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CHAPTER I 

INTRODUCTION 

Historical Survey 

The properties of solids are controlled to a large 

extent by thermal lattice vibrations. Thermal vibrations 

greatly influence the elastic, magnetic and transport 

properties of solids. In order to study many effects, 

the temperature must be lowered to a point where the thermal 

lattice vibrations have been drastically reduced. In 

particular, electron-phonon interactions, which are extremely 

important in the transport properties of solids, will 

normally be observable only at temperatures below 20 K. 

The lower the temperature, the larger are the chances to 

observe these interactions. Lattice vibrations can in 

fact still mask some important physical properties at 

our lowest presently practical temperatures. As the more 

elusive properties began to be studied, new techniques 

had to be developed in order to reach lower temperatures. 

At present there are four primary methods for attaining 

very low temperatures. These methods are: liquid He (LHe ) 

r> 3 
used as a cryogenic material, liquid He-̂  (LHe ) used as a 



cryogenic material, adiabatic demagnetization, and the 

He -He^ dilution cooling process. These methods vary 

in the ultimate low temperature which is attainable, 

the cooling power made available, and the time dependent 

stability and control of the desired temperature. Each 

of these four techniques has its advantages for particular 

uses and its disadvantages for other uses. 

He was first liquified by Kamerlingh Onnes in 1908 

with the boiling point found to be 4.2 K at normal at

mospheric pressure. LHe is useful as a cryogenic fluid 

in cases where a moderately low temperature is desired. 

If temperatures below 4.2 K are desired, the LHe vapor 

pressure can be reduced with either mechanical or dif

fusion pumps. The lowest temperature attained with high 

speed diffusion pumps has been about 0.7 K. The limiting 

4 
factor is the vapor pressure of LHe which decreases 

exponentially with decreasing temperature. This results 

in fewer and fewer gaseous atoms which can be removed from 

above the liquid and thus less and less cooling power is 

available. Also, problems arise when LHe becomes a 

superfluid. This results in a phenomena known as super-

4 
fluid film creep. That is, a film of LHe creeps up the 

walls of the container and encounters regions warm enough 



4 
to vaporize the LHe . This results in an over-abundance 

of gaseous atoms that do not contribute to the cooling 

process but that must still be removed from the system 

by the pump. Despite the disadvantages, LHe is extremely 

useful in producing temperatures routinely on the order 

of IK. 

Sydoriak, Grilly, and Hammel liquified He^ in 1948 

and found the boiling point of LHe-̂  to be 3.2 K at normal 

atmospheric pressure.-'- The temperature can be reduced 

further by pumping on the LHe . The advantage over LHe 

is two-fold. First, the vapor pressure of LHe-̂  is about 

4 
600 times that of LHe at 0.7 K. This results in more 

vapor above the liquid available for the pump to remove, 

thus providing more cooling power. Secondly, LHe does 

not become a superfluid at these temperatures and pressures 

Therefore, superfluid film creep is not present and the 

over-abundance of gas is absent from the system. This 

3 
greatly simplifies procedures because with LHe smaller 

pumps may be used to provide more cooling power and lower 

4 
ultimate temperatures than is practical with LHe . 

Temperatures in the range of 0.2 K have been produced by 

o 3 
pumping on LHe . Special closed cycle LHe refrigerators 

are needed in this case due to the extremely high cost of 
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He-". Consequently, it is not as convenient and cheap to 

use LHe as in the case of LHe^. 

The method of adiabatic demagnetization is capable of 

reaching extremely low temperatures. This method can in 

fact far exceed other methods in reaching the ultimate 

lowest temperature. There are however severe disadvantages 

to this method. The extremely low temperature can be 

attained only for short time-intervals. This results from 

the fact that adiabatic demagnetization is essentially a 

one-shot technique of magnetizing a material, allowing the 

material to come to thermal equilibrium, and then removing 

the magnetic field to allow dipole relaxation and sub

sequent cooling of the material. Adiabatic demagnetization 

is useful in reaching extremely low temperatures but 

since it is a one-shot technique it is not practical for 

extended measurements. However, continuously operating 

units using superconducting switches can be of some use in 

many exp er imen t s. 

The concept of a LHe -LHe mixture being used as a 

cooling process was first proposed by Heinz London in 1951. 

This was proposed as a dramatic macroscopic quantum effect, 

predicting a cooling process that was a direct result of 

the mixing of particles following two different statistical 



thermodynamic laws. With the discovery of a LHe -LHe 

phase separation at low temperatures, London again suggested 

the clear feasibility of a dilution cooling process in 1960.-̂  

In 1962, London went as far as to suggest some experimental 

techniques for building such a refrigerator. 

By the late 1960's, several groups had reported 

construction of dilution type refrigerators. Das reported 

in 1965 a low temperature of 0.22K, but this temperature 

was accessable with a He"̂  refrigerator of proper design.^ 

The first truly successful dilution refrigerators were 

built in 1966 by two independent groups. One of these was 

c. 

Neganov et.al. who obtained a low temperature of 0.025 K." 

The other group was Hall et. al. who obtained a low temperature 

of 0.05K.' At this point the concept was validated. 

Considerable work was then spent in optimizing the per

formance of the various parts of the dilution refrigerator. 

The dilution refrigerator built by Vilches and Wheatley 
o 

achieved a continuous operating temperature of 0.020 K. 

After optimizing their heat exchangers and experimenting 

with a wide variety of geometries and construction materials, 

Vilches and Wheatley constructed a dilution refrigerator 

with a cooling capacity of 1000 ergs/sec which could be 

operated continuously at 0.010 K. It could also be operated 



in a single cycle mode, resulting in a low temperature of 

0.0045 K which could be held for a few minutes. ̂'-̂ ^ This 

design represents the current state of the art in He^-He^ 

dilution refrigerators. Wheatley formed a company called 

the S.H.E. Corporation. S.H.E. now markets a line of 

commercially manufactured dilution refrigerator systems 

and support components. 

The current direction of low temperature solid state 

research in this laboratory is the study of superconducting 

materials in both the bulk state and in thin films. Also 

being initiated are studies of surface wave interactions 

in these materials. Since many superconducting materials 

have transition temperatures that are barely within the 

range of the laboratory's existing He^ refrigerator, it 

was decided to construct a dilution refrigerator. The 

dilution refrigerator fits in nicely as a tool because 

of the low ultimate temperature, the moderately high 

cooling capacity, and the easily varied temperature range. 

The contents of this thesis will be concerned with 

the construction and successful operation of a dilution 

refrigeration system to be used for solid state studies 

in the 12 to 300 mK range. 



He-^-He^ Mixtures 

When a mixture of He^ and He^ was cooled below 0.8 K 

in 1956, Walters and Fairbank found that a phase separation 

occurred.-'-̂  The more dense He settled to the bottom 

3 
while the less dense He formed a layer above. It was 

later determined that the maximum temperature at which a 

phase separation can occur is 0.872 K and the maximum 

concentration of He^ allowable is 66.97o."'"̂  The phase 

diagram for a He -He^ mixture is shown in Figure 1.^^ 

It was also discovered that although there was a 

phase separation, this separation was not complete even 

as the temperature approached zero Kelvin. This finite 

lower solubility of He-̂  in He^ was found to approach a 

limit of about 6.5%. ^^-^^ 

The cooling process may be adequately understood by 

examining the enthalpy of the two phases. From thermody

namics arises the concept that when a material undergoes 

a first order phase transition, the heat of transformation 

is given by the change in enthalpy. For the He -He 

mixture a phase separation has occurred, resulting in a 

near pure layer of He floating above a layer of He^ which 

3 
contains a finite amount of He in it. There is a phase 

3 
boundary between the two liquids. If the He diffuses 



8 

2.2 

2.0 

EH 

H 

1.0 

0 

NORMAL 
REGICN 

1 1 1 1 

0.2 0 . 4 0 . 6 0 . 8 

X - He3 CONGEtTTRATION 

1.0 

FIGURE 1. MIXTURE PHASE DIAGRAM FOR He^-He^ CONCENTRATIONS 



into this lower layer, a first order phase transition 

has occurred. The heat of transformation is thus given 

as the change in enthalpy of those diffused particles. 

