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Abstract

®

CrossMark

Vertical displacement events (VDEs) can occur in elongated tokamaks causing large currents
to flow in the vessel and other adjacent metallic structures. To better understand the potential
magnitude of the associated forces and the role of the so called ‘halo currents’ on them, we
have used the M3D-C! code to simulate potential VDEs in ITER. We used actual values for
the vessel resistivity and pre-quench temperatures and, unlike most of the previous studies,
the halo region is naturally formed by triggering the thermal quench with an increase in the
plasma thermal conductivity. We used the 2D non-linear version of the code and vary the post-
thermal quench thermal conductivity profile as well as the boundary temperature in order to
generate a wide range of possible cases that could occur in the experiment. We also show that,
for a similar condition, increasing the halo current does not increase the total force on the wall

since it is offset by a decrease in the toroidal contribution.

Keywords: disruptions, vertical displacement events (VDE), vertical force, ITER, M3D-C!

(Some figures may appear in colour only in the online journal)

1. Introduction

Vertical displacement events (VDEs) are major disruption
events that occur in elongated tokamaks when vertical stability
control is lost due to a failure of the control system or other
off-normal occurrences. These events cause large currents to
flow in the vessel and other adjacent metallic structures.

The vessel currents associated with a VDE occur due to
both magnetic induction and poloidal current flow between
the plasma and the vessel. The inductive currents are driven
both by the plasma vertical motion and by the disruptive cur-
rent quench. The poloidal currents shared by the vessel and
a region of open field line plasma have come to be known as
‘halo currents’. They have been indirectly inferred on JET [1]
and PBX [2], and first measured on DIII-D [3]. Therefore, it
is clear that any proposed tokamak must be designed to with-
stand the forces produced by any combination of inductive and
halo currents that could possibly occur during a disruption.

Due to the importance of these events in tokamaks and,
in particular for ITER [4], many calculations have been

1741-4326/19/126037+12$33.00

performed to predict currents and forces on the vacuum
vessel from a vertical displacement event. Most of them [5-7]
have been performed with the DINA [8, 9], TSC [9, 10] and
CarMaONL [11] codes which are intrinsically 2D (axisym-
metric). There have also been some 3D calculations [12—14]
using the M3D code [15]. The 2D codes, DINA and TSC
use an evolving equilibrium approach and specify as input
the properties of the halo region. The M3D code solves the
full MHD equations but does not use the actual values of the
plasma temperature and wall resistivity due to resolution and
time scale constraints. Instead, they compress the ratio of the
resistive wall time and the Alfvén time in the simulations,
scaling the results to ITER parameters.

In order to better understand the potential magnitude and
distribution of these forces, we have used the M3D-C! code
[16, 17] to simulate potential VDEs in ITER. This code has
been extended to cover resistive wall instabilities (including
VDEs) [18], which allows it to realistically model both
induced and conducted (halo) currents in the wall, and it has
already been used in VDE simulations of a NSTX disruption

© 2019 IAEA, Vienna Printed in the UK


https://orcid.org/0000-0002-2597-5061
https://orcid.org/0000-0001-6390-6908
https://orcid.org/0000-0002-6348-7827
mailto:cclauser@pppl.gov
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ab440a&domain=pdf&date_stamp=2019-10-16
publisher-id
doi
https://doi.org/10.1088/1741-4326/ab440a

Nucl. Fusion 59 (2019) 126037

C.F. Clauser et al

AR
¥
10+ 5
e
L,
Kk
B S
v
wiyat I
e E
it Tt
= ;rmlq
s
3 e
Ay
TR
Rt
oy D
Pl e LA
g M)
Lk AR
e T
] ST P
TAR TR AR A T T
~ OFELE et
et At
=) AP s st B bt e
AT STt e wuratly
= P T R T T
e SR, e,
N ke TR i
e FERELELERR ]
AakERy Bl T et
g i Nl e Py !
b Sl ekl
DR ARSI
e STl o)
—5 e Ay, Yl
Rl e AT e NS
PR R N S
B il S R
SRRk Ty A
WAL S
et
S ATy
W L
AI#}\‘!‘
)
10

8 10 12 14
(m)

o ™

Figure 1. Mesh and domain used in the simulations.

