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Advance in cryogenic system of cryocooled superconducting magnet

ZHANG Kai-hao, QIU Li-min, GAN Zhi-hua, ZHOU Xiao-xiao

(Institute of Refrigeration and Cryogenics, Zhejiang University , Hangzhou 310027, China)

Abstract: A review of recent advances and research of cryocooled superconducting magnetic system was
given. Cryocooled superconducting magnet coils are cooled by thermal conduction between solids in low
temperature, compared to the convective heat transfer in liquid helium bath. The research of conduction
cooling system in superconducting magnet was discussed based on the development of cryocooler. Typical
designs of conduction cooling systems were illustrated and compared. Key technical issues about cryocool-
ers, heat transfer in conduction cooled coils and cool down time reduction were discussed. The develop-
ment tendencies of the cryocooled superconducting magnetic technology were forecasted.
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Tab. 2 Operation costs for cryocooled superconducting magnet (18 T-CSM) and liquid helium cooled superconducting magnet

(18 T-SM) 7

D 2)

( 200 &)  GM-JT( 200 )  GM-JT( 165 d) GM( 365 d)
18 T-CSM 0 8 8 kW X200 d 5 1 kWX165 d (2X6. 1 kW) X365 d 135
18 T-SM 10 000 L 0 0 0 300

;D) :300 /5 2) 3 :8 /kWh.
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Tab. 3 Research of cryocooled superconducting magnet system
B/ T T,/K &gr/mm t./h
Nb, Sn (12 kg, CTEF1020 CP
6] 3 PR o
1983 10 A a3 30 W@70 K. 2.5 W@13 K =2
. (Nb, Ti); Sn , GM .50 W@67 K. _
[7] 3 :
80 ke. 165 A 46011 B L sw@io K =99
1993 2 GM
5] NbTi . _ - ¢ _
63T 5.4 6 — 4 0K, 500 mW@5. 4 K., 8
- Er, Ni )
NbTi . 138 A, 1 KGM (05 W~1 W@
[9] [
NMR 6.45 361 180 ke Ni 520 KGM 21
1995
Nb; Sn (3 600 kg)» 2 Kelcool UCH-130 Balzers
[10] 3 .
65 A MRI 0.5 10 120
Nb, Sn. NbTi , 41K GM (0.5 W@
88 kg, 130 A, 10 4 100 4 2 K,Er, Ni );20 K 24
NMR GM ( )
[ 4K GM (0.7 W@
. 4 2 K, Pb.
il;* Asn ’ 1.5 44 100  Er,Ni,HoCu,, —
17T);20 K GM
-y (Nb, TD, Sn, NbTi , . 6 s 2 GM (Er,Ni
1996 120 kg, 150 A ’ ):0. 5 W@4 2 K, 20 W@40 K
Leybold . ;200 V
6 47 75 50/60 Hz, 6. 5 kW, 11 L/min 24
o 2 GM (
[15) NbTi/Cu 120 ke o g 90 . ErNiCo ): 44
0.4 W@4 5 K, 15 W@40 K
Nb, Sn. NbTi .
JASTEC 79. 5 kg, 79.4 10 4 101 K LK 45
A7
. GM (
1997 oo NbTi o A 130 ke. 5 0 42 50 Er; Ni )07 W@ 62
4 2 K., 40 W@46 K
Nb, Sn.NbTi . 1K GM ( 162 A
L 1eZA o4 100 02 W 18
Nb, Sn. NbTi . , _ , 1K2 GM C .
90.157 A 1o 7 52 80,3 L 14 W) 110
GM (
) Nb;Sn (2.6 kg), HoCu, .ErNi  Pb):
a 28 59 — N 6
120 A Q49 W@4 2 K;
1998 L5X10" g
NbTi , 160 ke,
81 66 A, Ne 5 — 300 — 65
Kobe Steel'® NbTi. Nb;Sn )
130 ke, 7937 A, 10— 100 — 45
Ne
NbTi (273 ke) »
[19] [ o 3
158 A, MRI 0.5 51 42K GM 36
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B/ T TO/K (I)m/mm [(./h
(Nb, Ti); Sn, NbTi , 2 GM (
2o 151 A, 10 4 51 HoCu, ) 52
0.9 W@4 2 K, 30 W@4l K
,.- CuNb/(Nb, Ti); Sn. NbTi
[21] 3 . . ) . \
’ 150,120 A 103 5 360 4 GM ( 1 W@4 K) 120
1999 GM AW@izK,
31 W@40 K
- NbTi A(b kg), 5 5 8 30 GM (
98. 2 Er; Ni ):0.58 W,
@4. 2 K( 40 K )s .
77 K
Cryomagnet— NbTi s
2001 . %) 75 A 9.5 42 32 4K 8
. CuNb/Nb, Sn (3.41 T@ ) 4 GM ,
[24] E - - —
2002 145 A)  NbTi (459 T@ °2° o2 L24W =100
198 A)
o NbTi . 16 ke, . B : "
35 A oY 2.4 K.0. 4 W@4. 2 K
NbTi . 102 kg,
I 116 A, NI B 180 RDK-408 D 9M -
S 45° .90 , .1 W@4 2 K,31 W@40 K
2004 Bi(2223),NbTi, Nb; Sn GM-JT ;
. 169,449, 19  — 52 2 GM —
191 A
[27-28] .
. ) . 5 4 GM ( .
(L?/glfé(g;’mn )1”Nb5T‘? 30— 360 20,11 W), —
O. 1 [~ ) g 05
(5 3 T@350 A) 1.5 W4, 2 K,35 W50 K
. _ RDK-408 D GM
- Nb; Sn co ke 00 .1 W@4. 2 K.31 W@40 K; 76
= 115 A N
0.3T
Ag/Bi (2223), Cu/NbTi, GM-JT ( ,
Nb, Sn . 181 4.5 52 4 3W@4 3K);2 GM 264
2006 161 5.427.181. 5 A
G5 500 , :Nb; Sn
) (58 T @ 303 A); NbTi .
4 GM .5 W@
(5.3 T@350 A) , 27.5 32 210
=4 ID”—
3200 ke, 4. 2 K, 35 W@50 K
2008 JASTECHY NbTi,Nb; Sn 7 35 240 2 GM (AW@4 2K 160
Y (123), Cu/NbTi, Nb; Sn GM-JT ( ,
2009 , 187.427, 233 — 52 4 3W@4 3K);2 GM —
1815 A
3 30 :
,B 12 kg Nb; Sn ;
’ To 9®RT 7tc b
. Hoenig"™ ,

