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Figure 1 Schematic diagram of the two stage pulse tube cooler with hybrid phase shifter: (a)
First stage passive-second stage active phase shifter;(b) First stage active-second stage passive

phase shifter.
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Figure 2. Sage model of the two-stage pulse tube cooler with hybrid phase shifter
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Table 1. Structural parameters of the cooler.
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Figure 3 Simulation results of first stage passive-second stage active hybrid phase shifter: (a)

maximum cooling capacity adjustment range; (b) exergy losses of each component;(c) phase

difference between pressure wave and volume flow
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moving mass;(b) mechanical damper
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Figure 5 Simulation results of first stage active-second stage passive hybrid phase shifter:

(a) maximum cooling capacity adjustment range; (b) exergy losses;(c) phase difference between
pressure wave and volume flow

SENHEHE ST RGN . W 6(a)fTaR, AHIFIZ)
BT, Bk — A B % ETHE TR
Hras, RIAABARTEAR B A JOGFES RN, M3 8
o, = ZHFEIS, RGREIFEIEE AT — R BT MK E. Bl 6(b)4
H T AUREHE (BHPTSLHD X R G A B R0 52 . FlAE U EE JE 38 oK,
£ ) 4 e A A2 Y LA IS, PR AR IR K — A b 2 BRI, T e K —

I g
FiE (HPUEE) N, s _—HAE

A EIB

WS E



BN IESET

@ 1 (b) 15

@R, =05 N.s/m
@R, =15 N.sim
@R, =25N.s/m

—@—m,=20g, ©m,-Ky©=-9.5Pa-s'm

[N
o
T

16

[N
i
T
[N
'S

[
N
T
[N
)
T

=
[S)
T
=
o
T

— A R@TTK(W)

—HAFEQTTK (W)

IS
T

o° N EN o @
T T T T

L L L L L 1 1 1 1 1 b
.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 04 0.6 0.8 1.0 1.2 1.4
A . =)
HAT@20K (W) — A T@20K (W)

K6 2 s s S Hot KRG PERENITNT (a) BIBE; (b) PUWKEHE

Figure 6 Effect of parameters of second stage passive displacer on system cooling

performance:(a) moving mass;(b) mechanical damper
3.2 AN[ANR X A il v PR REXT EE

AN 5 RAEARFRX (60K,70K,77K) - (20K,30K) [ KR
. il 7 from. T ST AT LA, B 7 R SR AR A T R
F LS RARR ) R G H A TERE . T UAE H, PR3 S AR EE XUR X 3343 1R
MBI, B U RN (60KD, KA —ZSR8h- & FshiR &M s
AT LA B 5 P 2% SR A SR U4 BRI TE FE . (B JURE S, pEE—
A EIIEIS, RETFEBR ZHHIAEHI T % LS FRAES, 2%
M IR X AE 20K IO . X TR EF)- R NR A WAL R U, fE
AFEHARX, R K —RA RN E A BRI HBE BTG T REmiE
%, g GRX IR, RENINA BIAETEEA T, Bk g oRn
FE SR X3 5 P G E S A SE AR AL

PR F AR TR AL RSN, RGLE R 2%, JE B BON R .
SENHEH AR SR T B, (ER R AN AR T o A I TR A B AR AT sSSP 2%
F AR A ERIRTE . B — A BT RN, A TR RO
A3 — R B R ENR A WA B R BT RER, A BT REB N
YU TT S — SR B) — R R SR A AL A5 BESR R R] ¥ 18 HL 42 F
SIS, RIS E) R FIR A RA LA .



(a) — )

]
HEE)

— A E@60K (W)
— A E@BOK(W)

0.5 1.0 1.5 2.0
e
ZHAE@20K (W) —HRAIE@30K(W)
© @
20 ‘8* BT HEH RS- 9 20 B EE)
nf 3 2 L 23
16 16

=

i
=
i

-

~
=
o

=)

— 2V E@T0K(W)
(=] EJ.

