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The effect of many passive coils on the positional instabilities in tokamaks is
numerically investigated in the case of <1, (effective skin time of the coils),
assuming the rigid shift of the plasma column. In order to make the positional
stability region of the decay index broader, the passive coils must be located as
close as to the plasma surface with the optimum position. The skin time of the
coils is determined mainly by the number, cross section area and the conductivity
of the coils. Application of the analysis to two small tokamaks shows the fairly
good agreements with the experimental results.

§1. Introduction

It is well known that a vertical magnetic
field is necessary to maintain the plasma
equilibrium in a tokamak. The stability condi-
tion of the curvature of the vertical magnetic
field is expressed as 1<n<3$, where n is the
decay index (= —(R/B,)(0B,/0R)).}'® If that
condition is not satisfied, the equilibrium is
unstable and there appears the positional insta-
bilities, e.g. a vertical or horizontal displace-
ment of the plasma column.

In order to raise the beta value (ratio of the
plasma pressure to the magnetic pressure),
we must make the vertically elongated cross
section plasma,®>~> but there appears the
positional instability (vertical) when n<O0.
Although the local stability criteria suggest the
use of the horizontally elongated cross section
plasma of droplet shapes,® the positional
instability (horizontal) occurs when » becomes

large.
These instabilities can be stabilized by the
shell with infinite conductivity theoreti-

cally,” 19 or by the set of conductors with
finite conductivity if the plasma duration is
so short that they are regarded as perfect
conductors.'!-? However, when the plasma
life time becomes long in large tokamaks, the
shell or conductors with finite conductivity
cannot stabilize the positional instabilities,!®
but reduce the growth rates.!®!4:13 In large
fusion devices, it is important to use both the
passive coils to reduce the growth rates and the

16,17 {5 control the

active feedback coils
unstable slow motions.

The advantages of the passive coils instead
of the shell are, (i) small area, (ii) easiness to
mount the coils, (iii) easiness to connect them
against the positional instabillity, (iv) possi-
bility of use of coils together with.the active
feedback control.

The vertical stability of elongated tokamak
plasma by the energy principle has been cal-
culated, assuming a rigid shift.'® The plasma
current distribution is replaced by many toroidal
filaments and a set of discrete conductors
outside the plasma and a virtual shell are used.
In this paper, the effect of the passive coils on
the positional instability is investigated by
estimation of the destabilizing force and the
stabilizing force, which is derived from the
induced currents by the shift of the plasma
column. This calculation is quite easy because
of not using an energy principle, and the result
of the stability region of the decay index is
useful in the case of designing a non-circular
cross section tokamak.

In §2, the formulation of the critical » index
(stability boundary), the growth rate of the
positional instabilities and the effective skin
time of the coils are derived assuming the rigid
shift, which is the most unstable motion for the
elliptic cross section.’® The positional insta-
bilities can be stabilized if the » index is within
the critical decay index, and the plasma
duration is too short compared with the skin
time of the coils. In §3, the application to some
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tokamak devices and the optimum position of
the coils are presented. In §4, the conclusion is
presented.

§2. Calculation of the Shell Effect

2.1 Vertical displacement of the plasma column

We consider the configuration that a tokamak
plasma is surrounded by 2N, passive coils.
In simplicity, circular cross section plasma is
assumed to calculate the effect of passive coils
in this section. The formulation of critical
decay index, growth rate and the effective skin
time, derived below, can be easily modified in
the case of non-circular cross section plasma.

The flux at i-th coil is represented as

2N,

b= .21 M1+ Myl 1
=

where M ; is the mutual inductance between the
i and j-th coil, and M;;=L;, I; are the self
inductance, induced current in the i-th coil,
respectively. The mutual inductance between
the plasma and the i-th coil is expressed as M,
and the plasma current as I,. We consider here
that the plasma column displaces vertically as
a rigid body and the passive coils are placed to
act as a shell against the vertical displacement of
the plasma, and 7, does not change from the
poloidal flux conservation. Hereafter we use
the cylindrical coordinate (r, ¢,z) (r, ¢, z:
distance to the axis, azimuthal angle, distance
from the equatorial plane). When each of two
coils, symmetrically located at z=0 plane
(Fig. 1(a) is an example in the case of N,=3),
are connected in parallel, and the effects of
other coils, e.g. the active coils, can be
neglected, the differential equation is derived
from eq. (1),

dx
A-E+B-x=y, 2

where
Aij=M2i—1,2j—1_M2i—1,2ja
Bl1=611R21—1(5ij=0 fOI‘ i?éj, and 5ij=1
for i=j), '

d
xi=hi_y, yi= _Ip(TtMp,ﬁ—l’

1= "Izi—b Ry;=R,; ;.

