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ABSTRACT 

3 4 
A simple He -He refrigerator has been designed and 

constructed. A brief introduction to low temperature physics 

in general and to dilution refrigeration in particular is 
3 4 

given. The properties and theory of He -He solutions as 

they pertain to the design of the refrigerator are discussed. 

A thermodynamic analysis of the dilution refrigerator is 

included. The construction of each part of the refrigerator 

is described in detail. The current status of the dilution 

refrigerator is presented and future experiments with it 

are discussed. 
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CHAPTER I 

INTRODUCTION 

A. Historical Background 

The history of low temperature physics has been one 

of continual struggle toward that unreachable goal: abso¬ 

lute zero. The path has often been difficult and the events 

dramatic. Mendelssohn (37) has written an excellent book 

describing the greatest experiments and the men who con¬ 

ducted them. The period from 1877 when oxygen was first 

liquefied until 1908 saw the frontier of low temperatures 

advance to the liquid hydrogen region (15-2OK). However, 

the science truly came of age on July 9, 1908 when Kamer- 

lingh Onnes first liquefied helium at Leiden. And, in 

1922, when Onnes reached 0.83K by pumping on a bath of liq¬ 

uid helium in a specially shielded dewar with twelve dif¬ 

fusion pumps, many physicists felt that the limit of low 

temperatures had been reached. Then in 1933 Giauque and 

MacDougall succeeded in adiabatically demagnetizing a sample 

of gadolinium sulfate and reached a final temperature of 

0.25K. Since that experiment, demagnetization of nuclear 
-5 

spin systems has yielded temperatures on the order of 10 K. 

Although adiabatic demagnetization techniques have 

resulted in the closest approach yet to absolute zero, 

their practical use in the laboratory is limited by several 

factors. As soon as a sample is demagnetized, the inevi¬ 

table heat leaks produce an immediate rise in temperature. 

Continuous cooling at a stable low temperature is virtually 

impossible. The large fields necessary have greatly reduced 

the scope of possible experiments, while achieving good 

thermal contact to the cooling sample at very low temper¬ 

atures is also a great difficulty. 
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Fortunately, since the end of World War II, a lighter 

isotope of helium, helium-3, has become available for sci¬ 

entific use. Tritium has been produced in relatively large 

quantities in the United States and in the Soviet Union, 
3 

and He has been provided by these governments to physicists 

engaged in low temperature research (tritium beta-decays 
3 

into He with a half-life of approximately 12.5 years). 
3 

The boiling point of He at atmospheric pressure is 3.19K 

and a temperature of approximately 0.25K can be obtained 
3 

by reducing the vapor pressure of a bath of liquid He in 

a properly designed cryostat, so an even lower range of 

temperatures was made available to investigators. More 

recently certain of the unique properties of solutions of 
3 4 

He in He have provided a means for producing continuously 
-2 

temperatures on the order of 10 K (lOmK). As early as 

1951 H. London (39) at the International Conference on Low 

Temperature Physics held at Oxford made the following sug¬ 

gestion: 

". . .a valuable cooling process would ^e 
to makg use of the entropy of mixing o f He 
and He . It see^s ... that at very low tem¬ 
peratures the He behaves as a Ferm^ gas which 
can expand by being diluted with He ." 

. . 3 
When useful quantities of He became available 

attempts were made to construct a refrigerator based on 

the suggestion of London and coworkers (86). Das, de Bruyn 

Ouboter, and Taconis (40,87) constructed the first dilution 

refrigerator which reached 0.22K. Two groups, working 

independently, built the first really successful refigera- 

tors in 1966. Neganov, Borisov, and Liburg (41) at Dubna 

reached 0.056K and later 0.025K while Hall, Ford, and 

Thompson (42) at Manchester attained 0.07K and later 0.05K. 

Since then refrigerators have been constructed which operate 
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continuously below lOmK and can reach approximately 3mK 

for periods as long as an hour. The past six years have 

seen the construction of many refrigerators of varying 

complexity and cooling capacity (33,44,45,46,47,48,49,50, 

51,52,53,2). As a result most laboratories engaged in low 

temperature research have either constructed or purchased 

a dilution refrigerator and operate them routinely between 

0.15K and O.OlK. 

B. Dilution Refrigeration—A Qualitative Description 

One can obtain a qualitative understanding of the 

behavior of the dilution refrigerator by referring to 

Figure 1-1 and following the discussion below. Helium gas 
3 

consisting of almost pure He (actual concentrations vary 

from 85% to 95%) enters the condenser at 1.2K where it is 

liquefied. The flow impedance located at the output of 

the condenser serves to maintain a condensation pressure 

greater than the vapor pressure of the liquid in the still 

heat exchanger. This assures that only liquid is passed 

on to the still heat exchanger so that the still is not 

required to remove the heat of vaporization of the stream 
3 

of almost pure He (hereafter called the concentrated 

stream) . After being cooled to 0.7K in the still the con¬ 

centrated stream enters a second heat exchanger where it 

is cooled further by the outgoing cold stream of liquid 

(the dilute stream). The concentrated stream next enters 
3 4 

the mixing chamber where a solution of He in He has 

already undergone phase separation (see Chapter II). In 

the mixing chamber there are two phases: the concentrated, 
3 3 

rich in He , and the dilute, containing only about 6% He . 

