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SPECIAL TOPIC — Plasma disruption
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Massive gas injection (MGI) is a traditional plasma disruption mitigation method. This method directly injected mas-
sive gas into the pre-disruption plasma and had been developed on the Experimental Advanced Superconducting Tokamak
(EAST). Different noble gas injection experiments, including He, Ne, and Ar, were performed to compare the mitigation
effect of plasma disruption by evaluating the key parameters such as flight time, pre-thermal quench (pre-TQ), and current
quench (CQ). The flight time was shorter for low atomic number (Z) gas, and the decrease in flight time by increasing the
amount of gas was insignificant. However, both pre-TQ and CQ durations decreased considerably with the increase in gas
injection amount. The effect of atomic mass on pre-TQ and CQ durations showed the opposite trend. The observed trend
could help in controlling CQ duration in a reasonable area. Moreover, the analysis of radiation distribution with different
impurity injections indicated that low Z impurity could reduce the asymmetry of radiation, which is valuable in mitigating
plasma disruption. These results provided essential data support for plasma disruption mitigation on EAST and future
fusion devices.

Keywords: disruption mitigation, massive gas injection (MGI), Experimental Advanced Superconducting

Tokamak (EAST)
PACS: 52.55.Fa, 52.25.Vy

1. Introduction

Plasma disruption is a substantial threat to future fusion
devices. It rapidly terminates plasma discharge, releasing a
vast amount of stored thermal and magnetic energy to dam-
age fusion devices.[!! During plasma disruption, massive heat
loads on plasma-facing components (PFCs) occur while ther-
mal quench (TQ), the strong electromagnetic forces and cur-
rents are induced in the inner structures of fusion machines,
and multi-MeV runaway electrons (REs) are generated dur-
ing current quench (CQ).!?! Future ITER devices must mit-
igate plasma disruption to reduce the electromagnetic forces
and thermal loads on the inner components to ensure ma-
chine safety.’] Massive gas injection (MGI) has been devel-
oped to inject a large amount of noble gas into the plasma
before plasma disruption. MGI uniformly radiates thermal en-
ergy through the ionization of particles. Further, the high par-
ticle density leads to collision frequency high enough to hinder
runaway; subsequently, the high plasma resistivity causes the
current to decay faster. (4]

MGI system is an advanced method for disruption mit-

igation. Some associated experiments were carried out on

TCorresponding author. E-mail: hdzhuang @ipp.ac.cn
fCorresponding author. E-mail: zuoguizh@ipp.ac.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acc1d6

JET,! DIII-D,[®) ASDEX Upgrade,’! EAST,®! MAST,"!
Tore Supral'”l and Alcator C-Mod.!"!! Holmann ez al. per-
formed the impurity assimilation measurements for MGI ex-
periments in DITII-D.!"?) On the ASDEX Upgrade, MGI of Ne
revealed that the electron density reached 24% of RE colli-
sional suppression needed (the so-called critical electron den-
sity, ne)!” for the disruption.!'3] Uron Kruezi et al. had in-
vestigated the impact of MGI on wall conditions and verified
the influence of injecting impurities on the machine condi-
tion for the plasma pulses after the MGL.['¥ MGI shutdown
timescales, including cold front, TQ, and CQ durations had
rough increasing trends with device size, clearly observed on
the Alcator C-MOD, DII-D, and MAST.!"] However, the
same trend was not followed well on JET device. On JET,
various pure noble gases and mixed gases were injected into
plasma, and timescales, including cooling time, CQ, and miti-
gation efficiency were investigated. Neon, argon, and the mix-
tures with deuterium showed much shorter cooling duration
compared with pure deuterium and helium.'®! On Tore Supra,
comparing all gases (He, Ne, Ar, and He/Ar mixture) revealed
that helium produced the longest coolings although the cool-
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ing time weakly depends on the gas Z-number.!!%! Therefore,
this study compared different noble gas injections by MGI on
plasma disruption mitigation on EAST to study the plasma
shutdown timescales on large scale superconductive tokamak
and provide some key data reference for ITER device.

