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Abstract
The forthcoming generation of cosmic microwave background polarization obser-
vatories is developing large format detector arrays which will operate at 100 mK. 
Given the volume of detector wafers that will be required, fast-cooldown 100 mK 
test cryostats are increasingly needed. A miniature dilution refrigerator (MDR) has 
been developed for this purpose and is reported. The MDR is precooled by a double-
stage 3He–4He Chase Research Cryogenics sorption refrigerator. The test cryostat 
based on this MDR will enable fast cooldown to 100 mK to support rapid feedback 
testing of detector wafers fabricated for the Simons Observatory. The MDR has been 
designed to provide a 100  mK stage to be retrocompatible with existing CRC10 
sorption coolers, reducing the base temperature from 250 mK for the new generation 
of detectors. Other 250 mK cryostats can be retrofitted in the same way. This con-
figuration will meet the cryogenic requirements for single-wafer testing, providing 
5–10 μW of cooling power at 100 mk for over 8 h. The system operates in a closed 
cycle, thereby avoiding external gas connections and cold o-rings. No moving parts 
are required, with the system operated entirely by heaters.

Keywords Dilution · Cryogenics · Cosmic microwave background · Instrumentation

1 Introduction

The forthcoming generation of cosmic microwave background observatories will tar-
get an ambitious set of science goals requiring unprecedented sensitivities. To support 
this, the detector count will increase by approximately an order of magnitude and focal 
planes will operate at temperatures ∼ 100mK . The scaling up of fabrication of high-
performance low-temperature detector wafers requires timely feedback on the yield and 
initial performance. This justifies the need to rely on test bench with prompt feedback 
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testing capabilities operating at 100 mK [1]. For this purpose, a test cryostat based on a 
novel miniature dilution refrigerator (MDR) has been developed [2].

Several MDR designs have been reported [3–10]. In condensation pumped 
MDRs, a small amount of 3He circulates within the cold stage, offering several 
advantages over conventional systems. Crucially, since they do not need room tem-
perature gas circulation, the smaller-scale pumping lines considerably reduce size 
and complexity of the overall system. The system operates in a closed cycle, thereby 
avoiding cold o-rings and external gas handling systems, which require high power 
consumption and may be prohibitively expensive, mostly due to the required amount 
of 3He . No moving parts are required, with the system operated entirely by heaters. 
It is possible to fully automate the cycling of each stage in order to provide “push-
button” cooldown to below 100 mK.

A design has been developed for such a system that can be easily mounted on 
existing 4He − 3He − 3He sorption coolers. This is capable of meeting the cooling 
power requirements for preliminary testing at 100 mK of detector wafers fabri-
cated for the Simons Observatory [11]. The design modifies the existing APEX-SZ 
[12] cryostat at UC Berkeley which is currently being used for POLARBEAR-2 
[13] detector testing. Moreover, the architecture of the system that has been devel-
oped is convenient since it could easily be implemented for other low-temperature 
detector applications requiring comparable cooling powers at ∼ 100mK.

2  Detector Test Cryostat Development

The APEX-SZ cryostat is shown in Fig. 1. Coaxial 40 K and 4 K stages are cooled 
by a pulse tube cryocooler. A three-stage, 4He − 3He − 3He (“He-10”) sorption 
refrigerator provided by Chase Research Cryogenics (CRC)1 cools the focal plane 

Fig. 1  Cutout schematics of the existing APEX test cryostat at UC Berkeley (adapted from [14]) (Color 
figure online)

1 www.chase cryog enics .com.

http://www.chasecryogenics.com
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to ∼ 250mK , at which stage the detector wafer under test is placed. The CRC10 
cooler uses the 4He stage to precool the first 3He coldhead to 1 K, with a 2 K stage 
provided by a film breaker. The film breaker prevents the development of 4He film 
due to the thermomechanical effect and is positioned at the top of the evaporator 
to minimize the heat leak from the 4 K stage. A film breaker of similar operation 
is described in detail in Ref. [15]. Once the 4He charge has expired, the first 3He 
pump is cooled, pumping the condensed 3He in the 3He coldhead down to 350 mK. 
This stage also provides further precooling and thermal intercept for the second 3He 
stage which is then pumped down to 250 mK, cooling the detector wafer. In order to 
provide a 100 mK base temperature, the second 3He stage, or ultracold (UC) stage, 
is replaced with a MDR, which is then cooled by the first 3He stage, or inter-cooler 
(IC) stage. This simple design is compatible with the architecture of the CRC10 and 
is described in the next paragraph.

