b &

PAR-4AME— T Fii1.8 KEEHIHEH N RRIE

el 2347 an S, xS, oKL 'S, MR RS, BEHCRTS, KRS, BIBAKS, IS, JILES, RIS and ReEE'S
Citation: B£8R 67, 896 (2022); doi: 10.1360/TB-2021-1305

View online: https://engine.scichina.com/doi/10.1360/TB-2021-1305

View Table of Contents: https://engine.scichina.com/publisher/scp/journal/CSB/67/9

Published by the _(FERIZ) ZaEit

Tt

Articles you may be interested in

Chlnese Science BuIIetln 55, 3426 (2010)

Experimental research on the J-T orifice of a space 4.5 K hybrid J-T cooler
Chinese Science Bulletin 63, 1839 (2018);

13 K#GRE — 2K StirlingBY ik & H1144)

Chinese Science Bulletin 50, 2046 (2005);

Performance of a linear compressor driven JT cryocooler at liquid helium temperature
Chinese Science Bulletin 65, 750 (2020);

Chlnese Saence BuIIetln 50, 2180 (2005);



https://engine.scichina.com/publisher/scp/journal/CSB
https://engine.scichina.com/publisher/scp/journal/CSB
https://engine.scichina.com/doi/10.1360/TB-2021-1305
https://engine.scichina.com/publisher/scp/journal/CSB/67/9
https://engine.scichina.com/publisher/scp
https://engine.scichina.com/doi/10.1360/csb2010-55-35-3426
https://engine.scichina.com/doi/10.1360/N972017-01277
https://engine.scichina.com/doi/10.1360/csb2005-50-18-2046
https://engine.scichina.com/doi/10.1360/N972018-01283
https://engine.scichina.com/doi/10.1360/csb2005-50-19-2180

M E BB 20225F HF67%H £ 9H: 896 ~905 ¢ OPIER2E) 2okt
SCIENCE CHINA PRESS
CrossMark

& click for updates

PLz-4 kM — Ty 1.8 KAV pLE IR ISk

s B R R ki R E R, SR, AR, 8RR, £
rE2, Rk, Beg

L. ER R G ARYERFSET, LI 200083;

2. HiRFREESE HL, 1 201315

3. i EREERE R, dEET 100049;

4. IEFEEREIR R AT BRA ], 1 201802;

5. i ERERE BRMARSS FE BRI, 18 200050;

6. TR RF R DA FRA R, #52% 314100

* B Z& N\, E-mail: haizheng.dang@mail.sitp.ac.cn

2021-12-14 Wk, 2022-02-17 & [E], 2022-02-18 $32, 2022-02-22 4R K& %

HER AR 4:(52076210) LT <mFE BHA TR E RBHE £ 1(2019SHZDZX01) L=k PRI 5 H (2019-jmrh2-kj2, 2021-
cyxt2-kj09) M L i AL AH 173011 X1(18511110102, 19511106802)%% Bl

% EFEEBAMEREZRMNETANEDLR, MKUTERGTE. KFa. MEEN, GHARE
KR A LAY K B 2384, &bkt & 4% & Joule-Thomson(JT) W B Al ABH E L AKX — BN EEF K. B
AT E R B LZ R A2 KUA T IR X o o 5L ik, R ko & o R R A-4T T4 R S A A-31F A B3 TR
WRELTREN. A3EHKEFERD . TR, BEBX —EFNE L 0 E P58 oy XM AU 2
AANE-TRHERE AR EREGITH AR ABHRITRTE R ZRHR, o0 T ETZFEIFRR2 KL
TR R A R AT AT M, MR R IR B B M R AL KR TR A A £ S (A BE X B A B B AR U JE TR
KNF, ELTFN HAE40KPaR Z A AEA T L1 kPady JE WK AJE 1 #1438.6 Pabb ik [E M1 % 5 6, AT #E
KELS4kPaty i A AR, W RARAT R T ENLTS KW H A RE. Fit, AR-ABAASTAT, 2T DNF
T i % W Kapitzafh 3 5t A K KR BN R AR LRGP, HEH T AR FITER S B0l RE K E &
T o ALY T R R E £ 1416.5 hAA300 K% £ 1.8 K, EL7E360 hif 4235 4T i 18] 11 98 % 9% 50 F 2 £ +6 mK, %if
TEANWEREATIRABRARASTHARENRENR. METTET 5§ LHE T4k & %L F %W % (supercon-
ducting nanowire single-photon detector, SNSPD)#y #% & B X, T SNSPD £ 1 87 7 4048 M| 2% 3 Fn i 1 H &y 52 Rl
RE W, ot sl &6 FANERA Z-40 % — TRAMT, R4 ULy SNSPDIR £1.84 K&y T1E IR & DK R 476y w
I, (L RFRE T ENTAERA. BRI 080 506 R 80 1 (844 ) SNSPD Y =& ok & [6] b A #8 (i £ 1R %, T EL 4k
W R ATHZ 2K B A A 18 IR A8 ) 40 0 oy 52 R 1R 2 4 P

