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Chapter 1
Introduction
1.1

Background and Objectives

The fusion research started over 30 years ago, and since then numerous investigations have
been carried out throughout the world, on various kind of reactor types. In the 1970s,
the tokamak type reactor started to receive established attention and up to the present
it has been the privileged emphasis of fusion research and development efforts. The three
big tokamak - JT-60(Japan), JET(EU) and TFTR(US) - which aimed attainment of the
break even, started their operation in 1982-1984 and their objectives are almost satisfied.
Their main results can be summarized as
1. discharge of high temperature and high density plasma close to break even,

2. success in DT experiment at JET and TFTR,
3. arrangement and provision of database of experimental results.
It follows from the results that an ignition and long-burn can be expected if H-mode is
assumed to be achieved with the device of 1000 m3 .
The efficiency of the fusion research and development can be ensured only by following
a sequential plan, according to the progress to date. Basically, the goal of realizing the
fusion reactor can be attained in three main step: experimental reactor in which the ignition should be achieved, DE:\IO reactor which demonstrates production of electric power,
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and prototype reactor in which economical feasibility is examined. Presently. a large

facility of cooling, i.e.

scale international collaboration comprising a frame of four parties - EU, Japan, Russia

temperature rise, and (3) high critical magnetic field.

high critical temperature, (2) robustness to instability due to

and United States - is studying the achievability of ignition and long burn of plasmas,

research and de"elopment of high Tc superconductors and their application is presently

which corresponds to the step of experimental reactor. This is the ITER (International

considered in many fields of engineering. As for the application of high Tc superconductors

Thermonuclear Experimental Reactor) project. The current activity is ITER/EDA (Engi-

to fusion reactors, only the utility of current lead is examined presently [-1). It might

These features encouraged the

neering Design Activity) to continue for 6 years (1992-1998) preceded by the ITER/CDA

not be attractive to apply high Tc superconductors in the frame of magnetic field coils

(Conceptual Design Activity)(1988-1989). Basic parameters of the reactor are listed in

and current leads, where low Tc superconductors are being successfully used. Howe"er,

Table 1.1.
The ITER design matured from the three milestones - Outline Design Report(Jan.
'94) [1], Interim Design Report(Jul. '95) [21 and Detailed Design Report(Dec. '96) [3]
- and is evaluated as a comprehensive and consistent design for an experimental fusion
reactor. It is supported also by the technical R&D efforts for a large scaled major
components, like toroidal field coils, center solenoid coils, vacuum vessel and in-vessel
components, like the divertor and blanket modules. All these components are required
to show very high performance under very severe operational conditions. Certain types
of damages should be accounted for, due to possible abnormal operational conditions
like major disruption and vertical displacement events of plasmas. This is wr.y advanced
technique for remote maintenance of damaged components is required and now under
development. The results already achieved by these R&D activities are impressing.
However, there exist some difficulties like high cost and some insufficiency of technology
development, which arc without doubt caused by the large scale of the machine. They can
be ascribed to the change of basic parameters of the reactor from CDA to EDA, in order
to secure the long burn and plasma stability. This dilemma embosses the gap between the
level of necessary te hnology to achieve ignition and the current level of fusion technology.
Consequently, the introduction of innovative technology is highly required at this point.
One of the promising technologies to be used in fusion reactors is based on high
Tc superconductors. The salient features of high Tc superconducting materials arc (1)

the outstanding features of high Tc superconductors make them to be very promising
candidates for application where a

~igh

level of electromagnetic control is required.

In this study, electromagnetic interaction between high Tc superconductors and tokamak plasmas is examined, with the aim of the further developm nt of fusion reactors,
especially introduction of innovative technologies to solve the problems of the current
fusion research aforementioned. Based on the results new application of high Tc superconductors to fusion reactors is proposed: (1) improvement of plasma positional instability
by using a high Tc superconducting coil, and (2) reduction of toroidal ripple by high Tc
superconducting bulks. Feasibility of the application is examined in the configuration of
ITER design. In addition, conceptual design is performed, incorporating the application
of high Tc superconductors. The effect of high Tc superconductors on fusion plasma
performance is analyzed.
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1.2

Recent Progress and Application of High Tc superconductor

The adjective "high-temperature" is a relative term and generally refers to those new
classes of materials that have critical temperatures Tc above 30 K. This class includes
the new ceramic materials based on copper and oxygen as well as the fullerene materials
based on carbon. Our discussion here will focus mainly

011

these eramic superconductors

which are listed in Table 1.2 and their upper critical flux densities are shown in Fig. 1.1.
As to the advantage of high Tc superconductors, their high critical temperatures are of
course cited. It gives us not only facility of cooling due to high operating temperature but
also robustness to thermal disturbance owing to high temperature margin and increase
Table 1.1: Main parameters and dimensions of ITER.
I EDA
I CDA
1.0 G'vV
1.5GW
Total Fusion Power
400 seC
Plasma inductive burn time 1000 sec
MA
22
21 MA
Plasma current
6.0 m
8.1 m
Plasma major radius
2.2 m
2.9 m
Plasma minor radius
2.0
1.6
Elongation
Single null Double null
Divertor configuration
4.85 T
5.7 T
Toroidal field

of the specific heats of material: for instance, from 4.21< to 201<, by a factor of ~ 100.
These properties allow their utilization in the form of bulk, which is impossible for low
Tc superconductors because of the flux jump phenomenon [51. Another salient f ature
to be mentioned is their high critical flux densities.

As is shown in Fig.

1.1, critical

flux density of high Tc superconductor at low temperature such as 4.2 1< are too high
to measure (they are predicted to amount to ~ 100 T) [6-81· This imply the possibility
of application of high Tc superconductor to generation of high magnetic field. On the
other hand, the drawbacks of high Tc superconductors are: 1) low critical current density
compared with low Tc superconductors and 2) brittleness and mechanical fragility because
of ceramic. Here, recent progress of high Tc superconductors are summarized focusing on
their outstanding features and drawbacks.

1.2.1

Wire and tape

In applying the high Tc superconducting wire to mallY engineering field, two points are
required: 1) fabrication of long wire and 2) high critical current density. All representative materials such as Bi-based, V-based and Tl-based superconductors have so called
two-dimensionality that the superconducting currents flow along the Cu-O planes which
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constitute the a-b planes of the crystal structure called perovskites. This anisotropy of

the superconducting material during sintering, 2) it is good for plastic working, and 3)

the materials makes fabrication of long wires difficult because Cu-O planes must be ori-

it has small resistivity. To increase flexibility, filament are multiplied. The Cu-O planes

ented along the current path of wires from several hundred meters to several kilometers
2

in length. In addition, critical current density of 10,000 A/cm at least is required in the

of crystals in wires are oriented by rolling mechanically because Bi-2223 phase is easy to
cleave. In order to obtain high orientation of grains, it must be rolled to quite thin wire.

magnetic field depending on the application: for instance, 0.1 Tesla for power cables, from
several Tesla to twenty Tesla for magnet.

(b) Critical current density

In order to achieve the demands, fabrication of high Tc superconducting wire have

The critical current density of silver-sheathed Bi-2223 wire at 77.31< is shown in Fig.

been attempted using various materials in various method such as the powder-in-tube [9],

1.3 [11]. Critical current densities of 42,300 A/cm 2 are obtained at external field of O.lT

dip-coat, jerry-roll, CVD(Chemical Yapor Deposition) and laser abrasion method. Wires

corresponding application to power cables and 12,000 A/cm 2 at IT corresponding to

of Bi-based, Y-based and Tl-based oxides are currently available with the aforementioned

application to small coil.

methods. Among them, Bi-based wire fabricated by the powder-in-tube method is most

The critical current densities at 4.21< and 201<, which are boiling temperature of liquid

promising at present in view of engineering application [101· Therefore, main properties

helium and hydrogen, respectively, are shown in Fig. 1.4 [12). Even over 15 T, Bi-2223 wire

of silver-sheathed BiSrCaCuO wire wires are introduced in the following.

keeps high critical current density compared with conventional low Tc superconducting
wire (!\bTi, !\b3 Sn) at 4.21<. In addition, Bi-2223 wire can also be available to high field

(a) Development of silver-sheathed BiSrCaCuO wire
There are two superconducting phases in Bi-based high Tc material: 2223 phase with

application even at 20K, which is impossible for conventional low Tc superconducting
wire.

Tc=110 K and 2212 phase with Tc=85 K. Wires of the both phases are available prepared
(c) Long wire
by the powder-in-tube method. However, it is difficult for silver-sheathed Bi-2212 wires to
be applied to large coils or power cables, since only the wind-and-react method can be ap-

It is highly required to fabricate long 8i-2223 wire for the application. Recently, over 1000

plied in winding 8i-2212 wires. Indeed, large superconducting coils of :"Ib 3 Sn prepared by

m class wires are available with the critical current density of 4,020 A/cm 2 at 77.31<. In

the wind-and-react method are available, but fabrication of silver-sheathed Bi-2212 wire

the case of 100 m long wire, critical current density of 27,800 A/cm 2 at 77.3K is obtaincd.

requires more strict control of temperature accurate to a few degrees in react process.
F\nthermore, the critical temperature of Bi-2212 phase is 85 I< at which enough tem-

(d) Mechanical property

perature margin can not be obtained in the case of cooling with liquid nitrogen(77.3 1<).

Bi-based superconductors themselves have little flexibility because of the ceramic esscnce.

Accordingly, we foclls on silver-sheathed Bi2223 wire here. The powder-in-tube method

However, multi-filament structure in silver sheath allows the wire iterative bending after

is schematically shown in Fig. 1.2. The advantage of the method is that it can fabricate

sintering process as is shown in Fig. 1.5 [13]. So as to improve the m chanical property

long wires. The reason "'hy silver is used for sheath is that 1) it does not react "'ith

of the wire, addition of

~ln

and/or Sb to Ag sheath was attempted. Fig. 1.6 shows the
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decrease of critical current in applying the tensile stress to wires [10]. In the case of Ag-

larger than that of ferromagnetic materials. In the applications of bulk superconductors,

0.3%Sbl Ag-0.5%:--In sheath, persistence in tensile stress up to 200 :--IPa was confirmed,

three points are required: 1) fabrication of large single crystal bulk, 2) improvement of

which competes with the toughness of :"bJSn wires made by the bronze method.

pinning force, and 3) decrease of weak links. \Yith the current fabrication technologies,
only Y-based bnlk superconductors prepared by melt-grown processes meet the requirements above. Therefore, main properties of Y-based bulk superconductors are introduced

(e) Neutron irradiation
Effect of neutron irradiation is concerned from two viewpoints: 1) estimation of tolerant
dose for the fusion application and 2) introduction of effective pinning centers in high
magnetic field and at high temperature. From the latter viewpoint, other high energy
particles such as electrons, ions, and protons are also effective. Here, effect of neutron
irradiation is focused on because of the objective of this study.

Fig.

1.7 shows the

hysteresis loops of magnetization before and after irradiation in the fluence range from
2.4

X

1021 1m 2 to 1.8 x 1022 1m 2 in Bi-2223 at 40 and 60 K. As seen in these figures, the

magnetic field penetrates to the center of the sample. Therefore the enhancement of
the loop area is considered to be a consequence of the presence of the radiation-induced
defects, which corresponds the increase of the critical current density. Up to the fluence
of 9.5 x

1021

1m

2,

the increase of loop area was observed. However, after the irradiation

of fluence of 1.8 x

10 22

1m

2,

loop area decreased. Figure 1.

shows the neutron fluence

dependence of Tc and c-axis lattice constant of Bi-2212 single crystal. It implies that the
critical fluence of Bi-based superconductors is of the order of 10

22

1m

2

in the followings.
Development of melt-grown processes such as quench-melt-growtb(QI"[G) [18] and
melt-powder-melt-growth (l\IP:--IG) [19] enables to fabricate Y-based bulk superconductors which possess large pinning

for~e

and few weak links. The advantage of the method

is that; 1) it can fabricate large size of single crystal bulks, and 2) the pinning centers of
1'-211 phase are dispersed uniformly and finely in tbe sample (1'-211 phase of tbe smaller
grain diameter effectively contributes the pinning). At present, bulks of 0.1 m x 0.1 m in
size are available. Figure 1.9 shows the critical current density for Y-based superconductors. Transport critical current density exceeds 3.0 x 10 4 A/cm 2 [201. Figure 1.10 shows
the profile of flux density in a bulk sample measured by a hall probe. Tbe processes of
the magnetization are as follows; 1) 3 T of flux density was applied to the sample at room
temperature, 2) tbe sample was immersed and cooled in liquid nitrogen, and 3) applied
flux was decreased to 0 T. It should be noted that 1.4 T of flux density was trapped
in the sample, which exceeds the residual magnetization of the strongest ferromagnetic
materials with the current technologies.

1.2.2

Bulk

Application in the form of bulk is unique to high Tc superconductors due to their high
critical temperatures. Presently, application of bulk superconductors is actively examined in many engineering fields, for instance, magnetic bearing, flywheel for energy storage [16,17], superconducting permanent magnet and so on. The followings can be cited as
outstanding features of bulk superconductor; 1) electromagnetic force due to bulk superconductor is mechanically stable. and 2) magnetization of bulk superconductors can be
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Table 1.2: High Tc superconductors.
Superconductor
T c (K)
Lal.S5 Bao.1SCU 0 4
35
Lal.SS Bao.sCu O.
-10
Y Ba2 CU3 0 7
95
Bi 2 Sr2 Cal CU2 Os
110
Bi 2 Sr2 Ca2 CU3 Os
10
Tl 2 Ba2 Ca CU2 Os
125
Tl 2 Ba2 Ca2 CU2 0 10
133.5
Hg Ba2. Ca2 CU3 0 6 +6
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Figure 1.1: Temperature dependence of critical flux density of various high Tc superconductors.
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(powder-in-tube method).
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Introduction

Chapter 2
Magnetic Interaction between High
Tc Superconductors and Plasmas
In this chapter, magnetic interaction between high Tc superconductors and plasmas is
theoretically discussed with the aim of improving the plasma instability. For the preparation of the discussion, the electromagnetic properties of supcrconductors and plasmas
are outlined at first, which forms a basis for the main discussion of this chapter.

