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宇宙空間鱰鱏鱖鲐低雑⾳・⾼感度測定鱳鱤鲆鱰，冷凍機鱳使⽤鱑当然鱳鲇鱳鱭鱯鲏鱩鱩鱇鲐。今後鱳鳗鲻鲯鳟鳫鱰鱏鱉鱫鱴，冷凍機鱑⻑寿命鱐鱩
他鱳鲯鲱鲾鳘鱰影響（雑⾳，擾乱）鲗鲇鱤鲎鱚鱯鱉⾼信頼鲯鲱鲾鳘鱬鱇鲐鱘鱭鱑求鲆鲎鲑鲐。今年度鲍鲏開始鱚鲑鱤鳍鳥鳫鳀鳥鱅鲿鲛鳫鲨活動鱰
鱏鱉鱫鱴，鱘鲑鲃鱬出遅鲑鱫鱉鱤20K級2段鲱鲷鱅鳢鳫鲨冷凍機鱳⻑寿命化・低擾乱化鱳鱤鲆鱳圧縮機鱳改良鱭，駆動部鱳鲚鲧鲾鲛鳎制御鱳鱤鲆鱰
機能鲗定義鱜，BBM鱳仕様策定鲗⾏鱯鱨鱫鱉鲐。 
本活動鱴，宇宙科学研究所鱳複数鳗鲻鲯鳟鳫鱳関係者鱭，研開本部第1・第2鳞鳃鲻鳀鳙鳫鳈鱅鱰鲍鲏all-JAXA鱬鱳展開鲗⽬指鱞。
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従来型2段鲱鲷鱅鳢鳫鲨冷凍機

宇宙⽤冷凍機鱳将来構想

the disturbance of the continuous component for the micro-vibration. 
The 2ST coolers installed in “AKARI” and JEM/SMILES presented no 
major difficulty related to cryocooler vibration until the end of opera-
tion. However, at “HITOMI” engineering model testing, the energy re-
solution of the detector was found to be degraded during cryocooler 
operations [8]. For details, refer to Section 3.1 of the reference paper  
[8]. Results of further investigation showed that the micro-vibrations 
due to compressor of 2ST cooler caused the degradation. The harmonics 
of cryocooler operation frequency posed no difficulty, but the con-
tinuum in the vibration spectrum propagated into the sub-Kelvin region 
and generated thermal noise. The critical range of the generated vi-
bration level was set so that the acceleration on the middle shell in the 
-Y direction of Dewer was 1 × 10−4 G rms / square Hz or less at 600 Hz 
or less. The continuum originates in the linear ball bearings used in the 
2ST cooler compressor. In the case of “HITOMI,” vibration isolators for 
reducing the micro-vibrations due to compressor of 2ST cooler were 
introduced to resolve this issue [8]. 

The factors causing vibrations in the current compressor are de-
scribed as below. The mechanism of a linear ball bearing is a cylindrical 
rolling bearing that moves linearly along a shaft attached to a drive. A 
ball is contained in the rolling bearing. At the time of driving, the 
sliding performance is secured by rolling the shaft and the ball. 
Therefore, at the time of driving, vibrations are always generated when 
the shaft and the ball mutually come into contact. The continuum in the 
vibration spectrum is similar to white noise. We started to develop a 
new type compressor of 2ST cooler for reducing the continuum in the 
vibration spectrum to change from a linear ball bearings to a flexure 
spring. As presented herein, a new type compressor of the 2ST cooler is 

described specification, design and the test result of improvement of 
micro-vibration. 

