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An overview is given of the general principles and techniques used for the design and 
construction of compact, portable adiabatic demagnetization refrigerators (ADRs). The 
paper covers methods of salt pill suspension, magnet technology, lead design, heat 
switches and temperature readouts, as well as considerations for space qualification. 
Performance specifications are given for an ADR which was originally developed for 
cooling infrared detectors on the Space Infrared Telescope Facility (SIRTF). This ADR 
is presently used on the balloon-borne Millimeter Wave Anisotropy Experiment (MAX) 
for measuring anisotropy in the cosmic microwave background. Comparisons are 
made with other ADRs under development for use in space or on rockets. 
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Compact adiabatic demagnetization refrigerators ( ADRs) 
are increasingly used for cooling small experiments to 
50 mK. They are single shot devices but can have duty 
cycles of more than 95%. The cooling power is typically 
1 PW at 100 mK, which is small compared with dilution 
refrigerators but adequate for many purposes. Operating 
temperatures as low as 50 mK are practical. Somewhat 
larger cooling powers are possible by increasing the overall 
size. Modem compact ADRs are simple, portable and rela- 
tively inexpensive. The operating temperature is easily 
varied by changing the magnetic field. Their ability to work 
in zero g has led to the development of prototypes for satel- 
lite applications. 

ADRs are normally operated from a high temperature 
reservoir at T = 1.5 K. Reservoir temperatures around 4 K, 
which can be provided by an unpumped liquid helium or 
bath or a mechanical refrigerator, require an additional 
stage of refrigeration, especially when long hold-times are 
required and large heat capacities are to be cooled. Com- 
pact ‘He refrigerators have been used for this purpose. A 
two-stage ADR is also a practical alternative. The other 
basic requirements for an ADR are a vacuum, a small 
superconducting magnet, a paramagnetic salt pill and a 
heat switch. 

At present, ADRs are used in observational millimetre 
wave and X-ray astronomy and as testbeds for the develop- 
ment of detectors for millimetre waves, X-rays and dark 
matter. In this paper we will review the current status of 
compact ADR technology. We refer mostly to the ADR’ 
developed at Berkeley originally as a prototype for the 
Space Infrared Telescope Facility (SIRTF), but not now 

included in the plans for that spacecraft. However this ADR 
has flown on the Millimeter Wave Anisotropy Experiment 
(MAX) and has been duplicated in several laboratories for 
use in detector development. We will also provide some 
information on other projects including the ADR2 under 
development at NASA Goddard Space Flight Center for 
the Advanced X-ray Astronomical Facility ( AXAF) and the 
rocket-borne ADR developed at Wisconsin3. Similar ADRs 
have been developed at NASA Ames Research Center“ and 
at Princeton’. A schematic diagram of the SIRTF ADR is 
given in Figure I and the parameters of the ADR are sum- 
marized in Table 1. 

Refrigeration cycle 

The ADR cycle is illustrated in Figure 2 by reference to 
the entropy diagram of a typical paramagnetic salt. The 
cycle begins by closing the heat switch between the thermal 
reservoir and cold stage and ramping the magnetic field up 
to move along the line AdB. The magnetic moments of 
the salt are thereby aligned, the entropy of the moments is 
reduced, and the heat of magnetization is transferred to the 
reservoir. After a pause at point B, to achieve thermal equi- 
librium, the switch is opened and the field is adiabatically 
decreased. The lattice temperature of the salt falls as 
entropy is transferred from the lattice to the magnetic 
moments. The salt is partially demagnetized to some 
operating temperature Tf which is indicated by point C, 
after which the field is reduced isothermally along the line 
C-D to compensate for the heat leak. By regulating the 
magnetic field, a stable temperature can be maintained for 
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Table 1 Parameters of the SIRTF ADR 

