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ABSTRACT
Space-qualified Joule Thomson coolers with significant cooling power below 2 K enable a 

variety of missions ranging from large infrared space telescopes, superconducting detectors for as-
trophysics and quantum applications. At JAXA, a 1 K-class Joule-Thomson cryocooler (1K-JT) has 
been developed with the specified cooling power of 10 mW at 1.7 K for upcoming next-generation 
astronomy missions. The lifetime test is one of most critical items to be verified, while mechanical 
tests, thermal vacuum environmental tests, and the electromagnetic noise and mechanical disturbance 
measurements were completed with the engineering models prior to the lifetime test. 

This paper provides current status of the lifetime verification result with the engineering model. 
The lifetime test was started on May 2015, and recently achieved its fourth year continuous of 
operation without any critical degradations. Recent researche, 1K-JT applications including the 
cooler system demonstration for the ESA X-ray observatory ATHENA (Advanced Telescope for 
High Energy Astrophysics), and the cooling performance test with straight heat exchanger for the 
space infrared telescope mission SPICA are also presented.

INTRODUCTION
At JAXA, space-qualified mechanical coolers are being developed with Sumitomo Heavy 

Industries, Ltd. (SHI) for space science missions [1]. Two units of a 20 K-class two-stage Stirling 
cooler (2ST) were operated on the Japanese infrared astronomical mission AKARI, and four sets 
of a 2nd generation 2STs with improved reliability were launched on February 2016 by Japanese 
X-ray observatory Hitomi [2][3]. XRISM [4], a recovery mission of Hitomi is also a cryogenic 
mission with four 2STs. A 4 K-class Joule-Thomson cryocooler (4K-JT) which provides 4.5 K with 
the cooling power of 20 mW was developed and carried on the Superconducting Submillimeter-
Wave Limb-Emission Sounder (SMILES) onboard the Japanese Experiment Module (JEM) of the 
International Space Station (ISS) [5]. Then, the 4K-JT was upgraded with higher cooling power 
(40 mW) and higher reliability, and successfully operated on Hitomi. The 4K-JT is also proposed, 
planned and developed to be mounted on XRISM, Lite (Light) satellite for the studies of B-mode 
polarization and Inflation from cosmic microwave background Radiation Detection LiteBIRD [6], 
SPICA [7] and ATHENA [8].
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This paper shows current status of the lifetime test of the space qualified 1K-JT engineering 
model (EM). The 1K-JT development began in 2001 with the study of the mechanical cooler sys-
tem for SPICA, and the cooling power of 16 mW at 1.7 K was measured in the bread board model 
(BBM) performance test [9]. The reliability evaluation excluding lifetime was completed in the 
1K-JT EM development. After that, several experimental demonstrations were also performed with 
the 1K-JT EM performance test model.

THE  1K- J T L IF E TIME  TE ST

Dev el op ment of  the 1K- J T E ngineering Model
The 1K-JT cooler consists of four-staged linear compressors and a closed cycle loop with three 

staged heat exchangers, a JT orifice and a bypass valve. There are two thermal interfaces between 
these heat exchangers, and these are needed to precool the JT working gas. As a baseline design, 
the 2ST is used as the precooler and the 2ST 2nd stage temperature is 15 K at maximum as the prior 
condition of the 1K-JT design.

The development of the 1K-JT EM was started in 2011 after the technology demonstration using 
the BBM [10]. Table 1 shows the specification of the 1K-JT. In this EM development phase, two 
sets of the 1K-JT EM with the 2ST precooler were fabricated for use in the qualification tests. One 
EM, called the performance model, was dedicated to mechanical and thermal environmental tests, 
electromagnetic compatibility (EMC) tests, and the cooling performance test including the thermal 
transient measurement. The other unit was used for the lifetime test after mechanical environment 
testing the acceptance level and an outgas assessment[ 10] . 

The L if etime Test
The cooling performance degradation of the mechanical coolers during the continuous operation 

is mainly caused by impurities in the working gas and the mechanical wear of the moving parts. 
A lifetime test is needed through continuous operation for the verification of the specified lifetime 
and for studying the performance change.

