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PREFACE

The principle of cooling by adiabatic demagnetisation of a paramagnetic

salt has been known for nearly fifty years. The proposal was made independently

by Debije and Giauque, respectively in 1926
l
-and 192P. .

Rather soon afterwards, considering the need of rather huge magnets, the

first experiments were performed (De Haas, Wiersma, Kramers (1933)
3
, Giauque

and McDoug*11 (J933)\ and Kurti and Simon (1934)
5
).

Tht limiting value of the temperature reached upon demagnetisation is de-

termined by the interaction energy, ε, of the paramagnetic tons with their

crystalline environment and with each other, causing the entropy to drop rapidly

when kT becomes comparable to e. Due to the smallness of nuclear moments, the

interaction energy ε is much smaller for nuclear paramagnets, which opens the

possibility of reaching much lower temperatures. The suggestion for nuclear

adiabatic demagnetisation was made independently by Gorter (1934)
6
,-and by

Kurti and Simon (1935)
7
.

A disadvantage of the small ness of the nuclear magnetic moments, however,

is the necessity of producing a very large ratio of magnetic field Β to thermal

energy kT, in order to obtain an appreciable entropy reduction in the magnetisa-

tion process. , .

The formidable experimental difficulties of this Implication are reflected

in the elapsed time between the proposal in 1934 and the first nuclear cooling

experiment reported by Kurti, Robinson, Simon, and Spohr in 1956
8
 (see also ·

ref.
9
 and

 1 0
) . Similar experiments were performed in 1960 by Fritz, Maria and

Aston
11
. , · ' - - ' ' · _

The designation "nuclear cooling" is used for the case in which only the.

nuclear spins are "cooled", as opposed to "nuclear refrigeration
11
 in which one .

tries to cool another system, including the conduction electron system in the

case of a metallic specimen.

Symko
1 2
'

1 3
»

1 1
··

1 5
 was the first to observe considerable lattice refrigeration

in copper and indium. His experiments on copper were repeated and extended by

Hensel
1 6
·

1 7
. Osgood and Goodkind employed nuclear refrigeration to cool liquid

and solid He to temperatures of 4 mK and 7 mK respectively, obviously, thermom-

etry in such experiments is of utmost importance, and substantial progress has.

11

]



been made in developing reliable temperature determination Methods In recent

years
2 0
. Very successful experiments have been performd by the Helsinki group,

who used a powerful dilution refrigerator for precooling
2 1
·

2 2
·

2 3
»

2 1
»»

2 5
· A mini-

mum temperature of 0.37 mK was reached in the conduction electron system of

their nuclear specimen.

The above-mentioned requirement of a large B/T ratio Is also applicable

to "brute force" polarisation. This may be considered, at least in principle,

as a universal method for orienting nuclei with Magnetic moment μ j* 0, but is

of particular interest for those nuclei which cannot be oriented by means of

hyperfine mechanisms. The availability of nuclear polarisation offers several

applications in nuclear physics experiments. For instance, a polarised, highly

abundant nuclear spin system, as in a metal or simple alloy, may provide In-

teresting information as regards the interaction with polarised thermal neutron

beams.

The decision to initiate experiments on nuclear demagnetisation and "brute

force" polarisation was taken in the spring of 1969. Since at that time the

design of a dilution refrigerator, combining a large cooling power and a low

final temperature, was a rather special undertaking and would have required a

separate effort, we preferred to utilize demagnetisation of paramagnetic salts

in the pre-cooling stage. A fairly complicated magnet system, consisting of

three separate superconducting coils end an additional compensation coil was

needed. Due to severe delay in the delivery of the magnet system, Including the

cryo&tat, the first experiments could be done only in early 1972.

The main part of this thesis 1s devoted to describing the multi-stage

adiabatic demagnetisation and nuclear refrigeration equipment (ch. II and III)

and the experiments performed with this apparatus, both demagnetisation and

"brute force" polarisation experiments (ch. V). Special attention was paid to

thermometry in the demagnetisation experiments. Temperatures were measured by

NMR and nuclear orientation techniques (ch. IV).

The results show that temperatures in the milliKelvin range can be obtained

in the conduction electron system of metals. This represents an essential ad-

vantage over other magnetic cooling methods, e.g. using diluted CHH.

Meanwhile, Andres and Bucher
26
 reported some quite promising results on

cooling with the aid of hyperfine-enhanced systems. Moreover, dilution refrige-

rators of sufficient cooling power became available commercially.

We realized that significant progress could be made in nuclear refrigeration

by replacing the paramagnetic salts by an "enhanced" nuclear paramayntt, such as

PrCUg. This could lead to a much lower Initial temperature for the nuclear stage.

12



Another crucial feature of utilizing compounds such as PrCu
g
 is that its metal-

lic properties make it possible to circumvent the thermal boundary resistance,

which proved to be so troublesome in paramagnetic salt pre-cooling stages.

However, to take full advantage o
£
 the potential of "enhanced" demagnetisation

stages, prc-cooling to Τ « 50 mK is required. This forced us to mount a dilu-

tion refrigerator of large cooling power into our apparatus, while retaining

the magnet system, the NHR thermometry etc. In ch. VI, we shall discuss some

aspects of the new set-up, which was constructed on the basis of the experience

gained with the apparatus described in the earlier chapters. Also, we shall

present some results of test runs on the use of PrCu
g
.
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CHAPTER I

GENERAL CHARACTERISTICS OF NUCLEAR ADIABAT1C DEMAGNETISATION

AND BRUTE FORCE POLARISATION

I.I General principles

As pointed out earlier, nuclear demagnetisation is a straightforward

extension of the demagnetisation of "electronic" paramagnetic salts, which has

been treated by rcjny authors (see f.e.
 1
 and

 2
 and loc. cit.). Some relevant

formulae will be recaoitulated here.

Let us consider an ensemble of nuclei, embedded in a solid» each having a

spin I and a magnetic dipole moment, μ, and possibly, if I > i, also possessing

an electric quadrupole moment. We further assume that the nuclei exhibit only

weak couplings with their surroundings as far as the nuclear spin degree of

freedom is concerned. These couplings, such as the mutual magnetic dipolar

coupling or the electric quadrupole coupling, may in a first approximation be

represented by a characteristic energy ε.

For convenience of discussion, we introduce the local field b, which is

associated with the nuclear spin interaction via the simple relation pb * e.

Then, if kT » ε, the nuclear spin entropy, S, is very close to R ln(2I + 1),

whereas S approaches zero for kT « ε, in accordance with the third law of

thermodynamics.

By the application of an external magnetic field Β » b, the entropy can

be reduced also at higher temperatures, thus leading to the qualitative picture

of fig. I.I.

Thermodynamically, the process is usually described in terms of an iso-

thermal magnetisation to a field B-(X + Y) at a temperature T · , which is

maintained at a low value by a precooling apparatus. The subscripts i and f stand

for initial and final respectively. After thermal isolation from the precooling

stage, the process is followed by an isentropic demagnetisation to a field
B
f (

v
 *

 z
)> or, in the extreme case of zero external field to b(Y •*!'), yielding

final temperatures T. and Ti respectively.

15



Fig. I.I

Entropy diagrcm.

For explanation* see t-xt.

The amount of heat produced during Isothermal magnetisation at Τ * T^, 1s

given by -AQ, where

AQ * V S - J"1 T(||)T idB

Using the Maxwell relation:

<8>τ
we obtain:

and

(I.I)

(1.2)

(1.3)

(1.4)

Since (|y)
B
 < 0 for paramagnets, AQ < o I.e. heat is produced, which 1s carried

away to the precooling stage. During demagnetisation the entropy renins constant,

so

S ^ .Tj) = S(B
f
,T

f
) = S(b,T

fl
) . (1.5)

Having arrived at point Z', the system will warm along the Β = b curve, due to

the unavoidable heat leak. The heat capacity in a constant magnetic field Β Is

given by:

C
B

and

(1.7)

The amount of heat absorbed by the system when ν ~"ng along a curve with

constant B
f
 is thus given,by:

16



(1.8)

or in particular:

iT,f ' i T,as. ,,
L T(1T>bd

which can be represented in the S-T diagram through the shaded area.

Clearly, this .amount is much smaller than the heat of magnetisation to be removed.

However, it is also obvious that much more heat can be absorbed when demagnetising

to a final field B
f
 » t>, at the expense of a higher final temperature T

f
. Thus,

one has to strike a compromise between a low final temperature and a low heat

capacity on the one hand, and a higher temperature and increased specific heat

on the other hand.

The fact that cooling occurs upon adiabatic demagnetisation is most clearly

illustrated by the relation for the so-called "magneto-caloric" coefficient:

a s

3M
(

3M(•§y)B is < 0 for paramaqnets.

For a more quantitative description, the S vs. Τ curve must be known for

various fields. The hamiltonian, which describes the systems of Interest, may

be thought of as consisting of several terms:

χ * JCZ(B) + «b + KQ -

30
z
(B) represents the nuclear Zeeman interaction, whereas x^, and JC stand for the

dipolar and quadrupolar interaction respectively. The respective terms can be

written as:

JC
Z
(B) = -μ-S = -g

N
p

N
(T/h)4 * -g

N
P

N
mB ,

in which u^ is the nuclear magneton, g» the nuclear g-factor, I the nuclear spin,

which henceforth will be expressed in units of h, and Β the magnetic fie
1
"*.

«b -] .

17



*Q
- 31(1 + 1) + η(Ι2 - I 2)}

The density operator Ρ Is defined by

exp(-X/kTN)

Tr£exp(-»f/kTN)}

and the expectation value of any operator U, will bt given by: <U> - Tripll} .

In fact, for nuclear demagnetisation purposes, one 1s Interested in those sub-

stances in which contributions arising from the second and third term in the

hamiltonian, are relatively small.

Taking into account in a first approximation only the nuclear Zeeman term,

one obtains an equidistant level scheme. Then we can easily attribute a formal

"spin" temperature
3
»

4
 to the nuclear spin system. The expressions for S and Μ

are therefore, with

W N I B

x)/(sinh £ ) ] - xBj(x)

M/H. - Bj(x)

Bj(x) is the Brillouin function:

coth

(1.9)

(1.10)

(1.11)

Mra = nNQgNuNI is the saturation magnetisation; η represents the number of moles,

N
Q
 is Avogadro's number and R the gas constant.

For specific heat, one obtains:

C
B
/nR = (JJ- coth 2J·) ·

c-,, ·

x ) ) 2 + x2

For small x, i .e. in weak magnetic fields or at relatively high temperature, the

above expressions simplify to: .

S « nR ln(2I +

Μ -ΛΒ/(μ0Τ)

CB - ΛΒ2/(μ0Τ2)

- ΛΒΖ/(2μ0Τ
2)

ff

(1.13)

(1.14)

(1.15) ν

18
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and χ « v M B = Λ/Τ, which is Curie's law. The Curie-constant per mole is given
hu 2 2
oy u τ/τ ^ j^u - •

Λ/η * λ * -2

Μ and S are functions of the ratio B/T, which means that during an adiabatic

demagnetisation (AS * o) B/T remains constant so:

B
4
/T

4
 - B,/T
'i f'f

(1.16)

Μ cannot change either, so the level populations remain constant, although the

level splitting decreases linearly with B. In the limit of Β tending to zero,

this would lead to the unphysical picture of a difference in population between

degenerate magnetic states. Also, equation 1.16 would predict that the absolute

zero would be attainable by demagnetising to zero field. Clearly, however, this

is impossible on the basis of the third law of thermodynamics. This paradox is

a consequence of neglecting the other term, X
Q
 and XQ, in the hamiltonian.

The influence of the dipolar term has been evaluated by Van Vleck
5
. The

nuclear magnetic dipolar interaction is associated with a heat capacity con-

tribution

C/R Q τ
2
/Τ

2

i n which

and V 2
rT^jQ = 2 - ^ Σ rT̂ j (r-. is the intemuclear distance).

Evaluation of the dipole sum for a f .c.c. la t t ice, yields for the case of cooper:

C/R = 4.18 10~14/T2. The local dipolar field is obtained from:

b
2
 = -

2
"
2

This formula y i e l d s b ^ = 0.337 mT. Higher o r d e r terms i n t h e heat c a p a c i t y ex-

pansion in powers of τ/Τ are given by Van Vleck5 for the f .c.c. la t t ice :

The result is plotted in fig. 1.3.C/R = 2.40 τ
2
/Τ

2
 - 4.35(τ/Τ}

3
 - 13.5(τ/Τ)

4

Practically the same result for CT /R would have been obtained on the basis of

19



Incorporating this local field b In expressions 1.13 and 1.14 leads to:

u.2\

a Zeeman level splitting e(> ub) In the field b « 0.3 UT. Hence, we shall use,

in analogy to eq. 1.15,

r m
 Ab

2

C
 '

(1.17)

(1.18)

(1.19)

S « nR ln(2I + 1) - Λ < Β * Hb )
2 u J e

and
_ \(tf tb

2
)

The adiabatic condition implies:

or:

For B.j » b one has:

b

Alternatively, the dipolar field could also have been defined on basis of the

line width in the NMR signal. Then, however, we have to take the difference

between *Cu and
 6 5
Cu into account, for which γ-g « 1·07γ

6
, (γ « g^v^ti). The

line vidth calculation gives
6
:

(
M

2
)

6
3 -=

4 2 2

(M2 is the second moment). (The expression for ( Μ 2 ) 6 5 i s analoguous). The lattice

sums have to be weighted according to the isotopic abundance, hence

<(Δω) > 6 3 = 2.78 10° and <(Δω) > 6 5 = 2.49 108. Fora Gaussian-shaped resonance

signal this corresponds to a half-width at half-Maximum, 5, of « „ » 0.28 mT

and 6gg = 0.25 mT. For the case of a 100% isotopic abundance ( i . e . like spin

only) one easily verif ies that Μ2/γ2 « | b^. The values for 6 are related to the

decay time τ2 of the free precession signal, to be discussed in chapter IV, via4:

t 2 - ( 2 / < ( A « ) Z > ) i . . ' • · . .

This gives 85 ysec for Cu and 90 psec for Cu. These calculated values

20



may exceed the experimental values considerably in the presence of magnetic

impurities. Also quadrupoiar interactions, due to lattice strain, and indirect,

interaction of the nuclear spins may influence the heat capacity, line width,

etc. In Cu, the indirect nuclear spin interaction, via RKKY with the conduction

electrons, corresponds to an effective field of 0.02 mT
7
, and hence will be

neglected.

In principle, a nuclear demagnetisation to a final external field value

zero, may lead to the determination of the interaction energy ε. This may

include the indirect coupling of nuclear spins via the RKKY interaction with

the conduction electrons. Among these, one may distinguish between scalar-

coupling and tensor-coupling, denoted as pseudo-exchange and pseudo-dipolar

coupling respectively. Hence, at sufficiently low temperatures, magnetic phase

transitions may occur in the nuclear spin system. These nuclear magnetic ordering

phenomena would presumably show different characteristics from those due to pure-

ly dipolar interactions, as have been observed in insulators by Abragam and

co-workers
8
.

In fig. 1.2, the entropy curve as a function of B/T is given for several

nuclear spin species. It can be seen that the entropy reduction obtainable by

Fig. 1.2

Entropy, S, as a function of

the field over temperature

ratio, B/T, for several metals.

The dotted vertical line cor-

responds to B/T = 460 T/K which

ie about the maximum obtainable

B/T value in the experiments

described in this thesis.

»fy I0
3

3.W*
 T
/k M O

3

the present means B^ ~ 7 T, 10 < T.. < 20 mK is still very small. In this range,

the high temperature approximation is certainly a good one. Fig. 1.3 gives the

entropy diagram of copper metal for several magnetic fields, including the local

field, as a function of temperature. The Schottky specific heat anomaly is also

shown.

The demagnetisation process, depicted above, is highly idealised in the

sense that an isothermal process cannot be achieved. This is especially true

in the case of a nuclear demagnetisation, which requires a wry slow rate of
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Fig. 1.3 Entropy, S, and epeaifio heat, C, •Oβ. temperature for Cu in several :'

fields. The quadratic approximation for the entropy ie indicated {dash-

dotted curve). The curve labelled C*. ia the specific heat, associated

with the dipole-dipole interaction.

increasing the magnetic field to approximate an isothermal process. From the

experimentalist's point of view, this means that large currents have to be fed

through the magnet during a long period of time. Mien using superconducting

magnets, this has as a consequence a high helium boil-off rate. A more favorable

approach is often to energize the magnet rather quickly and to bring the magnet

in the persistent mode. In that case the spin system reaches the starting condi-

tion along the S(B^) curve and the heat to be absorbed will be given by:

Using eq. 1.17, one obtains:

Λ(Β? + b
2
)

B
i) ϊςττ— ·

whereas isothermal magnetisation produces

So the difference in heat load for the precooling stage is roughly s factor 2

between the two extreme cases. In the experiments described here, the helium

consumption was more often a bottleneck than the heat capacity of the precooling

stage. So the magnetic field was either put on at 1 Κ or at T^, but at a rate

too high to magnetise isothermally. The actual trajectory in that case is some-

where in between the extremes, thus producing an additional heat load.

Up to this point, the nuclear spins were assumed to be completely isolated

from their surroundings. In fact, if this were true, it would of course be
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impossible to remove the heat of magnetisation or to precool the system at ell.

Energy must be transferred to and from the nuclei to, for example, the conduc-

tion electrons and the lattice. The rate of this energy transfer, characterised

by the nuclear spin-lattice relaxation time τ,, is of prime importance for the

feasibility of nuclear demagnetisation.

A distinction* due to Kurti, is made between nuclear cooling and nuclear

refrigeration. The former designation is reserved for those processes, in which

only the nuclear spins are to be cooled, accepting the.coupling with lattice and

conduction electrons as a cause of an unavoidable heat leak. In such cases, a

long τ, is favourable, although the precool ing time will be longer too.

The ccunterpart is called nuclear refrigeration. In this case a deliberate

attempt is made to transfer energy from the conduction electrons plus lattice

systems to the cold nuclear spins. Then, indirect cooling of other systems, e.g.

liquid
 3
He, coupled to the lattice, becomes feasible.

We shall confine our discussion to metals. Speaking about a TJ, a relaxa-

tion time between conduction electrons and nuclear spins, implies the assumption

that a meaningful1 definition of temperature is possible for the two systems.

The concept of a spin temperature has been discussed by Abraganr\ As nuclear

spins in a lattice are most often distinguishable and hence obey Boitzmann

statistics,a formal definition of a spin temperature for an equidistant level

system can be given in terms of level populations. As soon as the outside world

is taken into consideration, the additional requirement must be made that equi-

librium is established between nuclear spins much faster than between nuclear

spins and conduction electrons. So τ
2
 « τ^. The nuclear spin-lattice relaxation

time τ, is defined by:

in which TV is constant.

TV and T
£
 are the nuclear spin and lattice temperature, respectively.

For metals, Korringa
9
 derived the well-known expression:

τ
1

Τ
Ε (1.21)

This type of relaxation is based on the coupling between the magnetic moments .

of the nuclei and those of the conduction electrons, κ is called the Korringa

constant. The rather simple dependence (eq. 1.21) on T
£
 is a consequence of the

fact that only for those electrons, which are close to the top of the Fermi -
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distribution, i.e. whose density is proportional to kT, are empty states

available within the range of energy given up by the nuclear spin flip, κ is

independent of Tg, in as far as the high temperature, weak field approximation

is valid. Furthermore, Κ is dependent on the applied field, if this becomes of

the order of magnitude of the local field. It can be shown
3
, that the spin-

lattice relaxation rate in that case is an average of the relaxation rates of

the Zeeman and the spin-spin systems, τ
1 ζ
 and T

D
, weighted by their respective

heat capacities,

= τ
1ζ

Β
2
 + b

2

(1.22)
+ (T

lz
/x

D
)b'

τ. depends on the nuclear spin interactions and T Q on the correlation of the

fluctuating fields seen by different nuclei. The ratio T
1 Z

/ T
D
 takes a value

between two and three
3
.

1.2 Nuclear cooling

In this section we shall discuss an interesting application of nuclear

cooling: the calibration of a nuclear spin thermometer using the Korringa rela-

tion.

Combining eq. 1.20 and 1.21, one obtains:

dT
N
 T

N

Ί3Γ - Τ -Tu) , (1.23)

or:

1
 n
 %

κ τ
Ν

With Τη kept constant,, this equation describes the thermal behaviour of a nuclear

spin system in the case of nuclear cooling, as in the pioneering experiments of

the Oxford group
10
. No heat switch was fitted between precooling stage and nuclear

sample, so a constant Tr of 12 mK was assumed in their experiments. These ex-

periments were recently re-analysed by Hensel
11
, on the basis of a mathematical

simulation. The warm-up time from T ^ to T«·, with the conduction electrons at

T
E
, is easily calculated by integration of 1.23:

Κ

At = - £- In

TE

The value deduced from this formula for the Oxford experiment is more than 3
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times as high as the experimental one, which can be explained both by a lower

Κ and a higher T
£
. One may question the sense of performing nuclear cooling

only for the sake of a low spin temperature. At the present stage of development,

the most relevant physical quantity obtained from such experiments is probably

the local field.

There is, however, one interesting feature in connection with nuclear

cooling, which deserves further consideration. If the nuclear spin system can

be prepared in a non-equilibrium situation with respect to the lattice, it will

relax as described by 1.23. The differential equation which defines τ
1
 (Ι.20),

can be solved for constant T
c
:

"
t / T

l1/T
N
 = 1/T

E
 + c.e

If the relaxation is measured as a function of time, in casu with a pulsed NMR

thermometer (the NMR signal S s <*/T
N
), both tj and S

Q
, corresponding to the

equilibrium Tg (S
Q
 - a/T

£
) can be measured. If the Kornnga constant is known,

then this measurement implies the determination of the calibration constant a.

In fact, this can also be accomplished by destroying the nuclear magnetisation

by a 90° pulse, thereby raising the temperature virtually to infinity, and ob-

serving the transient recovery of the magnetisation. In the former method, the

signal to noise ratio is essentially much better, as temperatures lower or

equal to the equilibrium value (T « T
£
) have to be recorded, in contrast to

the latter (T » Τ
£
) , which is, however, much quicker. It is Indisputable, that

this kind of temperature calibration 1s very reliable and moreover reproducible,

provided that Kornnga's constant is sufficiently well known.

1.3 Nuclear refrigeration

1.3.1 Thermal equilibrium

It was shown by Kittel
12
 that equilibrium between conduction electrons and

nuclear spins is expected to be established much more quickly than on the basis

of tj alone. The large difference in specific heat of the two systems is respon-

sible for this effect. Only a "few" nuclear spin flips are required to cool the

conduction electrons. Neglecting external heat leaks, one derives through the

equality of the two heat currents:
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or: C
N
t

N
 = - C

E
t

E

so:

Ν Ν
ï" Τ

I<23:

" V ·

so:

Note that with the substitution κ'

At ' JJ- ΔΤ

/£C
r

, the equation becomes:

This is quite similar to the relation for the case of nuclear cooling:

which can be written as:

since T^ is assumed to be constant. Formally» K' can be related to xj, which

represents an apparent, temperature dependent relaxation time:

As C
£
 = γΤ and C

N
 = — B

2
/T

2
, one finds at very low temperatures, where

V

* τι -τ Τ 3 .

Γ. ' ?

Inserting numerical values for copper: γ = 0.7 mJ/nolelc, ^

3.195 105 Jmole/A2Km4, and Β - 52.5 mT: -c[ » τ χ χ 8.1 104T3. At Τ ζ, 1 wK:

τ| Ϊ 8 ΙΟ" 5 ·^ . So equilibrium is established rather fast. The situation «ay be

much worse i f the specific heat of the conduct! HI electrons 1s enhanced e.g. by

impurities which may lead to a Kondo effect.
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The next question is: what is the equilibrium temperature in case of a
zero external heat leak? Clearly, this equilibrium temperature Mill depend on
the speed of demagnetisation. If demagnetisation is done so slowly, as to main-
tain the two systems in equilibrium, one has the completely reversible case of
cooling. Hence the total entropy at the initial temperature T^ is equal to that
at the final equilibrium temperature T^. Assuming B^ and B

f
 » b, and the high

temperature approximation to be valid (1.13), one obtains for one mole:

Bi
λ

Under the assumption that yV
f
 1s insignificantly small, one can evaluate the

ratio T
f
/T£, In which T

f
 is the final temperature in en isentropic demagnetisa-

tion of the spin system alone (1.19):

2μ
η
γ

f (ψ V ι -

Substitution of numerical values for copper B^ > 6.3 T,T^ - 15 mK yields:
T

f
/T^ « 1 - 2 10"

5
. In the opposite case, T

N
 has already reached the value T

f
,

while Tg is still close to T^. The equilibrium temperature T£ is now obtained
from:

S 0 : ^ = 1
f l l l l

The relative difference is enhanced by a factor B.j/2Bf for the case of completely
irreversible cooling. Using the same figures as above, with B* = 52.5 ml, one

obtains:

AT.
f
 a 1.2 10"

3

A t T
i

n-325 mK, this ratio becomes 5.6 10"

One can thus conclude that the conduction electron enthalpy has a negligible in-

fluence on the final temperature, reached upon demagnetisation, even in the case of a

completely irreversible process. This is not very surprising, as the total enthalpy

for one mole of Cu from 0 Κ to 25 mK is only 2.2 10"
7
 J. A heat leak of the

order of 1 to 10 nW may be expected to have a much larger influence.
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1.3.2 Effect of external heat leaks

In every cryogenic experiment, the experimentalist has to envisage the

problem of heat leaks. In nuclear demagnetisation experiments, they are of prime

importance, as will be evident from the following analysis. The transfer of heat

from the outside world to the cold nuclei can only proceed via the lattice and

the conduction electron systems, by means of the electron-phonon coupling and

the nuclear spin-conduction electron interactions respectively. The lattice has

been mentioned above, but so far has not been included in any of the calculations.

This has to do with the negligibly small heat capacity (% T
3
) of the phonon

system in the temperature region of interest. Although the heat flow is low

(0
p e
 * 3 ΙΟ

9
 χ (Tjj - T*)VW/K

5
m

3 l 3
,the phonon system nevertheless equilibrates

with the conduction electrons in a time short compared to the nuclear spin-

lattice relaxation time. For this reason, the equilibrium systems consisting of

phonons and electrons will often be referred to as "conduction electrons".

In the presence of an external heat leak, the conduction electron tempera-

ture will adjust itself to such a value as to balance the incoming and outgoing

heat flows, resp. the external heat leak, and the heat absorption rate of the

nuclear spins. Hence:

d T
N

C
N IF

(Β
2
 + b

2
)

T
N' (1.24)

in which eq. 1.18 and 1.23 have been used. Rewriting eq. 1.24 (we shall use the

abbreviation Q for (L = Q
e x t

. unless confusion may arise):

- 1
u/Q

b
2
)

or:

Λ(Β* b
2
)

(1.25)

(1.26)

Evidently the ratio T
£
/T

N
 can be brought close to unity by keeping Β large,

which means, however, that T
N
 will also be higher. Obviously, there is an op-

timum value of the final magnetic field, for which the lowest conduction elec-

tron temperature will be reached. This field can be easily evaluated under the

assumption that eq. 1.16 is still a fairly good approximation for T«. In that

case, we obtain, again for B
Z
» b , by the condition dTg/dBf * 0:
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Inserting 1.27 in 1.26 gives:

(1.27)

2T,Ν
(1.28)

for the lowest obtainable conduction electron temperature.

These relationships should be considered more carefully, as in the presence

of a substantial external heat leak, the process 1s no longer adiabatic; in

other words, the departure from "ideality" as expressed in relation 1.19, could

be rather large. Some numerical calculations will be presented below. It should

be noted that I.27 can be written as

<
B
f>opt * λ η'

in other words, Q/n, the heat leak per mole, is the only externally adjustable

quantity which determines ( B
f
)

o p t
 and hence the lowest obtainable lattice

temperature. With Q * 10 nW/mole, one obtains for copper: (Bf)
o p t
 * 52.5 mT,

which means that, starting from B^ * 6.3 Τ and T^ * 15 mK, a lowest lattice

temperature of 0.25 mK may be reached. This should be compared to the ultimate

0 Κb « 0.3 mT, in which T
N
 should be 7 10 Κ

tolerable in such an experiment rings in a

case of a demagnetisation to B
f
 «

and T
E
 ' 1.4 10~

6
K. The heat leak

new era in the field of thermal isolation: 0.2 pW.

1.3.3 Warm-up time and cooling power

Under the influence of an external heat leak, the temperature rise will be

described by:
(
W dT

E
C
N<

B
>

The second term on the left hand side is related to the enthalpy of the cold

electron system. It has already been shown that this term is rather small. A

realistic numerical example for copper reveals that the specific heat of the

nuclear spin system for B^ = 52.5 mT equals the conduction electron specific

heat at 23 mK. As C
N
(B) increases wit)} 1/T

2
 towards lower temperatures, and C

E

decreases linearly, we can safely omit the electron term for Τ « 23 mK. If th«

29

i S i ^



externa! heat leak is constant in time, the relation can be integrated to

Λ(Βί + b') , ,
. χ, Τ t Χ ί \ (1.29)

for the warm-up time from a temperature Tf to T^. The energy absorbed durina

this interval is

C
N
riT

N
 « JL (1.30)

Both 1.29 and 1.30 have a striking dependence on B
f
, within the limit of the

high temperature approximation, as may be illustrated by the following example;

When B
i
 = 6.3 T, B

f
 - 52.5 mT and Tj - 15 mK one obtains with ή - 10 nW/mole

for If •*• T^: At = 114 min and AQ = 68.4 μϋ/mole. If T^ could be reduced to

7.5 mK, a value of B- * 105 mT can be tolerated to reach the same spin tempera-

ture, (but a lower T
E
) , and At is increased to 456 min, while AQ * 274 vJ/mole.

These examples clearly illustrate the need for a very high Β,/Τ^ ratio.

1.3.4 Reversibility

Kurti
14
 has analysed the problem of a loss of spin polarisation due to

non-adiabatic conditions during demagnetisation. In his thesis, Gylling
15
 con-

siders the irreversibility, occurring for both linear and exponential demagne-

tisation rates in the presence of a constant heat leak. The linear one is

favourable:

B
i '

 B
f

^
f
 In 6^/ X ,

in which X represents the demagnetisation time. Putting in numerical values:

B
i
 = 6.3 T, u

f
 = 52.5 mT, Q = 10 nW/mole and X = 45 min, yields A(B/T)

l i n
*1.6X

and A(B/T)
o v n
 = 8.1% (with T. = 15 mK). If the heat leak should completely

originate from eddy current heating, so that Q = qB , he finds:

A(B/T) = - 2 - (B. - B
f
) In 1/X

both for linear and exponential demagnetisation rates. An opti

this case is represented by a parabola in the Β - t diagram:
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B l - B f 1 2
„ ( Ί

 χ

 f t - Β*)2 .

