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Abstract

It is essential for the research of reactor relevant plasmas to understand how heat transfer is
affected by the properties of and phenomena in the plasma fuel. The major part of heat is
transferred out via energetic neutrons. The neutrons must be taken into account as a heat source
as well as from the perspective of material activation and induced reactions. In simulations the
calculation chain from the reactants to products, heat transfer and material effects requires the
coupling methods in plasma physics, reactor analysis and thermohydraulics calculation.

This thesis focuses on reactor relevant plasmas. The first part discusses plasma operational
scenarios concentrating especially on advanced tokamak scenarios. The time evolution of the safety
factor q is strongly connected to total plasma current and confinement, so the data analysis based
on the identity plasma experiments is extended with predictive current diffusion simulations. A
sensitivity test with respect to typical plasma parameters carried out for time evolution of q and
internally generated bootstrap current density.

The second and third parts consider fusion products and their characterisation. The simulation
tool AFSI fusion source integrator is presented and validated using JET tokamak data. The
production rate and neutron spectrum is calculated in a geometry which correspond to real
diagnostics based on the experimental data. Additionally, the results have been compared
qualitatively to the experimental measurements when with good agreement between calculated
and measured values.

In the fourth part, the calculation chain from the modelling of plasma fuel to the balance-of-
plant modelling is described with the focus on the coupling of plasma physics and neutronics. As
a demonstration case, the predictions ITER plasma data and a CAD model have been used. AFSI
has been coupled to the ASCOT particle following code, which defines the distribution and energy
of the reactants. A neutron source was provided for a dose-rate calculation with the Serpent code,
which is available for a further coupling to thermohydraulics.
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Tiivistelma

Reaktorikelpoisten fuusioplasmojen tutkimuksessa on olennaista ymmartéa plasmapolttoaineen
ominaisuuksien ja ilmididen yhteys lamménsiirtoon. Suurin osa lammostéd kulkeutuu plasmasta
fuusioreaktiossa tuotettujen suurienergisten neutronien mukana. Neutronit tdytyy huomioida
useammasta eri nakokulmasta: 1ampoliahteend, materiaalien aktivoijana ja reaktioiden
aiheuttajana. Laskentaketju plasman reagoivien ionien mallinnuksesta reaktiotuotteisiin,
lammaonsiirtoon ja materiaalivaikutuksiin vaatii plasmafysiikan, reaktorianalyysin ja
termohydrauliikan laskentamenetelmien yhdistamista.

Tama opinnayte keskittyy reaktorikelpoisten plasmojen tarkasteluun. Ensimmainen osa kasittelee
plasmaskenaarioita, joista padpaino on kehittyneilld tokamak-skenaarioilla. Varmuustekijan q
aikakehitykselld on voimakas yhteys kokonaisplasmavirtaan ja plasman koossapitoon, joten
plasmojen identiteettikokeisiin pohjautuvaa data-analyysia on laajennettu prediktiivisilld
virtadiffuusiosimulaatioilla. Simulaatioilla on tehty herkkyystesteja parametrien vaikutuksesta
varmuustekijan q aikakehitykseen ja sisdsyntyisen bootstrap-virran suuruuteen.

Toinen ja kolmas osa esittelevit fuusiotuotteet ja niiden karakterisointiin kaytettaviat menetelmat.
Aluksi esitellaan AFSI-fuusiotuotekoodi, joka on validoitu JET-tokamakilla. Koodia on sovellettu
synteettiseen neutronidiagnostiikkaan JET-tokamakilla. Neutroneiden, tuottonopeus ja spektri on
laskettu todellisia diagnostiikkainstrumentteja vastaavissa geometrioissa kayttaen plasmakokeiden
dataa. Lisiksi laskentatuloksia on verrattu kvalitatiivisesti kokeellisesti arvoihin ja todettu
menetelmien vastaavan hyvin mitattuja arvoja eri detektoreja vastaavissa sijainneissa.

Neljannessi osassa kuvataan kokonaisuudessaan laskentaketju plasmaparametrien
mallinnuksesta laitoksen termohydrauliikkaan painottuen erityisesti plasmafysiikan ja neutronien
kulkeutumisen mallinnuksen kytkemiseen. Esimerkkitapauksena on kiytetty ITER-tokamakin
ennustettuja plasmaparametreja ja rakennemallia. AFSI on kytketty ASCOT-
hiukkasseurantakoodiin, joka maarittaa reagoivien hiukkasten sijainnin, tiheyden ja energiat.
Fuusiotuotteiden perusteella on muodostettu neutronildhde Serpent-neutronitransportkoodille,
jota on kaytetty reaktorinkomponenttien annosnopeuslaskun suorittamiseen, joka voidaan kytkea
edelleen termohydrauliikkamalliin.
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1. Introduction

1.1 Challenges in energy production now and in the future

Energy consumption has increased by almost 500% during the last 150 years in the largest
countries in Europe. Correspondingly, CO, emissions have increased globally over 150 times
from 1850 to 2011. Nowadays, energy consumption is increasing most rapidly in developing
countries. For example, in 1850’s in the beginning of industrialisation, England was the larg-
est CO. emitter, whereas in 2000’s, more than half of the emissions are coming from devel-
oping countries in Asia, where similar facilities or financial resources do not exist for con-
trolling CO. and small particle air pollution. [1-2]

Together with CO. emissions, outdoor air pollution, especially small particle emissions, leads
to serious problems with global warming and increased amount of premature deaths. For
example, in the selected regions in China, the amount of premature deaths due to outdoor
pollutions would be expected to increase by even close to 40% until 2040. Hence, there is a
strong demand for carbon free and environmental friendly energy production methods for
both growing industry and civilisation. [2-4]

In the 1900’s, the major part of energy was produced by fossil fuels. Even in 2000’s, up to
70% of investments in new energy supply projects has been spent in fossil fuels [3]. Due to
global warming and particle emissions, this is an untenable solution. Renewable fuels, such
as solar, water and wind power, cannot provide regular base-load power for energy intensive
industry but they are also strongly dependent of location and general conditions. Nuclear
fission power does not have particle or CO, emissions but the used radioactive fuel requires
special long-term consideration and additionally it has a politically insecure reputation due
to some serious accidents. Nuclear fusion is a promising solution: the fuel (hydrogen) is
cheap and easy to purchase and the energy content per amount of fuel is remarkably large.
Nevertheless, it has many technical challenges to solve before the first fusion energy power
plants can be taken into use for energy production.
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1.Toroidal coils 3. Poloidal coils 5. RF heating
2. Central solenoid 4. NBI heating

Figure 1. Schematic description of tokamak components.

Nuclear fusion is a reaction, where two light nuclei combine to form a heavier nucleus, and
the binding energy of the system decreases. The difference of the internal energy is released
as the kinetic energy of the product particles. Nuclear fusion for utilising in energy produc-
tion means reaction between heavy isotopes of hydrogen, deuterium-deuterium (DD) and
deuterium-tritium (DT) fusion which are described by the following reaction equations:

D+ D — 3He +n+ 3.27 MeV
D+D - T+H+4.03 MeV
D+T— *He+n+ 17.60 MeV
D+ 3He -» p+ *He + 18.40 MeV

In the case of the first and last of these reactions, the produced neutron carries the majority
of the released energy into the surrounding structures, from which it is to be harvested as
heat into the primary cooling circuit and further for electricity generation.

Compared to U-235 fission, the cross sections are at least two orders of magnitude lower, as
seen in Figures 2 [5] and 3 [6]. Therefore, if power densities practical for energy production
are to be achieved, high temperatures and plasma densities have to be sustained over a reac-
tor relevant time. Those key challenges are combined in the following simple criterion: the
viable fusion reaction is defined by the fusion-triple product [7] with the relation

T n; 1p = 1021 keV S/m3’ €Y

where n; (m-3) is the volume-averaged particle density, T; (keV) is the ion temperature and 7.
is the confinement time of energy (s) defined as the ratio of the internal energy of the system
and the input power.

12



In the current experimental devices of magnetic confinement, for instance the plasmas which
have been modelled in this thesis, the achievable values for the density, temperature and con-
finement time are approximately 4-6-10'9 m-3, 8—10 keV and 100—150 ms, respectively. These
quantities combine to triple product values in the range 6—8-10' keV s m-3. Such fusion rele-
vant temperatures, typically more than 10 keV corresponds to 100 000 000 Celsius degrees.
Hence, an increase in the triple product by 1—2 orders of magnitude is required in future
devices to meet the aforementioned criterion for viable energy production.

Neutron transport and material effects in fission reactors are extensively studied and the
analysis has become a mature and commercialised field almost everywhere in the world. The
methods and analysis tools are sophisticated and widely used, so it is reasonable to bring this
methodology into nuclear fusion applications. In fusion, there is no complex coupling be-
tween the chain reaction and heat transfer, which make the analysis of generated neutrons
simpler than in fission reactors. However, the properties and behaviour of the fuel are ex-
tremely different: energy scale in the fusion plasma is from 1 eV to even a couple of MeV. Ad-
ditionally, the fuel ions interact with a strong magnetic field, so a complete analysis of a fu-
sion reactor as a power source requires combining many different fields of research: plasma
transport modelling, fast particle analysis, neutron diagnostics, material research and power
plant technology.

10"
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Figure 2. Fusion (DD, D°He, DT) cross sections [5].
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1.2 Technical basis of magnetic confinement and tokamaks

European fusion research is focused on the concept of magnetic confinement and mainly to-
kamak type devices. The tokamak was developed by the Soviet scientists Tamm and Sakharov
in the late 1950’s [8]. In the tokamak concept, plasma is kept away from the vessel walls by
strong magnetic fields. The equation of motion of a charged particle j in the electromagnetic
field which constrains the motion of plasma particles as described below

m;dv
dt

=q;(E +¥xB), (2)

where E and B are the electric and magnetic fields and #, m; and g; the velocity, mass and
electric charge of the particle j, respectively.

The solution of Equation 2, i.e. the orbit of the particle, is a helical line which is described in
yellow in Figure 4, where the radius of the yellow helical orbit is the Larmor radius p; defined
as

The main components of a tokamak, illustrated schematically in Figure 1, are the torus-
shaped (major radius R, minor radius a shown with white arrows) plasma chamber and the
toroidal and poloidal coils for confining the plasma with strong magnetic fields. Additional
but necessary components to the tokamak system are the particle sources and radio frequen-
cy antennas for heating, current drive and fuelling, diagnostic and measuring equipment and

14



the divertor for power exhaust and collecting the impurities and the helium reaction product
or ash. [9]

It can be shown that the helical magnetic field in the torus (also presented in Figure 4) forms
nested magnetic flux surfaces with constant pressure and is a combination of toroidal and
poloidal components:

§tot = §<p + §9 (4).

The toroidal component is produced by the toroidal field coils (see Figure 1), whereas the
poloidal component is induced by the plasma current I,. The plasma current is a fundamental
part of the confinement and it is mainly produced by increasing the current in central sole-
noid. Usually, plasma current is defined as a toroidally directed current maintaining the con-
finement. It consists of different components

Iszohm+Ibs+Iext, (5)

where Ionm is produced with the mutual inductance principle with the central solenoid (can be
seen in Figure 1), Iy, is the self-generated bootstrap current component driven by tempera-
ture and density gradients [10] and I\ is produced as a result of fast particle current net ef-
fects [11]. In a continuously operating fusion reactor or long period pulses, the role of non-
inductive components has to be significant since the inductive plasma current cannot be in-
creased endlessly. They also affect the time evolution of other plasma parameters, such as the
pressure and stationarity (see Section 2.2 for a more detailed description), so the current
drive schemes have to be taken into account carefully in the estimation of confinement.

