
Runaway electron generation as possible trigger for enhancement of
magnetohydrodynamic plasma activity and fast changes in runaway beam behavior
I. M. Pankratov, R. J. Zhou, and L. Q. Hu 
 
Citation: Physics of Plasmas 22, 072115 (2015); doi: 10.1063/1.4927578 
View online: http://dx.doi.org/10.1063/1.4927578 
View Table of Contents: http://scitation.aip.org/content/aip/journal/pop/22/7?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Mechanism of runaway electron beam formation during plasma disruptions in tokamaks 
Phys. Plasmas 22, 040704 (2015); 10.1063/1.4919253 
 
Quasi-linear analysis of the extraordinary electron wave destabilized by runaway electrons 
Phys. Plasmas 21, 102503 (2014); 10.1063/1.4895513 
 
Development of magnetohydrodynamic modes during sawteeth in tokamak plasmas 
Phys. Plasmas 20, 072305 (2013); 10.1063/1.4816025 
 
Control of post-disruption runaway electron beams in DIII-Da) 
Phys. Plasmas 19, 056109 (2012); 10.1063/1.3695000 
 
On the application of electron cyclotron emission imaging to the validation of theoretical models of
magnetohydrodynamic activitya) 
Phys. Plasmas 18, 056107 (2011); 10.1063/1.3563572 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

210.73.18.176 On: Wed, 29 Jul 2015 13:16:29

http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1916078978/x01/AIP-PT/PoP_ArticleDL_072915/1_AIP-ALLstatic1640x440-umbrella.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=I.+M.+Pankratov&option1=author
http://scitation.aip.org/search?value1=R.+J.+Zhou&option1=author
http://scitation.aip.org/search?value1=L.+Q.+Hu&option1=author
http://scitation.aip.org/content/aip/journal/pop?ver=pdfcov
http://dx.doi.org/10.1063/1.4927578
http://scitation.aip.org/content/aip/journal/pop/22/7?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/22/4/10.1063/1.4919253?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/21/10/10.1063/1.4895513?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/20/7/10.1063/1.4816025?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/19/5/10.1063/1.3695000?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/18/5/10.1063/1.3563572?ver=pdfcov
http://scitation.aip.org/content/aip/journal/pop/18/5/10.1063/1.3563572?ver=pdfcov


Runaway electron generation as possible trigger for enhancement
of magnetohydrodynamic plasma activity and fast changes in
runaway beam behavior

I. M. Pankratov,1,a) R. J. Zhou,2,a) and L. Q. Hu2

1Institute of Plasma Physics, NSC Kharkov Institute of Physics and Technology, Academicheskaya Str. 1,
61108 Kharkov, Ukraine
2Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, China

(Received 13 March 2015; accepted 3 July 2015; published online 29 July 2015)

Peculiar phenomena were observed during experiments with runaway electrons: rapid changes in

the synchrotron spot and its intensity that coincided with stepwise increases in the electron

cyclotron emission (ECE) signal (cyclotron radiation of suprathermal electrons). These phenomena

were initially observed in TEXTOR (Tokamak Experiment for Technology Oriented Research),

where these events only occurred in the current decay phase or in discharges with thin stable

runaway beams at a q¼ 1 drift surface. These rapid changes in the synchrotron spot were

interpreted by the TEXTOR team as a fast pitch angle scattering event. Recently, similar rapid

changes in the synchrotron spot and its intensity that coincided with stepwise increases in the non-

thermal ECE signal were observed in the EAST (Experimental Advanced Superconducting

Tokamak) runaway discharge. Runaway electrons were located around the q¼ 2 rational magnetic

surface (ring-like runaway electron beam). During the EAST runaway discharge, stepwise ECE sig-

nal increases coincided with enhanced magnetohydrodynamic (MHD) activity. This behavior was

peculiar to this shot. In this paper, we show that these non-thermal ECE step-like jumps were

related to the abrupt growth of suprathermal electrons induced by bursting electric fields at recon-

nection events during this MHD plasma activity. Enhancement of the secondary runaway electron

generation also occurred simultaneously. Local changes in the current-density gradient appeared

because of local enhancement of the runaway electron generation process. These current-density

gradient changes are considered to be a possible trigger for enhancement of the MHD plasma activ-

ity and the rapid changes in runaway beam behavior. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4927578]

