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AMED PROJECT
KEK has engaged in “HTS” R&D program supported by “Japan 
Agency for Medical Research and Development (AMED)” 

R&D of HTS-based rotating gantry for Carbon-Ion Radiation 
Therapy 

Collaboration w/ Toshiba Co., Ltd. and Kyoto Univ.
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GANTRY FOR CIRT

Gantry: 
Composed of group of magnets: dipole, quadrupole , scan magnets, etc
Can deliver beam to a tumor from a number of direction

Can avoid rotating a patient
Carbon-ion (C6+) Radiation Therapy (CIRT):

Good relative biological effectiveness (RBE) : 6 times larger than that of proton 
beam 
Less multiple scattering and sharper Bragg peak than those of proton beam

→ Easily handle the size/local dose of the beam

this upstream scheme the gantry radius does not need to be increased to
include scanning; however the good field region (and therefore the magnet
pole width and the pole gap) of the final dipole must be increased to allow for
the transverse beam displacement required to produce the chosen treatment
field size, which adds significantly to its weight. In principle other beam
optical arrangements may also be used to achieve the point-to-parallel focus-
ing. The first example of a parallel scanning gantry was PSI Gantry 2,150

implemented in 1996; the final dipole is shown in Fig. 8, whilst the treatment
room is shown in Fig. 9.

Figure 7: A schematic illustration of an isocentric three dipole gantry which incorporates
spot scanning magnets upstream of the final (90 �) dipole. With appropriate beam optics
and entrance and exit edge angles, the betatron phase advance between the scanning mag-
nets and the isocentre may be made approximately 90 �, resulting in an e↵ectively infinite
SAD. The disadvantage is that the aperture within the final dipole must be su�cient for
the intended field size, necessitating a larger good field region and hence greater mass and
excitation current requirements.

The first proton treatment gantry was constructed at the Loma Linda pro-
ton treatment centre and utilised a now-unusual “corkscrew” optics scheme,
the design providing a full 360 � rotation of the beam axis around the pa-
tient.151,152 Most commercial gantry designs presently o↵er 360 � coverage
and, if present, place the scanning magnets after the last dipole. As scan-
ning systems are usually retrofits to gantries originally fitted with passive
scattering nozzles, there is an inherently finite SAD. However, retrofitting a
scanning nozzle downstream of the final dipole does not necessitate signifi-
cant changes to the gantry beam optics.

A variety of optical schemes exist for downstream scanning, but for up-
stream scanning the “Pavlovic” design is the foremost.153 In the Pavlovic
three-dipole design the positioning of both scanning magnets upstream of
the final 90 � dipole minimises the gantry radius whilst still providing an in-
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Gantry+CIRT = Powerful & Effective tool
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GANTRY FOR CIRT
C6+ requires larger beam rigidity as compared 
to proton beam (Tcarbon= 430MeV/u)

Beam rigidity : Rcarbon=6.57 T•m
= 3 x Rproton (=2.43 T•m) 

➡ “High field” or “Large acceptance” is 
essential

Two CIRT gantries in the world at present
NC gantry @ HIT in Gereman: 

Bdipole=1.8T, Lgantry=25m, Mgantry=600t 
SC gantry @ NIRS in Japan: 

Bdipole=2.9T, Lgantry=13m, Mgantry=210t

Present gantries for heavy ion

• Heidelberg Ion Beam Therapy Center (HIT) 
- First “NC” gantry for carbon ion beam 

radiotherapy
- ~19m in length / ~15m in diameter
- Total weight: 600 ton

Figure 4: The Heidelberg carbon-ion gantry, presently the only operating gantry for carbon
ion treatment. (courtesy Prof. Thomas Haberer/Heidelberg Ion Beam Therapy Centre)

6.3. Scattering Methods

The mechanism employed to distribute the dose throughout the tumour
has a significant impact on the gantry design. Coverage of the tumour by
the beam in most of today’s installations is achieved using a passive beam-
spreading technique. Passive scattering typically uses two scattering layers,
in which the first (primary) scatterer spreads the beam out laterally and a
second, about half the distance between first scatterer and patient, has a
complex variation of thickness with distance from beam axis to provide a
dose that is uniform in intensity across the treatment field width.146,65

With a double-scattering design, lateral conformation to the tumour can
be achieved using either multi-leaf collimation (MLC), analogous to that used
in x-ray radiotherapy systems, or by manufacturing a custom collimator for

18

Figure 11: Three-dimensional image of the NIRS superconducting rotating gantry for
heavy-ion therapy. (courtesy Dr. Yoshiyuki Iwata/NIRS)

52

• National Institute of Radiological 
Science (NIRS)

- First “SC” gantry  (NbTi)
- 13m in length / 11m in diameter
- Total weight: 210 ton
- Operation at 4K
- Press release (2016.01):

- https://www.toshiba.co.jp/about/
press/2016_01/pr0801.htm
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for this type of gantry, an isocentric rotating gantry, is
advantageous to treat tumors having a wide range of tumor
sites and sizes, and hence the requirements of having such
a rotating gantry should increase for hospital-based therapy
complexes, which will be constructed in the near future.

For proton cancer therapy, several rotating gantries were
constructed around the world, and are in operation, such as
the Paul Scherrer Institute (PSI) in Switzerland [7], the
Loma Linda University in the U.S. [8], and three medical
institutes in Japan; they are at Hyogo, Shizuoka, and
Tsukuba. However, it would be very difficult to construct
a rotating gantry for heavy-ion therapy, because the mag-
netic rigidity of carbon beams having an energy of
430 MeV=u, as required for therapy, is roughly three times
higher than that for proton beams having an energy of
250 MeV=u, and therefore the size and weight for the
gantry structure, including magnets and its counterweight,
would become considerably larger. There is only one
heavy-ion gantry, which was constructed at HIT in
Heidelberg [9]; and the total weight and radius are reported
to be 600 tons and 7.0 m, respectively, while the typical
weight ranges between 100 and 200 tons, and the radius is
approximately 5.0 m for the existing proton gantries.

The aim of this study is to design a compact isocentric
rotating gantry for our new treatment facility. This rotating
gantry can deliver carbon ions having 430 MeV=u to the
isocenter over 360 degrees, having the capability of per-
forming three-dimensional raster-scanning irradiation. A
design key is to use combined-function superconducting
magnets, thus allowing us to design a compact rotating
gantry. Having optimized the layout of the gantry as well as
the beam optics, the length and radius of the gantry should
become approximately 13 and 5.5 m, respectively, which
are comparable to those for proton gantries. In this paper,
we present the design of our rotating gantry, including the
layout and the beam optics as well as the magnet design.

II. LAYOUTAND BEAM OPTICS

A three-dimensional image of the isocentric rotating
gantry for the new treatment facility is presented in
Fig. 1. This rotating gantry has a cylindrical structure
with two large rings at both ends. The end rings support
the total weight of the entire structure, and are placed on
turning rollers so as to rotate the beam line on the rotating
gantry along the central axis over 0–360 degrees. Carbon
beams, provided by the HIMAC, are transported with ten
sector-bending magnets, mounted on the gantry structure
through each of their supporting structures; they are di-
rected on a target located at the isocenter. In the treatment
room, a tumor in a patient is precisely positioned to the
isocenter by using a robotic couch.

Figure 2 shows a schematic drawing of the beam line,
installed in the rotating part of the gantry. The beam line
consists of ten sector-bending magnets (BM1-10), a pair of
scanning magnets (SCM-X and SCM-Y), and three pairs of

steering magnets as well as a beam profile monitor
(STR1-3 and PRN1-3). To design the compact gantry,
combined-function superconducting magnets are to be em-
ployed for BM1-10. These superconductingmagnets have a
surface-winding coil structure, and can provide both dipole
and quadrupole fields. The implementation of the quadru-
pole coil in the bending magnets makes the beam focusing
without need for quadrupole magnets, enabling us to design
the compact rotating gantry. The dipole and quadrupole
coils are electrically isolated in the magnet, and connected
to independent power supplies, so that each field component
can be independently excited. Details of the magnet design
are described in the following sections.
The bending radius for the first six bending magnets,

BM1-6, was designed to be ! ¼ 2:3 m, and corresponding
magnetic-flux density to sweep a carbon beam having an
energy of 430 MeV=u is Bmax ¼ 2:88 T. To reduce the
length of the rotating gantry, a total bending angle of
BM1-3 or BM4-6 was determined to be " ¼ 70 degrees.
However, the maximum field gradient as well as the
lengths of the quadrupole field for BM1-6 were determined
by considering the beam optics. To equalize the maximum
field gradient over the six magnets, the lengths of the
quadrupole coils, namely, the bending angles of the mag-
nets, were optimized to be " ¼ 18 or 26 degrees, as shown
in Fig. 2. Here, the quadrupole fields for each of BM1-3
and BM4-6 act to provide a D-F-D focusing cell. The
maximum field gradient for this layout was found to be
Gmax ¼ 9:3 T=m.
Downstream of the scanning magnets, the four sector-

bending magnets, BM7-10, are to be consecutively
aligned. Since scanned beams traverse BM7-10, the
beam envelopes had to be taken into account to determine

FIG. 1. Three-dimensional image of the superconducting ro-
tating gantry for heavy-ion therapy.

Y. IWATA et al. Phys. Rev. ST Accel. Beams 15, 044701 (2012)

044701-2

Y. Iwata et al., 
Phys. Rev. ST Accel. Beam 15 0447701 (2012)

Heidelberg Ion-Beam 
Therapy Center (HIT) 

SC (NbTi) gantry
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WHY 
HTS-BASED GANTRY ?

Past study showed “HTS” could play an 
effective role in further reduction of the size:

Gantry length: 9.2 m 
(ref. NC: 25 m, LTS: 13 m)

Total weight: 177 t
(ref. NC:600 t, LTS:210 t)

➡ Promotion of the widespread 
adoption of CIRT gantry

Measurement of temporal field change in a double pancake coil wound by HTS coated conductor

High Energy Accelerator Research Organization (KEK)    E-mail: kentsuzu@post.kek.jp
Abstract

3LPo1K-07

K. Suzuki*, T. Nakamoto, R. Okada, T. Ogitsu, M. Sugano, K. Tanaka, Y. Ishii, K. Koyanagi, S. Takayama, K. Tasaki, and N. Amemiya

Use of high temperature superconducting magnets has been considered to downsize a rotating gantry for heavy ion radiotherapy. To accommodate the various beam energies, multiple flattop operation is required for the gantry magnet and the magnetic field needs to be 
stabilized at each flattop. The high temperature superconductor, however, has large shielding currents, which could distort the magnetic field. In order to understand the effect of the shielding current, the measurement of the temporal field change was done using a double 
pancake coil wound by coated conductor. 

Introduction
A rotating gantry for heavy ion radiotherapy has been proposed.

- Can destroy cancerous tissue more efficiently

- Can prevent exposures around the target sites
- Higher momentum is required to gain a depth dose
- Higher beam rigidity (x3) compared with proton 
beam (~6.6 Tm)

→ Need to downsize the system in order to realize its practical application

Compared to those for proton beam...

Application of the high super conductor (HTS) to the gantry magnet  (dipole magnet) for 
heavy ion radiotherapy
- Target weight of the gantry : < 200 t [1]

Our purpose

- Target uniformity in the dipole field : <10-3  [2]
Concern

-  HTS CC has a large shielding current, whose strength and time dependences are not 
   understood well.
-  Temporal evolution of the field produced by these current was 
   observed in a time scale of 1 hour [3]

Measurement setup
Double pancake coil & Hall probe array

- Fabricate a double pancake coil 
  wound by YBCO CC (SuperPower Inc.)
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TABLE I
SPECIFICATION OF THE DOUBLE PANCAKE COIL. ALL THE VALUES LISTED

IN THIS TABLE ARE MEASURED ONES.

Top Bottom
Inner radius (mm) 25.0 25.0
Outer radius (mm) 36.8 37.3

Num. of turn 70 70
Inductance (mH) 0.406 0.469

coil Ic (A) (at T =77 K) 56.4 55.0
n-value (at T =77 K) 27.3 28.0

TABLE II
RADIAL POSITION FOR EACH OF THE HALL PROBE SENSORS.

Hall probe no. 1 2 3 4 5 6 7
r (mm) 13.8 15.3 16.8 18.3 19.8 21.3 22.8

YBCO CC (SuperPower Inc.), and arranged co-axially with73

an interval of 11 mm by cylindrical parts, which are made of74

polycarbonate, serving as a Helmholtz coil (see the left plot75

of Fig. 2). Two thermocouples are attached to top and bottom76

coils in order to monitor temperature during cooling.77

A Hall probe array (see the right picture of Fig. 2) is used to78

measure time and position dependence of the magnetic field.79

Its overall dimension is 6 ⇥ 13 ⇥ 1.2 mm3. The array has 780

sensors in total, each of which is aligned with an interval of81

1.5 mm, and is installed along the radial direction (see the82

left plot of Fig. 2). All the Hall coefficients were relatively83

calibrated with a precision of ⇠0.2%. Table II summarizes the84

radial position of each sensor with respect to the center of the85

double pancake coil.86
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z

Inner radius: 
25.0mm

Top coil 

Hall probe array
(radial position 
is shown in Table II)

4.0mm

Outer radius: 36.8mm 
(37.8mm for 
the bottom coil)

Top coil 

Bottom coil 

11.0mm

Bz

Bz

Fig. 2. Left: Drawing of the pancake coil and the Hall probe array, showing
a top (top) and side view (bottom). Right: Picture of the Hall probe array.

III. FIELD MEASUREMENT87

A. Overview88

The following is operation patterns. The transport current,89

which is converted from the voltage at the bipolar power90

supply (see Fig. 1), is increased from 0 with a ramping rate91

of 1 A/sec. When it reaches the given value, the current is92

kept constant for the given period, and this period is called93

“flattop”. After the flattop, the current is down to 0 with a94

ramping rate of -1 A/sec.95

Figure 3 shows a summary of operation patterns and mea-96

surement items. During cooling to 77 K (“cooling phase”), we97

repeat magnetic field measurements durning transport current98

flows (hereafter “field measurement”). In this operation, a99

transport current is ramped up to 1 A with a flattop of100

5 second (operation pattern A). The magnetic field is then101

measured at each Hall probe sensor for various temperature.102

After temperature reaches 77 K (“superconducting phase), we103

repeat 5 second flattop operations with an interval of 1-2104

minutes while increasing the flattop current from 1 A to 9 A105

step by step (operation pattern B). In this operation, magnetic106

field measurements are done at each remnant phase (hereafter107

“remnant field measurement”) as well as field measurements.108

Finally, we repeat 60 second flattop operation with an interval109

of 1-2 minute, where the transport current is always ramped up110

to 9 A (operation pattern C). In this operation, we check the111

temporal evolution of the magnetic field in a 60 second time112

scale (hereafter “temporal field measurement”). Throughout113

the measurement, a maximum operation current was set to 9 A114

in order to avoid a full penetration of the magnetic flux into a115

superconductor. During operation, we monitor the coil voltage116

with 16 bit analog inputs whose sampling rage is 1 kHz.117

This system requires a large memory size for the output file118

(approximately 5 MB per 60 second). Therefore, the maximum119

flattop period is temporarily set to 60 second in order to save120

a memory of the data storage.121

The magnetic field is determined as follows. We average122

the Hall voltage over the flattop period after subtracting the123

baseline, and compute the magnetic field by multiplying the124

Hall coefficient with the averaged Hall voltage. At “cooling125

phase”, the baseline is defined as the offset voltage before126

ramping up the current. Since it could drift during cooling,127

the baseline is calculated at each measurement. At “supercon-128

ducting phase”, the offset voltage before the first ramp-up of129

the current at T =77 K is defined as the baseline, and it is used130

for the subsequent measurements in order to evaluate effects131

from remnant shielding currents.132
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Fig. 3. Summary of operation patterns and measurement items.

B. Field measurement at 77 K to 292 K133

Figure 4 shows the magnetic field in the z direction (Bz)134

measured at the different radial positions during cooling tem-135

perature (T ) down to 77 K. The bottom plot of the figure136

shows the ratio of Bz(T ) to Bz(292K). As seen in the figure,137

Bz strengthens in the same way at all Hall probe sensors as138

• Two coils are arranged by 
  cylindrical parts which are made of   
  polycarbonate, serving as a Helmholtz coil

Specification of coil
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Radial position for 
each Hall probe sensor

- Use Hall probe array 
  (Arepoc MULTI-THV) to measure
  the time and position dependence of the 
  magnetic field in the z direction (Bz)

Current activity

Hall probe array

Double pancake coilSetup (磁場測定)

• コイル内部の磁場は計7つのホールプローブ
（ホールプローブアレイ）を用いて測定

- Operation curr. : 10 mA

• Digital Voltmeter (DVM)によって直接読み出し

Distance between sensors : 1.5mm

No. r (mm) mV/T (@297K)
1 16 57.9
2 17.5 59.1
3 19 60.6
4 20.5 61.7
5 22 62.4
6 23.5 63.2
7 25 64.0

B

DVM
27.50mm

13 + 0.75mm

1,..,7
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I

Goal
Aim to establish a practical application
of a gantry magnet with HTS (YBCO) for carbon ion 
radiotherapy

B

Hall probe 
array

Analysis on the magnetic field in a pancake coil wound by coated conductor

→ A good stability and uniformity (<0.1%) 
  of the magnetic field is required for a multiple 
   raster scanning of the carbon ion beam 
   impinged on a tissue

Measurement 
Investigate a large shielding current existing on a 
HTS tape, which could affect the the magnetic field, 
using a pancake coil wound by coated conductor
- Insert a hall probe array between the coils, and 
  measure a strength and time/position dependence of 
  the magnetic field which attribute to the shielding 
  current
- A measurement precision is considered to be O(1%), 
  so this is the first stage of the measurement 

Thursday, August 20, 15

6 x 13 x 1.2 mm3
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a memory of the data storage.121

The magnetic field is determined as follows. We average122

the Hall voltage over the flattop period after subtracting the123

baseline, and compute the magnetic field by multiplying the124

Hall coefficient with the averaged Hall voltage. At “cooling125

phase”, the baseline is defined as the offset voltage before126

ramping up the current. Since it could drift during cooling,127

the baseline is calculated at each measurement. At “supercon-128

ducting phase”, the offset voltage before the first ramp-up of129

the current at T =77 K is defined as the baseline, and it is used130

for the subsequent measurements in order to evaluate effects131

from remnant shielding currents.132
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B. Field measurement at 77 K to 292 K133

Figure 4 shows the magnetic field in the z direction (Bz)134

measured at the different radial positions during cooling tem-135

perature (T ) down to 77 K. The bottom plot of the figure136

shows the ratio of Bz(T ) to Bz(292K). As seen in the figure,137

Bz strengthens in the same way at all Hall probe sensors as138

Hall probe arrayDouble pancake coil

Data acquisition system
- DAQ and creation of operation  
pattern are performed by National 
   Instrument (NI) PXI platform

* Hall voltage is digitized by 
DMM with a sampling rate of 
100Hz
* Current pattern is controlled 
using digital I/O which is equipped 
in LabVIEW FPGA

→ Need to understand these properties
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Field measurement at cooling phase

Bz  for different radial position during 
cooling
- Strengthen in the same way at all the 
sensor during cooling
  • Considered to be due to thermal   
    contraction of the fixing parts or coils
- Bz distribution differs from the others 
   at T=77K
• Due to additional field produced 
  by the shielding current

Summary & prospects

Magnetization curve

Measurements with full penetration field 
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Comparison between Bz* (292K, I) and 
Bz (77K, I)
- Bz (77K,I) /Bz (292K,I) is unchanged 
  even I increases

(*)

→ Magnetic field produced by the  
     shielding current is proportional to I

Field measurement at I=0-10A 

Bz(292K, I) = Bz(292K, 1A)� I (for I=2-9 A)

→ This result shows diamagnetism of 
　the HTS CC under 
    the partial penetration region

Operation current history

[1] S. Takayam et. al., Physics Procedia 67 (2015) 879-884
 [2] Y. Iwata et. al., Phys. Rev. ST. Accel. Beams 28 (2012) 044701.
[3] N. Amemiya et. al., Supercond. Sci. Technol. 28 (2015) 035003.

