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Set of experiments has been developed to study existing runaway electrons in “Damavand” tokamak
plasma upon characteristics of hard x-ray emissions produced by collision of the runaway electrons
with the plasma particles and limiters. As a first step, spatial distribution of hard x-ray emissions on
the equatorial plane of the torus was considered. Obtained spectra of hard x-ray emissions for
different alignments of shielded detector indicate isotropic emissivity in the equatorial plane. This
is in agreement with wide angle cone of bremsstrahlung radiations, deduced from the mean value of
energy of the runaway electrons. The mean energy was calculated from the slope of the energy
spectrum of hard x-ray photons. In the second stage in order to investigate time evolution of energy
of the runaway electrons, similar technique were applied to obtain hard x-ray energy in every 3 ms
intervals, from the beginning to the end of plasma. The mean energy of the runaway electrons
increases during the ramp up phase and reaches its maximum between 3 and 9 ms after plasma
formation. Also considering the time dependence of the counted photons in each energy range shows
that energetic photons are emitted during the ramp up phase of the plasma current in Damavand
tokamak. © 2009 American Institute of Physics. �DOI: 10.1063/1.3064917�

I. INTRODUCTION

Electrons in tokamak plasma with energies higher than
critical level are continuously accelerated by the toroidal
electric field, i.e., they run away. Runaway electrons repre-
sent a major threat in tokamak machines due to the damage
produced when they hit the first wall.1 Also the generation of
runaway electrons and their effect on behavior of ionized and
neutral particles, in particular, and plasma characteristics in
general have been the matter of speculation by many re-
searchers. In order to study such a phenomenon, a variety of
models have been proposed that are intended to predict dif-
ferent behaviors of the runaway electrons in the future toka-
maks. However, so far two dominant mechanisms have been
proposed to describe generation mechanism of the runaway
electrons in tokamak plasma. One is the “conventional run-
away mechanism” and the other is the “avalanche runaway
mechanism.”

Conventional runaway mechanism was first discovered
by Dreicer2 in 1959 so it is also known as the “Dreicer
mechanism.” According to this model if the applied electric
field exceeds ED, where

ED = nee
3 ln �/4��0

2Te, �1�

which is called the Dreicer electrical field,2 thermal electrons
will start to run away3 and they may go out of the plasma and
cause energy loss. Conventional or Dreicer runaway elec-
trons finally reach a relativistic saturation speed predicted

upon relativistic dynamics equations.4 Another process
which is called avalanche mechanism was proposed by
Sokolov.5 It happens when applied electric field exceeds Ec,
where

Ec = TeED/mec
2 �2�

is the critical electric field required to initiate avalanche
mechanism. Despite the fact that in an avalanche runaway
mechanism applied electric field is less than the Dreicer elec-
tric field, i.e., E�ED, a few numbers of existing runaway
electrons increase the energy of thermal electrons due to
close collisions and bring them to runaway regime while
themselves stay still in runaway regime. Repetition of this
mechanism may cause gradual conversion of plasma current
into runaway current.6

In large scale tokamaks at the disruption moments pro-
duction of runaway electrons and their second influences on
plasma is very important.7–9 Collision of intense runaway
electrons with the first wall would significantly reduce the
lifetime of the first wall in fusion reactors. Therefore control
and annihilation of runaway currents for the future reactors
have been considered by researchers and several methods
such as plasma current ramping up, controlled inward plasma
shifting, and safety factor decreasing, have been found in
JT-60U.10 However, to obtain deeper knowledge about run-
away electrons, more investigations considering different as-
pects of runaway electrons such as electron cyclotron emis-
sion �ECE� and bremsstrahlung radiations are carried out.
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Due to collisions of energetic runaway electrons with
plasma ions and tokamak limiter, bremsstrahlung radiations
in the form of hard x-ray photons are emitted from the
plasma and the limiter, which may provide valuable informa-
tion about plasma and runaway electrons.11,12

So far in different tokamaks, many experiments have
been done to deduce energy of runaway electrons from the
energy spectrum of hard x-ray photons.13,14 Damavand toka-
mak is a small size machine, which could provide convenient
conditions to investigate the mechanisms of production, be-
havior, prevention, and shutdown of runaway currents in fu-
sion plasmas. As a first step to study hard x-ray emissions in
Damavand plasma, behavior of radiated hard x-ray after ma-
jor disruption has been investigated.15

