High Efficiency 5 W at 60 K Pulse Tube
Cryocooler for Infrared Sensors
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ABSTRACT
A high-capacity single-stage coaxial pulse tube cryocooler operating at around 60K has been
developed for infrared sensors. The design considerations are presented, and the optimizations on the
OHQJWKRIUHJHQHUDWRUDUHGHVFULEHGZLWKWKH6DJHFU\RFRROHUPRGHO,QDQH[SHULPHQWWKHLQÀXHQFHV
of the regenerator length on the optimal frequency are obtained. The results show that decreasing the
regenerator length can increase the optimal frequency of cryocooler. The experimental model of the
cryocooler provides a cooling power of 5W at 60K with an input power of 160W, which achieves
D&DUQRWHI¿FLHQF\RI$QHQJLQHHULQJPRGHORIWKHcryocooler has been developed, which
provides the cooling power of about 7 W at 60K with 250 W electrical power rejecting at 300K, and
DFKLHYHVD&DUQRWHI¿FLHQF\RIDERXW
INTRODUCTION
The HgCdTe infrared detectors designed for LWIR (Long Wave Infrared) applications operate
best at around 60K. Pulse tube cryocoolers (PTCs) have the advantages of long life, low vibration,
DQGKLJKUHOLDELOLW\0DQ\HIIRUWVKDYHEHHQPDGHWRLPSURYHWKHHI¿FLHQFLHVRI37&VLQWKHSDVW
WHQ\HDUVDQGUHFHQWO\UHSRUWHG37&VGDWDKDYHFRPSDUDEOHHI¿FLHQF\WR6WLUOLQJFU\RFRROHUV>@
Thus, the PTCs have already become the new generation of space cryocoolers.
The past decade has witnessed a boom in the development of PTCs in China, and many high
HI¿FLHQF\37&VKDYHEHHQEXLOW,Q+X>@GHYHORSHGD:DW.FRD[LDO37&ZLWKDQ
HOHFWULFSRZHURI:,Q'DQJ>@EXLOWDFRD[LDO37&ZKLFKSURYLGHG:DW.DQG
REWDLQHGDRIWKH&DUQRWHI¿FLHQF\,Q=KDQJ>@GHVLJQHGD:DW.FRD[LDO37&
ZLWKDUHODWLYHHI¿FLHQF\RI,QRXUJURXSZHGHYHORSHGDFRD[LDO:DW.37&LQ
$QGLQDKLJKHI¿FLHQF\FRD[LDO37&ZDVDOVREXLOWZKLFKKDGDFRROLQJSRZHURI:DW
.ZLWK:LQSXWSRZHU>@
Our group has conducted the research on PTCs for over twenty years. A number of coaxial
PTCs have been manufactured, and all of them have worked well for years. In this paper, based on
WKHGHPDQGVRIDKLJKHI¿FLHQF\37&XVHGLQ+J&G7HLQIUDUHGGHWHFWRUVZHGHVLJQHGDFRD[LDO
PTC working at 60K using a Sage model. The design goals and the design details are presented.
The experiments were also carried out to measure the operation performance of the PTC. At the
end, the performance of some engineering models are presented.
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Table 1. The design goals of the PTC

