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Summary

Nuclear fusion is considered a promising alternative for power generation,
potentially superior to fission, due to reduced operation radioactivity, the low
nuclear waste production, and the intrinsic impossibility to develop a diverging
reaction. Extensive research in the development of this power source is ongoing
for several decades now. The next generation of Tokamak devices (the ITER
reactor under construction and, later, DEMO), is the first expected to produce
more power than that needed to sustain the nuclear reactions.

One of the possible show-stoppers in the operation of the tokamak fusion
reactors is the occurrence of disruptions, un-controlled events leading potentially
to the deposition of a few GJ energy onto the wall in a few ms. On a DEMO-size
machine, a disruption could potentially damage the wall un-recoverably. From a
theoretical point of view, disruptions can be caused by a variety of events
including MHD instabilities, malfunctioning of control systems, etc.

A considerable fraction of the energy dissipated during a disruption can be
carried by runaway electrons, a beam of electrons accelerated to relativistic
energies by the intense electric field developing during such an event. Their
generation and evolution are not yet fully understood by the fusion community,
which further complicates the problem of the selection of structural materials and
the design of the cooling system able to handle the high heat loads involved in
the disruptions and the impact of Runaway Electrons (REs). The Dreicer
mechanism is the primary generation mechanism for the current reactors, while
in the future reactors the avalanche mechanism is expected to take this role. The
mitigation systems are the Massive Gas Injection (MGI), Shattered Pellet Injection
(SPI), Resonant Magnetic Perturbation (RMP), and Magnetic Energy Transfer
(MET). However, the MGI and SPI can lead to an additional generation of
runaways, so further investigations are required for all these mitigation systems.

The thesis analyzes the impact of runaway electrons generated during
disruptions in different cases,using the Monte Carlo based code FLUKA. Firstly,
the runaway current damage to the first wall of existing tokamak reactors is
presented, along with its generation mechanisms and mitigation systems. Then,
we reproduce and complete a case-study firstly drafted by ENEA. This consis of
bombarding a sample geometry, built taking as reference the EU-DEMO First
Wall, with REs having an energy of 20 MeV. It was seen that, depending on the
angle of impact considered, a different amount of energy is deposited in the
structure. As also, different deposition curves are obtained according to the
structural materials considered.

In the future, we plan to extend this work to reproduce, to a certain extent, the
measurements given by the diagnostics in the JET fusion device, providing
measurements on the Soft and Hard X-rays. These X-rays are the secondary
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particles generated by the REs impacting onto the wall, and could be traced by
the virtual detectors embedded in FLUKA. Therefore, this would show the
capabilities of FLUKA in reproducing the real measurements, helping to clear the
picture of how REs interacts with the different structural materials present in the
main chamber of JET. Afterward, the study could be scaled up to EU-DEMO
where Tungsten will be the main plasma-facing component to handle the REs.
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1. Introduction

Nuclear fusion is considered a promising alternative for power generation,
potentially superior to fission, due to reduced operation radioactivity, low
nuclear waste production, and the intrinsic impossibility to develop a diverging
reaction. Extensive research in the development of this power source is ongoing
for several decades now. The next generation of Tokamak devices that are the
International Thermonuclear Experiment Reactor (ITER) and, later, the
DEMOnstration Power Plant (DEMO), is the first expected to produce more
power than that needed to sustain the nuclear reactions (Nordlund, 2018).

One of the many open issues that the community is trying to tackle is related to
the disruptions. They are un-controlled events leading potentially to the
deposition of a few GJ energy onto the wall of large machines in a few ms.
Disruption simulations in large tokamaks such as ITER have shown that future
machines like ITER and DEMO, which will store more internal energy with
respect to present devices, are prone to cause severe damages (Rosenbluth, 1997).
In figure 1, the sizes of the different reactors are shown. It can be noticed that the
corresponding powers involved are increasing at a faster pace. As a consequence,
on a DEMO-size machine, a disruption could potentially damage the wall un-

recoverably.
1984 2025
JET ITER

-~
@
>

D =592 m D=124m D %~ 13-19 m Increasing size
V=80 m V = 800 m® V =~ 1000-3500 m?
Q~06 Q=10 Q=25 _
P~16 MW, P =500 MW, P 2 2000-4000 MW, Increasing power

Plasma experiments Demonstration of electricity generation

Figure 1 Dimensions and Powers of the different fusion reactors (Dubus, 2014)

Furthermore, while present devices are being used to implement plasma
experiments in order to study the plasma physics or the different components of
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a fusion reactor, DEMO will have the task to demonstrate the electricity
generation from fusion, which poses several additional challenges. As a
consequence, to produce electricity at a competitive price, it is needed that events
like disruptions do not occur during the operation of DEMO or a future industrial
plant. Indeed, these events would result, at least, in the replacement of some
components of the machine; such an operation would be both costly and time-
consuming.

The fusion community is highly sensitive to the threat represented by the
disruptions and, for this reason, these events are addressed several times in the
EUROfusion roadmap to the realization of fusion energy (Nordlund, 2018). In
particular, by 2030 ITER will have to demonstrate the optimal plasma conditions
that would minimize the occurrence of the disruptions along with validating the
disruption mitigation systems.

Disruptions damage the tokamak structure through three ways: (1)
electromagnetic forces; (2) thermal loads; (3) Runaway Electrons (REs) (Plyusnin
et al., 2012). Electromagnetic forces cause the plasma displacement that can result
in plasma hitting the first wall (FW) of the machine, the thermal loads lead to
huge energies discharged on the Plasma Facing Components (PFCs) that can melt
and damage them permanently and the REs, which are generated during the
current quench phase of a disruption, lead to local damage on the FW by different
means.

The thesis focuses on runaway electrons. The REs are a beam of electrons
accelerated to relativistic energies by the intense electric field developing during
a disruption. They can carry a current up to 60-70% of the pre-disruptive plasma
current (Plyusnin et al., n.d.). The reasons for studying these electron beams are
multiple: (1) although they do not always represent a severe problem for the
current reactors, in future tokamaks they can cause permanent damages to the
PFCs; (2) the study of their generation mechanism is fundamental for the design
of disruption mitigation systems that do not cause additional REs generation; (3)
their impact on PFCs leads to the activation of the materials which complicate the
maintenance operations.

Since their presence represents a problem for the fusion machines, multiple
systems are under study to suppress their generation during a disruption or
mitigate their effects. These are the Massive Gas Injection (MGI), Shattered Pellet
Injection (SPI), Resonant Magnetic Perturbation (RMP), and Magnetic Energy
Transfer (MET). However, each of these systems has some issues that are still to
be addressed and strengthen the motivation to study the generation process of
REs in Tokamaks.

Along with describing the theoretical aspects related to the REs, an analysis has
been carried out considering the impact of these electrons on the first wall (FW)
of DEMO with different incidence angles. The activity has been done using the
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Monte Carlo-based code FLUKA and the results have been compared with a
study done by ENEA. In addition, the REs energy distributions observed in JET
through HXR diagnostics are reproduced using FLUKA.

Firstly, an introduction about the basic notions needed to understand the physics
of REs is presented in section 2. After that, the reasons for which the REs are a
serious threat for future fusion machines are thoroughly described in section 3,
which also shows a few examples of the damage caused by them in some of the
existing tokamaks, section 4 presents the processes that lead to the generation of
relativistic electrons during the occurrence of disruptions, with a description of
the two main generation mechanisms. In section 5 the above-mentioned
mitigation and suppression mechanisms are described together with the open
issues of these systems. In section 6 the FLUKA code is briefly described with its
features necessary for this study and section 7 describes the activity carried out
in the framework of the thesis, with a brief description of the EU-DEMO FW
structure, and the presentation of the results. Section 8 discusses the reproduction
of some of the REs energy distribution observed in JET. Finally, in the last section,
our conclusions and perspectives are given.
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2. Introduction to the tokamak reactor

In order to allow the fusion reactions to take place and have power production,
the plasma has to be confined for a sufficiently long time. In tokamaks, this
confinement is obtained through the application of magnetic fields produced by
multiple coils present around the central region of a tokamak and a central
solenoid present at the center of the machine. That is a tokamak reactor is a
magnetic confinement device designed to produce power through fusion
reactions that take place inside the plasma. In figure 2 a schematic representation
of a tokamak reactor is given.

Central solenoid
Toroidal magnetic

field coils Poloidal magnetic

field coils

Plasma g Vacuum Vessel
agnetic lines of  toroidal magnetic
force field directions

Figure 2 Schematic representation of a tokamak reactor (Cizek et al., 2019)

The magnetic field responsible for the confinement is made of different
components. The toroidal magnetic field coils generate the toroidal magnetic
field while the poloidal magnetic field is produced through the plasma current
induced by the central solenoid and the poloidal magnetic field coils. The plasma
current is generated inducing a current in the central solenoid. This pulsed
current generates a time-varying magnetic field which in turn generate an electric
field as explained by Faraday’s law (1),

0B
AXE__E (1)

The electric field generates the plasma current as described by ohm’s law,
E=1] (2)

The current density (J) integrated over the whole plasma cross section gives the
plasma current flowing in the toroidal direction, that is the direction identified
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by the toroidal magnetic field in figure 2. The parameter r in expression (2) is the
plasma resistivity which is proportional to Te%2 Since the plasma temperature
represented by the electron temperature (Te) is around 10 keV, during normal
operation, the plasma resistivity is extremely low making the plasma
superconductive. Moreover, the change in the pulsed magnetic field which
passes through the central solenoid generates a loop voltage around the torus,
and this voltage increases with the induced field (De Vries, 2019).

The poloidal and toroidal magnetic fields generate the final magnetic field of
helical shape able to confine the plasma in the central region. The toroidal field,
the plasma current with the resulting magnetic lines are shown in figure 2.

For a better representation of the different field components in figure 3 a
representation of plasma with toroidal magnetic fluxes defined by a constant
poloidal magnetic flux is shown.

Magnetic Flux
Surfaces

Magnetic Axis

Figure 3 Schematic of plasma with the toroidal magnetic flux surfaces. ¢, 0 and R
define the toroidal, poloidal, and radial direction, respectively (Barton et al., 2015)

In figure 3, the magnetic field B (green line) is given by the combination of the
toroidal magnetic field (By) and the poloidal magnetic field (Be). Moreover, Z
defines the vertical direction and R the radial direction whereas p is the plasma
minor radius and p,, is the minor radius of the last closed magnetic flux surface
(Barton et al., 2015). Along with the vertical and the radial direction, there are
other two important directions in a tokamak that are the toroidal direction
identified by the toroidal magnetic field and the poloidal direction identified by
the poloidal magnetic field. Moreover, most of the plasma parameters like
temperature, electron density are usually shown along the radial direction to
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observe the differences between the central region of a plasma, around the inner
first wall which protects the central solenoid, and the external region, near the
external first wall.

Apart from the coils needed to generate the magnetic field necessary to confine
the plasma, a tokamak can include also some other coils which may have
different features. For instance, the RMP system uses external coils to mitigate
the runaway electrons by generating magnetic perturbation. In particular, in
TEXTOR a dynamic ergodic divertor (DED) is used to generate perturbations in
the plasma. In figure 4, the DED is shown, and can be noticed that they are placed
at the high field side of the torus in order to reach the plasma core where most of
the REs are generated (Finken et al., 2004).

Figure 4 Representation of the DED coils in TEXTOR (Finken et al., 2004)

The magnetic coils represent one of the three vital components of a tokamak
reactor, and the other two components are the first wall and the diverter. In figure
5, a cross sectional representation of ITER is given and the two components are
highlighted. The first wall has the aim to create a chamber for the plasma and to
protect the structural material from plasma exposure. It represents the focus of
this work, so it is described in the following sections. On the other hand, the
divertor represents the exhaust system of a tokamak and aims at removing
helium ashes, heat, and other impurities from the plasma. The alfa particles
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(helium) are produced during the fusion reaction at an energy (4.5 MeV) higher
than the background plasma (~10 KeV), so once they cool down transferring their
energy to the plasma they must be removed. They represent an impurity along
with any other particle species that is not deuterium or tritium since they cool
down the plasma causing its termination.

