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ABSTRACT. During plasma disruptions, substantial toroidal and poloidal eddy currents are gener-
ated in the vacuum vessel and other plasma facing conducting structures. Eddy currents that conduct
charge through paths which close through the plasma periphery are called halo currents, and these can
be of substantial magnitude. Of particular concern for tokamak design and operation is the observed
toroidal asymmetry of the halo current distribution: such an asymmetric distribution leads to prob-
lematic non-uniform forces on the conducting structures. The premise is adopted that the source of
toroidal asymmetry is the plasma deformation resulting from the non-linear external kink instability
that develops during the current quench phase of a disruption. A simple model is presented of the
kinked plasma that allows an analytic calculation of the dependence of the toroidal peaking factor
(TPF) on the ratio of the halo current to the total toroidal plasma current, I, /I,. Expressions for
the TPF as a function of Iy/I, are derived for m/n = 2/1 and m/n = 1/1 helical instabilities. The
expressions depend on a single parameter, which measures the amplitude of the saturated state of the
kink instability. A comparison with disruption data from experiments shows good agreement. Numer-
ical experiments that simulate non-linear external kinks provide guidance on the values expected for
the saturated amplitude. It is proposed that a simple plasma halo model is adequate for assessing
the engineering impact of asymmetric halo currents, since the force distribution on the conducting
structures depends mainly on the ‘resistive distribution’ of the eddy currents. A brief description is
given of an electromagnetics code that calculates the time development of eddy currents in conduct-
ing structures, and the code is applied to two halo current disruption scenarios. These are used to
emphasize the importance of having an accurate eddy current calculation to correctly estimate the
engineering impact of tokamak disruptions.

INTRODUCTION structure and which has a return path through the

plasma (Fig. 1). Having a return path through the

During a plasma disruption, substantial toroidal
and poloidal eddy currents are generated in the vac-
uum vessel and other plasma facing conducting struc-
tures. In this article, we concentrate on the poloidal
eddy currents.

Eddy currents can be generated by induction,
owing to a changing plasma toroidal flux, and by
conduction of current from the open field line region
of the plasma periphery into solid material conduc-
tors such as the first wall or divertor plates (e.g., see
the review articles by Gruber and Lackner [1] and
by Schuller [2]). ‘Halo’ current refers to that part
of the plasma current which flows in the conducting
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plasma has an important consequence, because such
a poloidal current, when crossed with the external
toroidal magnetic field, can lead to a substantial net
force on the conducting structure [3-6].

Halo current magnitudes, Iy, of up to 50% of the
pre-disruption plasma current, Ig, have been mea-
sured in major tokamak experiments [1, 7, 8]. Typ-
ical halo current fractions, Iy/I), are 20%. A par-
ticular concern for tokamak design and operation is
the observed toroidal asymmetry of the halo current
distribution: in some cases, peak to average ‘toroidal
peaking factors’ (TPFs) of 3.0 or more are mea-
sured. Figure 2, reproduced from the 1996 paper of
Wesley et al. [9], shows disruption data from
DIII-D, ASDEX Upgrade, Alcator C-Mod and
COMPASS-D. The data show a trend for the TPF
to decrease with increasing Iy, /I5.
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FIG. 1. From Granetz et al. [8]: magnetic flux reconstructions at 1 ms time intervals during a
VDE disruption in Alcator C-Mod. The arrows show the poloidal projection of halo current
flow from the plasma periphery into the conducting wall, with a return path through the
plasma region. A substantial halo current exists primarily during the last two frames.

Clearly, tokamaks such as ITER must be designed
to withstand ‘worst case’ load scenarios in the event
of major disruptions. To define such scenarios a priori
requires an ability to estimate expected values of the
TPFs and halo current fractions. This requires an
understanding of the physics of halo currents, and
the cause of toroidal peaking.

Toroidal asymmetry of halo current distributions
can be due to conductor asymmetries (e.g., built-in
vessel asymmetry or vessel distortion during toka-
mak operation) and/or plasma asymmetries (e.g.,
plasma deformation due to non-linear development
of free boundary instabilities) [6]. Since halo currents
are often seen to rotate toroidally, see, for example
Ref. [8], the former case can probably be dismissed.
In this article, we concentrate on the latter proposi-
tion and present a simple analytical model that esti-
mates TPFs for plasmas with helical deformations.
The model predicts the dependence of the TPFs on
the halo current fraction.

It is easy to see why the non-linear development of
an external kink instability leads to toroidally non-
uniform halo currents. For example, consider a circu-
lar cross-section equilibrium subject to an m/n = 2/1
instability. Development of the instability leads to an
elliptical deformation of the plasma, as depicted in
Fig. 3, and contact with a limiter surface at a local
toroidal location (¢ = 0 in the figure). The ampli-
tude of the kink is parametrized by the ellipticity,
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k. The width of the halo region is denoted by d.
The minor radius of the limited plasma is denoted
by a. At a given ¢, depending on the magnitude of
k relative to d/a, all, some or none of the poloidal
plasma current is conducted into the wall. Similarly,
an m/n = 1/1 instability leads to a shifted plasma
column and an equivalent scenario for the production
of toroidally non-uniform halo currents (Fig. 4). At a
given ¢, depending on the magnitude of the shift, s,
of the plasma column relative to the thickness of the
plasma halo, all, some or none of the poloidal plasma
current is conducted into the wall.

A self-consistent treatment of the plasma evolu-
tion and electromagnetic interaction of a three dimen-
sional (3-D) plasma with 3-D conductor regions is
not feasible at present. Our goal in this article is to
define a simple model of the plasma that is capable of
reproducing the observed halo current asymmetries
and that can be used as a ‘plasma driver’ for elec-
tromagnetics calculations which calculate 3-D eddy
current flow patterns in first wall conducting struc-
tures. In calculating the structural impact of asymme-
tries in tokamak disruptions (e.g., for ITER design),
the forces on conducting structures are of primary
interest. The poloidal halo currents in the plasma
region serve only as a source for eddy currents in
the solid conductor regions. Since the currents that
flow in the plasma halo are force-free, problematic
forces arise only after the eddy current distribution
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FIG. 2. From Wesley [9]: ITER halo current disruption database of TPFs (peak to
toroidally averaged halo current) plotted against maximum halo current fraction of
the pre-disruption toroidal plasma current, In max /1, g . The dashed curves are empirical
fits of the form Ih,max/lg X TPF = cgay, with ¢y = 0.5 and 0.75.

