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Introduction 

The initial generation, heating and confinement of 
plasma in toroidal magnetic traps of the tokamak type 
is achieved by driving a current through a ring-shaped 
vacuum chamber, which is filled with a gas (usually deu-
terium) under a low pressure. This current is generated 
by an induced electric field produced in the toroidal 
direction, as shown in Fig. 1. 
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Fig. 1. Schematic drawing of a tokamak-type magnetic trap. 
The toroidal vacuum chamber and additional coils (used to 
form the poloidal magnetic field) are not shown. 
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The toroidal electric field leads also to the genera-
tion of the so-called runaway electrons [15–17], since for 
electrons of sufficiently high energy the friction force 
due to collisions with plasma does not compensate the 
externally induced electrical force. Therefore, some 
electrons may be continuously accelerated and “run 
away” in the phase space, eventually escaping from 
the magnetic trap. Studies of the runaway electrons are 
motivated by several arguments: 

Runaway electrons can influence the plasma be- –
havior since they can carry a substantial part of the 
plasma current. 
Such fast electrons propagate practically in a colli- –
sionless manner and they may act as suitable probes 
for the investigation of the non-collisional transport 
in tokamaks. 
In general they may improve the confinement of  –
plasma and their interaction with waves may result 
in a transfer of energy to plasma, but interaction of 
streams of highly energetic electrons with the inter-
nal walls of the vessel may result in severe damages 
of fusion facilities. 
In fact, during tokamak experiments, e.g. within the 

TORE-SUPRA facility in Cadarache (France) [19, 21], 
a significant damage of the cooling ducts in the vicinity 
of the diagnostic port had been observed, as presented 
in Fig. 2. 

For these reasons the phenomenon of high-energy 
runaway electrons has been a subject of extensive 
theoretical and experimental studies at several plasma 
research centers. The main aim of this invited paper 
is to describe possible mechanisms by means of which 
such fast runaway electrons might be generated and 
to discuss various diagnostics methods which might be 
useful in experimental studies of this effect. 

Generation of fast electrons in tokamaks 

In order to describe the process of generation of 
fast electrons let us consider a poloidal cross-section 
of a tokamak-type trap, and in particular the mag-
netic surface and a displacement of the electron orbit, 
as shown in Fig. 3. 

Electrons are driven by the force due to the induced 
electric field F

→
e = –eE

→
. They are also subject to the drag 

force resulting from Coulomb interactions with plasma 
ions, F

→
d = meu

→
evcoll, where νcoll is the collision frequency. 

For a non-relativistic electron moving faster than ther-
mal electrons (but at ue ≈ uth) and for a Maxwellian 

distribution one can use a simple formula 

(1)  

where e is the electron charge, ne is the electron number 
density, lnΛ is the Coulomb logarithm, ε0 is the vacuum 
permittivity, and Zeff is the effective charge number of 
ions. 

Production of runaway electrons 

For electrons moving with the speed much larger than 
thermal speed, ue > > uth, the drag force may be ex-
pressed as the change of the parallel component of the 
momentum due to collisions 

(2)  

where W = (c2p2 + me
2c4)1/2, Δx = u Δt, γ is the relativistic 

factor, and Θ = u⊥/u⇑ ≈ p⊥/p if the pitch angle is assumed 
to be much smaller than 1. In Eq. (2) the first term 
(dW/ds – the stopping power) describes the electron 
energy loss, while the second term describes the pitch 
angle scattering of the electron. 

Considering electron-ion collisions and electron-
-electron collisions separately, one can calculate the 
drag force by averaging both contributions. Finally 
one gets 

(3) 

where lnΛ = ln(Θmax/Θmin), Zeff = ΣiniZi
2/ne. It should 

be noted that the term (Zeff + 1) /γ gives negligible 
contribution at higher energies. 

The condition that the drag force is equal to the driv-
ing force of the electric field Fd = Fe, defines a critical 
speed for the electrons 

(4)   

which corresponds to the critical energy Wcrit = (1/2) 
meu2

crit, that may be described by a simple formula 

Fig. 2. Damage at the edge of the diagnostic port in the 
vacuum chamber of TORE-SUPRA device, caused by high-
-energy electron streams [19]. 

Fig. 3. Cross-section of a tokamak chamber and the displace-
ment δ of the electron orbit. 
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(5)   Wcrit [keV] = 2.2 (2+ Zeff) ne [1019 m–3] / E [V/m] 

as long as Wcrit > > Te. 
Any thermal electron will run away if the electric 

field is higher than the critical value 

(6) Ecrit [V/m] ≈ 4Zeff ne (1019 m–3)/Te  [keV] 

When the electric field remains smaller than Ecrit the 
distribution function is close to a Maxwellian and only 
a small number of electrons can run away.

The considerations given above concern a behavior 
of a test electron in plasma. In order to obtain a kinetic 
description of the electron population one must solve 
the Fokker-Planck equation to find the actual elec-
tron distribution function. Then one can compute the 
runaway production rate, i.e. the number of runaway 
electrons which acquire velocities exceeding ucrit. It 
should be noted, however, that very fast runaway elec-
trons (of energies exceeding 20 MeV) decouple from 
the bulk electrons and their behavior is similar to that 
of the test particles. 

