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ABSTRACT

-

We have developed a closed cycle 1 K refrigerator with features of continuous operation, low
vibration and high reliability. The 1 K refrigerator is precooled by a 4 K pulse tube cryocooler, which
provides ~0.5 W at 4.2 K with a power input of 4.6 kW. A vacuum pump with peak pumping speed
of 35m3/h was used to circulate helium from the 1 K pot to the liquefaction loop attached to the 4 K
pulse tube cryocooler. The discharged helium gas is fed into the liquefaction loop to be precooled
and condensed into liquid. An adjustable Joule-Thomson (JT) valve between the condenser and 1 K
SRWSURYLGHVÀH[LELOLW\WRREWDLQHLWKHUWKHPLQLPXPWHPSHUDWXUHRUWKHPD[LPXPFRROLQJFDSDFity on the 1 K cooling station. It can reach a minimum temperature of ~1.4 K and provide 200 mW
of cooling at 1.65 K. The system design, optimization and performance is presented in this paper.
INTRODUCTION
0DQ\DSSOLFDWLRQVVXFKDVKLJK¿HOGPDJQHWVGLOXWLRQUHIULJHUDWRUVGHWHFWRUVDQGFU\RVWDWVIRU
low temperature physics, require cooling below 2 K. Most of these applications utilize an open 1 K
refrigeration system by pumping liquid helium through a Joule-Thomson (JT) valve. The pumped
KHOLXPYDSRULVH[KDXVWHGWRWKHDWPRVSKHUHDQGHYHQWXDOO\WKHFU\RVWDWPXVWEHUH¿OOHGZLWKFRVWO\
liquid helium. Often helium is pumped to a recovery system which conserves helium for reuse but
adds increased cost and space constraints.
Two dry 1 K refrigeration systems [1,2], precooled by 4 K pulse tube cryocoolers, had been
developed by using a helium gas cylinder to supply helium gas to 1 K refrigeration loop. Liquid
KHOLXPXVDJHLVHOLPLQDWHGEXWWKH.V\VWHPVDUHDQRSHQORRSDQGWKHSXPSHGJDVH[KDXVWHG
to the atmosphere. F.M. Piegsa, et al., presented a high power closed-cycle 4He cryostat with toploading sample [3]. It consists of two Roots pumps in series, with nominal pumping speeds of
1000 m3/h and 300 m3/h, backed by a 35 m3/h scroll pump. A base temperature of 1.0 K is reached
and a cooling power of 250 mW is established at 1.24 K. Closed-cycle 1 K refrigeration loops
precooled by a 4 K PT cryocooler have been integrated into dry dilution refrigerators [4,5], but are
not available commercially as a standalone option. All above works are using a capillary tube as
the JT impedance.
An ultra-low vibration closed-cycle cryostat had been developed at Cryomech, Inc. [6]. The
FU\RVWDWXVHGDVOHHYHWRSUHYHQWPHFKDQLFDOFRQWDFWEHWZHHQWKH37FU\RFRROHUKHDWH[FKDQJHUV
and the 1 K cooling station resulting in almost no vibration transfer to the instrumentation cooling
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VWDWLRQ7KHGUDZEDFNVRIWKLVV\VWHPDUH  LWKDVDODUJHUVL]HDQG  LWFDQQRWSURYLGHHI¿FLHQW
cooling for the 1st stage at ~45 K.
We developed a commercial, compact closed-cycle 1 K cryocooler which can simultaneously
SURYLGHKLJKFRROLQJFDSDFLWLHVDWWHPSHUDWXUHVRIa.a.DQG.7KHGHVLJQSHUIRUmance optimization and application utilizing piezoelectric-based nanopositioners are described in
this work.
1K CRYOCOOLER DESIGN AND INSTRUMENTATION
Figure 1 shows a schematic of the 1 K cryocooler precooled by a 4 K pulse tube cryocooler.
A digital rendering of the 1 K cryocooler cold head and a photo of the pumping station are given
in Figure 2. The 4 K pulse tube cryocooler is a Cryomech model PT405-RM, which can provide 0.5 W
at 4.2 K. In the 1 K circulation loop, the inlet helium gas at an absolute pressure of ~115 kPa is preFRROHGE\DKHDWH[FKDQJHU  RQWKHstFRROLQJVWDWLRQ  DQGDKHDWH[FKDQJHU  RQWKHnd
stage regenerator and is then condensed in a condenser (6) on the 2ndVWDJH  7KHKHDWH[FKDQJHU
(14) wrapped around the 2nd stage regenerator is a stainless-steel tube with an ID of 4.5mm. The
relatively large diameter tube is used to reduce the chance of impurity blockage during the operation as there is no actively cooled getter material in the 1 K loop. Precooling helium gas with the
2ndVWDJHUHJHQHUDWRUIRUHI¿FLHQWKHOLXPOLTXHIDFWLRQZDVDQDO\]HGLQ>@7KHFRQGHQVHUWKHUPDOO\
anchored on the 2nd stage of the cold head, is made of a small copper tube. The condensed helium
ÀRZVWKURXJKDFRXQWHUÀRZKHDWH[FKDQJHU  WREHFRROHGWRa.,WWKHQSDVVHVWKURXJKD
JT valve (12) and reduces its pressure in a 1 K pot (10).
The 1 K pot is pumped by a dry vacuum pump (1) through a pumping line (4). Three different dry pumps were tested with peak pumping speeds of 11.4, 15.1 and 35 m3/hr. A reservoir (16)
is installed at the pump discharge side to stabilize the pressure. The vacuum pump and reservoir
volume are installed in a pumping station with in and out Aeroquip connectors on the front. Both
inlet and outlet helium gas ports on the 1 K cold head also have Aeroquip connectors for connecting
the discharge side and suction side of the pump. Both suction side connecting line and discharge

