cm?gpen).

In fact the steadty state fas fiow as icasure”? over
several hours (no other experiments being performed)
showed that the heat leak was 20 ergs/second (U.t em’ of
gas at N,T7.P, per minute). Under these conditions the Heo
would have lasted for twenty hours.

The temperature of the capsaule was measured using a
carbon resistance thermometer (Aerovex 470 ohm ¥ .watt)
attached by low temperature var:iish (General Electrio
7031). The characteristics of these thermometers in the
ran;e dAown to 0,25%°K have been extensively stu’ied by
other workar;%and their reliability proved, 1In this
experiment the actual temperature of the shield was not
important as long as it was well below 0,5°K,

The resistance was measured using a potentiometer,
Four 47 s.w.g. c¢onstantan wires were used for current
and potential leads and these were taken down the inner
vacuum space pumping line, The measuring current was

0.8 microamps, the resistance being ~ 5000 ohms,
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An experiment was pcrformed using two carbon
resistance thermometers on the HCB capsule to find how
the temperature of one varied with the power being
dissipated in it by the measuring current; the tempera-
ture of the ocapsule remained virtually constant, Fran
this experiment it ecould be estimated that the
thermometer read 0,01°K too high at 0,35°K when the
measuring current was 0,8 microamps, The apparent
chan;e oI temperature with power Aissipation was 5 deg/
microwatt, Incorrect temperature measurements can
easily be made by using too large a measuring current,

In another experiment the temperature of the H03
capsule was measured as a funetion of extra power input
above th:t due to econduction, ete, It was found that
the temperature rose from 0,37°K to 0.,43°K at 50 erga/
second and O.47°K at 100 ergs/seconA. |

A Aiagram of the He® gas haendling system is shown.
It was a closed circult system for single shot
condensation and punpings In the storage volune was
kept 150 em? (at N.T.P.) of He? gas at a pressure of
about 10 cms Hg, the pressure being measured by the
capillary manometer, The gas was fed via the condensga-
tion line and pumping tube to the capsule which was at
0,9°K, The gas con’ensed into the capsule until the



ca;illary manometer read 5 mm Hg (the vausour pre-:ure
at 0,9°K), approximately 80% of the gas being in the
form of liqnld,.occupying 0.2 e,

The hcat of magnetization of the heat sink was
removed by the 0,9°K temperature bath and not by the
He3. The He? was not pumped until the heat sink was
being ‘emagnetized, the respective temperatures beling
reduced from 0.,9%K t0 J.35°K and .012°K si.ultanecusly.

The He’ was pumpod.fram the capsule by a 1" dlameter
mereury diffusion pump and an automatic Toepler pump
back into the storage volume, The Aiffusiocn puwmp
neede? a backing pressure of less thau 4 mn Hg and as
10" of the liquid es well as the gas in the pumping
tubes had to be removed it took about five minutes for
the Toepler pump to refuce the pressure gufficiently
for the Adirffusion pump to come into operation, +“he
overall time to pump to 0.35°K was about ten minutes,

. The Toepler pump was of the mercury in glgas type
with a Aisplacement of 350 cm;. The cyeling period was
L5 seconds giving @& pumplng‘apeed‘v 500 cm?/min. Thie
was quite satisfactory for Aealln, with the normal
evaporation rate but was responsible for the initial

time taken to reiuce the temperature to 0.35°K,
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CHAPTER U4

In the experiments of Xurti g&_g;qin 1956 the
nuclecar susceptibility was measurgd using a ballistic
galvanometer system with large susceptibility colls
having secondaries with 15,000 turns and with a
mneasuring £ield of 8 cerste?’, Before measurements
could be taken after a Ademagnetization a moveable riovnle
shield sltuated in the liquid hydrogen dewar had to be
lifted away Ifrom the susceptibility coils to avoid
large eddy current kicks in the galvanometer when the
measuring field was reversed, It was not until 15
seconis after Aemagnetization that the first mussurements
coul? be made and ﬁhan only once every six or seven
seconds, The susceptibllity Adecayed to a value below
the threshold of observability in 60 seconds, the
measurements on the average being ~ 10 times larger than
the probable error, Due to the reliance on manual

Aexterity and human Judgement of the - alvanometepr



deflections and the time the method was unavoidably
prone to errore.

