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Abstract
In the process of working towards a design for the future tokamak reactor DEMO, an accurate modelling of the neutron generation in plasma and neutron transport is very important.
Fusion neutrons play an important role to provide a sustainable tritium fuel cycle and energy
generation in the reactor. Neutron exposure of the reactor components results in accumulation of the nuclear damage and activity in the reactor materials. The simulation of the
neutron transport through the reactor geometry is performed on the basis of the Monte
Carlo approach using MCNP [1]. This code enables versatile simulations of the particle
transport to get requested nuclear responses in different locations on the basis of the detailed geometry models.
A new procedure is developed in this work to describe the neutron generation in the plasma
of DEMO in order to improve on existing source descriptions, that assumed temperature and
density profiles and magnetic topology, unrepresentative of DEMO’s plasma. The combination of the tokamak plasma transport code ASTRA [2] utilizing plasma dimension parameters, electron density and ion and electron temperature profiles calculated with PROCESS
[3] the plasma neutron source can be developed for further neutronics simulations resulting
in more accurate nuclear responses.
It was observed that, due to the difference in magnetic topology, assumed profiles of temperature and density and introduction of a Shafranov shift, differences between maximum and
minimum values in distribution profiles of nuclear responses increase. Such effects result in
variations in thermal balance of the in-vessel reactor components. The integral nuclear responses such as tritium breeding ratio (TBR) or total power generation in breeder blankets
was found not to change. The local variations of the power generation in blanket modules
lead to appearance of the hot spots in temperature distributions affecting the coolant flow.
As a result additional efforts must be implemented to achieve the thermal balance in the
blanket.
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1

Introduction

The concept of nuclear fusion is based on the concept of an interaction between two nuclei that
ends up with the nuclei fusing together to form a larger nucleus and gaining net energy as a
result of this fusion reaction. This energy, obtained in fusion reactions, could then be obtained
and turned into electricity. In a nuclear fusion power plant, the central fusion reaction exploited
is the one between hydrogen isotopes deuterium and tritium, given as
D + T −→ 4 He (3.5 MeV) + n (14.1 MeV),
where D and T stand for deuterium and tritium, respectively. The reaction products are a
neutron, a helium nucleus and a net energy of 17.6 MeV [4], of which 20 % is passed to the
helium nucleus and 80 % is passed to the neutron.
The test fusion reactor ITER is planned to start its operation in December 2025 [5]. This
will mark a new iteration in the road map to have the nuclear fusion as a source of renewable
energy. The next step in this road map will be the prototype tokamak reactor DEMO, which,
unlike ITER, is supposed to deliver electricity to the grid [6]. DEMO is supposed to start operating between 2050 and 2060 and to be build between 2030 and 2040 [7]. This means that the
reactor and design work must be finished in time to serve as basis for the reactor construction.
Each nuclear fusion reaction results in the production of a neutron and neutron transport
plays an important role in the design of DEMO. Neutrons are important in the process of extracting energy from the fusion plasma, and breeding a sufficient amount of tritium to sustain
fusion reactions [8]. On the other hand irradiation of the reactor parts causes damage accumulation and changes in the lattice structure of materials, possibly resulting in malfunction
of the reactor components and damage to the environment. Some safety aspects of the fusion
facility such as nuclear activity accumulation are also affected by the neutron distributions over
the reactor. Compared to ITER, DEMO’s materials will be affected by a much larger fluence
of neutrons over time. The average ratios of total wall surface and total fusion power output
between ITER and DEMO are nearly the same, but the difference is that ITER will be active in
pulses of 400 seconds, while DEMO will be activated all twenty four hours of the day. Assuming
that ITER would operate once a day, the average neutron irradiation over time would be over
two orders of magnitude larger when comparing DEMO to ITER.
The Monte Carlo N-particle transport code MCNP [1] is used in nuclear fusion research to
investigate the effect neutron irradiation has on fusion materials and to predict the levels of
material damage, material component heating, tritium breeding and required level of shielding
to determine which are the proper design choices [9] [10].

1.1

Problem statement and objective

The neutron transport simulations in MCNP are initiated by an in-code particle source, which is
supposed to simulate the neutron production in the fusion reactors that occurs through fusion of
4

deuterium and tritium in reality. Until now the neutron production scheme for tokamak reactor
models in MCNP has been based on assumptions that are not applicable for larger reactors like
DEMO. The magnetic equilibrium and the magnetic surfaces, contours of the plasma on which
properties like plasma pressure, temperature and particle density are constant, are depicted
with a simplified outline. In addition, the profiles of temperature and density are assumed to
have a standard shape that is not in line with what is assumed for DEMO [11].
The MCNP neutron source description TRANSGEN introduced the option to model a standard shape for the temperature and density profiles that is more in line with what can be
expected for DEMO, but newer models of DEMO also show that the temperature and density
profile may deviate from this standard profile shape [11]. Up until now, however, this older
plasma neutron source description has been used to investigate the various neutron induced nuclear responses for DEMO over the last years and, while DEMO’s neutron production scheme
will be different from what is assumed, an investigation, as to whether quantitative values of
neutron induced nuclear responses will also be different from what has been calculated so far
as a result, remains to be carried out.
The goal of this project, therefore, is to find out if there is a quantitative difference to be observed in calculated neutron induced nuclear responses in DEMO’s plasma chamber or vacuum
vessel when the previously assumed model of neutron production, depicting the plasma with a
simplified geometry and non-representative temperature and density profiles, is replaced with
another neutron production scheme that is in line with the results of plasma simulations of the
reactor.

1.2

Proposed strategy towards project objectives

In order to achieve the project goal, a new neutron source description for MCNP is to be developed, that is capable of representing the neutron production in DEMO’s plasma in line with
plasma simulations of the reactor, bridging the field of plasma physics and neutronics. The
decision is made to make this neutron source description flexible so that it can be used for the
project in this report, but may also be used for other arbitrary tokamak plasmas in the future.
This developed neutron source description for MCNP requires information about the plasma
of DEMO to describe the neutron production well and this information is obtained through
simulations with the tokamak plasma transport code ASTRA [2]. ASTRA is used to calculate
the magnetic equilibrium and the magnetic surface contours of DEMO, based on assumed profiles of electron and ion temperature and density as calculated with the reactor systems code
PROCESS [3] for the DEMO design of 2017 [12], which is the current design used for MCNP
analysis of the reactor. A simulation model with ASTRA is made flexible as well so that it may
also be used for evaluating arbitrary tokamak plasmas and generating the necessary output information that can be combined with the MCNP neutron source to make a neutron production
scheme of that plasma.

5

With a new plasma description of DEMO available through the output of the ASTRA simulations that could be used in combination with the new MCNP neutron source description,
it would be possible to perform nuclear response analysis calculations in MCNP. Nuclear responses that will be investigated are the flux and loading profiles of neutrons in the wall sections
of the reactor, as well as volumetric heating of wall sections by neutrons and tritium breeding
performances. After performing said calculations when applying both the previous and newly
developed neutron source description, a comparison could be made to assess if there is indeed
a difference in result when assuming the newly calculated plasma configuration and when assuming the previous plasma configuration.
Since ASTRA is also capable of calculating the radiative distribution in tokamak plasmas,
the ray tracing code CHERAB can be used in an additional set of bolometric simulations to
calculate the radiative flux distribution on the vacuum vessel walls of DEMO. For these simulations the radiation coming from the plasma rather than the neutrons is taken into account.
This investigation was carried out as a side project in the scope of the master thesis work.
In this report, chapter 2 gives the relevant theoretical background information and an introduction to the codes MCNP, ASTRA and CHERAB. Chapter 3 describes the development
of the MCNP neutron source description and chapter 4 gives the approach used to obtain the
information necessary to use the MCNP neutron source description with ASTRA and the subsequent approach to perform nuclear response analysis. Chapter 4 also describes how the radiative
flux on the vacuum vessel walls are obtained with CHERAB based on information produced
with ASTRA. Chapter 5 discusses the results obtained in all the simulations performed for this
project and in chapter 6 the conclusion is given.
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2
2.1

Theoretical background
Principles of nuclear fusion

The fusion reaction between hydrogen isotopes deuterium and tritium is considered to be the
most favorable to exploit for nuclear fusion, since the reaction rate is favorable. In addition
these nuclei are of low mass, which means they have a high mass per nucleon and low binding
energy in comparison with nuclei of higher mass. Such nuclei are more favorable for fusion
reactions, since there is a larger positive difference in mass between initial reaction products
and final reaction products, yielding a larger amount of net energy from the reaction [13]. Deuterium can be gained from water.
Natural tritium is not to be found due to its nature as an unstable isotope [14], but can be
produced artificially. How this is done will be explained in section 2.1.2. The reactions
D + D −→ 3 He (0.85 MeV) + n (2.45 MeV),
D + D −→ T (1 MeV) + p (3 MeV),
T + T −→ 4 He + 2n (0-8.8 MeV)
serve as additional minor fusion reactions that involve the process of two deuterium particles
fusing together [15] [16] [17]. The chance that a certain reaction will actually occur when two
particles collide with one another is given by the cross section σ(E) corresponding to a reaction.
The magnitude of this cross section is dependent of the energy of the incoming particles, and
as such of their temperature.
In order to gain net power from nuclear fusion, the power produced in the fusion process
must exceed the power that is necessary to sustain the fusion process. This is indicated with
the physical gain or Q-factor, given as
Q=

Pout
=
Pin

5pτE
T2

hσvi KI − pτE

,

where p is the pressure, T is the temperature, KI in J−1 is a constant and τE is the energy
confinement time, which describes the time it takes for the plasma to cool down when no longer
heated. Full derivation of the equation above is given in [18]. This condition states that one
seeks to find a maximum for the ratio of cross section over temperature square and this maximum is found for temperatures between 10 keV and 100 keV [19].
Confinement of the particles can be achieved through magnetic fields, as all particles will be
in the ionized state when temperatures in the range of 10 to 100 keV are applied [20]. Neutrons,
however, are not affected by magnetic fields and will isotropically propagate in any direction.
Since the neutrons can be harmful for surrounding material components, it is necessary to find
a way of shielding the surroundings against the escaping neutrons.
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In order to realize nuclear fusion as a source of energy, a nuclear power plant needs to be
constructed that deals with the mentioned challenges. The design of such a power plant will be
discussed in the next subchapters.

2.1.1

The tokamak reactor

There are multiple design types for nuclear fusion reactors, the most prominent to this date
being the tokamak reactor. This reactor has a vacuum vessel in the shape of a torus and an
overview is given in figure 1.

Figure 1: A schematic overview of the basic set-up of a tokamak reactor. A fusion plasma is
contained in a ring like structure in a chamber. Through the use of a toroidal magnetic field
BT , generated by magnetic field coils wound around the plasma, the plasma ions are propagated
along the ring. The inner poloidal magnetic field coils are used to drive a plasma current IP
that keeps the plasma from expanding as a result of drift effects. The outer poloidal magnetic
field coils exert a vertical field that is used to shape the plasma ring. These two result in a net
magnetic field BP . Further indicated are the major radius R0 and the minor radius aB of the
reactor.
The fusion plasma, including the ionized deuterium and tritium, is confined in torus structure
by the toroidal magnetic field BT , which forces the particles to propagate along the field lines.
A toroidal magnetic field is not enough to successfully confine the plasma, however. The plasma
edge, which interacts with the reactor wall will have a lower temperature, typically 100 eV, than
8

the centre of the plasma which is kept at higher temperatures, typically 10s of keV, to achieve
a higher fusion yield. This results in a pressure gradient that must be balanced. The toroidal
field scales with R1 [18], which implies a radial gradient in the magnetic field. This causes charge
separation and movement of ions and electrons in opposite direction, which in turn results in an
electric field and particle drift effects. As a result the plasma will move outward. This problem
is solved by running a plasma current IP that results in a toroidal magnetic field BP , suppressing charge separation of electrons and ions and balancing the pressure gradient. The plasma
current is induced by the inner poloidal field coils. The tokamak reactor is also equipped with
outer poloidal field coils to induce a vertical field. When comparing the inboard and outboard
side of the reactor, the inboard side has a smaller surface than the outboard side because of
the curvature. Combined with the R1 scaling of the magnetic field and constant pressure on
inboard and outboard side of the plasma surface, this results in a net force that would cause
the radius of the plasma to expand [18]. The cross product of an induced vertical magnetic field
with the plasma current induces a Lorentz force to counteract said net force. The magnetic
fields combined cause plasma ions and electrons to propagate in a helical motion across the torus.
Heating of the plasma is partially sustained by the helium particles produced in the fusion
reactions that transfer their energy to the ions and electrons through collisions. In addition,
external heating methods are employed to initially heat the plasma. These include methods
like neutral beam injection or NBI, which involve the injection of accelerated particles into the
plasma [21] and electron and ion cyclotron resonant heating, ECRH and ICRH, that involve
respective heating of electrons and ions through waves [22].
Over time impurity species would end up in the plasma and dillute the fusion fuel, as well
as pose a threat to energy confinement. Among these impurities are the produced helium, but
also atoms from the reactor walls may enter the plasma. The separation of atoms from the
wall is a result of heat and particle fluxes to the wall. These heat fluxes are, however, not only
indirectly a problem by resulting in additional impurities entering the plasma, but also directly
a problem by damaging wall materials.
In order to filter impurities from the plasma and reduce the heat load to the walls, the divertor was developed. The divertor is a section of the wall located at the bottom of the reactor
chamber and plasma particles encounter this section as a result of the magnetic topology at the
edge regions of the plasma. In the inner part of the plasma ring the magnetic fields are closed,
but in a smaller section closer to the wall, the field lines are not closed, but instead connected
to the divertor region. Charged particles that pass beyond this outer closed field line will end
up reaching the divertor, allowing the system to filter out the impurities and reduce the heat
flux that would otherwise impinge on the rest of the wall, while fuel that reaches the divertor
can be guided into the plasma again.
An overview of the poloidal component of the magnetic field lines and the divertor are given
in figure 2. The same figure also features the distance δ with which the top of the plasma is
displaced from the centre, called triangularity. The elongation κ describes the ratio between
the height of the plasma yB and the minor radius aB in horizontal direction.
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Figure 2: A schematic of the contours of magnetic field lines in a tokamak plasma in 2D
overview. The actual field lines are helical across the torus, while the poloidal trajectory is seen
here. The toroidal component of the field is directed into the page. Close to the edge of the
plasma is a last closed field surface and outside the magnetic field lines are connected to the
divertor region at the bottom of the plasma chamber, indicated with the green arrows. The
graph also shows the concept of triangularity δ and elongation κ. In reality the plasma is not
completely symmetric and the top is not located exactly above the centre, but shifted with a
distance δ. The elongation κ describes the ratio between the height of the plasma from the
mid-plane yB and the minor radius aB in horizontal direction.
The closed magnetic field contours or surfaces seen in figure 2 are also-called magnetic surfaces, but more about the magnetic equilibrium and magnetic surfaces will be explained in
section 2.3.1.
The energy produced in a D-T fusion reaction is passed to the helium nucleus and the neutron. The energy carried by the helium, approximately 3.5 MeV is mostly used to heat the
plasma, while the energy carried by the neutron, approximately 14.1 MeV is deposited in the
wall of the reactor through collisions between the neutron and atoms in the wall. This deposited
energy is then removed through cooling of the wall and used to heat water and drive electricity
producing steam turbines. More about the process of energy deposition in the wall is explained
in the section explaining the tritium breeding blanket.
Over the years multiple experimental tokamak reactors have been constructed. The largest
tokamak in operation is JET, which is also the only test reactor currently used to test with tritium and is used in preparation for ITER, an experimental reactor currently under construction
[6]. ITER is supposed to start operating by the end of 2025 and is supposed to prove that it is
possible to gain a net power from the nuclear fusion process in comparison to the input power
10

necessary to heat the plasma.
After ITER, there are plans to build an even larger tokamak reactor by the name of DEMO.
DEMO will be the central reactor of investigation in this project. This reactor will be a prototype and is supposed to deliver electricity to the grid [6]. Many more reactors will need to
be built after that to supply an amount of energy that is of significance to the world energy
demand, but this will start with DEMO.
The EUROfusion program is a program that aims to develop a design plan for the DEMO
reactor [23]. Among the challenges in designing DEMO, the challenges on which the work in
this project is based, are handling the effects of neutron irradiation as a result of the neutron
produced in the fusion reactions. The challenges surrounding neutron irradiation in nuclear
fusion reactors, such as DEMO, will be explained in the next section of this report.
For the project described in this report, the DEMO1 reference design of 2017 [24] will
be considered, given that this is the model used in many neutron transport simulations in
EUROfusion. This specific design for DEMO has design parameter values as listed in table 1
Table 1: The main device parameters corresponding to the reference design of the European
DEMO of 2017 [12].
Parameter
Major radius R0
Minor radius a
Toroidal magnetic field BT
Plasma current IP
Fusion power Pf us
Plasma elongation κ95
Plasma triangularity δ95

2.1.2

Value
8.938 (m)
2.883 (m)
4.89 (T)
19.07 (MA)
1998 (MW)
1.65
0.333

Tritium breeding blanket

An aspect of nuclear fusion reactors and DEMO that was not treated yet in the previous section
is the tritium breeding blanket. As stated earlier, natural tritium does not exist and the tritium
for the fusion reactions is to be bred artificially. This is possible through reactions between
neutrons and lithium, the latter of which is also accessible in nature [25].
A lot of lithium, millions of kilograms per year, is used these days [26]. Based on an expected 250 kilogram of fusion fuel consumption per year in a nuclear fusion power plant, it can
be estimated that a rough 300 kilograms of lithium are consumed on an annual basis [25]. That
is 30,000 kilograms per century on top of the expected 20 billion kilogram demand, while 31.1
billion kilograms of lithium are available [26]. Given these numbers, the lithium consumption for
nuclear fusion is low compared to the amount of lithium that is already expected to be consumed.
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Tritium will have to be bred artificially and this is done in the tritium breeding blanket.
The tritium breeding blanket is a material structure wrapped around the plasma chamber in
a blanket-like formation. The blanket is filled with lithium and beryllium. Tritium breeding
reactions through these elements are given as
6
7