I. INTRODUCTION

Generation of runaway electrons during disruptions poses

a potential threat to the safe operation of large tokamaks, and

especially to ITER. The energies of runaway electrons can

reach as high as tens of MeV. These runaway electrons can

cause serious damage to plasma-facing-component surfaces.1,2

At the same time, runaway electron generation is a fundamen-

tal physical phenomenon. Runaway electrons are generated

when the electron energy exceeds a critical energy at which

the electric field driving force on the electrons is equal to the

minimum frictional drag force in the plasma. There are pri-

mary generation (Dreicer generation3) and secondary genera-

tion (avalanche generation4) processes.

During experiments with runaway electrons, peculiar

events have been discovered: rapid changes in the synchro-

tron spot and its intensity that coincide with stepwise

increases in the electron cyclotron emission (ECE) signal

(the cyclotron radiation of suprathermal electrons). These

phenomena were initially observed in TEXTOR (Tokamak

Experiment for Technology Oriented Research), where these

events only occurred in the current decay phase or in

discharges with thin stable runaway beams at the q¼ 1 drift

surface.5,6

It was observed that the synchrotron spot intensity can

change with changes in the energy of the runaways, the num-

ber of runaways, or the pitch angle.5 Because of the short time

scales of these events, it was concluded that fast pitch angle

scattering was the only possible explanation. On the basis of

these arguments, the rapid changes in the synchrotron spot

were interpreted by the TEXTOR team as being a fast pitch

angle scattering (FPAS) event. They concluded that this event

does not affect the bulk plasma. In the majority of cases, the

TEXTOR neutron signal (the result of photonuclear reactions

when the high energy runaway electrons strike the plasma fac-

ing materials) showed no change at all during FPAS, and peaks

in the neutron signal only appeared occasionally during FPAS.

No large runaway electron losses occurred during the FPAS

events in TEXTOR. However, magnetic mode activity was of-

ten observed in these TEXTOR shots, and shots with FPAS

events sometimes showed small modulations of the synchro-

tron spot before the FPAS event that acted as an indication of

mode activity. It was also hypothesized that these phenomena

were related to the value of the effective ion charge number

Zeff. The increase in the perpendicular energy of the runaways

was not recognized in diamagnetic measurements because the

number of runaways in TEXTOR was too small.

a)Authors to whom correspondence should be addressed. Electronic addresses:

pankratov@kipt.kharkov.ua and rjzhou@ipp.ac.cn

1070-664X/2015/22(7)/072115/7/$30.00 VC 2015 AIP Publishing LLC22, 072115-1

PHYSICS OF PLASMAS 22, 072115 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

210.73.18.176 On: Wed, 29 Jul 2015 13:16:29

http://dx.doi.org/10.1063/1.4927578
http://dx.doi.org/10.1063/1.4927578
http://dx.doi.org/10.1063/1.4927578
http://dx.doi.org/10.1063/1.4927578
mailto:pankratov@kipt.kharkov.ua
mailto:rjzhou@ipp.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4927578&domain=pdf&date_stamp=2015-07-29


Recently, rapid changes in the synchrotron spot and its

intensity that coincided with stepwise ECE increases were

observed in the Experimental Advanced Superconducting

Tokamak (EAST) runaway discharge #28957.7 In Ref. 7,

these rapid changes in the synchrotron spot and their correla-

tion with stepwise ECE increases were interpreted (as they

were by the TEXTOR team) as FPAS events.

In this paper, we show that the step-like jumps in the

ECE signal were connected to abrupt growth in the supra-

thermal electrons induced by bursting electric fields at recon-

nection events during magnetohydrodynamic (MHD) plasma

activity.8 At the same time, the runaway (non-thermal) elec-

tron generation is considered as a possible trigger for

enhancement of MHD plasma activity and for the rapid

changes in runaway beam behavior.

