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Abstract
accelerated due to the successful liquefaction of gases such as nitrogen, hydrogen, and helium, accompanied by the

Since the Industrial Revolution, advancements in cryogenic technology have significantly

discovery of superconductivity. This article reviews the historical progression of cryogenic technology, tracing its
evolution from the passive utilization of natural ice through the establishment of thermodynamic theories and
breakthroughs in active refrigeration, particularly emphasizing the discovery of the Joule-Thomson effect and
superconductivity. Fundamental cryogenic principles are described, including adiabatic expansion, throttling
processes, and vapor-compression refrigeration cycles, with detailed discussions on three representative cryogenic
devices: the Gifford-McMahon (G-M) cryocooler, the pulse tube cryocooler and dilution refrigerator. Furthermore,
the paper elaborates on the extensive applications of cryogenic technology across scientific research, industrial
production, aerospace, and energy transportation fields. Finally, it offers a prospective outlook on the development
trends of cryogenic technology, highlighting directions towards miniaturization, environmental sustainability, and
intelligent operation.
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Fig. 1 Schematic drawing of vapor-compression refrigeration

cycle
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Fig.4 Schematic drawing of orifice pulse tube cryocooler

2.5 WEFNISH

FEMETF /R SCIR IX (I T 1 KR Fe AR, #
Bl ¥& HL(Dilution Refrigerator, DR) [Fl H: BE fi% ik F|
AR A mK I X SRAEREEE A A0 DL AR 3 K A il
B, BN EERSYHL, &R K
SERTVRATFSE A3k i) S Aty T HL

s T il ¥ ML I 25 He 7688 AR He P 0%
B o R o 7 A Ve R R X — AR SR A e R
H. London T 1951 44 i1, 3T He 'He IR AW 7E
PRI 2 T B R R A g 2 v o MR T2
0.87 K I, IR-A W22 R HEAR ST B, B U 4 " He 1k
IR E 42 He BIFRAH . 2EIRA T, "He JFF M AH
5 3o A A AR AR, 23 Wb, DT SR I -

[33]

X — i BRAR R [t —Fl°He 76 He W HCF Y “H B

TR, FAL T LR A 7% 2 B A IR A &2

i B o HL Y S 56 52 BLAA T 20 142 60 4EAT,
bt London %5 JF & I 17 AR, & & M Bl 2
PLTF 1965 4F # s I35 8] T 220 mK (38R E™. It
J& , 0 R BT R R G AW AL,
BRI PR PE BRI A T, H AL e R BV AL
AiE 35 2 AY A AR IR B 1.75 mKPY, I A8 7l AR 7 1T
B TE R,

o 40 1) 18 = R 1 v ML it P VR 8 R AT
TV, i X R ¥4 BIL I A1) FH i A o 2 L 45 T v
BLHEATHS, WAL S Jim . BeAh, Ry 1k — 2045 e il
BROR, PN BUERR T Z IR A ER BRI
PR A LAY PR REZ B £

Els AT RGN R
Fig. 5 Schematic drawing of a typical dry DR model"”
FEFRAR PR A BRI, A AR ROR L SARIRBE L SRR
FRUA S 3R A0 fif 56

3 RIBBIARHY R AR

31 RE#MR

R IR B A B A W 58 A )12 BN A .
IR 5] 2 RO A% 5 B 5 O 1 KRB 8 1 XHE AL
(LHC), HFE & 1 Pe KRR R 58, FIH PATE PR A
LT R ARAERFAEZ) 1.9 K IIREE, I
fic B 24 120 MV ST THAE 40 MW HL T, IRRSE &3
T A BRI BT, W R 2 PR BB AR B B A B iz
A7, A e B R B4

BRI s A1, 17 22 KR} 2 2 o (A4 L
TR AR S lan, [ PR $AA% 3R A8 52 56 HE (ITER)
HIIE B R REACR R T 4 K ZE A AR A, LI
A YR R AR S B IR T SR 53 A, 7E5 1
PR A, H A KAGRA T30k 4 Hl g
I A H B2 20 K, DABRARES A R 7 | A
T4 1 5 | T A5 5 4R 0 R g ™

AR DGR 1 i R — 2D R TR
AREYN o T8 7 R TP 2
TEZ 10 mK 09 HAR IR P45 b AR, DL il JA e 7



640 H = B

ST 5 I NI S 5545 %

YR PR T RS BT R ML+
BT EET A LR, HXHEE & 40482 a2
RAORM H 2K, B MY ETR oW 2 mW 2
S, Ak R E] W g, X HESH T B v AL B K
VR BN« TR B2 BT 1A K .