Li + n → 4 He + T + 4.786 MeV,

(1)

Li + n → 4 He + T + n − 2.467 MeV,

(2)

9

Be + n → 7 Li + T − 10.4 MeV,

(3)

where 6 Li is the best option for tritium breeding. It has a more favorable cross section, with a
higher reaction probability when the incoming neutron is of lower energy. In addition, neutrons
of energy lower than 2.47 MeV can’t produce tritium with 7 Li [27] [28]. Given, however, that
only 7.5 % of natural lithium is 6 Li and the rest is all 7 Li, the natural lithium is often enriched
to contain a larger fraction of 6 Li for tritium breeding [29].
Beryllium contributes little to the tritium production, but is mainly employed in the blanket,
because it is a light element with a favorable cross section for neutron multiplication in the form
of the (n, 2n) reaction
9
Be + n → 2 4 He + 2 n − 1.75 MeV,
(4)
with respect to the cross section for (n, γ) reactions, where γ is a photon[28]. If every neutron
produced in a fusion reaction would successfully be consumed in a reaction that breeds a tritium
atom and every tritium atom would end up fusing successfully with deuterium, we would not be
interested in this aspect. However, since there are loss channels for both neutrons and tritium
atoms, it is necessary to employ a material that can be used for neutron multiplication. This
can be achieved through reaction 4.
A quantity used to label tritium production is the tritium breeding ratio or TBR, which
describes the number of tritium atoms produced for each fusion neutron produced. The TBR
is expressed as
R

T BR =

V

N6 Li σ6 Li(n,T )4 He Φn dV +

R
V

N7 Li σ7 Li(n,T )4 He Φn dV +
Nn

R
V

N9 Be σ9 Be(n,T )7 Li Φn dV

,

(5)
where N6 Li , N7 Li and N9 Be are the number of
and
atoms in the blanket respectively,
Nn is the number of neutrons produced per second in the plasma. σ6 Li(n,T )4 He , σ7 Li(n,T )4 He and
σ9 Be(n,T )7 Li are the cross sections for the reactions between neutrons and 6 Li,7 Li and 9 Be respectively that produce a tritium atom respectively, Φn is the neutron flux and V is the blanket
volume. The fusion community aims to build DEMO so that it is self-sufficient in tritium production [30], for which a tritium breeding ratio of 1.05 is required [8]. This level of so-called
overbreeding is necessary, because some of the produced tritium will be lost in the transport
cycle in the blanket and not all the tritium entering the plasma will successfully fuse with deuterium.
6 Li, 7 Li

9 Be

As mentioned earlier, neutrons, unaffected by the magnetic fields, will enter the blanket and
have their kinetic energy turned into heat through collisions with the atoms in the blanket
12

[31], allowing the extraction of this heat afterwards for driving the electricity producing steam
turbines [8]. Collecting energy from the neutrons is the second purpose of the tritium breeding
blanket.
The third purpose of the blanket is to serve as a shield against particles exiting the plasma.
This is in combination with the vacuum vessel walls located behind the blanket [18]. An
schematic that indicates the location of the tritium breeding blanket and vacuum vessel walls
with respect to the plasma and the toroidal magnetic coils is given in figure 3

Figure 3: A schematic overview indicating the location of the first wall, the tritium breeding
blanket, vacuum vessel and the toroidal coil with respect to the plasma. Note that this is
a schematic overview to indicate in which order neutrons face each component and may not
accurately represent the scale of each component with respect to each other.
Neutrons can cause damage to the atomic lattice of materials and, similar to how the neutrons pass their energy to the blanket through collisions, they will also have their kinetic energy
turned into heat when traveling through other material components in the reactor. This results in these materials being heated up. While the blanket is designed, albeit with cooling,
to withstand a lot of heat, DEMO’s breeding blanket could be heated up to temperatures of
550o C without risk of malfunctioning [32], other components must be shielded from neutrons
to avoid over-heating. The neutron shielding function of the blanket is especially relevant for
the superconducting magnetic coils, since these could sustain severe damage from only little
nuclear power density (50 Wm−3 ) [8].
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For DEMO the helium cooled pebble bed(HCPB) blanket is considered [12]. A schematic
overview of this blanket is given in figure 4.

Figure 4: An overview of the considered HCPB blanket design for DEMO. The various breeder
modules feature a first wall, indicated with blue in the top middle image. Each module is filled
with breeder pins in a hexagonal structure. The space between the pins is filled with Be12 Ti.
The pins themselves consist of an inlet tube for the coolant, helium. Concentric around the
inlet tube is a KALOS layer, a mixture of Li4 SiO4 and Li2 TiO3 for tritium breeding. [32]. A
purge gas, consisting of helium and hydrogen flows through the modules to take the tritium
and deliver it to a tritium extraction system that in turn delivers the tritium to the plasma,
the last part not seen in this figure [33].
The HCPB blanket is divided in breeder modules. The modules consist of pins with concentric layers of lithium containing breeder material and inlet and outlet tubes for the helium
coolant. The pins are structured in a hexagonal lattice filled with a beryllium compound for
neutron multiplication.
A purge gas of helium and hydrogen goes through the modules. This purge gas binds the
tritium and a tritium extraction system extracts the tritium from the purge gas to deliver it
to the plasma [33]. The components structuring the blanket modules are made of Eurofer steel
[34]. Behind the blanket are the vacuum vessel walls made of SS316 steel and cooled by water.
This is used as additional shielding for the magnetic coils, which are modelled behind the walls
of the vacuum vessel and encased in a steel layer. The HCPB blanket design is implemented in
the simulation models used and therefore the assumed tritium breeding blanket design in this
project.

2.2

Neutrons in nuclear fusion reactors

DEMO is expected to have approximately 2 GW of fusion power output [35], four times as
much as ITER [36]. This means a neutron production of over 1020 neutrons s−1 . Assuming
the total first wall surface of 1871 m2 by PROCESS this would yield an average neutron fluence of approximately 5 · 1017 neutrons m−2 s−1 . As specified in section 2.1, these neutrons
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are an important part of the fusion process. They are necessary for tritium breeding and their
kinetic energy is to be collected as heat in order to produce electricity later on. At the same
time, neutrons can damage material components through damage to the atomic lattice or heat
deposition. A fusion reactor like DEMO is to be designed in such a way that a TBR of 1.05
is achieved [8], heat deposition is optimized and all material components are either shielded
properly from neutrons or capable of enduring neutron irradiation without sustaining a critical
amount of damage. If any component does not meet these last requirements, the entire reactor
is compromised. Therefore, this is an important part of the reactor design work.
In order to predict or determine what the levels of neutron irradiation are for every material
component, it is important to have an accurate description of where all the neutrons are produced in the plasma. In order to make a neutron source description suitable for combining with
any transport algorithm, one needs to determine the neutron production rate as a function of
space and the energy distribution of the neutrons. The former could be obtained by calculating
the fusion rate distribution in space, but this is to be discussed further ahead in this report.
The fusion reactions between deuterium and deuterium, deuterium and tritium, and tritium
and tritium result in neutrons carrying 2.45 MeV, 14.1 MeV and 0-8.8 MeV respectively [17]
[37] [38]. In reality the neutrons from D-D fusion and D-T fusion reactions will have an energy
according to a Gaussian distribution, since the specific energy values given above are considered
from a centre of mass point of view, but in the lab frame, the Maxwellian distribution in energy
of the fusion particles needs to be considered. This resulting neutron energy profile is determined
as

En −hEn i 2
1
W
fn (En ) = √ e−
,
(6)
W π
s

W =

4mn hEn iTe
,
md + mt

where En is the neutron energy, hEn i is the mean neutron energy, which is 2.45 MeV for D-D
fusion neutrons and 14.1 MeV for D-T fusion neutrons, mn , md and mt are the masses of neutrons, deuterium particles and tritium particles respectively and Te is the electron temperature
[39]. When considering D-D fusion one would have to replace mt with md in the denominator
of W . The energy of T-T neutrons can vary in value, since the reaction results in three reaction
products instead of two. A schematic depiction of the neutron energy spectra are given in figure
5.
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Figure 5: The neutron energy spectra of thermal D-D, D-T and T-T neutrons. The figure
was made schematically with equation 6 for the D-D and D-T peak, whereas the shape and
approximation of the T-T peak was based on the depiction in [17] and [40].
Given the temperatures in the DEMO reactor, the cross section value for D-D and T-T
fusion are respectively two and three orders of magnitude lower than D-T, indicating that the
large majority of neutrons in DEMO will be a result of D-T fusion. Therefore the decision is
made to neglect T-T fusion neutron influence from here. D-D neutron effects will be included
as a design choice for the neutron source description program that will be explained, given that
this program may also be used to perform calculations for D-D plasma scenarios in the future.
Figure 6 gives the reaction rates for D-T, D-D and T-T fusion, which shows that the reaction
rate for D-T fusion is dominant by over two order of magnitude compared to D-D and T-T fusion.
As specified in chapter 2, external heating is applied to a tokamak reactor. External heating
can result in so-called fast ions that are not nested on magnetic surfaces [41]. These fast ions do
not behave according to the Maxwellian energy distribution and would add a high energy tail to
the energy distribution of the fusion neutrons. The option of modelling neutral beam injection
was first considered, as having previously neglected fast particles was suspected to be a reason
to expect a different neutron production scheme. However, the work described in [42] showed
that the number of fast ions is two orders of magnitude smaller than the thermal ion density in
DEMO. The time it takes these fast ions to slow down to thermal ions is approximately τs =1 s.
Assuming a 100 MW fast ion beam due to neutral beam injection, injected ions with an energy
of 1 MeV and the τs = 1 s, the number of fast ions compared to thermal ions is indeed a factor
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100 smaller. The equations and a fast ion deposition profile used to derive these numbers can
be found in appendix E.

Figure 6: The reaction rates of D-T fusion, D-D fusion and T-T fusion as function of the kinetic
ion temperature, i.e. the centre of mass of the involved fusion ions. This figure was made using
data given in [43].
According to the reaction rate figures for D-T fusion, given in [17], and assuming an on-axis
temperature of approximately 25 keV for DEMO, the D-T reaction rate for the thermal ions in
DEMO is a factor two or three under the maximum possible. At some point while slowing down
the fast ions will have an energy in the region of this maximum reaction rate, but on average
this reaction rate would most likely not exceed the reaction rate of the thermal on thermal D-T
fusion. Even when assuming the maximum possible reaction rate for fast ions, the so-called
fast-fast fusion would be negligible and the fast-thermal fusion would at most contribute to 2
% of the neutron production. In case of D-D fusion, the fast-thermal fusion reaction rate can
increase significantly for higher kinetic temperature, but this would be cancelled out by the
fact that the number of fast ions is a factor 100 lower than the number of thermal ions. For
very high temperatures the reaction rate can be a factor 100 larger than for the thermal fusion,
which would double the number of D-D fusion neutrons produced in DEMO and affect the total
neutron production by approximately 0.5 %. In reality the reaction rate of the fast ions will
not continuously be as large, because the fast ions would lose their energy over time. Given
that these maxima for the D-D and D-T reaction rate do not correspond to the same kinetic
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temperature, the fast ions would affect the neutron production by a maximum of 2 % as a high
estimate. Given this rough estimate and the difficulty of accurately modelling the effects of fast
ions with respect to the effect of thermal ions for DEMO, the neutron production as a result of
fast ions will be left out of consideration for the rest of this report.
2.2.1

Neutron transport

If an accurate neutron source description is available for the tokamak under investigation, it
would be possible to make a prediction of the levels of neutron irradiation everywhere in the
reactor. In the case of DEMO, there is no reactor or test facility available to perform experiments to test the performance of materials under the representative neutron irradiation levels.
As such research has to be performed through the use of neutron transport simulation models.
One method of describing particle transport is through the deterministic approach. This approach would involve solving the Boltzmann transport equation for average particle behaviour
and using this to describe the transport of groups of particles [44]. This equation is given in
appendix B.1.
The deterministic divides phase space, space and time, into boxes and the particles under
investigation travel between these boxes. But the more detailed the model becomes, the more
phase space boxes there will be and the more computation time will be necessary for a particle
transport simulation. For each box a solution of the transport equation would need to be found
[44]. This makes the discrete approach less suitable for complex problems, like, for example,
simulating neutron transport in a detailed tokamak geometry.
Another approach to simulating particle transport is the Monte Carlo approach, which is
capable of describing the behaviour of individual particles. The Monte Carlo approach does not
describe the particle transport between phase space boxes and no transport equation is needed
to evaluate a problem with this approach. The Monte Carlo approach instead evaluates the
problem by simulating particles between events that are separated in space and time, which
make space and time non-inherent parameters when employing this approach [44]. The Monte
Carlo method would not take as much computation time as the deterministic method would
when applied for complex and detailed transport problems. This makes the Monte Carlo the
more suitable approach when evaluating neutron transport in a tokamak reactor like DEMO
and the approach that is used in this project. The next subchapter describes the Monte Carlo
approach in more detail with respect to nuclear fusion simulation applications.
2.2.2

MCNP

In order to model neutron transport and material interactions in fusion reactors, Monte Carlo
techniques [45] are employed. With the Monte Carlo method it is possible to simulate the life
of a neutron from its moment of birth in a reaction to its moment of destruction in a reaction,
since all processes a neutron undergoes during its existence are determined by cross sections
and probability [46]. With the Monte Carlo method it possible to use the continuous energy

18

distribution, rather than discrete energy groups and all the relevant cross section information
is available through nuclear data libraries.
Nuclear data comes in the form of calculated cross section data of all stable isotopes and
cross section data of known interactions between nuclei. Two nuclear data libraries often used
for performing Monte Carlo based research in neutron transport and material interactions are
FENDL 30 (Fusion Evaluated Nuclear Data File) [47] and JEFF 33 (Joint Evaluated Fusion
and Fission File) [48].
The Monte Carlo method can be seen as particle tracking in neutron transport simulations.
A neutron source function will simulate the creation of the neutrons, assigning a spatial location
of birth for the neutron, as well as an initial energy and flight direction based on a specified
probability function. The neutron will keep on propagating in its original direction until it would
collide with an in-simulation particle. The Monte Carlo method describes the in-simulation
probability that the neutron will collide with another particle with the probability function
P (x) = 1 − eΣtot x ,

(7)

where Σtot is the macroscopic total cross section, the probability that a reaction occurs per
traveled unit length, and x is the distance the neutron traveled from the point of its previous
encounter. The Monte Carlo method assigns a random number to P (x) between 0 and 1 based
on this distribution, which allows description of the distance traveled between collisions or start
and first collision. The life of one particle is called a history. After one history ends with the
destruction of a neutron, a new history is started [44]. A schematic example of the random
walk of a particle is given in figure 7
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Figure 7: A schematic overview of a particle history, using the tokamak reactor and a fusion
neutron as an example. The neutron is produced in a fusion reactor (1) and propagates through
the plasma before entering the breeding blanket and scattering three times on particles there
(2)(3)(4). Then it enters the vacuum vessel, where it scatters two more times (5)(6) before
finally being consumed in a reaction in the magnetic coils (7). All events involving the neutron
(2)-(7), the number of events involving the neutron, and space and time between these events
were determined by probability. The same holds for the fact that the neutron was only destroyed
in event (7), while it could as well have been consumed in event (2) or never have made it into
the blanket in the first place.
There are several simulation codes used in nuclear fusion research that employ the Monte
Carlo method. The general Monte Carlo N-particle transport code, or MCNP for short, is an
internationally recognized code used for analyzing the transport of gamma rays and neutrons
[49]. The code can also deal with electron transport and transport of secondary particles created
as a result of interactions. MCNP can describe very complex geometries like the geometry of
a tokamak reactor. It does so by defining spherical or rectangular surfaces and defining spaces
enclosed by these surfaces, creating a cell structure. Each cell can be defined as being filled
with a material. Materials used in the code are defined by isotopic composition and atomic
fraction per isotope. The capability of the code to describe neutron transport and simulate the
effects of neutron irradiation on individual material components in a tokamak reactor geometry, make MCNP a suitable code to assess the nuclear response analysis for the DEMO reactor.
MCNP allows for a large variety of particle source definitions, allowing a user to indicate
and define the type of particles emitted by the source, which initial energy distribution to use,
the initial propagation direction of the created particles and whether a point source is treated
or a line source or volume source [50]. This range of options will be exploited in this project to
develop the MCNP neutron source description for DEMO.
MCNP employs several Tallies, which are functions to calculate scores of particles or energy
on modelled surfaces or in modelled cells. These tallies can calculate nuclear responses by
detecting the number of particles in cells or the number of particles passing through certain
surfaces or cell boundaries. MCNP uses different tallies with different functionalities. The four
20

tallies that play a role in this investigation are tally F 1, F 2, F 4 and F 6. Tally F 1 is used to
calculate the current through a surface and can be given in equation form as
Z Z Z

F1 =
A E

~ r, E, Ω)dΩdEdA,
~
~n · ΩΦ(~

(8)

4π

~ is the distribution
where ~r is the distance vector, A is the surface of the cell and Φ(~r, E, Ω)
~ Tally F 2 is used to calculate the
function of the energy E and angle for the particle flux Ω.
average flux of particles or energy through a surface and can be given as
R R R

F2 =

A E 4π

~
Φ(~r, E, Ω)dΩdEdA
.
A

(9)

Tally F 4 is used to compute the average cell flux of a given cell. This tally can be given as
R R R

F4 =

V

E 4π

~
Φ(~r, E, Ω)dΩdEdV
,
V

(10)

where V is the volume of the cell [49]. Tally F 6 is a tally that can be used to determine
the amount of energy that is deposited in a cell per unit mass, both as a result of neutrons
depositing energy in the cell, but also as a result of photons and other secondary particles.
Since MCNP is equipped with necessary nuclear data of all cross sections in the plasma, it can
statistically calculate the outcome of interactions between particles and calculate all the energy
that is deposited in a given volume cell in the model. Since every model cell is assigned a mass
density by the user it is possible for the tally to determine then how much energy is deposited
per unit mass [44].