To solve the above issue, the magnetic configuration of a tokamak is designed in
such a way that most of the interactions between the plasma and the PFCs take
place at the divertor region whose material composition allows it to handle the
particle flux and the heat loads coming from the plasma during the normal
operation of a plasma. However, during off-normal events such as disruptions
that lead to the REs generation all the tokamak structure is subjected to huge
loads as described in the following sections.

Be first wall

W divertor

Figure 5 Cross sectional representation of a tokamak showing the plasma facing
components (Cizek et al., 2019)
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3. Runaway Electrons Impact

The REs has represented a problem since the starting of the fusion research,
causing damage in multiple machines. In 1976, large runaway fluxes were
reported in TFU 400 and Alcator, which led to the formation of holes into the
vacuum chamber walls (TFR Group, 1980). In Doublet III during September 1981
runaway electrons damaged the graphite limiter as shown in figure 6 (Nishikawa
et al., 1984). As it can be noticed the REs led to local damage of the limiter.

Before the After the
shot on shot on
Sept. 29 Sept. 29

Figure 6 Surface damage on graphite limiter of Doublet III (Nishikawa et al., 1984)

In 1994, the Tora Supra outboard pump limiter was damaged by the REs
generated during a disruption causing water leakage and activating the materials
(Nygren et al., 1997).

These accidents have underlined that the generation of REs can take place in
multiple situations in a Tokamak: at start up and during a plasma disruption
(Russo et al., 1993). The most dangerous situation is represented by the
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disruptions which can lead to the generations of REs with energies in the range
of tens of MeV and carrying up to 60% of the plasma current.

The impact of the REs has been studied in the existing machines in two principal
ways. The first is through accidental disruptions that cause local damage to the
PFCs (Nygren et al., 1997) and the second are the provoked disruptions (Chen et
al., 2012). The latter have been carried out in order to study the disruption
mitigation systems, however, it has helped in understanding the nature of the
REs impacting on the FW.

The impact of the runaway beam on the PFCs does not cause only a huge
deposition of energy which leads to the melting, cracking, and evaporation of the
material; it also leads to the production of photons and neutrons through (y, n)
nuclear reactions (Bolt et al., 1987). Therefore, the activation of the material takes
place, requiring remote maintenance.

In JET, the runaway electrons caused the early replacement of the Inconel tiles,
used for the protection of the central column of the machine, with the carbon tiles
in 1984. Craters of up to 1 mm deep and having an area of 10 mm?were observed
(Jarvis et al., 1988). Although carbon has a high melting point (strong sublimation
at 3500 °C), which makes it adequate to be used as a protective material, the
erosion of carbon by hydrogen chemical sputtering is very high. This, combined
with the potential formation of hydro-carbons trapping a considerable amount
of tritium in a future reactor, poses severe problems to the adoption of C as a
suitable FW material. For this reason, the carbon tiles in JET have been replaced
by the Beryllium ones.

The Beryllium (Be) FW will be used in ITER as well, since one of its benefits is a
significantly reduced runaway production during disruption (Bartels, 1993).
However, considering that in larger reactors, as reported in section 4, the
avalanche mechanism will play a major role the Be first wall may have some
issues in facing the REs problem. Indeed, Be has a lower melting point (1300 °C)
with respect to the other candidate materials, which does not make it an optimal
material to be used.

In the case of DEMO, Tungsten will be used for the first millimeters of the first
wall since it has a higher melting point than Be (3400 °C). However, as shown in
figure 7, the REs flux with an energy of 30 MeV could lead to grain growth and
microcracking. The results in the figure were produced by irradiating a tungsten
sample with electrons at 30 MeV and a duration of 30 seconds, to simulate the
effects of several years of reactor operation (Bolt et al., 1987).

The mitigation of disruptions may also cause several problems related to the REs.
The mitigation of disruptions with Argon does not lead to a damping of runaway
current (Reux et al., 2015). In addition, in the case of mitigation with SPI, the fast
energy removal can lead to additional REs generation as well (Bakhtiari et al.,
2002). In figure 8, the damage caused by a failed mitigation attempt on Be tiles is
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shown. Here, the JET Inner Wall Guard Limiter is hit by a beam over a 10 cm?
area per tile (Reux et al., 2015).

Figure 7 Surface of tungsten specimen after electron irradiation with 30 MeV for 30 s.
The bar in the figure is 5 um (Bolt et al., 1987)

Significant melting

Surface alteration only

No damage

No data

CPS14 1245 10

Figure 8 Tile damage on the JET inner wall guard limiter (top view, Octants number).
The limiter consists of 16 toroidally distributed poloidal beams and they have been
divided into octants (1-8). Each octant contains two beams that are called X and Z
(Reux et al., 2015)

In figure 8, it can be noticed that not all the tiles were equally affected, two
undergoing significant melting occurring mostly at a single toroidal location,
while others places have experienced only some minor effects. In figure 9, the
damage caused to the upper inner wall of JET can be observed.
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Figure 9 Melting damage to the JET upper inner wall (Fasoli, 2010)

The above description shows how the runaway electrons are problematic for
current tokamaks. In the future ones, due to the higher energies involved, these
problems will be even more severe. Noticeably, even the studied mitigation
systems could lead to a generation of relativistic electrons in some cases, posing
additional constraints on the design of efficient mitigation strategies. In order to
have a better understanding of the REs behavior in different scenarios, the study
of their generation mechanism is fundamental since it influences the efficacy of
the selected mitigation systems.
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4. Runaway Electrons Generation

The main process that leads to runaway electrons generation is related to the
occurrence of disruptions in a Tokamak. A disruption leads to rapid and
accidental termination of plasma, with huge thermal and mechanical loads on
the structure. It is caused by the onset of a global instability, whose reasons can
be multiple. Among other disruption-leading mechanisms, it is worth
mentioning MHD instabilities and malfunctioning of control systems that causes
a thermal quench of the plasma kinetic energy (Chen et al., 2012). In other words,
it leads to the cooling of the plasma, increasing the plasma resistivity. The
resistive plasma initiates the current quench, during which the confining poloidal
magnetic field decays. Due to Faraday’s law, the plasma tends to conserve the
poloidal flux, and this leads to the generation of a strong toroidal electric field. A
schematic representation of these events is given in figure 10 where the loss of
thermal energy during the thermal quench and the loss of plasma current during
the current quench can be observed along with the variation of the poloidal flux.

thermal energy
(0.2 MJ)

|

Il
Vi “ '“

poloidal coil

X B2 B X 7 5
time (s)

Figure 10 Representation of the different disruption phases: thermal quench (red),
current quench (black) and variation of the poloidal magnetic field (blue) during JET
shot 13461 (Siccinio, 2019)

In figure 10, it can be observed that once the disruption starts at 2.52 seconds
there is an instant loss of thermal energy on a time scale of some milliseconds.
The thermal quench causes an increase in the plasma resistivity causing a
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reduction of the plasma current which in turn influences the poloidal magnetic
flux. This leads to the generation of a toroidal electric field which translates into
the acceleration of the electrons that acquire high energies which can carry up a
large fraction of the plasma current as can be observed in subsection 4.3.

Equation (3) explains the acceleration of the electrons and shows the electron
Coulomb collision frequency, considering an impact on particles of possible
different species (labeled with the k index). Since the electron Coulomb collision
frequency decreases as Vg >, it follows that electrons with energies larger than a
critical threshold are continuously accelerated, entering the runaway domain

(Fasoli, 2010)
e/k Z%Z%e* 1nA
Ex k 2MES memyvs

3)

In equation (3), particles of the species k can be ions or electrons, n«is the particle
k density, Zkits charge, Z.electron charge, eo vacuum permittivity, InA Coulomb
logarithm which lies between 15 and 20 for quite all the fusion reactors
(Freidberg, 2007), me the electron mass, mxthek species mass and veis the electron
velocity.

4.1. Dreicer Mechanism

The above phenomena, which represent the primary generation of the REs, can
be explained in figure 11. The figure reports the collisional drag force F. acting
on electrons as a function of the relative velocity va between electrons and ions.

Run—away region

deceleration

| Va £
| (3]
| E
| | :
i v
vy terminal d
thy  d th,e

Figure 11 Collisional drag force acting on electrons vs electron velocity (Fasoli, 2010)
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From figure 11, it can be noticed that when the drag force resulting from the
collisions between electrons and ions, which causes the deceleration of the
electrons, is larger than the term qE responsible for the acceleration of electrons,
the two species converge to a certain velocity va. However, once the electric field
is larger than a critical field, electrons reach the runaway region where they
undergo an acceleration instead of deceleration. This happens when for a certain
electron temperature, a critical electric field called the Dreicer field is reached.
The Dreicer field is given by the equation (4).

nee3IlnA

Ep = 4
D 4melTe (4)
Where the electron temperature is,
1 2
Te =Zmevg ©®)

If the speed needed for the electron to run away is close to the light speed, a
correction is made to the Dreicer field and the expression of the electric field
becomes (Reux et al., 2015),

nee3lnA

¢~ 4Tte3me 2 (6)

As it can be observed in expression (4) the Dreicer field is proportional to the
ratio of the electron density and the electron temperature, the radial profiles of
these two parameters are critical in generating the runaway electrons (Kawamura
et al., 1989). Due to this dependence, the runaway electrons can be generated in
any plasma region, however, only those originating in the central region will
remain confined enough to acquire higher energies and damage the machine
structure.

4.2. Avalanche mechanism

The study of the REs generation has been carried on multiple machines like JET,
JT-60U, Tore Supra, TEXTOR, etc. and simulations have been done also for future
machines like ITER and DEMO. Unlike, the existing machines where the main
process of REs generation is the Dreicer mechanism, which is described above, in
future machines, the avalanche mechanism is thought to create major issues.

The avalanche mechanism consists of an exponential growth of the runaway
electron population. Since at higher energies the drag force acting on the
electrons decreases rapidly and the collision events reduce drastically, these
particles travel larger distances, and the presence of the toroidal electric field
leads to their acceleration. Along their path, they undergo close Coulomb
collisions with the background plasma electrons causing the generation of
secondary electrons that accelerate to higher energies continuing the avalanche
process (Jayakumar et al., 1993). The effect of the avalanche mechanism on the
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runaway current can be observed in figure 12 where the runaway current
observed in JET is shown with and without avalanche mechanism.
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Figure 12 Runaway current evolution observed in JET with (dashed line) and without
(black line) avalanche (Gill et al., 2002)

Noticeably, the avalanche mechanism leads to a large increase in the runaway
current, and this mechanism would be the main responsible for the REs
generation in the future tokamaks because, in large reactors, the plasma current
is much higher than the current ones. To explain it better, the growth rate of REs
due to the avalanche mechanism (ygr,) is considered (Rosenbluth et al., 1997),

1 deA ~ eE

—_— — ~ 7
YRA jra dt 2mclnA (7)

Where jra and the derivative represent the runaway current and its growth rate
due to avalanche, m is the mass of electrons, c is the light speed, InA is the
Coulomb logarithm, e is the electron charge and E is the toroidal electric field.
The reason for the second equality is that at high loop voltage, the ygra is
proportional to the toroidal electric field (Jayakumar et al., 1993). Moreover, in a
disruption, the loop voltage is produced by the decay of the plasma current, and
this enables to estimate the e-folds growth during the avalanche mechanism
(Rosenbluth et al. 1997),

- eEt - Iy )
YrAt ~ €Xp (chlnA) ~ exp (IAlnA (8)
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where Iy is the plasma current and Iais the Alfven current (Ding et al., 1999)
computed as (Putvinski et al., 1997),

3
Iy = % ~ 0.02 MA 9)

Since the Alfven current and the Coulomb logarithm, the latter assumed to be in
the range 15-20, are constant the growth rate depends on the plasma current. In
the current reactors, the plasma current is around 1 MA which gives an
amplification factor due to the avalanche of e?, but in ITER and DEMO where the
involved plasma currents are much higher, the avalanche amplification of
runaway will be greater than e For ITER this factor can reach values up to % if
I;=15 MA and InA = 15 are considered, causing the avalanche mechanism to
become the primary mechanism for runaway generation(Fiilop et al., 2013).