PR b, 12240088 R b Sk D R G S 5 = I
[ 5|40, 2%2% Bluefors. % [E Oxford Instruments %5
I8 FV AR AE T R R A S A A T A
3mW @100 mK. A1 % AR B R U8 1 752K
IV BIF 5 1 7E 1] B8 il ¥ 1) 238 0 51 36 25 FH A A B
R, Flan, IBM T 2022 4E4fE H 1) “ Goldeneye” i
B AL, 1A 1.5 m’ A28 25 [ il 10 mW @100
mK 1) i & 5 T 55 [ 2ok S0 56 = I A A A Y
“Colossus” il H , HARZLPE KM 5 m’ LI,
DA AR R A B A A i R

A SN, P IR S AR 4
BABBUE T B EOS R RRIR AL — R
Trwess, EN A BB IELE I . E R R
PIRROESE T . RIS AR . R 16 BT AR
BN AR AE S0, A T AR R E S L AR
BT AR SR A A . REEASE TR
SRR BRI 5, G R v AL I & A
AL R B . SRR 4 O R | 2t K]
I FH B0 E A B Ab ™ s 7E 100 mK JRLIXCF, i =2 ]
RYPRKF 1 mW ALY, 5 E xSk K7
FELEZE M AR AZ OB, G PR RE KA v HL.,
R R T A e i — 2 R R

TERL O HE AR MO Ty T, 0 BB A R ) 28
Wt R . DATRYIE Br 2 10 55 B A 3 9 BHE
JiiE, IEBU) T IO BB HLAY 255 4% B BT
Ko BLE B RV i 4 K DK RV LR AR O
BRI AL D ROR, R T R B 2 HLTIVS
G AR ST . AL A R, BB A Tk
400 pW @100 mK (1475 B il 2 HLEEBIL, I 10 O #
FAR AR AT IR . X 2 K E A%
DB ATF B FSE T, BFEMRA I8 F 51
FARZEWr, Sy v ] -0 A R RO SR Y e
PRALIRST [ R AR S
32 TR A

TR EEARAE Tl b i — R FH 2 KRR S A
WAL E ) Skl 95% Tl A2 85%
(14 Tl 280 2 o TR V8 7818 M 25 P 43 B 15 2

B, Linde. Air Liquide, Air Products 55 {2y 7] 7F
SERABE T RATH AR 25 3 2 B A PP IR
S R DA SRS, il R 4 BRIR AR Tl R
PESERH R

IR ARAE & Tk R A 437712,
R A 0 e T, PR T4 MR R i B G
i, s 2 AR MILAE S R B A R 1 3
B, AN 77 KR it i e ¥4 VR 3 1 P 3
FTIERA AT R D e T aBE B 1 £ i 41 P T
KUK, BRAF T8 8 35 0o A ™ R v
BLAN, BN T 30T 2 Bl s A R R R R 204
VIR A T T R e 0 A5 2%, TP AR AR 7 R R
A HIEAE AR AR RS, DS A
F)38 4y A AR A A B AR

A FEL R g i o e SRR, IR R [RIRE R 4
FRORVE o 76 b B R 1) 25 s, o (IR IR
LS TR LA i FE A R KT, 3 Ao A AR 2R TR 2
AR IR A ARG T, SE B Ve (8 o B2 T 05, 42
FHEVIRE T 2 mEaE™, BRTHHMB T T,
LT L TR EE A2 A U S A B A IR
S A S — B R R AR R T
FEMAIRIX T A e 4R R
33 MEMXR

R R B AR 7 A 2 A R S ek & 4 25 EAE .
Toe P G0 110 7 403 48 R I ARG TR e 1 7], HC e A0 2
BRBEMEES, EAMLEE RSB KE, E
e A Tk &0 4R & S LA Bt o K B 0B 0 D 3%
HEH BR o AT 8 TR R, A A T R
R RRBETE R O, (R IR R BE T AT
XN 55 A0 M TV A5 AR AT AR A AR IR M AR T
MR ER ., NI, B EECE T FLAS 4 B R IR
W6, A 2 S 30 o AP R 38 ] ok i B
FEAB AR P AR HERE ] . HEA 21 thd, AR/
Jot A5 AT R A 2E R 4t JF R 7F SpaceX LR A
BEk R G FoR S, RELT R e R A 2R
K.