2.1

The Phenomena of Superconductivity

The salient features of superconducting materials are add res ed as follows:

• Zero resistance to steady current flow
• Exclusion of magnetic flux lines at low fields
• Flux trapping or pinning at higher magnetic fields
The special stress is laid on the fact that first property, zero resistance, is not due to
the perfect conductivity but due to the second and the third properties described above.
Therefore, the essence of the phenomena of superconductivity lies in the behavior of
magnetic flux lines in their bodies. In the following, the phenomena in superconductors
are summarized in view of their magnetic property.

Magnetic Interaction between High Tc Superconductors and Plasmas
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2.1 The Phenomena of Superconductivity

Type I and Type II Superconductors

Superconducting materials are classified as either Type I or Type II due to th~ir magnetic
property. Type I materials are often the pure metals and have low values of the critical
magnetic field, resulting in low critical current. The magnetization of Type I materials

·M

Type
c

o

is shown in Fig. 2.1; when the external magnetic field is below the critical magnetic field

He, they exhibit perfect diamagnetism ,so-called :--Ieissner effect, as

."

'"

N
."
Q>
C

en

'"

/

.

I

i
i

:::;

M=-H•.

I

.-1.

Type II

(2.1)
Hel He

On the other hand, Type II materials are generally alloys or compounds, such as Nb- Ii

He'

External field

or Nb 3 Sn, or the high Tc superconducting oxides such as YBCO or BSSCO, which are able
to carry very high current density in high transverse magnetic fields without becoming
normal.

Figure 2.1: Magnetization of superconductor

As is shown in Fig.2.1, there exist two values of the critical magnetic field:

the lower critical magnetic field H cl and the upper critical magnetic field He' At lower
magnetic fields than H eI , Type II materials also behave as a Type I material with complete
flux exclusion. However, above H el and below H e2 the flux can partially penetrates the
material, thereby creating normal and superconducting region. This state is called the
mixed state and its microscopic structure is schematically drawn in Fig.2.2. Since there
do not exist Type I nor Type II superconducting materials available today \\'hich ha\'e
enough large He or H eI , respecti\'ely, from the application point of view, application of
superconductivity for high field source or magnetic force source can be explained in the
frame of the physics of mixed state.

2.1.2

Mixed state

The negative surface energy causes the normal-state, nux-bearing regions to subdivide until a single nuxoid quantum passes through, like a tube, in the otherwise superconducting
sample. The tube of nux is called a filament or \·ortex. This is type II superconductivity,
also called the mixed state or vortex state (Fig. 2.2).

Figure 2.2: Mix state of type II superconductor

Magnetic Interaction between High Tc Superconductors and Plasmas
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In the mixed state, the filament act as tiny bar magnets and repel each other. In
the absence of filament pinning centers, the net repulsion energy is minimized when the
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2.1 The Phenomena of Superconductivity

1. Bean model [21)

The critical current density J is assumed to have a constant value,

filaments form a close-packed, hexagonal array, a flux lattice. Howeyer, pinning of the

(2.3)

filaments often occurs (and is preferable for technological applications).
where Jefj is a constant. In this model it is assumed that Fp(B) is proportional to

2.1.3

Flux Flow and Critical Current Density

B

Consider a current J flowing perpendicularly to B in the mixed state. Then, as a result
of the Lorentz force, the filaments are pushed in the J x B direction. On the other hand,

2. Kim model [22]
Kim et al. proposed an empirical relation, which fits to many experimental results,

J'

the filaments are pinned where spatial inhomogeneities exist, such as impurities, grain

Je = B:Bo'

boundaries, voids, dislocations, non-superconducting precipitates, and so on. In other
words, the pinning force acts on the filaments against the Lorentz force. As the current
increases, the Lorentz force can become of the same order of magnitude as the pinning
force.

Then the vortices move with a steady motion, their velocity being limited by

filament viscous-drag forces. This motion is the flux flow state and it induces an electric

where B o and J~o are constants. The equation corresponds to Bean model when

B

«

B o. And it means that Fp = canst. when B

»

B o·

3. Yasukochi model [23]
In this model, the dependence of J e on B is expressed as

field parallel to J, which absorbs energy from the circuit and appears as a resistance. The

Je

transition current to the flux flow state is called a critical current density, Je -

=

J"
Jlj'

(2.5)

where J~~ is the critical current density when B = 1 T.

2.1.4

Critical State Model
2.1.5

E-J constitutive relation

In one theory for the critical transport current advanced by Bean [21], it is assumed that
all flux lines mO\'e to maximize the pinning force. For a one-dimensional problem, with

When the fluxoids moves in the magnetic flux density B, with velocity v, the following
speed electromotive force E is yielded,

the transport current J orthogonal to B, the following equation is obtained:

E = B xv.

(2.2)

(2.6)

When the fluxiods moves in the type II superconductor, the kinetic equation is given as
where Fp is the maximum yalue that a pinning force can attain. This state is called the
T/jV

=J

x B - F p,

(27)

cri tical state.
Concerning Fp in eq. (2.2), some models have been proposed. Here, we introduce
three models, the Beau model. the Kim model and the Yasukochi model.

where '7/ is the viscous coefficient for a fluxoid, J is the shielding current density and F p
is the pinning force. The critical current density J e is defined as the maximum current

Magnetic Interaction between High Tc Superconductors and Plasmas
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density which does not cause the fluxoids' movement. By substituting v

=

0

into eq.

pressure and the internal magnetic flux are neglected. The object of the calculation is to
determine the appropriate constraints on the shape of the vertical field to provide stability

(2.7), J e is given as
(2.8)

B
= -(J
-

= Bve"

Bv

= const.,

would not be adequate, since by symmetry the system would

be only neutrally stable to vertical displacements.

2

E

against rigid vertical and horizontal displacements. Clearly, a pure uniform vertical field

Bv

By substituting eq.(2.8) to eq.(2.6), the electric field is obtained as
Je )

Til

= PI(J -

(1.9)

Je ),

The calculation proceeds by introducing a potential 4>(R, Z), such that the equilibrium
forces acting on the plasma are given by F(R, Z)

where PI is the flux flow resistivity.

R o, Zo where FR(R o' Zo)

2.2

23

2.2 Plasma Axisymmetric Instability

Plasma Axisymmetric Instability

plasmas undergo a bnsically vertical motion. Since the eigenmodes have a toroidal depen-

= 0 modes.

= - \14>.

Equilibrium occurs at the point

The condition that the plasma then be stable

to a rigid shift in either the vertical or horizontal direction is that 8Fz (R o, Zo)18Zo < 0

Elongated tokamak plasmas are susceptible to an axisymmetric instability in which the

dence exp( -in4» such instabilities are also called n

= Fz(Ro, Zo) = O.

Here, one simple model

is introduced and analyzed to illustrate the basic nature of the axisymmetric instability.

and 8FR(R o, Zo)18R o < 0 respectively; that is, stability occurs when the restoring force
is in the opposite direction of the displacement. Note that because the plasma is a perfect
conductor the calculation must be carried out under the constraint that the poloidal fI ux
contained within the current loop be conserved under either plasma displacement.
For the simple model under consideration, the appropriate equilibrium potential and

Bv

the poloidal flux contained within the current loop are given by

z

~LI2

¢(R,Z)

2

LI - 27f faR Bz(R', Z)R'dR'
Here, L(R)

= J.LoR(ln( Ria) -

(2.10)

2) is the external inductance associated with the toroidal

current I and B z and B R are the components of the externally applied vertical field.
The equilibrium forces, calculated from

4> can be written as

Fz
Fn

(2.11)

Figure 2.3: Geometry for calculating plasma positional instability.
The calculation treats the plasma as a thin (al Ro
embedded in an externally applied \utical field.

«

From "lj;
1) current-carrying loop of wire

For simplicity the effects of plasma

= const it hen

follows that the equilibrium relation, F(R o, Zo)

= 0 reduces

to

--------------
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2.2 Plasma Axisymmetric Instability

a substantial improvement in vertical stability. However, the necessity of such a wall in a
(2.12)

reactor is a disadvantage. Even more important, such a wall would certainly be resistive
on the reactor time scale, implying the requirement of a feedback system for vertical

= 0 for

positioning. This would be in addition to the horizontal feedback system required for

the externally applied vertical field one can easily calculate BFz(R o, Zo)/BZo' One finds

metering the plasma column along the major radius. It is currently thought that through

Consider now stability against a rigid vertical shift. Using the fact that y x B

(2.13)

a combination of careful design and modest active or passive feedback, elongations on the
order of

where

n(R o , R o )

2.2.1

R BEz)

= - ( E z aR

K

= 1.6 - 2.0 should be readily attainable in actual experiments.

Stabilization using linear normal conductor

(2.14)

Ro.Z
o

The n

= 0 axisymmetric

modes occur on the poloidal Alfven time scale,

is known as the decay index. The condition for vertical stability is thus given by
'"Y~

n>

2
) 1/2
( Ep//JooPo

1

;;:

(2.16)

(2.15)

0

which is of the order of (/JoS)-1 for typical tokamak parameters. Passive conductors such

This condition can easily be understood from Fig. 2.3. If the directions of the "ertical

as shaping coils and the vacuum vessel walls stabilize the n = 0 axisymmetric modes

field and toroidal current are shown then (1) the vertical field produces an inward force for

through the formation of eddy currents. However, these stabilizing eddy currents decay

toroidal equilibrium and (2) a small upward shift of the plasma gives rise to a downward

on the order of the L/R time of the passive conductors, leaving the plasma unstable on
(~

100 ms). To stabilize the plasma on this slow time scale, an

J x B of magnitude 21f RIEI/, which is in the direction to restore equilibrium. Thus,

this slower time scale

the curvature of vertical field shown in Fig. 2.3 is the appropriate one for stability. and

active feedback system is usually required. Here, plasma responses in the presence of
normal conductors are estimated by reducing complicated tokamak systems to an simple

corresponds to the condition n > O.
In general, for circular-cross-section plasmas axisymmetric stability is relatively easy
to achieve, requiring only a modest shaping of the vertical fields. The situation is more

model consisting of point plasma and a passive conductor as is shown in Fig. 2.4. The
circuit equation for a single passive coil can be written

serious for elongated tokamaks. In such configurations there is a strong tendency for

(2.17)

the plasma to be unstable to "ertical shifts as the elongation increases. A number of
Here L e is the self inductance of the coil which carries the current I and has the resistance
calculations which deri"e a more accurate form of the vertical stability condition and
relate the elongation b/a to n indicate that only rather small elongations, b/a < 1.25,

T e•

Mcp(Z) is the mutual inductance between the coil and the plasma and primes denote

derivatives with respect to Z. The plasma undergoes a force due to the external field

can be stable to vertical shifts when no conducting wall is present. Also, with no wall
gradient and the eddy currents. Thus, its equation of motion is
the critical elongation docs not depend "cry strongly on f3p or the current profile. if a
conducting wall is allo\\'ed even a moderate distance away,

aWall/aplasma

~ 1.5 - 2.0 there is

(2.18)

26
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Here, the plasma is represented as a wire loop of mass m carrying a constant current

of disturbances are longer compared with the fast time scale of plasma response woo The

I

Laplace transform of the input shown as Fig. 2.5 is

,
p

and having a fixed radius R but free to oscillate vertically. Combining eqs.(2.17} and

(2.18), the system equation is deri\"ed as

(2.23)
(2.19)
Plasma response to the input is

where 'Yr

= T e / Le

w5 = (Ip/m}27f R8B r /8Z is the
wi = IpJ'd,/mL e represents the stabilizing effect of the passi\'e

is the inducti\"e resistive decay rate,

unstable growth rate, and

coil. The proper equation of eq.(2.19) has three roots (to lowest order in -I~/W~

«

Z(t}

C1G(s}R(s}

F(t)

1);
(2.24)
(2.20)

-1\

(2.21)

'Y2,3

where
(2.25)

If the passive term is large enough, i.e.

wi > w5, then the system is neutrally stable on

the fast time scale. The introduction of the coil resistance is seen to damp the oscillatory
modes (2 and 3). However, mode 1, which has zero growth rate in the absence of resistivity,
is now unstable. This mode corresponds to a new equilibrium point mo\"ing away from

Z

= 0 on

w~
'Y1 +'Yr
~-Ko
'Y\("(\-'Y2)("(1-'Y3}
'Y2+'Yr
2

the slow time scale.

To investigate transient response of plasma to passive coils, the transfer function of
the system is considered. Here, iuput is chosen as the external force acting on the plasma
and output is \"ertical displacement of the plasma. After the Laplace transform of eqs.

The parameters characterizing the plasma response are schematically shown in Fig. 2.6:

(2.17) and (2.18), the transfer function of the system is derived as

G(s} =

m(s3

(2.22)

s+'Yr

+ 'Yrs2 + (wi - wij}s - W6'Yr)

offset s\, overshoot S2 and time constant of oscillatory damping on the fast time scale To
and instability on the slow time scale T,. They are approximately expressed as

Possible disturbances are minor disruptions, sal\"tooth oscillations, quick changes of the
external field. etc.. To simulate these disturbances, input shown in Fig. 2.5 is considered,
which is quick change O\'er a fel\" milJi-second followed by a plateau.
the step function, I\"hi h is expressed as a simple form of fl(s}

= l/s

It is similar to
after the Laplace

transform. However, the step function is not a proper approximation since actual change

0< S2 < 41K3 1exp {fle("(2,3)td}

To = Re("(2,3)
T;='Y\

(2.26)

--------------

-
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2.3 Plasma Response to High Tc Superconductor

The transient response of the plasma of m = 1 x 1O-3(kg), I p = 20(:\1.-\), R = 8.0(m). in

(2) plateau region

the presence of passive coil of R e = 9(m), Ze = 2.5(m), ,,=1.9(1/s) is estimated applying

The surface current induced at the rapid change region decays into broader current flowing

the disturbance of 10=1.0 x10 6

(\"),

td = 1.0(ms). The evolution of plasma displacement

is shown in Figs. 2.7. It can be recognized that plasma response has two time scale: the

at critical current density le' In order to calculate the time scale of the rela,ation, the
following assumptions are introduced;

Alfven time and the L/R time of superconductors. In the shorter time scale plasma is
stable but in the other time scale it is not stable.