2.3

Tokamak plasmas

In a tokamak reactor, the fusion plasma can be subjected to the magneto hydrodynamics approach, since the plasma can be treated as a conductive fluid affected by a magnetic field [18].
Plasma transport equations can be derived based on a fluid model for cylindrical geometry to
describe heat conduction, particle diffusion and magnetic field diffusion [18].
Equations representing this model are given in appendix B.2, but are not used here directly,
since profiles of particle temperature and density have already been pre-determined for DEMO
by use of the PROCESS code, through a run of the code that had been performed in 2017.
This will be elaborated on in section 3.1. The PROCESS code itself has a large set of equations
implemented and describes a model of a power plant design, not only the vacuum vessel and
plasma physics, but the entire reactor including the components that generate electricity and
even economic aspects of the reactor. The code can be run in an optimization mode that finds
a maximum to a figure of merit, optimizing for a certain aspect of the power plant [3].
2.3.1

The magnetic equilibrium

The equilibrium of a tokamak plasma is determined through the balance between forces acting
on the plasma resulting from magnetic fields and the pressure and the shape of the plasma that
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is determined by the currents in the external coils [51].
The combination of the toroidal magnetic field BT , parallel to the magnetic axis and a
poloidal magnetic field BP , perpendicular to the magnetic axis, result in a net helical field. The
balance of forces on the plasma is then given as
~ = ∇p,
~j × B

(11)

~ is the magnetic field and p is the pressure. This equation shows
where ~j is the current density, B
~
~
that j and B are perpendicular to the pressure gradient, which in turn shows that magnetic
field lines and current lines describe surfaces of constant pressure [52], the surface contours
previously introduced in figure 2. The magnetic topology in a tokamak can be visualized as a
structure of nested surfaces, on which pressure, magnetic field and current density are constant.
The magnetic flux in poloidal direction ψP is also constant on these surfaces, which gives such
surfaces the name magnetic surfaces or flux surfaces [41]. Flux surfaces are indexed with the
normalized plasma radius coordinate ρ, given as
s

ρ=

ψP − ψP,c
,
ψP,x − ψP,c

(12)

where ψP,x and ψP,c are the poloidal flux at the plasma boundary, where ρ = 1, and the concentric centre of the flux surfaces, where ρ = 0, respectively. The concentric centre of the flux
surfaces is also-called the magnetic axis of the plasma. The profile of safety factor q is an indication for how many times the magnetic field lines rotate around this magnetic axis for each
toroidal loop.
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Figure 8: An example of nested magnetic surfaces in a tokamak reactor in a two dimensional
overview. Lines on which nested properties like pressure, temperature and density are constant.
Note that this is a simplified depiction meant to visualize the concept of magnetic surfaces
in the plasma and does not show the X-point that could be seen in figure 2. The figure also
features the concept of the angle between the horizontal direction from the magnetic axis and
the vertical axis, also-called the poloidal angle θp and the toroidal angle φT .
If profiles of temperature and density as function of ρ are available, these can be combined
with derived equations for temperature dependent equations for the cross sections of D-D and
D-T fusion reactions that produce neutrons to obtain the ρ-dependent neutron production rate,
given in appendix B.3. However, MCNP does not employ ρ in its spatial coordinate system,
but Cartesian coordinates. In order to develop a neutron source description for MCNP, it will
be necessary to determine the magnetic equilibrium of DEMO’s plasma and the outline of the
magnetic surfaces of the plasma. This can be achieved with the code ASTRA, introduced in
the next subsection [2].
2.3.2

ASTRA

The Automatic System for TRansport Analysis or ASTRA code is a tokamak plasma physics
transport code originally developed by G.V Pereverzev and P.N. Yushmanov. The first version
of ASTRA was developed at the Kurchatov Institute in Moscow during the late 1980s [2]. The
original ASTRA code was based on a trial and error approach, in which one tries multiple
calculations for different reactor and transport parameters values in an attempt to eventually
match the experimental results. Therefore ASTRA was made to be adjustable to meet new
requirements that are encountered as knowledge surrounding tokamak plasma physics expands
and to be equipped with new features without a need for changing the underlying background
source or user interface. Ever since the code was developed it has been equipped with many
additional physics modules and features to make it suitable for many tokamak modelling scenarios. An additional advantage of ASTRA is that it is a very interactive code and allows a user
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a certain amount of control and ability to edit a limited number of parameters while simulations
are running.
ASTRA has a built-in tokamak geometry and a lot of built-in physics equations and modules
that can be called upon in the modelling process by the user. The user only has to assign the
values of the primary device parameters of the tokamak reactor under investigation, like the
device parameters given in table 1. The user will also need to specify the initial profiles of ne ,
Te and Ti as function of a spatial poloidal coordinate, like the effective plasma radius ρ or minor
radius a.
After being provided with the required profiles and device parameters ASTRA calculates
the plasma configuration with the Grad-Shafranov equilibrium equation, given as
∆∗ ψ = 2πµ0 R0

"

J
2

hB
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R0 J ∂p
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#

r2
∂p
−
,
B0 R0 ρµ ∂ρ
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0

where ψ is the poloidal flux surface function µ is the rotational transform, B is the magnetic field
and B0 is the magnetic field on the magnetic axis, J = R0IB0 is a dimensionless quantity related
to the poloidal current inside a magnetic surface, jk is the current density function parallel to
the magnetic axis, µ0 is the Bohr magneton, R0 is the major radius, p is the pressure and r
is the distrance from the magnetic axis. In order to compute the flux surface contours there
are several equilibrium solvers systems available in ASTRA. There is an advanced equilibrium
solver called the Equilibrium and Stability Code or ESC, but this requires a set of Cartesian
(r, z) points to outline the plasma boundary. If such a boundary outline is given, ASTRA will
try to find the solution for the flux surfaces in the form
r(ρ) = r0 (ρ) + 2

K
X

rkc (ρ) cos(θp ) + rks (ρ) sin(θp ),

(14)

k=1

z(ρ) = z0 (ρ) + 2

K
X

zkc (ρ) cos(θp ) + zks (ρ) sin(θp ),

k=1
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rks ,

zkc ,

zks

where r0 ,
z0 ,
are to be determined radially dependent coefficients and θp is
the poloidal angle, i.e the angle relative to the positive horizontal axis, when considering the
poloidal cross section of the reactor [53]. If no outline is available, ASTRA will employ the flux
surface contours and magnetic equilibrium as defined by the three-moments equilibrium solver
of ASTRA, given by the following equations.
r(a, θp ) = R0 + ∆S (a) + a · (cos(θp ) − δ(a) · sin(θp )2 ),

(15)

z(a, θp ) = ∆Z + a · κ(a) · sin(θp ),

(16)

where R0 is the major radius of the reactor, ∆S is the shafranov shift, δ is the triangularity of
the reactor, ∆Z is the vertical shift of the magnetic axis with respect to the origin point of the
major radius, κ is the elongation of the plasma and a is the minor radius of the reactor [54].
ASTRA is capable of doing interpretative modelling, in which the user gives a determined
set of profiles for ne , Te and Ti to base the simulation on, and predictive modelling, in which
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case only initial profiles for ne , Te and Ti are defined and the evolution of these profiles is
thereafter determined by ASTRA’s transport equations. In the latter case it is also up to the
user to define the spatial boundary conditions of ne , Te and Ti . In this project only the former
approach is applied.
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3

Generation of a neutron production distribution for DEMO

Given the information introduced in chapter 2, it is possible to explain why the project described
in this report, the development of a new neutron source description for DEMO, was initiated.
There are two aspects that the previous or currently employed neutron sources describe, which
are not representative for DEMO. First of all, the shape of the magnetic equilibrium assumed
in these older neutron sources, is simplified according to the D-shape equations given as
r = R0 + a · cos(θp + δ · sin(θp )) + ∆s

a2
1− 2
aB

!

,

(17)

z = a · κ · sin(θp ),
where R0 , a, θp , aB , ∆s , κ and δ are the major radius, minor radius coordinate, poloidal angle,
minor radius, Shafranov shift, elongation and triangularity respectively. A second difference
comes in the form of the temperature and density profiles assumed. In the past, a parabolic
profile was assumed, with the maximum in the centre of the plasma at the magnetic axis and the
minimum at the plasma edge. But for a reactor like DEMO, a different profile is assumed. That
profile is characterized by a parabolic like shape, but with a steep pedestal at the edge which
acts as a transport barrier that improves the confinement of the plasma compared a tokamak
plasma that features a parabolic profile [55]. Examples of both profiles are given in the figure
below.

26

Figure 9: A standard parabolic ion temperature profile and a standard ion temperature profile
that features a pedestal. The difference is visible in the form of a steep edge gradient that
represents a transport barrier in the latter profile. The figure was made with Origin using
equations 3,5 and 6 from [11] and arbitrary temperature values to display the difference in
shape.
Both of these differences are expected to result in differences for the spatial neutron production rate distribution for the plasma and this could result in different observed values for
the neutron induced nuclear responses. This is why a new neutron source description is to be
developed and employed in neutron transport simulation to find out if there is a difference to
be observed in nuclear responses.
This chapter describes the development of the new neutron source description that is to
represent DEMO’s plasma in neutron transport simulations. The development of this new
neutron source description consists of two steps that were carried out independently. The first
step is to calculate the spatial neutron production distribution in the plasma of DEMO using the
tokamak plasma transport code ASTRA. The second step is to write a mathematical program
that can act as a neutron source for MCNP simulations and uses the data generated with
ASTRA as input. Chapter 4 discusses the nuclear response analysis simulations that are to be
carried out using the new neutron source description. An overview of the steps towards result
in this project is given in figure 10
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Initiative to develop a new neutron
source description for DEMO and
perform nuclear response analysis
with this new neutron source

Simulations with ASTRA to
determine the magnetic
equilibrium of DEMO’s plasma

Existing MCNP
models of the
DEMO reactor

Writing a Fortran program
named ATCERANES that serves
as an MCNP neutron source
based on the output of ASTRA

Nuclear response analysis
simulations with MCNP.
Comparing the results of the
ATCERANES/ASTRA involving
simulations with those obtained
through the previous neutron
source description.

Figure 10: A global scheme of the various steps taken in the project towards developing a
new neutron source description for DEMO and applying it in a comparison analysis with the
previous version.

3.1

ASTRA modelling to calculate neutron emission profiles

An ASTRA model was written to evaluate arbitrary Tokamak plasmas. This ASTRA model
file can then be combined with an ASTRA data file in a code run to produce the necessary
output information to use in combination with the MCNP neutron source description. This
model treats a steady state, toroidally symmetric tokamak plasma.
Considering that it is important to specify the value of all nuclear responses under maximum neutron production conditions, a safe assumption, that DEMO will experience the largest
neutrons production during the flat top phase and the profiles are not expected to change significantly in the plasma core over the course of that phase. The torus shape of the tokamak
accounts for a toroidal symmetry in the vacuum vessel and this condition is also assumed to
hold for the plasma. Another symmetry is introduced through the poloidal magnetic surface
coordinate ρ. Each poloidal magnetic surface is treated as an isotherm and isobar, which means
that temperature, density and pressure are constant on each poloidal magnetic surface [56].
The poloidal flux surface coordinate ρ is a means to indicate on which flux surface each spatial
point lies and as such a temperature and density profile can be considered a function of ρ, but
independent of the poloidal and toroidal angles θp and φt .
The model does not treat magnetic islands, turbulence effects, ELMs and sawtooth oscillations either, due to time constraints, and since not all is known about the influence these effects
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have in DEMO’s plasma. Given that neither of these effects results in an increased neutron
production upon occurrence and as such neutron induced material damage, it is not considered
relevant for the development of the neutron source description.
The reactor parameters of DEMO and the assumed temperature and density profiles are
extracted from the output of a PROCESS simulation that has been performed for DEMO 2017.
The flat top electron temperature and density profiles can be reconstructed with the following
equations.

T =









Te,ped + (Te,0 − Te,ped ) 1 −









ne,ped + (ne,0 − ne,ped ) 1 −





ne,ped + (ne,ped − ne,sep )

!βT αT
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1 − ρped,T






Te,ped + (Te,ped − Te,sep )

n=

ρ

0 ≤ ρ ≤ ρped,T
(18)

!

ρ

ρped,T ≤ ρ ≤ 1,
!2 αn


ρped,n

ρped,n − ρ
1 − ρped,n

0 ≤ ρ ≤ ρped,n
(19)

!

ρped,n ≤ ρ ≤ 1,

where Te,0 ,Te,ped , Te,sep and ne,0 , ne,ped , ne,sep are the on axis, pedestal and separatrix temperature and density values respectively, ρped,T and ρped,n indicate on which flux surface the pedestals
of the temperature and density profile lie respectively. The parameters for reconstructing the
profiles of DEMO with equations 18 and 19 are given in table 2
Table 2: The electron temperature and density profile parameters for DEMO, listed in the
output of PROCESS
Te,0
Te,ped
Te,sep
ne,0
ne,ped
ne,sep
ρT,ped
ρn,ped
αT
βT
αn

26.67 keV
5.5 keV
0.1 keV
10.41·1019 m−3
6.2·1019 m−3
3.65·1019 m−3
0.94
0.94
1.45
2.0
1.0

PROCESS itself had been used to calculate ne,0 and Te,0 , based on a fixed ne,ped and ne,sep
that had been determined as a fraction of 0.45 and 0.9 times the Greenwald limit, that describes
the density limit in a fusion reactor, above which disruptions could occur [18]. The pedestal
temperature Te,ped had been determined with the EPED model [57], based on the set ne,ped and
the allowable pressure at the pedestal to avoid peeling-ballooning disruptions, while Te,sep was
set at a fixed 0.1 keV.

29

A mapping difference exists between ASTRA and PROCESS, since the ρ of PROCESS is
not equal to the poloidal flux surface coordinate as defined in ASTRA, but rather given as
ρP rocess

1
=
a

s

r2

+

 2
z

κ

,

(20)

where κ is the elongation. This means that PROCESS assumes a symmetric plasma shape
when mapping its density and temperature profiles without the inclusion of triangularity or
Shafranov shift in the geometry. The best way to match this mapping coordinate
of PROCESS
r
in ASTRA is by taking the volumetric flux surface coordinate ρV =

V (ρ)
V (ρB ) ,

where V (ρ) is

the plasma volume enclosed by a certain flux surface. The motivation behind this choice of
mapping is because the ρ of PROCESS and ASTRA are very different in terms of definition
and, due to the absence of Shafranov shift and triangularity in PROCESS, mapping on the
minor radius a would give a too large error as well. The ρ of PROCESS scales from 0 to 1 and
is therefore among other things an indication of the fraction of the plasma volume enclosed by
each magnetic surface. The ρV works approximately in the same way for ASTRA and therefore
this would be the best mapping option, since the volumes enclosed by the magnetic surface
contours of certain density and temperature will then approximately match [2]. A visualization
of this is seen in figure 11

Figure 11: The outline of magnetic surfaces assumed by PROCESS is featured on the left. A
mapping strategy that was employed to map the temperature and density profiles of PROCESS
in ASTRA, was to map the profile values as function of ASTRA’s ρV grid. This means that
an attempt is made to model the plasma in ASTRA to have its magnetic surfaces for the given
temperature and density values enclose the same volume as PROCESS would. If the left set
of contours belongs to PROCESS, then one would map the PROCESS profiles for the ASTRA
contours as follows. One says that the magnetic surfaces of the same color are assigned the
same temperature and enclose the same plasma volume, i.e the grey surfaces have the same
constant temperature and density value, and enclose the same plasma volume, the same holds
for brown, orange etc...
Even though ρV is the best match available in terms of mapping in ASTRA for the ρ of
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PROCESS, a certain difference in mapping will still remain due to the neglected Shafranov
shift and triangularity from the side of PROCESS. One could try to find a mathematical solution for this issue, but if this is to be done, it would involve introducing a better magnetic
equilibrium solver for PROCESS, which is out of scope for this project.
A set of spatial points describing the outline of the last closed magnetic surface of the DEMO
reference design of March 2017 was constructed for the work described in Subba et al. by the
author [58]. The author of [58] allows usage of these points for the DEMO modelling in this
project. Combined with the profiles from PROCESS, an ASTRA simulation is performed to
calculate the magnetic equilibrium and write a set of (r, z) coordinates describing the magnetic
topology of the plasma.
With the magnetic equilibrium and the means to construct the fusion power density profile,
it is possible to compare the old and the new neutron production density rate distribution, as
neutron production rate scales linear with the fusion power. The two dimensional distribution
of both the previously used and newly calculated neutron production distribution is given in
figure 12.

