
INSTITUTE OF PLASMA PHYSICS

NAGOYA UNIVERSITY

Formation of Magnetic Islands and Ergodic Magnetic Layers

in Wall-Lapping Plasma as a Non-Divertor Concept

for a Reactor-Relevant Tokamak

T. Kawamura, Y. Abe and T. Tazima

(Received - Apr . 30, 1982)

IPPJ- 587 May 1982

RESEARCH REPORT

NAGOYA, JAPAN

0



Formation of Magnetic Islands and Ergodic Magnetic Layers

in Wall-Lapping Plasma as a Non-Divertor Concept

for a Reactor-Relevant Tokamak

T. Kawamura, Y. Abe and T. Tazima

(Received - Apr . 30, 1982)

IPPJ- 587 May 1982

Further communication about th is report is to be sent to

the Research Information Center, Ins t i tu te of Plasma Physics,

Nagoya University, Nagoya 464, Japan.



Abstract

The formation of resonant islands and the ergodization of magnetic

field lines in the tokamak boundary due to the subsidiary helical coils

are numerically analyzed for the wall-lapping plasma concept as a non-

divertor scenario for a reactor-relevant tokamak. The parameters are

taken referring to the R-tokamak, a reacting plasma project in IPP-Nagoya.

We have verified that this concept could be realized using the rotating

islands by three sets of helical coils carrying alternating currents with

shifted phases. It is also shown that this is possible by the local

helical coils which span limited toroidal regions of the torus.
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§1. Introduction

As the tokamak plasma parameters reach to the fusion conditions,

the simple solid limiter is considered to be unsuitable from the

viewpoints of the thermal load, impurity generation and ash exhaust.

The magnetic divertors could be adopted, but it has been pointed out

that there are several technical and economic difficulties with the

conventional magnetic divertors. F. Karger and K. Lackner [1] considered

"Resonant Helical Divertor" in which magnetic islands are formed in the

rational surface of the tokamak periphery by external helical currents

and divertor plates are placed inside the magnetic islands. The

resonant helical divertor, however, seems to be unable to avoid the

problem of local heat deposition. It has been also considered to

produce a boundary layer of ergodized magnetic lines of force by

external fields. [2-9] Such an ergodic magnetic layer in the tokamak

plasma boundary, that is, "Ergodic Magnetic Limiter" is effective to

disseminate the heat flux from the main plasma to the all area of the

first wall of the device and to avoid the local increase of the heat

load. T. Tazima and M. Sugihara [10] have proposed a concept called

"Wall-Lapping Plasma" for impurity control and ash exhaust. In that

case resonant islands are formed at the tokamak rational surface and

rotated by sets of external helical coils with alternating currents of

the 1 -v 10 Hz frequency, and consequently plasma surface contacting with

the first wall rotates along the wall surface. Then we can avoid the

evaporation of the first wall due to local heat deposition by the

rotating scrape-off plasma, and ergodization of the fisld lines near

- 2 -



the resonant surface by the toroidal effect can enhance the equipartition

of heat flux. And they have also proposed modified mechanical valves in

the wall for ash exhaust, in which the channel part of an ergodic edge

is introduced into valve openings.

In this paper we numerically analyze the nature of the resonant

magnetic surface of the tokamak fields by external helical currents, and

examined the possibility of the wall-lapping plasma as a non-divertor

scenario in R-tokamak project of IPP-Nagoya, using a computer code

developed to this end. Reference parameters are as follows : The major

radius RD =2.1 m, the minor radius of main plasma a = 0.6 m (circular

cross section), the wall radius (=helical coil radius) a,, = 0.7 m, the

toroidal field strength B T = B0R0/R where R is the radius variable in

the cylindrical coordinates (R, <j>, Z) referred to the toroidal axis and

Bo = 5T, the uniform vertical field strength B = 0.165 T which is

calculated from the simple equilibrium condition, and the plasma current

I = 1.5 MA which is replaced by the circular line current on the

magnetic axis.

