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Abstract： Large-array BIB detectors have been the subject of extensive research due to their high quantum effi⁃
ciency and low dark current， particularly for space applications such as the JWST， which was launched in 2021 
and has made numerous significant astronomical observations.  A stable， efficient， and lightweight temperature 
zone liquid helium cryogenic system is essential to the operation of the BIB detectors.  The helium JT cryocooler is 
a trend that aims to meet the cooling requirements of a liquid helium temperature zone in space while supplanting 
the traditional， large-volume liquid helium dewar.  To simultaneously increase the cooling capacity at 4. 2 K and 
reduce its weight， a high-capacity， lightweight 4. 2 K cryocooler with a cooling power of 0. 3 W@4. 2 K is pro⁃
posed.  Experiments on the previous 0. 1 W at 4. 1 K prototype of the cryogenic system have validated the sys⁃
tem's design method.  Different cooling methods are used in different cooling temperature zones to achieve the ef⁃
ficiency and lightness of cooling.  A new integrated Stirling cryocooler was developed to provide efficient pre-

cooling at 80 K， with a cooling capacity of 15 W and a weight of only 4. 5 kg.  A 0. 9 W at 15 K active piston 
phase-shifting pulse tube cryocooler is used to improve the efficiency of the second-stage pre-cooling.  The devel⁃
oping cryogenic system can provide a cooling capacity of 0. 3 W at 4. 2 K with a power consumption of less than 
1. 8 kW by coupling the helium JT cycle.  It will provide the essential guarantee for the large-scale BIB detection 
required for infrared astronomical observation， which is undergoing rapid development.
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用于空间BIB探测器的0.3 W@4.2 K大冷量轻量化低温系统
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摘要：大阵列BIB探测器由于其高量子效率和低暗电流而成为广泛的研究对象，特别是在空间应用方向。如

2021年发射的詹姆斯韦伯太空望远镜，它已经进行了许多重要的天文观测。一个稳定、高效、轻量化的液氦

温区低温系统对BIB探测器的运行至关重要。氦节流制冷机可取代传统的大容积液氦杜瓦，能满足空间液氦

温区的制冷要求。为了同时提高 4.2 K的制冷量并减轻重量，提出了一种 0.3 W@4.2 K的大冷量轻量化的 4.2 
K低温制冷系统。并且在现有 0.1 W@4.1 K制冷量的低温系统上进行实验，验证了该系统的设计方法。在不

同的冷却温度区采用不同的冷却方法，以实现冷却的高效性和轻便性。开发了一个新的集成斯特林制冷机，
在 80 K时提供高效的一级预冷，制冷量为 15 W，重量仅为 4.5 kg；二级预冷采用主动活塞调相的 15 K脉管制
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冷机，制冷量为 0.9 W。此多级低温制冷系统通过耦合氦气 JT循环，可以在 4.2 K时提供 0.3 W的制冷量，输入

功低于1.8 kW。此系统将为正在快速发展的红外天文观测所需的空间BIB探测器提供保障。
关 键 词：低温系统；空间BIB探测器；斯特林；脉冲管；焦汤节流；液氦；多级制冷机

中图分类号：TN215  文献标识码： A

Introduction
Using the transition of impurity levels in semicon⁃ductor materials， Blocked Impurity Band （BIB） detec⁃tors can cover the 5-30 μm band， with the cut-off wave⁃length of Si：Ga up to 20 microns ［1］ and Si：As （or Si：P） up to 28 and 35 microns， respectively.  The advantages of the large surface array BIB detector include a low dark current， a broad response spectrum， a high quantum effi⁃ciency， and excellent radiation resistance.  The large sur⁃face array BIB detector satisfies the application require⁃ments of infrared astronomy and a few specialized obser⁃vation requirements in an exceptional fashion.  The tem⁃perature zone of liquid helium （4. 2 K） is required for the high-efficiency operation of the BIB detector， which would suffer from unacceptable thermal noise due to the impurity ionization at higher temperatures ［2-6］.The cryocooler at 4. 2 K that is commonly used on the ground is the GM cryocooler， which has a large weight and an oil compressor that is unsuitable for space use.  Both the multi-stage Stirling pulse tube cryocooler 

