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Influence of error fields on the plasma confining field
and the plasma confinement is treated in the standpoint of
design.

In the initial breakdown phase before formation of the
closed magnetic surfaces, the vertical field properly applied
is the most important. Once the magnetic surfaces aré formed,
the non-axisymmetric error field is important. Effect of the
shell gap associated with iron core and with pulsed vertical
colls is thus studied. The formation of magnetic islands
due to the external non-axisymmetric error field is studied
with a simple model. A method of suppressing the islands by

choosing the minor periodicity is proposed.
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CHAPTER 1
INTRODUCTION
A low-beta plasma confinement by tokamek devicesl) has been one of the

most sttractive means in the thermonuclear fusion research program.
Historically, it has been studied extensively in Russia since mid-1950's.
Notwithetanding the seeming simplicity of its magnetic configuration, a
fairly long time was needed before its superiority has been approved.
Thig may be attributed to the disgnestics difficulties invcelved in this
particular devices, because of high density, high temperature of the
plasma and because of the presence of plasma current. In 1968 N.J. Peacock
et a12) from Culham lzboratory visited the Kurchatov institute where they

3) vy Thomscon

measured the electron temperature in Russian tokamek T-3
scattering of the laser light and confirmed the fermer results measured
by diamagnetic locps. Since that time, the tokamak hes attracted the
world wide interests as an cutstanding device in the low beta approach
to CTR. Shortly after this confirmation, Princeton group has determired

5

to shut down the long lasting C-stellarator experiments”’ and to convert
it to a tokamak (ST) ). It was just under these situations that JAERI
begun its activities cn the deSLgn of a tokamak (J¥T- 2)6

A stabilized confinement of the tokamak plasma is attained by the
complex magnetic field produced by the different types of coils and
gonducting shells.B’g) Cne of the imporfant characteristics of the tokamak
plasma is the axisymme‘cry.7 . However, it is practically impossible to
design devices with a complete symmetry, due to shell gaps, to the yoke
of a transfermer core and also to the misessembling of coils cr to their
current feeders. The consequence ig occurrence of the error field. Its

8,9,10)

influence on the plasma confinement had been partly studied mainly

on Stellarztor geomeitries before the design study on the JFT-2
tokamak started. However, only few worksll’lg) were available which were
useful for practical cases from designing view points. This may be due

to the circumstances that very small number of tokamaks existed in the
world except in Russiz and therefore, those works had not been
made much of on those days. Besides, geographical position of Japan had
the disadvantage of getting informations which were veiled behind the
published works. By these reasons, it was nct clear what is the allowable
limit of the error field. TFurthermore, properties of the tokamak plasma

were not well urderstcod because of diagnostics difficulties and its

_1_
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complexity even though the well-confined stsble discharge is established.

In the initial breskdown phase of the discharge, measurements might be

much more difficult, since all the plasma parameters are time-dependent

in & high electric field and atomic processes such as ionization, excitaticn
and recombination as.results of plasma-neutral and/or plasma-wall interactions
are involved.

It was under these circumstances that this work has bheen started on the
JFT-2 tokamzk in order to evaluate the allowable error field under which
the plasma can be confined throughout an entire discharge, namely, from the
plasma production phase to the confinement phase.

In the JFT-2 tokamak, following magnetic fields are energized which
can be devided into two groups. Namely, the one is the so-called "internal
field" due to the plasma current and thé other is the "external field" due
to various control windings. The latter consists of toroidal field which
is used to stabilize the plasma column, D.C. and pulsed vertical fields

- which are provided to suppress the plasma column shift, and the induction
field which is applied for the ohmic heating of the plasma. There are also
other mediums which are capable of producing magnetic field. Conducting
shells and transformer core mayAbe included in this category. Thus the
purpose of the present paper is to investigate the influence of their error
_fields oh the plasma confinement. .

The JFT-2 tokamak has been accomplished in 1972 followed by a stable
confinement of the high temperatﬁre plasma%3’14’15) The typical dimensions
of this device are, listed in Table 1.1, Figure 1.1 shows a side view of
the device with a dry evacuating system on the right hand. The upper view
is shown in Fig, 1.2 indicating positions of disgnostics ports. Fig. 1.3
shows a quarter unit of the toroidal coil-liner system mounted on the slide
base.

In Chapter 2 we treat the initial breakdown phase when the magnetic
surface has not yet been formed. In this phase, escaping field lines due
to error fields may almost determine the plasma confinement.
Every conceivable sources producing error field_s16 are evaluated
relating to the plasma confinement. .

When the plasma current rises to form magnetic surfaces, deformation
of the plasma column may be the primary interest. Chapter 3 is)devoted to

17

thig problem including influences of axisymmetric error fields * and of

shell gaps.16)

The equilibrium of the plasma is also strongly influenced by the

_2_
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leakage magnetic field from the iron core17 18) In particular, the strength

of the vertical component of the leakage magnetic field is of a great
concern, since its magnitude is gupposed to be of the samé order of the
equilibrating vertical field. Thefe were several measurements using model
iron cores6 19) However, measurements were made in the absence of the
secondary plasma current. There had been difficulties in measuring these
values in the presence of even a simulated plasma current, since azinmuthal
field due to the plasma current overwhelms the leakage field which is to be
measured,In Chapter 4, a2 method 1s presented for measuring such a leakage
magnetic field%8 Measurements are made by a special pick up coil on a
model-iron core of the JFT-2 tokamsk. The results will be applied to the
equilibrium of a shellless tokamsk.

In the presénce of a conducting shell, the situation is quite different,
because the external field ie partly shielded by the shell, and its gap
effect becomes prominent. In particular, the toroidal uniformity of the
vertical field is strongly influenced by the shell gap. In Chapter 5, these
problems are investigated and the results - are compared with the theory?O)
This mekes it possibie to determine the effective gap length.

These shell gaps also affect the uniformity of the control field. For
instance, the pulsed vertical field is strongly influenced by the presenbe
of shell gaps in association with finite conductivity of the sh91121 22)
This is due to the induction of the scakage current which flcws in the shell.
These problems are discussed in Chapter 6.

Chapter 7 is oriented to study the magnetic island formastion due to

error field in resonance with the rotational transform of magnetic lines

of forne%6 23, 24)

M.N. Rosenbluth et al?

motion of particles. Their theory is confirmed here by‘a simple analysis

The width of islands had been obtained analytically by

11,25) on the analogy of phase space mnalysis of the

which gives a physical picture more clearly. Islands which may appear due
to resonant components of the pulsed vertical field are investigated
numerically by means of following magnetic lines cf force by the R.K.G.
method and then aré.compared with the theory.

Magnetic islands formation is again discussed in Chapter 8 with =
special emphasis on the importance of mincr periodicity in the toroidal
direction?6) This periodicity, which is generally identified by the number
of shell gaps, has. a possibility of reducing resonant formations of magnetic
islands. Several examples are presented to confirm this model by numerical
calculations. Finally, Chapter 9 serves to summarize and conclude the present
work.

_3_
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Fig. 1.1 The JFT-2 tokamak (accomplished in 1972)

Aluyminum Sheli
Inner Diometer ?2096)
Thickness 30 mm

Laser Scattering

Vacuum Pumping Port (

Visible Charge-Exchange
Monochrometer Dynamic Limiter
ZEp s Y Stainless Steel Liner
L'm_'fe' jor' Rcl QA / ( Inner Diometer 6004’)
( Inner Diameter ) \ \Thickness 0.6 mm
570¢, 5009, 400¢,327¢

:

1350 |
= ol
|Observ0flon Port 350,

| [me Microwave |

Port  Yoroidal Coil
ECRH] ( Magnetic Field 15 kG)

| |
| |
5600 |

Fig, 1.2 TUpper view of the JFT-2 device and the arrangement of diagnostics

instruments.
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il

Fig. 1.3 A quarter unit of the toroidal coil and the liner mounted

on the slide base.

Toroidal Field Bt < 1,0 Wb/m2 (phase 1)
< 1.8 Wb/m’ (phase 2)
Major Radius R 90 cm
Minor Radius a 25 cm
Core Flux < 0,58 V.s
. Vertical field
Continuocus B < 350 G
dev . !
Pulse B < 160 G
. v
Shell (Aluminum)
Minor Radius b 36 cm
Thickness 3 em
Liner (Stainless Steel)
Minor Radius r 30 cm
1lin
Thickness 0,6 mm
Limiter (Molybdenum)
Minor Radius ‘ 25 c¢m, 20cm and 16.3 cm
Plasma Current < 210 kA

Table 1.1  Typical dimensions of the JFT-2 tokamak
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CHAPTER 2

ERRCR FIELD IN THE BREAKDOWN PHASEC’

§2.1 Introduction

First, we treat the case where the azimuthal field due tc a plasms
current has yet been small, and can be neglected as compared with other
external fields. Thig is particularly the caze in the initial breskdcwn
and subsequent current rising phase. We assume that intensities of the
external error fields are smell compared with toroidal field Bt' In the
presence of these error fields, mzgnetiec lines of force do noct close and
finally intersect the chamber wall after they transit along the major
circumference of the torus for mesny times. In these magnetic field con-
figurations, the behavior of the charged particles is determined in terms
of parallel and perpendicular diffusion along and across the field lines?7)
The parallel motion cf the plasma msey be ambipolar diffusion, if the mean
free path of particles is much smasller than the total length of a magnetic
line o¢of force befcre interception with the wall, while it may be determined
by the thermal velocity of particles, 1f the mean free path is of the same
order or longer than the magnetic lines of force. In the first place, in
§2.2 we discuss the effect of perturbations of the toroidal magnetic field
and investigate what kind of coil configurations would give rise to escaping
field lines t¢ the wall. In the second place, in §2.3 we describe how the
plasma loss time varies with a change of error field intensity. Section 2.4
contributes to the. estimate of constraint due to a presence of instabilitylz)
driven by the error field. In a simple toroidal field, the charged
particles are subject to charge separation across the magnetic field in

28

the vertical direction followed by & rapid ExB drift to the outside

of the torus. This problem is discussed in §2.5.

§2.2 Error Field Produced by the Toroidal Coil Configurations

First, we suppose that each toroidal coil is composed of idezl single
turn elemenfs and hence nc toroidal component of the coil current exists.
This mey correspond to the toroidal coil with numerous windings, If these
coils are placed uniformly along the torus without separation, the magnetic
field produced may be completely axisymmetric and the field lines close
in consequence.,

Next we consider the case where the number of coils is finite and

they are regularly placed in equsal separations in the toroidal direction.

_GW
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In this case, magnetic lines of fcorce near the coils become wavy due to
nonuniformity of the field intensity (See Fig._E.l). A separatrix appears

29)

which discriminates two groups of field lines.” Namely, those outside the
separatrix close locslly interinking with each coil and intersect the wall,
while those inside it return tc their criginal positicns after the transit
along the torus. This can te understood by the following conceptual experi-
ment. We choose the cylindrical coordinate system (r,é ,z) such that ¢=20
plane coincicdes with the plane of toroidal symmetry (Just s the ¢ =0
cocrdinate lies in a plane which includes one of the ceils or in a plane
halfway Dbetween two coils). FPollowing one of the typical magnetic
lines of force starting from the ® = 0 plane in both directions, we find
the trajectorieé are exactly symmetric with respect to the @ = 0 plane
because the megnetic field is symmetric. Consequently these field lines
meet at one position cn the opposite side of the torus.

With a similer consideraticn, magnetic lines of force close, even when
the magnetic field is strengthened 2t one local point by the increase of
ampere turns in one of the coils {See Pig. 2.2, where ¢ = 0 plane is chosen
to include the coil of the present concern). Also the magnetic lines of
force remain clogsed when the position of this coil is displaced along z or
r directions.

In the next place, we consider the case where the field intensities
are incressed (or decreased) by superposition of twe different coils (See
Fig. 2.3). 1In this case the plane symmetry is broken with respect to
¢ = 0. We put these coils with = separation of 7/8 (coinciding with that
of the JFT-2) znd coil currents of 281 KAT and 140.5 kAT, respectively, are
superposed on a toroidal field of 1,0 Wb/mz. These values correspond to
100% and 50% increase of the coil current in the 1.0 Wb/m2 operatiocn.
FPollowing magrnetic lines of force by the R.X.G. metheod by selecting a step
length of Ié%a times the major circumference, we aobtain a result that it
exactly returns to the original position after a transit cf the torus
within a numerical error. ©Since this is the basic property of the plane
asymmetry, one enviéages thet magnetic lines of force close whatever the
distribution of ampere turns is in a toroidal coil arrangement, provided
each coil is precisely mounted cn the ® = const. plane, This can be
equivalently applied tc the cese where positions of coils (with egual
ampere turns) are displaced in the toroidsl direction, as long as they
still remain in planes which include the axis of torcidsl symmetry.

In what follows we discuss the case where one of the ftcroidal ceils
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tilts segsinst @= const. plane (See Fig. 2.4). This situation is equiva-
lently understood by investigating the effect of a couple of coils illustrated
in Fig. 2.4b which aresuperposed on the upiform toroidal field. On the

other hand, as described above, & set of coils with opposit current directions
do not break the closed magnetic field lines as long as they are on the ¢ =
const. planes (See Fig. 2.4c). The ccils in Figs. 2.4b and 2.4c can be
deformed to the saddle coil without changing their topological nature.
Namely, the coils in Fig. 2.4b can be deformed to those in Fig. 2.4e and
those in Fig. 2.4c to those in Fig. 2.4f. The basic difference hetween
these two cases is that the current direction in one of the coils is inverse.
The consequence is that in the case of Fig. 2.4e, the traversing currents
(toroidal component cof the coil current) will double the intensity of the
transverse field generated by this part, while those in Fig. 2.4f =zre
opposite and the net effect msy be canceled. Furthermore, the megnetic
field produced by two saddle coils in Fig. 2.4e will drift the field lines
in the same direction, while thOSelin Fig. 2.4f in the opposite direction.
Numerical calculations show that after a transit along the torus the dis-
placement of a field line from the starting position is proportional to

the tilt angle € of a toroidal coll when £ ig small. It is found to be

1.5 mm per %ransit in the radial direction under the conditions cf the
toroidsl field intensity Bt = 1.0 Wb/m2, coil current Il = 281 kAT and its
tilt sngle &= 0.01. On the other hand, a set up error of each toroidal
coil may be determined by the accuracy of the kncck ping end of a couple

of holes which are drilled in the coil basement with a separation of 160 mm,
ond the +ilt angle is estimsted to be witnin &= 3.5<1077 (0.2°) radian
zgainst ¢ = const. plane. This corresponds to 0.52 mm per transit for one coil,
and the field line stays for almost 500 transits before it escapes to

the wall and can confinerthe low temperature plasma (‘*10 eV) for sufficient
time period ( ~100 msec). With these considerationg, one concludes that
most dangerous amorg the tcroidal coil misassembling is the tilt angle of
the coil which produces the torcidal component of the coil current.
Therefore, one has to investigate the effect of current feeders, rewinding
snd/or geometrical accuracy of each coil in detail and actually these
effects cannot be neglected in the present day tokamaks. We shall discuss

this problem later in view of the plasma column displacement in Chapter 3.

