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in thia thesis are described further developments 

in the desit>n and construction of apparatus for ; ro- 

lucing very low temperatures b,y the technique of 

adiabatic demagnetisation of nuclear « t>in systems, a 

technique ;,roposed independently in ;.934 by Sorter
i j

and by ^urti and Uimon* . Improved methoas of measuring 

nuclear susceptibilities have led to a more accurate 

fcsti: ate of the value of $&, the nuclear interaction 

temperature, for copper nuclei in copper metal. It is

shown that % is four times smaller than the value @s-
 * 

titrated bc Spohr^ in his earlier experiments and is in

fact close to the theoretical value for magnetic dipole 

interaction. The nuclear s in-conduct ion electron re~ 

Iax;-tion ti ie has been measured at various temperatures

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

The cryostat designed for these experiments is des­ 

cribed in some detail, A metal helium iev/ap of large 

capacity has been deai^noi with close spaced walls in 

the tail to make best use of the email internal diameter



of the high powered solenoid for producing the strong 

magnetic fields. rue advantages of this particular 

vessel are explained.
 z

A closed circuit He' system is described which enables 

a thermal shield to be niaintbined »t 0.>5^K. Thia over­ 

comes the disadvantages of the thermal shield coaled by 

54 separate p&ramagnetic salt, as used by Sf>ohr, allowing 

the temperature of the /aru aGnotic heat eii.;«c to be 

measured, i'hls He > s^stoiii mis designed to wore on the

principle of initial condensation : t 1°K followed by
o 3

pumi ing ¥#;th a diffusion pomp to 0.35 /M using 0.2 cj»;

of liquid (1^0 Ci-a of gas at M.T.P.). Subsidiary QX>- 

perii: e- its are described to test the performance of this 

system*

An A.C. method o: measuring the nuclettr susceptibility 

has been developed to re;:.lwco the previous ballistic system. 

1'his method employed a balanced , *C. brid^.e which was un­ 

balanced by the nuclear suyceptibilit,, . It v^as so arran 

that the proximity of large masses of metal lid not affect 

the measurements. The improvement in technique has shown 

that the fora of i«cay of the nuclear susceptibility is 

exponential and not linear as previously assumed allowing 

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

spin temperature achieved was 1.5 x 10 K* It is

shown also that the conduction electrons do not become
4 

cooled to these temperatures as previously thought .

Experiments on copper give a nuclear interaction 

temperature && = 1.75 x 10*7 °K where dn is defined 

in terms of the splitting of the nuclear energy levels 

due to the internal field. The value of 6n is calculated 

using the expression

On - ^ ** Hi

k I %

where T^ and H^ are the initial temperature and field 

before demagnetization, Tf is the final spin temperature 

and lULwand 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 

interactions. This would seem to Indicate that quadrupole 

splitting is not as important as previously assumed^. The 

relationship of this ^ to the Curie temperatures of the 

theories of nuclear ferromagnetism is discussed.

The nuclear spin relaxation time "C has been measured 

with conduction electron temperatures in the range .012°K
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to 0.10°.::, those experiments showed K^ inverse relation 

of ~t and Ie , the conduction -lectron ie.;i era ;ure. Further- 

more the v lues of TTe (which in this case .re re ::&i.c±^r& i 

in aero field) were found to toe a factor 3.5 tinos smaller
£

than tiioae found by >:edfield in an extorr^i field, u 

nuclear resonance -techniques, above 1 K.. Application

of an external zaa&netic field caused the r^j- cation 

to increase. 'i!hese resultb are discussed \yii>U reference 

toth© theories of nuclcur relaxation in metiiiB by iior,r,in,_.a f 

and more recently by
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i'O JaTUOLEA

In 19 ;4 it ?/ e proposed by Gorter uril by iTu
Zend Simon that the technique of adiabatic demagnetis­

ation for obtaining very low temperatures could be 

ap lied to nuclear spin system®. It was pointed 

out that much lower temperatures could be achieved 

in this way than by usin& highly uiiuue a electron 

paramagnetic^ and that useful lnior;.iation concerning

nuclear spin interactions and ordering would be oo-
3 tained*

in adiabatic uema^uetissution the spin entropy 

of an assembly of interacting magnetic n poles, in 

contact with a low temperature heat resei^volr, is 

reiucel by the application of a jaa&netic field. i>ub- 

sequent adiabatic, reversible removal of the field 

(isen tropic demagnetization) causes the temperature 

of the spin system to fall to that ab which the same 

degree of ordering «voula be produced by the interaction** 

between the magnetic spins alone. 1'he final temperature 

is given by the well icnown expression

where Hf f the final field, is the "internal field'* due
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to the magnetic spine which is of the order ^/r , where 

r is the separation of neighbouring spins of moment f*- , 

and where T^ and % are the temperature and field before 

demagnetization.

Some paramagnetic salts are sufficiently dilute 

and the internal field sufficiently small that there 

is almost complete disorder in the spin system even at 

1 °£. This disorder can be removed by a magnetic field 

~10 K# and upon demagnetization the temperature falls 

to between 10""-* °K and 1 °K, 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 volume, 

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 a large separation, in fact 

in the most suitable nuclear paramagnetics every nucleus 

is magnetic. This gives a much higher available entropy
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per unit volume than lor diluted electron

and for a given interaction teffi; erature they have a

correspondingly higher specific heat per unit volume.

There are considerable technical difficulties in­ 

volved in nuclear cooling experiments.

Because of the small magnetic moments of nuclei 

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 

nique s 9 as described in this thesis, are United to 

the use of fields of up to 50 K# at .012 °K. Under 

these conditions it is only possible to remove a fraction 

of one per cent of the total spin entropy.

In order to obtain obese initial conditions it is 

necessary to use a two stage demagnetization technique 

using an electron paramagnetic material to obtain a 

temperature ~1G*"2 °K (generally referred to as the "heat 

sink')* It must be possible to magnetize the nuclear 

specimen in a high field without reraagnetizing the heat 

sink. This generally needs a specially designed high 

powered solenoid.

The most formidible problem is that oi thermal con­ 

tact between the nuclear specimen and the paramagnetic 

heat sink. Considerable progress lias been made by the
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pressed fin technique ana more recently by using a slurry

of the salt in glycerol or other suitable media, but 

this still remains one of the limiting factors.

It ie essential that the material chosen for nuclear 

cooling experiments has a reasonably small nuclear spin- 

lattice relaxation time so that the nuclear Bpins can 

come into thermal equilibrium with the heat sink during 

magnetization. Dielectric materials have ti u>s of the 

order of hours at these temperatures although this can

be reduced by the addition of electron paramagnetic im-
6 purities or y centres. The most suitable substances

are metals which have relaxation times of the order of

a minute at 10~2 OJC due to the hyperf in© coupling with
7 g the conduction electrons. '

Of the available metalo with large Curie constants 

mi -.,syy are superconductors or ferromagnetics which are not 

suitable. Some of the alkali metala having a high Curie 

constant would be very suitable were it not for the dif­ 

ficulties involved in making a specimen in the form 

necessary for the,.;e experiments. The metal with the 

most suitable properties is copper and this was used in

these experiments and the earlier experiments of iCurti
<f 

et al.
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In order that the demagnetisation be adiabatie it 

is necessary to prevent heat flowing into the naclear 

spin system from the heat sink and to prevent ^ny other 
spurious heat influxes. This IB a problem of consider­ 

able difficulty, calling for the use of heat switches, 

thermal shields, and other techniques. 

The Theriaody na^cs of Nuclear Pool in&.

Consider an uSLe^bly of ar.ins, say unit volume con­ 

taining K nuclei of spin I and moment fW . At high 

temperatures in aero field the entropy is Ik 10^(21 

corresponding to the (21 + 1) states of the assembly.

Application of a field H at temperature T reduces the 

spin entropy and a simple thermo dynamic calculation showe 
that for values of J^/T such that uuries* law holds the 

entropy (neglecting self -order ing) is

S

where X Sjn^ 1 x ) /^ ̂  is the Curie constant 
per ualt volume. From this equation can be calculated the 
reduction in entropy of a nuclear spin system for ^iven 
initial conditions.

At very low temperatures in zero external field there 
will be self-ordering due to the interactions, for the 

(21-1-1) levels are not completely degenerate but are 

split into a band of levels of small but finite width.
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Suppose theue (2I-*-i)S levels oi the complete

of Ji nuclei be Kif E2 •••• % •••••• • Taen

tition function is

exp (-

where tht summation is over the (21 •*•!)** levels.

At higher temperatures wiien these levels have almost 

the same probability density the series converges rapidly. 

'The sum of the levels can be taken to be zero and so to 

the first approximation

ft » 

. ] n jl
where E is the mean square energr of the (21 •*-!)* levels 

of the N nuclei.

From thie it can be shown that the entropy is 

S -= |log(2I+l) - ^(E^/HkV)

showing that the reduction is entropy by self-ordering

in ssero field is, to the first approximation, proportional
o 

to T~* and the mean square splitting of the energy levels

per nucleus.

A more convenient way of describing this average mean 

square splitting is in terms of a nuclear spin degeneracy 

temperature i»n. Spohr used a siraplifled picture of the 

zero field splitting in his definition cff 6^'.° In his
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model all nuclei were in an internal field such that the 

energy difference of adjacent level a 'was & 6n. In this

case the entropy in zero field is
f y\ 

S « ttk llog(2H- 1) - (1/6)1(1+ l)(«!n/Tr| .

l«or the saKe of continuity the same % v;il... be used 

in this thesis but it will be defined in terms of the 

average mean square splitting of the energy levels by

I (I + l)(Jc $n)2 » 3 I?/*.

In these nuclear cooling experiments the value of 

$n is found by finding the relationship between the en­ 

tropy and nuclear a pin temperature in zero field after 

demagnetization,

The initial re auction in entropy b/ the field H^ 

at temperature T^ is

AS m

the self -ordering being negligibly small . -\fter demag­ 

netisation the final temperature is that at which this 

reuuotion in entropy occurs by self-ordering, so that

id + D/6
giving

/kl

From this equation and a knovie^e 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 square splitting of the 

energy levels in aero fielcl, can be found.
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Anna.pfi.tufi f oi» Nuelftar1 Ooolinr Ext>ei»iment«

The Anti—vibrat ion Mounting

In this type of experiuient It Is Important to 

keep the heat leaks Into the specimen very small* One 

serious heat leak which Is able to "by-pass thermal 

shields Is that due to vibration* The mechanism by 

which heat Is liberated In specimens at very low 

temperatures Is not very well understood although 

experimentally well known.

For this reason the whole apparatus was mounted on 

a concrete raft weighing nearly half a ton which was 

supported on ten helical springs* The natural periods 

of vibration were of the order of one 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 diffusion pumps, the automatic Toepier pump in the
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H«3 system and perhaps small vibrations slue to the 

boiling of liquid oxygen an/* helium in the metal dewar.

To reduce these to a minimum the mercury pumps were 

mounted on a separate internal framework embedded 

separately in the concrete raft* Flexible pumping lines 

were used as far as possible to connect them to the 

eryostat* The Toepler pump waa seated directly onto the 

concrete* It was hoped that the massive construction 

of the dewar and cryostat would help reduce the vibrations 

due to the boiling of the oxygen and helium*

In spite of these precatitions however, vibration
*

heating still remained the biggest heat leak Into the 

specimen.

Helium : ewar

It was decided to use a metal dewar for the liquid
ti 

helium based on the original idea of Henry. Jhe dewar

waa fixed to the top plate of the cryostat ar^e^bly by 

three large threaded studs and sealed "by an Q ring* 

This ensured that the tall of tne r'ewar was ale/ays In 

correct alignment with the axis of the high pov/ered 

solenoid. The 0 ring seal allowed the interior of the 

dewar to be evacuated during the precoollng process.
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The liquid oxygen t ank held about three litres and 

this boiled off via one of the three vents running 

throtigh the centreo of the threaded studs. One of these 

tubes extended to the bottom of the tank to facilitate 

quick removal of the liquid if this were necessary, 

This quantity 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* 

A hi s enable the interior of the dewar and cryostat to be 

kept at a temperate ~ 100*£ overnight between experiments. 
This prevented ^eterioration of the specimen (sea below) 

and allowed immediate precooling with liquid hydrogen 

on the following morning with a consequent saving of time* 

In this way the specimen could be kept cold for several 

weeks until a new specimen was required*

The total mass of metal to be cooled to helium
V .

temperatures was of the order 7,5 kilograms ana so it would 

have been quite impracticable to cool this from liquid 

oxygen temperature with liquid helium, Liquid hydrogen, 

which has a larger heat of vaporization and is cheaper, 

was used for precooling from 90°JC, r£hi© was syphoned 

directly into the helium dewar, the temperature at the 

top of the cryostat ana at the very bottom of the <**war 

being ioonitored using two direct reading carbon resistance 

thermometers*
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Bach carbon resistor (LAB U7 ohm 4 watt) was in a 

Wheatstone bridge circuit exactly balanced at 20*K and 

giving full scale reading at 90*K* The maximum 

sensitivity or this theremometer was at the low tempera­ 

ture end where it was needed* A further scale between 

20°K and iu2*K *ae also available.

With practice precooling coul-1 be done in such a way 

that no free liquid hydrogen remained in the dewar* Any 

excess liquid could be removed by means of a heater 

situated within 1 mm of the bottom of the as war. 

Temperature equilibrium in the tail was greatly assisted 

by the thick pure copper ripple shield (see below). The 

process of precooling with liguia hydrogen took about 

twenty-five minutes; the final temperature of the tail 

being about 25*K«

At this point the helium transfer syphon was 

inserted into the apparatus. This syphon had a needle 

valve fitted at the outside end* The whole of the 

interior of the dewar and the syphon up to the valve was 

pumped free of hydrogen using a rotary pump* The helium 

transfer vessel was fixed to the syphon and the valve 

opened to allow a little of the col"1 helium to enter the 

evacuated dewar, the pressure rising to ~ 5 asa Kg* After 

this had mixed with the last traces of hydrogen it was
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pumped out and discarded* This flushing action was 

performed at least three times to ensure that no hydrogen 

could "be returned to the helium gas holder.