1. Surface current decays owing to the flux flow phenomenon.

2.3

2. Permeation of current into the body of high Tc superconducting ring proceeds based

Plasma Response to High Tc Superconductor

Since electromagnetic property of high Tc superconductor is non-linear as is discussed in

on the critical state model, i.e.

section 2.1, the plasma response to high Tc superconductor can not be easily calculated.

density invariably and everywhere.

the volumetric current flows at critical current

In addition, the plasma response will vary due to the difference of inputs because of the
Consider the geometry of the high Tc superconducting ring as is shown in Fig. 2.8. The
non-linearity. Thus, plasma response is evaluated here adopting a representative input
calculation treats the superconducting ring as a thin (a/ R
disturbance and making some assumptions. Here, we consider the same configuration as

«

1) loop of circular cross-

section, thus, distributions of current and magnetic field are supposed to be uniform in
in Fig. 2.4 excep that the passive coil is a high Tc superconductor instead of a normal
the radial direction. The relaxation of shielding current in the high Tc superconductor
conductor. The reference disturbance is also the same as is shown in Fig. 2.5. The time
domain is divided into two regions: the rapid change region (0 < t < td) and the plateau
region (td < t). The behavior of the shielding current in high Tc superconducting ring in

is schematically displayed in Fig. 2.8. The high Tc superconducting ring is divided into
two region: surface region and volumetric region. Circuit equation for each region can be
written

the two regions are separately taken into account as follows.
surface region:

(2.27)

volumetric region:

(2.28)

(1) rapid change region
Since large electric field is induced in high Tc superconducting ring due to the quick
displacement of the plasma as seen in the previous section, the shielding current flows

Here, £, and £2 are the self inductances of the surface region and the volumetric region,

based on the flux flow phenomena. Skin depth 6(= Jl/wall) of shielding current is the

respectively, AI '2 is the Illutual inductance betwecn the two regions, fl.! is the flux flow

6

order of millimeter in the case where the disturbance of 10=1.0 x 10 (N), td = 1.0(ms)

resistance, lei is the critical current of surface region and

is applied in the configuration from Fig. 2.4, and is negligible compared with the minor

is consistent with the hysteresis loss. The external inductance L CI of the ring is

fI./IYS

is the resistance which

radius of the superconducting ring. Therefore, in the rapid change region the shielding
current flows only at the surface of ring with flux flow resistivity.

L CI

= li o R[ln(8R/a) - 2].

(2.29)

----------------- -

-
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When the current flows in the region of a < r < b (see Fig.2.9), the internal inductance
Lin

31

2.3 Plasma Response to High Tc Superconductor
where IV is the magnetic energy. Since

RifFS

is related to the hysteresis loss as

of the ring is

(2.36)

L

[b. -

In

4

1 - -a - a 2(b 2 - a 2)
=",..a R
(b2 _a2)2
4

b] .

+ a 4 In -

a

(2.30)

R lfys can be written

Thus, £1, £2 and M 12 are expressed as

(2.37)
The preparation for estimating plasma response to superconductors is completed in the
(2.31)

Derivation of Rlfys is slightly complicated. At first, hysteresis loss W was calculated

above.

Implementation of calculation

based on the following assumptions: (1) dependence of J c on the magnetic field is not
The circuit equations introduced above are numerically solved in the configuration shown
taken into account, i.e. the Bean model is applied, (2) the ring is supposed to be straight
because R

«a.

in Fig. 2.4 and parameters are the same as in the previous section. The critical current
Consider the configuration shown in Fig. 2.9, which is modeled based

density and flow resistivity of superconductor ring is 1.0 x 107 A/m 2 and 1.0 x 10- 9 12m,

on the above assumptions. When the volumetric current flows in the region of a < ,. < b,
respectively. Relaxation of the currents in two region is displayed in Fig.2.10. The surfitce
radial component of the magnetic flux density Bo(r) and longitudinal component of the
current decays to the critical current. Here, the LIR time of the systelll is defined as
electric field E, are
(2.3 )

(2.32)
where

and
E,(r)

ft {[

Pjaule

is the joule loss. The evolution of

T,

is shown in Fig. 2.11.

with the relaxation of shielding current in high Tc superconductor, while

B(r)d,.}

{,.2 -

2 ,. }

JlaJc 8
a2
- - - - - - a In- .
2
a
2 8t

conductors does not change temporally. Just after the disturbance,
(2.33)

T,

T,
T,

increases

for normal

is small, which

is expected to contribute to the damp of plasma oscillation. On the other hand, after
the relaxation is proceed, r, gets large enough compared with the LIR time of normal

Poynting vector at the surface of the ring can be written

conductor and the period of plasma discharge, plasma instability does not grow. Using

s

T,(= 1/"1,) obtained in the present calculation, plasma response is estimated based on
(2.34)

eq.(2.25). From the figure it can be concluded that high Tc superconductor stabilize
plasma in both time scale of the Alfven time and the L/R time of superconductors. This

Therefore, hysteresis loss per unit volullle P is

knowledge is bound up with the attractive application of high Tc superconductors, which
(2.35)

is described in the next chapter.

-----
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,Conductor

GJl~'M

,

:

Plasma

~

!

R

(c~nst.

)

~

I

Figure 2.4: System modeled by a point plasma of constant current free to oscillate verti-

. ..........................

cally and a passive conductor.

time

force
Figure 2.6: Schematic drawing of the plasma response against disturbance and the parameters characterizing the plasma response.

fO

time

Figure 2.5: Supposed input disturbance in the calculation.
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2.3 Plasma Response to High Tc Superconductor
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Figure 2.7: Evolution of the plasma displacement.

Figure 2.8: Geometry of the superconducting ring and relaxation of the shielding current
in the superconducting ring.
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Figure 2.10: Evolution of shielding current in high Tc superconductor.
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Figure 2.11: Evolution of the L/R time of high Tc superconductor.
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Chapter 3
Improvement of Plasma Positional
Instability with use of HTSC
0.12

I

3.1

Introduction

0.1

N

Vertical elongations of plasma cross sections in tokamak fusion reactors are of great ad-

~

c

~u

t1l

iOO~f/
~ ::

0.06

g.
TI

vantage to achieve high {3 values [24], which will lead to compact reactors. Such large
elongations, however, make the plasma susceptible to an axisymmetric IdHD positional

~ oO:oL~~~_~~~_~--'.

0.04

1.S

002

2

25

3
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0.3

0.35

instability in the vertical direction [25,26]. This positional instability is usually reduced
by feedback control system consisting of PF coils supported with stabilizing eddy current

hme(msec)

10.0

lime (sec)

induced in the surrounding structure of the plasmas [26,28]. However, if the feedback
control system fails to control the plasma position, the plasma moves drastically in the
vertical direction (Vertical Displacement Events, VDEs), and touches a first "'all or a

Figure 2.12: Plasma in the presence of high Tc superconductors.

divertor, resulting in huge amount of poloidal current in those structures [29-311. The
induced current is called halo current [32] and it couples with large toroidal magnetic field
and generates an enormous amount of electromagnetic force. In addition, several types
of damages are caused by large heat impact from the plasmas into the components. It
follows from severe damages due to VDEs that VDE is one of the most critical issues and
innovative method to reduce it is required in the design activity of ITER.
As is examined in chapter 2, high Tc superconductors (HTSC) have the ability to
improve the plasma positional instability when they arc installed in the plasma periphery.
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The stability of tokamak plasmas is attained by the shielding current - which is induced
magnetlc flux lines

to keep constant magnetic flux penetrating the high Tc superconductor loop - suppressing
motion of a current carrying plasma column as shown in Fig. 3.1. This stabilizing system
has significant advantages compared with the con\'entional stabilizers stated as follows;
1. It requires no power supply unlike conventional feedback control systems.
2. Its stabilizing effect on plasmas is free of decay with time which is observed in that
of eddy current induced in conducting structures.
3. It is free from qucnch for different from low Tc superconductors.
Figure 3.1: schematic drawing of high Tc superconducting plasma stabilizer.
In this sectiou, stabilization method of plasmas due to the high Tc superconductor
is proposed and its effects are investigated. Many issues are to be addressed in order to
realize the stabilization of the plasmas with use of high Tc superconductors and they are
summarized in a form of a flow chart in Fig. 3.2.

heating, electromagnetic force, etc.. Therefore, shielding against the ncutron irradiat.ion
and structural support against the electromagnetic force arc to bc designcd.

3.2

Numerical Formulation

First of all, coupling analysis between plasma equilibrium and shielding current in
HTSC should be mentioned as is discussed in detail in thc next section. The coupling

In this study, evaluated is the plasma response to possible disturbances in the presence of

analysis conducted here is particular in the sense that it deals with not only eddy current in

high Tc superconductors. In this case, two concerns are exist: proper choice of a plasma

the normal conductor but also shielding current in superconductors which is characterized

model and accurate evaluation of shielding current in high Tc superconductors. In this

by thc behavior of fluxoid, as is mentioned in chapter 2. In addition, it is required to

section, answers to the concerns are described.

incorporate recent knowledge on \'arious properties of the critical current density, which

3.2.1

Plasma-Conductor Model

have becn actively investigated, to the shielding current analysis.
The second issuc to bc examined is a consistency with the plasma operation. Par-

Comparison of plasma-conductor models

ticularly, problcm of plasma start-up is cited; magnetic flux provided for the plasma by

There are various models which takc into account the eddy currcnt and plasma equilibrium

Centcr Solenoid (CS) coil and several Poloidal Field (PF) coils may bc consumed in part

constraints. Among those, we first mcntion the full MHD model including transport and

by the high Tc supcrconducting coils. This problem is discusscd in the latcr section.

diffusion that are treated basically in the nonlinear tokamak simulation codc TSC [331· A

Finally, thc applicability of high Tc supcrconductor to fusion environment must bc
examined.

In applying th

high Tc supcrconductors to an actual fusion device, they

are subjected to scvere em'ironment of a fusion reactor: neutron irradiation, nuclear

real problem of this code is to invert an elliptic opcrator each timc step using a dynamic
relaxation method that can lead to errors if the iteration tolerancc is too large and can
be time consuming if it is too small.
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In the case where plasma displacement is small and effect of boundary plasma is
negligible, Hnearized plasma response model describes the evolution of "arious plasma
parameters efficiently. Several linear models for plasma have been devised, which arc
categorized into two types: rigid model [35,34] and non-rigid one [36,371. The former
represents the plasma as rigid current source (and often an array of axisymmetric currentRealization of plasma stabilization due to HTSC

carrying filaments) free to move rigidly in the vertical direction. This approach to vertical
stability analysis has several drawbacks, all related to the inaccuracy of the plasma model.
In particular, it fails to account properly for flux conservation, and i can not in general
simulate the correct energy-minimizing approximate pla~ma responses to coil and vacuum
vessel current perturbations. Another category of linear models is the modified inductance
method which uses equilibrium perturbation to determine the plasma response to toroidal

• static

: nuclear healing

. transient: AC loss( possibility of Quench)

currents. This approach assumes that the plasma is always in an equilibrium and its
equilibrium is expressed as a linear combination of the set of perturbed equilibria. This
assumption is derived from the fact that plasma mass is negligible. As is discussed in

. plasma stan-up

chapter 2, the momentum equation of the plasma in the presence of a conductive shell has

- plasma control

two time scales: the Alf"en time of the plasma and the L/ R time of the shell. Usually, the
. JOInt wIth normal conductor
. Agsheath

first is much shorter than the second so that the inertia term in the momen urn equation
can be neglected appropriately if we pay attention to the phenomena whose time scale is

. connection

longer than the L/ R time of the shell. The modified inductance method suppresses the
Nomenclature:

SC:
HTSC:
Jc : critical current density
P( nux now resistivity

superconductor
high Tc superconductor

Figure 3.2: Issues to be discuss in order to realize the plasma stabilization with use of
high Tc superconductors.

rigid model in the sense that it is i\IHD consistent and deformable pla~ma can be treated
as simply as a rigid model.

In this study, stabilizing effect of high Tc superconduc ors on plasmas is investigated,
so that behaviors of stabilized plasmas is exclusively of interest. In this situation, it is
required to compute the plasma response accurately and effici ntly in the case where
change of plasma parameters is small. In the sense, the modified inductance method
meets the requirement of this study.

