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"Science, after all, must be demarcated from a curiosity shop where funny local
- or cosmic - oddieties are collected and displayed."

Imre Lakatos,
Falsification and the Methodology of Scientific Research Programmes
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Abstract

The design of a Tokamak device is carried out initially with a 0D approach aiming
at defining the plasma engineering parameters estimated with the help of empirical
scaling laws, and the technological limits of the device components. The assessment
of local parameters (1D) is then required to define the optimal plasma performance
during the entire time evolution of the discharge. In this contest, the transport of
energy and particles in fusion plasmas is one of the main actor in determining the
evolution of a plasma scenario both in present experiments and in future reactors.

The Joint European Torus (JET) experiment has operated in deuterium (D) and
tritium (T) main ion plasma composition in 1997 (DTE1) and in 2021 (DTE2). The
most important differences between the two experimental campaigns are related to the
plasma facing components, carbon (C) in DTE1 and Be/W in DTE2, the increased
additional heating power, and the presence of improved diagnostics, especially at
the plasma edge which is determinant in the global plasma performance. After
DTE1 the high levels of T retention in the C-wall have been considered unacceptable
for a reactor, leading to the substitution of the C-wall with a metallic wall in
the design of the International Tokamak Experimental Reactor (ITER). DTE2
campaign at JET aimed at studying D-T plasmas in the closest conditions to ITER
operations. Differently from DTE1, the recent campaign focused on the stationarity
of the performance and on addressing ITER-relevant aspects such as α-particles
physics, plasma wall interactions and plasma heating schemes. In preparation to
D-T operations, a wide experimental and modelling activity has been performed at
JET in order to optimise the plasma scenarios.

The focus of this thesis is the extrapolation in D-T main ion plasma composition
of the JET baseline scenario. The latter is a high confinement mode (H-mode)
plasma, characterized by the presence of Edge Localized Modes (ELMs), where the
confinement relies on high plasma current. In ITER D-T operations, the baseline
scenario is envisaged to achieve a gain factor, defined as the ratio between the fusion
power and the input power, Q = Pfus/Pin ≈ 10. The objective of the thesis has
been achieved through extensive integrated modelling, based on the reduced first
principles transport models QuaLiKiz and TGLF employing different assumptions,
and in a wide range of plasma operating conditions. QuaLiKiz and TGLF transport
models have been validated in reference D plasmas, and their extrapolation capability
with different plasma parameters has been tested by performing blind predictions.
The results of the predictive modelling have been compared with the experimental
data and analysed in order to address the sensitivity of the plasma scenario to the
experimental boundary conditions. The QuaLiKiz transport model has also been
validated against the experimental results produced at JET in DTE1.

Before the start of the DTE2 campaign, an estimate of the particle sources
required to sustain a 50-50 D-T baseline plasma has been obtained. This result has
provided inputs to the JET control team in the preparation phase of the baseline
fuelling scheme. This contribution boosted JET D-T operations without spending
experimental time, neutron and T budget.

The results of the predictive modelling performed in preparation to DTE2 are
presented and discussed. The sensitivity of the predictions to plasma parameters
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such as current, toroidal magnetic field, pedestal confinement and impurity content
are analysed together with the sensitivity to the available amount of auxiliary heating
power.

The experimental results obtained in DTE2 by the baseline scenario are also
presented and discussed. In the last part of this thesis, the implications of the
modelling assumptions performed on D pulses will be compared with the assumptions
done on D-T discharges with the experimental boundary conditions. The key
parameters needed for reliable predictions of future experiments are discussed both
in D and D-T main ion plasma composition. The estimate of particle sources
obtained before the DTE2 campaign are adjusted to reproduce the experimental
conditions, leading to an estimate of the different fuelling channels and an evaluation
of the wall sources.

The thesis is organised as follows:

• In Chapter 1 we introduce fusion as a potential energy source.

• In Chapter 2 we describe the Tokamak configuration and the JET experi-
mental device, and we present a first comparison between the different D-T
experimental campaign, and between the different scenarios prepared for DTE2.

• In Chapter 3 we introduce the issue of energy and particle transport in
Tokamaks, we present the theoretical background and the state of the art of
transport analysis. The models used in this work are presented together with
the different assumptions implemented in JINTRAC.

• In Chapter 4 we present and discuss the validation of the reduced first principle
transport models performed on D pulses. The extrapolations in D-T plasma
mixture are presented with their sensitivity to the operating conditions.

• In Chapter 5 we present and discuss the baseline results obtained in DTE2.
The predictive simulations are improved by adopting the actual boundary
conditions of the D-T experiments, and we discuss the impact of the different
assumptions on the modelling of D plasmas extrapolated to D-T plasma
mixture. We show the limits of predictive simulations in integrated modelling,
and we use the predictive simulations to obtain an estimate of the different
fuelling sources in the D-T experiments.
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Chapter 1

Introduction

The first experimental studies on plasma physics have been performed during the
1920s by I. Langmuir [5]. He has defined the “plasma” as a completely ionized gas.
At the same time the English astronomer A. Eddington has speculated that the solar
energy is caused by fusion processes. During the 1930s the fission nuclear reaction
has been discovered and applied for the construction of an experimental nuclear
reactor (1942) and for the atomic bomb (1945) [6].

At the beginning of the 1950s E. Teller in the USA coordinates the researches
for a thermonuclear bomb, while other scientists start the investigations to achieve
controlled thermonuclear fusion reactions in a plasma. The constrain of military
secrecy on the fusion researches has been removed during the “United Nations
International Conference on the Peaceful Uses of Atomic Energy” (Geneva, 1958).
This event underlines two occurrences:

• The research on fusion reactors has been more difficult than expected in
comparison to the fission as applied to civil energy production;

• The research on fusion power generation becomes a global challenge despite the
Cold War and the political, economic and technological competition between
the Eastern Block and the Western Block.

It is important to underline that the research on plasma physics is not oriented only
in thermonuclear applications for power generation, but it is also interested in the
understanding of the astrophysical plasmas.

The energy production from nuclear reactions is associated to the missing rest
mass between the reagents and the products of the reaction. The energy distribution
between the products is associated to the reduced mass of the system assuming a
fusion reaction as a collision. The basic idea of fusion is to use light elements and to
carry them sufficiently close one to the other in order to obtain a fusion reaction
with the production of another nucleus species. The fusion reactions relevant for
the power production on Earth involves the fusion of the Hydrogen in its isotopic
components:

D +D → He3(0.82MeV ) + n(2.45MeV ) (1.1)

D +D → T (1.01MeV ) +H(3.02MeV ) (1.2)
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D + T → α(3.52MeV ) + n(14.06MeV ) (1.3)

D +He3 → α(3.67MeV ) + n(14.67MeV ) (1.4)

The D-D reaction has two branches with the same reaction rate, and is the
most desirable in the sense of a virtually unlimited supply of inexpensive fuel, easily
extracted from oceans.

The D-He3 reaction requires the production of He3 because of its absence on
earth. This reaction is interesting thanks to the large amount of energy released, the
absence of neutrons that can activate the reactor and the species of the product of
reaction. Having charged particles as products allows to confine also the products of
the reaction and it also offers the possibility to perform a direct energy conversion
to electricity.

Figure 1.1. Velocity averaged cross section
in dependence on temperature.

The D-T reaction is the most conve-
nient fusion reaction, it produces a large
amount of nuclear energy. This reaction
is the central focus of worldwide fusion
research: the core of ITER proposing is
the study of the D-T operation regimes.
Some critical issues should be taken into
account: the reaction produces high en-
ergy neutrons that can not be confined
and can induce a material degradation,
the use of tritium involves the activation
of the reactor (also if its half-life is 12.26
years) and due to its half-life tritium
must be produced to fuel the reactors.
The solution to breed tritium can be a
lithium blanket external to the first wall.
The lithium isotopes react with a neu-
tron, depending on the energy level of
the neutron, with two different reactions
producing tritium.

The fusion nuclear reactions have been introduced as collisions and it has also
been presented a scale of increasing activation energy levels required to initiate
the different reactions. The cross section σ is a measure of the characteristic area
available for interaction between two particles involved in a nuclear reaction. The
reaction rate is related to the relative distance between the charged particles and
the kinetic energy available to overcome the Coulomb force.

Assuming a Maxwellian distribution for the particle velocity, the velocity averaged
cross section is plotted in Fig. 1.1 in function of temperature that identifies the
Maxwellian distribution function. The reaction rate between two species can be
computed:

R12 =
∫
f1(v1)f2(v2)σ(|v1 − v2|)|v1 − v2|dv1dv2 = n1n2⟨σv⟩ (1.5)
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where fj , vj and nj are respectively the Maxwellian distribution function, the velocity
and the density of the species j.

The fusion power can be computed from the fusion reaction rate as:

Pfus = R12Efus = n1n2⟨σv⟩Efus = n1n2⟨σv⟩ (Efus,C + Efus,N ) (1.6)

where it may be convenient to separate the specific energy produced by a fusion
reaction in the term Efus,C fusion energy component carried by charged particles
and Efus,N fusion energy component carried by neutral particles. This is convenient
because charged particles can be confined and, therefore, can contribute to plasma
heating while neutral particles have limited interactions with the plasma.

The virtually unlimited fuel supply and the efficiency of energy conversion asso-
ciated to the missing rest mass of fusion reactions make nuclear fusion an attractive
energy source.

Despite several decades of studies we must notice that nuclear fusion technology
readiness level isn’t close to a commercial fusion power plant. Many progresses have
been done in solving technological issues and in improving the physics understanding
of plasmas, but, according to the European road-map of fusion research, time and
experiments are needed to approach the construction of a first demonstrating fusion
power plant expected around 2040s. In a recent publication [1], Reinders reviews the
status of the research activities on nuclear fusion and exhorts the fusion community
to avoid premature announcements on fusion readiness. We do agree with his
exhortation.

In this context, it is clear that, in absence of "miraculous progresses", fusion
energy can not give its contribution to the energy transition. However, in a long-
term strategy we are convinced that fusion energy could be a reliable energy source.
It can be envisaged for substituting fission power plants and it can give its con-
tribution to the diversification of the primary energy sources. In a decarbonized
power grid, fusion power plants could increase the power supply security compen-
sating the variable energy production from renewable plants. On the other hand,
the research on fusion technologies is fundamental for those Countries which have
limited energy sources or limited territorial extension for satisfying their energy need.

During the work on this PhD thesis we have assisted to the onset of two global
crises: the pandemic due to COVID-19 and the Russian invasion of Ukraine. Both
the phenomena could be considered at the beginning as regional stresses but, in
the time of few weeks, both have achieved a global dimension. The propagation of
these events around the world is still in progress and we may not have a complete
understanding of their consequences [2]. We can observe the propagation of the
consequences strictly related to the strong interconnections between the economies
in the global market. The two crises have impacted on global economy from two
different directions: the pandemic has triggered issues in the global supply chain due
to the lockdowns in the sites of production (e.g. the shortage of semi-conductors);
the invasion of Ukraine has started an energy crisis with the increase of energy prices
without a real shortage of energy products [3].
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Referring to the European energy market, the European Countries seem to be
completely unprepared to the latter occurrence [4]. Moreover, it can be argued that
the low prices of the natural gas imported from Russia in the last ten years have
enhanced the European energy dependence discouraging investments in renewable
energies [3].

These trends need to be changed implementing investments not only in present-
days energy facilities but also in the research of alternative energy sources. Fusion
may give its contribution to increase the European energy security and resilience
to global stresses. This increase in the resilience can come also from the European
private companies already involved in the manufacturing and in the research on
fusion energy.

With this work we tried to give our contribution to the European framework of
fusion research on magnetic confinement.
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Chapter 2

The Joint European Torus
experiment (JET)

2.1 A brief history of JET

Figure 2.1. Sketch of the Tokamak configuration with the coils and the correspondent
induced magnetic fields, plasma current and the total (twisted) magnetic field.

The Tokamak configuration is illustrated in Fig. 2.1. It is a torus-shaped
axisymmetric device that uses magnetic field to confine the charged particles of the
plasma. The toroidal coils are equally spaced and surround the toroidal chamber
generating the toroidal magnetic field. In this configuration the magnets density
results higher in the centre of the machine. The resulting gradient in the magnetic
filed would be responsible for the onset of particle drifts leading to a charge separation.
Therefore, the plasma would not be confined. The charge separation can be can
be short circuited with a toroidal plasma current, induced by the central solenoid,
which generates a poloidal magnetic field [5]. The composition of the toroidal and
poloidal magnetic fields results in a twisted magnetic field (c.f. Fig. 2.1).
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In the world, the Joint European Torus (JET) [7, 8, 9] is the largest Tokamak
in operations and the only one licensed for D-T operations. The design of JET
started in September 1973 in a context where the largest existing Tokamak was
the Tokamak de Fountenay-aux-Roses (TFR) [10], with a plasma volume around
Vp,T F R ≈ 0.01Vp,JET and in absence of a solid background in Tokamak physics.
Despite these premises, JET design team concluded the activities in September
1975, presenting a robust design which has allowed JET to operate with minor
modifications in regimes not yet observed at the time. A more detailed description of
their activities can be found in [8]. For example, the D-shaped cross section has been
proposed to reduce the tensile stresses in the toroidal field coils. It was argued in [11]
that a vertically elongated plasma cross section may increase plasma performance by
reaching a higher β. Since there was not a theoretical agreement, JET design team
contemplated operations both with elongated plasmas and with plasma circular
cross section. The essential objective of JET individuated in the design phase were:
investigate the scaling of plasma behavior as parameters approach the reactor range;
the plasma-wall interactions in these conditions; the study of plasma heating; the
study of α-particle production, confinement and consequent plasma heating [8].

Figure 2.2. Typical plasma pressure profiles
in L-mode and in H-mode. The edge trans-
port barrier (ETB) near the last closed flux
surface (LCFS), referred to as separatrix,
establishes a strong pressure gradient [16].

JET started its operation in 1983
with a limited additional heating power
that have been increased in steps un-
til 1986 when Ion Cyclotron Resonance
Heating (ICRH) and Neutral Beam In-
jection (NBI) achieved a nominal ad-
ditional heating power Paux = PNBI +
PICRH ≈ 24 + 15 MW [8]. After the
discovery of the high confinement mode
(H-mode) at Axially Symmetric Diver-
tor EXperiment (ASDEX) [12, 13, 14],
also JET achieved the access in H-mode
adjusting the currents in the external
coils to reach the required magnetic ge-
ometry. What has been observed in AS-
DEX, and confirmed by JET, is when
increasing the auxiliary heating above
a certain threshold the plasma show a
spontaneous transition from the low con-
finement mode (L-mode) to the H-mode.
The typical plasma pressure profiles in
L-mode and in H-mode are shown in Fig.
2.2. The physics of the L-H transition is still not completely understood. The H-
mode is characterized by the presence of an Edge Transport Barrier (ETB) which
is commonly referred to as pedestal [15]. The L-H transition strongly suppresses
the turbulence close to the last closed magnetic flux surface, called separatrix. The
suppression of turbulence results in a region with a stiff pressure gradient and in the
occurrence of Edge Localized Modes (ELMs), triggered by Magneto Hydro Dynamic
(MHD) instabilities.
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JET has been equipped with a divertor in 1993. D-shaped plasmas are character-
ized by the presence of an X-point in the last closed magnetic flux surface. Particles
that are loosing confinement can be oriented in specific components designed for
exhaust heat management to protect the main chamber wall. The divertor is the
Tokamak component devoted to exhaust heat management. An exhaustive discussion
on the benefits of the divertor configuration in a Tokamak and about the designing
criteria can be found in [17]. The divertor configuration will be crucial in future reac-
tors where the power loads are expected to be severe. The geometry of the divertor
configuration needs to be studied in detail not only for the thermo-mechanical limits
of the components but also because it plays an important role in the conditions
required to access the H-mode, in the reduction of the ionization sources and in the
impurity contamination of the plasma.

