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Tokamak plasmas with elongated cross sections are susceptible to vertical displacement events (VDEs), which

can damage the first wall via heat flux or electromagnetic (EM) forces. We present a 3D nonlinear reduced
magnetohydrodynamic (MHD) simulation of CFETR plasma during a cold VDE following the thermal quench,
focusing on the relationship among the EM force, plasma displacement, and the n = 1 mode. The dominant mode,
identified as m/n = 2/1, becomes destabilized when most of the current is contracted within the ¢ = 2 surface.
The displacement of the plasma current centroid is less than that of the magnetic axis due to the presence of
SOL current in the open field line region. Hence, the symmetric component of the induced vacuum vessel current
is significantly mitigated. The direction of the sideways force keeps a constant phase approximately compared to

the asymmetric component of the vacuum vessel current and the SOL current, which in turn keep in-phase with

the dominant 2/1 mode. Their amplitudes are also closely associated with the growth of the dominant mode.

These findings provide insights into potential methods for controlling the phase and amplitude of sideways forces

during VDEs in the future.
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the effective elongation is defined as ko, = SC/7ra2 with
Sc being the cross section. This scaling law suggests that

scaling gives

the elongated cross section can greatly improve the con-
finement time. However, the large elongation makes the
plasma susceptible to vertical instability and undergoes
vertical displacement events (VDEs) during disruptions.
Electromagnetic (EM) load and heat deposition during
VDEs may cause severe damage to the device. 2l The
elongation ratio of the China Fusion Engineering Test
Reactor (CFETR) is as high as 2.0, and therefore it is
essential to study the consequences of VDEs in CFETR

plasma.
There have been intensive theoretical™™® and
numerical %17 investigations into the vertical and side-

ways force experienced by the wall.
force during VDE in JET was estimated to be several mega
Newtons ™'® and reproduced by M3D simulation. "]
JET experiments, the asymmetries and rotation of plasma
currents are found to lead to the rotation of sideways force

The sideways wall

In

and might cause dynamic amplification by the resonance
of machine. ?”! Previous simulation of the CFETR plasma
shows that the magnitude of the wall force does not show
obvious differences between hot and cold VDEs, but they
have different time responses. [21] The sideways component
of the wall force is proportional to the toroidal magnetic
field and plasma current. [22] The 2D simulations conclude
that injection of impurities accelerates the quench of the

plasma current before it moves to the first wall and forms
the open-field-line current.!?! For mitigated 3D ITER
simulations, "% the sideways force is found to be small be-
cause the fast current decay and the asymmetric modes
can only reach small magnitudes. Unmitigated 3D simula-
tions by multiple codes show that the total sideways force
direction is not obviously correlated with the n = 1 mode,
although it rises with the n = 1 magnetic energy. 24 Here
n is the toroidal mode number.

In this work, we examine the force distribution on
the vacuum vessel and analyze the phase correlation be-
tween the perturbed plasma mode structure for the dom-
inant n = 1 mode and the rotating sideways forces act-
ing on the vacuum vessel and the scrape-off-layer (SOL)
current. Our analysis demonstrates that these forces are
Previous studies
confirmed that in the 3D case, the most unstable mode
is the n = 1 mode, while the growth rate of higher-order
modes are orders of magnitude lower. 12! Hence, we only
consider the n = 0 and the n = 1 Fourier harmonics in this
simulation. The reduced nonlinear magnetohydrodynamic
(MHD) code JOREK % is used to simulate the cold VDE
during the plasma disruption. The STARWALL [27:28] code
is used to model the symmetric vacuum vessel, poloidal
field coils, and central solenoid coil in CFETR. The ther-
mal quench (TQ) is mimicked by artificially increasing the
heat diffusion until the plasma is cooled down. The plasma
displacement and the n = 1 mode response to the plasma
scraping-off are simulated, with a focus on the vacuum
vessel current and the associated EM force.

aligned in both phase and amplitude.
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We use Braginskii electron and ion parallel heat con-
duction with an upper limit, mimicking the flux-limited
heat flux in a free-streaming plasma. This upper limit
corresponds to the Braginskii electron thermal conduc-
3.1keV, beyond which the ther-
mal conduction will not increase anymore. The per-
pendicular heat conductivity is chosen as x; = 4.10 x
107 %kg-m™*-s7!. The perpendicular diffusivity is se-
lected as Dy, = 7.29m?.s7!. In addition, the Spitzer
resistivity is used, thus the parallel resistivity n = 8.10 x
107! Q- m initially at the plasma core, the corresponding
Lundquist number S = 6.2 x 107. After the TQ, the re-
sistivity is increased according to the Spitzer temperature

tion value at T =

dependence.
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Fig. 1. Profiles of electron density ne, electron temper-
ature Te, current density j, and safety factor ¢, averaged
over poloidal magnetic flux surfaces at t = 5.15ms after
the TQ and before significant vertical displacement.