3$r the end of this process the temperature in the 

dewar rose sligfctly to about 30*K. The syphon valve 

was then fully opened and liquid helium allowed into the 

dewar, a alight overpressure in the transport dewar 

assisting this process* Cooling from 2Q*K to U.2*K was 

a relatively fast process as the heat capacities were 

much lower and the thermal conductivity of the ripple 

shield in the tail was very high* Only about 200 ccs 

of liquid helium were required to cool 7.5 kilograms of 

copper an*1 t^ass, With one full transport dewar of 

11*00 ocs it was usual to finish with 1000 ccs of liquid 

in the dewar. This was sufficient for one experiment of
ir

twelve hours* Considering the large cryostat and dewar
/̂

to be cooled this was quite economical. This method was 

also economical with time; experiments could be started 

within an hour of the Initial precooling.

The evaporation rate from this dewar can be estimated 

uBlnc the following data;

Cross sectional area of the inner inconel tube *

0*90 cm2 
Mean conductivity of inconel (U*2* to 90°&) =

0*051 watts/cu
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Cross sectional area of pumping tubes and

electrical leads « 0.2k cm2

Mean conductivity of tubes and leads » CM 2 watts/cm 3e 

Specific heat of helium gas, C, = 20*9 joules/aeg.mole 

Latent heat of vaporization, X, * 6? dourlea/mole 

Distance between levels at 90*K and I*.2°K » 30 cm 

The differential eolation for the coorfuctivity 

problem is

dx

where M is the evaporation rate in moles/aeo. This 

assumes perfect thermal equilibrium at all levels in the 

inconel tube between the gas and the walls. Integrating 

and inserting the appropriate boundary condition

(KA) H m M [c(e - U*2) * XJ 

and integrating again
' £i ...L ™log

How 9 - U, 2* when x = 30 cm, ana so

Xog ^^

With the values given the evaporation rate should be 

1*33 moles per hour, i.e. 143 ccs of ligui^ helium per 

hour*
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The other source of heat leak into the dewar was by 

radiation from surfaces at 90° E» All surfaces were 

cleaned toy an aeid dip; in this way the net flow of huat 

can fee reduced to one or two percent of that for "black 

"body surfaces* The heat leak estimated in the case of 

this dewar was ~ 10 milliwatts which is equivalent to 

~13 cc of helium per hour* It might be thought that 

the extra flow of cold gas would help to reluce the heat 

conduction into the dewar but by means of an extra term 

in the foregoing analysis it is found that the effect is 

very small* ^

The measured evaporation rate was 60(+ 5) ccs per 

hour - a value slightly larger than that calculated * but 

close enough to show that the assumptions of good thermal 

equilibrium between the gas and the wall® and of low 

radiation input are justified*

The Hippie Shield

It can be shown that at f regencies lower than those 

at which the skin depth become® comparable with the radius, 

the rate of ea.dy current heating in a cylindrical 

conductor of unit permeability and radius a which is 

parallel to an alternating magnetic field of amplitude 

H ana frequency <o Is

o»t» -z Q s ..«ffi , ergs/cor sec.



where the resistivity/* is expressed in e.m.u. 

(1 e.nuu. s 10*9 ohm cm)*

The nuclear cooling specimen is composed of pure 

copper wire of radiue .0061 cm and haa a total volume of 

about 5 en**« 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 is 

kept well below 10~2 erg/second, '.The value of /> for 

copper at very low temperatures is about 20 e.-.u. and so 

it can be seen that for the magnetic ripple components 

2]( w H) nwist be kept below fOs radians oersted/sec*

For an iron free solenoid being run Directly from a 

generator at a field of up to 30 K# this is a stiff 

requirement. In fact for the generator and solenoid used 

^(tJH) was about 3 x 10^ which would put approximately 

1000 times the permissible amount of heat into the specimen*

heating was reduced by the use of a ripple shield»
to

similar to that first used by Spohr in the flrct nuclear 

cooling experiment* This was a thick* pure copper tube 

fitting insioe the tail of the helium dewar. Due to the 

high ratio of inductance to resistance at l4..2°K it acted 

as a very good filter to magnetic fields at frequencies 

above a few cycles per second*
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the following analysis shows quantitatively the 
effect of this shield. Consider a Ion-; cylindrical tube

of cross sectional area A and circumferential resistance
i ^

E per unit length in a magnetic field HoelwTi parallel to 
the axis* Then at a point inside the tu"be the field 

be H where

we expeet to find a solution of the form 

H - aH

wture a is real and 0 is a phase angle* Substitution 
in the differential equation

(1 + ip) m 1 where p -

By equating real and imaginary parts

tan 0 s - p

and a = cos

so a » (1

The phase of the field in the tube lags by tan~1 p and the 
amplitude is reduced by a factor (1 + p2)""^* So at high 
frequencies the shielding factor is inversely proportional

to the frequency but will approach unity as the frequency 
decreases*
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The ripple shield in this experiment was 60 cms longf 

5*3 cms in diameter and 0»2 cm thick and it was drawn from 

pure electrolytic copper and annealed* In the graph are 

shown experimental values of the shielding factor together 

with theoretical curves for the states value if resistivity. 

Aa can be seen the points at 1*»2° K and 90°K fit the 

theoretical curves for values of resistivity expected at 

these temperatures*

The skin depth in a metal is approximately 

and so for w<1000 and A * 20 e«m,u« the skin&pth is

<d 1 ran, These experimental points fall within the 

frequency range where the skin depth phenomenon is not 

important.

The dominant frequencies of the magentic ripple field 

were between 10 «/s and 500 c/a« By measuring with a pick­ 

up, coil inside the shield at Ut2°K it was found that

as measured by the peak to peak amplitude of the 

noise voltage induced in the coil and displayed on a 

C«£»0*» was reduced by the shield from ~ 3000 to —100 

at a D.C. field of 30K0.

If a steady magnetic field is removed suddenly from 

this shield the field inside is governed by the equation

+ H » 0
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This shows that the i'ield decays exponentially with a 
time constant of 0,17 secon-ls in this case, i,e, shorter 
than any time actually useu for magnetising or 
demagneti zing *

It should be pointed out that accidental tripping 
or the generator excitation, which, causes the magnet 
current to drop to zero in about on© second, will induce 
large currents in this shield and literate heat Into the 
liquid helium, A field of 30K# dropping to zero in one 
second would induce sufficient heat to "boil off ^100 ccs 
of liquid helium* However it is unlikely that heat 
transfer to the helium would be sufficiently fast to 
prevent the temperature of the chiel : from rising so 
increasing the resistance and choking back the induced 
current. Nevertheless in future apparatus where fields 
of 100K# may "be used with ripple shields of 50 cm2 
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 la oraer to reduce ripple heating in the 
metal helium vessel at 0«9*K and the Ha^ capsule. Until 
this shield was employed it waa not possible to pump the 
helium below 1*K when magnetizing.
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The oryostat was of all metal construction and 

consisted of an outer jacket containing a vacuum space 

in which ^as suspended a double wallet vecsel containing 

helium at 0*9*^» Fithin this vessel was a vacuum space 

which could when necessary be filled with helium as 

exchange gas. Suspended within this space by a 3 mm 

german silver jrumping tube was a He^ capstxle (see Chapter 

3) with an attached shield which aetea as a thermal shield 

to the specimen suspended within it* A schematic diagram 

of the cryostat is shown* The various removable jackets, 

the shields, and the cradle were made of thin walled 

telescopic brass tubing with hard soldered joints* The 

overall length of the cryostat was 60 cms and the clear­ 

ances between jacket at different temperatures was ~~ 1 

The «mall clearances were made possible by the use of 

fine tufaol star spacers at the bottom of the jackets.

The 0,90K cryostat was initially filled, via a 

needle valve operated from above the apparatus, with 

liquid helium from the dewar, The valve was situated in 

2*K helium so that there was no problem due to leaks,

When the valve was closed the helium was pumped to 0.9°K 

with a 2W mercury diffusion pump and a rotary pump*



Attached, to the outer jacket and situate* in the 

id helium in the c**ewar were the two set of mutual 

inductance c ils fo; n^asurin^ the nia^notic susceptibility 

of tha parsaaagnetic heat ntnlc and that o the nuclear 

specimen* '.lie i'omci* was measured convcntionall?" with 

a ballistic galvanometer. The mutual inductance coils 

for the nuclear *:* cliaea *'eru larger, having I8 f 000 turns 

on the secondary of both the la^asurln^ coil an.-1 the 

identical aaccponsatoi coil. The ^rir^/^les were wouud 

with uxtra turns at ti>t ends lit or-ler to jive a field 

of 350 per ampere uniformly over the nuclear specimen 

to within * Z'-> yet falling' off gulekly beyond th@ 

:; ; >eol; -erie Thi» precaution r/aa taken to ensure that any 

properties depen^ln^ on the magnitude of the u-'-tastving 

field woul^ not be obscured aa-i at tha ---'^ne time reduce 

any signal from nuclei not In the specimen itt elf *

.l

Tiie Iron free, water cooled, higft power solenoid
ia

used in these experiments was designed by • aniels for

fiells up to JtOK/0 at 1 megawatt* In fact it was never 

used above 700 kilowatts beta-use of the danger of 

electrical and a ohanical breakdown*

The coils in this solenoid were split into two 

groups* The upper group were itse^ when magaetissing the



paramagnetic heat sink, .'hen th~ nuclear zl&&e was 

magnetised most of the current v,as passed through the 

lower 4,,roup of coil? tut a oiuall fraction (.022k) was 

fed in a reverse direction thi'ough llie upper set ia urete 

to balance cut the stra/ magnetic field acting oi< tae 

paramagnetic heat sink to a value well belo- the internal 

fiel^ of potassium chrome alum (^ 30Q0). The current 

for this "balancing circuit wae derived from the same 

generator as that for the lower coils via a water cooled 

resistor network and the current r&tio for the two coil 

rystems should in principle have remained constant at 

•022tu HO ever the resistance of the coil system changed 

with the power being dissipated while the water cooled 

reeifltor network did not, so chancing ^he current ratio. 

The resistor© were adjusted to give correct balancing 

at the hiijhjst pov;ers used ^iit" the Tielr on the para­ 

magnetic ealt at luwer powers was lesc than 30 #» The 

change in teaq?erature of the heat sink c!ue to this siaall
i i

field was estimated to be less than
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CHAPTER 3

The upper stage of the nuclear cooling specimen, 

the paramagnetic heat sink, had to be magnetized with a 

field of 25K# at 0*9 *K to remove the electron spin
4"^+

entropy of the Or ions* So the specimen was situated 

within a cryOBtat 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 immediate surroundings had 

been allowed to remain at 0.9°K there would have been a 

heat leak ~ 100 ej*ga/mln by conduction through the 

specimen supports to the heat sink and a heat leak 

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

from the walls at 0.9°K.

Such 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 about fifteen minutes, for aftar that 

time parts of the heat sink would have been at a
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temperature well above .012°K. Secondly the lar^e 

adsorption heat leak to the nuclear sta^e #oul^ have 

caused a large temperature drop across the junction of the 

metal and the paramagnetic ©alt (~ ,OQ5*K for 20 ergs/ruin; 

This woul" mean that the initial HA ratio for nuclear 

magnetization would not have been Known accurately*

If a successful heat switch experiment had been 

accomplished, i.e. if the v/hole of the nuclear stage had 

been theruially isolated at 10~6°K, it woull have been 

necessary to keep the adsorption heat leak to the nuclear 

stage to much les tnan 0.1 erga/min becau e the total 

heat content would have been only-' 0,1 erg. Go some 

method of reducing these heat influxes had to be used*
3,10

Spohr* in the earlier experiment^, used a shield 

cooled by manganous ammonium sulphate to surround the 

specimen but unfortunately this prevented reliable 

measurement of the temperature of the heat ©ink*

This difficulty was overcome by the use of a shield
3 cooled by pumping liquid He * When this shield "a8

pumped from 0*9*K to Q,35*£ the conduction heat leak was 

reduced by a factor ̂  10, It was presumed (in the absence 

of any Direct evidence; that at this temperature it acted 

as a good "getter" for any gases deoorbe^ from the 

cryostat walls at 0,9°K, The temperature of the heat
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sink coultf be found accurately by measurement of the 

susceptibility*

A liquid He^ cryostat Is a moat convenient method 

for obtaining temperatures in the range 1*K to G.3*& 

i.e. well below those obtainable using He**. *i;e vapour 

pressure of He-* is *- 102 times larger than that of He^ 

at int and at G t5°£ the ratio is ~10**, It has the 

advantage that there is no X film which gives rise to 

large evaporation rates in He^ cryostats. Whereas it Is 

difficult to pump He** below $O\JL Hg it is quite easy to 

pump He^ to 5p. Hg with a small pumping system.

Liquid He^ has a heat of evaporation of^7 x 10
•2 i* 

erga/CHK at 0.35*&» (By way of comparison it should be

noted that demagnetized manganous ammonium sulphate can 

only absorb 5 * 10^ ergs/cm^ below this temperature.) 

