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Abstract

Superconducting coils can revolutionize space propulsion systems. The performances, e.g.,
acceleration and thrust to power ratio, of a magneto plasma sail can be greatly improved with
a superconducting coil by generating a larger magnetic field with less power consumption and
weight. The magneto plasma sail is a space propulsion system with a higher fuel efficiency
or specific impulse for future deep space explorations. The thrust of the magneto plasma sail
is produced by the transfer of momentum from a solar wind plasma to a strong magnetic
field generated by a High Temperature Superconducting (HTS) coil. The thrust of the sail
is proportional to the magnetic moment of the coil (coil turn number × coil current × area
enclosed by the coil). To obtain a large thrust to mass ratio, or acceleration, enough for space
missions, our target is to increase the magnetic moment to mass ratio of the HTS coil system
ten times larger than that obtained by a previous study. The HTS coil system is optimized
to maximize its magnetic moment to mass ratio within the capacity of a launch vehicle.

To design an HTS coil for the magneto plasma sail, we first investigated a quantitative
current transport performance and thermal behavior of an HTS coil, and the effect of the
critical current inhomogeneity along the longitudinal direction of HTS tapes on the coil per-
formances. We measured the current transport property and temperature rises during current
applications of a scale-down model HTS coil using a Bi-2223/Ag tape in a conduction-cooled
system, and analytically reproduced the results on the basis of the percolation depinning
model and three-dimensional heat balance equation. a result, we estimated the critical cur-
rents of the HTS coil within 10% error for a wide range of the operational temperatures
from 45 to 80 K, and temperature rises on the coil during current applications. These re-
sults showed that our analysis and conduction-cooled system were successfully realized. The
analysis also suggested that the critical current inhomogeneity along the length of the HTS
tape deteriorated the current transport performance and thermal stability of the HTS coil.

We also modeled screening currents Is induced in HTS coils to investigate the effect of Is

on the coil magnetic field and a transport AC loss in an HTS coil for space applications of the
HTS coil. compared analysis results with experimental data obtained from the Bi-2223/Ag
scale-down model coil. The experimental residual magnetization due to Is in the Bi-2223/Ag
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coil can be effectively modeled assuming an equivalent loop length of approximate 9 mm
for Is in the coil. The values calculated from the method quantitatively agreed with the
results for various experimental conditions as well as the hysteresis of the magnetization due
to Is. These results demonstrated the validity of our model for screening currents Is, which
considers the effects of flux creep and smaller Is loops in the multi-filamentary Bi-2223/Ag
tape. The transport AC loss in an HTS coil under AC ripple currents with DC offsets was
also investigated to use a DC/DC converter for space applications of the HTS coil. Our
analysis clarified that larger DC offsets greatly increase the effective AC loss even under a
smaller AC current. In addition, we showed that the AC loss decreased the thermal stability
of the conduction-cooled coil in case that HTS tapes in the coil are in the flux-flow state
such as the load factor of 80%. These results suggested that, in order to apply the AC ripple
current to HTS coils, the operational load factor must be properly selected.

To design an optimal HTS coil for use in space, we analyzed the characteristics of HTS
coils using a Bi-2223/Ag tape or YBCO coated-conductors. The suitable configuration of
the HTS coil was searched within a diameter of 4 m to obtain a larger magnetic moment
and clarify the obtainable propulsive force from the magneto plasma sail. We analyzed the
current transport properties, thermal behavior, and applied stresses of the HTS coils, and
compared these characteristics for each coil configuration. As a result of a sensitivity study,
we showed that a thin-walled racetrack coil or multi-pole coil with YBCO coated-conductors
could achieve the larger magnetic moment with allowable stresses and high thermal stability
for space missions.

The whole HTS coil system including the cooling system was also optimized to maximize
the magnetic moment to mass ratio or acceleration, of the magneto plasma sail. The weight of
the cooling system was considered for each coil configuration. We optimized the configuration
of the coil using the genetic algorithm in the case of YBCO circular, multi-pole and racetrack
coil at a variety of the operational temperatures from 10 K to 50 K on the condition of the
perpendicular or parallel direction of the magnetic axis to the sun direction. For all kinds
of the coils, the magnetic moment to mass ratio reaches the highest value at the operational
temperature of around 20 K. On the other hand, in the case of using the HTS coil at less than
20 K, the magnetic moment to mass ratio rapidly decreases because a larger radiation cooling
system is required. This study finally revealed that the racetrack coil system can maximize
the magnetic moment to mass ratio of the system which is approximate three times larger
than that of the minimum requirement for the magneto plasma sail.

The present study proved the possibility to increase the thrust to mass ratio of the sail
system greatly, and leads to realizing a space propulsion system using an HTS coil.
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Chapter 1

General Introduction

1.1 Introduction

Within the next decade or two, the National Aeronautics and Space Administration (NASA)
plans to make human beings set foot on Mars where no man has ever gone before (Fig. 1.1
[1]). In order to broaden the sphere of our activity in space [2], space propulsion systems have
been developed and advanced. At the present, chemical propulsion and electrical propulsion
have been widely used as a propulsion system for spacecraft. The chemical propulsion is
a propulsion system which obtains the propulsive force as a reaction force of a propellant
injection utilizing thermal energy of fuel burning as represented by a launch vehicle “rocket”.
Although the chemical propulsion can provide a large thrust in a short amount of time,
it can be hardly used for a long term flight because the fuel efficiency is extremely lower
and too much amount of fuel is required for long term missions. On the other hand, the
electrical propulsion is a propulsion system which obtains the propulsive force as a reaction
force of a propellant injection utilizing an electric energy. Although the obtainable force
is smaller than that obtained by the chemical propulsion, it can be used for a longer term
thanks to a higher fuel efficiency. Thus, the electrical propulsion is now mainly used for solar
system explorations such as “HAYABUSA” mission by Japan Aerospace Exploration Agency
(JAXA) which successfully achieved a sample return mission from an asteroid. However, the
electrical propulsion requires a large amount of electric power to inject a propellant. Since
the spacecraft generally uses solar panels to generate electricity, which create less electrical
energy in deep space due to the distance from the sun, using the electrical propulsion for
deep space explorations poses many difficulties. As just described, to explore and expand
the sphere of human’s activity to deep space by using the existing chemical or electrical
propulsion is difficult to realize.

Based on such backgrounds, a propulsion system which is so-called Sail propulsion such as

1
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Figure 1.1: NASA’s Journey to Mars [1].

Figure 1.2: Environments of the interplanetary space [1].
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Figure 1.3: Solar sail demonstrator “IKAROS” [4].

Solar sail, Electric solar wind sail and Magnetic sail have been proposed. The sail propulsion
can efficiently generates a propulsive force using the environment of an interplanetary space
as shown in Fig. 1.2. The solar sail is a space propulsion system which obtains the propulsive
force by reflecting a sunlight using a large thin mirror. The validity of the solar sail has been
already demonstrated by “IKAROS” mission [3] by JAXA (Fig. 1.3 [4]). The electric solar
wind sail [5] is a space propulsion system which uses charged long wires and generates the
propulsive force by reflecting a solar wind, which is a plasma flow or charged particles from
the sun, through the use of coulomb force (Fig. 1.4 [6]). The electric solar wind sail has
been already demonstrated with a cubesat “ESTCube-1” [7]. Although the propulsive force
of the sail propulsion is smaller than that of the chemical or electrical propulsion, the sail
propulsion has the advantage of being able to generate the thrust without any propellant
and realize an efficient long term flight to explore the deep space.

1.2 Magnetic Sail and Magneto Plasma Sail

Magnetic sail is one of the sail propulsion systems that has never been realized and demon-
strated in space (Fig. 1.5). The concept of the magnetic sail was first invented by Zubrin and
Andrews in 1991 [8]. The thrust of the magnetic sail is produced by the interaction between
a solar wind, which is a plasma flow from the sun, and a strong magnetic field generated
by an on-board superconducting coil in the spacecraft. A transfer of momentum from the
solar wind to the magnetic field results in a propulsive force for the sail in the direction apart
from the sun as shown in Fig. 1.6. The magnetic sail can theoretically achieve a higher fuel
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Figure 1.4: Concept of the electric solar wind sail [6].

©NEC/JAXA

Figure 1.5: Illustration of the magnetic sail spacecraft.

efficiency and higher thrust to power ratio than the electric propulsion, as the magnetic sail
directly converts the sun energy or momentum of the solar wind into the propulsive force
without any fuel and also superconducting coil consumes less power. Such propellant less
sail propulsion system has been expected to realize future deep space explorations [9]-[12].
Zubrin et al. reported that the magnetic sail will be able to generate a thrust of 19.8 N
with a coil mass of 5000 kg and a magnetosphere with a diameter of 100 km [8]. However, a
superconducting coil with a huge diameter of more than 10 km is required to generate such
a huge magnetosphere. It has been impossible to launch or deploy a superconducting coil
with such a huge diameter in order to generate a huge magnetosphere.

Winglee et al. proposed the concept of Magneto Plasma Sail (MPS) in 2000 which can
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Figure 1.6: Thrust generation mechanism of the magnetic sail spacecraft.

produce a larger magnetosphere than that of the magnetic sail using a plasma injection from
the spacecraft instead of using a huge size coil [13, 14]. Fig. 1.7 shows the illustration
of the concept of the magneto plasma sail. The original magnetosphere produced by a
superconducting coil with a diameter of a few meter is expanded to a larger magnetosphere
by the plasma injection from the spacecraft through the effect of the frozen-in magnetic field.
Although the magneto plasma sail requires some propellant to inflate the magnetosphere,
there is no need for using a superconducting coil with a huge diameter such as 10 km to
generate an enough thrust for space missions. Table 1.1 shows expected specifications of the
magneto plasma sail as well as the ion engine, which is one of the electric propulsion used for
“HAYABUSA” probe, and solar sail by way of comparison. As shown in Table 1.1, magneto
plasma sail can theoretically realize a higher fuel efficiency (specific impulse Isp) and higher
thrust to power ratio than those of the ion engine, and a higher thrust than that of the solar
sail.

1.3 High Temperature Superconducting Coil

1.3.1 Electromagnetic Characteristics of Superconductors

The present section describes the electromagnetic characteristics of superconductors, which
will be used for the magnetic sail or magneto plasma sail. Figure 1.8 describes the state
diagram of superconductors. The state of the superconductors depends on the magnetic
field, temperature and current applied to the superconductors. Superconductors turn into
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Figure 1.7: Concept of the magneto plasma sail.

Table 1.1: Specifications of magneto plasma sail, ion engine and solar sail [10]
Ion engine Solar sail Magneto plasma sail

Spec Propellant required (Xe
etc.)

No propellant required Propellant required (Xe
etc.)

Isp = 3000-4500 s Isp = infinity Isp = around 5000 s
Thrust = several
mN-200 mN

Thrust = 10 mN (14
m×14 m)

Thrust = 1 N at 4 kW

Proportional to
1/ (Sun distance)2

Proportional to
1/ (Sun distance)2

Proportional to
1/ (Sun distance)2/3

Efficiency=20-30
mN/kW

Efficiency=250 mN/kW

Life = 8000-18000 h Life = to be verified Life = TBD
Operation Extension mechanism

not required
Extension mechanism
required

TBD

Switch on/off possible Thrust vector control
by attitude control

Switch on/off possible

Mission Near-Earth asteroid
rendezvous
Mainbelt asteroid
rendezvous
Comet rendezvous

Fast outer planet flyby
(Jupiter flyby in about
4-5 years with
planetary gravity
assists or with inner
heliosphere visit)

Fast outer planet flyby
(Jupiter flyby in about
2 years with direct
Earth-Jupiter transfer)
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Table 1.2: Critical temperature and magnetic field for superconductors.
Materials Critical Temperature

(K)
Critical Magnetic Field

(mT)
LTS Pb 7.2 80

Nb 9.3 40 - 300
NbTi 9.5 199 - 11500
MgB2 39 50 - 14000

HTS YBCO 93 100 - 160000
BSCCO 110 20 - 200000

a normal conducting state over the critical value of the current, magnetic field, and tem-
perature. Superconductors can be separated into two groups based on their electromagnetic
characteristics, which are called as type-I superconductor and type-II superconductor, re-
spectively. A type-I superconductor is a material which cannot be penetrated at all by a
weak magnetic field (below a critical magnetic field), a phenomenon known as the Meissner
effect. Once the strength of the applied magnetic field rises above a critical magnetic field,
however, superconductivity abruptly breaks down via a first order phase transition. The
type-I superconductivity is typically exhibited by pure metals such as aluminum, lead, and
titanium. On the other hand, a type-II superconductor is a material which has two stages of
critical magnetic field. The magnetic field below a lower critical value, Bc1, cannot penetrate
into type-II superconductors. Above a lower critical magnetic field strength Bc1, however,
the magnetic field penetrates into type-II superconductors, although the superconductivity
of the material is kept, which are called as mixed state. At a higher critical magnetic field
Bc2, the superconductivity is destroyed. The type-II superconductors are usually made of
metal alloys or complex oxide ceramics. Since the higher critical magnetic field Bc2 for type-
II superconductors is much larger than the critical field for type-I superconductors, type-II
superconductors in a mixed state are mainly used for practical applications of the super-
conductivity. Table 1.2 shows the critical temperature and magnetic field for the variety of
the superconductors. Only Pb in the table belongs to type-I superconductors and the other
materials belong to type-II superconductors. All High Temperature Superconductors (HTS),
which can be in a superconducting state at a higher temperature compared to Low Tem-
perature Superconductors (LTS), such as above liquid nitrogen temperature 77 K, belong to
type-II superconductors.

In a mixed state, magnetic fluxes, which are quantized, penetrates into a superconductor.
Figure 1.9 shows the schematic diagram of the penetration of the flux. The equivalent Lorentz
force acts on the quantized magnetic flux when the current is applied to the superconductor.
If the quantized flux moves, the electric field is induced according to the Faraday’s law, and
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Figure 1.8: State diagram of superconductors.

a heat loss is caused by the inner product of the current density and electric field. How-
ever, type-II superconducting materials contain normal conducting precipitates and crystal
interfaces that prevent the movement of the fluxes, and the loss is not generated with under
a specific current. Such encumbered mechanism is called as the flux pinning, and acting
force is called as the pinning force. In the case of a high temperature superconductor (HTS),
the strength of the local pinning force shows a wide distribution due to the complex crystal
geometry of the HTS, different from the case of Low Temperature Superconductors (LTS).
Also, due to the relatively higher temperature operation than the LTS and layered crystal
structure, the pinning force has a larger thermal disturbance. This fact suggests that, even
if the same force acts on each quantized magnetic flux, some flux stochastically unlink from
the pinning and move, but others do not. As a result, the electric field is gradually generated
with the increasing applied current density for HTS materials as shown in Fig. 1.10, and
such nonlinear characteristics depend on the strength and the angle of the applied field as
well as operational temperature. Since HTS have such nonlinear current density and electric
field (J −E) characteristics, the critical value for the applied current, critical current shown
in Fig. 1.8, cannot be easily defined, and the nonlinear J − E characteristics must be taken
into account to understand the electromagnetic characteristics of HTS coils and design the
optimal HTS coil for the magneto plasma sail.
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Figure 1.9: Schematic diagram of the penetration of the flux.

Figure 1.10: Comparison of the J − E characteristics between LTS and HTS.
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1.3.2 HTS Coil System for Magneto Plasma Sail

There is much interest in developing HTS coil systems for space applications such as for the
magneto plasma sail and electric propulsion. Space propulsion systems with HTS coils can
have larger thrust since HTS coils weigh less, use less power and produce larger magnetic
fields than non-HTS coils [15]-[19]. The present section describes the outline of a magneto
plasma sail system for the exploration to the planet Jupiter. Figure 1.11 shows the whole
system configuration of the magneto plasma sail. The system is mainly composed of five
elements, i.e., Solar paddles, Sun shields, Bus module, Radiation panels and HTS coil. The
left side of the configuration in Fig. 1.11 corresponds to the solar paddles and the sun shields.
The solar paddles produce the electric power from the sun light and the sun shields prevent
the heat invasion from the sun to the other components. The spacecraft bus module contains
the power supply system as well as the spacecraft control and telecommunication system. As
a coil power supply, light-weight DC/DC converters will be used due to the strict limit of
mass and power consumption for the spacecraft. Plasma sources are also installed to inject
a plasma and expand the coil magnetic field. The right side of the configuration in Fig.
1.11 consists of the radiation panels and the HTS coil installed in the coil case. Due to the
mass limitation, any refrigerants will not be used for the magneto plasma sail. The radiation
panels and the coil case prevent the heat invasion which cannot be blocked only by the sun
shield. In addition, a cryocooler can be installed in order to improve the stability of the coil
temperature.

1.4 Overview of Previous Studies

There have been many previous studies about the magnetic sail and magneto plasma sail in
terms of laboratory experiments, analytical and numerical considerations.

1.4.1 Laboratory Experiments

A research group at Institute of Space and Astronautical Science (ISAS)/JAXA reported
that the thrust of 1 mN can be obtained based on a superconducting coil with the weight
of 200 kg and, using the magnetic inflation, the thrust of 100 mN can be realized. Based
on this estimation, experimental studies for the magneto plasma sail were conducted at
ISAS/JAXA. These experiments verified that the artificial magnetosphere was formed with
a normal conducting coil (scale-down magnetic sail) and plasma thruster (solar wind) [49]
This scale-down magnetic sail demonstrator also confirmed by using the pendulum stand
that the thrust was generated by the interaction between the magnetosphere and plasma flow
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Figure 1.11: HTS coil system of the magneto plasma sail [20].

[22, 23]. The validity of the magnetic inflation was also verified and a larger magnetosphere
was measured as shown in Fig. 1.12 [24]. However, the parameters which can be tested by
the experiments were limited due to the size of the experimental system and, as a result, the
actual phenomena of the full-scale magnetic sail cannot be reproduced in the experiment. A
scale-down model of the HTS coil system for the magnetic sail has been also established in
Kyoto University [25].

1.4.2 Numerical Simulations

The thrust characteristics of the magnetic sail and magneto plasma sail have been analytically
investigated [26, 27]. Based on the analytical study, a superconducting coil with the weight
of 3000 kg is required to obtain the thrust of 700 mN on the basis of the study of the
magnetic flux conservation [27]. An orbital analysis using the magneto plasma sail was also
conducted [28]-[30] and, to realize the magneto plasma sail, some new methods to increase
the thrust of the magneto plasma sail were proposed [31]-[33], although these new methods
have not been verified by numerical simulations as well as laboratory experiments. The
numerical simulations must be first conducted to clarify the thrust characteristics of the
magneto plasma sail.