— A E@TOK(W)
=
o

o

4 4
2 2
0 Il Il Il Il Il 1 0
00 02 04 06 08 10 12 14 16 5
R B @20K (W)
(e)
2 o BTG P () o5
3 ) 25
I W
18 o R "
< ¥ - A e
16 2

.
o

=
o

[e=}
— A R@TTK(W)

—HAE@TTIK (W)
[
o

0 L 1
0 1 2 3 4 5

YA RE@30K(W)

0.0 02 04 06 0.8 10 12 14
A E@20K (W)

K7 ARVEA DT AR A EEZETEE (a) 60K-20K; (b) 60K-30K; (c¢) 70K-20K;

(d)70K-30K; (e) 77K-20K; (f) 77K-30K
Figure 7 Interstage cooling capacity adjustement ranges with different hybrid phase shifters:(a)

60 K20 K; (b) 60 K-30 K;(c) 70 K-20K;(d) 70 K-30 K;(e) 77 K-20 K;(f) 77 K-30 K

3. B4

AR TIRG BT (RRE- R E D), —HE- =) Kt



RGPEREMIRZI o I O E AN HE 2R IRAE AR AL, 7] DLSEEINGHR X 2% (8] 74 & 1)
Y, [EHEE RS HAR S A BRI . PR, &SRS WA
NEEREOS PRI R BRI FESE, thn] LB P 4 3 s AR R LR v A i
KRR E)- R A AN, 7E 77K-20K & X Al 3ok — A Bk
TRARE NN 1T5W H 0.95W; SR — RS- HRBSRE RN, 1E 77K-
20K i X AT 3R B R — i B AR K A &0 008 13.82W Al 1.26W . ARG HIIA
IR IX 5574 8 7R SR A A I R VR S TR AR TG DA A2 4 S5 A R I i Ak R i 2,
FH L PR S B0 ok £ J5 2 AR T I

SRR

[1] Radebaugh R 2009 Journal of Physics: Condensed Matter 21 164219

[2] Duval J-M, Charles 1 AIP Conference Proceedings pl1040-1047

[3] Charrier A, Charles I, Rousset B, Duval J-M, Daniel C AIP Conference P
roceedings pl010-1017

[4] Li K, Wang Y N, Liu P, Yu F Q, Dai W, Shen J 2023 Acta Phys. Sin. 7
2 190702 (in Chinese) [Z=3, £ 5, X%, HI7HK, W, ik 2023 7
FEFIR 72 190702 ]

[5] Zu H Y, Cheng W J, Wang Y N, Wang X T, Li Ke, Dai Wei. 2023 Acta
Phys. Sin. 72 54 (in Chinese) [AHZLN, FE4E%E, T Y, THRE, 251,
WAL 2023 PR T2 54 ]

[6] Liu XM, Zha K F, Ma S, Han L M, Xie X L.Guo W J.Pan C Z. 2025 Acta Phys.
Sin. 74 38 (in Chinese) [XIfHM], AAMA, b, BHEEH], BIBER, SEEZ, i
KE| 2025 #PE##R 74 38 ]

[7] CHEN G, TANG K 2010 Principles of Small Low-temperature Refrigerator
(Beijing: Science Press)

[8] Nguyen C, Yeckley A, Culler A, Haberbusch M, Radebaugh R AIP Conference
Proceedings pl1703-1712

[9] Jaco C, Nguyen T, Tward E AIP Conference Proceedings p530-537

[10] Qiu L, Zhi X, Han L, Cao Q, Gan Z 2012 Cryogenics 52 575

[11] Wu X, Chen L, Liu X, Wang J, ZhouY, Wang J 2019 Cryogenics 101 7

[12] Zhu S 2015 IOP Conference Series: Materials Science and Engineering 101

[13]LiY Z, Guo Z R, Gao Z M, Yang L W, Chen S Y, Chen L, Liu S Q 2020 Appl.
Therm. Eng. 173 115229

[14] Xu S, Zhu S 2024 Int. J. Refrig. 164 49




[15] Yang B, Liu Z F, Zhu S W 2024 Cryogenics 87(in Chinese)[#7t, XIF1HE, J4H
2024 /i 17 87]