The calculation of the enthalpies is somewhat complicated 

by the fact that there are two species of particles present. 

3 

He has an odd number of elementary particles, giving it 

a half integral spin. Half integral particles are governed 

by Fermi-Dirac statistics. He^ has an even number of 

elementary particles,giving it an integral spin. Inte

gral spin particles are governed by Bose-Einstein statis

tics. 

The most successful models have considered the 

dilute phase to consist of an ideal Fermi-gas in a non-

interacting matrix of the Bose condensate superfluid He^. 
3 

The He particles do have a slight interaction with each 

other, however. The system can still be considered an 

ideal Fermi-gas if the mass of the particles m is re-

placed by an effective mass m . The validity of the 

ideal Fermi-gas model has been verified by various measure

ments such as heat capacity behavior and nuclear magnetic 

susceptibility behavior at the low temperatures. 
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The enthalpy of a pure substance, i.e. the con

centrated He-̂  phase, is simply given as''-

H3(T) = fl cO(T)dT, (1) 

where Cp is the specific heat at constant pressure. For 

a liquid, Cp is approximately equal to the specific 

heat at the saturated vapor pressure, therefore the 

above equation may be written simply as 

H§(T) = /J C^(T)dT. (2) 
3 

The enthalpy of the He in the dilute phase is not 
3 

as simple to write. For this case the He is considered 

to be an ideal Fermi-gas as stated above. For an ideal 

Fermi-gas, the specific heat can be written as 
C^ = JL̂  K X C3) 

2 TF 

where Tp is the Fermi temperature and R is the gas constant. 

The Fermi temperature is the maximum temperature at which 

all Fermi energy levels are full. The Fermi temperature 

is related to the associated Fermi energy e-p by 

KgTp = e^ = ti2Kp2/2ni* , (4) 

where Kg is Boltzmann's constant and m is the effective 
mass of the particles. "hK„ is the Fermi momentum of the 

r 

particles. 

In phase space, which is useful in describing quantum 

statistics, the position of a particle is given by six 
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coordinates. These are three space coordinates and three 

momentum coordinates. Because of the uncertainty principle, 

the position in phase space of a particle can only be 

specified as being within a cube of dimension h. That is, 

Apj_Axj>h . 
3 

The cube then has a volume of h . 

For a Fermi-Dirac system, the Pauli exclusion principle 

applies and two particles cannot have the same quantum 

state. In order for two particles to occupy the same 

phase space volume, they must have opposite spins. Since 

3 
the He atom may have either spin up or spin down, two 

3 
particles may occupy the h volume only if they have opposite 

spin 

3 
If a volume h with two particles represents two 

phase space states, then the density of states is given by 

P = 2V/h^. (5) 

Here V represents the volume of the system. 

If the Fermi-Dirac system has all particles with energy 

below the Fermi energy e„, it can also be said that all 

particles have a momentum less than the Fermi momentum 

foCf. Thus, in momentum space, all particles lie within a 

sphere of radius tiKp. The number of particles N is equal 
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to the density of states times the volume of the Fermi 

momentum sphere. 
2V 4 o 

N = - ^ 3 - - J - ^ ^^ % ) • 

N = - ^ . - ^ ^ %^^^ . C 2 i ^ 3 3 

N =-2V A _ ^ % ^ . 
( 2 ^ 3 

(3Tr2 N) 1/3 
Or Kp =?—v-"5 . (6) 

Now one can w r i t e 
t i^^ (3TT2N ) 2 / 3 

KgTp = 2m C V ) (7) 

and 

1" T - t i ^ (3iT^N ) 2 / 3 
^ 2K^m* C V ) . (8) 

B̂ 

N/V can a l s o be w r i t t e n as 

N_ = X ^ (9) 
V V 

m 
where X is the He concentration, N is Avagadro's number 

and V_ is the molar volume of the solution. The Fermi m 
3 

temperature is therefore a function of the He concentra

tion. Equation 9 should be substituted into equation 8 

in order to get 
^F = 1 ^ ^3^^ X NA_)2/3 

2Kgm ( V ) . 
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3 

Now using equation 3, the specific heat of the He 
in the solution can be written as 

"2 C3(X,T) = Cv (X,T) = V R -J-
TF(X). (10) 

The enthalpy of the dilute He^ is written as ̂ 0 

H3D(X,T) = TS3(X,T) + ]i3(X,T), (11) 

where S3(X.T) is the entropy of the He^ and U3(X,T)is 

the molar chemical potential of the He^. The entropy 

can also be written as •'• 

S3(X,T)= fl Cv(X,T) ̂ ^ (̂ 2) 

Therefore, H3D(X,T)=T/5 CV(X.T) dT + y3(X,T). (13) 

Similarly, the concentrated phase enthalpy can be 

written 

H° (T) = T/T C ^ dT + 4 (T) . (14) 

When two phases of a material are in equilibrium, 

one condition that must hold true is that the chemical 

potentials of the two phases must be equal. By using 

this condition, equations 13 and 14 may be rearranged 

and equated to obtain the relation 

RO (T) - T/g C^CT)/T dT = H3o(X,T)-T/JC:zX2LL.T)dT.(15) 
J T 

or 

H3D(X,T)=H5 (T) + T/SVX,T)dT^T;g eSlIi- dT. (16) 
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By substituting for H3(T) from equation 2, the following 

relation is obtained. 
o 

H3j5(X,T)=/g C§(T)dT + T/T Cv(X,T)dT-T/Q ^^^^^^T. (17) 
T 

The cooling power per atom which crosses the phase 

boundary is just the difference between the enthalpy of 

the concentrated phase and the dilute phase. For the 

concentrated phase, the specific heat in the region 6 

22 
to 50 mK has been experimentally approximated by 

C3 s3RT = 25T '^ 
mole K 

This approximation, plus the reported values for X and 

m* of X^O.064 as T-̂ 0 and m*/m->2.4831 ,̂ "̂  results in 

fe^ 9 M 2/3 
TF (X=0.064) = .^—-^ (3̂ 2 X ^ y 

= 0.383 K. 

Tr2 T _ and C^(X=0.064,T)=-^— R _-L_ = 107.2 T. 
TF 

H^Q(X,T) may also be evaluated. 

H3D(X,T)=/^25T dT + T/^107.2 dT - T/^25 dT. 

2 
=94.7 T^ ^ 

mole K' 

The enthalpy of the concentrated phase becomes 

Hc(T)=H3(T)=/5 C°(T)dT. 

=/0 25 T dT. 

=12.5 T2 
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Thus, the difference in enthalpy becomes 

HD(T)-H^(T) = (94.7-12.5)T2. 

= 82.2 T^ J 
mole K^ ' 

3 
Typical flow rates of He for a S.H.E. dilution 

refrigerator have been given in the S.H.E. operation 

manual as 2.8-10"^ to 26-10"^ moles/sec. Also S.H.E. 

suggests a flow rate of about 20*10" moles/sec. in 

the region of 100 mK. Using this value, the theoretical 

cooling capacity becomes 
J 

Q = n 82.2 T2 mole K2 
= 1.64-10-2T2 33^ K2 

= 1.64*10'^ J/sec = 164 y watt 

= 1.64-10^ ̂ ^g/sec. 

This theoretical value may be compared with the 
3 

actual specified cooling power of 10 erg/sec at 100 mK. 

Utilizing an average He flow rate of 10*10 "̂  moles/sec, 

the cooling power becomes 
milliwatt 

Q = 8.2 T^ K2 . 

A plot of this cooling power versus temperature is given 

in Figure 2. 
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The Dilution Refrigerator 

In the section on He-^-He^ mixtures, it was shown 
3 

that as He particles diffuse across the phase boundary, 

a cooling process occurs. In order to construct an 

effective refrigerator based on the dilution process, 

it is necessary to accomplish two primary objectives. 

3 L First, a mixture of He -He^ in the correct proportions 

must be allowed to condense and undergo a phase separation 

This requires that the temperature be below 0.87 K. 