The lifetime test of the 1K-JT EM began on May 2015 at SHI  N iihama plant. The 1K-JT cold tip 
and the 3rd heat exchanger (HEX3) are surrounded by the inner thermal shield which is cooled by the 2ST 
precooler 2nd stage, and the 2ST 1st stage cools the outer thermal shield which covers the inner thermal 
shield. The  Ground Support Eq uipment (GSE) thermal shield cooled by a commercial GM cooler was 
also assembled around the outer thermal shield on March 2017 because the reduction of radiative heat 
load into the 2ST 1st stage should be needed, while ML I  (Multi-L ayer I nsulation) was only used until the 
assembly of the additional shield. The heat input of the heater at the 1K-JT cold tip was maintained at 5 mW.

Tab l e 1. The 1K-JT specification [10]. C21_125 3

Figure 1 shows the temperature behavior and the driving power during the 1K-JT lifetime test. Tem-
perature at the 2ST 1st stage and the 2nd stage were reduced by the addition of the GSE thermal shield. 
Particularly, the 2ST 2nd stage temperature was changed to be lower than 15 K, while it was higher than 
15 K without the additional shield. This indicated that the precooling temperature condition of the 1K-JT 
until March 2017 was more severe than the precooling temperature in the prior condition of the design. 
After that, the 1K-JT driving power could be reduced. The 1K-JT EM has successfully achieved more 
than four years of continuous operation without any major problems. The measured outlet pressure (PH) 
and the pressure at bypass line (PJ) showed slight increase, likely caused by the slight increase of the pre-
cooling temperature, while the flow rate of the working gas shows stable behavior as shown in Figure 2.

F igure 1.  The 1K-JT lifetime test result. The cooling shield was added on March 2017.

F igure 2.  The gas pressure PH and PJ (top) and the gas flow rate (bottom) in the 1K-JT lifetime test.
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The 1K-JT cooling performance was also measured periodically in the lifetime test. Figure 3 
shows the measured PH as a function of the precooling temperature (the 2ST 2nd stage). The dotted nd stage). The dotted nd

line and dashed line are the relations with the heat input of 10mW and 5 mW respectively obtained 
by the 1K-JT performance test model and these lines can be used as a reference. The measured 
pressure has uncertainty of about 30 kPa, which is provided by different conditions (the compres-
sor temperature, the different temperature distribution of the inner thermal shield around the cold 
tip, etc..). If showed degradation at low temperature components in the lifetime test, the measured PH 
to obtain the specified cooling power becomes higher. As a result, the required PH to obtain the 
cooling power of 10mW and 5 mW after 3.1 year of operation is nearly identical to that obtained 
at beginning of life (BOL) and after 2.4 years of operation. It was also verified that the relation 
between the flow rate and the PH produced by the 1K-JT compressors after three years of operation 
was almost consistent with that at B O L  and after 2.4 years. These results indicate that there is no 
major degradation of components at low temperature components including the cold tip and heat 
exchangers during the four year life test.

F igure 3.  The outlet pressure PH needed to obtain the cooling power of 10 mW or 5 mW in the 
performance measurement of the lifetime test model. The dotted line and the dashed line show reference 
relation with the heat input of 10 mW and 5 mW respectively obtained by the 1K-JT performance model.

F igure 4.  Schematic drawing of the cryostat1 setup. The 1K-JT temperature region is connected with 
the 4K-JT temperature region by the sorption gas pipeline [16].

  Schematic drawing of the cryostat1 setup. The 1K-JT temperature region is connected with 
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F igure 3.  The outlet pressure PH needed to obtain the cooling power of 10 mW or 5 mW in the 
performance measurement of the lifetime test model. The dotted line and the dashed line show reference 
relation with the heat input of 10 mW and 5 mW respectively obtained by the 1K-JT performance model.
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THE  COOL E R SYSTE M DE MONSTRATION W ITH THE  1K- J T
The detector cooling demonstration campaign from 300 K to 50 mK started in 2016, under the 

