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Introduction

Thermonuclear fusion is currently the most promising way how to reach practically
limitless, clean and once perhaps economically viable source of energy. Such source
would be necessary in human desire for progress, comfort and conquest of the Uni-
verse.

The achieving of this goal is a long track. It is the goal worth many genera-
tions of researchers but we still hope, that our generation will see positive results
of expensive research program. Many ways for reaching this goal have been tried,
some of them were successful, some of them were discredited. Some of the ways
have survived as scienti�cally interesting. When the time has come to decide which
type of a fusion device could o�er the fastest way of achieving the Goal, tokamaks
were chosen for their reasonable con�nement time, relatively simple construction
and long history of the research.

All these years of research and experiments were put into the huge project, called
International Thermonuclear Experimental Reactor ITER. ITER will prove, whether
we can succeed in controlling the fusion and using it for the electricity generation
in the near future. In Latin, ITER means the way, the journey or the march. The
device itself couldn't get a better name, it is indeed a way we have to undergo if we
want to �nd out more. In the current fusion devices, e. g. JET, we can't simulate
conditions of self-sustained burning plasma (the plasma that is e�ectively heated
by alpha particles originating from fusion reactions). Such plasma could behave
di�erent from what we know up to now. Will this state of plasma enrich or sup-
press instabilities? Are our estimates of the con�nement time right? ITER has the
potential answer to many questions.

One of the problems with an urgent need of solution is the generation and sup-
pression of runaway electrons (RE) in tokamaks. These extremely energetic particles
could cause severe damage to the �rst wall and exposed plasma diagnostics. They
can occur in smaller tokamaks but the magnitude of their destructing power will be
much larger in ITER.

This research report begins with the brief introduction to the physics behind
the runway electrons phenomena, important equations are shortly discussed with
references to important papers. These relations or their variations will be derived
or examined in detail in subsequent diploma thesis. The theory is followed by a
summary of experiments conducted on tokamaks around the world and short de-
scription of main modelling tools. The main aim of this work is evaluation of �rst
experiments dedicated to RE on tokamak COMPASS and the data analysis of older
shots with RE presence on COMPASS and GOLEM tokamak.
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Chapter 1

Runaway Electrons Physics

Fusion plasma in the tokamak consist almost exclusively of charged particles, e.g.
electrons, deuterium, tritium, helium and heavier nuclei and ions in various ioni-
sation states. The charged particles are strongly in�uenced by external �elds and
�elds of other particles. Therefore, the plasma is complex system which behaves
collectively. Furthermore, in every macroscopic volume the amount of positive and
negative charge is approximately the same, which means the plasma is quasi-neutral.

1.1 Motion of test particle in external �eld

In external constant electromagnetic �eld charged particle obeys simple equation of
motion with the Lorenz force on the right-hand side

m
dv

dt
= e(E + v ×B). (1.1)

Magnetic �eld B causes the motion of the particle around magnetic �eld line (per-
pendicular to direction of magnetic induction vector) and electric �eld E causes
acceleration in the parallel direction .

In the tokamak, there are present numerous sources of electric �elds and magnetic
�elds. Toroidal and poloidal electric �elds are the strongest magnetic �elds, which
are generated by external coils and the plasma current. These two components to-
gether form a helical topology of magnetic �eld lines. Particles gyrate around these
lines and move along them in both directions, the direction of the plasma current
slightly dominates for ions and the other direction for electrons.
The most important component of the electric �eld in the tokamak is the compo-
nent in the toroidal direction which is generated by magnetic �eld of central solenoid.
This component is necessary for the tokamak discharge start-up phase and it is the
dominant force that drives the current in plasma in early states of the discharge in
every tokamak.
Other macroscopic electric �elds can be caused by some drift motion, di�erent for
positively and negatively charged particles.
To discover the motion of the particle in time-dependent and space-dependent �elds
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the gyro-centered approach is quite useful. The known gyration around the �eld
line is omitted in this approach, so that the more complex motion of the center of
gyration, e.g. drifts, can be studied directly. This approach leads to the equation[11]

mR̈ = Fext +QṘ×B− µ∇B, (1.2)

where µ = mv⊥
2B

is the magnetic dipole moment (adiabatic invariant of gyration).
The equation (1.2) contains all the information about the motion of the virtual
(gyro-centered) particle.

1.1.1 Motion parallel to the magnetic �eld

If one wants to separate the motion parallel to the magnetic �eld (this is important
when acceleration is considered), the scalar product of the equation (1.2) with the
direction of the �eld eB = B

|B| gives the relation

mR̈‖ = Fext,‖ − µ(∇B)‖. (1.3)

The �rst term on the right-hand side of the equation (1.3) is the component of an
external force parallel to the direction of the magnetic �eld. In a tokamak the force
is usually an electric force Fe = eE. The second term is related to the change of
the magnitude of the magnetic �eld in space. Particularly, only parallel gradients
are of importance in the equation (1.3). A non-zero parallel gradient means that
the magnetic �eld lines are getting closer to each other. These gradients cause the
e�ect of a magnetic mirror. In a tokamak these gradients are present in the poloidal
direction, where the particles are trapped on so-called banana orbits. The e�ect of
magnetic mirror is also present in the toroidal direction as the magnetic �eld ripple.
This is caused by the �nite number of toroidal �eld coils, albeit these gradients are
not as strong as the ones in the poloidal direction, they are able to trap the particles
between the coils.

1.1.2 Drifts

On the other hand, considering motion perpendicular to the direction of magnetic
�eld, the relation (1.2) have to be multiplied by the vector of magnetic �eld. After
minor adjustments, this leaves the equation for perpendicular component of the
radius vector in the following form

Ṙ⊥ =
Fext ×B− µ∇B ×B−mR̈×B

QB2
, (1.4)

which is usually called the drift equation.
The �rst term on the right-hand side of the equation (1.4) relates to the action of an
external force, e.g. the gravitational or the electric force. In the case of the electric
force, the E×B drift occurs. This drift does not separate di�erent charge, however
it moves the whole plasma.
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The second term is connected with the gradients of magnetic �eld perpendicular
to the direction of the �eld. This is the case of a tokamak, where the toroidal
component of magnetic �eld decreases with the distance from the main axis. This
drift separates the particles of di�erent charges.
The last term covers the case of non-uniform motion of the center of gyration. The
acceleration can be caused by both the change of the direction (curvature drifts)
and the change of the magnitude of the velocity (inertial drifts). These drifts are
also accompanied by the separation of charges.[11]

1.1.3 Relativistic velocities

The energy of REs produced in tokamaks of the medium size can be tens of MeV.
This is much larger kinetic energy than the rest energy of the electron (511 keV).
Thus all previous consideration were quite inappropriate to deal with runaway elec-
trons and we should rather use Hamilton equations derived from the relativistic
Hamiltonian

H = c
√
m2
ec

2 + (p−QA)2 +Qφ, (1.5)

where A(t, x, y, z) is the vector potential of magnetic �eld (B = ∇ × A) and
φ(t, x, y, z) is the scalar potential (E = −∇φ+ ∂A

∂t
).