FE TR 25 TR I S35, AT AR 2 K g R A 0L
TS A FE TR A5 1F o LR 0 I 15 R SR SC R e R Y
ZTAN . TRl I BRI 8 6 AR TR IR R TAE, LUK
TRAS I AR 7R | B T X 55 A5 5 A 0 o € T
2021 4F & S B 1T A0 23 () B 58 (JWST) il fic
& T oA USRS /4 B - W A BL, B



%08 i

AR 45 ARIELHA 19 A2 Ji SR fa H 641

HoAr 2L AR GEI A E0 R 7 K LR, LA 0
T35 B PRETAM 5 A R T B — B g R 3 1
52 (Planck) 75 [H] BE 8 53 R FH AR A 200 L B B 1th
Tl LA He/ He i B hil A LA A 107 =X, 4 i 44
W ERAHE 0.1 K ZEUNBLARIE T, B2 89 A
Sy AN S JLP- )RS i, 5 B v A DA s B 5
IO 4 SR R AR Nk %
34 BERIEH

I T 45 AR 7 B VA A A8 1) A 0 B 22—

LNG (i A7 Ak o KRR AER IR W R T oARE,

UNGAY NI E R T S-S = 1 N IS 1 BUR Y S E S WP LN
SR H BLY 111 K, W]l 22 % 25 i TG €6 7 1 B
LNG. WAL B RAR AR TG /NG 600 %, M T )
KBS T 80 2 BT R A RE RS, — LNG
VA2 W AT HEA AT T S R B LNG, HERE s
Bl 70 (0 TR ZE R A R r 2L R R AR, H 28R
RNAT 2 I BT RBSIREM AL G
B, LNG O 44 E PRz fE R 4 is i
& Z B BRI BB 2 —

A BEACIE S ) — > H AR IR A AR B % A 5 i
WA . AR TR, AR RE R ELR B
TH I, SRR R SR BRI, 75 DA e sl R T
AN A7 RS RS M RE R . H AT B
SRR YR 4 (= T Mirai %5) 2% 1 TR AUA
fitt & (70 MPa 45 &< 7 =X, MR A i S A
it — LRI RE R E . F7E 2001 4F, BMW A

AR T AR SRR IR 42, 2024 AEHETEREL-

FROAE T T GenH2 M+ 725, SR FHBUE 25 4 i
AL ZRBE R AT, — IR S T SR E R
T8 1000 22 LA Lo A S HF AR IR fif S0 2838 T
HAHe, IEE @B E A ™ 33 i AU 5 .
Huj A TR sE B2 B, ZE i il M IR 2 FLE
2R AR BT NI R A TR A R A
AR R
4 RBRBARBRREREER
4.1 FATMHRELSHE

FAAT TAR AT A S AW TR 3 5
M5, BArE WA s AT B K. i e
TIHAa . v R A AL SR A5 T S B L Rl
IR PR L T oK, & 5 I FH ) s AR G E A /N 7Y
HAHLE RN BRI AR B AT, R SR B R

FBEUTE WIS IR R s — 2 2 VA AL Can ik
Ve L) F2 LA 4 /0N, — &R ] MEMS £ R 3517 A
AT ARk, LA T8 AR ) T 6
BHLE K, A iE — R AR 1 kg AR
ok IR HLAE 80 K IR N 3R15 T 29 2.26W HY¥R 4l
A7, Pr G B V2 T 325K 2.48 Wik, AHXT R
WRCRIR N L 7.5%, PEREHET L 2 M 2 BN R
AL E O BRI, 3 22 I I e TS B A AR
ek P, 5 2 AT, MEMS 4 A (1) 13
PRI T T A A A AR A 0 Y, (R R
X R G B PR TRk