It was later shown thet th: messuring field used
in these experiments was n:erly three times greater than
the internal rield of the nuclear spins in copper metal,
In this type of experiment it is desirable to have the
measuring field very mueh lecss than the intermal ficl”,
A reduction of the measuring rield by a factor 10 would
have reduced the size of the deflection to a magnitude
comparable to rcsidual Adeflections due to fluctuating
thermal e.m.fe8, ete,

The decay of the rmcleér susceptibility could have
been Adue to the eomnduction electron-nuclear spin
relaxation process or alternatively, i1 the conduction
electrone were at the sane temper: ture as the spin
system, it could have been c¢ontrolled by the rate at
which heat flowed into nuclear stage. In the former case
an exponential decay would be expected but in the latter
a linear “ecay, for a constant heat lecak,due to the 1/’1‘2
form of the specific heat, The results of the 1956
experiments were not surficiently accurate to enable a
firm conclusion to be drawn though it was suspected that

the conduection electrons Ald cool wiith the nueclei angd
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that the subsequent warm up was eontrollcd by the rate
at which heat entered the nuclear stage from the para-
magnetic heat sink,

| For these new experiments it was decided that a
better susceptibility mcasuring Aevice would have to be
devised, More sensitivity, tc enable smaller measuring
fields to be used, and great precision were required,

In order that *thc¢ foirm of the decay could be studied
many more icasuremnants during each Aecay were necessary
beginning about two seconis after Jemagnetigation rather
than fifteen seconds. This would also allow more
accurate extrapolation to the instant of demagnetization,

One of the most undesirable featurces of the previous
apparatus was the moveable rip»le shield, It took too
much tlime to move after a demagnetization and caused
sonslderable vibration of the eryostat. It frequently
becams stuck in the .rong position,

It was quite well established that there was no
prospect of using a better ballistic system (such as a
ballistic galvanameter amplifier) with the ripple shiel:
in situ. No satisfactory way of balancing the powerful
eddy current kicks has been found., Even if this were
possible the ballistic system although reliable is very

slow,
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An A.C, methol of susceptibllity mer e t
deviced 80 that the ripnle shiel” eould remai: 1:: place
was the obvious suggection but this has several
"iaadvantages,

Pirastly a comtinuous ulternetin; wmagnetie fiel” on
the creolmen causes insuetion hiating. The use cf
measuring fiel’s ~ {1 oerste” at ~ 100 ¢/s (as use” in
AeCe uriiges I'or measuring paranagnetic salts having
volumetric susceptibilities of the came or’er of
magnitu’e es that of copper nuclul in copier ct a few
microdegrees K) would completely iarm up the spin systew
in ~ 1 seccn?, The rate qr heating I proportional to
w2H2 but th?3&§3“a1 1n&u5éa in & mutual inductance
secondary hyJﬁ;paramagnetic specimen is proportional
to o B, so that the uce of low freguencizs is
acfva:tageous,

The second Al iculty Lo that of balanein: the
bridge as ‘he signal dec:y: to oblain mcasurements, If
this were Adone wanually it i li:¢ly to ive even
fewer measurements than the dballistic methoi. It coul?
in prineciple 1o 2onc by ¢ feed-bgex weilhio? but Cue to
airfioultics with . hase relaticnships (se. below) this

i“tea war not pursued,
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Thirdly there 1s the Aifficulty dAue to the presence
of metal in the eryostat, The use of metal in a
conventicnal eryostat havin:- an A,C, bridge is to be
avoiie? for this cauases the 7(’ and 7(” components of
susceptibllity to be shifted in phase with respect to
the in phase and out of phase balance controls (see
below)., This apparatus .as entirely of mectal an® the
mutual inductance coils were %o bc surrounded by a thick
corner ripple shiels at Le29K,

A suseeptibility wcasuring system 7as Adeviged wlhich
operated in the presence of this metal and which gave a
continuous pen recording of the suseeptibility as a
function of time, with the abdbsolute miniéﬁm of human
effort and consequent errors, from within two secondis
of Aemsgnetization,

A schemstic diagran of the bricge is showmn, A low
frequeney (24 e/s) oscillator fed the primary with a
current ~ 10 milliamps giving 2 measuring field at the
specimen ~ ,03 oerstei, The bridge consisted of similar
measuring and campensating mutual induectance:s within the
dewar, an? an external Aecade mutual inductanee &and
variable resistor (~ 0.1 ohm), The latter .ms common to

primary and secondary circuits as shown,



The signal from the secondary wes smplified by &

2l e/s tunec amplifier by a factor 6 x jo4 gnd aisplayed
on & C.R,O, 7The rcetific® sigral was smoothed a4 fed
to a continuous sirip chart recording potentiometer.

