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Disruption of the plasma is one of the most dangerous instabilities in tokamak. During the

disruption, most of the plasma thermal energy is lost, which causes damages to the plasma facing

components. Infrared (IR) camera is an effective tool to detect the temperature distribution on

the first wall, and the energy deposited on the first wall can be calculated from the surface

temperature profile measured by the IR camera. This paper concentrates on the characteristics of

heat flux distribution onto the first wall under different disruptions, including the minor

disruption and the vertical displacement events (VDE) disruption. Several minor disruptions

have been observed before the major disruption under the high plasma density in experimental

advanced superconducting tokamak. During the minor disruption, the heat fluxes are mainly

deposited on the upper/lower divertors. The magnetic configuration prior to the minor disruption

is a lower single null with the radial distance between the two separatrices in the outer midplane

dRsep¼�2 cm, while it changes to upper single null (dRsep¼ 1.4 cm) during the minor

disruption. As for the VDE disruption, the spatial distribution of heat flux exhibits strong toroidal

and radial nonuniformity, and the maximum heat flux received on the dome plate can be up to

11 MW/m2. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4948494]

I. INTRODUCTION

Major disruption is one of the most dangerous events in

the tokamak. The damages of disruption are mainly from the

thermal quench and current quench. During the thermal

quench, most of the thermal energy is quickly lost, due to the

small time scale (several ms) of the heat flux onto the plasma

facing components (PFCs), which results in the sharp

increase of temperature of the first wall and damages to

PFCs. In ITER, the energy fluxes onto the PFCs during dis-

ruption are about tens of GW/m2.1 During the current quench,

the J�B forces from the halo current and eddy current

induced on the in-vessel chamber could deform the vessel

structure.2 Furthermore, the generation of runaway electrons

during the current quench may cause severe damage to the

PFCs.3 Generally, the potential damage to the first wall from

the plasma disruption is increased as the plasma stored energy

and plasma current increase. Therefore, understanding the

characteristic and dynamics of the plasma disruption in toka-

maks is very essential to avoid or ameliorate the damage to

the PFCs, especially for the next-step tokamak devices, such

as ITER and demonstration fusion reactor (DEMO).

Many causes of the plasma disruption in tokamaks,

such as low-q, locked mode, density limit, high beta, and

vertical displacement event (VDE),4 have been reported up

to now. It is found that a series of minor disruptions occur

before the occurrence of the major disruption in high den-

sity discharges. A study on the main characteristics of the

minor disruption can give us hints on how to reduce the

damage to the PFCs, and how to control and avoid the last

major disruption. VDE disruption, which is caused by the

loss of the control of the plasma position, is considered

to be the most dangerous disruption in tokamaks. Study on

the main characteristics of the VDE disruption is very

essential to estimate and to reduce the potential damage to

the PFCs.

In order to mitigate the disruption damage, a wide vari-

ety of methods, such as massive gas injection (MGI),5 killer

pellet injection, and large shattered cryogenic pellet injection

(SPI),6 have been used for rapid shut down of tokamaks.

Meanwhile, to understand the characteristic and dynamics of

the plasma disruption, some effective diagnostics, including

soft x-ray arrays7 for thermal quench time determination,

absolute extreme ultraviolet (AXUV)8 for radiation power

measurements, electron cyclotron emission (ECE) diagnos-

tic,9 and infrared (IR) camera and visible camera,10,11 should

be used for disruption studies.

During the 2014 experimental advanced superconduct-

ing tokamak (EAST) campaign, the IR viewing system in-

stalled on EAST allows a view of both the main chamber

and divertor plate, which makes it possible to study the char-

acteristic of heat flux during the disruption. In this paper, the

main characteristics of heat flux onto the divertor in the

minor disruption and that in the VDE disruption are studied.