JET performed a first D-T experimental campaign (DTE1) in 1997 in presence of
C-wall and C divertor. After the experimental campaign, the level of T retention in
C plasma facing components (PFCs) determined the change of the ITER design with
the introduction of a Be wall and a W divertor. In 2011, JET has been equipped
with the ITER-like wall (Be/W) and the NBI has been upgraded to a nominal
heating power PNBI = 34 MW. There are several challenges presented by operations
with the ITER-like wall [18]: a general deterioration of the pedestal confinement; the
risk of heavy impurity accumulation in the core, which, if not controlled, can cause
the radiative collapse of the discharge; the requirement to protect the divertor from
excessive heat loads, which may damage it permanently. The campaigns performed
until 2020 have been devoted to optimise the plasma scenarios and to recover the
C-wall plasma performance in presence of the W sputtered from the divertor. In
2021, JET has operated in D-T main ion plasma composition, in the closest possible
conditions to ITER D-T operations. In the next section the D-T campaigns will be
presented and compared.

2.2 Deuterium-tritium experiments
JET performed the world’s first D-T fusion experiment in 1991. It was limited
to two pulses with a T concentration in the main ion plasma composition around
10% and 20% introduced in the torus by the NBI. It produced a peak fusion power
Pfus = 1.7 MW and released 2 MJ of fusion energy.

From 1993 to 1996 the Tokamak Fusion Test Reactor (TFTR) [19], located in
Princeton, operated in D-T main ion plamsa mixture. In 1994, TFTR achieved the
peak fusion power Pfus = 10.7 MW with an auxiliary heating Paux = 39.5 MW
(leading to a gain factor Q = 0.27) [20]. TFTR demonstated for the first time the
tritium handling technology and a reliable plasma heating technology with the ICRH
heating scheme for D-T plasmas.

D-T experiments were again performed at JET in 1997. DTE1 aimed at [21]:
characterizing the baseline ITER mode of operation in D-T, producing high fusion
power and Q, observing α-particle heating and studying the stability of Alfén
eigenmodes.

In Fig. 2.3 the fusion power produced in the first experiments at TFTR and at
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Figure 2.3. Comparison between the fusion power achieved by the first experiments in
D-T main ion plasma composition.

JET are compared. During DTE1, JET achieved a record fusion power Pfus = 16.1
MW with a gain factor Q = 0.62 in transient hot-ion H-mode, while the performance
achieved in steady state produced a fusion power Pfus = 4 MW with an ELMy
H-mode for a duration of 4 s. An overview of DTE1 experiments can be found in
[21] and the analysis of the most performing discharges can be found in [22]. It has
been mentioned that at this time JET was equipped with CFC-based plasma facing
components and one of the main results was the large retention of T in the wall,
which is unacceptable for a reactor, both for nuclear safety and for plasma fuelling
control.

The ITER-like wall has been installed at JET between 2009 and 2011 with an
increased NBI power and an improved set of diagnostics with respect to DTE1.
The activities of JET have been oriented towards optimising the plasma scenarios
and dealing with the presence of high radiated power due to the presence of W as
impurity species. The DTE2 campaign has been focused on the stationarity of the
performance in the closest conditions to the ITER operations in D-T. The DTE2
campaign has been preceded by a wide experimental and modelling activity and this
thesis belongs to this framework. For the DTE2 campaign the following scientific
goals have been proposed in [23] and in [24]: demonstrating high fusion power up
to 15 MW sustained for 5 s, demonstrating clear alpha particle effects, clarifying
the isotope effect on energy and particle transport, exploring the consequences of
mixed plasma species, addressing key plasma-wall interaction issues, demonstrating
ITER-relevant ICRF schemes and demonstrating ITER-like integrated plasmas.
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Figure 2.4. Achieved fusion power at JET during DTE1 (grey) and in DTE2 with hybrid
scenario (blue) and optimised fuel mix scenario (red).

In Fig. 2.4 the record pulses performed at JET in DTE1 and DTE2 are compared.
It can be seen that in terms of achieved fusion power and, consequently, fusion
energy produced in 5 s long pulses, in DTE2 there is a significant improvement with
respect to the results obtained in DTE1. The different aspects cited in the aims of
DTE2 are strictly interconnected and the high performance scenarios integrate the
information and the results form different research areas. In the next section the
different plasma scenarios will be introduced in order to understand the peculiarities
of each scenario.

2.3 Plasma scenarios in preparation to D-T operations
at JET

In preparation to DTE2, a vast activity of scenario development has been undertaken
at JET since 2016 [18]. To maximise the thermal reactivity of a D-T plasma, the
concentration has to be close to 50-50. The scenarios studied in preparation of
DTE2 are the baseline scenario and the hybrid scenario both prepared in presence
of balanced D-T neutral beam injection. At JET the beam-thermal component of
D-T reactions can be used to maximise the fusion power, and with this approach an
optimised fuel mix scenario has been prepared too.

The baseline scenario (βN ≈ 1.8, q95 ≈ 3) is a ELMy H-mode where good
confinement relies on high plasma current (Ip ≥ 3.5 MA) and high magnetic field
with a relaxed plasma current profile.

The hybrid scenario (βN ≈ 2 − 3, q95 ≈ 4) is a ELMy H-mode where good
confinement is achieved at higher βN and lower current (Ip ≤ 2.5 MA) through a
shaped current density profile, allowing to achieve an on-axis safety factor q0 > 1.
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Figure 2.5. Average neutron rate for different campaigns in the JET-ILW and comparison
to maximum values obtained during JET C-wall operations [25]

During the optimization in preparation to DTE2, both hybrid and baseline
scenarios achieved a similar performance in D plasmas. Some differences can be
found comparing the stored energy (higher in baseline), which can be considered
an evidence of achieving better confinement. It can also be argued that the two
scenarios show a similar neutron yield with a different stored energy, suggesting a
better conversion of stored energy into fusion power in the hybrid scenario. However,
the two scenarios are complementary, and were expected to reach both a stationary
high fusion performance with a confinement enhancement factor H98 > 0.9 and a
stored energy Wth ≈ 10 − 12 MJ.

The results of the intense activity of scenario optimization in preparation to
D-T operations are presented in Fig. 2.5. It can be seen how the average neutron
rate has been increased recovering the peak values of the experiments carried out in
presence of C-wall, and exceeding the performance in pulses longer than 3 s [25].

Starting from the hybrid scenario, the optimized fuel mix scenario has been
prepared to increase the beam-thermal target component of fusion reactions. The
dependence of fusion power on main ion plasma composition in presence of pure
D beams can be seen in Fig. 2.6. This scenario consists of a T plasma heated by
pure D NBI, the main ion plasma composition depends on the fuelling determined
by T gas puff and D beams. A caveat before the beginning of the experiments in
D-T plasma mixture is related to the difficulties in sustaining a T rich plasma for a
sufficient time. Nevertheless, the optimized fuel mix scenario produced in DTE2 the
world’s fusion record with 59 MJ of fusion energy, with a beam target component of
the fusion reactions around 75%. Therefore, this operating regime is not relevant for
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future reactors where the thermal component of fusion reactions must be dominant
and additional heating systems are envisaged to help the ramp-up phase, to help
the control of plasma instabilities and to contribute to the fuelling control of the
machine. In today experiment it can help on investigating the effects related to the
presence of α-particles in the plasma.

Figure 2.6. Fusion power in dependence
on D concentration in presence of pure D
beams: (black with solid markers) total
fusion power, (black with open markers)
D-T thermal component, (blue with open
markers) beam-thermal target component.

The work of this thesis focus on the
baseline scenario as a reference for the
plasma operating conditions. With the
integrated modelling, different scenarios
in different plasma operating conditions
can be developed and compared before
the plasma operations. The aim of this
approach is the development of a virtual
Tokamak machine, where the evolution
of the plasma can be studied consistently
with the expected experimental bound-
ary conditions. The transport models
are crucial for describing the plasma pro-
files evolution, while other modules are
using the plasma profiles as an input to
compute the external particle and en-
ergy sources related to different phenom-
ena. We will start presenting a system-
atic analysis and validation of the first
principle transport models in D base-
line plasmas. This is needed to test the
reliability of the models in the desired
operating conditions, and then we will
present the results expected in slightly
different operating conditions together
with the sensitivity of the scenario to the
expected experimental conditions. It has
to be mentioned that energy and parti-
cle turbulent transport is still not com-
pletely understood. As a consequence,
transport models must be used carefully
when exploring new operative conditions,
keeping into account theirs limits of validity.
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Chapter 3

Transport simulations:
theoretical background and
codes

3.1 Introduction to transport
The aim of fusion research is to achieve the conditions for a self sustained burning
plasma. Form the power balance and the ignition condition the Lawson criterion
can be obtained [5]:

PC

PL
≥ 1 =⇒ nτE ≥ 12

Efus,C

T

⟨σv⟩
≡ F (T ) (3.1)

where PC is the specific fusion power carried by charged particles, PL is the specific
power related to the loss processes, n is the electron density, τE is the energy confine-
ment time, Efus,C is the fusion energy component carried by charged particles and
⟨σv⟩ is the reaction cross section distribution which is a function of the temperature.
The energy confinement time can be defined as follow:

τE = Wth

Ph − (dWth/dt)
(3.2)

where Wth is the plasma stored energy and Ph the heating power.
Transport plays a crucial role in determining the energy confinement time. The

most relevant transport mechanisms are thermal diffusion and particle diffusion. The
transport is driven by temperature gradients, density gradients, the onset of MHD
instability modes and micro-instabilities related to plasma turbulence. The transport
can be evaluated by the random walk model, with transport coefficients having the
dimensions of a squared characteristic length over a characteristic time [L2]/[T ].
The transport problem can be solved in a local expression between the fluxes which
are the effects of the presence of gradients through a transport coefficient, hence the
particle flux Γ and the heat flux q can be written as:

Γ = −D∇n+ V n (3.3)

q = nχ∇T (3.4)
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where D is the particle diffusivity, V is the particle convection and χ is the thermal
diffusivity. Similar local expression can be defined for the other relevant quantities
such as momentum and plasma current.

Conventionally, the transport mechanisms (and coefficients) have been divided
in three categories:

Classical transport: related to the collision effects in a cylindrical geometry;

Neoclassical transport: related to collision effects in toroidal geometry, including
the interaction between trapped particles (in banana orbits) and passing parti-
cles; this component, which is including classical transport effects, represents
the minimum level of transport in a Tokamak.

Anomalous transport: related to turbulence, i.e. the non-linear interaction of
instability fluctuations generated in the plasma.

In Tokamak devices the heat and particle transport parallel to the magnetic
field lines is sufficiently fast so that the pressure can be considered constant on
the magnetic flux surfaces. Taking into account the axisymmetry in the toroidal
direction, the macroscopic quantities, such as density and temperature, represent
flux surface averages which depend only on the radial variable. The plasma geometry
is determined by the 2D distribution of the poloidal magnetic flux Ψ(R,Z), which is
a solution of the Grad-Shafranof equilibrium equation [26]:

∆∗Ψ = −4π
(
µR2 ∂p

∂Ψ + I
∂I

∂Ψ

)
(3.5)

where the Grad-Shafranof operator is defined as ∆∗ = R2∇· (1/R2∇), R is the radial
distance from Tokamak axis, Z the vertical distance from the horizontal plane, p is
the plasma pressure and I the diamagnetic current. In applications, are often used
the normalised poloidal or toroidal fluxes, for example the normalised toroidal flux
is defined ρtor = (ψtor/ψtor,LCF S)1/2, where the Last Closed Flux Surface (LCFS) is
the most external magnetic surface that does not intersect with the wall.

The presence of Coulomb collisions leads to radial transport. The transport
equations describe the temporal and spatial evolution of densities and temperatures
in presence of external and internal sources and sinks of particles and energy [27].
In interpretative simulations, assuming the external sources (or sinks), the transport
codes can solve the transport equations (energy and particle balance) and determine
the transport coefficients. In predictive simulations, assuming the external particle
sources (or sinks) and the plasma kinetic profiles, the evolution of the plasma
kinetic profiles can be predicted using a transport model to compute the transport
coefficients. In the experiments, it has been seen that the "measured" transport
(computed by means of interpretative simulations) is significantly higher (an order of
magnitude at least) of the neoclassical transport. Therefore, anomalous or turbulent
transport is dominant in Tokamaks and is responsible for the degradation of the
energy confinement time τE . It goes without saying that in predictive simulations
the choice of turbulent transport model is determinant for achieving reliable results.
Different transport models are available for this purpose, the choice of the model
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depending on the desired degree of accuracy and on the available computing time
for the analysis. The transport models can be empirical or first principle. Empirical
transport models are obtained with experimental scalings and use simplified relations
in terms of plasma parameters to determine the transport coefficients. First principle
transport models compute the transport coefficients from theory based relations.

3.2 The kinetic equations
A first approach to the problem may be microscopic: for each particle one should
write the equation of motion in externally imposed electromagnetic fields and in the
fields generated by particles themselves, and then solve the equations. Since the
number of confined particles in a Tokamak plasma is of the order of 1022, mutually
interacting, it is computationally impossible [5]. A suitable approach is the one
of kinetic theory, which still describes the plasma in terms of the particles motion
but, because of the large number of particles involved, the description has to be
statistical, solving the particles motion equations in terms of kinetic distribution
functions. The basic equation of kinetic theory is the Boltzmann equation [5]:

∂fe,i

∂t
+ ∂fe,i

∂r
· v + ∂fe,i

∂v
· a =

(
∂f

∂t

)
coll

(3.6)

To determine the final form of the equation, one needs to specify the fields E, B
and an expression for the collisional term

(
∂f
∂t

)
coll

. Therefore, kinetic equations
and Maxwell equations must be solved simultaneously. This equation describes
the evolution of the distribution function fe,i(r,v, t) for electrons and ions under
the effect of long-range electric and magnetic fields E and B. The choice of the
distribution function f , that defines the probability density of a particle in a 6D
space (r,v) and the time dependencies, is arbitrary, but it must satisfy the possibility
of obtaining macroscopic quantities by integrating microscopic quantities. As a
first approximation we can assume that the distribution function in a plasma is the
Maxwell-Boltzmann distribution.

Neglecting the collisionality term in Boltzmann equation 3.6, the Vlasov equation
can be derived:

∂fe,i

∂t
+ ∂fe,i

∂r · v + qe,i

me,i
(E + v × B)∂fe,i

∂v = 0 (3.7)

where m indicates the particle mass and q indicates the particle charge. The
approximation of low collisionality is generally justified in magnetically confined
plasmas, since the collision frequency is low at high temperatures and low densities,
being ν ≈ n/T 1.5.

From the Boltzmann equation 3.6 the collisional term in a plasma can be
derived under the simplified hypothesis that the majority of collisions are small-angle
deflections [5]. In a plasma we have many long-range small-angle Coulomb collisions
which are more efficient in changing particles momentum than hard-sphere collisions.
We can then define the following parameters, function of the averages of velocity
fields [5]:

Ai = ⟨∆vi⟩
∆t − 1

2
∂

∂vj

⟨∆vi∆vj⟩
∆t (3.8)
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Dij = ⟨∆vi∆vj⟩
∆t (3.9)

The Fokker-Plank collisionality term can be defined as [5]:(
∂f

∂t

)
coll

= − ∂

∂vi
(Aif) + 1

2
∂

∂vi

(
Dij

∂f

∂vj

)
(3.10)

The first term on the RHS is a dynamic friction coefficient and represents the loss of
momentum of a particle species via collisions with other particles of the same species
or different one. The second term on RHS describes a flux in the velocity field.

3.3 The gyrokinetic approach
The gyrokinetic formulation represents a way of simplifying the kinetic equations
in plasma physics and reducing the phase space of dimensionality in which the
distribution function exists. In this approach, the particle motion is described
averaging it over the fast Larmor motion. Inside the plasma there are phenomena
which are slow compared to the fast gyro-motion of charged particles around magnetic
field lines and which vary slowly in space compared to the Larmor radius of ions
and electrons. This equations are called “gyro-averaged kinetic equations”. The
advantage lies in the reduced dimensionality of the phase space, that goes from the
six dimensions of the Vlasov equation to the five of gyro-averaged equations: three
for space, one for the velocity parallel to toroidal magnetic field BT and one for the
magnetic moment (r, v∥, µ).

Gyrokinetic transport models are the golden standard of the state of the art.
They take into account a variety of drift-wave instabilities such as Ion Temperature
Gradient (ITG) driven mode, Electron Temperature Gradient (ETG) driven mode,
and Trapped Electron Mode (TEM), which are the most significant instabilities in
Tokamak core plasmas [28]. Kinetic Ballooning Modes (KBM) [29] and MicroTearing
Modes (MTM) [30] are predicted in the pedestal region in H-mode, a narrow band
towards the plasma edge where turbulence is stabilized due to strong rotation shear
flows [31, 32, 33]. KBM is also predicted in the core of high poloidal-β scenarios
with relatively low plasma current [34]. Resistive Ballooning Modes (RBM) [35] are
predicted in the high-collisionality L-mode edge.