§2.3 Allowsble Limit of the Transverse Error Field
A mean free path of H+—H+ or e -e~ collisions with energy about 10eV is
130 m
-8 -
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; S To B cr 11 -3
when the density is 10 cm and 13 m when it is 10 cem ©. On the other
hand, the total length of the megnetic lines of force until it is intercepted

by the wall is

r
L~ 27R — ~2 ‘ 2.1
T 27TR><102 5 m ( )

in the presence of 1% transverse error field all over the torus, where rp
and R are the mincr radius arnd major radive of the plasma, respectively.
Therefore, in the case of low density plasmé such aé n~lOlO cm_3 or of
strong error field, the mean free path is much longer than the total length
of the msgnetic lines of force (*>>L) and hence, particles can escape from
the confinement .region with' their thermasl velocity. The characteristic
time of this phenomens is given by

T ~
L/vthi (2.2)

where the notation is obviocus. When the plasma denéity increases so that
it comes to satisfy the condition » € L, particle losses’may be determined
in terms of ambipclar diffusion along the magnetic lines of fofce.
TakedaEO) et al had shown in numericail éimulations thaf an initial filling
gas is almost fully ionized in.quite a short time.(fﬁgO.S me) =nd meanwhile
the e}ectron tem?erature stays around 10 ¢V. The ion sound velccity, a

characteristic velocity of the ambipolar diffusion, is estimated to be

i kT '
V. ~ [—2 < 2.9x10° cn/sec. (2.3,

s .
ml

and the plasma loss time 7, is given by

T ~ L . ) (2.4)

Until the plasma current rises to form magnetic surfaces, it is necessary
for the initially produced plasma to be effectively heated, before it

escapes. We define the fellowing quantities;

. nkT nk‘I‘e
Plasme heating time : T = — o~ —— (2.5)
b 3B 4E
Retic of error field to toroidal field : &= él (2.6)
: t

Then the total length of the magnetic lines of force L is written as

By . _
I, = ¢ —_ R 2.
rp = =z (2.7)

Therefore, the condition for the effective heating of plasma before it

_9___
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escapes to the wall is

B T, < T, (2.8)
hamely,
r_ :
ok, - Ip oy (2.9)
jB a kTe
or
a < 1 (2.10) i
nkTen kT ‘

' - 2.5volt
Assuming the plasma parameters, Te~.10 eV, n~~—1012 cm 3, E ﬁ’-_%%;E;_
z

- -
~4.5x10"7 volt/cm, rp~10 cm, n1--2x10 4 ohm-cm, we obtain

a <1.6%x107° .

In the phase I operation of the JFT-2, the toroidal field intensity is
10 kG. Therefore, the transverse field should be less than 160 Gauss.

This restriction would easily be satisfied in the normal operation of tokamaks.

§2.4 Instabilities Driven by Error Fieldlz)
In toroidal system without closed magnetic surface, Kadomtsele) has
shown a poseibility of an instability in the presence of a small

amount of error field perpendicular to the toroidal direction, If the

relative intenéity of error field b/Bt is not too small, thLe perpendicular

loss velocity is expressed by Vi~V él ags considered in the preceding

section. However, if b/Bt is much smaller, the following effect is pre-

dominant. In the presence of radial electric field, the plasme drifts iv \

the azimuthal direction with a velcecity
Vy~FP ivi/rp . (2.11)

and finally an equilibrium state is obtained owing to the parallel motion

of electrons along magnetic lines of force. When the inequality

-]

£ e < b

I'p B.t

holds, a rotation of plasma is determined by the drift velocity, The

: (2.12)
P

<

H

ions do not move appreciably along Bt during the time of omne transit in

the aszimuthal direction. However, due to a presence of centrifugel force
n.g~ n vz/r ~ I v2P2
i€ i'd" "p I

/fi, the plasma is subject to the spreading deformation
i'iip
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in the b directicn. Tons tend to escape in the perpendicular direction,
while electrons in the parallel direction. The growth velocity of this
instability is given by

Py

}grp “‘;; v, {2.13)

and the loss time is approximately given by

2 2
b _ "poPt (2.14)
KT

7D
V. P,

i'i
Again for the effective heating, a relation 7 h<< T should be valid as

previously described. This conditiocn is rewritten as

1
n Tz

2
—— < 8, 6x10 3 (in M.K.S. unit) (2.15)
r2B,E2 ' '
ot
4

Putting rp ~ 1C cm, Bt ~1C'G, ]:'}~~!J‘,.5><10_3 volt/em, T~10 eV, one obtains

a relation which mey give an upper limit of the density, namely,
-3
n< 5.1 %102 o7 (2.16)

and the corresponding confinement time T ~ 1.0 msec when the error field
b/Bt ranges between 1.2x107% and 5 x107°. Thus, if the error field is

small enough, one needs not seriously worry about this instability, since
the plasma current perhaps rises to form closed magnetic surfaces before

the density exceeds this limit.

§2.5 EXB Drift due to Charge Separation

In the initial breakdown phase where the plasma current does not
exceed Ic’ the critical current for the formation of ciosed magnetic surface
which will be discussed in Chapter 3, the magnetic configuration primarily
consists of a simple toroidal field and a swall amount of vertical field.
Therefore, electrons and ions are subject to the vertical drift due to
curvature and gradient of the toroidal field (See Fig. 2.5). Since their
directions are mutually opposite, fhey result in the build up of an

electric field caused by charge separation. Although the vertical drift

velocitysl)
L2402 342
g RO = RQ T 2R th .

is a lower order gquantity of v the resulting EX B drift velocitygz)

th’
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EXB
Ve ~'—:;;— ~ vthi (2.18)

is of the same order of v,,..
thi

Therefore, the confinement time 7T is given by

Ir Ir
T~ P2__"D

2.1
Vd  Vthi (2.19)
Under the condition 7 h < T , one cbtains
nkT
— < ’p \ (2.20)
v Vthi
or, irrespective of temperafure
2 17 : :
n < r B x8.1x10 (in M.K.S. unit) (2.21)
provided the plasma resistivity is classical.
Putting rp ~10 cm, E = 4.5% 1077 volt co * we get
n <1.7 x10% en™? | ‘ ' (2.22)

This condition appears most serious among the restraints discussed so far.
Moreover, -the drift is of an intrinsic nature of the torus irrespective to
the existence of error field, it would be required to form magnetic surfaces

very rapidly in the initisl breakdown phase.

§2.6. Concluding Remarks

.In the initial breakdown of the plasma, influence of the error field
on the plaéma confinement is studie&. The results may be.summarized as
follows.

" Firstly, the error field associated with tecroidal coil misalignment
is generated by toroidal comporent of the coil current. However, its vertical
field componént,if it ever exists, would be expected small in the
ordinary set up.using_knock'pins, and moreover, it can be compensated by

the external vertical field. The radial component, on the other hand,

' wemld make a prcblem, if its amount is large and nc compensetion field is

present.

Secondly, the allowable limit of the transverse field is estimated
for a given plasma parameters and found tc be a few percent c¢f the toroidal
field intensity. Thus it can be easily satisfied in the normal cperation

of %fokamaks. Kadomtsev's instability may nct make any serious restriction.
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Finally, the E x B drift due to charge separation requires rapid formsticn
of magnetic surfaces before the plasme density exceeds a few times 1Olocm_3.
This restriction zppears most serious, though it is nc¢t related to the
presence of error field. Thus one:may_cbnclude that the influence of the
error field on the plasma ccrfinement is negligible provided the time
varying vertical field is properly appiied.

Recently a considerable amount of data are available which make clear
the initiszl plasma parameters?g) In the very early stage of the discharge
the mean free path of electrons is, in fact, determined by cellisions with
background neutrals. In this case, the particle loss is dominated by the
diffusion across the toroidal field. The energy gain of electrons
accelerated in the electric field before they escape is dissipated by the

ionization and/or excitation of neutral particles. Influence of the error

field in this stage would be weaker.
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Fig. 2.1 Discrete toroidal coils and the magnetic lines of force in the

median plane.

Fig. 2.2 Magnetic lines of force when the
4
:> 4 current is increased in one of
‘ i the coils

CoIL T

COIL 1
Fig. 2.3 Superposition of two coils with

different ampere turns on the

uniform toroidal field.
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Fig. 2.4 One of the toroidal coils tilts against ¢ = const. plane.

Fig. 2.5 Toroidal drift of charged particles
in a simple toroidal field. The ions

drift upward while the electrons

drift downward.



very difficult to keep the above relation with time even when the vertical
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CHAPTER 3

INFLUENCE OF ERROR FIELD ON CLOSED MAGNETIC SURFACE816)
§3.1 Introduction

With an increase of plasma current, the azimuthzl magnetic field, im
combination with the toroidal field, may give rise to a sufficient reotational .
transform to form closed magnetic surfaces. We shall determine a critical
plasma current I, for this condition. We congider the case where spatially
uniform vertical field B is present. In the initial breakdown phase, the
effect of a plasma pressure can be neglected in equilibrium cf a plasma
column. Neglecting the influence of a conducting shell, one obtains a
relation necessary to keep the plasma in eguilibrium in the lowest order

approximation, namely.

(3.1)

or I
Uo

p '

21R (3.1")

~—

B
v

where Bp is the azimuthal field by the plasmz current Ip, K, is the
permeability of the vacuum. Therefore, if Bv starts to rise from zero and

is programmed in time to keep the above relation, closed magnetic surfaces
could be obtained from the beginning of a discharge. However, in most
present tokamaks such as T-3 (Kurchatov)S) ST(PPPL)5) and JFT-2 (JAERI)G)

ﬁhere no feedback control system of the vertical field is used, it may be

field is programmed to a considerable extent. As a result, a deviation of
the vertical fielcd . from eq. (B;I) remains. We zssume that By does
not change during the initial breek down phese. When the vertical field
intensity exceeds that of egq. (3.1), the plasma is formed near the inner
edge of the vacuum vessel. The condition fer the existence of a closed
magnetic surfaces is then given by

B. <B_ = “olp ' : (3.2)

v P 7
P

Assuring that Bv ~50 Gauss, rp ~ 10 cm, we find

Ip ;310 - 2.5x10" Ampere (3.3)

Thus closed magnetic surfaces can be obtained with a small plasma current
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above I,. Once they are formed, the restrictions for the error field
become lose to a considerable degree as will be discussed in the following
subsections.

In §3.2, we study the deformation of a circular magnetic surface due
to axisymmetric error field. In §3.3, the radial error field generated
by the misalignment of a set of toroidal coils is discussed in relation to
the vertical plasms shift. Section 3.4 contributes to the crude estimate

of the global effect of shell gaps on the plasma shift and deformation.

§3.2 Axisymmetric Error Field

First, we consider the influence of axisymmetric error fields originated
from variocus maénetic systems. Since the toroidicity is not intrinsic in
the deformation of magnetic surfaces, a linear model is adopted. Ag is well
known, the flux function is given by the following expressions in the lowest

order approximetion when a uniform transverse field is superposed on a typical

circular magnetic surface,

g, =8 (x*+y%) (3.4)
‘Pv = a *X

where q:p and qjv denote the flux functions of the plasma current and
vertical field, respectively, and x and y are the orthogonal coordinates.

Then the superposed magnetic surface is

P= g +‘Pv=ﬁ(x2 +y2) +ax

p
a ? 2 a’ - (3-5)
= 5(X,+5§) 8y - TR

namely, it can be obtained by a simple parallel shift of the eircular
surfaces.
Second, axisymmetric cusp type error field is considered. Near the

axis, it is expressed as

2 2
Bopsp = (X =¥ | (3.6)

Then we find

cus *
L - (3.7)

i
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Thus the superpcsed magnetic surfaces become elliptic or parabcllic
depending on the sign of l-f%. Since the latter cccurs in the case of
strong error field, we will investigate only the elliptic case. The
deformetion of megnetic surfaces is characterized by the ratio a/b, where
a and b are the mincr and major zxes of the ellipse and are written as
s g

) b = .

a+f f—a

The linear cusp field can also be expressed in terms of Bessel functions

a = (3.8)
W= ap I;l (nf) cos n# (3.9)

where P 1s the radial coordinate, 0 the azimuthal coordinate, n the number

of poles and 4 the constant. In the case of n=2, near the =xis, we get

' , ’ ~ 1 /DP.\n .
12(2P}~P , since In(nP) = 11 ﬁgﬂ with #/—~ 0O .
and
= - Egg p? cos 2 = - Egg (Xz - 2) (3 lO)
cusp 2a B 2a y ’

where Beé is the azimuthal field at ¢ = 0 and = a. On the cther hand the

flux funection for the uniform plasma current distribution is given by

B B
¢ oo =B p?. 8O (2 .2 (3.11)
P 28 2a

where Bao is the value of By at & = 0 and ¥ = a. Then 2 and F in eg. (3.8)

are related to B~ and B by
a0 €o

Bao B
—_ae —£0
— - 12
B=-=. a ~ (3.12)

and we find

2 _ |Bze
v Jlf+a

In the JPT=-2 Tokamsk, Bao is about 1 kG, while the cusp field, if it ever

Bao_Beo Beg
= /5= ~1 - 5 . (3.13)
80 eo ao

exist*), may be much smaller than the vertical contrel field which is of
the order of 10C Gause and hence the deformation of the superposed magnetic
surfaces ie much smaller than 10%. Thus the effect of cusp field is urimportant

in the JFT-2 Tckamak.

*) Sinece the magnetic configuration is plane symmetric with respect to the
median plane except for the slide base of the toroidal coils and for the
one turn feeder and its rewinding, there is scarcely a room for the
£=2 cusp field to appear. :
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In the case of £ = 2 multipcle error field, the flux functions are

given by

L P
_HMoe P _ s
Vot = 47 en{1+( o> —2(—0) cos 20 | | (3.14)

where P , indicates the position of the multipole. Near the axis f’ﬂ’o<i 1,

we may write

aBeo P 4 e 2
ot ~ - =) - 2(z 15
| ¥y S R ax, (po) cos 20 ) (3.15)
4 2
a a
| where A = 4@7—) - 4(;’) <0,
: : o o)
Then we find
¥ - qjP +lpmulti
B aB
ac 2 eo g4 P2
= - - -—) - 2 8. .16
” — LG - 2G7) cos 26) (3.16)
. 2, 2
Puttlngf)/po = X, the zbove equation is rewritten =zs
2 A Loy Bao P-4
X - (2 cos 20 - =(—=) =) x + =0 . (3.17)
2 a Beao aBeo

We assume that a radius of the magnetic surface intersecting ¢ = O and

T o a . )
g =% axis as Xl(Xl :Cpajgana §2, respectively.
[

Then the condition for EI =n° {m>1) to hold is
. 8 \2
Beo 2|(1-n")l 2-(50) )
. — = E— — (3.18)
a0 {2(l+m )-+(m ~l)(p—)} ’
0
N or in the approximation a <§PO, we find
B
. &0 (3.19)

From this expression one may easily envisage that the deformstion is in
the same order of magmitude z= that by cusp field and may be negligible

in the confinement physics.
§%.% Radial Error Field and Its Compensation

Brror field criginated from misalignment of the toroidel coils is

again important when the plasma current builds up to form closed magnetic




JAERT-M 7103

gsurfaces. The vertical component cf the error field which will shift the
plasma column in the radial directiou?4) if ever exists, can easily be
compensated by a proper choise of the vertical field intensity prepared fer
the radial equilibrium of the plasma column. The radial component, on the
other hand, will shift the plasma columr vertically. This shift could

alsc be suppressed by the radial compensation field in principle. However,
the winding for this purpose in most cases is nct prepared at  the
beginning, since the amount of the radial error field is not known until the
device is constructed. This is due to the fact that it is fairly cifficult
to know the geometry of torecidal coil winding and their feeders within |
the accuracy described in §2.2. Therefore, temporal winding are used in
many devices such as ST, ATC and JFT-2 etc. After the completion of the
JFT-2, a radial field of 10 Gauss is detected, which is compensated by
the 80 turn winding. It is also experienced that the radial field

changed by about 10 Gauss after a process of dismantle and reccnstruction

" of the toroidal coil assembly. This may well suggest that the radizl error

field is generated not by the traversing current feeder and rewinding bdut
presumably by the aécuracy of assembling. Two possible causes are considered.
Pirst, error field associated with the tilt of the toroidal coil against

® = const. plane. Second, errcr field generated due to the twist of the

coil base. For the former, we consider that one of the toroidal coil tilts
by angle ¢ with respect to ¢ = const. plane as investigated in §2.2. The
ampere turn of 281 kAT in every coiis can generate the toreidsl fielﬁ of

10 kG, As shown in §2.2, the magnetic field line shifts by0.1%¥ meter from
the sfarting posifion after a transit along the torus. This means that

the effective radial field averaged over the torus

0.15¢
C27TR

<B_ > ~ « By (3.20)

is generated. On the other hand, assuming that the mechanical accuracies
of the knock pin, holes on the coil and coil base being *0.1 mm, we

estimste a probable set up error to be

. (0.240.2+0.2)

= 3.75><10-3 radian (3.21)
160

since the separation of a couple of knock holes is 160 mm. Thus, one

obtains for the misalignment of one of the coils

0.1 75 x 1072
<B >~ 2% 3.1 x 10% = 1.0 Gauss (3.22)

¥ 27 x 0.9
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Namely, it is necessary for ten colls to tilt in producing the error field
of 10 Gauss

improbable ialthough cannct be excluded completely) for such a large number

Since each coil is set up independently, it is conceivably

of ccils cut of 16 to tilt tc their exztremes in one direction. For the
latter cause, we suspect that the gtainless steel upper base which fixes a
quarter of the coils without knock bolt in one unit is set up in a twisted
manner with respect %o the lower base. For instance, we assume that the
twist is such that the outer edge of each coil is displaced by 2 mm in the
toroidsl direction. Since the coil is 150 cm high and 40 cm wide in the

radiai direction, the effective tilt angle £ is given by

1 2

£ = '—2— Xm = 2-5)(10“3 . (3-23)

with a corresponding error field

B >,~JO.155
error onR

X lO4x 16 = 10.6 Gauss, .(3-24)

if 211 the bases tilt in the same manner. Thus in any case, it would be
probable for the amcunt of error field to vary within 10 Gauss, when the

coil assembly is dismantled.