A more detailed analysis should take into account 
the fact that the orbit of a runaway electron in a toka-
mak is shifted from the magnetic surfaces due to the 
curvature and gradient-B drifts, as shown in Fig. 3. 
The motion of a runaway electron consists of three 
components: 
1. The gyrotron rotation around the magnetic field 

lines ωce = eB/γme, where γ = (1 – u2/c2)1/2 with the 
Larmor motion ρeL = γmeu⊥/eB and the velocity u⊥. 

2. The helical motion of the guiding center along the 
field lines 

(7)  

where k
→

Φ, k
→

Θ and k
→

z are unit vectors in the toroidal, 
poloidal and vertical direction, respectively. 
3. The drift of the guiding center, due to the curvature 

and the gradient of the magnetic field 

(8)  

The E × B drift is here neglected because it is usually 
much smaller than the other terms. Now let us consider 
the conservation of toroidal angular momentum 

(9)  JΦ = γmeRuΦ – eΨ(r) 

where Ψ(r) is the poloidal magnetic flux 

(10)  

and j(r’) denotes the current density. Hence d(γmeRuΦ) 
= eBΘRdr, where dr = δ is the displacement considered 
above. During every poloidal cycle the electron ki-
netic energy W = p2/2γme and the magnetic momentum 
μ = p⊥

2/2γmeB are constants of motion. The toroidal 
momentum is pΦ = γmeuΦ ≅ (W – μB)1/2 and dB/B = 
dR/R. Hence, one can write δ = dr = (1/e BΘR) d(pΦR), 
which gives 

(11) 

For runaway electrons pΦ > > p⊥ and for a single 
cycle one obtains after averaging dR ≅ r. Hence δ ≅ 
qpΦ/eBΘR where q = <r/BΘ> BΦ/R is the average safety 
factor. We should also take into account that for electrons 
displaced from the magnetic axis (see Fig. 3) the Lorentz 
force (due to the poloidal magnetic field) must be bal-
anced by the centrifugal force γmeuΦ

2/R = euΦBΘ. The 
poloidal projection of the orbit may be approximated by 
a circle, where the electron moves with the velocity uΘ = 
uΦBΘ/BΦ and a drift velocity ud. From the schematical 
drawing shown in Fig. 3 we deduce that dx/dt = –uΘ sinΘ 
and dr/dt = ud sinΘ. Hence, the considered circle centered 
at x = δ is described by the equation 

(12)   dr/dx = –ud/uΘ ≅ uΦBΦ/R ωceBΦ ≅ δ/r 

In a more precise treatment of the runaway orbits 
for different current distributions one must take into 
account the effect of the electric field and an increase 
in the energy of the runaway electrons [28]. In fact, for 
runaway electrons of very high energy the drift orbits are 
no longer closed and such electrons escape from plasma 
before the drift surface touches the limiter. 

The condition for the maximum value of the energy 
of electrons that remain confined may be expressed by 
the formula 

(13)  Wmax [MeV]  ≅ (R0Ipc/aIAu⇑)BΘ (r*) 
  / [1 + s’(a)]BΘ(a) 

where IA = 4πmec/μ0e = 17 kA is the so-called Alfvén 
current, r* = r –  s(r), s(r) is the Schafranov shift between 
the geometrical center and the center of the magnetic 
flux surface, and s’(r) is the derivative of this shift at 
the plasma boundary (depending on the pressure and 
current profiles). 

On the basis of the relations given above computa-
tions of the maximum electron energy values for the 
TEXTOR experiment in Jülich, Germany, were per-
formed many years ago [12, 13], as shown in Fig. 4. 

One can easily see that depending on the den-
sity profile, the maximum energy of fast electrons at 
r/a = 0.6 can reach from 40 to 120 MeV. It should be 
noted, however, that although the electrons exceeding 
the critical velocity may be accelerated continuously, 
in practice their energy is limited by several factors: 

Fig. 4. Values of Wmax computed for the TEXTOR device, 
assuming different plasma density profiles [12], which were 
characterized by the term [1 – (r/a)2]n. 
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the synchrotron radiation, an orbit shift, a time limit, 
magnetic field ripples and instabilities. 

As regards the synchrotron radiation its total power 
can be expressed as Ps = 2remec3γ4/3R2

curv, where re is the 
classical electron radius, and Rcurv describes the helical 
orbit described by the formula 

(14)    1/Rcurv = (1 – Θ2) /R0 + eBΘ/mecγ 

where the pitch angle Θ = u⊥/u⇑. Equating this power 
loss to the power absorbed from the electric field Pgain = 
ecVloop/2πR0 one can estimate the maximum attainable 
γmax. For example, in the case of TEXTOR one should 
substitute Vloop = 1 V, R0 = 1.75 m, B = 2.25 T and 
Θ = 0.12, which gives W s

m
y
a
n
x
ch = 25 MeV. It should be 

noted that higher values can be obtained during a dis-
ruption when the loop voltage is much larger.

Considering the orbit shift, the displacement δ of 
the runaway orbit from the magnetic surface can be 
expressed by 

(15)           δ ≅ qpΦ/eBΦR ≅ qW /ecBΦ 

where q = <r/BΘ> BΦ/R is the average safety factor. 
Hence W s

m
h
a
i
x
ft = aecBΦ/qa; for TEXTOR (where qa = 

3.8, Ip = 350 KA) we obtain W s
m

h
a
i
x
ft ≅ 80 MeV. 