framework of the ESA’s Core Technology Program (CTP) for the X-ray Integral Field Unit (X-IFU) 
of ATHENA. As the intermediated step in the CTP, a 300K – 50mK cooling chain demonstration 
called “cryostat1” with the dedicated cryostat in France (CEA Grenoble) was planned and space-
qualified mechanical coolers were coupled [11]. In the cryostat1 test, the engineering models of 
the 4K-JT with the 2ST precooler and the 1K-JT were integrated with the 50 mK hybrid cooler 
(a combination of 300 mK sorption cooler and 50 mK single stage adiabatic demagnetization refrigerator) 
and the 15 K-class pulse tube cooler (PT15K). The 50 mK hybrid cooler was jointly developed by 
CNES and the French Alternative Energies and Atomic Energy Commission (CEA) in the frame-
work of SPICA SAFARI instruments project [12], and the PT15K was developed by ESA / CEA / 
Air Liquide / Thales Alenia Space [13]. Figure 4 shows the schematic drawing of the experimental 
setup between the hybrid cooler and JT coolers in cryostat1. Details of the cooler system design 
are described in Prouvé et al. [14].

Since the PT15K was used as the precooler for the 1K-JT, the first and second heat exchangers 
(HEX1 and HEX2, respectively) in the 1K-JT were modified for coupling with the PT15K. In the 
1K-JT pre-shipment test, there were two test cases for the test item as shown in Table 2, as the PT15K 
could not be used. The first case performs the 1K-JT cooling performance test using a commercial 
4K-GM cooler. In this case, a new cryostat for the cooling test is needed in Japan and impacts 
schedule. Furthermore, there is a remaining risk of the thermal interface, particularly the thermal 
contact conductance between PT15K and the 1K-JT. The second case performs the compression 
performance test at room temperature instead of the cooling performance test. As a conclusion, 
the latter case was selected as the pre-shipment test, because there were no major concerns at low 
temperature design of the 1K-JT had not experienced gas leaks during the JT cooler development. 
The dummy of the PT15K was used for the fit check and the shipment from Japan to France.

After transport, the PT15K dummy coupled with the 1K-JT was replaced with the PT15K after 
the transport, and the reception test was made to confirm the JT cooling performance after the as-
sembly in the cryostat. The reception test confirmed that the 1K-JT cooling performance was almost 
consistent with the performance when integrated with the 2ST in the engineering model development 
as shown in Table 3. The PT15K precooler has a large cooling capacity compared to the 2ST, the 
1K-JT performance with lower precooling temperature between 10 K and 15 K was also measured.

Tab l e 2. Pros and Cons of the pre-shipment test items.

Tab l e 3. The performance test result of the 1K-JT in the cryostat1. 
The same EM compressors were used in both cases.

V ERIF ICATION AND  APPLICATIONS OF  1 K  J - T COOLER 4 5
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The cooling performance, particularly the recycling of the hybrid cooler was demonstrated. 
B oth JT coolers were operated with proposed interface conditions and successfully achieved a 
temperature of 50 mK was successfully achieved. Any piston collisions in the compressors or dry-
out of the working gas at the JT cold tip were not detected. This is a milestone to demonstrate the 
future cooler system with the 1K-JT [15]. 

THE  1K- J T COOL ING  DOW N E X P E RIME NT
In principle, the cooling capacity of a Joule Thomson cooler is lower at higher temperature. 

The cooling power Q  is determined by the operating temperature, entropy variance dS and the mass 
flow rate of the working gas m . The inlet pressure is higher and lower dS results in lower cooling 
capacity at higher temperature, while the 1K-JT design including the orifice size and the filling pres-
sure is optimized to obtain the specified cooling power of 10 mW at 1.7 K. Hence, the  heat load into 
the 1K-JT must be lower than the cooling capacity between 1.7  K and the precooling temperature. 

In the cryostat1 test, the 1K-JT cooling measurement with constant heat input was made to 
confirm the cooling capacity between 1.7 K and 15 K. Because the 1K-JT was integrated with the 
50 mK hybrid cooler and the 4K-JT, the experimental setup was also an opportunity to demonstrate 
the 1K-JT cooling from the precooling temperature with almost the same thermal environmental condi-
tion as that in ATHENA X-IFU. The heater power of 5 mW was applied for the 1K-JT cold tip, while 
the heater power for the 4K-JT was controlled to keep the 4K-JT cold tip temperature 1~ 2 K higher 
than the 1K-JT to reduce the heat load from the 4K-JT interface to 1K-JT. The 1K-JT successfully 
reached 1.7 K, and it was confirmed that the 1K-JT has a cooling capability of higher than 5 mW 
between 1.7  K and 15 K [16].