Let us assume that a constant external heat leak Q
e x t

 and an eddy current heat

leak Q - qB
2
 are simultaneously present. Than an optimum demagnetisation time

X
opt

is derived, which minimises the irreversibility to:

Δ(Β/Τ)
Λ

These relationships show that, under the conditions of the underlying experi-

ment, the irreversibility is not so large, as to invalidate the use of the

simplified equation 1.19.

The thermal behaviour of the nuclear and electron systems, during and

after demagnetisation, are described by a set of coupled.differential equations:

"V
d T
N
 T

N
T
N dB

Τ

2
/TjjWith C

E
 = ηγΤ

£
 and C

N
(B) * i- B

2
/Tjj ,

(1.31)

(1.32)

q W • -φ Τ^(Τ
Ε

Calculations based on the numerical solutions of these equations are presented

in a following chapter.

1.4 Brute force polarisation

A system of nuclear magnetic moments, when exposed to a strong external

magnetic field, will, according to eq. I.10 and I.11, exhibit a substantial

magnetisation if the temperature is sufficiently low. This corresponds to a

preferential orientation of the nuclear magnetic moments, and hence of the

nuclear spins, along the magnetic field direction. In quantum-mechanical

languace, the removal of the ground state spin degeneracy by thé Zeeman inter-
action establishes, at low temperatures, differences among the population
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densities, a
m >
 of the various magnetic subieveis with magnetic quantum numbers

m(= I
z
). In the usual case of a Boltzmann distribution: a^ t expt-E^/kT).

It should be noted that the starting point of a nuclear demagnetisation is

nothing else than a "brute force" polarisation.

The important feature of nuclear orientation in general is that certain

nuclear properties, such as spin and magnetic moment, can be studied by means

of the angular distribution of radiation, emitted from oriented radioactive

nuclei. "Brute force" polarisation is in priciple a universal method. It is in

particular well suited to study a number of those nuclides, which are difficult

to orient with more subtle interaction mechanisms.

The angular distribution of radiation from oriented radioactive nuclei is

described in terns of orientation parameters f
k
(I). called the degree of orien-

tation of order k. They are defined as 21 independent linear combinations of

the moments,
 Σ
^\, of the relative population a^. These parameters suffice to

describe the nuclear orientation in systems having an axis of rotational sym-

metry, which, in the case of brute force polarisation, is provided by the .nag-

netic field. An explicit expression is given by
1 6
»

1 7
:

\ - l •'• J • -: - • •• "

f
k
(D

2 k

k -iFv)T(rSMc+v)T

It can be shown that all f
fc
 > 21 + 1 vanish.

For the brute force method:

exp(-g
N
P

N
Bm/kT)

so:

and

In the high temperature approximation, g
N
MuB « kT,

t . ι» ι 11 UN >

(1.33)

(1.34)

and f2 are given by:

(1.35)

32



(I+1H2I-1H2I+3) ,9ΝμΝΒχ2
9ÖÏ (1.36)

Again very high values of the ratio B/T are required in order to obtain
noticeable effects in the parameters fj and f2. This may be illustrated for
95Nb, which has a large magnetic moment (6.3 μ

Ν
, see chapter V). For

B/T s 600 T/K, one obtains fj * 0.49 and fg • 0.10. The corresponding anisotropy

in the gamma-ray intensity is only 6% in this case.

1.5 Experimental requirements

An experimental arrangement for nuclear demagnetisation and brute force

polarisation has to meet a number of requirements, some of which were mentioned

in the previous sections:

1) High B
i
/T

i
 ratio.

2) Sufficient cooling power at L·. Even with high field superconducting magnets,

precooling to below 20 mK is necessary. At present, four methods are known

to attain this temperature range: a) adiabatic demagnetisation of a para-

magnetic salt (see introduction); b) He- He dilution refrigeration;

c) Pomeranchuk cooling; d) hyperfine enhanced nuclear refrigeration.

Any of these alternatives has its specific limitations. Methods c and d

require precooling, but offer relatively low temperatures, with high cooling

power, a, b.and c suffer from severe limitations with respect to heat trans-

fer, due to thermal boundary resistances. All processes, except
 3
He- He

dilution, are single shot processes. This fact, of course, is in favour of

the dilution refrigerator. The best choice is presumably the combination

óf b and d. .
3) Whatever method of precooling is chosen, a heat switch between precooling-

and nuclear stage is indispensable; The most effective^heat switch is based
on the difference in thermal conductivity between the superconducting and

. the normal state of a superconductor. Hence; the fringe field of the demag-
netisation coil at the position of the switch has to be lower than the
critical field of the superconductor, to keep the thermal link between the
stages short, a compensating coil;will be needed; Moreover, the fringe field
over the volume of the precooling stage has to meet certain demands. In the
case of a paramagnetic salt or a hyperfine enhanced system, this field must
be less than or comparable to the internal field. When employing dilution
refrigeration or Pomeranchuk cooling, a low value of the fringe field is .·'
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advisable as well, In order to reduce eddy current heating in the metal

parts.

4) The magnetisation and demagnetisation processes of the precooling stage

should be independent of those of the nuclear stage. This condition, com-

bined with the requirement for low field at the heat switch position,

largely dictates the geometry, which in turn necessitates a "thermal link"

between the stages. The thermal conductivity of the link has to be very

high, whereas eddy current heating must be reduced by employing a bundle

of small diameter, insulated wires.

5) Brute force polarisation and nuclear orientation thermometry often require

γ-ray counting in mutually perpendicular directions. So radiation windows

have to be fitted in the appropriate positions. Moreover, the main demag-

netisation or polarisation coil has to be a split-pair coil.

6) The superconducting coils have to be absolutely free of flux jumps.

7) A very low heat leak is of vital Importance.

In our case, the desire was felt to keep the apparatus versatile, especial-

ly the magnet system, in order to enable various experiments to be performed in

high magnetic fields. For most applications, one has to beware of flux jumps

and remnant fields. The above considerations resulted in a separate dewar for

the superconducting coils, provided with a room temperature bore of 10 cm. This

has several advantages. Firstly, the helium bath of the magnet dewar can be

filled and refilled Independently. Secondly, the whole magnet dewar may be re-

moved, when necessary, by placing it on a hydraulic lift. The problem of remnant

fields is ruled out completely in this way. The procedure has proven useful in

the nuclear cooling experiment. A clear disadvantage is the loss of useful space,

for dewar walls and insulation vacua.

1.6 Choice of nuclear refrigerant

A good nuclear refrigerant should combine a number of properties, which,

for metals, are listed below:

1) high isotopic abundance

2) large nuclear Curie constant λ

3) small Korringa.constant κ ;

4) high thermal conductivity

5) no superconducting transition in the required range of magnetic fields

6) magnitude of quadrupole and other interactions not interfering with desired

temperature range
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7) desirable mechanical and metallurgical properties.

If the same substance has to be employed also for thermometry, to be

strived for always, one may add the following requirements:

8) validity of Curie's law in the temperature range of interest

9) long r2.

Some of these requirements are not directly decisive for the usefulness

of a particular nuclear refrigerant· but originate from experimental limitations

and conditions in a specific experiment. A clear example is the quadrupoiar

interaction in indium (6), which is a nuisance if one wants to reach Τ < 0.6 mK.

starting from B^ « 6.3 Τ and T^ - 15 mK. This region becomes attainable, how-

ever, when B
i
/T

i
 can be made substantially larger. In that case, the specific

heat associated with the quadrupolar interaction may be an advantage, as no

final external magnetic field is needed, except for a small field to keep the

indium in the normal state.

Conditions 2 and 3 are obvious from formulae 1.29, 1.30, and 1.24. A

large λ means a slow warm-up rate and a high enthalpy of the spin system. A

small Korringa constant implies a high energy-transfer rate between conduction

electrons and nuclear spins, so a small temperature difference, which is expres-

sed by equation 1.26. For a fixed ratio Tg/Tu, the heat absorption rate of a

spin system is proportional to λ/Χ. It is often more convenient to compare λ/VX

in which V is the molar volume. The possibility of shortening Κ artificially

by deliberately increasing the impurity content of for example Nn, must be born

in mind.

The fourth requirement is rather ambiguous. Thermal and electrical resis-

tivities are related through the Wiedemann-Franz law. In most experiments, a

low electrical conductivity is favourable in connection with eddy current

heating in the nuclear specimen, which is proportional to σ δ . On the other hand,

a high thermal conductivity is necessary to precool the sample in a reasonable

time, and to ensure thermal equilibrium in the sample. The bottleneck in future

experiments in which hyperfine enhanced and "brute force" demagnetisation stages

are combined, will be the thermal link between the stages. Of course, one is not

forced to use the same metal for both specimen and thermal link. The implication

is, however, a rather critical weld or other connection between the two media,

which often are insulated wire bundles. Moreover, such a weld will be in the high

field region and give rise to eddy current heating. If the latter quantity can

be made sufficiently small, a separate thermal link should be used. In this case,

high purity silver wires would be a good choice for several reasons since, in

particular, the thermal conductivity 1s very high and the hyperfine specific heat
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is small. Then thermal equilibrium inside the nuclear stage would remain the

only concern. Electrolytic deposition of the nuclear refrigerant on copper or

silver wires may provide the solution. Pulsed NMR thermometry on the high con-

ductivity material! may require an inverted geometry of the two sample components

in view of skin-effects.

The fifth requirement is important for two reasons. Firstly, the entropy

of the superconducting state is lower than that of the normal state. The transi-

tion from the normal to the superconducting state is thus accompanied by a latent

heat, which for type I superconductors is given by

ψ (1.37)

The temperature Τ at which the transition occurs in a demagnetisation, is of

course dependent on the initial conditions of the demagnetisation. Taking again

B^ = 6.3 Τ and T^ = 15 mK, we obtain a quantitative result of 0.64 pJ/mole for

Al, 9.9 pJ/mole for In, and 4.4 pJ/mole for Tl. These values are extremely small,

but so are the specific heats. Anyhow, the temperature will increase until the

entropy equals that of the normal state just before the transition, which of

course is not the aim of the experiment. Secondly, the nuclear spin-lattice

relaxation time becomes very long in the superconducting state. The nuclear <

spins are very effectively decoupled from the lattice, which will warm very

rapidly, due to its small specific heat under the influence of the external

heat leak. When employing a thermal link of the same (superconducting) material,

one has to consider the possibility that part of the thermal link will become

superconducting, whereas the nuclear sample itself is still normal. As this

transition occurs at a much higher temperature, the latent heat production is

much larger.

As stated before, the presence of sizeable quadrupole interactions can be

considered either as advantageous or as disadvantageous for nuclear refrigeration

purposes, very much depending on the temperature range of interest and the

available B^/T^ ratio. A thermal link of such a substance may, however, con-

stitute a considerable thermal load. If unwanted, one may try to bring the par-

ticular isotope into a cubic environment, such as In in Auln,.

At this point, an experimental limitation enters, expressed by condition

7. As will become evident from the following chapters, eddy current (Foucault)

heating may cause an important contribution to the heat leak. In practice, this

means that a nuclear refrigerant must have such mechanical and metallurgical

properties that it can be produced in the form of small diameter Insulated wires,
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or in powder form. The popularity of copper for nuclear refrigeration experi-

ments relies on this fact.

The additional requirements imposed by the need of thermometry measurements

on the same substance are obvious. A long τ
2
, as in Pt, facilitates easy recor-

ding of the- signal in pulsed NMR thermometry, and a short ^ corresponds to a

fast thermal response.

The heat absorption rate of the nuclear spins for several metals is compared

in table I.I. Some relevant physical properties of metals and compounds, suitable

for nuclear refrigeration are listed in table 1.2. A numerically calculated com-

parison of the behaviour of several metals is presented in figs. 1.4 and I.G.

Table I.I

Heat absorption rate of the nuclear spin system in a 10 cc specimen, demag-

netised to 250 mT, compared for various metals at a fixed ratio T
£
/T

N
 * 1.1.

metal

A1

V

Cu

Nb

In

Tl

Sc

Q(nW)

23.9

117.4

24.8

272.9

1290

1732

89.5

"The quadrupoiar field has been included.

From the table, one may conclude that the lattice will follow the nuclear
spin temperature closely in In and 11.

Conclusions

Nb, V, Sc, and In are very good nuclear refrigerants. Of these, Nb is ob-

tainable in wire form. The critical field for commercially available wire is

often much higher than the "short sample" value of table 1.2, due to impurities

and lattice imperfections. The next choices are Al and Cu. Pulsed NMR thermom-

etry on these substances is rather difficult due to the short τ
2
, particularly

in Al. Pt and Tl have a small Korringa constant, which make them useful as in-

direct thermometers, although Tl has a very small τ
2
· Low temperatures could be

obtained also with several compounds, such as Auln». Apart from metallurgical

problems, several intermetallic compounds, such as e.g. In
3
Sc, may constitute
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Table 1.2

Physical properties of metals and compounds, suitable for nuclear

refrigeration and/or pulsed NMR thermometry.

Metal

27

4δ!

51,,

63,

65,

93,

A1

Sc

Cu

'Cu

Nb
113

115

115c

133
f

195

203

205

In

In

'Sn
9
Sn

Pt

Tl

tl

Isot.
Abund.

X.

100

100

100

69.1

30.9

100

4.2

95.8

0.35

7.61

8.58

100

33.8

29.5

70.5

Au In,

I

5/2

7/2

7/2

3/2

3/2

9/2

9/2

9/2

1/2

1/2

1/2

7/2

1/2

1/2

1/2

(9/2)

3.641

4.751

5.148

2.226

2.387

6.167

5.523

5.535

0.913

0.995

1.041

2.564

0.600

1.596

1.616

molar λ/V
volume V
(cm*)

9.98

14.9

8.34

7.11

10.9

15.7

70.9

9.10

17.24

42.8

0.865

1.08

1.86

0.56

1.975

1.098

Κ

(Ks)

1.8
 a

1.6
 b

0.78

1.27

1.04

0.36
 c

0.086

τ
2
 B

c
(0)

9.9

131

198

29.3

55

1500

79

77

67

16.3 0.015 0,035 100 30.9

0.056

0.019

0.209

0.81

0.13

0.030

0.006

0.089
e

1500

1000

30 17.1

1.4

b

(mT)

0.35

0.32

0.57

0.33

0.51

250 *

0.04

0.09

I: nuclear spin; μ: nuclear magnetic moment; λ/V: nuclear Curie constant/molar

volume;/: Korringa constant; τ2,: spin-spin relaxation time; BC(O): superconduc-

ting critical field; b: local field (calculated dipolar field) ( { q ^: due to

quadrupolar interactions). . . . . . -.

ref. a) Avenel, 0., Bernier, M., Bloyet, D., Piëjus, P., Varoquaux, E. (1975),
Proc. 14 th Int. Conf. on Low Temp·. Phys. (Helsinki) 4, 64.

b) Narath, Α., Fromhold, T. (1967), Phys. Lett. 25A, 49.

c) Fradin, F.Y., Huguelet, B.C. (1975), Phys. Lett. 51A, 269.

. d) calculated value.

e) Carter, G.C., Welsman, I.D., Bennett, L.H., Watson, R.E. (1972),

Phys. Rev. B5, 3621.

Other values for κ and τ 2 have been taken from ref. 1 5 .
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suitable refrigerants, depending on the Korringa constant, which is in many
cases still unknown.

TlffiXI

OS

t (huwsl

Fig. 1.4 Calculated conduction electron temperature (full cuvvee) and nuclear

spin temperatures (daehed curven) versus time after demagnetisation

from B. = 6.3 Τ to B~ = 0.2S T. The initial temperature Τ. = IS mK,

the quantity of nuclear refrigerant ie 10 am , and the external heat

leak is 14 nW.

Fig. 1.5 Time behaviour as in fig. 1.4 after demagnetisation to B- = 53.5 mT.
3

This field is the optimum final field for 10 cm of Cu for a 14 nV

heat leak. Hence, T-/T„ (t = 0) s 2. For comparison, the warm-up

curves for Al, Sα, and In are given for the sane final field. A
minimum field of 0.136 Τ is required for V(B.
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CHAPTER II

CRYOTECHNICAL ARRANGEMENTS

II.1 Cryostats

The system consists of two coaxial cryostats, designed to our specific
demands. The first one, manufactured by Leybold-Hereaus, contains the vacuum
jacket, with the so-called "inner apparatus". The second one, the "magnet dewar"»
was built by British Oxygen Company, together with the complete superconducting
coil system, current leads, and power supplies. Both cryostats are depicted in
fig. II.1.

The B.O.C. cryostat has an annular shape, with a room temperature bore of
10 cm I.D. It has an outer diameter of 41 cm and a height of 141 cm. The liquid
helium vessel is made of welded stainless steel. The neck of this vessel ter-
minates in a stainless steel top flange, from which the superconducting magnets
and their support-structure are suspended. It is surrounded by a liquid nitrogen
jacket, which cools the copper radiation shields Inside tiie bore section. More-
over, it is thermally connected to appropriate points on the liquid helium vessel,
thus determining the thermal gradient along the walls. The gradient has been made
largely independent of the liquid nitrogen level by incorporating thick copper
rods, extending from the bridge to the bottom of the nitrogen container. Thermal
isolation is-achieved by a single vacuum space and by superinsultation. Preccoling
of the helium vessel and its contents through the use of exchange gas is thus
impossible.

The total weight of the magnets amounts to 76 kg. Moreover, due to the large
diameter and the high field of the coils, the fringe fields have a long range,
This leads to considerable magnetic forces and a torque, caused by the presence
of iron U-beams in the frame configuration which is asymmetrical with respect to
the cryostat axis. A rigid support structure in the cryostat is required to with-
stand these forces. The current leads for the three coils are made of brass, and
are optimised for currents of 60 A, 60 A, and 84 A respectively. The expected
on-off ratio of the main coil, which is equipped with a persistent current switch,
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Fig. Π.1 Cut-auay view of the tuo cryostuis.
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is accounted for in the optimalisation.

Precooling of the magnets through convection in the helium vessel from the

LN
2
 point, would take an inordinate amount of time. Therefore, a "cooling loop"

was built into the helium vessel, soldered to a thick copper flange, to which

all magnets are thermally connected by means of aluminum studs. LN
2
 is circulated

through this loop for 24 hours. The liquid nitrogen consumption is roughly 125 1.

The temperature of the coils is approximately 85 Κ at that stage, which is de-

duced from the electrical resistance of a probe section of the copper matrix of

the main coil. The remaining liquid is forced out of the loop by He-gas, and

the loop is sealed off.

The initial helium transfer is carried automatically, usually at night.

A small pump produces a slight underpressure in the helium container, thus forcing

liquid through the siphon. The storage vessel remains connected to the recovery

system. Due to the modest pump capacity the transfer stops when the boil-off

rate is too high. In this manner, a very effective use is made of the enthalpy

of the gas. A quantity of approximately 90 liters of LHe is needed to fill the

cryostat, starting with the system at LN
2
 temperature. Filling with over-pressure,

even when it is done very carefully, consumes at least 120 1.

The figures for the He-boil-off rate, given by the manufacturer in the tender,

were rather optimistic: 1.4 and 2.1 1/h respectively for the cases when only

coil A (including its compensating coil) is energized, and when all coils are

energized. The actual values are 2.3 and 3.2 1/h. The discrepancy is to be at-

tributed mainly to the static evaporation rate. The heat-leak due to the heavy

magnet support-structure has clearly been underestimated. An important contri-

bution in a design like this comes from the room temperature bore. The cross-

sectional area to length ratio of the copper radiation shield is low. The thermal

gradient along tie shield will be correspondingly high. The heat-leak to the

helium bath will be increased considerably due to the fourth power dependence

of the heat-leak to the temperature of the hot wall.

It is clear that such a high boil-off rate is a strong impediment for the

operation of the cryostat.

The second cryostat has a total length of 2.35 m*. The tail, 1.64 m long,

has to fit closely in the bore of the magnet cryostat. The special features of

this cryostat are a consequence of the length and of the requirement that the

magnet cryostat must be moved up- and downward without touching the tail, while

the latter should have the maximum possible diameter. This diameter was determined

An appropriate name has been given to the second cryostat by the manufac-
turer: "der lange Holla'nder

11
.
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by Standard tube sizes: 9.4 cm. The clearance left is thus only 3 MM. This fact

implied the need of a stringent tolerance on the straightness of the long tail

section and on the relative alignment of both cryostats.

As the helium bath of this cryostat has to be puMped down to 1 K, it cannot

be straightforwardly refilled, and the evaporation rate determines the tine

available for experiments. Hence it was felt Important to have a real LH
2
 bath

radiation shield in the tail section too. By example, calculations showed that

even a 2 mm thick copper screen of high thermal conductivity gives rise to a

thermal gradient over the length of the tail of 70 K. A liquid nitrogen "tail

bath" was built, connected through demountable couplings with the main LN
2
 bath

in the upper section. The distance between the walls of this annular bath Mas

only 2.5 mm, determined again by standard tube sizes. The resistance was appar-

ently too high, for the initial LN
2
 transfer was explosive. The "LN

2
 tail bath"

idea had to be abandoned, and a copper screen, fitted with γ-radiation windows

was incorporated. It turned out to be necessary to surround the upper part of

the copper tail (where the diameter is not restrictive) with a LN
2
 bath, to

ensure a good heat contact. The temperature of the bottom part was measured with

a thermocouple. The temperature was 140 Κ in a steady state, which was reached

after about 6 hours. The two baths are connected by demountable couplings, in-

side the high vacuum space. The sealing action is accomplished by a knife-edge

Al-ring, which is forced in the copper tubing. They proved reliable when new.

Frequent replacement was necessary however'.

The tail of the helium vessel has an In-O-ring seal. The tall may be aligned

relative to the copper tail by means of three wedges, the connection with the

flange being kept flexible through a stainless-steel bellow. Re-entrant spacers

in the bottom part ensure correct positioning. The γ-radiation windows in the

copper shield are covered with a single layer of superinsulation. A Styrofoani

plug and several baffles in the neck of the helium vessel reduce thermal

radiation from room temperature and determine the thermal gradient along the

walls of the helium container.

Two sets of current leads, both rated for 5 A, for the heat switch and the

pulsed NMR resonance field coil, are fitted. With the helium bath pumped to a

pressure corresponding to 1 K, the cryostat holds helium for periods between

13 and 18 h, depending on the specific experimental conditions. Also this

cryostat has a single vacuum space. Precooling of the helium container and its

contents is accomplished by LNg. The excess liquid nitrogen is forced back

through the siphon tube, which extends down to the bottom, by pressurizing the

helium tank. It is evacuated and flushed with He-gas prior to 11 quid heli urn transfer.
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Π.2 Pumping equipment

The vapour pressure of the liquid helium bath in the Leyboid cryostat is

reduced with an Edwards 1884 booster pump, backed by a Leybold E250 mechanical

pump, which 1s placed far away from the experimental apparatus. The pumping

line· heavily anchored at several places to reduce vibrations, enters the

Faraday cage (see next section) via a flexible rubber cuff, serving the dual

purpose of reducing vibrations and keeping the cage electrically sealed.

Recovery lines are connected in a similar way.

The vacuum jacket for the "inner" apparatus and the isolation vacuum of

the Leybold cryostat are both connected-througn double, force decoupling,

flexible bellows to a Leybold mercury diffusion pump, type Quick 505. This pump

is backed by an Edwards ED200 rotary pump, placed on vibration isolators. The

backing line consists of a flexible plastic hose. To avoid mercury migration

to the liquid nitrogen cooled baffle during prolonged use, a water-cooled

baffle was included between the latter and the pump. The use of brass and copper

was avoided in all parts which possibly could be contacted with mercury vapour.

In a later stage, also a fully automatic protection unit was installed (Leybold

Vacumatic 1).

II.3 The Faraday cage

In various experiments below 1 K, special precautions have to be taken '

against r.f. pick-up. Accurate carbon resistance thermometry, for instance,
-i —?

requires excitation levels of the order of 10 to 10 pH, which are easily

exceeded by pick-up from radio and t.v. transmitters, even rather remote ones,

unless proper shielding is provided.

As the sensitivity to heat leaks increases progressively with decreasing

temperatures, we have chosen for the radical approach of placing the whole

experimental equipment in a shielded room. It extends through the concrete

walls and bottom of the ceiling as well. Shielding is achieved by means of brass

gauze, mainly with meshes of 0.5 mm, partly however 4 mm. All incoming electrical

lines are heavily filtered, whereas pumping and recovery lines are brought in

through non-conducting rubber or plastic parts. Special precautions have been

taken to keep the doors electrically sealed. As fluorescent lights introduce

a lot of disturbances, a set of ordinary incandescent lamps of sufficient in-

tensity were fitted also. The overall attenuation of the electrical field is

of the order of 60 dB. The cage is equipped with a separate earth connection.
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11.4 General construction

The available experimental room was designed for mounting an iron core
magnet. The use of a superconducting magnet system for our experiment entailed
several difficulties. The fringe field of the main magnet at the position of the
iron shaft of the hydraulic lift causes magnetic forces of the order of several
tons, exerted upon the magnet and its support structure. To reduce the forces
to acceptable values, the spacing between magnet and iron shaft would have had
to be increased to at least 35 cm. This seemed rather awkward, if not impossible,
with respect to the height of the ceiling and easy disassembly of the second
cryostat. Therefore, another method was adopted. The magnet dewar was placed on
an aluminum platform, off the axis óf the hydraulic lift. This geometry com-
bines easy access and easy disassembling of both cryostats, with low forces
exerted upon the system. The asymmetrical "iron" environment causes a permis-
sible torque on the magnet support structure.

The Leybold cryostat and the pumping equipment are mounted on a very heavy
frame of I-beams, which is separated from a similar frame, supporting the whole
shielded room. The Leybold cryostat itself is suspended from an aluminum support
plate, which rests on 4 rubber vibration isolators, mounted on the I-beams. All
connections to pumps are made through force-decoupling double bellows. The per-
formance of the vibration isolators was determined in a comparative test, with
a phonograph cartridge placed on the aluminum support plate. The I-beam structure
was excited with an unbalanced load, driven by a motor of variable frequency.
The vibration isolators were bridged for comparison. An attenuation factor of
roughly 30 was obtained over a rather broad frequency range (15 - 40 Hz), with
a rapid decrease towards lower frequencies (3 at 2 Hz). Λ : " -.

The rather loosely suspended Leybold cryostat is aligned with the vertical-

ly movable B.O.C. cryostat by repositioning lead weights on the aluminum support

plate. In spite of the small spacing between the tail of thé Leybold cryostat
and the room temperature bore of the B.O.C. cryostat, and of the relatively long
vertical displacement of the latter, this arrangement worked satisfactorily.

11.5 The magnet system

The main magnet coil, designated as coil A, consists of a preset variable
gap split pair magnet. In axial alignment and at variable axial spacings, two
subsidiary coils Β and C are mounted. Coil Β is surrounded by a field compensa-
tion coil, in reverse series connection with coil A.
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The windings of coil A consist of filamentary superconductor of 0.75 mi

diameter, containing 121 strands of NbTi. Each half-coil of magnet A consists

of a main coil plus a correction coil. The half-coils have an inner winding

radius of 5.9 cm, a winding length of 8 cm, and an outer radius of 10.9 cm.

From this radius, the correction coil is wound to a final outer radius of 13 cm

at a reduced winding length of 4 cm. Each winding block is impregnated with

epoxy resin. The gap between the hal f-coils can be adjusted between 0 and 3 cm.

The maximum gap setting allows the employment of 2" diameter γ-ray detectors

at the circumference of the cryostat. Although the gap has to be filled up with

adjustable radial spacers, opposing the magnetic forces between the two half-

coils, room is left for access openings, having the desired solid angle.

The magnetic forces were underestimated by the manufacturers, which caused

premature quenches and which finally resulted in a delay in delivery of 1 year.

Reinforcement of the flanges, additional spacers between the half-coils, and

impregnation of all coil blocks cured the problem.

The four main winding blocks of coil A are protected against high reverse

e.m.f.'s at quench by fitting energy absorbing resistors of Zα, connected across

each block, giving a total shunt resistance of 8 Ohms.

Magnet A is equipped with a persistent current switch. According to the

manufacturer, the resistance of the joints between the multifilament wires
-14

should be of the order of 10 n.

At a current flow of 84 A, the energy content of the coil in the closed

gap configuration is 88 kJ, which is sufficient to evaporate 35 1 of liquid helium.

To avoid an accidental pressure rise, a carefully selected bursting disc is in-

cluded. Moreover, a Joule sink discharge unit is fitted across the power supply.

It consists of a reverse current diode in series with a resistor of O.Za. During

fast discharge of coil A, the power supply is disconnected by the discharge unit,

and the coil energy is dissipated into the Joule sink (see fig. IV-.5).

Coils Β and C are wound of single core Nb-Ti superconducting wire. The

inner winding radius is 5.9 cm, the outer radius 7.2 cm, and the winding length

10 cm. Resistors of 3n are fitted across the sections óf each coil. The spacing
between the centers of coils A and Β can be varied between 39 and 42 cm, between,
coils Β and C from 13 to 20 cm. The specifications of the three coils are given

in table II.1, including self- and mutual inductances in the situation of closest

approach.
 :

 . ' \ . . ·

Each of the magnets has its own power supply, which possesses several

special features for operation with superconducting magnets. A voltage and a

current trip feature cuts out the power supply when output voltage and/or

'· '•• ,· ' . ' • · . : ' • ' · · ' 4 8 · '" "... · ' · ' • ' . '- - ;
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A
Β
C

I
24.
0,

0.

inductances
(Henry)

\ Β

,9

.122 4.45

.054 0.614

COIL

C

4.66

Table Π . 1

SPECIFICATIONS

guaranteed
performance

values

Ι Β

80.3 6.85

55.3 3.0
53.2 3.0

quench
values

I

94

69

77

Β

8.02

3.75*

4.34*

units: I in Amperes

Β in Teslas

coils Β and C exhibit some training effects, but only far above

the normal operating range.

output current exceed preset levels, as in the case of a quench. The outputs

are protected against reverse currents, which may occur at a cut-off or if the

current is swept down too rapidly. An electro-mechanical sweep unit is provided

to raise or lower the current at any of ten predetermined rates between 1 and

1000 minutes, to a current level which can be set by a ten turn hel1 pot. More-

over the current may be swept electronically by an external reference ramp

voltage.

This possibility has been used extensively, since the electro-mechanical

sweep unit produces noticeable, albeit very small, steps in the output current

and hence in the magnetic field. These steps were in particular visible on

several thermometers, as a consequence of induced eddy current heating.

The current stability is better than 1 part in 10
3
 over one hour; the

short term stability is better than 2 parts in 10 .

A characteristic feature of this magnet system is the versatility of, the

gap adjustment between the several coils. It is mainly a consequence of the

demands made on the fringe field of A at the position of Β and of the heat switch.

At the former position, the field should remain below 5 mT, to allow demagneti-

sations of cerium magnesium nitrate (CMN). It is difficult to maintain this

condition for different gap settings of coil A, unless the relative spacing

between A and Β (and also the compensating coil of A) can be varied with the

gap setting. The compensating coil is of a rather peculiar design. It consists

of three sections, two of which have only one layer.
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The field profiles of coil A are given for several gap settings in

fig. II.2. The field as a function of position just below cooling salt B, 1s

an important parameter in consideration of the choice of the thcrml switch.

