
Temperature stability during operation

 

 
 

 
図 4-7：中⼼断⾯における⾼次多極成分(参照半径 20mm) 

 
 

4.4 据付誤差の推定 
上述の通り、製造時の誤差を考慮した解析においても測定された磁場分布を定量的に説明出来て

いない。そのため、上記で検討した誤差以外の要因を検討した。 
磁場分布に影響を与える因⼦で、構造上の観点から実現性の⾼いと考えられる、ｚ軸回りの回転、

y 軸⽅向変位、ｘ軸⽅向変位の３点について各変位が磁場に与える影響についてパラメタサーベイを
実施した。計算の結果、B2 コイルのみをｚ軸回りに２度、上下コイルを y 軸⽅向でミッドプレーンから
離れる⽅向に 4mm、全コイルをｘ軸⽅向に-0.5mm 変位した場合において、解析と実験が良く⼀致
することが明らかとなった。 

 
図 4-8：中⼼断⾯における磁場均⼀度 
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TABLE I
SPECIFICATION OF EACH SADDLE-SHAPED COILS FOR THREE-COIL

DESIGN

Coil Inner Aperture
type Radius angle (degree)

(mm) Actual & Four blocks Three blocks
A1

60

7.33 -
A2 21.58 17.42
A3 36.71 32.55
A4 60.11 55.95
B1

65

7.33 -
B2 21.58 17.42
B3 36.71 32.55
B4 60.11 55.95
C1

70

7.33 -
C2 21.58 17.42
C3 36.71 32.55
C4 60.11 55.95
D1

75

7.33 -
D2 21.58 17.42
D3 36.71 32.55
D4 60.11 55.95

(a) Actual magnet (b) Four blocks (c) Three blocks

Fig. 2. Schematics of the dipole magnet whose coils are wound by YBCO
CC. (a): actual design, (b): model magnet with four blocks, (c): model magnet
with three blocks.

shape can be easily fit to the beam duct so that we can78

minimize a dead space between the duct and coils. In order79

to avoid enlarging irradiation area around the target tissue, we80

restricted non-uniformity of the dipole field to less than 10�3
81

at the reference radius of 20 mm.82

YBCO CC manufactured by SuperPower Ltd. was deter-83

mined to use for the magnet, where the thickness and width of84

the tape are 0.1 mm and 4.0 mm, respectively. In order to wind85

the CC onto the designed saddle shape while minimizing edge-86

wise bending, we adopted “constant-perimeter condition” [2].87

A schematic of the dipole magnet with the saddle-shaped coils88

is displayed in Fig. 2 (a). The dipole magnet is composed of89

32 saddle-shaped coils in total: 16 different coils each sit at90

one side of the poles, and the number of total layers is 4. With91

this arrangement, each of the layers has 4 blocks per quadrant92

so that it has a cos ✓-current distribution. Specifications of93

these 16 different coils are summarized in Table I. A 3D94

numerical simulation (OPERA-3D) was then carried out with95

this magnet design, and the non-uniformity of the dipole96

field was confirmed to be <10�3 at the reference radius of97

20 mm. The magnet is also designed to be cooled by means98

of conduction-cooling method as it is difficult to use coolant99

for the rotating gantry; each of the coils are connected with a100

refrigerator through a high-purity aluminum sheet.101

We then decided to construct a dipole model magnet (see102

Fig. 2 (b)) based on the design described above. This magnet103

is a shorten model of the actual design: a length of the straight104

TABLE II
SPECIFICATION OF THE MODEL MAGNET FOR THREE-BLOCKS DESIGN.