About 10 of the liquid is evaporated in cooling the

other 9C$ x'rom 1»K to 0,35*K.
•» 

Several types of He^ cryostat have been used but
i

in general they all use the continuous refrigeration
I «•,«.*' I4.lt

method or the single shot condensation method• ihe 

vapour pressure of He^ at 1*K is 8*6 mm Hg and so it is 

quite easily condensed from a low pressure £ac handling 

system or from the high pressure side of a Diffusion or 

rotary pump (&~ in the continuous method). In this 

apparatus the single shot condensationms used*



Xhe capsule itself was made of brans and heavily 

constructed because of the poor thermal conductivity of 

this material at 0.3 °£ H>.^ milliwatts/cm deg)* A large
n

surface area (13 ear) was allowed for attaching the 

shield* which surrounds- the specimen, using ^ood f a metal* 

It was feareJt that the thermal resistance of this soldered 

Joint would be high* the Wood's metal being superconducting 

and well below the transition point*

2hc shield would not have been satisfactory if male of 

thin brass tube for with the expeote* heat leaks the temp­ 

erature difference between the top and bottom would have 

been ̂ 0*1 °K» The use of copper tube of similar thickness

would have introduced difficulties due to eddy current 

heating during the raising and lowering of the magnetic

field even if it were slotted* As the thermal conductivity 

of pure copper is ^1000 tl®&8 that of brass at the Be 

temperatureSf it was decile! to use thin brass tubing 

with a thin layer of copper on the outside surface* This

was deposited by a fcriglit cop. or plating process untli it

was 0*1 mra thicki the copper wan not brittle ana amorphous 

but shiny and soft* Aesuniiag the thermal conductivity at
^•L

0.3 & to be ^ 0*5 wattu/cm deg ojii that all the he^t i«vJ« 

into the capsule came from the lower end (the woret poaelhle
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case) the temperature drop along the shield would be

An experiment was performed with an auxiliary carbon 

resistance thermometer situated at the very bottom of 

the shield* It was found that any temperature difference 

between this and the capsule was lees than the experi­ 

mental uncertainty of the thermometers (~1CT**K) f so 

showing that the shield and the Wood's metal joint were, 

thermally 9 quite satisfactory.

The temperature of the bottom of the shield wae also 

measured during a typical nuclear demagnetization when 

20KJ0 was reduced to zero in 50 seconds* Heavy induced 

currents were prevented by a longitudinal silt 0*2 mm 

wide running the whole length of the shield. However 

smaller eddy currents were set up in the walls which 

caused a slight rise in temperature to 0.5*& which fell 

back to 0.35*K In a few seconds. It was hoped that any 

deeorptlon of gas from the shield due to these Induced 

currents would come from the outside copper plated 

surface where most of the heat la produced ana not from 

the inside braas surface* The capsule was suspended

from the 0.9*K cryostat by the 3mm gennan silver pumping
17 

tube, 2,5 cms long. From the data of Berman on 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 ergo/second. A substantial reduction of this 

figure might be expected due to the heat capacity of the 

evaporating gas bet ve a Q,35°K and 0.9°K, There would 

also be a heat influx to the shield due to the "getter in/;" 

of flesorbed helium from the walls at 0,9*K. This was 

estimated to be** 5 ergs/second (~1 erg/cm^en)*

In fact the steady state gas flow as lueasure^ over 

several hours (no other experiments being performed) 

showed that the heat leak was 20 ergs/second (0«1 cm^ of 

gaa at N*T*P* per minute). Under these conditions the 

would have .lasted for twenty hours*

The temperature of the capsule was measured using a 

carbon resistance thermometer (Aerovox U?0 ohm i watt) 

attached by low temperature varnish (General Ilectric 

7031)* The characteristics of these thermometers in the 

ran^e down to 0.25*K have been extensively studied by
IS

other workers and their reliability proved. In 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* 

Pour k7 s»w*g. constant an 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 mioroatnps* the resistance being ~ 5000 ohms*
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An experiment was performed using two carbon 

resistance thermometers on the He^ 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 capsule remained virtually constant. From 

this experiment it could be estimated that the 

thermometer read 0*01+K too high at 0,35*K when the 

measuring current was 0*3 microamps* The apparent 

change or temperature with power dissipation ?/as 5 d*g/ 

microwatt* Incorrect temperature measurements can 

easily be made by using too large a measuring current*

In another experiment the temperature of the He^ 

capsule was measured as a function of extra power input 

above th t due to conduction, etc* It was found that 

the temperature rose from 0*37*K to Q*i43°K at 50 ergs/ 

second and 0«U??K at 100 ergs/second.

A diagram of the He^ gas handling system is shown. 

It was a closed circuit system for single shot 

condensation and pumping* In the storage volume was 

kept 150 cut5 (at M*T.P.) of H«3 gas at a pressure of 

about 10 cms Hg, the pressure being measured by the 

capillary manometer* The gas was fed via the condensa­ 

tion line and pumping tube to the capsule which was at 

0*9*K, The gas condensed into the capsule until the
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capillary manometer read 5 mm Hg (the vaoour procure 

at 0*9*K), approximately 80$ of the gas being in the 

farm of liquid» occupying 0»2 va?»

The heat of magnetization of the heat sink was 

removed by the 0*9*K temperature bath and not by the 

He^, The He^ was not pumped until the heat sink was 

being remagnetizea, the respective temperature a being 

reduced from Q*9°& to 3*35°K and «012*K simultaneously.

The He^ was pumped from the capsule by a 1 W Diameter 

mercury diffusion pucap and an automatic Toepler pump 

back into the storage volume* The diffusion pump 

needed a backing pressure of less than U mm Hg and as 

1O- of the liquid as well as the gas in the pumping 

tubes had to be removed it took about five minute© for 

the toepler pump to reduce the pressure sufficiently 

for the diffusion pump to come into operation, ^he 

overall time to pump to 0«35*& *'*s about ten minutes*

The Toepler pump was of the mercury in glass type 

with a displacement of 350 cur* The cycling period was 

k5 seconds giving a pumping @peed ̂  500 emVmin. This 

was quite satisfactory for <iealia4> with the normal 

evaporation rate but was responsible for the Initial 

time taken to re luce the temperature to 0.35°K.
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CHAPTER 

The Measjar.ejQMiiit of j^uole&r 3uBceptibility

9In the experiments of Kurti et al in 195° the

nuclear susceptibility was measured using a ballistic 

galvanometer system with large susceptibility colls 

having secondaries with 15,000 turns and with a 

measuring field of 8 oersted. Before measurements 

could be taken after a demagnetization a moveable ripple 

shield situated in the liquid hydrogen dewar had to be 

lifted away from the susceptibility coils to avoid 

large eddy current kicks in the galvanometer when the 

measuring field was reversed* It was not until 15 

seconds after demagnetisation that the first measurements 

coul'^ be ma<ie and then only once every six or seven 

seconds* The susceptibility decayed 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 

dexterity and human judgement of the - alvanometer



deflections and the time the method was unavoidably 

prone to error*

It was later shown that the measuring field used 

in these experiments was nearly three times greater than 

the internal field of the nuclear spins in eopper metal* 

In this type of experiment it is desirable to have the 

measuring field very much less than the internal fiel% 

A reduction of the measuring field by a factor 10 would 

have reduced the size of the deflection to a magnitude 

comparable to residual deflections due to fluctuating 

thermal e»m«f*s» etc.

The decay of the nuclear susceptibility could have 

been due to the conduction electron-nuclear spin 

relaxation process or alternatively t it the conduction 

electrons were at the same temper ture as the spin 

system* it could have been controlled 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 aecay, for a constant heat leaK,due to the 1A2 

form of the specific heat* The results of the 1956 

experiments were not sufficiently accurate to enable a 

firm conclusion to be drawn though it was suspected that 

the conduction electrons did cool with the nuclei and
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that the subsequent warm up was controlled "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 measuring device would have to be 

devised* More sensitivity, to enable smaller measuring 

fields to be used, and great precision were required* 

In order that the fom or the decay could "be atudied 

many more measurements during each lecay were necessary 

beginning about two seconls after demagnetisation rather 

than fifteen seconds* This would also allow more 

accurate extrapolation to the inotant of demagnetization*

One of the most undesirable features of the previous 

apparatus was the moveable ripple shield. It took too 

much time to move after a demagnetization and caused 

considerable vibration of the cryoetat. It freguently 

became 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 galvanometer amplifier) with the ripple shield 

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. method of susceptibility mar. irG:ue t 

devisee! so that the ripple sblel^ could reraai-i i?i place 

was the obvious suggestion but this has several 

Disadvantages*

Firstly a continuous alternating magnetic fielr on 

the rpeoiinen causes induction hf.Qtiri£. The use of 

measuring fields ** 1 oerstel at ^100 c/a (as use in 

A.C. bridges for measuring paramagnetic salts having 

volumetric susceptibilities of the oame or^er of 

magnitude ab that of copper nucl 1 in copper at a few

micro<legrees K) would completely -sana up the spin system/
in ~ 1 second. The rate of heating ir proportional to 

63 %2 but the signal Induoe^ in a mutual inductance
•4 1 ;t

secondary by a paramagnetic speclzoen Is proportional 

to U E f GO that th^ use of low frequencies is

The eecoad difficulty is that of balancing the 

bridge as the signal decays to obtain nieaaurements* If 

thiG were done iaanually it le 11 :ely to jive even 

fewer measurements than the ballistic method* It coul^ 

In principle T ?; -lone by a feed-back uetho^ but <*ue to 

difficulties with phase relationships (s© below) this 

i 'ea W&B not pursued*
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Thirdly there is the Difficulty due to the presence 

of metal in the cryostat* The use of raetal in a

conventicnal cryostat having an A.C, bridge is to "be
/ // 

avoided for this causes the ^/L and *X- components of

susceptibility to be shifted in phase with respect to 

the In phase and out of phase balance controls (see 

below) • This apparatus /as entirely of metal anf the 

mutual Inductance colls were to be surrounded by a thick 

corner ripple shield at J4.*2°K*

A susceptibility aiear.uring system -.7as Revised which 

operated in the presence of this metal and which gave a 

continuous pen recording of the susceptibility as a 

function of time, with the absolute minimum of human 

effort and consequent errors, from within two seconds 

of flemagnetlzation*

A schematic diagram of the bridge is shown* A low 

frequency (21* e/a) oscillator fed the primary with a 

current ̂ 10 milllanips giving a measuring field at the 

specimen ~ ,03 oerste^. The bridge consisted of similar 

measuring and compensating mutual inductance^ within the 

dewar* and an external decade mutual inductance and 

variable resistor (~ 0»1 ohm). The latter -.vas cofncion to 

primary and secondary circuit? as shown*
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The signal from the secondary was amplified by a 

2k c/6 tunec amplifier "by a factor 6 x 10^ and displayed 

on a C.R.O t Th* rectified signal was smoothed and fed 

to a continuous strip chart recording potentiometer* 

A n witch v.afi fitted between the bridge ^i\ -*> tht; amplifier 

an' this was actuated by the high powered solenoid, 

beinj; close-" only when the solenoid, war fully lowered 

after a o magnetisation. Thir prevented the amplifier 

seeing the large transients due to the removal of the 

strong magnetic fiel^l, ihich would have mr^e the 

amplifier inoperative for several

The amplifier wa» of the type originally described
«^ 20

by Gturtevant and later improved "by Brown as a therrao- 

couple amplifier. It had two directly coupled twln-T 

amplifiers in series, each with a gain ~ 250. They were 

etagger tuned to give a slightly flattened frequency 

responce but the overall Q could be made as high as 100. 

In practice it was adjusted to give a Q of about 70,

These amplifiers were very unstable and adjustment 

for Qptiaaira performance was not easy. They were prone to 

bur^t into oscillation as valve or component characteristics 

changed and for that reason were nm continuously, 

fluctuations in mains voltages such as those produced by 

the adjustment of the loading of heavy electrical plant
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in the aanae bulldingt thunder 8torms f desk calculating 

machines (to name a few of the known ones) caused the 

amplifier to burct momentarily into oscillation. If 

the amplifier was adjusted with Q at about 70 it took 

~ 1 seeon^ for these oscillations to die out* Ihee-e 

bursts of oscillation sometimes occured as:£reguently a« 

once a oecond* More valuable experimental time ?ms loot 

in this way than any other* A modern, conmerclal version 

of this amplifier acquired after these experiments were 

performed does aot show this Defect*

The output impedance of the secondary circuit at 

22^ c/8 was 1500 ohms and it woul* probably have been 

advantageous to .uatch this to the amplifier with a high 

quality shielded transformer. It woul* be necessary to 

use a transformer of high inductance at this -lo?/ frequency 

arv* magnetic shielding would have been essential. This 

would have increased the signal strength with respect to 

the noise bein^ generated within the amplifier, However 

as the aajplifler perforaiec! well erioujgh for these experi­ 

ments wi^h direct coupling and as a suitable transformer 

was not immediately available direct coupling was used.

The output from the amplifier was Displayed on a 

C,!UO# so that the bridge could be balanced. The output 

was also fed via a cathorte follower to a thermionic ^l 

rectifier and after smoothing fed to the recorder.



The recorder was a fioneywell-Brown instrument with 

a span of 1 millivolt and a pen speed of 1 seoon- for 

full scale. The ohart speed was Tour inches per minute.

The time constant or the amplifier was ~ 0,5 seconds 

with Q £» 70, At higher values of ^ the time constant 

became too large and showed a peculiarity in that the 

output would "bounce" in response to a c an^e in the 

input signal. The optimum adjustment oi'1 recorder and 

amplifier gave an overall response time a little less 

than one second*

Copper metal has a nuclear Curie constant of k*5 x 

emu/cm^ deg and it was expected that a temperature of 

the or^ler 10"*^0K would be reached. The susceptibility 

at this temperature would be 4,5 x 10*3 emu/cm-*« The 

specimen was long an" thin having across sectional area 

~ 1 cm^. The number of turns on the secondary of the 

.autual inductance was 18,000 and the angular fregueney 

of the measuring field was to » i^)» From this >1ata it 

coui-i be estiioated that -^ith a mcti;,urlri^ field of ,03 

oersted the signal strength would be~ 50 microvolts 

i,e, 10 times greater than the internal noise of the 

amplifier. In Tact temperatures of ~10~°0K were 

reached thus enabling smaller specimens to be used.
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t Ĉ̂p^ c ^t. ro c *— « c E «$ C
T jj
r

1 
„

£•" 0 cr P ." H ct H *"
• C c H
-

f L
-
 
:

!•
«• C § t V et 5^'

' r c r f- H
-

C h ct H
-

O is c c
t c *t

u f o '*
[• U- cr c rr c; a ts •

f *c ct O C
*" tr C
3

P »=4 H
*

t;- r> £. H
* C5 H c 
.