The initial equilibrium total plasma current I, =
11.2MA, the magnetic field B = 6.53 T, the initial mag-

netic axis location R = 7.8m, Z = 0.78m. As men-
tioned above, the TQ is mimicked by manually increas-
ing the perpendicular heat conductivity x; = 4.10 X

1072kg-m~'-s7*. The TQ is carried out in 2D and is
stopped when the electron temperature at the magnetic
axis drops to around 100eV at ¢t = 0.46ms. Then, the
perpendicular heat conductivity is adjusted to the default
value. During the TQ phase, the plasma equilibrium ex-
periences a rapid change in its Shafranov shift due to the
artificially imposed large heat transport and the conse-
quent sudden pressure change. As a result, the plasma
experiences several violent shakes during the 2D TQ pro-
cess, which gradually subside as the TQ phase concludes.
Subsequently, the current quench (CQ) phase begins, and
vertical displacement manifests at ¢ = 18.2ms. At this
time, we switch from the 2D simulation to the 3D one.
Figure 1 shows the profile after the TQ and before sig-
nificant vertical displacement at ¢ = 5.15ms. We did not
consider the current flattening as a result of the nonlin-
ear v X B induced hyper-resistivity during the process; [29]
thus the current remains peaked in the core. We do not
expect this to impact our result significantly.

The grid of the vacuum vessel (VV) utilized for STAR-
WALL response and the configuration of poloidal field and
central solenoid coils are shown in Fig.2. The coupled
STARWALL code constructs the response matrix of the
resistive VV, which is used in the JOREK free boundary
simulation. The VV resistivity nv = 1.32 X 107° Qm,
thus the resistive VV magnetic penetration time 7, =
0.21s. We choose our JOREK simulation domain to cor-

respond more or less to the shape of the first wall (i.e.,
the plasma-facing wall) in this study. The ratio of T
to the CQ time, Tcq, is of general interest as it deter-
mines the specific g surface into which the plasma current
channel contracts.*® This contraction significantly influ-
ences the dominant tearing/resistive instability modes in
the plasma, where the amplitude of these modes dictates
the magnitude of the sideways force. As will be illustrated
later, while the current in the VV begins to decay, the to-
tal plasma current changes only slightly. Therefore, in our
simulation, 7cq greatly exceeds 7.
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Fig. 2. STARWALL elements (gray mesh grid) and coil
configuration in the simulation of CFETR. The poloidal
field coils are blue and the central solenoid is red.

As is shown in Fig. 3(a), the displacement of the cur-
rent centroid (the orange trajectory) is far less than that
of the magnetic axis (the green trajectory) because the in-
duced open-field-line SOL currents outside the last closed
flux surface (LCFS) make the current centroid and mag-
netic axis spatially non-coincident. In Fig.3(c), the SOL
currents are induced soon after the TQ starts due to the
rapid decay of the plasma current inside the LCFS. These
SOL currents persist throughout the entire VDE, as shown
in Fig. 3(d). Since the displacement of the current centroid
is a primary factor driving the induced current in the VV,
the existence of the SOL current mitigates the current in-
duction in the VV, thereby reducing the associated VV
force. This is consistent with previous reports, (23] which
show that the existence of the SOL current is shown to
help mitigate the induced current in the VV. However,
such SOL current will experience the EM force, which will
then act on the simulation boundary due to the zero per-
pendicular velocity boundary condition.