in the conducting structures evolves towards a resis-
tive distribution. In principle, 3-D plasma simulation
codes such as MH3D [10] can be used to calculate
the development of non-linear instabilities in fully
3-D toroidal geometry. However, without coupling
such codes to a realistic calculation of the eddy cur-
rents in 3-D conducting structures, we would be miss-
ing the essential ingredient for a realistic force calcu-
lation. Past experience with 2-D calculations of halo
current forces using the TSC [11] or DINA [12] codes
shows that many runs are necessary before a ‘worst
case scenario’ is identified (e.g., the halo tempera-
ture and width must be varied, as well as the tim-
ing of the current quench with respect to the verti-
cal excursion from the nominal equilibrium position).
Each such 2-D simulation is CPU intensive. A single
run of a 3-D plasma simulator is substantially slower
than that of an equivalent 2-D simulator, there-
fore performing multiple runs to identify worst case
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scenarios will lead to an extremely inefficient design
tool, given the speed of present day computers. It is
necessary to develop a simple plasma driver that can
reproduce the essential features of the data observed
at present on halo current asymmetries and that can
be coupled to detailed electromagnetics codes which
calculate eddy currents and disruption loads using
realistic models for the conductors. The simplicity of
the plasma driver should allow scoping studies to be
performed.

In Section 2, we define a simple plasma model for
a helically deformed plasma that allows an analytic
calculation of the toroidal peaking factors and their
dependence on halo current fraction, I,/I,. Results
are shown in Section 3 for both m/n 2/1 and
m/n = 1/1 instabilities. For each mode, the depen-
dence of TPF on I,/I, is on a single parameter that
determines the amplitude of the saturated state of the
non-linear instability. For the m/n = 2/1 instability,
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FIG. 3. Elliptical deformation of a plasma resulting from an m/n = 2/1 helical kink
instability will lead to a toroidally asymmetric halo current. The poloidal cross-section
of the kinked plasma is shown at three different toroidal angles, ¢. Poloidal current
flow is depicted by arrows drawn in the plasma periphery and conducting wall regions.
At a given ¢, depending on the amplitude of the kink (parametrized by the ellipticity
) and the relative thickness, d/a, of the plasma halo region, all, some or none of the
poloidal halo current in the plasma is conducted into the wall.
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FIG. 4. Halo current can also arise owing to a column shift of the plasma resulting
from an m/n = 1/1 helical kink instability. At a given toroidal angle, ¢, depending
on the magnitude of the column shift, s, and relative thickness, d/a, of the plasma
halo region, all, some or none of the poloidal halo current in the plasma is conducted

into the wall.

this parameter is the perturbed ellipticity, . For the
m/n = 1/1 instability, the parameter is the normal-
ized column shift, s/a. The simple model reproduces
the hyperbolic-like decrease in the TPF as a function
of the Iy/I, observed in the experimental data. In
addition, the magnitudes of the predicted TPFs are
in agreement with the experimental data for ‘sensi-
ble’ values of k and s/a: TPF values exceeding 2.0 are
obtained for halo current fractions of 20% for k = 2.0
or for s/a = 0.2.
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To use the simple plasma model as a tool for
machine design, we need to know the values to
assign to the model parameters x or s/a. In par-
ticular, we would like to know the maximum likely
values for these parameters. Since this information
does not exist in the available experimental database,
numerical simulations must provide guidance. In Sec-
tion 4, we describe some numerical simulations of
the non-linear development of m/n = 2/1 external
kink modes. Depending on the equilibrium profile
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parameters and relative separation distance between
the conducting wall and the plasma, elliptical surface
deformations with « up to 3.0 have been calculated.
These calculations have assumed helical symmetry
and infinite aspect ratio. There are prospects, how-
ever, of extending the calculations to full 3-D geom-
etry at finite aspect ratio.

From the point of view of tokamak machine design,
we are not so much interested in halo currents and
their toroidal asymmetries as we are in calculating
the magnitude and direction of the forces on conduc-
tors. To determine a load on a conducting structure
requires the calculation of a (time dependent) eddy
current distribution. The instant that a force-free
plasma source distribution of halo current is applied
to a conductor, the eddy current in the conductor
is also force-free; the spatial distribution of the eddy
current is the same as that of the plasma source. After
an appropriately defined L/R time of the conduc-
tor, the eddy current distribution relaxes to a ‘resis-
tive distribution’ that depends critically on the avail-
able conducting paths in the conductor. The resistive
distribution may depend only weakly on the source
distribution. Since one is interested in the forces on
the conductors, the resistive distribution is of primary
concern, not the source distribution.

In Section 5, we present a brief description of an
electromagnetics code that calculates the time devel-
opment of eddy currents in conducting structures and
that allows the user to include sources and sinks
of halo current. Two halo eddy current calculations
are presented that illustrate the importance of being
able to correctly calculate the eddy current distribu-
tion. In the first calculation, the kinked plasma halo
current model of Section 2 is used as a driver for
a detailed electromagnetics calculation of eddy cur-
rents on a conducting plate. The disruption scenario
assumes that a vertical displacement episode (VDE),
accompanied by an m/n = 1/1 kink instability, has
allowed an aspect ratio 3.0 disrupting plasma to come
into contact with a horizontal conducting plate. It is
shown that a detailed calculation of the eddy cur-
rent distribution leads to a much more complicated
force distribution than the one that would be pre-
dicted if a naive eddy current model was used which
assumes that the current paths between the plasma
halo sources and the sinks are purely poloidal. In fact,
some areas of the plate experience forces opposite in
direction to those predicted by the naive model. The
second example is a model of a radial disruption in
NSTX, alow aspect ratio (A = 1.26) 1.0 MA tokamak
device currently being built in the United States of
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America. For this example, it is assumed that a radial
disruption has led to contact of the plasma with the
central stack casing. In spite of an imposed toroidal
asymmetry of the halo current source and sink distri-
bution corresponding to a TPF of 2.0, the calculated
resistive distribution of currents in the central stack
shows a remarkable lack of asymmetry. In particular,
midway between the sources and the sinks, the TPF
is only 1.05. Both examples presented in this section
show the importance of considering forces and asso-
ciated TPFs as derived quantities.
Conclusions are presented in Section 6.