As regards the time limit, if the radiation losses 
are neglected, the maximum energy to be reached 
by a runaway electron in a single loop may be estimated 
from a simple formula 

(16)          Wmax (t) = ec ∫Vloop dt /2πR0 

Hence, for the TEXTOR one gets Wmax(t) = 27Φ(t) 
MeV, where Φ(t) is the flux swing applied to plasma. In 
particular, Φ(t) = 0.8 at t = 0.6 s. 

Considering magnetic field ripples, at the finite 
number of coils N the toroidal magnetic field is modu-
lated and its modulation frequency is ω = nNc/R0, 
where n means the harmonic number. A theoretical 
analysis showed that if the electron cyclotron motion 
is in resonance with the field modulation frequency 
the electrons are scattered effectively [18]. Therefore, 
depending on the harmonic resonance and an amplitude 
of the field ripple, an energy limit for the runaways may 
be expressed as 

(17)           Wm
ri
a
p
x
ple = eBR0/nNmec 

Hence, for TEXTOR one gets Wm
ri
a
p
x
ple = 70/n MeV 

and the second harmonic (n = 2) seems to be of im-
portance. 

As regards an influence of instabilities, free energy 
(due to the non-Maxwellian part of the electron distri-
bution function) may be exchanged between electrons 
and plasma oscillations. When a certain threshold is 
exceeded, instabilities occur which limit the energy or 
confinement properties of runaways. 

Transport of runaway electrons 

Processes of the energy and particle transport in fu-
sion plasmas are still poorly understood and they are a 

subject of extensive studies. A cross-field transport in 
tokamaks is governed by several processes: 
1. The collisional transport, which is described as 

a classical transport in cylindrical systems and a 
neo-classical one in toroidal configurations. In fact, 
the neo-classical runaway diffusion coefficient is 
estimated to be very small. 

2. Transport induced by electrostatic fluctuations. In 
general, turbulent fields can increase the E × B 
transport if the density fluctuations are in phase 
with the electrostatic fluctuations, but for runaway 
electrons this transport may also be neglected. 

3. Transport induced by magnetic fluctuations. It is 
evident that runaway electrons can diffuse because 
they travel along the fluctuating field lines, which 
diffuse themselves. Unfortunately, this process has 
not so far been described quantitatively and there 
are some old estimates only [24]. 
In small tokamaks the generation of runaway elec-

trons is usually caused by the so-called Dreicer mecha-
nism of the electron acceleration [22] and the runaway 
production rate can be expressed as: 

(18) λR ~ C(Zeff)ε–3(Z+1)/16neνe exp{–1/4ε – [(Z + 1)/ε]1/2} 

where C is the proportionality coefficient, Zeff is the ef-
fective ion charge, ε = E0/EDR and the Dreicer critical 
field is given by 

(19)  

while the electron collision frequency is equal to 

(20)      νe = 2.91 × 10–6 lnΛ neZeffT –3/2 

It can be easily seen that a considerable increase in 
the plasma density – as had been observed in different 
experiments, e.g. up to <ne> = (7–10) × 1018 m–3 in 
the ISTTOK device in Lisbon [22], – would result in the 
decrease of the runaway production rate by orders of 
magnitude. 

Production of ripple-born electrons 

It has already been mentioned above that due to the fact 
that there is only a finite number of toroidal coils in a 
tokamak, the magnetic field is not totally axisymmetric. 
There appear ripples in the magnetic field with the 
period of 2π/N, where N is the number of the toroidal 
field coils (see Fig. 1). The appearance of magnetic field 
ripples has important consequences for the confinement 
of energetic charged particles. Significant losses of fast 
ions may occur if the ripples have sufficiently large 
amplitude [26]. Future nuclear fusion reactors would 
have to rely on the heating provided by the energetic 
alpha particles arising from fusion. Therefore, ripple 
losses are potentially an important problem for fusion 
reactors. The ripple losses tend to be localized and 
can therefore cause severe damage in limited areas of 
plasma facing components. An example has been pre-
sented in Fig. 2, and another case is shown in Fig. 5. 

In the TORE-SUPRA experiment described earlier 
the facility was equipped with an inboard limiter which 

3 2
DR eff 0ln / 4e eE e n Z T= Λ πε
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was fully toroidal, constituting a broad poloidal belt 
made of graphite or CFC (carbon fiber composite) tiles. 
The detailed theoretical analysis of the field configura-
tion has shown that some fast ions that were initially 
trapped in the TORE-SUPRA field, could nevertheless 
escape in the upward direction (and some fast electrons 
too – in the downward direction), as shown in Fig. 6. 

The toroidal magnetic field of the TORE-SUPRA 
tokamak displayed relatively large ripples, i.e. large value 
of (δB/B), which increased to about 7% at the plasma 
edge low field side (at r/a = 1). Therefore, a large fraction 
of the plasma volume was affected by particle trapping 
in local magnetic ripple wells (due to the pitch angle 
scattering). Those particles (ions and electrons) could 
escape from the plasma core along so-called iso-B lines. 
In the previous TORE-SUPRA configuration fast ions 
and electrons, which were accelerated during LHH or 
ICRH up to 100–300 keV energy, could drift upward 
and downward, correspondingly. In fact the fast runaway 
electrons were routinely observed in TORE-SUPRA dur-
ing disruptions (via hard X-ray and neutron monitors, as 
well as synchrotron radiation and wall heating recorded 
with IR cameras) [20]. 