When we express the fundamental solution of
the homogeneous linear differential equation
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of dx/dt=C-x (C=—A"!-B) as X;(t) (i=
1,2, -, N,), the solution of eq. (2) is

x=X(t)~X"1(t0)-x0+X(t)Y X~ !(z)-b(r) dz,
' 3

where
x=x, at t=ty, and X(t)=(Xy, X, -+, Xy,)=
eC.P=P-e" b=A"!.y.

Ay
A 0
(P: regular constant matrix, A= 2, )
0 .
AP
Ak j 0
(Jordan’s normal form), A,= ke e q
0 . A

A eigen value of C).

When the plasma column displaces rigidly
along the z axis as §z (0<dz<plasma radius),
(d/dt)M, ,;_is expressed as g (d(6z)/d¢), where
g;=(d/dz)M, ;;_,. If the time is too short
compared with all of [1;]7!, and x,=0 at
to=0 (initial induced current is zero), eq. (3)
is represented as

x=—hl(6z), ()

where h=A"1-g.

Then, the z component of the stabilizing force
acting on the plasma column from the induced
current is,

2N,
F® =poI2(62) Y fihs, %)
=1
where
L -z
f'.=\/(rl,+r,~)‘+zi2 .
2,.2,.2
ro+ri+z
x ["K(ki)+'(rp_ri)z_l_zizE(ki):l,

r,: major radius of the plasma, r;: major radius
of the i-th coil, y,: permeability in the vacuum,
z;: distance along the z axis from the plasma
center to the i-th coil, k*=(4rri/((r,+r)*+
z})). The functions K and E are the first and

-second kinds of the complete elliptic integrals,

respectively.
When the decay index n is below zero, the
destabilizing force against the z direction is

F®=2n1,B,n(52). (6)

In the case of the low beta value, the vertical
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field B, is approximated as

_Foly(y 81y L3

4nrp<ln a, tht273)

B,: poloidal beta value, /;: internal inductance
of the plasma, a,: minor radius of the plasma).
When the condition F® +F® <0 is satisfied,
the plasma is stable against the vertical dis-

placement within the skin time. The critical
value of n is

- Z fihi, @)

8r l; 3
sln( )+ﬂp 377

Now we consider the growth rate of the
positional instability. The equation of
M (d?/dt?)(6z)=F + F® is written by

where

2

d
M3 (52) = — ol 2(67) 5.- S

(M,: mass of the plasma). In the case of n<n,,
6z(0)=0,

0z(t)=d(e"" —e 1), ©
where

= [ =5 2 g
yg—\/zrpMp(n n)pol,, d=const.

The effective skin time t,=L,/R, of the
passive coils can be defined from 7,, R, and L.

1 2Np 1 2Np
I=3 21 I, Re=7z. 2 R,
1 2Np 2N,
: Le=_2 Z Z MUI,I] (IO)
Ie i=1 j=1 .
This 7, is nearly equal to |Apinl ™" (|Amial: the

minimum value for all of |1;]), because X(¢)
has the component exp (1;#) (A;<0) and the
exp (Amin?) becomes dominant when ¢ becomes
large.

2.2 Horizontal displacement of the plasma
column
We assume that the poloidal and toroidal
fluxes are conserved when the plasma column
moves horizontally. The poloidal flux con-
servation is represented as

0
E:—(LPIP)_anrpB_L:O, (11)
4
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where

8 l;
LP=“0rp(ln <aL:> +§l -—2)

(self inductance of the plasma column).
When the condition

8
In <j> >
aP
is satisfied, eq. (11) is

I—+ gl——o (12)

l;
ﬂp+§—2‘

From eq. (12) and the toroidal flux conservation
of a%/r,=const. with a,/r,«1,

d oM,; M,

5 M) =1, dt( —r—p"> (13)

When each of two coils are connected in

parallel to act as a restoring force on the
horizontal displacement of the plasma column
(Fig. 1(b) is a example with N,=3), the differ-
ential equation is