DESIGN OF PTC
Design Goals
Table 1 gives key development goals of the PTC for long wave HgCdTe infrared detectors.
The cryocooler is required to provide 5W at 60K with an input electrical power less than 250W.
7KHIUHTXHQF\LVUHVWULFWHGWR+]±+]7KHZHLJKWLVQRWH[SHFWHGWREHKLJKHUWKDQNJ7KH
JHRPHWULFDODUUDQJHPHQWLVFKRVHQWREHWKHFRD[LDOFRQ¿JXUDWLRQEHFDXVHWKHFRD[LDO37&VDUH
PRUHFRQYHQLHQWWREHFRXSOHGZLWKWKHKHDWORDGWKDQRWKHUFRQ¿JXUDWLRQV%HVLGHVWKHFRD[LDO
PTCs have more compact structure, which is more attractive for the space infrared applications. As
for the phase shifter, only the inertance tubes and reservoir are used as the phase shifter.
Design of Regenerator Length
$37&LVFRPSRVHGRIDFRPSUHVVRUDFROG¿JXUHDQGDSKDVHVKLIWHU7KHFROG¿QJHULVWKH
PDLQFRPSRQHQWIRUFRROLQJVRWKHGHVLJQRI37&ZLOOFRQFHQWUDWHVRQWKHFROG¿QJHU&RQVLGHUing the restriction on the frequency, in this part, the optimization of the frequency will be discussed
in details.
$FFRUGLQJWRWKHFRQVHUYDWLRQRIPDVVLQWKHUHJHQHUDWRUWKHUHODWLRQVKLSEHWZHHQPDVVÀRZ
UDWHDWKRWHQGDQGPDVVÀRZUDWHDWFROGHQGFDQEHFDOFXODWHGE\(TXDWLRQ 
(1)
.
.
where mh LVWKHKRWHQGPDVVÀRZUDWHmc LVWKHFROGHQGPDVVÀRZUDWHi is the imaginary unit, f is
frequency, P is the dynamic pressure, Arg is the cross sectional area of regenerator, Lrg is the length
of regenerator, R is the gas constant per unit mass, and Trg is the mean temperature of regenerator.
)RUDJLYHQFROG¿QJHUWKH Arg , Lrg and Trg are constant, and P changes little when the input
power to a given compressor is constant. Then, according to Equation (1), it can be concluded that
.
.
the mhZLOOLQFUHDVHZLWKWKHIUHTXHQF\DWD¿[HG mc. In that case, the magnitude of the regenerator
ORVVHVEHFRPHVKLJKDVWKHKRWHQGPDVVÀRZUDWHLVLQFUHDVHG7KLVZLOOGHFUHDVHWKHHI¿FLHQF\
RI37&7RNHHSWKHPDVVÀRZUDWHZLWKLQDUHDVRQDEOHUDQJHWKH Arg Lrg must be reduced when
the f increases.
)RUDFRD[LDOFROG¿QJHULWLVHDVLHUWRFKDQJHWKHUHJHQHUDWRUOHQJWKWKDQWKHFURVVVHFWLRQDO
area. Thus, the optimal frequencies at different regenerator lengths were simulated by a SAGE
model and the results are illustrated in Figure 1.
Figure 1 shows the simulation results of COP (cooling power/PV power) changing with the
frequency at four regenerator lengths. It should be noted that, for each regenerator length, there
is an optimal frequency for maximum COP. The optimal frequency is increased with decreasing
UHJHQHUDWRUOHQJWK$OVRVKRZQLQ)LJXUHWKHRSWLPDOIUHTXHQF\LVKLJKHUWKDQ+]ZKHQWKH
regenerator length is shorter than 60mm. However, the COP decreases as the regenerator length
shortens. Therefore, when both the COP and the optimal frequency are considered, 60mm is chosen
to be an optimal regenerator length.
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Figure 1. Simulation results of COP varying with the frequency at different regenerator length

EXPERIMENTAL OPTIMIZATIONS
Next, an experimental apparatus was built, and some experiments were carried out. The
FRPSUHVVRUZDVGHVLJQHGE\RXUJURXS,WLVDGXDORSSRVHGSLVWRQÀH[XUHEHDULQJPRYLQJFRLO
FRPSUHVVRUZLWKDPD[LPXPVZHSWYROXPHRIFF7KHFROG¿QJHULVGHVLJQHGWREHDVHSDUDWHG
FRQ¿JXUDWLRQGLIIHUHQWFRD[LDOUHJHQHUDWRUVDQGSXOVHWXEHVFRXOGEHFRQQHFWHGWRWKHVDPHKRWHQG
which is convenient to conduct experiment with different regenerator lengths. The phase shifter is
a three-segmented inertance tubes and a gas reservoir.
Optimization of Cold-Finger Length
To validate the results of the theoretical analysis, three regenerator lengths were manufactured.
Figure 2 shows the cooling powers and optimal frequencies of the three regenerator lengths; 55mm,
PPDQGPP$VVKRZQLQ)LJXUHVDQGWKHH[SHULPHQWDOUHVXOWVFRQ¿UPWKHDQDO\WLFDO
predictions. The PTC with longest regenerator length has the highest cooling power and lowest optimal frequency Considering both frequency and cooling power, , 60mm was chosen as the suitable
regenerator length. However, the PTC with 60mm regenerator length has a cooling power of 5.2W
at 60K. Considering the loss of converting the PTC from an experimental model to an engineering
PRGHOWKHFRROLQJSRZHURIWKLV37&LVLQVXI¿FLHQW7KHUHIRUHDQRWKHURSWLPL]DWLRQZDVSHUIRUPHG