2. MODEL OF KINKED PLASMA,
AND DERIVATION
OF TOROIDAL PEAKING FACTORS

2.1. Kink instability with m/n =2/1

We assume that a disruption has been triggered by
an m/n = 2/1 kink instability. The mode develops
non-linearly, leading to a deformation of the plasma
surface and edge region. The initial development is
rapid, on an MHD (Alfvén) time-scale. Nearby con-
ductors (such as passive stabilizers for vertical control
of elongated plasmas) behave electromagnetically as
perfect conductors. The kink saturates on the fast
time-scale with a finite amplitude parametrized by
the kink elongation, x (e.g., Fig. 3(a)). A loss in
plasma beta leads to a loss of position control (e.g.,
a VDE) and to limiter contact between the plasma
and a solid conductor region. The solid conductors
now behave as finite resistivity conductors, allowing
plasma motion and further development of the kink
instability on the L/R time-scale of the conductors.

We treat the plasma perturbatively as a helical dis-
tortion of a 1-D axisymmetric system. The ‘flux co-
ordinate’ p labels the flux surfaces, with p = 1 denot-
ing the limiter surface to the confined plasma region,
and p = py labelling the edge of the plasma halo
region of open field lines that intersect the wall. In
the confined plasma region we assume a parametriza-
tion of the flux surfaces consistent with a constant
current density plasma, and assume a large aspect
ratio approximation. Thus, the plasma and plasma
halo region co-ordinate surfaces are represented by

X =R+rcosf, Z=rsind (1a,b)

r2 :a2§[(52+1)— (k2 — 1) cos (20 — )] 2)

where

0<p<pn=(1+d/a)”. (3)
453
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The relevant parameters of the model are shown in
Fig. 5, which shows the co-ordinate surfaces corre-
sponding to p = 1 and p = py, for toroidal angle ¢ = 0.
The midplane minor radius of the limited plasma is
r = a, and the midplane width of the halo is dr = d.
The elongation of the kinked plasma, denoted by k,
represents an elongation relative to a circular equilib-
rium. To interpret the parameter x for non-circular
equilibria, we define k as (1 + Aa/a)/(1 — Aa/a),
where Aa is the midplane deformation of the plasma
minor radius. For simplicity, we assume that the solid
conductor in contact with the plasma is a planar sur-
face at constant Z = Zya-

In the plasma halo region (1 < p < py), we assume
that the plasma is force-free with J = AB, and X a
constant. The toroidal magnetic field is written as

B;=gV¢ (4)

where g(p) = go + Ap and go is a constant. If there
is no toroidal asymmetry, the poloidal current in the
plasma halo region, I, is

2m

Lo = d¢ Ipol (5)
0

where the poloidal halo current density, i1, is given
by

Ph
Z.pol = dp jJG (6)
1
=g(1) — g(pn), independent of ¢. (7)
=0
z=Z
wall

FIG. 5. Geometric parameters relevant to the calculation
of toroidal peaking factors for the m/n = 2/1 kink insta-
bility model are identified: a is the minor radius of the
kinked plasma, x is its elongation and d is the thick-
ness of the plasma halo region. The halo extends from
the limiter flux value p = 1 to a halo edge value of
p = pn = (1+d/a)? The conducting wall is assumed
to be planar and axisymmetric, and located at Z = Zyan.
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In Eq. (6), J is the Jacobian of the transforma-
tion from cylindrical co-ordinates (X, Z,¢) to flux
co-ordinates (p, 0, ¢). J? is the contravariant poloidal
component of the current density, i.e. J? = J - V6.
For this axisymmetric case all of the plasma poloidal
current is conducted into the wall region, therefore
the halo current entering the wall is

Iy = L. (8)

In the case of the toroidally asymmetric model
(Egs (1) to (3)), however, at each ¢ there is a critical
p = pw(@) such that only for 1 < py(d) < p < pn
is poloidal current conducted into the wall. A typical
situation is shown in Fig. 6, thus,

Ph
Z.halo(gzs) :/ #)

= g(pw(®)) — g(pn) (10)

To determine py,(¢), we apply the tangency condition

dp JJ° 9)

4 =0 (11)
00| y,_y
which yields
2
K
pw(9) = (12)

sin¢/2 4 K2 cos2¢/2”
Thus,

| 2 d\?
ihalo (@) = A [Sin%/z T r2cos2/2 (1 " E)

(13a)

=7

wall

FIG. 6. Poloidal cross-section of an m/n = 2/1 kinked
plasma sketched at some intermediate ¢ such that
poloidal plasma current is conducted into the wall for

pw(9) < p < pn.
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if pw(¢) > pn and
Z.halo((b) =0 (13b)

if pw($) < pn. We define the TPF as

smax

1
TPF — 'halo 14
<Zhalo> ( )
where
1 2
<i}1alo> = % 0 d¢ ihalo(¢) (15)

is the toroidally averaged halo current flowing into
the conducting wall. Considering, first, the case where
k<1l+4+d/a,

- Ph) d¢

(16)

I K2
<iha10>:_/ )‘< -2 2 oe2
27 Jo sin“¢/2 + k2 cos?¢/2

i.e. the full range of ¢ is included in the integration.
The right hand side of Eq. (16) is easily evaluated
and yields

(ihalo) = A(K — pn). (17)

In the case of kK > 1+ d/a, the algebra is com-
plicated by the fact that there is a critical angle,
Oerit < T, such that poloidal current enters the wall
only for 0 < ¢ < @erit and for m — ¢erit < ¢ < .
(This situation is illustrated in Fig. 7.) The value of
¢erit 18 determined from Eq. (12) by setting the left
hand side equal to py, = (1 + d/a)?. This yields

tan % =krT (18)

Z=Z
wall

FIG. 7. Poloidal cross-section of an m/n = 2/1 kinked
plasma is shown at ¢ = ¢uit < 7, where ¢crit is the
critical toroidal angle corresponding to tangency of the
p = pn surface with the wall. If ¢ > ¢crit, no poloidal
plasma current is conducted into the wall. A ¢t also
exists for ¢ > .