[19]. Recently, a VDE benchmark exercise [20] between
M3D-C!, NIMROD [21] and JOREK [22] was performed
showing a good agreement between the three codes for VDE
simulations.

Instead of describing the plasma halo region in terms of a
flux interval and temperature, as done in DINA and TSC, this
region forms naturally during and after the thermal quench and
depends on the value and spatial distribution of the thermal
conductivity, k(x), that is used to model the sudden loss of
thermal energy. By systematically varying this function we
can scan the variety of plasma halo parameters that might
occur during an actual VDE in ITER. In particular, we focused
on the role of halo currents and the contribution of poloidal
halo currents to the total vertical force. Throughout this article
we will refer to the halo region as the plasma region outside
the separatrix. In this region the current density can be both
poloidal and toroidal.

On the theoretical side, the total vertical force on the vessel
can be shown [23, 24] to be given by

Fy =Fpc+Fyc. (1)

Here Fp ¢ is the force due to the poloidal field coil fields and
the plasma toroidal currents (including toroidal halo currents
if exists), and Fy ¢ is the force due to poloidal field coil fields
and the vacuum vessel toroidal currents. Regarding poloidal
halo currents, they do not directly feel a force from the poloidal
field coils and they do not feel a force from the toroidal field
coils since they are all in closed loops internal to these coils.
However, they do indirectly affect the vessel forces by affecting
the plasma motion and toroidal current distribution, and so the
net force on the vessel does depend on the magnitude and dis-
tribution of the halo currents during the disruption. In spite of

this, we will show that both inductive and halo contributions
are related, and the total vertical force is largely unaffected
when the amount of halo current changes. This is because the
change in the halo currents is compensated by a change in the
inductive contribution to the total force.

The calculations presented in this paper are all 2D.
However, unlike DINA, TSC, and CarMaONL, the 2D calcul-
ations in M3D-C! can readily be extended to 3D, using the
same poloidal mesh and geometry. This will be the subject of
a future paper dealing with the sideways wall force.

In the following, section 2 describes the input to the simu-
lations. Section 3 presents the results of how the overall vessel
forces depend on the input parameters. Finally, in section 4,
we present a summary and conclusions.

2. Initial conditions and code setup

We start with a 15 MA ITER equilibrium configuration with
poloidal beta 3, = 0.753, internal inductance [;(3) = 0.816,
and magnetic axis (R, Z) = (6.524 m, 0.537 m). The plasma is
limited by a X-point at (R, Z) = (5.148 m, —3.386 m). VDEs
are simulated from this equilibrium using M3D-C'. This is
a non-linear time-dependent extended MHD code that uses
high-order finite elements and implicit time-differencing [17].
It can be used either in 2D or in 3D. It uses (R, ¢, Z) coordi-
nates and an unstructured mesh in the poloidal plane which
gives it flexibility to model diverted plasmas with arbitrarily
shaped domains. In particular, for VDE simulations the code
uses three domains [20]: the plasma region where the MHD
equations are solved, the resistive wall region where a certain
wall thickness, with a given resistivity, is prescribed, and the
outer region which is a vacuum region that can contain external
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Figure 2. Wall current as a function of time (red curve) for a step loop voltage applied at the domain boundary (blue curve). In this case no
plasma is assumed and thus, the system behaves as a basic RL circuit. Analytic fits, given by equation (2), are also included.
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Figure 3. Evolution of relevant global parameters during a VDE: (@) the peak plasma temperature, (b) the toroidal plasma and wall
currents, (c¢) the magnetic axis z — position and (d) the total vertical force on the wall.

current sources. The mesh can be adjusted for each domain as
illustrated in figure 1. The toroidal field and poloidal flux are
held constant at the outermost vacuum region boundary. No
magnetic boundary conditions are applied at the resistive wall.