44

Improvement of Plasma Positional Instability with use of HTSC

3.2

45

umerical Formulation

points at the separatrix, the plasma current and the plasma centroid;

Modified inductance method
Since the plasma is supposed to be in equilibrium at each time due to the massless

Y

= A8I+Bod

(3.4)

approximation, conductors determine how it moves from one equilibrium to the next.
In this study, conducting structures that provide significant toroidal current paths are

where Y is the set of the plasma parameters of interest and matrices A and Bare

represented by an array of discrete conducting loops. Changes in the poloidal beta, flp

a1j _ "'::'1j

and an internal inductance, I, are treated as external disturbances, so that plasma current

a1j

"'::'1j

profile is prescribed during the evolution. In this case, changes of flux functions at the

ad k

6d k

ali - t:,.I,'

conductors are described as follows linearizing around a plasma equilibrium of interest:
if>

= 2-rr'Ij.J = L'8I + Cod,

(3.1)

'

In this study, we evaluated matrices L', C, A and B in the state and output equations
(3.2) and (3.4) with use of the well established code TOFU of Japan Atomic Energy

Research Institute [38], which compute the motion of separatrix satisfying equation of
where if> is the set of the poloidal flux, 'Ij.J is the set of the flux functions, I is the set of

motion assuming linear deformation of plasma. As for the data of the base equilibrium,

the currents flowing in the conductors, d is the set of the prescribed disturbances, and

this code employs outputs of the plasma equilibrium code SYSTEQ [40) which was also

components of matrices L' and Care

established in Japan Atomic Energy Research Institute. P rturbing the currents, the
internal inductance and the poloidal beta of the base equilibrium, TOFU code estimates
new equilibria based on the same calculation method as SYSTEQ code, which is described
in detail later. Then, it evaluates each components of the matrices which is expressed as

A set of currents in the conductors is governed by circuit equations that describe the

incremental ratio shown as Eqs. (3.2) and (3.4). Here, plasma current profile is supposed

evolution of the poloidal flux at the locations of the conductors:

to be unchanged during the evolution.
(3.2)

4;+RI=V,

Plasma Equilibrium

where R is the diagonal resistance matrix for the conductors and V the set of exter-

Equilibrium of the plasma of interest is solved with usc of a descendant of the free-

nal \'oltages applied to the conductors. Consequently, the evolution of currents in the

boundary ~IHO equilibrium code EQUClR [39], called SYSTEQ [40]. Here, described are

conductors in th presence of the plasma is described as: combining Eqs. (3.1) and (3.2):
L'8I

+ R8I + Cod =

V.

(3.3)

the details of the formulation and the numerical procedure of SYSTEQ which arc also
employed in TOFU code in obtaining the set of perturbed equilibria. The axisymmetric
MHO equilibrium of a plasma is described by the Grad-Shafranov equa ion,

Using the set of the currents determined by the above equation, expressed is the output
equation which describes the plasma parameters of interest such as positions of reference

(3.5)
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and K(I<.) and E(I<.) are the complete elliptic integral of the first and the second kinds,

where
(3.6)
and p is the pressure function and

f

respectively. The plasma current profile

lim W(T, z)

= 0,

(3.8)

,~!foo 1/;(T, z)

= 0,

(3.9)

T-+OO

R(±-I),

. _{Cj;
Jp =

j

7f,

=

(1/J - 1/;a)/(1/J. - Wa) and 'Pa is the flux at the magnetic axis.

The three

parameters of flo, nand m is parameterized with the three physical paramcters. poloidal
beta flp, internal inductance Ii and safety factor at the magnetic axis qa·
Assuming that the plasma is represented by a set of ring urrents, Eqs. (3.13) and

for1/;?:: 1/;.
for1/; < 1/;.

0

where

(3.13) are solved using the following iterative procedurcs:

In addition, following two constraints are imposed on the plasma;

J", -

(3.16)

2

conditions are that the poloidal flu.x vanishes on the toroidal axis and at infinity, i.e..
(3.7)

is assumed as

(R + ~) (1 - ,," r '

is the toroidal field function. The physical boundary

W(O,Z) = 0,

j;

(3.10)
(3.11)

j¢ds,

1. set initial values of jp to mesh points,

2. calculate 1/;p of each mesh point using Eq. (3.13),

plasma

3. calculate jp of each mesh point using Eq. (3.17),
where W. is the flux function at plasma surface, the function j;' is a specified current
density profile and the

C

is a factor to be adjusted to maintain the plasma current Jp .

4. repeat the procedures 2 and 3 until

j¢ - j;-II <
I j;-I -,
£

SYSTEQ codc solves the Grad-Shafranov equation in the form of the integral equation
with the Green's function G(l·, z; r', z'):
YP =

Jr

where

dr'dz'G(r, z; r', z')j",(wp + Vc, r', z'),

= L hG(r, z; r', z'),

is an input tolerance.

£

(3.12)

In order to obtain an plasma equilibrium of the prescribed plasma boundary and

(3.13)

plasma parameters, Ii and fl p, the currents in the field-shaping coils must be optimized.

Jplasma

Vc

(3.17)

The desired plasma surface is represented by a set of l\l points

k

T).

z)" At cach step of the

where 1/;p and rPc is the contribution from the plasma current and thc coil currcnts, rc-

iteration, the ,·alues of 1/J at each of these surface points is computcd. The currcnt in the

spectively. Thc Grecn's function is gi'·cn by

coil h is changed to minimize

G(r, z: r', z') =

~N { (1 -~) J{(,,) -

E(,,)},

(3.1-1)

£1

= LWjl1/JCrJ,z)) -1/J. + LG(l·),Z);Tk, zd - G(T.,Z.;Tk,zd6hI 2 ,
)

(3.18)

k

where Wj is the weight function and 6h is the correction of coil current. At thc next step
where

of the iteration, h
1'\.2 _

4,-r'

- (r+T')2+(Z-z)2'

(3.15)

= h + ,6h

is put, where, is regularization parameter to suppress

oscillations in h. Convergence loops of flp and I, are preparcd in thc same way.
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Shielding Current Analysis in High Tc Superconductors

is changed as follows:

diJ>/dt + R(I)I = V

As for the shield current analysis in superconductors based on the flux flow creep model,
there exists a code to which the current vector potential method (T method) is applied

such as ring with T method, which is ascribed to the gauges applied to the governing

(3.21)

where,
R,. I, =

[41,42]. However, it is not efficient and facile to apply the code to the problems treated in
this study. This is because it is not possible to directly treat multiply connected conductor

49

3.3 Verification of Stabilizing effect due to HTSC

1

E(J,)dl.

(3.22)

Due to this change, Eq. (7) becomes nonlinear and the 1\'ewton-Raphson method was
applied to solve Eq. (7).

equation of T method [431. In addition, formulation of T method is different from that of
the modified inductance method, which make it difficult to couple the shielding current
analysis and plasma equilibrium analysis. Therefore, code for shielding current analysis
in superconductors is newly developed for this study [441·

Verification
Validity of the presented method was verified comparing the results with the experiment
and computation based on the T method presented in ref. [41].

Fig.3.2.2 shows the

schematic drawing of the configuration of the experiment and computation. It consists of

Numerical Formulation

an MPMG-processed cylindrical YBaCuO superconductor of 1 mm in diameter and 2.5
Shielding currents in the high Tc superconductors were evaluated based on the flux flow
and creep model which properly describes quickly changing shielding currents in them as
like this case. Constitutive relations between current density, J, and electric filed, E,
based on the model are as follows [45]:

mm in thickness and a cylindrical permanent magnet of 25 mm in diameter and 22.5 mm
in thickness, whose residual magnetization is 1.12 T. The magnet was fixed at the end of
cantilever beam and moved from 25 mm to 0.5 mm in gap with the superconductors within
2 sec with constant speed. The physical parameters of the bigh Tc superconductor in the

(1) The creep region (0 ~ J ~ Jc )

computation based on the presented method follow ones adopted in the computation of
(3.19)

ref. [41]: Jc = 1.3 X 108:\.fm\ Uo

= 92:-'IeV, PI = 7.62 x lO-I°!1m and Pc = 7.69 x 1O-13!1m.

Fig. 3.4 shows the results of evolution of magnetic force. Three results, experimental one
(2) The flow region (Jc ~ J)

and computed ones based on the T method and the presented method, are agree with
(3.20)

where E c is the critical electric field, Pc the creep resistivity, B the temperature, Uo the

each other, which supports for the validity of the computational method presented here.

3.3

Verification of Stabilizing effect due to HTSC

pinning poten ial, /,; the Boltzmann constant, PI the flow resistivity and Jc the critical

3.3.1

Configuration

current density. Shielding currents in superconductors can be estimated by combining
this constitntive relation with the conventional eddy current analysis. Therefore, in order

The EOB(End Of Burn) configuration of ITER TAC-8 outline design [11 was considered

to introduce the shielding current analysis to the system equations of Eqs. (1--1), Eq. (1)

for the verification of feasibility of high Tc superconducting coils. The parameters of the
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plasma and structures are shown in Table 3.1 and their cross sections are shown in Fig.
3.5. In the computation, the conductive structures were modeled as an array of discrete
conducting loops; the first wall, the back plates and vacuum vessel were approximated
as axisymmetric rings of 25, 24 and 60, respectively to construct an equivalent electrical
circuit. Growth time of the equilibrium with the conductors is valued at 1.23 sec, which

'"
N

agrees with the design report and validates the model of conductors surrounding the

'"6

plasma.
An example of arrangements of the high Tc superconducting(HTSC) coils is also shown
in Fig. 3.5. They are placed in the form of axisymmetric toroidal coils in the plasma

Figure 3.3: Schematic drawing of experimental setup.

periphery. Silver-sheathed Bi-2223 superconducting tape was consid red as the material
of high Tc superconducting coils. A picture of the 61-multifilamentary tape is shown in
Photo 3.6. The tape is fabricated by the powder-in-tube methods and over 1000 m class
tape is available as is mentioned in chapter 1. The parameters of Bi-2223 tape in the
2.0 r - - - - r - - - - - - ; r - - - - - , - - - i

computation are shown in Table 3.2 and are assumed to be that of 100 m length tape
which have been achieved in the current technology. The critical current density, Je , of Bi-

~1.5

based tape at above 77.3 K (liquid nitrogen) drops abruptly in high magnetic field, which

(1)

is the critical problem of its application at 77.3 K. Therefore, the dependence of J e on

u

.2u

the magnetic flux density must be taken into consideration. Here, he following empirical

1.0

~

formula of the dependence were approximately applied to the computations [461.

C

OJ

~

- . - Calculation (T method)
. Experiment
Calculation (Present method)

0.5

0.0
0.0

(3.23)
where B,.lr is the self magnetic induction, B;" the irreversibility magnetic induction.

1.0

2.0

3.0

4.0

Time (sec)

B;" of the Bi-2223 tapes measure 0.5 T. It should be noted that B in Eq.(3.23) is the
component of magnetic induction perpendicular to the a-b planes of grain structures.

Figure 3.4: Electromagnetic force of high Tc superconductor

Since the a-b planes of Bi-2223 tapes lie in the rolling plane of the fabrication process, the
large toroidal magnetic field in the reactor does not affect the critical current of HTSC
coils in the arrangement mentioned above.

For example, the maximum poloidal field
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perpendicular to the a-b planes of HTSC coils shown in Fig.3.5 amounts to 0.2 T, which

between the displacement of the plasma centroid and the size of the cross section of

does not change sharply due to the displacement of the plasma, and the critical current

the superconducting coils. It indicates that the critical size concerning to the plasma

7

density of overall tape including Ag sheath is valued at 1.5 x10 A/m

2

stabilization is between 0.05 and 0.10 m, which is consistent with the value of L m and
supports for the above explanation.

3.3.2

Optimization of high Tc superconductors

Method of optimization

Results

Method for optimizing the location and the size of the cross sections of the HTSC coils

Based on the knowledge obtained in the above, optimization of the configuration of the

was explored to maximize the effect of the HTSC coils on the plasma stabilization. In

HTSC coils was performed taking consideration of technological issues. Three cases were

this investigation, the following assumptions were taken to clarify the sensitivity of the

considered, i.e. Case 1 in which the coils are placed on the fast wall, Case 2 just behind

optimized parameters of the system; (1) the number of the HTSC coil is two, (2) HTSC

the blanket and Case 3 behind the vacuum vessel. In each case, the number of coils was

coils are located at the first wall, and (3) reference disturbance of the plasma is stepwise

four and locations and sizes of the coils were optimized with regard to

change of the poloidal beta (6.(3p = -0.2).

details of each cases are shown in Table 3.4 and Fig. 3.11. As for the disturbance of

Tp

and L m . The

As for the poloidallocations of HTSC coils, four cases (case A, B, C and D) shown in

the plasma, we considered instantaneous (3p drop of 0.2 and Ii drop of 0.1 r cov ring in 5

Table 3.3 and Fig 3.7 were examined. Here, consider the system where the stabilizing coils

sec, which is considered to be the most critical one for the design of ITER. Figure 3.11

are perfect conductors instead of superconductors. In this case, the system equation (3.3)

shows the displacement of the plasma centroid in each case. In Case 3, the plasma is

1

becomes linear and the growth time of the plasma T" can be defined as max(eig(L·- R)),

not stable because the response of the HTSC coils is spoiled due to the presence of the

where eig(A) is the eigen values of matrix A.

of each case is also shown in Table 3.3.

structures bet\\'een the plasma and the stabilizer. The maximum displacement in Case 1

l\egative values of T p indicate hat the system is stable. Figure 3.8 shows the displacement

and Case 2 are 0.055 and 0.111, respectively and they are acceptable. Howe"er, in Case

Tp

of the plasma current centroid in each case. From this figure, it is clear that time constants
of four cases approximately correspond to the "alues of

Tp-

Therefore,

Tp

should be

considered when the location of the HTSC coils is determined.
Next, the sizes of the cross section of the stabilizing coils were investigated in case A.

1 where stabilizing coils are arranged on the first wall, there is a problem of large heat
deposition and neutron flux. On the other hand, the flux decays to allowable le"el outside
the blanket and it is concluded that Case 2 is acceptable from the technological viewpoint
of the fusion reactor.