NUCLEAR FUSION, Vol. 38, No. 3 (1998)

TOROIDAL ASYMMETRY OF POLOIDAL HALO CURRENTS

where

T:(ph_l)m. (19)

K% — pn

Then, for the toroidally averaged halo current in the
case of kK < 1+ d/a, we obtain

<ihalo> -

1 Perit K2
1, \ — o )dé (20
27 /0 (sin2q5/2 + k2 cos?¢/2 & ) ¢ @0

A
= 7r—/2 (Ii tan~ ! T — py tan~* /-@T). (21)

The peak value of the halo current is i}.}5 = thalo(¢ =
0) = A(1—pn). Therefore, the TPF for the m/n = 2/1
plasma halo model is

~1
TPFy, = 2 (222)
Pnh — K
for k <14 d/a and
-1
TPFyy = i (22b)

271 (pp tan L KT — ktan™1 T)

for K > 14 d/a. The TPF is seen to be a function of
d/a, the relative thickness of the plasma halo region,
and of k, the kink deformation.

1 . T T .
’_‘Q_ Jo= Jh = Constant
<08 (Flat)
e
S o8} '
[$}
o
[T
g 04 5 1
3 (TS e osree
§ 0.2 ',/’// (Peaked) |

=Jy O<r<a+d
0 . . . .
0 1 2 3 4 5

Plasma Halo Width (d/ a)

FIG. 8. Halo current fraction, Ingn/Ip, plotted as a func-
tion of plasma halo width, d/a, for a flat current model
(corresponding to ¢ = gn everywhere in the region 0 <
r < a + d) and for a peaked current model (where
q=qn(1+7%/a®)/2 in the region 0 < r < a and ¢ = ¢y in
the region a < r < a + d). For the peaked profile model,
maximum halo current fractions are less than 30%.
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FIG. 9. Plot of the TPF for the m/n = 2/1 deformed plasma kink
model, TPF3;, as a function of halo current fraction, Ingn/Ip. Each
curve is labelled by the surface deformation, Aa/a.

A final step is to relate d/a to the halo current
fraction, I/I,. Assuming a constant current density,
with ¢ = ¢, = const everywhere, one easily calcu-
lates

Ign/Ip =1 1/pu. (23)

Thus, Egs (22a,b) can be used to generate curves of
toroidal peaking factor versus halo current fraction,
parametrized by the kink elongation, .

It is interesting to compare the halo current frac-
tions predicted by Eq. (23) with the values pre-
dicted using a peaked current profile, such as ¢ =
qn(1 + 72 /a?)/2 within the limited region 0 < r < a,
and ¢ = gy, = const within the halo a < r < a+d. Fig-
ure 8 shows the comparison, and makes it clear that
in order to achieve the substantial (>50%) halo cur-
rent fractions observed in experiments (e.g., Fig. 2),
it is necessary to assume a flat profile.

2.2. Kink instability with m/n =1/1

The calculation of toroidal peaking factors for
the case of halo current asymmetries driven by an
m/n = 1/1 kink mode is very similar to the descrip-
tion given above for the m/n = 2/1 model, therefore
we will omit the details. The co-ordinate surfaces for
the perturbed plasma and plasma halo regions are
given by the representation

X — R+ scos¢ = p/%acosh (24)
Z + ssing = p'/2asinf (25)
456

where the column shift, s, parametrizes the amplitude
of the 1/1 kink. Expressions for the toroidal peaking
factor as a function of s/a and the relative thickness
of the plasma halo region, d/a, are derived to be

s (4a+ 3s) ) -1

TPF; = (1 - —

2d (20 + 3d) (262)

for s < d/2 and
tes =2 ol (1273 )

1 2
+ - (f> sin 2¢crit -2 (1 + f) f sin ¢Crit} (26b)
4 \a a’/ a

for s > d/2, where

[d(2s — d)]'?
s—d '

Equations (26a,b) and (27), together with Eq. (23),

can be used to generate curves of toroidal peaking

factor versus halo current fraction, parametrized by
the kink shift, s.

tan ¢eriy = (27)

3. RESULTS

Plots of TPF versus halo current fraction, Inqn/Ip,
are shown in Figs 9 and 10 for both the m/n = 2/1
model and the m/n = 1/1 model. In the case of
m/n = 2/1, each curve is labelled by the surface
deformation Aa/a, which is related to the perturbed
elongation by £ = (1 4+ Aa/a)/(1 — Aa/a). In the
case of m/n = 1/1, each curve is labelled by the
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FIG. 10. Plot of the TPF for the m/n = 1/1 deformed
plasma kink model, TPFi1, as a function of the halo
current fraction, Ingn/Ip. Each curve is labelled by the
plasma column shift, s/a.

column shift normalized by the equilibrium radius,
i.e. s/a. We note that the simple model reproduces
the decrease in TPF with increasing I, /I, observed
in the experimental data (Fig. 2). The magnitudes
of the predicted TPF values are in agreement with
the experimental data for reasonable values of x and
s/a (see results of Section 4 for why these values are
‘reasonable’): for example, TPF values exceeding 2.0
are obtained for halo current fractions of 20% for
Aa/a ~ 0.2 or for s/a ~ 0.2.

3.1. Discussion

The simple model described in the previous two
sections predicts a dependence of TPF on halo cur-
rent fraction that is similar to that of the observed
experimental data. The quantitative predictions of
the model depend only on the assumed values for the
single parameters Aa/a or s/a. These parameters are
a measure of the amplitude of the non-linear exter-
nal kink responsible for the halo current asymmetry.
When comparing the model results with the experi-
mental database, we must bear in mind that the data
in Fig. 2 use the predisruption plasma current, Ig, as
the denominator in the definition of halo current frac-
tion, whereas the model and its results in Figs 9 and
10 use the instantaneous current, I,. Although an
empirical fit to the database is presented in Fig. 2
in the form of curves of Ih,max/Ig x TPF = cq4,
with cgy = 0.5 and 0.75, the comparison with the
predictive curves in Figs 9 and 10 is problematic,
since the relationship between the value of I, at the
time for which [, is a maximum and the value of
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Ig depends on details of the time dependence of the
plasma temperature and inductance during the cur-
rent quench. This relationship may differ substan-
tially from machine to machine. Since the ratio I, /I,
is fundamental, rather than I,/ Ig, one procedure for
scaling the existing experimental data to a tokamak
such as ITER would be to decide on the ‘largest
likely value’ of the parameter Aa/a or s/a, then
to transform from I, /I, to Ih/Ig using an ITER-
specific model that predicts the time dependence of
the quenching current, I;,(¢).

