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Cryostats with 1-K-Pot

11.1 Bath Cryostats

11.3 Simple Helium-Bath Cryostats 469
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Fig. 11.16. Vapor pressure of different
cryogenic liquids as a function of tem-
perature (after [574]). The points (•)
indicate the lowest temperatures that
can be achieved in practice with mod-
erate efforts

the exponential relation between vapor pressure and temperature. Therefore,
the evaporation rate, and in turn the cooling power, can hardly be increased
under these conditions.

The use of 3He has two essential advantages over 4He. First, the high
vapor pressure allows temperatures as low as 0.3 K to be reached with modest
pumping systems. Secondly, 3He does not possess the problem created by the
creeping superfluid film, which leads to an unwanted heat transport from
warm to cold parts in 4He evaporation cryostats. However, the cost for 3He
is much higher than for 4He. The first 3He evaporation cryostat was build by
Roberts and Sydoriak in 1954 to measure the vapor pressure and the specific
heat of 3He [575].

Since then, many different types of 3He evaporation cryostats have been
designed, two of which are shown schematically in Fig. 11.17. To precool the
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Fig. 11.17. Schematic illustration of two types of 3He evaporation cryostats for
(a) single shot and (b) continuous operation (After [576])
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3He cryostats

cooling power

11.1 Bath Cryostats
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Cooling power of a 3He cryostat with charcoal absorption pump

11.1 Bath Cryostats
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11.2 Dilution Refrigerators

1951    basic idea suggested by Heinz London

1962 detailed concept worked out by London, Clark, Mendoza

1965 first realization Das, De Bruyn Ouboter, Taconis Tmin = 220 mK

1999    lowest temperature obtained , J.C.  Cousins et al. Tmin = 1.75 mK

History

Heinz London
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occurrence of miscibility gap

but 6.5 % 3He in 4He at T = 0 K 

reason:
zero-point motion weakens binding

stronger binding

as

but:  Fermi energy

max. 6.5%  3He in 4He  at T = 0 K 

Miscibility gap 3He 4He

3He 3He

11.2 Dilution Refrigerators
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principal of cooling by mixing  3He/4He

► transition of 3He into the 4He rich phase

► cooling by „evaporation“ of 3He into 4He quasi vacuum

heat of solubility per Mol:

superfluid 4He

11.2 Dilution Refrigerators
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Fig. 11.20. (a) Scheme of the inner 3He/4He circuit of a dilution refrigerator
After [573]. (b) Design of the dilution unit of a commercial dilution refrigerator [583]

is driven by pumping the still. The still is heated to about 0.7 K to increase
the efficiency of the pumping. Because of its higher vapor pressure, 3He is
predominantly evaporated from the liquid, although the 3He concentration
in the liquid in the still is only about 1%. Once it has been pumped, the 3He
is cleaned outside the cryostat in a nitrogen trap before being returned to the
cryostat. Further cleaning often takes place in a helium trap in the helium
bath. Following this step, the 3He enters the vacuum chamber in a capillary
and is precooled at the 1 K pot.

The pressure of the 3He is maintained sufficiently high by using a flow
impedance before the still so that it condenses. After the still, the 3He is
led into the counterflow heat exchanger that consists, in most systems, of
two different types of heat exchangers (see Sect. 11.4.3). The first one is
called a continuous heat exchanger and is normally made of two tubes that
are arranged with one inside the other in a rather complicated manner so
that the interface between the two is as large as possible. The second heat
exchanger consists of several chambers each of which has a dividing wall with
sintered silver attached to it in order to increase the thermal contact area.

Realisation of 3He/4He cooling cycle continuous heat exchanger

step heat exchanger

11.2 Dilution Refrigerators
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11.2 Dilution Refrigerators

Snell‘s law of refraction

critical angle of total reflection

for liquid helium and copper

fraction of phonons incident within critical angle

► Kaptiza resistance occurs  at any solid-
solid, liquid-solid interface

► particular problematic for liquid helium 
because of the low sound velocity

► helium-copper

Kapitza Resistance － thermal boundary resistance

474 11 Cooling Techniques

This type of heat exchanger is called a step heat exchanger. After passing
through the heat exchangers the 3He enters the mixing chamber. The return
line to the still starts in the mixing chamber below the phase boundary in
the 4He-rich phase. On the way back to the still, the cold mixture again flows
through the heat exchangers and in this way precools the incoming 3He.
Pumping the still results in a concentration gradient and, in turn, to an
osmotic pressure that causes 3He to flow from the mixing chamber to the
still. This is, of course, only possible if 3He atoms cross the phase boundary
in the mixing chamber, which leads to cooling. With this method, typically
base temperatures of about 5 mK can be produced. The lowest temperature
obtained with a dilution refrigerator is 1.5 mK [584].

11.4.3 Problem of the Thermal Boundary Resistance

A special problem in constructing a dilution refrigerator is the enormous
difference in acoustic impedance between liquid helium and solids. This dif-
ference in impedance leads to large thermal resistances at the boundaries
between liquid helium and the metals that are used in the heat exchanger or
in the mixing chamber. This phenomenon is called Kapitza resistance [585].
One can mitigate this problem by enlarging the helium–metal contact in-
terface. Before discussing how this is realized technically, we shall briefly
consider, in the following section, the theoretical background of this effect in
the framework of a simple model.

Kapitza Resistance

In the so-called acoustic mismatch model, which was first introduced by Kha-
latnikov in 1952 [586], the fraction of phonons that can pass from one material
to the other despite the refraction taking place at the contact interface due
to the different acoustic impedances is calculated. A sketch of the situation
at the boundary is shown in Fig. 11.21.