§3.4 Bending of a Plasma Column due to Shell Gaps
Z.4.1 Plasma Column Shift due to Shel; Gaps
In this subsecticn, we briefly discuss the influence of the shell
gap on the plasma ceclumn equilibrium. In sddition to the normsal shift}7’34)
the plssma column iz exposed to the further outward shift due to the presence

of shell gaps. In the ideal shell where the influence-of the shell gap is

negligibly small, the shift @ , s expressed a534)
Yo Ergy by (1o8h(ns D))o (3.25)
b 2R a b’ 2 Bp
] £i
— S
with A= 8+ -1

, where, a is the minor radius, R is the major radius of the plasma, b is

the minor radius cf th.e'shell,.ﬂ-p is the poleidal beta, Ei is the internal -

- inductance, Bp is the ézimuthél field at r=a, and B, is the externally

applied vertical field.
In the ideal case where the width of the shell gap is negligibly

small, one chooses the external vertical field to satisfy the relation
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b b al 1
B, =B,y =Bz (In2 +Q- ;2)(,« ) (3.26)

in order to put the plasma at the center of the shell, mamely, &,= O.
In the presence of shell gaps, however, the plasma is exposed to
the outward force, since the vertical field produced by the shell is
reduced. Therefore, the plasma column shifts from the ideal equilibrium
position by § where it.finds a new equilibrium state as illustrated
in Figs. 3.1 and 3.2. We evaluate § 1in this configuration where the
outward force acts on the plasma at the gap due to the plasma hoop

force which can be compensated by the inward force from the shell (See

Fig. 3.3).

Firstly, we evaluate the aditional expanding force due to the
presence of shell gaps. It is composed of a couple of forces, that is,

one by the magnetic pressure Fm and the other by the plasma pressure

F
P
(3.27)

with
B2
F =fj —E- rd6Rde
7/ on
: 2

Bro defem
e ROrJO‘[ (1-2ecosf)cos 6 (1+ — cos 0)d fde

R
2#0 o

It

5 2
Bpo

= ge. == r.g (3.28)

2K,

and .
. faipfm
Fp = I prdf d.sf’ = pOROr ) J, cos 6 (1+ ecos6)dbdy

=7me PTg (3.29)

where Py = nkT, €= ﬁ% and g is the gap distance. Therefore F is written es

' BZO .
(p,, +;P;)7T6r-g | (3.30)

F
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On the other hand, the compensation force due to the plasma shift

is evaluated as follows;

The external field necessary for the equilibrium is written as

b b a2 1 5
=B . =(2 b _ & Ly _2y.8 3.31)
B, = By g (Ing + (1 22 YA +35)) -5 )8 (

provided that g is small enough as compared with 27R. The increment of

the inward force due to the shift ¢ is then given by

2R I B &
F = 21R Ip( Bvl - sz) = —Lp———b (3.32)
Combining eqs.{3.30) and (3.32), one obtains
E§§ 27R I_B 8
( po + zuo)'n‘erg = b . (3-33)
Using a relation Ip = Zﬂr-BPO /uo, we find
§ _ eg
b ~“8m LFTE)

namely 8 is proportional to the total gap length. Putting the JFT-2
*

dimensions for instance, € = 1/3.6, g/2mR = 20/140 )BB- 1, and

b = 36 cm, we find

§ =0,02b ~ 0.7 cm (3.35)

However, one can be optimistiec on this ﬁroblem, because the plasma
shift can also be compensated simply by increasing the vertical field

of the order

AR~ %-B ~  0,02. B . - (3.36)
P

3.4.2 Local Bending c¢f the Plasma Column

In the preceding subsection, we consider the plasma column as a rigid

*) This value is increased if cne uses the effeciive gap length which will

be discussed in Chapter 5.
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_ body. [However, the plasma.may be subject.tc .2 loesl exparding force at

the shell gap due tc the plasma pressure anc the magretic pressure, because
there are no counter force present at this pesition. ..Thus, the purpose of
this subsection is té estinate the local bencing of the plasmez column rear
the shell gapl"Besidéé the well kgown:défOrmétién of ‘megretie surfsces due
to islands férmation?fl6’24> thereﬁmay hiave ancother pegsibility of local
deformation. We assume that the plasma is frozen in the toroidal megnetic
field and that the bending of the plasma is asscciated with that of toreidsl
magnetic field, In the ildeal configuration without shell gzps, the fénsion
on a torcidal flux is given by
2
B _
By = 210 LA | (3.37)

where the notation is obvicus. This force is balanced with the radial
pressure, Near the gap, the expanding force is added which results
in a local deformztion shown in Fig. 3.4. The motive force originating
from the radial pressure difference of the magnetic field at both sides cf
the plasma at the gap, is approximated by eq. (3.31). The counter force
which will be balanced with this force is the radial component of the
tension by the toroidal magnetic field., A simplified model is adopted

where X determines the amount of deformation. For the force balance,

2 Fi-sin X = F (3.38)
B¢ B’
: T —— s 2 [ad _EC_)
with Fy Zﬂb Tr and F (po +2#o)7rsrg
Then we find
_ 8 ¢ (3.39)
il — e— + Ld
v (1 ﬁp)

Putting the JFT-2 dimensions

1
~ = —— ~ 2 and
1, ¢ 3.6 ’ q 8

H |
il
—

one finds
44: ' -3 . ¢ ‘
' ¥ ~5.36 x107° radian ~ 0.31 (%.40)
which is a negligibly smaell amount. Thus it may be concluded that the
bending of the magnetic field line due to the presence of shell gaps can

be neglected and that fhe-plasma column can be regarded as a rigid body

in the fcrce balance eguation.
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§3.5 Concluding Remsrks
Global effect of the error field on the plasma column deformation is

studied when closed magnetic surfaces are formed. Deformation of the

circular magnetic surface in the presence of azxisymmetric cusp or multipole

field is fairly small sven when its intensity is considerably large.
Roughly, the elongation of the circular maghetic surface is given by the

ratio of the error field tc the azimuthal field by the plasma current.

Generation of the radial error field due to torcidal coil misalignment

is invesfigzted in some detail. The experience in the JFT-2 suggests the

possible source for the change of error field intensities after the process

of assembling. A slight twist of the coil basements may be the primary
cauge, but a poésibility of coil tilt with respect fto toroidal axis may
not be completely excluded because it is s%ill within the accuracy of
knock pins. However, it could be decreased by elongating the separation
distance between knock pins.

A local bending of the plasma column due to shell gaps is roughly
estimated with an indication that this effect is very weak and that the
plasma can be treated like = rigid body. The further ocutwsrd shift of
the plasma due to shell gaps, however, cannot be neglected. It is found
to be proportional to the gap length and is easily

compensated by the additional vertical field.
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Fig. 3.1 The outward shift of the plasma in
equilibrium due to the toroidal effect,
where a is the minor radius of the
plasma, b is the minor radius of the
shell, and &3 is the plasma shift

from the axis of the shell,

g. 3.2 Further shift of the plasma column due to
the presence of shell gaps. The center
of the plasma column is displaced from

the center of the shell by 6 + 8o .

Fig. 3.3 Equilibrium obtained by the inward force
at the shell and the outward force at

the gap.
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Shell Gap

Sketch of the force balance in connection with the local bending
of the plasma column. The residual outward force F is balanced

by the inward force F@in x which is generated by the bending

of toroidal field.
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CHAPTER 4

LEAKAGE MAGNETIC FIELLC ASSOCIATED WITH AN IRCN CORElB)
§2.1 Introduction

Measurements cf the leakage magnetic field from an iron core in
tokamak devices in the presence of both primary coil current and secondary
plasme current has not been reported so far. The reason seems to lie in
the fact that the strength of the magnetic field produced py the plasma
current is one or two orders of mazgnitude greater than that of leaksge

17)

field to be measured so that it is difficult t¢ measure the latter
separately from the former with a good accuracy.

The leakage field, however, is impcrtant in its effect on the dis-

placement of plasma columnl7’34) and on the formation of islands in magnetic
surfaces?’l;’ls) The generation of the leakage field may be attributed to

the following three sources.,

(1) The primary winding current in the absence of the core

(2) The core magnetized by the primary current
and

(3) The core magnetized by the plasma current.
The leakage mazgnetic field to be measured is the superposition of these
three domponenﬁs. Thé source (3) was examined to some extent17 , but the
model adopted ;eems to be inappropriate for practical use. For instancé,
the theory considers neither non-axisymmetry due to the yokes nor infinite
‘permeability of the iron core. Of course, there are some measurements
in the absence of a secondary current6’19)
obtained related to the sources (1) and (2). However, we do not know

how it varies in the presence of the secondary current because of the

and some informations are

spacial variety of the magnetic permeability in the iron core. On the other
hand, the scaling law éf ampere turns NI, megnetic field sfrength B and
selfi or mutual- inductance £ in magnetic systems which have different
sizes but the same geometrical configuration can easily be deduced from
Mazwell's eduations. Nemely, relations NI®¢ BL and £ < I hold. Hence,
we can scale the leskage magnetic fiéld'including the effect (3) at the
. position of the plasma column, if we measure it on some model with a
simulated plasma current.

Although magnitude of the leakage field in such a configuration is
very large, usual tokamsk devices are equipped with conducting shells which

plays role of shielding against external leskage field to influence on
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34) 7)

the plasme equilibrium: However, as far as the shellless tokamakl with
the iron core is concerned, the plasma is direqtly influenced by this field.
Therefcore, it is very important to-obtain informations about strength and
vniformity of the leakage field.

I+t will be shown later that a direction of this field is the same as
that of the usual vertical field necessary for the plasma equilibrium, and
hence this field can be utilized as one of the equilibrating field of the
plasme column. It will be alsc shown that its strength is somewhat weaker

than what is necessary.

§4.2 Method of Measurements

A ring conductor with 2 small cross section is substituted for the
plasna. It serves as one turn secondary winding of the transformer. The
ring is made such that the current can be fed through a coaxial feeder and is
alsc induced by excitation of the primary winding.

At first, in the sbsence of the core, a current is fed through a
coaxial feeder from an external capacitor bank. Since the cross section
of the ring conductor is very smell, the current flowing through it can be
approximeted by a line current. Therefore, magnetic surfaces can easily
be calculated.

A special form of pick up coils is chosen to eliminate the influence
of the magnetic field produced by the ring current as shown in Figs. 4.1
and 4.2, with its radiszl ends coinciding with the intersection of one of
the magnetic surfaces with the median plane. In this configuration, a

signal to necise ratic of this pick up coil system is expressed by

(DS _ <Bv's>

- (4.1)
Py <B,.45>

where Bv is the vertical field of the present concern, Bp is the azimuthal
field by the simulated plasme current, 5 and 45 is the effective area of
the pick up coil for B, and By, respectively. Note that 45 is much smeller
than S beéause 45 s only a result of misassembling of the pick up coil.
Therefore, it is easy tc set the pick up coil suck that S/ 45 210° can be
satisfied. Thﬁs one can messure QJS within an error of 1-10%, if B, ranges

between 10 to 1% of the azimuthal field B Although the radial positions

pe
4 and B in Fig. 4.1 can easily be calculated in the case of lirne current,

they do not meet with actuszl intersection positions. Therefore, we fix the
redial position of the pick up coil experimentally by moving and adjusting

it mirutely urtil the magnitude of the magnetic flux picked up by this coil
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becomes smeller than a critical value (See Fig. 4.2). This value in turn
is determined from the required accuracy of the measurement.

In the next place, we assemble the ring conductor and pick up coil
system with the above accuracy in the presence of the core (See Fig. 4.3).
The ring conductor is short-circuited electrically, and the current. is
induced by excitation of the primary winding. Thus we can measure the
leakage field averaged over the pick up coil area in the presence of

simulated plasma current.

§4.3 Apparatus

The ring conductor which is a substitution for the plasma is made of
a single turn copper ring of 8 mm in minor diameter and 36 cm in major
diameter. A coaxial current feeder 40 cm long is attached to this ring
in order to minimize the influence of error field by the feeder (See Fig.
4.2). The ring conductor is fixed to a base which can be disassembled into
two parts'and reconstructable in the median plane within an error of 0.1
mm by knock pins. '

Bach pick up coil is made of ten turns with a form shown in Fig. 4.2%)
It can also be fixed to the base. Once the positions c¢f its radial ends
are adjusted experimentally on a magnetic surface, they can be reproduced
within an error of +0.1 mm by knock pins after disassembling. Eight pick
up coils are used, and are set up in the toroidal direction.

The size of the transformer core is just 1/5 of that of JFT-2 and its
material is also the same as used in the JFT-2 (See Fig. 4.6).

In determiniﬁg the radial positiorn of pick up coils, the following
electric circuit is used toc feed half sinusoidal wave current (Fig. 4.4).
The externsl inductance is inserted in addition to the ring inductance to
adjust the current period to that in the presence of the ccre. Since the
frequency dependence of.the permeability of the core is rather generous,
our experiments are made in the higher frequency renge than the JFT-2
operation.

In the presence of the core no exiernal inductance is used as shown
in Fig. 4.4. |

Under these experimental conditions, the resistance of the ring

conductor does not matter since primsry and ring currents are almcst out

*) When the ring conductor is placed at the very center of the plasme
coiumn, magnetic surfaces are not concentric due to the toroidal effect.
They are displaced towards outside of the torus.

_30‘._ .
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of phzse. Experiments sre made in less than saturation of the core, and
hence, a lirear scaling can hold with respect to the ampere turns and the

strength of the magnetic fileld.

84,4 Experimental Results

Firstly, the primary winding and the ring conductor are set up without
the iron core. The leaksge magnetic field of this system is compared with
thecse of other configurations. We may call it as "leskage magnetic field
in the air core"™ in correspondence with (l) mentioned in §4.l. The vertilcsal
component of this field decreases with radius as illustrated in Fig. 4.5.
Now we define an averasge magnetic field over the area of the pick up coil
by <B> =S Bds/'f dS. When scaled to the JPT-2 tokamak, it is approximately
equal to <B>™ é.4 Gauss/100 kA in the case of air core. This measured
value is consistent with that obtained by numerical calculaticn.

Secondly, the experimental results in the presence of the iron core
show <B > ~ 172 Gauss/100 kA , which corresponds about eighteen times
larger than that of air core,

In splite of the double yokes of the iron core which seem to¢ destroy
the toroidal symmetry of the system, the leakage magnetic field is uniform
in the toroidal direction within an experimental error, when the primary
winding is located at the necks of the core leg as shown in Fig. 4.6a.
However, when it is wound at the middle of yokes as in Fig. 4.6b, a strong
non-uynifermity appears and moreover, the absclute intensity of the leakage
field increases (See Fig, 4.7).

A level of the leakage field is increased by about 34%, when the
shielding plate is inserted which makes the radial distribution of the
leakage field uniform. Tts level Becomes <B>» = 230 Gauss/lOO kA .

