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Abstract The beams of fast runaway electrons (RE), which are often produced during toka-
mak discharges, are particularly dangerous and can induce serious damages of the vacuum
vessel and internal components of the machine. The proper and fast diagnostics of RE beams
is essential for controlling the discharge, e.g., by early mitigation of disruptions and poten-
tially dangerous RE beams. The diagnostics of RE beams is usually based on measurements
of the radiation emitted either by these electrons, or as a result of their interactions with
plasma and/or vessel walls. Such a radiation is usually recorded by the means of probes
placed outside the vacuum vessel. The method developed by our team is based on the probe
located inside the vacuum vessel. The probe can be used to detect highly localized RE bunches
and to determine their spatial and temporal characteristics. During last few years, the NCBJ
team have developed and used the RE diagnostics based on the Cherenkov effect observed
in diamond radiators coupled with fast photomultipliers. During the investigated discharges,
the probe was inserted into the vacuum vessel, and its head was placed at the plasma edge,
where fast RE are expected. A correlation between signals recorded using our probes and
other diagnostics, e.g., hard x-ray signals, was also studied. In this paper, we present recent
results of the RE measurements by means of Cherenkov probes, which were performed in
the COMPASS and TCV tokamaks.

1 Introduction

Runaway electrons (RE) have been observed in many different tokamaks, i.e., in the large
ones (JET, JT-60) and also in medium ones (Tore Supra, COMPASS, TCV) [1-6].

In tokamaks, when an electrical force acting on the electrons due to the toroidal field
exceeds the friction between electrons and surrounding plasma, some electrons can escape,
change their toroidal trajectories and hit the vacuum vessel walls. Energy of such electrons
can reach several or even tens of MeVs.

One can distinguish three main mechanisms of the RE generation: a Dreicer mechanism,
an avalanche mechanism, and a hot-tail mechanism. The Dreicer mechanism takes place
when Coulomb friction is weaker than the acceleration caused by an induced voltage. The
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avalanche mechanism, meaningful in larger tokamaks, prevails when some fast electron (a
so-called runaway seed) collide with slower ones and accelerate them to runaway velocities.
The process continues and the number of REs grows exponentially. The hot-tail mechanism
takes place when the collisional frequency for sufficiently fast electrons drops rapidly, e.g.,
during thermal quench, and the electrons are accelerated further by a toroidal field [1, 3, 7].

High intensity RE bunches could lead to serious damages of in-vessel components. There-
fore, investigation of the RE generation is a very important topic for the machine protection.
The risk connected with energetic RE beams makes difficult detailed investigation of the
considered phenomena. In medium- and small-size tokamaks, the REs are usually generated
during the ramp-up or flat-top phase, when plasma electron density is low or a toroidal electric
field is higher than the critical field. However, post-disruptive RE beams are not produced
when the toroidal magnetic field is lower than some limit (about 2 T). In the small- and
medium-size tokamaks, such RE beams could be induced by injecting high-Z gas or pellet,
even when the toroidal field is below 2 T [8, 9].

The NCBJ team have proposed investigation of RE beams using a Cherenkov effect
induced in diamond radiators. The main goal of our measurements was to evaluate the low-
energy part of runaway electron beams, which can be a precursor of a more intense emission.
The visible light, recorded with fast photomultiplier, enables the identification of RE bunches
and the determination of their spatial and temporal characteristics. The described technique
is convenient for direct measurements of localized and very short RE micro-bunches in dif-
ferent tokamaks, what was precisely described for FTU tokamak [10]. It was also shown in
the subsection 3.2 in [11] that when the pulsed electron beam from an electron accelerator
impacted on diamond radiator of the probe, the Cherenkov effect dominated over the scintil-
lation, cathodoluminescence or X-ray origin signals from radiator due to diamond threshold
effect presence. Using a multi-channel probe, where each radiator is covered by a different
metallic layer, it is possible to split RE energy spectrum into a few channels with different
lower thresholds and roughly to estimate energetic characteristics of the measured RE beams.
The total fluence of the recorded RE beam is a low-variable function of the integral of the
obtained signals.

2 Experimental setup

The developed probe was equipped with three diamond radiators, placed inside the probe
head, which was shielded at the sides with a graphite tube. This head was mounted on a
movable manipulator, which made it possible to insert the probe into the tokamak vacuum
vessel at the chosen position (see Fig. 1). The radiators were covered with metallic layers
(filters) of different thickness. Fast electrons penetrating the radiator could emit the Cherenkov
radiation, which was detected at the other ends of the optic fibers. An energy threshold of the
light generation depended on the diamond optic index and the thickness of the used metallic
filter.