A switeh was Titted between the bri“ge ..t the amplifier
an” ‘his was actuated by the high pcwered solenolic,
bein: close” only when the solenold was fully lowered
after a cemagnetization. This preventer the smplifier
cseeing the large trensients due to the removal of the
strong megnetic fiel?, ihich would have :n’e the
coarlifier inoperative for several seconds,

The amplifier was of the type originally described
by Sturtevangqand later improved by‘Brown?;s a thermo-
couple amplifier., It had two directly coupled twin-T
suplifiers in series, each with a gain ~ 250, They were
stagger tuned to give a slightly flattened frequency
responce but the overull i could be made as high as 100,
In practice it was adjusted tc give a g of about 70,

These amplifiers were very unstable end ad justment
for optimum p.rformance was not easy. They were prone Lo
bur.t into oscillation as valve or camponent characteristics
changed and ror that reason were run continuously.
vluetuations 1. mains voltages such as those produced by

the adjustment of the loading of heavy electirical plant
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in the same building, trun’er storms, dezx calculating
maohin:s (to name & few of the known ones) caused the
amplifier tc bur:t momentarily into oscillation, If
the amplifier was adjusted with & at about 70 it took
~ 1 seeon? for these o:cillstions Lo die out, ‘hece
burstes of oscillation sometimes occured as freguently as
once 8 csecond, More valuable experimental time was loot
in this way then any other. A wmo”ern commerelsl version
of this amplifier aequired after these experimentis were
performe’ does not shov this defect,

The output inpedance of the secondary ecircuit at
24 ¢/s was 1500 ohms and it woul” probadbly have been
advantageous to .iatch this to the anplifier with a high
quality shielded transformer. It woul? be neceuscry to
use a transformer of high inductance at this.low frequency
an® magnctie shieldling would have been essential, This
would have increased the signal stren;th with respect to
the noise bein, generated within the am-slifier, However
as the auplifier perforued well enough for thise experi-
ments wiih ddrect coupling and az a sultable transformer
was not inmediately available direct coupling wus used,

The cutput froun the s lifier was “isplayed on 8
C.Re0, 80 that th¢ bridge could be balance?, The output
was elso fed via a cathode Tollower to a thermionic “iode

rectifier and after smoothing fed to the recorder.,
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The recorder was a Haneywell-Brown instrument with
a span of 1 millivolt and a pen speed of 1 secon” for
full scale. The chart speed was four inchcs por minute.

The time constant of the amplifier «as ~ 0,5 secun’s
with Q = 70, At higher valucs of « the time constant
became too large and showed a peculiarity in that the
output would "bounce" in response to a c¢.ange in the
input signal., The optimumn sdjustment oy recorder and
amplifier gave an overall response time a littlc less
than one secon?,

Copper metal has & nuelcar Curie coastant of L5 x 10~3
emy/om’ deg and® it was expected that a temperature of
the oriter 10"99K woul? be reached., The susceptibility
at this temperature would be 4.5 x 10> emu/em’, The
specimen was long an® thin having aaoss sectional area
~ 1 em?, The number of turns on the secondary of the
~atual inductance was 18,000 a;u:l the angular frequency
of the mcasuring field was 0 = 150, ¥From this datas it
coul? be estimated that with & mec urling ield of .03
oer-ted the signal strength would be~ 50 microvolts
i.e. 10 times greater than the in‘ernal noise of the
amplifier, In .act tempuratures of ~ 10“6°K were

reached thus enabling smaller specimens to be uzed,
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Let the reference vector be Ip, the primary current,
The field on the nuclear spin system is Hp lagging by
some large angle P (sec Chapter 2). The susceptibility
is at som: small angle § to this vector being composed
of the )0’ and %” components., The signal from this
susceptibllity 1is :I.w% lel G, where G is a geametrical
factor depending upon the mutual inductance colls.

It 1s the magnltude of this vector which was
recorded by the amplifier and recorder, VWhen it had
fallen to zero the amplifier a .’ recorder were calibrated
in steps by the external decade mutual inducance ! which
gave rise to the vector 1w lIpi, If it had been attempted
to balance the nuclcar signal as it Jecayed it would
have been necessary to use both external balance controls.
This method relies on the .act that the amplificr is not
phase sensitive, The noise can be represented by a
cirele at the origin of the veetor disgram an® as the
phase was random a.feccte’ signal and calibration equally.