1 . B:3.3T’
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magnet with two-stage GM cryocooler 55T
40 A, N
5 1 W, 70 K
30 W s 13 K 25W ,
24 h 13 K.
1986 s
s
H ,
s
( Nb; Sn . NbTi )
10 T
S 1001996 2
GM NbTi/Nb; Sn 41K, 2 29T
149 A ®rr = 52 mm [30]
10, 7T , Fig. 2 29 T liquid helium free hybrid magnet system
R cooled by 4 GM cryocoolerst®®l
4 19T (27]
Tab. 4 Design parameters of coils for 19 T cryocooled superconducting magnets-™
D d, /mm d/mm h/mm I/A B, /T T,/K
H1 Bi2223/Ag 4. 3 X0. 21 90 250 169 19. 1 <4. 5
L1 Nb; Sn @2. 00 196 316 191 16. 5 <45
L2 Nb; Sn/Cu® @1, 82 273 453 191 14. 9 <45
L3 Nb; Sn/Cu® @1 50 372 561 191 12. 2 <45
L4 Nb; Sn/Cu® @1l 35 451 617 191 9 3 <4 5
L5 NbTi @1L 70 519 710 449 7.7 <4 5
:1DHI1.HTS s L1~14. LTS ;L5 LTS 5 2)NbTi-Cu
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Tab.5 Worldwide suppliers for cryocooled superconducting

magnet systems

/

Cryomagnetics WWW. cryomagnetics. com

National High Magnetic
. www. magnet. fsu. edu
Field Laboratory >

Cryogenic Limited www. cryogenic. co. uk

Oxford Instruments www. oxford-instruments. com

Sumitomo Heavy
Industries, Ltd

JASTEC Superconductor
High Field Laboratory for

www. shi. co. jp

wWww. jastec-inc. com

. . X www. hflsm. imr. tohoku. ac. j
Superconducting Materials ®

WwWWw. lee. ac. cn
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Fig. 4 Variation of regenerative materials in cryocoolers