2. Specifications of two-stage Stirling cryocooler 

Table 1 presents the required specifications for developing a new 
2ST cooler. The specifications are the same as those for a linear ball 
bearing type 2ST cooler. Typical cooling power is 240 mW at 20 K for 
the second stage and 1000 mW at 100 K for the first stage, with 90 W 
electrical input power. The operating frequency is 15 Hz. The maximum 
electrical input power is 90 W, but the normal operation electrical input 
power is 50–60 W. The basic cooler structure is the same. The two- 
piston type compressor has driving parts are disposed oppositely and 
driven to reduce vibration. The cold head displacer is driven by the gas 
pressure amplitude and forced drive with a voice coil motor to adjust 
the amplitude and drive phase angle. To counteract the displacer vi-
bration, an active balancer is attached opposite to the displacer, with a 
mounted mechanism that is capable of reducing the vibration. From 
experience with “Hitomi,” a required level of continuum in the vibra-
tion spectrum generated by the compressor is set up at 1 × 10−5 Nrms2 
/ Hz or less at a frequency of 600 Hz or less and 1/10 times or less at 
over 200 Hz compared to the compressor with a linear ball bearing 
system. In this development, a required level of continuum in the vi-
bration spectrum generated by the compressor is 1 × 10−5 Nrms2 / Hz 
or less at a frequency of 200 Hz or less and 1/10 times or less at 
200–600 Hz compared to the compressor with a linear ball bearing 
system. 

3. Description of a new compressor of 2ST cooler 

The current method for supporting the piston drive of the com-
pressor of a 2ST cooler is a linear ball bearing. The linear ball bearing 
system is a key components to realize a lower drive frequency (15 Hz), a 
long piston stroke (30 mm) and the long life time for the present 2ST 
cooler. The description of 2ST cooler with linear ball bearing system 
was presented in an earlier report [1,9]. The cold head does not change 
in development of new type 2ST cooler. 

At first in the development process of new compressor, we in-
vestigated several kind of spiral shape flexure springs. However, the 
stiffness in radial direction to moving axis was not enough for keeping 
the piston clearance to the long piston stroke of 30 mm. Finally, we 
selected a triangle shape flexure spring and moving cylinder to increase 
stiffness in radial direction to moving axis. The drive part’s center of 

Table 1 
Specifications of the new 2ST cooler.     
Item Specification Remark  

Cooling power 200 mW at 20 K 
240 mW at 20 K 
1000 mW at 100 K 

EOL (End of life) 
BOL (Beginning of life) 
EOL (End of life) 

Environment temp. 200–310 K – 
Power consumption ≤90 W Except driver electronics 
Life time ≥3 years Design ≥ 5 years 
Size φ 140 mm × 440 mm 

φ 97 mm × 330 mm 
Compressor 
Coldhead 

Mass ≤12 kg 
≤2.5 kg 

Compressor 
Coldhead    

Fig. 1. The schematic drawing of new compressor of 2ST.  
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圧縮機鱳鳌鲱鳀鳫鲱鳀鳥鱅鲧30mm,�体積9.5cm3鱬鱇鲏，鳌鲱鳀
鳫鱴鳔鱅鳣鳑鲚鳢鳫鲨鱭鳈鳅鱬⽀持鱚鲑鱫鱉鲐。

改良型2段鲱鲷鱅鳢鳫鲨冷凍機

鳌鲱鳀鳫鲗板鱵鱲鱬⽀持鱞鲐。鲱鳀鳥鱅鲧⻑，周波数鱴
変更鱠鱟，鳔鱅鳣鳑鲚鳢鳫鲨摺動部鱑鱯鱔鱯鲐鱘鱭鱬，
⻑寿命化鲗図鲐。�
鱚鲎鱰今年度鱴鳌鲱鳀鳫/鲯鳢鳫鲸鱅間鱳摺動鲗無鱔鱞鱘
鱭鲗⽬標鱰開発鲗⾏鱯鱋。

Otsuka et al. Cryogenics 111 (2020) 103133

gravity is should be close to the center of the support point of the 
flexure spring unit to secure clearance between the fixed piston and the 
moving cylinder. As a method of realizing that point easily, we adopted 
the moving cylinder type. The moving piston type cannot be assembled 
unless the piston is placed at the tip, but the cylinder drive type can be 
assembled even if the piston is placed at the center of the drive, making 
it easier to bring the center of gravity of the drive closer to the center. 

