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ABSTRACT

A dilution refrigerator has been constructed capable of
producing steady state temperatures less than .075°K.

The first part

of this work is concerned with the design and construction of this
machine.

Enough theory is presented to allow one to understand the

operation and critical design factors of a dilution refrigerator.
The performance of our refrigerator is compared with the operating
characteristics of three other dilution refrigerators appearing in
the present literature.
The dilution refrigerator constructed was used to measure
the nuclear contribution to the low temperature specific heat of a
pure, single-crystalline sample of rhenium metal.

Measurements were

made in magnetic fields from 0 to 12.5 kOe for the temperature range
.13°K -

.52°K.

The second part of this work discusses t he results of

these experiments.

The expected nuclear contribution is not found

when the sample is in the superconducting state.

This is believed to

be due to the long spin-lattice relaxation times in superconductors.
I n the normal state, for the temperature range studied, the nuclear
contribution is given by A/T

2

where A= .061 ± .002 millijoules-K/mole.

The value of A is found to increase to A = .077 ± .004 millijoules-K/mole
when the sample is located in a magnetic field of 12.5 kOe.
From the measured value of A the splitting of the energy
l eve ls of the nuclear spin system due to the interaction of the internal crystalline electric field gradients with the nuclear quadrupole

iv
moments is calculated.

A comparison is made between the predicted

and measur ed magneti c dependence of the specific heat.

Finally,

predictions are made of future nuclear magnetic resonance experiments
which may be performed to check the results obtained by calorimetery
here and further, to investigate existing theories concerning the
sources of electric field gradients in metals.

-1-

INTRODUCTION
The problem chosen for consideration was the splitting of
the nuclear energy levels in a single crystal of pure metallic rhenium
due to the interaction of the crystalline electric field gradient and
the nuclea r quadrupole moment.
was reported by Keesom<

44

The first observation of this effect

) in making measurements of the specific heat

on a polycrystalline sample of rhenium at temperatures down to .37°K.
The effect manifests itself in the form of a rise in the specific heat
at low temperature due to thermal excitations of the nuclear spin
system.

This rise in the specific heat will have a l/T

2

dependence

in the limit that kT is much greater than the separation of the l evels
and the coefficient of this t erm will give a measure of the quadrupole
coupling constant.
At ~ .4°K the effect in rhenium is just becoming visible
with the nuclear contribution representing about 25% of t he total
specific heat of the metal in the normal state.

Therefore, in order

to determine accurately the coefficient of this l/T

2

term the obvious

approach is to take the sample to lower temperatures.
The method of refrigeration chosen was a dilution refrigera tor.
This device was in the very early stages of development at the time
this project was being conside red and research on it was actively-being
conducted by several experimenters .< 3 , 4 , 6 )
This pape r will consist of two part s :
I.

A suf f icie ntly detailed description of the dilution

refri gera tor will be pre sented to allow one to appreciate the problems
to be considered in designing the components of this machine .

-2-

II.

The theory and experimental details of the measurement

of the low temperature specific heat of rhenium will be discussed.

-3-

PART I

DILUTION REFRIGERATION
Chapter I.

A.

Introduction

Dilution Refrigeration
Following the discovery by Walters and Fairbank(l) of the

3
4
phase separation phenomena of liquid He -He solutions, a powerful
method of cooling to temperatures previously reached only by adiabatic
2
demagnetization was proposed by London, Clarke, and Mendoza.< )

The

3
4
phase separation phenomena in He -He solutions is characterized by
the fact that for certain temperatures and He

3

solution separates into two immiscible fluids.
is a He

3

concentrations, the
The upper phase

rich solution which floats on top of a He

4

Refrigeration is produced by the "evaporation" of He
phase into the He
He

3

4

rich lower phase.

rich superfluid.
3

from the upper

An important feature i s that the

is recirculated, thereby producing continuous refrigeration.

This

is a distinct advantage of the dilution process in comparison to
adiabatic demagnetization .

Another inherent advantage of the dilution

refrigerator is that it can be used in conjunction with high or low
magnetic fields .
The f irs t s uccessful refrigerator operating on the
"evaporation" process was built by Hall, Ford, and Thompson( 3 ) in
.

0

0

1966 and reached a sustained t emperature of 65 m K (lm K = 10

-3

0

K).

Neganov, Borisov, and Liburg( 4 ) working independ ently and at about
the same time built' a high capacity device th a t reached 25m°K.

-4-

Vilches and 'Wheatley have modified the original design and produced
. continuous
·
·
(5)
.
a d evice
t h at coo 1 s to a b out 10m°K in
operation.

With

another apparatus, operating non-continuously and precooled by a
continuously operating refrigerator, they have reached a temperature
6
of 4.Sm°K.C )

The purpose of this part will be to discuss the general

pr i nciple and critical design considerations of the continuously
operating dilution refrigerator.

Specific examples of characteristics

will be given in reference to the refrigerator built by the author.

Chapter II.

A.

Theory

Dilution Refrigeration
The critical components of the dilution refrigerator are

shown schematically in Figure 1.
liquids, He

4

4

and He , exists in the component called the mixing

The fluid on top is nearly pure He

chamber.
He

3

The phase boundary between the two

3
superfluid with about 6 % He •

The He

3

3

and the fluid below is

atoms are preferentially

pumped across the phase boundary by the action of the still.
still one ideally pumps away pure He

3

3

from the He -He

is possible, even though the percentage of He

3

4

At the

mixture.

is very small

(~

This
1%),

because of the large difference in the vapor pressure of the two
3
For example, at .5°K the vapor pressure of He · is about 180µ

liquids.
(lµ = 10

-3

nnnHg), whereas the vapor pressure of the He

4

is about .01µ.

Thus, by applying a small amount of heat at the still almost pure He
is evaporated and pumped away.

3

The still and the mixing chamber are

connected by a continuous column of superfluid He

4

As He

at the still the constancy of the chemical potential o f He

3
4

is removed
in the

-ssuperf luid requires He

3

to

11

evaporate 11 from the condensed region into

the dilute region across the phase boundary.

In analogy to the evapo-

ration of a liquid) there is a latent heat) and cooling take s place
at the phase boundary in the mixing chamber.
and recondensed in the condenser.

3
This He is circulated

The condenser is located in a He

4

bath that is cooled by pumping its vapor through a separate line to
about 1°K.
Just below the condenser is a large impedance to the flow
3
of He •

The purpose of the impedance is, for a normal He

3

circulation

rate) to force the gas pressure in the condenser to be high enough to
condense He

3

at the temperature of this He

4

bath.

The heat exchangers are very vital to the operation of the
refri gerator and will be discussed in greater detail later in Chapter
III) as will all the other compon ents.

Their purpose is to use the

cold fluid flowing out of the mixing chamber to remove heat from the
incoming warmer f luid leaving the condenser.
B.

3
4
He -He Solutions
3
4
In order to calculate the properties of He -He solutions)

one must firs t

select some model.

Since He

offer no resistance to the movement of He

~

priori the He

Fermi gas .

3

3

atoms in a solution of He

4

is a superfluidJ it will

atoms so one might expect
4

to behave as a d i lute

This ind eed appears to be true from the s pecific h eat

7
data of Edwards et al . < )

In the t emperatur e r ange below 0.5°KJ t hese

data are fit well by the specific heat of an id eal Fermi-Dirac gas(ll)
with an effec tive He

3

mass m* = 2.Sm (m =mass of He
3
3

3

atom) .

The

-6specific heat measurements were extended by Anderson et al., (S) well
into the degenerate region and the ratio of m* /m was found to vary
3
slightly with concentration.
shown in Figure 2.

Some of the low temperature data

are

The variation of m* with the concentration of He 3

is attributed to the weak intP.raction between He

3

atoms.

Calculations

based on the model of a weakly interacting Fermi-Dirac gas have been
done by Bardeen, Baym, and Pines( 9 ) (BBP) and by Ebner.(lO)
For the dilution refrigerator, it is sufficient to know the
properties of pure He

3

and solutions with less than 10% He

3

atoms.

This can be seen by examining the phase separation curve, Figure 3.
Region 1 is normal fluid, region 2 is superfluid; region 3 is inaccessible to mixtures of He
here.
a He

3

3

and He

4

and is the region of interest

For concentrations and temperatures falling inside region 3
rich phase will separate out on top and a He

settle to the bottom.

The He

3

4

rich phase will

concentration of the upper and lower

phases may be read off the right and left hand branches, respectively,
of the phase separation curve.

Since the dilution refrigerator

generally runs below 0.2°K, it can be seen i mmediately that the He

3

concentration in the dilute phase is less than 10%, while the upper
concentrated phase i s essentially pure He

3

A remarkable, and very

.
f eature o f He 3 - He 4 so 1 utions
.
. t h a t t h e He 3 concentration
.
l.Il1portant,
is

in the dilute phase does not go to zero as the temperature approaches
zero .

The limiting value of the concentration has been carefully

studied( 6 ,l 3 ) and is about 6.3%.

There i s thus no intrinsic limit to

temperatures at which one can employ the dilution process.

-7This finite solubility of He
Reference 14.

3

in He

4

is discussed in

The basic fact is that a single He

more strongly bound to liquid He

4

3

quasiparticle is

3
than it is to liquid He •

3
4
3
Since the specific heat of He -He solutions shows a He

concentration dependence as discussed above, to calculate the thermodynamic properties of the solution one must assume some form for the
3
3
He -He interaction.

9
In their work, BBP( ) assume the interparticle

interaction to be weak and independent of spin, velocity, and concentration.

The interaction potential between two particles separated

by a distance """
r is given in terms of its Fourier transform by

V(;)

=f

~"""

V(k) eik·r dk/(2 n) 3

(1)

~

For isotropic systems V(k) = V(k).

The effective mass is then given

by(9)
2kf
m* / m

0

where m

0

1 -

(N(0)/2k/)

J

V(k) k [l -

0

is the value of m* at zero concentrationo

k2
2k
f

2

] dk

(The He

3

(2)

con-

centration will be denoted by x from here on.)
N(O)

is the density of energy states at the Fermi surfaceo

(3)

The wave vector

at the Fermi surface, kf' depends on the concentration in the following
manner;
(4)

-8where n

3

; the number density of He

3

atoms, NA is Avagadro's number

3
and v is the volume containing one mole of He •
v ; V /x; 27.58/x
m

5
v is given by(l )

2

+ 7.60 + 1.65 x cc/mole He 3

(5)

where V is the molar volume of the solution.
m
To then calculate m* from Equation (2) BBP took a two parameter form for V(k) given by
V(k) ;

v0

cos (l3k)

(6)

A best fit to the experimental data could be achieved by taking
l3; 3.16 Rand V

2

T ; O, and n

4

;

-.0754 m s /n ; -1.303 x 10
4
4

-38

3

where m
4
4
4
is the mass of a He atom, s is the velocity of first sound in He at
0

is the number density of pure He

This form is limited to He

3

4

ergs cm

at T ; O.

concentrations less than 5%•

Ebner(lO) has extended the calculations to concentration of 30% using
a more complicated form for V(k).

Using both these forms in Equation

(2) Radebaugh(lS) has computed m*/m •
0

He finds that the concentration

dependence agrees with the four experimental points of the specific
heat data (see Figure 4).

Knowing kf from Equation (4) the Fermi

temperature can then be computed from
(7)

where kB is Boltzmann's constant.
Stoner(ll) has evaluated the specific heat Cf of a FermiDirac gas as a function of T/Tf.

Recently the temperature range of

-95
these calculations has been extended by Radebaugh.<l )

Thus, knowing

Tf from Equation (7) above, it is possible to calculate the specific
heat and entropy of a dilute solution with an accuracy of a few
3

percent.

The input data are the effective mass and the He

density.

The former is given by Equation (2), and the latter can be

obtained from the He

3

number

concentration and Equation (5).

However, to go further and calculate the enthalpy, chemical
potential, and other related thermodynamic properties, one needs the
deviations of He

3

in solutions from that of an ideal Fermi-Dirac gas.

This deyiation will be considerable because of the He

3

interaction and

binding energy.
For He

3

in solution the chemical potential can be written as
(8)

where µf is the molar chemical potential of an ideal Fermi-Dirac gas
with an effective particle mass m*.

µf is given by
5

µf = Hf - TS f =

3

uf

TSf

T
= RTf

5

+3

J

T

C dT - T
f

J

0

C

(9)

(T f) dT

0

where Hf is the molar enthalpy of an ideal Fermi gas, Sf the molar
entropy, Uf the internal energy of an ideal Fermi-Di rac gas and R
the gas constant.

Since Cf is known in the form of a power series in

T (ll, lS) the above integrals

can be done numerically.

The second term (in Equation (S)), µ

1

3

(x,T), the degr ee

-10to which the He

3

in solution deviates from an ideal Fermi-Dirac gas,

can be evaluated from the experimental data along the dilute solubility
curve.

In the phase separated solution the chemical potential of He 3

must be the same in both the dilute and concentrated regionso
ing the concentrated phase as pure He

3

Consider-

then

(10)
where xd denotes the concentration of the dilute phase on the
solubility curve (Figure 2) and µ
3
.
3
pure He • This is given by

0

denotes the chemical potential of

T

0

µ3 (T)

=

-L o +
3

T

r

c

,

J

0

3

0

dT - T

f

(C30/T) dT

0

where L ° is the molar heat of vaporization of pure He
3

°

(11)

3

at T

=

Oo

°

The expression µ
+ L3 can be calculated from the properties of
3
3(15)
pure He
and the µf term in Equation (10) can be computed from
Equation (9) for each point on the solubility curveo
calculate the µ

Thus, one can

term of Equation (10).

1

3

Using their assumed form for V(k) BBP have made theoretical
calculations of µ
values of µ
..

•

1

3

1

3

Radebaugh has also compiled

(x) in Reference 15 where he used Ebner's form for V(k)
6;,'(

in computing m •
µ d(x,T); µf(x,T)

3

(x) in Reference 9.

Thus, one has available expressions for

+ µ 3 1 (x,T), the partial chemical potential for

He3 in the dilute phase.
Also present in the dilute phase is superfluid He4 •
µ d is the partial potential for He

4

4

If

in the dilute phase then this

-11-

will be related to µ d found above by
3

+

(1-x)

(. ~xd)
ox

=0

(12)

T,P

T,P

In the steady state condition the superfluid is not accelerating
thus
(13)

Equation (13) is directly related to the setting up of the osmotic
pressure gradient which drives the He
t h e d i·1 ute p h ase.

3

through the superfluid He

4

in

If n is
. t h e osmotic
. pressure o f He 3 in
. He 4 , t h en

(14)

. so 1ution
.
. t h e mo 1 ar vo 1ume o f He 4 in
wh ere V is
equa 1 to
4
3
3 7
27.58 - 3.30x cc/mole(l ,l ). Writing Equation (12) in integral
form yields

x

J

(.....L) o[µ3d(x,T)]
1-x

ox

0

dx (15)
T

and substituting this into Equation (14) giv es the osmotic pressure

x

J

x
[ 0µ3d (x , T)J
1-x
ox
T

dx

(16)

0

The inte gral can be e v alua ted because µ d is known as a function of
3
x as explained above .

This osmotic

pressure is of the order of 1-2

cm Hg for temperatures b e low . 2°K and at concentrations of 6.3%.
This is a relatively small driving pressure for any kind of viscous

-12fluid flow.

This presents a design problem in minimizing the flow

impedance throughout the device.
In order to understand the design and operation characteristics of the dilution refrigerator better, one needs to investigate
the viscosity and thermal conductivity for both pure and dilute solu3
3
tions of He o For pure He the limiting low temperature viscosity
(18) .
.
.
.
d e d uce d f rom u 1 trasonic attentuation experiments
is
~

c

T

2

.
-6
0 2
2
= 2 x 10
dynes-sec- K /cm

(17)

T] c denoting the viscosity in the concentrated phaseo

Higher temperature

data can be found in Reference 19.
The thermal conductivity is given in the limit of low
temperatures by( 5 )
KT
c

=

0

33 erg/sec-cm [l-T/.54 K]

-1

(18)

On the dilute side one needs the limiting low temperature viscosity
of nearly saturated (x

=

.0635) dilute solutions.

Such measurements

have never been made directly but the viscosity can be deduced from
the ultrasonic attenuation measurements.

2 5
viscosity using the BBP potentia1.< 0, )
TJ d T

2

5 x 10

-7

dynes-sec

0

Roach h as calculated the
The result for x = . 063 is

2
2
K /cm

(19)

The thermal conductivity of dilute solutions is given in Reference 16.
At low temperatures KdT is approximately constant.
setting x ·= .063 one can take the value

For design purpose s

-13-

KdT

=

.

(20)

30 erg/sec-cm
0

At higher temperatures (.1 K

< T < .8 0 K) Kd rises due to the He 4

phonon conduction.

There are few measurements available in this

temperature range.

However, Baym and Ebner have computed values over

2
the range of interest.( l)

Within a factor of two it is adequate to

take
~

C.

2 x 104 (.01 I x) erg/sec-cm o K

(21)

Applications to the Dilution Refrigerator
To recall the refrigeration process as described briefly

in Section A refer to Figure 1.

Essentially pure He

3

enters the

mixing chamber where it floats on top of, and is in equilibrium with
the dilute solution of He
concentration is about

3

4
in He •

6.3%.

3

3

The dilute phase communicates with the

4
Owing to the superfluidity of the He ,

still via the return line.
the He

At very low temperatures this He

moves through it behaving essentially as a dilute Fermi gas as

described in the last section.

Since the temperature of the still is

higher than that of the mixing chamber the He

3

concentration is lower.

This var iation of concentration with temperature can be obtained from
the condition that µ d, the chemical potential of He
4
pha se, is a constant.

4

in the dilute

This follows directly from Equation (14).

µ d is a function of x and T so the equation, µ d

4

4

mines x(T) if its v a lue is known somewhere.
0

=

constant, deter-

If one assumes the mixing

chamber to be less than .1 K, then the zero temperature value,

-14-

x

.064 can be taken:

µ d (x,T)

4

=

µ d (0064,0)

(22)

4

Equation (22) can be solved as follows:

1 - x ~ 1 and as before let µ

4
He •

4

In Equation (15) take

° denote

the chemical potential of pure

Then,
x

µ4d (x,T)

J

(T) -

x [ dµ3d]
dX

T

dx

(23)

0

since µ d(x,T) is known the integral can be evaluated numerically with
3
the initial condition imposed by Equation (22).

The concentration as a

function of T can then be displayed by plotting profiles of µ d = const.
4
The results are shown in Figure 6.
~

Q

In the temperature range of

Q

75 mK to 175 mK the function is linear with xT

the very low temperatures x(T) - x(O)

~

-3.3T

=

2 .Q2
K •

4.7 x 10

-3 .Q
K.

At

Reading off the

left hand branch one can see that for mixing chamber temperatures less
than .1 °K and a t yp ical still temperature of .75 °K the concentration
of He

3

in the still will be on the order of 1%.

With the material now

developed it is possible to analyse the operation of the dilution
refrigerator.
(1)

Refrigeration Capacity
The quantity that is of primary interest is the heat

absorpt i on rate.
lates.

Consider first the case where only pure He

(The effects of He

4

3

circu-

circulation will be discussed later.)

Under steady state conditions the heat absorption rate

Q can

writt en as the enthalpy difference across the phase boundary

be

-15-

(24)

where

n3.

is the He

of He 3 in the He

4

the enthalpy of He

3

molar circulation rate, H (xd T) is the enthalpy
3
.
,

along the dilute solubility curve, and H C (Ti) is
3
3

in the incoming concentrated phase at an inlet

temperature of T .•

Under the assumption

1.

circulates H C (Ti)
3

H
3

0

abov~

that only pure He

(T.), the enthalpy of pure He
1.

3

3

at T . , which
1.

is given by

T.1.

f

H3 o (Ti) =

C3 o dT .+ L3 o

(25)

0

L

3

° is the latent h eat of vaporization for pure He

to be consistent with Equation (ll)o
by

3

and is added here

The quantity H (xd T) is given
3

,

T

H = H

0

+

J

(26)

C dT

0

where c

= xcf +

(1-x) c4° is the specific heat of the total solution;

Cf being the specific heat of the weakly interacting Fermi gas derived
in Section B

4
and c ° is the specific heat of pure He •
4

The zero

point enthalpy is given by
xµ

3

(T=O) + (1-x) µ

4

(T=O)

(27)

In Figure 7 a plot is given of H (xd T), H °(T), and Q/n •
3
3
3
3
From this graph it is obvious that the incoming He can be at a much

,

3
higher temperature than the outgoing dilute He •

It is also apparent

that the ultimate tempera ture of the mixing chamber is determined

-16solely by the temperature of the incoming He
are small).

3

(assuming heat leaks

For example, reading horizontally on Figure 7, if the
0

last heat exchanger runs at .3 K, then the mixing chamber will run
0

at - 85m K, which represents the nominal operating temperatures of
the machine here at Caltech operating with no load.