Figure 4. Magnetic field, current and particle orbits in the torus-shaped plasma
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1.3 Concepts and definitions: plasma as a fluid or as particles

There are two principal methods for describing the physics of fusion plasmas: fluid equations
or charged particle motion in an electromagnetic field. The first mentioned magnetohydro-
dynamical (MHD) fluid view can be used when the thermal Maxwellian component of plasma
(characterised with the temperature and pressure of the electron or ion fluid) has a main role
in the modelling. The model is valid when the large-scale behaviour of plasma during rela-
tively long time intervals is analysed, for instance. The time scale here is typically some se-
conds, which corresponds to plasma pulse or phase length. In this thesis, the method is called
scenario modelling, which means taking into account all physical or case-relevant effects,
changing of the temperature, heating or plasma shape for instance, but utilising the toroidal
symmetry, without going into details in particle interactions. [9]

Describing the plasma as a fluid can be started with the assumption of the MHD equilibrium
or the equilibrium of the magnetic and kinetic pressure

JxB=Vp, (5)

where the magnetic anisotropy induces the pressure gradient for balancing the current densi-
ty. Due to this equilibrium, the fluid quantities are constant on the flux surfaces and they can
be presented with 1 (which means the circular cross section) or more generally with 1.5 di-
mensions in the case with more realistic elongated plasma cross section but simpler than
fully 2 dimensional grid (see the comparison in Figure 9 in Section 2.2).

Generally used spatial 1.5 dimensional coordinate is the toroidally normalised p

b=l ©

where ¢ is the toroidal magnetic flux and B, the reference field at the magnetic axis.

The components of the magnetic field can be solved with the curl of the poloidal field

. ’ FF1
VXBg = tojp = Rp" + =, i

by using field in the flux functions 1) and F = RB,,.

Modifying Equation 5 by writing the current density and magnetic field with the flux func-

tions into
019y 19% _ 9p _FOF
ORROR ' RdzZ (“OR a R aw)‘ C)

gives is the most general description of the magnetic field in torus, called Grad-Shafranov
equation. [12-13]

In contrast to the fluid description, the more detailed single particle view is used to study
physical effects in a very specific field and small volume due to larger computing time which
is required in particle following. In the particle view, the modelling means defining the distri-
bution function of particles in the electromagnetic field by taking collisions into account. The

16



results from the particle following can be time and space-averaged and parametrised for us-
ing as a part of integrated (fluid) modelling. A typical example is modelling the behaviour of
injected fast particles and taking the average fast particle distribution as a source term in the
fluid temperature time evolution equation, which is described formally in Section 2.2.1.

1.4 Current and future devices

Currently, the largest and the most reactor relevant tokamak in operation is the Joint Euro-
pean Torus (R = 2.96 m, a = 1.25 m) in Oxfordshire UK [14]. It started operating in 1980’s
and executed successfully the first major tritium campaign in European tokamak device in
the late 1990’s, after small scale preliminary tritium experiments (PTE) in 1991 [15]. The sci-
entific proof of fusion energy production in tokamak concept, equalling to energy gain of
power as a fraction of produced and consumed power, Q=P_outP_in =0.95 [16], was shown
in those experiments. As can be seen in Figure 5, DT fusion neutron production is approxi-
mately two orders of magnitudes larger than a neutron production in DD reaction, so it is
more suitable for reactor relevant plasma scenarios. The maximum neutron production rate
was 5.7 -10'8 neutrons per second (as seen in Figure 5) in the record plasma shot #42976 with
DT mix 40/60 and it was achieved in the DTE1 campaign in 1997. Instead, in the DD experi-
ments, the maximum neutron production with the current ITER-like-wall (ILW) plasma fac-
ing components was achieved at JET in 2016 experimental campaign.

1020
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—#92385 DD

Ml 317

KN1 neutron production (1/s)
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Figure 5. Neutron production in the record DT (#42976) and DD (#92395) in JET.

The next major step in fusion energy research is the construction of the ITER tokamak in
Cadarache France as an international collaboration with China, EU, India, Japan, Korea,
Russia and USA. Compared with existing devices, it will be massive: Radial dimensions are
approximately two times larger than in current large tokamaks: the major radius will be 6.2
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m and the minor radius 2.0 m and the fusion power 500-700 MW whereas in current devices
it is around 15 MW [16, 17]. ITER will be started to operate in late 2020’s in phases: the main
goal of power multiplication factor Q=10 is planned to be achieved in five years from the first
plasma and non-inductive steady-state plasmas will be studied a couple of years after that.
[18]

Concluding the recent results of tokamak physics and engineering and the goals and re-
quirements of ITER and other forthcoming reactor relevant tokamaks, the most significant
technical challenges in forthcoming research are:

e Pulse-operating vs steady-state reactor
e Material effects and power exhaust

e Heating and fuelling

e Tritium breeding

Additionally
e Combining these and creating a fruitful interaction between the experts in several
fields.

Construction and operation will be one of the largest technical challenges of humankind: the
aim of ITER is to demonstrate the technical feasibility of fusion reactor for energy produc-
tion. The success of this large and long-time-scale project, from designing to experiments by
requires high quality and active research in existing devices. Before ITER operation, the re-
search has to focus on the current devices. JET facilities have been upgraded several times to
correspond to the ITER conditions and better functionality: NBI and ICRH systems have
been enhanced to give about 30% higher power, fusion product diagnostics have better accu-
racy and the first wall material was changed from carbon to beryllium (main chamber) and
tungsten (divertor) before the experimental campaign in 2012 [19, 20]. The next DT cam-
paign is planned to take place in 2018-2020 when the main goals are to study tritium and D-
T effects and test new relevant technological solutions before ITER operation. [14, 16-18]

Still, ITER is a scientific instrument and not a power reactor with a complete power plant
construction connected to the power grid. For the demonstration of fusion power plant oper-
ation, the DEMO reactor [21] will be built with the experience from ITER operation. DEMO
will be a complex system including the reactor primary and secondary loop and the electricity
and automation systems licenced as a power plant. In this light, also balance-of-plant model-
ling needs to be integrated in fusion research for future applications.

1.5 Structure of the thesis

Production of fusion power will be maximised under reactor relevant conditions, which are
characterised as a peaked ion temperature profile, high ion density and optimised fast parti-
cle population. However, fusion neutrons are not only a heat source but they also cause radia-
tion effects and nuclear reactions in reactor and power plant materials. This thesis combines
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two important fields in fusion research: it describes the modelling of reactor relevant plasmas
as input for neutron transport calculation and balance-of-plant analysis.

First, the properties of reactor relevant plasmas in current devices have been studied with the
general fixed tool box: integrated modelling suite of JINTRAC [22-27]. This section introduc-
es the tools which are used in the modelling of plasmas as a heat and neutron source in reac-
tor applications and presents a scan over different plasma parameters (Publication 1). In the
second publication, a new tool AFSI ASCOT Fusion Source Integrator (Publication 2) for
characterising fusion products is introduced. The third publication applies AFSI as a synthet-
ic neutron spectrometer at JET tokamak (Publication 3) and the fourth publication describes
AFSI-based neutron source as a part of total calculation chain (Publication 4) from the plas-
ma fuel to the neutron related effects in reactor materials and power plant operation in future
need.

The specific research questions formulated as:

RQ1: What is the sensitivity of the changing of plasma parameters in reactor relevant plasma
operation?

RQ2: What is the neutron production and spectrum in different positions in the plasma?
How can this be defined?

RQ3: What kind of interaction between plasma physics and neutronics is required in a com-
plete analysis e. g. in activation or safety analysis?
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2. Plasma scenarios

Current tokamak devices are pulse-operated due to the significant role of ohmic current driv-
en by the toroidal field coils and therefore in the confinement. In the energy production ap-
plications, continuously operated reactors are required or alternatively, efficient energy stor-
age techniques, such as the intermediate molten-salt circuit parallel to primary loop have to
be available. However, maximising the self-generated component of the plasma current and
achieving stationarity improve general efficiency.

Plasmas are characterised by the magnetic field, plasma current, temperature, density, shape
and confinement time. The fusion triple product (defined in Equation 1) gives the lower limit
of plasma parameters for net energy production, so increasing the confinement time gives the
possibility to use lower density and temperature. Other quantities, which are used to compare
plasmas, are dimensionless parameters: pressure fraction beta 8, normalised Larmor radius
p*, normalised collisionality v* and safety factor q. They are used in the comparison of
matching of plasmas in identity (same-size devices) or similarity (different size) experiments.
Additionally, they make it possible to do prospects for the design of future devices, such as
ITER and DEMO and new experimental schemes in current devices. [28-30]

In this thesis, the most relevant of them is safety factor q, which is the derivative of the toroi-
dal flux respect to the poloidal flux by equation

~ Ll
~R ) (9)

q:

Qs
gl
£

which is approximately in the cylindrical geometry defined as ratio of magnetic field compo-
nents scaled with torus radii.

Its derivative respect to the minor radius coordinate is the magnetic shear

_rdq
s = e (10).

The word “scenario” is used to characterise plasma types based on the heating, pulse length,
current and efficiency. There are three generally used tokamak operational scenarios [31, 32]
defined by values of g at p = 0.95 in the case of ITER

e pulse-operating baseline (BS) scenario defined by g¢5 = 3

e advanced hybrid (HY) or improved H-mode go; = 4 [31-33]

e non-inductive steady-state or advanced tokamak (AT) scenario qos = 5 [32-35]
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In current tokamaks, the definitions are not so clearly fixed, so the parameters in Figure 6
can be varied in a slightly larger domain and the order of dimensional parameters is same in
the same device. Confinement time, pulse length and beta are consistently larger in AT plas-
mas than in baseline for all devices. This looser definition is demonstrated in Figure 6 with
typical parameters in ITER scenarios. The characterisation of scenarios is valid in all-size
devices due to normalisation. Scenarios can be classified also with the shape of the q profile
and the magnetic shear. The baseline scenario represents typical plasma in high confinement
mode (H-mode) with an edge transport barrier (ETB) [36]. ETB is a well-defined region with
a strong local pressure (or temperature and density) gradient and supressed anomalous
transport in this region which is necessary in reactor applications. Otherwise, the properties
in baseline plasmas are not reactor relevant and suitable for tokamak-based fusion power
plants. For example, stationary phases are quite short due to the high fraction of ohmic cur-
rent component which is based on the induction.

Advanced tokamak scenarios can be defined by high fusion efficiency with operation close to
steady state conditions [31], which indicates optimised heating and current alignment (quali-
ty and shape of the current profile) and longer pulse length. In addition to the reverse-shaped
g-profile or a negative magnetic shear, the current density profile is different compared to
baseline plasmas. This scenario can be very important for studying the steady-state operation
of forthcoming fusion reactors targeting to suppress the plasma turbulence and leading to
enhanced confinement since, retaining the reverse shape of the q profile is connected to trig-
gering an internal transport barrier (ITB, defined like ETB but located on the half radius) [37,
38] which decreases turbulence and improves confinement [39]. Although the ITB triggering
is a widely studied topic, the mechanism is not well understood and for example, ideal results
from the triggering of the density ITB have not been achieved in JET tokamak [38, 40].