3
-

& fc h
-

CT
~ j3 c; r~
*

• K
j O *t

^ M c &*
•-

f*
- 6 e
t

H
*

C »3 O ^ ";. J3

j^ (S O c* ^ <B P c
t

P H
*

H
-

^ P O y
. C c H
*

K-
 > cc «•*

•
r-

 
l. ''C t: <~

:
*7 C t-." C

"

C C
r

* j— £ c.. 0 0 o £3 ^ {." c* H
*

C fc
^ P

c
t

r3
"

O C: *cs } H* M
;

J-
'-

C H i~ i-
"

H 6 o *•• '"f te c -
!

\
 ̂ Q fr h
-

H
-

cr K f^ C
"

{* l_ ** f'
; C! et © KJ K" ^ '• C
"

>•
*".

^'

x
"- >£ H
j

;' H; H
"

O O c o o jj P
- S C
j

C i~ ^- £+ C' 1- ~ cr a H
1*

O c
t

p«
~

<5 1
 . C (~>

. CQ (v N
_

_
-

C 
'

»l
- 4 cr rr h
1' c; •:.& M
-

't ' & gr t* c o f.' <<
: C ^_ c
*

O !*•' ^ cs f.« «. 
' P ** 
»• P <J £5 f-
'

p c*

•C
.

CO ("
j (5 O o £.
_ c A P J£ B P cs o c *"" C
T cr js r c Q £" t* (S P f*- C- (v
-

"O c
t 

H
-

T H-
*'

K (-
•

c~ f- •

f
i H S (5 P
-

£
j

!'O • K
; tr H
* •rc •'"A
-

h— 0f
c r i~ ft c
t •- r i» *C
- !» H
'

Ĥ
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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 $ (see Chapter 2). The susceptibility

is at some small angle S to this vector being composed
•\/ ' f\/ (/ 

of the f/ and ft components. The signal from this

susceptibility is i*^ (Ipj G f where G is a geometrical 

factor depending upon the mutual inductance coils.

It is the magnitude of this vector which was 

recorded by the amplifier and recorder. When it had 

fallen to zero the amplifier a . recorder were calibrated 

in steps by the external decade mutual inducanoe il which 

gave rise to the vector i*oIpM. If it had been attempted 

to balance the nuclear signal as it decayed it would 

have been necessary to use both external balance controls. 

This method relies on the act that the amplifier Is not 

phase sensitive* The noise can be represented by a 

circle at the origin of the vector diagram ana as the 

phase was random a feete^ signal and calibration equally.

Nuclear Curie constants are so small that it was 

impooelble to calibrate the mutual inductance bridge by 

varying the temperature of the nuclear stage in the 

region of 1Q~2»K. AS there is a i actor of 1Q*4> in the 

susceptibility at 1CT20K and 1CT6«K this cari be well 

understood. Apart from considerations of stability and
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sensitivity of the bridge the nuclear susceptibility 

would be ̂  100 time smaller than that ^ue to electron 

paramagnetic impurities and pick up from the paramagnetic 

heat sink.

The absolute calibration of the nuclear susceptibility 

coils was made using a pill of manganous ammonium 

sulphate of the same shape and size as the nuclear 

stage and placed in exactly the same position as that 

normally occupied by the copper. The-volumetric 

susceptibility of this salt in the helium range is of the 

same order of magnitude a that of copper in the micro- 

degree range*

By balancing the bridge when the salt was at i*°K 

and then reducing the temperature to various values in 

the range U*& to 1*K a signal was produced r'ue to the 

increase in susceptibility* This signal was equated to 

mutual inductance units by allowing the salt to warm back 

to U°& (balance) and then producing signals of equal 

magnitude with the decade mutual inductance* In this ay 

a calibration equation relating mutual inducanoe units 

and temperature for rnanganous arnraonium sulphate was 

found* Knowing the Curie constants for the salt and the 

copper a similar equation was 'erivefl relating the 

nuclear signal (in mutual inductance units) to the tempera­ 

ture*
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In this way the calibration equation for the copper 
specimen containing 0«68 ^ram atoms was f oun'* to be

1 V T - k* ~ — <•* micro^egreea Kelvin' jA

for the smaller specimen containing .17 gram, atoms

Kelvin

the units of M being the units of the decade box (1*70 
microhenries). The small difference in the calibration 
constant per gram atom is <7ue to a correction ma^e for 
dele up froiii the lower end of the ther;aal link.

A^ and Ap are ^e corrections <Siie to the internal 
field of the specimen and the demagnetization ^ue to the 
shape of tho speciaien. Calculation shows that A^ « 0.14 
micro^egrees K and that A2 * 0.13 micio^egrees K, 
assuzpiv a Lorentz t,,pe internal field. This is, however, 
a small correction fox1 all toiipti-atures actually measured.



CHAPTER 5 

Preliminary Huclear Cooling Experiments

•£he Specimen and Supports

The construction of the specimen for two stage 

demagnetizations with copper metal as the second stage
10

was based on the method due to Spohr which was developed

from the fin technique using glycerol slurries due to
r, ^. S" Robinson.

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 v/as held in a thin perspex case of 23 mm diameter 

and 80 mm length. Within this slurry were embedded 1640 

Ho* 40 s.w.g. single enamel covered copper wires. The 

slurry was introduced into the case 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. .053 gram ions.
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The purpose of the glyeerol»water-salt slurry was to 

form a glees-like substance at low temperatures to obtain 

better thermal contact between the wires and the crystals. 

The composition of the slurry was very important. With 

30£ of water the slurry was guite effective and even U0$ 

of water was tolerable but 50/4 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 technique. The area of contact between
2 wires and slurry was 400 cm •

The copper wires embedded in the paramagnetic slurry 

formed the link to the nuclear stage and also the nuclear 

stage itself* The centre of the nuclear stage was 23 cms 

from the centre of the heat sink and was formed by folding 

the wires four times to make a bundle 65 mm long and 1U ram 

diameter* It contained .68 gram atoms of copper and is 

Shown in the centre of the photograph of specimens* Due 

to the abrupt falling off of the primary measuring field, 

the sharp falling off of the magnetizing field and the 

fall off of the sensitivity of the secondary coila it 

was calculated that the signal from the thermal link 

during a nuclear cooling was ~ 1$ of that from the nuclear 

stage itself* Allowance for this was made in the calibra­ 

tion equation (Chapter k) •
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In other experiments the wires were not folded and 

the nuclear stage consisted of the single bundle of 16UO 

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 6k mm was k& 

of the total signal* Allowance was also made for this in 

the calibration equation*

In the earlier experiments the specimen was supported 

by a framework of fine glass rods and tubes which held

the perspex case* This followed the example of the experi-
<f

ments of Kurti et al* In later experiments this was

replaced by a cotton fibre support which held the perspex

case ithin the cradle (as shown in the photograph) which
3fitted inside the He^ shield* This support was less

fragile and more easily assembled*

The heat leak into the potassium chrome alum was 

found to vary approximately as OT*^1 where T was the 

temperature of the He^ shield (in the range 0*35°K to 1*6°K) 

when using the glass supports which suggests that the heat 

was largely by conduction. With the cotton fibre supports 

the heat leak increased 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



c



of stiff glass supports reduces the vibration a .ating 

but due to their ^reat^r cross sectional area, compared 

with thin fibres, Increases the conduction heating* Both 

types of support gave a heat leak ~ 1*0 ergs/min when the 

He5 shield was at 0*35°K.

This heat leak was not squall but could be tolerated 

for experiments requiring that the heat sink should remain 

at .012°K for up to two hours* In fact the longest 

magnetization time used was one hour*

Experimental Procedure

The procedure for precooling and transferring liquid 

helium into the Dewar has been described in Chapter 2.

The needle valve was opened and the inner cryostat,

initially evacuated, filled with liquid helium from the
—5 

Dewar* The outer vacuum space was pumped to ~ 10 mm Hg

and the inner vacuum space filled with helium exchange 

gas at *03 mm Hg* On closing the helium valve the inner 

cryostat was pumped from iu2*K to 1«5°K with arotary oil 

pump* During this process ballistic measurements were 

made of the susceptibility of the potassium chromium alum 

heat sink at temperatures determined by the helium vapour 

pressure. These measurements enable a calibration 

equation to be derived which allowed the temperatures
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obtained after demagnetization of the heat sink to be
a/ 

measured. The data of Daniels and Kurti were used to

calculate thermodynamic properties of the heat sink and 

to relate T and T*.

The He^ gas was then allowed access to the capsule*

The temperature of the Inner cryostst was reduced to 0.9*K
3using a mercury diffusion pump, and the He^ condensed In 

the capsule p the vapour pressure falling to 6 mm Hg*

Under these conditions the pressure in the Inner vacuum
-*k 

space was ~ 10 mm Hg*

The solenoid was raised and the paramagnetic heat 

sink magnetized, the field being taken up to 22 k$ In

about four minutes* During this process the specimen
—2

warmed up and the exchange gas pressure rose to ~ 10 mm
•5

Hg* The He vapour pressure measuring the temperature of

the inner cryostat rose to ~ 20 mm Hg» corresponding to

Within ten minutes this fell back to 6 mm Hg and the 

exchange gas pressure to ~ 5 x 10 mm Hg* The exchange
W

gas was then pumped away from the inner vacuum space for 

ten minutes until the pressure was reduced to ~ 10 mm

Hg.
The heat sink was then demagnetized to zero field,

the temperature falling to .012°K, (slowly, in order to
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absorb the heat of the conduction electrons In the copper 

as reverslbly as possible). The He* 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 belo.v the large specific 

heat anomaly.

With the magnet fully lowered so that the switch 

between the bridge and the amplifier was closed t the 

nuclear susceptibility bridge wa© balanced. This could 

be done to one or two tenths of a mutual inductance unit 

under the best conditions. The primary current was set 

at the required value and the sensitivity of the recorder 

adjusted so that the expected signal would utilise most 

of the scale.

The magnet was raised, the switch opening, and the 

nuclear stage was magnetised* This was done slowly so that 

the magnetization should be performed as reversibly a& 

possible* After sufficient time had been allowed for the 

nuclei to come to the temperature of the heat sink the 

field was reduced to zero.

The field on the nuclei was reduced to zero in 30 

seconds in almost all cases. By control of the generator 

excitation the field was reduced to 300 oersted ae linearly 

as possible in 28 seconds. At 30 seconds precisely the
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solenoid was dropped away from the specimen, the switch 

to the amplifier closing at about 31 seconds* The 
recorder, which was synchronised with the laboratory 
clock would then move across the chart and record the 
decay of nuclear susceptibility, Useful results were 
usually obtained from 3 seconds after demagnetization? 
before this the recorder was recovering from the inttial 
transient. When the signal had decayed well below the 
noise the whole system was immediately calibrated (as 
described in Chapter U) •

Preliminary
The first nuclear cooling experiments performed on 

this apparatus were with a copper specimen having 0*68 
gram atoms in the nuclear stage. The nuclear susceptibi­
lities were at first observed using the ballistic method

<? 
used by Kurti et al in the 1956 experiments.

Experience soon showed this to be unsatisfactory 
and the A.C. method was devised (Chapter 4) • This was at 
first used with a critically daaaped galvanometer and 
readings were taken every three seconds using a metronome* 
However the visual and aural coordination of the experi- 
mentera was not sufficiently accurate and so a recording 

potentiometer was obtained.
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Magnetizations were performed with fields of up to

with the heat sink at ,012*K. The field was 

Increased to the desired magnitude over a period of one 

to five minutes and allowed to remain at that strength 

for a period up to 60 minutes. The times allowed for 

these processes will be discussed later.

It was found that the nuclear susceptibility 

decayed exponentially and not linearly. When the decay 

curves were plotted as a function of time on logarithmic 

paper they gave lines which were almost straight and 

which could be extrapolated to the instant of demagneti­ 

zation quite accurately to give M the mutual inductance 

at this instant* The slope of the decay curves on this 

graph gave the relaxation tlrae constant t which was 

usually In the range 10*25 seconds.

The experiments were not very consistent but it 

could be seen that the intercepts MQ were proportional

to Hj, the initial field, for fields up to about 

but beyond this the proportionality broke down and ••?. 

tended towards a limit*

This had two possible explanations, the first being 

that the entrory of the copper nuclei in the temperature 

range attained was not of the form

8/R =aog(2I + 1) -
T
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as would be expected from the simple theory of a non- 

ideal paramagnetic at temperatures well above that 

associated with the splitting of the energy levels. 

This would imply that some cooperative phenomenon was 

causing the entropy to fall faster than that predicted 

by the previous formula. However as only ~ 0.25^ of the 

nuclear spin entropy was removed in these experiments 

tJxi s would seem rather unlikely.