AR IE T Y RO BERON APk . Bl A v
BLRSE B 46 /0, HL v R 808 o s s/, 1 2
A AR x5 BRI . Y RSE N
JE I, iV SR AN R DA AMEE T AR IR 3R, S 304
Vot U PR o Rl S 2
(kAL . MEMS fif B ) il i T 22 S 2%, — ik
TR ARERTEL L3R 7 YOCZIREE 100 AT 25,
[Fi] B 25 424 5 6 SR R 1 G 555 3% 368 485 4 vh 7R 37 ik
80 bar 1Y P& i, 33 0T 7 g 42 il R0 A 285 #1534
BT AR ER . e SR LIS RGN
Peik o BIE GRS MLA & TR 5y, A R G010
FEAT 2 52 0 FEI AL 52, 540 3K 50 38 nT BE 5 | AAIRAS
P2y, % e T 2 At 23 SR A M A B S8R R G I S
XL R R AE S SQUID 45 Wt 75 Rk 5 A 48 ik B a0 20
e 5

42 RERFHEBMRKSEREL

T [i1) T 525 6 TR B AR 3, W AR B AR 2 1
TS A (A B R BE AL 0K o AR e
7 T Ay ML TR 051 R T YRR TR .
TG i EL A A Lk, BOR B R B TR
SR R G, T 1 A R B S AT | e,
SRR PRI . A, 56 LCLS-IT s 4%
PR QAR AT AR E PRI ZY 4 M o0 Bk
PAR Y BT R IR, ¥4 A [T ISR 2 A 5 A
LNG U5 2 rp = AR f v 8, T I T 9Kl 75 |
IRV AR A, B2 T SRS A U RE (LAES )
REGUSERHCR . TR, RS ARS =
SURAREIEER, AT 5 # BCR T2 50% . @i T
FAGERA A GE B [, (R R S R IR AR T iz tr
T R PR B R B AN HE R o

e REAC R 7 T, BRAROR 2 {ER e it 3 i 5 |



642 H o= B2 5 #H K % # 5 45
A A SRR DB, XFlEE | Ty WA S5O 166-173
ﬁ%%ﬁp’:fﬁ,%ﬁf RAE ST, KRR T8 5 [9] ZhaiYJ, WuS G, MaD, et al. Development of a cryogen-

PEFIRLA o AN, BE5EE TF R T 55 Tk k0 12 S8 A
AL~ ~J B0 BRI 2R 4, e o s 0 v Sk LU L IR
S AEAE T, RN TR RESA 12 S IR ) 5 ik JE
O R S A T X R AL ]
WFER R TR R G802 I SR £ [ A AE
TR ICR

5 Rg

25 TR, AR ARANE N — I S RTI R &
R CEERR, T N TR TR RE S L
J LNG 5 A0 BEUE i 1z AN a5 1 i G 4 ds . Bl
FBE I AL BRI AL B AR B 220 5 7
Ak, GR AR ER A /N =Rl gkl
BREAL T 1) A R, N BB v AR B R ik e 5
G, U sh R R Rt i

s % X #t

[1] National Institute of Standards and Technology (NIST).
About cryogenics[EB/OL]. [2025-04-09]. https://trc.nist.
gov/cryogenics/aboutCryogenics.html

[2] International Institute of Refrigeration (ITR). International
dictionary of refrigeration[EB/OL]. [2025-04-09]. http://
dictionary.iifiir.org/search.php

[3] Kumar S, Kwon H T, Choi K H, et al. LNG: an eco-
friendly cryogenic fuel for sustainable development[J].
Applied Energy, 2011, 88(12): 4264—4273

[4] Ratnakar R R, Sun Z, Balakotaiah V. Effective thermal
conductivity of insulation materials for cryogenic LH,
storage tanks: a review[J]. International Journal of Hydro-
gen Energy, 2023, 48(21): 7770-7793

[5] Brown D C. The application of cryogenic fluids to the
freezing of foods[M]/Timmerhaus K D. Advances in
cryogenic engineering. Boston: Springer, 1967: 11-22

[6] XuZB,LiYQ,LiuZQ, et al. Current knowledge on
cryogenic microorganisms and food safety in refrigera-
tors[J]. Trends in Food Science & Technology, 2024, 146:
104382