If one were heat-

3
ing the mixing chamber at a rate of say .2 joules/mole He , then with
the last heat exchanger at .3°K as above, the mixing chamber will run

at~ .1°K. Normal circulation rates are 2 x 10-S moles He 3 /sec, so
~

the above power input of .2 joules/mole HeJ corresponds to a
permissible load on the order of 4µ watt (lµw

=

10

-6

watts) while
0

holding the mixing chamber at .1°K.

For temperatures less than 40m K
0

the expressions for H (xd,T) and H (Ti) may be fit to within 1% by
3
3
2
2
3
3
94T j/mole He and 12T. j/mole He , respectively. Equation (24)
1

then may be written as

2

= 94T -12T.

2

1

If there is ideal heat exchange

3
j/mole-He

(28)

so that the fluid flowing into the

mixing chamber is at the same temperature as the mixing chamber, then
T . = T and one gets the maximum cooling capacity of
1

= 82T 2·j/mole
(2)

He

3

(29)

Heat Exchange
From the discussioµ above, it is obvious that efficient heat

exchange is of vital importance.

However, heat exchange between liquid

helium and a solid at low temperature is difficult due to the so-called

-17.
b oun d ary resistance.
.
(22)
Kapitza

This is thought to be essentially

an acoustical impedance mismatch between the phonons in the liquid
and those in the solid.
v a ries roughly as l/AT

This thermal resistance, at low temperatures,

3

where A is the area of the He-solid interface.

Thus for efficient heat exchange it is necessary to have large areas
of contact.

It is possible to obtain large surface areas in a small

volume using sintered copper powder.

For this reason sintered copper

in a block copper body is used as the heat exchange medium.
exchangers were the object of considerable study.

The heat

The results of this

study and the final exchanger configuration chosen will be discussed
in Chapter III.
Within a heat exchanger the thermal conduction path from
the dilute side to the condensed side involves the following resistances in series:

intrinsic He

3

resistance, boundary resistance

3
of pure He to copper sponge., thermal resistance of the copper struc-

3
ture, and boundary r es istance to dilute He .
6
The intrinsic He3 resistance is known(l ) and is not a
problem.

The pure He

3

to copper and pure He

4

to copper boundary

resistance has been investigated by Anderson, Connolly, and Wheatley.
0

They find that below .1 K the thermal boundary resistance is given by
= 2 x 10
R 3
He -Cu

-5

/T

3

2 o4
sec-cm -K /erg

4
while the resistance for pure He is smaller but has the same T

dependence.
The thermal resistance of sponge to copper body can be

(30)

(22)
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estimated by measuring the electrical resistance and using the
Wiedemann-Franz relation.

With properly made sponges where the

contact between the sponge and the body is good this resistance is
not a problem.
The thermal resistance between copper and dilute solutions
has not been measured to any great extent.

Some preliminary work has

been done by Wheatley et al., and is reported in Reference 5.

The

.
mo d e 1 d eve 1 ope d t h ere assumes a trans f er o f energy into
He4 p h onons

which then give up energy to the He
phonon interaction.

3

3
quasiparticle by the He -He 4

If energy were to be transmitted directly from

the walls into collective density modes of the He

3

quasiparticles

(which have all the heat capacity) the mismatch would be much worse than
the numbers found.

The He

3

quasiparticle - He

4

phonon interaction has

been studied by Baym and Ebner(Zl) and they find that at low temperatures
the mean-free path becomes very long.

The result is that He

4

phonons

emitted by the wall are simply reabsorbed without ever transferring

3
energy to the He •
the He
The He

4
3

This will result in a temperature difference between

phonon system, which will become warmer, and the He

3

system.

system maintains a thermal equilibrium at a lower temperature

due to the frequent quasiparticle interactions.
a He4 phonon-He

3

There is thus developed

quasiparticle thermal resistance.

This problem has been considered quantitatively in Reference
5.

Following the arguments developed there, imagine two sets of phonons,

one at a temperature T in equilibrium with the walls and a second at a
1
3
temperature T in equilibrium with the He • Assuming no driving heat
2

-19flows, an initial energy difference 6U

0

between the two sets of

phonons will be assumed to relax according to
-t/-r

6 U(t) = 6 U e

(31)

0

where ,- is some relaxation time.

At any instant the rate of heat

transfer between the two sets of phonons is given by
• = -d(6 U)
Q
dt

= ~ 6U(t)

(32)

With this heat flow the energy difference between the two baths will
stabilize at temperatures T

and T , such that
2

1

(33)

The quantity U is the internal energy of the He
with velocity c

1

4

phonons

in a volume V and at a temperature T given by

v

(34)

Then using Equation (33) this leads to a thermal resistance which is
given by
R(T)

phonon-He

3 -

6 T _ 15

(35)

Q - 2rc 2

Numerically this is
R(T)

phonon-He

3

=

3.3 x 10 -5 ,.
VT3

4

(cm

0

4

K /erg)

Notice this is inversely proportional to the volume of the dilute

(36)
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solution which is what one would expect for such a thermal resistance
between two "phonon bathsa"
by

T;

The relaxation time T may be estimated

~/c 1 where~ is the mean free path found by Bayrn and Ebner.< 21 )

At low temperatures they giva T

~

T

given by Equation (36) varies as T

-2

-5

so that the thermal resistance
for low T.

Thus the total thermal resistance between copper and dilute
He

3

is the sum of the Kapitza boundary resistance, inversely proportion-

al to the area, and the He

4

proportional to the volumea

phonon -He

3

resistance, inversely

This geometric dependence has been checked

in Reference 5 and the agreement is reasonable.

Considering the above,

one can see a possible design problem if the He volumes in the heat
exchangers are too small.

If the dimensions involved are substantially

less than the phonon mean free path at low temperatures, then there will
be little heat exchange between the cold He

3

system and the rest of the

material.
The approximate size of a heat exchanger may be estimated
using the above results.

Consider a sponge as being made up of a

volume of small spheres of diameter d.
is then 6d

-1

•

The ratio of area to volume

The copper powder in the present work has an average

diameter of d "' 5µ, in which case the surf ace to volume ratio is
-1
4
"' 1.2 x 10 cm

This is actually an underestimate because the

powder is quite irregularly shaped thus having a higher area to
volume ratio than a sphere.

However, using the estimate of spheres

above as a lower limit and substituting into Equation (30) the boundary
resistance R may be expressed in terms of the volume of the coppero

-21-

(37)
Then from Equation (36)

(38)

2
Using values of T computed by Baym and Ebner( l) the second term above
3

coming from the He -phonon resistance is small for temperatures above
15 to 20 m°K if the volume of copper and the free volume for He are
roughly the same.

In practice, all heat exchangers run well above

20 m°K.
For good heat exchange one wants the time t that a He

3

atom

spends in the heat exchanger to be much greater than T, the thermal
relaxation timeo
and

n3

If n

3

is the number of He

3

atoms in the exchanger

is their rate of circulation, then t = n

3

/n3 o

Now

T

=RC

where R is given by Equation (37) and C = n c with c being the
3
3
3
effective specific heat per He atom. For pure He at low temperatures, the specific heat per particle is

r = 3.0 0 K-1 (Reference 15)
and for dilute solutions, it is

cdilute

y

kT

y = 13.0

Now, as stated one wants (T/t)

<<

0

-1

K

1 and

(Reference 5)
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T/t

R.D.3 c :;::

(39)

It is a sufficient approximation for design purposes to use the same
value for RT

3

(as given by Equation (37)) on both the dilute and con-

centrated sides.

The ratio of the specific heats cc/cd is 4.3, thus

the dilute side exchanger will require roughly four times the volume
of copper as the concentrated side.
numbers of
(T/t)

c

~

n3 /NA

:: 3 x 10

0

(1 m K/T)

2

moles/sec and V :: lee then
cu

for the concentrated phase and (T/t)d

for the dilute phase.
exchange was (T/t)

-5

Taking roughly appropriate

Recalling that the criterion for adequate heat

<<

1 it is obvious that this will be the case since

the lowest heat exchanger will be on the order of 20 to 30 m°K for a
mixer temperature of 10 m°K as achieved by Wheatley.
(3)

Still Design; He

3

and He

4

Circulation

The continuously-operating refrigerator moves He

3

from the

mixing chamber to the still by the osmotic pressure given by
Equation (16) .

He

3

is evaporated at the still, brought to room

temperature, compressed to about 30 mm Hg and recondensed.
that is circulated with the He

3

is harmful .

Any He

This can be seen most

easily by referring to the phase separation curve (Figure 3).
that the circulating gas contains only

Assume

80~ He 3 • Upon condensation,

this gas will be normal fluid (Region 1).

Its temperature will be

lowered as it moves down the heat exchanger section.
phase separation will begin to occur.

4

Below o7°K

Now to continue cooling the

two-phase mixture it is necessary to remove the "heat of separation"
as well as thermal energy from the two phases.

In accord with the

-23absorption of heat upon dilution at constant TJ heat is given off by
separation of He

3

4

from He •

This effect will be greatest where the

slope of the phase separation curve is least.
A quantitative analysis of the effects of He

4

circulation

is very complex and has not been attempted for temperatures above
0

.2 K.

0

Below .2 K Radebaugh

(15)

has shown that Equation (28) becomes

altered to

where x is the He

3

concentration in the circulating gas, d is the

number of moles of gas circulated, and xd is the He

3

concentration of

the dilute phase evaluated at T.J the inlet temperature to the mixing
1

chamber.
The modification of Equation (28) to the form of Equation

(40) is due to the fact that the amount of pure He

:::::::r:::::.::: :::n.:e::c::n::i::
Notice that if the He

3

3

available for

=n:d(~~::~d(t;~th)em::::t:fs::~~ion

d
ratio becomes lower than 70% the

incoming fluid will be superfluid at temperatures corresponding to the
temperature of the main impedance.

The refrigerator will fail to

operate under such conditions.
It is the primary function of the still to provide a large
He

3

circulation rate.

To do this one must minimize the He

and at the same time maintain an adequate He
explained before) the vapor pressure of He

4

3

flow rate.

4

circulation

As has been

at a normal still temperature
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of

~

.75°K is very low.

However, it is the nature of superfluid He

4

to form a thin film of liquid which covers all surfaces at temperatur es
below the superfluid transition temperature.

The He

4

that escapes from

the still comes almost entirely from this film creeping up the pump
lines until reaching temperatures at which it may evaporate.

The film

flow rate is directly proportional to the smallest perimeter it en0

counters and is lar ge ly temperature independent below 1 K
He

3

3

vapor pressure dominates the He :He

restricted.
orifice.

4

(23)

so the

ratio if the film flow can be

This is done by pumping the st ill through a flow limiting

The size of the orifice is determined by the criterion that,

for the gas flow desired, the pressure drop across the orifice should be
a substantial portion of the He

3

large, there will be too much He

vapor pressure.
4

If the orifice is too

circulation due to the film flow.

If

the orifice is too small, the pumping speed will be too low and the
still will run relatively hot.

This will allow more He

4

to evap orate

from the bulk liquid and again the ratio will decrease.
The vapor pressure o f He

3

in solution as a function of con-

centration and t emper ature is shown in Figure 8.

The data s hown there

were calculated in Reference 15 . It has also been measured experimentally<24) and the agreement is good .

Using these results and know-

ing the concentration as a function of temperature (Figure 6), i t is
possible to deduce the vapor pressure of the liquid in the still as a
function of still and mixer temperatures.

Radebaugh(lS) has also

computed the heat of vaporization of dilute solut ions as a function of
concentration and t emperature; combining these data with the vapor
pressure data one can find the optimum still temperature.

This
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temperature is somewhere between .6 and .7°K for mixer temperatures
below about .1°K.

If the still temperature were higher, too much He

4

would be vaporized and if it were lower the pumping speed will be
reduced because of the lowered vapor pressure.
(4)

Flow Impedance and Viscous Heating

.

For laminar flow the volume flow rate V is related to the
pressure head 6P by
V ;;:: 6P/T)Z

(41)

where ri is the coefficient of viscosity of the fluid and Z is an
impedance factor depending only on geometry.

The viscous

heating

rate Q is V6P so,
(42)

Q

Assuming pure He

3

is circulating, then the vo l ume f low rate is 36.8

n /NA cc/sec where n /NA is the molar flow rate.
3
3

For dilute solutions

at low temperatures where x ;;:: .063, the volume flow rate is 433 n /NA
3
cc/sec.

The viscous heating will produce an

6 T of the flowing He

3

increase in temperature

This may be computed from the effective

specific heats per atom given earlier as
a.
b.
Then one has

6T

-=

T

cc
Cd

rkT

r

;;::

ykT

y = 13.0°K-l

for M:/T

.

g_
CT

3.0°K-l

=

<<
.2

(43)
(dilute)

1

ZTJV = (TJT2)
= CT

(concentrated)

(V4NA/n3)2
(NAC/T)

(Zn/NA)
T4

(44)

-26-

using Equation (4l)a. and b.} the ratio of volume flow rate to molar
flow rate given above} and the values for viscosity from Equations (17)
and

(19~

this may be written in the form
a.

b

(6~)

.o

=

c

7(~ _)Y (n/;A
10

cm

-z

10-

)

6T
~ = 54 (
8
-3
• ( T )d •
10 cm

moles/sec

)
(45)

(n/NA
-5
10

moles/sec)

From these equations one can see the viscous heating is about eight
times greater on the dilute side .

Therefore} one wants as small as

possible flow impedance between mixing chamber and still.
this is also desired in order to minimize the drop in He

3

Recall that
concentration

between the mixer and still on the dilute side as pointed out previously.

However} this is technically difficult and is in opposition to

having large volumes of copper in the heat exchangers .
(6T/T) varies as T

-4 and thus the viscous

Moreover,

heating will rapidly become

a major problem at temperatures below 20m°K.

Compounding this is the

fact that the dilute side is colder than the incoming concentrated
phase.
D.

Intrinsic Limits
As discussed in the previous section the viscous heating is

proportional to n•

2

3

, wh ereas the re f rigeration capacity available at

a given temperature is linear in

n3 •

intrinsic limiting low temperature .

Clearly, there will be some
This will occur when the heat

created by the viscous heating and conducted into the mixing chamber
is equal to the refrigeration available.

-27As sume the dilute He

3

is flowing through a tube of diameter

d.

The geometeric impedance of the tube is then given by

z=

128L/rtd

4

where L is the length of the tube.

Assume also that the

temperature depends only on the distance 2 along the tube.
Neglecting the residual heat leak from surrounding materials
there will be three major heat sources in a continuously-operating
dilution refrigerator.

They are:

viscous heating, the enthalpy of

3
the incoming He , and heat conducted along the column of dilute fluid.
The viscous heating is given by Equation (42) and using Z for the
cicular tube given above,

(46)

where v
and

n3

4

= 27.5 cc/NA is the a v e rage volume per He

4

atom, X

0

.063,

is the circulation rate in atoms/sec.
The heating rate from cooling the incoming fluid is
T

T

2

1

= temp of last heat exchanger

= temp

of M.C.

and the heat brought in by conduction is

2

2
rtd

4

[ -1 (dT)
(KT)
T2 dt

+ 1:_
T

The results to be derived are intended to be applied at low
temperatures (T < 10 to 20m°K) so one can us e Equations (19) and (20)

-28for

~T

2

and KT, respectively and C

c

is given by Equation (43)a.

These heating sources must be balanced by the refrigeration rate,

n3

[H(T )-H(T )J (Equation (28)), which at low temperatures may be
1
2

approxl.mated by

n3

n3

Cd

dT
kT y de t:J, where

L':{f;

y=

which is, using Equation (43)b,

o -1
13 K •

The energy balance equation is

2

C:!) G~) (~: l

(47)

= n3
The KT term

ykT dT/d£

is smallest so for simplicity one may neglect it and

write innnediately

(48)

where

Equating the two sources of heat ( v iscous heat ing and heat extracted
from the incoming fluid) to the cooling capac i ty given by equa tion (29)
and using values for

~T 2 , v4 , and X0 mentioned previously, one gets the

equation
1 rrun
d

(continuous operation) (49)

as the temperature at which the two terms become equal.
value for d of .8rrun this yields a temperature of T

=

Using a typical

9m°K.

Notice that

-29this compares very nicely with the 10m°K limit achieved by Vilches and
Wheatley.(S)

It indicates that adding additional heat exchanges to

operate at temperatures below about 20m°K will not be too helpful.
The viscous induced heating will be comparable to the amount of heat you
are extracting from the incoming fluid.
effect experimentally.

Wheatley has noticed this

He found that increasing the number of heat

exchangers beyond five has little effect on the final mixing chamber
temperature.

The limiting low temperature derived above should also be

somewhat larger due to the KT tenn which was neglected for simplicity.
The obvious approach of lowering T . . by greatly increasing d is not
1 1m1t
possible because of a gravitational instability problem in the dilute
solution.

The instability arises because the fluid in the dilute phase

becomes heavier as the temperature is increased.
the concentration of He

3

This is in turn due to

in the dilute phase which is decreasing with in-

creasing temperature . (Figure 6).

Hence the fluid in the second heat ex-

changer is heavier than the fluid in the mixing chamber.

Convective

instabilities may develop which will destroy the thermal isolation of
the various components.

The instability is damped by the viscosity of

the fluid and the tubing impedance.
varies as d-

4

Since for viscous flow the impedance

the diameter of the tube exiting from the mixing chamber

mu st be kept small.

Hall encountered problems of convective mixing in

his firs t refrigerator.< 3 )
If one is running a single-cycle refrigerator where the He
is not recondensed then the second term is not present.

3

One has only
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This case (with the thermal conduction included) has been
considered by Wheatley et al.CS)

To take into account the conduction

term they substituted
dT
d£

1 ) Axi.3
- - (1-f)
T3

= ( -yk

(50)

into Equation (47), (minus the second term) and arrive at a differential
equation for f given by
df

=

dt

t

f

t

1-f

6

-4(1-f)

(51)

where t ; T/T , and the characteristic temperature T
0

T

Notice that T

0

is given by

0

(52)

0

n3 ,

does not involve

hence f will not, and the temper-

ature gradient (Equation (50)) is linear in

n3 •

The

de~endence

on t from Equation (46) is determined by numerical integration.

off
They

find the intrinsic limit of the single-cycle device to be given by

=

Tlimit

4

lmm)
(~

1/3

Using their value of d
l imited temperature of 4.7m°K.
with s uch a device.< 6 )

o

mK

=

(single-cycle)

(53)

.6mm this gives an intrinsic

They have rea ched a limit of 4.5m°K

The d-l/ 3 dependence makes it difficult to

decrease this further by using a larger pumping tube (on the mixing
chamber).

Notice that Equation (49) where the conduction term was

negle cted goes as d

-1

•

The inclusion of the conduction term will

-31undoubtedly make the temperature T£ given there a much slower function
of d such as the d-l/

3

found in Equation (53).

At sufficiently low temperatures the transport equations will
become limited by boundary scattering.

Then

~

will be independent of

T and depend linearly on d, while K will depend linearly, both on T
and d.

The above analysis will not apply in this case.

Chapter III.
A.

Details of the Refrigerator Construction

General Characteristics
The actual appearance of the refrigerator is shown in Figure

9.

The dilution refrigerator section and the pumped He

4

pot used to

condense the circulated gas are located within a vacuum space.
vacuum space is surrounded by liquid He
This outer bath of liquid He

4

4

The

boiling at atmospheric pressure.

is contained in a conventional glass d·ewar

system which can fit between the pole pieces of Varian 15 11 magnet.
This places a maximum allowable outer diameter of 2-1/4" on the glass
dewar system.

This, in turn, determines the diameter of all the

interior components.
The outer bath of He

4

is left unpumped because this allows

one to transfer more liquid into it at any time without disturbing the
operation of the refrigerator.

4

The inner He

outer bath through a needle valve.

pot is filled from the

It holds about 35cc of liquid and

must be refilled about every five or six hours during operation.

The

pot is pumped through a flow limiting orifice and runs at a nominal
temperature of l.1°K during operation.

This pumping system is entirely

separate from the circulation system of the dilution refrigerator.

-32While being refilled the temperature of the pot will rise
0

to 1.7 - 2.0 K.

The refilling operation takes only two to three

minutes and the operation of the dilution refrigerator is disturbed
very little.
B.

Condenser and Flow Limiting Impedance
The condenser consists of 4.5gm of -325 mesh copper powder

sintered into a copper body.

This copper body is made to be a

fit" into a copper sleeve which passes through the He
Figure lOo
He

3

4

11

·s lip-

pot as shown in

In this way there is no possibility of an internal leak of

out of the condenser and into the He

4

pot system.

Thermal contact

between the condenser and the sleeve is improved by coating their surfaces with silicone vacuum grease.
By observing the decrease in pressure from tanks of a known
volume, the condensing rate of the condenser was found to be 4 X 10
moles/sec at a pressure of 30rran-Hg.

-5

30rran-Hg was chosen as the condensing

pressure because this corresponds to the vapor pressure of He 3 at l.3°K.
Now the main impedance must be made large enough that a pressure of
30rran-Hg will not force more than 4 X 10

-5

moles/sec through it.

If

more than this amount of liquid can pass through the impedance the
denser will operate empty.

con~

This will allow vapor to pass to the lower

portions of the refrigerator and hinder its operation by causing an
extreme load on the heat exchangers.

