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Current Dynamics during Disruptions in Large Tokamaks
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Self-consistent modeling of the evolution of the plasma current during disruptions in large tokamaks
is presented, taking into account both the generation of runaway electrons and their backreaction on the
electric field. It is found that the current profile changes dramatically, so that the postdisruption current
carried by runaway electrons is much more peaked than the thermal predisruption current. Although
only a fraction of the thermal current is converted into runaway electrons, the central current density
increases significantly for typical parameters in JET and ITER. It is also shown that the radial runaway
profile can easily become filamented in the radial direction.
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roidal electric field is induced that produces runaway high-energy tail of the distribution function is improved
Tokamak discharges are frequently terminated by dis-
ruptions causing large mechanical and thermal loads on
the vessel. Of particular concern is the generation of
‘‘runaway’’ electrons, which are accelerated to relativistic
energies by the electric field induced during the thermal
quench of the disruption. These electrons can damage the
first wall on impact, and since the ease with which run-
aways are generated (in ‘‘avalanches,’’ discussed below)
increases exponentially with plasma current [1,2], this is
an issue of prime importance for a next-step device such
as ITER [3]. In this Letter, we present self-consistent
modeling of runaway generation and current evolution
during disruptions in large tokamaks, recognizing that
the current carried by the runaway electrons modifies the
electric field responsible for their own generation. The
evolution of the current and the electric field must there-
fore be calculated self-consistently, which to our knowl-
edge has not been accomplished before in kinetic runaway
avalanche calculations. The result is interesting and sur-
prising: it is found that the runaway current profile be-
comes very different from the predisruption current
profile. In the past, it has usually been assumed that the
current profile should not change much during a disrup-
tion in a tokamak like ITER, where avalanche runaway
generation is very efficient [2,4,5]. In contrast, we find
that the current density can increase substantially in the
center of the discharge in both present and future devices,
which could make the runaway beam more unstable and
the postdisruption plasma more difficult to control.

The initial phase of a tokamak disruption is character-
ized by large-scale plasma instability, which causes the
plasma to interact with the first wall. We do not consider
this early stage of the disruption, but instead confine our
attention to the thermal quench and subsequent evolution
of the plasma. It is at this stage, when the plasma has
regained axisymmetry, that most runaway electrons are
believed to be generated. In the thermal quench, the
plasma resistivity increases dramatically and a large to-
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electrons. There are two essentially different runaway
generation mechanisms: primary (Dreicer) and second-
ary (avalanche) generation. The former is caused by a
Fokker-Planck diffusion process in velocity space and
generates runaways at the rate [6]
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collision time [7,8], Ek the parallel electric field, and
ED � m2

ec3=e�Te the Dreicer field. Secondary runaway
production is caused by collisions at close range between
existing runaway electrons and thermal ones and in-
creases the density of the former at the rate [2]
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in a pure plasma, where Ec � mec=e� is the relativistic
cutoff field below which no runaway generation can occur
[8]. Since secondary generation causes exponential
growth of the runaway population, this mechanism is
frequently referred to as a runaway avalanche.

In the past, most of the theoretical effort devoted to
runaway electrons has focused on the production mecha-
nisms, e.g., on the derivation of the rates (1) and (2), but
relatively little analysis has been performed on their con-
sequences for integrated disruption modeling. A quanti-
tative understanding of runaway generation in disruptions
has largely been lacking. To address this issue, we have
developed a new computational tool, the ARENA code,
which solves the relativistic drift kinetic equation for
electrons in toroidal geometry and calculates the electric
field self-consistently. This code has recently been de-
scribed in detail elsewhere [9]; here we give an account
of the first systematic studies using ARENA. The code
solves the kinetic equation as an initial-value problem
through a Monte Carlo method, where the statistics of the
 2004 The American Physical Society 205004-1
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FIG. 1. ARENA simulation of the runaway dynamics in an
ITER disruption.
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by a weighting scheme that enhances the relative impor-
tance of the runaway region in velocity space. Crucially,
the entire cross section of the plasma is simulated since
this is necessary to calculate the evolution of the electric
field. This is governed by the induction equation r�r�
E � ��0@j=@t, which is solved by a finite element solver
coupled to the Monte Carlo code. The current j � jkB=B
consists of two distinct parts: a thermal current equal to
�kEk, with �k the neoclassical conductivity, and the run-
away current, which is obtained by integrating over the
high-energy tail of the distribution function. Delicate
problems of numerical stability arose in coupling the
two codes but were solved by adopting a semi-implicit
discretization of the problem, as detailed in Ref. [9]. As
also described there, the code has been benchmarked
extensively against previously published and novel ana-
lytical results, including Eqs. (1) and (2).

