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Summary 

One of the most attractive options to satisfy the continuously growing world energy 

demand is thermonuclear fusion. This has the advantages of being CO2-free, having 

unlimited fuel availability, no radioactive waste, no risk of nuclear proliferation or hazard 

in case of accidents. The high temperature plasmas required to produce fusion reactions 

can be confined in suitable magnetic configurations, amongst which the most widely used 

is the tokamak. The recent decision to build the international tokamak ITER 

(International Thermonuclear Experimental Reactor) has significantly boosted the 

scientific and technological work for achieving controlled thermonuclear fusion. 

Amongst the physical problems still open, understanding and controlling heat transport is 

of primary importance for the optimization of the operational scenarios of ITER. Given 

the complexity of plasma transport processes, despite the significant progress made in the 

last two decades, a full theoretical understanding of the experimental observations and 

validated numerical models for the simulation of a complete tokamak discharge are not 

yet available. Work in this field is therefore actively ongoing, with a view to increasing 

integration between theoretical developments, experimental results and numerical 

predictions. This is the context in which the present thesis work takes place. 

 

It has long been known that the high measured levels of heat transport in tokamaks, well 

above those due to collisions, are due to turbulent phenomena, in particular the so-called 

drift waves, driven by density and temperature gradients in presence of the quasi-

neutrality constraint. This thesis is focused on the transport of ion heat, which is carried 

by ion temperature (Ti) and electrostatic potential fluctuations in suitable phase relation 

to yield an ion heat flux from centre to edge. These modes are known as ion temperature 

gradient (ITG) modes because they are destabilized when a threshold value of the inverse 

ion temperature gradient length (1/LTi=|Ti/Ti|) is exceeded. Above threshold, the ion 

heat flux is a strongly increasing function of 1/LTi, which prevents the Ti profiles from 

departing significantly from threshold, a property known as profile stiffness. The main 

target of ion heat transport studies is to find ways to suppress or mitigate ITG modes, 

namely by increasing the threshold or reducing the stiffness level, in order to be able to 

achieve high core Ti values without having to rely on too high edge Ti values, which 

would raise plasma-wall interaction issues. 

 

On the JET tokamak, which is equipped with high resolution ion diagnostics (Active 

Charge Exchange Spectroscopy) and flexible and localized Ion Cyclotron Resonance 

Heating (ICRH), sophisticated ion heat transport experiments have recently indicated that 

a strong reduction of ion stiffness takes place in presence of low magnetic shear and high 

toroidal rotation.  This mechanism has been proposed as the key ingredient to explain the 
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improved core ion confinement observed in Hybrid scenarios or Advanced Tokamak 

(AT) scenarios with Internal Transport Barriers, two regimes that are considered for 

ITER operations beyond the standard inductive H-mode regime.  

 

This thesis work starts from the above mentioned JET results and from the already 

developed theoretical models and existing numerical codes, and includes four main items 

of work, with the purpose of integrating experimental analysis and theory-based 

numerical modelling of JET experiments, in order to reach predictive capabilities for the 

future tokamak FAST, a device proposed by the Italian Fusion Association as a possible 

ITER satellite. First, new experiments have been carried out in JET and analyzed in 

detail, in order to assess if the cause for ion stiffness reduction is the rotation value or the 

rotational shear. Second, a numerical study has been carried out in JET and ITER 

plasmas to quantify the impact of ion threshold and stiffness on global confinement and 

fusion power compared to the effect of edge Ti value. This work has the aim of 

evaluating if threshold and particularly stiffness are indeed two useful control tools for 

scenario performance optimization. Third, a prediction work for the foreseen scenarios 

of FAST has been carried out, using a mixture of first-principle models and experiment 

driven considerations. Fourth, linear gyro-kinetic simulations have been carried out to 

check the validity of simplified threshold formulae used in simulations in the high 

toroidal field (BT) and high density FAST plasmas. In the following paragraphs the main 

results obtained for each of these four items are summarized and some conclusions 

presented. 

 

The JET experiments carried out to decouple the impact of rotation value and rotational 

shear on ion stiffness were based on the use of enhanced toroidal field ripple to lower the 

rotation value whilst preserving the rotation gradient to a large extent. These data were 

also compared with already existing data with Neutral Beam Injection (NBI) in the 

opposite direction to the plasma current, which yields high rotation values mainly due to 

edge rotation, with low core rotation gradients. The data analysis has given as result that it 

is the rotational shear and not the rotation value the key factor for ion stiffness 

mitigation. From the analysis of discharges with hollow rotation profiles, it was also 

found out that the sign of the rotation gradient does not matter for stiffness mitigation. 

These results give the indication for ITER that the necessary condition for reducing the 

ion stiffness and access improved core confinement regimes is to induce some rotational 

shear, which may be easier than achieving high absolute values of rotation. 

 

Series of scans of ion stiffness and threshold and Ti pedestal height have been made in 

chosen JET and ITER plasmas using the Critical Gradient Model (CGM) in the 1.5D 

JETTO transport code. CGM is a semi-empirical transport model in which the threshold 

and stiffness level are assigned as explicit coefficients in the heat diffusivity expression. 

The variation of global confinement has been found quantitatively significant for changes 

of the ion stiffness (up to 30%), and comparable with the ones due to changes of ion 
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threshold and Ti pedestal height, when they are varied in an experimentally realistic range. 

In ITER, the calculated fusion power, which is what really matters for a fusion device, is 

as much affected by variations of ion stiffness as by changes of ion threshold and Ti 

pedestal height. This work gives the indication that all the three investigated parameters 

influence comparably the core performances in present and future machines. In particular 

the quantitative level of ion stiffness, which is a parameter not much considered until 

now, and assumed or predicted very high in most existing models, can be a useful knob 

to act upon in order to optimize the scenario performance and must be taken into 

account for an accurate predictive modelling of future machines. 

 

The results obtained in the two previous steps have led to the conviction that predictive 

modelling of future devices cannot neglect including toroidal rotation profiles and their 

effects on transport, which is not common practice in tokamak simulation work. 

Developing such approach for the FAST simulations is also useful in view of ITER, in 

which the plasma rotation is expected to be much slower than presently operating 

devices, thereby raising questions on the validity of extrapolations that do not take into 

account the differences in rotation. Being a rather new type of exercise, the numerical 

tools available are not yet adequate. Models of momentum transport including the 

recently discovered inward convection and residual stress terms, which lead to intrinsic 

rotation in absence of external torque sources, are still being developed. In addition, the 

newly discovered effect of rotation and magnetic shear on ion stiffness is not contained 

in routinely available models. To avoid missing such important effects, a mixture of first 

principle models, when adequate, and empirical models tuned on the recent experimental 

results has been used. Both H-modes and fully non-inductive AT scenarios have been 

simulated, predicting profiles of current, ion and electron temperature, density and 

toroidal rotation (the poloidal rotation is assumed neoclassical). Various heating options 

have been explored, i.e. ICRH, ECRH, Lower Hybrid and Negative NBI. The latter 

provides a source of torque in addition to the intrinsic rotation, which is anyway expected 

rather sizeable, since inward momentum convection is predicted significant and edge 

rotation is also large if extrapolated from observations in the high magnetic field H-mode 

plasmas of the C-Mod tokamak. The simulations have provided a set of FAST scenarios 

in which fast particle and burning plasma studies can be performed, reaching values of 

thermal and fast particle energy contents well in line with the needs for exciting meso-

scale fluctuations with the same characteristics of those expected in reactor relevant 

conditions.  

 

The gyro-kinetic code GKW (Gyro-kinetics at Warwick) has been used in linear mode to 

calculate the ITG growth rates as a function of 1/LTi for typical FAST plasmas and 

extrapolate to the ITG threshold value at zero growth rate. This work was done to assess 

the validity in the FAST range of parameters of the simplified analytical formulae for the 

ITG threshold used for the FAST simulations. GKW was run both with adiabatic and 

kinetic electrons. Very good agreement was found between the analytical threshold 

approximation and the GKW simulations with adiabatic electrons, whilst the threshold 
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with kinetic electrons is slightly lower. The discrepancy is anyway small enough to justify 

the use of the threshold analytic approximation for FAST simulations, taking into 

account the other sources of uncertainty linked to various other modelling 

approximations and to empirical extrapolations from experimental data of existing 

machines. 
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Chapter 1 

Introduction 

The continuous growth of the energy global demand is one of the most important 

unsolved issues of our civilization. Today’s energy consumption relies mainly on fossil 

fuels. However their availability is limited and they have the bad effect of producing CO2 

and dusts thus polluting the environment and impacting on climate. Nuclear fission is 

CO2-free, but uranium availability is also limited and the long debated problems of 

radioactive waste, proliferations and risk of runaway are major disadvantages. Renewable 

energies need to be used at best, however it is unlikely that they can satisfy the world 

energy demand. The best alternative is nuclear fusion, which is CO2-free, intrinsically 

safe, does not produce radioactive waste, has no risk of proliferation and has unlimited 

fuel supplies. This motivates the present worldwide effort to achieve controlled 

thermonuclear fusion power production. 

1.1 Thermonuclear fusion 

  

Fig. 1.1. Reaction rate as a function of the temperature for several fusion reactions. 

Thermonuclear fusion reactions are the processes that naturally feed the stars, which are 

mainly formed by high temperature plasmas, confined by the enormous gravity force and 

in which all the particles are characterized by thermal agitation motions. Under these 

conditions fusion reactions between light nuclei take place. The sum of the rest masses of 

the reaction products turns out to be less than the sum of rest masses of the reagents, so 

an energy proportional to mass difference is released in accordance with the mass-energy 

equivalence principle. For example in the sun, that has an internal temperature of 10-15 
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millions of degrees, a fusion reaction chain that converts hydrogen nuclei into helium 

nuclei occurs. It is responsible for large part of the energy that comes to us as heat and 

light. It is a very slow process, and this is the reason why the sun has been shining for 

billions of years. 

The fusion reactions that take place in the stars have too long characteristic times and 

release too low power density to be used as mechanism for producing energy on Earth. It 

is then necessary to consider the fusion reaction between different kinds of light nuclei. 

An important parameter that influences the choice is the reaction rate. In figure 1.1 it is 

shown as a function of temperature for different reactions. It reaches the maximum value 

for the fusion reaction between two hydrogen isotopes, deuterium (D) and tritium (T). 

This reaction rate starts to be relevant at temperature of about 10 keV or more (where 1 

eV corresponds to about 104 degrees). The D-T reaction gives as products one alpha 

particle and one neutron: 

D + T → α 3.5MeV + n(14.1 MeV)                                                       (1.1) 

As element of comparison the reactivity of the nuclear reactions in the stars is 3 10-25 

times lower than the reactivity of the D+T reaction.  

To obtain the controlled thermonuclear fusion with a high positive energy balance in 

laboratory a D-T plasma has to be produced and heated up to very high temperature 

values (100 millions of degrees, more than six times the internal temperature of the sun). 

In order that the fusion reaction released energy is able at least to compensate the losses 

and the energy used to produce the plasma it is also necessary to maintain the plasma 

confined in a limited space for sufficient time and at high enough density. The Lawson 

criterion [1] identifies the product of the density and the energy confinement time as a 

critical parameter for a thermonuclear reactor. When the heating of the plasma by the 

products of fusion reactions is sufficient to maintain the temperature of the plasma 

against all losses without external power input the condition of ignition is reached. It 

corresponds to fulfill a requirement that involves three characteristic plasma parameters: 

temperature, density and energy confinement time. Considering negligible the losses 

caused by the bremsstrahlung radiation, it can be expressed in the following form for the 

“triple product” of the plasma variables: 

neTτE ≥
12

ℰα

T2

 σv 
                                                                      (1.2) 

where ne is the electron density (expressed in m-3), T is the temperature (expressed in 

keV) and e is the energy confinement time of the plasma (expressed in s). ℰα  (expressed 

in keV) is the energy of the  particles produced by the fusion reactions. The neutrons in 

fact escape the plasma and do not contribute to heating it. <v> is the reaction rate 

(expressed in m3/s).  is the fusion cross section, v the relative velocity of the reagents 

and <> denotes an average over the Maxwellian velocity distribution at the temperature 

T. For a D-T plasma in the temperature range of 10-20 keV the reaction rate can be 

written as 

< 𝜎𝑣 >= 1.1 10−24  T2    m3 s,                                             (1.3) 
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where the temperature is expressed in keV. Using Ɛ=3.5 MeV the ignition condition 

becomes   

neTτE ≥ 1021 keV s/m3.                                                            (1.4) 

The precise value of the constant in the formula (1.4) depends on the density and 

temperature profiles and if peak or average values are considered. The condition (1.4) 

holds for flat profiles.  

In the stars the plasma tendency to diffuse away is balanced by the gravitational force due 

to their huge mass. The gravitational confinement is not feasible on Earth, then two 

alternative approaches are followed. The inertial confinement uses the inertia (mass) of 

the plasma particles. The confinement time is in fact determined by the time taken by the 

particles to go through the plasma volume where reactions occur. Little spheres formed 

by a high density  (1025 m-3) D-T blend are carried to fusion conditions by uniformly 

bombarding them through laser-produced x rays or high energy particles beams. The 

condition on the triple product for inertial confinement is fulfilled by reaching very high 

plasma densities (up to 103 times the solids density), however for short confinement 

times (of the order of ns).  

The second method is magnetic confinement: it uses the electric charge of the particles, 

that, in presence of a magnetic field, are characterized by a motion bound to the magnetic 

field lines. In this approach several different configurations of magnetic fields have been 

developed in order to confine low density plasmas (1020 m-3) for confinement times in the 

order of 1 sec. Magnetic field lines enveloped helicoidally on nested toroidal surfaces are 

demonstrated to confine charged particles. This magnetic field structure characterizes the 

most widely used thermonuclear fusion device, the so-called tokamak. In figure 1.2 the 

triple product values that have been achieved in tokamak machines during the years are 

shown. 

 

Fig. 1.2. Triple product values reached in several tokamak machines during the years [2]. 
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1.2 Tokamaks 

The tokamak device was developed in Russia in the 1950-60s and owes its name to the 

Russian acronym “TOroidalnaya KAmera MAgnitnymi Katushkami” standing for 

toroidal chamber with magnetic coils.  

As shown in figure 1.3, the tokamak device is characterized by an axi-symmetric 

configuration with the toroidal magnetic field B produced by external coils and the 

poloidal magnetic field B generated by the toroidal current IP which flows in the plasma 

and provides at the same time a source of heating and the magnetic confinement through 

the JxB radial force. This current is induced by the magnetic flux variation in the central 

part of the torus produced by the primary circuit of a transformer of which the plasma 

ring is the secondary circuit. The pulse length is limited by the capacity of the primary 

circuit to induce the plasma current IP that generates the poloidal field. Inductive current 

drive is the simplest way to drive the plasma current, but inherently limits the tokamak to 

pulsed operation, since the current in central solenoid cannot keep increasing indefinitely.  

The use of additional non-inductive methods of current drive can extend the pulse 

length, and in some cases enable the tokamak to achieve a steady state.  

In order to obtain the equilibrium of the plasma ring a small vertical magnetic field BV 

must be produced. It gives rise to a radial force toward the internal part of the torus and 

then hinders the plasma ring tendency to expand.  

The presence of a toroidal and a poloidal component of the magnetic field leads to helical 

magnetic field lines that generate nested magnetic surfaces. On a magnetic surface the 

field lines wind around the torus, with the normalized pitch given by 

q =
rBϕ

RBθ
                                                                                                     (1.5) 

where r is the distance to the plasma centre in the poloidal plane and R is the major 

radius of the torus. It indicates the number of toroidal turns followed by the magnetic 

field line when completing one poloidal turn. Its derivative with respect to the minor 

radius is known as the magnetic shear s =
r

q

dq

dr
. Small magnetic field perturbations, 

resonant with rational values of q, lead to changes in the topology of the magnetic field, 

giving rise to a mix of good surfaces, chains of magnetic islands and regions of chaotic 

field. In general configurations with high values of q tend to be more stable. Because of 

this connection with the plasma stability, q is often called “safety factor”. 

The most restrictive stability condition (Kruskal-Shafranov [3]) gives a requirement for q 

which can be written in terms of the values that q achieves at the plasma edge (r=a, 

where a is the minor radius): 

q a =
Bϕa

Bθ (a)R0
> qc ,                                                                                  (1.6) 

where qc is a constant between 2 and 3 and R0 is the major radius. In a tokamak this 

condition is very important because it limits the values that the plasma current can reach. 
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The poloidal field evaluated in r=a can be expressed as a function of the plasma current 

as B(a)=0Ip/2a and the condition (1.6) becomes 

IP < IM                                                                                            (1.7) 

where IM is proportional to B. This limitation prevents the achievement of the fusion 

relevant temperatures if the only heating mechanism is the Ohmic one. In fact the 

resistivity of the plasma is a decreasing function of the temperature, and the Ohmic 

power is proportional to the product between resistivity and current. If the current has a 

maximum which doesn’t depend on the temperature, for hotter plasmas the maximum 

ohmic power which can be dissipated in the plasma is lower because it scales with the 

resistivity, which decreases with growing temperature. For this reason a tokamak needs 

external heating methods in order to heat sufficiently the plasma. They are the injection 

of high energy neutral beams in the plasma (NBI heating), that are ionized by charge 

exchange and transfer their energy and momentum via collisions, or the injection of 

electromagnetic waves (RF heating), that are absorbed by the plasma through wave-

particle resonance mechanisms. 

 

 

Fig. 1.3. Schematic picture of a tokamak. 

 

1.3 Transport in Tokamaks 

The ignition condition not only demands high temperature values but also imposes the 

condition of a good energy confinement time. One of the main problems in nuclear 

fusion research is that the experimental values for the energy confinement time are 

unexpectedly low if compared with the theoretical expectations. Several types of 

processes that force the plasma particles and energy to move in the radial direction, 

transversally to the magnetic field lines, and that cause particle and energy losses have 

been proposed by theory. 
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1.3.1 Classical transport 

The classical theory [4] describes the transport phenomena in plasmas as due to Coulomb 

collisions of the particles. It holds in cylindrical geometries, where the magnetic field is 

uniform and time-independent. In the limits of validity of the two fluids treatment of the 

plasma the moment equations are the following: 

∂nα

∂t
+ ∇ ∙  nα𝐕α = 0;                                                                (1.8) 

nαmα  
∂𝐕α

∂t
+ 𝐕α ∙ ∇𝐕α  = −∇(nαTα)− ∇ ∙ 𝚷α + qαnα  𝐄+

1

c
𝐕α × 𝐁 + 𝐑α ;      (1.9) 

3

2
nα  

∂Tα

∂t
+ 𝐕α ∙ ∇Tα  = −∇ ∙ 𝐪α − nαTα∇ ∙ 𝐕α − 𝚷α :  ∇𝐕α + Qα ,                    (1.10) 

where nis the density, V the velocity, p the pressure, q the charge, T the temperature 

of the species  of the plasma. E and B are the electric and magnetic fields. q is the heat 

flux, R is the collisional term in the momentum equation (1.9). Q is the heat generated 

in the  particles gas by collisions with particles of different species. Finally 𝚷α  is the 

stress tensor of the species . 

The system of equations (formed by the transport equations together with the Maxwell 

equations) is not closed, and, in order to give a complete description, it is necessary to 

express the quantities 𝚷α , q, R and Q as functions of the physical plasma parameters 

n, T and V.  

The transport theory based on Coulomb collisions provides a closure for moment 

equations. It describes the behavior of a plasma close to equilibrium, predicting the 

plasma response to the so-called thermodynamic forces, which characterize small 

departures from equilibrium. Assuming these forces to be sufficiently weak the plasma 

responds through a corresponding set of flows i that are related to the thermodynamic 

forces Aj by the following relation 

Γi = − Lij Ajj ,                                                                                      (1.11) 

where the quantities Lij are called transport coefficients. The entire set Lij is called the 

transport matrix. Following the transport closure the moments 𝚷α , q, R and Qare 

identified as fluxes, and transport equations in which the forces Ai are expressed in terms 

of the variables n, T and V are derived. These relations are obtained by resorting to 

kinetic methods (for example using the Chapman-Enskog theory [5]) or through 

phenomenological estimates.  

In the direction perpendicular to the magnetic field a heuristic estimate of the classical 

particle diffusion can be given by the random walk model. Without collisions a particle 

would move around a magnetic field line describing circular orbits characterized by the 

Larmor radius L=mv⊥/(qB), where v⊥ is the component of the particle velocity 

perpendicular to the magnetic field. However it collides with other particles, and collision 

and gyration interact to produce a random walk of the guiding center across the magnetic 

field: the particle jumps to a neighboring magnetic field line with a step length equal to 
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the Larmor radius and a step frequency given by the collisional rate . Like particles 

collisions do not lead to net particle diffusion, so electron and ion diffusion rates are both 

determined by electron-ion collisions ( is then the electron-ion collision rate). 

Furthermore the velocity distribution function of the plasma particles is assumed close to 

local thermodynamic equilibrium. The transversal diffusion coefficient is then Dc ~ Le
2, 

both for ions and electrons. Different collisional rates characterize ions and electrons and 

in particular electrons diffuse faster than ions. The formed charge imbalance gives rise to 

an electric field which tends to decelerate electrons and accelerate ions, leading to equal 

diffusion fluxes of the particles species. We have then an ambipolar diffusion, and the 

electrons, that are the component with the smallest diffusion coefficient, determine the 

resulting flux. 

The heat and momentum diffusivities can be predicted by the random walk model too. 

The electron thermal diffusivity is found comparable to the particle diffusion coefficient 

ec ~ Dc, while the ion thermal diffusivity and the momentum diffusivity are larger by the 

square root of the mass ratio ic = Mc ~ (mi/me)1/2ec. However the classical description 

is far from explaining the transport processes in tokamaks. It neglects the impact of the 

toroidal geometry proper to these devices, that provides curve magnetic field lines, 

causing a transport enhancement. 

1.3.2 Neo-classical transport 

The theory that describes the transport as driven purely by Coulomb collision but taking 

into account the toroidal effects is called neo-classical [6]. In a torus particles are subject 

to magnetic field inhomogeneity and curvature drifts that cause the particles with a low 

collision frequency to become trapped in the so-called “banana” orbits. Particles with a 

sufficiently large ratio between the velocities perpendicular and parallel to the magnetic 

field bounce between the points of high magnetic field.  

 

Fig. 1.4. Diffusion coefficient as a function of the normalized collision frequency [7]. 

According to the collisionality level three regimes are determined, as shown in fig. 1.4. 

The banana regime is characterized by low collisionality. The transport that arises from 

the small population of trapped particles dominates on the transport resulting from the 

majority of the passing particles. The diffusion coefficient increases starting from zero. 
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The plateau regime is characterized by a diffusion coefficient almost independent on the 

collisionality. In the Pfirsch-Schluter regime, that takes place for higher collision rates, the 

diffusion coefficient again increases with the collisionality. 

The transport increase can be explained using the random walk model. Because of the 

drifts due to the toroidal geometry, trapped particles drift off the flux surfaces with a 

radial excursion larger than the Larmor radius, increasing the collisional step size. With 

respect to the classical diffusion coefficients and for large aspect ratio approximation 

(:=r/R<<1) the neoclassical ones are given by: 

Dncb = Dc q2ε−3/2                                                                          (1.12) 

for the banana regime, where q is the safety factor, 

DncPS = Dc (1 + 2η∥/η⊥q2)                                                           (1.13) 

for the Pfirsch-Schluter regime, where || and ⊥ are the resistivities respectively parallel 

and perpendicular to the magnetic field and 

Dncp = Dc q
vthe

Rν
                                                                              (1.14) 

for the plateau regime, where vthe is the electron thermal velocity. Similar estimates for the 

electron (e) and ion (i) heat diffusivities give enc ~ inc(me/mi)1/2 ~ Dnc.  

The neoclassical diffusion coefficient reaches values 10-100 times larger than the classical 

one. According to neo-classical theory for parameters typical of a tokamak plasma (Te,Ti 

~ 1 keV, B ~ 1 T, ne ~ 5 1019 m-3) the diffusion coefficients are equal to 

Dnc ~χenc ~χinc 
m e

m i
~0.01 m2/s                                         (1.15) 

The momentum diffusivity, of which the toroidal component is considered, does not 

show a neoclassical enhancement in the collisional regime. In the banana regime it can be 

estimated as ~ 0.1Li
2q2 

Using the classical transport matrix representation (1.11) the neo-classical transport 

theory describes the transport in terms of the fluxes of the plasma parameters (particles, 

heat, momentum, charge) and their thermodynamic forces (gradient of density, 

temperature, velocity and electrostatic field), both averaged over a magnetic surface. The 

problem is then reduced to 1 dimension, and the fluxes depend only on the radial 

coordinate. In (1.16) the transport coefficients in form of a matrix of proportionality 

between fluxes and forces are presented. 

 

 
 

Γ
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−∇𝑛
−∇𝑇𝑒
−∇𝑇𝑖
−∇Ω
−𝐸∥  

 
 

                   (1.16) 

The diagonal elements of the matrix describe the diffusion processes: D is the particle 

diffusion coefficient (quasi-neutrality is assumed), e and i the electron and ion heat 

diffusion coefficients,  the toroidal momentum diffusion coefficient and  is the 
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electrical conductivity.  is the toroidal rotation of the plasma and j|| the current density 

parallel to the magnetic field. The off-diagonal components W and B are neo-classical 

phenomena that have a significant impact for the plasma dynamics, and have been 

confirmed experimentally.  

W defines the Ware-pinch effect [8], an inward particle flux due to the effect of the 

toroidal electric field on the orbit of trapped particles. The electric field breaks the 

symmetry about the plasma mid-plane of the impact that the gradient and the curvature 

of the magnetic field have on the trapped particles, and this leads to a not null inward 

radial displacement per bounce period of the trapped particles.  

B determines the bootstrap current [9], an electric current parallel to the magnetic field, 

driven by the radial pressure gradient through the pressure anisotropy it generates in an 

inhomogeneous magnetic field. The bootstrap current is carried by the passing particles 

and it is generated through collisional coupling of trapped and passing particles. This 

current can be thought of as an advantage, because it is automatically generated confining 

a high-pressure plasma and then it can, in principle, allow for a steady state tokamak 

reactor in which only a small fraction of the plasma current is driven through external 

means.  

The other off-diagonal terms are difficult to access by experimental studies, however the 

neo-classical theory give expressions for all of them. 

Experimentally the transport level cannot be lower than the neo-classical one, then the 

neo-classical prediction is the maximum attainable confinement of particles and energy. 

1.3.3 Anomalous transport 

Parallel transport is well described by the neo-classical theory: the experimental 

observations agree with the estimates for  and B. However experiments don’t confirm 

the estimates for cross-field diffusivities. In particular the ion heat diffusion coefficient 

exceeds neo-classical predictions up to one order of magnitude, and the electron 

diffusion coefficient by up to one or two orders of magnitude. Also the toroidal 

momentum diffusivity reaches values much larger than the neoclassical ones. 

Experiments give 

χi~χe~χϕ~ 3− 5 D~1 m2/s                                                                 (1.17) 

The most plausible explanation of the huge difference between the neo-classical estimates 

and the experimental results seems to be given by the collective nature of the plasma. The 

particles organize themselves as more or less coherent structures giving rise to collective 

modes, some of which may become unstable and lead to turbulent motions of the 

plasma. These turbulent processes influence significantly the mechanism of the transport. 

In many cases the turbulent contribution dominates the classical and neo-classical ones, 

and the transport is called anomalous. 

The collective modes can be divided in two classes: the magneto-hydrodynamics (MHD) 

modes, that are characterized by macroscopic dimensions, comparable to the plasma 
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ones, and can be described by one fluid approach, and the drift waves, small scale 

phenomena in which electrons and ions must be described taking into account their 

disparate dynamics. MHD modes have to be maintained stable, because they cause 

macroscopic losses of plasma confinement. The plasma drift micro-instabilities don’t lead 

to catastrophic events, as plasma disruptions, however they can give rise to enhanced 

particle and heat transport.  

To understand these mechanisms of increased transport and to control them in order to 

reduce the anomalous transport is one of the aims of the present research studies. Some 

methods of turbulence quenching have been found, and improved confinement 

operational scenarios have been developed. 

1.3.3.1 Transport and plasma scenarios 

The most common operation modes at present are the L-mode scenario [10], the H-

mode scenario [11], the hybrid scenario [12-14] and the steady state scenario [15].   

 

Fig. 1.5. Schematic view showing regions with different transport characteristics in different 
plasma scenarios. Adapted from ref. [16]. 

The different tokamak scenarios can be described starting from their transport properties. 

The figure 1.5 gives a schematic view of the plasma regions with different transport 

characteristics for the considered plasma scenarios.  

Since in tokamaks the transport behaviour varies significantly across the plasma, the 

plasma volume can be subdivided in five regions with different transport characteristics.  