If the coils of the perfect conductor were placed instead of superconductors in this case,

Next, Adopting Case 2, the size of the cross section of high Tc superconductors was

the maximum current, 1m ,,, in the coils amounts to 1.16 x 105 A. \\'hen the area of the

optimized with respect to their stabilizing capacity. Four sizes: 5 cm x 5 cm, 10 cm x

cross section of superconductor coils is larger than I m , , / le, the flux flow phenomenon

10 cm, 20 cm x 20 cm and 30 cm x 30 cm were investigated and the results of them are

does not occur in th

uperconductor, that is, resistivity of shielding current is expected

shown in Fig. 3.12. In the case of 5 cm x 5 cm, the plasma touches the wall in a few

to be quite low. In

ase A, L m = )lm",,/le is 0.07 m. Figure 3.9 sho'vs the relation

second, while the positional instability is reduced compared with the case without high Tc
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superconductors. Figure 3.13 shows the change in the total current and the profile of the

The results suggest possible avoidance of a vertical displacement e\'ent where major

current density of SC2 (see Fig.3.11) in this case. The shielding current over the critical

plasmas are supposed to touch the surrounding structures causing very severe damages

current density flows in all area of the cross section due to the small size. Therefore,

on them and consequently this avoidance alleviates heavy technical design requirements

energy dissipation in HTSC coils will be large due to the flux flow phenomenon, resulting

on structural components.

in deviation of the plasma position. On the contrary, in the case of 30 cm x 30 cm,
the plasma almost recovers its original position very close to the base equilibrium. The

3.3.4

Interaction of HTSC coils with poloidal fields during
plasma start-up

change in the total current and the the current density profile of SC2 are also shown in
Fig. 3.14. Efficient stabilization in this case is due to the fact that the shielding current

It is highly required to overcome the problem that HTSC coils may consume the poloidal

density in the superconductors does not exceed the critical current density sharply as is

flux provided by CS coil and PF coils during plasma start-up. To meet this objecti\'e,

shown in Fig. 3.14, that is to say, the long term phenomena of creep is dominant and the

twin loop configuration is adopted is shown in Fig. 3.17. In applying the external flux

decay of shielding current is quite small. However, the plasma position does not recover

for the twin loop, electromotive force of the same direction is induced in the upper and

exactly because of hysteresis and joule loss in the superconductors. Since the plasma

lower loops, so that total electromotive force is canceled. On the other hand, during

almost recovers its position in the case of 30 cm x 30 cm, the case is adopted hereafter.

the plasma motion, electromotive forces induced in the two loops are opposite to each
other and almost same stabilization is expected compared with that of independent two

3.3.3

Verification of plasma stabilization due to HTSC

loop. Consequently, twin loop connection is expected to overcome the problem of flux
consumption without losing the stabilizing effect. In this section, two issues related to

Fig.3.15 shows time evolution of various parameters of plasma in the case of 30 cm x
30 cm. Since ecrease of poloidal beta, (Jp, is related to that of the plasma pressure, the

the twin loop are examined: flux consumption and effect on the stabilizing effect.

centroid of the plasma current moves inward as shown in Fig.3.15-(a). This phenomenon
Estimation of flux consumption
causes the increase of the plasma current shown in Fig.3.15-(b) because the plasma tends
Owing to the disturbance, the displacement of the plasma

The flux consumption was estimated based on the start-up scenario of ITER. The wave

centroid amounts to 5.7 % but it recovers to 1 % in 1 sec. Fig.3.16 shows the displacement

form of PF coil currents of ITER are shown in Fig. 3.19 (a). Four loop of the high Tc

of reference point at separatrix. The arrows in the upper part of Fig.3.16 represent the

superconductor are connected as Fig. 3.18 to form two set of twin loop (SCI and

direction of the positive in the lower part of Fig.3.1G. Reference points 2 - 5 mows toward

SC2 and SC3 in Fig. 3.18). Two coils of each set are symmetric in position with regard

to keep its poloidal flux.

SC~,

the magnetic a.xis while the disturbance is applied and it is not concerned. On the other

to the equatorial plane. The evolution of flux consumption during start-up is shown Fig.

hand, reference points 1 and G moves toward the wall; the maximum displacement is 22.5

3.19 (c). In the case of twin loop connection only 3 % of the provided flux arc consumed

and 6.0 cm, r spectively, which is allowable without any problem in view of technical

by high Tc superconducting coil, while flux consumption due to independent four loop

point.

amounts to 47 %.
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Effect of twin loop connection on the stabilizing effect
Next, stabilizing effect was estimated in the case where twin loop connection is introduced.
The connection of HTSC coils is the same as the above analysis. In this case, the evolutions
of plasma displacement and shielding currents in HTSC coils are shown in Fig. 3.20.
First point to be addressed is that the stabilizing effect of plasma is not deteriorated
by introducing twin loop connection. Secondly, the induced currents in HTSC coils is
decreased due to twin loop connection, which can be said a by-product of twin loop.
This is because twin loop does not respond the change of plasma current.

This by-

product is desirable in the meaning that the cross section of HTSC coil can be saved
and induced electromagnetic force is reduced. Consequently, it concluded that twin loop
connection overcome the problem of flux consumption without losing the stabilizing effect
and decrease of stabilizing current in HTSC is expected due to the twin loop.

II :Location of high Te 5uperconducting stabilizer
(Case 2)

Figure 3.5: Configuration of ITER TAC-8 (EOB) and high Tc superconducting plasma
stabilizer.

Table 3.1: Parameters of ITER/EDA TAC-8 (EOB).
~Iajor

radius R (m)
radius a (m)
Plasma current I p (~[A)
Triangularity fJ
Elongation K.
Poloidal beta j3p
Internal inductance Ii
Resistances (FW) R nv (/111)
Resistances (BP) R op (fll1)
Resistances (VV) R vv (,,11)
~Iinor

8.171
2.811
21
0.326
1.729
0.892
0.901
100
8
13
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Table 3.3: Location of HTSC coils (perfect conductor) and

Case A
CaseB
CaseC
Case D

Location of stabilizing
coils (R, z)
(9.83, -2.15)
(9.25, 5.22)
(10.37, -1.33)
(10.72, 3.49)
(8.31, -3.75)
(8.30, 5.82)
(10.98, -0.02)
(11.13, 2.49)

Tp

Tp

in each case.

(sec)

-0.787
-2.171
-1.044
3.46

Figure 3.6: Ag-sheathed Bi-2223 superconducting tape.

Case A
Case B
Table 3.2: Parameters of HTSC tape.
Critical current density leo(A/m )
Flow resistivity pf(rlm)
Critical electric field Ee(J.LV /m)
(= Pele)
Pinning potential Uo(meV)
Temperature (K)
Number of filament
Ag ratio
Width (mm)
Thickness (mm)

2.7 x 10
1.2 x10- 9
100

Case C
D

96
77
61
2.5
3.4
0.24
Figure 3.7: Location of HTSC coils (perfect conductor).
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Table 3.4: Location of HTSC coil and

"0

III

3.3 Verification of Stabilizing effect due to HTSC

0.01

------------------------

0.00

Case 1
(onFW)

-0.01
-0.02
-0.03
-0.04
-0.05

Case 2
(outside BP)

,
\,
0.0

4.0

2.0

6.0

8.0

10.0

time (sec)

Case 3
(outside VV)

Tp

Location of stabilizing coil (R, Z)
(8.31, -3.75)
(9.83, -2.15)
(10.08, 4.43)
(8.30, 5.82)
(9.28, 6.04)
(1109, 4.08)
(1125, -123)
(9.64, -3.43)
(973, -6.32)
(12.06, -4.05)
(12.07, 3.31)
(9.71, 6.36)

in each case.
Tp

(sec)

-0.698

0.916

20.12

Figure 3.8: Relation between poloidallocation of HTSC coils and its stabilizing effect on
plasma.

L

II Case 1

I
"0

'1
~

C.

(;

7:

0.00
~

=- 0.698

p

.... ----- - - - --- - - - -- -- --- - ----

Case 2

-0.05

C

~l l

g-

7:

~
~

=- 0.916

-0.10

'6

>

p

DCase 3
-0 15 L-0.0

~_

2.0

4.0

_ ~_

6.0

__'~__'

8.0

10.0

time (sec)

Figure 3.9: Relation betll'een size of cross section of HTSC coils and its stabilizing effect
on plasma.

7:

p

= 20.12

Figur 3.10: Location of HTS ' coils.
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Figure 3.11: Relation between location of HTSC coils and its stabilizing effect on plasma.
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Figure 3.15: Evolution of plasma parameters in case D.
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I
N

(a) twin loop configuration

(b-1)

(b-2)

Figure 3.17: Schematic view of twin loop configuration.

Figure 3.16: Displacement of reference points at separatrix.
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Figure 3.18: Configuration of connection of twinloop.

(c) Effect of HTSC on total flux

Figure 3.19: Evolution of parameters during plasma start-up.
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Technical Issues of HTSC coils

The following issues must be addressed and solved in applying HTSC coils for stabilization
of fusion plasma:
1. structural support of electromagnetic force of HTSC coils,
~

1e+5

2. effect of joint resistivity on stabilization of HTSC coils,

c

~

~

!

0
//-1e+5

//~;~

3. effect of nuclear heating,

saddle SC(1,4)
_._._.- saddle SC(2,3)

4. AC loss in HTSC coils,

:::= ~g ~

"1//

5. deterioration of HTSC coils due to neutron irradiation.

------- SC3
SC 4

-2e+5 'i

In this section, the above issues are examined and applicability of HTSC coils are verified.

(a) shielding current

o r-~~~~~:::;:;;:;::::::::::~
.".,.-.,----

Ii ~~:~~
~

""",,///

-E

-0.06
~ -0.08
'Dca
-.~_
-0.1

g.

/.--

_u

-0.16 0

Structural support of electromagnetic force of HTSC
coils

Shielding current induced in high Tc superconductor couples with the poloidal field and
generates electromagnetic force which may deteriorate the electromagnetic property of

§

~ ~ ~~::~

3.4.1

//

2

high Tc superconductors. Especially, mechanical tensile stress is of keen concern because

-,
saddle connectio

/

it brings up decrease of the critical current density upon the high Tc superconductors

no connection

3

4

5

6

7

8

and hence leads to the deterioration of the stabilizing effect of the HTSC coils. Here,

9

10

time (sec)

the support for the electromagnetic force is considered, aiming at accommodation of the
high Tc superconductors to keep their performance on the required level against the

(b) vertical displacement of plasma
electromagnetic force.
Figure 3.20: Effect of twin loop connection on shielding current and stabilization.

Using the induced screening current J sc computed by the coupled analysis of plasmas
and the HTSC coils, electromagnetic radial and axial forces acting on the coils are given
respectively by F,

=

J,27fTJsc E,dS and F,

=

J,21frJsc E,dS.

conducted over the cross-section of the coil, S and force,

E=

Here, the integral is

F = (F" Fo, F,)

(E" Eo, E,) are expressed in terms of the cylindrical system.

and field,

The evolution of
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electromagnetic force is shown Fig. 3.21: the maximums of Fr and F, are about 6 ~I~

(~600 tons) and 3 M

(~300 tons), respectively. Because tensile stress is serious in view
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Estimation of nuclear heating

Another concern is an increase of temperature in high Tc superconductors due to the

of HTSC coil performance, as mentioned above, we pay attention to only the radial force
nuclear heating which also have the possibility to degrade the critical current density reand consider the support for it in the configuration shown in Fig. 3.22. The support
sulting in the deterioration of the stabilizing effect of high Tc superconductors. Therefore,
is made of SUS316 and the following assumption is adopted; HTSC cable itself has no
in order to predict the effect of nuclear heating on the stabilizing effect of high Tc sutolerance to deformation, hence, all hoop forces acting on the HTSC cable apply to an
perconductors, numerical analyses of neutron transport and heat conduction were carried
inner surface of the support structure. In this case, pressure to the inner surface amounts
out. In addition, based on the results of numerical analyses, an experiment was conducted
to 100 MPa and it induces the radial stress on SUS support and the strain on HTSC
using high Tc superconducting tapes and simulating the temperature rise due to nuclear
cable as is plotted in Fig. 3.23 against the various thickness of SUS support. The critical
current density Jc is known experimentally to decrease to 90

heating.

% of it when 0.1 % of tensile

strain is given. If thickness of a stainless steel case is 15 mm as the strain is 0.1

%. Taking

a safety factor of 2, the thickness 30 mm is resulting in tensile strain of 0.05 %. Therefore,
a design to accommodate these forces is possible without any difficulty.

Estimation of temperature rise due to nuclear heating
umerical analyses of neutron transport were conducted at first with use of 1-0 neutron
transport code ANISN [48] supplemented by data library for multigroup constants and

3.4.2

Effect of joint resistivity on stabilizing effect

nuclear heating constant, Fusion-40 [49,50]. The configuration of numerical analyses are

At present, technology of the superconducting joint of Bi-2223 multi filamentary super-

shown in Fig. 3.26 with the results. High Tc superconducting coils are 30 cm in thickness

conducting tape is not established, while that of

and located just behind the back plate. Figure 3.27 shows the radial profile of nuclear

bTi wire is achieved for MRI (Magnetic

uclear heating amounts to 1.63 x 10- 3 \V Icc and 3.94 x 10- 4 W Icc at the

Resonance Imaging) magnets. Therefore, Ag-sheathed Bi-2223 tape must be connected

heating rate.

with solder in order to fabricate HTSC coils. Fig. 3.24 shows the relationships between

inner and outer surfaces of the high Tc superconducting coils, respectively.

I

resistance of solder joint and joint length at 77 K [47J. If the joint length is more than 50

Based on the heating density given by A ISN, numerical analyses of heat conduction

mm, the joint resistance of the order of 1O- 8 n can be achieved. Based on these data, the

in the high Tc superconducting coils were carried out with use of a conventional 2-D

effect of joint resistance on stabilization was estimated. Each turn of Ag-sheathed tape

thermal analysis code. In the computation, thermal conductivity of Bi-2223 filament and

in HTSC coils was as umed to be connected at a solder joint of 50 mm in length. Fig.

Ag sheath are set to 2.0 W 1m· K and 427.1 W 1m· K, respectiv ly [511. The thermal

3.25 shows the effect of joint resistance on stabilization and no large deviation due to the

analysis made clear the relation between the heating density in HTSC and temperature

presence of the solder joints was observed. This is because the creep resistance of one

at the center of HTSC as shown in Fig. 3.28. If the nuclear heating at the outer surface

turn Bi-2223 tape PcllS ( I is the length of one turn, S is the cross section of a tape) is

of the back plate is adopted, the temperature rise of the tape is negligibly small like 0.05

approximately valued at 3 x lO sn and addition of the joint resistance can be negligible.

