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Abstract

Runaway electrons have been detected in the Tore Supra tokamak in
low line-averaged density discharges (7. < 10'® m™3) during the current
ramp down in non-disruptive tokamak scenarios. Such well-diagnosed
discharges with non-transient plasma parameters are suitable for studying
the runaway electron formation processes.

First principle modelling of the runaway electron formation in Ohmic
discharges performed in the Tore Supra tokamak is carried out with the 3-
D linearized bounce-averaged relativistic Fokker-Planck solver LUKE, us-
ing plasma parameters such as parallel electric field and the toroidal MHD
equilibrium calculated with the fast integrated modelling tool, METIS.
The METIS/LUKE simulations yield the evolution of the electron dis-
tribution function and runaway electron population. Details of the fast
electron distribution function are presented, as well as quantitative com-
parison with non-thermal bremsstrahlung emission profiles.

1 Introduction

Runaway electrons can form in tokamak plasmas when the toroidal electric field
FE exceeds some critical value
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where n. is the electron density, my is the electron rest mass, c is the speed of
light, e is the elementary charge and In A is the Coulomb logarithm [1].



Runaway electrons may cause serious damage to plasma facing components
in ITER [2]. They may appear during plasma disruptions, current ramp-up or
ramp-down and even in the current flattop in quiescent low density plasmas as
observed in several tokamaks [3, 4, 5].

Processes of runaway electron formation, including runaway avalanches as a
result of knock-on collisions between relativistic and thermal electrons, are im-
plemented in the code LUKE, a solver of the 3-D (one spatial and two momen-
tum dimensions) linearized bounce-averaged relativistic electron Fokker-Planck
equation in toroidal geometry [6, 7]. The primary runaway electron formation
is in good agreement between the LUKE code and the Fokker-Planck solver
CQL3D [8], including the effect of magnetic trapping in a non-uniform magnetic
field [6]. Other numerical tools for studying runaway electrons include CODE
[9], which is a 2-D momentum space code, but has no spatial dependency so
that any effect due to radial profile or non-uniformity of the magnetic field is
neglected. The Monte Carlo code ARENA [10] has been used to study formation
of runaway electrons. LUKE, being a finite difference code, has a fundamentally
different approach to solving the time evolution of the bounce-averaged distri-
bution function. The advantage of Monte Carlo codes for runaway electron
studies is the ability to follow particles in the presence of complex or stochastic
magnetic fields, a domain that is not entered in this work.

The runaway electron formation mechanisms implemented in the LUKE code
are benchmarked with analytical expressions in a recent publication [7]. In this
work we aim to validate the runaway formation model against experimental ob-
servations. With the current status of the tools, we are restricted to scenarios
with small runaway electron population, such that the effect of the runaway
electron distribution on the electric field is negligible. Quiescent scenarios with
non-transient equilibria are therefore most suitable for the validation of the
model in its current state. Interpretative kinetic modelling of the runaway for-
mation in the current flattop of scenarios in the Tore Supra (TS) tokamak is
performed. Plasma parameters such as parallel electric field and plasma equi-
librium are prescribed by the fast integrated modelling code METIS (Minute
Embedded Tokamak Integrated Simulator) [11]. Even though runaway electron
experiments on the TS tokamak are often dedicated to disruption studies [12],
a limited number of well-diagnosed non-disruptive scenarios with runaway elec-
trons are available in the database. Two consecutive low density non-disruptive
TS discharges are identified. Runaway electrons are detected in the T'S tokamak
in low line-averaged density discharges (. < 10'? m~3) in the current ramp-
down by hard X-ray (HXR), photo-neutron and electron cyclotron emission
(ECE) measurements [7]. Such signatures are found in discharge #40719, where
the line-averaged electron density in the current flattop is fi, = 0.64 - 10'9m =3,
corresponding to E/E. ~ 8, or E/Ep =~ 0.06, where Ep = E.mqc?/T, is the
Dreicer field. However, in a similar discharge (#40721), with a two times higher
density, no runaway electrons are observed even though the electric field exceeds
also the critical electric field (E/E, = 4, or E/Ep =~ 0.02).