A’-d—dJit-i-B’x—y, (14)
where
Aij=Myi1,2j-1— M1 ,2;=Myi 254
+ M3z
11=0i(Ryi— 1+ Ry)),
xi=D;-y,
y;=1pd__r1’(M"’Zi"l__Mpﬂi_aMin—l
dt r, rp or,
GM, 2,)
or, )’
I,,=-1

If the plasma column shifts horizontally as
or (0O<dr«plasma radius), the solution of
eg. (14) is derived in the same way as subsection
2.1 if the time is shorter than all of |A}~!
(A}: eigen value of —A’"!-B"). |

x'=—h'1I,or), (15)
where
grz_ y , hI:AI—l'gl.
pdt(ér

Then the r component of the stabilizing force
acting on the plasma column from the induced
current is

2N,
FP = pol(6r) _Zl fih, (16)
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where
’__ —rp
fi= [(ri+r)* +21
ri—rl-z}
X [K(ki) + mE(ki)} .

If the decay index is above 1.5, the destabilizing
force is

‘ 3
F@= —2nIpBl(n" 5)(&)- (17

The criterion of the decay index from the
condition F®+F?® <0 is

2r, X

3
.= Thi+ 5.
In <§f£> i=1f 2

a

n

(18)

P

In the case of n>n,, or(t) has the same form
of eq. (9).

or(t)=d'(e’ ' —e "), (19)
where
/ln (%) .
y’=\/ —22 o I%(n—n,), d’'=const.
g 2r,M, P

The effective skin time also has the form
1,=L,/R, and L,, R, are given by eq. (10).

§3. Application

3.1 Large tokamak

We consider here the circular plasma. But
this method is easily applicable to the case of
the non-circular cross section. We think the
case that a¢,=1.0m, r,=3.0m and the con-
ductivity o of the coils is 5x 107 (Qm)~*.

Figure 1 is the example of the coil position
on the ‘circle’ (@), and on the ‘rectangle’ of
k=2 (x: height to width ratio) (O) in the case
of N,=3. Each of two coils ((1, 2), (3, 4), (5, 6))
are connected in parallel, and Fig. 1(a) is
drawn in the case of the vertical displacement
of the plasma and Fig. 1(b) is that of the
horizontal one. In the case of ‘circle’ in Figs.
(1-5), passive coils are located around the
plasma on the concentric circle a. of 1.1 m
radius, and each coil (minor radius a,, of cross
section is 0.01 m) is separated from the next
coil with the same angle on that circle. We use
x when the passive coils are on the rectangle
(2.2 m wide, 2.2k m high), and the distance
between the neighboured coils along the side
on that rectangle is same.
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(a) (b)
Fig. 1. Example of the coil position on the ‘circle’

(@), and on the ‘rectangle’ of k=2 (x: height to
width ratio) (Q) in the case of N, (number of pair
coils)=3. Each of two coils ((1, 2), (3,4), (5, 6))
are connected in parallel, and Fig. 1(a) is drawn in
the case of the vertical displacement of the plasma
and Fig. 1(b) is that of the horizontal one.

Figures 2 and 3 show the critical value n,
and skin time 7, together with T, against the
vertical motion of the plasma on N, for various
configuration of the passive coils. Here, 7.,
is the effective value from the analytic skin time
of the straight cylinder. (r,,=0uea.d/2, d=
(a%/a,)N, (thickness)) When N, becomes large
(NV,=30), n, is saturated because the passive
coils acts almost as a shell, and 7, is nearly
proportional to N,. In the case of ‘circle’ with
square cross section of conductors (0.01 m x
0.01 m), 7, is nearly equal to t,,; when N, and
r, are large with a,=1.0 m fixed. The small

.difference is due to the finite aspect ratio

A=r,/a,=3 and infinite one. Figures 4 and 5
also show n, and 7, together with 7 ,, against
the horizontal motion. In these figures, we
approximate

—[/2 2
Mpi=:u0\/rpri|i<z —ki>K(ki)" EE(ki)],

s=In (-81—”)
ap

From these figures, n, and 7, become larger
with N,, and the value of n, saturates, i.e.
about 90% of attainable n. (passive coils are
located closely without a blank) is obtained in
Fig. 2 in the case of ‘circle,” when we use 16
pairs of coils which surround less than 109
of the surface (a¢,=1.1 m). For the vertical
motion, n, is greatly affected according to the
coil position, i.e. k, but affected small for the
horizontal motion owing to the little change of
the effective distance between the plasma and
coils. When coils are located on the ‘circle,’
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4.0r __+——CIRCLE

20 30 Np

Fig. 2. n. vs N, for the various configurations of
the passive coils against the vertical motion of the
plasma.