§2. Islands Formation and Destruction

In this section we analyze the effect of a single set of two helical

coils which have the poloidal mode number i, the toroidal mode number n

and the same constant current Iu with every other opposite direction.
n

We employ a set of the 2 = 3 coils as illustrated in Fig. 1, since the

fundamental component of the helical magnetic field falls by ^(r/a^)1'1

so that inner hot plasma will not be affected by this helical field.
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At first we neglect the toroidicity and consider a cylindrical tokamak

with the length period 2uRo. Here we use the cylindrical coordinates

(r, 9, z) referred to the magnetic axis. The magnetic potential $„ due

to the above set of helical line currents with radius a,, is given by

[11]

J L - i I KN'(ltaaw)IN(Nocr)s1nN(e - a * ) , (1

p=0

(N s (2p + 1)0

where a = n/(JtR0) is the holical pitch of the line current and K,., I., are

the modified Bessel functions. The magnetic field (B,, BQ, B ) and the

magnetic surface <\i(r, 6) of the cylinder tokamak with helical currents

can satisfy the relation [11];

(2a)

BQ - arBz = - |J (2b,

and

* = ^0(r) + *H(r, 6) (3)

In Eq. (3) i|>0(r) is the surface of the tokamak field with the safety

factor distribution q(r), and ^u(i", 6) is the part due to the helical

line currents. They are given by
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and

* H(r, 6) = - r I bNIN'(Nar)cosN(e - az) (5)
p=0

with

bM = -2 ^ K'(Naa,,). (6)

When the plasma current I is replaced by the straight line current

on the magnetic axis, the distribution of the safety factor q = rB /(R BQ)
O 0 0

is given by q(r) = 5 x 10s Bor
2/(R I ). At the resonance surface {r = r )

in which q(rs) = i/n we have <J>0'(
r
s) = 0 in Eq. (4). For simplicity

we take only the leading term (p = 0, N = l) in Eq. (5) and expand Eq. (3)

around r = r , then we have the separatrix equation as

(r - r)2 = A 2sin2 i£(e - az) (7)

whire

and *0"(rs) = 2nB0/(X.R0) in this case, then the value 2&s gives the

island width at the (£, n) resonance surrace.

In order to see the islands destruction due to the toroidicity
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effect we numerically calculated the magnetic field lines in the toroidal

configuration. In this case we used the analytical expression of the

helical field obtained from Eq. (1) and transformed it to the cylindrical

coordinates (R, <fr, Z) referred to the toroidal axis, using the relations;

R = Ro + rcose (9a)

* = z/(R0 + rcose) (9b)

Z = rsine (9c)

and the angle variable N(9 - <xz) in Eq. (1) is replaced by (2p + 1)(JL9 - nt> )•

For the numerical analyses in this paper we used only the case l = 3,

n = 1 and the leading term (p = 0) in Eq. (1) in order to see the essential

feature of the islands deformation. The examples of numerical results

are given in Fig. 2 where the intersection points of the several magnetic

field lines on the <f> = 0 plane in the torus are illustrated. In the

present case the I = 3 resonance surface locates at r = 0.615 m in the

cylinder approximation. For I., = 1 kA the separatrix of the S. = 3 islands

are not destroyed, however, for I,, = 3 kA the peripheral surfaces of the

principal islands are ergodized to some extent as a result of overlapping

of secondary islands derived from the nonlinear effect due to the toroidicity,

and as Iu is increased to 10 kA, the principal islands completely
hi

disappear. From these results we can see that the values of helical

currents which are necessary for island destruction are sufficiently

small compared with our tokamak plasma current I =1.5 MA. The radial

component of helical field is calculated from Eq. (1) and given by
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For Iu = 3 kA we have about 400 Gauss on the I = 3 resonance surface,n

§3. Rotation of Islands by Alternating Helical Currents

Next we consider the case of 3 5, = 3 double helical coils which

are shifted by 20° in the poloidal direction with respect to each other

(see Fig. 3) and carry time-dependent sinusoidal alternating currents

with shifted phases. The time dependence of the current carried by each

set of two coils (I,.1 ; i = 1, 2, 3) is given in Fig. 4. In this case

the helical fields produced by each set of helical coils, which are

entirely wound through the torus, are calculated using the analytical

expression Eq. (1).