A high-fidelity first-principles approach to gyrokinetics involves calculating the
full distribution function for the entire radial extent of the plasma selfconsistently
[28]. Unfortunately the time computational expense is highly challenging, and
further approximations might be considered. Instead of considering the entire
tokamak, it is useful to limit the analysis to a narrow annular section. This is
referred to as the flux tube approximation. The background temperature, density
and rotation are described by their value at the central flux surface of the annulus
and are fixed in time. Since the gradients provide the drive for the instabilities,
simulations of this kind are said to be gradient driven. The constant gradients
allow for a spectral (Fourier) decomposition of the spatial domain in the directions
perpendicular to the magnetic field, employing cyclic boundary conditions. This
significantly accelerates the computations [28]. Usually the magnetic equilibrium
is not solved, but prescribed in gyrokinetic simulations. Assuming that the radial



3.4 The fluid equations 16

transport can provide enough time to the collisions to keep the plasma close to a
Maxwell equilibrium, the distribution function can be expressed locally as f = f0+δf ,
where f0 is the Maxwell distribution and δf is the perturbation. Similar expansions
are adopted for the fields E and B. With this approach, for each perturbation the
growth rate can be computed in non-linear simulations. If the sources (or sinks)
have been used as an input for the simulations, the determination of the grow rates
corresponds to the determination of the fluxes. The transport equations can be
solved obtaining the evolution of the computed quantities. The relaxation of the
solutions requires a time scale of few confinement times, but the computing time
is still prohibitive (e.g. 108 CPUh would be necessary to predict temperature and
density profile over a range of an energy confinement time [28]). This leads to the
need of reduced first principle transport models that will be introduced in the next
sections.

3.4 The fluid equations
In order to perform global plasma simulations there is the need of the fluid ap-
proximation. The base of the fluid model is to take the plasma and divide it in
a large number of small fluid elements, each one containing enough particles so
that statistical averages can be defined. However, the size of the fluid element
must not be too large or the spatial resolution could be lost and the accuracy of
the model reduced. For example, if we imagine a plasma with a number density
of 1020 m−3, a fluid element that satisfies both conflicting requirements is one
with a characteristic dimension ∆x = 10−5 m and a number of particles of about
N = nV = 102010−15 = 105, which is high enough for statistical purposes and has a
good spatial resolution (typical tokamak dimensions ≈ 1 m).

The goal of the model is to write a set of coupled non-linear partial differential
equations which describe the evolution of macroscopic quantities in the plasma:
ne(r, t), ni(r, t), ue(r, t), ui(r, t), pe(r, t), pi(r, t), Te(r, t), Ti(r, t). The full set of
the two fluid model (for electrons and ions) consist of:

∂(mn)
∂t

+ ∇ · Γ = Sp (3.11)

∂v
∂t

+ (v · ∇)v + 1
mn

∇p− F = Sm (3.12)

mn

(
∂ϵ

∂t
+ v · ∇ϵ

)
− ∇ · q + p∇ · v = SE (3.13)

where in the conservation of mass 3.11 Γ is the particle flux and SP are the particle
sources; in the conservation of momentum 3.12 p is the pressure and Sm are the
external sources of momentum; in the conservation of energy 3.13 ϵ is the internal
energy per unit mass, q is the heat flux and SE the external energy sources. The
set of two fluid equations is closed with the Maxwell equations:

∇ × E = −1
c

∂B
∂t

(3.14)
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∇ × B = −4π
c

∑
s

js + 1
c

∂E
∂t

(3.15)

∇ · E = 4π
∑

s

esns (3.16)

∇ · B = 0 (3.17)

The set of equations is complete and the solutions can be obtained independently
of the transport model in use. In interpretative simulations, assuming the external
sources and the experimental kinetic profiles of plasma, we can obtain the exper-
imental fluxes and experimental transport coefficients. In predictive simulations,
the external sources are assumed, the transport model computes the transport
coefficients or the fluxes and the time evolution of the quantities of interest can be
determined. In the next sections we will present two examples of anomalous transport
models: the empirical model Bohm gyroBohm and the reduced first principle model
QuaLiKiz

3.5 The Bohm gyroBohm model
The turbulent transport can be evaluated in first approximation with the Bohm
gyroBohm model. The Bohm transport is driven by severe macroscopic instabilities
while the gyroBohm transport component is related to small-scale fluctuations in the
order of magnitude of the ion Larmor radius. This is an empirical model validated on
the results of a vast number of JET pulses, suitable for fast simulations, utilised in
this thesis to check the consistency of experimental initial and boundary conditions.

Bohm diffusivities are typically characterized by a term proportional to the
temperature and inversely proportional to the magnetic field: χBohm ∝ T/B. The
Bohm transport coefficients can be expressed as follow [36, 37]:

χe,Bohm = C1 · Te

B0

a0|∇pe|
pe

· q2 (3.18)

χi,Bohm = 2 · χe,Bohm (3.19)

where C1 is the empirical constant chosen for reproducing the experimental results,
pe is the electron pressure, a0 is the Tokamak minor radius and q is the safety factor.

The structure of the gyroBohm transport coefficients can be derived from the
assumption, that the typical time scale of microinstabilities is in the order of the
diamagnetic drift frequency ω∗i = kyu∗i, where the mode number ky ∼ 1/ρi [26]:

χgyroBohm ∼ ∆x2

∆t ∼ ρ2
iω∗i ∼ ρi

∇p
qineB0

(3.20)

Under the conditions of flat density profiles and Te ∼ Ti the gyroBohm component
can be expressed as [26]:

χe,gyroBohm = χi,gyroBohm = C2 · a0|∇T |
B0

· ρ∗ (3.21)
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where ρ∗ = (miTe)0.5/qiB0.
To emulate the reduction of Bohm transport in H-mode, a non-local multiplier

can be introduced close to the plasma edge, which is an average of the inverse of the
electron temperature gradient length.

The particle diffusivity is defined as the harmonic mean of the electron and ion
heat diffusivities [26].

3.6 The QuaLiKiz transport model
It has been mentioned that even when introducing the gyrokinetic approximation
the computing time is still significantly expensive and does not allow for global
plasma simulations. A significant decrease in the computation time can be obtained
introducing the quasi-linear approximation. The E × B nonlinearity is ignored and
are taken into account only the linearly unstable modes. The non-linear fluxes are
computed applying a series of saturation rules extracted by studying the saturation
mechanism in non-linear simulations. The quasilinear approximation is satisfied if
the plasma fluctuations in the long-wavelength transport-driving region maintain
their linear characteristics [28].

In this thesis we used extensively the transport model QuaLiKiz [41, 42], while
TGLF [38] has been used only for benchmarking purposes. QuaLiKiz is an electro-
static quasi-linear gyrokinetic code, where magnetic perturbations are ignored. On
the contrary magnetic perturbations are taken into acoount in TGLF, which is a
gyrofluid electromagnetic code. TGLF solves the Gyro Landau Fluid equations for
the linear eigenmodes (growth rates and frequencies) of the gyrokinetic instabilities
such as ETG, ITG, TEM and KBM. For a more detailed description of the TGLF
implementation are available the references [38, 39, 40]. Here we will present only
the QuaLiKiz transport model.

In QuaLiKiz the significant decrease in the computation time, with respect to
non-linear gyrokinetic simulations, is achieved using the following assumptions:

1. QualiKiz uses the lowest orer balloning transformation to simplify the axisim-
metric gyrokinetic problem;

2. The eigenvalues are solutions of a linear gyro-kinetic equation, whereas the
eigenfunctions are solutions of the fluid limit of the same equation, i.e. Qua-
LiKiz accounts for all the unstable modes [43];

• the eigenvalues are decoupled from the computation of the eigenfunctions;
• the non-linear effects in the eigenvalues computation are neglected;

3. The distribution function can be decomposed with the gyrokinetic approxima-
tion fs = f0,s + δfs with:

fs,0 = ns
1

(2πmsTs)3/2 e
−E/Ts (3.22)

where ns, ms, Ts are the density, the mass and the temperature of the s-species,
and E is the kinetic energy of a particle in thermodynamic equilibrium
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4. In QuaLiKiz the electrostatic limit is assumed, which is valid for low β plasmas
[41]:

the electrostatic potential can be casted as: ϕ = ϕ0 + δϕ

5. Assuming the Maxwellian distribution function to the lowest order, the colli-
sional term in the kinetic equation 3.6 is zero

(
∂f
∂t

)
coll

= 0:

=⇒ QuaLiKiz solves the Vlasov equation.

6. the Vlasov equation is linearized assuming harmonic perturbations for both
the distribution function and the electrostatic potential [41]:

δf =
∑
nω

fnωJei(n·θ−ωt) (3.23)

δϕ =
∑
nω

ϕnωJei(n·θ−ωt) (3.24)

where J and θ are respectively the action and angle variables, n is the associated
wave vector and ω is the frequency of the perturbation. The linearized Vlasov
equation can be expressed as:

fnω(J) = −f0(J)
Ts

(
1 − ω − n · ω∗

s − n · ωE
ω − n · ΩJ + i0+

)
esϕnω(J) (3.25)

where es the charge of the species s and n · ΩJ includes the effect of Doppler fre-
quency shift due to the curvature ∇⊥B drifts; ω∗

s is the diamagnetic frequency
and the term n · ωE accounts for the E × B drift.

7. The quasineutrality is in its weak formulations:∑
s

Ls(ω,n) = 0 (3.26)

being Ls the Lagrangian defined for each species. The quasineutrality weak for-
mulation is valid only in the electrostatic case because the relevant wavelength
are larger than the Debye length [41].

Combining the equations 3.25 and 3.26 the following dispersion relation can be
obtained [41]:

∑
s

e2
sf

s
0

Ts

[
⟨ϕnωϕ

∗
nω⟩ − ⟨ω − n · ω∗

s − n · ωE
ω − n · Ω + i0+ ϕnωϕ

∗
nω⟩
]

= 0 (3.27)

where the averages are performed over the action and the angle variables, therefore
this lead to 6D integrals. It can be reduced to 5D with the assumption of toroidal
axisymmetry and then to 4D thanks to the gyrokinetic assumption of fast cyclotron
gyration ω

ωc
≪ 1. With the ballooning approximation, the dispersion relation

is reduced to 2D, because the dynamics along the field lines is faster than the
perpendicular (k|| ≪ k⊥). The only unknown is the complex mode frequency
ω, under the assumption of small perturbation the problem can be solved in the
frequency spectrum and it appears as an eigenvalue. For each solution ωk the linear
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response can be calculated for the desired poloidal wavenumber k. The quasilinear
fluxes are calculated summing the linear responses. As an example the particle flux
is evaluated as:

Γs = −
∑

j

kθ

ZsB
|ϕk|2Ls,k,0 (3.28)

where k are the wavenumbers associated to ω and Ls,k,0 is the linear saturated
response. The saturated potentials ϕk can not be calculated in quasilinear approxi-
mation so they are assumed in the form:

|ϕk|2 ∝ CNL

[
γk

k2
⊥

]
max

B

kθ,maxR0

Te

qe
(3.29)

where CNL is the only parameter in the model fitted to reproduce the turbulent
spectrum computed by nonlinear simulation [28].

QuaLiKiz transport model has been validated extensively against nonlinear
gyrokinetic simulations in [43, 41, 44, 45] showing a good agreement with high
fidelity gyrokinetic codes. The significant speed up in the computation time, a factor
≈ 100 with respect to nonlinear simulations, allows QuaLiKiz to be used as reduced
first principle transport model in fluid transport codes.

3.7 Integrated modelling in JINTRAC

Figure 3.1. Schematic of JINTRAC suite of codes with the available modules [46].

When we are referring to the integrated modelling we are considering the possi-
bility of simulating the plasma evolution consistently with the evolution of multiple
mutually interacting phenomena. JINTRAC (Jet INtegrated TRAnsport Code) [46]
is the suite of codes in use at JET, a schematic of JINTRAC can be seen in Fig.
3.1. The 1.5D transport code JETTO [47] is the core of the suite of codes. It can
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be defined 1.5D code because transport equations are averaged over the magnetic
flux surfaces, while the informations on plasma geometry are incapsulated in the
equilibrium modules by means of solving the Grad-Shafranof equation as mentioned
in Sec. 3.1. The main equations solved by JETTO are [47]:

3
2

(
dV

dρ

)− 5
3 ∂

∂t

[(
dV

dρ

) 5
3
neTe

]
+
(
dV

dρ

)
∂

∂t

[
dV

dρ
⟨∇p⟩2

(
qe + 5

2TeΓe

)]
= ⟨Pe⟩

(3.30)

3
2

(
dV

dρ

)− 5
3 ∂

∂t

(dV
dρ

) 5
3

nH∑
j

njTj

+
(
dV

dρ

)
∂

∂t

dV
dρ

⟨∇p⟩2

nH∑
j

qi + 5
2TiΓi

 = ⟨Pi⟩

(3.31)

(
dV

dρ

)−1 ∂

∂t

[(
dV

dρ

)−1
ns

]
+
(
dV

dρ

)
∂

∂ρ

(
dV

dρ
⟨∇p⟩2Γs

)
= ⟨Ss⟩ (3.32)

∂ψ

∂t
=
Aη||
ρµ0

∂

∂ρ

(
K
∂ψ

∂ρ

)
+
V ′η||
2πρ (jbs + jcd) (3.33)

where V is the plasma volume, ρ = (ϕ/πB0)0.5 is the native JETTO coordinate (the
normalized toroidal flux), the Γ are the heat or particle fluxes and P , Ss are the
heat and particle sources (or sinks). In Eq. 3.30 and in Eq. 3.31 JETTO solves the
thermal energy equation, respectively for electrons and ions. The Eq. 3.32 is the
mass conservation, solved for each hydrogen isotope (up to two different isotopes).
The particle balance of electrons is obtained from the particle balance of all the ions,
i.e. main plasma ion species and impurities (if modelled), using the quasi-neutrality.
The Eq. 3.33 is the current diffusion equation solved under the hypothesis of the
Neoclassical model, where η|| is the plasma resistivity along the magnetic field, and
A and K factors are incapsulating the informations on plasma geometry.

In order to evolve the plasma kinetic profiles, the transport models available in
JINTRAC use the kinetic profiles to compute the fluxes. The fluxes are an input
for JETTO equations to evolve the kinetic profiles in the following time step. The
sources in JETTO equations are computed by the different modules. Here we are
presenting the relevant modules used during the work presented in this thesis:

• PENCIL [48]: computes the heating, particle, torque and current deposition
profiles from the NBI injection. Each beam is represented by a grid and the
attenuation coefficients are computed through ADAS [49]. The Fokker-Plank
equation is solved for each flux surface to compute the fast ions distribution.
Toroidal electric field and bulk plasma rotation effects on the fast ions are
neglected; the current drive is obtained as in [50].

• PION [51]: reproduces the analytical results with a parametrization of LION
[52] to compute the heating deposition and the current drive from the Ion
Cyclotron Resonance Heating (ICRH). The Fokker-Plank equation is solved on
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each flux surface to compute the competition between ion cyclotron absorption
and electron Landau damping. When used in JINTRAC with PENCIL it
improves the calculation of the fast ion slowing down and takes into account the
synergies between the NBI and the ICRH [53]. The full distribution function
is taken into account and the cross sections for D-D and D-T reactions are
taken from [54].

• FRANTIC [55]: computes the neutral particle sources from the separatrix.
Modelling an isotropic neutral source electron and ion ionization sources are
computed by charge exchange. The neutral transport is approximated by a
set of algebraical equations assuming the plasma cross section to be circular.
FRANTIC has been validated against more complex codes for the computation
of the neutral fluxes from the separatrix, showing a good agreement with the
results produced by EIRENE [56].

• SANCO [57]: evolves the impurity transport, it calculates the ionization
states and the radiated power. The impurities ionization, recombination and
charge exchange are computed using multiple ADAS [49] database depending
on the impurity species. The conservation of mass equation is solved for each
impurity species and for all the ionization stages. Irregular grids are available
to increase the spatial resolution towards the plasma edge, initial conditions
can be imposed both in terms of impurity density profiles and in terms of
relative impurity concentration and Zeff .