vs. temperature and applied magnetic fields
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Tab.6 4 K cryocoolers used for conduction cooling in superconducting magnetic systems
RDK-205 D 0.5 W@4 2 K; 3.0 Wws50 K
Sumitomo Heavy GM RDK-408 D2 L0Ww4 2 K; 34 Ww40 K
Industries. Ltd RDK-415 D L5Ww4 2 K; 35 Wws0 K
Pulse SRP-082 B L O0W@4 2 K; 40 W@45 K
Tube SRP-062 B 0.5 W@4 2 K; 30 W@65 K
PT405 0.5 W@4 2 K; 25 W@65 K
Cryomech, Inc Pulse PT407 0.7 W@4. 2 K; 25 W@55 K
Tube PT410 1 W@4 2 K; 35 W@45 K
PT415 L5 W4 2 K; 40 W45 K
TransMIT Pulse
(University of Giessen) Tube PID105 0.5~ 0 T WEd 2K 6 kW
CG304 SC 1. 0W/L2W@4 3 K (50 Hz/60 Hz)
Daikin GM-JT CG308 SC 3.0 W/3 5 W4, 3 K(50 Hz/60 Hz)
CG310 SC 4.2 W/5. 0 W@4. 3 K (50 Hz/60 Hz)
GM | GM-]T .GM ) . “
N ”9 ’
(10000 h) 30° el
Lol , 1997 4 2K
. 1993, 370 mW Lazl Cryomech
1999 PT405 4 2 K
GM 42K L 05 W . 0.6W ( 65 K 30 W )
GM-]JT Lol 52 pm™, ,Cryomech
GM 42 K PT415 4 2K
L5W ( 50 K 45 W yH, L5W ( 45 K 40 W PR
, .GM
, Cryomagnetics 2001
9.5T . 32 mm™, 1998
, GM
. . ; 2. 6 kg Nb; Sn 41K, 120 A
. GM 2.8 TH,
ol HoCu, .ErNi  Pb .4 2 K 0. 49 W
, 6 h, 25 h.
. GM . 2004 NbTi
( ). 2 7K, 55T R
. 20 000 h, 21 d. 4 2 K

. GM 2 0.4 W
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Fig. 9 Sketch of cryocooled superconducting magnet system
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7

Tab. 7 Typical methods to reduce cool down time for conduction-cooled superconducting magnet systems

[22]

[51]

He el

wen | #en

(2 &)

%)
=

W It
\ [53] .

W AR S BRI TR S

40




1224
i ,
N >
pilkEgi
T s
G ! SR [36. 57-58]
CD i i/i/f%f—‘ Hil‘ﬂg (2)
11
[55] ) )
Fig. 11 Quench protection system for cryocooled super-
conducting magnett™
(3

" '1‘(‘5
H:J C(T)dT

TI)P

H

b H 9

’ L'u.
30

(D
42K L5W ;
42K 508 mW
[ee1 1Y

(References) :

[1] Uses for superconductors [ EB/OL . [2010-12-16].

http: / www. superconductors. org/Uses. htm.

[2] . [M].
, 2007.
[3] . (M.
. 2007.
[4] ) [D].
( ), 2006.

LIU Hong-wei. Stability study on cryocooler-cooled su-
perconducting magnet [ D]. Beijing: Institute of Electri-
cal Engineering Chinese Academy Of Sciences, 2006.

[5] NISHIJIMA G, AWAJI S, HANAI S, etal. 18 1 T
cryocooled superconducting magnet with a Bi2223 high-
Tc insert [J]. Fusion Engineering and Design, 2006,
81(20/21/22) : 2425-2432.

[6] HOENIG M O. Design concepts for a mechanically refriger-
ated 13K superconducting magnet system [J]. IEEE Trans-
actions on Magnetics, 1983, 19 (3): 880-883.

[7] WATANABE K, YAMADA Y, SAKURABA J, et al.
(Nb, Ti)3Sn superconducting magnet operated At 11-K
in vacuum using high-Tc (Bi, Pb)2Sr2Ca2Cu3010 cur-
rent leads [J]. Japanese Journal of Applied Physics Part
2. Letters, 1993, 32 (4A). L488-L490.