1.2 Statistical physics and Coulomb collisions

The density of typical tokamak plasma is n = 10−19 − 10−20 m−3 and every particle
generates its own �eld which a�ects the others, thus it is impossible to numerically
solve a full scale problem through the terms of complete movement of each parti-
cle. Fortunately, this approach is not needed in the most of the cases. From the
experiments we usually get the information about the properties of the whole set of
particles or some important subset. According to this statement, we can leave the
particle approach and move to the particle probability density function (PDF) for
speci�c type of particles (i.e. electrons, ions, etc., will be marked generally as α) f
de�ned as

dN = fα(t,x,v)d3xd3v. (1.6)

The PDF determines the probability of particle position being in the speci�c volume
element and having velocity from the speci�c element of velocity space. When
integrated over con�guration (or phase) space, this function determines the overall
number of particles.[12]
Time evolution of this function can describe most of the plasma phenomena, when
total time derivative is applied on the PDF, the Boltzmann transport equation
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(BTE) is obtained

Df (α)

Dt
=
∂f (α)

∂t
+
∂f (α)

∂x(α)

dx(α)

dt
+
∂f (α)

∂v(α)

dv(α)

dt
=

=
∂f (α)

∂t
+
(
v(α) · ∇x

)
f (α) +

1

mα

(
F(α) · ∇v

)
f (α) =

(
∂f (α)

∂t

)
col

+

(
∂f (α)

∂t

)
s

.

(1.7)

The equation (1.7) describes the time evolution of all particles of the particular kind.
The �rst term on the left-hand side describes the direct change of the PDE with
the time, the second term is connected with the change in space caused by a �ow
and the last term describes the e�ect of forces. The �rst term on the right-hand
side determines the change of the probability density function caused by collisions.
In the case of an in�nite Maxwellian plasma, this term disappears when BTEs for
each kind of particles are summed together. This is not the case of tokamak plasma
unfortunately. On the other hand, the second term relates to the particle sources or
sinks. This must be considered in the tokamak plasma. In the special case of the
Lorenz force BTE states

∂f (α)

∂t
+
(
v(α)∇x

)
f (α)+

Q(α)

mα

(
E(α) + v(α) ×B(α)

)
·∇vf

(α) =

(
∂f (α)

∂t

)
col

+

(
∂f (α)

∂t

)
s

.

(1.8)
It is important that the probability density function may be established not only
for various kinds of particles, but also for some group of particles that behave very
di�erent from the bulk plasma. Such a group could be runaway electrons. The PDF
of plasma containing REs is close to the Maxwellian system of thermalized electrons
and runaway part expanded and shifted in the velocity space in the direction opposite
the plasma current. Therefore REs distribution function could be treated separately
if all the generation mechanisms are clari�ed.
The high temperature plasma, consisting almost exclusively of charged particles, the
best approximation of collisional operator is that of Fokker-Planck or Landau. These
equations deal with many small Coulomb collisions (the lower limit to the collisional
parameter is determined by the complete change of the momentum vector to the
perpendicular direction and the upper limit is the Debye length), where collisions
are considered to be a Markov process. General Fokker-Planck equation takes the
form [11, 12]

Df (α)

Dt
= − 1

∆t
∇v ·

(
f (α)〈∆v〉

)
+

1

2∆t
(∇v ⊗∇v) :

(
f (α)〈∆v ⊗∆v〉

)
〈∆v〉 ≡

∫
∆v℘ d3 (∆v)

〈∆v ⊗∆v〉 ≡
∫

∆v ⊗∆v℘ d3 (∆v)

. (1.9)

The symbol ℘ marks the probability of changing velocity from v − ∆v to v. The
�rst term on the RHS is dynamical friction (it is responsible for decreasing of the
mean velocity of the beam particles penetrating to the plasma) and the second one
cause the di�usion in the velocity space.
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1.3 Primary mechanisms of RE generation

The presence of fast electrons could be a consequence of many processes. The
generation of REs is usually divided into two stages. In the �rst stage runway seed,
which is little number of energetic electrons in the plasma, is generated. Then,
the number of fast electrons is multiplied by avalanche mechanism (see sec. 1.4).
The runaway seed may be produced by cosmic particles, tritium decay, Compton
scattering of photons on wall atoms or resonance with plasma waves. However,
the most important processes are the Dreicer mechanism and the and the hot-
tail mechanism that is in fact the modi�cation of Dreicer process occurring during
disruptions.

1.3.1 Dreicer mechanism

An interesting solution of the equation (1.9) for a beam of fast mono-energetic
electrons penetrating into the Maxwellian plasma can be derived. This also could be
the �rst approximation for tokamak plasma with runaway population. The second
term (di�usion in the velocity space) of the RHS of the Fokker-Planck equation
(FPE) is not important, because we consider the beam to be mono-energetic, so
it is only slowed down. In the beginning, the �rst moment of the Fokker-Planck
equation must be derived (by multiplying the velocity distribution function by mv
and integrating of the FPE in the velocity space). After this adjustment, the terms
in the equation must be evaluated. The space dependence may be omitted in this
case and only electric force is important. The result of the derivation is equation
for the velocity of beam electrons

m
∂veb
∂t
− eE = eEDΨ(x), (1.10)

where ED is Dreicer �eld, called critical �eld in the original paper [6], and Ψ(x) is
Chandrasekhar function

Ψ(x) =
2√
πx2

∫ x

0

ξ2e−ξ
2

dξ (1.11)

of the argument

x =
ve
v0

v0 =

√
kBTep
me

, (1.12)

which represents the ratio of the velocity of fast electrons and the thermal velocity
of plasma electrons. The thermal velocity of ions is taken as zero at this stage.
The Dreicer �eld is the electric �eld in which all electrons are accelerated and

run away. The constant electric force reaches the maximum value of the collisional
friction force. The Dreicer �eld depends on plasma electron temperature Te and
density ne

ED =
nee

3

4πε20kTe
ln(Λ) ln(Λ) = ln

(
λD
b0

)
, (1.13)

where ln(Λ) is well-known Coulomb logarithm, de�ned with usage of the electron
Debye length λD and the Landau b0 parameter (collisional parameter of 90◦ scatter).
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Figure 1.1: The dependence of the friction force on the velocity of plasma particles
normalised to the thermal velocity. The red line is example of electric force multi-
plied by a constant. By comparison of these two functions it can be found whether
particle of particular velocity is accelerated or slowed down. The �rst crossing point
is stable equilibrium, the second is unstable, so all the particles in region III poten-
tially run away.

This formula takes a slightly di�erent form in CGS system, which is often present
in theoretical papers.
With this value the most basic mechanism of RE generation is connected. The Dre-
icer mechanism describes accelerating of some part of electrons in the electric �eld
stronger then the Coulombic friction force. At least some electrons are accelerated
when the electric �eld is over so call critical �eld (current designation)

Ec =
ne3

4πε20mec2
ln (Λ) . (1.14)

The critical �eld multiplied by the electron charge is equal to the local minimum of
the friction force, thus it is the threshold for electron acceleration in the terms of
the external electric �eld magnitude. The friction force reaches the minimal value
for the particles with their kinetic energy equal to their rest energy. Faster particles
have smaller collisional frequency but they are a�ected by relativistic e�ects, so the
overall slowing down force rises for higher particles with energies again.
This way of the REs generation is dominant for smaller machines with larger loop
voltage and lower density. In such tokamaks the electric �eld overcomes the criti-
cal �eld at least during breakdown. Part of runaway population could be directly
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released but most of them are con�ned. The latter are subsequently released via in-
stabilities, during the disruptions or they can be slowed down with increasing plasma
density. If there is a stable situation with electric �eld higher than the critical �eld,
the number of RE grows linearly.

