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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,

I'R,

2. success in DT experiment at JET and T

ion of database of experimental results.

3. arrangement and prov

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 m®.

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 igni-

tion should be achieved, DEMO reactor which demonstrates production of electric power,
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is examined. Presently, a |

and prototype reactor in which economical feas

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

is stud the achievability of ignition and long burn of plasmas,

and United

nental reactor. This is the ITER (International

which corresponds to the step of experin

The current activity is ITER/EDA (Eng

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

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

Table 1.1.
The ITER design matured from the three milestones — Outline Design Report(Jan.

and Detailed Design Report(Dec. '96) (3]

’94) (1], Interim Design Report(Jul. '95)

— 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 why 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 are 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 technology 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

Te superconductors. The salient features of high Tec superconducting materials are (1)

1.1 Background and Objectives 3

robustness to instability due to

facility of cool

temperatt

temperature rise, and (3) high critical ma These features encouraged the

T'c superconductors and their application is presently

research and develo

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

to fusion reactors, only the utility of current lead is examined presently [4]. It might

ne of magnetic field coils

not be attractive to apply high Tc superconductors in the fr

and current leads, where low Tc superconductors are being successfully used. However,
the outstanding features of high Tc superconductors make them to be very promising

candidates for application where a high level of electromagnetic control is required

In this study, electromagnetic interaction between high Te superconductors and toka
mak plasmas is examined, with the aim of the further development 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 super-

conductors 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 T«

mined in the configuration of

superconducting bulks. Feasibility of the application is e
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 su-
perconductor

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 on these ceramic 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 ““d, dimensions of ITER. of the specific heats of material: for instance, from 4.2K to 20K, by a factor of ~ 100
EDA [ CDA
v Power 1.5 GW 1.0 GW These properties allow their utilization in the form of bulk, which is impossible for low

. MA
[81m 6.0 m to be mentioned is their high critical flux densities. As is shown in Fig. 1.1, critical

; 'n time ec 400 sec : = :
tive burn time g[;(ufiui Tc superconductors because of the flux jump phenomenon [5]. Another salient feature

na current
or radius
m

— ——— 5.0 flux density of high Tc superconductor at low temperature such as 4.2 K are too high
longation 1.6 2.0 )

E\'vrlur configuration Single null | Double null to measure (they are predicted to amount to ~ 100 T) [6 This imply the possibility
Toroidal field 5.7 T \ii ) =
e T 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 many engincering field, two points are
required: 1) fabrication of long wire and 2) high critical current density. All represen-

tative materials such as Bi-based, Y-based and Tl-based superconductors have so called

two-dimensionality that the superconducting currents flow along the Cu-O planes which k
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stal structure called perovskites. This anisotropy of

anes of the c

constitute

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

the materi

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

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

magnetic field depending on the application: for instance, 0.1 Tesla for power cables, from

several Tesla to twenty Tesla for magnet.

In order to achieve the demands, fabrication of high Tec superconducting wire have
been attempted using various materials in various method such as the powder-in-tube [9],
dip-coat, jerry-roll, CVD(Chemical Vapor Deposition) and laser abrasion method. Wires
of Bi-based, Y-based and Tl-based oxides are currently available with the aforementioned

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

ineering application [10]. Therefore, main properties

promising at present in view of er

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

(a) Development of silver-sheathed BiSrCaCuO wire

There are two superconducting phases in Bi-based high Tc material: 2223 phase with

5 K. Wires of the both phases are available prepared

Tc=110 K and 2212 phase with Tc=

sheathed Bi-2212 wires to

by the powder-in-tube method. However, it is difficult for silve
be applied to large coils or power cables, since only the wind-and-react method can be ap-

212 wires. Indeed, large superconducting coils of Nb;Sn prepared by

plied in winding Bi-

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

requires more strict control of temperature accurate to a few degrees in react process

Furthermore, the critical temperature of Bi-2212 phase is 85 K at which enough tem-
perature margin can not be obtained in the case of cooling with liquid nitrogen(77.3 K)

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

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

The reason why silver is used for sheath is that 1) it does not react with

long wires

1.2 Recent Progres

and Application of High Tc superconductor 7

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

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

(b)Critical current density

The critical current density of silver-sheathed Bi-2223 wire at 77.3K is shown in Fig
1.3 [11]. Critical current densities of 42,300 A/cm? are obtained at external field of 0.1T
corresponding application to power cables and 12,000 A/cm? at 1T corresponding to
application to small coil.