Amount of CCA 0.07 moles 
Heat of magnetization = IJ 
Time constant 1 s at 100 mK 
Energy pumped at 100 mK 28 mJ 
Conduction heat leak 0.35 /.&w 
Hold time at 100 mK 23 h 
Duty cycle >95% 
Heat switch conductance 10 mW K-’ at T=1.5 K 
Reservoir temperature 1.5K 
Mass of 100 mK stage IOOg 
Resonant frequency 240 Hz 
Mechanical 0 100 
Total mass 5 kg 

0.1 K, Stage 

Figure 1 Schematic diagram of SIRTF ADR 

T(K) 

Figure 2 Temperature dependence of entropy of the paramag- 
net chromic caesium alum (CCA) for several values of applied 
magnetic field. The molar entropy is normalized to the ideal gas 
constant. The refrigeration cycle runs from A to D. The hatched 
area to the left represents the energy which the paramagnet 
can absorb at temperature 7-r 

many hours. Once point D is reached, the ADR must be 
cycled again. 

Paramagnetic salt pill 

We use the paramagnetic salts ferric ammonium alum 
(FAA) with J = 5/2 or chromic caesium alum (CCA) (J = 

312) as our working substance. FAA has higher entropy 
density and more cooling power than CCA and is used in 
our balloon ADR as well as the AXAF and Wisconsin 
ADRs. We selected CCA6 for the SIRTP ADR because it 
can withstand higher bakeout temperatures than FAA. The 
salt is grown from solution on a mesh of gold wires and 
sealed in a stainless steel container to prevent loss of the 
water of hydration’. The wires are silver-soldered to an 
OFHC copper bolt which is used as the thermal bus to the 
100 mK experimental stage. This pill design avoids 
materials that are attacked by the corrosive salt. It is very 
reliable, has a thermal time constant of = 1 s at T = 100 mK 
and negligible eddy current dissipation. A full description 
of the considerations for selection of the paramagnetic salt 
for a single stage ADR and of the details of constructic: 
and testing is given in reference 6. Information about the 
choice of paramagnetic salt for a two-stage ADR is given 
in reference 7. 

Magnet and shield 

For space applications, it is important to minimize heat dis- 
sipation in the LHe bath. The heat input from the magnet 
current leads can be troublesome, but can be reduced by 
using a magnet with a high field-to-current ratio. For 
SIRTF, we use a superconducting solenoid (from Cryomag- 
netics, TN, USA) with a bore diameter of 2.5 cm, which 
produces a central field of 2.3 T at a current of 1.5 A. The 
magnet is conduction cooled and quench protected by built- 
in diodes. For less demanding laboratory or balloon appli- 
cations, solenoids with B/Z = 0.4 T A-’ are typical. They 
are less expensive and the winding volume is smaller. 

The Wiedemann-Franz (WF) law8 states that the ratio of 
electronic thermal to electrical conductivity for any normal 
metal is K/U = L,,T, where the Lorenz number Lo = 
2.45 x 1O-8 W R K-‘. Consequently, resistive alloys or pure 
normal metals can be used as magnet leads with similar 
heat dissipation. Brass leads are often used, as they are less 
susceptible to thermal runaway than copper leads, whose 
resistance rises sharply with temperature. The cross-section 
to length ratio A/L of the leads can be chosen to minimize 
the heat dissipation over a refrigeration cycle. Given a 95% 
ADR duty cycle, a magnet current of 2 A and a heat sink 
temperature of T = 77 K, brass wires have an optimum A/L 
= 2 x lo-4 cm. The heat leak is then 3 mW at zero current 
and 50 mW at 2 A for each lead with 6 mW average dissi- 
pation. 

