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Investigation on a Three-Stage Stirling-Type Pulse
Tube Cryocooler for Cooling the Low-T,. SQUID

Zhigian Gao, Haizheng Dang, Dingli Bao, and Yibo Zhao

Abstract—This paper presents the design and performance im-
provement of a three-stage Stirling-type pulse tube cryocooler
(SPTC) aimed to achieve effective cooling at 4.2 K for the low-T,
superconducting quantum interference device (SQUID). The sys-
tem integration of the three-stage SPTC and the low-7. SQUID is
described, and the cryocooler is arranged with the thermally cou-
pled configuration. A developed electrical circuit analogy model
is proposed to analyze the internal operating mechanisms of the
three-stage SPTC. In addition, a three-stage thermally coupled
SPTC is simulated and fabricated. The performance of each stage
is tested individually. The first-stage SPTC can achieve 15.67 W at
80 K. A no-load cooling temperature of 17.4 K can be obtained by
the two-stage SPTC with a total input acoustic power of 424.0 W.
Under the precooling of the first two stages of SPTC, the simulated
results indicate that the third-stage SPTC can acquire 6.35 mW
at 4.2 K when the input acoustic power is 49.5 W, and the dis-
placement of the cold end turns out to be 1.45 pum from peak to
peak.

Index Terms—Low-T. SQUID, three-stage Stirling-type pulse
tube cryocooler, design and performance improvement, system in-
tegration.

1. INTRODUCTION

S THE most sensitive detector for magnetic field detec-
A tion, the superconducting quantum interference device
(SQUID) plays an important role in many kinds of weak mag-
netic detections, such as medical science, geomagnetism, non-
destructive examination, etc. Especially for the low—7, SQUID
operating in a much lower temperature range of 4-9 K, it can
achieve higher magnetic sensitivity and spatial resolution than
its high—T, counterpart, and also has stricter demand for the
low-vibration and low-noise background. Therefore, many con-
ventional mechanical cooling approaches become unsuitable
due to their unacceptable vibration output and electromagnetic
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interference (EMI). The pulse tube cryocooler (PTC) eliminates
any moving mechanical component at the cold end and thus
has evident advantages at the cold end in terms of both low-
vibration output and significantly reduced EMI levels. In addi-
tion, a flexible cooling temperature range can be realized by the
PTC compared to the liquid helium cryostat. The Stirling-type
PTC (SPTC) is driven by the linear compressor which features
compact structure, low-vibration, high reliability and long op-
eration time and thus become a desirable candidate for cooling
the SQUID.

In order to obtain cooling capacities below 10 K, the SPTC
with multi-stage arrangement is commonly used. Some of them
were designed for space missions [1]-[3], which featured com-
pact structure, but the cooling capacities were too tiny for cool-
ing the low—7, SQUID. Other aimed at the applications on
ground [4], [5], and thus the structure could be somehow loose
but the cooling powers became larger.

This paper presents the design and performance improvement
of a three-stage SPTC aimed to achieve effective cooling at
4.2 K for the low—T1, SQUID. The system integration of the
three-stage SPTC and the low—17, SQUID are described and
discussed. A developed electrical circuit analogy (ECA) model
is proposed to analyze the internal operating mechanisms of the
three-stage SPTC. In addition, a three-stage thermally-coupled
SPTC is simulated and fabricated. The performance of each
stage is tested individually, and the results are discussed in
details.

II. DESIGN OF THE INTEGRATION SYSTEM

Fig. 1 shows the schematic diagram of the integration sys-
tem for cooling the low—7, SQUID. The three-stage SPTC is
arranged with the thermally-coupled configuration, and driven
by a Stirling-type helium compressor (1), which uses clearance
seal and flexure springs, thus features a long operation life. A
connecting tube (2) is adopted to eliminate the vibration trans-
mitted from the compressor, its length and diameter are well
optimized to reduce the irreversible losses.

The ambient heat exchangers of all the three stages of SPTC
are mounted on the hot end exchanger (3), which is cooled to
290 K by a circulating water cooling system. For the first and
second stage SPTCs, the cold fingers are coaxial with pulse
tubes inside the regenerators, and thus have the advantage of
compactness. But for the third stage, the pulse tube (18) and
the reservoir (19) are precooled by the second stage cold heat
exchanger (12), therefore, the U-type configuration is adopted
instead of the coaxial one. Inertance tubes and reservoirs are
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Fig. 1. Schematic diagram of the integration system for cooling the low-
Tc SQUID: 1) compressor; 2) connecting tube; 3) hot heat exchanger; 4) hot
end flange; 5) support frame; 6) first stage regenerator; 7) first stage cold heat
exchanger; 8) first stage inertance tube; 9) first stage reservoir; 10) second stage
regenerator; 11) first stage thermal link; 12) second stage cold heat exchanger;
13) second stage inertance tube; 14) second stage reservoir; 15) second stage
thermal link; 16) third stage regenerator; 17) third stage cold heat exchanger;
18) third stage pulse tube; 19) third stage reservoir; 20) copper disk; 21) alumina
SQUID holder; 22) low-Tc SQUID; 23) radiation shield plate.

used as the phase shifters in all the three stages of SPTC, it
should be noted that, both of them work at ambient temperature
in the first two stages of SPTC, while the third stage reservoir
(19) works at about 30 K, therefore, it is located on the top
of the second stage cold heat exchanger (12). The third stage
inertance tube is assembled inside the reservoir (19) to ease the
complexity of the integration system.