It should here be mentioned that to reduce ripples 
without using an unacceptably large number of the 

toroidal field coils one may apply a method based 
on the use of appropriate ferritic inserts, which had 
been researched and developed at the JFT-2M facility. 
In that case the fundamental mode ripple was reduced 
down to 0.07% [14]. 

Diagnostics of the fast electrons in tokamaks 

The emission of fast electrons escaping from tokamak 
devices had been studied in numerous experiments. 
The use was made of different diagnostic techniques, 
an incomplete list of which is given below: 
1. An indirect method based on measurements of 

secondary X-rays. 
2.  Another indirect method based on measurements 

of secondary neutrons. 
3. Measurements of the synchrotron radiation. 
4. A new immediate method based on the use of 

Cherenkov-type detectors. 
The first three methods have been applied in dif-

ferent laboratories for many years, but they cannot 
deliver accurate information about regions of the fast 
electrons emission. The adaptation of the Cherenkov-
-type detectors for instantaneous and local measure-
ments of the fast electrons in tokamaks was for the first 
time proposed by the present author in 2004 [25]. All 
these diagnostic techniques will be described in detail 
in subsequent subsections.

Measurements of secondary X-rays 

In hot plasmas processes leading to the production of 
secondary X-rays or gammas are as follows: 
1. The bremstrahlung from the plasma. For runaway 

electrons the collision frequency becomes very low, 
but fast electrons undergo Coulomb interactions 
with plasma ions, which result in the emission of 
photons having a continuous energy spectrum up 
to the kinetic energy of the incident electrons. 

2. The bremstrahlung from the limiter. When runaway 
electrons strike a solid state limiter, they are slowed 
down and emit a continuous spectrum of photons. 

3. The production of electron-positron pairs. Collisions 
of energetic runaway electrons with nuclei can in prin-
ciple produce electron-positron pairs (for electron 
energies above the natural energy threshold equal 
to 1.02 MeV), but for the typical tokamak experi-
ments the cross-section of this process is too low to 
allow for the effective detection. Therefore only two 
bremstrahlung mechanisms may play any role. 

Measurements of secondary neutrons 

The processes in high-temperature plasmas leading to 
the production of neutrons can be listed as follows: 
1. The electro-disintegration. Energetic electrons in 

plasma can interact directly with plasma ions and 
split them apart; in the case of deuterium plasma this 
results in the emission of neutrons (from primary 
deuterons). The energy threshold of this process 
amounts to a few MeV. 

Fig. 5. Perforations of a pumping duct in the upper vertical 
port, caused by fast runaway particles [19].

Fig. 6. Trajectory of a fast ion escaping from the former 
TORE-SUPRA field [3]. 
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2. Photo-nuclear processes (γ,n) and subsequent ra-
dioactive decays. Energetic photons emitted by the 
fast electrons interacting with plasma ions or solid 
limiter can stay inside the limiter material and cause 
photo-nuclear processes. If the photon energy is 
high enough to cause a breakup a stable nuclei, it 
can cause the emission of neutrons and photons; for 
example in the case of carbon the energy threshold 
of the primary photon for the neutron emission is 
about 10 MeV. A residual nucleus may become ra-
dioactive and the analysis of the limiter material can 
provide an information about energies of impinging 
electrons [1]. 
To measure secondary gammas and neutrons in 

the TEXTOR device the use was made of a detector 
containing the NE-213 liquid scintillator. The detector 
head was aligned tangentially or radially to the plasma 
current direction. The measuring system was operated 
with counting rates up to 3 × 105 s–1. The complete n/γ 
discrimination was achieved for electrons with energies 
above 0.1 MeV and protons with energies exceeding 
0.8 MeV. The pulse height (energy) resolution was about 
8% for 2.5 MeV protons [4]. 

From the above information it is clear that to de-
termine the origin of the observed radiation one must 
measure X-rays, neutrons and their energies. Such mea-
surements are usually carried out by means of scintilla-
tion detectors, in which an impinging photon produces 
Compton scattered electrons, and an impinging neutron 
generates recoil protons. These charged particles ex-
cite molecules of the scintillation material, which emit 
fluorescence radiation measured by a photo-multiplier. 
In order to identify photon- and neutron-induced events 
one can apply a pulse shape analysis. 

Measurements of the synchrotron radiation 

The electromagnetic radiation emitted by the bulk 
electrons (not the relativistic ones) gyrating in the 
magnetic field is called the cyclotron emission (ECE) 
at the gyration frequency. The radiation of the second 
harmonic is often employed in many contemporary 
tokamaks to determine the electron temperature. It 
should be added that in the nuclear fusion literature 
the higher harmonics of the cyclotron radiation, which 
are generated mostly by slightly relativistic electrons 
(Wkin < mec2), are also called the synchrotron radiation. 