3  Test bed Cryostat Architecture

A dry (cryogen-free) cryostat architecture is used. The test bed cryostat is pre-
cooled by a standard two-stage Gifford–McMahon cryocooler (GM). Each stage has 
an associated radiation shield and a copper plate, providing isothermal surfaces at 
∼ 40K and ∼ 4K . The type of GM used, Sumitomo RDK-415D,2 has a nominal 
cooling power of 1.5 W at 4 K.

The double-stage 3He −4 He sorption cooler (CRC7) precools the MDR and is 
mounted underneath the GM 4  K plate vertically with the coldhead downwards, 
using five OFHC struts. In order to minimize the turnaround time for detector wafer 
testing, the precooling stages are cycled automatically by an XML script which con-
trols the various heaters in the system. As such, a wafer may be mounted in the 
test cryostat, the system is closed and evacuated, and the cryocooler and scripts run 
overnight to reach 100 mK for testing the following morning.

4  Precooling Stage to 350 mK

In a CRC10 cooler with the UC stage removed, the 3He and 4He charcoal-loaded 
cryopumps are operated by heaters and gas-gap heat switches. The switches are 
mounted on top of the unit main plate and are thermally connected to the top of each 
cryopump by means of a heat strap. A pumping line runs from the cryopumps down 
to a condenser block, which is connected by thin-walled stainless steel tubes to an 
evaporator. A system schematic is shown in Fig. 2. The cryopumps are used to pump 
on the 3He and 4He coaxial pots located in the coldhead. While the heat switches are 
closed, the pumps reach thermal equilibrium with the 4 K stage. At 4 K, the char-
coal adsorbs the helium gas, acting as a very effective pump. Subsequently opening 
the heat switches and heating the pumps to 40 K cause the charcoal to desorb the 

2 www.shicr yogen ics.com.

http://www.shicryogenics.com
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helium gas [16] which condenses and collects as liquid in the coldhead. Keeping the 
3He pump warm, the 4He pump heater is switched off and the corresponding switch 
is closed. As a result, the cryopump cools down and pumps on the liquid in the 4He 
pot, reducing the temperature of the coldhead. Once the 4He is exhausted, the 3He 
pump heater is switched off and the switch closed, pumping the 3He down to its base 
temperature ∼ 310mK.

An example of a cooling cycle is shown in Fig. 3. The cycle has been repeated sev-
eral times and showed that the refrigerator maintains a temperature ∼ 380mK for over 
12 h, under an artificial load of ∼ 330 μW provided by a heater mounted to the cold-
head. Once 3He is completely exhausted, the evaporator will begin to warm and the 
system needs to be recycled. It took ∼3 h to recycle the system and bring it back to its 

Fig. 2  Left: Schematic figure of the 4He − 3
He −

3
He (CRC10) fridge. Right: Schematic figure of the 

4
He −

3
He (CRC7) fridge and MDR. The ultracooler stage has been replaced with a MDR to reduce the 

base temperature to 100 mK (Color figure online)

Fig. 3  Left: Cycle procedure of the cooler. The figure shows the temperature of each component over 
time. Right: Load curve measured for the IC stage (Color figure online)
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base temperature. One-third of the recycle time was used to allow the GM to recover 
from the heating of the cryopumps, which ensured an efficient condensation of 4He . A 
more powerful cryocooler may be used to reduce the recycle time.