This study systematically compared the effects of differ-
ent gas injections on plasma disruption mitigation. It mainly
includes the analysis of the critical duration of pre-TQ, TQ,
CQ, and radiation distribution with different gas injections
during the plasma shutdown process. Section 2 describes the
MGI development on EAST. Section 3 compares the shutdown
timescales and radiation distribution by various gas injections.
Finally, Section 4 presents the summary of this study.

2. Development of MGI on EAST

Figure 1 shows the structure and operating principle of
the MGI fast valve. The fast valve is closed under the spring
preload during the non-working mode. With the trigger sig-
nal generated, the power supply system gives a strong pulsat-
ing current to the coil. The spool induces strong eddy cur-
rents through electromagnetic induction. According to the
Lenz’s law, a large change in a short time in the magnetic
flux produces a massive electromagnetic repulsion force. The
valve port opens when the repulsion force exceeds the spring
preload. The power supply system’s output voltage can adjust
and control the electromagnetic repulsion force. Additionally,

the valve port’s opening degree and opening time can be con-
trolled to adjust the amount of gas injected.
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Fig. 1. (a) Cross-sectional view of fast valve. (b) Eddy-current repulsion
in the fast valve.
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Fig. 2. The development of MGI devices on EAST.

The EAST had developed the MGI system since 2010.
In 2010, the trigger time could be controlled at 0.5 ms, and
the amount of injected gas could be adjusted between 0 Pa-L
to 7 x 10* Pa-L. Such parameters were comparable at the ad-
vanced level globally. However, the time of plasma disruption,

a basic requirement for disruption mitigation, was very short.
The MGI disruption mitigation device with a shorter response
time could have much time left for rupture prediction to meet
future fusion reactor requirements. Therefore, in 2013, the
EAST team developed the second generation of MGI with a
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built-in fast valve. The main feature of this device is that the
gas is already in the tube before the MGI is triggered. The gas
can quickly enter the plasma after a 0.5 ms trigger time. Com-
pared with the previous generation device, the mitigation de-
vice can respond to the trigger signal faster by eliminating the
gas transit time in the pipeline. In 2015, the EAST team suc-
cessfully developed the fast valve for MGI with double eddy-
current coils, with a shortened trigger time of 0.15 ms. The
MGI device uses a new sealing system to attain a maximum
working pressure of 5 MPa and a maximum working voltage
of 3 kV. At the same time, it reduces the volume of the MGI
device to only about 4 dm?® (250 mm x 150 mm x 100 mm).
High pressure, atmospheric volume, fast response, and small
size are the main advantages of the MGI fast valve on EAST.

MGI fast valves on EAST conducted a large number of
experiments using He/Ne/Ar gas. Further, a series of inves-
tigations around disruption prediction, disruption mitigation,
lithium pellet injection, and radiation asymmetry resulted in
many achievements. It accumulated much experimental data
for future fusion reactor design. Figure 2 shows the develop-
ment history of MGI devices on EAST.

Figure 3(a) demonstrates installation and relevant diag-
nosis positions. MGI fast valve was installed at the O port
horizontal lower position. This study used critical diagnostics,
including an absolute extreme ultraviolet (AXUV) photodi-
ode array and a multichannel middle-plane electron cyclotron
emission (ECE). These were installed at the P port, as shown
in the top view in Fig. 3(b).

Fig. 3. (a) The installation position of MGI. (b) Top view of relevant
diagnostics.

3. Experimental results

During plasma shutdown experiments, massive gas was
injected into the plasma vessel by MGI. Some key phases, in-
cluding gas flight from the valve to the plasma edge, gas per-
meation from the plasma edge to the core, and the thermal
and current quench, successively occurred and were observed.
The reference of a critical time in the disruption process was
established in shot 75647 to analyze and understand each fun-
damental timescale in the plasma disruption process. Figure 4
shows a typical plasma disruption process triggered by Ar-
MGI. The main plasma parameters were I, = 0.4 MA, and

ne = 2.1 x 10" m~3 in the upper single null (USN) configura-
tion.