At the same time, Beryllium (Be) FW will be used in ITER since one of its benefits
is a significantly reduced runaway production during disruption, as it has been
demonstrated in JET-ILW (ITER Like Wall) (Bartels, 1993). The reason behind the
absence of REs is related to a slower current quench which in turn is explained
by the lower radiation losses of the plasma in absence of the carbon as a radiating
impurity. In other words, the lower cooling rate of Be in the current quench
temperature range translates into a hotter plasma, slowing down the current
quench. A slower current quench means a lower accelerating toroidal electric
field, finally leading to less runaway generation (Reux et al., 2015).

4.3. Influence of Plasma Parameters on REs Generation

In addition, it has been demonstrated in the current machines that the generation
of runaways depends also on some other parameters, such as the toroidal
magnetic field and the plasma current. Moreover, a vertically unstable plasma
does not experience a significant runaway current as the plasma hits the wall
before a significant runaway current is formed (Lehnen et al., 2009).

In J-TEXT tokamak the influence of the toroidal magnetic field and the plasma
current on the runaway electrons generation has been studied (Chen et al., 2012).
As it can be noticed in figure 13, a toroidal magnetic field lower than 2.2 T does
not generate runaway electrons during a disruption. In general, a limit of 2 T is
valid for most current machines, and the reason for this threshold is thought to
be linked to the Whistler waves that are excited by REs (Fiilop et al., 2013). These
waves can be destabilized by REs and the growth rate of these unstable waves is
inversely proportional to the strength of the magnetic field, and they may stop
or reduce the runaway generation by the avalanche mechanism causing a rapid
pitch-angle scattering of the REs. However, this explanation is still under
investigation, and it is still to be validated. Moreover, in larger reactors with
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higher toroidal fields the probability of having runaways increases, with a
tendency of having higher runaway currents (Lehnen et al., 2009).
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Figure 13 Plasma current termination at different toroidal fields (Chen et al., 2012)

At a certain toroidal field, the plasma current plays a role in the REs generation
as well. In figure 14, the current waveform at different plasma currents and fixed
toroidal magnetic fields are reported.

With respect to the behavior with different toroidal magnetic fields, in figure 14
it can be observed that there seems not to exist a minimum plasma current value
allowing the generation of runaway electrons. Plasma currents larger than a
certain value, which for J-TEXT is 200 kA and for JET 2 MA, do not lead to REs
generation due to magnetic fluctuations which prevent their production. At
lower plasma currents the life of the runaways varies with the current value itself,
and the runaway current plateau is lost early (Chen et al., 2012). Moreover, the
degree of conversion of pre-disruptive plasma current in runaway current is
influenced by the actual current level (Lehnen et al., 2009).

Once generated, the runaway current terminates on the FW of the machine,
damaging the structure. As discussed above, in larger machines like ITER and
DEMO, the probability of runaway current generation is higher and the amount
of damage that can be caused to the structure represents a serious threat to their
reliable operation. Consequently, the design and testing of REs suppression and
mitigation systems are essential.
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Figure 14 Plasma current termination at different plasma currents and fixed toroidal
magnetic field (Chen et al., 2012)
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5. Runaway Electrons Suppression and Mitigation

Multiple systems are under study to mitigate the effect of disruptions and REs.
In particular, Massive Gas Injection (MGI), Shattered Pellet Injection (SPI),
Resonant Magnetic Perturbation (RMP), and Magnetic Energy Transfer (MET).
In this section, these four systems will be briefly described, in order to explain
how they help to mitigate or suppress the runaway electrons.

5.1. Massive Gas Injection and Shattered Pellet Injection

The MGI system is the most used disruption mitigation system in the current
tokamaks and is thought to be present in future reactors as well. Different gasses
have been used for this system to increase the plasma density and cool it down
by radiation. As it can be observed in expression (6), an increase in the electron
density would lead to a higher threshold electric field necessary for the runaway
electron generation (Bozhenkov et al., 2008). However, a complete suppression
cannot be obtained since it would require injecting large quantities of impurity
gas which may affect the vacuum system (Cai et al., 2021).

MGI systems using only argon (Ar) as impurity gas leads to a fast shutdown of
the plasma, however, Ar leads to the generation of runaway electrons, due to its
poor mixing efficiency (Bozhenkov et al., 2008). The mixing efficiency, defined as
the ratio between the number of atoms able to reach the core of the plasma and
the number of atoms injected before the disruption, is only 3% for Ar. The
presence of Ar atoms leads to the generation of REs through the interaction of
REs generated by the Dreicer mechanism and Ar that have not reached the core
of the reactor. That is along their path, the REs can encounter argon atoms
causing the generation of secondary electrons that accelerate to higher energies
continuing the avalanche process. A schematic representation of this process is
shown in figure 15 where the electrons interact with the Ar atoms producing ions
and electrons that are further accelerated to the relativistic energies.

Ar being a high Z impurity increases the radiation losses, but at the same time, it
leads to the generation of REs. On the other hand, deuterium (D) injection leads
to a much lower runaway generation thanks to its rapid mixing in the plasma
due to its high sound speed, but the shutdown time is much larger. As a
consequence, a mixture of argon and deuterium is used in the current reactors
where Ar radiates the plasma energy and D increases the plasma density to avoid
REs generation (Reux et al., 2015). In this way, the runaway electron generation
is partly suppressed or mitigated in the Dreicer mechanism which is the primary
generation mechanism in the current reactors and the presence of argon does not
strengthen the avalanche mechanism due to its limited amount. Indeed, the
mixture consists of 90% D + 10% Ar (Reux et al., 2015).
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Figure 15 Schematic representation of the interaction between electrons and Ar atoms
(Kemaneci, 2009)

However, in ITER and DEMO, the avalanche mechanism will be the main issue
and currently, it is not fully clear how the generation under this mechanism will
be suppressed. Indeed, in order to avoid the avalanche mechanism in ITER, an
injection of 10% atoms is required and this could impact the vacuum systems. At
the same time, densities required to suppress the avalanche mechanism have not
been reached in the current reactors (Lehnen et al., 2008).

For the SPI system, high-speed neon ice pellets have been used in many of the
current reactors (Bakhtiari et al., 2002). The pellets injected in the main chamber
ablate and evaporate cooling down the plasma (Breizman et al., 2019). In general,
this system leads to a rapid shut down of the plasma, nevertheless, it can also
cause the generation of runaway electrons. This is caused by the presence of a
residual hot electron tail after a rapid cooling of the plasma. Since, overall, the
pellet causes a rapid reduction in the electron temperature which translates into
a higher resistive electric field in the plasma, this electric field may overcome the
critical field and leads to the runaway generation (Chen et al., 2012).

5.2. Resonant Magnetic Perturbation and Magnetic Energy
Transfer

The RMP system consists in using external coils to suppress or mitigate the
runaway electrons by enhancing their radial losses through the induction of
suitable magnetic perturbations in the plasma. Its use has been demonstrated in
multiple reactors like JT-60, TEXTOR, etc. In figure 16, the impact of this system
on the runaway current can be observed for TEXTOR. For this experiment, the
disruption is triggered at 2 seconds with massive argon injection that causes the
generation of a runaway electron current measured by the electron cyclotron
emission (ECE) diagnostic for energies below 3 MeV, and by the infrared camera
for energies up to 25 MeV (Lehnen et al., 2008).
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Figure 16 Evolution of the plasma current Ip (black) and electron temperature Te
(green) during disruption. After 2 seconds the runaway current is measured by ECE
(red) and infrared camera. The dashed black line is the Ip with RMP (Lehnen et al.,
2008)

After the thermal quench, the current quench takes place, which can generate a
runaway current with a plateau that can live up to 50 ms. The dashed line in
figure 16 shows the influence of the RMP produced by the coils of the dynamic
ergodic divertor (DED). It has been demonstrated experimentally that with a
perturbation amplitude of toroidal mode number n=2 a strong suppression of the
runaway current is possible. However, a complete suppression cannot be
achieved, and this system works only for the avalanche mechanism (Lehnen et
al., 2009). The reason for this is related to the fact that the runaway generation
due to the Dreicer mechanism increases exponentially with the electric field and
cannot be compensated using the RMP system (Lehnen et al., 2009).

At the same time, the large size of the future tokamaks like ITER and DEMO
would increase the distance between the RMP coils and the plasma core, leading
to an additional problem in suppressing the runaway electrons (Cai et al., 2021).

The MET has been developed recently for REs suppression in J-TEXT. This
system aims at reducing the toroidal electric field which is developed during the
current quench phase by transferring the plasma poloidal magnetic energy out
of the vacuum vessel through the use of energy transfer coils (Cai et al., 2021). In
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figure 17, the design of this system, based on magnetic coupling, used in J-TEXT
is shown.

~ Core
OH Coils

EAU

Figure 17 Schematic representation of MET in J-TEXT (Cai et al., 2021)

As the coils for the energy transfer are magnetically coupled with the magnetic
field in the plasma, during the plasma current decay phase a current is induced
in these coils. This leads to the coupling of a fraction of the poloidal magnetic
energy to the ETCs, which will be transferred out of the Vacuum Vessel if the
controlling switch (CS) is triggered and will be consumed in the energy absorbing
unit. Thanks to the use of this system, around 20% of the poloidal magnetic
energy can be reduced during a disruption. This lowers the toroidal electric field
which influences the runaway generation. For a better understanding, in figure
18, the influence of the MET system during a provoked disruption in J-TEXT is
presented, compared with the disruption evolution in absence of such a system.

Even in J-TEXT, the provoked disruption is implemented using the Ar injection
(occurring at t=0.4 s). As it can be observed, with MET there is a suppression of
the runaway current with a current induced in ETCs (Ierc). The reduced toroidal
field and loop voltage lead to a runaway current of 30 kA and the runaway
plateau was not observed which leads to a higher loss rate of runaway as can be
noticed by the hard x-ray signal (Cai et al., 2021).

However, it is a new system that has been used only in J-TEXT where there is no
risk to have toroidal eddy currents in the Vacuum vessel which favor the
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magnetic coupling. As a consequence, it has to be further investigated in order to

be a part of the ITER disruption mitigation system.
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Figure 18 Experimental results for REs suppression with MET (grey curves) in J-TEXT

(Cai et al., 2021)
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6. Overview of the FLUKA code

FLUKA is a multipurpose Monte Carlo code used to compute the energy
deposition on the DEMO FW and to implement the REs beams observed for some
shots in JET, in this study. It has been developed at CERN in collaboration with
INFN, and it simulates the transport and interaction of several nuclear particles
with matter (Ballarini et al., 2006). In particular, the code can simulate electrons
interactions, photon interactions, particle decay, etc and it has been already
applied for runaway energy deposition analysis in ITER-FEAT PFCs (Federici,

2019).

FLUKA can study the interaction and propagation of around 60 particle species
in matter with high accuracy. In particular, photons and electrons are traced in
an energy range that goes from 100 keV to thousands of TeV, along with neutrons
starting from thermal energies. It has been applied in different fields like
calorimetry, dosimetry, detector design, and shielding.