In the edge the scrape-off-layer region (SOL) includes plasma outside the separatrix, the 

last closed magnetic surface. Fast longitudinal transport and atomic processes dominate 

this zone.  

In the narrow region just inside the separatrix an edge transport barrier (ETB) can 

develop. It is a localized reduction of transport which give rise to very steep temperature 

and pressure profiles (the so-called temperature and pressure edge pedestals) in the region 

where it forms. It is absent in the L-mode, that is characterized by a relatively low energy 

confinement time. The ETB is present in the H-mode scenario. It is a higher 
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confinement mode which takes place as transition from the L-mode when the additional 

input power increases. The H-mode is a robust scenario, because it has been found in a 

large number of fusion machines with very different conditions. However a large fraction 

of the plasma current is driven inductively, so very long steady-state operation wouldn’t 

be possible to achieve. For this reason and other drawbacks the H-mode scenario doesn’t 

seem a feasible scenario in view of a fusion reactor machine. Like the H-mode the 

presence of an ETB characterizes the other operational regimes. The existence of an ETB 

implies a significantly reduced level of plasma micro-turbulence, and then strong pressure 

gradient (a pressure pedestal) and large bootstrap currents, that lead to repetitive MHD 

instabilities, the so-called edge localized modes (ELMs).  

Another narrow region links the edge to the core region. Here the transport is dominated 

by ELMs, collisional turbulence and cold neutrals.  

Deeper inside, the core region of the plasma is positioned: it is a wide zone, as far as 

possible free of any strong MHD instabilities. The drift type micro-turbulence dominates 

the transport in this region. Hybrids, that are characterized by a low fraction of inductive 

current, present improved confinement, due to a reduced transport. Two of the main 

ingredients that seem to cause it are the presence of toroidal rotation and a core q profile 

flatter than the H-mode one. Steady state scenarios, that are characterized by total non-

inductive current, present an internal transport barrier (ITB), that causes a large 

improvement of the confinement and the developing of a large bootstrap current that 

helps non inductive operations. Several parameters are thought to play a role in the 

formation and dynamics of the ITB: a flat or reversed q profile, low order rational q 

surfaces, sheared plasma flow, the Shafranov shift of adjacent magnetic flux surfaces (a 

displacement of the magnetic axis and flux surfaces due to pressure and current density 

profiles with respect to the magnetic axis in the vacuum field) and thermal ion dilution in 

presence of a large fast population.  

Finally the central region of the plasma is characterized by transport dominated by the 

MHD events called sawteeth if the core q profile reaches values higher than 1. They can 

trigger other dangerous instabilities as the neo-classical tearing modes (NTM), which lead 

to significant reduction in confinement and limit plasma performance. The condition 

q>1, for sawteeth development, is not fulfilled in the hybrid and steady state scenarios, so 

these regimes are regulated by reduced micro-turbulence and neo-classical transport also 

in the central region of the plasma. 

1.3.3.2 Description of core anomalous transport 

The core region of the plasma is dominated by the anomalous transport driven by micro-

instabilities. In order to describe the modes that are responsible for the micro-turbulence 

a first classification can be done. In the electrostatic turbulence description transport is 

due to fluctuating electric fields, assuming non perturbed magnetic surfaces. The electric 

field generates a fluctuating radial velocity (ExB), which, if in unstable phase relation with 

fluctuations in density or pressure, carries particle and heat fluxes. The magnetic 
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turbulence picture focuses on fluctuations in the magnetic fields that can break the axial 

symmetry and destroy the set of the nested flux surfaces. It is remarked that both electric 

and magnetic components exist for any physical fluctuation. This classification is however 

useful because of the complexity of the anomalous transport problem, for which a 

comprehensive theory has not yet been developed. 

Drift wave turbulence in tokamak plasmas is in fact a highly complex non-linear system, 

which involves multiple-scale turbulence modes and non-linear phenomena. Among the 

non-linear mechanisms, the zonal flows [17] are recognized to be an intrinsic and 

important constituent of the drift wave turbulence, having a central role in its self-

regulation mechanism. Zonal flows are coherent structures due to low frequency, 

predominantly poloidally symmetric potential perturbations characterized by small radial 

scale. They are driven exclusively by non-linear energy transfer from drift waves, then 

they cannot be sustained in the absence of turbulence. Their generation leads to reduce 

the transport level and intensity caused by the primary drift wave turbulence, so zonal 

flows act to regulate and partially suppress drift wave turbulence and transport. 

Turbulent transport models can in general predict a complicated relation between the 

different transport channels. The relations between fluxes and driving plasma quantities 

can be expressed as 

 

Γ
qe n 

qi n 

Πϕ Rnmi 

 =  
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  +
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n
Te

Ti

Ω

        (1.18) 

This general representation includes a diffusion part (the first term on the right of (1.18)) 

in which diagonal and off-diagonal terms of proportionality between fluxes and gradients 

of plasma variables are included. Due to turbulence, they reach values much higher than 

the ones predicted by neo-classical theory. The convective part with diagonal (i.e. 

convective velocities) and off-diagonal terms is also included as second term in (1.18). 

Diagonal and off-diagonal coefficients of the matrixes are determined by different 

theoretical treatments based on the description of physical phenomena that are believed 

to be at the origin of the anomalous transport processes.  

Several approaches have been developed in order to obtain an estimate of the diffusion 

coefficients. The mixing length estimate (it will be explained in the next Chapter) gives 

D~  
γL

k⊥
2  

k⊥max

,                                                                 (1.19) 

where L is the linear growth rate of the instability and k⊥ is a characteristic perpendicular 

wave number of the turbulence. Equation (1.19) can be interpreted as balancing the 

diffusion due to the linear growth rate against the turbulent diffusion at saturation.  

Using the random walk estimate for the diffusion coefficient of a test element of fluid we 

can express it as 

D~
Lc

2

τc
  ,                                                                                  (1.20) 
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where c is the inverse correlation time and Lc is the correlation length. The turbulence is 

analyzed statistically, and an experimental estimate can be given measuring the statistically 

averaged correlation time and length through fluctuation diagnostics. The scaling of the 

turbulent transport can be determined starting from the expression (1.20). When 

turbulent fluctuations are caused by drift waves characterized by low frequency and 

spatial scale of the order of the ion or electron gyro-radius the transport coefficient is 

described by the gyro-Bohm scaling, as theoretically expected  

DgB ~
ϱLi ,e

a

Ti ,e

eB
,                                                                                                         (1.21) 

where L is the Larmor radius. a, the minor radius, gives the typical macroscopic scale 

length of the plasma. If the turbulent fluctuations are characterized by a macroscopic 

scale, comparable with the size of the plasma, the scaling is of the Bohm type 

DB ~
Ti ,e

eB
.                                                                                                           (1.22) 

Experiments have been performed and both behaviors have been found. 

Experimentally the simplest method to determine diffusivity is the so-called 

particle/power balance analysis carried out in the plasma in quasi-steady state conditions. 

The two fluid equations (1.8)-(1.10) can be generally expressed by 

∂g

∂t
+ ∇ ∙ 𝐅 = S                                                                                      (1.23) 

Where S is the source term, necessarily not null in order to have a steady state, g is the 

density of particles, momentum or ion or electron thermal energy, F is the corresponding 

flux. In the steady state an accurate calculation of the sources integrated over the volume 

inside a magnetic surface provides the flux across this surface. On the other hand a 

detailed measurement of the physical parameters profiles yields the values of the local 

gradients. Then the particle/power balance transport coefficients can be deduced by 

dividing the flux and the correspondent gradient, as reported in equations (1.17)-(1.19). 

For the ion heat case the relation is the following 

χi
pb  ϱ = −

qi  ϱ 

n ϱ ∇Ti ϱ 
.                                                                                (1.24) 

Quantities depend on the radius, in fact this relation is assumed to hold locally. In 

addition, it yields an effective diffusivity in which off-diagonal and convective fluxes are 

embedded. This method is widely applied as starting point to any transport analysis. For a 

series of reasons (among which the existence of non negligible off-diagonals terms of the 

diffusion coefficients matrix, a possible non linear relation between fluxes and gradients, 

a possible non-local character of the transport) this picture of the transport results to be 

too simple and inadequate in certain cases.  

A different approach for experimental studies has been developed and widely used. The 

perturbative transport analysis [18] consist in producing a small, well localized 

perturbation of plasma parameters gradients in a stationary plasma, and to follow the 

evolution in space and time of the effect of this perturbation. For example, for the case 

of the ion heat transport, the incremental ion heat transport coefficient, iinc is given by 
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χi
inc  ϱ = −

∂qi  ϱ 

n ϱ ∂∇Ti ϱ 
.                                                           (1.25) 

The difference between the iinc and ipb and its dependence on the perturbation 

frequency, that is shown in figure 1.6, allows to distinguish diffusive from convective or 

off-diagonals transport coefficients and to investigate non-linearities. 

 

 

Fig. 1.6. Schematic illustration of the difference between pb and inc in the general case in which 

the relation between flux and conjugate gradient is non linear and with off-diagonals terms [18]. In 

general dynamic experiments yield transport coefficients that differ from those estimated , 

essentially because they measure the changes in the fluxes induced by variations of gradients rather 

than the total net flux and gradient. 

Computational models of turbulent transport produce estimates of diffusion coefficients 

starting from the fundamental equations that describe the plasma and computing the 

turbulent fluctuations and consequent transport. Several transport models have been 

developed. The more complete approach is at the level of the kinetic description given by 

Vlasov or the Fokker-Planck equation, where functions of position velocity phase-space 

variables and time evolve. Averaging over the gyro-motion gives the gyro-kinetic 

description, in which finite gyro-radius effects are retained nonperturbatively. Drift-

kinetic models ignore or treat perturbatively finite gyro-radius effects. In fluid models 

fluid variables, that are functions of position and time, are evolved. Gyro-fluid models, a 

special class of fluid models derived from gyro-kinetic equations, take into account finite 

gyro-radius effects non perturbatively. 

Heat transport 

Understanding heat transport in the core is very relevant for predicting the performances 

of a fusion device. Ion thermal transport influences the values that central ion 

temperatures and then the fusion power can achieve. The heat transport of electrons is 

equally relevant, because electrons are directly coupled to the power carried by  particles 

in a fusion reactor.  
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In the plasma core the heat transport is mainly anomalous. It is driven by micro-

instabilities given by the inhomogeneity of the plasma, in particular by the existence of 

density and temperature gradients. The modes can be classified according to the specific 

non-uniformity in the plasma that drives them. Several categories have been found: 

modes due to ion temperature gradients, to electron temperature gradients, to density 

gradient and to pressure gradient. This last family of modes gives rise to fluid like 

instabilities, such as the current diffusive ballooning, drift resistive ballooning and neo-

classical tearing modes. In low  plasmas (where  is the ratio between the kinetic and the 

magnetic pressure, =20p/B2) theory predicts that most of the heat transport in the 

core is carried by the electrostatic micro-instabilities driven by temperature and density 

gradients [19,20].  

The modes driven by ion temperature gradient (ITG) are drift waves, characterized by the 

longest wavelength among temperature gradient driven modes [21-24]. They are believed 

to be the main responsible for the ion heat transport. However they have a non-negligible 

influence also on the electrons, as shown in figure 1.7, where a summary of drift waves 

characteristic scales, mechanisms and impact on transport is presented.  

Electron temperature gradients can drive two different modes: electron temperature 

gradient (ETG) and trapped electron (TEM) modes. ETG have the shortest wavelength 

and can produce only electron heat flux. The typical spatial scale of TEM is intermediate 

between ITG and ETG. Trapped electron modes cause electron turbulent heat flux but 

can have effects also on the ion heat transport. 

 

Fig. 1.7. Scheme of drift waves turbulence scales, transport mechanisms and affected transport 

channels [25]. 

Due to the very short wavelength ETG modes give only a small direct transport. 

However they can excite modes with longer wavelength through mode coupling. 

Normally ITG and TEM modes are considered in the heat transport analysis, while the 

effect of ETG is regarded as a residual transport level. 

The theory predicts that temperature gradient modes become unstable when the relevant 

relative temperature gradient exceeds a critical value (a threshold value): 

∇Ti ,e

Ti ,e
>  

∇Ti ,e

Ti ,e
 

cr
                                                                                          (1.26) 
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Temperature gradient thresholds are functions of different plasma parameters. A typical 

stability diagram is presented in figure 1.8 for the case of Ti=Te. For some values of 

temperature and density gradients more than one mode can be unstable. Treating ion and 

electron modes separately is an oversimplification, however these are experimental 

situations in which one branch is dominant. 

 

Fig. 1.8. Stability diagram of ITG/TEM modes. Ion and electron temperatures reach equal values 

[20]. 

For temperature gradients above the threshold values the induced heat transport becomes 

turbulent and grows strongly with increasing temperature gradient. As a consequence the 

T profiles peaking cannot be raised significantly above the threshold values: this property 

is called stiffness of T profiles. In particular we refer to a high level of stiffness when the 

heat flux growth implies a minimum variation of the relative temperature gradient, which 

keeps very close to the threshold value. On the contrary, if the increase of the heat flux 

leads to a significant growth of the relative temperature gradient, this trend is identified 

with a low level of stiffness.  

The  above  described  behaviour  has  been  verified  experimentally for electrons 

[26,27]:  electron threshold and electron stiffness factor have been measured in 

perturbative experiments, and comparison with theory and parametric studies were widely 

carried out. Electron thresholds are found to be consistent with theory predictions of 

TEM, and electron stiffness levels are found to be of similar magnitude for different 

devices, with a trend to increase from lower values for plasmas with pure electron heating 

to higher values in the case of ion heating.  

Recent experiments have led to the first comparison of theoretical predictions for 

threshold and stiffness also for ions [28-30]. Heat flux scans and modulation experiments 

have allowed to study separately the ion threshold and ion stiffness values and their 

parametric dependences. Ion threshold behavior follows theoretical expectations and is 

quantitatively in agreement with linear gyro-kinetic predictions. Non-linear gyro-kinetic 

simulations predict a generally high stiffness level for ions, and then ion temperature 

gradients near the threshold value. However, under some physical conditions, reduced 

ion stiffness, and ion temperature gradients higher than the threshold, has been 

experimentally found.  
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Particle transport 

Particle and impurity transport studies are very important for a future reactor because 

they control the transport of the fuel into the core region and the fusion reactions ash 

away from it. However investigating and understanding particle and impurity transport is 

very challenging because of several conditions peculiar to their dynamics, as the existence 

of two kinds of dominant particle sources (in the centre and in the edge of the plasma) 

and the non-negligible presence of the convection in addition to diffusion.  

Impurities transport is generally anomalous, faster than predicted by neo-classical theory. 

Transport of particles (ions and electrons) has been found mainly anomalous too. The 

scope of studying particle transport is mainly linked to achieve high densities in the core 

plasma, in order to obtain in a future reactor a large amount of fusion power, because it 

scales with the square of the density. High densities are reachable only with a centrally 

peaked density profile. In fact it allows to have peripheral density values below the 

Greenwald limit [31], an empirical density limit for the plasma edge above which a 

disruption can happen and cause the termination of the confined plasma. However, if the 

density profile is peaked, the central density can achieve higher values. In stationary 

conditions a moderately peaked electron density has been regularly found in tokamaks at 

low collisionality.  

In steady state the particle flux can be expressed by 

Γ = −D∇n + nV,                                                                                (1.27) 

where  is the outer flux, D is the particle diffusion coefficient and V is the convective 

velocity. The two dominant particle sources that can contribute to the balance are the 

central fuelling due to neutral beam injection (NBI) and the edge fuelling by gas puffing, 

recycling and pellet injection.  

The existence of an inward convection has been introduced to explain the sustainment of 

density gradients, and then a peaked density profile, that is observed also in absence of a 

central particle source. As described in paragraph 1.3.2 of this thesis, neo-classical 

transport theory predicts a particle pinch driven by the induced toroidal electric field, that 

causes an inward flow of trapped particles (Ware pinch). This neoclassical mechanism of 

pinch has been identified in some experiments [32], however in most conditions it has 

been found insufficient to justify the observed density gradients, because it gives a too 

small effect in order to predict the actual plasma diffusivity. This last quantity has been 

found to reach values of the order of the electron heat diffusivity [18], and then largely 

above the neoclassical predictions. The presence of a predominant anomalous 

component has been supposed.  

Experimental and theoretical studies [33] have been carried out in order to understand 

the mechanisms at the basis of this enhanced particle transport and of peaked density 

profiles. From ITG/TEM quasi-linear theory the particle flux is given by 

Γ = −D∇n − DT n
∇Te

Te
+ nV,                                                    (1.28) 
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where the first term is the diagonal diffusion, the second is the off-diagonal so-called 

thermodiffusion and is proportional to the electron temperature gradient. Finally the 

third contribute is a pure convective term. The role of these mechanisms on the particle 

transport has been widely confirmed experimentally, also through perturbative 

investigations. 

Momentum transport 

Momentum transport studies are of interest because of the significant role of the plasma 

rotation in improving plasma confinement. Sheared rotation in fact leads to the 

quenching of turbulence, with consequent transport reduction and improvement of 

plasma performances, as it will be explained in Chapter 2 of this thesis. In addition the 

toroidal rotation improves the stability of dangerous MHD waves, as resistive wall modes 

and neo-classical tearing modes.  

Theoretical studies about the anomalous transport driven by ITG predict very similar 

toroidal momentum diffusivity and ion heat diffusivity. The so-called Prandtl number, 

defined as the ratio between these two diffusivities, is then expected to be equal to 1 

(Pr:=/i=1) [21]. This was confirmed by early experiments in which a large external 

torque was applied to the plasma [34], and conclusions were that without external core 

momentum input the plasma rotation would be negligible.  

When the existence of a finite rotation without any external torque (the so-called intrinsic 

rotation [35]) was discovered this picture didn’t work anymore. In addition in several 

experiments the effective Prandtl number is found to reach values significantly smaller 

than 1 [36-38], so the existence of a momentum pinch has been supposed. A momentum 

pinch together with a residual stress (that is a flux component which doesn’t depend on 

velocity and its gradient) are predicted by the theory [39]. The residual stress is directly 

observed experimentally and it is found to be dominantly located at the plasma edge, in 

agreement with theory predictions. The momentum flux in the core is then given to a 

good approximation by two terms, one diffusive and the other convective. The effective 

momentum diffusivity can be expressed as 

χϕeff = χϕ  1 +
Rvpinc h

χϕ

Lvϕ

R
                                                                         (1.29) 

where  is the actual momentum diffusivity, vpinch is the momentum pinch velocity and  

Lvϕ = −
1

vϕ

dvϕ

dr
                                                                                   (1.30) 

The ratio Rvpinch/ is defined as pinch number.  

Through perturbative experiments [40,41], that allow to separate the diffusive and the 

convective contributions, the presence of a significant inward momentum pinch has been 

found. The actual Prandtl number can reach values near 1, consistently with theoretical 

predictions, while the effective Prandtl number, given by the effective momentum 
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diffusivity, achieves low values, consistently with steady-state experimental results. Values 

of the Prandtl number and the pinch number, and their parametric dependences are in 

good qualitative and quantitative agreement with theory predictions [39].  

While experimental values of the  are found significantly higher than the neo-classical 

ones and then the anomalous component of the toroidal momentum transport is 

predominant, the transport behaviour of the poloidal rotation can in general be well 

described by the neo-classical theory. 

1.4 Thesis motivation and contents 

As described in the previous paragraphs, understanding the mechanisms at the basis of 

the transport of particles, momentum, electron and ion heat is a very challenging target, 

to which a large effort in the fusion research is dedicated. Theoretical studies aim at 

identifying and describing processes that give origin to anomalous turbulent transport. 

Experimental studies are carried out in order to investigate the values of the heat, 

momentum and particle diffusion coefficients, and their dependence of physical 

parameters, with a particular attention to experimental scenarios characterized by reduced 

turbulent transport. It is extremely important that a strong link is maintained between 

theory and experiment: on one hand theory provides ideas and predictions which then 

need to be validated by properly designed experiments, on the other hand unexpected 

experimental findings trigger new developments in theoretical research.  

The ultimate scope is the understanding of transport mechanisms in order to be able to 

predict and improve the performance of fusion machines. This thesis aims at contributing 

to these efforts for what concerns ion heat transport in the plasma core. It includes both 

experimental and modelling work.  

Whilst for electrons a wide theoretical and experimental investigation has been carried 

out during past years, the ion heat transport has been early addressed by extensive 

theoretical treatment, however a correspondent experimental work has been prevented by 

the lack of well resolved ion temperature diagnostics, so that through theory validation 

could not be carried out. 

Recently detailed experimental studies on ion heat transport have become feasible, 

allowing to explore the values that the ion heat diffusion coefficient reaches and its 

dependences on the plasma physical parameters, and then to verify and quantify the 

critical behavior of the ion heat turbulent transport that has been theoretically predicted 

and only partially observed through experiments until now.  

One of the aims of the present studies about the turbulent ion heat transport in the 

plasma core is to assess how the parameters ion stiffness and ion threshold, that 

characterize the instability of the ITG modes and then turbulent ion heat transport, 

depend on plasma physical and geometrical quantities, and what impact threshold and 

stiffness variations have on the global scale, that is on the plasma confinement and on the 

tokamak performances. In particular in this thesis the role that plasma toroidal rotation 

has on the ion stiffness is experimentally investigated, starting from the recent 
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experimental results obtained in the JET tokamak [27]. Such findings are then evaluated 

in the light of their impact on plasma scenarios, both in present machines and in ITER, a 

tokamak presently under construction, which has the aim of proving the scientific and 

technological feasibility of a full-scale fusion power reactor. Finally they are used to make 

advanced modelling of FAST, a future tokamak proposed for construction by the Italian 

fusion community. For such predictive work both new empirical models tight to 

experimental results and first principle fluid and gyro-fluid models have been used. In 

addition, linear gyro-kinetic theory has been applied in support to the simplified threshold 

predictions used for the FAST simulations.  

A short theoretical description of ITG/TE instabilities, of their numerical modelling and 

of their experimental studies, and the description of the relevance of the toroidal rotation 

in the transport dynamics are presented in Chapter 2.  

In Chapter 3 the data analysis of experimental studies about the separation of the role of 

the toroidal rotation and the rotation gradient in mitigating the ion stiffness level in the 

plasma core are reported, and results are presented.  

Chapter 4 describes the simulation work to investigate the impact of stiffness on plasma 

performances, including a series of scans of ion stiffness, ion threshold, temperature 

pedestal height and injected power. We already know they have an influence on the global 

scale, but it is very important to give a quantitative estimate of the effect that these 

parameters have separately on the machine performance, also in order to indicate 

possible action criteria for the scenario improvement of present (JET) and future fusion 

machines (ITER).  

Chapter 5 describes the predictive modelling work of the scenarios for the FAST 

machine, proposed as ITER satellite. It has been carried out taking into account the role 

that the plasma toroidal rotation has in the different analyzed scenarios, exploring the 

limits of the present transport models and combining theory based and empiric 

simulations with a strong link with experimental results obtained in several machines.  

Estimates for ion threshold values for FAST machine, carried out through the gyrokinetic 

code GKW simulations, are reported in the Chapter 6.  

Finally the results are summarized and implications on transport research are discussed 

(Chapter 7). 
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Chapter 2 

Ion thermal transport in Tokamaks 

In the plasma a large variety of waves can develop and propagate in response to a 

perturbation of a stationary state. As described in Chapter 1, the spatial inhomogeneities 

of the plasma temperature and density drive the drift modes, a family of waves that have 

a very relevant role in the mechanisms at the basis of the anomalous transport. In this 

Chapter we introduce the description of these modes through the fluid derivation of the 

drift velocities that characterize the plasma and the illustration of the ordering which 

defines the drift model. The drift waves are one of the main families of physical processes 

that the drift model takes into account. After the introductive paragraph 2.1.1 about the 

drift model, in paragraph 2.1.2 a theoretical fluid derivation of the dispersion relation and 

the instability analysis of the simplest drift mode is presented. Transport coefficients are 

estimated through a quasi-linear approach together with a mixing length rule in paragraph 

2.1.3. We then report the derivation of the dispersion relation and the estimate of the 

relative transport coefficients for two particular drift modes. They are reactive modes, 

that is they do not need dissipative processes to become unstable. The dynamics of ion 

temperature gradient modes (ITG), that are supposed to be the main responsible of the 

ion heat transport in the plasma, is described in paragraph 2.1.4, where trapped electron 

modes (TE) are also presented, because the coexistence of the two modes is theoretically 

predicted and experimentally and numerically found. We proceed with the theoretical 

treatment in paragraph 2.1.5 reporting the role that the plasma rotation has on the 

instabilities at the basis on the ion heat transport, and in particular the ExB flow shear, a 

significant recognized mechanism of transport reduction, is described. In the theoretical 

description of ITG and TE modes the so-called Weiland model [42-44] is followed. 

However a large number of transport models have been exploited in order to characterize 

ITG and TE modes, some theory based, other empirical or semi-empirical. The models 

used in the simulations that have been carried out in this thesis work are presented in 

paragraph 2.2, pointing out the different approaches at the basis of everyone. Paragraph 

2.3 reports experimental results about the anomalous heat transport for electrons and 

ions. Finally the experimentally observed role of the plasma rotation on the ion heat 

transport is described. Recent JET experimental results about the role of the toroidal 

rotation in mitigating the ion stiffness are presented in paragraph 2.3.3. These are the 

starting points of this thesis work. 
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2.1 Drift modes 

In order to characterize the modes that are generated in inhomogeneous plasmas, the 

plasma fluid approach can be used. However it is known that the fluid description has to 

be provided by a closure of the equations system, that otherwise has more unknowns 

than equations, as described in paragraph 1.3.1 of this thesis. 

If a magnetic field is present in the plasma, in the direction perpendicular to the magnetic 

field, the Lorentz force confines the particle motion. The ratio between the particle gyro-

radius and the macroscopic scale size of the system is then a small parameter which can 

be exploited as basis of an asymptotic closure of the fluid equations. Parallel to the 

magnetic field a kinetic treatment is generally required. However we can restrict our 

analysis to the particular conditions that are fulfilled by the drift modes and that allow a 

fluid closure in the parallel direction too.  

Drift modes that develop in the tokamak plasma are low frequency waves (<< ci, 

where ci,=eB/mic is the ion cyclotron frequency of the plasma) for which the inequality 

>> k||vthi holds. The cold plasma approximation is then done for ions, that seem to be 

stationary for fast enough processes as the drift waves. In addition << k||vthe. The 

wave evolution appears slow with respect to electrons, which respond “adiabatically”, 

remaining close to the Maxwell-Boltzmann equilibrium. 

2.1.1 The drift model 

 The fluid motion equation for the species  can be expressed as 

∂𝐕α

∂t
+  𝐕α ∙ ∇ 𝐕α =

qα

mα
 𝐄 + 𝐕α × 𝐁 −

1

nα mα
 ∇pα + ∇ ∙ 𝚷α + 𝐠α ,                       (2.1) 

where p=nT is the isotropic pressure, V is the fluid velocity, q is the charge, m is 

the mass, 𝚷α  is the anisotropic pressure tensor of the fluid and external forces are 

represented by the term g. E is the electric field, B is the magnetic field. In the 

electrostatic limit in which B=B0𝐛 , taking the vector product of (2.1) with 𝐛  we obtain 

 
∂

∂t
+  𝐕α ∙ ∇  𝐛 × 𝐕α =

qα

mα
 𝐛 × 𝐄 + B0 𝐕α 𝐛 ∙ 𝐛  − 𝐛  𝐛 ∙ 𝐕α   +  

                                       −
1

nα mα
𝐛 ×  ∇pα + ∇ ∙ 𝚷α + 𝐛 × 𝐠α.                                        (2.2) 

The perpendicular component of the velocity of the considered fluid is then given by 

𝑽𝛼⊥ =
1

B0
𝐄 × 𝐛 +

qα

mα B0
 

∂

∂t
+  𝑽𝛼 ∙ ∇   𝐛 × 𝑽𝛼 +  

           +
1

nα mα B0
𝐛 ×  ∇pα + ∇ ∙ 𝚷α −

mα

qα B0
𝐛 × 𝐠α .                                        (2.3) 

If << c, the second term on the right of (2.3) is smaller than the first one. Then we 

can substitute V in the second term with the first one. Then we have 

𝐕α⊥ = 𝐕E + 𝐕αp + 𝐕α∗ + 𝐕απ + 𝐕αg ,                                                                        (2.4) 

where 
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𝐕E =
1

B
 𝐄 × 𝐛                                                                                                             (2.5) 

is the ExB drift given by the electric field E. It has the same magnitude and direction for 

electrons and ions. A correction of the electric drift velocity is the polarization drift 

velocity, caused by the dependence of the electric field on time 

𝐕αp =
1

BΩα

d𝐄⊥

dt
                                                                                                            (2.6) 

The diamagnetic drift is due to the presence of a density or a temperature gradient in the 

plasma. It is a collective plasma motion resulting directly from the gyro-motion of the 

particles. It has the following form 

𝐕α∗ =
1

qα nα B0
𝐛 × ∇ nαTα .                                                                         (2.7) 

The drift due to the anisotropic pressure tensor is given by 

𝐕απ =
1

qα nα B0
𝐛 ×  ∇ ∙ 𝚷α .                                                                                       (2.8) 

Finally 

𝐕αg =
mα

qα B0
𝐛 × 𝐠α                                                                                                      (2.9) 

is the drift due to external forces. The drifts derived are fluid drifts. They can differ from 

actual particle drifts. The diamagnetic drift is a fluid drift and not a particle drift. The 

other drifts except 𝐕απ  are the same for the fluid and particle description. Drifts due to 

the perpendicular magnetic field gradient and the curvature of the magnetic field lines are 

instead particle drifts but not fluid drifts. They can be written as 

𝐕αd =
1

qα B
 mαv∥

2𝐛 ×  𝐛 ∙ ∇ 𝐛 + μ𝐛 × ∇B ,                                                            (2.10) 

where  is the magnetic moment (=mv⊥2/2B), which is a constant of the particle 

motion. 