MGTI fast valve receives trigger signal at 4 s. It takes about
4 ms flight time to reach the plasma edge, which can be indi-
cated by the edge radiation rise, as shown in Fig. 4(c). Mean-
while, it enters the pre-TQ duration, also called the cooling
time.!'7 Additionally, the pre-TQ duration is defined as the
time of flight (TOF) of the gas from the valve to the plasma
edge and the duration of the edge cooling process before ini-
tiating the TQ.!"8! However, this study defines pre-TQ as the
time from the arrival of impurities at the plasma edge to the
temperature drop of the plasma core. During this phase, the
Ar atoms are thoroughly mixed with the plasma and moved
closer to the plasma core through the plasma transport process.
Throughout the process, the plasma cools with the constant
ionization of Ar atoms and the dissipation of plasma energy.
Finally, the electron temperature in the plasma core drops sud-
denly at about 4.01 s. The time span of this process is very
short, less than 1 ms, and is called the TQ phase, as shown in
Fig. 4(d).

After the TQ phase, the current of plasma drops rapidly,
and this phase is called the CQ phase. For the EAST device, an
80%—-30% interval of the maximum plasma current is found to
be a better fit for the CQ phase.!!'”! In this paper, we continue
to use this definition. Figure 4(a) shows that in the discharge
experiment, the CQ duration lasts about 5 ms.

0.4 ! ! ! i ] 7 MGI-Ar
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Fig. 4. A typical process of plasma disruption triggered by MGI. (a) Plasma
current, (b) vertical centroid of plasma current, (c) edge radiation measured
by AXUY, (d) core electron cyclotron emission (ECE) signal.

3.1. Flight time and a general comparison of different gas
injections
First, the flight time of the noble gas is analyzed. Fig-
ure 5 shows the relationship between the amount of gas in-
jected and flight time. The flight time decreases slightly with
the increase in gas injection amount. However, this trend is
not apparent, which suggests that the amount of gas injected
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is not the decisive factor in determining flight time. The flight
time decreases with the decrease in the relative atomic mass of
the injected impurity. It is also consistent with the theoretical
formula v = \/m , where K is the Boltzmann constant,
T is the gas temperature, and m is the atomic mass.

7 F T T T T T T ™3
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5 ——e
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Flight time (ms)
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Fig. 5. Gas flight time as a function of the injected gas species and quantity.
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Fig. 6. General comparison of the disruption mitigation effects with dif-
ferent kinds of impurities injection. (a) Plasma current, (b) loop voltage,
(c) edge radiation measured by AXUYV, (d) stored energy.

Figure 6 depicts the general comparison of the disruption
mitigation effects with different impurities injections. Pre-
viously we analyzed the influence of flight time. Thus, we
aligned the time of impurities reaching the plasma on the time
axis, evident by the rising edge radiation signal, shown by
the pink dashed line in Fig. 6(c). Figure 6(a) shows that the
plasma current decay delays with the increasing atomic weight
of the injected impurity. Also, Fig. 6(c) shows that the radia-
tion intensity caused by high Z impurities at the plasma edge
is stronger. The rate of change of the plasma stored energy
suggests that the high Z impurities can induce plasma stored

energy to drop quickly. The small dash lines show this de-
creased stored energy rate in Fig. 6(d).

3.2. Pre-TQ, TQ, and CQ phases with different gas injec-
tions

The pre-TQ phase is one of the most critical phases in
the disruption mitigation process. It represents the penetra-
tion and ionization of impurity particles in plasma. The MHD
unstable modes, which eventually transport the impurities to
the plasma core, are also the focus of disruption mitigation
research. Figure 7 shows that small atomic mass impurities
penetrate the plasma faster. Comparing the pre-TQ duration
(0.9 ms—1.1 ms for He, 1.1 ms—1.5 ms for Ne, 1.4 ms—1.9 ms
for Ar) with different gas injection quantities reveals a clear
linear relationship between the decrease in pre-TQ duration
and the increasing amount of gas injected. The decline rate
of this linear relationship also decreases with the reduction in
impurity atomic mass. However, this conclusion needs to be
further verified by subsequent experiments. This study men-
tions the injection amount as the normalized relative injection
amount, which is the ratio of the number of particles injected
to the number of particles contained in the plasma.