The code is written in the Fortran 77 programming language and for most
applications, no specific language skills are required for the users. However, the
advanced user can interact with several user-interface routines provided to allow
defining some specific features like, e.g., particular sources or estimators. This
provides increased flexibility, at the obvious cost of at least some programming
skills. Also, special attention is given to the representation of the studied
geometry by the user through a combinational Geometry package.

One of the advantages of FLUKA with respect to other Monte Carlo codes is that,
thanks to the use of a multiple Coulomb scattering algorithm, the simulation
results are independent of the step length (Maddaluno et al., 2003).

For non-expert users, the use of the FLUKA code could be relatively complicated
as it does not have a user-friendly interface as shown in figure 19. In the figure,
the definition of the particle source and the geometry is shown without any
additional suggestions about the meaning of the different inputs for which the
user is asked to refer to the code manual. Moreover, the use of additional user
routines needed to personalize a source, or a detector, is difficult to add in this
mode of FLUKA.

For this reason, an advanced interface called FLAIR has been paired with
FLUKA. Figure 20 represents the main tabs of the program each having its own
features.

The interface is based on python language with C++ extension used for the
geometry visualization. Thanks to this feature it is possible to design the
geometry interactively by visualizing the designed system in real-time. In
addition, the user routines are easier to set in the working environment.
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TITLE

My Basic Lnoput example

#* Set the defaults for precision simulations

DEFAULTS PRECISIO

* Define the bean characteristics

= R R T T T T L T T

BEAM 3.% —-0.082425 -1.7 0.0 0.0 PROTON

* Dafine the beanm position

L NN R T T T e T T T e T e

BAEAMPOS 0.0 0.0 =0.1 0.0 0.0

GEOBEGIN COMBMNAME
o o

# Hlack body

SPH blkbody 0.0 .0 0.0 100000.0

* Vold sphere

SPH woid 0.0 .0 0.0 10000.0

* Cylindrical target

RCC targetl 0.0 2.0 .0 9.0 0.0 10.0 5.0

RCC targeta .0 ¢.0 20.0 0.0 0.0 10.0 5.0

RCC targetd .0 2.0 40.0 0.0 0.0 10.0 3.0

END

* Black nole

BLERODY 5 +blkbody -void

# Void around

VoID 53 +void -targetl =-target2 -target3

#« Target

TARGET1 = +targetl

TARGET2 3 +targetl

TARGET?Y 3 +*targetl

END

SEQOERD

Figure 19 FLUKA interface without the use of a graphical interface

- @¥Report
y g Updates [“J

Exit

Notes J | | | \
’ ]
Build input and geometry Visualize output files and messages
Build geometry and plot results Compile own executable
Fluka: Dir: .’home!ﬂrka_user Exe: | ¥
Run and merge results Plot results

Figure 20 Representation of the FLAIR interface

6.1. Steps of a FLUKA run

In order to run a simulation in FLUKA the user have to define the number of
primary particles. These particles are called primary to distinguish them from any
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secondary particles that are generated through interaction with matter. The next
step consists in defining the number of cycles. In FLUKA, the total number of
particles is divided into a finite number of cycles to obtain accurate results

(further details in subsection 6.3.). For instance, if a simulation is made of 1e6
particles and 5 cycles are defined, each cycle will consist of a simulation of 2e5
particles.

During the simulation of a cycle, each particle undergoes the following sequence
of steps:

1.

Each particle is loaded in a stack with all of its properties. A stack consists
in a set of arrays containing the needed information about the particle, that
is position, incidence angle, statistical weight, etc (FLUKA, 2020).

The code checks the position of the particle, if it is positioned in the region
called Vacuum it is transported to the material boundary. The vacuum
region consists in one of the two mandatory regions that surround the user
defined geometry. For further details see subsection 7.3.1.

Once the material is reached, FLUKA computes the total interaction cross
section of the particle at its energy and the material. This cross section o
consists in the probability of the particle undergoing an interaction

The computed cross section is used to define the mean free path to the next
interaction through (10)

A= — (10)

Where N is the number of scattering centers per unit volume in a medium.
The mean free path is the distance traveled by the particle between two
successive interactions.

The computed mean free path is used to sample the step length between
two interactions from (11)

p(s) = zexp(-3) (11)

The sampling consists in the generation of random variables according to
a given distribution and in FLUKA it is done by using multiple sampling
techniques (FLUKA, 2020). At the same time, thanks to the features of
FLUKA the final results are independent of the step length (Ferrari et al.,
1992).

The nature of the interaction is defined through (12)

Pi=—,i=12,..n (12)
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Where Pi is the probability of interaction i and oiis the cross section of
interaction i and n is the total number of interactions the particle can
undergo.

7. For the i-th selected mechanism, the energy lost by the particle and the
change of direction are sampled through the differential cross section of
mechanism i.

8. The energy lost by the particles and the change of direction are saved in
an estimator.

Once this sequence is completed, it is repeated from the step 2 if the energy of
the particle is above a threshold defined by the user, or the particle has not
escaped from the geometry. If these two conditions are not satisfied, the code
passes to the next particle of the cycle.

Once the cycle is completed, the results are saved in an output file and the next
cycle is started assuming the properties of the material to be unchanged with
respect to their starting properties (FLUKA, 2020). That is if the second cycle of
particles is initiated the code does not consider that the properties of the materials
may have been changed after cycle 1. If 5 cycles are simulated this would mean
5 different result files.

In this way, n output files are generated with n equal to the number of cycles as
shown in figure 21. In figure, the number of cycles is assumed to be equal to 5.

T

Results_C1 Results_C2 Results_C3 Results_C4 Results_C5

YPost-processing utilities

Data plotting through FLAIR

Figure 21 Steps for data representation

In figure 21, 5 cycles give 5 results files containing a summary of the input
variables and the output required by the user. This output can be the energy
deposition, particle fluence, etc. (FLUKA 2020). In order to have a single set of
results instead of 5 different files, FLUKA merges all the results using post-
processing utilities embedded in the code in 1 output file which contains the
desired output for the total number of primaries (2e5 x 5 = 1e6 particles for the
example above) and the associated uncertainties. This final output file which has
the form shown in figure 22 is handled by FLAIR in order to represent the results
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according to the needs of the user. For this study, these results are represented in
subsection 7.3.

6.2. Energy deposition scoring

The energy deposition is scored using built-in scoring methods of FLUKA which
allows computing the energy deposition through the geometry binning option.
The latter consists in the definition of a regular spatial mesh that divides the
geometry defined by the user in a certain number of bins along the 3 directions
(X,y,z) in order to have a good visualization of the results. The resolution of the
plots increases with the number of bins and the maximum number of bins that
can be defined by the user are 400.

The estimator used in this study is called USRBIN and it computes the spatial
distribution of the energy density over a region defined by the user. The results
of this estimator are given in the form of a 3D matrix where the data are written
as a 1D sequence of total length NXxNYxNZ, where NX, NY, NZ are the number
of bins in the x, y, and z directions, respectively. To explain it better, in figure 22
the 3D matrix is shown where in the beginning the number of the bins in each
direction is reported. Being the number of bins equal to 320 for X and Y direction,
it is a 320x320 matrix and the number of columns is fully arbitrary since it is a 1D
sequence.

X coordinate: from 1.6000E+01 to 2.4000E+01 cm, 328 bins ( 2.5000E-02 cm wide)
Y coordinate: from 1.9975E+01 to 2.@025E+01 cm, 1 bins ( 5.0000E-02 cm wide)
Z coordinate: from -4.0000E+0@ to 4.0000E+0@ cm, 320 bins ( 2.500QE-02 cm wide)
Data follow in a matrix A(ix,iy,iz), format (1(5x,1p,10(1x,e11.4)))

accurate deposition along the tracks requested

0.0000E+00 0.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 0.0000E+0Q ©.0000E+00 0.0000E+0Q 0O.0000E+00
0.0000E+00 ©.0000E+00 0.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 ©,0000E+00 O.0000E+00
0.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 ©O.0000E+0Q ©.0000E+00 ©.000Q0E+0Q 0.0Q000E+Q0 ©.000QE+0Q 0O.Q00QE+00Q
0.0000E+00 0.0000E+00 ©0.0000E+00 0.0000E+00 0.0000E+00 O.0000E+00 0.000Q0E+00 ©0.0000E+00 0.0000E+00 0O.0000E+00
0.0000E+00 ©.0000E+00 ©0.0000E+00 ©.0000E+00 ©0.0000E+0Q ©.0000E+Q0 ©@.000Q0E+0Q ©.0Q000E+00 ©.0000E+0Q O.Q000E+00Q
0.0000E+00 ©.0000E+00 ©.0000E+00 0©.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+0Q ©.0000E+00 0©.0000E+0Q 0O.0000E+00
0.0000E+00 ©.000QE+O0 ©0.0000E+00 ©.0000E+20 ©.000QE+0Q0 ©0.0000E+00 ©.0000E+00 ©.0000E+00 ©,0000E+0@ O.0Q000E+00
0.0000E+00 ©.0000E+00 ©.0000E+00 ©.0000E+00 ©O.0000E+0Q ©.0000E+00 ©.000Q0E+0Q 0.0Q000E+Q0 ©.000QE+0Q 0O.Q00QE+00Q
9.9621E-03 9.2244E-03 9.1173E-03 9.0000E-03 9.1993E-03 9.3541E-03 8.5903E-03 9.0893E-03 9.0300E-03 9.1253E-03
9.7527E-03 9.0268E-03 8.9905E-03 9.4805E-03 1.0542E-02 9.6824E-03 9.9168E-03 9.9952E-03 1.0544E-02 9.9804E-03
9.5659E-03 9.8463E-03 9.7429E-03 1.0161E-02 9.5033E-03 9.6727E-03 9.9479E-03 9,2306E-03 1.0300E-02 1.0502E-02
1.0161E-02 9.2284E-03 9.2892E-03 8.7438E-03 8.3441E-03 8.8891E-03 0.6802E-03 9.3054E-03 0.6331E-03 9.3666E-03
9.3443E-@3 9.0316E-03 8.9109E-03 9.0514E-@3 9.3484E-03 9,3855E-03 8.6047E-03 9.1949E-03 1.0111E-02 9.8467E-03
9.4838E-03 9.9848E-03 9.4171E-03 9.3192E-03 9.1054E-03 1.0170E-02 9.9984E-03 9.7012E-03 9.2479E-03 8.9990E-03
8.9693E-03 1.0018E-02 9.9285E-03 1.0194E-02 9.8013E-03 9.7326E-03 0.9607E-03 9.5183E-03 9.2752E-03 9.2012E-03
9.2928E-03 9.3788E-93 9.4480E-03 9.8072E-03 9.4954E-03 9,3605E-03 9.7895E-03 9.8785E-03 1.0042E-02 9.6290E-03
1.0279E-02 1.0316E-02 1.0368E-02 9.5499E-03 8.9856E-03 9.0699E-03 0.4033E-03 9.6735E-03 0.4913E-03 9.6034E-03
9,1389E-@3 9.2164E-03 9.3424E-03 9.7770E-@3 9.2740E-03 9,3293E-03 9.6848E-03 9.0673E-03 9.6079E-03 9.1454E-03
9.5151E-@3 9.7180E-03 1.0318E-02 1.0290E-82 9.5011E-03 8.9671E-03 8.9377E-03 9.7995E-03 9.8927E-03 9.7880E-03
1.0068E-02 9.4725E-03 1.0435E-02 9.5886E-03 1.0021E-02 9.7363E-03 09.6342E-03 9.7180E-03 9.0855E-03 9.0026E-03
8.5205E-03 9.2006E-93 9.7494E-03 9.8139E-03 9.5108E-03 9.,0916E-03 8.7918E-03 8.8261E-03 1.0055E-02 9.4462E-03
8.9080E-03 9.0411E-03 9.1528E-03 9.5628E-03 9.7675E-03 1.0051E-02 1.0571E-02 1.1135E-02 1.0711E-02 1.1174E-02
1.1238E-02 1.0045E-02 9.5235E-03 9.7491E-03 9.7203E-03 1.0796E-02 1.0460E-02 1.0322E-02 9.5104E-03 9.7617E-03
9.7682E-03 1.0739E-02 1.0477E-02 9.8272E-03 9.406QE-03 9,7636E-03 1.0023E-02 1.0294E-02 1.0008E-02 1.0068E-02
1.0200E-02 1.1066E-02 1.0455E-02 1.0024E-02 9.3675E-03 9.3248E-03 0.0957E-03 9.6407E-03 0.9967E-03 9.2074E-03
9.5686E-@3 9.2416E-03 9.5278E-03 9.9118E-83 9.6209E-03 9,9239E-@3 9.7269E-03 1.0025E-02 1.0164E-02 1.0084E-02
1.0194E-02 9.6456E-03 9.5257E-03 9.6932E-83 9.6061E-03 9.9270E-03 9.8421E-03 1.0351E-02 1.0568E-02 9.7561E-03

Figure 22 Representation of the 3D matrix
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The matrix shown is taken from one of the cases produced during this work. Here
and in the following, the considered geometry is to be intended as a small
rectangle cut in the tokamak wall. The directions X, Y, and Z should be identified
with the toroidal, poloidal, and radial directions, respectively. These 3 directions
have been identified with the direction of the toroidal magnetic field, poloidal
magnetic field, and the major radius as reported in section 1.