Figure 1. Schematics of the closed-cycle 1 K cryocooler. 1. Dry vacuum pump; 2. 1st stage; 3. 1st cooling station; 4. Pumping line; 5. 2nd stage; 6. condenser; 7. 4 K cooling station; 8. Thermal switch; 9. 1 K
cooling station; 10. 1 K pot; 11. Counter flow heat exchanger; 12. Needle valve; 13. Flexible thermal bridge;
14. Heat exchanger; 15. Heat exchanger; 16. Gas reservoir.
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Figure 2. Photo of the pumping station and digital rendering of the 1 K cryocooler

VLGHOLQHDUHVWDLQOHVVVWHHOÀH[LEOHOLQHV$VWDQGDUGKHOLXPJDVF\OLQGHULVFRQQHFWHGWRWKHGLVcharge side of the pump for adding helium if needed. The Aeroquip connectors seal helium gas in
each component of the 1 K loop after disconnecting them and can eliminate contamination during
assembly.
7KH.SRWQHHGVWREHWKHUPDOO\LVRODWHGIURPWKHUHVWRIWKHV\VWHPEXWWKLVVLJQL¿FDQWO\
HIIHFWVWKHFRROGRZQVSHHG$PHFKDQLFDOWKHUPDOVZLWFK  FRQVLVWLQJRIDFRSSHUURGWKDWLV
threaded at one end is installed between the 4 K cooling station and 1 K station to reduce cool-down
time of the system. The switch is manually activated by rotating a knob on the room temperature
ÀDQJH7KHstFRROLQJVWDWLRQ  DQG.FRROLQJVWDWLRQ  DUHWKHUPDOO\FRQQHFWHGZLWKWKHFROG
head 1stVWDJH  DQGQGVWDJH  WKURXJKWKHÀH[LEOHWKHUPDOEULGJHV  PDGHRI2)+&FRSSHU
ULEERQ7KHÀH[LEOHWKHUPDOFRQQHFWLRQVUHGXFHWKHYLEUDWLRQWUDQVIHUUHGWRWKHFRROLQJVWDWLRQV
IURPWKH37FROGKHDG7KHWKUHHFRROLQJVWDWLRQVRI DQG FDQSURYLGHFRROLQJSRZHUDW
WHPSHUDWXUHVRIa.a.DQG.VLPXOWDQHRXVO\
In the testing rig, two aluminum radiation shields are thermally anchored on the 1st cooling
station and the 4 K cooling station. Three calibrated silicon diode temperature sensors are mounted
on the 2nd stage condenser, 4 K cooling station and 1st cooling station, which have calibrated acFXUDFLHVRIP.$FDOLEUDWHG&HUQR[57' /DNHVKRUHPRGHO&;&8/ LVLQVWDOOHG
on the 1 K cooling station, which has a calibrated accuracy of ±5 mK. A heater is installed on the
2nd stage to maintain constant vapor pressure in the condenser loop. Another heater is installed on
the 1 K cooling station to measure its cooling capacity. Heater power measurements are made using
4 leads to measure the voltage and current across the 1 K cooling station heater. Flow rate in the 1 K
ORRSLVPHDVXUHGXVLQJDÀRZPHWHUPDGHE\7HOHG\QH+DVWLQJV,QVWUXPHQWV PRGHO+)0 
with a range of 0 – 20 SLPM and an accuracy of 0.2 SLPM.
EXPERIMENTAL RESULTS AND DISCUSSION
Performance
The cooling capacity of the PT405-RM was measured prior to integration into the 1 K loop,
which is shown in Figure 3. The cryocooler can provide 0.45 W at 4.1 K with the 1st stage at 40 K
and 0.52 W at 4.2 K while the 1st stage has 22 W at 65 K.
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Figure 3. Cooling load map measured with the PT405-RM pulse tube cryocooler