A crucial quantity in these considerations is the critical angle of total
reflection. Using Snell’s law of refraction

αl

αs

Phonon

Liquid He

Solid state

Fig. 11.21. Schematic illustration of
the transition of a phonon from liquid
helium into a solid

transmission coefficient

acoustic impedances

fraction of phonons crossing the interface
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11.2 Dilution Refrigerators

heat flow from liquid to solid (using Debye model)

Kapitza resistance

476 11 Cooling Techniques

Finally, we obtain for the thermal boundary resistance, or Kapitza resistance,
the relation

RK =
A∆T

Q̇
=

15!3!sv3
s

2π2kB
4!!v!

1
T 3

. (11.19)

Whereas the heat flow described by (11.18) is proportional to the interface
area A, the Kapitza resistance RK itself is independent of the area. As shown
in Fig. 11.22, the experimental data obtained in the temperature range be-
tween 20 mK < T < 100 mK are well described by a T−3 dependence. Below
10mK, however, the simple model presented here is not sufficient. In this
temperature range, several additional effects have to be taken into account.
For example, the interaction between the phonons in the metal with the zero-
sound modes in 3He or second-sound modes in 4He have to be considered. In
addition, the discussion given above of the acoustic mismatch model is cer-
tainly too simple to describe the Kapitza resistance in layers of silver sinter
with very small grain sizes, because the wavelengths of the dominant phonons
at low temperatures become larger than the typical dimensions within the
grains. Experimentally, one finds a T−1 dependence for the thermal bound-
ary resistance between metal sinters and pure 3He, and a T−2 dependence
for 3He/4He mixtures and metal sinters.
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Fig. 11.22. Kapitza resistance be-
tween sintered silver powders of dif-
ferent grain sizes (indicated on each
curve) and pure 3He or 3He/4He mix-
tures as a function of temperature.
Note that the product RKT 3 is plot-
ted [587]

At higher temperatures, which are not shown in Fig. 11.22, the Kapitza
resistance RK is significantly lower than expected from the impedance-
mismatch model. This phenomenon is often referred to as anomalous Kapitza
resistance, the origin of which is not fully understood. In this connection, we
remark that the cleanliness of the metal surfaces is important for the absolute
magnitude of the thermal resistance. In general, one finds a reduction of the
Kapitza resistance due to the influence of impurities at the contact surface.

in equilibrium identical heat flow from solid to liquid

net flow in non-equilibrium (       ) 

► good agreement 
with Debye model

► below 20 mK or

Kapitza resistance between pure 3He 
and 3He/4He mixtures and silver sinters 
of different grain sizes

anomalous Kapitza resistance
origin:  TLS, coupling to zero and second 

sound modes, phonon wavelength 
larger than sinter grains 

silver sinter
SEM image
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Cooling power

assuming 100% 3He circulation one finds in equilibrium: 

enthalpy of 3He-rich phaseheat leak and/or
available cooling power

temperature after last heat exchanger

inserting the enthalpies

11.2 Dilution Refrigerators

enthalpy of 3He-dilute phasecirculation rate

enthalpy

mixing chamber temperature
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still power

11.2 Dilution Refrigerators

Temperature and circulation rate dependence of the cooling power

limiting case of vanishing cooling power:

this underlines the importance of the 
heat exchanger quality

► for                                                          ,  

► heat leak determines lowest temperature
circulation rate
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Minimum temperature

► there is no principle limit … it is determined by the heat leak!

► unavoidable heat leak:  viscous friction of 3He

pressure difference along the heat exchanger:

heat leak due to viscous friction

Hagen-Poiseuille law

single shot minimum temperature

11.2 Dilution Refrigerators
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Realizations

Wet Dry 

11.2 Dilution Refrigerators

Pulse tube cooler 

precool system
mixing chamber
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11.2 Dilution Refrigerators

commercial dry 
system with 
rf wiring  
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484 11. Cooling Techniques

rate as expected according to (11.21). The minimum temperature is lower for
the smaller circulation rate because in this case the heat input into the mixing
chamber is less.

In the balance of heat input and cooling power (11.20) we have so far
neglected all heat leaks, except for the incoming warm 3He. Surprisingly,
for a properly designed dilution refrigerator the limiting heat leak is the
viscous friction of the circulated 3He in the heat exchanger. This process
determines the temperature Tex of the 3He leaving the last heat exchanger
and thus the mixing chamber temperature. For laminar mass flow through
the heat exchanger the volume flow rate V̇ of the mixture is determine by
¢p = G¥V̇ . Here ¢p denotes the pressure diÆerence along the heat exchanger
and ¥ represents the viscosity of the mixture. The quantity G depends on the
geometry of the heat exchanger. According to the Hagen–Poiseuille law for a
tube with radius r and length L one has G = 8L/(ºr4). The heat input due
to viscous friction is given by

Q̇visc = V̇ ¢p = G¥V̇ 2 . (11.23)

The relevance of this heat input comes from the enormous viscosity of 3He at
low temperatures. As we have seen in Sect. 3.1, the viscosity is proportional
to T°2 increasing with decreasing temperature until the transition to the
superfluid phase occurs. Close to the transition, the absolute value is compa-
rable to that of honey. It is noteworthy that the temperature rise caused by
the viscous friction is higher for the dilute phase, because it has a much lower
heat capacity than the concentrated phase. At a 3He fraction of 6.4%, the
temperature rise is eight times higher than for pure 3He. For compensation
the dilute phase flows through a heat exchanger that has a correspondingly
larger cross section. (see Fig. 11.23 and Fig. 11.24).

