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Experiment and simulation on mechanical behavior
in 1/2-scale demonstration REBCO coil system
of Skeleton Cyclotron for cancer therapy

Hiroshi Ueda, Ryota Komae, Aoi Yamashita, Ryota Inoue, SeokBeom Kim, So Noguchi,
Tomonori Watanabe, Mitsuhiro Fukuda, Gen Nishijima, Rui Kumagai, Atsushi Ishiyama

Abstract— We have introduced the Skeleton Cyclotron, a high-
temperature superconducting (HTS) air-core compact cyclotron
designed to produce medical radioisotopes (RIs) to be used in
targeted alpha-particle therapy, an innovative approach to
cancer treatment. The coil system of the Skeleton Cyclotron
comprises circular main coils for creating an isochronous field
and non-circular sector coils to generate an azimuthally varying
field. All of these coils are wound using the REBCO tape with a
no-insulation (NI) winding technique, chosen for its ability to
provide high current densities and thermal stability. To
demonstrate the feasibility of our concept, we developed a half-
size prototype called the Ultra-Baby Cyclotron. This prototype
includes three pairs of sector coils and four main split coils. To
enhance the durability of the coils and protect them from the
intense electromagnetic forces involved, we reinforced them with
a YOROI-coil (Y-based Oxide superconductor and Reinforcing
Outer Integrated coil) structure. In the summer of 2022, we
started testing on the Ultra-Baby Cyclotron, and then we
conducted measurements of mechanical deformations in the coils.
Additionally, we conducted numerical simulations. This study
presents the experimental and numerical results regarding the
mechanical behaviors of NI-REBCO coils in the Ultra-Baby
Cyclotron.

Index Terms— Cyclotrons, high-temperature superconducting
magnets, mechanical property, No-insulation coil.

I. INTRODUCTION

ARGETED alpha-particle therapy represents a novel
approach to cancer treatment. In this therapy, a
targeted drug labeled with alpha-emitting radioisotopes
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(RIs) is administered to cancer patients. These targeted drugs
naturally accumulate in cancer cells, ultimately causing
damage to the cancer cells through the emission of alpha
particles. To advance targeted alpha-particle therapy, it's
crucial to produce alpha-emitting RIs within facilities located
near hospitals due to the short half-lives of these nuclides.
Accelerators offer promising solutions to address these
challenges [1][2]. To this end, we have introduced the
Skeleton Cyclotron, a high-temperature superconducting
(HTS) air-core compact cyclotron [3]. The coil system of the
Skeleton Cyclotron includes circular main coils for generating
an isochronous field and non-circular sector coils for
producing an azimuthally varying field. All of these coils are
wound using the REBCO tape and the no-insulation (NI)
winding technique. This choice is made to achieve both high
current densities and thermal stability [4].

We designed and constructed the half-size demonstration NI-
REBCO coil system, which we refer to as the Ultra-Baby
Cyclotron. This system includes three pairs of sector coils and
four main split coils. To enhance the robustness of the Ultra-
Baby Cyclotron's coils against the formidable electromagnetic
forces, we have reinforced them with a YOROI-coil (Y-based
Oxide superconductor and Reinforcing Outer Integrated coil)
structure. Our experiments of the Ultra-Baby Cyclotron
commenced in the summer of 2022. During this phase, we
measured the mechanical deformation of the coils.
Additionally, we conducted mechanical simulations. In this
study, we report our findings from both the experimental and
numerical analyses of the mechanical behavior of NI-REBCO
coils within the Ultra-Baby Cyclotron.

II. 1/2-SCALE DEMONSTRATION MODEL

In this study, a 1/2-scale demonstration model of a
cryocooler-cooled HTS coil system, called the Ultra-Baby
Cyclotron, designed for the Skeleton Cyclotron, was
fabricated to investigate its electromagnetic, mechanical, and
thermal behaviors [5]. Fig. 1 provides a schematic drawing of
the Ultra-Baby Cyclotron, which was specifically designed for
accelerating protons up to an energy level of 5 MeV/u. The
beam extraction radius is 0.2 m. The coil system of the Ultra-
Baby Cyclotron comprises four pairs of circular main coils
and three pairs of non-circular sector coils. Tables I and II
outline the specifications for the main coils and sector coils,
respectively. Fig. 2 displays a photograph of the sector coils
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and main coils. These coils are the no-insulation coil, wound
with REBCO tape, and co-wound with SUS tape. To protect
the coil windings from potential damage caused by the
substantial electromagnetic forces involved, the coils within
the Ultra-Baby Cyclotron are reinforced with a YOROI-coil
structure, as shown in Fig. 3. The YOROI-coil structure
integrates REBCO tape with reinforcing outer plates to
effectively withstand electromagnetic forces [6]. It achieves
this by allocating a significant portion of the electromagnetic
force to the reinforcing outer components within the YOROI-
coil structure. This helps alleviate the stress imposed on the
coil windings, even in cases where the hoop stress surpasses
the proof stress of the superconducting wire. Numerous
reports have demonstrated that circular coils utilizing the
YOROI-coil structure are capable of withstanding substantial
hoop stresses [7-9]. In the Ultra-Baby Cyclotron, the material
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Fig. 1. Schematic drawing of Ultra-Baby Cyclotron.