The drift model takes into account physical processes as the drift modes. In the limit of a 

magnetized plasma the Larmor radius L (where L=mvth/qB) is much lower than the 

macroscopic scale size of the system L. Then =L/L is a small parameter. As we can see 

from the expression for the fluid velocities (2.5-2.10) the electric drift is the only velocity 

that does not depend on . The hypothesis at the basis of the so-called drift ordering [45] 

is to consider the electric drift of the order of vth, where vth is the thermal velocity: 

E

B
∼ δvth .                                                                                                                   (2.11) 

Relation (2.11) characterizes the electric field in the drift ordering, and differences it from 

the ideal MHD ordering, for which E/B∼vth, and in the MHD case the electric drift 

dominates on all the other drifts for a magnetized plasma. The drift ordering considerates 

moderate electric fields: electric forces are comparable to the pressure gradient. The 

electric drift is assumed to vanish like other particle and fluid drifts as ->0. Finite- 

effects (the so-called finite Larmor radius (FLR) effects) are usually retained to describe 

the dynamics across field lines. It is consistent to assume that time evolution is relatively 
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slow, otherwise the induced electric field from Faraday’s law could contradict the 

relations (2.11). Characterizing the ideal MHD ordering by the transit frequency t, the 

frequency proper to the drift ordering is 

ω ∼ δωt ∼ δ2ωc                                                                                                      (2.12) 

Because of the disparity between Larmor radii of different plasma species, FLR effects 

for electrons are usually neglected with respect to the ones for ions. As a result the drift 

model must account separately for different plasma species, and the two-fluid theory is 

used. In this description modes characterized by kL<<1 are considered. 

2.1.2 Analytical description of drift modes in slab geometry 

The drift modes, that depend on inhomogeneities of the plasma, can be described 

through the drift model. A simplified analytical description of the drift modes is given. A 

slab geometry of the plasma is assumed: the coordinates x, y, z correspond respectively to 

the radial, poloidal and toroidal coordinates of a tokamak device. As shown in figure 2.1, 

the magnetic field is parallel to z, a density gradient is present in the negative direction of 

the x axis. The temperature is assumed uniform. The existence of a density perturbation 

is assumed: it varies sinusoidally in the directions y and z, and it is constant along x. The 

electrostatic case E= -∇ is considered. In addition, perpendicularly to the magnetic field, 

the restriction of a perturbed wave length much smaller than the characteristic length of 

variation of the non-perturbed density is done. However the perturbed wave length is 

much larger than the Debye length. The frequency of drift waves is assumed to fulfill the 

following relation: 

k∥vth ,i ≪ ω ≪ k∥vth ,e                                                                                                    (2.13) 

 

Fig. 2.1. Slab geometry for a drift wave. 

Assuming the existence of electrons and one species of ions, every fluid is governed by 

the continuity equation  
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∂ne ,i

∂t
+ ∇ ∙  ne,i𝐕e,i = 0,                                                                                          (2.14) 

by the motion equation 

ne,ime,i  
∂𝐕e ,i

∂t
+  𝐕e,i ∙ ∇ 𝐕e,i = ne,iqe,i 𝐄 + 𝐕e,i × 𝐁 − ∇pe,i − ∇𝚷e,i + 𝐑e,i       (2.15) 

and by the Poisson equation that couples the two fluids dynamics (e is the elementary 

charge) 

∆ϕ =
e

ε0
 ne − ni                                                                                                     (2.16) 

In the equations (2.14)-(2.16) Ve,i are the velocities of the fluid macroscopic elements, qe,i 

are the electric charges, me,i the masses, ne,i the densities, pe,i the pressures, 𝚷𝑒 ,𝑖  the stress 

tensors, Re,i the collisional momentum referred to the electrons and ions respectively. For 

low frequency modes it is possible  to  replace  Eq.  (2.16)  by  the  often  used  quasi-

neutrality  condition, ne=ni. 

Taking into account the electronic fluid, the motion equation parallel to the magnetic 

field is the following (we do not take into account the stress tensor term and the 

collisional term because of neglecting electron inertia):  

∂V∥e

∂t
+  𝐕e,i ∙ ∇ V∥e =

e

m e

∂ϕ

∂z
−

1

ne m e

∂pe

∂z
                                                                   (2.17) 

For low frequency processes the electrons inertia terms on the left of the equation (2.17) 

can be neglected. In addition, electrons are isothermal (∂pe ∂z = Te ∂ne ∂z ), and then 

e
∂ϕ

∂z
−

Te

ne

∂ne

∂z
= 0                                                                                                      (2.18) 

or in the integrated form 

ne

n0
= e

eϕ

T e                                                                                                                     (2.19) 

where n0, the equilibrium value of ne is introduced. The equation (2.19) is the Boltzmann 

distribution, a good approximation if k|| is not too small (it must be k||∼0: it is 

according to the condition which ensures the fluid description validity). Writing 

ne=n0+ne and expanding the exponential term for e/Te<<1 we find 

δne

n0
=

eδϕ

Te
.                                                                                                                 (2.20) 

This result is in agreement with the estimate of the electron density perturbation that 

allows to substitute the equation (2.16) to the first order of the perturbation with the 

quasi-neutrality condition ne=ni. Electrons are characterized by a fast motion with 

respect to the variation of the electrostatic potential created by the disequilibrium of the 

electric charges, that tends to set a Boltzmann electron density distribution: it is the so-

called electron “adiabatic response”. 

Ions do not view a quasi-static potential and their behavior is very different with respect 

to electrons. Assuming a very low ion temperature, such that >> k||vthi, and then 

fulfilling the condition for using the fluid description also for ions, the equation (2.14) is 

rewritten as 
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∂n i

∂t
+ ∇ ∙  ni𝐕i = 0                                                                                                 (2.21) 

where Vi=V||i+V⊥i and V⊥i =VE+Vpi+V*i. We neglect the anisotropic stress tensor drift 

and the external forces drift. The component parallel to the magnetic field of the ion 

motion equation gives 

V∥i =
k∥

ω

eϕ

m i
                                                                                                                (2.22) 

where the ion pressure term is neglected. 

Assuming kx=0 and since ∇∙VE=0, ∇∙(nV*i)=0 and ∇∙(nVpi)=n∇∙Vpi (this last equality is 

caused by assuming ky >> dlnn0/dx) the linearized equation (2.21) is 

δn i

n0
=  

ω∗e

ω
−

ky
2 Te

m iΩci
2 +

Te

m i

k∥
2

ω2 
eδϕ

Te
                                                                               (2.23) 

where *e=kyV*e is the diamagnetic frequency. Combining the equation (2.23) with the 

(2.20) and using the quasi-neutrality condition the dispersion relation is obtained 

ω2 1 + ky
2ϱs

2 − ωω∗e − k∥
2cs

2 = 0                                                                        (2.24) 

where s is the ion Larmor radius at the electron temperature and cs=(Te/mi)1/2. The term 

ky
2s

2 comes from the ion polarization drift and represents the influence of the ion 

inertia. It is one of the finite Larmor radius (FLR) effects. The dispersion relation is 

shown in figure 2.2. 

For high k|| the drift wave behaves as an ion acoustic wave, as shown in figure 2.2. If the 

ion inertia is negligible (kys << 1) the parallel ion motion can be omitted if k||cs << *e 

in the dispersion relation, which reaches the form 

ω

ky
= V∗e .                                                                                                                   (2.25) 

 

Fig. 2.2. Dispersion relation for drift waves (Ti=0) [42]. 

The propagation velocity of the density perturbation is the electron diamagnetic drift 

velocity. This is the most simple form of a drift wave. In order to illustrate the 
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mechanism at the basis of the drift modes and their instability, the density and the 

potential perturbations are represented in figure 2.3. They are in phase, as equation (2.20) 

shows, so the variation of the potential correspond to the density fluctuation. The 

fluctuating potential gives rise to an electric field E. It creates a plasma flow ExB, where 

B is the background magnetic field. The flow velocity VE is directed such that it leads to 

oscillations of the perturbation, which remains stable and propagates in the y direction.   

 

Fig. 2.3. The ExB drift generated by the potential  causes a density variation because of the 

non-perturbed density gradient. The perturbation moves then parallel to the y positive 

direction, with a phase velocity that in the simplest case corresponds to the electron 

diamagnetic drift velocity V*e [42]. 

When a phase difference exists between the density and the potential perturbations the 

equation (2.20) has to be modified and becomes 

δne

n0
=

eδϕ

Te
 1 − is                                                                                                      (2.26) 

In the simplest case it gives rise to drift modes characterized by 

ω ≈ ky V∗e 1 + is                                                                                                     (2.27) 

assuming 𝑠 <<1. Since the perturbation is a time function of the form e-it, the case 𝑠 >0, 

for which the potential is delayed with respect to the density perturbation, corresponds to 

instability. The phase lag between potential and density perturbations can be given by 

several dissipative mechanisms, as electron-ion collisions, Landau damping, electron 

inertia. 

This mechanism is always present for different kinds of drift waves in different regimes 

of plasma collisionality and for different geometries. 

2.1.3 Transport coefficients: quasi-linear treatment and mixing length estimate 

The instability of drift modes seems to be one of the main mechanisms at the basis of the 

anomalous transport that characterizes the plasma perpendicularly to the magnetic field in 

tokamaks. It is then important to obtain an expression for the fluxes of the transported 

quantities and then for the transport coefficients deriving them from the equations that 
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describe drift mode evolution and instability. Analytical methods use the quasi-linear 

approach, which is here described for the case of the particle flux. 

The continuity equation is taken into account 

∂nα

∂t
+ ∇ ∙  nα𝐕α = 0                                                                                               (2.28) 

Where  indicates the species of the considered particles (ions and electrons). Densities 

and velocities are supposed to be given by the sum of the non-perturbed part and the 

perturbation. 

nα = nα0 + δnα                                                                                                        (2.29) 

𝐕α = 𝐕α0 + δ𝐕α                                                                                                        (2.30) 

Where both terms on the right depend on the spatial and temporal coordinates. The non-

perturbed quantity can be defined as g0=<g>, and then <g>=0. The symbol <> 

indicates the average over the period and the spatial variation of the perturbations. 

Averaging the continuity equation (2.28), in which the densities and the velocities have 

been substituted by the ones of (2.29) and (2.30), we obtain 

∂nα0

∂t
+ ∇ ∙  nα0𝐕α0 + ∇ ∙  < 𝛿nαδ𝐕α > = 0.                                                       (2.31) 

This equation shows that the density evolution is influenced by a term that depends on 

the average of the product between the density and the velocity perturbations. This 

average is called quasi-linear flux: 

Γnα =< 𝛿nαδ𝐕α >.                                                                                                  (2.32) 

In fact subtracting the equation (2.31) from the continuity equation we have 

∂δnα

∂t
+ ∇ ∙  nα0δ𝐕α + ∇ ∙  δnα𝐕α0 + ∇ ∙  δnαδ𝐕α − ∇ ∙  < 𝛿nαδ𝐕α > = 0.  (2.33) 

Keeping only the first order terms in the perturbation we find the linearized equation, 

that does not include the last two terms. If the last term is considered the approach so-

called quasi-linear is used. The expression (2.32) is then the quasi-linear particle flux. 

Applying the same method to the motion and energy equations, the momentum and heat 

quasi-linear fluxes are obtained  

Γ 𝐕α  jα =<  δ𝐕α jδ𝐕α >,                                                                                         (2.34) 

ΓTα α =< δTαδ𝐕α >,                                                                                                 (2.35) 

where j indicates the component of the considered velocity. The plasma inhomogeneity is 

assumed to be along the x axis, then the perturbations can be expressed in the form of 

harmonic waves, with a superimposed slow space variation of the amplitude due to the 

inhomogeneity 

δa =
1

2
 a x e−iωt+i𝐤∙𝐱 + cc ,                                                                                  (2.36) 

where cc means complex conjugate. The mean on the period and on the spatial length of 

the fluctuations for two perturbed quantities a and b is given by 
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< 𝛿𝑎𝛿𝑏 >=
1

2
  ak x bk

∗ x k + cc ,                                                                     (2.37) 

where the two perturbations are decomposed in Fourier series. The quasi-linear flux of 

particles in the x direction is then 

Γnαx =  δnαkδ𝐕αk
∗

k + cc.                                                                                     (2.38) 

In order to obtain the quasi-linear flux perpendicular to the magnetic field the transverse 

velocity perturbation is expressed as a function of the perturbed potential. For low 

frequency (<<ci) the dominant term of the perpendicular perturbed velocity is the 

electric drift one, given by 

δ𝐕α⊥ ≃ −c
∇δϕ×𝐁

B2 = −ic
ky

B
δϕ𝐱                                                                               (2.39) 

The perturbation of the velocity does not depend on the considered particle species. In 

Fourier components it becomes 

δ𝐕⊥ =  δ𝐕αk x e−iωt+i𝐤∙𝐱
k ≃   −ic

ky

B
δϕk𝐱  e−iωt+i𝐤∙𝐱

k                                  (2.40) 

In the case of the simplest drift wave instability the expression for the electron density 

perturbation is given by the (2.26). Substituting its expression and the expression for the 

velocity perturbation (2.40) in the (2.38), we obtain 

Γnx = 2n0
Te

eB
  

eδϕk

Te
 

2
ky s kk ,                                                                                  (2.41) 

where s k  is the Fourier component of  s , the coefficient of the imaginary part that makes 

the electron density perturbation deviate from the Boltzmann distribution. Then there is 

transport when density perturbation and potential perturbation are not in phase. For 

adiabatic electrons we do not have net electron transport. Following the Fick’s law, which 

links the flux to its conjugate gradient through the diffusion coefficient (=-D∇n), the 

diffusion coefficient is the following 

De = −2
Te

eB

n0

dn0 dx 
  

eδϕk

Te
 

2
ky s kk                                                                           (2.42) 

From equation (2.23), the ion density perturbation has the following form 

δn i

n0
=

ω∗e

ωk

eδϕ

Te
,                                                                                                            (2.43) 

if we neglect the terms of the ion parallel velocity and the ion polarization velocity, 

assuming k >> k||cs and k⊥2s
2 << 1. Expressing k=r+ik the quasi-linear flux is then 

Γnx = 2n0
Te

eB
  

eδϕk

Te
 

2 ky γk

ωr
2+γk

2 ω∗ek                                                                         (2.44) 

and the diffusion coefficient 

Di = 2
Te

eB
  

eδϕk

Te
 

2
kyϱ

cs ky γk

ωr
2+γk

2k                                                                              (2.45) 

In order to determine the level of the fluctuations an estimate of the saturation has been 

given through the mixing length rule. The instability saturates when the dominant non-
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linear contribution (given by the convective ExB drift) becomes comparable with the 

term of the linear growth, that in the continuity equation can be shown to be 

∂δn

∂t
~δVEx

∂δn

∂x
.                                                                                                          (2.46) 

Replacing the perturbed velocity with (2.38), and expressing the radial gradient as an 

effective characteristic inverse length kx, that is assumed to be rough equally to ky when 

the instability saturates (isotropic turbulence) we obtain 

eδϕk

Te
~

1

kx ϱs

γk

ky cs
 ,                                                                                                        (2.47) 

and then, assuming that the transport is determined by the fastest growing mode, 

Di =
γ3 kx

2 

ωr
2+γ2 ≲

γ

kx
2                                                                                                    (2.48) 

The same method can be applied to the momentum flux and to the heat flux, giving 

χi,e =
γ3 kx

2 

 ωr −5/3ωdi ,e 
2

+γ2
,                                                                                           (2.49) 

χϕ =
γ3 kx

2 

ωr
2+γ2                                                                                                               (2.50) 

The estimates (2.48), (2.49) and (2.50) are quite general expressions, however they are 

obtained through several simplifications and do not include off-diagonals elements, that 

can have a very significant role in carrying anomalous transport, as it is described in 

Chapter 1 of this thesis.  

2.1.4 Reactive drift modes 

In the above described treatment the drift modes generated only by the spatial 

inhomogeneity have been considered. They need a dissipative mechanism in order to be 

destabilized. Other drift modes do not require the existence of dissipative effects in order 

to become unstable. They are called reactive drift modes, and their instabilities are 

supposed to be a significant source of anomalous transport. 

 

Fig. 2.4. Interchange instability mechanism. 

The process responsible of the reactive drift modes is the interchange mode, which tends 

to exchange flux tubes of different pressure, causing then convective transport. It takes 

place in the presence of curved magnetic field lines. As described in the paragraph 2.1.1, 
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the magnetic field lines curvature leads to a particle drift motion. It is formally equal to 

that due to the centrifugal force mv||
2/2 which acts on the particle in a magnetic field 

characterized by right field lines and it is directed perpendicularly to the magnetic field in 

the outgoing direction of the curvature radius. Reactive drift modes are unstable when 

the centrifugal force is in the opposite direction with respect to the pressure gradient. In 

this case the curvature is called unfavorable.  

A similar fluid instability is the Rayleigh-Taylor one, that causes the fluids mixing when a 

light fluid supports a heavier fluid. In this case the density gradient plays the role of the 

pressure gradient and the centrifugal force is substituted by the gravity.  

However in the plasma the physical process which leads to instability is more complex. 

The difference between the electron and ion curvature drifts together with the presence 

of a density perturbation lead to a charge separation that gives rise to an electric field 

perpendicular to the pressure gradient and to the magnetic field. 

When the pressure gradient and the curvature force have opposite directions this electric 

field causes a ExB drift, which increases the perturbation, as shown in figure 2.4. 

The interchange instability can take place for the drift modes mainly in two cases. The 

first one is due to the magnetic field lines curvature and the inhomogeneity of the 

magnetic field. They, together with the existence of an ion gradient of temperature can 

give rise to an interchange mode corresponding to a plasma compressibility (ITG modes) 

and then a charge separation.  

The second case takes place when trapped electrons are present, because of the 

inhomogeneity of the magnetic field along the magnetic field lines. It restricts the parallel 

motion of the trapped electrons, that are not characterized by a Boltzmann distribution 

and, behaving similarly to the ions, are subjected to an interchange instability in the 

presence of an electron temperature gradient (TE modes). 

2.1.4.1 ITG modes 

The ion temperature gradient (ITG) modes take place in a plasma characterized by 

curved magnetic field lines and an ion temperature gradient. The instability of these 

modes grows on the low field side of the tokamak, where the curvature region is 

unfavorable and ∇B and ∇Ti are parallel. The curvature and the non-uniformity of the 

magnetic field lead to the drift velocity Vdi (see eq. (2.10)), which is proportional to the 

ion temperature and is substantially oriented in the poloidal direction.  

Ti is generally constant on a magnetic surface, unless a perturbation occurs for some 

reason. If Ti is perturbed the magnetic drift causes compressions of the ion density in the 

poloidal direction where Ti passes from higher to lower values (and the same happens for 

the drift, that is then characterized by a negative gradient) and rarefactions in the regions 

where the magnetic drift gradient is positive. Neglecting the presence of trapped electrons 

for simplicity, electrons are assumed adiabatic because of their fast dynamics, and then 

fulfill the Boltzmann distribution (2.13). The poloidal perturbation of the density is then 
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associated to a perturbed potential which causes a radial electrostatic drift. It carries 

plasma from the lower B side to the cold spot and from the higher B region to the warm 

spot. If the background ∇Ti is parallel to ∇B, the plasma coming from the lower B region 

is also colder, and it goes into the already cold spot. Then the perturbation grows and the 

instability develops.  

In figure 2.5 a schematic description of the ITG instability mechanism is shown. This 

description offers insight, however the chain of cause and effect can be misleading. It is 

necessary to consider all the processes simultaneously to maintain persistent quasi-

neutrality. 

a) 

Fig. 2.5. ITG instability mechanism. a) Ti perturbation on the low field side in presence of ∇B and 

magnetic field lines curvature. b) Ti dependent poloidal magnetic drift that causes 

compression/rarefaction of ni. For the quasi-neutrality and the electrons adiabaticity assumption a 

perturbed electric potential is associated to the density perturbation c) The electric field caused by 

the existence of a potential gradient lead to a ExB drift. It gives rise to the instability if ∇B and ∇Ti 

are parallel [46]. 

In order to give an expression for the dispersion relation of the ITG modes and for the 

growth rate of the instability, the equations for the density, the continuity equation, and 

the ion energy equation of the two fluid approach has to been taken into account. We 

follow this scheme in order to obtain the dispersion relation for ITG modes: 

 we assume harmonic perturbations of ion temperature, density and potential; 

 we introduce the perturbation in the ion continuity equation, then we linearize it 

and we express their terms as functions of the perturbed quantities; 

 we introduce the perturbation in the ion energy equation, then we linearize it and 

we express their terms as functions of the perturbed quantities; 

 we assume the adiabaticity of electrons and the validity of the quasi-neutrality 

condition; 

 substituting the various expressions for the perturbed quantities taken from the 

equations above written we obtain the dispersion relation.  

We start considering the continuity equation. For ions we have 

∂n i

∂t
+ ∇ ∙  ni𝐕E + ∇ ∙  ni𝐕∗i + ∇ ∙  ni𝐕pi  + ∇ ∙  ni𝐕πi + ∇ ∙  ni𝐕||i = 0,        (2.51) 

b) c) 
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where the drift velocities have been described in the paragraph 2.1 of this thesis. Parallel 

ion motion is neglected. This is reasonable because the fully toroidal ITG mode has the 

largest linear growth rate for k2s
2∼0.1, allowing to neglect the parallel ion motion 

(>k||cs, where cs is the sound velocity).  

We introduce in the continuity equation a harmonic perturbation n i = ni − ni0, where 

n i = δnie
i(𝐤∙𝐱−ωt). , the frequency, is in general complex: = r+i. In this 

formulation instability occurs for > 0. Linearizing the continuity equation we obtain 

∂n i

∂t
+ ni0∇ ∙ 𝐕 drift + ∇ni0 ∙ 𝐕 drift + n i∇ ∙ 𝐕drift + ∇n i ∙ 𝐕drift = 0.                         (2.52) 

Assuming a zero background electric field the unperturbed electric drift velocities are 

null. For the other drift velocities the following expression can be derived: 

−iωn i = −∇ni0𝐕 E − ni0∇ ∙ 𝐕 E +  −∇ ∙  ni 𝐕pi + 𝐕πi  − ∇ ∙  ni𝐕∗i  first  order
,  (2.53) 

In order to find an expression for the second and the fourth terms of the right part of 

(2.53) we use the following relations that link the fluid drifts with the ∇B and curvature 

drifts (where here the curvature and ∇B drifts are the same as the relative kinetic drifts 

[42], however the quantities that characterize them are averaged over a Maxwellian 

distribution). In the limit of low  and then for electrostatic modes they are   

∇ ∙  nα𝐕∗α =
1

Tα
𝐕dα ∙ ∇p α ,                                                                                     (2.54) 

∇ ∙ 𝐕 E =
2

eB0

qα

Tα
𝐕dα ∙ ∇ϕ .                                                                                          (2.55) 

For the third term of (2.53), the one with the polarization and the stress tensor drifts, the 

following expression can be derived [42] 

∇ ∙  ni 𝐕pi + 𝐕πi  = ∇ ∙  
n i

Ωci

∂

∂t
 𝐛 × 𝐕i  ≈ −inik

2ϱs
2 eϕ 

Te
 ω − ω∗i 1 + ηi  ,      (2.56) 

where ηi =
Ln

LTi
,  Ln = −  

1

n

dn

dr
 

−1

 ,  LTi = − 
1

Ti

dTi

dr
 

−1

  and  ωdi =
k⊥ Ti∇n i

qi n i B
 is the ion 

diamagnetic frequency.                            

The convective diamagnetic contribution to ∇∙(nVpi) are exactly cancelled by the stress 

tensor contribution ∇∙(nVi). Making all the derivative of the perturbed quantities explicit 

and substituting (2.54), (2.55) and (2.56) in the (2.53) we obtain 

−iωδni = −iω∗eni
eδϕ

Te
− iωde ne

eδϕ

Te
+ inik

2ϱs
2 eδϕ

Te
 ω − ω∗i 1 + ηi  +  

                  −iωdi  δni + ni
δTi

Ti
 ,                                                                              (2.57) 

where ωdα =
2k⊥ Tα ∇B

qα B
 is the curvature and ∇B frequency. 

In order to find an expression for the perturbation of the ion temperature Ti we take into 

account the energy equation for ions, that, neglecting the collisional term and the stress 

tensor (because they are higher order in Li/L [43]), has the following form 

3

2
ni  

∂

∂t
+ 𝐕i ∙ ∇ Ti + niTi∇ ∙ 𝐕i = −∇ ∙ 𝐪∗i .                                                            (2.58) 
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The system of equations is not closed, and different transport models provide to close it 

with different methods. Following the Weiland treatment the ion heat flux qi is given by 

the diamagnetic expression 

𝐪∗i =
5

2

p i

m iΩci
 𝐛 × ∇Ti .                                                                                           (2.59) 

It holds for the background electric field equal to zero and assuming miV*i
2<<Ti. This 

truncation closes the equations system. Assuming ∇Ti ⊥ 𝒃  the ion diamagnetic heat flux 

can be expressed as 

∇ ∙ 𝐪∗i = −
5

2
ni𝐕∗i ∙ ∇Ti +

5

2
ni𝐕di ∙ ∇Ti                                                                     (2.60) 

Neglecting the k2s
2 terms, using the ion continuity equation and the relation 

V*i∙∇(niTi)=0 we obtain 

−
5

2
ni𝐕di ∙ ∇Ti =

3

2
ni

∂Ti

∂t
+

3

2
𝐕E ∙  ni∇Ti −

2

3
Ti∇ni − Ti

∂n i

∂t
                                   (2.61) 

Taking into account a Ti perturbation of the same form as the ion density one and 

linearizing the equation (2.61), the relative ion temperature perturbation is given by 

δTi

Ti
=

ω

ω−
5

3
ωdi

 
2

3

δn i

n i
+

ω∗e

ω
 ηi −

2

3
 

eδϕ

Te
 .                                                                   (2.62) 

Putting this expression into the equation for the ion density perturbation (2.57) we obtain 

a relation between the ion density perturbation and the potential perturbation. 

Assuming adiabatic electrons, and then with an electron density perturbation given by the 

equation (2.20) and for the quasi-neutrality we obtain the following dispersion relation 

ω 1 − ϵn −  
7

3
− ηi −

5

3
ϵn ωdi − k2ϱs

2 ω − ω∗i 1 + ηi   
ω

ω∗e
+

5

3

Ti

Te
ϵn =

N i

ω∗e
           (2.63) 

with  Ni = ω2 −
10

3
ωωdi +

5

3
ωdi

2      and     ϵn =
2Ln

LB
, with Ln = −  

1

B

dB

dr
 

−1

 

Then 

ωr =
1

2
ω∗e  1 − ϵn  1 +

10

3

Ti

Te
 − k2ϱs

2  1 +
1+η i

Te
Ti − ϵn −

5

3

Ti

Te
ϵn   ,                 (2.64) 

γ =  ϵn
Ti

Te

1

1+k2ϱs
2 ω∗e ηi − ηicr ,                                                                           (2.65) 

where icr is expressed by 

ηicr =
1

2
 

4

3
−

Te

Ti
 +

1

4
ϵn  

Te

Ti
+

40

9

Ti

Te
 +

1

4ϵn

Te

Ti
+  

          −
1

2ϵn
k2ϱs

2   
5

3
−

1

4

Te

Ti
+

1

4ϵn

Te

Ti
−  

10

3
+

1

4

Te

Ti
−

10

9

Ti

Te
 ϵn +  

5

3
+

1

4

Te

Ti
−

10

9

Ti

Te
 ϵn

2  .                                    

icr is the threshold term for the ITG modes. It is evident that for high i a reactive 

instability takes place. The value of the ratio between the inhomogeneity characteristic 

length of the ion density and of the ion temperature has a very relevant role. Assuming 

that the characteristic variation length of the magnetic field LB∼R (where R is the major 

radius of the tokamak), we can express the instability in terms of the temperature gradient 
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length: γ ∝ ω∗eϵn R LTi − R LTicr . The instability can grow, and then the anomalous 

transport takes place, when the inverse ion temperature gradient length 1/LTi exceeds a 

certain critical value 1/LTicr.  