11.5 Pomeranchuk Cooling

In 1950 Pomeranchuk suggested that very low temperatures could be ob-
tained by solidification of 3He [591]. At that time 3He was available only
in very small quantities and had just been liquified for the first time. For
many years very little attention was paid to Pomeranchuk’s idea and it took
15 years until the first successful experimental demonstration by Anufriev
[592].

Well-designed Pomeranchuk cells work at temperatures below 300mK
and reach a minimum temperature of about 1 mK. This cooling technique
was important mainly between 1965 and 1975, because the development of
dilution refrigerators had not yet evolved su±ciently. Today, Pomeranchuk
cells are very rarely used and are not available commercially.

► 750 kg of TeO2 cooled by the mixing chamber to 10 mK
► made of materials with low level radioactivity materials
► two cold shields made of ancient roman lead 10 cm thick

► 5 Pulse Tube Coolers

11.2 Dilution Refrigerators

Cuore Cryostat
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Cuore Cryostat
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rate as expected according to (11.21). The minimum temperature is lower for
the smaller circulation rate because in this case the heat input into the mixing
chamber is less.

In the balance of heat input and cooling power (11.20) we have so far
neglected all heat leaks, except for the incoming warm 3He. Surprisingly,
for a properly designed dilution refrigerator the limiting heat leak is the
viscous friction of the circulated 3He in the heat exchanger. This process
determines the temperature Tex of the 3He leaving the last heat exchanger
and thus the mixing chamber temperature. For laminar mass flow through
the heat exchanger the volume flow rate V̇ of the mixture is determine by
¢p = G¥V̇ . Here ¢p denotes the pressure diÆerence along the heat exchanger
and ¥ represents the viscosity of the mixture. The quantity G depends on the
geometry of the heat exchanger. According to the Hagen–Poiseuille law for a
tube with radius r and length L one has G = 8L/(ºr4). The heat input due
to viscous friction is given by

Q̇visc = V̇ ¢p = G¥V̇ 2 . (11.23)

The relevance of this heat input comes from the enormous viscosity of 3He at
low temperatures. As we have seen in Sect. 3.1, the viscosity is proportional
to T°2 increasing with decreasing temperature until the transition to the
superfluid phase occurs. Close to the transition, the absolute value is compa-
rable to that of honey. It is noteworthy that the temperature rise caused by
the viscous friction is higher for the dilute phase, because it has a much lower
heat capacity than the concentrated phase. At a 3He fraction of 6.4%, the
temperature rise is eight times higher than for pure 3He. For compensation
the dilute phase flows through a heat exchanger that has a correspondingly
larger cross section. (see Fig. 11.23 and Fig. 11.24).

11.5 Pomeranchuk Cooling

In 1950 Pomeranchuk suggested that very low temperatures could be ob-
tained by solidification of 3He [591]. At that time 3He was available only
in very small quantities and had just been liquified for the first time. For
many years very little attention was paid to Pomeranchuk’s idea and it took
15 years until the first successful experimental demonstration by Anufriev
[592].

Well-designed Pomeranchuk cells work at temperatures below 300mK
and reach a minimum temperature of about 1 mK. This cooling technique
was important mainly between 1965 and 1975, because the development of
dilution refrigerators had not yet evolved su±ciently. Today, Pomeranchuk
cells are very rarely used and are not available commercially.

11.2 Dilution Refrigerators
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11.3 Adiabatic Demagnetization Refrigerators

1926   basic idea suggested by Debye, 1927 Giauque

1933   first realization by two groups Leiden, Berkeley 

electronic spins

nuclear spin, Gorter 1934, Kurti and Simon 1935
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Precooling Stage

Cooling medium

Magnet

► precooling

► isothermal magnetisation

► thermal isolation 

► heat switch opened

► adiabatic demagnetisation

Heat switch

11.3 Adiabatic Demagnetization Refrigerators

General cooling principle
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11.3 Adiabatic Demagnetization Refrigerators

Entropy: ideal system, no heat leaks

adiabatic demagnetization

internal field caused by spin-spin interaction
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11.3 Adiabatic Demagnetization Refrigerators

a) Electronic spins

488 11 Cooling Techniques
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Fig. 11.32. Reduced entropy S/R of ferric ammonium alum (FAA), manganous
ammonium alum (MAS), chromic potassium alum (CPA) und cerium magnesium
nitrate (CMN) as a function of temperature in zero magnetic field (solid lines) and
for a field of 2T (dashed lines) [593–596]

in Fig. 11.32, these systems not only have high spin entropies, they also have
high transition temperatures to ordered states.

If the priority is to obtain as low a temperature as possible, CMN is very
often the choice as cooling medium. As mentioned before, CMN has a or-
dering temperature of only Tc = 1.9mK, which corresponds to an internal
field of Bint = 4mT. Starting from temperatures well below 0.5 K, a mini-
mum temperature of 2mK has been achieved by several groups using CMN.
By diluting the cerium concentration, the internal field can even be reduced,
thus, in principle, allowing lower minimum temperatures to be obtained. For
example, it should be possible to reach temperatures as low as 0.7 mK by
substituting 90% of the cerium ions by lanthanum ions, which are nonmag-
netic. Unfortunately, at the same time the entropy of the salt and thus the
cooling power are reduced correspondingly. Therefore, it is perhaps not sur-
prising that to date sub-mK temperatures have not been obtained by the
demagnetization of electron spin systems.