The results in figure 22 should start from the radial position Z= -4 cm (as written
in the top part of the figure), but since there is no energy deposition in vacuum
and the geometry starts at Z= 0 cm, the values of the energy are zero until the
beginning of the geometry. This can be observed from the first lines under
“accurate deposition along the track requested”. Once the solid wall is reached,
the energy deposited in each bin is reported and each value in the file
corresponds to a unique position in the Cartesian binning mesh. The results are
shown in such a way that first there is an iteration over the X index, then the Y
index, and finally the Z index. In this specific case, it means that the first value of
the matrix corresponds to the position A(1,1,1) then there is an iteration on the X
index which goes as A(2,1,1) A(3,1,1) until A(NX,1,1). Once the iteration over X
is completed, the Z index is increased by one since in this specific case the number
of bins along Y is equal to 1. The iteration would be in the form A(1,1,2) A(2,1,2)
A(3,1,2) until A(NX, 1,2) and so on with the final position equal to A(INX,NY,NZ).

In order to represent the energy deposition plots, FLUKA automatically merges
the file containing the 3D matrix. The user can choose if the data need to be
represented as a 2D projection or 1D projection through the interface shown in
figure 23.

| e [uSRaN o021 125y50 Display: 0 3
Ates

¥ | Label Log Min Max
l:.
¥ v
cb._ v
Binning Detector
File: 060421 125y 50.bnn | Title: 10 degreeand 125y
Cycles: 10 Primaries: 1000000 Weight 1000000.0 Time: ***#+* Sym file *e#+*
BTG 0
Oet: 7 Electrol /X [0..50)x320(0.15625) Min: 2.25626209E-05
Type: 10:X¥-Z Y:[19..21)x12) Max: 4.85035367E-02
[Score: ELECTRON T[4 . 4]x3200.025) Int: 3.6068569727133529
Projection & Limits Type: 1D Projection ]
X LI ¥ Get |- dotions
( vl o v/ [ swap Type: histerror \
i 7 e ¥/ e  Coloe v Linewidth:|1 5
Norm : Yoint type: dot v Pointsize] <

Figure 23 FLAIR interface for the representation of the results: Output file selection
(red box), type of detector (green box), type of visualization (yellow box)
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In the interface shown in figure 23, the user can select (in the red box) the output
file to plot. If different detectors are used, also the detector has to be selected in
the green box and the type of visualization in the yellow box. The detectors are
the estimators activated on the geometry defined by the users and can trace the
particle fluence, the energy deposition, or any other desired output. The types of
visualization are, mainly, the 2D projection or the 1D projection of the results.
The plots produced by this process in this work are shown in subsection 7.3.

One of the advantages of the FLAIR interface is that it allows extracting any result
file which has to be first converted into an ASCI text file to be readable. The
extracted files can then be further analyzed in external software like MATLAB in
order to produce any further desired analysis. For example, this has been done
to compare the results obtained in this work and the ones obtained by the ENEA
case study.

6.3. Source of errors

The file reporting the 3D matrix containing the values of the energy deposition,
contains also a 3D matrix that shows the percentage errors corresponding to each
energy deposition value. In particular, the results given by the code are affected
by two types of errors:

- Statistical uncertainties
- Systematic uncertainties

Regarding the statistical uncertainties, these depend on the number of particles
and cycles simulated. It has been observed that if an estimator receives enough
contributions n, the statistical error uncertainty of the estimator goes as 1/vn
with the number of simulated particles (FLUKA, 2020).

The variance of a scored observable X, which in this study is the energy
deposition, is given by the expression (13).

1 |2V nxf = nixi) >
Ol = i [Pt - (B (13)

N-1] n n
where,
N is the number of cycles in which the total number of particles are grouped
niis the number of simulated particles per cycle

n is the total number of primaries
. Xii
xiis the average of the i-th cycle: x; = 27;1 #
l
In order to have a reasonable statistical error, the FLUKA experts recommend
simulating a number of cycles around 5-10 with a high number of particles. That

is, the error bars reduce by 1/v/n (FLUKA, 2020). In addition, if only one cycle is
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run, expression (13) could not be evaluated since the first factor of the product
would give 1/0 and FLUKA will return an uncertainty of 100%.

Regarding the systematic errors, these depend on multiple factors, among which:

- Implemented physical models

- Inaccurate material composition
- Cross-section data uncertainty

- Beam losses

- Simplification of the geometries
- Bugs present in the software

- Various user mistakes

All these sources of systematic errors can influence the result and are not easily
addressable.

FLUKA allows the user to define a specific estimator with an external routine
that can be plugged in the code, however, for this study this option has not been
utilized. At the same time, the user routine for the source definition has been
used to define sources in accordance with the experimentally observed REs
energy distributions for some shots in JET.

6.4. User routines

The in-build sources present in the FLAIR interface are:

- A monoenergetic beam, as the one used to analyze the impact of REs on
the EU-DEMO FW
- A beam with a Gaussian energy distribution with respect to a mean value

In order to build experimentally observed beams, user routines have to be used.
These routines replace part of the FLUKA code shown in the FLAIR interface and
are written in Fortran 77. They are already present in the FLUKA database as it
is shown in figure 24, and they have to be extracted in order to be modified and
compiled in the code environment using the build option.

The sources can be built in multiple ways, for this study the energy distribution
has been implemented through a polynomial expression which represents the
weight function. For further details see section 8.
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Once the user routine is ready, it can be compiled in FLAIR and the electron
spectrum can be verified. This is done by using a built-in estimator called
USRBDX which estimates the fluence of particles as a function of their energy.
This is usually done in FLUKA by placing a sphere around the source location
and scoring the number of particles exiting from the sphere to the outside region.

Figure 24 Interface for the user routine selection

Filea Size | Date | Desc
rflctw.f 1149 2020.11.27 08:47:0 reflectivity (for optical photons) A
rfrndx.f 1441 2020.11.27 08:47:0 refraction index (for optical photons)
lsoewsv.f 2554 2020.11.27 08:47:0 saving source events
lsource.f 9203 2020.11.27 08:47:0 to generate any distribution for source particles
lsource_newgq 19124 2020.11.27 08:47:0
Istupre.t 3909 2020.11.27 08:47:0 set user variables (electrons and photons)
Istuprf.f 1667 2020.11.27 0B8:47:0 set user variables (hadrons, muons and neutrinos)
ubsset.f 5265 2020.11.27 08:47:0 to override input biasing parameters
udcdrl.f 2107 2020.11.27 08:47:0 decay direction biasing
usimbs.f 3017 2020.11.27 08:47:0 user-defined importance biasing
usrein.f 1233 2020.11.27 08:47:0 event initialisation
usreou.f 1463 2020.11.27 08:47:0 post-event output
usrglo.f 14860 2020.11.27 08:47:0 user global settings
usrhsc.f 2700 2020.11.27 08:47:0 USer provided RHo (density) SCaling factors
usrini.f 1314 2020.11.27 08:47:0 user Initialisation
usrmed.f 2438 2020.11.27 08:47:0 to perform user driven biasing and/or particle selections on a materia
usrout.f 1225 2020.11.27 08:47:0 user output
usrrnc.f 1128 2020.11.27 0B:47:0 user customisation of residual nuclei scoring
ustckw.f 908 2020.11.27 08:47:0 UserSTeppingCKV
winsh.f 2489 2020.11.27 0B:47:0 WaVe LeNgth SHifted photon production _
A
Copy to Project | Scan Input | View | Close |

The sphere is made of vacuum, so it does not influence the estimated spectrum.

The procedure adopted for implementing the REs beams measured in FLUKA

and the results obtained are presented in section 8.
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7. Runaway Electron Impact on EU-DEMO First Wall

The study of Runaway generation and interaction with the PFCs will become
even more critical in future reactors. Until now, the first wall of the reactors was
the wall of the vacuum chamber and ITER is going to have a FW (that will be
different from the wall of the vacuum chamber). However, it will be not followed
by the breeding blanket, which instead will be the case of DEMO. In DEMO, the
FW will be the plasma-facing surface of the breeding blanket (BB) and it will
protect the BB itself from plasma exposure. Nevertheless, the FW will be a thin
structure (approximately 3 cm) and since the runaway electrons can deposit their
power in very localized spots, they may damage the breeding blanket, the cooling
tubes causing leakages, etc.

For this thesis, a study of the energy deposition in EU-DEMO FW due to REs has
been carried out using FLUKA. This has been possible thanks to a partial
availability of input parameters taken from a case study done by ENEA in the
framework of EUROfusion Workpackage WPMI (Federici, 2019). In the following
subsections, the FW geometry implemented for the study is described. In the last
two subsections, the work is presented, and the results are discussed along with
a comparison with the results of the ENEA case study.

7.1. EU-DEMO First Wall

The DEMO reactor is going to have a component that is not present in the current
fusion machines and will not be present in ITER. This is the breeding blanket that
will be used for:

- Production of tritium for reactor tritium self-sufficiency
- Power extraction to produce electricity

These two functions lead the materials to work in a high neutron environment
since the neutrons produced through fusion reactions will be used for both the
underlined purposes. Moreover, additional constraints are imposed for the
structure as now the aim is not only to limit the damage to the PFCs but to have
a structure that allows enough high energy neutrons to pass through it in order
to produce tritium and extract power through neutron slowing down. As a
consequence, the FW of the DEMO reactors is a relatively thin structure (~ 3 cm)
and the heat loads that it can handle are relatively moderate, strengthening the
need for systems able to mitigate the plasma events that could damage it. In
figure 25, a schematic representation of the first layers of the blanket structure is
given.

As it can be noticed in figure 25, Be is not used anymore and two different
materials are used. Tungsten is the armor material, due to its good
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thermomechanical properties, while Eurofer fills most of the rest. Eurofer was
chosen because of its high tolerance to neutron irradiation. In order to have an
efficient power conversion, helium or water at high pressure is used as coolant.

For this study, the water-cooled configuration has been used, to be in line with
the configuration adopted by ENEA. The first wall geometry is subdivided into
36 modules, with each module having the dimensions shown in figure 26 for the
tungsten thickness and the size of the coolant channels; the cooling channels are

assumed to be along the poloidal direction (Federici, 2019).