Figure 12: The normalized fusion power density distribution profile of DEMO as assumed for
the old neutron source description and the newly calculated source description with ASTRA,
left and right respectively. The total neutron production considered is equal, but a normalized
distribution is depicted here, since the non-normalized values of the profiles are unknown for
the old description.
It must be noted here that both distributions are normalized over the maximum value in the
centre. The reason for not displaying and comparing true numbers was that these numbers are
not available for the old neutron source description, which did not require any temperature or
density values like Ti,0 or ni,0 to operate and construct the standard parabolic profile. Using a
volume integral technique it is possible to estimate what the old neutron emission profile would
have been, however, using a trial and error approach. A second comparison overview is given
in figure 13.
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Figure 13: The fusion power density distribution profile of DEMO as assumed for the old
neutron source description and the newly calculated source description with ASTRA, left and
right respectively. The distribution profile in non-normalized version was unknown for the old
neutron source distribution and recreated through an estimate and trial and error approach and
a volume integration technique.
There are several notable differences between the emission distributions. First of all there is
a difference in the shape of the magnetic contours, which spells a difference in the distance between distances of the various lower and higher neutron emission zones of the plasma to the wall.
A second difference is the difference in assumed temperature and density profiles. The newly
computed plasma configuration has a larger neutron production in the centre, while the older
set-up will have a bit lower neutron production in the centre and higher neutron production in
the outer magnetic layers. The third major difference is the inclusion of an approximately 28 cm
Shafranov shift outwards for the newly computed plasma configuration that was not included
in the previously used plasma set-up.
Then there is a difference in the fact that the ASTRA calculated set-up will include D-D
fusion neutrons, whereas the previous set-up only assumed D-T fusion neutrons and then there
is a small difference in the energy spectrum of the D-T neutrons, since a broader spectrum is
assumed for the D-T neutrons in the ASTRA calculated set-up, because the average temperature
of the ions is slightly higher in the ASTRA computed set-up with respect to the old description.
For the investigation concerning DEMO, the latter two differences are not expected to play a
major role, since the contribution of D-D fusion to the neutrons is 0.6% and the average D-T
fusion neutron energy remains 14.1 MeV. Hence the inclusion of D-D fusion and a slightly
broader energy spectrum might not play a large role, as much as the difference in magnetic
topology, profiles and Shafranov shift, but are still worth mentioning

3.2

Development of a new MCNP neutron source description program

In order to investigate the neutron induced nuclear responses in DEMO the code MCNP will
be used. An old neutron source exists for MCNP to simulate neutron production of arbitrary
tokamak plasmas with a parabolic profile, called TRANSGEN [11]. The limitation to all these
systems is the fact that they can only describe neutron production for tokamak plasmas that
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can be fully parametrized according to the exact D-shape magnetic surface geometry and electron density and temperature profile shapes as given in [11].
As part of the project, a Fortran 90 program is written, called the Arbitrary steady state
Tokamak Configuration to Explicit RAndom NEutron Source or ATCERANES. While the goal
in this project is to investigate DEMO, the ATCERANES program was made flexible to support any steady state tokamak plasma scenario, including those for which no parametrization
like the D-shape equations or standard temperature and density profiles can be made. Two
versions of ATCERANES are developed in line with two methods of defining a particle source
in MCNP, namely an external source subroutine that can be compiled with the code and an
interface that can write explicit source definitions that could be inserted in MCNP input files.
Both are capable of reading the output data of the ASTRA simulations and describe the neutron production of DEMO in MCNP simulations. The development process and inner workings
of ATCERANES, including applied mathematics and verification analysis, is described in this
chapter.

3.2.1

The working principles of ATCERANES

ATCERANES, both in subroutine and explicit source writing format is made to read the output produced in the ASTRA simulations. The program allows use of the point grid with (r, z)
points to construct the magnetic surfaces directly, but also to assume fitted Fourier equation
14 as format by letting the subroutine read a file containing various coefficients rck , rsk , zck and
zsk . It is also possible not to use any external file reading for the geometry and have the plasma
geometry based on the D-shape equation 17.
For the data of ASTRA calculated for DEMO, it is known that the r(ρ, θp ) and z(ρ, θp )
equations of each magnetic surface have the form of equation 14, but the exact ρ-dependence of
the Fourier coefficients is unknown and therefore linear interpolation between magnetic surfaces
is used. The fitted Fourier coefficients rck , rsk , zck and zsk of the individual magnetic surfaces are
all stored in another text file.
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Figure 14: In order to prepare data for the use with the ATCERANES neutron source, one takes
the set of (r, z) points outlining the magnetic equilibrium, indicated with blue dots in this image,
and uses a curve fitting medium to fit Fourier curves to these points. The fitting coefficients
rck ,rsk , zck and zsk are stored in a separate file that ATCERANES can read to reconstruct the
magnetic equilibrium directly.
The fitting is done with Matlab for the DEMO results calculated with ASTRA.The decision
is made to fit the original magnetic contours through the points according to equations 14 and
taking into account up to k = 20 moments. This decision is made based on the observation
that the calculated accuracy of the calculated fusion power compared to the value calculated
originally saturates here at 0.02 % difference in combination with the observation that the fitted contours match the original contour very well. This is visible from graph 28 in the appendix.
ATCERANES will construct the geometry based on the D-shape plasma geometry equations,
a (r, z) point grid read from a text file, a set of profiles to reconstruct equations 15 and 16 or
equation 14 based on a set of coefficients for various magnetic surfaces read from a text file.
Afterwards the system will either read more text files storing the profiles of ion temperature, ion
density and fusion power density of D-D fusion and D-T fusion or construct all this information
based on the L-mode or H-mode methodology proposed in [11]. If ATCERANES was instructed
to read external text files, but is unable to find them or open them in the folder, the system
will automatically use the D-shape geometry equations, in case of a missing geometry file and
pedestal featuring profiles in case of missing ion temperature, ion density or fusion power density
files. In case of nuclear response analysis of this project, ATCERANES will use the described
Fourier series reconstruction of equation 14 based on prepared fits of the ASTRA calculated
magnetic surface, (r, z), contour points with MATLAB. The temperature and density profiles
read and used are those calculated with PROCESS.
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Figure 15: The plasma is divided in a set of cells, that will all be labeled with a neutron emission
probability, from which a cell is selected as ”birth cell” for each neutron that is sampled during
an MCNP simulation..
The plasma is then segmented in volume cells, as seen in figure 15, by the algorithm that
then calculates the probability that a neutron is produced in a certain volume cell by taking a
volume integral of the local fusion power density of each volume cell and normalizing over the
total volume integrated fusion power. This equation is given as
R ρi

fi−1/2 =

R 2π
ρi−1 0 Pf,den (ρ)r(ρ, θp ) |J(ρ, θp )| dρdθ
,
R ρi R 2π
ρi−1 0 r(ρ, θp )J(ρ, θp )dρdθ

(21)

where Pf,den is the fusion power density, r being the equation that describes the radial coordinate
and |J| being the determinant of the Jacobian matrix
J=

∂r
∂ρ
∂r
∂θ

∂z
∂ρ
∂z
∂θ

!

.

Depending on the choice of the user, the θp -dependence is taken as a linear interpolation between
points or in the form of equations 14 reconstructed with the coefficients. The ρ-dependence is
taken linear between different magnetic surfaces in the grid.
For each sampled neutron a random number decides first in which volume cell of the plasma
the neutron is to be produced. Then an (r, z) coordinate within this cell is decided upon to
be the 2D point of creation by two more random numbers. A third random number calls upon
the toroidal symmetry and translates the selected r coordinate into an x and y coordinate.
Using the temperature in the selected volume cell a random energy is drawn from the Gaussian
distribution given by equation 6. For the initial flight direction an isotropic distribution is
assumed and this will be random. A more detailed description of the neutron source’s used
mathematics and inner working is given in appendix C.
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3.2.2

Verification analysis

In order to verify whether the ATCERANES system works, verification tests are to be performed. It is important to know that ATCERANES accurately samples the neutrons in terms
of spatial birth coordinates and energy. ATCERANES will always divide the plasma in cells and
calculate a neutron birth probability for each of those cells, from which MCNP will randomly
sample birth cells and points for the neutrons. The neutron emission of all these cells combined
is normalized and adds up to 1.0. If a specific plasma cell of a tokamak plasma defined by
ATCERANES has a neutron emission of 0.01 for example, you would expect 1 % of the total
neutrons to be sampled from that cell when testing ATCERANES in MCNP.
MCNP simulations are performed in which 107 , then 108 and then 109 neutrons are sampled
using the ATCERANES program as neutron source. All the birth coordinates of the sampled
neutrons are stored. Afterwards the birth cell is found for each neutron that was sampled.
These results are then normalized over the total number of particles and plotted against the
expected emission for each cell. The results are given below in figure 16
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Figure 16: The calculated neutron emission for the discrete domains or cells in the plasma
against the expected emissions for those cells after performing MCNP simulations for 107 ,
108 and 109 neutrons. Horizontally the ATCERANES pre-calculated emission probability of
each plasma cell is given against vertically the observed emission probability after an MCNP
simulation.
Visible is that there is a large mismatch for plasma cells that had a low normalized emission
and larger mismatches between expectation and calculations arise when simulating with fewer
particles due to statistical inaccuracy. It is assumed that the very large inaccuracies are a
result of the cells describing the edge of the plasma, where the neutron emission is very low in
comparison to the centre. In order to confirm as much a small part of the plasma edge is left out
of consideration and a recalculation of the total fusion power generated by the plasma showed
that this neglected part of the plasma is responsible for only 0.1 % of the neutron production.
The calculated emission is then plotted again against the expected emission for all remaining
cells.
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Figure 17: The calculated neutron emission for the discrete domains in the plasma against the
expected emissions for those domains after performing MCNP simulations for 107 , 108 and 109
neutrons. Here, a small section of the outer plasma was left out of consideration worth 0.1 %
of the total neutron production.
Large statistical errors remain in the results of the 107 particle simulation, even after leaving
out the results for the outer plasma. When simulating with 108 and 109 particles the large
statistical inaccuracies observed come from the low emission area at the plasma edge worth
0.1 % of the total neutron production. Given that the accuracy improves upon increasing the
statistical accuracy through the number of sample particles used and remains mostly for the
low emission regions of the plasma, it is assumed that statistical accuracy is indeed the cause of
the mismatching emission observed and could be eliminated if simulations with more particles
are sampled. Given that the large majority of the errors stems from the outer region of the
plasma with low emission and worth 0.1 % in total, the decision is made that simulations with
108 would be sufficient for future calculations with a preference to use 109 if computation time
does not increase too much.
Then the energy spectra are plotted against the expected Gaussian spectra of D-D and D-T
neutrons. The results are given below.
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Figure 18: The energy spectrum of D-D(left) and D-T(right) neutrons and the expected spectra
for DEMO when testing the energy sampling of ATCERANES. Both the subroutine version and
explicit(SDEF card) version were tested and the spectra of the respective versions plotted in
red and blue over the expected Gaussian spectrum given in black.
It can be seen that the energy spectra are according to the predicted Gaussian and the
lines almost match. The neutron energy spectra obtained from simulations with the explicit
source of ATCERANES match the expected Gaussian, but the simulations performed with the
subroutine show a slightly different spectrum. This is because the subroutine assumes a local temperature for each defined plasma cell and a local neutron energy spectrum as a result,
whereas the explicit source uses a global spectrum, as it was not possible to define a different
spectrum for each cell. This results in the spectrum assumed for the neutron source subroutine
to be slightly thinner.
Given that nearly fitting Gaussian spectra are obtained and the mismatches due to statistical inaccuracy hardly affect the spatial neutron production distribution, it can be said that
ATCERANES works and can be used to perform MCNP simulations to investigate neutron
transport and neutron irradiation effects for arbitrary tokamak reactors.
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4

Nuclear response analysis of in-vessel components

Using ASTRA the magnetic equilibrium and the contour lines of the magnetic surfaces have
been calculated for DEMO. In addition the MCNP neutron source program ATCERANES has
been written. As such the new neutron source description for MCNP is complete when using
the results of the ASTRA simulation in combination with ATCERANES.
In this chapter the methodology and results for the nuclear response analysis simulations
are discussed. First a description is given on the already existing HCPB DEMO MCNP model
that will be used to describe the material components of the DEMO reactor in the simulations
and be equipped with ATCERANES, using the previously generated ASTRA results as input,
as the neutron source.

4.1

Modelling of DEMO in MCNP

The HCPB DEMO MCNP model is used for investigating nuclear responses in the vacuum vessel as a result of neutron irradiation. This model is based on the mentioned European DEMO
baseline design of 2017 and describes a toroidal slice of the vacuum vessel, the breeding blanket
and the magnetic coils [12] . The area in the vacuum vessel where the plasma would reside is
treated as an empty area and this is the region where the neutron source description used would
simulate the neutron generation. Moving outward from the center of the vacuum chamber there
are the breeder modules, enclosed with an U-shaped first wall facing the plasma. Inside the
breeder modules are the breeder pins that consist of a helium inlet pipe for cooling, enclosed
by a breeder material layer consisting of Li4 SiO4 and 35 Mol% Li2 TiO3 . The breeder material
layer is in turn enclosed by an outlet pipe for helium. An overview of the model was already
given in figure 4, which depicts the schematics on which the MCNP model is based.
In MCNP every part of the reactor is described as a cell enclosed by in-code surfaces. Therefore it is possible to equip the cells describing certain components of the reactor with MCNP
tallies that can track the number of neutrons passing through these cells or surfaces and, if
necessary, combine these numbers with cross section data of the MCNP nuclear data library.
Using the obtained magnetic topology description and ion temperature and ion density profiles
from the simulation performed with ASTRA as input for ATCERANES, various neutron induced nuclear responses are investigated.
This chapter will contain some imagery in which a nuclear response distribution is plotted
as function of the breeder modules. In order to clarify this in advance, figure 19 serves as
an indication which number corresponds to which breeder module and how to read the figure
containing the results.
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Figure 19: An overview of the breeder modules in the HCPB blanket and which breeder module
number indicates which breeder module in the actual model. One should treat module number
1 as the module at the mid plane in the outboard(OB) blanket, then going counterclockwise
over the inboard(IB) blanket and ending at the breeder module in the equatorial midplane in
the outbard blanket.

4.2

First wall neutron load

In order to calculate the neutron wall load the MCNP surfaces in the DEMO model separating
the first wall cells and the plasma chamber cells can be equipped with tallies type F 1 and F 2
that track neutrons crossing these surfaces. The F 1 tallies count the energy of neutrons passing
through a surface, while the F 2 tallies are used to calculate the surface size of each wall tile
under consideration. By dividing the calculated responses of the F 1 tallies by the response of
the F 2 tallies of the corresponding wall tiles, a distribution of the neutron wall load can be
given in MWm−2 . Simulations are performed for 109 particles.
The neutron wall loading profile for DEMO is computed and compared with the neutron
wall loading profile that was computed for the previously assumed plasma set-up. The results
are given below.
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Figure 20: The neutron induced wall load distribution on the first wall of DEMO 2017 ordered
by breeder module. See figure 19 to know which module number indicates which breeder module
in the blanket. In this figure OB stands for ”outboard”, the blanket modules on the outboard
side of the torus and IB stands for ”inboard”, the inboard side of the torus. Note that 36
modules are counted in figure 19, while here we count 37. In this case we should count number
1 and 37 as blanket module 1 from figure 19.
Visible from the graph is that there is a difference observed in wall load. At the outboard
side of the first wall a larger load of approximately 10 % is observed, while the neutron wall
load is a bit lower for the inboard, top and bottom wall sections. This observed difference can
be explained as follows. The introduction of the Shafranov shift means that the core of the
plasma, where most neutrons are produced, is shifted in the outboard direction, which means
that, in comparison with the previously assumed plasma configuration, there is a larger neutron
production close to the outboard wall sections in mid-plane and a lower neutron production
close to the other wall sections. In addition the introduction of the profiles with a pedestal and
the fact that the central magnetic surfaces have a rounder shape means that neutron production
is even more confined to the regions of the plasma close to the magnetic axis and reduced at
the plasma edge. The concept of all three mentioned changes between the previously assumed
plasma configuration and newly introduced plasma configuration playing a role can be further
supported through figure 30 in the appendix, where the individual influence of these changes is
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depicted.
The observed differences in neutron wall loading for the various regions of the first wall are
not to be considered a problem, because the upper limit is 8 MWm−2 according to the PROCESS
simulation of DEMO that had been performed, while the maximum wall load observed here is
1.47 MWm−2 . However, the differences observed here, imply that there will be a difference in
nuclear power generation distribution in the tritium breeding blanket as well. Before a jump
to premature conclusions is made the results obtained from the calculations into nuclear power
generation and power density profiles will be evaluated.

4.3

Tritium breeding ratio

In MCNP one can determine the tritium breeding ratio by installing F 4 tallies counting how
many neutrons enter the model cells filled with either neutron multiplier material and lithium
atoms. Then through multiplication with the density of the neutron multiplier atoms, 6 Li and
7 Li, or breeder material atoms, 9 Be, and using the cross section for these three reactions, which
is available through the nuclear data of MCNP, the tritium breeding ratio can be determined.
Simulations are performed for 108 particles.
A value of T BR=1.1740±0.0004 is obtained from the calculation. This is hardly larger
than what was calculated for the previous plasma configuration, T BRold =1.1731±0.0004. A
difference that could be found, however, is that tritium breeding would now take place in the
outboard blanket to a larger extent with respect to the previous assumed plasma configuration
and to a smaller extent in the inboard blanket. Given that the same fraction of the fusion neutrons will enter a blanket module, the chances that a neutron successfully engages in a neutron
multiplication reaction or a tritium breeding reaction with lithium remain the same and as such
the same level of tritium breeding is to be expected.
Important to note here is that a tritium breeding ratio of 1.17 seems very promising in
contrast to the required 1.05 stated earlier. The difference is, however, that the MCNP model
used in the calculations does not take into account the limiter or heating and diagnostic tools
that will be embedded in DEMO’s walls. The implementation of this machinery will reduce the
space that can be effectively used for tritium breeding and, as such, the tritium breeding ratio
will be lower in reality.

4.4

Nuclear power production

The amount of nuclear power that is produced in the breeding blanket, the vacuum vessel walls
and the divertor due to power deposition by the neutrons and photons can be calculated by
using MCNP’s F 6 tallies that are designed to calculate the power deposition in cells of the
MCNP model in units of M eV /g. Since the power deposition is calculated for various cells it is
also possible to find out where all the power deposition and generation takes place and if there
is a difference between the situation where the old plasma description was used and one where
the plasma description calculated with ASTRA is applied. The tallies are already normalized
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over the mass of a cell and give a result in M eV . Simulations are performed for 5 · 107 particles
as a trade off for how long the simulation would take and statistical accuracy.
The amount of nuclear power generated in the blanket is calculated for the old neutron
production scheme and for the combination of ATCERANES and the ASTRA and PROCESS
generated data of DEMO. The distribution profile is given in figure 21.