Temporal field change at I=25-50A
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Operation current history

Power supply
-  KIKUSUI PBZ20-20 (x10)
- External signal, which is created by 
  LabVIEW FPGA, is transmitted to this module
  to create the operation pattern
- Ramp rate of the current is fixed to ±1A/s

Specification of the power supply
Operation current �210A - 210A
Temperature coe�cient ±100 ppm/degree
Ripple noise 10 mA
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Ch1
- Bz measured by hall probe (ch1), which is 
normalized to operating current
- Check the temporal field at the flattop for each 
input current
- Temporal field evolution differs among the 
size of input current
- Bz strength increases as operation current 
increases, and then plateaus around I=50A (i.e. 
enter the full penetration region)
- Various temporal evolution observed in this 
measurement would be helpful to understand 
the property of YBCO CC
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Temporal Field Change Measurement
on a Pancake Coil Wound by Coated Conductor

K. Suzuki, T. Nakamoto, R. Okada, T. Ogitsu, M. Sugano, K. Tanaka, Y. Ishii, K. Koyanagi, S. Takayama,
K. Tasaki, and N. Amemiya

Abstract—Use of high temperature superconducting magnets

has been considered to downsize a rotating gantry for heavy

ion radiotherapy. To accommodate the various beam energies,

multiple flattop operation is required for the gantry magnet and

the magnetic field needs to be stabilized at each flattop. The

high temperature superconductor, however, has large shielding

currents, which could distort the magnetic field. In order to

understand the effect of the shielding current, the measurement

of the temporal field change was done using a double pancake

coil wound by coated conductor. This paper summarizes the

measurement results for various operation patterns.

I. INTRODUCTION

A rotating gantry with heavy ion beam was proposed for
radiotherapy as the beam can destroy cancerous tissues more
efficiently than proton beam whilst preventing exposures of
healthy tissues around the target site. One of the obstacles in
constructing the gantry for the heavy ion beam radiotherapy is
that the total size and weight of the system have to be larger
and heavier than those for proton beam radiotherapy. In order
to downsize the gantry and to realize its practical application,
coated conductor (CC) of a high temperature superconductor
(HTS) is considered to be used [1].

In beam-based radiotherapy, beam energy is varied to
change a depth dose-distribution. In order to accommodate the
various beam energies multiple flattop operation is required,
where the beam is scanned laterally on each of the flattops.
During the flattop operation, the dipole field produced in
bending magnets which occupies a dominant part of the
rotating gantry has to be stable. Furthermore, good uniformity
in the dipole field is also required. In past, we carried out
a study on the conceptual design of the gantry magnet for
heavy ion radiotherapy, and set the maximum ununiformity to
be less than 0.1% [2]. At present, model magnet coils wound
by the HTS CC are under construction, and uniformity of
the dipole field in these magnets will be measured using a
rotating pick-up coil system. The HTS, however, is known to
have large shielding currents, and field strength produced by
these currents and its time dependence are not well understood
yet. Thus, it is highly important to measure an effect of the
shielding currents on the magnetic field in prior to the test of
the model magnets.
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Temporal evolution in a dipole field, which is attributed
to the shielding current, was observed with this rotating coil
system in a time scale of ⇠1 hour [3]. While this system
provides a good precision of ⇠0.1% for the field measurement,
an order of 1 Hz is typically required for sampling the field.
Prior to the test of model magnets, effects of the shielding
current on the magnetic field in a much shorter time scale
were investigated using a double pancake coil wound by HTS
CC and Hall probe sensors with a fast data acquisition system
whose sampling rate is 100 Hz.

II. APPARATUS

A. Overview
Figure 1 shows setup for this measurement. Output of

operation patterns and data acquisition are performed using
the National instruments PXI platform. A operation pattern
is created with the LabView FPGA Module, implemented in
PXI-7854R, as a voltage output, which is then converted into
current one by a bipolar power supply (KIKUSUI PBZ20-
20). A transport current is monitored with a shunt resistor
prior to flowing through a double pancake coil. A Hall probe
array (Arepoc MULTI-THV) is inserted into the middle of
space between the double pancake coil. Outputs from the
shunt resistor and coils are digitized by Digital Multimeter
(PXI-4070) with a sampling rate of 100 Hz. Coil voltages are
amplified by isolation amplifiers (NF Electronics Instruments
7252) and monitored with 16-bit analog inputs (PXI-7854R)
whose a sampling rate is 1 kHz to check healthiness of the
superconductivity. Details of the configuration of the Hall
probe and pancake coil are described in Sec. II-B.

Digital
Multimeter

FPGA Pancake
coil

Current 
source

Isolation
amplifier

Coil voltage

Bipolar
power 
supply

Hall 
probe 
array

NI
PXI platform

Current
Shunt 

resistor

Analog 
input

Voltage

PXI-7854R

PXI-4070

Fig. 1. Setup for the temporal field measurement.

B. Pancake coil and Hall probe array
Table I summarizes specification of the double pancake coil

(top and bottom). The two coils are wound by 4 mm wide

50A

30A

10A

30A

10A

-10A

-30A

-50A

-30A

-10A

- Magnetization curve was checked with 
operation current illustrated above
- Bz at each flattop is normalized with operating 
current, and then subtracted by the reference 
field (Brefz) to get ΔB 

* Brefz is the field strength measured just 
before the coil becomes superconducting 
state, and  normalized by the operating current

- Hysteresis curve was obtained (left plot), 
which attributes to the screening current
- The size of ΔB would be useful information 
for the comparison with the numerical 
calculation

- Property of the double pancake coil wound by YBCO CC was investigated
- we plan to compare the data with the calculation ror the further investigation
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Use of high temperature superconducting magnets has been considered to downsize a rotating gantry for heavy ion radiotherapy. To accommodate the various beam energies, multiple flattop operation is required for the gantry magnet and the magnetic field needs to be 
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Introduction
A rotating gantry for heavy ion radiotherapy has been proposed.

- Can destroy cancerous tissue more efficiently

- Can prevent exposures around the target sites
- Higher momentum is required to gain a depth dose
- Higher beam rigidity (x3) compared with proton 
beam (~6.6 Tm)

→ Need to downsize the system in order to realize its practical application

Compared to those for proton beam...

Application of the high super conductor (HTS) to the gantry magnet  (dipole magnet) for 
heavy ion radiotherapy
- Target weight of the gantry : < 200 t [1]

Our purpose

- Target uniformity in the dipole field : <10-3  [2]
Concern

-  HTS CC has a large shielding current, whose strength and time dependences are not 
   understood well.
-  Temporal evolution of the field produced by these current was 
   observed in a time scale of 1 hour [3]

Measurement setup
Double pancake coil & Hall probe array

- Fabricate a double pancake coil 
  wound by YBCO CC (SuperPower Inc.)
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TABLE I
SPECIFICATION OF THE DOUBLE PANCAKE COIL. ALL THE VALUES LISTED

IN THIS TABLE ARE MEASURED ONES.

Top Bottom
Inner radius (mm) 25.0 25.0
Outer radius (mm) 36.8 37.3

Num. of turn 70 70
Inductance (mH) 0.406 0.469

coil Ic (A) (at T =77 K) 56.4 55.0
n-value (at T =77 K) 27.3 28.0

TABLE II
RADIAL POSITION FOR EACH OF THE HALL PROBE SENSORS.

Hall probe no. 1 2 3 4 5 6 7
r (mm) 13.8 15.3 16.8 18.3 19.8 21.3 22.8

YBCO CC (SuperPower Inc.), and arranged co-axially with73

an interval of 11 mm by cylindrical parts, which are made of74

polycarbonate, serving as a Helmholtz coil (see the left plot75

of Fig. 2). Two thermocouples are attached to top and bottom76

coils in order to monitor temperature during cooling.77

A Hall probe array (see the right picture of Fig. 2) is used to78

measure time and position dependence of the magnetic field.79

Its overall dimension is 6 ⇥ 13 ⇥ 1.2 mm3. The array has 780

sensors in total, each of which is aligned with an interval of81

1.5 mm, and is installed along the radial direction (see the82

left plot of Fig. 2). All the Hall coefficients were relatively83

calibrated with a precision of ⇠0.2%. Table II summarizes the84

radial position of each sensor with respect to the center of the85

double pancake coil.86
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(radial position 
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Bottom coil 

11.0mm
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Fig. 2. Left: Drawing of the pancake coil and the Hall probe array, showing
a top (top) and side view (bottom). Right: Picture of the Hall probe array.

III. FIELD MEASUREMENT87

A. Overview88

The following is operation patterns. The transport current,89

which is converted from the voltage at the bipolar power90

supply (see Fig. 1), is increased from 0 with a ramping rate91

of 1 A/sec. When it reaches the given value, the current is92

kept constant for the given period, and this period is called93

“flattop”. After the flattop, the current is down to 0 with a94

ramping rate of -1 A/sec.95

Figure 3 shows a summary of operation patterns and mea-96

surement items. During cooling to 77 K (“cooling phase”), we97

repeat magnetic field measurements durning transport current98

flows (hereafter “field measurement”). In this operation, a99

transport current is ramped up to 1 A with a flattop of100

5 second (operation pattern A). The magnetic field is then101

measured at each Hall probe sensor for various temperature.102

After temperature reaches 77 K (“superconducting phase), we103

repeat 5 second flattop operations with an interval of 1-2104

minutes while increasing the flattop current from 1 A to 9 A105

step by step (operation pattern B). In this operation, magnetic106

field measurements are done at each remnant phase (hereafter107

“remnant field measurement”) as well as field measurements.108

Finally, we repeat 60 second flattop operation with an interval109

of 1-2 minute, where the transport current is always ramped up110

to 9 A (operation pattern C). In this operation, we check the111

temporal evolution of the magnetic field in a 60 second time112

scale (hereafter “temporal field measurement”). Throughout113

the measurement, a maximum operation current was set to 9 A114

in order to avoid a full penetration of the magnetic flux into a115

superconductor. During operation, we monitor the coil voltage116

with 16 bit analog inputs whose sampling rage is 1 kHz.117

This system requires a large memory size for the output file118

(approximately 5 MB per 60 second). Therefore, the maximum119

flattop period is temporarily set to 60 second in order to save120

a memory of the data storage.121

The magnetic field is determined as follows. We average122

the Hall voltage over the flattop period after subtracting the123

baseline, and compute the magnetic field by multiplying the124

Hall coefficient with the averaged Hall voltage. At “cooling125

phase”, the baseline is defined as the offset voltage before126

ramping up the current. Since it could drift during cooling,127

the baseline is calculated at each measurement. At “supercon-128

ducting phase”, the offset voltage before the first ramp-up of129

the current at T =77 K is defined as the baseline, and it is used130

for the subsequent measurements in order to evaluate effects131

from remnant shielding currents.132
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B. Field measurement at 77 K to 292 K133

Figure 4 shows the magnetic field in the z direction (Bz)134

measured at the different radial positions during cooling tem-135

perature (T ) down to 77 K. The bottom plot of the figure136

shows the ratio of Bz(T ) to Bz(292K). As seen in the figure,137

Bz strengthens in the same way at all Hall probe sensors as138

• Two coils are arranged by 
  cylindrical parts which are made of   
  polycarbonate, serving as a Helmholtz coil

Specification of coil
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TABLE I
SPECIFICATION OF THE DOUBLE PANCAKE COIL. ALL THE VALUES LISTED

IN THIS TABLE ARE MEASURED ONES.

Top Bottom
Inner radius (mm) 25.0 25.0
Outer radius (mm) 36.8 37.3

Num. of turn 70 70
Inductance (mH) 0.406 0.469

coil Ic (A) (at T =77 K) 56.4 55.0
n-value (at T =77 K) 27.3 28.0

TABLE II
RADIAL POSITION FOR EACH OF THE HALL PROBE SENSORS.

Hall probe no. 1 2 3 4 5 6 7
r (mm) 13.8 15.3 16.8 18.3 19.8 21.3 22.8

YBCO CC (SuperPower Inc.), and arranged co-axially with73

an interval of 11 mm by cylindrical parts, which are made of74

polycarbonate, serving as a Helmholtz coil (see the left plot75

of Fig. 2). Two thermocouples are attached to top and bottom76

coils in order to monitor temperature during cooling.77

A Hall probe array (see the right picture of Fig. 2) is used to78

measure time and position dependence of the magnetic field.79

Its overall dimension is 6 ⇥ 13 ⇥ 1.2 mm3. The array has 780

sensors in total, each of which is aligned with an interval of81

1.5 mm, and is installed along the radial direction (see the82

left plot of Fig. 2). All the Hall coefficients were relatively83

calibrated with a precision of ⇠0.2%. Table II summarizes the84

radial position of each sensor with respect to the center of the85

double pancake coil.86
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The following is operation patterns. The transport current,89

which is converted from the voltage at the bipolar power90

supply (see Fig. 1), is increased from 0 with a ramping rate91

of 1 A/sec. When it reaches the given value, the current is92

kept constant for the given period, and this period is called93

“flattop”. After the flattop, the current is down to 0 with a94

ramping rate of -1 A/sec.95

Figure 3 shows a summary of operation patterns and mea-96

surement items. During cooling to 77 K (“cooling phase”), we97

repeat magnetic field measurements durning transport current98

flows (hereafter “field measurement”). In this operation, a99

transport current is ramped up to 1 A with a flattop of100

5 second (operation pattern A). The magnetic field is then101

measured at each Hall probe sensor for various temperature.102

After temperature reaches 77 K (“superconducting phase), we103

repeat 5 second flattop operations with an interval of 1-2104

minutes while increasing the flattop current from 1 A to 9 A105

step by step (operation pattern B). In this operation, magnetic106

field measurements are done at each remnant phase (hereafter107

“remnant field measurement”) as well as field measurements.108

Finally, we repeat 60 second flattop operation with an interval109

of 1-2 minute, where the transport current is always ramped up110

to 9 A (operation pattern C). In this operation, we check the111

temporal evolution of the magnetic field in a 60 second time112

scale (hereafter “temporal field measurement”). Throughout113

the measurement, a maximum operation current was set to 9 A114

in order to avoid a full penetration of the magnetic flux into a115

superconductor. During operation, we monitor the coil voltage116

with 16 bit analog inputs whose sampling rage is 1 kHz.117

This system requires a large memory size for the output file118

(approximately 5 MB per 60 second). Therefore, the maximum119

flattop period is temporarily set to 60 second in order to save120

a memory of the data storage.121

The magnetic field is determined as follows. We average122

the Hall voltage over the flattop period after subtracting the123

baseline, and compute the magnetic field by multiplying the124

Hall coefficient with the averaged Hall voltage. At “cooling125

phase”, the baseline is defined as the offset voltage before126

ramping up the current. Since it could drift during cooling,127

the baseline is calculated at each measurement. At “supercon-128

ducting phase”, the offset voltage before the first ramp-up of129

the current at T =77 K is defined as the baseline, and it is used130

for the subsequent measurements in order to evaluate effects131

from remnant shielding currents.132
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B. Field measurement at 77 K to 292 K133

Figure 4 shows the magnetic field in the z direction (Bz)134

measured at the different radial positions during cooling tem-135

perature (T ) down to 77 K. The bottom plot of the figure136

shows the ratio of Bz(T ) to Bz(292K). As seen in the figure,137

Bz strengthens in the same way at all Hall probe sensors as138

Radial position for 
each Hall probe sensor

- Use Hall probe array 
  (Arepoc MULTI-THV) to measure
  the time and position dependence of the 
  magnetic field in the z direction (Bz)

Current activity

Hall probe array

Double pancake coilSetup (磁場測定)

• コイル内部の磁場は計7つのホールプローブ
（ホールプローブアレイ）を用いて測定

- Operation curr. : 10 mA

• Digital Voltmeter (DVM)によって直接読み出し

Distance between sensors : 1.5mm

No. r (mm) mV/T (@297K)
1 16 57.9
2 17.5 59.1
3 19 60.6
4 20.5 61.7
5 22 62.4
6 23.5 63.2
7 25 64.0

B

DVM
27.50mm

13 + 0.75mm

1,..,7

8

I

Goal
Aim to establish a practical application
of a gantry magnet with HTS (YBCO) for carbon ion 
radiotherapy

B

Hall probe 
array

Analysis on the magnetic field in a pancake coil wound by coated conductor

→ A good stability and uniformity (<0.1%) 
  of the magnetic field is required for a multiple 
   raster scanning of the carbon ion beam 
   impinged on a tissue

Measurement 
Investigate a large shielding current existing on a 
HTS tape, which could affect the the magnetic field, 
using a pancake coil wound by coated conductor
- Insert a hall probe array between the coils, and 
  measure a strength and time/position dependence of 
  the magnetic field which attribute to the shielding 
  current
- A measurement precision is considered to be O(1%), 
  so this is the first stage of the measurement 

Thursday, August 20, 15

6 x 13 x 1.2 mm3
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TABLE I
SPECIFICATION OF THE DOUBLE PANCAKE COIL. ALL THE VALUES LISTED

IN THIS TABLE ARE MEASURED ONES.

Top Bottom
Inner radius (mm) 25.0 25.0
Outer radius (mm) 36.8 37.3

Num. of turn 70 70
Inductance (mH) 0.406 0.469

coil Ic (A) (at T =77 K) 56.4 55.0
n-value (at T =77 K) 27.3 28.0
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RADIAL POSITION FOR EACH OF THE HALL PROBE SENSORS.