Teo(ms)

100 Teal.

80

60

0 10 20 30 N

Fig. 3. 7.and 7.a vs N, for the various configurations
of the passive coils against the vertical motion of
the plasma.

the change of n, on N, against the vertical
displacement is almost same with that against
the horizontal one. In the case of the highly
elongated plasma, a circle of coil locations is
not outside the plasma. In that case, we must
change the location of the coil.
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" K=10
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1.5}
;f’
0 10 20 30 Np
Fig. 4. n.vs N, for the various configurations of the

passive coils against the horizontal motion of the
plasma.

T (ms)
120

CIRCLE
100
80
60

40

.20

0 10 20 30 Np
Fig. 5. 7.and 7., vs N, for the various configurations
of the passive coils against the horizontal motion
of the plasma.

Figure 6 shows the dependence of #, on a, for
various values of N, in the case of the vertical
motion. As the value of |n.| becomes smaller
with the increase of a, (|n]oca,?> and 7, is
almost constant), we must locate the coils near

the plasma to get larger |n.|. (When the aspect
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Fig. 6. n. vs a. for the various values of N, in the
case of the vertical motion of the plasma.

ratio becomes infinite, |n.|oca; ? is obtained.)

Of course, |n. reduces when the coils are
outside a separatrix, which is produced by
the plasma current, and the coil currents to
make the vertical field.

The approximate dependence |n,|cc A8 (the
aspect ratio 4=r,/a, with a,=1.0 m fixed) is
obtained with @, =1.1 m, N, =10 for the vertical
motion. The value of 7, is from 32 to 38 ms
when A changes from 2 to 100.

The relation between 7, and a, with a,=
1.0m, r,=3.0m and N,=10 for the vertical
motion are investigated. Each coil is on the
concentric circle a, of 1.l m and separated
from the next coil with the same angle on this
circle. The value of 7, increases almost linearly
with a2 and n, is from —2.8 to —4.3 when a,
changes from 0.001 to 0.1 m.

In the case of a,=1.0m, r,=3.0m, a.=
1.1m, @,=0.01m and N,=173 (coils are
closely located), n.~—4.1 and 7,~480 ms is
obtained. If the shell (the major radius r, is
3.0 m, the minor radius b is 1.1 m, thickness d
is 0.02 m) is divided into many coils (N,=173),
n,~—4.1, 1,~480x(4/r)~610ms as 7, is
nearly proportional to the cross section of the
coils. The analytic skin time t,=0u,bd/2 is
680 m with 6=5x107 (Qm)~ !, b=1.1 m, and
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d=0.02 m, in the case of the straight cylinder.

From Figs. 2-6, we must choose mainly the
proper values of a,, k and N, to get the needed
n, and choose 4, and N, to get 7., which are
decided by the plasma parameters, the dis-
charge duration, and for example, the sampling
time of the active feedback control.

Next we consider the optimum position of
the passive coils to make |n,| large against the
vertical motion of the plasma. By the energy
principle, Rebhan and Salat'” calculated the
optimum positions of the feedback coils, too.
We assume that each of two coils, symmetrically
positioned with respect to the equatorial plane,
are connected in parallel with a, fixed. Figure 7
shows the dependence of n,, 7, and the induced
current I on the angle 0 (see Fig. 1(a)) when
the coils are located with +60 (N,=1), a.=
1.1m, a,=1.0m, r,=3.0m, a,=0.01 m and
o=5%10"" (Qm)~'. As is shown in this figure,
0~88° is the optimum value for n, 0~80°
for 7, and 6~100° for the induced current.
In the case of N,=2, the relation between n,,
7, and the angle o (0= +(90° +«°), +(90°—a°))
is calculated, and a~15° is the optimum value
for n, while 7, gradually decreases with a.
Figure 8 shows the dependence of n. and 7,
on the angle B(NV,=3, 0=+90°, +(90°+5°),
+(90°—f°)), and the optimum value of

..nc

T(10ms)
I(arb.)