In order to assure that this does

not happen the main impedance is designed to require a pressure greater
than 30rran-Hg to force 4 X 10-

5

moles/sec of liquid through it.

To

calculate this value of impedance the viscosity of He3 was taken to be
-6
.
0
(25)
c.g.s. units at 1 K.
30 X 10

~

The molar volume is 37cc/mole thus,
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Z = 62/~V = 9 X 10
when 62 = 30nun-Hg and

V=

4 X 10-

ll

5

cm-

3

moles/seco

The impedance actually used had a measured value of
Z

= 1.5

X 10

12

cm

-3

, the factor of two being added for safety.

As

long as the value is large enough to satisfy the conditions outlined
above the operation will be self-regulating in that if the circulation
increases or decreases the pressure will rise or fall accordingly in
order to drive the flow.

The flow rate ,do.es not depend on this im-

pedance but rather is determined by the pumping speed of the diffusion
pump and pumping lines running to the still.
The impedance was made by passing a 7.3" piece of No. 31
manganin wire inside of a .010" I.D. bore tube
• 00893").

(No. 31 gauge

=

The tube O.D. was then drawn down from .0160" to .0157" •

The impedance was measured by flowing dry nitrogen gas through it at
a known pressure head.

The viscosity was taken from the handbook of

physics and the volume rate of flow determined by collecting the gas
by water displacement in a graduated cylinder while timing with a
stopwatch.
C.

Heat Exchangers
As described in the last chapter, the heat exchangers are

very vital to the efficient operation of the dilution refrigerator.
They also present design problems in that one desires a smal l flow
impedance, but a large heat exchange surface and good thermal contact
between sides .

In this light a systematic study was made in an attempt

to maximize the r atio of surface area to flow impedance.

Sintered
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copper sponges of various densities were made and their respective
areas and flow impedances measured.

The ratio of area to impedance as

a function of sponge density was thus obtained.

This was done using

both 5µ and 40µ diameter, 99.9% pure copper powder.

(Copper powder was

purchased from Alcan Metal Powders, Inc., Berkeley, California.)
The body into which the powder was packed and sintered was
OFHC copper.

ETP copper was tried but it tended to blister and become

porous during sintering with the result being a sponge which was not
vacuum tight.
The sintering was done in a hydrogen atmosphere at about
625° C.

body.

In all cases the sponge appeared to sinter well to the copper
No swaging of the body after sintering, as reported necessary

5
by other authors, ( ) was ever needed.

It is believed that good adhesion

of the sponge to the body wall can be achieved by sintering at these lower
temperatures.

When a sponge was heated above about 700°c, it tended to

contract and pull away from the body.

The powder particles, when viewed

under a microscope before sintering, are very jagged and irregular in
shape.

It is believed that overheating tends to cause all of them to

become rather spherical in shape, thereby reducing their total volume.
The result is that the sponge cracks away from the walls.
A poor sponge will result if the powder is not packed firmly
enough. The smal l est sponge density possible seemed to be about .5 gm/cc
with the 5µ powder just packed tight enough to keep from falling out.
The flow impedance for turbulent flow was taken to be

-35-

.

whe re P2 i s the driving pressure, P the terminal pressure, V the
1
volume rate of flow, and

~

is the viscosity.

The impedance was mea-

sured experimentally by the same method used for the main impedance
described in Section 1 above.

The typical unit of impedance for these

8
-3
sponges was 10 cm •
A plot of a quantity called the flow conductance defined as
K = volume/impedance is shown in Figure 11.

A sunnnary of all the data

from the sponges is given in Table 1.
The area of three sponges was determined by running adsorption
.
h erms wit
. h nitrogen
.
isot
gas. (26)

Measurements of this type are tedious

and the areas obtained are not extremely accurate.

However, the results

as shown in Figure 11 do give the general trend of the area as a function of density.
It was desired to find a maximum in the product of the area per
unit volume times the conductance as defined above.
displayed in Figure 12.

This product is

Notice that the very fast decrease in conduc-

tance with density entirely dominates the product.

From this graph one

can see that the desired maximum occurs at the lowest densities.

In

looking for a maximum in the product KA an implicit assumption has been
that there is an equal weighting between area and impedance as far as
the efficiency of the refrigerator is concerned.

This may not be the

case but the behavior of the conductance with respect to density so
dominates that the results obtained here are probably correct outside
of some unforeseen extreme dependence of the efficiency upon area.
Faced with the problem of making sponges of very small density
a new type of sponge was developed.

The process consisted of grinding

-36up one of the medium density sponges made of the 5µ powder into small
pieces about lmm in diameter.

These "pebble sponges" were then used

as stock from which another sponge was made.

The resulting sponge had

a very small flow impedance with the volume resistivity being a factor
of 10 less than the best we had made previously or that had been re5
ported by other authors( ) (see Table 1).

On the other hand, the mea-

sured surface area of this sponge was as large as the conventional typeo
The new sponge had a lso sintered to the body wall, as well as the
conventional sponges.

This fact was determined by measuring the elec -

trical resistance between the sponge and the body.
measured by passing currents of 1 to 5

The resistance was

amps through the sponge-body

interface and measuring the voltage developed with a microvoltmeter.
The connections to the sponge were made as shown in Figure 13a.

The

resulting values at room temperature were 6.0µ.(l for one of the best
conventional sponges and 6.7µ.(l for the new reground type.
If one makes the assumption that the geometry for heat flow
is the same as for electrical current flow, then the resistance measured
above gives a measure of the thermal contact between the sponge and the

Q= K(A/£ )

61' and for electrical resistance

copper body.

For heat flow

R =

Then multiplying the two relations QR=

p(t /A).

pK T.

Now the

Wiedemann-Franz relations is

PK =LT
0
where

inserting this value for pK above gives

(54)
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QR= L0 T6T
Now, imposing the condition that the temperature drop should be less
than .1 of the overall temperature of the piece, i.e., that

:S •1,

6T /T

then
(55)

Now for low temperatures (T
He

3

as given by Equation (43a) is

creases.

RG is the gas constant.

.

c3

:S

.030°K) the specific heat of

= 3n RGT and decreasing as T in3

The enthalpy is then H = 3/2 n RGT
3

so an approximation to Q which is conservatively large is

Q=

(3/2)

n3 RGT 2 •

Using this in Equation (55) gives the condition

on R.
.1 L

R<

0

Notice this is independent of temperature and valid for all heat
exchangers.

Using a typical value of

n3

= 2 X 10

-5

moles/sec one

gets
R $ 9.8µ

(56)

D,

as the limiting condition on the electrical resistance.

Notice that

both sponges measured are well within this range.
The final design chosen for the heat exchangers is shown
in Figure 13b.

Both sponges are in the same body so there is a

minimum thermal impedance between sides.

Both halves are sponges

· made from the reground stock described above.

2

-38There is a question as to the flow pattern through the reground type sponges.

That is, will there be channeling of the fluid

through the larger holes between the "pebble sponge" so that the total
area of the sponge will not be utilized?
condensed side where one has pure He

3

This may be true on the

but on the dilute side where one

needs the best heat exchange and the least flow impedance, the superf luid He

4

will readily penetrate all of the sponge.

mean free path of He

4

Furthermore, if the

excitations is much less than the pore size of

the pebble sponge the He

4

will act as an exchange medium between the

3
He and the entire sponge area.

The pebble sponges are made from low

density conventional sponges, hence, if the pore size is unaffected by
sintering the ratio of mean free path to pore size will be just as
good in one case as in the other.

On the condensed side one may want

to use a conventional sponge if the "flow-channeling" seems to be a
problem.
Experiments with our present refrigerator indicate that the
heat exchangers are operating at least as efficiently as the conventional type.

However, it must be realized that they are not operating at

as low a temperature as will be necessary in a larger refrigerator.
These problems will be discussed in detail in the coming section on
operation characteristics.
Connection of lines to the sponge is made as shown in the
enlargement in 13b.

In order to . avoid the possibility of plugging

the lines with the soft

solder used the copper capillary tube is

threaded and screwed into the tapped hole in the body.

These joints,

as well as the brass caps, are soldered in place using a small torch,

-39-

soft solder and a non-corrosive flux.

The interconnecting

cupronickel tubing is soft soldered in place using an iron and at
the same time) air is forced through the tubing to alleviate further
the problem of plugging the capillary tubes.
D.

Interconnecting Tubing and Mechanical Supports
The interconnecting tubing is cupronickel (70% Cu - 30% Ni)

obtained from Superior Tube Company) Norristown) Pennsylvania.
alloy was chosen for several reasonso

This

At low temperatures its

coefficient of thermal conductivity is equal to or less than that of
stainless steelo(Z 7 )

It can easily be soldered with soft solder

without resorting to strong acid fluxes and because of this) it is
more resistant to corrosion than stainless steel once soldered in
place.

It also is quite ductile; draws easily without leaving weak

spots that can occur with stainless steel) and bends easily during
assembly.
The tubing on the condensed side has an IoDo of .010" and
a .003" wall.
wallo

On the dilute side the bore is .030" and again a 0003"

The sizes and lengths of these tubes are determined by the

problems of thermal conduction and convection on the dilute side) and
the necessity of suppressing vapor formation on the condensed side.
Consider the problem of the condensed side first.

If at

some point the hydrostatic pressure of the fluid becomes less than
the vapor pressure of the liqud corresponding to the temperature of
this point) then a vapor bubble will form.
disrupt the liquid flow.

This "vapor-lock" can

The vapor must also be recondensed some-

where) most likely in the heat exchangers) which will produce undesired
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heating of these components.

This problem is present only in the

high temperature components near the still.

For at a temperature of

3 .
• BoK t h e vapor pressure o f He is
a b out 3rrnn-Hg.

Unless the pressure

rise from the still on the dilute side is greater than this pressure,
vapor will be formed in the still heat exchanger and passed on to the
first heat exchanger.

This problem was noted in the first refrigerator.

In this machine the first heat exchanger tended to run very hot, equal
to the still temperature or even above, and was more closely linked to
changes in the He

4

pot temperature than those of the sti'll.

The pro-

blem was solved by running a 2" piece of No. 31 manganin wire down the
.010" bore tube between the still and the first heat exchanger.
gave an impedance of 2 X l0

This

11
3
cm- between the still and first heat

exchanger, the value desired having been calculated as described before for the main impedance.
For a temperature of .5°K the vapor pressure of He

3

is

equivalent to the hydrostatic pressure of a column of liquid He3 3cm
high.

Thus the problem of vapor formation is absent in the lower por-

tions of the refrigerator.

The problem in the lower temperature

portions can, in principle, be viscous heating.

However, there is

nothing to be gained by making the impedance of the tubing much less
that of the heat exchangers.

Table 2 gives all the values selected

for the interconnecting tubing on both the condensed and dilute sides.
On the dilute side the major problem is caused by the fact
that the He

3

concentration decreases as the temperature increases.

(Refer to Figure 6),

creating the gravitational instability discussed

in Chapter II, Section D.

This problem was noted by Hall in his first
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3
refrigerator( ) when pumping with a coaxial line having a .325" I.D.
on the outer tube and a .205" O.D. on the inner tube.
may be lessened by decreasing the tube diameters.

The problem

As the viscosity

increases with decreasing temperature the tube diameters may be
increased.

No problems of convective instability have been observed

with the tube sizes given in Table 2.
The thennal conduction in the dilute solution is limited
by the collision of phonons with the He
altered by the flowing He

3

3

because the He

less than the phonon velocity.

quasiparticles.
3

This is not

flow velocity is so much

To obtain the variation of temperature

.

with length one must solve the conduction equation Q = KdA dT/d,e
together with the enthalpy conservation equation dQ/di.

=

5/2 RD.

3

dT/d.e .

This leads to the energy balance equation

.?..

Rtl
3

2

(57)

where d is the diameter of the tube,
and Kd is given by Equation (2l)Q

.e

the distance along the tube,

The solution of Equation (57) will

give an exponential variation of temperature with length.

The

characteristic length is
_e

(58)

I

If one takes x = . 01 as the concentration in the still and substitutes
·'

this into Equation (21) to get Kd' then Equation (58) is numerically
1

d

.e• = 3 <1nm)

2

(59)

-42where a value of 2 X 10-S moles/sec has been taken for

n3 o

This

distance is very small in comparison to the lengths of tubing between
the various components.

There is thus essentially no thermal conduc-

tion along the interconnecting tubes.
Pitch-bonded graphite is used for the mechanical connections
between the various components.

It was chosen because of its rather

23
unusual thermal conduction properties reported by Shore et al., < )
and more recently Edwards et alo<

29

)

For temperatures in the range

0

of 2-4 K the thermal conductivity is reasonably large thus facilitating
the pre -cooling of the various coroponentso

On the other hand, at

0.3°K the thermal conductivity is some four times less than that of
teflon and seven times less than that of nylono
behaves rather like a heat switcho

The graphite thus

It is strong, easily machined

and as an added bonus, aids in pumping out the He

4

exchange gas which

is used in the vacuum jacket during cooling of the entire device

The connecting links are of modular form and thread onto the
· brass end caps of the heat' exchangers as shown in Figure 13b.

The

heat exchangers are located in line with the gr aphite supports in
order to use all available radial space at the expense of some increase in the overall length of the device.
E.

Still Design
The still is shown in Figure 14.

The design of the still

4
is dictated by the need to suppress He film flow.
is made from a single piece of copper .

The upper portion

This is done to assure
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unifonnity of temperature up to the flow limiting orifice thereby
minimizing the possibility of He

4

vaporizing from the film.

The design of the upper portion of the still has been the
subject of an extensive investigation by Wheatley et al., (S) the
3
final result of which has been a total new design concept.C 0)
The placement of the heater in the still is quite important.
It must be located in a position from which all the heat flows directly
into the bulk liquid and does not heat any of the regions near the
flow limiting orifice.

The heater consists of approximately 15Gn

of No. 39 Evanohm wire coiled upon a piece of masking tape.

This flat

coil is then epoxied onto a piece of nylon as shown in Figure 14.
The nylon provides thermal isolation between the heater and the copper
walls of the still.

The electrical connections to the heater are made

with No. 38 copper wire.

The two copper wires are fed through a

.020" I.D. cupronickel tube which is soldered into the wall of the
still as shown.

After the upper and lower portions of the still have

been soft soldered together this tube is filled with Stycast 2850GT
epoxy (Emerson-Cumming Corporation, Los Angeles, California).

This

particular epoxy has a thennal coefficient of expansion which is
quite close to that of copper.

This feedthrough for the wires is

quite dependable and has always been helium leak tight.
An added feature of this still was the addition of a
liquid level sensor fashioned after the design by Boghosian et al.C 3 l)
This level sensor was added because in the first model there was
always a question as to where the liquid level was in the still.

-44The level sensor consists of a piece of thin brass inserted
inside the copper body of the still to form a coaxial capacitor.

The

spacing between the brass and the copper is .002" on the radius.
Insulation from the sides is provided by wrapping the brass sleeve
with one layer of .001 11 mylar and at the upper and lower ends a disc
of""' .001" mica is placed.

The measured value of this capacitor at

room temperature is 180 pf.

The capacitor is then connected into the

tank circuit of a tunnel diode oscillator, the total circuit being
shown in the insert of Figure 14.
The dielectric constant of liquid He is approximately 5%
larger than that of He vapor.

Thus as the liquid level in the still

rises there will be an increase in the capacitance of the coaxial
capacitor.

This increase in capacitance will produce a decrease in

the natural frequency of the oscillator.

Since the frequency can be

monitored with extreme precision one has a very sensitive level
detector.

For our purpose it was not necessary to know the liquid

level to any high degree of accuracy, therefore, to simplify the
electronics a llOOpf capacitor was added .in parallel with the level
sensing capacitor in order to lower the resonant frequency.

This

obviously decreases the sensitivity for one is now looking for a 5%
change in roughly 10% of the total capacitance.

Since the frequency

varies as l/.[c this will correspond to approximately . 2% change in
the frequency from entirely empty to entirely full.
For the values of the inductor and the capacitor chosen
the resonant frequency was roughly 300 KHz with the still empty .

-45This frequency decreased by about 600 Hz when the still was full.
The signal was amplified with a transistor amplifier (Model TA-4B,
Infrared Instruments, Santa Barbara, California) and the frequency
counted with a Hewlett-Packard Model 5245L electronic counter
(Hewlett-Packard Co., Palo Alto, California).
The tunnel diode and tank circuit were located on the
bottom of the still as shown in Figure 14.

At these temperatures

the oscillator was very stable with the frequency not v arying more
than ± 1 Hz over periods of time on the order of one hour.
total change in frequency from empty to full is

~

Since t he

600 Hz it was quite

easy to monitor the liquid level in the still with considerably more
precision than was ever necessary.

In fact, since the total height

is .80" one could monitor the level down to changes approaching
± (.8/600)" or about .002".

The bottom of the still is also made from a single piece
of copper.

Located in this piece is a sintered copper sponge which
\

serves as a heat exchanger for the incoming liquid, cooling it to the
t emperature of the s till.

This sponge is s intered inside a copper

sleeve which is then "greased" into the hole in the bottom of the
still just as was done with the condenser at the He

4 pot.

The sponge

consists of 2.4 gm. of -325 mesh copper powder and has a free volume
of .47 cc.

The connecting tub es to the still heat exchanger are Cu

1/16" O. D., tubing avai l ab l e on campus.

A 1-1/2" len gth of this tube

is h ard-soldered to either end of the heat exchanger and during this
process the copper tubing is annealed.

After annealing, the tubing

-46is quite soft, and can easily be bent in the direction necessary to
connect onto the other components.

The connections to the cupronickel

tubing are made with small brass sleeves.

The sleeve is bored half

way through with a 1/16" drill to acconnnodate the copper tube.

It is

then bored the rest of the way with a No. 73 drill to fit over the
.013" O.D. cupronickel tubing used on the dilute side.

The end into

which the cupronickel fits is counter-bored with a No. 60 drill to
create a pocket for making a soft solder fillet.

The soldering is

done with an iron and air is passed through the tubing to prevent
plugging.
The return line to the still on the dilute side enters
through the bottom as shown in Figure 14.

The problem of convective

instability is most important in this line for the temperature is
high and the viscosity small.

To avoid a possible breakdown of the

flow pattern in this length of tubing due to this gravitational instability the tubing is bent into the shape of a double hairpin as
shown.

Since the temperature gradient is quite steep along these

tubes, as shown in the last section; Equation (59), the temperature at
p oint A is essentially the same as that of the first heat exchanger.
Thus the gravitationally unstable fluid between the still and point B
is counterbalanced by the stable fluid between points B and A.
F.

Mix ing Chamber
Since the dilution refrigerator was intended to be used

prima rily a s an experimental tool, rathe r than itself being the obj e ct
of study , the mi x ing chambe r was constructed of copper.
shown in Figure 15.

The d e sign is

If the refrig erator is being used to cool other

-47experimental apparatus the advantages of the copper mixing chamber,
as opposed

to one of a nonconducting material such as cast epoxy,

are several.

It is much easier to make thermal contact with the cold

liquid through a copper mixing chamber which can easily be provided
with numerous mechanical fixtures and thermal grounds.

The disad-

vantage is that an accurate determination of the ultimate temperature
of the refrigerator is no longer possible.
With a nonconducting chamber one can place a paramagnetic
salt such as Cerium Magnesium Nitrate (CMN) directly in the helium
liquid and do magnetic thermometery on it.
eddy currents prevent such measurements.

With a copper chamber the
All of the details of this

' thermometery will be discussed in Chapter VI.
Thermal contact between the liquid and the copper is improved
by the addition of the thin vanes of copper.

The vanes are made by

passing a .002" thick strip of copper shim stock through the loose ·
fitting gear train on the lathe.

This produces a corrugated strip

with the steps being about 1/4" high.

The strip is then fitted inside

the mixing chamber and soft soldered at all points of contact.

After

soldering the open ends of the corrugation are cut and folded away from
one another into a radial alignment as shown in Figure 15.

They are

cut open in this manner to avoid the possibility of forming stagnant
pockets of liquid inside the mixing chamber.
The inlet and outlet tubes pass through 1/16" O.D. copper
nipples made from the same tubing used on the still heat exchanger.
The ends of the tubes are threaded with No. 2-56 thread and tapped

into the upper portion of the mixing chamber.
hard soldered.

These joints are then

The authored ends of the tubing are counter-bored

in the same manner described previously for the brass coupling sleeves
to allow for a good soft solder fillet.
The inlet tube of .010" I.D. Cupronickel terminates just
below the top of the inner wall of the mixing chamber.

The outlet

tube is .030" I.D., again of cupronickel and terminates approximately
.050" above the bottom surface.

Both are soft soldered into place

using an iron and non-corrosive flux.
The thermometer on the mixing chamber is a calibrated Speer
lO<:n, 1/2 watt carbon resistor (grade 1002) (Speer Carbon Co.,
Bradford, Pa.).

The calibration of this resistor is described in

detail in Chapter VI on temperature measurement.

The outer insulating

coating has been thinned down by using a grinding wheel to reduce the
O.D. from .140" to .110".
rad.i us.