The cool-down performance was measured with the thermal switch engaged and disengaged.
7KH.FRROLQJVWDWLRQUHDFKHG.LQKRXUVZLWKWKHVZLWFKGLVHQJDJHGDQGKRXUVZLWKWKH
switch engaged, as shown in Figure 4. The addition of the thermal switch reduced the cool-down time
E\DIDFWRURI$OWKRXJKWKHFRROGRZQSHUIRUPDQFHLPSURYHGVLJQL¿FDQWO\)LJXUHVKRZV
that the 1 K cooling station does not reach as low a base temperature with the switch engaged. It
also takes a longer time to stabilize. This is due to poor thermal contact between the thermal switch
and 4 K cooling station leading to higher conduction losses to the 1 K cooling station. This will
be improved in future designs. Unlike previous 1 K cryocoolers with a liquid reservoir [6], the dry
vacuum pump can be activated immediately after reaching base temperature as there is no need to
¿OODOLTXLGUHVHUYRLUZLWKKHOLXP7KH.VWDJHFRROVWREHORZ.LQaPLQXWHVDIWHUWXUQLQJ
on the vacuum pump.
The 1 K cryocooler was tested with three different dry vacuum pumps which have peak pumping
speeds of 11.4 m3/hr, 15.1 m3/hr and 35 m3/hr. Figure 4 shows the temperature of the 1 K cooling
station with a 100 mW heat load for each peak pumping speed. Each test used a 40° valve opening.
$VH[SHFWHGWKHWHPSHUDWXUHGHFUHDVHVZLWKLQFUHDVLQJSHDNSXPSLQJVSHHG7KHKHDWORDGDSSOLHG

Figure 4. Cool-down curves for the with 1. Thermal switch disengaged and 2. Thermal switch engaged
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Figure 5. 1 K station temperature with 100 mW for three dry vacuum pumps with peak pumping
speeds of 11.4 m3/hr, 15.1 m3/hr and 35 m3/hr

JHQHUDWHVDFRQVWDQWERLORIIRIVXSHUÀXLGKHOLXPLQWKH.SRW$VSXPSLQJVSHHGLQFUHDVHVWKH
ÀRZUDWHLQFUHDVHVDVZHOODQGWKHYDSRUSUHVVXUHLQWKH.SRWGHFUHDVHV$OOVXEVHTXHQWUHVXOWV
reported in this work are with the 35 m3/hr vacuum pump.
Using a needle valve as the JT impedance serves two purposes: to vary the cooling capabilities
of the 1 K cooling station between low temperature and high capacity and allow for adjustment
RIWKH-7RUL¿FHVKRXOGDEORFNDJHHYHURFFXULQWKH.ORRS6PDOOHUYDOYHRSHQLQJVDOORZIRUD
lower base temperature but also a lower critical capacity, Qc. Beyond the critical capacity, all liquid
helium in the pot boils off and the temperature rapidly increases. The low temperature and high
capacity performance of the 1 K station is shown in Figure 6. The cryocooler achieves a minimum
EDVHWHPSHUDWXUHRI.LQWKHORZWHPSHUDWXUHVHWWLQJDQGDPD[LPXPFRROLQJFDSDFLW\RIP:
at 1.65 K in the high capacity setting. In the low temperature settings, cooling is also generated
RQWKH.VWDJHDW.7KHKLJKÀRZUDWHVLQWKH.ORRSREWDLQHGLQWKHKLJKFDSDFLW\VHWWLQJ
places an increased heat load on the 2nd stage, leading to higher temperatures.
There is direct thermal contact between the 1st and 2nd stages of the pulse tube cold head to the
st
1 cooling station and 4 K cooling station, respectively. This allows for cooling on all three stages
of the cryocooler, simultaneously. The temperature of the 2nd stage and 1st cooling station were mea-

Figure 6. Cooling Capacity curves for a 1. 30° valve opening and 2. 40° valve opening
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Figure 7. Cooling capacity and 2nd stage temperature vs. 1 K cooling station temperature