1.9 A Helium
1.8 ¢ #75648 Neon
. #75647 3000 Pa-L 4 Argon
1500 Pa-L
1.7 500 Pa ¢ #75653
5000 Pa-L

1.6 .
1.5 ¢

#15649 ¢ #75650
1.4 5500 Pa-L 7500 Pa-L

1.3
1.2
#71231
1.1 5000 PaL 4

Pre-TQ duration (ms)

#71220
1.0 #71219 13000 Pa-L A A
10700 Pa-1 A A #71227 #71230
0.9 J‘ 21000 Pa-L 14000 Pa-L

0 2 4 6 8 10 12 14 16
N (gas)/N (plasma)

Fig. 7. The pre-TQ duration as a function of the relative injection amount
(N(gas)/N(plasma)).

After the pre-TQ phase, plasma entered the TQ phase,
where the stored energy in the plasma is lost.?Y) A large
portion of stored energy is removed from the plasma core
zone through the scrape-off layer (SOL) and deposits onto the
first wall and the divertor plate zones.?!! Figure 8 shows the
evolution of plasma core electron temperature (measured by
ECE) with time under the different noble gas injection condi-
tions. The plasma discharges exhibit similar plasma parame-
ters, such as I, = 0.35 MA-0.4 MA, ne = 2.5 x 10" m—3
3.0 x 10" m~3, USN configuration, and the gas injection
amount is similar, ~ 2 x 10* Pa-L. The shaded area is so-
called thermal quench phase (TQ). The high Z impurities in-
jections would make the plasma core electron temperature col-
lapse faster. The subsequent small rise in electron temperature
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in the plasma core is due to the reheating of the external sys-
tem. Compared with high Z impurity gas, the low Z impu-
rity gas has weak radiation rate coefficients. Further, it can-
not efficiently mitigate heat load, leading to a long TQ dura-
tion. However, slight impurity gas moves more quickly to the
plasma, which results in a short pre-TQ duration and requires

less time to accumulate impurities before TQ. !
—0.5 T :
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Fig. 8. Evolution of TQ with time indicated by ECE core of (a) shot#71246,
(b) shot#94519, and (c) shot#87967. The shaded area stands for the thermal
quench phase.
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Fig. 9. CQ duration with varying relative injection amount.

The effect of different impurity gas species, including Ar,
Ne, and He, on the CQ, can be estimated by the plasma cur-
rent decay time analysis. The CQ phase is closely related to
the generation of runaway electrons. Long CQ duration could
cause part of the current to hit the first wall before it is re-
lieved, causing ablation damage to the first wall. However, for
a very short CQ duration, huge electromagnetic stress induces
on the metal components of the device, resulting in mechani-
cal damage. Therefore, controlling CQ duration in an accept-
able range by adjusting injection parameters is the key point

of current research. Figure 9 demonstrates the relationship be-
tween the CQ time and injection amount. The CQ duration is
4 ms—11 ms. More specifically, CQ duration is 7 ms—11 ms
for He, 5 ms—7 ms for Ne, and 4 ms—6 ms for Ar injections,
indicating CQ reduces with increased atomic mass gas. Mean-
while, the CQ duration decreases rapidly with the increase in
injection amount for small injection amounts. When the in-
jection quantity increased to a certain threshold, there is no
obvious change in CQ duration. Therefore, it indicates that in-
creasing the amounts of impurities promotes the reduction of
CQ duration. The injection amount mentioned here is still the
normalized relative injection amount.