The schematic drawing of new compressor of 2ST cooler is shown in  
Fig. 1, but a cold head unit of 2ST cooler with a two-stage displacer is 
not shown in Fig. 1. The compressor has two opposite fixed pistons and 
moving cylinders for reducing the vibration level. Each moving cylinder 
in the compressor is coupled to the coil of the linear motor, which is set 
in the gap of the permanent magnet system. The moving cylinder is 
supported by two sets of the triangle shape flexure springs to prevent 
the cylinder from touching the piston. The generated stress could be 
reduced to 400 MPa (Less than 1/2 of fatigue limit) or less even when 
the shape of the triangle shape flexure spring was devised and displaced 
by 15 mm. The stress analysis results of the triangle shape flexure 

spring at drive axis 15 mm displacement shown in Fig. 2. The rigidity of 
the flexure spring in the direction perpendicular to the drive axis is 
more than 300 times that of the drive direction, and it has been con-
firmed by calculation that the piston is bent and does not contact the 
cylinder. A photograph of the triangle shape flexure spring is shown in  
Fig. 3. This triangle shape flexure spring supporting system achieves the 
piston clearance seal, the long piston stroke operation and the low 
frequency operation. These features have advantages for long life of the 
cooler, and high efficiency of the second regenerator at low tempera-
tures. The design value of the 16 mm piston diameter, the piston stroke 
is 30 mm and the swept volume is about 9.5 cm3. The geometry and 
dimensions of the permanent magnet system are optimized to reduce 
the weight and the leak of the magnetic field. The permanent magnet 
system provides a constant field of about 0.52 T in the gap around the 
iron. In the gap, the coil connected to the moving cylinder is driven by 
an AC current through the coil. The operating frequency of 15 Hz is 
chosen by the necessity to drive at low frequency in order to reduce 
parasitic heat losses at temperatures below 20 K. The resonance fre-
quency of the moving parts in the compressor is designed to be close to 
the operating frequency in order to minimize the power input. 

4. Performance test results 

4.1. Micro-vibration measurement test results 

The micro-vibration measurement test configuration is presented in  
Fig. 4, with the test setup portrayed in Fig. 5. In Fig. 4, the measure-
ment plate is mounted on top of the Newport vibration isolation table. 
The PCB Piezotronics, Inc three-axis force sensors (model# M261M09) 
are between them. The compressor and the cold-head are mounted on a 
separate measurement plate. Three force sensors are attached to each 
measurement plate. Subsequently, the micro-vibration is measured ac-
cording to the three combined forces. In order to check the validity of 
the disturbance measurement, a Wilcoxon Sensing Technologies® Inc. 
electromagnetically driven inertial shaker (model F4) with a built-in 
calibrated force sensor is mounted on the disturbance measurement 
plate in advance, and Model F4 vibration the force of the vessel and the 
resultant force of three M261M09 force sensors were compared. As a 
result, since the measurement can be performed with an error of 
about ± 10%, it is determined that there is no problem as the dis-
turbance measurement. 

Micro-vibration measurement test results of compressor force PSD 
obtained with a 50 W electrical compressor are shown in Fig. 6. The 

Maximum stress  (VonMises) 

384.02 MPa 

Fig. 2. The stress analysis results of the triangle shape flexure spring at drive axis 15 mm displacement.  

Fig. 3. A photograph of the triangle shape flexure spring.  
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�

擾乱⼒鱳削減

and frequency resolution is 0.25 Hz. The harmonics up to 40th order 
force of drive axis reduced by active cancellation. For comparison, the 
measurement results with linear ball bearings are also shown. The 
vertical axis of the measurement result is expressed as PSD. The con-
tinuous spectrum can achieve 10−5 Nrms2 / Hz or less. As a result of 
changing the support method from a linear ball bearing to a flexure 
spring, the disturbance that occurs when the linear ball bearing rolls is 
eliminated, and the broad continuous component is reduced. Effects of 
changing the support method from linear ball bearings to flexure 

springs are apparent. In Fig. 6, due to the reduction of the continuous 
component, the overall up to 600 Hz was less than 1/2 compared to the 
linear ball bearing type. However, the disturbance increases from 
around 180 Hz with the 90 W drive than 50 W drive. The cause for this 
difference must be clarified in future studies. The flexure of the flexure 
springs may increase and the arms may interfere with each other, if the 
stroke is close to the full stroke ( ± 15 mm). In that case, it is con-
sidered effective to reduce the stroke. To reduce the stroke with the 
same swept volume, the piston diameter should be increased. By doing 