Figure 2. Experimental results of cooling power and optimal frequency at different regenerator length
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Figure 3. The performance of PTC with two kinds of compressors

Optimization of Compressor
'XULQJWHVWLQJLWZDVIRXQGWKDWWKHHI¿FLHQF\RIWKHFRPSUHVVRU 39SRZHUHOHFWULFSRZHU 
ZDVORZHUWKDQ7KLVLQGLFDWHGWKHFRPSUHVVRUZDVQRWDVXLWDEOHPDWFKIRUWKHFROG¿QJHU
7KHUHIRUHEDVHGRQWKHFRXSOLQJPHFKDQLVPEHWZHHQFRPSUHVVRUDQGFROG¿QJHUDQHZFRPSUHVVRU
was designed and manufactured. As shown in Figure 3, 1# compressor is the original compressor and
2# compressor is the re-designed compressor. When the PTC was coupled with the new compressor,
the cooling power of the PTC was increased from 5.2W to 7.2W at 60K with an input electrical
power of 250W. Currently, this experimental PTC is capable of providing a cooling power of 5W
DW.ZLWKRQO\:HOHFWULFSRZHUDQGDUHODWLYH&DUQRWHI¿FLHQF\RI
ENGINEERING MODELS
$IWHUWKHVXFFHVVHVRIWKHGHVLJQDQGUHVXOWVRIDQH[SHULPHQWDO37&¿YHSUHOLPLQDU\HQJLQHHULQJPRGHOVZHUHEXLOW)LJXUHVKRZVWKHSKRWRRIDQHQJLQHHULQJPRGHO7KHXQLWVZHUHWHVWHG
WRPHDVXUHWKHFRROLQJSHUIRUPDQFH$VODEHOHGLQ)LJXUHWKHDYHUDJHFRROLQJSRZHURIWKH¿YH
engineering models is approximately 7W at 60K with an electric power of 250W. This indicates
that the design and fabrication are relatively mature. The cooling powers of the engineering models
are a little lower than the experimental model. The reason being that the connection-tube length of
the engineering model is a little longer than that of the experimental model.

Figure 4.The photo of engineering model of PTC
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Engineering model of PTC No.

Figure 5.7KHFRROLQJSHUIRUPDQFHRI¿YHHQJLQHHULQJPRGHORI37&

CONCLUSIONS
,QWKLVSDSHUDKLJKHI¿FLHQF\FRD[LDO37&ZDVGHYHORSHGIRULQIUDUHGVHQVRUV%DVHGRQWKH
cryocooler requirements for infrared sensor applications, a coaxial PTC model was built using Sage
PRGHOLQJ7KHUHJHQHUDWRUOHQJWKZDV¿UVWRSWLPL]HGXVLQJ6DJH6XEVHTXHQWO\VRPHH[SHULPHQWV
ZHUHSHUIRUPHGWRRSWLPL]HWKHOHQJWKRIFROG¿QJHU$QDO\VLVDQGH[SHULPHQWDOUHVXOWVFRQ¿UPHG
WKDWWKHRSWLPDOIUHTXHQF\RIWKH37&LQFUHDVHGZLWKGHFUHDVLQJFROG¿QJHUOHQJWK$IWHUH[SHULmental optimizations, the experimental PTC model achieved a typical cooling power of 5W at 60K
ZLWKDQHOHFWULFSRZHURI:&XUUHQWO\¿YHHQJLQHHULQJPRGHOVRI37&KDYHEHHQPDQXIDFWXUHG
the experimental results show that all of the engineering models have almost the same cooling ability as the experimental model. This indicates that our design and fabrication are relatively mature.
Other engineering works of this kind of PTC are still underway.
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