1.3.2 Hot-tail mechanism

So called hot-tail mechanism is slightly di�erent from the Dreicer mechanism. It
is connected mainly with disruptions. During the thermal quench, when plasma
cools rapidly, fast enough electrons are not able to cool collisionally because their
collisional frequency with background plasma drops very quickly. These electrons
then run away, accelerated by the toroidal electric �eld which is increased because of
the decreasing plasma current during the current quench. This way of RE generation
is not connected only with the increase of electric �eld but it is also a�ected by the
rapid plasma parameters change that leads to the change of the Dreicer �eld. In
fact, the Dreicer �eld rises during the thermal quench (temperature is denominator
in the term (1.13)), so the electric �eld accelerates only that fast electron population
that remains almost collisionless (→ "hot-tail mechanism"). Very large population
of runaways can be generated this way and it can produce the REs also in the case
of some particular instabilities.

1.4 Secondary mechanism of RE generation

The secondary mechanism of runaway electrons generation, that is often called the
avalanche, is the most important way of production for large tokamaks and it will
be crucial for ITER. This mechanism is called secondary, because it needs initial
REs population which is reproduced with high growth rate. As typical loop voltage
in ITER (0.1 V) should be near the value of the critical �eld for this machine, the
avalanche will be in fact much more important than the direct Dreicer mechanism.
The Avalanche is a cumulative e�ect of so called knock-on collisions. These are
close collisions (i. e. with small impact parameter) with large amount of parallel
momentum being transported. One RE electron can push several thermal electrons
into the runaway region of the velocity space. These newly created runaways are
able to act same way as the primary ones, so this is indeed an avalanche mechanism.
If there is enough time for the avalanche to develop, the growth of the number of
RE is exponential, much faster compared to the linear one in case of pure Dreicer
mechanism.[19] The equation for the number of RE generated by the avalanche for
the strong electric �eld is(

dnr
dt

)
A

= γAnr γA ≈
1

2τ ln Λ

(
E

Ec
− 1

)
, (1.15)

where τ is the time period de�ned by ratio

τ =
m0c

eEc
. (1.16)
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This time τ is the collisional slowing down time for the particles with the greatest
probability of becoming runaway electrons.
It can be realized than even in �elds just above critical �eld, avalanche can be very
signi�cant after long period of time.

Figure 1.2: Typical evolution of important plasma parameters during the disruption
with RE generation in DIII-D tokamak. The main phases described in previous text
are displayed. During the TQ, hot-tail (Dreicer) process creates initial population,
part of it is promptly lost, but the rest is multiplied by the avalanche. In the runaway
plateau the RE carry most of the current. Finally, all RE are released. [8]
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Chapter 2

Runway electrons in experiments and

major trends in modelling

2.1 Detection methods

Runaway electrons are mostly detected by indirect methods. There are two types
of these methods. The �rst kind is the detection of runway electrons presence via
radiation that they generate during the motion, while the other kind measures e�ects
of the fast electrons impacts into the tokamak wall. The only utilised method of
direct detection of the fast electrons is the usage of the Cherenkov detector, which
is di�cult in the magnetic �eld of the tokamak.

2.1.1 E�ects on basic plasma diagnostics

REs as a medium bearing signi�cant part of the plasma current cause e�ects measur-
able with the traditional magnetic diagnostics. The Rogowski coil and loop voltage
measurements could be used to identify the generation of runaway beam namely
in the case of the disruption and subsequent hot-tail mechanism. The increase of
loop voltage caused by current quench (CQ) is immediately followed by increase of
plasma current which is borne by RE. This diagnostics would probably show the
presence of strong avalanche mechanism too. Mirnov coils and �ux loops can help
with determining the runaway beam radial position, but the interpretation of the
data is di�cult. Namely proper plasma current density pro�le measurement would
be extremely helpful. It is also a question, whether the equilibrium magnetic �eld
reconstruction software (EFIT) gives relevant results in the case of the plasma with
a strong runaway current. This software solves the famous Grad-Shafranov equation

∂2Ψ

∂z2
+ r

∂

∂r

1

r

∂Ψ

∂r
+
µ2
0

8π

∂I2

∂Ψ
+ µ0r

2 ∂p

∂Ψ
= 0, (2.1)

where Ψ is the poloidal magnetic �ux, I is total plasma current, r and z are the
cylindrical coordinates with z in the direction of the tokamak main axis and p is the
pressure of the plasma. This equation is based on axisymetry and magnetohydrody-
namic equilibrium. These assumptions are hardly accomplished in the pulses with
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strong REs population, but we do not have su�cient replacement for this equation
in more complicated situations. This is large problem as most of the modelling
software relies on the equilibrium.
One of the most important parameters for the comparison with the theory is the
plasma density. It can be used to determine the Dreicer �eld and the critical �eld and
also the runaway production rate. Plasma electron density is usually measured with
interferometers. Furthemore, the re�ectometers and Thompson scattering devices
are able to measure the radial density pro�le.

2.1.2 Radiation released by the motion of RE

There are several types of radiation according to the generation mechanism. In
fact, all three types of radiation described in subsequent text may be considered
braking radiation. However, for the fusion research purposes we further distinguish
this mechanism according to the force or body that caused the acceleration.

• Cyclotron emission - The radiation caused by the gyration of electrons
around magnetic �eld line. The frequency is usually of the order of hundreds
of GHz. The frequency depends on radial position (toroidal magnetic �eld
intensity)

ωl = l
eB0R0

meR
, (2.2)

where l is the mode number, B0 is the toroidal magnetic �eld on the magnetic
axis (radial distance from the main axis R0), R is the distance of the measure-
ment point from main axis. The cyclotron frequency therefore drops with the
distance from the main axis. The intensity of the electron cyclotron emission
is usually identi�ed with Black Body radiation

I(ω) ≈ ω2

8π3c2
kBTr hν � kBT, (2.3)

where the temperature Tr is proportional to the component of the velocity
perpendicular to the direction of magnetic �eld. The measured spectrum of
the radiation can be transformed to the radial pro�le of perpedicular temper-
ature. This method is used in the ECE diagnostics. This is as well the pro�le
of general electron temperature if the particles have similar velocity in all di-
rections. However, runaway electrons are usually much faster in the direction
of the �eld. Despite this fact fast particles a�ect the ECE measurement be-
cause they can get trapped via knock-on collisions or they can be disturbed
by instabilities. The e�ect of runway particles on the ECE diagnostics was
measured in several tokamaks, for example in TCV, which utilises this type of
the diagnostics system on both low and high �eld side.

