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ABSTRACT
Micro-miniature Stirling cryocoolers for high temperature applications have bee ndeveloped
recently to meet market demands. This paper compares micro-miniature Stirling coolers for Higher
Operation Temperature applications with a miniature cooler a 2nd FPA base on four cooler subsystems. Thermal dynamics is inherent impetus to size, weight and power, so the regenerator is the
key component of the cooler. This paper also presents a novel micro-miniature cooler for Higher
Operation Temperature.
INTRODUCTION
Miniature Stirling cryocoolers are widely used in an infrared detector assembly. Since 1980,
PLQLDWXUH6WLUOLQJUHIULJHUDWRUVKDYHEHHQPLQLDWXUL]DWLRQZLWKKLJKHUHI¿FLHQF\. Micro integral
rotary Stirling cryocooler for 2nd generation Focal Plane Array (FPA) operating at 77K-85K usually weigh about 400 g, and split linear Stirling cryocooler weigh 1 kg. Based on miniaturization
and optimization performance, micro Stirling cryocooler life has become a critical parameter. The
0HDQ7LPH7R)DLOXUH 077) RIDOLQHDUFU\RFRROHUHPSOR\LQJDÀH[XUHEHDULQJDQGPRYLQJ
magnet motor is more than 20,000 hours, e.g., THALES and AIM products. The MTTF of a linear
FU\RFRROHUHPSOR\LQJÀH[XUHEHDULQJDQGPRYLQJFRLOPRWRULVKRXUVHJ'56SURGXFWV
The MTTF of aURWDU\FRROHUH[FHHGVKRXUVHJ5,&25DQG7+$/(6>@7KHGDWDLV
EDVHGXSRQH[SHULPHQWDOUHVXOWVin laboratory test involving a few sample. The actual MTTF is
DIIHFWHGE\WKHHQYLURQPHQWWKDWWKHFU\RFRROHUVDUHH[SRVHGWR5,&25KDVWUDFNHGWKHLU¿HOGed
coolers and performed statistical analysis of the K508. MTTF for this cooler reached about 33,000
hours for coolers with static observation, 12,000 hours for hand held devices, and 5,376 hours for
armored vehicle >@$FROGWLSWHPSHUDWXUHRI.UHVXOWVLQDKHDY\ORDGRQWKHFRROHUDQGD
UHGXFHGOLIH+RZHYHUWKHOLIHRIWKHFU\RFRROHULVH[SHFWHGWRLQFUHDVHE\UHGXFLQJWKHORDGLQ
response to a higher operating temperature.
Higher operation temperature (HOT) FPA detector improves the operating temperature and is
EHQH¿FLDOWRUHGXFHWKHORDGRIFRROLQJV\VWHP, and will EHQH¿W the coolers MTTF. Much research
Cryocoolers 19, edited by S.D. Miller and R.G. Ross, Jr.
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on high temperature infrared detector have be published in recent years. This trend is driven by the
Size, Weigh and Power (SWaP)3 concept. SWaP3 is proposed based on the high performance and
low cost. The concept means reducing the Size, Weight, and Power with a higher Performance, and
lower Price. On the basis of a mature detector structure and state of the art chip preparation, high
SHUIRUPDQFHRIWHQUHTXLUHVVPDOOHUGDUNFXUUHQWUHGXFHGE\ORZHUWHPSHUDWXUH6RLWLVGLI¿FXOWWR
reduce the size, weight and power consumption of coolers. HOT detectors rely on new structures
and PHWKRGVRISURGXFWLRQLPSURYLQJRSHUDWLQJWHPSHUDWXUH>@ HOT is a promising method to
achieve a reduced SWaP.
The 3rd generation MCT focal plane array should work at higher temperature and without losing performance as compared to the 77K performance. This stimulates High Operating Temperature
(HOT) MCT detector development. Operating temperature has just an effect on thermal-induced