[7] Utturkar Y, WuJ Y, Wang G Y, et al. Recent progress in
modeling of cryogenic cavitation for liquid rocket propul-
sion[J].
558-608

[8] Palerm S, Bonhomme C, Guelou Y, et al. The future of

Progress in Aerospace Sciences, 2005, 41(7):

cryogenic propulsion[J]. Acta Astronautica, 2015, 112:

[10]

[11]

[12]

[13]

[14]

[15]

L16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

free dilution refrigerator for superconducting quantum
computing[J]. IEEE Transactions on Applied Supercon-
ductivity, 2024, 34(3): 1700105

Han Y N, Zhang A K. Cryogenic technology for infrared
detection in space[J]. Scientific Reports, 2022, 12(1):
2349

Wang Y Y, Li J D, Li X, et al. State-of-the-art develop-
ment about cryogenic technologies to support space-based
infrared detection[J]. Chinese Journal of Aeronautics,
2023, 36(12): 32-52

Freiman A, Bouganim N. History of cryotherapy[J]. Der-
matology Online Journal, 2005, 11(2): 9

Smith E C. Some pioneers of refrigeration[J]. Transac-
tions of the Newcomen Society, 1942, 23(1): 99-107
Faraday M. Liquefaction of gases: papers[M]. Chicago:
University of Chicago Press, 1906

Andrews T. XVIII. The Bakerian lecture. —On the conti-
nuity of the gaseous and liquid states of matter[J]. Philo-
sophical Transactions of the Royal Society of London,
1869, 159: 575-590

Perry R H, Green D W. Perry’s chemical engineers’ hand-
book(4™ edition)[M]. New York: McGraw-Hill, 1984
Radebaugh R. Historical Summary of Cryogenic Activity
Prior to 1950 [M]// Timmerhaus K D, Reed R P. Cryo-
genic Engineering: Fifty Years of Progress. New York,
NY: Springer, 2007: 9.

Dewar J. Collected papers of sir James Dewar[M]. Cam-
bridge: Cambridge University Press, 1927: 678

Nobel Media AB. Nobel prize in physics 1913: Heike
Kamerlingh Onnes[EB/OL]. [2025-04-09]. https://www.
nobelprize.org/prizes/physics/1913/summary/

Matthiessen A, von Bose M. 1. On the influence of tem-
perature on the electric conducting power of metals[J].
Philosophical Transactions of the Royal Society of Lon-
don, 1862, 152: 1-27

Debye P. Einige Bemerkungen zur Magnetisierung bei
tiefer Temperatur[J]. Annalen der Physik, 1926, 386(25):
1154-1160

Giauque W F. A thermodynamic treatment of certain
magnetic effects. A proposed method of producing tem-
peratures considerably below 1° absolute[J]. Journal of
the American Chemical Society, 1927, 49(8): 1864—1870
Kapitza P. Viscosity of liquid helium below the A-
point[J]. Nature, 1938, 141(3558): 74


https://trc.nist.gov/cryogenics/aboutCryogenics.html
https://trc.nist.gov/cryogenics/aboutCryogenics.html
http://dictionary.iifiir.org/search.php
http://dictionary.iifiir.org/search.php
https://doi.org/10.1016/j.apenergy.2011.06.035
https://doi.org/10.1016/j.ijhydene.2022.11.130
https://doi.org/10.1016/j.ijhydene.2022.11.130
https://doi.org/10.1016/j.ijhydene.2022.11.130
https://doi.org/10.1016/j.paerosci.2005.10.002
https://doi.org/10.1016/j.actaastro.2015.02.015
https://doi.org/10.1038/s41598-022-06216-5
https://doi.org/10.1016/j.cja.2023.08.008
https://doi.org/10.1179/tns.1942.009
https://doi.org/10.1179/tns.1942.009
https://doi.org/10.1098/rstl.1869.0021
https://doi.org/10.1098/rstl.1869.0021
https://www.nobelprize.org/prizes/physics/1913/summary/
https://www.nobelprize.org/prizes/physics/1913/summary/
https://doi.org/10.1098/rstl.1862.0001
https://doi.org/10.1098/rstl.1862.0001
https://doi.org/10.1098/rstl.1862.0001
https://doi.org/10.1002/andp.19263862517
https://doi.org/10.1021/ja01407a003
https://doi.org/10.1021/ja01407a003
https://doi.org/10.1038/141074a0