• Synchrotron radiation The synchrotron radiation, in contrast to the cy-
clotron radiation, is connected with the motion parallel to the direction of the
magnetic �eld induction vector. Regarding the high energy of runaway elec-
trons this radiation is emitted in a very narrow cone in the direction of motion
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of these electrons. The theoretical formula for the total radiated power in the
magnetic �eld of the tokamak is very complex. The spectral dependence of ra-
diation power in the case of straight magnetic �eld line and γ � 1 is described
by a formula

P (λ) =
1√
3

ce2

ε0λ3γ2

∫ inf

λc/λ

K5/3(l)dl, (2.4)

where Kn(x) is the modi�ed Bessel function of a second kind.

λc =
4πcmeγ‖
3eBγ‖

γ‖ =
1√

1−
v2‖
c2

. (2.5)

To get the more precise equation, the curvature and grad-B drifts must be
taken into account.[21] Furthermore, although the single particle synchrotron
radiation is not dependent on plasma temperature and density, actual radia-
tion of runaway beam depends on these parameters. There is a huge e�ort to
determine the runaway electron distribution from the synchrotron radiation
spectrum. If this is achieved, it would be ultimate diagnostics.
The wave lengths of the synchrotron radiation for a runaway beam are usually
in the infra red part of the spectrum in medium-sized machines. In bigger
machines the radiation was even detected by diagnostics observing visible ra-
diation. According to the previously mentioned facts, a fast IR camera in
tangential port observing plasma in the direction opposite to the plasma cur-
rent is very suitable way to measure the synchrotron radiation of the RE beam.
In the case of good temporal and space resolution the position of the beam and
its change can be measured. This is very important to the understanding of
RE beam in�uence on the magnetic �eld, especially for some non-equilibrium
magnetic reconstruction.

• Bremsstrahlung and other radiative mechanisms Bremsstrahlung is the
radiation emitted during the Coulomb collision. As the particle is de�ected
and decelerated in the �eld of other particle the loss of the kinetic energy is
compensated by emitted radiation. This happen in plasma during the colli-
sions of electrons and ions, but it is also the main mechanism of the interac-
tion with other states of matter, for example solid tokamak wall (see further).
For relativistic electron the energy loss via bremsstrahlung is more impor-
tant than the direct momentum loss during collisions (the part of the energy
passed to the other particle). As the other mechanisms mentioned above, the
bremsstrahlung radiation of the plasma has continuous spectrum.
The REs may also ionize or excite the neutral or partially ionized atoms and
induce the line radiation.

2.1.3 Detection of the interaction with the wall

One of the very clear proofs of the RE presence in a tokamak is the detection of high
energy electromagnetic radiation with frequencies in the hard X-ray (HXR) region.
This radiation is generated during the impact of the very fast electrons on the wall.
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When electrons enter the very dense solid matter of the wall, they su�er strong
deceleration and they emit the energy via bremsstrahlung radiation. This is in fact
inelastic scattering on the nucleus. The power of the bremsstrahlung radiation de-
pends quadratically on the atomic number Zi. Therefore, the HXR production by
this mechanism is stronger for heavier elements (metals utilised in construction of
the tokamak - e. g. tungsten). The other mechanism of electron slowing down
is the inelastic scattering on the bonded electrons. This leads to the excitation or
ionisation of atoms and subsequent deexcitation or recombination. The steel vessel
of the tokamak consist of iron and some heavier elements, so the deexcitation ra-
diation of K shell electrons could be in the HXR region. This process is common
for runaway electrons with energies less then approximately 11MeV. For higher en-
ergies the bremsstrahlung dominates.[1] The HXR photons could directly leave the
material of the wall, or they can be several times absorbed and re-emitted by the
atoms of the material. Their fate depends on their energy. The photons with most
energy can even trigger some nuclear reactions. The most probable type of the re-
action is the production of a neutron. Neutrons produced by the interaction of the
energetic photon with the nuclei are called photo-neutrons. These reactions have
thresholds in the region of several MeV, often more than 10 MeV. This means that
the photo-neutrons can be produced, but not in very large numbers. If the ener-
getic photon brings enough energy that exceeds the binding energy of the nucleus,
the system undergoes giant dipole resonance. This results in �ssion or releasing a
neutron. More than one neutron could be released. Considering the materials used
and proposed for the �rst wall, the examples of important photoneutronic reactions
are 12C(γ, n)11C and 9Be(γ, n)8Be.
The detection of HXR radiation is based on experiences from wide range of disci-
plines. Among various kinds of detector, the detectors with anorganic scintillations
(NaI(Tl), CsI(Tl), ...) are used most frequently in fusion research. The scintillator
converts the high energy photon into the pulse of visible light via atomic excita-
tions. The emission and absorption spectra of the material are shifted due to the
admixture (e.g. Thalium), thus the visible photons are able to leave the crystal
and reach some light sensitive device. Most of these detectors use photomultiplier
that need high voltage power source. However, it is possible to use semiconductor
photodiode attached to the scintillator. On the other hand, semiconductor detectors
of HXR could be used. These detectors are based on interaction of HXR radiation
with electrons of materials like pure germanium or GeSi. The entering photon can
undergo three well known processes: Photoelectric e�ect, Compton scattering an
pair production. In the semiconductor, these processes can be detected electrically.
The photoneutrons could have relatively large energy, this makes their detection
harder. These neutrons are mostly detected by di�erent kinds of scintillators, usu-
ally plastic (organic), or liquid. These materials are also sensitive to high energy
photons, thus the measurement have to be carried carefully. Even tens of centime-
tres of high Z shielding is not enough to stop the photons released by the impact
of fastest runaways and prevent the detection of gamma or HXR radiation. Unfor-
tunately, some of the other detection options are also based on ionisation or other
interaction with bonded electrons, such detectors su�er the same problem. One
of the possible options is to di�er the neutron and HXR pulses using complicated
electronics. The other possible option is to use some nuclear reaction or transfer the
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detection of neutrons to the detections of ions via proton recoil. There is a plenty of
suitable nuclear reactions for thermal neutrons, but for the fast ones cross-sections
of most reactions are low. However, the activation detectors and other diagnostics
based on nuclear reactions were successfully tested.

2.1.4 Direct detection

The direct detection of runaway electrons is possible, however this method is very
hard to implement in the harsh environment of tokamak. The speed of light in the
vacuum c is the ultimate velocity, that cannot be achieved by any object with �nite
mass. The speed of the light inside some materials (water, transparent crystals) is
considerably smaller, thus a charged particle(electron) can be faster in this environ-
ment. The movement of such particle in the dielectric materials is accompanied by
emitting of the electromagnetic radiation called Cherenkov radiation. This radiation
is released into the "shock cone" with axis in the direction of the particle movement
(similar to the supersonic shock wave) The angle of the cone θc is de�ned by

cos θc =
c

nvp
, (2.6)

where n is the refractive index in the medium a vp is the velocity of particle. The
spectrum of this radiation is continuous and the intensity grows approximately lin-
early with the frequency in the visible region and peaks in the UV region. Because
of this, the Cherenkov radiation has the blue colour that was observed in �ssion
reactors.
The Cherenkov detectors are based on this principle. Fast electrons pass through
the proper material (diamond, rutile - TiO2, etc.), where they radiate by Cherenkov
mechanism and this radiation is converted to electric signal and ampli�ed by the
photomultiplier. The use of this detector in the tokamak is complicated, because the
detector must be close to the plasma, to secure satisfactory detection e�ciency (the
electrons must get to the detector before hitting the limiter or another structure).
Another problem is the sensitivity of the medium to HXR photons. Rutile and
some other mediums are not sensitive to photons. In case of the material sensitive
to HXR, dual detector could be a solution. This means that we use one detector
with magnetic shielding (magnets divert the electrons) and one without magnets.
Then, it is possible to subtract the HXR signal.

