) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090806

NEEENE

FFimX He Il iftimue < Hla LI

BEZEDD  FIRVD O HEHEY #HZEM2 GERARD ROUILLE?
FEXY X ExY FkaI

1) (B AR R, Il 518055)
2) (FINEPr & FB5ERE, Wl 518048)
3) (Institut d'Astrophysique Spatiale-Université Paris-Sud, 91405 Orsay CEDEX, France)
4) (AbmEs A RAT A AR RS, LKA 2 SR, JEaT 100094)
(2025 412 H 25 AY#; 2026 45 2 A 5 HUEEIEHR)

AR Tk ] v BIL S S 4 2 AU 3 i 1) B BRI TSRS . R U v L DL “He BRI AS (He D) S T
AR AR IR A V2 L, AT AR, SR A . 2540 SR 28 | PR v i I . AR S SR B T I e v AL, A 40 1
1) ¥4 D B L2 B R Sy Dt B S AR, A T AR i v AR ER . E— 2 EAT SR RS BT S A A, B R
R JRE 1 ¥ BRI B T AR AE *He MEVIIELIE LLT | AR S 38R T “G-M i 7 ML L "He I8 T 28 % 1l v 1) O i B A1
U BE LU A BV, A0 A L SR O e i v MLSE B T ST AR SO Ve, R AR EE A 0.936 K, ML il v iR
50 pW@1 K. F3 47 2 W, I FAO08 B g T 1 1l v AL AT 2 2 S ey, G rb A0 95 v 3 T A LA R A AR U 17 T A
AR SR M SR 2 Y — RS L P, 33k I AR AR i 5 TR 4 ) R ) v ) O B AR 2 — A e ARV S A ARl
il Ve SR A 7T A S B, R L AR T R SRR A TEL PR 5 54 AR SO

KR IR, ARG, B IR IER v, RO

DOI: 10.7498/aps.75.20251760

1 5 =

WA IR 8K T 1 K iR X, FR IR /R
SCHR DX, UL A RAR IR 1 ¥2 T Bt *He -'He i B¢
Ve | 3He JUEZE A& VA LA B ALl 3 3 Fh
il V3 AR AR G B B, H A, 4 B 2 R T Y AR
B AR RIS TR ) VR LT 20 *He. Hovh, 437 SHe
SARBGHA% R 20000—25000 T, 1M 32 3RS 1
AR Z A 3 He <AL R 20 T/ &, H.
SHe i # oK A A% KRR W), fAai /b, F2AAH
AR, AN A Sl FRUASE AR AT R 1 ¥R WL I % e

CSTR: 32037.14.aps.75.20251760

"He & WEA S AR i e T, KELe KRS H
1) ‘He BT E 4R, IR IBUL AL T *He. ‘He Jik
FEZE AV A M TARIR B 1.5 K2, JRAHEA
MEFF IR SCH X, SR PR I W2 R 9 07 3 ] DL ‘He
WEZEZ RS- PHERE 1K PT, e,
2022 4F, Xi 45 BIBFSE 13T ‘He MM, 15
P ARTR A 843 mK. 2025 4, Liu & W58 T
AP IR 16 h /9 He WAL, HARAGRE S
836 mK. SR, FHTME I il ¥ T i it 2 o) Stk 7
TR AW B 7035 Ak, PRI AS R 22l ve, 3 (o H
FHIG I ZBR.

R I I e il 2L (superfluid vortex cooler,

kTR BRI A [ B N S IO A (VS NKLST-JJ-202501013) FlJ AR A BRILAA LR (S 2023QN10X795)

BEHERAL.
T HEfEEH. E-mail: pancz@iqasz.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

090806-1


http://doi.org/10.7498/aps.75.20251760
https://cstr.cn/32037.14.aps.75.20251760
mailto:pancz@iqasz.cn
mailto:pancz@iqasz.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026)

090806

SVC) & LI i ‘He (thFx Hell) 1 M 1E ¥ T,
3 1 % SR AN K S BRI DA IR E T A s
ZET A W TF /R SCHIRHL. SVC B EfE | 45
P PR TRT B BUAS AR . TCIz BB A i i
IF H A B R A SRS, 36 7623 Rl e ) 36
e T, AR iR B A T 8 e e el R R A
T 1041 ARFEH PL B TR T2 VA RO TT A3
iT 0 K. ZJi Stass 1 Severijns® 25 1 YR 3L 5K [ 5%
UE Tz il 77 5, A6 5250 b & SR I ¥4 Ui B
1E 0.6—0.7 K. 1989 4F, NASA Ny T ¥4 a3 [al Fi B¢
HlE AL AT T SVC, fif W &A1 R Bl 7
X, FATEEIRT 1.05 K, &~ 08 K, 1 K Y
HIVe iR 700 pWI. 2005 4F | Tanaeva 25 8 {ii Ff]
W2 TR ST, SVC SRRk 2] T
0.88 K, 378 1 K 345 360 wW 4 & fli 1
I 3He B IS HLIA I, TR E N 1.4 K,
SVC RARIRE AT 119 K. % 1 JB/R T SVC 5H
b AR AR ¥4 5 BT b 5 H A ‘He RS L,
SVC A T #LEHIV | BEs 2 IR /R SCIREE 1) i
M 5 %He RGEMIEL, SVC TR BUS A B

AR SRR TR LI B YA A SRR, 7R IR
A1) He 8RR KRG AL T, #8827 SVC #
ML, BRI A, S TSR A4 ‘He B9 T2
IR SCHi V. ARWEFE IR A TF K& T #R 3 1 8 i A
MRS, W LARRRHLRAR 30, 528 SVC AR e i
SLfive.

