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Abstract

®

CrossMark

The generation of runaway electrons during disruptions poses a serious threat for the operation
of ITER. The efficiency of the injection of large amounts of impurities by massive gas
injection or shattered pellet injection to achieve runaway suppression might be compromised
due to low gas mixture efficiency and the high Rosenbluth density for runaway suppression.
The transport of runaway electrons is dominated by magnetic perturbations. The magnetic
perturbations have the advantage of expelling the runaway seeds before they reach high
energy. Robust runaway suppression has been reached on J-TEXT with mode locking by

the application of m/n = 2/1 resonant magnetic perturbations before the thermal quench.

The mode locking implemented large magnetic islands inside the plasma which acted as an
explosive bomb during disruptions and led to stronger stochasticity in the whole plasma cross
section. The NIMROD simulation indicates that this strong stochasticity expels the runaway
seeds and results in runaway free disruptions on J-TEXT. This might provide an alternative
runaway suppression technique during disruptions for large-scale tokamaks.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Disruptions in ITER are prone to generate a large fraction of
runaway current. About 70% plasma current could be con-
verted into runaway current during disruptions on ITER. The
magnitude of the damaging effects due to runaway electrons
(REs) increases with the plasma current [1-5]. The prevention
and mitigation of disruptions are critical issues for advancing
the tokamak concept as a viable fusion energy source. Both
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the heat loads and the electromagnetic force have been miti-
gated with a moderate amount of impurities [4] by massive
gas injection (MGI) or shattered pellet injection (SPI). It is
generally thought that the heat load and halo current reduction
capabilities of MGI shutdown will scale well to ITER.
Avoidance and mitigation of the damage due to disruption
generated runaway electrons is high priority task for reliable
operation of ITER [6]. There are, generally, three mechanisms
for RE generation: Dreicer generation, secondary generation
(avalanche generation), and hot tail generation [7-9]. The
seed electrons from tritium decay also act as runaway seeds
in ITER D-T operation phase. The Compton scattering of
gamma rays emitted by the activated wall will contribute to

© 2018 IAEA, Vienna Printed in the UK
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the runaway generation also. In a disruption, the Dreicer,
tritium decay, the Compton scattering seed and the hot tail
processes can create a runaway seed population which will be
amplified by the secondary avalanche mechanism. The hot tail
process can contribute the runaway generation significantly in
fast shutdown experiments [10-13]. A severe consequence of
a disruption on ITER could be the generation of a 10 MA RE
beam with energies of several tens of MeV that could damage
the vacuum vessel and the structures of the machine if it hits
the wall without mitigation [8]. Many experiments have been
pursued toward understanding the physics of RE generation
and suppression during disruptions [14-22]. During the ter-
mination phase of the disruption, the conversion of magnetic
energy of the runaway plasma into runaway beam kinetic
energy can increase substantially the energy deposited on the
first wall by the runaway electrons. The conversion of magn-
etic energy into runaway kinetic energy during termination has
been observed on JET, DIII-D and FTU [4-6]. The runaway
kinetic energy gain for the conversion of magnetic energy into
runaway kinetic energy during the termination phase of the
disruption in ITER can be one order of magnitude (up to hun-
dreds of MJs) larger than the plateau runaway kinetic energy
[23]. The mitigation of runaway damage during disruption in
ITER 15 MA operation is therefore essential.

There are two strategies for preventing the conversion of
the plasma current into runaway current during disruptions:
(1) Increasing the electron density significantly by mas-
sive injection of noble impurities [4, 9, 24, 25]. The densi-
fication of the electron density can prevent the formation of
runaway current by enhancing the drag force from the back-
ground drag to overcome the force from the parallel electric
field. (2) Enhancing the magnetic perturbation to the level of
destroying confining magnetic surfaces and decoupling the
confinement of runaway electron seeds [18, 21, 24, 26]. If all
the magnetic surfaces for the confinement of runaway elec-
trons are destroyed for a sufficiently long time compared to
the runaway avalanche time, the conversion of the plasma cur-
rent into runaway current can be decreased significantly.

If the strategy of preventing the formation of a large fraction
of runaway current fails, a last defense to protect the machine
is to keep the runaway current away from the first wall and
to dissipate it by impurity injection. The dissipation of the
runaway current has been demonstrated in several devices like
DIII-D, JET and J-TEXT [27-29]. The enhanced drag due to
the impurities and the enhancement of the runaway electron
synchrotron radiation due to pitch angle scattering when col-
liding with the impurity ions can have a significant effect on
the dissipation of the runaway beam. Nevertheless, the sup-
pression of runaway electrons by MGI or SPI is still an open
question since the mixing impurity efficiency in the plasma is
only 25% of the Rosenbluth density for complete suppression
of the runaway electrons [30, 31].