The second more mundane and probable reason for M 

not being a linear function of JL was that the initial 

temperature of the spin system before demagnetization 

from the higher fields was not the same as the temperature 

before demagnetization from the lower fields. Unfortunately 

in this t.>pe of experiment the initial spin temperature 

before demagnetization cannot be measured. It can only 

be inferred from circumstantial evidence such as the 

temperature of the heat sink before and after the nuclear 

magnetization and demagnetization, calculation using data 

(often of doubtful value at these temperatures) on heat 

conductirltiesf thermal capacities, heat transfer 

coefficientSf etc.» and such data as the linearity of

the M with H4 (which is open to the criticism that there o i
is no direct evidence that the entropy has the simple form 

(21 + 1) - fc/T2 guoted above). The relaxation time
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also gives an Indication of the temperature as will be 

shown*

Experiments were performed over some weeks with this

specimen and It was found that the values of &L becameo
lower and that the relaxation became somewhat faster* 

This was finally attributed to deterioration of the 

potassium chromium alum slurry even through this was 

kept almost continuously at 90°K between experiments* 

The deterioration seemed to be due to removal of
+•^•4"water molecules from the Or ions by the glycorol used 

in the slurry, for when a pure glycerol water solution 

was forced through the perspex case under pressure the 

solution dripping through was found to be bright green In

colour and not the usual faint pink* This Indicated that
4*-+"4* the Cr ions had lost one or more of their six water

molecules with which they are usually surrounded.

A fresh but otherwise identical specimen gave 

results with exactly the same behaviour «\s the first 

results of the original specimen, i.e. MO was not 

proportional to H^ above 8K#.

The heat capacity of the heat sink, which contained 

•055 gram ions of potassium chromium alum, after 

demagnetization from 22 K# and 0.9°K to 0.12°K up to the 

point at which the temperature begins to rise above that
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of the specific heat anomaly at .012°K was about 

1.5 x 1CT* ergs* The heat of nuclear magnetization for 

this specimen with a field of 15.2K# at .012°K was 2 x 

ergs. This figure is calculated using the nuclear Curie 

constant and is for reversible magnetization. If the 

magnetization were adiabatic followed by cooling to .012°K 

in the field the heat of magnetization would have been 

~ k x 1CK ergs but in practice the field was applied at 

such a rate that the situation would have been closer to 

the isothermal case. Heat leaks into the potassium 

chromium alum over a period of an hour were ~ 2000 ergs. 

So the total heat input to the heat sink after magnetization 

at 15.2 !$ for an hour would be ~ UOOO ergs. So it seemed 

that the temperature of the heat sink should not rise 

above ,012°K during this experiment.

Measurement of the temperature of the heat sink 

after such an experiment showed, at first sight, that the 

temperature was indeed «012°K.

It was thought that perhaps not enough time had been

allowed for the spin system to come to the temperature of
to 

the sink. Calculations using the data of Spohr on the

heat transfer at the copper-slurry boundary showed that 

with a field of 15.2K0 the spin temperature should fall to 

within"10~3oK of that of the heat sink within thirty



minutes* Experiments seemed to support this for there was 

little increase in MQ for magnetization times greater than 

20 minutes*

The possibility of the spine coining to Borne steady 

temperature above that of the heat sink due to some 

steady heat input depending on the magnitude of the field 

had little to recommend it for the only conceivable 

phenomenon that could cause this was ripple heating* 

This had been reduced by the ripple shield to a value 

far smaller than could account for this*

Experiments were performed to find how reproducible 

the nuclear decay curves were for demagnetizations from 

7.6K0 with the heat sink at *012*K. As the heat of 

nuclear magnetization was much less than the heat capacity 

of the heat sink several nuclear magnetizations were 

possible before it was necessary to reniagnetize the top 

stage* At first the reproduoibility was poor. A scatter 

of 20$ in *! and between 15 end 25 seconds was usual.

As the technique of reducing and removing the field 

was improved it became clear that the first nuclear 

demagnetization a lter cooling the heat sink usually £?.ve 

the highest value of MQ and t . Initially this was 

thought to be due to the fact the.t the temperature of 

the sink was slightly below «012*£ for the first nuclear 

cooling*
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However it was suspected that thc,re might be temperature 

inhoaogeneities within the heat sink* The top stage after 

a nuclear demagnetization experiment was reraagnetized very 

slowly (~ 5 minutes) to $K# which raised the temperature 

to ~ o«25*X* The field was kept at this value for ~ 5 

minutes and then slowly reducea to zero* At all times the 

He*5 was pumped below 0*i*°K* The specimen would not have 

become warm enough to liberate exchange gas from its surface*

After this reversible magnetization and demagnetization 

it was found that the overall susceptibility of the salt had 

fallen considerably* apparently indicating that hot unots 

had been evened out by raising the temperatu^-e to a region 

where the thermal conductivity of the slurry was much 

higher* These hot spots coul 1 have been regioue in the 

immediate neighbourhood of each embedded wire*

An hypothesis of this sort could also explain why MQ 

did not increase linearly with H^ above 8K# as might be 

expected. The heat of magnetization for fields above this 

value might have been sufficiently ^reat to heat that part 

of the slurry localised about each wire to a temperature 

above that of the specific heat anomaly at .012*K.

The tentative conclusions drawn from these preliminary 

experiments were:



1. That ae the nuclear susceptibility decay was almost 

exponential and not linear (the small deviation from 

exponential will be discussed later) it wae most probable 

that the conduction electrons were not cooled to micro- 

degree temperatureB as had previously been supposed and 

that the warming up of the spins was governed by the 

nuclear spin-conduction electron relaxator process f the 

conduction electrons bein^ at the temperature of the heat 

sink* It was knom that this relaxation process in copper 

ought, on the basis of the theories of nuclear relaxation 

in metals, to be of the order of magnitude of those found

in these experiments * In fact n straightforward calcula-
8

tion on the basis of the Korringa theory which relates

thic relaxation time and the size of the Knight shift 

predicted a relaxation time of 100 seconds for conduction 

electron temperatures of .012* It was not known at this 

stage whether the smaller relaxation time actually 

measured (~ 20 seconds) waB due to the fact that the 

conduction electrons were at a temperature ^reatrr than 

the sink or whether it was due to the presence of electron 

paramagnetic impurities in the metal*

2. That the thermal contact between the corner and the 

bulk of the heat sink was not sufficiently good to allow it 

to absorb heat of magnetisation greater than - 500 ergs 

while remaining at .0120K.
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a Specimen ....Having a Smaller Nuclaar st

io overcome the problem of local overheating in 

the top atage of the specimen when using fields greater 

than about 8 Xtf a s eciD«n was made identical in all 

respects to those used previously except that the naclear 

stac e was reduced fro , ,68 gram atoms to .17 tram atoms 

of copper. Thia specimen it; described at the begimdn^ 

of chapter *• and is shown on uhe leit hc-ml side of the 

photogrujah of opecimenB.

This reduction by four -alo ;ei the magnetic field 

to be increased by a factor two for the same heat of mag­ 

netization. It was indeed found thai the linal temperatures 

reached after demagnetisation were inversely proportional 

to the ma^'netiain^ f iel i up to about 15 ].jrf.

In an attuapt to improve the thermal contact and con- 

luctivity within the heat sink a 705 L,Iycei' ,-i -3G/ \vater 

solution satuiat&d with potassium chrome alum was forced 

through the perspex case of this speoi.._en uiiier pres.jure. 

'I?he solution was morv. viscous than that used during the 

initial manufacture of the specimen.
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An immediate improvement was notice i in the next 

experiment for the final temperatures reachei were in­ 

versely proportional to the field u>) to 2^.4 *</, the staixi 

permissible field for the solenoid. ihc constant of pro- 

port ioiuJLi t;; vras equal to thi*.t found ir: the early experi­ 

ments at low fields. That thic linear relationship of iii 

and I/If ai-ioultl have o< on ex'C^fiie-i to the hiiJaest field 

available 1^ the ye various i'tO -hous shovvs wi);!u the foremost 

•difficulty hi.'/l t/oen that of heai con tact wi 'Jr; the sink f i.e. 

ensuz'in^ that TI wa© at the turn/or a tore of the naln body 

of the sin: in each caije.

Nuclear eusceptibilitj' de«ay curves obtainei .m two 

consecutive days are i$i;own t the XLayaetiain^ fields ranging 

from 3<5.4 K/ to 3.8 ^* liiose iecay curves h^v& gjen extra­ 

polated to the instant of Ueiua&netization and the corres- 

;. onli^ naclear apin te^ cratures calculated from the cali­ 

bration ec;uwti>_>ii referred to in chapter 4. Ihe lowest 8,,in
r

to..*, eiuture was 1.^ x 10" '£•

The final ternjeratores rx^ are shown ^iottei as a 

function of the initial iieid % and also GI the initial 

Hj/T^ on ohii aJitiuiaptijii '^Lcit the initial teap^-^tures T^ 

in th,-!je particular experiments were that of the- heat sink 

i.e. »C12°£. J?he validitsy of this assumption will be



6.3

examined in chapter 7. t^he probable values of ?i, corrected 

by a small quantity on the basis of the conclusions of chap- 

tor 7t are ^iven in the table.

From the^e data the interaction temperature £n» as 

defined in chapter 1, has been calculated from the oxpression

On = r * •"•» *" <*•

.these results give a mean v lue of 6^ = 1.75 x U""^ °ii. 

The uncertainty of these individual v a., a of t?n *ue to 

errors ia extrapolation, tiding, etc., arw of Uie or lor *• 3/(». 

It is tho.-«..ht 'Uiat any systematic erjr-u.r-.cUe i;o inaccurate 

iSiat^net call brat ion t errors in the calibration .-jquaiiion for 

uhe nucleax* specinaeri, etc., v/iil also be of :-hu order ^ 3^« 

An. LX^eriiaent 'Usin^;_a ojp.eoii&Qn .Vithout a Kucl'jja.r_>jtar.^| >

To checic that the susceptibility bridge was; net picking 

up aporious signal from sj/ac unsucpected source an experiment 

was veri'orei uain/ a apeciaen without a nuclear ata^e* This 

was conducted In a sirailar manner to the other

previously describei. ihe "nuclear sta^e" was 

saa at 15 && -^oi tej. ::iln.Ates t the heat sin:-;

Thlw experiment was repeated sove/M! times and in each 

case only a small tranui^nt ^^> oba^vvoi vihich iscajei witi^ 

the r«Booii£iS time of the i&u/iifier (^2 seconds}, -.ftor 5



seconds from the instant of demagnetization tiiure was 
nothing observable above the noise (i.e. 1-^as than 2. ? of 
the signal usually obtained when a nuclear stage way used). 
It may be coneluiud that nil of the ^ijruil normally observed 
is due to the paraiaagnetism of the nuclear sta^e* 
A Gamma-Ka^ Heating Experiment.

In or-l,r to teet the hypothesis that the conduction 
electrons remwinod at the t^irt-rat^r^ of the oia/' during the 
nuclear sfiu relaxation after ie.'.a^netig^Lion, a )f-ray source 
was placed very dose to the tail of the itewar, at the level 
of the nuclear stage, when she signal iiaa i'allun to about 
50,- of the maximum Vi*iue. It w,-.a fo*m that the r^te of 
decay of the nuclear susceptiblli^ v ; ^ not affected.

A subsequent ciilibrati ,n showed that &he amount of heat 
being fed into the nuclear stage due tj the Jf-rays way 
** 1 erg/sec. If the coaiuction electrons hai been at the 
temperature of the s, ins and the nuclear spin wana-u had 
be ^n govern .d by the rate at which heat wus leaking into the 
nuclear stage then the signal would have decay to zero in

second* As this did not happen it wouii s^ern to confirm 
that the con auction electrons wereiri good thermal contact 
with the top sta0e and that this h i,t v/as i^so^iito it. 
reierence to the thcn^l junction u-.w-^tion in chapter 7 shows 
liiat the electrons wouii only warn *\/10"' deg. a.uve that
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of the sink. This would reduce the relaxation time by a few 

per cent, which would proba'clv not be detectable. 

.v.-xperlme&ta.at Hiher Initial

The experiments previously describe! have shov«n that 

the nuclear susceptibility' -ivcay \V;AU cov^med by the nuclear 

spin- conduct ion electron relaxation process* The theory

of this relciXcitiori in metals?, proposed initu.l..^ by Heitler
7 9 and Teller and subsequently developed by uorringa, su^-

that the relaxation time is inverse!,, proportion; 1 to the 

conduction electron tempera twe. Nuclear resonance experi­ 

ments between 1 °£ Mil 300 °*C have sho n this to be true 

within experimental error.

Huclear cooling experiments were perform. d with potassium 

chrome alu;n in the heat sink at t em >.> era t area between .012 °K 

and O.iO °ii. I1 ha actual v^ilues of uLc temperatuie ,/ere
^x-

deriTed from a calibration equation using ^Le l'~1' relation­ 

ship of j^aniels and .iurti. The nuclear o*at;e v.au of the same

size as that used in the preliminary experiments, i.e. .68 

gram ato^o of copper. The magnetizations were all at 7.6 

a relatively smal-t. field, b«cuuse of the small heat capacity 

of the heat a ink in this temperature range,

ihe size or the B± .,..• .^i in these experiments was sm^J.! 

due to the hifeh spin temper a turus, and the relaxation times
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were smaller than in previous exoori^nt;,;. A figure shows 

the decay curves for the vari u-j heat sink temperatures, the 

ti ac scale in this case being 0-15 seconds.

Ao can le seen from the ne>-t fi ; ;ure the relaxation 

tiiO^,HC f were approximately inverse!,. pcooo.:-tion< i to the 

heat v;iriK te:n, crature. At the hi, iier temper-buresf became 

comparable; with the rer5pjnse ti-10 oi the amplifier and re­ 

corder (~* 2 seconds) anl ^o these values may be rii iitiy 

greater than the true nuclear- Bpin relaxation time, The value 

of T at .012 °JC ia ^4 aeoonds but, as explained in chapter 7» 

thic appears to be dependent on the magnitude cf the meaaur- 

in^i fit,ld, A cri/10 extrapolation to zoro measi^int, current 

iftllcateB a value of ~C. ~ 32 secorUe. VUio is plotted 

on the figure aa D .
The pointc- on this figure lie an^voxi :u« Iy o the line 

^T » 0.4 -seed. deg» ; any (iiver^ jnce can be ftJ-rly ex­ 

plained on the basis oi' the arguments ^iven above ,»;id by 

the experimental error.

