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SPECIAL TOPIC — Plasma disruption

Effect of the relative phase between pre-existing 2/1 and 3/1 magnetic
islands on the suppression of runaway electrons on J-TEXT

Jin-Yu Xiong(熊金玉)1,2, Zhong-He Jiang(江中和)1,†, Zi-Xiao Jiao(焦子啸)1, Zhen Li(李振)1,
Yun-Feng Liang(梁云峰)1,3,4, Zhong-Yong Chen(陈忠勇)1, Yong-Hua Ding(丁永华)1, and J-TEXT Team1

1International Joint Research Laboratory of Magnetic Confinement Fusion and Plasma Physics,
State Key Laboratory of Advanced Electromagnetic Engineering and Technology, School of Electrical and Electronic Engineering,

Huazhong University of Science and Technology, Wuhan 430074, China
2Yangtze Memory Technologies Co., Ltd., Wuhan 430074, China

3Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031,China
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In the experiments of actively triggering plasma disruption by massive gas injection, the externally applied resonant
magnetic perturbation has been used to mitigate the hazard of runaway electron (RE). Motivated by the experiment of
multimode coupling to suppress REs on J-TEXT, some typical simulation cases with non-ideal MHD with rotation-open
discussion (NIMROD) code are carried out to explore the influential mechanism of different relative phases between m/n =
2/1 and m/n = 3/1 magnetic islands on the confinement of REs. Results show that the RE confinement is drastically
affected by the relative phase between 2/1 and 3/1 magnetic islands. When the O point phase of 2/1 and 3/1 magnetic
islands is toroidal 330◦, REs can be effectively lost. The fitting curve of the remaining ratio of REs vs. the relative
toroidal phase is predicted to approximate a sine-like function dependence. Further studies indicate that the phase difference
between coexisting 2/1 and 3/1 islands can affect the radial transport of impurities. The loss of runaway electrons is closely
related to the deposition effect of impurity. The impurity is easier to spread into the core region with smaller poloidal phase
difference between the radial velocity of impurity and the impurity quantity of Ar.

Keywords: major disruption, runaway electron, massive gas injection (MGI), resonant magnetic perturbation
(RMP)

PACS: 52.65.Kj, 52.25.Fi, 52.25.Vy, 47.65.–d DOI: 10.1088/1674-1056/acc3f9

1. Introduction

In the process of tokamak discharge, a variety of mag-
netohydrodynamic (MHD) instabilities may cause disruption,
which terminates the plasma discharge suddenly.[1,2] Once the
plasma disruption of tokamaks takes place, a lot of heat and
magnetic energy are rapidly lost in milliseconds, causing se-
rious damage to the device that includes three aspects: heat
loads of vacuum vessel wall and divertor target plates, electro-
magnetic force of vacuum vessel wall, and generation of run-
away current.[3–5] Among these damages, the high-flux and
high-energy runaway electrons (REs) produced in the pro-
cess of plasma disruption cause fateful hazards on the device
wall.[5] Therefore, the International Thermonuclear Experi-
mental Reactor (ITER) and future fusion reactors need reliable
mitigation methods to suppress or dissipate runaway current
during the plasma disruption.[6,7]

The high toroidal electric field produced during the
plasma disruption contributes to RE generation, and results in-
dicate that the generation of REs can be suppressed by increas-
ing the plasma density and the collision frequency between
high-energy electrons and bulk plasma to decrease the growth

rate of electron energy.[8] Based on the above mentioned prin-
ciples, the massive gas injection (MGI) or shattered pellet in-
jection (SPI) is used to increase the plasma density.[9–12] At the
same time, the cooling effect of high Z impurity can trigger
the MHD instability and enhance the magnetic perturbation
amplitude of plasma. Thus, most of time, the generation of
REs can be efficiently suppressed. Related experiments with
noble gas MGI have been conducted on several devices, such
as Tore Supra,[13] ASDEX Upgrade,[14] TEXTOR,[15] DIII-
D,[16] and J-TEXT.[17] Results demonstrate that the enhance-
ment of electron density can increase the critical electric field
and effectively prevent the generation of REs. However, in
theory, the complete suppression of REs should require the
plasma density to reach the Rosenbluth density.[18] However,
the increased density by MGI and SPI is still far from the den-
sity threshold. To date, the complete suppression of REs by
the mass impurity injection is still open.