The critical current densities at 4.2K and 20K, which are boiling temperature of liquid

23 wire

helium and hydrogen, respectively, are shown in Fig. 1.4 [12]. Even over 15 T, Bi
keeps high critical current density compared with conventional low Tec superconducting
wire (NbTi, NbsSn) at 4.2K. In addition, Bi-2223 wire can also be available to high field
application even at 20K, which is impossible for conventional low Tc superconducting

wire.

(c) Long wire

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

3K. In

m class wires are available with the critical current density of 4,020 A/cm? at 7

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

(d) Mechanical property

Bi-based superconductors themselves have little flexibility because of the ceramic essence.
However, multi-filament structure in silver sheath allows the wire iterative bending after
sintering process as is shown in Fig. 1.5 [13]. So as to improve the mechanical property

of the wire, addition of Mn and/or Sb to Ag sheath was attempted. Fig. 1.6 shows the
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decrease of critical currer g the tensile stress to wires [10]. In the case of Ag-

oMn shea ence in tensile stress up to 200 MPa was confirmed,

0.3%Sb/Ag-0.5

which competes with the toughness of NbsSn wires made by the bronze method

(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 x10%' /m? to 1.8 x10%/m? 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

which corresponds the increase of the critical current density. Up to the fluence

defec
of 9.5 x10%/m?, the increase of loop area was observed. However, after the irradiation

of fluence of 1.8x1022/m?, loop area decreased. Figure 1.8 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%/m?.

1.2.2 Bulk

Application in the form of bulk is unique to high Tec superconductors due to their high
critical temperatures. Presently, application of bulk superconductors is actively exam-
ined in many engineering fields, for instance, magnetic bearing, flywheel for energy stor-

age [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 super-

conductor is mechanically stable, and 2) magnetization of bulk superconductors can be

1.2 Recent Progress and Application of High Tc superconductor 9

larger than that of ferromagne terials. In the applications of bulk superconductors,

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

pinning force, and 3) decrease of weak links. With the current fabrication technologies,
only Y-based bulk superconductors prepared by melt-grown processes meet the require-
ments above. Therefore, main properties of Y-based bulk superconductors are introduced
in the followings

Development of melt-grown proc such as quench-melt-growth(QMG) [18] and

ses

melt-powder-melt-growth (MPMG) [19] enables to fabricate Y-based bulk superconduc-
tors which possess large pinning force and few weak links. The advantage of the method

is that; 1) it can fabricate large s

> of single crystal bulks, and 2) the pinning centers of

Y-211 phase are dispersed uniformly and finely in the sample (Y-211 phase of the 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 superconduc-

tors. Transport critical current density exceeds 3.0 x 10*A /cm? [20] gure 1.10 shows
the profile of flux density in a bulk sample measured by a hall probe. The processes of

the magnetization are as follows; 1) 3 T of flux density was applied to the sample at room

temperature, 2) the 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.




Figure 1.1: Temperature dependence of critical flux density of various high Tc supercon-

ductors
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Table 1.2: High Tc superconductors

Superconductor Te'(K)
35

La, g5 BagsCu Oy 40
Y Ba, Cuj O 95
Bij Srp Cay Citg Og 85
Bi, Sry Ca; Cuj Og 110
Tl, Ba, Ca Cu, Og 108
Tl, Ba, Cay Cuy Oy 125
133.5

BI-2122 (B // c-axis)
Bi-2223 (B // c-axis)

> m e

Y-123 (B // c-axis)

>

Y-123 (B // ab-plane)

& Bi;03 Mixing
. / PbO 3

SrCO; ¢ Sintering
4

CaCOs
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Temperature (K)