This result ad ia fur uhor wei^t to ,r.e h./potheLislhat

the electrons are at tJie temperature o., the heat sink for thia
expected 

is the type of relati-jnyhip/for nuclei apin-coniuction electron

relaxation.
TL2, 13

l»he v;j.ue ofX^ found by other workers &', hi f̂ her
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,>eratues, by nuclear resonance techniques, is about 1.2 

3ecs. deg. 9 i.e. about three times larger than in tte se 

experiments. Their value agrees well with that obtained 

from the Korringa relation,

which expresses the relaxation time in terms of the ICnight 

shift. Using the best available resonance line shift data, 

andaalcing small corrections to the above expression for 

electron correlation, t T » 1.3 sees, de^.

It has recently been shown, however, that the Korringa 

cheory of nuclear spin relaxation is not applicable to re­ 

laxation in small magnetic fields i.e. T T is in fact field

dependent. A new theory of nuclear spin relaxation in metals 
1.+ § 

by Reifield showu that "C l' t as calcuia ted using the Korringa

theory, should fal^ by a factor two when the applied mag­

netic field is less than the internal field.
Z3

Nuclear resonance experiments by Anderson and Redfield

have shown that this does indeed occur, although in some 

metals, e.g. copper and aluminium, the factor is about three* 

They have found that at fields below 1 oersted ^T = 0.45 

sees. deg. for copper in good agreement with the figure ob­ 

tained in these experiments at temperatures a factor 100 times 

1 ower .



By way of a further check on the applicability of the 

ield theory to thlo relaxation process on experiment 

performed in which a transverse ;naL/ietic i'iold of 5 

icd wuiv allied to the nuclear sta^e iiattudii;tol,y after 

a nucle&r ,lea;ju^a©ti..ati^n, t'hc application or the field 

raised the spin t^nperatuxe oaJ. so reduced the tii^al but 

tiu relaxati ,:i tiae increase i froin 24 seconds t;o about

4-5 v;iiich i in ^ccori vdth the results of

/aid^r son aid Hedf i d i*
«xtrarol.-.-tiun of the decu curves obtain©! t:.ose

he v:~i<~cs oft at t,h-, iuy ;:ani o filiation

s

the

round. These are shown plotted && a r^^^ti^n. of

experjj-i cental uncer taint j- of th 

than in th« at

a,, this chapter due to thti aa»f^l ai,.,,aals and

vuiue of t>a derived f .,-om these

point, £ is
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W3 mas. ^^
AMD C*t«q "0103

The Yi«s Required for "aising the Magnetic field

The entropy of copper between 10~?oK end IOK is given

S « R log (2X+1) - £Xia (^) 2 * y? 

where X a » 3,21 x 10*7 e.nuu./gmra atom and y » 7500 ergs/gram atom deg2.

Initially the copper la at ,012°K. As the inagnetic field is 

applied the teatperature rises and heat is abeorbed "by the sink. In 

Tie* of the limited capaoitj of the heat sink it would be desirable that 

the field be raised so that the input to the heat sink is as small as 

possible.

Consider two extreme oases. For very slow isothereasl Magnetisation 

the heat evolved is ms where A3 - ?Xo (H/?) 2. On the other hand 

removal of the entropy 1$r cooling in the field H (following adiabetio 

nagnetioatioa) gives rise to a larger heat evolution. For values of 

V^ UMd in these experiaents it can be shown that the heat evolved is

twice that of the isothermal case.
f «° 

Robinson and Spohr have shown that the rate of heat transfer frcm

copper at temperature T to the slurry used in these axperli&ents at 

teaperature T^ ia given by

Q as; 103 (T3 * fj3) ergs/cm2, sec.

A calcralation for nagnetisation a) described at the beginning of 

chapter 6, i.e. with 50.MC 0, shows that in order to keep the heat of 

magnetisation to only 25 1 more than the isothermal case it would be



neeeawary to raiae the field over fifty minutee keeping B^/df constant,
Thia condition could not be fulfillel aa only a hand control of 

the 2000 Kwatt generator waa available* Even if it had been poaaible 
to magnetise in thia wa> the advantage woull be offaet ty the ordinary 
heat leek into the heat aink during thia long period*

In the experiments at high fielda described in thia theaia the 
field waa increased over a period of two to five minutes depending on 
the final magnitude. A rough calculation ahowa that the total heat 
input to the aink was about 75$ greater than the ideal case and that 
little better can be achieved.

The Temperature Ti of thq Nuclear Stag? before Demagnetisation
When the field haa been raiaed to the required Magnitude it is 

neeeaaary to allow tlae for the nuclear at age to cool towards the 
temperature of the heat sink. It ia interesting to calculate, on 
the basis of the data on thermal properties of the system that ia 
available, how close the nuclear apin teajperatttne cornea to that of 
the aink after a given time, for it is this teiBperature whioh determines 
the entropy before denagnetisation*

Proa the specific heat of the apin system and the thermal junction 
equation

(XH*/?2) af/dt « 103A (? 3 , fx 
whioh reduces to

where 0 « T?i and A ia the contact 
area of the junction*
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iategratioA of this equation it ia possible to find the time 

neoesaarjr for 9 to fall to a given value* The upper limit of 9 is 

not important above 1.5. From this anlyais the values of Ti given ia 

the table of data are calculated. It will be seen that the time 

necessary to reach a given value of 0 depends upon H2/^! end so this 

problem will become increasingly more difficult as attempts are made 

to use higher fields and lower sink temperatures* 

the Loss of Signal due to Relaxation During gemaitnetigatipn

It has been assumed until nor that the demagnetisation process is 

isentropio though the nuclear stage remains in thermal contact with the 

heat sink. It is necessary to enquire how much of the increase in spin 

ordering is lost faring deoagnetisatioa*

If the field were reduced linearly over a period equal to that taken 

for magnetisation the process would approximate to isothermal demagnetiz­ 

ation with no cooling. In principle if the field were removed instantan­ 

eously there would be no increase in entropy*

Aa exact analytical calculation of the increase in entrojy as the 

field is reduced linearly to aero would be very complex and unwarranted 

in view of the uncertainty of a one of the factors involved* Such a 

solution would have to take into account the thermal function equation 

of Robinson and Spohr, the relaxation of imelear spins and conduction 

electrons which depends upon the temperature and the field, and the 

specific heats of the two systems which depend upon the temperature and 

field in different ways.

There are two "bottlenecks" for the transfer of heat, firstly across 

the Junction and secondly between the conduction electrons and nuclear 

spins* These two act ia aeries and it is possible to find an upper limit



to ta» entrojgr gala by considering the worst of these two.

If it is asatused that the restriction is between the nuclei and the 

conduction electrons, i.e* if the conduct ion electrons remain strongly 

coqpled to the heat sink and the relaxation in that between nuclei and 

electron* at ,012°K it can bs shown that the final temperature ff of the

•pin system is given by
-1

*f / if • (U/r) L! - W-ta* ) J

where ff ia the final temperature which would neve been reached tgr 

iaentropic demagnetisation, In these experiment* r « 100 seconds and 

td » JO second** So f|/ff « 1.15 and ia independent of the initial 

field Hi.

Alternatively it is possible that under certain oircusaianoes the

heat flow is limited bj the copper-slurry junction* From the transfer
• 

equation it can be aeen that there ia a aaximia flow rate Q for a given

heat sink temperature. In the specimens used in theoe ejcperinents this 

is - 0*5 ergs/second*

It can be shewn that the fractional decrease of the initial spin 

ordering during demagnetisation is

when the field has been reluoed from % to H* If the final field is 

taken as the internal field H' of the epeoimen then it can be shown that

W m 1 +

If the expressions obtained in these two limiting oases are platted 

as a function of % for Ti * .012°K and for tf * 5*0 4 the foUowing is 

found*
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(•0
10

Am heat oust paaa aoroaa the boundaiy and aleo between the conduction 

electrons and the nuolel the aetual valuea of Tf/Tf' mat lie below 

both of theae curves, fhia aeta an upper limit to Tf/ff.

IB an aetual demagnetisation froai, aay, 1P^ it la likely that the 

conduction eleotrona are cooled \y the nuclear apln aystea during the 

Initial stages of the aeflttgnetiaatioru '/hen S/Hi*»O.J the apln syatem 

can no ledger keep the conduct ion electron temperature down and la the 

laat ten aeoonda of the demagnetiaetion it will riae to .012°K, the 

Icaa of apln ordering being governed ty the relaxation proceaa. An 

approximate calculation for this behaviour show Tf/Pf " 1*10* A 

similar calculfttlon for HI « 30 K/ shows f|Af' " l«°3* It la 

thought that the clotted curve la a good representation of aetual 

In theae experiraenta.

The data In chapter 6 have not >*en individually adjusted for thla 

effect in view of the uncertainty of the actual valuea of
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However it is quite likely that the value Sn • 1*75 x 1Q~7°K ia too 

high by about 9^j i*e. it is quite probably that 9n * 1.6 x 10~7<X 

Oa the basis of this analysis it is quite inexplicable why ths 

value On « 1.5 x 10~7oK ahould have been obtained from the results of 

the experiments performed at higher temperatures, described at the end 

of chapter 6* This analysis predicts that the ordering should have 

been reduced ty a factor of the order two* The only conceivable 

explanation is that the Robinson-Spoor formula 'Toes not hold in the 

temperature range .03 - o

Experimental gvidenoe Concerning Dems^netjllation Times

Demagnetisations from 7«^K</ and »012°K showed that increasing 

the tim* taken for taaagnetisation to one minute gave rise to~30' less 

signal* Decreasing the time to 15 seconds gave an increase of ~5'* 

and to 7 seconds an increase of^10\ This ia in fairly good agreement 

with the foregoing analysis which predicts the figures 15 '* 7^ and 10 ^ 

respectively.

nn atteapt to deoagnetise ia M 1 second by tripping the generator 

excitation gave 15 ' less signal than normally obtained* This is due 

to the considerable heat input to the nuclear stage due to eddy current 

heating*

Calculation shows the heat induced to be -20 ergs. The internal 

equilibrium time within the nuclear stage and thermal link is-0.1 seconds 

and this heat woull be passed quickly to the heat sink, the temperature 

of the copper rising to about »Ott°K* The demagnetisation over, the 

conduction electrons would oool back to *012°K very quickly. The extra 

loss of signal is that <1ue to relaxation for'-? seconds with the conduction
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•lectrcn temperature

Th« Shape of the Nuclear Suaoeptibility Decay Curves

The nuclear susceptibility decay curves, plotted on logarithmic 

paper, are almost straight lines* There is a slight curvature. This

departure fro* true exponential decay is inexplicable*
8 

The Korringa theory of relaxation shows that the relaxation tine

depends upon the inverse square of the nuclear moment tor a given element. 

Copper oontaiaa two isotopes in the natural state* There is 69^ of 

<fc63 with moment 2,23 a**, and 31$ of Cu^5 with moment 2*38 n*n* The 

spin in both oases is 3/2* Calculation of the combined effects of 

these two isotopes, considered to be relaxing independent3jr, gives the 

right type of curvature to the decay curve but not enough to explain 

the experimental results*

Another interesting phenomenon is the dependence of the relaxation 

time on the magnitude of the measuring field used in the bridge* Sons 

curves are shown for demagnetisations from .012°K, the amplitude of the 

Measuring field being shown. Inset is shown how the reciprocal of the 

relaxation time depends can the Measuring field* It fi&ght be possible 

to infer that the relaxation tins for aero measuring field is- 32 seconds.

This phenomenon cannot be the effect of eddy currents raising the 

teaperature of the conduction electrons for calculation shows the heat 

input to be only- 10~3 erg/see.

A tentative explanation for these two phenomena could be that at 

the lowest temperatures, although well above any ferromagnetic Curie 

point, there may be a small amount of Icog range order which gives
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rl»« to hyateryala and «n out of phase susceptibility oooponent. 
So the ownratux* may b» due to the f«»t 'l«cay of th« out of phase 
ooj^ponent of the total ausoeptlbillty ant tha depondcnce of th« 
relaxation tiae on the aaaauring field a»y be due to hy«tei7»ia.
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6

HhAl ....-;. l^OB .^v ..;-.LU£K

The experiments describe i in ti;u previous chapters 

have ^ho.vri tn^t ,.d though it iii pou^ilac to obtain nuclear 

spin temperatures of a i'ew microl^reos the con auction 

electrons remain at the temperature of the heat sink. 

Ii' it were possible to sever the thuri^l connection 

between the two stages just before demonetization it 

would be possible to cool the conduction electrons to 

cicrodegree temperatures, for the specific heat of 

the spin system luring ^eiiia^nefcization la auch greater 

than that of the conduction electrons. It mi^ht be 

thought that the relaxation time at oiicro degree
6 peratures would be ~~ lu seconds but .iittel has pointed

out tiiat this is ll:c time characteristic of energy 

tr-'jnsfer between nuclei and an infinite conduction 

electron heat bath a* this temperature. in this ca;je, 

vJiei-e the electronic specific jiett IB vyr^ oiiiaLl com­ 

pare! with that of the s.lns, the time is^iO"1 seconds 

for the electrons to co.ao into equilibrium with the s^ins.