In the Introduction, the TEXTOR experimental results

of rapid changes in synchrotron spot and intensity, and their

coincidence with ECE signal stepwise increases are pre-

sented. The rest of this paper is organized as follows. Section

II describes the experimental setup and the diagnostics of

EAST. In Section III, we describe the EAST experiments, in

which the interrelation between the enhanced MHD plasma

activity, the stepwise increases in the ECE signals, and the

rapid changes in the synchrotron spot (change in the IR spot

from a hollow structure to a filled structure) are observed. In

Section IV, the interpretations of these EAST experiments

are discussed. Our conclusions are given in Section V.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

The investigated discharge in EAST was ohmic dis-

charge #28957 (Figure 1) and was performed in the limiter

configuration, with the toroidal magnetic field B0¼ 2 T, the

plasma current Ip¼ 250 kA, the central line-averaged density

hnei¼ 2.2� 1019 m�3, the plasma major radius R¼ 1.86 m,

and the minor radius a¼ 0.45 m.7 At the plasma center, the

electron temperature Te� 0.55 keV was obtained using a soft

x-ray pulse height analysis (PHA) system during the plasma

current flat-top phase. MHD modes m/n¼ 1/1 (the soft x-ray

signal) and m/n¼ 2/1 (the Mirnov coil signals) existed in the

plasma, where m and n are the poloidal and toroidal mode

numbers.

Runaway electrons were created by the ohmic coil during

the start-up phase of the discharge. The runaway electrons

were located around the q¼ 2 rational magnetic surface (ring-

like runaway electron beam).7,9 Approximately, 46% of the

plasma current was carried by the runaways.7 Under these con-

ditions, the ECE signals were dominated by the runaway elec-

trons in an energy range of approximately 0.3 MeV–3 MeV

and could not represent the electron temperature. This is why

we used the soft x-ray PHA system to obtain the electron tem-

perature, rather than the ECE signals. The fact that the electron

temperature given by the soft x-ray PHA is much lower than

that given by the ECE measurements indicates again that the

behavior of ECE signals was affected and was dominated by

the runaway electrons in the discharge. In Fig. 1, the signals of

the ECE02–ECE08 channels are shown. The signal of the

ECE01 channel was saturated. The ECE system detected the

emission of electrons from the beginning of the runaway

region (suprathermal electrons). The step-like non-thermal

ECE jumps in the ECE02–ECE05 channels are visible. The

ECE08 channel should receive the second harmonic X-mode

ECE of the thermal electrons at the center of the plasma and

the ECE02 channel should receive the emission of the thermal

electrons from the low-field side.

The synchrotron radiation that originated from the ener-

getic runaway electrons was measured using two visible light

cameras.7,10 One black and white camera was positioned in

the direction of the electron approach on the equatorial plane

and can measure synchrotron radiation in the 380–750 nm

wavelength range, and one color camera was positioned in

the direction opposite to the electron approach. The differ-

ence between the images given by these two cameras indi-

cated that the bright ring-like structure originated from the

runaway electron beam that was confined in the plasma.7

The hard x-ray was detected using a bismuth germanate

(BGO) scintillator detector. This detector was installed out-

side the tokamak and was dedicated to measure thick-target

bremsstrahlung emission in the 0.5–10 MeV energy range

that was caused by runaway electrons when they were lost

and struck the limiter or vessel structures. The signal from

the neutron detector did not change at all.

FIG. 1. Time slice of runaway discharge #28957: plasma current Ip, central

line-averaged density, loop voltage Vloop, non-thermal ECE signals, and

electron temperature at the plasma center taken from the soft x-ray PHA

system.
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The VB diagnostic system11 measures the visible brems-

strahlung emission from plasma electrons. During shot

#28957, strong spikes were observed in the VB signals from

the plasma center during large MHD m/n¼ 2/1 spikes.

The absolute extreme ultraviolet (AXUV) photodiode

signals represent the total radiated power from the plasma and

allow radiated power measurements to be performed over a

wide range of photon energies of 1 eV<Ec< 6000 eV. The

AXUV and VB systems have the same temporal resolutions.