Main parameter of the model magnet
Dipole field strength 3 T
Rated current 366 A
Bore radius 30 mm
Inner radius of iron yoke 95 mm
Outer radius of iron yoke 205 mm
Num. of HTS coils 24
Num. of turn for each coil 50
Magnet mechanical length 1200 mm
Coil mechanical length 340 mm
Coil inductance 288.9 mH

Sum of Lorentz force per quadrant
Horizontal (⌃F

x

) 349.4 kN/m
Vertical (⌃F

y

) -74.7 kN/m

part is set to 100 mm, which corresponds to 1/3 of the actual105

design’s one. During the course of the construction of the106

model magnet, however, we found the space is too limited107

to insert the first block (A1, B1, C1, and D1). So we deter-108

mined to construct “three-blocks” coil whose schematics and109

specification are shown in Fig. 2(c) and Table I, respectively.110

The effect of altering the coil configuration was studied using111

the 3D numerical simulation. Although non-uniformity of the112

field in ”three-blocks” coil was found to be larger than 10�3,113

we proceeded the field measurement of the model magnet to114

ensure the performance of the assembled one is consistent with115

results from the simulation. Details of the field measurement116

are described in Section V.117

III. MODEL MAGNET ASSEMBLY118

Table II shows a specification of the “three-blocks” magnet.119

This magnet is designed to produce a dipole field of 3 T at120

4 K. Designs of the iron yoke and the cryostat for the model121

magnet were done based on that for the LTS-based gantry122

magnet [3].123

A photograph of some fabricated coils is shown in the left of124

Fig. 3. Each of the saddle-shaped coils was made through an125

automated winding machine which was developed by Toshiba126

Co., Ltd. After the coil winding, displacement of the tape from127

a surface of the mandrel was measured for each turn using a128

laser displace meter, and its effect on the field uniformity was129

confirmed to be negligible. Voltage taps were attached at both130

ends of a coil so as to monitor the coil voltage during the ramp-131

up test. Healthiness of the fabricated coil was diagnosed by132

measuring the V-I characteristics at 77 K [4], and all the coils133

were confirmed to be undamaged. Finally, all the fabricated134

coils were stacked together so that it forms a dipole magnet,135

and the magnet was installed into the cryostat. A photograph136

of the assembled magnet is shown in the right of Fig. 3.137

IV. DEVELOPMENT OF HARMONIC COIL SYSTEM138

In order to evaluate non-uniformity of the dipole field, we139

adopted the harmonic coil system [5]: multipole terms are140

measured from induced voltages of pick-up coils which rotate141

in the magnetic field. Some of the pick-up coils are used to142

compensate the main field to measure higher multipole terms.143

A coil-induced voltage is then integrated over a given angle144
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- Coil design : saddle shape [2] 
- Each coil is wound by REBCO CC  
  which is produced by SuperPower Inc. 

- Width: 4mm / Thickness: 0.1mm 
- 32 different coils in total, 16 each sits on  
  one side of the poles 
- 4 layer structure and 4-blocks design : 
cosθ-current distribution (dipole) 
- 1/3 of the short model was fabricated 
for checking its feasibility 

Maximum  
dipole 

Total 
length 

Total 
weight

NC-based gantry 
(HIT) 1.8 T 25 m 600 ton

LTS-based gantry 
(NIRS) 2.9 T 13 m 210 ton

HTS-based gantry [1] 5.8 T 9.2 m 177 ton

HTS gantry design [1]

There are two institutions at which carbon-ion radiotherapy (CIRT) 
gantries are installed :  

- Heidelberg Ion-Beam Therapy Center (HIT) 
* World-first “Normal Conductor (NC)” gantry (2012~) 

- National Institute of Radiological Science (NIRS) 
* World-first “Low Tc Superconductor (LTS)” gantry (2015~) 

In the CIRT application, the size of gantry is a major bottleneck 
for construction / installation. 
Solution: 
→ Use “High Tc Superconductor (HTS)” for gantry magnets 
→ REBCO coated conductor (CC) is a good candidate  

* More affordable than other HTSs 
* Its properties have been studied well over decades

What’s challenging ?
- REBCO CC has a large screening current, whose strength  
   and time dependences are not understood well 
→ Could affect the field quality of the magnet

-  Mechanical stress on CC could lead to quench at worst 
Our goal

Gantry for CIRT

Investigate the possibility of using YBCO CC for HTS gantry 
- Construct a model dipole magnet which is  
  the shorten model  of the actual design 
- Measure the dipole field quality &  
  Compare the measurement with results from  
  numerical calculation 
- Consider the quench protection system dedicated to the 
HTS magnet

