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Abstract— Superconducting magnets in fusion reactors are sub-
jected to a huge electromagnetic force of >100 MN/m. The magnets
have to be sustained with a strong-body structure to avoid high
stress and deformation. The total weight of the magnet system in
the fusion reactor is estimated to be more than 20,000 tons. We ap-
plied topology optimization technique to the magnet support struc-
ture to reduce the weight of fusion reactors. Compared with the
conventional design, we achieved a weight reduction of >25%. Stat-
ic and seismic analyses were carried out to validate the soundness
of the topology-optimized design. Consequently, the stress against
the electromagnetic force in the structure was within the permissi-
ble range. It was discovered that using seismic isolation structure
can adequately prevent the damage to the magnet system even
when directly subjected to a massive earthquake.

Index Terms—Fusion magnet, superconducting coil, topology
optimization, electromagnetic force, seismic analysis

1. INTRODUCTION

N a magnetic confinement type fusion reactor, supercon-
ducting coils are subjected to a huge electromagnetic (EM)
force that reaches the order of several tens of MN/m. A strong
coil support structure is required to prevent large deformation
and stress in the coils during excitation. Extrapolating from
previous devices, the total weight of the device should be pre-
dictable [1]. Fig. 1 shows the estimation of the cryogenic mass,
which is the total weight of the coil and its support, as a func-
tion of the stored magnetic energy of coils. The weight of the
DEMO class fusion reactor is estimated to be >20,000 tons.
The material procurement, processing, assembly, and decom-
missioning should be performed as efficiently as possible.
Topology optimization is an analytical method to reduce the
volume of the structure by removing the part that does not af-
fect the strength. Topology optimization has the potential to
generate novel shapes that would not be possible using con-
ventional design schemes [2]. We used topology optimization
to improve the overall design of the coil support structure in a
helical fusion reactor. Meanwhile, the topology-optimized
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shape appeared sensitive to unusual loads, such as earthquakes
even though it is sound in normal excitation operation. Seis-
mic analysis is also performed using the mode superposition
method with references to recent significant earthquakes in
Japan.

II. TOPOLOGY OPTIMIZATION
A. Helical Fusion Reactor FFHR-c1

The National Institute for Fusion Science has developed a
conceptual design for a helical fusion reactor known as the
FFHR [3], [4]. Fig. 2 shows the schematic of the helical fusion
reactor FFHR. The helical fusion reactor comprises one pair of
helical coils (HCs), one pair of NITA coils, and two sets of
vertical field coils (VFCs) [5]-[9]. Among the various design
schemes of FFHR, FFHR-cl generates the highest magnetic
field intensity of 7.3 T at the plasma center with a major and a
minor radius of the main helical coil of 10.92 m and 2.8 m, re-
spectively. The magnetic energy is stored at the rate of 157 GJ.
In the case of FFHR-c1, the operating current of the single su-
perconductor is 90 kA, and the overall magnetomotive force is
46 MA. The coil experiences a maximum magnetic field of 20
T. The total EM force at a given toroidal angle is calculated by
integrating a magnetic field across the coil cross-section there
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Fig. 1. Cryogenic mass of superconducting magnet system in fusion
devices as a function of a stored magnetic energy.
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Fig. 2. Schematic of the helical fusion reactor, FFHR.

and multiplying it by the current of the superconductor. The
EM force on the HC can be divided into two components in
the hoop and overturning directions concerning the coil wind-
ing direction. For the VFC, a force in the radial direction indi-
cates the hoop force, while a force in the vertical direction in-
dicates an attractive or a repulsive force. The calculated max-
imum overall EM force among the coils was the hoop force of
119 MN/m in the HC and 138 MN/m in the inner VFC.

B. Conventional Design

The support structure was assumed to be made of 200-mm-
thick ITER grade SS 316LN [10]. The support structure was
designed to enclose the entire coil while leaving as much
space as possible open for maintenance of the in-vessel com-
ponents and clearance from the blanket with a vacuum vessel.
The design and analysis were repeated until the stresses re-
mained within the allowable limits. Consequently, the maxi-
mum von Mises stress of 1 GPa appeared on the outer-port
corner as the peak stress. The spatial stress distribution ap-
pears to be less than 800 MPa. The soundness of the support
structure will be ensured. The maximum deformation is ap-
proximately 18 mm, and it appears in the outer-VFC region.
The weight of the support structure in the conventional design
was about 11,000 tons. The entire support structure weighed
7,800 tons.