The vertical displacement results in scraping-off and
subsequent edge cooling of the plasma, which destabilizes
the m/n = 2/1 tearing/resistive kink mode. Here m is the
poloidal mode number. As shown in Fig. 3(b), most of the
plasma current is concentrated within the ¢ = 2 surface,
leading to the dominance of the 2/1 instability. Outside
the ¢ = 2 surface, the magnetic field lines become com-
pletely stochastic, leading to enhanced edge cooling and
facilitating the current contraction. A noteworthy feature
is that the current channel stops further contraction once
the 2/1 mode becomes significant. Indeed, as will be seen
later, the current fraction within the ¢ = 2 surface even
begins to decay somewhat. The absence of further current
contraction contributes to the saturation of the 2/1 mode
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amplitude, thereby preventing the emergence of a more
violent 1/1 kink mode. This saturation of the instability
mode amplitude, in turn, contributes to the smallness of
sideways forces in our simulations.

n, (10%° m™3)
—1.4 x 1071

Fig. 3. At t = 151.01 ms and in the ¢ = 0 plane: (a) The
magnetic axis (green) and current centroid (orange) tra-
jectories overlap on the electron density profile. (b) The
q = 2, 3 surfaces, shown by cyan and yellow lines, over-
lap on the current density poloidal profile. The sign of the
current density is determined by its direction. The current
density poloidal profile slice in the divertor region before
the vertical displacement (¢ = 1.32ms) is shown in (c),
and at the end of the vertical displacement (¢ = 124.9 ms)
in (d). The arrows in (c) and (d) indicate the directions
of the SOL current projected in the poloidal plane.

The simulation area for the plasma, shown in Fig. 3, is
bounded by the first wall, which is depicted in Fig.4. The
MHD simulation boundary for the plasma in JOREK is
magnetically transparent. All electromagnetic responses
originating from the VV are calculated by STARWALL
and then fed back to the JOREK simulation boundary
(hereafter referred to as the simulation boundary). The
VV is modeled as a resistive thin surface, as illustrated
in Fig.4. A vacuum exists between the VV and the sim-
ulation boundary, which means that there is no shared
current between the plasma and the VV. Consequently,
the EM force acting on the wall is calculated separately:
the EM force generated by the volume integrals of J x B
on the VV reads

Fo.= | JxBdV, (1)
Vv

and the EM force applied to the plasma reads
F, = / J x BdV. (2)
plasma

Due to numerical constraints, the simulation boundary
condition sets the plasma velocity perpendicular to the
boundary to zero, causing the plasma to decelerate near
the boundary and generating an equivalent force acting
on it. This is entirely an artificial effect, corresponding to
the force of plasma-wall contact. In a more realistic sce-
nario, this force would occur within the ‘wet zone’ where
the plasma touches the wall. Since the plasma inertia is
negligible ®! and the timescale of the VDE far exceeds that
of inertia, the plasma must be in force equilibrium. The
plasma pressure, which might affect the force balance,*?
is very low near the boundary region due to the low tem-
perature, especially when compared with the EM force.
Hence, the total EM force acting on the entire plasma, Fy,
as expressed by Eq.(2), is balanced by the force exerted
by the simulation boundary. Consequently, the total force
exerting on the VV and the first wall is Fiot = Fuv + Fp1.

JOREK
simulation
boundary

Fig. 4. The sketch illustrates the configuration of the
simulation. The outermost black solid line represents the
V'V, which is a resistive thin surface. The inner black solid
line represents the JOREK simulation boundary, corre-
sponding to the shape of the first wall. The black dashed
line represents the LCFS. The green dashed line inside or
outside the VV represents the surface where the surface

integration fm or is performed.

out
To simplify the calculations, F., is determined using
the following equation, which converts the volume integra-

tion into a surface integration: [31]
u - Fyy = Fout — Fin, 3)
with
Finjout = * {(B -u)B — B—Qu} -dS. (4)
KO Jin/out 2

As shown in Fig. 4, fin represents the surface integration
over the surface near and inside the VV, which separates
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the VV from the plasma simulation boundary and fully en-
closes the plasma. In contrast, fout represents the surface
integration near and enclosing the VV, with the external
poloidal field coils and the central solenoid remaining out-
side this surface. Further, w represents unit vectors point-
ing toward any specific direction. The directions of the
surface elements dS are pointed outward; therefore, the
inner VV surface integration equals the total EM force
acting on the plasma, Fin, = Fp1. The difference between
inner and outer surface integrals equals the sum of EM
loads on the VV generated by the cross product of induced
VV current and the magnetic field which is generated by
plasma and coil currents, Jyv X Bpi4coil. The contribution
from the VV current carried magnetic field vanishes after
integration.
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Fig. 5. (a) Spatial distribution of the asymmetric com-
ponents of the VV currents. (b) Spatial distribution of
the asymmetric components of J x BdV force on the VV
at t = 143.26ms. Length and color of the arrows de-
note the magnitudes of the surface current density and
that of the VV forces. The plasma poloidal cross section
of perturbed components of (a) plasma current §jp; and
(b) poloidal magnetic flux 4% are also shown in the cor-
responding toroidal locations (¢ = 45° and ¢ = 225°) for
comparing the phase of plasma perturbation, asymmet-
ric components of VV currents, and the VV forces. Here
¢ = 0 corresponds to the positive half of the x-axis. Posi-
tive ¢ direction is clockwise.