Starting from the quasi-linear analysis and the mixing length estimate described in the 

paragraph 2.1.3 it is possible to derive the transport coefficients for ITG modes. Because 

of the adiabaticity of the electrons the particle diffusion coefficient is null. The ion heat 

diffusion coefficient is given by 

χi =
1

η i
 ηi −

2

3
−

10

9

Ti

Te
ϵn 

γ3 kx
2 

 ωr −5/3ωdi  2+γ2  ,                                                             (2.66) 

where for  the expression (2.65) yields. The threshold behavior of ITG modes is evident. 

The existence of the stiffness can be ascribed to a strong dependence on  (to the power 

of 3) of i together with a relevant coefficient that multiplies the threshold condition. For 

low changes in the ion temperature gradient the ion heat diffusivity and then the ion heat 

flux can vary significantly. 

Several analytical expressions for the ITG ion threshold have been obtained, depending 

on different simplifications and assumptions. Here the F. Romanelli’s formulation for the 

linear threshold is reported [47] 

ηicr =
4

3
 1 +

Ti

Te
  1 + 2

s

q
 

Ln

R
 .                                                                                (2.67) 

In this formula q is the safety factor and s is the magnetic shear (s=(r/q)dq/dr). It is valid 

for the short wavelength limit (ki∼(LTi/R)1/4) and for flat enough density profiles 

(Ln/R<2(1+Ti/e)). It has been obtained starting from the dispersion relation coming 

from a gyro-kinetic treatment taking into account parallel ion dynamics, magnetic drift 

resonance and finite Larmor radius corrections. The resulting differential equation has 

been approximated neglecting one between the effects of parallel dynamics and curvature 

depending on the limit in which the physical parameters as the density gradient and s/q 

have been taken. Numerical solutions of the obtained simplified equations have shown 

that the ion threshold can be fitted with the expression (2.67). In this treatment electrons 

are considered adiabatic. It is used in the simulation work of this thesis. 

2.1.4.2 TE modes 

The trapped electron (TE) modes are caused by the existence of a spatial gradient of 

electron temperature. They take place when a part of the electron population is trapped, 

and then is not free to flow along the magnetic field lines. They have their parallel 

velocity reversed by magnetic mirror force before they can complete a full poloidal orbit. 

Trapped on the low field side of a flux surface, they describe the so-called “banana” 

orbits with a bounce frequency ωBe = v∥  ε 2 qRaxis  ( is the inverse aspect ratio, q is 

the safety factor and Raxis is the major radius at the axis position). Parallel to the magnetic 

field lines the motion of the trapped electrons is null if averaged over the bounce cycle. 
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For a drift wave with <<Be (as it often happens because usually Be∼k||vthe) their 

parallel motion can be neglected and their dynamic is similar to the ion one. Then TE 

modes exist analogous to the ITG modes, mainly driven by an electron temperature 

gradient. In TE modes trapped electrons provide the role that ions have for ITG modes, 

and passing electrons provide the parallel dynamics.  

The electron density perturbation can be expressed as 

δne

n0
= ft

δnet

net
+  1 − ft 

δnep

nep
                                                                                     (2.68) 

Where ft is the fraction of trapped electrons, nep is the passing electrons density 

perturbation, which follows the Boltzmann distribution (2.20), and net is the trapped 

electrons density perturbation. Assuming quasi-neutrality and using for the ion density 

perturbation the expressions (2.57) and (2.62) we obtain the following ITG/TE 

dispersion relation 

ω∗e

N i
 ω 1 − ϵn −  

7

3
− ηi −

5

3
ϵn ωdi − k2ϱs

2 ω − ω∗i 1 + ηi   
ω

ω∗e
+

5

3

Ti

Te
ϵn  =  

= ft
ω∗e

Ne
 ω 1 − ϵn −  

7

3
− ηe −

5

3
ϵn ωde  + 1 − ft ,                                            (2.69) 

where we have used for the density perturbation of trapped electrons the expression 

equivalent to the ion one  and for passing electrons the expression coming from the 

Boltzmann distribution (2.20). We have supposed inertialess electrons and then we have 

neglected the finite Larmor radius effects for electrons. The resonant denominators Ni 

and Ne play a similar role. Near the resonances, the modes due to the ions and trapped 

electrons decouple. This happens for R/Ln<2 and a good approximation of the 

dispersion relation can be obtained neglecting the part with the larger Nj. For Ni>>Ne we 

obtain the trapped electron branch of the dispersion relation 

ω2 + ωω∗e  
ft

1−ft
 1 −

2Ln

R
 −

20

3

Ln

R
 = −

5

3
ωde

2 −
ft

1−ft
 ηe −

7

3
+

10

3

Ln

R
 ωde ω∗e , (2.70) 

that gives the following expression for the real frequency 

ωr = −
1

2
ω∗e  

ft

1−ft
 1 − ϵn −

10

3
ϵn  ,                                                                     (2.71) 

and for the growth rate 

γ =  ωde ω∗e ηe − ηecr    ,                                                                                    (2.72) 

with threshold 

ηecr =
10

9

 1−ft 

ft
ϵn +

2

3
+

ft

4 1−ft 
ϵn  1 −

1

4
ϵn 

2
 .                                                       (2.73) 

For the TE modes the maximum growth rate is found for k⊥2e
2∼0.1. 

TE modes are characterized by a non null particle coefficient. Applying the quasi-linear 

analysis and the mixing length rule, it is given by 

D = −
γ3 kx

2 

ω∗e
2 ftΔn ,                                                                                                    (2.74) 
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with Δn =
1

N
  ω  2 1 − ϵn + ω rϵn  

14

3
− 2ηe −

10

3
ϵn −

4

3
ϵn

2  −
11

3
+ 2ηe +

7

3
ϵn  , 

where N =  ω r
2 − γ 2 −

10

3
ω rϵn +

5

3
ϵn

2 
2

+ 4γ 2  ω r −
5

3
ϵn 

2

. 

The quantities ω r and γ  are normalized to the magnetic drift frequency of the electrons 

*e. 

From the ITG/TE dispersion relation the following ion heat coefficient is obtained 

χi =
1

η i
 ηi −

2

3
−  1 − ft 

10

9

Ti

Te
ϵn −

2

3
ftΔi 

γ3 kx
2 

 ωr −5/3ωdi  2+γ2 ,                                    (2.75) 

with 

Δi =
1

N
  ω  2   ω  2 ϵn − 1 + ω rϵn  

14

3
− 2ηe −

10

3
ϵn +

5

3
ϵn

2  −
11

3
+ 2ηe +

7

3
ϵn +    

           −
5

3

Ti

Te
ϵn

2
 1 + ηe −

5

3
ϵn  +

50

9

Ti

Te
ϵn

3
ω r ϵn − 1 −

25

9

Ti

Te
ϵn

4
 

7

3
− ηe −

5

3
ϵn  , 

and the electron heat coefficient is 

χe = ft
1

ηe
 ηe −

2

3
−

2

3
Δe 

γ3 kx
2 

 ωr −5/3ωdi  2+γ2 ,                                                               (2.76) 

with 

Δe =
1

N
  ω  2   ω  2 ϵn − 1 + ω rϵn  

14

3
− 2ηe −

10

3
ϵn +

10

3
ϵn

2  −
8

3
+ 3ηe +     

           +
2

3
ϵn  +  50

9

Ti

Te
ϵn

3
ω r ϵn − 1 +

25

9

Ti

Te
ϵn

4
 

7

3
− ηe −

5

3
ϵn  . 

2.1.5 Importance of the plasma rotation 

Plasma rotation plays a significant role in improving the confinement of plasmas in 

tokamaks. The shear of the ExB velocity has a beneficial effect on energy confinement. It 

causes the reduction and sometimes the quenching of the turbulence and associated 

anomalous transport. This mechanism is experimentally and theoretically known and is 

related to the generation and the sustainment of reduced transport phenomena, as 

external and internal transport barriers and then to the improved confinement scenarios. 

Experimental studies have shown that often in tokamaks the development of a strong 

radial variation of the radial electric field Er yields confinement improvement. It is 

observed near the internal and external transport barriers and also in improved 

confinement regimes. The link between the existence of an Er gradient and the reduction 

of the anomalous transport can be described theoretically. The basic theoretical 

description of the ExB flow shear stabilization relies either on non linear decorrelation of 

turbulence [48] or linear stabilization of unstable modes [49]. Here it is illustrated by a 

simplified theoretical picture which is based on the dimensional scaling analysis [50,7].  

In the plasma isotropic turbulent eddies, that are present in the plane perpendicular to 

magnetic field lines, are characterized by a size L=1/k⊥0 in the absence of a velocity 

shear. A radially varying Er generates a sheared ExB velocity. When a general sheared 
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velocity V(x)=Svx is present in the plane (x,y) perpendicular to the magnetic field, after a 

time t the eddies become distorted, reaching ellipsoidal forms with major axis 

Ll=L(1+Sv
2t2)1/2. Since the area of the eddies is conserved, the minor axis is reduced by 

the same factor, and so the perpendicular wave number becomes k⊥eff= k⊥0(1+Sv
2t2)1/2. A 

schematic view of the process is shown in figure 2.6. The time t is determined by the 

duration of the process. If t is larger than the correlation time, the eddy is only slightly 

distorted and there is essentially no effect on the turbulent dynamics. It t is less than the 

correlation time the differential flow stretches the eddy in a fraction of the correlation 

time. So the correlation time c is shortened and becomes equal to t. It can be expressed 

as t=c:=1/(D0k⊥eff
2), where then k⊥eff= k⊥0(1+Sv

2c
2)1/2 and D0 is the turbulent diffusion 

coefficient in the absence of velocity shear. In the limit of strong velocity shear (Svc 

>>1) from the definition of c and the expression of k⊥eff we can write c∼(D0k⊥0
2)-1/3Sv

-

2/3. From the theory of mixing length an estimate of the density fluctuation amplitude n 

can be given with respect to n0, the density fluctuation amplitude without velocity shear: 

< δn2 > k⊥eff
2 ∼< δn0

2 > k⊥0
2  ,                                                                             (2.77) 

and then 

<δn2>

<δn0
2>

∼
1

1+Sv
2τc

2 .                                                                                                       (2.78) 

That means a significant reduction if Svc >1. In cylindrical geometry the ExB velocity is 

equal to Er/B and the condition Svc >1 can be written as 

ωE >
1

k⊥0
2 D0

,                                                                                                              (2.79) 

where E=rd(Er/rB)/dr is the ExB shearing frequency. D0 can be given by its simple 

expression coming from the mixing length estimate (see eq. (2.46)) D0∼L/k⊥2, where L 

is the linear growth rate of the dominant turbulence mode, then 

ωE > γL .                                                                                                                   (2.80) 

In tokamak geometry the E shearing rate is usually calculated according to the so-called 

Hahm-Burrel formula [51] 

ωE =  
 RBθ  2

B

∂

∂Ψ
 

Er

RBθ
  ,                                                                                           (2.81) 

where  is the poloidal flux and R the major radius. The expression (2.80) is the simplest 

hypothesis for linear stabilization. However comparison with detailed calculations of 

several linear instabilities considered important in limiting the confinement of fusion 

plasmas indicates that it is not generally valid. Strong flow shear often stabilizes collective 

modes driven by gradients of pressure or other equilibrium quantities, but weak flow 

shear can be destabilizing for some collective modes. Hence there is no universal 

criterion for stabilization and the ideal of a collective linear mode in the presence of a 

flow shear is not generally realized in plasmas.  

Several numerical studies show that the effect of flow shear on fluctuations involves 

some combination of the physics of linear stabilization and non linear decorrelation. 
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Even the generation of the ExB flow shear is not a simple phenomenon. It is linked to 

the radial component of the electric field, that can be expressed by the radial force 

balance equation 

Er =
1

Ze n i

∂ n i Ti  

∂r
− vθBϕ + vϕBθ ,                                                                            (2.82) 

where v and v are the poloidal and the toroidal velocities, B and Bthe toroidal and 

poloidal magnetic fields, ni the ion density, Z the ion charge number, e the elementary 

charge. The eq. (2.82) indicates that there is a connection between the radial component 

of the electric field and the radial heat and particle transport through ∇(niTi), the toroidal 

rotation through v and the poloidal flow through v. It is then evident the multiplicity of 

dependences and feedback loops of the ExB flow shear mechanism. 

Despite these numerous complications, several simulation studies about ion gradient 

temperature (ITG) turbulence are based on the so-called Waltz rule [52], for which the 

ExB flow shear is taken into account considering as growth rate net=-EE, where  is 

the growth rate calculated in absence of the ExB flow shear and E is the ExB shearing 

rate. E is an adjustable coefficient. The Waltz criterion has been found a reasonable 

predictor for the quenching of ITG turbulence by flow shear [53], by increasing the ion 

threshold values with respect to those at zero ExB flow shear. 

 

Fig. 2.6. (a) Representation of the velocity shear in the plane perpendicular to the magnetic field. 

(b) Circular eddy. (c) Distorted eddy in presence of the velocity shear [54]. 

2.1.6 Summary 

In paragraph 2.1 the Weiland theoretical description of the drift modes has been 

reported. The drift ordering has been defined and the simplest drift wave, which is driven 

by spatial inhomogeneity, has been treated analytically, deriving the dispersion relation 

and making the stability analysis. This indicates the presence of a difference of phase 

between potential and density perturbations as necessary condition for the instability of 

the mode. From these results the analytical expression for the coefficients of the 

transport of particles, heat and momentum have been obtained through a quasi-linear 

approach and the mixing length rule.  

The analyzed drift mode requires a dissipative mechanism to be destabilized. The reactive 

drift modes are wave that can become unstable without needing dissipative effects. They 

develop an interchange instability, and two significant examples are the ITG and TE 
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modes. ITG modes instability is due to the magnetic field lines curvature and the 

inhomogeneity of the magnetic field together with the existence of an ion gradient of 

temperature. In presence of an electron gradient of temperature the effect of the 

magnetic field inhomogeneity along the magnetic field lines on the trapped electrons 

causes the instability of TE modes ITG and TE modes, that are thought to be the main 

responsible for the ion heat transport in the core of tokamak plasmas, have then been 

analyzed, deriving their dispersion relation and the relative transport coefficients through 

the same approaches used for the simplest drift wave. For ITG modes the particle 

transport coefficient is null. The heat transport coefficient presents a threshold in the 

inverse of the characteristic length of the Ti variation, and the existence of the stiffness 

can be ascribed to the expression of the coefficient. For TE modes trapped electrons give 

a not null particle transport coefficient. TE modes exhibit a threshold in the inverse of 

the characteristic length of the Te variation for the heat transport coefficient.  

Among the plasma parameters that influence the drift modes instability, the plasma 

rotation has an important role, that has been described through a simplified theoretical 

model based on dimensional scaling analysis. The so-called ExB sheared velocity reduces 

the turbulence and the subsequent transport, improving the plasma confinement. Actually 

the mechanism at the basis is complex, involving linear stabilization and non-linear 

decorrelation. However numerical simulations have been found to well reproduce the 

impact of this phenomena on ITG turbulence through an empirical rule that consists in 

increasing the ion threshold.  

2.2 Transport models  

The theoretical treatment of the drift modes described above follows the principles of the 

so-called Weiland model. However several transport models have been developed in 

order to describe and give predictions about the anomalous transport caused by ITG and 

TE modes instabilities. The line of research that deals with the investigation and 

prediction of heat transport makes use of transport models, carrying out the profile 

modelling in order to interpret existing experimental data and to give predictions about 

the performances of next fusion devices. The so-called first principle transport models 

are theory based. They can be based on fluid equations, on gyro-fluid equations or on 

gyro-kinetic equations. In this thesis work the Weiland model, based on fluid equations, 

and the GLF23 model, based on gyro-fluid equations, are used. Both codes calculate 

transport coefficients through the quasi-linear approach together with the mixing length 

rule. The gyro-kinetic models will be treated extensively in Chapter 6 of this thesis. Semi-

empirically based models have been also developed. Two of them have been employed 

for the transport studies of this thesis: the Bohm-gyroBohm model and the critical 

gradient model (CGM). 
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2.2.1 Weiland model 

The Weiland model [44] is a fluid model based on the ITG and TE coupling. Passing 

electrons are assumed to be adiabatic. Trapped electrons dynamics is considered equal to 

the ion dynamics. Quasi-neutrality is supposed to hold also at the first order in the 

perturbations.  

The fluid equations are retained up to the second moment, and the closure is given by the 

third moment by considering the heat flux as given by its diamagnetic component, as 

described in paragraph 2.1.2 of this thesis.  

The fluid system is reduced to a 0D dispersion relation by assuming a fixed poloidal 

wave-vector ky2s
2∼0.1, for which the maximum growth rate is found. Also the radial 

wave vector is fixed, kx≃ky. The Weiland model provides then the linear growth rate of 

the instabilities. Through the quasi-linear approach and the mixing length rule described 

in paragraph 2.1.3 of this thesis, the estimates for the particle, momentum and heat fluxes 

and for the conjugate transport coefficients are carried out, however taking into account 

all the off-diagonals and the convective terms.  

In the complete treatment electromagnetic effects, parallel ion motion, finite Larmor 

radius effects in the lower order expansion, effects of impurity dilution and ExB flow 

shear stabilization are included. 

2.2.2 GLF23 model 

The gyro-Landau fluid (GLF) model [55,56] is based on modified fluid equations. The 

gyro-fluid equations are considered as starting point, and dissipative terms, like collisions 

and Landau damping are taken into account by adding terms in the energy and the 

momentum equations with arbitrary constants. These parameters are chosen in such a 

way that the model best fits the predictions given by linear gyro-kinetic simulations. In 

addition the overall level of transport is adjusted using one constant in order to match the 

results of non linear gyro-fluid and gyro-kinetic simulations. This matching procedure 

does not involve experimental results, using only theoretical results.  

The model consists of eight equations for the ion density, the parallel and perpendicular 

ion pressure, the density and pressure for trapped electrons, the density for passing 

electrons, the parallel component of the vector potential and the quasi-neutrality 

equation.  

The GLF23 model describes the transport driven by ITG modes, collisionless and 

dissipative TE modes, ETG modes (treated on the basis of their symmetry with respect 

to the ITG modes), ideal MHD ballooning modes and resistive inertial ballooning modes.  

As in the Weiland model, a dispersion relation theoretic approach combined with a quasi-

linear theory and a mixing length rule is used. A 0D dispersion relation is obtained using a 

wave vector representation perpendicular to the magnetic field, with radial and poloidal 

wave vectors taken to be equal. The quasi-linear fluxes of particles, heat, toroidal and 
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poloidal momentum are obtained starting with ten different values of poloidal wave 

numbers and summing over all the unstable modes. The saturation is calculated for each 

mode individually, and follows the mixing length rule that depends on the radial mode 

damping d and on the growth rate The Waltz rule [52] is used in order to take into 

account the effect of the ExB flow shear. A simplified estimate for the heat transport 

coefficient is the following 

χ =
3

2

γ

kx
2

γγd

ωr
2+γ2 .                                                                                                      (2.83) 

2.2.3 Bohm-gyroBohm model 

The Bohm-gyroBohm model [57] is a semi-empirical model proposed and validated 

against a wide range of JET discharges. In addition, it has been tested against several 

discharges from different tokamak machines (DIII-D, TFTR, JT-60, ASDEX-U, 

START). The approach followed to devise this model is based on  dimensional analysis. 

The diffusion coefficient of the heat transport can be written as 

χ = χ0F(x1, x2 , … ) ,                                                                                                 (2.84) 

where 0 has the correct physical dimensions and usually the Bohm expression Te/eB is 

used for it. F depends on properly chosen dimensionless plasma parameters, amongst 

which the normalized gyro-radius *. The scaling of F with * is linked to the scale 

length of the turbulence underlying anomalous transport, that is a microscopic quantity of 

the order of the gyro-radius if F is proportional to *. In this case the diffusivity depends 

only on the local plasma parameters and the transport properties are said to have a gyro-

Bohm beaviour. If F does not depend on * the scale length of the plasma turbulence is 

proportional to the plasma minor radius and transport properties are said to be Bohm-

like. Experimental results about *-scaling suggest that the plasma behavior cannot be 

described using a single scaling with the normalized gyro-radius. 

The Bohm-gyro-Bohm model features a heat diffusivity given by the sum of a Bohm and 

a gyro-Bohm terms, a particle diffusivity given by a combination between the ion and the 

electron heat  diffusivities and a momentum diffusivity assumed to be equal to the ion 

heat diffusivity. The expression for the ion and electron heat diffusivity is the following 

χe,i = χBe ,i + χgBe ,i   ,                                                                                                (2.85) 

where B, the Bohm coefficient, is given by 

χBe = αB
a ∇ ne Te   

ne Bϕ
q2  

Te  0.8ϱmax  −Te  ϱmax  

Te  ϱmax  
 Θ  c1 + s − c2

ωE

γITG
                           (2.86) 

and 

χBi = 2χBe ,                                                                                                               (2.87) 

where ne is the electron density, Te the electron temperature, B the toroidal field, a the 

minor radius and q the safety factor. The Bohm diffusivity becomes dominant in the 

outer region of the plasma, and in order to take into account its non local character a 
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dependence on the value of the electron temperature in the edge region has been 

included. The q dependence ensures the reproduction of the observed experimental 

scaling of global confinement with plasma current.  is the Heaviside step function. It 

defines the internal transport barrier (ITB) formation through its argument, that is a 

control parameter. When the argument in the step function changes its sign, the ITB 

either forms or collapses. In the model, E is the flow shearing rate and ITG is an 

approximation for the linear growth rate of the ITG instability, defined as vthi/R, where 

vthi is the ion thermal velocity. The gyro-Bohm diffusivity is expressed by 

χgBe = αgB
a ∇Te  

Bϕ
ϱ∗                                                                                                  (2.88) 

and 

χgBi = 2χgBe ,                                                                                                            (2.89) 

where *=L/a is the normalized gyro-radius (where L is the gyro-radius and a the 

minor radius). The gyro-Bohm diffusivity dominates in the plasma core and defines the 

local character of the transport. The coefficients B and gB are empirically determined.  

2.2.4 CGM model 

The semi-empirical critical gradient model (CGM) [58,59] is a transport model proposed 

in order to quantify the plasma behavior which develops above ITG and TE threshold. 

The majority of existing first principle transport models features the existence of a 

threshold above which the transport switches from residual to highly turbulent. However 

each of them shows a different sensitivity to the threshold. The CGM covers the basic 

properties of turbulent transport though not all the physics known from first principle 

turbulence simulations. It parameterizes turbulent transport into a handful of variables, in 

particular it depends explicitly on threshold and stiffness. This parameterization makes 

possible an easy comparison with experiments, and also provides an easy access to the 

scaling laws of global confinement. It was initially developed for electron heat transport 

and it has been recently used also for ions.  

The CGM is based on the existence of an instability threshold in the inverse temperature 

gradient length and of a finite background transport below the threshold. In addition it is 

characterized by an electrostatic gyro-Bohm scaling law. This latter assumption relies on 

theory and scaling studies and is assumed valid in the limit of a small normalized gyro-

radius. In the CGM model the thermal diffusivity is written as 

χe,i = −χse ,iq
3

2
Te ,i

eB

ϱs ,i

R
 

R

LTe ,i
−  

R

LTe ,i
 

cr

 H  
R

LTe ,i
−  

R

LTe ,i
 

cr

 + χ0.                           (2.90)  

Here 0 is the background diffusivity, which accounts for the background transport 

below the threshold. χsi is the ion stiffness factor; it quantifies the stiffness level and 

characterizes how strongly Ti  profiles are tied to the threshold. The dependence of the 

heat diffusivity on q, the safety factor, allows recovering the experimentally observed 

dependence of confinement on plasma current and the radial increase of transport from 
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core to edge. ni is the ion density, Ti the ion temperature, e is the electron charge, B is the 

magnetic field, R the major radius. ρi =(miTi)1/2/eB is the ion Larmor radius, where mi is 

the ion mass. For electrons the ρs =(miTe)1/2/eB is taken. H is the Heaviside step 

function, that gives the threshold effect above a critical value of R/LTe,i , (R/LTe,i)cr. The 

theory foresees the ion heat flux to be linear with R/LTi far from the threshold. In the 

experiments a quadratic dependence of the electron heat flux on R/LTe is found. For ions 

not too far from the threshold it is not possible to identify if the real dependence is linear 

or quadratic because of experimental uncertainties. However recent perturbation 

experiments and gyro-kinetic modelling work support taking the ion heat flux quadratic 

in R/LTi, and then the ion heat diffusion coefficient linear in R/LTi, as it is written in the 

equation (2.90).  

The CGM model, first validated against discharges of the ASDEX Upgrade machine, has 

been tested in several different fusion devices.  

2.3 Experimental studies 

The theoretical predictions about the developing of the anomalous transport as driven by 

ITG and TE modes instabilities characterized by parameters as threshold and stiffness are 

substantially confirmed by experimental observations. Theory foresees that the heat flux 

increases strongly above a threshold value of the inverse temperature gradient length so 

that temperature gradients tend to stay close to values near the threshold. This property is 

called stiffness of the temperature profiles.  

 

Fig. 2.7. Experimental Te profiles for two JET discharges with NBI heating and on-axis (red) and 

off-axis (black) ICRH heating are shown in logarithmic scale. The thickness of the stiff region 

depends on the localization in the plasma of the additional heating [20]. 

Experimental studies show that the plasma does not have the same behavior at all radii. 

As it is shown in figure 2.7, where experimental electron temperature profiles are 

presented, three main regions can be identified according to the values that are reached 

by logarithmic temperature gradients. In the edge region the temperature of the plasma is 

low while its logarithmic gradient is well above the threshold value. In the stiff region, 

that is in the plasma core, the temperature increases and its logarithmic gradient is near 

the threshold. An approximate solution for the temperature profile is given by the 
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exponential shape T r ≈ T re e
 

R

LT
 

cr

re −r

R , where re is the radius of transition between 

the edge and stiff regions, (R/LT)cr is the threshold and R is the major radius of the 

tokamak. Finally the core region is characterized by a high temperature and by its 

logarithmic gradient under the threshold. In addition, figure 2.7 shows that the width of 

the single regions varies for different discharges. In this case it depends on the 

localization of the injected power deposition. The wider stiff region of the discharge 

represented with red triangles is due to on-axis heating. The black temperature profile 

belongs to an off-axis heated shot.  

2.3.1 Methods to investigate the heat transport 

In order to investigate experimentally the heat transport in tokamaks steady-state and 

perturbative studies have been carried out. In the steady-state analysis heat flux scans 

have been performed, using different additional heating systems and varying the level of 

power injected and the localization of the power deposition. In figure 2.8 a typical 

experimental schematic plot of the heat flux as a function of the inverse characteristic 

length of the temperature gradient R/LT is shown. For values of R/LT lower than a 

critical value (the threshold value) the heat flux reaches neoclassical values. Above the 

threshold value the heat flux grows strongly with R/LT, as the transport becomes 

anomalous. Looking at the behavior of R/LT, the tendency to stay close to the threshold 

value is evident. However experimentally different levels of stiffness have been found, as 

illustrated by the different curves. 

   

Fig. 2.8. Experimental schematic plot of the heat flux as a function of R/LT. Above the threshold 

value different levels of stiffness have been found. High/medium/low stiffness characterize 

black/blue/red line. 

Heat flux values are derived using codes for the calculation of the power deposition given 

by radio frequency and neutral beam injection additional heating systems. R/LT are 

obtained through logarithmic fits of the temperature values of the considered zone. This 

analysis is local, however, as shown in figure 2.7, the stiffness region is a wide zone in 
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which we can think of a similar behavior of the plasma subject to anomalous transport 

mechanisms characterized by threshold and stiffness. 

The heat flux is normally expressed in gyroBohm units. GyroBohm scaling has been 

predicted to characterize plasmas dominated by anomalous transport [20]. In the 

following formula the gyroBohm normalization is made explicit 

qi,e
gB =

qi

 ρ i ,e R  
2

vthi ,e n i ,e Ti ,e

,                                                                                    (2.91) 

where i,e is the ion/electron Larmor radius, R is the major radius of the tokamak, 

vthi,e=(Ti,e/mi,e)1/2, ni,e the ion/electron density and Ti,e the ion/electron temperature. 