10

O.I

A minimum gap
8 2cm fr*« gap

-10

distance along axis

•10

O.I

0.01

0.001

«20 * ί θ

Fig. 11.2" Held profile of coil A for two different gag eettinge:
A: minimum gap aonfigurationj B: 2 em free gap configuration.
The position of the heat switch ie indicated also. Vote the
difference in the left and right vertical scales.

II.6 Limitations

The expected performance of the system was adversely affected by

several factors:

1) A copper radiation shield, instead of a real LN2 bath in the tail of the
Leybold cryostat, caused an increased evaporation rate and hence a shorter

duration of the experiments, since this cryostat cannot be refi l led without

disturbing the experiment. ;

2) The high boil-off rate of the B.O.C. cryostat, added to the rather large

quantity of liquid helium required for cool-down, imposed a heavy load on the
laboratory's cryogenic capability.
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CHAPTER III

DEMAGNETISATION APPARATUS

Nuclear demagnetisation requires precooling of the nuclear sample to temperatures
in the centidegree range, or below. We shall describe in this chapter the con-
struction of a two-stage demagnetisation apparatus, consisting of an electronic
stage and a nuclear stage, connected by a superconducting heat switch. In par-
ticular, we shall be concerned with various aspects of the heat transfer problem
from the nuclear stage to the electronic stage (in other words how to beat the
so-called Kapitza resistance). This problems bears heavily on the choice of the
dimensions of the apparatus (which, incidentally, has a very much larger cooling
power than the apparatus, which was used in conjunction with the "grote magneet"
in the Kamerlingh Onnes laboratory in the period 1933-1970).

Since furthermore the incorporation of NMR thermometry and allowance for
nuclear orientation thermometry has to be taken care of, the available space is,
as usual in adiabatic demagnetisation experiments, severely limited. We shall
therefore start with a description of the vacuum jacket, which Imposes the out-
ward boundary for the two-stage demagnetisation apparatus.

III.l Vacuum jacket

III.1.1 Flange construction and upper part

The vacuum jacket is made of stainless steel. The total length is 90 cm,
while inner and outer diameter are respectively 59 and 63.5 mm. Originally, a
brass can with a Woods metal joint was employed. Electrical leads were brought
in through Electrovac seals. In the course of the experiments, we experienced
some difficulties with this construction. Due to the relatively large diameter,
an undue amount of heat had to be applied to unsolder the cannister, which had
an adverse effect on the cooling salt slurry, used in these experiments. More-
over, vacuum-leaks occurred as a result of the corrosive action of the solder
flux, in spite of careful cleaning immediately after the joints were made. These



facts, combined with the occasional occurrence of λ-ieaks in the Electrovac

seals, lead us to replace the brass can by a stainless-steel vacuum jacket,

sealed with an Indium 0-ring. The commonly used indium 0-ring seals would have

required too much radial space. As space was already a limiting factor, in view

of the double cryostat system, a special design was developed In order to at

least maintain the inner diameter of the formerly used vacuum can. I t consists

of two semi-circular clamps which are bolted together when brought into position,

by two semi-circular rings, rotated over 90 degrees. The tightening screws are

thus moved to above the cover flange. Fig. I I I . 1 may serve to clarify the con-

struction.

The outer diameter of the clamps is 66 mm, leaving a clearance of 1.5 mm

with respect to the helium container. The siphon, which has to extend a l l the

way to the bottom, was flattened from the position of the clamp downwards.

Two thin-walled stainless-steel tubes are welded in the cover flange of

the vacuum jacket. One of them was originally intended for a 3He refrigerator.

Space limitations prohibited the incorporation of i t , so this tube was cinployed

simply as a parallel line to the main pumping tube.

A third tube, 9.3 mm in diameter, serves as a low capacitance co-axial

transmission line for the pulsed NMR thermometer. I t leads from the vacuum

jacket flange straight to the preamplifier at room temperature. All other elec-

trical leads enter the vacuum cannister through a 17-fold Epibond 100Λ* feed-

through.

I I I . 1 . 2 Lower part; pulse coil accomodation

The lower part of the vacuum jacket is constricted to a diameter of 54 mm,

in order to leave room for a saddle-shaped superconducting coil in the helium

bath. With the aid of the saddle coil we could generate the resonance field in

the low frequency (100 kHz) pulsed NMR thermometer. In some experiments, the

pulse coil, saddle shaped too, was also mounted around the tai l of the vacuum

jacket. To avoid severe pulse attenuation, the constricted section of- the vacuum

jacket was made of Epibond 100A epoxy. In spite of the large difference in

thermal contraction between brass (the upper part of the t a i l ) and Epibond, the

seal has proven to be extremely reliable and perfectly vacuum-tight, even in

superfluid helium. Several constructional details are important: The Epibond

cylinder, having a wall thickness of 0.5 mm, is confined between a tiny l i t t l e

Furane Plastics Inc., 4516 Brazil Street, Los Angeles, California.
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fork in the brass part, which is also thin-walled. Both inner and outer faces
of the joint and of the whole Epibond tai l are painted with Epibond 121 and
cured in an oven.

When the pulse coil is outside the vacuum jacket, a non-conducting wall
is indispensable. The merits of this construction are to be noted also for the
case when the pulse coll is inside. This may be discussed on basis of a compari-
son with the alternative case of using a metal cylinder. The pulse attenuation
factor A for a coil on a cylinder with radius r, surrounded by a metal cylinder
with radius b, is given by1:

A = 1 - (r /b)2 .

This relation holds only for frequencies such that the skin depth is much less
than the thickness of the metal cylinder. This condition for the skin depth is
satisfied approximately for the 100 kHz frequency, and a fortiori for the
600 kHz frequency, if we assume the thickness of the hypothetical wall of the
tail section to be equal to that of the upper part. The comparison should be
made for b = 27.5 mm, the radius of the hypothetical wall, and b » 34,5 MM, the
radius of the next cylindrical conductor, being the stainless-steel tail of the
helium container. With a coil of radius r - 25 DM, one obtains values for A of
0.17 and 0.47, respectively for a metal and an Epibond tail. In the 600 kHz
experiments, r was 19 mm, thus leading to A * 0.52 and 0.7. The difference is
less pronounced in this case, but nevertheless important, since we need a
lower voltage pulse, and hence obtain less cross-talk, for generating the same
pulse field intensity. This is an important fact, in view of the fast decaying
NMR signal in copper (see chapter IV, section 3.2).

III.2 Radiation shielding

Thermal radiation to the cooling salt and nuclear specimen assembly was
eliminated in the following way: the central pumping tube was provided with a
light trap at the LN2 temperature point. The co-axial transmission line is
troublesome in this respect, as ordinary light traps cannot be fitted without
severe deterioration in electrical performance. Just underneath the vacuum
jacket cover flange, a highly polished copper radiation baffle was fitted, with
a concave spherical surface. The thermal radiation shielding obtained, however,
proved to be insufficient. The heat leak to the guard salt w*s much larger than
could possibly be accounted for by thermal conduction through supports and
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Fig. I I I . I Demagnetisation apparatus.

a: high vacuum pumping tubes

b: pulsed NMR coaxial transmission line

a: vacuum jacket cover flange

d: radiation shield

e: semi-circular clamp rings

f: semi-circular clamps for sealing of vacuum

jacket with In-O-ring

g: retaining ring

h: vacuum jacket

i: heat switch coil

j : Epibond tail

k: saddle-shaped coil for resonance

field (100 kHz thermometer)

I: brass frame

m: terylene suspension threads

n: guard salt plus attached heat shield

o: Teflon support

p: CPA cooling salt pill

q: copper wire brush

r: cones of copper wire brushes for heat switch attaahment

s: O-ring seal

t: tinned cones of copper wire bundle

u: Epibond frame

v: carbon resistance thermometers

u: tfiermal link

x: pulse field coil for NMR thermometer

y: receiver coil for NMR thermometer

z: thermal link for NO thermometer

The insert shows the suspension of the Kuclear sample.
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electrical leads. The effect was ascribed to radiation, probably passing the
copper shield upon multiple reflections between the stainless-steel cover flange
and the radiation shield. The problem was solved by fitting two black screens,
made out of brass gauze with a layer of Stycast FT 2850 epoxy. One of these
shields enters the pumping tubes over a distance of about 2 cm in the form of
a "top hat", with a hole in the cylindrical side wall to reduce the pumping
resistance.

It should be noted that the Influence of the thermal radiation was clearly
observed by the heat leak onto the guard salt, but not on the other cooling
salt or the nuclear specimen, which were mounted completely inside a coil-foil
shield.

III.3 The cooling salt assembly

III.3.1 General

The longstanding experience on adiabatic demagnetisation provides the ex-
perimentalist with a wealth of useful information. However, specific problems,
although often well understood, have been solved by various experimentalists
in rather different ways, depending on many subsidiary conditions. Therefore we
had to resort to experiment both for optimising various parameters and for deter-
mining the specific properties of our apparatus.

This is true in particular for the problem of using exchange gas to remove
the heat of magnetisation. It is a well-known fact that exchange gas is difficult
to remove, due to absorbed layers on various surfaces. In this respect, glass
vacuum cases are superior to metal ones. However, for experiments on this scale,
the former become impractical.

On the other hand, the cryopumping action of a demagnetised paramagnetic
salt, favourably combined with a large cold surface in the form of a coil-foil
shield, has been emphasized by several authors2·3. The gas switch of Haasbroek
is based on this fact1*.

Considerations of this kind have led many experimentalists to the use of
a so-called guard salt. Moreover, the heat leak through conduction of supports
may be reduced considerably by such a buffer salt.

It was felt desirable to employ a separate superconducting magnet in this
apparatus for the guard salt. This makes two-stage demagnetisation feasible to
very low temperatures in experiments in which the thermal load and hence the
thermal boundary resistance are no limiting factors.
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The incorporation of a He cryostat has been considered, and in fact

several provisions hereto were purposely made. The vacuum jacket allows for the

required space, as far as height is concerned, and pumping tubes were built in.

This design was not pursued for several reasons, the main one being the fol-

lowing: to be effective in cryopumping a heat shield of coil-foil should have

been attached to the
 3
He-pot, thus further reducing the radial space.

Summarising, we have the following experimental situation: a vacuum jacket

with an inner diameter of 59 mm, and two magnets Β and C, for main and guard

salt respectively, with a centre to centre spacing variable between 13 and

20 cm. The latter figure is a compromise between the requirements that demag-

netisations by coils Β and C are mutually independent and that the length of

the cryostat is kept within reasonable limits. The field profile of both magnets,

in the 20 cm spacing configuration, is shown in fig. ΙΠ.2, for currents of

56 A and 58 A respectively. These currents are far below the quench currents,

but are considered as safe values for continuous operation.

Experience with respect to heat leaks and duration of the experiments,

gained during the first series of runs, revealed that the guard salt had been

overdimensioned. This was especially true when employing iron-ammonium alum,

which salt combines an adequately low temperature upon demagnetisation with a

high cooling capacity.

On the other hand,the main cooling salt, the "work-horse" in this experiment,
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proved to be a limiting factor, not only with respect to the obtainable contact

surface area, but also to the heat capacity, m particular for experiments in-

volving larger quantities of copper, or nuclear specimina like Nb or V.

Owing to the flexibility of magnet mounting, the relative positions of

coils Β and C could be changed to 15 cm centre to centre distance. The cor-

responding field patterns are depicted in fig. III.2 as well. The adopted axial

positions and dimensions of the two cooling salts are indicated also; as can be

seen, the length of cooling salt Β is considerably larger than would have been

the case for a 20 cm spacing.

The r.m.s. value of the magnetic field over the 18 cm length of the salt

is 2.94 T, a value which is obtained over only 4 cm in the 20 cm spacing con-

figuration.

It is quits clear that the demagnetisations of Β and C are considerably

less independent in the 15 cm configuration. The field ratio's for both salts

upon demagnetisation of C are such that the initial and most important cryo-

pumping action is entirely left to the guard salt.

III.3.2 Cooling capacity of salt Β

The thermal load on the main salt Β depends on the quantity of the specific

nuclear refrigerant, as well as on the desired starting conditions. Some values

have been tabulated (table III-1) assuming precooling of the nuclear refrigerant

from 1 Κ to T
4
 in the field B,.

Thermal load on cooling

for T. =

Refrigerant

Cu

Al

V

Nb

In
Sc
Auln2

PrCu£

Table III.

sa l t (AQ)

15 mK and

(Δ0.)
mJ/mole

8.42

11.82

33.3

45.3

36.3

' 33.9

72.6

1204

1

for various refrigerants,

B i = 6.3 T-

mJ/cm3

1.18

1.82

3.92 '

4.15

2.31

2.27

1.70

17.99
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The heat capacity of chromium-potassium-alum, CrK(S0
4
)

2
-12H20, (CPA), integrated

from 11 to 15 mK, yields an approximate figure of 8.5=χ 1O"2 mJ/cm
3
, which means

that one needs roughly 14 cm
3
 of CPA for 1 cm

3
 of Cu, and 49 cm

3
 for 1 cm

3
 of

No, in the case of precooling to the above-mentioned conditions. It must be em-

phasized that the above figures are very rough estimates. Our cooling salt con-

tains about 200 gram (110 cm
3
) CPA, which should be sufficient to cool roughly

1.1 mole of Cu. The value for the heat content of CPA is based on a somewhat

pessimistic estimate, since temperatures below 11 mK may be reached with a r.m.s.

field of 2.94 T. On the other hand, the additional load due to the epoxy con-

tainer, the epoxy filler in the thermal link and nuclear sample, and also the

conduction electron specific heats, have been neglected. It is clear that even

with the sizeably increased volume of the CPA container, the quantity of the

nuclear refrigerant remains modest. The isothermal magnetisation procedure,

which may yield a reduction in load by at most a factor two., as compared to

precooling in a field B* from 1 K, is thus seen to worthwhile trying.

III.3.3 Thermal boundary resistance

General

This resistance, often named after Kapitza
5
, who discovered the phenomenon

in 1941, occurs at the interface between two dissimilar materials, in the presence

of a continuous heat flow through the interface. The effect is of paramount im-

portance for many low-temperature experiments. The basis for a theoretical expla-

nation is provided by the acoustic mismatch theory, first proposed by Khalatnikov
6
.

Several modifications and refinements have been proposed e.g. by.Peterson and

Anderson
7
. , '

The thermal boundary resistance is usually described by:

or:

R = ΔΤ/Q

R = a/AT
n K

n+
V/W

(III.l)

(III.2)

In this expression, ΔΪ is the temperature difference originating from a heat

flow, Q, across an interface of area A. It is assumed that ΔΤ/Ϊ « 1. The value

of the exponent η is often found to be about 3. An alternative expression is:

(III.3)
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in which the subscripts h and 1 stand for high and low respectively. It should

be noted that a and α are related by a * Jα.

It is clear from the figures in table III.l, that relatively large quanti-

ties of heat have to be absorbed by the cooling salt. Hence, one nay judge the

importance of the thermal boundary resistance even without going into detailed

calculations.

Thermal resistances with CPA

It seems worthwhile to recapitulate at this point some Measurements on the

thermal boundary resistance of the system CPA-copper, with various bonding agents.

Table III.2

system
CPA - Cu

slabs - coil-foil

slabs - coil-foil

hemispheres - plate

slabs - coil-foil

slurry - coil-foil

*See also ref. 12.

Thermal boundary resistances

bonding agent a(K4mz/W)

Apiezon-N grease 3 1 0 " 3

Apiezon-N grease 4 10

Apiezon-N grease 4 1 0 ~ 3

Dow Corning grease 27 10

Apiezon-J o i l 3.1 1 0 " 3

η

3

3

3

3

3

range (MK)

30 - 150

40 - 200

40 - 550

40-200

20 - 200

reft

8

9

10

11

13

In o u r experiment, we have used a s l u r r y - t y p e cooling s a l t . For that reason,

the d iscussion presented i n r e f . 13 i s o f p a r t i c u l a r i n t e r e s t . The authors,

Suomi, Holmströra, and Anderson, used a f l a t a r ray o f c o i l - f o i l s in a well-known
and reproducib le geometry; They were able t o separate the measured to ta l r e s i s -
tance into three contributions. The f i r s t contribution, inversely proportional

to the temperature, could be ascribed to the thermal impedance of the copper
' -3

wires in the f o i l s . The remaining terms had the same Τ temperature dependence,
but could be separated by a difference in thermal response time:

R f a s t = 3 > 1 i 0 ^ ^

R s l o w = 5.0 10"3L/A T" 3 K4m/W

R fast i s t h e t h e r m a 1 boundary resistance between the copper-wire foi l and the

slurry. A short thermal time constant is to be expected since the heat capacity
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of the wires is low.
Rslow r e s u ^ t s ^ r o m diffusion of heat in the slurry. This was shown convincingly

by comparison of the results obtained for two different coil-foil geometries,

having different spacings between the foils.

The thermal diffusivity of the slurry thus turns out to be an important

factor.

Measurements of another type of slurry, consisting of CPA powder with a

mixture of glycerol and a saturated solution of CPA, have been reported by sev-

eral Oxford workers11*»15. According to these authors, the heat transfer can be

described with the "Mendoza relation"16

Q (ΙΠ.4)

with a numerical value for β of the order of 1 W/m
2
K

3
. It should be noted that

Mendoza obtained relation III.4 at relatively high temperatures: 0.2 < Τ < 1 K.

No detailed information is available with respect to the temperature range used

in the work of the other quoted references.

Little
17
 predicts a temperature dependence for the heat flow, varying from

the fourth power at low temperatures, as given by III.3, to a linear dependence

at higher temperatures. The third power dependence found by the Oxford group,

presents presumably the intermediate region.

Our measurements yield beyond doubt the temperature dependence expressed

by III.3 at the lowest temperatures.

Niesen
18
 gives a value α = 35 W/m Κ for a glycerol slurry salt, which cor-

responds to R
k
 = 7.14 10"

3
 A"

1
 T"

3
 K.V/M. This value is very close to the resis-

tance found by Suomi et al. for the slurry with Apiezon-J oil.

With these figures one can calculate the approximate contact areas which

are needed to cool down a nuclear specimen in a prescribed time. Let us focus

our attention directly on a nuclear specimen of 1.3 mole copper, magnetised to

6.3 Τ at IK. Under these conditions a contact area of about 4000 cm would be

required to attain 15 mK in 3.5 hours (see fig. III.4, curve 6).

There are several approaches to produce a large contact area, one possibility

being the crystallisation of the paramgnetic salt fro* solution in situ around

a matrix of fine copper wires. This technique has the disadvantage that thermal

cycling causes problems due to differential thermal contraction between the

copper wires and the salt. A more favourable approach for our applications seems

to be the "slurry" type of salt.
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Slurry preparation •/"'• . . '
The slurries were prepared by mixing..CPA powder with a 6Ö-40Ï volume mixture

of glycerol and saturated CPA solution. The alum was powdered using a ball mill
in the initial stages of the experiments, whereas later an ordinary coffee-mill ,
was used. The average grain size was far below 50μ. A possible boundary resis-
tance between the CPA crystals and the glycerol mixture is believed to be very
small, in view of the. enormous contact area between them. The slurry enters, a
jlassy state1 6 upon cooling, without any sudden volume changes. The problem, that
epoxy or nylon containers may occasionally crack, as is often encountered with
e.g. molten iron-ammonium salts, is thereby eliminated. The above-described pro-
cedure of milling may have an adverse effect en the CPA. This was investigated
in detail by Niesen18, who performed an X-ray analysis both on the starting
material and the final slurry. The slurry should have a violet colour in trans-
mitted light. When green the CPA has turned into an undesirable modification.
In our slurry, a manageable viscosity was obtained for a 30% bonding agent
content.

Practical realization; leae successful trials

A regular array of the'metal wires or foils, constituting the contact area,
is of course helpful in the analysis of the measured resistance. A separation
in pure boundary resistance and diffusion contributions is otherwise impossible.
It is very difficult, on the other hand, to achieve large contact area's with
regular arrays of coil-foil plates. It may be noted that Suotni et al. reached
a contact area of only 492 cm in a container having nearly the same dimensions
as ours.

In the first version of the apparatus, in which the 10 cm long pill con-
tainer was used, a very large number of 0.063 mm diameter wire was employed,
typically 15000, thus yielding a contact area of 5300 cm . The bundle was silver-
soldered at one end. The results were very discouraging. Typical values of 2 to
4 W/m2K4 for the coefficient α in formula III.3 were found. The reason for this
bad performance was thought to be twofold:

1. i t is very tedious to handle such large quantities of wires in such a way
as to produce an equal spacing between the wires. Hany wires often remain too
close together, thus reducing the effective contact area.

2. a consequence of the unequal distribution of wires is a comparatively large
spacing at many other places. In view of the relative importance of the heat
diffusion in the slurry, this effect will increase the overall resistance.

This explanation was supported by visual inspection of some opened containers
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after prolonged use. The distribution of copper wires was indeed very unsatis-

factory. Furthermore, a deterioration in effective contact area was observed

during subsequent runs. This was probably due to imperfectly sealed containers.

The slurries show a tendency to demix. Trapped air-bubbles probably pushed out

the glycerol mixture, particularly when heat was applied to unsolder the vacuum

jacket. This is in fact one of the reasons why the design with the Woods solder

joint was abandoned. Other experimentalists claim not to observe deterioration,

when the cooling salt is stored between subsequent runs in a refrigerator at

-15 °C. The complexity of demounting our apparatus, however, did not permit im-

mediate ldcovery of the cooling salt pi l l from the apparatus for the purpose of

storing i t .

Similar results were obtained with the enlarged cooling salt container, in
o

which the calculated contact area amounted to 7000 cm.

The next step in the struggle for better heat transfer was a contact area

formed by coil-foils. A 21 cm long, 180 cm wide coil-foil plate was made with

wires running parallel to the axis of the pi l l container. Slurry was spread out

on the coil-foil plate, which was subsequently rolled to a cylindrical shape,

with spacers of foam-plastic to prevent pushing the slurry out. A contact area

of 7500 cm2 was achieved in this way. The method suffers from several practical

drawbacks in our case, as will be discussed in the following, but nevertheless

seems promising for applications where heat contact can be made at the top of

the container, and where soldering to a switch of a thermal link can be done at

a sufficient distance. In our case, the design of the apparatus prohibits these

arrangements. Soldering to a heat switch has to be done underneath the container

within a distance limited by the fringe field of coil A for independent heat

switch operation. A large amount of heat had to be applied to connect the con-

stricted bundle of coil-foils, which, by the nature of the construction, is con-

ducted very well throughout the volume of the container. Another drawback is the

very difficult sealing of this kind of container. Demagnetisations gave very

poor results, which was not surprising in view of the many practical difficulties

encountered. We nevertheless pursued the "coil-foil" idea, trying to avoid the

above-mentioned drawbacks. Fifteen coil-foil sheets of 19 χ 17.5 cm were made,

the wires now running in a direction perpendicular to the container axis. The

insulation was removed in the middle of each sheet, and to i t a copper strip was

soldered with indium. The strips extended several cm out of the sheets at one

end. The sheets were mutually connected in such a way as to avoid electric cur-

rent loops in order to prevent eddy current heating during demagnetisation. The

large sheet, thus obtained, was treated in a way similar to the one previously
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described. The contact area was even larger i n this case, 10000 CM2, although

somewhat less CPA slurry could be inserted. The same foil construction was used

in another cooling p i l l , where Apiezon-J oil was employed as bonding agent in-

stead of the glycerol-saturated solution mixture. Only 4500 cm contact area

was achieved in this case. The high viscosity of Apiezon-J oil did not permit

as close a spacing between the rolled foil as with the glycerol slurry. A more

convenient viscosity is obtained at 75 °C. The whole preparation should thus

take place in a large oven.

At this point, i t may be emphasized that measurements on the thermal

boundary resistance were always performed in situ, i.e. with the nuclear stage

connected. The carbon resistors at several points on the nuclear stage were em-

ployed for this, purpose. No special runs were made for testing the cooling pi l ls,

since this would have required excessive consumption of time and helium. In some

runs no time was available to perform the extensive heating series, which is re-

quired to evaluate the heat transfer coefficient α (cf. eq. I I I . 3 ) . However, one

can judge the quality of thermal contact quite easily by comparison of the cool-

down times for a given heat load with other series in which α was measured ex-

plicitly.

Information obtained in this way, revealed that the coil-foil contacts were

comparatively better than the wire bundles. Nevertheless, demagnetisations with

these pills did not perform very well, in the sense that the attained temperatures

were not sufficiently low. Neither the relatively high final temperature upon

demagnetisation, nor the fast warm-up are thoroughly understood.

The only argument which possibly makes sense is that too much heat has been

applied in soldering the copper strips and the switch, a practical drawback which

is inherent in this construction. Presumably, the CPA was decomposed or otherwise

had deteriorated by the excess heat.

Finally adopted procedure

In the final version, we used again Cu-wire bundles, in spite of the earlier

disappointing behaviour. Considerable improvement was obtained, however, by sev-

eral modifications:

1. the length of the copper wires was increased while decreasing the number of

wires. The bundle was split into five smaller bundles which were sealed inco the

bottom of the epoxy container. For 12.500 wires, having 0.08 mm diameter and

45 cm length, a contact area of 14.000 cm2 was calculated. The cross-sectional

area to length ratio, A/1, of the copper wires is such that the thermal resis-

tance of the copper wires themselves "is much smaller than the thermal boundary
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resirtance at the lowest temperatures, where the greater part of heat has to

be removed. A log-log plot of Q vs Τ clearly reveals a T dependence at lower

temperatures, and a Τ dependence, due to the thermal conductance of the copper

wires, at higher temperatures. This conductance scaled with the A/1 ratio. The

value for the thermal conductivity, deduced from these measurements,'is:

λ * 0.8 Τ W/cnK
2
.

The subdivision in smaller bundles was convenient for various practical

reasons, since distribution of the wires, sealing of the bundles, and soldering

of the heat switch wires are more easily accomplished.

2. the irregular distribution of wires in the slurry is partly due to the

length of the container, the accessibility of the lower part of the copper wire

bundle being very poor. For this reason, the construction of the container was

changed. A separate bottom, also made of Epibond, was fitted, which could slide

in the cylindrical container wall during filling, as depicted in fig. Ill.1. The

accessibility of the wire bundle, during embedding in the slurry, is thus great-

ly improved. Sealing of both bottom and top cover was accomplished by means of

rubber 0-rings.

The results, obtained with the new type of wire-bundle contact, were indeed

better. The best value obtained for aA is 14 W/K*. As the calculated contact area

was 11.000 cm
2
 in this specific case, one obtains: α - 12.7 W / m V , which is

nearly three times lower than the value obtained by Niesen. Degradation with time

still occurred, in spite of the better sealing. Storage in a refrigerator thus

seems to be mandatory.

Several typical plots of Q vs Τ are presented in fig. III.3. Fig. III.4

represents cool-down curves, which are numerically calculated f o several real-

istic values of both thermal impedances, R^ (thermal boundary) and R (thermal

resistance of copper wires). The calculations are based on the following values

for the relevant system parameters: a) a quantity of 200 g of CPA in the

cooling salt pill b) 0.6 mole of copper in the thermal link c) 1.3 mole of

Cu in the nuclear stage and d) a field strength of 6.3 Τ on the nuclear stage.

The thermal boundary resistance is again represented in terms of aA (cf. eq.

III.3). An upper limit of aA = 49 W/K
4
 is provided by the highest value for α

reported in the literature for the copper-CPA slurry resistance, multiplied by

our maximum value of A, which amounts to 14.000 cm
2
. The result aA * 14 W/K

4

corresponds to a typical value for our cooling salt pills when new. Calculations

have been performed for three values of the thermal resistance (R
c
) of the copper

wire bundle: R
c
 * 90,.180, and 270 T'

1
 K

2
/W. The first value represents the re-

sistance of the copper wire bundle in the cooling salt itself, which was

• •' • . . . ' - · • · , 6 5



Fig. III.3 Curve A: Log-log plot of the heat input, Q, versus T., the

temperature of the thermal link beta) the heat switch. At loü

temperaturea (< 20 mK) the data can be fitted very well to the

relation Q = aA(T^ - ζ ψ . The value of T^, the temperature of

the cooling ealt during this measurement, is indicated by the

vertical arrow. This Τ behaviour is representative for the

Kapitza thermal boundary resistance of the cooling salt slurry.

At higher temperatures· the thermal resistance of the copper

wire bundle is dominating (Q = hA/l\ χ (Τ? .- "Γη)).

Curve Β: Log Q versus log T,, when measuring with.the heat switch

in the superconducting state. The thermal conduotivity of the

Sn-heat switch is found to be Κ = 1.7(± 0.3) 10~2T3 W/cmK4. The
s

blaok square at 200 mK was obtained by applying heat by the HMR

transmitter pulse at a fixed repetition rate, and represents

equilibrium between the heat input Q and the heat flow through

the switch.

repeatedly obtained in various runs. The second value Includes the resistance
of the thermal link to the nuclear stage, while the third one Includes In
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addition an average estimated resistance term for the folded copper wire bundle
in the nuclear stage itself. Hence, we expect the best performance to be given
roughly by curve 6 (aA - 14 W/K

4
, R

c
 - 270 T"

1
 K

2
/W).

In connection with the calculated cool-down curves, somt final comments
should be made. In spite of the numerous trials for Improvement, the thermal
boundary resistance remains a limiting factor. Especially for larger heat loads
i.e. larger quantities of copper or other nuclear refrigerants, cooling times
become prohibitively long for a single shot process.

The copper wire (see also section 3.4) Is obviously a somewhat unlucky
choice, since thermal conductivities which are two or three times hiqher, are
frequently reported in the literature. The thermal boundary resistance could

hours

fig. 111.4 Calculated cool-dom curves, temperature Τ versus time, for a

1.3 mole copper nuclear sample in a field jf 6.3 T. The curves

correspond to several combinations of the resistances Rg (copper

wire thermal resistance) and i?„ (Kapitza thermal boundary

resistance), thus illustrating the relative importance of

various contributions. •

1. RK= 5.1 10~3T~3

K T~3 K4/W (aA = 49 W/K4), ff, = 90 T~2 KS/f/.

2. BK= S.I 10~3T~3 K4/U (oA = 49 W/K4)3 fl, = 180 ΐ'1 K2/W.

3.

4.

S.

6.

= S.I 10~3T~3 K4/W (aA = 49 W/K4), Λ, = 270 T

R =

~2

= 17.9 10~3T~3 K4/W (aA = 14 90
1

ff 1?/W.

= 17.9 10~3T~3 K4/V (aA = 14 W/K4), fltf = 180 τ'1 KS/W.

K = 17.9 10~3T~3 K4/W (aA = 14 W/K4), Rff = 270 Τ'1 K2/W.

Curve 6 approximates the optimum performance of our apparatus.

For furthov details, see text.
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not have been decreased without a scale enlargement, which could not have been

achieved without changes in the cryostats.