5  Miniature Dilution Refrigerator

The test of the detector requires an operating temperature of 100 mK for more than 
8 h, keeping an heat load higher than 5 µW at 100 mK. A prototype cooler, which is 
expected to meet the cooling power and hold time requirements, has been manufac-
tured, as shown in Fig. 4 with an illustrative schematic in Fig. 2.

5.1  Design

A condensation pump chamber at the top is mounted to the IC coldhead via a thermal 
link. A return line connects the bottom of this chamber with the mixing chamber. A 
second tube runs from the bottom of the mixing chamber up to the still through a heat 
exchanger assembly. Another tube then runs from the top of the still back to the con-
densation pump to allow pumping of the 3He gas.

While 3He flows from the still, cooling at 100 mK is supplied to the detector wafer 
under test. The cooling power of the dilution process is given by the difference in 
enthalpy between the helium leaving and entering the chamber. In this temperature 
regime, the molar enthalpy of the dilute solution and that of the incoming pure 3He 
approximate to 94T2 J∕mol and 12T2 , respectively [17]; hence, the cooling power of 
the MDR is

where ṅ is the molar flow rate of 3He , Tm is the temperature of the mixing cham-
ber and Ti is the temperature of the returning 3He . The maximum cooling power is 
achieved if a perfect heat exchanger is assumed, such that Ti = Tm . Given the heat 
lift and temperature requirements, Eq. 1 corresponds to a flow rate ṅ ∼ 6μmol∕s . 
The minimum temperature reached at the mixing chamber is therefore limited by the 

(1)Q̇MDR = ṅ
(

94T2
m
− 12T2

i

)

Fig. 4  Left: Manufactured parts before assembly. Right: Cutaway 3D CAD rendering and assembled pre-
liminary MDR prototype (Color figure online)
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heat load on the 350 mK stage, the helium circulation rate within the MDR, the heat 
exchanger efficiency and the Kapitza resistance. The 3He circulation rate is deter-
mined by the pumping rate from the still to the condensation pump. That is, keep-
ing the temperature of the still well above that of the condensation pump improves 
its efficiency. Applying power to the still raises the still temperature up to a limit 
set by the capacity of the condensation pump. The heat load on the condensation 
pump is ṅ𝛥H , where �H is the change in enthalpy leaving and entering the pump. 
After being removed from the still, 3He cools down from the still temperature to the 
temperature of the condensation pump, where it is pulled down by gravity as liquid. 
Therefore, �H is given by the difference in enthalpy entering and leaving the still in 
addition to the latent heat of evaporation, L, which is the dominating term. Hence, 
the flow rate is

At a still temperature 700 mK, L ∼ 24 J/mol [17]. Hence, a flow rate of 6  μmol∕s 
corresponds to a still power Q̇S = 144 μW (assuming an ideal heat exchanger). The 
measured load curve in Fig. 3 shows that this results in a temperature of the conden-
sation pump of ∼ 360mK.

However, ideal heat exchanger performance will clearly not be attained in reality 
due to the contribution of several heat leaks. CuNi tube-in-tube continuous counterflow 
heat exchangers have been shown to be well suited to DRs with flow rates on the order 
of a few μmol/s with 100 mK base temperatures [9]. Several models [9, 18–20] esti-
mated the efficiency of the heat exchanger as

where the enthalpy coefficients of the diluted and the concentrated phase of the 
3He∕4He mixture are �D = 107 J∕K2

∕mol and �C = 23 J∕K2
∕mol [9], respectively, 

and f is a dimensionless factor given by

where A is the surface area of the heat exchanger inner tube, aK is the Kapitza resis-
tivity and Tm is the MDR lowest achievable temperature. The area A > 40 cm2 has 
been chosen to suit the cooling power requirements, in order to minimize the effect 
of Kapitza resistance. Furthermore, the resistivity is the same on the concentrated 
side and the diluted side [20]; therefore, aK is taken to be 0.02m2K4

∕W , twice the 
value of aK between diluted 3He and CuNi [7].