The sideways force is found to be directly related to
the growth of the asymmetric mode. The spatial distri-
butions of asymmetric components of VV currents, VV

forces, and perturbed plasma profile are shown in Fig. 5.
The double helical structure of VV currents spatially corre-
lates with the 2/1 current perturbation’s helicity, as shown
in Fig.5(a). The asymmetric VV current is in the oppo-
site direction compared to the plasma current perturba-
tion, consistent with the fact that they are induced by the
plasma current perturbation, which in turn are attributed
to the distortion of the magnetic flux tube 6J = & - VJ,
where ¢ is the displacement of magnetic flux and VJ is
the averaged current densities gradient. Further, the spa-
tial distribution of the asymmetric component of the VV
force is shown in Fig.5(b). Here, the force per element is
calculated by the cross product of the surface VV current
density and the magnetic field o x BdS, then subtracting
the axisymmetric component. Here o is the line current
density within the VV. It can be seen that despite the in-
duced current density being more pronounced in the high
field side (HFS), the low field side (LFS) elements’ area S
is greater than the HFS; thus the forces on LFS elements
are larger compared with that on the HFS. The directions
of asymmetric components of VV forces are almost hori-
zontal because the main contribution is from the poloidal
VV currents (only contributed by the asymmetric VV cur-
rents) and the toroidal magnetic field.

A more detailed analysis of the correlation between
the phase of the dominant mode, the VV currents, and
the VV forces is shown in Fig.6. The vertical compo-
nent of F; emerges on the order of MNs after the mimic
TQ due to rapid plasma displacement resulting from sud-
den pressure loss. It then gradually grows to the order
of 1I0MN at 30ms as the vertical displacement increases
and the plasma further contacts the simulation boundary.
Then Fj,; is approximately 20 MN vertically, and 200 kN
sideways, in the end stage of the simulation, as shown in
Fig.6(a). In contrast, the vertical force exerting on the VV
remains at a few MNs during both the TQ and VDE. Then
the estimated Fy. is 2 MN vertically and 200 kN sideways
at the end stage of the simulation, as shown in Fig. 6(b).
The vertical forces of both Fj, and F,, mainly originate
from the symmetric component of the plasma and the VV
currents. The vertical component of F}, is directed up-
ward, while that of F\. is directed downward because the
induced VV current flows in the opposite direction to the
plasma current. Both the sideways forces are simulta-
neously excited by the plasma predominant asymmetric
mode m/n = 2/1 growth after ¢ = 100ms, as shown in
Fig.6(d). After t = 160 ms, the instability becomes satu-
rated, and the magnitudes of the two sideways forces stop
growing. At this stage, the vertical component of F\. is
far less than that of F};. This is consistent with the previ-
ous analysis that the current centroid has less displacement
than the magnetic axis. Meanwhile, the magnitudes of the
sideways components of F\y. and F}; are in the same order
of magnitude despite their phase difference. During the
simulated CQ phase (from 30ms to 220 ms), the plasma
current inside the LCFS decreases from 8.1 MA to 6.5 MA
and increases outside the LCFS from 4.2 MA to 6.0 MA,
while the total plasma current remains approximately con-
stant at 12.4 MA. Concurrently, the total induced current
in the VV decreases from 2.16 MA to 1.65 MA. This shift

085201-4



Chinese Physics Letters 41, 085201 (2024)

results in an increase in the vertical component of F}, due
to the rising fraction of SOL current, whereas the decreas-
ing current in the VV leads to a reduction in the vertical
component of Fi..
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Fig. 6. Time evolution of the vertical (F.) and sideways
(Fs = y/F2 + F2) forces encountered by (a) the plasma
current and (b) the VV. (c) Time evolution of the side-
ways forces’ toroidal phase of the plasma current & Fo and
the VV &p _, together with the asymmetric VV current
phase @yyc and the phase of the plasma perturbation &;.
The magenta circles indicate the corresponding time in
Fig.5. (d) Time evolution of the magnitude of the dom-
inant plasma mode with m/n = 2/1 and the integrated
current density inside the ¢ = 2 and g = 3 surfaces.