In addition to these discharges being suitable for validation of the LUKE
code, it is interesting to relate the results to recent studies of the effective crit-



ical electric field, which is found to be several times larger than the critical
electric field predicted by collisional theory (Eq. 1) [1]. The two TS discharges
studied in Ref. [7] are found to match the experimental threshold electric field
(E =~ (3 — 5)E,) observed across several tokamaks [4, 5|. The elevated thresh-
old electric field could be explained by the effect of electron temperature, that
comes into play when starting from a Maxwellian electron distribution function.
The primary runaway electron mechanism may be too weak for relevant bulk
electron temperatures [7]. In addition synchrotron radiation may damp the
runaway electron growth rate [13]. The HXR detectors have finite sensitivity
to runaway electrons, and therefore minimum levels of detectable runaway elec-
tron populations [4]. Consequently the absence of runaway electron signatures
on the detectors does not necessarily guarantee that no runaway or suprathermal
electrons are effectively formed. The kinetic modelling of the electron distribu-
tion function allows for investigation of the runaway electron dynamics beyond
experimental limitations, which may contribute to understanding of runaway
electron formation processes.

The modelling chain is described in Sec. 2, along with the results of the T'S
discharges (#40719 and #40721) in near critical field. In Sec. 3 the simulations
are validated by comparison with experiments, in particular with fast electron
bremsstrahlung profiles from the HXR tomographic system by reconstruction
of the HXR signal from the electron distribution function with the tool R5-X2
[14].

2 Modelling of non-disruptive tokamak discharges

In order to understand the different outcome of the two non-disruptive TS sce-
narios, the formation of runaway electrons from the combined effect of Dreicer
acceleration and knock-on collisions is studied with the LUKE code [7]. The
global discharge evolution, MHD equilibrium and kinetic profiles for each plasma
scenario are obtained from the fast integrated tokamak simulator METIS, which
solves the current diffusion equation assuming an approximate equilibrium evo-
lution [11]. The METIS code provides interpretative simulations of Tore Supra
discharges yielding particle and impurity densities, ion and electron tempera-
ture profiles, bootstrap current and plasma momentum. The electric field radial
profile parallel to the magnetic field lines E)(r,t), used for simulation of induc-
tive discharges is also calculated with METIS. Temperature and density profiles
are prescribed in METIS by fitting the combined results of a set of diagnostics
including Thomson scattering, ECE, reflectometry and interferometry, weighted
with Bayesian analysis [15].

Given the METIS toroidal MHD equilibria, the effect on the electron dis-
tribution function is calculated with the LUKE code [7]. Its time evolution is
considered and the external runaway electron population n,. (with kinetic en-
ergy Ej, > 1 MeV) at the end of each time slice (index ¢ — 1) is used as input
for the following time step (¢):



Nreinit,t = Nre,end,t—1 (2)

which is equivalent to assuming that the runaway electrons remain confined
throughout the entire discharge at the flux surface coordinate where they were
formed. The ’init’ index denotes that the value or function is used as initial
value in the time slice. Given this criteria, the time slice has to be small for the
equilibrium to remain rather constant within the time slice.

The momentum grid of the LUKE code is normalized to the local thermal
momentum. As a consequence the grid needs to be normalized according to the
temperature changes and input from previous time steps are interpolated onto
the new momentum grid. In the first time step the initial distribution function
is taken to be Maxwellian (fas). Given the initial distribution function the effect
on the distribution function during the time dt,, is calculated with the LUKE
code. The internal runaway electron population, i.e the electrons with E < 1
MeV but above the force balance boundary, is transferred between time steps
by interpolating the electron distribution function onto the new momentum
grid. The calculated distribution function is used as initial distribution function
in the consecutive time step, with local temperature and density (n, = n. —
nre) updated through addition/subtraction of a Maxwellian function and by a
normalization onto the momentum grid, itself normalized to the new thermal
momentum. Thus, the evolution of the distribution function becomes

finit,O = fM (n607 TeO)7 (3)
finite = fendt—1+ (e — Mo p—1) fr (et Te ). (4)