• ESCO [58]: it solves the Grad-Shafranov equation reading from JETTO the
plasma pressure profile and the plasma current. ESCO requires the boundaries
of the equilibrium as an input, the boundary can be imposed from experiments
by EFIT [59] or other equilibrium solvers such as CREATE-NL [60].

A more detailed description of the code integration in JINTRAC and the references
for all the available models can be found in Ref. [46]. For our purposes, this brief
description of the codes and the introduction to the transport is sufficient. From this
presentation of JINTRAC, it can be seen that it is suitable for plasma simulations,
both interpretative and predictive, with a high level of plasma description. With
JINTRAC available capabilities it is possible to simulate both present and future
experiments in order to compare and understand the peculiarities and the sensitivity
of each plasma scenario to the operating conditions (i.e. plasma engineering param-
eters). This approach will be presented in the next chapters showing the analysis
performed in preparation to DTE2 and the analysis of actual D-T data collected
during the experimental campaign.
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Chapter 4

Simulations of D plasmas

The work that will be discussed in this chapter has been firstly presented in a reduced
version in [61] and afterwards published in [62]. Here it is adjusted and extended for
the purpose of this dissertation.

After a first deuterium-tritium (D-T) experimental campaign in 1997 (DTE1) the
JET tokamak has operated in D-T main ion plasma mixture again in 2021 (DTE2).
DTE2 is substantially different from DTE1 because, since DTE1, in subsequent
upgrades, JET has had the original C first wall replaced with an ITER-like wall
(ILW) made of Be and W, increased its additional heating power and expanded the
set of available diagnostics. The focus of DTE2 has been different from DTE1 as
the emphasis has been placed on the stationary nature of the performance instead
of the record peak fusion power. The DTE2 target performance is 15 MW of fusion
power averaged for 5 s [63].

In preparation to DTE2, experiments have been performed on JET to prepare
the plasma scenarios in D, which have been used in DTE2 [18, 7, 25]. Two scenarios
are being developed: the baseline scenario where the confinement is achieved at high
plasma current (Ip ≥ 3.5 MA) and medium normalized beta (βN ≈ 1.8), and the
hybrid scenario, which relies on a lower plasma current (Ip ≤ 2.5 MA) and a higher
normalized beta (βN ≈ 2 − 3) to achieve good confinement.

Normalized beta is an operational parameter indicating how close the plasma is
to the onset of macroscopic MHD instabilities [64] and is defined as [65]:

βN = β
aBT

Ip

where where BT is the toroidal magnetic field in T, a is the minor radius in m,
Ip is the plasma current in MA and:

β = ⟨p⟩
B2/2µ0

is the ratio of the plasma pressure to the magnetic pressure.
These plasmas have been the object of an intense activity of modelling in order

to extrapolate the performance from D to D-T and quantify the uncertainty affecting
the predicted results [66, 67]. This chapter focuses on the baseline scenario, using
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Table 4.1. Main plasma parameters for the JET plasmas used as references for the
extrapolations presented in the chapter.

Shot number 92376 96482 42464 42982
Main ion species D D D D-T
Simulated time window [s] 9.6 - 10.7 10 - 10.5 14.4 - 16.4 15 - 17
BT [T] 2.8 3.35 3.8 3.8
Ip [MA] 3.0 3.5 3.8 3.8
q95 3.2 3.2 3.5 3.5
βN [%/MA] 1.8 1.9 1.2 1.45
PNBI [MW] 22 29 18 21.6
PICRH [MW] 4.4 4.3 0.5 2.0
ne0 [1019 m−3] 7.8 9.4 8.5 7.8
< ne > [1019 m−3] 5.8 6.1 5.6 5.8
Te0 [keV] 5.4 6.0 7.5 5.8
< Te > [keV] 2.8 2.5 4.5 3.3
Ti0 [keV] 6.9 8.0 7.6 10.3
< Ti > [keV] 3.0 3.8 3.7 4.9
Wth [MJ] 7.5 10.0 8.3 7.9
Neutron rate [1016 [n/s] 1.65 3.0 1.33 168.8
Zeff 1.9 1.8 2.3 2.8

the transport model QuaLiKiz to predict the D-T performance of typical baseline
plasmas under a variety of assumptions.

Some of the best performing baseline plasmas considered for extrapolation are
characterized by a normalized beta βN ≈ 2.2. These plasmas, however, might be not
extrapolable at plasma currents higher than 3.8 MA due to the limited additional
heating power available on JET. Therefore, the medium βN (≈ 1.8) baseline plasma
is the basis for the D-T extrapolations.

Table 4.1 reports the main plasma parameters averaged over the time interval of
interest of the JET pulses that will be shown in this chapter of the dissertation.
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4.1 Validation on the reference discharge

Figure 4.1. Experimental evolution of main plasma
parameters for JET shot 92376, a medium βN

(βN ≈ 1.8) plasma chosen as reference for the
extrapolations presented in this chapter. From
top to bottom are shown: NBI and ICRH aux-
iliary heating power and radiated power (from
bolometer); core and edge line average electron
density (from JET multi-channel infrared inter-
ferometer, on-axis electron temperature (from
electron cyclotron emission radiometer) and core
ion temperature (from high resolution X-ray crys-
tal spectrometer looking at Ni+26 emission at
ψN ≈ 0.18); Be II emission (from visible spec-
troscopy, showing the ELM behaviour); plasma
thermal energy and βN and neutron rate.

The baseline plasma used as refer-
ence for the modelling and the ex-
trapolations presented in this work
is JET pulse JPN 92376 (βN ≈
1.8). This is a pure D, H-mode
plasma with BT =2.8 T, Ip=3 MA
and 26 MW of additional heat-
ing power, 22 MW from neutral
beam injection (NBI), and 4.4 MW
from ion cyclotron resonance heat-
ing (ICRH) in H minority scheme.
In the flat-top phase of the dis-
charge, D pacing pellets are in-
jected for promoting ELMs, for
high and medium-Z impurity in-
flux control and for density con-
trol. The experimental time traces
of the relevant plasma parameters
and the details of the diagnostics
considered are shown in Fig. 4.1,
while the main plasma parameters
averaged over the time window of
interest (between 9.6 s and 10.7 s)
are reported in Table 4.1.

The modelling of this plasma
has been performed with the JIN-
TRAC suite of codes [46] using the
QuaLiKiz first-principle transport
model [41, 42]. Note that Qua-
LiKiz takes into account some pos-
sible linear isotope effects on the
main ion transport, but does not
capture other non-linear effects at
high β [68, 69]. However, given the
moderate β of the plasmas used
in this paper as a basis for the
extrapolation, these non-linear ef-
fects are not crucial and therefore
QuaLiKiz can be considered suit-
able for the extrapolation to D-T
main ion plasma mixture.

The simulations are performed in a fully predictive way. In particular, the
evolution of plasma current density, ion density, electron and ion temperature and
plasma rotation is predicted. In addition, the evolution of the density of a number of
impurities was modelled by the impurity transport code SANCO [57]. The impurity
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transport model includes neo-classical transport from NCLASS [70] and anomalous
transport provided by QuaLiKiz.

The initial conditions for the electron density and temperature profiles were
taken from the measurements of the JET high resolution Thomson scattering system
(HRTS) [71] and for the ion temperature and plasma toroidal rotation profiles from
beam charge exchange spectroscopy (CX) [72].

In this simulation an impurity mix of Be (⟨nBe⟩/⟨ne⟩ ≈ 1.8%), Ni (⟨nNi⟩/⟨ne⟩ ≈
0.075%) and W (⟨nW ⟩/⟨ne⟩ ≈ 0.0067%) was considered and the relative concentration
of the impurity species were prescribed according to an estimate taking into account
several diagnostics and described in [73]. In this way, it is ensured that the impurity
mixture used in the simulation is the same as in the experiment.

The boundary conditions are imposed at the separatrix identified by Te = Ti =
100 eV. The heat transport in the edge transport barrier (ETB) is adjusted in order
to match the experimental height of the temperature pedestal. The width of the
pedestal is imposed to match the experimental value. Once the heat transport in
the ETB has been fixed, a χ/D ratio in the pedestal of 4 is assumed and the gas
puff and the wall recycling particle source are tuned to match the density at the top
of the ETB. Here χ is the heat conductivity (assumed to be the same for ion and
electrons in the ETB) and D is the ion particle diffusivity (assumed the same for D
and T ions in the ETB), both expressed in m2/s.

The heat sources are modelled by means of the PENCIL [48] and PION [51]
codes for the NBI and ICRH heating source respectively. The synergy between NBI
and ICRH is taken into account self-consistently in JINTRAC (see, for example,
[53]).

The equilibrium is computed self-consistently with the evolution of the plasma
current and of the plasma kinetic profiles by means of the ESCO equilibrium solver
[58].

The simulation results for the reference pulse are shown in Fig. 4.2(a), where
the electron density and electron and ion temperature profiles are compared to the
experimental measurements, and in Fig. 4.2(b), where the modelled D-D neutron
rate, Zeff and radiated power are compared to the experimental values.

It can be seen that the general agreement between simulation and experiment
is good. In particular there is very good agreement between the experimental
and modelled kinetic profiles (electron density, electron and ion temperature) and
the measured and modelled radiated power. The experimental neutron rate is
initially underestimated by about 30-40% but the predicted value approaches the
experimental one from half way through the simulation to the end of the modelled
time window.

Moreover, the pedestal pressure calculated in our simulation is 11.2 kPa, close to
the experimental one of 10.2 kPa. The differences between measured and modelled
pedestal pressure are in agreement within the uncertainties in the experimental
pressure computation. This is illustrated in Fig. 4.3 showing the resulting pedestal
pressure from a scan of electron and ion thermal diffusivities in the pedestal (including
χe = χi = 0.75 m2/s, the value chosen for this simulation), indicating that not only
the first-principle transport model captures the details of the reference plasma core,
but also that the empirical modelling of the pedestal can be considered realistic.
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(a) JPN 92376 plasma kinetic profiles (b) JPN 92376 plasma time traces

Figure 4.2. JPN 92376: (a) Comparison between experimental and modelled ne, Te and
Ti; The electron density experimental points are HRTS measurements, the electron
temperature experimental points are high resolution Thomson scattering measurements
(HRTS, black crosses) and electron cyclotron emission measurements (ECE, burgundy
circles) and the ion temperature experimental points are beam CX spectroscopy mea-
surements. Measurements and predictions are averaged over the time interval of interest.
The vertical error bars combine the RMS over the time interval and the measurements
uncertainties, the horizontal error bars are the RMS of the ψN coordinate mapped from
an EFTP equilibrium. (b) Comparison between experimental and modelled neutron
rate, Zeff obtained from Bremsstrahlung measurements along a vertical and horizontal
line of sight, and radiated power from bolometry.

Figure 4.3. JPN 92376: modelled and experimental pedestal pressure for different assump-
tions of χe,i in the pedestal region.



4.2 Extrapolation capability in D plasma at higher plasma current 28

4.2 Extrapolation capability in D plasma at higher plasma
current

Figure 4.4. Experimental evolution of main plasma
parameters for JET shot 96482, a medium βN

(βN ≈ 1.8) plasma chosen as target to validate
the model tuned on JET shot 92376 and used for
the extrapolations presented in this paper. From
top to bottom are shown: NBI and ICRH aux-
iliary heating power and radiated power (from
bolometer); core and edge line average electron
density (from JET multi-channel infrared inter-
ferometer, on-axis electron temperature (from
electron cyclotron emission radiometer) and core
ion temperature (from high resolution X-ray crys-
tal spectrometer looking at Ni+26 emission at
ψN ≈ 0.18); Be II emission (from visible spec-
troscopy, showing the ELM behaviour); plasma
thermal energy and βN and neutron rate.

To further validate the modelling
of an ILW baseline plasma, based
on the simulations parameter used
for reproducing JPN 92376, it has
been produced a ’blind’ prediction
of the JPN 96482, a pure D, 3.5
MA, 3.35 T plasma. The evolution
of the main plasma parameters for
shot 96482 is shown in figure 4.4
and the values of the most relevant
plasma quantities averaged of the
the time window targeted by the
blind simulation are shown in table
4.1.

The ’blind’ simulation was ob-
tained by repeating the fully pre-
dictive simulation of shot 92376
with the plasma current increased
to 3.5 MA, the toroidal magnetic
field increased to 3.35 T, the initial
density scaled at constant Green-
wald fraction and imposing the
nominal additional heating power
of shot 96482. All the remaining
simulation parameters (including
the transport coefficients in the
pedestal and the prescribed im-
purity mix) were left unchanged.
The results are shown in Fig.
4.5(a) and in Fig. 4.5(b), where
the pulse is modelled with the
same simulation parameters as for
JPN 92376 compared with the ex-
perimental ones.

As it can be seen this sim-
ulation does an excellent job at
predicting the higher current dis-
charge, and an even better match
with the experiment can be ob-
tained by tuning the ionization
source and using the actual exper-
imental impurity mix for the higher current shot determined as described in [73]
(⟨nBe⟩/⟨ne⟩ ≈ 2.2%, ⟨nNi⟩/⟨ne⟩ ≈ 0.092% and ⟨nW ⟩/⟨ne⟩ ≈ 0.0081%) .
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(a) JPN 96482 plasma kinetic profiles (b) JPN 96482 plasma time traces

Figure 4.5. JPN 96482: (a) Comparison between experimental and modelled ne, Te and
Ti; The electron density experimental points are HRTS measurements, the electron
temperature experimental points are high resolution Thomson scattering measurements
(HRTS, black crosses) and electron cyclotron emission measurements (ECE, burgundy
circles) and the ion temperature experimental points are beam CX spectroscopy mea-
surements. Measurements and predictions are averaged over the time interval of interest.
The vertical error bars combine the RMS over the time interval and the measurements
uncertainties, the horizontal error bars are the RMS of the ψN coordinate mapped from
an EFTP equilibrium. (b) Comparison between experimental and modelled neutron
rate, Zeff obtained from Bremsstrahlung measurements along a vertical and horizontal
line of sight, and radiated power from bolometry.

In Fig. 4.4 it can be observed that the performance of the D pulse JPN 96482
consist of two phases, in the first phase (10 ≤ t ≤ 12 s) the performance is lower
with respect to the second phase (12 ≤ t ≤ 13 s). It should be mentioned that by
scanning the ELM averaged transport coefficients imposed in the pedestal region,
in the simulations it is possible to move from the lower performance operative
condition of the pedestal to the higher performance operative condition matching
with modelling the experiment. This is suggesting that during the experiment,
starting from t = 12 s, the pedestal changed with a beneficial effect for the core and
the overall confinement.

The reproducibility of the JPN 96482 at 3.5 MA starting from the simulation
settings optimised to reproduce the JPN 92376 at 3.0 MA confirms the extrapolation
capability of JINTRAC-QuaLiKiz-SANCO predictive simulations in D plasmas under
a wide range of assumptions on the density scaling and on the impurity mixture. A
set of detailed simulations with the experimental boundary conditions of the JPN
96482 will be shown in Sec. 5.2.1, in Sec. 5.2.2 and in Sec. 5.2.3.
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4.3 Backward validation on JET DTE1 pulses
To extend the validation of the model to be deployed for the prediction of the
performance in DTE2 to a DT plasma, two ELMy H-mode discharges from DTE1
have been simulated. The pulses considered are JET pulses JPN 42464 (D) and JPN
42982 (D-T). Both plasmas have Ip = 3.8 MA, BT = 3.8 T, a C plasma facing wall
(and, consequently a different impurity mix with respect to the references modelled
in the previous section) and use a 3He minority ICRH heating scheme (as opposed
to the H minority scheme used in the shots described in the previous section). Shot
42464 is a pure D plasma, whereas shot 42982 is a 50-50 D-T main ion plasma
mixture.

Note that, for the D-T plasmas, the collisional heating of the electrons by
the alpha particles produced by fusion reactions is calculated in JINTRAC self-
consistently with the evolution of the kinetic profile according to the model described
in [74]. However, the alpha particle concentration is ignored in the PION calculation
of the ICRH absorption. Separate estimates of the role played by the alpha particle as
an ICRH absorber indicate that this should be negligible in the scenarios considered
in this work.

The evolution of the experimental plasma parameters for these two plasmas is
shown in figures 4.6 and 4.7, whereas the average values over the time window of
interest are reported in table 4.1. Further details on these shots can be found in
[22] and interpretative transport analysis, in the context of a wider study of ELMy
H-mode D-T plasmas on JET, can be found in [75].