（SPTC） and the helium Joule-Thomson cryocooler （JTC） can achieve the BIB detector's required cooling capacity of 4. 2 K ［7-8］.  Due to the advantages of no moving parts in the cold head and high reliability， the cryocooler has been an important direction of liquid helium temperature zone cryogenic technology used by the BIB large area ar⁃ray detector ［9］.As can be seen in Table 1， in 1981， a two-stage Stirling cryocooler （SC） precooled JTC developed by the Spectroscopy Laboratory of the Lebedev Institute of the Soviet Academy of Sciences （LPI/RAS） was successfully utilized in the 1977-launched Sayut-6 Space Station to provide 0. 5 W@4. 4 K for the infrared detectors in the BET-IM telescope ［10］.  The total weight is 127 kg， and the input power is 1. 5 kW.  Due to the compressor's limi⁃tations， its service life cannot exceed 3000 hours.  JAXA-SHI， Sumitomo Heavy Industries， obtained a 4 K JTC engineering prototype with two-stage SC pre-cooling at 4. 57 K with 23 mW@4. 57 K ［11］ in 2001.  The maximum 

temperature fluctuation is 3 mK and the total weight is 40 kilograms.  In 2006， NGST achieved 65 mW@6 K ［12］ with a three-stage SPTC precooled JTC designed for the ACTDP project.  A three-stage SC precooled JTC de⁃signed by BALL is also capable of achieving 75 mW@6. 2 K for ACTDP.  The JWST project ultimately chose the three-stage SC precooled JTC designed by NGAS for MIRI ［13-17］.  The total power input is 473 W.  Cooling time is 38 hours.  JAXA has developed a 4K-class JTC with the required cooling power of 40 mW at 4. 5 K and 10 mW at 1. 7 K ［18］， respectively， for future next-genera⁃tion space missions named ATHENA-X.Besides， the stability of the operating temperature of the BIB detector has decisive significance for its high-performance infrared astronomical detection.  This could be further attributed to the lower dark current and larger photoresponse at stable low temperatures.  Due to the doping-induced bandgap narrowing effect and little impu⁃rity ionization energy， the sharp rise in dark current would be caused by even a tiny increase in tempera⁃ture［19］.  Temperature stability control of cryogenic sys⁃tems is quite important for BIB detectors.
1 Design goals 

In accordance with the long-term stability， low vi⁃bration， and deep cryogenic requirements of the large ar⁃ea array BIB detector， the first-stage Stirling cryocooler and the second-stage power recovery piston phase-modu⁃lated Stirling pulse tube cryocooler coupled with a helium JT technology system are proposed.  A 300 mW@4. 2 K JT cryocooler， which input power is @1. 8 kW， is devel⁃oped as a detector cryogenic component for the barrier impurity band （BIB）.  In comparison to the Soviet Union's 0. 5 W@4. 2 K cryocooler （complete machine 127 kg）， the JT system， in conjunction with piston phase-modulation technology and high-frequency ultra-long stroke compressor technology， significantly reduces overall machine weight and achieves high cooling capaci⁃ty in a lightweight cryocooler （weight 30 kg）.  This tech⁃nical path has advantages in the development of a cryo⁃
Table 1　Performance of 4.2 K cryocooler systems
表 1　4.2 K低温制冷系统性能

Year
1981
2001
2006
2007
2011
2014
2021

Institution
LPI/RAS

JAXA-SHI
NGST-ACTDP
BALL-ACTDP
NGAS-ACTDP

TIPC/CAS
JAXA

Cooling power
500 mW@4. 4 K
23 mW@4. 57 K

7. 75 mW@4. 5 K
75 mW@6. 2 K

113 mW@6. 2 K
11. 6 mW@4. 5 K

40 mW@4. 5 K

Input power
1. 5 kW
166 W
229 W
300 W
104 W
473 W
90 W

Detector
BET-IM

-
-
-

JWST-MIRI
-

ATHENA-X

Cryocooler systems
Two-stage SC+JT
Two-stage SC+JT

Three-stage SPTC+JT
Three-stage SC+JT

Three-stage SPTC+JT
Three-stage SPTC+JT

Two-stage SC+JT
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cooler with a large cooling capacity of 4. 2 K， and its comprehensive indicators achieve international leader⁃ship status.For this design， the cooling capacity should be a minimum of 0. 3 W@4. 2 K， the input power should not exceed 1. 8 kW， and the weight better be less than 30 kg.  When the cryocooler is designed with redundancy， the required input power is 1. 6 kW.  Due to the physical property deviation in the liquid helium temperature zone and the years of development experience of the unit， the cryogenic capacity is designed with more than 40% re⁃dundancy during thermal design， resulting in a cryogenic performance of 0. 5 W at 4. 2 K， as shown in Table 2.

The design is depicted in Fig.  1， the first-stage cryocooler employs the existing XP-GXN SC， and the second stage cryocooler employs the existing two-stage SPTC optimization parameter structure.  The main com⁃pressor and the cold finger are thermally coupled.  The valve linear compressor （VLC） employs a symmetrical piston compression arrangement and optimizes the design for weight reduction.  Reduce the VLC's radial flutter force output.  A helium-JT three-stage inter-wall regener⁃