When the magnitude of the secondary current is fixed, the ratio of
the magnetic field by the ring current to that by the iron core with
primary winding is less than 0.02, and this is the accuracy of the above

mentioned data.

§4.5 Discussion and Concluding Remarks

Under the experimental conditions the half period of the current is
about 0.8 msec which corresponds to the copper skin deapth of 2.6 mm and
is smaller than the minor radius of the ring conductcr. Therefore, the
current distribution in it must show a strong skin effect. Considering

the fact that the magnetic field strength is larger at the inner gide
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surface of the ring conductcr than the outer, the skin current distribution
is scmewhat emphasized at the inner side. The above mentioned experimental
results sppears to be based on the fact that the current distribution in
the ring conductor are not different between the two cases, that is, with
and without the core. However, even if there exists any difference, it
is nothing serious. The reascn is that the current distribution is also
a superposition of the two kinds. The one is the same as that of seconcdary
current of air core, and the other is due to the leakage field. The
former deoes not effect on the measurement, and the latter deces on the
measurement, but it is Just what is wanted.

Strength of the vertical field necessary for the plasma equilibrium
has been obtained independently Dby S. YoshikawagS) and V.D. Shafranov?4)

In the absence of the shell it is written as

I 8R 2mrcal
By = —B(1p—-2, 8Ly, 2F (4.2)

, where R and a are the major and the minor radii of the plasna, Ip is
the plasma current, p is the plasma kinetic pressure and”gi_is an internal

inductance of the plasma current, respectively. When the contribution by

a plasma kinetic pressure is neglected, substitution of the JFT-Z parameters,

R=90 cm, =25 cm and £ =1.5, for example, gives

B, = 288 Gauss/100 k& {4.73)

However, experimental results show that the leskage vertical field is

<By, > = 230 Gauss/100 ki (4.4)

17)

On the other hand V.S. Mukhovatov snd V.D. Shafranov have calculated

the force of attraction on the currént—fIOWing ring by the core. Effective
vertiecal field can be deduced from the force F¢ described in their article,
namely Bv is calculated toc be

F
B, = ———— = 280 Gauss/100 kA . (4.5)

v T
27rRIp

The differenée between these two wvalues of 230 and 28C Gauss may be due to
the fact that the model taken by them does not represent the actuzal
situation. Firstly, an infinite cylinder of the core and infinite
permeability are assuméd. Secondly, the effect of the magnetization by
the primary winding is not considered.

The experimental results seem toc show that the destruction of the -
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toroidal symmetry by the. iron core is not serious as long as the primary
winding ie placed properly but that by the primary winding may cause an
trouklescme preblem, It appears that the fruitful way in obtaining a
toroidally uniform leakage field is to use gxisymmetric winding. However,
s precise conclusion mey be postponed until detailed experiments fer
various models will be made. _

Now, it is revealed that the displacement of the plasma column may be
determined not only by an externally excited transverse field, but also by
the leakage or the error field in the presence of iron core. Especially
in shellless tokamaks, the leskage field plays an important rcle because
of its intensity.

These discuésions do not apply to the tokamak with conducting shells.
Narmely, the shell'prevents the leakage field from affecting the plasma, and
instead it makes vertical field by itself which suppress the plasma shift.
From thie point of view, similar measurements are made tc know the
absolute value, the toroidal uniformity and the radial distribution of
the leakage field on the JFT-Z tokamsk device with the shell, This problem

will be discussed in Chapter 5, which follows.

- 33—
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Fig. 4.4 Electric circuits used in the experiments. In the absence of the
core, the ring current is fed through the coaxial feeder (a),
whereas in the presence of the core the ring current is induced
through the iron core (b). An external inductance is added in

the case (a) to make the current period likewise in both cases.
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CHAPTER 5
EFFECT OF THE COKDUCTING SHELL AND ITS GAP ON GENERATION
OF THE VERTICAL MAGNETIC FTELD IN TOKAMAKS

§5.1 Introduction

The equilibrium of the plasma in tokamak devices with an electrically
conducting shell is obtained by the verticel magnetic field generated by
the eddy currenz)fIOWing on a surface layer of the shell and by the
3

external coilss
In usual tokamak devices?’S’IB) an electrically conducting shell takes
an impoftant role in creating most of the vertical field necessary for the
plasma equilibrium and the residual vertical field is generated by the
external coils. However, the shell should have at least one gap along the
torus in order to induce an electric field on the plasma. The gap destroys
the toroidal uniformity of the verticel field because the image current is
prevented to flow along the torus at the gap. Although such a nenuniformity
can be reduced simply by making the length of the shell gap infinitesimally

small, evacuation system and plasma diagnostics demand an appropriate
length of the shell gap in actual devices.

On the other hand, both theory17) 18)

that the leakage field from the iron core has the same order of magnitude

and recent experiments predict
of the equilibrating magnetic field of a plasma. Therefore, the leakage
field may be expected to help in compensating the reduced vertical field
near the shell gap. Some theoretical works have been performed with
respect to-the influences of the shell gap and the iron core under some
approximations%7’35) but few experimental works have been reported.

In designing a teroidal device with a small aspect ratio, more attention
should be paid to the influence of the shell gap. From this view peint,
distributions of the vertical fields near the shell gap are measured for
the JPT-2 tokamsk device by using a special pick up coil which is principally
the same as described in the preceding chapterj.’8 The results zre compared
with approximate theories developed by V.S. Mukhovatov and V.D. Shafranov%7)
Although meaéurements are carried out in the JFT-2 device, characteristics

of the effect of the shell gap is not specific toc the JFT-2.
§5.2 Method of Measurement
The configuration of the aluminum shell of the JFT-2 is shown in Fig.

5.1. A shell cap 7.35 cm wide can be attached to the shell to decrease
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the gap length. An alumirum ring conductor 2.5 cm in minor radius and
90 cm in masjor radius is applied to simulate a‘plasma current (Fig. 5.2).
The ring conductor consists of four parts which can be disassembled and
reconstructed witkin sn accurzcy of 0.1 cm about the major radius. It is
supported by eight rollers at the shell gaps and is movable around the
torus., On one of the parts,a coaxial current feeder is equipped so that
the currert may be fed directly or induced by interlinkage with the iron
care.,

A specially arranged pick up coil is usged to measure the vertical
fields except the field generated by the plasma current. The pick up ceil

made of thirty furns on an ivsulator plate is attached to the ring conductor

ir a median plane so that its radial ends may coincide with the intersection

of a magnetic flux line by the ring current. By this method, the pick up
coil is irsensitive to the field by the ring current. Such an arrangement
is made experimentally in the presence of only the ring conductor by
adjusting the radial position of tﬂe pick up coil until the magnetic flux
picked up becomes smaller than some critical value. This critical value
is determined from the required zccuracy of the measurement cf +2%. After
the adjustment, the pick up coil is fixed to the ring conductor (Fig. 5.2)

which is driven around the torus to measure the toroidal distribution of

Vthe vertical field.

In the first place, the effect of the shell gap is investigated.
Four parts of the shell are assembled in the absence of the iron core just
as shown in Fig. 5.1, and the current of about 20 kA is fed to the ring
conductor which is set at the axis of the shell through the coaxial feeder
from the capacitor bank. An externsl inductance is used to make the
sinusoidal wave current of a half period of 15 msec. The effect of the
shell cap is also investigated by attaching to and removing from the shell.
In the second place, the iron core is introduced to the system and
the effect of the leakage magnetic field from the iron core is investigated.
In this case, the ring conductor is electricszlly shorted and the current
of 20 kA is induced by exéitation of the primary winding of the current
transformer. Thus the leaksge magnetic field from the iron core entering
through the shell gap is superposed to that by the shell in actual configu-
rations. The intensity of the leakage field from the iron core is also |

measured separately in the absence of the shell.
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95.3 Experimental Resulis

L toroidal distribution of the werticsl magnetic field by the shell is
investigated by setting up the ring conducter at the axis of the shell.
The distribution of the field averaged cver the ares of the pilck up coil
is measured in a range which covers a gquarter of the torus. The results
are shown in Fig. 5.3, in which the field intensity is normalized by the
ring current at the respective time. Though the width of the shell gap
is only 10.5 cm in this case, the effect of the gap extends as far as the
central part of the shell, This figure alsc shows & relaxation cf the skin
effect of the vertical field due to the finite electrical conductivity of
the shell. However, the curve at t =2 msec after initiation cf the
sinusoidal c¢oil current may be much the same distribution as & superconduct-
ing shell gives, since the time scale in cbservation is much shorter than
the shortest characteristic skin time of 10 msec which is estimsted by the

relation T = (4780 /c2)(€/2)° in Gaussian unit, where £ is the magnetic

- permeability, ¢ is the electrical conductivity and £ is the thickness of

the shell. Therefore the non-uniformity of the toroidal distribufion shown
at t=2 msec in Fig; 5.% is not due to the finite conductivity of the
aluminum shell but intrinsically due to the geometrical structure of the
shell.

The effect of the shell cap is also investigated. The results are
shown in Fig; 5.4 in comparison with the case without shell cap, indicating
a slight improvement of the uniformity by the shell cap.

' In the next place, the iron core is introduced in this system to
evaluate the effect of the leaksge field from the iron core. The results
are shown.in Fig. 5.5 which indicates that the intensity of the vertical

field increases about 25% near the center of the shell and 170% at the

_ gap. The valley in the toroidzal distribution of the vertical field by the

shell is almost buried and its uniformity is improved to about 10%. Fraction

of the leakage field is obtained by subtracting the contribution by the

-.shell from the measured field in the presence of both iron core and shell.

The field thus cbtained is indicated with a broken line in Fig. 5.5. For

the same reason as mentionéd above, i.e., the time interval of 2 msec after

the initiation of sinuscidal coil current is shorter than any characterisfic
skin time; the leakage fieldidgtected inside the shell is caused by the
bending of field lines at the éa?. Namely, only a geometricsl configuraticn
of the éhell and its gap ié rredomingnt in this time scale.

The absolute intensity of the leakage field from the iron core without
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shell is alsoc measured and is revealed to be 225 Gauss/100 kA irrespective
of the toroidal position (See Fig. 5.5). In fhese measurements experimental
conditicns are chosen such that the magnetic flux density in the iron core
may be lower than the ssturation level. Therefore, the intensity of the
leakage field is proportionsl to the ring current, as proved in the model
experiment}g)

In the full assembly of the system, where present are the condu&fing
shell, the iron core,‘pfimary ccils shielding plates and the simulated
plasmpa ring, the vertical component of the leskage field far apart from
the plasma region is measured by the usual magnetic probes. Urlike former
measurements, this is possible, since the azimuthal field by the plasma
current does not disturb the measurement because of its rapid decrease
with the distance. The purpose of this measurement is to serve data for
the installation of diagncstic instruments and to get an idea of absorption
of the leakage flux by the yoke. The results are shown in Fig. 5.6 in
which a couple of directions are chosen, one in the direction beside the
yoke, and the other nearly perpendicular to it. Azimuthal field by the

plasma current 1s calculated for comparison.

85.4 Discuseion

Experiments described in the preceding section are performed by
substituting an alminum ring of 2.5 em in miror diameter for a corresponding
rlasma of 50 cm in minor diameter and 18€ e¢m in major diameter. It is zlso
noted that measurements have been made in' a time much shorter than the skin
time of the conducting shell, and therefore, the results can be compared

17) in which the shell is assumed to be superconducting.

with the theory
Firstly, we derive a theoretical intensity of the vertical magnetic

field generated by the superconducting shell with an infinitesimally

narrow gap and then compare it with the experiment. Secondly, using these

results we derive effective gap length which are also compsred with the

theory.
I+ is well known that the vertical field necessary for the ecuilibrium
of the plasma column is given'as%T)'
Ip 8R 1
By = = (1n 22 + A - =) (5.1)
cR & 2

where'Ip is the plasma current, c¢ is the velocity of light, a is the mincr
radius, R is the major radius of the plasma cclumn, and /\ is related to

the internsl inductance of the plasmafi and the poloidal beta !jp by =
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relation A = Bp+£i/2‘l‘

When the plasme columr is surrounded by an ideally conducting shell

with infinitesimally narrow gaps, vertical field B is produced by

v shell
the image current of the plasma current. This field is nct sufficient to

keep the plasma column in equilibrium zt the center of the shell and

consequently, it is necessary to apply an additional vertical field BV wdd

given byl7)

2

I o
B, aaq = E% {1n ;-+(1-%?)(/\+—%)} . (5.2)

T s . _ ]
hen from the equilibrium relation, Bv shell_+Bv ada Bv, we have

I . B8R &2 1
_ B fn —-1) += —_
Bv shell ™ R {( " b )+b (/\+ 2)} (5'3)

where b is the minor radius of the shell. Although eq. (5.3) is obtained
by using relations which are originally derived for the equilibrium of the
plasma, it can also be applicable to the ring conductor by putting ;3P = Q.
Now we substitute the dimensions of the JFT-2 shell and the simulated
plasms current, i.e., R=90 cm, b=3%6 cm, a=1.25 cm and ﬂsz, then we get
€n 8R/b-1=1.99 and a2/b2=0.005. Therefore the second term in the brackets
in eq. (5.%) is negligible compared with the first term, since (A+0.5) is
of the order of unity. Thus, in this case, BV <hell should amount to 220
Gauss/100 kA.

On the contrary, the experimental result gives only 180 Gauss/100 kA

even at the central part of the shell. This discrepancy seems to be mainly

due to the effect of the shell gap, as is seen from the toroidal distribution

of the vertical field by the sheil (See Fig. 5.5).

These results will in turn determine the effective gap length as
follows.

When we consider the effect of the shell gap, the field intensity
averaged over the toroidal angle is important because this component leads
to the displacement of the plasma as a whole. V.3. Mukhovatov and
V.D. Shafranov have calculated the average intensity of the vertical
field in the'presence of the =hell gaf in terms of the effective gap
length, The magnetic field inside the shell is generated either by
external or by internal source. According to their expression, the field
intensity inside the shell averaged along the toroid hei generated by the

external source is connected with its field intensity hgi in the absence

of the shell by the following relation”)
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L |
hoo=—2 0 (5.4)
_el omR \

where N is the number of the shell gaps around the tcrus and is egual tc 4
in our case. The effective gap length ¢ off iz defined by
Th
8 o= (5.5)
eff fn(otb/h) ‘
where o is a coefficient of the order unity and 2h is an actual gap length.

The enhancement factor ‘Seff/zh versus actual gap length is shown in

Fig. (5.7) for the dimension cf the JFT-2. Since we now know the experimental-

1y obtained leakage field from the iron core in the absence of the shell and

its distribution along the torus inside the shell, we can determine an

effective gap length ¢ exp by the relation

'R fBind¢
exp 2 J‘Bcoredqj

, where Bcore is the leakage magnetic field in the absence of the shell,

(5.6)

B.n is its fraction inside the shell given by the brcken line in Fig. 5.5
and the integration in eq. (5.6) is performed from —450 to 450 with respect
to the toroidal angle ® . For the present case, we obtain 8 oxp = 50 cm.
Such a consideration is also applicable to the vertical field generated by
the shell. However, in this case we do not know the experimental value of
the field intensity produced by the shell without gaps. Therefore we may
use the theoretical value given by eq. (5.3). Using this value for Bcore
and the difference between theoretical and experimental values in Fig. 5.5
for Bin’ we obtain 3exp=51 cm in the case of a small gap length, i.e.,
with the shell cap, and Sexp=6l e without the shell cap.

These results are also shown in Fig. 5.7 in comparison with the theory.
It is to be notéd that in the case of the narrow gap, the theory is in good
agreement with the experiment, while in the case of a wide gap, the theory
overeatimates the effective gap length by a factor of two.

On the other hand as mentioned in the preceding section, the weakened
field by the shell due to the presence of shell gap is almost compensated
by the leékage field from the iron core. DMcreover, since its average
intensity is =o close to that given by eq. (5.3), the effect of the shell
gap is not significant in thé JFT=2 tokamak. However, it shculd zlso be
noted that this is only =z coincidence because the leakage field from the
iron core may change with a different geometrical configuration of the

iron core and the primery winding. Therefore, it may ncot be applied to
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36 ) 5)

other tokameks such as Oak Ridge ORMAK or Princeton ST”’ which have
primary windings at different positions.

