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Abstract: Stirling-type pulse tube cryocoolers have become a research hotspot in recent years because

of their obvious advantages of high efficiency, high reliability and long lifetime in space applications.

The recent research advance in the Stirling-type pulse tube cryocoolers for space application at home

and abroad is analyzed. The application prospect and development trend of Stirling-type pulse tube

cryocoolers are described. Finally, the current status and key technologies of 100-Hz pulse tube cryocoolers

are reviewed.
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��*�� 1992 �� Chan C K !(���	�

�� 1 W@80 K�
*#+,�����
�
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 NGAS  "
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 Gedeon Associates 01&Æ12
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3� Thales Cryogenics BV  "�-��89)
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1.1 456789:;<=>?@ABCDE
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=��4% 1 �5�67��	�����

>/:;#28�8<90�=:		 (SWIR)

:;�:		 (LWIR) :;8� HgCdTe ��

+�:		 (VLWIR) :;=8� Si:As [6] �

F 1 GHIJKLMNOPQR

>? 18?@ (µm) �>:A (K)

Si < 1 300

PtSi 1 ∼ 5 60 ∼ 90

InSb < 6 35 ∼ 90

PbSe 1 ∼ 5 220

HgCdTe SWIR < 3 150 ∼ 220

HgCdTe MWIR 2 ∼ 6 100 ∼ 120

HgCdTe LWIR 6 ∼ 14 35 ∼ 40

Si:As 6 ∼ 28 8 ∼ 12

QWIPs 2? 1 µm ?@ 40 ∼ 80

PbS 1 ∼ 3 220 ∼ 300

1.1.1 STUVWXYZ[\]

2007 ��'��7��, "
 CEA/SBT

��(3� Thales Cryogenics BV  "@,�9

@�	A���	�A� 40 ∼ 60 K �
*��

,B"��
���BC;�(:3�;<

�Æ)C��=>�4�
��
	8�5

B?C�'��
�<@6���<@6�

+�0�6�'36	D8�E,F�

�8�^,F��#�	�8�FD78�G

=9>A?�D�0*.2 5.1 kg �E%&�

�@��,� 155 W 
��!,� 55 Hz *�4

�
�� 50 K B�� 2.3 W ��
* [7] �

�,$"%&���;�A:"C�

�F:;����� Sunpower  Gedeon Asso-

ciates 	
E.����+����"��


�� 2007 �����-� Smach  "�FGB

��� CPT60 "�<,B��
��E�

�1� 310 K 
@��,� 100.2 W *�4�


�� 60 K B�=� 2.1 W ��
*���H

B+,&� 8.7 % [8] �D 1 �5� CPT60"�<

,B��
��8>HCD"�

��9>�
HI�E�0*�F"�

������AG��'����	���0
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H 1 CPT60 IG?JJI@KJAHKBLEFI

�'� Absolut System "�7��, "��

,��C,�F"��A:'+2@��,


E�
0*��
�!D�;������"

��
���M� 80 K �"��
��E

I���������1� 273 K 
�
*�

2.5 W@150 K ��
� [9] �D 2 � 150 K �


1� CAD ��D�

H 2 150 K I@JNH CAD LFH

KJ/�G��		
�L6�HI6�

2����K	����JMB����NG

1 HgCdTe KJG���4L6�L	MC�

�Æ��,		:7NK			OONK	

�MNOPO����'� Absolut System  "

�4L6.%�	L�� 1.5 W@77 K �
*�

,B��
� [10] �

����P�PQ	*���Q�
��

�PM�N��Q�,�#���R��4O

��!R,�QRH<SQI�*��
�.