5.2  Preliminary Testing and Discussion

The mixing chamber requires precooling to < 500mK in order to induce phase sepa-
ration and operate the MDR. The dilution unit has been tested in this configuration. 

(2)ṅ ∼
Q̇S

L

(3)
Q̇

ṅ
=

(𝛾D − 𝛾C)
[

𝛾D(f − 1) − 𝛾C
]

𝛾D(f − 1) − 𝛾C(f + 1)

(4)f = exp

(

A∕ak

ṅ𝛾D𝛾C

[

(𝛾D − 𝛾C)T
2
m
−

2Q̇

ṅ

])
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However, several improvements to the preliminary design were necessary to activate 
dilution. In order to precool the mixing chamber to 4 K and then to 500 mK while 
cycling the IC stage, an active 3He gas-gap switch has been introduced to couple 
the IC head and the mixing chamber. Since the density ratio between 4He and 3He 
is �4∕�3 = 1.7 , the phase separation must be such that the still side of the circuit 
contains dilute mixture and the condenser side contains concentrate, while the MDR 
is in operation. To this end, there must be a difference in the column height in the 
equilibrium condition. Therefore, the original design of the MDR has been modified 
to include a higher mixing chamber with a total volume 7 cm3 . In order to maintain 
a fixed 180 mm total height of the MDR unit, the HEX has been further compressed 
and aligned with the condenser. The still of volume 1.5 cm3 has been positioned 
approximately halfway between the mixing chamber and the condenser.

Taking into account the HEX, the total volume of the MDR amounts to 10 cm3 . 
An external gas bottle connected to the MDR circuit has been charged with 7  L 
(STP) with a mixture of 3He (4 L STP) and 4He (3 L STP).

In order to fully charge the MDR with the overall amount of mixture, the CRC7 
was cycled with the precooling switch closed. The precooling unit has been cycled 
multiple times, and the active switch successfully precooled the MC to 400 mK at 
which point phase separation occurred, as shown in Fig. 5.

Nonetheless, while trying to artificially load the still, the temperature would 
not reach the 700  mK expected from a loading > 144 μW to allow an efficient 
performance of the dilutor. In fact, not all of the mixture has been successfully 
introduced in the dilution unit due to a slow transfer rate, leaving the still and the 
MC partially empty. Most of the mixture was drawn into the MDR, while the MC 
was precooled to the CRC7 base temperature, which shows that the mixture was 
not condensing well at 4  K. Therefore, a condenser at the connection between 
the MDR and the 4 K stage will be added. Testing of the improved prototype has 
not yet been completed; however, results with the former prototype demonstrated 

Fig. 5  Left: MDR dilution runs, showing the temperature in Kelvin of the MDR stages (still and mixing 
chamber) over time. Right: MDR mixing chamber lowest achievable temperature as a function of the cir-
culation rate for different residual heat leaks (Color figure online)
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that the MDR is mechanically and structurally functional. Furthermore, Eq.  4 
has been used to estimate Tm for different heat leaks in Fig. 5, corresponding to 
the contributions from viscous heating and lateral heat conduction in the heat 
exchanger. Given the above considerations and the measured load curve in Fig. 3, 
the system will comfortably support a circulation rate of 5 < ṅ < 11 μmol ⋅ s−1 , 
affording a maximum heat load of 10 µW at the mixing chamber (100 mK).

6  Conclusion

A sorption-cooled miniature dilution refrigerator has been developed for a test 
cryostat to provide rapid cooldown and support preliminary tests of detectors 
operating at 100  mK. The design, operation and thermodynamic analysis have 
been described. The proposed design meets the criteria for several low-temper-
ature detector experiments and will offer a considerable advantage over existing 
three-stage sorption coolers which operate at 250 mK. The sorption cooler in the 
precooling stage has been operated extensively, and its performance has been 
reported. A prototype MDR has been manufactured and tested, showing a suc-
cessful phase separation at the mixing chamber; further experimental tests are 
currently taking place and the authors look forward to reporting full experimental 
results in due course.
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