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Abstract

The expression for the halo current induced during the plasma quench phase is analyti-
cally obtained. The numerical calculation shows that the highest value of the halo current
in the present large tokamaks is approximately 20 % of the plasma current. For the
reduction of the halo current, the edge cooling due to the active impurity generation or
emission from the wall is adequate, in addition to the enhancement of the wall resistance in
the halo current loop by the use of insulators.

1. Introduction

It is known that the halo current is induced during the plasma or the current quench
phase in the large tokamaks such as JT-60U and JET [1,2] . Since the halo current flows
along the poloidal direction, it can be regarded that this current is generated to conserve the
diamagnetic toroidal flux. The eddy or shell current is induced along the toroidal direction
during the current quench phase to conserve the poloidal flux due to the plasma current.
Since the halo or the eddy current causes a large electromagnetic force, the failure of the
divertor wall or the first wall may take place. In particular, if the wall elements with active
cooling structures is ruptured, the serious accident such as the loss of coolant accident would
be occurred.

It was observed that the graphite wall tiles were ruptured by the electromagnetic force
due to the halo current in JT-60U [1] . In JET, the halo current as high as 20 % of the
plasma current was measured [2] . Since the evaluation for the halo current is very
important for the designs of in-vessel components, the analysis for the halo current is
required and then the method to reduce the halo current has to be developed.

In this note, we first analyze the halo current induced during the plasma quench phase
by using the induction equation. The numerical examples for a tokamak and a helical
device are given and the magnitudes of the halo currents are discussed. Finally, several
schemes for the reduction of the halo current are suggested.
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2. Analysis for halo current

The halo current, I, is described by the following induction equation if the couplings with
the surrounding conductors are ignored.

d

71%‘ (Ll + Ridy = — 2=, (1)

where L, == u,a?/2R is the self inductance, @ the plasma radius, y, the permeability, R the
major radius, R, the resistance of the halo current loop and ® diamagnetic toroidal flux. It
is assumed that the major radius remains the same, e.g., the vertical disruption be considered,
but the plasma radius decreases as follows,

a=a(1— t/z), @)

where g, is the plasma radius before the disruption, z, the plasma quench or the current
quench time. The moving velocity of the plasma column then becomes v,= @/ 7, and the
width to be scrapped off by the wall A=v,t. The resistance of the halo current loop consists
of the plasma resistance, R,, and the wall resistance, B,. The resistance of the halo current
loop is given by

b+l
R, oaBA 3)

where [, is the poloidal length in the region of the halo plasma, /, the poloidal length in the
wall region, 7, the plasma resistivity and 7, the resistivity of the wall material. For the
evaluations both for L, and R,, it is presumed that the halo current is induced along the
poloidal direction in the entire torus as shown in Fig. 1. The width and the thickness of the
halo current channel are 2zR and A, respectively.
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Fig.1 Halo current induced during plasma quench phase.

The expressions of [, and [, are obtained for the geometry shown in Fig. 2. In the case
that the plasma radius is much longer than the scrapped depth, a>>> A, the value of 4 in Fig.
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2 is approximated as § = J/A/a. Then, /, and /, are given by

Zp227z(a+—§~)—2m—“42mz, (4)
Ly =2 JaA, (5)

Halo Current

O

Fig.2 Geometry used for calculation of the resistance of current loop.

Since the plasma resistivity is expressed as 7= 5x107%Z o AnA/ T3 == 10732 ./ T2 [Q—
m] and the wall resistivity 1.4x10"% [Q—m] in the case of the isotropic graphite, the
resistance of the halo current loop in Q becomes

10327, a L2 A
o (4 A P
e ~—ff-—72,2 2y (1 +4.5x10° » 4/ p ), (6)

where T, is the electron temperature of the halo plasma and Z,., the effective atomic number.

In Eq. (1), the change of the self inductance is given as (dL./dt)/L,=-2(ay/a)/ts. The
change of the diamagnetic toroidal flux becomes -d®/dt=2(ay/a)®,/rs. Here, ®, is the
initial value of the diamagnetic toroidal flux,

D, = 7a2AB, {7)

where AB = B,— B, B, the toroidal magnetic field in the vacuum and B the toroidal magnetic
field in the plasma. Since the plasma pressure, p, is approximated as p = B,AB/u, = (BY/
2u0) 5, we have

AB = ,3%, (8)
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where B=p/(By*/2u,) is the beta value. In Eq. (8), it is assumed that the plasma pressure is
constant. From Eqgs. (7) and (8), the change of the diamagnetic toroidal flux becomes

dt Td :