K. As long as the HTSC coils are set at the rear side of the back plate, an effect of the
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temperature rise on the behavior of the tape can be neglected as demonstrated in the

respectively. On the other hand, the critical fluence for neutron irradiation is the order

following experiment.

10

18

in the case of Bi-based superconductors, as is mentioned in chapter 1. Therefore,

life time of HTSC coils can be estimated approximately as (critical fluence)/(flux) ~ 3.8
Experiment

6

x10 seconds, which corresponds to 3800 shots for the ITER plasma operation.

J-E constitutive relations were examined experimentally by giving thermal disturbances

3.4.4

AC loss in HTSC coils

to the tape of 50 mm in length and induced electric field was measured by the four
probe current method. An experimental set-up is shown in Fig.3.29. Taps were soldered
to the central part of the tape at the distance of 15 mm for the E-measurement. A
strain gauge of 120

n was attached

AC loss in HTSC coils must be estimated to consider the capacity of cryocooler for liquid
nitrogen. AC loss P was computed, following

to the tape as a heat source between the taps and a

(3.24)

semiconductor thermometer was also attached to the tape surface below the strain gauge
with thermal insulator to detect temperature change. The sample was cooled in liquid
nitrogen. Transient current of pulse width of 6 sec was provided to the tape to simulate
shielding current with use of the function synthesizer and the pulsed current supply.
Results of J-E relations are also shown with parameter of temperature rise in Fig.3.30,
where are demonstrated decrease of the critical current density corresponding to E = 0
and constant flow resistivity corresponding to the slope of a curve. In order to know influ-

Figure 3.33 shows the evolution of AC loss in SC2 of the HTSC coils (see Fig. 3.11),
which experiences the largest AC loss during the reference disturbance. The maximum
AC loss in SC2 amounts to 7.59 kW.
Next, electric power for removal of heat in the HTSC coils is considered. Possible
heats originate from nuclear heating and AC loss; the former is steady and the latter is
transient. As is disscussed above, the maximum nuclear heating rate in HTSC is 1.63
3

ence of temperature increase by 2K on the stability behavior of the plasmas, the coupled
analysis was conducted with use of the J-E relation obtained experimentally. Results show
that no significant change is observed on the stability behavior of the ITER plasmas for
temperature rise up to 20K. Little change is distinguished at T=105.1 Kin Fig.3.31. This
shows not only a very big margin for thermal instability of superconductivity compared
with low Tc superconductors but also electromagnetic margin for the HTSC tapes.

Estimation of life time of HTSC coils
Figure 3.32 shows the radial profile of neutron flux in presence of HTSC coils in ITER,
which is calculated with ANISN. Neutron flux amounts to 2.601 x 10"n/cm 2 sec and 7.23
xI0 10n/cm 2 sec at the inner and outer surfaces of the high Tc superconducting coils,

x 10- W Icc. Therefore, the nuclear heating amounts to 37 kW in the whole system of
HTSC coils. On the other hand, heating due to AC loss, which is transient, amounts
to about 30 kW. The efficiency of the current cryocooler for liquid nitrogen is about 10.
Therefore, electric power for removal of heat is estimated at 670 kW in the maximum,
which is significantly small.
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Fr

-30cm--tHTSC COIL

SC 1
SC2
SC3
SC4

SUPPORT (SUS316)

Figure 3.22: Schematic drawing of SUS316 support for electromagnetic force.
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Figure 3.21: Evolution of electromagnetic force acting on high Tc superconductor.
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Figure 3.23: Stress and strain at support structure and high Tc superconducting tape.
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3.5

Conclusion

Improvement of plasma positional instability with use of high Tc superconducting coil is
proposed and examined as follows:

Chapter 4

• For the accurate estimation of plasma response to high Tc superconducting coils, we
developed the coupling code which consistently solves dynamic plasma equilibrium
and shielding current in high Tc superconductors.

Design of HTSC tokamak

• With the developed code, feasibility of the proposed method is examined in the
configuration of the ITER design.

As a result, it was confirmed that unstable

4.1

Introduction

plasma is stabilized due to the presence of high Tc superconducting coils even if

Vertical elongations of plasma cross sections in tokamak fusion reactors are desirable as

disturbances of 6f}p = -0.2 and 6li = -0.1 are applied at the same time.

is addressed in the previous chapter. Here, this fact is discussed again in more details to

• Applicability of high Tc superconductors to fusion reactor environment is investigated as follows;

clarify the motivation of the design with use of high Tc superconductor.
The equilibrium toroidal plasma current can be approximated by the formula [52]:
(4.1)

- Electromagnetic force on high Tc superconducting coils is calculated and design

-

support structure for it. A design to accommodate these forces is possible

where Eo is the vacuum toroidal field at the plasma major radius R, ga the edge safety

without any difficulty.

factor, f

=

l/A and C/

=

1.22 - 0.68f.

This equation implies that the greater the

uclear heating due to neutron irradiation was estimated with use of the 1-0

elongation is the greater plasma current is permitted under the same constraint of the

neutron transport code ANISN. Supposed temperature rise in high Tc super-

safety factor, which leads improvement of the important plasma quantities. In applying

conducting coils is estimated as 2 K at the maximum.

the Troyon scaling, the maximum beta is expressed as [53]

- Experiment with use of high Tc superconductor tape was carried out to es-

(4.2)

timate the deterioration of superconductor property due to temperature rise.
Substituting this into Eq. (4.1), the relation between the maximum beta and elongation
From the results, it turns out that decrease of stabilizing effect of high Tc
is obtained as:
superconducting coils due to supposed temperature rise is negligible.
(4.3)

It follows form the results that high Tc superconductors provided by the current
technology is applicable to the proposed method.

This relation was plotted in Fig. 4.1 and it can be recognized that the larger beta is
expected with increasing elongation.
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Another important plasma quantity is energy confinement time.

4.2 Design procedure and formulae to determine the plasma parameters
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A scaling law of

energy confinement in ITER is expressed as follows [54],

(4.4)
I<

It has the direct dependency of elongation as

KO.

5

g

and the indirect one as I~·5. There-

t

fore, energy confinement is also improved as increasing elongation. Consequently, high

[jJ

elongation enables the important plasma quantities to be improved leading to compact

2

1.5

machine.
However, elongated plasma has a strong susceptibility to axisymmetric instabilities
and elongations are usually restricted to the range

K

2.5

:S 2 to prevent this mode from

3.5

4.5

Aspect Ratio, A

occurring. This is why the elongation is determined taking into the consideration of
Figure 4.1: Dependence of aspect ratio and elongation on beta limit.

trade-off between its merits and drawbacks. Application of high Tc superconductors has
the possibility to realize the high elongated tokamak free from the axisymmetric positional
instability. An example of conceptual designs with use of high Tc superconductors, HTSC
tokamak, will be introduced in the following and the emphasize will be on the possibility

following two parameters are defined: (1) the minimum safety factor at the plasma edge,
(2) radial build between plasma and inner leg of TF coil which includes inboard scrapeoff
layer, first wall, inboard blanket and vacuum vessel, then, the grid point in the phase

to design smaller ignited tokamak.

space corresponds to unique machine with a unique specifications of major radius, minor

4.2
4.2.1

Design procedure and formulae to determine
the plasma parameters
I-A-BWII:: analysis methodology

radius, axial field, TF and CS magnet geometries, etc..

Allowable designs lie in the

area bounded by the surfaces drawn based on the constraints. This constraint surfaces
are determined by taking into account the consideration of device mission, physical data
base, and technology.

In arriving at an optimum design point of a HTSC tokamak, we must meld the main
feature of HTSC tokamak (highly elongated plasma, small size device, ignition, etc.)
with the present physical paradigm and engineering database and figure design window
bounded by various constraints.

For this purpose, we employ the I-A-BWK analysis

4.2.2

Physics and technological model and constraints

methodology which was introduced in the ITER Conceptual Design Activity [551. Fig.
4.2 shows schematically the four-dimensional I-A-BWK space where the axes are plasma

The following models and constraints are employed to specify the machine parameters in

current (I), aspect ratio(A), peak field at the TF coils (Btl)' and elongation (K). If the

each grid point in the I-A-BWK space and draw the constraint surfaces.

Design of HTSC tokamak
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Plasma current

Toroidal field coil

The equilibrium toroidal plasma current can be approximated by the formula:

TF coil shape in this design follows the pure tension curve, which can be approximated
(4.5)

using the analytic formulas [561. In the configuration shown in Fig. 4.3, tension T is
simply expressed as

where B o is the vacuum toroidal field at the plasma major radius R, qo the edge safety
factor, f

= 1/A and

C/

= 1.22 -

T

= J.LoNJ? In (!!:2)
8.".

0.68f.

R1

(4.9)

'

where Ne is the number of TF coils and Ie the coil current. Employing the tension, the
inner radius of coil curvature is expressed as

Beta limit
A simple scaling law for the maximum volume-average beta that can be reached before

Pi

the macroscopic external kink and ideal-MHD ballooning instabilities is

Pi

I(MA)
f3mo.(%) = (2.5 ~ 3.5) a(m)Bo(T)'

(4.6)

[b of 0],
[b = 0],

(4.11)

where a, b, c, d and e are

This form of the beta limit, known as Troyon limit, has been observed experimentally and

Po - Pi,

suggested by theoretical studies.

cos II,
In{

Plasma power balance
d
A criterion for an ignition condition is described as
(4.7)

(4.10)

it},

cR; - (a - ac)b,
a2b
c
2 + (a - ac)R; - bR~.

While TF coils are subjected to various kind of electromagnetic force, for simplicity we will

where Po: alpha particle heating, POH : Ohmic heating, Peund : heat conduction loss,

only pay attentions to the tension and consider the mechanical support for it. Therefore,

P/n-: Bremsstrahlung radiation loss, p. yn : Synchrotron radiation loss and p ou .: auxiliary

the cross-section area of conduit is

heating. Each term in Eq.4.7 is based on the plasma zero dimensional model which was

(4.12)

employed in the early stage of ITER Conceptual Design Activity [54]. These terms are
where

(J

is yield stress for desigu.

function of the ion density (n) and temperature (T). Eq. (4.7) is an energy balance for
continuous operation, so that combiuation of (n, T) satisfying the condition, pou •

= 0,

Center solenoid coil

secure iguition. A scaling law of energy confinement in ITER is expressed as follows,
Desigu of the center solenoid coil is determined by the volt-second consumption, incorpo-

(4.8)

rating the constraints due to mechanical stress and critical magnetic field of conductor.
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The volt-second consumption can be derived by the plasma circuit equation as
Aspect Ratio
Elongation
(4th dimension)

(4.13)
where L p is the self inductance of the plasma,

Cejima

the Ejima coefficient [58],

one-turn voltage of the plasma at the flat top, Tup the flat top duration,

MOH,p

VIoo p

Constraint surface
ego Confinement,
beta limit, radial-biuld,
inductive burn time, etc...

the

the mutual

inductance between the plasma and the CS coil, and I esmax the maximum CS coil current.
For the specified Tup, the values of

MOH,p

Plasma Current (MA)

and I esmax must be optimized taking into the

consideration of mechanical stress and critical magnetic field of conductor. As for the

Field at TF coil (T)

mechanical stress, if the CS coil is designed to be self-supporting for the hoop forces,
tensile stress of conduit materials by hoop force is then calculated by

BmaxJes(Rout - R;n)

J

(4.14)

condui t area
conductor area

J
4.2.3

Figure 4.2: Schematic drawing of I-A-B phase space.

Design window in I-A-BWK space

4.3

As 4-0 surfaces can not be visualized, we consider 2-0 I-A plot of plasma current versus
aspect ratio at constant values of Btl and

K.

where the outer radius of CS coil Res and thickness of inner leg of TF coil. trp are
determined by the design criteria mentioned in the above.

Here, primary reactor parameters to identify

are selected as follows: R (major radius), a (minor radius), A (aspect ratio), K(elongation)

Results

4.3.1

Determination of plasma parameters

Firstly, we determined apriori the basic parameters, K=2.3, B tl =12.5(T), q¢ > 3.0, and
tshield

= 1.05 m with intention of a smaller tokamak of reasonable fusion

power. Here, the

and {) (triangularity), Btl (maximum toroidal magnetic field at TF coils), B o (toroidal
elongation was chosen to the maximum value in the range that plasma positional stability
magnetic field at plasma axis), q" (safety factor), I p (plasma current), n (density of ions
and electrons), T (temperature of ions) and

f3 (beta value). In each grid in 2-0 I-A space,

is secured with HTSC coils after some iteration of plasma stability analysis was made.
The I p - A space of HTSC tokamak (K

R, a, A,

K,

Btl, B o and I p are specified using Eq.(4.5) and relation between Btl and B o ,
Bo

BrP(R - a - d)
R

(4.15)

In order to determine the design, two constraints is applied: the ignition constraint and

= 2.3) is shown in Fig.

4.4(a) with parameters

of major radius determined by Eq.(4.5) together with that of ITER (Fig. 4.4(b)). The
hatched region in the figure corresponds to the possi ble design window which is bounded
by consideration of Eqs. (4.7), (4.6) and (4.16). It can be easily recognized that major

the radial build constraint. The former constraint surface is determined by the plasma

radii in the possible region of HTSC tokamak are much smaller than that of ITER. We

power balance expressed as Eq.(4.7) incorporating the beta limit of Eq. (4.6). The latter

determine I p = 18(MA) for A = 3.5 and R = 5.34(m) as the design point. This is very

constraint is expressed as

small compared with the size of the present ITER.
(4.16)

Then, we have to determine plasma parameters so as to secure an ignited condition.
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z
radial build limit (Btf=12.5T,
Bcs=13T, Tfus=1000 sec)
9=2.2, ITER89P(HFAC=2)

R
Figure 4.3: Geometry of TF coil for calculation.
For this purpose, a POPCO (Plasma OPeration CO tour) diagram [57] based on Eqs.
(4.7) and (4.8) is shown in Fig.4.5 together with beta limit based on Troyon scaling.
Digits in the figure are an additional heating power, Paux> so that domain bounded by

10
15
20
25
Plasma current, I (MA)

30

(a) HTS Tokamak (k=2.3)

two curves, 9 = 2.2 and Paux = 0, gives possible (n, T) sets of an ignited operation. If we
take a fusion power of 500 MW, contour line of 500 MW gives

< n >= 0.9 x 1020 1/m J

and < T >= 13 keY as the cross point with the curve of Paux = O. For this condition,
each term of Eq.(4.7) are evaluated as Po = 106,PoH = 1.8,Pcond = 83.1(TE =3.67 sec)
and Ps

4.3.2

+ Pn =

24.7 in unit of MW.