Following Zubrin’s [8] and Winglee’s [13] study, there have been many studies to evaluate
the thrust of the magnetic sail and magneto plasma sail. To evaluate the thrust of the sail



12 CHAPTER 1. GENERAL INTRODUCTION

(a) Magnetic sail

(b) Magneto plasma sail with plasma inflation

Figure 1.12: Experimental result of the photograph of the interaction between solar wind
plasma and magnetic field [24].
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accurately, the interaction of the plasma and magnetosphere has to be simulated with taking
into account the relationship between the scale of the plasma and magnetosphere [34, 35],
and the appropriate analytical model depends on the scale of the interaction. Winglee et
al. simulated the thrust characteristics on the basis of the magnetohydrodynamic model
and obtained a higher thrust from the magneto plasma sail, which can greatly shorten the
mission time for deep space explorations [13]. However, later studies proved that the mag-
netohydrodynamic model is not suitable and full kinetic simulations are required to evaluate
the thrust of the magneto plasma sail due to the scale of the interaction between the plasma
(solar wind) and magnetosphere of the magneto plasma sail [35]-[38]. In the research group
of ISAS/JAXA, the thrust as well as attitude stability of the magnetic sail and magneto
plasma sail have been numerically investigated with assuming a variety of the scale of the
plasma and magnetic field interaction [39]-[53]. These simulation results have showed that
the magneto plasma sail is more promising with small scale magnetosphere, but the thrust
improvement from the magnetic sail was limited to almost ten times smaller than expected
in earlier investigations. It was also shown that the thrust of the magneto plasma sail with a
small scale magnetosphere is proportional to the magnetic moment (coil turn number × coil
current × area enclosed by the coil) of the on-board superconducting coil [53].

1.5 Objectives

The purpose of this study is to design the optimal high temperature superconducting (HTS)
coil system for the magneto plasma sail to increase the thrust of the sail and compensate
the shortfall of the thrust improvement by the plasma inflation. For the optimal design of
an HTS coil for the magneto plasma sail, some problems must be solved; As mentioned in
section 1.3, the nonlinear current transport characteristics, i.e., the electric field, E, versus
current density, J , characteristics, of the HTS depend on the strength and angle of the applied
magnetic field, operational temperature and, therefore, depend on the configuration and size
of the coil and cooling condition. Although understanding the electromagnetic characteristics
of the HTS is important to design HTS coils, an analysis model to accurately estimate such
characteristics has not been developed. Also, space missions attach great importance to
the reliability of on-board instruments in spacecraft. On the other hand, radiation and/or
conduction cooling will be used to cool down the on-board HTS coil as the spacecraft has
the limitation of the HTS cooling system due to the mass limit. A larger current must be
applied to the HTS coil to generate a larger magnetic field for space missions, and the heat
generation, J ·E, can easily transform the HTS coil into the normal conduction state in such
cooling condition, and burn out the coil in space. A great care or precise estimation of the
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thermal stability of the conduction-cooled HTS coil are required to avoid damaging the coil
in space, and, therefore, the thermal stability of the HTS coil is an important constraint for
the optimal coil design for the magneto plasma sail. Moreover, due to the mass limitation
of the spacecraft, a light-weight DC/DC converters, which contain AC ripples in output DC
currents, will be used as the regulation of the power supply in the spacecraft as mentioned in
section 1.3.2. The effect of using such a brute supply for HTS coils, such as AC loss, on the
thermal stability of the HTS coils must be also investigated. Therefore, we first develop a
thermo-electromagnetic field analysis method that can evaluate the nonlinear characteristics
of the conduction-cooled HTS coil, i.e., current transport characteristics and thermal stability
as well as AC loss of the HTS coils.

In order to obtain an adequate driving force and realize the magneto plasma sail, a
magnetic moment, µ = NIS, of the coil, to which the thrust of the magneto plasma sail
is proportional, must be improved as large as possible. S denotes the area enclosed by the
coil and NI (N : total turn number of the coil, I: operational transport current) is the
magnetomotive force of the coil. One method to increase the magnetic moment is to enlarge
S. Spacecraft size, however, is typically limited to be less than 4 m due to the installation
size limit in the rocket for launch. Another way to increase µ is to enlarge NI. HTS coils
have a big advantage for increasing I, and this is one of the major motivations to utilize the
HTS coil for the magneto plasma sail. In order to obtain a large thrust to mass ratio, or
acceleration, enough for space missions, our target is to increase the magnetic moment to
mass ratio of the HTS coil system ten times larger than that obtained by a previous study.
The HTS coil system including its cooling system with considering the thermal invasion due
to the sun light is optimized to increase the magnetomotive force and maximize its magnetic
moment to mass ratio and the thrust as well as acceleration of the magneto plasma sail within
the capacity of a launch vehicle to realize the space propulsion system using an HTS coil.

1.6 Outline of This Thesis

This thesis consists of seven chapters as follows:
Background and objectives of this study as well as summary of previous studies for the

magnetic sail and magneto plasma sail are described in chapter 1.
In chapter 2, heat transfer characteristics of Bi-2223/Ag tape and YBCO coated conduc-

tor are investigated to develop an analysis method to develop the thermal model for HTS
coils. We measure temperature traces of the bundled conductors for the heater disturbance
at conduction cooling conditions. Obtained results are modeled and analyzed using heat
balance equations. On the basis of the modeled results, we obtain the thermal diffusivity, in
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the perpendicular direction to the tape surface, of the Bi-2223/Ag tape and YBCO coated
conductor.

In chapter 3, an analysis method is developed to evaluate the current transport perfor-
mance and thermal stabilities of HTS coils, in order to design a coil system for the magneto
plasma sail. This method uses the percolation depinning model as the electric field and cur-
rent density characteristics model for HTS. The analysis for thermal stability can estimate
the current which causes an HTS coil to be quenched by solving the heat balance equa-
tion. Longitudinal inhomogeneities of the critical current of the HTS tape is considered for
a precise analysis. We also fabricate a Bi-2223/Ag scale-down model coil and establish a
conduction-cooled experimental system for the magneto plasma sail to verify the validity of
the analysis method.

In chapter 4, the developed analysis method is extended to consider screening currents
induced in HTS coils based on the percolation depinning and flux creep models. Screening
currents induced in the Bi-2223/Ag scale-down model coil is modeled. The decay behavior
as well as hysteresis curves of the magnetic field due to the screening currents under varying
conditions is measured, and modeled assuming an equivalent loop length for the screening
currents in the coil. Moreover, to use DC/DC converters as a regulation of the power supply
for space missions, the effects of the transport AC losses under various ripple currents with DC
offsets on the conduction-cooled coil performance is investigated by the developed analysis
model.

In chapter 5, an HTS coil with a larger magnetic moment using YBCO coated conductors
or Bi-2223/Ag tape are searched for a magneto plasma sail. For the coil design, we analyze
the current transport properties, thermal stability, and applied stresses of the HTS coils, and
compared these characteristics for each coil configuration, including the circular, racetrack,
and multi-pole coil. The present study also investigate the required weight of the coil to obtain
the minimum requirement of the magnetic moment at a variety of operational temperature,
and clarify the suitable operational temperature of the HTS coil for the magneto plasma sail.

In chapter 6, the HTS coil system for the magneto plasma sail is optimized to maximize
its magnetic moment to mass ratio using the genetic algorithm. The weight of the cooling
system is calculated for each coil configuration. The configuration of the coil as well as the
cooling structure is optimized using the genetic algorithm in the case of circular, multi-pole
and racetrack coil at the operational temperature from 10 K to 50 K. Also, the direction of
the magnetic axis of the coil is set to the perpendicular as well as parallel direction to the
sun direction in this optimization.

In Chapter 7, we summarize this thesis and give conclusions obtained in the present study.
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Chapter 2

Heat Transfer Characteristics of HTS
tapes

2.1 Introduction

To reduce the weight of the spacecraft is important for space missions. A light-weight HTS
coil system is required and radiation and/or conduction cooling which utilizes 3 K back-
ground temperature in space will be used for the magneto plasma sail. In such a cryogenics
environment, Low Temperature Superconductors (LTS), which are more matured technol-
ogy than High Temperature Superconductors (HTS), can be used. The temperature of the
on-board coil, however, goes higher than the background temperature 3 K due to the heat
invasion from the sun light which is not prevented by a sun-shield. Such heat invasion will
evaporate the liquid helium which cools down an LTS coil to 4 K. Thus, to use the LTS coil
in space for a long term, a huge helium tank is required such as like an ASTROMAG satellite
[54]. For this reason, LTS coils are difficult to use for a space propulsion system for a deep
space exploration, and an HTS coil will be used.

To design an HTS coil for use in space, cooling characteristics of the coil is an important
constraint. Especially, for a YBCO coil which has a low level of heat transfer characteristics,
a great care is required to avoid local heat generations and temperature rises (Hot spot). To
realize an HTS coil system with a high reliability without any refrigerant, the heat transfer
characteristics of HTS tapes in a longitudinal direction as well as perpendicular direction to
the tape surface must be precisely investigated to design an reliable HTS coil used in space.
Although those characteristics of a YBCO coil were measured under Adiabatic condition, the
heat transfer characteristics taking into account cooling effects under the conduction cooling,
and the difference of the thermal diffusivities of each HTS tape have not been investigated.

This chapter investigated thermal diffusivities of Bi-2223/Ag and YBCO tape conductors,

17
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Table 2.1: Specifications of the tapes and bundles.
Width (mm) Tape thickness (mm) Bundle thickness (mm)

Bi-2223/Ag 2.6 0.18 1.6
YBCO 3.0 0.11 1.2
Cu 2.9 0.11 1.2

which are candidates of the HTS to be used for the magneto plasma sail, as a preliminary
consideration to design the HTS coil. Thermal input was applied to short length of bun-
dled conductors with two kinds of setup of conduction cooling conditions. Experimental
results were modeled solving heat balance equations, and heat transfer characteristics in a
longitudinal direction and perpendicular direction to the tape surface were investigated.

2.2 Experiment

2.2.1 Experimental Setup

Figure 2.1 shows a conduction-cooled experimental system used in experiments. The inside
of the chamber can be cooled down to around 10 K using a GM cryocooler.

To obtain the thermal diffusivities of HTS tapes, we fabricated bundled conductors us-
ing short length of five-conductors. In this experiment, thermal input was applied using a
nichrome heater from the top surface of the bundle. By measuring the temperature change
on top and bottom surface of the bundle, the heat transfer in the bundle was measured. The
specifications of the tapes and bundles used in this experiment are shown in Table 2.1. To
fabricate an HTS coil, the conductor is insulated using polyimide tapes, which worsen the
heat transfer characteristics in the perpendicular direction to the tape surface. The bundles
were also made with polyimide tapes assuming a coil geometry.

2.2.2 Measurement Procedure

The experiment was conducted with two kinds of setup in the conduction-cooled system
as shown in Fig. 2.2. First, only 5 mm from the both-ends of the bottom of the bundle
was cooled down to investigate the heat transfer in both of the longitudinal direction and
perpendicular direction to the tape surface as shown in Fig. 2.2(a). We measured the heat
transfer using three kinds of the tapes shown in Table 2.1 in the both-ends cooling system.
In addition, with the YBCO coated-conductor, the heat transfer was measured under the
condition that the whole area of the bottom of the bundle was uniformly cooled down as
shown in Fig. 2.2(b). In the case of the uniform cooling system, the temperature gradient
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Figure 2.1: Conduction-cooled experimental system.

in the longitudinal direction was not generated. Thus, the heat transfer in the longitudinal
direction can be ignored, and only in the perpendicular direction to the tape surface can be
measured with this setup.

After the temperature of the bundle was stable, thermal input was applied for 60 s and
then turned off. We measured temperature traces using Cernoxr thermo-sensors at the
center of the top and bottom surface of the bundled conductors as shown in Fig. 2.2, and
investigated the heat transfer in the perpendicular direction to the tape surface of the bundle,
i.e., from the heater to the bottom of the bundle. Thermal input of 290 mW was applied to
the both-ends cooling system, and 10 W was applied to the uniform cooling system, using a
nichrome heater, respectively. The initial temperature of the bundle in the experiment was
set from 20 K to 77 K.

2.3 Analysis Model

2.3.1 Heat Transfer Analysis

Experimental results are modeled and analyzed using one-dimensional as well as two-dimensional
heat balance equations, and the heat capacity, thermal conductivity and thermal diffusivity
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(a) Both-ends cooling system

(b) Uniform cooling system

Figure 2.2: Schematic configuration of the experimental set-up to measure the thermal dif-
fusivities of the HTS tapes.
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of the HTS tapes were obtained. The heat balance equation for the bundle can be expressed
as,

C
∂T

∂t
= κ∇2T +W (2.3.1)

where T is temperature, κ is thermal conductivity, C and W are heat capacity and heat
value for a unit volume. The thermal diffusivity can be obtained by κ/C. In addition, the
amount of the heat transfer q between two different materials can be calculated as,

q = h (T1 − T2) (2.3.2)

where T1 is the temperature of material 1, T2 is the temperature of material 2, respectively,
and h is the heat transfer coefficient. The heat capacity C, thermal conductivity κ, heat
transfer coefficient h were measured at 90, 64, 50, 37, 10 K. Those parameters at other
temperatures were estimated with the linear interpolation. The heat balance equation was
solved using Crank -Nicolson method, and the heat transfer during the heater disturbance
was simulated.

2.3.2 Simulation Model

Figures 2.3(a) and 2.3(b) show the simulation model of the cross section of the bundles for the
both-ends cooling system and uniform cooling system, respectively. As shown in these figures,
the heater, each conductor and polyimide tapes make up a layer structure. In the both-ends
cooling system, the dotted line at the center of the bundle in Fig. 2.3(a) shows symmetrical
boundary. The heat transfer in the bundles was analyzed solving the two-dimensional heat
balance equation in a half area of the bundle. On the other hand, in the uniform cooling
system, the temperature gradient in the longitudinal direction was not generated and the
heat was transferred only in the perpendicular direction to the tape surface. Thus, the heat
transfer in the bundle was analyzed solving the one-dimensional heat balance equation for this
setup as shown in Fig. 2.3(b). As the bundle was set in a vacuum, the Adiabatic condition
was set as the boundary condition except the boundary with the cooling stages was set as the
Dirichlet condition (see Fig. 2.2 and Fig. 2.3). For the Bi-2223/Ag tape, the inner structure
was ignored, and treated as just one material. For the YBCO coated-conductor which has
a layer structure, the inner structure which consists of Ag, YBCO, Buffer, and Hastelloyr

layer was considered as shown in Fig. 2.3(c). However, the thickness of the YBCO and buffer
layer was quite thin and ignored in this study, and it was assumed that the heat between
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(a) Two-dimensional thermal analysis model of the both-ends cooling system

(b) One-dimensional thermal analysis model of the uniform cooling system

(c) Analysis model of the inside structure of the YBCO tape

Figure 2.3: Thermal analysis model of the cross-sectional surface of the bundles.
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Ag and Hastelloyr layer was exchanged by the heat transfer coefficient h1. We also assumed
that the thermal diffusivity in a longitudinal direction and perpendicular direction to the
tape surface is isotropic in the same material.

Although the thermal parameters, C, κ, of the nichrome heater, Cu, and Hastelloyr have
been already known, the heat transfer coefficient, h0, h1, and the thermal parameters of
the Bi-2223/Ag and polyimide tape have not known. By modeling the experimental results,
these unknown parameters were obtained as fitting parameters. The analysis results were
fitted with the experimental ones according to the following procedure.

1. The heat transfer coefficient, h0, thermal conductivity, κ, and heat capacity, C, of the
polyimide tape were first obtained by modeling the heat transfer in the Cu bundle
whose thermal parameters have been already known.

2. The heat transfer coefficient, h1, in the YBCO, and thermal conductivity, κ, and heat
capacity, C, of the Bi-2223/Ag tape were obtained by modeling the heat transfer in the
Bi-2223/Ag and YBCO bundle, using the thermal parameter obtained in the procedure
1.

The thermal diffusivities of the Bi-2223/Ag and YBCO tape conductor were estimated by
the obtained thermal parameters.

2.4 Results and Discussion

2.4.1 Both-ends Cooling System

Figure 2.4 shows the experimental results of the temperature difference, ∆T , between the top
and bottom surface of the bundle after the thermal input for the both-ends cooling system.
Bi in the figures denotes the Bi-2223/Ag tape and Y denotes YBCO coated-conductor. The
initial temperature was set at T0 = 20, 40, 60, 77 K, respectively. The heat input was applied
at t = 0 s and turned off at t = 60 s. As shown in the figures, the temperature difference, ∆T ,
becomes larger as the initial temperature, T0, decreases. This is because the heat capacity
of the heater and each conductor decreases with the temperature. As can also be seen in
the figures, the temperature differences, ∆T , are the largest in the case of the YBCO bundle
for all initial temperature condition. When the Bi-2223/Ag bundle is compared to the Cu
bundle, ∆T makes little difference (at a lower temperature, ∆T is slightly higher in the Bi-
2223/Ag bundle than in the Cu bundle). As larger ∆T shows lower thermal diffusivity, this
result suggests that the thermal diffusivity of the YBCO coated-conductor is smallest and
those of the Bi-2223/Ag and Cu tape is relatively the same value.
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(a) T0 = 20 K (b) T0 = 40 K

(c) T0 = 60 K (d) T0 = 77 K

Figure 2.4: Temperature difference between the upper and lower surface of the bundles during
the heater disturbance (290 mW) for the both-ends cooling system (experimental results).
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To quantify the thermal parameters of the HTS tapes, the experimental results were re-
produced solving the two-dimensional heat balance equation. Figure 2.5 shows the fitting
results of the temperature traces during the heater disturbance. The experimental results
were shown as the symbols and analysis results as the lines. As shown in these figures, the
analysis results successfully reproduced the experimental results. The thermal parameters
estimated by the fitting results are shown in Fig. 2.6. The thermal conductivity and diffu-
sivity of Ag and Hastelloyr are also described in Figs. 2.6(b) and (c) for references because
Ag is used in the Bi-2223/Ag tape as a base material, and YBCO coated-conductor mainly
consists of Ag and Hastelloyr. As shown in Fig. 2.6(c), although the value of the thermal
diffusivity of the Bi-2223/Ag tape is similar to that of the base material, Ag, the thermal
diffusivity, in the perpendicular direction to the tape surface, of the YBCO coated-conductor
is five orders of magnitude lower than that of the Bi-2223/Ag, Ag, and Hastelloyr. Such a
lower thermal diffusivity is caused by the thermal resistance between the layers in the YBCO
coated-conductor which has a layer structure, i.e., the lower heat transfer coefficient, h1, in
the YBCO coated-conductor as shown in Fig. 2.6(a).

Figure 2.7 indicates the simulation result of the longitudinal temperature distribution
of the bottom surface of the Bi-2223/Ag and YBCO bundle at t = 60 s (T0 = 20 K). y
= 0 mm denotes the measurement point of the temperature in the experiments (center of
the bundle). To investigate the cooling effect of the conduction cooling, the analysis results
with assuming the Adiabatic condition without any cooling path are also shown in Fig. 2.7
by way of comparison. As can be seen in Fig. 2.7, in the case of the Bi-2223/Ag bundle,
the center of the bundle is cooled down thanks to the conduction cooling. On the other
hand, in the case of the YBCO bundle, the area cooled down by the conduction cooling
is confined to the immediate vicinity of the cooling stage (30 mm < y < 35 mm) and the
center of the bundle is not cooled down. One of the causes of this result is that, because
the Hastelloyr covers the most part of the YBCO coated-conductor, the thermal diffusivity
in the longitudinal direction is lower than that of the Bi-2223/Ag tape. In addition, the
small thermal diffusivity of the YBCO in the perpendicular direction to the tape surface also
affects the cooling characteristics as only the bottom part of the bundle is cooled down.