Several minor disruptions have been observed under high

density plasma discharge. During the minor disruption, the

heat fluxes are mainly deposited on the upper/lower diver-

tors. The magnetic configuration prior to the minor disrup-

tion is lower single null with the radial distance between the

two separatrices in the outer midplane dRsep¼�2 cm, while
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during the minor disruption it changes to upper single null

(dRsep¼ 1.4 cm). For the VDE disruption, the spatial distri-

bution of the heat flux shows strong toroidal and radial non-

uniformity. This paper is organized as follows. Section II

briefly introduces the main diagnostic systems and the exper-

imental setup. Section III discusses the characteristics of

minor disruption, and Section IV discusses the characteris-

tics of heat flux distribution on the divertor under the VDE

disruption. Finally, the summary and conclusions are given

in Section V.

II. DIAGNOSTICS AND EXPERIMENTAL SETUP

Experimental Advanced Superconducting Tokamak

(EAST) is a fully superconducting tokamak, aimed at achiev-

ing high power and long pulse steady-state operation.12 Its

basic parameters are the major radius R � 1.75 m, minor ra-

dius a �0.45 m, maximum plasma current �1 MA, and max-

imum toroidal field �3.5 T. In the 2014 EAST campaign,

many auxiliary heating systems such as low hybrid wave

(LHW), ion cyclotron radio frequency (ICRF), and neutral

beam injection (NBI) have been applied to improve the

plasma performance, and some effective diagnostic systems,

such as ECE, AXUV,13,14 and IR camera, are installed on

EAST device, which can be used for the disruption study.

The IR/visible endoscope system consists of the IR

camera, the visible camera, and the spectroscope (Fig. 1(a)).

This system has been installed on K port of EAST device

(Fig. 1(b)) for the first time in 2014 EAST campaign. In this

diagnostic system, the IR camera and visible camera have

the same field of view as shown in Figs. 1 (IR camera) and 2

(visible camera), respectively. The mid-wave infrared

(MWIR) camera is used to measure the IR radiation in the

wavelength range of 3–5 lm. The maximum frame rate of the

MWIR camera is 2.9 kHz for a 132� 3 pixels sub-window and

115 Hz for full-frame (640� 512 pixels) data acquisition. The

maximum frame rate at full resolution (1280� 800 pixels) of

the phantom V710 visible camera is up to 7530 kHz. The wide

field of view (47� � 58�) of the diagnostic system makes it pos-

sible to monitor the temperature evolution on the upper divertor

targets, lower divertor targets, high field side (HFS), and the

limiter simultaneously. The spatial resolution of the diagnostic

system along the divertor plate in the poloidal direction is

4 mm for the IR camera and 3 mm for the visible camera.

Electron Cyclotron Emission (ECE) radiometer is an

effective tool to provide the temporal evolution of the local

FIG. 1. (a) IR/visible endoscope system. (b) Top view of IR/visible endoscope in EAST.

FIG. 2. (a) Field of view with IR cam-

era and (b) field of view with visible

camera.
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electron temperature and the electron temperature profile.

In EAST, the 32-channel heterodyne radiometer has been

installed in 2014 experiment campaign. This system col-

lects X-mode ECE radiation spanning from 104 GHz to

168 GHz, covering radial spanning r/a from �1.0 to 1.0 at a

toroidal magnetic field of 2.3 T. Its maximum temporal and

radial resolutions are about 2.5 ls and 1 cm, respectively.

More details of the EAST ECE system can be found in

Refs. 15 and 16.