[16] Pang X M, Wang X T, Dai W, Luo E C 2018 Cryogenics 92 36

[17] Ding X P, Li Z K, Wang X T, Zhang Y B, Dai W, Li H B 2024 10P Conference

Series: Materials Science and Engineering 1301

[18] Pang X, Wang H, Wang X, Dai W, Ma S 2025 Cryogenics 150 104149

[19] Pang X, Wang H, Wang H, Wu W, Liu S, Wu Y, Ma S 2026 International Journal
of Refrigeration 186 106906

[20] Charles I, Golanski L, Gauthier A, Coynel A, Duval J-M 2008 AIP Conference
Proceedings p887-894

[21] Duval J, Charles I, Chassaing C, Butterworth J, Aigouy G, Mulli¢ J 2014 AIP
Conference Proceedings p533-539

[22] Charles I, Prouvé T, Ercolani E, Daniel C 2014 at ICC18

[23] Wenting W, Xiaoyu C, Shaoshuai L, Zhenhua J, Jiantang S, Yinong W 2021
International Journal of Refrigeration 131 615

[24] Wen F S, LiuS S, WuWT, Song JT, Zhu H F, Jiang Z H, Wu Y N 2021 J. Cent.
South Univ. Technol. 52 1757(in Chinese) [0, X/ M, {f3ChE, AREEE,
KUFIE, 2, RIVKR 2021 F1ETAFZZIR(E A FFHK) 52 1757]

[25] Wang Y, Shaoshuai L, Jiantang S, Wenting W, Hejun H, Zhenhua J, Nanxi L,
Haifeng Z, Yinong W 2023 Journal of Thermal Science 32 2155

[26] Abolghasemi M A, Liang K, Stone R, Dadd M, Bailey P 2018 Cryogenics 96 53

[27] Gedeon D 1995 Cryocoolers 8 (Springer) pp281-292




Study on the interstage cooling capacity’
regulation of two stage pulse tube cooler with

hybrid phase shifter
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Abstract

Two stage pulse tube coolers, could provide cooling capacity at dual temperature
zones, exhibiting significant application value in fields such as space exploration,
superconducting magnets, and quantum computing. To meet the requirements of
nonlinear variable-load requirements in dual-temperature-zone, this paper proposes
hybrid phase shifters: the first stage passive-second stage active hybrid phase shifter
and the first stage active-second stage passive hybrid phase shifter.

Phase shifting mechnism analyses are firstly carried out.The motion state of active
displacer piston could be actively controlled by the driving force, and the phase
difference between the pressure wave and volume flow at the hot end of the pulse tube
is adjusted accordingly, thereby changing the impedance of this stage and consequently
affecting the interstage cooling capacity.

Numerical models are then constructed based on Sage software. For the first stage
passive-second stage active hybrid phase shifter, the cooling capacity can be adjusted
from 0 to 17.5 W at 77 K and from 0 to 0.95 W at 20 K. With the decrease of the first
stage cooling capacity, the maximum second stage cooling capacity is first increased
and then decreased. The maximum first stage cooling capacity is reduced and the
maximum second stage cooling capacity is increased by increasing the moving mass
and mechanical damping.For the first stage active-second stage passive hybrid phase
shifter, as the second stage cooling capacity increases, the maximum first stage cooling
capacity first rises and then falls.A maximum value of 1.26 W at 20 K is obtained.
Increasing the moving mass or mechanical damping of the second stage displacer would
improve the maximum first stage cooling capacity while reduce the maximum second
stage cooling capacity.

Finally, the maximum cooling capacity regulation ranges with hybrid phase
shifters in various temperature zones are compared. For the first stage active-second
stage passive hybrid phase shifter, the maximum first stage cooling capacity first
increases and then decreases with the rise of the maximum second stage cooling
capacity .For the first stage passive-second stage active hybrid phase shifter, as the first
stage working temperature increases, the maximum achievable second stage cooling
capacity first increases and then decreases with the reduction of the first stage cooling
capacity.

Hybrid phase shifter could simplify the system structure and regular interstage
cooling performance, providing a feasible technical solution for high-efficiency
variable-load two stage pulse tube cooler.
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