From these results, it was revealed that the thermal diffusivity of the YBCO coated-
conductor is much lower than that of the Bi-2223/Ag tape not only in the longitudinal
direction but also in the perpendicular direction to the tape surface. Due to such a low
thermal diffusivity, when the YBCO coil is not uniformly cooled down, the heat generated
in the coil cannot be easily drew away and the hot spot will be generated.
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(a) Cu bundle

(b) Bi-system bundle

(c) Y-system bundle

Figure 2.5: Experimental results (symbols) and two-dimensional analysis results (curve) for
the both-ends cooling system. Each figure indicates the results at T0 = 20, 40, 60 and 77
K (square symbol and broken curve: upper surface; circle symbol and solid curve: lower
surface).



2.4. RESULTS AND DISCUSSION 27

(a) Heat transfer coefficient h0 and h1

(b) Thermal conductivity κ

(c) Thermal diffusivity κ/C

Figure 2.6: Estimated (a) heat transfer coefficient, (b) thermal conductivity and (c) thermal
diffusivity, in the perpendicular direction to the tape surface, from the fitting results for the
both-ends cooling system.
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Figure 2.7: Temperature distribution of the lower surface of the bundles at t = 60 s (two-
dimensional analysis results, initial temperature T0 = 20 K). Temperature was measured at
y = 0 mm in the experiments. The arrows in this figure indicate the cooling effect via the
both-ends cooling system.
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2.4.2 Uniform Cooling System

The shape of HTS coils is axial symmetry, and the heat generated in the coils must be
transferred in the radial direction (the perpendicular direction to the tape surface) or axial
direction of the coil. As obtained in the previous section, the fact that the thermal diffusivity,
in the perpendicular direction to the tape surface, of the YBCO coated-conductor is approxi-
mate five orders of magnitude smaller than that of the Bi-2223/At tape is a serious constraint
to design a coil using the YBCO coated-conductor. In this section, the thermal diffusivity
in the perpendicular direction of the YBCO coated-conductor was precisely investigated by
the experiment and analysis with the setup of the uniform cooling system (Fig. 2.2 (b) and
Fig. 2.3(b)), which can be analyzed with only one-dimensional heat transfer.

Figure 2.8 shows the fitting results between the analysis (shown as line) and experimen-
tal results (shown as symbol). The heat transfer coefficient, h1, and thermal diffusivity of
the YBCO coated-conductor were again obtained by these fittings. The estimated thermal
diffusivity of the YBCO coated-conductor in the perpendicular direction to the tape surface
is shown in Fig. 2.9 as YBCO (uniform cooling system). The error bars in the figures show
the estimation error of the thermal diffusivity due to the variation of the measurement data.
As shown in Fig. 2.9, the difference between the thermal diffusivity, in the perpendicular
direction to the tape surface, of the YBCO coated-conductor estimated with the uniform
cooling condition and that estimated with the both-ends cooling condition is within the error
bars except T0 at around 10 K. These results obtained by the one-dimensional as well as two-
dimensional analysis proved that the thermal diffusivity, in the perpendicular direction to
the tape surface, of the YBCO coated-conductor is much lower than that of the Bi-2223/Ag
tape. Such a terrible thermal diffusivity of the conductor is one of the reason why a hot spot
is easily generated in the YBCO coil which causes the coil quench. In addition, since the
thermal diffusivity of the YBCO coated-conductor is much lower in the longitudinal direc-
tion as well as the perpendicular direction, the YBCO coil must be uniformly cooled down
to avoid a temperature gradient in the coil.

On the other hand, the thermal diffusivity of the Bi-2223/Ag tape, which is higher than
that of the YBCO coated-conductor, is two orders of magnitudes lower than that of Ag at
around 20 K, which will be the operational temperature of the on-board coil for the magneto
plasma sail. Also, by giving attention to the experimental results shown in Fig. 2.4, the
temperature differences, ∆T , in each conductor do not make an enough difference considering
the difference of the thermal diffusivity between the YBCO coated-conductor and the other
conductors. This result suggests that, for the bundled conductor or the coil, the thermal
characteristic of the polyimide tape and heat transfer coefficient, h0, are the dominant factor
for the heat transfer. Figure 2.10 shows the thermal diffusivity of the whole bundles of the
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(a) T0 = 20 K (b) T0 = 40 K

(c) T0 = 60 K (d) T0 = 77 K

Figure 2.8: Temperature traces of the lower surface of the bundles during heater disturbance
(10 W) for the uniform cooling system (experimental and one-dimensional analysis results).

Figure 2.9: Estimated thermal diffusivity, in the perpendicular direction to the tape surface,
from the fitting results for the uniform cooling system.
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Figure 2.10: Estimated thermal diffusivity, in the perpendicular direction to the tape surface,
of the bundled conductors.

Bi-2223/Ag and YBCO, obtained by the analysis assuming the bundle as just one material.
The thermal diffusivity of the YBCO coated-conductor is obtained as the average value of
two kinds of the experimental setups. As can be seen in the figure, as the bundle conductor,
the thermal diffusivity of the Bi-2223/Ag becomes lower than that of the tape itself due to the
thermal characteristics of the other materials and thermal resistivity between each material
in the bundle, although it is still higher than that of the YBCO bundle. The thermal stability
must be considered to avoid the coil quench even in the case of the Bi-2223/Ag coil. These
thermal characteristics are important to design the HTS coils for use in space.

2.5 Summary

This chapter investigated the thermal diffusivities of the Bi-2223/Ag tape and YBCO coated-
conductor to design a conduction-cooled HTS coil for the magneto plasma sail with precisely
taking into account the thermal behavior of the coil. First, we measured temperature traces
of the bundled conductors for the heater disturbance at conduction cooling conditions. Ob-
tained results were modeled and analyzed using one-dimensional as well as two-dimensional
heat balance equations. We showed that the analysis results successfully reproduced the
experimental results for a wide temperature range from 20 to 77 K. On the basis of the
modeling results, we clarified that the thermal diffusivity, in the perpendicular direction to
the tape surface, of the YBCO coated-conductor is five orders of magnitude lower than that
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of the Bi-2223/Ag tape. In addition, even in the case of an HTS coil using the Bi-2223/Ag
tape, the thermal stability of the coil is an important constraint and must be cared as the
thermal characteristics of the coil or bundled conductors become worsen than that of the
tape itself. Our results indicated that the consideration of a low thermal diffusivity of HTS
tapes is important factor for the conduction-cooled magnet design.



Chapter 3

Current Transport and Thermal
Analysis Model for HTS Coil

3.1 Introduction

This chapter investigated the quantitative current transport performance and thermal behav-
ior of an HTS coil, and the effect of the critical current inhomogeneity along the longitudinal
direction of HTS tapes on the coil performances. Space missions attach great importance
to the reliability of the instruments installed in a spacecraft. For HTS coils, great care is
needed to avoid coil quench in space. Although YBCO coated conductors (CCs) possess high
performance with respect to the critical current in high magnetic fields, Bi-2223/Ag tapes
are adopted in this study. This is because the cooling characteristics of the YBCO CCs are
inferior to those of the Bi-2223/Ag tapes as obtained in the previous chapter and, in addition,
long length tapes with high homogeneity in the local critical currents along the length of the
conductors are difficult to be available in the case of the YBCO CCs.

Reducing the weight of the spacecraft is also important for the space missions. We aim to
establish a light-weight HTS coil system based on radiation and/or conduction cooling which
will utilize 3 K background temperature in space, similar to the JAXA “SPICA” satellite
that is currently under development [56]. The temperature of the installed coil, however,
becomes higher than the background temperature 3 K due to the heat invasion from the
sun light under such cooling condition. The coil’s operating temperature must be optimized
with considering the balance among the performance of the conduction-cooled HTS coil, the
cooling penalty and the weight of the cooling system. Hence, estimating the performance
of the conduction-cooled HTS coil for arbitrary operational temperatures is essential for the
optimal coil system and operating condition for the magneto plasma sail.

The electric field, E, versus current density, J , characteristics of HTS tapes vary in a com-

33
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plicated way as a function of temperature and magnetic field vector [57]-[61]. This nonlinear
E − J curves are the most important factors in order to understand the coil performance,
such as thermal behavior. On the other hand, the magnetic field vector and temperature are
distributed in the excited coil. This means that the E−J curves are highly localized depend-
ing upon the position in the coil. In former reports, Higashikawa et al. made an analysis
method to evaluate the current transport performance of HTS coils for HTS superconduct-
ing magnetic energy storage (SMES) with taking into account the distributed E − J curves,
based on the percolation depinning model [62]-[65]. However, although the validity of the
percolation depinning model for HTS short tapes has been precisely verified, the validity for
HTS coils has not been sufficiently confirmed by experiments. In addition, the longitudinal
inhomogeneity of the critical current of HTS tapes has never been considered in the analysis,
although this inhomogeneity is a serious constraint factor in the case of a large-sized coil with
a long length tape such as for the magneto plasma sail.

In this study, in order to realize the optimal design of the HTS coil system for the
magneto plasma sail, we developed an analysis method to predict the current transport
performance as well as thermal behavior of a conduction-cooled HTS coil with taking into
account the longitudinal distribution of critical currents of HTS tapes. We designed and
fabricated a conduction-cooled experimental system and a Bi-2223/Ag double-pancake coil as
a scale down model system for the magneto plasma sail. The current transport property and
thermal behavior of the coil obtained by the analysis were compared with experimental results
at various operational temperatures to validate the analysis method and the conduction-
cooled system. We also investigated the effect of the critical current inhomogeneity in the
longitudinal direction of the tape on the coil performances.

3.2 Experiment

3.2.1 Fabrication of Scale-down Model Coil

In order to validate an analysis method for characterizing an HTS coil and to design the
optimal coil system for the magneto plasma sail, we fabricated and characterized a double-
pancake coil using a Bi-2223/Ag tape with a length of 200 m as a scale-down model. The
tape was 4.2 mm in width and 0.28 mm in thickness, and electrically insulated with polyimide
tapes.

The specifications of the fabricated coil are shown in Table 3.1. Total turn number was
260, and the corresponding magnetomotive force was 105 A-turns for 400 A, which is one
order of magnitude smaller than that of our targeted coil. Figure 3.1 shows the fabricated
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Table 3.1: Specifications of the Bi-2223/Ag scale-down model coil for the magneto plasma
sail spacecraft.

Items Scale-down model coil
Shape Double-pancake coil
Turn number 130 Layer × 2 stack
Inner diameter 0.200 m
Outer diameter 0.274 m
Tape width 4.2 mm
Tape thickness 0.28 mm
Tape length 200 m

Bi-2223/Ag double-pancake coil. The coil was wound on a G10 bobbin, and the copper
electrodes were soldered at both ends of the windings. Whole surface of the coil was pasted
with the epoxy resin. Six pieces of aluminum sheets for cooling were symmetrically attached
at both top and bottom surfaces of the coil. We also fabricated a small double-pancake coil
using a YBCO coated-conductor as shown in Fig. 3.2. The diameter and turn number of the
YBCO coil are 0.1 m and 5 layer × 2 stack, respectively. We firstly measured the current
transport performance of the coils cooled by liquid nitrogen as a preparatory experiment.

Figure 3.1: Bi-2223/Ag double-pancake coil (scale-down model for the magneto plasma sail).

3.2.2 Conduction-cooled System

Figure 3.3 shows the conduction-cooled experimental system. The lowest temperature in the
vacuum chamber of the cryostat can reach 4 K by the GM cryocooler and, by using a cartridge
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Figure 3.2: YBCO double-pancake coil.

Figure 3.3: Conduction-cooled experimental system.
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heater, the temperature can be controlled. The refrigerating capacity of the cryocooler was
1.5 W at 4 K.

3.2.3 Cooling Structure of Scale-down Model Coil

Figure 3.4 shows (a) a schematic diagram and (b) a photograph of the inside of the vacuum
chamber. The fabricated scale-down model coil was installed at the second cold-stage of the
GM refrigerator. Note that the coil was on the coil supports (GFRP) and only the aluminum
cooling sheets were thermally connected to the cold-stage and cooling tower as shown in Fig.
3.4. From this structure, we restricted the cooling path of the coil for taking into account the
cooling constraint of the spacecraft system. We also utilized the HTS current leads in order
to reduce the thermal invasion from the outside of the chamber. The radiation shield walls
were installed in between the voltage terminals and the coil. By introducing aforementioned
cryogenic structures with trial-and-error basis, we finally developed the conduction-cooled
HTS coil test system and cooled the coil down to 6 K uniformly. For the detailed examination
of the temperature distribution in the coil, we installed Cernoxr thermometers at various
positions of both top and bottom surfaces of the coil (see Fig. 3.4(b)).

3.3 Analysis Model

3.3.1 Formulation of E − J Characteristics

Kiss et al. proposed the percolation depinning model for the quantitative description of the
current transport properties of HTS tapes [57, 59]. Based on this model, the electric field,
E, versus current density, J , properties of the HTS tapes can be expressed as a function of
temperature, T , magnetic field, B, and its applied direction, φ [66]-[69].

E =


ρFFJ0(T,Beq)

m+1

(
J−Jcm(T,Beq,σ)

J0(T,Beq)

)m+1
forBeq ≤ Bg

ρFFJ0(T,Beq)
m+1

[(
J+|Jcm(T,Beq,σ)|

J0(T,Beq)

)m+1
−
(
|Jcm(T,Beq,σ)|
J0(T,Beq)

)m+1
]

forBeq > Bg
(3.3.1)

where Bg is so-called glass-liquid transition magnetic flux density. ρFF is the resistivity for
uniform flux flow. J0 and m are the scaling factor describing the width and the statistic
parameter characterizing the shape of a critical current density, Jc, distribution. Jcm is the
minimum value of Jc in the distribution. The transition magnetic flux densities BGL and Bk

are defined as the ones where Jcm and Jk are zero, respectively. Temperature-dependence
of BGL and Bk are described as follows, by the prediction of the two-dimensional d-wave
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Figure 3.4: Cooling structure of the inside of the vacuum chamber. The second cold-stage
and cooling tower were sufficiently cooled down to the operational temperature. (b) Three
top thermo-sensors and two bottom thermo-sensors were installed at the surfaces of the coil.
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symmetry [67].

BGL(or k) = b

1− νp

(
1− T

Tc

)1− a

1− T/Tc

+

√√√√(1 + a

1− T/Tc

)2

− 4νp
a

1− T/Tc

 (3.3.2)

where a, b and νp are fitting parameters. Furthermore, magnetic field and temperature-
dependence of Jcm and Jk can be obtained by the scaling of the pinning force density. The
minimum value and the typical value of the pinning force density Fpm and Fpk are shown as
follows [68]:

Fpm = JcmB

= A
(
B⊥GLf(φ)

)ζ ( B

B⊥GLf(φ)

)γ (
1− B

B⊥GLf(φ)

)δ
. (3.3.3)

Fpk = JkB is also given by the same form as eq. (3.3.3). A, ζ, α, γ and δ are pinning
parameters. In order to take into account the dependence of the applied angle of the magnetic
field, we use so-called equivalent perpendicular magnetic flux density, Beq, [69] as

Beq = B(cos2 φ+ 1
γ2 sin2 φ) 1

2 (3.3.4)

where φ is an angle between the applied magnetic field and the perpendicular direction
with respect to the broad surface of the tape. γ is the anisotropy ratio representing the
misorientation of grains in HTS tapes as follow:

γ = Bg(φ=90◦)

Bg(φ=0◦)
(3.3.5)

The agreements between the percolation depinning model and experimental results of short
samples (30 mm length HTS tapes) were confirmed at a variety of the amplitudes and angles
of magnetic field as well as temperatures [66]-[69].

The strain, ε, dependence of the E − J characteristics can be expressed by taking into
account the strain dependence of the maximum pinning force density Fpmmax and Fpkmax as
follows [64, 70, 71]:
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Fpmmax or pkmax(T, ε) = f (ε)Fpmmax or pkmax(T, 0) (3.3.6)

f (ε) = A
(

1−
∣∣∣∣ ε− εzero

εlim − εzero

∣∣∣∣ν) (3.3.7)

εzero, εlim, ν, A are the parameters for materials. The above-mentioned fitting and pinning
parameters, i.e., m, ρFF, A, ζ, α, γ, δ, a, b and νp can be obtained from experiments using a
short HTS tape sample.

Furthermore, it was experimentally reported that the longitudinal inhomogeneity of the
critical current of an HTS tape as shown in Fig. 3.5 can be approximated by a Gaussian
distribution [72]. We now consider this longitudinal distribution of the local critical currents
by assuming that the minimum critical current density, Jcm, in eqs. (3.3.1) has a Gaussian
distribution with a specific standard deviation σ in the longitudinal direction. That is, the
probability density function of Jcm along the longitudinal direction in the 200 m length tape
can be described as shown in Fig. 3.6. The statistical calculation for this distribution in the
long length tape is mentioned in the following section.

We measured the perpendicular magnetic flux density B⊥ and temperature dependence
of E − J characteristics using a short-length sample of the Bi-2223/Ag tape, in order to
determine the fitting and pinning parameters of the percolation depinning model. The tape
was the same used for the scale-down model coil (4.2 mm wide, 0.28 mm thick), and the
short sample (30 mm in length) was utilized for the measurement. Figure 3.7 shows a
schematic diagram of the sample holder. The sample was installed on the cold head of a GM
cryocooler. The voltage between two taps, 10 mm in distance, was measured by means of
the direct current four points method. Magnetic field, perpendicular to the sample surface,
was applied to the sample and the operational temperature was from 65 K to 77 K.

Figure 3.8 shows the obtained B⊥-dependence of E − J characteristics at 77 K. The
symbols (solid circles) show the experimental results and the solid curves the fitted results
by using Eqs. 3.3.1. As can be seen, the experimentally obtained B⊥-dependence of the
E − J curves at 77 K was well reproduced by the percolation depinning model.

3.3.2 Current Transport Performance and Thermal Behavior of
HTS Coil

Figure 3.9 shows (a) the three-dimensional (r, z, θ in cylindrical coordinates) analysis model
of the double-pancake coil and (b) the flow-chart of the simulation. Since the coil is cooled
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Figure 3.5: Experimental result of the local critical current in the GdBCO sample at 77 K
[72].

Figure 3.6: Probability density function of the minimum critical current, Jcm, along the
longitudinal direction in the HTS tape.
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Figure 3.7: Schematic configuration of the sample holder for the measurement of magnetic
field and temperature dependence of the E − J characteristic of Bi-2223/Ag tapes.

Figure 3.8: Perpendicular magnetic field-dependence of E − J characteristics in the Bi-
2223/Ag short (30 mm) sample at 77 K.
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only by the aluminum sheets as mentioned in section 3.2.3 and the amount of the radiation
cooling is much smaller and can be ignored, the boundary conditions for the temperature are
set as stated in Fig. 3.9(a). We analyze the current transport property and thermal behavior
of the HTS coil with taking into account the distributed electric field, i.e. Er,z,θ(J , Tr,z,θ,
Br,z,θ, φr,z,θ, σ), in the coil based on the percolation depinning model. The subscript, r, z, θ,
means the position of the turn in the coil. The simulation is carried out by the following
steps:

STEP1: Set the initial conditions, i.e. the initial transport current, Iop, operational tem-
perature, Top, and a standard deviation, σ, of the longitudinal variation in Fig. 3.6.