The hybrid scenario is not so clearly defined than baseline or advanced scenario. The main
purpose for the development of this scenario is to take the benefits from AT and BS scenarios
but to minimize the difficulties to reach an acceptable compromise. The hybrid scenario is
not targeting a pure non-inductive current and steady-state operation but it gives better con-
finement and fusion efficiency than the baseline scenario.
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Figure 6. Characterisation of the plasma scenarios based on the shape of g-profile.

Due to different sizes and technical properties (such as heating systems and chamber) of de-
vices, physical phenomena can be compared with dimensionless parameters. The quality of
confinement can be described simply by the ratio of kinetic to magnetic pressure, the dimen-
sionless parameter beta

B = % (11).

Commonly used poloidal beta is defined with the poloidal component of magnetic field. It is
connected to the poloidal current density and self-generated bootstrap current [10, 41, publi-
cation 1] which is discussed in Subsection 2.2.2

The normalised Larmor radius (compare Larmor radius in Equation 3)
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is proportional to VT, so it compares temperature and characterises particle radii in different
plasmas and neoclassical transport coefficients when the radii is normalised respect to minor
radius and the magnetic field of the selected tokamak.

The normalised collisionality is connected to the collision frequency and interactions between
particles and it is defined by

where R, and r are major and minor radial coordinates which go from the central or magnetic
axis to the plasma boundary. Electron-ion collisionality v,; describes the impact of the elec-
tron collisions with the ions. Collisionality, or collision frequency, characterises the diffusion
coefficient (y = p,%v) with the Larmor radius, so it has an important role in transport analy-
sis and via q (~ 1/ Ip) and radial coordinates it takes into account also the fixed dimensions of

the plasma and the shape of the current profile.

Dimensionless parameters in the reactor relevant AT plasma are illustrated in Figure 77. The
normalised Larmor radius and collisionality were matched very well in these identity experi-
ments in JET and JT-60U but the beta is peaked in JT-60U due to a strong density ITB. [42,

43]
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Figure 7. Dimensionless plasma parameters v,p,% and f as function of toroidal p in JET and JT-60U tokamak in
AT plasmas. (Publication 1)

2.1 External heating and current drive

Magnetically confined plasma is mainly heated by high energy neutral particle injection
(NBI) and resonances of radio frequency waves with plasma ions (ion cyclotron resonance
heating ICRH) or electrons (electron cyclotron resonance heating ECRH) and in addition
there is also a minor contribution from ohmic heating. These systems are also used for driv-
ing non inductive plasma current and NBI provides additionally a particle source. As an ex-
ample of current large-size tokamak, JET has two NB injectors and two ICRH systems (in-
cluding ITER-like antenna and four A2 antennas), NBI having the most significant role in the
heating. Usually NBI covers approximately 80% of all external heating and it is essential es-
pecially in hybrid and advanced tokamak scenario experiments where higher external power
is required. In this thesis, plasma heating is considered as a mathematical source terms in the
transport equation (power, particle or current source) or as a contribution in the input data
without detailed technical information. [44, 45]

The NBI consists of an ion source, a particle accelerator, a neutraliser and a deflector magnet.
In general, the whole NBI system of a tokamak includes several particle sources, called PINIs
(positive ion neutral injector, used in current devices), directed to the plasma with the differ-
ent values of angles ¢ and 6. For example in JET, the NBI system includes two NB boxes
which both have eight PINIs with different but fixed angles ¢ and 6. Half of the PINIs are
tangential-like and half normal-like directed. The absorbed power depositions and contribu-
tion to the total plasma current depend on the directions of the PINIs which are presented in
Figure 8. Normally-directed (or on-axis with respect to the magnetic axis) neutral beams give
the heating power but the contribution to the toroidal plasma current is low. Instead, the
tangential beams (off-axis) can produce a significant part of the non-inductive current. By
changing the angle 6, the on/off-axis current components can be controlled but usually the
angles are fixed in maintenance and they are not changed or re-directed shot by shot. [46]
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Figure 8. Schematic view of NBI system alignment.

While NBI is usually the main heating method at JET, also ICRH has many beneficial proper-
ties. The resonance occurs in the locations in which the wave frequency equals the Larmor
frequency of the heated species

fi=l, (14

which is called the first harmonic or fundamental heating. Additionally, if the multiplications
(second harmonic etc.) of the Larmor radius are used, the scheme is called the multiple har-
monic heating. The resonance frequency depends on the magnetic field which varies along
the major radius. This makes ICRH suitable for localised heating in a desired region in the
poloidal cross section. Energy transfer from the radio wave to the plasma particles is con-
nected to the frequency multiplication in a complex way: main thermal plasma ions are heat-
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ed inefficiently by fundamental heating. Thermal minority particles, such as hydrogen in deu-
terium plasma can be heated effectively by fundamental frequency whereas energetic minori-
ty particles are heated with the multiple harmonic schemes. ICRH heating is not similarly
connected to the mechanical settings of the system but rather by the properties of the anten-
na. [45, 47]

2.2 Integrated modelling — tools

Integrated modelling can be defined as the modelling of the plasma scenario (including tem-
perature, density, geometry, heating and current drive) by combining different phenomena in
different scales. In this thesis, the integrated (core plasma) modelling consists of the effects
in core plasma. The grid of modelling spans the toroidally axisymmetric plasma from the cen-
tral axis to the last closed magnetic flux surface, in other words: it is defined from o to 1 in
toroidally normalised rho coordinate.

1D 1.5D 2D

(Rz)
u]

oY

Figure 9. Modelling grid in the 1D, 1.5D and 2D poloidal cross section.

2.2.1 Plasma transport equations

Plasma transport is a combination of classical, neoclassical and anomalous components. By
viewing a general form of the continuity equation for quantity X

‘;—f + V-T = Sources — Sinks. (15)

where the flux I' is described by a general 1 or 1.5D transport equation
I' = YVX + sources — sinks, (16)

where y (or called D generally in particle diffusion case) is the diffusion coefficient and VX the
gradient which drives the flattening of the differences.
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The classical component of y includes the classical collisions of the particles and the neoclas-
sical approach is corrected by effects due to the toroidal geometry. In the other words: The
classical mean free path is the Larmor radius (see the Equation 3) whereas in the neoclassical
view it is changed to

Axpeo =2 %ng, 17)
where ¢ is the inverse aspect ratio, a/R. This neoclassical mean free path is called the banana
width, hence the fraction ¢ of the particles are trapped on the banana-shaped orbits [9, 48,
49]. Classical and neoclassical mean free paths are compared in Figure 10.

a) b)

Py

Figure 10. Classical (a) and neoclassical (b) mean free paths presented with the particle orbits.

Due to different masses, the neoclassical mean free path is about 100 times larger for ions
than for electrons when the temperature is the same. However, the anomalous component,
driven by turbulent processes, dominates transport normally in all channels, and only in few
cases the neoclassical transport is significant:

e Current diffusion is a purely neoclassical effect, excluding some magnetohydrody-
namical instabilities.

e In transport barrier regions, when the anomalous component is totally or partly su-
pressed [36-37]

e In impurity transport, the neoclassical mean free path is sufficiently large due to the
larger mass of particles as due to the connection )y, ~p,~m;. [48, 49]

e Close to the magnetic axis excluding of sawteeth [50]

Transport barriers are defined as a local suppression of anomalous transport. Transport ef-
fects are coupled and they can be presented in a matrix form

/n D 21 31 41 n/n
I/(nT,) | 12 e 32 42 T./T, (18)
/(nT) | 13 23 i a3 T;/T;
j(p 14 24 34 E
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Where diagonal terms describe the general diffusion part and non-diagonal terms are convec-
tion, sources and sinks. The first equation describes the particle diffusion, the second and
third ones the heat diffusion for ions and electrons and the fourth one current diffusion. [51]

2.2.2 Current diffusion and bootstrap current in reactor relevant plasmas

The plasma current and its time evolution have an important role in advanced scenario
plasmas, because there is the objective to sustain the reversed shape of g profile by due to
positive gain to the self-generated plasma current [10, 52, 53]. As mentioned, current diffu-
sion is a neoclassical phenomenon which can be derived starting from Maxwell’s equations,
in particular the curls of the electric and magnetic fields in the time-varied case. The current
diffusion equation is written with the source terms in the form

- > > > d -
VZ(TI ohm) = Hon(Tl( tot — d bs)) = _ﬂOE( tot)s (19)

where 7 is the neoclassical resistivity (compare to the conductivity in the matrix diagonal in
Equation 18). Externally produced current density j,,; driven by NBI or RF-heated particles
is an external source term in the equation and the other source term, j,,, is the self-
generated bootstrap current density. It is an internally generated neoclassical effect by tem-
perature and density gradients.
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Figure 11. The forming of banana current by trapped particles due to density and temperature gradients

Generating bootstrap current can be demonstratively explained with a simple linear approx-
imation. Based on the neoclassical theory, the fraction of banana trapped particles is equal to
the square root of inverse aspect ratio v'¢ so with the density of total amount of trapped parti-
cles is n,, = Ven. Trapped particles cause so called banana current around the banana orbit,
but when density gradient exists, there is a net effect current between two bananas which is
demonstrated in Figure 11. Correspondingly, temperature gradients cause the same effect in
the energy or velocity (parallel velocity on the banana edges). This net current is defined by
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. 2T
Jp = q;( Ny v+ ) = qiwye (Vn . \/%+ VT - \/;W)’ (20)

where the parallel velocity has been assumed as

2T¢
v = \/Evth = ’77 (21)

where v, is the averaged thermal velocity. When the net current effects from both, electrons
and ions are combined, a good approximations for the self-generated bootstrap current is got
as [50]

— R dngo dT, dar;
b =Vb— (2447 + T) ST+ 0,690 e = O.42nwtw), (22)

where b = (Bpax — Bmin)/(Bmax + Bmin) describes the inhomogeneity of the magnetic field
and \/EBq, /B, the same geometrical effect as V¢ in the banana current approximation. [48, 49,

52, 53]

The other important neoclassical quantity is the current diffusion coefficient, resistivity,
which is defined by

Mme(Vei)

=" (23

where (v,;) is the volume-averaged electron-ion collision frequency (introduced with the
collisionality in Section 2). Now it can be seen that based on the numerical coefficients of the
gradients in Equation 22, the electron density and temperature have the most significant ef-
fect to the current diffusion. [54]

Increasing the electron temperature decreases the current diffusion and increases the boot-
strap current density. However, the effect of the pressure gradient to drive the bootstrap cur-
rent can be also increased or decreased by the current flux function F [40, publication 1],
which can be seen from the connection between F, poloidal current density and poloidal beta
[28, 40, 55]. Transition from the diamagnetic to the paramagnetic state is given by

Fr= Bt g, (24)

The bootstrap current density can be written as

Jjbs = €—€Y*Rp (25).

where ¢ is the difference between the real bootstrap current density and the pressure gradi-
ent approximation. By using equations 24 and 25, the bootstrap fraction and the bootstrap
current density are

] (. T
jb _ —€2Rp'+§ o (jb .approxH) . SN — Tt
G0 T TRyt FFr = Jbs = ~ ;e Gorm +J @) = jps (26)
»  TRp+ R (—ez .7+1)+1)
Jb ,approx
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This condition describes decreasing (diamagnetic state [9]) or increasing (paramagnetic [9])
the effect of the pressure gradient in bootstrap current formation. The same gradient does
not cause the same current in all or even same-size devices with similar plasmas but it has a
strong connection to the geometrical features via the inverse aspect ratio, which can be seen
in the improved formula of the criticality condition, which is presented in the first publica-
tion:

— E
Js't = g o)) < Jbs: (27)
(1—55(1—%))

When the condition of critical bootstrap current is valid, the stationary state (defined by zero
time derivatives) can be achieved. In Publication 1, satisfying this condition in JET and JT-
60U has been studied in the experimental data input and also in the sensitivity tests where
different parameters, density and geometry mainly have been scanned in current diffusion
simulations which have been introduced briefly in the next subsection.