III.3.4 Heat shield, guard salt, and frames

The heat shield consists of two coil-foil layers of 0.08 m diameter copper

wire. It is prepared on a split wooden mandrel, covered with a layer of Teflon

foil. Cotton threads or silk ribbon, covered with a layer of liquid Epibond 121,

wound around the mandrel, provide a base for the coil-foil sheets, which are

held in place with cotton threads. The obtained cylinder, the wires running in

the direction of the axis, is painted with Epibond 121 and cured in an oven at

75 °C for two hours. The wooden mandrel and the Teflon foil are removed after

curing. The result is a very strong cylinder, which does not need any reinforce-

ment. Our heat shield has an inner diameter of 52 ma in the upper part, while

the lower portion has 44 mm φ. A length of 21 cm of foil at the upper side of

the cylinder is not treated with Epibond. It is bent over 3 times in the guard

salt container, which is glued Inside the heat shield In the correct position.

A contact area of roughly 1400 cm is obtained in this way. Both CPA and FAA

(ferric ammonium alum, Fe
2
(S0

4
)

3
«(NH

4
)

?
S0

4
«24H

2
0) have been employed for the

guard salt.

The entire heat shield - guard salt assembly was suspended by cotton threads

inside a brass cage, which was cuttered out of a cylindrical tube. Thus, good acces-

sibility and a low loss of radial space were obtained. The tail piece of this

frame is also made of Epibond. The clearance between brass cage and heat shield

is very small, of the order of 1 mm. Nevertheless, touches seldom occurred.

The heat shield is centered by means of cotton threads at two places. The most

important action of a heat shield is probably its cryopumping action.

According to the Stefan-Boltzmann law, the maximum amount of energy, trans-

ferred by thermal radiation from a wall at a temperature of 1 K, is of the

order of 5 pW cm" . However, Anderson, Folinsbee, and Johnson
19
 stipulated a

possible disturbance of the equilibrium spectrum due to the occurrence of cavity

modes, which may arise since the spacings, often encountered in this kind of

apparatus, have the same order of magnitude as the dominant wavelengths in the

spectrum. The same authors reported on several effective thermal radiation

shields. One of these is essentially a coil-foil shield just as ours, but with

one important modification: the oonding layer consists of an Epibond-copper

powder mixture instead of merely Epibond. No difference in heat leak was observed

when such a heat shield was applied. This indicates that thermal radiation does
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not constitute an important contribution to the residua] heat leak.

In the centre of the guard pill container, there is a δ KM diameter stain-

less-steel tube, extending several cm above it. This tube serves for suspending

the main cooling salt assembly, with attached frame and nuclear specimen by

meany jf a 4 mm diameter Teflon rod. The maximum heat flow between cooling salts

Β and C is of the order of 0.1 uW In the extreme case of the guard salt at 1 Κ

and Β at 10 mK.

The support frame for the nuclear stage, screwed to the bottom of the cool-

ing salt container, 1s made completely of Epibond 100 A. Large parts are cuttered

away from the originally cylindrical shape to gain accessibility. The thermal

conductance of the frame is very small. Hence cooling of the manganin pick-up

coil and its Epibond form,' attached to that frame, had to be accompli shed by

means of separate connections to the heat shield. The manganin coil constitutes

a substantial thermal load due to a hyperfine contribution in the specific heat.

It is unfavourable to have the frame, which closely surrounds the nuclear stage,

floating at a high temperature.

III.4 Nuclear specimen and thermal link

Both nuclear specimen and thermal link were always copper. Several diameters

have been used, usually determined by the frequency of the pulsed NMR in a par-

ticular experiment. The wire was obtained from Pope N.V. (Venlo, Holland). The

resistivity ratio P3QQK/P4 ?« amounted to 76. Some pieces of copper wire have

been analysed spectrograph!cally. The result, in parts per mi 11 ion-weight for

weight, was: Ag 50, Cr 20, Fe 20, Cd 7, Ca 3, Pb 3, Si 3, A1 2 and Mn < 1. The

number of wires is dependent on the diameter. A typical example is 14000 wires

of 0.063 mm i> in the thermal link, having a cross-sectional area of 0.44 c m .

One end is bent over 9 times to obtain the approximate shape of the nuclear

specimen. A liquid epoxy filler, either Epibond 121 plus hardener 945 or

Araldite AY 103 with hardener 956 are smeared out between the wires. The bundle

is placed between two half-moulds of Teflon and pressed together very tightly,

thus pushing out the excess filler. After curing, the mould may be removed quite

easily, and a rigid specimen is obtained. The diameter of the thermal link is

between 7 and 8 mm, while the nuclear stage itself has a diameter of 20.5 mm

and a length of 6 cm. In some versions, part of the wire bundle is allowed to

run several centimeters straight to the bottom, as a thermal link for a γ-aniso-

tropy thermometer. The top of the thermal link is treated just as the wire

bundles of thé cooling salts. The filler is squeezed out as much as possible.
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A very strong rod Is obtained, which is ground into a conical shape, and can be
tinned rather easily. In some cases, a copper layer was deposited electrolytical-
ly onto the conical surface before tinning. In later stages of the experiments
the top cone was split up into five smaller bundles and cones, which facilitated
heat switch mounting.

The amount of copper in nuclear sample and thermal link is 1.29 and 0.58
mole respectively.

Nuclear stage and thermal link are suspended by means of terylene threads
and also by the Sn-switch wires (see section 3.6).

The difference in thermal contraction between the terylene and Epibond is
met by beryllium-copper springs in the way as depicted in fig. III.1. Otherwise
a serious vibrational heat leak might have been developed. The heat leak on the
nuclear sample will be dealt with extensively in later chapters.

Screwed to the lower part of the frame is a coil form for the pulsed NMR
thermometer, which is connected to a cylindrical Epibond frame-extension, serving
a dual purpose: a) centering the main cooling salt pill and the attached frame
vibration-free inside the heat shield and b) providing a means for aligning
and centering the nuclear orientation thermometers, if necessary.

III.5 Electrical connections

All electrical leads except for the low capacitance coaxial line, enter the
vacuum jacket through an Epibond seal. The heat leak to the guard salt is reduced
by using a sufficient length of coiled manganin wires, which are thermally an-
chored across the whole length of the heat shield before entering, again coiled,
the inner frame through the bottom of the heat shield. Bifilar heaters were used.
Home-made connectors, modified I.C. sockets, were employed at two places, with
reliable performance. The central conductor of the coaxial line, tensioned by
means of a small stainless-steel spring, could not be thermally anchored at helium
temperature. As we dp not need a high Q in the pulsed NMR circuit, we could con-
veniently choose a thin manganin wire for this purpose.

III.6 Heat switch

The heat switch is obviously a very important device in nuclear refrigeration
experiments. A survey of possible heat switches is c,iven in several textbooks
and articles20»21»22. Without doubt, the "superconducting heat switch" is the
most appropriate for our purposes. The criterion for effectiveness is given in
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terms of the ratio K
n
/K.

t
 where Κ and K. are the thermal conductivities in the

normal and superconducting states respectively. At very low temperatures Κ is

proportional to Τ and Κ to Τ , since the conductivity is entirely due to phonons.

In order to optimise Κ /Κ , one should thus choose high purity superconductors,

in order to make «
n
 as large as possible. Furthermore, thin foils or wires are

to be preferred to reduce K
$
 by dominant boundary scattering. Tin has been used

by us nearly exclusively, due to its high K
n
/K

s
 ratio, and the convenient value

for the critical field: 30 mT. Values for K
n
/K

s
 of 510/T

2
 K

2
 and 620/T

2
 K

2
 have

been reported by Peshkov and Parshin
16
, resp. for a single crystal and for a

foil of very pure tin. Symko
21
 reported a much lower value: 100/T

2
 K

2
, based on

measurements of a heat switch "in situ" and without subsequent annealing. His

values are thought to be more representative for our switch, as purity and

diameter are roughly the same. With K
n
 * 5.0 Τ W/cmK

2
 and K

s
 * 5.0 χ 10"

2
T

3
W/cmK

4
,

one easily calculates the heat flows or resistances in the "on" and "off posi-

tion of the switch. About 10 wires of tin, 0.5 mn in diameter and about 1 cm

long were used. The purity was 99.999%. The cross-sectional area to length ratio

is thus 2 χ 10"
2
cm. Utilizing Symko's data, we expect a heat leak of 1 nW to

the cold nuclear stage, when T
h
 = 45 mK. The thermal resistance in the normal

2

state is: R = 10/T Κ /W, or in other words, much smaller than all other resis-

tances in the system. This leaves a considerable margin for allowing an increase

in R due to possible cold-work effects, before it becomes the limiting resistance.

Another important point to consider is the amount of heat produced upon

switching. This heat production may be attributed to three effects:

1. latent heat of transition. This contribution has already been mentioned in

chapter I in connection with superconducting nuclear refrigerant candidates. The

amount of heat involved is very low, typically 12 nJ/cm for Sn, when the trans-

ition occurs at 15 mK. This is a consequence of the very low value of T/T .

2. eddy current heating. This is an intrinsic effect, aggravated by the use

of very pure material. Tlie only practical solutions are the use of thin wires

or foils and of very low field sweep rates. When several wires may form a loop,

the enclosed area should be made as small as possible.

3. irreversible expulsion of trapped flux. Flux trapping is very much dependent

on factors such as purity and strains in the switch. It can be minimised by using

pure, well-annealed material for heat switches. This source of heat is usually

negligible compared to the heat leak through the switch, when sections of the

switch remain in the normal state by frozen--in flux, thus providing a highly

thermal conductive path.
 ;
 .

Several heating series have been performed with the heat switch in the
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superconducting state. A typical measurement is presented in fig. III.3, curve

B, From this curve we deduce for K
g
: K

s
 » 1.7(± 0.3) χ 10"

2
T

3
 W/a*

4
. This value

is roughly three times lower than the value reported by Symko. The error Halts

stem mainly from the A/1 ratio, since the soldering connection of 3 of the 14

switch wires was suspect in this case. Me venture to say that no flux was trapped

in this particular case. ί

It should be noted that the cones were also covered with high purity Sn. j

The use of other low melting point solders for the cones was avoided, to exclude 1

a possible formation of eutectic alloys with a high specific heat, as was ob- j

served by Gylling
23
. The soldering of very thin tin wires to a tinned surface i

is a tricky job, which can Introduce some uncertainties (as stated above). How- !

ever, the available margin proved to be always sufficient.
 :

III.7 Heat switch coil ;

The heat switch coil, made of NbTi wire, is wound directly on the vacuum

jacket. The number of layers is only 4, a consequence of the limited clearance

between vacuum jacket and He-container. A very steep decrease of the field with

respect to the distance to the CPA container is obtained by several compensating

coils. The current necessary to drive the switch into Its normal state, 3.9 A,

is obt. ined from a stabilised P.C. power supply, provided with an electronic

sweep unit. Typical sweep rates correspond to 0.1 mT/sec. The eddy current

heating in the Sn-switch, generated by this sweep rate, is calculated to be of

the order of pW. Much more serious problems arise however when a ripple on the

output is present.

An interesting check on the performance of the switch was carried out by

driving the switch alternatingly superconducting and normal through the combined

action of two fields: the field of the switch coil itself and the fringe field

of the demagnetisation coil B. By creating a large temperature gradient across

the switch, the transitions could be observed very clearly. A plot of the added

fields, calculated on the basis of the currents through both coils at a transition,

reveals that the transition occurs precisely when the lower part of the switch

experiences a field of 30 mT. These measurements indicate:

a. that no magnetic flux was trapped, b. that transverse field components

at the off-axis switch wires are unimportant, c. that switch, switch coil and

coil Β are correctly positioned.

The confidence in the correct performance of the switch was further en-

hanced by the observation that in two different runs the heat leak to the nuclear

η



stage did not change upon halving the number of switch wires.
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CHAPTER IV

THERMOMETRY

The range of temperatures encountered in nuclear demagnetisation experiments

covers many decades, from 10 Κ to 4.2 K. It is therefore not surprising that

no single thermometer can cover this whole range, the more so as large magnetic

field variations are an inherent aspect of these experiments.

Reviews of thermometry below 1 Κ have been written, amongst others, by

Thoulouze
1
 and Weyhmann

2
 and very recently by Hudson et al.

3
.

The thermometry in this experiment comprises 4 types of thermometers:

1. carbon resistance thermometry

2. magnetic thermometry, in this case the susceptibility of CMN

3. pulsed NMR thermometry

4. nuclear orientation thermometry.

IV.1 Carbon resistance thermometry

In our experimental arrangement many quickly responding thermometers are

indispensable for monitoring the temperatures of the various cooling stages,

and for locating and identifying heat leaks. Carbon resistors are well suited

for this purpose. They owe their popularity to the following factors:

a) small size, b) quick response, c) relative ease of measurement, and

Ί) low heat capacity. Disadvantages are: a) the necessity of a calibration

over the whole temperature range, b) irreproducibility after thermal cycling,

and c) the requirement of a very low power dissipation. A thorough discussion

is presented in ref.V

In our apparatus, carbon resistors were fitted in many places: inside the

guard salt, inside the main cooling salt, on the thermal link just below the

heat switch, and on the nuclear specimen Itself. We have used Speer resistors,

grade 1002, with nominal values of 100 and 22ΟΩ, the insultation of which is

removed until the bare charcoal is reached. Thermal contact is made by means of

a wire strand, insulated from the charcoal by a very thin layer of Epibond. When
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the thermometer 1s thermally connected to the device to be measured through

soldering to the wire strand, the operation is reliable to temperatures below

15 mK, i f the power dissipated in the resistor is kept sufficiently low. The

latter requirement Is a consequence of the very low thermal conductivity of

charcoal. The power level used was below 10" W at the lowest temperatures. In

general this level Is easily exceeded by stray r.f. pick-up. It has already been

mentioned that our apparatus was placed completely inside a shielded room, the.i-

by reducing the latter by at least 60 dB. The resistances of the carbon resistors

were measured by means of two Wheatstone bridges, operating at 616 Hz and 184 Hz

respectively. The out-of-balance signal was fed into a lock-in system, which was

especially designed in our laboratory to meet the specific demands of low power

input and high sensitivity, required for low temperature resistance thermrn^try.

Phase-sensitive detection is applied for convenient display of the out-of-balance

signal on a strip-chart recorder. At a power input as low as 1.5 10 W in a

100 Kα resistor, a resolution of 0.1 to 0.2X is reached with a RC time constant

of 10 sec.

One remark should be made about the carbon resistors on the nuclsar sample

and on the thermal link. In later stages of the experiment, i t was found neces-

sary to avoid any electrical loop between the copper wires of the nuclear sample.

This requirement precluded a solder connection between the thermometer wire

brush and the copper wires of the thermal 11ηκ and nuclear stage. The copper wire

brushes of the /esistors were therefore bonded with General Electric 7031 varnish.

It turned out that under these conditions the resistors did not function satis-

factorily.

For this reason, they were only used for monitoring the precooling stage

and for performing heat leak measurements at temperatures above 20 mK.

W.2 Magnetic thermometry

A CMN susceptibility thermometer was employed for the calibration of the

carbon resistors. Both primary and secondary coils were wound directly on Epibond

forms, which also contained the CMN. Niobium wire was used for the primary

coil. The design is described in detail by Haasbroek5; At the lowest temperatures,

some difficulties were encountered, which could be ascribed to insufficient

cooling of the coils and the Epibond form. A coil-foil screen was baked into the

Epibond form, to ensure a better thermal equilibrium in the thermometer. Further-

more, the sample chamber formed a cylinder with diameter equal to height. The

Curie-Weiss Θ is thereby made negligibly small. The primary coil consisted of

75



one layer of 660 turns of 0.005 cm diameter Nb wire, the secondary coil of two

oppositely wound coils of 4115 turns of 0.005 cm diameter Cu wire. The CNN con-

tent of this thermometer was 1.2 g. The resolution was About 0.5 mK in the

calibration range. The absolute accuracy of the thermometer was completely de-

termined by the helium vapour pressure determination, and Is estimated to be

approximately IX. The susceptibility was measured by a Cryotronics low frequency

(21 Hz) mutual inductance bridge. Since magnetic thermometry above 10 mK has

become a standard technique, and is used on a routine basis in many laboratories,

no lengthy discussion is required here. One remark should be made with respect

to the calibration against the helium vapour pressure scale. A departure from

the expected linear dependence between χ and Τ was observed for temperatures

above the λ-point. This is clearly a consequence of the unusual length of the

cryostat. A vertical temperature gradient exists, due to the hydrostatic pressure

difference. No hydrostatic correction was applied, since no continuous level

recording device was fitted. But even wh«*r< the liquid level is accurately known,

corrections are uncertain in view of the length of the vacuum jacket (90 cm) in

which the CMN thermometer is positioned. In thermal equilibrium, which in our

system is achieved by exchange gas, the susceptibility corresponds to some

average temperature over the length of the vacuum jacket. Below the x-point,

substantial vertical temperature gradients are precluded by the high heat con-

ductivity of helium II. Hence calibrations were made only in the range between

1 Κ and the λ-point.

IV.3 Pulsed NMR thermometry

IV.3.1 General -

At lower temperatures, heat resistances become increasingly important.

Hence, equilibrium times between a thermometer and the substance to be measured

tend to very long. Concomitantly, the power dissipated in the thermometer

becomes a crucial factor. Let us consider carbon resistors, for example. Apart

from the question as to whether a carbon resistor still has a suitable R-T

characteristic at millikelvin temperatures, and whether the expected high resis-

tances are still measurable- in a simple way, one can calculate the permissible

power dissipation, 0, on the basis of an extrapolation of the heat resistances.

For'a ΔΤ of 10% at Τ = 1 mK, one obtains a value of Q < 0.5 aW.

Most indirect thermometers rule themselves out because of the above-

mentioned limitations. Consequently, one should preferably employ a temperature-
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dependent parameter of the substance under investigation, which may serve as a
direct thermometer. In this experiment, the nuclear susceptibility of the refri-
gerant strongly suggests itself, particularly since Curie's law is expected to
be valid down to the micro-Kelvin range. We distinguish between static and
resonant methods for measuring the nuclear susceptibility.

In the earliest nuclear demagnetisation experiments at Oxford, the static '
susceptibility was measured with the aid of a ballistic galvanometer, and, at a
later stage, with an a.c. bridge6. The simplicity of both methods was over-
shadowed by two serious experimental drawbacks, both related to the magnitude
of the nuclear moments: a) the lack of sensitivity above 10~*K; the bridge was
calibrated indirectly by substitution of the nuclear sample by a paramagnetic
salt and by applying a conversion factor calculated from the Curie constants
and filling factors of the two materials, and b) sensitivity to stray electronic
paramagnetic Impurities.

In this respect, we may remark that a distinction can be made between
extraneous impurities, e.g. CPA-slurry droplets, which happen to be spilled in
the vicinity of the susceptibility coils, and impurities in the nuclear refri-
gerant itself. Iron, manganese, and chromium impurities in concentrations as
low as 1 ppm may give rise to a magnetic susceptibility comparable «ith the
nuclear susceptibility. This holds even if a Kondo state 1s formed with a marked-
ly reduced susceptibility at low temperatures, as 1s the case for the mentioned
impurities in copper

The problem of insufficient sensitivity in the static nuclear susceptibility
measurement is considerably alleviated since the advent of the SQUID-magnetometer,
but impurities remain troublesome. One has to ensure that the impurity moments
either are fully magnetically saturated by applying a sufficiently large external
magnetic field, or obey Curie's law. In both cases a calibration over the whole
temperature range will be necessary.

Since it may be expected that resonance methods are less sensitive to im-
purities, we shall discuss the characteristics of one particular method, namely
pulsed NMR in the following section.

Pulsed NMR has a number of distinct advantages over c.w. NMR for thermometry
purposes: a) the relationship between the observed signal and the temperature
is direct and simple i.e. they are inversely proportional; b) the recorded temp-
erature represents the situation just prior to the measuremer.c (and hence is not
adversely affected by subsequent heating); c) intrinsic and eddy current heating
effects may be kept low, especially at lower temperatures, by. decreasing the
input signal, and d) the measurements are very short and are easily automated.
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IV.3.2 Principle

The thermometric parameter is the magnetisation A
N
 of the thermometer nuclei

in a magnetic field S
Q
, which provides us with a quantisation axis, denoted as

the z-axis. A pulsed field, In most cases a sinusoidal field lasting several

cycles, is applied in a perpendicular direction, so Β * 2BjSinwt. The nuclear

magnetisation vector, which was assumed to be originally aligned along f , starts

precessing around the resultant field B* • S + ΐ . At the end of the field pulse,

the magnetisation is tilted away from the z-axis over an angle 8, and thereafter

precession will continue around S
Q
 at an angular frequency ω

0
 = γΒ

0
· The z-com-

ponent of the nuclear magnetisation is thus reduced to M^cose, while a transverse-

component M^sinO is created, which rotates in the X-V plane. This rotating com-

ponent may be detected, preferably with a pick-up coil in the third perpendicular

direction, in order to minimise transients induced by the transmitted pulse in

the receiver channel. The precession is described by the Bloch equation:

απ
Ν

τ
1

(IV.l)

in which T, J and t are unit vectors. The second and th i rd term on the r ight

hand side describe the transverse and longitudinal relaxation behaviour, with

characteristic times τ 2 , the spin-spin relaxation t i n e , and TJ the nuclear

spin-latt ice relaxation time. Neglecting these terms for the moment, one may

solve eq. IV. 1 with t = (o, 2B^ sinut, BQ), uQ = γΒ0 > uij * YBJ and Bj « BQ,

to obtain the di f ferent ia l equation for a forced undamped harmonic osci l la tor .

The pulse angle Θ, produced by a pulse lasting for precisely one cycle is deter-

mined by:

sins = sin[ ir( l - -£•)] (Itf.2)

At resonance:

sine =
2 B 1

For a pulse train of more than one cycle duration, the pulse angle is easily

obtained by considering the process in a frame rotating with u
Q
. One obtains

(Ojt (IV.3)
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1
Α π/2 pulse destroys the z-component completely, thus raising the spin

temperature to infinity. Relaxation back to equilibrium with the lattice is of

course governed by the spin-lattice relaxation time τ 1. Thus one has to wait

for several τ1 Intervals, before another "thermometry pulse" can be fired,

unless very small Θ-pulses, so-called "tipping" pulses are used.

The amplitude of the initial voltage, Induced in the receiver coil by the

rotating component Η , for a pulse-angle 0, is given by:xy

y = (IV.4)

Substituting the Curie-law approximation for MN, one obtains:

ΝλγΒ^ιηοΑηη

vT (IV.5)

In this formula Ν is the number of moles inside the receiver coil, and ν the

corresponding volume, A is the cross-sectional area, η the number of turns, and

n the filling factor. If the coil is tuned, the right hand sides of eq. IV.4

and eq. IV.5 are to be multiplied by the Q of the circuit. The validity of Curie's

law is conditioned by B/T « k/i»ui!u· This factor equals 1823 T/K for copper,

Eq. IV.5 is therefore valid for Τ » 3.10"
5
K *t B

Q
 « 53.5 mT.

The precessing component of the magnetisation and hence the signal Induced

in the receiver coil, decays with a time constant τ£. This effect is caused by

the variation ΔΒ in the magnetic field B, due to the local (dipolar) fields in

the sample and to the external field inhomogeneity. A corresponding spread in

the angular Larmor frequencies Δω = γώΒ of various spin packets results in

a dephasing of the magnetisation vectors and hence in a rapid decay of the re-

sultant macroscopic magnetisation. This decay occurs in a characteristic time

το, which is usually represented as the sum of two terms:

1/T
2

(IV.6)

in which ΔΒ is the inhomogeneity of the external field. In the absence of

external field effects, the shape of the decay is described for both copper

isotopes by a Gaussian damping function G(t) * exp-(t/T
2
) , ref.

7
, with

τ
2
 = 79 PS for

 6 3
Cu and t

2
 = 77 us for

 6 5
Cu. With ΔΒ

0
 : 2 χ 10"

4
f, τ'

ζ
 is already

reduced to το ; 37 usec, again for copper.

The signal decay, in the absence of any disturbing r.f. field is known as:

free induction decay (FID) or alternatively as NFP: nuclear free precession.
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Relation IV.6 is of practical Importance, since τ£ (< τ
2
) determines the

time for measuring and processing of the induced signal. It is thus obvious that

a long τ£ facilitates the recording and enhances the accuracy. In this manner

a severe limitation is Imposed on the inhomogtneity of the resonance field B
Q
.

In principle, all quantities In relation IV.5, extended with the Q factor of the

coil and the appropriate damping function, can be calculated or determined, thus

providing an absolute thermometer. In practice, however, a calibration will re-

main necessary, as too many uncertain factors are introduced, such as:

1. η, the filling factor, as it depends on the complicated spatial variation

of the magnetic field B, caused by a unit current in the receiver coil,

2. sine, uncertain through pulse-field attenuation in closed electrical loops

in the nuclear sample and in adjacent metal parts,

3. the number of nuclei participating in the precession is not well defined,

due to skin-effects,

4. the dead time of the amplifier; the signals are observed with delay, which

introduces τ« and ΔΒ
0
 as possible sources of error,

5. inhomogeneity of B
Q
 and Bj. Part of the sample may be off-resonance, and

hence does not contribute to the nuclear signal.

In general, the resonance field must be kept low in thermometry applications,

in order to reduce the specific heat of the thermometer and hence the thermal

time constant. Such an argument no longer applies, however, when the thermometer

nude: form an integral part of the system under consideration, for example the

system of demagnetised nuclei.

There are basically two approaches for measuring temperatures with a nuclear

free precession thermometer in a nuclear demagnetisation experiment: either the

thermometer nuclei are some distance away, or one measures directly in the de-

magnetisation region. The former method requires a good knowledge of a variety

of parameters, including the external heat leak, the thermal conductivity of the

thermal link and the Korringa constant of the nuclei in the demagnetisation and

in the thermometer region. It should be emphasized that the latter quantity should

not necessarily be the same for both regions, even when the same nuclear species

is employed. The experimental conditions with respect to Β and Τ are very dif-

ferent in the two regions, which may result in a different impurity induced

relaxation behaviour. The great advantage of this method is, undoubtedly, the

possibility of performing measurements already during demagnetisation, depending

to some extent upon the degree of field compensation of the demagnetisation coil

at the thermometer site.

Our experiments have been concerned exclusively with copper, which therefore,
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in case of direct thermometry, constitutes the thermometric substance. A short

discussion on requirements for other FID thermometric substances has already

been given in chapter I. Metals useful as indirect thermometers are Pt, Cs,

isotopically enriched Sn and T1. These matters have also been discussed in

several papers8.

In these experiments, a deliberate choice was made for the second possibi l i ty,

i . e . in favour of thermometry in s itu (on the demagnetised nuclei themselves) and,

when possible, in the final field of the demagnetisation i t s e l f . In this case,

one needs only one calibration factor for the conversion of the NMR signal to

temperature. If Korringa's constant i s known, the lat t ice temperature may be

obtained from the slope of the TN vs. time curve, employing relationships 1.20

and 1.21. The evaluation is thus rather straightforward.

Thermometry with pulsed NMR was originally introduced and employed by

Walstedt, Hahn, Froidevaux and Geissler 9. A similar thermometer was used through-

out the work of Symko10, and of Hensel1 1. In the meantime, a NFP thermometer

had been developed by Aalto et a l . 1 2 in Helsinki. They used a digital read-out

of the nuclear signal, thereby eliminating the tedious amplitude analysis of

nuclear free precession signals.

A very accurate system working at a much higher frequency than the previous

ones, 1.5 MHz, was developed by Avenel et a l . 1 '

The coil geometry i s an important feature, common to nearly al l thermometers

described in the above references. In order to obtain a large signal-to-noise

ratio, the receiver coil i s wound on a cylindrical coil form, surrounding the

specimen, which also has a cylindrical shape. In this way the f i l l ing factor i s

maximised. This geometry requires that the resonance field direction i s perpen-

dicular to the cylinder axis. The pulse-field coil occupies the third perpen-

dicular direction. Separate receiver and transmitter co i l s are common practice

in NFP thermometry, where low frequencies, according to NMR standards, are used.

The recovery time of a co i l , tuned to frequency ω, i s given by 2Q/u. For low

frequencies, these times may be considerable, which precludes the use of a single

transmitter-receiver coi l .

In our 600 kHz thermometer, we have util ized a different geometry. The

resonance field was actually generated by the demagnetisation solenoid (A). The

receiver coil in these experiments was thus saddle-shaped.

IV.3.3 Experimental

The pulsed NMR thermometer was operated in these experiments mainly at two»,
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frequencies: 100 and 600 kHz. These frequencies correspond to rtsonince fields

of 8.86 and 53.2 mT respectively for the 69.IX abundant
 6 3
Cu Isotope. The

resonance fields for the
 6 5
Cu Isotope are 7% lower. The coll system ««ployed

for the two frequencies are different in many respects, so will be described

separately. The rapid decay of the copper free precession signal (including

field inhOMogeneities: τ£ s 40 psec) has several Important consequences, not

only for the coil system, but also for the electronics» which aspect will be

discussed in the next section.

At first, we may point out once again the requirement on the field

homogeneity of the resonance field-generating coil, recalling relationship IV.6

and the numerical example for t£ in the last paragraph. Another consequence lies

in the design of the receiver coil. At both thermometer frequencies, a crossed

coil system was employed for transmitter and receiver colls, in order to mini-

mize the transient Induced in the receiver coil by the transmitter pulse. It

should be noted, that the transmitter coil is excited by voltages of the order

of tens to hundreds of volts, while a signal of 10-100 pV has to be detected im-

mediately afterwards. In view of the relation τ » ZQ/u for the tuned circuit .·

recovery time, we see that fast recovery requires a low Q. This Is difficult- to

reconcile with the requirement of a high Q for maximum signal strength. Hence,

a compromise as to the choice of Q has to be made. When all system parameters

(some of which have to be determined experimentally) are known, the Q value

optimizing the signal to noise ratio, 1s expressed by:

ln(V
t r
/v

n
)

(IV.7)

In the derivation, a Gaussian decay function, with characteristic time T £ , was

assumed. \L
r
 and V

n
 represent respectively the initially induced transient

voltage (due to cross-talk) and the noise voltage level.

In the 100 kHz thermometer, a low Q of approximately 0.6 was obtained by

winding the receiver coil with high resistance manganin wire. In the 600 kHz

experiments a value of Q : 6 could be tolerated, which was obtained by employing

high resistance leads. In both cases, the resistors are at a low temperature,

which is advantageous in view of thermal noise (<V~> *,4kTRAf). For maximizing

the induced signal, a large number of turns is favourable, which implies, how-

ever, the need of a small capacitance.

Three contributions to the total capacitance can be distinguished: a) the

distributed capacitance of the coil itself, b) the capacitance of the leads,

and c) the capacitance at the input gate of the preamplifier. The distributed
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capacitance of the coil is minimized by subdividing it in several sections, and

by using a honeycomb winding technique. Moreover, the wires were twisted with

silk or cotton thread prior to winding, thereby increasing the average distance

between the windings, which also reduces the inter-winding capacitance. The

capacitance of the leads is minimized by keeping them as far apart as possible.