Perturbative experiments have been widely used in order to complement the steady-state 

data and better determine threshold and stiffness values, especially when a large number 

of discharges, as required by a heat flux scan, is not feasible. T modulation allows to 

determine the slope of the heat flux vs R/LT curve near the equilibrium point, i. e. they 

provide a rather accurate measurement of stiffness, whilst determination of threshold 

relies on the assumption of a curve shape for the extrapolation of zero flux. For the 

experiments discussed in this thesis, only steady-state methods have been used. 

2.3.2 Electron heat transport 

Several experimental studies in different devices have been carried out about the electron 

heat transport characteristics, and the existence of both the electron threshold and 

electron stiffness have been directly and indirectly observed. Correlation between edge 

and core Te values has been observed, which is a sign of stiff behavior, because stiff 

profiles stay close to threshold so that the core and edge temperature values are directly 

linked.  

    a)     b)  

Fig. 2.9. Experimental and simulated electron heat flux density (a) and electron heat flux in gyro-

Bohm units (b) as a function of the inverse electron temperature gradient length for ASDEX-

Upgrade (a) and JET (b) discharges. (a) The line is given by gyro-kinetic simulations, red points are 

the experimental ones and black points are obtained by CGM based fluid simulations [61]. (b) Red 

points and lines refer to discharges with dominant electron heating. Black ones represent 

discharges with significant ion heating. Lines are the results of CGM based fluid simulations [60]. 



 

Ion thermal transport in Tokamaks 

 

47 

 

The results of the electron heat flux scans can be visualized in a plot of the electron heat 

flux, as shown in figure 2.9 for discharges of JET and ASDEX Upgrade. In both plots 

the change of slope of the electron heat flux is evident, as expected for the existence of a 

threshold. In the left plot it is shown to agree with the linear gyro-kinetic calculations 

indicated by the line and also with the points obtained using the CGM model. In the right 

plot the lines come from the fluid simulation using the CGM model, resulting from the 

best fit with experimental steady state and modulated data. Two different ranges of values 

of stiffness factor have been found for discharges with different type of heating as 

discussed in [60]. 

Perturbative studies have been extensively carried out [60,62]. A plot summarizing the 

electron stiffness and electron threshold found for different machines is presented in 

figure 2.10. 

  

Fig. 2.10. Experimental values of electron stiffness versus the electron threshold for discharges 

with pure electron heating and with electron and ion heating (NBI) for several machines [60]. 

As shown in figure 2.10 the range of the electron thresholds is found between 3 and 8 for 

all the considered machines. They are in the range expected for the drift waves (see figure 

1.8). The electron stiffness level shows a larger variability, reaching values between 0.2 

and 1.3. For plasmas with pure electron heating similar values have been found in 

different machines. For electron and ion heating the electron stiffness reaches higher 

values. This suggests that electrons and ions are coupled and that a large amount of ion 

heating can induce a higher level of electron stiffness.  

2.3.3 Ion heat transport 

Experimental studies about ion heat transport have confirmed the critical temperature 

gradient behavior and the existence of profile stiffness also for the ion channel. A tight 

correlation between the core ion temperatures and the edge ion temperatures has been 

found. In addition a sharp change of the slope between the ion heat flux and the inverse 

of the ion temperature gradient length has been observed, similarly to the electron case 

(see figure 2.9). In figure 2.11, however, different values of the ion heat flux were 

obtained taking their values at different radii for the same shot, differently from the 

electron case, where the electron heat flux variation is obtained at the same radius 
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considering several similar shots, in which the deposition power profile varies. Because 

the threshold is not uniform in the space, the slope of the curve can be due to the mixed 

effect of the stiffness and the variation of the threshold, giving then a falsified 

determination of the stiffness.  

 

Fig. 2.11. Normalized ion heat flux as a function of the inverse ion temperature gradient for a JET 

discharge. Different heat flux values are obtained considering different radial positions of the same 

discharge [60]. 

Ion threshold and stiffness could be investigated in detail more recently with respect to 

the studies carried out for electrons. The essential reason was the unfeasibility of detailed 

observations and perturbative experiments for ions. In fact a method for localized ion 

heating and a Ti measurement with sufficient time resolution were not available 

simultaneously in the same device. Since 2006 ion heat flux scans and perturbative studies 

have been made possible at JET, using a particular kind of heating (the ion cyclotron 

resonant heating in the 3He minority) and a high resolution diagnostic for the ion 

temperature measurements (upgraded charge exchange recombination spectroscopy). 

Direct experimental measurements of the ion threshold and stiffness have been carried 

out [57]. The CGM model seems to be a good tool to interpret data both of the heat flux 

scans and of the modulation experiments also for the ions. The modulation and the 

steady state data are found to satisfactorily fit the simulation results taking into account a 

radially increasing profile of the ion stiffness.  

 

Fig. 2.12. Flat and increasing ion stiffness profiles and relative ion heat diffusivities used in the 

matching work between experimental data and simulations results [63]. 
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Examples of increasing (hollow) and flat ion stiffness profiles used to match experimental 

results of JET discharges are shown together with the relative ion heat diffusivities in 

figure 2.12. As for the electron threshold scans of the ion heat flux down to neoclassical 

values have been achieved to identify the ion threshold value and its parametric 

dependences, as discussed in the next paragraph. 

2.3.4 Mitigation of the ion stiffness 

Recent experimental studies have shown that the ion heat transport and then the global 

plasma confinement can be influenced significantly by the plasma toroidal rotation [28]. 

In particular an ion stiffness level reduction is linked to a high rotation of the plasma. 

Figure 2.13 shows the ion heat flux as a function of R/LTi for discharges belonging to an 

experiment carried out in the JET tokamak. Discharges are homogeneous, that is with 

similar edge properties and plasma parameters as density, safety factor profile, Te/Ti, Zeff. 

In order to obtain different ion heat flux and rotation values the ion cyclotron 

radiofrequency heating (ICRH) system and the neutral beam injection (NBI) system have 

been used. ICRH has been used both on-axis and off-axis, varying then the localization 

of the power deposition. In addition the level of the input power has been varied for 

both ICRH and NBI systems. Since NBI are known to produce a torque which induces 

toroidal rotation, changing the level of the NBI power leads to different values of the 

rotation of the plasma. 

 

Fig. 2.13. Normalized ion heat flux (gyro-Bohm units) as a function of the inverse ion 

temperature gradient length in the inner (a) and outer (b) plasma region for similar plasmas and 

different levels of rotation (red points for low rotation, blue points for medium rotation, black 

points for high rotation). The segments indicate the local slope deduced from modulation. Dotted 

lines are given applying the CGM model with different ion stiffness values. Dashed line is 

indicative of neoclassical transport [29]. 

In figure 2.13a the analysis is carried out in the inner part of the plasma, at =0.33. Three 

different curves are evident from this graph. The red circle points are characterized by a 

high stiffness level. They refer to discharges with low toroidal rotation. However blue and 

black points have a lower level of stiffness and the rotation values are higher for these 

points.  
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Calculating the ion threshold through linear gyro-kinetic codes gives the value 

R/LTicr≃3.5, that is in agreement with the experimental threshold of the low rotation 

experimental data. An increase of the ion threshold for the high rotation curves can be 

supposed due to the flow shear effect, as described in paragraph 2.1.5. However 

calculations of this phenomena following the predictions of the Waltz rule for the 

considered JET discharges lead to a shift of the ion threshold much smaller than the one 

necessary in order to reach the measured values of R/LTi if the same high stiffness of the 

low rotation points were present. This is clearly not the case. Dashed lines indicate the 

predictions resulting from CGM model after a fitting work with the modulated and 

steady state data. The direct estimates of the stiffness level carried out directly by the 

modulation data are represented by the two solid segments in the graph. Both procedures 

indicate a clear decrease of stiffness with increasing rotation. Further confirmations of 

this behavior have been found from additional experimental studies.  

In figure 2.13b the same analysis is shown for the outer part of the plasma (=0.64). All 

the discharges are characterized by high stiffness level, independently of their rotation 

value. This difference of behavior in different regions of the plasma suggests a link with 

the spatial profile of the safety factor profile.  

In figure 2.14 the results of a dedicated scan of the safety factor profile are presented for 

=0.33, where families of points are divided according to their values of toroidal rotation 

and magnetic shear (s=(r/q)dq/dr). 

 

Fig. 2.14. Normalized ion heat flux (gyro-Bohm units) as a function of the inverse ion 

temperature gradient length in the inner plasma region for similar plasmas and different levels of 

rotation and magnetic shear (red (black) points for low (high) rotation, empty (full) points for low 

(high) magnetic shear) [30]. 

At low rotation the stiffness level is high and it is not influenced by the s values. For high 

values of rotation the stiffness changes significantly with varying q profile. This does not 

happen in the outer region of the plasma, where high stiffness is found for all the 

discharges, similarly to the figure 2.13b. Low values of s seem to be a necessary condition 

for the reduction of the ion stiffness by the plasma toroidal rotation. Confirmations of 

this behavior come from observations in the presence of rotation of the decrease of Ti 
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profile peaking with the current diffusion and associated peaking of the q profiles. It is 

verified analyzing Ti modulation data and from turbulence correlation measurements by 

reflectometry. This dynamic is completely absent in the case of low rotation.  

 

Fig. 2.15. Schematic graph of the q profiles and the relative ion temperature profiles in presence 

(full lines) and in absence (dotted lines) of the rotation. H-mode profiles are black colored, hybrids 

are red colored, AT regimes characterized by an ion ITB with an optimized q profile are in blue 

and AT regimes with a inverse q profile (negative magnetic shear) are green colored. Ion 

temperature profiles of AT plasmas in absence of rotation are not drawn. We can think they are 

very similar to the hybrid one. Without rotation, profiles are very stiff, and so very near to the 

threshold value. In addition ITB does not form in absence of rotation [30]. 

The reduction of the ion stiffness in presence of high rotation and low magnetic shear is 

supposed to be at the basis of all the situations characterized by higher core ion 

temperatures and then core ion improved confinement, as hybrids and AT scenarios, 

described in Chapter 1 of this thesis. In fact all these regimes present q profiles with 

broad regions of low magnetic shear s and have high rotation values. This new proposed 

paradigm, that is alternative to the usual interpretation for which the ExB flow shear and 

then the threshold up-shift are the main responsible for the higher confinement, can be 

illustrated by the schematic graph of figure 2.15. 

Dotted Ti profiles show their threshold, which also represents the profile in absence of 

rotation, where the stiffness level is high and the ion temperature gradients are near to 

their threshold values. The presence of the rotation leads to the improved Ti profiles (full 

lines), which, in the region of the plasma where s reaches low values, can have much 

higher peaking because of the reduction of the ion stiffness. It happens in the inner 

plasma region, which is broadened in the case of hybrid or AT regimes with respect to H-

mode plasmas. It allows to reach larger R/LTi values and then higher confinement. In the 
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outer region, where s reaches high values, the stiffness remains high and Ti profiles tend 

to be tied to the threshold values. Partial confirmations of this hypothesis have been 

found experimentally in improved confinement regimes [29].  

For hybrid discharges low values of ion heat flux yield large values of R/LTi. This 

behavior can be given by a low stiffness level or an up-shift of the threshold. Without 

modulation data it is not possible to discriminate the actual cause. However, the ion 

threshold value obtained by linear gyro-kinetic calculations is found well below the 

experimental R/LTi values, and the threshold up-shift predicted by the Waltz rule is not 

sufficient to reach such high R/LTi values. The cause of the observed behavior seems to 

be a very low stiffness. 

Analyzing a database of JET hybrid and H-mode discharges, R/LTi has been found to 

reach higher values for high rotation discharges with respect to low rotation shots. 

Comparing the observed R/LTi with the calculated ion threshold, high rotation shots 

have been found to have R/LTi well above the threshold, on the contrary low rotation 

shots R/LTi reach values very near the threshold. It seems that high rotation shots are 

characterized by low stiffness values and their Ti profile can significantly exceed the 

threshold, while low rotation shots have Ti profiles very stiff, that remain near the 

threshold value. This has been observed for low s values. In the case of high magnetic 

shear, R/LTi values of high and low rotation shots have been found very similar. In 

addition they are all near their threshold values.  

Indications of the presence of a low stiffness level have been observed also for AT 

regimes. However the formation and the development of the ITB in the AT plasma 

scenario complicate the picture. The decreasing stiffness is supposed to play the major 

role in the sustainment of the ion ITB, with the threshold up-shift that intervenes in a 

non-linear feedback during the developing of the ITB.  

 

Fig. 2.16. Normalized ion heat flux (gyro-Bohm units) as a function of the inverse ion 

temperature gradient length. Points refer to experimental data of graph 2.13a. Lines are obtained 

through fluid simulations using (a) Weiland model and revised Weiland model, (b) TGLF in 

absence of rotation (red lines) and considering rotation (black lines) [30].  
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Several validation efforts of the experimental results on the ion heat transport and the 

role of the rotation on it have been carried out using quasi-linear fluid and gyro-fluid 

models and linear/non linear gyro-kinetic simulations [30]. Quasi-linear fluid models, as 

Weiland and GLF23, do not reproduce the experimental results and the change in the ion 

stiffness for high rotation shots. As figure 2.15a shows, only a small threshold up-shift 

effect is given by the simulations, because these models apply the Waltz rule on a given 

and restricted choice of spectral wave numbers that are chosen independently of the 

rotation. A recent revised Weiland model [64], in which the fastest growing mode number 

depends also on the rotation, shows a change in the slope of the curve given by the ion 

heat flux as a function of R/LTi, qualitatively reproducing the stiffness reduction effect as 

can be seen in figure 2.16a. 

Also TGLF, a quasi-linear gyro-fluid model that makes use of all the wave number 

spectra, gives curves with different slopes for the cases with and without rotation, as 

figure 2.16b shows. 

Several simulations have been carried out, and the more refined non linear gyro-kinetic 

models give results in worse agreement with experiments than the quasi-linear fluid 

models. No model correctly predicts the high stiffness level of the data in the absence of 

rotation. The impact of the rotation on the ion stiffness remains then an open issue on 

the theory side so far. Experimentally the ion stiffness has been found extremely high in 

non rotating plasmas, then in this case the ion temperature profiles are determined by the 

threshold behavior. In the presence of rotation, together with a low magnetic shear, the 

reduction of the ion stiffness leads to ion temperature profiles dominated by the stiffness 

level, and then it can produce the improvement of the ion core confinement.  

The parametric dependences of the ion threshold and ion stiffness have to be 

investigated in this framework. In fact in the case of high rotation and low s the 

mitigation of the ion stiffness due to these two combined phenomena dominates over the 

threshold dependences. The effect that Te/Ti has on the ion threshold has been 

experimentally investigated, in low rotation plasmas with similar q profiles. The impact of 

Te/Ti has been found modest in the core region of the plasma for Te/Ti>1. A small 

decrease of the ion threshold is observed with the growth of the ratio Te/Ti, and this 

behavior has been confirmed by linear gyro-kinetic simulations and by theoretical 

predictions. However in these condition only values Te/Ti>1 are able to be investigated, 

because it is experimentally impossible to produce low rotating plasma with Te/Ti<1 

since the stiffness level is high for the ions at low rotation. In the outer part of the 

plasma, where q profiles are peaked, a stronger dependence on Te/Ti is theoretically 

expected. However here values of Te/Ti significantly different from 1 are difficult to 

achieve. The impact of s/q on the ion threshold has been investigated too. At low 

rotation a very weak increase of the threshold with increasing s/q has been found. 
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Chapter 3 

Discriminating the role of rotation 
and its gradient in determining ion 
stiffness mitigation in JET 

The central role of ion temperature gradient threshold and stiffness in characterizing the 

turbulent ion heat transport has been described in Chapter 2 of this thesis. Knowing the 

dependence of threshold and stiffness on plasma physical quantities is then relevant to 

investigate how the ion heat transport and then the plasma performances can be 

improved. In particular recent experiments carried out in the JET device have shown that 

the plasma toroidal rotation, as reported in paragraph 2.3.4, has a significant effect of 

reduction of ion stiffness in the plasma core. However low (high) values of rotation 

corresponded to low (high) values of rotation gradient, so it was not clear if the effect of 

reducing the stiffness had to be ascribed to the absolute value of the rotation or to the 

rotation gradient. Experiments carried out at JET in order to separate the role of rotation 

and of rotation gradient in mitigating the ion stiffness level are described and analyzed in 

this Chapter. The tokamak JET is introduced in paragraph 3.1. Paragraph 3.2 gives a 

short description of the used heating systems. The diagnostics for obtaining the physical 

quantities that are at the basis of the data analysis of the discharges are presented in 

paragraph 3.3. The first experiment in which rotation and rotation gradient are decoupled 

is reported in paragraph 3.4: methods used to decouple rotation and rotation gradient, the 

experiment and the obtained results are described. In paragraph 3.5 a further data analysis 

of discharges with hollow rotation profile, and then positive gradient of rotation, is 

reported. Paragraph 3.6 summarizes the obtained results and contains some concluding 

remarks. 

3.1 The Joint European Torus (JET) tokamak 

JET is the largest tokamak machine in the world. It was designed to study plasma 

behaviour in conditions and dimensions approaching those required in a fusion reactor. 

The main aims of this machine are the investigation of heating, confinement and stability 

in reactor relevant plasma conditions, the optimization of operational scenarios, the 

investigation of plasma-wall interactions and the study of -particle production, 

confinement, and consequent plasma heating.  

The JET tokamak [65] is characterized by a major radius R=3 m and a plasma radius 

a=1.2 m. In the operational plane the poloidal cross-section is D-shaped, in order to 
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minimize stresses in the toroidal field coils and optimize confinement. The toroidal 

magnetic field is BT ≤ 4 T and plasma current is IP ≤ 5 MA. A divertor at the bottom of 

the vacuum vessel allows escaping heat and gas to be exhausted in a controlled way. In 

the period during which the experiments described in this thesis were performed, the first 

wall of the vacuum vessel was a carbon wall. Other important features of JET are: 

 a plasma auxiliary heating system, consisting of Neutral Beam Injection (25 MW), 

Ion Cyclotron Resonance Heating (10 MW) and Lower Hybrid Current Drive (4 

MW); 

 a rich diagnostic set; 

 a high frequency pellet injector for plasma re-fuelling and for ELM pacing 

studies;     

 a massive gas injection valve for plasma disruption studies; 

 capabilities to operate with Tritium fuel; 

 Error Field Correction Coils. 

3.2 Heating systems 

3.2.1 Ohmic heating 

For temperatures up to about 107 K (1 keV) tokamak plasmas are heated by the plasma 

current IP through the Ohmic dissipation, because of the small but finite resistivity of the 

plasma. However the resistivity depends on the temperature as Te
-3/2, so, in order to 

reach higher temperatures, of the order of the ones required for the ignition, additional 

heating is needed. The injection of energetic neutral beams and the resonant absorption 

of radio frequency electromagnetic waves are the two main mechanisms used to this 

scope.  

3.2.2 Neutral beam injection (NBI) heating 

In neutral beam injection heating systems, ionized particles are produced and accelerated 

to the required energy. Then they are neutralized by charge exchange in a gas target, and 

the residual ions are removed. When a high neutral beam energy is needed, positive ions 

sources, on which almost all present neutral injection systems are based, are not efficient, 

leading to a low neutral fraction. Using negative ions allows to reach much higher neutral 

fractions at high energy, but these sources are still under development. The produced 

neutral beam is injected into the plasma. The normal injection, that is perpendicular to 

the magnetic field, leads to ions losses caused by deviations from the ideal magnetic field 

structure due to the finite number of the toroidal coils (ripple effect). A more tangential 

injection reduces these problems, but the difficulty of access between the coils and the 
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increased pumping requirement in the longer drift ducts lead to constraints about the 

choice of the injection angle. In the plasma the injected atoms become ionized through 

collisions with the plasma particles, leading to ions and electrons with the same velocity 

and with the energy carried out almost entirely by the more massive ions. The fast ions 

are then slowed down and thermalized by Coulomb collisions, that transfer their energy 

to the plasma ions and electrons. The electron heating dominates initially, when the 

injection velocity is high, then the beam ions slow down, and the heating is transferred to 

the ions. For parallel injection, the fast ions also transfer their parallel momentum to bulk 

ions, inducing toroidal rotation. The large equipment size of the neutral beams system is a 

disadvantage of this heating mechanism, however it is compensated by the possibility of 

developing and testing it separately from the tokamak, in addition to predicting the 

heating profile independently of the magnetic configuration. In the following we will only 

describe ICRH which was the heating used in the experiment discussed in this thesis. 

3.2.3 Radiofrequency (RF) heating 

The second method of heating uses the electromagnetic waves to transfer energy to the 

plasma particles. The electric field of the wave accelerates the particles that collide with 

the plasma. However the collisional absorption is not efficient as heating mechanism, 

because it depends on the temperature as Te
-3/2, similarly to the case of ohmic heating. 

The resonant absorption is instead a source of strong heating and becomes more efficient 

for increasing temperature. Several resonance frequencies capable of absorbing the 

energy of incident waves are present in magnetized multi-species plasmas. The most 

successful heating schemes are found to be ion cyclotron, lower hybrid and electron 

cyclotron heating.  

3.2.3.1 Ion cyclotron resonance heating (ICRH) 

The ion cyclotron resonance heating takes place for frequencies =ci, where 

ci=eB/mic is the ion cyclotron frequency. In this range of frequencies the typical 

propagating wave is the fast magnetosonic or compressional Alfven wave, which can be 

absorbed by one or more mechanisms or transformed into another type of wave. The 

absorption of the fast wave takes place when the wave frequency matches the 

fundamental ion cyclotron resonance frequency of one of the ion species in the plasma or 

a harmonic of it. Since the ion cyclotron resonance frequency is a function of the radial 

coordinate through the dependence of the magnetic field on it, the absorption region can 

be positioned by matching the wave frequency to the known toroidal field. The 

fundamental resonance of the majority species leads to a weak absorption. The main 

heating scenarios for this system are the second harmonic resonance of the majority 

species and minority schemes in multispecies plasmas. The absorption mechanism of the 

first scenario is a finite Larmor radius effect and only the most energetic ions interact 

effectively with the waves. In the minority heating scheme the wave power is absorbed 
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resonantly by the minority species at its fundamental cyclotron resonance. The resultant 

subpopulations with highly energetic tails transfer their energy to the bulk particles 

through Coulomb collisions. The conversion of the fast wave to one or more waves 

occurs in multispecies plasmas. The excited waves are absorbed by electron Landau 

damping and transit time magnetic pumping on the electrons, or by non linear effects on 

ions. The ICRH system has proved to be very successful in increasing the plasma 

temperature and it operates in a frequency range for which high power sources are readily 

available. Problems of impurities, that are partly responsible of the degradation in the 

confinement time, are the main disadvantage. They come from the antenna and its 

associated structures, that must be placed near the plasma in order to minimize the edge 

evanescence region of the fast wave allowing the tunneling of the wave and the wave-

plasma coupling. 

3.3 Diagnostic systems 

Understanding the behaviour of tokamak plasmas, characterized by high temperatures 

(T>107 K (∼1 keV)) and relatively low densities (∼1019 to 1020 m-3), and confined in a 

strong magnetic field (> 1 T) requires measuring a large number of plasma parameters, 

together with their spatial and temporal dependences. Because of the huge variety of 

aspects of the physics of plasma confinement and stability diagnostics for tokamak 

plasmas have been developed to study particular topics in tokamak research. The large 

spectrum of the diagnostics includes also complementary diagnostics, that measure the 

same physical quantity but have differing operational capabilities. In this paragraph we 

limit the treatment of the diagnostics to a short description of the physical principles 

behind those used for measuring the physical quantities useful for the experimental core 

transport studies carried out in the JET device and reported in this Chapter. 

3.3.1 Electron cyclotron emission (ECE) 

The electron cyclotron emission is a mechanism used for measurements of the plasma 

electron temperature profile. It is based on the emission of electromagnetic radiation due 

to the Larmor motion of the electrons around the magnetic field lines. The radiation 

takes place at the electron cyclotron frequency ce and at its harmonics. The conditions 

of present tokamak plasmas (electron temperatures <10 keV, electron densities<1020 m-3) 

and the observations of the plasma at angles close to the perpendicular to the confining 

magnetic field allow to calculate the observed emission starting from the classical 

electrodynamics single particle emissivity and then integrating over the electron velocity 

distribution. Assuming a Maxwellian electron velocity distribution and taking into 

account transport and re-absorption of the radiation (the classical model of a radiating 

plasma is used) the radiation intensity for an homogeneous plasma of thickness L is given 

by 

I ω = IB ω (1− e−τ ω ),                                                                                       (3.1) 
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where 

τ ω =  α ω ds
L

0
                                                                                                     (3.2) 

is the optical depth, () is the absorption coefficient and IB() is the blackbody 

radiation intensity. The frequency of the emitted radiation  has a simple relation with 

the location of the point of emission because of the dependence of the toroidal magnetic 

field (that is the main component of the magnetic field) on the major radius R, 

BT=BT0R0/R, where BT0 and R0 are the toroidal magnetic field and the radius in the 

plasma centre. The ECE frequency, for observation at right angles to the magnetic field 

and along R is 

ω = n
eB0R0

meR
,                                                                                                               (3.3) 

where n is the harmonic number. ECE occurs at long wavelengths because of the typical 

tokamak magnetic field strength, so the Rayleigh-Jeans approximation can be used, 

leading to 

IB ω =
ω2Te (R)

8π3c2
.                                                                                                        (3.4) 

For tokamak plasmas some of the emission lines are optically thick (>1) so I()=IB(). 

Then measurements of the emission intensity in an optically thick harmonic gives the Te 

profile through the simple relation 

In ω =
ω2Te (R)

8π3c2
.                                                                                                        (3.5) 

Four instruments for measuring the emission have been developed: microwave 

heterodyne radiometers, Fourier transform spectrometers, Fabry-Perot interferometers 

and diffraction grating spectrometers. In the JET device (paragraph 3.2) a modern ECE 

system is installed. It incorporates all the above written measuring instruments. They 

allow measurements of the electron temperature continuously in time with a time 

resolution < 10 s and localized in space with a spatial resolution of a few cm. 

3.3.2 LIDAR-High resolution Thomson scattering 

The electron density is measured by the Thomson scattering mechanism, which is based 

on the scattering of electromagnetic waves by free electrons. It leads to a spectral 

broadening of the radiation due to the Doppler effect, that allows also the measurement 

of the electron temperature. Depending on the wavelength of the incident wave, the 

scattering of individual electrons can be added (=(kD)-1<<1), or collective effects due 

to correlated interactions between the plasma electrons have to be taken into account 

(>1). The most applied system is the first one, the so called incoherent Thomson 

scattering. The resulting spectrum is determined by the scattering of individual electrons. 

The power scattered per unit solid angle in the frequency bandwidth d as calculated by 

electromagnetic theory is given by 
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PS = P0
∂sT

∂ω
neLS k,ω dω,                                                                                         (3.6) 

where P0 is the incident power, L the interaction length, ∂sT ∂ω  is the differential 

Thomson cross section, derived by considering the acceleration experienced by an 

electron under the action of the electromagnetic field of an incident wave, and equal to 

r0
2sin2 (r0 is the classical electron radius and  is the angle between scattered and incident 

wave). S(k,) is the form factor describing the frequency shift resulting from the electron 

motion (Doppler effect). For the case of a Maxellian distribution function it becomes for 

the incoherent case: 

S λS =
1

Δλe π
e
− 

λ s−λ0
Δλe

 
2

 ,                                                                                         (3.7) 

where s is the wavelength of the scattered radiation and e the 1/e width of the 

resulting spectrum: 

Δλe ∝ λ0sin  
ζ

2
  Te  .                                                                                                (3.8) 

Then the electron temperature can be determined. By measuring the absolute level of the 

scattered power Ps, the electron density is obtained too. Relativistic effects are neglected 

in this treatment. They become important for plasmas characterized by temperatures of 

several keV, for which they must be taken into account for the calculation of the 

radiation spectrum. The incident radiation source needs to be a multimegawatt pulsed 

laser because the effect of the scattering is very weak, as the presence of the factor r0
2 

(equal to 8 10-30 m2) in the expression of the scattered power shows. The method used in 

the JET machine is based on the LIDAR (Light Detection And Ranging) time-of-flight 

principle. A short laser pulse crosses the plasma generating the spectrum of the 

backscattered light. This spectrum is recorded as a function of the time by a fast 

detection and recording system. Te and ne are obtained by analyzing the spectrum 

through a spectrometer at each time point, at which the position of the laser pulse in the 

plasma is known too, allowing to have also the spatial dependences of Te and ne. In JET 

two LIDAR systems exist. For the core one the combination of the laser pulse length and 

detector response time gives a spatial resolution of about 10 cm, which means quite well 

resolved Te and ne profiles, because this length is considerably less than the minor radius 

of JET (equal to 1.2 m). The edge LIDAR system is characterized by a spatial resolution 

of about 2-3 cm. Since 2008 an HRTS system has been installed at JET, with the purpose 

of better resolving the steep gradients of electron temperature and density at the plasma 

edge and at the Internal Transport Barrier (ITB). 

