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The evolution of the plasma current during tokamak disruptions
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Abstract

In a tokamak disruption, the Ohmic plasma current is padfplaced by a current carried by
runaway electrons. This process is analysed by combiniagtjuations for runaway elec-
tron generation with Maxwell’s equations for the evolutiminthe electric field. This allows
a quantitative understanding to be gained of runaway ptamlut present experiments, and
extrapolation to be made to ITER. The runaway current tylyitecomes more peaked on the
magnetic axis than the pre-disruption current. In fact,déetral current density can rise al-
though the total current falls, which may have implicatiéorspost-disruption plasma stability.
Furthermore, it is found that the runaway current easilyobses radially filamented due to the

high sensitivity of the runaway generation efficiency tospha parameters.

I ntroduction

One of the main concerns for a next-step tokamak is the cecoer of disruptions wherein
massive amounts of runaway electrons are generated. T¢toifraf the plasma current that
is converted to runaways is about a half in JET and is thounletlarger in ITER due to
the high efficiency of runaway “avalanching” when the plassugent is large [1]. Although
runaway electrons have been observed for several decaebgsaniments and much theoretical
effort has been devoted to clarifying the physics of how taeyaccelerated, the problem of
actually calculating the runaway current and its profile itokamak disruption has received
relatively little attention. This is the aim of the preserdri, where we model the evolution of
the toroidal electric field and plasma current (Ohmic + ruaywollowing the thermal quench
of a tokamak disruption [2]. This is done by calculating theaway current profilg, (r,t)

self-consistently with the toroidal electric fieltlobtained from the induction equation
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Here, the neoclassical electrical conductiaty,t) is a prescribed function of radius and time
and is taken to fall dramatically in the thermal quench ofdiseuption. The runaway current is
calculated by Monte Carlo simulation using the®NA code [3], which solves the relativistic
electron kinetic equation in toroidal geometry and coutilesolution to Eq. (1). Alternatively,
the runaway current can be obtained more approximately fiynaimg that all runaways travel

at the speed of lightj, = —n,eq and the runaway density increases as the sum of primary

(Dreicer) and secondary (avalanche) generation,
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wheret = 4regméc®/nee*In A is the relativistic electron collision timd&p = mgc®/etTe the

Dreicer field, ande; = mec/et is the relativistic cut-off field below which no runaway gen-
eration can occur. Primary runaway generation occurs Isecalivelocity-space diffusion of
electrons into the runaway region, while the secondary @@sm is the result of collisions at

close range between existing runaways and thermal electron

Numerical results

Figure 1 shows output from a typicalRENA simulation of an ITER disruption, where the
temperature was taken to fall from an initially peaked pedfy = 22 keV- (1 — 0.9x), where

X =r/ais the normalized radius aral= 2.5 m, to a flat post-disruption temperature= 5
eV, according tdle(x,t) = Ty + [To(X) — Ty]e /. The initial plasma current wdg = 15 MA,
the densityne = 1.1- 10?79 m=23- (1 — 0.99x%)%*, and the cooling timé = 0.5 ms. The rising
runaway current limits the growth of the electric fieldt at 4 ms, which subsequently decays
on atime scale set by the avalanche growth time and the sk #t the end of the simulation,
about two thirds of the pre-disruption current has beeracga by runaway electrons, mostly
produced through avalanching. Note that the runaway cueseives to a profile that is much
more peaked than the pre-disruption current. This can berstwbd as a result of the interplay
between runaway generation and radial diffusion of thetetefield. Because of the peaked
temperature profile, runaway generation is most efficietnhécentre of the plasma and the
rising runaway current therefore limits the electric fiedthtively early near the magnetic axis.
This leads to a hollowing of the electric field profile, whichuses additional electric field to

diffuse into the centre and even more generation to occtnigrrégion. In the low-temperature
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plasma after the thermal quench, the resistive diffusime tscale is comparable to the growth
time of the runaway avalanche, so that the electric fieldudds radially at the same time as it

generates runaways.
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Figure 1. ARENA simulation of the runaway dynamics in an ITER disruption.

Figure 2 shows the result of solving Eqgs (1) and (2) for patanseappropriate to a typical
JET disruption. About half the pre-disruption current isveerted to runaways, whose radial
profile is again peaked on the magnetic axis. The generafioimnaway electrons occurs in
two stages, with a quick burst of Dreicer generation actsi@ aeed for a slower subsequent
avalanche of secondary runaways. Most runaways are pradhycdis secondary mechanism.
The results are very similar to both the correspondimEgRA simulation (not shown) and to
experiment: the current conversion efficiency is about § k@ time scale is a few ms, and
the current density increases on axis.

Primary runaway production, which is described by the featton the right-hand side of
Eqg. (2), is very sensitive to plasma paramaters. Any slighition in the electron temperature
or density between neighbouring flux surfaces thereforsesathe seed runaway population

to vary rapidly with radius. This variation is amplified byetlavalanche and reflected in the
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final current profile, as illustrated in Fig. 3. Here, the sgraeameters were used as in Fig.
2, except that the cooling time was taken to vary sinusoidatl 10% across the plasmig,=
0.1ms [1+4 0.1sin40mx)]. Such variation could result from a thermal instabilitytie tooling
plasma. This does not affect the overall conversion effayidrom Ohmic current to runaway
current, but the latter acquires huge radial variationss Tay explain why X-rays emitted by

runaway electrons hitting the first wall are usually emitted series of sharp bursts.
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Figure 2:Numerical solution of Egs. (1) and Figure 3: Same as Fig. 2 but with the cool-
(2) for JET parameters:g=2 MA, ne=5- ing time p varying sinusoidally with radius
1019m=3.(1-0.9x)2 Ty=1.4keV-(1— by 10%.

0.9x%)%, T =10eV, x=r/(1 m),p=0.1ms.

A more detailed account of these results can be found in Rgfwhere their main features
are also explained analytically.
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