The dissipation due to ohmic losses can be eliminated by 
using superconducting leads. We have tested commercially 
available high T, superconducting leads (from ICI Super- 
conductors, UK) between T = 77 K and T = 4 K. The leads 
consist of 2 mm diameter, 10 cm long yttria stabilized zir- 
conia rods coated with 50 pm of YBa2Cu307. The critical 
current at T = 77 K is 1 A, so a total of four rods is neces- 
sary for the SIRTF magnet. We measured a heat leak of 
5 mW for each rod. Presumably this was dominated by the 
zirconia substrate. This technology is expected to improve.* 
In demanding applications, Nb,Sn wires which have a criti- 
cal current density j, = lo5 A cme2 can be used from LHe 

* For example, the ZerRes Corporation (Boston, MA, USA) has 
announced high temperature leads with heat leaks of 
-50 mW/lOO A per pair 
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temperature to -12 K with high temperature supercon- 
ducting materials continued to ~77 K. 

Another source of dissipation at LHe temperature is due 
to ac. losses in the magnet as the current is ramped up and 
down. We estimated the a.c. losses in the low current 
SIRTF magnet by measuring JZVdt over a complete magnet 
cycle lasting 35 min. The upper limit on the heat input was 
2 J, which gives an average dissipation of 30 PW for an 
ADR hold time of 20 h, which is small compared to the 
other losses. 

A magnetic shield has been employed in some recent 
ADRs. It contains the magnetic flux and reduces the danger 
of large induced e.m.f.s (V = d@/dt) during a magnet 
quench. Also, it decreases microphonic noise caused by 
vibrating leads and eliminates calibration errors in the ther- 
mometers caused by magnetoresistance effects. Several 
types of magnetic shields can be used. A passive ferromag- 
netic shield of vanadium permendur works well in fields 
up to about 3 T. It improves the field homogeneity, is 
usable with a simple solenoidal magnet, but contributes 
substantially to the weight of the ADR. In applications 
where induced e.m.f.s are of little concern, a thin shield 
can be used which is saturated at full field, but is effective 
in the much smaller field used for temperature regulation. 
Another choice is an active shield formed by a bucking coil 
in series with the central magnet. Such shields are relatively 
lightweight but have larger stray field. For a review of dif- 
ferent shielding concepts used for ADRs see reference 9. 

As shown in Figure I, we use a ferromagnetic shield 
and flux return. The shield was designed by requiring that 
it returns all of the magnetic flux when saturated. With the 
shield in place it is a good approximation to assume that 
the field inside the magnet bore is uniform and longitudinal, 
and that it falls linearly with radius within the magnet wind- 
ings. For example, to carry the flux in the symmetry plane 
perpendicular to the magnet axis we require that 

i I 

‘2 

Qo=Bo A+277 rdr ( r2-r)/(r*--r,) = B,~=(I$ - 6) 
rl i 

(1) 

where A is the area of the magnet bore, r, and r, are the 
inner/outer winding radii, and r3 is the outer radius of the 
shield. The above condition was used to select the thickness 
of the cylindrical walls and a similar argument determined 
the thickness of the end-plates. Here the condition at r, is 

a,, = B, 2rrr,t (2) 

where t is the thickness of the end-cap. A more accurate 
check of the shield performance can be made by using the 
public domain computer program POISSON.* The SIRTF 
shield is made of vanadium permendur with a large satu- 
ration flux of B, = 2.3 T at T = 4 K (reference 10). After 
fabrication the shield was annealed in high vacuum at 
870°C for 8 h and furnace cooled at 250°C h-’ (reference 
11). To reduce its thermal time constant, the shield was 
plated with 0.5 mm of copper. Field uniformity could be 
improved by using a higher saturation material such as hol- 
mium’* for the central part of the end caps. A more com- 

*Available from the POISSON Group, Los Alamos National 
Laboratory, Los Alamos, NM 87545, USA 

plete description of the design and testing of the magnetic 
shield for the SIRTF ADR is given in reference 1. The 
measured stray field outside of the shield was only a few 
gauss at full field and agreed well with the calculated 
values. With the measured quench time of 0.1 s, the e.m.f. 
generated in the worst case circuit around the equator of 
the shield is =lO pV. 