THE  COOL ING  P E RF ORMANCE  W ITH THE  STRAIG HT HE AT E X CHANG E R
In a cryogenic system, it is better to locate a JT cold tip close to focal plane instruments. 

Then, in some cases, a major modification of a heat exchanger design is needed to mount com-
pressors on the base plate which is operated at room temperature and far from a low temperature 
focal plane. In SPICA, cold tips of 4K-JT and 1K-JT are located close to scientific instruments, 
while compressors and coldheads are mounted on the cooler plate of the service module [7 ]. In the 
conceptual study of the heat exchanger pipeline routing, the required length of the heat exchanger 
is 4.5 m at maximum, while the length is 1.65 m in the original design. Hence, it was determined 
that the 3rd heat exchanger (HEX3) design should be modified to be longer and straight shape for 
adopting the payload module design. The development of the uniq ue HEX3 is effective for other 
large payload missions too. 

Figure 5 shows the schematic drawing of the JT coolers with the straight HEX3. The HEX3 
design is modified, while the HEX1 and the HEX2 can be the same as original design for maintain-
ing the heritage and to couple with the 2ST precooler. The straight HEX3 must be surrounded by 

F igure 5.  Schematic drawing of the JT cooler with the original design (top) 
and the straight HEX3 design (bottom).

C21_125 7the JT pipe shield with the temperature between 30 K and 40 K for the thermal environment, and 
thermally insulated mechanical supports are also needed in the mechanical consideration.

In the straight HEX3 demonstration test, three different lengths of the HEX3 test models 
(1.65 m, 3 m and 4.5 m) were fabricated to measure the dependence of the heat exchanger length 
in the cooling performance. The original design (1.65 m length and toroidal shaped HEX3) was 
also measured as a reference. As expected, the cooling performance with the 1.65 m length could 
not satisfy the specification, because the heat-exchange efficiency expected by 1.65 m is low in a 
straight shape. The specified cooling power of 40 mW was successfully obtained with the length 
of 3 m and 4.5 m, and the measured outlet pressure and the flow rate were acceptable since both 
parameters can be obtained by the 4K-JT lifetime test model after 5-year operation. In the 1K-JT 
case, the cooling power of 12.5 mW at 2.5 K with 4He was verified, because the cooling power of 
12.5 mW at 2.5 K with 4He corresponds to 10 mW at 1.7 K with 3He in the compressor design. The 
test model satisfied the cooling power of 12.5 mW and the measured outlet pressure was almost 
consistent with the 1K-JT lifetime test model after 3-year operation. The demonstration result is a 
good heritage for the engineering model development and useful for the thermal study of the large 
payload module.

CONCL USION
The lifetime test of the 1K-JT developed for space science missions has successfully achieved 

more than four years continuous operation without any critical degradations. The performance results 
indicate that there is no major degradation at low temperature components including the cold tip 
and heat exchangers during the four years of operation. Several experiments were also performed 
with the 1K-JT EM performance test model. In the cryostat1 test, which was an intermediate step to 
demonstration of the cooler system demonstration for ATHENA X-IFU, the 1K-JT EM was coupled 
with the 4K-JT and the 50 mK hybrid cooler, and successfully obtained 50 mK. The 1K-JT cool 
down experiment from 15 K precooling temperature with the heat load of 5 mW was measured and 
successfully to reach 1.7 K. The cooling performance of the longer length straight heat exchanger 
test model was also measured, and the specified cooling power was obtained for the 1K-JT and the 
4K-JT configurations. These experimental demonstrations give important knowledge for the cooler 
applications of future space cryogenic missions.
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test model was also measured, and the specified cooling power was obtained for the 1K-JT and the 
4K-JT configurations. These experimental demonstrations give important knowledge for the cooler 
applications of future space cryogenic missions.

ACKNOW L E DG E ME NTS
We thank Haruka Fukuoka and Chihiro Tokoku in JAXA/ISAS for their technical work, cooler 

operations, performance measurements and the data analysis in the straight HEX3 demonstration test.