The low—T, SQUID (22) is attached to a SQUID holder (21),
which is made of alumina in order to provide sufficient ther-
mal contact between the SQUID and the cold finger of the
cryocooler. Metal can’t be used for this purpose due to Johnson
noise and eddy current effects. A radiation shield (23) cooled by
the second stage cold heat exchanger (12) is placed around the
low—1, SQUID to reduce the radiation loss. The design goals
of the integration system are shown in Table 1.

III. ELECTRICAL CIRCUIT ANALOGY MODEL FOR THE
THREE-STAGE SPTC

The ECA model is an effective approach of systematically
analyzing a regenerative cryocooler, in which the dynamic pres-
sure and the volume flow rate are analogized to the voltage and
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TABLE I
DESIGN GOALS OF THE INTEGRATION SYSTEM

Parameters Design goals
cooling capacity >6 mW/4.2 K
input electrical power < 800 W
total mass <50kg
peak to peak displacement <1.5pum
operation lifetime >3y

the current, respectively. With the aid of the analogy, Swift [6]
systematically defined the equivalent elements of the key com-
ponents such as regenerator, pulse tube, inertance tube and reser-
voir, respectively. Tan and Dang [7] proposed an ECA model
for the whole system of a single-stage SPTC, and then Dang
et al. [8] further improved the model by considering the effects
of heat exchangers and the compression space. However, both of
the above two models were developed based on the single-stage
SPTC working above about 50 K, in which the working fluid,
helium, were regarded as the ideal gas. For the discussed three-
stage SPTC model with the coldest stage working at or even
below 10 K, the real gas effect should be considered. Therefore,
a still further improved ECA model considering the effects of
the real gas is proposed as follows.

In the developed ECA model, the dynamic pressure, the vol-
ume flow rate and the dynamic temperature are discussed with
harmonic approximations, and the model is based on cross-
sectional-averaged equations. Therefore, the momentum equa-

tion becomes [6]:
wpy, Az /A 3 <zwpm Az N RU) o
A
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1—(1—14)0,/2rp
In the pulse tube, the thermodynamic process can be regarded
as adiabatic, thus its continuity equation can be expressed as

[6]-(9]:
v
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In the regenerator, the process is not a simple adiabatic one,
therefore, a controlled source item gU is added for correction
as follows [6]-[9]:
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And if considering the isothermal processes in heat exchangers,

inertance tubes and reservoirs, their continuity equation turns
out to be [6]-[9]:
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where py, U, T, are the dynamic pressure, the volume flow
rate and the dynamic temperature, respectively, A is the cross-
sectional area, R, is the viscous resistance, d, is the viscous
penetration depth, 7, is the hydraulic radius, v is the specific
heat ratio, C} is the compressibility factor, g is the complex gain
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Fig. 2. Displacement of the three-stage cold heat exchanger.

factor for volume flow rate [6], and the subscript m in (1)—(4)
represents the mean values.

Combing the above equations, the dynamic pressure and the
volume flow rate in different components of the three-stage
thermally-coupled SPTC can be obtained quantitatively. In ad-
dition, the irreversible losses in regenerators and heat exchang-
ers can also be worked out according to the earlier work [9].
Therefore, the cooling capacities of each stage SPTC can be
predicted definitely.

IV. EXPERIMENTS AND DISCUSSIONS

A three-stage thermally-coupled SPTC aimed at 4.2 K is
designed for cooling the low—1, SQUID based on the above
theoretical model. The first stage cold finger is fabricated and
tested as a single-stage cryocooler separately, and then the sec-
ond stage is added for a two-stage cryocooler. Finally, the third
stage is designed on the basis of the first and second stages.

In order to evaluate the feasibility of the three-stage SPTC
for cooling a low—7,. SQUID, we tested the peak-to-peak dis-
placement of the third stage cold heat exchanger along the axial
direction of the pulse tube. With the increasing input acoustic
power, the displacement of the cold end increases monotoni-
cally as shown in Fig. 2. The largest displacement is 1.45 ym
when the input acoustic power is 474 W, which turns out to be
the optimal input acoustic power for the three-stage SPTC.