The concentrated phase being the less dense, floats on top 

of the dilute phase. The dilute phase is connected by a 
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3 4 
Figure 1-1: A Schematic Diagram of a He -He Dilution 

Refrigerator 
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3 capillary to the still. He is continuously being removed 

from the still by the room temperature vacuum pumps. Thus 

the concentration gradient between the still and dilute phase 

in the mixing chamber tends to increase. The osmotic pres- 
3 3 

sure of the He drives additional He up the capillary and 
. . 3 
into the still. As the He is removed from the dilute 

3 
phase in the mixing chamber, He atoms in the concentrated 

phase diffuse across the phase boudary to maintain the con- 
3 

centration of He in the dilute phase at a constant 6%. 
3 

He removed from the still is returned to the mixing cham¬ 

ber via the concentrated phase capillary, completing the 
3 

cycle. The removal of the He atoms from the concentrated 

phase into the dilute phase is an endothermic process and 

produces a significant reduction in the temperature of the 

mixing chamber. This cooling is analogous to the evapo- 
3 

ration of a liquid—the He expanding into the "vacuum" 
4 

of superfluid He . The process, though basically simple, 

is somewhat difficult to put into practice since it neces¬ 

sitates a great deal of experience in the construction of 

apparatus for use at low temperatures. 

C. The Refrigerator at Rice University 

D. 0. Pederson (52) constructed a dilution refrig¬ 

erator at Rice University based primarily on the design 

of Wheatley and coworkers (2,35). The refrigerator was 

unstable in operation, long periods of time were required 
3 4 

to condense the He -He gas mixtures, and, consequently, 

large quantities of liquid helium were required for its 

operation. The object of the work described in this thesis 

was the construction of a simple refrigerator which would 

consume less time in reaching low temperatures, thus reducing 

the cost of operation, while still providing working tern- 
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peratures in the range from 150mK to 50mK. The following 
3 4 

chapters discuss some of the theory of He -He solutions 

applicable to dilution refrigeration, details of the con¬ 

struction of the present refrigerator, and plans for its 

use in the research program of the low temperature labo¬ 

ratory at Rice University. 



CHAPTER II 

THEORY OF OPERATION 

A. Introduction 

In order to gain a working understanding of the dilu¬ 

tion refrigerator one must consider both the properties 
3 4 

of dilute solutions of liquid He in superfluid He and 

the thermodynamics of the dilution process. Much progress 
3 4 

has been made in the development of the theory of He -He 

solutions in recent years. The details of this theory are 

beyond the scope of this thesis; however, the results of 

many theoretical calculations and their comparison with 

experiment provide the experimentalist with the tools neces¬ 

sary for the construction of an optimum refrigerator meeting 
3 4 

his requirements. Experimental data on He -He solutions 

has been generated with great rapidity since the advent of 

the dilution refrigerator. Work prior to 1960 has been 

summarized by de Bruyn Ouboter and coworkers (1) ; the most 

detailed accounts of recent work have been given by Wheatley 

(2,3) and, more briefly, by Peshkov (4) and Radebaugh and 

Siegwarth (5,6). The following discussion derives from these 

reports as well as from work by other authors and attempts 

to present a brief, phenomenological description of the 
3 4 

theory of dilute solutions of He in He together with a 

simple thermodynamical analysis of the dilution refrig¬ 

erator . 

3 4 
B. Properties of He -He Solutions 

1. Phase Separation 

In 1956 Walters and Fairbank (7) discovered the 
3 

phenomenon of phase separation in a solution of He and 
4 

He ; the separation was later observed visually by Peshkov 
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and Zinov'eva (8). The full phase diagram for these solutions 

has been determined through the efforts of several groups (9, 

10,11,12,13,14,1). The most detailed and reliable data is 

summarized in Figure Il-l (reproduced from Ref. 5). This 

diagram is noteworthy in several respects. First consider 

that, at a temperature of approximately 0.86K, a solution 
3 4 

of He in He will separate into two phases : one which is 
3 

rich in He (the concentrated phase) and another which is 
4 

rich in He (the dilute phase). For example, at a tempera¬ 

ture of 0.50K, the concentrated phase contains approximately 
3 3 

88% He while the dilute phase contains only 22% He . 
3 4 

Since the density of He -He solutions decreases with 
3 

increasing He concentration (2), the concentrated phase 

will "float" on top of the dilute phase. 

Another interesting feature of the phase diagram 

is its behavior as one approaches absolute zero. The con- 
3 

centrated phase is observed to contain almost pure He 

(15,10) while the dilute phase reaches a limiting concen¬ 

tration of between 6.4% and 6.8%, different limiting sol¬ 

ubilities being obtained depending on the method used to 

measure concentrations. In order to understand this finite 

solubility at absolute zero we first note that for the 

two phases to be in equilibrium (19) : 

whereyflc and are the chemical potentials per molecule in 

the concentrated and dilute phases respectively. At ab¬ 

solute zero Me is just the amount of energy required to 
' 3 

remove one He molecule from the concentrated phase and 

place it at rest at infinity 
[A = 2.5K (2)]. Let Ed be 

the energy of a single He^ atom in the dilute phase. Since 
3 4 

a He atom is more strongly bound to liquid He than to 
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3 3 
pure liquid He (2), we have E, greater than X(t . so He 

4 
will continue to dissolve in He until the translational 

kinetic energy states are filled. Thus for a single atom: 

-A * -3 + m 
I T P4 

where kli* is the Fermi energy of a gas of fermions 
IK* 

with effective mass m* [Actuallyand are negative 

energies while kT^ is positive]. Following Wheatley (2) 

we can qualitatively show how E, varies with concentration 
d 

in Figure II-2. In this figure X0 is the limiting solu¬ 

bility and E® is the value of E^ at zero concentration 

[determined experimentally to be#«2.7K (2)]. A relation 

between kT^ and X can be obtained by noting that all states 

with energy below kT^ must be occupied with two particles 

per state: Y>, _ SjT Pf 

iT ~ * drip 
where n^ is the number of He atoms andA is the volume. 