3 
Secondly, the He must be preferentially recycled from 

the dilute phase, recondensed, and then returned to 

the concentrated phase. 

A temperature of about 1 K can easily be obtained 

by pumping on LHe . This temperature is sufficient to 

condense both He and He^ but is insufficient to cause 

a phase separation. He-^-He^ is condensed in a condenser 

which has been cooled by pumping on He . At this point 

the superfluid LHe and the LHe mixture enters a mixing 

3 
chamber. It is next necessary to remove the He from 

the mixing chamber in order to recycle it. This is 

accomplished by means of a still which is connected to 

the mixing chamber with very small capillary tubing. 

The still has also been filled with the He-^-He^ mixture 
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by allowing condensation to occur there also. 

The connecting capillary tubing next fills with the 

superfluid mixture. Heat is applied to the still and 

3 

pumping on the still is begun. At about 0.6 K the He 

boils with a pressure of less than two torr whereas 

the He^ does not boil. The He^ vapor is piimped out of 

the still and back to room temperature components to be 

repressurized for re-condensation. 

Since the temperature of the liquid in the still 

and thus the vapor being pumped from the still has been 

reduced to about 0.6 K, this vapor can be used to precool 

the mixture entering the mixing chamber by heat exchange. 

The method used is to pass the condensed mixture 

through a tube which passes through the still. This cools 

the mixture to about 0.6 K, facilitating the phase separation 

in the mixing chamber. 

After He^ is removed from the still, a depletion 
3 

in the He concentration occurs. Since the minimum 
3 

allowable concentration is 0.064, more He must flow 

from the mixing chamber, through the capillary tube and 

into the still. An osmotic differential pressure has 

3 
been set up across the capillary tube. Also, more He 

particles must now diffuse across the phase boundry in 
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3 

order to replenish the He concentration in the dilute 

phase. 

Once the phase separation has occurred and the dilution 

process has begun, the mixing chamber begins to quickly 

drop in temperature. In practice, the liquid exiting 

the mixing chamber precools the liquid entering the mixing 

chamber through a series of heat exchangers. These heat 

exchangers usually consist of concentric tubes, each 

tube carrying either returning or exiting liquid. It 

3 
is also necessary to reconcentrate the pumped He to 

at least 20 torr. At a condenser temperature a little 

above IK, 20 torr is about the minimum condensing pressure 

for He^. This is easily accomplished by pumping the He 

with high speed pumps at low pressures and using the ex

haust of the pumps to raise the pressure sufficiently. 

In practice it is necessary to keep the various 

sections of the dilution unit full of liquid helium even 

though gravity may try to empty them. To accomplish 

this, various sections of flow impedances are introduced 

into the refrigerator. These consist of extremely small 

capillary tubing which give the desired flow impedances. 

Also, the heat exchanger is usually built in several 

discrete units so that convective instabilities and 



20 
continuous thermal conduction are minimized. Figure 3 

shows a schematic representation of the necessary 

components for a dilution refrigerator system. 
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CHAPTER II 

CONSTRUCTION 

The Dilution Unit 

The dilution refrigeration unit itself is a very 

critical array of capillary tubing, precision machined 

high purity metals and small flow impedances. In order 

to maximize the probability of constructing a working 

dilution refrigerator in a reasonable amount of time, 

a decision was made to buy the unit from the S.H.E. 

Corporation. A model DRP-36 with a special epoxy mixing 

chamber was purchased. 

A 12 kilogauss electromagnet was already present 

in the laboratory in which the dilution refrigerator 

was to be utilized. Therefore it was decided to construct 

the refrigerator in such a way that the mixing chamber 

would be positioned between the pole faces of the mag

net. This space limitation constrained the allowable 

diameter of the dewar and mixing chamber. A similar 

epoxy mixing chamber had been designed by S.H.E. for 

Oslo University which had a similar requirement and was 

found to be ideal for our arrangement. Having the electro

magnet would allow for future magneto-acoustic measurements, 

22 
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critical temperature suppression in superconductors, 

and other possible measurements to be performed at 

very low temperatures. 

The DRP-36 unit as supplied by S.H.E. is specified 

to reach minimum temperatures of 12 mK for continuous 

operation and 5 mK for single-shot short periods. These 

minimum temperatures assume that no heat load is being 

applied to the unit. The unit was also specified to have 

a heat extraction capacity of 1000 erg/sec at 100 mK. 

Figure 4 shows the various parts and dimensions of the 

dilution unit. 

The mixing chamber is also provided with a CMN 

thermometer for future temperature measurements. The 

bottom of the mixing chamber is threaded and has a 

removable epoxy plug. Experiments can be placed either 

inside or outside the chamber. External mounting requires 

a good thermal conductor coldfinger to be installed 

in the epoxy plug. The epoxy plug is designed to be 

sealed in place with a mixture of glycerine and soap. 

The remainder of the dilution unit is of standard 

S.H.E. design and consists of a still and six discrete 

heat exchangers. The appropriate flow impedances and 

connecting capillary tubing are also included. The 
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mixing chamber is supported by a special low thermal 

conductivity epoxy hollow tube. 

In addition to the dilution unit, the following 

components were also purchased from S.H.E.: the copper 

coldplate, the copper thermal shield, the stainless steel 

vacuum flange and vacuum can. These components must 

be fabricated out of large pieces of high quality materials 

and it was felt that the commercial pieces would be of 

better ultimate quality than could be obtained with the 

machining techniques available in this department. 

The copper coldplate acts as a pre-cooler and con-

3 
denser for the recirculated He . It is kept near IK 

by means of pumping on LHe within a hollow internal cavity 

of the coldplate. The cavity remains full of LHe by 

means of a small capillary tube impedance which extends 

from the coldplate, through the vacuum flange and into 

the external LHe4 bath. The capillary tube has a flow 

impedance such that LHe will flow into the coldplate 

but at a slow rate. This allows the cavity to be piomped, 

thereby reducing its temperature to between 1.3 and 1.0 K. 

For convenience this coldplate is referred to as the one 

degree coldplate. The copper thermal shield surrounds the 

dilution unit and is thermally attached to the coldplate. 
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After a length of time of pumping on the coldplate, the 

thermal shield reaches a temperature near IK also. 

The coldplate and thermal shield are mechanically 

attached to the vacuum flange. This flange has several 

access castles in addition to holes for the various pumping 

lines which must pass through to the dilution unit. The 

vacuum can is attached to the vacuum flange by means of 

a 1/16" Indium o-ring and held in place by twelve stain

less steel, 4-40 alien head screws. 

The Cryostat 

It was necessary to build a cryostat assembly to 

support the vacuum can and internal components. The 

requirements for such a cryostat included adequate physical 

strength, low thermal conductivity, and low gas flow 

impedance for the pumping lines. Thin wall stainless 

steel tubing was chosen for the pumping lines. The lines 

were designed such that they were as large as possible 

near the top or room temperature end of the cryostat and 

were as small as possible at the vacuum flange end. In 

order to accomplish this, the lines were reduced to smaller 

diameters in incremental steps along the length of the lines 

Figure 5 shows the manner in which this was accomplished. 
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By means of this incremental decrease in diameter a 

compromise was attained between the thermal conductivity 

of the pipes and the flow impedance of the pipes. 

The top plate of the cryostat was machined from 

a 0.5" thick brass plate. The various pumping line ports 

and connections were fabricated from copper pipe and 

brass flanges and silver soldered onto the plate. The 

flanges were built to mate with other flanges on the 

external pumping lines and quick connect-disconnect collars 

were machined to couple the flanges together. Seals were 

made with neoprene o-rings. 

In order to align the cryostat pieces before assembly, 

a jig was built out of angle iron and aluminijm rings for 

centering and aligning all of the pipes and flanges. Since 

the cryostat and dilution unit was to be approximately 

two meters in total length and was to fit into a dewar 

with only a 0.5 cm clearance, it was extremely important 

to align all of the cryostat parts before permanently 

connecting them together. 