%Æ4���
*�J�Æ��	KSR		

L�:��0*T2	LÆ4ST������

Lockheed Martin /����0���	��8

1
�0*
#
*�	�
�='+2&U�

���4�
��V�*� 7 kg �����

1� 300 K *.% 20 W@70 K��
*�&U#

��
*,*����
 /2	���P

(AS [11] �D 3 �5�#
*��
��


1M"D��%&��

H 3 �JVI@KJAHJNWIHQLTUA

1.1.2 UVWX_TYZ[\]
�<�
�'$��<�
�&�R��

�1���(:3��M�V�<�
�)U�

��,	�N (50 ∼ 80 K) ��<�
�-"T

�2	������W��
�		��

��.,�1B�M���L	<�
 /2

��X	��

�����.�CI��S�SMA

(NASA) 3W�� �0����	��(,0

�VT7YU6/OZ��:3;7X���

60 K �B��#�/2[���PZ7X� 150

K�BV'+4����+2&�*��Lockheed

Martin /������0A:�	��<�

�
��DL�
��5�0*\� 8.8 kg�E%

&��@��,� 180 W
��!,� 53 Hz


��1� 300 K*�	<�
*� 8 W@140 K �

G<�
*� 1.5 W@55 K�D 4�5� Lockheed

Martin /������0����<��


� [12] �

��+2 NASA �����,YA���

(,0JM��/�E$�VZ (ABI)�*��

NGAS ���	��	��<��
��4�


�2-��!/�,Y�VZ��+�
�

�	LZQE�6/	�%&�
	L
$"


1	L,B"
1����
$"
1%&
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H 4 Lockheed Martin [X�����\�K

HY?I@KJA

�THC�	��,B"
1"#=��%&

�PZ[#�
$"
1�
�	.%��J

M�,B"
1��
 /2[���R		L


�	�&��
��VEWX� 370 mm×350

mm×130 mm �V�*� 5.5 kg �D 5 �4�


���4D�E��1� 300 K 
%&��@

��,�� 186 W*�
$"
1� ≤53 K��

1B�� 1.9 ∼ 2.3 W ��
*�,B"
1�

≤183 K ��1B�� 5.1 ∼ 8.0 W ��
*�E

%&��@��,� 170 W *�
$"
1

,B"
1�8P(4��15Y� 37 K  54

K [13] �

H 5 \�R]^_]I@KJAHS�H

�+2�!3�;<��
*� ('$�

G<.% 2 W@70 K �
*�,*.%	< 6

W@140 K ��
*) � CEA/STB 
'�7��

, "�� Thales �� "�'����	�

��0�FGB���	��<�!��


����C51�9@�	A��
� )�

����U�4�
�8�� ESA LPTC�Z�

���%&��EC,%.� 3.0 MPa 
��!

,� 57.5 Hz
��1� 285 K
%&��@�

�,� 136 W *�4�
���=� 2 W@67 K

 6 W@131 K ��
*�'$+2��*��

D 6 �&��<��
���4D [14] �

H 6 CEA/STB �KHY?VTI@KJAHS�H

;�	 �	;<*��S�Æ�X	�


 � 20 K �B��
7����
���

� 20 K B�& �	��.%-[W`��


*��9@�	A�FGB� CEA '�7�

�, ",����'$&�&L�N��<

�<��
������<��
��

6	Æ
	5���5��������

�9>�
�=��
*�
	��6�

��
	&�R���1���CI���	

� G–M �
��a9>�
��E�<��


��C,%.� 2.0 MPa 
��!,� 41 Hz

*��&��8P(4��1� 12.6 K�4�


�� 15 K B�=� 100 mW ��
*�E


	�	6	�!]�
*� 6 W@80 K *�4

�
�� 19.6 K B�=� 300 mW ��
*�

�<��
��	<
1=��
*�


	���
�� PV �,� 120 W *�L	<�

1��&� 120 K �B���� 27 K B=� 300

mW ��
* [15] �

1.1.3 UVWX`TYZ[\]

4% 1 �5� Si:As 9<*�R��JM

�1��+2 Si:As 		:3;
�	�*��

NGAS �M���<��
��EI�A:
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�	�U<��
��4�
��N\#

=L	<R��<
	�$�����	

<�
B	<�L	<LG<Æ,E�0�


� 40 K ^_��L	<�G<�
���G

,4��LU<�LG<3	8� U"]I�E

��1� 290 K 
@��,� 366 W *�4�


�� 10 K B�=� 250 mW �
*�,*�

4��1�&� 6.4 K �E@��,� 113.6 W

*�L	< 151 K 
LG< 59 K LU< 18 K

��
*5Y� 0.296 W 
 0.134 W  0.213 W
[16] �

;���	;<��4PZ[ME42;