Hall probe no. 1 2 3 4 5 6 7
r (mm) 13.8 15.3 16.8 18.3 19.8 21.3 22.8

YBCO CC (SuperPower Inc.), and arranged co-axially with73

an interval of 11 mm by cylindrical parts, which are made of74

polycarbonate, serving as a Helmholtz coil (see the left plot75

of Fig. 2). Two thermocouples are attached to top and bottom76

coils in order to monitor temperature during cooling.77

A Hall probe array (see the right picture of Fig. 2) is used to78

measure time and position dependence of the magnetic field.79

Its overall dimension is 6 ⇥ 13 ⇥ 1.2 mm3. The array has 780

sensors in total, each of which is aligned with an interval of81

1.5 mm, and is installed along the radial direction (see the82

left plot of Fig. 2). All the Hall coefficients were relatively83

calibrated with a precision of ⇠0.2%. Table II summarizes the84

radial position of each sensor with respect to the center of the85

double pancake coil.86
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III. FIELD MEASUREMENT87

A. Overview88

The following is operation patterns. The transport current,89

which is converted from the voltage at the bipolar power90

supply (see Fig. 1), is increased from 0 with a ramping rate91

of 1 A/sec. When it reaches the given value, the current is92

kept constant for the given period, and this period is called93

“flattop”. After the flattop, the current is down to 0 with a94

ramping rate of -1 A/sec.95

Figure 3 shows a summary of operation patterns and mea-96

surement items. During cooling to 77 K (“cooling phase”), we97

repeat magnetic field measurements durning transport current98

flows (hereafter “field measurement”). In this operation, a99

transport current is ramped up to 1 A with a flattop of100

5 second (operation pattern A). The magnetic field is then101

measured at each Hall probe sensor for various temperature.102

After temperature reaches 77 K (“superconducting phase), we103

repeat 5 second flattop operations with an interval of 1-2104

minutes while increasing the flattop current from 1 A to 9 A105

step by step (operation pattern B). In this operation, magnetic106

field measurements are done at each remnant phase (hereafter107

“remnant field measurement”) as well as field measurements.108

Finally, we repeat 60 second flattop operation with an interval109

of 1-2 minute, where the transport current is always ramped up110

to 9 A (operation pattern C). In this operation, we check the111

temporal evolution of the magnetic field in a 60 second time112

scale (hereafter “temporal field measurement”). Throughout113

the measurement, a maximum operation current was set to 9 A114

in order to avoid a full penetration of the magnetic flux into a115

superconductor. During operation, we monitor the coil voltage116

with 16 bit analog inputs whose sampling rage is 1 kHz.117

This system requires a large memory size for the output file118

(approximately 5 MB per 60 second). Therefore, the maximum119

flattop period is temporarily set to 60 second in order to save120

a memory of the data storage.121

The magnetic field is determined as follows. We average122

the Hall voltage over the flattop period after subtracting the123

baseline, and compute the magnetic field by multiplying the124

Hall coefficient with the averaged Hall voltage. At “cooling125

phase”, the baseline is defined as the offset voltage before126

ramping up the current. Since it could drift during cooling,127

the baseline is calculated at each measurement. At “supercon-128

ducting phase”, the offset voltage before the first ramp-up of129

the current at T =77 K is defined as the baseline, and it is used130

for the subsequent measurements in order to evaluate effects131

from remnant shielding currents.132
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Fig. 3. Summary of operation patterns and measurement items.

B. Field measurement at 77 K to 292 K133

Figure 4 shows the magnetic field in the z direction (Bz)134

measured at the different radial positions during cooling tem-135

perature (T ) down to 77 K. The bottom plot of the figure136

shows the ratio of Bz(T ) to Bz(292K). As seen in the figure,137

Bz strengthens in the same way at all Hall probe sensors as138

Hall probe arrayDouble pancake coil

Data acquisition system
- DAQ and creation of operation  
pattern are performed by National 
   Instrument (NI) PXI platform

* Hall voltage is digitized by 
DMM with a sampling rate of 
100Hz
* Current pattern is controlled 
using digital I/O which is equipped 
in LabVIEW FPGA

→ Need to understand these properties

Operation current (A)
50− 0 50

 B
 (m

T/
A

)
Δ

1−

0.5−

0

0.5

1 ch1
ch4
ch7

r (mm)
15 20

 (T
)

zB

3

3.5

4

4.5
-310×
292K (top)/292K (bottom) 284K/269K 253K/229K
222K/194K 171K/137K 77K/77K

r (mm)
15 20

 a
t 2

92
K

z
R

at
io

 to
 B

1

1.05

292K (top)/292K (bottom) 284K/269K 253K/229K
222K/194K 171K/137K 77K/77K

Field measurement at cooling phase

Bz  for different radial position during 
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sensor during cooling
  • Considered to be due to thermal   
    contraction of the fixing parts or coils
- Bz distribution differs from the others 
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• Due to additional field produced 
  by the shielding current

Summary & prospects
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- Bz (77K,I) /Bz (292K,I) is unchanged 
  even I increases
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→ Magnetic field produced by the  
     shielding current is proportional to I

Field measurement at I=0-10A 

Bz(292K, I) = Bz(292K, 1A)� I (for I=2-9 A)

→ This result shows diamagnetism of 
　the HTS CC under 
    the partial penetration region

Operation current history
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[3] N. Amemiya et. al., Supercond. Sci. Technol. 28 (2015) 035003.
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Operation current history

Power supply
-  KIKUSUI PBZ20-20 (x10)
- External signal, which is created by 
  LabVIEW FPGA, is transmitted to this module
  to create the operation pattern
- Ramp rate of the current is fixed to ±1A/s

Specification of the power supply
Operation current �210A - 210A
Temperature coe�cient ±100 ppm/degree
Ripple noise 10 mA
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Ch1
- Bz measured by hall probe (ch1), which is 
normalized to operating current
- Check the temporal field at the flattop for each 
input current
- Temporal field evolution differs among the 
size of input current
- Bz strength increases as operation current 
increases, and then plateaus around I=50A (i.e. 
enter the full penetration region)
- Various temporal evolution observed in this 
measurement would be helpful to understand 
the property of YBCO CC
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Temporal Field Change Measurement
on a Pancake Coil Wound by Coated Conductor

K. Suzuki, T. Nakamoto, R. Okada, T. Ogitsu, M. Sugano, K. Tanaka, Y. Ishii, K. Koyanagi, S. Takayama,
K. Tasaki, and N. Amemiya

Abstract—Use of high temperature superconducting magnets

has been considered to downsize a rotating gantry for heavy

ion radiotherapy. To accommodate the various beam energies,

multiple flattop operation is required for the gantry magnet and

the magnetic field needs to be stabilized at each flattop. The

high temperature superconductor, however, has large shielding

currents, which could distort the magnetic field. In order to

understand the effect of the shielding current, the measurement

of the temporal field change was done using a double pancake

coil wound by coated conductor. This paper summarizes the

measurement results for various operation patterns.

I. INTRODUCTION

A rotating gantry with heavy ion beam was proposed for
radiotherapy as the beam can destroy cancerous tissues more
efficiently than proton beam whilst preventing exposures of
healthy tissues around the target site. One of the obstacles in
constructing the gantry for the heavy ion beam radiotherapy is
that the total size and weight of the system have to be larger
and heavier than those for proton beam radiotherapy. In order
to downsize the gantry and to realize its practical application,
coated conductor (CC) of a high temperature superconductor
(HTS) is considered to be used [1].

In beam-based radiotherapy, beam energy is varied to
change a depth dose-distribution. In order to accommodate the
various beam energies multiple flattop operation is required,
where the beam is scanned laterally on each of the flattops.
During the flattop operation, the dipole field produced in
bending magnets which occupies a dominant part of the
rotating gantry has to be stable. Furthermore, good uniformity
in the dipole field is also required. In past, we carried out
a study on the conceptual design of the gantry magnet for
heavy ion radiotherapy, and set the maximum ununiformity to
be less than 0.1% [2]. At present, model magnet coils wound
by the HTS CC are under construction, and uniformity of
the dipole field in these magnets will be measured using a
rotating pick-up coil system. The HTS, however, is known to
have large shielding currents, and field strength produced by
these currents and its time dependence are not well understood
yet. Thus, it is highly important to measure an effect of the
shielding currents on the magnetic field in prior to the test of
the model magnets.
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Temporal evolution in a dipole field, which is attributed
to the shielding current, was observed with this rotating coil
system in a time scale of ⇠1 hour [3]. While this system
provides a good precision of ⇠0.1% for the field measurement,
an order of 1 Hz is typically required for sampling the field.
Prior to the test of model magnets, effects of the shielding
current on the magnetic field in a much shorter time scale
were investigated using a double pancake coil wound by HTS
CC and Hall probe sensors with a fast data acquisition system
whose sampling rate is 100 Hz.

II. APPARATUS

A. Overview
Figure 1 shows setup for this measurement. Output of

operation patterns and data acquisition are performed using
the National instruments PXI platform. A operation pattern
is created with the LabView FPGA Module, implemented in
PXI-7854R, as a voltage output, which is then converted into
current one by a bipolar power supply (KIKUSUI PBZ20-
20). A transport current is monitored with a shunt resistor
prior to flowing through a double pancake coil. A Hall probe
array (Arepoc MULTI-THV) is inserted into the middle of
space between the double pancake coil. Outputs from the
shunt resistor and coils are digitized by Digital Multimeter
(PXI-4070) with a sampling rate of 100 Hz. Coil voltages are
amplified by isolation amplifiers (NF Electronics Instruments
7252) and monitored with 16-bit analog inputs (PXI-7854R)
whose a sampling rate is 1 kHz to check healthiness of the
superconductivity. Details of the configuration of the Hall
probe and pancake coil are described in Sec. II-B.

Digital
Multimeter

FPGA Pancake
coil

Current 
source

Isolation
amplifier

Coil voltage

Bipolar
power 
supply

Hall 
probe 
array

NI
PXI platform

Current
Shunt 

resistor

Analog 
input

Voltage

PXI-7854R

PXI-4070

Fig. 1. Setup for the temporal field measurement.

B. Pancake coil and Hall probe array
Table I summarizes specification of the double pancake coil

(top and bottom). The two coils are wound by 4 mm wide

50A

30A

10A

30A

10A

-10A

-30A

-50A

-30A

-10A

- Magnetization curve was checked with 
operation current illustrated above
- Bz at each flattop is normalized with operating 
current, and then subtracted by the reference 
field (Brefz) to get ΔB 

* Brefz is the field strength measured just 
before the coil becomes superconducting 
state, and  normalized by the operating current

- Hysteresis curve was obtained (left plot), 
which attributes to the screening current
- The size of ΔB would be useful information 
for the comparison with the numerical 
calculation

- Property of the double pancake coil wound by YBCO CC was investigated
- we plan to compare the data with the calculation ror the further investigation

Reference

重粒子線治療用ガントリーのための
HTS偏向モデル磁石研究・開発

• 重粒子線（炭素線）治療（CIRT）
- 陽子線に比べても高い生物学的効
果比（x6）

- 多重クーロン散乱が小さい
• 回転ガントリー

- 磁石群で構成されたビーム輸送シ
ステム

- 回転機構を持ち照射側面360°をカ
バー → 患者への負担を軽減

• 炭素線の持つ高い磁気剛性（6.6 T•m）
- 陽子線の約３倍
- 巨大な装置あるいは高磁場化が必
須

• 常伝導磁石ガントリー（1.8T）
の場合：長さ25m, 重量600t

 Shigeki Takayama et al.  /  Physics Procedia   67  ( 2015 )  879 – 884 881

 
Fig. 1. Layout of rotating gantries (left: LTS, right: HTS). 

  
Fig. 2. Beta and dispersion function (left), and beam envelope (right) for the gantry beam line. 

Table 1. Specifications of the HTS magnets of the rotating gantry. 

Magnet type A B C D 
Bending radius [m] 1.15 1.15 1.5 1.5 
Bending angle [deg.] 18 26 22.5 22.5 
Dipole field [T] 5.8 5.8 4.5 4.5 
Quadrupole field [T/m] 15.5 33 - 1.7 
Reference radius [mm] േʹͲ 
Bore radius [mm] 30 
Inner radius of the HTS coils [mm] 60 
Field quality ൑ ͳ� ൈ ͳͲିଷ 

 
From the requirements for the dipole and quadrupole fields of the type-A HTS magnet, namely, 5.8 T and 

15.5 T/m, the magneto-motive force and the core size were calculated by two-dimensional non-linear magnetic 
analysis. To generate the dipole and quadrupole fields in the same space, the HTS coils has a layered structure in 
which the quadrupole coils are placed at the inner side and the dipole coils at the outer side. These coils can be 
excited independently. From the analysis, it was revealed that a dipole magneto-motive force of 823 kA and a 
quadrupole magneto-motive force of 21 kA can generate the required magnetic field, and a core thickness of more 
than 400 mm is needed to avoid saturation. These magnets of the rotating gantry are required to produce a high field 
quality of ͳǤͲ� ൈ ͳͲିଷ in the reference radius of 30 mm because of the demand for high irradiation accuracy. The 
two-dimensional positions of the superconducting tapes of the dipole coils were optimized to generate a pure dipole 
magnetic field [3]. The optimized placement of the tapes for the first layer is shown in Fig. 3. The superconducting 
dipole coils had four blocks per pole with 50 turns per block, and these blocks were placed at angles of 7.33°, 21.58°, 
36.71°, and 60.11°. 

30
[m]

15

0

4.5
[m]

0

-4.5

0.02
[m]

0

-0.02

0.02
[m]

0

-0.02

14.6

Dist. [m]

0 

14.6

Dist. [m]

0 

VerticalHorizontal

0 14.6

Dist. [m]

14.6

Dist. [m]
0 

 

Dispersion functions 

Betatron amplitude functions Horizontal Beam Envelopes 

Vertical Beam Envelopes 

→ CIRT＋ガントリー：強力な治療装置

• 高温超伝導体（HTS）
✦ 90K以下で超伝導体
✦ 高磁場環境下でも高い電流密度
✦ ReBCO: JE~4000A/mm2 @ 4.2K, 10T

• NbTi: JE~700A/mm2  @ 1.9K, 10T

• HTSガントリー（5.8T）
✦ 全長9.2m, 重量177t

S. Takayama et. al., Phys.Proc. 76, p879-884 (2015)

高温超伝導化する事でガントリーを小型・軽量化 →CIRTガントリーの普及につながる 12
Monday, February 13, 17

S. Takayama et al., Phys. Proc. 76, p879-884 (2015)

Design of the HTS (dipole) magnet for gantry: 
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From the two-dimensional positions of the superconductors, three-dimensional coil forms were considered. When 
designing the coil with a three-dimensional�shape wound with HTS conductors, we designed its shape in such a way 
that the two edges of the tape follow curves of equal length, forming a constant-perimeter condition, without 
applying edgewise bending. This coil shape was calculated by using Frenet-Serret’s equations, as in [4]. To estimate 
the effects of the three-dimensional coil shape, three-dimensional magnetic analysis was performed. The calculated 
field quality in the mid plane position at the coil center is shown in Fig. 4. It is shown that the field quality within 
the reference radius of 20 mm is ʹǤ͹ͷ� ൈ ͳͲିସ, which satisfies the quality requirement above. It is difficult to use 
coolant for the magnets mounted on the rotating gantry because they are rotating. Therefore, conduction cooling 
should be employed. On the other hand, the magnetic field generated by the magnets of the rotating gantry should be 
changed depending on the energy of the carbon ion beam in raster-scanning irradiation. There is some possibility 
that the carbon ion beam will collide with the coils. This causes anomalous thermal inputs such as those due to ramp 
loss and beam loss, resulting in the problem of poor thermal stability of the conduction-cooled HTS coils heated by 
such thermal inputs. As a first step, the thermal stability of the conduction-cooled HTS coils under a static situation 
is considered. 

 

     

Fig. 3. Two-dimensional positions of the superconducting conductors (right: expanded view). 

     

Fig. 4. Result of three-dimensional magnetic analysis (left), and the calculated field quality in the midplane position at the coil center (right). 

4. Thermal runaway properties 

In the case of a conduction-cooled HTS coil, the risk of thermal runway is higher when compared to immersion 
cooling using a coolant such as liquid helium or liquid nitrogen, when an excess current flows or local heating 
occurs in the HTS coil. It is important to understand the conditions under which thermal runaway occurs and the coil 
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Establish the winding technology for the HTS dipole 
magnet  using ReBCO coated conductor (4mm wide)

Estimation of effect from the shielding current on 
the field uniformity 

Fabricate the model magnet @ Toshiba  
Make coils based on the established technology 
Check its performance and healthiness after the 
winding process
Check its field quality using harmonic coil system 

Development of quench protection 

Supercond. Sci. Technol. 21 (2008) 095001 N Amemiya and K Akachi

Figure 1. Magnetic fields and shielding currents in superconducting
tape: (a) external magnetic field Be and self-magnetic field Bs for
superconducting tape, (b) shielding (magnetization) current against
Be, and (c) shielding current against Bs.

superconducting tapes wound into small model coils as well
as an insert coil of a 1.3 GHz NMR magnet. The magnetic
field generated by the uniform current in a tape was substituted
from one generated by the non-uniform current in the tape to
obtain the field error, which is the magnetic field generated by
the shielding (magnetization) current.

2. Theoretical method

We confine ourselves to the field error generated by shielding
currents before their decay. The analyses in this paper provide
the maximum field error just after the excitation of the coils.

An axisymmetric coil is modeled as an assembly of
circular superconducting tape that represents one turn in the
coil, as shown in figure 2(a). There are three variations of
the model: the coil model, the layer model, and the pancake
model. In the coil model (figure 2(b)), the electromagnetic
fields in all turns in the coil are analyzed simultaneously.
In the layer model (figure 2(c)), all turns in a layer are
analyzed simultaneously, when uniform current distribution is
assumed in superconducting tapes in other layers to generate
the magnetic field to which the analyzed layer is exposed.
This analysis is done repeatedly for all layers, and the sum of
the field errors generated by each layer provides the overall
field error. In the pancake model (figure 2(d)), all turns in a
pancake are analyzed simultaneously, when uniform current
distribution is assumed in superconducting tapes in other
pancakes to generate the magnetic field to which the analyzed
pancake is exposed. This analysis is done repeatedly for all
pancakes to obtain the overall field error. The coil model is
the most accurate model, and the numerical results obtained
by the other two contain greater errors. However, substantial
decreases in computation time and required memory space can
be expected in the layer model and the pancake model.