C. Optimization Result

Structural modification against the conventional design us-
ing topology optimization was applied to the support structure
aiming to remove unnecessary regions. A density-based opti-
mization with a compliance minimization method was used.
Only the support structure has been optimized [11]. The coil
winding and surfaces in contact with the coils were excluded
from the optimization goal. The exact force was applied as in
the case of conventional design.

Fig. 3 shows the result of the topology optimization. The to-
tal weight of the support structure significantly decreased from
7,800 to 4,800 tons. The calculated topology-optimized shape
has a complicated fine three-dimensional structure. It is not
easy to manufacture such a complicated structure with a large-
scale device such as a fusion reactor, and it is not practical in
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Fig. 3. Volume reduction by the topology optimization and rebuilt model
for the soundness verification analysis.
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Fig.4. Weight reduction of the support structure using the topology
optimization.

terms of expense. Therefore, the model was reconstructed
while retaining its basic thickness of 200 mm, as shown in the
right drawing in Fig. 3. The modified model was used for veri-
fication analysis, which confirmed the structural soundness of
the resultant topology-optimized structure. The weight of the
verification model is 5,900 tons, which is a 25% reduction
from the conventional design. Fig. 4 shows the relationship
between the weight and stored magnetic energy of the coil
support structures of LHD, ITER, and FFHR-c1. It can be seen
that a significant weight reduction has been achieved com-
pared to the conventional design.

The result of the soundness verification is shown in Fig. 5.
The maximum stress of 1006 MPa appeared at the corner of
the aperture in the conventional design, which was determined
to be the peak stress. Meanwhile, in the topology-optimized
model, the maximum stress of 857 MPa appeared in the lower
region of the HC, and this model lacked peak stress. It was
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Fig. 5. Stress distribution of the original and topology-optimized coil
support structure.



confirmed that the stress of the topology-optimized structure
was acceptable for the material. However, the maximum de-
formation increased approximately from 18 to 21 mm and ap-
peared in the HC and outer-VFC regions.

III. SEISMIC ANALYSIS

A. Modal Analysis

The topology-optimized shape appears to be susceptible to
unusual loads such as earthquakes. Therefore, seismic analysis
was performed on the optimized shape. Because the symmetry
of the structure cannot be taken into account in seismic analy-
sis, the entire circumferential direction must be modeled. To
simplify the full torus model, the coils and support were unit-
ized, and the apparent physical properties were applied in con-
sideration of their volume fractions, density = 7250 kg/m?,
Young’s modulus = 166 GPa, and Poisson’s ratio = 0.3. The
gravity support has a rectangular solid of 1.8-m height, 1.2-m
width, and 0.219-m thickness with a density, Young’s modu-
lus, and Poisson’s ratio of 3000 kg/m? 50 GPa, and 0.3, re-
spectively.

First, a modal analysis was performed to confirm the vibra-
tion modes of the entire structure. The eigen vibration modes
whose eigen frequency is less than 40 Hz were obtained. Table
I shows the results of modal analysis. The ratio of effective
mass to total mass for each two horizontal directions and the
vertical direction are shown along with the vibration frequen-
cy of each mode. The x- and y-directions correspond to the to-
roidal angles ¢ = 0 and 90° in the horizontal direction as
shown in Fig. 2, respectively, and the z-direction corresponds
to the height direction. Focusing on the horizontal direction,
we can see that the first and second eigenmodes having an
eigen frequency of 7.6 Hz are dominant. In the vertical direc-
tion, the eighth and tenth eigenmodes have considerable influ-