YBkiE] B A B A BN, 1Y E I o 4, Joule-Thomson, -4, 1.8 K, # 544 K & 3k T4 &
IR RIA LR TR REAS7E 120 K(—153.15°C)LLF Kk

i DR IO R v AL R e i . % IR 3R I [Ea] BE A LA TR BE AR, ZEOER AR, HLp)
HAASH T AR, BRIy EECR AP JRBhave . PRI A A ARE 7T 3 B 4> A A,

SIRERA: STIEEL, T, B, 55 DLE-40ME— TR 1.8 KE & MR HLE LR FABRIE. B8R, 2022, 67: 896-905
Dang H Z, Zhang T, Zhao B J, et al. A hybrid cryocooler achieving 1.8 K with He-4 as the only working medium and its application verification (in Chinese).
Chin Sci Bull, 2022, 67: 896-905, doi: 10.1360/TB-2021-1305

© 2022 (PlEFEE) Akt www.scichina.com  csb.scichina.com


https://doi.org/10.1360/TB-2021-1305
http://《中国科学》杂志社
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2021-1305&amp;domain=pdf&amp;date_stamp=2022-02-25

it 32

T g RE AT A SS . H FH [R1RE SR HLAT Toule-
Thomson(JT). BraytonFllClaude =Ff. [H]JEE Kl A HLE
PRUE TR s i sh, 2R I X IE IR, ZiAE R ZaL
FRZAKCALIE L H 143 3] 35 8 B ] 45 o) A< 0 1wl
BRI T RERFEILRCR, FrAFEZ40 KL L
TRIX, TR]EE A LAY H172 SR KT R HRA L.

] PR AL PRI A RS (MRS, FETEIR
H A A R —E R T A IR,
5 [l PR AT R A e, FH AR LG ks
. Gifford-McMahon(GM)FI ik 4 il AL =Fh. 5L
FAALIT R PRV AL T 1954488 AR 4TS, 2012280
AEACE, HBHY REIRZS . GMEIAHLT 19564F 4 1,
BRI o R 4e L5 L ABERE I, AT LASE B4 K
Vo i AR IV IR, (BB, R 0K, 16
FEGY R, HIARCRAR, WA ARG YL, N R
OB BERE. TRSh. M. HIRRCE. TAiEAM
I RS

ok A A LR R A ML TR .
TER SO T R bR GM B LT 2655 132 S HE
fn, LELT R IIR S KT JCE A F
FRIEIR SR B AR, FHBK A 8 AL 43 A ek
U (SRR i A50) A G MR (SRR AR PR . AR ik v 4
A B 5 GMEIA HLAR S BL 3503 Ry T LR 2% 1 A&
b, PPt gk T HAEMAEL. TAER A
TV RCRAR AR AT AR I ol v AL e FH AR v
F20 HzfORAEEAHL. AP R ZeHLEo I FF A e A4
RURZEAL R, H TSR FH 1] B % R 8 S PR,
PRI 1 AT B 1 26 5 AR 2 TR] R Ak B 4 A K Py
PR B TEFHEIRE™ ), R s ik b A LA B
A P RIS s /N RN R R ROR,
UL 304 2 — B [l 3G A U B o A Bk iE
PEER IR 5 R R 0BT T8 L B 2 g ] 5
PERITF A SEA R SZ M0 AR B TR R GM 74
PLIA AR L iz sh R 48, RBOE N & 12 o
PRSI, s BEBL. ST FITS Y AR R AL ML B AR 1S
W2k, BTk s s b b TR X, (R,
o R 1) QU = TR N PR P e g 2 2 o 37| P2
IS AAEAE LRI, SRR R Bl 45X vy T
FIHK T 7 20 2R 1 ARSI 7R 20 KLA TR IX I £
PAFIRE R S K SR — K EN. BT
ik B IEFRE IR Z(4.2 KAEA) LA EIRIX E H #p I
TEH A0S 3] Tz i,