Two parallel laser beams are guided with the help of an assortment of mirrors and lenses. 

The beams finally enter the plasma vessel through a window on a horizontal port. While 

passing through the plasma the light scattered by electrons being hit by the laser beams is 

collected through another window on a vertical port. The changes in the back-scattered 

spectrum give information about the density and temperature of the plasma with a spatial 

resolution of 1,6 cm in the core and about 1 cm in the edge. 
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3.3.3 Charge exchange recombination spectroscopy (CXRS) 

In tokamaks equipped with neutral beam injection, the ion temperature profile and the 

toroidal rotation profile are determined from the Doppler broadening and the Doppler 

shift of line radiation given by the reactions of charge exchange between the beam 

neutrals and plasma ions. The reaction can be written as 

Iz+ plasma + A(injected) → I z−1 +∗ plasma + A+(injected),                         (3.9) 

where A is the beam atom which does charge exchange with the plasma ion I that was in 

charge state z+ before the exchange. The ion is excited and can radiate its characteristic 

line spectrum when it decays. Assuming a Maxwellian distribution, the ion temperature 

can be calculated from the spectral line width 

Ti =
m i

kB
 

cλw

λ0 8ln2
 
2

,                                                                                                   (3.10) 

where mi is the ion mass, kB the Boltzmann’s constant, c the speed of light, w the full 

width at half maximum and 0 the wavelength of the transition. If the wavelength centre 

of the charge exchange recombination line is shifted with respect to an unperturbed line 

centre, the rotation velocity can be determined 

vrot =
cΔλ

λ0
.                                                                                                                (3.11) 

These relations are only valid under the assumption that Doppler broadening is the 

dominant mechanism determining the spectral line shape. Atomic physics effects can 

distort this simple picture and lead to a correction of the ion temperature and rotation.  

3.3.4 Motional Stark effect (MSE) 

The motional Stark effect (MSE) diagnostic is the standard technique for determining the 

q profile in tokamaks. As in the case of the CXRS, the injection of a neutral beam is 

needed for this diagnostic. The principle at the basis of the measurement relies on the 

Stark effect, that is the splitting of a spectral line produced by the electric field associated 

with an atom motion across a magnetic field. The energetic neutral beam, characterized 

by the high velocity v, passes through the magnetic field B and experiences a Lorentz 

electric field 𝐄 = −𝐯 × 𝐁. The electric field causes the spectral emission to be split and 

polarized as described by the Stark effect. The Stark components of the split line are 

polarized either parallel or perpendicular to the electric field. When a hydrogen or 

deuterium beam is used, the Stark splitting is linear with the electric field and much larger 

than the Zeeman effect for beam energies above a few kilovolts. When viewed transverse 

to the induced electric field, different components in which are splitted the spectral lines 

are linearly polarized in different directions (parallel or perpendicular) with respect to the 

magnetic field. Polarimetry measurements of these directions result in a measure of the 

magnetic field pitch angle 

γp = tan−1  
Bθ

Bϕ
 .                                                                                                      (3.12) 
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Some further knowledge of the plasma flux surfaces is needed to determine the q profile. 

The pitch angle is normally used as a constraint of the current density profile in 

reconstructing the plasma equilibrium using a free-boundary equilibrium reconstruction 

code. Measurements are slightly sensitive to the radial electric field, that has to be taken 

into account. The measured pitch angle, including a plasma radial electric field Er, is given 

by 

γmp = tan−1  
vbBθcos  α+Ω +Er cosΩ

vbBϕsin α
 ,                                                                      (3.13) 

where mp is the measured pitch angle, vb is the beam velocity,  is the angle between the 

beam direction and the toroidal magnetic field and  is the angle between the viewing 

sightline and the toroidal magnetic field. The pitch angle and the radial electric field can 

be separated by two measurements that have a different sensitivity to Er. This can be 

done in several ways. For example an Er measurement can be made with a pair of views 

of the same beam at different angles  or different velocity components. 

3.4 Rotation braking experiment 

As reported in Chapter 2, the stiff region of the plasma temperature profiles is dominated 

by the anomalous transport, where the ion temperature gradients are above the ion 

threshold and tend to remain near this value even increasing ion heat flux. However this 

behaviour, called stiffness, is not the same for all the plasmas. The stiffness level can vary, 

and a wide interval of values has been found. If the stiffness is low the temperature 

gradient is less tied to the threshold value, and then can reach values much larger than the 

threshold ones. From the experiment described in paragraph 2.3.4 a strong link between 

rotation and stiffness level results. The experiment here described, carried out at JET, has 

the aim of separating the role of the toroidal plasma rotation and the toroidal rotation 

gradient in influencing the ion stiffness level. 

3.4.1 Enhanced ripple and EFCC fields 

In order to decouple the rotation and the rotation gradient values two known methods of 

plasma rotation braking have been used. The first one is based on the enhanced BT 

ripple. In tokamaks the ripple, a periodic variation of the main toroidal field, exists 

because of the finite number of toroidal field coils. At JET it is possible to vary the BT 

ripple amplitude  (defined as =(BTmax-BTmin)/(BTmax+BTmin)) [66]. =0.08% for standard 

JET operations, that are carried out with a set of 32 BT coils carrying equal current. 

Because odd and even coils are powered independently, the imbalance current between 

the two coils set can be changed increasing the BT ripple up to =3%. The BT ripple 

breaks the axi-symmetry of the magnetic field and enhances non-ambipolar losses of fast 

ions that induce a counter-torque leading to a significant reduction of both the edge and 

core rotation, but affecting less the core spatial rotation gradient [67-69]. The possibility 

of varying the ripple amplitude at JET and the significant effects that a large BT ripple has 
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on the plasma rotation allow to alter the rotation with minor impact on rotational shear 

and without major changes to the scenario power level.  

The second method consists of the application of low n external magnetic perturbation 

fields produced by the set of four external error field correction coils (EFCC) of JET 

[70]. Even in this case previous experiments show strong effects on the plasma rotation. 

The EFCCs set consists of four square shaped coils mounted outside the vacuum vessel. 

Depending on the wiring of the EFCCs either n=1 or n=2 periodic fields can be created. 

Low n perturbation fields break the toroidal symmetry. The plasma flows then along 

distorted flux surfaces and it is subjected to a drag toroidal force, defined by the 

neoclassical toroidal viscosity (NTV), that influences the plasma rotation and its gradient 

[71]. A reduction in toroidal rotation at different radii by the same factor 

(gradv/v=constant) has been observed over the whole plasma core and stronger 

rotation braking has been found near the edge pedestal [72-74]. 

3.4.2 Experimental set-up 

The discharges carried out in the experiment described and analyzed here are 

characterized by the parameters reported in table 3.1.  

 

 Standard Enhanced BT ripple EFCC 

Ip (MA) 1.5 1.5 1.5 

BT (T) 2 2 1.85 

ne0 (1019m-3) 3 3 3 

q95 5 5 5 

Te/Ti 0.9-1.1 0.9-1.1 0.9-1.1 

triangularity low low low 

number of experimental points 23 21 4 

Table 3.1. Parameters of the discharges without braking rotation methods (standard), with 
enhanced BT ripple and with the application of error field correction coils (EFCCs).  

In this experiment, shots characterized by no methods of rotation braking (they are 

characterized by the JET standard BT ripple =0.8% and error field correction coils are 

not used: in this thesis we call them standard shots), shots with enhanced BT ripple and 

shots with application of EFCCs have been produced. All the obtained discharges are 

homogeneous with respect to the parameters listed in the table 3.1. The total injected 

power is kept fixed for all the shots. Ion Cyclotron Resonance Heating (ICRH) and 

Neutral Beam Injection (NBI) have been used as heating systems. However we have 

varied the strength of the power coming from the individual heating systems. In 
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particular NBI heating power has been changed from 4 to 7 MW, in order to obtain shots 

characterized by significant plasma toroidal rotation values in the cases in which methods 

of rotation braking have not been applied. For discharges where enhanced BT ripple or 

EFCCs have been switched on, the rotation reaches reduced values. With this procedure 

a large spectrum of toroidal rotation values has been obtained. ICRH heating power has 

been varied from 0 to 2 MW and the localization of the power deposition has been 

changed too. It has been applied both on-axis and off-axis (in this last case the peak of 

power deposition is for ~0.7, where  is the square root of the normalized toroidal 

magnetic flux). For the ICRH heating the (H)-D minority scheme has been used with 

nH/ne~8% and 20-30% of the ICRH core power delivered to thermal ions. Different 

localizations of the power deposition give rise to different ion heat flux values in the core 

of the plasma.  

Power deposition profiles are obtained by code calculations. The PION code [75] is 

employed for ICRH heating. It uses a ray-tracing package to derive input power and 

provides a calculation of the plasma heating by ion cyclotron resonance frequency waves 

through a power deposition model and a time dependent Fokker-Planck solver, giving as 

results a consistent power deposition profile and a velocity distribution of resonating ion 

species. It can take into account second harmonic ion resonances and the presence of 

neutral beam introduced fast ions. For NBI power deposition a first analysis has been 

done using the code PENCIL [76]. It solves a simplified Fokker-Planck equation that is 

used to describe the fast ion dynamics. Fast ion self-collisions and the effects of toroidal 

electric field on the fast ion dynamics are neglected. The resulting bounce averaged 

Fokker-Planck equation is then solved using an eigenfunction expansion in the pitch 

angle variable. The PENCIL code does not take into account the ripple effect, so three 

representative discharges (one with enhanced BT ripple, one with standard ripple and one 

with the application of EFCCs fields) have been reprocessed with ASCOT [77,78]. It is a 

guiding center orbit-following Monte Carlo code that includes in the calculations fast ion 

losses due to the enhanced BT ripple. It uses as an NBI source for ion birth profile the 

code PENCIL. In ASCOT the binary collision model can be used and the electric field 

can be solved self-consistently using as basis the collective motion of the test particles. 

An example of the obtained NBI power depositions is shown in figure 3.1. As we can 

see, the ripple effect has been found negligible for <0.4, allowing to calculate the NBI 

power deposition values in the core without any ripple correction. The ion NBI power 

deposition profiles obtained by ASCOT have been found higher than using PENCIL 

code (according to [79]), with the same percentage difference for all the discharges 

between the two code calculations. The PENCIL NBI ion heat fluxes have then been 

corrected by this percentage difference. 

Through the spatial integration of ion power density profiles and determining the 

collisional electron-ion transfer by means of interpretative transport simulations we can 

calculate the radial ion heat flux. 
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Fig. 3.1 Power deposition of NBI heating system as calculated by PENCIL code and by ASCOT 
code with and without the inclusion of the enhanced BT ripple effect. Shown profiles refer to the 
enhanced BT ripple shot 77010 at the time of 5 s. 

Physical quantities required by our data analysis are ion temperature, toroidal rotation and 

their gradients, electron density and safety factor. Values of ion temperature and toroidal 

rotation have been averaged in time over a stationary interval. The gradient of ion 

temperature has been obtained by an exponential best-fit over 4 CX (Charge Exchange 

Spectroscopy) channels, while for the toroidal rotation gradient a linear fit over 4 CX 

channels has been used. In both cases, fits are centered on the chosen radial position and 

the measured quantities are averaged in time over a stationary interval. They are 

calculated with respect to the flux surface minor radius, gs2=(Rout-Rin)/2, where Rout (Rin) 

is the outer (inner) boundary of the flux surface on the magnetic axis plane. 

3.4.3 Data analysis and experimental results 

 

In order to understand if the methods of rotation braking have led to an actual 

decoupling between the plasma toroidal rotation values and their gradients the graph 

represented in figure 3.2 has been built. It shows the rotation as a function of the relative 

rotation gradient for the discharges of the experiment. The analysis has been carried out 

at the radial position =0.25: it encloses the on-axis ICRH power but not the off-axis 

one, giving the maximum ion heat flux scan, useful in order to investigate the stiffness 

level of the analyzed shots. Discharges without methods of rotation braking present 

higher values of rotation and rotation gradient with respect to discharges in which 

enhanced BT ripple or EFCCs have been applied. The enhanced BT ripple shots reach 

higher values of rotation gradient relative to the rotation value if compared with the trend 

proper of the standard discharges. Shots where EFCCs are switched on are in line with 

the standard discharge trend. Only enhanced BT ripple seems to be able to decouple 

rotation and rotation gradient for discharges characterized by the values of table 3.1 and 

with the above described heating powers. It is then possible to investigate the role that 

rotation and rotation gradient have separately on the ion stiffness.  
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Fig. 3.2 Toroidal rotation as a function of toroidal rotation gradient for standard BT ripple 

(triangles), enhanced BT ripple (squares 1% and diamonds 1.5%) and EFCCs (circles) shots. 

Rotation and its gradient have been taken at =0.25. Larger BT ripple leads to lower values of 

rotation with respect their gradients, and then larger decoupling between rotation and rotation 

gradient. 

To this aim, a first analysis has been done comparing ion temperature profiles of plasmas 

characterized by similar gradient of rotation and different rotation values.  

 

Fig. 3.3 Toroidal rotation profiles (a) and relative ion temperature profiles (b) of two analyzed 
shots: one is standard (77017) and the other is characterized by enhanced ripple (77014). In the 

neighbourhoods of =0.25 the shot number 77014 (line with circles) is characterized by a value of 
rotation gradient similar to the one of the shot number 77017 (line with squares). The represented 
profiles are taken at the times indicated in the legend of the graphs. 

In figure 3.3 an example of this comparison is shown. It refers to one of the shots with 

enhanced BT ripple characterized by reduced rotation with respect to rotation gradient 

and a standard shot with similar power level and plasma parameters except for the ripple 

level, with the same value of rotation gradient and associated larger rotation. As shown in 

a) b) 
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figure 3.3b, where ion temperature profiles for the two shots are presented, ion 

temperature and their gradients are identical, even if the values of rotation differ 

significantly. This is verified not only around the radial position =0.25 but along all the 

temperature profiles. We can note that the rotation profiles are characterized by very 

similar gradients for every radius (the perfect match of the two profiles has to be 

considered a coincidence).  

Through enhancing the BT ripple or applying the EFCCs fields, discharges with a reduced 

rotation gradient with respect to rotation cannot be produced, therefore, limiting to shots 

of this experiment, a comparison between plasmas with similar values of rotation and 

different rotation gradient is not feasible. However using as auxiliary heating counter-NBI 

in reverse IP configuration is known to produce plasmas with flatter and lower toroidal 

rotation with respect to the corresponding co-NBI plasmas because of off-axis torque 

deposition [28,80]. A discharge that belongs to a different experiment, characterized by 

parameters very similar to the ones of table 3.1 and heated by counter-NBI with a power 

strength nearly equal to the power of our experiment shots, is taken into account for the 

comparison. It is compared with an enhanced ripple discharge, which has similar values 

of rotation and higher rotation gradient around the radial position =0.25, as shown in 

figure 3.4a. Looking at the relative ion temperature profiles represented in figure 3.4b, the 

similar absolute value of the rotation does not lead to similar core ion temperature 

profiles if the rotation gradient changes between the shots. 

        

Fig. 3.4 Toroidal rotation profiles (a) and relative ion temperature profiles (b) of two analyzed 

shots. At =0.25 the shot number 77007 (solid line) is characterized by a value of rotation similar 
to the one of the shot number 77017 (dashed line). The represented profiles are taken at the times 
indicated in the legend of the graphs. 

Then from the comparison of experimental profiles of the shots the variation of ion 

temperature gradient seems due to changes of the rotation gradient rather than of the 

absolute value of rotation.  

a) b) 
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Fig. 3.5 Gyro-Bohm normalized ion heat flux qi is shown as a function of the ion critical gradient 

length R/LTi at =0.25. Points are grouped with respect to the values that the rotation gradient (a) 

and the rotation (b) of the relative shots reach in =0.25. 

Larger ion temperature gradients can be due to higher ion threshold values or to lower 

ion stiffness values. In order to clarify this point a second analysis has been done, taking 

into account the value of the ion heat flux of all the discharges. Although this point was 

already clarified in figure 2.13, a further confirmation was searched in this set of 

discharges. The ion heat fluxes at the radial position =0.25 are plotted as functions of 

the logarithmic gradient of the ion temperature calculated at the same radius in figure 3.5. 

The ion heat flux is expressed using the gyro-Bohm normalization. The obtained points 

have been divided according to their values of rotation gradients at the radial position 

=0.25. In particular circles (squares) represent pulses characterized by a rotation 

gradient less (more) than 24 krad/ms. We can see that the behaviour shown by the 

experimental results described in paragraph 2.3.4 of this thesis is confirmed. In that case 

we remember that rotation and rotation gradient were coupled. Here two net distinct 

curves form in dependence of the rotation gradient. The curve represented by circles 

determines a very stiff behaviour of the plasmas characterized by low rotation gradient. 

With growing ion heat flux ion temperature gradients do not increase significantly. 

Squares determine a curve with a slope that indicates a low level of stiffness for plasmas 

with high rotation gradient. We can note a strong increase of the ion temperature 

gradients with increasing ion heat fluxes.   

The behaviour observed in figure 3.5a is only partially reproduced dividing points 

according to the rotation values rather than rotation gradient values. In figure 3.5b circles 

(squares) represent pulses characterized by a rotation less (more) than 25 krad/s. Several 

discharges are characterized by coupled rotation and rotation gradient, so the two curves 

of high and low stiffness form despite the distinction of the points on the basis of their 

rotation values. However, some of the points with low rotation values sit in the curve of 

low stiffness. These are the ripple enhanced discharges having high rotation gradient but 

low rotation value, which are represented by the green triangles in figure 3.6. 

a) b) 
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Fig. 3.6 Gyro-Bohm normalized ion heat flux qi is shown as a function of the ion critical gradient 

length R/LTi at =0.25. Graphs of fig 3.4a and 3.4b are here resumed. Points with decoupled 
rotation and rotation gradient are pointed out: they are indicated with reversed green triangles. 

Then we can conclude that it is the rotation gradient that matters in reducing the ion 

stiffness level, and not the absolute value of rotation. 

3.5 RF driven hollow rotation experiment 

The analyzed discharges of the above described experiment and those shots belonging to 

the experiment reported in paragraph 2.3.4 are characterized by profiles of plasma 

toroidal rotation that are monotonic and peaked in the central part of the plasma, i. e. 

with negative rotation gradient. In order to understand if the sign of the rotation gradient 

can play a role in influencing the ion stiffness, and then the ion temperature profiles, 

discharges belonging to a different experiment have been analyzed. Several experimental 

observations on different machines have shown that in plasmas the toroidal rotation is 

sensitive to the 3He concentration [81,82]. In particular ICRF mode conversion has been 

found to drive toroidal flow and in JET hollow rotation profiles have been observed, 

leading to suppose the existence of a torque in the opposite direction with respect to the 

plasma current one [83]. A selection of discharges that exhibit hollow rotation profiles in 

presence of (3He)-D ICRH heating have been analyzed and compared with similar 

discharges in which the rotation profile was not hollow but flat. 

3.5.1 Experimental set-up 

The parameters of the discharges analyzed are reported in table 3.2. The heating is 

provided by the ICRH heating system, with a power strength equal to 7 MW. The power 

deposition has been varied from dominant electron in 3% (H)-D minority to dominant 

ion in 4-8% (3He)-D to dominant electron in 20% (3He)-D where mode conversion takes 

place. Other discharges characterized by the parameters of the table 3.2 but NBI heated 
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have been included in our analysis, in order to have high negative rotation gradient 

plasmas to compare with the positive ones obtained from hollow rotation profiles. 

The power deposition and then the ion heat flux have been derived using the code 

PION. 

Physical quantities have been measured and obtained as described in paragraph 3.4.2. 

 

 
Discharges 

parameters 

Ip (MA) 1.8 

BT (T) 3.3 

ne0 (1019m-3) 3.5 

q95 5 

Te/Ti 0.9-1.2 

Table 3.2. Parameters of the analyzed discharge set with RF driven hollow rotation profiles.  

3.5.2 Data analysis and experimental results 

Some discharges of the experiment are found to exhibit a hollow rotation profile for a 

limited time interval, while a flat rotation characterizes these shots for the rest of the 

discharge. Comparing the ion temperature profiles corresponding to hollow rotation with 

those for which the rotation is flat, the role of rotation and rotation gradient can be 

investigated also for positive rotation gradient. 

   

Fig. 3.7 Toroidal rotation profiles (a) and relative ion temperature profiles (b) of the shot 77451 at 

7.5 s and 11.2 s. For <0.3 the shot number 77451 at 7.5 s (line with circles) is characterized by 
hollow rotation, instead at 11.2 s (line with squares) the rotation is flat. In this region the T i 
reaches higher values in the case with hollow rotation. 

An example is reported in figure 3.7. Rotation profiles and corresponding Ti profiles of 

one pulse for two different times (and different 3He concentration) are shown. The 

a) b) 
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rotation profile is hollow for <0.3 at time equal to 7.5 s, with rotation values still in the 

co-IP direction. The rotation becomes flat at t=11.2 s. As shown in figure 3.7b, we find 

different Ti profiles in the plasma region within =0.3. In this zone higher values of the 

Ti gradient are observed for the case of hollow rotation (where the rotation gradient is 

rather high and positive, even if the rotation value is lower with respect to the case of flat 

rotation). In order to compare properly the different shots, they have been plotted again 

in the qigB vs R/LTi plot in figure 3.8. Here circles, characterized by low rotation and 

rotation gradient, belong to high stiffness curve, triangles have medium rotation and 

rotation gradient and sit in the medium stiffness curve and squares, that are characterized 

by high rotation and gradient of rotation, form the low stiffness curve, consistently with 

the graph of figure 3.6. The points obtained from the profiles shown in figure 3.7 are 

circled. The one with flat rotation has a low value of rotation and of rotation gradient, so 

it is shown with a circular indicator. It is found to sit among circles and clearly belongs to 

high stiffness family. The point calculated at the time in which the rotation is hollow is 

represented by a reversed triangle and it is characterized by medium positive rotation 

gradient and low rotation. The normalized ion heat flux in the hollow rotation cases is 

comparable to that of other flat cases, whilst the ratio Te/Ti is a bit higher in the case of 

hollow rotation, which should even decrease R/LTi in this case due to a threshold 

decrease (see eq. (2.67)). Instead, a systematic high value of R/LTi is seen in hollow cases, 

which we ascribe to reduced stiffness due to the rotation gradient. We can see that the 

points with medium rotation gradient belong to the medium stiffness curve 

independently of the sign of the gradient. It is then the absolute value of the rotation 

gradient that influences the ion stiffness level, no matter what sign it has. 

 

Fig. 3.8 Gyro-Bohm normalized ion heat flux qi is shown as a function of the ion critical gradient 

length R/LTi at =0.25. Points are grouped with respect to the values that the rotation and the 

rotation gradient of the relative shots reach in =0.25. 
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3.6 Summary 

Experiments are presented where the correlation between the absolute value of the 

rotation and its gradient has been broken by enhancing the BT ripple, which has effect on 

the rotation, lowering its value, while it acts less strongly on the rotation gradient. The use 

of magnetic perturbations by EFCCs has instead led to lower values of both rotation and 

rotation gradient, that follow the same correlation trend of the shots with standard BT 

ripple and without the application of EFCCs.  

Comparing pairs of discharges characterized by similar rotation and different rotation 

gradient values and pairs of discharges with similar rotation gradient values and different 

rotation values, the observed behaviour of the ion temperature profiles indicates a 

dependence on the gradient of rotation rather than its value. Besides, from the analysis of 

all the shots of the experiment about the dependence of the ion heat flux on the 

normalized logarithmic gradient of ion temperature, net distinct curves of different ion 

stiffness have been found for different gradients of rotation, confirming the previous 

results reported in paragraph 2.3.4. If instead the discharges are grouped according to 

different values of rotation a mixed behaviour is seen. In particular, the discharges with 

decoupled low rotation and high rotation gradient sit well in the low stiffness curve. We 

can then conclude that the ion stiffness mitigation is due to the rotation gradient rather 

than the rotation value.  

In addition, comparing discharges characterized by hollow rotation profiles with 

discharges with flat rotation profiles, the ion temperature profile peaking is observed to 

be higher in the case of hollow rotation, i. e. for a high positive rotation gradient, 

although the rotation value is lower than in the cases with flat rotation profile. Analyzing 

for these discharges the behaviour of the ion heat fluxes as functions of normalized 

logarithmic gradient of ion temperature, in relation with discharges with lower values of 

rotation gradient and similar values even if opposite (negative) sign, results indicate that 

the level of ion stiffness depends on the absolute value of the rotation gradient, 

independently of its sign. 
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Chapter 4 

Numerical analysis of the impact  
of the ion threshold, ion stiffness  
and temperature pedestal on global 
confinement and fusion performance 
in JET and in ITER plasmas 

In Chapter 3 the dependence of the ion stiffness reduction on the absolute value of 

plasma toroidal rotation gradient has been shown experimentally. However this result 

gives information about the role of the rotation on a local level. Because we are interested 

in the impact that the rotation has on the global performances of tokamaks, it is very 

important to find a link between local transport studies and the parameters that describe 

the global behavior of the plasma. To this scope a numerical work consisting in a series 

of transport simulations with scans of local quantities as ion threshold, ion stiffness and 

temperature pedestal height have been carried out, allowing to quantify the effect that 

these parameters separately have on the global performance. As global parameters we 

consider the global confinement and the equivalent fusion power. The first is more 

sensitive to the ion temperature of the plasma edge, the second depends mainly on the 

core ion temperature. The semi-empirical transport model CGM described in paragraph 

2.2 of this thesis has been used: it depends explicitly on threshold and stiffness, allowing 

to vary them separately and quantify their effects. The CGM has been implemented in 

JETTO, a 1.5 D core transport code of the JET integrated code suite, shortly described 

in paragraph 4.1. JET discharges have been simulated using as basis of the simulations a 

reference discharge of the JET database characterized by the improved confinement 

regime “hybrid” (paragraph 1.3). The dependence of global parameters on the injected 

power has been investigated too. Paragraph 4.2 presents the characteristics and the 

dependences of the considered global confinement parameter. Simulations and results are 

reported in paragraph 4.3. The same numerical analysis has been carried out for ITER. 

The ITER machine is described in paragraph 4.4, together with the simulations and the 

results of the numerical work. The summary and conclusions follow in paragraph 4.5. 
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4.1 The JETTO code 

JETTO [81] is a one-and-half-dimensional (1.5 D) transport code solving the time-

dependent plasma transport equations averaged over the magnetic flux surfaces. Besides 

the transport solver, it includes an internal equilibrium solver and many packages, among 

which heating modules and several transport models, both empirical and theory-based. 

Transport equation are expressed as 
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where quasi-neutrality and equal temperature Ti for the nH ion species (nH is the number 

of all the ion species) are assumed. 𝜌 =  𝜙 𝜋𝐵𝜙  is the flux surface label, with  the 

toroidal flux.  is the poloidal flux. V is the volume and V’ means the differentiation with 

respect to . <> denote the flux surface average. A and K are geometrical factors. 0 is 

the vacuum permeability. || is the parallel electrical resistivity, given by the neoclassical 

expression [82]. =Vt/R is the angular toroidal rotation. Gj, qj and  are the particle, 

heat and toroidal momentum fluxes. (for  we adopt the following definition Πϕϱ =

−χM
∂Ω

∂ρ
  ∇ρ 2   njmj 

nH
j=1 ). Snj is the source and sink term for particles due to atomic 

processes. Pe and Pi are heat sources and sinks due to auxiliary heating, energy exchange 

due to different species, charge exchange losses, radiation. SMj denotes momentum 

sources, such as neutral beam injection. jbs is the bootstrap current, jcd the externally 

driven current.  

Transport models contributions enter the equations (4.1-4.5) through the terms Gj, qj and 


. Transport equations form a complex integro-differential system. An appropriate set 

of initial and boundary conditions is required to predict the time evolution of the 

simulated unknown quantities ne, Te, Ti, , B. The initial profiles of all the unknown 

quantities can be constructed either from the experimental data or from some prescribed 

formula, and they are read from an external file at the first time step. The boundary 

conditions are needed both in the centre and at the separatrix. In the centre the boundary 

condition takes the form ∂u ∂ρ = 0 (where u is the unknown quantity to be modelled) 

for all the quantities. At the plasma edge experimental values are typically imposed in 

JETTO. The boundary condition for the poloidal magnetic field is determined by the 
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total plasma current. The value of Zeff (the effective atomic number) is needed in the 

simulations and normally the experimentally measured value is used.  