First wall - breeding blanket

W (2mm) B

Eurofer (3mm)

breeding zone

Coolant He/H,0
high press/temp

Figure 25 Schematic representation of the first layers of the blanket structure with the
used materials (Siccinio, 2020)

W Water Eurofer

Figure 26 First wall composition with dimensions in mm (Federici, 2019) : tungsten
(grey — 2 mm), Eurofer (blue - 3 mm between tungsten and coolant channels) and
Coolant channels (red — squared channels of 7 mm side)
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7.2. Description of Work

For the simulations regarding the EU-DEMO FW, an already available beam of
electrons has been used which does not require defining any user routine. The
geometrical model consists of a 3-D layered structure with the X-, Y- and Z-axis
oriented along the toroidal, the poloidal, and the radial direction, respectively. In
addition, uniform conditions are assumed for the poloidal direction, in order to
produce the energy deposition in the Z-X geometrical plane.

The work consisted in irradiating a geometric sample of EU-DEMO first wall
with a monoenergetic electron beam having an energy of 20 MeV. Two different
beams have been implemented:

e A beam with an incidence angle of 1 degree with respect to the toroidal
direction, as shown in figure 27. In figure, the solid wall is zoomed in order
to show the beam direction. For simplification purposes, this beam will be
called Beam1 in the following

20,02

Tungsten

20,01

Tungsten
20 an i
u
z
=0.03 =002 =001

] 0,01 0.2 3
Z—Radial [cm]

X — Toroidal [cm]

0.0

Figure 27 REs beam hitting the FW with Beam1

e A beam with an incidence angle of 10 degrees with respect to the toroidal
direction, as shown in figure 28. For simplification purposes, this beam
will be called Beam?2 in the following
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X —Toroidal [cm]

32 i it LIRLI
Z — Radial [cm]

Figure 28 REs beam hitting the FW with Beam2

The dimensions of the beam hitting the wall are the same for the two beams along
the toroidal direction while they are different along the poloidal direction. This
is done to reproduce the curves that have been obtained from the case study of
ENEA where the beam dimensions are not specified along the poloidal direction.
Along X, the electron beam has a length of 50 cm as the sample total toroidal
length and along y it is 0.15 cm for Beam1 and 1.25 cm for Beam?2. In both cases,
the beams hit the wall at X=20 cm, Y=20 cm, and Z=0 cm.

Once the beam characteristics are defined, the next step regards the geometry of
the wall which is the same as in figure 26 with a toroidal extension of 50 cm, a
poloidal extension of 2 cm, and a radial extension of 2.7 ¢cm in line with the
dimensions taken by ENEA (Federici, 2019). A 2D and 3D representation of the
geometry is shown in Figures 29a and 29b, respectively. The figures have been
taken from the geometry tab of the FLAIR interface.

Regarding the geometry definition in FLUKA, the code requires defining the
geometry going from outside to the core. That is, first the surrounding regions
have to be defined which are pre-defined in FLUKA and are called blackbody
which represents the region to which the fraction of the beam energy not
deposited in the sample is lost and a vacuum region to separate the blackbody
from the geometry. For this study, an additional vacuum region has been defined
to have a visualization of the plots produced by FLAIR. Once the vacuum region
is defined, the geometry can be implemented starting from a block of Eurofer and
then adding tungsten as the first layer and the coolant channels.
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Figure 29 Representation of the geometry sample with a beam incidence angle of 10
degrees: a) 2D representation: : Tungsten (grey), Eurofer (green) and coolant channels
(blue), b) 3D representation

Regarding the material composition of the sample tungsten and water are
already present in the material database of FLUKA while Eurofer has to be
defined by the user since it is not given. The Eurofer composition that has been
used for this study is reported in Table 1 (Pat et al., 2006). This composition could
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be different from the one used by the authors of the ENEA case study since it is

not described in their report.

Table 1 Eurofer-97 chemical composition (Pau et al., 2006)

Element % Element %
Fe 88.63 W 1.08
Al 0.11 Cu 0.05
Si 0.16 C 0.11
\Y 0.21 S 3.5e-4
Cr 8.86 H 1.12e-4

Mn 0.47 Ca 8.0e-5
Ta 0.32

The dimensions of the estimator (called Estimator1 in the following) covering the
whole geometry are 0<X<50 cm, 19.975<Y<20.025 cm, and -4<Z<4 cm, and the
estimator dimensions are subdivided in bins:

e 250 bins along the toroidal direction with each bin having a length of 0.2
cm

¢ 1bin along the poloidal direction

e 40 bins along the radial direction with each bin having a length of 0.2 cm

The beam irradiates the whole sample, however, the deposited energy is traced
on a small fraction of the entire geometry as well. The dimensions of this fraction
are 16<X<24 cm, 19.975<Y<20.025 cm, and -4<Z<4 cm and the estimator
dimensions (called Estimator2 in the following) are subdivided into bins for a
good resolution of the results:

e 320 bins along the toroidal direction with each bin having a length of 0.025
cm

e 1 bin along the poloidal direction

e 320 bins along the radial direction with each bin having a length of 0.025
cm

The part of the geometry to which the Estimator2 is applied is shown in figure
30.
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The dimensions of the estimators and the number of bins for both estimators have
been taken from the ENEA case study in order to make a comparison with the
results of the case study. However, for the case of Estimatorl, NX=320 and
NZ=320 has been used as well (called Estimatorl modified in the following) to
shows the improvement in the resolution of the results.

The last input to define in order to carry out the simulation is the number of test
particles and the number of cycles. In order to attain reasonable statistics, 100k
test particles are simulated for 10 cycles; the results will be shown in the next
subsection.

Figure 30 3D Representation of the geometry over which the energy deposition is
traced

7.3. Results

As reported above, two different incidence angles have been analyzed and a
comparison is made with the results obtained by a previous study performed by
ENEA. The following subsections present the results for the Beam1 and Beam2
with USRBIN estimator activated on the entire sample (Estimator1), on a fraction
of the sample (Estimator2), and a comparison with the results obtained in the
ENEA case study.

7.3.1. Results with estimator covering the whole geometry

In this case, the deposited energy is traced throughout the entire sample of the
geometry. In table 2, the energy deposition in the main regions of the geometry
is shown for Beam1 while in table 3 for Beam2. The region named “Blackbody”

48



is the second region surrounding the geometry studied by the user and it
represents the region to which the particles of a species are lost after escaping
from the system. In figure 31, the two surrounding regions are shown.

Black body

100000

X —Toroidal [cm)]

Void

-Luli g}

i)

Z — Radial [cm]

Figure 31 2D representation of the black region (black circumference), void region
(white circumference), and the wall identified by the beam position

In figure 31 the void region is a circumference of 10000 cm radius while the black

region is a circumference of 100000 cm radius, and these dimensions are given as
default by the code.

On the other hand, the region Tungsten Eurofer and coolant channels correspond
to the different geometry components as shown in figure 29a.

Table 2 Amount of energy deposited in each region of the sample with Beam1

Region Energy density [MeV/cm3 per
electron]
Blackbody 13.59
Void 0
Eurofer 0.94
Tungsten 5.43
Coolant channels 0.04
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Table 3 Amount of energy deposited in each region of the sample with Beam2

Region Energy density [MeV/cm®per
electron]
Blackbody 9.47
Void 0
Eurofer 2.70
Tungsten 7.65
Coolant channels 0.18

Tables 2 and 3, contain the energy deposited in each region and different values
are obtained for two different incidence angles. In particular, with a lower
incidence angle, the fraction of energy lost to the black body is higher. Indeed,
with Beam1 13.59 MeV are lost to the surrounding region compared to 9.47 MeV
with Beam2. This is because with an incidence angle of 1 degree the electrons
have to travel a distance that is 10 times greater than the distance traveled by the
electrons with an incidence angle of 10 degrees to reach a certain radial depth. As
a consequence, the probability of an electron escaping from the system because
of the interactions with the matter is higher. To demonstrate this reasoning, in
figure 32 the comparison between the electron fluences observed in the wall with
Beaml and Beam?2, respectively, are shown. In the figure, the fluence along the
radial direction is shown using the USRBIN estimator activated on the entire
sample. However, instead of the energy, the electron fluence is traced. The
fluence expresses the number of particles crossing a certain area and in FLUKA
the fluence is computed through the ratio between the path traveled by the
particle inside a bin and the volume of the bin (FLUKA, 2020).

In figure 32, it can be observed that, although, the electron fluence is similar at
Z=0 cm (~5e-2 cm?), as the radial position increases the difference between the
two curves becomes more evident. This is because a larger number of particles
escape from the domain when the incidence angle is equal to 1 degree.
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Figure 32 Comparison between the electron fluence given by USRBIN estimator with
Beam1 (blue) and Beam?2 (red)

The poloidal extension of the two beams differs as well, however, as it can be
seen in table 4, the influence of the poloidal extension of the final deposition
energy is not as significant as the influence of the incidence angle. Indeed, the
difference in the energy lost to the surrounding region between a beam of
poloidal extension 0.15 cm and 1.25 c¢cm is around 0.01 MeV, both having an
incidence angle of 1 degree. On the other hand, the difference in deposited energy
between Beam1 and Beam? is around 4.12 MeV.

A second observation that can be made about the results shown in tables 2 and 3
is related to the amount of energy deposited in tungsten. The total deposited
energy with Beam1 is around 6.4 MeV and 10.54 MeV with Beam2. The tungsten
layer takes up around 85% of the total deposited energy with Beam1 and 74%
with Beam?2. This demonstrates the capability of tungsten to protect the structural
material behind it. However, this could lead to damage in tungsten as shown in
figure 7.
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Table 4 Energy deposited in each region with a beam of 1 degree incidence angle and a

poloidal extension of 1.25 cm

Region Volume in cubic cm Energy density
[MeV/cm? per electron]
Blackbody 1 13.58
Void 1 0
Eurofer 1 091
Tungsten 1 5.47
Coolant channels 1 0.04

The difference in the energy deposition in the tungsten layer with Beam1 (85%)
with respect to the wall with Beam2 (74%) is related to the same reason that leads
to a different deposition of energy in the wall with the two Beams. That is an
electron with an incidence angle of 1 degree travels a larger distance in the
tungsten layer depositing higher energy with respect to an electron with an
incidence angle.

The visualization of the different energy deposition intensity can be observed
also in figure 33 and 34 that shows the 2D projection on the ZX geometrical plane
of the deposited energy with Beam1 and Beam?2, respectively. In addition, an
improvement in the resolution of the results can be observed between Figure 33a
and 33b and Figure 34a and 34b.
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a. En Dep Incidence angle 1 degree b. En Dep Incidence angle 1 degree
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Figure 33 2D projection on the ZX geometrical plane of the energy deposition with
Beam1 using a) Estimatorl (low resolution) results b) Estimator]l modified (high
resolution)
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a. En Dep incidence angle 10 degrees b. En Dep incidence angle 10 degrees
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Figure 34 2D projection on the ZX geometrical plane of the energy deposition with
Beam? using a) Estimatorl results b) Estimatorl modified

As it can be observed in figures 33 and 34, the tungsten layer gets the highest
deposition of energy. In addition, as underlined above Beam1 leads to a lower
energy deposition with respect to Beam?2.

In the central part of the geometry, the energy deposition appears to be uniform
in both cases, however, at the boundaries, the energy deposition is not uniform.
In particular, in figures 33 and 34, the lower boundary experiences a high energy
deposition while the upper boundary experiences a lower energy deposition. The
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reason for this behavior is related to the beam toroidal extension and the beam
length. The beam hit the sample at X=20 cm and it has a width of 50 cm that means
the minimum and maximum value of X for the beam is -5 cm and 45 cm, which
does not cover the last fraction of the wall. As a consequence, the energy
deposited in this region is lower. On the other hand, the peak in the energy
deposition in the lower boundary might be related to the beam hitting the
geometry not only in the front but also laterally since the geometry starts at X=0
cm and the beam at X=-5 cm.