B2, FE N R — 2, H T —A4
LA AR, RS2 PR T R AR PR AR B (9 T AR B 2,
TEMR A LA T (FEE3 KEU)HRIX,  DLEAl kb B 16
HOARMERIT AR, ATk, X2 KELITRX
Mg KAgfr. MR EA. m e SRR S
RHUTRAH #8310 Y], $0Rn: (1) 7E &5 B9,
FOETFERIS Rt Tl s RGO Z —, B
Z )z N A T AR A I L1 AR SO AR D AR,
T R R T Y0 KL B F-HRI 45 (superconduct-
ing nanowire single-photon detector, SNSPD)7E 1144
PRIRCR . ¥ BehS A & BE R, HE
A T LA R R TAEARIR], SNSPDFHEWZIA92 KAEAT
TAERREE; (2) TERZS RGN, 2SI SEmE. JeisT
PRI TR SR A R T B AR R LT AR . X4k
SR TR B AR, AR REEATFEEIEMN2 K
LEAMRIRIAEE, BAFELL2 KEA IR EAE mK
TR XA B R A,

ik, AATTAE H OGEE 1) (R BELCE R, AR HAE
40 KLA Bl soR A i 5 I AR R AR L, (HAE
10 KA R R HZ4 KRLT), 5 Ay aE FEAR 508 B k40
W IR R AL E. TR, DAREAKTEIAE R s
(GRIR20 KA )1 [a] B G P 2 0im (GRE2 KLAT)
2 v 7 AR I A& S, anai i, Hve
RULZ G = K AR A DL S B S, TR G
[ BE IR 22 R FHITIE 3R,  HPH i — 2RI TR 4544

s BRI, T ARR By S AR IR . T
e KA AINELAL

1 ENAMIFTEIIR

R F LA 2 g0s Uk A # 5 TTHY 525 il e I 6
FREU~2 KR IX BT, wT LA B 20 58 [ B S A 2 ik
JRT20014F I 3h A S HERIR ) v DLEOAR & e il (Ad-
vanced Cryocooler Technology Development Program,
ACTDP)" V3% 4% ] 2% ] Z2 58/ 7] (Northrop
Grumman Aerospace Systems, NGAS)F =25 =5 45 fik i
EREIT AR B AEETE P e, R
h, Bk oy RGER A 4T 5y R GER Z-3VE 0
FTEY. A3 TN TR P EIRER, N
NA-ATE2.17 KM HEAGBTUIRA, HAT 1 A 15
DA™ i 51-376292.6 mKA HE A, NGASH]
FHIZ )7 BAE20074F35K45% 1 1.7 KAGIR,  HHOCHLAY S s bl

897



M % dh & 202438 Herk HoM

- =54 23 ) B L% (James Webb Space Telescope,
JWST, B F20214E12H25H & HTH25). “XE =)
(Constellation-X)+ [E X4 K 3C £ (International  X-
ray Observatory, IXO)FIFHi K SE 55484 (Experimen-
tal Probe of Inflationary Cosmology, EPIC)&:E4s #5:M
TH T EE H (R A TR LA SR I R e $E ik 1~6 KK
TV B R HEOR mK Z il AR A IR 32 KA A
AT, M55 T ILT AR SO 55, -9k B T2
HISNSPDAMGIEE FE" . ACTDPHH- i 5h T
] R 1T PR 2040 AF A W AR 7L DX 2 () 1) ¥4 BT A A 5 R iz
FH, A 8 oy A APk 1) ¥4 €08 Y 2 R i T R AAF T HR
MZ—.