If Wωφψ is the energy emitted by a relativistic elec-
tron moving along a circular orbit per unit angular 
frequency interval (dω) and per unit solid angle (dΩ 
= dψ dφ) the detected power d2Pe/dΩdω may be found 
by multiplying Wωφψ by the repetition frequency c/2πR. 
After appropriate substitutions and integration over all 
frequencies we obtain 

(21)  dPe/dΩ = ce 2β4 [(1 – β cosΘ)2 
 – (1 – β2) sin2Θ sin2φ] /4πε0

4πR2 (1 – β cosΘ)5 

In the orbital plane (φ = 0) at the width of the 
aperture equal to δ = 1/γ one can draw a normalized 
synchrotron spectrum of one electron as a function of 
γ cosΘ. Then the total power radiated by an electron is 
equal to Pe = 2remec3β4γ 4/3R2, where re = e2/4πε0 mec2 

= 2.82 × 10–15 m is the classical electron radius. Hence, 
one can draw dPe/dλ vs. the wavelength λ, as shown in 
Fig. 7. 

In order to record the synchrotron emission within 
the middle infrared (IR) spectral range the use can be 
made of a thermo-graphic camera viewing the plasma 
tangentially in the direction of electron approach. 
Such measurements have been carried out, e.g., in the 
TEXTOR experiment [12], as shown in Fig. 8. 

Some examples of the IR images, as recorded in the 
TEXTOR experiment, are presented in Fig. 9. 

Important information may be obtained from time-
-resolved measurements [20], as shown in Fig. 10. 

Other examples, which show results from the TORE-
-SUPRA experiment [20], are presented in Fig. 11. 

In the first example the central electron tempera-
ture Te, as measured from ECE, dropped in less than 

Fig. 7. Normalized synchrotron spectrum of one electron for 
different W and Θ values [13]. 

Fig. 8. Experimental arrangement of IR cameras at the 
TEXTOR facility [12]. 

Fig. 9. Image of the thermal radiation from the TEXTOR 
limiter (left, taken at t = 0.5 s) and that of the synchrotron 
radiation (right, recorded at t = 1.5 s) [12]. 
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1 ms. After a short spike the discharge current started 
to decrease and plasma was pushed towards the inner 
wall. During the ramp down a large neutron signal was 
observed, which was  about 100 times higher than that 
from the plasma phase. Those neutrons were produced 
by fast electrons accelerated to energies exceeding 
10 MeV. In the second case the current fell and the 
movement of plasma stopped temporarily, as a result 
of the stabilization of a runaway current by the vertical 

field, and a large non-thermal ECE radiation appeared. 
It was observed that duration of such a plateau can vary 
from a very short to above 1 s. 

Energies of the runaway electrons can be deter-
mined by the correlation of two diagnostic techniques, 
i.e. the photo-nuclear activation (with a high threshold) 
and neutron/electron ratio. It is evident that the energy 
determination is very important for the verification 
of different runaway creation and acceleration models. 
In the tokamak experiments mentioned above there two 
main mechanisms were considered: 
1. The so-called Dreicer mechanism, when a large 

number of runaway electrons is created at the very 
beginning of the current quench and accelerated 
continuously at an energy gain of about 60 MeV/MA. 
In such a case the energy distribution should be close 
to monotonic one.

2. An avalanche mechanism, when a small population 
of electrons grows exponentially via head-on colli-
sions with the cold plasma electrons. In that case 
one can predict a Maxwellian distribution with a 
temperature reaching up to 10–15 MeV. 
The first photo-activity measurements within the 

TORE-SUPRA were based on spallation reactions of 
bismuth (Bi), which have thresholds from about 30 to 
about 50 MeV. The Bi samples were placed outside the 
vacuum chamber in the hard X-ray stream produced 
by fast electrons impinging upon the chamber inner 
wall [20]. Geometry of the irradiation was too complex 
to make possible absolute measurements, but several 
discharges were studied by recording γ-spectra from the 
irradiated Bi samples, as shown in Fig. 12. 

Theoretical ratios for the selected Bi-isotopes were 
also calculated under assumption that the fast electrons 
are fully slowed down in graphite tiles. The main aim 
was to find whether the recorded Bi-isotope ratios cor-
respond to fast monoenergetic electrons or those with 
a Maxwellian energy distribution. 

Another diagnostic method, used to determine elec-
tron energies, was based on the estimate of the number 
of neutrons produced by each electron. In this approach 
it was assumed that the electrons are also stopped in the 
graphite tiles, but photo-nuclear processes occur in the 
SS (stainless steel) wall of the vacuum chamber. The 
analysis of two possible mechanisms (the Dreicer model 
and the avalanche approach) showed that the electron 

Fig. 12. Typical γ-spectra obtained from Bi samples irradiated 
within the TORE-SUPRA [20]. 

Fig. 10. Typical time-resolved signals recorded during the 
disruption within TEXTOR. Traces from top to bottom: The 
discharge current (Ip), the extended current trace, the loop 
voltage (Vloop), the soft X-ray radiation (SXR) and the ECE. 
The period of the synchrotron emission is indicated by the 
arrows (IR) [20].

Fig. 11. Waveforms recorded for a typical disruption in the 
TORE-SUPRA (top) and those from another shot with a 
disruption exhibiting a runaway plateau (bottom) [20].
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distribution functions should be described by differ-
ent curves and the numbers of the produced neutrons 
should also be different. In the TORE-SUPRA experi-
ments mentioned above the number of photo-neutrons 
was measured using the fission chambers, and the num-
ber of fast electrons was estimated under assumption 
that the plateau current is fully carried by the runaway 
electrons. The results showed that the avalanche process 
dominated during the current disruptions. 