Quenches in modern magnets are unlikely but pre- 
cautions must be taken to safely dissipate the energy 
released in such an event. The stored energy in the SIRTF 
magnet is 2500 J at full current, which could be dumped 
into the superfluid LHe bath on the spacecraft through a 
high conductivity copper thermal strap. The computed tem- 
perature rise within the instrument chamber was 40 mK. In 
a two-stage ADR used with a mechanical refrigerator, the 
fields and stored energies (several kilojoules) are higher, 
while the total heat capacity is lower. A quench at full field 
in this case would cause considerable heating. 

Heat switch 

The requirements for the heat switch include a large on/off 
ratio of thermal conductance, reliability and small power 
dissipation. Mechanical heat switchesI give the best per- 
formance, but gas gap heat switchesI have also been used. 
The mechanical heat switch shown in Figure 3 is based on 
a commercial linear solenoid with copper windings (Part 
129450-035, Ledex Inc., OH, USA). A current of 100 mA 
closes the jaws on a cold finger which extends from the 
100 mK stage and produces a force of 200 N. The cold 
finger and jaws are made of OFHC copper and gold plated 
to resist corrosion. Flexible copper braid bolted to the high 
temperature reservoir is soldered to each jaw. The thermal 
conductance of the switch at T = 1.5 K was measured to 
be 10 mW K-‘. We have used both copper and NbTi super- 
conducting windings on the solenoid. The former allows 
closing the heat switch at liquid nitrogen temperature with 
a voltage of = 15 V. This is useful during initial cooldown 
of the ADR to conserve liquid helium. The ohmic losses 
at T = 1.5 K of =30 mW might not be tolerated in satellite 
applications and a superconducting solenoid would then be 
preferred. A prototype superconducting switch very similar 
to that in Figure 3 was built by Ball Aerospace as part of 

restoring spring -- 

ferromagnetic 
yoke 

jaws 

cold finger 
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--I-- m 
l 

Figure 3 Mechanical heat switch in the SIRTF ADR. The light- 
weight frame is made of aluminium; the moving parts are of 
stainless steel 

Cryogenics 1995 Volume 35, Number 5 305 



Adiabatic demagnetization refrigerators: C. Hagmann and P.L. Richards 

definition studies for SIRTF. It survived a vibration test 
at room temperature and was cold tested at Berkeley. The 
switch was cycled at helium temperature 10 000 times with- 
out loss in thermal conductance or noticeable wear. About 
2000 cycles would be expected in a five year satellite mis- 
sion. 

Gas-gap heat switches rely on the thermal conductivity 
of helium contained between two surfaces. Activated char- 
coal adsorbs the 4He gas in the off condition. Because they 
are always closed for T > 30 K, initial cool-down of the 
ADR is facilitated. They have the disadvantage of a finite 
conductance in the off state due to conduction along the 
gas tight container. For a gas switch designed for AXAF, 
the power required to warm the charcoal to desorb the gas 
is 35 mW. The heat leak in the off state is 210 /.LW 
(reference 2) for a reservoir temperature of T = 1.5 K. This 
would be the dominant heat leak for small ADR systems. 
In order to obtain a useful hold time, the salt mass must 
be larger than the value in Table 1 with resulting increases 
in the weight and size of the ADR. 

ADR suspension 

The ADR hold time varies inversely with the heat load 
which is usually dominated by conduction along the mech- 
anical supports. The suspension needs to be strong enough 
to raise the mechanical resonance frequency of the cold 
stage above typical driving frequencies. It should also lie 
well above any signal frequency to minimize microphonic 
noise. Modern ADRs have resonant frequencies of a few 
hundred hertz. For a fixed resonance frequency, the ADR 
hold time is roughly independent of salt pill size as long 
as the cold mass is dominated by the salt pill and the heat 
leak is dominated by the supports. This can be seen from 
the expression for resonant frequency, o 0~ (EA/Lm)“2, 
where E is the Young’s modulus, A is the support cross- 
section, L is the length and m is the cold stage mass. For 
a given temperature difference, the hold time t is pro- 
portional to the ratio of the mass of salt to the thermal 
conductance, t M m,L/dA, where 

t a E/K’~. For maximum hold time, the figure of 
merit for the suspension material is E/K’. Here 