EEN, hEB BB A B A SC AT A
B SR S M bk o R S T TR R T T S T 2 5
HRHLEIBESE, (HH T PIRNK P 43 22 45 T 345 14 il
P U BE AN AT A5 S PR, 22 g 14) S5 o DI 7 ik B ) A 5
2.17 K(A-4RE T A, oy HoAt = 4 P A4
AU A IR TR T R A, HEEE T iR &R
SR HGMEIRHLEAR, AU T XT3 RS,
HLSE PR R M 7E4.2 KL ARBEFE AN TF2018
AEHR S DL g E AT K op SRR S I T &6 IV G 38 7
L IEHE20204F LAGIRS 1A 10 25 125 SR ok b A 01 2 L 2
3.3 KUY, BRIRIEITTFNGAS ) 5 1910~18 KHie
R 22 R XM AR f AR, #E2021
ARSI T 1.52 K'Y, FNGAS T20204F (e fidf
g7 KM

TrEeig i, HurEPr. BN LARE &R IEFRE
132 KLU R R IX A D e i, SHRAEITSr RGN Ml
A-NERPER TGO TR, A -37E IR A
B /D (N R KIS PRI A rh, A3 572U
1/10°~1/107) . Hvks 1 B, FERFRR TSN R 55 1y 2>
T R R ES, HETZ  HAEARAR AN AL,
AR, B 5 BB DL R A R0 45 1) 35 0
K€, X2 KX RX A6l Rk H i k. arel
WA, WRAEITSr R G0t ge LABUAS A X IR B Y 2 -4
BAREA-3E NIRRT (IR RV AN IR b LS -4k i —
T, WX —5 A TR E AR S S A 0 58 AR
AT B B ARAS A D

2 LA AR S a A
ATt 1 L -4 e — T BIARAR KL Uk f
152 2 BV IR R0 RGeS IR PR RN L TR, 1%

898

ATV RISt U = Ak v oy RE R T R4
AR, s P A

V= QUIKE S/ NS 7 QUIK =93 20| NN ¢
B OERA B RS, AR
B, Hrh, AiPgATE ARG, H— B R
HLERZ)), AL T30, 55 = UgRT853 318
[ R 2R, 25— G R4 HLaR N, 2 Uge <R
BTEE =% LIE R A TR LS, P& R4EHL
AR A S P RS AR R ALY, S DUk
B RGPEHEIE SRR ST DUk A 78 Sl 43
WIERE J80. 40, 20MI10K, #—. . ULy
HINITSr RGP RTINS, Hps—. ki
[ IS} R — 2 R 20 8 57 (R VA TR

IT/F RGE R MUBIT RGN VU0 i e s
(counter-flow heat exchanger, CHEX). =TS Huilgs
(precooling heat exchanger, PHEX). SSIEE. JTIR. &8
TIDHIES S ZER AR, YITHRAAPLH 554
B 5Bk op S R VLR AR PE RGP, (2
AR OB B S R, S IAY I 5X R T i
AORER; “HPHEX 5 EAENK A 7 REME
—. T DAk B, DUZLCHEX TR A ik
Filim BRI AR T 78 e, SR A TIT 0 R 40
KB 558 0, S5HKHCHEXIFEE, FHTSLM#EL
AP PRI PR 2 IT 15 3t )5 E A P AR
X, HAEAHTS S R RFEZE R AR N, TASARRR A3 iE AR
FEMIAEER, 4id PUg CHEX M2 T 46 HLA A 5E
JRAGER; TEZE K ARaui EA B w2, s R
RIS -4 AR 78 K AR RETH Y S 35 EFt-
3 MY

FIFH -4 AR KLV, Sh— %0 n)
e B S R AR AR AR BRI,
2.0 KX A Z-3 460 LT 17 54920.0 kPal™"), 1715 S -4 AH )
B 43.13 kPa, A IE—MEERRER. 5 M0 00
R, A-41EILEE T e FBIIRES, FEHEL
FEEE T 00T TR A IS 22k

IS — AL, AT RE N REARET
3.13 kPal M E, T B LA R PIASHES: (1) aniE2pr
N, PRSI ) P& NI TR R ) B B
BTN K ) AL JI PSR F73.13 kPa, % &P F
PpZ BB R, PR ZIKF3.13 kPa.  UILAIE X 46
ML BRI S 4R TPk, 4B X TR FH R B



EDERkes

|
FOPBELEI j/ PORITIRGEH A

e |
o ) | — 2ER e
] I ———— A =
‘)J‘E% ,_ | :
I i
1t CHEX\ : '
/IH;E\ E_Ejj _!
MRS e
i o O O L= ™ | HiERE |
" ii i
2 CHEX ,
L e |
1 X&E
—Hesk —] 2 PHEX i‘{
' EE
ot | T
31 CHEX
—RSE Qs o !
i i
» I i
31 PHEX H‘WCHE* i p—
I
] 1
[ i [
ii RO = - \FJT@ EE
C ]
i BRIHE @ | || CHEX: MREAS
” ” “ PHEX: FUR#RANES