4. NUMERICAL SIMULATION OF
NON-LINEAR EXTERNAL KINKS

In this section, we briefly describe some attempts
at the numerical simulation of non-linear external
kinks. The focus here is on the question: What are
sensible bounding values for the model parameters
(Aa/a or s/a) that fix the dependence of TPF on halo
current fraction? Ideally, we should appeal to exper-
imental data to provide values. Unfortunately, these
experimental data do not at present exist. There-
fore, we are forced to turn to numerical simulation
to provide guidance. To answer the question does not
require detailed simulations of disruptions, merely
the determination of the amplitude of the saturated
states of non-linear kink instabilities.

4.1. Previous studies

Early published studies include those by Sykes and
Wesson [13] and by Dnestrovskii and Kostomarov
[14]. Sykes and Wesson calculated self-consistent solu-
tions of the helical Grad—Shafranov equation at infi-
nite aspect ratio. Their initial equilibrium is a circular
cross-section plasma with an ohmic toroidal current
profile of the form Jy = Jo(1—1?/a?)dedse/daxis=1 " and
Gedge chosen so that the equilibrium is linearly unsta-
ble to an external kink mode of a chosen helicity. A
perfectly conducting wall is assumed at some radius
rw > a, and solutions to the helical equilibrium equa-
tions determined for a given wall radius. With m/n =
2/1, rw/a = 1.2, gaxis = 1.0 and gedge ~ 2.0, surface
deformations Aa/a ~ 0.3 were found (Fig. 3(d) of
Ref. [13]). The deformation decreases monotonically
as edge is lowered. Similar deformation values were
calculated by Dnestrovskii and Kostomarov (Fig. 7 of
Ref. [14]) using an initial value code that integrates
the reduced MHD equations. During the non-linear
evolution of the kink mode, the resistivity profile,
n(y), was assumed to be a fixed function of the
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FIG. 11. Simulation of a non-linear external kink with the MH3D code:
plot of resistivity profile (logarithmic scale) at toroidal angle ¢ = 0.
The units of length are chosen such that the minor radius of the initial
free boundary plasma equilibrium is » = a = 1.0. The solid curve is
the resistivity profile plotted along the midplane (X axis at Z = 0);
the dashed curve is the corresponding plot along the Z axis at X = 0.
The difference between the curves reflects the fact that the plasma
cross-section is horizontally elongated by the kink perturbation. A thick
conducting wall of unit thickness extends from a radius of 1.2. Perfectly
conducting boundary conditions are applied at a radius of 3.0a.

helical flux, 1, and constant in time over a given
flux surface. The ‘vacuum’ region assumes 7 = const,
and is sufficiently resistive that current flow is neg-
ligible. A rapid transition of 7 from the vacuum to
the plasma region (where 1, ~ 107%7y,c) simulates
the free boundary plasma. Assuming a perfectly con-
ducting wall at ry/a = 1.5, surface deformations of
Aa/a up to 0.5 were calculated.

4.2. Simulation of non-linear external kinks
using the MH3D code

Recently, we have used the MH3D code to fol-
low the non-linear development of external kink
modes and their interaction with conducting walls.
MHS3D is a fully non-linear, resistive, compressible
3-D toroidal initial value code that has been used
extensively for studying the resistive stability of inter-
nal modes in toroidal plasmas [10, 15], and also the
stabilization of external kink modes influenced by
toroidal plasma rotation [16]. The non-linear kink

458

simulations using MH3D differ from those of Dne-
strovskii and Kostomarov reported above, in two
main respects: First, in the MH3D simulations the
plasma resistivity is evolved in time by choosing
n o p~3/2. The MHD constraint dn/dt = 0 is
therefore automatically satisfied through the correct
evolution of the pressure equation, as described in
Ref. [10]. Second, a resistive wall is included in the
calculation. Neither of these differences with Dne-
strovskii’s work is essential to the results presented
below.

The initial plasma is axisymmetric, has a circu-
lar cross-section, is chosen to have a large (effectively
infinite) aspect ratio, and has zero beta. The initial
plasma resistivity profile is related to the current pro-
file through the ohmic constraint n(r)Jy(r) = n0Jo
for 0 < r < a. The current profile has a Sykes—Wesson
form, but with a constant shift required to make the
‘vacuum’ resistivity finite:

Jy=J1+ (Jo— J1)(1 —r*/a?).
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For a narrow transition region beyond r = a, we
make a smooth transition of 7(r) to the vacuum
region where 7(1) = 1yac = const. We choose param-
eters such that gedge = 1.75, Qedge/qo = 2.0, and
Np ~ 10712npc. A (thick) finitely conducting wall
is placed at a radius of ry/a = 1.2. The wall was
chosen to be artificially thick so that we could easily
resolve the halo eddy current patterns (not presented
here). The conducting wall resistivity is a factor of 10
smaller than the resistivity of the plasma edge and
is comparable to the resistivity of the plasma core.
Slip velocity boundary conditions are imposed at the
inner radius of the wall. Beyond the conducting wall
is a true vacuum region, which extends to a perfectly
conducting computational boundary at a radius of
3.0a.

The plasma is perturbed linearly by an m/n =
2/1 perturbation, and a linear eigenfunction deter-
mined. This is used as an initial condition for
the non-linear computation. Helical symmetry is
enforced throughout. The computations proceed
until the amplitude of the external kink saturates
on the ideal time-scale. (The mode continues to
grow on the slow L/R time-scale of the resistive
wall.)

Figures 11 and 12 show profile plots of the cal-
culated saturated state: Fig. 11 shows the resistivity
profile and Fig. 12 shows two contour plots of the
pressure profile that make clear the helical distortion
of the plasma. The measured ellipticity of the final
state for this case with a wall at ry/a = 1.2 is a
modest x = 1.3, which gives Aa/a = 0.13.

4.3. Discussion

Numerical simulation can provide information
about the deformation parameters that determine the
curves of toroidal peaking factor versus halo cur-
rent fraction. A number of such calculations have
been performed by various authors using helical
equilibrium solvers and initial value MHD codes.
All calculations to date have concentrated on the
m/n = 2/1 helical kink instability. Using a lim-
ited set of equilibrium profile parameters and sep-
aration distances of the conducting wall from the
plasma, elliptical surface deformations of Aa/a up
to 0.50 have been calculated. Limiting ourselves to
wall separations of order ry/a = 1.2, more realis-
tic for shaped tokamak design, the maximum sur-
face deformation so far calculated is Aa/a =~ 0.3.
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12=0

FIG. 12. Non-linear external kink simulation with the
MH3D code. Top: contours of plasma pressure on the
poloidal plane at toroidal angle ¢ = 0. The two dashed
circles show the inner and outer boundaries of the finite
resistivity conducting wall. The outermost solid circle cor-
responds to the computational boundary, which is a per-
fectly conducting wall. The elliptical deformation of the
plasma cross-section from the initial circle corresponds to
Aa/a = 0.13. Bottom: contours of plasma pressure on
the Z = 0 plane. The helical deformation of the pressure
contours is readily apparent.