Concerning the leakage field far from the plasma position, one finds
that the level is increased by a factor of 2.5-4 in the directicn apart
from the yoke as compared with that of plasma current. However, it is
significantly reduced due to absorption cf the leakage flux by the yoke

and this effect covers g fairly wide range of distance. These results

‘suggests a method of diminishing leakage field in the design of future

37,38,39)

devices where the diagnostic environment may be more severe.
§5.5 Conclusion

The effect of the shell gap'on the vertical magnetic fieid inside the
shell is investigated experimentally on the JFT-2 device. It is revealed
that the effect of the shell gap extends as far as the central part of the
shell and that the experimentally determined effective gap length is in
goed agréement with the approximate theory by V.S5. Mukhovatov and V.D.
Shafranovl7 for a gap width of about 10 cm, while there exists a difference
by a factor of two for a gap length of about 2% cm. It should be also
emphasized that the leakage magnetic field from the iron core plays an
important role in compensating gap effect and as a result, the total vertical
field is coincidentally just sround the theoretical amcunt of the ideal shell
without gaps, and its toroidal distribution approaches uniform.

The most significant effect which is remained unsolved is the scaling
of these results with respect to the minor radiuvs of the plasma., Namely,
both theories and.experiments so far have been concerned with the plasma
with an infinitesimaslly smell cross section. A plasma with larger cross
dection and high electrical conductivity may be expected tc decrease the
gap effect, since such a plasma will prevent the perturbed field from

extending to the inside of the shell.
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An enhancement factor Geff/Zh versus
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leakage field from the iron core and
black points are cbtained for the
vertical field by the shell, Here the
solid linc is obtained by putting ozl

in eq.(5.53).
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CHAPTER &
SCAKAGE CURRENT ASSCCIATED WITH PULSED VERTICAL FIELD

§6.1 Introducticn

The vertical control field in the JFT-2 tokamak device ie composed of
two magneticifield systemsg) The one is generated by the continuous current
and ig called a D.C. vertical field. Four ccils are placed outside the
toroidal c¢oil system between the ftwo shielding plate {See Fig. 6.1).
The other, so called a "pulsed vertical field", is generated by a set of
coil assembly inside the shell with a time varying current (Figs. 6.2 and
6.3). The former which is measured by'the Hall probe22 ig found to be
guite uriform along the torus, although the_presence of core yckes has
been thought to destroy the toroidal symmetry; Az for the latter, the
shell has four gaps to accommodate with diagnostic and/or evacuation ports.
For this reason, the pulsed vertical coils (See Fig. 6.4) have to traverse
the torus along the edge of the shell in the poloidal direction. Thus the
coils form so-called fractional turns. In order to reduce toroidal
asymmetry of the vertical coils, the traversing parts are mounted outside
the shell.

The installation of the pulsed vertical coilg inside the shell 1s
determined on the basis of the following reason., Provided that the colls
were set at the outside of the shell, it takes a considerably long time

for the vertical field to penetrate into the shell and hence, larger ampere

turns would be required., Therefore, in the JFT-2 device, the pulsed

vertical field is applied such that it cancels the constantly applied
D.C. vertical field at the breakdown phase. The image current flows on
the surface of the shell when the pulsed vertical field is energized. This
current may have an advantage of improving the unifbrmity of the
vertical field, whereas it simultaneously decreases the field intensity.
The most significant feature of this field system is the effect of
soakage current due to finite conductivity of the shell combined with the
presence of shell gaps. This effect had been pointed out by measurement521
on the 1/5 model of the JFT-2 (See Fig. 6.5), and is confirmed this time

. . 2
on the JFT-2 device with more accurate measurements.

$6.2 Method of Meagurements

Magnetic probes, sach of which consists of 2000 turns with an average

radius of 5 mm, are mounted on a azimuthally rotating framework (See Fig.
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6.6). The output signal is time integrated and is introduced to the
syncroscope. This rotating framework is in turn attached to the tor01dally
movable axis and is scanned cver the region Wthh covers the whole range
of the inside of the shell. On the rotating framework, a set of probes
are mounted at threé radial positions, and are capable of measuring the
r,f , and ¢ components of the vertical field, respectively. To avoid
field disturbances due to the eddy current, the rotating framework is
made of insulating material and other ccmponents are made of stainless
steel ne thicker than 6 mm in accordance with one tenth of the skin deapth.
The measurement position can be adjusted by the electrical detecter using
photo-dicde within errors of 11 mm in the toroidal direction and £0,19°
the zzimuthal direction. Messurements have been carried out on the r, o,
and @ components of the pulsed vertical field at r=5 cm, 15 ecm, and 25 cm,
at every 5 degrees in # and at 9 points in¢g . Since the vertical ceil is
made symmetric with respect to ¢= 450, it iz suffice to measure one

eighth of the full torus.

£6.3 Experimental Results

Defining the r, # , and ¢ coordinate as illustrated in Fig. 6.7, the
measurements have been carried out covering the entire range of one periocd
of the toroidal symmetry (one eighth of the full torus). The waveform
of the coil current is changeable by six RL decay time constants after the
ignition of the crowber switch (See Fig. 6.%). Measuremenis are made on
three cases of decay time constants, namely T, = 6 msec, 14 msec and 26,8
msec. The magnetic coupling between pulsed vertical field and cther field
systems such as those by plasma current, by D.C. vertical coils and by the
presence of transformer core mey be weak because‘of their topological
property. In Fig. 6.8 shown is the torocidal distribution of the wvertical
component By of the pulsed vertical field as a function of time. As is
seen in this figure, the torcidal distribution becomes nonuniform as time
proceeds. In particular, a strong nonuniformity appears in the case of
longer decay time of the coil current. The vertical field persists near

the center of the shell (¢*~450) long after the decay of the coil current.

These characteristics are consistent with those predicted by the measurements

21)‘ Note that there exists a significant difference

on the 1/5 model assembly
in the decay time of the vertical field between posifions at the gap and at
the center of the shell. The decay time near the gap is roughly equal to

that of the coil current, which indicates a weak influence of the soakage
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current. The decay time near the center, however, is much longer than

that of the coil current. Typical decsy times are shown in Fig. 6.9 in
which the longest one extends to about 100 msec near the center of the shell
in the case of 7,=26.8 msec. The qualitative explanation of this rhenomenon
is given minutely in Reference 21. (See Fig. 6.10). A well known expression
for the skin time rt~pg C%)Z is not appropriate for our use, where n is
the permeability, ¢ is the electrical conductivity and d is the thickness

of the shell. Instead, it mey fit reasocnablly well, if one takes a form

'r~,ua;E21...- £ =z (6.1)

2 2

, where £ is the average length of the soakage currents in the azimuthal
direction, and z is in the toroidal direction. Substituting the JFT-2

dimensions, £ = 30 cm, 4d=3 cm, and z~55 cm, one finds
T ~130 msec

which is not contradictory with the above measurements. Figure 6.11 shows
the time variation of the tbroidal component B, of the pulsed vertical
field. The main source for the long persisting megnetic field is the
presence of soakage current. The above results may well suggest that this
scaking current loop diffuses toward the center of the shell. )
Radizl distributions of the verticsl component are also shown in
Fig. 6.12 in the case of two extreme positions, namely at ¢ =3.2O end
at ¢= 450. In thié figure, the intensity increases toward the coil and
also it increases with the mejor radius R. The latter property which seems
to be contradictory with our concepts of the toroidal effect, is in fact
consisfent with that obtained by numerical calculastions performed by
Takeda et. a1§ assuming an infinite conductivity of the shell in the
absence of shell gaps. TIllustrated in Fig. 6.13 is the cross sectional
view of the field distribution measured at ¢= 450 in the cese of ch~26.8
msec. It is found that the torcidal effect compresses the magnetic flux
to the outside of the torus, and conseguently increases its intensity.
Moreover, in the later stage of the coil current at t =40 msec, the field
intensities at &= 9OO and 2",’0O are gppreciably stronger than those of
octher pdsitions.' This m=sy be interpreted in terms of diffusion model of
the soakage current loops described earlier?l) '
Radial components of the pulsed vertical field is important in view
of island formation. This problem will be discussed in the following
Chapter. Here, we only show the results cf measurements at time t =5 msec,

10 msec and 20 msec (See Fig. 6.14).
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§6.4 Compsrison with the Design Value and Concluding Remarks

Since the pulsed verticel field is generated by the fractional turns
pleced at the inside of the shell, it may be thought to be free from the
influence of the iron core. In the design cf this field, the iost
important unknown prchlem was the cooperztive effect of finite conductivity
with shell gaps. As is found by measurements in the later stage of the
coil current, there is a strong nonuniformity of the vertical field élong
the torus due to the soakage current in the shell. However, in the
relatively early stage, the field distribution is roughly uniform and
can be compared with those obtained by numerical célculations6) which
assume an infinite conductivity of the shell in the absence of shell gaps.
An example is given in Fig. 6.15 from whiéh it is clear that vertical field
is stronger and 1t increases toward the edge of the plasma at r=25% cm in
the case of measurement. Thus it may be concluded that it is .
difficult to regard the shell as superconducting, even in the initial

stage of the pulsed verticzl magnetic field.
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Fig. 6.5

Vertical Field Intensity

Typical waveforms of the coil current {upper photographs)
energized in the 1/5 model experiments with decay time constants
of 250 and 890 yusec, respectively., The upper traces indicate

the vertical field measured at the center of the shell (¢ = 43P}
whereas the lower at the gap (lower photographs). The time scale
is 200u sec/div, Short current pulse is chosen to scale the JFT-2
dimension in accordance with frequency and scale length depend-

ei.tes of the skin time.
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T =26 8 maac
t = 40 msac

Fig. 6.13 Cross sectional view of the pulsed vertical field at t = 5 msec
(a), and t = 40 msec (b) at the shell center. The arrow length
indicates magnetic field intensity at each point. The decay time

of the coil current is 26.8 msec in both cases.
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CHAPTER 7
MAGNETIC TSLAND FORMATION DUE TO ERROR FIELD
1y rokanaksd

¢7.1 Intrcduction
Magnetic surfaces indispensable to high temperature plasma confinement

in toroidal systems are assumed tc exist in experimental devices. Theoreti-

cally such surfaces are known to exist only in the case of special symmetry,
that is, torcidal symmetry or helical symmetry. A tokamak is one of the
devices which satisfy such a condition. However, it is imposeible to design
and construct devices with a complete torocidal symmetry. In practical
cases, the asymﬁetry results from shell gaps which are reguired not to
short-circuit toroidal electric field and slso from the holes in the shell
to provide ports for diagnostics. These gecmetric disturbances give rise

to magnetic errcor fields that disturb the toroidal symmetry. Especially
important among these field perturbations are those in resonance with the
period of magnetic lines of force. Perturbed magnetic lines of force may

be inclined to drift towards the wall as they transit along the torus.
However, the shear in magnetic surfaces helps reducing the effect of these
disturbances, since the radial variation of the rotational transform
restricts the rescnance to a localized regicn. Thus magnetic error fields
create islands in megnetic surfaces%l’24) These islands have a deteriorating
effect on the plasma confinement, since they enhance the transport of

plasmas and facilitate the excitation of instabilities%3)

Physics of
trangport phencmens in the presence of magnetic islands have recently bteen
investigated to some extent both in collisional and in collisionless
regimes?o’4l’42) and they present anomalous diffusion cﬁefficient of the

plasma near the resonance surface.
In the present work, we are particularly interested in the role of

8,11) have

external error fields on the island formation. Theoreticél works
been performed in the past on the island fermation due to error fields.
These analyses, howéver, are somewhat complicated and are lacking in
physical pictures.

In this chapter, we present a simple analytical method tc obtain the
gize of islands formed by the presence of rescnant magnetic field andg
apply it to evaluation ¢f magnetic island in the JFT-2 tokamak6) at JAERI
ond ORVAKS®)

associated with shell gaps. The results are then compared with those

at Oak Ridge, in particular, due to the pulsed vertical field
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obtaired by numerical computation.

" In §7.2, the width of islands is derived analytically in a genersl form
in terms of the resonant component of magnetic field and the magnetic shear.
Section 7.% describes several examples of megretic islands in JFT-2 and
ORMAK. Some of the analyticsl estimates are confirmed by the numericzl

foliow of the magnetic lines of force by the RX.G. method.

§7.2  Anslitical Estimate
29)

We use the (r,ﬂ ;¢ ) coordinate system to describe toroidal magnetic
surfaces and magnetic lines of force, where r iz the minor radius, 8 and ¢
are the angular coordinates the short way and the long way arcund the torus,

respectively. In the coordinate system, magnetic lines of force are given by

a6

de
where :(r) igs the rotational transform of magnetic lines of force.

= (I‘) (7-1)

Expanding ¢{r) near r=Tq, the radius of resonant magnetic surfaces, eq.

(7.1) can be rewritten as

ae d; ()
20 = (xy) (r-1g) = ¢4+
de ° dr 0 Y

% (7.12)

where X=T-Tgq, co-c(ro) and ¢ —[:dz(r)/dr]r:r . In the lowest order

of the error field, equation of the magnetic lines of force is given by

dr dx : Br(r;ﬁ ’?9)
rd6  rdf - Be(r)

(7.2)

where Br(r;a,¢) is the radial component of error field. The # -component

of error field is small compared with the @ -comporent Be(r) of unperturbed

field and is therefore neglected. Since the radial size of islands is small,

we shall hereafter neglect the radisl dependence of Br(r,a,¢) and Bﬁ(r).
The value Br(ro,3,¢) may be expanded in Fourier components
Br(royﬁyw) = Z ((am-n gin(mg - ny)
. m,n

+al, sin{m@ + ne)
+e cos(mp - ny)

+Crin cos(mg + n¢)) (7.3)

c

R and c& a are the Fourier coefficients. Since it will be

where a a'
m-n m-n’ “m-n’

revealed that only the resonant component is important near the resonant
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magretic surface at r=ry , We shall keep the first and the third ferms in

eq. (7.%) which satisfy

- -~ = g (7.4)

where ¢ is generally called by a safety factor. Finally one cbtains simply

Br(rov g s fp) = bm,n sin(m@-ma +ﬂ ) (7.5)
-1
= [a2 z . _
where bm,n _\/am,n + cm’n and B = tan (qm’n/am?n) .

Defining = new variable by
a = mf -ne +8 ' (7.6)

eg. {7.2) now takes = form

dx _ bm’n Si?a . (7'7)
Todg By (ro)

On the other hand from eqs. (7.1) and (7.6) we obtair
de _ __. 1D +m | . (7.8)

ae ot x

Substituting eq. (7.7) into eq. (7.8) a nonlinear periodic equation is

obtained:
L _ 81 2
aof =~ 3 ael7, (-7 0]
ro¢" b gsina
- n —— 22 - - A sina (7.9)
ty B&(ro) ‘
where ' .
nr .t b
- . o] m,Il
A. = - - : (7-10)

Here we may assume & >0 for convenience since in case of A< 0, by putting
mb -ny +f= a4+ instead of eq. (7.6) we can easily deduce the following

relation.

ia .
= = Agine = - |A| sin «a
ad

It can be seen that the behavior of a magnetic lires of force in a resonant
error field is analogous to the mction of a particle in a periodic potential

U = A{l-cos a), if we regard a and § as the positiocn and the time,respectively.