[8] MASUYAMA S, YAMAMOTO H, MATSUBARA

H. A NbTi split magnet directly cooled by a cryocooler
[J]. IEEE Transactions on Applied Superconductivity,
1993, 3 (1): 262-265.

[9] URATA M, KURIYAMA T, YAZAWA T, et al. A 6T

refrigerator-cooled NbTi superconducting magnet with

180mm roonrtemperature bore [ J]. IEEE Transactions on



1225

Applied Superconductivity, 1995, 5 (2). 169-172.

[10] LASKARIS E T, ACKERMANN R, DORRI B, et al.
A cryogen-free open superconducting magnet for inter-
ventional MRI applications [J]. IEEE Transactions on
Applied Superconductivity, 1995, 5 (2). 163-168.

[11] URATA M, KOYANAGI K, KURIYAMA T, et al. A
10 T cryo-cooled superconducting magnet with 100 mm
room temperature bore [J]. Physica B, 1996, 216 (3/4);
209-211.

[12] WATANABE K, AWAJI S, SAKURABA J, et al.
11 T liquid helium-free superconducting magnet [J].
Cryogenics, 1996, 36 (12). 1019-1025.

[13] WATANABE K, AWAJI S, FUKASE T, et al. A
cryocooler cooled 6T NbTi superconducting magnet
with room temperature bore of 220mm []J]. IEEE
Transactions on Magnetics, 1996, 32 (4). 2594-2597.

[14] JIKIHARA K, WATAZAWA K., MITSUBORI H., et
al. A cryocooler cooled 5T superconducting magnet
with a horizontal and vertical room temperature bore
[J]. IEEE Transactions on Applied Superconductivity,
1997, 7(2) . 423-426.

[15] HASEBE T, SAKURABA ], JIKIHARA K, et al.
Cryocooler cooled superconducting magnets and their
applications [C] // Proceedings of Cryogenic Engineer-
ing Conference. Portland: [s.n. ], 1998. 291-297.

[16] WATANABE K, AWAJI S, MOTOKAWA M, et al.
15 T cryocooled Nb3Sn superconducting magnet with a
52 mm room temperature bore [ J]. Japanese Journal of
Applied Physics, 1998, 37 (10A): 1148-1150.

[17] WANG C, THUMMES G, BEST K J, et al. Use of a
two-stage pulse tube refrigerator for cryogen free oper-
ation of a superconducting niobium-tin magnet [C] //
Proceedings of International Cryogenic Engineering Con-
ference. Bournemouth: IOP Publishing, 1998. 69-72.

[18] SHIBUTANI K, ITOH S, OZAKI O, et al. Develop-
ment of two types of cryogen free superconducting
magnets (5T-phi 300mm and 10T-phi 100mm) [C] //
Proceedings of Cryogenic Engineering Conference. Port-
land: Plenum, 1998. 299-305.

[19]1 OORT ] MV, LASAKARISE T, THOMPSON P S,
et al. A cryogen-free 0. 5 tesla MRI magnet for head
imaging [C] // Proceedings of Cryogenic Engineering
Conference. Portland: Plenum, 1998. 139-147.

[20] JIKIHARA K, MITSUBORI H, OOKUBO H, et al.
A cryocooler cooled 10 T split-pair superconducting
magnet for neutron scattering experiment [ J|. IEEE
Transactions on Applied Superconductivity, 1999, 9(2) .
436-439.

[21] WATANABE K, AWAJI S, MOTOKAWA M, et al.
Cryocooled large bore superconducting magnet for a
hybrid magnet system employing highly strengthened
(Nb, Ti) 3Sn wires with CuNb stabilizer [J]. IEEE

Transactions on Applied Superconductivity, 1999, 9(2) .
440-443.

[22] . GM NbTi
[D]. : . 1999.

SONG Nai-hao. A GM cryocooler directly cooled super-
conducting magnet system [D]. Beijing: Institute of Elec-
trical Engineering Chinese Academy of Sciences, 1999.

[23] SHEN W J, COFFEY M, MCGHEE W. Development
of 9.5 T NbTi cryogen-free magnet [J]. IEEE Trans-
actions on Applied Superconductivity, 2001, 11 (1).
2619-2622.