This leaves about .005" insulation on the

The resistor is then greased into a hole drilled in the lug

on the bottom of the mixing chamber.

There is also a tapped No. 4-40

hole in this lug which serves as the connection point for the sample.
Equally spaced around the perimeter of the mixer bottom are three
No. 2-56 screws which are used as thermal grounds f or electrical leads
running to and from the sample .
G.

Testing
The major problem in assembling the dilution refrigerator is

vacuum l eaks.

During construction the device was leak checked by sec-

tions using a mass spectrometer leak detector.

The still, He

4

pot, and

-49other components are easily checked in this manner because the pumping
impedance to them is small .

However, with the heat exchanger system

the pumping impedance is higher and the response of the leak detector
much slower.

Still one detects large leaks quite readily this way.

After the entire device is assembled and the isolation vacuum can is
put in place this chamber is then pumped with the mass spectrometer
leak detector.

Helium gas is now circulated through the refrigerator.

This test is performed both at room temperature and liquid N temper2
ature.

Any leak in the system is quickly discovered by this test but

it is not localized.

Great difficulty was experienced with leaks that

appeared only at liquid N temperature.
2

For this reason, it was neces-

sary to develop a method of leak detection that would allow the
localization of leaks while the entire device was at liquid nitrogen
temperatures.

This was done by placing the assembled refrigerator into

· a clear dewar filled with liquid N •
2

The mounting cap is sealed onto

the nitrogen dewar with an o-ring and clamp screws so that the dewar
may be pressurized • . Helium gas at about 5 PSI over atmospheric pressure
is then forced into the nitrogen dewar causing the liquid N to stop
2
boiling.
turbances.

The nitrogen is now very quiet and free of any apparent disHigh pressure helium gas (about 2 atm) is then forced into

the refrigerator.

The experiment is performed in a darkened room with

the refrigerator lighted from behind.

The bubbles of gas escaping f rom

a leak are quite easily seen and the leak is thus localized.
is surprisingly sensitive with leaks as small as

~

5 X 10

This method ·

-6 cc/sec, as

measured with the calibrated leak d.etector, having been found in this
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manner.
A second test which must be performed during assembly is
that of flow impedance testing.

This must be done to check against

the possibility of partial or total plugging of the interconnecting
lines during assembly.

The impedances of all the heat exchangers are

known so that any spurious impedance is quickly detected.

Values for

the impedance of the assembled refrigerator are given in Table 3.
In practice the still was assembled and then connected to
the pumping system to be leak-checked.

The heat exchangers and mixing

chamber, assembled as one unit, are then connected.

The return line

to the still on the dilute side is soldered in place and the inlet
line to the heat exchanger on the condensed side is plugged with a
small ball of solder.
tested.

This portion of the refrigerator is then leak

Next the end of the tubing which was plugged is cut off and

the flow impedance of the entire refrigerator measured .

The main

impedance is not connected at this point because its very large
impedance would ,hide any problems in the rest of the refrigerator.
Finally the main impedance is soldered in place.
H.

Roo~

Temperature Components
The arrangements of components as shown in Figure 16 provides

a flexible and efficient gas handling system.

An effort was made to

minimize the number of valves and all those s hown have been found to
be essential.

The size of the storage tanks is determined by the size

of the refrigerator and the gas charge needed to fill it.

The volume

3
4
of our storage tanks is such that the He - He gas mixture is stored

-51-

at less than atmospheric pressure.

This is necessary since the

mechanical pump can not safely stand a back pressure greater than
one atmosphere.

Another advantage is that leaks in the storage

system are quickly detected by an increase in the pressure while at
the same time little He

3

gas is lost.

The air that may have leaked

into the helium mixture is easily removed by circulating the gas
4
through tubing immersed in liquid He •
The mechanical pump is a Welch, Model 1402KGB, rotary pump
with an oil sealed shaft designed principally for use in closed
systems (Welch Scientific Co., Skokie, Ill.).

A word of caution might

be added here in that this pump was found to leak around the fiber
gasket oil seal of the pump body allowing air to leak into the system
when the exhaust side of the pump was running at less. than 1 atm.
This leak was sealed by painting around the gasket seal with glyptal
varnish.
After the system had been assembled and made helium leak
tight all air was removed from the back side of the mechanical pump
by pumping through valve No. 14 with another pump.

This valve was then

closed and the system has not been opened to air since this time.

When

the mechanical pump is not running, Valve No. 13 is opened so that both
input and exhaust are at the same pressure.
The diffusion pump is an NRG Model B-2 booster pump.

It was

chosen because of its relatively fast pumping speed for pressures in
the range of 10 to 20 microns.
All the valves, with the exception of No. 3, are Hoke model

-524151M2l3 bellows-sealed valves with a Kel-F tip.
Veeco bellows-sealed valve with a 1-1/2" bore.

Valve No. 3 is a
(Valves were obtained

from Castle Controls, Inc., Pasadena, Calif.)
All the lines from Valve No. 5 to the input of the dewar
are 1/4" I.D. soft copper tubing.

From the dewar cap down into the

refrigerator the input line is 1/8 11 stainless steel with a .010" wall.
Just before the input line enters the isolation vacuum chamber there
is a spiral of 18 11 of .050" bore copper tubing which is in the outer
He

4

bath.

This aids in precooling the incoming gas to helium temper-

atures and also acts to block room temperature radiation.
The tubing running from the booster pump to the still is
graduated in length and diameter as shown in .Figure 9 . in order to
to maximize the pumping speed.
flow is always viscous.

For the pressures involved .the gas

Since the viscosity increases with temperature

it is necessary to use larger bore tubing in the high temperature sections.

The size of tubing required was calculated using Poseville's law

for the gas flow,

where ~(T) is the viscosity of helium gas as a function of temperature, C27 )
L is the length of tubing, D the diameter, and

flow at the mean pressure.

Vwas

V is

the volume rate of

calculated from a molar circulation

5
rate of 3 X 10- moles/sec which is about the maximum pumping speed of
the booster pump.

With the sizes of tubes shown the pressure drop

across the pin hole is roughly twice the pressure drop in the lines
and the calculated pressure of - 250µ in the still compares quite well
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with the known vapor pressure of the liquid at a typical still
temperature

of~

0

.75 K.

(See Figure 8).

While the refrigerator is not in use it is pumped through
valve No. 15 with No. 1 and No. 2 also open.

The system to the right

of valves Noo 3, 4 and 7 is fil led with the helium gas charge.

The

external port at valve No. 15 also allows one to sample a small
quantity of gas coming from the still during operation (needle valve
No. 2 slightly opened) in order to measure the ratio of He

3

4
to He o

This measurement is made using a calibrated mass spectrometer leak
detector (G . E. Model M-60).
There are two liquid nitrogen traps in the system.

Trap

I is a conventional glass cold finger and catches mostly pump oil
from the mechanical pump.

The glass is joined into the metal system

using standard Kovar metal to glass seals.

Trap II has a finger of

l" diameter filled to a height of 4" with Linde 13x molecular sieve
pellets through which all the circulated gas must flow.

These

molecular sieve pellets are wrapped in nylon mesh to catch the pbwder
which is always present with them.

The molecular sieve trap will catch

any residual air ,a nd water vapor which might be in the system.

Between

runs the trap is degassed by heating it with a heat lamp while pumping
through valve No. 15 as explained above.
Pressures are read on the input side with a conventional
mercury manometer system.

A small amount of low vapor pressure oil

(such as used in oil manometers) was added to cover the mercury surface to a depth of roughly 3mm.

This was done to prevent the diffusion

-54of Hg vapor into the gas handling system where it would have a very
harmful affect on the thin bellows contained in the Hoke valves.
The thermocouple gauge on the "high" vacuum side is used
to monitor the pressure in the still line.
with

It reads from 0 to 1000µ,

an expanded scale from 0 to 100µ, which is the region of greatest

interest.

This gauge is also used to check for blockage of the refriger-

ator during start-up.

This is done simultaneously with the leak detection

procedure as described in the last section.
been pre-cooled to LN

2

After the refrigerator has

temperature heli.um gas is admitted to the input

side only through valve No. 15 and No. 1.

Prior to this the refrigerator

has been under vacuum and the T.C. gauge on the still side will be reading "' Oµ.

If the refrigerator is not blocked one will observe a r ·apid

rise in the pressure on the T.C. gauge roughly thirty seconds after the
helium gas has been admitted through valve No. 15.
(I)

Auxiliary Cryostat Components
(1)

Needle Valve
The needle valve used to fill the He

17a.

The barrel and bottom are made of brass.

4

pot is shown in Figure
The valve stem is

stainless steel and is threaded with a micrometer screw thread.

The

valve seat is monel alloy No. 400 (Pacific Metals, Inc., Los Angeles,
Calif.) and is designed so that it is easily replaced.
sary only after many months of use.

This is neces-

Hard soldered to the stainless

steel valve stem is a piece of thin walled (.010 11 ) stainless tube
which runs to the top of the dewar and passes out through an o-ring
seal as shown in Figure 9.

This tube is capped off at the top and

-55used for opening and closing the valve.

The fill line running from

the valve to the pot is .010 11 bore cupronickel tubing.
(2)

Isolation Vacuum Chamber Connection
The isolation vacuum can must be designed to be readily

removed in order to give easy access to the refrigerator.

One also

4
needs a joint that will be dependably leak-tight in liquid He •

The

design of this joint using a crushed indium seal as shown in Figure
17b has proven very satisfactory.
made of brass.

The upper and lower flanges are

Care was taken to see that the surfaces in the region

of the indium seal were turned flat and free of any radial scratches.
The protruding portion of the upper flange

is a tight slip-fit

("" .001" clearance on the diameter) into the lower mating flange.
This assures good alignment of the can.
.030'' diameter pure indium wire.

The indium seal is made from

The wire is wrapped once around the

upper flange and cut on the bias with a razor blade so that the ends
join smoothly.

The two flanges are joined using eight No. 8-32 bolts

with spring loaded washers.

The bolts are tightened down until the

two brass faces are flush at the outer edge.

Differences in thermal

contractions between the indium, brass, and the bolts is countered by
the use of the spring washers.
The indium forms a very good cold weld between the surfaces.
To break the joint later, two No. 4-40 screws are threaded into the
lower flange.

The retaining bolts are loosened and the two "jack"

screws are then tightened, pushing the two faces apart.
No special care is takeri in cleaning the two surfaces before

-56making a new seal other than to remove bits of the indium rema ining
from t he las t time .
(3)

Radiati on Baffles
The amount of power generated by room temperature black-

body radiation which is conducted down the pumping lines into the
refrigerator and isolation vacuum chamber can be quite large.

To

prevent this, baffles, shaped as shown in the insert of Figure 9, are
placed in all of the lines.

The baffles in the still and He

4

pot

pumping lines are made from a single piece of brass whose surface has
been roughened with a piece of coarse sandpaper and then chemically
blackened.

These baffles slip into the pumping lines and rest where

the tubing diameter is decreased upon entering the isola tion can.
They are kept cool by the pumped gas which is fl owi ng past them.
The baffle in the isolation vacuum pumping line is made of
copper.

Since there is very little gas flowing past it, this baffle

must be thermally grounded by another means.

This is done by soldering

its lowest face to the large brass flange through which the tubing
passes.

This brass flange is always at~ 4°K due to the outer b ath

4
of liquid He •
There is also a 1/8" diameter line that exits
can to provide a conduit for the electrical leads .

into the vacuum

This is also b affled

with a copper piece having the same design as the others.
(4)

Electrical Leads
There are ten e lectrical leads corning into the present ap-

paratus.

They begin from a hermetic seal at room temperature and are
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Screwed

into the brass flange near the exit point for the wires is a 1/811
diameter copper lug.
several turns

(~

The wires are wrapped around this lug for

4" of their length) to provide thermal grounding.

They then are attached to a terminal board consisting of ten small
gold plated jacks and receptacles which are mounted in a piece of
lucite.

This terminal board allows one to easily disconnect the wiring

of the lower portions of the refrigerator in case it is necessary to
remove sections of it.
Of the wires coming from room temperature to the terminal
board five are No. 38 gauge Evanohm (Wilbur B. Driver Co., Newark,
N.J.) and five are No . 40 gauge copper.

The choice of which type to

use for a given purpose should be based upon whether the relatively
high (81 ohm/ft), temperature independent, resistance of the Evanohm
wire is important .

Certainly, it would be leads carrying much current;

such as heaters, but would not be in the thermometer leads.
A sununary of all the important parameters of construction
for each of the components has been prepared in Table 3.

Chapter IV.

A.

Operation

Starting Up
Following the tests on the sy stem at LN

2

temperatures He

exchange gas is admitted to the isolation vacuum chamber.
is then transferred into the outer bath.

4

Liquid He4

When the refrigerator has

re a ched 4.2°K the exchange gas is pumped out.

At the same time the
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4

pot is filled.

While the refrigerator is held at,..., 4°K the

pressure in the isolation vacuum is reduced to ,..., 1 X 10 -5mm Hg in
a period .of roughly forty-five minutes.

At this time pumping on the

He4 pot is begun and its temperature is reduced to,..., 1.°K in a few
minutes.

3
4
Condensation of the He -He gas charge into the system is

then started.
The amount of gas needed to fill the refrigerator is computed from the known volumes of the system and the molar volumes for He3
4
and He taken at 0°K.

These are 36.8cc/mole and 27.6cc/mole,

respectively.
There must be enough He

3

liquid to fill all the volumes on

the input side from the condenser to the mixing chamber.
of liquid He

4

The amount

must be enough to fill the dilute heat exchangers and a

substantial portion of the still.

Our tanks contain 13.4 STP liters

3
4
3
of a He -He gas mixture 37% of which is He •

During start up 11.5

STP liters of this gas are condensed into the refrigerator.
produces more He

3

This

liquid than is necessary but aids in a rapid start

up of the refrigerator for reasons to be explained.

The gas is con-

<lensed into the refrigerator through the condenser only.

The time

required to condense the entire charge of gas desired is taking around
forty minutes.

The condensing rate is proportional to the input

pressure so it is advantageous to have more than the needed amount of
gas, within reason, considering the cost of He

3

gas.

During the time

the gas is being condensed all components of the refrigerator cool to
approximately l.7°K.

For a temperature profile of the device during

-59a typical startup see Figure 18.
As soon as condensation has been completed valve No. 3 is
opened as quickly as is possible without letting the pressure on the
back side of the pump go above 1 atm.

Gas is now being circulated

with the mechanical pump and within a time span of less than five
minutes all components will have cooled to approximately .6°Ko

At

this point every effort is being made to circulate the gas as fast
4
The He pot is refilled for safety, since the major load

as possible.

on it has been during the condensation process, and the power to the
booster pump is turned on.
. 0

During the cool down to .6 K phase separation of the
liquid occurs.
bottom and He

3

Now, in essence, one has a "U" tube with He
floating on the top of either side.

at the

In order to get

the phase boundary into the mixing chamber all of the He
still side must be pumped around to the input side.

4

3

from the

To have a rapid

startup this must be done as soon as possible. This is the reason
3 .
.
for condensing in an amount of He that is larger than will be needed
during steady state operation and also the motive for pumping as fast
as possible during the startup.
Within about ten minutes after the power to the booster
pump has been turned on the pump will begin to function.

The pressure

as read on T.C. gauge No. 2 will drop quickly to about 10µ.

During

this time the refrigerator will have cooled to about .S°K.

With the

booster pump now working, the desired amount of heat is applied to
the still.

.

For this refrigerator about .42 m watts (.42 X 10

-3

watts)
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seem:; L: o "Work bes L:.

The s till will warm s h a rply to

~ .65°K a s shown

in Figure 18 a nd all the other components will continue to cool.
power is applied to the still in order to increase the He

3

The

circulation

as explained previously.
The refrigerator will now continue to cool at a very steady
(and reproducible) rate without any further attention.

In fact the

starting procedure outlined above has become so routine that it is
possible to predict the temperatures of all the components knowing
only the elapsed time since the beginning of He
earlier.

4

transfer several hours

The typical time required for reaching the lowest temperature

4

is '"" four and one-half hours from the start of He, . tra nsfer.
The most important points of this start up routine are:
(1) the addition of extra He
large as possible.

3

and (2) a circulation rate that is as

On earlier runs where this routine was not followed
0

.

the refrigerator would stall at a temperature of '"" .5 K for periods of
one to two hours.
enough He

3

This was apparently just the time required to move

around to the input side to move the phase boundary into

the mix ing chamber.
It is a characteristic of He
5
tempe rature is lowered.< 0)

3

liquid to expand as its

This results in a movement of the phase

boundary towards the still as the refrigerator cools.
of He

3

If the amount

in the s y stem is large enough it is possible f or the phase

boundary to pass out o f the mixing chamber and into the dilute side
of the lowest heat e x changer.

This phenomenon does occur in our

re f rige rator at about .2°K and is a consequence of the extra amount
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of He condensed in at the beginning.

Evidence of this occurrence

is a sudden increase of cooling in the lowest heat exchanger and a
cessation of cooling in the mixing chamber as can be seen by ref erring
to Figure 18.

To correct the situation valve No . 4 is shut, thus

stopping the circulation.
enough He

3

Gas is stored in the storage tanks until

has been stored to move the phase boundary back into the

mixing chamber.

Once cooling has resumed in the mixing chamber circu-

lation is begun again and the refrigerator will cool to its ultimate
temperature without further attention.
Since the amount of gas condensed in is always the same the
temperature at which the phase boundary will pass out of the mixing
chamber is quite predictable.

The corrective action outlined above

can be taken in advance with no resulting stalls of the refrigerator
in its cool -down process.
B.

Steady State Operation
The most important design aspect in determining the ultimate

temperature of a dilution refrigerator is the number of heat exchanger
stages .

Our machine is comparatively small, having only two heat ex-

changers below the still as compared to the five employed by Wheatley
et al . , (S) in reaching 10m°K.

The ultimate temperature of our machine

has not been accurately determined because a copper mixing chamber was
used.
design.

This problem was discussed in the section on mixing chamber
A steady state temperature of 78m°K has been recorded by mea-

suring the paramagnetic susceptibility of a sample of CMN attached to
the mixing chamber.

The details of all the thermometry are to be

discussed in the next chapte r.

-62This temperature of 78m°K is only an upper limit to the
temperature of the fluid in the mixing chamber.

Every effort has

been made to assure good thermal contact between the CMN and the
mixing chamber; however, it is still quite possible that the liquid
is on the order of several millidegrees less than the temperature
recorded.
In a single-cycle process where the He

3

is pumped out, but

not recirculated, a temperature of 59m°K has been recorded.

The fact

that this temperature is significantly lower than that recorded under
steady state conditions is a good indication that more heat exchangers
would be quite beneficial.

In continuous operation the major heat

leak is obviously the incoming fluid .

The addition of two more stages

of heat exchange to this refrigerator should undoubtedly move its
ultimate temperature down into the region of 20 to 30m°K.

The addition

of many more than 4 stages will probably have little affect since the
final heat exchangers must work at such a low temperature.

With the

assumption of ideal heat exchan$e, no viscous heating, no He

4

circu-

lation, and no external heat leaks, one can calculate the minimum
temperature possible with a two stage device.

Conservation of energy

in the mixing chamber yields the equation ..

where u c is the molar internal energy of the concentrated solution
3
3
(assumed here to be pure He ), and 6$ is the change in entropy between
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the concentrated and dilute solutions.

The subscripts on t he

th
temperature, T, are m.c. for mixing chamber and n for then ; heat
exchanger.

u c(T) is given by( 5 )

At low temperatures

UJc (T)

=

12.5 T

3

2

2
j/mole-°K

(55)

This quantity and T6S(T) are plotted in Figure 19.
tion of energy to the n

th

Applying conserva-

exchanger, under the assumptions above, the

change in internal energy on the concentrated side must equal the heat
input to the fluid flowing out of the mixing chamber, that is

H (T ) - H(T
)
n
m.c.

H [ T, x(T ) ] is given in Figure 7.

Thus given T
the right side of
m.c.

Equation (54) is given in Figure 19 as is
and hence T

2

is determined.

(56)

u3 c (Tm.c. ).

Then inserting T

2

Thus

u

3

c(T )
2

and T
into
m.c.

Equation (56) and using Figures 7 and 19 for H and U respectively
one finds T ,
1

or in general Tn-l"

For the case T
m.c.
= 190m°K and T

= 28m°K
0

the above calculation yields

= 750m°K.

quite typical of the still tempera ture.

The last value here is
Thus, in principle, one

should be able to reach 28m°K with only two heat exchangers.
During single-cycle operation when the load due to the
incoming f luid has been eliminated the temperature of the various
components may be used to estimate the residual heat leak.

The

temperature record ed on the las t heat exchanger was 190m°K when the
CMN was reading 60m°K.