Brass pieces were machined to serve as couplers 

between the different size pipes. The pieces were assembled 

in the jig and an alignment process was performed by means 

of bubble levels for the plate and flange and by means of 
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plump-bob for the vertical pipes. After alignment, the 

entire assembly was soldered together using non-corrosive 

Eutec-Rod silver solder. Since the large brass plate 

could no longer conveniently be heated to silver solder 

temperature, the pipes were soft soldered at that point. 

Also included in each pipe was a radiation shield 

fabricated from brass rods and copper semi-circles. These 

along with other cryostat details may be seen in Figure 5. 

In order to protect the cryostat wiring for the 

heaters and thermometers, a 0.5 cm diameter thin wall 

stainless steel pipe connected the vacuum flange to the 

top plate. At the top plate, a 24 pin connector was 

mounted. Appropriate wiring, as described in a later 

section, was passed through the 0.5 cm tube and each 

wire was soldered to one pin in the connector. Stycast 

epoxy was used to seal the upper end of the tube 

where the wires exited. In this manner the tube can 

have a high vacuum in it because it has become an ex

tension of the vacuum can. The feedthrough seal was thus 

made at a room temperature point. This minimizes the like

lihood of an eventual leak at the feedthrough. 
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The Gas Handling System 

The gas handling system (GHS) for a dilution refrigerator 

consists of four main sections. These sections are: the 

3 3 4 

He recirculation and the He -He storage section, the 

vacuum can high vacuum system, the coldplate pumping 

section, and the auxiliary pump and purge section. These 

sections result in a large collection of pumps, pipes, 

gauges and valves. After careful consideration, it was 

felt that a design in which pumps, valves and plumbing 

comprised a unit that was as mechanically isolated from 

the dilution unit as possible would provide the most 

efficient and versatile system. 

S.H.E. offers a complete, versatile GHS in the form 

of a large panel with valves mounted on the front and 

with the pumps in the rear. This unit is then mounted 

on the floor a short distance from and adjacent to the 

dilution unit. It was decided to use a similar design 

as a basis for this construction but with modifications 

to allow for the utilization of easily available equipment. 
3 

The He pumping section begins with a specially 

sealed Welch 1402, 140 liters/minute mechanical pump in 

conjunction with a CVC KS-200,4",300 liters/sec diffusion 

pump. A Veeco bronze wool oil trap was placed on the 
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exhaust of the mechanical pump. Above the diffusion 

pump, a 7.5 cm diameter bellows sealed valve was mounted. 

A helical cold trap, as shown in Figure 6, was con

structed in order to have a low flow impedance and yet 

effectively isolate the pumping oil from the refrigerator. 

3 

A 5 cm diameter line was used to connect the He pumps 

to the cryostat. A section of bellows was placed in 

the line to damp out vibrations. These and other details 

of the GHS may be seen in Figure 7. 

In order to assure that no pump oil and no air or 

moisture would get into the dilution unit, a liquid 

nitrogen two stage trap was purchased from S.H.E. The 

first stage is filled with v/ire screen for trapping oil. 

The second stage is filled with a molecular sieve material 

which will not pass air molecules at LN2 temperature. 

The molecular sieve can be outgassed with a heat gun 

before each operation. 

The two storage tanks were chosen to be of 34.4 

liter capacity and were purchased from S.H.E. Two tanks 

were used in order that one might serve as a working 

storage tank and the other as a safety volume. Also at 
3 

some future time it may be desirable to separate the He 
4 

from the He , for a variety of reasons, and having two tanks 
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will greatly facilitate this. A safety pressure relief 

valve was installed between the mechanical pump and 

the dual coldtrap such that if the traps or dilution unit 

became plugged the gas would be diverted into the safety 

volume. 

A Wallace and Tiernan differential pressure gauge 

was installed across the dual coldtraps for monitoring 

the pressure drop across them. In the event that the 

traps became plugged, the differential pressure gauge 

would indicate the problem. Two Wallace and Tiernan 

3 

absolute pressure gauges were installed in the He con

denser line for monitoring the condensation pressure. 

One had a range of 0-800 torr and the other a range of 

0-50 torr. A Hastings mass flowmeter was used in the con

denser line to monitor the rate of gas condensation. 

The high vacuum section consists of a Welch mechanical 

pijmp in series with a Consolidated Electrodynamics,PMC 720, 

6" diffusion pump. A coaxial liquid nitrogen coldtrap 

was mounted above the diffusion pump. An NRC ion 

gauge was installed above the diffusion pump. Copper pipe 

with a diameter of 2.5 cm was used to connect the pumps 

to the cryostat. A bellows sealed valve was placed just 

after the diffusion pump and also near the cryostat in 

order to allow cryopumping of the vacuum can to occur. 
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A section of bellows was included to help damp out vibra

tions . 

The coldplate pump was a large Welch, 425 liter/minute 

mechanical pump and was connected to the cryostat with 

2.5 cm diameter copper pipe. Since the coldplate pump 

requirement is for high speed rather than high volume, 

a modified water valve utilizing o-rings was used be

tween the pump and the cryostat. A Wallace and Tiernan 

0-50 torr gauge was connected to the pumping line to 

monitor the vapor pressure and thus the temperature 

of the coldplate. 

The purging section consists of two simple pressure-

vacû am gauges and five ports. Also included are two 

needle valves and five bellows valves. This section is 

used only for introducing gases such as nitrogen and helium 

into the GHS in order to flush and purge the system. 

Auxiliary pumps may also be connected at this point. 

In general, the plumbing of the GHS consisted of 

copper pipes or tubing and were either soldered together 

in the case of 1.25 cm and larger pipes or were connected 

with Swagelok fittings in the case of 0.6 cm tubing. 

For 0.6 cm diameter tubing Nupro B-4H bellows sealed 

valves were used. For 1.2 and 2.5 cm diameter pipes, 



36 

forged brass Veeco bellows sealed valves were utilized. 

In several sections, needle valves were desirable. In 

such cases, bellows sealed valves were used in series 

with the needle valves for positive shutoff if the valve 

should be in a critical section. 

As shown in Figure 7, several thermocouple gauges 

were used for monitoring the pressures in various sections 

of the system. In the case of measuring the coldplate 

pijmp pressure and the high vacuiim can forepump pressure, 

NRC thermocouple gauges were used and were monitored 

by an NRC 831 vacuum gauge unit. The high vacuum ion 

gauge was also monitored on this unit. In other sections, 

Hastings current adjustable gauges were used and monitored 

on a Hastings Model GV-3S gauge unit. 

A flowchart is diagrammed on the front face of the 

GHS panel with color coded lines. This gives a schematic 

representation of the components and plumbing which are 

behind the panel. Red lines represent any section in 

3 

which He should be present. Yellow lines represent any 

section pertaining to either high vacuum, coldplate pumping, 

or auxiliary gas handling. It is hoped that the color 
3 

coding will aid in the prevention of inadvertant He 
loss by means of opening the wrong valve. 
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An important observation can be made concerning the 

complexity of the system. At first glance the system 

seems formidable, but in actuality the working path of 

i_ 3 

the He gas flow is fairly simple. This will be shown 

in a later section on the operation of the refrigerator. 

The GHS was designed to allow the greatest flexibility 

in capabilities. Many valves are somewhat redundant 

or seldom used but the net effect is that it is always 

possible to get the gas to where it is needed with the 

desired direction of flow. 

Power Supplies and Controls for Pumps 

The pumps are switched on and off by means of a 

centralized control unit. As may be seen in Figure 8, 

low voltage relays are used to switch the 120 V.A.C. 

and 240 VA.C. supplying the mechanical and diffusion 

pumps. Power for the low voltage relays is obtained 

from a 28 V.D.C. power supply which has a 24 volt 

lead-acid storage battery back-up supply. A relay is 

installed which will switch to the battery if the power 

should fail. 

Provision is made for protection devices to be in

stalled at a later time in the control unit. This would 
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result in turning off the diffusion pumps but leaving 

the mechanical pumps running if either the power, the 

water supply, or the diffusion pump temperature regulation 

failed. In any of the above situations, a relay would 

open and disconnect power from the diffusion pumps. 