STEP2: By using the Biot-Savart law, calculate the distribution of the self-magnetic flux
density, Br,z,θ, and its angle, φr,z,θ, in the coil.

STEP3: The distribution of the electric field, Er,z,θ, in the coil is computed by substituting
J , Br,z,θ, φr,z,θ, and the coil temperature, Tr,z,θ, into Eqs. (3.3.1). Since the minimum
critical current density, Jcm, in each position in the coil is randomly determined accord-
ing to the probability density function shown in Fig. 3.6, the calculation of the electric
fields must be statistically processed [72]. The distribution of the electric filed, Er,z,θ,
is obtained by the average value of 100 times calculations of STEP3.

STEP4: Terminal voltage, V , of the coil is computed by summing up the local electric fields,
Er,z,θ, as eq. (3.3.8).

V =
∑
r,z,θ

rθEr,z,θ (3.3.8)

STEP5: Calculate the heat generation per unit volume by J · Er,z,θ and solve the three-
dimensional heat balance equation by finite difference method. The temperature dis-
tribution, Tr,z,θ, in the coil is computed.

C
∂T

∂t
= 1
r

∂

∂r

(
κr
∂T
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)
+ ∂

∂z

(
κ
∂T

∂z

)

+ 1
r2

∂

∂θ

(
κ
∂T

∂θ

)
+ J · E (3.3.9)

where C denotes specific heat, κ thermal conductivity, and t time. These thermal
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parameters of the Bi-2223/Ag tape were obtained in the previous chapter as shown in
Fig. 2.10.

STEP6: STEP6 has two kinds of procedures for each section in this paper.

Section 3.4.1 Increase the current value of Iop and recalculate from STEP2 until the Maxi-
mum electric field in the coil exceeds 1.0×10−4 Vm−1, which is the electric field criterion
of the minimum critical current Icmin [73, 74]. We finally obtain the current, I, versus
voltage, V , characteristics and the critical current, Icmin, of the HTS coil.

Section 3.4.2 Recalculate from STEP3 at a fixed current value, Iop, until the coil temper-
ature, Tr,z,θ, diverges or converges to a specified temperature. If Tr,z,θ diverges, we
decrease the current value of Iop, reset all Tr,z,θ to Top, and recalculate from STEP2.
We finally obtain the time evolution of the coil temperature at fixed current values and
a quench current Iq, which is defined as the maximum current value in the case that
Tr,z,θ converges.

We quantitatively compare the analysis results with experimental ones using the scale-down
model coil in order to verify the validity of this analysis method, and examine the effect of
the longitudinal inhomogeneity of the critical current on the coil performances.

3.4 Results and Discussion

3.4.1 Current Transport Performance of Scale-down Model Coil

The current transport property of the Bi-2223/Ag scale-down model coil as well as YBCO
coil was firstly measured in liquid nitrogen (77 K). This cooling environment can cool the
coils to 77 K uniformly, and the I−V curve of the coils exactly at 77 K can be obtained. The
experimental results are shown as symbols (solid circles) and the analysis results described
in section 3.3.2 are plotted as curves in Figs. 3.10 and 3.11. In this analysis, the boundary
condition of the whole coil surface for the temperature is set as the Dirichlet condition.
As can be seen in Fig. 3.10, the analysis results agree well with the experimental ones
with the standard deviation, σ, of the longitudinal inhomogeneity from 0.00 to 0.04. This
result indicates that, as is well known, the longitudinal distribution of the current transport
property of the Bi-2223/Ag tape is almost uniform, at least, over the length of 200 m. This is
important for the practical design of the HTS coil. The agreement between the experimental
result and the analysis assures the integrity of the analysis method. As can also be seen
in Fig. 3.10, with increasing σ, the I − V curve of the HTS coil is deteriorated, that is, a
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Figure 3.9: (a) Three-dimensional analysis model and (b) flow-chart of estimating the I − V
characteristics or the thermal behavior of the HTS coil. (a) The Dirichlet condition is set at
the top and bottom surfaces with the aluminum sheets, and the Adiabatic condition is set
at the other surfaces.
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lower current generates a higher voltage. Our analysis results indicate that the longitudinal
inhomogeneity of the critical current of the HTS tape adversely affects the current transport
performance of the HTS coil. The difference between the experimental and analysis result is
minimized at σ = 0.02, and the standard deviation, σ, of the longitudinal inhomogeneity of
the Bi-2223/Ag tape is set to 0.02 in the following analyses. On the other hand, in the case
of the YBCO coil, the experimental result is consistent with the analysis result ofσ = 0.17.
This result suggests that the local critical current of the YBCO coated-conductor greatly
vary in the longitudinal direction as the making process of the YBCO coated-conductor has
not yet been matured.

Figure 3.10: I − V characteristic of the Bi-2223/Ag scale-down model coil cooled by liquid
nitrogen (77 K). In the analysis, the standard deviation, σ, of the longitudinal inhomogeneity
is changed from 0.00 to 0.10.

Figure 3.12 shows the distribution of (a) the magnetic field, Br,z, and (b), (c) electric field,
Er,z, in the cross sectional area of the Bi-2223/Ag double-pancake coil. These distributions
are obtained by the analysis process (STEP2 and 3) at Iop = 63 A and Top = 77 K. Fig.
3.12(a) and (b) indicate that the magnetic and electric field are highly localized in the coil
[62], and Fig. 3.12(c) shows that, with increasing σ, the maximum electric field in the coil
is increased and also more irregularly distributed. Obviously, the HTS coil’s performances
must be described by considering these distributions, which can easily generate the hot spot
in the HTS coil. The analysis of the thermal stability of the HTS coil, described in section
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Figure 3.11: I − V characteristic of the YBCO coil cooled by liquid nitrogen (77 K). In the
analysis, the standard deviation, σ, of the longitudinal inhomogeneity is changed from 0.00
to 0.17.

3.4.2, is crucially important to avoid the hot spot and the quench in the coil.

Next, we measured the current transport properties of the scale-down model coil for dif-
ferent operational temperatures. In this experiment, the coil was set as in Fig. 3.4 at the
conduction-cooling condition. The purpose of these measurements is to characterize the fab-
ricated scale-down model coil and experimental system at various operational temperatures
by means of the developed analysis code. Understanding the temperature-dependence of the
performance of the HTS coil is useful to determine the optimal coil system and temperature
for the magneto plasma sail. In the analysis, the boundary condition, Top, at both top and
bottom surfaces of the coil with aluminum sheets are set to the average values obtained by
the top thermo-sensors and the bottom thermo-sensors in the experiments, respectively. We
repeated the simulation procedure in section 3.3.2 from 4 to 80 K and the experiments from
45 to 80 K for obtaining the temperature-dependence of the current transport property of
the scale-down model coil (here, σ is set to 0.02).

Figure 3.13 shows the temperature-dependence of (a) the I−V curve and (b) the critical
current of the Bi-2223/Ag scale-down model coil, obtained from the experiments (symbols)
and the analysis (solid curve). In Fig. 3.13(b), the horizontal axis is the average of the top
and bottom coil temperatures, and the vertical axis is the minimum critical current Icmin,
determined by the electric filed criterion as mentioned in section 3.3.2 (STEP 6). In Fig.
3.13(b), the effects of the temperature variation of the coil surfaces on the analysis results
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Figure 3.12: Analysis results of the distribution of (a) the magnetic and (b), (c) electric field
in the cross sectional area of the scale-down model coil described in Fig. 3.9(a) (Iop = 63 A,
Top = 77 K). (b) σ = 0.00, (c) σ = 0.10.
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are described as error bars. Note that the analysis results of the critical current from 4 to
80 K are obtained not from the I − V curve of the short sample but that of the coil itself,
in which locally distributed electric field (shown in Fig. 3.12) is quantitatively taken into
account. We successfully estimated the I − V curves and critical currents of the HTS coil at
the wide range of the coil temperatures from 45 to 80 K within the errors which are caused
by the temperature variation. The larger estimation error at the lower temperature (45 - 48
K) was caused because the temperature variation on the coil surface became widened at a
lower temperature and also E − J curves of the HTS tape were formulated by data only at
higher temperature (65 - 77 K). These results indicate that the current transport property of
the conduction-cooled HTS coil, including the temperature-dependence, can be sufficiently
predicted on the basis of the percolation depinning model. The agreement between the
experimental and analysis results also proves the integrity of the conduction-cooling system.

3.4.2 Thermal Behavior of Scale-down Model Coil

Estimating the thermal stability of the HTS coil is surely important for practical operations
because the minimum critical current, Icmin, described in previous section 3.4.1 is not neces-
sarily consistent with the quench current, Iq (defined in section 3.3.2 STEP 6), of the HTS
coil. We measured the temperature traces as well as its distribution on the coil during current
applications under the conduction-cooled condition as in Fig. 3.4. The experimental results
are compared with the thermal analysis ones in order to validate our thermal analysis of the
HTS coil in section 3.3.2.

Figure 3.14 illustrates the analysis result of the distribution of the temperature rises,
∆T , on the top surface of the coil after Iop = 63 A (=Icmin) is applied for seven minutes
(t = 420 s, σ is set to 0.02). Only a half circle of the coil is described because of the
symmetry of the cooling structure. As can be seen in Fig. 3.14, ∆T are barely distributed
in a circumferential direction. We obtained the consistent result in the experiment by the
three top thermo-sensors on the coil. This result confirms that the conduction cooling system
effectively functioned and cooled the coil uniformly, although the coil was cooled only by the
aluminum sheets which were placed with intervals for the limitation of the cooling path.

Figure 3.15 shows the time evolution of the temperature rises, ∆T , at top sensor 1 (Fig.
3.4(b)) on the scale-down model coil at Iop = 63, 61, or 56 A and Top = 77 K. The experimental
results are shown as symbols and the analysis as solid curves. The temperature rises obtained
by the analysis agree well with the experimental ones for the various operational currents
Iop. This result shows that, in addition to the current transport performance, the thermal
behavior of the conduction-cooled HTS coil can be well described by the analysis based on
the percolation depinning model with taking into account the cooling constraint condition.
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Figure 3.13: Temperature-dependence of (a) the I − V curve and (b) the critical current of
the Bi-2223/Ag scale-down model coil (σ = 0.02).
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Furthermore, although the minimum critical current, Icmin, at 77 K estimated in section 3.4.1
is 63 A, the coil quench occurs at Iop = 63 A in the thermal analysis, i.e. the coil temperature
diverges at this current as shown in Fig. 3.15. This result suggests that the electric field
criterion, 1.0 ×10−4 Vm−1, is not sufficient in order to avoid the coil quench especially under
the conduction-cooled condition. The coil temperature converges to a specified temperature
at Iop = 56 A and the quench current, Iq, at 77 K is estimated as 56 A by our thermal analysis.
Fig. 3.16 shows an example of the time transient of the distribution of the temperature at
the top surface of the scale-down model coil when the thermal runaway occurs. It can be
seen that the quench occurs locally around the center of the top surface of the coil.

Figure 3.14: Analysis result of the distribution of the temperature rises, ∆T , at the top
surface of the scale-down model coil (Iop = 63 A, Top = 77 K, t = 420 s, σ = 0.02).

We perform the same analysis at different operational temperatures, and obtain the
quench currents, Iq, for various operational temperatures. Figure 3.17 shows the analysis
result of the temperature-dependence of the maximum electric field and total heat value in
the coil at the coil quench. Figure 3.17 also contains the relation between the I−V curve and
quench current, Iq, for various operational temperatures. As can be seen in Fig. 3.17, the
smaller electric field, coil voltage, and heat generation cause the coil to be quenched at the
lower coil temperature. This result comes from the fact that, because the heat capacity of
the Bi-2223/Ag tape decreases with the lower temperature, the temperature rises in the coil
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Figure 3.15: Time evolution of the temperature rises, ∆T , at top thermo-sensor 1 in Fig.
3.4(b). The currents (Iop = 63, 61, 56 A) were applied from t = 0 s (σ = 0.02, Top = 77 K).

increases and the thermal stability of the coil decreases at the lower coil temperature. Note
that, at less than 30 K, the electric fields which are more than one order of magnitude smaller
than the common electric field criterion, 1.0 ×10−4 Vm−1, bring about the coil quenches.

Figure 3.18 indicates the analysis result of the temperature-dependence of the quench
current of the scale-down model coil and the influence of the longitudinal inhomogeneity on
the quench current Iq. The quench current decreases with increasing the standard deviation,
σ, of the longitudinal inhomogeneity. This result suggests that the critical current variation
along the length of the HTS tape deteriorates the thermal stability of the coil and decreases
the quench current Iq. This is caused because the local electric field, i.e. the heat generation,
becomes higher and more irregularly distributed with increasing σ as shown in Fig. 3.12,
and the coil can be easily quenched at this point.

As can also be seen in Fig. 3.18, the quench current of the scale-down model coil (σ =
0.02) is estimated as more than 400 A at the temperatures less than 20 K. The fabricated
coil achieved the magnetomotive force, NI, at 105 A-turns at 20 K, which is one order of
magnitude smaller than that of our targeted magneto plasma sail drive coil.
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Figure 3.16: Simulation result of an example of the time transient of the distribution of the
temperature at the top surface of the scale-down model coil when the thermal runaway occurs
(Iop = 240 A, Top = 46 K, σ = 0.02).
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Figure 3.17: Analysis result of the temperature-dependence of the maximum electric field,
terminal voltage, and total heat value in the scale-down model coil at the coil quench (σ =
0.02).

Figure 3.18: Analysis result of the temperature-dependence of the quench current of the
Bi-2223/Ag scale-down model coil (0.00 ≤ σ ≤ 0.10).
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3.5 Summary

We reported an analysis method to estimate the current transport properties and thermal
stabilities of HTS coils, in order to design the optimal coil system for the magneto plasma
sail spacecraft. This method made use of E − J characteristics according to the percolation
depinning model. The developed analysis for thermal stability can estimate the current
which causes an HTS coil to be quenched by solving the three-dimensional heat balance
equation. The analysis showed that this quench current of the coil was not consistent with
the critical current based on the electric field criterion, 1.0 ×10−4 Vm−1. In the analysis,
the longitudinal inhomogeneity of the critical current of the HTS tape was considered for
more precise estimation, and it was confirmed that such inhomogeneity deteriorated the
current transport performance and thermal stability of the coil. We also fabricated and
established a Bi-2223/Ag scale-down model coil and a conduction-cooed experimental system.
We showed that the current transport performance and thermal behavior of the coil obtained
by the analysis with taking into account the cooling condition quantitatively agreed with the
experimental ones at various operational temperatures. These results proved the validity of
the analysis method and the conduction-cooling experimental system for the magneto plasma
sail drive coil.
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Chapter 4

Analysis Model for Screening
Currents Induced in HTS Coil

4.1 Introduction

Due to the strict limitation of mass and power consumption for the spacecraft, a stabilized
power supply for a superconducting coil cannot be used in space, and light-weight DC/DC
converters as shown in Fig. 4.1, which contain AC ripples in output DC currents, are con-
sidered to be used as the regulation of the power supply in the spacecraft. The DC/DC
converters can significantly save the total mass of the power supply system in the spacecraft
using an HTS coil [75]. One potential problem can arise from AC ripples, i.e., AC current
with DC offset, in the output current of the DC/DC converter, which could generate in-
duced currents and AC losses in the HTS coil. Since a spacecraft cannot be equipped with
any refrigerants, mostly because of mass considerations, the AC loss could become a serious
problem for the reliability of an HTS coil as well as the design of the HTS coil system in
space. Although recent studies experimentally investigated the AC losses in HTS coils under
AC currents with DC offsets [76]-[78], these losses have not been sufficiently investigated by
analyses based on a physically oriented current transport model of HTS tapes. The quantita-
tive estimation of the AC loss with the ripple current and the effect on the coil performance,
e.g., its thermal stability in a conduction-cooled condition, is an important factor in order to
apply the DC/DC converter as the power supply for the HTS coil and determine the optimal
coil system and operating condition for use in space. Moreover, the screening current Is

induced in the coil could have large effects on the magnetic field distribution and current
transport characteristics of the HTS coil itself [79]-[82]. These effects must be estimated to
design optimal HTS coil systems for space missions. In addition, understanding Is is highly
important for terrestrial applications, e.g. magnetic resonance imaging, nuclear magnetic res-

57
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onance imaging and cyclotrons, which require stable magnetic fields [79]-[82]. In this study,
we investigated a Bi-2223/Ag coil, which is a candidate for magneto plasma sail spacecraft.
It has been reported that multi-filamentary Bi-2223/Ag tapes have superconducting con-
nections (bridging) between neighboring filaments [83]-[88]. The filament bridging can have
effects on the loop length and inductance of Is in the coil, and as a result, the AC loss and
magnetic field distribution generated by the coil itself. Koyama et al. reported that due
to the filament bridging, flux creep was a dominant factor for Is induced in a Bi-2223/Ag
coil [89]. To analyze the AC loss, magnetic field distribution and optimal design for the
Bi-2223/Ag, it is essential to develop an analytical method that considers flux creep and
understands how Is is induced in the Bi-2223/Ag coil.

To evaluate the AC loss and magnetic field distribution of HTS coils accurately, we
developed an analytical method to investigate induced current Is in a Bi-2223/Ag coil that
considers the effect of flux creep. We validated the method by comparing calculated results to
measured magnetic fields generated by Is. Using the developed method, we also investigated
the effects of the AC losses with a variety of ripple currents with DC offsets on the coil
performance , and clarified the reliability of the conduction-cooled HTS coil under the ripple
currents.

Figure 4.1: DC/DC converter for the regulation of the power supply.
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4.2 Experiment

To investigate Is induced in the coil during the coil excitation, we measured the axial magnetic
fields generated by Is with Hall sensors. The Hall sensors were installed at (I) the center and
(II) the top surface of the scaled-down model coil (Fig. 3.1, Table. 3.1), as shown in Fig.
4.2. The residual magnetic fields due to Is were obtained by subtracting the fields for the
transport current (e.g. 1.17 mT/A at the center of the coil, calculated by the integration of
the Biot–Savart law without any screening currents) from the measured values. We measured
the loop inductance and magnitude of Is in the Bi-2223/Ag coil and compared them with
the analytical results from the model. To evaluate the inductance and loop length of Is, the
decay time constant, τ , was estimated. We measured the decay behavior of the magnetic
field due to Is by pausing the increase of the operational current, Iop, for several times during
the excitation of the coil up to 200 A. The measurements were conducted under various
conditions: at different temperatures from 4 to 50 K and with different sweep rates from 40
to 80 A/min.

To investigate the maximum ratio of the magnetic fields from Is to those from the coil
current, the hysteresis loops of the magnetization during charging and discharging of the coil
were measured. The transport current was applied up and down to ±200 A at 50 K with a
40 A/min sweep rate.

4.3 Analytical Model for Screening Currents

We enhanced the developed thermo-electromagnetic field analysis model in the previous
chapter by including the effects of flux flow and flux creep on Is induced in HTS coils. Figure
4.3 shows the analysis model of the Bi-2223/Ag double pancake coil, whose features are
described in Table. 3.1. Is is induced by the temporal variation of the self-magnetic field,
Br, during the coil excitation and flow between filaments via the filament interconnections or
silver sheath in the Bi-2223/Ag tape. We assumed Is is induced by a single equivalent loop
length, l, along the tape in the coil, as shown in Fig. 4.3 and current and electromagnetic filed
distributions are uniform along the thickness of the tape. Is was analyzed using Faraday’s
law, the percolation depinning model, the flux creep model and the equivalent circuit of the
HTS coil.