Figure 21: The power generation as a result of energy deposition by neutrons and photons in the
individual inboard and outboard blanket modules of DEMO for the neutron production of the
previous plasma configuration assumed and the new plasma configuration. In order to recognize
the blanket modules on both graphs, the inboard blanket modules on the left are module 11
to 27 seen in figure 19 and the outboard blanket modules in the right image are respectively
blanket modules 10 to 1 followed by 36 to 28 from figure 19.
There is once again an observed increase in the calculated response values for the regions in
the outboard section that lie around the equatorial mid-plane as a result of the now included
Shafranov shift and an increase in the number of neutrons in the outboard area of the plasma.
The inboard sections show a decrease in the calculated power deposition. However, the relative difference with the results obtained in simulations with the previous plasma set-up is not
as large as seen in the results for the neutron wall load distribution, as the largest difference
observed is only 7 % now and not 10 %. It is possible to state here that there is a difference
in neutron wall load and the amount of energy that is deposited in the corresponding breeder
module.
Sometimes the total number of neutron carried energy entering a specific blanket module
through the first wall is larger or smaller with a certain percentage, but the energy production
in that module is not smaller or larger with the same percentage. This can be explained using the logic that neutron wall loading depends on the number of neutrons passing through a
surface, but power generation is also a result of photons produced in various occurring particle
interactions. This knowledge could explain why the relative difference observed between the
comparison analysis results of the first wall neutron wall loading profiles and the power generation is different.
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When assessing the total the nuclear power generation in separated components within the
vacuum vessel the results below should be considered.
Table 3: The nuclear power generation in various reactor components of DEMO.
Power generation(MW)
Blanket
Vacuum vessel
Divertor
Magnetic coils
Total

Old plasma configuration
1951.5
45.0
169.2
0.07
2165.7

New plasma configuration
1961.3
45.0
163.6
0.07
2169.9

These results show that no higher or lower amount of power generation occurs in either
the vacuum vessel or the magnetic coils, but slightly more power is generated in the blanket
for the new plasma configuration, while for the previously assumed plasma configuration a
higher power generation was calculated in the divertor. This observation can be explained
through the differences in both plasma configurations with respect to the neutron production.
The introduction of rounder magnetic contours and profiles with pedestals over the parabolic
profiles means that the neutron production is intensified in the region of the plasma close to
the magnetic axis and reduced in the edge regions of the plasma. This means that the average
neutron is produced further away from the divertor and, as a result, the divertor will receive a
lower amount of irradiation, whereas more neutrons will enter the blanket. This would increase
the tritium breeding ratio, which does not appear to increase here, but it is also better if
the irradiation load on the divertor decreases, since the divertor will already receive a lot of
irradiation due to heat transport.

4.5

Power density profiles

In a similar fashion F 6 tallies can be used to calculate the profile of power density as function
of the distance the neutron penetrate into the blanket module and the vacuum vessel walls
afterwards. These tallies calculate a power value on various locations throughout the breeder
module, the vacuum vessel walls and the magnetic coils. Through a second simulation using F 4
tallies for the exact same cells, it is possible to calculate the volume of each cell in the model
for which a response is calculated. By dividing the cell tally score by the volume of the cell a
local power density value can be computed throughout the blanket and the vacuum vessel wall.
This calculation is to be performed for both the inboard blanket in mid-plane and the outboard
blanket in mid-plane. Simulations are performed for 5 · 107 particles as a trade off for how long
the simulation would take and statistical accuracy.
The power density profile in both the mid-plane inboard and outboard section of the breeder
blanket is calculated through an MCNP simulation using the ASTRA calculated plasma configuration data of DEMO for the neutron source production description. The results are compared
with previously obtained results in an MCNP simulation calculating the power density profiles
in DEMO when using the previous plasma configuration.
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Figure 22: The radial power density profile for the inboard mid-plane of the breeding blanket.
This image represents the profile for the blanket module 22 of figure 19. On the left at 0 cm
is the first wall facing the plasma, followed by the blanket module itself. Further to the right,
from 78 cm onwards is the vacuum vessel.
In the inboard blanket and vacuum vessel the difference observed in volumetric power deposition profile when comparing the older results with the newly calculated profiles. However,
the profiles calculated for the new plasma configuration shows a slightly larger power density
in comparison to the profile obtained in the elder calculations, be it for the profile representing
power density of the Eurofer steel, the ceramic breeder material or the beryllium. While one
would expect to see this the other way around, given that in previous calculations a reduction
in quantitative values was observed when performing simulations with the new plasma configuration, this result is not unexpected, since the calculation was performed at the mid-plane.
The inboard blanket module labeled with 13, seen in figure 21, shows a similar difference
in that assuming the new plasma configuration yielded a slight increase in value for the observed nuclear response and this module is located at the mid-plane, where the power density
calculation was performed. For the vacuum vessel the limit on power density is 0.5 Wcm−3 [59]
and it is visible from the figure that the very small changes do not result in this critical limit
being exceeded, although it is close to being exceeded at the border between vacuum vessel and
blanket in the first place.
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Figure 23: The radial power density profile for the outboard mid-plane of the breeding blanket.
This image represents the power density profile in blanket module 1 from figure 19, the first
wall at the left and then moving further into the blanket module away from the plasma when
going to the right.
The power density profiles calculated for the outboard blanket in mid-plane clearly shows
quantitatively larger values with respect to the profiles calculated for the old plasma configuration. This is expected based on the larger number of neutrons received when assuming the
new plasma configuration, which in turn causes an increase in the amount of energy that is
deposited in the breeder blanket.
The new neutron source description does not come with drastic changes in nuclear responses
for the tritium breeding ratio, vacuum vessel or neutron wall loading profiles so far, either because hardly anything changes with respect to the old neutron source description or because
there is no danger of exceeding a critical limit with the induced changes in nuclear response
values.
But there is a consequence of the nuclear power generation with respect to the temperatures
in the blanket and the cooling system. Additional nuclear power generation will affect the outlet

47

temperature of the helium coolant, which is supposed to be kept constant at 520 o C everywhere
in the blanket and under 550 o C, the maximum allowable temperature in the blanket for the
Eurofer steel [32] [60].
Figure 24 shows the temperature distribution observed based on the power density and power
deposition profiles obtained from simulations assuming the old plasma configuration.

Figure 24: The temperature distribution in the outboard blanket section of DEMO at the
mid-plane. The image was taken from [32]. Neutrons would enter this blanket module coming
from the bottom left, the side of the structure that features the orange colored hot spots, and
generally propagating in upper right direction to the back of the structure.
The figure and the corresponding source paper confirm that the outlet temperature of the
coolant can be kept at 520 o C for the previously assumed neutron production scheme. For the
new plasma configuration, a maximum increase of roughly 7 % in power deposition is observed.
For the extraction of heat from the blanket by helium cooling, the equation
P = cp ṁ(Tout − Tin ),

(22)

can be used, where P is the power in the blanket, cp is the heat capacity of helium at constant
pressure, ṁ is the mass flow of helium through the blanket module, Tin is the inlet temperature
of the helium, which is 300 o C and Tout is the outlet temperature of the coolant [61].
Considering that the design of the reactor remains unchanged, cp and ṁ remain constant.
Then the difference in outlet temperature and inlet temperature of the coolant scales linearly
with the power generation and would, as such, also increase with 7 %. Given that the inlet
temperature of the coolant does not change, this means that this would increase the outlet
temperature of the coolant to 535 o C. The maximum allowed temperature for the Eurofer steel,
the structural material in the blanket, is 550 o C [32]. This temperature is not exceeded yet, but
the margin that remains for temperature excursions would be lower.
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At the same time an outlet temperature decrease is to be expected for blanket modules that
now have a lower power generation. The maximum relative decrease observed is 8 %, which
would result in a local outlet temperature of 502 o C for the coolant, given the same ṁ, cp and
Tin . The creation of hotspots across the blanket and the difference in outlet temperature of the
coolant could result in thermal stresses across the blanket, due to temperature gradients, and
therefore it would be necessary to homogenize the outlet temperature of the coolant [32].
This would imply that a revision of the cooling system is necessary [60]. Given that the
power generation is also linearly related to the mass flow ṁ, the solution to the problem would
be to increase or decrease the mass flow of coolant with the same percentage as the respective
increase or decrease of the power generation for each blanket module. This would cancel out
the increase or decrease of deposited power and would then bring the outlet temperature of
the coolant back at 520 o C in all the blanket modules. In order to achieve this, it would be
necessary to equip the blanket modules with an increased power generation with wider cooling
tubes and diminish the size of the cooling tubes in the blanket modules with a decreased power
generation, which may in turn have the consequence that in some modules less space will be
available for tritium breeder materials.

4.6

Neutron flux

A special track length tally F mesh4 is used to calculate the neutron flux. This tally creates
a track length tally over the problem geometry and could be used to calculate a track length
particle flux averaged over a cell in the geometry. This way a discrete set of volume sections
can be defined and the particle flux for each volume section defined. The results obtained can
then be plotted in the form of a neutron flux as function of the distance from the first wall.
The MCNP model is equipped with an F mesh4 tally to calculate such a profile for the inboard
blanket module in mid-plane. Simulations are performed for 109 particles.
A difference between the neutron flux profile and the neutron wall loading is that the neutron
flux profile is meant to find out how many neutrons are stopped while traveling through the
blanket and the neutron wall load is to calculate the heat flux the first wall has to endure.
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Figure 25: The radial neutron flux profile for the inboard mid-plane of the breeding blanket.
Similar to the power density profile calculations, the figure represents blanket module 22 from
figure 19, in which one should consider the outer left the first wall and the rest is the blanket
module, followed by the vacuum vessel from 80 cm to the right and onward.
Approximately the same neutron flux is observed throughout the breeder blanket and the
vacuum vessel, implying that the introduction of the new plasma configuration does not mean
that an improvement to the neutron shielding capacity is required. It could be noted in this
section that only the calculated neutron flux for the breeder section and a part of the vacuum
vessel walls are given, while the results for the magnetic coils are left out. This decision was
made based on the large statistical inaccuracy that was observed for the values calculated for
these parts of the reactor. Such errors could potentially be eliminated by repeating the same
MCNP simulation with more particles or a variance reduction technique, but due to a lack of
time this was not done. Given that the neutron fluxes observed for the old and new plasma
configuration are equally large throughout the breeder modules and the vacuum vessel walls
strongly suggests that no change will be observed in the magnetic coils either.
For the magnetic coils there is a limit in neutron fluence of 1022 neutrons per m2 over the
course of their usage, which was previously not exceeded, but for the vacuum vessel and the
blanket the tolerable number of neutrons passing through is expressed in displaced atoms per
unit or dpa, which is a measure of expressing damage levels by neutrons. For the blanket
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structure the maximum number of dpa per six years of operation is 50 dpa and for the vacuum
vessel this is 2.75 dpa [59]. Given that both levels were not exceeded for their respective
components [62], this is not going to be the case for the new neutron source description either.
No dpa calculations were performed in this project to confirm this because of time constraints,
however, so this is speculation.
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5

Plasma radiation load on the first wall

The work with ASTRA inspired to initiate an additional investigation to determine if the plasma
radiation would deliver a critical radiative load to the first wall. ASTRA could also produce
the ρ dependent profiles for the plasma radiation and with the magnetic equilibrium known,
it would be possible to construct the plasma as a radiation source, similar to the neutron source.
The information given in this section serves as a theoretical basis for the additional investigation in this project that is about the radiative load on the first wall of DEMO and the work
with the code CHERAB to that end.

5.1

Plasma radiation in a fusion reactor

There will be several forms of radiation from the plasma in a fusion reactor. This is a result of
particles losing kinetic energy in the form of photons, either directly through particle interactions or emitting energy as a result of being energetically excited.
Plasma radiation is to an extent stimulated by seeding heavy impurities in the plasma. Normally, one would prefer to avoid using chemical elements of large mass in the materials close to
the plasma, since such heavy elements could end up in the plasma and then absorb and re-emit
energy. The distribution in emission direction of this radiated energy is isotropic. This impurity
radiation could cool down the plasma to critical levels and ruin the discharge. On the other
hand the absorption and re-emission by controlled impurity seeding serves as a way to reduce
the heat power flux to the divertor [63].
In DEMO there will also be a lot of impurity radiation. In smaller reactors this could be
done by putting lighter impurity atoms in the scrape of layer, like N or Ne [63], close to the
walls of the vacuum vessel, but this will not be sufficient in DEMO and as such, xenon is used
as an impurity. The equations for line radiation by different assumed impurities are given in
appendix B.4.
In addition to impurity radiation, there is bremsstrahlung in a tokamak. This type of
radiation is emitted by charged particles that are slowed down by other charged particles. The
kinetic energy lost by the slowed-down particles is then emitted in the form of photons. Most
bremsstrahlung is emitted by slowed down electrons that come across a heavier charged nucleus
while propagating through the plasma. In case of very heavy nuclei the electron may be slowed
down to the point where it is completely stopped and emits all of its kinetic energy in the form
of bremsstrahlung [64]. In a fusion reactor this means that there is a lot of bremsstrahlung
through electrons. The power emitted in the form of bremsstrahlung by electrons is given as
Pbr = 5.06 · 10−5 Zef f n2e Te ,
p

where Zef f is the effective charge ion charge in the plasma [65].
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(23)

A third type of radiation observed in tokamak reactors is synchrotron radiation. Electrons
that experience an acceleration in a transverse direction while propagating at velocities close
to light speed rearrange the electric field around their charge and this results in a perturbation
that caused outward emission of radio waves. Synchrotron radiation has a wavelength in the
range of microwaves to x-rays [66]. In a tokamak the electrons will emit synchrotron radiation
as a result of being accelerated along the curved magnetic field lines. The total amount of
synchrotron power emitted is given as
v
u
5 u hne i
−7
2
Psync = 1.32 · 10 (hTe iB0 ) t
·

a

!

18a
p
,
1+
R0 hTe i

(24)

where hTe i and hne i are the average electron temperature and density respectively, the latter in
expressed in units 1019 m−3 for this equation [67].
In case of DEMO, most radiation is expected to come from the xenon impurity radiation
at the plasma edge. An estimate with ASTRA is that approximately 200 MW of radiated
power comes from xenon line radiation, then 60 MW of electron bremsstrahlung and 30 MW
from synchrotron radiation. In contrast to xenon radiation, the synchrotron radiation and
bremsstrahlung are coming from the entire plasma and not just the edge, the latter emission
coming even more from the centre than the edge.

5.2

Modelling approach with the code CHERAB

For calculating the radiative load on the first wall of DEMO, a part of the approach used for
the neutron calculations can be repeated. ASTRA can calculate the plasma radiation profiles
as function of ρ and the magnetic equilibrium is known in (r, z) coordinates. However, MCNP
was not used in this approach. Note that it may even be possible to use MCNP by developing a
specific photon source instead of a neutron source, but one would have to define characteristics
of photons with specific energies being emitted as a result of various radiation processes.
Instead the ray-tracing code CHERAB is considered. CHERAB is a code, originally developed to simulate spectroscopic diagnostics in combination with the Raysect package that
allows for ray-tracing. CHERAB is capable of simulating bolometric systems using the Monte
Carlo method. A bolometer serves as a black surface that absorbes every photon it receives.
Tokamaks, for example, have small bolometer cameras installed for diagnostics, often made of
gold, since gold is an efficient absorber for photons of energies that match those of tokamak
plasmas [68].
A specific example method to perform a bolometric simulation with CHERAB is as follows.
One considers a radiation source and a detector. The detector is assumed to be absorbing all
the incident radiation and thus act as a bolometer. The radiation source is defined through a
set of equations and the Monte Carlo method. Considering a two dimensional Cartesian grid, a
number of sample points are taken in the grid. The defined equations for the radiation source
then compute for each sample point how much power is radiated at that location. After a
number of sample points a radiation distribution of the source has been defined. After the full
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radiation source term is defined through the sampling, the in-code ray-tracer will then sample
line segments from the code to calculate how much radiation the detector receives coming from
the radiation source [68].

Figure 26: The concept of defining the plasma as a radiation source in CHERAB and installing
the first wall a set of detector surfaces. Ray tracing is then used to calculate which radiative
load each detector receives.
This example simulation model can be applied in this project to simulate the radiative load
on the first wall of DEMO. One could define the plasma of the fusion reactor as the radiation
source and divide the first wall into a finite number of segments that will all in turn be defined
as bolometric detectors. Each wall tile detector is treated as homogeneous in terms of how much
radiation is absorbed on the surface of the tile. Note that a toroidal symmetry is assumed, since
the plasma radiation source and the first wall are defined in the two dimensional plane, much
like a poloidal slice of the torus. CHERAB then expands the model to a three dimensional
depiction, assuming symmetry and being provided with the location of the zero axis of the
major radius.
The outline of the DEMO’s first wall is also obtained from the data used in [58] as a set of
points, between which line segments can be drawn to serve as detectors. ASTRA can provide
the outline of the magnetic surfaces in the form of many (r, z) coordinates. In addition the radiation distribution on each magnetic surface can also be obtained from ASTRA output, based on
equations 24, 23 and equations 34, 35 and 36 from appendix B.4. The impurity concentrations
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in ASTRA are implemented as scaling with Cimp,i · ne , where Cimp,i is a scaling constant for
impurity species i. With this information a large set of flux surface points with known radiation
power values could be mapped into the CHERAB script. This results in a flux surface mesh
with a number of sections Mi of variable size a · da · dθp . CHERAB will define its radiation
source by sampling points. When a sample point is defined CHERAB will find out in which
section Mi the sample point lies by computing the four closest points, i.e the corner points of the
section. Through interpolation with the radiation power values of these four reference points,
a radiation power value is assigned to the location of the sample point. If the sample point
lies outside the outer flux surface it is automatically assigned a value of zero. The radiation
model will, however, not be serving as a fully accurate model to calculate the radiation load
on the first wall, since several aspect of the plasma radiation are not taken into account. The
flux surfaces are considered to be homogeneous in terms of impurity radiation, which is not the
case in reality [69]. Though DEMO’s last closed magnetic surface outline has the upper part
of the X-point implemented in its geometry, the X-point radiation is not taken into account.
Neglecting the X-point means neglecting a lot of line radiation. Therefore the radiation load
model will merely provide an indication of the radiation load of the first wall, but is to be
completed in future research.