A serious problem in connection with the demagnetization of paramag-
netic salts is the difficulty of establishing sufficient thermal contact between
the cooling medium and the experiment. In order to reduce the thermal
resistance, the salt crystals are typically grown directly onto wire bundles
consisting of a large number of thin copper or gold wires. In some cases, as
many as 50 000 copper wires have been used to provide good thermal contact
between the salt pill and the experimental stage.

entropy of different paramagnetic salts

Tc relatively high

low thermal conductivity
problems with paramagnetic salts
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► FAA salt pill for space application

► 15.000 gold wires

► salt pill grown around the wires

11.3 Adiabatic Demagnetization Refrigerators

high conductive wires to improve 
low thermal conductivity of salt pills

NASA GSFC



SS 2022
MVCMP-1

405

b) Nuclear spins

498 11 Cooling Techniques

be too high for the cooling power of a dilution refrigerator. Because of this,
the field is applied at a temperature between 0.1 and 1 K and the nuclear
stage is then cooled down in this field to 10 mK, the starting temperature of
the demagnetization process. In the following, we briefly discuss the question
of which materials are suitable for nuclear spin demagnetization and will
make a few remarks about the design of heat switches. Finally, we take a
look at the actual cooling process and the minimum temperatures achieved
with this technique.

Cooling Media

Selecting a material that is suitable for constructing the nuclear stage of a de-
magnetization refrigerator requires the consideration of many characteristics.
It should be a normal conducting metal with a low Korringa constant, high
thermal conductivity, low ordering temperature for the nuclear spins, and no
electronic magnetic moments. In addition, the material should be machine-
able and it should be obtainable with a very low impurity level. Furthermore,
a large proportion of the isotopes should have nuclear spins and the metal
should have a high nuclear Curie constant. Not very many materials fulfill
all these criteria to the required extent. The best candidates, which are now
used in nuclear spin demagnetization facilities, are copper and platinum. In
Table 11.2, a few relevant properties of these two materials are listed.

Table 11.2. Various properties of materials that are often used in nuclear spin
demagnetization cryostats as cooling medium. After [573]

Structure I µ/µN κ (K s) Abundance (%)

63Cu fcc 3/2 2.22 1.27 69.1
65Cu fcc 3/2 2.38 1.09 30.9
195Pt fcc 1/2 0.597 0.03 33.8
141PrNi5 fcc 5/2 4.28 <0.001 100

In addition, the parameters of the system PrNi5 are listed in Table 11.2,
because it is an interesting choice for work in the temperature range between
0.5 mK and 5 mK. The intermetallic compound PrNi5 belongs to the class
of so-called Van-Vleck paramagnets, and has a rather large cooling capacity.
The distinctive feature of these materials is the fact that in applied magnetic
fields, an induced atomic magnetic moment enhances the hyperfine field. At
low temperatures, the Pr3+ ions in the hexagonal PrNi5 have a temperature-
independent magnetic susceptibility, since the 4f -electrons in this material
are in a singlet ground state, which is nonmagnetic. In magnetic fields, the
configuration of the f -electrons is changed by the admixture of exited states.

► metals with fast relaxation time
► nuclei with large magnetic moment
► isotopes with large natural abundance

► cubic structure to avoid quadropole contributions
► no superconductor
► pure material, easy to machine 

Korringa relation

van Vleck paramagnet

11.3 Adiabatic Demagnetization Refrigerators
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Gas gap heat switch Mechanical heat switch Superconducting heat switch

► only good well below Tc

► open means low conductivity

► problems: eddy currents 
flux trapping

► large force needed   ∼ 100 N

► closed:  mW/K … 1 W/K @ 15K

► problem: heating on opening

4He:   superfluid layer  à creep

H2: ortho-para conversion

3He:   no exothermic reaction
no creep 
high vapor pressure    

11.3 Adiabatic Demagnetization Refrigerators

exchange gas  
à pumping to open switch

ideal exchange gas

Figure 1. A complete passive gas-gap heat switch ready to be filled with gas is shown in the
image on the left. The dimensions of this particular switch are ⇠83 mm in length and 38.1 mm
in diameter at the end flanges. See text for information on the hermetic outer tube dimensions.
The small open tube soldered into the lower flange accepts thin copper tubing from the fill cart.
This tubing allows a known quantity of gas to be injected into the switch. It is then crimped
closed and cut separating the switch from the fill cart. The image on the right shows the copper
fins that are sealed onto the outer tube and flange combination using a crushed indium wire.
When assembled, the gap between adjacent fins is ⇠0.36 mm.

simple as a vise that provides a mechanical advantage from a rotating screw connected to a
room-temperature handle. Another realization may be a electrical stepper motor on the inside
of a cryostat that drives the screw. A commercial example may be purchased from High Precision
Devices in Boulder CO. [2].

A third method of forcing conductors together was demonstrated by Jahromi and Sullivan
in 2014 [3]. Here they describe the construction and testing of a switch with one conductor
held stationary and the second mounted on a piezo-electric translator. When activated, the
piezo-electric stage would move its conductor into contact with the fixed conductor closing the
switch. Operation of a proof-of-concept switch was demonstrated but the overall conductance
was low, on the order of 1 mW/K near 4 K.

These switches may be considered active since the operator commands the switch to open or
close.

1.2. Superconducting Switches
This type of switch relies upon a change in conduction when a metallic element internal to
the switch transitions from the normal to superconducting state. Obviously the temperature
range where this switch is used must be below the superconducting transition temperature of
the particular metal chosen for the switch.

