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Energy spectral measurements of runaway electrons were performed by a scanning probe with

high spatial and temporal resolution in the TEXTOR tokamak. The probe consists of 10 YSO

(Y2SiO5 : Ce) crystals, which are shielded by tungsten filters. The probe can resolve electrons with

different energies between 4 MeV and 30 MeV. An insertion of the probe to the plasma boundary

several times during the discharge allowed spectral measurements of runaway electrons at different

minor radial positions at the plasma edge as well as the study of runaways production in time. The

high temporal resolution of the probe, 0.05 ms, enabled measurements of runaway electrons not only

during low density discharges, but also during plasma disruptions.

Theoretical and experimental studies of runaway electrons have been made in most of the known tokamaks for the

last few decades. The main interest to study superthermal electrons is mostly defined by the enormous heat flux

coming to plasma facing materials with a runaway current produced during a plasma disruption. The large heat

fluxes can damage the wall of large fusion machines such as JT60-U, JET and especially of ITER [1].

The main processes responsible for the production of runaway electrons were introduced in [2, 3] for the first time.

The conventional or primary generation process of runaway electrons and the corresponding production rate were

described in [2, 4–7]. More recently another process - avalanching or secondary generation of runaway electrons and

the related production rate were presented in [3, 8–10]. In the secondary process, the runaway electrons are generated

due to the interaction of runaway electrons with thermal electrons.
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In order to study the production of runaway electrons experimentally several different diagnostics have been devel-

oped in different tokamaks. In general all methods developed allow to get information about runaway electrons at a

specific energy range in the plasma core or at the vessel wall. At the vessel wall several techniques were applied: i)

gamma-rays were observed during thick-target interactions with runaway electrons [11–13]; ii) neutrons produced in

(γ, n) photo-nuclear reactions due to interactions of runaway electrons with the plasma facing materials [12, 14] were

measured; iii) measurements of hard x-ray radiation produced when runaway electrons impinged on the wall [12] were

carried out. On the other hand, information about runaway electrons inside the plasma was obtained by synchrotron

radiation in the mid infrared (IR) spectral wavelength range (4-8 µm), produced by the highly relativistic electrons

with energies above 25 MeV propagating in the toroidal direction [15].

In the present paper a new scanning probe implemented in the TEXTOR tokamak provided direct measurements

of the electron energy spectrum between 4 MeV and 30 MeV at the plasma edge. The new diagnostic in addition with

the synchrotron radiation and neutron techniques presents a powerful tool to study runaway electrons in the plasma

volume as well as in the scrape-off layer.

The probe can be inserted 2 cm into the plasma for a period of less than 50 ms. This short time is due to the heat

flux of the thermal and of the runaway electrons causing damage of the probe. In the results presented the probe was

inserted with a velocity of 0.7 m/s at a minor radial position of 46 cm which corresponds to the position of the last

closed field surface (LCFS).

The probe design and the experimental set-up are shown in Fig. 1. The probe consists of 10 YSO (Y2SiO5 : Ce)

crystals [16, 17], which are shielded by different thicknesses of tungsten filters (between 0 and 6 mm) placed in the

runaway electrons’ direction, see Fig. 1 a). It is significant to note that from the other directions the crystals are

properly shielded by more than 6 mm tungsten. The outside of the probe is covered by a 5 mm graphite housing. The

crystals have the following characteristics: light output of 30 000 photons/MeV, melting point of 2470 degree Celsius,

length of 2 mm, cross section of 1 mm2, decay time and peak emission of 42 ns and 420 nm respectively. The main

characteristic of the crystals is that the light output does not change considerably (10 % ) for γ-rays with energies

higher than 100 keV [17], a similar result can be expected for electrons in the same energy range. A possible influence

by neutrons produced in (γ, n) photo-nuclear reactions, when a runaway electron hits the graphite wall of the probe

or of the carbon limiter, can be neglected, since the YSO is a low Z material and is only sensitive to γ, e− and e+

particles. Insensitivity of the YSO crystals to neutrons was also confirmed in a test discharge when a large flux of

neutrons was produced.
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Light produced by the incident electrons in the crystals is transferred by optical fibres to Hamamatsu R3896 pho-

tomultiplier tubes. With this set-up a temporal resolution of 0.05 ms and a spatial resolution of 2 mm were obtained.