[24] WATANABE K, AWAJI S, TAKAHASHI K, et al.
Construction of the cryogen-free 23 T hybrid magnet
[J]. IEEE Transactions on Applied Superconductivity,
2002, 12 (1) . 678-681.

[25] GIEBELER F, THUMMES G, BEST K J. A 5T per-
sistent current niobiumr-titanium magnet with a 4K
pulse tube cryocooler [ J]. Superconductor Science and
Technology, 2004, 17 (5): 135-139.

[26] . . . . GM

[Jl. ,
2004 (5): 18-21.
ZHAO Bao-zhi, WANG Qiu-liang, SONG Shou-sen,
et al. Using GM refrigerator as cryopump in condution
cooled superconducting magnet system [J]. Cryogen-
ics, 2004 (5). 18-21.

[27] KURUSU T, ONO M, HANAI S, et al. A cryocool-
er-cooled 19T superconducting magnet with 52 mm
room temperature bore [ J]. IEEE Transactions on Ap-
plied Superconductivity, 2004, 14 (2). 393-396.

[28] HASEBE T, OKADA S, ISHIZUKA M, et al. Design
of a cryocooler-cooled large bore superconducting mag-
net for a 30T hybrid magnet [J]. IEEE Transactions on
Applied Superconductivity, 2004, 14 (2). 368-371.

[29] DATIY M, YAN L G, ZHAO B Z, et al. Tests on a
6 T conduction—cooled superconducting magnet [ ] .
IEEE Transactions on Applied Superconductivity, 2006 .
16 (2): 961-964.

[30] WATANABE K, NISHIJIMA G, AWAJI S, et al.
Performance of a cryogen-free 30 T-class hybrid mag-
net [J]. IEEE Transactions on Applied Superconductivi-
ty. 2006, 16(2); 934-930.

[31] HIROSE R, KAMIKADO T, OKUI Y, et al. Devel-
opment of 7 T cryogen-free superconducting magnet for
gyrotron [ J]. IEEE Transactions on Applied Supercon-
ductivity, 2008, 18 (2). 920-923.

[32] WATANABE K, AWAJI S, NISHIJIMA G, et al.
Cryogen-free 23 T superconducting magnet with a
7. 5 T YBa2Cu307 insert coil [J]. Applied Physics Ex-
press, 2009, 2 (11): 113001-1(3 pages).

[33] WATANABE K., NISHIJIMA G, AWAJI S, et al.
Advances in the first cryogen-free hybrid magnet [J].



1226

IEEE Transactions on Applied Superconductivity, 2004,
14 (2). 388-392.

[34] NAGAO M, INAGUCHI Y, YOSHIMURA H, et al.
Helium liquefaction by Gifford-McMahon cycle cryo-
genic refrigerator [J]. Japanese Journal of Cryogenic
Engineering, 1989, 24 (4). 222-227.

[35] WANG C, GIFFORD P E. Performance characteristics
of a 4K pulse tube in current applications [C] // Pro-
ceedings of International Cryocooler Conference. Colo-
rado: Plenum, 2000 205-211.

[36] HASHIMOTO T, NAKANE H, TSUKAGOSHI T,
et al. Recent progress in the application of magnetic re-
generator materials [C] // Proceedings of Cryogenic
Engineering Conference. Portland: Plenum, 1998.
1541-1547.

[37] ONISHI A. 4K GM cryocoolers having little orienta-
tion dependency and small influence from magnetic field
[J]. Japanese Journal of Cryogenic Engineering, 1999,
34 (5): 233-235.

[38] , , , .

[JJ. » 2009, 37 (8): 1-8.
WANG Chao, QIU Li-min, DONG Wen-qing, et al.
Study on vibration mechanicm of pulse tube cryocooler
and vibration-reduction methods [ J]. Cryogenics and
Superconductivity, 2009, 37(8). 1-8.

[39] ) .

[l » 2003, 31 (1) 47-51.

LEl Yuanzhong, WANG Qiuliang.

development of conduction-cooled superconducting

Technology

magnet system and its application [J]. Cryogenics and
Superconductivity, 2003, 31 (1) 47-51.