In normal metals, the thermal conduction is a combination of heat carried by electrons and
phonons. Typically, the electronic contribution dominates below 10 K since most of the phonons
are “frozen out”, unable to carry heat. In a switch that uses a metal that transitions into the
superconducting state below some critical temperature as the switching element, when this
element falls below the transition temperature, the conduction across the metal linking the two
sides is proportional to the number of electrons not condensed into the quantum-mechanical
ground state leaving the small phonon contribution only. This is temperature dependent and is
given by

126112-2 B. S. Melcher and P. T. Timbie Rev. Sci. Instrum. 86, 126112 (2015)

FIG. 1. The mechanical apparatus of the heat switch. Note that the ADR heat strap will be centered between the two sliding plates.

temperature with current pulses of 0.4 A but was configured
for these measurements to run at a current of 0.5 A to increase
the torque.

The ball bearings that secure the motor’s rotor were
de-greased by ultrasonic cleaning alternately in methanol,
ethanol, and isopropyl alcohol for four hours each. Shorter
cleaning times were not e↵ective. To provide cryogenically
stable lubrication in the bearings, molybdenum disulfide dry
lubricant was added to the isopropyl alcohol used during the
ultrasonic cleaning.

A DM422C stepper motor driver11 provides the current
pulses for the stepper motor. This driver can provide currents
from 0.3 A to 2.2 A. The device was configured for a 0.5 A
current with an input voltage of 20 V. The driver is controlled
by a computer running Protuner Software.15 The software is
intended to configure the motor, but it can also be used to
run the motor in one direction at speeds from 0.1 to 5 rev/s.
An electrical switch was used to swap the configuration of
the pairs of wires from the stepper motor connected to the
DM422C. This swap changes the order of pulse signals that
the stepper motor receives from the driver, thereby reversing
the direction the rotor turns.

The thermal conductance of the switch was measured in
vacuum at 4.2 K and 77 K in an HD(8) dewar, manufactured
by Infrared Laboratories, Inc. A separate apparatus was added
to the dewar to perform these tests. The test apparatus is a
thin copper sheet thermally isolated from the dewar cold
plate by a thin G10 tube. The sheet attaches to the tube
with Stycast 2850 FT epoxy. One end of the copper sheet is
centered between the clamping plates of the heat switch and
electroplated with gold to increase the thermal conductance.
Well heat-sunk to the copper sheet is a thermometer (a
silicon diode) and a 1000 ⌦ resistor. These two devices
were connected to the dewar wiring through low-conductance
36 AWG manganin wires. Another diode thermometer was
mounted to the cold plate of the dewar near the heat
switch.

To monitor whether the motor is closing the heat switch,
the electrical conductance between the heat switch and the
thermally (and electrically) isolated copper plate is mea-
sured.

The thermometer and resistor are used to test the thermal
conductance of the heat switch. While the clamping plates
are closed, the resistor is powered with 1.0 W current at

4 K and 3.18 W at 77 K. The thermal conductance, G, is
then calculated using G = dP/dT, where dP is the power
input by the resistor, and dT is the change in temperature
measured by the thermometer attached to the copper
sheet.

The force with which the copper plates clamp together
is an important factor for thermal conductance. In order
to measure this value, a spring16 was modified to have a
spring constant of 561 N/cm and placed around the rotating
shaft between the sliding copper plates of the heat switch.
The displacement of the clamping plates is monitored as a
function of stepper motor current at room temperature.

The stepper motor driven heat switch functioned
successfully at 4 K and 77 K. The full cycle (open and close)
was run over a dozen times without failure. To close the
heat switch from fully open (and open from fully closed), the
motor needed to be run for ⇡15 s at 1.5 rev/s. The diametrical
pitch on the threads of the shaft was 18.9 cm�1 so the linear
displacement between the two threaded clamping surfaces
when open is 0.54 cm, enough to ensure disengagement from
the heat strap to the ADR cold stage. The sliding copper
plates were found to provide a maximum force of 262 N
at room temperature with the motor running at 0.5 A. This
measured force compares with 490 N, the calculated force
based on the torque of the stepper motor and the mechanical
advantage of the worm gear and threaded rod. Assuming only
frictional losses account for the force deficit, only 3% of the
total heat dissipated by the switch comes from mechanical
friction and so we consider it negligible compared to Joule
heating from the copper windings in the stepper motor. It
was found that the mechanical advantage of the gear system
also prevents the motor from opening appreciably when the
current is o↵; no “holding current” is necessary to keep
the switch closed. When the motor is run at 0.5 A, the
heat switch has a thermal conductance of 5.04 mW/K at
4 K and 49.5 mW/K at 77 K (Table I). The 4 K value
corresponds to that expected for an applied force between 112
and 224 N on gold plated contacts at the same temperature.18

This value is ⇡3 times less than the thermal conductance
achieved by the solenoid-actuated mechanical heat switch by
Timbie et al.20 The heat dissipation of the stepper motor was
calculated to be 1.2 W while in operation, which is enough
power to boil o↵ ⇠14 cm3 of liquid Helium in one close/open
cycle.

tion. This limits the amount and direction of field lines that could
become trapped inside the superconductor even after the external
field has returned to zero. These field lines produce normal regions
in the metal. If these lines extend from the cold to the warm ends
of the heat switch, then the OFF conductance will be greatly
increased. While the magnetic field destroys the superconductivity
and raises the thermal conductance, it is also limiting the possible
thermal conductivity due to the magneto-resistive effect [18]. Thus
practical heat switches cannot obtain the highest ON conductance
of a normal metal like copper. This also helps to explain why larger
switching ratios are not obtained at higher temperatures for super-
conductors with a high transition temperature.