__63_
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Multiplied by de/df and integrated over # eg. (7.9) is written in the

usual energy integral form
da
2(3g) = E-Aa(l-cosa) (7.11)

where %(da /d& f and U =aA(l-cos a) correspond tc the kinetic and the
potential energy, respectively, and E = 3(aa /dﬁ )i:O to the total energy.
Putting k' = E/24 (k>0)

we have

da 2 . 2 , 24
(ﬁ) ~ 4a{x -sma) (7.12)

Characteristics of the sclution of eg. (7.12) are well known?4) Two types

of solutions are possible as shown in Fig. 7.1. A particle with = sufficient
energy moves across the periodic mountains towerds larger |a| while the
particle with E<2A moves pericdically withir a limit of a . The latter
corresponds to the islands of magnetic surfaces. This may indicate that
dropping of other terms in eq. (7.3) is reasonable for island formation.
Maximum excursion of the magnetic lines of force or the maximum size of

islands ¢ is obtained at the boundary k = 1 of the two kinds. We obtain

from eq. (7.7)
dyr bm n sina _ da ;
jdx - By(rg) da/df (7.13)

-Usingifq. (7.12), the integral in eq. (7.13) may be calculated and is equal to

4[51%%7_ ‘Ag a result we have

Arg J/ bm,n J/
JuJ Be(xp)

In practical applications described in the following section we have

(7.14)

_rot"

to evaluate the resonant component bm,n of the radial component Br(ro,@,¢)

of the errcr field given in genersl Fourier series

Br(rd 0 ,gp)
5 2mm'f 2rn'y B . 2mm'e 0 2m'e
= S1
min =0 (A 'n |COS_EZ_“ cos T, + min' Sln_hl T
2m'0 | 2mm'y . 2mm'e 2rm'y
+ D , ,cos sin +B_, ,sin T cos T )
min Ty T, m,n 1 2
(7.15a)

i _64_
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where T, and T are the fundamental periods in ¢ and ¢, respectively, m’

1 2 ‘
and n' are integers snd the Fourier coefficients are given as
2rm'l 2m'e
Am,n1 = TlT jJ' o! ,QD) cos Tl cOo8 T2 dsa d(P

[ws)
t
w

Zrm' 2m'
-———:[[Br(ro,g,¢) in sin g dgde

(7.158)

=
I!

g cos - ain d8de

e3]
I
w

4 B( ) . 2mm'd 2mf¢d0d
T2J]-I'Ib’6’¢ in T cos P

In particular the error field symmetric with respect to ¢ = 0 axis gives
B , =D y = 0 and the field symmetric with respect to & = 0 axis

m'n m'n

satisfies Bm,n, = Em'n' = 0. In order for the magnetic field given by eqs.

(7.15a) and (7.15b) to be rewritten in the form of eq. (7.3) the following

relation should hold

Em'n' - Dy _ qunv + Dm1n

1
m,n 2 o,n 2

Aptp' + Bptnt ’ Apin
c = and !
m,n 2 ®m,n 5

It

(7.16)

where m = 21:m‘/Tl and n = 2nn‘/T2.

87.3 Application and Comparison with Numerical Calculations

One of the most important sources of the error field in tokamak
devices is the external or the internal field associated with shell gaps.
Tokamaks with conducting shells should have such gaps to induce electric
field on the plesma. Since the effective gap length is larger than actual

gap length, we should use the former value as giving a pessimistic estimste.



JAERI-M 7103

The first example we consider is a configuration with four shell gaps

which are mutuslly apart by 7r/2 in the toroidal direction and with multipole

error field present only at the effective gaps. Namely, the error field

over the effective gap length g is assumed &s

r . L-1

B, = B, (;r) sin L8 (7.17)
o

where B0 is the field strength at the position half way between adjacent

poles at r=1r, and L is the number of pcles. Substituting T; =27 and

T2==2n'/p intc egs. (7.15a) and (7.15b) gives

Apint = Bm;n, = Dm,,n, =0
and
!p2 2nfg 2R
3 T L=1_s : Y
= —— B.(s— sin L@ .sin m'B.cos pn'edfde
min' (2N)2 ofg %R 0(ro) ' P

(7.18)

‘'where p = 4 is the number of periods along the torus and R is the major

radius. Resonance occurs if

n' = % R m' =m = Jn = L (7-19)
then we obtain
' 4B, , T qn-1 . g
bm,n - 5'Em;n' =— ;;) sin(n Eﬁ) (7.20)

2, eq. (7.20) becomes

In the casé of q

B, 2 '
o /AT . g
b8,4 == (;;) gin (7.21)

Substituting By = 0.2 Wb/m?, r, = 36 cm, r = 20 cm, R = 90 cm and g = 20 cu
into eq. {7.21) and assuming a narrow plasma current channel at r = 0, we

obtain from eq. (7.14)

d = 1,26 cm

For coﬁparison, magnetic surfaces are computed by following magnetic
lines of force by means of the R.K.G methed in the same configuration
described above and are shown in Fig. 7.2. Here the magnetic lines of force
returns to the same island in every other transit. The number of islands

formed is equal to m = 8. The width & is about 1.25 cm which is consistent
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with the analytical estimste of 1.26 cm. However, islands produced by this
multipole are shown only ss & hypotheticsl example, since such an intense
error field is unlikely to exist in the JFT-2 fokamak device.

As other typical examples which are more closely related to actual
devices, we consider the island formation due to ohmic heating coils and
pulsed vertical coils in ORMAK for which the number of miror periodicity
is two. Resonant perturbation fields will be picked up on the basis of
the simple model described in the preceding section. We use a straight
eylindrical coordinate system neglecting toroidal effects. This simplifi-
cation mey not lose the intrinsic nature of the subject. We also assume
thet the conductivity of the shell is infinite i.e., time variation of the
soakage current flowing in the shell is neglected. Although the latter
assumption may not be valid for the room temperature shell in the later
stage of the discharge, the recent measurement has shown that a liquid
nytrogen cooled ORMAX shell is almost ideally’ conduct1ng45) At the shell
gap, perturbation fields due tc the chmic heating coils and the pulsed
vertical field coils are present together with their image currents. There
have been arguments on the effective length of the shell gap. V.S.Mukhovatov

17) have studied on this problem assuming a filament

and V.D.Shafranov
plasma current and infinite conductivity of the shell. Their evaluation
turned out to be in reasonable agreement with the experiment for a narrow
gap length?o However, in the case of high temperature plasma with a large
bore, where ite conductivity is comparable with the room temperature‘shellf)
external fields near the gap may considerasbly be prevented from penetrating
inteo & plasma, Thus the effective gap length may in fact be narrower than
that given by the above authors. Henceforth, we will use the latter value
ag representing the upper limit of the effective gap length.

In the cylindrical coordineste system (r, g, ¢), position and current
intensity of the i-th coil are expressed by (rci’ 601, ¢ci) and Ii’
respectively. The radial compeonent of the magnetic field generated by
s group of coils is given by

N p’DIl rci Sin(a-aci)

B, = & o
T 2ﬂ[r2+rii-2r-rci cos(ﬂ—ﬂci)} (7.22)

where H; is the permeability-of the vacuum, N the number of coils and

(r,ﬁ ) the resonant position in the present concern. Here we will aszsume

*) The. conductivity of the plasma with temperature of 1 keV is comparable
with that of the copper shell.
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that the field is present only over the pericd of effective gap length.

By the double Fourier expansion of this field we calculate their coefficients

as
a ———2——lesz13 -sin(—2-7—r g —SL q1p) afedo
m,n T{T,0 0 °T T, T T, R
and
_L Ty (T2 EE ' 2r
Cn,n~ T1T241"€ Br-cos(Tl m 5-—T2 n'¢; 46 -q¢ (7.23)

s Where Tl and T2 are the period of symmetry along # and ¢, respectively,
n' and n' are integers. The safety-fector q is related to these values by

the relation

m' T3 ( )
= _— '2
d n' Ty .24
which is eguivalent with that given by edq. (7.4).

Cur present concern is the rescnant component given by

b =/ a5 + ¢ (7.25)

, which determines the width of islands as previously described.

Precisely, the actual complex field generated by various magnetic
coils should be analyzed to obtain bm,n’ gince this value does not have
an additive property with respect to the superposition of different magnetic
fields.. However, in the case of ORMAK configuration where the resonant
mode number m differes appreciably between ohmic heating coils and pulsed
vertical coils, a mode-mode coupling is expected to be small. This
situation ensbles us toc calculate the resonant component separately in

these two cases.

{1) Ohmic Heating Coils of CRMAK
Our first interest lies in the ohmic heating coils that are placed
regularly inlthe § directiocn ocutside the shell (See Fig. 7.3). Each coil
is placed mutually apart from adjacent coils by 20 degrees. This is
exactly = multipole field with a pole number of eighteen. The flux
function of this field is then given by4
Bol r. 2

¥ = ¢n [1+(r—c) - z(;,rz)t cos €0 ) - (7.26)
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where ¥ is the flux function, £ is the number of poles and is egquel to 18
in this case, r, and I are the radial positioﬁ and the current of each

coil, respectively. The radial field component at tae position r is then

given by
e(r)ﬁ ée
' 2€7) sin
B, o 2 ko < (7.27)
r =T " F .
r\2f r.¢
r g dm 1'+(;“) ~-2(z) cos ¢6
c c
and 1s approximated by
HaT ¢
~ °P T .
e 2€(rc) sin £6 (7.27a)

The last equation can hold under the assumption r<{r, with a large £ .

17) it is 2 good approximation to assume

Owing to the theoretical analysis
that the radial magnetic field given by the above equation exists only
over the effective gap length and B, = O in the other part of the torus.
As ie imsgined in eq. (7.24), the minimum gzimuthal mode numbef of
resonance is eighteen with a corresponding q values of 18/2, 18/4, 18/6,
18/8 ete. We treat the case in which the rotational transform angle of |
the magnetic lines of force during the passage through the gaps is small

compared with the angle between two adjacent poles, namely,

28eff & 27 > p. Eeff

qR ¢ A TR (7.28)
where Boff is the effective gap length and R is the major radius of the
plasma, Since the ORMAK has two shell gaps, the dominant resonant

components may appear in the case of m = 18 and q = 18/2, that is,

Serf
TR

Pu,n = P1g,0k = Pig,p S 1Bl (7.29)

, where k iz an intéger and B, is the radial component of the multipole
field given by eq. (7.27). In this series of inequality, the last term
gives the upper limit of the resonant compcnents. Substituting the ORMAK
diménsions into eqs. (7.28) and (7.29), namely, I=5 x 107 & (corresponding
tc the total smpere turns of 90 kA), rc::0.32 m, geff==0.52 m (this is
about five times larger than the geometrical gap length) and R=0,795 m,

we find
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q » 3.8
and
b < 3985107 Wo/r’
18,2 ~ 7 |

, where we intend to study the resonances at r = 0.2 m. This amount is one
to two orders of magnitude smaller than what may cause islands of appreciable
width. For the paraboliic current distribution, for instance, the
width of island is expected to be an order of C.1 c¢cm and can be neglected.
Numerical Fourier anslysis of the magnetic field of this geometry gives
exact resonant components. The results are summarized in Table 7.1 from
which one may conclude that resonant field components due to the ohmic

heating coils in ORMAK do not make islands of a significant width.

(2) Pulsed Vertical Coils of ORMAK

The configuration of the ORMAK pulsed vertical field coils and their
image currents is illustrated in Fig. 7.4, Since these coils are installed
inside the shell, image currents are induced zlong the wall of the shell,
while at the gap (precisely, over the effective gap length) no image currents
are induced. Assumptions are made that image currents are egquivalently

replaced by a set of inverse current cecils and that all the currents are

filament-1ike. Since the radial components cf this field is antisymmetric

with respect to 4 = O as shown in Fig. 7.5, there are no resonent
components when m is an even integer. Again the rescnant components are
obtained numerically and are summarized in Table 7.2 in which those for
q =< 1 are not listed.

Among. them, the most important are b snd b Their redial distri-

tutions are shown in Fig. 7.6, which indizéies a Z;;id decrease of magnitude
as they enter toward a plasma axis. We then evaluste the width of islands
formed with these components using eq. (7.14). The square root of the
inverse shear varies appreciably with radius as shown in Fig. 7.7 for typical
current distributions. For instance, in the case of a parabellic current
distribution,/l_ii, ~1atr=0.2m while it is ~ 2.5 at r =0.1 m. On

the other hand Bs is given by the equation

tolp
T 2ma

3

By (2= - (=)7) o (7.%0)

a
where a and I, are the plasma radius and current, respectively. Putting
the values r = 0.2 m, a = 0.23 m, I = 90 ki ’ ‘0 |1, m=5 and b 4 =
—r?’ ’
7.6%x10-9 Wb/m?, we find
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d =~ 1.1 cm

for the corresponding By field of 0.84% Wo/m<.  Obviocusly ome obtains the
same size of islands at the same position with conditions, By = 1.5 Wb/mz,
Ip = 160 kA and I = 8.9kA per each ccil.

Cther typical values zre presented in Table 7.3. In the above anzlysis
we have used the effective zap length which is about five times larger than
geometrical gap length. As discussed earlier, the applicability of this
assumption is still uncertain for the high temperature plasma. Therefore,
we also calculate resonant components in the case of geometrical gap
length. Comparison is made between the two cases in Table 7.4 which
indicates that'bm’n is nearly proportional tc the gap length under the
condition given .by eq. (7.28). Thus one may conclude that the width of
islands due to the pulsed vertical coils in CRMAK is less than 1 cm and

hence it may not cause deteriorating effects on the plasma confinement,

but is not, of course, completely negligible.

(3) Pulsed Vertical Coils of the JFT-2
As in ORMAK, the toroidal symmetry of the pulsed vertical coils of the
JFT-2 is destroyed by the presence of shell gaps. The current distribution

+¢of the vertical coils is alsc antisymmetric with respect to 6= 0, while,

unlike ORMAK, no currents exist at the gap as shown in Fig. 7.8. Image
currents in the shell are substituted by a set of coil currents with inverse
polarities at equal distances from the inner surface of the shell. These
currents distribution j( g, w) is expanded in Fourier series with coef-.

ficients given by

Am',l'l' = er,nv = D_m',n‘ = 0
and
4 Z o :
o — 3 3 1 - 1 1
Em;n, 72 4; 3(6 ,¢)81n m'f- cos 4 n'y dbde (7.31)
From this expression, one finds Em‘ nt = 0 if m' is an even integer.

¥
Rescnance occurs when q is not an integer. For instance, the Fourier

component of the coil currents which corresponds to the resonance of m' =7,

n'=1 is written as

2

_ g
i(6,0) = 7.43x1072 j, -sin = sin(70 -49) (7.32)
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Then the magnetic field is cbtsained by solving a Laplace equation under

the boundary conditicns at r =1,

1T I
B, - By = 2, Kz
IT I
B - =
.- B 0 (7.33)
11 _ 8T _ _
Bz z ko X,

, where BI and BII denote the regicn 0 <r <t and r >b, respectively,
and X, is the surface current density.
As a result we obtain (See Appendix i).

Bi = —Tho(xb) € (7kb) I,(7kr) 36,9} cosa (7.34)

where

em 1 R
k = = — : = 1

cos &4 = T/
) Rq ’ | Wﬁ +R2q2

’ Kn' snd In' are the derivatives of the modified Bessel functionms.

Assuming an infinite conductivity of the shell and neglecting its
curvature, we apprbximate the image current by substituting ® =1 +4db
inétead of b in eq. (7.34), where 0b indicates the separation distance
between pulsed vertical coils and their imége currents. Since B% in eq.

(7.34) has & b dependence like HZK%(ka), and since

(vhry (Tedy) - B kg (7s0) }

= {(b+ov)° K (Tc(o+sp)) - Txy (7k0) )
— ' _L ! .
~ 2bdb {g, (7kb) + g K, (T4D) } (7.35)
, we Tinally have
B =~ -liu bk’ {EEK'(’(kb) +22 (k)3T () 3{6, 9) (7.36)
r 0¥ = N R 7 7 \Wy¥/cos o .