Another alternative scheme of RE mitigation is the en-
hancement of magnetic perturbations of plasma with the ex-
ternally applied resonant magnetic perturbation (RMP).[19,20]

The large magnetic perturbation amplitude of plasma can lead
to remarkable magnetic surface stochasticity and result in an
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enhanced orbit loss of REs before the avalanche process can
amplify the RE seeds during the current quench (CQ) stage
of disruption. At present, experiments on the application
of RMP for runaway current mitigation have been carried
out on many devices, such as DIII-D,[21] TEXTOR,[22] JT-
60U,[23] ASDEX Upgrade,[24] and J-TEXT.[25] The applica-
tion of n = 3 RMP fields prior to the onset of thermal quench
(TQ) may suppress the runaway current on DIII-D with ap-
parently high effectiveness in diverted plasmas. The genera-
tion of REs is suppressed in TEXTOR disruptions by apply-
ing perturbation fields with n = 1 and n = 2 RMP fields. The
experimental results on ASDEX upgrade show that the run-
away current is remarkably reduced with dominant toroidal
mode number n = 1 RMP fields applied by B-coils. The use
of RMP to suppress REs has also been studied on the J-TEXT
tokamak. The runaway current can be suppressed with mode
locking by the application of m/n = 2/1 RMP fields before
the TQ.[26] In the meantime, dominant multi-modes (such as
3/1 and 2/1 modes) of RMP are applied to suppress REs on
J-TEXT.[27] Partial experiment results show that the phase and
amplitude of the two modes have important influences on RE
suppression, but unfortunately, the phase adjustment range of
the J-TEXT between the two modes on RMP files is limited.
Experimental results motivate us to study the RE suppression
of double dominant modes of RMP with the numerical simula-
tion. In contrast to our previous work,[28] this work focuses on
the effects of RMP-induced multimode coupling on RE sup-
pression.

In the rest of this paper, the results of simulation have
been presented, which is Ar MGI for target plasmas in the
presence of pre-existing 2/1 and 3/1 magnetic islands per-
formed with the NIMROD code on J-TEXT. Section 2 de-
scribes the applied computational model for the simulations.
Section 3 presents the scanning results and relevant physical
mechanism. Section 4 presents the concluding discussion and
summary.

2. Computational model
The three-dimensional MHD code NIMROD is used to

explore the transport of REs in this article.[29] For simulating
the process of disruption triggered by MGI, the KPRAD mod-
ule has been used in NIMROD, which calculates the process
of ionization, recombination, and radiation for each impurity
charge state.[30] The viscosity, µ , is 27 m2/s, which is a bit
larger for a typical J-TEXT plasma, but not affect the qualita-
tive results. The perpendicular thermal diffusion in the simu-
lation is defined by the initial values of χ of 0.1 m2/s in the
core and 1 m2/s at the edge, and the parallel thermal diffusion
is defined by the initial values of χ‖ of 1×108 m2/s in the core
and at the edge. The orbit model of test particles in KPRAD is
used to track the trajectory of each RE and study the physical

mechanism of MHD on the electron loss during disruption.[31]

The equations of dynamic drift orbit and parallel velocity of
RE are presented as follows:

dR =
v‖BR

B
dt +

1
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The drift orbit of REs includes the electric field, magnetic field
gradient, and curvature drift terms. v‖ and v⊥ are the parallel
and perpendicular velocities, respectively, along the magnetic
field line; γ is a relativistic factor, lnΛ is the Coulomb loga-
rithm, and the local effective charge number Zeff = ∑niZ2

i /ne.
B is the total magnetic field, it includes both of the toroidal
and poloidal fields in NIMROD. The simulation results are in
good agreement with the experimental results on DIII-D and
J-TEXT.[28,31,32] This model can make us easily predict the
confinement time, hit position, and transport process of RE.
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Fig. 1. Initial position distribution of REs in a plasma poloidal surface.

The input physical parameters in this paper are given by
the equilibrium file, which is based on experimental data of J-
TEXT. The two-dimensional equilibrium of plasma is given
by the EFIT equilibrium reconstruction code. The equilib-
rium file contains plasma current (Ip = 150 kA), toroidal field
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(Bt = 1.75 T), pressure profile, safety factor profile, magnetic
flux, limiter information, and grid position information. The
rest of the information needs to be given in the input param-
eter file of NIMROD. Given that the mechanism of genera-
tion of REs is not involved in NIMROD, 920 test REs with a
certain initial velocity (150 keV) are randomly distributed in
the plasma region in the initial stage of impurity gas injection
(Fig. 1), and the pitch angle of electrons is fixed at 10◦.