2.2.3 Modelling of fast particles - ASCOT

The behaviour of fast particles is different from the thermal main plasma due to different
radii of orbits, reaction probabilities and collision times. Additionally, the population of fast
particles is located to the smaller region in the poloidal cross section, so utilising poloidal
axisymmetry is not generally accepted way to make analysis simpler. For this reason, kinetic
Monte Carlo based particle following is the mostly used approach for fast particle studies.

ASCOT [56, 571 is an orbit-following Monte Carlo code that solves the distribution function of
fast particles in tokamak or stellarator plasmas. In the code, a set of test particles represent-
ing the fast ion source is followed and their distribution is collected as the particles slowing
down. For NBI particles, the source is calculated using the BBNBI [58] code which calculates
the ionisation profile by following test particles from the injector until they are ionized in the
plasma. A simple work flow of the ASCOT procedure is presented in Figure 12.

Solving Fokker-Planck
equation (distnbution function)
with test particle ensemble

Generating a
testpartice [ 3 A _L¥., E_(ﬂ)
ensemble ol

at T ax' " Bw

— (v, %), V()

Figure 12. ASCOT work flow

2.2.4 JINTRAC coupled codes

JINTRAC (JET Integrated Transport Code) [22, 23] is a simple-to-use coupled code system
including the tools for modelling the whole plasma scenario from the core plasma to the wall,
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including SOL/divertor, and plasma-wall interaction. It consists of several modules including
NBI or RF heat sources, equilibrium solver, particle sources from fuelling and recycling, im-
purities, diffusion coefficients and reaction product calculation. The core module JETTO [24-
27] solves the transport equation matrix in concurrent interaction with other coupled codes.

In the case of solving the current diffusion equation and stationarity, the following modules
are used: ESCO analytical equilibrium solver, ASCOT for the source term due to NBI particle
current, NCLASS [58] for neoclassical resistivity and bootstrap current source. This interac-
tive procedure is presented in Figure 12 which shows also the (experimental data-based) in-
puts which are required for self-consistent analysis.

Experimental data Coupled codes
7 Charge-exchange MCLASS (neoclassical effe
I Speclroscopy
T Thomson * ESCO (eqguilibrium)
n scattering
initialg  Magnetic ASCOT [NBI current)

current diffusion model

By ¢ .
=2 =9 (nlis=tu—twm))

Figure 13. Interaction between JETTO and coupled codes in the JINTRAC integrated modelling system.

2.3 Reactor relevant plasmas

Two significant features in reactor relevant plasmas in tokamak concepts are maximising
the neutron production and providing conditions for steady-state operation. In current
DEMO scenarios, the reactor will operate by long-time pulses, which means timescales of
hours. Between pulses, power generation is sustained by transferring heat from the molten-
salt heat storage to the power plant secondary loop circuit. During discharge, part of the reac-
tion heat is charged to the molten-salt tank. Steady state operation requires generating plas-
ma current non-inductively but also increasing the non-inductive current fraction in pulse-
operated scenarios increases the general efficiency of the plant. [21]
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Maximising the fusion power and neutron production is strongly connected to the ion tem-
perature via reaction cross section [5]. Another significant parameter is the total plasma vol-
ume. Very small variations in the plasma geometry or the shape of the poloidal cross sections
affect strongly the total neutron production.

Table 1: Comparison of the plasma parameters in JET and ITER baseline and advanced to-
kamak scenarios [17, 55].

parameter JET baseline JET advanced | ITER baseline ITER steady
#92440 #74740 (2008) state
(2016)

B: (T) 2.0 2.2 5.3 5.3

Ip (MA) 2.1 1.5 15 9

T. (keV) max 3.2 6.7 25 24

ne (10 m3) max | 7.5 3.4 10 7

Piot.ext (MW) 11.3 13 73 110

The goals for the ITER steady-state scenario include the requirements for a high beta and
non-inductive current fraction (self-generated bootstrap fraction >50% and the rest replaced
by externally driven current) [18, 59]. Strong pressure gradients are necessary in good con-
finement and higher non-inductive fraction by driving sufficiently large internally-generated
current, but they have not been fixed in the ITER work plan based on the recent results from
the studies on current tokamaks.

The most recent identity plasma experiments in large tokamaks were done in 2008 at JET
and JT-60U to study different confinement properties and current profile time evolution in
AT scenarios [42, 43]. These were the first experiments where the global plasma parameters
and profiles were matched between two similar-sized tokamaks in AT plasmas with reverse q
and high bootstrap fraction.

Experimentally, both dimensionless parameters and plasma profiles were successfully
matched in the initial state, but the time evolution of the g-profile and electron density was
different. Based on the current diffusion modelling (including source terms jy and j, ) re-
sults presented in Publication1, significant differences between these two experiments have
been characterised, in addition to the fixed properties of the devices: NBI alignment, total
plasma current and plasma geometry [43].

The most important results from the analysis in Publication 1 are presented in Figure 14. The
neoclassical bootstrap current density presented from the current diffusion simulation based
on purely experimental data profiles (black solid line) and required bootstrap current density
for the transition where the effect of the pressure gradient on the bootstrap current drive has
a positive gain. Blue (JET) and red (JT-60U) cases are the corresponding simulations but the
replaced electron density profiles were used. In the JT-60U experimental case the critical
current condition is sustained and also the level of critical current density is lower. This can
be observed even in the electron density profile without the ITB, where the same density gra-
dient produces two times more bootstrap current in JT-60U than in JET.

34




The role of the plasma geometry is significant not only for total fusion power but also for
achieving stationarity. Based on the sensitivity tests reported in Publication 1, changing geo-
metrical features (elongation, triangularity, inverse aspect ratio) is a more efficient way to
increase the bootstrap fraction and decrease the level of critical bootstrap current density
compared to the electron ITBs. Beneficial geometry (high inverse aspect ratio € and triangu-
larity), which has been obtained in JT-60U, is strongly connected to the positive gain of nega-
tive pressure gradients. This can be seen in Equation 25 for bootstrap current when the criti-
cal level of bootstrap current has been achieved.
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Figure 14. Bootstrap current density from NCLASS (solid) and critical bootstrap current density (dash) in JET
and JT-60U. a),e) Simulation with experimental JET data c),g) Simulation with experimental JT-60U data b),f)
JET simulation with JT-60U electron density d),h) JT-60U simulation with JET electron density. (Publication

1

The most promising results in AT scenarios have been achieved in JT-60U in the early
2000’s and the achieved results compared with ITER goals are presented in Figure 15. In
those experiments, high poloidal beta, bootstrap fraction and H factor [18] exceeded the IT-
ER target values [38]. These indicate improved confinement with higher temperatures and
densities, better efficiency and neutron production. In contrast, the fuel purity was the far-
thest from the ITER goal — only 2/3 of the target value [60]. Fuel purity and impurity accu-
mulation will be problematic issues in developing of the AT scenarios with transport barriers,
due to impurity accumulation in the core plasma.
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Figure 15. JT-60U record results compared with the ITER goals [35].

There are no the AT scenario experiments planned during the first operational years of ITER
[61]. However, AT scenarios can provide a feasible solution for power plant applications and
are planned in ITER in the 2030s [62-64].
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3. Fusion products

3.1 Plasma as heat source

The main part, 80%, of the energy in a fusion device is transferred out by neutrons. The rest
of the energy is carried

e As anisotropic radiation

e convectively with the high energy alpha particles to the chamber walls

e by migration to the divertor plates via thermal particles by convection.

The modelling of the heat source is important, not only for the design of the heat transfer
system, but also it has to be taken into account due to safety aspects: high neutron fluxes
cause activation in the reactor materials.

Typically, in thermo-hydraulic system modelling, the heat source is described only by para-
metrisation based on produced power but the physical effects in the plasma fuel and materi-
als are not included. However, the response time and the secondary reactions have a signifi-
cant effect on the total power production. In coupled thermo-hydraulic modelling, the heat
source is described starting from the neutron producing reactions in the plasma fuel. The
neutron source is given to the neutron transport module which calculates the real neutron
flux through the cooling elements and takes into account the secondary reactions and gamma
production which can also cause the damage in surrounding materials. This coupled model-
ling framework is described in more detail in Section 5.2.2 in balance-of-plant.

3.1.1  Fusion neutrons

The principle of the modelling of neutron and gamma transport in materials is mainly similar
for the neutrons produced by fission or fusion reactions. However, the effects in materials are
different due to energy spectrum of neutrons. Typically, the energies of neutrons produced in
fission reactions are around 2 MeV whereas in DT fusion, the major part of the neutrons are
born with an energy around 12-16 MeV. Even in DD fusion, the energy is of the order of mag-
nitude 2-3 MeV, which enables more threshold reactions and longer mean free paths for neu-
trons in the materials. In addition, the materials in fusion devices are different, so various
reactions which are not relevant in fission reactors, are observed in fusion applications.

Fusion reactions which produce neutrons can be divided to several groups based on the ener-
gy or source of reactive particles. Typically, the three following groups are used:

e thermal particle reactions,

e thermal-fast particle reactions and

e fast particle reactions.
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The first group (called thermal in this case) consists of the reactions between thermal deuter-
ium and tritium ions which can be described as a fluid (with one ion density and tempera-
ture) with a Maxwellian distribution when the fuel fraction 50/50 is assumed. The energies of
the particles in this group are typically up to 20 keV. The second group (thermal-fast) in-
cludes reactions between thermal and fast particles created by neutral beam injection or RF
heating. Their energies cover the interval from 50 keV to 2 MeV depending on the heating
system: for example, in ITER NBI system particles are planned to be 1 MeV deuterium ions
[18]. The third group includes the reactions between fast particles from the same or a sepa-
rate source. This classification is computationally beneficial hence every group can be pre-
sented representatively with separate distribution functions each source. Neutron source
codes, including calculation of the production rate and spectra are generally used in several
applications: neutron source and synthetic diagnostics are mentioned as the most significant
of them. The mostly used analytic tools are parametrised simplified sources or codes which
are based on the Maxwellian distribution. They are mainly used to calculate the thermal con-
tribution or average production especially in large devices such as ITER and DEMO. Instead,
Monte Carlo codes, for example ControlRoom [65] and DRESS [66], are used in more de-
tailed analysis and they can be extended also to gamma production such as GENESIS [67,
68]. In the computational source, NBI, RF and heat transport codes can be coupled to the
neutron source routine which enables also time dependent neutron sources and considers all
reaction types.