None of the calculations have been carried out in
full 3-D and at finite aspect ratio. We are plan-
ning to do such calculations using the MH3D code
after completing a modification of the co-ordinate
representation used by the code from Fourier to
configuration space, including an unstructured mesh
capability.
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5. CALCULATION OF
HALO EDDY CURRENTS AND
DISRUPTION LOADS

In the design and analysis of plasma facing con-
ducting structures, it is important to identify ‘worst
case’ load scenarios. Disruptions may include halo
currents. The sum of halo currents and inductively
induced eddy currents determines the mechanical
loads that the design must handle. The distribution of
these currents is time dependent. Initially the spatial
distribution of the eddy current is strongly depen-
dent on the current source distribution (an ‘induc-
tive solution’). For longer times, however, the eddy
current distribution accommodates the geometry and
conductivity of the conducting structure and, while
decaying in magnitude, develops a spatial distribu-
tion (the ‘resistive distribution’) that depends only
weakly on the initial source distribution. Clearly, in
order to determine a worst case load scenario, it is
crucial to have a good model of the conducting struc-
ture. This necessarily means a 3-D model.

Experience with coupling 2-D halo current sources
(e.g., provided by TSC) with 3-D eddy current mod-
elling codes, such as SPARK [17], has shown that
many plasma disruption scenarios must be analysed
before a worst case load scenario is identified. For
example, varying the temperature and width of the
halo and the timing of the current quench relative to
the plasma drift during a VDE can have a significant
impact on the magnitude of axisymmetric halo cur-
rents. Each 2-D plasma simulation is time consum-
ing, requiring typically several CRAY-II CPU hours.
Because of the greater complexity of 3-D free bound-
ary time dependent plasma simulations (e.g., using
MH3D) compared with 2-D simulations, it is clear
that it will be many years before such 3-D plasma
physics codes can be coupled to engineering design
analysis codes to obtain a hybrid code that will be
useful as a design tool for machines such as ITER:
the turn-around calculation time for such a hybrid
code would be too slow to be useful. It is our belief
that in order to address important engineering issues
of machine design, it is more important for the eddy
current calculator to be accurate than it is for the
plasma driver to be accurate. Therefore, we wish to
promote the use of simple 3-D plasma halo drivers
(such as the one described in this article) and their
coupling to electromagnetics codes which calculate
eddy currents and disruption loads on realistic models
of tokamak conductors. The simplicity of the plasma
drivers will allow parameter scans to be performed.
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We have recently investigated the effects of our pro-
posed asymmetric plasma model in a collection of
simple engineering models. In order to understand
the effects of the plasma asymmetries, the engineer-
ing models were chosen to be symmetric.

5.1. Eddy current calculations

An eddy current calculation was developed that
has two important features:

(a) Only the conducting structure is modelled,
(b) Current conservation is explicit in the formu-
lation.

Feature (a) is a common approach in eddy current
codes; the flux change produced by the plasma is
specified in place of the plasma dynamics (frequently
with help from codes similar to TSC). The second fea-
ture is somewhat unique. By explicitly enforcing cur-
rent conservation, the engineer has the opportunity
to introduce regions where (halo) currents explicitly
enter or leave the model. The consistent combination
of these two effects allows the calculation of forces
resulting from disruptions that include halo currents.

For discussion purposes, it is useful to think of this
eddy current calculation as a detailed ‘branch net-
work’ model commonly used by electrical engineers.
The complete problem can be summarized by the fol-
lowing equations:

Lo\ /I R A I b
(00) (V) (A 8)(v)-(5) e

Here the unknown variables are ‘branch currents’,
I, and nodal voltages, V. The (dense) branch to
branch inductance matrix is denoted by L, and R
is the branch resistance matrix (usually diagonal).
All the geometry of the model is embedded in the
inductance matrix and in the branch node incidence
matrix A (not necessarily square). The top equations
in (28) correspond to a statement of the voltage drop
in the branches of the model; the b on the top right
hand side contains the forcing voltages (inductive or
otherwise). The bottom equations in (28) correspond
to current conservation at every ‘node’ in the prob-
lem; the right hand side f contains a zero value when
current is conserved at a node or a non-zero value
when current is injected or extracted locally from the
model. The calculation of L is done using volumetric
current distributions for the ‘shape functions’ used
in each of the elementary elements constituting the
complete model. The terms on the right hand side are
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usually functions of time allowing the description of
transient events.

In the special case where the resistive limit is
desired, some simplification is possible. If we consider
the very restrictive situation when all the forcing volt-
ages are zero (i.e., b = 0), then a substantial simpli-
fication is possible. This situation is represented by
the following equations:

~A'RT'AV = f. (29)

Once the nodal voltages are obtained, the branch cur-
rents may be calculated using the side calculation
I = —R'AV. This very restricted resistive distribu-
tion formulation is the same as a conductance matrix
formulation frequently used in electrical engineering
(the matrix —A*R™'A is the conductance matrix). In
either case, once the branch currents are available,
one can calculate the distribution of forces by doing
the appropriate integrations and cross-products with
the total magnetic field.

If we use Eq. (28) for a plasma disruption with-
out halo currents (i.e. only specifying a flux change),
we obtain the standard results. If we use Eq. (28)
and specify a consistent story for each increment
of flux change and for the injection and extraction
of the associated halo currents from points on the
structure, then a correct distribution of currents is
obtained.

Experience with this calculational approach shows
that short time-scale events (the inductive limit)
attempt to preserve the magnetic flux intercepting
the structure. Let us consider a small ‘tube’ of cur-
rent near the surface of a plasma that has not yet
hit the wall. The tube is in mechanical equilibrium.
After the tube encounters the conducting structure,
the current distribution produced in the structure
initially closely approximates the spatial distribution
of current in the plasma tube. This is observed in
our calculations. Since the tube current is originally
force-free and the current in the structure approx-
imately duplicates this distribution, the currents in
the structure produce small forces. The spatial dis-
tribution of this initial eddy current distribution is
usually very different from the resistive distribution
obtained by doing a steady state calculation of the
injected and extracted halo currents (all forcing volt-
ages b are assumed to be zero). We believe that this
resistive distribution of currents produces a greater
load per ampere than is found in the inductive limit.
In the following results, we are therefore present-
ing only resistive distributions of current and their
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resulting forces. A more detailed description of tran-
sient currents and forces will be presented at a later
time.