2.1 Runaway discharge #40719

Line-averaged electron density, plasma current and parallel electric field strength
in discharge #40719 are presented in Fig. la. The central electric field evolution
as calculated by METIS normalized to E. is shown in Fig. 1b.

For #40719 the METIS/LUKE simulations show that runaway electrons are
progressively formed during the current flattop (Fig. 2a), concentrated near
the magnetic axis. Even though the density is lower off-axis than in the core
and the E-field profile is rather flat, F/Ep decreases with the radius due to
the low temperature at the plasma edge. This could explain the slower Dreicer
generation off the magnetic axis. Also, the increase of magnetic trapping effects
contributes to a reduced runaway growth rate off-axis as the overall effect of
the electric field on trapped electrons cancels out over one bounce period [7].
The reduction of the runaway electron growth rate has recently been quantified
through bounce-averaged calculations in Ref. [7].

Figure 2b shows the calculated current density profile as carried by runaway
electrons with kinetic energy Ej > 1 MeV, when assuming that they move at the
speed of light. The current density carried by runaway electrons is very centrally
concentrated as compared to the bulk current. The METIS/LUKE calculated
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Figure 1: Line-averaged electron density, plasma current and parallel electric
field strength in discharge #40719 (a).

The central electric field evolution as

calculated by METIS in discharge #40719 (b).

Ohmic plasma current during the current flattop is 0.54 MA, compared to the
experimental plasma current of 0.55 MA. METIS provides a 0-D effective charge
value based on bremsstrahlung, temperature and density measurements and
thus a flat profile is used as input for LUKE. To match the plasma currents, the
effective charge has been reduced from the one used in METIS, Z.;; = 3.9 to
Zery = 2.9. Simulations are performed only until around 14.5 s, as the density
and temperature profile measurements become uncertain from this point. The
reduced Z,ys value required to match the plasma current may be an indication
of that the effective charge is lower centrally than towards the edge, as the
METIS prediction of Z.;; is principally representative of the value near the
edge. One explanation for a radial dependence could be screening near the
center by inward flux of carbon from the wall that reduces Z.ys in the center,
which is typical for a flat density and peaked temperature profile.

In the calculations bounce-averaging is necessary to correctly describe the 2-
D momentum electron dynamics in the non-uniform magnetic field. To quantify
the effect of the bounce-average we compare the runaway electron population
of the fully bounce-averaged calculation with simulations where the bounce-
average is switched off for the discharge #40719. Near the magnetic axis the
non-bounce-averaged calculation coincides with the bounce-averaged solution,
as expected due to the absence of magnetic trapping effects on the magnetic
axis. However, as seen in Fig. 3 the bounce averaging reduces the runaway
electron population significantly off the magnetic axis. At p > 0.25 the number
of runaway electrons is less than 20% as compared to central values. In the non-
bounce-averaged calculations the runaway electron profile is broader, but still
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Figure 2: Modelling results from TS discharge #40719.

centrally concentrated as a consequence of the temperature profile, and reduced
E/Ep off-axis.

An additional signature of the existence of runaway electron population is the
remaining plasma current (~ 50 kA) at 15.7—16 seconds, during the termination
of the plasma as seen in Fig. 4. This remaining current plateau is believed to
originate from a beam of well confined runaway electrons, as discussed in Ref.
[7]. Such a current is not observed in the higher density discharge (#40721).
At the end of the current flattop the METIS/LUKE predicts that the current
carried by external runaway electrons (Ej > 1 MeV) is 20 kA, which is consistent
with observations at the end of the ramp-down (I, = 50kA).