Hg Bay Cay Cuz Ogys

‘Sldckmg

Drawing

Figure 1.2: Processing technologies for silver-sheathed oxide superconducting wires

(powder-in-tube method).
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YBaCuO Loy
Laser Ablation

YBaCuO
Sputtering

BiSrCaCuO Wire
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Figure 1.3: Critical current density of oxide superconducting films and wires.
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Figure 1.4: Critical current d

sity of Bi-2223 superconducting wires at 4.2 K and 20 K.
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Figure 1.5: Bending strain characteristics of multi-filamenary B-

wire.
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Figure 1.6: Tensile stress tolerance of critical current at 77 K
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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 prepa-
ration of the discussion, the electromagnetic properties of superconductors 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 addressed as follows
e Zero resistance to steady current flow
e Exclusion of magnetic flux lines at low fields
e 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.
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2.1.1 Type I and Type II Superconducto

agnetic

S | as either Type I or Type II due to their m
property \terials are often the pure metals and have low values of the critical M
magnetic field, resulting in low critical current. The magnetization of Type I materials ¥
% ' ; Type 1
: < ; g g S S| 4
is shown in Fig. 2.1; when the external magnetic field is below the critical magnetic field = | /
N
H., they exhibit perfect diamagnetism so-called Meissner effect, as E;J
o
]
=

M=<H,. (2.1)

Her He
External field

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

or NbsSn, or the high Te superconducting oxides such as YBCO or BSSCO, which are able

tion of superconductor

to carry very high current density in high transverse mag etic fields without becoming . . s
y hig - g gn fi 0 € & Figure 2.1: Magnetiza

normal. As is shown in Fig.2.1, there exist two values of the critical magnetic field:
the lower critical magnetic field H,, and the upper critical magnetic field He At lower

magnetic fields than H,, Type Il materials also behave as a Type I material with complete

flux exclusion. However, above H,; and below H the flux can partially penetrates the

This state is called the

material, thereby creating normal and superconducting region.

mixed state and its microscopic structure rawn in Fig.2.2.

do not exist Type I nor Type II superconducting materials available today which have

enough large H, or Hy, respectively, 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, flux-bearing regions to subdivide un-

s through, like a tube, in the otherwise superconducting N - ¢
g I Figure 2.2: Mix state of type II superconductor

til a single fluxoid quantum pas
sample. The tube of flux is called a filament or vortex. This is type II superconductivity,

2)

also called the mixed state or vortex state (Fig
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te, the filament act tiny bar magnets and repel each other. In

In the mi

, centers, the net repulsion energy is minimized when the

the absence of filament

1 array, a flux lattice. However, pinning of the

filaments form a close-p:

and is preferable for technological application

filaments often occ

2.1.3 Flux Flow and Critical Current Density

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,

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

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

transition current to the flux flow state is called a critical current density, J.

2.1.4 Critical State Model

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

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

o
)

JB = F,(B) e

where F), is the maximum value that a pinning force can attain. This state is called the

critical state

Concerning Fj, in eq. (2.2), some models have been proposed. Here, we introduce

three models, the Bean model, the Kim model and the Yasukochi model.
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Bean model [21

J is assumed to have a constant value,

The critical current densit)

where Jy is a constant. In this model it is assumed that Fy,(B) is proportional to

B.
2. Kim model |
Kim et al. proposed an empirical relation, which fits to many experimental results,
e (24)
B+ By’ N
where By and J/, are constants. The equation corresponds to Bean model when
B < By. And it means that F, = const. when B >> B.
3. Yasukochi model [23]

In this model, the dependence of J. on B is expressed as

1!
0 (2.5)

where J/j is the critical current density when B =1 T.
2.1.5 E-J constitutive relation