Each layer is numbered starting from the innermost layer,
and each pancake is numbered starting from the pancake at the
bottom of the coil: the first layer is the innermost layer and
the first pancake is that at the bottom. Each turn in a layer or
pancake is given a number in the same manner.

Figure 2. Axisymmetric coil and three models for analysis:
(a) axisymmetric coil modeled by stack of circular superconducting
tapes, (b) coil model, (c) layer model, and (d) pancake model.

The superconducting property is given by the power law
E–J (electric field–current density) characteristic [9]:

E = E0 (J/Jc)
n , (1)

where Jc is the critical current density and E0 = 1 ×
10−4 V m−1. The equivalent resistivity of the superconductor
is derived from (1), and Ohm’s law with this equivalent
resistivity is used as the constitutive equation to solve the
governing equation derived from Maxwell’s equation.

We apply a thin strip approximation to each turn of
superconducting tape in the coil, where the current component
normal to the wide face of the tape and the magnetic flux
density component tangential to it are neglected [10]. This
approximation should be reasonable, because the shielding
current flowing on the wide face of the tape generates more
field error than the shielding current flowing on the thin cross
section. The current vector potential T defined as

J = ∇ × T (2)

is used instead of the current density J for the formulation [11].
Since only the current component tangential to the wide face of
the tape is considered, T has a component normal to it alone,
and Faraday’s law yields

∇ × (ρ∇ × nT ) ·n = −∂Bs

∂ t
· n − ∂Be

∂ t
· n, (3)

where ρ is the equivalent resistivity of superconductor, n is
the normal vector of the tape wide face, and Bs and Be the
self-magnetic field of a particular turn of superconducting tape
and the external magnetic field generated by the currents in
the other turns of the superconducting tape, respectively. The
current in a circular superconducting tape can be given by an
assembly of circular line currents if we laterally discretize the
cross section of the tape. Using the lateral coordinate y on the

2
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Establish the winding technology for the HTS dipole 
magnet  using ReBCO coated conductor (4mm wide)

Estimation of effect from the shielding current on 
the field uniformity 

Fabricate the model magnet @ Toshiba  
Make coils based on the established technology 
Check its performance and healthiness after the 
winding process
Check its field quality using harmonic coil system 

Development of quench protection 
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Figure 1. Magnetic fields and shielding currents in superconducting
tape: (a) external magnetic field Be and self-magnetic field Bs for
superconducting tape, (b) shielding (magnetization) current against
Be, and (c) shielding current against Bs.

superconducting tapes wound into small model coils as well
as an insert coil of a 1.3 GHz NMR magnet. The magnetic
field generated by the uniform current in a tape was substituted
from one generated by the non-uniform current in the tape to
obtain the field error, which is the magnetic field generated by
the shielding (magnetization) current.

2. Theoretical method

We confine ourselves to the field error generated by shielding
currents before their decay. The analyses in this paper provide
the maximum field error just after the excitation of the coils.

An axisymmetric coil is modeled as an assembly of
circular superconducting tape that represents one turn in the
coil, as shown in figure 2(a). There are three variations of
the model: the coil model, the layer model, and the pancake
model. In the coil model (figure 2(b)), the electromagnetic
fields in all turns in the coil are analyzed simultaneously.
In the layer model (figure 2(c)), all turns in a layer are
analyzed simultaneously, when uniform current distribution is
assumed in superconducting tapes in other layers to generate
the magnetic field to which the analyzed layer is exposed.
This analysis is done repeatedly for all layers, and the sum of
the field errors generated by each layer provides the overall
field error. In the pancake model (figure 2(d)), all turns in a
pancake are analyzed simultaneously, when uniform current
distribution is assumed in superconducting tapes in other
pancakes to generate the magnetic field to which the analyzed
pancake is exposed. This analysis is done repeatedly for all
pancakes to obtain the overall field error. The coil model is
the most accurate model, and the numerical results obtained
by the other two contain greater errors. However, substantial
decreases in computation time and required memory space can
be expected in the layer model and the pancake model.

Each layer is numbered starting from the innermost layer,
and each pancake is numbered starting from the pancake at the
bottom of the coil: the first layer is the innermost layer and
the first pancake is that at the bottom. Each turn in a layer or
pancake is given a number in the same manner.

Figure 2. Axisymmetric coil and three models for analysis:
(a) axisymmetric coil modeled by stack of circular superconducting
tapes, (b) coil model, (c) layer model, and (d) pancake model.

The superconducting property is given by the power law
E–J (electric field–current density) characteristic [9]:

E = E0 (J/Jc)
n , (1)

where Jc is the critical current density and E0 = 1 ×
10−4 V m−1. The equivalent resistivity of the superconductor
is derived from (1), and Ohm’s law with this equivalent
resistivity is used as the constitutive equation to solve the
governing equation derived from Maxwell’s equation.

We apply a thin strip approximation to each turn of
superconducting tape in the coil, where the current component
normal to the wide face of the tape and the magnetic flux
density component tangential to it are neglected [10]. This
approximation should be reasonable, because the shielding
current flowing on the wide face of the tape generates more
field error than the shielding current flowing on the thin cross
section. The current vector potential T defined as

J = ∇ × T (2)

is used instead of the current density J for the formulation [11].
Since only the current component tangential to the wide face of
the tape is considered, T has a component normal to it alone,
and Faraday’s law yields

∇ × (ρ∇ × nT ) ·n = −∂Bs

∂ t
· n − ∂Be

∂ t
· n, (3)

where ρ is the equivalent resistivity of superconductor, n is
the normal vector of the tape wide face, and Bs and Be the
self-magnetic field of a particular turn of superconducting tape
and the external magnetic field generated by the currents in
the other turns of the superconducting tape, respectively. The
current in a circular superconducting tape can be given by an
assembly of circular line currents if we laterally discretize the
cross section of the tape. Using the lateral coordinate y on the

2
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MODEL MAGNET 
DESIGN

Dipole field 3.0 T
Rated current 366 A
Load line ratio ~60% @ 20K

Bore radius 30 mm
Num. of  HTS coils 24
Num. of  coil turns 50

Coil inductance 288.9 mH
Reference radius 20 mm

Field quality 0.2%

Benchmark
Model magnet

Magnet is designed to be cooled down to 4K  by means of conduction-cooling method

340 mm

Straight part
 is reduced to 1/3
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MODEL MAGNET 
ASSEMBLY

Coil was wound through the automated winding machine developed by Toshiba
Turn-to-turn insulation : prepreg tape inserted in-between ReBCO tapes

Winding accuracy was measured to be <0.2mm
Effect on the field uniformity was confirmed be negligible according to 3D FEM 
calculation

Healthiness of each coil was confirmed by checking its I-V characteristics at 77K
Each coil is connected to a refrigerator through a high-purity aluminum sheet which 
is attached to a surface of the coil

 

Acrylic
cylinder

A4
A3

A2

Fabricated*coils*
@*Toshiba*Keihin*Factory*�

Cryostat(containing(an(iron(
yoke(and(HTS(model(magnet(
@(Toshiba(Keihin(Factory�
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Construction work

図 6: 左：プローブ本体の写真。手前側がモータとなっている。右：回転コイルの写真。

表 2: 回転コイルの仕様。
コイル数 3

コイル長 48.10 mm

コイル幅 11.76 mm

コイル層数　 10

各層のコイル巻数 10

各コイル間距離 2.90 mm

モーター モータはオリエンタルモーター（株）社製のNX65AA-PS5-3を使用した。このモー
タの回転速度は最大で 10 Hzである。

傾斜センサ 偏向マグネットの磁場プロファイルを測定する時のような、プローブ全体を動か
す必要がある場合、プローブが重力方向あるいは磁場方向に対して回転する恐れがある。そう
なると、式 (2)に現れる回転コイルの初期位相値が測定の度にずれてしまい、正しいハーモニッ
ク係数が得られない可能性がある。これを防ぐため、プローブには傾斜センサを設置し、つね
に傾き角をモニターしておく。傾斜センサには、SEIKA社製傾斜角センサ（膜スプリングマス
容量式）を用いた。

(A-a-iv) KEKB陽電子リング用偏向電磁石を使用した試験の実施

上記装置一式の組み立てを終えた後、測定装置の性能を確かめるため、KEKB加速器 [1]で使
用されていた、陽電子リング (LER)用偏向電磁石を用いた試験を高エネルギー加速器研究機構
内にて行った。この電磁石のパラメータを表 4に、また、実際の測定時の様子を図 7に載せた。
この試験では、ADC サンプリングレートを 500 kHzに設定し、モーターの回転数を 5-7 Hzの
範囲で調整して行った。そして、以下の項目についてチェックした：

1. ハーモニック係数を求め、過去の測定結果との比較、

2. 二極磁場強度逆算のための較正。
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Development of Harmonic coil system

Field Quality Measurement of a HTS magnet for a Rotating-gantry
K. Suzuki*, T. Ogitsu, Y. Ishii, K. Koyanagi, S. Takayama, K. Tasaki, and N. Amemiya

Abstract

Measurement of the field quality at 3.4K

[1] S. Takayam et al., Phys. Proc. vol76, 2015, p879-884
 [2] K. Koyanagi et al., IEEE Trans. Appl. Supercond., vol23, 2013, 4100404, 

[3] S. Takayam et al., IEEE Trans. Appl. Supercond., vol16, 2016, 7442106

High Energy Accelerator Research Organization (KEK)    E-mail: kentsuzu@post.kek.jp

We report measurements of the field quality of the dipole magnet whose coils were wound by YBCO coated conductor.
The magnet was made to study feasibility of application of the high Tc superconducting magnet to a rotating-gantry system for carbon-ion therapy.
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Introduction

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
→ YBCO coated conductor (CC) is a good candidate 

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

What’s challenging ?
- YBCO 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 purpose

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
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Y系線材を用いた回転ガントリー用モデル磁石のための磁場測定装置の開発
Development of the measurement system for the magnetic field of the gantry magnet made of Y-based superconductors

鈴木 研人、荻津 透、菅野 未知央、中本 建志(KEK); 石井 祐介、小柳 圭、高山 茂貴、田崎 賢司 (東芝);  雨宮 尚之 (京大)

Abstract

[1] S. Takayam et. al., Physics Procedia 67 (2015) 879-884  [2] L. Walckiers, CERN Accelerator School CAS 2009: Specialised Course on Mangets, Bruges, 16-25 Junce 2009, http://arxiv.org/abs/1104.3784v1

重粒子がん治療のための回転ガントリーの建設にあたって、その装置の規模の大きさが課題の一つとなっている。装置全体の小型化を可能にするため、我々は高温超伝導体であるY系線材をガントリー磁石
に用いる事を検討しており、現在試験用二極磁石の製作を行っているが、並行して磁場性能評価のための装置開発を行っている。本講演では、この測定装置の概要を述べるとともに開発状況について発表する。

重粒子線治療のための回転ガントリー小型化を実現するため、 ガントリー磁石に高温超伝導体（HTS）
であるY系テープ線材を用いる事を検討している
ガントリー磁石に対する要求

- ガントリー総重量 : < 200 t [1]
- ガントリーに使用する偏向磁石の磁場均一性 < 10-3

目標磁場均一度達成に向けて明らかにすべき項目
- コイル巻線精度がもたらす影響 
- テープ線材の遮蔽電流磁場による影響
目的と方法
モデル磁石を用いた磁場評価を行い、ガントリーへのHTS応用が可能である事を実証
する。そのために回転コイルによる手法[2]を用い、以下の条件を課す：
1) 目標磁場均一 度である 10−3 よりも良い精度で磁場を測定できるようにする。
2) テープ線材がもたらす、超伝導体を流れる遮蔽電流の減衰などによる磁場変動を高
い時間分解能で測定するため、コイル回転数10-100Hzでサンプリングできるようにす
る(典型的な読み出し速度は1Hz)。つまり、最大で10msの時間分解能で磁場変動の測
定を可能にする。

Nc: コイル巻数、Lc:コイル長、Bmain: main field、ω:角振動数、
δ: t=0における角度（初期位相）、r0: 磁石の参照半径、
r1,2: コイル幅のr方向における位置(右図参照)、 

bn (an): ノーマル（スキュー）成分の2n極成分

単一回転コイルからの電圧信号(多極展開による表現):

コイル数 3

コイル長  50 mm

コイル幅 10 mm

コイル層数 10

各層のコイル巻数 10

各コイル間距離 2 mm

回転コイル(A,B,C)の構成

10-3以下の測定精度かつ最大10msの時間分解能を実現するためのADCを決定

実際には、コイルの回転ムラの影響を最小限に抑えるため、エンコーダを用いて一定角度
ごとに信号を積分し、各極成分を求める。

二極磁場測定の際は右図のように３つのコイルA,B,Cを並べ、コイルB
中心を軸にして同時に回転させる。各コイルからの信号（VA,VB,VC）
に対して、VA を２極成分(n=1)の評価（Dipole信号）、また信号差VB-
VC を多極成分（n>1）の評価（Bucked信号）に用いる。

磁場中にコイルを置き、回転した際に得られる信号を解析。コイル信号を多極展開によって表現した
際の、各極成分の大きさをDFT (あるいはFFT)によって求め、磁場均一度を評価する。

(*)モデル磁石の設計詳細については講演1A-a01を参照の事

二極磁場 (Bmain) 3 T

参照半径  (r0) 20 mm

コイル内半径 60 mm

コイル外半径 80 mm

コイルエンド部の長さ 65-140 mm

コイル直線部長さ 100 mm

モデル磁石(*)

Y系線材を用いた回転ガントリー用モデル磁石のための
磁場測定装置の開発

Development of the measurement system for the magnetic field of the gantry magnet made of
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1 はじめに
重粒子がん治療のための回転ガントリーの建設にあたって、

その装置の規模の大きさが課題の一つとなっている。装置全
体の小型化を可能にするため、我々は高温超伝導体である Y
系線材をガントリー磁石に用いる事を検討しており [1]、現在
試験用二極磁石の製作を行っているが、並行して磁場性能評価
のための装置開発を行っている。試験用磁石の目標磁場均一
度である 10−3 よりも良い精度で磁場を測定する必要があるた
め、回転コイルを用いた磁場評価を行う [2]。また、本測定で
は Y系線材がもたらす、超伝導体を流れる遮蔽電流の減衰な
どによる磁場変動を測定できるように、磁場のサンプリング
レートを 10-100 Hzに設定する予定である。従って、コイル
の回転数を 10-100 /s とした場合ににも対応できる速い読み
出し系を構築する必要がある。本発表では、測定装置の概要、
予測される測定感度、及び開発状況について発表する。

2 測定概要
測定方法は 1) 試験用二極磁石をクライオスタット内に収納

·冷却、2) 回転コイルを磁石中心へ挿入、そして 3) 得られる
信号から磁場成分を評価する、という流れである。測定装置
の概略図を Fig. 1に載せた。コイルは幅 10 mm·全長 50 mm
のものを３つ（A、B、C）並べ（Fig. 1参照）、各コイルから
得られる電圧信号を適当な ADC（ここでは SAR ADCを想
定）によってサンプリングし、磁場を多極展開した際の各極成
分の大きさを評価する事で、磁場均一度を求める。具体的に
は、コイル Aの電圧信号（dipole信号）から 2極成分を、コ
イル Bと Cの電圧信号の差（bucking信号）から 4極以上の
成分を測定する事になる。例として、時刻 t における 1 つの
回転コイルからの信号を以下に示す：

Vdipole(t) = F
∑

n

[(
r2
r0

)n

−
(
r1
r0

)n]

× [bn sin(nωt+ nδ) + an cos(nωt+ nδ)] ,

ここで、F は回転コイル長、巻数、回転速度（ω）等を含む係数、
r0は磁石コイルの参照半径、r1、r2は軸方向における磁石中心
に対する回転コイル幅の両端位置、δは t=0における回転コイ
ルの角度位相、そして an、bn はそれぞれスキュー、ノーマル
成分の 2n極を表す。例えばDipole成分は n=1、quadrupole
成分は n=2に対応する。

3 読み出し装置に対する要求
コイル回転数を 100 /sとした際に、ADCのサンプリング

レートを 50、100、500 kHz、そして 1 MHzと変えていった時の
磁場の各極成分の測定感度をFig. 2に示した。この図は b1=1、
bn(≥2)=10−4、そして an(≥1)=10−4 とした場合に得られる信
号から（≡ bn0, an0）、解析する事で得られる成分（≡ bn, an）
との差の絶対値をプロットしたものである。この結果より、サ
ンプリングレートが 500kHz 以上の場合、全ての極成分に対
して入力した値からのずれは 10−3 以下である事が分かった。
また、ADCのランダムノイズ、回転振動による影響等の系統
誤差が加わった場合においても、この結果は変わらなかった。

4 まとめと今後
Y系線材を用いた試験用二極磁石の磁場評価のための設計

を行っている。読み出し系においては、サンプリングレート

が 500 kHz以上の場合、目標精度 10−3 に達している事が分
かった。今後は適当な ADCの選定、読み出し系の構築、そし
て装置完成を目指す。
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Fig. 1: Schematic drawing of the measurement system.
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測定プローブの構成

回転コイルは３つ（A,B,C） から構成。その傍に回転角度を計測するためのエンコー
ダー（非磁性型：3600 pulse/rotation）を設置する。プローブ全体は長手方向に移動可。
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1.) 予め決めておいた各極成分(以降 bn,0,an,0と表現) で得られるコイル信号を
擬似的に作成 。
2.) 得られた擬似信号を実際のADCのsampling rate、分解能に合わせて
Digitizationする（ここでは16bitを想定）。
3.) エンコーダーパルス間で積分をする。ここではエンコーダーパルスの到達
時刻（Tk）にあたる電圧値（Vk）をSi, Si+1の内挿から算出する(右図参照) 。
積分方法はリーマン積分か、より計算精度の高い台形則の２択を採用。
4.) 積分した信号からDFTによって各極成分 (bn,an)を求め、 (bn,0、an,0)との差
から、決定精度を評価。

ti

:エンコーダーパルス
:ADCで取得した電圧値

ti+1 Time

Vo
lta
ge

tj tj+1

Si
Si+1

Sj
Sj+1

Vk Vk+1

Tk Tk+1本スタディでは
ノーマル成分：b1,0=1,  bn,0=10-4 (n≥2)

スキュー成分：an,0=10-4 (n≥1) とした

シミュレーション方法

信号例(回転数=10Hz)→数十µV - 数十Vのダイナミックレンジが必要
レンジ調整が出来るようなADCが好ましい

予想信号量
Rotation speed

(Hz)
Vpeak Vpeak Rotation speed

(Hz) Dipole (V) Bucked (mV)

1 0.8 1

10 8 10

100 80 100
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1 はじめに
重粒子がん治療のための回転ガントリーの建設にあたって、