<�.^*�
 � 50 mK V'�W_:M�

X >$
�Z+4����#X*�,=U�

��S*	�&U��1*�-4E�	L6

Y�ZN�
�
 J–T �
����
���

��`���� J–T �
���&� 1.5 ∼ 4.5 K

��
�1�^2�����+���7X/�


� 20 K �B���
����"���


��4ab`3	��67�a��<�!�

�
�X.'&�&U���1��+<�
2

��& �'��+���4[_'�

bV� · c`d�OPO���		Z	
*�
 � 5 ∼ 6 K��#X*�� 60 ∼ 70 mW

��
�&$*�� J–TeJ���
�NGAS

A:�	�+24*��U<��
��D 7

�4�
��%&��HC]ID [17] �

H 7 NGAS W\HKJA�TUAHLEacH

�9@�	A�FGB�CEA 
'�7��

, "��(3 Thales �� "A:�U<

��
��5Y&� 15 K 
 50 K  120 K ��

1���Cb;�&�,B"��
�=��

4��1� 6.5 K ��#� 15 K B��+" 650

mW��
*�&U��17�2�� J–TeJ

���
M�Æ
�	
 � 7 ∼ 8 K [18−19] �

% 2 �K��	D��	����"��


���'��Xc�

1.2 4a6789:;<=>?@ABCDE
4� 5�����$A����"��


������/'f��#�����6/�

�426�*��42���
��4262�

�����
:5#2
�Æd-#2
�*d

-#2���*2�#2!�

��
 Y-�:		
�	��
�	

b��� 80 K M�R���1B�)(�:	

	
�	�./�.��4 GaAs/AlGaAs *X

d		/�
�	 (Quantum Well Infrared Pho-

todetector, QWIP) �& AS�+4��*��

���1 (4 40 K) �&*
�	��&�R#

�!a:����+2&�*����4262

������� 2007 �A:����	� U "

��
����3�ce%.:�0*&3

	�gf�4�
��;���Z(�,�

���c��� QWIP:3;<�b,*�4
�
���*�9�+U��&� 37.2 K ��

��
�	� 38.5 K B+4����	<7�

B�4�
�� 40 K B�=� 420 mW ��


*�+2�
�	� 40 K B*� 0.3 W 
*�

���D 8���
�� QWIPb,]���

M2D [6] � 2012 ����4262�����

�e���	��<,B"��
��+2

�:		
�	���*��4�
��


	�.,<@?C�f0�
+,��8�

H 8 I@KJA� QWIP c^_HLFgH
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F 2 defghijUVWXYZ[\]Nklmn

LF [` Gh JiLF KJV g]d^

2007 Air liquid; CEA/SBT JJ 2.3 W /50 K aebf

2007 Sunpower Gedeon Associates JJ 2.1 W /60 K –
G?

2012 c� Absolut System JJ 1.5 W /77 K djkf\ / lhh

2012 Lockheed Martin [X�����\ imI 20 W /70 K e_g:nXhi\

j?JJ 8 W /140 K aeJjkofi
2007 Lockheed Martin [X�����\

g?im 1.5 W/ 55 K klh18l

im 5.1-8.0 W≤183 K \�aeJjij^
2009 NGAS

JJ 1.9-2.3 W≤53 K _[Xjmkol
Y?

j? U I 6 W/131 K iekmbfn
2009 Air liquid; CEA/SBT

g? U I 2 W/67 K J]om\k

j? U I aom\knJn J-T
2009 Air liquid; CEA/SBT g? 300 mW/27 K

g? U I KJll^_nJ

j? 0.296 W@151 K
jngn` Si:As l^_

2007 NGAS g? 0.134 W@59 K
?JJ djkf\

`? 0.213 W@18 K

`? jng?JJ
2009 NGAS 0.255 W/10 K l^_djkf\

`? U I

jng?JJ
2012 Air liquid; CEA/SBT `? 650 mW/15 K J-T KJnJ

`?im

.,
m�;����c�Ea�� 15 p


C,%.� 3.6 MPa
��!,� 54 Hz*�4�


�� 175 W @��,B�=� 29.78 K �4�

�1��#� 40 K B�� 1.6 W ��
* [20] �

��426�*��42����9>�


�
��q`������
� )o�+

" 20 ����nb�A�.,��	���3

����	������"��
��A�

GaAs/AlGaAs QWIP �3���� 30 ∼ 40 K �

<,B��
��4�
�����1�

300 K 
@��,� 200 W *=� 29.7 K �4�

�1���� 40 K B.% 0.86 W �
*�A�

HgCdTe 		
�	�3���� 60 K �<,

B��
��4�
��=� 33 K �4��

1�E@��,� 91 W *�4�
�� 60 K B

�� 2 W �
*���HB+,� 8.8 % �A

��:=:		:3;<��3���� 80

K �<,B��
��&T2674��c

�	o�"�E��1� 310 K 
@��,�

100 W *�4�
�� 80 K B�.% 5 W �


*�6+�;		
�	*�� 80 K B�� 1

W��
*�̂ ,*T��E��
0*d��

'$pe9��A�&�*��3����F"