VXUHGDWYDULRXV.WHPSHUDWXUHV)LJXUHVKRZVWKHWHPSHUDWXUHRQWKH.FRROLQJVWDWLRQDQGnd
stage. The temperature of the 2nd stage increases with increasing 1 K cooling station temperature.
7KLVLVGXHWRLQFUHDVLQJYDSRUSUHVVXUHLQWKH.SRWZKLFKFDXVHVKLJKHUÀRZUDWHVWKURXJKWKH
1 K loop. The temperature of the 1stFRROLQJVWDWLRQZDVPHDVXUHGWREHDFRQVWDQW.GXHWRWKH
UHODWLYHO\VPDOOFKDQJHVLQÀRZUDWHFRPSDUHGWRWKHODUJHFDSDFLW\RQWKHst stage. As discussed
in the previous section, the critical cooling capacity decreases with decreasing valve opening due
WRWKHERLORIIUDWHLQWKH.SRWEHLQJODUJHUWKDQWKHÀRZUDWHLQWRWKHSRW,WZDVIRXQGWKDWWKH
FULWLFDOFRROLQJFDSDFLW\GHFUHDVHVIRULQFUHDVLQJYDOYHRSHQLQJVDVZHOO,IWKHÀRZUDWHLVWRR
high, the heat load on the 2nd stage will be too large to liquefy helium and the 1 K pot will dry out.
The temperature stability was measured for cases of a constant applied heat load and using a
PID temperature controller to maintain a constant temperature. In each case, the 1 K cooling station
maintained sub-millikelvin temperature stability over time periods of 1 hour. Over a few hours,
the temperature in the case of constant heat load drifted by 5 mK. This temperature drift is due to
FKDQJHVLQDPELHQWWHPSHUDWXUH)LJXUHVKRZVWKHWHPSHUDWXUHVWDELOLW\ZLWKDFRQVWDQWKHDWORDG
of 100 mW for 3 hours and PID controlled for ~60 hours to 1.55 K. The resolution of the temperature
monitor used in this study is 1 mK. The PID controlled stability appears constant at this resolution
VRWKHWHPSHUDWXUHÀXFWXDWLRQPXVWEHLQWKHVXEPLOOLNHOYLQUDQJH)XWXUHZRUNZLOOPHDVXUHWKH
temperature stability in similar systems with a higher resolution device.

Figure 8. Temperature stability with a constant 100mW heat load and PID controlled for 60 hours
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Figure 9. Nanopositioner stack with sample mount and flexible thermal connections

APPLICATION
The system was integrated with a piezo-based nanopositioner stack made by Attocube for
nanometer-scale position adjustment. The stack consists of four nanopositioners to provide moWLRQLQWKH[\]DQGURWDWLRQDOD[HV$VDPSOHPRXQWPDGHZLWKÀH[LEOHWKHUPDOFRQQHFWLRQVZDV
VSHFLDOO\GHVLJQHGWRWKHUPDOO\OLQNWKHXVHUVVDPSOHZLWKWKH.FRROLQJ6WDWLRQ)LJXUHVKRZV
a photo of the nanopositioner stack with sample mount connected to the 1 K cooling station. The
ÀH[LEOHWKHUPDOOLQNZDVGHVLJQHGEHORQJDQGÀH[LEOHHQRXJKWRDOORZDIXOOPPPRYHPHQWLQ
WKUHHD[HVDQGaURWDWLRQZKLOHVWLOOSURYLGLQJHI¿FLHQWKHDWWUDQVIHU
$5XWKHQLXP2[LGH57'ZDVPRXQWHGWRWKHVDPSOHPRXQWWRPHDVXUHWKHFRROGRZQSHUformance and base temperature with the nanopositioners connected to the system. Figure 10 shows
the cool-down curve and base temperature on the 1 K cooling station and sample mount. The 1 K
cooling station and sample mount cooled to below 5 K in 10 hours with the thermal switch engaged.
The cool-down time increased by 1 hour due to the additional heat load from the nanopositioner
wiring. The dry pump was then turned on and the base temperature was measured to be 1.60 K on
the 1 K cooling station with a very small 12 mK temperature difference across the thermal link with
DYDOYHRSHQLQJ&ORVLQJWKHYDOYHWRFDXVHGWKH.FRROLQJVWDWLRQDQGVDPSOHPRXQW

Figure 10. Cool-down performance with nanopositioners installed measured on the (1) sample mount,
(2) 1 K cooling station and (3) 2nd stage
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temperatures to decrease to 1.41 K and 1.43 K respectively. The 1 K cryocooler with integrated
QDQRSRVLWLRQHUVZLOOEHXVHGLQVLQJOHSKRWRQGHWHFWLRQH[SHULPHQWV
CONCLUSION
A closed-cycle 1 K cryocooler, precooled by a pulse tube cryocooler, has been developed
WR SURYLGH FRROLQJ DW a . a . DQG  . ZLWK IDVW FRROGRZQ VSHHG DQG VXEPLOOLNHOYLQ
temperature stability. The system provides 200 mW of cooling at 1.65 K and a base temperature of
.7KHV\VWHPZDVLQWHJUDWHGZLWKSLH]REDVHGQDQRSRVLWLRQHUVIRUXOWUD¿QHVDPSOHSRVLWLRQLQJ
DQGZLOOEHXVHGLQVLQJOHSKRWRQGHWHFWLRQH[SHULPHQWV,WKDVEHFRPHDFRPPHUFLDOO\DYDLODEOH.
cryocooler for research laboratories.
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