その装置の規模の大きさが課題の一つとなっている。装置全
体の小型化を可能にするため、我々は高温超伝導体である Y
系線材をガントリー磁石に用いる事を検討しており [1]、現在
試験用二極磁石の製作を行っているが、並行して磁場性能評価
のための装置開発を行っている。試験用磁石の目標磁場均一
度である 10−3 よりも良い精度で磁場を測定する必要があるた
め、回転コイルを用いた磁場評価を行う [2]。また、本測定で
は Y系線材がもたらす、超伝導体を流れる遮蔽電流の減衰な
どによる磁場変動を測定できるように、磁場のサンプリング
レートを 10-100 Hzに設定する予定である。従って、コイル
の回転数を 10-100 /s とした場合ににも対応できる速い読み
出し系を構築する必要がある。本発表では、測定装置の概要、
予測される測定感度、及び開発状況について発表する。

2 測定概要
測定方法は 1) 試験用二極磁石をクライオスタット内に収納

·冷却、2) 回転コイルを磁石中心へ挿入、そして 3) 得られる
信号から磁場成分を評価する、という流れである。測定装置
の概略図を Fig. 1に載せた。コイルは幅 10 mm·全長 50 mm
のものを３つ（A、B、C）並べ（Fig. 1参照）、各コイルから
得られる電圧信号を適当な ADC（ここでは SAR ADCを想
定）によってサンプリングし、磁場を多極展開した際の各極成
分の大きさを評価する事で、磁場均一度を求める。具体的に
は、コイル Aの電圧信号（dipole信号）から 2極成分を、コ
イル Bと Cの電圧信号の差（bucking信号）から 4極以上の
成分を測定する事になる。例として、時刻 t における 1 つの
回転コイルからの信号を以下に示す：

Vdipole(t) = F
∑

n

[(
r2
r0

)n

−
(
r1
r0

)n]

× [bn sin(nωt+ nδ) + an cos(nωt+ nδ)] ,

ここで、F は回転コイル長、巻数、回転速度（ω）等を含む係数、
r0は磁石コイルの参照半径、r1、r2は軸方向における磁石中心
に対する回転コイル幅の両端位置、δは t=0における回転コイ
ルの角度位相、そして an、bn はそれぞれスキュー、ノーマル
成分の 2n極を表す。例えばDipole成分は n=1、quadrupole
成分は n=2に対応する。

3 読み出し装置に対する要求
コイル回転数を 100 /sとした際に、ADCのサンプリング

レートを 50、100、500 kHz、そして 1 MHzと変えていった時の
磁場の各極成分の測定感度をFig. 2に示した。この図は b1=1、
bn(≥2)=10−4、そして an(≥1)=10−4 とした場合に得られる信
号から（≡ bn0, an0）、解析する事で得られる成分（≡ bn, an）
との差の絶対値をプロットしたものである。この結果より、サ
ンプリングレートが 500kHz 以上の場合、全ての極成分に対
して入力した値からのずれは 10−3 以下である事が分かった。
また、ADCのランダムノイズ、回転振動による影響等の系統
誤差が加わった場合においても、この結果は変わらなかった。

4 まとめと今後
Y系線材を用いた試験用二極磁石の磁場評価のための設計

を行っている。読み出し系においては、サンプリングレート

が 500 kHz以上の場合、目標精度 10−3 に達している事が分
かった。今後は適当な ADCの選定、読み出し系の構築、そし
て装置完成を目指す。
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Fig. 1: Schematic drawing of the measurement system.

3
10×|

n0
-a n

|a

4−10

3−10

2−10

1−10

1
50kHz
100kHz
500kHz
1MHz

Skew

Multipole order
0 2 4 6 8

3
10×|

n0
-b n

|b

4−10

3−10

2−10

1−10
1 50kHz

100kHz
500kHz
1MHz

Normal

Fig. 2: Sensitivity to the multipole coefficients for skew

(top) and normal (bottom) mode when rotating the coil

at 100 turn/s. Dotted lines represent the requirements

below which measured multipole coefficients must lie.

コイルを100Hzで回転させた場合の感度を見積もった。
右図はADC sampling rateを50, 100, 500KHz,1MHz
と変えていった際の各極成分の決定精度をプロットしたもの。
ここでは、計算精度の低いリーマン積分を用いて評価している。
青破線は要求である決定精度10-3に対応しており、
求めた極成分はこれより下にいなければならない。
結果

500kHz以上であれば、全ての極成分に対 して
入力した値からのずれは 10−3 以下である事が分かった。

ADCのSampling rate≥500kHである事が必要

ADC Sampling rate 依存性

Resolution 16 bit

Sampling for analog input 1 MHz

Sampling for digital input 80 MHz (max)

Integral linearity error 42.52 ppm

Offset temp. drift 4.18 ppm/℃
Gain temp. drift 20 ppm/℃
Random noise 263 µV

National  Instruments社製 NI USB-7856Rを採択
選定理由

- 1, 2, 5, 10 Vとレンジ調整が可能
- 16bitと高い分解能

- 1MHzという速いsampling rate

レンジ=10Vの場合のパラメータ

ただし、 100HzでDipole信号を取得する際はAttenuatorを通す必要がある。

- FPGA(LabView)操作によるonline上での
  データ処理が可能

ADC の選定

また、エンコーダパルスとADCクロックをデジタル信号として取り扱い、80MHzで読み出す事で、
両者の正確な時刻を計測する事が可能。

NI USB-7856Rを使用したとして、系統誤差の影響を加えた場合の感度を決定精度を見積もった。
考慮した系統誤差：
＊ADCランダムノイズ
＊エンコーダースリット幅の不定性 (20µm±2µm)
＊モーター軸の横振動の影響。コイル幅の位置（r1,2）を以下の式に変更して評価：
　r’i = ri+dr x sin(mθ) 、ここでθはコイル回転角度。暫定的に dr=1mm, m=10とした。
＊コイル間の面積（幅）の違い（Bucked信号に影響）。1mmだけコイル幅が異なるとした。
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結果
全ての系統誤差を考慮
した場合においても、
選定したADCを用いれ
ば、条件である10-3以下
の精度に達している事
が分かった。また、数
値積分に台形則を用い
た場合だと、全ての極
成分に対して10-4以下の
精度にまで達する事が
分かった。

系統誤差による影響

磁場測定装置に用いるADCの評価・選定を行った。
今後はテスト信号を用いた読み出し系チェック、そして装置完成を目指す。

イントロダクション 磁場評価の方法

まとめと今後の予定

測定装置概要

ADC選定のためのシミュレーションを用いた評価
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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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Model magnet design

x 1/3

Actual dipole magnet design:
- Bmax = 5.8 T
- Four-blocks / four-layers design
- Field uniformity :  
ΔB/B < 0.1%  (Rref=20mm)

Model magnet design:
- Bmax = 3.0 T
- Shorten the straight part of the actual type
- Three-blocks / four-layers design
- Field uniformity : 
ΔB/B < 0.2% (Rref=20mm)

What’s advantage/challenging
in HTS gantry (magnet)?

• Advantage: 
- Realize higher magnetic field, and hence enable to construct a smaller size of the gantry 

system
• Low cost, small space to be installed, etc...

- Large temperature margin
• Can prevent quench

• Challenging:
- Effect from shielding current

• Coils windings are made by coated conductor, so the large shielding current can flow 
on the wide tape surface (no decoupling point)

• i.e. Potentially induce large field error inside the coil aperture 
- Difficulty in the coil winding

• Tape is physically weak
- Quench protection system

• Once quench occurs → game over

http://www.superpower-inc.com/content/2g-hts-wire

YBCO

9

- Coil design : saddle shape [2]
- Each coil is wound by YBCO 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)

Pick-up coil

- Developed the harmonic coil system 
  to measure the field quality of the model magnet 
- Our aim here is:

1) To measure for multipole terms with a precision < 0.1%, 
2) To measure time evolution of the field strength with a    
     sampling rate of 10Hz, 
3) To evaluate the multipole terms on the on-line basis

- Use LabVIEW FPGA (National Instruments) and perform   
  integration of the coil-induced voltage over a given angle

* Interpolate the coil-induced voltage at the encoder’s pulse
   to get “exact” integrated signal

- Calibration work was done using a bending magnet at KEK  
  prior to the field measurement 

* Confirmed the multipole terms was measured within a 
precision of 0.1%
* Achieved the maximum sampling rate of 7 Hz

Interpolation method
using encoder’s pulses

Pick-up coil system
Num. of coils 3
Coil length 48.10 mm
Coil width 11.76 mm
Num. of coil layers 10
Num. of coil turn 10

NI LabVIEW FPGA
ADC resolution 16 bit
Sampling rate for analog input 500 kHz
Sampling rate for digital input 40 MHz

Encoder & Servo Motor
Num. of slits / slit length 3600 (�0.1�) / 20±2 µm
Maximum rotaion speed 10 rot/sec

 

Mandrel

A4
A3

A2

- Each of the saddle-shaped coils was made through the automated winding machine  
  developed by Toshiba Co., Ltd.
- Winding accuracy < 0.2 mm (deviation of the tape from a surface of the mandrel) [3]
- Healthiness of the coils were confirmed by checking the V-I characteristics at 77K [3]
- Each of the coils are designed so as to be cooled by means of the conduction-cool method

* Pure alminum sheet is attached, which is then connected to the refrigerator 
- Fabricated coil were stacked together so that it forms a dipole magnet
- Assembled magnet was installed into a cryostat to cool down it to ~4K 

Model magnet assmebly

YBCO CC (tape structure)

One coil is 
used for
dipole field 
measurement

Two coils are used
 to compensate 
two signals for
multipole field 
measurement

Operation test 

Field strength along the beam direction (Z scan)

1.2 T at I = 153A
- Current sweep was limited to 5A/min.
- Maximum field 1.2 T was achieved 
at I=153A
- Stopped increasing the operation current    
  because spikes were observed in the coil 
  voltage during flattop top operation ↓ 
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- There found the magnetic field 
  variation which was coincident with 
  the voltage spike 
- This phenomenon might be explained  
  by “flux jump”
- Although the field change is <100ppm 
  level, this could be an issue when 
  increasing the operating current
- As past studies indicated (e.g. Ref [4]), 
  increasing temperature is one of the 
  solutions to avoid the flux jump 
- Further study should be done

- Multipoles were plotted along the beam (z) direction 
- Effective length : 

* Data  : 268.6 mm
* Calc. : 274.9 mm 
* Difference is 2% level

- Although there exists discrepancy in b3 at z~0
  overall profile is consistent with the results form 
  the OPERA-3D calculation

- We constructed the modeled HTS magnet for CIRT gantry
- Maximum field 1.2T was achieved so far while flux-jump like events were observed
- Filed measurement indicated mis-alignment of the coils which possibly 
  occurred during the fabrication process
- Under investigation for the large contributions from allowed terms 
- We plan to continue the measurement to explore the possibility of application of 
  HTS to the rotating-gantry system

Summary & prospect

Reference [4] K. Chen et al., Appl. Phys. Lett., vol56, 1990, p2675-2677

etc....
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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

- 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

- Still under investigation for the large contributions 
  from the allowed terms
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図 6: 左：モデル磁石用磁場測定装置 DAQの概要。右：LER偏向磁石を用いた多極成分測定結果。
赤点が今回私が測定した結果。

HTSモデル磁石のための磁場測定機器開発
モデル磁石の磁場測定を行うため、測定装置の研究 ·開発を行った。ここで磁場２極成分に対する多
極成分の寄与を正確に測るため、回転コイルを取り入れた装置を開発する事にした。この装置は、1)

コイル、2)コイルを回転させるためのモーター、そして 3)エンコーダーの主に３つから構成されてい
る。回転コイルからの信号は、回転速度ムラによる影響を最小限にするために、エンコーダーパルス間
隔でコイル信号を積分する。こうして得られた積分信号にフーリエ変換を施す事によって、多極成分
の大きさを正確に測る事が出来る。ここで我々はこの測定器の開発にあたり、1.)オンライン計測、2.)
多極成分に対する測定精度は 0.1%、そして 3.) 各多極成分の時間変動を観測するため sampling rate

を最大 10 Hz、とした設定で測定できる装置開発を目指した。私はこれらの要求を満たす事の出来る
測定機器の装置設計 ·開発を行い、DAQには Field programmable gate array（LabVIEW FPGA）
を用いたシステム（図 6左）を採択し、オンラインによる多極成分測定の開発を可能とした。また、
より高い精度で信号を積分するために、エンコーダパルス到達時のコイル信号を求める事の出来るよ
うな工夫や、台形則を用いた積分を取り入れたFPGAプログラミングを行った。装置開発後は、測定
精度検証のためKEK日光実験棟にてKEKB加速器 LER用偏向電磁石を用いた性能評価を行った。
図 6右に示したように、過去の実験と今回の実験結果ではいずれの多極成分においても違いは 0.1%で
ある事が分かり、目標測定精度である 0.1%を達成している事を確認した。到達できた sampling rate

は 7 Hzと 10 Hzに達しなかったものの、おおよその目標を達成した。

HTSモデル磁石の磁場評価 [4]

私が開発した測定装置を用いて、完成したモデル磁石の磁場評価を東芝京浜事業所にて行った。磁石
は伝導冷却法を用いた冷却によって 3.4 Kまで冷却し、153A通電で最大 1.2 Tを得る事が出来た。
図 7左に示したのはモデル磁石の 2極成分に対する多極成分の寄与である。黒丸が測定点、赤丸が
Finite Element Method (FEM)を用いた数値計算による予測値である。この図から分かるように、4

極成分（n=2）、6極成分（n=3）で予測値と大きなずれ（∼1%）が見られる。このずれの原因を検証
するために、実測されたコイルのミスアライメントをプログラム内に反映させ、再度磁場計算を試み
た。その結果を青い四角でプロットした。6極成分については変化が無いが、4極成分については測
定点に近づく傾向を見せている事が分かった。このように、部分的ではあるものの、製作過程におけ
るコイルのミスアライメントが磁石の作る磁場に影響をもたらしている事を明らかにした。図 7右に
示したのは、磁石を 1 Tに励磁している際に測定されたコイル電圧（上）と磁場（下）のタイムプロッ
トである。コイル電圧のスパイクが見られた時刻と同時に磁場が変動している事が分かる。この現象
については現在調査中であるが、「フラックジャンプ」と呼ばれる、磁束が超伝導体内部へと急激に

5
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40MHz

48.10

13
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図 6: 左：プローブ本体の写真。手前側がモータとなっている。右：回転コイルの写真。

表 2: 回転コイルの仕様。
コイル数 3

コイル長 48.10 mm

コイル幅 11.76 mm

コイル層数　 10

各層のコイル巻数 10

各コイル間距離 2.90 mm

モーター モータはオリエンタルモーター（株）社製のNX65AA-PS5-3を使用した。このモー
タの回転速度は最大で 10 Hzである。

傾斜センサ 偏向マグネットの磁場プロファイルを測定する時のような、プローブ全体を動か
す必要がある場合、プローブが重力方向あるいは磁場方向に対して回転する恐れがある。そう
なると、式 (2)に現れる回転コイルの初期位相値が測定の度にずれてしまい、正しいハーモニッ
ク係数が得られない可能性がある。これを防ぐため、プローブには傾斜センサを設置し、つね
に傾き角をモニターしておく。傾斜センサには、SEIKA社製傾斜角センサ（膜スプリングマス
容量式）を用いた。

(A-a-iv) KEKB陽電子リング用偏向電磁石を使用した試験の実施

上記装置一式の組み立てを終えた後、測定装置の性能を確かめるため、KEKB加速器 [1]で使
用されていた、陽電子リング (LER)用偏向電磁石を用いた試験を高エネルギー加速器研究機構
内にて行った。この電磁石のパラメータを表 4に、また、実際の測定時の様子を図 7に載せた。
この試験では、ADC サンプリングレートを 500 kHzに設定し、モーターの回転数を 5-7 Hzの
範囲で調整して行った。そして、以下の項目についてチェックした：

1. ハーモニック係数を求め、過去の測定結果との比較、

2. 二極磁場強度逆算のための較正。
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Development of Harmonic coil system

Field Quality Measurement of a HTS magnet for a Rotating-gantry
K. Suzuki*, T. Ogitsu, Y. Ishii, K. Koyanagi, S. Takayama, K. Tasaki, and N. Amemiya

Abstract

Measurement of the field quality at 3.4K

[1] S. Takayam et al., Phys. Proc. vol76, 2015, p879-884
 [2] K. Koyanagi et al., IEEE Trans. Appl. Supercond., vol23, 2013, 4100404, 

[3] S. Takayam et al., IEEE Trans. Appl. Supercond., vol16, 2016, 7442106

High Energy Accelerator Research Organization (KEK)    E-mail: kentsuzu@post.kek.jp

We report measurements of the field quality of the dipole magnet whose coils were wound by YBCO coated conductor.
The magnet was made to study feasibility of application of the high Tc superconducting magnet to a rotating-gantry system for carbon-ion therapy.
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Introduction

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
→ YBCO coated conductor (CC) is a good candidate 

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

What’s challenging ?
- YBCO 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 purpose

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
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Y系線材を用いた回転ガントリー用モデル磁石のための磁場測定装置の開発
Development of the measurement system for the magnetic field of the gantry magnet made of Y-based superconductors

鈴木 研人、荻津 透、菅野 未知央、中本 建志(KEK); 石井 祐介、小柳 圭、高山 茂貴、田崎 賢司 (東芝);  雨宮 尚之 (京大)

Abstract

[1] S. Takayam et. al., Physics Procedia 67 (2015) 879-884  [2] L. Walckiers, CERN Accelerator School CAS 2009: Specialised Course on Mangets, Bruges, 16-25 Junce 2009, http://arxiv.org/abs/1104.3784v1

重粒子がん治療のための回転ガントリーの建設にあたって、その装置の規模の大きさが課題の一つとなっている。装置全体の小型化を可能にするため、我々は高温超伝導体であるY系線材をガントリー磁石
に用いる事を検討しており、現在試験用二極磁石の製作を行っているが、並行して磁場性能評価のための装置開発を行っている。本講演では、この測定装置の概要を述べるとともに開発状況について発表する。

重粒子線治療のための回転ガントリー小型化を実現するため、 ガントリー磁石に高温超伝導体（HTS）
であるY系テープ線材を用いる事を検討している
ガントリー磁石に対する要求