RE F E RE NCE S

1. Narasaki, K., Tsunematsu, S., O tsuka, K., Kanao, K., O kabayashi, A., Y oshida, S., Sugita, H., Sato, 
Y ., Mitsuda, K., Nakagawa, T., Nishibori, T., “L ifetime Test and Heritage O n-O rbit of SHI Coolers for 
Space Use,” Cryocoolers 19, ICC Press, B oulder, CO  (2016), pp. 613-622.

2. Kelley, R.L . et al., “The Astro-H High Resolution Soft X-ray Spectrometer,” Proc. of SPIE, V ol. 9 9 050V  (2016).

3. Y oshida, S., Miyaoka, M., Kanao, K., Tsunematsu, S., O tsuka, K., Hoshika, S., Mitsuda, K., Y amasaki, 
N., Takei, Y ., Fujimoto, R., Sato, Y ., DiPirro, M., Shirron, P., “Flight model performance test results of a 
helium dewar for the soft X-ray spectrometer onboard ASTRO -H,” Cryogenics, V ol. 7 4 (2016), pp. 10–16.

4. Ezoe, Y ., Ishisaki, Y ., Fujimoto, R., Takei, Y ., the XRISM Resolve team., “Cooling system for the 
Resolve onboard XRISM,” Cryogenics, V ol. 108  (2020).

5. Narasaki, K., Tsunematsu, S., Y ajima, S., O kabayashi, A., Inatani, J., Kikuchi, K., Satoh, R., Manabe, 
T., Seta, M., “Development of Cryogenic System for SMIL ES,” Advances in Cryogenic Engineering, 
V ol. 49 B  (2004), pp. 17 8 5-17 9 6.

6. Sekimoto, Y . et al., “Concept design of the L iteB IRD satellite for CMB  B -mode polarization,” 
Proc. of SPIE, 1069 8  (2018 ).

V ERIF ICATION AND  APPLICATIONS OF  1 K  J - T COOLER 4 7



C21_125 87 . Shinozaki, K., Sato, Y ., Tokoku, C., Saijo, M., O gawa, H., Nakagawa, T., Sawada, K., Sugita, H., Mizutani, 
T., Matsuhara, H., Tsunematsu, S., Y oshida, S., Kanao, K., O kabayashi, A., Narasaki, K., Shibai, H., 
“Mechanical cooler system for the infrared space mission SPICA,” Proc. of SPIE, V ol. 11443 (2020), 
to be published.

8 . B arret, D. et al., “The ATHENA X-ray Integral Field Unit (X-IFU),” Proc. of SPIE, V ol. 1069 9  (2018 ).

9 . Narasaki, K., Tsunematsu, S., Ootsuka, K., Watanabe, N., Matsumoto, T., Murakami, M., Nakagawa, 
T., Sugita, H., Murakami, M., Awazu, H., “Development of 1 K-class Mechanical Cooler for SPICA,” 
Cryogenics, V ol. 22 (2004), pp.37 5-38 1.

10. Sato, Y ., Sawada, K., Shinozaki, K., Sugita, H., Mitsuda, K., Y amasaki, Y .N., Nakagawa, T., 
Tsunematsu, S., O otsuka, K., Narasaki, K., “Development of 1K-class Joule-Thomson cryocooler for 
next-generation astronomical mission,” Cryogenics, V ol. 7 4 (2016), pp. 47 –54.

11. Prouvé, T., Duval, J.M., Charles, I., Y amasaki, N.Y ., Mitsuda, K., Nakagawa, T., Shinozaki, 
K., Tokoku, C., Y amamoto, R., Minami, Y ., L e Du, M., Andre, J., Daniel, G., L inder, M., 
“ATHENA X-IFU 300K–50mK cryochain test results,” Cryogenics, 112 (2020).

12. Duval, J., Duband, L., Attard, A., “Qualification campaign of the 50mK hybrid sorption-ADR cooler 
for SPICA/SAFARI,” IOP conference series: materials science and engineering, 101 (2015).

13. Pennec, Y ., B utterworth, J., Coleiro, G., “Engineering Model of a High Power L ow Temperature Pulse 
Tube Cryocooler for Space Application,” Cryocoolers 19, ICC Press, B oulder, CO  (2016), pp. 43-48 .