Lead, tin and indium have been used as the active element in
the lowest temperature heat switch of the continuous ADR (CADR)
[19]. Lead is the active element in the heat switch shown in Fig. 5.
This switch construction is very rugged and is able to completely
support the cold ADR stage. It is noted that the CADR requires
the lowest temperature heat switch, in this case the superconduc-
ting heat switch needs to be ON at the lowest temperature and be
OFF at the highest temperature.

3.1. Other considerations

The highest transition temperature element is niobium at 9.1 K.
It would be expected that this would be a good candidate for a heat
switch material, but its type-II behavior, trapping magnetic fields,
makes it very difficult to obtain high switching ratios. Care must
be taken with tin since it has a troublesome beta to alpha transi-
tion near room temperature, which can turn it brittle.

There is a small release of heat from a superconductor as it tran-
sitions from the normal to superconducting state. This needs to be
considered when turning the switch OFF. For reasonably sized
switches this heat is very small when considering the entropy of
the attached magneto-caloric material.

4. Mechanical contact heat switches

Heat switches that work by making and breaking a mechanical
high conductance contact are widely used in various laboratory
and commercial apparatus. They are simple in concept: two differ-
ent stages are connected or disconnected thermally by a movable
contacting surface. In practice, the contact must have a consider-
able force or pressure between two very conductive surfaces
[20,21], and the contact must be cleanly broken many times, which
can also require considerable force to overcome stiction. Interstitial
materials such as vacuum grease or indium foil, which are often

used to enhance the conductance of pressed contacts, cannot be
used for a contact that must be made and broken at low tempera-
ture. While other surfaces have been tested, gold-coated copper is
the most widely used for its repeatability and high joint
conductance.

Theoretically mechanical switches would have the benefit of
complete thermal isolation in the OFF state. However, their size,
mass, and alignment usually require supports across the gap,
somewhat lessening this advantage.

4.1. Actuation

A wide variety of actuation methods have been used for
mechanical heat switches. Most commonly used is an external
actuator mechanism that can be operated by hand or motorized
for automated actuation. External actuators need a hermetic
feed-through and need careful thermal design and heat sinking
to reduce parasitic heat loads from room temperature.

A reliable solenoid-actuated heat switch was developed for an
ADR by Timbie et al. [22].

Hydraulic actuation through use of gas or liquid helium, which
is most commonly used for low temperature valve operation, can
transmit considerable force. However, the hydraulic line usually
comes from a higher temperature and represents a very large heat
leak if the warm end of the heat switch is below the superfluid 4He
transition.

In situ piezoelectric actuators have been tried, offering low dis-
sipation and high force, but the displacement of a reasonably sized
stack of piezoelectric transducers is very small, especially at low
temperatures.

A larger displacement can be realized at low temperature and
without dissipation by using magneto-strictive materials [23]. A
modest magnetic field is required for this actuator which requires
its own shielding for use with sensitive detectors.

The large forces involved in providing a separable contact
require a rugged, and therefore, more massive structure than for
a GGHS or superconducting heat switch. Activation techniques
require use of a large mechanical advantage, further complicating
the installation, and increasing the switch mass and size.

5. Other switches

There are other heat switch concepts that will be discussed
briefly here. Mechanical heat switches based on the differential
contraction of materials are generally not applicable at ADR tem-
peratures since the coefficient of expansion is negligible for most
materials in this region. Heating the switch to a higher tempera-
ture to produce an expansion is counter-productive.

The magneto-resistive effect in pure materials can change the
thermal conductance by several orders of magnitude [24]. A switch
fabricated from pure tungsten was tested with good thermal
results [25] (Fig. 6), but the material was quite brittle, and the
fields required to actuate this switch were several Tesla. The only
way such large fields could be obtained without added excessive
bulk and complexity to an ADR system would be to incorporate
the switch into the bore of an existing ADR stage and activate it
passively. An analysis using this technique has been performed,
but as yet this technique has not been used in an ADR system.
See also results from Bartlett et al. [26].

3He–4He diode heat switches were proposed and constructed in
the 1950s. They make use of the relatively high conductance of
pure 4He and relatively low conductance of 3He–4He mixtures
[27]. These effects work over a limited temperature range (about
1–2.1 K) and require the heat flush effect wherein the 3He is forced
to one end or the other of the heat switch by heat flow. Because

Fig. 5. Superconducting heat switch used in a CADR for temperatures below 0.35 K.
The Helmholz coil is stacked around a lead rod in the center of the picture. Gold-
plated copper carries the heat between the top and bottom flanges. Vespel™-22
spacers provide mechanical support. The outer diameter of the heat switch is
38 mm.

M.J. DiPirro, P.J. Shirron / Cryogenics 62 (2014) 172–176 175
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Performance of superconducting heat switch

► switching ratio 106 at 10 mK

► heat leak in open state 10 pW

foil
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Heat leaks
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Q̇ =
π2k2

B

24
P0

(
T 2

1 − T 2
0

) 1
t

, (11.48)

where the constant P0 was defined in (9.59). The time dependence Q̇ ∝ 1/t
is in good agreement with the experimental results on vitreous silica
(Suprasil W) (see Fig. 9.34) and for PMMA (Plexiglass). For other mate-
rials shown in Fig. 11.36, one finds more or less pronounced deviations from
the predicted behavior, the detailed origin of which is unknown to date.