Several numerical modules are implemented in JETTO. The equilibrium is solved 

through the code ESCO, that takes the pressure and the current density profile as input 

from JETTO and then solves the Grad-Schluter-Shafranov equation in order to calculate 

the equilibrium and flux surfaces. The equilibrium can also be taken fixed by using EFIT 

[83], a code of equilibrium reconstruction which calculates the equilibrium and the flux 

surfaces starting from the experimental magnetic measurements. The equilibrium is 

always calculated at the beginning of the JETTO transport simulation and can be 

recalculated later during the transport calculation.  

Amongst the other numerical models here we mention the heating packages. They are 

codes implemented and coupled with JETTO. The codes PION [72] for ICRH heating, 

PENCIL [73] and ASCOT [74] for NBI heating have been described in paragraph 3.4. 

The power deposition and current density profiles of the lower hybrid current drive 

system (LHCD) are calculated through the Fast Ray Tracing Code (FRTC) [84], that is 

coupled to JETTO. It includes a fast ray-tracing package and the calculation of the quasi-

linear diffusion coefficient and a 1D Fokker-Planck equation for the electron distribution 

function.  

Several transport models are implemented in JETTO. Among them we recall the semi-

empirical models Bohm-gyroBohm [51] and Critical Gradient model [52,53] and the first 

principle models Weiland [44] and GLF23 [50]. They are all described in paragraph 2.2 of 

this thesis. 

4.2 Global confinement 

As shown in Chapters 1 and 2 of this thesis, processes that determine transport in 

tokamaks are very complex. The dependence of global energy confinement properties on 

plasma parameters as derived by first principle is not validated. The global energy 

confinement time is described by empirical scalings that are based on datasets coming 

from relevant operating regimes as L-mode or H-mode. Such scalings are widely used to 

predict the performances of next devices (as for example ITER) and also as a 

normalization for plasma energy in simulations carried out by transport codes as JETTO. 

In particular the confinement parameter H98 [85] is used in numerical predictions. It is 

defined as the ratio of the thermal energy confinement time E and the experimental 

scaling of energy confinement time of H mode plasmas IPB98(y,2). It depends on the 

physical quantities shown in the formula (4.6). 

H98 =
τE

τIPB 98(y ,2)
=

W th

0.0562 P0.31 IP
0.93B0

0.15n0.41 R0
1.97κa

0.78 a0 R0  0.58A0.19                       (4.6) 

Here Wth is the total thermal energy, P the total power (given by the sum of the ohmic 

power, the injected power and the  power), IP the plasma current, B0 the magnetic field, 

n the density, A the average ion mass. The confinement parameter depends also on 

geometrical parameters: the major radius R0, the minor radius a0, the elongation a 
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(defined as the ratio of the plasma volume and 22a0
2R0). Normally H98 is around one for 

H-mode plasmas, while for plasmas characterized by improved confinement it reaches 

higher values. 

4.3 JET plasmas 

A first series of simulations is carried out using as input parameters the physical quantities 

belonging to a hybrid discharge produced at JET. As reported in Chapter 2, recent studies 

show that in hybrid discharges a relevant improvement of the core confinement, that is 

interpreted as due to the variation of the ion stiffness, has been observed [29], in addition 

to the improvement of the confinement due to increased pedestal. For hybrid plasmas 

H98 is found to achieve values about 1.4 [86]. Our scans work aims not to obtain the 

typical hybrid plasma values of the confinement parameter (that depends for example on 

the shape of the electron temperature profile, which here is modeled only to be 

consistent with the resultant ion temperature profile), but rather to quantify the changes 

in H98 following variation of ion heat transport parameters.  

It is reasonable to expect that the hybrid scenario is a regime in which the effect of the 

variation of the ion stiffness is more significant than in non-hybrid discharges because, 

following the interpretation of paragraph 2.3.4, hybrids are characterized by a broader 

region in which improved ion temperature profiles are observed. The impact of the ion 

stiffness variation is expected significant also with respect to the effects on the 

confinement variation due to changes of the ion threshold and the height of temperature 

pedestal.  

In this context quantitative estimates of the impact that the variation of these parameters 

has on the global scale have been done through the simulation work described in the 

following. 

4.3.1 Simulation set-up 

Several simulations have been done in order to scan four significant parameters: the 

inverse ion temperature gradient length threshold, the ion stiffness, the height of 

temperature pedestal and the input power. For each scan only one parameter has been 

varied while we have kept all the other quantities unchanged. The JETTO code with the 

CGM as transport model has been used for this simulation work. This allows to put as 

input data, and then to vary separately all the scanned parameters. The plasma rotation 

has not been modelled and the stiffness level has been varied as a parameter, 

independently on the rotation. However the CGM is the only transport model which 

depends explicitly on the ion stiffness level, and for now transport models that predict 

correctly the effect of the rotation on the ion stiffness are missing. 

Geometrical and physical parameters have been taken from the hybrid JET shot number 

77043 as basis of the simulations. The characteristic parameters are shown in table 4.1. 
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Hybrid JET plasma  

(shot number 77043) 

Ip (MA) 1.7 

BT (T) 1.9 

ne0 (1019m-3) 5.1 

eff 2.3 

q0 1.28 

PADD(MW) 25.5 

Table 4.1. Parameters of the experimental JET discharge 77043 used as input in the numerical 
simulations. 

Beside the above indicated parameters, the input data taken from the JET database 

includes equilibrium configuration, geometry, density profile and the initial and boundary 

conditions for electron and ion temperatures, quantities that, together with the plasma 

current, are considered predictive in this numerical work, i.e. calculated solving ion and 

electron heat transport equations and current diffusion equation. NBI power deposition 

profiles have been taken from PENCIL code calculations, already described in paragraph 

3.4 of this thesis. The neo-classical ion heat transport is calculated using NCLASS [87], a 

transport code inside JETTO. For the scans with fixed temperature pedestal height 

and/or power we started keeping the parameters typical of the JET hybrid plasma: 1.5 

keV for the temperature pedestal and 25.5 MW of NBI power. Then we modified these 

parameters, reducing the height of the temperature pedestal to 1 keV or the power to 17 

MW.  

 

Fig. 4.1. Stiffness (a) and threshold (b) profiles as obtained by modulation experiments. 

  

a) 

) 

b) 
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ION  

STIFFNESS 

ION 

THRESHOLD 

TEMPERATURE 

PEDESTAL 
POWER 

SCAN of  

ION STIFFNESS 
from 0.1 to 2 

4 1.5 keV 25.5 MW 

4 1.5 keV reduced, 17 MW 

4 reduced, 1 keV 25.5 MW 

profile 1.5 keV 25.5 MW 

profile 1.5 keV reduced, 17 MW 

profile reduced, 1 keV 25.5 MW 

SCAN of 

ION 

THRESHOLD 

0.4 

from 3 to 12 

1.5 keV 25.5 MW 

0.4 1.5 keV reduced, 17 MW 

0.4 reduced, 1 keV 25.5 MW 

2 1.5 keV 25.5 MW 

2 1.5 keV reduced, 17 MW 

2 reduced, 1 keV 25.5 MW 

profile 1.5 keV 25.5 MW 

profile 1.5 keV reduced, 17 MW 

profile reduced, 1 keV 25.5 MW 

SCAN of 

TEMPERATURE 

PEDESTAL 

0.4 4 

from 0.1 to 3 keV 

25.5 MW 

0.4 4 reduced, 17 MW 

2 4 25.5 MW 

2 4 reduced, 17 MW 

profile profile 25.5 MW 

profile profile reduced, 17 MW 

SCAN of POWER 

0.1 7 1.5 keV 

from 17 to 60 MW 

0.1 4 1.5 keV 

0.1 7 reduced, 1 keV 

2 7 1.5 keV 

2 4 1.5 keV 

2 7 reduced, 1 keV 

Table 4.2. Scans of ion stiffness, ion threshold, temperature pedestal and power for hybrid JET 
plasmas. 

In scans with fixed ion stiffness and/or ion threshold we have chosen their values 

following the results obtained by recent heating power modulation experiments [28,57], 

which allow to distinguish the effects of stiffness and threshold, providing a direct 

measurement of them. In particular we have done simulations with ion stiffness and ion 

threshold constant over the radius, with ion threshold equal to 4, and considering values 

of both high and low ion stiffness in order to take into account the broad range it covers 
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in experiments. The modulation experiments analysis has led to determine ion stiffness 

and ion threshold radially varying profiles, which allow to achieve a better match with the 

experimental data with respect to stiffness and threshold radially uniform values. 

According to these results we have repeated the scans using the radially dependent 

profiles of ion stiffness and ion threshold shown in figure 4.1. In all the simulations 

presented in this paper, fixed values of threshold (equal to 5) and stiffness (equal to 1) 

have been taken for electrons following the recent results of perturbative experiments 

[54]. A list of the scans made is shown in table 4.1. 

4.3.2 Simulation Results 

4.3.2.1 Stiffness effect 

First the scan of the ion temperature gradient stiffness is presented. In figure 4.2 we show 

an example of a scan of ion stiffness keeping fixed all the other parameters. In particular 

the case of typical hybrid plasma temperature pedestal height, equal to 1.5 keV, and 

power of 25.5 MW, with constant ion threshold equal to 4. Values of the normalized 

logarithmic gradient of ion temperature are shown in dependence of the ion stiffness 

level for different radial positions in figure 4.2a. All the values reached by R/LTi exceed 

the threshold ((R/LTi)cr=4). Then the stiff region (it is defined in paragraph 2.3) extends at 

least from =0.33 to =0.73, and the ion stiffness value influences a wide region of the 

ion temperature profiles, which are shown in figure 4.2b. The Ti value in the plasma 

centre varies significantly with increasing stiffness, from 7.6 keV to 5 keV. This behaviour 

is found similar in the simulations with other values of pedestal height, power and ion 

threshold. 

The impact that ion stiffness has on the global scale is shown in figure 4.3, where the 

confinement parameter is presented as a function of the ion stiffness for different values 

of the power or/and the ion and electron temperature pedestal height. The following 

considerations can be done:  

 as expected, the confinement parameter, and then the confinement, decreases 

with increasing ion stiffness independently of pedestal and power values. It is 

verified for a fixed ion threshold constant in radius (solid lines) and with radial 

profile (dashed lines), though in this last case the confinement parameter is 

slightly less sensitive to the stiffness changes; 

 the variation of H98 with ion stiffness is found larger for the case of reduced 

temperature pedestal height and typical hybrid plasma power: changes from high 

stiffness to low stiffness increase the confinement parameter by 30% in the case 

of constant threshold equal to 4;  

 reducing the pedestal height leads to lower temperature profiles, that however, 

for low ion stiffness, grow up to almost reach the profiles obtained for higher 

pedestal in the core region. For high stiffness the difference between the 
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temperature profiles keeps significant in both the edge and the core region. So in 

this last case we have an energy content very different for the high pedestal and 

the reduced pedestal simulations. H98, which is directly proportional to the 

thermal energy, is then affected by this behaviour and decreases more in the case 

of reduced pedestal height; 

            

Figure 4.2.(a) R/LTi as a function of the stiffness level si is shown for different values of the 
radial coordinate. It refers to the case of typical hybrid plasma power and temperature pedestal 

height, and threshold = 4. Triangular indicators are for =0.33, circles for =0.5, squares for 

=0.73, where  is the normalized toroidal minor radial coordinate. (b) Correspondent ion 
temperature profiles on logarithmic scale; different colors are used for the different values that ion 
stiffness reaches in the scan. 

 

Fig. 4.3. Confinement parameter as a function of the ion stiffness level si, for constant ion 
threshold (solid lines) and for the threshold profile presented in figure 4.1 (dashed lines). The 
simulations with typical hybrid plasma temperature pedestal and power are shown with red lines 
(for the case with solid line correspondent ion temperature profiles and R/LTi are represented in 
figure 4.2) those with reduced temperature pedestal with blue lines, and the case with reduced 
power is represented with green lines. 

a) b) 
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 in the case of reduced power we find the lowest variation of the confinement 

parameter. However H98 changes significantly also in this last case, by about 

15%. Reducing the injected power causes the decrease of the temperature 

profiles with respect to the case of typical hybrid power, and then of the thermal 

energy, however the confinement parameter reaches higher values because it is 

also inversely proportional to the input power as the formula (4.1) shows. The 

difference between the temperature profiles obtained changing the power is 

found lower for higher ion stiffness and leads to similar values of the thermal 

energy. Then H98 varies less with the ion stiffness for the case of reduced power. 

4.3.2.2 Threshold effect 

The scan of the ion temperature gradient threshold is then presented. In figure 4.4 the 

effect of the threshold variation on R/LTi and on the ion temperature profiles is shown. 

It refers to the case of low constant stiffness, typical hybrid plasma temperature pedestal 

height (1.5 keV) and power (25.5 MW). In figure 4.4a we can see that R/LTi is not always 

higher than the chosen threshold of the scan, represented by the x-axis. In particular it 

occurs at inner radius for high values of ion threshold and is due to insufficient core 

power to keep the temperature above the threshold. Outside this region, the ion 

temperature profiles reach higher values for a higher ion threshold, as shown in figure 

4.4b. The ion threshold growth leads to increasingly larger central region below threshold 

and dominated by neoclassical transport.  

                  

Fig. 4.4. (a) R/LTi as a function of the ion threshold (R/LTi)cr is shown for different values of the 
radial coordinate. It refers to the case of stiffness = 0.4, typical hybrid plasma temperature pedestal 
height and power. Different curves in the graph refer to different radial positions. Triangular 

indicators are for =0.33, circles for =0.5, squares for =0.73. (b) Correspondent ion 
temperature profiles are shown in logarithmic scale: different colors are used for the different 
values that ion threshold reaches in the scan. 

The global analysis is reported in figure 4.5. The confinement parameter increases with 

increasing ion threshold, as expected. This takes place for all the values chosen for the 

a) b) 
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ion stiffness level (constant or dependent on the radial coordinate), and for every 

considered temperature pedestal height and power.  

 

Fig. 4.5. Confinement parameter as a function of the ion threshold (R/LTi)cr for low constant ion 
stiffness (solid lines), for high constant ion stiffness (dashed lines), for the stiffness profile 
represented in figure 4.1 (dotted lines). With red lines the case for typical hybrid plasma 
temperature pedestal and power is shown (for the case with solid line correspondent ion 
temperature profiles and R/LTi are represented in figure 4.4), with blue lines the case for reduced 
temperature pedestal, and with green lines the case for reduced power. 

Increasing threshold makes a significant change in H98. For high values of the ion 

threshold the growth of the confinement parameter tends to saturate in the case with 

hybrid plasma temperature pedestal height, especially for the scan with reduced power. 

This does not happen reducing the height of the temperature pedestal because lower ion 

temperature values are obtained, and, for ion thresholds until 12, the injected power 

seems to be sufficient to drive turbulent ion transport. For ion thresholds less than 7 the 

increase of H98 is larger for all the cases. We have to note, however, that from linear gyro-

kinetic scans and considering the threshold up-shift effect due to rotation through the 

Waltz rule, the ion threshold is typically found to reach values not exceeding 7 in the 

usual range of parameters of the H-mode or hybrid plasmas. In this range the variation of 

H98 is up to 30% with high stiffness (dashed lines), and of about 20% in the other cases. 

Observing figure 4.4 for ion thresholds lower than 7, R/LTi is found higher than the 

threshold for all the considered radial positions. Its growing is higher for the inner radius. 

In the plasma centre the ion temperature varies from 5.4 keV for (R/LTi)cr=3 to 9 keV 

for(R/LTi)cr=7. 

4.3.2.3 Pedestal effect 

In the scan of temperature pedestal height both ion and electron temperature pedestal 

values have been varied. Looking at figure 4.6, where the case of low constant stiffness 
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(equal to 0.4), constant threshold (equal to 4) and typical hybrid plasma power (25.5 MW) 

is shown, the normalized logarithmic ion temperature profiles are above the threshold for 

every radial position, similarly to the case of the ion stiffness scan (figure 4.6a). The 

correspondent ion temperature profiles are represented in figure 4.6b. The central 

temperature changes from 4 keV for a pedestal of 100 eV to 9.8 keV for a pedestal of 3 

keV. 

                 

Fig. 4.6. (a) R/LTi as a function of the ion and electron temperature pedestal height is shown for 
different values of the radial coordinate. It refers to the case of constant threshold (equal to 4), 
hybrid plasma power and stiffness = 0.4. Different curves in the graph refer to different radial 

positions. Triangular indicators are for =0.33, circles for =0.5, squares for =0.73. (b) 
Correspondent ion temperature profiles are shown in logarithmic scale: different colors are used 
for the different values that the T pedestal reaches in the scan. 

 

Fig. 4.7. Confinement parameter as a function of the ion and electron temperature pedestal 
height, for low constant ion stiffness and constant ion threshold (solid lines), for high constant ion 
stiffness and constant ion threshold (dashed lines), for the stiffness and threshold profiles 
represented in figure 4.1 (dotted lines). With red lines we have represented the case of typical 
hybrid plasma power(for the case with solid line correspondent ion temperature profiles and R/LTi 
are represented in figure 4.6), with the green ones the case of reduced power. 

a) b) 
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Results on the global scale are shown in figure 4.7. The confinement parameter increases 

with increasing temperature pedestal height: as expected it plays a very important role in 

increasing H98. For reduced power (green lines) the increase of the confinement 

parameter is slightly higher. Choosing different values for the fixed threshold and 

stiffness does not lead to large changes: the case with stiffness and threshold profiles 

(dotted lines) gives slightly larger variation in the confinement parameter, which also 

assumes slightly higher values. We can state that H98 varies by about 80% changing the 

temperature pedestal from 0.1 keV to 3 keV. 

4.3.2.4 Injected power effect 

Finally the injected power scan results are reported, for which a substantially different 

behavior has been found for different ion stiffness values. In figure 4.8 ion temperature 

profiles with varying injected power are shown for high constant threshold and typical 

hybrid plasma temperature pedestal height. In figure 4.8a, where the stiffness is low, 

values from 9.2 keV to 17.1 keV are reached by the ion temperature in the centre of the 

plasma when varying the power. For high stiffness (figure 4.8b), the values vary from 8 

keV to 10.6 keV, and only in the very centre, where transport is below the threshold. 

                 

Fig. 4.8. Ion temperature profiles in logarithmic scale are shown, (a) for low constant stiffness 
(equal to 0.1), (b) for high constant stiffness (equal to 2); both the graphs refer to the case with 
high constant threshold (equal to 7) and typical hybrid plasma pedestal height (equal to 1.5 keV). 
Different colors are used for the different values that power reaches in the scan. 

Results of the global analysis are shown in figure 4.9. For low stiffness (figure 4.9a) the 

confinement parameter does not depend on the power value. This holds for different 

fixed thresholds and temperature pedestal heights. Then the dependence on the injected 

power of energy confinement time for the hybrid JET plasmas characterized by low 

stiffness seems to be in good match with the behavior of the energy confinement time 

obtained from the experimental scaling for H-mode plasmas. In the case of high stiffness, 

H98 decreases with increasing power for a given set of temperature pedestal and 

threshold, as shown in figure 4.9b. Roughly 10% loss of H98 (coming from core 

a) b) 
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confinement) is predicted on typical JET power levels when going from 20 MW to 30 

MW at high stiffness.  

                   

Fig. 4.9. Confinement parameter as a function of the power, (a) for low constant stiffness (equal 
to 0.1), (b) for high constant stiffness (equal to 2). With red lines we have represented the 
simulations with typical plasma hybrid temperature pedestal height and high constant threshold 
(equal to 7), with black lines the case of typical plasma hybrid temperature pedestal height and low 
constant threshold (equal to 4), and with green ones reduced pedestal height and high constant 
threshold (equal to 7). 

4.4 ITER plasmas 

The second series of scan simulations is based on the parameters that characterize the 

ITER machine. For ITER plasmas the impact of the variation of each scanned quantity 

on global plasma performance is studied through the behaviour of the confinement 

parameter and also of the fusion power obtained from the simulations. Fusion power is 

defined as the product between the reactivity of fusion reaction products (see Chapter 1, 

formula 1.3) and the energy released by the single reaction. The analysis of this parameter 

is included in the numerical study because what counts for a future reactor is to produce 

power from fusion reactions rather than to reach the best possible confinement. Before 

reporting scans results, a short description about the ITER project is given. 

4.4.1 The International Thermonuclear Experimental Reactor project (ITER) 

Although significant progress has been made with JET and other fusion experiments, it 

was clear from an early stage that a larger and more powerful device would be needed to 

create the conditions expected in a fusion reactor able to provide positive energy balance 

and to demonstrate its scientific and technical feasibility. ITER [88] will be a machine of 

the tokamak type that has, as the main aim, to demonstrate net prolonged power 

production through fusion reactions in a deuterium-tritium plasma. In order to produce 

more energy with respect to the one needed to heat the confined plasma for extended 

periods of time, ITER will be twice the size of the largest existing tokamak, JET, and 

a) b) 
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with greater expected fusion performance. These extrapolations in size and in physics 

performance provide the major challenges to the design of ITER.  

Some of the main parameters of ITER are reported in table 4.3. ITER is designed to 

generate 500 MW of fusion power sustained for more than 400 seconds. A value of the 

fusion power gain Q>1 means that ITER should produce more power than it consumes. 

Q is defined as the amount of thermal power that is generated by the fusion reactions, 

divided by the amount of external heating power. JET in 1997 has reached Q=0.65 

transiently and Q=0.24 in steady state conditions. ITER has to be able to produce Q=10 

for hundreds of seconds, and Q larger than 5 during longer periods, possibly one hour or 

more. 

 

Table 4.3. Main ITER parameters [86]. 

The inductive H-mode scenario has been chosen as the primary operating mode for 

ITER [88]. In the flattop phase the total current amounts to about 15 MA. The maximum 

toroidal field of 5.3 T is applied. The fully developed D-shaped plasma with X-point 

configuration is expected to have an elongation of 95∼1.7 and a triangularity 95∼0.33 at 

the flux surface enclosing 95% of poloidal flux. The average electron density is <ne>∼1.1 

1020 m-3. Full NBI power of 33 MW is applied to the plasma together with about 20 MW 

of radio frequency heating (ICRH). 400 MW of fusion power with Q≃10 and a flattop 

pulse length of 300-500 s are expected, according to the first simulations. 

Compared with current conceptual designs for future fusion power plants, ITER will 

include most of the necessary technology (for example superconducting magnets and 

remote handling) that will then be possible to test, but will be of slightly smaller 

dimensions and will operate at about one-fifth of the power output level. However, 

similarly to future reactors, ITER will be characterized by the condition of burning 

plasma, which means that most of the heating from the plasma will come from the fusion 

reactions. Producing, studying and controlling this burning plasma is one of the most 

relevant scientific aims of ITER. Finally ITER should test and develop concepts for 

breeding tritium from lithium inside the blanket surrounding the plasma. 
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4.4.2 Simulation set-up 

The parameters foreseen for the ITER baseline H-mode scenario are used as basis for the 

numerical simulations for ITER. Some of them are shown in table 4.3. The input power 

has been taken fixed: PNBI = 33 MW, PICRH= 20 MW. PION and PENCIL, two codes 

described in the paragraph 3.4 of this thesis, have been used in order to calculate the 

ICRH and the NBI power deposition profiles respectively. Three parameters have been 

scanned: the ion stiffness, the ion threshold and the ion and electron temperature 

pedestal height. As in the case of hybrid JET plasmas, only one parameter varies for each 

scan, the others are kept fixed. When the temperature pedestal height is taken constant 

we have chosen the lower value of 3 keV or the higher value of 4 keV, following the 

estimates carried out for the ITER baseline scenario [89]. For fixed threshold and 

stiffness, values of the simulations of the JET hybrid discharge reported in the previous 

paragraph have been used. Making hypothesis about parameters as threshold and stiffness 

is challenging for a machine like ITER. Our investigation has taken into account the 

range of values that have been found in experimental studies carried out at JET, basing 

on the fact that threshold and stiffness are dimensionless parameters and refer to JET 

regimes similar to the ITER baseline scenario. A list of the scans made is shown in table 

4.4. 

 

 
ION  

STIFFNESS 
ION THRESHOLD 

TEMPERATURE 

PEDESTAL 

SCAN of  

ION STIFFNESS 
from 0.1 to 2 

4 3 keV 

4 4 keV 

profile 3 keV 

profile 4 keV 

SCAN of 

ION THRESHOLD 

0.4 

from 3 to 12 

3 keV 

0.4 4 keV 

2 3 keV 

2 4 keV 

profile 3 keV 

profile 4 keV 

SCAN of 

TEMPERATURE 

PEDESTAL 

0.4 4 

from 2 to 6 keV 2 4 

profile profile 

Table 4.4. Scans of ion stiffness, ion threshold and temperature pedestal for ITER plasmas. 
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4.4.3 Simulation Results 

4.4.3.1 Stiffness effect  

The scan of the ion stiffness, using different values of ion and electron temperature 

pedestal height and different ion thresholds, is first illustrated. Figure 4.10 refers to the 

case of ion threshold equal to 4 and temperature pedestal height of 3 keV. Looking at 

figure 4.10b, the large growth of the ion temperatures with decreasing ion stiffness is 

evident. This leads from Ti0=14 keV for si=2 to Ti0=27 keV for si=0.1. It is due to a 

significant increase of the gradient of Ti in the external part of the core as in the case of 

JET hybrid discharge, but also to its larger growth in the core and in the central region of 

the plasma. While in JET R/LTi is under the ion threshold values in the very central 

region, in the ITER case we find R/LTi quite over it. This can be explained by the use of 

the on-axis ICRH system in ITER, which is characterized by a deposition power 

maximum in the centre of the plasma. It is scheduled in ITER together with the NBI 

system that is expected to give a more radially distributed deposition power. The cases 

with other temperature pedestal height and ion threshold show a similar Ti and R/LTi 

development to the one represented in figure 4.10. 

                 

Fig. 4.10. (a) R/LTi as a function of the ion stiffness is shown for different values of the radial 
coordinate. It refers to the case of constant threshold (equal to 4), power and temperature pedestal 
height = 3 keV. Different curves in the graph refer to different radial positions. Triangular 

indicators are for =0.33, circles for =0.5, squares for =0.73.(b) Correspondent ion 
temperature profiles are shown in logarithmic scale: different colors are used for the different 
values that the ion stiffness reaches in the scan. 

The influence that ion stiffness variations have on global parameters is shown in figure 

4.11. H98, shown in figure 4.11a as a function of the ion stiffness, has the same behaviour 

as in the JET hybrid plasmas, but it is less sensitive to stiffness in ITER than in JET. In 

fact in this case the difference caused by changes in the stiffness is less than 10%. This is 

true also with a constant fixed value of the ion threshold and the variation is even lower 

with threshold profile. For the temperature pedestal height equal to 3 keV (blue lines) we 

find a confinement parameter more sensitive to stiffness changes, though with a lower 

a) b) 
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value with respect to the case with higher pedestal. In figure 4.11b the fusion power as a 

function of the ion stiffness is shown. We note that changes in stiffness cause an 

important variation of the fusion power, by over 50% of the total value. The drastic 

increase of the fusion power caused by the low stiffness can be explained by the large 

variation of the ion temperatures with the ion stiffness shown in figure 4.10b and their 

R/LTi values of figure 4.10a. As explained above, the ICRH gives an important 

contribution to the increase of the ion temperatures, and then to the magnitude of the 

fusion power. 

               

Fig. 4.11. Confinement parameter (a) and fusion power (b) shown as functions of the stiffness 

level si. With blue lines we indicate the case with pedestal height equal to 3 keV (for the case with 
solid line correspondent ion temperature profiles and R/LTi are represented in figure 4.10), with 
red lines the case with pedestal height equal to 4 keV. Solid lines are used for constant threshold 
(equal to 4), dashed lines for the threshold profile shown in figure 4.1. 

The different sensitivity of the confinement parameter between JET and ITER is due to 

the inclusion of the  power in the total power (that includes also ohmic power and 

heating power), on which H98 depends as shown in the formula (4.1). In fact, as we can 

see also from the large variation of the fusion power represented in figure 4.11b, the  

power contributes significantly to the total value of the power. For lower ion stiffness the 

ion temperature achieves higher values, then the confinement parameter increases 

because it is directly proportional to the thermal energy. However, also the  power is 

larger and it causes a reduction of the H98 with respect to the case of JET hybrid plasmas, 

in which the  power is always equal to zero. This behaviour takes place for all the scans 

performed for ITER, where nuclear fusion reactions have been enabled. 