III. EXPERIMENTAL RESULTS

The stepwise increases in the non-thermal ECE signal

were observed in the EAST runaway discharge #28957

(Ref. 7) when the MHD (m/n¼ 2/1) amplitude spikes

emerged. Approximately every 0.2–0.3 s, rapid changes in

the intensity and the synchrotron spot (transition from a

hollow to a filled structure, see Fig. 3) occurred when the

amplitudes of the MHD (m/n¼ 2/1) spikes and the ECE

step-like jumps were stronger.7 Now we describe these

events in more detail.

Type I events: The MHD (m/n¼ 2/1) small amplitude

spikes emerged approximately every 0.02 s and coincided with

sawtooth m/n¼ 1/1 peaks in these cases (e.g., at t� 2.84 s,

2.86 s, and 2.89 s in Figs. 2(c) and 2(f)). During type I events,

small step-like non-thermal ECE jumps were observed. These

step-like ECE jumps coincided with the MHD (m/n¼ 2/1)

small amplitude spikes (see Figs. 2(c) and 2(d)). Only a

small correlation of the AXUV signals with these small MHD

(m/n¼ 2/1) spikes (Fig. 2(e)) was observed. The asymmetrical

ring-like IR spot from the runaways (hollow structure) did not

change during the type I events.

Type II events: Huge MHD spikes emerged approximately

every 0.5 s (t� 2.82 s in Fig. 2(c) and t� 2.82 s, 3.35 s, and

3.84 s in Fig. 4(c)), and in these cases they were not correlated

with the sawtooth m/n¼ 1/1 peaks. The larger ECE jumps

(Fig. 2(d) and Fig. 4(e)), the strong VB signal spikes (Figs. 4(f)

and 4(g)), the strong spikes of the AXUV signals (Fig. 2(e);

see, e.g., t� 2.82 s), and the strong hard x-ray (HXR) signal

drops (Fig. 4(h)) were correlated with the huge MHD spikes.

Practically, all channels of the VB diagnostic system showed

strong spikes in these cases. During type II events, the change

in the IR spot from a hollow structure to a filled structure

occurred and these IR spot transitions were correlated with the

MHD spikes (see Fig. 2 (t� 2.82 s) and Fig. 3).

Type III events: In comparison with type I events, larger

amplitude MHD (m/n¼ 2/1) spikes were observed approxi-

mately every 0.3 s (t� 3.1 s, 3.6 s in Figure 4(c)) after each

large (type II event) MHD spike. The MHD m/n¼ 2/1 spikes

were not correlated with the sawtooth m/n¼ 1/1 peaks. The

ECE jumps (Fig. 4(e)) and the HXR signal drops (Fig. 4(h))

were correlated with the MHD (m/n¼ 2/1) spikes, but only

one channel of the VB diagnostic system showed small

spikes. The change of the IR spot from a hollow structure to

a filled structure was also observed.

The signal from the neutron detectors (photo-neutrons)

did not change at all during these types I–III events. In

EAST, this signal corresponds to runaways with energies in

the 14–25 MeV range.

IV. DISCUSSION

In low density plasma (ne� 1019 m�3), the occurrence of

runaway electrons is connected to their continuous

FIG. 2. Time evolution of the plasma

parameters: (a) loop voltage Vloop, (b)

plasma current Ip, (c) Mirnov signal,

(d) non-thermal ECE (ECE02) signal,

(e) AXUV photodiode signal, and (f)

soft x-ray radiation (SXR).
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acceleration by the tokamak toroidal equilibrium electric

field E k� 0:1 V=m. The runaway energy E� 30 MeV was

deduced from a joint analysis of the synchrotron radiation

spectra and the synchrotron radiation spot shape in EAST

discharge #28957.7,9 This means that in EAST discharge

#28957, the secondary runaway generation process should

take place with avalanche time t0
12–14

t0 �
ffiffiffiffiffi

12
p

mecLð2þ Zef f Þ=9eE k: (1)

Note that in the EAST case, the inequality E k� ECH holds,

where ECH ¼ e3neL=4pe2
0mec2.15 Here, e and me are the

charge and the resting mass of the electron, L is the Coulomb

logarithm, Zeff is the effective ion charge number, and c is

the velocity of light.