TABLEI
SPECIFICATIONS OF MAIN COIL.

REBCO tape
Width (mm) 6
Thickness (mm) 0.1
Critical current (A) @ self-field, 77K 200
Main Main Main Main
Coil 1 Coil 2 Coil 3 Coil 4
Coil i.d (mm) 140.00 160.20 566.26 628.74
Coil 0.d (mm) 159.60 161.88 628.66  665.26
Number of turns
(each pancake) >0 8 40 3
Number of double pancakes 2 1 4 4
Operating current (A) 540
Current density (A/mm?) | 367.35 685.71 9231  201.12
TABLE 11
SPECIFICATIONS OF SECTOR COIL
REBCO tape
Width (mm) 6
Thickness (mm) 0.1
Critical current (A) @ self-field, 77K 200
Coil
Number of turns / Double pancake 120 (=60 x 2)
Number of double pancakes 2
thickness of co-winding SUS tape (mm) 0.1
Current (A) 540
Current density (A/mm?) 423.50

employed for the reinforcing plates and frames is SUS
(Stainless Steel).

The air-core HTS cyclotron is a novel configuration that has
not been previously produced or tested. Detailed observations
of the thermal, mechanical, and electromagnetic behavior of
the 1/2 scale coil system will be conducted through
experiments. Simultaneously, numerical simulations will be
carried out to replicate these behaviors and provide insights
into the specific phenomena occurring within the coils. The
findings from these investigations will inform the design of
the full-scale cyclotron.

III. MEASUREMENT OF DEFORMATION OF COILS

A. Experimental setup

Strain gauges have been affixed to the surfaces of the coil
winding to measure the strain induced in the longitudinal
direction, as shown in Fig. 4. While strain gauges are also
placed at additional locations, this experiment focuses on the
locations depicted. During the experiments, the coil system is
subjected to conductive cooling, gradually reducing the
temperature from 300 K to 30 K using a GM cryocooler. All
coils are connected in series, and the coil is excited in a
stepwise manner with a current sweep rate of 0.07 A/s,
reaching a maximum current of 210 A.

In this half-size model, there are six sector coils. As they are
non-impregnated and non-circular in shape, deformation may
not be uniform across all of them. The primary objective of
this study was to observe and analyze the variations in
deformation among these sector coils.

B. Experimental results

Fig. 5(a) illustrates the strain results measured in Sector coil
#1, showing that strain varies with the operating current. The
upper sector coil, SU4-L (left straight section), experienced an
increase in strain to 0.35%, resulting in tensile strain.
Concurrently, the lower sector coils, SL4-R (right straight

(b)
Fig. 2. Photographs of (a) Sector coils and (b)Main coils.
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Fig. 3. Principle of YOROI-coil structure
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Fig. 4. The locations of strain gauges on surface of sector coils.
Strain gauges are also installed at other locations, but the locations
observed in this experiment are shown. “SU” represents sector coils
above midplane; “SL” represents coils below midplane. "-L", "-R"
and “-B” mean the left straight section, the right straight section,
and the bottom arc section in a sector coil, respectively.

section) and SL4-L (left straight section), exhibited
compressive strain of -0.2% and tensile strains of 0.005%,
respectively, indicating asymmetric deformation. The results for
Sector coil #2 are presented in Fig. 5(b). In the upper coil, strain
changes in SUS are not stable, but SU5-L experiences tensile
strain while SU5-R undergoes compressive strain. Conversely, in
the lower coil, both SL5-L and SL5-R exhibit 0.005% tensile
strain, suggesting symmetrical deformation. Fig. 5(c) displays the
results for Sector coil #3, revealing maximum tensile strain of
0.08% in SL3-R, 0.025% in SL6-L, 0.009% in SU6-L, and -
0.0025% in SU6-R. Some strain gauge behavior appears stable,
some unstable, and some exhibits significant values. Although
strains exceeding the wire degradation allowance of 0.3% were
observed, no coil degradation, i.e., no increase in voltage,
occurred. These strains are of considerable magnitude and require
revalidation. The excitation was stopped at a current of 210 A
when strain of 0.35% was observed. Degradation may be
observed with further increases in current.