There are two advantages to be outainei by the use 

of a thermal switch* 11' the conductivity of the switch 

in the open ssute and other heat leaks are ouff ici^ntly

, the v/ur a Ln;: , up of the spin a j stem would be governe-i
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by the residual heat leak rather than the spin lattice 

relaxation time, and it would be possible to keep the 

B fccimen cold for a longer period, allowing ti^e for 

more elaborate experiments, /»lso, cooling the con­ 

duction electrons into equilibrium with the spins would 

be the first step towards cooling another body to micro- 

degree temperatures by contact.

It is interesting to note that the nuclear sus­ 

ceptibility of a demonetised specimen, isoiat d Iroir;

the ne>,t sink, would iecay linearly for a constant heat
o leaic, due to the T form of the specific heat. when

the uocay is governed by the nuclear spin-conduction 

electron relaxation process, it is exponential.

The only heat uvitch that hue been used success­ 

fully at temperatures below 1 °iv is the superconducting 

he t switch, i'his relies on the difference in thermal 

conauetivity in the nox'^al and superconducting phases 

of a me tax. The aupurcunauotor cun be ev-itcli , * from 

the normal to superconducting phases by the removal of 

a strong ma&netio i'ield; thie is a very convenient switch 

with no moving parts but easily controllable from out- 

-jide the apparoitus. At very low temperatures in the 

normal state (i.e. in a field &ruater than the threshold 

field; the thermal conductivity is almost entirely due
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to the conduction electrons. 'i'his conductivity is 

directly proportional to the toir^ jr iture, the sca.ter- 

ing of the electrons being due to littj uriti^s. For a

typical oure metal sach as tin the conductivity is
7^n ~ 1C 1 er^3/cm deg. which is of the o^iie or lor of

maf/iitui o a.-3 that of copper.

In the auperconductinc state at very low temperatures 

the thermal conductivity is due to phonon conduction. The 

nuaber of phonons available is proportion?! to 2 but the 

;,.9an free pa'tj; IB ihttt set by tiie iJjurfectiond »nd cry- 

stfcil bcunlaries in the me 1^1 and its caiii, u;..uit. This con­ 

ductivity IB comparatively Biuaix ana for tin is iCs «
6 -2

10 T er^s/am deg. The ratio oi1 the two conductivities 

i'or tin is

It can be seen thai; as the temperature becomes lower 

this ratio becomes very great, bein; ^ 10^ at 10~2 ° :.

it can be seen that b,v inserting a length of a 

metal such aa tin in the thermal link of a nuclear cool- 

inr specimen is ou^ht to be possible to mafce a very ef­ 

fective switch. Furthermore it could be arranged so 

that the superconductor is situated at such a position 

in the link that the a tray fiel i of the main nuclear ifl££;-

ini; field juot makes it normal. As soon as the
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nuclear stage is dema^rielsi^ed the switch reverts to the 

superconducting su, t«. The switch should be placed so 

that it is normal during moat of the demagnetisation of 

the top stage, to alio.v the copper liy <jjui to^O.l °K. 

If thio wure no-: ollo-vsd the -j>.r^;.u oxeetrar.dc heat con-

t>,nt -ji' t;he copper at 1 °K. (~ 50uw ur^s xor these

apeciiaens) would flow into the top ista^e as ^QJII ; s the 

bout;-..! 3ta^e was magnet iaed and the switch made nor ,al. 

These restrictions on the position of the switch xoalce 

it impossible to do expori lenta over a wide range of

The sucoessfxil u^ of supereoniuctin, heat ewitchee 

has been reporbod by several woricers. Heer and Jaunt
*

use! ti/j. at tempera tui-ea above U.3 °K and extrapolation

of their di*fca, iiivAicat^s that i^/X should be *^ ~L-rJ at
o 1 }"*'- ,1* Koliin e£ ai reporter wlie first successful

two S'tiii^e de^a^ne uiaiation using paramagnetic sk 

(.:,:i i t: heat switch, the upper stage being at *25 °£,

reduced the heat leaK into the lower sta,,e to a few

per minute*

Nuclear cool in,,, experiments usu\ ; cus;, ex* conduct ing 

heat ewitchua have been performer conourrem:ij with the 

series of experiments witho.i s-<,*i*uohe& described in -ro- 

viouc chapters. Lead, tin, and indiu..i were tried in 

vai»ious shapes, sisses, and posi Liona in the link, with
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different methods of support ?ml attachment.

In the initial stages -she total heat content of
• o the fcpin system was estimated fr^-ra the data of S^ohr

n * 7 x 10""' °K) as being several ergs, so that the 
ku.ccee^iui open.. -ion of & switch &VW&JL possible.

It was ii:K?<eJiia'uely found liiat tl > use of any super­ 

conducting alloy for attc-chi»i;; (;he switch to the copper 

t,ave lar^e heat uulBea vh«n the field was remove!, large 

enough to be detect- ed l-y wanning of the heat £.dnk. A 

technique was devised f-;r soldering onto the ends of 

the 1640 Ho. 40 s.w.g. wires usln^ the some mate.ri JL as 
the s-.vitioh, except in the c.-;.se of lead •,••,! :ich hao a high 

melting oint (327 °0) anii oxidises easily.

However in <raetieal-;/ all experi aents no nuclear 

susceptibility signal was observed. in a few c; races 

uainj, tin switches with u large are/length ratio (~ 1 Ci<0 
a ^ Aali ^ii^nal w^s observe-i .^liich decayed in^lO seconiu.

At firat it wasi thought that the characteristics of 

the switch were not i-ui table arii experiments ere per­ 

il' armed with ceria;, Magnesium titrate (CM;*) crystals re- 

4,I^cing the copper in the second B'S^.e, in ord-jp to find 

the ooniaotirity of the switch, ana , is<j to see if there 
were any irreversible heating effects, Hov ever the large 
heat caducity of Lhc ^. i\ crystals an A >.hc poor thermal con-
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tact of the^e crystals v,it*i the link in^io the experiment
BJiiiC-.vh^t difficult; little more could be deduced than 
that thb thermal eondaetivi ;y in the u u. er contact ing 

state was i'.-llir^* rapidly ^i th temperature in the re&ion
„-!-• /\ -I Q>,r01 U.J. tw.

At iiboat this U.iae the o^her experi^ento began to 

jjhow vhut da was in f;.*ot some foui* times less than Spohr 
ha I eBtii^tei, maicing the specific hoat some sixteen ti^eB 
waller. In fact v.i^ii Y: iuos of il/T that could be used 
v.-iuh the i....r^er type of nucl^ni' stage (.68 ^r^.-i atoms 

of copper) the total heat content of the spin system was 
less than 1 erg.

jjho interpretation of the failui'e to achieve a success­ 
ful heat switch 8Xper;mint is that the nuclear s.'la eystem 

ic/c.uj -.vi*r:aevi up either b^ irreversible heat

e .>,vitch d^rin^; the demagnetization or lar^e 
leaks to chu aaclcfair st-.0e by vibration. It sho^ild be 

note! that the heat of leniii^ne-iaation of a superconductor 
at temperature T is

Q » C1/21T

,-

where H0 is the critical field at 0 U and 1' 0 is uhe 

critical temperature in aero field. This ic -^ 0.5 err/cm5

under these conditions and as th<.; volume of the o.;itch is
•f 

~ o.i c^r tne heat oi de^aagneti action is not negligible.
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One possible source ox* irreversible ho:.;.tiii{; in the 

ewxtchea WC*B Uittt UU.Q to ed^ currents in ,he .^terial 

ui tlio switch i.fcen iii 1*he uuriaui s^ate cjiijjiiOiuiij i,t 

the oint ^here it is &ol tiered i/o wJUo wires of the naclear

one 

vliich it. snov.ii on Giie ..^.lu'co^rcvh ox speciiaena. The

in thio oauo \>.^ aidui£ of

copper iurip wi uii the coancctl^n to U'i-3 sv/itoii /.iucsh re-

•iucei in size, iiuivev^r no uucit-ur oooli:^, wad 

In Uie jaoea v^her^ a j

-ji^nal '.VL.J o'ba-jr/ed it .to probaoj.e ci:aii liie oii'jrual con­

tact beacon the i\vo 3tt*t,QS -^^ ouifici..^i^u,^ ^ood that

tny wOiAaaction eiecu'ona in the nuclear .,/sa^e

at ab^u.t the temporauura OA the h^at sink. ^

heai ^ak wouj.d then h^ve boen paaaoa into bus neat ain.-.i

rather than the auciyur spin s^steja, the whoi^ experiment

apjioxima tin^ uj the uuniiLiona without a avvitch.

In reviewing tiA 3so e:ip&rii;;eniCo ,the probloias of ir-

heatin^ ausi Cit..'^ hoat ieuku ::i&$ bo appreciated.

re^uireiaents for successful operation oi* a 

witch in Lnese circumsuanC;^ ;ixs thai: iiaat ^roaucuJ 

in the switch must be l<j ss ^1:^1 0.1 er^ ^..i heat leaks rnu-t 

bo 1&88 tiian 10""'-' erg/minute*
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unclear^.JenuagBttigation of oilver.

Natural silver contains nearly equaj. proportions of
i '~' •' i '""> ; 

ig Jl and Ag w ' each with spin & and nuclear moments of

-0.113 and -0.130 n,m. respectively. Because of these 
small momenta the Curie constant per unit volume is ~ 

2i>0 fcimee smaller than that of copper.

iiowuv«A* f if the nature of the naolear spin inter­ 
action is si?; iar to chnu of copper (i.e. taagnet dipoie 
interaction) then it mi^t be expectei that the interaction 
temperature is^^O ti^ues smaller than thac of copper.

e is some evidence that indirect exchange inter-
28 

action is important iu eiivor so that the interaction
temperature may be only ~ 10 times smaller.

i or deiAa^netizationa i'rom the highest available ii 
in these exferiments a temperature ^10 tiriies smaller 
than that with copper might be attained. As the wu 
constant is ~ ^50 tifaes siaaller f about 4?> of the signal 
froia copper might be expected.

A calculation for silver using the ^orringa relation 
and -Jtii ht shift iute inaic tes tlu.t at 10~^ JK the naclear 
& pin-conduction electron relaxation time should be -^500 

seconds.

A specimen was auae with 10^ pure silver i«o. 39 s.w.f3 . 
wires foidea five tifreb to form the nuclear stare contain­ 
ing 0.4t c;ra; . tito^o of silver, the upper atat e being potassium



chrome talus: slurry. Ti'-is

u~ fur t

at 24

of
these conditions ia

constant being so small.

10 ur&s, the Cvj/i

a tii,e ui' tiuri

01 tl^ bria0e was uueh th^ti ai 

ui^^ i'ieJLi ( *^ .cl $) v.«.j u^^
the expected ^i^nai sn,, uj.a JUL-O h^ve ceea

b& iiQXii ^act c.0 definite

Ine re be ^hut the time is
the is

than

ic of the

y, Lhe earth ;

uraer uii the

uha ef^oct oi' the

i'ield, of

i'icia
warms the sin

c u o s
19

hi*s irj^uaecl the detection of naciear free 
,,rcice~t,i^i in iuetals at ver^ low temperature for 

rueasureaient of nuclear spin tQffiperuturss u 
^ rsJLaxatioa t

Xhe prinji i u.s or the experiment ia aa follows, 
jn^tic fielu. Hx « 100 uerst^a is applies to a 

nuclear s^in ^LtoiL. in the X direction, Uuppooe the
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nuclei have spin -&. The nuclear apin levels are s[.-lit 

and there will be a net magnetic moment in the X direction 

of A HxA1 where X is the Curie constant and T is the 

spin temperature.

A rectangular puloe is uaed to provide a field Hz 

in the & direction equal in magnitude to Hx , for a length 

of tiue that is one half of the Lar^or precession frequency 

of the nuclei in the magnetic field (the rector sum of 

Hx and Hz )* The effect of this aulse is to turn the 

nuclei fro;n the i X direction to the ±"21 direction and 

allow them to process in the X - 0 laac in the fiold 

Hx with the appropriate liarmor fre.uuncy. A 3iun;.d 

fro,; the rotating magnetic moment of the spins is then 

: icked up b# an untuned coil system, with t xic in the Y 

direction, amplified, and photographically recordei.

The processional frequency of u nucleus depends 

u.on the nuclear g-factor and the field at the nucleus. 

The field at a , iven nucleus will be Hx plus the fluc­ 

tuating internal field H » l>o after approximately 

HX/&' radians de^hasin^ of the spiiiw in the X « 0 plane 

takes ;Iice. Alternately it can be nail that spin- 

wpin relaxation de» hases the spins. By observing the 

rate a f« which the signal decays the spln-s^in relaxation 

ti;ie can be measured. For copper nuclei the Lannor



period in 100 0 is ~ OJJL seconds, and as II & 3 

approximately 10 cyelea shoula be observable. If a 
cycles couid be obtained it cihouia in principle ba 

possible to sae the interference of UIQ ui^nuis irom 
the two isotopes whoae nucltar moments aiffer by about 

one part in fifteen.

It should also be possible to measure the apin 

lattice relaxation time, i.e. measure the rate at which 
the already dephased sj-ine in the >, « o plane, return 

to ohe Jt direction. fhia c^i be lone in principle by 
ap lying a second H2 pulse at known Intervals and 
measuring the iaa&ni tude oi4 the observed signal which 
depends directly on the number 01 ^pins in the X direction.