The electric field, Es, induced by the temporal variation of the radial component of the
self-magnetic field Br linked with the operational current, Iop, and Is is expressed as follows:

∇× Es = −∂Br

∂t
. (4.3.1)
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Figure 4.2: Schematic diagram of the inside of the vacuum chamber and setting of the Hall
sensors for the experiments.



4.3. ANALYTICAL MODEL FOR SCREENING CURRENTS 61

Figure 4.3: Analysis model of the Bi-2223/Ag double pancake coil. We assumed that all of
the screening currents flowed with an equivalent loop length, l, in the Bi-2223/Ag coil.

Br at each time, t, is calculated using the Biot–Savart law.
Based on the percolation depinning model, the current density, J , versus the electric

field, E, due to the flux flow relationship in HTS tapes can be described as a function of
temperature, T , magnetic field and its applied angle [90],

J =

Jcm(T,Beq) +
(
m+1
ρFF

EFFJ0(T,Beq)m
) 1

m+1 for Jcm ≥ 0

− |Jcm(T,Beq)|+
(
m+1
ρFF

EFFJ0(T,Beq)m + |Jcm(T,Beq)|m+1
) 1

m+1 for Jcm < 0
(4.3.2)

Considering the influence of thermally activated vortex hopping, i.e. flux creep, the
relationship between J and E, especially in a lower load factor region, can be written as
follows [91]:

EFC =

Ec0 exp
[
−U(j)

kT

] [
1− exp

(
−πU0j

kT

)]
for J < Jc

Ec0 exp
[
1− exp

(
−πU0j

kT

)]
for J < Jc

(4.3.3)
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where U(j) = U0[(1–j2)1/2–jcos−1j], Ec0 = Bafv0 and j = J/Jc. af is the flux line lattice
spacing, v0 is the attempt frequency, U0 is the height of the pinning potential for j = 0 and
k is the Boltzmann constant. The total electric field from the flux flow and the flux creep
can be calculated as the sum of the electric fields obtained from eq. 4.3.2 and eq. 4.3.3:
E(J) = EFF(J) + EFC(J) [92]. Figure 4.4 illustrates the equivalent circuit of the HTS coil.
Is can be obtained by satisfying the following equation:

˛
Esds = Ls

∂Is

∂t
+RIs, (4.3.4)

where the subscript s and Ls, respectively, denote the loop element and the corresponding
inductance for Is as well as the resistance R = RHTS + (RN orRHTS). RHTS is the equivalent
resistance of the HTS tape based on the percolation depinning model 4.3.2 and the flux creep
model 4.3.3. RN is the resistance of the silver sheath [93] in cases where Is flows across the
silver matrix. We assume that the outermost current loops, shown in Fig. 4.3, flow via the
filament interconnections with a length of l, and the inner current loops flow via the silver
sheath in the Bi-2223/Ag tape. Ls is obtained by calculating Br from only Is.

The thermal stability of the coil during the ripple current application can be obtained by
calculating the effective AC loss by ρHTSJ

2
s and solving the heat balance equation. ρHTS is

the equivalent resistivity of the HTS tape based on the percolation depinning model and the
flux creep model, and Jsis the screening current density. The detail procedure of the analysis
for the thermal behavior of HTS coils is explained in section 3.3.2. The transport AC loss
with the ripple current per unit volume per cycle, W , in the coil is computed as:

W = 1
v

˛
dt

ˆ
v

ρHTSJ
2
s dv, (4.3.5)

where v is the total volume of the coil.

We compared the modeling results with the experimental ones assuming different values
for loop length,l, for Is to verify the validity of the analysis method and evaluate an equivalent
l in the Bi-2223/Ag coil.
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Figure 4.4: Equivalent circuit of the HTS coil. Both the operational transport current, Iop,
and the screening current,Is, in the HTS coil are considered.

4.4 Modeling Results

4.4.1 Decay Behavior of Screening Currents in the Bi-2223/Ag
Coil

We first measured the decay behavior of Is with long-term operation of the coil. Figure 4.5
shows the experimental result of the temporal variation of the residual magnetization due
to Is, which was obtained by subtracting the magnetic field generated by the coil current
from the measured one at Hall sensor (I). In this experiment, we increased Iopfrom 0 to 80
A at a rate of 40 A/min. At 80 A (t = 0 in Fig. 4.5), Iop was fixed and the decay of the
magnetization was measured. A typical logarithmic decay in the magnetization is shown by a
dashed line in Fig. 4.5. This result indicates that the decay behavior of Is in the Bi-2223/Ag
coil is controlled by flux creep, as discussed by Koyama et al. [89] and Pust [94]. The result
also suggests that much of Is flows as persistent currents via the filament interconnections
in the Bi-2223/Ag coil without any normal resistance [89]. Conversely, the rapid decay of
the magnetization at t < 3 s in Fig. 4.5 suggests that some Is in the Bi-2223/Ag coil flow
across the silver sheath and rapidly disappear due to the resistance, RN, of the silver sheath,
as suggested by Koyama et al [89]. Approximately 46% of the magnetic field generated by Is

rapidly diminished at t < 3 s. Because of this decay behavior, we continued to consider both
the flux creep and the silver sheath resistance in our analysis of Is in the coil, as described in
the previous section. As mentioned in section 4.2, we investigated the inductance and loop
length, l, of Is induced in the Bi-2223/Ag coil. We measured the decay time constant, τ , of
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the magnetic field generated by Is due to the normal resistance, RN, and fitted the model
result to the measured one. The fitting parameter was l for Is in the Bi-2223/Ag tape. The
corresponding inductance, Ls, was obtained by calculating Br from only Is of the loop itself
and τ = Ls/RN. Figure 4.6(a) shows the temporal variation of the experimental residual
magnetization due to Is at Hall sensor (I). As previously mentioned in section 4.2 and as
shown in Fig. 4.6(a), we intermittently halted the increase of Iop six times and investigated τ
for the condition of no induced electric fields, Es, originating from Iop for various load factors,
Iop/Icmin, for the HTS coil. Iop was increased up to the minimum critical current, Icmin =
200 A (when Emax = 1.0 μV/cm), with a fixed 40 A/min sweep rate and T = 50 K, and
the magnetic field was measured every 0.5 s. The experimental results (solid circles) indicate
that the magnetic field from Is drastically decreased under constant current conditions with
no induced electric field due to Es. In addition, the decay ratio and τ of the magnetic field
slightly decreased with increasing load factor, i.e. increasing resistance of the HTS tape,
RHTS. The fact that this rapid decay was observed even at an extremely low load factor,
i.e. at a no flux flow region, suggests that the decay is caused mainly by the influence of RN

and the flux creep, as in the case shown in Fig. 4.5. At Iop = 20 A, for example, τ of Is is
estimated to be approximately 0.9 s. Figure 4.6(b) and Table. 4.1 depict the model fitting
results assuming various values for l for Is. The maximum value and decay time constant of
the magnetic field for each l are shown in Table. 4.1. Considering the standard deviation of
the measurements, the experimental results can be successfully modeled using l = 9 ± 3 mm.
This value of l is of the same order as the length of the filament bridging in a Bi-2223/Ag
tape of approximately 5 mm, as suggested in a previous study [87]. This may imply that Is

flows through the filament bridging in the Bi-2223/Ag tape, as discussed for the results of
Fig. 4.5. In addition, these results suggest that in Bi-2223/Ag tape, Is is induced in smaller
current loops compared to those in RE-system-coated conductors, such as GdBCO tapes.
The analytical results in Fig. 4.6(b) and Table 4.1 also show the tendency of the smaller Is

loops to generate smaller magnetic fields. This result derives from the fact that in the case
of a smaller loop, the maximum value of Is becomes lower because of the smaller loop area
and smaller Es in 4.3.4. Consequently, Is induced in Bi-2223/Ag tape with smaller loops due
to the effect of the filament bridging has less effect on the magnetic field distribution from
the coil current than Is in a coated conductor.

4.4.2 Effect of Sweep Rate and Temperature

We also conducted experiments and analyses with varying sweep rates and T , examples of
which are shown in Fig. 4.7. The horizontal axis is Iop in Fig. 4.7(a) and time in Fig. 4.7(b).
The modeling for both figures assumes l = 9 mm. In Fig. 4.7(a), with increasing sweep rate,
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Figure 4.5: Semi-logarithmic plot of the temporal variation of the experimental residual
magnetization at Hall sensor (I). Iop and T were 80 A and 50 K, respectively.

Table 4.1: Experimental result and modeling for the magnetization due to Is for different
values of l. T = 50 K, sweep rate = 40 A/min.

Maximum value Decay time
of the magnetization Constant τ

Experiment 2.8 mT 0.6 - 1.0 s
Analysis (l = 5 mm) 2.5 mT 0.4 - 0.6 s
Analysis (l = 9 mm) 2.7 mT 0.7 - 0.9 s
Analysis (l = 50 mm) 4.2 mT 2.5 - 3.2 s
Analysis (l = 100 mm) 5.5 mT 5.0 - 6.3 s
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(a) Iop and residual magnetization with time

(b) Analysis fitting result

Figure 4.6: Temporal variations of (a) Iop and the magnetization generated by Is at Hall
sensor (I) and (b) fitting of the model for the magnetic field using two different values for l.
T = 50 K, sweep rate = 40 A/min.
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the temporal variation ratio of Br and Es increase, and as a result, the maximum value of
the induced Is increases according to eq. 4.3.4. In the case of Fig. 4.7(b), with a decrease
in T ,RN of the silver sheath decreases [93], and as a result, the maximum value and time
constant,τ = Ls/RN, of Is increases according to eq. 4.3.4. These tendencies can be seen in
the experimental results in Fig. 4.7 and can be modeled assuming l = 9 mm. This result
indicates that the maximum value of Is and its time constant in the Bi-2223/Ag coil are
affected by the operational conditions of the coil and can be well described by the model.

4.4.3 Hysteresis Effect of the Magnetization Due to Screening
Currents

As mentioned in section 4.2, we measured the hysteresis of the magnetic field generated by Is,
and investigated the maximum ratio of the induced magnetic field to that of the coil current
itself. Figure 4.8 illustrates the experimental data and the modeling of the magnetization due
to Is at Hall sensors (I) and (II). The measured data are the solid circles, and the polarity of
the hysteresis loops is dependent on the position of the sensor relative to the coil [89]. Is in
the coil tends to saturate at specific values in a higher load factor region due to the increasing
resistance of the HTS tape, RHTS. Since the sweep rate of 40 A/min, which corresponds to
46 mT/min at Hall sensor (I), is much higher than τ due to the flux creep, which is of the
order of nT/min–μT/min, the decay effect due to flux creep is not detected in these hysteresis
curves. The saturation values at the Hall sensors are (I) −2.85 mT and (II) 9.6 mT, which
are only 1.2% and 1.8% of the magnetic field from Iop, respectively. The modeling of the
hysteresis loops are depicted in Fig. 4.8 as lines. We used l = 9 mm, as estimated in the
previous section, and l = 100 mm for Is. As shown in the figures, the modeling assuming
l = 9 mm agrees well with the experimental data. These results also support the validity
of the developed model, and suggest that l for Is in the Bi-2223/Ag coil can be assumed as
approximately 9 mm, which agrees well with the bridging length of the filament in the Bi-
2223/Ag tape. As also shown in Fig. 4.8, the saturation values of the magnetic field due to Is

greatly increase with the increasing loop length of Is. This result indicates that the amount
of the influence of Is on the magnetic field generated by Iop depends on the loop length of
Is in the coil. Our model considering the loop length of Is is surely helpful to estimate the
effect of Is on the magnetic field from Iop, which is directly related to the propulsive force
of the magneto plasma sail. We will next enhance the model in order to clarify the effect of
the loop length of Is on AC loss in HTS coils for space applications. The developed model
can also be applied to a coil made from RE-system-coated conductors. In this type of coil,
a more complicated screening current will flow in the thin film superconducting area, and
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(a) For different sweep rates at T = 50 K

(b) For different T at sweep rate = 40 A/min

Figure 4.7: Temporal variations of the experimental and analytical results for the magnetic
field generated by Is at Hall sensor (I). The experimental and analytical conditions were (a)
two different sweep rates of 40 and 80 A/min at T = 50 K and (b) two different temperatures,
T , of 4 and 50 K for sweep rate 40 A/min.
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the influence of such a current upon the residual magnetic field will be a focus of our future
study.

4.5 Thermal Stability of HTS coil Under AC Ripple
Current

4.5.1 AC Loss With AC Ripple Current in HTS Coil

We investigated the maximum electric field and effective AC loss generated by AC ripple
currents with DC offsets, i.e., the loss characteristics in the HTS coil. We reported that the
thermal stability of the coil depends on the maximum electric field in the coil in section 3.4.2.
Figure 4.9 indicates the analysis results of the maximum electric field in a cycle, generated
in the coil under DC currents with a variety of AC ripple components. The wave form of Iop

applied to the scale-down model coil and the definition of Ioffset, Iac, and Ipeak are depicted
in Fig. 4.10. The DC currents of the horizontal axis are normalized by the critical current,
Ic, and the frequency of the AC component is 10 Hz. As can be seen in Fig. 4.9, the AC
component, Iac, generates the electric field, Es, in the coil according to the Faraday’s law at
lower DC currents, where the DC current without the AC component (solid line, E0, in Fig.
4.9) does not. Such electric fields, Es, from the AC currents can adversely affect the stable
operation of the HTS coil at a lower load factor Ioffset/Ic. On the other hand, it can be seen
that, at a higher load factor, the electric field, E0, caused by the flux-flow (solid line in Fig.
4.9) becomes dominant. Figure 4.9 also indicates that the higher Iac generates the higher
electric field, Es, in the coil in case of the same Ioffset. This is because the temporal variation
of the self-magnetic field increases with the amplitude of the AC current Iac. Figure 4.11
shows the analysis results of the effective AC loss per unit volume per cycle (AC loss density)
in the HTS coil according to the amplitude of the AC current, Iac, for various frequencies
and DC offsets Ioffset. The frequency of the ripple current is changed from 10 to 50 Hz. As
shown in Fig. 4.11, the AC loss density is not much affected by the frequency of the ripple
current. On the other hand, the AC loss density clearly increases with the amplitude of the
AC current, Iac, as is the case with the electric field Es. The higher DC offset, Ioffset, also
generates the higher AC loss density even when Iac is small. The effective AC loss density
are not appeared while the peak value of the operational transport current density, Jpeak

(Ipeak = Ioffset + Iac), is below the minimum critical current density, Jcm, which is obtained
by the percolation depinning model of eq. 4.3.2. This result is due to the superconducting
property that the resistivity of the HTS tape, ρHTS, is almost zero while Jpeak is below Jcm.
On the other hand, the AC loss density rapidly increases when Ipeak exceeds the critical
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(a) Hall sensor (I)

(b) Hall sensor (II)

Figure 4.8: Experimental and analytical results for the hysteresis of the magnetization due
to Is in the coil; sweep rate = 40 A/min and T = 50 K.



4.5. THERMAL STABILITY OF HTS COIL UNDER AC RIPPLE CURRENT 71

current, Ic (= 68 A), of the HTS coil because ρHTS greatly increases beyond the critical
current. The obtained results suggest that Ipeak of the ripple current determine the effective
AC loss in the coil, and the DC offset strongly affects the AC loss characteristics in the HTS
coil.

Figure 4.9: Maximum electric field in the Bi-2223/Ag coil under the various combination
of the AC current, Iac, and DC offsets Ioffset. The operational temperature, T = 77 K, the
critical current Ic = 68 A, and the frequency of Iacis 10 Hz.

4.5.2 Effect of AC Loss With AC Ripple Current on Thermal Sta-
bility of HTS Coil

For practical operations, we analyzed the effect of the AC loss with the ripple current on
the thermal stability of the HTS coil by solving the two-dimensional heat balance equation.
Figure 4.12 shows the analysis results of the temporal evolution of the temperature rises,
∆T , on the top surface of the double-pancake coil during various ripple current applications.
The frequency of the AC current is set to 10 Hz, and the amplitude, Iac, are changed from
0 to 8 A in each Ioffset (= 40, 55, 68 A). The conditions of each operation are described as
Table 4.2.

As shown in Fig. 4.12(a), in the case of Ioffset = 68 A (= Ic), the temperature of the coil
diverges and the coil quench occurs even at Iac = 0 A. The critical current, Ic, cannot be
stably applied due to the cooling condition of the conduction cooling. On the other hand,
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Figure 4.10: Definition of Ioffset, Iac, and Ipeak.

Figure 4.11: Dependence of the effective AC loss with the ripple current in the Bi-2223/Ag
coil on Iac and Ioffset. The operational temperature T = 77 K and the critical current Ic =
68 A. DC offset are 0, 30 (Ioffset/Ic = 0.44), and 55 A (Ioffset/Ic = 0.80).
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Table 4.2: Conditions of the operations of the coil in Fig. 4.12.
Fig. 4.12 Load factor Ioffset/Ic DC offset Ioffset Electric field in the coil
(a) 100% 68 A E0> Es
(b) 80% 55 A Es> E0
(c) 59% 40 A Es>�> E0 ≈ 0

the coil temperature converges to a specified temperature when Ioffset/Ic = 0.80 and Iac = 0
A in Fig. 4.12(b). The coil can be stably operated with the DC current at the load factor
of 80% owing to the smaller electric field E0. However, as shown in Fig. 4.12(b), the AC
loss with Iac drastically deteriorates the thermal stability of the HTS coil and brings about
the coil quench, i.e., temperature of the coil diverges with Iac. In the case of Fig. 4.12(c),
although the AC loss of the ripple current slightly increases the coil temperature, the large
ripple current has an insignificant effect on the thermal stability of the HTS coil. This is
because the HTS tapes are not in the flux-flow state in the case of Fig. 4.12(c) (E0 and ρHTS

≈ 0), and most of the AC power are consumed as a reactive power even though the electric
field, Es, is generated. These results suggest that, when the load factor Ioffset/Ic is high as
much as HTS tapes in the coil are in the flux-flow state, i.e., Jpeak > Jcm, the ripple current
adversely affects the thermal stability of the coil. On the other hand, at a lower load factor
such as 60%, the ripple current is not a big matter. Consequently, Ioffset greatly influences
the AC loss characteristics in the HTS coil, and the operational load factor Ioffset/Ic must be
properly selected in order to apply the AC ripple current to HTS coils. The appropriate load
factor for the operation depends on the cooling characteristics and condition of HTS coils.