The thermal quench of a disruption and the subsequent
evolution of the plasma current are simulated in ARENA

by prescribing the evolution of the electron temperature
as Te�r; t� � T1�r� 	 
T0�r� � T1�r��e�t=t0 , where T1 �
T0. This causes the resistivity and the electric field to
rise on the time scale t0 (typically <1 ms) and leads to
runaway electron generation, first by the primary mecha-
nism and later by the secondary avalanche. Figure 1
shows an example of such a simulation, with parameters
expected in ITER [10]. The initial plasma current was
Ip � 15 MA, the density ne � 1:1� 1020 m�3 � �1�
0:99x2�0:1, the temperature evolved from T0 � 22 keV�
�1� 0:9x� to T1 � 5 eV, t0 � 0:5 ms, x � r=a is the nor-
malized radius and a � 2:5 m. In reality, this linear
temperature profile, which is taken from Ref. [10], will
probably be smoothed near the magnetic axis, but this
does not affect the results significantly away from the
axis. The rising runaway current limits the growth of the
electric field at t ’ 4 ms, which subsequently decays on a
time scale set by the avalanche growth time and the skin
time. At the end of the simulation, about two-thirds of the
predisruption current has been replaced by runaways,
mostly produced through avalanching. This is more than
is usually observed in present day tokamaks and is due to
the fact that the avalanche is much stronger in ITER.
However, the most interesting result of the simulation is
that the runaway current evolves to a profile that is more
peaked than the predisruption current. Although only
two-thirds of the initial current is converted to runaways,
the current density on axis increases. As we shall see, this
can be understood from the interplay between runaway
generation and radial diffusion of the electric field.

Qualitatively similar results are obtained with parame-
ters appropriate to JET. As already mentioned, avalanch-
ing is weaker than in ITER, but most runaways are still
produced by the secondary mechanism. If the final tem-
perature (which is not known experimentally) is chosen
appropriately, the edge loop voltage, the time scale of
runaway formation, and current conversion efficiency
are all in rough agreement with experiment. Again, the
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current density on axis increases, typically by a factor of
about 2. Interestingly, this may actually have been ob-
served on JET, although it was not recognized at the time.
In Ref. [5] the postdisruption runaway current profile was
measured and the safety factor on axis was reported to be
q0 ’ 0:6, suggesting a higher current density than before
the disruption.

It is possible to gain insight into the ARENA simulations
from a reduced description of the plasma obtained by as-
suming that all runaways move at the speed of light, so
that the current is jk�x; t� � �k�x; t�Ek�x; t� 	 nr�x; t�ec.
The runaway density nr increases according to the sum of
Eqs. (1) and (2), and the electric field is taken to evolve
according to the induction equation in cylindrical geome-
try, r2Ek � �0@jk=@t. Writing n � nr=nr0, where nr0 �
j0=ec and j0 is the predisruption current density on axis,
E � Ek=Ec�0�, and normalizing time to 3�2=�1=2�0 ln�,
with �0 � ��x � 0�, then gives the following system of
coupled differential equations,

@tn � F�E� 	 nE; (3)