So 

where X- 

u(y)s 

^ * & 
- V / 5ir‘w»Y 
' s? ( —J 
r -£ (ll’VV4 

£3 Ucx) J x 
3 

is the concentration of He and 

is the average volume per helium atom. 

The dependence of E^ on concentration, however, can only 

be determined experimentally or through a consideration 
3 

of the effective interactions between the He quasipar¬ 

ticles . 

Before leaving this discussion of phase separation, 
s. 4 . it should be noted that, below the 7\-lme, the He m the 
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Qualitative Variation of with Concentration Figure II-2ï 
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dilute phase is superfluid while that in the concentrated 

phase is not (at least at temperatures presently obtainable, 

see the discussion at the end of section II. B. 2.). The 

superfluid in the dilute phase is characterized by an 

effective wavefunction (2). If (j) is the phase of the wave- 
function then 4 \ 

4 
where m is the mass of the He atom and v is the super- 
4 '-s 

fluid velocity. Also 

H *fc 

From these two 

*4 

hence 

where^y^ is the chemical potential of He 

equations we get immediately 

Under equilibrium conditions _ 
àt 

This condition must prevail in a steady state condition; 

if equilibrium is disturbed the superfluid will accelerate 

untilis again zero. 

3 4 
2. Theory of He -He Solutions 

We now pass on to a consideration of the theory 

which has been constructed to explain the properties of 
3 4 

solutions of He in He . As a starting point we use the 
3 

theory of Landau and Pomeranchuk (20) . An atom of He in 
4 

superfluid He can be considered as a "quasiparticle" of 

an ideal gas with its energy given by 

where E0 is the binding energy of the He atom to the 
3 

superfluid background, p is the He quasiparticle momen- 
3 

turn, and m* is the effective mass of the He quasiparticle. 
3 

The He quasiparticles in solution establish a "field" 

which affects both the binding energy and the effective 
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mass of each additional quasiparticle that is added to 

the solution (2,5). This field is analogous to that used 

in the description of the behavior of the quasiparticles 

in a Fermi liquid [cf., Ref. 77], In this quasiparticle 

approach to understanding the solution we assume that each 

quasiparticle interacts only with other quasiparticles and 
4 

is totally unaffected by the superfluid He background 

or "ether" through which it moves. The interaction which 
3 4 

does take place between the He and He atoms is contained 

in an effective mass m* and in corrective terms in the 
3 

energy. Thus only the flow of the He quasiparticles at 
TT* 3 4 a pressure |J (the osmotic pressure of He in He ) need 

be considered. 

A simple but adequate phenomenological theory has 

been developed by Bardeen, Baym, and Pines (21,22) [here¬ 

after referred to as the BBP theory] which incorporates 

these ideas. The BBP theory considers degenerate effects 

in the "gas" of quasiparticles and also takes weak inter¬ 

actions between the quasiparticles into account with an 

interaction potential of the form: 

V(KV-tvUco&(4lO 
where A = 3.16 A and n |vo| = 0.0754 m (S = velocity 

4 4 4 
of first sound in He ). Using this potential or a more 

complicated one derived by Ebner (23) for higher concen¬ 

trations, one can calculate many of the thermodynamic 

parameters of the dilute solution. The BBP potential 

produces a large effect on energy and osmotic pressure 

in the low temperature limit. In addition the variation 

of effective mass with concentration can be computed and 

compared with experiment (see Figure II-3). In the range 
3 . 

of He concentration from zero to 25%, the ratio m*/!^ 

(where m* is the effective mass of a quasiparticle and 
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3 
nig is the mass of a He atom) varies from about 2.35 to 

2.6. The theoretical prediction of the BBP theory fits 

the data at concentrations up to 1.5%, but, at higher 

concentrations, it is necessary to use the more compli¬ 

cated potential of Ebner. 

Excellent agreement of theory and experiment can be 

found in other parameters as well. The potential of Ebner 

gives the magnitude of the Fermi wave vector as 

kt, (üisy- 
where is Avogadro1 s number and v is the volume of sol¬ 

ution containing one mole of He^. The parameter v can 

be expressed as (5) I 

„ ^ -- ‘ft 3M+/.WC 

where V is the molar volume of the total solution and X 
m 3 vv is the He concentration ^ . Ifft and coworkers 

'*Vj*n* 

(16) and Edwards and coworkers (26) have found excellent 

agreement of experiment with the above expression for v 

at concentrations less than 30% and for temperatures below 

about 1.5K. 