2 14 RIE G AT

He Il 2 ALRE T AT 2.17 K LLTF B8 7
A *He. He Il A% izt ot a] LU Z 37 (A 458 78 K i
FE: He Il PFHRAFAE PR AR B33 8 (04T R 0k 37 A9 W
TR 53, S B o FE & 4Ly, Horp, il
3PS TR R AN L T LT EE A
3ly; IEH A BRI AAR AR [R]85 HL G
FEAHZE. PIFPLL 53 L BIOC R Sl 2 IE L, B

Pn 5.6
L= ()™, M

Ho, p, WIET AL, p, T4 T %L,
T 4 *He R TAAZIRIE, T AR ARE.

ARSLYHE I I SRR SVC 2T Hell
AT PRI SO - B S5 A58 I AR A e JCE 1 442 2800, S
K73 01| R

2.1  BiRIANESS

P 1R TR IR e 4 ) SR, R
JERAMANILBR I Z LA B, RRBLRE IR R A
PEBU AR, O H A ARV R % oA %
AR BRI ZH i A, DR PR i i g A . B0 an
i, ZRGEN Y He IARZS—20 B 2o (075 2645
HRETCE, Po AR 25 AP Rk 234 22 A, HE D)
He Il Ji 3. ZLEHLFRIER A sh, e

R 1 O AFGHER T A L

Table 1.  Comparison of different low temperature refrigeration methods.
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Fig. 1. Schematic of the superfluid vortex cooling effect.
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Fig. 2. Schematic of the fountain effect.
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Table 2. Comparison of fountain effect and superfluid

vortex cooling effect.
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Fig. 3. Superfluid vortex cooling cycle driven by fountain pump.
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Fig. 4. Design of SVC experiment system.
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Fig. 8. Variation of minimum temperature of the SVC.
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090806-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026)

090806

# 3 RPEMS SR SRR 7 M R b R

Table 3. Results of linear fitting and the comparison of the flow calculated in different ways.
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Fig. 11. Relative roton density as a function of temperature.
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Ref. [8].

090806-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 9 (2026) 090806

SRR 25, BEXTBAME NI A S %
Hr{E. A5 SVC BB IEE S5, AR XS B
A IR AT, SEHRAMCR 5 HA T AR LA B 2
2, HOANTG 2R Ty, RO AT O T A BEIA PR A
IR, HRE SVC HFERRER M, ROREAR. R
K AN R 1 B A0 A AR AL AR UL SVC Y
PERE.
4 HIIREE LR

Table 4. Comparison of cooling temperature.

Ui deo/mm T /K T /K g, /mW
TanaevaZsls) 0.2 0.952 2.03 12.18
TanaevaZsl®) 0.7 0.88 1.72 31.79

StaasZ0] 0.5 0.7 1.57 18.04

AL 0.2 0.936 1.90 9.11
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INSTRUMENTATION AND MEASUREMENT

Experimental study on sub-kelvin He II
superfluid vortex cooler”

LIAO YiP?  WANG Kun?  XIAO TiantianV?  ZHA Kuifan?
GERARD ROUILLE®  WANG Huizhi¥ LIU Sixue* PAN Changzhao 21
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( Received 25 December 2025; revised manuscript received 5 February 2026 )

Abstract

Ultra-low-temperature refrigeration is a key enabling technology for advanced physics experiments and
space science missions. The superfluid vortex cooler (SVC) employs superfluid helium-4 (He II) as the working
medium and offers several advantages, including low mechanical vibration, compact structure, gravity-
insensitive operation, and continuous cooling capability.

In this work, the cooling principle of the SVC is investigated, and an experimental SVC system is designed
and constructed. The driving mechanism based on the fountain effect is analyzed, and a thermal-driven
refrigeration cycle is established using a superfluid fountain pump.

To ensure the experimental environment temperature is below the superfluid transition temperature, a *He
evaporation refrigerator precooled by a Gifford-McMahon cryocooler is implemented. Based on this cooling
system, sub-kelvin refrigeration is successfully achieved with the SVC. The minimum temperature reaches
0.936 K, and the specific cooling power is 50 pW@1 K.

Experimental results show that the cooling performance of the SVC is affected by parasitic heat loads.
These include heat leakage due to thermal conduction within the system and thermal effects caused by non-
ideal superleaks that fail to fully block the normal component of He II. In particular, the competition between
the enhanced superfluid mass flow driven by the fountain effect and the associated increase in heat leakage
plays a critical role in determining both the achievable cooling power and the minimum temperature.

The successful integration and operation of the fountain pump demonstrate its potential as a low-
temperature circulation driver for closed-cycle dilution refrigerators operating in space. This work provides
experimental validation of superfluid vortex cooling in the sub-kelvin regime, clarifies the key physical factors
limiting its performance, and highlights its potential as a cost-effective alternative for future ultra-low-

temperature applications.
Keywords: superfluid helium, ultra-low temperature refrigeration, superfluid vortex cooling, fountain effect
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