The RE beams were measured in two medium-sized tokamaks: in the TCV operated at the
EPFL in Lausanne and in the COMPASS operated at the IPP in Prague. The probes, which
are described in this paper, were equipped with radiators which could record electrons of
energies: above 58 keV (channel #1), 132 keV (channel #2), and 197 keV (channel #3) in
the case of COMPASS tokamak, and above 109 keV (channel #1), 145 keV (channel #2),
and 226 keV (channel #3) in the case of TCV tokamak. We have prepared two versions of
the Cherenkov-type probe, the first—with disk-like diamonds, and the second—with rod-
like diamonds. The diamond disks were 8 mm in diameter and 1.5 mm in thickness, while
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Fig. 1 Vacuum-tight movable manipulator used to mount the Cherenkov probe. This probe could be safely
moved within a range of 25 cm

T 4

Fig. 2 Front view of the Cherenkov probe head: with the disk-like diamonds (left) and with the rod-like
diamonds (right)

the diamond rods have 3 mm in diameter. The main difference between these two probes
was their orientation in relation to the magnetic field lines. The disk-like diamonds should
be placed parallel to magnetic lines (electrons travel mostly along these lines), while the
rod-like diamonds could be positioned arbitrarily [12-16].

In the both Cherenkov probes, the diamond radiators were coupled with fast photomul-
tipliers by the means of the optical fibers. The signals from PMTs were delivered to an
acquisition system of the investigated facility and synchronized with other diagnostics.

The probe used in the COMPASS was equipped with rod-like radiators placed in a tri-
angular pattern in the center of the measuring head, while the probe used in the TCV was
equipped with disk-like diamonds which exposed their side-surfaces (see Fig. 2).

2.1 Probe setup

The probe used in the COMPASS tokamak was inserted into the vacuum vessel using one of
the horizontal ports, and it was connected with three photomultipliers (PTMs) using 20-m-
long optical fibers (with a low OH content). The probe position could be changed in a range
from — 5 cm up to + 20 cm in relation to the first wall. The deepest position of the probe was
set at the position 0 cm, when the diamond radiators were at the limiter edge.

The PMTs were placed inside a special lead bunker, in order to eliminate the X-ray
radiation emitted during the investigated discharges. An additional X-ray monitor was placed
inside the bunker in order to record the background noise.

The probe used in the TCV was placed in one of the vertical ports of the facility, in the
upper part of the toroidal chamber. The probe head could be inserted into the chamber up to a
chosen position. Most of the measurements were performed with the probe head positioned
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Fig. 3 Scheme of the probe positioning in the vacuum vessels: COMPASS (left) and TCV (right)

at the edge of the vessel wall, when the side-edges of the diamond radiators were just behind
the plasma facing components.
The probes were coupled with PMTs using low-OH optic fibers of 40 m in length. The
PMTs, which were placed outside the TCV bunker, did not need any additional shielding.
Schemes showing the probes positioning in the both tokamak experiments are presented
in Fig. 3.

3 Results

We have recorded signals from the Cherenkov probes during EUROfusion MST1 TOS8 exper-
imental campaign both at the COMPASS tokamak and TCV facility. The main theme of
this campaing was the “Runaway electron beam physics and MGI in support of ITER SPI”.
In small and medium tokamaks, like the COMPASS and TCV with relatively low currents,
the RE beams do not reach high intensity and energy, what makes such devices the suitable
facilities to study the generation and controlling of REs. In the reported experiments, the RE
beams were initiated by an injection of some high-Z gases: Ar and/or Kr (during the current
ramp-up phase). Comparing the signals recorded by hard X-ray diagnostics and electrical
parameters of plasma (i.e., current, density, loop voltage) with the signals obtained from the
Cherenkov probe, it was possible to distinguish between signals produced by fast electrons
and other sources, like scintillations (in radiators) or signals induced in the used optical fibers
or PMTs. It was possible to observe the RE signals from our Cherenkov probes, mainly at
the beginning of the discharge and after its disruption.

The RE beams generated during tokamak discharges could also be detected using diagnos-
tics of the hard X-ray generation. The relevant diagnostic system at the COMPASS tokamak
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was called HXR, while that at the TCV—was noted as PMTX. A comparison of the recorded
Cherenkov signals and those obtained from the hard X-ray diagnostics allowed the better
identification of the REs signals from the Cherenkov probes to be performed.

Some results obtained from the COMPASS tokamak are shown in Fig. 4. We can observe
the high correlation between Cherenkov probe signals and X-rays. Averaged plasma electron
density signals during this COMPASS campaign have not good quality and was not taken into
consideration. In that case, the RE beams were induced by some Ar-puffing at the beginning of
the discharge, and an additional puffing before the current ramp-up, i.e., in shot #18,915—at
900 ms and 1100 ms; in shot #18,824—at 950 ms and 1100 ms; and in shot #18,825—at
950 ms.

Exemplary results obtained from the TCV tokamak are presented in Fig. 5. Similar to the
previous case, the observed RE beams were induced by the high-Z gas puffing at different
instants: in shot #61,437—Ne-puffing at 0.47 s for 2 ms; in shot #64,603—Kr-puffing at 0.5 s
for 4 ms; in shot #61,430—Ne-puffing at 1.1 s for 2 ms; and in shot #61,432—Ne-puffing at
0.47 s for 2 ms.