The decoupling of runaway electrons by destroying magn-
etic surfaces can act as an auxiliary method for complete run-
away suppression. The currents induced by a disruption in the
first wall such as in the blanket modules has been proposed
to act as fail-safe prevention of the re-formation of magnetic
surfaces and prevention of runaway formation [32]. It has the

benefit of preventing the conversion of plasma current into
runaway current when the disruption precaution time for a
disruption is not long enough for the active disruption mitiga-
tion system. The magnetic perturbation is still a prospective
auxiliary method for runaway suppression.

It has been proven that the magnetic perturbation is a poten-
tial tool for the suppression of runaway electrons on JT-60U
and TEXTOR [33-36]. The experimental results on TEXTOR
have indicated that the argon injection induced runaway cur-
rent can be suppressed by RMP with enough strength [36].
However, the RMP has not been successful in suppressing the
runaway generation during disruptions for the large machine
JET [37]. This is probably due to the large distance of the
RMP coils to the plasma and the large plasma size. Several
simulations have been performed to investigate the mech-
anism of runaway suppression by RMP and the possibility of
runaway suppression by RMP for the next generation machine
ITER [38—41]. The numerical work based on the ITER ELM
configuration suggested that runaway loss can be significant
enhanced in the regions where the normalized perturbation
amplitude is higher than 6B/B =~ 1073, In addition, the theor-
etical result has also demonstrated this magnetic perturbation
threshold for runaway suppression [42]. With the maximum
current (60 kA) in the ITER RMP coils, this perturbation level
can be generated at the flux-surface 1 = 0.45-0.5, which
would not be enough for the deep penetration required in
ITER. For large-scale machines, an alternative choice is to
induce mode locking by RMP in plasma with MHD activi-
ties. Mode locking can occur with the magnetic perturbation
as small as 0B/B = 10~*in ITER [43], which is much lower
than the perturbation level of mode penetration. Therefore, it
might be practical for a large size machine.

The effect of RMP mode locking on runaway suppression
has been studied on J-TEXT for further understanding of the
suppression effect. The complete suppression of runaway gen-
eration during disruptions by mode locking with the applica-
tion of external magnetic perturbation has been verified on
the J-TEXT tokamak. The magnetic perturbations have the
advantage of decoupling the runaway seeds before they reach
high energies. Robust runaway suppression has been reached
on J-TEXT with mode locking by the application of resonant
magnetic perturbations (RMP) with m/n =2/1 before the
thermal quench. The mode locking implemented large magn-
etic islands inside the plasma which act as explosive bombs
during disruptions and lead to stronger stochasticity in the
whole plasma cross section. The paper is organized as fol-
lows. The introduction of the J-TEXT tokamak is presented
in section 2. The suppression of runaway generation by mode
locking in fast shutdown experiments is discussed in section 3.
The simulation results from NIMROD are shown in section 4.
Lastly, the summary is presented in section 5.

2. Experimental setup

J-TEXT is a conventional tokamak with an iron core [44].
It has a major radius of R = 105cm. The minor radius can
be modified in the ranges of 25 cm—29cm by a movable
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titanium-carbide coated graphite limiter. The maximum
toroidal magnetic field is Br = 2.3 T. The maximum plasma
current is [, = 220 kA with a 600 ms pulse length. The central
line averaged electron density is in the range of n, = (1-6) X
10" m~>,

A multichannel FIR interferometer with seven channels that
cross the J-TEXT cross-section vertically has been employed
to measure the electron density. There are two poloidal arrays
of 2D Mirnov coils and one toroidal array mounted inside the
vessel for the detection of MHD activities. Three AXUYV arrays
are used to measure the total radiated power and the radiation
profile. The hard x-ray radiation (HXR) in the energy range
of 0.5-5 MeV resulting from the thick target bremsstrahlung
when runaway electrons are lost from the plasma and impinge
on the vessel walls is measured by two Nal(T1) detectors with
collimators. One Nal(Tl) detector is arranged in the electron
approach direction. The other one is arranged in the radial
direction. In order to prevent the saturation of the detector, a
lead brick with 1cm in thickness was placed before the col-
limators. Thus the low energy HXR was cutoff in the meas-
urement. A vertical soft x-ray pinhole camera located at the
top of the vessel is used to measure the disruption generated
runaway beam. It is used to measure the profile of soft x-ray
emissions and also the sawtooth activities.