Power would not be reconnected to those pumps until the 

relay was manually reset. 

Temperature Measurement and Control 

In order for the dilution refrigerator to operate 

properly, it is necessary to monitor the temperature 

at several crucial points in the unit. These points 

are the coldplate, the still, the sixth step heat 

exchanger, and the mixing chamber. At each of these 

points, with exception of the mixing chamber, the 

temperature measurements are diagnostic in nature rather 

than absolute. 

To monitor these temperatures, carbon resistors 

were installed to serve as thermometers. Carbon resistors 

are found to increase in resistance as the temperature 

is reduced. Resistors of appropriate characteristics 

were chosen to comply with the brand and room temperature 

resistance of the resistors utilized on S.H.E.'s complete 
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commercial refrigerator system. The following resistors 

were used: a 270 ohm Allen-Bradley on the coldplate, a 

270 ohm Allen-Bradley on the still, a 150 ohm Speer on 

the heat exchanger, and a 150 ohm Speer in the mixing 

chamber. Because of the differences in commercial 

manufacturing techniques, it has been found that Allen-Bradley 

resistors increase in resistance with a decrease in 

temperature much quicker than Speer resistors. Thus 

the Speer resistor is more suited for the very low 

temperature measurements. 

Since the temperature is a critical measurement 

in the mixing chamber, a germanium resistance 

thermometer (GRT) was installed inside as the primary 

thermometer. The GRT was purchased from Lakeshore 

Cryotronics and had been calibrated by that company 

down to a temperature of 30 mK. The carbon resistance 

thermometer (CRT) and the GRT are mounted inside of 

the mixing chamber in order to minimize temperature 

gradients that can be caused by the Kapitza boundary 

resistance when the thermometers are mounted on the 

outside of the mixing chamber. All other CRT's are 

attached to their respective positions with Stycast 

2850 high thermal conductivity epoxy. 



41 

In order to measure the resistances of the thermo

meters, it is necessary to pass a known current through 

them. This current must be kept very small to avoid 

excessive joule heating in order to avoid heating the 

different sections of the dilution unit. The necessity 

for this is easily seen if one considers the refrigeration 

capacity of 1000 ergs/sec at 100 mK. The 1000 ergs/sec 

corresponds to 10"^ watts, thus 100 microwatts would 

totally over-run the refrigeration capacity of the 

dilution unit. At lower temperatures, the refrigeration 

capacity is even less and in order to not heat the system, 

very low power dissipating resistance thermometers must 

be used. 

For this purpose, a picowatt Potentiometric Conductance 

Bridge (PCB) was purchased from S.H.E. This unit uses a 

low frequency A.C. bridge circuit to monitor the conductance 

of the thermometers. The excitation voltage is variable 

from 10 to 300 microvolts and displays the conductance 

digitally with a choice of four ranges. These ranges 

are .2,2,20, and 200 mMho full scale. The bridge uses 

the four wire method to simultaneously monitor both the 

current through the resistor and the voltage drop across 

it. This method eliminates lead resistance effects. 
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In practice, the excitation voltage is lowered until no 

change is observed in the displayed conductance. This 

indicates the absence of joule heating in the resistor. 

The mixing chamber GRT was connected in a regular 

four-wire configuration for high accuracy. The mixing 

chamber CRT and the heat exchanger CRT were connected 

in a three wire configuration with the low impedance of 

the metallic cryostat serving as the third wire. The 

still resistor and the coldplate resistor were connected 

in a two wire configuration with the cryostat again 

acting as one wire. 

An interface was designed and constructed to select 

which resistor thermometer is connected to the PCB at 

any one time. Shielded wire was used throughout the 

control unit in order to minimize induced electrical 

noise which could cause heating in the thermometers. 

Details of the control unit may be seen in Figure 9. 

When connecting the wiring from the room temperature 

plate of the cryostat to the mixing chamber, it is very 

important to limit thermal conduction. If this is not 

done, the heat conducted through the wires to the mixing 

chamber can be greater than the refrigeration capacity. 

Sixteen 36 gauge copper wires were utilized in the wiring 
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conduit and terminated on the inside of the vacuum flange. 

The method of termination was to drill sixteen holes in 

a small strip of plexiglas, through which short lengths 

of heavier bare copper wire were inserted. The conduit 

wires were each soldered to one end of the bare wires. 

A spot of Stycast was placed at the end of the conduit 

in order to thermally ground the wires to the 4.2 K flange. 

In order to further minimize heat flow, 38 gauge 

manganin wire was used to connect the various resistors 

to the plexiglas termination strip. Care was taken to 

insure that each wire was thermally grounded to the 

coldest section of the dilution unit immediately preceding 

the position of the thermometers. All wires were grounded 

thermally at the coldplate. The heat exchanger thermo

meter wires were thermally grounded at the still. The 

mixing chamber thermometer wires were thermally grounded 

at the still and at the heat exchanger. 

Heaters 

Three heaters are required for proper operation of 

the dilution unit. These are on the coldplate, on the 

still, and in the mixing chamber. Eight 26 gauge copper 

wires were run down the conduit and terminated in a 
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separate plexiglas strip in the same method as that of 

the resistance thermometers. The heaters consist of 

coils of 38 gauge manganin wire wound such that their 

room temperature resistances are approximately 200 ohms 

and their resistances at 4.2 K are about 160 ohms. Manganin's 

resistivity is relatively constant below 4.2 K. There

fore, the resistance of the heaters does not change 

significantly as the temperature is lowered. 

The three heaters were connected with manganin 

wire to the heater plexiglas strip. Again, the wires 

were thermally grounded at the various points as were 

the resistance thermometers. The mixing chamber heater 

was wired in the four wire configuration. The cold

plate and still heaters were wired in the two wire 

configuration. 

The mixing chamber heater's purpose is to control 

the temperature of the chamber and to accurately apply 

measurable power for determining the refrigeration capacity 

at various temperatures. The coldplate heater is used 

to help p\imp out He exchange gas from the vacuum can 

by slightly raising its temperature. The still heater 

is used to distill off He which in turn is recirculated. 
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A battery powered electrical supply for the heaters 

was designed and constructed. It was mounted in the 

same cabinet as the resistance thermometer control unit. 

Control potentiometers and ammeters were selected based 

upon the heater powers as recommended by S.H.E. for 

the dilution unit. Details of the heater power supplies 

may be seen in Figure 10. 
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CHAPTER III 

OPERATION OF THE REFRIGERATOR 

The Initial He^-He^ Charge 

After the GHS was constructed and leak checked, it 

was necessary to place the He^-He^ mixture in the storage 
3 

tank. The He section of the GHS was evacuated by 

pumping with an external pump for several hours. Because 

of the large volume of the storage tank, the system 

could only be evacuated to about 0.5 torr. 

In order to determine the necessary amounts of He"̂  

and He , it was necessary to determine the liquid volume 

of the dilution unit and the gas volume of the recircu

lation system. S.H.E. had tabulated the various volumes 

of the dilution unit and a typical recycling system. Using 

these volumes, S.H.E. also recommended beginning operation 

4 3 

with one mole of He and 1/3 mole of He . 

In order to determine the amounts of gas put into 

the storage system, the volume of the storage system must 

be known. The storage tank has a volume of 34.4 liters. 
3 

The volumes of the back side of the He mechanical pump, 
the cold traps, the two Wallace and Tiernan gauges, and 

the interconnecting pipes had to be determined indirectly. 

48 
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To evaluate these volumes, the evacuated storage tank 

was sealed off. He was then introduced into the handling 

system until the internal pressure rose to P-, . The storage 

tank was opened to the system and the internal pressure 

fell to P2. For a fixed amount of gas at a fixed temperature 

the following relation may be utilized. 

P^Vi = P2V2. 

V2 is just the volume of the system plus the tank. 

PlVi = PaCVi+Vtank)-

Thus, 

Vi =(P2/(Pl-P2))Vtank-

When this procedure was carried out, Vi, the system volume, 

was determined to be 

Vi = 3.76 liters. 