The same modelling procedure described in the previous section has been applied
for the JPN 42464 (D) and for the JPN 42982 (D-T). Note that in these simulations
the nominal 3He concentration of ≈ 5% is assumed, C is considered as the only
other impurity contributing to Zeff in the plasma and adjusted its concentration to
match the experimental Zeff value (inferred from Bremsstrahlung measurements).
This resulted in ⟨nC⟩/⟨ne⟩ ≈ 3.9% for the JPN 42464 and ⟨nC⟩/⟨ne⟩ ≈ 5.6% for the
JPN 42982.

These values are broadly in line with the C concentration and Zeff reported
in [22] where an impurity mix of 4% C, 1% Be and 6% 3He is given. In the same
paper the uncertainty on Zeff is estimated at ±0.5. Assuming values for Zeff 0.5
lower than the ones used in our simulations it can be found that the C concentration
is reduced to 2.6% for the JPN 42464 and to 4.2% for the JPN 42982. However,
these lower values of Zeff (and consequently lower C concentrations) would lead to
our simulations simultaneously overestimating the experimental neutron rate and
underestimating the experimental radiated power.
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Figure 4.6. JPN 42982: experimental evolution of main plasma parameters for JET shot
42982, a 50-50 D-T plasma from JET campaign DTE1 chosen as target to validate the
model tuned on JET shot 92376 and used for the extrapolations presented in this work.
From top to bottom are shown: NBI and ICRH auxiliary heating power and radiated
power (from bolometer); core and edge line average electron density (from JET multi-
channel infrared interferometer, on-axis electron temperature (from LIDAR Thomson
scattering) and core ion temperature (from high resolution X-ray crystal spectrometer
looking at Ni+26 emission at ψN ≈ 0.29); Dα line intensity (from spectroscopy, showing
the ELM behavior); plasma thermal energy and βN and neutron rate.
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Figure 4.7. JPN 42464: experimental evolution of main plasma parameters for JET shot
42464, a pure D plasma from JET campaign DTE1 chosen as target to validate the model
tuned on JET shot 92376 and used for the extrapolations presented in this paper. From
top to bottom are shown: NBI and ICRH auxiliary heating power and radiated power
(from bolometer); core and edge line average electron density (from JET multi-channel
infrared interferometer, on-axis electron temperature (from LIDAR Thomson scattering)
and core ion temperature (from high resolution X-ray crystal spectrometer looking at
Ni+26 emission at ψN ≈ 0.23); Dα line intensity (from spectroscopy, showing the ELM
behavior); plasma thermal energy and βN and neutron rate.
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(a) JPN 42982 plasma kinetic profiles (b) JPN 42982 plasma time traces

Figure 4.8. JPN 42982: (a) Comparison between experimental and modelled electron
density profiles, electron temperature profiles and ion temperature profiles. The electron
density and electron temperature experimental points are LIDAR Thomson scattering
measurements (LIDAR) and the ion temperature experimental points are beam charge
exchange spectroscopy measurements (CX). All measurements are averaged over the
modelled time interval. The vertical error bars combine the RMS over the time interval
considered and the measurement uncertainty and the horizontal error bars are the RMS
of the ψN coordinate mapped from a EFIT equilibrium. The modelled profile is the
converged solution after full relaxation of the kinetic profiles (QuaLiKiZ, solid lines). (b)
Comparison between experimental and modelled neutron rate, Zeff and radiated power.
Zeff is inferred from Brehmsstrahlung measurements along a vertical and a horizontal
line of sight across the plasma and radiated power from bolometry.
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(a) JPN 42464 plasma kinetic profiles (b) JPN 42464 plasma time traces

Figure 4.9. JPN 42464: (a) Comparison between experimental and modelled electron
density profiles, electron temperature profiles and ion temperature profiles. The electron
density and electron temperature experimental points are LIDAR Thomson scattering
measurements (LIDAR) and the ion temperature experimental points are beam charge
exchange spectroscopy measurements (CX). All measurements are averaged over the
modelled time interval. The vertical error bars combine the RMS over the time interval
considered and the measurement uncertainty and the horizontal error bars are the RMS
of the ψN coordinate mapped from a EFIT equilibrium. The modelled profile is the
converged solution after full relaxation of the kinetic profiles (QuaLiKiz, solid lines). (b)
Comparison between experimental and modelled neutron rate, Zeff and radiated power.
Zeff is inferred from Brehmsstrahlung measurements along a vertical and a horizontal
line of sight across the plasma and radiated power from bolometry.
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The results of the modelling done on the two DTE1 pulses are shown in Fig.
4.8 for the D-T main ion plasma mixture, and in Fig. 4.9 for the D plasma. The
agreement between experiment and simulation is generally good, both for the kinetic
profiles and in the time traces. However, the lack of measurements in the pedestal
region does not allow a proper comparison with the modelling.

The main difference seen in the simulations with C-wall with respect to the
simulations shown with the ILW involves the density at the separatrix. It is
significantly higher in DTE1 pulses due to the higher values of the Zeff . It has
to be noted the tendency of QuaLiKiz to overestimate the peaking of the electron
density profiles, which has been also reported and analyzed in [76]. The cause of
this discrepancy is not clear. A possible reason could be the fairly strong sensitivity
of the main ion density profile peaking predicted by QuaLiKiz to the details of the
profiles of quantities such as the Ti/Te ratio at the top of the edge transport barrier,
the safety factor q, the plasma rotation and the impurity density and to the fact
that the simulation does not match exactly these plasma parameters.

(a) Ti/Te against the enhancement of χe/χi (b) Density peaking factors

Figure 4.10. Sensitivity study of the density peaking factors in dependence to Ti/Te.

In Fig. 4.10 the results of the sensitivity study on the density peaking factors
are shown in dependence to the Ti/Te ratio at the top of the edge transport barrier.
By scanning the electron thermal conductivity with respect to the ion thermal
conductivity imposed in the pedestal, the ratio between ion and electron temperatures
can be varied. However, for these pulses the variation in the density peaking factors
is modest, and the overestimate of the peaking factor is ≈ 20% in D-T and ≈ 30% in
D. Being the D case more affected by density peaking and more sensitive, we do not
expect an increasing in the density peaking overestimation extrapolating D cases to
D-T cases. A more detailed investigation into the sensitivity of the density peaking
to QuaLiKiz input parameters is beyond the scope of this work. The over-prediction
of the density peaking significantly affects only a relatively small volume of plasma
(ψN ≤ 0.2 − 0.3). Indeed, the simulated and the experimental volume averaged
electron densities agree within the measurement uncertainties in both pulses. This
agreement seems sufficient for proceeding with the extrapolations to DTE2.
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4.4 Extrapolations to DTE2
In order to extrapolate the modelling described in the previous sections to the DT
plasmas to be produced in DTE2, the reference simulations of JPN 92376 has been
modified, changing the fuel mixture and the NBI injection from pure D to 50-50 D-T
main ion plasma mixture. The current and the magnetic field have been increased
in three steps to 3.8 MA, 4.2 MA and 4.5 MA, scaling the density in order to keep
the Greenwald fraction constant. With the optimistic assumption of 40 MW of
additional power (34 MW from NBI and 6 MW from ICRH, see [18]), the magnetic
field is 3.5 T at 3.8 MA and it is 3.7 T at 4.2 MA and 4.5 MA. The limit on the
magnetic field is imposed by the minimum duration of the flat top necessary to
achieve a 5 s window of optimized performance and by the need to limit, at the
same time, the thermal and mechanical stresses on the JET toroidal field coils. This
means that the extrapolation are not done at constant q95, but q95 varies from 3 at
3.8 MA to 2.7 at 4.5 MA.

Extrapolating the pedestal parameters to higher current, the target density at
the top of the pedestal is scaled with the current in order to keep the Greenwald
fraction constant and the same pedestal width. Particle and heat transport as in
the reference case are assumed.

In order to take into account a certain degree of uncertainty linked to the expected
pedestal performance, the simulations have been repeated increasing and decreasing
the electron and ion thermal conductivity in the ETB by 25%. These cases are
determining the lower and upper bound on the predicted performance.

Figure 4.11. Expected fusion power as function of plasma current and for different impurity
mixes for a medium βN ≈ 1.8 baseline plasma based on JPN 92376 assuming 40 MW of
additional heating power (34 MW of NBI and 6 MW of ICRH). In this scan BT = 3.5 T
at 3.8 MA and BT = 3.7 T at 4.2 and 4.5MA. The error bars correspond to different
assumptions on the thermal conductivity in the pedestal.
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Figure 4.12. NBI deposition profiles for three different plasma currents and fixed Greenwald
fraction. From top to bottom: (a) particle source, (b) ion heat deposition, (c) electron
heat deposition and (d) driven current. In all cases the total NBI injected power is
PNBI = 34 MW.

The effect of the impurities is taken into account by assuming the same impurity
mix as the one determined experimentally for pulse 92376, with an increased W
concentration in order to achieve the same ratio Prad/Paux as in the reference case.
Many of the baseline D and D-T pulses exhibit a poloidally asymmetric and localised
blob of radiation on the low field side, this effects can not be modelled due to the
transport equations are averaged over the flux surfaces. Thus, the modelling can not
distinguish the high filed side from the low field side. The effect of the uncertainty in
the impurity mix has been assessed by performing two additional series of simulations
assuming Ni and Be as dominant impurity respectively and keeping Zeff constant.

The results of this first series of runs are plotted in Fig: 4.11 where the expected
fusion power is shown for the different cases. The error bars represent the effect
of the uncertainty in the pedestal transport. It can be seen that the fusion power
does not increase significantly with plasma current above 3.8 MA and even decreases
slightly when W is included in the impurity mix. This is due partly to the fact that
the additional power is kept constant rather than increased proportionally to the
density, leading to a progressive reduction of the ion temperature in the core, and
partly to the fact that, with increased density, the NBI penetration is shallower,
resulting in a lower heating source in the plasma core.

The NBI deposition profiles for the three plasma currents considered in this
study are shown in Fig. 4.12 where the NBI particle source, ion and electron heat
deposition and driven current are ploted.
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As for the effect of the impurity mix, it can be seen that the assumption of
the contribution to Zeff comes entirely from Be results in a significant plasma
dilution, with a maximum fusion power achievable for these moderate βN baseline
plasmas is only 10 MW, as opposed to the 15 MW obtained in the simulations
where Ni was assumed to be the only impurity present in the plasma. It should be
noticed that in the simulations with only Be the plasma dilution is overestimated
and the radiated power is underestimated. In the simulations with Ni only the
dilution and the radiated power are both underestimated. The assumption of a
more realistic impurity mix of Be, Ni and W based on the empirical estimate of the
relative concentration of these species for the reference JPN 92376 does not change
significantly the result with respect to the case with Be only. This is because the
plasma performance is more sensitive to dilution rather than radiated power.

Figure 4.13. Expected fusion power as function of available heating power for different
plasma currents for a medium βN ≈ 1.8 baseline plasma based on JPN 92376 assuming
the experimentally determined impurity mix of Be, Ni and W. The error bars correspond
to different assumptions on the thermal conductivity in the pedestal..

The effect of the available additional power on the performance is now investigated.
In order to do this, starting from the runs at 40 MW with impurity mix including
Be, Ni and W, the additional heating power is gradually reduced from 40 MW to 38
MW (32 MW from NBI and 6 MW of ICRH), 36 MW (32 MW form NBI and 4
MW of ICRH) and 33 MW (29 MW of NBI and 4 MW of ICRH) respectively. Each
power scan has been performed for 3.8 MA, 4.2 MA and 4.5 MA.

Moreover, to assess the impact of the availability of additional heating power
of lower or similar magnitude with respect to the reference case, a second series of
runs for plasma current equal to 3.0 MA and 3.5 MA has been performed assuming
25 MW (23 MW of NBI and 2 MW of ICRH) and 30 MW (27 MW of NBI and 3
MW of ICRH). The results are shown in figure 4.13 where the different scans for
different plasma currents are plotted. The 10 MW of fusion power can be achieved
only with an available additional heating power above 36 MW.
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4.5 Chapter summary
The simulations presented in this chapter predict the fusion power in baseline scenario
at medium βN (≈ 1.8) in DTE2. The interest in these plasmas is due the fact that
they are more easily extrapolable to higher field and current and more representative
of a typical baseline scenario than the higher βN and peaked performance plasmas
considered in the past.

The transport model used in the extrapolation is the QuaLiKiz model, which
reproduces well pure D plasmas produced in JET with an ILW, and which is in
reasonable agreement with plasmas from DTE1 (JET with C-wall) apart for the
over-prediction of the peaking of the density profile.

The results indicate that it should be possible to achieve 10 MW of fusion power
over 5 s in a fairly wide range of circumstances, provided that 38 MW heating power
is available.

Moreover, they suggest that pushing for high current is not necessarily a way
to continuously improve the fusion performance as the increase in density at fixed
additional heating power is likely to offset the expected increase in confinement
associated with higher current.

The effect of the uncertainties in the pedestal confinement have also being
investigated and can be responsible for a variation of about 1 MW of fusion power
in excess or defect of the reference case where the pedestal transport was tuned to
match the experimental parameters in the reference case at 3.0 MA. The analysis of
the sensitivity to pedestal condition has been motivated by the necessity of taking
into account on one side a possible improved pedestal confinement in DT with
respect to D and on the other hand by the possibility that the fuelling rate in D-T
will have to be increased with respect to pure D plasmas to promote the ELMs,
which could be less frequent in D-T, and are necessary to flush impurities out of the
plasma edge.

A final analysis has been conducted to investigate the sensitivity to the available
additional input power. In order to estimate the effect of different levels of heating
power we have run simulations at different current levels scanning the additional
heating power availability from 25 MW (23 MW of NBI and 2 MW of ICRH) to 40
MW (34 MW of NBI and 6 MW of ICRH). The assumption for the impurity mix
was the most realistic one including Be, Ni and W and based on the concentrations
experimentally determined for JPN 92376.

This scan has shown that the heating power is probably the most critical
parameter in determining the highest fusion power achievable and that an additional
heating power above 36 MW will be needed to achieve Pfus = 10 MW.

For these medium βN plasmas, 15 MW of fusion power are achieved only in
the best case scenario where the dilution due to Be is minimised and the pedestal
confinement is optimized, in presence of 40 MW of available additional heating
power.

In all the cases analyzed the contribution to the total neutron yield was ≈ 60%
from thermal reactions and ≈ 40% from beam-target reactions (beam-beam reactions
being negligible).
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Chapter 5

Transport analysis of D-T pulses

5.1 Experimental results of D-T baseline scenario
After the end of the deuterium-tritium experimental campaign, the fusion power
predictions discussed in the previous chapter and presented in [62] have been com-
pared with the experimental fusion power. In Figure 5.1 the comparison between

Figure 5.1. Experimental fusion power obtained by baseline scenario during DTE2 campaign
averaged over 0.5 s during the flat-top phase of the discharges (yellow stars) compared
to the predicted fusion power in dependence of the available auxiliary heating power at
different plasma currents (blue markers).

the predicted fusion power and the experimental results is shown. It can be seen
that the stars, identifying the experimental data, are close to the predictions within
the uncertainties related to the pedestal modelling presented in 4.4. Moreover, at
high available auxiliary heating power, the experimental fusion power seems laying
on the upper bound of the predicted performance.

A similar figure to Fig. 5.1 can be produced with the experimental fusion power
obtained by the hybrid scenario compared to the results of the predictive modelling



5.1 Experimental results of D-T baseline scenario 41

presented in [66], showing a good agreement between predictions and experimental
results. The fact that, over a wide range of plasma parameters, both in hybrid
and baseline scenario, the predictive simulations are in agreement with the actual
D-T data, denotes a good prediction capability of QuaLiKiz and TGLF in D-T
main ion plasma mixture. The main differences between D-T experiments and
predictive simulations done in preparation to DTE2 are related to the experimental
boundary conditions, i.e. the total auxiliary power Paux, its components from NBI
and ICRH and, therefore the toroidal velocity Vtor, the impurity mix composition
and, consequently, Zeff and Prad, and the main ion plasma composition. We chose
to perform predictive simulations imposing the experimental boundary conditions
to the discharges JPN 96482 in D plasma mixture and the discharge JPN 99948 in
D-T plasma mixture. The discharge JPN 99797 will be also modelled for studying
the D-T fuel mix control on actual D-T data. The relevant plasma parameters of
these pulses are summarised in the Table 5.1.