The large effects on energy and osmotic pressure can 

be most easily seen by calculating the chemical potential 
3 3 

using the He -He interaction potential of Ebner. If we 

write the chemical potential as 

A3 - 
whereof is the chemical potential of an ideal Fermi gas 

B.ndjjJ is the deviation from ideal behavior, jj can be cal¬ 

culated and compared with experiment quite favorably (see 

Figure II-4). The E^ mentioned in section II. B. 1. can 

be determined from the intercept of (*'- LV) with the 
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X = 0 axis. It is (-E - L°)/R = 0.295K (5). The inter- 
d 3 

action potentials of Ebner and of BBP were found to have 

little effect on the specific heat. In fact, the specific 

heat of dilute solutions agrees remarkably well with that 

of an ideal gas of Fermi-Dirac particles as calculated by 

Stoner and McDougall (27,28) in 1938. In Figure II-5 the 
3 

specific heat of two dilute solutions and of pure He is 

displayed. This diagram is from VJheatley (2) : the theo¬ 

retical line for the 1.3% solution was drawn for the para¬ 

meters X = 0.0132, m*/m - 2.38, and T^ = 0.141K; the theo¬ 

retical line for the 5% solution was drawn for the parameters 

X = 0.0502, m*/m = 2.45, and T^ = 0.331K. The molar vol¬ 

umes used in analyzing the experimental data points were 

determined from Ref. 29. 

In order to calculate the osmotic pressure T of He3 
4 

in liquid He , Radebaugh and Siegwarth (31) begin with the 

equation given by London (86): 

q. U 
is the partial molar volume of He in solution andyt^-^4 

4 
is the difference in the He chemical potential between 
4 4 

He in solution and pure He . This difference can be 

evaluated using the Gibbs-Duhem equation for constant 

temperature and pressure (cf., Ref. 19, p. 315): 

which, in integral form, becomes 

Hence 

Radebaugh and Siegwarth had previously calculated as 
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Figure II-5ï Ratio of Heat Capacity per mole of solution to 
RT* as a Function of Magnetic Temperature 
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a function of X and were thus able to evaluate the integral 
3 4 numerically to find the osmotic pressure of He in He as 

3 
a function of He concentration. The results are displayed 

in Figure II-6. Radebaugh and Siegwarth (31) went on to 

calculate the entropy and enthalpy with a knowledge of ^ 

and L° and the temperature variation of the specific heat ' 

using 

and H,r / + Li * J J C„iT. 
Figures II-7 and II-8 contain the results of these calcu¬ 

lations . 

Finally we would like to consider the possibility of 

a superfluid transition in the dilute phase. Since dilute 

solutions are really a Fermi liquid, the presence of an 

average attractive interaction between the quasiparticles 

would lead to the occurrence of a superfluid transition 

according to the theory of Bardeen, Cooper, and Schrieffer 

(32,33, hereafter referred to as BCS). Figure II-9, repro¬ 

duced from Wheatley (2), shows that the potential as deter¬ 

mined experimentally from transport coefficients is indeed 

attractive over a wide range of momentum exchange. BBP 

used their potential to calculate the probable transition 

temperature, T , following BCS theory. They found 
c . 

where 

and 

T,. * TJ; **(> <VV> 

(the BBP potential). 

Here N(0) is the density of states per unit energy at the 

Fermi surface for spins of one sign. undergoes a max- 
3 

imum as the concentration of He increases (22) so that, 



20 

MO 
O <D 

ÎÜ 

<D (D 
M M 
P 0 
-P CU 
<0 
U 
<U O eu 
g 
<D 

0) 
M 
P 
CO 

u-l CO 
o 
U 
eu p 

o 
-H 
-P 

P 
•H 

o (d 
e; +J 

e 
P 
o 

td m 

co II 
td m 

eu 
^ «—• 

(D 
S 
p ^ 

-H >< 

CO 
o co 
ffi p 

M-l 
O 

O 

O 
•H 
•P 
(O 
U 

M -P 
P P 
CO (D 
co o 

P 
o eu u 

U W H 
•H p CO 

O 
•H • 
Lj lu 

co rd (D 
O > ffi 

-P 

VO 

o 
M 
P 

•H 
CM 

jjoq. UT (j£) ©znsssad OT^OUISQ 



50 

40 

30 

20 

10 

0 

21 

Temperature in K 
O A 

II-7î Entropy of HeJ in He4 as a Function of Temperature 
for Various Concentrations (X) Ref. 31 



E
n
t
h
a
l
p
y
 
i
n
 
J
o
u
l
e
s
 
m
o
l
e
 

22 

3 4 
Figure II-8: Enthalpy of He in He as a Function of Temperature 

for Various Concentrations (X) Ref. 31 
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Figure II-9î Momentum-dependent Potential Determined from 
Transport Coefficients Ref. 2 
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^ —6 
for a concentration of 1.6%, T = 2.2 x 10 K, while, for 

^ c _9 
a concentration of 5%, T^ = 5 x 10 K. Other investigators, 

for example Peshkov (5), have calculated the transition 

temperature and have obtained widely differing results. 

One can only be certain that the superfluid transition, 

if it occurs, must be at a temperature lower than that 

presently obtainable by experimentalists. 

C. Thermodynamics of the Dilution Process 

The basic thermodynamics of the dilution refrigerator 

can be understood through a rather simple analysis. The 

following is similar to a treatment found in Ref. 5; a 

more detailed and complete account has been given by Wheatley 

(2,35). Let us examine the dilution process as it occurs 

in the mixing chamber of a refrigerator. Figure 11-10 

shows the relevant parameters. In order to calculate the 

heat absorption rate consider the area enclosed by the 

dotted line in the figure. In this region both phases 

are in thermal equilibrium and the dilution process is 

reversible. The second law gives 

T(Sî-s,*) 
*3 
cl 3 

where S_ is the entropy of the He quasiparticle gas and 
3 3 

S° is the entropy of pure He . Q must be split into two 

terms : 

where Q 

Q « Q evt 
ext 

is the heat absorbed per unit time from the 

external environment and Q 3 is the heat absorbed per 
He 3 

unit time from the incoming stream of He . So we have 

but 

where H° 

Qetrl 4 Q Me* - - f C à K »\ - = T ( S3 - Si ) 

s the enthalpy of pure He (at the temperature 
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n„H„ 
3 3 