7.3.2. Results with estimator covering a fraction of the geometry

In order to get a better visualization of the results and to avoid the non-
uniformities that take place at the boundary of the sample, an estimator is applied
to the central part of the geometry symmetric to the beam incidence position, that
is 16<X<24 (Estimator2). The 2D projection of the deposited energy is shown in
figures 35 and 36 with Beam1 and Beam?2, respectively.
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Figure 35 2D projection of the deposited energy on the ZX plane with Beam1 and
Estimator2
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Figure 36 2D projection of the deposited energy on the ZX plane with Beam?2 and
Estimator2

As it can be observed in figures 35 and 36, the major deposition takes place in the
tungsten while towards the end of the geometry along the radial direction the
energy deposition is 6 orders of magnitude lower than the initial layer. In
addition, the deposition differs in the fraction of the geometry between 0.5<Z<1.2
where the coolant is present.

Even if in figures 33 and 34, it seems that the coolant channels are not squared,
in figures 35 and 36 it can be observed that the coolant has a squared form. This
is due to the different aspect ratios of the figures showing the entire geometry
and a fraction of it.

In figures 37 and 38, the 1D projections of the deposited energy along the radial
direction are shown with Beaml and Beam?2, respectively. For better
visualization, the different materials have been underlined as well. As it can be
observed in the figures, tungsten has the highest stopping power being able to
reduce the deposited energy by 2 orders of magnitude, protecting the underneath
materials.
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Figure 37 1D projection along the radial direction of the deposited energy with Beam1
and Estimator2
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Figure 38 1D projection along the radial direction of the deposited energy with Beam?2
and Estimator2
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The major difference between figures 37 and 38 is related to the energy reported
at the radial position Z= 0 cm being around 0.01 GeV/cm? for Beam1 with respect
to 0.002 GeV/cm®for Beam?2. This is mainly due to the different poloidal extension
of the electron beams since the beam is 0.15 cm along Y in Beam1 and 1.25 cm in
Beam2. Since, the estimator has a poloidal length of 0.05 cm (19.975<Y<20.025 cm)
and the beam hit the surface at Y=20 cm, when the beam extension is 0.15 cm in
the Y direction, initially, a large fraction of the deposited energy is detected by
the estimator while in the case of Beam?2 the energy is distributed on a larger
surface and only a part of is detected by the Estimator2. To verify this, Beam1 is
modified making the poloidal extension equal to 1.25 cm as in Beam2 and the
result is shown in figure 39.
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Figure 39 1D projection along the radial direction of the deposited energy with Beam1
having poloidal length 1.25 cm and Estimator2

As it can be observed in figure 39, with a 1.25 cm poloidal length, Beam1 gives a
value of the energy around 0.0015 GeV/cm® per electron at Z= 0 cm similar to
0.0018 GeV/cm? per electron obtained with Beam2 at Z= 0 cm. However, a
poloidal extension of 0.15 cm is selected for Beam1 based on the comparison done
with the ENEA case study in subsection 7.3.3.
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A second observation is related to the error bar shown in the same figures. As the
energy reduces, the error gets higher, and this could be explained by the number
of particles that can reach the regions underneath. As it can be expected, the
electron fluence reduces along the radial direction in both cases, consequently, a
lower number of particles leads to higher error bars.

Finally, in figures 40 and 41, the 1D projection of the energy depositions along a
radial path not crossing a coolant channel and a radial path crossing a coolant
channel are shown, respectively. Both curves have been obtained using Beam2
and Estimator2 reducing the area of interest to a path not crossing the coolant
channel (figure 40) or crossing a coolant channel (figure 41).

Energy deposition incidence angle 10 degree with radial path not crossing the incidence angle
0.0100000 T T T T T

0.0010000 L 3

0.0001000 3
e
R,

MHT
0.0000100 |- 1L R I
d W L Ly g, I oo "
| I|||
o
(s

0.0000010 F |I II E

En Dep [GeV/cm3 per electron]

0.0000001 1 . l 1 .
1] 0.5 1 15 2 25 3

Z - Radial [cm]

Figure 40 1D projection of the deposited energy along a radial path not crossing a
coolant channel with Beam?2

With respect to figure 40, in figure 41 the presence of the coolant channel can be
observed by the instant reduction in the deposition curve due to a lower stopping
power of the water. This can be observed also in table 2 where the energy
deposited in the water by the runaway electrons is minimal with respect to the
other regions.
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Energy deposition incidence angle 10 degree with radial path crossing the incidence angle
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Figure 41 1D projection of the deposited energy along a radial path crossing a coolant
channel with Beam?2

7.3.3. Comparison of the results with the results of the ENEA case study

As underlined in the previous subsections, the poloidal extension of Beam1 and
Beam?2 is not given, so a comparison of the results was necessary in order to
obtain this value.

From the case study carried out by ENEA, some 3D matrixes necessary to plot
the 1D projection of the deposited energy were given. In particular, for
Estimator2, results are available for both beams, instead for Estimator1 only the
results for Beam1 are available.

From the simulations done in the FLUKA environment, the resulting 3D matrixes
were extracted in order to plot the 1D projection in MATLAB. These matrixes
were obtained from simulations conducted assuming several poloidal extensions
for the two beams.

The 1D projections were obtained by taking the average of the energy deposition
over the X direction at a certain radial position. That is if the radial position Z=0
cm is considered, to compute the value of the deposited energy, the average over
the toroidal positions at Z=0 cm was taken. This has enabled to obtain
qualitatively similar projections to those obtained in FLUKA.

In figure 42, the energy deposition curves for Beam1 with different poloidal
widths are compared with the energy deposition curve of the case study. In
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particular, y=2 cm, y=1 cm, y=0.5 cm, y=0.25 cm, y=0.15 cm, y=0.1, y=0.05 cm
poloidal widths have been used. It can be seen in the figure that as the poloidal
extension of the Beam1 reduces, the curve peak at Z=0 cm tends to higher values.
The explanation of this behavior has been already explained in subsection 7.3.2.
and is mainly due to a reduction in the surface over which the energy is
distributed at the starting position. Since the Estimator2 dimensions do not
change and the poloidal width of the Beam1 reduces more energy is deposited
on the area on which the estimator is present.

In figure 42, it can be observed that Beam1 with y=0.15 cm has the initial part of
the energy curve overlapped on the curve reported by the case study. In order to
visualize it better, in figure 43, the selected Beam]1 is shown in comparison with
the curve of the case study. In the figure, it can be seen that the initial parts of the
two energy curves are overlapped and this region corresponds to tungsten.
However, after the tungsten region, the two curves start to differ with the Beam1
giving lower values for the energy with respect to the second curve.
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Figure 42 1D projection of the deposited energy with different poloidal extensions of
Beam1 and comparison with the curve given by the case study
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Figure 43 Comparison between the 1D projections of the deposited energy given by the
selected Beam1 (blue) and the curve given by the case study (green)

The same behaviour can be observed when the energy deposition curves given
by Estimatorl (covering the entire geometry) are compared, as shown in figure
44.
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Figure 44 Comparison between the 1D projection of the deposited energies with Beam1
(blue) and case study (green)
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In the case of Beam2, however, this difference has not been observed. In figure
45, the energy deposition curves for Beam2 with different poloidal widths are
compared with the energy deposition curve of the case study. In particular, y=2
cm, y=1.75 cm, y=1.5 cm, y=1.25 cm and y=1 cm poloidal widths have been used.
It can be seen in the figure that as the poloidal extension of the Beam1 reduces,
the curve peak at Z=0 cm tends to higher values. However, the influence of this
reduction is not as significant as with the results given by Beam1 in figure 43.

In the case of the Beam?2, all 5 extensions give curves that are similar to the curve
of the case study. However, the beam with y=1.25 cm has been selected as Beam?2
based on a quantitative comparison and it can be seen in figure 46 that the two
curves are in good agreement.
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Figure 45 1D projection of the deposited energy with different poloidal extensions of
Beam?2 and comparison with the curve given by the case study
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Figure 46 Comparison between the 1D projections of the deposited energy given by the
selected Beam2 (blue) and the curve given by the case study (green)

Along with a qualitative comparison, a quantitative comparison about the total
deposited energy has been made. In table 5, the total deposited energy estimated
by Estimator2 with different Beam1 is reported.

Table 5 Total deposited energy estimated by Estimator2 and different Beam1

Poloidal width [cm] Deposited energy [MeV per particle]

2 2.34e-2

1 4.5%-2
0.5 8.38e-2
0.25 1.43e-1
0.15 1.99-1
0.1 2.52e-1
0.05 3.48e-1
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The energy deposited estimated by the case study with Beam1 is 2.21e-1 MeV per
particle, which is nearest to the energy deposited by Beam1 with poloidal width
y=0.15 cm.

For Beam?2 table 6 reports the deposited energy estimated by Estimator2 with
Beam? of different poloidal extensions.

Table 6 Total deposited energy estimated by Estimator2 and different Beam?2

Poloidal width [cm] Deposited energy [MeV per particle]
2 4.06e-2
1.75 4.50e-2
1.5 5.25e-2
1.25 6.16e-2
1 7.61e-2

The energy deposited estimated by the case study with Beam?2 is 6.29e-2 MeV per
particle, which is nearest to the energy deposited by Beam2 with poloidal width
y=1.25 cm.

Multiple reasons could explain the difference in the results between the case
study and this study:

- Eurofer composition is not defined in the ENEA case study, so an arbitrary

Eurofer composition has been assumed in this study that is Eurofer97
RAFM. In order to verify if there is any difference in the results due to a
different Eurofer composition, the composition reported in table 7 has
been utilized to run a simulation with Beam1 and Beam?2 (Zilnyk et al.,
2015).
The results with Beam1 have led to an energy deposition of 1.99e-1 MeV
per particle which is equal to the value obtained with the previous
composition. On the other hand, for Beam?2 the composition reported in
table 7 has led to an energy of 6.28e-2 MeV per particle. With respect to
6.29e-2 MeV per particle given by the case study, this is better than 6.16e-
2 MeV per particle given by the composition reported in table 1.
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Table 7 Eurofer-97 chemical composition (Zilnyk et al., 2015)

Element % Element %
Cr 9.08 C 0.105
W 1.07 N 0.039
Mn 0.56 @) 0.0008
vV 0.235 Fe 88.7754
Ta 0.125

- The position of the coolant channels is not the same in the two studies.
This can be observed comparing figure 47 taken from the report of the
ENEA case study with figure 30. This is because in the original study the
position of the channels is not specified, and an arbitrary starting point of
the channels has been assumed for this work.
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Figure 47 Coolant channels position in the geometry of the ENEA case study (Federici,
2019)

- The estimators used in the two studies are affected by errors that tend to
increase with an increasing radial position as shown during the discussion
of the results.
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8. Runaway Electrons Beams observed in JET

The second part of the study consisted in the reproduction of the REs energy
distribution curves obtained in JET. These energy distribution functions are
carried out through a reconstruction of the spectral analysis given by the
diagnostics present in JET. The diagnostics consist in Hard X-ray (HXR)
spectrometers which detect the REs radiation losses through Bremsstrahlung
(Dal Molin et al., 2021). This form of radiation is emitted in the Hard X-ray range
since the REs can reach energies up to 10 MeV. In figure 48, the HXR
spectrometers location in JET is shown.
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Figure 48 HXR Spectrometers position in JET (Dal Molin et al., 2021)

In figure 48, the radial and tangential spectrometers are reported that give
detailed spectroscopic information about the Hard X-ray emissions thanks to a

large number of lines of sight (LoS). The line of sight defines the area that is
covered by the camera.