Unlike the earlier M3D calculations, we used the actual
value for the vessel resistivity. To check the vessel resistivity,
we performed a simulation with a constant loop voltage
applied at the domain boundary without any plasma present
so that the system behaves as a basic RL circuit. This loop
voltage produces a time varying current in the vessel. Figure 2
shows the wall current as a function of time. We can see that
the simulation fits very well the analytic result

I(1—e"/7) fort<t,
I1) =93, Zi—)/r
Ie fors > 1.,

where 7. is a certain time when the voltage was switched off
(t=0.775 s in the figure). A 6 cm thick vessel wall with resis-
tivity 7.388 x 10~7 2 m led to a time constant of 7 = 235 ms,
in agreement with the same vessel model in the CarMaONL
code [25]. The actual conducting structure around the ITER
plasma is, of course, much more complex than the uniform

@)

thickness conducting wall used here. Future studies will
couple the ITER vessel model as used in the CARRIDI code
[26] with M3D-C! for more detailed analysis. The present
study uses a simplified structure model, but with the correct
time constant as a low order approximation.

In this work, we have simulated ‘hot VDEs’ in which the wall
contact and subsequent plasma scrape-off initiates the thermal
quench which in turn causes the current quench. To perform these
simulations we start from the previously mentioned plasma equi-
librium and evolve it using the set of extended MHD equations.
The VDE is triggered as follows. The (3, is reduced from 0.753
to 0.636 over a period of 0.33ms by temporarily increasing the
electron and ion thermal conductivity. This causes the plasma to
move inward by about 3cm since the external fields are fixed.
This motion induces a eddy current in the vessel, primarily in the
inboard wall. Since the initial equilibrium does not correspond
to a ‘neutral point’ [27, 28] of the vessel, this eddy current will
produce a magnetic field with a radial component which causes
the plasma to begin to move vertically upward, thus initiating
the VDE. We did not include vertical stabilization control so the
currents in the coils are fixed.
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Figure 4. (a) Post-TQ temperature profile for different thermal conductivity | r¢ (see text). (b) A zoom in the edge region. After a certain
K|/ k1 ratio, the corresponding temperature in the open field line starts decreasing. (c) The corresponding density profiles.
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Figure 5. (a) Plasma current, (b) magnetic drift, (¢) total vertical force on the wall and () toroidal halo current as a function of time, for

different post-TQ thermal conductivity values, as shown in figure 4(a). For temperature higher than 70eV, the halo current decreases. The
grey curve correspond to a case without a TQ.

The plasma moves upward, initially according to the perpendicular thermal conductivity x, to a large value x| 7¢,
exponential AZ(t) ~ exp(yt) with v = 5.88 s!, eventually ~which takes the plasma temperature down from ~ 30 keV to
making contact with the vessel, causing the outermost sur- tens of eV. Before the thermal quench the plasma is adiabatic
faces to be scraped-off and the edge safety factor g, to drop. on these time scales with negligible thermal conduction or
When ¢, = 2, we initiate a thermal quench by increasing the Ohmic heating. After the thermal quench, the temperature



Nucl. Fusion 59 (2019) 126037

C.F. Clauser et al

0.3

0.25

0.2

% 0.15

0.1

0.05

R (m)

(b)
30+t 1

T, (eV)

101 1

Sep.

5 6 7 =8

R (m)

Figure 6. (a) Different thermal conductivity profiles to produce the TQ and (b) the corresponding post-TQ temperature profile.

quickly finds its equilibrium value where the Ohmic heating
balances the thermal conduction. Consider the primary terms
in the temperature equation:

3 0T

— —_— = — . 2
ey V-q+nJ +(..) (3a)

q= _KJJ_VJ_T_K/HVHT. (3b)

For Spitzer resistivity, assuming equal ion and electron
temperatures, 77 ~ T—3/2. Noting that the current density does
not change on these timescales, and equating the two terms
on the right in equation (3a), we have that the post thermal
quench plasma temperature will scale with a power of the post
thermal quench thermal conductivity, i.e.