5.3

Simulation results and discussion

As calculated with the same ASTRA simulations from which the neutron production profile
was derived in the previous chapters, the total radiated power by the plasma of DEMO baseline
2017 is Prad =320.56 MW, consisting of line radiation contributions Prad,Xe =199 MW by xenon
and Prad,W =67.4 MW, electron bremsstrahlung contribution Pbr,e =56.4 MW and synchrotron
radiation contribution Psync =25.03 MW. The impurity concentrations on each magnetic surface
were treated as fractions of the electron density with scaling constants Cimp,Xe = 3.473 · 10−4
and Cimp,W = 5.0 · 10−5 , which were pre-calculated with PROCESS. The reference design of
DEMO1 2017 is implemented in CHERAB in terms of radiation source and first wall, the former
by reading the contours produced by ASTRA and fixing radiation values on those magnetic surfaces. In order to determine the radiation source 200 sample points are taken. The first wall of
DEMO 2017 consists of 310 line segments. The plasma as a radiation source and the radiation
flux received by the first wall, computed by CHERAB, ares given in figure 27
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Figure 27: The plasma radiation in the plasma of DEMO 2017 and the radiation flux on its first
wall. In the left image the plasma is depicted with respect to the first wall and the radiation
emission density distribution is plotted. In the right figure the results of the radiative load
distribution calculations for the first wall are given. The position of the plasma with respect to
the wall is also given here.
The radiation is more prominent at the edges of the plasma, where the line radiation of the
impurities is high, especially xenon. This is the function of xenon, to radiate away a certain
amount of power in the outer layer of the plasma to ensure that the divertor receives a lower
amount of power [63]. Xenon is not supposed to radiate away power in the centre of the plasma
as it would result in too much loss of heat. The electron bremsstrahlung is larger in the center,
where ne and Te are larger in comparison to the edge, but the line radiation by the impurities
is dominant, resulting in a net radiation profile with larger values at the edges.
The maximum radiation load to the wall is 0.254 MWm2 , which is observed at the equatorial mid plane in the outboard section of the wall and the minimum is 0.022 MWm2 . Given a
maximum observed radiation load of 0.254 MWm2 and comparing this to the neutron loading
of the first wall, it is clear that neutron loading to the first wall plays a larger role and is almost
an order of 10 larger. Considering the neutron wall loading profiles calculated in chapter 4, the
neutron wall loading and plasma radiation load combined will reach a maximum total load of
approximately 1.7 MWm2 . Given that the critical limit, as calculated with PROCESS, has a
value of 8 MWm2 , it can be stated that the levels of plasma radiation do not result in a required
revision of the first wall design in terms of radiative load received.
In a real reactor the divertor tiles will receive more radiation from the plasma, since in
reality the plasma will have the X-point in the divertor section, which was not included here.
In addition the impurity distribution was considered symmetric on each flux surface, which will
in reality not be the case either. This model will, as such, only give an idea of the radiative
load received by the first wall of the breeding blanket, but in order to get a good impression
of the radiative load on the divertor of DEMO, the model will need to be expanded to better
represent X-point radiation and a more accurate distribution of impurity species in the plasma.
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6

Conclusions

The project in this report involved the development of a MCNP neutron source description
in order to give a better representation of the neutron production in DEMO for investigating
neutron induced nuclear responses in MCNP. Such analysis had previously been performed using an MCNP neutron source description that can only describe the neutron production for a
plasma featuring parabolic profiles for particle temperature and density with a D-shaped magnetic topology, which is not in line with the currently predicted parabolic profiles featuring a
steep edge gradient and the not top-down symmetric plasma shape of DEMO, but whether this
played a critical role for the observed values in neutron induced nuclear responses remained to
be investigated.
A flexible MCNP neutron source description, named ATCRANES, was developed that can
now be used to describe arbitrary steady state tokamak plasmas. Using the tokamak plasma
transport code ASTRA in combination with plasma parameters and particle temperature and
density profiles calculated with the PROCESS code and a set of points outlining the boundary
of DEMO’s plasma, a simulation was performed to calculate the magnetic contours and deuterium, tritium density and the ion temperature profile of DEMO.
Three major differences were observed between the newly calculated plasma configuration
and the one that had previously been assumed for DEMO, that could affect the neutron distribution in the reactor. The new plasma configuration involved a temperature and density profile
with a pedestal and rounder magnetic surface contours, both of which result in a relatively
larger neutron production in the centre of the plasma column and a lower neutron production
at the plasma edge, while the third difference, the introduction of a Shafranov shift of 28 cm
outwards, moved this plasma core with an already larger neutron production than previously
assumed in outward direction.
When repeating the MCNP simulations to calculate neutron induced nuclear responses for
DEMO with the newly computed plasma data to describe the neutron production, and comparing the acquired values with those obtained using the previously assumed neutron production
scheme, the following was observed. The tritium breeding ratio retains roughly the same value
and seems to be independent of where the neutrons are produced with respect to the wall as
long as there are breeder modules on both inboard and outboard side. A difference is observed,
however, when visualizing profiles of neutron wall loading, nuclear power deposition and power
density. In the outboard sections of the blanket close to the mid-plane an increase in values is
seen of respectively 10 % and 7 % for these responses and the other sections of the first wall
and the blanket see a reduction, due to the neutron production close to outboard mid-plane
sections having increased there, and decreased close to the other breeding blanket modules and
sections of the reactor.
The simulation performed with ASTRA also produced the necessary information about
DEMO’s plasma to model the plasma radiation load on the first wall of DEMO coming from
the plasma bulk. This was done with the ray tracing code CHERAB that simulates the first
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wall of DEMO as an all-absorbing surface and treats the plasma as a radiation source. All
with all the observed radiation load is small, a maximum of 0.254 MWm−2 , compared to the
wall load induced by neutron irradiation. According to the results of the PROCESS code, the
critical limit of wall loading is 8 MWm−2 , with the radiative wall load and the neutron wall
load combined reaching approximately 1.7 MWm−2 in the maximum.
In the end, the project objective could be achieved and the question related to the objective could be answered. The introduction of a new neutron production scheme to represent
DEMO’s plasma results in a quantitative difference in neutron induced nuclear responses when
a comparison is made with the previous assumed neutron production scheme. For the tritium
breeding ratio this is a value 0.001 and for other observed nuclear responses it may be more
relevant to express the relative difference of 7 % at the outboard mid-plane blanket modules.
That would bring, as important consequence, a raise in the outlet coolant temperature in the
outboard wall sections close to the mid-plane and a reduction in outlet coolant temperature in
other sections of the wall, resulting in thermal stresses across the blanket. This problem could
be solved, however, if the coolant mass flow is increased at the targeted locations with the same
percentage to bring the outlet temperature back to 520 o C that was calculated before [32]. This
would require a revision of the current cooling model in terms of the sizes of cooling tubes on
various points in the blanket.

7

Outlook

The introduction of a new neutron source description may not have shown many changes in
values of nuclear responses, but still a part of the original reactor design based on the old results,
the cooling systematics in the blanket, would need a revision. And the neutron source description developed in this project will most likely not be the final representation of the neutron
production in DEMO.
The simulation with ASTRA performed to generate a description of DEMO’s plasma remains
a subject to various assumptions and simplifications. The temperature and density profile data
and corresponding ρ value of PROCESS for every profile point is not the same as ASTRA’s,
resulting in a slight mismatch in mapping. A way of solving this problem would be using a
predictive or non-steady state modelling approach in which ASTRA calculates the full equilibrium including the profiles. Then the PROCESS profiles could serve as a first guess, but
ASTRA would calculate the eventual equilibrium data on its own. However, such an approach
requires knowledge about all heating and fuelling systems and an implementation of these for
the ASTRA simulation to find a reliable equilibrium for DEMO.
With regards to the CHERAB modelling attempt to calculate the radiation load, it would
be better to use another code than ASTRA, if one seeks to determine the true radiation load
and a complete image radiation load on the divertor to find out if the radiation reaches a critical
level in that area.
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In order to expand on the results obtained in this project, there are a few more calculations
that could be interesting to investigate. The neutron flux profile was only calculated for the
inboard blanket, but an evaluation of the outboard blanket, where the largest differences in calculated nuclear responses were seen, would also be interesting, even though the results of this
project give an indication of what would occur. In addition the neutron damage distribution
and nuclear activation profiles would also be interesting to calculate for the outboard mid-plane
sections, something that was not done in this project.
Finally, looking at the future, it would be interesting to apply ASTRA and the new MCNP
neutron source subroutine to compute new data describing the plasma and repeat nuclear response analysis calculations for other tokamak reactors, like JET and ITER that have currently
been performed with the MCNP neutron source subroutine that describes tokamak plasmas
with parabolic profiles and a D-shaped magnetic topology. As such it would be interesting to
make an assessment of these reactors in the future as well, especially since they could be used in
experimental research for comparison with simulations, which could in turn be used to improve
on neutron source descriptions of DEMO.
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Fusion, vol. 55, no. 11, p. 113028, 2015.
[22] R. Ragona and A. Messiaen, “Conceptual study of an icrh traveling-wave antenna system
for low-coupling conditions as expected in demo,” Nuclear Fusion, vol. 56, no. 7, p. 076009,
2016.
[23] U. Fischer, C. Bachmann, J. Catalan, T. Eade, D. Flammini, M. Gilbert, J.-C. Jaboulay,
A. Konobeev, D. Leichtle, L. Lu, et al., “Methodological approach for demo neutronics in
the european pppt programme: Tools, data and analyses,” Fusion Engineering and Design,
vol. 123, pp. 26–31, 2017.
[24] F. Hernández, P. Pereslavtsev, Q. Kang, P. Norajitra, B. Kiss, G. Nádasi, and O. Bitz,
“A new hcpb breeding blanket for the eu demo: Evolution, rationale and preliminary
performances,” Fusion Engineering and Design, vol. 124, pp. 882–886, 2017.
[25] “Fuelling the fusion reaction.” https://www.iter.org/sci/FusionFuels Accessed: 23-7-2020.
[26] S. E. Kesler, P. W. Gruber, P. A. Medina, G. A. Keoleian, M. P. Everson, and T. J.
Wallington, “Global lithium resources: Relative importance of pegmatite, brine and other
deposits,” Ore geology reviews, vol. 48, pp. 55–69, 2012.
[27] F. Hernández and P. Pereslavtsev, “First principles review of options for tritium breeder and
neutron multiplier materials for breeding blankets in fusion reactors,” Fusion Engineering
and Design, vol. 137, pp. 243–256, 2018.
[28] M. Rubel, “Fusion neutrons: tritium breeding and impact on wall materials and components of diagnostic systems,” Journal of Fusion Energy, vol. 38, no. 3-4, pp. 315–329,
2019.
62

[29] M. A. Abdou, L. J. Wittenberg, and C. W. Maynard, “A fusion design study of nonmobile
blankets with low lithium and tritium inventories,” Nuclear Technology, vol. 26, no. 4,
pp. 400–419, 1975.
[30] L. Giancarli, V. Chuyanov, M. Abdou, M. Akiba, B. Hong, R. Lässer, C. Pan, Y. Strebkov,
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A

List of used definitions

This section contains a list with important terms, abbreviations and mathematical definitions
used in this report.
Table 4: An oversight of all terms and definitons used in this report.
Term
a
aB
~
B
B0
D
DEMO
δ
∆s
∆Z
En
fn
fi−1/2
HCPB
Ip
~j
κ
m
n
ne
ni
N
Nn
Pf
Pf,den
Φn
R0
ρ
~r

Definition
Tokamak minor plasma radius.
Tokamak minor plasma radius of the plasma boundary.
Magnetic field vector.
The magnetic field at the magnetic axis.
Deuterium
Demonstration fusion reactor.
The plasma triangularity in a fusion reactor.
The Shafranov shift.
The vertical plasma shift.
Neutron energy.
Neutron energy distribution.
Emission probability of a neutron.
A design for the tritium breeding blanket in DEMO.
Plasma current.
Current density vector.
The plasma elongation in a fusion reactor.
The mass of an element, neutron, material or isotope
as indicated by subscript.
Neutron
Electron density.
Ion density.
Atom density of an element, material or isotope as
indicated by subscript.
The number of neutrons generated per second in a fusion reactor
Fusion power of a nuclear fusion reactor.
Fusion power density in a nuclear fusion reactor.
The neutron flux
The major or outer radius of a tokamak reactor
The normalized effective plasma radius.
The position vector of a particle
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SDEF Card
σ
T
Te
Ti
Tally
T BR
θp
~
Ω
Zef f

An explicit MCNP neutron source description that is stated
in the MCNP input file.
A cross section for a reaction as indicated by subscript
Tritium
Electron temperature.
Ion temperature.
A tool in MCNP that calculates or measures nuclear responses
The tritium breeding ratio
Poloidal angle with respect to the equatorial plane.
Unit field vector in particle flight direction.
Effective ion charge

Below there is a list with various codes and programs used or mentioned in the project
report. A short description of what they are and for which part they are used is given here.
Table 5: An oversight of various codes and programs mentioned in this report.
ASTRA

CHERAB

MCNP

PROCESS

TRANSGEN

B
B.1

A tokamak plasma transport code that was used in
the first half of this project to perform plasma
simulations of DEMO and create the spatial neutron
production distribution on which the new neutron
source description of DEMO for MCNP could be based.
A ray tracing code that is used for the side
project of determining the radiative load on the first
wall of DEMO as a result of plasma radiation. This code
played no role in the development of the new neutron
source description of DEMO or subsequent simulations.
A neutron transport code based on the Monte Carlo
method. The central code used in this project to perform
neutron transport simulations for the fusion reactor DEMO.
A reactor systems analysis code. PROCESS was never
used or run as part of this project, but data that had been
calculated with this code in the past was used as part of the
input for the ASTRA modelling.
An old neutron source description for MCNP that
is among the MCNP neutron sources used in the past. It
served as an inspiration for this project and was used to
represent the ”previous plasma configuration”.

List of additional equations
Boltzmann transport equation

This appendix gives the Boltzmann transport equation that would be solved in a deterministic
approach of neutron transport. This equation is not used in this work, but gives an indication
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of what kind of transport equation one would need to solve when applying the deterministic
approach. The Boltzmann equation is given as
Z
~ t)
1 ∂ψ(~r, Ω,
~ 0 , t)Σs (~r, Ω
~ 0 → Ω,
~ 0,
~
~
~
~ t)dΩ
+ Ω · ∇ψ(~r, Ω, t) + Ca · ψ(~r, Ω, t) =
ψ(~r, Ω
v
∂t
4π

(25)

~ is the unit vector in particle flight direction, t is the time and ~r indicates the position
where Ω
~ t) is the angular neutron flux density, Ca is the absorption coefficient and
of a particle. ψ(~r, Ω,
~ 0 → Ω,
~ t) is the scattering kernel [70].)
Σs (~r, Ω

B.2

Plasma transport equations employed in ASTRA

The equations describing plasma transport be defined as,
∂ne
+ ∇ · Γe = Se ,
∂t

(26)

where ne is the electron density, Γe is the particle flux and Se is the electron source term.
3 ∂ne Te
+ ∇~
qe + ∇ ·
2 ∂t



3 ∂ni Ti
+ ∇~
qi + ∇ ·
2 ∂t



5
ne Te v~e + v~i · ∇ (ni Ti ) = Pe ,
2

(27)

5
ni Ti v~i + v~i · ∇ (ni Ti ) = Pi ,
2

(28)





where ni is the density of ions, Te and Ti are the electron and ion temperatures respectively, q~e
and q~i are the electron and ion heat flux losses respectively, v~e and v~i are the electron and ion
velocities respectively and Pe and Pi are the respective electron and ion energy source terms.
The source terms in equations 26, 27 and 28 are given below [2].
Se = seion nneut ne + siion nneut ni − srec ne ni ,

(29)

where seion and siion are the rates at which neutral atoms are ionized upon colliding with electron
and ions respectively, nneut is the density of neutral gas atoms and srec is the rate at which
recombination takes place when electrons and ions collide.
Pe = POH − PΓ − Pei − PeRAD − PeN + PeH + PeF U S ,

(30)

Pi = PΓ + Pei + PiN + PiH + PiF U S ,

(31)

where POH is the heating power through ohmic heating, PΓ and Pei represent heat exchange
mechanisms between electrons and ions, PeRAD is the power loss channel through radiation,PeH
and PiH indicate the heating power the electrons and ion respectively receive through auxiliary
heating, PeF U S and PiF U S indicate the fraction of fusion power that is respectively transferred
to electron and ions by the alpha particles, PeN and PiN are electron and ion power losses and
gains through atomic processes, which include recombination, ionization, charge exchange with
neutral atoms and radiation through neutral atoms [2].
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B.3

ASTRA fusion cross sections

ASTRA employs the following equation for the cross section reaction of D-D fusion as given in
equation 2.1.
√

hσvidd = 0.16247 + 1.741 · 10−3 Ti − 0.029e−0.3843

Ti

−2

−1
3

· Ti 3 e−18.8085·Ti

.