The Bremsstrahlung radiation is produced when the runaway electron is
decelerated by atomic nuclei present in the matter and the residual energy is
emitted in the form of an X-ray. This happens when the REs beam interacts with
the limiters present at the wall. In figure 49, some of the scenarios where the REs
beam hit the wall are shown. In particular, shots 95135, 95771, and 95776 are
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reported since these shots have led to the formation of a runaway beam that ends
up at the limiter wall.
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Figure 49 Locations where the REs-limiter interactions take place (Coffey et al., 2021)

The interaction causes the Bremsstrahlung radiation in the HXR range detected
by the spectrometers shown in figure 48. The spectrum measured by the
diagnostics is shown in figure 50 (left) for shot 95125 which is one of a series of
shots where the HXR caused by REs has been measured. Moreover, thanks to a
reconstruction technique the energy deposition curve has been obtained (right)
(Dal Molin et al., 2021).
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Figure 50 HXR spectrum (left) and the reconstructed energy distribution curve (right)
for shot 95125 (Dal Molin et al., 2021)



The second shot that has been considered is the 95131 reported in figure 51. In
particular, in the figure, it can be observed that the REs generation has been
provoked through Ar injection through MGI and the injection of Ar pellets has
led to the formation of a second gaussian in the energy distribution curve. That
is some electrons of the REs population has acquired higher energies.
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Figure 51 HXR spectrum (left) and the reconstructed energy distribution curve (right)
for shot 95131 (Dal Molin et al., 2021)

In this study, the source user routine has been utilized to reproduce the REs
energy distribution reported in figures 50 (right) (called Sourcel in the following)
and 51 (right) (called Source2 in the following). This is because they cannot be
implemented in FLUKA using the beam options already available.

The user routine has been used to implement REs with an energy distribution
given by a polynomial expression. The latter has been obtained using the cftool
of MATLAB which requires in input the coordinates of the points.

Once the polynomial expression is defined it can be written in the user routine to
define the particles weight. This is done by defining first the energy interval for
the particle energy. From figures 50 (right) and 51 (right), it can be noticed that
the energy interval is 0<E<25 MeV. This would define a flat distribution of
particles energy, that is, every particle will have the same weight. For instance,
the number of particles at 5 MeV would be equal to the number of particles at 10
MeV. This was the case of the REs beam considered in the EU-DEMO FW
analysis.

In order to reproduce a gaussian energy distribution, a function called
particle_weight in the user routine has to be used. In this work, the particle weight
is approximated through a polynomial expression. For instance, if figure 51
(right) is considered, the number of particles simulated with an energy of 6 MeV
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would be 5 times (2/ 0. 4) higher than the number of particles with an energy of
16 MeV.

Once the user routine is ready it is compiled in the FLAIR environment and the
simulation is run with the estimator USRBDX.

The curves obtained in MATLAB are shown in figures 52 and 53 along with the
polynomial expressions given by the tool. The curves are in good agreement with
the points as is shown by the values of R-square being equal to 0.9964 for Sourcel
and 0.9999 for Source2.
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Figure 52 Sourcel curve obtained through cftool and the relative polynomial

expression
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Figure 53 Sourcel curve obtained through cftool and the relative polynomial
expression

The x-axis of figures 52 and 53 represents the energy in MeV and the y-axis is the
weight of the particles. Once the polynomial expressions are obtained, they are
written in the user routine file and the files are compiled in FLAIR. The results
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with the relative error bars given by the estimator are shown in figures 54 and
55.
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Figure 54 REs fluence estimated by USRBDX for Sourcel
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Figure 55 REs fluence estimated by USRBDX for Source2
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The results are obtained with a number of 1e6 particles divided into 10 cycles in
order to obtain an accurate output. The electron fluence given by FLUKA
approximates very well the reconstructed energy distributions obtained from the
HXR Spectrometry.

In order to estimate the energy deposition curve in the limiter which is made in
Beryllium (Be), a simple sample in Be was considered. The sample dimensions
are 0<X<30, 19<Y<21, and 0<Z<2.7, and the REs beam hit the sample at X=15 cm,
Y=20 cm and Z=0 cm with an incidence angle of 10 degrees. A 3D representation
of the geometry is given in figure 56 along with the beam direction (purple).

Figure 56 3D representation of the Be sample and the beam direction (purple)

In figure 57, the results of the simulation with Sourcel (blue) and Source2 (red)
are compared. It can be observed that Sourcel leads to a lower deposition with
respect to Source2. The reason for this behavior is related to the fact that Source2
is constituted by several particles that have higher energy with respect to the
Sourcel particles.

The simulation has been done with a basic sample to observe the behavior of
Berylium under irradiation, however, in the future, this work would be useful to
study the impact of these sources on the JET wall using FLUKA. In addition, since
it has been shown that FLUKA can reproduce the experimentally observed REs
energy distributions, more complicated sources observed in other reactors can
also be built and their impact on the FW geometry simulated.
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Figure 57 Comparison between the 1D projection of the deposited energy with Sourcel
and Source2
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9. Conclusion and Perspectives

This thesis focuses on the study of runaway electrons and their impact on the FW
of different fusion reactors. Firstly, an introduction to the basic concepts of a
tokamak machine is given to get familiar with different terms used during the
analysis of runaway electron physics. In this framework, a description of the
problems caused by the REs in the past is given. Indeed, it has been seen that the
REs have damaged the structure of many of the existing reactors including JET,
TORE SUPRA, Doublet III, etc. Moreover, the simulations of the REs impact on
the structure of the future reactors would exponentially increase the threat
represented by these electrons.

Due to damage that they can cause to the reactors, the study of their generation
mechanisms is under great focus. It has been demonstrated that while in the
current reactor the Dreicer mechanism represents the primary mechanism of REs
generation in the future reactors the role will be taken up by the avalanche
mechanism. The Dreicer mechanism takes place when during the current quench
phase of a disruption, the toroidal electric field overcomes the critical electric
field leading to a continuous acceleration of the electrons that reach relativistic
speed. The avalanche mechanism, instead, is related to the e-fold increase in the
REs population. Since at higher energies the drag force acting on the electrons
decreases rapidly and the collision events reduce drastically, the electrons travel
larger distances and the presence of the toroidal electric field leads to their
acceleration. Along their path, they can encounter atoms causing the generation
of secondary electrons that accelerate to higher energies continuing the avalanche
process. Simulation done on ITER has shown that the avalanche mechanism
would be responsible for an e-fold growth equal to 50. This strengthens the need
for suppression and mitigation systems.

Currently, there are four suppression and mitigation system consisting in
injecting impurities in plasma or exploiting the magnetic fields present in it to
increase its radiation losses. The MGI, however, can cause an additional
generation of REs if only argon is used as an impurity gas and for this reason, a
mixture of deuterium and argon is mainly used in the current reactors. On the
other hand, the SPI system causes a rapid reduction in the electron temperature
which translates into a higher resistive electric field in the plasma, this electric
field may overcome the critical field and leads to runaway generation. The RMP
system consists in using external coils to suppress or mitigate the runaway
electrons by enhancing their radial losses by inducing magnetic perturbation in
the plasma, however, due to the larger size of the future tokamaks, there would
be a larger distance between the RMP coils and the plasma core leading to
additional problems in suppressing the runaway electrons. The MET system
aims at reducing the toroidal electric field which is developed during the current
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quench phase by transferring the plasma poloidal magnetic energy out of the
vacuum vessel through the use of energy transfer coils, nevertheless, its use has
been demonstrated only in J-TEXT and further investigation is necessary to take
it in consideration for the design of larger reactors.

The second part of this paper has focused on the practical work done in the
framework of this thesis. The Monte Carlo code FLUKA has been used to carry
out this work due to the multiple advantages offered by the code environment.
Indeed, it can simulate the transport of about 60 different particle species in a
wide range of energy. It is paired with a user-friendly interface FLIAR based on
python language with C++ extension used for the geometry visualization. Thanks
to this feature it is possible to design the geometry interactively by visualizing
the designed geometry in real-time.

FLUKA contains multiple estimators able to trace the energy deposition and
particle fluence in the material. These estimators are affected by statistical and
systematic uncertainties. The statistical uncertainties can be reduced by
simulating a large number of test particles since the error goes down as 1/vn
where 7 is the total number of particles. The systematic uncertainties depend on
the used models and beam losses that are not simple to evaluate or to reduce.

Apart from the built-in sources and estimators, FLUKA contains also some user
routines that can be extracted through the FLAIR environment. The extracted
routines can be modified to define specific sources or estimators and then
compiled again in FLUKA.

For the first part of the practical work regarding the REs impact on EU-DEMO
FW, no additional user routines have been used while for the reproduction of the
REs energy distributions observes in some of the JET shots a source routine has
been utilized.

The first part consisted in irradiating a sample geometry of the EU-DEMO FW
with 20 MeV REs beam with an incidence angle of 1 degree (called Beam1) and
10 degrees (called Beam2). The results have shown that the deposited energy
differs with the incidence angle. In particular, a beam hitting with 10 degrees
incidence angle leads to a higher energy deposition with respect to a beam hitting
with 1 degree incidence angle. The total deposited energy with Beam1 is around
6.4 MeV and 10.54 MeV with Beam2. The tungsten layer takes up around 85% of
the total deposited energy with Beam1 and 74% with Beam?2. This is because with
an incidence angle of 1 degree the electrons have to travel a distance that is 10
times greater than the distance travelled by the electrons with an incidence angle
of 10 degrees to reach a certain radial depth. This increases also the probability
that the electrons escape from the system leading to a lower total energy
deposition with Beam1. The high stopping power of tungsten demonstrates its
capability to protect the structural material behind it.
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The deposited energy in the whole geometry is not affected by the poloidal
extension of a Beam as it has been seen with Beam1. However, if a fraction of the
total geometry is considered, the poloidal width of the beam plays a significant
role. Since Beam1 has a poloidal width of 0.15 cm, a higher amount of energy is
traced by the Estimator2 which has a poloidal width of 0.05 cm, whereas Beam2
with 1.25 cm of poloidal width distributes its energy on a larger surface and only
a small fraction of it is detected by the estimator.

Since the poloidal length of the beams is not given in the report of the ENEA case
study, a comparison has been made between the results of this work and the
original case study, and it was found that Beam1 may have a poloidal width of
0.15 cm while Beam2 a poloidal width of 1.25 cm. There are still differences
between the results, and these could be explained by a possible different Eurofer
composition, different coolant channels position, and the errors of the estimators.

The last part of the work consisted in reproducing the REs energy distributions
observed in JET. These distributions (called Sourcel and Source2) have been
reconstructed from the HXR spectrometer diagnostics present in the JET
machine. These X-rays are the secondary particles generated by the REs and
could be traced by the virtual detectors embedded in FLUKA. It has been shown
that the code can reproduce these REs with good accuracy. Furthermore, REs
irradiation of a Beryllium sample has been carried out to observe that Sourcel
which consists of a single gaussian leads to a lower energy deposition with
respect to Source2. This is because Source2 consists of a double gaussian with the
particles represented by the second gaussian being at higher energy values with
respect to the particles of Sourcel.

In the future, this work would be useful to reproduce, to a certain extent, the
impact of the REs on the JET FW structural materials. Therefore, this would show
the capabilities of FLUKA in reproducing the real measurements, clearing the
picture of how REs interacts with the different structural materials present in the
main chamber of JET. Afterward, the study could be scaled up to EU-DEMO
where Tungsten will be the main plasma-facing component to handle the REs.

Finally, in this study, a simple geometry has been implemented to study the
impact of REs on EU-DEMO FW, but FLUKA allows to implement more complex
geometries through external tools. This tool will be used in the future to study
the behavior of complex geometries under REs irradiation.
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