From the coil, one lead Is led along the heat shield, while the other runs along

the cooling salt pill and further through the central Teflon suspending rod. The

capacitance of the coaxial connection to the preamplifier was kept low by uti-

lizing a relatively large diameter stainless-steel tube (9.4 ma Φ] for the outer

conductor and a thin (0.05 mm φ) manganin wire for the Inner conductor, which

is centered and tensioned by means of a stainless-steel spring. The third con-

>ibution is due to the capacitance of the input gate of the preamplifier. Tha

gate short-circuits the total capacitance during a time which somewhat exceeds

the transmitter pulse length. In this way, the characteristic decay time of the

coil is c'iose to the limiting value L/R for a pure L-R circuit, compared to

τ = 2Q/u * 2L/R for the L series R, parallel C circuit used here.

The transmitter coils were saddle-shaped in both thermometer versions.

Typical coil parameters are given in table iV.l for receiver and transmitter

coils.

The resonance field, B
Q
, for the 100 kHz thermometer was generated by a sepa-

rate superconducting saddle-shaped coll, which was positioned in the pumped helium

bath of the Leyboid cryostat. Each of the two segments of the saddle-shaped coil

has an opening angle of 120° (see fig. IV.l). The coil produces 2.52 mT per

ampère. With the angle Q and the ratio h/D « 2 a relatively homogeneous field

Fig. IV.l
Saddle-shaped coil geometryΛ. as used

for the resonance and pulse field coils

it. T-.e 100 kHz pulsed NMR thermometer,

and for the receiver and pulse coils in

the 600 kHz thermometer.
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type
direction
diameter
length
no. of turns
inductance
resistance (at 4.2 K)
capacitance
Q

type
direction
diameter
lengtn
no. of turns
inductance
B/I
pulse attenuation

factor A

Table IV.1

Pulsed NHR coil parameters

Receiver coil

100 kHz .

cylindrical, 18 sections
z-axis
25 mm
7 cm

3060
55 mH
55 kn
61 pF
0.63
2 usec

Transmitter coil

100 kHz

saddle-shaped
y-axis
50 mm
100 mm

4
11 μΗ

1.14 10-4 T/A

0.47

pattern is obtained over a large volume
32
:

£ 0.7% over 2 cm

ί 1 % over 4.8 cm

ί 3.5% over 6 cm

nl = 1.2% over 2 cm .

600 kHz

saddle-shaped
x-axis
39 m
78 MR
2 χ 40
500 μΗ
290 Ω
110 pF
6.5
3.5 usec

600 kHz

saddle-shaped
y-axis
38 urn
76 mm

6
18 μΗ

2.34 10-4 T/A

0.70

Although the homogeneity is better than 1% over 80% of the sample, i t is in-
sufficient for NMR in fields much higher than 10 mT, in view of the local field,
which is 0.3 mT in copper.

I t should be noted that the perpendicular direction of 8 , implies a
90 rotation of the magnetic f ield during the last stages of a demagnetisation.
This rotation does not influence the degree of polarisation of the spin system,
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when the rate of change of the direction of B
Q
, described by an angular velocity

ω, satisfies the condition:

ψ ί ω « γΒ
0
 .

In most of the experiments, a final demagnetisation field of more than

8.6 mT was needed. This final field should preferably also serve as the resonance

field for the pulsed NMR thermometer. For this purpose, the inhomogeneity of

coil A was diminished by adjustment of the gap between the two half-coils. With

a gap setting of 2 cm, a homogeneity of better than 0.1% over 87% of the sample

was reached. Over the whole sample, it amounted to 0.4%.

As the resonance field is parallel to the cryostat axis in this scheme,

both transmitter and receiver coils had to be oriented perpendicular to the

cryostat axis.

Due to the confined space, saddle-shaped coils were used, taking again

a h/D ratio of 2, and an angle φ = 120°. It is difficult to subdivide this type

of receiver coil into several sections in order to reduce the distributed

capacitance. Although otherwise the same precautions were taken as described

before, we did not succeed in obtaining a capacitance as small as in the

100 kHz receiver coil, in spite of the much reduced number of windings. The

total capacitance in the coil, the leads, and the gate was 110 pf, which limited

the number of windings to 2 χ 40.

In the 100 kHz thermometer, the decay time was found to be smaller than

expected on the basis of the inhomogeneity of the saddle-shaped resonance coil.

The effect could ba traced to a remnant field in coil A of the order of several

tenth's of a mT. Upon removing the whole magnet cryostat from its position around

the second cryostat, a sizeably increased NMR signal arose.

In the last version of the 600 kHz thermometer, a coil system was employed

with receiver and transmitter coils in mutually fixed positions, which was

imposed by space limitations. All windings were extremely carefully positioned

to approximate the perpendicular geometry as accurately as possible.

IV.3.4 Electronics

The heart of the system is formed by a clock- and 7-fold pulse-generator,

designed and built in the laboratory, which delivers the desired timing sequence,

at an accurately variable repetition rate, for transmitter, receiver, and the

recording apparatus.
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Also for the electronics» we have to discern between the 100 and 500 kHz

thermometer versions.

m

100 kHz

In view of the short τ£ of copper, ι transmitter pulse length of only one
cycle (10 Msec « τ

2
) was used, to avoid competition between build-up and decay

of the transverse magnetisation component. The one-cycle sine wave was generated

by successive discharges of two capacitor banks through the coil, in opposite

directions, initiated by fast thyristor switches. The maximum current generated

at 100 kHz was 30 A. Taking into account a pulse attenuation factor of 0.47,

one obtains a maximum pulse angle of 4.9°, which was rarely used however, because

of the large transient associated with the 250 V voltage on the condenser bank

needed to generate the 30 A current pulse.

Typical values for the pulse voltage used during demagnetisation runs are

50 and 25 V, corresponding to tipping angles of 0.98° and 0.43° respectively.

At higher temperatures, where the signal-to-noise ratio becomes worse, a larger

tipping angle was sometimes used. Half-cycle pulses, although easily produced

by the transmitter, were never utilized because of the following considerations:

firstly, twice the amplitude of the one-cycle pulse is required to obtain the

same angle and secondly, the induced transient is much larger, again compared

with the one-cycle pulse, because of the balanced character of the latter. As

an example, a considerable reduction of the residual transient from the one-

cycle pulse could even be obtained by applying a deliberately distorted sine

wave; this distortion consisted of a time-and amplitude reduction of the second

half-pulse. The resonance condition for such a pulse is not strictly satisfied.

One obtains a frequency distribution, part of which is effective. The correspond-

ing loss in pulse angle, and consequently in signal.turned out to be easily

outweighed by the gain due to the decreased transient. The greatest difficulty,

especially in the low frequency thermometer, lies in the suppression of transient

signals.

600 kHz

The 600 kHz transmitter consists of a phase-locked gated linear amplifier.

Tipping angles of 2.75° could be reached in that arrangement when using a r.f.

pulse duration of 15 ysec. Typical values of 0.1° were used during demagneti-

sations.

The nuclear free precession signal is fed into an amplifier which is lo-

cated at the cryostat head, in order to reduce the capacitance in the pick-up
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coil circuit. The amplifier is preceded by a shunting input gate, to avoid

overload of the amplifier during the transmitter pulse. Moreover, the coil

decay time is shortened by a factor 2. The amplifier.is a wide-band type (a

minimum bandwidth of l/τ^ is required to accomodate the Fourier spectrum of

the decaying signal), which recovers from overload extremely fast, I.e. in

less than 1 usec. Special attention has been paid to the selection of the active

components for obtaining good noise characteristics..The r.m.s. noise voltage

per unit bandwidth is 2.6 nV/Hz* for the receiver, while tfts thermal noise

from the coil, which is at = 25 mK, is only = 0.3 nV/Hz*. The total gain of

the amplifier is 80 dB. An attenuator, calibrated in a 1, 3, 10 sequence, is

included.

The amplified and filtered NFP signal is fed to a Biomation Transient

Recorder, model 610. The analog signal is captured and stored in digital form

in a 6 bit χ 128 word MOS shift register memory. The analog signal is recon-

structed by a digital to analog converter with an analog smoothing circuit.

This reconstruction takes place recurrently at a sweep rate of 0.2 msec for

visual display on an oscilloscope, or, wh<;n desired, at a much slower rate

(12 sec) for recording on a Y-T recorder. The capability of this apparatus is

limited, due to the small number of samplings. When observing a 600 kHz signal

for example, a full sweep time of maximum 20 gsec can be used, which corresponds

to 12 samplings per cycle of the signal. Signals of longer duration cannot be

observed at this frequency. The amplitude of the signal is stored with an inac-

curacy of 1.6%, due to the limited 6 bit resolution.

At a later stage of the experiments, the NFP signal was electronically

integrated over a gate-selected time interval to obtain a digital readout of

the NMR signal. For this purpose, a linear detector, followed by an integrator

and a hold circuit, similar in design to that of Bloyet et al.
11
*, were chosen,

because no simultaneous phase and frequency adjustments are required. The gated

part of the NFP signal was fed into two branches, one of them being the detector

and integrated circuit, the other one the Biomation Transient Recorder. Obser-

vation of the NFP signal on an oscilloscope is thus combined with an easy ad-

justment of the integration limits.

The over-all accuracy in amplitude measurement of the amplifier-detector-

integrator chain is better than 1%. A block diagram of the 600 kHz NFP thermom-

eter is presented in fig. IV.2, the timing sequence in fig. IV.3.
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Fig. IV.2
Blook-diagrcn of the 600 kBx

pulsed NNR thermometer eleatrmioa.

d.v.m

transmitter timing rtctivtr display

masteroscillator

start pulse

synchronisation

pulst Itngth

transmitter
p l train
delay

integration and
display time
gate transient *

NFP signal
gate pulse

gate compensating
pulse

Fig. IV.3 Timing sequence of the 600 kHz pulsed NMR thermometer.

IV.3.5 Heat generation

Heat is generated by the thermometric pulse in two ways: a) heating of

the nuclear spin system ( intr ins ic heating), b) eddy current heating,

a) The magnetisation vector is t i l t e d away from the equilibrium z-direction

over an angle Θ, thus reducing the z-component from Mz to MzcosO. The · .

temperature Τ is thus raised from Τ to T/cose. Consequently, the intr ins ic

heating effect may be considerable when using large pulse angles. However, for
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tipping angles of the order of 1° or less, as used in our experiment, the ef-

fects are minute: ΔΤ/Τ < 0.02% per pulse. The amounts of heat involved are

easily calculated in the approximation of a nuclear specific heat, quadratic

in B/T. For small tipping angle, one-cycle transmitter pulses, one obtains:

0
Ν
Τ·Θ

2
/2

2M λ 1 „2
* ΜϊϊΓ Τ Β ι (IV.8)

in which C
N
 is the nuclear specific heat, λ the nuclear Curie constant, and 2Bj

the amplitude of the r.f. field. Inserting numerical values for a 1° pulse at

Τ » 1 mK for copper (2B, = 0.048 mT), one obtains: AQ * 3.6 10 nJ/aole,pulse.

Thus, when employing small tipping angle pulsus, this heat source is negligible,

in particular when compared to eddy current heating.

b) Eddy current heating. It should be recalled that the r.f. field direction

is perpendicular to the wire bundle axis. In this case, assuming complete

penetration of the r.f. field, the eddy current heating is expressed by the

following relation:

AQ/V W/nf (IV.9)

in which σ is the conductivity.

Eq. IV.9 gives a very good approximation for the eddy current heating in the

100 kHz thermometer version. For the more complex formula, which takes into

account a f i n i t e skin depth, we may refer to r e f . 1 5 .

Using the U t t e r formula for the typical case of copper wires of 0.036 ram
•Γ 1 -1

diameter and having σ = 4 10 η m , we calculate for a 10 ysec long r . f . pulse

at 600 kHz (translating B, in the tipping angle Θ):

Δ0. 2 2

0.82 ΝΘ uJ/pulse,mole,degree
(IV.10)

One can conclude that at least for the 600 kHz pulsed NMR thermometer the eddy

current heating effect may be serious, even for 1° pulses. For this reason, very

small pulses, typically of the order of 0.1 degree tipping angle, were used in

our experiments. The pulse repetition rate in critical stages of the experiment

was always 1 pulse per 10 seconds. With these figures, an eddy current heat-leak

rate of ΐ 0.8 nW is obtained, manifestly smaller than the external heat leak.

For a tipping angle of 0.09 degree, a heating of 6.7 nJ/pulse was observed,
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which agrees nicely with the value of 6 nJ/pulse obtained from formula IV.10.

We could afford very small tipping angles in the 600 kHz thermometer since the

induced signal is proportional to B^. As suggested by the proportionality óf
the eddy current heating to ν , much larger tipping angles, or higher repetition
rates could be tolerated in the 100 kHz thermometer.

IV.3.6 Performance

It is difficult to assess the procentual accuracy of our pulsed NMR ther-

mometer, since the sign?! strength is dependent on many parameters. Some of

these are often deliberately varied from optimum conditions (with respect to

the signal strength) in favour of, for example, less eddy current heating in

the thermometric speciiren. The linearity and stability of the transmitter and

of the receiver-integrator chain has been thoroughly checked and proven to be

of the order of 1%. The performance was steadily improved during the course of

the experiments, in particular in connection with electrical disturbances. It

turned out to be extremely important to connect the electronics mounting rack

through a very thick cable (1 cm diameter) with the aluminum cryostat support

flange, on which the preamplifier was mounted. Moreover, the adjustment of the

level of the floating transmitter output with respect to the earth point, was

very critical, in connection with the recovery of the receiver circuit. It is

remarkable that the best results were obtained with the high quality earth-

connection, even when compared with a completely earth-loop-free arrangement

of transmitter and receiver electronics.

Radio-frequency pick-up from radio and t.v. transmitters was not observed,

which is not surprising in view of the Faraday cage which surrounds the equip-

ment. Besides, the coil system was housed in the "inner" cryostat and is thus

surrounded by at least three high conductivity concentric copper tubes, which

effectively shield all r.f. pick-up. The noise, observed at the output of the

amplifier, is mainly amplifier noise.

The overall accuracy in the temperature, read from the thermometer, is

mainly determined by the accuracy of the calibration, which therefore should

be done at the lowest possible temperature. To ensure temperature equilibrium,

this calibration is usually performed at cooling-salt temperatures, so Τ > 9 mK.

The thermal contact with the cooling-salt pill allows for relatively large pulse

angles during this calibration. Increasing the pulse angle did not improve the

signal strength and hence the accuracy of the calibration a: much as expected.

Because of the larger induced transient, the delay time for the observation of
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the signal had to be increased, which nearly cancelled the gain otherwise ob-

tained. With a 0.1° tipping angle, the system recovered from overload after

18 ysec, at which time integration was started. For this reason, calibration

series were mostly made with the same tipping angles as used in the demagneti-

sations.

IV.3.7 Calibration

We may recall at this point the statement made in paragraph IV.3.2, that

the NFP signal might be calculated directly with eq. IV.5. In view of the many

uncertain parameters, enumerated in the same paragraph, a calibration remains

desirable. Two methods have been utilized here:

a) calibration against a nuclear orientation thermometer, which will be dis-

cussed in the next section and

b) self-calibration using Korringa's law: t ^ = K.

If the constant Κ is known for the investigated substance, the lattice

temperature TV may be determined by a measurement of τ,, the nuclear spin-

lattice relaxation time. Normally, such a measurement is performed by first

applying a π/2 pulse (which raises the temperature to infinity) and then

monitoring the relaxation backwards to equilibrium with small angle tipping

pulses. We have used a procedure in which T
N
 was lowered with respect to TV

instead of raised to a temperature Τ » IV. This was accomplished by a rapid

demagnetisation from, high initial field to the resonance field (see chapter I,

section 2, and also ref.
1 1
). In this manner, the relaxation is measured at

signal levels which are very much higher than the equilibrium'signal, cor-

responding to Tc. (Signal levels, much lower than the equilibrium signal, would

have been encountered in a ir/2 pulse-tipping pulse sequence.) These larger

signals are obtained, however, at the expense of a much more elaborate procedure.

For the further description of the procedure, we have to discern again between

the two thermometer frequencies.

For the 100 kHz thermometer, the resonance field was only 8.86 mT, so a

moderate field of about 200 mT was sufficient to obtain the required spin

polarisation, which produces a low T^ value upon a fast demagnetisation. The

heat of magnetisation is low and*temperature equilibrium is reached in 5 to

10 min. Demagnetisation was initiated by either tripping out the power supply

of coil A, or by lowering the whole magnet dewar by means of the hydraulic

lift. The latter method was preferable for two reasons: 1) the signal is larger,

due to the absence of a source of inhomogeneity damping, and 2) the minimum
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L/R time of coil A is limited to s 30 sec by quench-protection resistors,

located in the helium bath. So the field decays with a time constant comparable

to the spin-lattice relaxation time, which may introduce a systematic error.

The frequency of the NFP signal is of course a good check for the degree of

current decay of coil A. An example of two relaxation time measurements,

obtained in different ways, as indicated in the figure caption, is presented

in fig. IV.4.

In the 600 kHz thermometer, the resonance induction, B
o >
 is 53.2mT. A much

higher initial field is therefore required to produce sufficient spin polarisa-

tion. The heat load for the cooling salt pill becomes considerable, as

B
i
 ζ 1.2 Τ, and the time needed to reach equilibrium is increased accordingly

(40 - 60 min).

The demagnetisation time, preferably much shorter than TJ, was again de-

termined by the characteristics of coil A, which supplied the resonance field.

A very fast decrease of the current in the coil until precisely the level re-

quired for the NMR, was hardly achievable with our coil (25 H) and power supply

(reverse e.m.f. limited to -1 V). Hence another scheme was adopted: a second

power supply, (Drusch, type 5020), stable to 1 part in 10 , was shunted in the

circuit as indicated in fig. IV.5. It was adjusted to supply precisely the

current (0.72 A) needed for the pulsed NMR resonance field. Relaxation time

measurements were initiated by tripping out the main power supply via the 100A

relay. Subsequently, the current decays exponentially with a characteristic

time L/R, in which R is the resistance of the Joule sink. The second power

supply, which is current-regulated, takes over as soon as the current level in

the main circuit reaches the present level. Due to non-ideal characteristics

of both diodes, a stable current is reached only after about 75 sec. In the

experiments, this could be easily observed from ihe frequency variation of the

free precession signal. During that time, the pick-up coil gave an off-resonance

signal, which resulted in a reduced output of the integrator, as shown in fig.

IV.6. Due to this effect, a useful range in signal is only obtained when start-

ing from a rather high initial field of 1.17 T. One may wonder whether the con-

stancy of the lattice temperature, a stringent requirement for this kind of

thermometer calibration, is preserved when using such large fields. An analysis,

to be presented in the next chapter, will clearly demonstrate that we may expect

a constant lattice temperature except for a short time immediately after de-

magnetisation.

The truly exponential behaviour of the (3-So) vs time curve for t > 75 sec

(fig. IV.6) is, conversely, a strong indication for the stability of the lattice
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O.Smk

400

Fig. IV.4 Detected and integrated signal, S,. from the 100 kHz pülesd NMR

thermometer vs. time, for two nuclear-spin lattice relaxation

time measurements:

open circles: series Sj, resulting from fast demagnetisation,

frr, B^ = 205. S mT to Bo = 8.8 mT, by lowering the

magnet cryostat.

triangles : series S^, resulting from demagnetisation with

maximum speed (imposed by the power supply of coil

A) from the same initial conditions.

From Sj. - SQ (half-filled circles), a relaxation time τ = 67.7 ±

0.3 sea is deduced, which yields T„ = 16.0 mK. The calibration con-

stant, a, of the pulsed NMB thermometer is obtained from a = S T„.

The thus obtained temperature scale is indicated on the right hand

side scale.
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100A relay

Joult (ink 4.2 Κ

Fig. IV.5 Elentrioal eirouit of ·ιοίΙ A. A quench-energy absorbing oirauit
(Joule-sink) is fitted externally. For details see text.

10"

s (50

Fig. IV.6 Detected and integrated signal, S, vs., time, t, in a typical

nuclear epin~lattiee relaxation time measurement with the 600 kHz

pulsed MR thermometer. Α Ιού spin temperature of about 0.6 mK

was produeed in this series by fast demagnetisation from ΒΛ = 1.17 Τ

to Β = SS. 2 mT, which field is reached at t = 7S see.
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temperature.

In view of the high value of B^, the Initial field in the relaxation serlis,

the heat of magnetisation to be removed Is considerable· which Implies a long

equilibrium time (about one hour).

To check the consistency of this thermometer calibration, a series of 7

relaxation measurements were performed at different lattice temperatures. The

relaxation times τ are plotted against S
Q
, the integrator output corresponding

to the equilibrium temperature, in fig. IV.7. The error in the slope of the

Fig. IV.7

Nuclear spin-lattice relaxation

time, Xjt vo. SQ, the equilibrium

value uj the integrated pulsed MR

thermometer signal. Each point is

obtained from a measurement as

presented in fig. IV. 6.

1600 2000 2200

line is found to be about 2%. It represents the over-all accuracy of the

temperature determination. The figure includes errors such as, possibly, drift

in the electronics, for the elapsed time between the first and last τ, measure-

ment was about eight hours. The two highest points in fig. IV.7 represent TJ

measurements, taken resp. before and after a nuclear demagnetisation series.

Reproducibility after thermal cycling was very poor when using the mutual-

ly rotatable coils. A very carefully wound set of mutually fixed, perpendicular

coils, used in the measurements shown in figs. IV.6 and IV.7, was much more

reproducible, but not to such an extent as to avoid the necessity of a daily

calibration.

IV.3.8 Discussion

The pulsed NMR thermometer 1s a fast, accurate, and wide range thermometer

and therefore seems ideally suited for thermometry in nuclear demagnetisation

experiments. Its self-calibration-potential is a very important feature. How-

ever, the strong (intrinsic) field dependence has the disadvantage that, with

increasing field, a) the specific heat of the nuclear syst£Si and hence the

response time increases quadratically; b) the requirements for relative
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ly rotafcable coils. A very carefully wound set of mutually fixed, perpendicular

coils, used in the measurements shown in figs. IV.6 and IV.7, was much more

reproducible, but not to such an extent as to avoid the necessity of a daily

calibration.

IV.3.8 Discussion

The pulsed NMR thermometer is a fast, accurate, and wide range thermometer

and therefore seems ideally suited for thermometry in nuclear demagnetisation

experiments. Its self-calibration-potential is a very important feature. How-

ever, the strong (intrinsic) field dependence has the disadvantage that, with

increasing field, a) the specific heat of the nuclear system and hence the

response time increases quadratically; b) the requirements for relative
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homogeneity become much more stringent; and c) radiation damping and eddy

current heating become more important. The last factor may be diminished

by decreasing the tipping angle, at the expense of nuclear signal strength.

There are several factors which may cause deviations from the expected 1/T

dependence of the nuclear signal, apart from the range of validity of Curie's

law:

1) radiation damping

This kind of damping stems from the interaction between coil end nuclear

system
16
. The energy dissipated in the electric circuit has to be provided by

the magnetic energy of the nuclear spin system, which results in a decay of the

induction signal amplitude proportional .to:

sech(JM
N
Qnvt) (iv.ii)

A radiation damping time constant, t
R
, due to the reaction of the induced field

on the magnetisation defined as:

(IV.12)

In this formula, M
N
 is the nuclear magnetisation, Q the quality factor of the

coil, n the filling factor and γ the gyromagnetic ratio. These quantities enter

the above formula via the expression for the amplitude of the frt^ precession

signal (eq. IV.5). Radiation damping is thus unimportant as long as T R / T Ó
 >> 1

or Jfyjrmg <-: !· Inserting numerical values (n s 0.38, Q = 6, γ = 7.05 10 7
 Hz/T,

and tg = 45 usec), this condition yields M
N
 « 2.7 10 Vs/m , hence, for example

taking Β = 53.2 mT, one obtains Τ » 0.6 mK. We conclude that a reduction in the

decay time of the nuclear signal might have been expected in our demagnetisation

series, in which values of T^ ; 0.2 mK were encountered. A careful analysis of

the free precession decay shapes, recorded during each run, did not reveal such

a reduction. The origin of this discrepancy was found in the NFP signal strength,

which turned out to be about 9 times smaller than expected on the basis of eq.

IV.5. This may be related to the fact that the amplitude of the r.f. pulse was

much smaller than the field inhomogeneity. In that case the resonance condition

is not fulfilled for all the spins of the sample
16
, which results in a smaller

signal than predicted by eq. IV.5.

2) two spin species

and

In copper, there is the complication of the presence of two isotopes,

Cu, having relative abundances of 59.1 and 30.9% respectively.
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The resonance frequency of
 6 3
Cu is about 7% higher than for

 6 5
Cu. For fields

larger than about 20 mT, the NMR line no longer overlap. Hence we may expect a

quite different relaxation behaviour between the Cu nuclear system in the low

field of 8.86 mT (̂  100 kHz) and in the high fields of 53.2 mT (corresponding

to 600 kHz in the
 6 3
Cu isotope).

The low field relaxation mechanism was investigated in detail by Aalto et

al.
1 7
. It was shown by these authors that the spin-lattice relaxation of

 6 3
Cu

and
 6 5

Cu may be described by a single exponential relaxation time τ,, which is

a weighted average over the two isotopes. This is a consequence of energy trans-

fer between the two spin species through cross-relaxation, which is allowed

by the overlap of the resonance lines. Equalisation between T
6 5
 and T

g 3
 is fast,

compared to τ,, the common spin-lattice relaxation time, because of the low

value of T
Q
. This τ

β
 describes the coupling between the lattice and the secular

spin-spin energy reservoir, which absorbs the net change in the total Zeeman

energy per flip-flop of a
 6 3
Cu - Cu spin pair. The value of τ

β
 was about 40

times shorter than expected. This shortening may be explained, as suggested by

the authors, by the occurrence of paramagnetic impurities, which, possibly, are

able to transfer the change in Zeeman energy directly to the lattice.

Our relaxation measurements in low fields also show a single exponential

relaxation rate (see fig. IV.4). The Korringa constant for copper wires, ob-

tained from different manufacturers, was measured by several authors
9
»

1 1
»

1 7
,

under comparable conditions i.e. Τ : 10 mK and Β « 10 Τ. All measurements

yield values of Κ = 1.11 + 0.03 Ks.

In the 600 kHz thermometer, the spin systems are effectively decoupled.

The thermometer is tuned to the peak of the
 P J
Cu isotope.

3) magnetic impurities

The presence of magnetic impurities, even in quite low concentrations

(ppm-range), may have detrimental effects on the performance of the NMR

thermometer. The local field around a magnetic impurity shifts a number of

nuclei entirely off resonance
18
»

19
. This number, the so-called "wipe-out" number,

is proportional to the impurity magnetisation <S >. This may show a 1/T depen-

dence, but when a Kendo state is formed, a temperature-indepeniont wipe-out

number is expected far below the Kondo temperature. Furthermore, also the re-

laxation times will be affected by magnetic impurities, which may influence the

analysis of the demagnetisation measurements considerably, as the evaluation of

T
£
 supposes a good knowledge of the spin-lattice relaxation time.

It will be clear that thermometric samples must be checked very carefully

with respect to magnetic impurities. Ideally, both the 1/T dependence of the
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NMR signal and the relaxation time ij should be checked over the desired tem-

perature range. A direct comparison between various metallic samples, may be

helpful as shown by Avenel et al.
2 0
. Their comparative study was done in the

United temperature range of a dilution refrigerator (in casu Τ > 30 mK).

It seems worthwhile to extend these comparisons to much lower temperatures.

IV.4 Nuclear orientation thermometry

IV.4.1 General

A nuclear spin system from which the (21 + l)-fold spatial degeneracy is

removed by some external influence, shows an anisotropic behaviour at low tem-

peratures, for instance a preferential direction in space in the simple case

of an external magnetic field. The degree of nuclear orientation, wnich is

directly related to the spin temperature, may be probed in the case of oriented

radioactive nuclei through the anisotropy in the angular distribution of the

emitted radiation.

The merit of the method lies in the fact that, once the nuclear level

splittings and the decay parameters are known, the temperature may be calcula-

ted directly; in other words, this thermometer yields the absolute temperature,

at least in principle. Furthermore, a relatively small thermometer probe (with-

out separate electrical connections to the exterior) 1s usually sufficient.

Both theoretical and experimental aspects have been discussed by various

authors, whose publications may be found in a recent review paper on thermom-

etry below 300 Κ.
 3

Sizeable population differences and hence sufficient thermometric sensi-

tivity are obtained at temperatures of 10 mK and higher only by the appliance

of enormous magnetic fields, which, at present, are still outside the scope of

technical potentials. Several methods have been developed to utilize hyperfine

mechanisms for obtaining the required level-splittings.

Of these methods, the orientation in a metallic ferromagnet is of particu-

lar importance to thermometry, since metallic samples are advantageous as regards

temperature equilibrium problems.

IV.4.2 Mn and Co, decay and nuclear orientation

Two nuclides, which are frequently used in various environments,

are
 5 4
Mn and

 6 0
Co. The decay schemes are given in fig. IV.8. The beta-decay,
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54,,Fig. IV.8 Nuoleca> decay eahemeo of Co and Itn {taken from ref.3i).

preceding the γ-emission is pure Gomow-Telier allowed for both Mn and Co.

Both transitions are "stretched", and hence W(o), the γ-ray anisotropy, is

described in terms of the spin of the parent nucleus. Moreover, as to *°Co, the

anisotropics are practically the same for the two γ-rays in the Ni cascade.

All γ-ray transitions are of E2 (electric quadrupole) type, except for the

1.17 W°V 6Oi\i transition, which has a very small amount of Mi admixture. This

magnetic octupole radiation is usually neglected, except tn case high accuracy

is required.

Using the notation of De Groot et a l . 2 1 , we obtair the following expression

for the γ-ray anisotropy for al l three transitions:

15w(o) = 1 - ψ Q
2
N

2
(J

0
)f

2
(J

0
)P

2
(coso)

- 5Q
4
N

4
(J

0
)f

4
(J

0
)P

4
(coso) . (IV.13)

Qy and Q
4
 are correction factors, which allow for the finite solid angle sub-

tended by the detectors. N
2
 and N

4
 depend, in this specific case, only on j

o
,

ths spin of the parent nucleus (as a consequence of the stretched character of

the transition). f
?
 and f

4
 are the degrees of orientation of second and fourth

order. They are functions of the level populations and contain the entire tem-

perature dependence. P
2
 and P- are Legendre polynomials and 0 is the angle

between the preferential direction of nuclear orientation and the detection

direction. From the properties of P„ and P., it follows, that the largest

changes in the directional distribution upon variation from Τ = » to Τ = 0

occurs for o = 0 and Θ = π. These directions are thus preferable for thermometry.