,B��
��4�
��V�*� 2.2 kg�

C,%.� 3.6 MPa ���!,� 75 Hz �E@

��,� 80 W *�4�
�� 4 min $$�&

� 80 K ��#� 80 K B�� 2.5 W ��
*�

D 9�5�&�F",B�
��	9WX�A

��:		:3;<���/2	��3�X

H 9 80 K pIJJKJAHjqrs
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F 3 dofghijUVWXYZ[\]Nklmn

Gh [` LF KJV g]d^

������m 2007 G? U I 420 mW@40 K GaAs/AlGaAs Vmpdj1okf\

����� 2012 G?JJI 2.5 W@80 K t?djkf\

2010 G?JJ 5 W@80 K �?lu?djl^_qq

������� 2010 G?JJ 1 W@80 K _rdjkf\

������� 2011 G?JJI 0.86 W@40 K GaAs/AlGaAs Vmpdj1okf\

2011 G?JJ 2 W@60 K HgCdTe djkf\

��� 80 ∼ 150 K �<,B��
� [21] �

�*2�#2���426�*��42

���@,�.����"��
����

���:5#2�Æd-#2T����"

��
��A:cf2r�����5r�

% 3 �K��$D��	����"��


���'��Xc�

2 pvwijklmnopq3rs
xyqz{|

SM
S�����!�;���-4�

��
��5���"�g,F"���G�

OsS�	!�;(�.��5����p

en�'.�^4o�"�h;^'G��


�D���WX�)vE�
*)3��tG

�� 2005 ������*5����6 (NIST)

� Radebaugh R !(,/.Kb`R����

!, (g,�& 1000 Hz) �C,��
	W

X��h;���##G����
���*

E� [22] �w��!��
�p���"�

	�[qs��
�X��E��
0*��

�pe9�!�"��42i�1vB����

NIST  NGAS 
��4262������


:5#2��'�� CEA 7��, "r

��K���!,� 100 Hz ����!��


��

2.1 rst:;<=>?DEuv

2007�� NIST � Vanapalli S !(A:��

��	� 120 Hz ��
��4�
��


	8� 635 6�<@��C,%.� 3.5 MPa �

-"��;.,�;����c�W� 10 min

$��
 � 50 K�E%&��@��,� 275

W *�4�
�� 80 K B�=� 3.4 W ��


* [23] �,�� Garaway I !(A:�	�VE

�� 137 mm3 �4���
����A:�

���@��, (5 W) B��
���&� 146

K �� 160 K B�� 100 mW �
* [24] �jk

&�A:s(]BE�T�tY�^29<

b`�HC����M"�K��F"AS�

�.�xu�A?� 2011 ��Garaway I !(e

A:�	�!,� 150 Hz ���
���C

,%.� 5.0 MPa ���!,� 138 Hz �E


	���,� 25 W *�4�
�� 120 K B

�� 200 mW ��
* [25] � 2009 �� NGAS �

Petach M !(���	���!,� 120 ∼ 144

Hz $���
��E@��,� 35 W *�4

�
�� 77 K B�� 1.8 W ��
* [26] �

��4262������E�l2r

A:�	���!,� 100 Hz ���,B�!

��
��Dm�U�5���
	9<�

�����s,��
���'))(��!

,�n��B9��C�U%&�El�� 40

W *�4�
��=� 49.3 K �4��1��

#� 77 KB�� 2.8 W��
* [27] �2010��

:5#2�tuv!(-"� REGEN3.2 o�

�����A:
����f�	� 120 Hz +

�!��
��E%&����@�� 500 W

*�4�
�� 78.6 K B=�� 8.0 W ��


*�5	���X���%&�[qs����

�������2r5r [28] �
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2012 ��'�� CEA 7��, ",�

A:����	���!,� 100 Hz ���


��4�
�w* 25 W ���$�&� 79.8

K ��#� 120 K B�� 0.98 W ��
* [29] �

67�(��[qs��
�����

�Vtt���p�N+=>*�BC�B;�

��v����5r�

2.2 rst:;<=>?Æ�wx�y

jk[qs��
�N5����"

��
����!,2��� (+" 30 Hz) �

^2��3	p�6+.,3y�uw��q

Nu�5r���������HB+,

�;�[qs��
��N5����"

��
��N+�����"��
���

R����!,���'*81)!,��t

(f0�k��zx�.���!,�v�


	���0,E�
	3	8'=�C5

6�)��
	�.�rA?##f0�$

�9���
��D�+,����


	��!Bpk����x3�+,�7X8

�,s���{� (C,%.
0*&*g

!)