@t��E	 n� � ��1r̂r2E; (4)

where we have assumed E 1 and written r̂r2�� � �� �
205004-2
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FIG. 2. Numerical solution of Eqs. (3) and (4) for JET pa-
rameters, Ip � 2 MA, ne � 5� 1019 m�3 � �1� 0:9x2�1=2,
T0 � 1:4 keV� �1� 0:9x2�2, T1 � 10 eV, t0 � 0:1 ms
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x�1@x
x@x�� � ���, ��x; t� � me�k=nr0e
2�0,
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with u2�x; t� � Te�x; t�=mec2 � 1, n̂n � ne�x�=ne�0�, and
IA � 4mec=�0e the Alfvén current. Equations (3) and
(4) govern the evolution of the normalized runaway cur-
rent density n�x; t� and electric field E�x; t�, if Te�x; t� and
hence ��x; t� are given. The boundary condition on the
electric field is E�1; t� � 0 if the plasma is surrounded
by a perfectly conducting wall at x � 1. If the wall is
instead at x � b > 1, with a vacuum region in the region
1< x< b, then the boundary condition at x � 1 is ob-
tained by matching to the vacuum solution E�x; t� �
ln�b=x�, giving E�1; t� 	 �lnb�@xE�1; t� � 0.

The parameter � is closely related to the usual estimate
for the number of exponentiations in the avalanche
Ip=IA ln� [2], which is a large number in ITER. In the
limit �! 1, the left-hand side of (4) must vanish.
Diffusion of the electric field is then negligible and the
current density cannot change: n	 �E is constant at each
radius. It is ‘‘infinitely easy’’ to generate secondary run-
aways in this limit, and the conversion of thermal current
into runaways is perfect. This is effectively the case
considered in previous works [2,4,5] on grounds that ��
O�102� or higher in ITER and JET.

However, if � is allowed to be finite, new and impor-
tant phenomena emerge since this allows current to dif-
fuse radially. Figure 2 shows an example where Eqs. (3)
and (4) were solved with parameters chosen to match a
recent JET disruption experiment. The results are very
similar to both the corresponding ARENA simulation (not
shown) and to experiment: the current conversion effi-
ciency is about a half, the time scale is a few ms, and the
current density increases on axis. According to Eq. (4)
radial diffusion of the electric field occurs when � � 1,
and this leads to two phenomena seen in both Figs. 1 and
2. First, because some electric field is lost to the boundary
and is not available to generate runaways, the current
conversion efficiency is lower than if �! 1. Second,
because of the exponential sensitivity of the function F to
the electron temperature, most runaways are initially
produced close to the magnetic axis. The electric field is
then reduced there so that its radial profile becomes
hollow and E�x; t� has a local minimum on axis, as seen
in the last panel of Fig. 1. This makes more electric field
diffuse into the center, leading to enhanced runaway
production there at the expense of less generation else-
where. This mechanism, which is much stronger than that
caused by toroidal effects [11], is what causes the peaking
of the runaway current in our simulations.

An analytical understanding of these processes can be
gained by noting that primary generation is very swift,
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see Fig. 2, and occurs on a shorter time scale than the
avalanche, which generates most of the runaways. After a
short time, t�, most subsequent runaway production will
occur by the secondary mechanism and F can be ne-
glected in Eq. (3). Eliminating E � @t lnn from Eq. (4)
and integrating with respect to time then gives

�@tN � j� � eN � ��1r̂r2�N� � N�;

where N�x; t� � lnn�x; t�, N��x� � lnn�x; t�� and j��x� �
��x; t��E�x; t�� 	 n�x; t�� is the total current at t � t�.
From this nonlinear partial differential equation for the
runaway density an ordinary differential equation for the
final state N�x;1� follows by setting @tN � 0,

eN � j� � ��1r̂r2�N� � N�: (5)

This equation allows the final runaway current profile to
be determined if the runaway ‘‘seed’’ from primary gen-
eration, N��x�, and the total current profile j��x� at t � t�
are known. Since the time t� occurs very early, j� is
approximately equal to the initial current profile.