Also — V Q = 0, so a small misalignment of the detector does not produce severe
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errors to first order. For thermometry, one counter is sufficient. The practical

thermometric parameter is "the anisotropy effect", e, which is defined as:

e(o) = ι - |j|i|T) , in which W(o,T) and W(o,°>) are resp. the "cold" and the

"warm" counting rates, corrected for background and Compton-scattering.

IV.4.3 Radio-active heating

An important difference between Mn and Co is found in the radio-active

self-heating.
 5 4
Mn decays through electron capture, which releases X-rays,

Auger electrons etc. of moderate energy s 5 keV, which may be converted into heat:

« 3·10 pJ/uCi sec. The average energy.of the β-particles in the decay of Co

is 0.11 MeV and is thus responsible for 6.5 χ 10"
4

i sec. The γ-rays of
Mn and Co have a large penetration-depth and usually escape from the sample,

but nevertheless absorption of a small fraction may give rise to a significant

heating effect. In our particular geometry, the nuclear orientation samples

were always mounted underneath the copper sample at a distance of 1.5 cm.

A rough estimate of the heating effect is obtained by considering the solid

angle subtended by the copper sample with respect to the γ-source. About 80

percent of the radiation within this solid angle is absorbed, which causes an

additional heat inDut of 1.1 χ 10 uJ/yCi sec for Co. The corresponding
54

amount for Mn is about three times lower. It is amusing to note, that this

heating term will decrease considerably (a factor of 2 when Τ
 s
 Δ / Κ ) with de-

creasing temperature, as a consequence of the particular geometry and of the

anisotropic intensity distribution of gamma-radiation for oriented nuclei.

We have used Mn and °Co, as dissolved in metallic hosts, in connection

with heat transfer problems at very low temperatures. An Important criterion

for the choice of the particular host was the low magnetic field requirement,

which should enable us to apply nuclear orientation thermometry in the final

field of the demagnetisation process. This obviates the requirement of a long-

distance separation between sample and thermometer, which often complicates

nuclear orientation thermometry. We have used Co in a single crystal of

h.c.p. Co, and Mn in a gold host.

IV.4.4
 6 0

Co in a single crystal of h.c.p.
 5 9
Co *

This nuclear orientation thermometer is a very particular example of a

We thank Dr. P. Hensel, who kindly supplied us with the cobalt crystal.
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rather general method of nuclear orientat ion, namely orientation in a ferro-

magnetic host. A characteristic property of a Co single crystal is that one

does not need an external polarising f i e l d for aligning the individual domains

of the Co single crysta l , because of the large magnetic anisotropy already

present. I ts use in thermometry was reported i .a. in r e f . 2 2 » 2 3 . The influence of

closure domains can be made negligibly small by choosing a needle-shaped sample,

with the c-axis parallel to the needle-axis. This statement was experimentally

verif ied by Chandra and Radhakrishnan21*, who compared a disc-shaped crystal and

a needle-like sample, with dimensions comparable to ours.

Closure domains are easily detected in a W(ir/2,T) vs. W{O,T) diagram. No

deviations could be observed within the experimental accuracy for the needle-

shaped crystal .

For the hyperfine s p l i t t i n g , expressed in mK, we have adopted the value

of 6.23 mK. This figure is based on the assumption that the hyperfine f i e l d for

Co is the same as that for Co in a h.c.p. crysta l , Bh - = -22.7 T 2 5 , which
Π · Τ ·

value is known from NMR. The ratio of the two magnetic moments is also known
26
.

Soulen and Marshak
27
 recently reported on an extensive comparative measurement

between a Co (h.c.p. Co) thermometer (dimensions \ χ 1 χ 5 mm) and a noise

thermometer. The agreement over the temperature range of 12 to 35 mK was about

1%. A thorough discussion of possible errors was giver.' by the same authors in

an earlier paper
28
. The general conclusion is that an over-all accuracy of 1%

is obtainable, when using a well-aligned, needle-like sample.

Two Co single crystals, having dimensions of 0.84 χ 0.9 χ 4.3 mm and

1.1 χ 1.1 χ 7.8 m>. with respective weights of 28.8 mgr and 84.4 mgr, were ac-

tivated by irradiation in the neutron beam of the High Flux Reactor', to obtain

the desired activities: about 2 pCi for the small sample and 9 uCi for the

larger one.

Cobalt has a phase transition from the h.-.p. to the f.c.c. lattice at

420 °C. For this reason one has to be very careful when using high melting-

point solders.

A further important point is the very high nuclear specific heat, a con-

sequence of the large magnetic moment and the high effective magnetic field

acting at the nucleus. As may be judged from fig. IV.9, the heat content is

considerable, even for such a small sample. The curve represents a Schottky

anomaly for I = 7/2, μ = 4.6388 μ
Ν
, and B ^ = -22.7 Τ. It is evident that the

thermometric specimen will have considerable influence on the temperature of

Reactor Centrum Nederland, Petten, Holland.
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Fig. IV.9

Nuclear heat capacity, c, and
eg

enthalpy of the Co single

crystal (28.8 mgr) as a function

of temperature.

our nuclear demagnetisation samples. It constitutes in fact the largest draw-

back of this kind of thermometer. A plot of W(0) vs. 1/T, for B
e x t
 = 0, is

given in fig. IV.10.

Fig. IV.10

Normalized γ-ray intensity, W(0),

Vβ. reciprocal temperature, 1/T,

for Co in a single crystal

h.o.p. Co for zero external

field.

IV.4.5
54,

Mn in Au

Mn, dissolved in very low concentrations in Au behaves paramagnetically

down to 20 mK in fields as low as 20 mT
2 9
. The hyperfine field at the Mn-nucleus

is a sensitive function of the applied magnetic field, approaching a saturation

value of 40 Τ for larger applied fields (-v. 0.2 T). Nuclear orientation studies

on this dilute alloy were performed by Lagendijk
29
 and by Flouquet

30
. The first

author analysed his measurements with a hamiltonian, which contains the elec-

tronic and nuclear Zeemar) terms, the hyperfine interaction, and the s-d exchange

interaction. A very nice agreement with the measurement (W(0) vs. 1/T) was ob-

tained (in the range 1/T < 50 Κ and Β > 21.5 mT) for the so-called free spin

slow relaxation model. This model starts from the assumption that the spin value

of Mn in the particular host equals the free ion value S = 5/2, which is sup-

ported by susceptibility measurements. Furthermore, an essential assumption of this

model is that the nuclear spin interacts with the instantaneous components of
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the electron spin, in other words, the nuclear precession time is supposed to

be short compared to the impurity electron-spin rolaxation time.

Quoting ref.29, we may say that this kind of thermometer has several im-

portsrvc advantages:

1) the temperature can be derived from the measured anisotropy using the

calculated curve from the free s.pin slow relaxation model,

2) the sensitivity can be adjusted by varying the external field, and

3) in ultralow temperature applications, only a small external field

(r 10 mT) is needed.

To this list, we may add the fact that no large hyperfine specific heat is

expected, due to the extremely low Mn-concentration. (Mn is brought into the

gold-foil from a carrier-free Mr-chloride, to obtain an activity of about

10 pCi.) For our foÏI, this corresponds to a concentration of c : 10" .

No indication of a Kondo-bound state was found29. TK(AuMn) is expected to

lie in the very low mi 11idegree region. So care is needed when extrapolating

the free spin slow relaxation behaviour to much lower temperatures. Fig. IV.11

gives W(O,T) vs. 1/T for Β = 50.8 mT, calculated with Lagendijk's model.

Fig. IV.11

Normalized y-vay intensity, W(0),

Vβ. reciprocal temperature, 1/T,

for Au Mn, calculated according

to Lagendijk'a free epin elow

relaxation model for Β = 60.8 mT

and B
ext

 = 1
-

1T
'

1/T
20 40 60 80

IV.4.6 Experimental

As reported in chapter II, radiation windows are fitted in the cryostat

in mutually perpendicular directions, and the main magnet, magnet A, allows for

a 3 cm free gap to accomodate γ-ray transmission.

For thermometry, one counter, preferably placed in the polar direction

Θ = 0, is sufficient. In most experiments, a 2" χ 2" Na(Tl)I counter was used,

provided with a long Lucite light pipe, to bring the photo-multiplier tube in

a region of negligible magnetic field intensity. Our superconducting coils have
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a large diameter, in virtue of which the fringe field range is considerable.

It was only in a late stage of the experiments that sufficient shielding was

obtained by multiple iron- and μ-metal shields to operate the counter in the

presence of the full magnetic field. In later experiments Ge(Li) detectors were

used. The advantage of high peak resolution is outweighed to a large extent by

the low γ-ray efficiency, which is of course a crucial point when one wants to

measure a rather fast transient behaviour as in nuclear demagnetisation ex-

periments. W e n , however, Mn and °Co have to be simultaneously counted,

Ge(Li) detectors are indispensable.

For a typical source strength of 2 uCi, the count rate was ̂  13000 counts

in 600 sec, so a statistical accuracy of 1% is obtained in about 470 sec.

As far as the electronics are concerned, several multi-channel analysers

have been employed', which were mostly used in the pulse-height-analysis mode.
Α A

This allowed us to correct in the appropriate way'' for background- ana Compton-

scattering contributions, and to rule out drift in electronics and in photo-

multiplier amplification, for example.

IV.5 Comparison between several thermometers

In several concluding experiments, a direct comparison was made between

Co in h.c.p. Co and Mn in Au thermometers. For γ-radiation counting, we

have chosen a Canberra Ge(Li) detector, which is also suited for use in high

magnetic fields.

Malfunctioning of the multi-channel analyser hampered the data collection

during the days that sufficient helium was available for our experiment. There

was an abrupt failure after 12 data-points, which are shown in fig. IV.12. There

Fig. IV.12

Comparison between Au_ Mn and Co

(h.e.p. Co) thermometers in an external

field B = 50.8 mT. The AuMn temperature-

saale was deduced from the free spin

slow relaxation model (ref.2^). For a

discussion of the disorepanay, see text.

Λ
We thank Drs. Ν. de Boo for loan of his complete equipment during several runs.
A complicated computer program was written by B. Veenendaal, for this
purpose.
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is clearly a systematic discrepancy between the readings of the two thermom-
eters. After repair of the analyser, a new run was started two days later. The
aim of that experiment was to compare the pulsed NMR-, the AuMn- and the Co-
thermometers. For that purpose, an extensive series of nuclear spin-lattice
relaxation measurements were performed, presented in fig. IV.13, simultaneously

Fig. IV.13
The square of the temperature
indicated by the NO thermometer
plotted against the inverse square
of the NMR signal ajnplitude (in
arbitrary units).

collecting nuclear orientation data. In the computer analysis of these data, a
bump at the low energy side of each peak was detected, which had not been earlier
remarked during counting and live display, as it overlapped with the Compton
edge. Consequently the computer program, for resolving the Gaussian energy peak
out of background- and Compton-Gcattering contributions, could fit the Mn-
peak with only moderate accuracy, while the Co data «ere of insufficient
quality to enable a comparison with the AuMn thermometer. A relation between
thé relaxation time τ,, obtained with the pulsed NMR thermometer, and the
γ-anisotropy of the AuMn thermometer, could be established, however.

Assuming the Co thermometer to be correct, we are able to correlate the

τ, measurements with the Co temperature scale by means of the "calibration"

of fig. IV.12. This correlation is not entirely straightforward however, since

there will be undoubtedly a thermal gradient between the nuclear orientation

thermometer and the copper sample because of the inevitable heat leak. Since it

may be reasonably assumed that the heat leak is practically constant during the

counting time, we may eliminate the temperature gradient by plotting Τ vs.

(1/S)jj-
MR
 (fig. IV.13). (This is evidently the relation: Q

e x t
 = Q = l γ λ ( Τ

2
 - Tjlj,

which describes the heat flow through the thermal link between the two thermom-

eters under steady state conditions.) From the slope of this plot, the calibra-

tion constant, a, for the NMR thermometer (see section 3.7) is deduced. Once

this value is known, one can translate fig. IV.7 into a τ, vs. 1/T plot, which

thus yields a value for the Korringa constant, K, for Cu.

A Korringa constant of 1.08 + 0.15 Ks is deduced. No great accuracy can be
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claimed for this measurement because of the manifold steps involved in extract-

ing this result. We tentatively infer from this result that the relaxation rate

is enhanced by impurities (K-, = 1.27 Ksec for pure C u
3 1
) , but the results lack

the accuracy to be definite.

When the read-ng of the AuMn thermometer is assumed to be correct, a similar

procedure as described above, yields a value of 1.8 Ks for the Korringa constant.

This supports the assumption of the correctness of the temperature determination

by the Co thermometer.

The reliability of the latter may be attributed to various factors: neutron

activation in a reactor is expected to yield a homogeneous distribution of Co

nuclei over the Co crystal, thus avoiding inhomogeneous self-heating effects;

further, closure domains were seen to cause negligible deviations, for sample

dimensions like ours, even in zero applied field (in our case a field of at

least 50.8 mT was present) and misalignment does not produce systematic errors

to first order. Probably, only a transition from h.c.p. to f.c.c. lattice may

cause serious troubles. The crystal was soldered to the copper bundle with CdZi

solder, with a melting point of 265 °C, hence far below the transition tempera-

ture of 420 °C. A comparison was niaae in earlier stages of these experiments

between our Co thermometer and a Fe Mn thermometer", which agreed within ex-

perimental accuracy. A possible effect of a phase transition would not have

remained unrevealed in this comparison.

On the other hand, one can devise several uncertainties which may cause

deviations for AuMn:

a) validity of the slow relaxation model. We note, however, that the counter-

part, i.e. the fast relaxation, is also unable to explain the observed dis-

crepancy.

b) clustering of Mn impurities. A comparable effect was observed in ZnMn by

Hensel
11
.

c) other impurities in Au.

We note that the discrepancy in the temperature determination between our

Co thermometer and the temperature deduced from the γ-anisotropy of the AuMn,

using Lagendijk's free spin-slow relaxation model, is less pronounced for measure-

ments in higher fields (1.1 T). This behaviour is qualitatively in agreement

with previous nuclear orientation measurements on the AuMn system by Compton,

Williams and Wilson
34
. These authors observed a much slower increase of the

effective hyperfine field towards the saturation value as a function of the

60
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externally applied fieiu than Lagendijk.
Recei'<ly, in a short note to the Journal of the Physical Society of

Japan35, Hiraki and Ono raised a point, which may possibly shed a new light on
the AuHn question. An unexpectedly large 55Mn content was detected by a neutron
activation analysis in their Au_ Mn sample, whi';n, like ours, was prepared with
a "carrier-free" 54MnCl,>-HCl solution.

The 55Mn/54Mi, isotope ratio was found to be about 1C00. Thus, instead of
concentrations of 10" , one ii possibly confronted with a much larger Mn-impurity
content of about 10 ppm. Anisctropy measurement on three samples with different
concentrations, revealed that larger fields were necessary for saturation, the
more concentrated the alloys were. This was ascribed by the authors to inter-
action effects between local d-spins.

We finally conclude that, although AuMn has great potentials as a fast
response, low field thermometer, more systematic investigations have to be done
at lower temperatures and with various Mn impurity concentrations.
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CHAPTER V

EXPERIMENTS

V.I Nuclear cooling experiments

Some nuclear cooling experiments were performed at an early stage of our

investigation, when no heat switch had been fitted between the nuclear sample

and the CPA cooling salt. The copper wire' bundle of thermal link and nuclear

sample extended into the cooling salt pill for establishing thermal contact.

The heat transfer coefficient oA (cf. eq. III.3) was measured in a separate

run, and was found to be <xA = 14 W/K
4
. After precooling, the magnetic field on

the copper sample (initially 6.9 T) was reduced at a rate of 7.3 mT/s until a

value of 0.657 Τ was reached. At that stage, we lowered the whole magnet cryo-

stat, leading to a further reduction of Β in about 40 sec. The final field of

8.4 mT, which is the resonance field for the NNR thermometer, was provided by

the saddle-shaped coil in the Leybold cryostat. The amplitudes of corresponding

cycles in the NFP signals were measured manually from the recorder traces of

the Biomation Transient Recorder. Fig. V.I shows the relaxation of the nuclear

spin system towards the lattice temperature, T
£
, which is 11.2 {+ 0.6) mK. This

value is deduced from the averaged slope of the relaxation curves, using the

Korringa relation. The lowest nuclear spin temperature, T„-, is 35 (± 2) uK.

The ratio between T ^ and Tr· is 320. At first sight, there seems to be a

very high loss of spin polarisation during the demagnetisation process, as

B./Bf = 820. One should note, however, that the initial temperature of the cop-

per sample before demagnetisation is much higher than 11.2 raK, due to the exis-

tence of a large temperature gradient between cooling salt and nuclear sample,

during the removal of the heat of magnetisation. After demagnetisation, the

gradient has become smaller, as it originates then only from the external heat

leak. The initial temperature, as inferred from the carbon resistance thermom-

eter on the nuclear stage, was about 19 mK.

This copper wire was obtained from Dr. P. Hensel, who has measured the
Korringa constant for wire from the same batch: κ = 1.11 Ks

1
.
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Fig. V.I Example of a nuclear aooling series (B^ = 6.9 T). The relaxation

of the nuclear spin eye tem - as measured from the successive maxima

(A-, A„, ...) of tie 100 kHz nualear free precession signal - towards

the temperature of the conduction electron system is shown. The am-

plitudes of the 3
vd
, 4

th
, 6

th
 and 7

th
 half-cycle haoe been omitted

for clarity, the lowest nualear epin temperature in the final field

J. (8.4 mT) ',s 35 (t 2) vK. No heat switch was present.

The time behaviour of our system was numerically determined (see appendix),

using a value of <xA = 14 W/K for the thermal boundary resistance and

λ = 0.8 W/cmK for the thermal conductivity of the copper wires. The time re-

quired to attain 19 mK, as computed from the above figures, is about 30% higher

than the time actually needed. This may be attributed to an underestimation of

the thermal conductivity, λ, of the copper wires. The temperatures of the cooling

salt pill, Τ , of the thermal link, T.,, of the conduction electron system, T^,

and of the nuclear spin system in the nuclear sample, L., are given as a function

of time during the demagnetisation process in figure V.2.

The gradients ΔΤ and ΔΤ
Κ
 result from the copper wire thermal resistance

and the Kapitza thermal boundary resistance respectively. Upon demagnetisation

of the copper nuclei, the conduction electron system follows the nuclear spin

temperature very closely (as a consequence of its very low specific heat) until

the nuclear spin system is no longer able to cope with the heat leak from the
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Fig. V.2 Numerically calculated nuelear cooling process, as described in the

text. Τ : temperature of cooling salt pill

X^: temperature of thermal link

T^ ; conduction electron temperature

T„ : nuclear epin temperature (inversely proportional to

free preceeeion signal).

Note the difference in time scale at the start of the nuclear

demagnetisation. The daehed area is given with an enlarged time

scale in the insert.

Black squares: T^ values, taken from fig. V.I for comparison with

the experiment. For further details, see text.

cooling salt pill. Then, the conduction electrons warm up very rapidly towards

the cooling salt temperature. There remains, however, a small thermal gradient,

which develops under the influence of the external heat leak. The behaviour is

shown on an enlarged time scale in the insert of fig. V.2. A good fit with the

experimentally observed behaviour is obtained for an external heat leak of

10 nW. This is a quite realistic value on the basis of heat leak measurements

in other runs.

We may recall at this point the discussion in chapter IV, section 3.7, on
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the calibration of the pulsed NMR thermometer. The NMR calibration procedure
is essentially the same as that of the nuclear cooling runs. The very fast
return of the conduction electron system to a virtually constant temperature
is responsible for the exponential relaxation behaviour of the nuclear spin
system, which makes the pulsed NMR thermometer calibration feasible.

V.2 Nuclear refrigeration experiments on Cu with low field thermometry

V.2.1 Heat leak measurements

In chapter I, eq. 1.27, we deduced for the final field of demagnetisation
the optimum value producing the minimum conduction electron temperature. The
only experimentally adjustable parameter for a given refrigerant is the external
heat leak per mole: Q/n. In view of the importance of the heat leak for the
underlying experiments, we briefly review possible sources of heat leaks:
a) thermal radiation. For a discussion we refer to chapter III, section 2.
b) thermal conduction through supports and electrical leads. This source of
heat, probably the most predictable, can easily be coped with when thermal
anchoring at intermediate temperatures may be applied. The buffer salt and the
attached heat shield served this purpose in our experimental set-up. All elec-
trical leads to thermometers, heaters, and coils were effectively anchored over
a length of 90 cm on the heat shield.
c) eddy current heating. This source of heating may occur in several parts
of the nuclear sample: in the heat switch, in the cone(s) of the thermal link,
and in the wires of the thermal link and the nuclear stage. For a cylindrical
conductor of radius r, volume V, and resistivity p, the eddy current heating
is expressed by

Q = r2VÊ2/8p (V.I)

when Β is directed along the axis, and when complete field penetration is as-
sumed. For a wire diameter of 0.05 mm and a demagnetisation rate of 6.3 Τ in

* io
45 min, one obtains for copper: Q

 :
 1.3 10 W/mole. The heat leak rate depends

quadratically on the frequency, so ripple currents from power supplies for

magnet coils may be troublesome in this respect. In our specific case, this

effect is negligible. Apart from the performance of the power supplies them-

selves, two other factors should be mentioned: a) the self-inductances of all

three magnet coils are high, so the current amplitude will be low, b) two highly
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conducting copper screens (the radiation screens) attenuate ripple effectively.

Closed electrical loops i ι the nuclear sample may give appreciable con·

tributions. A single loop, subtending an area equal to the cross-sectional area

of our nuclear sample, gives rise to an eddy current heating rate 50 ti-'és as
high as that in our nuclear sample of 0.05 mm wire diameter. The particular
copper nuclear sample which was used in the early nuclear refrigeration experi-
ments, to be described 1n the next section, was found to show considerable heat-
ing, when subject to the pulsed field of the 100 kHz NHR thermometer. A value
of 84 nJ was measured,· for a 50 V pulse, in a heating series of the nuclear
sample with superconducting switch. (This measurement is represented by the
black square in fig. III.3.) Short circuits could indeed be detected afterwards
at the edges of the nuclear sample-, which originate from the two half-moulds
used in the fabrication.

Eddy current heating in switch wire and cone was minimized by subdividing
them resp. into 15 wires and 5 cones. Numerical values were already given in
section III.7.
d) leaking heat switch. This subject has been treated extensively in section
III.6.
e) vibrations. This, source of heat input can be very troublesome, mainly due
to its unpredictable character. We refer to chapters II and III for a description
of the precautions which have been taken. It is conceivable that at least part
of the residual heat leak has to be attributed to vibrations. No direct evidence
is present, however. During several heat leak measurement-series, pumps and
other possible sources of vibrations, such as lathes in adjacent workshops,
were deliberately switched off. No conclusive evidence was found for the presence
of a vibrational heat leak.
f) gaseous conduction. Heat leaks associated with the use of exchange gas,
for establishing thermal contact with the surroundings, have been reported
frequently. We refer to White2 and Wheatley3 for an extensive discussion. The
removal of exchange gas is difficult because adsorbed layers on various surfaces
desorb reluctantly.

We have also experienced severe problems in this respect. In the initial
stages of the experiments, a heat leak of the order of 0.1 uW was measured,
although only a very small amount of gas was admitted for cooling the apparatus
from 4.2 Κ to 1 Κ in a reasonable time (1 a 2 hours). No systematic decrease
of the heat leak with increased pumping time at 1 Κ was observed. A marked re-

duction occurred, however, upon two changes: a) the use of He exchange gas in-

stead of
 4
He, b) the use of a "bake-out" technique. The following procedure was
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adopted: when the cooling salt assembly and the nuclear sample had attained 1 K,

the diffusion pump was connected to the vacuum jacket. After roughly half an

hour, the valve of the booster pump, which served for reducing the vapour pressure

of the liquid helium bath, was closed. The change in bath temperature was fol-

lowed by the inner apparatus with a time lag. The temperature was allowed to

rise to approximately 1.2 K. At that stage the vapour pressure was reduced again,

and the apparatus cooled down again. This procedure was repeated in several

steps depending on the cool-down rate of the cooling salt assembly. The highest

vapour pressure in this procedure was about 1 cm Hg, corresponding to 1.74 K.

The starting temperature of the guard salt plus attached heat shield was about

1.4 K, while the main cooling salt pill and nuclear stage were at about 1.2 K.

After a successful bake-out procedure, which could take as long as 3 hours,

heat leaks of the order of 10 nW were frequently observed.

A gradual decrease of the heat leak in course of time was observed in

several runs. This may seem to indicate that the residual heat leak is, at least

partly, due to insufficient removal of exchange gas. On the other hand, in a

particular run, the Leybold cryostat became empty, while the main cooling salt

was still at 25 mK. The cryostat was refilled without seriously disturbing the

temperature of the cooling salt. This indicates a rather good thermal isolation,

g) large specific heat reservoirs, which are badly coupled to the nuclear

stage. Such a reservoir will manifest itself as an apparent slowly decreasing

heat leak. There are several indications for the existence of such a phenomenon.

It is interesting to quote Smith et at.
1
*, who mention a residual heat leak, with

a time constant of several days (!), "which seems common in epoxy cells".

V.2.2 Results

In this section, we present a number of demagnetisation series in which the

temperature after demagnetisation was measured with the 100 kHz pulsed NMR

thermometer. In our set-up, this corresponds to a final demagnetisation field

of 8.8 mT. The experimental arrangement is essentially the one described in

chapter III. We may recall that the quantities of copper in the nuclear sample

and thermal link were 1.3 and 0.6 mole respectively, consisting of 0.05 mm

diameter wire. A manganin heater wire was wound around the nuclear sample. He

exchange gas was used. In this same series of measurements, the performance of

the Sn heat switch was investigated, which yielded Κ = 1.7 χ 10" Τ W/cmK .

These measurements were presented in fig. III.3. We can exclude the possibility

of a leaking heat switch in these series.
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For the heat leak onto the nuclear sample in these series of demagneti-

sations we found values in the range of 8 to 22 nW. The corresponding optimal

final fields are thus in the range of 46 to 76 mT (eq. 1.27). As discussed in

detail in chapter IV.3.3, NMR thermometry was not possible in such high fields,

and, moreover, coils and electronics were not suitable for this purpose. There-

fore, we were compelled to adopt the procedure of Hensel
1
»

5
.

In this procedure, demagnetisation is stopped at the desired final field

of demagnetisation to allow the conduction electron system to attain its dynamic

equilibrium temperature, T
E
~. At this point, the final field of demagnetisation*

is reduced very quickly to the resonance field, B
r
, for the 100 kHz pulsed NMR

thermometer. If this is done sufficiently fast, i.e. in a time t « Tj = K/T
E f
,

the process is virtually adiabatic, so the temperatureT
r
of the nuclear spin

system in the resonance field B
f
 (as inferred from the pulsed NMR thermometer)

is related to the nuclear spin temperature T^ in the field B- by: Τ =T-xB /B-.

If the heat leak is known (and constant during the process), the minimum con-

duction electron temperature may be calculated by means of eq. 1.26:

T
Ef

 = T
Nf <

1 +
- (BfTb

2
)

It should be mentioned that the specific heat of the conduction electrons and

of the lattice do not appear in this equation. It is valid only under the as-

sumption that these heat capacities are negligible compared to the nuclear

specific heat. An obvious drawback of this procedure is that only one tempera-

ture value of the conduction electron system in the field B, is obtained.

In table V.la, we present evaluations of T „ , obtained with the above-

described procedure, for four demagnetisations to different fields Bx·.

From this table, we should conclude that a substantial lattice cooling was

achieved. We also analysed the thermal behaviour of the conduction electron

system and lattice in the field Β . If the pulsed NMR thermometer is sufficient-

ly accurate, we may deduce both (L, the heat absorption rate of the nuclear

spin system, and TV, the conduction electron temperature, as a function of time,

using formulae 1.18, 1.20,and 1.21. Both quantities require an evaluation of the

slope of the T^ vs. t curve. In practice, the time derivative of T,. is obtained

from a computer-fit to the data-points. The fit gets rapidly worse at the end of

the curve, which explains the lack of points in the Q
N
 and T

E
 vs. t curves for

low t-values. We reiterate that T
E
 may be evaluated only if the Korringa con-

stant is known.

The time behaviour of T
N
, T

£
, and Q

N
 during warm-up after demagnetisation
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Table V.la and b

Comparison of four demagnetisation runs from initial field B^ to final field

B
f
. Τ is the minimum temperature of the nuclear spin system in the field B

r
,

measured with the pulsed NMR thermometer. T ^ and T ^ are the nuclear spin and

conduction electron temperatures in the field B
f
, calculated from T

r
 and Q .

using the procedure described in the text. 0
p u l s e

 is the eddy current heating

due to the pulsed NMR thermometer. OjJ Is the asymptotic value of the Q
N
 vs. t

plots (shown for runs II and III in fig. V.3a and b ) , in which Q
N
 is the ener-

gy absorption rate of the nuclear sample, as deduced from Tu(t).

a b

Run B- D
f
mT

T
r
mK

'Nf
mK

'Ef
mK

T
Ef

/ T
Nf

nW
Vise "Ν
nW nW

I 3.22 161 0.11(5) 2.20 2.72

II 2.92 51.1 0.07(5) 0.46 =1.24

III 2.66 81.8 0.10(5) 1.02 1.44

1.24 22

:2.7 14-18

1.41 10

IV 2.92 153 0.13 2.37 2.65 1.12 10

20

20

20

5

30

35

27

15

is shown for runs II and III in fig. V.3, a,b.

The curves obtained for Q
N
 are interesting, since they yield direct infor-

mation about the external heat leak. At very low temperatures, the specific

heats of lattice and conduction electrons become negligibly small (compared to

the nuclear specific heat), and, in that case, Q« should equal the external

heat leak. (For copper in 8.4 mT, C
N
, the nuclear specific heat is equal to C,

at about 7 mK; the two systems are at different temperatures, however.)

It can be seen from the figures that CL is not constant at the low tempera-

ture side of the curves. Estimates obtained by extrapolation to an asymptotic

value are given in table V.lb. Although these estimates are not very accurate,

it is quite clear that they are much higher than the directly measured external

heat leak. The discrepancy could be resolved in this case by an additional eddy

current heat leak due to the NMR pulses. This heat leak was not observed during

the heat leak measurements, when the NMR thermometer was in-operative. The

nuclear sample used in these runs had several closed loops, referred to, already

in section V.2.1, point c. The heat generation per 50 V pulse was 84 nJ."ïhe
additional heat leak rate is thus 20 nW for series I, II, and III (the pulse
repetition rate was one pulse in 4.21 sec), and 5 nW for series IV, in which a
smaller voltage pulse was applied. When we account for this heat leak source,
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Fig. V.3a and b. Nuclear spin temperature, T^, conduction electron temperature,

T„, and heat absorption rate of the nuclear epin system, £ as a

function of time during warm-up in a field of 8.8 mTt which also

acte as the resonance field for the NMR thermometer, for runs II

and III. The values for B, and Qext <we given in table V.I.