It should be pointed out immediately that the

-64following calculation will not be very accurate because the resistance
thermome ter used on the heat exchanger is not calibrated with great
precision, surely no better than ~ 15i •

Also recall that 60m°K is

only an upper limit for the mixing chamber temperature.
taking 190m°K as T , 60m°K as
2
-2
3
a heat leak ~ 2 X 10
j/mole He •

However,

and reading from Figure 7 gives
.
1 ation
.
.
Th e He 3 circu
rate is

2 X 10-S moles/sec, thus the heat leak is on the order of a few
ergs/sec.

This is not an unreasonable number and is certainly good

as an order of magnitude estimate.
The cooling capacity of the machine was measured by recording the equilibrium temperature of the mixing chamber for a known
amount of heat applied to it.

The heater consisted of 17a1 of Evanohm

wire wrapped around the outside of the mixing chamber and glued into
place with collodion.

The heating power was determined by measuring,

at room temperature, the voltage across the heater and the voltage
across a lOCD precision resistor in series with the heater.
measurement gives the current.

The later

The voltage measurements were made

using a Leeds & Northrup potentiometer (Model 8686, Leeds & Northrup
Co., Philadelphia, Pa.).

The cooling capacity of our refrigerator,

along with that of others from the literature, is shown in Figure 20.
These data have been correc ted for temperature differences due to the
Kapitza boundary resistance using the data of Anderson e t a1.< 22 )
most this correction was 5m°K.
curves is the He

3

At

The quantity to consider among these

circulation rate.

Notice especially the very h i gh

4
circulation rate reported by Neganov et a1.< )

For our refrigerator
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the He

3 circulation wa s measured to be 2.0 X 10 -5 moles/sec while
0

the cooling capacity data were being taken. At .1 K the heat extraction rate is 6.4µ watts so that

Q/n3

= .32 joules/mole -He

3

(at .1°K)

This is to be compared with the .82 j/moles-He

3

at .1°K predicted by

Equation (29) under conditions of perfect heat exchange.

The ratio

of these two numbers can then be used as a measure of efficiency for
the refrigeration process.

By this definition our refrigerator has

an efficiency of 39i at .1°K.
A similar analysis of the data of Wheatley et al.,
0

yields an efficiency of 75% at .1 K.

<5 )

This is further evidence of the

need for several stages of heat exchange .

Notice, however, that the

average efficiency per exchanger is decreasing, being 15% for five
He 4 . circulation will also tend to

exchangers and 20% for our two.

lower the efficiency of the heat exchangers.
During operation the ratio of He

3

to He

4

in the gas being

pumped from the still is measured with a calibrated mass spectrometer
The ion accelerating voltage of this

leak detector (G.E. Model M- 60).
machine is readily adjustable.

To tune the spectrometer tube to He

3

the accelerating voltage is simply increased by a factor of 4/3 from
its value at the He

4

resonance peak.

The leak detector was calibrated

by sampling gas from a prepared source containing a known ratio of
He 3 to He4 •

.
T h e He 3 to He 4 ratio

measured during operation was al-

ways very close to 6.0 under steady state conditions.

The He

4

circu-

lation in the system is evident from the high temperature of the first

-66heat exchanger.
The temperature of the still is weakly linked to the mixing
chamber temperature.

The trend is for the still to become warmer as

the mixing chamber cools.
concentration of He
of He

3

3

This effect can be seen in Figure 18.

The

in the still is determined by the concentration

in the dilute phase at the mixing chamber temperature.

dependence is given in Figure 6 (Equation (23)).

This

As the temperature

of the mix ing chamber decreases the He 3 concentration in the still
decreases.

With a fixed pumping speed the result is that the temper-

ature of the still increases as the mixing chamber cools.

From the

measured still and mixing chamber temperatures it is possible to plot
the vapor pressure of the liquid in the still as the refrigerator cools
down.

This line is shown in Figure 8 (line A) and gives a measure of

the pumping efficiency at the still.

Ideally, one would like to main-

tain a constant still temperature for all mixing chamber temperatures.
This, however, implies an infinitely

f~st

pumping speed.

Line B in Figure 8 shows the pumping characteristic of the
refrigerator before the room temperature lines were increased from
1-1/2" I.D. to the present 2-1/8" I.D.
this earlier machine was
poor.

The ultimate temperature of

lOOm°K and its cooling capacity was very

The fact that its ultimate temperature is close to that of

the present model only indicates that the heat leaks are small.

An-

other limiting factor with the first machine, due to its slow pumping
speed, was that the still became quite warm (~ .9°K) as the mixing
chamber reached its limit of .1°K.

With the still running at this

-67temperature the He
of He

3

to He

4

4 circulation became a problem. The lowered ratio

then caused further deterioration of the cooling

capacity.
In searching for optimum operating conditions, still powers
varying from .1 milliwatts to .6 milliwatts have been tried with the
present machine.
lation rate.

Ideally, T

m.c.

should be independent of the circu-

In actual operation T
tends to increase slowly as
m.c.

Tstill' and the circulation rate, are increased at the highest heater
powers.

3
4
This is due to inadequate heat exchange, a decreasing He :He

ratio, and possibly, viscous heating.

If the still is allowed to run

at a very low temperature, with a resulting low circulation, the

3
4
He :He ratio becomes so small that the refrigerator will not operate.
A still power of .42 milliwatts seems to be optimum in achieving a
minimum temperature while maintaining adequate cooling capacity.
In concluding this chapter the utility of the dilution
refrigerator as an experimental tool should be emphasized.

It pro-

vides a very steady temperature base for conducting experiments with
the working temperature being readily adjusted by the application
of small amounts of heat to the mixing chamber.

The useful working

temperature range varies between the lower limit of the machine and
about .4°K.

This upper limit overlaps nicely with the lower limit

of temperatures possible in conventional He

3

refrigerators.

As for

stability, temperature fluctuations on the order of a few millidegrees
are nonnal for this machine for times on the order of one hour.

This

stability could undoubtedly be improved by the addition of a feedback
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network between the mixing chamber heater and the mixing chamber
thermometer.

Regulation would be best where the cooling rate (the

slope of Figure 18) is large, at temperatures somewhat above the
lower limit.

This slope and the specific heat of the experimental

addenda will determine the time constant for temperature variation.
Chapter V.

Suggested Improvements

The most obvious start toward improving the existing machine
is to add extra heat exchangers.

Two more exchangers could be fitted

on a piece of nylon rod which would be attached to the bottom of the
still.

These would serve as the two high temperature exchangers

leaving the existing two exchangers in place.

The new exchangers would

flank the still in the wide portion of the dewar where there is extra
space on the radius (see Figure 9).

These two exchangers should be

lower than the still in order to avoid problems with the liquid level.
The high temperature exchangers do not need to be as large as the
present two but the concentrated side of exchanger No. 1 should be
large enough to handle the He

4

circulation .

Volumes of copper powder

of about .5 cc and .25 cc for the concentrated side of exchangers one
and two, respectively, should be adequate .

The He liquid volumes

should be roughly the same as the copper volumes.

On the dilute side

the copper volumes should .be about .Sec in each exchanger .• .,
Another possible improvement which should be tried is to
increase the diameter of the line connecting the mixing chamber and
the last heat exchanger of the dilute side.

This is based on the
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phase boundary pass out of the mixing chamber and into the dilute
side of the last heat exchanger.

There is also an increase in the

circulation rate as this happens so it is possible that the impedance
of the line in question is too high.
If the number of heat exchangers is increased as discussed
above it would probably be worthwhile to build a new mixing chamber.
This should be done to assure the best possible thermal contact between the sample and the mixer at the lowest temperatures.

The copper

vanes used in the present chamber should be replaced by a copper sponge
sintered into the bottom of the new mixing chamber.
in the cold, dilute solution.

This will place it

There should be an opening drilled in

the sponge through which the He

3

is pumped out of the dilute phase in

order to avoid increasing the pumping impedance on the dilute side.
The bottom should be made from a single piece of copper with good
mechanical connections to which samples may be attached.

It has been

our experience that threaded, gold ·plated copper connections give very
good thermal contact.
A final change which might be considered, but requires considerably more construction, is the addition of a new still fashioned
after the design of Reference 30.
He 3 : He

4

This would greatly improve the

· and h ence t h e coo 1.1ng capacity.
.
ratio

A possible problem

with this type of still could be keeping the liquid level from rising
into the pumping line.

The use of a level sensor as in our still

could be helpful if this problem occurred.
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Chapter VI.

A.

Thermometry

Thermometry
1.

Resistance Thermometers
Speer lOat, 1/2 watt, (grade 1002) carbon resistors

(Speer Carbon Co., Bradford, Pa.) are used as thermometers on all
The resistors used on the He 4

the components of the refrigerator.

pot, heat exchangers, and the still were calibrated against the vapor
pressure of He

4

in the temperature range l.1°K - 4.2°K.

The resistors

used on the mixing chamber and the sample were calibrated further
against the vapor pressure of He

3

0

to a temperature of .41 K.

The

resistor used on the sample was then calibrated against the magnetic
susceptibility of a cerium-magnesium-nitrate (CMN) standard.

The

resistance as a function of temperature over the range .13°K - 4.2°K
could be fit to within 3% by the equation
a log

T
(log

10

10

R

R-b)

where a= .053°K, b = 2.064, and c
the sample.
Reference 34.

2

=

(57)

- c

.033°K for the resistor used on

The functional form of Equation (57) is taken from
The values for these constants were nearly identical

for resistors taken from the same batch.
resistors calibrated in the He

3

For example, the two

refrigerator had values of 100 • .3il

and 99.ZD, 162D and 1610, and 434n and 43a2 for temperatures of
295 0 K, 4.2 0 K, and .416 0 K, respectively.

In contrast the resistors

used on the heat exchangers, although of the same make and grade,
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were purchased about one year earlier.

These two agreed quite well

with each other but differed greatly from those of the new batch,
0

0

having constants of a= .114 K, b = 2.005, c = .033 K.

The constant

c is probably a correction for the self-heating of the resistor during
the resistance measurement and may be different for a different power
setting of the measuring bridge or if the thermal contact of the
resistor is altered.

On each experimental run the resistance of the

thermometers was checked at three fixed temperature points; room temperature, liquid nitrogen boiling point, and liquid He

4

boiling point.

The resistance at these temperatures never varied by a measurable
amount from one run to the next.
To establish good thermal contact between the resistor and
the component whose temperature is to be measured the outer insulating
coating of the resistor is thinned down.
reduced from .140" to .110".
material on the radius.

The O.D. of the resistor is

This leaves about .005" .of insulating

The diameter is reduced by using a fine file

while the resistor is being turned in a lathe.

A final cut is made

by turning the resistor by hand on a fine grinding wheel.

Care is

taken to assure that the resistor remains as round as possible.

The

resistor is then greased into a hole drilled into the component of
interest.
The resistance is measured using a low power input AC
bridge.
21.

A block diagram of the bridge components is shown in Figure

The power input to the resistor is variable but with decreasing

power, sensitivity is lost.

The power setting used for most measure-
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ments was

~

4 X 10

-10

watts into a lOOCln resistor.

The oscillator

puts out a constant voltage to the sensing resistor, hence the power
-1
decreases as R •

.150°K.

The value of lOOCln corresponds to a temperature of

If one desires to estimate the temperature difference between

the resistor and its surroundings a measure of the thermal boundary
resistance is needed.

This is a difficult quantity to obtain; however,

in measuring the thermal conductivity of insulators Harrison(

32

) finds

a conductance between a metal and an insulator of

C

~

(10

-3

2

4

watts/cm -K ) AT

3

which should apply to within an order of magnitude in the present
case.

2

Taking A= 1 cm , T = .15°K, then C = 3 X 10-

a power input of 10

-10

6 watts/K and with

watts the temperature drop is on the

a few tenths of a millidegree across the boundary.

~rder

of

However, I have

observed in my temperature calibration the need for a much larger
correction.

(Constant c of Eq. (57).)

Hence the main problem may be

that the internal self-heating of the carbon coupled with its poor
thermal conductivity keeps the heat inside.

At any rate if the power

input to the resistor is kept constant the resistance as a function of
temperature is reproducible and once calibrated serves as a good
thermometer.
2.

Magnetic Thermometry
To calibrate the resistor that was to be used for thermometry

during the specific heat measurements a paramagnetic salt pill of CMN

surements are made by measuring the magnetic susceptibility

X, and
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assuming the substance obeys Curie's law

X-

l/T.

CMN is known to

obey Curie's law to temperatures at least as low as 10

mK.< 35 )

The

susceptibility is obtained by measuring the mutual inductance between
two coils in which the CMN is located.

This mutual inductance is

directly proportional to the susceptibility and the constant of proportionality is independent of temperature.

Thus the mutual induc-

tance, once calibrated as a function of temperature over some convenient
temperature range, can be extrapolated with some confidence assuming
that M "' l/T.
The mutual inductance measurements were made using a 17 - cps
mutual inductance bridge built by Cryotronics, Inc.
W. Main Street, High Bridge, N.J.).

(Cryotronics, Inc.,

This bridge has a range of 200µh

6
. h a quote d reso 1 ution
.
of 8
(1 µ h = lo - h) wit

x

10- 4 µh.

In operation

an inductive unbalance is nulled by a voltage derived from a r e sistive
network.

There are three front panel controls designated range, coarse,

and fine which are a part of this resistive network.

When the bridge

is nulled the unknown inductance is proportional to the product of these
three controls.
in the leads.
nated A and B.

It is also necessary to null any resistive unbalance
This is done with two other front panel controls desigOnce the resistive unbalance has been cancelled initially

it is not necessary to change controls A and B by any significant amount.
The output of the bridge was displayed on the y-axis of an oscilloscope
with a sensitivity of 20 mvolts/ cm.

A signaf taken off the primary

oscillator tap on the back panel is fed into the x-axis input of the
scope .

The display on the scope is an ellipse where a resistive unbalance
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is indicated by an increase in length of the minor axis and an inductive unbalance is indicated by a tilting of the major axis with
respect to the x-axis of the scope.
zontal line.

A null is indicated by a hori-

The sensitivity of our bridge was roughly 5 X 10-

3

µh,

thisnumber being determined by the signal to noise ratio of the coil
set.

All readings were taken with the range switch in the Xl position.
The measuring coils are shown in Figure 22a.

design of the coils follows that of Abel et al.,

The basic

<36 ) with the specific

dimensions being determined by many factors inherent to our apparatus.
The coils fit on the outside of the brass tail of the isolation vacuum
can and are immersed in the liquid He

4

outer bath.

The radial dimensions

of the coils are determined by the space available.
limited primarily by the need to reduce:

The length is

(1) the influence of nearby

magnetic materials; such as the end cap, soft soldered onto the vacuum
jacket; (2) the eddy current heating of the copper mixing chamber.
The sensitivity of the coil set will be determined by the length and
placement of the secondary windings.

Finally, the secondaries must

also be placed on the primaries in such a way as to keep the variation
of the field over the volume of the CMN at a minimum.

A suitable

compromise of these factors led to the dimensions shown in Figure 22.
Yet to be determined is the number of turns per unit length for the
secondary and the primary, n
to the product n n •
p s
eddy current heating.

n

p

p

and n •
s

The sensitivity is proportional .

should be kept small to reduce the source of

The ratio of n /n
s

p

= 6 was chosen.

The construction of the coils proceeded as follows:

Two

-75sheets of .001" mylar was wrapped around a split brass mandrel of the
appropriate diameter.

On top of the mylar two sheets of onion skin paper

were wrapped and painted with epoxy (Stycast 2850 GT diluted with
tolulene).

The coils were wound with No. 42 formvar coated copper wire.

The winding was done on a lathe with a feed of 80 turns/inch for both
the primary and the two secondaries.
lay·e rs with 224 turns/layer thus, n

p

The primary consisted of six
= 192 turns/cm.

During winding

the coil was painted with the epoxy mentioned above after about every
third layer.

After the primary was finished one sheet of .001" mylar

was placed over it and then the winding of the secondaries began.

In

winding the first secondary a record was kept of the number of turns
on each layer.

When the second secondary was wound the number of turns

in each layer was reproduced to ± one turn and the total number of
turns was reproduced exactly.

The two secondaries were wound in the

same direction and then wired together such that the induced current
in one opposed the current in the other.
In spite of the precautions taken during the winding of the
secondaries the net mutual inductance of the set was outside the 200µh
range of the bridge.

It is also necessary to be able to adjust the

inductance so that as the CMN cools the total inductance always stays
within the range of the bridge.

For these reasons a second coil set

was wound with dimensions as shown in Figure 22b.

This set is located

at room temperature and its mutual inductance is adjustable.

The coils

are wound on bakelite forms with the secondary being a slip fit inside
of the primary.

As the secondary is pushed from one extreme of the

-76of the primary to the other the net mutual inductance changes by
roughly ± lOOmh.

The adjustment is controlled by using a micro-

meter feed on the movable secondary .

The compensating coils are

enclosed in a grounded copper box to reduce electronic noise.

All

the leads running from the bridge to the dewar and the compensating
coil set are shielded cable.

There is one ground point for the entire

system of the bridge, oscilloscope, and coil sets.
He

4

As the l iquid

level in the outer bath falls there can be problems with the

resistive balance due to the change in resistance of the leads with
the change in temperature.

This problem is eliminated by using

No. 25 Evanohm wire for the electrical leads from room temperature
into the dewar .

The large gauge wire is used to reduce the total

impedance of the leads and hence maintain a high sensitivity for the
coil set.
Three grams of powdered CMN were used and contained in a
nylon

chamber having the shape of a right circular cylinder.

diameter was .615" and the height was .410 11 •
tached to a nylon rod 3" in length.

The

This cylinder was at-

At the top of the rod was a gold

plated copper cap and a No . 4-40 screw which attached to the mix ing
chamber.

Silver so l dered to the copper cap were 300 No. 39 Cu wires

which extended down through the center of the nylon rod and into the
CMN chamber.

These Cu wires have an A/£ of 2 X 10- 3 cm.

The hole

in the nylon rod through which the wires pass is filled with Resiweld
epoxy to increase the rigidity of the assembly .

To improve thermal

contact with the Cu wire mesh the CMN powder is mixed into Apiezon-N

-77vacuum grease which has been warmed slightly to increase its fluidity.
The resistor to be calibrated is also inserted into the middle of this
mixture with the axis of the resistor running parallel to the axis of
the measuring coils.
Prior to the calibration of the resistor against the CMN
it had been calibrated in the temperature range .41°K - 4.2°K as
discussed in Section A-1 of this chapter.

When calibrated against

the CMN the resistance as a function of temperature agreed very well
with an extrapolation of the previous calibration down to about

ll°K.

0

Below this temperature dR/dT became increasingly smaller and it was
apparent that the resistor was no longer in thermal equilibrium with
the CMN.

This was further substantiated by observing an increase in

the temperature of the resistor as the bridge power was increased while
at the same time the temperature of the CMN remained unchanged.

No

specific heat data for temperatures below .125°K were used in the final
analysis.

The resistor was calibrated against the CMN before the

specific heat experiments were undertaken.

The calibration was

repeated again roughly six months later after the experiments were
finished at which time there was no measurable change in the calibration
constants.
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PART II
A CALORIMETRIC MEASUREMENT OF THE NUCLEAR QUADRUPOLE
COUPLING CONSTANT IN PURE, SINGLE CRYSTAL RHENIUM METAL
Chapter I
A.

Introduction
In crystals having non-cubic synnnetry there may exist large

internal electric field gradients at the site of the nucleus.

In the

discussion to follow the sources of the electric field gradient will
be outlined.

This will be followed by a discussion of the quadrupole

moment of the nucleus.

The end result will be to derive the quantum

mechanical Hamiltonian for the interaction between the electric field
gradient and the nuclear quadrupole moment.

In Section B the results

are applied to rhenium and the expected effect upon the specific heat
is calculated.

This specific heat has been measured in the present

work.
In pure, ordered metals electric field gradients arise from
three principal sources:

(1) the lattice contribution due to the

positive ion cores at each of the lattic sites, (2) the contribution
of the conduction electrons found within an atomic sphere centered
on each lattice site, (3) contributions of the non-conduction, closedshell core electrons which may either amplify or shield contributions
(1) and (2) above.

Theoretical calculations of the field gradients

have not been very successful and little work has been done on the
subject.

. (37)

One paper has been presented by Watson et al.,

for
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v3x

(X = Si, Ge, Ga, etc.) in which an explanation is given for the
2

dependence of the quantity le qQI on the density of states at the
Fermi surface.

In the expression above e is the electronic charge,

eq the z-z component of the electric field gradient tensor, and Q
the nuclear quadrupole moment.

Typically the electric field gradient

in a metal is 5 to 20% of what a single valence electron could produce in the free parent ion.

Thus the gradients in metals arise from

rather severe cancellations among the three terms listed above.

It

is this fact which makes the theoretical calculations most difficult.
It is well known that nuclei with I

>

1/2, where I repre-

sents the total nuclear angular momentum, may possess electric quadrupole moments which implies a non-spherical charge distribution.

If

this non-spherical charge distribution is located in an electric field
gradient there will result an electrostatic energy which varies with
Following the notation of Slichter( 4 l) the

the nuclear orientation.

derivation of the mathematical form of this interaction proceeds as
follows:

consider first the classical interaction energy E of a

-

charge distribution p(x) with a potential V due to external sources.
E =

-

J

~
3
p(x) V(x) d x

(58)

Expanding V(x) . in a Taylor's series about the origin and defining

dV
= dXCX

I

~ = 0

(59)

x = 0

where xo; (ex = 1, 2, 3) stands for the cartesian coordinates x, y and
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z, respectively, then

+ •••
Choosing the origin at the center of mass of the nucleus, the first
term is the electrostatic energy of the nucleus taken as a point
charge.
nucleus.