2.0f

0 30 60 90

120 150 180",
S}

Fig. 7. Dependence of n., 7. and induced current /7
on the angle § with N,=1 for the vertical motion
of the plasma. The passive coils are located at 6.
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_nc
'Ee(IOms)

A

0 20 40 60 80° o

Fig. 8., Dependence of . and 7. on the angle g with
N,=3 in the case of the vertical motion of the
plasma. The passive coils are located at 6= 4-90°,
+(90°48°), £(90°—8°).

is 25° for n,, while 7, gradually decreases with

B.

3.2 TOSCA

TOSCA!2:29723) jg 3 small tokamak to study
the nature of non-circular cross sections.
Robinson and Wootton?* calculate the effects
of the passive coils'® and have a good agree-
ment with the experimental result.

In the case of TOSCA, we put the value
r,=30cm, a,=8 cm, a,=0.75cm, c=>5x10"
(Qm)~!, B,=0.5 and [;=0.5 into egs. (7),
(10) and (18). '

First we consider the vertical motion of the
plasma. When the coils of number 2 and 15,
3 and 14, 5 and 12 from Fig. 1 in ref. 12 are
connected in parallel (N,=3), n,=—2.5 and
7,=8.3 ms. This calculation agrees with the
experimental data of n.~—2.9 fairly well.
As 7, is greater than the discharge duration
time of ~1 ms, the passive coils can be re-
garded as perfect conductors and the plasma
is stable when n>n, is satisfied. In the case of
the parallel connections between 2 and 15
coils, n, is —0.62, 7, is 5.6 ms, 3 and 14 coils
make n,=—1.2 and 7,=6.1 ms, 5 and 12 coils
make n,=—1.6 and 7,=6.2ms. When all
16 primary windings are connected in parallel
(pair coils are symmetrically located at z=0
plane and N,=8), n,.=-3.2 and 7,=13 ms.
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In the case of N,=27 (closely located), n,=
—3.5 and 7,=40 ms.

Secondly, we consider the horizontal motion
of the plasma. When the parallel connections
between 2 and 15, 12 and 15 coils and s=
In (8r,/a,) are taken, n,=2.4 and 7,=7.8 ms.
When all 16 windings are connected in parallel
(pair coils are symmetrically located at r=r,

~ plane and N,=8),n.,=3.9 and 7,=16 ms. In the

case of N,=27 (closely located), n,=4.1 and
7,=51 ms.

3.3 TNT-4

TNT-A%*29 s a non-circular cross section
tokamak with r,=40 cm. The discharge dura-
tion time is 10-20 ms. The vacuum vessel of
stainless steel is 24 cm wide and 60 cm high,
and its thickness is 0.6 and 0.8 cm. The eight
shaping coils are located around the chamber.
In order to make vertically elongated plasmas,
four outer shaping coils are used as active
coils, and the top and the bottom four coils
are used as passive coils. The copper shell on
inside only, 10 mm thick, restricts the magnetic

“surface.

First we calculate n, and 7, for the vertical
displacement of the plasma. We use the value
of a,=10 cm and s=1In (8r,/a,).

We consider the effect of the passive coils
of the shaping coils. When S; and Sg coils
(r=30cm, z=+4+46.9cm) are connected in
parallel and 6=5x 107 (Qm) ™!, n,= —0.03 and
7,=7.8 ms. When S, and S, coils (r=50 cm,
z=+46.9 cm) are used as the passive coils with
6=5x10"(Qm)~!, n.=-0.05 and 7,=8.7
ms. In addition to S; and Sy coils, S, and S,
coils are connected in parallel (N,=2), n.=
—0.07 and 7,=9.9 ms. This shows that these
coils have a little effect on stabilizing the
vertical motion of the plasma as they are
relatively far from the plasma.

If we think the vacuum vessel is made of
many conductors with ¢=1.4x10°(Qm)~?!,
k=2.5, the values of n, and 7, are calculated.
In the case of a,=0.4cm, N,=105 (coils are
closely located), we obtain n,= —2.2 and 7,=
0.55ms. As 7, is nearly proportional to a
(proportional to the area of the cross section
of the coil), 7, becomes 0.55x4/n~0.7 ms
when the circular cross section of the con-
ductors changes into a square, but 7, is almost
same (n.~ —2.2). The vacuum vessel has a
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stabilizing effect on the vertical positional
instability, but that effect vanishes gradually
with time because of the small value of t,
compared with the discharge duration time.