Fig. 6. Microvibration measurement test results of compressor for an electrical 50 W compressor.  
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鳌鲱鳀鳫駆動⽅向鱰⽣鱝鲐擾乱，鳔鱅鳣鳑鲚鳢鳫鲨鲗取鲐鱘鱭
鱬，鳓鳧鲜鳀鳆鲜鲲的鱯鲇鱳鱑無鱔鱯鲏，駆動周波数鱳定数倍成
分鱳鲄鱑鱳鱘鲐。鲃鱤，鱘鱳擾乱鲱鳒鲧鳀鳣鱑単時間鱬変化鱜
鱰鱔鱔鱯鲐。⇒鲚鲧鲾鲛鳎制御可能
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6. 試験結果 
6.1 ノミナルケースにおける擾乱抑制結果と冷却効率変化 
ノミナルケースにおける擾乱の抑制結果例を図 6.1.1に示す。いずれのケースにおいても、

500Hz以下(1-27 次)の擾乱を抑制する FF信号を出力している。一部の周波数においては擾

乱が必ずしも抑制されていない周波数があるが、この考察は 6.6 項に記す。RMS で 55%擾

乱を抑制しており、抑制されているスペクトル単体で見ると最大約 40dB抑制している。 

冷却効率を比較した結果を図 6.1.2に示す。まず、(a)にノミナルケースを示す。ノミナル

のケースでは、制御によって約 0.01%の冷却効率の変動がみられた。制御以外のパラメータ

の影響を確認するため、(b)に、50W 時でコンプレッサ温度を変化させた結果を示した。コ

ンプレッサ温度の変動によって、冷却効率が変動していることが分かるが、その変動幅は

0.4~0.5%であり、制御による影響はその 1/40 以下である。この温度変動は、冷凍機の運用

中に想定される温度変化の範囲内である。また、図 6.1.3に、縦軸を冷却効率ではなく冷凍

能力でノミナルケースにおいて描き直したグラフを示す。冷却効率では 0.01%程度の変動で

あったが、それを 2段冷却ステージの冷凍能力に換算すると、最大でも 0.37mW程度の差と

なる。これらの事実から、制御信号が冷却効率に与える影響は、コンプレッサ温度の影響と

比べて十分に小さいといえる。 

図 6.1.4には、以後の試験ケースで比較対象となる 50Wの制御無しケース(ID11)について、

擾乱スペクトルの時間変化を示している。温度、駆動条件が一定の元では、低周波(-300Hz)

の擾乱は大きくは変化していないことが分かる。一方で 300-500Hzの擾乱は振幅が時々刻々

と不安定に変化しており、ID12 の時系列変化を見ても、高調波の擾乱を抑え続けることが

難しいことが見て取れる。 

 

図 6.1.1 擾乱抑制結果のスペクトル比較例(ID15-16, 80Wケース) 

 

  

昨年度別鱳冷凍機鱬⾏鱯鱨鱤鲚鲧鲾鲛鳎制御鱳例 
低次擾乱鱐鲎，抑制鱞鲐電圧，位相鲗決定鱜鱫加鱍鲐鱘鱭
鱬，擾乱鲗1/10近鱔押鱚鱍鲐鱘鱭鱑鱬鱒鱫鱉鲐。数100Hz以
上鱬鱴擾乱鱳時間変化鱑⾒鲎鲑鱤。

本研究鱬鱴，将来的鱯擾乱抑制⽅式，使⽤鲳鳫鲭等鱰鱩鱉鱫，将来鳗鲻鲯鳟鳫鱬
鱳要求鲉世界鱳動向鲇含鲆広鱔鳎鳤鱅鳫鲱鳀鱅鳗鳫鲨的鱯議論鲗⾏鱯鱉，開発⽅
針鲗策定鱜鱤。左図鱳⽤鱯機能定義，仕様定義鲗⾏鱯鱉，現在回路鱳具体化，試
験鲫鳫鳍鲛鲦鳝鳤鱅鲯鳟鳫鱳決定鲗進鲆鱫鱉鲐。年度内鱰ICS鲗設定鱜，次年度
以降BBM鱳作成，実際鱳改良型2段鲱鲷鱅鳢鳫鲨冷凍機鱬鱳試験鱰臨鲅。