Therefore the volume of the tank plus the He^ handling 

system is 

V = 38.2 liters. 

It is recommended in the S.H.E. manual that an excess 

of He*̂  is desirable for first trials. More He can be 

added if necessary at a later time. Because of this 

suggestion, it was decided to add only about 0.8 moles 

of He initially. There are 22.4 liters/mole of gas at 

STP. Thus, 0.8 moles has a volume of 17.9 liters at STP. 



50 
Again using the relation 

PlVi=P2V2, 

it is easily determined that a pressure of 356 torr of 

gas is needed in the tank plus handling system volume. 

In actual practice, 365 torr of He^ was added. 

In a similar fashion, 1/3 mole of He^ corresponds 

to a pressure of 148 torr in the tank plus handling system. 

This results in a total pressure for He^+He^ of 513 torr. 

The purchased storage bottle of He^ when admitted to the 

system was found to contain slightly less than 1/3 mole. 

Therefore the total pressure rose only to 490 torr. This 

was deemed tolerable since the He^-He^ ratio has been found 

to be changeable over a relatively wide range. This mix

ture was then pijmped into the storage tank with the He^ 

mechanical pump and sealed off. 

Preparing for a Run 

Before making a run, the cryostat and vacuum can 

assembly must be checked for leaks and sealed adequately. 

The first step is to place the desired experimental 

setup inside the mixing chamber and then solder the 

lead wires to the feedthroughs in the end of the epoxy 

cap. The epoxy chamber was designed to be sealed with 
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a glycerine-soap mixture. After repeated failures of 

this type of seal, it was decided to dip the end of the 

mixing chamber in Stycast epoxy and let this cure over

night. The Stycast may later be removed with Stycast 

Epoxy Solvent which will not rapidly attack the epoxy 

mixing chamber. 

The next step is to place the upper half of the 

IK thermal shield onto the coldplate and attach it with 

six 4-40 brass screws. Dow Corning silicone vacuum grease 

is spread between and around the connection area to 

thermally connect the shield to the coldplate. The 

lower section of the shield is attached to the upper shield 

section with three 4-40 screws with silicone grease again 

used. The cap on the end of the shield may then be re

moved so that a person can look up into the shield and 

view the mixing chamber. 

The mixing chamber is next aligned coaxially with 

the shield in order to avoid any physical contact between 

them which would result in a thermal conduction between 

the two. This is accomplished with four stainless steel 

centering screws which pass through the upper section of 

the shield and exert perpendicular pressures on the still. 

The four screws are adjusted until the mixing chamber is 
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centered within the shield. Care should also be taken 

to assure that no wires are touching the thermal shield. 

After alignment, the shield endcap is reconnected with two 

0-80 screws with a layer of silicone grease between the 

endcap and the shield. A very thin square of delrin low 

thermal conductivity material is attached to the shield 

to insure that the copper shield does not touch the vacuum 

can when it is installed. 

One word of precautionary advice is necessary here. 

If the shield is not perfectly coaxial with the vacuum 

can when it is installed, the long lever arm will allow 

very large stresses to be put on the pipes which lead 

from the coldplate to the vacuum flange. For this 

reason it is advisable to leave some play in the joint 

between the upper and lower sections of the shield. This 

is accomplished by leaving a slight amount of play in 

the three connecting screws when they are tightened. 

One must be careful, however, to not leave enough play such 

that the mixing chamber could touch the shield when the 

shield is tilted. 

At this point the dilution unit and cryostat may be 

leak checked at room temperature. The points to check 

are the coldplate and tubing, the still and tubing, the 

condenser lines, and the upper cryostat. Also verify 
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that the coldplate is clear of any obstructions by 

attaching the mass spectrometer leak detector to the 

pumping line and spraying the He^ bath inlet with helium 

and verifying by the leak detector that helium has passed 

through. Likewise attach the leak detector to the still 

pumping line and spray helium into the condenser line. 

If all of the impedances are clear, a leak indication 

should result. This test requires one to two minutes 

for the helium to diffuse through all of the associated 

capillary tubing and impedances. 

Next the thermometers may be checked by attaching 

the wiring connector to the cryostat connector and moni

toring the conductance on the PCB. Typical readings at 

room temperature for CRT's 1, 2, 3, and 4 respectively 

are 6.400, 6.670, 3.530, and 3.515 mMho. The room 

temperature conductance may change up to 0.020 mMho 

after temperature cycling the thermometers. 

The GRT cannot be read on the PCB at room temperature 

because its resistance is too low. A DVM may be used to 

measure the GRT plus lead resistances at the cryostat 

lead connector. There are four wires and between any 

two the resistance should be about 80 ohms. 
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The heaters may be checked by verifying that an electic 

current will flow through them as monitored on the heater 

power supply ammeters. The mixing chamber heater current 

must be monitored on a DVM since no panel meter is included 

for it. 

After all of the above measurements have been completed, 

the vacuum can is attached to the vacuum flange. The seal 

is made with 1/16" Indium wire which is wrapped around 

the flange lip and cut so that the ends overlap by about 

1/16". The can is tightened by means of 12, 4-40 stainless 

steel alien head screws. The screws should be tightened 

in an alternating pattern with a two inch long alien 

wrench. Only moderate torques should be applied to 

avoid excessive stresses. The vacuum can may then be leak 

checked with the mass spectrometer leak detector by 

spraying helium around all crucial areas. 

The cryostat is next placed into the dewar assembly 

and coupled to the GHS pumping lines with the quick 

connect collars. 

The vacuum can is evacuated in the usual manner by 

use of a forepump and then a diffusion pump. After a few 

hours of pumping with the coldtrap filled, the pressure at 

the pump should read about 2*10"^ torr if there are no 
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leaks in the system. 

The coldplate, condenser, and still lines may then 

be evacuated. The coldplate is pumped with its own 

mechanical pump and should reach at least 0.2 torr. 

The modified water valve normally limits the lower value 

of this pressure to 0.2 torr. The still and condenser 

lines are evacuated with an external mechanical pump to 

a pressure of 0.5 torr or less before opening them to 

3 

the He system. 

After the still has been pumped to a pressure of 

less than 0.5 torr, it may be pumped more with the He^ 

mechanical pump. It should reach a pressure of about 

0.01 to 0.02 torr if there are no leaks in the system. 

The condenser line only requires a lower pressure value 

of 0.5 torr. 

At this time the dual cold trap should be outgassed. 

This is accomplished by pumping on the trap with an external 

mechanical pump. The molecular sieve section only is 

heated to about 200 C. with a heat gun. Any trapped 

gases are liberated and pumped out of the system. Care 

must be taken not to heat the bronze wool section or the 

trapped oil may decompose and ruin the molecular sieve 

material. After the trap has cooled to room temperature, 

the external pump can be disconnected. 
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After the different sections have been checked, the 

vacuum can diffusion pump is turned off and allowed to cool. 

4 
Afterwards, about 0.5 torr of He gas is admitted to the 

vacuiim can which is then sealed from the pump. This 

serves as a thermal exchange gas for cooling. LN^ is 

then placed in the outer section of the dewar. After 

18-24 hours, the cryostat and dilution unit will be near 

LN2 temperature (77K). Typical values of the CRT's 

1,2,3, and 4 are respectively 5.215, 5.325, 2.745, and 

2.680 mMho. 

The vacuum can diffusion pump is turned back on 

after the exchange gas has been removed by the mechanical 

pump. If the can is not leaking, the pressure should 

-6 quickly move into the 10" torr region. After checkout, 

the pump is turned off, cooled, and about 0.2 torr of 

heliiom exchange gas is added to the vacuum can. If the 

valve between the vacuum can mechanical and diffusion 

pumps is now closed, the pressure can be monitored on 

the Hastings pressure gauge HI. In this way it is 

possible to watch for large leaks that may occur as 

the can is cooled further. 