The second term involves the electric dipole moment of the
This term vanishes since the center of mass and the center

of charge coincide; which in turn is due to the nuclear states
possessing a definite parity.

All experimental evidence s upport s the

contention that nuclei do have definite parity.
the electric quadrupole moment.

The third term is

It is possible to find principal

axes o f the potential V such that Va~ = 0 if

a

~ ~; moreover,

if there

is no net electronic charge at the nucleus V satisfies Laplace's
equation.

2
9 V = O.

Evaluation at the origin gives

0

(61)

Conventionally one considers for convenience the quantities
%~ defined by

%~ =

j

>

[3xax·~ -

0

2
- 3a~ r ] p(x)d x,

where Oa~ is the Kronecker delta.

(62)

Then in terms of the %~'s the

quadrupole interaction becomes

(63)
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Since V satisfies Laplace's e quation the second term on the right
vanishes, hence
(64)

To obtain a quantum mechanical expression for the quadrupole coupling the classical charge density p is replaced by the

~uantum mechanical operator( 4 l)
p

(op)

(i)

=

e .L:
p

o(i - i p )

(65)

where e is the electronic charge and the sum on p runs over all the
protons in the nucleus.

Sub s titution of this operator into Eq. (62)

gives the quadrupole operator
Q(op)

a13

=

e

2
.L: (3 x.a x A - 5
r .. )
p
p PP
CXl3 p ;

(66)

The quadrupole term in the Hamiltonian is then

H = l .L: V o (op)
Q 6 a,13 a13 '0:13

(6 7)

In resonance work one is generally concerned with eigenstates specified by the quantum numbers I and m, m being the z
component of the total angular momentum I.

Since we are interested

only in the spatial reorientation of the nucleus for a given nuclear
energy state, it is sufficient to consider matrix elements of the
form
(I m n

I ~(op) l

I m' n)
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where n denotes any other quantum numbers characteristic of the
nuclear energy state which need not be specified.
To evaluate the matrix elements of
to employ the Wigner-Eckart theorem.(

42

)

~~(op)

it is convenient

This theorem states that for

a system of wave functions characterized by the quantum numbers J or
J', for the total angular momentum, and Mor M', for the z component
of the angular momentum, matrix elements of the form

I T qk I

(JM n

J' M' n') are equal to the product of the Clebsch-

Gordon coefficient C(J'kJ; M' qM) and a quantity (J n
which is independent of M and M'.

I\

Tk 11 J' n')

The quantity (J nil Tk

I\

J' n') is

called the reduced matrix element and T k represents the qth component
q

of the kth order irreducible tensor operator Tk.

Stated mathematically

this is
(JM nl T k
q

I

J'M'n')

C(J' k J; M' q M) (J nllTk l!J'n')

(68)

Tensor operators are defined by their properties under
rotations.

They also obey specific corrnnutation relations with the

angular momentum operators.

These relations assure that a T k transq

forms under rotations of the coordinate axes into linear combinations
Tq'

k

in the same way that the spherical harmonics YLM transform into

linear combinations of YLM' 's.C

43

)

The expansion of the electric potential V(~) (Eqs. (59),(60))
could have been done in terms of the spherical harmonics

YL~

in which

case the quadrupole contribution would have been found to arise from
combinations of the y 2M ' s • C4 0)

Thus the _quadrupole operator

Qa~ (op)

-83of Eq. (66) can be expressed as a linear combination of T

2
q

's.

Returning to Equation (68), consider two T k,s, one a
q

function of variables s, and the other a function of variables t.
Then Equation (68) states that
(69)

This equation also applies in a more general form to functions that
k

are linear combinations of Tq 's, all of the same k, i.e.,

F(s)

=~a

q

T

q q

k

(op) is such a linear combination of T 2 •s

Q

(s).

~

q

as discussed above, hence, the desired matrix element is

(Irnnle

2
(3xa:p xl3P - 00:13 r p ) !Im'n)
p

~

= (Irnn I 3

(Ia:I~ + I~ I a:) -<5
2

(70)

2

0:13 I !lm'n)A

where A is a constant, the same for all m, m', a: and 13.
A take the case m
(llnle
.

~
p

= m' =

l,O:

= 13 =

To determine

z, then

2 2
A(IIn!3lz -1 111n)

2
2
(3 z p -r p ) IIIn)

(71)

A 1(21-1)
where n has been dropped since it is assumed to commute with 1
I •
z

2

and

One can define a symbol Q by
eQ = (IIn le

~

p

(3z

2
p

-r

2
p

) IIIn)

where Q is called the quadrupole moment of the nucleus.

(72)
Then

-84combining Equations (71) and (72),
A

eQ/I(2I-l)

(73)

Using Equations (73) and (70) to replace

~~(op) in Equation (67),

all matrix elements diagonal in I and n are just what would be
calculated by adding an effective quadrupole contribution to the
Hamiltonian.

eQ
HQ - 6I(2I-l)

(74)

Notice at this point that in spite of the nine components of
only one constant is needed, eQ.

~

This is true because the fact that

the nucleus is in a state of definite parity is the same as the
classical statement that the charge distribution p has cylindrical
symmetry.

If z is taken to be along the symmetry axis, then the

energy of the charge reorientation depends only on the difference
2
3
between the charge parallel and transvers to z,J"z p d x and

~x2 p

d

3

x.

This gives the critical parameter

Jr(z 2 -x2 )

1
p d3 x = 2

f

(3z 2 -r 2 )p d 3 x

Notice that the last integral is just the classical definition eQ .
The quadrupole interaction of Equation (74) is valid for an
arbitrary orientation of the coordinates a = x, y, z.

It is customary

to choose a set of principal axes relative to which VCXJ3 = O, a

~ ~'

and using the fact that V satisfies LaPlace's equation (or Eq. (61)),
then HQ may be rewritten as:
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(75)

It is conventional to define two parameters to characterize HQ as
given above.

These are the asymmetry parameter

~

(76a)
and the field gradient qo
eq

B.

=

V
zz

(76b)

Applications to Metallic Rhenium
Rhenium metal has a hexagonal close-packed lattice structure

and hence possesses cylindrical symmetry.
parameter

~

=

O.

This means that the asyrrnnetry

The Hamiltonian given by Equation (75) above gives

rise to the energy levels

E

=

2
2
e gQ [3m - I(I
41(21-1)

in the absence of an applied magnetic fieldo

+ l)]

(77)

The nuclear spin of Re

is 5/2 hence there are three doubly degenerate levelso

The separation

2
between the lower two is 3e qQ/20 and the separation between the
2
upper two is 6e qQ/20.

For sufficiently high temperatures, it is

possible to excite the nuclear spin system thermally among these
energy levels.

To estimate roughly what range of temperatures is

relevant take Q

~

2

e qQ/k

~

10

-2

0

10

-24

2

cm

and eq

~

10

15

e.s.u. then

K so that thermal excitations of these levels

will contribute to the specific heat for T ~ .010°K.
bution will become negligible when T

>>

This contri-

.010°K for then all levels

-86will be equally populated.
To calculate the contribution of these excitations to the
2
specific heat let a= 3e qQ/20.

The internal energy of the spin

system is given by
3
I:

U=N

i=l
3
I:

-E. /kT
l.

a
e
E. "'i
l.

(78)

-E./kT
gi e

l.

i=l
where k is Boltzmann's constant, T is the temperature, N the total
numb er o f par t•ic 1 es, Ei th e energy of the ith level, and g. is the
l.

d egeneracy o f t h e l..th 1 eve 1 •
gi = 2 for each.

In this case there are three levels and

Choosing E =
1
U

= N!a

[J.

o,

then E = a, and E = 3a.
2
3

Then

e-x + 3a e-3~1
+ e -x + e -3x

J

(79)

where x = a/kT •
The specific heat is given by

C

=

c\U

~

=

(Nk)

2
x

~

e
Ll

-x

+ 9e -3x

+

e-x

+

(80)

e-3x

In the extreme high temperature limit where a<< kT (x << 1), this
reduces to
C = (14/9) R(a/kT)
plus higher order terms - T

-3

etc.

2

(81)

R is the gas constant.

It is

thus possible, by measuring the low temperature specific heat, to
extract a term having a temperature dependence of T

-2

and from the

-87coefficient of this term to measure the quadrupole coupling
2

constant e qQ.
A term of this form was first noted in the specific heat
of rhenium by Keesom.<

44

)

His measurements were made on a poly-

crystalline, and somewhat impure sample.

He was able to measure the

specific heat for temperatures down to .37°K.
The specific heat of Re metal in the normal state is given
by three terms

cn

(82a)

The term linear in T represents the contribution of the conduction
electrons and gives a measure of the density of electron states at
45

the Fermi surface.<
mole.<46)

)

For Re the constant y

=

2
2.35 millijoules/K -

The second term is the contribution of the lattice.

4
Re, a= .026 millijoules/K -mole.

For

The final term arises from the

nuclear spin system and is the quantity of interest here.

Keesom

measured a value for A of .06 ± .01 millijoules-K/mole when the
sample was in the normal state.<

44

)

Re is also a superconductor with a transition temperature
of T

c

l.699°K.< 46 )

term is replaced

by

In the superconducting state the electronic
a term of the form CeS

=

a e-bTc/T where the

BCS theory predicts the constants a and b . to be 8.5 and 1.5,
respectively.<

47

)

The specific heat of Re in the superconducting

state is thus given by

=

-b Tc/T
a e

3

+ a T + A/T

2
(82b)
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The constant

a is essentially the same in both the superconducting

and normal states.C

49

)

It is possible, however, that A may not be

the same in both states.

Recall from the discussion at the beginning

of this chapter that one source of the internal field gradients is
the conduction electrons.

Furthermore, Re is a transition metal and

Watson et al., predicted the conduction electron contribution is
dominant in the transition metals which have a high density of elecSince the conduction electrons

tron states at the Fermi surface.

are drastically affected by the superconducting transition it is
possible that the internal field gradients may be also.

This would

result in a difference in the values of A
and A
•
sc
norma 1
Chapter II.

A.

Calorimetry

Calorimeter Construction
The calorimeter is shown in Figure 23.

from copper with gold plated threaded connections.
threads onto the upper cap as shown.

The frame is made
A copper sleeve

The sample is located inside

and is totally surrounded by a medium that is at the mixing chamber
temperature, keeping the heat leaks to the sample at a minimum.
lations show the heat leaks to be on the order of 10-S watts.

CalcuThe

bottom plate on which the sample is located is easily removed to facilitate the mounting of the sample.

The sample is thermally isolated from

the calorimeter in the following manner:

two No. 2-56 nylon screws

are attached to the copper base plate with nylon thread as shown in
Figure 23.

The bottom face of the sample rests on these two screws

-89with the area of contact being very small.
cylindrical shape with polished end faces.)

(The sample has a
Above the sample is a

strap spring made from .015" thick phosphor bronze.

Through this

spring passes a No. 0-80 stainless steel machine screw which has been
fitted with a pointed nylon tip.

This screw is tightened down against

the sample causing a bowing of the spring and is then locked with a
lock nut.

The sample is now held rigidly between pieces of nylon

with a very small area of contact.

Also, due to the action of the

phosphor bronze spring, the sample remains rigid in spite of the
different thermal contractions of the materials.
A weak thermal link between the sample and the mixing
chamber is made with one strand of No. 39 copper wire.
3 X 10

-6

cm.)

(A/l

=

This copper wire is soldered to a .005" thick copper

foil which is wrapped around the sample and fastened in place with
nylon threads.

.
2
is about 1 cm •

The area of contact between the foil and the sample
The use of a conventional superconducting heat switch

was not possible since measurements were to be made in a magnetic
field.
The resistance thermometer placed on the sample is greased
into a copper sleeve.

The wall thickness of this sleeve is -

.010".

One side of the sleeve is cupped to fit smoothly onto the side of the
sample.

This copper sleeve is held in place with the same nylon

threads that hold the foil heat link.
uniformly along the length of

th~

The nylon thread is wrapped

foil and resistor sleeve with the

hope of making very tight conta ct between these components and the

-90sample.

The nylon is used because when cooled it will shrink much

more than the metals and hence pull the pieces even more tightly
together.

Two other methods of attaching the resistor to the sample

were tried but proved inferior to the method described above in
making thermal contact.

One of the methods was to epoxy the copper

resistor sleeve to the sample .

The other was to wrap the resistor

in a thin copper foil (.005 11 thickness) and wrap a portion of this
foil around the sample as done with the

thermal link.

The fact that

this last method gave poorer thermal contact than the first indicates
that the dominant thermal impedance is between the copper and the
resistor; for surely the copper foil with its larger surface made
better thermal contact with the sample than did the copper sleeve.
With the foil however, it was difficult to make a tight fit around
the resistor and this must have been the reason for the poor thermal
contact.
The heaters attached to the sample were approximately 12 11
of No. 38 Evanohm wire.

The wire was rolled into a small flat coil

on a piece of masking tape.

One of these heaters was then epoxied

to either face of the sample with Sycast 2850 GT cement.

The heaters

were clamped tightly to the sample while the epoxy cured in order
to keep the thickness of the epoxy at a minimum.
were then wired in series.

The two heaters

The final arrangement of sample, heaters,

thermometers and heat link is shown in Figure 23.

With this arrange-

ment all of the heat generated in the heaters must flow into the
sample before it can begin "leaking" away to the mixing chamber
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through the heat link.
About 1/2" to 3/4" of the Evanohm wire was left extending
from each of the heaters for thermal insulation.
so ldered to No. 42 copper wires (A/l = 10-

6

This was then soft

cm), which extended up

through the top of the calorimeter and were thermally grounded to the
mixing chamber.

In calculating the specific heat half of the heat

generated in these short lengths of Evanohm wire was assumed lost to
the mixing chamber and the other half was assumed to flow into the
sample .

The heat assumed lost to the mixing chamber in this manner

amounts to something on the order of
in the heaters.

6%of

the total heat generated

From the mixing chamber up to the

terminal board

the electrical leads were tinned Evanohm as discussed previously.
B.

Specific Heat Technigues
Two different techniques were used for measuring the

spec ific heat.

One was the conventional "heat pulse" method.

A

known amount of electrical current is allowed to flow for a measured
time through coils of high resistance wire attached to the sample.
2

The energy input to the sample is Q = I R6t .

The change in tempera-

ture of the sample is recorded on a strip chart recorder attached to
the resistance measuring bridge described previously (Fig. 21).

The

specific heat is calculated from the expression C(T) = Q/!::{f where T
is the mean absolute temperature during the heating period.
amount of heat applied is kept small so that 6T < .1 T.

The

The diffi -

culty with this method is in e s timating the heat lost to the s ur rounding
material during the heating period.

Heating times are kept small
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compared to the characteristic thermal time constants for the decay
of the sample temperature back to its equilibrium value.

This

characteristic time is RC where R is the thermal impedance of the
heat link between the sample and its surroundings and C is the
specific heat of the sample.

Since R - T

-1

and C - T

-2

the time

constant becomes increasingly large at low temperatures and the problem of heat loss becomes much less severe.

A typical specific heat

point taken in this manner is shown in Figure 24a.

To determine the

appropriate 61' for the case of zero heat loss a line is first
extrapolated back along the cooling curve (line AJ Fig. 24a).
Assuming Newton's law of cooling then the appropriate 61' is the one
which makes area 1 equal to area 2 as showno

A consistent usage)

which keeps these areas approximately equal is to take 6.T as the
temperature change measured at the midpoint of the heating period
(points a and b).

To keep the error involved in this extrapolation

small the heat pulses are adjusted to keep 6T small and the chart
speed is adjusted so that the decay appears linear.
The second method could be called a "continuous cooling"
measurement.

Consider the heat flow into and out of the sample.

In

general, this will obey the equation
(83)

.

where Q is the background heat leak into the sample, Qin is the heat
0

being supplied to the sample electrically) C(T) is the specific heat
of the sample, and

QSW (T)

is the amount of heat flowing away from the

-93sample through the heat switch.

Q.1n (T')

=

QSW (T')

-

temperature of T' •

Q0 where

Under steady state conditions

the sample has come to an equilibrium

Severa l different

respective T' recorded.

Q.in 's

can be applied and the

The heater is then turned off and the

temperature of the sample changes according to

(84)

But the quantity Qsw -

Q0

has been measured for various temperatures

and is just the Q. (T')'s discussed above.
in

C(T')

= -Q.

in

Thus

(T') (dT)-l
dt T'

(85)

A typical set of specific heat points taken in this manner is shown
in Figure 24b.

This method has an advantage over the first one in

that the heat leak away from the sample does not enter.

There is

a difficulty however, in that the data recorded on the chart recorder
is dR/dt.

What is needed in Equation (85) is dT/dt, hence, once

must approximate two slopes:

dR/dt from the cooling curve taken on

the chart recorder, and dT/dR taken from the resistor calibration
curve, and then take their product.

The slopes cannot be estimated

with enough precision to avoid introducing errors into the specific
heat calculated from Equation (85) which are larger than the errors
involved in the first method.

Therefore, in practice most of the

data were taken using the "heat pulse" technique.

However, on each

experimental run some data were taken using method 2 to serve as a
consistency check.

Agreement between the two data sets was always

-94satisfactory but the continuous cooling data contained more scatter.
C.

Auxiliary Equipment
The power supply and switching network for the heaters are

sho;m in Figure 25.

Heating voltages were continuously adjustable

from 0 to 3.54 millivolts.

This voltage was coupled to the sample

heaters through a switching network as shown.

When the sample is

not being heated the input is grounded to reduce rf pick-up, and the
battery circuit is switched to a load equivalent to the heaters.

The

current drain from the battery is thus kept constant at all times.
All leads to the dewar were of shielded cable and the ground for this
heating circuit was separate from all other grounds in the system.
Two types of timing were used.

One form consisted of

manually throwing the switch and at the same time starting a stop
watch.

Synchronization of the two events was checked prior to the

experiment by triggering an electric clock and comparing its time
with that of the stop watch.

Agreement was always within .1 sec.

No:..-mal heating periods were on the order of 5 sec.

The electric

clock employed a 6 volt D.C. solenoid clutch and could not be used
for actual data taking because of the electronic noise generated by
the switching transients.
The second method of timing was more elaborate.
sisted essentially of a frequency counter.

It con-

The device could be set

to count a given number of rectified pulses derived from the 60 Hz
line.

During the time the counter was running a mercury wetted relay

was kept closed.

As soon as the designated count had been reached

-95-

the relay was opened with a delay time on the order of 30µ seco
The design was such as to keep switching transients at a minimum.
Using this device one knew quite accurately the time for which power
had been supplied to the heaters.

Although this method of timing is

far superior to the first the scatter of the data was not improved
indicating that timing was not the major source of error .•
The resistance of the heaters was measured at room temperature with a General Radio DoCo bridge with an accuracy of better than
1%.

The change in the resistance of Evan.ohm wire between room
4
(48)
temperature and liquid He temperatures is negligibly small.

The

power applied to the heaters) and at the same time the resistance of
the circuit, were determined by measuring at room temperature the voltage
across the heater and the voltage across a lexl, .1% resistor in series
with the heater.

The later measurement gives the current in the circuit.

These voltages were on the order of millivolts and were measured with a
potentiometer having a sensitivity of ± 1µ volto

The resistance of the

heater circuit found by the measurement above was, in the absence of an
applied magnetic field, typically 1 to U2 less than the resistance
measured at room temperature

This is attributed to superconducting

soft solder shorting out portions of the Evanohm wire at the junction
with the copper wires.

Since the resistance of the No. 38 Evanohm is

81.4n/Ft., 1 or U2 corresponds to roughly . 3" which is a quite reasonable
number for the length of wire used in making the solder connections.
When specific heat measurements were being made in the presence
of an external magnetic field, it was found that the resistance of the
heater circuit had increased. This is due to portions of the tinned
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Since the ends of the tinned Evanohm leads are thermally grounded
to the mix ing chamber, it is assumed that all the heat generated in
these leads is dissipated without reaching the sample.

The heat

generated in the sample is calculated from the measured current and
resistance of the heaters as measured at room temperature.
The change in temperature of the sample was recorded during
the heating - cooling cycle on a chart recorder (Hewlett-Packaro
Model 7000A, Hewlett-Packard, Moseley Division, Palo Alto, Calif.).
The input to the chart recorder was taken off the resistance bridge
VTVM.

The displacement on the chart recorder in terms of resistance

was calibrated by attaching a decade resis tance box to the second
bridge input.
For small change of 6.R from a null condition on the bridge
(!:Jl/R

<<

1) the displacement of the chart recorder is linear with

respect to resistance.

Since the end points of the resistance change

have been calibrated by use of the decade resistor the resistance at
any intermedia te value can be calculated.

The temperatures can then

be determined directly from the resistance - temperature calibration
curve.
D.