Table 5.1. Main plasma parameters of the JET plasmas analysed after DTE2 campaign
averaged in the reference time intervals.

JPN 96482 99948 99797
Main ion species D D-T D-T
T concentration [%] - 50 53
Simulated time window [s] 10 - 10.5 9.5 - 10 9.5 - 10.7
BT [T] 3.35 3.35 3.35
Ip [MA] 3.5 3.5 3.5
q95 3.2 3.3 3.3
βN [% / MA] 1.8 1.9 1.8
PNBI [MW] 29.0 28.6 25.8
PICRH [MW] 4.3 3.5 3.7
ne(0) [1019 m−3] 8.9 8.5 9.2
< ne > [1019 m−3] 6.1 7.1 6.7
Te(0) [keV] 6.0 8.0 7.5
< Te > [keV] 2.5 2.5 2.4
Ti(0) [keV] 8.0 8.5 7.5
< Ti > [keV] 3.0 3.3 3.0
Wth [MJ] 10.0 11.7 10.6
Neutron rate [1016 n/s] 2.75 296 214
Zeff 1.7 1.4 1.6

The time intervals of analysis have been chosen in order to compare the JPN
96482 with the JPN 99948 before it stars accumulating impurities.

The evolution of these two discharges can be compared in Fig. 5.2. It can be seen
that the initial entry in H-mode is very similar, the two discharges share comparable
auxiliary heating power, and the radiative power in the density ramp-up are close
to each other. In this phase, the electron and ion temperatures are similar while
the plasma stored energy of the D-T pulse results higher with respect to the stored
energy of the D pulse despite the fluctuations of the NBI power. After t ≈ 9s,
the core electron density of the D pulse stabilises, while in the D-T pulse it is still
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Figure 5.2. Experimental evolution of main plasma parameters for JPN 96482 (D) [blue] and
the time traces of the JPN 99948 (D-T) [yellow]. From top to bottom: auxiliary heating
power from NBI PNBI and from ICRH PICRH ; radiated power Prad (from bolometer);
core line averaged electron density ne (from JET multi-channel infrared interferometer);
on-axis electron temperature Te (from electron cyclotron emission radiometer); core
ion temperature Ti (from high resolution x-ray crystal spectrometer looking at Ni+26);
plasma thermal energy Wth.
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increasing. In this time interval in the D-T pulse, despite the increase in the radiative
power the ion and electron temperatures and the plasma stored energy seems to
be not suffering from the increase in density. The impurity accumulation starts at
t ≈ 10s in the a region of the plasma situated on the low field side, the ELM impurity
flushing become less effective, and the pulse disrupts due to radiative collapse [77].
This continuous increase of density has been observed in all the baseline pulses
performed during the DTE2 campaign and is responsible for the impossibility of
achieving a baseline 5 s long pulse. The density increase is followed by a weakening
of the ELM activity and an eventual exponential increase of the radiated power
leading to the collapse of the discharge. The reasons for this behavior and possible
solutions are still under investigation by JET experimental team. The interpretation
of this chain of events is not straightforward. For the moment, the main working
hypothesis is that the particle confinement is different between the three plasmas
and improves with the isotope mass [78]. A possible explanation could be related
to the limitations on available heating power. Operating at high current, which is
characterizing the baseline scenario, involves operating at high density. Since L-H
transition power PL−H increases with the increasing of density it is possible that the
baseline scenario has operated marginally above the L-H power threshold [77]. This
is the root cause of the density increase, which in turn increases the L-H transition
threshold implying that the DT and T plasma are more marginally into H-mode
than the D ones. Consequently, the ELM activity cannot be sustained and becomes
progressively weaker until the ELMs cannot flush the main gas and the W from the
plasma anymore, giving way to an increase in impurity concentration and radiated
power and, eventually, to the collapse of discharge. The fact that we were operating
at relatively high current, field and density and the available heating power was
limited and often intermittent exacerbated the problem and prevented us to achieve
a 5 s high performance window in DT. The interpretation given above is somehow in
contradiction with the expectation that the L-H transition power threshold should
be lower in DT and T than in D. In the baseline case it would appear that the
isotope dependence of the L-H threshold is dominated by the density dependence.
An alternative interpretation could be that, despite the fact that the plasmas are
more above threshold in DT and T than in D, the ELM activity is more difficult to
sustain for higher isotope mass [79].

An evolution of the density during the flat top phase is present also in the
other scenarios performed in DTE2, the hybrid and the optimised fuel mix scenario.
However, they did not suffer that much disruptions in D-T, as they usually do not
in D, with respect to the baseline scenario due to their lower plasma current (i.e.
lower plasma density).

The plasma kinetic profiles can be compared in Fig. 5.3. The plotted profiles
have been obtained from interpretative TRANSP analysis fitting the experimental
measurements with methodologies described in [80]. This interpretative analysis
are intended to check the consistency of different measurements and reproduce the
evolution of the plasma performance by evolving the fitted kinetic profiles. Another
outcome of TRANSP interpretative analysis is producing plasma kinetic profiles to
be used in further analysis (such as, for example, impurity analysis).

The first significant difference between the D pulse and the D-T pulse is related
to the pedestal values: the electron density is higher in the D-T pulse with respect
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to the D pulse, and the pedestal seems to be also wider. This difference in 3.5
MA baseline pulses seems to be systematic in all the pulses performed in D-T main
ion plasma mixture. No significant differences can be observed in the electron
temperature profile while the main differences in the ion temperature and in the
toroidal velocity profiles are in the region ρtor ≤ 0.6. It has to be mentioned that
the on-axis values are obtained from an extrapolation of the fit, since experimental
data are not reliable in the region inside ρtor ≤ 0.2.

Figure 5.3. Comparison between TRANSP inter-
pretative profiles averaged in the reference time
interval plotted in the normalised toroidal radius
ρtor for JPN 96482 and JPN 99948. Electron
density profile ne; electron temperature profile
Te; ion temperature profile Ti ; toroidal velocity
profile Vtor.

After this brief and phe-
nomenological introduction to the
pulses that are modelled in this
work, in the following section will
be presented the results of the pre-
dictive modelling performed with
QuaLiKiz and TGLF. The mod-
elling results will be presented
comparing the two first principle
transport models with similar sim-
ulation settings on each pulse. The
aim of this work is identifying
the limits and the assumptions
required to reproduce both the
D pulse and the D-T pulse shar-
ing the same assumptions in the
modelling. The simulations will
be presented increasing the com-
plexity of the modelling in order
to evaluate the sensitivity of the
simulations results to the different
boundary conditions, varied with
the goal of improving the agree-
ment of the predictive simulations
with the experimental data.

The last section of this chapter
will be dedicated to the modelling
of the JPN 99797 in D-T main ion
plasma mixture. The pulse shows a flat-top phase longer than 1.5 s, which seems
to us suitable for balancing the different particle sources. Indeed, in the flat-top
phase the baseline D-T scenario has a fuelling recipe involving pure T gas puffing
and D pacing pellets in presence of balanced D-T beams. The use of different
fueling channels for the different hydrogen isotopes gives the possibility to obtain an
estimate of the wall particle sources by balancing the particle sources in order to
agree with the experimental main ion plasma composition.
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5.2 Modelling the reference discharges

5.2.1 Modelling with internal boundary conditions

The modelling presented in this section has been agreed with the JET Task dedicated
to the D-T scenario extrapolations. The main deliverable of this Task is to provide a
methodology that can be used at ITER to calculate the expected D-T fusion power
based on the achieved D pulses. Among the deliverables of the Task, there is the
benchmarking of different transport codes, such as JINTRAC, TRANSP and ETS,
using QuaLiKiz and TGLF transport models with the same simulation settings
and boundary conditions. Here we present the results of JINTRAC-QuaLiKiz and
JINTRAC-TGLF (with saturation rule 2, i.e. SAT2) predictive simulations, while
an extended comparison between the results obtained with the different transport
code can be found in [81]. Therefore, the predictive simulations are different from
those presented in the previous chapter.

The simulations are performed with the same settings in D and D-T main ion
plasma composition. The boundary conditions of the simulations for the profiles of
ne, Te and Ti are obtained with TRANSP interpretative analysis and are imposed
at ρtor = 0.85. The toroidal velocity is not predicted but imposed in the simulations
from the TRANSP interpretative analysis. Impurity transport is not computed, the
Zeff profile is imposed in agreement with the estimate of spectroscopy, and the
impurity mix composition is modelled as a single effective impurity species. Since
the impurity transport is not evolved and the impurities treated as a single effective
impurity, the radiation profile must be imposed from experimental measurements.
The equilibrium, computed by ESCO, is evolved self-consistently with the evolution
of plasma kinetic profiles, and the power and particle deposition from NBI and
ICRH are computed with PENCIL-PION modules. In the D-T pulse, alpha heating
is computed with the Mako model. The neoclassical transport is computed with
NCLASS, with a low component (few percent) of additional Bohm transport for
increasing the numerical stability of the simulations and avoid the presence of regions
where the transport is completely suppressed.

In Fig. 5.4 are shown the results of the QuaLiKiz and TGLF runs done with
internal boundary conditions assuming the Zeff profile found reproducing the D pulse
analysed in section 4.2 with JINTRAC-QuaLiKiz-SANCO simulations. Both the
simulations are in agreement with the experimental results within the experimental
uncertainties. Some differences emerge in the profiles, the shape of the ne in
QuaLiKiz simulation is enhanced by the higher density over-prediction in the core
region, QuaLiKiz Te profile agrees with the TRANSP interpretative run except in
the inner core region while the Ti is underestimated. In the TGLF runs, ne profile
agrees with the TRANSP interpretative profile, Te is significantly over-predicted and
Ti shows a good agreement with the TRANSP data. Indeed, the TGLF simulation
predicts very well the neutrons produced in the time interval of interest.

Using the same simulation settings and adjusting the experimental boundary
conditions we have modelled the D-T pulse. Being unavailable the spectroscopy
estimates produced by [73], we determined the impurity mix composition following
the methodology presented in [82]. A predictive JINTRAC-QuaLiKiz simulation
has been set-up with the boundary condition at the separatrix, and the pedestal is
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(a) JPN 96482 plasma kinetic profiles (b) JPN 96482 plasma time traces

Figure 5.4. JPN 96482 plasma profiles (averaged in the reference time interval) and time
traces predicted with QuaLiKiz and TGLF, with internal boundary conditions, compared
to TRANSP interpretative profiles and experimental time traces.

modelled to reproduce the same values obtained in TRANSP interpretative analysis.
The nickel content is determined tuning the concentration required to match the Ni
radiative power estimated by spectroscopy [83]. The tungsten content is obtained
by reproducing the experimental plasma bulk radiative power. The beryllium is
assumed to be the dominant impurity and its content is obtained matching the
experimental measurements of the effective charge Zeff . The Zeff profile found
in this simulation has been imposed both to QuaLiKiz and TGLF runs, while the
impurity mixture composition has been used to determine the effective impurity.

The results of the simulations are shown in Fig. 5.5. Both the models converge
on a performance that agrees with the experiment, but outside the reference time
interval. In order to match the experimental performance, the additional Bohm
transport component in the TGLF simulation has been reduced from the 4% to
the 2.5%, obtaining a good agreement shown by the cyan case in Fig. 5.5 (b). A
similar approach has been attempted also with the QuaLiKiz simulations, reducing
the addition Bohm transport component up to the 0.1%, without any beneficial
effect on the predicted performance. This sensitivity of the simulation results to the
additional Bohm component is somehow unexpected and has not been observed in
simulations where the boundary conditions are prescribed at the separatrix, and
the ETB is modelled. The transport coefficients predicted by the Bohm transport
model could increase significantly while approaching the plasma edge region, and
this increase has a strong impact when imposing internal boundary conditions inside
the plasma, while it has no impact when modelling the ETB with an ELM average
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(a) JPN 99948 plasma kinetic profiles (b) JPN 99948 plasma time traces

Figure 5.5. JPN 99948 plasma profiles (averaged in the reference time interval) and time
traces predicted with QuaLiKiz and TGLF, with internal boundary conditions, compared
to TRANSP interpretative profiles and experimental time traces.

particle diffusivity and an ELM average heat conductivity.
In Fig. 5.6 the transport coefficients can be compared between the two pulses.

Comparing the TGLF results in the D-T case, one could see the difference introduced
by the reduction of the additional Bohm transport component. The QuaLiKiz
transport is significantly reduced with respect to the TGLF transport both in
the density and ion temperature channels. Despite that, the reduction of density
transport produces the mentioned density over-prediction which is responsible for
the lower electron and ion temperatures. Moreover, with an increased density profile,
the NBI beam power deposition results more peripheral. This is contributing to
the reduction of the neutron yield both in the thermal and in the beam-thermal
component.

Because of the impossibility of reproducing the D-T pulse in the reference time
interval with QuaLiKiz transport model, we increased the modelling complexity using
the methodology presented in section 4.1, by setting the boundary conditions at the
separatrix and modelling the pedestal. However, the modelling procedure illustrated
in the present section could be used to obtain a lower limit of the D-T expected
fusion power calculated, on the D pulses chosen as reference for the extrapolations.
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(a) JPN 96482 transport coefficients (b) JPN 99948 transport coefficients

Figure 5.6. A comparison between the D and D-T transport coefficients (averaged in
the reference time interval) computed by QuaLiKiz and TGLF, with internal boundary
conditions.
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5.2.2 Modelling the pedestal with boundary conditions set at the
separatrix

The results of JINTRAC-QuaLiKiz-SANCO predictive simulations are presented
in this section. The modelling follows the settings presented in section 4.1, i.e.
predicting ne, Te, Ti, nD, nT , the current density jz and impurity transport, but
the toroidal velocity is imposed from TRANSP interpretative analysis as done in
section 5.2.1. The impurity mixture composition has been determined for both the
pulses with the method described in [82]. The additional Bohm transport component
is equal to 10%. As it has been mentioned before the simulation parameters are
optimised on the D pulse and then used in the D-T predictive modelling. The
pedestal is modelled by mean of imposing an ELM averaged thermal conductivity
χeff = χi = χe and an ELM averaged particle diffusivity D. In order to reproduce
the D pulse, we assumed χ/D = 4 in the pedestal region, scanned the effective
thermal diffusivity to match the experimental electron temperature at the top of
the edge transport barrier, tuned the external particle sources with a feedback loop
on the measured electron density at the top of the barrier. The effective thermal
conductivity found reproducing the D pulse JPN 96482 is χeff = 0.5 m2/s. This
is imposed to the D-T pulse JPN 99948 with the only difference being the tuning
of particle sources required to match the experimental evolution of the main ion
plasma composition and the higher density at the top of the pedestal.

(a) JPN 96482 plasma kinetic profiles (b) JPN 96482 plasma time traces

Figure 5.7. JPN 96482 plasma profiles (averaged in the reference time interval) and
time traces predicted with QuaLiKiz with and without internal boundary conditions,
compared to TRANSP interpretative profiles and experimental time traces.
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(a) JPN 99948 plasma kinetic profiles (b) JPN 99948 plasma time traces

Figure 5.8. JPN 99948 plasma profiles (averaged in the reference time interval) and
time traces predicted with QuaLiKiz with and without internal boundary conditions,
compared to TRANSP interpretative profiles and experimental time traces.

In Fig. 5.7 the results of the predictive simulation done on the D pulse with the
boundary conditions at the separatrix can be compared with the results presented
in the previous section. In Fig. 5.8 the corresponding predictive simulation in D-T
main ion plasma composition is shown. As it can be seen, both the simulations
predict well the plasma performance in the reference time interval. Starting from
the D-T pulse, without any significant difference in the ne profile introduced by the
pedestal modelling, the on-axis Te and Ti are recovered. The predicted neutron yield
agrees with the measurement and is stable for the whole simulated time interval.
The reason of the differences between the predicted performance at the end of the
simulations is in the presence of a large sawtooth (not modelled) at tSW = 10.11s,
which is responsible for the drastic decrease of neutron yield in the experiment.
The impurity mix composition, together with the impurity transport computed
by SANCO, describes well the evolution of the experiment, matching not only the
average Prad but also its increase during the simulated time interval.