	WX��
	9<�Radebaugh R

!(����U%&�,*HU���c-

wWX (G�
	E�f0a.
mf0

3D%.) ����
�������!,B�

��+, [30] � NIST :5#2A:� 120 Hz

��
�D-C�&	2r [31] �

$�%&�2�!��
��5��	

L�������'��
1��2v���

�
*05�v�67�$�%&��w�!

,#+� 40 ∼ 60 Hz#!$������[qs

���"��
����B��+�
�$

7X��Kw�!,�����
�
�t

C�$�%&�� 5���[qs$�%&�

��	L�v���

$�%&���*�w�!,�

f =
1
2π

√
K + K

gas

m
(1)

���K ��Q|x�t1K
gas
�,E|x

�t1 m ���0*���yK�w�!,

��-"9�yu0* m f0,E|xt1

K
gas
��.��9�yu0* m ���G��

QyÆA?
:zA?x&A?!��$�

%&��A?G��.�C,%.��,E|

xt1 K
gas
f#�&$f0�,&���{z

��yu0*�G�T)�$�%&����

WXU��,*.�C,%.X)�'*81

n��$�%&��)-�f� [32] � 5��

!w�$�%&������+;z(4w�

��+
��)-!���;�=>�5	�6

7$�%&����{6+,
�*��
�

!�;p*�	0.��$�%&����.

�c�N#Z1�)G�[qs���"�

�
������Z�

3 }~�

���"��
����-"���|

v��U�������)-
����
�

�!}��w����"��
�Æ)a�

��{"��
�����	���� )�

#��
��-"��$	���"��


���	����4#���.��5r�.

O����"��
����7|�.x

w��[qs���"��
��5��v

�� (6/
	���+,) %&��*�

���yz}y��1K�[qs���"

��
���	����.23y���]�

����Z1&����(�

z{ !

[1] Glaister D S, Donabedian M, Curran D G T, et al.

An Overview of the Performance and Maturity of

Long Life Cryocoolers for Space Applications [C].

Cryocoolers, 1999, 10: 1–31.

[2] Radebaugh R. Development of Pulse Tube Refrig-

erators as an Efficient and Reliable Cryocooler [C].

Proceedings of Institute of Refrigeration, 2000: 11–

29.

[3] Radebaugh R. Pulse Tube Cryocoolers for Cooling

Infrared Sensorsv [C]. SPIE, 2000, 4130: 363–379.

[4] Tward E, Chan C K, Jaco C, et al. Miniature Space

Pulse Tube Cryocoolers [J]. Cryogenics, 1999, 39(8):

717–720.

Infrared (monthly)/Vol.34, No.6, Jun 2013 http://journal.sitp.ac.cn/hw



� 34 ��� 6 � � � 9

[5] Raab J, Tward E. Northrop Grumman Aerospace

Systems Cryocooler Overview [J]. Cryogenics, 2010,

50(9): 572–581.

[6] Wang G P, Cai J H, Li N, et al. Development of

a 0.5W/50K Pulse Tube Cryocooler for an Infrared

Detector [C]. Cryocoolers, 2007, 14: 83–88.

[7] Trollier T, Tanchon J, Buquet J, et al. Design of a

Large Heat Lift 40 to 80 K Pulse Tube Cryocooler

for Space Applications [C]. Cryocoolers, 2007, 14:

75–82.

[8] Wilson K B, Fralick C C, Gedeon D R, et al. Sun-

power’s CPT60 Pulse Tube Cryocooler [C]. Cry-

ocoolers, 2007, 14: 123–132.

[9] Trollier T, Tanchon J, Icart Y, et al. 150K Pulse

Tube Cooler for Micro-Satellites [C]. Cryocoolers,

2012, 17: 53–60.

[10] Tanchon J, Trollier T, Icart Y, et al. Small Scale

80K Pulse Tube Cooler for RAPID e-APD Infrared

Camera [C]. Cryocoolers, 2012, 17: 93–100.

[11] Olson J R, Champagne P, Roth E, et al. Very

High Capacity Aerospace Cryocooler [C]. Advances

in Cryogenic Engineering, 2012, 57: 161–167.