\i Q 

Q = Heat absorption rate in dilution 
3 

n = Molar He circulation rate 
c 3 

H = Molar enthalpy of the incoming Hé 
à 3 

H^= Molar enthalpy of the outgoing He 

Figure 11-10: Schematic Diagram of the Mixing Chamber 
of a Continuously Operating Dilution 
Refrigerator Ref. 6. 
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of the mixing chamber only pure He need be considered) 
3 

and is the temperature of the incoming He . Hence 

Qe*t 

*3 
= T (si - S\) - H»<TiW rtj- 

Now we can consider the whole system which includes the 

entire mixing chamber and write from the first law (see 

Ref. 36): 
wi-U'Cïï). 

*3 
From the last two equations we get 

Hi1- H/CTi) - T(S>j- i\)- Hs'lTi) * Hi. 
Therefore H«< . T ($/- S’,) + tf,*. 

3 
Thus the enthalpy of the He quasiparticle gas is just that 

3 
of pure He plus the energy (heat, in this case) required 

3 
to remove He from the concentrated to the dilute phase. 

We wish to know Q ./n_, 
6x1z *3 

H° has been measured and 

we can use the previous equation to calculate H_ from our 

knowledge of S and S°. Radebaugh and Siegwarth (5) have 
33 d 2 

found that below approximately 40mK, H^ = 94T and 

H° = 12T^. Hence Qc*t = 

*3 
For higher temperatures Radebaugh and Siegwarth have also 

found values for H^ and H“. Figure 11-11 gives these values 

together with a plot of Q^^/n^ for a wide range of mixer 

temperatures. 
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Figure 11-11: Enthalpy and Heat Absorbtion Curves for the 
Mixing Chamber of a Dilution Refrigerator 
Ref. 31 



CHAPTER III 

CONSTRUCTION OF THE DILUTION REFRIGERATOR 

A. Dewar Set and Liquid Helium Bath 

The refrigerator was enclosed in a vacuum can suspended 

in a standard double dewar set, illustrated in Figure III-l. 

The outer dewar contained liquid nitrogen at 77K and the 
4 

inner dewar liquid He . The helium dewar was mated to a 

pumping system so that any temperature between 4.2K and 

1.2K could be maintained. The pump was a Kinney DVD 8810. 

In most cases the bath was pumped via a needle valve only 

and a temperature of'vl.ôK was found adequate for refriger¬ 

ator operation. The construction of the helium dewar was 

such that a large volume of liquid remained above the vacuum 

can after the bath pressure had been reduced. This allowed 

running times of 12-16 hours before an additional charge 

of liquid helium was needed. 

B. Still 

The still top (see Figure III-2) was designed after 

a careful study of the experiments made by Wheatley and 

coworkers (35) . In order to find the optimum still design, 

they varied such parameters as material, wall thickness, 

orifice diameter, and diaphragm thickness. In addition they 

determined that soft solder joints in the path of superfluid 

film flow degraded refrigerator performance, that the use 

of copper screen discs to reduce splashing was beneficial, 

and that electropolishing the orifice improved the relative 
3 

concentration of He in the gas pumped from the still. The 
... 34. 

maximization of the ratio of He to He in the gas removed 

from the still is, of course, the fundamental criteria in 

still design. This ratio is one of the limiting factors of 

the final temperature reached in the mixing chamber. Since 
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Figure III-l: Schematic of Nested Dewar Set 



30 

I
I
I
-
2
:
 
D
i
a
g
r
a
m
 
o
f
 
S
t
i
l
l
 
T
o
p
 
a
n
d
 
B
o
t
t
o
m
 



31 

4 -3 
the vapor pressure of liquid He at 0.7K is only 2.28 x 10 

4 
torr, the primary source of He in the circulated gas is 

from superfluid film flow (78). The superfluid film covers 

the walls of the still, passes through the orifice at the 

still top and flows up the pumping tube until it evaporates 

in the higher temperature region. Many ingenious techniques 

have been developed to suppress this film flow (54,55,52,56, 

57); however, most are no more effective than a simple orifice 

in a thin diaphragm except at the lowest mixer temperatures. 

Table III-l summarizes the results of Wheatley's studies 

and was used as the principal guide in designing the still 

used in this refrigerator. 

The still top was machined from OFHC copper with the 

diaphragm incorporated as an integral part of the still top. 

The orifice (0.07 cm diameter) was electropolished in the 

manner described by Anderson (43) and Tegart (58). Since 

the diaphragm could not be altered without constructing 

a new still, great care was exercised in electropolishing 

the orifice. After electropolishing one side, the still top 

was removed from the solution and the orifice examined using 

a stage microscope. The reverse side was then electropolished 

and examined to insure that the orifice had been properly 

polished. Next, the still top was soft soldered to the 

pumping tube: a 15.2 cm length of 1.27 cm OD x 0.0254 cm 

wall stainless steel tubing. This pumping tube was mated 

to a 2.54 cm OD x 0.0793 cm wall stainless steel tube which 

extended to the room temperature flange. Two light traps 

were included, one in the 2.54 cm OD tubing ***20 cm from the 

vacuum can top and another in the 1.27 cm OD tube directly 

above the still. 