III. CHARACTERISTICS OF MINOR DISRUPTION

In the high plasma density discharges, a series of minor

disruptions are often found to occur before the occurrence of

the last major disruption. Study on the main characteristics of

the minor disruption can give us hints on how to reduce the

damage to the PFCs and how to control or avoid the last major

disruption. To illustrate the main characteristics of the minor

disruptions of EAST discharges with high plasma density, we

take shot 48661 as an example. The main parameters of this

discharge are as follows: the plasma current Ip� 400 kA, the

toroidal magnetic field Bt¼ 2.3 T, and the line-averaged den-

sity ne� 4.2� 1019m�3. The magnetic configuration is a lower

single null prior to the minor disruption where the dRsep is

about �2 cm. During the minor disruption, the magnetic con-

figuration changes to a double null at 4.43 s (dRsep¼ 0 cm) and

upper single null at 4.50 s(dRsep¼ 1.4 cm). In this shot, two

minor disruptions occur at t¼ 4.43 s and t¼ 4.50 s, respec-

tively, and the last major disruption occurs at t¼ 4.53 s, just as

Figs. 3 and 4 show. The characteristics of the minor disruptions

mainly indicate in two aspects, i.e., plasma current falls slightly

and the temperature of divertor plate increases rapidly. During

each minor disruption, the plasma current falls by �20% as is

illustrated in Fig. 3(a). Meanwhile, the heat fluxes mainly

deposit on the upper/lower divertor plate (Fig. 4), which is indi-

cated by the increase tendency of the temperature of the diver-

tor plate (Figs. 3(a) and 3(b)). For the last major disruption at

t¼ 4.53 s, the temperature on the upper divertor plate increases

only slightly due to the energy lost during the two minor dis-

ruptions, as is represented by the red line in Fig. 3(a).

FIG. 3. (a) The blue line shows the

time evolution of the plasma current

and the red line shows the time evolu-

tion of the point A temperature on the

upper outer divertor plate; (b) the time

evolution of the point B temperature

on the lower outer divertor plate; (c)

the time evolution of the central line

average electron density; and (d) dRsep

¼Rsep_L-Rsep_U.

FIG. 4. IR image for the shot 48 661: (a) at t¼ 4.43 s, (b) t¼ 4.50 s, and (c) t¼ 4.53 s.

052502-3 Yang et al. Phys. Plasmas 23, 052502 (2016)



Here, in the following part, some interpretations to the

characteristics of the minor disruptions described above will

be given. Due to a sudden large heat flux from the core plasma

towards the plasma edge and also due to that the magnetic

field has not been severely disrupted, the heat fluxes mainly

deposit onto the upper/lower divertor plate during the minor

disruption. The fact that the magnetic field has not been

severely disrupted can be demonstrated by the equilibrium

reconstruction of magnetic field in Fig. 5 and large heat flux

from the core plasma towards the plasma edge can be demon-

strated by the ECE diagnostic as shown in Fig. 6. In Fig. 6,

the temporal evolution of the local electron temperature in a

radial position R from 1.4642 m to 2.0837 m is shown for the

shot 48661. The electron temperature of the core region

(R¼ 1.6992–1.9776 m) is decreased at 4.42 s, 4.492 s, and

4.52 s, marked by A, B, and C, respectively, while the electron

temperature in lower field side (R¼ 2.0177 m–2.0837 m) and

the high field side (R¼ 1.4642 m–1.6510 m) is increased,

which indicates that the heat flux is directed to the plasma

edge during the minor disruption and is consistent with

the increase tendency of the divertor temperature detected by

the IR camera. That is to say, during the minor disruption, the

sudden large heat fluxes from the core plasma directly flow

towards the plasma edge, causing the temperature of the diver-

tor to increase rapidly, and also, not so severe disruption of

the magnetic field, so that the heat flux mainly deposits onto

the upper/lower divertors plate.

The sudden increase of the temperature on the divertor

during the minor disruption before the major disruption is a

useful signal to foresee the collapse of the plasma and to take

measure to alleviate the damage to PFCs. What is more, the

strong interaction between plasmas and the first wall during the

minor disruption has been observed and is shown in Fig. 7.

During the minor disruption, the visible radiation intensity

from the divertor increases suddenly which is illustrated by the

red line in Fig. 7(a). As the maximum frame rate can reach up

to be more than 100 kHz, the visible camera is able to acquire

the signal quickly enough to foresee the collapse of the plasma.

IV. VDE DISRUPTION

In a VDE, the position control is lost and the plasma

moves vertically either up or down. When the plasma col-

lides with the top or bottom of the vessel, the temperature of

the first wall will have a large increase, which is a serious

FIG. 5. The plasma equilibrium reconstruction of shot 46 881 at 4500 ms.