In the D pulse, the modelling of the edge transport barrier produces more
differences in the electron density profile, with respect to the D-T case (cf. Fig.
5.7(a)). The ne over-prediction comes along the density peaking over-prediction,
and is not present in D-T simulation. As it has been shown in section 4.3, when
investigating the QuaLiKiz density peaking, pure D pulses seem to be more sensitive
in the simulations to density peaking with respect to D-T pulses. In this case, a
possible contributor to the over-prediction of the core density in D could be the NBI
particle deposition. In Fig. 5.9 NBI particle deposition profile of pure D beams can
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be compared to the particle deposition profile in presence of balanced D-T beams.
It is well known that NBI particle deposition is the dominant fueling source inside
the core where ρtor ≤ 0.5, this is a result obtained in the experiments [84] an in
modelling [82]. Pure D beams, characterized by a higher energy with respect to D-T
beams, are penetrating better towards the plasma core and are contributing to the
core fueling with a higher particle source. Another player on the density peaking is
the impurity transport that will be investigated in the next section.

Figure 5.9. Comparison between NBI particle de-
position profiles averaged in the reference time
interval plotted in the normalised toroidal ra-
dius ρtor for JPN 96482 in presence of pure D
beams and JPN 99948 in presence of balanced
D-T beams.

In conclusion to the modelling
done with boundary conditions at
the separatrix, it has been shown
that, with a proper modelling of
the pedestal, it is possible to repro-
duce both D and D-T pulses using
the same simulation settings and
the same pedestal modelling. The
only differences between the D and
D-T cases are related to the experi-
mental boundary conditions, show-
ing a good prediction capability
of the reduced transport models
when applied to realistic plasma
operating parameters. For com-
pleteness, in Fig. 5.10 the com-
puted transport coefficients for the
D and D-T pulses can be com-
pared in the cases where bound-
ary conditions are imposed inside
the plasma together with the cases
where the pedestal is modelled and the boundary conditions are at the separatrix.
It can be seen that the transport coefficients in the pedestal region are significantly
lower. With similar density profiles and similar gradients, the reduction in the
particle diffusivity produces a reduction of the particle fluxes towards the separatrix
with the consequent increase in particle confinement time.

The approach presented in this section should be preferred when preparing
predictive simulations. Indeed, in the section where internal boundary conditions are
imposed the energy and particle balance is solved in presence of arbitrary sources (or
sinks) in order to match the boundary conditions. Time evolving internal boundary
conditions have been also considered but its usage frequently produces numerical
instabilities and leads to run crashes. On the contrary, modelling the pedestal
with an effective thermal conductivity and an effective particle diffusivity allows to
obtain an estimate of the particle sources required to sustain the pedestal taking
into account the transport contribution from the core. This is more realistic and
describes well the mutual interactions between core and pedestal region. It can be
argued that the pedestal determines the operational conditions for the core, but
also the core transport can influence the pedestal operating point. The pedestal
and edge plasma physics are still open arguments and a theoretical approach to the
problem is still under investigation.
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(a) JPN 96482 transport coefficients (b) JPN 99948 transport coefficients

Figure 5.10. A comparison between the D and D-T transport coefficients (averaged in
the reference time interval) computed by QuaLiKiz with and without internal boundary
conditions.

5.2.3 Effects of impurities and Zeff profile

As it has been show in the previous section, after modelling the pedestal in the D
pulse with the simulation boundary conditions at the separatrix, the density profile
starts to be over-predicted in simulations where the impurity transport is predicted
too. It has been argued that the possible contributors to the density over-prediction
are the NBI particle source and the impurity transport. In this section the sensitivity
to the impurity mix composition and to the Zeff profile is studied on the D pulse
JPN 96482.

Two different spectroscopy estimates of the impurity mix composition are available
for this pulse: the one presented in [62] obtained with the methodology described in
[73] estimated from spectroscopy, where ⟨nBe⟩/⟨ne⟩ ≈ 2.2%, ⟨nNi⟩/⟨ne⟩ ≈ 0.092%
and ⟨nW ⟩/⟨ne⟩ ≈ 0.0081%; the second obtained with the methodology described
in [82] based on the Prad,Ni estimate presented in [83], where ⟨nBe⟩/⟨ne⟩ ≈ 1.7%,
⟨nNi⟩/⟨ne⟩ ≈ 0.045% and ⟨nW ⟩/⟨ne⟩ ≈ 0.012%. It has to be mentioned that the
first estimate from spectroscopy [73] leads to Prad,Ni ≈ 1.9 MW, while the second
estimates Prad,Ni ≈ 1.5 MW. The assumption on Prad,Ni changes slightly the impurity
mix composition, but the effect on the effective impurity choice is around 3% in
terms of mass and charge, because the Be is the dominant impurity. In Fig. 5.11 the
different available Zeff profiles can be compared: the average Zeff profile obtained in
the simulations done with predictive impurity transport with the constrain on Prad,Ni

(in blue); the average Zeff profile obtained in the simulations done with predictive
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impurity transport and the impurity mix composition from spectroscopy presented
in Sec. 4.2 (in yellow); the average Zeff profile obtained directly from spectroscopy
analysis (in black). Starting from the simulations with internal boundary conditions,
the effects of imposing the Zeff profile obtained directly from spectroscopy analysis
can be compared with the simulation results presented in Section 5.2.1, where the
imposed Zeff profile comes from the simulation results presented in 4.2.

Figure 5.11. Comparison between the different
Zeff profiles used in predictive simulations, aver-
aged in the reference time interval plotted against
normalised toroidal radius ρtor for JPN 96482,
the WSXP is obtained from [73].

In Fig. 5.12 the TGLF results
are shown for the two differrent
Zeff profiles. The only difference
in the simulation results can be
seen in the electron density pro-
file. Imposing the Zeff profile
from spectroscopy analysis slightly
improves the agreement with the
TRANSP interpretative run. The
corresponding QuaLiKiz cases are
shown in Fig. 5.13. The sensitiv-
ity to the Zeff profile shape results
higher in QuaLiKiz with respect
to TGLF. Indeed, the tempera-
ture are changing together with
the density profile. The decrease
in the neutron yield can be at-
tributed to a lower penetration of
the beams with the consequent de-
crease in the beam-thermal com-
ponent of fusion reactions. The overall impact of changing the Zeff profile with
internal boundary conditions seems to be modest both in TGLF and in QuaLiKiz.

In the last part of the section, we will discuss wether predicting the impurity
transport has an impact on simulations where the pedestal is modelled and the
boundary conditions are imposed at the separatrix. It has been shown in D pulses
(cf. Sec. 4.3 and Sec. 5.2.2) that in these conditions the over-prediction of on-axis
density and density peaking can be more severe. In Fig. 5.14 the results of different
QuaLiKiz predictions are compared. In the case with internal boundary conditions
(orange in Fig. 5.14) the impurity transport is not evolved and the Zeff profiles
comes from the predictive simulation presented in Sec. 4.2 with the estimate of
spectroscopy analysis [73]. In the case dashed cyan we are modelling the pedestal
and evolving the impurity transport with an impurity mixture prescribed to match
Prad,Ni in Fig. 5.14, while in the last case (dotted-dashed cyan in Fig. 5.14) the
pedestal is modelled but the impurity transport is not evolved by imposing the Zeff

profile directly from spectroscopy analysis [73]. It can be seen that the latter case has
a strong impact on predictive simulations improving significantly the agreement with
the experimental results. The density over-prediction disappears and, through the
ion temperature increase, the fusion performance is well predicted. The differences
between the two cases where the pedestal is modelled can only be ascribed to the
shaping of the Zeff profile (cf. Fig. 5.11). Indeed, the electron density profile
is really similar in the two cases from the separatrix to ρtor ≈ 0.6 leading to the
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(a) JPN 96482 plasma kinetic profiles (b) JPN 96482 plasma time traces

Figure 5.12. JPN 96482: (a) ne, Te and Ti plasma profiles predicted with TGLF with inter-
nal boundary conditions, compared to TRANSP interpretative profiles; (b) Comparison
between experimental and modelled neutron rate, Zeff obtained from Bremsstrahlung
measurements along a vertical and horizontal line of sight, and radiated power from
bolometry.

similarity of the NBI deposition profiles. The differences in the Zeff profile lead to
a decrease of the core dilution which is beneficial for the fusion reactivity and also
for the heating deposition.

Since impurities play a crucial role in the evolution of different phenomena in
plasmas, the sensitivity to different modelling approaches has been tested with TGLF
and QuaLiKiz transport models. Currently, TGLF is not suitable in JINTRAC to
predict the impurity transport due to significant numerical instabilities when trying
coupling TGLF with SANCO. The effects of impurity on particle and heat transport
is taken into account indirectly in TGLF also when the impurity transport is not
evolved. The inclusion of high-Z impurities, even if interpretative, is discouraged by
the TGLF developing team. On the contrary, QuaLiKiz is suitable in JINTRAC to
be coupled with SANCO and predict the impurity transport. A sort of feedback loop
exists between impurity and main ion transport. The impurity transport depends
on the main ion transport but the transport coefficients computed by QuaLiKiz for
the main ion transport depends also on the impurity density. This mechanism cause
a significant sensitivity of the model to the impurity mix composition and to the
shape of the Zeff profile. When light or medium-Z impurities starts accumulating in
the core the turbulent transport computed by QuaLiKiz is reduced. The reduction
of the turbulent transport is responsible for the increase in the density in the core
and can lead to significant under-predictions of the plasma performance.
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(a) JPN 96482 plasma kinetic profiles (b) JPN 96482 plasma time traces

Figure 5.13. JPN 96482: (a) ne, Te and Ti plasma profiles predicted with QuaLiKiz
with internal boundary conditions, compared to TRANSP interpretative profiles; (b)
Comparison between experimental and modelled neutron rate, Zeff obtained from
Bremsstrahlung measurements along a vertical and horizontal line of sight, and radiated
power from bolometry.

The impurity mix composition is determinant too (cf. Sec. 4.4), and an accurate
estimate of the Ni present in the discharge is required. In fact, in a Be, Ni, W
impurity mixture, when underestimating the Ni content (with Zeff imposed from
measurements), the Be concentration results overestimated leading to an overestimate
of the dilution with the consequent decrease of the plasma performance. On the
contrary, overestimating the Ni concentration reduces the Be dilution leading to an
overestimate of the plasma performance. For these reasons an accurate estimate of
the Ni concentration from spectroscopy is fundamental in order to obtain reliable
prediction of present experiments and future machines.
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(a) JPN 96482 plasma kinetic profiles (b) JPN 96482 plasma time traces

Figure 5.14. JPN 96482: (a) ne, Te and Ti plasma profiles predicted with QuaLiKiz with
internal boundary conditions and with the edge transport barrier modelling with the
boundary conditions at the separatrix, compared to TRANSP interpretative profiles;
(b) Comparison between experimental and modelled neutron rate, Zeff obtained from
Bremsstrahlung measurements along a vertical and horizontal line of sight, and radiated
power from bolometry.

5.3 D-T fuel mix control with pure T gas puff and D
pacing pellets

The work presented in this section appeared in its first reduced version in [82]. Here
it will be extended and adjusted for the purposes of this dissertation.

Fuel mix control is a relevant problem in present experiments featuring mixed
isotope fusion plasmas, and it will be crucial in future fusion reactors operating
with a D-T plasma mixture. To maximise the D-T thermal reactions the main
ion plasma mixture has to be close to 50-50. By means of predictive simulations
different fuelling schemes can be evaluated and compared. Integrated modelling can
provide a guidance to arrive to a suitable recipe for the desired conditions. The
simulations are performed using QuaLiKiz transport model to predict the evolution
of the current density profile, the D and T densities, the electron density, the ion
and electron temperatures, while the impurity transport (i.e. nBe, nNi and nW ) is
computed by SANCO. The impurity mixture composition is determined imposing
the Zeff inferred from Bremsstrahlung measurements, adjusting the Ni content to
match the Prad,Ni estimate from [83], and W concentration is obtained matching
the total radiated power. The Be, assumed as dominant impurity, is determined to
match the plasma dilution. The toroidal velocity profile is imposed in the simulations
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form charge exchange measurements, because it has been observed a strong rotation
under-prediction simulating the D-T baseline scenario. The equilibrium is computed
self-consistently with the evolution of the plasma kinetic profiles by ESCO equilibrium
solver. Heating deposition profiles from NBI and ICRH are computed by PENCIL-
PION. FRANTIC is responsible for the computation of the ionization sources (not
measured at JET). The boundary conditions of the simulations are imposed at the
separatrix which allows to investigate the effects of imbalanced D-T gas puff and of
pure D pacing pellets on the main ion plasma composition. The pedestal is modelled
ad hoc with an effective ELM averaged diffusivity and conductivity to reproduce the
experiment.

Figure 5.15. Sensitivity of plasma composition to
different fuelling schemes for the (3.5 MA / 3.3 T)
baseline scenario, comparing the performance of
fully predictive JINTRAC simulations done with
QuaLiKiz and Bohm gyro-Bohm transport model
in presence of D-T balanced beams (full mark-
ers) to TRANSP interpretative analysis (open
markers) with D-T balanced beams or pure D
beams.

Before the beginning of the
D-T campaign, the sensitivity of
plasma composition to different fu-
elling schemes has been studied
for the (3.5 MA / 3.3 T) base-
line scenario, extrapolating to D-T
plasma mixture the JPN 96482.
In Fig. 5.15 it can be seen
that the predicted performance
of QuaLiKiz simulations follows
the trend of the TRANSP inter-
pretative analysis done with the
experimental profiles of the flat-
top phase of the JPN 96482 im-
posing different main ion plasma
compositions. During this prelimi-
nary study, it has been shown that
a balanced D-T main ion plasma
mixture can be obtained by an ap-
propriate balance of the external
particle sources. The T concentra-
tion profile predicted in QuaLiKiz
simulations is flat with respect to
the radial coordinate, leading to a
core T concentration almost equal to the volume averaged T concentration. Similar
results have been obtained in [85] simulating multiple-isotope particle transport.

With the contribution of integrated modelling the baseline fuelling scheme has
been assessed with a balanced D-T gas puff during the ramp-up phase, and with
pure T gas puffing with the injection of D pacing pellets during the flat-top phase
of the discharge. It has to be mentioned that pacing pellets are required in the
baseline scenario for promoting ELMs, for high and medium-Z impurities influx
control and for density control. Since JET pellet injector is not compatible with T,
the D pellets used in JET D-T baseline experiments are the first cause of imbalance
in the external particle source and eventually of the main ion plasma composition.
The experimental condition where the fuelling of different hydrogen isotopes occurs
through different channels is considered as an opportunity to test the reliability of
the particle sources estimate in core-pedestal integrated simulations.
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Figure 5.16. Experimental evolution of the main
plasma parameters for the D-T JPN 99797 a (3.5
MA / 3.3 T) baseline scenario. From top to bot-
tom are shown: NBI and ICRH auxiliary heating
power and radiated power (from bolometer); core
and edge line average electron density (from JET
multi-channel infrared interferometer); on-axis
electron temperature (from electron cyclotron
emission radiometer) and core ion temperature
(from high resolution x-ray crystal spectrome-
ter looking at Ni+26 emission; Be II emission
(from visible spectroscopy, showing ELM behav-
ior); plasma thermal energy and βN and neutron
rate.

The baseline D-T pulse chosen
for this study is the JPN 99797
with balanced D-T NBI injection,
the main plasma parameters of
which are shown in Fig. 5.16,
while the averaged plasma param-
eters in the time interval chosen
for the analysis are reported in ta-
ble 5.1. During the flat-top, the
gas puffing is pure T and 35 Hz 2
mm pellets lead to a nominal pellet
source Spel = 0.8 ∗ 1022s−1. The
flat-top time interval to be com-
pared with predictive simulations
is 1.2 s long, starting from 9.5 s,
when the T concentration, mea-
sured by the Balmer-alpha spec-
trum measured near the subdiver-
tor pressure gauge (in the edge),
is around 53%. The simulations
start 500 ms before the time in-
terval of interest in order to re-
lax the initial conditions taken
from measurements. Thus, the
relevant quantities, to be com-
pared with measurements, should
be computed self-consistently by
the transport model. The simu-
lations done on this pulse can be
divided in two sets: the first one
where particle sources are mod-
elled as gas puff (both the con-
tribution from gas puff and pel-
lets) to determine the total par-
itcle sources required to sustain
the experimental pedestal density;
the second, where D pellets are
modelled in presence of T gas puff.
Being the recycling set to zero in these simulations, the ionization sources modelled
as gas puff are also including the wall ionization sources. At this point of the work
it is impossible to distinguish the particle sources from the gas puff and those from
the wall.