At this time, it is desirable to clean the He^-He^ 

mixture by circulating it through the dual coldtrap which 
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is now in a LN2 bath. Circulation should be slow enough 

to allow the gas sufficient time in the trap for it to 

come to thermal equilibrium with the trap. Any con

tained moisture or air will condense and be trapped 

in the molecular sieve. The recirculation rate should 

be such that the differential pressure gauge across 

the traps has a reading of about 20 inches of water. 

4 
The LHe Transfer 

4 
If no problems have arisen at this point, the LHe 

bath transfer may begin. In order to facilitate the 

LHe transfer, a short section of tubing is taped to 

the cryostat dewar section of the transfer line. This 

tubing should be long enough so that it will extend a 

bit below the vacuum flange. This will minimize the 

thermal shock to the cryostat and will result in a 

more efficient transfer of LHe . 

The LHe transport dewar must be placed on an 

adjustable laboratory lift so that it may be adjusted 

to the correct height. The best position for the dewar 

and lift is in front of the GHS panel and adjacent to 

the magnet. 



The LHe transfer should proceed very slowly to 

avoid thermal shocks and to conserve LHe . A typical 

transfer takes about one hour. When 30 liters of LHe^ 

have been transferred, the liquid level rises to about 

nine inches above the vacuum flange. To monitor the 

temperature it is best to use the GRT which can be 

measured on the PCB shortly after transfer begins. 

Typical conductances at 4.2K for the CRT's 1, 2, 3, 

and 4 are respectively 0.300, 0.300, 0.100, and 0.100 

mMho. The LHe level may also be monitored with a car

bon resistor which has been mounted six inches above 

the vacuum flange. Its resistance at 290K is 280 ohms, 

at 77 K is 350 ohms, and at 4.2 K is 10,500 ohms. 

For an absolute measurement of the LHe level, a 

standard vibrating membrane level detector tube can be 

inserted through one of the cryostat top plate ports 

and lowered until the position of the liquid surface 

is determined. 

4 

Throughout the LHe transfer, the vacuum can pres

sure should be monitored. Beginning with a pressure 

of 0.2 torr of exchange gas at 77 K the pressure should 

fall to about 0.09 torr during the transfer. Any large 

leaks in the vacuum can will manifest themselves in 

58 
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an increase of this pressure. 

Operating the Dilution Unit 

After the transfer is complete, the exchange gas 

must be removed from the vacu\im can with the mechanical 

pump. After the pressure has fallen below 0.5 torr, 

the diffusion pump can be turned on. If very low 

temperatures are to be attempted, it is best to bake 

the He out of the coldplate and thermal shield. This 

is accomplished by utilizing the heater on the coldplate 

to warm it to about 10 K. This corresponds to a decrease 

in the value of the coldplate resistor of several hundred 

ohms. This resistor has not been calibrated, therefore 

no definite 10 K resistance value can be given for it. 

The bake out should continue for about 1 to 1% hours. 

At this point the vacuum can should be closed off 

from the vacuum system unless a small leak is indicated. 

A sealed vacuum can will cryopump resulting in the dilution 

refrigerator reaching a lower temperature than when the 

can is continuously pumped. 

Next, the coldplate mechanical pump should be turned 

on. LHe enters the coldplate from the bath and the pumped 

liquid quickly cools the coldplate and thermal shield to 
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near 1 K. The pumping pressure may be monitored on the 

0-50 torr Wallace and Tiernan gauge connected to the 

pumping line. This pressure may not however be 

representative of the coldplate temperature. A con

siderable flow impedance and thus pressure drop occurs 

in the pumping lines near the coldplate. Thus, the 

pressure in the pumping line may be lower than that 

in the coldplate. A typical reading for the coldplate 

CRT is 0.0500 mMho when it is at 1 K. 

After the 1 K section has stabilized in temperature, 

3 4 
the He-̂ -He mixture may be admitted into the refrigerator 

for condensation. The mixture is admitted simultaneously 

to both the condenser and the still. If left to 

condense at its own rate, the mixture will be totally 

condensed after one to two hours. The storage tank will 

drop in pressure to below 10 torr when the condenser 

and still are filled with the liquid mixture. 

To speed up condensation, the mixture can be pumped 

from the storage tank and admitted to the condenser and 

still at a higher pressure. This must be done with care 

to avoid an exit pressure in excess of 760 torr on the 

He pump. The pump seals may be damaged if the back 

pressure exceeds 760 torr. Condensation at this higher 
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pressure will be much more rapid and will take from 

% to 1 hour. See Figure 11 for a flow diagram of this 

procedure. 

3 

Recirculation of the He may next begin. The flow 

arrangement is set up as shown in Figure 12. The 

object is to piomp the He^ from the still, repressurize 

it with the mechanical pump, and recondense it in the 

condenser. At first the diffusion pump is bypassed by 

using valve number 34. The valve should be opened only 

slightly and quickly closed if the piamp backpressure 

exceeds 760 torr. Eventually the valve can be opened 

fully. When the still pressure drops below 0.5 torr, 
3 

turn on the evacuated He diffusion pump and place it in 

the gas flow system. The still pressure should drop 

below 0.03 torr while the condensing pressure remains 

high, in the range of 50-250 torr. 

The still heater may now be turned on and the 

current adjusted to approximately 3 ma. This corres

ponds to a heater power of about 2 milliwatts. The 

dilution refrigerator should now begin to cool rapidly, 

reaching a temperature of 20 mK within about two hours. 

Cooling from 20 mK to the minimum of 12 mK will take 

considerably longer. In this range it may become necessary 



62 

e 17 
-> TO CONEENSER 

37 

^ 
^ T O STILL 

e 42 

STORAGE 

TANK 

22 

COLDTRAPS 

IHOSE VALVES SHCWN ARE 
OPEN. ALL OTHERS ARE CLOSED. 

/V 

i 
He3 

MBCH?Ĵ ICAL 
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to alter the still heater power in order to find the 

optimum cooling rate. 

To obtain the lowest temperature possible with the 

dilution unit, the refrigerator must be single cycled. 

That is, the condensing line must be closed. This 

eliminates the heat load that the returning recondensed 

3 

LHe adds to the mixing chamber. The mixing chamber 

will continue to cool until its supply of LHe is depleted 

The temperature should drop several mK below the lowest 

temperature attainable in the continuous recycling mode. 

The temperature in the mixing chamber may be altered 

by either changing the still heater power or by applying 

power to the mixing chamber heater. The power required 

to heat the mixer varies with the refrigeration capacity 

of the refrigerator which in turn is dependent on the 

temperature of the mixing chamber. 

The actual cooling capacity can also be measured 

by applying power to the mixing chamber heater. The 

power is noted at which the cooling process can be 

overcome and the temperature stabilized. 

The nine inches of LHe in the dewar should be 

sufficient for 3-4 hours of continuous operation. The 

LHe bath should be replenished before the level drops 
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below the level of the LHe inlet on the vacuum flange. 

The temperature in the mixing chamber will rise as more 

LHe^ is added to the dewar. This is a result of vibrations 

and can be held to a minimum if care is exhibited during 
4 

the second LHe transfer. 
3 

In order to terminate operation, the gaseous He 
4 

and He must be stored in the storage tank. This is 

accomplished by opening both sides of the dilution unit 

to the mechanical pump, which is exhausted into the 

storage tank. The coldplate mechanical pump is next 

turned off. As the LHe boils off, the helium mixture 

in the refrigerator will be pumped out and stored in the 

tank. Continue pumping until the thermometers indicate 

that the refrigerator is totally above 4.2 K. The pumping 

should not continue for much longer than necessary or 

the pump oil might backstream, possibly causing a blockage 

in the capillary tubing. After all of the mixture is 

pumped out, the GHS can be sealed off from the cryostat. 

He^ exchange gas can then be added to the vacuum can to 

aid in warmup. The cryostat should not be removed until 

it has warmed to room temperature. If it should be 

removed cold, moisture might condense in the capillary 

tubing. 



Further details on the operation and trouble-shooting" 

of the dilution refrigerator can be found in the S.H.E. 

dilution refrigerator manual. 