3.3. Radiation distribution and poloidal asymmetry

Recently, radiation asymmetry has attracted more and
more attention. A few examples are the multifaceted
asymmetric radiation from the edge (MARFE) phenomenon
caused by high-density experiments in H-mode, radiation
asymmetries, ?3 poloidal asymmetries during disruption mit-
igation by MGI on DIII-D, ! and radiation asymmetries dur-
ing TQ phase in JET.[>*! In this MGI disruption mitigation
experiment, strong radiation asymmetry is also observed. Fig-
ure 10 suggests the contour map of radiative brightness for
different impurities injections by MGI. Figure 10(a) shows
that the ionizing radiation distribution of helium is very dis-
persive. It could be because helium’s very high ionization en-
ergy allows more time to disperse in space before being ion-
ized. Subsequently, due to the fastest thermal movement of
helium, it can fill the whole space in a very short time. The
poloidal radiation distribution is uniform, as shown in area A
(Z=0.2mto 0.5 mand —0.3 m to —0.5 m). Compared with
the radiation distribution of Ne and Ar, the radiation occur-
rence time in the upper and lower regions of helium is very
similar. This might be because the helium diffuses before
contacting the high-temperature areas that can ionize it, and
helium surrounds the plasma from all directions. This also
explains the low poloidal radiation asymmetry caused by he-
lium injection. Compared with helium’s radiation distribution,
neon’s ionization radiation is mainly concentrated at the up-
per position (Z = 0.1 m to 0.5 m). Figure 10(b) shows such a
comparison between areas B and C. Figure 10(c) indicates that
compared with Ne and He, the radiation asymmetry of Ar is
stronger and more concentrates in the upper region (Z = 0.5 m
to —0.3 m). It concludes that the low Z impurities injections
can reduce the poloidal radiation asymmetry compared with
the high Z impurities injections. Furthermore, it is found that
the primary radiation zones of He and Ne are at Z ~ 0.2 m—
0.4 m and Z ~ 0.15 m—-0.4 m, respectively. Even though the
radiation is uniform for the Ar injection, the primary radiation
zone is at Z ~ 0 m—0.4 m. These results suggest that the Ar
can be accumulated and radiated at the plasma core zone.
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Fig. 10. The contour map of radiative brightness for shots #81669,
#94516, and #75647.

Besides, it is worth noting that the bursting time of ra-
diation was different when He, Ne, and Ar were injected.
When helium was injected, the radiation bursts in the oscil-
lating phase of the plasma current. But, when neon gas was
injected, the radiation concentrates on the falling phase of the
ionizer current. Furthermore, when argon was injected, the ra-
diation erupts before the plasma current has dropped. The rea-
sons for these phenomena still need to be further researched.

4. Discussion and summary

This study performed different noble gas injection experi-
ments, including He, Ne, and Ar, to compare the mitigation ef-
fect of plasma disruption. The study evaluated key parameters
such as TOF, pre-TQ, and CQ. The observed durations of pre-
TQ, TQ, and CQ in MGI plasma shutdown experiments mea-
sured on the EAST device were longer than that measured on
the J-TEXT device.[?2! However, they showed similar trends.
The difference in timescales was possible mainly because of
the EAST device’s larger vessel structure size and some larger
basic discharge parameters, including plasma current and heat-
ing powder. Studies!!>! showed that cooling time and TQ du-
ration increases linearly with the increase in minor radius, and
CQ duration increases as minor radius squared. This was ob-
served by analyzing the plasma shutdown data with noble gas

injection by MGI from Alcator C-MOD, DIII-D, and MAST.
The experimental data on the EAST device conformed to these
relationships well, providing basic data support for plasma dis-
ruption mitigation systems on ITER and future fusion reactors.

This paper compared disruption mitigation experimental
results with different noble gas injections by MGI. First, it
provided a brief introduction to the development of MGI on
EAST devices. Then analyzed the advantages and disadvan-
tages of the previous MGI fast valves. Moreover, comparing
the TOF with different noble gas injections revealed that the
TOF is mainly related to the gas species and cannot be re-
duced significantly by increasing the injection amount. The
pre-TQ duration decreased significantly with the increased in-
jected gas quantity, indicating a clear linear relationship be-
tween them. The TQ phase in the typical disruption process
was also analyzed. Notably, the high Z impurities injection
caused the plasma core electron temperature to collapse faster.
The CQ duration decreased rapidly with increased gas injec-
tion amount, followed by saturation. In addition, comparing
the radiation distributions revealed that the low Z impurity in-
jection can improve radiation uniformity. As a next step, we
would upgrade the MGI system further and research the effect
of mixed gas on plasma disruption mitigation by injecting sev-
eral ratios of high Z and low Z gases by MGI. Meanwhile, we
would compare the plasma shutdown by MGI and shattered
pellet injection (SPI) on EAST.
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