It has been found, in agreement with the modelling results presented in Sec.
4.1, that the simulation results are not sensitive on whether the external particle
sources are modelled with or without a proper pellet modelling. In Fig. 5.17 the
results of modelling are shown in the case where pellets are modelled. We want to
underline that, with the exception of small numerical fluctuations in the time traces,
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(a) JPN 99797 plasma kinetic profiles (b) JPN 99797 plasma time traces

Figure 5.17. JPN 99797: (a) Comparison between experimental and modelled ne, Te

and Ti; The electron density experimental points are HRTS measurements, the electron
temperature experimental points are high resolution Thomson scattering measurements
(HRTS, black crosses) and the ion temperature experimental points are beam CX
spectroscopy measurements. Measurements and predictions are averaged over the time
interval of interest. The vertical error bars combine the RMS over the time interval
and the measurements uncertainties, the horizontal error bars are the RMS of the ψN

coordinate mapped from an EFTP equilibrium. (b) Comparison between experimental
and modelled neutron rate, Zeff obtained from Bremsstrahlung measurements along a
vertical and horizontal line of sight, and radiated power from bolometry.

the simulation results without a separate modelling of the pellets coincides with the
simulation results shown in Fig. 5.17. The agreement between the modelled and
the experimental measurements is good in all the quantities selected as figure of
merit. The impurity transport is well predicted as well. The increase in the radiated
power is captured in the simulation without assuming high-Z impurities influxes. At
t ≈ 10.1 s, a sawtooth crash is modelled with the Kadomtsev model [86]. It can
be seen that the modelled performance is in agreement with measurements both
before and after the crash, showing that also the equilibrium computed by ESCO
self-consistently with the evolution of the plasma kinetic profiles is really close to
the experimental equilibrium.

In Fig. 5.18 it can be seen the comparison between the particle sources modelled
with or without separate pellet modelling. The different fuelling channels are
dominant in different regions of the plasma. The NBI fuelling dominates the core
fuelling for ψN ≤ 0.6, the gas puffing is the dominant fuelling channel in the region
with ψN ≥ 0.6. The effects of pellets depend on the injection parameters and can
be used to control the plasma compositions as shown in [87]. Moreover, a different
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(a) JPN 99797: particle sources with pellets
and gas puff modelled as gas puff (gas only
cases)

(b) JPN 99797: particle sources with D pellets
modelling and gas puff modelling

Figure 5.18. JPN 99797: Comparison between the particle sources in the first set of
simulations "gas only" and the second set of simulations with D pellet modelling.

(a) JPN 99797: plasma performance in depen-
dence on main ion plasma composition

(b) JPN 99797: volume avergage D concen-
tration in dependence on D fuelling ratio

Figure 5.19. JPN 99797: (a) comparison between the performance of the first set of
simulation "gas only", the simulations with pellet modelling and the experimental data;
(b) comparison between the experimental and modelled volume average D concentration
and the fuelling D ratio.

fuelling efficiency can be expected for the different hydrogen isotopes. For this
experiment, pellets are modelled using the continuous pellet model [88] with a
gaussian source of D centred at the normalised toroidal flux coordinate ρtor = 0.9,
with a width equal to 0.15 for a total particle source Spel = 0.61 ∗ 1022s−1 which
matches the experimental data. In addition to this, a different simulation was
performed, where the pellet particle source modelled is equal to the nominal particle
source Spel,nom = 0.8 ∗ 1022s−1.

In Fig. 5.19(a) it can be seen that the neutron yield can be reproduced both in
simulations where particle sources are modelled as gas puff and in simulations with
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a separate pellet modelling. In Fig. 5.19(b), when comparing the experimental and
modelled fuelling mixture, it can be seen that pellet modelling results differ from
the simulation results where particle sources are modelled as gas puff, and the main
ion fuelling composition agrees with the experimental data. In presence of D pellet
modelling, it can be seen that with a slightly T rich fuelling (Tfuel ≈ 60%) a 50-50
main ion plasma mixture is obtained in line with the experiment. The reason for
these results can be ascribed to the higher retention time of pellet particles with
respect to gas puff particles.

Figure 5.20. JPN 99797: modelled and experi-
mental T concentration evolution measured by
the Balmer-alpha spectrum form the subdivertor
pressure gauge; estimate of particle sources; nor-
malised particle sources with respect to the total
particle sources;

An interesting outcome of the
present analysis is that in the sim-
ulation with the effective parti-
cle source from pellets (Spel =
0.61∗1022s−1) in absence of a resid-
ual D source modelled as gas puff,
it is impossible to match the T
concentration time evolution not
even imposing the nominal pellet
particle source. Plasma main ion
composition and sources are shown
in Fig. 5.20. Under the assump-
tion of D and T equivalent wall
ionization sources, the estimate
presented in [89] could be applied.
The D wall ionization source can
be computed with the following
formula:

ϕD ≈ ϕT = (ϕD
NBI + ϕT

NBI)

The residual D source required in
this work to match the experimen-
tal evolution of the T concentra-
tion is in agreement with the es-
timate of the D wall ionization
source calculated with [89]. This
case corresponds to the lower limit of the pellet fuelling efficiency. It has to be
mentioned that, imposing the nominal pellet source, the residual D source required
to match the experimental T concentration is reduced to around 1% of the total
particle sources. This estimate of wall ionization sources proposed after a dedicated
experiment performed during DTE1 seems to be valid also in DTE2, despite the
substitution of the C-wall with the Be/W wall. This should not be cause of concern.
The fuel retention in Be/W wall is significantly lower than the fuel retention of the
C-wall [90]. Moreover, in the dedicated experiment designed for DTE1 the wall was
pre-loaded in D in order to see its contribution to the main ion plasma composition
through wall ionization sources. If the wall does not retain more fuel, due to the
pre-loading, it can be argued that the behavior of the loaded wall is similar to the
behavior of a metallic wall with a lower fuel retention. However, the wall ionization
sources estimated with this approach are 20% of the total ionization sources.
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5.4 Chapter summary
We have presented the comparison between the extrapolations done in preparation
to DTE2 campaign and the experimental fusion power obtained by the baseline
scenario during the campaign. The experimental results are well in line with what
was expected by the intense modelling activity done in preparation to the campaign
and the trend of the experimental results seems to rely on the upper bound of the
uncertainty on the predicted performance.

Due to the differences in the experimental boundary conditions, the predic-
tive modelling results on three different discharge have been discussed thorough a
progressive increase of the simulation complexity. The 3.5 MA D discharge JPN
96482 has been compared to the D-T discharge JPN 99948 both in the experiment
phenomenology and in the modelled results. In particular, the two pulses have
been modelled with the first principle transport models QuaLiKiz and TGLF. A
systematic comparison between the results given by the two transport models shar-
ing the same experimental boundary conditions and simulation settings has been
presented. The modelling starts from simplified simulations where only electron
density, D and T densities, electron and ion temperature are predicted imposing the
boundary conditions inside the plasma. It has been shown that the use of simulation
parameters tuned on the D pulse leads to an under-estimate of the D-T predicted
performance, in the reference time interval, with both transport models. Therefore,
simulations with internal boundary conditions can be considered for establishing the
lower limit of the expected fusion performance.

To ensure the predictive capability from the experimental results achieved in D
plasmas to D-T main ion plasma composition, with the QuaLiKiz transport model
the two pulses have been successfully reproduced in simulations where boundary
conditions are imposed at the separatrix. In these simulations, the pedestal region
is modelled by imposing an effective ELM average conductivity and an effective
ELM average diffusivity under the assumption of χ/D = 4. This methodology
has been extensively tested building the extrapolation database for the moderate
baseline scenario before the deuterium-tritium experimental campaign. Modelling
with boundary conditions at the separatrix allows to predict the impurity transport
and treat self-consistently the mutual interaction between main ion transport and
multiple impurity transport.

Impurity mix composition plays a crucial role in the reliability of predictive
simulations. Referring to the impurity mix composition of JET, Be is the dominant
impurity and determines the plasma dilution in absence of other (injected) low-Z
impurities, while, the W is the main plasma radiator. In this picture, the presence of
medium-Z impurities, such as Ni, can hide part of the dilution effects and contribute
to the radiated power decreasing the W concentration required to match it. An
accurate estimate of Ni concentration becomes fundamental to deal with these effects.
It has been also shown that impurity transport can determine density over-prediction
and density peaking. On the other hand, when using interpretative impurities, the
ion transport is not self-consistent because the impurity density profiles don’t evolve.
In this latter case the estimate of the Zeff profile can affect significantly the results
of the predictive simulations both in plasma kinetic profiles and in performance.

The D-T pulse JPN 99797 has been chosen for studying the D-T fuel mix control
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in presence of D-T balanced beams. During the flat-top phase the gas recipe consist
on pure T gas puffing and D pacing pellets. With the predictive modelling it has
been demonstrated that the pulse can be reproduced in the time modelling gas
puff and pellets separately, or modelling all particle sources (except those from the
NBI) as gas puff. The pulse fits with the purpose of this dissertation because of
the duration of the stable part of the discharges which allows to evolve the main
ion plasma composition. The boundary conditions set at separatrix are suitable
for the QuaLiKiz fully predictive simulations with the exception of the toroidal
velocity, found significantly under-predicted in D-T simulations. The main ion
plasma composition turns out to be almost constant in the radial profile, despite
strong imbalance in the gas puff particle sources. The different fuelling channels
are dominant in different plasma regions, with the NBI particle sources dominating
the region with ψN ≤ 0.6. It has been shown that matching experimental fuelling
mixture can be done only modelling pellet particle sources which exhibits a higher
retention time with respect gas puff particle sources. In simulations with pellets,
a residual D particle source is required to reproduce the evolution of the main ion
plasma composition, independently on using the nominal pellet particle source or
the effective particle source. When using the effective pellet particle source, the
residual D particle source found in simulations is in agreement with the estimate
proposed for wall particle sources after DTE1 under the assumption of similar D and
T wall particle sources. In this condition, the lower limit of pellets fuelling efficiency
has been identified.
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Chapter 6

Conclusions

In this thesis we have presented the results of predictive integrated modelling per-
formed using the reduced first principle transport models QuaLiKiz and TGLF for
JET baseline scenario. We have developed a robust methodology to collect reliable
results while predicting and optimising future plasma scenarios. In preparation to
JET D-T operations we have studied the performance of the baseline scenario in de-
pendence to different operating conditions and we have optimised the fuelling scheme.

We have validated QuaLiKiz and TGLF against moderate β baseline plasmas
achieved in D pulses both in C-wall and in ITER-like wall. The extrapolation
capability has been demonstrated for the first time at higher plasma current and
higher toroidal magnetic field scaling the reference plasma density while keeping
constant the Greenwald density fraction.

The extrapolation to D-T main ion plasma composition have been performed
under a wide range of assumptions. We compared the predicted performance for
baseline scenarios at higher plasma current (i.e. 3.8 MA, 4.2 MA and 4.5 MA),
with the optimistic assumption of an available auxiliary heating Paux = 40 MW. It
has been shown that the plasma performance shouldn’t increase significantly with
increasing plasma current. The JET baseline scenario is not expected to benefit of
the increase in plasma current (i.e. increasing plasma density) since JET is limited
in the auxiliary heating power.

The effects of the impurity mixture have been assessed performing predictions
with Be and Ni as single dominant impurity. We studied a realistic impurity mixture
of Be, Ni and W, starting from the impurity mixture of the reference baseline plasma
and adjusting the W content to obtain a radiated power such that Prad/Paux ≈ 30%.
Expected fusion power in presence of an impurity mixture of Be, Ni and W is in
line with the one expected assuming Be as single dominant impurity. This is a
consequence of the sensitivity of plasma performance to dilution. Finally, we have
explored the sensitivity of the baseline scenario to the available heating power and
assessed the fuelling scheme required to sustain a 50-50 D-T baseline plasma in
presence of balanced D-T NBI injection.
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Collecting the experimental results in DTE2 we have demonstrated that the base-
line performance (averaged over 0.5 s, which corresponds to two confinement times)
is well in line with the fusion power computed by means of predictive modelling.
This result is encouraging because it shows that reduced first principle transport
models are well describing the turbulent transport in the plasma core also in presence
of multiple hydrogen isotopes. Moreover, being the experiments well in line with
the predictions both in hybrid and in baseline scenarios, it is suggesting that the
predictive modelling ongoing for ITER scenario development is reliable. On the other
hand, JET data collected during DTE2 will contribute to the improvement of present
transport models in the view of a further increase of the model prediction capabilities.

Baseline D-T scenario did not achieved the duration of 5 s in high performance
aimed for DTE2, and it early terminated due to radiative collapses. The reasons for
these terminations are still under analysis, but the uncontrolled increase of density
with the difficulties in sustaining regular ELMs seems to be responsible for high-Z
impurities accumulation in the low field side, leading to an increase in the radiated
power until radiative collapse. This evolution was not expected by the predictive
modelling performed in preparation to the experimental campaign.

In the simulations where the experimental boundary conditions of DTE2 were
imposed, we have shown the importance of a proper modelling of the pedestal. The
increase in plasma radiated power is predicted when imposing the experimental
pedestal in the integrated modelling also in absence of impurity influxes. This is an
important insight from our modelling: in absence of reliable first principle transport
models describing the plasma edge, we have assumed the pedestal in D-T main
ion plasma composition to be similar (or scaled at constant Greenwald fraction in
higher plasma current cases) to the pedestal in D plasmas. From the data analysis
performed on D-T baseline pulses we have seen significant differences both in the
pedestal height and in the pedestal width with respect to D pulses. The D-T pedestal
shows higher density and larger width with respect to the pedestal in D pulses,
and this difference may play a crucial role in the mutual interaction between core
transport and pedestal transport. Therefore, plasma transport simulations with
core-pedestal coupling should be pursued in future work together with the devel-
opment of more reliable models describing the pedestal evolution. In any case, the
methodology presented here can be used to develop and optimise plasma scenarios
for future experiments, as it has been used in assisting JET team activities when
assessing the fuelling scheme to sustain a 50-50 D-T main ion plasma mixture.

Finally, we have analysed a D-T pulse in order to obtain a more accurate estimate
of the particle sources in presence of pure T gas puff, D pacing pellets and balanced
D-T NBI injection. We have applied the methodology described in this thesis to
reproduce with predictive simulations the evolution of the pulse. We have reproduced
the global characteristics of the pulse both in a simulation where pellet sources and
gas puff sources are modeled as gas puff, and in a simulation where pellet sources
are modeled separately. We have confirmed that in terms of performance gas puff
and pellets can be modeled as very similar particle sources.
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Modelling T gas puff and D pellets separately allows to reproduce the experi-
mental fuelling ratio of the fuelling scheme. In these simulations, we have observed a
higher pellet particle retention time with respect to the particle injected through gas
puffing. The different fuelling channels are dominant in different plasma regions. NBI
injection dominates the plasma core (ψN < 0.5), while pellets and gas puffing are
the dominant fuelling channels in the region where ψN ≥ 0.5. Despite a significant
imbalance of D and T particle sources in the edge region (ψN ≥ 0.9), the main ion
plasma composition results constant through the plasma radial coordinate. The
mixing velocities predicted by QuaLiKiz are faster than in the Bohm gyro-Bohm
transport model, leading to the constant main ion plasma composition.

While modelling the experimental pellet particle source, we found that a residual
D particle source is required in the simulations to reproduce the evolution of the main
ion plasma composition. This could be considered in contrast with the experiments
where the D fuelling is performed only by pellets injection, but in our simulations
the gas puff sources include the particle sources both from gas puffing and from
the wall. Therefore the residual D source can be attributed to the wall recycling.
Assuming a similar wall recycling both for D and T, we have computed the D wall
particle sources in accordance to a methodology proposed after DTE1, showing that
our residual D particle source is very close to the wall particle source DTE1. The
results of this modelling activity could be affected by the assumptions done on the
effective particle diffusivity D in the pedestal region. Despite that, we do not expect
differences in the fuelling isotope ratio and, consequently, in the magnitude of the
wall particle sources with respect to the total particle sources. Further analysis will
be performed with core-edge-SOL coupled simulations in order to refine and confirm
the results of these analyses.
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