I 

T2 

K’ = I/( T,-T, ) K(T)dT 
TI 

is the thermal conductivity K(T) of the support material 
averaged over the temperature distribution. Commonly 
used materials include Kevlar 29 and Kevlar 49 (Du Pont 
Fibers, DE, USA), nylon and stainless steel. Table 2 lists 
the mechanical and thermal properties of suspension 
materials. Kevlar is the best available material and is used 
in several recent ADRs. 

When designing a Kevlar suspension, care must be taken 
to ensure that the Kevlar remains tensioned when cooled. 
Kevlar expands by ~0.1% when cooled to liquid helium 
temperature15, while aluminium shrinks by -0.5%. More- 
over, tensioned Kevlar 49 (29) yam creepsi at room tem- 
perature by 0.02 (O.OS)% log,, (number of hours under 
tension). For Kevlar 29 braid, the creep rate is about three 
times larger than that of yarn”. If tensioned to 25% of its 
breaking strength, which corresponds to 0.6% elongation 
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Top View 

Figure4 Kevlar suspension system of the SIRTF ADR. Dots 
represent miniature capstans for uniform tensioning. A single 
strand of Kevlar 29 cord is used on each end of the pill. Solid 
lines represent the top suspension system and dashed lines the 
bottom one 

Table2 Mechanical and thermal properties of suspension 
materials 

Suspension Elastic modulus, Heat leak 
material E (GPa)” c/Lw,c 

Kevlar 29 yarn* 62d 19 P.‘(A/L) 
Kevlar 49 yarn 117d 24 Tz.‘tA/L) 
Nylon 5.5d 9 7=7(A/LY9 
NbTi 803’ 50 7WV.W’ 
Stainless steel 200= 735 7-?A/L)29 

“Elastic modulus E is given at 300 K, except for NbTi which is 
at 4 K 
bKevlar 29 is also available in the form of braids (woven fibres) 
with E about three times smaller than that of yarn (parallel 
fibres) 
‘The heat leak to 0.1 K from a reservoir at temperature Tin the 
liquid helium range through a suspension with cross-section to 
length ratio A/L in cm is given by the integral 

which is not sensitive to the low temperature limit. The heat 
leak for Kevlar was measured in this work 
dData from manufacturer 

for Kevlar 49 and 1% for Kevlar 29 and stored at room 
temperature for one year, Kevlar would lose all tension 
upon cooling. The need for re-tensioning can be avoided 
at the cost of a small decrease in resonance frequency by 
adding a small metal spring in series with the Kevlar. The 
spring constants of the metal and the Kevlar should be com- 
parable. The tension T can be checked by plucking the 
cords and measuring the vibration frequencyf= (T/p)L’2/2L, 
where p is the mass per unit length. 

Several techniques are available for terminating Kevlar. 
If used in the form of a braid, it can be wrapped around a 
smooth pulley or capstan and will be held in place by fric- 
tion after tensioning. If used as yam, the fibres can be epox- 
ied through a hole in a metal fitting3. Figure 4 shows the 
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suspension of the SIRTF ADR. It uses braided cords of 
25 kg breaking strength Kevlar 29 (from Cortland Cable, 
NY, USA) with cross-sectional area A = 10m3 cm2 and a 
total AIL = 4 x 10m3 One cord each end the salt 

connects anchors the warm sink to star shaped 
cantilever spring to the At each 

the cord one full around a mm diam- 
capstan which free to to allow ten- 

sioning. capstan is locked in to fix 
location of pill. The between the cords 
and symmetry plane 35” in to match fre- 
quencies the lowest resonances. The 
set of eigen-frequencies of salt pill 
sion system given in 3. The resonance 
frequency the suspension with a g salt 
was measured be ~240 