TTC ~ HI;/CS. (4)

3. Results

Figure 3 shows different global parameters as a function of
time during a particular VDE simulation. Figure 3(a) shows
the plasma peak temperature (at the magnetic axis) in which
we can see that the thermal quench (TQ) is initiated at 635 ms,
causing the sharp fall in the peak temperature. This change in
the temperature increases the plasma resistivity which trig-
gers the current quench (CQ), as shown in (b). Due to the
plasma current decay, a toroidal net current is induced in the
wall which is shown with dash lines. This ‘additional’ cur-
rent induced in the wall is in direction to further accelerate
the vertical motion as can be noted in (c¢). As shown below,
faster current quenches lead to faster vertical displacements.
Finally, figure 3(d) shows the total vertical force on the wall
due to these wall currents. Before the TQ the total toroidal
current on the wall is approximately null, but with a strong
negative contribution on the top of the vessel, which acts to
push the plasma back as it moves upwards, and a strong posi-
tive contribution on the lower part of the vessel which acts to
pull it. Even though the toroidal current in the upper part of
the vessel is negative at these early times, the associated force
is positive. This can be reconciled with equation (1) by noting

that the external coils are exerting considerable upward force
on the displaced plasma at this time which is transferring that
force to the vessel. So even though the direct upward force
exerted by the coil on the vessel is negative at this point, (the
second term in equation (1)), the indirect force on the vessel,
via the plasma (the first term in equation (1)) dominates, and
so the overall force on the vessel is positive (upward).

The total vertical force on the wall is, by definition,

E'FV:/ z-JxBdV (5a)

vessel

= / (—J,Br + JrB,) dV. (5b)
vessel

This is the expression the code uses. The first term in equa-
tion (5b) is the inductive current term and, as mentioned
before, it is due to both the plasma movement (the VDE itself)
and the current quench. The second term is due to the radial
component of the poloidal halo current. At the plasma-wall
interface, the plasma poloidal halo current density is not tan-
gential to the wall since it lies by definition in the open field
line region (outside the separatrix) and thus, it can penetrate
into the wall and back to the plasma. A goal in this work is to
explore the role of the halo currents on the wall force.

The halo region is generated during the thermal quench as
a consequence of the thermal conductivity increase. As dis-
cussed before, since in this work we only consider 2D simula-
tions the TQ is initiated by increasing the thermal conductivity
and different ways of doing this are possible. Due to the
complexity of this problem, an expression for this transport
coefficient during a disruption in an actual device is certainly
unknown. Hence, in the following we explore different cases
in order to cover a wide range of possibilities that could occur
in the experiments.

3.1. Uniform k profiles

Let us first consider the case where we initiate the TQ by
increasing the thermal conductivity to a uniform value.
Figure 4 shows the effect of x, values on the post-TQ
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Figure 7. (a) Plasma current, (b) magnetic drift, (¢) total vertical force on the wall and () toroidal halo current as a function of time, for
different post-TQ thermal conductivity profiles, as shown in figure 6(a).

temperature. Figure 4(a) shows the temperature pro-
files after the TQ as a function of the major radius, at
the magnetic axis height, for different x, values. From
top to bottom curves, the k; values employed were:
5% 10742 x 1073,5 x 1073,0.01,0.015,0.025,0.05,0.1,0.15,
respectively (x is in normalized units. To get SI units, mul-
tiply by ko = 1.542 x 10%° m~!s™!). In these runs the parallel
thermal conductivity, |, was fixed at 1. The peak post TQ
temperatures vary with the thermal conductivity approxi-
mately like equation (4) as expected. In this case, the
boundary temperature was set to 0.17eV. Figure 4(b) shows a
zoom in at the outer edge region. Figure 4(c) shows the den-
sity profiles so that the thermal conductivity diffusion coef-
ficient, x/n can be obtained. The figures have also marked the
separatrix in order to show the halo or open field line region
(R > Sep. in the figures). It can be noted that as the post-TQ
temperature is increased (by reducing ~ ) the temperature in
the open field line region increases as well, but there is a cer-
tain peak temperature from which if it continues increasing,
a lower temperature in the open field line region is obtained.
This can be explained as a competition between 1 and k.
Inside the separatrix, the parallel heat flux does not change
the temperature profile appreciably since the temperature is

