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Introduction
Runaway electrons (RE) still present a serious for the tokamak operation. Furthermore, the
physics phenomenon itself is complicated and extrapolation to the large devices is difficult.
In order to understand the RE phenomenon, it is necessary to optimise the diagnostics of the
runaway electrons. Some of the properties of RE can be measured using the standard tokamak
diagnostics directly (e.g. plasma or runaway current measurement by magnetic diagnostics). In
some cases, it is necessary to improve the understanding of the effect of the RE on the diagnos-
tics (e.g. electron cyclotron emission measurement by radiometer) by modelling and analytical
approximations. However, often it is necessary to introduce a completely new diagnostics, that
can be used specifically for RE (e.g. local loss measurement using a Cerenkov detector). In this
contribution a new application of magnetic measurements for estimation of the RE energy is dis-
cussed for two European machines with extensive RE experimental program. The COMPASS
tokamak[1] is a device with ITER-like plasma shape operated at the IPP of the Czech Academy
of Sciences. Major radius of the machine spans R0 = 0.56m and minor radius a = 0.21m. It
is operated with magnetic field BT = 0.9−1.5T and the current in the runaway electron beam
phase Ip < 150kA. The overview of the latest RE experiments is presented at this Conference
[2]. The JET tokamak is the largest tokamak device currently in full operation with R0 = 3m
and with ITER-like plasma facing component materials (Be/W). The RE experiments are typi-
cally conducted in Bt = 3−3.5T and with runaway electron beam currents up to 1.2 MA. In the
latest RE experiments using the Shattered pellet injector (SPI) [3], very interesting results were
achieved with D2 secondary injection causing increase of the RE beam current, most probably
decrease of the kinetic energy and a benign termination of the RE beam triggered by the non-
monotonic current profile [4].

Runaway electron equilibrium
The equilibrium of the high current RE beams was studied in high current plasma assisted mod-
ified (with toroidal field Bt added) betatrons. Later, it was also theoretically and numerically
studied in the tokamak geometry by Yoshida [5]. Based on the application in the betetatron
physics, the main change with respect to the tokamak equilibrium based on the poloidal mag-
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Figure 1: COMPASS geometry: (a) Runaway electron beam with current 130 kA and energy 8 MeV in
equilibrium with the magnetic field; (b) high energy fraction in the low current RE beam being limited at
the LFS; (c) Map of stable energies in the R,z plane and separatrices for different energies; (d) Radial
force acting on the mono-energetic RE beam

netic flux Ψ, the equilibrium parameters in the RE beam are functions of toroidal canonical
momentum (Pφ ), the surfaces of constant Pφ are also called drift surfaces and

Pφ (R,z) = γmeRc− eψ(R,z), (1)

with γ being the relativistic factor, R the radius coordinate and me, c and e known constants.
A modified version of Grad-Shafranov equation can be introduced to analyse this equilibrium,
however for a quick estimate of energy with higher order effects neglected, it is possible to use
2D cyclic symmetry Biot-Savart solver in real coil geometry to simulate the equilibrium of the
RE beam and the external PF coils. At COMPASS this task is relatively easy as winding that is
dedicated to securing the radial equilibrium of the plasma is not connected to the winding with
other purposes. The equilibrium field power supply (EFPS) and fast Bv power supplies (posi-
tion stability) are actuating the radial position. The strong RE outward pressure is contributing
to feedback request and may cause βN values up to 40% when standard EFIT reconstruction is
used. The effect is so strong that standard position control feedback scheme was not able to sus-
tain the required position in case of decreasing current and increasing energy. This was solved
by weakening the dependence of the control algorithm on the current, this special setup is ap-
propriate only for the RE beam phase. In figure 1 some properties of quasi-equilibria of some
combinations of RE beam current, currents in the coils and RE beam energy are shown together
with a (R,z) map of optimal energies that would be sustained in given vertical magnetic field
in case of no poloidal motion (external + from beam current) and Ψ or PΦ "separatrix", which
contains a HFS X-point in the vessel for low energy components and the companion plasma.
The last plot shows the total radial force acting on the RE beam of given current and energy
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with different equilibrium coil currents.