2.2 Former experiments

Runaway electrons has been measured over last decades in most tokamaks and
other magnetic con�nement fusion devices. This phenomenon is also connected
with the lightning initiation and various astrophysical issues. The most important
and interesting measurements in four important tokamaks are brie�y described in
the following lines.
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2.2.1 JET

On JET, as the largest tokamak in operation, the problem of REs earned signi�cant
experimental time. As other large machines, JET focus on the disruption generated
RE. The interaction of runaway beam with carbon-�bre composite (CFC) and lately
ITER-like (beryllium) plasma facing components was in the center of interest. Dur-
ing the experiments very powerful detection system for HXR and photo-neutrons
was used. This detection system enabled the reconstruction of the RE spectra from
detected HXR spectra. The new discovery was the temporal increase of the sec-
ondary maximum in HXR with increased RE plateau duration. The vertical and
horizontal HXR and neutron cameras were also utilised for these measurements.
The SXR tomography was able to reconstruct the RE beam spatial pro�le with
time resolution. According to this measurements, the beam has complicated shape,
usually hollow, which develops with time very quickly. An interesting result is the
melioration of RE beam with vertical or horizontal movement of plasma column
during CQ and subsequent stable runaway plateau. This is attributed to the in�u-
ence of the changed inductance on the electric �eld.
The newest results with ITER-like wall shows very di�erent behaviour of the disrup-
tive plasma. The CQ is about 10 times slower and the temperature in the beginning
is higher then in the case of CFC. This leads to lower electric �elds and subsequently
to lower runaway rates, which is encouraging. [17][18]

2.2.2 DIII-D

The largest American tokamak has been focusing on similar problems as JET as the
disruption created runaways are one of the most important issues for ITER. The
measurements of the HXR emission and basic plasma parameters after induced rapid
shut-down in this tokamak have formed the understanding of the post-disruption RE
beam evolution. This was described in the section 1.3.2. The HXR emission was
observed either in the begging of CQ or in the end of the runaway plateau (that
is stable situation with strong runaway current). The �rst one is the direct loss
of the primary RE formed during the TQ, the second one is induced by the �nal
loss of the very energetic RE, this is the largest danger for the wall. The results of
the RE mitigation by the means of massive gas injection during runaway plateau
are promising[3]. The very restricting problem is the improper function of some
important diagnostics during the disruptions. For example interferometer data are
corrupted because of the rapid plasma movement and changes of plasma shape and
other important parameters. The prompt loss of RE is stronger in the case of
diverted plasma, while for the limited plasma large runway currents in the plateau
were measured. [22] This is an interesting result. With the use of the array of HXR
scintillators was investigated, that the termination phase of RE plateau resembles
kink instability. The DIII-D team is currently trying to �nd RE distribution function
using various detectors, including SXR,MXR,HXR in di�erent positions with respect
to the tokamak and visual synchrotron radiation detector. [7]
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2.2.3 Tore Supra

Tore Supra as a tokamak with superconducting magnets has great opportunity to
study the behaviour of RE during long discharges. It even reach very long post-
disruption RE plateau and study the reaction on the repetitive gas injection. During
the experiments, it was proven that the original Dreicer formalism is not applicable
here, as the plasma parameters evolve very rapidly and that the avalanche dominates
during the later stage of disruptions. [14] Several options of RE mitigation were
tested: gas injection before the disruption and during the plateau, control of the RE
beam position and application of decelerating �eld. Conducted experiments shows
di�erent behaviour of various noble gasses in the terms of RE suppression. The
lighter gasses (helium) seems to be more e�cient than heavier, like argon or neon,
when injected in the begging of the disruption. Helium penetrate to the plasma
more quickly and the density increase is steeper. Another option - active control of
RE beam barycentre - was also successfully tested. This could be an option with
subsequent focusing of runaway beam into dedicated plasma facing component, a
target. By this way, important components could be protected. The usage of the
decelerating electric �eld was proved to be ine�ective. [15]

2.2.4 FTU

The discharges in Frascatti Tokamak Upgrade are slightly di�erent in comparison to
previously described ones typical for larger machines. The discharges last approx-
imately 1 s and most of the RE are generated during the current ramp-up in the
beginning of the discharge. The behaviour of the discharge is similar to the Com-
pass tokamak described in the following chapter. However, this machine is also able
to produce RE during the disruptions. Lately, a three phase method of RE beam
control was introduced on FTU. In the �rst phase of the disruption, the currents in
the radial stabilisation systems are optimised. After the current quench, the Ohmic
heating is turned o�. Finally, during the RE plateau, the neutron and HXR emission
is carefully measured and the feedback adjust the position of the runaway beam to
minimize the wall damage.[2]

2.3 Important modelling tools

I have participated on 2nd Runaway electrons modelling workshop, which took place
at Chalmers University in Gothenburg, Sweden. During this meeting most of the
attitudes towards the modelling of RE and its results were presented.

2.3.1 CLQ3D

Collisional/QuasiLinear 3D code is the relativistic model that solves the Bounce-
averaged Fokker-Planck equation in the 3 and 1/2 dimensions (parallel and per-
pendicular velocity, radius and implicit poloidal angle). The code was originally
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developed for the RF heating ray-tracing and it can �nd solutions for electron and
ion distribution, time-dependent and time-independent. For the use in RE mod-
elling, the code was enriched by the "knock-on" collision operator. The code is
written in Fortran.

2.3.2 ARENA

Analysis of Runaway Electrons by Numerical Algorithms is another solver of bounced
kinetic equation. This model works in 1+2 dimensions (1 space/2 velocity). The
model combines the solution of the kinetic equation by the Monte-Carlo meth-
ods (particle code) with application of �nite elements to solve the electric �eld
di�usion.[20]

2.3.3 LUKE

LUKE is very complex RE dynamics code utilised in Integral tokamak modelling,
which is an e�ort to completely cover the behaviour of plasma in the tokamak. It
is a 3D guiding center code that solves the electron kinetic equation. It contains
Fokker-Planck and knock-on (close coll.) collisional operators, RF heating, Syn-
chrotron emission and other operators that a�ect the probability density function
of electrons. This software may be used in the study of fast electron dynamics and
also in predictive or interpretative mode for comparisons with experimental data. It
is connected with the databases of many tokamaks (JET, TCV, EAST, etc.). The
Compass database was connected recently. This model is continuously developing.[5]

2.3.4 GO

GO is fast 1D �uid model of cylindrical plasma that is specially designed to describe
the plasma with the disruption generated runaway electrons. It contains all the most
important processes including electric �eld di�usion and radiation to solve the energy
balance of electrons, ions and impurities.

