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First Performance Test of the Cryogenfree
Hybrid Magnet

K. Watanabe, S. Awaji, K. Takahashi, G. Nishijima, M. Motokawa, K. Jikihara, M. Ishizuka, and J. Sakuraba

Abstract—\We are now constructing a cryogenfree 23 T hybrid HFLSM succeeded in demonstrating, for the first time, a con-
magnet at the High Field Laboratory for Superconducting Ma-  tainerless melting experiment of glass in the microgravity state
terials, Institute for Materials Research, Tohoku University. At 46 1o magnetic levitation [2]. It is considered that a large mag-
present, an outer section coil employing NbTi multiflamentary netic force broduced by a hvbrid maanet will become more and
wires for a cryogenfree superconducting magnet of the hybrid . P yany X g -
magnet was combined with an inner 15.5 T water-cooled resistive More important for new materials development research in fu-
magnet, and was tested as the world’s first cryogenfree hybrid ture.
magnet. The NbTi coil with 491 mm inner diameter and 584 mm On one hand, the operation of a 23 T hybrid magnet needs
outer diameter generated 4.59 T at 198 A, and the central mag- a large amount of liquid helium for an outer wide bore super-

netic field of 20.0 T was generated in a 52 mm room temperature . .
experimental bore. The magnetic force field of 2030 ¥/m was conducting magnet. So far, a superconducting magnet for a 23

obtained, and a piece of paraffin was levitated at 1200 ¥¥m. T hybrid magnet was precooled from room temperature to 20 K
Using a CO; laser combined with the cryogenfree hybrid magnet, using a Stirling-type PGH105 cryocooler. After precooling, 500
a containerless melting experiment in magnetic levitation was |iters of liquid helium were needed to lower the coil down to 4.2
demonstrated easily for paraffin. K and 150 liters of liquid helium above the coil had to be stored

Index Terms—Cryogenfree superconducting magnet, high mag- for magnet operation. Furthermore, 300 liters of liquid helium a

netic field, hybrid magnet, magnetic levitation. day had to be charged to compensate the liquid helium evapora-
tion due to transport currents and ac loss generated by changing
I. INTRODUCTION the magnetic field. The total consumption of liquid heliumin the

) o ) 23 T hybrid magnet operation amounted to more than 510 000
T HE construction of a static high field magnet at thgters for 17 years. In addition, a lot of work and enormous time
High Field Laboratory for Superconducting Material§yere necessary for supplying a large amount of liquid helium.

(HFLSM), Institute for Materials Research, Tohoku University o the other hand, HFLSM has successfully developed var-
started in 1981, and the Japanese first hybrid magnet withogs kinds of cryogenfree superconducting magnets, since the
52 mm room temperature bore generated 20 T in 1983. Thigq's first practical cryogenfree superconducting magnet was
hybrid magnet upgraded the highest magnetic field to 23 Jemonstrated in 1992 [3]. This was also the first practical ap-
the following year [1]. The 23 T hybrid magnet, consistingjication of high temperature superconducting current leads.
of an outer 7.5 T superconducting magnet and an inner 1xJryogenfree superconducting magnet makes rapid progress,
T water-cooled resistive magnet, has been utilized very frgng js expanding into a wide bore cryogenfree superconducting
guently, and repeated 2250 times the total run in fields up to ?r?agnet.
T for 17 years by the fiscal year 2000. _ In the above-mentioned situation, we intended to develop a

A hybrid magnet has the advantage of a large magnetic forggogenfree 23 T hybrid magnet [4]. This paper describes the
produced by the product of the magnetic field and its field grgrst performance test of a cryogenfree hybrid magnet consisting
dient. The magnetic force field of 250¢/m was obtained by of an outer cryogenfree superconducting magnet and an inner
the 23 T hybrid magnet. The magnetic levitation against gravifyster-cooled resistive magnet.
is easily possible in 2500%Tm for many diamagnetic materials

such as water and glass. [l. CHARACTERISTICS OF THECRYOGENFREE23 T HYBRID
MAGNET

In order to save hundreds of thousands of liters of liquid he-
Manuscript received August 5, 2002. lium for a hybrid magnet operation at HFLSM, the traditional 23
K. Watanabe is with the High Field Laboratory for Superconducting Mal hybrid magnet using liquid helium was replaced by a newly
terials, Institute for Materials Research, Tohoku University, Sendai 980‘857d'eveloped wide bore cryogenfree hybrid magnet. Table | lists
Japan, and CREST, Japan Science and Technology Corporation, Tsukuba 305- . . .
0047, Japan; (e-mail: kwata@imr.tohoku.ac jp). e coil parameters. The wide bore cryogenfree superconducting