For the JFT-2 tokamsk, putting b = 36 cm, R = 90 cm, bk® = (Ri)2 = 0.052,
q

2 _2x109y 18 '
R g0 ' b 360

and cos a1, we find

' b .n _ 3 ' _ -H
» Ko {Tkb) +3 K- (Tib) 7.22510 » 1(Tka) =5.57x10

. -10_ |
B, = 2.37x107- g (7.37)

In order to prcduce the vertical field of 100 Gzuss, the current of 25 ki



JAERI~M 7103

should be fed to each coil. Therefcere, je is given by

5. = 3.1x10°  A/n . (7.38)
Using these values, the resonant component Br is calculated to be

Br ~ 7.35x107° Wb/n® (7.39)

Thepn the width of islands at, for instance, r = 20 cm is evaluated for the

parabollic current distribution as

7.%5 X 102

= 0.78 cn (7.40)

0.111

Ly
—rofl
oréer of magnitude of the ion Gyration radius, it may not cesuse a deleterious

, where we have used a relation

,| ~ 1. Since this is in tte same

effect on the plasma confinement.

In the above mnalytical approach, the shell is assumed to be super-
conducting. In fact, the soaksge current plays the most significant role
on both time evolution and toroidal distribution of the vertical field as
discussed earlier. Therefore, we will deal with this problem, by using
time dependent spacial distributions of the vertical field which are
obtained in vacuum by the probe measurements introduced in Chapter 5.
Azimuthal and toroidal distributions of this field are already shown in
Fig. 6.8. We will use the results which are extended to the whole angle
in 0 on the basis that toroidal effect appears weak and the vertical field
coil is made symmetric with respect to the median plane.

Following megnetic lines of force in this field configuration, the
formation of islands is investigated numerically. Again the integer n
is chosen to be 4 because this is the basic period of the vertical field
coils associated with gaps in the toroidal direction. Two examples corre-
sponding to q==3/4 and 7/4 are studied assuming symmetric plasma current
distributions pesked at r =0 or parabolic. Also assumed is that the current
distribution of the plasms is not affected by the distortion of magnetie
surfaces such as islands formation. Magnetic islands at r=15 cm for gq-=
%/4 in the case of parabolic current distribution is shown in Fig. 7.9.
Here the magnetic lines of force returns to the same iglands in every three
transits along the major circumference of the torus. Other examples of |
islands formed at r=25 cm is shown in Fig. 7.10 in which resonance cccures
for q==3/4 and q==7/4. The current distribution is assumwed either parsbolic

or peaked at r = 0.
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On the other hand, by the double Fourier anzlysis cof the radial

component of the pulsed verticzl field, we obtain radial distributions of

am,namd cm,nwhich are defined by eq. (7.2%). The results for am,n &7 shown
in Fig. 7.11, while Cm,nis alwesye zero in this cese. From this figure, one
finds at r =25 ecm b3,4==1.34 Gauss and b7’4==0.70 Gauss per 100 KAT of the
coil current which amounts to generate about 25 Gauss of the average
vertical field at t =20 msec. Using these values and putting the same
conditions in numerical follow of field lines, we obtain with an aid of
eq. (7.14), d=1.60 ce and 1.12 cm for q = 3/4 and g = 7/4 resonances at
r=25 cm corresponding to Figs. 7.10(a) and Fig. 7.10(b), respectively.

These values are found very close to those given by numerical computatioﬁ.

§7.4 Discussion

Formation of islands in magnetic surfaces in the presence of magnetic
error field is studied. Among these, islands produced by multipole error
field at the shell gaps are shown only as a hypothetical example, since
such an intense error field is unlikely to exist in the JFT-2 tokamak device.
However, the other examples which are concerned with ohmic heating field or
pulsed vertical field are practical cases as met in the JFT-2 tokamak or
Oak Ridge ORMAK. Since q(r) is generally an increasing funétion of r in
tokemsk plasmas, there may exist several resonant surfaces across the
plasma, for instance, at q(rl)==3/4, q(r2) =5/4 and q(r3):=7/4 from inside
to outside.

Theoretical work predicts that the size of islands increases in inverse
proportion. to the square root of the shear. Therefore, the field error
should have a most detericrating effect on the confinement for a flat current
digtribution of the plasma. Since eq. (7.14) is valid only for a small
size of island we have to depend, in other cases, upen the numerical calcu-
lation deseribed imn §7;3 in studying magnetic surfaces. Fortunately,
however, plasma current distributions in most cases should be reasonably
peaked and the intensity of the resonant magnetic fields is ccnsiderably
small, eq. (7.14) may still hold. On the other hand, it is rather easy to
evaluate D ﬁ in designing a device and therefore it may be very ccnvenient

1
to use eq. (7.14) as a size of islands by the error field.



JAERI-M 7103

Appendix

We assume that the current distribution is expressed as

i(0,9) =3, , cos(nb-ng) (a-1)

¥

The @ and z components of the current is then given by

K, = jm,n cos {+ cos(mb-ne) (4-2)

K¢ = jm n sin¢ - cos(mé-nyp ) (A-3)

where ( is the angle between magnetic line of force and z axis and is
determined by

tan® ¢ = —ﬁa-

Introducing a scalar potentizl ¢ which satisfies B = V¢, together with

a relation div B = 0, we find an equstiocn for ¢ .

v2¢: 0 (0<r <b, T >0b) (a-4)

The general sclution to eg. (A-4) is

¢=0G cos(m(}-—ntp)x[An-In(mkr) + BpKp (mkr)) . (4-5)

»

with B, = 0 at 0 <r <b, and A, = C at r > b

Substituting above relation into eq. (7.24) we find

Ap K; (mkb) - (1-6)
- = T A-6
B I,{mkb) |
and .
ﬂosm,n cos { +b
B K (mkb) -A I (mkb) = e . (A-7)
m,n
Combining eqs. (A-6) and {A-7) we get
a2 .
Gm’n-An.— kb K (mkb) - u o n 08¢ {(A-8)

and finally we cobtain

2 . 1 -1 .
B, = m-uo(kb) “dy 08 ¢ - Kn(mkb) Ln(mkr)- sin(mg-ne) {4-9)
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E<2A E=2A

Fig. 7.1 Behavior of the magnetic lines of force in a phase space.
Particles with E> 2A correspond to the magnetic lines of force
outside the islands while particles with E<2A correspond to

those inside the islands.

Fig. 7.2 An example of islands formation by the 2=8 multipole error
field at the shell gaps. The current distribution is assumed
to be peaked at r = 0 and also satisfy the relation, q = 2
at r = 20 cm. The integers indicate the number of transits
of the magnetic line of force around the torus started from

points at 8 = 0
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Ohmic Heoting Coils’ of ORMAK

Table 7.1

Dominant resonant components
due to the ohmic heating coils
of ORMAK at r = 20 cm. The
current is 5 kA in each coil
corresponding to the total
ampere-turns of 90 kA. The
effective gap length is 52.2
ce for ORMAK,

—.— Image Current

Fig. 7.3
Configuration of the ohmic heating coils
of ORMAK.
Bopy = 52.2 m I=5%k (I;=90 KA} r=20cm
m
m n q:—l—a—ﬁ- bm,n
1 9 3.7 x 107° Wo/n’
18 2 o/2 2.9 x 107°
3 3 1.9 x 1076
4 5/4 0.7 x 107°
5 9/5 0.2 x 1078
|
Fig. 7.4

Cross section of the pulsed vertical
coils of ORMAK. Image currents are

present only inside the shell,
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Br at r=02m

Gouss /5kA in each coil

2001 at the gop

100 -

inside the sheil

-10C

-200

Fig. 7.5 Azimuthal distribution of the radial component generated by the

Table 7.2

pulsed vertical coils of ORMAK. The amount is significantly
reduced inside the shell due to the presence of image currents

as compafed with that at the gap.

Egpy = 92.2 cH I = 5 kifeach coil
m n q:E-E s} r=10 cm r=15% cm r=20 cm !
p n m,n
3 1 3/2 0.28 Gauss 0.64 1.13
5 1 5/2 0.05 0.24 c.76
2 5/4 0.04 0.19 0.60
7 1 7/2 0.03 0.29 1.66
2 /4 0.02 .23 1.30
3 7/6 0.01 G.14 0.81 ;
E 1 a/2 0.002 0.04 0.43 :
2 9/4 ¢.002 0.03% 0.36
3 9/6 0.001 0.02 0.20
4 9/8 0.01 0.07

Dominant resonant components due to the pulsed vertical coils of ORMAK
at T = 10, 15 and 20 em. The coil current of 5 kA can generate the
average vertical field which can withstand the plasma current of 90

kA with a low plasma pressure.
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Fig. 7.6
Radial distribution of the typical

resonant components, b5,l and b?,l

in the pulsed vertical field.

Radial distributions of the square

root of the inverse shear. Currents

are assumed to be in proportion to

. r.n,um

rescnant
positicen r = 10 cno r = 20 ci
5 ' .
g == 830_4 am 1.1 ex
g = _';_ O_} cm 0.7 cm

100

\
e
\

“\\ j=jo (1-(&")7

LAVAN
AANNEED
\V\ \'3'::"\

n-2.,\A
nsg, me

Table 7.3

Typical width of islands generated
by},5’1 and b7’1 components of the
pulsed vertical field of ORMAK.



Fig. 7.8

JAERI-M 7103

r =15 cm I=5 ki/each coil
o n Q=35 | bu,n Berp=92.2 o g=10.2 em
E
3 M 3/2 0.64 Gauss ! 0.1¢ Gause
5 1 5/2 0.24 0.06
2 5/4 0.19 0.06
7 1 7/2 0.29 0.08
2 7/4 0.23 0.08
3 TiE 0.14 0.C7
9 1 9/2 0.04 0.01
2 9/4 0.03 0.01 ;
3 3/6 0.02 0.01
{ 4 9/8 ¢.01 | oo !

Table 7.4 Comparison of resonant components between the effective gap and

geometrical gap length in the case of pulsed vertical field of
ORMAK.

(OO0 Fesmr
I

Configuration of the pulsed vertical field coil provided in the
JFT-2 tokamak., Azimuthal current distribution is also shown.
Induced image currents flow in the opposite direction which do

not exist at the shell gap.

—_ 807



JAERI-M 7103

Fig. 7.9 An example of islands formed by a resonance with the pulsed vertical
field in the JFT-2 at r = 15 cm for q = 3/4 in case of a parabolic
current distribution. The plasma radius is assumed 25 cm with a plasma
current Ip = 278 kA, toroildal magnetic field Bt = 10 kG and the
average pulsed vertical field intensity <pr'> = 108 Gauss.
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Fig. 7.10 Islands formed by the resonance with the pulsed vertical field in the
JFT-2 tokamak at r = 25 cm. Cases (a) and (b) correspond to the islands

in the case of the peaked current distribution centered at r = 0, and

the case (c) to the parabolic current distribution under the condition
(a) q =7/4, I, =200 kA, B =10 kG, <B > = 108 Gauss
(b) q =3/4, I =465 kA, B, =10 kG, <B > =108 Gauss
(c) q = 7/4, Ip = 200 kA, Bt = 10 kG, < pr> = 108 Gauss
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| Gouss/ 100 KAT)
m.n t=5ms
2 =3
a=%
1
1
o o
25 rieml
14 ,
=7
b (Gausr/ 100k AT)
?t‘“ t=20 ms

Fig. 7.11 Resonant component b]11 nof the pulsed vertical field versus radial
]

position for different values of q when the peak ampere-turns are

equal to 100 kAT.
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CHAPTEE 8
INFLUENCE CF 4 MINCR PERICDICITY CK THE
MAGNETIC ISLAND FCRMATION IN TOKAMAKSdG)

§8.1 Introduction

In designing toroidal magnetic traps, in particular, tokamak devices,
it is very important to make systems 2s symmetric as possible. However,
in actual cases, asymmetries arise from many engineering difficulties
involved. TFor instance, discrete magnetic coils, diagnostic porte and
evacuation ports easily destroy the symmetry. Such a configuration generally
includes magnetic field perturbations in resonance with rotational transforms
of the magnetic lines of force in a plasma. These perturbations =zre known

to form islands in magnetic surfacesg’ll).

1’24) predict that z width of islands is pro-

Theoretical analysesl
portional to the square root of a ratio of rescnant field component to
azimithal field and inversely proportional to the square root of the

relative shear, namely, & is given by

4rq bm,n
5= / m By

, where T is the radius of the magnetic surface concerned, m is & mode

(8.1)

CG
t
_I'oc

number in the azimuthal direction, bm,n is the radial harmonic component .
of the resonant magnetic field perturbations proportional to sin(m6 -ng),
B¢ is the unperturbed azimuthal field intensity at r=r,, ¢, is the
rotational fransform and ¢’ is its derivative at r=r,, respectively.
This expression may well suggest the formation of fairly wide islands
with only a small amcunt of resonant perturbation field. For instance,
with '-_%"‘vl, bm’n/B,,mlO_3 and m=2, one obtains ¢ /r-o“‘O.l. Since the
factor |é£5% ig determined by the plasma current profile, there are only
a few parameters left to be improved in decreasing the width of islands,
Therefore it is needed to choose a small resonant component together with
a large mode number m in the design of actual devices.

From this peint of view, it is necessary to evaluate the resonant
components which are included in a mixture of magnetic fields in the devices.
42, 47,48)
but this internal effect sghould be atiributed to the stability of plasma
and therefore we do not intend to investigate this problem further in this
article. Instead, we are pérticularly interested in the role of external

fields ir conjunction with shell gaps. Since the external fields are
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shielded by the conducting shell, they can exist only at and near the shell
gap.. Under these conditions, we find that the minor pericdicity along the
torus which is essentially determined by the number of periodic shell gaps
28 2n important meaning in the formation of dislands. Some of the islands
formsticn can be suppressed by a proper choise of this periodicity. Thus,
the object of the present paper is to investigate a general rule of avoid-
ing resonance and to confirm it on some examples with an aid of numerical

calculationg.

§8.2 Ceneral Feature

Any perturbation field which resonates with the rotatiocnal transform
cf megnetic lines of force makes islands in megnetic surfaces?’ll’24)
First of all, we describe a bzsic aspect ¢f resonance due tc the presence
of helical magnefic perturbations whose pitch coincides with the rotational
transform cf unperturbed magnetic fields. Only the radial comporent of the
perturbation field is responsible for islands formation. Fig. 8.1 illustrates
the cross section of the magnetic surface where the coordinate system (r,e )
is fixzed on the helical pitch of this perturbation field. In this coordinate
system, the unperturbed magnetic lines of force on the resonant surface
always stay at the same position in 6 , while those on the non-resonant
surface move arcund the axis. Then what happened in the trajectories of
the magnetic lines of force in the presence of perturbation field is that
those starting from any original posifion on the resonant surface experience
the inward or outward drift due to the raaial compcnent of the magnetic
field as they transit along the torus. Since the drift is of a cumulative
nature, they make large excurtions from the coriginal circulsr surface. In
the case of shear free system (unifqrm plasma current distribution) this
property is the mest significant, since there are nc suppressing mechanisms
present. In this case, the magnetic surface coincides with that of pertur-
bation field. However, in the general case where considerable amount of
shear is present, a radial variation of the rotational transform makes
urperturbed magnetic lines of force to drift in the opposite direction in
# in our coordinzte system with respect to the resonant surfzce concerned.
Thue the magnetic lines of Torce which have excursed from the resonart
surface are then exposed to the azimithal drift due to the shear and finally
reaches the region where the sign of radial drift is opposite. This property
confines the magnetiec lines of force tc some restricted region znd consequently
leads to the formation of izlands,

Although there are gererally no helical coils installed in tokemaks, the
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toroidal asymmetry associated with the azimuthal nonuniformity of the
pertufbation field can generate the helical compconents as illustrated in

s past work?B)

Taking into account the fact that a conducting shell
contributes to the shielding of external fields, we can idealize the mocdel
as follows; We assume that linear harmonic fields (for exsmple, a line cusp
or a multipole field) are present only at the shell gaps. In this configu-
ration, the number of minor periodicity represented, in this case, by that
of shell gapé elong the torus has an important physicsl meaning. For
instance, if only one gap is assumed to be present in combination with an
¢ = 2 cusp field as illustrated in Fig. 8.2, the mggnetic resonance

occures at the q =2 surface, because in every transit the magnetic line

of force sees a radial drift in the same direction at the gap due to the

.appliéd rerturbation field. Such an accumulation of the radial drift is

the motive force of island formation; this is the basic aspect of magnetic
resonance.