Although Eq. (5) appears difficult to solve in gen-
eral, a number of important results can be deduced
directly from this equation. First, it can be shown that
the final current is always smaller than the initial cur-
rent, i.e., regardless of its radial profile the runaway
current can never exceed the predisruption current, as
always observed in experiments. Second, it follows
from Eq. (5) that fine-scale variations in the seed current
are ‘‘inherited’’ by the final current. Since the highest
205004-3
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derivative operates on N � N�, this difference cannot
vary suddenly. For instance, if N� jumps by an amount
y at the location x, so that N��x	��N��x���y, then N
jumps by the same amount, N�x	��N�x��� y, imply-
ing n�x	�=n�x��� ey. This may explain why the run-
away current profile usually appears to have such an
uneven radial structure in experiments [12] that x rays
are emitted in a series of sharp bursts when the runaway
beam eventually hits the wall. Primary generation is
exceedingly sensitive to the electron temperature, so if
one flux surface cools down more quickly than neighbor-
ing ones, e.g., as a result of thermal instability, then far
fewer primary runaways are generated on this surface
than on its neighbors. Although most runaways are
generated by the secondary mechanism, the relative defi-
cit of runaways remains throughout the duration of the
avalanche if the spatial variation is of sufficiently fine
scale, �x& ��1=2. Figure 3 shows a dramatic illustra-
tion of this effect. Here, Eqs. (3) and (4) are solved
with the same parameters as in Fig. 2, but the cooling
time t0 is taken to have a small, fine-scale radial variation,
t0 � 0:1 ms� 
1	 0:1 sin�40x��. This does not affect
the overall conversion efficiency from Ohmic current
to runaway current, but the latter acquires huge radial
variations.

A third consequence of Eq. (5) is that the final current
profile will tend to be peaked around x � 0 if this is true
for the seed profile N�. The latter can be calculated
approximately by assuming that (i) diffusion is negligible
on the fast time t�, so that j�x� � �E	 n is independent
of time for t < t�; (ii) the seed from primary generation is
small, eN� � 1; and (iii) the thermal quench is very fast,
so that the conductivity falls instantly from its predis-
ruption value to a small value �1�x�. These three assump-
tions are fairly well satisfied in JET, and imply that the
electric field just after the thermal quench is E1�x� �
j�x�=�1�x�  1. It follows from Eq. (3) that the electric
field E��x� at the time t� when secondary runaway gen-
eration overtakes primary generation is determined by
F�E�� � �j� �1E��E�, and satisfies E� ’ E1. Hence the
runaway seed profile becomes n� � eN� � F�E��=E� and

r̂r2N� ’ �r̂r2�ED=4Ek 	
�����������������
2ED=Ek

q
�;

with ED and Ek � Ec�0�E1 measured just after the
thermal quench. This result agrees very well with the
full numerical solution of Eqs. (3) and (4). Since
ED=Ek  1 and the temperature is normally more
peaked than the density in the center of the plasma,
�r̂r2ne�=ne & �r̂r2Te�=Te, this implies a peaked seed
profile �r̂r2N�  1. In fact, for typical parameters
�r̂r2N� is as large as �, so that Eq. (5) predicts strong
current peaking although � 1.

In summary, numerical simulation and analytical
modeling have allowed a quantitative understanding to
be gained of runaway electron production during toka-
mak disruptions. The results suggest that the current
205004-4
profile should change dramatically when Ohmic current
is converted to runaway electrons. The runaway cur-
rent profile is likely to become filamented in the radial
direction, and for typical JET and ITER parameters the
current channel is predicted to narrow considerably and
the axis current density to increase. This could make the
postdisruption plasma less stable, in particular, if the
central safety factor q0 falls far below unity.
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