Compared with other mechanical cryocoolers operating at
4.2 K, the vibration generated by the three-stage SPTC is much
smaller. For the G-M type PTC, it has a peak-to-peak displace-
ment of about 50 pm at 1.4 Hz [10]. For the G-M cryocooler
and the Stirling cryocooler, the vibrations are one order of mag-
nitude larger than that of G-M type PTC due to the moving
displacer at the cold end [11]. The Joule-Thomson cryocooler
can’t reach 4.2 K directly due to the thermodynamic properties
of the working fluid, helium, unless it is precooled by one of the
above-mentioned cryocooler. Therefore, the developing multi-
stage SPTC turns out to be one of the best choices for cooling
the low—T1,. SQUID.
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Fig. 4. Experimental performance of the single-stage SPTC.

A. The First Stage

The first stage SPTC is designed based on the single-stage
SPTC operating at 30-60 K developed in the same laboratory
[12]-[15], the configuration is shown in Fig. 3. A dual-opposed
compressor is adopted with an input acoustic power of 282.0 W,
and the cold finger is arranged with the coaxial configuration to
realize the advantage of compactness for the integration system.
#400 stainless steel screens are used as the regenerator matrix.
Two inertance tubes are adopted as the phase shifter.

The performance of the single-stage SPTC is shown in Fig. 4.
When the operating frequency is 57.0 Hz, the charging pressure
is 3.3 MPa, and the hot end is cooled to 290 K, a no-load cooling
temperature of 32.8 K can be obtained. At the cooling temper-
ature of 80 K, the cooling capacity turns out to be 15.67 W.

B. The Second Stage

The second stage cold finger is added to the above-mentioned
single-stage SPTC, and tested as a two-stage SPTC, the
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Fig. 6. Experimental performance of the two-stage SPTC.

structure is shown in Fig. 5. The coaxial configuration is em-
ployed again to the cold finger. A thermal link made of copper
strap is designed to connect the first stage cold heat exchanger
and the second stage regenerator. The thermal link is flexible
to avoid the stretching force caused by the contraction under
low temperature. Two options have been tried for the second
stage regenerator matrix: 1) a layered structure of stainless steel
screens and ErgNi, with stainless steel screens from the hot end
to the thermal link, then Er3Ni for the thermal link to the cold
end, and 2) a completely packing for only Er3Ni. The experi-
mental results indicate the second option is a little better than
the first one.

The performance of the two-stage SPTC is shown in Fig. 6.
When no cooling capacities are extracted from the first stage
SPTC, the precooling temperature becomes 64.4 K, and the no-
load cooling temperature of the second stage SPTC turns out to
be 17.4 K with a total input acoustic power of 424.0 W. The reject
temperature is 290 K, and the operating frequency is 57.0 Hz.
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C. The Third Stage

The third stage SPTC is designed to reach 4.2 K for cool-
ing the low—7,. SQUID based on the single-stage and two-stage
SPTCs. The experimental setup is shown in Fig. 7. Unfortu-
nately, several components are still under manufacturing. There-
fore, only simulated results will be reported here.

A layered structure is used as the regenerator matrix, with
#400 stainless steel screens from 290 K to 80 K, #635 stainless
steel screens from 80 K to 30 K, and for the last section from 30 K
to 4.2 K, different matrix is simulated and compared with each
other according to the ECA model. The simulated results shown
in Fig. 8 indicate that HoCuy may cause the largest irreversible
losses, followed by Lead, ErNi and ErsNi. Therefore, ErsNi
becomes the best option.

The operating frequency and the charging pressure of the
third-stage SPTC are optimized as well. The optimal values
turn out to be 31.8 Hz and 1.086 MPa, respectively.
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Fig. 9. Simulated performance of the third-stage SPTC.

Under these conditions, a cooling capacity of 6.35 mW at
4.2 K can be obtained by the third-stage SPTC, when the third-
stage input acoustic power is 49.5 W, and the precooling ca-
pacities provided by the first two stages of SPTC are 2.52 W at
80 K and 1.43 W at 30 K, respectively. Meanwhile, the cooling
capacity would increase to 186.8 mW, when the cooling tem-
perature becomes 9 K. The detailed performance is shown in
Fig. 9.

V. CONCLUSION

The low—T,. SQUID needs to work in the temperature range
of 4-9 K, and has a demanding requirement to the vibration
level. Therefore, a three-stage thermally-coupled SPTC is intro-
duced in this paper, and the system integration is described in
details. In addition, an improved ECA model is proposed to an-
alyze the internal flows of the three-stage SPTC by considering
the real gas effects of helium. A three-stage thermally-coupled
SPTC is designed, and each stage SPTC is tested individually.
The experimental results indicate that the first stage SPTC can
achieve 15.67 W at 80 K when the input acoustic power is
282.0 W. The second stage SPTC can reach a no-load cooling

1601405

temperature of 17.4 K under the precooling of the first stage.
For the third stage, the simulated results show it can acquire
6.35 mW at 4.2 K with the precooling of the first two stages
of SPTC, when the input acoustic power of the third stage is
49.5 W. Under these conditions, the peak to peak displacement
of the third stage cold heat exchanger turns out to be 1.45 pm.
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