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A new physical mechanism of formation of runaway electron beams during plasma disruptions in

tokamaks is proposed. The plasma disruption is caused by a strong stochastic magnetic field

formed due to nonlinearly excited low-mode number magnetohydrodynamic (MHD) modes. It is

conjectured that the runaway electron beam is formed in the central plasma region confined inside

the intact magnetic surface located between q¼ 1 and the closest low–order rational magnetic

surfaces [q¼ 5/4 or q¼ 4/3,…]. It results in that runaway electron beam current has a helical nature

with a predominant m/n¼ 1/1 component. The thermal quench and current quench times are esti-

mated using the collisional models for electron diffusion and ambipolar particle transport in a sto-

chastic magnetic field, respectively. Possible mechanisms for the decay of the runaway electron

current owing to an outward drift electron orbits and resonance interaction of high–energy electrons

with the m/n¼ 1/1 MHD mode are discussed. [http://dx.doi.org/10.1063/1.4919253]

The runaway electrons (REs) generated during the disrup-

tions of tokamak plasmas may reach a several tens of MeV

and may contribute to the significant part of post–disruption

plasma current. The prevention of such RE beams is of a para-

mount importance in future tokamaks, especially in the ITER

operation, since it may severely damage a device wall.1–5

The mitigation of REs by massive gas injections (MGI)

and externally applied resonant magnetic perturbations

(RMPs) have been extensively discussed in literature (see,

e.g., Refs. 6–8 and references therein). However, no regular

strategy to solve this problem has been developed because

up to now the physical mechanisms of the formation of REs

during plasma disruptions are not well understood. In spite

of the numerous dedicated experiments to study the problem

of runaway current generation during plasma disruptions in

different tokamaks (see, e.g., Refs. 7–15), no clear depend-

ence of RE formation on plasma parameters has been estab-

lished. These numerous experiments show the complex

nature of plasma disruption process especially the formation

of RE beams.

One of the important features of the formation of RE

beams is the irregularity and variability of the beam parame-

ters from one discharge to another one. This is an indication

of the sensitivity of RE beam formations on initial conditions

which is the characteristic feature of nonlinear processes,

particularly, the chaotic system. Therefore, one expects that

ab initio numerical simulations of the RE formation process

may not be quite productive to explain it because of com-

plexity of computer simulations of nonlinear processes.16

The problems of numerical simulations of plasma disruptions

are comprehensively discussed in Ref. 17.

In this work, we propose a new physical mechanism of

formation of RE beams during plasma disruptions in toka-

maks. It is based on the analysis of numerous experimental

results, mainly obtained in the TEXTOR tokamak and the

ideas of magnetic field stochasticity.18 The mechanism

explains many features of plasma disruptions accompanied

by RE generations.

It is believed that the plasma disruption starts with the

excitation of magnetohydrodynamic (MHD) modes with

low poloidal m and toroidal n numbers, (m/n¼ 1/1, 2/1, 3/2,

5/2,…) that lead to a large–scale magnetic stochasticity (see,

e.g., Refs. 19–22 and references therein). The heat and parti-

cle transports in the strongly chaotic magnetic field cause the

fast temperature drop and cease the plasma current. This pro-

cess depends on the structure of the stochastic magnetic field

which depends on the spectra of magnetic perturbations and

on the safety factor profile q(q) (q is the minor radius of the

magnetic surface). At certain conditions, the stochastic mag-

netic field may not extend up to the central plasma region

due to the creation of the outermost intact magnetic surface

qc. The electrons confined by this magnetic surface are

accelerated by the toroidal electric field induced by the cur-

rent decay from the outer plasma region, which leads to the

formation of the RE beam. The initial RE current I
ðREÞ
p is

mainly determined by the pre-disruption plasma current dis-

tribution Ip(q) confined by the outermost intact magnetic sur-

face qc, i.e., I
ðREÞ
p � IpðqcÞ.