Pulsed NMR temperature measurements were taken each 4.2 sec. A

number of pointe have been omitted for clarity.

the agreement with the value deduced from the (L vs. t curves is rather good.

A cooling of the conduction electron system is noticeable in fig. V.3a

and b, but the temperatures, although first obtained for t Ï 25 sec after the
end of the demagnetisation, are rather high.

On the other hand, we expect TV to already lag behind TN during demagneti-
sation, since Τ

£
 ; 2 L when the magnetic field passes the optimum field value,

which belongs to the prevailing heat leak per mole (eq. 1.27). Thereafter a very

rapid rise in TV is expected, due again to the low specific heat of that system.

In order to put the discussion on a more quantitative basis, the time behaviour

of Τ., and TV was numerically computed (see appendix), starting from the condi-

tions of series II. The calculations have been specifically performed for exter-

nal heat leaks of 16 nW and 35 nW. The last value includes the additional eddy

current heat leak (see table V.la and b).

The results are shown in fig. V.4. The experimental curve of run II is also

given for comparison.

The agreement between the lowest T
c
 value of the experimental data and the
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Fig. V.4 Computer simulation (full ourvee) of demagnetisation to and warm-up
in B = 8.8 mTt starting from the typical initial conditions of
run II (dashed curves: experimental results). Curves, labelled b,
correspond to a total external heat leak of 16 nW (as measured
before demagnetisation), while curves with label a are calculated
for Q . = 36 nW, thus accounting for the additional 20 nW eddy
current heat leak due to the pulsed NMR thpn-mometer.

calculated values is satisfactory when assuming a heat leak of 35 nW. The ex-
perimentally observed warm-up rate shows a pronounced deviation from the cal-
culated behaviour, which indicates a large specific heat of the conduction elec-
tron system itself or of a system coupled to it. An explanation of this phenome-
non is probably to be found in the specific heat of the manganin heater wire
which was used for the heat leak measurements. The specific heat of manganin
was found to have a 1/T dependence, which is ascribed to a hyperfine contri-
bution6»7. This predicts a heat capacity peak around 9 imX. We did not try to
include this heat capacity in the calculations, as the thermal coupling at very
low temperatures is very speculative. We note that the lowest T_, as calculated
by the computer program, is 1.5 mK (a heat leak of 16 nW was assumed during de-
magnetisation, when the pulsed NMR thermometer was not used) for this particular
series, compared to 1.2(4) mK, using the procedure described above.

The difficulties encountered in extracting the lowest attained T^, as well
as the disappointingly fast rise of the temperature as a consequence of the low
final field of demagnetisation, were a strong motivation to change the apparatus
in such a way as to enable temperature measurements in a substantially higher
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final field of demagnetisation, in which the nuclear spin system is able to
cope with the heat influx to the conduction electron system.

V.3 Nuclear refrigeration experiments on Cu with high field thermometry

V.3.1 General

In this section, we present a number of selected nuclear refrigeration
experiments having the' common feature of demagnetisation to a *inal field of
53.2 mT. These experiments were performed on 4 nuclear samples (in the fal-
lowing denoted with Roman numbers I, II, III, and IV), which were all made of
copper wire from the same manufacturer (Pope N.V., Venlo, Holland). Dimensions
and other properties are given in table V.2.

Table V.2

Specification of nuclear samples

wire diameter (mm)
length (cm)
diameter (cm)

fquantity of copper
in nuclear sample (moles)
,quantity of copper
in thermal link (moles)
bonding agent /

rlower thermal link
type (fig. V.5)

I

0.05
6

2.1

1.29

0.58

aldite1·

II

0.036
6

2.1

1.29

0.58

Araldite

a

III

0.036
6

2.2

1.29

G.58

Cyanolit

b

IV

0.036
6
3.5

2.82

1.29

Cyanclit

c

nuclear orientation
thermometer

Fig. V.5
Methods for mounting a n/alear
orientation thermometer to the wire
bundle forming the nuclear sample.

* Araldite, Ciba-Geigy B.V., Arnhem.
Cyanolit is a rapid bonding adhesive, sold by 3M Company, Leiden.
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Before discussing thé results of the demagnetisations, we would like to
make s^v-ral remarks. Firstly, the temperature of the nuclear stage just prior
to cfo-nagnetisation is not very accurately known in some runs, as a result of
poor heat contact between the carbon resistor and the nuclear sample. The pre-
paration of the carbon resistance thermometers has already been mentioned in
chapter IV, section 1. The copper wire strand attached to the bare charcoal
slices via a very thin insulating layer is normally thermally connected to a
sample by soldering. In our case, this would have implied soldering to a bundle
extending from the nuclear sample, thus Introducing closed electrical loops.
Especially in earlier runs, when the sensitivity of the pulsed NMR thermometer
was not vsry high, loops could be disastrous.

The second remark concerns the h?at leak measurements. In a number of runs,
the manganin heater wire was purposely omitted in view of the large hyperfine
specific heat contribution. The heat leak was estimated in those runs from the
eddy current heating of the pulsed NMR thermometer, ca1!brated in previous runs
witn respect to the heat input.

V.3.2 Irreversibility

In principle, we do not expect large irreversibilities to occur for heat
leaks of the order of 10 nW per mole (cf. chapter 1.3.4). Fran the lowest nuclear
spin temperature obtained in the first series of measurements, we should have to
conclude, however, that the initial temperature was near 30 mK. This is very im-
probable, not only with respect to the cool-down curves, presented in fig. III.4,
but also with respect to the readings of carbon resistors, which are in good
thermal contact at this temperature.

In otder to investigate the irreversibility during demagnetisation, a new
nuclear sample was made, having a thermal link at the lower part to accomodate
the fitting of a NO thermometer (as depicted in fig. V.5a).

Some difficulties anse when one wants to perform both nuclear orientation
and pulssd NMR thermometry on the same nuclear sample. A thermal gradient may
exist between the ends of the folded wire bundle (: 54 cm), forming the nuclear
sample, under the influence of external heat leak and heat of magnetisation,
if the transverse thermal conductivity via insulation and bonding agent is in-
sufficiently high. In that case, the reading of a NO thermometer, mounted as in
method a, gives a conservative estimate, in fact an upper limit of the initial
temperature, whereas in methods b and c, the reverse situation occurs.

In system a, all copper wires are electrically connected at both ends, thus
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preventing accurate pulsed NMR thermometry, due to transmitter pulse attenuation.

The situation is improved when using mounting system D, as, in that case, only

the thermal link wires form closed loops. The soldering connection area is quite

large (t> 1 c m ) , however. This easily contributes a 10 nW eddy current heat leak

during a demagnetisation from 6.3 Τ in 30 min. Eddy current heating was indeed'

clearly observed in runs with nuclear sample III. Method c obviates pulse attenua-

tion and eddy current heating to a larger extent, but thermal equilibrium is sub-

ject to doubt. From the difference between the cool-down curves 5 and 6 in fig.

III.4, we may estimate a mis-reading of the NO thermometer of approximately

0.9 mK at 16 mK, if transverse thermal conductivity is insufficiently high.

We note that the thermometer reads optimistically, i.e. lower, with mounting

methods b and c, so irreversibility figures, obtained with initial temperatures

from the NO thermometer, might actually be even larger.

For the determination of the lowest obtained nuclear spin temperature, we

have to rely on the pulsed NMR thermometer, which, however, gives reliable

readings only after about 100 seconds subsequent to the end of the demagnetisa-

tion (see chapter IV, section 3.7). Using an extrapolation of T
N
(t) to t = 0,

we obtained values for the irreversibility A(B/T), defined as: Δ(Β/Τ) *

B.j/T̂  - Bf/T
f
, of approximately 140 T/K. This figure agrees remarkably well with

values obtained by Gylling
8
. He found an increasing irreversibility towards

lower final inductions: Δ(Β/Τ) - 120 T/K for B
f
 - 72 mT and Δ ( Β / Τ ) « 170 T/K

for Bf = 36 mT. The irreversibility is thus considerably larger than expected

on basis of the equations presented in chapter 1.3.4, which predict

Δ(Β/Τ) : 2.2 T/K for the experimental conditions encountered here. The

discrepancy can in no way be resolved by assuming a larger external heat leak.

V.3.3 Results

sample I. The series presented in fig. V.6 was the first demagnetisation

to 53.2 mT. The initial field on the copper sample was 6.26 T. The pulsed NMR

electronics were not yet completely matched to the 600 kHz frequency, which ex-

plains the inaccuracy of T"
E
(t) and Q

N
(t), which are both evaluated from the

slope of Tj,(t). Extensive heat leak measurements were performed before and after

the demagnetisation series, yielding values of Q . = 10 nW and 8 nW respective-

ly. For an external heat leak of this magnitude, the optimal final field (eq.

1.27) is lower than the actual final field, hence we should have expected

Tg/T
N
(t=O) < 2, which is clearly not the case. The high value of T^ could be

explained in this particular series by the presence of a manganin heater wire,
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Fig. V.6 Nuclear refrigeration experiment with sample I (1.29 mole Cu,

Araldite bonding agent). The initial field, B., was 6.26 T. The

figure shows the warm-up in the final field, B*, of S3.2 mT for the

nualear spin system (T^) and the conduction electron system (Tp).

Also shown ie Q„, the heat absorption rate of the nuolear spin

system, as deduced from the slope of TN vs. t. The external heat

leak was measured before and after the nualear demagnetisation run,

which yielded values of 10 and 8 nW resp. t = 0 corresponds to the

end of the demagnetisation. Pulsed NMR temperature measurements were

made at 10 sec. intervals. Half of the T„ points are omitted for

clarity.

which albeit of small mass represents a considerable heat capacity.

sample II. The nuclear sample used in this series was provided with a

thermal l ink extension (method a) to accomodate a Co γ-ray thermometer. The

signal-to-noise rat io of the pulsed NHR thermometer was very poor in the c a l i -

bration range, which can be ascribed to pulse attenuation in closed loops in

the nuclear sample. Hence, i r r e v e r s i b i l i t y figures were not obtained for th is

sample. Fig. V.7 shows the temperature of the Co (h.c.p. Co) thermometer

during and immediately after demagnetisation. The sudden increase in temperature
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Fig. V.7 Nualear refrigeration and subsequent warm-up of sample II

(1.29 mole Cu, Araldite bonding agent, lower thermal link type a),

monitored with a NO thermometer ( Co, h.o.p. Co). The sudden rise

at the end of the demagnetisation, when the main power supply was

tripped out, and the pulsed NMR thermometer put into operation,

is a strong indiaation for the occurrence of eddy current heating.

B
i
 - β. 1 Τ.

at the end of the demagnetisation, when the main power supply was tripped and

the pulsed NMR thermometer put Into operation, 1s a strong Indication for the

importance of eddy current heating. Fig. V.8 shows the departure from adiabatic

conditions as a function of B. We note, however, that a NO thermometer in

Fig. V.8
Τ (60Co) plotted against the
magnetic field B. In case of
reversible behaviour, the points
should lie on the solid line.
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general, and
 6 0
Co (h.c.p. Co) in particular, is not very well suited for moni-

toring fast transient temperature changes, due to the statistical nature of

data collecting. Counting times of at least 100 sec are required, in which time

the magnetic field changes by about 0.3 T. The Co single crystal, moreover,

has a large hyperfine heat capacity. Due to the negative sign of the hyperfine

field, a decrease of the applied field from 6.3 Τ to 53.2 mT, corresponds to an

increase of the hyperfine field on the Co-nuclei from 16.4 Τ to 22.7 T, giving

rise to an additional production of heat. Computer calculations nevertheless

predict lower final temperatures, than obtained in fig. V.7.

The. Co thermometer was subsequently removed. The lower part of the thermal

link was cut away, and contacts between individual wires were removed by means

of a backward elec" olysis procedure. No closed loops could have originated from

this part of the sainpje. A demagnetisation series with this sample in this con-

dition is shown in fig. V.9. The initial field was 6.24 T, while the heat leak,

as measured before demagnetisation, was 14 nW. The most striking feature in the

warm-up after demagnetisation is the slow decrease of 0
N
 with time, during the

first 2000 seconds. We shall return to this point later.

sample ill. In this sample, Cyanolit was used as bonding agent. This

change was purposely carried out to investigate the source of the additional

heat leak which is suggested by the Q
N
 vs. t curve. The initial values for

field and temperature were 6.24 Τ and 23 mK. From the extrapolation of T
N
(t)

to t = 0, we estimate ΔΒ/Τ = 135 T/K (fig. V.10).

sample iv. This sample contains 2.82 mole in the high field region. The

change to a larger sample was based on the following idea: if the unknown ad-

ditional heat leak should originate from somewhere outside the sample, then a

demagnetisation of a larger sample would yield better results, since both
B
f oot and the warm-up rate are dependent on Q/n, the heat leak per mole. The

increased heat of magnetisation could be afforded, since the full potential

cooling power of the main cooling salt was never completely utilized, due to

the Kapitza resistance bottle-neck. From the Q
N
 curves (note that Q

N
 represents

the total heat absorption rate for the whole sample) the additional heat source

is seen to scale approximately with the quantity of refrigerant. This could

be an indication of a vibrational heat leak, but then the decrease in (L is

very improbable. The initial field was 6.24 Τ for both runs (IV.a and b,

fig. V.ll ind V.12).

An Evanohm heater wire was fitted around the nuclear stage in both runs.

In run IV.b, the
 6 0

Co thermometer was attached to the lower thermal link (no

temperature readings could be obtained in this run, however, due to analyser
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Fig. V.9 Nuclear epin temperature, T„, conduction electron temperatuie, T„,

and heat absorption rate of the nuclear epin eyetm, #„, ae a

function of time during warm-up in B. = 53.2 mZ1, after demagneti-

sation from B. = 6.24 T, for sample II. The Co thermometer and

the manganin heater wire had been removed* The external heat leak

was about 14 nW. Pulsed MR temperature measurements were made

at 10 sea intervals. Q^ shows an unexpected, roughly exponential,

decrease loith time during the first part of the warm-up (for

t < 2100 β).

fai lure). We note that the pulsed NHR thermometer was much more accurate in

these runs. This i s a consequence of using mounting method c for the NO

thermometer. The number of wiras fccming closed loops i s relat ively small in

this arrangement.

V.3.4 Discussion

The warm-up rates presented in fig. V.6, 9, 10, 11,and 12 are only a few
out of many demagnetisation runs with different nuclear samples· and obtained
under various conditions. All of these have some common, unexpected features:
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Fig. V.10

Nualear refrigeration experiment

with sample III (1.3 mole Cu, Cyanolit

bonding agent, lower thermal link

type b). The initial conditions for

field and temperature were: B. =

6.24 Τ and 2\ = 23 mK. The figure

shows the warm-up of the nuclear

spin and conduction electron sys-

tems (Tj. and T„), as well as the

heat absorption rate, Q
N
, of the

nuclear spin system as a function

of time, in the final field B. =

S3.2 mT. Qj, shows again an unexpec-

ted decrease with time during the

initial part of the warm-up.

Fig, V . l l

Warm-up in the final field B. =

53.2 mT, after demagnetisation from

B^ = 6.24 T, for sample IV (2.8 mole

Cu, Cyanolit bonding agent, louer

thermal link type a). The heat ab-

sorption rate of the nuclear spin

system, <L, shows a remarkable de-

crease as a function of time for-

t < 1200 sec (Qj. ~ )L Pulse atten-

uation was considerably reduced by

NO thermometer mounting method e.

The pulsed NMR thermometer sensi-

tivity was thus greatly improved.

Measurements were made at 10 sea

intervals.
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Fig. V.12 Nuclear refrigeration experiment, ae in fig. V.T1, except for

the additional fitting of the Co NO thermometer to the sample.

a) there is a considerable irreversibility.

b) the total warm-up time is much shorter than expected. Referring to fig.

V.6, we expect a warm-up time of 4450 sec for T
N
 rising from 2.5 10"

4
K to

10 mK, when the total heat leak is 10 nW (eq. 1.29). The actual time is more

than three times shorter.

c) the heat absorption rate of the nuclear sample, (L, starts at a much higher

level than expected. This is of course closely related to the statement in

point b).

Let us concentrate the discussion to Q„ vs. t. Q
N
 is expressed by:

dT„ 2
B
f
 d T

N R
2 d

B

L

u
 'Ν "

in which C
N
 is the nuclear specific heat in the final field B

f
, η the number

of moles, λ the nuclear Curie constant per mole, while S and α are the NMR

signal and the calibration constant, related to Tj, via S = <*/Τ«. Otherwise,

Q
N
 may be expressed as
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using eq. 1.23.

At very low temperatures, the conduction electron specific heat is neg-

ligibly small, so that the heat absorption by the nuclear sample is equal to

the external heat leak (fig. V.13).

nuclear spin
system

nuclear
spin-

lattice
relaxation

conduction _ _
electron system

J
ext

Fig. V.13

Block diagram of the copper sample.

Hence we expect a constant value for (L vs. t, until the specific heat

CΓ- of the conduction electrons becomes comparable to C». Then, a rapid drop

occurs, as C
N
 varies with 1/Tjjj and C

£
 varies linearly in T

£
. This is true only

if the external heat leak is constant in time. There is no reason why the ex-

ternal heat leak should decrease so drastically in a relatively short tinie. If,

for instance, the heat leak due to the exchange gas should vary rapidly, then

a completely different behaviour should have been obtained for series started

at different times.

Fig. V.14 shows the calculated warm-up rates for a 1.29 mole copper sample

in a field of 53.2 mT for three values of the total external heat leak: 15, 20,

and 25 nW. These curves were scaled artificially to allow T
N
(t = 0) to coincide

with the series of fig. V.9. We note that a starting temperature of 32 mK had

to be assumed, thus illustrating the large degree of irreversibility. Q„ vs. t

is, indeed, seen to be _onstant for T~ < 8 mK. The effect of a larger specific

heat coefficient is shown in fig. V.15. All demagnetisations that have been

performed, not only the few presented here, show the same striking discrepancy

with respect to the calculated curves. Firstly, there is a slow decrease in CL,

from t = 0 on, while the initial value at t = 0 is much'higher than expected

on the basis of the measured external heat leaks. (In passing, we note that

this behaviour is consistent with the observation of increased irreversibility

towards lower final fields, i.e. towards lower final temperatures.) This part of

the curve wi 11 henceforth be denoted as (L
 s l o w

» opposed to Q„ -
 t
 for temper-

atures where Cr becomes important. Secondly, Q
N
 - . does not agree with the

curve calculated for γ- = 0.7 mJ/K. We should assume a much larger coefficient

for Cu (i.e. about 10 times), to explain the observed slope of (L *
a s t

·

The enlarged heat capacity may be at least partly ascribed to the specific
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Fig. V.14 Calculated time behaviour of the nuclear spin temperature, T^, and

the conduction electron temperature, T^, for a 1.29 mole Cu sample

in a field B~ = S3.2 vff, for three values of the external heat leak:

IS nW, 20 nW, and 25 nW (curves labelled a, b, and c respectively).

The corresponding curves for the heat absorption rate, Q„, of the

nuclear spin system are also given. The calculations predict a con-

stant value (equal to the external heat leak) for β.., as long as

T„ 5 8 mK.

Fig. V.15

Effect of an enlarged specific heat of the

conduction electron system (C^ = yT) on the
2'»» 2ΊΜ end Q„ vs. t'curves. The calcula-

tions were made for the warm-up of a 1.29

mole Cu sample in a field B. = 53.2 mT,

subject to an external heat leak of 17 nW.

α: γ = 0.68 mJ/mole XT (pure Cu)

b: 10 χ γ

c: 20 χ γ.

1500 2500 I 3000
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heat associated with magnetic impurities. We recall at this point that the

most important impurities in our copper wire sample were: Mn < 1 ppm, Fe: 20ppm,

Cr: 20 ppm. Far below the Kondo temperature, this contribution should be linear

in Τ (TJCuFe) = 28 K, T..{CuCr) = 2.1 K). Referring to the measurements of

Triplett and Phillips
9
, we estimate the contribution of Cr impurities to be

comparable to γΤ of pure Cu (AC
 S
 0.6 Τ mJ/mole CuK for 20 ppm Cr), while the

Fe contribution is negligibly small. The situation is more complex for Mn im-

purities. Firstly, the impurity content is low, i.e. < 1 ppm. Secondly, the

Kondo temperature for such a system is probably very low : 2 mK
1 0
, while in a

magnetic field ( 53.2 mT) the Kondo state may be destroyed completely.

It seems senseless to pursue this discussion further, as the information

on which the assumption of an increased specific heat is based, is not very

conclusive. Specific heats with other temperature dependences probably might

explain the sharp drop in Q
N
 as well.

Let us return to the behaviour of Q
N
 ̂ ^, The situation is in fact some-

what more complicated in copper because of the presence of two isotopes Cu

and
 6 5

Cu, with relative abundances of 69.1 and 30.9% respectively, and with

Korringa constants of 1.27 and 1.04 Ksec respectively. In the magnetic field

utilized, the two-spin systems are only coupled via the lattice. The situation

is schematically shown in fig. V.16. We essentially measure the temperature of

63,Cu nuclear
spins

63,,

-iMM/WWV 1

spins

conduction
electron
system

1
 65

κ ^
nuclear -Μ/ΜΛ/Λ '

Fig. V.16

Bloak diagram for the two-epin system

in capper, in high fields (B > 20 mT).

the Cu spin system. The behaviour of a two-spin system as in fig. V.16 was

analysed with the help of a computer simulation. The result is shown in

fig. V.17. We see that the QN curve for the Cu isotope should even slightly

increase, as opposed to the
 6
*>Cu A curve.

A possible solution for the behaviour of the °Cu spin temperature, found

in all demagnetisation series, is in fact suggested by the above-presented

picture.

If we exclude the occurrence of a varying heat leak during the warm-up run,

and we believe that there is no reason to doubt this assumption, then there must

be a thermal reservoir which transfers energy to the lattice. When we pursue

this idea, we must assume that this reservoir is at a high temperature, since
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Fig. V.17 Computer-simulated time behaviour of the temperatures and the heat

absorption rates of the two-spin speaiee in copper, according to the

block diagram of fig. V. 16. The computation was made for the warm-up

of a 1.29 mole sample in a field B- = 53.2 mT, subject to a heat leak
63of 15 nW. The Korringa constants were assumed to be: Κ = 1.27 Kβ

and Κ = 1.04 Ks. The sum of Q» and Q» is seen to be equal to
» Q»

IS nW for Tv ί 8 mK.

the (L curve is everywhere above the level of the external heat leak.

Assuming (L , to be a gauge for the heat leak from the reservoir to the

system, then an extrapolation of a Q
M
 vs. T

M
 plot, which shows approximately

_n \ η η

a TΜ power dependence, to the level of the external heat leak, suggests the

reservoir to be at least 25 mK.

We note moreover that any heat leak through conduction of supports or by

a leaking heat switch is not consistent with the observed behaviour. For these

heat leak sources, we expect relationships: Q * 17 - T? or: Q * T. - T,. T. is

then determined by the temperature of the frame surrounding the nuclear stage.

This frame has the temperature of the cooling salt pill, so is virtually constant.

Also Q is thus expected to be constant, until T, becomes sufficiently large.

Such behaviour is not corroborated by experimental evidence.

It is remarkable that Q
s l o w

 seems to have an exponential time dependence,
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but it is even more remarkable that all demagnetisations with one and the same

nuclear sample have the same time constant in Q^
 s
-|

ow
 vs. t. There is further

a systematic difference observable in the time constant for nuclear specimens

with different bonding agents. Two exceptions must be mentioned, both concerning

the 2.82 mole sample with Cyanolit bonding agent. A slightly longer time constant

was observed for Q
s 1 o w

 after fitting an Evanohm heater wire around the nuclear

specimen. The effect is small, but nevertheless thought to be significant. This

observation is not consistent with the above-sketched picture unless we assume

that the heater wire is well cooled-down during the demagnetisation, and sub-

sequently acts as a (small) heat sink which absorbs some of the heat from the

reservoir. In the last series, the Co (h.c.p. Co) thermometer was fitted.

The Q
N
 -J part scarcely varied, but the slope of Qf

a s
* vs. t, otherwise re-

markably reproducible, was clearly steeper, which indicates an extra heat

capacity at a lower temperature than the lattice. It was indeed observed several

times, that the Co crystal failed to cool below 4 mK. Afterwards, the warm-up

rate will be slower due to the large specific heat. The effect of this Co-block

is of course strongly dependent on the degree of thermal coupling to the nuclear

specimen.

Apart from these two deviating observations, the behaviour for different

bonding agents is too systematic to be ignored.

It thus seems very reasonable to assume the heat source to be associated

with the bonding agent, and perhaps also with the Insulation of the wires.

In view of the high temperature of the reservoir, it seems improbable to

ascribe the extra heat influx as originating from a nuclear Zeeman specific

heat due to protons, since the phenomenon is observed in a field of only 53.2mT.

Rather, the possibility of proton tunneling splittings in the organic in-

sulator material might be responsible, since they are usually associated with

long spin-lattice relaxation times.

With respect to the attained lattice temperatures l^, we finally remark

that these are completely dependent on the value of the Korringa constant. If

there is an impurity induced relaxation rate, then the attained temperatures

are correspondingly lower (eq. 1.26).

In this connection, we may refer to Gladstone
11
, who measured the excess

relaxation rate in a 30 ppm CuCr sample, in fields from 0.2 to 1 Τ and in the

temperature range from 30 mK to 3 K. The excess relaxation rate 1/T, - (l/Ti)
C u

was found to rise linearly with Τ until approximately 50 mK. A plot of the

reduced relaxation rate [1/TjT - (l/TjT)^] as a function of the external mag-

netic field, indicates a value of 0.4 Ksec for the Impurity enhanced Korringa
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constant in a field of about 53 mT for this CΓ concentration.

Such a low value for the KorHnga constant is very improbable for our

copper sample, as it would imply unbelievably low temperatures of the copper

sample ( 5 - 7 mK) in the relaxation time measurements (chapter IV), in which

the copper sample is in thermal contact with the CPA cooling salt.

The demagnetisations, presented in this chapter, were disappointing in the

sense that the attained lattice temperatures were higher, and the warm-up times

shorter, than expected. We were able, however, to present evidence for the

existence of a thermal reservoir in the bonding agent and possibly in the in-

sulation of the wires. Our analysis was based on Q
N
, the heat absorption rate

of the nuclear spin system, deduced from the NMR signal. Hence it will not be

affected by impurity-induced changes in the Korringa relaxation rate. A pos-

sible error in the calibration constant α of the NMR thermometer will manifest

itself only as a shift in the Q
N
 curves, but not in a different slope.

Me strongly emphasize that the possibility of performing this analysis

is a consequence of the choice of our thermometric system: at the site of the

demagnetised nuclei and in the final magnetic field itself.

V.4 Brute force polarisation of
 9 5
Nb

V.4.1 Introduction

Brute force polarisation of radioactive nuclei may provide Information

about nuclear decay characteristics and nuclear magnetic moments of unstable

isotopes.

Our apparatus is equipped with al l the necessary provisions for brute

force polarisation experiments, such as, for instance, a split-pair, high-field

magnet and γ-radiation windows.

Nb was chosen for the following reasons:
ftC

a) the nuclear magnetic moment, u, was not well known.
b) Sufficient polarisation should be obtainable even with relatively low

QE

values of B/T (see ch. 1.4), since μ was expected to be rather large.
c) Nb has a simple decay scheme and a convenient γ-ray energy,

d) The γ-ray anisotropy of "brute force" polarised radioactive nuclei may

provide a useful thermometer in nuclear refrigeration experiments, where other

NO thermometers lose their sensitivity. In particular, irreversibilities oc-

curring during demagnetisation can be detected by the change in the γ-ray ani-

sotropy.
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V.4.2 Nuclear properties and decay scheme

The decay scheme, taken from ref.
12
, 1s given 1n fig. V.18. The spin of

0.1S9MeV 0.925 MeV
,9·/. 7*

£ 0.765 M«V

Fig . V.18
Deoay scheme of ""tlb.95.,

0 M t V

W
 f

"O(stabl·)

9 5
Nb ground state has not yet been definitely assigned, but e-γ circular pola-

risation measurements
13
 are consistent only with the sequence

9/2 + 7/2(Ml + E2) + 5/2.

The β-decay is pure Gamow-Teller allowed
13
. The γ-transition is a mixed

electric quadrupole, magnetic dipole transition, with an E2/M1 mixing ratio of

6 = 0.05(± 0.01)
1 4
. The expression for the angular distribution of the

0.76583 MeV γ-ray is given by
1 5
:

W(o) 1
)*

(V.I)

in which j
{
 is the nuclear spin of the excited Mo level. Pgfcoso) and P^(coso)

are Legendre polynomials, Θ denotes the direction of propagation of the photon

-with respect to the axis of rotational symmetry, which is provided by the ex-

ternal magnetic field. f„ and f. are nuclear orientation parameters, depending

on magnetic moment and B/T ratio, while N
2
(J

i
) and N.(j.) arc factors depending

only on the nuclear spin j... The initial orientation of the Nb ground state

is re : ted to the orientation after the β-transition via

N
k
(I)f

k
(I) = ̂ ( j . ) ^ ) (k = 2,4) , (V.2)

in which I is the nuclear spin of the parent nucleus. We obtain:

W(9) = 1 + 0.599 f
2
(I=9/2)P

2
(cos0) + 0.012 f

4
(I»9/2)P

4
(cose) . (V.3)
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9 5
Nb was oriented in Fe and Co hosts by Cameron et al.

llf
. These authors

measured the anisotropy and the plane polarisation of the 0.765 HeV γ-radiation.

From these measurements they determined the E2/M1 mixing ratio 6, as well as

the value of |
9 5
U B ! , which was found to be 8.0(± 0.8) 10"

25
J. In this case, Β

is the effective field on the Nb nuclei in the iron host matrix. It consists

of three terms: the applied field, the demagnetising field, and, the hyperfine

field. The magnetic moment itself could not be determined. By comparison of

their result for μΒ with the effective field acting on stable Nb nuclei in

iron, obtained from NMR measurements
16
, they estimated the magnetic moment to

qc
be: μ = 6.3(± 0.6) u^. Obviously, in brute force polarisation experiments,
the effective field acting on the nuclei is well defined, and hence the nuclear

magnetic moment may be directly determined if the decay parameters are known.

V.4.3 Sample preparation

The radioactive
 9 5

Nb was received as a carrier-free niobium-oxalate

solution. Droplets of the active solution were deposited onto a Pt foil to a

total activity of 12 yCi. Heating to 80 °C produced a grey-coTaured NbgOg

powder on the foil, which was subsequently fused in a quartz tube, filled to

1/3 atm. with pure H
2
 gas. The sample tube was kept at 1100 °C for one week.

The activity was reduced by only 5% after etching with aqua regina, indicating

that diffusion has occurred.

The diffusion process was previously tested with bulk quantities of stable
9 3
Nb in oxide form. Examination of that sample foil with a surface scanning

technique showed a uniform distribution of Nb in the Pt foil, also after severe

grinding.