The numerical results of magnetic field lines for I,, = 3 kA are
<\,

shown in Fig. 5, where I,, is the amplitude of alternating currents, and

each figure shows the magnetic surface which is calculated using the

current values I,.1 given at the time of the phase number attached in thr

bottom of the graph in Fig. 4. We can actually recognize that the a = 3

islands rotate according to advance of the time phase. Then it is shown

that the sets of helical coils carrying the alternating currents with

shifted phases realize the rotation of the resonance islands and the

wall-lapping plasma concept.
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§4. Effect of Local Helical Coils

If the ergodization of magnetic field lines at the tokamak boundary

and the rotation of the resonant magnetic islands could be accomplished

by the local helical coils wound in the localized regions along the

toroidal direction of the torus, the ergodic magnetic limiter and the

wall-lapping plasma would be of greater practical value. Therefore we

also numerically analyzed the effect of the local helical coils for the

wall-lapping plasma.

We used such a set of local helical coils as illustrated in Fig. 6.

Here two local coils cover two toroidal regions with angular span of

A<(>H, with centers located at <)>„ Q = 90° and 270°. The relative phases

of currents carried by the sets of two coils are shown in Fig. 6. For

the island rotation we have used 3 sets of local helical coils similar

to those described in §3. In this case the helical fields due to the

local coils were calculated using Biot-Savart's law.

Numerical results for A<J>H = 30° and I., = 15 kA are shown in Fig. 7,

where the time dependences of the 3 currents I^'s (i = 1, 2, 3) are

same as in Fig. 4. The magnetic islands also rotate in this case,

although their shapes are less distinguishable, and about five times

larger currents are needed for the islands formation than the case

of full windings. The required current is roughly proportional to

the inverse of the segment length, however, the currents are still

sufficiently small compared with the plasma current.
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§5. Concluding Remarks

On the basis of our numerical calculations it has been shown that

the magnetic islands can rotate by using several sets of helical coils

carrying alternating currents and the wall-lapping plasma concept may be

realized by the scrape-off plasma moving with rotating magnetic islands.

The ergodization of the magnetic surfaces near the first wall due to the

non-linear toroidicity effect should promote uniform heat flux on the

wall. The use of the local helical coils as described in §4 simplifies

the above ideas in the present types of tokamak devices.

The effects of the thin I = 2 islands in Fig. 2 and other higher

(l/n) mode islands due to toroidicity on the instability of main plasma

may be of importance, however, the spreads of such non-resonant or higher

mode islands are negligible compared with the resonant a = 3 islands.

The studies on the scrape-off plasma motion along with the rotating

islands and the heat flux distribution due to ergodized magnetic regions

are now in progress, and the results will be presented separately.

However, in any case, a low Z first wall should be employed so that

the deleterious effects of plasma contamination by sputtering and

self-sputtering of the first wall materials is minimized.
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Figure Captions

Fig. 1 ; A set of the £ = 3 helical coils.

Fig. 2 ; Distributions of the intersection points of the magnetic field

lines in the <f> = 0 plane (magnetic surfaces). The toroidal

axis is on the left side, a) Iu = 1 kA, b) Iu = 3 kA and

c) IH = 10 kA.

Fig. 3 ; The three sets of the I = 3 helical coils carrying the

alternating currents and settled with 20° angle interval along

the poloidal direction.

Fig. 4 ; The time dependences of the three alternating currents with

shifted phases where IH is the amplitude and T is the period

of the alternating currents. The numbers attached at the

bottom indicate the time phase number at which the magnetic

field lines are calculated.

Fig. 5 ; The rotating magnetic surfaces calculated using the three

currents at the time phases indicated by the same numbers as

in Fig. 4. IH = 3 kA. The toroidal axis is on the left side.

Fig. 6 ; A set of the local helical coils wound in the shaded region

of the torus, the centers of which arc located at <j>H Q = 90"

and 270° with A<t>R = 30°.

Fig. 7 ; The rotating magnetic surfaces by the three sets of local

helical coils carrying the alternating currents with shifted

phases given in Fig. 4. I,, = 15 kA. The toroidal axis is on

the left side.
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Fig. 1 (Kawamura-Abe-Tazima)
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Fig. 3 (Kawamura-Abe-Tazima)
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