4.6 Summary

To characterize and design optimal HTS coils for space missions, we developed a numerical
analysis method based on the percolation depinning and the flux creep models, considering
screening currents, Is, induced in the coil. In this study, Is induced in a Bi-2223/Ag double
pancake coil was investigated and modeled. We measured the decay behavior of the magnetic
field due to Is, and then modeled the results assuming an equivalent loop length, l, for Is in
the coil. The experimental and analytical results suggest that the decay behavior of Is in the
Bi-2223/Ag tape was dominated by the silver sheath resistance and the flux creep, especially
at a lower load factor. In addition, the experimental results under varying conditions could
be quantitatively modeled assuming an equivalent l of approximately 9 mm for Is in the coil.
The good agreement between the measurements and the analyses proved the validity of our
model, which considered the effects of the flux flow and flux creep on Is induced in the HTS
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(a)

(b)

(c)

Figure 4.12: Time transient of the temperature rises, ∆T , on the top surface of the Bi-
2223/Ag double-pancake coil during the various ripple current applications. The temperature
rises at the middle layer on the upper surface of the coil, at which the maximum electric field
is generated, are plotted. (a) Ioffset = 68 A, (b) Ioffset = 55 A, and (c) Ioffset = 40 A. The
operational temperature, T , is 77 K and the frequency of Iac is 10 Hz.
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coil. The precise identification of the mechanism for the smaller loops of Is is our future work.
To use DC/DC converters as a power supply and design a light-weight HTS coil system for
space missions, we also investigated the effects of the transport AC losses under various ripple
currents with DC offsets on the conduction-cooled coil performance. The developed analysis
method can estimate the effective AC loss in HTS coils. Our analysis results implied that
the AC loss with the ripple current deteriorated the thermal stability of a conduction-cooled
coil when HTS tapes in the coil are in the flux-flow state, e.g., the load factor (operational
current/critical current) of 80%. However, at a lower load factor, most of the AC power were
consumed as a reactive power and the ripple current cannot be a serious problem for the
thermal stability of the conduction-cooled coil. These results suggest that, if the operational
load factor is properly selected by the developed analysis code, the light-weight power supply
system including an AC ripple current can be used for the HTS coil spacecraft system.
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Chapter 5

Conceptual Design of HTS Coil for
Magneto Plasma Sail

5.1 Introduction

The propulsive force of the magneto plasma sail is proportional to the magnetic moment, µ,
of the coil. The magnetic moment, µ, of circular coils can be expressed as

µ =
N∑

t=1

Iπr2
t , (5.1.1)

where N denotes the total turn number of the coil, I is the operational transport current,
and rt is the radius at each turn t (1 ≤ t ≤ N) of the coil.

The purpose of the study is to use HTS conductors to realize a magnetomotive force at
NI = 106−107 A-turns under the size limitation of the spacecraft (rt ≤ 2.0 m). The HTS coil
must be designed with a larger magnetic moment and higher thermal stability without the
use of any refrigerants. As is well known, Yttrium Barium Copper Oxide (YBCO)–coated
conductors (CCs) possess high mechanical strength against electromagnetic forces such as
hoop stress. Since the magneto plasma sail requires a large-sized coil with a diameter of
approximately 4 m, the hoop stress in the coil becomes a serious constraint on the design
of the coil. YBCO CCs are expected to be utilized in larger-sized coils than in the case
of Bi-2223/Ag, owing to the high tolerance of the Hastelloyr substrates. In this study,
HTS coils using YBCO CCs as well as Bi-2223/Ag tapes are conceptually designed for the
magneto plasma sail. For the magneto plasma sail, the magnetic moment, µ, must be as
large as possible; for example, µ = 1.2 × 107 to 1.2 × 108 A·m−2 and 106 − 107 A-turns
with a diameter of 4 m will suffice. In addition, the above-mentioned thermal stability

77
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and electromagnetic force should be considered to avoid coil quenches and the degradation
of superconducting properties in space. In this chapter, we analyze the current transport
performance, thermal stability, and experienced stresses of HTS coils, on the basis of the
developed analysis model, i.e., a electromagnetic field as well as thermal analysis. A suitable
configuration of the coil is searched to increase the magnetic moment, µ, of the coil, based on
the constraint conditions of the maximum electric field, hoop stress, transverse compressive
stress, total heat generation, and thermal stability of the coils.

5.2 Design Conditions

The Bi-2223/Ag tape used for the coil design is the same as the tape used for the scale-
down model coil in the previous chapters 3.1. The YBCO CC applied to the coil is 3.0
mm in width and 0.1 mm in thickness, which is additionally reinforced against mechanical
strain with Hastelloyr substrates (0.05 mm in thickness). The longitudinal variation in the
local critical currents of the YBCO CCs is not taken into account in this study. Figure
5.1 illustrates a schematic diagram of the designed coil and the definitions of the variables,
as well as the x–y direction used in the analysis. We now analyze the distribution of the
magnetic field vector, electric field, heat generation, and heat transfer in the cross section
of the coil described in Figure 5.1, by means of the developed thermo-electromagnetic field
analysis based on the percolation depinning model. Since the coil is cooled by radiation in
outer space, the Dirichlet condition (constant temperature Top) was set at the top, bottom,
and outer surfaces of the coil and the Adiabatic condition on the inner surface. As the
sensitivity analysis, the optimal outside radius, ro, the number of layers, m, and stack, n,
of the coil are searched in order to maximize its magnetic moment of eq. 5.1.1 with the
constraint conditions described below:

1. Operational temperature Top is set to 20 K.

2. Total length and weight of the CCs are constant, approximately 50 km and 200 kg,
because of the mass limit for the spacecraft.

3. Coil size is limited to φ4 × 7 m (outside diameter 2ro × height), due to the installation
size limitation in the rocket for launch.

4. The MAXIMUM electric field in the coil does not exceed 1 μVcm−1. This definition is
equivalent to evaluating the minimum critical current Icmin in the coil in order to avoid
coil quenches [95].
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We also examined the total heat generation in the coil for the thermal behavior of the
coil taking into account the cooling capacity, and also the hoop stress, which is calculated
as By × J × rt at each turn t [96], and transverse compressive stress applied to the coil for
considering the strength of stresses that the HTS can tolerate in terms of mechanical strength
[97]-[99]. The optimal configuration of the coil is searched by evaluating the magnetic moment
of eq.5.1.1 in the case of I = Icmin and the above-mentioned parameters on each coil design.

Figure 5.1: Schematic diagram of a cross section of designed coils. (ro: outside radius, rt:
radius at each turn t, m: layer number, n: stack number).

5.3 Sensitivity Study

5.3.1 YBCO Coil

Figure 5.2 shows the analysis results of the magnetic moments of the coil according to its
configuration. The total length of the CCs is constant. As can be seen in Fig. 5.2, the
magnetic moment clearly increases with the outside radius ro. This is because the magnetic
moment is proportional to the square of the radius (see eq. 5.1.1). In addition, the magnetic
moment is larger with a greater stack number n, or, in other words, a lower layer number m,
with the condition that the outside radius, ro, stays the same.

Figure 5.3 indicates the effect of the stack number, n, in the case of ro = 2.0 m, on (a) the
critical current and the magnetic moment of the coil, and (b) the maximum hoop stress and
transverse compressive stress applied to the coil. As can be seen in Fig. 5.3(a), the critical
current Icmin increases with a very high or very low stack number. Higher critical currents
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Figure 5.2: Dependence of the magnetic moment on the configuration of the coil. The total
length of the CCs is constant. The magnetic moment is normalized by µ = 1.2× 107 A·m2,
which is the minimum requirement for the magneto plasma sail (106 A-turns with an outside
radius ro of 2 m).
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Table 5.1: Specifications of the coils shown in Fig. 5.3.
(a) Coil (I) (b) Coil (II) (c) Coil (III)

Outside radius ro 2.0 m 2.0 m 2.0 m
Stack number n 4 16 512
Layer number m 1050 252 8
Weight 200 kg 200 kg 200 kg
Critical current Icmin 325 A 236 A 493 A
Magnetomotive force NIcmin 1.4 × 106 A-turns 0.95 × 106 A-turns 2.0 × 106 A-turns
Total heat generation 56 W 7.4 W 1.0 W
Maximum hoop stress 5.4 GPa 4.4 GPa 0.78 GPa
Maximum transverse
compressive stress 5.9 MPa 23 MPa 150 MPa

make the magnetic moment much larger. The critical current tends to decrease when the
aspect ratio of the cross section of the coil approaches 1:1 (in the case of n = 15).

This fact can be understood further from Figs. 5.5 and 5.6. These figures show the
distribution of the magnetic flux density, B, and the perpendicular magnetic flux density,
Bx, respectively, perpendicular to the tape’s broad surface, in the cross section of the coil.
Only the lower half of the coil cross section, (the shaded area in Fig. 5.1) is described due
to the symmetry of the electromagnetic field. The corresponding coils (I)–(III) are shown in
Fig. 5.3 and Table 5.1. Illustrations of the shape of coil (II) and coil (III) are also depicted
in Fig. 5.4. As can be seen in Figs. 5.5 and 5.6, the magnetic flux density, especially Bx,
in coils (I) and (III) is smaller than that in coil (II) (in the case of a cross-sectional aspect
ratio ≈1:1). Critical currents in the highly perpendicular magnetic field region are greatly
decreased because of the magnetic field dependency of the E–J curve of the HTS tapes.
Larger critical currents can be produced in the case of high or low stack numbers, as shown
in Fig. 5.3(a), due to smaller stray magnetic fields.

Fig. 5.3(b) and Table 5.1 also indicate that, as the stack number increases, the maximum
hoop stress decreases and the transverse compressive stress increases monotonically. This
is because the hoop stress (By × J × rt) is proportional to By, parallel to the tape’s broad
surface, which decreases as the stack number increases, as shown in Fig. 5.5. The transverse
compressive stress also increases with the decreasing top and bottom surface areas of the coil,
i.e., with decreasing layer number m. The broken lines in Fig. 5.3(b) indicate the upper limit
for the YBCO CCs. Hence, the shaded area shown in Fig. 5.3(b) indicates the configurations
that satisfy the constraint condition for the applied stresses. The other configurations in the
case of ro = 2.0 m cannot be realized in terms of the mechanical strength.

Figs. 5.7 and 5.8 show the thermal behavior of the coils. Specifically, Fig. 5.7shows the
heat generation density and Fig. 5.8 shows the temperature distributions. As can be seen
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Figure 5.3: Dependence on the stack number of (a) critical current and magnetic moment
and (b) maximum hoop stress and transverse compressive stress, in the case of an outside
radius of ro = 2.0 m. The total length of the CCs is constant. The maximum hoop stress
is located at the middle stack in the innermost layer. Specifications of the coil (I)–(III) are
shown in Table I. The broken lines in (b) indicate the limited stresses allowed for the YBCO
CCs [97]-[99].
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(b) coil (II)

Figure 5.4: Illustrations of the shape of coil (II) and coil (III).

Figure 5.5: Magnetic flux density, B, distribution in the coils at Top = 20 K, I = Icmin
(maximum values (a) 5.62 T, (b) 5.75 T, and (c) 1.31 T).
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Figure 5.6: Perpendicular magnetic flux density, Bx, distribution in the coils at Top = 20 K,
I = Icmin (maximum values (a) 2.88 T, (b) 5.33 T, and (c) 1.26 T).

Figure 5.7: Heat generation density, J · E, distribution in the coils at Top = 20 K, I = Icmin
(maximum values (a) 54.5 kWm−3, (b) 39.7 kWm−3, and (c) 85.8 kWm−3).
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Figure 5.8: Temperature, T , distribution in the coils at Top = 20 K, I = Icmin, t = 60 s
(maximum values (a) 20.9 K, (b) 20.5 K, and (c) 20.3 K).

in these figures, the maximum heat generation and temperature rise are located near the
middle turn on the bottom stack in the coil due to the perpendicular magnetic flux density
Bx being strongest in this area. As can also be seen in Fig. 5.8, temperature rise in coil
(III) is smaller than that in coils (I) and (II), despite the larger heat generation density
depicted in Fig. 5.7. This is because the cooling surface area of the coil increases due to
the so-called flat-wise winding of the coil. Table 5.1 also shows that total heat generation in
the coil decreases with the increasing stack number n because the area of the flux flow state
decreases as shown in Fig. 5.7. These results suggest that thermal stability of the coil can
be improved by increasing the number of the stack, n.

From these analysis results, coil (III) achieves the magnetomotive force NI at 2.0 × 106

A-turns with a diameter of 4 m and is the suitable configuration for obtaining the maximum
magnetic moment at 2.5 × 107 A·m2 under the conditions of this study. Consequently, we
can conclude that a thin-walled coil with a larger diameter, i.e., large ro, high n, and low m,
such as coil (III), is the suitable design for obtaining larger magnetic moments with higher
thermal stability and lower hoop stress. However, the transverse compressive stress becomes
much larger and must be taken into account for such coil design.
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(a) (b)

Figure 5.9: Illustration of the shape of (a) multi-pole and (b) racetrack coil.

(a) (b)

Figure 5.10: Illustration of the on-board (a) multi-pole and (b) racetrack coil.
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5.3.2 Bi-2223/Ag, Multi-pole and Racetrack Coil

The same analysis was performed with Bi-2223/Ag circular coils as well as additional two
kinds of coil configurations; i.e., multi-pole, and racetrack coil using YBCO CCs, as shown
in Fig. 5.9. The multi-pole coil consists of more than one coil (Fig. 5.9(a)). The racetrack
coil is the coil with the shape of the racetrack geometry (Fig. 5.9(b)). The multi-pole coil
and racetrack coil are loaded into the rocket as shown in Fig. 5.10. The multi-pole coil needs
to be deployed in space after the launch. The suitable coil configuration to maximize the
magnetic moment was searched under the constraint conditions described below:

1. Operational temperature Top is set to 20 K.

2. Total weight of the HTS tapes are constant, approximately 200 kg, because of the mass
limit for the spacecraft.

Due to the installation size limitation in the rocket for launch, the coil size is limited as;

1. For circular coil, coil diameter 2ro= 4 m. The height of the coil is limited to 7 m.

2. For multi-pole coil, the coil number is 4. Each coil diameter 2ro= 4 m. The height of
each coil is limited to 1.6 m.

3. For racetrack coil, the coil size is limited to 4 m × 7 m (minor (shorter) diameter ×
major (longer) diameter).

In the present analysis, the maximum magnetic moment was defined if one of the constraint
conditions described below is satisfied:

1. The temperature of the coil diverges and coil quench occurs on the basis of the developed
thermal analysis.

2. For the Bi-2223/Ag coil, Hoop stress or transverse compressive stress exceeds 470 MPa
or 70 MPa, respectively [100].

3. For the YBCO coils, Hoop stress or transverse compressive stress exceeds 1 GPa or 150
MPa, respectively [97]-[99].

Figure 5.11 indicates the dependence of the maximum magnetic moment of the coil on the
stack number, n, for each coil configuration. Table 5.2 shows the configurations of each coil
type for obtaining the maximum magnetic moment under the constraint conditions. The
magnetic moment is normalized by µ = 1.2× 107 A·m2, which is the minimum requirement
for the magneto plasma sail (106 A-turns circular coil with an outside radius ro of 2 m). As
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can be seen in Fig. 5.11, for all kinds of the coils, the magnetic moment clearly increases with
a higher stack number n, or, in other words, a lower layer number m, i.e. a coil with a thin-
wall. This is because the critical current Ic increases with a very high stack number thanks
to smaller stray magnetic fields as mentioned in the previous section. On the other hand,
at a lower stack number n, the magnetic moments become smaller than that of thin-walled
coils because, for the coils with a large diameter, the hoop stresses become much larger than
the limited value in the case of coils with a lower stack number, n, as shown in Fig. 5.3(b),
and the large currents can not be applied to such coils due to the mechanical strength of the
HTS.

When the Bi-2223/Ag circular coil is compared to the YBCO circular coil, the magnetic
moment of the Bi-2223/Ag coil is much lower than that of the YBCO circular coil. This is
mainly because the stress tolerance and current transport characteristics in a high magnetic
field of the Bi-2223/Ag coil are inferior to those of the YBCO coil, although the Bi-2223/Ag
coil is superior to the YBCO coil in terms of the cooling characteristics. However, we assumed
the YBCO CCs with uniform characteristics along with the length of the CCs, although the
long length of YBCO CCs with high homogeneity in the local critical currents are now difficult
to be available. The making process of the YBCO CCs is expected to be matured.

As can also be seen in Fig. 5.11 and Table 5.2, when the YBCO multi-pole and racetrack
coil are compared to the YBCO circular coil, the magnetic moment of the multi-pole and
racetrack coil is higher than that of the circular coil in most cases. Using a multi-pole or
racetrack coil geometry, the total turn number of the coil can be smaller than that of the
circular coil as shown in Table 5.2 with the condition that the total length of the CCs stays
almost the same. The magnetic flux density in each coil tape becomes smaller thanks to a
lower neighboring turn number. For this reason, the larger current can be applied to the
multi-pole and racetrack coil if the same length of the CCs is used due to the magnetic field
dependency of the E–J curve of the HTS tapes. This study reveals that the YBCO multi-
pole or racetrack coil can realize the magnetic moment which is approximate three times
larger than the minimum requirements for the magneto plasma sail, which corresponds to
the thrust of 0.5 mN approximately according to the previous study [53]. Note that, however,
the multi-pole coil is required to deploy the coils in space and needs a complex structure to
support the multi-coil, and also the racetrack coil occupies a larger area than a circular coil
in the rocket for launch.

We also investigated the required weight of the coil to obtain the minimum requirement
of the magnetic moment (106 A-turns circular coil with an outside radius ro of 2 m) at a
variety of operational temperature, Top, in the case of the racetrack coil using the YBCO
CCs. Figure 5.12 shows the dependence of the required weight of the coil to obtain the
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Figure 5.11: Dependence on the stack number of the magnetic moment of the coils in the
case of an outside radius of ro = 2.0 m. The total length of the Bi-2223/Ag tape or YBCO
CCs is constant.

Table 5.2: Coil configurations to obtain the maximum magnetic moment.
Bi-2223/Ag YBCO YBCO YBCO
circular circular multi-pole racetrack

Outside radius ro 2.0 m 2.0 m 2.0 m 1.7 m×3.5 m
Stack number n 1024 1024 512 512
Layer number m 2 4 2 6
Total turn number N 2048 4096 1024 3072
Operational current 374 A 547 A 616 A 535 A
Magnetomotive force
NIop (A-turns) 0.8 × 106 2.2 × 106 2.5 × 106 1.6 × 106

Normalized
magnetic moment 0.8 2.2 2.5 2.7
Maximum hoop stress 130 MPa 380 MPa 260 MPa 380 MPa
Maximum transverse
compressive stress 70 MPa 150 MPa 120 MPa 140 MPa
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Figure 5.12: Dependence on the operational temperature, Top, of the required weight of the
YBCO racetrack coil to obtain the minimum requirement of the magnetic moment for the
magneto plasma sail.

minimum requirement of the magnetic moment for the magneto plasma sail as well as the
quench current on the operational temperature, Top, of the coil. As can be seen in Fig. 5.12,
the required weight of the coil increases with the operational temperature, Top because the
quench current which causes the coil quench drastically decreases with Topas shown in Fig.
5.12 due to the temperature dependency of the E–J curve of the HTS tapes. Considering
the mass limit of the spacecraft, the weight of the coil should be less than 200 kg. Based
on this analysis result, therefore, the operational temperature of the on-board coil should be
less than 30 K to satisfy the requirement of the magnetic moment for the magneto plasma
sail.