free carriers resulting in noise, and no effect on other performance, such as cut-off wave length and
TXDQWXPHI¿FLHQF\>@$+270&7FKLSFDQEHUHDOL]HGE\DQHZIDEULFDWLRQPHWKRGDQGQRYHO
structures which suppress thermal-induced carriers. Since 1999, HOT MCT chips truly became
FRPPHUFLDOO\YLDEOHSURGXFWVRSHUDWLQJDW......>@)RU)3$RSerating at 77K, the parasitic heat load is the main load. Parasitic loads decrease as the operating
temperature rises, and the cooling load also decreases. HOT enables the novel miniature Stirling
cooler to reduce Size, Weight, Power, and achieve a longer life of cooler for HOT application.
PRINCIPLES OF MINIATURE STIRLING COOLER FOR HOT
(I¿FLHQF\RI6WLUOLQJFRROHULVWKHUHVXOWRIIRXUVXEV\VWHPVLQWRWDO7KDWLVWKHRYHUDOOHI¿FLHQF\LVDSURGXFWRIWKHUPRG\QDPLFF\FOHHI¿FLHQF\PHFKDQLFDOHI¿FLHQF\RIGULYHJHDUPRWRU
HI¿FLHQF\DQGHOHFWURQLFZRUNWUDQVIRUPLQJHI¿FLHQF\RIFRQWURODQGGULYHHOHFWURQLFGHYLFH
Școoler ȘcycleîȘmachineîȘmotorîȘ&'(
(1)
,W LV H[SHFWHG WR VLJQL¿FDQWO\ UHGXFH WKH SRZHU FRQVXPSWLRQ RI WKH GHWHFWRU DVVHPEO\ E\
LPSURYLQJ WKH WKHUPRG\QDPLF F\FOH HI¿FLHQF\ ZLWK D KLJKHU RSHUDWLQJ WHPSHUDWXUH 7KH PDLQ
UHDVRQIRUWKHUPRG\QDPLFHI¿FLHQF\LPSURYHPHQWLV
  7KH &RHI¿FLHQW RI 3HUIRUPDQFH RI D +27 6WLUOLQJ FRROHU LQFUHDVHV DV WKH RSHUDWLQJ
temperature of the FPA (Te) increases, that is
COPStirling=Te/(Tcom-Te)
(2)
Since the heat rejected temperature of the compressor (Tcom) is atmosphere temperature, COP
will increase as Te increases.
 7KHVSHFL¿FKHDWFDSDFLW\YDULDWLRQRIWKHPDWUL[¿OOHGLQWKHUHJHQHUDWRUZLOOGHFUHDVH
in a small temperature range.7KHUDWLRRIWKHVSHFL¿FKHDWFDSDFLW\EHWZHHQWKHPDWUL[DQGWKH
JDVLVJUHDWHUWKDQD.FRROHU7KHODUJHUUDWLRLVEHQH¿FLDOWRDWWHQXDWHWHPSHUDWXUHK\VWHUHVLV
DQGLPSURYHWKHKHDWH[FKDQJHHI¿FLHQF\LQWKHUHJHQHUDWRU7KHDFWXDOF\FOHLVFORVHUWRWKHLGHDO
UHYHUVH6WLUOLQJF\FOH:LWKDVKRUWHUUHJHQHUDWRUWKHUHLVJUHDWHULQÀXHQFHE\WKHK\VWHUHVLVORRS
7KHFRQ¿JXUDWLRQVKRXOGEHFRQVLGHUHGIRUD+276WLUOLQJFRROHU
Comparison Miniature Stirling Cooler for HOT and 2nd Generation FPA
:LWKDFROG¿QJHUWHPSHUDWXUHRI..WKHWKHUPRG\QDPLFF\FOHHI¿FLHQF\RID+27
miniature Stilrling cooler is higher than that of 80K coolers for second generation FPA. The
UHGXFWLRQLQRYHUDOOHI¿FLHQF\WUDQVODWHVLQWRPHFKDQLFDOHI¿FLHQF\PRWRUHI¿FLHQF\DQGFRROHU
GULYHUHOHFWURQLFV &'( HI¿FLHQF\
0HFKDQLFDO(I¿FLHQF\
The unavoidable friction from bearings, piston and other parts in a rotary cooler wastes the partial
drive power. The proportion of the friction consumption to total power is higher than those cooler
IRU.DSSOLFDWLRQ+RZHYHUOLQHDUFRPSUHVVRUWKDWUHO\RQFRQWDFWIULFWLRQE\ÀH[XUHEHDULQJV
KDYHDQDGYDQWDJHLQPHFKDQLFDOHI¿FLHQF\WRURWDU\FRROHU7KHKLJKHURSHUDWLQJWHPSHUDWXUHWKH
greater the advantage of the linear6WLUOLQJFRROHUPHFKDQLFDOHI¿FLHQF\
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0RWRU(I¿FLHQF\
7KHEUXVKOHVV'&PRWRUIRUD+27URWDU\6LWUOLQJFRROHUUHDFKHVDERXWHI¿FLHQF\
ZKLFKLVFRPSDUDEOHWRWKRVHPRWRUIRU.FRROHU7KHHI¿FLHQF\RIDOLQHDUPRWRUVLVLQGLYLGXDOO\GHWHUPLQHGE\WKHGHVLJQWKDWREYLRXVO\DIIHFWVWKHXQLIRUPGLVWULEXWLRQRIWKHPDJQHWLF¿HOG
Frequency of a linear motor for a HOT application rises as a result of lightweight spring oscillator, and this frequency is higher than that for 2nd generation FPA at 80K. Linear coolers by Raytheon