The signals, which were recorded on the first channel only, were produced by REs with
energies in the range of (60-130) keV (Fig. 4 for COMPASS). They appeared at the begin-
ning, and in the case of the energy range 110-150 keV for TCV also in the middle of the
discharge (see Fig. 5a). The relatively high contribution of REs with energies in the range of
(60-130) keV within COMPASS was proved by signal integration value. These values are
approximately proportional to electrons fluence recorded by diamond radiator. Similar sig-
nals were also observed shortly before the HXR peaks which were generated by high-energy
REs. It should be noted that the RE measurements by means of the Cherenkov probes could
be used to detect some precursors of the intense RE emission.

Another important feature of the reported Cherenkov measurements, observed particularly
at the TCV tokamak, was noticeable differences between signals from different measuring
channels. In general, they were inconsistent with the applied filters. It could be an effect of
very small and localized electron bunches which could hit one of the diamond radiators only,
or various damages and impurity depositions on the radiators surfaces, which might act as
additional filters blocking the electrons of energy below a certain threshold.

4 Discussion

The Cherenkov probes, which were equipped with small detectors of specific charged parti-
cles (electrons), were placed at chosen positions within the investigated tokamaks. It means
that we could detect the particles which hit our probes directly. These probes were designed
and built in order to make easy to estimate the influence of parasitic neutrons, ions and X-
ray/gamma radiation signals on the total probes signals. The detection of neutron signal was
minimized by application of optical fibers with a low OH groups content.

The filters upon surfaces of the diamond radiators were used to make possible a rough
energy analysis of the recorded electrons. The relative positions of detectors and their sizes,
however, made such an analysis possible only in cases when some RE bunches were large
enough to cover the three detectors at once. Basing on the signals presented in Fig. 4, one can
conclude that during the investigated discharges in the COMPASS tokamak, the RE beams
were mainly composed of low-energy electrons (E< 140 keV), and of some energetic ones
(E>220 keV), with a small population of intermediate ones only.
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Fig. 4 Signals recorded by means of a Cherenkov probe in the COMPASS tokamak during three different
discharges. The values next to Cherenkov signals represent integrals. The lower traces (from middle to bottom)
present: neutrons—signals from neutron scintillation probe, XET—signals from the X-ray detector placed
close to the PTMs recording Cherenkov signals, HXR—signals from the hard X-ray monitor, Ipjasma—the
main discharge current
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Fig. 5 Signals recorded by means of a Cherenkov probe in the TCV tokamak during three different discharges.
The lower traces present the plasma current (Ip), hard X-rays (PMTX), plasma radiation intensity (H alpha),
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When the observed RE bunches had smaller dimensions than the detector (radiator) area,
or were composed of some micro-bunches with various energies, the detection of separate
RE bunches was possible by means of different detectors (see Fig. 5).

The strong X-ray radiation could also be recorded, either by radiators or by optical fibers
coupled to PMTs. In such a situation, the recorded signals could have similar intensity in
all measuring channels, while the electron bunches hitting the radiators could produce some
differences in signals from different channels. In order to estimate and minimize parasite
signals, we placed the fast PTMs within a lead bunker equipped with an additional X-ray
monitor. We also recorded signals obtained when the optical fibers were disconnected from
the diamond radiators. That test showed that a contribution of parasitic signals was low in a
comparison with the signals from the diamond radiators.

It can be concluded that the three-channel Cherenkov probe was successfully used to
measure the energetic REs emitted during discharges in the TCV and COMPASS tokamaks.
The three-channel construction of the Cherenkov-type probe made it possible to observe
different behavior of electron bunches of energy ranging (60—140 keV) and those of higher
energies, which could be treated as a precursor of more intense RE beams emission.

The observed correlation between the Cherenkov signals and other RE diagnostics showed
that the probe was useful for detection of the intense RE beams. However, due to the local-
ized character of the measurements performed, it was possible that there were missed some
electron beams, which were recorded with other (e.g., hard X-ray) diagnostics.

The various filters, which were applied in different channels, could be used to perform a
rough energy analysis of the investigated REs. The finite sizes and positions of the radiators
make such an analysis well-grounded when a single RE bunch hits all of the detectors
simultaneously.

In the case, when all the radiators were hit by energetic REs, we could separate low-energy
electrons (E <140 keV) from high-energy ones (E>220 keV), as shown in Fig. 4.

5 Conclusions

The runaway electrons (RE) generated during tokamak discharges could lead to discharge
termination and be potentially harmful to the machine. Therefore, the detection and mitigation
of REs are of primary importance for tokamak studies.

Our team has developed and used the described probes applicable for the detection of
localized RE bunches. Those probes were using the Cherenkov effect induced in the diamond
radiators, which could be placed in chosen positions inside the tokamak vacuum vessel.

The developed probes were able to record electrons emitted during plasma disruption, and
in some cases also in the middle of the tokamak discharge.

The obtained results are complementary to those obtained with other diagnostics and
provide additional information about the localized RE beam:s.
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