B 1 EaHRIE ReEi MR s B

Figure 1 Schematic of the system structure and cycle flow of the hybrid cryocooler
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Figure 3 Effect of clearance seal thickness on suction pressure of the
first stage compressor under different charge pressures
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A hybrid cryocooler achieving 1.8 K with He-4 as the only
working medium and its application verification

. 1,2,3,4% 1.3 s 13 r 13 1 13
Haizheng Dang , Tao Zhang ~, Bangjian Zhao ~, Yongjiang Zhao =, Jun Tan, Han Tan ~,
. 1,3 . 5 . ..6 S 5 . 1,3 .. .1,3
Renjun Xue ~, Chengjun Zhang", Chaolin Lii", Hao Li", Lixing You", Shiguang Wu =~ & Yujia Zhai
I Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China;
z Shanghai Research Center for Quantum Sciences, Shanghai 201315, China;
} University of Chinese Academy of Sciences, Beijing 100049, China;
4 Shanghai Boreas Cryogenics Co., Ltd, Shanghai 201802, China;
3 Shanghai Institute of Microsystem and Information Technology, Chinese Academy of Sciences, Shanghai 200050, China;

6 Zhejiang PHOTEC Quantum CO., Ltd, Jiaxing 314100, China
* Corresponding author, E-mail: haizheng.dang@mail.sitp.ac.cn

With the rapid development of the quantum information technology and deep space exploration, there is an increasing
demand for cryocoolers featuring high reliability, long operation lifetime, small scale, lightweight and high cooling
efficiency, while the hybrid cooling cycle formed by the multi-stage high frequency pulse tube and the Joule-Thomson (JT)
is an important approach to the problem. To date, over the world, the temperatures below 2 K with the above cycle have all
been achieved by the use of He-4 in the pulse tube subsystem while He-3 in the JT subsystem. However, He-3 is rare and
expensive, which is the key bottleneck of hindering the wide application of the cooling cycle. This paper makes theoretical
and experimental investigations on the hybrid cooling cycle formed by the four-stage high frequency pulse tube and the JT,
in which the pulse tube subsystem acts as the precooler while the JT subsystem as the final cooling stage. The distinctive
feature of the hybrid cooling cycle is that in the entire system the He-4 is the only working medium. The key difficulty and
feasibility of achieving temperatures below 2 K with the above hybrid system have been analyzed. Based on the suction
pressure of the first stage compressor and counter-flow heat exchanger (CHEX) pressure drop on the low pressure side, it
was predicted that with the charge pressure of 40 kPa, the suction pressure and the gross pressure drop can reach 1.1 kPa
and 438.6 Pa, respectively, and thus a saturated vapor pressure of 1.54 kPa is obtained, which makes it feasible to achieve a
no-load temperature of 1.78 K. Meanwhile, we theoretically analyzed the effect of the Kapitza conductance for a small
interfacial temperature difference on the heat transfer in the cold head evaporator with He II, and then achieved the limiting
condition of the parameter improvement for the JT cycle. The no-load temperature of the developed hybrid cryocooler
dropped from 300 K to 1.8 K in 16.5 hours, and the temperature fluctuation was no higher than +6 mK during the 360 hours
of continuous operation time, which validates the above theoretical analyses and the satisfactory temperature stability of
the superfluid helium medium. In order to comprehensively and objectively evaluate the performance of the developed
hybrid cryocooler in practical applications, the experiment of coupling it with the actual superconducting nanowire single-
photon detector (SNSPD) was conducted subsequently, in which the SNSPD performance was evaluated by measuring the
system detection efficiency (SDE) and dark count rate (DCR). The results indicate that the developed cryocooler can
provide effective cooling at 1.84 K and the favourable electrical environment, which ensures the SNSPD to work stably and
reliably. It is the first time that an operating temperature below 2 K was reported with the similar hybrid cooling cycle using
He-4 as the only working medium, especially when an actual SNSPD was coupled. This breakthrough will not only make it
feasible for the future space application of the SNSPD, but also pave the way to break the bottleneck of its wide application
in a variety of fields.

hybrid cooling cycle, four-stage high frequency pulse tube, Joule-Thomson, He-4, 1.8 K, superconducting nanowire
single-photon detector

doi: 10.1360/TB-2021-1305

905


https://doi.org/10.1360/TB-2021-1305