The inequality

p? > p?;cr (2)

determines the runaway region for the secondary

electrons16,17where

p?;cr ¼
ffiffiffiffiffi

12
4
p

pcrð2þ Zef f Þ0:5=3; p2
cr ¼ e3meneL=4pe2

0E k:

(3)

The inequality
p k> p k;cr (4)

determines the runaway region of the primary (Dreicer) elec-

tron runaway generation process18where

p k;cr ¼ pcrð2þ Zef f Þ0:25: (5)

FIG. 4. Time evolution of the plasma

parameters: (a) loop voltage Vloop, (b)

plasma current Ip, (c) Mirnov signal,

(d) local intensity of synchrotron radia-

tion (SR) in pixel B, (e) non-thermal

ECE (ECE02) signal, (f) VB1 signal,

(g) VB3 signal, and (h) BGO scintilla-

tor detector signal (HXR).

FIG. 3. Five continuous frames of images taken by the black and white camera from 2.78 s to 2.88 s. The position of pixel B is indicated by the black dot.
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The secondary runaway generation is strongly dependent on

Zeff, whereas in the primary (Dreicer) runaway generation

case, the dependence on Zeff is much weaker.

As a result of the runaway generation processes, local

changes in the plasma current density profile should occur

(around the q¼ 2 rational magnetic surface, where the run-

away electrons are located). Recall here that the tearing

mode stability depends rather sensitively on the current-

density gradient in the vicinity of the resonant surface.8

These local changes in the plasma current density profile

near the q¼ 2 rational magnetic surface may be the trigger

for the strong enhancement of the MHD activity (m/n¼ 2/1

spikes). Note that in Ref. 19, it was shown that the runaway

electrons are better confined inside magnetic islands.

The generation of suprathermal electrons should be

enhanced during these MHD spikes because of the fast

changes in the magnetic flux (squeezing and reconnection

of the magnetic field lines). Bursts of induced electric

fields also occurred.8 During these bursts of the induced

electric field E//, electron runaway regions (2) and (4)

increased because the value of pcr dropped (see Eq. (3)).

The abrupt growth in the suprathermal electron population

occurred during these bursts. Therefore, the step-like non-

thermal ECE jumps may be explained by the abrupt growth

in the suprathermal electron generation (number of run-

aways, not FPAS events) during MHD m/n¼ 2/1 spikes.

Enhancement of the secondary runaway generation process

also occurred. Note here that the runaway electron second-

ary generation process is a non-local process in principle

(see, e.g., Ref. 13). The integral of the close collisions

relates the variations in the electron distribution function at

the beginning of the runaway region (the suprathermal

population of the runaways) to its values in the high energy

region (30 MeV electron population).

In the presence of a tokamak toroidal equilibrium elec-

tric field, direct data separation with regard to the generation

of suprathermal electrons caused by MHD activity is veiled.

Nevertheless, the effect of the MHD modes on the generation

of suprathermal electrons was demonstrated during T-10

tokamak experiments.20,21

Type I events: The non-thermal ECE signal is detected

from the beginning of the runaway region. The generation of

suprathermal electrons should be enhanced during the MHD

spikes because of the fast change in the magnetic flux. An

electric field was induced, and the suprathermal electrons are

generated inside the current layer that is formed during the

reconnection of the magnetic field where the electric field

was induced.8

The step-like ECE jumps that occurred about every

0.02 s coincided with the MHD (m/n¼ 2/1) small amplitude

spikes when they coincided with sawtooth m/n¼ 1/1 peaks

(Figs. 2(c), 2(d), and 2(f)). Enhancement of the MHD plasma

activity (spikes) acted as a trigger for the abrupt growth

(bursts) of the suprathermal electron generation process.