(32)

The cross section equation used in ASTRA for D-T fusion as given in equation 1 is
−1
3

hσvidt = 8.93 · e−19.98Ti

B.4

−2

Ti 3 (

√
Ti + 1.013
−0.1618Ti Ti
+
1.877
·
e
)
1 + 6.39 · 10−3 (Ti + 1.013)2

(33)

Line radiation equations

In the ASTRA code, line radiation power density by xenon impurities is given as
Prad,Xe = 10Y · 1019 ne nXe ,

(34)

Y = −20.27267 − 15.30175 · Z − 30.74557 · Z 2
−31.55124 · Z 3 − 16.00739 · Z 4 − 3.091098 · Z 5 ,
0 ≤ Te ≤ 200
2
Y = 17.78249 + 0.2776326 · Z + 1.901048 · Z
−5.727093 · Z 3 − 6.456918 · Z 4 + 2.998205 · Z 5 , 200 ≤ Te ≤ 2000
Y = −24.45709 + 55.04901 · Z − 162.5266 · Z 2
+217.4682 · Z 3 − 136.3026 · Z 4 + 32.42958 · Z 5 , 2000 ≤ Te ≤ 20000
Y = −36.93018 + 68.02254 · Z − 95.62685 · Z 2
+64.45815 · Z 3 − 21.07990 · Z 4 + 2.700386 · Z 5 ,
20000 ≤ Te
Z = log10 (Te ),
where Te is the electron temperature in eV, ne is the electron density and nXe is the xenon
density. The line radiation power density by tungsten impurities is given as
Prad,W = 10Y ne nW ,

(35)

Y = 1.3,
0 ≤ Te ≤ 333
2
Y = 1.6 − 1.32 · Z ,
333 ≤ Te ≤ 3000
Y = 1.3,
3000 ≤ Te ≤ 7000
Y = 1.3 − 1.8 · (Z − 0.845), 3000 ≤ Te ≤ 7000
Y = 0.7,
15000 ≤ Te
Z = log10 (Te ),
where nW is the tungsten density. The line radiation power density by argon impurities is given
as
Prad,Ar = Y ne nAr ,
(36)
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Y = 1000 · Te ,
0 ≤ Te ≤ 20
Y = 0.7 · Z − 0.55,
20 ≤ Te ≤ 43
Y = 0.65,
43 ≤ Te ≤ 70
Y = 0.03 · Te − 1.3,
70 ≤ Te ≤ 250
Y = 2.5 · Z − 4,
250 ≤ Te ≤ 530
Y = 0.7 · Z − 0.55,
530 ≤ Te ≤ 860
Y = 0.00009 · Te + 0.19,
860 ≤ Te ≤ 1900
Y = 0.35,
1900 ≤ Te ≤ 2530
Y = Te700
+
0.09,
2530
≤ Te ≤ 10000
+10
1000
Y = (Te −3400)2 + 0.138, 10000 ≤ Te ≤ 23000
Y = 9 · 10−4010·Te + 0.12,
23000 ≤ Te
Z=

1000
,
Te + 0.1

where nAr is the argon density. These equations, used in ASTRA, were derived from [71].

C
C.1

MCNP neutron source subroutine schematics
Volume integrals and cumulative probability

There are four different plasma geometry options implemented in both the subroutine and the
SDEF card writing system. In one option a two dimensional point grid is used to represent the
plasma geometry in the form of a discrete set of magnetic surfaces described by a number of
points. For example, in the nuclear response analysis of DEMO a point grid of 121×122 points
was used. That means that there where itot =121 magnetic surfaces defined by jtot =122 angular
points each. Considering that nothing more is known about the radial and angular dependence
is known, the system divides the plasma in cells based on sets of four corner points each. These
points are angular point j on magnetic surface i, the next angular point j + 1 on magnetic
surface i and their two counterparts, points j and j + 1, on magnetic surface i + 1. The r and
z equations spanning the plasma cell between these four corner points are given as
r = ρn,i (θp,n,j (ri+1,j+1 −ri+1,j )+ri+1,j −θp,n,j (ri,j+1 −ri,j )−ri,j )+θp,n,j (ri,j+1 −ri,j )−ri,j ), (37)
z = ρn,i (θp,n,j (zi+1,j+1 − zi+1,j ) + zi+1,j − θp,n,j (zi,j+1 − zi,j ) − zi,j ) + θp,n,j (zi,j+1 − zi,j ) − zi,j ),
where ρn,i and θp,n,j are normalized radial and angular coordinates given as
ρn,i =
θp,n,j =

ρ − ρi
,
ρi+1 − ρi
θp − θp,j
,
ρp,j+1 − ρp,j

assuming a linear ρ and θp dependence between magnetic surfaces and poloidally angular points.
These equations of r and z are subsequently used to solve the integral of equation 21 and
calculate for each plasma cell the probability that a random neutron would be created there.
Since no symbolic integration package for Fortran 90, in which the subroutine is written, was
found, the numerator of the integral was solved with Wolfram Mathematica in advance and the
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solution of a cell volume for arbitrary point grids was directly implemented in the subroutine.
This is given as
Z ρi+1 Z θp,j+1
2π
·
(38)
2πr(ρ, θp ) |J(ρ, θp )| dρdθ =
6
ρi
θp,j
2
2
2
[ri+1,j+1
zi,j+1 − ri,j
zi,j+1 − ri,j ri+1,j ri,j − ri+1,j
ri,j + ri,j+1 ri,j (ri,j − zi,j+1 )+
2
ri,j+1 ri+1,j+1 (zi,j+1 − zi+1,j+1 ) + ri,j+1
(ri,j − zi+1,j+1 ) + ri+1,j+1 ri+1,j zi+1,j+1 +
2
ri+1,j
zi+1,j+1 + (ri,j − ri+1,j+1 )(ri,j + ri+1,j+1 + ri+1,j )zi+1,j ]

The full solution determining the total fusion power in an arbitrary plasma cell in the grid is
given as
Z ρi+1 Z θp,j+1
2π
2πPf,den (ρ)r(ρ, θp ) |J(ρ, θp )| dρdθ =
·
(39)
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ρi
θp,j
2
2
2
[Pf,den,i+1 [8ri+1,j+1
zi,j+1 − ri+1,j+1 ri+1,j zi,j+1 − ri+1,j
zi,j+1 + ri+1,j+1
zi,j + ri+1,j+1 ri+1,j zi,j
2
2
−8ri+1,j
zi,j +9ri+1,j+1 ri+1,j zi+1,j+1 +9ri+1,j
zi+1,j+1 −ri,j (2ri+1,j (zi,j+1 +2zi,j +zi+1,j+1 −4zi+1,j )+
2
2
ri+1,j+1 (zi,j+1 − zi,j + zi+1,j+1 − zi+1,j )) − ri,j
(3zi,j+1 + zi+1,j+1 − 4zi+1,j ) − 9ri+1,j+1
zi+1,j
2
−9ri+1,j+1 ri+1,j zi+1,j + ri,j+1
(3zi,j − 4zi+1,j+1 + zi+1,j ) + ri,j+1 (2ri+1,j+1 (2zi,j+1 +

zi,j − 4zi+1,j+1 + zi+1,j ) + ri+1,j (−zi,j+1 + zi,j − zi+1,j+1 + zi+1,j ) + ri,j (−3zi,j+1 +
3zi,j − zi+1,j+1 + zi+1,j ))]+
2
2
2
Pf,den,i [4ri+1,j+1
zi,j+1 + ri+1,j+1 ri+1,j zi,j+1 + ri+1,j
zi,j+1 − ri+1,j+1
zi,j − ri+1,j+1 ri+1,j zi,j
2
2
2
−4ri+1,j
zi,j + 3ri+1,j+1 ri+1,j zi+1,j+1 + 3ri+1,j
zi+1,j+1 + ri,j+1
(9zi,j − 8zi+1,j+1 − zi+1,j )+
2
ri,j ri+1,j+1 (zi,j+1 − zi,j + zi+1,j+1 − zi+1,j ) − 3ri+1,j+1
zi+1,j − 3ri+1,j+1 ri+1,j zi+1,j +
2
2ri,j ri+1,j (zi,j+1 − 4zi,j + zi+1,j+1 + 2zi+1,j ) + ri,j
(−9zi,j+1 + zi+1,j+1 + 8zi+1,j )

−ri,j+1 (ri,j (9zi,j+1 − 9zi,j − zi+1,j+1 + zi+1,j ) + ri+1,j (−zi,j+1 + zi,j − zi+1,j+1 + zi+1,j )+
2ri+1,j+1 (−4zi,j+1 + zi,j + 2zi+1,j+1 + zi+1,j ))]].
The solution of this linear integral is also used to determine the neutron production probability
for each section of the plasma in case the user opts to use the D-shape plasma geometry. This
is because the integral with the determinant of the jacobian is not directly solvable for the Dshape plasma geometry equations. Therefore, should a user pick the D-shape plasma geometry,
equation 17 is used to make a point grid for the plasma as well based on how many magnetic
surfaces itot and poloidally angular points jtot wants for the grid, i.e how detailed the plasma
geometry would be.
When the user opts to use several external profiles to reconstruct the three moments equations for the plasma geometry, an itot number of magnetic surfaces will be defined, according
to the size of the profiles given. These three moments equations, given as
r(a, θp ) = R0 + ∆s (a) + a · (cos(θp ) − δ(a) sin(θp )2 ),
z(a, θp ) = ∆z + aκ(a) sin(θp ),
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were already defined in equations 15 and 16. The profiles for ∆s , a, δ and κ can be in possession
of a user after a simulation with ASTRA for example. Linear interpolation for a-dependence
is assumed between magnetic surfaces. Under this assumption the volume integral is solved to
calculate both the volume of a plasma section enclosed by two adjacent magnetic surfaces and
the fusion power of said section. The solution of the volume integral is given as
Z ai+1 Z 2π
ai

2πr(a, θp ) |J(a, θp )| dadθ =

0

π2
·
2

(a3i+1 δi+1 κi+1 − 4a2i+1 κi+1 (R0 + ∆s,i+1 ) + a2i κi (−ai δi + 4(R0 + ∆s,i ))).
The volume integrated fusion power of a volume cell is given as
Z ai+1 Z 2π
ai

2πPf,den (a)r(a, θp ) |J(a, θp )| dadθ =

0

π2
·
120

(a3i+1 (−δi (2κi+1 +κi )(Pf,den,i+1 −Pf,den,i )+2δi+1 (κi+1 (−Pf,den,i+1 +Pf,den,i )+5κi (5Pf,den,i+1 +Pf,den,i )))
−a2i+1 (3ai (δi (κi+1 + κi ) + δi+1 (2κi+1 + κi ))(Pf,den,i+1 − Pf,den,i ) − 4κi (Pf,den,i+1 − Pf,den,i )·
(5R0 +3∆s,i+1 +2∆s,i )+12κi+1 (Pf,den,i+1 (15R0 +16∆s,i+1 −∆s,i )+Pf,den,i (5R0 +4∆s,i+1 +∆s,i )))
−ai+1 ai (Pf,den,i+1 − Pf,den,i )(3ai (δi+1 (κi+1 + κi ) + δi (κi+1 + 2κi )) − 8(κi+1 (5R0 + 3∆s,i+1 +
2∆s,i ) + κi (5R0 + 2∆s,i+1 + 3∆s,i ))) + a2i (−ai δi+1 (κi+1 + 2κi )(Pf,den,i+1 − Pf,den,i )
−2ai δi (κi+1 (Pf,den,i+1 − Pf,den,i ) + 5κi (Pf,den,i+1 + 5Pf,den,i )) + 4κi+1 (Pf,den,i+1
−Pf,den,i )(5R0 +2∆s,i+1 +3∆s,i )+12κi (Pf,den,i+1 (5R0 +∆s,i+1 +4∆s,i )+Pf,den,i (15R0 −∆s,i+1 +16∆s,i )))).
The solutions of these two integrals where calculated with Wolfram Mathematica and partially
manual and directly implemented in the neutron source subroutine and SDEF card writing system in order to perform calculations on the three moments geometry if a user desires a neutron
source based on this geometry.
When the user opts to use an external text file with coefficients to construct an itot number
of magnetic surfaces according to equation 14, these equations are substituted into the integral,
for the jacobian can be solved. The solution of this integral was again worked out in advance
for an arbitrary set of coefficients. In order to do so and keep somewhat of an oversight,
the decision was made here not to segment into poloidally angular sections, but only divide
the plasma in the sections between successive magnetic surfaces. This would mean that the
neutron production probability per section will still involve an integral from ρi to ρi + 1 in
terms of radial integration, but from 0 to 2π for the angular integration. When working out
the Jacobian for equation 14, one would face an integral of the following form.
Z ρi+1 Z 2π
ρi

2πr(ρ, θp ) |J(ρ, θp )| dρdθ =

ρi

0

(r0 (ρ) +

Z ρi+1 Z 2π

X

2πPf,den ·

(40)

0

rkc (ρ) cos(kθp ) + rks (ρ) sin(kθp ))

k

[(r00 (ρ) +

X

c0

0

X

s
rm (ρ) cos(mθp ) + rm
(ρ) sin(mθp )) · (

n

m
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−nznc (ρ) sin(nθp ) + nzns (ρ)cos(nθp ))

−(z00 (ρ) +

X

0

0

X

c
s
zm
(ρ) cos(mθp ) + zm
(ρ) sin(mθp )) · (

m

−nrnc (ρ) sin(nθp ) + nrns (ρ) cos(nθp ))]dρdθ,

n

where k, m and n are integers. The ρ dependence is once again assumed to be linear between
magnetic surfaces, hence all coefficients, as well as the fusion power density function, will have
the form
ρ − ρi
c
c
c
+ rk,i
.
rkc (ρ) = (rk,i+1
− rk,i
)
ρi+1 − ρi
This linear radial dependence will, similar to how the integration for the point grid and D-shape
geometry option turned out, result in elimination of all presence of ρ, ρi and ρi+1 , due to being
divided out after the radial integration.
The angular integration could also be analyses. A quick look at the triple series integral
predicts that angular integration will take place from 0 to π over single, double and triple
products of integer sine and cosine terms. First of all, every single sin(kθp ) and cos(kθp ) yields
a value of zero for integration from 0 to 2π. A second glimpse shows that most of the double
product terms will also yield zero for these integration boundaries. All sin(kθp ) sin(mθp ) and
cos(kθp ) cos(mθp ) terms will yield zero, except for those products where k = m and a value
π is obtained after integration from 0 to 2π. Every term of sin(kθ) cos(mθ) yield zero after
integration from 0 to 2π. After evaluating the double products it can be seen that a lot of
triple products will dissapear as well. All triple sine products sin(kθp ) sin(mθp ) sin(nθp ) and
all cos(kθp ) cos(mθm ) sin(nθp ) yield zero. The triple cosine products cos(kθp ) cos(mθp ) cos(nθp )
will all yield zero, except when k − m − n = 0,k + m − n = 0 or k − m + n = 0, in which case
integration from 0 to 2π yields the value π2 . The triple product sin(kθp ) sin(mθp ) cos(nθp ) only
yield nonzero values after integration for k − m − n, k − m + n, which results in a value π2 , and
for k + m − n, which results in a value − π2 after integration.
In order to keep oversight for the solution of the integral, quickly consider the integral integral
∂g(ρ,θ ) ∂h(ρ,θp )
from 0 to 2π and ρi to ρi+1 for a triple product function f (ρ, θp ) ∂θp p
, where functions
∂ρ
f , g and h are all series functions of the form in equation 14. Verified both on paper and with
Wolfram Mathematica, it is found that doing the radial integration and already leaving out the
sine and cosine products that will yield zero for every combination of k, m and n for the given
angular integration, the remainder of the integral is reduced to
Z 2π X X
n
0

k

n

sc
[ (hc0,i+1 − hc0,i )(F Gcs
kn cos(kθp ) cos(nθp ) − F Gkn sin(kθp ) sin(kθp ))]+
6

(41)

XX n
m

n

s
s
cc
[ ((hcm,i+1 − hcm,i )F Gcs
0n cos(kθp ) cos(nθp ) + (hm,i+1 − hm,i )F G0n sin(kθp ) sin(kθp ))]+
6

XXX n
k

m

n

sc
[ (((hcm,i+1 −hcm,i )F Gcs
kn cos(kθp ) cos(mθp ) cos(nθp )−F Gkn sin(kθp ) cos(mθp ) sin(nθp ))+
6

cc
((hsm,i+1 − hsm,i )F Gss
kn sin(kθp ) sin(mθp ) cos(nθp ) − F Gkn cos(kθp ) sin(mθp ) sin(nθp ))],

where after integration some products of coefficients have been written together in the form of
F Gcc
kn like products, where for example
c
c
c c
c
c
c c
F Gcc
kn = 2fk,i+1 gn,i+1 + 2fk,i gn,i + fk,i+1 gn,i + fk,i gn,i+1 ,
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or for example
c
s
c s
c
s
c s
F Gcs
0n = 2f0,i+1 gn,i+1 + 2f0,i gn,i + f0,i+1 gn,i + f0,i gn,i+1

The solution above can be used to calculate the volume between two successive magnetic surfaces
∂z ∂r
∂r ∂z
when used as the integral of r( ∂ρ
∂θp − ∂ρ ∂θp ), where one should replace f with r, g and h with
respectively z and r for the first term and with r and z respectively for the second term. When
calculating the volume integrated fusion power of a plasma section, one can evaluate the product
∂g(ρ,θ ) ∂h(ρ,θp )
Pf,den (ρ)f (ρ, θp ) ∂θp p
, which also yields a solution of the form given in equation 41 in
∂ρ
the end, but with the substituted F Gcc
kn now being of the form
c
c
c c
c
c
c c
F Gcc
kn = Pf,den,i+1 (3fk,i+1 gn,i+1 + fk,i gn,i + fk,i+1 gn,i + fk,i gn,i+1 )+
c
c
c c
c
c
c c
Pf,den,i (fk,i+1
gn,i+1
+ 3fk,i
gn,i + fk,i+1
gn,i
+ fk,i
gn,i+1 )

The solution for this integral is implemented in the subroutine in the form of a for-loop that
will substitute a value of zero, π, π2 and − π2 accordingly.
After the neutron production distribution for every section of the plasma is calculated by
solving equation 21 for the selected geometry option, a cumulative probability array is filled of
the form


PN −1
f
1
f1 f1 + f2 f1 + f2 + f3 ...
i
i
where N is the number of plasma cells.