In current devices, with the exception of the DT campaign in JET, significant part of the neu-
tron yield is produced in DD reactions between fast and thermal particles. Production rates in
different reaction types in JET are presented in Section 3.2 as a validation case of AFSI AS-
COT Fusion Source Integrator (in publication 3). Those figures show that all reaction types
contribute significantly to the total production rate and they are required at least in the vali-
dation of computational methods. In forthcoming reactor-relevant tokamaks, thermal reac-
tions dominate the neutron production due to the smaller fraction of fast particles. However,
thermal-fast and fast particle reactions can be significant due to the different energy spectra
of the emitted neutrons. The highest energies of neutrons are achieved in the reaction be-
tween two RF accelerated particles. Additionally, in thermal-fast and fast particle reactions,
the velocity distribution is strongly asymmetric on the poloidal cross section, which has been
illustrated in the forthcoming Figures 19 for JET and 27 in Section 5 for ITER.

In the general, the neutron production in the reaction between particles 1 and 2 can be de-
fined by the equation

Ty = fff,,l fff,,z fiw)o(lvy — v2) f2(v2) vy — v2ldvidvy, (26)

Where f1 and f2 are the distribution functions in the velocity space and o(|v1l — v2]) is the
cross section with the corresponding relative velocity. The most relevant cross section for DD
and DT fusion reactions is presented in [5] called the Bosch-Hale cross section, which is also
presented as a reactivity plot (ov) in Figure 2 in Section 1.1. At fusion relevant temperatures,
the cross section is strongly dependent on the temperature or the relative velocity. Due to this
reason, the relevant ion temperature data is required for calculation of a realistic neutron
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production. Other quantities, which affect the production rate and the total production, are
the electron temperature, particle densities (implicitly via distribution functions), plasma
geometry (including the shape and the total volume), D-T fraction (" /nT) and the heating

scheme.

There is a linear dependence on the individual distribution function or particle density in
Equation 26, but explicitly, the dependence of temperature is more significant, which can be
seen in Figure 2. Experimentally, it has been proved that, the maximum production can be
achieved with the D-T fraction 40/60 JET tokamak [15], but generally, the optimum covers
range from 40/60 to 60/40 (and it varies shot by shot) and the fuel fraction was quite diffi-
cult to control with than 5-10%. As a heat source this point is not so straightforward, since
the production rate does not take into account the energy spectra of the fusion products. In
DT reactions, the reaction energy is more than five times larger than in DD reactions, but the
neutron interactions with materials and the heat transfer efficiency are different. For this
reason, many kinds of sensitivity tests are required to optimise of reactor relevant plasma
scenarios.

Although, the major part of neutrons is produced in thermal particle reactions in reactor rel-
evant devices, scenario development and validation have to be done in current tokamaks. For
this reason, neutrons from thermal-fast reactions are the most significant contribution in
validation of all neutron related calculation methods: diagnostics calibration, neutron source
routine and nuclear safety analysis.

3.1.2 Fusion alphas

Fusion alphas, and charged fusion products generally, have an important role in plasma con-
trol and self-heating. Additionally, they affect strongly the plasma pressure and equilibrium:
the additional and significantly large contribution to the total pressure causes the shifting of
flux surfaces [13]. This effect has to be taken into account in the scenario modelling, heating
and current drive alignment and the control of instabilities.

In ITER size devices, the alpha induced pressure component is estimated to be approximately
30% of the total pressure. This affects significantly the magnetic equilibrium and the repeti-
tion of the flux surfaces. In control or measuring of the plasma parameters, especially the
current alignment and heating, a well-defined structure of the flux surfaces is needed, conse-
quently ignoring the increased total pressure due to alpha particles can lead to a failure in
operation.

Alpha particles are also taking part in many important reactions, of which the most im-
portant is the gamma production with beryllium:

°Be + a - n+vy+ 2C.
This reaction is significant especially with high energy particles when the initial energy is
higher than 1.9 MeV [69]. For this reason, alpha distributions are an input for other synthetic

diagnostics: impurity concentration and gamma cameras. This topic is raised in Section 5,
when new possibilities of fusion product codes are discussed.
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3.2 AFSI ASCOT Fusion Source Integrator

AFSI ASCOT Fusion Source Integrator is a modular code, which defines product distributions
in 4D grid (R, z, vj,v,) based on the given input distributions of reactants in DD, DT and
DHes3 fusion reactions (in Publication 3). In the modelling grid, the 3D (x, y, z) velocity has
been reduced to the parallel and perpendicular components with respect to the magnetic field
vector. AFSI consists of three methods: analytical, semi-analytical and Monte Carlo for solv-
ing the production rate integral (presented in Equation 26).

AFSI has been applied as a neutron source for neutron transport calculations in activation
and dose rate analysis and also as a synthetic neutron and alpha diagnostics in the JET toka-
mak (in Publication 3). The unique feature is that also fast particle reactions and spectra can
be defined by the AFSI Monte Carlo module. The development of the AFSI Monte Carlo
module was driven by a need for a synthetic neutron spectrometer which takes into account
also the broadening of the spectrum due to energetic reactive particles. This work was de-
scribed with more details in Publication 3.

In the Monte Carlo model, the fusion product distribution is calculated by numerically inte-
grating equation 26. It has been implemented by sampling pairs of reactant particles (1 and
2) and collecting the product distributions. Fusion product velocities in 3D are solved from
energy and momentum conservation laws in the CM (Center of Mass) coordinates. In the
case of DT reactions (neutrons and alphas as the fusion products), momentum and energy
conservation can be written as a form

. - .
myVycm+tmMaVacm = MpVaemtMeVecm (27)

En+Eq=Ey = %m1|71,CM| Z4 §m2|Vz,CM|2 +Q (28)

where Q is the reaction energy and E, the total energy defined in the initial state. The fraction
of CM velocities V™M /Va ¢y can be solved from the energy conservation. Direction of the gen-

erated neutron can be assumed to be isotropically distributed in the CM sphere coordinates,
so based on that the neutron velocity is known and the alpha velocity is solved from the mo-
mentum conservation.

In the thermal module, Maxwellian distributions for both reactants are assumed. In this case,
the reaction rate is

Rrp = ninj{ov), (30)

where it is calculated analytically, so the distribution functions of products are not available
as a result and the spectra have a simple Maxwellian form.

The fast-thermal module is a combination of the functionality of the thermal and fast mod-

ules. A Maxwellian distribution is assumed for the thermal reactants, while the fast reactants
are given in an arbitrary 4D distribution. Now, the reaction rate is

Rrh-rast = fffup(ﬂv)fpdvm (31
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where the averaged thermal-fast cross section is

ﬂ'f cr(u)uz[e —-mr(u+vg)?/2T _ —mT(u—VF)Z/ZT] du (32)

{ov) = m

where o is the differential cross section, vy is the velocity of fast particles and T is the plasma
temperature.

As mentioned, in the semi-analytical and Monte Carlo (for fast particle reactions) modules,
distribution functions of reactants are required as inputs. AFSI is implemented to work with
ASCOT, when the inputs are coming from the internal calculation loop. On the other hand,
any given distribution function can be applied. This makes AFSI benchmarking and valida-
tion more fluent. If the thermal or fast-thermal modules are used, the information of the
plasma 1D profiles is needed. The interaction between the modules is presented in Figure 16.

The Monte Carlo model is useful especially in diagnostics validation when the spectrum and
velocity distribution of the diagnosed particle type is needed. In turn, thermal and fast-
thermal modules can calculate production rates quite fast for the inputs for the integrated
code systems. For this reason AFSI is coupled to ASCOT in the JINTRAC system and also a
connection to the ETS (European Transport Solver) [70] system is under development.
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Figure 16. Interaction between the AFSI modules, inputs and outputs (Publication 2).

AFSI fusion production rates have been tentatively validated in JET high performance plas-
mas with the experimental neutron production rates given by fission chamber diagnostics
(KN1) (Publication 2). The validation is presented in Figure 18 where AFSI neutron produc-
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tion in different reaction types is presented (with different colour blocks) with the experi-
mental total production. In this official validation plot, data from recent DD plasma experi-
ments were used as input. Differences between measured and calculated production rates are
smaller than 20% over the whole time range which was selected for the analysis. Additionally,
the sensitivity tests with 10% error bars in the ion temperature profile by AFSI-ASCOT simu-
lations were performed. The difference between measured and calculated neutron rates is
smaller than the differences between sensitivity test simulations with the exception of the
first data point, where the calculated neutron rate is 2-5% smaller. Additionally, the effect of
neutron deficit should be taken into account. High performance plasmas can be used as a
validation due to the observed small neutron deficit which is discussed in the chapter 4.2.

The most significant contribution to the neutron rate was achieved by NBI-thermal particle
reactions, as assumed. Additionally, the contribution from thermal particle reactions was
sufficiently large, 30-60% of the total, in the selected discharge due to the high ion tempera-
ture. Fast particle reactions produced approximately 1-2% of the neutrons which is a smaller
amount than the contribution from ICRH-thermal particle reactions which were not taken
into account in the simulation. Anisotropy in thermal-fast and fast particle reactions can be
seen in the 2D production rate maps in Figure 19: fast particle reactions take place closer to
the plasma boundary. However, this study was focused on the model validation with the total
production rate and the effect of the neutron energy spectrum on the materials or compo-
nents were not analysed.

As mentioned earlier in Section 3.1.1, the most significant error source is the uncertainty in
the ion temperature measurements. The JET discharge #92436 was selected as the validation
case, because good quality ion temperature data was available. The ion temperature is meas-
ured by charge exchange recombination spectroscopy (CXRS) in fusion applications [67]. In
JET, the coverage of the CXRS diagnostics system causes large uncertainty to all analysis:
there are no measurement points automatically available in the core plasma inside the half
radius.

The other significant point is that the small variations in the solution of the Grad-Shafranov
equation cause a shift in the plasma surfaces which changes the differential volume. This
leads to different neutron production at the magnetic surfaces which is demonstrated in
Figure 17 where integrated neutron production calculated by AFSI with two different plasma
shapes from ITER scenarios is presented. In both cases the same 1.5D plasma profiles were
used but the mapping to 2D is different due to a different solution of the Grad-Shafranov
equation. The integrated plasma volume is 20% larger and neutron production rate almost
30% larger at the half radius when the steady state plasma equilibrium was used.
Additionally, plasma pressure, which is not directly measured, is calculated as a sum of the
ion and electron pressure including possible errors, such as ion temperature and the lack of
the information of fast particle pressure.
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KN1 values in JET #92436 discharge (Publication 3).
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4. Synthetic diagnostics

The main purpose of synthetic diagnostics is to interpret measured data and filter out non-
physical effects. They are also generally used in the calibration of real systems, scenario de-
velopment and the analysis of experiments when the measured data is not available. Addi-
tionally, in the case of neutrons, predicted production rates are important also in preparing
the experiments, since the fixed neutron budget cannot be exceeded due to safety limits set
by the nuclear safety authority.