Analyses of plasma equilibrium and positional stability
10

The elongation of HTSC tokamak is set to higher value than that of ITER, so that it is
highly required to investigate whether or not the plasma equilibrium condition is satisfied

15
20
25
Plasma current, I (MA)

30

(b) ITER IEDA (k=1.6)

and its positional stability is secured. For this purpose the two dimensional analysis code,
"SYSTEQ", was used to find the location of PF coils and to determine magnitudes of the
coil currents for equilibrium state plasma. The results are shown in Fig. 4.6. Primary

Figure 4.4: Decision of operation point in I-A space.
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after some iteration was made to optimize the location and the number of the coils. Displacement of the plasma centroid against the disturbance of

f:,.{lp =

-0.2 are evaluated

with the coupled code of TOFU and the HTSC code and are shown in FigA.8. For reference, Fig. 4.9 shows the vertical displacement of the plasma centroid in the case where

2.5

no HTSC coil is placed. From the comparison, it is clear that HTSC coils successfully
stabilize the plasma. The motion of the plasma separatrix in the presence of HTSC coils
o

~

;:.

is shown in Fig. 4.10. The plasmas at reference points PI and P4 move toward the first

1.5

.~

wall by 16 cm, but do not touch it because the original gap is sufficient, 25 cm. The

o
above results imply that high elongated tokamaks are feasible if HTSC stabilizing coils
0.5

are applied.
10

15

20

25

4.4

Temperature (keV)

Conclusion

The following remarks are drawn from the comparison between HTSC tokamak and

Figure 4.5: POPCON diagram of HTSC tokamak.

ITER/EDA shown in Fig. 4.11 and Table 404:
parameters determined in the preceding section are I p = 18.0 MA, R = 5.3 m, A
3.5,

K.

= 2.3, 6 = 0.24

and q",

= 3.17 and

=

poloidal field coil system is determined with

SYSTEQ. Here, double null system of magnetic separatrix is adopted for reduction of

1. Smaller tokamak can be designed with parameters of moderately lower fusion power
of 500 MW, reduced stored magnetic energy of coil system, easy handling of thermal
deposition at a divertor, etc..

heat flux on a divertor as much as possible. Magnetomechanical systems of the machine
are symmetric with regard to an equator of it. The cross section of magnetic flux contour
lines is shown in Fig. 4.6 together with the PF coil currents. Total stored energy in the
PF coil system is 2.71 GJ.

2. Additional heating power required for L/H transition can be reduced significantly
due to the smaller major radius.
3. Fabrication can be facilitated and remote handling can be accommodated easily.

Stability analyse were conducted for the equilibrium arrangement obtained by SYS4. Amount of low level radioactive waste can be reduced due to small scaled structure.
TEQ code. In these analyses, electrical resistances are 67.9, 5.63 and 9041 (JJ.I!) for the
first wall, the back plate and the vacuum vessel, respectively. These values are evaluated
on the data base given in the ITER design. The decay constant of plasmas is very short
as 66 msec while ITER is longer as 1.2 sec. In order to improve the plasma positional
instability, four pairs of HTSC coils are installed at the back plate as shown in FigA.7

5. Volume of the nuclear island of the HTSC tokamak is roughly one-third of ITER.
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Figure -1.6: Result of plasma equilibrium analysis.
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Figure 4.7: Configuration of positional stability analysis.
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Figure 4.8: Displacement of plasma centroid in case where high Tc superconducting coils
are placed.
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Figure 4.9: Vertical displacement of plasma centroid in case where no high Tc superconducting coil is placed.
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Table 4.1: Comparison of design parameters between HTSC tokamak and ITER/EDA.
(a) i\lajor Design Parametcrs
ITER HTSC tokamak
8.14
5.34
Plasma Major Radius, R, (m)
3.5
2.9
Aspcct Ratio, A
1.6
2.3
Elongation, fi.
21
18
Nominal Plasma Current, (MA)
3.0
3.2
(MA)
MHO safcty factor,
6.05
Toroidal Ficld at :'lajor Radius, (T) 5.68
1000
1000
Refercncc pulse duration, (s)
0.5
1.5
Nominal Fusion Power, (GW)
~ 40
~ 100
Auxiliary Heating for
L/H transition, (i\I\\')
(b) Cot! Systcm Paramcters
ITER HTSC tokamak
20
20
Numbcr of TF coils,
12.5
i\laximum magnctic ficld
12.5
at superconductor at TF, (T)
TF Stored cnergy, (GJ)
103
31
Total inductive fiux swing, (\\'b) 530
285
13.0
13.0
:'[aximum magnctic field
at supcrconductor at CS, (T)
(c) Par,lIl1ctcrs of Plasma Facmg Componcnts
ITEfl HTSC tokamak
:"ominal Wall Loading, (i\I\\'jm') ~ 1.0 ~ 0.76
Total surfacc hcat loads, (:'[\\')
< 300 < 100
~ 1.8
Local thcrmal load at uormal
operation condition, (i\I\\'jm 2 )

Figure 4.11: Comparison of size between HTSC tokamak and ITER/EDA.
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Chapter 5
Reduction of Toroidal Ripple with
use of HTSC
5.1

Introduction

The toroidal field (TF) ripple, which is caused inherently by the discreteness of the magnet
system, promotes various kinds of radial transport [59). Among the unfavorable results
caused by the field ripple, the loss of alpha particles is especially important when the
efficiency of the plasma heating and the heat load of the first wall are considered. The
reduction of the alpha particle ripple loss is one of the most critical issues for design of a
tokamak reactor as well as other magnetic confinement systems [60].
Ripple transport depends quite strongly on the depth of the ripple, which is determined
by the design, primarily by the number of the toroidal field coils. Therefore, the ripple
transport can be suppressed by increasing the number of the TF coils. On the contrary,
the number of the TF coils is desired to be reduced because the smaller number of TF
coils allows the following improvements:
1. Neutral beams can be injected tangentially, which is favorable from the viewpoint

of the current drive efficiency.
2. Larger, higher conductance vacuum ports can be used so that fewer units are required.
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3. The shielding and vacuum vessel can be installed in fewer, larger pieces with large
savings in fabrication costs.
4. Fewer TF coils lead to savings in the cost of cryostats and leads.
5. Access for maintenance is decisively better. Remote maintenance equipment can be
simpler and maintenance time shorter.

5.2 Experiment

5.2
5.2.1

105

Experiment
Description of experiment

The experimental arrangement is shown in Fig. 5.1. Tbe experiment was performed to
investigate how the superconductor reforms the rippled field between the pole faces of the
normal magnet. The magnet can generate the maximum flux density of 2.0 T. The high
Tc superconductor is a QMG-processed YBaCuO sample [18], and rectangular shape, 30.8

6. Assembly of the reactor is decisively easier and faster.
mm in width and length and 10.5 mm in height. The superconductor was magnetized
Consequently, the TF ripple has to be reduced witbout increasing the number and

by zero-field cooling process as follows. The superconductor was immersed and cooled in

the size of TF coils. There are several ways to overcome this difficulty. One of them is

liquid nitrogen at location "A" (see Fig. 5.1) where magnetic field was almost zero. Next

to use ferromagnetic balls in the vacuum vessel under the outer TF coil legs. But the

the superconductor was moved from location "A" to "B", resulting in magnetization of

magnetization of the balls will be saturated because of the high toroidal magnetic field,

the superconductor. The flux density between the magnetic poles was measured by a Hall

and then they can not reduce the TF ripple significantly.

probe.

In this chapter, a new method to reduce the TF ripple with use of bulk high Tc

Numerical analysis of magnetic induction due to HTSC in this configuration was also

superconductors is proposed. They can behave as ferromagnetic or diamagnetic materials

carried out. In order to compute the magnetic induction, shielding current in HTSC

depending on their magnetic hysteresis. In addition, they can trap magnetic field in

is computed by applying the current vector potential method (see later with respect to

their body more efficiently than ferromagnetic materials. Therefore, if superconductors

the detail). In the computation, the measured magnetic field data were employed as the

are appropriately arranged and magnetized, they possibly decrease the TF ripple. The

exciting field of shielding current in HTSC.

outstanding feature of this method can be stated as follows;

5.2.2

Results

- The superconductors do not saturate magnetically if their size is large enough,
contrary to ferromagnetic materials.
- They do not need electrical feed like correction coils.

Fig. 5.2 shows a profile of the magnetic induction at Y

= 9 (mm),

Z

= 0 (mm)

defined

in Fig. 5.1. From this figure, it is found that the superconductor intensifies the magnetic
field at a location of smaller magnetic field. In other words, the depth of ripple between

In this chapter, the feasibility of ripple reduction with use of high Tc superconductors

the pole faces is reduced. The numerical results agree with the experimental ones in

is verified through experiment and numerical analysis. lu addition, parameter survey of

tendency, although the contribution of the superconductor in the calculation is opposite

the superconductors is performed in the configuration of the outline design of ITER, and

to that in experiment near the pole face. This could be because the magnetic induction

a guideline of design for the superconductors is presented.

due to the iron core of the magnet actually changes when the superconductor is moved
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of le perpendicular to the a-b plane is about three for the

close to the pole although this effect is neglected in the numerical analysis.
Fig. 5.3 shows the change of ripple value by moving the superconductor close to the

MP~IG-YBaCuO supercon-

ductors [63]. Hence, the shielding current across the a-b plane can be neglected and the

pole. Ripple value, 6, is defined as 6 = (B max - Bmin)/(Bmax + Benin) . In the experiment,

thin plate approximation can be applied. In this approximation it is assumed that the

the ripple value was reduced from 1.67 % to 0.76 % at most. Reduction of the ripple in

superconductor consists of several thin plates parallel to the a-b plane. This method was

the calculation is much greater than the experiment. This also is ascribed to the above

verified by the comparison of the experimental and the theoretical electromagnetic forces

reason why the contribution of the superconductor in the calculation does not agree with

generated by the MPMG-YBaCuO superconductor [64]. Using the thin approximation,

experiment near the pole face.

the governing equation can be derived from Eq.(5.4) as:

5.3
5.3.1

n· \7 x '!'\7 x (Tnn)
a

Numerical analysis
Formulation

= -n' aBo
at

- J1. aTn - ~n·
0 at
471"

JaTn\7~dS
at
R

(5.5)

In order to analyze the shielding current field in the supercondu tor with Eq.(5.5),

In order to compute the magnetic field generated by the high Tc superconductors, the
superconducting shielding currents were evaluated based on the current vector potential

the critical state model is introduced in the following way.

The critical state model

describes the mixed state of the type-II superconductors. In this model, it is assumed
that the absolute value of the current density is either 0 or the critical current density le

method(T method) [61,62]. The current vector potential, T, is defined as:

depending on the induced electrical field, E, i.e. [65]:

\7xT=J

(5.1)

,

if

\7·T=O
n x T

=0

(Coulomb gauge)

,

(5.2)

(on the surface, S)

,

(5.3)

aJ
at

-=0

if

E f- 0 ,

E=O

(5.6)

(5.7)

Describing the dependence of the le on the flux density B, several models have been
where J is the current density and n is the unit normal vector on the surface. The
proposed, which express le as a function of B. Among them, the Matsushita model was
governing equation for the shielding current based on the T method is expressed as follows:
1
aBo
aT
J1.o
\7 x -\7 x T = - - - J1. - a
at
0 at
471"

J-\7-dS
aTn
at
R

adopted in our calculation. It is expressed as follows [66]:

1

'

(5.4)

where a is the electrical conductivity, B o is the applied flux density, J1.o is the permeability

(5.8)

where leo is the value of le when B is I T.

in vacuum, R is the distance between the source and the field points and Tn is the
Since the l-E relation is non-linear, the following iterative calculation scheme is incomponent of T that is normal Lo S.
troduced in order to solve Eqs. (5.5), (5.6) and (5.7) consistently.
The anisotropy of critical current density, le, is taken into consideration. It was reported that the ratio of le parallel to the a-b plane of the grain structure to the component

1. The initial conductivities in all elements are set to be sufficiently large.

Reduction of Toroidal Ripple with use of HTSC

108

2. In the elements where

IJI > le,

5.3 Numerical analysis
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the conductivities are modified as follows:

(5.9)
The step 2 is repeated until

IJI

of all elements become less than le.

The magnetic field produced by the TF coils was calculated by using the computer
code which was developed by Watanabe [67]. In this code, the finite cross section of
the coil is considered instead of using the filament current approximation. The TF coils
are composed of two types of elements, arc-shaped elements and pillar-shaped elements.
The magnetic field due to each coil element is obtained by the numerical or analytic
integration of the Biot-Savart's formulae. The magnetic field calculated by this code is
highly accurate.

QMG-processed
High Tc superconductor

Location "A"

30.8 x 30.8 x 10.5

Figure 5.1: Experimental arrangement.
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5.3.2
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Feasibility of Ripple Reduction with use of HTSC

Ripple evaluation in the ITER preliminary design
- - without S.C.
_.~_. with S.C.(calculation)
----~--- with S.C.(experiment)

1.56

E

i
c

The configuration of the toroidal field magnet system in this study is according to the
outline design of ITER [1]. The depth of ripple, 0, is defined as follows:

o-._._c--_.~_._.G._--o-._--o

1.55

(5.10)
.!.1

~ 1.54

where B max and B min are the maximum and minimum

~

IBI

values, respectively. In this

study, the ripple is evaluated in the two cases where the number of TF coils, N, are 24

1.53

and 20. Fig. S.4 shows contour lines of the ripple magnitude in these two cases. Shapes

10
Location, X (0101)

of the TF coils and the plasma are also shown in the figure. The overall height and width
of the TF coil are 17.32m and 11.45m, respectively, and the total coil current per coil is

Figure 5.2: Relation between magnetic induction and location X at Y
(mm).