ative heat exchanger uses a two-phase regenerative heat exchanger in microgravity to improve the heat exchange efficiency of the cryocooler， reduce the pressure drop loss at the low-pressure side， enhance the efficiency of the cryocooler， and achieve the miniaturization of a large cooling capacity ［20］.
2 Design considerations of the 0.3 W@
4.2 K lightweight cryocooler system 
2. 1　Pre-cryocooler　To achieve 0. 3 W@4. 2 K， a new JT cryocooler 
（JTC） pre-cooling system has been compared and select⁃ed.  Combining the advantages of a two-stage precooler and JT technology， designing JTC uses the thermal cou⁃pling method to realize efficient coupling between the pre⁃cooler and JT system， combining the advantages of the precooler and JT technology at different temperature rang⁃es， which is one of the best ways for the space 4. 2 K large cooling capacity application.Under the performance target of 0. 3 W@4. 2 K， the temperature of the second-stage Stirling-type pulse tube cryocooler （SPTC） is 15 K and the high-pressure is 1. 6 MPa.  The required mass flow can be calculated by the temperature of second-stage of SPTC and high-pressure.  Since the high-pressure has the best value， When the pre-cooling temperature of the second-stage pulse tube is determined， the mass flow will decrease first and then in⁃crease for the given second-stage SPTC temperature， with a minimum value.  Combined with the minimum power consumption relationship， the mass flow of the he⁃lium JTC is 45 mg/s.  According to the design require⁃ments and the optimal parameter matching relationship， 

Table 2　Design specification
表 2　设计参数

Parameters
Cooling capacity

Power consumption
Weight

Temperature Fluctuation

Target values
≥0. 3 W@4. 2 K

≤1. 8 kW
≤30 kg

≤±2 mK（30 min）

Design values
0. 5 W@4. 2 K

1. 6 kW
27 kg

≤±2 mK（60 min）

Fig.  1　4. 2 K JT cryocooler system
图 1　4. 2 K节流制冷系统图
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it can be concluded that the pre-cooling capacity of the two-stage precooler should not be less than 4 W@80 K and 0. 8 W@15 K.  Considering redundancy and radia⁃tion heat loss， the required cooling capacity of two-stage precooler is determined as 15 W@80 K and 0. 9 W@15 K.The structure of the two-stage precooler used in this system is shown in Fig.  2.  The first-stage is SC with the operating temperature of 80 K.  The second-stage of the cryocooler is SPTC with the operating temperature of 15 K.  The second-stage SPTC adopts the coaxial structure to improve the compactness of the system and the phase shifter uses the active warm displacer with work-recovery 
（AWDW）.  The use of AWDW can improve the phase modulation ability in the liquid hydrogen temperature zone.  In addition， the size of the phase shifter can be op⁃timized to reduce the weight of the system.

The use of AWDW in the second-stage could achieve lower temperature， higher performance and higher efficiency ［21］.  AWDW can actively adjust the phase relationship in the cold finger while recovering the acoustic power at the hot end of the SPTC.  The force analysis of the piston of AWDW is carried out.  The pis⁃ton is subjected to gas force， spring force and damping force， as well as a motor driving force.  The gas force is divided into the dynamic pressure from the expansion chamber and the dynamic pressure from the work-recovery chamber.  Under the combined action of these forces， the piston moves in an inertial sine.  The vector motion equation of the piston movement is shown in equa⁃tion （1） ［22-23］.
md
~
ẍd = F͂ - π

4 D2
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d
~
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~
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~
Pe represents the dynamic pressure from the expansion 

chamber， and ~Pr represents the dynamic pressure from the work-recovery chamber.  The gas force is also divided into gas stiffness and gas damping， which are composed of the expansion cavity and recovery cavity：
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~
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Because the gas stiffness is larger than the damping value， the gas force stiffness from the work-recovery chamber is opposite to the gas force stiffness from the ex⁃pansion chamber.  The gas stiffness in the expansion chamber can be significantly reduced by reasonable de⁃sign ［24］.  At this time， the gas force can be changed by adjusting the impedance of the hot end of the cold finger.  Besides， the diameter of the push rod which drives the piston movement will become an important design struc⁃tural parameter.  It can be seen from equation （2） and equation （3） that the area of the gas force from the work recovery chamber can be changed by adjusting the rod di⁃ameter， which can optimize the resultant force of the gas force.  The resultant force of the gas force is reduced， and the motor force required for the piston to maintain in⁃ertial sine motion can also be reduced to a minimum.  The structure size of the motor can be reduced to achieve lightweight ［25］.Since the acoustic work at the hot end of the SPTC in the temperature range of 15 K is small.  A thermally coupled two-stage SPTC has been developed which uses an active warm displacer （AWD） without work-recovery as a phase shifter， as shown in Fig.  3.  Experiments were carried out using a single-stage SPTC as the pre-cooling machine.