4.1 The role of neutrons

In forthcoming reactors, 80% of the produced heat will be transferred out from the plasma by
neutrons. In contrast, in current experimental devices, neutrons indicate the achieved fusion
power. Additionally, due to safety aspects, the total neutron production has to be monitored
during the plasma operation. For example, the neutron budget in the forthcoming JET DT
plasma campaign (DTE2) is fixed to 1.7 x 102 neutrons [17]. Material effects, such as radia-
tion damage, are also induced by neutrons. Neutron damage should be estimated for plan-
ning shut downs and smaller maintenance work, such as replacing components and diagnos-
tics calibration. In ITER and other reactor relevant tokamaks, changing of components will
be done by remote handling manipulators due to the high activation level in the torus. During
DT operation, the torus hall and surroundings have to be closed until the activation level has
been decreased to acceptable levels.

4.2 Neutrons in JET tokamak

There are several neutron diagnostics systems in operation in JET. Most of them are used to
measure the production rate: Fission chambers (KN1) [72, 73] based on the fission reaction
in U-235 and U-238 measure the total production continuously. Moveable remotely handled
activation sample (KN2) [74] is mainly used in calibration. High spatial resolution neutron
camera with 10 horizontal and 9 vertical lines of sight (KN3) [75] covers the whole plasma
cross section. It gives the production rate map on the poloidal cross section and is also suita-
ble for gamma measurements. Additionally, two spectrometers are available: Time of flight
spectrometer (TOFOR KM11) [76] is measuring the spectrum in one vertical line of sight
which is located quite in the centre of the core plasma and the Compact Neutron Spectrome-
ter with a horizontal line of sight [77]. Only fission chamber measurements are operating
automatically producing processed data which is generally available in public database and
they are required to be switched on as protection diagnostics. Other diagnostics are operated
by the experts during plasma discharges but they are usually used only in the experiments
where an atypical spectrum is expected.

45



Generally, large differences between measured and calculated neutron production rates are
observed in JET. By comparing mostly used codes, such as TRANSP-NUBEAM [78, 79], neu-
tron production is on average overestimated by 0-100%, which is also presented in Figure 20
[80]. The overestimation varies case by case: typically there is the smallest difference in the
plasmas with higher neutron production but any unambiguous reason for the overestimation
was not found. This effect is called the neutron deficit [80] and it is one of the most im-
portant topics to be studied before the next DT and tritium campaigns, for example due to
the limited neutron budget. [18]
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Figure 20. Measured (KN1) vs calculated (TRANSP-NUBEAM) neutron rate in selected JET discharges with ILW
[72].

46



05

z{m}

-05

45 &
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Synthetic diagnostics are used not only in interpretation of the measurements of physical
diagnostics systems but also in the scenario extrapolation. For example, replacing the deuter-
ium beam injector with a tritium one changes the reaction rate and spectra of products due to
the different reaction and density of reactants. For this reason, synthetic diagnostics are cou-
pled with the integrated code systems. Especially in reactors, alpha particles (production rate
and distribution function) give rise to a significant source term in the heat transport and they
contribute to the total pressure.

In the case of synthetic diagnostics in JET, the ion temperature measurements set the limit
for the accuracy in the estimated neutron production rate. Typically, the estimated errors in
the T; profile are 10-15% [63]. The neutron production rate can be measured with good accu-
racy by the fission chambers: errors should be smaller than 8% [73]. So, the ion temperature
data can be corrected with the help of predictive simulation which try to match the synthetic
neutron production with the experimental one. If good-quality temperature is assumed, the
same method can be applied in correcting ion density data correspondingly. On the other
hand, the inaccuracy of the measurements of Z.4 or identification of impurity species can in-
crease the total error level in the estimated neutron rates. However, these errors are typically
lower than in CX diagnostics.

AFSI-ASCOT simulations are used as a basis of the JET synthetic neutron spectrometer,
which has geometrical set-up equal to the KN3 neutron camera, which is presented in Figure
21. This synthetic AFSI-based diagnostics was implemented as an ideal diagnostics without
detector related effects, scattering or attenuation for instance. However, AFSI is implemented
as a part of the calculation chain including also neutron transport calculated by Serpent. In
the near future, this chain will be supplemented with tools for more realistic detector model-
ling.
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The need for a simple-to-use tool to define fast-thermal and fast particle reaction-based neu-
tron production rates and spectra for DT extrapolation and neutron deficit studies was the
main motivation to implement AFSI-ASCOT based synthetic neutron diagnostics. AFSI has
also many other benefits. It is quite fast, because the Monte Carlo module is only used on fast
particle reactions and any given distribution function (in fixed format) can be used. That
makes benchmarking and sensitivity tests straightforward. It is coupled to the integrated
code package such as JINTRAC and ETS, so it is suitable to use in scenario modelling and the
inputs are easy to generate. The AFSI-based neutron source is also the part of calculation
chain where the plasma physics, neutron transport in the material and thermo-hydraulic
analysis are coupled. This calculation chain is remarkable because, traditionally plasma phys-
ics and neutronics as a part of reactor analysis have been quite separate fields. Generally,
very rough parametrised models of the neutron source [81] are used in neutronics. Instead,
the detailed AFSI-based model enables study of plasma related effects, such as wider spec-
trum and source geometry in neutron transport.

One of the most analysed DD record shots (#86614) was selected for the validation of syn-
thetic KN3. Qualitative results from the KN3 camera were available and the calculated pro-
duction rates have been compared with those ones. The scaled experimental production rates
have been presented with AFSI results (see also Figure 22) in Figure 24. Additionally, the
spectrum in the extreme case with high energy reactants generated by ICRF third harmonic
heating [82] has been compared with the spectrum calculated by alternative synthetic diag-
nostics based on the ControlRoom code [65].
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Figure 22. Production rates (top) and neutron spectra (bottom) in JET #86614 discharge defined by AFSI based
synthetic KN3 camera.

48



Maximum production was observed in the fourth channel horizontally and in the fifteenth
channel vertically in the physical KN3 measurements. Also in AFSI-based production rates
the maxima are achieved in the same channels and the amount of order is the same for com-
putational and measured values with the exception of the outermost vertical channels 11, 12,
13 and 19. Computational values were overestimated in channels 11, 12 and 13 (the leftmost
lines in Figure 21) and the production was underestimated in channel 19. Those differences
are probably caused by detector related effects but also errors in the equilibrium reconstruc-
tion can affect the total plasma volume and production rate. Similar effects were observed
also in [82].

Spectrum calculation was validated with the ICRH heated shot #86459 where the reactant
distribution was notably anisotropic. The spectrum covers energies between 1.6-5.4 MeV
(peaking at 2.5 and 3.0 MeV energies) which corresponds qualitatively with the spectrum
calculated by an alternative tool, ControlRoom [65]. This comparison is presented in Figure
23.

As mentioned, KN3 experimental values are given as counts of detector. The calibration coef-
ficients were not available and defining them is challenging in any case. The most appropriate
way to do quantitative validation is by doing neutron transport calculation including the
modelling of detector.

Scaled neutron spectrum

3

15 2 25 3 35 4 45 5 5.5
E (MeV)

10

Figure 23. Production rates and neutron spectra in JET #86614 discharge defined by AFSI (red) and Control-
Room (blue) [65] based synthetic TOFOR.
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Figure 24. Production rates and neutron spectra in JET #86614 discharge defined by AFSI in different reaction

types with error estimates due to 10% variations in T; compared with KN3 neutron camera scaled measure-
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5. Plasma analysis calculation chain

The development of the calculation chain ASCOT-AFSI-SERPENT-APROS started in 2014
with the aim of DEMO balance-of-plant analysis. After three years, the use of different mod-
ules has been demonstrated with real fusion applications and they are now being used in the
analysis of several fusion devices and projects, such as the most important of them, ITER
neutronics and JET synthetic diagnostics.

The above mentioned calculation chain includes the following coupled tools described from
the fuel plasma to the power plant secondary loop
e ASCOT [52-53]
Defining the distribution function of reactive plasma particles
e AFSI [Publication 2]
Generating the neutron production and spectra to the Serpent input
e SERPENT [83]
Calculating the neutron and gamma transport to evaluate the parametrised heat
source coupled to the power plant component models
e APROS [84]
Modelling the power plant processes

The unique feature in the calculation chain is the detailed description of the plasma neutron
source based on the interactions between the fuel particles via ASCOT. ASCOT can be also
coupled to scenario modelling code systems, which enables fully predictive modelling and
systematic handling of input data. Due to this connection, all effects of the neutron produc-
tion can be analysed efficiently by sensitivity tests. The tools for the calculation chain are
mainly developed at VTT in close collaboration with Aalto University and also internationally
at JET (ASCOT and AFSI), which decreases the possible lack of information and feedback
from the users and experts.

5.1 Serpent neutron source

The Serpent Monte Carlo code has been developed for reactor physics calculations at VIT
since 2004, with the main purpose of producing spatially homogenised group constants for
deterministic fuel cycle and transient simulator codes [83]. In recent years the built-in capa-
bilities in Serpent have been extended to cover a broader scope of reactor physics applica-
tions, in particular multi-physics simulations involving the internal and external coupling of
Monte Carlo neutronics to fuel performance and thermal hydraulics.
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The development of new applications of Serpent to different fields including fusion neutron
and gamma transport, radiation shielding and medical applications started actively in 2015.
Recently developed features, the photon transport mode and CAD-based geometry model,
have been key drivers in extending Serpent into applications in these new fields.

Compared to fission reactors, a more detailed geometrical description is needed in fusion
applications. Additionally, the range of materials and isotopes is wider and more different
reactions, such as threshold reactions due to higher energies of particles, have to be included
to the modelling scope. The principle of Serpent neutron source block is presented in Figure
25. The source routine generates Monte Carlo based source neutron distribution based on the
pre-calculated probability distributions on three levels:

e Probability of the reaction type (thermal DD/DT, fast-thermal DD/DT, fast DD/DT)
e Probability of position (in Rz or rho-theta grid)
e Probability of energy/direction or velocity

First, the reaction type (DD or DT and the energy range fixed: thermal, fast-thermal, fast) is
sampled from the probability distribution which is formed based on the fraction of produc-
tion rate for each reaction. On the next level, the location on the poloidal cross section (2D or
1.5D information can be used) is defined on the same geometry grid for every reaction type:
index in (R, z) pair or p distribution is sampled based on the reaction rate profile. The source
routine includes the information of energy spectra or velocity components for every grid
point. On the third level, the energy and pitch or velocity components are sampled. Neutrons
can be generated and the source probability distributions calculated separately for every reac-
tion type. In addition, the source routine includes the total production per reaction type for
the normalisation.
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Figure 25. Neutron source and its inputs and outputs in the Serpent code (Publication 4)
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5.2 Applications

As mentioned, the calculation chain has been tested module by module in different applica-
tions. In current devices, such as JET, the main application presently is in the field of syn-
thetic diagnostics whereas in forthcoming devices, like ITER, the focus is to the operation
design within the safety limits. The synthetic neutron diagnostics in JET was implemented by
AFSI-ASCOT in 2016 and it is briefly reported in Section 4.2

All modules in the calculation chain are combined in the balance-of-plant analysis. Complet-
ed analysis requires also new added features, such as modelling and parametrisation of radi-
ated heat and divertor heat loads. However, the tools for various modelling purposes are
available in the existing version of the calculation chain. ITER is probably the largest field of
applications: heat deposition, tritium breeding and material damage are essential topics
where the AFSI-SERPENT part of the chain can be utilised.

