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Novel observations of the burst-like runaway electron losses in tokamak disruptions are reported.
The runaway bursts are temporally resolved and first-time measurements of the corresponding
runaway energy spectra are presented. A characteristic shape and burst to burst changes of the
spectra are found. The runaway energy content of the disruptions and the conversion of the
predisruptive magnetic energy are estimated. The radial decay of the runaways can be
approximated by an exponential distribution. Deriving from the measurements, resistive tearing
modes or kink modes are suggested to trigger the formation of the bursts. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4755787]

I. INTRODUCTION

The free fall acceleration of electrons into the relativistic
regime is known in various kinds of plasmas including astro-
physical ones, thunderbolts and fusion plasmas as electron
runaway. For future fusion reactors, especially reactor sized
tokamaks, runaway electrons (RE)' are an issue of great im-
portance. The tokamak disruption instability** can include
the conversion of a substantial part of the plasma current into
a RE current. When the high energetic RE are lost, they can
strike the plasma facing components at localized spots. Due
to their high energies up to a few tens of MeV, the RE can
easily propagate through several cm of low atomic number
material and even melt high atomic number material on the
surface.* For ITER,” an inherent susceptibility for efficient
plasma current conversion into a RE current of up to 70% is
expected. A RE content of 50 MJ in ITER disruptions as well
as resulting peak energy depositions enough to melt or ablate
the ITER wall materials are predicted.® Consequently, RE
carry the potential to reduce the lifetimes of wall compo-
nents and even destroy sensitive, i.e. actively cooled parts.’

The research for an effective suppression of the RE gen-
eration®'? is hampered by the lack of a complete under-
standing of the RE evolution during disruptions. X-ray
measurements' > indicate the loss of RE in disruptions in
form of pulses shorter than a ms. In this letter, we present
novel results of a scintillation detector measurement at the
plasma edge of the tokamak TEXTOR (major radius
R =1.75m, minor radius @ =0.46 m). There is only limited
spectral information about RE in disruptions in the literature.
It stems for example from synchrotron radiation measure-
ments'? of RE with energies larger than 25 MeV, from the
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detection of neutrons'>'® produced in photonuclear reactions

after the deceleration of electrons with energies larger than
10 MeV and from previous probe measurements.'” This let-
ter reports on temporally and spectrally resolved observa-
tions of the RE bursts and a discussion of the physical loss
mechanism responsible for the bursts. The experimental data
enable an estimation of the RE energy content of the disrup-
tion and hence a discussion of the conversion efficiency of
predisruptive, magnetic plasma energy into RE energy. From
the measured RE spectra, a conclusion about the radial decay
distribution of the RE can be drawn by a comparison with
former probe studies.'®

Il. EXPERIMENTAL SCENARIO

The disruptions in ohmic discharges with B, =2.4T,
I, =350 kA, and n, = 1.5- 10" m—* were induced by the
injection of about 0.05 bar 1 of argon which corresponds to
about 10°! atoms. The valve was triggered 2's after the start
of the discharge.'' This procedure guarantees the reliable
generation of RE at TEXTOR. A fast movable mechanism
inserted the scintillating probe described in Ref. 19 along the
minor radius into the low field side (LFS) of the machine on
an ms timescale. The probe was used to measure the RE
directly at the plasma edge. The inner parts of the probe are
shielded against particles and light from the plasma by a
5mm thick graphite housing. Only RE with energies larger
than 4 MeV can propagate through the housing and deposit
their energy in the nine scintillating crystals. The produced
light is guided by optical fibres to a set of photomultipliers.
The setup has a RC loading time of about 30 us determining
the temporal resolution. The crystals are shielded by differ-
ent thicknesses of stainless steel against the electrons and
hence detect different energy ranges giving the probe a