CHAPTER IV 

TESTING OF THE DILUTION REFRIGERATOR 

After the dilution refrigerator system was con

structed, a long period of time was spent eliminating 

leaks in the complete cryostat. A wide variety of 

techniques were tried in attempting to seal the leaks 

once they were located. It was finally found that 

about the only way to seal a leak was to resolder it. 

The primary locations of such leaks were in the pipes 

which led from the vacuum flange to the coldplate. 

After it appeared that all leaks were sealed at 

room temperature, LNo was sprayed directly onto the 

various sections while they were attached to the mass 

spectrometer leak detector. As the different leaks 

were found by this method, they were sealed. Eventually, 

the cryostat and dilution assembly checked out to be 

leak proof even after LN2 thermal shocks. 

4 n_ 

Five test runs were made with LHe . In each case 

except the last, a problem was encountered which did not 

allow the refrigerator to operate. For the first two 

runs, only He^ was admitted into the refrigerator. This 

was to insure that the He^ was not inadvertently lost or 

contaminated if the dilution unit or cryostat sprang 
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a large leak. 

The first two runs were hampered by the fact that 

the vacuum can pressure increased tremendously after 

4 
the LHe bath rose above the coldplate inlet. In 

both cases, the cryostat was warmed up and an attempt 

was made to repair the leak. It was suspected that the 

leak was occurring at one of the joints in the coldplate 

piimping line between the vacuum flange and the coldplate 

In the first attempt, the line was sealed with Stycast 

but again the line leaked. In the second attempt, the 

stainless steel line was replaced with a cupro-nickel 

line. The cupro-nickle was much easier to solder, 

resulting in a stronger joint. 

During the third run, the vacuum can again leaked, 

but this time slightly before the LHe^ level reached the 

coldplate inlet. This led to the idea that a smaller 

leak was occurring on one of the access castles on the 

vacuum flange. This run was plagued by several new 

problems. The mixing chamber CRT was not working, the 

GRT was not working, and the dilution unit itself 

developed a blockage when an attempt was made to 

circulate He through the dilution unit. 

The cryostat V7as again warmed to room temperature 
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and removed. Each of the access castles was resoldered 

and Stycast was painted on some crucial areas on the 

inside of the vacuum flange. A section of apparently 

clogged capillary tubing was replaced in the LHe"̂  conden

ser line between the vacuum flange and the coldplate. 

The GRT checked out correctly and no problem could be 

found. The CRT had an intermittent short to ground in 

one of the leads. This problem was corrected. The epoxy 

mixing chamber developed a leak, so the cap was 

epoxied in place. 

During the fourth run, the same vacuum leak was pre

sent and still appeared to be somewhere on the vacuum 

flange. The GRT still did not work and the CRT worked 

intermittently. The dilution unit blockage had been 
3 

eliminated and the gas flowed correctly. The He-* had 

been introduced into the system during run number three 

since no leak had occurred in the actual dilution unit. 

During this run, the He -He mixture condensed to some 

extent but the high pressure in the vacuum can prevented 

total condensation. 

The cryostat was again warmed to room temperature 

and removed. In an attempt to seal the vacuum flange 

leak, Stycast was painted on each of the access castles 
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and around each pipe that entered the flange. A thick 

layer of silicone vacuum grease was painted on top of 

the flange, which would hopefully seal a leak if the 

Stycast happened to pull loose at low temperature. 

It was determined that the manganin wiring running 

from the vacuum flange to the mixing chamber had developed 

several shorts to the cryostat. This had apparently 

happened because of repeated rubbing of the wires against 

a hole in the coldplate through which the wires had been 

run. New wiring was installed. The epoxy plug which 

had been epoxied in place was removed with Stycast sol

vent and the condition of the internal thermometers appeared 

to be good. The plug was then epoxied back into position. 

The fifth run was very successful. The vacuum can 

held its vacuum even after LHe was transferred into the 

dewar. The diffusion pump was turned on and the can 

pumped down to 2-10" torr. Each of the thermometers 

checked out as operational and the dilution unit appeared 

to be clear. 

The coldplate pump was turned on and the temperature 

of the coldplate quickly dropped. The gas mixture was 

allowed into both the still and condenser through the 

dual cold traps. After about thirty minutes, the pressure 



of the gas was about 8 torr. The mixture condensed 

rather rapidly because it was condensed at a higher 

pressure by pumping the gas from the storage tank into 

the refrigerator. The storage tank was closed and the 

3 

He was slowly begun to recirculate from the still 

through the mechanical pump and back to the condenser. 

After a few minutes, the still pressure had dropped 

to 0.5 torr and the diffusion pump was turned on and 

placed in the flow path. The condensing pressure was 

still rather high at about 360 torr. 

After a few minutes, the still pressure had dropped 

to 0.027 torr and the condensing pressure was 110 torr. 

The still heater was turned on and the current adjusted 

to 3 ma. The temperature of the mixing chamber as 

monitored on the GRT began to rapidly decrease. The 

following table shows the conductance of the GRT at 

various times after the still heater was turned on. The 

conductance was converted into the resistance and the 

temperature was determined from the GRT calibration curve. 

Conductance Resistance Temperature time=0 

+13 min. 
15.71-mMho 
8.37 

63.65 ohms 
119 

0.7 K 
0.3 

+24 5.75 174 0.2 

+39 2.51 398 .106 
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As the temperature dropped below 0.7 K, the PCB 

reading became noisy in the fourth digit therefore that 

digit was not recorded. The one significant digit in 

the first three temperature is a result of the accuracy 

with which the GRT calibration curve was drawn. In 

order to gain more accuracy, the calibration curve 

needs to be plotted on a piece of very large graph 

paper. The fourth temperature could be determined 

to three digits because that part of the calibration 

curve is very steep and more resolution is possible. 

Shortly after the 0.106 K temperature was attained, 

the coldplate pump audibly changed its pumping rate. 

The pressure in the coldplate pumping line went down 

in pressure indicating a probable blockage in the 

coldplate inlet impedance. Very quickly, the tempera

ture in all parts of the refrigerator rose to near 

4.2 K. Action had to be quickly taken to pump the 

gas mixture back into the storage tank. The LHe bath 

level was checked and found to be about six inches above 

the vacuum flange. The coldplate inlet had probably 

become plugged with solid air particles floating in the 

bath. Shutdown procedures as described in the operation 

chapter were then followed. 
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It should be noted that the CRT's on the still and 

in the mixing chamber have values much too high for the 

PCB to measure at low temperatures. Shortly after the 

dilution cooling had begun, these resistors had a 

resistance in excess of 150,000 ohms. The PCB is only 

accurate to 50,000 ohms. As the temperature of the dilution 

unit went even lower, the noise in these resistor readings 

was too high to allow even a reasonable reading. 



CHAPTER V 

CONCLUSION 

A versatile He-^-He^ dilution refrigerator system 

has been constructed and tested. The minimum temperature 

attained was about 0.1 K. This is almost a factor of 

four lower than presently attainable in this laboratory. 

There appears to be no inherent reason that the 

refrigerator should not go much lower after a few pro

blems are worked out. 

The most obvious suggestions for future improve

ments are to eliminate the possibility of a future 

coldplate blockage and an improvement in the low temperature 

carbon resistance thermometers. Air can be kept from 

solidifying in the dewar if some work is done to make 

a better seal at the cryostat top plate. This plate 

warped slightly during soldering and as a result, the 

o-ring does not seal properly. The thermometry problems 

can be solved by simply changing the resistors to lower 

values. Resistors in the range of 1-3 ohms at room 

temperature should be adequate. 

As the dilution unit reaches even colder temperatures, 

experimentation with the still power should be carried 

out. This will result in the optimum cooling rate and 
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ied by changing the He-̂ -He ratio. An optimum value 

75 
the lowest temperature. After the carbon resistors are 

replaced, the position of the phase boundary can be 

var: 

should be found. 

After these modifications and variations are per

formed, the dilution refrigerator should be a convenient 

tool in this low temperature laboratory. The attractive 

aspects of this refrigerator include quick sample changes, 

short pump down times, high cooling capacities, low 

temperatures and indefinite running times. 
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