AR 45 ARIELHA 19 A2 Ji SR fa H

643

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Allen J F, Misener A D. Flow of liquid helium II[J]. Na-
ture, 1938, 141(3558): 75

Allen J F, Jones H. New phenomena connected with heat
flow in helium II[J]. Nature, 1938, 141(3562): 243244
Keesom W H, Keesom A P. New measurements on the
specific heat of liquid helium[J]. Physica, 1935, 2(1-12):
557-572

Das P, de Ouboter R B, Taconis K W. A realization of a
London-Clarke-Mendoza type refrigerator[C]//Proceed-
ings of the IXth International Conference on Low Tem-
perature Physics Columbus, Ohio: Springer, 1964: 1253-
1255

McMahon H O, Gifford W E. Closed-cycle helium refrig-
eration[J]. Solid-State Electronics, 1960, 1(4): 273—278
Gifford W E, Longsworth R C. Pulse-tube
refrigeration[J]. Journal of Engineering for Industry,
1964, 86(3): 264-268.

Chen G M, Chen G B. Principles of refrigeration and
cryogenics (2nd edition)[M]. Beijing: China Machine
Press, 2010 (F&5GHH, BEEFR. H1v S5ACE R 3F —
JOM]. At HUA Tl H R4, 2010 (in Chinese) )
Geng H, Cui XY, Weng J H, et al. Review of experimen-
tal research on Joule-Thomson cryogenic refrigeration
system[J].
113640

Zubair S M. Thermodynamics of a vapor-compression re-

Applied Thermal Engineering, 2019, 157:

frigeration cycle with mechanical subcooling[J]. Energy,
1994, 19(6): 707-715

Chen G B, Tang K. Principles of small cryocoolers[M].
Beijing: Science Press, 2010 (B EIR, . /NG H
WHLEEE [M]. Jbat: Bl2=H Mit, 2010 (in Chinese))
Barron R F. Cryogenic systems (2" edition)[M]. New
York: Oxford University Press, 1985: 271

Wheatley J C, Vilches O E, Abel W R. Principles and
methods of dilution refrigeration[J].
Fizika, 1968, 4(1): 1-64

Cousins D J, Fisher S N, Guénault A M, et al. An ad-

vanced dilution refrigerator designed for the new Lancast-

Physics Physique

er microkelvin facility[J]. Journal of Low Temperature
Physics, 1999, 114(5-6): 547-570

Coops G M, de Waele A T A M, Gijsman H M. The mul-
tiple mixing chambers[J]. Cryogenics, 1979, 19(11):
659-665

Coops G M. Dilution refrigeration with multiple mixing
chambers [D]. Eindhoven: Technische Hogeschool Eind-
hoven, 1981.

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Leiden cryogenics|[EB/OL]. [2025-04-09]. https://www.
leidencryogenics.nl/

Pezzetti M. Control of large helium cryogenic systems: a
case study on CERN LHCJ[J]. EPJ Techniques and Instru-
mentation, 2021, 8(1): 6

Fauve E, Bonneton M, Chalifour M, et al. ITER LHe
plants parallel operation[J]. Physics Procedia, 2015, 67:
42-47

National Astronomical Observatory of Japan (NAOJ).
KAGRA project(EB/OL]. [2025-04-09]. https://gwpo.
nao.ac.jp/en/research/kagra.html

Park J, Kim B, Jeong S. A review on a 4 K cryogenic re-
frigeration system for quantum computing[J]. Progress in
Superconductivity and Cryogenics, 2022, 24(2): 1-6

IBM. IBM scientists cool down the world’s largest quan-
tum-ready cryogenic concept system[EB/OL]. [2025-07-
16]. https://www.ibm.com/quantum/blog/goldeneye-cryo-
genic-concept-system?mhsrc=ibmsearch a&mhqGolden-
eye

Hollister M I, Dhuley R C, Tatkowski G L. A large mil-
likelvin platform at Fermilab for quantum computing ap-
plications[C]//IOP Conference Series: Materials Science
and Engineering. IOP Publishing, 2022, 1241(1): 012045.
Hollister M I, Dhuley R C, James C, et al. An update on
the Colossus mK platform at Fermilab[C]//IOP Confer-
ence Series: Materials Science and Engineering. [OP Pub-
lishing, 2024, 1302(1): 012030.