5.2. Eddy current calculation
of halo currents using
the simple kink plasma driver

As an illustrative example, we imagine that a
VDE, accompanied by an m/n = 1/1 kink instability,
has allowed a disrupting plasma to come in contact
with a horizontal conducting plate (Fig. 13). Model
parameters are chosen so that R/a = 3.0, d/a = 0.1
and s/a = 0.10. The resulting TPF is 2.0.

Sources and sinks of poloidal current are calculated
from the model plasma driver at discrete mesh points
on the conducting plate and used as input to the
eddy current code. The sources and sinks are shown
in Fig. 14, where the length of each arrow is propor-
tional to the magnitude of the normal component of
the current. A ‘resistive’ distribution of eddy currents
on the conducting plate is then calculated, Fig. 15. In
this figure, greater current is associated with a greater
width for each arrow and blank elements have cur-
rent magnitudes that are less than 5% of the maxi-
mum current in the plate. The resistive eddy current

y4

te

Vacuum Vessel

P .

4ssive Plate

Plate Mesh

FIG. 13. Simple plasma driver used as current source
for the eddy current calculation: an m/n = 1/1 kinked
plasma is in contact with a flat toroidally continuous con-
ducting plate. At plate mesh points (the nodes of the eddy
current simulator), the plasma model supplies sources and
sinks of current, Jz (X, ®). Although toroidal curvature
of the mesh is not apparent in the figure, the mesh is a
toroidal ring (e.g., Fig. 14).
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distribution shows circulating eddies that extend,
necessarily (since the current is divergence-free),
beyond the source and sink regions. The eddy cur-
rent paths are not purely poloidal.

To calculate forces on the plate we assume, in this
illustrative example, that the confining poloidal mag-
netic field is purely vertical and the toroidal field is
B; ~ 1/R. Figure 16 shows two perspective views
of the forces resulting from the interaction of the

FIG. 14. Perspective view of flat conducting plate, show-
ing the sources and sinks of halo current provided by the
m/n =1/1, TPF = 2.0 (s/a = 0.10) model plasma driver
to the eddy current calculation. The length of each arrow
is proportional to the magnitude of Jz.
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FIG. 15. Calculated resistive distribution of eddy currents
on flat conducting plate for m/n = 1/1, s/a = 0.10, cor-
responding to a TPF of 2.0. The width of each arrow is
proportional to the magnitude of the current.
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resistive eddy current distribution with the toroidal
field. We note that there are regions where the force
is in the +Z direction. This is due to poloidal eddy
currents flowing radially in the regions outside of the

FIG. 16. Calculated forces on flat conducting plate result-
ing from a resistive current distribution interacting with
a toroidal field (perfect 1/X, in Y direction). Two per-
spective views are shown. The length of each arrow is
proportional to the magnitude of the force.

FIG. 17. Forces on flat conducting plate resulting from
resistive current distribution interacting with a poloidal
field (uniform Bz). The length of each arrow is propor-
tional to the magnitude of the force.
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plasma halo ‘footprint’. Figure 17 shows the force dis-
tribution due to the interaction of the eddy currents
with the poloidal field. In the absence of any toroidal
asymmetry, the total force distribution would cor-
respond to a pure torque about the Z axis and a
net downward (—Z) force. Thus, the non-symmetric
resistive eddy current distribution leads to a much
more complicated force distribution than that which
would be predicted by a naive eddy current model
(e.g., one that assumes only a poloidal flow path
between the plasma halo and the sinks). It remains for
the future to calculate disruption forces using mag-
netic fields that are self-consistent with the plasma
and halo currents.

5.3. Mitigation of TPF's for
radial disruptions at low aspect ratio

At conventional aspect ratios (~3-4, say), the
most serious disruptions of vertically elongated plas-
mas occur when there is a vertical displacement fol-
lowed by a current quench [2]. This is because a
large toroidal current is inductively transferred into
the bottom (or top) of the vacuum vessel and inter-
acts with a large poloidal field from a nearby divertor
coil. In low aspect ratio tokamaks, however, vertical
disruptions are expected to be more benign for two
related reasons:

(a) A smaller current in the ‘divertor coil’ is needed
to form an elongated plasma (low aspect ratio plas-
mas are ‘naturally elongated’);

(b) Less toroidal current is induced in the bottom
(or top) of the vacuum vessel because the vertical
drift of the plasma is much slower (since the curva-
ture of the vertical field is very small owing to the
absence of divertor coils). Therefore most of the cur-
rent quench occurs when the plasma is close to the
midplane.

At low aspect ratios, radial disruptions can be
problematic: to achieve low aspect ratio, the radius of
the centre stack, including its structural support, is
necessarily small. The interaction of toroidally asym-
metric halo currents generated in the central stack
casing (CSC) with the external toroidal magnetic
field leads to unbalanced loads. The machine must
be designed to withstand these loads.

A model plasma driver has been used to estimate
halo loads on the CSC in NSTX. NSTX is a device
which has an aspect ratio of 1.26, nominal major
radius R = 0.86 m, minor radius ¢ = 0.68 m and elon-
gation k = 2.0. The following disruption scenario was
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assumed: a 1.0 MA plasma has moved radially inward
from its nominal equilibrium radius and made contact
with the CSC. The equilibrium is shown in Fig. 18.
Forty per cent of the initial plasma current is assumed
to flow into and out of the CSC at Z = +0.50 m with
a TPF of 2.0. (That is the net values of all sources
and sinks of current sum separately to 400 kA. The
sources and sinks of current vary as a function of
toroidal angle as 1 — sin ¢.)

Using the simple model of the NSTX central stack
casing shown in Fig. 18, which has a radius of 0.16 m,
we have calculated the resistive distribution of eddy
currents and forces on the CSC. The eddy current
pattern is shown in Fig. 19. Arrow width represents
current magnitude in these plots. In spite of the
toroidal asymmetry of the current sources and sinks,
the calculated resistive distribution of currents in the
CSC (and therefore the calculated forces on the CSC)
show a remarkable lack of asymmetry (see plots): on
the midplane, midway between the sources and the

sinks, the halo current asymmetry is calculated to be
only 1.05, compared with 2.00 at Z = £0.50 m.