3. Computational results
3.1. Effect of the relative phase between pre-existing 2/1

and 3/1 magnetic islands on the suppression of REs

The 2/1 and 3/1 magnetic islands in all calculating cases
are pre-existing, and their corresponding amplitudes are 30 Gs
and 10 Gs, respectively, to ensure that the simulation condi-
tions are similar to the experimental conditions. The impurity
gas of Ar is injected continuously for 0.1 ms from the initial
time at a constant gas injection rate. In NIMROD, the MGI
source is simply set with the following formula:

nimp = nmax exp(−(θ/15)2)exp(−(ϕ/60)2), (5)

where θ and ϕ are the poloidal and toroidal angles, so the
toroidal and poloidal half-widths are 60◦ and 15◦, nmax is the
reference coefficient and it depends on the total particles of the
experiment. In this paper, the total amount of Ar is 7× 1019,
this number is close to the experiment value, and here nmax is
selected about 2×1022. As shown in Fig. 2, the gas injection
port is located at toroidal 0◦ and poloidal−90◦ (yellow area in
the profile). Figures 2(a)–2(c) show the initial Poincare plots
of three cases: case 1, Φ2/1 = 330◦, Φ3/1 = 90◦; case 2, only
Φ2/1 = 330◦; and case 3, Φ2/1 = 330◦, Φ3/1 = 270◦. Case 2 is
regarded as a reference case. The phase of pre-existing island
is defined as the toroidal phase of the O-point of the magnetic
island relative to the gas injection port when they share the
same initial poloidal angle. The O-point phase is determined
by finding the minimum value of Bθ . Figure 2(d) shows the
temporal evolution of confined REs in the disruption process
for the above three cases. The RE suppression can be achieved
in case 3. For case 1, a considerable number of REs in the
plasma region at the end of TQ duration exists, and the num-
ber of left REs is similar to the case of only Φ2/1 = 330◦.

Detailed calculation results are given to understand the
influence of the relative phase of 3/1 and 2/1 magnetic is-
lands on the loss of REs. There are four types of cases in all:
(i) 12 cases of multiple modes, in which the phase of the pre-
existing 3/1 magnetic island is changeable and the phase of
2/1 magnetic island is fixed; (ii) 12 cases with only 3/1 mag-
netic island whose phase is changeable; (iii) 1 case with only
2/1 magnetic island whose phase is fixed; (iv) 1 case with no
pre-existing island (as a comparison). All of cases are shown
in Fig. 3, the calculation results indicate that under the condi-
tion of MGI trigger disruption, the relationship of the relative
phase between the pre-existing 2/1 and 3/1 magnetic islands

and the confined remaining REs at the end of the TQ phase is
predicted to be approximately sinusoidal theoretically. The red
curve is fitted by the first-order Fourier expansion. The final
confined ratio of REs in the reference case without pre-existing
magnetic island is approximately 0.32. The case of only 2/1
magnetic island is 0.48, the case of Φ2/1 = 330◦, Φ3/1 = 90◦

(case1) is 0.51, and the case of Φ2/1 = 330◦, Φ3/1 = 270◦ is
only 0.07. Compared with that of only 2/1 magnetic island,
the cases of 2/1 magnetic island coupled with 3/1 magnetic
island can affect the suppression of REs significantly.

According to the distribution of the magnetic field lines
(MFLs) at the initial position of poloidal plane, we have se-
lected MFLs from different radial positions for tracking and
given the Poincare evolution of the MFLs at different radial
positions to compare easily the evolution of the magnetic topo-
logical structure between case 1 and case 3. In this paper, two
different normalized radial positions (r/a) are selected, where
a is denoted as the minor radius of J-TEXT tokamak. r/a = 0
(magnetic axis position) and r/a = 0.25 (core position) are
present.

The trajectories of MFLs of three typical cases at r/a = 0
and r/a = 0.25 are given in Figs. 4 and 5, respectively. From
the comparison of the MFL trajectory between case 1 and
case 3 at the initial TQ time, the point number of MFLs out-
side LCFS of case 1 is significantly higher than that of case 3
at r/a = 0 and r/a = 0.25 before 0.6 ms. Therefore, the initial
phase between different magnetic islands leads to the evolu-
tion of different magnetic topologies during disruption, and
the magnetic surface in case 3 (Φ2/1 = 330◦, Φ3/1 = 270◦) is
more stochastic.
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Fig. 2. Poincare plot of magnetic lines corresponding to (a) Φ2/1 = 330◦,
Φ3/1 = 90◦ case, (b) Φ2/1 = 330◦ case, (c) Φ2/1 = 330◦, Φ3/1 = 270◦

case at the initial time. The yellow magnetic line mainly locates near the
q = 2/1, and the blue magnetic line mainly locates near the q = 3/1, the
green circle is the position of LCFS. (d) The fraction of confined REs vs.
time (ms).
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Theoretical and experimental results indicate that the RE
loss has a certain magnetic perturbation threshold. From the
data of magnetic perturbation level in simulation, we can get
relationship between the RE loss rate and magnetic perturba-
tion level (Fig. 6). Case 1 and case 3 almost have the same
magnetic perturbation threshold of RE loss, but the RE loss
rate of case 3 is higher than that of case 1 at same value of
δB/B from the initial moment to the end of TQ. As a result,
the number of confined REs in case 1 is still high enough at the
end of TQ. The evident difference in the RE loss rate cannot

be explained by the value of magnetic perturbation of toroidal
modes directly.