In the early TORE-SUPRA experiments most 
of the runaway electrons were lost in the equatorial 
plane, upon the toroidal belt limiter placed at the high 
field side. Radioactivity measurements along the inner 
toroidal limiter showed 18 distinct peaks which were 
correlated with the ripples due to coils, as presented 
in Fig. 13. 

The observed angular variations were explained 
by a slight misalignment of 36 modules of the limiter. 
That conclusion was confirmed by changing positions 
of the modules in an appropriate way. The shadowing 
of the retracted modules by the neighboring ones was 
also observed. 

According to the theoretical considerations pre-
sented above the production of runaway electrons re-
corded in the TORE-SUPRA experiments was weakly 
sensitive to the plasma density, but it varied strongly 
with the toroidal field. The Dreicer model was not 
applicable during strong plasma disruptions when the 
plasma parameters evolved very rapidly. 

Measurements involving the Cherenkov-type detectors 

As it was mentioned above, in order to determine 
the properties of fast electrons in tokamaks the author 
proposed to adapt the Cherenkov-type detectors [25]. 
It is well known that the Cherenkov radiation appears 
when a charged particle penetrates a transparent me-
dium with the velocity (u) higher than the phase velocity 
of light (ul) in this medium [29]. The phase velocity of 
light is ul = c/n, where n is the refractive index of the 
medium. The condition may be written as u > ul or 
βn > 1 where β = u/c. From this relation one can easily 
see that there is an energy threshold for the emission 
of the Cherenkov radiation. The minimal electron 
energy required to generate the Cherenkov radiation 
is given by 

(22)            Emin = E0/(1 – β2)1/2 – E0 

where E0 = 511 keV is the electron rest energy. 
The emitted energy increases with an increase in 

a particle velocity and it is larger for a medium with a 
larger refractive index. In the polar coordinates (z, ρ, 
θ) the charged particle can emit the conical electro-
magnetic wave described by the formula 

(23) 

and at βn > 1 the Cherenkov radiation can be emit-
ted within at an angle θ to the direction of the particle 
motion. Energy of the Cherenkov radiation (per unit 
length of path) may be expressed as 

(24) 

and for a unit length and the chosen wavelength interval 
(λ1 – λ2) one gets 

(25) 

This means that e.g. for a charged particle moving 
with β ≈ 1 the energy loss within the visible interval 
from λ1 = 3000 Å to λ2 = 6000 Å would be equal to 
1.7 keV/cm, while the ionization losses for such a par-
ticle would be about 2 MeV/g/cm2. 

It should be noted that the most characteristic fea-
tures of the Cherenkov radiation are as follows: 

a low-energy threshold,  –
the directional character,  –
an almost instantaneous emission (with delay  –
< 10–9 s), 
the intensity about 2–3 orders higher than that  –
of the typical bremsstrahlung [29]. 
Because of these features  detectors of the Cheren-

kov type are of particular interest for immediate and 
local measurements of fast electrons. In fact Cherenkov-
-type detectors may be used to study the emission of fast 
electrons above the determined low-energy threshold, 
which depends on the applied radiator, as shown in 
Table 1. 

The Cherenkov detectors have been also for many 
years successfully used in studies of the fast electron 
beams emitted from high-current discharges in the 
plasma focus devices [7, 9]. Taking into account these 
advantages of the Cherenkov detectors the author’s 
team has adapted this diagnostic technique also for 
measurements of fast runaway electrons in tokamaks. 

Cherenkov measurements of fast electrons in CASTOR 

The described diagnostic technique, based on the 
Cherenkov effect, was applied for the first time by 
the author’s team in a CASTOR experiment in Prague, 
Czech Republic [11]. A simple one-channel measuring 
head had been designed, as shown in Fig. 14. 

That Cherenkov probe was installed in one of the 
vertical diagnostic ports of the CASTOR toroidal 
chamber, as shown in Fig. 15. 

Fig. 13. Radioactivity measured in TS along the inner toroidal 
limiter in 1993–1995 experiments [20]. 
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In a modified version of the Cherenkov detection 
system for the CASTOR the influence of hard X-rays 
on the photomultiplier signals had been eliminated, as 
shown in Fig. 16. 

Measurements with different detector input orien-
tations confirmed that the signals from the Cherenkov 
detector were induced by fast electrons, and electron-
-induced signals were recorded at different experimen-
tal conditions, as shown in Fig. 17. 

It was found that the fast runaway electron emission 
in the CASTOR was strongly influenced by the toroidal 

magnetic field, and that this influence in the confined 
plasma region (rCh ≤ 70 mm) was different from that 
in the limiter shadow (rCh ≥ 85 mm) because variation 
of the magnetic field affects the particle confinement 
and plasma density, as shown in Fig. 18. 

Table 1. Basic parameters of some materials which might be used as Cherenkov detectors 

Radiator material Refractive index Low-energy threshold 
for electron (keV)

Thermal conductivity 
(W⋅m–1⋅K–1)

Standard glass 1.80 104       1
Aluminium nitrade 2.15   66   170
Diamond crystal 2.42   51 2000
Rutile crystal 2.90   33     12

Fig. 14. Schematic drawing of the Cherenkov detector (not to 
scale) custom-designed for the CASTOR tokamak. 