IRUQGJHQHUDWLRQRSHUDWHDW+]>@FRROHUVE\&2%+$0DW+]>@&2%+$0
/&FRROHUIRU+27RSHUDWHVDW+]>@DQG5,&25.IRU+27DW+]E\FRPSDULVRQ
&'(HI¿FLHQF\
7KHHI¿FLHQF\RI&'(LVPDLQO\GHWHUPLQHGE\WKHHI¿FLHQF\RISRZHUWUDQVIRUPDWLRQPRGXOH
7KHQRYHO&'(RIIHUVSRWHQWLDOIRULPSURYLQJHI¿FLHQF\XSWRLQDUHFHQWUHSRUW>@
&RPSDULVRQ5RWDU\&RROHUDQG/LQHDU&RROHUIRU+27
Rotary coolers have several characteristics. They depending upon the rotation speed to regulate
cooling capacity, the stroke of piston is constant, and the motor speed which is determined by the
LQSXWYROWDJHGRHVQRWLQYROYHWKHWKHUPRG\QDPLFF\FOHDQGWKHPHFKDQLFV7RPDLQWDLQDVSHFL¿F
cryogenic temperature, the rotation speed is regulated and monitored and adjusted in a timely manQHUIRUWKHVSHFL¿HGKHDWORDG7KHSULQFLSOHRIWKHURWDU\FRROHUUHJXODWLRQPRGHLVXVHIXOIRUWZR
operating modes, the rapid cool-down mode and the regulation mode for a nominal voltage. A booster
SURPRWHVWKHPRWRUVSHHGLQFRROGRZQPRGHWRRIIHUWKHH[WUDFRROLQJFDSDFLW\WRVKRUWHQWKH
FRROGRZQWLPH1RPLQDOLQSXWYROWDJHIRUWKHRSWLPL]HGIUHTXHQF\LQFUHDVHVWKHPRWRUHI¿FLHQF\
7KHRSHUDWLQJIUHTXHQF\RIDOLQHDUFRPSUHVVRULV¿[HGE\WKHQDWXUDOIUHTXHQF\RIVSULQJ
oscillator. The cooling power of a linear cooler is tuned through changing the linear motor input
voltage that dominates the stroke of compressor piston. The stroke of the piston is a key parameter
for the thermodynamics cycle and mechanism of the linear cooler. The input frequency and voltage
DPSOLWXGHDUHLQÀH[LEOH
The characteristics that the regulation loop bases on the operating frequency and the frequency
FDQEHGHFRXSOHGIURPWKHUPRG\QDPLFVDQGPHFKDQLVPSURYLGHVÀH[LELOLW\WR,QWHJUDWHG'HWHFWRU
'HZDU&RROHU$VVHPEO\ ,''&$ HPSOR\HGURWDU\6WLUOLQJFRROHU5DSLGFRROGRZQLVFRPSDWLEOH
ZLWKKLJKWKHUPRG\QDPLFHI¿FLHQF\WKURXJKWZRZRUNPRGHVZLWFK2QWKHRWKHUKDQGWKHOLQHDU
FRROHUKDVVRPHPHULWVWKDWQRIUDFWLRQEHWZHHQWKHSLVWRQDQGWKHVOHHYHH[WHQGWKHOLIHWLPHDQG
suppress acoustic noise.
Structure Features on Miniature Stirling Cooler for HOT
7KHFRROHUVIRU+27)3$DUHVLJQL¿FDQWO\VPDOOHUWKDQH[LVWLQJSURGXFWV7KHUHDVRQLVWKDWWKH
parasitic load from the dewar decreases as the high operating temperature. The electronics power
consumption for a HOT FPA is consistent with the reduction in parasitic load. Cooler miniaturization
relies on the smaller swept volume and the smaller motor. The novel product has a small diameter
and length for the linear compressor, e.g., 30 mm in diameter and 60 mm in length for the opposed
piston compressor, or 40 mm in length for single piston as seen in Table 1. In addition, the regenHUDWRUDQGWKHFROG¿QJHUFDQEHUHGXFHGGXHWRDQLQFUHDVHLQWKHUPRG\QDPLFHI¿FLHQF\7KHFROG
¿QJHULVXVXDOO\VPDOODVVKRZQLQ7DEOHDQG7DEOHHJLQFKLQGLDPHWHUDQGPPLQ
length. A rotary cooler for HOT can cool down in 3-4 minutes as a result of a booster. It provides
an alternative for SWaP thermal imaging system.
Main Aspect of Miniature Cooler for HOT
The cooling capacity (Q) is proportional to the swept volume of the compressor (Vcom), the
charging pressure (Pm), the cold end temperature (Te DQGWKHRSHUDWLQJIUHTXHQF\ I >@
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Table 1. Typical linear Stirling cooler and Stirling Pulse-Tube cooler for HOT application
AIM
SX020 >@