FIG. 6. (a) ECETe(r,t) is shown by color online. (b) Te(r,t) from 4.485 s to 4.500 s. The channels position is indicated at the right.
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problem to the PFCs. Study on the main characteristics of

the VDE disruption is very essential to estimate and to

reduce the potential damage to the PFCs. To illustrate the

main characteristics of the VDE disruptions on EAST, we

take shot 46577 as an example. The discharge parameters are

Ip¼ 400 kA, ne¼ 2.9� 1019 m�3, BT¼ 2.3 T, and lower

hybrid wave heating power up to 0.6 MW.

From the visible and IR image (Fig. 8), it can be seen

that there is a large increase on the temperature of the lower

divertor during the VDE disruption. The peak temperature of

the lower dome plate increases from 70 �C to 230 �C within

a short time scale (10 ms), as shown in Fig. 9. In order to

study the characteristics of the VDE disruption, the power

density on the divertor need to be deduced. In the EAST, the

carbon is used on the lower divertor. The thermal diffusivity

of the material is given by a¼ k/(q � cp), where k, q, and cp are

the thermal conductivity, density, and heat capacity, respectively.

For the carbon on the lower divertor, a is 1.3 � 10�4 m2/s.

Since the temperature of the first wall increases rapidly, the

time scale is very short. The heat diffusivity of carbon is

so lower that the temperature would diffuse on several hun-

dred micrometers in 10 ms, which is lower than the spatial

resolution of the IR camera at the dump (4 mm). So, the

FIG. 7. (a) The blue line shows the evolution of the plasma current and the

red line shows the evolution of the visible radiation on the lower outer diver-

tor; (b) the visible image at 7.632 s; (c) the visible image at 7.733 s; and (d)

the visible image at 7.760 s.

FIG. 8. Visible (right) and IR image

during the VDE disruption.

FIG. 9. (a) Plasma current; (b) the time evolution of temperature on the

lower dome; (c) Soft x-ray (SXR) emission on a central; (d) the plasma ther-

mal energy; and (e) the vertical position of the plasma center.
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lateral diffusion can be neglected and the heat flux on the di-

vertor can be calculated by solving the one-dimensional ana-

lytical formula. The heat flux on the lower dome during the

VDE disruption is given in Fig. 10, and the peak heat flux

onto the dome plate is about 11 MW/m2. Fig. 11 illustrates

the inhomogeneous distributions of the heat flux on the

dome plate along specific radial and toroidal directions (cor-

responding to the blue and green curves in Fig. 10), in which

the ratio between the maximum and minimum value of the

heat flux is 2 in the radial direction and 1.2 in the toroidal

direction. Also, the peak density of heat flux onto the dome

plate is about 11 MW/m2, which is not very high due to the

low total heating power of 1 MW only. However, to achieve

discharges with high plasma performances in EAST, the

heating power will be increased up to 20 MW. Since the

potential damage to the first wall from the plasma disruption

increases as the plasma stored energy and plasma current

increase, studying the plasma disruption is very essential to

acquire long-pulse/steady-state operation of EAST. Also, to

understand the physics mechanism of plasma disruption and

to realize the control of plasma disruption in EAST, further

research work is still needed.

V. CONCLUSIONS

The IR/visible endoscope system is first used on EAST

in 2014 which allows the direct observation of the power

conduction on the PFCs. Some minor disruptions have been

observed under the high density plasma discharge. During

the minor disruption, the heat fluxes are mainly deposited

onto the upper/lower divertor plate. This is mainly due to a

sudden large heat flux from the core plasma towards the

plasma edge, and the magnetic field of plasma edge has not

been disrupted during the minor disruption. This phenom-

enon is also detected by the visible camera. As the maximum

frame rate of the high-speed visible camera reaches up to

100 kHz and beyond, the visible radiation intensity increased

suddenly on the divertor during the minor disruption is a use-

ful signal to foresee the collapse of the plasma. In a VDE dis-

ruption, the spatial distribution of heat flux exhibits strong

toroidal and radial nonuniformity, and the maximum heat

flux received on the dome plate can be up to 11 MW/m2.
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