- ガントリー総重量 : < 200 t [1]
- ガントリーに使用する偏向磁石の磁場均一性 < 10-3

目標磁場均一度達成に向けて明らかにすべき項目
- コイル巻線精度がもたらす影響 
- テープ線材の遮蔽電流磁場による影響
目的と方法
モデル磁石を用いた磁場評価を行い、ガントリーへのHTS応用が可能である事を実証
する。そのために回転コイルによる手法[2]を用い、以下の条件を課す：
1) 目標磁場均一 度である 10−3 よりも良い精度で磁場を測定できるようにする。
2) テープ線材がもたらす、超伝導体を流れる遮蔽電流の減衰などによる磁場変動を高
い時間分解能で測定するため、コイル回転数10-100Hzでサンプリングできるようにす
る(典型的な読み出し速度は1Hz)。つまり、最大で10msの時間分解能で磁場変動の測
定を可能にする。

Nc: コイル巻数、Lc:コイル長、Bmain: main field、ω:角振動数、
δ: t=0における角度（初期位相）、r0: 磁石の参照半径、
r1,2: コイル幅のr方向における位置(右図参照)、 

bn (an): ノーマル（スキュー）成分の2n極成分

単一回転コイルからの電圧信号(多極展開による表現):

コイル数 3

コイル長  50 mm

コイル幅 10 mm

コイル層数 10

各層のコイル巻数 10

各コイル間距離 2 mm

回転コイル(A,B,C)の構成

10-3以下の測定精度かつ最大10msの時間分解能を実現するためのADCを決定

実際には、コイルの回転ムラの影響を最小限に抑えるため、エンコーダを用いて一定角度
ごとに信号を積分し、各極成分を求める。

二極磁場測定の際は右図のように３つのコイルA,B,Cを並べ、コイルB
中心を軸にして同時に回転させる。各コイルからの信号（VA,VB,VC）
に対して、VA を２極成分(n=1)の評価（Dipole信号）、また信号差VB-
VC を多極成分（n>1）の評価（Bucked信号）に用いる。

磁場中にコイルを置き、回転した際に得られる信号を解析。コイル信号を多極展開によって表現した
際の、各極成分の大きさをDFT (あるいはFFT)によって求め、磁場均一度を評価する。

(*)モデル磁石の設計詳細については講演1A-a01を参照の事

二極磁場 (Bmain) 3 T

参照半径  (r0) 20 mm

コイル内半径 60 mm

コイル外半径 80 mm

コイルエンド部の長さ 65-140 mm

コイル直線部長さ 100 mm

モデル磁石(*)

Y系線材を用いた回転ガントリー用モデル磁石のための
磁場測定装置の開発

Development of the measurement system for the magnetic field of the gantry magnet made of
Y-based superconductors

鈴木 研人、荻津 透、菅野 未知央、中本 建志（KEK)；石井 祐介、小柳 圭、高山 茂貴、田崎 賢司（東芝）；
雨宮 尚之（京大）
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1 はじめに
重粒子がん治療のための回転ガントリーの建設にあたって、

その装置の規模の大きさが課題の一つとなっている。装置全
体の小型化を可能にするため、我々は高温超伝導体である Y
系線材をガントリー磁石に用いる事を検討しており [1]、現在
試験用二極磁石の製作を行っているが、並行して磁場性能評価
のための装置開発を行っている。試験用磁石の目標磁場均一
度である 10−3 よりも良い精度で磁場を測定する必要があるた
め、回転コイルを用いた磁場評価を行う [2]。また、本測定で
は Y系線材がもたらす、超伝導体を流れる遮蔽電流の減衰な
どによる磁場変動を測定できるように、磁場のサンプリング
レートを 10-100 Hzに設定する予定である。従って、コイル
の回転数を 10-100 /s とした場合ににも対応できる速い読み
出し系を構築する必要がある。本発表では、測定装置の概要、
予測される測定感度、及び開発状況について発表する。

2 測定概要
測定方法は 1) 試験用二極磁石をクライオスタット内に収納

·冷却、2) 回転コイルを磁石中心へ挿入、そして 3) 得られる
信号から磁場成分を評価する、という流れである。測定装置
の概略図を Fig. 1に載せた。コイルは幅 10 mm·全長 50 mm
のものを３つ（A、B、C）並べ（Fig. 1参照）、各コイルから
得られる電圧信号を適当な ADC（ここでは SAR ADCを想
定）によってサンプリングし、磁場を多極展開した際の各極成
分の大きさを評価する事で、磁場均一度を求める。具体的に
は、コイル Aの電圧信号（dipole信号）から 2極成分を、コ
イル Bと Cの電圧信号の差（bucking信号）から 4極以上の
成分を測定する事になる。例として、時刻 t における 1 つの
回転コイルからの信号を以下に示す：

Vdipole(t) = F
∑

n

[(
r2
r0

)n

−
(
r1
r0

)n]

× [bn sin(nωt+ nδ) + an cos(nωt+ nδ)] ,

ここで、F は回転コイル長、巻数、回転速度（ω）等を含む係数、
r0は磁石コイルの参照半径、r1、r2は軸方向における磁石中心
に対する回転コイル幅の両端位置、δは t=0における回転コイ
ルの角度位相、そして an、bn はそれぞれスキュー、ノーマル
成分の 2n極を表す。例えばDipole成分は n=1、quadrupole
成分は n=2に対応する。

3 読み出し装置に対する要求
コイル回転数を 100 /sとした際に、ADCのサンプリング

レートを 50、100、500 kHz、そして 1 MHzと変えていった時の
磁場の各極成分の測定感度をFig. 2に示した。この図は b1=1、
bn(≥2)=10−4、そして an(≥1)=10−4 とした場合に得られる信
号から（≡ bn0, an0）、解析する事で得られる成分（≡ bn, an）
との差の絶対値をプロットしたものである。この結果より、サ
ンプリングレートが 500kHz 以上の場合、全ての極成分に対
して入力した値からのずれは 10−3 以下である事が分かった。
また、ADCのランダムノイズ、回転振動による影響等の系統
誤差が加わった場合においても、この結果は変わらなかった。

4 まとめと今後
Y系線材を用いた試験用二極磁石の磁場評価のための設計

を行っている。読み出し系においては、サンプリングレート

が 500 kHz以上の場合、目標精度 10−3 に達している事が分
かった。今後は適当な ADCの選定、読み出し系の構築、そし
て装置完成を目指す。
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Fig. 1: Schematic drawing of the measurement system.
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測定プローブの構成

回転コイルは３つ（A,B,C） から構成。その傍に回転角度を計測するためのエンコー
ダー（非磁性型：3600 pulse/rotation）を設置する。プローブ全体は長手方向に移動可。

傾斜センサー

モデル磁石 
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輻射シールド 
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1.) 予め決めておいた各極成分(以降 bn,0,an,0と表現) で得られるコイル信号を
擬似的に作成 。
2.) 得られた擬似信号を実際のADCのsampling rate、分解能に合わせて
Digitizationする（ここでは16bitを想定）。
3.) エンコーダーパルス間で積分をする。ここではエンコーダーパルスの到達
時刻（Tk）にあたる電圧値（Vk）をSi, Si+1の内挿から算出する(右図参照) 。
積分方法はリーマン積分か、より計算精度の高い台形則の２択を採用。
4.) 積分した信号からDFTによって各極成分 (bn,an)を求め、 (bn,0、an,0)との差
から、決定精度を評価。
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Tk Tk+1本スタディでは
ノーマル成分：b1,0=1,  bn,0=10-4 (n≥2)

スキュー成分：an,0=10-4 (n≥1) とした

シミュレーション方法

信号例(回転数=10Hz)→数十µV - 数十Vのダイナミックレンジが必要
レンジ調整が出来るようなADCが好ましい

予想信号量
Rotation speed

(Hz)
Vpeak Vpeak Rotation speed

(Hz) Dipole (V) Bucked (mV)

1 0.8 1

10 8 10

100 80 100
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1 はじめに
重粒子がん治療のための回転ガントリーの建設にあたって、

その装置の規模の大きさが課題の一つとなっている。装置全
体の小型化を可能にするため、我々は高温超伝導体である Y
系線材をガントリー磁石に用いる事を検討しており [1]、現在
試験用二極磁石の製作を行っているが、並行して磁場性能評価
のための装置開発を行っている。試験用磁石の目標磁場均一
度である 10−3 よりも良い精度で磁場を測定する必要があるた
め、回転コイルを用いた磁場評価を行う [2]。また、本測定で
は Y系線材がもたらす、超伝導体を流れる遮蔽電流の減衰な
どによる磁場変動を測定できるように、磁場のサンプリング
レートを 10-100 Hzに設定する予定である。従って、コイル
の回転数を 10-100 /s とした場合ににも対応できる速い読み
出し系を構築する必要がある。本発表では、測定装置の概要、
予測される測定感度、及び開発状況について発表する。

2 測定概要
測定方法は 1) 試験用二極磁石をクライオスタット内に収納

·冷却、2) 回転コイルを磁石中心へ挿入、そして 3) 得られる
信号から磁場成分を評価する、という流れである。測定装置
の概略図を Fig. 1に載せた。コイルは幅 10 mm·全長 50 mm
のものを３つ（A、B、C）並べ（Fig. 1参照）、各コイルから
得られる電圧信号を適当な ADC（ここでは SAR ADCを想
定）によってサンプリングし、磁場を多極展開した際の各極成
分の大きさを評価する事で、磁場均一度を求める。具体的に
は、コイル Aの電圧信号（dipole信号）から 2極成分を、コ
イル Bと Cの電圧信号の差（bucking信号）から 4極以上の
成分を測定する事になる。例として、時刻 t における 1 つの
回転コイルからの信号を以下に示す：

Vdipole(t) = F
∑

n

[(
r2
r0

)n

−
(
r1
r0

)n]

× [bn sin(nωt+ nδ) + an cos(nωt+ nδ)] ,

ここで、F は回転コイル長、巻数、回転速度（ω）等を含む係数、
r0は磁石コイルの参照半径、r1、r2は軸方向における磁石中心
に対する回転コイル幅の両端位置、δは t=0における回転コイ
ルの角度位相、そして an、bn はそれぞれスキュー、ノーマル
成分の 2n極を表す。例えばDipole成分は n=1、quadrupole
成分は n=2に対応する。

3 読み出し装置に対する要求
コイル回転数を 100 /sとした際に、ADCのサンプリング

レートを 50、100、500 kHz、そして 1 MHzと変えていった時の
磁場の各極成分の測定感度をFig. 2に示した。この図は b1=1、
bn(≥2)=10−4、そして an(≥1)=10−4 とした場合に得られる信
号から（≡ bn0, an0）、解析する事で得られる成分（≡ bn, an）
との差の絶対値をプロットしたものである。この結果より、サ
ンプリングレートが 500kHz 以上の場合、全ての極成分に対
して入力した値からのずれは 10−3 以下である事が分かった。
また、ADCのランダムノイズ、回転振動による影響等の系統
誤差が加わった場合においても、この結果は変わらなかった。

4 まとめと今後
Y系線材を用いた試験用二極磁石の磁場評価のための設計

を行っている。読み出し系においては、サンプリングレート

が 500 kHz以上の場合、目標精度 10−3 に達している事が分
かった。今後は適当な ADCの選定、読み出し系の構築、そし
て装置完成を目指す。
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Fig. 1: Schematic drawing of the measurement system.
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コイルを100Hzで回転させた場合の感度を見積もった。
右図はADC sampling rateを50, 100, 500KHz,1MHz
と変えていった際の各極成分の決定精度をプロットしたもの。
ここでは、計算精度の低いリーマン積分を用いて評価している。
青破線は要求である決定精度10-3に対応しており、
求めた極成分はこれより下にいなければならない。
結果

500kHz以上であれば、全ての極成分に対 して
入力した値からのずれは 10−3 以下である事が分かった。

ADCのSampling rate≥500kHである事が必要

ADC Sampling rate 依存性

Resolution 16 bit

Sampling for analog input 1 MHz

Sampling for digital input 80 MHz (max)

Integral linearity error 42.52 ppm

Offset temp. drift 4.18 ppm/℃
Gain temp. drift 20 ppm/℃
Random noise 263 µV

National  Instruments社製 NI USB-7856Rを採択
選定理由

- 1, 2, 5, 10 Vとレンジ調整が可能
- 16bitと高い分解能

- 1MHzという速いsampling rate

レンジ=10Vの場合のパラメータ

ただし、 100HzでDipole信号を取得する際はAttenuatorを通す必要がある。

- FPGA(LabView)操作によるonline上での
  データ処理が可能

ADC の選定

また、エンコーダパルスとADCクロックをデジタル信号として取り扱い、80MHzで読み出す事で、
両者の正確な時刻を計測する事が可能。

NI USB-7856Rを使用したとして、系統誤差の影響を加えた場合の感度を決定精度を見積もった。
考慮した系統誤差：
＊ADCランダムノイズ
＊エンコーダースリット幅の不定性 (20µm±2µm)
＊モーター軸の横振動の影響。コイル幅の位置（r1,2）を以下の式に変更して評価：
　r’i = ri+dr x sin(mθ) 、ここでθはコイル回転角度。暫定的に dr=1mm, m=10とした。
＊コイル間の面積（幅）の違い（Bucked信号に影響）。1mmだけコイル幅が異なるとした。

1Hz

10Hz

100Hz

1Hz

10Hz

100Hz

結果
全ての系統誤差を考慮
した場合においても、
選定したADCを用いれ
ば、条件である10-3以下
の精度に達している事
が分かった。また、数
値積分に台形則を用い
た場合だと、全ての極
成分に対して10-4以下の
精度にまで達する事が
分かった。

系統誤差による影響

磁場測定装置に用いるADCの評価・選定を行った。
今後はテスト信号を用いた読み出し系チェック、そして装置完成を目指す。

イントロダクション 磁場評価の方法

まとめと今後の予定

測定装置概要

ADC選定のためのシミュレーションを用いた評価
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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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measuring the V-I characteristics at 77 K [4], and all the coils133
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coils were stacked together so that it forms a dipole magnet,135

and the magnet was installed into the cryostat. A photograph136
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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

Model magnet design

x 1/3

Actual dipole magnet design:
- Bmax = 5.8 T
- Four-blocks / four-layers design
- Field uniformity :  
ΔB/B < 0.1%  (Rref=20mm)

Model magnet design:
- Bmax = 3.0 T
- Shorten the straight part of the actual type
- Three-blocks / four-layers design
- Field uniformity : 
ΔB/B < 0.2% (Rref=20mm)

What’s advantage/challenging
in HTS gantry (magnet)?

• Advantage: 
- Realize higher magnetic field, and hence enable to construct a smaller size of the gantry 

system
• Low cost, small space to be installed, etc...

- Large temperature margin
• Can prevent quench

• Challenging:
- Effect from shielding current

• Coils windings are made by coated conductor, so the large shielding current can flow 
on the wide tape surface (no decoupling point)

• i.e. Potentially induce large field error inside the coil aperture 
- Difficulty in the coil winding

• Tape is physically weak
- Quench protection system

• Once quench occurs → game over

http://www.superpower-inc.com/content/2g-hts-wire

YBCO

9

- Coil design : saddle shape [2]
- Each coil is wound by YBCO 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)

Pick-up coil

- Developed the harmonic coil system 
  to measure the field quality of the model magnet 
- Our aim here is:

1) To measure for multipole terms with a precision < 0.1%, 
2) To measure time evolution of the field strength with a    
     sampling rate of 10Hz, 
3) To evaluate the multipole terms on the on-line basis

- Use LabVIEW FPGA (National Instruments) and perform   
  integration of the coil-induced voltage over a given angle

* Interpolate the coil-induced voltage at the encoder’s pulse
   to get “exact” integrated signal

- Calibration work was done using a bending magnet at KEK  
  prior to the field measurement 

* Confirmed the multipole terms was measured within a 
precision of 0.1%
* Achieved the maximum sampling rate of 7 Hz

Interpolation method
using encoder’s pulses

Pick-up coil system
Num. of coils 3
Coil length 48.10 mm
Coil width 11.76 mm
Num. of coil layers 10
Num. of coil turn 10

NI LabVIEW FPGA
ADC resolution 16 bit
Sampling rate for analog input 500 kHz
Sampling rate for digital input 40 MHz

Encoder & Servo Motor
Num. of slits / slit length 3600 (�0.1�) / 20±2 µm
Maximum rotaion speed 10 rot/sec

 

Mandrel

A4
A3

A2

- Each of the saddle-shaped coils was made through the automated winding machine  
  developed by Toshiba Co., Ltd.
- Winding accuracy < 0.2 mm (deviation of the tape from a surface of the mandrel) [3]
- Healthiness of the coils were confirmed by checking the V-I characteristics at 77K [3]
- Each of the coils are designed so as to be cooled by means of the conduction-cool method

* Pure alminum sheet is attached, which is then connected to the refrigerator 
- Fabricated coil were stacked together so that it forms a dipole magnet
- Assembled magnet was installed into a cryostat to cool down it to ~4K 

Model magnet assmebly

YBCO CC (tape structure)

One coil is 
used for
dipole field 
measurement

Two coils are used
 to compensate 
two signals for
multipole field 
measurement

Operation test 

Field strength along the beam direction (Z scan)

1.2 T at I = 153A
- Current sweep was limited to 5A/min.
- Maximum field 1.2 T was achieved 
at I=153A
- Stopped increasing the operation current    
  because spikes were observed in the coil 
  voltage during flattop top operation ↓ 
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- There found the magnetic field 
  variation which was coincident with 
  the voltage spike 
- This phenomenon might be explained  
  by “flux jump”
- Although the field change is <100ppm 
  level, this could be an issue when 
  increasing the operating current
- As past studies indicated (e.g. Ref [4]), 
  increasing temperature is one of the 
  solutions to avoid the flux jump 
- Further study should be done

- Multipoles were plotted along the beam (z) direction 
- Effective length : 

* Data  : 268.6 mm
* Calc. : 274.9 mm 
* Difference is 2% level

- Although there exists discrepancy in b3 at z~0
  overall profile is consistent with the results form 
  the OPERA-3D calculation

- We constructed the modeled HTS magnet for CIRT gantry
- Maximum field 1.2T was achieved so far while flux-jump like events were observed
- Filed measurement indicated mis-alignment of the coils which possibly 
  occurred during the fabrication process
- Under investigation for the large contributions from allowed terms 
- We plan to continue the measurement to explore the possibility of application of 
  HTS to the rotating-gantry system

Summary & prospect

Reference [4] K. Chen et al., Appl. Phys. Lett., vol56, 1990, p2675-2677

etc....
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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

- 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

- Still under investigation for the large contributions 
  from the allowed terms
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Harmonics & ΔB/B measurement

HARMONIC COIL SYSTEM

Requirements:
Sampling rate for multipole measurement is 10 Hz

i.e. Maximum rotation speed of the coil is 10 rot/s
Measure multipole coefficients with a precision better than 0.1% to confirm 
good filed uniformity of <0.1% @ 10 Hz samples/s 
Enable to measure coefficient on the on-line basis