COBHAM
LC1076 >@

THALES
UP8197

RICOR
K527 >@

Cooling
capacity
Compressor

0.5W@23qC
/160K
ĭîPP

0.4W@23qC
/120K
ĭîPP

1.2W@23qC
/150K
ĭîPP

&ROG¿QJHU

ĭî
/46.5mm

ĭîPP

ĭîPP

ĭî
/45mm

240g

260g
5 min
(175J@120K)

250g

140g

-54qC̚+85qC

-40qC̚+71qC

Lockheed Martin
STAR >@

3UR¿OH

Weight
Cooldown
time
Temperature
range

ĭîPP

0.69W@23qC
/150K
ĭîPP
ĭîPP
ĭîPP
reservoir
328g
8 min
(150K)
-15qC̚+55qC

Table 2. Typical rotary Stirling cooler for HOT application
RICOR
K562S >@

RICOR
K580

THALES
RM1

3UR¿OH

Cooling capacity
Compressor
&ROG¿QJHU
Cooldown time
Input power
(regulation)
Temperature range
Typical assembly

0.3W@71qC /110K
34.2×38.5×59.5mm
ĭîPP
4 min
(160J@110K)

0.5W@71qC /150K
35×48.2×54.8mm
ĭîPP
3 min
(210J@150K)