5.2.1 Serpent fusion neutron and gamma transport: case ITER

Serpent capabilities in fusion applications have been presented in the reference papers in
[Publication 4, 85], which is the first fusion related Serpent work reference. The ITER base-
line and steady state scenarios with the energy multiplication Q = 10 and Q = 5, respectively,
and D/T mix of 50%/50% (the parameters which were used are listed in Publication 4) were
selected to the demonstration case. The neutron production rates are given in rho-theta co-
ordinates by AFSI coupled to the JINTRAC due to faster calculation time and easy handling
of inputs and outputs.

The AFSI-SERPENT coupling has to be validated before large-scale applications. The most of
this work has been done in JET where good neutron diagnostics and valid experimental data
are available. AFSI modules (analytical, semi-analytical and Monte Carlo), have been bench-
marked against other codes in extreme cases (total production, thermal and ICRH based high
energy neutrons), as presented in the Publication 3.

The total neutron production rates (from thermal and fast-thermal reactions) given by AFSI,
the 2D source geometry and cumulative probability distributions are used to generate the
Serpent neutron source. The source, which is plotted in Figure 26, shows that in the steady-
state scenario the total neutron rate is lower, and additionally the rate profile is more peaked
to the outer radius. This causes the maximum source neutron distribution to be further from
the magnetic axis than in the baseline case. Another significant difference is the poloidal
shape of source and mapping of flux surfaces which spans the production rates to the grid.
Those effects appear to be rather small, but they can cause large differences in the total neu-
tron production.

As mentioned, the major part of neutrons is produced in the thermal particle DT reactions in
ITER. However, the other reactions have to be taken into account in validation and addition-
ally in the analysis of the non-nuclear phase. A significant issue is also the damage of sensi-
tive components, such as diagnostics, due to high energy neutrons. Spatial neutron distribu-
tion in different reactions types for DD reaction is presented in Figure 27. These reaction rate
maps show that the neutron production is strongly localised, especially in fast-thermal and
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fast particle reactions, which can cause different high energy neutron fluxes with different
poloidal angles.
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Figure 26. Serpent neutron source distribution in ITER DT plasma baseline (left) and steady state (right) scenari-
os in arbitrary units.
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Figure 27. Neutron production rate for different reactions (a) thermal b) fast-thermal c) fast particle) in ITER DD
plasma baseline scenario.
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5.2.2 Balance-of-plant analysis

Balance-of-plant consists of the dynamic process modelling of power plant subsystems and
parametrised volumetric heating calculated by coupled neutron and gamma transport and
neutron production in the fuel and the interface with the integrated modelling tools is pre-
sented in Figure 28. Until recently, the modelling of power plant processes in fusion applica-
tions has been strongly separated from the physical effect in the plasma fuel. However, rough
parametrisation of the plasma profiles does not take into account all effects, such as strongly
localised neutron production, which can cause reactions in the materials and changes in heat
production.

A broad expertise of different fields is required in the balance-of-plant modelling. Due to this
reason, one of the most important features in the coupled system is an easy-to-use options
and smooth interaction between the modules. Additionally, using the same tools in different
applications improves their quality when the same method is validated by several users.

Key questions in the balance-of-plant analysis are for instance:
e Maximising the heat transfer to the secondary loop
e Operation with the heat storage system between the plasma pulses
e Optimisation of the blanket cooling
e Tritium breeding.

Particularly, there is a need for a detailed description of the energy production in the plasma
and the energy transfer via neutrons in all these goals. Particularly, tritium breeding will be
one of the most significant tasks in ITER studies and the efficiency of the breeding depends
on the energy spectra of neutrons which induce the reaction in lithium and in potential neu-
tron multiplier materials, such as lead.

As mentioned in the beginning of Section 5, coupling of the tools in plasma physics and pow-
er plant processes makes the modelling work more fluent, for example due to the systematic
handling of the inputs and outputs. Additionally, the reason for the behaviour is easier to
observe, when the whole chain of analysis is available and well-known.

M 1
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1 . 1 -of-
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| Modelling ! I Modelling !
| Reactants Net:|trons Heat :
' 1
' INPUT - ™ SERPENT APROS »
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1 \ ' !
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Figure 28. Interaction between scenario modelling and balance-of-plant modules
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6. Conclusions

Reactor relevant plasmas are studied to maximise energy production and the efficiency of
power plant operation. There are technical challenges as well as requirements related to long
pulse length and plasma control to be taken into account in the scenario development for
future devices but also for today’s experiments. This connection between plasma physics and
technology will be essential and the interaction of these — yet somewhat separate — fields will
increase in forthcoming years towards ITER and DEMO. In this thesis, plasma related effects
that can affect technical solutions, such as heat production, pulse length and material activa-
tion have been studied.

The properties of reactor relevant plasmas and the coupling of plasma physical effects and
neutronics are studied using different views in this thesis. Publication 1 focuses on advanced
tokamak scenario plasmas. The basis was the analysis and extrapolation of the identity plas-
ma experiments in two large tokamak devices in JET and JT-60U with matching plasma pa-
rameters. During the experiments, these tokamaks were the most relevant and largest devices
for ITER studies. However, these same-size devices were fundamentally different due to heat-
ing capabilities and the shape of the plasma. Different behaviour of plasma density and cur-
rent has been studied by predictive current diffusion simulations with the JINTRAC coupled
code system. The most significant and previously not analysed results are related to the role
of geometry in achieving steady-state and the production of the bootstrap current. Changes of
the geometrical parameters seem to be the most promising way to achieve a steady-state in
JET. The connection between the bootstrap fraction, geometry and obtained density gradient
was observed and deduced to be one of the most significant differences between JET and JT-
60U.

Publication 2 is the reference paper to AFSI which is a new fusion product module of the AS-
COT particle following code. Fusion products, mainly helium and neutrons, can be character-
ised with a production rate and spectrum by AFSI where all relevant fusion reactions (DD,
DT) with all energies of reactants can be calculated. The most important reason to implement
the new module was to use it as a part of calculation chains in different fields of applications:
neutronics, alpha particle physics, synthetic diagnostics and calibration of diagnostics sys-
tems for instance. Additionally, one beneficial feature is that AFSI is very versatile and exten-
sible for different reaction types, TT fusion and gamma production, for example. This gives
more new possibilities for further development.

Publication 3 reports on a direct application of AFSI: synthetic neutron camera and spec-

trometer in JET. This synthetic neutron and alpha diagnostics system which replicates the
geometry of the real neutron and gamma camera in JET can be also expanded to gamma
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production. Tentative validation of AFSI has been performed with data from extreme cases in
JET plasmas and good level of agreement was achieved regarding that the most significant
uncertainty in the results comes via the effect of the ion temperature on the cross sections.

Publication 4 describes the neutron transport calculation procedure with the Serpent code
in fusion applications and especially, generating the plasma neutron source. Fusion neutron
source was a completely new feature in Serpent and the fusion applications give many new,
not only scientific but also business related development possibilities for it. The whole calcu-
lation chain from plasma physics in the fuel to thermo-hydraulics in the cooling of blanket is
needed in ITER and particularly in designing DEMO.

The calculation chain, especially the coupling of Serpent, ASCOT and AFSI development is
mainly performed in a Finnish collaboration between VTT and Aalto University. For this rea-
son, further development is efficient and rather expeditious without any delays due to infor-
mation delivery and different work flows. However, the international collaboration has been
an essential part of the work from the beginning and there is quite a large user community for
each code. ASCOT has been used in the analysis of many tokamak devices for years and it has
an established position in European fusion research, so AFSI will be taken to use as a natural
extension. Also Serpent is widely used in the fission community where its methods and pro-
cedures have been tested and validated. As mentioned, the strongest features are the detailed
description of fusion neutron source and the capability to expand it to calculation chains in
fusion applications in tokamaks but in stellarators as well.
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ABSTRACT

Methodology for fusion neutronics calculations is currently being implemented in the Serpent 2
Monte Carlo code. The work is focused on two main topics: 1) Development of a new source routine
used for coupling the output of plasma scenario codes into the neutron transport simulation, and 2)
An advanced CAD-based geometry type capable of modeling the complex structures encountered
in fusion applications. The new geometry model was demonstrated in a recent study, using the
C-Lite CAD model of the ITER fusion reactor as the test case [].

This paper continues the previous work with the demonstration of the plasma source routine.
Two plasma scenarios, corresponding to baseline and steady-state operating modes of the ITER
reactor are first modeled using the AFSI and JINTRAC plasma codes, and the resulting source
distributions used in Serpent 2 neutron transport simulations. Because of certain deficiencies in the
geometry model, the results cannot be considered physically realistic. For this reason the test cases
presented here should instead be considered a practical demonstration of the developed calculation
sequence.

The work for expanding the use of Serpent into fusion neutronics is still at a relatively early
stage. Potential future applications include heat deposition, material damage, tritium breeding and
various radiation shielding applications. The neutronics calculations in this study are also used to
provide activated material compositions for shut-down photon dose rate calculations, presented in
another paper at this conference [2].

Key Words: Serpent, fusion neutronics, plasma scenario modeling, neutron source, ITER

1. INTRODUCTION

The Serpent Monte Carlo code has been developed for reactor physics calculations at VTT Technical
Research Centre of Finland since 2004, with the main purpose of producing spatially homogenized
group constants for deterministic fuel cycle and transient simulator codes [3]. In recent years the built-
in capabilities in Serpent have been extended to cover a broader scope of reactor physics applications,
in particular multi-physics simulations involving the internal and external coupling of Monte Carlo
neutronics to fuel performance, thermal hydraulics and CFD codes [4]. For these traditional and novel
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applications Serpent is currently used in 148 universities and research organizations in 37 countries
around the world, with the total number of users around 500.

Within the growing user community there has been an increasing interest to broaden the scope of
applications even further, beyond fission reactor physics. This goal is supported by recent work on a
photon transport simulation mode [5], carried out for the purpose of gamma heating in multi-physics
applications, as well as the introduction of advanced unstructured mesh [6] and CAD-based geometry
types [1], originally developed as the by-product of a multi-physics interface for CFD code coupling.
The potential future applications for Serpent include radiation shielding, medical physics and space
applications, but in particular fusion neutronics.

This paper presents the first part of a study, in which the new capabilities of Serpent are demonstrated
in fusion applications. The test case is a realistic CAD-based geometry model of the ITER fusion
reactor. Two plasma scenarios, a baseline and a steady-state case are simulated using the AFSI and
JINTRAC plasma codes and the resulting fusion neutron source distributions coupled to Serpent via
the newly-developed source routine. Serpent is used for calculating spatial flux and absorption rate
distributions, as well as activation caused by neutron-induced reactions. The activated materials form
the source term for the second part of the study, involving shut-down gamma dose rate calculations.
The results of the second part are presented in another paper at this PHYSOR 2016 conference [2].