Motor
Pick-up

coil
Rotary

encoder

Motor driver

Digital I/O A/D converter

Digital signal process 

DFT process

Calculate multipole

LabVIEW 
FPGA

Host PC

Harmonic coil system
Model magnet
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図 6: 左：モデル磁石用磁場測定装置 DAQの概要。右：LER偏向磁石を用いた多極成分測定結果。
赤点が今回私が測定した結果。

HTSモデル磁石のための磁場測定機器開発
モデル磁石の磁場測定を行うため、測定装置の研究 ·開発を行った。ここで磁場２極成分に対する多
極成分の寄与を正確に測るため、回転コイルを取り入れた装置を開発する事にした。この装置は、1)

コイル、2)コイルを回転させるためのモーター、そして 3)エンコーダーの主に３つから構成されてい
る。回転コイルからの信号は、回転速度ムラによる影響を最小限にするために、エンコーダーパルス間
隔でコイル信号を積分する。こうして得られた積分信号にフーリエ変換を施す事によって、多極成分
の大きさを正確に測る事が出来る。ここで我々はこの測定器の開発にあたり、1.)オンライン計測、2.)
多極成分に対する測定精度は 0.1%、そして 3.) 各多極成分の時間変動を観測するため sampling rate

を最大 10 Hz、とした設定で測定できる装置開発を目指した。私はこれらの要求を満たす事の出来る
測定機器の装置設計 ·開発を行い、DAQには Field programmable gate array（LabVIEW FPGA）
を用いたシステム（図 6左）を採択し、オンラインによる多極成分測定の開発を可能とした。また、
より高い精度で信号を積分するために、エンコーダパルス到達時のコイル信号を求める事の出来るよ
うな工夫や、台形則を用いた積分を取り入れたFPGAプログラミングを行った。装置開発後は、測定
精度検証のためKEK日光実験棟にてKEKB加速器 LER用偏向電磁石を用いた性能評価を行った。
図 6右に示したように、過去の実験と今回の実験結果ではいずれの多極成分においても違いは 0.1%で
ある事が分かり、目標測定精度である 0.1%を達成している事を確認した。到達できた sampling rate

は 7 Hzと 10 Hzに達しなかったものの、おおよその目標を達成した。

HTSモデル磁石の磁場評価 [4]

私が開発した測定装置を用いて、完成したモデル磁石の磁場評価を東芝京浜事業所にて行った。磁石
は伝導冷却法を用いた冷却によって 3.4 Kまで冷却し、153A通電で最大 1.2 Tを得る事が出来た。
図 7左に示したのはモデル磁石の 2極成分に対する多極成分の寄与である。黒丸が測定点、赤丸が
Finite Element Method (FEM)を用いた数値計算による予測値である。この図から分かるように、4

極成分（n=2）、6極成分（n=3）で予測値と大きなずれ（∼1%）が見られる。このずれの原因を検証
するために、実測されたコイルのミスアライメントをプログラム内に反映させ、再度磁場計算を試み
た。その結果を青い四角でプロットした。6極成分については変化が無いが、4極成分については測
定点に近づく傾向を見せている事が分かった。このように、部分的ではあるものの、製作過程におけ
るコイルのミスアライメントが磁石の作る磁場に影響をもたらしている事を明らかにした。図 7右に
示したのは、磁石を 1 Tに励磁している際に測定されたコイル電圧（上）と磁場（下）のタイムプロッ
トである。コイル電圧のスパイクが見られた時刻と同時に磁場が変動している事が分かる。この現象
については現在調査中であるが、「フラックジャンプ」と呼ばれる、磁束が超伝導体内部へと急激に

5

500kHz
40MHz

48.10
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Check its performance using KEKB accelerator magnet
→ 7Hz
→7 rot/s

Resolution of dipole field measurement →  < 100 ppm

→ OK but at 7 Hz
→ OK



FIELD MEASUREMENT
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MODEL MAGNET 
RAMP-UP TEST

Ramp-rate was set to <5A/min
Maximum field of 1.2T was achieved at I=153A so far (see left fig.)
Operation was suspended at B=1.2T since spikes of coil voltages were observed

One of the examples is shown on right fig., where a coincidental field jump (~100 ppm) 
is also seen (Flux jump?)

Effect from this jump could be significant when increasing operation current.
In addition, 100 ppm change is already critical for particle accelerator 
application (~10-4)
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MODEL MAGNET 
FIELD MEASUREMENT

Left: Field harmonics (normal) at Rref=20mm
Right: Deviation from the center field along horizontal 
direction

Operating current was fixed at 120A (B=1.0T) 
Large contribution from b2 and b3 : O(10-2)
Field non-uniformity is limited to 2%

17

X (mm)
20− 10− 0 10 20

1
B

/B
Δ

30−

20−

10−

0

10
3−10×

data OPERA-3D

2)≥Multipole order (n
2 3 4 5 6 7 8 9 10

1
/B nB

20−

10−

0

10

20
3−10×

 data  OPERA-3D
200

100

10-4

-100

-200



2)≥Multipole order (n
2 3 4 5 6 7 8 9 10

1
/B nB

20−

10−

0

10

20
3−10×
 data  OPERA-3D

 (w/ mis-aligned coil)
 OPERA-3D

MIS-ALIGNMENT 
ISSUE

Why observed large non-uniformity?
Mis-alignment during the 
fabrication process, especially “coil 
layering”
The mis-alignments of the coils were 
reproduced in the 3D calculation, 
showing similar trend in deviation 
of quadrupole 
Allowed multipoles, however, do not 
show any deviation, indicating our 
understanding on the mis-alignment 
is not perfect

  

上コイルを各軸を中心に１０度回転 

X軸

Y軸

Z軸

An extreme case causing 
large contribution 
from quadrupole

Further investigation needs to be made, 
but this result provides useful information for the next design study
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MODEL MAGNET
LONGITUDINAL FIELD 

Harmonics (allowed multipoles) along the longitudinal direction
Effective length

Data: 286.6 mm 
Calculation: 274.4 mm
Agree within 2% level

Although large discrepancy is observed in b3 around the magnet center (Z~0), overall 
profile is consistent with the calculation
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TEST AT KEK
We plan to continue the ramp-up test at KEK

The magnet was delivered from the Toshiba 
Factory
Ready to start the operation 

Investigation of the flux-jump like events
Investigation of the large non-uniformity
Temporal evolution of the screening current
etc...
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SUMMARY

Collaboration project for R&D of HTS-based gantry
Model magnet was fabricated at Toshiba, and its performance 
was measured using the harmonic coil system
Flux-jump like event, which could be a critical issue for 
application, was observed during the ramp-up test
Non-uniformity was limited to 2%, the reason of which 
partially be explained by mis-alignment of the coils
We plan to continue the measurement

22



SUPPLEMENT
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KEK “HTS” ACTIVITY 
KEK has engaged in “HTS” R&D program supported by “Japan 
Agency for Medical Research and Development (AMED)” 
Brief introduction to AMED 

http://www.amed.go.jp/en/aboutus/gaiyou.html

24
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MODEL MAGNET 
PARAMETERS

25

2

Fig. 1. Layout of the HTS-based gantry [3]. In the figure, ”STR” and ”SCM”
represent the steering and scanning magnets, respectively.

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

the beam duct. In order to avoid enlarging irradiation area
around the target tissue, non-uniformity of the dipole field
is restricted to less than 10�3 at the reference radius of
20 mm. YBCO CC (SuperPower Ltd.) is used as the HTS
material, where the thickness and width of the tape are 0.1 mm
and 4.0 mm, respectively. In order to wind the CC onto the
designed saddle shape while minimizing edgewise bending,
we adopt “constant-perimeter condition” [4]. A schematic of
the dipole magnet with the saddle-shaped coils is displayed
in Fig. 2 (a). The dipole magnet is composed of 32 saddle-
shaped coils in total: 16 different coils each sit at one side
of the poles so that the number of blocks for each layer is
arranged into 4 per quadrant. In this way, a four-layer dipole
magnet with a cos ✓-current distribution is formed.

Specifications of these 16 different coils are summarized
in Table I. The non-uniformity of the dipole field with this
magnet design is estimated to be <10�3 at the reference radius
of 20 mm according to a 3D numerical simulation (OPERA-
3D). The magnet is also designed to be cooled by means of
the conduction-cooling method as it is difficult to use coolant
for the rotating gantry; each of the coils is connected with a
refrigerator through a high-purity aluminum sheet.

After the design study, we decided to construct a dipole

(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.

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

model magnet (see Fig. 2 (b)) based on the design described
above. This magnet is a short model of the actual design: a
length of the straight part is set to 100 mm, which corresponds
to 1/3 of the actual one. During the course of the construction
of the model magnet, however, we found the space was too
limited to insert the first block (corresponding coil types
are A1, B1, C1, and D1). So we determined to construct
“three-blocks” coil whose schematics and specification are
shown in Fig. 2 (c) and Table I, respectively. The effect of
altering the coil configuration was studied using the OPERA-
3D simulation. Although non-uniformity of the field in ”three-
blocks” coil was found to be larger than 10�3, we proceeded
the field measurement of the model magnet to ensure the
performance of the assembled one is consistent with results
from the simulation. Details of the field measurement are
described in Section V.

III. MODEL MAGNET ASSEMBLY

Table II shows a specification of the “three-blocks” model
magnet. This magnet is designed to produce a dipole field of
3 T at 4 K. Design of the iron yoke and the cryostat for the
model magnet is based on that used in the LTS-based gantry
magnet.

Each of the saddle-shaped coils was made through an
automated winding machine which was developed by Toshiba
Co., Ltd. A photograph of some fabricated coils is shown in the
left of Fig. 3. Note that, in the picture, the mechanical mandrel
which was used during the winding process is replaced with
the isomorphic acrylic cylinder for the visualization. After the
coil winding, displacement of the tape from a surface of the
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Acrylic
cylinder

A4
A3

A2

図 4: 左: モデル磁石のデザイン。右：実際に製作したコイル。 [4]

障壁となっている。ここで私は、株式会社東芝と京都大学との共同研究で、HTSを用いた「回転ガ
ントリー」のためのモデル２極磁石の製作、そして磁場測定のための装置開発、磁場測定 ·計算を用
いた比較を行い、HTS磁石の実現可能性を追求してきた。

HTSコイル製作・I-V特性評価 [3]

モデル 2 極磁石は計 24 個の鞍型コイルからなり（図 4 左参照）、コイル両端間の長さ 340 mm、
ボア内径は 60 mm、そして設計 2極磁場は 3 Tとなっている。ここで私は、東芝京浜事業所にて
この 24 個全てのコイルの製作から、コイル健全性の確認に至るまで全ての工程を一人で行った。

図 5: 液体窒素温度下における様々な
コイルの I-V特性。 [3]

図 4右に示したのは実際に製作したコイルの一部である。コイ
ルにはHTSである 4 mm幅のReBCOテープ線材を用いてい
る。コイルの巻線作業は東芝で開発された自動巻線機を用い
て行われるが、コイルに電流を流すための電極 ·電圧タップの
線材への取り付け（半田付け）作業は全て手作業であり、また
巻線時に線材に無駄な応力がかかっていないか等のチェックは
こまめに行わなければならない。特に半田付けを行う温度 ·時
間の制約は非常にシビアであり、これを誤ると後に述べる I-V

特性において明らかな劣化（オーミックな抵抗成分）が観測さ
れる事もあった。その場合は一から製作し直す必要があったた
め、常に気の抜く事の出来ない難しい作業である。一旦巻線作
業の終えたコイルはその健全性評価のため、液体窒素温度下で
の電流 ·電圧 (I-V)特性を測定し、劣化が無いか確認を行った。
前述したように、オーミックな抵抗が見え始めたり、励磁途中
で熱焼損が起こるもの、つまり「劣化」があったコイルはモデ
ル磁石に用いる事が出来ないため、再度コイルを一から作り直
す必要がある。図 5に「健全」であったコイルの I-V特性を載
せた。5つの異なるコイルがプロットされているが、測定された臨界電流値（HTSでは E=1µV/cm

における電流値として定義）が 40-80A（at 77=K）と広く分布しており、これは線材そのものの製
作時期（あるいは出品時期）と相関がある事が判明した。すなわち、線材のもつ強靱性は企業から出
品する年月によっても変化している事が分かり、商業的に出回っている線材そのものの特性を知る重
要な機会を得た。以上のように、コイルの製作において、巻線から健全性チェックに至るまでの全て
の工程を一人で責任を持って行い、HTSテープ線材の取り扱いについて多くの知見を得た。

4

S. Takayama et. al., 
IEEE Trans. Appl. Supercond 26, 4402304 (2016) 



DIGITAL SIGNAL 
PROCESS

• Coil voltage is integrated during an interval 
between the arrival time of the encoder 
pulses (Tk, Tk+1) (see right picture)

• Two integration methods are possible
- Riemann integral
- Trapezoidal rule

• Coil voltage at the arrival time of the 
encoder pulse (Vk) is determined from a 
linear interpolation between two neighboring 
voltages (Si, Si+1)

- Vk = Si + (Si+1 - Si)/(ti+1 - ti) x (Tk - ti)

• According to simulation:
- Confirmed a precision better than 0.1% 

is achievable for multipole measurement  
if DAQ device has: 

• >500kHz for ADC sampling rate 
• >16bit for ADC resolution
• >40MHz clock Hz (for encoder pulse)
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Y系線材を用いた回転ガントリー用モデル磁石のための磁場測定装置の開発
Development of the measurement system for the magnetic field of the gantry magnet made of Y-based superconductors

鈴木 研人、荻津 透、菅野 未知央、中本 建志(KEK); 石井 祐介、小柳 圭、高山 茂貴、田崎 賢司 (東芝);  雨宮 尚之 (京大)

Abstract

[1] S. Takayam et. al., Physics Procedia 67 (2015) 879-884  [2] L. Walckiers, CERN Accelerator School CAS 2009: Specialised Course on Mangets, Bruges, 16-25 Junce 2009, http://arxiv.org/abs/1104.3784v1

重粒子がん治療のための回転ガントリーの建設にあたって、その装置の規模の大きさが課題の一つとなっている。装置全体の小型化を可能にするため、我々は高温超伝導体であるY系線材をガントリー磁石
に用いる事を検討しており、現在試験用二極磁石の製作を行っているが、並行して磁場性能評価のための装置開発を行っている。本講演では、この測定装置の概要を述べるとともに開発状況について発表する。

重粒子線治療のための回転ガントリー小型化を実現するため、 ガントリー磁石に高温超伝導体（HTS）
であるY系テープ線材を用いる事を検討している
ガントリー磁石に対する要求

- ガントリー総重量 : < 200 t [1]
- ガントリーに使用する偏向磁石の磁場均一性 < 10-3

目標磁場均一度達成に向けて明らかにすべき項目
- コイル巻線精度がもたらす影響 
- テープ線材の遮蔽電流磁場による影響
目的と方法
モデル磁石を用いた磁場評価を行い、ガントリーへのHTS応用が可能である事を実証
する。そのために回転コイルによる手法[2]を用い、以下の条件を課す：
1) 目標磁場均一 度である 10−3 よりも良い精度で磁場を測定できるようにする。
2) テープ線材がもたらす、超伝導体を流れる遮蔽電流の減衰などによる磁場変動を高
い時間分解能で測定するため、コイル回転数10-100Hzでサンプリングできるようにす
る(典型的な読み出し速度は1Hz)。つまり、最大で10msの時間分解能で磁場変動の測
定を可能にする。

Nc: コイル巻数、Lc:コイル長、Bmain: main field、ω:角振動数、
δ: t=0における角度（初期位相）、r0: 磁石の参照半径、
r1,2: コイル幅のr方向における位置(右図参照)、 

bn (an): ノーマル（スキュー）成分の2n極成分

単一回転コイルからの電圧信号(多極展開による表現):
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回転コイル(A,B,C)の構成

10-3以下の測定精度かつ最大10msの時間分解能を実現するためのADCを決定

実際には、コイルの回転ムラの影響を最小限に抑えるため、エンコーダを用いて一定角度
ごとに信号を積分し、各極成分を求める。
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1 はじめに
重粒子がん治療のための回転ガントリーの建設にあたって、

その装置の規模の大きさが課題の一つとなっている。装置全
体の小型化を可能にするため、我々は高温超伝導体である Y
系線材をガントリー磁石に用いる事を検討しており [1]、現在
試験用二極磁石の製作を行っているが、並行して磁場性能評価
のための装置開発を行っている。試験用磁石の目標磁場均一
度である 10−3 よりも良い精度で磁場を測定する必要があるた
め、回転コイルを用いた磁場評価を行う [2]。また、本測定で
は Y系線材がもたらす、超伝導体を流れる遮蔽電流の減衰な
どによる磁場変動を測定できるように、磁場のサンプリング
レートを 10-100 Hzに設定する予定である。従って、コイル
の回転数を 10-100 /s とした場合ににも対応できる速い読み
出し系を構築する必要がある。本発表では、測定装置の概要、
予測される測定感度、及び開発状況について発表する。

2 測定概要
測定方法は 1) 試験用二極磁石をクライオスタット内に収納

·冷却、2) 回転コイルを磁石中心へ挿入、そして 3) 得られる
信号から磁場成分を評価する、という流れである。測定装置
の概略図を Fig. 1に載せた。コイルは幅 10 mm·全長 50 mm
のものを３つ（A、B、C）並べ（Fig. 1参照）、各コイルから
得られる電圧信号を適当な ADC（ここでは SAR ADCを想
定）によってサンプリングし、磁場を多極展開した際の各極成
分の大きさを評価する事で、磁場均一度を求める。具体的に
は、コイル Aの電圧信号（dipole信号）から 2極成分を、コ
イル Bと Cの電圧信号の差（bucking信号）から 4極以上の
成分を測定する事になる。例として、時刻 t における 1 つの
回転コイルからの信号を以下に示す：

Vdipole(t) = F
∑

n

[(
r2
r0

)n

−
(
r1
r0

)n]

× [bn sin(nωt+ nδ) + an cos(nωt+ nδ)] ,

ここで、F は回転コイル長、巻数、回転速度（ω）等を含む係数、
r0は磁石コイルの参照半径、r1、r2は軸方向における磁石中心
に対する回転コイル幅の両端位置、δは t=0における回転コイ
ルの角度位相、そして an、bn はそれぞれスキュー、ノーマル
成分の 2n極を表す。例えばDipole成分は n=1、quadrupole
成分は n=2に対応する。