420mW@20qC /110K
49.5×50.5×72mm
ĭîPP
4.5 min
(110J@110K)

3W@150mW

2W@200mW

2.9W@100mW

-40qC̚+71qC
Hot-Pelican
0: î  ȝP
ǃKingletǃEPSILON
0: î ȝP

-40qC̚+71qC

-40qC̚+71qC

Q= (f/2) Te Pm Vcom×10-5 (W)

0:î ȝP

(3)

The product of the charging pressure and the swept volume has a positive correlation to the
compressor mechanical load which has an effect on the machine lifetime. The high charging pressure
is unsuitable for HOT Stirling cooler.
The pressure drop through the generator is negligible. It is thought that the volume of gas in
WKHFRPSUHVVLRQFKDPEHULVURXJKO\HTXDOWRWKHYROXPHRIJDVLQWKHH[SDQVLRQFKDPEHUWKDW
Vcom/ Ve= Tcom/ Te
(4)
The radius of the compressor piston (R) and the radius of the displacer (r) in the integral rotary
cooler has the following relationship,
R/r= (Tcom/ Te)1/2
(5)
Isothermal model Stirling refrigeration cycle in cold storage caused by the relative dead volume
is from 1.8 to 2.5.
The relative dead volume (s) is empirically assumed 1.8 - 2.5 in classic Schmidt’s model for
Stirling cyrocooler.
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Figure 1. Miniature cooler for HOT and novel CDE

s=AregLregȥ/Vcom

(6)

,WLVZRUWK\WRQRWHWKDWWKHWKHUPDOJUDGLHQWDORQJWKHFROG¿QJHUGHFUHDVHVLQWKH+27
miniature Stirling cooler. It is achievable that the novel miniature coolers employ a shorter regeneraWRUDQGFROG¿QJHU$VKRUWUHJHQHUDWRUXVEHQH¿FLDOWRUHGXFHWKHUHODWLYHGHDGYROXPH:KHQWKH
regenerator is shorter, the temperature hysteresis loop becomes more serious. The improvement in
COP may not eliminate the temperature hysteresis loop effect. It is important to balance the presVXUHGURSDQGWKHUPDOH[FKDQJHLQWKHUHJHQHUDWRUIRUDPLQLDWXUHFRROHU.
MINIATURE COOLER DESCRIPTION IN KIP
The novel miniature cooler is developed for the increasing demand ranging from 120K to 150K
in KIP. The principle design of the novel cooler is low charging pressure for the reliability of the
bearing and the piston coating. Another design principle is the optimization of the armature and air
JDSZKLFKEDODQFHVWKHHI¿FLHQF\DQGWKHDYRLGDQFHRIRXWJDVVLQJ
)LJXUHVKRZVWKHSUR¿OHRIWKHPLQLDWXUHFRROHUZLWKDLQFKGLDPHWHUîPPOHQJWK7KH
mass of the cooler is 200 g. At the time of this writing, the prototype is currently being performance
tested for optimization. Figure 1 shows the new digital electronics with booster developed for the
novel cooler used for HOT application. This electronics has an adjustable booster and 30mK accuracy.
SUMMARY
z
5RWDU\6WLUOLQJFRROHUIRU+27LVÀH[LEOHIRUDWKHWKHUPDOLPDJLQJV\VWHPLQOLJKWRIWKH
compromise between rapid cool-down and SWaP.
z
/LQHDU6WLUOLQJFRROHUIRU+27LVDGYDQWDJHRXVIRUWKHFRHI¿FLHQWRISHUIRUPDQFHHVSHFLDOO\
higher than 150K.
z
0LQLDWXUL]DWLRQRIÀH[XUHEHDULQJFRPELQHGZLWKWKHKLJKIUHTXHQF\OLQHDUPRWRURIIHUVWKH
potential for a linear cooler.
z
The preliminary rotary Stirling cryocooler and novel electronics with booster are developed
in KIP.
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