2.3.5 CODE

COllisional Dynamics of Electrons is very compact and fast model of basic runaway
dynamics. Its purpose is the fast computation of RE distribution and synchrotron
emision of plasma with given parameters. Such fast software may �nd application
in the feedback systems of tokamak.[13]
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Chapter 3

Experiments on COMPASS and

GOLEM tokamaks

3.1 COMPASS data

COMPASS is smaller and �exible machine operated by the Instituted of Plasma
Physics, Academy of Science, Czech Republic since 2006. The usual shape of the
plasma is close to the shape proposed for ITER. Due to this resemblance, many
ITER-relevant project are conducted on this machine. Most of them are connected
with the edge plasma diagnostics and plasma-wall interaction. Despite this, the
machine is also able to create the conditions for RE experiments. As a small machine
with relatively high loop voltage the RE are usually created during the start-up
phase, they are also driven or released by some instabilities. It is not excluded
that also disruption created RE could be produced. Due to the shorter time scale
(in comparison with large machines), COMPASS is not very suitable to disruption
RE experiments, yet can bring the interesting information in the terms of scaling.
During the years of operation, the presence of RE was detected many times by the
HXR scintillation located in the north direction, 3 metres from the tokamak.

3.1.1 Coincidence of ST crash and RE bursts

The saw-teeth instability (ST) is well known as it was observed in many tokamaks.
However the exact mechanism was not yet uncovered. This instability manifests with
periodical signal of saw-teeth shape in measured by the SXR diagnostics. The signal
of SXR is proportional to the plasma temperature. Similar periodicity is observed
in density signal measured by the interferometer. The SXR channels that observe
the plasma center have inverse signal to the channels that measure the plasma edge.
This means that the temperature in the center drops suddenly, while in the edge it
rises. This is interpreted as the symptom of the magnetic reconnection. The hot
plasma center is thrown to the colder regions while the topology of magnetic �eld
lines is changed. The ST is probably triggered by the internal kink (the magnetohy-
drodynamic instability that twists the plasma column). The evidence can be seen in
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the data (�gure 3.1). This instability is often observed in COMPASS during pulses
with elongated or triangular plasma. The size of the ST is generally ampli�ed by
the neutral beam and other auxiliary heating devices.
During a number of shots, periodic, unusually high HXR peaks were observed imme-
diately after the ST crash. Similar signal was measured in TCV and other machines.
The interpretation of this phenomena is ambiguous.

Possible explanations

The �rst possible explanation is the acceleration of the electrons in the electric �eld
created by the rapid change of the magnetic �eld according to Maxwell equation

∂B

∂t
= −∇× E. (3.1)

This process is well known from the universe, e. g. charged particles are accelerated
by this process in the magneto tail of Earth and reach very high energies. However,
on the scale (quick, very localised in space) the phenomena is observed in the toka-
mak, the electrons could be hardly accelerated to measured energies. However the
local reconnection �eld could be up to 1000V/m
The other explanation describes the coincidence as a sudden leak of con�ned RE.
The well con�ned fast electrons are thrown from the center of the plasma due to
magnetic reconnection. Some of them may get to the banana orbits and drift to the
limiter. This theory predicts that the impact of RE burst is delayed with respect to
the ST crash for about 200µs ??.
Both processes may be involved and further supported by some modi�cation of
the hot-tail mechanism (the ST is often called "internal disruption"). However in
current state of research, it seems the process of de-con�nement of RE is dominant.

Pulses with ST and possible correlations

Figure 3.1: The situation before
the ST crash enlarged, giant kink
instability as the precursor of ST
crash can be distinguished in pe-
riodic behaviour of SXR signal.

The phenomenon can be observed in signals mea-
sured during numerous shots (more than hun-
dred), but usually it is hard to distinguish the
peaks connected with ST and peaks caused by
common RE losses. During several shots, there
were also problems with diagnostics, e.g. mal-
function of the interferometer or saturation of
SXR measurement. The e�ect was �rst no-
ticed in signals of pulses #4413-4425. These
were D-shape, H-mode experiments with neu-
tral beam heating and relatively high density.
Some of these experiments have ended by dis-
ruptions. The evolution of the e�ect during the
pulse #4420 is in Fig. 3.3. The peaks disap-
pear despite the continuing ST. This behaviour
seems to be independent on the density. The
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Figure 3.2: The coincidence of the saw-teeth instability in the SXR data (channel 25,
camera A) with HXR peaks, corrected density displayed, no neutral beam injection
during this shot.

ST is very large as the signi�cant part of neutral
beam power heats the electron population. In this situation the HXR peaks are
huge and well de�ned. The detail of the precursor to the ST, the internal kink is in
the Fig.3.1.
On the contrary this phenomenon was present also in experiments without NBI, e.
g. #7101,7102 (Fig.3.2). These were again D-shape experiments, but without the
auxiliary heating. The saw-teeth was very stable in these experiments, but quite
small (no aux. heating, lower temperature). Several peaks occur in the beginning of
the ST followed by minor drop of density, then the ST continues without signi�cant
HXR peaks and in the end the ST-connected peaks appear again very clearly. The
reason for the interruption is unknown. It was recorded that RE can be strongly
in�uenced by any perturbation of magnetic or electric �eld or small obstacle (e.g.
entering of the reciprocating probe, resonant magnetic perturbations (RMP), etc.).
This may be the case.
It seems that the HXR peaks are caused rather by release of RE originating from
the breakdown than sudden acceleration during magnetic reconnection. According
to the Figure 3.4, the RE could be hardly created in the �at-top phase of the dis-
charge, namely in the case of #7102. On the other hand the break-down �eld is
su�cient. However, the situation during the break down is much more complex,
e. g. the electrons in weakly ionised gas su�er di�erent type of friction force. The
acceleration of the RE by standard Dreicer process in between the ST crashes could
be excluded from the list of possible explanations. The reconnection region is quite
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Figure 3.3: The coincidence of the saw-teeth instability in the SXR data (channel
25, camera A) with HXR peaks, corrected density displayed, both neutral beams
worked (NBI1: 1080-1140ms + 1155-1200ms, NBI2: 1060-1180ms)

small in comparison to the astrophysical plasma. This means that the electrons have
to go through the region many times (several hundreds or thousands) to gain the
measured energies in the �eld created by the change of the magnetic �eld. The delay
of the HXR peak after the ST crash is in the order of tens of µs. This information
could help with the discrimination of possible explanations, albeit the theory of the
reconnection is not complete and several models with di�erent characteristic times
were introduced [11]. No signi�cant correlation was found between the parameters
of the ST (the size of the fall or period) and the size of the HXR peaks. The measur-
ing of HXR is indirect method of RE detection and it is a�ected by many factors.
A direct method of electron measurements inside the vacuum chamber would be
much more suitable for this purpose. Such detector could help to solve the question
of the origin of these RE. The correlation graphs are in Figures 3.5 and 3.6. The
former is the correlation of the size of the ST crash. A positive correlation would be
reasonable in both mechanisms (reconnection acceleration and release of con�ned
electrons). The latter is the correlation of the ST period and the size of HXR peaks.
The size of the ST crash and the period are strongly bonded, so their correlation
with the number and energy of released runaways (= intensity of HXR) would be
similar. If it would be possible to separate the dependence on the size of the crash
and the dependence on the period, positive correlation with period would suggest
that the REs are accelerated in between the ST crashes. This is almost excluded by
the high critical �eld value mentioned above.
This topic de�nitely needs further study. It will be examined during one of the

upcoming dedicated campaigns on COMPASS. The �rst dedicated one was focused
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Figure 3.4: Critical �elds of three di�erent discharges as a function of the energy of
electrons (in the terms of multiplications of temperature). Comparison with typical
COMPASS breakdown and �at top �eld. If the curve is under the line, the particles
are accelerated. Pulses #7102 and #4420 were describe in the text, pulse #7397
is the typical experiment of the �rst dedicated campaign, notice the low density.
Especially the presence of the RE burst in pulse #7102 is very interesting according
to this comparison.