The Specific Heat of Coppe r
To check the calorimetry techniques as well as the absolute

temperature calibration of the thermometer

the spe cific heat of a

high purity, single crystal copper sample was measured.
conta ined 6.56 X 10

-2

moles of copper.

This sample

Copper was chosen f or calibrat i on

-97purposes because its specific heat has been carefully measured by
.
(51 52)
several experl.menters.
'

The most recent results are

(51)

c cu
where y

=

(86)

2
4
.6959 millijoules/K mole, a= .0478 millijoules/K mole.

For the temperature range under consideration here, .lK - .SK, only
the linear term is measurable.

Thus C/T as a function of T should

be a constant equal to y given above.
Specific heat data were taken pver the same range of
temperatures to be covered by the Re experiment and in magnetic
fields up to 1000 Oe.
Figure 26a.

The result of these experime nts is shown in

There is agreement to within 3% between our measured

specific heat and the values taken from the literature, if a constant
2

value of 6 microjoules/K

is subtracted from each specific heat point.

This "background" is attributed to the experimental addenda attached
to the sample of which the only major component is the carbon resistor.
2
This number of 6µ joules/K , if t aken to be the linear term in the
specific heat of a carbon resistor agree s quite well with the value
27
of 6.4µ joules/K2 given by White.< )

This background correction

corresponds to 13% of the total signal for the copper sample.

However,

the situation in Re is much better for in this case C is increasing
as T

-2

and the background will correspond to less than 1% of the total

signal at low temperatures.
The rise in C/T from its ex pecte d constant value for t empe ratures below .15°K is attributed to a lack of the rma l equilibrium

-98between the sample and thermometer.

The thermometer no longer follows

accurately the temperature variations in the sample during a specific
heat measurement.
applied field.

Notice also that the effect is independent of the

In any case, even if it should represent a real rise

in the specific heat due to some portion of the experimental addenda,
for example, the Evanohm wire, it would amount to less than 1% of the
expected effect in Re.

Chapter III.
Experimental Results, Conclus i ons, and Future Experiments

A.

The Specific Heat of Rhenium
The specific heat of Re has been measured in the temperature

range .1°K kOe.

.5°K for magnetic fields H, of 0,300,1000 Oe and 12.5

In the superconducting state the expected nuclear contribution

is not observable.
2
A/T ,

In the normal state a term of the expected form

is found where A= .061 ± .002 millijoules-K/mole for fields

of 300 - 1000 Oe; increasing to A = .077 ± .004 millijoules-K/mole
at a field of 12.5 kOe.
The Re sample used was manufactured by Westinghouse Lamp

*

Division (Bloomfield, New Jersey).
> 20,000.

It has a resistivity ratio

of

This is the ratio of the electrical resistivity at room

temperature to that at 4.2°K.

Assuming the resistance at low

temperatures is determined by impurity scattering, this ratio gives
a measure of the sample purity.

A resistivity ratio

of> 20,000

corresponds to a very pure sample with very f ew metals of this purity
having ever been p r epared.
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The experimental data are shown in Figures 27 and 28.
3
Figure 27 C/T is plotted as a function of l/T •

In

This is the most

convenient form for data reduction since the specific heat at low
temperatures is give by CRe
vs . l/T

3

= yr +

2
A/T •

Therefore, a plot of C/T

should be a straight line with a slope equal to A and an

intercept of y.

To compute the desired values of A and y a lea st-

squares fit was made to the data shown in Figure 27.
1.

The Superconducting State
Consider first the results of measurements made while the

Re sample was in the superconducting state.

Recall that T

c

=

0

1.70 K,

so that in zero ma gnetic field, the Re was superconducting throughout
the temperature range studied.

We found the expected nuclear contri-

bution to be almost totally absent when the sample was superconducting
This can be seen from the data shown in Figures 27 and 28.

This

suppression of the nuclear contribution is attributed to the very
long spin-lattice relax ation times in superconductors and has been
noted by other experimenters.C

49

)

The dominant relax ation mechanism of nuclei in normal metal s
is by a coupling o f their magnetic moments to the spin magnetic moments
of the conduction electrons.

A simple analogy can be made between the

role played by the conduction electrons in this case and the molecules
in the case of a cla ssical gas.

Just as stationary objects suspended

in a gas would be kept in thermal equilibrium with the walls of a
container by the action of the g as molecules, the essentially
s tationary nuclei in a metal are brought into thermal equilibrium
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by energy e x change with the conduction electrons .
The spin-lattice relaxation time, conunonly called T ,
1

is

related to the temperature through T T = constant, an expression
1
53
known as the "Korringa relation".< ) The physical cause of this
behavior may be understood qualitatively as follows:

The interaction

between the nuclei and the conduction electrons is a scattering
process.

An electron in a state specified by a wave vector k, and

spins, is scattered into a new state lk', s 1 >through a magnetic
_,.
dipole interaction of the form µ •µ •
µ is the magnetic moment
n e
-~

~

~

~

related to the angular momentum J by the definition µ
is called the "gyromagnetic ratio".

=

~

y J where y

The subscripts n and e refer

to the nucleus and electron respectively.

Since the electrons must

obey Fermi-Dirac statistics, only those electrons within kT of the
Fermi surface have available unoccupied states into which they may
be scattered.
arises.

It is in this way that the temperature dependence

From this discussion it is also possible to see that the

important quantities in the constant of the Korringa relation are
the density of states at the Fermi surface, the gyromagnetic ratios
yn and ye' and the probability of finding the electron in the vicinity
of the nucleus

I<

U(O) >

2

j •

The assumption is ma de that the

electron wave function is a product of a spin function and a Bloch
~

function Uk(r)e

~

ikor

•

In a superconductor of high purity and at

temperatures well below
T c .the number of normal electrons free to
.
take part in the scattering process described above is greatly
reduced.

The result i s a very long relaxation time.
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In contrast to our null results in the superconducting
states, Keesom reported a value of A

SC

=

.052 ± . 002 millijoules-K/mole.

This is apparently due to an enhancement of the relaxation process
by the impurities present in his sample.
for A

sc

However, his reported value

is significantly less than the value of· A
norma 1

mi llijoules - K/mole measured in this work.

=

.061

± .002

This suggests that the

impurities in his sample were less than perfectly efficient in bringing
the nuclear spins into thermal equilibrium when the sample was in the
superconducting state.

The question posed earlier as to whether A

would be different for the superconducting and normal states is not
accessible to experimental observation due to the long spin-lattice
relaxation time in the superconducting state.

Under these conditions

it will not be possible to observe the nuclear spin system either by
N'.MR or calorimetric techniques.

The addition of impurities such as

in Keesom's sample will enhance the relaxation process but still do
not guarantee a complete equilibrium of the nuclear spin system.
Having found that the nuclear contribution was absent in
the superconducting state in our sample, the variation of the specific
heat during the transition from the superconducting to the normal
state was measured next.

An externally applied magnetic field was

used to quench the superconductivity.

A series of specific h eat

points as a function of the applie d field were taken while the sample
was held at a constant temperature.
Figure 26b.

These results are shown in

Data weretaken with the field being increased and then

decreased as shown.

The critical magnetic field of Re is 198 Oe.< 46 )
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The upper critical field shown in Figure 26b is in excellent agreement with this value.

The magnetic field was applied perpendicular

to the symmetry axis of the crystal.

For this geometry it is possible

to have an intermediate state in which the sample is partially normal.
Since a magnetic field is totally expelled from a metal in the superconducting state the magnetic field lines must curve around the sample.
For the case of a cylinder of radius R in a transverse uniform magnetic

= R,

field it can be shown that H(r
where H

0

The angle

is the applied field and
~

->

is measured from H •
0

~

=

0

90 )

rand~

=

2H

0

,

Hr(r =

R)

=

O,

are the usual polar coordinates.

Thus the field at the sample edge is

equal to the critical field H, when the applied field is H /2.
c
c

This is

again in good agreement with the lower critical field of 100 Oe shown
in Figure 26b.

In the intermediate state the measured specific heat

appears to come entirely from the portion of the sample which is normal.
The lack of hysteresis in the specific heat is an indication
of the purity of the sample.

Impurities would serve as sites on which

magnetic flux could be trapped.

This "trapped flux" would then keep

portions of the sample normal even in the absence of the external fi e ld.
The results would be a hysteresis in the spe cific heat.
To investigate the effects of flux exiting from the sample
anothe r expe rime nt was performe d.

The s ample wa s held at an approxi-

mately constant temperature while the magnetic field was swept slowly
from 300 Oe to O.

The chart record of the sample temperature during

this period is shown in Figur e 29b.

The very sha rp spikes on this trace

are electronic noise in the resistance bridge a nd do not represent
temperature fluctuations.

Initially the sample was cooling at a very
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constant rate of about lm°K every 90 seconds.

When the field reached

190 Oe the samp le warmed by about 4m°K quite suddently.

This marks

the beginning of flux exiting from the sample as the transition to
the superconducting state takes place.

Notice that 190 Oe agrees

nicely with the upper critical field found in the specific heat
measurements (Figure 26b).

Between 190 Oe and about 110 Oe the sample

temperature remains quite constant indicating that the flux expulsion
is taking place at a constant rate.

Below the lower critical fie ld

of 100 Oe (Fig -. 26b) th e temperature becomes more irregular unti l at
70 Oe all the flux has apparently been expelled and the sample returns
to a very regular cooling rate.

Quite likely it is not the 70 Oe

field which is significant in marking the end of flux expulsion but
rather the time period.

This time of about 45 seconds measured from

the instant that the applied field has passed the lower critical field
gives a measure of the decay time for flux exiting from the sample.
Recall that in the specific heat meas urements the sample appeared
entirely superconducting below 100 Oe.

However, the time between

stopping the field and the measurement of the specific heat was
several minutes.

If the specific heat data could have been taken

closer together in time , there would probably have been a greater
hysteresis in Figure 26b.
The reverse of the demagnetization experiment (Fig. 29b)
is shown in Figure 29a.

In this case the field is being increased

at the same rate as before star ting from a value of 30 Oe.

Since

in the superconducting state the specific heat is less than it is in
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the normal state one can anticipate that adiabatic magnetization of
a superconductor will product cooling.

This is analogous to cooling

by conventional adiabatic demagnetization of paramagnetic salts.<

27

)

The situation is complicated in superconductors however by the eddy
current heating.

It can be seen that there indeed was some cooling

as the sample began the transition into the normal state.

However,

the change in temperature was only about 2m°K. , It should be pointed
out that Re is not a good specimen to try this method of cooling on
because the nuclear term decreases the difference between the specific
heats in the superconducting state and the normal state.

Still there

is about a 50% difference at .3K and the cooling observed above was
only

~

1%.

Furthermore, upon recycling the specimen

to the normal

state the increase in temperature was twice the decrease produced by
magnetization.

Hence the net effect would be an overall warming of

the sample during each cycle of the field.
2.

The Normal State
To suppress .. the superconducting transition and to check for

a possible magnetic field dependence the specific heat of Re was
measured in fields of 300 Oe, 1000 Oe, and 12.5 kOe.
experiments are shown in Figures 27 and 28.

The results of these

The deviation from linearity

in Figure 27 is believed to be due to a lack of thermal equilibrium
between the sample and the thermometer just as was observed with the
copper.

Notice also that the next higher order term in the specific

heat of Equation (82) wou1d be of order l/T

3

which would result in a

decreasing of the slope instead of the increasing slope which is

-105observed.

A least-squares fit to all the data in the linear region

corresponding to the temperature region .126°K - .520°K yields a
value of A

=

.061 ± .002 millijoules-K/mole in both the 300 Oe and
For a field of 12.5 kOe the value of A had increased

1000 Oe fields.

to .077 ± .004 millijoules-K/mole.

The value of A in the normal state

obtained from measurements in the 300 Oe and 1000 Oe fields is in good
agreement with the results of Keesom's A
.
norma 1

=

.06 ± .01 millijoules-

K/mole.

B.

The Electric Field Gradient
Using the measured value for A of .061 millijoules-K/mole

the electric field gradient is computed to be jeqj

=

1.48 X 10

15

e.s.u.

Recall from the discussion in Chapter I of this part the three sources
of electric field grad ients in metals:

(1)

the contribution of t he

crystalline lattice considered as point charges .
by qlatt•

(2)

This will be denoted

The contribution of the local conduction electrons

located within a sphere centered on each lattice site.
called q

1 oc

•

(3)

This will be

The shielding or antishielding effect of the closed-

shell core electrons about each lattice point.

A calculation by

De Wette predicts that the lattice contribution to the EFG in Re
should be eqlatt = .020 X 10

15

e.s.u.<

54

)

From the work of Watson

et al., the effect of the conduction electrons is predicted to be
~

100 times larger than the lattice contribution and of the opposite

sign.<

37

)

Following their notation the total field gradient is given

by
(87)
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y
00

and RQ are the Sterriheimer antishielding factors which correct

for distortions of the closed-shell core electrons.C
assumed (1 - RQ) = 1 and (1 - y

)

00

~

10.

)

Watson et al.,

Using this and their results

~ -100 the EFG computed from Equation (87) is
latt
15
1.8 X 10
e.s.u. This is in surprisingly good agreement with

that q
eq

~

55

loc

/q

the experimental results.

It would appear that their theory is quite

applicable to transition metals.
The calculation of q

1 att

by De Wette has some very interesting

implications in respect to Re metal.

He finds that for a hexagonal

close-packed structure qlatt passes through zero at a.= 1.6345.

The

parameter a= c/a where c and a are the usual lattice constants.

Not

only does qlatt pass through zero) but n:ar zero the chang~ in qlatt
with respect to

a

is very large.

For Re)

a= 1.6248(55 ) thus placing

it in the region where dqlatt/da is largest.

The implication is that

for ReJ qlatt will be very sensitive to strains in the metal.

6
a = 10-

example) a change in E of E = 6 a
6q/q

~

10

-4

•

For

will produce a change

It would be an interesting experiment to attempt to

observe the changes in the EFG with respect to strain.

There are

technical details which would make such experiments difficult if one
attempts to measure the EFG by calorimetric methods.

However) NMR

techniques appear quite suitable for they are inhe rently of greater
sensitivity and do not require ultra low temperatures.

For example)

consider a frequency such that the resonant field is 20 kG.
in q of 0.1% will shift the resonant field by 20G.
shift in the resonance could easily be measured.

A change

Such a large
If the theory of
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Watson et al., is correct a change in q of
This

,

0.1~

requires an E

~

5
10- •

in turn, would require the application of pressures to the

sample of approximately 6 X 10

7

2
dynes/cm •

Such pressures are

relatively small and should not present experimental difficulties.
Thus one should be able to readily check the dependence of q upon
qlatt which was calculated in Reference 37.
C.

Magnetic Field Dependence and Further Experiments
To consider the value obtained for A in the 12.5 kOe field

and further, to predict possible NMR transitions that may be observed,
it is necessary to study solutions of the combined Hamiltonian,

(88)

H=HQ+H,
mag

where HQ is the electric quadrupole interaction Hamiltonian given by
Equation (76) and H
is the magnetic interaction Hamiltonian
mag
-+

-+

H
= - µ • H.
mag

Numerical solutions for the eigenvalues of the combined

Hamiltonian in the general case of arbitr ary field and crystalline
synunetry have been done by Matthias et al.<

33

)

The solution for t he

eigenvalu es and eigenvectors is done by a computer.

A copy of

Matthias ' program was obtained and converted to FORTRAN IVG for use
on the IBM 360/75 system present here at Caltech.t

From this program

the ener gy levels as a func tion of the applied magnetic field and the
angle~

-

between Hand the crystalline synunetry axis were obtained.

The results are shown in Figure 30 for the c ase

~

90°.

This was

the orientation of our sample during the specific heat measurements.
The parameter r ep r esentin g the applied field is y , ·and is defined by
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= VH/VE

where VH

=

2
µ (H /hI) and VE= e qQ/h 4I(2I-l).
0

In the

expressions for vH and VE' µ is the nuclear magnetic moment, H

0

the applied field, I the nuclear spin, Q the nuclear quadrupole
moment, eq the z-z component of the electric field gradient tensor,
e the electronic charge, and his Planck's constant.

Notice that

VE= (l/6)(a/h) where a was the splitting between the lower two
levels as defined in Part II, Chapter I-B.

Using the results

A = .061 ± .002 millijoules-K/mole the zero field sp litting a/h is
computed to be 45.2 ± .7 Mhz.

Thus one unit of energy in Figure 30

is equivalent to a frequency of 7.5 Mhz.

VH is equal to 9.68 Mhz at

10 kG thus one unit of y is equal to 7.8 ± . 3 kG.

In terms of

temperature this zero field split ting corresponds to .002°K so the
extreme high temperature limit assumed in going from Equation (81)
to (82) is certainly valid for all temperatures studied·.
From the energy levels of Figure 30 it is possible to
compute the expected specific heat for any value of the applied field.
In particular, for the case of H

=

12 .5 kOe the calculated specific

heat yields A= .070 ± .002 millijoules-K/mole.
below our measured value of A

=

0077 ± .004.

This lies slightly

A possible source of

error is that the resistance thermometer calibration was not checked
in the 12.5 kOe fie ld.

Changes on the order of 1%/1000 Gin the

2
resistance of these carbon resistors have been reported.Cl )
the energy levels are extremely dependent upon

~

Since

(compare Fig. 30 and

31) one might expect that the specific heat would also show an angular
dependence.

However computations will show that this is not the case

-109in the extreme high temperature limit.
(Eq. (87)) equals zero.

The trace of the Hamiltonian

This, along with the fact that all the

levels are equally populated to at least a first order approximation,
requires that the overall internal energy and specific heat remain
constant despite changes in the internal energy · level structure.

A

comparison of the results at 12.5 kOe serves as a reasonable check
of the self-consistency of our data.

However, the most direct method

of measuring the quadrupole coupling is through magnetic resonance
experiments .
A transverse magnetic field, ~

=

90° as in Figure 30,

represents the best orientation for conventional NMR studies .
should be able to observe the

6,m ;

1 transition of m

=+

One

1/2 - -1/2.

However, to use this transition to obtain information about the zero
field separation measurements will have to be made in magnetic fields
large enough to produce deviations from linearity in the energy level
splitting.

There will be a 10% deviation from linearity in the level

splitting when the applied field is 3.9 kG.

Thus if the NMR signal

can be observed for field s at or above this value the results given
here for the quadrupole coupling may be checked.
It should be emphasized that these energy levels labeled
a -f in Figure 30 c an b e specified by the magnetic quantum number
m ; -5/2, + 5/2 • •• -1/2, + 1/2, res pectively, only in the case of
1
low fields, and the special case
~'

~

=

0

0 •

As the field, or the angle

is increased there is considerable mixing of the states.

As an

example the eigenvalues and eigenvectors for several values of the

-110magnetic field and the angle

~

are listed in Table 4.

The result

of this mixing will b e that the amplitude of the NMR signal will be
reduced f rom the value expected if it is assumed that, for example,
states e and f of Figure 30 correspond to pure states of mI
+ 1/2, respectively.

=

-1/2,

The actual amplitude can of course be computed

knowing the eigenvectors.
A second method which may be successful in studying the
energy levels is Acoustic Magnetic Resonance (AMR)
6In

=

2 transitions are most favorable.

.< 39 )

In this case

To observe such a transition

at a reasonably low frequency the best orientation will be for small
angles

~ ~

0

0 •

In this case the predominantly + 3/2 and -1/2 levels

approach one another as the field is increased .

A measurement of the

transition between these two level s along with the known level splitting
scheme would allow one to extrapolate back to H = 0 and determine the
zero field splitting .
for angles

of ~

=

A detailed plot of the+ 3/2 and -1/2 levels

O, 10°, 20° is given in Figure 31.

These are the

best experimental conditions for attempting AMR .
Another fact which makes Re a very promising candidate for
AMR studies in the extreme dependence of qlatt upon strains as discussed previously.

In AMR a time v arying strain is purposely induced

in the sample in order to excite the nuclear spin system through the
EFG - nuclear quadrupole interaction .
are on the order of ~ = 10field gradient of 6q/ q

Typical strains for AMR work

6 which in Re will produce changes in the

4
10- •

This should lead to a very strong ·

coupling mechanism and a correspondingly strong resonance signal.
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4
In fact the work of De WetteCS ) on tetragonal and hexagonal crystal
can be used for judging just which metals are promising for AMR work.
with respect to having a strong dependence of q upon€.
From a plot such as Figure 31 the angular dependence of
the resonant field for a fixed frequency was calculated.
are shown in Figure 30 for the case of the transition 6tn

These results

+ 3/2 - -1/2.

A check of this angular dependence by AMR studies probably affords the
best opportunity for unambiguously determining the zero field splitting.
In conclusion, with respect to metallic rhenium experimental
verification and further refinements of the results obtained here
regarding the quadrupole coupling and the internal field gradients will
come most directly from magnetic resonance studies.

The optimum experi-

mental conditions for both NMR and AMR studies have been outlined in
this chapter.

Conventional NMR. experiments on rhenium have only been

done successfully on powders and the skin depth problem may prevent
any studies on single crystalline samples.
appears to be AMR.