a flux function. This is why the post-TQ peak temperature is
determined by ~, as shown in equation (4). However, out-
side the separatrix, in the open field line region, the parallel
flux does play a role linking the plasma temperature with the
boundary temperature condition. Therefore, the temperature
profile in this region shows a dependence on the /5 | ratio,
as discussed in [20].

Figure 5 shows how this change in the thermal conduc-
tivity affects the time evolution of other global quantities. In
particular, it shows (a) the plasma current, (b) the magnetic
axis z — location, (c) the total vertical force on the wall and
(d) the toroidal halo current. The cases with higher temper-
ature have slower current quench since the plasma resistivity
is smaller. This leads to a slower vertical drift. In addition, it
can be noted that the temperature has an effect on the total
vertical force. Increasing the post TQ thermal conductivity
(k) by a factor of 300 led to a lowering of the post TQ elec-
tron temperature (7,) by a factor of 10, and to an almost factor
of 10 in the reduction of the current quench time, which led to
a reduction of the total force over 50 %. In addition, from fig-
ures 4(b) and 5(d), we can see that there is a direct correlation
between the open field line temperature and the magnitude of
the halo currents.
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TQ and () the corresponding temperature profiles, as a function of

the mayor radius. For this comparison, two different boundary temperatures were employed. (¢) The vertical wall force and (d) the toroidal

halo current as a function of time.

Although the vertical force depends on the radial comp-
onent of the current density flowing through the wall, the
toroidal halo current, as shown in figure 5(d), is a good measure
of it since the plasma is basically force-free. Therefore, the
poloidal halo current that flows into the wall is related to the
toroidal halo current in the plasma. This is discussed in detail
in the appendix.

Changing the thermal conductivity in this way does not
produce a significant change in the halo current and it remains
at values below ~ 1 MA. However, it is a goal in this paper to
find cases with higher halo currents at relatively low post-TQ
temperatures since typical values reported for these temper-
atures are around ~15-30 eV [29, 30]. Of course, we do not
have such reference for an ITER scenario. Hence, in order to
compare with the following cases, we consider the case with
k1 = 0.05 and post-TQ T, =~ 30 eV (blue curves in figures 4
and 5) as a reference in this paper.

3.2. Different post-TQ k profiles

In this section we compare the previous case with x; = 0.05,
with an increasing and a decreasing in radius « profile. These
profiles are presented in figure 6(a). They were chosen in

order to get the same post-TQ peak temperature of ~ 30 eV,
as shown in figure 6(b). We can observe that the thermal con-
ductivity profile modifies the temperature profile with a strong
impact in the open field line region. The increasing in radius
profile (black curve) produces a reduction of the open field
line region temperature while the decreasing in radius profile
(red curve) increases it.

The effect of these x| profiles on global plasma parameters
is presented in figure 7. As in the previous case, figure 7 shows
(a) the plasma current, (b) the magnetic axis z — position, (c)
the total vertical force on the wall and (d) the toroidal halo
current, all as a function of time. Although these three cases
have the same peak temperature, the average temperatures are
different. As a consequence, the current quench, figure 7(a)
is slower in time as the thermal conductivity changes from
decreasing to increasing in radius. As in the previous case, this
difference in the current quench explains the different drift
speeds (figure 7(b)).