[40] KURIYAMA T, TAKAHASHI M, NAKAGOME H,
et al. Development of 1 watt class 4 K GM refrigerator
with magnetic regenerator materials [C] // Proceedings
of Cryogenic Engineering Conference. New Mexico:
Plenum. 1993. 1335-1342.

[417] Sumitomo cryogenics group: 4 K cryocoolers [ EB/OL].
[2010-12-16]. http: / www. sumitomocorp. co. jp.

[42] THUMMES G, WANG C, HEIDEN C. Small scale
4He liquefaction using a two-stage 4K pulse tube cool-
er [J]. Cryogenics, 1998, 38 (3). 337-342.

[43] CRYOMECH PT415 [ EB/OL ]. [ 2009-05-07 ].
http: / www. cryomech. com/DEVELOPMENTS/
PT415. htm.

[44] WANG C, THUMMES G, BEST K J, et al. Use of a
two-stage pulse tube refrigerator for cryogen free oper-
ation of a superconducting niobium-tin magnet [C] //
Proceedings of International Cryogenic Engineering Con—-
ference. Bournemouth: IOP Publishing, 1998. 69-72.

[45] IMAGAWA Y., KAKIMOTO K, SHIOHARA Y.

Effect of unidirectional solidification rate on Jc for cur-

rent lead [J]. Physica C: Superconductivity, 1997,

280 (4) . 245-252.
[46]
[D]. : , 2009.
ZHOU Chao. Design of cryostat for conduction-cooled
high temperature superconducting magnet in magnetic
separation system [ D]. Hefei; Graduate University of
Chinese Academy of Sciences, 2009.

[47] CHOI Y S, KIM D L, LEE B S, et al. Conduction-
cooled superconducting magnet for material control ap-
plication [J]. IEEE Transactions on Applied Supercon-
ductivity, 2009, 19 (3): 2190-2193.

[48] SAKURABA J, HATA F, KUNG C C, et al. Com-
pact superconducting magnet system free from liquid
helium: US, 5623240 [P]. 1997-04-22.

[49] Cryogen free superconducting magnets system [ EB/
OL]. [2010-12-16]. http: / www. cryomagnetics.
com/cryogen-free. php.

[50] SHIBUTANI K, ITOH S, TAKAGI T. Design and
fabrication of cryogen free superconducting magnet
[C] // Proceedings of 16th Inernational Cryogenic En-
gineering Conference /International Cryogenic Materials
Conference. Kitakyushu: Elsevier, 1996 1129-1132.

[51] CHANG H M, KIM H J. Development of a thermal
switch for faster cool-down by two-stage cryocooler
[J]. Cryogenics, 2000, 40 (12) . 769-777.

[52] MARLAND B, BUGBY D. STOUFFER C. Develop-
ment and testing of an advanced cryogenic thermal
switch and cryogenic thermal switch test bed [J]. Cry-
ogenics, 2004, 44 (6/8): 413-420.

[537] JEONG S, KIM Y, NOH C, et al. Experimental
investigation on the detachable thermosiphon for con-
duction-cooled superconducting magnets [ J]. Cryogen-
ics, 2006, 46 (10). 705-710.

[547] UHLIG K. Thermal shunt for quick cool-down of two-
stage closed-cycle refrigerator [J]. Cryogenics, 2002,
42 (1): 67-69.

[55] TAKEUCHI K, NANATO N, MURASE S, et al. Fun-
damental studies for the application of quench protection
systems based on an active power method for cryocooled
LTS coils [J]. Cryogenics, 2008, 48(3/4): 148-153.

[56] QIUL M, HEY L. GAN Z H, et al. A separate two-
stage pulse tube cooler working at liquid helium tem-
perature [ J|. Chinese Science Bulletin, 2005, 50(10):
1030-1033.

[57] WANG C, HARTNETT J G. A vibration free cryostat
using pulse tube cryocooler [J]. Cryogenics, 2010,
50(5): 336-341.

[58] ALLWEINS K, QIU L M, THUMMES G. Damping
of intrinsic temperature oscillations in a 4 K pulse tube
cooler by means of rare earth plates [C] // Proceedings
of Cryogenic Engineering Conference. Chattanooga:
American Institute of Physics, 2008. 109-116.