In conjunction with Haha preliminary experiments were 
carried out to observe these phenomena in copper at 10"*** 
°£ f with a view to the 4^vexopa«oat of a nuclear free pre­ 
cession thermometer for the airect measurement of nuclear 
spin torn,oraturee. The apparatus was modified so that 
the 0.9 °& cryostat had double glass wallo ^atnoundin,: 

the nuclear stage of a normal copper specimen. On the 
^luiss tail were mounted the pulse coil and receiver coil 
y/ith an earthed screen between them. fhe field iix *,as 
applied to the system by a Helaholtfis pair outsiio the
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Jew?.,r.

heat ain& was a^,aa&tteti^ JL GO .012 °K ana a

maic to observe &i:o frse ^r^eusaion of copper 

this temperature. Aluiou^li c;*re tfiia ta&en to balance 

the receiver coll lor isiniisuLi pick-u,. fron the -ura 

coil, the final aase^biy of metal jackets upoet fcai;/. bal 

£*no@. The iau^^.e piok^up jural^se-i the i^iii'ier for so 

ion,./: that no free prcceu^ion oo'uj..i be observe!• It w-s 

^ound th;.;t a lar^e quantity of huuu (^100 ergs) waa put 

into the ^specimen b^ the uloca field. Altho^h this 

would not antjct a :;infole me^«iureaent 9 it would be quite

far most experiments*

experienoes have ahown the <iifficulti@8 of 

thi^ type ul experiiaent at ver^ low temper­ 

atures eepecialj.^ in u aietal up^cira^u;:.

A 8ir;ulur experiment haa eince been ..-erformed at 

liqaii heliuui te-rs/eratures by Hahn at Berkeley ana also 

by $heatley a* Illinois using an all glass apparatus.
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CHAFFER 9 

MTOJuKAR IffPKRACfflOiyS JMP ^gLOAf I0» IK

The development of the theory of nuclear magnetic interactions and 

relaxation in solids has been stimulated primarily ty the development of 

nuolear magnetic resonance* Nuclear magnetic interactions are so weak 

that macroscopic non-resonant effects of these interactions cannot lie 

observed at temperatures obtainable ty the conventional techniques. Only 

recently have nuclear cooling experiments allowed direct measurement of 

these interactions by observing the thermodynamic properties of a solid 

state spin system at odorodegree temperatures.

It is, therefore, of interest to compare the experimentally 

determined interactions with those of theory and also with those obtained 

ty resonance experiments. 

Magnetic Dipole Interaction

The Haadltonian for magnetic dipole interaction can be expressed as

R is the vector between the J th and k th nucleus, of length r* 

It is entirely analagous to classical dipole interaction* 

Indirect Bacchante Interaction
xa

Ruderoann anil Kittel have proposed an interaction between nuclear 

momenta via electrons in the conduction band of a metal. This interaction 

bears no resemblance to exchange interaction in ferromagnetics which is 

concerned with the overlap of electronic wave functions and the Pauli 

principle. Nuolear wavefunotions do not overlap; the exchange 

interaction takes place via the hyperfine coupling with the conduction
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INTKRACTICN3 /*H) *SLAXATIU* XN METALS 

The development of the theory of nuclear magnetic interactions and 

relaxation in solids has been stimulated primarily tgr the development of 

nuclear magnetic resonance* Hucleer magnetic interactions are so weak 

that macroscopic* non-resonant effects of these interactions cannot be 

observed at temperatures obtainable ty the conventional techniques* Only 

recently have nuclear cooling experiments allowed direct measurement of 

these interactions ty observing the thermoeiynaaic properties of a solid 

state spin system at mtorodegree temperatures.

It is. therefore* of interest to compare the experimentally 

determined interactions with those of theory and also with those obtained 

lay resonance experiments* 

Magnetic Pjpole Interact Jen

The Haadltonian for magnetic dipole interaction can be expressed as

where R is the vector between the J th and k th nucleus, of length r* 

It Is entirely analagous to classical dipole interaction*

Indirect Exchange Interaction
ifc 

Rudermann and Kittel have proposed an interaction between nuclear

mooents via electrons in the conduction band of a metal. This interaction 

bears no resemblance to exchange interaction in ferromagnetic* which is 

concerned with the overlap of electronic wave functions and the Psuli 

principle. Nuclear wavefunotions do not overlap; the exchange 

interaction takes place via the hyperfine coupling with the conduction



In the free « ton of a natal such as copper the hyperfine •putting 

1» given by the 9emd or contact interaction.

where n(?M 1§ the probability density of the valance electron at 

the nucleus. The non-contact term is identically aero for an S state.

In the metal the valance electrons become the conduct icn-hand 

electrons but retain to a large extent their 3 wave character* The 

probability density at the nuclei is slightly reduced in the metal lap 

the spreading of the ware function*

The interaction between conduction electrons and nuclei give* 

an effective interaction between nuclei* A nuclear spin can scatter 

an electron from the region of the Feral surface to an unoccupied level 

from which it can be scattered back ly another nucleus* This is a 

virtual scattering process in which the mojaentum of the electron does 

not change*

Evaluation of this interaction involves integration over filled 

and empty momentum states* Fuderaazm and ITlttel have evaluated these 

integrals and with several simplifying assumptions it can be shown that 

the interact ion, having the fora of an isotropio exchange interaction. Is

where
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and >[V is volume associated with eaoh atom*

is the effective mass at the Fermi surface* 

is the momentum at the Fermi surface* 

V is the hyperfine splitting as modified in the setal*

Paeudo-Pipolar Interaoticm
M. 

This interaotion arises from the eoupling of the nuclear moment

with p-wave conduction electrons* This is a non-contact term and hence 

is ouch weaker than the indirect exchange interaotion even for strong 

p wave concentrations. The form of the interaction turns out to be 

that of magnetic dipole interaction.

Xt is however negligably snail for most of the better metals and 

1m only of importance for heavier mstals with high valanoy* complicated 

band structure and large p-wave concentration* 

Interaotion

This is not strictly an inter-nuclear ooupling, but it does affect 

the distribution of energy levels of the spin system. This is an 

interaction between the electric quadrupole moment of the nucleus and 

any electric field gradient at the nucleus*

For a perfect cubic metal this ooupling should vanish* For a

cubic metal containing defects and dislocations there will be some
is 

nuclei which experience such a coupling* bat it/extremely difficult to

make any numerical estimates of the overall effect* 

The Thermorlynafldo Properties of o Spin atrsteg with Interactions 

It is necessary to derive the thermodynamic properties of a 

theoretical imolear spin system in a metal, on the basis of the fore­ 

going theoretical interactions* before a ccioparison with experiment 

can be mads*
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The Hamiltonian for unit volume containing K nuclei cf spin I 

in a field H can be written

where j_z is the Seeman term— ^T- H and where quadmpole and pseudo- 

dipolar inter actions have been neglected, In principle this should be 

solved to give the energy levels of the complete assembly of H spins* 

The thenaodynamic properties could then fee derived ffcm & knowledge of 

these levels*

The solution of this problem for zero external field is prohibit­ 

ively difficult* However to obtain the therouxlynamic properties it 

is only necessary to know the partition function* This is the trace 

of the operator exp (-JR/ttf) and this is invariant for any orthogonal 

representation describing the states of the assembly. This property 

allows the use of the representation which diagonolisea the Haadltonian

for an assembly of non interacting nuclear spins*
n *4 This trick, *ue to Van Vleok and Boiler, allows approximate

evaluation of the partition function ?• bjr expansion as a power series* 

For

Z « Tr [axp (<4t/») J

This all ows the partition function to be evaluated at high teaperatures 

lay taking the first few terms of this series.

By syanetry ^[9^] « 0, The largest temperature dependent term 

is the quadratic tern* Van Vleok has shown that for magnetic dipole 

interaction with a small amount of isotropic exchange interaction
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= OM
where -\v- — LL- is the small term

allowing for a small amount of isotropic exchange*

When this is evaluated for a face centred cubic lattice, 

neglecting ©change except for nearest neighbours* and the entropy is 

calculated from the partition function it is found that at high 

temperatures

& = NltIWi.n-0- ('-a--^/*) NV(34

Comparison with the entropy equation in chapter 1 shows that the 

interaction temperature %ls given

= (i-z+

For copper^ ̂ 0.2 showing that the Rudermann Kittel interaction is 

comparitively small* Evaluation of 9n for copper gives a value 

1*89 x 10 °K using the expression above* 

Huolear Reaonanoe Line Broadening

Lines obtained by nuclear resonance in solids have a certain amount 

of broadening due to the effect of the interactions between the spins* 

In a crude way it can be considered that this is due to the fluctuating 

internal field and that the mean square splitting of the energy levels 

is approximately



la this case, however, we are interested in the cnean square splitting 

of the energy levels of the nuclear spin system in aero field. In 

general there is no lireot relationship between nuclear resonance line 

widths and the splitting of the energy levels of the nuclear spin 

system in aero field) nuclear resonance experiments and nuclear cooling 

experiments yield different information which cannot be compared unless 

the fora of the interaotion is known*

In the particular case of pure dipole interaction a comparison
tf may be made. Van Vleck has shown that for magnetic dipole interaotioa

the mean square line width in aero external field is given by

- z
being 1Q/3 tiaaes that of the mean square line width of the primary 

resonance line in a strong external magnetic field* The mean square 

splitting of the energy levels ia zero field is

Exchange interaction gives rise to additional splitting of the levels 

in aero field but makes no contribution to the second moment of the 

resonance line*

la copper it is very likely that interactions other than magnetic 

dipole interaotion are very soall and so it is of interest to find the

splitting of the levels as computed froa resonance data*
•bt 

GutowslQr and Jto&arvey have made accurate measurements of the second

aoaents of the Cu^ and Cu," resonance lines* Making allowance for 

spin lattice relaxation they found that the observed line widths were 

a*umm2 an* *,.0 irmiM2 respectively. It can be shown that if ft is
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defined as In chapter 1 in teraa of the nean square energy level 

splitting then for pure dipole interaction it is relate! to the second 

laoaent of the resonance line in an external field by

Uaing a oean value of 5*5 gatise2 these resonance experiment a give

On « 1.7 x 10-7 OK,

Nuclear Spin Relaxaticti in Metals

The firat estioate of nuclear spin relaxation times in a metal was 

•ade ty Heitler and Teller in 1937. They showed that the relaxation

at low teieperatures would be due to the hyperfine coupling with the 

oonauction electrons, and they derived an approximate expression showing 

that it would be inversely proportional to the conduct ion electron

teaperaturs*
§ 

Korringa has derived essentially the same expression en a quantum

Mechanical basis obtaining

r* • 4 a Bf2/9»m2k

where T is the conduction electron tenperature, Bf is the Ferai energy 

and a is the hyperfine energy splitting as modified for the aetallic 

wave fonoticn. ?or copper this expression gives a value r? « 1*35 eec* 

deg.

The Korringa theory applies to a system of nuclei in a strong

external field when the interact ica energies are coo^aritively saall*
^ 

Hedfield has shown that this theory will not apply when the interactions

are stronger than the coupling with the external field; for in a strong 

external field the energy depends upon the sum of terns such as fl^X» r! and
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the energy relaxes as fast as single spins, lut in zero external field 

the energy depends upon the sum of terms such as g^ /?2 l^ . I* and the 

energy relaxes at twice the rate for single spins*

Bedfleld shove that for relaxation induced ty uncorrelated random 

fields at neighbouring lattice sites due to the conduct icn electrons at 

the Perai surface, having a wavelength much smaller than the lattice 

spacing, the relaxation tine in sero field should be twice that found 

\& Korringa for strong fields* For correlated relaxation (i.e. when 

nearest neighbours see approximately the same fluctuating field) the 

ratio is somewhat different depending on the type of interaction. In 

the case of pure dipole interaction between spins the relaxation should 

be a factor three times faster than in a strong field*

Copper with mainly magnetic dipole interaction shculd fall between 

these two extremes* Experimentally it is found that r? • 0*4 sec*deg* 

which is a factor three times smaller than the experimentally determined 

relaxation time in strong external fiella. 

Huclear

At some temperature of the order of % the nuclear spin system will 

lose s considerable amount of entropy due to spontaneous long range 

ordering* It is of interest to consider the nature of this ordered 

state and the temperature at which it will occur*

The power series method for calculating the entrojgr as a function 

of temperature breaks down when Ts» &n for so many terms are retired in 

order to get useful information. As these terms become progressively 

much laore difficult to compute the method is of little value in predicting 

the Ourie point*
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There are several "internal field1* aodels, such as that using the 
Lorents internal field, which predict a "ferromagnetic" Curie point. 
In this particular oaae "ferroniagnetism'' spontaneously arises when Te » 
4*rX /3 where X ia the volumetric Curie constant* In the case of copper 
$0 m 1,9 x 10*7 OK. However in view of the crude nature of the model 
this cannot be considered to be any more than en order of saagnitudc
calculation*

57 Profcliok and ftobarro have proposed a theory of nuclear "ferro-
t

magnetism" in aetals where the ordering arises from the hyperfine 
interaction with polarised conductico electrons* Using the best 
available data for the electron spin susceptibility, etc*, this theory 
predicts a Curie point also at 1*9 * 10 °&» but again this theory is 
crude and cannot be expected to give a reliable figure*

Tht nature of dipole system at the absolute aero has been investi~
^S \<\ 40

gated theoretically ty caloulation of the free energies of the various 
configurations* These calculations were made with electron peraiaagnetics 
in oind but the results can be carried over to nuclear parsmegnetica.

It is found that the "ferromagnetic" state has the lowest free 
energy if the dipoles are in certain prefercd directions and if the 
shape of the apeeioen conforms to special requirements. This latter 
is one of the less fortunate results of the lc«g range nature of magnetic 
dipole Interaction. In an actual substance it is very likeJy that the 
ordered state will depend upon the cryatallographic nature of the 
substance and ita magnetic history*

With the (H/T)i available in these experiments only 0.9t of the 
•pin entropy wss removed and so oily the first temperature dependent 
ter* in the sntrcfor equation was found, corresponding to short range
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ordering. With iri value* en order of magnitude larger it should 
fce possible to remove & substantial proportion of the spin entrojy, so 
enabling temperatures of the order of the Curie temperature to be reached 
where the nature of the ordered state oiay be investigated.
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