Through experimental tests， the second-stage SPTC can obtain the maximum cooling capacity at the second stage when the frequency is 30 Hz.  Figure 4 shows the change of rCOP （relative Carnot efficiency） and cooling capacity with the phase difference between the piston of 

Fig.  2　Structure of the two-stage precooler
图 2　两级预冷结构图

Fig.  3　Photo of 15 K second-stage pulse tube cryocooler
图 3　第二级15 K脉管制冷机实物图

888



6 期 CHU Jin-Jian et al：A 0.3 W@4.2 K high-capacity lightweight cryogenic system for space BIB detection

AWD and the main compressor ［26］.  The efficiency and cooling capacity first increase and then decrease with the increase of phase difference.  The maximum rCOP of the whole machine appears at 20 Hz， which can obtain 0. 74 W cooling capacity， and the total input electric power is 294 W， as we can see in Fig.  4（a）.  In Fig.  4（b）， the maximum cooling capacity of 15 K is 0. 91 W， the total input electric power is 386 W， and the rCOP of the whole machine is 4. 45%.  At this time， the specific Carnot effi⁃ciency of the whole machine is 4. 79% ［27］.The single-stage SC is an integrated pneumatic structure with a free displacer.  Its pneumatic displacer moves sinusoidally with the driving piston and maintains a certain phase difference with the compressor driving piston through structural design to achieve cooling capac⁃ity.  The free displacer performs regular sinusoidal mo⁃tion under the combined effects of the gas force， the spring force caused by the leaf spring， and the friction re⁃sistance.  According to the stress analysis， the differen⁃tial equation of motion vector can be written， as shown in equation （4） ［28-29］：
me
~
ẍe = Ae1 P͂ - Ae2 P͂ - ( Ae1 - Ae2 ) Pm - fe

~
ẋe - ke

~
xe ，(4)

P͂ is the instantaneous pressure， ~Pm is the pressure of the back cavity， and it is assumed that the pressure at the ex⁃pansion chamber， regenerator， and the compression chamber is the same.The theoretical cooling capacity of SC is equal to the expansion work.  The expression is as follows （5）：

Qe = ω
2π

∮P͂∙ d
~
Ve1
dt dt = 1

2 | P ||Ve1 | cosθe . (5)
The theoretical cooling capacity can be expressed as：

Qe = Ae12 | P |2 ( )Ae1 - Ae2 ω2 fe

( )ke - ω2me

2 + ( )ωfe

2  . (6)
In addition， fe is the mechanical damping affected 

by the assembly process， and me is the mass of the actua⁃

tor affected by the motor structure design.  It can be seen from equation （6） that for pneumatic SC  ke mechanical stiffness ke and  difference of sectional area ( Ae1 - Ae2 ) are the two key parameters that affect the cooling capaci⁃ty of pneumatic SC.  The former is mainly controlled by the leaf spring structure and pieces， while the latter is controlled by the displacer rod diameter.A numerical simulation software is used to model and analyze.  After the optimization of the regenerator structural parameters， the influence of the mechanical stiffness and the diameter of the push rod on the perfor⁃mance of the cryocooler is mainly considered.Figure 5 shows the calculation results with different mechanical stiffness.  The calculation results show that the increase in the leaf spring stiffness leads to an in⁃crease in cooling capacity and COP.  When the stiffness increases to a certain value， the movement of driving pis⁃ton is difficult to push the displacer to move， and the cooling capacity and overall efficiency begin to decrease gradually.  In addition， due to the limitation of leaf spring assembly in the actual situations and lightweight design， the selected stiffness is 12000 N/m， the cooling capacity is 16 W， and COP is close to the optimal value.With an increase in the diameter of the push rod， the area difference between the two ends of the displacer increases， leading to the change in the displacer pneu⁃matic force.  Therefore， the displacement and phase of the pneumatic displacer are mainly affected by the diame⁃ter of the push rod.  Thus， there are optimal diameters of the push rod to obtain maximum cooling capacity and per⁃formance efficiency.  The smaller diameter of the push rod， the smaller the mass of the mover， which is benefi⁃cial for reducing the weight of the displacer.  The calcu⁃lated suitable rod diameter within the optimal range is around 7 mm， as this time the COP is approximately 13%， as we can see in Fig.  6.Within this cryogenic system， the vibration of the precooler is a crucial factor that requires our attention.  
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Fig. 4　(a)Effect of frequency on 15 K rCOP， (b)Effect of frequency on 15 K cooling capacity
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This is due to low vibration is beneficial to the stable op⁃eration of the coupled BIB detector.  Taking the first-stage Stirling cryocooler， which has relatively large vibra⁃tions， as an example， an active vibration damper has been adopted to reduce its vibration output and solve the problem.  The basic principle of a vibration damper is the momentum balance method.  Active vibration damping uses an electrically driven actuator to achieve momentum balance through active control.  During operation， mo⁃mentum balance is achieved by adjusting the driving phase and voltage amplitude between the damper and the compression piston.  The technology has been successful⁃ly applied in multiple space projects by our research team.  During the experiments， it was verified that the first-stage Stirling cryocooler's individual vibration out⁃put was less than 1N.  Similar active vibration reduction technology can also be used for pulse tube compressors and valve linear compressors.  Besides， by adding small vibration dampers to the system platform， low vibration output of the system can be ensured.
2. 2　 Valved linear compressor with high-pressure 
ratio and large mass flow rate　According to the decomposed indicators 0. 5 W@