The still bottom (see Figure III-2) was fabricated 

from brass flat stock. A 0.05 cm wide by 0.0254 cm deep 
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groove was machined around its perimeter to facilitate the 

use of an indium "0" ring to seal the still top and bottom. 

Indium wire (0.05 cm diameter) was placed in the groove, 

the top and bottom pressed together carefully, and 24, 1-72 

x 1/4*' stainless steel screws used to secure the two. The 

seal was quite reliable provided that sufficient care was 

taken to properly position the indium wire. Two spools 

were incorporated into the still bottom to accomodate a 

wire-wound heater and a length of tubing serving as a heat 

exchanger. The heater was wound of #30 manganin wire and 

had a room temperature resistance of 35.3XL. Depending on 

the temperature of the outer bath, the still power was varied 

from 0 to 0.5mW to maintain an optimum temperature in the 

still (0.6K to 0.7K). A chamber was fashioned on the under¬ 

side of the still bottom to serve as a thermal anchor for 

a capillary which, in later experiments, will extend to the 

mixing chamber. 

C. Heat Exchanger 

Two basic types of heat exchangers are usually employed, 

either singly or in series with one another. The continuous 

exchanger generally consists of a coaxial tube arrangement 

with the concentrated stream in the inner tube and the dilute 

stream in the outer. These are the simplest exchangers to 

assemble and are quite adequate if mixer temperatures below 

50mK are not required (59,56). Continuous exchangers have 

a relatively low flow impedance, allowing large circulation 

rates; in addition, their small volume requires a minimal 
3 

charge of He . Continuous exchangers making use of other 

construction techniques have also been devised (60,61,62). 

Wheatley and coworkers (2,35) pioneered in the development 

of discrete heat exchangers. This type of heat exchanger 
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consists of a metal body with two cavities into which some 

sintered material (usually copper) has been pressed. The 

dilute stream is forced to flow through one sintered "sponge" 

and the concentrated through the other. Since each exchanger 

is at an essentially uniform temperature, the concentrated 

stream is cooled in steps (in most cases 4 to 6). The con¬ 

struction of these exchangers has been the subject of a 

number of studies (63,64,65,66,35,56,52). Radebaugh and 

Siegwarth (59,67) have provided an excellent theoretical 

analysis of the behavior of these discrete exchangers. The 

large surface areas provided by the sintered materials greatly 

improve the heat exchange capability of the exchanger at the 

lower temperatures; however, their large volume requires 
3 

considerable quantities of He . In spite of the difficulty 

encountered in constructing these exchangers, they are very 

essential if one wishes to reach the lowest temperatures 

of which dilution refrigerators are capable. 

The lowest range of temperatures was not required in 

this refrigerator; hence, ease of construction and low cost 

dictated the use of a continuous exchanger of the coaxial 

type. The dilute phase was carried by**1.25 m of 0.15 cm 

OD x 0.0254 cm wall Cu(70%0-Ni(30%) capillary tubing. The 

concentrated phase capillary, consisting of the same material 

in 0.0482 cm OD x 0.0127 cm wall, was passed through the 

larger dilute phase tube. The end of the dilute phase tube 

was soft soldered into the still bottom and m of the con¬ 

centrated phase capillary was extended into the still to 

serve as a heat exchanger. This capillary then passed through 

the still bottom and was joined directly to the output of 

the flow impedance above the still. The lower end of the 

dilute phase tubing was soft soldered to the mixing chamber 
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top so that its end was at the bottom of the mixing chamber. 

The concentrated phase tubing was extended about 2 cm past 

the end of the dilute phase tubing and was positioned so 
3 

that the incoming He would not immediately reenter the 

dilute phase tube. To conserve space the heat exchanger 

was wound into a coil of about 2 cm diameter and 15 cm 

length about the nylon support rod. 

D. Mixing Chamber 

Several mixing chambers were used in different stages 

of the development of the refrigerator. They were of two 

basic types (see Figure III-3) : type A was constructed of 

OFHC copper and was similar in dimensions to that of 

Pederson (52); type B was a simpler design based on that of 

Anderson (43). The top of type A was of one-piece construc¬ 

tion with a center post designed to mate with the lower 

end of the nylon support rod. This center post contained 

a well for a resistance thermometer. Four posts were pro¬ 

vided on the top to facilitate the soldering of capillary 

tubes entering the mixing chamber. The body of the mixing 

chamber was threaded to allow a sample chamber to be attached 

for later experiments. After the capillary tubing was in¬ 

serted the mixing chamber was packed with copper "wool" 

(composed of copper wire less than 0.001 cm in diameter) 

to increase the effective surface area of the chamber interior 

(43,79,80). Type B consisted of a top machined from nomin¬ 

ally pure copper bar stock and provided with a center post 

similar to that of type A. The bottom was a 2.5 cm diameter 

wrought copper plumber's cap. The top and bottom were 

soft soldered together at the same time that the capillary 

tubing was soldered into a hole drilled in the top. This 

type of mixing chamber was used extensively because its 
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Figure III-3; Two Types of Mixing Chambers Used 
in the Refrigerator 
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simple construction and ease of assembly allowed rapid fab¬ 

rication of refrigerator modules. 

E. Condenser and Flow Impedance 

Before entering the vacuum can, the returning flow of 
3 

concentrated He is condensed in~l m of 0.805 cm OD x 0.0076 

cm wall Cu-Ni tubing wound in a coil in the liquid helium 

bath. The output of the condenser in the vacuum can is 

coupled directly to a flow impedance. This impedance is 

necessary in order to maintain a pressure in the condenser 

greater than the vapor pressure of the liquid in the still 

heat exchanger (atA.0.7K). If the flow impedance is too 

small, vapor will form in the still heat exchanger and must 

be reliquefied at the upper end of the main heat exchanger. 

