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In this paper, we model the evolution of the plasma curreldviong the thermal quench
of a tokamak disruption, and calculate the post-disruptioment, which is entirely carried
by runaway electrons. The evolution of the current is gogdrby two processes, runaway
electron production and resistive diffusion of the torbielectric fieldE, ~ E. The electric
field determines the runaway generation rate, and the rynawaent produced modifies the
electric field through the induction equation. If the rungvedectrons move at the speed of
light, the current density becomgs = o) E; + nunec where o is the neoclassical parallel

conductivity. The equations for runaway generation andatdn are [1]
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where the normalised runaway density and electric fielthdrg) = ninec/ jjo andE(t,r) =
E/Eco, and whereE; = mec/ert is the critical electric fieldr = 4megméc®/nee*InA is the
relativistic electron-electron collision time and the satipt zero denotes an initial value on the
magnetic axis. Furthermore, = (271)3/2j“0a2/3IA InA is a large parameter in tokamaks with
large current|s ~ 17 kA is the Alfven currentg = 0 Eco/ j |0 IS the normalised conductivity,
and@ is a Heaviside step function. Minor radius and time are ntisad according t&x=r/a
andt’ =t/,/2/m31oIn A, respectively.

The runaway electrons are produced both by the primary {Bmemechanism and a sec-
ondary avalanche caused by short-range collisions. Tinegpyi generation rate is represented

in Eq. (1) by the function
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wherelu? = E/Ep andEp is the Dreicer field, and the second term on the right in Egis(the

secondary runaway generation rate. The latter is the darhindarge tokamaks, but primary

generation plays an important role in providing a “seedtf@ secondary avalanche.
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A simplified, zero-dimensional version of Egs. (1) and (2) ba solved approximately as-
suming an infinitely fast thermal quench. This gives the domd that substantial runaway

production will occur ifH > 0, where

Ep1 2Ep; meC2
H=a- - / +2In , 4)

and index 1 signifies the value immediately after the thegquahch.
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Figure 1. A comparison between JET and ITER. a) On axis rupgraduction rates. b) Total

currents. ¢) Initial and final current density profiles.

Equations (1) — (2) have been solved numerically with patarsechosen to match a JET
discharge (No. 63133)p = 1.9 MA, Ty = (1—0.9x%)2-3.1 keV, Tina = (1—0.9x%)-10eV,
Ne(xt) = (1—0.9x%)%/3.2.8-10 m~3, a= 1 m. The same equations have also been solved
with the ITER parameterg = 15 MA, To = 22.7 keV, ng = 11- 10 m—3, a= 2 m and with
radial profiles according to Ref. [2]. In both cases, the terajure was taken in the simulations
to fall exponentially with time a3. = (Tinitia — Tfinal) €XP(—t /t0) + Tiina With to = 0.5 ms.

Figure 1 shows that in JET about 2/3 of the plasma currentrnserted into runaways, in
approximate agreement with experimental observationgewie simulations with ITER pa-
rameters show a somewhat larger conversion ratio. Thetglearsil the initial temperature are
higher in ITER, so it takes a longer time to reach sufficietly temperatures to initiate the
primary generation, which is seen in Fig. 1. Furthermorgnary runaway generation is more
significant in JET than in ITER, where secondary generatiomidates because of the high

current.
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Simulations with different initial currents
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Simulations with different final temperature
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Figure 2: Results from simulations with different initialircentslg (left) and different final
temperature%n, (right). a) The resulting final current density profile. Thé figure also shows

an example of a solution to Eq. (5). b) The evolution of theeuir.

To see how different plasma parameters affect the evolatidhe current, several simula
tions have been performed where one parameter is variedlasttier parameters are kept the
same as for the reference JET discharge above. Figure hpasmulations with different pre-
disruption currentdg and post-disruption temperaturég. Together with simulations with
different background electron density, these resultddivhe parameter space into three main
areas, one with no runaway productidg € 0.5 MA, Tina = 200 eV, n. > 102° m—3), a sec-
ond, middle region with high on-axis runaway current pegkamd predominantly secondary
generation, and a third where primary generation is effea@nough to reproduce the initial
current profile [p 25 MA, Tina <10 eV, ne < 10'° m—3). For realistic thermal quench times
(to < 0.5 ms) it is found that the final current is insensitivetgo Thus the approximation of
infinitely fast thermal quench used in deriving Eq. (4) slidag acceptable.

The simulations show that when most runaways are producédebyecondary mechanism,
the runaway current profile becomes more peaked than thdigmgption current. In fact, the
current density often increases on the magnetic axis altinthe total current decreases. This
current peaking is due to electric field diffusion into thetre of the plasma, occuring on a time
scale comparable to the runaway avalanche growth time.ditiad, electric field diffusion can
cause the runaway current to become radially filamente ifuhaway seed profile has a small

ripple. The seed ripple can for instance be caused by snudlingariations in the quench time,
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the effect of which can be seen in Fig. 3. A theoretical exglimm for these effects of electric
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Figure 3: The final current profile becomes filamented wherttieamal quench tim& has a
small ripple,to = 0.5msx [1+ 0.02 sin40rx)].

field diffusion can be obtained if one starts by noting thattime scales of primary generation
and field diffusion are usually well separated. At some tipradter the thermal quench, primary
generation can be neglected, and the two model equatiortsecammbined to a single equation

for the logarithm of the final runaway current profie= Inn,
a t0?2(N=N,) +jo—eN =0, (5)

where0? = 1/x d/dx xd/dx. The seed profile, = e is, for disruptions that are fast compared
to the diffusion time scale, approximately given by the miag density at the time of equal pri
mary and secondary generation rates. An example of a seliatiBg. (5) is shown in Fig. 2 for
the 1 MA case. It can easily be shown from Eg. (5) that the finalent is always smaller than
the initial current. Furthermore, since the highest déinreeoperates oN — N, this difference
cannot vary rapidly with radius. This implies that fine-gcahriations in the seed profile are
inherited by the final current profile, as seen in Fig. 3. Rtali, this happens because the in-
duced electric field becomes high where runaway currentisdod vice versa. Hence the field
diffuses towards areas with effective runaway generastngngthening the generation there
even more. This process also takes place on longer lenddssedere it is responsible for the
on-axis current peaking seen in simulations. In other wgpdsnary runaway generation oc-
curing shortly after the thermal quench defines the shapeeahitial post-disruption “current
channel”, which is later filled with current carried by sedary runaways. The final runaway
current profile depends on the extent to which the electrid fias time to diffuse on the time

scale of runaway avalanche growth.
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