1.0 2.0
X(m)

FIG. 18. Model of NSTX central stack casing for calcu-
lation of eddy currents. An NSTX plasma equilibrium is
also used as the basis for the defining location of current
sources and sinks (at Z = £0.5 m). In (b) the crossed
boxes represent current filaments that model the ohmic
and poloidal field coils. The long column of filaments near
the inboard edge represents the ohmic ‘central stack’. This
coil is not in the vacuum but rather is protected by the
Inconel cylinder illustrated in (a), this structure being
referred to as the central stack casing (CSC).
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FIG. 19. Resistive solution of halo currents on the CSC.
(a) Eddy currents on the cylinder. The width of each
arrow is proportional to the magnitude of the current.
(b) The same eddy currents on the unwrapped cylinder
obtained by making a vertical cut of the CSC.

There appear to be two reasons for this uniformiza-
tion of the current distribution:

(a) The ratio of the circumference of the CSC to
the vertical separation distance between the current
sources and sinks is =1.0. Therefore, toroidal eddy
current paths have a similar impedance to poloidal
paths that connect the sources and sinks.

(b) The presence of conductive paths below and
above the sinks and sources of the imposed current
allow additional smoothing of the resistive distribu-
tion. Below, we present the evidence for these propo-
sitions.

The calculation of resistive eddy currents was
repeated for three simple cylinders similar in shape
to the CSC of NSTX. The cylinders have radii equal
to 0.16, 0.32 and 0.48 m. The total height of the
cylinders is 2.0 m. Defining an aspect ratio, A., as
the circumference of the conducting cylinder divided
by the distance between the source and the sink of
current, the aspect ratios of the three cylinders are
A, = 1.0, 2.0 and 3.0. For each case examined, we
assumed 1.0 MA of source current, and 1.0 MA of sink
current having a toroidal dependence of 1—sin ¢, and
separated by a distance of 1.0 m. All the models have
20 equal toroidal divisions. Figure 20 illustrates the
numerical variation of the vertical component of the
current at the point midway between the sources and
the sinks. The toroidal peaking factor for the vertical
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FIG. 20. Toroidal distribution of the vertical component
of current along the midplane circumference of the CSC
(midway between the sources and the sinks). The different
curves correspond to different aspect ratios, Ac, where A
is the ratio of the midplane circumference of the CSC to
the vertical separation between the current sources and
the sinks. The value of A. was varied by changing the
radius of the CSC. NSTX corresponds to A. = 1.005.

component of current on the midplane increases from
approximately 1.0 for A. = 1.0 to 1.7 for A, = 3.0.

In Fig. 19(b), circulating eddy current paths are
seen below and above the line of sources and sinks
at Z = 40.5 m. The effect of these paths on the
toroidal asymmetry of the eddy current distribution
was examined by repeating the above calculations
after removing the conducting material below and
above the line of sources and sinks (i.e. the reduced
vertical extent of the cylinders is from Z = —0.5 m to
Z = 0.5 m). Figure 21 presents a direct comparison
of the peakedness of the current distribution on the
midplane circumference with and without the extra
conducting paths.

This example shows substantial mitigation of the
TPFs calculated from the resistive eddy current dis-
tribution compared with the TPF for the applied cur-
rent source. The TPFs for the largest forces on the
conducting structures depend on the resistive eddy
current distribution. These may only be weakly cor-
related with the TPF's of the plasma current sources.

6. CONCLUSIONS

On the basis of the proposition that the observed
toroidal asymmetry of halo currents is mainly due
to the deformation of the plasma cross-section
caused by the growth of a non-linear kink instability
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FIG. 21. Comparison of the toroidal distribution of the
vertical component of current along the midplane circum-
ference of the CSC with (‘full’) and without (‘cut’) con-
ducting material below and above the line of sources and
sinks of halo current for A. = 1.0 and A. = 3.0.

during the current quench phase of a plasma disrup-
tion, we have presented a simple analytical model of
a kink deformed plasma and calculated the TPFs as
a function of halo current fraction, Iy, /I,. The depen-
dence of the TPF on I, /I, is characterized by a sin-
gle parameter that measures the plasma deformation
caused by the kink instability. For an m/n = 2/1
kink instability, this parameter is the surface defor-
mation Aa/a, which is related to the perturbed elon-
gation of the plasma. For an m/n = 1/1 instability,
the parameter is s/a, the relative shift of the plasma
column. For a given parameter value, the dependence
of the TPF on I, /I, is roughly hyperbolic, with large
peaking factors obtained for low halo current frac-
tions. This dependence appears to agree with experi-
mental observation. For deformations Aa/a =~ 0.3, or
s/a =~ 0.3, toroidal peaking factors greater than 2.0
are predicted for halo current fractions of 20%.
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For the model to be useful for tokamak design, we
need to know the largest expected values of the sur-
face deformations. Numerical experiments can help to
answer this question. To date, there have been a num-
ber of simulations that predict the amplitude of satu-
rated states of external kink instabilities. These show
a range of deformations, depending on the details
of the equilibrium profile and of the proximity of
conducting walls to the plasma boundary. For real-
istic values of the conducting wall radius, say ry/a S
1.2, the maximum deformations so far calculated for
m/n = 2/1 kink instabilities are Aa/a ~ 0.3. How-
ever, more calculations are needed to extend the cal-
culations to a greater variety of current profiles, and
to include the effects of toroidal geometry and finite
aspect ratio.

Given that the simple plasma model appears to
reproduce, in satisfactory detail, the experimental
database of observations of toroidal peaking of halo
currents, we have proposed the use of the model as
a plasma driver for detailed electromagnetics calcula-
tions of eddy currents on 3-D conducting structures.
We believe that, from the point of view of tokamak
design, it is very important to calculate the distribu-
tion of eddy currents correctly, and with present day
computing capabilities, coupling such an eddy current
code to a detailed 3-D model of a disrupting plasma is
not appropriate: the resulting hybrid code would be
a very inefficient design tool. Two sample eddy cur-
rent calculations have been presented that illustrate
both the use of the simple plasma driver as a current
source for the eddy current calculations and the fact
that the results of a realistic eddy current calculation
can be significantly different from the results that a
naive model provides.
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