Nuclear Curie constants are so small th:zt 4t was
impossible to calibrate the mutual inductance bridge by
varying the temperature of the nuclcar stage in ithe
region of 10"2°K, As there is a iactor of 104 in the
susceptibility at 10~2°K and 10~9°K this can be well

understood, Apart [ron considerations of stability and
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sensitivity of the bridge the nuclear susceptibility
would be ~ 100 time swallcr than that ‘ue to electron
paranmagnetic impuritics and pick up from the paramagnetic
heat sink,

The absolute calibratioh of the nuclear susceptibility
coils was made using a pill of manganous ammonium
sulphate oI the same shape and size as the nucelear
staze and placed in exactly the same position as that
normally occupied by the copper, <The volumnetric |
susceptibllity of this salt in the hellium range is of the
same order of magnitude a.: that of copper in the micro-
de.;rec range.

By balanciny the bri“ge when the salt was at 4°K
and then reducing the temperature to various values in
the range J°K to 1°K a signal was protuced due to0 the
increaseé in suseeptibility, This signal was eguated to
mutual inductance units by allowing the salt to warm back
to 4°K (balance) and then producing signals of equal
magnitude with the decade mutual inductance, In this .oy
- & calibration equation relating mutual inAucance units
an? temperature for manganous ammonium sulphate was
found., Knowing the Curle constanis for the salt and the
copper a similar equation was ‘erived relating the
nuclear signal (in mutual inductance units) to the tempera-

ture,
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In this way the czlibrationeguation for the copper

speciuen containin~ 0,68 ;ran atoms wes foun® to be

190 u "
T - 44 = -== m;icrodesgrees Xelvin
1 wd

an? for the smaller speciuen containing 17 gran atoms
T - 48> = %? ierodeyrees Xelvin

tie units of i being thc units of the decade box (1.70
microhenries). The small “ifference in the calibrition
constant pcr gran atom is due to a eorrection mase for
sick up frow the lower end of the theriagl link,

A1 and Az arc the corrections due to the internal
field of the specimen an? the demagnetization Aue to the
shape of the specilien., Caleulation shows that b4 = 0,14
micro?egrees K and that bp = 0.15 mic:olegrees X,
assur." .« a Lorentz t,pe internal field., This is, however,

a small correctioa for all ‘capeirstures actually measupred,
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CHAPTER 5

rreliminary Nuclear Cooling kxperiments

fhe Upecimen and Supports

The construction of the specimen for two stage
demagnetizations with copper metal as the second stage
was based on the method due to Spohgthich was developed
from the fin technique using glycerol slurries due to
Robinsonf;

The upper stage (the "heat sink") was composed of
finely ground potassium chromium alum, produced by
mechanical crushing and sieving, mixed into a slurry
with a solution composed of 70% glycerol and 30% water.
This was held in a thin perspex case of 235 mm diameter
and 80 mm length. Within this slurry were embedded 1640
No. 40 s.w.g. single enamel covered copper wires. The
slurry was introduced into the cuse and between the wires
by means of a hypodermic syringe using a filtration tech-
nique. The top stage contained 27 grams of potassium

chromium alum, i.e. .055 gram ions.






5.2

The purpose of the glyeerolewater-salt slurry was to
form a glass-like substance at low temperatures to obtain
better thermal contact between thc wires and the crystals.
The composition of the slurry was very important. With
305 of water the slurry was guite effective and even LO%
of water was tolerable but 50% mixtures formed a micro-
crystalline substance with very poor thermal properties.

A mixture using less than 30% of water was too viscous
for the filtration technigue, The area of contact between
wires and slurry was LOO amz.

The copper wires embedded in the paramegnetic slurry
formed the link to the nuclear stage and also the nuclear
staze 1tself's The centre of the nuclear stage was 23 cms
from the centre of the hest sink snd was formed by folding
the wires four times to make & bundle 65 mm long and 14 mm
diameter. It contained .68 gram stoms of copper and 1is
shown in the centre of the photograph of specimens. Due
to the abrupt falling off of the primsry measuring rield,
the sharp falling off of the magnetizing field and the
fall off of the sensitivity of the secondary coils it
was calculated that the signal froama the thermal link
during & nuclear coclin: wae ~ 1% of that from the nuclear

stage itself, Allowance for this wes made in the calibra-

tion equation (Chapter L).
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In other experiments the wires were not folded and
the nuclear stage consisted of the single bundle of 1640
wires containing .17 gram atoms of copper as shown on the
left of the photograph. In this case the pick=-up from
that portion of the bundle beyond the lower 64 mm was 4L*
of the total signal. Allowanee was also made fo: this in
the calibration equation.