An important result here is that the total force, figure 7(c),
is approximately the same for the three cases even though
the current quenches are different and the halo current was
strongly affected by the different x, profiles, as shown in
figure 7(d). Thus, at first glance it seems that the halo current
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Figure 9. 2D toroidal strength function for a particular time after the TQ two for the two cases presented in figure 8.
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Figure 10. Total vertical force on the wall as a function of time for the two different cases presented in figure 8. In addition, the JrB,, and

J o Br terms are included to show the breakdown of the total force.

is not playing a sensitive role in the total wall vertical force.
‘We discuss this next. In addition, we can see that there is not
a straight correlation between the current quench time and the
total force.

3.3. Different post-TQ boundary temperatures

In addition to the freedom to modify the thermal conductivity
value and profile, another parameter that can be modified
is the boundary temperature. In all the previous cases, this

temperature was fixed to 0.17eV. However, one could expect
that during a disruption and because of the energy release,
the temperature at the plasma-wall interface increases. This
should increase the halo current even more. Hence, we com-
pare in figure 8§ the reference case (k. = 0.05 and post-TQ
T ~ 30 eV ) with a decreasing in radius thermal conductivity
profile as in the previous case but with a boundary temper-
ature of 3 eV, as shown in figures 8(a) and (b) respectively. As
in the previous cases, figure 8(c) shows the total vertical force
on the wall and figure 8(d) the toroidal halo current. However,
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for simplicity we do not show the plasma current and magn-
etic z-position as a function of time, but the current quench
time in this case is even slower than in the previous one. It can
be noted that, even the large amount of halo currents gener-
ated in this case with a 3eV boundary temperature, the total
force does not change significantly (< 3 % at the maximum)
and, on the contrary, it is a bit smaller than the reference case
(blue curve). This is one of the main results of this paper.

To reveal even more the differences between the poloidal
currents in both cases, figure 9 shows the streamlines of the
poloidal current, I = RB,,, and its contour patterns for both
cases at an intermediate stage after the TQ. We observe that
the halo region in the plasma acts as a poloidal current source
for the wall. In figure 9(a), the current penetrates the wall on
the inner side and follows two directions, as shown with the
yellow curves. These current loops go into the plasma in the
outer side of the wall. However, if we increase the boundary
temperature, the plasma resistivity on the open field lines fur-
ther from the plasma decreases and the currents find new ways
to close the circuit, as shown in figure 9(b).

It is reasonable to expect that the difference in the halo cur-
rent will have an impact in the total force via the JgB, term
in equation (5b). This is illustrated in figure 10 in which we
decompose the total forces shown in figure 8(c). Figure 10(a)
shows the reference case (k = 0.05 and post-TQ 7 ~ 30 eV)
while (b) shows the case with decreasing in radius thermal
conductivity and 3eV boundary temperature. In addition to
the total force, the figure shows the JgB,, (halo) term and the
J B (inductive) term for each case. We see that when we ini-
tiate the TQ, the halo force term starts growing. However, at
the same time the inductive force term decreases in such a way
that the total force remains basically smooth. We also see that
the case with more halo current (b) has a larger halo force term
than the case with smaller halo current (a), as expected. But
for this case, the inductive term drops even more and therefore
the total force remains similar in both cases. A similar force
breakdown was presented in [6] but without focusing in the
present analysis.

To better understand this result, we can re-write equa-
tion (5b) in the following form

Fy = F9 + B! (6)

where Fy" is the force contribution due to toroidal currents

in the wall, that is to say, it is the first term on the right hand
side of equation (5b) while F¥ is the term due to poloidal
(halo) currents in the wall or the second term in the right hand
side of equation (5b). Furthermore, from equation (1), and
invoking reciprocal relationships between the forces one can
write Fy = —F(¢ [23, 24] and thus,

Fy' + F} = —Fc, @

where F is the total force on the poloidal field coils due to the
fields from the currents in the wall and in the plasma. Since
the fields from the plasma and the wall currents can only pen-
etrate the vessel and reach the coils on times comparable to
or longer than the L/R time of the vessel (235 ms), the total
vertical force on coils F¢ and, as a consequence, on the vessel
cannot change appreciably over time scales much shorter
than this. Thus, during the TQ and halo formation the force
on the vessel remains approximately constant and the sudden
increases in the force due to the halo currents, FPOI, must be
offset by changes in the forces due to the the toroidal currents
in the wall, Fy".