14. Prouvé, T., Duval, J.M., Charles, I., Y amasaki, N.Y ., Mitsuda, K., Nakagawa, T., Shinozaki, K., 
Tokoku, C., Y amamoto, R., Minami, Y ., L e Du, M., Andre, J., Daniel, G., L inder, M., “ATHENA 
X-IFU 300K–50mK cryochain demonstration cryostat,” Cryogenics, V ol. 8 9  (2018 ), pp. 8 5-9 4.

15. Shinozaki, K., Tokoku, C., Y amamoto, R., Minami, Y ., Y amasaki, N.Y ., Mitsuda, K., Nakagawa, T., Duval, 
J.M., Prouvé, T., Charles, I., L e Du, M., Andre, J., Daniel, G., L inder, M., Tsunematsu, S., Kanao, K., 
O otsuka, K., Narasaki, K., “Cooling performance of Joule Thomson coolers in 300 K -50 mK cryochain 
demonstration for ATHENA X-IFU,” IOP conference series: materials science and engineering, 502 
(2019 ).

16. Shinozaki, K., Sato, Y ., Sawada, K., Sugita, H., Nakagawa, T., Tokoku, C., Y amasaki, N.Y ., Mitsuda, 
K., Tsunematsu, S., Kanao, K., Prouvé, T., Duval, J.M., Charles, I., “Cooling capability of JT coolers 
during the cool-down phase for space science missions,” Cryogenics, V ol. 109  (2020).

C21_113 1

Study for Continuity of SPICA Cryogenic System 
Cooling Operations by Adding Refrigerant Circulation
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ABSTRACT
The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) is a pre-project mis-

sion of JAXA to launch a large infrared observatory to the second Sun–Earth L agrangian liberation 
point (L 2). A uniq ue feature of the SPICA cryogenic system is a warm launch system using radia-
tive cooling and numerous mechanical coolers in orbit to cool the 2.5 m telescope to less than 8  K 
and its detectors to sub-kelvin temperatures. SPICA uses two sets of 1 K Joule–Thomson  (1K-JT) 
coolers and two sets of 4 K Joule–Thomson (4K-JT) coolers with three sets of double-stage Stirling 
(2ST) coolers, respectively used as pre-coolers for redundancy and reliability. Additionally, two 2ST 
coolers cool the telescope shield. The pre-coolers for 1K-JT cooler must be separated from 4K-JT 
cooler because of the influence of the pre-cooler’s failure and necessary pre-cooling temperatures 
for 1K-JT coolers lower than that for the 4K-JT cooler.

This paper describes improvement for continuity of cooling operation of SPICA cryogenic sys-
tems by adding refrigerant circulation systems. The added refrigerant circulation systems increased 
the redundancy and reliability of the SPICA cryogenic system. As additional effects, the pre-coolers 
are decreased. The arrangement limitations of the thermal link and heat ex changer assemblies are 
also decreased.

INTRODUCTION
The Space Infrared Telescope for Cosmology and Astrophysics (SPICA) is proposed as the 

Japanese infrared observatory with the following scientific objectives: 1) to elucidate the birth and 
evolution of galax ies, 2) and planetary system formation processes. For these objectives, SPICA is 
ex pected to provide imaging and spectroscopic capabilities at 5–210 μm wavelengths with a 2.5 m 
telescope cooled to a temperature below 8  K and its detectors to sub-kelvin temperatures1, 2. A new 
concept for the SPICA cryogenic system is a warm launch approach, meaning that the scientific 
telescope assembly (STA) includes a 2.5 m telescope and that the focal plane instrument assembly 
(FPIA) is warm when launched, but that it cools in orbit. Figure 1 present the mechanical cool-
ing system used for the SPICA payload module1, 2. The telescope and the FPIA are cooled to deep 
space temperatures by multi-stage radiation and by numerous mechanical coolers. This system 
obviates the need to launch a large and heavy vacuum vessel. The scientific instruments of SPICA 
are SPICA Mid-infrared instruments (SMI), a SPICA far-infrared imaging spectrometer (SAFARI), 
and a Magnetic field explorer with BOlometric Polarimeter (B-BOP) . The operating temperature 
of SMI detectors must be lower than 2 K. From these perspectives, a 1 K Joule–Thomson (1K-JT) 
cooler in a mechanical cooler system is also used as a 1.7  K heat sink.
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