In the earller experimente the specimen was supported
by a framework of fine glass rods and tubes which held
the perspex case. This followed the e¢xample of the experi-
ments of Kurti et al:? In later experiments this was
replaced by a cotton fibre support which held the perspex
case within the cradle (as shown in the photogragh) which
fitted inside the He3 shield. This support was less
fragile and more easily assembled.

The heat leak into the potasssium chrome alum wasg
found to vary arproximately as '1!‘?"'4 where T waes the
temperature of the He> shield (in the range 0.35°K to 1.6°K)
when using the gZlass supports which suggests that the heat
was largely by conduction. With the cotton fibre supports
the heat lesk incresas=d very little in this range and
this leak was attributed to vibration heating. This is
in agreement with other work which has shown that the use
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of stiff glass supports reduces the vibration h-ating
but due to their .reater cross sectional area, compared
with thin fibres, increases the conduction heating. Both
types of support gave s hest leak ~ 4O ergs/min when the
He” ghield was at 0.35%K.

This heat leak was not swmall but could be tolerated
for experiments rcQuiring that the heat sink should remsin
at «012°K for up to two hours. In fact the longest

magnetization time used was one houre.

Experimental Procedure
The procedure for precooling and transferring liquid

helium into the Dewar has been described in Chapter 2.
The ncedle valve was opened and the inner eryostat,
initially evacuated, filled with liquid helium from the
Dewar. The outer vacuum space was pumped to ~ 10°° mm Hg
and the inner vacuum space filled with helium exchange
gas at .03 mm ¥ge. On closing the helium valve the inner
eryostat was pumped from L4.2°K to 1.5°K with arotary 011
pump. During this process ballistic messurements were
made of the susceptibility of the potassium chromium alum
heat sink at temperatures determined by the helium vapour
pressure. These measurenents enable a calibration

equation to be derived which allowed the temperatures
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obtained after demagnetization of the heat sink to be
measured. The data of Daniels and Kurtfz&ere uged to
caloulate thermodynamic properties of the heat sink and
to relate T and T*,

The H33 gas was then allowed access to the capsule.
The temperature of the inner cryostat was reduced to 0.9°K

3 condensed in

using a mercury diffusion pump, and the He
the~éapsule, the vapour pressure falling to 6 mm Hg.
Under these conditions the pressure in the inner vacuum
space was ~ 10°% am Hg.

The solenoid was railsed and the paramagnetic heat
sink magnetized, the field being taken up to 22 kg in
about four aminutes. During this process the specimen
warmed up snd the exchange <as pressure rose to ~ 10”2 mm
Hge The ﬁe3 vapour pressure mcasuring the temperature of
the 1hner eryostat rose to ~ 20 mm Hg, corresponding to
1.2°Ke

within ten minutes this fell back to 6 mm Hg and the
exchange gas pressure to ~ 5 x 10’“ mn Hg. The exchange
gas ;as then pumped away from the inner vacuum space for
ten minutee until the pressure was reduced to ~ 10““ mm
HEgo

The heat sink was then demegnetized to zero field,

the temperature ralling to .012°K, (slowly, in order to
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absorb the heat of the conduction electrons in the copper
ag reversibly as poesible). The H33 was pumped from
0.9°K to 0.35°K during the demagnetization. The heat sink
was usually brought to a temperature just below the
susceptibility maximum, i.e. just belos the large specific
heat anomaly.,

With the magnet fully lowered so that the switch
between the bridge and the amplifier was closed, the
nuclear susceptibility bridge was balanced. This could
be done to one or two tenths of a mutual inductance unit
under the b&at conditions. The primary current was set
at the required wvalue and the sensitivity of the recorder
adjusted s0 that the expected signal would utilise most
of the scale.

The magnet was raised, the switch opening, and the
nuclear stage was magnetizede This was done slowly 80 that
the magnetization should be performed as reversibly as
pessible. After sufficient time had been ailowed for the
nuclel to come to the temperature of the heat sink the
field was reduced to zero.

The field on the nucle<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>