The lifetime of the RE beam mainly depends on two

effects: the outward drift of RE orbits induced by the toroidal

electric field Eu
32,33 and the resonant interactions of REs with

helical magnetic perturbations. The first one is responsible for

the smooth decay of the RE current, while the second one cause

the sudden RE losses. The outward drift velocity vdr is deter-

mined by Eu and the RE current, vdr / Eu=I
ðREÞ
p / Eu=q

2
c .
32,33

The most stable of the RE beams is expected to form when the

corresponding drift velocity is lowest and the low–order rational

surfaces within the RE beam are absent or one.
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Consider, for example, the pre-disruption plasma with a

monotonic safety factor profile q(q) with q(0)< 1. Then

the most stable RE beam can be formed when the outermost

intact magnetic surface is located between magnetic surface

q¼ 1 and the nearest low–order rational surfaces q¼ 5/4

[or q¼ 4/3,…]. It occurs at the sufficiently small amplitude of

the m/n¼ 1/1 mode. There is only one rational magnetic

surface q¼ 1 within the RE beam that is resonant to the

large–scale magnetic perturbations, particularly, to the RMPs.

Such RE beams are relatively stable, since low–energetic REs

(up to 10–15MeV) are not destabilized due to absence of a

large scale stochasticity. The loss of REs mainly occurs due to

the outward drift of RE orbits and the stochastic instability of

high–energetic REs due to the interactions of high–mode har-

monics of the m/n¼ 1/1 mode of magnetic perturbations.

In the case of plasma disruptions with q(0)> 1, the

intact magnetic surface qc would be smaller while the toroi-

dal electric field Eu would be larger than in the ones with

q(0)< 1. Due to the large outward drift velocity vdr, such RE

beams would cease faster.

The two possible distinct generic structures of a stochas-

tic magnetic field before the current quench (CQ) with the

RE-free discharge and with the RE discharge are shown in

Figs. 1(a) and 1(b) by the Poincar�e sections of magnetic field

lines. It is assumed that the perturbation magnetic field con-

tains several low–mode number m/n MHD modes with equal

amplitudes Bmn: (a) the amplitude B11 of the m/n¼ 1/1 mode

is equal to others; (b) B11 is four times smaller than the

amplitudes of other modes. As seen from Fig. 1(a) for the

large amplitude of the (m/n¼ 1/1) mode, the stochastic mag-

netic field extends up to the central plasma region destroying

the separatrix of the m¼ n¼ 1 island. For the low–amplitude

of the (m/n¼ 1/1) mode shown in Fig. 1(b), the stochastic

magnetic field does not reach the q¼ 1 magnetic surface.

The last intact drift surface (red dots) is located between the

resonant surfaces q¼ 1 and q¼ 5/4 (blue curves).

The existence of an intact magnetic surface and its loca-

tion depends on the radial profile of the safety factor and on

the spectrum of magnetic perturbations. The latter sensitively

depend on the plasma disruption conditions and vary unpre-

dictably from one discharge to another during plasma disrup-

tions. This makes RE formation process unpredictable and

may explain a shot–to–shot variability of the parameters of

RE beams.

This conjecture on the mechanism of RE beam forma-

tion agrees with the important features of the experimental

observations in the TEXTOR tokamak. In the experiments,

the plasma disruptions were triggered by gas injections (see,

e.g., Refs. 9–11,23): the disruptions with REs were triggered

by argon (Ar) injection and the RE–free disruptions with Ne

injection. The injection of these gases may finally give rise

to different spectra of amplitudes of MHD modes. One can

expect that the amplitude of the m/n¼ 1/1 MHD mode

excited by the He/Ne injection is higher than in the case of

Ar gas injection.

The plasma current decay in the CQ and the RE plateau

regimes for all discharges is well approximated by the lin-

ear function of time Ip¼ Ip0þ bt, with the average CQ rate

b ¼ hdIp=dti as shown in Fig. 2(a). The current decay rates

jhdIp=dtij in the CQ stage and the RE plateau stage versus

the initial RE current I
ðREÞ
p for a number discharges are plot-

ted Fig. 2(b). The plausible radial profiles of Ip(q) and the

corresponding safety factor q(q) are plotted for the two val-

ues of q(0) in Fig. 3.