The present analysis makes a rough design of the HTS coil for the magneto plasma
sail without taking into account the cooling structure to cool down each coil configuration.
More precise optimization of the HTS coil considering the cooling structure of the HTS
coil to maximize the magnetic moment to mass ratio of the system, i.e., acceleration of the
spacecraft, is required to consider the practical use of the magneto plasma sail.
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5.4 Summary

An HTS coil with a larger magnetic moment using YBCO coated conductors and Bi-2223/Ag
tape was designed for a magneto plasma sail. For the coil design, we analyzed the current
transport properties, thermal behavior, and applied stresses of the HTS coils, and compared
these characteristics for each coil configuration. This analysis method made use of E − J

characteristics according to the percolation depinning model. As a sensitivity analysis, it was
revealed that a thin-walled coil with a larger diameter can generate a larger magnetic moment
with higher thermal stability and lower hoop stress. However, transverse compressive stress
becomes a serious constraint factor for such a thin-walled coil design. We also analyzed with
the racetrack and multi-pole coil configurations as well as a Bi-2223/Ag circular coil to obtain
a larger magnetic moment. From a point of view of maximizing the magnetic moment for the
spacecraft, the racetrack and multi-pole coil is more suitable configuration than a circular
coil and the magnetic moment can be increased to approximate three times larger than the
minimum requirement for the magneto plasma sail. The present study also investigated the
required weight of the coil to obtain the minimum requirement of the magnetic moment at
a variety of operational temperature in the case of the racetrack coil using the YBCO CCs.
According to the analysis result, the operational temperature of the magnetic sail drive coil
should be less than 30 K to meet the requirement of the magnetic moment for the magneto
plasma sail, considering the mass limit of the spacecraft.



92CHAPTER 5. CONCEPTUAL DESIGN OF HTS COIL FOR MAGNETO PLASMA SAIL



Chapter 6

HTS Coil System for Magneto Plasma
Sail

6.1 Introduction

In the previous chapter, we clarified the configuration of the on-board HTS coil to improve
the magnetic moment and thrust of the magneto plasma sail under the condition of the mass
limitation of the coil. For the practical use of the magneto plasma sail, however, the total
mass of the HTS coil system is strictly limited for space missions as the weight of the system
directly affects the acceleration or performance of the propulsion system. The optimization
of the HTS coil considering the total mass of the system, e.g., cooling structure according
to the configuration of the HTS coil, is required to maximize the magnetic moment to mass
ratio or acceleration, of the magneto plasma sail. If we use some refrigerants to cool down
the on-board HTS coil, a large amount of the liquid helium or nitrogen are required to be
loaded for a long-term space missions because the heat invasion from the sun light gradually
evaporates such refrigerants. Thus, the cooling system using the refrigerants weighs too
much and cannot be applied for deep space explorations. This study aims to develop a light-
weight HTS coil system with the use of radiation and/or conduction cooling which utilizes
3 K background temperature in space. The temperature of the on-board coil, however,
becomes higher than the background temperature 3 K due to the heat invasion from the
sun light, coil support structures, and current leads under the radiation cooling condition.
The radiation cooling system must be also optimized to keep the HTS coil at the desired
operational temperature and, at the same time, minimize the weight of the cooling system.
In this chapter, we optimize the HTS coil system including the radiation cooling structure
to obtain the maximum magnetic moment to mass ratio for the magneto plasma sail.
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Figure 6.1: Illustration of the magneto plasma sail proposed by JAXA/NEC.

Table 6.1: Weight distribution of the subsystems of the magneto plasma sail.
Mass Limit 860 kg
Mission Plasma Sources 30.8 kg
Bus System Structure 210 kg

Communication 16.6 kg
Data Handling 10.6 kg
Attitude Control 23.5 kg
Reaction Control 22.2 kg
Wire Harness 30.0 kg

Magnetic Shielding 10.0 kg
Fuel N2H4 15.0 kg

Xe 5 kg-50.0 kg
Total Weight Dry 376 kg
Except for HTS Coil System Wet 396 kg - 441 kg
HTS Coil System HTS coil, Cooling System,

and Power Supply System 419 kg - 464 kg
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6.2 Overview of HTS coil system

An illustration of the system configuration of the magneto plasma sail proposed by JAXA/NEC
is shown in Fig. 6.1. The solar paddles generate the electric power to use for the excitation
of the HTS coil as well as the operation of subsystems in the bus module. The spacecraft bus
module contains a power supply system as well as an attitude control and telecommunication
system. Table 6.1 shows the weight distribution of the subsystems of the magneto plasma
sail for the exploration to the planet Jupiter. The magneto plasma sail is considered to be
launched by H-IIA202 and the total weight of the spacecraft should be less than 860 kg con-
sidering the launch capacity of the rocket. The magneto plasma sail requires plasma sources
and some fuel (Xe : 5 kg -50 kg, the required amount depends on the way of the operation
of the plasma sources) to inject plasma from the spacecraft and expand the coil magnetic
field while a pure magnetic sail does not require any fuels. The electric power generated by
solar paddles is inversely proportional to the square of the distance from the Sun. The basic
configuration of the solar paddles for the magneto plasma sail consists of five layers which can
be deployed in two stages and produce the electric power of 850 W at 2.5 AU used to mainly
excite the HTS coil and 370 W at 5 AU around the Jupiter used for the operation of the
bus system. A magnetic shielding system is also installed to protect instruments (and crews)
in the spacecraft from the strong magnetic filed produced by the on-board HTS coil itself.
One of the methods of the magnetic shielding for the magneto plasma sail using Meissner
effect of superconductors is discussed in Appendix A. To use ferromagnetic materials such as
a Permalloy for the magnetic shielding can also be considered for the magneto plasma sail.
The direction of the magnetic axis of the on-board coil is, in this study, set to the perpen-
dicular as well as parallel direction to the sun direction (or solar wind) as shown in Fig. 6.2,
on the other hand, some study reported that the direction of the magnetic axis should be
perpendicular direction to the solar wind in terms of the attitude stability [40]. Figure 6.3
indicates the boundary conditions of the developed thermal analysis for the perpendicular
or parallel direction of the magnetic axis, respectively. In the perpendicular direction, the
thermal input due to the thermal invasion from the sunlight and current leads is applied to
the side surface of the coil. The coil is cooled down via the top and bottom surface of the
coil (Dirichlet condition) by radiation to the outer space. On the other hand, in the parallel
direction, the thermal input is applied to the bottom surface of the coil, and the coil is cooled
down from the top and side surface of the coil by radiation.

To reduce the total weight of the system and obtain the maximum magnetic moment to
mass ratio of the magneto plasma sail, we considered the dependency of the weight of the
HTS coil system on the configuration of the HTS coil and operational coil temperature. The



96 CHAPTER 6. HTS COIL SYSTEM FOR MAGNETO PLASMA SAIL

(a) Perpendicular direction to the sun direction

(b) Parallel direction to the sun direction

Figure 6.2: Direction of the magnetic axis of the coil to the sun direction.



6.2. OVERVIEW OF HTS COIL SYSTEM 97

(a) Perpendicular direction to the sun direction

(b) Parallel direction to the sun direction

Figure 6.3: The boundary conditions of the thermal analysis for the perpendicular and
parallel direction.
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total weight of the system for the magneto plasma sail can be described as follows:

Msystem = Mcoil +Mcool +Mpower +Mothers (6.2.1)

where Msystem, Mcoil, Mcool, Mpower, and Mothersdenote the weight of the system, HTS coil,
cooling system, power system, and other subsystems of the magneto plasma sail, respectively.
Mothers in this study is set to 396 kg according to Table 6.1. The required mass of the power
system has been also obtained as shown in Fig. 6.4 [75]. In fact, the mass of the structure
depends on the coil configuration and weight, such dependency was ignored in this study for
the simplicity.

Figure 6.4: The mass of the system for a variety of the power system [75].

6.3 Thermal Design of Cooling System

As mentioned in section 5.3, the on-board HTS coil of the magneto plasma sail should be
cooled down to less than 30 K to realize the minimum requirements of the magnetic moment
for space missions. Figure 6.5 shows a schematic diagram and CAD model of the HTS coil
system of the magneto plasma sail in the case of the parallel direction of the magnetic axis.
The cooling system for the HTS coil consists of multi-layer of radiation panels, Multi-Layer
Insulation (MLI), and coil cooling case for the HTS coil, that prevent the heat invasion which
cannot be blocked only by the sun shield. Only the side surface of the panels was used for
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the radiation cooling to the outer space. Due to the mass limitation, any refrigerants will not
be used for the magneto plasma sail. The HTS coil is installed at the opposite side from the
sun light, surrounded by the radiation panels and coil cooling case as shown in Fig. 6.5. The
coil is thermally connected with the bus module via current leads and coil support materials
which will be cooled down by thermal anchors to the radiation panels. The heat invasions
to the HTS coil are also came from the heat generation in the current leads as well as the
sun light which is not prevented by the radiation panels. The configuration of the radiation
panels and coil case were designed according to the configuration of the coil in order to cool
the coil down to the desired operational temperature of around 10-50 K. The cooling system
also depends on the operational current of the HTS coil because the heat generation and
heat invasion to the HTS coil from the current leads depend on the operational current. We
assumed the following condition for the thermal design of the cooling system.

1. Thermal input of the solar heat to the surface of the spacecraft is 1350 W/m2.

2. The temperature of the bus module is 300 K.

3. The coil is cooled down to 10-50 K by radiation cooling using radiation panels.

4. The background temperature of space is 3 K.

5. The radiation factor of the radiation panels are 0.82.

6. The spacecraft is at thermal equilibrium in interplanetary space.

The factors of the heat transfers in the spacecraft are described in Fig. 6.6. The amount
of the radiation heat between two materials (material with the temperature,T2, surface area,
A2, radiation factor ε2 to material with the temperature,T1, surface area, A1, radiation factor
ε1) was calculated as

Q = σSB
1
ε2

+ 1
ε1
− 1A2(T 4

2 − T 4
1 ) (6.3.1)

ε1=1 was used for the radiation factor of deep space as a perfectly black body. The weight
of the radiation panels (Aluminum alloy 2.70 g/cm3, thickness: 0.2 mm) can be obtained by
evaluating the required surface area, A2, of the panels to cool down the coil to the desired
operational temperature. The heat invasion by the heat transfer from the support materials
were calculated by the Fourier law as

Q = A

L

ˆ T2

T1

κdT (6.3.2)
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(a)

(b)

Figure 6.5: (a) Schematic diagram and (b) CAD model of the HTS coil system of the magneto
plasma sail.
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where A is the area of the cross section of the materials, κ is the thermal conductivity of the
materials. The thermal conductivity, κ, of the Carbon-Fiber-Reinforced Polymer (CFRP)
was used for the support structure of the HTS coil. The thermal invasion from the current
leads can be calculated as

Qmin = I

(
2
ˆ Th

Tc

ρκdT

) 1
2

(6.3.3)

where I is the operational current and V is the voltage between both ends of the current
lead. The thermal invasion, Q, from the current lead to the HTS coil corresponds to the
heat generation in the current lead. We also assumed to use an HTS lead as the current lead
between the two panels at the temperature below 77 K to reduce the heat invasion from the
current lead to the HTS coil.

Figure 6.7 shows an example of the thermal block diagram of the HTS coil system,
calculated by the above-mentioned equations. The temperature decrease by the effect of the
cooling system is also shown in Fig. 6.8. The horizontal axis of Fig. 6.8 shows the distance
from the Bus-module and HTS coil is located at 1.6 m from the bus-module. The cooling
system was composed of four radiation panels. The operational current was 200 A and a
YBCO circular coil with a diameter of 4 m and a weight of 200 kg was used. The coil can be
cooled down to 20 K with such multi-layer of the radiation cooling structure although 0.0387
W was applied to a coil surface as the thermal invasion. In this case, the total surface area
of the radiation panels was 106.5 m2 and total mass of the cooling system was Mcool = 108.7
kg.

Figures 6.9 and 6.10 shows an example of the temperature distribution as well as the
heat generation distribution at cross section of the coil in the both cases of the magnetic
axis direction. Only a lower half of the coil is described because of the symmetry of the
electromagnetic field and the side where the word 8 layer or 15 layer is written is the bottom
surface of the coil. As can be seen in these figures, the coil temperature is increased mainly at
the left side facing the sun direction due to the thermal invasion from the sunlight which is not
prevented by the radiation panels. Also, in the case of the parallel direction, the temperature
rise in the coil is larger than the perpendicular direction as shown in these figures. It can
be explained by the local joule heat generation in the coil also described in Fig. 6.10. The
joule heat is mainly generated around the bottom surface of the coil due to the magnetic
field dependency of the superconducting property. And in the case of the parallel direction,
the bottom surface of the coil is facing to the sun direction. This result suggests that the
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Figure 6.6: Thermal flow in the system of the magneto plasma sail.
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Figure 6.7: An example of the thermal block diagram of the HTS coil system.

Figure 6.8: Cooling effect of the cooling system.
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magnetic axis should be perpendicular direction to the sun direction considering the cooling
condition to release the heat generated in the coil.

(a) Perpendicular direction (b) Parallel direction

Figure 6.9: Temperature, T , distribution in the coils at Top = 20 K, I = Icmin.

(a) Perpendicular direction (b) Parallel direction

Figure 6.10: Heat generation density, J ·E, distribution in the coils at Top = 20 K, I = Icmin

6.4 Optimization of HTS Coil System for Magneto Plasma
Sail

By using the developed analysis method in this study, the configuration of the coil is optimized
to maximize the magnetic moment to mass ratio of the system, i.e. the acceleration of the
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magneto plasma sail. We analyzed with three kinds of the coil configurations; circular, multi-
pole, and racetrack coil shown in Fig. 5.9. The coil parameters, i.e., outside radius, ro, the
number of layers, m, and stack, n, of the coils as well as the major and minor radius of the
race track coil and coil number of the multi-pole coil were optimized in order to maximize the
magnetic moment to mass ratio of the magneto plasma sail in the case of the perpendicular
or parallel magnetic axis. We used the genetic algorithm as the optimization method of the
HTS coil system with the constraint conditions described below;

1. YBCO coated-conductor with 3.0 mm in width and 0.1 mm in thickness, which is
additionally reinforced with Hastelloyr substrates (0.05 mm in thickness), was used.

2. Direction of the magnetic axis is set to the perpendicular or parallel direction to the
sun direction (solar wind).

3. Operational temperature Top is set to 10K, 20 K, 30 K, 40 K or 50 K.

4. Total weight of the HTS system is less than 464 kg, because of the mass limit for the
spacecraft.

5. For circular coil, coil diameter 2ro= 4 m. The height of the coil is limited to 7 m.

6. For multi-pole coil, each coil diameter 2ro= 4 m. The height of each coil is limited to
1.75 m.

7. For racetrack coil, the coil size is limited to 4 m × 7 m (minor (shorter) diameter ×
major (longer) diameter).

In the present analysis, the maximum magnetic moment was defined if one of the constraint
conditions described below is satisfied:

1. The temperature of the coil diverges and coil quench occurs according to the developed
thermal analysis.

2. Hoop stress or transverse compressive stress applied to the coil exceeds 1 GPa or 150
MPa, respectively [97]-[99].

The optimal configuration of the coil was searched using the genetic algorithm to maximize
the magnetic moment to mass ratio of the magneto plasma sail, in the case of circular, multi-
pole and racetrack coil on the condition of the perpendicular and parallel direction of the
magnetic axis.

Figures 6.11 shows the result of the circular coil system optimization for a variety of the
operational temperatures from 10 K to 50 K in the both cases of the magnetic axis. The
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magnetic moment to mass ratio is normalized by 1.1 × 105 A·m−1, which is the minimum
requirement for the magneto plasma sail (106 A-turns with an outside radius ro of 2 m with
the system weight of 314 kg)As shown in the figure, the magnetic moment to mass ratio
reaches the highest value at the operational temperature around 20 K. Also, in the case of
the perpendicular magnetic axis, the magnetic moment to mass ratio becomes larger. This is
because the cooling characteristics of the coil can be improved on the perpendicular direction
as mentioned in the previous section, and also the mass of the cooling system is smaller as
shown in Fig. 6.14 as the diameter of the system can be smaller. A previous study reported
that, in terms of the attitude stability of the spacecraft, the direction of the magnetic axis
should be the perpendicular direction to the solar wind. This study also revealed that the
thermal stability and cooling characteristics can be improved when the magnetic axis of the
coil is perpendicular to the sun direction.

Figure 6.11: Dependence of the magnetic moment to mass ratio of the magneto plasma sail
on the operational temperature of the HTS coils.

Figure 6.13 indicates the dependence of the magnetic moment to mass ratio of the mag-
neto plasma sail on the operational temperature of the HTS coil for three kinds of the
above-mentioned coils. The magnetic moment to mass ratio is normalized by the minimum
requirement for the magneto plasma sail. As can be seen in Fig. 6.13, for all kinds of the
coils, the magnetic moment to mass ratio is the highest at the operational temperature of
around 20 K and 30 K. On the other hand, in the case of using the HTS coil at less than 20
K, the magnetic moment to mass ratio rapidly decreases because the weight of the radiation
cooling system becomes larger as shown in Fig. 6.14. As can be seen in Figs. 6.13 and 6.14,
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Figure 6.12: Dependence of the weight of the cooling system on the operational temperature
of the HTS coils.

the magnetic moment to mass ratio of the multi-pole coil is lower than that of the circular
coil and racetrack coil as the mass of the cooling system is much larger. This is because, for
the multi-pole coil, more than one coil must be cooled down to the operational temperature,
and the cooling structure becomes larger. Considering the cooling system, the multi-pole coil
is not promising for the use in space. Table. 6.2 shows the optimal configurations of each
coil type for obtaining the maximum magnetic moment to mass ratio under the constraint
conditions described above and Fig. 6.15 shows illustrations of the optimal system of the
magneto plasma sail with racetrack coil and multi-pole coil. This study reveals that the
system with the racetrack coil can maximize the magnetic moment to mass ratio which is
2.8 times larger than that of the minimum requirement for the magneto plasma sail, because
both of the critical current and the area of the racetrack coil can be larger than those of the
circular coil despite the cooling mass is slightly larger than that of the circular coil.

6.5 Summary

The HTS coil system was optimized to maximize the magnetic moment to mass ratio of the
magneto plasma sail using YBCO coated conductors. For the coil design, we analyzed the
thermal stability and applied stresses of the HTS coils, and also the weight of the cooling
system for each coil configuration. We optimized the configuration of the coil using the
genetic algorithm in the case of circular, multi-pole and racetrack coil at from 10 K to 50 K
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Figure 6.13: Dependence of the magnetic moment to mass ratio of the magneto plasma sail
on the operational temperature of the HTS coils (Magnetic axis is the perpendicular direction
to the sun direction).

Figure 6.14: Dependence of the weight of the cooling system on the operational temperature
of the HTS coils (Magnetic axis is the perpendicular direction to the sun direction).
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Table 6.2: Optimal HTS coil to obtain the maximum magnetic moment for three kinds of
the coil configuration.