Then, from Egs. (1), (6) and (9), the induction equation for the halo current is approximat-
ed as

dIh x [h - ﬁAzq]P
dt Th Td ’

where A=R/a, is the aspect ratio, ¢= (a/R)B,/B,) the safety factor, B,= uol,/2na, the
poloidal magnetic field and I, the plasma current. The resistive time constant of the halo

(10

current loop, 7, is given by

L _1.6 X 10°Z, NN
= A (L 45 X 107 S ao) — (1)

In Egs. (10) and (11), it is presumed that « = 4. The solution of Eq. (10) then becomes

L, = BA?qL, 2 (1 — &3, 1)
Td
where
Th _1:16X10 erf - 6/2 A _
(—Td) —“—JLZOATSIZ (1+4.5x10"8 7o ,/~—a0 ) T — 2. 1)

In the device without plasma current such as a helical device, the halo current is also
induced during the plasma quench phase. The halo current in the currentless device is given
by

I, = 2% gBR e (1-e3), (19
Mo

Since the plasma quench time in the helical device is longer than that of the tokamak
disruption, the halo current is much smaller, compared with the case of a tokamak device.

3. Estimation of halo current

Based on the expressions for the halo current, we here estimate the value of the halo
current. For the case of tokamak, it is assumed that g,=1 m, A/a=0.1, Zerr=6, ¢=2 and
A=3. If the electron temperature in the halo plasma, T, is lower than approximately 260
eV, the resistance due to the graphite wall becomes much smaller than that of the halo
plasma. Then, the resistive time constant of the halo current, z,, is roughly proportional to
T2 in this case. The current quench time in the large tokamaks is of order of 10 ms.
Although the beta value at the edge plasma is small, the value at the core plasma may exceed
about 10 96. For the case with =10 % and z,=10 ms or 20 ms, the ratio of the halo current
to the plasma current, I,/1,, is plotted to the electron temperature of the halo plasma in Fig.
3. This ratio has a value as high as approximately 0.2 when =10 % and 7,=50-60eV. In
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the case of JET, the highest halo current induced was also 20 % of the plasma current [2] .
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Fig.3 Ratio of halo current to plasma current for the case
that A=3, ¢=2, %=1m, A/2,=0.1, Z,r;=6 and =10 %

The halo current increases as both the electron temperature and the beta value. Since
the beta value and the electron temperature increase as the decrease of the plasma radius
during the plasma quench, the halo current shall increase as the progress of the plasma
quench and has a maximum in the end of the plasma quench. The electromagnetic force per
unit poloidal length, thus, becomes highest in this phase. When ,=5-20 MA and B,=5T, the
highest electromagnetic force is estimated as (5-20)x10° kg/m.
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Fig.4 Halo current induced in currentless plasma. Here, B,=
4T,R=4 m, a,=1.5 m, A/a=0.1, Ze,,=6 and =5 %
and ;=100 ms.
In the helical device, the plasma quench time is much longer than that of the tokamak.
For the case that @,=15 m, A/a,=0.1, Zo;;=6, R=4 m, 8=5 % and 7z,=100 ms, the halo
current is plotted to the electron temperature in Fig. 4. The halo current induced in this case
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is as high as ~250 kA if 7,<50 V. Compared with the case of the tokamak, the halo

current of the helical device is a few times smaller.

4. Discussion and summary

The halo current may be reduced by decreasing the electron temperature of the halo
plasma since the halo current is roughly proportional to o/ zy~7T¥%/Zsrr.. When the
vertical disruption takes place, the plasma column collides with the walls. If the impurity
emission largely occurs, the edge temperature can be significantly reduced. For this pur-
pose, the active impurity generation or emission such as the scheme to use solid target
evaporator [3] or gas impurity injection is suitable. For example, if the edge temperature
is reduced from 50 eV to 10 eV, the halo current is three times decreased. In addition, the
heat load to the wall is reduced due to the radiation of the impurity. In the scheme of solid
target evaporators, the use of beryllium or boron is adequate since these materials contribute
to the wall conditionings for next discharge shots [3] .

The other approach is to enhance the wall resistance of the halo current loop. The halo
current shall be induced in the divertor wall and/or the first wall. If the insulators between
the wall tiles are placed along the toroidal direction, the halo current is very largely reduced.
For example, when the resistance of the wall is 1 Q, the ratio of the halo current to plasma
current becomes of order of 1078,

In summary, the halo current was analyzed based on the induction equation. The
numerical calculation showed that the halo current can be as high as approximately 20 % of
the plasma current. The electromagnetic force due to the halo current becomes of order of
10% kg/m in the fusion experimental reactor. For the reduction of the halo current, the edge
cooling due to the active impurity generation is suitable. The use of the insulators between
the wall tiles along the toroidal direction is also quite effective.
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