IV. NUMERICAL SIMULATION

A. Simulation model

We employed a three-dimensional mechanical simulation
for metal-insulated and non-impregnated coils. The winding is
not modeled as an integrated structure but rather as a discrete
one. In an integrated model, the winding is considered as an
anisotropic elastic body in both the circumferential and radial
directions by applying the rule of mixture for composite
materials [13]. However, in a discrete model, separation
between windings is taken into account to allow movement of
the REBCO tapes and co-winding SUS tapes, as depicted in
Fig. 6. We took into account the laminated structure of
REBCO tape and the contact between tapes by using gap
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Fig. 5. Experimental results of strain on surface of sectors coils. (a)
Sector coil #1, (b) Sector coil #2, (¢) Sector coil #3.

element and contact element in finite element analysis. In this
method, contact pairs are defined between adjacent turns in a
pancake [10]. The mandrel and spacer plate were constructed
from stainless steel. The mechanical properties of the
materials used in this simulation are detailed in Table III. In
the numerical structural simulation of REBCO coils, we
considered the Lorentz forces generated by the magnetic fields
of all main and sector coils. However, we did not account for
the effect of screening current. [10-12].

During the cooling process, the components within a sector
coil undergo shrinkage, which leads to the formation of gaps
between the winding and the bobbin frame [14]. In this
situation, stress cannot be effectively redistributed to the outer
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Fig. 6. Three-dimensional mechanical simulation model.

TABLE Il
MECHANICAL PROPERTIES OF MATERIALS IN THIS SIMULATION [14]

Mean linear thermal

Material Young’s POiSS(.)n’S expansion
modulus (GPa) Ratio (10° 1/K)
Stainless Steel 210 0.3 17.3
Hastelloy 221 0.32 12.8
Copper 138 0.35 16.8

frame, rendering the YOROI-coil structure less effective. The
bobbin, upper and lower frames, and spacer between pancake
coils are all constructed from stainless steel. The boundaries
between the winding and the bobbin/frame are modeled as
contact conditions. In the simulation of thermal stress, the coil
is subjected to uniform cooling from 300 K to 30 K.

B. Simulation Results

Fig. 7 shows the simulation results of the longitudinal
stress-strain on the coil winding at a current of 210 A. As
shown in Fig. 7(a), the initial gap between the winding and the
outer frame was 1.0 um, and coil deformation was minimal.

This result significantly deviates from the experimental results.

Therefore, further analysis was conducted with different gap
sizes between the winding and the outer frame. Fig. 7(b)-(d)
display the results for gap sizes of 100 pm, 200 um, and no
outer frame, respectively. A gap of 100 um is equivalent to the
thickness of the REBCO tape. As the initial gap widens, the
strain on the winding surface also increases. In the absence of
an outer frame, meaning no YOROI structure, the strain on the
sides of the straight section is -0.0008%, and the strain on the
large curved section is 0.001%. These values are closer to the
experimental results. At the current levels used in this
experiment, it is unlikely that sufficient deformation occurred
to fully utilize the benefits of the YOROI structure.

In the experiments, the strains were observed to be above the
0.3% degradation threshold, and there are two primary reasons
for this observation:

1) The coil winding employs 6 mm wide REBCO wire.
When strain is distributed in the width direction due to the
screening current, it may result in additional strain at the
point of strain gauge attachment.

2) Since it is a non-impregnated pancake coil, deformation
occurs in the windings where the current leads are fixed.
Furthermore, being a non-circular coil, the friction
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Fig. 7. Numerical results of strain on surface of sectors coils at a
current of 210 A for a gap between winding and outer frame of
(a) 1.0 pm, (b) 100 pm, (¢) 200 um and (d) no outer frame.

between the windings is not uniform during fabrication,
cooling, and after excitation. Consequently, the
deformation may not be evenly distributed throughout the
entire coil but could be concentrated locally.
We are actively conducting simulations to further investigate
and confirm these reasons.

V. SUMMARY

We designed and constructed the half-size demonstration
NI-REBCO coil system, known as the Ultra-Baby Cyclotron,
comprising three pairs of sector coils and four main split coils.
In the summer of 2022, we started testing on the Ultra-Baby
Cyclotron, measuring the mechanical deformation of the coils.
Additionally, we conducted numerical simulations. The strain
gauge behavior exhibited a mix of stability, instability, and
large values, making it challenging to establish a consistent
discussion. Some strains exceeded the wire degradation
allowance of 0.3%, but we did not observe any coil
degradation, such as an increase in voltage. We attempted to
account for the large strain by considering the presence or
absence of the outer YOROI frame, but the observed strains
still appear to be excessively high. Moving forward, we plan
to conduct an analysis to investigate the screening-current
induced stress and deformation in the longitudinal direction of
the winding in the non-impregnated pancake coil with the
current leads fixed in ends. This analysis aims to provide a
more comprehensive understanding of the observed strain
behavior.

The experiment is still ongoing. We plan to increase the
current to 540A, which is the assumed operating current, in
order to measure larger deformations and gather more data for
analysis.
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