The most promising technique

To date AMR signals have only been observed in

metals which possess cubic symmetry.

Rhenium is a potentially good

candidate for the first non-cubic crystal and should represent an
interesting system to study.

Experiments along this line are current-

ly being planned here at Caltech.
Regarding the dilution refrigerator; it has proven to be
a very us eful and dependable experimental tool.

Its two major fea-

tures of producing steady state low temperatures, and an independence
of D.C. magnetic fields opens the possibilities for many new experiments.
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It should be most useful in the fields of nuclear physics where
polarized samples are needed, and solid state physics where a very
low thermal noise is important, for example, tunneling experiments
and magnetic resonance phenomena.
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FLOW IMPEDANCE AND SURFACE AREA FOR COPPER SPONGES
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± .8

1.2 ± .2'

4.0

1.S2 ± .3

1.2S ± .2

Area
2/

I

I-'
I-'
-..J
I

.'

.'

2

2
TJ

V P1

rate of flow,

2
- P )/211
1

= viscosity.

Density and volume are accurate

length

impedance).

= sponge

volume)~flow

= 8.9 gm/cc

relative error in conductance will be same as that of flow impedance.

Conductance= (sponge

r = radius of sponge, £

cu

to~

1%,

P2 =driving pressure, P =terminal pressure,
1

2
Volume resistivity= (flow impedance) X (nr /R,)

V =volume

Flow impedance= (P

Reduced clensity = density of sponge/density of copper where p

TABLE 1 (Cont'd.)

I

00

I
I-'
I-'

Dilute Side

Condensed Side

1-7/8"

.013" O.D.
x .003" wall

• 013" o.D.
X .003" wall
.013" O.D.
X • 003" wall

Still exchanger to
1st heat exchanger

1st heat exchanger to
2nd heat exchanger

2nd heat exchanger to
mixing chamber

6"

1-7/8"

• 031" 0 .D.
X .003" wall
.031" O.D.
x .003'.' wall

.031" o.D.
X .003" wall

Mixing chamber to
2nd heat exchanger

1st exchanger to
still

2nd beat exchanger
to 1st exchanger

3"

2-3/4"

3-3/4"

O.D. & Wall

Location

Length

This section is looped as
shown in Fig. 14. Direct
distance between still and
No. 1 exchanger is 3-1/2"

The diame ter of this section
should possibly be increased
as mentioned on P. 68

A 1.7" piece of No. 31
manganin wire has been inserted in this section to
form a vapor suppressing
impedance •

Connnents

DIMENSIONS OF INTERCONNECTING CUPRONICKEL TUBING

TABLE 2

I

l.O

I
I-'
I-'

-120TABLE 3
REFRIGERATOR CHARACTERISTICS

3

Amount of He Used:

.51 moles, 37i He

Condenser:

4.2 gm, -325 mesh sintered Cu.
4 X 10

30
Main Flow Impedance:

-5

Condenses

moles/sec with overpressure of
0

Condenser temperature 1.1 K.

mm-Hg.

12
-3
Z =1. 5 X 10
cm •

Made from 7.3" of

• 010" I.D. Cu-Ni tubing with 7.0" of
.0089" (No. 31 BS gauge) manganin wire inside.
Still:

All copper.

Top, including orifice, is single

piece construction.

Orifice diameter = .040",

thickness of diaphram
electropolished.
Still Heat Exchanger:

=

.020".

Heater in bottom of still.

2.4 gm, -325 mesh sintered Cu.
• 47 cc.

Orifice is

Flow impedance - 10

9

Liquid volume
cm

-3

•

Exchanger

is "greased" into port on still bottom .

(see

Fig. 14).
Vapor Suppressing
Impedance in Line
Between Still and
First Exchanger:

1.7" piece of No. 31 manganin wire inserted

Mechanical Supports:

1/2 11 O.D. X 1/4" I.D. pitch-bonded graphite

into the .010" I.D. Cu-Ni tubing Z - 10

II

cm-

3

between all components.
Lengths:

Still - No. 1 exchanger 3-1/2"
No. 1 exchanger - No. 2 exch. 1-5/8"
No. 2 exchanger - M.C. 2-3/4"

-121-

TABLE 3 (cont'd.)

Heat Exchangers:

Design shown in Figure 13.

Made from re-

sintered sponges originally constructed
with 5µ powder.
powder.

Each side contains 3-4 gm Cu
~

He liquid volume

exchanger.

1.5 cc per

Copper volume essentially the

same as He volume.
only, ZD = 1.2 X 10

Impedance of dilute side

8

cm

-3

•

Impedance of

total system below still 2.3 X 10

9

cm

-3

•

(This does not include vapor suppressing
impedance.)

~

= 00

3.50000
-5.89999
-9.29999
-6 .70000
1.89999
16 .49998

= VH/ VE

-.38018
.54854
.52405
.50916
.14287
.01668

.19724
-.63844
.73874
.08296
:- .02850
- .006 79

.18591
-.30822
-.3 9322
.79126
.29670
.03940

o.o
o.o

1.0

Mhz.

~is

= 7.8

kOe.

- .00006
-.00988
"." .00938
.06356
-.30697
.94954

1.0

o.o
o.o
o.o
o.o
o.o

- 5/2

the angle between the principle

One unit of Y

- .00105
.00852
.06617
- . 32030
.89244
.3.1062

o.o

1.0

o.o
o.o
o.o
o.o

- 3/2

of the basis states jI,mI ) compri s ing the eigenvector corresponding to tha t eigenvalue .

The numbers read horizontally after an eigenvalue are the coefficien t s

The data given here are a portion of the data

= 7.53

symmetry axis and the applied magnetic field,

displayed in Figure 31.

o.o
o.o
o.o

o.o
o.o
o.o

- 1/2

as defined in the text and Figure 30.

.88430
.44306
.14327
,03366
.00643
.00084

o.o
o.o
o.o
o.o
1.0

o.o
o.o

1.0

o.o

1.0

o.o
o.o
o.o
o.o
o.o

+ 1/2

+ 3/2

+ 5/2

Eigenvector, basis states denoted by. magnetic quantum number mI

1 unit of energy/h for the eigenvalues E

The parameter Y

3.99563
-5 .24117
-10.13361
-6 .58133
1. 78410
16.17624

~ = 20°

Eigenvalues (E)

= 2.6

y = 2.6

y

EIGENVECTORS AND EIGENVALUES OF COMBINED HAMILTONIAN H = HQ + Hmag AS. GIVEN I N EQUATION ( 88)

TABLE 4

I

N
N

I
I-'
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FIGURE CAPIIONS

Figure 1

Refrigerator schematic.

All important components

within cryostat are shown in block form.
Figure 2

Ratio of heat capacity per mole of solution to RT,
where R is the gas constant and T is the temperature
for dilute solutions of He
vapor pressure.

3

in He

4

at its saturated

Experimental data from Reference 5.

Lines through experimental data are theoretical ones
based on the heat capacity of an ideal Fermi-Dirac
gas as calculated in Reference 11.
Figure 3

3
4
Phase separation curve for He -He mixture as a function
of temperatures and He
where n

3

and n

4

3

concentration.

are the number of He

3

x

= n 3 /(n3

and He

4

+ n )
4

atoms

respectively.
Figure .4

The effective mass of He
of the He

3

3

concentration.

in He

4

solutions as a function

Theoretical calculations are

from Reference 15.
Figure 5

Fermi temperature and deviation of the chemical potential
from ideal Fermi-Dirac value as a function of c oncentration.

Figure 6

He

3

.
.
. t h e d·1
concentration
in
i ute ph ase as a f unction
of

temperature.
Figure 7

Theoretical calculation from Reference 15.

Molar enthalpy of pure and dilute solutions, cooling
capacity and internal energy as a function of temperature.

-124Figure 8

Vapor pressure of liquid in still for various mixing
chamber temperatures as a function of the still temperature.

The lines A and B represent still temperature vs.

mixing chamber temperature for the two refrigerators
built during this work.
Figure 9

This gives an accurate picture of all the low temperature components of the refrigerator.
are indicated on the drawing.

Important dimensions

All tubing in cryostat

whose dimensions are indicated in this figure was thin
walled stainless steel.

The radiation baffles were made

of brass or copper as described in the text.

The iso-

lation vacuum can is copper with a l" I.D. brass tail.
The center of the magnet pole pieces is 2-5/8" below
the bottom of the mixing chamber.
Figure 10

4 pot and condenser.

Details of the He
made of copper.

The He

4 pot is

The orifice is .040" diameter through

a .012" thick diaphram and is chemically polished.

The

pumping line is stainless steel 5/8" I.D. X .010" wall.
The fill line is .010" I.D. Cu-Ni.

The condenser contains

4.2 gm of -325 mesh copper powder sintered into a OFHC
copper body of .375" O.D. X .250" I.D. X 1 11 length.
The condenser is coated with silicone vacuum grease and
slipped into the receptacle in the He

4

pot.

inlet line is 1/16" I.D. stainless steel.

The He

3

The main

impedance is 7.3" of .010" I.D. Cu-Ni tubing with a 7"
piece of No. 31 mangani n wire inside.

' .
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Figure 11

The flow conductance and surface area of copper sponges
as a function of the sponge density.
in Table I.
sured.

Only surface area of 5µ sponges was mea-

The conductance is defined by (sponge volume)/

(flow impedance).
Z

=

(P

2
2

-P

2 .
1

•

The flow impedance is defined by

)/2~VP

1

where P

the terminal pressure,
~

The data are given

the gas viscosity.

2

Vthe

is driving pressure, P

1

volume rate of flow, and

The reduced density is (sponge

density)/(density of copper) where

pCu = 8.9 gm/cc.

The circles and squares represent conductance data for
sponges of 5µ and 40µ powder, respectively.

The tri-

angles are area data.
Figure 12

The ratio of 5µ sponge area per unit volume to 5µ sponge
flow impedance per unit volume as a function of the
reduced density.

This ratio is the product of the area

and conductance given in Figure 11.

Line A comes from

using the upper line of Figure 11 for the area and Line
B from using the lower line of Figure 11 for the area.
Figure 13A

Method for measuring the electrical resistance between
the sponge and the copper body.

Voltage measurements

are made with a Hewlett-Packard microvoltmeter, Model
425A (Hewlett-Packard Electronics Co., Palo Alto, Calif.).
The current is supplied by a Harrison power supply, Model
855c . (Harrison Laboratories, Berkeley Heights, N.J.).

-126Figur e 1313

Details of heat exchanger . cons truction.
exchanger are of equal volume.
the resintered type.

Both sides o f

The copper sponge is of

The reduced density

is~

free He liquid volume is about l.5cc/sponge.

0.5.

The

The couplings

are threaded into the copper body before being soft soldered
in place.

The end caps are brass.

The graphite supports

thread onto the 3/8" - 16 screw machined onto the end
plate.
Figure 14

Details of the still construction.
copper.

All material is El'P

The orifice is electropolished.

The still pumping

line is 3/8 11 I.D. X .010" wall stainles s steel.

The inner

sleeve which forms part of the level sensing c a pacitor is
made of brass, .010" thick,

Outer surface is covered with

a sheet of .001" mylar to prevent shorting to the copper
still wall.

The return line is Cu-Ni; dimensions given

in Table 3.

The return line enters through a copper

coupling as was used on the heat exchangers.

The electri-

cal leads are sealed with Stycast 2850 GT cement (ErnmersonCumming, Inc., Los Angeles, Calif.).

The tunnel diode

oscillator for the level sensor is mounted on the face of
the still bottom as shown.

Power s upply for the oscilla tor

uses a 1.4 volt standard mercury cell.

This is mounted. on

a styrofoam box to insure temperature stability.

The heat

exchanger on the still contains 2.4 gm of -325 mesh copper
powder in a 1/4" I.D. X 1.020" length space.

Liquid volume
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is .47 cc.

The still heater is mounted on the nylon

pedestal which attaches to the still bottom with a
No. 2-56 screw as shown.
Figure 15

Details of the Mixing Chamber construction.

Inlet and

outlet tubes of Cu-Ni pass through couplings as used
with heat exchangers.
copper.

All material for M.C. is ETP

The copper fins are made as described in text

and soft soldered to M.C. wall.
Figure 16

Room temperature gas handling system.

3
4
In the He -He

system the mechanical pump is a Welch model 1402KGB
(Welch Scientific Co., Skokie, Ill.) and the booster
pump is a NRG model B-2 (NRC Equipment Co., Newton,
Mass.).

All lines except the still line are 3/8" I.D.

Cu tubing.

The still pumping line from the cryostat

to the booster is 2-1/8" I.D. Cu tubing.
is 66".

Its length

The manometer is a conventional U-tube mercury

manometer.

The molecular sieve trap is filled with

Linde 13X molecular sieve pellets kept at liquid nitrogen
temperatures (Union Carbide Corp., Linde Division).
Valve No. 3 is a Vecco bellows sealed 1-1/2" port valve.
All others are Hoke model 4151M2B (Hoke, Inc., Cresskill,
N.J.).

These valves are bellows sealed and close with a

Kel-F tip.

The isolation vacuum system uses a Vecco

model EP2-5W vacuum pump (Vecco Instrument Co., Plainview,

-128N.Y.).
the He

Pumping lines are 1 11 I.D. Cu.
4

The pump for

pot system is a Stokes' model 149-H mechanical

pump (F. J. Stokes Corp., Philadelphia, Pa.).
Figure 17A

Needle valve for filling He
bath.

4

pot from the outer He4

Barrel and base are of brass.

The seat is monel

alloy No. 400 (Pacific Metals Inc., Los Angeles, Calif.).
The valve stem is made of stainless steel.

The valve is

opened by a piece of thin wall stainless tubing (1/8"
I.D. X .010" wall) which is hard soldered and pinned to
the valve stem.

This tube goes to room temperature

through an o-ring seal at the dewar cap as shown in
Figure 9.
Figure 17B

Crushed Indium Seal for attaching isolation vacuum
can.

Upper and lower faces are made of brass.

They

are clamped together using 8, No. 8-32 stainless steel
bolts, nuts and spring loaded washers.

The indium

wire is obtained from A. D. MacKay, Inc., 198 Broadway,
New York, New York.
Figure 18

Behavior of the refrigerator during startup.

Time is

measured from the end of gas condensation which is about
. . . 1 He 4 t r ans f er
one an d one- h a 1£ h ours a f ter t h e initia
0

and cool down from 77 K.

Symbols s, 1, 2, m stand for

the still, first and second heat exchangers, and the
mixing

chamb~r,

respectively.

,,

-129-

Figure 19

Internal energy of concentrated He

3

He - He

4

3

and T6S(T) for

.
.
so 1utions
as a . f unction
o f t h e temperature •

.6S(T) is the change in entropy between the condensed
and dilute phase.

Results calculated from data given

in Reference 5.
Figure 20

Cooling capacity data.

Power, in microwatts, applied

to the mix ing chamber as a function of the mixing
chamber temperature.

Circulation rates are:

Neganov

4
4
5
et al., ( ) 1.4 X 10- moles/sec; Wheatley et al., ( )
2.0 X 10-

5

moles/sec; Ehnholm et al.,

<33 )

moles/sec; this refrigerator 2.0 X 10Figure 21

5

3.0 X 10-

5

moles/sec.

Block diagram of components of low power resistance
bridge.

This is a fairly standard design.

The 30 hz

oscillator is synchronized to the line frequency to
avoid beats with 60 cycle pick-up.
cal inputs to the bridge.

There are two identi-

The thermometer is attached

to one a nd a standard decade resistance box to the other.
Figure 22A

Mutual inductance measuring coils.
six layers with 224 turns/layer.

Primary consists of
The secondaries are

38 layers each with 64 turns/layer.
coated copper wire was used.

No. 42 Formvar

This coil set slips over

the tail piece of the isolation vacuum chamber.
Figure 22B

Adjustable mutual inductance for compensating measuring
coils.

Winding is done on Bakelite forms using No. 36

F ormvar coated coppe r wire.

Primary consists of one l a y e r

-130-

with 440 turns.

Secondaries are counterwound, six

layers each with 260 turns/layer.

The secondary slides

inside the primary and is adjusted with a micrometer
feed.

Coil set is epclosed in a grounded copper box to

reduce electronic noise pick-up. ·
Figure 23

Calorimeter.
otherwise.

All material is ETP copper unless labeled
All threaded connections are gold plated to

improve thermal contact.

The thermal link is soft

soldered to the top of the calorimeter.

The No. 0-80

screw for clamping the sample is stainless steel with
a nylon tip.

Calorimeter base is bolted onto the four

support rods using No. 2-56 nuts.
Figure 24A

Representative specific heat data taken by "heat pulse"
method.

Shown is chart record of sample temperature for

a point taken on Re with H

= 12.SkOe.

The noise seen on

the tracing is due to currents generated in the resistance
thermometer due to the sample vibrating in the magnetic
field... The noise in tracings taken for low values of H
is much less.
Points

a

Line A is.the extrapolate cooling curve.

and b mark the end points of the interval 6T

as explained in the text.

Voltage and time scales are

indicated as well as the resistance of the thermometer
at points a and b.
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Thi:; in<lic..:atcs the manner in which specifi c heat data
were taken using the continuous cooling method.

For a

given voltage applied to the heater an equilibrium
temperature is reached as shown.
(temperature) is recorded.
power settings.

The resistance

This is done for several

The heater power is then turned off

and the temperature decay of the sample back to its
original temperature is recorded.

Notice the changed

time scale on the chart recorder just prior to turning
off the heater power.

The slope of the cooling curve

in ohms/sec is indicated at each data point.

These data

were taken with the Re sample in a 500 Oe field .
Figure 25

Power supply and switching network for calorimetery.
The adjustable 50CD resistance is a 10 turn helipot.
The battery is a standard D-cell, 1.5 volt alkaline
battery.

The voltage is read using a Leeds & Northrop

microvolt potentiometer.

The relay of the electronic

time clock may be insert ed in series as shown.

Other-

wise switching is done manually with the DPDT switch.
Figure 26A ·

Specific heat of copper sample divide by the temperature,.
T as a function of the temperature.
6.64 X 10

-2

moles Cu.

The sample contained

The coefficient of the linear term

in the specific heat, y, should be 4.62 X 10-

2

milli-

joules/0K2.

Data are shown for magnetic fields H

and 300 Oe.

Also data are shown taken at lowest tempera-

=

0

ture using a lower power input to the thermometer from

-132the resistance measuring bridge.
Figure 26B

Specific heat of rhenium sample as a function of the
applied magnetic field.

The sample is being taken from

the superconducting state to the normal state and back
again by the changing magnetic field.
at a constant temperature of .286°K.
. 2.26 X 10

-2

All data were taken
The sample contains

moles pure Re.

3
C/T for rhenium sample as a function of 1/T , where C

Figure 27

is the specific heat in millijoules/°K and. T is the
absolute temperature.
moles.

The sample contains 2.26 X 10-

2

Data are shown for superconducting state (H = O),

the normal state with H = 300 Oe, and high field case of
12.5 kOe.

Data taken in 500 Oe and 1000 Oe fields are

identical to the data taken in the 300 Oe field and are not
shown for clarity.

A few values of the absolute tempera-

ture have been shown on the 1/T

3

scale for reference

purposes.
C/T for rhenium as a junction of T where C is now the

Figure 28

2
molar specific heat in millijoules/°K -mole and T is the
absolute temperature.

Our data in the superconducting

state are shown along with some data of Reference 44 for
1

comparison.

The line labeled C /T is the theoretical
es

electronic contribution to specific heat in the superconducting state.

(Equation 82b, first term).

line drawn through our normal-state data is
C/T

=

2.35 + (.061)/T

2

2
millijoules/°K -mole.

The solid

-133-

Figure 29A

Chart record of the temperature of the Re sample as a
function of the magnetic field as the field is swept
slowly from 0 to 300 Oe.

Critical temperatures and

fields have been shown.
Figure 29B

Chart record of the temperature of the Re sample as the
field is swept slowly from 300 Oe to O.

As in Figure

29A important temperatures and fields are shown.
Figure 30

Energy levels for

=

~

90

0

and angular dependEnce of

resonant magnetic field for a fixed frequency as a
function of the applied field.

One unit E

=

7.53 Mhz.,

~

= angle between applied field and principle axis,

y

=

V /V

H

=

applied field, J.1N =nuclear magneton, h =Planck's

H E

where v

constant, and V

E

H

=

gu__H/h with g = nuclear g-factor,
-·N

(l/6)a/h where a is the zero field

splitting as defined in the text.
Levels a-f correspond to m
1

+ 1/2, respectively.
transition .0.ml = 3/2

=

One unity= 7.8k0e.

-5/2, + 5/2, ••• -1/2,

Curves 1, 2, and 3 represent the
~

-1/2 for frequencies of 15.1 Mhz,

16.6 Mhz, and 18.7 Mhz, respectively.
Figure 31

Detailed plot of energy for levels d and e of Figure 30
for the cases
applied field.

~

0

0

= 0 , 10 , and 20

0

as a function of the

As in Figure 30, one unit E

and one unity= 7.8k0e.

= 7.53

Mhz
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