However, during the current ramp down LUKE predicts that the current
carried by runaway electrons increases dramatically. The explanation results
from the electric field profiles predicted by METIS. During the current flattop,
the electric field profile is flat. Due to current diffusion, the decrease of the
electric field starts at the edge in these discharges. With time the electric field
drops also towards the magnetic axis. However, very close to the magnetic axis
(p < 0.2) the electric field remains at the same level during the entire ramp down
as during the current flattop despite a significant fraction of runaway electrons
that would locally give rise to a high plasma current density that should reduce
the local electric field strength. In this current ramp-down there is therefore a
need for self-consistent calculations of the electric field with the runaway electron
current, as F/E, and E/Ep increases significantly and the current carried by
runaway electrons becomes significant. This can be seen also in Fig. 4, where
in the current ramp-down (t>13 s) the current carried by runaway electrons
becomes comparable to the Ohmic current in the center.

Another explanation to the overestimated runaway electron population could
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Figure 3: Population of runaway electrons with kinetic energy Ej > 1 MeV
given by the full bounce-averaged calculation, normalized to the calculation for
which the bounce-averaging is turned off. The solid black line shows the bounce-
averaged current density profile normalized to the bulk current density without
bounce-average.

be that in the model loss mechanisms of fast electrons are neglected. In reality
runaway electrons are not well confined, but they escape the plasma throughout
the current flattop, and especially during the current (and density) ramp-down

[4]-

2.2 Non-runaway discharge #40721

With METIS/LUKE simulations we can investigate whether any suprathermal
electrons are formed in a discharge without runaway signature like discharge
#40721, where ' > E.. The simulation of discharge #40721 confirms the exper-
imental observations; the population of suprathermal electrons is negligible and
the electron distribution function hardly deviates from the initial Maxwellian
distribution function through the discharge, see Fig. 5. The external runaway
population, i.e. electrons with kinetic energy Fj > 1 MeV, is so small that it
would only carry a negligible current at the end of the 10 seconds long current
flattop (~mA).

The results are consistent with the parametric study of runaway formation
performed in Ref. [7], where it is found that forming a significant runaway
electron population from an initial Maxwellian distribution in a 3keV plasma
in the local central electric field strength E/E. ~ 2.5, requires longer duration
than the 10 second duration of the flattop. Furthermore, these results support
the experimental observations of Ref. [4] where at least E/E, ~ 3—12 is required



TS #40719

F“___...-.-_o

Olemmmmmmmammm—m——— ‘
5 10 15

t(s)

Figure 4: Current carried by runaway electrons (Igg), as calculated by
METIS/LUKE, compared to the plasma current (I,).

to generate a detectable population of runaway electrons in various tokamaks.
Thus, the critical electric field E. is not a sharp criterion for runaway electron
formation.

3 Fast electron bremsstrahlung reconstruction

In order to validate the METIS/LUKE modelling results for the runaway elec-
tron discharge the simulations are compared to experimental measurements
through reconstructed HXR tomography emission based on the electron distri-
bution function with the R5-X2 code [14]. Given an electron distribution func-
tion calculated by LUKE, it predicts the fast electron bremsstrahlung (FEB)
cross-section and integrates the emission along the lines of sight, accounting for
the response function of the detectors. The HXR signals from a vertical (chords
1 — 21) and horizontal (chords 22 — 59) cameras provide information about the
suprathermal electron population.

During discharge #40719 the signal of the horizontal central chord (#41) is
found to be at least the double amplitude of the central chord of the vertical
camera (#14), until around 12 s into the discharge where the signals are within
25% of each other. Therefore we restrict the analysis of the HXR tomographic
signals to the end of the current flattop (t>12 s).