However, if the number of mincr pericdicity is two (two gaps), one
cannot expect island formatioh because the direction of the drift at the
other gap is just the opposite.  Hence the radial drift can be canceled
in a transit along the torus.

Thus, the condition for resonance is found to be

p-q = £ (8.2)

z

, where p is the number of minor periodicity once arcund the torus, g is the
safety factor which is an inverse of the rotational transform, £ 1is the
number of poles of the perturbed harmonic magnetic field and z is an
integer. The above, simple relation enables us to find rescnant cases.
The results are summalized in Table 8.1 for the typical number of poles
and minor periodicities. In this Table, the resonznt cases for which g
is less than unity are not included, because the presence of MHD insta-
bilities overwhelms the stable plasma confinement in such a low q regime%g)

From this tzble one may find that the occurrence of resonance is slower for

large number pericdicities. In the case of four gaps (p= 4) fer
instance, there are no resonances for ¢ < 3 and for 2> 13 the
occurrence of resonances is limited to the least number. In the case

of one gap (p==l), one hazs to worry ebout almost every rescnant mode.
Since s mode number m which determines the number of islands formed in the
azimuthal direction on the resonant surface is expressed in terms of p,q

and z by the relstion,
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m = P:g-z = ¢ ) (8'3)

, the width of islands becomes smzll with iﬁcreasing r and q a8 suggested
by eq.(8.1l Therefore, if the resonant field component bm,n is of the
same order, resonances of the higher mcde number in Table 8.1 are relstively
unimportant. PFurthermore,not all of the resonsnces in the table can occur
in actual cases. It depends on the existence of the perturbation field end
also on the plasme current distribution. TFor instance, if we assume a
current distributicn

i) = - 52" (8.4)

al’l

, where jo is the current density at the center, n and m are the integers and a
is the radius of the plasma,

then we obtain

L < alr) _ n+2
q(o) n

1l
[

for m

and also

< q(r) < (n+1) (n+2)
02

]
\*]

1 for m

q(o)

The upper limits of these ratics are generally in the range of 1 -2 when
n varies from 2 to 4 as shown in Fig. &.3. ' Thus the number of resonant
cazes 1s limited by the current distributions. For a more pesked current
distributicn as is observed in the ST tokamak?o) the distribution may be

approximated by
4
. . r.2
ir) = 5,(1-()%) | . (8.5)

In this case the ratio q(r)/q(O) varies from 1 tc 5. Thus one may envisage
that the multi-island would easily be formed at the respective radial

rescnant positions.

§8.% Numerical Study of the Minor Periodicity

In this section we again consider the influence of minor pericdicity
on the island formstion. Predictions discussed in §8.2 will be confirmed by
means of numerical calculations. Magnetic surfaces are obtained by project-
ing the magnetic lines of force traced by the R.K.G. method onto a fixed

cross section. In the first place, we investigate the model where £ = 4
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cﬁsp field ezre present cver the effective gep distance (See Fig. 8.4). Ve
assumé 2 radiagl position of fthese coclls of 30 cm from the axis, coil current
of £ 10 kA, plasma rasdius of 25 cm, gap length ofHEO cm and plasma current
of 17%.6 kb with its distribution expressed by 30(1-@2)4, which will make
the outermost resonant surface (q=4) at the plssma edge. Although
these values are given artificially, it does not alter the gualitative
characteristics of the island formation. Since the ratio q(r)/q(O) veries
from 1 to 5 as seen in Fig. 8.3, one can expect islands formation at q =4,
2, 4/3, and 1 in the case of ore minor periodicityA(pzzl\. The results szre
shown in Fig. 8.4 where formations of m=4 islands are seen at the respective
position. In cases of g =4/% and 1 resorances, the width of islands is too
small to observe, but slight deformations of the magnetic surfaces car be
identified. This can e explained by the following two reasons. Firstliy,
the amount of resonant components decreases very rapidly with decreasing
radius as easily imagined from eq. (7.27) or from Fig. 7.6 in Ch.7, although
the inverée of the shear increases. Secondly, validity of eq. (7.28) is
uncertain, since phase mixing of the radial component at the gap as seen
from traversing magnetic lines of force becomes prominent in lower ¢ regime.
In the case of two gaps, however, the dominant islands at g =4 dis-
eppear, A glight deformation of the resonant surface at q = 4/% also
disappears as pointed out by our predictions. The remaining a = 2
resonance can be clearly suppressed by doubling the number of mwinor
periodicity from 2 to 4 as shown in Fig. 8.4.
_ The above examples may be consldered to be a special case, since such
a cusp field will hardly be applied in tokamaks. In more realistic cases,
the perturbation field may be a multipole field where only unidirectional
coll currents are present. Then we put a 1 = 4 multipole field at the gap
with other dimensionz left unchanged. The ccil current is assumed fto be
20 kA in thig case. Numerical results are shown in Fig. 8.5 for the typical
values of p. In contrast with the former cases, m = 8 islands appear at
the ¢ = 4 surface when p is varied from 1 to 2. The width of these islands
is small as cbmpared with that of m = 4 (p =1) iglands, aslthough total
length of the shell gap is doubled. fn the case of p = 4,islands of wm=16 and
m = 8. appear at q = 4 and 2 surfaces,respectively. The width of islands
iz alsc decreased, in particular, the m = 16 islands become in effect
negligible. The appearance of these modes is atirituted tc the nonvanishing
higher resonent components contained in the multipole field. This situstion

would be understood by Fourier analysis described in the Appendix-IT,
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We have also calculated islande formations in the case of parabollic
current distribution, where only g = 4 resonanée can take place. Their
characteristice zre similar to those glven above.

Above discussions will lead us to speculate islands formation asscciated
with teoroidal field ripple. Suppose we put a line current on z axis of a
linear periodic torcidal field. This configuration does not mske islands,
since Br is szimuthally symmetric and does not include the hermenic
component proportional to sin{m@-ne¢). However, in the torcidal configu-
ration, the situation differs a little bit. It was pointed out by numerical

51)

simulation that islands are formed if the Iline current flows crossing
the field lines, while they are nct formed if the current flows completely

along the field lines. The lowest resonance mode is given by n = p, m = qn,

where p iz the number of torecidal coils. In the JFT-2 tokamak, p = 16 so
that the lowest mcde is preportional to sin(166-16¢) for g = 1 and
sin(%20 - 16¢ ) for ¢ = 2. Such high n mede harmcnic components would
hardly exist in general cases but one should note that tre pole numher of
the control field should be different from the number of toroidal coils
(In ORMAK, the nunber of ohmic heating coils is 18, while the number of

toreidal coils is 56).

88,4 Concluding Remarks

Islands formstion is significantly suppressed by the increase of
the number of minor periodicity. In the present work, the minor periodicity
ig represented by the number of gaps. However, it is not directly related
to the latter, since in some cases, the perturbztion field differs from
one gap to another. For instance, a presence of yoke of the transformer
core or of the current feeder of coils near one of the shell gaps may easily
decrease this number. Thus as & guiding rule for the design of tokamaks,
one may describe as follows; For a given number of gaps attention should
be paid to make devices as periodic as possible.

In the course of our analysis, we have neglected the effects of
deformation of the piasma current distribution due to the formation of
islands in magnetic surfaces. One way envisage that the plasmé pressure
distribution tends to be uniform over the islands and as & result, rlasma
current will follow the flux line of the islands. Such a localized current
filament may generate helical magnetic field components which in furn
influence the width of islands. In the case of normal sheared system,¢/dr

<0, this effect works such that the megnetic field rerturbations due to
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the helical current tend to reduce the external resonant field irrespective
of directions of toroidsal magnetic field, of plasms current and of c¢oil
current. However, ih the case of di/dr >0, the helical current will
enhance the resonant component and consequently may significantly increase
the island width. We are now continuing the efforton this subject

together with a study of island formation due to neutral beam irjecticn.

Appendix-II
Under the condition ¢ > £-§§§£ being valid, Fourier coefficients
defined by eq. (7.23) are approximated by the integral with respect to 9,

that is,

~ 1 =
= = - B -cos m#-a
cm,n K Brc m 'IO‘ r cos 0 0
~ 1 07 .
a = KB_ — 7/ Brsinmgdo

It is our purpose to examine whether the resonant component

b =%k | B +B°
m,n rs re

vanishes or not for the typical values of m and n.

Ir the case of multipele field, Br is given by eq. (7.27), namely,

sin g o
B =C. —m——r
r A-cos €6
rot ) T\ _ Mol . £
, Where A E%(—r—) + %(r—) and C = e T
o]

On the other hand Br in the cusp field is expressed as

sin €6 N sin £0

B.=¢C. T
T © Yh-cosgd A+cosgé}
=B '+ER"
r r
inff in £6
, where B ' = C. Sint 7 , B" o= , sin
r A-cosfgo r A+cospg

Using these equations we calculate rescnant components which are summarized

in the following Table A.

Thus the ¢ =4 multiﬁole field contains higher mode components while

€ = 4 cusp field has only the fundamental mode.
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Tgble A

£ = 4 multipecle
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2
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]
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0
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U 6 =0 surface

---- direction of the rotational
"~ transform of the unperturbed
magnetic lines of force

N

rasonant surfoce

Fig. 8.1 Cross sectlonal view of the magnetic surface where cylindrical
coordinate system (r, ©, z) is adopted with the axis on the

moving frame of the external perturbation field.

Fig. 8.2 Upper view of the conducting shell with one (or two) gap(s) (right)
“and éross section of the cusp type perturbed field at the gap (left).
In the case of a single shell gap with q = 2, a magnetic field line
starting from a point A returns to the opposite position (denoted
by B) in every transit, and sees the same drift. While in the case
of two gaps, the magnetic field line comes to the position where
the direction of fhe drift is opposite {marked by C) in every half

transit and experiences a cancellation in a complete transit.

,gzi
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Qn/Aie)
6
j=jo(1=(5mm L o
‘ Tt s j=jol1-(FEmm
Vo
{.0
4 F
0.8 .
I+
0.6
{n.m}=(1,2]
(2.4)
0.4} 2t
{(nm}=11,2] (2,1 (3,1)
o2 | 4.1)
C 52 04 06 08 1.0 o L
L 0.2 0.4 06 65 1.0 1
g - . fa
@ (b)
Fig. 8.3 Radial distributions of current (a),and safety factor (b).
. . s r.,n.m
Currents are assumed to be in proportion to 30(1 - (EJ ).
£=11¢=2 £=73 £ =14 £ =5 £ = u e =17 ¢ =8
Q=2 | a3, 3/2,| ¢=4, 2 q=3, 5/2 q=6, 3, 2 e=7, 1/2, a=8, 4, 8/3
p=1|g=1 1 1 4/3,1 5/3, 5/4 3/2, /5 /3, 1/4, 2, 8/5, 4/3
7/5, /6, 8/7, 1
1 1 g
- q=4, 2y 4/39
p=2 a=1 | q=3/2 | q=2, 1| a=5/2, 5/4 | a=3, 3/2, 1| a=7/2, T/4 1
p=3 g=1 q=4/3 q=5/3 g=2, 1 o=1/3, 1/6 q=8/3, 4/3
p=+4 q=1 q=5/4 q=3/2 q="7/4 g=2, 1
»=8 =1

.Table 8.1 Resonant magnetic island formation due to harmonic perturbation
fields in relation to the number of minor periodicities. Numbers of resonant

cases are significantly reduced with an increase of minor periodicities.
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Fig. 8.4

Configuration of the £ = 4
cusp field at the shell gap
and resulting magnetic sur-
faces corresponding to the
number of minor perjodicities
of one (a), two (b) and four
(¢). Assumed are the position
of coils at r = 30 ¢m, coil
current of + 10 kA, plasma
radius of 25 cm, gap length
of 20 cm and plasma current
of 173.6 kA whose distribution
is expresses by _'_'[0(1-(5)2)4
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Fig. 8.5

Configuration of the & = 4
multipole field at the shell
gap and resulting magnetic
surfaces corresponding to the
number of minor periodicities
of one (a), two (b), and four
(c). The difference is only
the current of 20 kA per each
coil with other parameters left

unchanged.




JAERI-M 7103

CHAPTER 9
SUMMARY AND CONCLUSION

‘In the present thesis, the influence of the error field on plasma
confinement in tckamaks is studied with & special emphasis on the designing
view point. _

| In Chapter 2, the influence ¢f the errcr field is crudely estimated in
the initial breakdown phase. Firstly, any conceivsble scurce which generates
the verticsl error field does not seriously affeect the plasms confinement
if the vertical contrel field is properly applied. The allowable radial
component is estimated to be a few percent of the tcroidal field intensity.
This is easily satisfied in the usual coil assembling with knock pins.
Secondly, the E x B drift due to charge separation causes s rapid plasma
loss which overwhelms those by the error field, and requires a rapid
formation of magnetic surfsces.

In Chapter 3, a global effect of the error field on the plasma column
deformation is studied when élosed magnetic surfaces are fermed. Deformation
of the circular magnetic surface in the presence of axisymmetric error field
is found to be small unless the error field intensity becomes close to the
azimuthal field intensity. Possible scurce of the generation of radial
error field would be either the twist of the toroildal coil bases cr the _
tilt of each coil teo its extreme within machining errors of the knock pin
and hcle. A local bending cof the plasma column due to shell gapsmay be
negligibly small but the outward expansion of the plasma hoop cannot be
néglected;' It is found to be proportional to the squere root of the gap
length and is easily compensated by the additional vertical field.

In Chapter 4, the leakage magnetic field from the iron core is studied
in the presence of beoth primary winding snd secondary one simulating plasma
current, Usging a sPeciai pick up coil, the leakage field is measured to
be about 230 Gauss per 100 kA of the plasma current in the median plane,
which ig very close to what ic necessary for the plazsma equilibrium. In
spite of the presence of core yokes, the toroidal uniformity is extremely
gcod provided the primary winding is ﬁlaced at the center pole. However,
the toroidal disftribution becomes poor when the primary windings are
positioned at the yokes.

In Chapter 5, theoretiesl predictions by V.S3. Mukhovatov and V.D.

17

Shafranov on the effect of shell gaps are confirmed experimentzally. The

gap effect on the internslly or externzlly applied vertical field extends
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as far as the central part of the shell. It is slsc clarified that the
leakege magnetic field from the iron core plays a favorable role in
compensating gap effect.

In Chapter 6, the time evcluticn of the pulsed vertical field io
inveatigated by the probe measurementslon the JFT-2. Due to the finite
conductivity of the shell sssocisted with shell gaps, a strong effect due tc
the soskage current ig cbserved. The vertical field inside the shell
persists long after the decay of the coil current.

In Chapter 7, the magnetic island formation cue tc error field is
studied both analyticslly and numerically. The theory by M.N. Rosenbluthll)
is reconfirmed by = different simple analysis which gives the physical
picture more cleérly. Numerical calculations of maghetic surfaces are
consistent with this analytical result. Several conceivable sources such
as pulsed vertical field and ohmic heating field which may give large
resonant components are investigated in this connection. Among them the
pulsed vertical field has & possibility of forming magnetic islands with a
width of the order of 1 cm.

In Chapter &, the magnetic island formation is again discussed in
relation to the minor periodicity along the torus. It is found that the
islands formation is significantly suppressed by the increase of minor
periodicities. This leads us to a rather surprising conclusion that the
device should be made 4o have as many periodicities as possible. This is
a significant implication in the design of future tokamsks.

We notice here that the following preblems are left to be solved.

(i) Effect of the error field on the time evolving plasma including
plasme-neutral interactions. )

This problem is very important, since the production of an initisl plasma

strongly affects the stability of the later discharges®)

(ii) ©Diffusion loss of particles due tc the magnetic field ripple?g)

(ifi) Self-consistent analysis of the magnetic island formetion which
includes interactions between fthe external field and the plasma
deformation.

(iv) Excitation of internal helical perturbations by the externsl error

field.
Most recently, the physicé of the helical modes in the plasma has come
. . . . . Bl
to our interests in relation to external perturbation fleld%’) Among them

the disruptive instabilities may be the greatest concern. These problems

will be attacked both experimentally and theoretically in near future.
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