[12] Jensen S M, Hansen G, Nast T, et al. Ther-

mal/Mechanical System Level Test Results of the

GIFTS 2-Stage Pulse Tube Cryocooler [C]. Cryocool-

ers, 2007, 14: 65–74.

[13] Colbert R, Pruitt G, Nguyen T, et al. ABI Cooler

System Protoflight Performance [C]. Cryocoolers,

2009, 15: 49–55.

[14] Charles I, Coynel A, Duval J M, et al. Develop-

ment of a Two-Stage High Temperature Pulse Tube

Cooler for Space Applications [C]. Cryocoolers, 2009,

15: 63–70.

[15] Duval J M, Charles I, Gauthier A, et al. Experimen-

tal Results of 20K Pulse Tube Cold Fingers for Space

Applications [C]. Cryocoolers, 2009, 15: 71–77.

[16] Nguyen T, Colbert R, Durand D, et al. 10K Pulse

Tube Cooler [C]. Cryocoolers, 2007, 14: 27–31.

[17] Durand D, Colbert R, Jaco C, et al. NGST Ad-

vanced Cryocooler Technology Development Pro-

gram (ACTDP) Cooler System [C]. Cryocoolers,

2007, 14: 21–25.

[18] Duval J M , Charles I, Butterworth J, et al. 7K-15K

Pulse Tube Cooler for Space [C]. Cryocoolers, 2012,

17: 17–23.

[19] Duval J M, Charles I. Development and Experimen-

tal Results on a 15 K Pulse Tube Cold Finger [C].

Advances in Cryogenic Engineering, 2012, 57: 1040–

1047.

[20] Zhao M G, Liu Y J, Cai J H, et al. Experimental

Investigation of a 40K Single Stage High Frequency

Pulse Tube Cryocooler [C]. Cryocoolers, 2012, 17:

115–119.

[21] Dang H Z. Development of High Frequency Pulse

Tube Cryocoolers for Space Applications [C]. Ad-

vances in Cryogenic Engineering, 2012, 57: 1457–

1464.

[22] Radebaugh R, O’Gallagher A. Regenerator Opera-

tion at Very High Frequencies for Microcryocoolers

[C]. Advances in Cryogenic Engineering, 2004, 51:

1919–1928.

[23] Vanapalli S, Lewis M, Gan Z H, et al. 120 Hz Pulse

Tube Cryocooler for Fast Cooldown to 50 K [J]. Ap-

plied Physics Letters, 2007, 90(7): 072504.

[24] Garaway I, Grossman G. A Study of a High Fre-

quency Miniature Reservoirless Pulse Tube [C]. Ad-

vances in Cryogenic Engineering, 2008, 53: 1547–

1554.

[25] Garaway I, Gan Z, Bradley P, et al. Development

of a 150 Hz Pulse Tube Cryocooler [C]. Cryocoolers,

2009, 15: 105–113.

[26] Petach M, Waterman M, Pruitt G, et al. High Fre-

quency Coaxial Pulse Tube Microcooler [C]. Cry-

ocoolers, 2009, 15: 97–103.

[27] Wang X T, Yu L H, Zhu J. A Miniature Coaxial

Pulse Tube CoolerOperating above 100 Hz [C]. Cry-

ocoolers, 2012, 17: 107–114.

[28] Wu Y Z, Gan Z H, Qiu L M, et al. Study on a

Single Stage 120 Hz Pulse Tube Cryocooler [C]. AIP

Conference Proceedings, 2010: 175–182.

[29] Lopes D, Duval J M, Charles I. Design and Charac-

terization of Very High Frequency Pulse Tube Proto-

types [C]. Advances in Cryogenic Engineering, 2012,

53: 1487–1494.

[30] Radebaugh R, O’Gallagher A. Regenerator Opera-

tion at Very High Frequencies for Microcrycoolers

[C]. Advances in Cryogenic Engineering, 2006, 51:

1919–1928.

[31] Vanapalli S, Lewis M, Gan Z, et al. 120 Hz Pulse

Tube Cryocooler for Fast Cooldownto 50 K [J]. Appl

Phys Letters, 2007, 90(7): 072504.

[32] |{z�{~|�}}~�~� 20 K Æ|:}~

Æ�II@KJAH~}��X��~�A��
� [J]. |}~�, 2011, 32(2): 25–34.

http://journal.sitp.ac.cn/hw Infrared (monthly)/Vol.34, No.6, Jun 2013