What is the mechanism that causes the toroidal current
component of the wall force to offset the poloidal current
component on short times? We note that the formation of the
halo region produces a displacement of the toroidal current
density centroid of the plasma as shown in figure 11. This
figure shows the case presented in figure 10(b). The black
curve shows the magnetic axis while the red curve shows the
current density centroid. The grey curve shows the projection
for a VDE without a TQ. The current density displacement
weakens the plasma-wall force so that the plasma remains
force-free as the halo current develops. This is illustrated in
figure 12. Figure 12(a) shows the variation of the toroidal cur-
rent density between two time intervals before the thermal
quench, while figure 12(b) shows the variation as a conse-
quence of the TQ. We can see that, before the thermal quench
and, as a consequence of the VDE, negative toroidal currents
are induced at the top of the vessel while positive on the lower
parts of the vessel. However, when the halo region is formed
immediately after the thermal quench, the variation in the
toroidal induction on the wall is reverted, leading to a sudden
drop of the toroidal force contribution.

As a summary of all the cases presented in this study
we show in figure 13 the maximum vertical wall force as a
function of the current quench time. The colors indicates the
different post-TQ temperature as in figure 4(a). The arrow
labeled with ¢ + Halo current’ indicates the cases presented
in sections 3.2 and 3.3 (red curves) where they all have the
same peak temperature. We can see that, for the cases pre-
sented in section 3.1 where relatively small halo currents were
obtained, the vertical force generally depends on the current
quench time. However, as shown later, larger halo current can
change this behavior by increasing the CQ time without sig-
nificantly changing the force. Here, the CQ time was taken to
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Figure 12. Toroidal current density variation AJ, (a) before the TQ and (b) during the TQ.
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Figure 13. Maximum vertical wall force versus current quench
time diagram showing all the cases presented in this study. The
colors indicate the temperature as in figure 4(a). The arrow labeled
with © 4+ Halo current’ indicates the cases presented in sections 3.2
and 3.3 (red curves) where they all have approximately the same
peak temperature.

be the difference between the time in which the plasma cur-
rent decayed 1/e of its value and the time when the CQ was
triggered.

In principle, one could perform a scan with different halo
currents for different post-TQ temperature, but we only pre-
sent here the case with post-TQ T ~ 30 eV. However, there are
certain physical limitations in changing the halo current while

10

keeping the same post-TQ temperature. This is because both
temperature profile and halo current depend on the post-TQ
thermal conductivity. Since different amounts of halo current
lead to different CQ times, it is not possible to scan the CQ
time in a way fully independent from the post-TQ temperature.

It is also important to note that there is a limiting situa-
tion for the maximum force, which was shown in figure 5
(grey curve), corresponding to the case without increasing the
thermal conductivity (no TQ). In this case, the total vertical
force is around 88 MN but it is not included in figure 13 since
there is not a well defined current quench time for this case.
Note that this case is also unphysical because it is strongly
unstable to 3D modes.

4. Summary and conclusions

We have simulated 2D VDEs for an ITER plasma using a
uniform thickness conducting wall with the actual resis-
tive decay time. The simulation were performed with the
M3D-C! code. We have focused on the role of halo currents
and their contribution to the total vertical force on the wall
during the VDE. Unlike most of the previous studies, here
the halo region is naturally formed by triggering the TQ with
an increase in the plasma thermal conductivity. We system-
atically varied this function to scan the variety of plasma
halo parameters that might occur during an actual VDE in
ITER. We explained the general behavior of the VDE for all
the cases we performed and included the total vertical force
calculation. We also found: (i) that the halo current is corre-
lated to the plasma temperature in the scrape-off layer open
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field line region, (ii) that changing the halo current does
not change the total vertical force, since it is offset by the
toroidal contribution and (iii) that this offset in the toroidal
contribution occurs because the halo formation changes the
toroidal induction pattern on a timescale much shorter than
the dissipation time in the vessel. The results also show that,
for the cases presented in section 3.1, slower CQs generally
lead to larger vertical forces as expected. However, the pres-
ence of the a halo region can modify this scaling.