During small MHD m/n¼ 2/1 spikes, only step-like jumps in

the ECE signal were observed, while rapid changes in the

synchrotron spot were not observed.

Types II–III events: From Eq. (1), we obtain the avalanch-

ing time t0� 0.5 s for the EAST parameters E//� 0.1 V/m,

Zeff� 3, Te(0)¼ 0.55 keV, and L� 15. This avalanching time

value t0� 0.5 s is of the same order as the value of the

time of strong MHD activity (0.3 s or 0.5 s intervals). During

this time (0.3 s or 0.5 s), as a result of strong runaway genera-

tion, stronger local changes in the current-density gradient

should occur near the q¼ 2 rational surface. These changes

in plasma current density profile may act as the trigger for

stronger enhancement of the MHD m/n¼ 2/1 activity

approximately every 0.3 s or 0.5 s.

Small increasing jump-drops in the Vloop signal and the

plasma current Ip (correlated with huge MHD m/n¼ 2/1

spikes) are visible in Figs. 2(a) and 2(b) for t� 2.82 s and in

Figs. 4(a) and 4(b) for t� 2.82 s, 3.35 s, and 3.84 s. These

increasing jump-drops in Vloop and Ip are evidence of the

enhancement of the runaway generation process. Also, the

enhancement of the MHD plasma activity (m/n¼ 2/1 spikes)

is again a trigger for abrupt growth in suprathermal electron

generation and for rapid changes in the non-thermal ECE

signal. Enhancement of the suprathermal electron generation

process (near the q¼ 2 rational surface) leads to enhance-

ment of the secondary runaway generation process.

With regard to the rapid changes in the synchrotron spot

(the transition of the IR spot from a hollow structure to a

filled structure), we believe that the strong MHD m/n¼ 2/1

spikes represent evidence of the fast reconnections of the

magnetic field lines (as a result of resistive tearing modes or

a collisionless mode) inside the larger plasma volume. The

occurrence of a stochastic magnetic field region inside the

larger central plasma volume leads to radial runaway beam

spreading. Thus, the transition of the IR spot to a filled struc-

ture was caused by runaway beam radial spreading. The beam

spreading time is approximately sD� (l0/geff)D
2� 15 ms,

where D� 8 cm is the distance from the inner side of the run-

away electron beam to pixel B (in Fig. 3, the position of pixel

B is shown by a black dot). Here, geff is the effective resistiv-

ity (Eq. (4) in Ref. [7]). This time, sD is less than the time re-

solution (20 ms) of the synchrotron radiation measurements

shown in Fig. 3. Note that a change in the pitch angle may

also occur because of the fast changes in the magnetic field

line directions with respect to the runaway electron velocity

directions during magnetic reconnections.

During bursts of the value of E//, the suprathermal elec-

tron population increases. When these suprathermal elec-

trons reach (through acceleration by E//) the high energy

region (�30 MeV), then the intensity of the synchrotron radi-

ation in the pixel B position increases at specific times and

then the SR signal drops (Fig. 4(d)). After bursts in the value

of E//, the ECE signal decreases because the suprathermal

electron generation is also decreasing (the increase in pcr and

dilution of the runaway electron local density near the q¼ 2

rational magnetic surface occurs as a result of beam spread-

ing). Losses of suprathermal electrons also occur (compare

with Fig. 7 in Ref. 21).

Therefore, the number of high energy runaway electrons

is effectively limited. As a result, the runaway generation

process is reduced during certain times. This is why the

HXR signal drops after MHD m/n¼ 2/1 spikes (Fig. 4(h)).

Then, the HXR signal increases because of secondary
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runaway generation until a new MHD m/n¼ 2/1 spike

(roughly every 0.3 s or 0.5 s for types II–III events) occurs.

In Ref. 22, runaway electron microturbulence transport

that was strongly decreasing (1/E) for larger energies was

shown. This may explain why the losses of the runaways

with the high energies in the 14–25 MeV range were very

small and why the neutron detector signal did not change

at all.