Collisions of energetic electrons with the residual plasma
particles and the first wall are two sources for hard x-ray
radiations due to the runaway electrons in tokamak plasma.
Although the intensity of radiations due to collisions with
heavy nuclei of the first wall is higher, however, in both
cases dominant mechanism is bremsstrahlung. According to
bremsstrahlung mechanism, most of hard x-ray photons are
emitted in a cone with the half angle of 1 /Y in the direction
of the velocity of the emitting runaway electrons.8 Y is ob-
tained by

Y =
Er�MeV�

0.512
. �3�

Also the energy distribution function of runaway electrons
can be described as

f�E� � exp�−
E

Er
� , �4�

where E is the energy of hard x-ray photons and Er is the
mean energy of runaway electrons. Therefore Er could be

deduced from the inverse slope of the energy spectrum16,17

and, consequently, Y is calculated.
In this work, NaI-scintillator detectors have been used to

measure and to analyze hard x-ray spectra of Damavand to-
kamak radiations in different directions and in different times
during plasma establishment. So for each alignment of de-
tectors, considering Eqs. �3� and �4�, the mean energy of
runaway electrons was calculated from the inverse slope of
hard x-ray spectra and then Y was obtained.

FIG. 1. �a� Plasma current, �b� loop voltage, �c� hard x-ray intensity, and �d� hydrogen line radiation intensity at 4860 Å with respect to the time during a
typical shot.

FIG. 2. Schematic of the experimental setup: V is the scintillator perpen-
dicular to plasma current, T1 is viewing toward the direction of the plasma
current and T2 in the opposite direction of the plasma current, Pre Amp and
Amp are, respectively, the preamplifier and the amplifier, HV is high voltage
power supply of scintillator, and MCA is Multichannel Analyzer.
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II. EXPERIMENTS

All experiments addressed in this article have been done
on Damavand tokamak, which is categorized as a small size
tokamak. The main characteristics of Damavand tokamak are
as follows: the main radius is R=36 cm and it has an elon-
gated cross section having the parameters b=10 cm and a
=7 cm. This Tokamak has a toroidal magnetic field of BT

=1.2 T and normally operates with plasma currents of about
IP=28 to 32 kA. Plasma duration is about 21 ms and typical
values of electron and ion’s temperatures are, respectively,
Te=300 eV and Ti=150 eV. Damavand tokamak is
equipped with a magnetron rf source in order to preionize the
neutral gas before the main discharge. Furthermore, this to-
kamak has an active feedback system of R and Z position
control. Figure 1 shows typical behavior of the plasma cur-
rent, loop voltage, hard x-ray emissions, and H-beta radia-
tions with respect to the time during plasma formation.

To detect hard x-ray photons, 3�3 in.2 Bicron NaI-
scintillator detector, as well as a Canberra 8180 multichannel
analyzer �MCA�, was used. To obtain enough counts per
channel, MCA was set to the “512 channel” mode. Two stan-
dard Co60 �1.17 and 1.33 MeV� and Cs137 �0.66 MeV�
sources were employed together in order to calibrate MCA in
the range of interest energies of this work. Using a digital
delay generator, MCA was run during a selected time win-
dow of the plasma establishment period.

To study of the spatial distribution of hard x-ray emis-
sions as shown in Fig. 2 three scintillators �“V,” “T1,” and
“T2”� were positioned at 50 cm far from the vacuum vessel
at the equatorial plane of the tokamak. Detector V was per-
pendicular to the vessel wall and detectors T1 and T2 were
aligned tangential to the direction of the plasma current
while T1 was viewed toward the direction of the plasma

current and T2 in the opposite direction of the plasma cur-
rent. All detectors were encapsulated in a lead cylinder to
limit the field of view to less than 10° in such a way that only
those photons that were emitting along the direction of the
detectors could be counted. However, consequently during
one shot, MCA was not able to count enough photons to
produce energy spectrum. So to obtain reasonable spectra,
counts of ten successive and identical shots were added to-
gether. Then to exclude the background counts of each chan-
nel, using the same method, spectrum of the background
radiations was obtained and was subtracted.