This places a large heat load on the still and the resulting 
3 4 

higher still temperature tends to decrease the He -He ratio 

of the gas removed from the still. 

Anderson (43), Wheatley (35), Pederson (52), and 

Levine (47) all report methods for the construction of flow 

impedances. However, a great deal of difficulty was encoun¬ 

tered in making reliable impedances of the required size. 
12 13 -3 

[For most refrigerators an impedance of 10 -10 cm is 

desirable (35).] The method which consistently yielded 

the best results is summarized here. The ends of a 10-15 

cm length of 0.0805 cm OD x 0.0076 cm wall tube were prepared 

by slightly flaring them with a needle. A suitable length 

of Chromel wire-^0.08 cm in diameter was stretched uniformly 

to a diameter of 0.065 cm. This wire was inserted in the 

Cu-Ni tube and endpieces (4 cm length) of 0.15 cm OD x 0.0254 

cm wall Cu-Ni tubing were attached with soft solder. These 

endpieces were in turn soldered into two lengths of 1/8" 

copper refrigeration tubing. The copper pieces were held 
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in the chuck and spindle of a lathe and the entire assembly 

stretched so that the length of the impedance body increased 

by +*10%. The Cu-Ni endpieces were then removed from the 

1/8" copper refrigeration tubing. In this way no heat or 

unnecessary stress was applied to the actual impedance after 

stretching. 

The flow impedance was then measured by passing N9 
4 ^ 

or He gas through the impedance at a moderate driving pres¬ 

sure (100- 200 torr) and collecting the gas in a graduated 

cylinder. A knowledge of the viscosity of the gas, the 

volume collected per unit time, and the driving pressure 

allows one to calculate the flow impedance using the def¬ 

inition: _ 
£ » 

whereûp is the driving pressure, is the viscosity of 

the gas, and V is the volume collected per unit time. A 

typical impedance made in the manner described had a measured 
12 -3 

impedance of 6.7 x 10 cm at room temperature using 

gas. 

F. Refrigerator Assembly 

Figure III-4 shows a sketch of a typical refrigerator 

module after assembly. The refrigerator was enclosed in a 

vacuum can as shown in the figure. This vacuum can was 

constructed of brass and all joints were silver soldered. 

The top and bottom of the vacuum can were sealed together 

using an indium "0" ring. This flange was designed after 

studying the designs of several groups (81,82,83,84,85). The 

seal was found to be very reliable and remained superfluid 

tight even after repeated thermal cycling. The tail of 

the vacuum can was constructed to allow the winding of a 

superconducting solenoid for use in later experiments. 
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vacuum can pumping 
tube Figure III-4: 

Schematic of Refrigerator 
Module and Vacuum Can 
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Twenty-four stainless steel studs (1-72) were soft soldered 

into tapped holes in the can and were secured to the vacuum 

can top with stainless steel nuts. Slow, repeated tightening 

of the nuts allowed the indium to flow and produced a depen¬ 

dable superfluid seal. The stainless steel pumping tube 

(0.635 cm OD x 0.0254 cm wall) was equipped with a light 

trap at its lower end. The necessary electrical leads were 

passed through this tube from room temperature feedthroughs 

to a terminal strip attached to the underside of the vacuum 

can top. 

Assembly of a refrigerator module began with the 

mixing chamber. The heat exchanger was then wound and sol¬ 

dered into the bottom of the still. After positioning the 

nylon support post, the still top and bottom were sealed 

together. Then the final connection between the concentrated 

stream capillary and the flow impedance was made. The entire 

refrigerator was leak checked on a CEC mass spectrographic 

leak detector. If no leaks were found, wiring was completed 

and the vacuum can assembled. 

G. Circulation System 

The circulation and gas handling system used with 

this refrigerator (see Figure III-5) is essentially the 

same as that described by Pederson (52). The liquid-nit¬ 

rogen-cooled, activated-charcoal trap was replaced by a 

trap containing a molecular sieve material (Linde Type 5A). 

This material has a much larger absorption capacity than 

the activated charcoal and allowed the circulated gas to 

be condensed somewhat more rapidly. Many soft solder joints 

were redone or replaced with silver solder joints to elim¬ 

inate existing room temperature leaks and to insure greater 
3 

reliability. The leaking bellows in the He return line 
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was replaced with a loop of 1/411 soft copper refrigeration 

tubing which adequately insulated the refrigerator from ' 

mechanical vibration. Circulation was accomplished using 

only the Welch 1402KGB mechanical pump; the diffusion pump 

was used only for cleaning the refrigerator prior to a low 

temperature run. The gas contained in the refrigerator 

storage tanks was analyzed by a mass spectrometer and 
3 

found to contain 9.2% He . This indicated that the gas mix- 
3 

ture was composed of approximately 3 1 of He (NTP) and 34 1 
4 3 4 

of He , differing from the 4 1 of He and 31.7 1 of He 

reported by Pederson (52) . 