Smith A R, Klosek J. A review of air separation technolo-
gies and their integration with energy conversion process-
es[J]. Fuel Processing Technology, 2001, 70(2): 115134

Ecoinvent Association. Ecoinvent dataset documenta-
tion[EB/OL].[2025-04-09]. https://ecoinvent.org/database/
Collart E, Longley A, Gordon D, et al. Predictive mainte-
nance practices for cryogenic pumps in semiconductor
manufacturing[C]//2022 33rd Annual SEMI Advanced
Semiconductor Manufacturing Conference (ASMC), Sar-
atoga Springs: IEEE, 2022: 1-6

Rajashekara K, Akin B. A review of cryogenic power
electronics-status and applications[C]//2013 International
Electric Machines & Drives Conference, Chicago: IEEE,
2013: 899-904

Baracu A M, Dirdal C A, Avram A M, et al. Metasurface
fabrication by cryogenic and Bosch deep reactive ion
etching[J]. Micromachines, 2021, 12(5): 501

Nguyen T K, Phan H P, Dinh T, et al. Highly sensitive 4H-

SiC pressure sensor at cryogenic and elevated tempera-


https://doi.org/10.1038/141243a0
https://doi.org/10.1016/S0031-8914(35)90128-8
https://doi.org/10.1016/0038-1101(60)90069-1
https://doi.org/10.1016/0038-1101(60)90069-1
https://doi.org/10.1016/0038-1101(60)90069-1
https://doi.org/10.1016/j.applthermaleng.2019.04.050
https://doi.org/10.1016/0360-5442(94)90009-4
https://doi.org/10.1103/PhysicsPhysiqueFizika.4.1
https://doi.org/10.1103/PhysicsPhysiqueFizika.4.1
https://doi.org/10.1023/A:1021862406629
https://doi.org/10.1023/A:1021862406629
https://doi.org/10.1016/0011-2275(79)90068-7
https://www.leidencryogenics.nl/
https://www.leidencryogenics.nl/
https://doi.org/10.1140/epjti/s40485-021-00063-w
https://doi.org/10.1140/epjti/s40485-021-00063-w
https://doi.org/10.1140/epjti/s40485-021-00063-w
https://doi.org/10.1016/j.phpro.2015.06.008
https://gwpo.nao.ac.jp/en/research/kagra.html
https://gwpo.nao.ac.jp/en/research/kagra.html
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://www.ibm.com/quantum/blog/goldeneye-cryogenic-concept-system?mhsrc=ibmsearch_a&mhq=Goldeneye
https://doi.org/10.1016/S0378-3820(01)00131-X
https://ecoinvent.org/database/
https://doi.org/10.3390/mi12050501

644 Hoz= B 5 R g 545 %
tures[J]. Materials & Design, 2018, 156: 441-445 2020, 14(4): 044044
[53] Chato D J. The role of flight experiments in the develop- [61] Yang Z X, Wu C T, Zhu HF, et al. Experimental study on
ment of cryogenic fluid management technologies[J]. the operating characteristics of a miniature pulse tube cry-
Cryogenics, 2006, 46(2-3): 8288 ocooler less than 1 kg[J]. Applied Thermal Engineering,
[54] Brown T M, Fazah M, Allison M, et al. NASA Marshall 2025, 274: 126832

[55]

[56]

[57]

[58]

[59]

[60]

Space Flight Center In-Space Cryogenic Propulsion Capa-
bilities and Applications to Human Exploration[C]//71st
JANNAF Conference Proceedings. Joint Army-Navy-
NASA-Air Force (JANNAF), 2024.