Since qc is located between the magnetic surfaces q1
and q3 corresponding to q(q1)¼ 1 and q(q3)¼ 4/3, the RE

current I
ðREÞ
p should take values in the finite interval. This ex-

pectation is supported by the experimental values of the

plasma current I
ðREÞ
p as seen from Figs. 2(a) and 2(b). These

values of I
ðREÞ
p also lie in the region between the resonance

magnetic surfaces q(q1)¼ 1 and q(q3)¼ 4/3 [or q(q2)¼ 3/2]

as shown in Fig. 3 where the radial profile of the pre–disrup-

tion equilibrium plasma current Ip(q) (curve 1) and the corre-

sponding safety factor profile q(q) (curve 2) are plotted.

The average values of hjdIp=dtji for almost all dis-

charges are confined in the interval (2.2, 5.6) MA/s, i.e., in

one order lower than the current decay rate in the CQ stage.

The values of I
ðREÞ
p are in the range between 170 kA and

260 kA (see Fig. 2(b)). These values of hjdIp=dtji and I
ðREÞ
p

are close to the ones observed in the similar experiments in

the DIII-D tokamak (see, e.g., Ref. 15).

As seen from Fig. 2(a), there are untypical discharges

with the highest and lowest values of I
ðREÞ
p that correspond to

FIG. 1. Poincar�e sections of magnetic

field lines in a pre–disruption plasma

caused by several m/n MHD modes,

(n¼ 1, 2, 3; m¼ 1,…8): (a) all mode

amplitudes Bmn are equal; (b) the am-

plitude B11 of the m/n¼ 1/1 mode is

four times smaller than Bmn. The safety

factor at the magnetic axis q(0)¼ 0.8

and at the plasma edge q(a)¼ 4.7.

040704-2 Abdullaev et al. Phys. Plasmas 22, 040704 (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:

134.94.122.242 On: Mon, 04 May 2015 11:03:08



qc at the borders of region q1<q< q3. For these dis-

charges, the CQ rates hjdIp=dtji take highest or lowest val-

ues. The RE current decay rates of these discharges take the

highest values. They have the shortest duration time of

RE currents. One expects that the presence of several low–

order m/n¼ 4/3, m/n¼ 3/2, and m/n¼ 1/1 resonant mag-

netic surfaces within the RE beam for the discharge with

the highest I
ðREÞ
p may lead to excitations of the correspond-

ing MHD modes. The interactions of these modes may lead

to the quick loss of REs due to the formation of a stochastic

zone at the edge of the RE beam.

The existence of the intact magnetic surface qc between

the q¼ 1 and q¼ 4/3 rational magnetic surfaces and its loca-

tion depends on the level magnetic perturbation �MHD (more

exactly on the spectrum Bmn). With increase of �MHD, the

radius qc shrinks and it can be broken at the certain critical

perturbation level �cr. It leads to the total destruction of con-

finement of electrons and ions. This is in agreement with ex-

perimental observations of the existence of critical magnetic

perturbations from which on runaway beams are not

generated.10

The shrinkage of qc with increasing the magnetic pertur-

bation �MHD leads to the decrease of the RE current I
ðREÞ
p

since I
ðREÞ
p � IpðqcÞ. On the other hand, if one assumes that

the plasma current decay is caused by the radial transport of

particles in the stochastic magnetic field, the CQ rate dIp/dt

should be proportional to the square of the magnetic pertur-

bation level �MHD, jhdIp=dtij / j�MHDj
2
. Therefore, one

expects that to the higher values of jhdIp=dtij correspond the

lower values of the RE current I
ðREÞ
p . This expectation is in

agreement with the experimental measured values of these

quantities presented in Fig. 2(b).

The formation of the RE beam inside the intact magnetic

surface can be also confirmed by the spatial profiles of the

synchrotron radiation of high–energy REs with energies

exceeding 25MeV. One observes that the radiation is local-

ized within a finite radial extent in the central plasma region.