© 2012 American Institute of Physics
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spectral resolution as well. The probe was absolutely cali-
brated using well defined monoenergetic electron beams
provided by the electron accelerator ELBE at Forschungs-
zentrum Dresden Rossendorf. Comparison of the experimen-
tally observed energy deposition of the electrons with
Geant4 simulations* shows an agreement within 50%. This
determines the accuracy of the spectral resolution. The con-
tribution of Bremsstrahlung and neutrons to the probe signal
were found to be negligible during TEXTOR shots. In the
presented experimental campaign, the probe was inserted
300 ms before the gas injection and it remained at the posi-
tion until about 250 ms after the injection. The radial position
of measurement was scanned from 48.5 to 47 cm from shot
to shot in 5 mm steps. Before the disruption, the last closed
magnetic flux surface is determined by the toroidal belt lim-
iter at the minor radius of 46.3 cm. The exact position of the
RE beam is not monitored but the vertical field coils of
TEXTOR are used to deflect the beam via feed forward con-
trol to the LFS where the probe is inserted.

lll. MEASUREMENTS OF THE RUNAWAY ELECTRON
BURSTS

Fig. 1 displays temporal signals of a typical disruption
of the campaign. The disruption starts with the negative
spike in the loop voltage at 2.0044 s, seen in Fig. 1(a), fol-
lowed by a drop of the electron temperature 7, (thermal
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FIG. 1. For a typical disruption the temporal evolution of (a) the loop volt-
age, (b) the ECE, (c) the plasma current with 3 arrows indicating RE pla-
teaus, (d) the probe signal showing RE with energies >4 MeV, (e) the signal
of a Mirnov coil on the LFS and (f) soft X-rays detected along a central line
of sight are presented.
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quench) seen in the electron cyclotron emission (ECE) in
Fig. 1(b). The measured frequencies of 133 to 148 GHz cor-
respond to a resonance at a major radius of 1.59 m. The sig-
nal does not go to zero, rather it drops to about 30% as the
ECE does not provide an absolute measurement of 7, under
the given conditions. It gives a measurement of the radiation
temperature which is enough to monitor the generation of
RE with energies below 3 MeV.'! The acceleration of elec-
trons into the runaway regime is induced by the steep rise of
the loop voltage to almost 40 V. The ECE shows a gradual
increase, due to suprathermal synchrotron radiation, although
the plasma is cold. After the thermal quench, the plasma cur-
rent starts to decay exponentially (current quench). This is
retarded by the practically collisionless RE which form one
or more current plateaus. In Fig. 1(c), the successive forma-
tion of 3 RE plateaus is indicated by the arrows. When a pla-
teau starts to decay, the RE are expelled from the plasma and
seen by the probe at r=47.5cm as the bursts shown in
Fig. 1(d). Simultaneously, the Mirnov coil signal in Fig. 1(e)
shows a spiked magnetic activity with a temporal resolution
of about 5 us. During the second plateau the ECE shows a
peak, which indicates the generation of RE, which are then
also detected by the probe. During the third plateau, the
probe does not measure any RE losses and the ECE is at the
level of noise. In contrast, the soft x-rays detected by view-
ing along a central line of sight and shown in Fig. 1(f) indi-
cate an interaction of RE with the background plasma.
Hence, it is not clear if this current is purely thermal or also
carried by RE. Fig. 2(a) shows the temporal evolution of the
RE probe signal in different spectral ranges for the shaded
region in Fig. 1. Integrating the 3 peaks of Fig. 2(a), respec-
tively, and using the calibration of the probe leads to the
absolute energy spectra of the measured RE as seen in
Fig. 2(b). The spectrum of the first peak is exponentially
decaying towards higher energies except for a small devia-
tion from this behaviour around 15 MeV. Moreover, the
spectra show changes. From burst 1 to 2, the fraction of RE
with energies around 6 MeV decreases and from burst 2 to 3,
the fraction around 15 MeV increases to a considerable
enhancement. The spectra and their burst to burst changes
presented in Fig. 2(b) are similarly observed throughout the
campaign. All the RE spectra which were measured at the
minor radius of 47.5 cm are shown in a histogram in Fig. 3.
It can be seen that the shape of the spectrum, especially the
enhancement around 15 MeV, is reproduced during the 7 dis-
ruptions. About 93% of the 46 RE spectra measured during
17 disruptions at 4 different radial positions show a deviation
from an exponential decay around 15 MeV. Consequently,
this shape must be seen as a general characteristic of the
spectra of the RE in TEXTOR disruptions. The spectra in
Fig. 2(b) contain only the number of RE detected by the
probe crystals. From the RE current, the total number of RE
in the disruption and hence a scaling factor for the burst
spectra to contain all the RE is calculated. The application of
this scaling factor is justified because the measurements have
shown that the spectra are independent of the radial probe
position. Thus, if RE bursts strike the probe partly, the unde-
tected parts are assumed to have the same spectra as the
detected ones. The spectra of the bursts which completely
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FIG. 2. RE probe measurement at 47.5 cm radius during the same disruption
as in Fig. 1.