TABLEI
FREQUENCY AND EFFECTIVE MASS FOR EACH EIGEN VIBRATION MODE

Ratio of effective mass to total mass

Mode number Fre(qull e)n ey
z x direction  y direction  z direction
1 7.6 0.117 0.865 *
2 7.6 0.865 0.117 *
3 10.7 * * *
4 12.9 * * *
5 12.9 * * *
: : * ¥ *
8 20.9 * * 0.631
9 20.9 * * 0.0626
10 21.0 * * 0.193
: : * % *
22 28.2 * * 0.0211
. . * * *
32 31.7 * * 0.0484
. . * * *
45 37.7 * * 0.0143
. . * * *
49: 39.8 * * *
Summation 0.996 0.996 0.971
* below 0.005

ence. Fig. 6 shows a schematic of typical eigen vibration
modes. The stiffness of the gravity support has a considerable
effect on the eigen vibration. The eigen frequencies of the first
to fifth eigenmodes are around 10 Hz, while higher modes are
above 20 Hz. The lower eigenmodes were determined by the
rigidity of the gravity support, while the higher modes were
dependent on the rigidity the coil support structure. Generally,
earthquakes tend to resonate in the vibration mode around 10
Hz. Depending on the assumed earthquake waveform,
response analysis is considered to be necessary.

B. Mode Superposition Method

In practice, the earthquake waveforms must be evaluated at
the construction site, but in this study, we conducted vibration
analysis based on the waveforms of a massive earthquake that
occurred in Japan in recent years. Figs. 7 and 8 show the
acceleration response spectrum that is obtained from two
typical earthquakes. Seismic analysis by the mode
superposition method was performed using the virtual
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Fig. 6. Typical eigen vibration mode for the magnet system with gravity
supports.
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Fig. 7.  Acceleration response spectrum calculated from the earthquake

wave observed at Tsukidate, Miyagi, Japan in 2011 (MYGO004) [12], and
Kobe, Japan in 1995 (KOBE) [13]. NS: north-south direction, EW: east-west
direction. Envelope: virtual envelope line including whole spectrum.
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Fig. 8. Acceleration response spectrum calculated from the earthquake wave
observed at Tsukidate, Miyagi, Japan in 2011 (MYGO004) [12], and Kobe,
Japan in 1995 (KOBE) [13]. UD: up and down direction, Envelope: virtual
envelope line including whole spectrum.

envelope of acceleration response spectrums shown in Figs. 7
and 8 including all 49 eigen vibration modes obtained from
the modal analysis. Consequently, the maximum von Mises
stress of 1 GPa appeared at the connection between the sup-
port structure and the gravity support, as shown in Fig. 9. Fig.
10 shows stress distribution except for the gravity support legs.
The support legs can be damaged, but the magnet system will
be unharmed.

IV. DISCUSSION

When acceleration acts directly on the gravity support legs,
stress above the allowable level is generated at gravity support.
Countermeasures against avalanche damage to the support
legs are required to prevent the superconducting magnet itself
from being destroyed. In the case of a seismically isolated
building, the seismic isolation system absorbs all frequencies
except for a period of around 2 s, or 0.5 Hz, so the response
acceleration is reduced to about 1/4, and from the calculation
results based on this envelope, the stress in the structure is less
than 1/200. Even in that case, precautions must be taken to
avoid contact with the in-vessel components and piping con-
nected at the seismic isolation boundary.

The deformation at the coil region is greater than that of
before topology optimization. The effect on plasma
confinement conditions must be validated and compensated.
The confined magnetic field can be ensured by making the
structure in such a way that the coil shape after excitation
becomes the prescribed shape or by including a correction coil.

V. CONCLUSIONS

The design modification of the magnet support structure for
the helical fusion reactor FFHR-cl using topology optimiza-
tion and its soundness evaluation were reported. Consequently,
the weight of the magnet system can be reduced by about 25%
when compared with the previous design. The soundness of
the optimized structure against the EM force was confirmed.
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Fig. 9. Result of mode superposition analysis for the magnet system with

gravity legs. Envelop in Fig. 7 was applied to the horizontal direction, and one
in Fig. 8 to the vertical direction.
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Fig. 10. Stress distribution in the magnet system. The same result as in Fig.
9, only the coil support part is shown.

The mechanical response to an earthquake is determined by
the ground and building structures; however, the safety of the
magnet system excludes the gravity supports, which can be
compensated even in the absence of seismic isolation building.

In the actual construction phase, simulated seismic waves
are set based on the ground and building style, and collisions
with the in-vessel components and piping connections at the
building boundary due to deformation and displacement must
be carefully checked.
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