Two MGI valves have been developed for the study of the
fast plasma shutdown experiments on the J-TEXT tokamak. A
30ml MGI valve has been installed at bottom port of No. 9. It
can be operated in the ranges of 5-30 bar. Another 60 ml MGI
valve has been installed at top port of No. 9. It can be operated
in the ranges of 5—40 bar. They are based on the eddy-current
repulsion mechanism. The piston of the MGI valve is made by
non-ferromagnetic material so that it can be installed as close
as possible to the vacuum vessel. The valves are about 0.5 m
away from the plasma boundary. A main feature of the MGI
valve is that the coil is installed separately with the mushroom
cap of the piston and connected with the atmosphere [45].
Thus the temperature of the coils can be kept to a low value.
The pulse current is produced by a discharge circuit, which is
triggered by the central control system. A high-speed camera
has been used to calibrate the moving distance of the piston. It
shows that the reaction time of the MGI valve is about 0.3 ms.
The MGI valve can be kept open on the order of 10ms. The
maximum density of the injected impurities is more than 100
times that of the plasma inventory.

There are two sets of resonant magnetic perturbation (RMP)
systems to induce the magnetic perturbations in the plasma
and for the analysis of their effects on the runaway electrons
[44]. The static RMP coils are located outside of vessel. The
dynamic RMP coils are located inside of vessel and can be
operated both in DC mode and in AC mode. They can be oper-
ated in m/n = 2/1 dominated mode or 3/1 dominated mode.

3. Suppression of runaway generation by mode
locking

The MGI of a small amount of Ar can produce stable runaway
current plateau in J-TEXT. The generation of runaway current

4-0 T T T T T T T T T T M T
> > With RE
3.8 4 WI/ORE|
>
36 » .
> k ™~
| b
34+ > LB .
- q > , Wo |
c ™ 7
3.2} < > 4 s
4 > > el
3.0 E i
q 4 : >
with iyt
28} P < 4 *5
26k . o oo e
1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1

B.(M

Figure 1. Regime of runaway generation during disruption for
qq versus By on J-TEXT. TM: tearing mode. There are strong 2/1
tearing modes for g, = 2.8 at By = 2 T, which are disrupted with
runaway current plateau formation.

in disruption depends on the plasma parameters. The regime
of runaway generation during disruptions with different
toroidal magnetic fields By and different edge safety factors g,
has been investigated in J-TEXT as shown in figure 1. In order
to prevent the effect of plasma density on the runaway genera-
tion, the plasma density is kept at about 1 x 10'° m—3, which
is optimal for the generation of runaways. It is found that the
runaways can be generated with much lower magnetic field
Br = 1.4 T when the edge safety factor ¢, is large enough,
qq > 3.5. The threshold of ¢, decreases with increasing Br.
The threshold of g, at By = 2 T is about 2.8. With lower edge
safety factor, the plasma becomes more unstable, which favors
runaway free disruptions. For g, = 2.8 at B = 2 T there are
strong 2/1 tearing modes. A typical disruption with strong
m/n = 2/1 mode which produced an ~120 kA runaway current
plateau in shot #1044530 is shown in figure 2. In this shot, the
m/n = 2/1 tearing mode with frequency of 5kHz was identi-
fied from Mirnov signal. The Ar MGI was triggered at 0.4s.
The line averaged electron density increased to a higher level
in 2ms accompanied by the fast drop of the amplitude of the
electron cyclotron emission (ECE) signal, which indicated the
thermal quench occurred. Subsequently, the current quench
occurred with a significant decay of plasma current and 150 V
loop voltage was produced during this phase. A stable run-
away current plateau was formed in this target.