3.2. Correlation between the impurity flux to the core re-
gion and the RE loss

In this paper, in order to study the penetration process of
Ar into the plasma region under the three above cases, the dis-
tributions of the quantity of ionized Ar in different radial posi-
tions (r/a is the radial normalized radius, where a is denoted
as the minor radius of the J-TEXT tokamak) at t = 0.55 ms,
0.60 ms, and 0.65 ms are given in Fig. 7. It can be seen from
Fig. 7(a) that the Ar in these three cases has transported from
the boundary to the core of the plasma and deposited near the
q = 2 surface at t = 0.55 ms. The amount of ionized Ar of
case 3 is more than that of case 1 in the position of q = 2 sur-
face. After t = 0.60 ms, Ar has penetrated into the core region
of plasma (inside r/a = 0.5) in case 3, while in the others two
cases, Ar has not reached the core region. Therefore, through
the comparison it can be obtained that the penetration rate of
impurity gas in case 3 into the plasma core is faster during TQ
of disruption.
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When the value of the radial impurity flow velocity, de-
noted by Vr, is negative, the impurity (like Ar) spreads towards
the plasma core region. The poloidal distribution of the mag-
nitude of Ar and its flow velocity Vr in case 1 and case 3 at
the toroidal position of MGI are shown in Fig. 8. It can be
seen that at 0.60 ms, the phase difference of poloidal angle ∆θ

between the peak value of ionized Ar and the peak value of
Vr is smaller in case 3, while the phase difference in case 1 is
larger. This phase difference ∆θ will affect the radial penetra-
tion process of Ar from the boundary to the core and the depo-
sition effect of ionized Ar in the plasma to a great extent. The
radial penetration for the Ar is easier with the smaller phase
difference.

The pre-seed magnetic islands can destroy the magnetic
topology effectively, the penetration of Ar into the core region
is affected by the relative phase of 2/1 magnetic island and
3/1 magnetic island. The variations of the amount of Ar which
has already penetrated into q = 2 (q is the safety factor) mag-
netic surface of case 1 and case 3 are shown in Fig. 9. In the
range of 0.6 ms–0.7 ms, the growth rate of Ar impurity which
penetrates inside q = 2 surface in case 3 is significantly larger
than that in case 1. The process of impurity penetration in the
core region is beneficial for the enhancement of the magnetic
topology stochasticity degree and then for the loss of REs.
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Fig. 9. Temporal evolution of variation of ionized Ar inside q = 2.

4. Discussion and conclusion
This paper has predicted the RE suppression through pre-

existing magnetic island coupling with the NIMROD code.
The experiments of multimode coupling through mixed modes
of RMP on suppressing REs have also been carried out on J-
TEXT. Preliminary results are obtained, but experimental data
are not available. Results indicate that the relative phase dif-
ference between 2/1 and 3/1 magnetic islands has a remark-
able effect on the RE transport during the TQ stage. Under
the parameters of the J-TEXT tokamak, the relationship of the

relative phase between pre-existing 2/1 and 3/1 magnetic is-
lands and the confined remaining REs at the end of the TQ
phase is predicted to be approximately sinusoidal theoretically.
An optimal phase exists between multimode magnetic islands,
which makes the REs almost expelled from the plasma region.
This result is from the initial phase between different magnetic
islands lead to the evolution of different magnetic topologies
during disruption. Although the amplitude differences of mag-
netic perturbation are limited under different phase conditions,
the magnetic surface in case 3 (Φ2/1 = 330◦, Φ3/1 = 270◦) is
stochastic and conducive to expel REs outside of plasma re-
gion.

Case 3 which has the more stochastic magnetic surface to
expel REs is related to the impurity transport characteristics
under the different phase between the 2/1 and 3/1 islands.
The results show that when the MGI is used to trigger the dis-
ruption under different relative phases of multiple magnetic
islands, the penetration process and deposition effect of Ar im-
purity in the plasma regions are different. And the magnetic
perturbation level (δB/B) depends greatly on the total impu-
rities of the core region, so this finally affects the dynamic
transport of REs. The simulation results imply that the impu-
rity is easier to spread into the core region with smaller phase
difference of ∆θ between the peak value of ionized Ar den-
sity and the peak value of Vr. Unlike our previous research
work,[33] the impurity transport mechanism here is more likely
to come from 𝐸×𝐵 perpendicular convection of plasma and
leads to the radial flow of impurities. However, to clarify the
final transport mechanism, we need to further analyze the gen-
eration mechanism of radial flow under the condition of pre-
seeded multi-modes, this is our next work.
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