Besides spatial distribution of hard x-ray emissions, evo-
lution of the energy spectrum and ultimately variation in the
energy of the runaway electrons were considered as the next
experiment, which always have been among the most ad-
dressed issues in terms of research of tokamak plasmas. So,
complementary experiments were set to acquire the energy
spectrum of hard x-ray emissions during shorter periods. Ac-
cording to preliminary tests, the whole 21 ms of the plasma
duration was divided to seven intervals of 3 ms and using the
signal generator, MCA was used to produce the energy spec-
trum of hard x-ray radiations during a selected time window
among the seven time windows. Of course, as mentioned
before, obtained counts of ten identical shots were added to
have clear spectrum of each interval. Following this method
made it possible to have seven different energy spectra cor-
responding to the seven time intervals covering the duration
of the plasma establishment. In this case an unshielded NaI-
scintillator detector was placed at 14 m far from the vessel
on the equatorial plane to detect hard x-ray photons emitted
from the entire tokamak.

FIG. 3. Hard x-ray emission energy spectra with respect to detector position and alignment at the equatorial plane of tokamak. T1 is tangential, which is in
the direction of plasma current, T2 is tangential, which is opposite to the direction of plasma current, and V is perpendicular to the plasma current.
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III. RESULTS

Obtained hard x-ray spectra with respect to detector po-
sition are shown in Fig. 3. The error of counts for every
channel is represented by a vertical bar. These errors indicate
that all three spectra are almost similar and there is no con-
siderable difference between their values and shapes.

Estimation of the mean energy of runaway electrons also

leads to a similar result for the three different alignments of
detectors T1, T2, and V, which represent respectively, direc-
tions tangential �indirection�, tangential �antidirection�, and
perpendicular to the plasma current. Calculating Y from Er

results in a very wide angle of cone of bremsstrahlung radia-
tion in Damavand tokamak. This confirms isotropic emis-
sions of hard x rays at the equatorial plane of Damavand
tokamak. Although the half-angle of the radiation cone for
the electrons having energies more than 1 MeV is small, very
few of these runaway electrons have been detected. Hence
the difference between the spectra, obtained from different
alignments of detectors, is not considerable.

Figure 4 shows seven spectra of hard x-ray radiations
corresponding to seven time windows from the start up of
the plasma to the end. According to obtained spectra in Fig.
4, the mean energy of runaway electrons was calculated for

FIG. 4. Hard x-ray radiation spectra of seven time intervals of 3 ms, cov-
ering entire plasma establishment duration.

FIG. 5. Time evolution of the mean kinetic energy of runaway electrons
during plasma establishment. From start of plasma the mean energy of run-
away electron increases, there is an energy peak in 3–6 ms, and after that the
mean energy gradually decreases.

FIG. 6. The time evolution of the number of hard x-ray photons corresponding to several energies.
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each spectrum and the result is shown in Fig. 5. It is clear
that there is a peak of the mean energy of runaway electrons
during the 6–9 ms interval. This is in agreement with the fact
that during the ramp up phase of the plasma current, the loop
voltage is high enough and runaway electrons gain more
energy from the electric field and reach their maximum
values.

Also considering the time evolution of hard x-ray radia-
tions, having certain energy would be interesting. The time
evolutions of the number of counted hard x-ray photons are
shown in Fig. 6 for several energy ranges.

These curves show the time variation in the intensity of
hard s-ray emissions, having different energies during shot.
It indicates that during the first 3 ms the number of photons
with energies from 200 to 300 keV is larger and during
3–6 ms, a relative reduction of photons count is found. How-
ever, after this, a smooth increase in photon count is obtained
until the end of plasma. This is while the counted photons
containing energies ranging from 350 to 600 keV have an
incremental behavior. The number of counted photons rang-
ing from 700 keV to 1 MeV has its peak almost during the
same time as the peak of plasma current and later it shows
a declining behavior. Photons having energies from 1.5 to
2 MeV are detected only during 3–9 ms, which are coinci-
dent with the time that runaway electrons reach their maxi-
mum energy and later because of the energy reduction in

runaway electrons to less than 1 MeV; consequently, high
energy photons are not detected until the end of plasma.
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