When the fluxoids moves in the magnetic flux density B, with velocity v, the following

rielded,

speed electromotive force E is y
E=Bxuwv. (2.6)
When the fluxiods moves in the type II superconductor, the kinetic equation is given as

v =J x B— Fy, (i

S
=

ity and F,

where 7 is the viscous coefficient for a fluxoid, J is the shielding current der

is the pinning force. The critical current density J. is defined as the maximum current
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density which does not cause the fluxoids’ movement. By substituting v = o into eq
s /e N as
J.= L (2.8)
B
By substituting eq.(2.8) to eq.(2.6), the electric field is obtained as
B? ;
B=— (0= L= (=0, (2.9)
ng ®

where py is the flux flow resistivity

2.2 Plasma Axisymmetric Instability

Elongated tokamak plasmas are susceptible to an ax ymmetric instability in which the
plasmas undergo a basically vertical motion. Since the eigenmodes have a toroidal depen-
dence exp(—ing) such instabilities are also called n = 0 modes. Here, one simple model

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

Fz=J¢ xBr
Fz=J¢ xBr

Figure 2.3: Geometry for calculating plasma positional instability.

The calculation treats the plasma as a thin (a/R, < 1) current-carrying loop of wire

embedded in an externally applied vertical field. For simplicity the effects of plasma

2.2 Plasma Axisymmetric Instability

pressure and the internal magnetic flux are neglected. The object of the calculation is to

determine the appropriate cons ts on the shape of the vertical field to provide stability
against rigid vertical and horizontal displacements. Clearly, a pure uniform vertical field
B, = B,e., B, = const., would not be adequate, since by symmetry the system would
be only neutrally stable to vertical displacements

The calculation proceeds by introducing a potential ¢(R, Z), such that the equilibrium
forces acting on the plasma are given by F(R, Z) = —V¢. Equilibrium occurs at the point
R,, Z, where Fr(R,, Z,) = Fz(R,, Z,) = 0. The condition that the plasma then be stable
to a rigid shift in either the vertical or horizontal direction is that dFz(R,, Z,)/0Z, < 0
and 0Fg(R,, Z,)/0R, < 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 flux
contained within the current loop be conserved under either plasma displacement.

For the simple model under consideration, the appropriate equilibrium potential and

the poloidal flux contained within the current loop are given by

d R
Y,(R,Z) = LI- ’27/ Bz(R',Z)R'dR' (2.10)
o

)
Here, L(R) = p,R(In(8R/a) — 2) is the external inductance associated with the toroidal
current  and By and Bp are the components of the externally applied vertical field.

lculated from ¢ can be written as

The equilibrium forces,

(2.11)
From 1 = const it hen follows that the equilibrium relation, F(R,, Z,) = 0 reduces to

Br(Rs,2Z,) = 0
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I dL

irR  dR,

Consider now stability against a rigid vertical shift. Using the fact that V x B = 0 for

(Ro, Z,)/0Z,. One finds

1l field one can easily calculate OF

the externally applied ve

JF:

(2.13)

where

: R 0B,
2 A i 2.14
(o, Ro) (nz ok ),M i)

is known as the decay index. The condition for vertical stability is thus given by

>0

This condition can easily be understood from Fig. 2.3. If the directions of the vertical
field and toroidal current are shown then (1) the vertical field produces an inward force for
toroidal equilibrium and (2) a small upward shift of the plasma gives rise to a downward

1By, which is in the direction to restore equilibrium. Thus,

J x B of magnitude :

the curvature of vertical field shown in Fig is the appropriate one for stability, and
corresponds to the condition n > 0

smmetric stability is relatively easy

In general, for circular-cross-section plasmas &
to achieve, requiring only a modest shaping of the vertical fields. The situation is more
serious for elongated tokamaks. In such configurations there is a strong tendency for
the plasma to be unstable to vertical shifts as the elongation increases. A number of
calculations which derive 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 < 1.2
can be stable to vertical shifts when no conducting wall is present. Also, with no wall
the critical elongation does not depend very strongly on g, or the current profile. If a

conducting wall is allowed even a moderate distance away, @yall/@plasma ~ 1.5—2.0 there is

2.2 Plasma Axisymmetric Instability

a substantial improvement in vertical stability. However, the necessity of such a wall in a
reactor is a disadvantage. Even more important, such a wall would certainly be resistive
on the reacto<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>