Introduction
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- Field harmonics were measured at  
  reference radius  of 20mm  

* Operating current was fixed at 120A 
- Larger contributions were observed  
  especially from  quadrupole (b2) and 
sextupole (b3) 
- OPERA-3D was used for comparison 

* Two cases were considered in the 
calculation: 

1.) w/ perfect aligned coils,  
2.)  w/ mis-aligned coils based on 
survey 

- Case 1.) doesn’t indicate large  
  contaminations of b2   
- Case 2.) shows large shifts in b2 and b4 

* These two large terms could be 
explained by mis-alignments of the coils 
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Characteristics of an HTS dipole magnet
K. Suzuki*, M. Iio, T. Nakamoto, R. Okada, T. Ogitsu, M.Sugano, M. Yoshida, Ye, Yang, 
Y. Ishii, K. Koyanagi, S. Takayama, K. Tasaki, and N. Amemiya
High Energy Accelerator Research Organization (KEK)    E-mail: kentsuzu@post.kek.jp

Abstract We fabricate a short model of the HTS dipole  for the CIRT Gantry, and its characteristics is studied. In parallel, we also measure the I-V characteristics 
of REBCO coated conductor to collect data for the quench simulation so  we can predict a quench behavior of this HTS dipole. 

Reference  [2] K. Koyanagi et al., IEEE Trans. Appl. Supercond., vol23, 2013, 4100404, [1] S. Takayam et al., Phys. Proc. vol76, 2015, p879-884 [3] K. Suzuki et al., IEEE Trans. Appl. Supercond., vol27, 2017,7748449 [4] K. Chen et al., Appl. Phys. Lett., vol56, 1990, p2675-2677

Further Investigation for the coil mis-alignment
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Temporal behavior in the dipole field
-Flux jump (?) events were observed during  

  flattop operation at I=120kA 
-Small variation was observed in the dipole 
field, which corresponds to ~100ppm. 
-As past studies indicated (e.g. Ref [4]),  

  increasing temperature is one of the  
  solutions to avoid this phenomena  

Reproduced mis-alignment

-Mis-alignment of the coils was 
reproduced in the simulation to 
match field profile with the 
measured one 
- Find one possible mis-
alignment in which: 
- All the coils shift in 0.5 mm 
in the X dir. 
-The top and bottom coils 
both move by 4 mm toward 
their pole directions  
-One of the coils (B2) rotates 
by 2 deg. wrt the beam axis 

Field non-uniformtiy along the X direction

-Maximum current was 
limited  at 150A since a 
gradual temperature 
increase was observed  
-At 120A operation, 
which corresponds to 
B=1T, increase of the 
magnet temperature was  
less than 0.7 K
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-One of the major concerns in operation of the HTS magnet is ‘quench’, and its 
protection system should be considered  
-In addition, possibility in the higher temperature operation should be 
investigated to avoid ‘flux jump ‘ 
- → Quench simulation should be developed to predict the quench behavior 
- IV characteristics of REBCO coated conductor (~1cm short sample) was carried 
out at the International Research Center for Nuclear Material Science of Tohoku 
Univ. 
-Sample was cooled by means of the conduction-cooling method with a variable 
temperature insert, and exposed to the magnetic field that the superconducting 
solenoid generates.
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-Creep down in the dipole field was 
observed after reaching 120A even 
at stable current operation 
-Effect from the magnetization?  
-Further study with numerical 
simulation could reveal cause of 
this temporal behavior
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Jc vs. B (//c ) -Sample, however, burned out when the applied 
field and the temperature were set to 3T, and 
40K, respectively. 
-Corresponding MIITs was computed using the 
following Eq.

MIITs =

Z tend

t=0
I2dt

→ 2.71 for (B,T)=(3T, 40K)
Plan: Further study on the quench protection 
system with: 

- a quench simulation and , 
- hot spot temperature analysis using the 
MIITs result above.  

-Establish quench protection system  
-Continuous operation for the HT dipole 

Wed-Af-Po3 HTS dipole measurement

Model magnet fabrication

Future plan

R&D on the quench protection for the HTS dipole
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