4. 2 K cryogenic performance： when the secondary pre-cooling temperature is 15 K， the valved linear compressor
（VLC） needs to provide the JTC with a pressure of 0. 1 MPa at the evaporator.  It is preliminarily estimated that there is a pressure drop of about 10-20 kPa without the casing pressure drop loss.  Considering that in practical application， the design margin given for the index param⁃eters is 18%.  The design demand index of VLC is 0. 08 MPa for low-pressure， 1. 6 MPa for high-pressure， 18. 9 for total pressure ratio， 53 mg/s for mass flow， 40 Hz for operation frequency， and 15% for volumetric efficiency.According to the existing structure and experiment， a double-piston opposed compressor structure is adopted and the valve group is external， which obtains the cool⁃ing capacity of 110 mW at 4. 2 K.  According to the de⁃composition index， the power consumption of VLC does not exceed 0. 8 kW and the weight does not exceed 10 kg.  That is to meet the performance while achieving the compactness and lightweight of VLC units.The gas load force of the linear compressor is the combined force of the working gas on the front and rear faces of the piston ［30］.

fg ( t ) = Ap (Pc ( t ) - Pb ) ， (7)
Ap is the cross-sectional area of the piston；Pb is the shell pressure； Pc ( t ) is the time-varying gas pressure in the compressor chamber.In the VLC， the gas force is the only factor that pro⁃duces the higher harmonic component in the mechanical vibration system.  The higher harmonics are attenuated and can be approximated by the first harmonic compo⁃nent.  The gas load force changes periodically and can be expanded into the Fourier series.  The simplified gas load force is：

Fg ( t ) = a1cos ωt + b1sin ωt + F0 ， (8)
a1 = 1

π ∫0

2π

Fg ( t )cos ( ωt )d ( ωt ) ， (9)
b1 = 1

π ∫0

2π

Fg ( t )sin ( ωt )d ( ωt ) ， (10)
F0 = 1

π ∫0

2π

Fg ( t )d ( ωt ) . (11)
The gas load force can be decomposed into 1 equiva⁃lent gas spring， 1 gas damping and 1 static force， and its expression is as follows：

Fg ( t ) = cg
dx
dt + kg x + F0 ， (12)

kg = - a1
X  ， (13)

cg = b1
ωX  . (14)

The working process includes compression， ex⁃haust， expansion， and suction.During compression， the compressor chamber pres⁃sure increases and stops when it reaches θ1.  The piston continues to move and enters the exhaust phase.  When 
θt = π， the exhaust stops.  During expansion， the com⁃pressor chamber pressure decreases and stops when it reaches θ2.  The piston continues to move and enters the 
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Fig.  5　Effect of mechanical stiffness on Stirling cryocooler
图 5　机械刚度对斯特林制冷机的影响
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suction phase.  When θt = 2π， the suction phase stops.
Fg_ P1 ( t ) = (Pg ( t ) - Psc )AP =

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

[ ( X0 + X
X0 + x ( t ) ) n Pcs - P0 ] AP 0 ≤ θt < θ1

(Pcd - P0 )AP θ1 ≤ θt < π

[ ( X0 - X
X0 + x ( t ) ) n Pcd - P0 ] AP π ≤ θt < θ2

(Pcs - P0 )AP θ2 ≤ θt < 2π

 ， (15)

where the VLC displacement is：
x ( t) = Xcos (θ ) ， (16)

θ = 2πft
where the phase angle of the compression phase θ1 and the end phase angle of the expansion phase θ2 are：

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

θ1 = arccos { }( 1
X ) [ ( X0 + X ) ( Pcs

Pcd
) 1

n - X0 ]

θ2 = 2π - arccos { }( 1
X ) [ ( X0 - X ) ( Pcd

Pcs
) 1

n - X0 ]
 .(17)

According to the thermal design， the first and sec⁃ond stage gas stiffness and its gas damping parameters are obtained.  Combined with the mechanical damping and the leaf spring stiffness， the total stiffness and total damping are obtained.  Maxwell is used to designing the motor and the miniaturization and optimization design of the motor can be carried out at the same time.  By reduc⁃ing the radial thickness of the inner pole， the outer diam⁃eter of the magnetic circuit is reduced， so that the motor current is close to the critical current value， which can minimize the motor volume and weight.  By reducing the radial thickness of the inner pole， the trend of motor effi⁃ciency is obtained as follows in Fig.  7.