The HXR reconstruction with R5-X2 in the energy range 50 — 110keV is
compared with the experimental count rate profile in Fig. 6. The FEB emission
profile reconstruction based on LUKE simulations predicts a runaway electron
population concentrated near the magnetic axis, as seen in Fig. 7, corresponding
to a beam of diameter around 25 cm The shape and amplitude of reconstructed
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Figure 5: Modelling results from TS discharge #40721 show that the formation
of runaway electrons is negligible.

FEB emission show reasonable agreement with measurements.

In addition to bremsstrahlung from suprathermal electrons the HXR detec-
tors are sensitive to fusion neutrons as well as interaction between the plasma
and the wall. The vertical and horizontal cameras view the poloidal cross-section
of the plasma, which in the case of these Tore Supra discharges is circular. There-
fore, signals from suprathermal electrons in the plasma should be of comparable
amplitude, to be free from any artificial signal from background noise. An offset
in the HXR signal is observed on the horizontal camera (chords 22-59). Similar
observation has previously been seen on FEB emission profiles from Tore Supra
in Ref. [16], where localized populations of suprathermal electrons lead to back
scattered x-rays off the high field side inner wall. Chord #11 on the vertical
camera corresponds to the last closed flux surface (LCFS) is tangential to the
toroidal limiter. The elevated peak on chord #11 in Fig. 6 may indicate a
radial transport of fast electrons, i.e. thick target bremsstrahlung emission due
to plasma-limiter interaction.

The measured count rate signal for discharge #40721 is around noise level,
i.e. 0 —4 s~! in each chord. The METIS/LUKE simulations predict, in agree-
ment, a negligible count rate signal (0 — 1 s~1).

4 Conclusion

In previous work (Ref. [7]), the model for runaway electron formation is bench-
marked with analytical expressions. In this work, the first interpretative mod-
elling is performed for real Tore Supra non-disruptive discharges with detected
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runaway electrons. The Fokker-Planck solver LUKE;, is used to model runaway
electron formation through Dreicer and avalanche mechanisms in non-disruptive
Tore Supra scenarios in near-critical E-field with the background plasma sim-
ulated with the METIS code. Simulations reveal progressive build-up of a
suprathermal population during the flattop in the discharge where runaway elec-
trons are detected (#40719), but not in the higher density discharge (#40721)
where E/E. ~ 2.5 locally. These results agree with experimental observations
from various other tokamaks [4] where E/E, ~ 3—12 is required for a detectable
runaway population to form. The order of magnitude of the current carried by
runaway electrons agrees with experimental indications at the end of the current
flattop. The magnitude of the reconstructed FEB emission from suprathermal
electrons is well reproduced and shows concentration of runaway electrons in the
center of the plasma. Even though the density is lower off-axis, the temperature
profile makes E/Ep decrease with the radius which would explain the slower
Dreicer generation. Also, as discussed in Ref. [7], magnetic trapping effects
increase off-axis, adding further to the slower Dreicer generation rate.

Non-disruptive scenarios are well suitable for validation of the modelling
codes, as such scenarios are better diagnosed and initial conditions and equi-
librium are well defined as compared to disruptive scenarios. In the type of
discharges presented in this work, the runaway population is small and the cur-
rent carried by runaway electrons has a negligible effect on the parallel E-field.
However, in scenarios where the runaway current is more than just a perturba-
tion of the Ohmic current, the toroidal electric field would need to be calculated
self-consistently with the runaway electron population. In the ramp down of
discharge #40719 there appears to be a need for self-consistent calculations as
the calculated runaway electron population grows faster than what is seen in
experiments. The central electric field must decrease in the presence of a local
significant runaway electron population. The METIS simulations are performed
without accounting for the presence of runaway electrons, an assumption that
is valid during the current flattop of discharge #40719. As soon as the run-
away population becomes significant, in this case in the current ramp down, the
electric field strength and thus the following evolution of the runaway electron
population gets overestimated. In order to make reliable predictions also for
scenarios with a strong runaway electron formation a self-consistent coupling
between the electric field in METIS and the runaway electron population in
LUKE is foreseen as the next step in this work.
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