The toroidal phases of @r, and &, are defined as
¢ = arctan(Fy/F;). In Fig.6(c), ®r, is found to always
follow the magnetic island phase change &1, as can be
seen by comparing the blue dashed line and the yellow
solid line. Here the phase of plasma perturbation @y is
defined as the phase of the magnetic island of the mode
m/n = 2/1. The phase of the asymmetric component of
the VV current @, is defined as the toroidal location of
its maximum. As would be expected, @, approximately
keeps the same phase as Pyvc, while the asymmetric VV
current phase @y approximately keeps the opposite phase
with perturbed plasma phase ®p;. This is due to the fact
that the induced VV current always tends to mirror the
current perturbation within the VV. In general, the two
sideways forces mentioned above point in different direc-
tions. Here the rotating frequency of the plasma insta-
bility mode, ®p1, is estimated to be —31.35rad/s in the
negative toroidal direction, averaged after t = 100 ms. The

rotating frequencies of the sideways components of the two
forces are approximately the same as the plasma instability
frequency. Figure 6(d) shows the integrated plasma cur-
rents within the ¢ = 2 and ¢ = 3 surfaces, normalized by
the total plasma currents inside LCFS. The I, inside the
q = 2 surface reaches its maximum at ¢t & 110 ms when the
growth rate of plasma mode m/n = 2/1 is also maximized.
This is consistent with the 2D current density profile distri-
bution shown in Fig.6(b). Afterward, potentially due to
MHD-induced relaxation, the current portion within the
g = 2 surface decreases, and the 2/1 mode is also satu-
The integrated plasma current inside
the ¢ = 1 surface is small during the simulation. This ex-
plains why 1/1 kink mode, which can cause large sideways
force, does not appear in our simulation. The calculated
sideways force, utilizing the parameters of CFETR plasma
along with the growth rate and rotation frequency of the
dominant 2/1 mode, predicted by Eq.(33) in Ref. [32],
is 173 kN, which matches the magnitude obtained in our
simulation. The estimation of the ITER sideways force,
extrapolated using the growth rate and rotation frequency
of the CFETR plasma, is 595 kN, which does not exceed
the previous maximal estimation of 3.2 MIN. (6]

In summary, the first effort to analyze wall forces on
CFETR during VDE has been conducted using the 3D re-
duced MHD code JOREK. The VDE occurs after a mimic
thermal quench; the m/n = 2/1 mode emerges as the dom-
inant mode during the current quench phase as the plasma
moves upwards and begins to scrape off against the sim-
ulation boundary, corresponding to the plasma-wall con-
tact. The total force, Fiot, is estimated to be about 20 MN
for the vertical force and about 250kN for the sideways
force. The pre-disruption plasma current is 11.2 MA and
the toroidal magnetic field is 6.53 T. The sideways force is
caused by both the asymmetric component of the induced
current in the vacuum vessel and the SOL current in the

rated as a result.

open-field-line region of the plasma. These currents and
the resulting sideways forces are closely associated with
the dominant plasma mode in phase. The sideways EM
force acting on the plasma SOL current keeps the same
phase as the dominant plasma mode, and the sideways EM
force acting on the vacuum vessel keeps the same phase as
the asymmetric component of the vacuum vessel current,
which, in turn, keeps the opposite phase to the dominant
plasma mode. Such a strong correlation provides a possi-
ble way to control the phase of sideways force to minimize
wall damage by controlling the mode phase in future fu-
sion operations, not only for CFETR but also for other
fusion devices. The limitation of this work is that we have
only included the force caused by the induced current flow-
ing within the vacuum vessel, as well as the SOL current.
The actual current sharing between the plasma and the
vacuum vessel is beyond the scope of this work and will
be further pursued in our future work. One would expect
such a shared current to mostly act on the first wall and
the blanket module instead of the vacuum vessel. Never-
theless, our study demonstrated the close phase correla-
tion between the induced vacuum vessel current, the SOL
current, their respective sideways force, and the plasma
mode, paving the way for further studies in the sideways
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force control during VDEs for CFETR plasmas.
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