on the circular plasma discharges. In circular plasmas, ST is rarely observed.
The phenomenon is not in the focus of large machines as RE created during the
disruptions are more dangerous and could be the largest threat for ITER. The HXR
diagnostics in these machines has often lower time resolution as it is focused rather
on space resolution and attempts to reconstruct the probability density function of
RE. On the other hand su�cient knowledge of the ST-generated RE may also help
to better understand the disruption created RE.

3.2 Dedicated COMPASS campaign

The COMPASS team was recently charged with project dedicated to the runaway
electrons, benchmarking of the models and the development of the RE suppression
methods. In the case of some positive results the project will last 5 years. The �rst
dedicated campaign was held in May.
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Figure 3.5: The correlation of the size
of the ST crash and the size of the
subsequent HXR peak. Slightly in-
creasing linear trend may be observed.
In case of direct measurement of RE
release this correlation would be prob-
ably stronger.

Figure 3.6: The correlation of the ST
period with the size of HXR peaks
with respect to the neutral beam heat-
ing. It is obvious that the period
prolongs with increasing NBI power.
However, the desired correlation is
very weak if any.

3.2.1 Detectors

HXR

For these experiments, new scintillation detectors with photo-diode were ordered.
This modern modi�cation removes the strong requirement of the detector for the
excellent high voltage (HV) power source. As the photomultiplier is replaced by the
super-sensitive photo-diode, the detector could be powered by 12V power source or
by battery. Unfortunately only one of these detectors was already in place and it
had to be adjusted to the better time resolution.

Figure 3.7: The upper view of tokamak
COMPASS with marked positions of the
diagnostics that is a�ected by RE.

As a replacement, 3 NaI(Tl) 2" scintilla-
tion detectors with the photomultiplier
in positive polarity regime were bor-
rowed from the Department of Dosime-
try, FNSPE CTU. The native HXR de-
tector at COMPASS is almost of the
same type, albeit currently in the neg-
ative polarity regime. These borrowed
detectors were older, but su�cient for
the purposed measurements. 2 HV
power sources (PS) were also borrowed
and the last detector was powered by an
old source form IPP. As the permanent
HXR detector is near the north wall of
the tokamak hall, the borrowed detec-
tors were placed in the middle of all re-
maining walls, approximately 3 metres
above the ground.
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Insulation transformers were used to connect the sources to power, however in the
�rst measurements strong oscillation at 50Hz were observed. In the end the insula-
tion transformer was used only with the old PS from IPP. However, there was still
very strong noise on the three new channels. After the experiments it was found
that it was caused by the common grounding (all BNC cables were connected to
the same reduction box with Ethernet output and connected to data acquisition
system). The measurements of the noise in various con�gurations are attached.

IR camera and Cherenkov detector

In order to detect the synchrotron emission, IR camera was placed in the tangential
port, observing the plasma in the standard direction of the plasma current. The
other IR camera was in the radial port, focused on the inner limiter where the
fraction of the RE beam energy was deposited. All important diagnostic systems are
displayed in �gure 3.7. The Cherenkov detector was prepared by Polish colleagues
from National Centre for Nuclear Research. The new measuring head was equipped
with diamond radiator. Although this solution should be very sensitive, there was
rarely clear signal on the detector during this campaign.

"Neutron" detector

Another scintillation detector is placed north to the tokamak on the �oor and
shielded by 10 cm of lead. This was proposed as a neutron detector. However,
we have found during the measurements that the shielding of HXR is not su�cient.
After placing neutron stopper (plastic balls) around the lead shielded detector, there
was still strong signal partially coincident with other HXR detectors. This means
that we do not have independent measurement of photo-neutrons.

3.2.2 Conducted experiments

As was mentioned before, this �rst campaign was focused on basic properties of
RE in tokamak COMPASS. Therefore, the production of RE in circular plasma was
measured as the basic parameters were changed in between the shots. Conducted
experiments:

• Density scan

• Position scan (radial, vertical)

• Incomplete Ip scan

• Incomplete shape scan

• Rough Bt scan
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• Reversed Ip, a few disruptions, NBI, gas pu�s

Along with the RE campaign, the Resonance magnetic perturbation (RMP) cam-
paign has taken place. The RMP coils are one of the options considered for the RE
suppression. This means that some very interesting data from our point of view
were measured as a by-product of these experiments.

3.2.3 Preliminary results

Figure 3.8: The "double roof"
high �eld side limiter after the
campain, The damage caused by
the RE beam is obvious

The measured data has not yet been fully anal-
ysed, only some of the most interesting prelim-
inary results are listed here. The devastating
power of RE beam is illustrated in the �g 3.8.
During some pulses a periodic HXR signal was
measured either in the �at-top or during the
ramp-down. The period is slightly above one
millisecond (it is equal to the period of very small
ST instability) and it seems that there is some
phase shift between the detectors it the toroidal
direction. However the shift is smaller than the
FWHM of the peaks so it is hard to say whether
this is caused by the di�erent time of detection
or by the properties of the detectors. Quantita-
tive analysis of this e�ect is planned. During the circular shots, no ST was observed
in SXR data, albeit during the parallel RMP campaign similar signal coincident with
small ST was observed. The periodic release may be caused by some internal MHD
activity that is not strong enough to trigger ST or the temperature drop is not large
enough to be measured by the SXR diodes. The idea of the correlation of RE release
with MHD activity is supported by same patterns in MHD and HXR spectrograms.
The release of the electrons was sometimes so strong that it a�ected even the SXR
diagnostic (Figure 3.9). During the periodic release also the loop voltage and Ip
change periodically, albeit in quite di�erent pattern. The RMPs strongly a�ect this
phenomenon.
The data from the IR camera situated in the tangential port may show some ev-
idence of RE synchrotron radiation. A well de�ned radiating circle was recorded
during several pulses. In the same con�guration with reversed current there was
no such subject. However it is early to claim that we have observed synchrotron
radiation. The special IR spectrometer has measured no signal.
The measured data will undergo further analysis in next months in order to specify
the focus of the upcoming second campaign (November).