With stronger MHD activities, it is possible to suppress the
generation of runaway current during disruptions. The magn-
etic islands of m/n = 2/1 mode can be enlarged by slowing
down the plasma rotation. The mode locking is an alterna-
tive to changing the size of the magnetic islands. The effect
of m/n = 2/1 mode locking by RMP on runaway current gen-
eration during disruptions has been carried out recently. The
static RMP coils with m/n = 2/1 configuration of the resonant
magnetic perturbation fields was used to lock the preexisting
magnetic islands before disruption. The 4 kA RMP with 2.8 Gs
mi/n = 2/1 B, was applied at 0.36 s in shot #1044915, as shown
in figure 3. It was found that the frequency of the m/n = 2/1
mode as indicated from the Mirnov signal gradually slowed
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Figure 2. Temporal evolution of typical disruption with the 2/1
mode which formed a runaway current. The Ar MGI is triggered
at 0.4s. From the top to bottom, the waveforms are: (a) the plasma
current, (b) the central line averaged electron density, (c) ECE
signal at the radial position of 7.54 cm, (d) Mirnov signal, (e) the
loop voltage.

down with an increase of RMP current. The MGI was fired at
0.4 s when the mode locking did not occur in the end. At about
76 kA the runaway current was produced during disruption,
less than the runaway current of the reference shot #1044530,
which demonstrated that the large magnetic islands have
the ability to reduce the production of RE by enhancing the
runaway loss rate with stronger MHD activities. In order to
generate locked modes in the target plasma, the RMP was
turned on at 330 ms in shot #1044918, as shown in figure 4.
Similarly, the amplitude of Mirnov oscillations decreased with
the increasing of the RMP current and approached zero before
disruption. The mode locking happened at 0.385s, which is
15ms in advance of the MGI trigger time. The runaway cur-
rent was completely suppressed in this shot. Comparing the
two shots above, it seems that the mode locking before dis-
ruption is the key for the runaway current suppression. It is
generally accepted that large magnetic islands will result in a
large area of magnetic topology stochasticity during disrup-
tions. When the MGI is fired, a large region of magnetic sur-
face is broken up due to the large islands in the mode-locking
target, which could decouple RE seeds and prevent REs from
reaching relativistic energies. Ultimately, the stochastic magn-
etic fields spread to the core so that all of RE seeds are lost to
the first wall before they reach high energy.

Considering the effect of mode locking on the runaway cur-
rent, the RMP was applied at different times before the disrup-
tion was triggered. The statistics results are shown in figure 5.
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Figure 3. Temporal evolution of plasma current, central line
averaged electron density, ECE signal at the radial position of
7.54 cm, Mirnov signal, and RMP current in shot #1044915 with
partial mode locking. The Ar MGI is triggered at 0.4 s. The static
RMP was applied at 0.36 s with 2.8 Gs for m/n = 2/1 mode. The
runaway current was partially suppressed by the application of
RMP.

The time of mode locking in this figure means the time interval
between the mode locking and the Ar MGI trigger time. With
the same plasma parameters and an equal amount of argon
injection, mode locking occurred at a different time. All shots
without mode locking are marked by blue inverted triangles in
the diagram. There are stable runaway current plateaus in the
reference shots without mode locking. The runaway current
can be completely suppressed when the mode locking hap-
pened 4 ms ahead of the MGI trigger time.

The RMP field not only affects the rotation frequency of the
magnetic islands, but simultaneously also affects the size of
the magnetic islands. With the increase of RMP amplitude, the
rotating magnetic islands can be slowed down and the size of
magnetic islands increased. The magnetic island will increase
to a saturated size if the mode locking is occuring at least 4 ms
before the MGI trigger time. A small increase in the size of the
magnetic island when the mode locking is 2.5ms in advance
of the MGI trigger results in the survival of runaway current
as shown in figure 5. The loss rate of runaway electrons during
disruption is dominated by the stochasticity of the magnetic
field, which depends on the size of the magnetic islands in the
pre-disruption plasma. The large magnetic islands inside the
plasma act as an explosive bomb and lead to stronger stochas-
ticity in the whole plasma cross section during disruptions,
which could enhance the loss of runaway electron seeds and
suppress the generation of runaway current.
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Figure 4. Temporal evolution of plasma current, central line
averaged electron density, ECE signal, Mirnov signal, and RMP
current in shot #1044915 with mode locking. An Ar MGI is
triggered at 0.4 s. The static RMP was applied at 0.33 s with 2.8
Gs for m/n = 2/1 mode. The runaway current was completely
suppressed by the mode locking occurring at 0.385s.