miss the probe should not differ too much in the contained
total energy as the burst to burst changes in the measured
spectra indicate. The scaling procedure leads to Fig. 2(c).
The energy content in kJ is shown for each of the 3 bursts.
Most of the RE energy is contained in the range of particles
with 4 to 8 MeV although the energy drops from burst to
burst. An increase is seen in the RE energy in the spectral
range between 14 and 16 MeV. A substantial part of the
energy is carried by these electrons. The RE fraction with
energies above 22 MeV contains a few kJ. The total RE
energy is about 34 kJ. Fig. 4 shows the poloidal magnetic

Phys. Plasmas 19, 092513 (2012)

radial probe position r=47.5cm
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FIG. 3. Histogram of the RE energy spectra measured by the scintillator
probe at 47.5 cm minor radius during 7 disruptions.

activity, seen in Fig. 1(e), in more detail. The oscillations
grow on a timescale of 7, = 40 us. The spikes 1 to 3 corre-
spond to the RE bursts 1 to 3 in Fig. 2(a).

In order to give a complete overview of the RE evolu-
tion in the disruptions analyzed in this letter, data from
another discharge is used to show that a continuous onset of
RE losses during the decay of the plasma current preceding
the formation of the bursts as well as RE losses during the
thermal quench can also occur. Fig. 5 shows a temporal
comparison of the probe signal of RE with energies above
4 MeV (b) and the plasma current (a). From about t =2.01 to
2.03's, the current plateau decreases slowly and continuous
electron losses build up. Then a physical mechanism triggers
much higher losses leading to a stronger decrease of the RE
plateau and the bursts seen in the probe signal. The bursts
stop before all the current has decayed. This can be either
due to the conversion of RE current back to thermal current
or the remaining current is carried by RE below the probe’s
detection threshold of 4 MeV. An arrow in Fig. 5(b) indi-
cates a probe signal during the thermal quench. This is
shown enlarged in Fig. 5(c). The signal shows RE losses

TEXTOR shot 113406
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FIG. 4. Poloidal magnetic oscillations measured by a Mirnov coil on the
LFS and corresponding to the 3 RE bursts in Fig. 2(a).
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FIG. 5. Temporal evolution of (a) the plasma current, (b) the probe signal
for RE with energies >4 MeV and (c) enlarged, the probe signal during the
thermal quench of a disruption; the arrow in (b) marks the RE losses during
the thermal quench.

which are about 150 times smaller than the bursts during the
current quench. These RE could stem from a population,
which was produced prior to the disruption, e.g. during the
start up of the discharge. The RE are accelerated to energies
of up to 30 MeV at TEXTOR but the perturbation of the
magnetic topology during the thermal quench affects the
transport of the RE with energies between 4 and 6 MeV
much more than that of the RE with higher energies.> This
would explain the small signal which is only seen by the first
probe channel. Another possible explanation is the genera-
tion of these RE at the onset of the disruption, triggered by
the large electric field, via the Dreicer mechanism.