S. Awaiji, K. Takahashi, and G. Nishijima are with the High Field Laboratorynagnet is divided roughly into an outer section coil and an inner
for Superconducting Materials, Institute for Materials Research, Tohoku Uriaction one.

gf;%’;a‘:’igﬂfiaT'saﬁSbisggéf'O%%rj’ J?;;)irf REST, Japan Science and Techno °%ne traditional cryogenic stability concept, based on the pres-
M. Motokawa is with CREST, Japan Science and Technology Corporaticgnce of liquid helium, cannot be applied to the thermal stability

Tsukuba 305-0047, Japan. , , of cryogenfree superconducting magnets operated in a vacuum
K. Jikihara, M. Ishizuka, and J. Sakuraba are with Sumitomo Heavy Indus- . .

tries Ltd., Yokosuka 237-8555, Japan. atmosphere. From previous experimental results [5], we found
Digital Object Identifier 10.1109/TASC.2003.812813 that the current sharing appearance, under the cryocooled condi-
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TABLE | Subdivided NbTi Coils
ColL PARAMETERS OF A WIDE BORE
CRYOGENFREESUPERCONDUCTINGMAGNET

inner section outer section
coil coil
inner diameter [mm] 400 491
outer diameter [mm] 461 584
coil height [mm] 450 450
operation current  [Al 145 198 Diodes
i T
contributed field  [T] 34 46 ’V\/\, Dischargs Resistor (1 Q)
central field [T] 8.0 4.6 yan\
maximum field  [T] 8.6 53 PSS rower supply
Fig. 2. Electrically subdivided coils in the outer NbTi section coil for coil
300 - i . . protection.
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Fig. 1. I.-vs-B characteristics for a NbTi section coil.

tion, inevitably leads to a coil quench. This results in adopting
the temperature margin concept as the thermal stability for a
cryogenfree superconducting magnet. Since the recovery to the
superconducting state from the current sharing, similar to that
under aliquid heliumimmersed condition, is not expected under &y,
a cryocooled condition, the temperature margin concept gives
the allowance to meet the current sharing occurrence at a certait
temperature rise. The temperature margin basically correspond:
to the current margin concept [6].
Here, we focus on the outer NbTi coil. Temperature margiig. 3. Photograph of the cryogenfree hybrid magnet. CSM:cryogenfree
is a severe condition for NbTi. Fig. 1 showsvs-B proper- superconducting magnet, WM:water-cooled magnet.
ties in the outer NbTi subdivided coil at the maximum field of
B, = 5.3 T. The load ratio ofl,,/I. (4.0 K) is 67% for the The total inductance including mutual inductance of 33 H is 166
NbTi coil. Since the current sharing temperature is estimatedHo For quench protection, each coil is designed to be subdivided
be 6.2 K for NbTi, the temperature margin is 2.2 K as the cryelectrically through protection diodes to reduce the maximum
genfree superconducting magnet is operated at 4.0 K. In the ceshiced voltage below 1.5 kV between the neighboring coils. In
of simultaneous magnetic field sweep at the rate of 0.3 A/s faddition, for a cryogenfree superconducting magnet operated in
both outer and inner section coils, the hysteresis loss of 2.95aWacuum atmosphere, the good electric insulation condition is
is added to the second stages of GM-cryocoolers. As the resakpected.
the heat load at the second stages amounts to 4.22 W. Since folig. 3 shows the constructed cryogenfree hybrid magnet at
GM-cryocoolers with refrigeration power of 1 W at 4 K per &HFLSM. A water-cooled resistive magnet, which generates 15.5
cryocooler are used, the temperature rise is less than 0.1 Krah a 52 mm room temperature experimental bore, is combined
temperatures above 4 K. Therefore, the temperature marginagth the cryogenfree superconducting magnet. The photograph
2.2 K is sufficient. clearly exhibits a large electric busbar with the electric power
Fig. 2 shows the schematic illustration of electrically subdbf 23 kA and 350 V and a large water-cooling system with the
vided coils for the outer NbTi section coil. The inductance is 6dlowing rate of 350 mi/h at 20 bar for the water-cooled magnet.
H for the outer section coil and 36 H for the inner section coil he cryogenfree hybrid magnet is designed to generate 23 T in

“ Cu busbar for WM
-

Water-cooling for WM
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Fig. 5. Magnetic field distribution in a centrataxis direction of the 20 T

Fig. 4. Characteristics of coil voltages and coil currents. cryogenfree hybrid magnet.