2. 3　Low temperature JT heat transfer system　The key to realizing 500 mW@4. 2 K is the design of a tube-in-tube heat exchanger with high efficiency and low-pressure drop.  The fluid has a certain pressure drop in the high-pressure channel of the counter current cas⁃ing heat exchanger at all stages and the reflux fluid in the 

whole low-pressure channel to varying degrees.  There⁃fore， in the energy equation， it is considered that the en⁃thalpy of the fluid is not only related to temperature but also a function of pressure ［31］.  Select the high-pressure channel， low-pressure channel and the fluid contained therein as control bodies for calculation.  Each control body is composed of high-pressure fluid （HPF）， wall ma⁃terial between high and low-pressure fluid and low-pres⁃sure fluid （LPF）.For the low-pressure drop， we found that the pres⁃sure drop of the low-pressure channel in CFHX3 is about 200 Pa.  For a helium JTC operating at 4. 2 K， the pres⁃sure at its evaporator is usually about 100 kPa， and the pressure drops only accounts for about 0. 2% of the low-pressure.  In addition， the following calculation shows the effect of pressure drop on the theoretical cooling ca⁃pacity.  The theoretical cooling capacity of helium JTC can be calculated as ［32］：
Qc = ṁ ⋅ qc = ṁ ⋅ min [ (hTpre2,PL - hTpre2,Ph ), (hPL,Q = 1 -

hTt,Ph ) ] ， (18)
where ṁ represent the mass flow rate； qc represent the 
unit cooling capacity， which is determined by Tpre2， Ph and PL.  When Tpre2 is 15 K， Ph is 1. 6 MPa， ṁ is 45 mg/s， the theoretical cooling capacity is 502. 55 mW when the low-pressure is 100 kPa， respectively.The analysis of energy transfer and exchange be⁃tween control bodies is very important： the energy trans⁃ferred by high-pressure fluid to materials is Qhw； the ener⁃
gy obtained by the material includes： Qhw and the differ⁃
ence of heat introduced or exported due to axial heat con⁃duction Qa.  Then the material transfers all the absorbed 
energy into the low-pressure fluid， namely Qwl； at the 
same time， because the low-pressure fluid is outside the heat exchanger， the radiation heat transfer from the cold shield to the heat exchanger is added to the low-pressure fluid.  The radial thermal resistance of the material is ig⁃nored， so the temperature of the same section can be as⁃sumed to be approximately uniform.  At present， the cas⁃ing heat exchanger with a given structure size is divided into micro-elements along the axial direction， and the step size ΔL is 1 mm.For a microelement， the momentum and energy equations of high-pressure fluid， low-pressure fluid and wall material are established respectively.  The control equations are shown in equations （19） - （23）：Momentum equation： the momentum equations are shown in equations （19） and （20）.  In the micro-channel structure， the calculation of pressure drop should consid⁃er not only the viscous friction loss between the fluid and the contact surface but also the pressure change caused by the change in the kinetic energy of the fluid ［33-34］.

∆Ph = Ph,in - Ph,out = fh ρhu2
h

∆L
2deh

 ， (19)
∆Pl = Pl,in - Pl,out = -fl ρlu2

l
∆L

2del
 . (20)

Energy equation： the difference of the sum of enthal⁃py and kinetic energy between the fluid at the inlet and 
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outlet is the energy absorbed or released by the fluid.  The enthalpy is a function of temperature and pressure.
Qh - w + Qa = Qw - l ， (21)

Hh,in + Eh,in = Hh,out + Eh,out + Qh - w ， (22)
Hl,in + El,in + Qw - l + Qr = Hl,out + El,out . (23)

The calculation equations of pressure drop， heat transfer and of two-phase flow are shown in Table 3：Figure 8 shows the convective heat transfer between the fluid and the wall.  It can be seen that the heat ex⁃change Q along the way increases first， reaches the peak value and then decreases gradually.  From the perspec⁃tive of high-pressure fluid， the convective heat transfer coefficient and the heat transfer temperature difference increased in the front section， so the heat transfer gradu⁃ally increased， and the rising trend became faster until it reached the peak of 1. 15 mW at 625 mm.  Subsequent⁃ly， due to the rapid decrease of heat exchange tempera⁃ture difference and convective heat transfer coefficient， the heat exchange also decreased rapidly.  Therefore， the length design parameters of the maximum heat transfer coefficient are obtained to complete the efficient heat ex⁃change optimization design of the casing heat exchanger.

2. 4　 Comparison of previous experiments in 0. 1 
W@4 K　The design specifications state that the cooling ca⁃pacity must be greater than 0. 3 W@4. 2 K （23 ± 5 °C）， have an input power of less than 1. 8 kW， and weigh less than 27 kg.  Given the redundancy， the cooling capacity 

ought to be 0. 5 W@4. 2 K， and the input power ought to be less than 1. 6 kW.  The design of the system structure is depicted in Fig.  9.