The strong radial transport along the stochastic magnetic

field lines causes the losses of heat and plasma particles from

the stochastic zone. The TQ can be explained by the fact that

the anomalously large heat transport in a stochastic magnetic

field is mainly determined by the electron diffusion. The CQ

is determined by the particle transport in a stochastic mag-

netic field and has an ambipolar nature. Using the collisional

test particle transport model in a stochastic magnetic field,24

we estimated the heat conductivity vr(q) and the ambipolar

diffusion coefficient Dp of particles.

For typical magnetic perturbations and pre-disruption

plasma temperatures (0.5–1.0 keV), the magnitude of vr(q)

has the order of several 102 m2/s. The characteristic heat dif-

fusion time sH¼ a2/2vr is of the order of 10�4 s that agrees

with the experimentally observed times. The quantitative

analysis based on the numerical solution of the heat diffusion

equation also gives similar values for sH.

The ambipolar particle transport in a stochastic magnetic

field is strongly collisional due to the low plasma tempera-

ture (from 5 eV to 50 eV) after the TQ. At these plasma tem-

peratures, the corresponding diffusion time sp¼ a2/Dp of

particles changes from 1 s to 0.3 s. Since the diffusion coeffi-

cient Dp / B2
mn and therefore sp / B�2

mn , then sp can be

reduced to one order smaller value for a three times larger per-

turbation than in Fig. 1. This timescale is still much longer

than the experimental values. However, the collisional model

does not take into account the effect of the toroidal electric

field. One expects that the acceleration of electrons and ions

by the toroidal electric field increases the radial transport of

particles. To include this effect in the collisional model, one

can assume that the effective temperature of the plasma is

FIG. 3. Radial profile of the plasma current Ip(q) (solid curves 1 on lhs axis)

and the corresponding safety factor profile q(q) (dashed curves 2 on rhs

axis). The rectangular (red) dots correspond to the experimentally measured

values of I
ðREÞ
p for several TEXTOR discharges. The plasma parameters are

Ip¼ 350 kA, B0¼ 2.4 T, R0¼ 1.75m, and a¼ 0.46m. The values of q(0) are

0.7 (solid black curves) and 0.8 (dashed magenta curves), respectively. The

radii q1, q2, and q3 are the positions of the rational magnetic surfaces

q(q1)¼ 1, q(q2)¼ 3/2, and q(q3)¼ 4/3, respectively.

FIG. 2. (a) Typical time evolution of the plasma current with RE current.

The average current decay rates hdIp=dti at the CQ and the RE plateau

stages are determined by fitting with a linear function Ip(t)¼ aþ bt. Symbol

� corresponds to the plasma current I
ðREÞ
p at the initial stage of the RE pla-

teau. (b) The decay rates jhdIp=dtij versus I
ðREÞ
p . Symbols(� (red) correspond

to the CQ rate (lhs axis), and � (blue)—the RE plateau (rhs axis).
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higher than the measured one. The particle diffusion time sp
at the effective temperature 2 keV is about 8� 10�3 s. This

timescale gives the average current decay rate dIp=dt � Ip=sp
¼ 0:35=ð8:0� 10�3Þ � 44:0MA=s which is order of the ex-

perimental measured one given in Fig. 2(b).

In general, the transport of heat and particles in the pres-

ence of RMPs is a three–dimensional problem. Particularly,

a stochastic magnetic field with the topological structures

likes the ones in Fig. 1 leads to poloidally and toroidally

localized heat and particle deposition patterns on the wall

(see, e.g., Ref. 21) similar to those in ergodic divertor toka-

maks (see, e.g., Ref. 18).

From the described scenario of plasma disruption, it fol-

lows that a typical runaway beam current is localized inside the

area enclosed by the last intact magnetic surface. In general, the

distribution of the current density j would depend not only on

the radial coordinate q but also vary along the poloidal h and

the toroidal u angles due to the presence of the (m/n¼ 1/1)

magnetic island. This agrees with the analysis of numerous dis-

ruptions in the JET tokamak.25 One can assume that the radial

profiles of the RE current density averaged along poloidal and

toroidal angles are almost uniform. This gives the value of the

safety factor at the beam axis q(0) is less than unity. This

assumption is supported by a number of experimental measure-

ments of the current profile after the sawtooth crashes in the

TEXTOR, the TFTR, and JET tokamaks.26–31

The toroidal electric field accelerates electrons to higher

energies. With increasing electrons energy, their orbits drift out-

wardly32,33 and eventually hit the wall. It is illustrated in Fig.