Figure 2: COMPASS: Comparison of evolution
of quantities related to RE beam energy for the
discharges with additional acceleration #21286
(Ne + C pellet) and #21107 (Ar)

Estimate of energy in COMPASS experiments
The experimental estimates of energy in a small de-
vice can be based on two methods using the mag-
netic configuration data: Method 1 - using the EFIT
βN that gives a pressure related to Ip, Bt and a:
Eβ [MeV] = 3.75βNaBt ; Method 2 - Simple inver-
sion of radial control equation [6] EFB[MeV] =
RcBan

v /106, where Ban
v is the vertical magnetic field

that is needed for radial stability on top of the value
necessary for sustaining the plasma of the given
current. The first method gives an estimate of the
energy for which the beam is in equilibrium with
the external vertical field, while the second gives
a more dynamically evolving estimate that corre-
sponds to the maximum energy that can be confined
by the Ban

v only. Comparison of the two methods is
given in figure 2. The RE beam in #21286 was trig-
gered by Ne gas puf and further accelerated by fixed
Ohmic current drive. The envelope as well as log-
average of the HXR-derived energy spectra is ris-
ing in agreement with the derived quantities. In the
Ar injection triggered discharge #21107, the syn-
chrotron radiation power in the near IR region also
follows the derived energy quantities. In figure 3 the
comparison of energy estimate evolution in different gases is shown, the most important conclu-
sion is that the D2 injection can stop the rise of energy, while the decay of current still continues
though it is slowed down.

Figure 3: COMPASS data; Left: Evolution of energy based on the EFIT βN for two MGI triggered RE beams, two
beams created by the low impurity injection amount and one with secondary deuterium injection, right estimate
based on radial position feedback for the same discharges.

Estimates of energy for JET
Method 1 was used applied to JET, which is characterised by larger minor and major radius of
the beams as well as larger Bt and Ibeam. The energy evolution derived from magnetic diagnos-
tics can be compared with the inversion of HXR data [11] that gives an estimate of the runway
electron distribution function. The JET RE experiments with SPI mitigation have brought in-
teresting results [3], [10]. Three different cases are studied in figure 4. These are based on Ar
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Figure 4: JET: Comparison of average kinetic energy derived from βN and HXR inversion, top - RE
beam triggered by Ar MGI, bottom similar pulse with secondary Ar SPI.

massive gas injection RE scenario: Ohmic plasma Ip = 1.5MA, Bt = 3.0T, ne,li = 4 ·1019 m−2.
In all of them the energy based on the HXRs seems to be the highest just after disruption and
decreasing afterwards. In the discharge #95135 secondary D2 (effect also further studied in
[10]) SPI caused a significant changes in most of the signals: the Ip rises, HXR counts are no
longer sufficient for application of the inversion method, the cameras observing the synchrotron
radiation show a significant decrease of the intensity and the estimate of energy based on the
βN also gradually drops. On the other hand, injection of the secondary SPI into the RE beam
causes a significant increase of energy based on the HXR emission and a small bump in the
time evolution of the βN estimate as well. It can be concluded, that low Z injection is definitely
promising mitigation scenario and deserves further study.

Conclusions
An average RE energy estimate based on the equilibrium of the RE beam with the external
field can be a quick and useful alternative to the more complicated methods based on the mea-
surement of the HXR or synchrotron radiation and subsequent inversion problem solution or
forward fitting of a complicated multi-parameter problem. A first comparison of the results of
the method with estimates based on HXR and evolution of the synchrotron radiation intensity
was done for COMPASS and JET and agreement of the main trends was confirmed. The method
can support the evaluation of the different RE beam mitigation methods together with all other
available diagnostics.
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