= 9 (mm), Z = 0

9.7 MA. The plasma edge in the figure was plotted using the following formulae:
R =

R" + ap cos(O + Asin 0) + i

(5.11)

,

(S.12)
- - without S.C.
--~-- with S.C.(calculation)
----~--. with S.C.(experiment)

where

R" and ap are the major and the minor radii, 8.4m and 2.68m, respectively, A is the

triangularity of the D-shape (0.44),

K.

is the elongation of the plasma(1.7),

i

and Zp are

the radial and the vertical plasma shifts from the center, 0.101 and 1.90m, respectively.
From the benchmark calculation of the alpha particle loss in the ITER design activity
[68], it was found that ripple-induced losses generate highly peaked heat loading at the
• • • • • • • .0

first wall, while the power loss due to the ripple is not critical for ignition. Therefore, the
maximum ripple value in the plasma is required to be less than 2 % in ITER in order to

o

5

10
Location, Y (0101)

avoid the localized heat load at the first wall.
From Fig.S.4(a), it is seen that the maximum ripple value at the plasma edge is about
1.9 % when N is 24. The required ripple value is satisfied in this case, but the space is

Figure S.3: Relation between ripple value and location Y.

not sufficient for the neutral beam injectors between the TF coils. In the case of N

= 20,

112
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the space for the beams is sufficient. However, the maximum ripple at the plasma edge is
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Reduction of ripple in case 1

about 3.9 % as shown in Fig. 5.4(b), so effort must be made to reduce the magnetic field
ripple in this case. The plasma region where the ripple value is more than 2.0 % is localized

The arrangement and geometry of the superconductors are shown in Fig. 5.6. It is a set of

at the right upper corner of the plasma section. In the following, it is demonstrated that

MPMG-processed YBaCuO superconductors, which consists of the small superconductor

the ripple value of this part in the case of N

= 20 can

be reduced to be less than 2.0 %

with use of high Tc superconducting layered plates.

blocks(O.lm x O.lm x 0.05m). The size of each block is the ma.x.imum possible size of
MPMG-processed bulk superconductors of single crystal that can be fabricated by using
the current technology. The critical current density of each superconductor block, Jeo , is
3.0

X lOB

A/m 2 . The assembly of the superconductors is 4.0 m in length and 0.2 m in width

Method of magnetization of high Tc superconductor

and 1.5 m in height. The length of the assembly is chosen so that the superconductors

Tbe high Tc superconductors are magnetized in the zero-field-cooling process as follows.

assemblies are arranged, one located between TF coils. The position of the superconductor

cover the plasma region where the ripple value is more than 2.0 %. Twenty superconductor

First, the superconductors are cooled at the location "A" (see Fig. 5.5), where tbe mag-

assembly is also shown in this figure. It is found that the assemblies do not interfere with

netic field is almost zero. Then, it is moved to the location "B". While approaching to the

neutron beam injectors because the position of the injectors ports is different from that of

first wall, tbe bigh Tc superconductors start to feel increasing magnetic field. In tbis way,

the assemblies. The superconductors are moved from the location "A" to "B" shown in

the higb Tc superconductors are magnetized, bence the shielding current is induced in

the figure. The location "B" is 0.5 m away from the edge of the plasma. Figure 5.7 shows

tbe superconductor. Tbe magnetic field by the TF coils is, thus reformed by the magnetic

the change of the z-component (see Fig. 5.6) of the magnetic field applied to the center of

induction due to the sbielding current.

the superconductors when the superconductors are moved from "A" to "B". The applied

Two arrangements of the superconductors are examined in order to reduce the TF
ripple. One is the arrangement in which the superconductors are magnetized by the

field increases to 3.15 T. Due to this change of the field, the superconducting currents are
induced in the a-b plane, and the TF ripple is consequently reduced.

toroidal component of tbe field produced by the TF coils. In this case, the superconductors

Figure 5.8 shows the ripple value along the plasma edge for different access distances

are set in the way where tbe a-b plane is perpendicular to tbe toroidal field as shown

to the plasma, d. When the distance between the superconductor and the plasma is 0.5 m,

in Fig. 5.5 (case 1). They are magnetized due to their diamagnetism and reform tbe

the maximum ripple value is reduced to be less tban 2 %. From this figure, it is found that

magnetic field lines as sbown in the figure. The other arrangement is tbe one in wbich

the reduction of ripple is strongly affected by the distance between the superconductor and

tbe superconductors are magnetized tbrougb the transverse component of the field. Tbe

the plasma edge. The possible sbortest distance to the plasma edge must be determined

superconductors are set in tbe way wbere tbe a-b plane is parallel to the toroidal field as

with the consideration of the neutron shielding, the working temperature and so on, and

shown in Fig. 5.5 (case 2). They also reform tbe magnetic field lines to reduce the ripple

it is closely related to the design of the first wall and the blanket structure. This must

as shown in tbe figure. We discuss tbe two cases in light of the ripple reduction.

be considered in the future works. Figure 5.9 shows the relation between the flux density
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The

applying this superconductor assembly, the tendency in the change of ripple value is the

superconductors increase the magnetic field where it is low and decrease the field where

same like in the case of one body superconductor (see Fig. 5.13), although the magnitude

and the toroidal angle at the maximum ripple location in the case of d

it is high, hence the ripple is smoothed and reduced. Figure 5.10 is a contour lines of

of effect is smaller. Therefore, the configuration shown in Fig. 5.11 can not be applied

the ripple magnitude when d is 0.5 m. The ripple value in the whole plasma region is

for the reduction of the reduction of the ripple value.

successfully decreased to less than 2 %. Consequently, it is recognized that the presented
arrangement is effective to reduce the TF ripple.

Reduction of ripple in case 2
Another arrangement and geometry of the superconductors is shown in Fig. 5.11. Figure
5.12 shows the change of the z-component (see Fig. 5.11) of the magnetic field applied
to the superconductors when the superconductors are moved from the location "A" to
"C" through "B". In this case, the change of the field is not monotonic, i.e. the field is
increased until the location "B", then it starts to decrease. Besides, a magnitude of the
change is small compared with that in the case 1.
Figure 5.13 shows the ripple value along the plasma edge for different locations of
the superconductors. In the case of d = 2.0m, this value corresponds to the location
"B" (see Fig. 5.11), the effect of the superconductor is small. Then by moving closer to
the plasma, the superconductor increase the maximum ripple value. This is explained as
follows. When the superconductors are moved from the location "A" to "B", the applied
field is increased, and the shielding current is induced in the a-b plane, leading to the
reduction of the ripple. However, the effect of the superconductors is small because the
distance, d, is long. When the superconductors are moved close to the plasma furthermore,
the applied field is decreased and the opposite shielding current is induced to increase the
ripple value.
In this computation, one body superconductors as shown in Fig. 5.11 are considered,
although they can not be fabricated by the current technology. It is possible to construct
a superconductor as embly which shape is the same as it is shown in Fig. 5.11(b). By
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Figure 5.4: Contour lines of ripple magnitude: (a) number of TF coils is 24, (b) number
of TF coils is 20.

Figure 5.5: Two arrangements of superconductors between TF coils.
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Figure 5.6: Arrangement and geometry of superconductor in case 1.

Figure 5.7: Change of magnetic induction, B" in the local coordinate in Fig. • at the
center of superconductor in case 1 (N = 20).
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Figure 5.10: Contour lines of ripple magnitude in case 1 (d = 0.5m).
Figure 5.11: Arrangement and geometry of superconductor in case 2 d (N

= 20).
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Design study

Here, ripple value is evaluated when the length of each side of the superconductor assembly
is changed, and a guideline of design of for it is presented. In this parameter survey, the
following point was considered as constraint. The superconductor assemblies must not
interfere with a neutral beam injectors (NEI). In order to satisfy this requirement, the
length in y direction of the assemblies must be less than 3.2 m.
Fig. 5.14 shows the dependence of width on ripple value when the size of the assembly
is 0.2 m in x direction and 4.0 m in y direction, and the distance from the assembly
to the plasma edge is 0.4 m. From this figure, the maximum ripple value is found to
be minimized when width is 1.5 m. In the region where the width is more than 1.5 m,
reduction of ripple is small on the contrary. This is because the gap between two adjacent
Figure 5.12: Change of magnetic induction, B" in the local coordinate in Fig. 5.11 at the
center of superconductor in case 2 (N = 20).

assemblies becomes small when the width is large and then the magnetic induction due
to assemblies does not leak out of their gap. This tendency of the width is considered
to be same in different size in x and y directions of assemblies. Therefore, the width of
assemblies is fixed to 1.5 m from now on.
In the outline design of ITER, the maximum ripple value is required to be less than
2.0 % [1]. In addition the length in y direction of the assemblies must be less than 3.2 m

• :Location "A"
o :Location "S"
o :Location "C

for the assemblies not to interfere with fBI. Here the size of the assemblies which satisfies
the above requirements is investigated. Fig. 5.15 shows the critical line for the maximum
ripple less than 2.0 % with respect to size in x and y direction. The hatched part in this
figure is the region where the superconductor assemblies is realized for ripple reduction
in the configuration of ITER.

Figure 5.13: Ripple value along plasma edge in different locations (N

= 20).
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Figure 5.15: Critical line for the maximum ripple less than 2.0
x and y direction.
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5.4

Conclusion

A new method to reduce the TF ripple with use of high Tc superconductors was proposed
and quantitatively examined. Conclusions of this chapter are summarized in the following.

Chapter 6

(1) The feasibility of ripple reduction through high Tc superconductors is experimentally
demonstrated.

Conclusions

(2) The ripple reduction due to high Tc superconductors is numerically estimated in the
configuration of the ITER design.
Electromagnetic interaction between high Tc superconductors and tokamak plasmas was
• Two arrangements of the superconductors are aiming at the reduction of ripple

examined with the aim of contributing to the progress of fusion research. Based on the elu-

of the toroidal field. It is concluded that the superconductors can reduce the

cidation of the interaction, new applications of high Tc superconductors to fusion reactors

ripple when they are set in the way where the a - b plane is perpendicular to

are proposed and their feasibility was verified in the configuration of large experimental

the toroidal field(see Fig. 2).

reactor. As the conclusion of this study, the following ones were obtained.

• \Vhen the superconductors are arranged as the a - b plane is perpendicular
to the toroidal field, the reduction of the ripple is sensitive to the distance

(1) Plasma response in the presence of high Tc superconductors is theoretically examined introducing an simplified model.

between the superconductors and the plasma edge. If the distance is 0.5 m,
the superconductor can reduce the maximum ripple to required value, when
the number of TF coils is 20.

• Plasma response in the presence of high Tc superconductors has two time
scales: the Alfven time and the L/R time of superconductors. Owing to the
analysis, it was confirmed that unstable plasma can be stabilized with high Tc

(3) The parameter survey of size of superconductors is performed, and the guideline of
the design of the high Tc superconductor assembly is presented in the configuration
of ITER.

superconductors in both time scales, which forms a basis for the new application
of high Tc superconductors to fusion reactors.
• The characteristic time of plasma stabilization due to high Tc superconductors
is estimated considering the hysteresis loss and Joule loss of superconductors.
(2) Based on the above theoretical prediction of electromagnetic interaction between
high Tc superconductors and tokamak plasmas, an improvement method for plasma
positional instability with use of high Tc superconducting coils was proposed and
its feasibility was verified in the configuration of ITER as follows;

Conclusions
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• For the accurate estimation of plasma response to high Tc superconducting

• Small ignited tokamak was designed with parameters of moderately lower fu-

coils, we developed the code which consistently solves dynamic plasma equilib-

sion power of 500 :-'1W, introducing highly elongated plasma stabilized by

ria and shielding currents in high Tc superconductors.

HTSC stabilizing coils.

• Using the developed code, the feasibility of the proposed method is examined in

• With numerical analysis, it was confirmed that the positional stability is se-

the configuration of ITER design. As a result, it was confirmed that unstable

cured with HTSC coils although the elongation of the plasma is set to the high

plasma can be stabilized due to high Tc superconducting coils even against the

value of 2.3.

disturbance of 5{3p

= -0.2 and 5li = -0.1.

• Applicability of high Tc superconductors to fusion reactor environment is verified as follows;
- Electromagnetic forces on high Tc superconducting coils are calculated
and the support structure is considered. A design to accommodate these
forces is possible without any difficulty.
-

uclear heating due to neutron irradiation was estimated with use of 1D neutron transport code A IS . Supposed temperature rise in high Tc
superconducting coils is estimated at 0.05 K at the maximum.

- An experiment with use of high Tc superconductor tapes was carried out to
estimate the deterioration of superconductor property due to temperature
rise. From the results, it turns out that decrease of stabilizing effect due
to supposed temperature rise is negligible.
It follows from the results that high Tc superconductors provided with the
current technology are applicable to the proposed method.

(3) To demonstrate the effect of the method proposed above, conceptual design was
performed incorporating the application of high Tc superconductors. Assumptions
adopted here is to use the same data base and formula as ITER in principle and
not to use any innovati"e technology other than HTSC stabilizing coils.

(4) A new method to reduce the TF ripple with use of high Tc superconductors was
proposed and quantitatively examined.
• The feasibility of ripple reduction through high Tc superconductors wa, experimentally demonstrated.
• Numerical analysis made it clear that the assembly of the bulk high Tc superconductors can reduce the maximum ripple in plasma to requir d value in the
configuration of ITER.
• The parameter survey of size of superconductors was performed, and the guideline of the design for superconductors was presented in the configuration of
ITER.
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