We developed an experiment bench of the 0. 1 W@4. 1 K previous prototype of the cryocooler system， and its external structures are shown in Fig.  10， respective⁃ly.  The first-stage SC and second-stage STPC can pro⁃vide 15 W@80 K and 0. 9 W@15 K cooling performance which meets the precooling requirements of helium JTC.  The JT compressor unit is composed of multiple linear di⁃rect current compressors， each of which can achieve a pressure ratio of about 3 to 5.  By connecting each JT compressor in series， a higher-pressure ratio can be achieved to meet the high-pressure and pressure required by the JT cycle ［35］.Experiments on the previous 0. 1 W@4. 1 K proto⁃type of the cryocooler system have validated the system's design method， as shown in Table 4.Once the cooling performance target of 0. 5 W @ 4. 2 K， a secondary pre-cooling temperature of 15 K and a high-pressure of 1. 6 MPa have been determined.  The required mass flow rate can be calculated， and the formu⁃la is as follows：
ṁ = Qc

qc
 ， (24)

where ṁ （mg/s） represent the mass flow rate， Qc （W） 
represent the unit cooling capacity， and qc （J/kg） repre⁃
sent the unit cooling capacity.  The trends in second-stage pre-cooling temperature， high-pressure， and mass flow rate for the 0. 5 W @ 4. 2 K design target are given in Fig.  11.  It can be seen that the required mass flow 

Table 3　Selected correlation expression and applicable scope
表 3　相关计算式与其应用范围

Calculation range
0<Re<3000

Re>3000
150<Re<120000，0. 5<Pr<2000

Re>10000

Correlation
f = 0. 076Re-0. 25 + 0. 00725( d

D ) 0. 5

f = (1. 82lgRe - 1. 64)-2

Nu = 3. 66 + 0. 014Re0. 86Pr0. 4

h = 0. 023CpGRe-0. 2 Pr
- 2

3
f = 0. 184Re-0. 2

Applicable type
Laminar flow
Circular tube

Coil
Homogeneous model of two-phase flow
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图 8　长度对换热效率的影响

 

Fig.  9　0. 3 W@4. 2 K JT cryocooler system structures design
图 9　0. 3 W@4. 2 K节流制冷系统的结构设计图
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rate increases as the second-stage pre-cooling tempera⁃ture increases when the high-pressure is certain.  Due to the optimum high-pressure， the mass flow rate tends to decrease and then increase for a given second-stage pre-cooling temperature， and there exists a minimum mass flow rate.  From the results of the calculation and analy⁃sis， the helium JTC was selected to have a minimum mass flow rate of 45 mg/s at a pre-cooling temperature of 15 K and a high-pressure of 1. 6 MPa， which can achieve a cooling capacity of 0. 5 W.When tripling the mass flow and input power of the JT system， and decreasing the pre-cooling temperature， 

the JTC system can reach 0. 3 W at 4. 2 K.  Based on a new design concept， it will have three times the cooling capacity， indicating that it will have a substantial cooling capacity.
3　Interconnection with BIB detector

The fluctuating temperature of the helium JTC has a correlation with the change in ambient temperature， but the change in ambient temperature will also affect the performance of the cryocooler， resulting in the change of pre-cooling temperature at all levels.  Consequently， the temperature fluctuations of the helium JTC are caused by environmental temperature fluctuations and are also influ⁃enced by the temperature fluctuations of the two-stage pre-cooling temperatures.Epitaxial growth and ion implantation are two typi⁃cal techniques to develop the BIB device.  The epitaxial detector could be understood as the vertical detector.  Ac⁃cording to where the infrared signal illuminates， the verti⁃cal detector is divided into two architectures： back-illu⁃minated （BSI） and topside-illuminated （TSI） architec⁃ture， as shown in Figs.  12（a） and 12（b）， respectively.  The BSI BIB architecture is usually epitaxially grown on an intrinsic Si substrate by chemical vapor deposition 
（CVD）.  The epitaxial structure comprises a bottom con⁃tact layer， a reasonably doped active （absorbing） layer 
（AL）， and a high-purity blocking layer （BL）.  Figure 12
（b） shows the TSI device structure.  The doped AL is sandwiched between a Si substrate and an ultrapure BL.  Ion implantation is also developed to construct the AL and contact layer to form the BIB detector.  However， the AL of the ion-implanted device is relatively shallow limit⁃ed by the implant energy， which could be named the pla⁃nar architecture as shown in Fig.  12（c）.Figure 12（d） illustrates the schematic structures and band diagrams of n-type BIB detectors.  The doped AL and the pure BL are between the degenerate contact layers.  At the same time， there is a low concentration of non-intentionally p-doping （NA） in AL.  To form the im⁃purity band， the general magnitude of the n-type dopant of AL is approximately 1017 cm-3.  Figs 12（d） also shows that the electrons of the impurity band could be swept to the AL contact when the BL contact is positively biased.  Meanwhile， the positive donors （D+） will move in anoth⁃er direction （hopping conduction）.  The BL could stop the injection of new D+ because of the discontinuity of the impurity band， which suppresses the dark current.When the temperature rises， the electrons originally bound around the impurity atoms are thermally ionized to 