3 読み出し装置に対する要求
コイル回転数を 100 /sとした際に、ADCのサンプリング

レートを 50、100、500 kHz、そして 1 MHzと変えていった時の
磁場の各極成分の測定感度をFig. 2に示した。この図は b1=1、
bn(≥2)=10−4、そして an(≥1)=10−4 とした場合に得られる信
号から（≡ bn0, an0）、解析する事で得られる成分（≡ bn, an）
との差の絶対値をプロットしたものである。この結果より、サ
ンプリングレートが 500kHz 以上の場合、全ての極成分に対
して入力した値からのずれは 10−3 以下である事が分かった。
また、ADCのランダムノイズ、回転振動による影響等の系統
誤差が加わった場合においても、この結果は変わらなかった。

4 まとめと今後
Y系線材を用いた試験用二極磁石の磁場評価のための設計

を行っている。読み出し系においては、サンプリングレート

が 500 kHz以上の場合、目標精度 10−3 に達している事が分
かった。今後は適当な ADCの選定、読み出し系の構築、そし
て装置完成を目指す。
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測定プローブの構成

回転コイルは３つ（A,B,C） から構成。その傍に回転角度を計測するためのエンコー
ダー（非磁性型：3600 pulse/rotation）を設置する。プローブ全体は長手方向に移動可。
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1.) 予め決めておいた各極成分(以降 bn,0,an,0と表現) で得られるコイル信号を
擬似的に作成 。
2.) 得られた擬似信号を実際のADCのsampling rate、分解能に合わせて
Digitizationする（ここでは16bitを想定）。
3.) エンコーダーパルス間で積分をする。ここではエンコーダーパルスの到達
時刻（Tk）にあたる電圧値（Vk）をSi, Si+1の内挿から算出する(右図参照) 。
積分方法はリーマン積分か、より計算精度の高い台形則の２択を採用。
4.) 積分した信号からDFTによって各極成分 (bn,an)を求め、 (bn,0、an,0)との差
から、決定精度を評価。
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ノーマル成分：b1,0=1,  bn,0=10-4 (n≥2)

スキュー成分：an,0=10-4 (n≥1) とした

シミュレーション方法

信号例(回転数=10Hz)→数十µV - 数十Vのダイナミックレンジが必要
レンジ調整が出来るようなADCが好ましい

予想信号量
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コイルを100Hzで回転させた場合の感度を見積もった。
右図はADC sampling rateを50, 100, 500KHz,1MHz
と変えていった際の各極成分の決定精度をプロットしたもの。
ここでは、計算精度の低いリーマン積分を用いて評価している。
青破線は要求である決定精度10-3に対応しており、
求めた極成分はこれより下にいなければならない。
結果

500kHz以上であれば、全ての極成分に対 して
入力した値からのずれは 10−3 以下である事が分かった。

ADCのSampling rate≥500kHである事が必要

ADC Sampling rate 依存性

Resolution 16 bit

Sampling for analog input 1 MHz

Sampling for digital input 80 MHz (max)

Integral linearity error 42.52 ppm

Offset temp. drift 4.18 ppm/℃
Gain temp. drift 20 ppm/℃
Random noise 263 µV

National  Instruments社製 NI USB-7856Rを採択
選定理由

- 1, 2, 5, 10 Vとレンジ調整が可能
- 16bitと高い分解能

- 1MHzという速いsampling rate

レンジ=10Vの場合のパラメータ

ただし、 100HzでDipole信号を取得する際はAttenuatorを通す必要がある。

- FPGA(LabView)操作によるonline上での
  データ処理が可能

ADC の選定

また、エンコーダパルスとADCクロックをデジタル信号として取り扱い、80MHzで読み出す事で、
両者の正確な時刻を計測する事が可能。

NI USB-7856Rを使用したとして、系統誤差の影響を加えた場合の感度を決定精度を見積もった。
考慮した系統誤差：
＊ADCランダムノイズ
＊エンコーダースリット幅の不定性 (20µm±2µm)
＊モーター軸の横振動の影響。コイル幅の位置（r1,2）を以下の式に変更して評価：
　r’i = ri+dr x sin(mθ) 、ここでθはコイル回転角度。暫定的に dr=1mm, m=10とした。
＊コイル間の面積（幅）の違い（Bucked信号に影響）。1mmだけコイル幅が異なるとした。

1Hz

10Hz

100Hz

1Hz

10Hz

100Hz

結果
全ての系統誤差を考慮
した場合においても、
選定したADCを用いれ
ば、条件である10-3以下
の精度に達している事
が分かった。また、数
値積分に台形則を用い
た場合だと、全ての極
成分に対して10-4以下の
精度にまで達する事が
分かった。

系統誤差による影響

磁場測定装置に用いるADCの評価・選定を行った。
今後はテスト信号を用いた読み出し系チェック、そして装置完成を目指す。

イントロダクション 磁場評価の方法

まとめと今後の予定

測定装置概要

ADC選定のためのシミュレーションを用いた評価

A B C

ra
1

ra
2 rb

1

rb
2

rc
1

rc
2

θ

y

x

Coil A

Coil B
Coil C

O

B

V (t) =NcLcBmainr0�
�

n

��
r2

r0

�n

�
�

r1

r0

�n�
· [bn sin(n�t + n�) + an cos(n�t + n�)]

Tuesday, December 1, 15

Simulation

× ADC sampling
ー Encoder pulse

2 4 6 8

0

0.2

0.4 Riemann integral
Trapezoidal rule

2 4 6 8

3
10
×|

n0
-a n

|a 0

0.2

0.4

Multipole order
2 4 6 8

0

0.2

0.4

2 4 6 8

0

0.02

0.04 Riemann integral
Trapezoidal rule

2 4 6 8

3
10
×|

n0
-b n

|b 0

0.02

0.04

Multipole order
2 4 6 8

0

0.02

0.04

Y系線材を用いた回転ガントリー用モデル磁石のための磁場測定装置の開発
Development of the measurement system for the magnetic field of the gantry magnet made of Y-based superconductors

鈴木 研人、荻津 透、菅野 未知央、中本 建志(KEK); 石井 祐介、小柳 圭、高山 茂貴、田崎 賢司 (東芝);  雨宮 尚之 (京大)

Abstract

[1] S. Takayam et. al., Physics Procedia 67 (2015) 879-884  [2] L. Walckiers, CERN Accelerator School CAS 2009: Specialised Course on Mangets, Bruges, 16-25 Junce 2009, http://arxiv.org/abs/1104.3784v1

重粒子がん治療のための回転ガントリーの建設にあたって、その装置の規模の大きさが課題の一つとなっている。装置全体の小型化を可能にするため、我々は高温超伝導体であるY系線材をガントリー磁石
に用いる事を検討しており、現在試験用二極磁石の製作を行っているが、並行して磁場性能評価のための装置開発を行っている。本講演では、この測定装置の概要を述べるとともに開発状況について発表する。

重粒子線治療のための回転ガントリー小型化を実現するため、 ガントリー磁石に高温超伝導体（HTS）
であるY系テープ線材を用いる事を検討している
ガントリー磁石に対する要求

- ガントリー総重量 : < 200 t [1]
- ガントリーに使用する偏向磁石の磁場均一性 < 10-3

目標磁場均一度達成に向けて明らかにすべき項目
- コイル巻線精度がもたらす影響 
- テープ線材の遮蔽電流磁場による影響
目的と方法
モデル磁石を用いた磁場評価を行い、ガントリーへのHTS応用が可能である事を実証
する。そのために回転コイルによる手法[2]を用い、以下の条件を課す：
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r1,2: コイル幅のr方向における位置(右図参照)、 

bn (an): ノーマル（スキュー）成分の2n極成分

単一回転コイルからの電圧信号(多極展開による表現):

コイル数 3
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コイル層数 10

各層のコイル巻数 10

各コイル間距離 2 mm

回転コイル(A,B,C)の構成

10-3以下の測定精度かつ最大10msの時間分解能を実現するためのADCを決定

実際には、コイルの回転ムラの影響を最小限に抑えるため、エンコーダを用いて一定角度
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(*)モデル磁石の設計詳細については講演1A-a01を参照の事

二極磁場 (Bmain) 3 T

参照半径  (r0) 20 mm

コイル内半径 60 mm

コイル外半径 80 mm

コイルエンド部の長さ 65-140 mm

コイル直線部長さ 100 mm

モデル磁石(*)
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1 はじめに
重粒子がん治療のための回転ガントリーの建設にあたって、

その装置の規模の大きさが課題の一つとなっている。装置全
体の小型化を可能にするため、我々は高温超伝導体である Y
系線材をガントリー磁石に用いる事を検討しており [1]、現在
試験用二極磁石の製作を行っているが、並行して磁場性能評価
のための装置開発を行っている。試験用磁石の目標磁場均一
度である 10−3 よりも良い精度で磁場を測定する必要があるた
め、回転コイルを用いた磁場評価を行う [2]。また、本測定で
は Y系線材がもたらす、超伝導体を流れる遮蔽電流の減衰な
どによる磁場変動を測定できるように、磁場のサンプリング
レートを 10-100 Hzに設定する予定である。従って、コイル
の回転数を 10-100 /s とした場合ににも対応できる速い読み
出し系を構築する必要がある。本発表では、測定装置の概要、
予測される測定感度、及び開発状況について発表する。

2 測定概要
測定方法は 1) 試験用二極磁石をクライオスタット内に収納

·冷却、2) 回転コイルを磁石中心へ挿入、そして 3) 得られる
信号から磁場成分を評価する、という流れである。測定装置
の概略図を Fig. 1に載せた。コイルは幅 10 mm·全長 50 mm
のものを３つ（A、B、C）並べ（Fig. 1参照）、各コイルから
得られる電圧信号を適当な ADC（ここでは SAR ADCを想
定）によってサンプリングし、磁場を多極展開した際の各極成
分の大きさを評価する事で、磁場均一度を求める。具体的に
は、コイル Aの電圧信号（dipole信号）から 2極成分を、コ
イル Bと Cの電圧信号の差（bucking信号）から 4極以上の
成分を測定する事になる。例として、時刻 t における 1 つの
回転コイルからの信号を以下に示す：

Vdipole(t) = F
∑

n

[(
r2
r0

)n

−
(
r1
r0

)n]

× [bn sin(nωt+ nδ) + an cos(nωt+ nδ)] ,

ここで、F は回転コイル長、巻数、回転速度（ω）等を含む係数、
r0は磁石コイルの参照半径、r1、r2は軸方向における磁石中心
に対する回転コイル幅の両端位置、δは t=0における回転コイ
ルの角度位相、そして an、bn はそれぞれスキュー、ノーマル
成分の 2n極を表す。例えばDipole成分は n=1、quadrupole
成分は n=2に対応する。

3 読み出し装置に対する要求
コイル回転数を 100 /sとした際に、ADCのサンプリング

レートを 50、100、500 kHz、そして 1 MHzと変えていった時の
磁場の各極成分の測定感度をFig. 2に示した。この図は b1=1、
bn(≥2)=10−4、そして an(≥1)=10−4 とした場合に得られる信
号から（≡ bn0, an0）、解析する事で得られる成分（≡ bn, an）
との差の絶対値をプロットしたものである。この結果より、サ
ンプリングレートが 500kHz 以上の場合、全ての極成分に対
して入力した値からのずれは 10−3 以下である事が分かった。
また、ADCのランダムノイズ、回転振動による影響等の系統
誤差が加わった場合においても、この結果は変わらなかった。

4 まとめと今後
Y系線材を用いた試験用二極磁石の磁場評価のための設計

を行っている。読み出し系においては、サンプリングレート

が 500 kHz以上の場合、目標精度 10−3 に達している事が分
かった。今後は適当な ADCの選定、読み出し系の構築、そし
て装置完成を目指す。
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Fig. 1: Schematic drawing of the measurement system.
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測定プローブの構成

回転コイルは３つ（A,B,C） から構成。その傍に回転角度を計測するためのエンコー
ダー（非磁性型：3600 pulse/rotation）を設置する。プローブ全体は長手方向に移動可。

傾斜センサー
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1.) 予め決めておいた各極成分(以降 bn,0,an,0と表現) で得られるコイル信号を
擬似的に作成 。
2.) 得られた擬似信号を実際のADCのsampling rate、分解能に合わせて
Digitizationする（ここでは16bitを想定）。
3.) エンコーダーパルス間で積分をする。ここではエンコーダーパルスの到達
時刻（Tk）にあたる電圧値（Vk）をSi, Si+1の内挿から算出する(右図参照) 。
積分方法はリーマン積分か、より計算精度の高い台形則の２択を採用。
4.) 積分した信号からDFTによって各極成分 (bn,an)を求め、 (bn,0、an,0)との差
から、決定精度を評価。

ti

:エンコーダーパルス
:ADCで取得した電圧値

ti+1 Time

Vo
lta
ge

tj tj+1

Si
Si+1

Sj
Sj+1
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Tk Tk+1本スタディでは
ノーマル成分：b1,0=1,  bn,0=10-4 (n≥2)

スキュー成分：an,0=10-4 (n≥1) とした

シミュレーション方法

信号例(回転数=10Hz)→数十µV - 数十Vのダイナミックレンジが必要
レンジ調整が出来るようなADCが好ましい

予想信号量
Rotation speed

(Hz)
Vpeak Vpeak Rotation speed

(Hz) Dipole (V) Bucked (mV)

1 0.8 1

10 8 10

100 80 100
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コイルを100Hzで回転させた場合の感度を見積もった。
右図はADC sampling rateを50, 100, 500KHz,1MHz
と変えていった際の各極成分の決定精度をプロットしたもの。
ここでは、計算精度の低いリーマン積分を用いて評価している。
青破線は要求である決定精度10-3に対応しており、
求めた極成分はこれより下にいなければならない。
結果

500kHz以上であれば、全ての極成分に対 して
入力した値からのずれは 10−3 以下である事が分かった。

ADCのSampling rate≥500kHである事が必要

ADC Sampling rate 依存性

Resolution 16 bit

Sampling for analog input 1 MHz

Sampling for digital input 80 MHz (max)

Integral linearity error 42.52 ppm

Offset temp. drift 4.18 ppm/℃
Gain temp. drift 20 ppm/℃
Random noise 263 µV

National  Instruments社製 NI USB-7856Rを採択
選定理由

- 1, 2, 5, 10 Vとレンジ調整が可能
- 16bitと高い分解能

- 1MHzという速いsampling rate

レンジ=10Vの場合のパラメータ

ただし、 100HzでDipole信号を取得する際はAttenuatorを通す必要がある。

- FPGA(LabView)操作によるonline上での
  データ処理が可能

ADC の選定

また、エンコーダパルスとADCクロックをデジタル信号として取り扱い、80MHzで読み出す事で、
両者の正確な時刻を計測する事が可能。

NI USB-7856Rを使用したとして、系統誤差の影響を加えた場合の感度を決定精度を見積もった。
考慮した系統誤差：
＊ADCランダムノイズ
＊エンコーダースリット幅の不定性 (20µm±2µm)
＊モーター軸の横振動の影響。コイル幅の位置（r1,2）を以下の式に変更して評価：
　r’i = ri+dr x sin(mθ) 、ここでθはコイル回転角度。暫定的に dr=1mm, m=10とした。
＊コイル間の面積（幅）の違い（Bucked信号に影響）。1mmだけコイル幅が異なるとした。

1Hz

10Hz

100Hz

1Hz

10Hz

100Hz

結果
全ての系統誤差を考慮
した場合においても、
選定したADCを用いれ
ば、条件である10-3以下
の精度に達している事
が分かった。また、数
値積分に台形則を用い
た場合だと、全ての極
成分に対して10-4以下の
精度にまで達する事が
分かった。

系統誤差による影響

磁場測定装置に用いるADCの評価・選定を行った。
今後はテスト信号を用いた読み出し系チェック、そして装置完成を目指す。

イントロダクション 磁場評価の方法

まとめと今後の予定

測定装置概要

ADC選定のためのシミュレーションを用いた評価
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EFFECT FROM “FEED 
DOWN”

Further investigated if the inconsistency in the x-mapping are due to 
‘mis-alignment’ of the rotating coil
Assume the coil was mis-alined by 0-5mm

Best agreement was found at (dx, dy)=(0mm, -2mm)
Inconsistency in x-mapping is considered to be due to mis-alignment
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図 10: 「Feed down」の影響を考慮した場合のハーモニック係数。ここでは x方向は動かさず、
y方向のみ 1mm刻みで動かした場合を考えている。左図は各ずれの場合において、過去の結果
との比較を示したもの。中央図は過去の結果との残差平方和を、各ずれについて見たもの。そ
して、右図はこれらの結果を x方向（を参照半径で割った値）の磁場分布に焼き直したもので
ある。
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積層パンケーキコイルとホール素子の詳細

積層パンケーキコイルは 4mm幅の Y系テープ線材を 70ターン巻いて作成されたものを二
つ、同軸上に 11 mm間隔で配置されたものである。表 6にこのパンケーキコイルの詳細を載せ
た。電流の流す向きを揃える事で、ヘルムホルツ型コイルとしての機能を持たせている（図 13

左を参照）。コイルには計２つの温度計を上部と下部にそれぞれ設置し、常に温度をモニターで
きるようにしている。
多チャンネル型ホール素子は大きさが 6× 13× 1.2 mm3で、計７つのチャンネルを有してお

り、また、各チャンネルは 1.5 mmの間隔で配置されている。我々は、このホール素子を図 13

に示したように、積層パンケーキコイル中心面上の中心軸から外れた場所に配置した。この時
のホール素子の各チャンネルの動径 (r)方向の位置関係を表 7にまとめた。各チャンネル間の
ホール係数の違いは、高エネルギー加速器研究機構超伝導低温工学センターが保有するMRI磁
石を用いた試験によって、0.2%の精度で較正されている。

(A-b-ii) 磁場測定の結果

測定では、磁束が超伝導体に完全にしみ込む、いわゆる full peneteration状態になる前の状
態で行い、励磁電流を 10 A以下までに制限して行った。常温から液体窒素温度までの冷却過
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In summary,we ensured our measurement system has  a 
measurement precision (<0.1%) for multipoles with a fast (7Hz) 
sampling rate
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Mis-alignment (z軸に対する回転)
● 高山さんの資料から、コイル設置位置の変位を計算

y

x

1層目（Acoil）A4（上）
Fixed

A4（下）
Fixed

z=0平面

A3 (上)

A2（上）

A2（下）

A3（下）

??

2°
2°

2°2°

A4は固定されているとした。A3の回転角度を計算すると、上下コイルともに２°程度と考えられる。A２下コイ
ルについては、実は元の位置からそこまで動いていないのではないかと考えられる。
問題なのはA2上コイル。表を見ても１層目と２層目で傾向が異なるため、変位を推測することが難しい。これ
については完全に不定性扱いとし、今回の見積もりではA2上コイル同様、元の位置から回転していないと仮
定して進める。なお、３、４層目は１、２層目と同じように回転しているもの仮定する。
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15.5 T magnet @ Tohoku Univ.
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