When the shell is divided into 60 coils (N,=
30) with @, =0.5cm, c=5x10" (Qm)~!, we
have n,=—1.2, 7,=29 ms. In the case of the
square cross section of the coils, n,~—1.2
and 1,~37 ms are obtained. This shows that
the shell has not only a stabilizing effect, but
also a larger value of 7, compared with the
discharge duration time in TNT-A. From the
experimental data,* stable discharges are
obtained when #n,>—1 (7, is the measured
value when the shaping current flows) is
satisfied. The above calculation can explain
this experimental criterion quite well.

Secondly, the effect of the vacuum vessel
against the horizontal motion of the plasma
is considered. In this case, we have n,=6.0
and 7,=0.66 ms. If the cross section of the
conductors is square, #,~6.0, 7,~0.84 ms. As
the vacuum vessel is rectangle with x=2.5,
the stable region of the decay index by the
passive coils against the horizontal motion of
the plasma is much broader than that against
the vertical one. The vacuum vessel has an
influence on stabilizing the horizontal displace-
ment of the plasma, but the skin time is shorter
than the discharge duration time.

§4. Discussion and Conclusion

In the presence of the passive coils, the
stabilizing force on the plasma was calculated
within the time scale shorter than the effective
skin time of the coils 7,, assuming the rigid shift
of the plasma column. The critical decay index
'n,, the growth rate y, and 7, were calculated.

As n, is a sensitive function of the distance
a, between the plasma center and the passive
coil, e.g. |n|oca; ?-® in the case of the vertical
shift of the plasma column with circular cross
section (plasma major radius is 3.0 m, minor
radius is 1.0 m), it is necessary to locate the
coils near the plasma surface. It is also necessary
to locate the coils on the optimum region,
considering the angular () dependence.

The skin time 7, is proportional to the
conductivity and the square of the minor radius
a,, of the coil’s cross section. When N, becomes

* S. Shinohara et al.: in preparation for publication.
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large, 7, is nearly proportional to N,,.

So, once the required value of the decay index
and the skin time of the passive coils are
decided, we can choose the optimum positions
of coils. That is, values of a,, k, N, and 0 can be
determined. When the plasma shape is circular
and the coils are on the side of the rectangle,
|n,| decreases rapidly with x (height to width
ratio of the rectangle) against the vertical
motion of the plasma column, but slowly
against the horizontal one according to the
effective distance between the plasma and the
coils.

The values of n. and 7, calculated from the
above mentioned methods in two small non-
circular machines of TOSCA and TNT-A,
have fairly good agreements with the experi-
mental results.

In this paper, we assume that the charac-
teristic time is too short compared with the skin
time of the passive coils. But the growth rate
can be calculated when the time scale becomes
large compared with the skin time, i.e. the
effect of the resistance of coils can be taken
into account.

In the case of N,=1, the solution of eq. (3)

¢ d(oz)
v = (/1) t/1e \22)
x;=¢e j e & dr.

0

is

Then the equation of motion is expressed as

d?(62) _ t d
M, d(tz =2.u0112,f1 g~ (1) jo el 5(&) dt.
_#013
SR sn(0z).

We differentiate this equation with respect to
time,

d d? d
37302+ Py 7 (32)+ P, 3,(62)+ Po(32)=0,

where
n
P0=F2;a P1:F2(n_nc)’
2
_ - 2_ Polps
Pz—,[e, r T 2M

This equation is reduced to the homogeneous
linear differential equation

dx 0 1 0
a—;=Q~x, Q= 0 0 1.
' —Py =P, —P,
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In the case of 0>n>n,, 7,I'> 1, the growth rate
y, is derived as (—n/(n—n.))(l/t,) from the
maximum positive value of Q. This growth rate
comes from the finite conductivity of the coils.
This formula explains the result of TOSCA?2®
with no passive coils where n.~ —6 and 7,~7
us (the skin time of the vacuum vessel).

So far, we calculate n, and 7, assuming the
circular cross section plasma. But in the case
of the arbitrary cross section plasma, more
precise value can be calculated by this method
when the plasma cross section is divided into
many filaments according to the plasma
equilibrium.
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