These results imply that in the design of a demagnetization cryostat,
amorphous materials should not be used, at least directly attached to the
nuclear stage. However, this kind of heat leak has also been observed in
annealed metals, such as those used for the construction of the nuclear stage
itself. For example, the heat release shown in Fig. 11.33 is due to relaxation
processes within the material of the nuclear stage. Although the origin of
these kinds of heat release is not fully understood, it seems clear that it is
related to structural relaxation processes associated with grain boundaries or
other lattice defects of these polycrystalline materials.
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Fig. 11.36. Heat release of vari-
ous disordered materials after cooling
them down below 1 K [603]

11.7.4 Technical Features

In the design of a nuclear spin demagnetization facility, one has to take into
account that the magnetic moments of nuclei are typically a factor of 1000
smaller than those of the localized electron spins in paramagnetic salts. This
means that in order to obtain the same reduction of entropy as is achievable
with a paramagnetic salt, a roughly 1000 times higher value of the ratio B/T
is required. Using superconducting magnets it is relatively simple to obtain
fields of the order of a few Tesla. For copper at 10 mK, a field of 6T would
lead to a 5% reduction of the entropy. However, an isothermal magnetization
at 10 mK is very difficult to realize, because the heat of magnetization would
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the rate equation dc/dt = −kc2, where c is the concentration of the ortho-
molecules and k the conversion rate of 1.9% per hour. Thus, the time depen-
dence of the ortho-hydrogen concentrations is given by

c(t) =
c0

1 + c0kt
, (11.46)

with c0 representing the starting concentration of ortho-hydrogen. Finally,
the heat release per mole resulting from the conversion is

Q̇ = −QR
dc

dt
= QR

kc0

(1 − c0kt)2
. (11.47)

Figure 11.35 shows the heat release of 23 µmol H2 in 19 g Cu at T < 100 mK
as a function of time after cooling below 4 K. The heat release continuously
decreases within 130 h from 50 nW to 10 nW. The solid line corresponds to
the expected behavior (11.47). For comparison, the result of a measurement
of the heat release of a copper sample without hydrogen is also shown in
Fig. 11.35. Here, a time-independent background heat input of 0.1 nW is
observed.
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Fig. 11.35. Heat release of 23 µmol
H2 in 19 g copper as a function of time.
In addition, a comparative measure-
ment on hydrogen-free copper is shown
[601,602]

Heat Release due to Atomic Tunneling States

As we have seen in Sect. 9.5, tunneling systems in disordered materials have a
broad distribution of relaxation times. For our discussion here, it is important
that in this distribution, systems exist that have very long relaxation times,
and may reach thermal equilibrium on a timescale of many hours or even
days and weeks. The heat release of such systems in amorphous materials
can be observed experimentally over days.

Using the tunneling model (see Sect. 9.5) the heat release can be calcu-
lated and (9.69) is found. For a sample that has been cooled from an initial
temperature T1 to a final temperature T0, the heat release is given by
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between the hydrogen molecules have very little influence on the concentra-
tion of ortho- and para-hydrogen because the conversion demands a change
of the nuclear spin state. However, this process is forbidden in first order and
requires an interaction of the magnetic moments with each other. Because
of the smallness of the magnetic moments this interaction is rather weak
and leads to a slow self-conversion rate of only 1.9% per hour. Therefore, the
system can be considered as a metastable mixture of two different substances.

Since, at room temperature, one has Ze ≈ Zu, the concentration ratio of
ortho-to para-hydrogen is roughly 3:1. For the total specific heat of the ‘two
independent’ substances we would therefore expect

CV =
1
4

d
dT

(
RT 2 d

dT
lnZe

)
+

3
4

d
dT

(
RT 2 d

dT
lnZu

)
. (11.45)

This equation is in very good agreement with the measured values. The
curve, which reflects the temperature dependence of the specific heat for such
a mixture, is labelled ‘normal mixture’ in Fig. 11.34. In thermal equilibrium
at 20 K, the hydrogen is 99% para-hydrogen. The maximum of the curve for
the equilibrium mixture results from the temperature-dependent change of
the ortho-para ratio, which means from the conversion of one into the other
type of hydrogen.
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Fig. 11.34. Specific heat of pure
ortho- and pure para-hydrogen and of
mixtures of ortho- and para-hydrogen
corresponding to the composition at
room temperature (dashed line) and
corresponding to thermal equilibrium
(solid line) as a function of tem-
perature. The different concentrations
can be obtained using catalytic agents
such as charcoal or certain paramag-
netic salts. After [258]

The molecular hydrogen in the material of a nuclear stage is solid at low
temperatures. In this case, the rotational degrees of freedom of the gas corre-
spond to librational degrees of freedom in the solid. In the process of cooling,
the ortho-para ratio remains nearly unchanged. If the system stays cold for
a sufficiently long time, the nonequilibrium concentration of ortho-hydrogen
slowly transforms to para-hydrogen. This is an exothermic reaction during
which the relatively large amount of heat QR ≈ 1.06 kJ mol−1 is released.
The self-conversion by pairwise collisions of ortho-hydrogen is described by

► eddy current heating
► em fields and vibrations
► ortho-para conversion

► radioactive impurities
► tunneling systems

time dependent
heat leaks

atomic tunneling systems

H2 ortho-para conversion

specific heat of H2
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nuclear stage. However, this kind of heat leak has also been observed in
annealed metals, such as those used for the construction of the nuclear stage
itself. For example, the heat release shown in Fig. 11.33 is due to relaxation
processes within the material of the nuclear stage. Although the origin of
these kinds of heat release is not fully understood, it seems clear that it is
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11.7.4 Technical Features