Fig.  11　Relationship between second-stage temperature， high-
pressure and mass flow rate at 0. 5 W @ 4. 2 K
图 11　0. 5 W @ 4. 2 K 时，第二级预冷温度、高压压力和质量
流量之间的关系

Fig.  10　0. 1 W@4. 1 K JT cryocooler system experimental set‐
up
图 10　0. 1 W@4. 1 K节流制冷系统实验台

Table 4　Comparison of system performance parameters
表 4　系统性能参数对比

Input power
Cooling capacity

Mass flow
First-stage temperature

Second-stage temperature

0. 1 W@4. 1 K Design value
700 W

150 mW@4. 1 K
17 mg/s
83. 9 K
20. 0 K

0. 1 W@4. 1 K Measure results
647 W

110 mW@4. 1 K
14. 1 mg/s

83. 1 K
17. 5 K

0. 3 W@4. 2 K Design value
1800 W

500 mW@4. 2 K
45 mg/s

80 K
15 K
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the conduction band， which contributes a large thermal noise as shown in Fig.  12（d）.  At the same time， the temperature-sensitive mechanism of BIB detectors has re⁃vealed that the photoresponse of the BIB detector dramati⁃cally reduces under rising temperature ［36］.  The negative charge concentration that varies significantly with temper⁃ature in the depletion region increases， leading to a more narrowly depletion.  For BIB devices， only the photo-car⁃riers generated from the depletion would successfully transport to the contact and contribute photocurrent and photoresponse.  The electrical field and depletion region width are calculated as shown in Figs. 12（e） and 12（f）.  The latter rapidly decreases under higher temperatures， resulting in a significant reduction in the detector extrin⁃sic-photoresponse.The result of the 0. 1 W@4. 1 K experiment indi⁃cates that the temperature of the evaporator that provides cooling capacity for the BIB detector fluctuates by 6 mK in Fig.  13.  Using the PID active temperature control technology with the parameters KP=15， KI=0. 01， and KD = 0. 1， we were able to reduce the temperature fluctu⁃ation range to 2 mK， resulting in a more stable cold head temperature for the BIB detector.
4　Conclusion

By comparing with the previous experimental system of 0. 1 W@4. 1 K， an optimized cryogenic system is intro⁃duced for obtaining a large cooling capacity at 4. 2 K with high efficiency.  The efficiency and lightweight design are completed within 30 kg， and the input power is within 1. 8 kW.  We optimize and enhance each component of the cryocooler system：

（1） The performance of the two-stage pre-cooling system is consistent and its cooling capacity is substan⁃tial.  It comprises a Stirling cryocooler for 80 K and a Stir⁃ling-type pulse tube cryocooler for 15 K.  Adjusting the frequency achieves the maximum COP and cooling capac⁃ity of the second-stage pulse tube.  By simulating the ri⁃gidity and rod diameter of the SC， the optimal combina⁃tion can be determined.
（2） A double-piston opposed VLC is used in the JT cycle， to generate a pressure of 0. 1 MPa.  By reducing the radial thickness of the inner pole， the outer diameter of the magnetic circuit is decreased， bringing the motor current close to its critical value， thereby minimizing the motor's volume and weight.  The VLC can get a total pres⁃sure ratio of 18. 9 and a mass flow rate of 53 mg/s.
（3） For the JT cycle， the specific heat transfer pro⁃cess was analyzed.  Then， we determined the optimal re⁃lationship between the length and the heat transfer coeffi⁃cient， which will improve the performance of the heat transfer solution.  Using the results of previous experi⁃ments， enhance the system's design to achieve a high cooling capacity of 0. 3 W at 4. 2 K and a lightweight de⁃sign. Through the integration design of the JT system， the cooling performance of 0. 3 W@4. 2 K with an input pow⁃er of 1. 8 kW can be obtained.  To further improve the cooling performance， the optimal parameters to obtain the maximum cooling capacity under minimum input pow⁃er need to be investigated in detail.  The study can pro⁃vide cryogenic technology guarantees for the coming space large array BIB detectors.

Fig.  12　（a） Structure of topside-illuminated （TSI） vertical BIB detectors， （b） structure of back-illuminated （BSI） vertical BIB detec‐
tors， （c） structure of ion-implanted BIB detectors， （d） detector band diagram under positive bias with thermal incidence， （e） electric 
field intensity as a function of position at different temperatures， （f） the relationship between the depletion region width with tempera‐
ture.
图 12　（a） 正入射垂直BIB探测器结构， （b） 背入射BIB探测器结构， （c） 离子注入型BIB探测器结构， （d） 红外光照时正偏压下
的器件能带示意图， （e） 不同温度下电场强度与位置的关系， （f） 耗尽区宽度与温度的关系
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Fig.  13　Temperature fluctuations and control
图 13　温度波动及其控制
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