To demonstrate this ADR survive vibrations 
in a launch, a model of 

SIRTF ADR vibration tested room temperature 
at T 77 K NASA Ames. accelerations were 

at frequencies 5 Hz 1 kHz’. T = K, 
the resonance frequency 240 Hz a 
quality Q of for small It decreased 

= 10 higher amplitudes. test at = 77 gave 
almost results. The broke when at 
the frequency with amplitude between and 
40 corresponding to g of of the 

pill. The stored is ag/o)* for accel- 
eration to ag. for a Q, the 
dissipated per P = Since the values 
of temperature metals larger than of Kevlar, 

power heats Kevlar. The rise in 
Kevlar is the order 100 K (Y = This heating 

account for similarity of results at and 300 
and contribute the failure the suspension driven 
at resonant frequency. 

the spacecraft are represented a power 
density wcf) is flat the resonance 

width, then r.m.s. acceleration be estimated 
Miles’ formula’8 

= (rr/2)Qjow(f, (ag)2 (3) 

the SIRTF from above, = 30 wcf, 
= g2 Hz-’ is typical a Titan rocket spec- 

around 200 Several approaches be used 
relax these requirements on salt pill 
sion set launch vibrations. mechanical filter be 
placed the spacecraft and the to 
reduce value of near the frequency. It 

also possible clamp the pill with mechanical heat 
but at risk of due to welding. 

Table 3 Calculated eigen-frequencies the mechanical 
tem shown Figure 4 mass is to be 
distributed, and salt pill and length represented 
by and I, 

Mode 
direction meff 02 = 35”) 

12 EA sin2 OIL m 4 EAImL 

x* Y 6 EA co9 B/L m 4 EAlmL 

f% 12 EA r2 cos2 OIL mPf2 16 EA!mL 

%, f% 6 EA cosz O( 1/2)2/L ml*/12 12 EAlmL 

Magnetic damping 

As an alternative method for damping salt pill vibrations, 
we considered using a magnetic damper on the SIRTF 
ADR. The design is similar to a loudspeaker with a single 
turn short-circuited voice coil. A copper cup is attached to 
the free end of the salt pill and is placed in the air gap of 
the magnet as shown in Figure 5. For axial motion, the 
eddy current dissipation in the cup is given by 

P,,,, = o-v2B2V (4) 

where (T is the electrical conductivity of the cup, v is the 
velocity perpendicular to the magnetic field and V is the 
cup volume in the magnetic field B. The formula is valid 
as long as the electromagnetic penetration depth is large 
compared with the thickness of the cup. The damping term 
y = w@lQ in the one-dimensional equation of motion 

md2xld? + rdxldt + m&x = F (5) 

is replaced by y - y + aBzV. For l/a = lo-‘O R m, B = 
0.5 T and V = 3 x IO-’ m3, y is increased by a factor of 30. 
Due to mode coupling, it is adequate to damp one mode 
only. The conductivity u given is estimated for OFHC cop- 
per at T = 4 K. Due to dissipation in the damper, the copper 
will be heated and the damping will decrease slowly with 
time. 

Electrical connections 

The electrical leads for detectors and thermometers on the 
cold stage must have low thermal conductance. Further- 
more, low microphonic noise is usually required for high 
impedance transducers. A sufficiently small thermal heat 
leak can be obtained by using thin wires of Pt-W, Manganin 
or NbTi with a typical diameter of 25-50 pm. When the 
capacitance to ground C of a wire, which is biased with a 
potential V, varies with time due to motion, the voltage 
induced across a transducer of resistance R is RVdUdt. Sev- 
eral methods exist for reducing this noise. In one the wires 
are held fixed under tension by miniature leaf springs3. At 
Berkeley we use a stripline or ribbon cable. It is made by 
sandwiching the wires between two layers of adhesive Kap- 