H. Temperature Measurement 

During the construction of the refrigerator and its 

initial testing, the temperature of the still and mixing 

chamber was measured using carbon resistance thermometers 

(68,69,70,71) [lOO^LSpeer grade 1002 resistors supplied 

by Mr. Leon S. Moshier of Speer Electronics]. The resis¬ 

tance of the thermometers was measured using an ordinary 

Wheatstone bridge with a minimum current to reduce Joule 

heating. One lead of each resistor was grounded to the 

body of the still or mixing chamber and thermal contact 

between the still or mixing chamber and the body of the 

resistor was improved by coating the resistor with Apiezon 

"N" grease. The leads to the mixing chamber resistor were 

connected to a rf filter network (52) at the room tempera¬ 

ture feedthrough to prevent rf Joule heating (principally 

from FM broadcasts). All leads were thermally grounded 

to the vacuum can top and to the still body; those extending 

to the mixing chamber were also thermally grounded to the 

upper end of the heat exchanger assembly. Black, Roach, 

and Wheatley (68) have demonstrated that similar Speer 
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resistors exhibit a similar dependence of resistance on 

temperature between 0.010K and 1.0K. The initial calibra¬ 

tion curves of the thermometers were taken from data con¬ 

tained in Ref. 68. Figure III-6 shows the characteristic 

curve of the thermometers used. The lead resistance of the 

still resistor was 78.6J2, and the lead resistance of the 

mixing chamber resistor was 87.6JI.. Provision has been 

made to calibrate these thermometers against the magnetic 

temperature of a sample of Cerium Magnesium Nitrate to 

insure accurate temperature measurement in future experiments. 
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Temperature (K) 

Figure III-6: Temperature Dependence of Resistance for Speer 
Grade 1002 1005U Resistors 



CHAPTER IV 

STATUS OF THE REFRIGERATOR 
AND PLANS FOR ITS USE 

A. Present Status of the Refrigerator 

In the course of constructing this dilution refriger¬ 

ator, several details gave considerable difficulty. A power 

failure shut off the mechanical pump used with the liquid 

helium bath, forcing pump oil into the entire system. Later 

the implosion of the liquid nitrogen dewar necessitated the 

purchase of another dewar set and the reconstruction of the 

entire dewar support and pumping system. Fabrication of 

reliable flow impedances (see section III. E.) required a 

considerable amount of experimentation. The greatest problem 

encountered, however, was the elimination of low temperature 

(especially superfluid) leaks—the same problem that plagued 

the previous dilution refrigerator constructed at Rice (52). 

After these difficulties were overcome with the first 

refrigerator module, it was placed in operation. Figure 

IV-1 shows the variation of the temperature of the still 

and mixing chamber as a function of time for a typical run. 

Note that after first reaching^0.7K the still temperature 

soon rose to^»0.9K and remained constant. The mixing chamber 

temperature fell rapidly to *,^140mK and refused to fall fur¬ 

ther. The high temperature in the still resulted in the 
4 

circulation of a large quantity of He . The condenser pres¬ 

sure was measured using a TI Precision Pressure Gauge, then 

the bath temperature was measured using the same gauge. With 

the knowledge of the vapor pressure and temperature of the 
3 4 

liquid in the condenser, the He -He ratio of the liquid can 

be estimated using the tables of Sydoriak and Roberts (14). 
3 4 

The He -He ratio was measured in this manner and found to be 
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Figure IV-l: Temperature of the Still and Mixing 
Chamber as a Function of Time for a 
Typical Run 
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approximately 0.75. This large quantity of He in the cir¬ 

culated gas (25%) is responsible for the high mixing chamber 

temperature observed. 

The high still temperature could result from two pos¬ 

sible causes: a flow impedance which is too small or a large 

heat leak to the still. If the flow impedance is too small, 

vapor could form in the still heat exchanger and its heat 

of liquefication would have to be absorbed by the still. 

The flow impedance incorporated in the original refrigerator 

was replaced with one which had an impedance approximately 

an order of magnitude greater. No improvement in the per¬ 

formance of the refrigerator was observed. The heat leak 

into the still along the original stainless steel pumping 

tube (a 2.5 cm length of 2.54 cm OD x 0.088 cm wall tubing) 

was estimated using the method given by White (88) at about 

0.1 mW. Little data is available about the cooling power 
3 4 

of the still and the uncertainty of the He -He ratio of 

the liquid contained in the still makes an estimate of its 

cooling power somewhat dubious. Nonetheless the still 

should be able to absorb at least 1 mW (52). There are 

of course numerous sources of heat input (e.g., the elec¬ 

trical leads thermally anchored to the still, radiation 

down the pumping tube, radiation from the walls of the 

vacuum can at 1.5K, conduction by the residual gas in the 

vacuum can). Modifications are currently underway to replace 

the pumping tube with a longer one of 1.27 cm OD x 0.0254 

cm wall stainless steel tubing in order to reduce the heat 

leak down the pumping tube to a minimum of^0.02 mW. After 

this modification is completed and the associated leak prob¬ 

lems solved, the refrigerator should perform as originally 

planned. 
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B. Experiments with the Dilution Refrigerator 
3 

The He refrigerator in the low temperature laboratory 

at Rice can reach a minimum temperature of^0.35K. The 

dilution refrigerator should extend the lower limit of 

available temperatures almost an order of magnitude. This 

will allow the study of the superconducting properties of 

molybdenum to be continued much closer to absolute zero, 

providing a much better estimate of the critical field at 

absolute zero and of other parameters near T = 0. In 

addition, other elements with low transition temperatures 

(e.g., titanium, zirconium, ruthenium, cadmium, and iridium) 

can be studied for the first time at Rice. In general, the 

availability of temperatures between 0.050K and 0.30K will 

greatly facilitate the study of many of the thermal and 

magnetic properties of a number of materials. 
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