Penanen K, Banks K, Breda D, et al. Mid-Infrared Instru-
ment Cryocooler on James Webb Space Telescope:
Cooldown, Commissioning, and Initial Performance[J].
Cryocoolers, 2022, 22: 21-33

Morgante G, Pearson D, Melot F, et al. Cryogenic charac-
terization of the Planck sorption cooler system flight mod-
el[J]. Journal of Instrumentation, 2009, 4(12): T12016
Shell Global. What is LNG?[EB/OL]. [2025-04-15].
https://catalysts.shell.com/en/glossary/liquefied-natural-gas
Reddit. truck using SLH2
[EB/OL]. [2025-04-15]. https://www.reddit.com/r/energy/

comments/laldv50/mercedesbenz_actros_truck slh2 lig-

Mercedes-Benz  Actros

uid_hydrogen/

Glenn M, Kim H, Coleman B, et al. Mobile hydrogen lig-
system[C]//IOP  Conference
Series:Materials Science and Engineering, Honolulu: IOP
Pub-lishing, 2024: 012061

Cao H S, ter Brake H J M. Progress in and outlook for

uefaction and storage

cryogenic microcooling[J]. Physical Review Applied,

[62]

[63]

[64]

[65]

[66]

[67]

Bégot S, Getie M, Lanzetta F, et al. A novel model and
design of a MEMS Stirling
refrigeration[C]//E3S Web of Conferences. EDP Sci-
ences, 2021, 313: 10001.

Lerou P P P M, Venhorst G C F, Berends C F, et al. Fab-

cooler for local

rication of a micro cryogenic cold stage using MEMS-
technology[J]. Journal of Micromechanics and Microengi-
neering, 2006, 16(10): 1919-1925

Kalabukhov A, de Hoon E J, Kuit K, et al. Operation of a
high-T, SQUID gradiometer with a two-stage MEMS-
based Joule-Thomson micro-cooler[J].

Science and Technology, 2016, 29(9): 095014

Superconductor

Semedo A, Garcia J, Brito M. Cryogenics in renewable
energy storage: a review of technologies[J]. Energies,
2025, 18(6): 1543

Sciacovelli A, Vecchi A, Ding Y. Liquid air energy stor-
age (LAES) with packed bed cold thermal storage — From
component to system level performance through dynamic
modelling[J]. Applied Energy, 2017, 190: 84—98

Cabras A, Ortu P, Pisanu T, et al. Incremental clustering
for predictive maintenance in cryogenics for radio astron-

omy[J]. Sensors, 2024, 24(7): 2278


https://doi.org/10.1016/j.cryogenics.2005.11.010
https://doi.org/10.1088/1748-0221/4/12/T12016
https://catalysts.shell.com/en/glossary/liquefied-natural-gas
https://catalysts.shell.com/en/glossary/liquefied-natural-gas
https://catalysts.shell.com/en/glossary/liquefied-natural-gas
https://catalysts.shell.com/en/glossary/liquefied-natural-gas
https://catalysts.shell.com/en/glossary/liquefied-natural-gas
https://www.reddit.com/r/energy/comments/1aldv50/mercedesbenz_actros_truck_slh2_liquid_hydrogen/
https://www.reddit.com/r/energy/comments/1aldv50/mercedesbenz_actros_truck_slh2_liquid_hydrogen/
https://www.reddit.com/r/energy/comments/1aldv50/mercedesbenz_actros_truck_slh2_liquid_hydrogen/
https://www.reddit.com/r/energy/comments/1aldv50/mercedesbenz_actros_truck_slh2_liquid_hydrogen/
https://doi.org/10.1103/PhysRevApplied.14.044044
https://doi.org/10.1016/j.applthermaleng.2025.126832
https://doi.org/10.1088/0960-1317/16/10/002
https://doi.org/10.1088/0960-1317/16/10/002
https://doi.org/10.1088/0960-1317/16/10/002
https://doi.org/10.1088/0953-2048/29/9/095014
https://doi.org/10.1088/0953-2048/29/9/095014
https://doi.org/10.3390/en18061543
https://doi.org/10.1016/j.apenergy.2016.12.118
https://doi.org/10.3390/s24072278

	1 低温技术的发展历史
	2 低温技术的基本工作原理
	2.1 主要低温制冷原理概述
	2.2 典型低温制冷机技术
	2.3 G-M制冷机
	2.4 脉管制冷机
	2.5 稀释制冷机

	3 低温技术的应用领域
	3.1 科学研究
	3.2 工业应用
	3.3 航空航天
	3.4 能源运输

	4 低温技术的未来发展趋势
	4.1 制冷机的微型化与挑战
	4.2 低温系统的绿色低碳与智能化

	5 总结
	参考文献