4. NIMROD simulation of runaway suppression

The NIMROD (non-ideal MHD with rotation, open discus-
sion) extended MHD code [46—49] was used to simulate the
plasma response to an externally applied resonant magnetic
perturbation on the J-TEXT tokamak [50]. For J-TEXT, the
experimental Lundquist numbers fall in the range of 10°-107,
and in order to reduce the expense of the computation, the
real Lundquist number used is 10° by enhancing the resistivity
artificially in this simulation. The plasma equilibrium param-
eters, such as plasma current density, pressure and magnetic
field, were obtained from EFIT. The two thermal transport
coefficients are xy; = 1 m?> s~! and y; = 10® m? s~!. The ini-
tial pitch angle is 0.1 rad and is uniform along the radial direc-
tion. When an error field is applied, the mode locking occurs
after 0.2ms. The magnetic topology with m/n = 2/1 islands
has been used to simulate the confinement of REs in order to
study the effect of mode locking on the confinement of run-
away seeds as shown in figure 6(a). The disruption is triggered
by the deposition of a large amount of Ar in the simulation.
During the pre-TQ and the subsequent TQ stage, a series of
MHD activities were induced. The drift-orbit losses for the test
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Figure 5. Dependence of the runaway current on the time of mode
locking before the disruptions. All shots without locked mode are
marked by blue inverted triangles at # = 0s. The red solid circles
correspond to time of occurrence of mode locking. The runaway
current can be robustly suppressed by mode locking, if occurs 4 ms
ahead of the MGI trigger time.

population of REs were calculated to determine the confine-
ment time of the RE population. At the beginning of calcul-
ation, 1900 REs with 5 MeV kinetic energy were distributed
randomly on the area of a poloidal cross section at a certain
toroidal angle. When the Ar gas reached the plasma, the cur-
rent channel was contracted and the locked islands resulted a
large regime of stochasticity following disruption as shown
in figure 6(b). For the REs with 5 MeV initial kinetic energy,
when MGI was turned on, after 0.2 ms evolution, the fraction
of REs lost was up to 50% during the stochastic phase with
mode locking as shown in figure 7(a). But for the disruption
target without mode locking, only 10% fraction of REs were
lost in the simulation in the first 0.2ms stage of the disrup-
tion, which is much lower than the mode locking case. And, as
shown in figure 7(b), the same conclusion can be obtained for
the REs with 50keV initial kinetic energy, but the REs escape
time is obviously increased for the case without mode locking.
This result indicates that the mode locking is very beneficial to
the mitigation of seed REs.

For the mode locking case, the stochasticity of the magn-
etic surfaces during disruption occurred much faster than that
without mode locking, thus the REs were easier to transport to
the outside of plasma. The high fraction of REs lost in mode
locking resulted in the runaway current suppression, which
was consistent with the experiment result. Thus it suggested
that mode locking could effectively suppress the runaway
current due to the large magnetic islands resulting in a larger
regime of stochasticity at the beginning of the disruption
which expelled the runaway seeds.
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Figure 7. Comparison of the fractions of runaway electrons lost with mode locking and without mode locking during disruptions by
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50% in the mode locking case which is much higher than that without mode locking. (b) The initial REs with 50keV kinetic energy. The
fraction of REs lost is about 20% at the beginning of current quench with mode locking which is higher than that without mode locking.

5. Summary

In summary, the effect of mode locking on the suppression of
runaway current during disruptions has been investigated on
J-TEXT. The static RMP was used to slow down the rotation
of magnetic islands preexisting in target plasma and generated
mode locking before disruption. It was found that the runaway
current could be robustly suppressed by mode locking which
occurred 4ms ahead of an MGI triggered disruption. With
partial mode locking, the runaway current could be partially
suppressed which indicated the large magnetic islands have
the ability to reduce the production of RE seeds. Since the
transport of runaway electrons is dominated by the magn-
etic fluctuations, the larger magnetic islands existing in the
pre-disruption plasmas could enhance the stochastic regime,
which resulted in rapid loss of RE seeds during disruption. A
NIMROD simulation has been performed to study the trans-
port of runaway electrons during disruptions on J-TEXT. For
the mode locking case, a larger regime of magnetic topology

stochasticity was formed than the case without mode locking
due to the pre-existing large magnetic islands. The fraction
of REs lost is up to 50% at the beginning of disruption with
mode locking which is much higher than that without mode
locking for the 5SMeV initial kinetic energy REs. It indicates
that the mode locking leads to strong stochasticity in the
whole plasma cross-section and expels the runaway seeds.
This simulation result suggested that the mode locking in pre-
existing magnetic island plasma can effectively suppress the
runaway electrons during disruptions. Thus, the application of
RMP to generate mode locking in target plasmas with strong
MHD activities is an alternative to mitigate runaway electrons
in tokamak plasmas.
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