3.3 GOLEM data

Tokamak GOLEM is the oldest working tokamak in the world, now located at the
Faculty of Nuclear Sciences and Physical Engineering. The plasma volume and the
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Figure 3.9: The signal of four HXR detectors, loop voltage, plasma current and SXR
signal during periodical release of runways. (COMPASS)

temperature is quite small with respect to current devices. The low temperature and
density of plasma with relatively high impurity presence and very high loop voltage is

Figure 3.10: The histogram of
HXR pulses in energy before
the deconvolution of peaks, full
absorbtion peak of Cs 137 at
662 keV (used for calibration) is
obvious.(GOLEM)

very suitable for the creation of RE. Unfortu-
nately the machine is currently not equipped
with density diagnostics. The only possible way
to estimate the density is to use the value of
pressure in the tokamak chamber before the dis-
charge. This is very inaccurate as the ionisation
of the gas may not be complete (typical tem-
perature Te = 15 eV vs. ionisation potential
for hydrogen 13, 6 eV) and we have no informa-
tion about wall adsorption, leaks, impurities etc.
The installation of the interferometer is planed.
For the typical temperature 15 eV and density
2 · 1018 m3 (rough estimation) the Dreicer �eld
is 45V/m and the critical �eld is as low as sev-
eral mV/m. In comparison to the typical loop
voltage of 6V, this means quite strong RE pro-
duction indeed.

3.3.1 HXR measurements

During numerous shots the HXR scintillation detector (2" NaI(Tl) with photomulti-
plier) was placed near the tokamak. Unfortunately the HXR intensity in the tokamak
room is very high and with current amplifying level, the signal is often saturated.
This is a serious problem for spectrum analysis, however di�erent kind of analysis is
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possible. Despite the above mentioned di�culties, we can make a histogram of HXR
pulses in energies 3.10. The tail of the histogram is deformed by the coincidence of
HXR pulses, but the low energy part is close to reality. Therefore, the energy of RE
in this tokamak certainly reach at least 1MeV.
During previous measurements on GOLEM was measured that the overall intensity
of HXR signal decreases linearly with increasing pressure. This seems to be logi-
cal, albeit the overall intensity of HXR signal is very ambiguously de�ned quantity
(namely in the case of saturated signal) and the pressure measurement do not prop-
erly re�ect the electron density. The HXR signal is very dependent on the size of

Figure 3.11: The change of the HXR emission with decreasing toroidal magnetic
�eld magnitude. Pressure and maximum value of primary windings voltage were
kept constant.(GOLEM)

the toroidal �eld. This can be observed in �gure 3.11. During these four shots the
pressure of the working gas and the voltage in the capacitors supplying the electric
�eld was set constant. With the reducing magnetic �eld the nature of the of the RE
loss changes from sudden release right before the end to continuous losses during the
whole second half of the discharge. This is de�nitely connected with con�nement of
the fast particles. The situation is well illustrated by the �gure 3.12. The graph de-
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Figure 3.12: The delay of the beginning of HXR emission with respect to the break-
down as a function of the toroidal magnetic �eld, the behaviour of the signal is
di�erent for lower and higher �elds. (GOLEM)

scribes the relation between the toroidal magnetic �eld magnitude and the delay of
the massive HXR emission with respect to the time of the breakdown. It is apparent
that there are 2 regimes. In the �rst one, the �eld is not su�cient to con�ne the
runaways that gained enough energy, thus they leave the plasma volume. The time
this happens should be dependent on the electric �eld magnitude. In the second
regime, the RE are con�ned within higher �eld to the end of the discharge and their
release is sudden, triggered by some instability (it could be the vertical displacement
together with some low temperature equivalent of the disruption hot-tail process -
see further). The two di�erent types of the discharge (continuous versus sudden
release of RE) can be distinguished even by the fast camera images. It is obvious
that the plasma is not vertically stabilised and travels upwards. The images of the
discharges with "secondary breakdown" contain typical dark region at the moment
before the secondary current ramp-up (�gure 3.14). It seems that the discharge is
almost over, however the strongly accelerated RE electrons, that bear the most of
the current are able to re-ionize the plasma for a short period (so far the vacuum
loop voltage is su�cient), either directly or by the secondary emission after the
impact. No such dark region is observed in the images of discharges without �nal
HXR emission - Figure 3.13. Furthermore, it seems that the steeper the secondary
ramp-up is, the more obvious is the "clinical death" of the plasma.
Similar phenomena may be observed repeatedly in the data of the discharge with
vertical stabilisation tests. The plasma was repeatedly a�ected by the fast change
of the vertical stabilisation �eld and the discharge almost terminated. However, the
subsequent recreation of plasma was accompanied by strong HXR emission. The
process looks similar to the �nal loss mentioned previously.
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The independent diagnostics of density would help to identify the undergoing pro-
cesses. It would be possible to compare the measured data with theory (critical
�elds, acceleration times) more e�ciently. The installation of the interferometer is
prepared for this year. Although the plasma of tokamak GOLEM is very di�erent
from the plasma of large machines the study of the RE generation mechanism may
help with understanding of the problem on the small-scale.

Figure 3.13: The discharge #14591, without �nal loss of HXR
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Figure 3.14: The discharge #14592, minor �nal loss of HXR, some evidence of
plasma collumn interruption in the fast camera image.

Figure 3.15: The discharge #14580, vertical stabilisation tests, repetitive interup-
tions of plasma apparent in the image accompanied by the HXR emission.
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Summary and outlook

This work was dedicated to runaway electrons as one of the most dangerous and
interesting phenomenon in the present tokamak research. These fast charged parti-
cles represent serious danger for the operation of large tokamaks, including ITER.
Before the �rst plasma in this ultimate machine, the mechanisms of the RE creation
have to be fully understood and the techniques to minimize the damage must be
developed.

The �rst chapter is very brief introduction into the physics connected with RE.
The generation processes are shortly described. The second chapter is focused on the
detection techniques, important former experiments and the most important tools in
modelling. In the third chapter, the results of experiments conducted on both Czech
tokamaks are presented. The �rst part of this chapter is focused on the connection
between the saw-teeth instability and the periodic release of runaway electrons. The
second part describes the �rst campaign dedicated to the runaways on Compass.
During these experiments, the periodic behaviour of HXR signal was observed again,
although without apparent ST instability. Later was found that this behaviour is
caused by Parail-Pogutse instability. In the last part, some interesting results from
tokamak Golem are described. The crucial role in the RE beam con�nement and
subsequent HXR detection plays the magnitude of the toroidal magnetic �eld.

3.4 Further plans

3.4.1 Golem

• Revision of scripts connected with runaways, optimization of the deconvolution
algorithm

• Find out how to avoid the saturation of the HXR signal, installation of the
new HXR probe

• Help with installation of the interferometer

• Feasibility studies of timepix diagnostic (semiconductor detector used in par-
ticle physics) for the detection of runaway electrons in the tokamak

• Data analysis with respect to the new diagnostics
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3.4.2 Compass

• Further analysis of HXR and other relevant signals from the �rst dedicated
campaign

• Help with preparation of new CdTe - photo-diode detectors

• Participation on the second dedicated campaign

3.4.3 Theory and modelling

• Hopefully participation in some basic modelling work (CODE?)
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Appendix A

Additional cloud storage content

Every source (unpublished papers, presentations), working �les (e.g. the values of
the noise of borrowed detectors) and scripts created for the purposes of this work
may be placed here if you ask me.

https://drive.google.com/folderview?id=0Bz7wTD2cnvNHSEFTNTZTXzZReFU&usp=

sharing
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