_ Fovusing merro

a 52 mm room temperature bore under a backup field of 7.5 T
in a 360 mm room temperature bore by a cryogenfree super-
conducting magnet. It is noteworthy that a cryogenfree hybrid €O laser”
magnet is made so compactly, and j& as small as the tradi- '
tional 23 T hybrid magnet using liquid helium.

Ill. FIRST PERFORMANCETEST

The outer cryogenfree superconducting magnet was cooled
down to 3.15 K, after the precooling time of 110 h from room
temperature. Since the inner Nn section coil of the wide bore
cryogenfree superconducting magnet was unfortunately dam-
aged during training, it is being replaced. Therefore, as the first
step of the performance test, the outer NbTi section coil of the
wide bore cryogenfree superconducting magnet was energized
at the current sweep rate of 0.1 A/s, and generated 4.59 T at 198
A. The coil temperature increased from 3.15 to 3.48 K during
magnetic field sweep. The temperature rise of about 0.3 Kin the
range of 3.0 to 3.5 K corresponds to the thermal input of 0.25 fp. 6. Laser furnace system combined with the cryogenfree hybrid magnet.
per a cryocooler. This means that the ac loss of about 1 W was
cooled by four GM-cryocoolers within 0.3 K at temperaturethe maximum current of 23 kA, the superconducting magnet
below 3.5 K. After increasing the magnetic field up to 4.59 T, théoes not couple with such a very fast decay fortunately. This
operation current was decreased at 0.15 A/s. The voltage gerietbecause the decay time constant of the cryogenfree super-
ated at both ends of the outer section coil was 9.6 V. Fig. 4 shoaenducting magnet is as long as 2.6 s. When the water-cooled
the coil voltage and coil current at the ramp rate of 0.1 A/s. Rinagnet happens to fail from 23 kA, the induced current in the
nally, the outer section coil was energized at fields up to 4.9cFyogenfree superconducting magnet is related with the mag-
at 211 A at 0.05 A/s. During magnetic field ramping, the outatetic flux conservation law. The induced currdnis given in
section coil occurred a quench at 192 A, due to training, and tthee form of/ = (M/L)I,,, whereM is the mutual inductance,
coil temperature was raise to 50 K. After cooling by GM-cry{ the inductance of the superconducting magnet, Rpcdhe
ocoolers, the outer section coil was energized again. The decggration current of the water-cooled magnet. It is estimated
time from 192 A to 0 A was about 8 s and the time constatttat the induced current in the cryogenfree superconducting
T = 2.6 s was derived from the first steep decay curve. magnet is 32 A and the voltage of 32 V appears at a protection

The performance test of a hybrid magnet mode combinegsistor of 1Q2 in the power supply.
with the water-cooled resistive magnet was carried out for theFig. 5 shows the magnetic field distribution measured by a
first time. When a water-cooled magnet was energized atHall probe in thez-axis direction of a 52 mm room tempera-
current ramp rate of 20 A/s as a 20 minutes mode up to 23 kifyye bore. We succeeded in generating 20.0 T by the world’s
the induced voltage in the cryogenfree superconducting magfiedt cryogenfree hybrid magnet, consisting of an outer 4.5 T
through mutual inductance between the superconductiogyogenfree superconducting magnetand aninner15.5 T water-
magnet and the water-cooled magnet was 1.8 V. This meam®led resistive magnet. From the field distribution, the mag-
that the mutual inductance is 90 mH. However, in the casetic force field of 2030 ¥/m was obtained. Since water and
that the water-cooled magnet happens to fail in 0.16 s froparaffin are levitated against the gravity at 1400 and 1200

Water-conled magnet
Cryogen-free superconducting magnet

Cryogen-free hvbrid magnet
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Fig. 7. Comparison of the operation mode between the traditional hybrid

magnet and the cryogenfree hybrid magnet.

IV. CONCLUSION

The first performance test of the cryogenfree hybrid magnet
was carried out, and the central magnetic field of 20 T was gen-
erated in a 52 mm room temperature bore. The magnetic force
field of 2030 T>/m was easily obtained. The magnet will be up-
graded to a 23 T cryogenfree hybrid magnet, consisting of an
outer 7.5 T cryogenfree superconducting magnet and an inner
15.5 T water-cooled magnet, and will become a quite conve-
nient tool for magnetic levitation.
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