The results of our study do not imply that the halo currents
are of no consequence in the actual ITER conducting wall and
blanket structure. As in PBX [2], there will be current paths in
the 3D ITER wall that are accessible only to poloidal currents
and that could produce large localized forces. The present
study is only strictly applicable to predicting the total vertical
forces in a uniform thickness isotropic resistivity wall with the
ITER time constant. This will be extended in future studies to
include more realistic wall structures.
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Appendix. Relationship between vertical forces due
to wall halo currents and toroidal currents in the
open field line region

In figures 5, 7 and 8 we have shown toroidal currents in the
open field line (halo) region rather than poloidal halo cur-
rents flowing through the wall. This is because toroidal cur-
rents can be easily obtained by integrating the toroidal current
density over the desired cross section. As can be noted from
figure 9, poloidal currents can describe complex pattern and,
hence, there is not a straightforward way to calculate them.
In addition, as we mentioned before, the force-free condi-
tion relates both toroidal and poloidal current densities in the
entire plasma region (inside and outside the separatrix). We
show here that the force-free condition in the plasma region
allows one to relate the vertical wall force due to poloidal halo
currents with the forces in the plasma open field line (halo)
region.

Let us designate with ‘P’ the plasma region inside the sepa-
ratrix and ‘H’ the plasma halo or open field line region (out-
side the separatrix). The force-free condition,

JxB =0, (A.1)

is assumed in the entire P + H region. For the vertical force
this implies that

/ JrB, dV — / J,BgdV = 0.
P.H PH

Consider now the first term in the LHS of equation (A.2)
together with

(A2)

1 08,
Je=—— 2%,
to 0Z

Taking into account only the plasma region ‘P’, we can write

(A3)

1 OB

JxB dV:——/B —dv A4
/P RDy 1w ), ¢ 0z (A4)
L. [vBav A.5)

= ——2" .

2p0 P v (

=——17%-¢ BdS, A6
2o ]iP ? ( )

where OP is the plasma boundary (given by the separatrix).
Then, noting that

1

B, = Eg(%[})’

with g a function of the poloidal flux ¥, we have

1 R 1
/ JrBodV = =g (thup)? ]{ S =0. (A8)
P op

2410

(A7)

Hence,

/JRBWdV = /JSOBRdV =0. (A.9)
P P

This means that not only the difference between both terms in
equation (A.2) vanishes but also each term itself does (only
for the plasma ‘P’ domain).

Let us now designate with ‘V’ the vessel wall and evaluate
the wall force. The total vertical force on the vessel, already
presented in equation (5b), is

Fy = / (JrBy, — J,Bg) dV. (A.10)
v
The first term in the RHS of equation (A.10) is the contribution
due to poloidal halo currents. Then, using equation (A.3), this
vertical force term can be re-written considering the entire
P + H + V domain as follows:

1 % 5
——Z- B dS =0,
20 ovt
(A.11)
where OV is the outer vessel boundary. This integral van-

ishes because B, o 1/R outside the vessel. Hence, the force
on the wall due to halo currents is

F?zdz = /JRBW dv = —/ JrB,dV = — / JrB,dV,
’ v H+P H
(A.12)

where we used equation (A.9) to eliminate the plasma domain.
Finally, using the force free condition (A.2) we can write

1
Foinipz = / JrB,dV =
VAHAP

Y, = / JrB, dV (A.13)
\%4

=— / JrB, dV (A.14)
H
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=— / JoBrdV. (A.15)
H

Therefore, the vertical force on the vessel due to poloidal halo

currents is equivalent to the force on the plasma open field line

(halo) region due to toroidal currents.
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