The strong VB signal spikes (Figs. 4(f) and 4(g)) show

fast changes in the behavior of their impurities during intense

MHD m/n¼ 2/1 spikes. The spikes (#28957) at the AXUV

detectors were associated with the non-thermal electrons

because the AXUV detectors show abrupt enhancement of

the radiation produced by radiative scattering and excitation

of the background plasma and impurities during the bursts of

the non-thermal electrons. This may change the local value

of Zeff. Therefore, a fast change in the secondary runaway

electron generation avalanching time t0 (compared with that

of Ref. 13) may also take place (see the negative spikes in

the synchrotron radiation intensity, Fig. 4(d)).

In Ref. 23, the FPAS event was explained by the interac-

tion between the runaway electrons with lower hybrid waves

(LHW) via anomalous Doppler broadening. Note that no

LHWs were injected into plasma, and that there is no evi-

dence of LHW excitation in the discharge #28957. There

will not be interactions between the runaway electrons and

the LHW.

V. CONCLUSIONS

In the EAST runaway discharge, stepwise increases in

the non-thermal ECE signal coincided with the enhancement

of the MHD activity that was a peculiarity of this particular

shot. The runaway energy E� 30 MeV was deduced from

EAST runaway discharge #28957, under conditions where

the secondary runaway generation process should take place.

The runaways were located around the q¼ 2 rational mag-

netic surface and the runaway current was not small. In

experiment presented here, the effects of the magnetic recon-

nections on the runaway generation and the MHD plasma ac-

tivity were shown. Our main conclusions are as follows.

As a result of local runaway electron generation,

local changes in the current-density gradient near q� 2

should occur. These changes in the plasma current density

profile may be the trigger for the enhancement of the MHD

m/n¼ 2/1 activity. The MHD m/n¼ 2/1 spikes acted as a

trigger for the enhancement of additional suprathermal

electron generation (bursts) during magnetic reconnections.

The step-like jumps in the non-thermal ECE signal were

indirect indications of the bursts of the suprathermal elec-

trons (during MHD m/n¼ 2/1 spikes). The jump-drops in

the Vloop signal and the increasing Ipl provided evidence of

the enhancement of the runaway generation process during

strong MHD m/n¼ 2/1 spikes.

The stochastic magnetic field region appeared during

MHD activity. When the MHD m/n¼ 2/1 spikes were not

too large, the stochastic magnetic field region was small. No

large-scale radial spreading of the runaway beam was

observed (i.e., no changes in the synchrotron spot). During

huge MHD m/n¼ 2/1 spikes, a large stochastic magnetic

field region occurred. The local runaway electron density

dropped near the q¼ 2 rational magnetic surface, where the

runaway beam generation was stronger. Secondary runaway

generation was therefore reduced during certain times and

the number of high energy runaways was effectively limited

(the HXR signal behavior indicated this process). Rapid

changes in the synchrotron spot from a hollow structure to a

filled structure were the result of changes in the runaway

beam structure caused by runaway radial spreading. The

AXUV and VB signal spikes during strong MHD m/n¼ 2/1

activity were also associated with the suprathermal electron

bursts.

All experimental signals presented here were correlated

with each other and they provided an indirect indication of

our main conclusion that the step-like non-thermal ECE

jumps were connected to the abrupt growth in suprathermal

electrons induced by the bursting electric fields at the recon-

nection events that occur during MHD plasma activity.

While the present EAST runaway experiment cannot provide

full data for quantitative analysis of the rapid changes in the

synchrotron spot and its intensity and of the stepwise

increases in the non-thermal ECE, the results presented here

have contributed to an essential new interpretation of this in-

triguing phenomenon.

In addition to Dreicer and avalanching runaway genera-

tion, other mechanisms may also play important roles in run-

away generation, especially in ITER. For example, these

mechanisms include the hot tail mechanism, and the gamma

mechanism (see, e.g., Ref. 24). Our results may also be one

of those mechanisms. For example, the magnetic behavior

during plasma disruption is always complex. The abrupt

growth of suprathermal electrons induced by bursting elec-

tric fields at the reconnection events may potentially be seed

runaways that can cause avalanching growth of the number

of runaways.
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