4(a). This effect may be one of mechanisms of slow RE current

decay. Calculations show that the outward drift velocity vdr is

of the order of a few m/s for typical discharges in TEXTOR.

The RE current decay rate dIp/dt due to outward drift RE orbits

can be roughly estimated as follows. This loss mechanism is

mainly caused by the shrinkage of the beam radius a. The rate

of such a shrinkage da/dt is of the order of the average outward

velocity vdr. Since Ip / a2, we have dIp=dt / ð2Ip=aÞda=dt
¼ ð2Ip=aÞvdr. For the typical values of Ip� 0.2MA, a� 0.2m,

and vdr� 1m/s, one has dIp/dt� 4 MA/s. This estimation is in

the order of the experimentally measured average decay rate of

the runaway current plotted in Fig. 2(b).

The effect of magnetic perturbation on RE beams

depends on their safety factor profile q. The latter varies in

the interval [q(0)< 1, q(a)] with its edge value q(a) less than

3/2 [or 4/3, 5/3]. Such a RE beam is relatively stable to the

effect of magnetic perturbations. The single m/n¼ 1/1 mode

does not create the stochastic layer at the beam edge for REs

with energies up to several MeVs, since their drift surfaces

are close to magnetic surfaces. With increasing the energy of

electrons, the drift surfaces strongly deviate from magnetic

ones and thus create the perturbation harmonics with higher

mode numbers m> 1. The interactions of several resonance

modes of perturbations may form the stochastic zone at the

beam edge, which leads to fast RE losses as illustrated in

Fig. 4(b). This process may explain the sudden RE current

drop accompanied by magnetic activity and RE bursts

observed in experiments (see, e.g., Refs. 4 and 9).

Based on the analysis of numerous experimental data

obtained in the TEXTOR tokamak, we have proposed the

mechanism of RE beam formation during the plasma disrup-

tion. The plasma disruption starts due to a large–scale mag-

netic stochasticity caused by nonlinearly excited of MHD

modes with low (m, n) numbers (m/n¼ 1/1, 2/1, 3/2, 5/2,…).

The RE beam is formed in the central plasma region con-

fined by the intact magnetic surface. Its location depends on

the safety factor profile q(q) and the spectrum of MHD

modes. In the cases of plasmas with the monotonic profile of

q(q) and at sufficiently small amplitude of the m/n¼ 1/1

mode, the most stable RE beams are formed by the intact

magnetic surface located between the magnetic surface q¼ 1

and the closest low–order rational surface q¼m/n> 1

(q¼ 5/4, q¼ 4/3, or q¼ 3/2).

This mechanism reproduces well the essential features

of the measurements. Particularly, the TQ and the CQ are

determined by the strong electron diffusion and ambipolar

transport of particles in a stochastic magnetic field, respec-

tively. The slow decay of the RE current is due to the out-

ward drift of RE orbits induced by a toroidal electric field,

and the spiky quick decay of REs is due to resonant interac-

tion of high–energy REs with the m/n¼ 1/1 MHD mode.

The effect of external resonant magnetic perturbations on

low-energy electrons (up to 5–10MeV) is weak and does not

cause their loss. This is in agreement with the recent experi-

ments in the TEXTOR tokamak.34 The detailed description

of the mechanism of RE formation and the evolution of RE

current based on the analyses of experimental observations

will be given in a separate publication.35

The authors gratefully acknowledge valuable discussions

with W. Biel, S. Brezinsek, O. Marchuk, Ph. Mertens, D.

Reiser, D. Reiter, A. Rogister, and U. Samm. Authors also

thank Ph. Mertens for improving the English.

FIG. 4. (a) Evolution of a RE orbit in

the (R, Z)-plane for the TEXTOR dis-

charge No. 117527. (b) Poincar�e sec-

tion of RE orbit of energy 11.7MeV in

the (R, Z)-plane. The plasma current

Ip¼ 50 kA.
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