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Introduction

Electrons in a tokamak discharge can get accelerated by the toroidal electric field to relativis-

tic energies up to tens of MeV. A significant part of the plasma current can be carried by the

beam of these Runaway Electrons (RE) [1]. If the RE strike the surface of the plasma-facing

components (PFC), they deposit the majority of their energy in the form of heat. This can lead

to serious damage or melting of the PFC [2]. Therefore, the research of effective and reliable

strategies to mitigate the RE before they cause damage is important for the safe operation of

ITER and future fusion reactors.

To study the effects of different mitigation strategies on the RE beam generated in a COM-

PASS tokamak discharge [3], a calorimetry probe was developed as one of the relevant diag-

nostics. This probe measured the impact energy of the runaways on the low-field side (LFS)

protection limiter in more than 250 RE relevant discharges. The probe head was manufactured

mainly from graphite and equipped with a set of Pt100 temperature sensors (up to 10). From

the temperature difference of the probe body before and after the discharge, the total energy

of the RE impact can be determined. The photo of the probe and its CAD model is in Figure

1. The surface temperature of the calorimeter was monitored by the IR camera (7.5− 13 µm,

120 fps) [5]. Based on these measurements, it was possible to estimate the area of the RE impact

and, subsequently, the heat loads. The design of the probe and overview of the first results is

presented in [6].

The runaway electron beams during the dedicated experiments were generated in low density

discharges (ne ≤ 2.1 ·1019 m−3) using a special scenario (described in [4]). In this scenario, the

noble gas injection (Ne, Ar, or Kr) into the flat-top plasma causes a thermal quench (TQ). After

the TQ, the current (up to 150 kA) is carried by the RE beam. This part of the discharge is called

the RE phase and it can last several hundreds of ms. During this phase, different mitigation

strategies can be applied and their effects studied.
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Figure 1: Photo of the calorimetry probe (left) and its CAD model (right) with marked materials

and dimensions.

Impurity injection

Massive material injection is currently the main RE mitigation strategy prepared for ITER

[7]. During the experiments with the calorimetry probe at COMPASS, two different methods of

impurity injection were studied. Firstly, the influence of the injection of different noble gasses

was examined. To produce the thermal quench, the ex-vessel piezoelectric valve injects (4−5) ·
1018 particles of Ne, Ar, or Kr into the flat-top plasma. Additional deuterium injection can be

applied into the RE beam by the standard fueling valve.

Figure 2: Effects of impurity injection on the RE beam. Left: dependence of deposited energy

ERE, heat flux PRE, and duration of the RE phase tRE on the type of the injected gas. Right: time

evolution of plasma parameters for discharges with and without graphite pellet injection.

The effects of different gas injections can be seen in Figure 2, where only the discharges

without an additional acceleration and with an active radial position control [4] were included.

It can be seen, that in the case without the additional D injection, the deposited energy ERE
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increases with the increasing atomic number of the impurity. Moreover, lighter impurities pro-

duce a longer duration of the RE phase tRE. This results in the further decrease of the averaged

heat flux PRE on the calorimeter surface. A similar effect of prolongation of tRE was observed

after the additional deuterium injection into the developed RE beam.

A lower deposited energy by the RE beam was observed also after the injection of a graphite

pellet (2×1.5 mm) into the developed RE beam. A comparison of two discharges with a pellet

injection and a reference discharge is in Figure 2. In the discharge #21102, where the pellet

caused an immediate disruption, the deposited energy is less than half of the energy as in the

reference discharge #21101. However, the entire energy of the beam was deposited during a

much shorter time (∼ 30 ms), therefore the heat flux on the PFCs was presumably higher. In the

case of discharge #21105, the pellet caused only a ∼ 60 kA drop of Ip, the measured deposited

energy was 1.1 kJ lower than in the reference discharge. Part of the beam energy was therefore

probably dissipated and radiated by collisions with impurities.

Radial position control

Figure 3: Runaway electron impact energy mea-

sured by the calorimetry probe for discharges

classified by the beam termination location.

Runaway electrons at COMPASS drift to-

wards the low field side due to the relativis-

tic effects. For this reason, a special RE beam

radial position control system was developed

[4] to stabilize the RE beam in the center

of the vacuum vessel, or to terminate the

beam on the HFS or LFS. Location of the

beam termination has shown a great effect

on the energy deposited in the calorimeter.

The overview of the discharges classified by

the termination location is in Figure 3, where

only discharges with zero loop voltage during

the RE phase were included. The mean de-

posited energy in discharges with the active

position was by 35 % lower than in discharges

where the RE beam terminated on the LFS. The highest energy of the RE impact (15± 1) kJ

was measured in a discharge with additional RE acceleration (see the next section), which termi-

nated on the LFS. In the case of termination on the HFS, the deposited energy was significantly

lower. However, the heat loads were localized on the HFS, where the energy was not measured.
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Additional RE drive

Figure 4: RE deposited energy dependence on

the time integrated loop voltage during the RE

phase.

During the RE phase, the loop voltage Uloop

can be set to an approximately constant value

by keeping a constant ramp of the current in

the central solenoid dICS/dt. The loop volt-

age effectively accelerates the RE beam and

causes generation of new RE. The depen-

dence of the deposited energy in the calorime-

ter ERE on the integrated Uloop during the RE

phase for the different dICS/dt is in Figure 4.

Deposited energy ERE scales approximately

linearly with the time integrated Uloop, which

combines the effects of higher acceleration of

the beam and its longer duration.

Conclusions

The runaway electron calorimetry probe developed at the COMPASS tokamak measured the

deposited energy by the runaway electron beam on the low field side protection limiter in more

than 250 discharges focused on RE physics and studies of the possible mitigation strategies. It

was found that the RE beam energy deposited in the calorimetry probe increases with the atomic

number of the injected impurity. The radial position control showed a notable influence on the

RE position of termination. If the beam terminated on the LFS, it resulted on average in 35 %

higher deposited energy than, in the case when it was kept in the center of the vessel. The effect

of RE beam acceleration by positive loop voltage was observed; the deposited energy depends

approximately linearly on the integrated loop voltage during the RE phase of the discharge.
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