YBCO circular YBCO racetrack YBCO multi-pole
(coil number: 2)

Operational Temperature 20 K 20 K 20 K
Outside radius ro 1.9 m 1.85 m×3.5 m 1.9 m × 2
Stack number n 306 453 284
Layer number m 15 6 7
Operational current 523 A 612 A 523 A
Magnetomotive force
NIop (A-turns) 2.4 × 106 1.7 × 106 2.1 × 106

Normalized
magnetic moment 2.4 2.8 1.4
Cooling Mass M cool 117 kg 153 kg 192 kg

(a) Racetrack coil (b) Multi-pole coil

Figure 6.15: CAD model of the optimal system of the magneto plasma sail with (a) racetrack
coil and (b) multi-pole coil.
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on the condition of the perpendicular or parallel direction of the magnetic axis. For all kinds
of the coils, the maximum magnetic moment to mass ratio can be obtained at the operational
temperature of around 20 K. On the other hand, in the case of using the HTS coil at less
that 20 K, the magnetic moment to mass ratio rapidly decreases because the weight of the
radiation cooling system becomes huge. It was also shown that the magnetic moment to
mass ratio of the multi-pole coil is lower than that of the circular coil and racetrack coil as
the cooling structure becomes larger to cool down more than one coil. From a point of view
of maximizing the magnetic moment to mass ratio for the spacecraft, the racetrack coil is the
optimal configuration and the magnetic moment to mass ratio, i.e., acceleration obtained from
the magneto plasma sail, can be increased to 2.8 times larger than the minimum requirement
for space missions.



Chapter 7

Concluding Remarks

7.1 Summary and Conclusions

In the present thesis, a study on a High Temperature Superconducting (HTS) coil system
for one of the next-generation propulsion system, Magneto Plasma Sail, was reported. To
maximize the acceleration obtained by the magneto plasma sail, the HTS coil system for
the magneto plasma sail was characterized by a developed analysis model in this study and
optimized for maximizing the magnetic moment to mass ratio of the spacecraft.

In chapter 1, an overview of the existing and future space propulsion systems was ex-
plained. The concept of the magnetic sail and magneto plasma sail as well as previous
researches about these propulsion systems are introduced. Basic characteristics of HTS and
an outline of the HTS coil system were also described. The objective of this study was then
explained.

In chapter 2, thermal diffusivities of Bi-2223/Ag tape and YBCO coated-conductor were
measured to design a conduction-cooled HTS coil for the magneto plasma sail with taking
into account the thermal behavior of the coil. Temperature traces of the bundled conduc-
tors were measured for the heater disturbance at conduction cooling conditions. Obtained
experimental results were reproduced using one-dimensional as well as two-dimensional heat
balance equations. It was shown that the analysis results successfully reproduced the ex-
perimental results at a wide temperature range. According to the modeling results, it was
clarified that the thermal diffusivity of the YBCO coated-conductors in the perpendicular
direction to the tape surface was five orders of magnitude lower than that of the Bi-2223/Ag
tape. In addition, it was also shown that, even for the Bi-2223/Ag coil, the thermal stability
of the coil will be a serious constraint because the thermal diffusivity of the coils or bundled
conductors become lower than that of the tape itself. Our results indicated that to design a
conduction-cooled coil for use in space, such a low thermal diffusivity of HTS must be taken
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into account.

In chapter 3, we developed an analysis method to evaluate the current transport per-
formances and thermal stabilities of HTS coils, for the design of the optimal coil system
of the magneto plasma sail. Our analysis can evaluate the quench current which causes a
coil quench by estimating a heat generation and solving the three-dimensional heat balance
equation. The analysis showed that this quench current of the coil was not consistent with
the critical current based on the electric field criterion, 1.0 ×10−4 Vm−1. In the analy-
sis, longitudinal inhomogeneity of the critical current of the HTS tape was considered, and
it was confirmed that the characteristics inhomogeneity deteriorated the current transport
performance and thermal stability of the coil. A Bi-2223/Ag scale-down model coil and a
conduction-cooed experimental system were also established. It was shown that the current
transport performance and thermal behavior of the coil obtained by the analysis with taking
into account the cooling condition quantitatively agreed with the experimental ones at vari-
ous operational temperatures. These results proved the validity of the analysis method and
the conduction-cooling experimental system for the magneto plasma sail drive coil.

In chapter 4, in order to characterize and design optimal HTS coils for space missions, we
developed a numerical analysis method based on the percolation depinning and the flux creep
models, considering screening currents, induced in the coil. In this study, screening currents
induced in a Bi-2223/Ag double pancake coil was investigated and modeled. We measured the
decay behavior of the magnetic field due to screening currents, and then modeled the results
assuming an equivalent loop length for screening currents in the coil. The experimental and
analytical results suggest that the decay behavior of screening currents in the Bi-2223/Ag tape
was dominated by the silver sheath resistance and the flux creep, especially at a lower load
factor. In addition, the experimental results under varying conditions could be quantitatively
modeled assuming an equivalent loop length of approximately 9 mm for screening currents
in the coil. To use DC/DC converters as a power supply and design a light-weight HTS
coil system for space missions, we also investigated the effects on the conduction-cooled coil
performance of the transport AC losses under various ripple currents with DC offsets. The
developed analysis method can estimate the effective AC loss in HTS coils. Our analysis
results implied that the AC loss with the ripple current deteriorated the thermal stability
of a conduction-cooled coil when HTS tapes in the coil are in the flux-flow state, e.g., the
load factor (operational current/critical current) of 80%. However, at a lower load factor,
most of the AC power were consumed as a reactive power and the ripple current cannot be a
serious problem for the thermal stability of the conduction-cooled coil. These results suggest
that, if the operational load factor is properly selected by the developed analysis code, the
light-weight power supply system including an AC ripple current can be used for the HTS



7.1. SUMMARY AND CONCLUSIONS 113

coil spacecraft system.

In chapter 5, an HTS coil with a large magnetic moment using YBCO coated conductors
and Bi-2223/Ag tape was designed for a magneto plasma sail. For the coil design, we analyzed
the current transport properties, thermal behavior, and applied stresses of the HTS coils, and
compared these characteristics for each coil configuration. As a sensitivity analysis, it was
revealed that a thin-walled coil with a large diameter can generate a larger magnetic moment
with higher thermal stability and lower hoop stress. However, transverse compressive stress
becomes a serious constraint factor for such a thin-walled coil design. We also analyzed with
the racetrack and multi-pole coil configurations as well as a Bi-2223/Ag circular coil to obtain
a larger magnetic moment. From a point of view of maximizing the magnetic moment for the
spacecraft, the racetrack and multi-pole coil is more suitable configuration than a circular
coil and the magnetic moment can be increased to approximate three times larger than the
minimum requirement for the magneto plasma sail. The present study also investigated the
required weight of the coil to obtain the minimum requirement of the magnetic moment at
a variety of operational temperature in the case of the racetrack coil using the YBCO CCs.
According to the analysis result, the operational temperature of the magnetic sail drive coil
should be less than 30 K to meet the requirement of the magnetic moment for the magneto
plasma sail, considering the mass limit of the spacecraft.

In chapter 6, the HTS coil system using YBCO coated conductors for the magneto plasma
sail is optimized to maximize the magnetic moment to mass ratio by using the genetic algo-
rithm. We also analyzed the weight of the cooling system for each coil configuration. The
configuration of the coil using the genetic algorithm in the case of circular, multi-pole and
racetrack coil at from 10 K to 50 K. The coil configuration is optimized in the case the direc-
tion of the magnetic axis is the perpendicular or parallel direction to the sun direction. For
all kinds of the coils, the maximum magnetic moment to mass ratio can be obtained at the
operational temperature of around 20 K. On the other hand, in the case of using the HTS coil
at less that 20 K, the magnetic moment to mass ratio rapidly decreases because the weight
of the radiation cooling system becomes huge. It was also shown that the magnetic moment
to mass ratio of the multi-pole coil is lower than that of the circular coil and racetrack coil
as the cooling structure becomes larger to cool down more than one coil. From a point of
view of maximizing the magnetic moment to mass ratio for the spacecraft, the racetrack coil
is the optimal configuration and the magnetic moment to mass ratio, i.e., acceleration ob-
tained from the magneto plasma sail can be increased to 2.8 times larger than the minimum
requirement for space missions.

In conclusion, to maximize the acceleration of the magneto plasma sail, the HTS coil
system for the magneto plasma sail was successfully characterized by the developed analysis
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model based on the current transport characteristics of HTS. Using the developed model,
the HTS coil system was optimized to maximize the magnetic moment to mass ratio of the
spacecraft. The magnetic moment to mass ratio was successfully improved approximate three
times and, at the same time, the weight of the HTS coil system can be within the mass limit
of the spacecraft. This study proved the possibility to increase the thrust to mass ratio of
the sail system greatly, and leads to realizing a space propulsion system using an HTS coil.
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Appendix A

Superconducting Shileding

This study designed a scale-down model superconducting tube to attenuate a magnetic field of
the magneto plasma sail to protect crews and instrument in the spacecraft by using Meissner
effect of the superconductor. The design parameters are superconducting materials, thick-
ness, d, diameter, Φ, length, l, and layer numbers of tubes. We designed a scale-down model
superconducting tube for preliminary experiments. We firstly evaluated the effect of the field
penetration on the shielding factor of the tube. We also considered the field penetration from
both ends of the tube, and identified superconducting materials to attenuate magnetic fields
most effectively (including AC fields).

A.1 Theoretical Analysis

The first important aspect of the magnetic shielding is the amount of EM fields penetration
into superconductors. The magnetic field is greatly attenuated in the superconductor but
also slightly penetrates into the superconductors. The next aspect is the amount of EM
fields penetration into the tube from both ends. We evaluated the effect of open areas on
the shielding factors.

A.1.1 EM field penetration into superconductors

While the external magnetic field is below the critical magnetic field, the field still penetrates
into the superconductor with a depth of London length, λ. The effect of the field penetra-
tion on the attenuation ratio of superconducting tubes can be theoretically calculated with
assuming an infinite length of a superconductor, which is an ideal condition for the magnetic
shielding without the effect of the penetration from both ends. When the axial magnetic
field, Bax, is applied to the infinite superconductor, the electromagnetic phenomena in the
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superconductor can be expressed by solving the London equations [101] (eqs. A.1.1and A.1.2)
and Ampere’s law (eq. A.1.3) as described below:

E = µ0λ
2∂J

∂t
(A.1.1)

∇× J = B

µ0λ2
(A.1.2)

∇×B = µ0J (A.1.3)

where E is the electric field, µ0 is the magnetic permeability, λ is the London penetration
depth, J is the current density. By solving the London equations with a boundary condition,
the magnetic field inside of the tube, Bin, can be calculated when external magnetic field, Bax,
is applied for each superconducting material. In this calculation, the attenuation ratio was
defined as ∆Bin/∆Bex. By solving the London equations and Ampere’s law with a boundary
condition of superconductors, the attenuation ratio ∆Bin/∆Bex of the magnetic field can be
described as a function of the thickness of the superconductors, d, and outer diameter of the
tube,ϕout as shown in Fig. A.1. In this calculation, we assumed the EM field was continuous
and had the same value at the edge of the superconductor and superconducting tubes with
the outer diameter of 50 mm. Each line shows the attenuation ratio for each superconductor.
As can be seen in Fig. A.1, the magnetic field can be effectively attenuated with the in-
creasing thickness of the superconductors. As also shown in the figure, the attenuation ratio
depends on the superconducting materials, and Low Temperature Superconducting (LTS)
tubes such as Pb and Nb attenuate the magnetic field most effectively. Nevertheless, most
of the superconductors can greatly attenuate the magnetic field with a sufficient thickness.

A.1.2 EM field penetration from both ends of the tube

In practical applications, a superconducting tube has a finite length, and has open ends.
The effect of the field penetration from the ends of the tube on the attenuation ratio must
be evaluated. The penetration from the ends of the superconducting tube can be simply
obtained from the following equations [102, 103].

Bin

Bex
= − exp(−Cz

φin
) (A.1.4)

Bin

Bex
= 1.13× 10−5l/3φin (A.1.5)
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Figure A.1: Attenuation ratios as a function of the thickness of the superconducting materials
(outer diameter = 50 mm).
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C is decay coefficient from the open end. The attenuation ratio of the tube was defined as
the ratio of Bin to Bex, at the center of the tube. Numerical simulation results were compared
with these theoretical analyses in order to verify the validity of the calculation.

A.2 Numerical Analysis Results

In order to consider a more realistic condition and simulate the shielding factor of high tem-
perature superconducting tubes, whose superconducting characteristics are more complicated
to analyze, We analyzed the induced shielding currents, Is, were analyzed using the Fara-
day’s law, Biot-Savart law, percolation depinning model, flux creep model, and inductance
of shielding currents.

Figure A.2: An example of simulating the field attenuation inside of the tube (thickness = 2
mm).
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We simulated the field penetration from open ends of superconducting tubes with a finite
length. Figure A.2 shows an example of the simulation result (Nb superconducting tube:
length l = 800 mm, inner diameter Φin = 50 mm, thickness d = 2 mm), and the color
map indicates the attenuation ratio of the magnetic field. Because of the symmetry of the
electromagnetic field, only a part of the cross section of a superconducting tube is depicted.
We only consider the axial magnetic field in this study. As can be seen in this figure, the
magnetic field is greatly attenuated in the superconducting tube (shielded space). The field
penetration from the open end can also be seen in the figure (0 m point at y-axis). The
simulation result also indicates that the magnetic field decays exponentially from the open
end of the tube.

Figure A.3 shows the field attenuation ratio as a function of the distance from the open
end. The theoretical results with two kinds of the different models (eqs. A.1.4and A.1.5)
are also shown in this figure. The radial and axial in the graph legends mean the direction
of the applied magnetic field. As can be seen in Fig. A.3, the simulation result agrees well
with a theoretical analysis (Cabrera model) in the range of 0 to 0.16 m. The difference in
the distance of over 0.16 m is caused because the theoretical analysis simplifies the supercon-
ducting property and assumes the infinite length of superconductors. The saturation of the
attenuation ratio along with the distance from the open end was also obtained in previous
studies [104, 105]. Considering the simulation result, it can be said that the length of the
superconducting tube should be over 0.32 m in order to obtain a higher attenuation ratio
in this case, although a tube with much longer length than 0.32 m has almost the same
performance.

The attenuation ratio of radial magnetic fields is more difficult to be simulated because
more complicated shielding current will flow in the superconducting tube. To simulate the
shielding currents induced by radial fields, and compare the results with the theoretical
analyses is one of our future study.

By using the developed method, we also calculated the attenuation ratio of AC magnetic
fields in the case of both LTS (Nb) and HTS (BSCCO) tubes (length: 400 mm, diameter: 50
mm, thickness:2 mm). Figure A.4 shows the attenuation ratio as a function of the frequency
of the AC magnetic fields. As shown in Fig. A.4, the attenuation ratio of the HTS tube
depends on the frequency of the field, while the LTS tube does not. This is because the
shielding currents in the HTS tube are induced following the nonlinear current transport
characteristics of the HTS. From this result, LTS is superior to HTS to attenuate magnetic
fields with a variety of frequencies. However, in terms of the cooling cost, HTS has an
advantage because it can be used in liquid nitrogen instead of liquid helium. We will consider
if the attenuation ratio of HTS tubes can be improved by increasing the layer number of HTS
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Figure A.3: Attenuation ratio as a function of the distance from the open ends of the tube
(length = 800 mm, inner diameter = 50 mm, thickness = 2 mm).

tubes or incorporate with a ferromagnetic tube.
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Figure A.4: Attenuation ratio of the tube as a function of the frequency of ambient AC
magnetic field (length = 400 mm, inner diameter = 50 mm, thickness = 2 mm).
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Appendix B

Deployable HTS coil for Magneto
Plasma Sail

We investigated the feasibility of a deployable coil to drastically increase the magnetic mo-
ment of the coil. A coil with a diameter of more than 4 m folded in the radial or axial
direction (as shown in Fig. B.1) and stored in the rocket is deployed in space after the
launch to increase the area enclosed by the coil and magnetic moment. We firstly optimized
circular HTS coils with a diameter of from 2 m to 110 m in order to investigate the de-
pendence of the magnetic moment on the coil diameter. Figure B.2 shows the relationship
between the coil diameter and magnetic moment to mass ratio of the coil obtained from the
optimization of the YBCO coil. As shown in the figure, the magnetic moment to mass ratio
drastically increases with the coil diameter. This is because with the increasing coil diameter,
the coil surface area, that is cooling surface area, increases and, as a result, thermal stability
improves. Due to the increasing coil area and thermal stability, the magnetic moment can
be greatly improved with the increasing coil diameter. Figure B.2 also indicates that the
deployable coil with a diameter of 20 m can achieve the magnetic moment which is ten times
larger than that of the previous study.

As a method for the coil deployment, using an extensible beam or some support structure
might be applied. However, to obtain an enough thrust from the magneto plasma sail for
space missions, large scale structure such as a diameter of more than 20 m is required.
Figure B.3 shows that the relationship between the coil diameter and the total weight of
the deployment system using an extensible beam. We assumed the extensible beam made of
Aluminum (Density: 2.7 g/cm3). As shown in Fig. B.3, a deployable coil with a diameter of
20 m needs a deployment structure weighing up to 200 kg. As can also be seen in Fig. B.3,
as the coil diameter increases, the weight of the required system greatly increases to more
than 1000 kg since the coil with a larger diameter needs a larger number of the extensible

141



142 APPENDIX B. DEPLOYABLE HTS COIL FOR MAGNETO PLASMA SAIL

Figure B.1: Coil (a) folded in the radial direction, and (b) folded in the axial direction.

Figure B.2: Normalized magnetic moment to mass ratio of circular coils with a variety of
coil diameter. The total length of the YBCO CCs is constant.
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beams.

Figure B.3: Total weight of the deployment structure for a variety of coil diameter after the
deployment.

In this study, we investigated one possible method for a coil deployment in space using an
electromagnetic force to reduce the weight of the system and increase the magnetic moment
to mass ratio. During the coil excitation, an electromagnetic force between the coil current
and coil magnetic field, which is so-called hoop stress, acts on the coil in radial direction.
Figure B.4 describes the distribution of the electromagnetic force acting on a coil folded in
the axial direction during the excitation. As can be seen in Fig. B.4, the electromagnetic
force acts to the outer direction to which the coil expands. The coil deployment using the
electromagnetic force has been also proposed for a deployment of a space telescope [106]. The
coil is folded and stored during launch and can be deployed in space without any deployment
structure by using such electromagnetic force. We simulated the coil deployment using the
electromagnetic force by solving the equation of motion described below:

ρ
∂2r

∂t2
= ∂

∂s

(
σ
∂r

∂s

)
+ F (B.0.1)

∂r

∂s
· ∂r

∂s
= 1 (B.0.2)

(3) where r denotes the position vector for each coil element s, F electromagnetic force,
t time, ρ line density, σ local tensile force, respectively. For the simplicity, the motion of one
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turn coil was analyzed in a free space. Figure B.5 describes the time transient of the coil
deployment as a simulation result. The inner line shows the initial coil shape, and outer line
shows the shape after the deployment. As shown in the figure, we confirmed that the folded
coil were successfully deployed with the electromagnetic force.

Figure B.4: Electromagnetic force distribution. (red line: a folded coil, blue arrows: electro-
magnetic force vectors)

Figure B.5: Simulation result of a coil deployment with an electromagnetic force. (red line:
initial position, blue line: after deployment)
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