C.2

Neutron sampling loop

Every time a neutron is sampled through the subroutine a random number is drawn. Using the
cumulative probability array defined before, a plasma cell of birth is selected. Drawing three
more random numbers, a value for the radial coordinate ρ, poloidal angle θp and toroidal angle
φt are chosen. The chosen value of ρ will have a value between ρi and ρi+1 and the chosen
toroidal angle will have a value between 0 and the maximum considered toroidal angle φt,max ,
since MCNP models often only consider a certain segment of the vacuum vessel. If the point
grid geometry construction or D-shape geometry construction was used the poloidal angle will
have a value between θp,j and θp,j+1 corresponding to the plasma cell of birth. If the fitted
equations were used based on the read coefficients, the poloidal angle will be assigned a random
value between 0 and 2π.
Since the total number of neutrons is computed for both D-D and D-T fusion reactions, a
fifth random number is then used to determine whether it will be a D-D neutron or a D-T neutrons that is to be produced. Afterwards an energy value will be assigned to the neutron from
a Gaussian distribution corresponding to the average temperature in the birth plasma section,
centered around 2.45 MeV or 14.1 MeV depending on the previous choice. Then a while loop
starts, where a two random number are continuously drawn. One of these numbers yields an
energy value and the second is always an acceptance number. From the random energy value,
a value between 0 and 1 is computed with the exponential term of the Gaussian distribution.
The acceptance number also has a value between 0 and 1. If the number calculated with the
gaussian is lower than the acceptance number, this will be the energy value of the neutron. If
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not, two new random numbers are drawn for a new attempt.
The initial propagation direction of the neutron is assumed to be random and the particle
φ
weight is sampled according to the section of MCNP that is taken into account t,max
2π

C.3

The SDEF card sampling system

The SDEF card writing system possesses the same data gathering system as the subroutine, but
instead of a neutron production probability the only reason to perform the volume integrals is
to calculate the total number of D-T and D-D neutrons and the volume averaged temperature.
This is used in the end to assign probability values as to which Gaussian energy distribution
should be considered.
The design of the SDEF card is based on defining a square (r, z) grid of points that calculates
a neutron production probability on each point. This is done by randomly sampling (r, z)
coordinates and calculating the neutron production probability on that random point. For
each cell enclosed by four corner points of the square (r, z) grid an average neutron production
probability is then calculated. This is done by first calculating the neutron production density
of the sampled point Pf,den . Then calculate the difference between the local source value and
the average computed source value so far.
∆Pf,den = Pf,den − Pf,av,cell,N ,

(42)

where the average computed neutron production density value is in turn given as
Pf,den
Pf,av,cell,N = Pf,av,cell,N −1 +
,
N
and N being the number of sampled points in the evaluated cell so far, including the current
sampled point. This way the average neutron production density of a cell is updated for each
point sampled in a cell. The neutron production probability of a sampled point can be determined by localizing in which volume section of the plasma it lies and which distance it has to
the two enclosing magnetic surfaces. This location is already known, since the random point
sampling by randomly picking a plasma cell and randomly picking a point in this cell.
After sampling enough points an accurate depiction of the neutron production density is
acquired for each cell. This in turn is then printed on the point grid of the SDEF card that can
be used for an MCNP simulation.

D

Supporting calculations

This appendix describes supporting information regarding the choice of fitting Fourier curves
to the magnetic surface grid (r, z) of ASTRA to get a better representation of the magnetic
surfaces. The second subsection treats an additional wall loading profile calculation that could
be used to investigate how the three mentioned differences between previous and new neutron
emission profile, namely the magnetic contour shapes, the profiles of temperature and density,
and the Shafranov shift, individually have an effect on the calculated nuclear respons in DEMO.
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D.1

Fourier curve fitting for the contours of DEMO 2017

Using Matlab the Fourier equations 14 were fitted to the points describing the magnetic contours
of DEMO 2017. This action was performed for assumed Fourier series equations in which the
number of terms included was varied. After each set of fits the total fusion power of the plasma
was calculated using the systematics described in equation 21 and using the solution of the
integral in equation 40. This number was then consequently compared with the total fusion
power that ASTRA had originally computed. The result is given below.

Figure 28: The relative difference in computed fusion power for DEMO 2017 with the ASTRA
calculated as function of the number of k-terms included in the assumed fitting curve.
A saturation already seems to be achieved at k = 5, so one would consider that fitting
k = 5 terms would be sufficient. However, when comparing the contour positions relative to
interpolated lines between the (r, z) points after plotting them on top of each other, it becomes
clear that more terms than k = 5 have to be included to make a better match.
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Figure 29: The magnetic surface contours of the plasma of DEMO 2017 based on the ASTRA
produced point grid(green) plotted over the contours obtained after fitting a series of Fourier
curves over the points describing the original contours(red). The number of k Fourier terms
included in the fitting equation is displayed in the title of the figures. The green lines display
the interpolated lines between the magnetic surface contour points calculated with ASTRA and
the blue lines display the fitted Fourier curves through those points.
Based on the saturation curve in figure 28 and the contour plots of figure 29, the decision
was made to perform calculation with k = 20 Fourier terms to describe the magnetic surfaces.
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D.2

Additional neutron wall load calculations

The graph seen here shows the results of a few additional neutron wall loading calculations after
introducing the three major differences between the two neutron source descriptions one by one.
The original old neutron source description is used with parabolic profiles, D-shaped magnetic
contours and no Shafranov shift. Then the simulation is repeated after a profile with a pedestal
was introduced. The two simulations were repeated once more, but this time after a 30.0 cm
Shafranov shift was introduced, which places the magnetic axis of the plasma approximately at
the same location as in the ASTRA calculated plasma configuration.

Figure 30: The neutron induced wall load distribution on the first wall of DEMO 2017 ordered
by breeder module.
It is clearly visible that a Shafranov Shift outwards increases the wall load at the outboard
sections around the equatorial plane and reduces the wall load everywhere else, while the rounder
contours of the ASTRA calculated plasma have a similar effect since this ensures that the
neutron production is even more focussed to the region of the magnetic axis and the D-shape
contours spreaded this area a bit more. Then it is visible that introducing the new profiles
will increase the neutron wall in the wall sections around the equatorial plane, both inboard
and outboard. This is also logical since the neutron production is increased in the more central
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regions and reduced at the plasma edge. Since the plasma is elongated in the vertical direction
this means that the divertor tiles and tiles at the top will be distanced further away from the
plasma areas with larger neutron production and the wall tiles around the equatorial plane will
instead see an increase in neutron production nearby and receive more neutrons as a result.

E

Fast particle deposition in DEMO

The plasma transport equations treated in this project only describe the plasma physics involving thermal particles, which are bound to magnetic surfaces. However, a tokamak plasma
will also involve so-called fast particles with energies higher than the energies of the thermal
particles and those are not bound to the magnetic surfaces. This is the result of external heating sources, like neutral beam injection or NBI. However, the effect of fast particles has been
left out of consideration in this report, because the effect of these fast particles on the neutron
production in DEMO is relatively low based on the following analysis.
Fast particles injected through NBI are slowed down to thermal velocity through collisions
with plasma particles in which they transfer their energy. When the particles are injected with a
certain energy Ec , the rate of energy transferred to electrons and ions is the same. This critical
energy is given as
3
mh2 X nj Zj2 2
EC = 14.8Te (
)3 ,
(43)
ne j mj
where mh is the mass of the injected particles, mj is the mass of the various species existent
in the plasma, Zj is the charge of the various species in the plasma and nj is the density of
these species. For lower injection energy the injected particles will be mostly heating ions and
for higher energies the injected particles will be mostly heating electrons. The time it takes for
a fast particle to be slowed down to thermal velocity is given as
τsl =

τs
E 2
log(1 + (
) 3 ),
3
EC

(44)

where τs is the Spitzer slowing down time for electron-ion interaction, given as
3

mh Te2
,
τs = 6.27 · 10 2
Zh ne log Λ
8

(45)

where Zh is the charge of the injected species and log Λ is the Coulomb logarithm [72].
A calculation was performed for the slowing down time in DEMO, assuming injected particles of 1 MeV. Using equations 43, 44 and 45 in combination with the charge of injected species,
electron density and electron temperature profiles, a calculation was performed for the slowing
down time in DEMO. Fast ions take slightly over 1 second to slow down in the plasma close
to the magnetic axis down to 0.1 second close to the plasma edge. Therefore an estimation is
made in this report that the slowing down time is approximately τs = 1 second on average for
the fast ions in DEMO.

80

The work in [42] shows that the fast ion density concentration as a result of NBI is relatively
low, in the order of 1017 m−3 to 1018 m−3 for DEMO, which is a factor 100 smaller than the
thermal ion density in the reactor and therefore this will hardly influence the neutron production
in the reactor. A plot of the fast ion deposition is given below.

Figure 31: The fast ion concentration in DEMO as a result of NBI injection. The image was
taken from [42].
This graph shows that the fast ion density is a factor of approximately 100 smaller than the
thermal ion density. This is further supported when approximating an NBI beam of 100 MW
that injects deuterium ions at 1 MeV. Given that the approximate slowing down time is 1 s for
these ions and that such a beam injects 6.24·1020 deuterium ions per second, calculated with the
fraction of beam power and energy at which the particles are injected, there is a constant number
of 6.24·1020 fast ions in the plasma. Using ATCERANES and its volume integral capability,
one can integrate the deuterium and tritium density profiles to find out that there is a constant
of 7.21·1022 thermal deuterium ions present in the plasma. This marks a ratio of 100 to 1 when
comparing the number of thermal and fast ions.

F

Additional data

This section contains some additional calculated material for the verification analysis of the
MCNP neutron source subroutine and the radiation wall load that was ultimately left out of
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the main section of the report, since the verification analysis results presented here have been
produced interim and within a Fortran compiler, not directly with MCNP and the particle
tracking function. The results of this analysis are to further enforce that the ATCERANES
neutron source program functions as intended.
The radiation load results found here were calculated, but were written here, due to the length
of the report and too much relevance being put on the radiative load, while the investigating
DEMO’s nuclear responses is the main objective in this report. The results of these additional
calculations, investigate what would happen to the radiation load if the plasma position would
change with respect to the wall or if the temperature and density profile in the plasma would
change. In some cases an increase of the wall irradiation of 0.01 MWm−2 would be seen, but
that would not be significant compared to the first wall load caused by neutron irradiation.

F.1

Old verification analysis

In interim stages some verification has been performed by testing the MCNP neutron source subroutine program, while still in the Fortran 90 editing program. The energy sampling technique
of the subroutine was verified back then by making a spectrum of the energy values assigned to
the neutrons and plotting the original Gaussian curve over it. Since neutrons are counted by
considering energy bins, the original Gaussian is multiplied by the amplitude of the calculated
spectrum. 108 D-D neutrons and 108 D-T neutrons were sampled for this investigation. The
result is given in figure 32.
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Figure 32: The energy spectrum of D-D and D-T fusion neutrons sampled by the neutron source
subroutine and plotted over the amplitude scaled original Gaussian function.
It can be seen that for both the D-D born neutrons and the D-T born neutrons, the energy
values assigned to the sampled neutrons are according to the Gaussian distributions centered
around 2.45 MeV and 14.1 MeV energy values respectively. It must be noted that the Gaussian
distribution and energy sampling were fixed for this test at a constant temperature, while the
true total sampled neutron spectrum of the subroutine is a bit broader, due to the spectrum
not being the same in every plasma cell as a result of different temperature values per cell. The
temperature was, however, fixed for this test to verify that the energy sampling algorithm works
accordingly and draws random energy values for the neutrons according to the Gaussian energy
distribution. Sampling D-D born and D-T born neutrons accordingly to occurrence probability
is done with 0.005% accuracy by the algorithm for 108 neutrons.
An additional test was performed to see if the number of neutrons sampled from each cell
is in line for the cumulative probability for each cell. For the test data of DEMO 2018, 108
neutrons were sampled for both the grid geometry approach and the fitted equations geometry
approach. The plasma has 121 known magnetic surfaces here, hence 120 sections, the first being
located at the magnetic axis, the last being at the plasma boundary. The calculated neutron
production probability for each plasma section between two magnetic surfaces was compared
for both geometry approaches with the fraction of the neutrons sampled in these respective
sections of the plasma. The results are given in figure 33
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Figure 33: The neutron production probability per plasma section for DEMO 2018, considering
120 plasma sections. Red and green give the respective production probability and the fraction
of neutrons sampled in the sections for a plasma geometry reconstructed with fitted equations.
Blue and magenta give the respective production probability and the fraction of the neutrons
sampled in the sections for a plasma geometry reconstructed when using the point grid.
It is visible from the figure that the red and green line and the blue and purple line respectively lie on top of each other, indicating that for 108 sampled neutrons the neutrons are on
average sampled according to the production probability per zone of the plasma when considering 121 magnetic surfaces. The fact that all four lines approximately lie on top of each other
also proves that the curve fitting system is capable of yielding equations that closely match the
original points. As a last test the subroutine is instructed multiple times to let a number of
neutrons be sampled in a certain section of the plasma and verify if all sampled neutrons are
actually given coordinates of birth that lie within the section boundaries. The results for the
fitted Fourier geometry are featured in figure 34.
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Figure 34: Various set of neutrons were sampled to be born inside a certain section of the
plasma. In order to verify whether assigned birth coordinates actually lie within said section
all sampled coordinates of the neutrons are plotted on top of the section boundaries in a two
dimensional (r, z) plot. This action was performed for twelve different plasma sections of a
plasma geometry based on Fourier series fitted to magnetic surface coordinates.
From the figure one could see that all points lie within the boundaries of their supposed
section of birth, verifying that the coordinate sampling system works.

F.2

More radiation load

More radiative load simulations are performed after plasma modifications have been introduced.
The plasma scenarios were tested in which the plasma column was translated both in r direction
and z direction. While the plasma volume changes in value when a inward or outward translation
takes place, the total radiation is kept largely constant overall, with a 3 % difference between
the total radiated power for the r-translated plasma scenarios discussed below. The plasma
radiation flux received by the first wall is given below.
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Figure 35: The plasma radiation flux on the first wall of DEMO 2017 after considering a smaller
plasma column translated inwards with -15 cm(upper left), a larger plasma column translated
outwards with 15 cm(upper right) and a vertically translated plasma with -15 cm(left below)
and 15 cm(right below) .
On first sight the results seem counter intuitive, since the simulations for the horizontal translations seem to prove that moving the plasma closer to a wall section caused more irradiation,
while the simulations for the vertical translation show the exact opposite effect. The results
can be explained as follows. Consider that moving closer to the radiation source, because the
radiation received is more powerful does not hold here, something that the untranslated plasma
simulation also pointed out. What is important, is how much radiation a surface receives and if
the radiation is received under a direct angle perpendicular to the receiving surface. For a vertically shifted plasma, this means that the further away the plasma, the more ”perpendicular”
the surface receives all the radiation. For the results of the horizontal translation, one should
consider the geometry in three dimensions. When the plasma column is shifted inward, more
radiation of the plasma will land on the inner wall sections that would normally reach the outer
wall sections uninterrupted and when the plasma column is shifted outward more radiation that
would normally reach the inner wall tiles in a direct line now ends up on the outer wall sections.
The largest flux observed when the plasma is not displaced is 0.254 MWm−2 with a maximum
of 0.265 MWm−2 being observed when the plasma is translated outward and 0.258 MWm−2
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when the plasma is translated upwards, the other directions resulting in a lower maximum
observed radiation power flux. This maximum is always observed in the outboard mid-plane
sections of the first wall. If the plasma column changes position while retaining its approximate
total radiated power, this means the wall should be capable of taking a plasma radiation flux
of 0.265 MWm−2 on top of other power fluxes received from other sources. Given that the first
wall should already be prepared to face a power loading of several MWm−2 from the neutrons,
a difference in the order of 0.01 MWm−2 due to the additional plasma radiation shouldn’t matter. This is, however, based on the observed increase in plasma radiation when translating
the plasma column. Should an MCNP simulation be repeated for the neutron wall loading as
a result of a translated plasma column, a more significant increase in wall load could be expected.
In another simulation the pedestal of DEMO’s temperature profile is moved to ρped =0.7,
making for a much lower temperature at the edge of the plasma. This results in a slight
reduction of synchrotron and bremsstrahlung, but a heavy increase of xenon impurity radiation
and a increase of total radiation from Prad =320.56 MW to Prad =364.8 MW. After multiplying
temperature and density profile coefficients αn and αt with a factor five a profile is obtained
that is flat in the outer plasma regions and peaked in the centre. This leads to an increase
from Prad = 320.56 MW to Prad =346.92 MW. The radiated power distribution and subsequent
power flux to the wall is given below.
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Figure 36: The plasma radiation in the plasma of DEMO 2017 and the radiation flux on
its first wall after setting the temperature and density profile pedestal to aped =0.7 instead of
aped =0.94(above) and for temperature and density profiles featuring a flat profile at the edge
and a peak in the middel(below), due to αn = 5.0 and αt =7.25.
The walls show much more irradiated for these scenarios compared to the standard DEMO
plasma, several wall tiles experiencing a power flux of respectively 0.288 MWm−2 and 0.282
MWm−2 , which is significantly higher than the maximum power observed when considering
DEMO’s standard plasma. This seems to be especially the result of an increased xenon line
radiation, which appears to emit more radiation at the edge, where the temperature is lower.
By stretching out the pedestal region or limiting the higher temperature values to a peak in
the middle, lower temperatures will exist in a larger amount of space in the plasma. This will
then result in more radiation by the xenon and a larger amount of radiation received by the
wall overall.
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