This work is part of a long-term effort to develop a new computational framework for fusion neu-
tronics, combining Monte Carlo particle transport calculation, plasma scenario simulations and CAD
based geometry modeling in a highly-integrated way. Providing new high-performance, high-fidelity
modeling tools capable of covering the full scope of fusion neutronics analyses is considered valuable
to the international fusion neutronics community, facing increasingly complicated engineering chal-
lenges as the research is moving towards the design and construction of large-scale experimental and
demonstration devices. The work is still at an early stage, and the purpose of this and other preliminary
studies is to demonstrate that Serpent is a practical candidate for such analyses.

2. PHYSICAL BACKGROUND

Generally, fusion reactions (DD and DT) in magnetically confined plasmas can be divided in three
groups. The majority of the reactions belongs to group (1), thermal particle reactions, which consists of
the reactions between thermal or Maxwellian distributed target plasma ions (energy interval 1-40 keV).
Group (2), fast particle (energies > 50 keV) reactions, includes the reactions between high energy (or
additionally heated) ions produced by neutral beam injections (particle energies in NBIs will be 1 MeV
in ITER heating system) or radio frequency wave resonances. Additionally, group (3) is a combination
of groups (1) and (2), containing reactions between thermal and fast particles.

Regarding neutron production, thermal reaction group is the most important source which produces the
major part of neutrons in the plasma globally in reactor-relevant-sized devices. The fraction between
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group (1) and (2) varies globally between 80% and 99.5% in typical high-gain fusion plasmas (such
as JET DT record shots and ITER reference plasmas), depending mainly on temperature, total plasma
volume and mix of fuel (D, T, impurity accumulation). However, in current devices like JET, the
fraction of neutrons produced by fast particle reactions is more significant and it may strongly affect
the neutron energy spectra.

The major part of the source, contributed by the neutrons produced by thermal particle reactions, is
constant on the poloidal flux surface which is based on the constant temperature at the normalized radial
coordinate. Neutrons from reactions in group (2) and (3) have strongly asymmetric distribution on the
poloidal cross section due to alignment of the heating systems. Universally, it can be noted that the part
of neutrons produced by reactions in group (2) and (3) is minor (see the total fraction of thermal and fast
particles) but not negligible, and it can have an important role in local neutron production profile and
energy distribution of fusion products. Additionally, the role of spatially anisotropic energy distribution
can be significant in the complete neutronics calculations.

However, group (2) is important in test or validation cases with current-size devices, so it will be
implemented in the neutron source model for the validation and method testing particularly. The part of
fast particle reactions concentrated on the reactions between NBI particles in this paper, but practically,
fast particle distribution from any source can be analyzed by changing the velocity distribution of
reactive particle source. Heretofore, simplified analytical methods which are based on the conversion
of experimental or fitted data profiles to the D-shape plasma geometry approximation have been used as
the plasma neutron source to neutronics calculations. Additionally, neutron production in fast particle
reactions has usually been ignored in earlier analyses and, overall, anisotropic distributions (in the
production rate and energy of the produced neutrons) have not been considered in the earlier neutron
source models.

3. GENERATING THE NEUTRON SOURCE FOR SERPENT

Reaction rate (of DD or DT) in group 2 or 3 is defined by

T1g = ///v1 // 5 f1(vi) o (Jvi = val) f2 (V) [v1 — Va| dvidva, (1)

where f; (v;) is the velocity distribution function of the particle species j with the velocity v;, and
o (|v; — vi|) is the velocity-dependent reaction cross section between particles j and k, given by the
Bosch-Hale model [7]. In thermal reactions, production rate is simplified to

Tth = M1N2 <0V>12 (Tl) ) 2)

where n; is the density of the fuel particle species j, and (ov), (73) is the temperature-dependent
reactivity between particles j and k, integrated over the Maxwellian velocity distribution of the thermal
particles.
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Figure 1. Inputs and outputs of fusion plasma neutron source computing block.

The distribution functions are calculated by ASCOT (Accelerated Simulation of Charged particle Or-
bits in Tori) which is a fast minority particle orbit following MC code developed in Aalto University
and VTT since early 90s [8, 9]. It is a versatile and widely used tool for analyzing different fusion
plasmas, especially NBI-heated particle effects in several devices. Generation of a realistic neutron
source for Serpent is performed with the AFSI Fusion Source Integrator [10]. AFSI is working as a
part of ASCOT, calculating tokamak fusion reactivity and energy distribution of the reaction products,
and it is suitable for defining neutron production in all birth channels (groups 1-3).

Plasma-physics-based neutron production model provides the source input to Serpent and computa-
tional connection between plasma neutron source and neutronics calculation is illustrated in Figure 1.
The source model includes defining of production rates of neutrons in groups (1)-(3) and energy dis-
tributions of reaction products in 1.5-2.0-dimensional grid in poloidal plasma cross section. Neutron
source can be defined by using (R, z) or (p, §) grid (or alternatively simply 1.5-dimensionally with p-
coordinate) depending on the input data (required input is presented in the input list in Figure 1) from
plasma diagnostics and simulations. The different coordinate systems are presented in Figure 2.
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Figure 2. The (R, z) and (p, 0) coordinate systems in tokamak geometry.

Benefits of AFSI compared to previously applied methods based on simplified analytical approxima-
tions of plasma parameters, such as 7" and n, include better accuracy of the source geometry (from the
magnetic equilibrium solver) and possibility to include all reaction types in the analysis. In addition,
AFSI is capable of coupling the neutron source definition to time-dependent plasma transport simu-
lations by, for example, the ETS [11] or JINTRAC [12] packages, which is useful in analysis of yet
non-existing devices, such as ITER and DEMO or DT extrapolation of JET, for instance.

Several development steps in the AFSI-based neutron source have been planned. In the current version
of the code, all groups of reactions have been taken into account, and flux surface symmetry is assumed.
Generating anisotropic energy distribution is under testing. Additionally, neutron source is defined
with (R, z) coordinates in AFSI and this will be updated to enable selection between (p, 0) and (R, =)
coordinates, which makes testing of the efficiency of the method and its sensitivity to small variations
in source geometry or plasma parameters more fluent. At the moment, using p grid is possible via
JINTRAC coupling, which includes the equilibrium solver (transformation from R to p).

4. TEST CASE

Baseline and steady-state cases of ITER with () = 10 and () = 5, respectively, and D/T mix of
50%/50% have been used as demonstration cases, and the main parameters are summarized in Table I.
The neutron production rates are given in (p, 6) coordinates by AFSI coupled to JINTRAC in thermal
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Figure 3. Electron density (left) and ion temperature profiles (right) of the demonstration cases.

and fast-thermal particle reactions. The fast-fast reactions are not considered, since they are not im-
plemented in JINTRAC. However, their contribution in the total neutron production has been shown to
be insignificantly small. The electron density and ion temperature profiles of the demonstration cases,
given by the ITER database [13], are presented in Figure 3.

0.5
P

Table I. Key parameters of the demonstration cases.

Parameter

Steady-state

Energy multiplication factor )

Duration (s)
Total source rate (s™1)

Fraction of thermal DD (%)
Fraction of thermal DT (%)
Fraction of beam-thermal DD (%)
Fraction of beam-thermal DT (%)

1.9915x10%

1.011x1072

5

1000
1.8482x10%
0.28

99.52
1.420x 1072
0.18

The total neutron production rates (thermal) given by AFSI, 2D source geometry and cumulative prob-
ability distributions which are used to sample source neutrons are presented in Figure 4. These figures
and the neutron sources (see Figure 5) show that the total neutron rate is lower in the steady-state sce-
nario and additionally the rate profile is peaked to the outer radius which causes the maximum source

neutron distribution to be further from the magnetic axis than in the baseline case.

The coupling of plasma source to neutron transport simulation is demonstrated by running the baseline
and steady-state cases with Serpent 2. Instead of using a conventional CSG-based geometry model,
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Figure 4. Radial probability of DD (a) and DT (b) reactions based on the radial reaction rates and the
plasma shape (c) in demonstration cases.

the C-Lite V1 Rev. 131031 CAD model of the ITER reactor was converted into STL, and imported
as-is into Serpent 2. The model and the CAD-based geometry type in Serpent 2 are described in
detail in Ref. [1]. Basically the model consists of a total of 11 components, divided into 1,548 solid
bodies. There are two major differences in the current geometry model compared to that used in the
previous study: 1) a geometry error in one of the STL solids making up the cryostat was fixed, and 2)
more realistic material compositions were adopted from an MCNP model of the C-Lite geometry. The
geometry is plotted for illustration in Figure 6.

During the course of the study it was discovered, however, that the CSG model prepared for MCNP
is not a 100% match compared to the original CAD model. This is especially the case for four parts:
blanket, toroidal field coils, vacuum vessel and divertor. Because of this mismatch, certain compro-
mises had to be made when assigning the material compositions to the individual STL solids. The
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Figure 5. Source distributions of baseline (left) and steady-state (right) cases. The source distributions

are discrete in terms of the #-coordinate.

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

Axial dimension (cm)

—200

—300 -

0 b

—100 |

e

Wiz

7

400 600 800

Radial dimension (cm)

Figure 6. Serpent geometry plot of the CAD-based ITER fusion reactor model (C-LITE V1 Rev.

131031). Different STL solids are plotted with different colors.
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impact of these discrepancies in the final results is difficult to assess. More importantly, the CAD-
based model used in this study is missing the water-filled regions in various cooling ducts, some of
which are located near the first plasma wall. Since these regions act as neutron moderators, neither
the spectrum nor the spatial distribution of neutrons obtained from the calculations can be considered
realistic representations for an operating reactor.

Despite this unfortunate setback, it was decided to present the results as a demonstration of the avail-
able capabilities. The neutronics simulations were performed using FENDL-3.1 based cross section
libraries. A total of 200 million neutron histories were run in a 3.47 GHz 12-core Intel Xeon worksta-
tion. The overall calculation time was approximately 22 hours for both calculation cases. The flux and
absorption rate distributions are calculated using cylindrical mesh tallies with 200 radial and 400 axial
bins. The results are presented in Figures 7 and 8.

The same calculations were used to perform material activation for the second part of the study. This
was accomplished using the built-in burnup routine in Serpent 2. The results are discussed in a separate

paper [2].

5. CONCLUSIONS AND DISCUSSION

In a previous study [1] it was shown that the CAD-based geometry type recently implemented in Ser-
pent 2 is capable of handling complex geometries encountered in fusion applications, such as the C-Lite
model of the ITER reactor. The calculations were performed for the purpose of testing the new geom-
etry type, and because of the lack of realistic material compositions and neutron source distribution,
the results were not considered physically relevant.

The purpose of this study was to continue the work with a more refined model, including realistic
material compositions and neutron source. During the course of the study it turned out, however,
that the CAD-model used in the calculations was completely missing the solid components of some
water-filled cooling ducts, which are expected to have a major impact on the results of the neutronics
simulation. Therefore the results of this study cannot be considered physically realistic either.

Another major goal was to demonstrate in practice the calculation sequence involving the AFSI and
JINTRAC plasma scenario codes coupled to Serpent 2 source routine. This goal was accomplished,
and the calculation sequence is extended further into material activation and shut-down dose rate cal-
culations in the second part of the study [2].
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