1 
Copper cup 

Soft iron \ 

Figure 5 Schematic diagram of magnetic damper. The perma- 
nent magnet is made of Alnico 5 or Sm-Co and produces a field 
of =I T in the air gap. Vertical motion causes circular eddy cur- 
rents which heat the copper cup 
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ton tape (Permacell221, Fraylock Inc., CA, USA) thus fix- 
ing the relative positions of the wires but allowing flexi- 
bility between the cold stage and the reservoir. The 
capacitance of the signal wires to ground is kept constant 
and cross-talk is reduced by alternating ground wires with 
signal wires in the stripline. To minimize inductive pick- 
up, the loop areas should be made small by small spacings 
between adjacent wires. 

Another promising technology uses thin lithographed 
metal traces on a Kapton substrate. Candidates for the metal 
include a superconductor such as Nb, a high resistance 
alloy, or even a high conductivity metal such as gold or 
copper. In the last case the metal must be thin (~5000 nm) 
and narrow (w = 0.5 mm). The electron mean free path is 
then limited by thicknessr9 and is almost independent of 
temperature. The electronic thermal conductance of these 
traces can be estimated by measuring their electrical resist- 
ance and using the W-F law. One side of the Kapton can 
be fully metallized and serve as a ground plane, and the 
opposite side carries the traces which are fabricated with 
photolithographic techniques. Table 4 lists integrated ther- 
mal conductivities for various stripline materials. It is con- 
venient to terminate the stripline with connectors. We 
employ miniature connectors (Part NSM25S2-L05, Ulti 
Mate, Inc., CA, USA) with a pin spacing of 0.6 mm. The 
ends of the stripline are epoxied to a short sections of fib- 
reglass circuit board which are also epoxied (using Stycast 
285OFT, Emerson and Cummings, MA, USA) to the con- 
nector shell and the wires are soldered to the pins. 

The SIRTF ADR uses a stripline with 25 Pt-W leads, 
50 pm in diameter and 10 cm long and spaced by 0.6 mm. 
The Kapton has A/L = 2.5 x 10m3 cm, and the total stripline 
heat leak is 20.14 PW for a helium plate temperature of 
1.5 K. The Kapton and adhesive contribute 0.13 /.LW. This 
could be further reduced by decreasing the wire spacing 
and/or increasing the length. 

Temperature readout and regulation 

The temperature of the ADR cold stage is read out with a 
calibrated germanium resistance thermometer (GRT). The 
same thermometer is also used for temperature regulation 
of the ADR during isothermal demagnetization. A stable 
ADR operating temperature reduces llf noise in bolometric 
detectors and it keeps the responsitivity constant. 

Standard precautions of low temperature thermometry 
must be used. Because of the large thermal boundary resist- 
ance, the bias power dissipated in the germanium ther- 
mometer needs to be small to reduce self heating of the 
chip. At T = 0.1 K, a power of lo-” W typically produces 

Table4 Heat leaks of various stripline materials in the LHe 
range 

Stripline material Heat leak (PWP I 

NbTi3r 50 T3 (A/L) 
FJt-W33 (320 P + 22 PI (A/L) 
Au 0.015 T2 (w/L) 
Kapton 22 T2 (A/L) 

“For Au a thickness t of 4000 nm was assumed and only the 
electronic contribution to the conductivity is given, as derived 
from the W-F law. For this thickness, we measured a 30% 
decrease in R upon cooling to T= 4 K 
bValues of A, L and Ware in cm 