Fig. 16. Comparison of hard X-rays (HXR) and Cherenkov 
signals obtained from the CASTOR facility at r = 60 mm. The 
HXR-local signal was recorded close to the probe [8]. 

Fig. 15. Picture of the CASTOR experiment with the installed 
Cherenkov probe (photo by the IPJ team). 

Fig. 18. Dependence of the electron beam fluency on the tor-
oidal magnetic field BT, as measured in the CASTOR tokamak 
for different radial position of the Cherenkov detector head 
[27].

Fig. 17. Cherenkov signals as a function of the position of 
the Cherenkov detector head within the CASTOR device for 
high-density (top) and low-density discharges (bottom) [8]. 
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Cherenkov measurements of fast electrons in ISTTOK

The next step in the IPJ team activity, aimed at the 
development of Cherenkov-type detectors for tokamak 
experiments, was the designing and manufacturing of 
a single-channel detector head for the ISTTOK device 
operated at Lisbon, Portugal [23]. In that case the use 
was also made of a AlN crystal, but the optical coupling 
of the Cherenkov radiator with a fast photomultiplier 
was realized by means of a fiber optic cable, as shown 
in Fig. 19. 

The detector head was installed in the ISTTOK 
chamber, which is shown in Fig. 20. 

The Cherenkov detector was placed at different 
distances from the toroidal axis of the ISTTOK cham-
ber and the correlation of the Cherenkov signals with 
other experimental waveforms was investigated. An 
example of such signals, which were recorded when the 
detector was located at the radial position r = 5.2 cm, 
is presented in Fig. 21. 

One can easily notice that the Cherenkov signals 
appeared at particular direction of the discharge cur-
rent and the loop voltage only. Using this detector we 
were able to identify the runaway generation regimes 
in the ISTTOK tokamak. As a result the fluence of the 
runaway electrons with energies higher than 80 keV 
had been recorded. The numerical evaluation of the 
experimental data showed that such electrons might 
be generated in the vicinity of the plasma centre, and 

they could be detected at the location of the measur-
ing probe. 

For a new experiment with ISTTOK, in order to 
determine the energy spectrum of the fast electrons, 
the IPJ team designed and manufactured a four-channel 
Cherenkov detector head [5]. The probe had been 
equipped with four radiators made of AlN crystals 
10 mm in diameter and 1 mm in thickness each, which 
were separated optically. Those radiators were shielded 
with molybdenum (Mo) coatings of different thickness. 
They were coupled with four fast photomultipliers 
through separate optical fiber cables. It made possible 
to record Cherenkov signals from electrons with ener-
gies above the threshold values, which were determined 
by the thicknesses of the applied Mo coatings. The new 
measuring head was mounted on the same positioning 
equipment, as shown in Fig. 22. 

The new Cherenkov probe made it possible to 
record runaway electrons in different energy channels 
and compare the electron-induced signals with other 
waveforms, as shown in Fig. 23. 

Fig. 19. Picture of a Cherenkov-type detector head with posi-
tioning equipment manufactured for ISTTOK [23]. 

Fig. 21. Comparison of traces from the ISTTOK experiment: 
from top to bottom – signals from a Cherenkov detector ICh, 
the discharge current Ip, the loop voltage Vloop, and the average 
plasma density <ne> [23]. 

Fig. 20. General view of the ISTTOK facility operated in 
Lisbon, Portugal (photo by the IPJ team). 

Fig. 22. Picture of a new four-channel Cherenkov-type detec-
tor head, designed and manufactured for ISTTOK experi-
ments and installed within the positioning equipment [5]. 
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The recorded Cherenkov signals were partially 
correlated with the hard X-rays (HXR), which were 
measured outside the tokamak chamber and were 
identified as bremstrahlung of fast electrons interacting 
with a limiter and metal walls. On the basis of detailed 
measurements it was possible to determine a depen-
dence of the electron-induced signals on a distance of 
the Cherenkov detector from the toroidal axis of the 
ISTTOK chamber, i.e. to identify regions of the run-
aways emission, as shown in Fig. 24. 

It was also observed that, in spite of some differences 
in amplitudes, the HXR peaks (measured externally) 
and the Cherenkov signals (measured inside the toka-
mak chamber) were well correlated. It turned out that 
the diagnostic technique based the observation of the 
Cherenkov radiation appeared very useful for ISTTOK 
experiments. It should be noted, however, that credibil-
ity of the Cherenkov measurements at RCh ≤ 5.5 cm was 
lower due to a possible influence the probe could have on 
the discharge parameters, e.g. plasma cooling and impu-
rities release. Nevertheless, the applied technique made 
it possible to determine the plasma radius in ISTTOK 
within which the fast electron population appears and to 
learn what happens when the driving voltage and current 
intensity in the vertical magnetic coils are changed. 

Cherenkov measurements of fast electrons in TORE-
-SUPRA 

In fact the main aim of the EURATOM task, which (ac-
cording to the author’s proposal) was undertaken by the 
IPJ team, was to construct a Cherenkov-type probe for 
the TORE-SUPRA tokamak [2] in Cadarache, France, 
shown in Fig. 25. 