The total activity at the start of the experiments was about 9 yCi.

V.4.4 Experimental technique

The Pt-foil was spot-welded to a copper foil. These two foils were to-

gether rolled around an 8 mm i> copper rod, extending from the wire brush in the

main cooling salt, and soldered with indium. At the same point, a nuclear orien-

tation thermometer was soldered; at first a Co (h.c.p. Co) thermometer, in

The use of the Pt substrate was suggested by Dr. Ydo from the Anorganic
Chemistry Department, University of Leiden, who also performed the diffusion
test run. His contribution is gratefully acknowledged.
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some runs replaced by a
 E 4
Mnfe thermometer. Since at the time of the experimen-

tal runs no Ge(Li) detectors were available, we had to resort to scintillation

detectors. Temperatures of about 9 mK were obtained at the end of the copper

rod, in a field of 6.24 T. (The heat load due to the "brute force sample" was

virtually zero in this experiment. The main contribution to the heat load,came

from the copper rod in the high field region.) The main magnet coil A was kept

in the 2 cm free gap configuration, to allow γ-ray counting in the perpendicular

direction.

These measurements were unsuccessful, as it turned out to be impossible to

extract the Nb-peak with sufficient accuracy from the background, and from the

Compton scattering contributions of the Co-peaks. An Ortec Ge(Li) detector,

kindly given on loan by the R.C.N.-F.O.M.-KIX-group, proved to be very field

sensitive, and could for that reason only be used when located at a distance

of 60 cm from the cryostat. Due to this fact, and to the low efficiency of Ge(Li)

detectors, very long counting times (12000 sec) were required to obtain 1%

statistical accuracy, which, however, corresponds to an accuracy of only 20% in

W(0). The squares in fig. V.19 are data points obtained in this way. Part of the

experiments were therefore performed in another apparatus, wh'ch has a lower

cooling power, but which is equipped with a smaller diameter coil and a corres-

pondingly shorter fringe field range.

The results are presented in fig. V.19. The squares represent measurements

1.05-

W(0)

1.00

woo)V

•

-

0

•

ντ „

9 5 N b

I 1 1 _l

— — - _ 5 0

Bs5.9T

Κ"1

-

•

too

0.97-

Fig. V.19 Normalized y-vay intensities, W(O) and W(90), as a function of 1/T

for Nb in an external magnetic field of S.9 T. The squares repre-

sent measurements in 6.3 T, converted to S.9 T. The full curve is a

least squaree fit on the data pointe to the theoretical curve

(eq. V.3), yielding 9Sv = 6.3 ± 0.1 μ .
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in Β = 6.3 Τ, converted to 5.9 Τ. The full curve is a fit of the data points

to the theoretical curve. The best fit yields: μ « 6.3(± 0.1) v^, so in very

good agreement with the estimate of Cameron
11
*. The magnetic moment is very near-

ly equal to that of the stable
 9 3
Nb nucleus (μ - 6.17 μ

Ν
) .

These results were published in the Helsinki L.T. 14 Conference

Proceedings
17
. At that conference, Kopp and Brewer

18
 presented NHR/ON measure-

ments on
 9 5
Nb oriented in iron. From the shift of the resonance frequency with

the applied field, the g-factor could be determined (g « 1.368, whici. corres-

ponds to μ - 6.156 μ
Ν
),, under the assumption that the hyperfine field is -26.37 T.

This value was inferred from recent unpublished resonance measurements. The

applied field calibration was considered to be preliminary in that experiment.

Very recently, the same authors
19
 reported also on brute force polarisa-

tion of Nb in Cu and Nb hosts. The measured anisotropy was considerably

lower than expected. In terms of the B/T ratio, they found an attenuation of

0.36 for the Cu host and of 0.86 for the Nb host. As possible causes for the

attenuation, they mentioned: a) poor thermal contact or long nuclear relaxa-

tion times, b) reorientation in an intermediate state, c) presence of an

electric quadrupole interaction, and d) hyperfine interactions.

We believe that Nb sample preparation presents problems which could lead

to erroneous results. Heat of formation considerations show that NbpOg, which

is formed when the (carrier-free) oxalate solution is heated, carmot be reduced

with Hg. The heat of formation of the intermetallic Nb^Pt compound, however,

enables the NbgOg reduction.

With Nb or Cu matrices, reduction cannot occur unless perhaps at very high

temperatures (s 2500 K). It is thus to be expected that the activity will be

mainly confined to small crystallites at the surface. Under these circumstances,
95

the coupling of the Nb nucleus with the surroundings is a questionable point,

when a non-metallic medium is involved. Very long nuclear relaxation times may

be responsible for the γ-radiation anisotropy, as measured by Brewer and Kopp.

In our brute force sample, the Pt substrate was chosen to avoid possible

complications as described above.

In conclusion, it may be remarked that the results confirm that Nb in

dilute NbPt retains metallic, non-magnetic character, as evidenced by a) the

absence of a substantial Knight-shift, and b) the occurrence of reasonably

short, possibly Korringa-type relaxation times.

This may be of interest for further studies of dilute Nb alloys, which

might benefit from nuclear orientation methods. In particular, the very dilute

radioactive Nb-impurity atoms in various host metals, when subjected to brute
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force polarisation methods combined with NMR-techniques, may yield interesting
information about Knight-shifts and nuclear spin-lattice relaxation times.
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CHAPTER VI

DEVELOPMENTS, BASED ON NUCLEAR ENHANCED SYSTEMS

In the preceding chapters we have described the construction and operation

of a nuclear adiabatic demagnetisation and brute force polarisation apparatus,

in which ρre-cool ing by means of an electronic paramagnetic stage was employed.

It was shown in chapter I (fig. 1.2) that the entropy removal in nuclear

paramagnets is very modest under the initial conditions of B^ * 6.3 Τ and

T.j = 15 mK, corresponding to ultimate values for our apparatus. The heat capa-

city of the demagnetised system is still very low, as only the high temperature

tail of the nuclear Schottky heat capacity 1s available for absorbing the heat

leak, and for cooling the conduction electrons and attached stages.

It was further shown in chapter III, that under high thermal load con-

ditions, even the initial temperature of 15 mK in the nuclear stage 1s diffi-

cult to attain, as a consequence of the Kapitza thermal boundary resistance,

which evidently becomes a bottleneck 1n this low temperature region. Therefore,

precooling of the nuclear sample to the desired temperature requires a sustained

effort, which consumes both time and liquid helium, and becomes impractical

for future applications.

A considerable improvement may be obtained with the so-called enhanced

nuclear systems. The suggestion is due to Al'tshuler
1
. Host experimental work

on this method has been done by Andres and Bucher
2
"

11
. Me should mention also

the experiments of Gregers-Hansen et ai.
1 2
. For an extensive theoretical dis-

cussion, we refer to Bleaney
13
.

Enhanced nuclear magnetic systems are systems in which the electronic

ground state is a singlet. At sufficiently low temperatures, only the singlet

state is occupied, and the electronic susceptibility is independent of temper-

ature (Van Vleck paramagnetism). This situation occurs in several non-Kramers

rare-earth ions (even J): Pr, Tb, Ho, and Tm. Although a singlet state has no

permanent magnetic moment, an externally applied field, B, produces an apprecia-

ble magnetic moment, due to the admixture of non-singlet states into the ground

state wave function. This causes a second order (« B
2
) Zeeman effect, hence the
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induced dipole moment is proportional to B.
The induced moment interacts with the nuclear magnetic moment through the

magnetic hyperfine interaction to give a "pseudo-nuclear Zeeman" interaction,
which may be orders of magnitude larger than the true nuclear Zeeman interaction.
This enhanced nuclear magnetism enables one to obtain a considerable nuclear
entropy reduction» even at a moderate applied field strength, and at relatively
high temperatures. The factor with which the magnetic splitting of the nuclear
energy levels Is enlarged with respect to the splitting through the applied
field, is called the "enhancement factor" (1 + K).

The other side of the picture is, of course, that also the interactions
between the nuclear magnetic moments are enhanced, thereby limiting the attain-
able lowest temperature to much higher values than with purely nuclear para-
magnetic systems. Cooperative interactions between the hyperfine enhanced nu-
clear moments can arise from dipolar, quadrupolar, and exchange interactions.
However, in various compounds, the electronic exchange or dipolar interaction
between the 4f-moments may be predominant in limiting the final temperature
in magnetic cooling experiments.

From the point of view of nuclear magnetic cooling, a particularly interes-
ting class of compounds, having the above described singlet ground state and
induced moment properties, is formed by the intermetallic compounds of Pr with
several metals. Among these, PrPtg, Prftig, PrT13, and PrNig were shown to have
convenient properties for demagnetisation into the low milli-Kelvin region.

In addition to the large cooling entropy and the low final temperature,
these compounds have several very important properties: a) short nuclear spin-
lattice relaxation time, b) metallic character; hence good (electronic)thermai
contact can be achieved by soldering and the Kapitza resistance is bypassed
completely, and c) large resistivity; therefore, no thin wires are needed in
order to reduce eddy current heating.

Compounds of this class are ideally suited as an intermediate cooling
stage between a dilution refrigerator and a purely nuclear refrigeration stage.

We have studied the feasibility of a system combining dilution refrigera-
tion, hyperfine enhanced nuclear refrigeration, and "brute force" nuclear re-
frigeration. The aim was to achieve an entropy reduction of at least 50% in a
large nuclear sample (10 - 20 mole) in the field of 6.3 T. Experiments of long
duration in the sub-milli-Kelvin temperature region will become feasible in
that case. Furthermore, "brute force" polarisation on many nuclei can be per-
formed.

As a part of this study, we have performed test demagnetisations on two
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PrCu
6
 samples'. The warm-up rate after demagnetisation from 6.21 Τ to zero

field is shown in fig. VI.1 for one of the samples, which weighed 8.2 gram

20

mK

10 -Γ

- J —

t 1

I 1

I 1

-*- -
- J -

1000 3000 5000 s

Fig. VI.1 Nualear demagnetisation of a 8.2 gr PrCu
e
 sample. The figure shows

the warm-up after demagnetisation from Β. = 6.21 Τ to zero external
Λβ Ι'

field, measured with a Co in h.o.p. Co NO thermometer.

The external heat leak was 70 nW.

(1.6 10 mole). The initial temperature was about 45 mK, while the heat leak

amounted to 70 nW. This gives a B
i
/T

i
 ratio of 138 T/K. Since the enhancement

factor for PrCUg is 16.7, we find that as much as 60% of the nuclear entropy is

removed (fig. VI.2 and VI.3). The temperature was measured with a
 6 0
Co (h.c.p.

Co) NO thermometer. It is seen from fig. VI.1 that the lowest temperature is

recorded about 1000 seconds after the end of the demagnetisation. The time con-

stant of the Co thermometer, approaching the minimum value of 2.7 mK, is about

300 sec. This value agrees very well with the relaxation time of 5 min at 4 mK,

quoted by Andres and Bucher
7
. It results probably from the electronic thermal

conduction of the PrCu
g
 sample, which, together with the high nuclear specific

heat C
N
, gives rise to a relaxation time τ : C„ τ λ, in which 1 and A are the

length and cross-section of the sample and λ the thermal conductivity.

The specific heat in zero external field is given for Τ > 3 mK by
7
:

C/R =
3kT

z

in which B
Q
 = 0.164 T·.

These two samples, as well as the large 3 mole sample, were kindly pre-
pared by Dr. K.H.J. Buschow of the Philips Research Laboratory. His con-
tribution is gratefully acknowledged.
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Fig. vl.2 Entropy, S, vs. B/T for PrCug. Β is the applied field. The arrow in-

dicates the entropy reduction obtained in the experiment of fig. VI. 1.

Fig. VI.3 Entropy, S, of PrCu. as a function of temperature, T, for applied

magnetic fields of Β = 6.21 Τ and Β = 3 Τ. The nuclear specific heat,

C, is given for Β = 6.21 Τ (dashed curve).

For a constant heat leak of 70 nW, we calculate, for our sample size., a

warm-up time from Τ = 2.7 mK to Τ = 10 mK of 4275 sec. If we allow for the heat

capacity of the Co crystal, this time is 4560 sec. The experimental warm-up time

is about 4600 sec. The flat part of the curve results from the heat capacity of

the Co crystal, which shows a rapid increase in the range from 3 to 6 mK
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(see fig. IV.9). The total enthalpy variation of the Co crystal from 2.7 mK to

10 mK is 20 μϋ.

This demagnetisation clearly illustrates the potential of hyperfine en-

hanced materials. In our case, a sample of only 8.2 gram was kept below 10 mK

for 4600 sec in the presence of a heat leak as large as 70 nW.

In the following, we shall give a short description of the apparatus",

which has been constructed on the basis of the experience gained with the ap-

paratus described in previous chapters.

It comprises a large cooling power S.H.E. dilution refrigerator (model

DRI 334; cooling power 300 uW at 0.1 K), for pre-cooling a 3 mole (; 1500 gr)

PrCug sample to Τ < 25 mK. The magnet system, described in ch. II, is being used

in this apparatus. Magnet C serves for polarising the PrCu
6
 stage. The other

magnets, A and B, may be utilized in various ways, depending on specific ex-

perimental requirements. In this connection, we may think of:

a) two-stage (purely) nuclear demagnetisation experiments;

b) brute force polarisation experiments;

other experiments in which a combination of high field and temperaturesc)
in the milli-Kelvin range are required, e.g. the study of critical

phenomena in nuclear enhanced systems, or possibly solid He.

In fig. VI.4 and VI.5, we give two examples of calculations, which should

illustrate the expected performance of the new set-up. Fig. VI.4 shows a two-

stage nuclear demagnetisation process. The first stage, 3 mule PrCUg, is pre-

cooled by the dilution refriaerator to 25 mK in an initial field of 3 Τ (pro-

vided by coil C). The second stage, 10 mole Cu, is thermally connected to the

PrCug stage via a thermal link and a heat switch, with adopted values for the

thermal resistance of 10 T~
1
K

2
/W and 12.5 T

- 1
K

2
/W respectively. For a Cu thermal

link of 50 era, this resistance value is obtained when using 600.000 wires of.

0.036 ram diameter. In spite of this rather thick thermal link and the very low

demagnetisation rate (an exponential demagnetisation rate with.a time constant

of 8000 sec is assumed), it is seen that a considerable gradient will be es-

tablished upon the demagnetisation of the PrCu
g
 stage. In this simulated process,

the demagnetisation should be stopped when the PrCUg reaches the lowest tem-

perature (3 mK), in order to take advantage of the enlarged heat capacity in

the remaining final field (about 0.1 T). The demagnetisation process of the

copper sample is self-explanatory. We have chosen a final field of 53.2 mT for

comparison with the results in the old apparatus. The heat leak is assumed to

The detailed description of the apparatus, which has become nearly opera-
tional, will be published elsewhere.
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Fig. VI.4 Computer simulation, illustrating the expected performance of a

two-fold nuclear demagnetiBation process, consisting of 3 mole PrCu.

and 10 mole Cu. For details, see' text.
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1cm3 V in Β·7Τ
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PiCu,
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Fig. VI.5 Computer simulation of a brute force polarisation experiment.
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be 10 nW. This may seem a rather optimistic value for such a large sample.

It is based on the following considerations:

a) the vibration isolation in the new apparatus has been considerably im-

proved;

b) exchange gas heat leaks can be almost entirely ruled out when using a

dilution refrigerator;

c) thermal anchoring and thermal radiation shielding are provided by a

device having a constant temperature (e.g. the mixing chamber).

In spite of the non-optimal conditions in this calculated example, we may

expect a considerable step forward towards long duration experiments in the

sub-milli-Kelvin temperature region.

The second example (fig. VI.5), represents a brute force polarisation ex-

periment. The calculation is made for a 1 cm Vanadium sample, in a field of

7 T, subject to a heat leak of 0.2 uW. This heat leak value may be considered

to be typical.for experiments with polarised thermal neutron beams under the

actual conditions in the neutron capture experiments at the RCN reactor (it

originates mainly from γ-fay heating). In this calculation we have assumed a

thermal link resistance of R = 10 T
- 1
K

2
/W.

We may conclude that, even with heat leaks as large as 0.2 yW, brute force

polarisation will have reached a stage of development, which is of considerable

interest for the study of the interaction of polarised neutrons with polarised

nuclei, or, possibly, for other nuclear physics experiments.
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APPENDIX

COMPUTER SIMULATION OF A MULTI-STAGE. NUCLEAR DEMAGNETISATION PROCESS

In this thesis, the results of extensive calculations are presented, which

are based on the numerical solution of the set of coupled differential equations,

describing the thermal behaviour of constituent parts of a (multi-stage) nuclear

adiabatic refrigeration system (see for example eq. 1.31 and 1.32).

The equations are obtained by translating the physical system into the

following 'model". The model consists of a finite number of components; which

are thermally coupled to each other and to the environment. A component-is a

block or a link between blocks. A block 1 has a temperature T^, a specific heat

function Cj (which is a function of the temperature T^) and may be subject to

a magnetic field B
i
 (which is a function of time t only). A link between two

blocks i and j is defined by a heat-flow function, -̂fjC-f »
T
j)» depending en the

temperature of the two linked biocks. In addition, we introduce external links,

each of which represents a heat flow to a particular block, and which is a con-

stant pl-j« a function of the demagnetisation rate B^. The time derivative T /

of the temperature T
i
 of each block i 1s a function of the heat flow, q.., to

the block (through its specific heat function C^) and of the time-derivative

of the magnetic field, B^, of the block, so t
i
 = t-iq^-.B^lj = 1,2,...,n) in

which η is the number of blocks. The set of functions t. rith i = 1,2,....n is

a differential equation for the temperature vector (Ti.T? »T„}·

This mathematical problem was numerically formulated and programmed in

Algol by G.A. Terpstra.

The differential equations, we are concerned with, have to be classified

under the so-called "stiff equations". This signifies that the various eigen-

values of the Jacobian of the differential equations may differ many orders of

magnitude. In this particular case, time is the independent variable. Physically,

the time constant of various components of the system may vary over a very large

range (10 ).

For this reason, forward-extrapolation methods, such as the Runge-Kutta

method, are inadequate, unless very small steps are used (at least in accordance
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with the smallest time constant Involved). In practice, however, an Inordinate
amount of computer time would have been required to obtain the same accuracy,
as reached In the program described here.

The basis for the numerical solution as used in the pYograw described here,
is the implicit-backward-Euler integration method1. This integration algorithm
i s , in i ts programmed version, applicable to the general model as described
above. It was specialised to our specific problem by adding subroutines for the
computation of magnetic fields as a function of time, and for the computation
of the function t and its Jacobian.

The simulation was intended for an analysis of the system described in
chapter VI. That system comprises a large cooling power dilution refrigerator,
combined with a three-stage nuclear demagnetisation, either "enhanced" or purely
nuclear stages. The block diagram is depicted in fig. A.I.

Hg. A.I
Block diagram for the
computer-simulation of a
three-etage nuclear adia-
batic demagnetisation
proaeee. The three etages
may be either "enhanced"
nuclear or purely nuclear
etages. For further details,
Bee test.

•tast 2 \ ^ I ƒ «togtl

This scheme represents 8 thermal reservoirs, i . e . the dilution refrigerator
and the blocks denoted 1 to 7. The blocks 1, 2, and 7 represent the nuclear spin
systems (resp. in magnets C, B, and A), which are coupled to the conduction elec-
tron reservoirs (3, 4, and 6) via Korringa relaxation rates (Rne)· I t should
be noted that the nuclear specific heat of blocks 1, 2, and 7 has to be given
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by the Schottky anomaly expression. The specific heats of blocks 3, 4» 5, and

6 are given by the usual expression C? * γΤ for a conduction electron specific

heat. The conduction electron systems and the dilution refrigerator (of which

the cooling power as measured in the test runs is Included) are coupled through

resistances, which are described by the usual expression for the heat flow

through a metal with thermal conductivity λ: Q * |ΑΓ
1
λ(Τ^ - τ ρ . In case the

thermal switches TS1 TS5 are superconducting· the heat flow is:

Q = |Α1"
1
λ

5
(Τ* - τ|). The subscripts h and 1 stand for high and low respectively,

while λ
£
 is the thermal conductivity coefficient for the superconducting state.

Each conduction electron block experiences an external heat leak, Q
e x t

, which

is assumed to be constant, and a demagnetisation rate dependent heat leak, such

as, for instance, the eddy current heat leak, Q„ _ .'Either linear or exponential
c*c»

demagnetisation rates may be used.

From the switch configuration (TS1 TS5) it will become apparent that

either a parallel or a series process with respect to the blocks in magnets Β

and C may be simulated. This is easily accomplished by assigning zero conducti-

vities, both in the normal and the superconducting state, to the appropriate

switches, for example, to TS2 a.id TS3 (series process) or to TS5 (parallel

process).

Although the program was written for the purpose of simulation of nuclear

demagnetisation processes, preceded by a dilution refrigerator pre-cooling stage,

its applicability also extends to processes employing pre-cooling with a para-

magnetic salt. The relevant resistance in this case, the Kapitza thermal boun-

dary resistance, has the same temperature dependence as the resistance of a

thermal switch in the superconducting state. This fact has been used in the

calculation of the cool-down curves presented in chapter H I , fig. III.4.

Another interesting possibility is the calculation of the behaviour of a

nuclear sample, coupled to a reservoir of which the specific heat is either

linear in Τ or given by a Schottky specific heat anomaly. In this connection

we may mention some calculations with a heat load consisting of a manganin

heater wire or the h.c.p. Co single crystal.

It is noteworthy that this specific case is also directly applicable to

the cooling of a "brute force" polarisation sample.

Reference

1. Liniger, W., Willoughby, R.A. (1970), Siam. J. Numer. Anal, 7.
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SAMENVATTING

Reeds in 1934, nog geen twee jaar na de eerste succesvolle adiabatische

demagnetisatie van een paramagnetism zout. opperde Gorter het idee dat de

ondergrens in temperatuur aanzienlijk verlaagd zou kunnen worden, door gebruik

te maken van nucleaire paramagneten.

Het zou evenwel nog tot 1956 duren, alvorens door Kurti en medewerkers

melding werd gemaakt van het eerste adiabatische kerndemagnetisatie experiment,

waarin overigens alleen het kernsptnsysteem een lage temperatuur bereikte. In

de engels-talige literatuur is hieraan de naam "nuclear cooling" gegeven, in

tegenstelling tot "nuclear refrigeration", waarin getracht wor t de entropie-

verlaging van het kernspinsysteem te benutten voor (indirecte) koeling van

andere systemen, hetgeen, in de engste vorm. beperkt kan blijven tot het rooster-

en het geleidingselectron-systeem van het metaal waarvan het kernspinsysteem

gedemagnetiseerd wordt.

De lange tijd, welke verlopen is. tussen voorstel en realisatie, is een af-

spiegeling van de technische moeilijkheden waarmee de experimentator geconfron-

teerd wordt bij het verwezenlijken van de voor kemdemagnetisatie en "brute

force" polarisatie noodzakelijke beginvoorwaarden, te weten een hoog magneetveld

en een lage uitgangstemperatuur van het te demagnetiseren preparaat.

In dit proefschrift worden de opbouw en de werking van een opstelling voor

het bereiken van extreem lage temperaturen d.m.v. adiabatische kerndemgnetisa-

tie beschreven. Aangezien overeenkomstige aanvangscondities vereist zijn voor

de zgn. "brute force" polarisatie van atoomkernen met een magnetisch moment on-

gelijk aan nul, werd de apparatuur tevens geschikt gemaakt voor dit soort ex-

perimenten, en wel in het bijzonder voor polarisatie van radioactieve kernen

door het aanbrengen van γ-stralingsvensters in cryostaten en supergeleidende

spoel. Voor de supergeleidende speel impliceerde dat de constructie in de vorm

van een zgn. "split-pair" magneet-spoel. Het optreden van technische problemen,

voortvloeiende uit magnetische krachtwerkingen tussen de spoelhelften, resul-

teerde in een vertraging in de aflevering van het supergeleidende magneetsysteem

van bijna anderhalf jaar.

In hoofdstuk I wordt een beschrijving gegeven van het principe van adiaba-

tische demagnetisatie in het algemeen, en van de speciale aspecten van adiaba-

tische kemdemagnetisatie in het bijzonder.. Tevens wordt een vergelijking tussen

voor kemdemagnetisatie geschikte materialen gegeven.
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De cvyotechnische aspecten komen ter sprake in hoofdstuk II. De opstelling

bestaat uit twee cryostaten. De eerste cryostaat bevat de drie-traps demagnetisa-

tie-apparatuur, de tweede het supergeleidende magneetsysteem, bestaande uit 4

spoelen.

Voor het bereiken van de voor kerndemagnetisatie vereiste starttemperatuur

werd gebruik gemaakt van adiabatische demagnetisatie van paramagnetische zouten.

Aan de warmteoverdracht tussen deze zouten en het kerndemagnetisatie-preparaat

worden extreme eisen gesteld, vanwege de, voor dit temperatuursgebied, relatief

grote hoeveelheden warmte, welke opgewekt worden tijdens het magnetisatie proces.

Dit aspect, alsmede dat van de thermische isolatie t.o.v. de omgeving, wordt

uitgebreid behandeld in hoofdstuk III.

Het behoeft geen betoog dat thermometrie voor deze experimenten van zeer

groot belang is. Hieraan wordt in hoofdstuk IV de nodige aandacht besteed, waar-

bij de nadruk ligt op de methode van de "gepulste kernspinresonantie".

Deze methode wordt ook elders gebruikt voor thermometrie, maar dan ofwel

in een veld lager dan het optimale veld, ofwel cp enige afstand van het door

kerndemagnetisatie gekoelde preparaat. De bezwaren, welke kleven-aan deze sys-

temen, werden in deze opstelling, althans voor een groot deel der experimenten,

vermeden door het eindveld van de demagnetisatie te benutten als resonantie-

veld voor de NMR thermometer. Dit is zeer waardevol gebleken bij de analyse

van de kerndemagnetisaties, welke in hoofdstuk V gepresenteerd worden.

De energieabsorptie door het kernspinsysteem, Q
N
, welke dank zij de thermo-

metrie ter plaatse van het kernpreparaat en in het eindveld van de demagnetisatie

kan worden afgeleid uit het verloop van de kernspintemperatuur met de tijd, ver-

toont een onverwacht patroon, dat mogelijkerwijs zou kunnen duiden op de aanwezig-

heid van een thermisch reservoir in het bindmiddel en de isolatie van de draden,

waaruit het kernpreparaat bestaat. De bereikte eindtemperaturen en de waargenomen

opwarmsnelheden waren hoger dan verwacht, maar zijn qualitatief in overeenstem-

ming met het gevonden (λ. vs. t gedrag.

In deel 4 van hoofdstuk V wordt het "brute force" polarisatie experiment

aan Nb besproken. Het magnetische moment van de Nb kern werd bepaald:
9 £
V = 6.3(± 0.1) μ

Ν
.

Alle tot op heden verrichte kerndemagnetisatie experimenten zijn marginaal

te noemen, in die zin dat slechts een fractie van de totale kernspinentropie

werd afgevoerd. Dit vindt zijn oorzaak in het feit dat de soortelijke warmte
o

van het te koelen preparaat in eerste benadering evenredig is met l/T , terwijl

het effectief koelend vermogen van voorkoeltrappen zoals bijvoorbeeld meng-

machines en paramagnetische zouten sterk afneemt met de temperatuur ten gevolge
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van het optreden van sterk temperatuur-afhankelijke warateweers tanden. Het 1s
mogelijk dit probleem goeddeels te vermijden door gebruik te naken van zgn.
"hyperfine enhanced" verbindingen, zoals bijv. PrCu,. Test-demgnetisaties op
deze verbindingen werden uitgevoerd, hetgeen beschreven wordt in hoofdstuk VI.
Ingrijpende wijzigingen van de apparatuur waren nodig om op grote schaal van
deze intermediare koel trap gebruik te kunnen maken. Een korte bespreking van
deze apparatuur wordt gegeven In hetzelfde hoofdstuk.
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Teneinde te voldoen aan het verzoek van de faculteit der Wiskunde en

Natuurwetenschappen volgt hier een overzicht van mijn studie.

Na het behalen van het eindexamen Gymnasium-β aan het St. Bonaventura

Lyceum te Leiden, begon ik in september 1963 mijn studie aan de Rijksuniversiteit

te Leiden. Het candidaatsexamen in de wis- en natuurkunde met bijvak scheikunde

(richting d') werd afgelegd in 1966. het doctoraalexamen experimentele natuurkunde

in juni 1969.

Sinds 1966 ben ik werkzaam op het Kaïnerlingh Onnes Laboratorium in de werk-
groep F.O.M. Κ IV, thans K-VS X-L, die onder leiding staat van Prof. Dr.
W.J. Huiskamp. Aanvankelijk assisteerde ik Dr. J.N. Haasbroek bij diens warmte-

geieidingsmetingen bij zeer lage temperaturen. In 1969 werd een aanvang gemaakt

met de bouw van de kerndemagnetisatie opstelling, welke in dit proefschrift

beschreven wordt.

Sedert februari 1970 ben ik als wetenschappelijk medewerker in dienst van

de Stichting voor Fundamenteel Onderzoek der Materie (F.O.H.).

Zeer velen hebben bijgedragen aan de totstandkoming van dit proefschrift.

De technische vaardigheid van de heren J. van der Waals, S.P.L. Verdegaal en

J.P. Hemerik was onontbeerlijk bij het constructie-technische deel van de bouw

van de opstelling. Veel dank ben ik verschuldigd aan de heer R. Hulstman voor

het vervaardigen van o.a. de NMP, electron!ca. Met veel genoegen denk ik terug

aan de prettige en intensieve samenwerking met hem. Bij de experimenten werd ik

in de loop der jaren bijgestaan door Drs. W. Nonner, Drs. F.J. van Dijk,

Drs. R. Hunik, N.P. Boiten en R.H.L. Berger. Ik ben mij ervan bewust dat de

veelal nachtelijke experimenten voor hen naast de studie een zware belasting

gevormd hebben. Zonder hun bereidwilligheid en enthousiasme zouden de experimen-

ten vrijwel onmogelijk zijn geweest. Dit geldt in het bijzonder voor

Drs. R. Hunik, die ook na het behalen van het doctoraalexamen aan het in dit

proefschrift beschreven onderzoek is blijven meewerken, en het thans voortzet.

Zijn bijdrage is van onschatbare waarde geweest.

Verder gaat mijn dank uit naar de centrale diensten van het Kamerlingh

Onnes Laboratorium, in het bijzonder naar de heer J.D. Sprong, die onvermoeibaar

getracht heeft aan mijn grote vraag naar vloeibaar helium te voldoen. De heer

L. Gijsman dank ik voor. het maken van de tekeningen en de heer W.F. Tegelaar

voor de fotografische reproductie daarvan. Het typewerk werd op snelle en

accurate wijze verzorgd door Mevr. E. de Haas-Walraven. Dr. R.C. Thiel ben ik

erkentelijk voor het corrigeren van de Engelse tekst.
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