aAT= 1 mK. Therefore, low noise readouts are required. 
Initially we used a commercial GRT (Part GR-2OOA-30, 
Lake Shore Cryotronics, OH, USA) and an a.c. reistance 
bridge (Part AVS-46, RV-Elektronikka, Vantaa, Finland). 
The temperature readout noise was ~5 /.LK for a time con- 
stant of 1 s. This system proved to be sensitive to pick-up 
and heating from electrical interference. An improved sys- 
tem based on bolometer readout technology20*21 used a neu- 
tron transmutation doped (NTD) germanium chip ther- 
mometeti2. The thermometer is current biased at ~100 Hz 
with a cold load resistor and read out by a cold differential 
JFET (from Infrared Labs, AZ, USA) located on the LHe 
plate and heated to = 120 K. For NTD-19 with NA-ND = 
5.5 x lOI cme3, d(lnR)/dT = 50, which is about five times 
larger than for the commercial GRT. We obtained a tem- 
perature noise of ~0.5 PK and the system was less sensi- 
tive to pick-up. 

The temperature regulation system23 controls the magnet 
current by feeding back on the temperature readout. The 
error signal drives a proportional-differential (PD) filter 
and regulates the ramp rate of the magnet current. Digital23 
and more compact analogue versions of the PD circuit were 
built. The analogue controller has been used to successfully 
cycle the refrigerator and operate it by remote control dur- 
ing a balloon flight24. 

Thermal performance 

A useful figure of merit of an ADR is QJQt, where Qe is 
the measured heat pumped in one cycle and Qt = T,AS is 
the theoretical pumped heat from the hatched area in Figure 
2. The efficiency is less than one for several reasons: 1, 
thermal gradients along the salt and the thermal bus during 
demagnetization; 2, eddy current heating of the salt pill dur- 
ing demagnetization; and 3, entropy lost in cooling parts 
of the salt pill and other components. The first two effects 
can be minimized by careful design of the salt pill and 
thermal bus6. The last effect, occasionally called ‘thermal 
ballast’, can be calculated as 

c Tf 
AS,, = (CIT)dT 

J T, 

where C is the heat capacity of the addenda. For copper25 
in the LHe temperature range, the specific heat is c(T) = 
( 11 T + 1 .4T3) CLJ-’ g-l K-‘, for pure aluminium26 the value 
is c(Z) = (50T + 0.92T3) ELJ g-r K-l for T > T, = 1.16 K 
and c(T) = 410 e-1.55’T $ g-’ K-’ below T,, and for stain- 
less stee12’ c(T) = (465T + 0.56T2) CLJ g-r K-‘. In the 
SIRTF ADR, thermal ballast causes a loss in efficiency of 
a few per cent and the overall efficiency is estimated to be 
~90%. Cooling the photometer used in the MAX exper- 
iment24 required = 15% of the heat pumped with a pill con- 
taining 0.08 moles of FAA. 

The hold time of the ADR at temperature Tf is given by 
QJP, where P is the average heat input into the cold stage, 
caused by conduction, radiation and vibration. Often ther- 
mal conduction dominates. A useful way of extending the 
hold time is to use a low temperature thermal intercept on 
the suspension and leads. This is typically done with a 
miniature charcoal pumped 3He or 4He refrigerate?’ with 
a still temperature of 0.3 or 0.8 K. On our balloon-borne 
ADR, such an intercept was used as a buffer between the 
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100 mK stage and the He bath, which could not be pumped 
during launch. A 3He or 4He fridge could be used to precool 
the salt pill before demagnetization and thus reduce the 
required magnetic field, but at the cost of a second heat 
switch and a longer cycle time. 

Depending on the type of cryostat used, radiation heating 
of the salt pill and addenda can be significant. These parts 
must be surrounded by a radiation shield at or below 4 K. 
A significant area of the inside of the shield should be 
coated with infrared absorbing black paint to heat sink the 

radiation field. A millimetre thick layer of the black Stycast 
285OFT has adequate absorptivity and good adhesion. 

Vibrational heating can be very serious. If it is predict- 
able and of short duration, one can reduce its effect on hold 
time by magnetizing the salt and maintaining it at tempera- 
ture T during the vibration. The increase in entropy due to 
vibration is then reduced by T+dT. This was done for the 
MAX balloon launch. 
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