The probe was located in the equatorial midplane of TEXTOR at the low field side as can be seen in Fig. 1 b).

The analysis of the measured energy range by the probe was carried out using the Monte-Carlo GEANT4 simulation

code [18]. In the simulations a real 3D geometry of the probe and a monoenergetic electron beam source were applied.

Simulations were carried out for electron beams with different energies. However, for each simulation the number and

energy of the electrons were kept constant. The absorbed energy in the crystal per one electron (gamma) passing

through the crystal is a slowly varying function of the electron (gamma) energy between 1 MeV and 30 MeV. The

deposited energy in the crystal is about 700 keV (15 keV) per one electron (gamma). Since the absorbed energy does

not strongly depend on the electron (gamma) energy, the signal produced by an electron in the crystal is two order

of magnitude higher than by a gamma with the same energy.

The total absorbed energy in 3D GEANT4 simulations by each crystal, see Fig. 2 a), reduces proportionally with

increasing thickness of the tungsten filters. The minimum electron energy registered by each crystal is defined from

the approximation that the total absorbed energy in the appropriate crystal reduces ten times from its maximum

value. In Fig. 2 b), the minimum measured electron energy by each crystal is shown. Therefore the probe can resolve

electrons with energies between 5 MeV and 30 MeV.

The spectral analysis of the measured relativistic electron beam has been implemented under certain conditions: i)

every crystal can register electrons with energies higher than the corresponding minimum energy, see Fig. 2 b); ii) all

electrons registered by the crystal produce the same light output. The second condition is fulfilled by the character-

istics of the crystal [17] and due to the fact that electrons with energies in the measured energy range lost almost the

same amount of energy in the crystal. The minimum detected energy has been defined under the assumption that

the absorbed energy reduces by a factor of ten. In this case the measured spectrum will not be substantially modified

by the probe itself due to the absorption of part of the transported electrons in the tungsten filters. At the same

time the influence of less energetic electrons on the produced signal leads to an error in the spectral measurements of

about 20 %.

In the TEXTOR tokamak electrons can be accelerated up to a maximum energy of 30 MeV. This maximum is de-

fined by the synchrotron radiation losses, [15, 19]. In order to get information about the runaway electrons’ spectrum

in the energy range between 4 MeV and 30 MeV, signals from the first seven crystals were used. Light intensities
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produced in each crystal can be written as:




I1 = αn1 + αn2+ . . . +αn7

. . .

Ii = αni+ . . . +αn7

. . .

I7 = αn7,

(1)

where Ii is the light intensity produced in the i-th crystal, α is the light intensity produced by one electron and ni

is the number of electrons with energies between two minimum energies defined for the i-th and (i+1)-th crystals

(for example: n1 is the number of electrons with energies between 5 MeV and 8 MeV). Hence the total number of

electrons, Ne, with energies between 4 MeV and 30 MeV is Ne =
∑7

i=1 ni. Consequently, the distribution of electrons

in the defined energy range can be found from the ratio of the light intensities in the crystals.

Measurements of the runaway electron spectrum have been performed with the following plasma parameters:

plasma density ne = 0.9 · 1019 m−3; plasma current Ip = 300 kA and magnetic field Bt = 2.25 T . The probe was

inserted at the LCFS at 1.15 s during the discharge. The measured runaway electron spectrum is shown in Fig. 3.

In conclusion, a new diagnostic has been developed to measure the spectrum of runaway electrons at the plasma

edge. The high temporal resolution allows the spectrum of the superthermal electrons produced during plasma

disruptions to be measured. In combination with synchrotron radiation and neutron measurements the runaway

electrons were studied in the interior and exterior region of the plasma.
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FIG. 1: a) The probe design showing the positions of the YSO crystals inside the graphite housing. The light produced in the

crystals is transferred to photomultipliers by optical fibers. b) The experimental set-up.
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FIG. 2: a) 3D Monte-Carlo GEANT4 code simulations of the total absorbed energy by each crystal in the probe. b) Electron

energy range measured by the probe.

FIG. 3: Runaway electron spectrum measured during a low density plasma discharge. The probe was inserted at the Last

Closed Field Surface at 1.15 s into the discharge.