Losses of fast ions and electrons from the TORE-
-SUPRA device had been investigated theoretically and 
experimentally for many years [2, 3], but a new diag-
nostic technique was needed. Acting on an invitation 
from the CEA-Cadarache, the IPJ team had performed 
a detailed analysis of the experimental conditions and 
designed a new Cherenkov-type probe [6, 10]. Taking 
into account high thermal loads which appear within 
the TORE-SUPRA tokamak, it had been decided to 
use a design with four diamond radiators with (Mo) 
coatings. The shapes of the diamond radiators and 
their holders (together with optical fiber cables) had 
been designed to reduce their thermal loads, as shown 
in Fig. 26. 

In the designed probe all radiator surfaces were 
metal-coated except for small corners playing the role 
of optical contacts with the fiber cables. To transport 
the Cherenkov radiation the use was made of four sepa-
rate optical cables attached to separate vacuum-feed-
-through connectors located inside the probe casing, as 
shown in Fig. 27. 

Fig. 23. Experimental data obtained from two ISTTOK dis-
charges: from top to bottom – Cherenkov signals from electrons 
of energy > 87 keV, hard X-rays, plasma current, Cherenkov 
signals from different energy channels ranging from 95 to 
180 keV. The time scales were different to identify instants of 
the runaway electrons emission more accurately [5]. 

Fig. 24. Cherenkov-signal intensity as a function of a distance 
of the Cherenkov detectors from the ISTTOK toroidal axis. 
Electron energy thresholds of different channels were as fol-
lows: Ch1 > 69 keV, Ch2 > 95 keV, Ch3 > 119 keV [5]. 

Fig. 25. General view of the TORE-SUPRA facility (http://
www-cadarache-cea.fr). 



96 M. J. Sadowski

discharges performed with an increased lower-hybrid 
(LH) heating [10]. A short operational cycle enabled 
the Cherenkov probe to be used twice during a single TS 
discharge. Knowing the characteristics of the probe mo-
tion it was possible to identify the positions of different 
radiators and to compare the Cherenkov signals obtained 
from different measuring channels, as shown in Fig. 29. 

Those preliminary measurements in the TORE-
-SUPRA facility, which were carried out during several 
discharges with an increased LH and ICR heating, 
proved that the four-channel Cherenkov probe may 
successfully be applied for studies of fast electrons in a 
large tokamak experiment. 

The analysis of the recorded Cherenkov signals 
showed that the fast electrons form a rather thin sheath 
within the scrape-of-layer (SOL) region and they ap-
pear when the level of LH and ICR heating is high 

Fig. 29. Cherenkov signals from two measuring channels, as 
obtained from the second insertion of the probe (downwards 
and upwards) during two TS shots and converted into a depen-
dence of signal amplitudes on the probe position [10].

Fig. 28. Changes in the Cherenkov detector position and 
signals from different channels of that detector (four lower 
traces) for TS#43368 shot. The starting point of the time scale 
was chosen at t = 4.2 s [10]. 

Internal supports of the radiators formed a good 
heat sink, and the whole probe was protected by an 
external CFC shield. The electron streams being probed 
could penetrate only front tips of the radiators which 
were shielded by Mo-coatings of various thicknesses. 
The use of the diamond radiators with Mo-filters of 
various thicknesses (10, 20, 50 and 100 μm) made it 
possible to detect electrons of different energies (> 84, 
> 109, > 173 and > 259 keV, respectively). In order to 
reduce overheating of the probe the use was made of 
a special fast moving shaft which could be introduced 
and withdrawn from a plasma region in about 30 ms. 
Therefore, in a single cycle of the shaft motion each 
radiator could record fast electrons twice (during inward 
and outward motion), as shown in Fig. 28. 

The electron-induced Cherenkov signals had been 
recorded for the first time during the TORE-SUPRA 

Fig. 26. Construction details of the Cherenkov-probe which 
was designed for TORE-SUPRA experiments [6]. 

Fig. 27. Picture of the Cherenkov detector measuring head 
(without the outer CFC shield), which was manufactured for 
TORE-SUPRA experiments [10]. 
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enough. Power flux of such electrons may be very high 
and they can induce severe damages of plasma facing 
components (PFC) in tokamaks. Early information 
about generation of such powerful electron streams 
is of primary importance for controlling tokamak dis-
charges. This is an example how important information 
may be gained from measurements of fast runaway and 
ripple-born electrons. 

Summary and conclusions 

The most important results of the studies presented in 
this paper may be summarized as follows: 

Different mechanisms of the runaway electrons  –
generation have been described and compared. A 
particular attention was paid to two mechanisms: 
the so-called Dreicer mechanism and the avalanche 
mechanism. 
Various methods of passive diagnostics had been  –
described for measurements of runaway or ripple-
-born electrons, which can escape from tokamaks, 
in particular the measurements of secondary X-rays, 
measurements of neutrons, measurements of the 
bremstrahlung radiation, and direct measurements 
with Cherenkov-type detectors. One must take into 
account the fact that each of these diagnostic tech-
niques has its advantages and disadvantages. 
The Cherenkov-type detectors, as developed by the  –
author’s team, might be applied for studies of fast 
electrons in the edge plasma within the tokamak-
-type devices of different operational parameters. It 
is possible to customize such detectors for specific 
tokamaks, but one must take into account the ex-
pected experimental conditions in order to modify 
the Cherenkov probe in an appropriate way. 
Particular attention should be paid to the possibil- –
ity of identification of the fast-electron generation 
regions and the registration of fast-electron burst 
precursors, which might be used for controlling 
long-lasting tokamak discharges. 
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