In the design of a nuclear spin demagnetization facility, one has to take into
account that the magnetic moments of nuclei are typically a factor of 1000
smaller than those of the localized electron spins in paramagnetic salts. This
means that in order to obtain the same reduction of entropy as is achievable
with a paramagnetic salt, a roughly 1000 times higher value of the ratio B/T
is required. Using superconducting magnets it is relatively simple to obtain
fields of the order of a few Tesla. For copper at 10 mK, a field of 6T would
lead to a 5% reduction of the entropy. However, an isothermal magnetization
at 10 mK is very difficult to realize, because the heat of magnetization would
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mass. Quantum mechanically the solution of the Schrödinger equation for
this problem provides eigenfunctions for the angular momentum with the
eigenvalues

E =
j(j + 1)!2

2I . (11.42)

The eigenfunctions for even values j are even and for odd values of j are odd.
Taking into account the degeneracy (2j + 1), the partition function becomes

Z =
∞∑

j=0

(2j + 1) e−E/kBT . (11.43)

For a full description of the specific heat of molecular hydrogen, the nu-
clear spin has to be considered. At first glance, one would not expect that
the nuclear spin causes a noticeable effect on the specific heat at high tem-
peratures. It turns out, however, that the allowed symmetries of the orbital
and spin wave functions lead to serious consequences. The spins of the two
protons can either be aligned parallel or antiparallel. Therefore, one has ei-
ther a singlet state with even parity or a threefold degenerate triplet state
with odd parity. Since the total wave function of this system of two fermions
must be antisymmetric under the exchange of the particles, the parity of the
orbital wave function must have the opposite sign to the parity of the spin
wave function.

Therefore, if we have a symmetric orbital wave function (j = 0, 2, 4, . . .),
the nuclear spin wave function must be antisymmetric and one would have
a nondegenerate state. Hydrogen in this state is called para-hydrogen. In
contrast, if the orbital wave function is antisymmetric (j = 1, 3, 5, . . .), the
nuclear spin wave function has to be symmetric. This threefold degenerate
state of hydrogen is called ortho-hydrogen. The energetically lowest state of
ortho-hydrogen is that of j = 1. In contrast, para-hydrogen can occupy the
ground state with j = 0. The energy difference between the lowest states of
ortho- and para-hydrogen is ∆E/kB = 172 K.

The specific heat contribution of the rotational states taking into account
the nuclear spins was first derived by Hund in 1927 [600]. The result was

CV =
d

dT

[
RT 2 d

dT
ln(Ze + 3Zu)

]
. (11.44)

The partition function is split into Ze and Zu that correspond to the sums over
terms with even and odd j, respectively. At high temperature (kBT ! ∆E)
one finds three times more molecules with an antisymmetric orbital wave
function than with a symmetric orbital function, in accordance with the de-
generacy of the two configurations.

Surprisingly, at low temperatures the experimental results differ from the
behavior predicted by (11.44)! The reason for this discrepancy lies in the fact
that between these different states hardly any transitions occur. Collisions
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Fig. 11.40. (a) Sketch of the
cross section of the low-tempera-
ture part of a nuclear spin demag-
netization cryostat of the Univer-
sity of Bayreuth. In addition, the
field distribution is shown on the
right side. After [599]. (b) Photo
of the first nuclear stage [599]

with diameters of up to 2 cm were formed as can be seen in Fig. 11.40b. The
total length of this stage is 52.5 cm. According to the field distribution, 6.6 kg
of copper in the center of the stage are effectively magnetized in a field of 8 T.
Above and below this stage there are regions in which the magnetic field is
compensated and in which experiments can be installed. The second stage
consists of 130 g of copper, which can be demagnetized in a maximum field
of 9 T.

Figure 11.41 shows the temperature of the first nuclear stage of the
Bayreuth cryostat during a demagnetization from 8 T at 10 mK to 4 mT as
a function of the magnetic field. The corresponding timescale is indicated
on the upper axis of this figure. The minimum temperature obtained in this
demagnetization run was 15µK, measured in the field-compensated 5 mT
region (see Fig. 11.40).

The lowest temperature, or more precisely the lowest electron tempera-
ture, ever obtained was produced by Pobell and his coworkers at Bayreuth
in 1996 with the facility described above during experiments with platinum.
The platinum sample was precooled in a field of 0.37 mT to a temperature
of 100µK using the first nuclear stage. After that, the field was reduced to
a value just below 0.05 mT. In this process, the platinum nuclei were cooled
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Cooling process
► precooling to TA   and isothermal magnetization

nuclear Curie constant

► reducing B in steps to optimal final field

heat leak
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rf shielded room

steel concret block

optical table

Pumping unit

cryostat
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PTB Cryostat
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heat switch

Cu stage

Pt stage
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heat switch
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Lowest temperature at Pt stage

Tmin = 800 nK
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195Pt NMR thermometer signal
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Primary thermometers
Superconducting fixpoints
Current/flux noise
195Pt NMR
Coulomb blockade
Nuclear orientation
3He melting curve
....

Secondary thermometers
Resistance
Capacitance
Magnetic susceptibility
.....

12. Thermometry at Low Temperature
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12. Thermometry at Low Temperature

Temperature is a thermodynamic property of state

It can be defined by a reversible cycle, like a  carnot cycle 

primary thermometers:       can be used without any prior calibration 

secondary thermometers:  must be calibrated against an other thermometer

ITS-90 0.65 K   to  1358 K 

PLTS-2000 0.9 mK to  1358 K 

defined by    Comité International des Poids et Messures

based on fixpoints like the triple point of water 
and interpolation like Pt-100 resistance thermometry 
or gas thermometry   

Temperature scales

distinction is 
often  somewhat 
arbitrary …   

not practical



SS 2022
MVCMP-1

416

12. Thermometry at Low Temperature

Thermometer types and ranges