IV. PHYSICAL DISCUSSION OF THE RESULTS

Just 3 disruptions out of the 17 in the campaign show
probe signals which indicate RE losses during the thermal
quench. These losses are smaller than the bursts by factors of
12 to 150. The number of RE bursts during the current
quench ranges from a few distinct bursts like in Fig. 1 to
numerous bursts on a continuous pedestal like in Fig. 5. The
widths of the bursts are in the range tpwyy = 0.07 to
0.17ms. The delays between the bursts are t; = 0.12 to
9.3ms. The period of RE losses during the current quench
spans a range of 1;,;; = 2 to 14 ms. The first RE burst is seen
17 to 25 ms after the negative voltage spike. The height of the
probe signal shows large variations from shot to shot because
the RE beam does not always strike the probe fully or even
misses it. This indicates a RE beam radius smaller than the

Phys. Plasmas 19, 092513 (2012)

predisruptive plasma column which is in agreement with the
increase of the internal inductance in RE plateau plasmas.”®
The typical delay between the RE bursts is 1 ms. A simple
estimation of the acceleration of the electrons is done assum-
ing the electrons to travel at the speed of light. The loop volt-
age is set to 40 V. Accordingly, the RE can gain less than 1
MeV from the electric field between the bursts. The burst to
burst differences in the spectra cannot be explained by the
acceleration of the electrons. The calculated total RE energy
ranges from 29 to 46kJ which agrees very well with the
measurements in Ref. 21. The predisruptive, magnetic
energy is calculated as E,., = %II%L,, with the inductivity
L, = uoyR[In(8R/a) — 2 + ¢;/2]. Using the typical internal in-
ductance ¢; = 1.2 of TEXTOR prior to disruptions, the con-
version of magnetic into RE energy is calculated to be
between 11 and 17%. Assuming an exponential energy spec-
trum, one obtains an e-folding energy of around 9 MeV. The
RE heat load probe experiment in Ref. 18 delivered an expo-
nential radial decay of the RE beam for e-folding energies of
3.7 to 9.1 MeV and a linear radial decay for e-folding ener-
gies of 3.2 to 6.25 MeV. Comparing the results of the two
experiments, provides a strong evidence for an exponential
radial distribution of the RE. Evaluating the temporal proper-
ties of the RE bursts and the magnetic oscillations, allows a
discussion of the physical mechanism which triggers the RE
losses. Principally, the magnetic activity, which is measured
simultaneously to the RE bursts, can be caused by two kinds
of instabilities. Ideal kink instabilities of the RE beam would
grow on an Alfvén timescale with 4 = R/(B,/(uonimi)"?)
~ 1 us. This is much faster than the observed half widths of
the RE bursts or the growth times 7, of the magnetic oscilla-
tions. The second possibility, which is theoretically suggested
in Ref. 22, is the presence of resistive tearing modes in the
background plasma. Due to the suprathermal nature of the
radiation, no temperature measurements are available during
the postdisruptive phase. As the main material of TEXTOR
is graphite, which radiates strongly during the disruption,
one can reasonably assume T, ~ 10 eV during the current
quench. Thus, the resistive diffusion time reads
Tr = U@’ /n ~ 2 ms. This matches well the rearrangement of
the current profile during the delay 7, between the bursts.
The growth time of the tearing modes 7' ~ 1133/ Sri/ 0
100 us is close to 7,4 and the half widths of the RE bursts. In
a study?® of the RE transport due to resonant magnetic pertur-
bations in stationary TEXTOR discharges, similar RE spectra
are measured. The presence of magnetic islands inside the
plasma is shown by simulations. Their influence on the trans-
port is found to cause the RE spectra with the bump around
15 MeV. Because of the lack of a T,-profile measurement
during the current quench, the formation of tearing modes
cannot be proven. Thus, tearing and kink modes are the can-
didates which might trigger the RE bursts.

V. SUMMARY

In summary, we presented the first temporally and spec-
trally resolved analysis of RE bursts in tokamak disruptions.
The bursts have temporal widths of 0.07 to 0.17 ms and they
follow each other with delays of 0.12 to 9.3 ms. The energy
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spectra in the bursts are approximately exponentially decay-
ing except for an enhancement at around 15 MeV. The spec-
tra show changes from burst to burst. The radial distribution
of the RE is concluded to be exponential. The total RE
energy in the disruptions is estimated to be between 29 and
46kJ leading to a magnetic energy conversion of 11% to
17%. The RE energy is studied in more detail using a calo-
rimeter probe designed for the RE.*!
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