4.4.3.2 Threshold effect 

The ion temperature gradient threshold scan is then presented. In figure 4.12a we can see 

the confinement parameter as a function of the ion threshold for different values of ion 

stiffness and temperature pedestal. As for the scan of ion stiffness, the variation of H98 is 

much lower with respect to the JET case whilst the behavior is similar. Under the ion 

a) b) 
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threshold value of 7 the confinement parameter increases with increasing threshold up to 

about 10%, and its growth is larger (11%) in the case of high ion stiffness (dashed lines). 

             

Fig. 4.12. Confinement parameter (a) and fusion power (b) shown as functions of the ion 
threshold. With hot (cold) colors we indicate the case with pedestal equal to 4 keV (3 keV). Solid 
lines are for low constant stiffness, dashed lines for high constant stiffness, dotted lines for the 
stiffness profile represented in figure 4.1. 

For values of the ion threshold higher than 7 the increase of H98 is lower. As for JET 

hybrid simulations it corresponds to the R/LTi under threshold, that in the ITER case 

takes place in the outer region of the plasma, while in the centre it does not happen 

because of the ICRH power. The variation of the fusion power is larger for high constant 

ion stiffness, as figure 4.12b shows: the impact of the ion threshold on the fusion power 

is considerable and it gives a variation of over 50%. Besides, if the temperature pedestal 

height is equal to 4 keV the value of the fusion power is higher by almost 100 MW. It is a 

significant variation, however comparable with the difference of the fusion power due to 

using different ion stiffness levels.  

4.4.3.3 Pedestal effect 

Finally in figure 4.13a we can see the confinement parameter as a function of the 

temperature pedestal height. Also in this scan the increase of H98 has the same behaviour 

as in the case of the JET shot. The results shown in figure 4.13 agree with the previous 

scans about the role of the temperature pedestal height on ITER fusion power and 

confinement [90,91]. H98 grows more than 30% with increasing temperature pedestal 

from 2 keV to 6 keV, achieving a variation of 40% for high stiffness. In figure 4.13b the 

huge growth of the fusion power with increasing pedestal height is shown. Over 80% of 

increase and values of fusion power almost of 1000 MW are obtained for stiffness and 

threshold dependent on radial coordinate. Using different ion stiffness levels leads to 

fusion power values that differ by about 100 MW. 

a) b) 
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Fig. 4.13. The confinement parameter (a) and the fusion power (b) are shown as functions of the 
ion and electron temperature pedestal height. With solid lines we indicate the case with low 
constant ion stiffness (equal to 0.4) and constant ion threshold (equal to 4), with dashed lines we 
have used high constant ion stiffness (equal to 2) and constant ion threshold (equal to 4). With 
dotted lines the case of ion stiffness and ion threshold profiles (represented in figure 4.1) is shown. 

4.5 Summary 

Series of scans of ion stiffness, inverse ion temperature gradient length threshold, 

temperature pedestal height and injected power have been performed to study 

quantitatively their impact on global plasma performance, confinement and fusion power. 

The fluid transport code JETTO has been used together with the semi-empirical 

transport model CGM, which includes explicitly the control parameters of turbulent 

transport. It has been then possible to obtain a quantitative estimate of the impact of the 

local transport parameters on the core plasma transport and globally on the plasma.  

First, hybrid JET plasmas have been used as basis of the simulations. The results show 

that changes up to 30% in the confinement parameter H98 and thereby in the plasma 

confinement can be achieved by changing the ion stiffness from very low values (χsi=0.1) 

to high values (χsi=2). Variations between 20% and 30% have been obtained from the 

scan of the ion threshold. Changes of over 50% in the H98 have been found by changing 

temperature pedestal height. This numerical work has then pointed out that the 

dependence of the global plasma performance on the ion stiffness is quantitatively 

significant, also in relation with the global effects due to the ion threshold and the 

temperature pedestal height, considering the variation of the three scanned parameters 

within a realistic interval of values defined by previous experimental studies. The 

relevance of the ion stiffness variation can partly explain the confinement improvement 

characteristic of JET hybrid plasmas, that are thought to be characterized by a larger 

region of low stiffness with respect to the standard H-mode plasmas. In addition we have 

seen that in the case of low stiffness, for a given choice of threshold and pedestal height, 

the energy confinement time in the JET hybrid scenario plasmas seems to depend on the 

injected power exactly as the energy confinement time obtained from the H-mode scaling 

law reported in the formula 4.6. This does not happen if the ion stiffness is high. In this 

a) b) 
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case the confinement parameter decreases with increasing input power. The power 

dependence of the H98 scaling then seems not to describe high stiffness plasmas 

adequately. 

The scans have then been extended to ITER plasmas. The confinement parameter has 

been found to be less sensitive to the ion stiffness and ion threshold variations than for 

JET hybrid plasmas. However, looking at the fusion power changes, the effect of the 

variation of these parameters is very relevant. The scan of the ion and electron pedestal 

height gives large changes in the confinement parameter also for ITER plasmas, and a 

huge variation of the fusion power. The lesser sensitivity of H98 to the ion stiffness and 

threshold variation is due to the inclusion of the  power in the total power, that leads to 

a partial compensation of the changes of thermal energy, because the  power increases 

with growing thermal energy. 

Understanding the magnitude and trends of all the three parameters is then relevant for 

the operations of the future fusion devices, influencing crucially their core ion 

temperature and then the achievable fusion power. Therefore, when predicting the 

performance of future machines as ITER, it is very important to know the ion stiffness 

level of their plasma, beyond the ion threshold and the temperature pedestal values, while 

in the present model validation efforts stiffness is rarely taken into account. 
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Chapter 5 

Physics based modelling of H-mode 
and Advanced Tokamak scenarios 
for FAST: analysis of the role of  
rotation in predicting core transport 
in future machines 

In the conclusions of Chapter 4 the relevance that the ion stiffness level has on the global 

performance of tokamak machines is pointed out. We know this parameter depends on 

several physical and geometrical quantities of the plasma, among which the influence of 

the plasma toroidal rotation gradient has been shown experimentally ([30] and paragraph 

2.3.4) and confirmed in Chapter 3 of this thesis. Different scenarios, and then different 

kind and intensities of the additional heating can lead to different rotation values, and 

then to variations of the ion stiffness level. In particular, the toroidal rotation seems to be 

an essential ingredient to achieve advanced scenarios, characterized by improved core 

confinement, as reported in [29] and in paragraph 2.3.4. When tokamak scenarios are 

predicted, it is then important to take into account the ion stiffness level and its depen-

dence on the toroidal rotation. Such effect is not included in first principle models availa-

ble at the time of this thesis work, therefore the critical gradient model (CGM) (which 

features an adjustable stiffness level) has been used when reasonable extrapolations from 

JET were possible. In cases in which this was not possible, the Bohm-gyroBohm trans-

port model has been used. This has been preferred to theory-based models such as 

GLF23 or Weiland, which have been shown not to feature the effects of high rotation 

and low magnetic shear on ion stiffness discovered on JET. The Bohm-gyroBohm in-

stead is semi-empirical and calibrated on experimental data, and in fact includes a benefi-

cial effect of high rotation and low magnetic shear as described in [92] and reported in 

Chapter 2, eq. 2.86, although the model is not cast in terms of stiffness. 

This Chapter reports the core transport modelling work carried out in order to predict 

the operational scenarios for the FAST (Fusion Advanced Studies Torus) machine, in-

cluding the plasma rotation in the simulations and analyzing its role in the considered 

scenarios. FAST is a device proposed as a possible European ITER satellite. 

In paragraph 5.1 a short description of the machine together with the foreseen heating 

systems and the possible scenarios of operations and the investigated ones are presented. 

Paragraph 5.2 reports the simulations set-up. Simulations have been carried out with the 
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awareness that predicting performance and scenarios in future fusion devices beyond the 

level of 0D scaling laws is a challenging task. On one hand we do not yet have at disposal 

fully validated core and edge predictive transport models, on the other hand, assuming 

1D profile conservation starting from data in existing machines and using dimensionless 

parameter scaling is at least partially hindered by expected differences between present 

and future machines, such as in plasma rotation, amount of electron heating and impurity 

concentrations. In this situation, the predictive activity has to wisely combine both theory 

based simulations and empirically based considerations, with the strongest possible link 

to experimental results in existing devices. The results of the scenarios predictive model-

ling are described in paragraphs 5.3, 5.4 and 5.5. Summary and conclusion are finally re-

ported in paragraph 5.5. 

5.1 Fusion Advanced Study Torus (FAST) proposal 

The fusion advanced study torus FAST is a new machine proposed to support the ITER 

experimental exploitation [93,94]. The need of a physics and technology accompanying 

program for ITER, including one or more satellite tokamak experiments, is widely admit-

ted. FAST is aimed at integrated investigations of fast particle physics, plasma operations 

and plasma wall interaction in burning plasma relevant conditions. It is meant to work 

with deuterium plasmas and to use fast ions, accelerated by heating systems (in the energy 

range of 0.5-1 MeV), in order to investigate the non linear dynamics relevant for the un-

derstanding of  particle behavior in burning plasmas. Then the particle confinement, 

both thermal and supra-thermal, which is determined by their orbit size normalized to the 

plasma minor radius, has to be similar to that of ITER, and this condition determines the 

values that must be reached by the plasma current Ip. 

The parameters that characterize FAST are in a dimensionless range as close as possible 

to that of ITER, in order to explore the most severe ITER operational issues. In particu-

lar the ratio between electron-ion equipartition time and energy confinement time τe–i/τE 

is similar. This condition leads to have equal electron and ion temperatures, and to a simi-

lar ratio of fast ion collisional slowing down time to energy confinement time (τSD/τE ), 

then to a similar ratio even between the fast ion βH (H stands for ‘hot’) and the thermal 

plasma β, because βH/β ≈ τSD/τE (it applies if the largest fraction of heating is provided 

by fast ions, that is under reactor relevant conditions but also in the FAST H-mode refer-

ence scenarios). In FAST the ITER geometry is reproduced. 

Besides inductive H-mode scenarios, advanced regimes with long pulse duration with 

respect to the current diffusion time and up to full non-inductive current driven (NICD) 

scenarios are foreseen as FAST scenarios. 

In addition technical innovative solutions for the divertor directly relevant for ITER are 

foreseen to be tested and, through a high ratio between the total available power from 

auxiliary heating systems and the system size, conditions of large heat loads on divertor 

plasmas can be reproduced. FAST is planned to be equipped with a large number of di-

agnostics similar to those of ITER. 
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Finally numerical benchmarks of codes and models together with the model verification 

and validation in ITER relevant plasma conditions can be carried out. 

5.1.1 FAST heating systems 

Three auxiliary radiofrequency heating systems have been foreseen for FAST. It will be 

equipped with ICRH as main heating scheme, with the aim of addressing several impor-

tant burning plasma issues, as fast ion transport due to collective mode excitations and 

cross-scale couplings of micro-turbulence with meso-scale fluctuations due to the ener-

getic particles themselves. They can be investigated by experimental studies of the fast 

ion tail produced by ICRH. The mechanism at the basis of ICRH is described in Chapter 

3 of this thesis. In FAST up to 30 MW of power in the 30-90 MHz frequency range will 

be coupled. 

The second foreseen heating system is the lower hybrid (LH) heating. The lower hybrid 

resonance heating uses waves at frequencies ci<<<< ce, where ce=eB/mec is the 

electron cyclotron frequency. One of the most fundamental properties of this heating 

system is the existence of a critical value of the parallel refractive index n||, defined as the 

ratio between the vacuum wavelength and the wavelength parallel to the magnetic field in 

the plasma, below which the wave has two evanescence regions, one in the plasma edge, 

similarly to the fast wave of the ICRH system, the second is more internal and prevents 

the wave from penetrating into the internal plasma. In the above described frequency 

range and for a refractive index which respects the accessibility condition two waves can 

propagate, the fast and the slow modes. Originally the LH heating was conceived with 

the scope of heating the ions by launching the slow wave at a frequency below the LH 

resonance. This wave then propagates up to the LH resonance and is absorbed there. 

However experiments have shown the wave tends to be absorbed by electron Landau 

damping before having reached the resonance, the location of which is not completely 

controlled. Now the frequency is chosen above the central LH frequency, then all the 

power goes to electrons. The slow wave, which propagates parallel to the magnetic field, 

can accelerate the electrons in one direction if the wave launch spectrum is asymmetric, 

producing a current. The main application of LH is non-inductive current drive: today it 

is the best, experimentally proven, current drive method. FAST foresees 6 MW of LH at 

the frequency of 3.7 or 5 GHz. 

Among the RF systems for FAST, the electron cyclotron radio-frequency heating 

(ECRH) is also included. For the electron cyclotron heating scheme, frequencies of the 

order of the electron cyclotron frequency =ce are required. High power microwaves 

have the required frequencies. Only the electrons respond to these waves and only the 

electrons are heated directly by absorbing resonantly the energy of the waves. However, 

under certain conditions, the ions are heated by the electrons through collisions. The ab-

sorption process of the electron cyclotron resonance is similar to the ion cyclotron case, 

even if for electrons relativistic effects are important. This is true even at temperatures at 

which the thermal velocity would not normally be thought of as being in the relativistic 
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regime. The ECRH system has several advantages, among which the main ones are a very 

localized heating, due to the fact that the absorption is quite narrowly localized around 

the cyclotron resonance layer. It may be used to control the current profile, with a view 

to suppressing MHD instabilities. In addition problems of impurities due to sophisticated 

coupling scheme structures required for the ICRH and LH schemes are absent in the case 

of electron cyclotron waves. They in fact are not evanescent in the vacuum, then launch-

ing systems can be put relatively far from the plasma, reducing the possibility of interac-

tion with the plasma and the consequent impurities introduction. In FAST ECRH is 

planned to be used at the frequency of 170 GHz for central heating. It is foreseen to be 

used also at half radius for MHD control. 

The FAST load assembly has been conceived to accommodate 10 MW of Negative Neu-

tral Beam Injection (NNBI), allowing to produce fast particle populations with different 

anisotropy and profile localization, and to provide momentum input and current drive. 

NNBI is based on the processes described in Chapter 3 of this thesis. 

5.1.2 FAST operational scenarios 

For all the foreseen scenarios [95], FAST plasma equilibria have been designed to be, as 

much as possible, similar to that of ITER (see figure 5.1). All the experimental scenarios 

are planned to have the same plasma shape with major radius R=1.82 m and minor radius 

a=0.64 m, elongation =1.7 and triangularity <>=0.4. The FAST scenarios investigated 

in this thesis work are shown in table 5.1. Two H-mode scenarios are presented. The ref-

erence H-mode, shown in the first column of table 5.1, is planned to have a duration of 

the high performance phase longer than the resistive diffusion time. This scenario is 

called reference because it is finalized to achieve all the main FAST physics goals in a 

unique integrated scenario. It is characterized by Bt=7.5 T and Ip=6.5 MA. 30 MW of 

ICRH at 73 MHz in (3He)-D minority scheme is assumed as additional heating. Alterna-

tively using Bt=6 T and Ip=5.5 MA, 15 MW of ICRH at 58 MHz in (3He)-D minority and 

15 MW of ECRH (170 GHz, 1st Harmonic O-mode from LFS) are the additional powers 

proposed, as illustrated in the second column of table 5.1. The last column of table 5.1 

shows one of the proposals for the advanced scenarios studies in FAST. It refers to a full 

non inductive current drive scenario, where the plasma current is provided for the 60-

70% by the bootstrap current and for the 30-40% by the LH driven current. Bt=3.5 T 

and Ip=2 MA are the parameters chosen for this scenario. A toroidal field lower than that 

of H-mode allows to achieve longer discharge duration. The heating power is 30 MW, 

provided fully by the ICRH system at 35 MHz in (3He)-D minority, plus 4 MW provided 

by the LH at 5 GHz, n||=2.3. 
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FAST 
H-mode 

reference 

H-mode  

(ECRH) 

AT 

 Full NICD 

Ip (MA) 6.5 5.5 2 

q95 3.2 2.9 5 

BT (T) 7.5 6 3.5 

<n20> (m-3) 2.2 2.2 0.9  

Pth_H (MW) 14 ÷18 14 ÷ 18 5 ÷ 7  

N 1.3 1.4 3.4 

E (s) 0.37 0.38 0.18 

res (s) 5.5 5 2 ÷ 5 

T0 (keV) 12.5 11.3 21.0 

tdischarge (s) 20 26 170 

tflat-top (s) 13 17 160 

INI/Ip (%) 11 16 170 

PADD(MW) 30 15+15 30+4 

Table 5.1. H-mode and AT scenarios for FAST 

 

Fig. 5.1. FAST equilibrium [91]. 
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The effect of replacing 10 MW of ICRH power with 10 MW of NNBI power (with beam 

energy of 700 keV) in the H-mode reference scenario and in the AT scenario is investi-

gated. The injection of neutral beams is known to give rise to plasma rotation, that can 

lead to improved confinement and then improved plasma performances, as discussed in 

Chapter 2, and also observed experimentally and described in Chapter 3 of this thesis. 

5.2 Simulations set-up 

The simulations have been carried out using the JETTO code. The input quantities and 

the considered effects are listed in the following. Some of them (the magnetic equilibrium 

boundary, the ECRH deposition profiles, the pedestal values) are the results of a separate 

work carried out in parallel and are simply inserted in the transport code JETTO. 

Magnetic equilibrium boundary: it has been produced by the full free boundary plasma 

equilibrium FIXFREE code [96,97] in the standard EQDSK format (including the cho-

sen functional form of the kinetic plasma pressure and the diamagnetic total plasma cur-

rent). We used a slightly peaked current density profile as initial guess. A boundary file 

with the last closed surface derived from FIXFREE calculations [98] has been inserted as 

input in JETTO, and then the fixed boundary Grad-Shafranov solver ESCO has been 

applied for the self-consistent evolution of the plasma equilibrium.In order to take into 

account the contribution of the fast particles to the total plasma pressure, a fixed multi-

plier 1.2 has been applied to the thermal pressure within ESCO.  

Power deposition profiles: for ICRH heating profiles we have either used the PION code 

called self-consistently by JETTO or the TORIC [99] code which is run outside JETTO 

and then used as input for JETTO (this procedure requires a few iterations between 

JETTO and TORIC). The full-wave code TORIC solves the Maxwell-Vlasov integro-

differential wave equations in the ion cyclotron range of frequencies (ICRF) in 2D axi-

symmetric equilibria. It is used in connection with the SSQLFP code [100], which solves 

the quasi-linear Fokker-Planck equation in 2D velocity space. Power deposition profiles 

of the ion minority, majority and electrons are determined first. Then, the effective tem-

perature of the minority ion tail and the fraction of fast ions are evaluated consistently. 

Moreover, quasi-linear analyses determine how the power absorbed by the minority tail is 

redistributed by collisions among the main thermal plasma particles, majority ions and 

electrons.  

Good match between the RF deposition predicted by TORIC and PION is obtained as 

shown in figure 5.2 for the case with n3He/ne=3%. 

The ECRH heating profiles have been provided by the GRAY code [101], which is also 

outside the JAMS suite and required iterations with JETTO. For AT scenarios FRTC 

[102], within the JAMS suite, has been used to calculate LH heating and current drive 

profiles. 

The NNBI power and torque profiles have been computed using the orbit following 

ASCOT code called self-consistently by JETTO. The ASCOT NBI deposition for FAST 
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device has been compared with the deposition predicted by the NEMO/SPOT code 

[103].  

                     

Fig. 5.2. ICRH deposition profiles for ions (a) and electrons (b) with red lines for TORIC and 

blue lines for PION (7.5 T, 73 MHz, n3He/ne=3%). 

Pedestal values: they have been estimated with a simplified process. From the relation 

between the pedestal energy and the total energy (Wped ~ 40% Wtot [104,105]) in a good 

quality H-mode (with an H factor equal to 1) the temperature pedestal can be calculated, 

once the mean plasma density is known. This last quantity has been assumed close to the 

Greenwald limit. The same temperature pedestal has been used in all simulations. In any 

case the modelling work is focused on core transport issues, and transport models cha-

racteristic of the core plasma have been used. The pedestal values have been inserted in 

the JETTO code with different methods. For almost all the simulations the edge temper-

atures have been assigned at the top of the pedestal. A more realistic method has been 

used in the case with ECRH+ICRH as heating systems: ETB and ELMs have been used 

to obtain the temperature pedestal. After verifying the equivalence of the two methods of 

producing the boundary conditions, the first one has been chosen because of the better 

stability of the simulations. 

Sawteeth effect: it has not been taken into account for the H-mode scenario simulations 

because of the high margins of uncertainty in including verisimilar sawteeth and possible 

stabilization techniques. A flattening of profiles within q=1 is expected in conditions 

where sawteeth are allowed to develop. 

Poloidal rotation effect: the poloidal rotation is assumed to be neoclassical. 

Density profile: for the H-mode scenario the density profile has been in first instance 

assigned with rather flat shape according to typical H-mode density profiles, in second 

instance calculated with first-principle models, resulting in significant peaking due to the 

low collisionality. 

Toroidal rotation effect: when the effect of rotation is considered, the toroidal momen-

tum transport equation is solved. Rotation is modeled by assuming a turbulence driven 

inward momentum pinch, as reported in paragraph 4.1 (the assumptions of Prandtl num-

a) b) 
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ber Pr = /i =1 and pinch number Rv /~4 are made following the results of expe-

rimental investigations and theoretical studies [40,41,106-110]), with the boundary value 

of the rotation due to edge intrinsic rotation or the torque caused by NNBI at high plas-

ma density. The impact of rotation on plasma performance has been evaluated either ac-

cording to existing transport models or according to recent JET results on ion stiffness 

mitigation in presence of rotation and low magnetic shear. 

Different core transport models have been used: first principle models (Weiland and 

GLF23) and semi-empirical models (mixed Bohm-gyroBohm and Critical Gradient Mod-

el). In the CGM simulations the electron and ion thresholds have been calculated from 

the theory based formulas reported in Chapter 2 of this thesis ((2.67), (2.73)), whilst the 

stiffness coefficients have been chosen following the results of recent transport experi-

ments on JET [26-28,57], i.e. se~1 for electrons and si~2-4 for ions, which implies ra-

ther high stiffness for both heat transport channels. In cases in which the toroidal rota-

tion has been included in the prediction, the ion stiffness profile shown in figure 4.1, and 

obtained from experimental studies at JET, has been used. It is characterized by a low 

value of stiffness in the inner radial part of the plasma and an higher value externally. 

All the simulations have been made with evolving current, ion and electron temperatures. 

In all the following figures, the radial coordinate is the square root of the normalized to-

roidal magnetic flux, indicated as rhotn. 

5.3 Reference H-mode scenario with 30 MW ICRH 

Simulations of the reference H-mode scenario shown in the first column of the table 5.1 

are carried out Different transport models are used and the resulting ion and electron 

temperature profiles together with the assigned density are shown in figure 5.3. 

For electrons the range of predicted temperatures is not large, although the Bohm-

gyroBohm model gives much broader Te profiles than all other models. In the very cen-

tral region of the plasma the CGM model produces electron temperatures much higher 

with respect to other models. However in this zone the Te profile is characterized by 

R/LTe under the TEM threshold. The residual transport is then responsible for this plas-

ma zone. For all the transport models the neoclassical diffusivity has been taken into ac-

count, neglecting the plausible finite turbulent diffusivity which can exist below the 

threshold, for instance due to some residual small-scale turbulence or to turbulence 

spreading. We know the electron neoclassical diffusivity is very small, and it causes a very 

peaked Te in the central plasma. However, because in this region mechanisms different 

from the processes that are at the basis of the considered transport models take place, 

using these tools to model temperatures in the very central region makes no sense. In 

addition central temperatures are not significant for the global confinement. Then we are 

not interested in predicting their values. 

For ions there is a wider range of predictions, up to a factor 2 in central Ti. A choice must 

then be made amongst the different models to select the most reliable prediction. It is not 

granted that all the models work well in the domain of high BT machines, as they have 
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commonly been validated against data of medium-size, lower BT machines. We tend to 

attach better reliability to the predictions of GLF23 which has the broadest physics basis 

and to CGM which is derived directly from experimental data of different devices and 

from inter-machine comparisons [27], and which turns out to agree to good extent for 

ions with GLF23. In the region between =0.2 and =0.8 the CGM electron tempera-

ture profile is little larger even though similar to the GLF23 profile, so we can indicate a 

substantial agreement also for electron temperatures obtained by CGM and GLF23 mod-

els.  

Therefore we would retain as most reliable prediction, for the FAST reference H-mode 

scenario with 30 MW ICRH, values of Ti0~12 keV, Te0~15 keV with a density ne0~2.4 

1020 m-3 and a confinement time ~0.4 s, yielding a value of the triple product equal to 

ne0Ti0  ~ 1.5 1021 keVs/m3. 

                 

Fig. 5.3. Ion (a) and electron (b) temperature profiles for 7.5 T reference H-mode scenario, 30 

MW ICRH calculated with PION, using different transport models: red profiles are for Bohm-

gyroBohm, blue for Weiland, black for GLF23 and green for CGM. The assigned density profile is 

shown in (a) with dotted line. 

In order to obtain a more physics based simulation, also the density profile has been cal-

culated consistently by the different models (Bohm-gyroBohm, Weiland, GLF23). Tem-

perature and density profiles obtained using different transport models are shown in fig-

ure 5.4. Good agreement between the 3 different models has been found in predicting a 

rather peaked ne profile, which makes conditions easier from the point of view of disrup-

tion limits, still retaining high central ne values.  

The simulations with GLF23 corresponds to Ti0~11 keV, Te0~13 keV with a density 

ne0~3.3 1020 m-3 and a confinement time ~0.5 s, yielding ne0Ti0  ~1.7 1021 keVs/m3. 

a) b) 
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Fig. 5.4. Ion and electron temperature  profiles (a) and calculated density profiles (b) for 7.5 T 

reference H-mode scenario, 30 MW ICRH calculated with PION, using different transport mod-

els: Bohm-gyroBohm in red, Weiland in blue, GLF23 in black. 

5.4 H-mode scenario with 15 MW ICRH and 15 MW ECRH 

For the substitution of 15 MW of ICRH with 15 MW of ECRH power, the ECRH power 

deposition profile of figure 5.5 has been calculated through the code GRAY.  

 

Fig. 5.5. ECRH power deposition profile calculated by GRAY. The ECRH is characterized by 15 

MW of power, 170 GHz, 1st Harmonic O-mode from LFS. The deposition profile is the result of 

the superposition of 15 beams of 1 MW launched at toroidal angle of 0° and with different po-

loidal angles, chosen in order to have a uniform volumetric power density in the range between 

rhotn=0.15 and rhotn=0.25. 

The obtained temperature profiles are shown in figure 5.6, where they are directly com-

pared to those with 30 MW ICRH. Differently from figure 5.3, for both cases ICRH pro-

files are provided by TORIC, and the Bohm-gyroBohm model was used in an older ver-

sion. The substitution of 15 MW ICRH with 15 MW ECRH is not beneficial from the 

point of view of confinement, although it is known to alleviate the issue of high impurity 

a) b) 
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influx from ICRH antenna. Colder ions and not significantly hotter electrons than the full 

ICRH case are found. It is caused by increased electron heating and decreased ion heat-

ing, together with the high electron stiffness and the decrease in ITG threshold asso-

ciated to higher Te/Ti values (as described in the paragraph 2.3.4 of this thesis). Therefore 

we have proceeded with the analysis focusing on the 30 MW ICRH H-mode, investigat-

ing in detail the effect of plasma rotation. 

             

Fig. 5.6. Assigned density (a) and ion (a) and electron (b) temperature and profiles for the case of 

6 T H-mode with ICRH +ECRH (full line) and full ICRH (dotted line). Red lines are for old 

Bohm-gyroBohm, blue for Weiland, black for GLF23 and green for CGM. ICRH is calculated 

with TORIC. 

5.5 H-mode scenario simulations including the effect of rotation 

Finally, also the role of toroidal rotation has been taken into account. From the recent 

experimental studies reported in paragraph 2.3.4 and confirmed by the results obtained in 

Chapter 3 it seems to have a key role in achieving improved ion core confinement, not 

only through the well-known threshold up-shift, but through a significant reduction of 

the ion stiffness in the region where q profile is flat [27-30,111,112]. Such ion core con-

finement improvement seems to be an essential ingredient for obtaining steady-state sce-

narios with a core region of enhanced pressure gradient and associated bootstrap current. 

The rotation has been included in the simulations by self-consistently modelling also the 

momentum transport with the physical assumptions described in paragraph 5.2. Two 

sources of rotation have been considered. First, the edge driven intrinsic rotation, which, 

due to the inward pinch, can be transported into the plasma core. This intrinsic rotation 

is a well known observation in tokamaks [35,113], but a quantitative understanding of the 

phenomenon is still lacking, therefore extrapolation to non-existing devices is to be taken 

with care. Second, the core torque due to 10 MW NNBI, which allows a safer prediction 

through the ASCOT code.  

 

b) a) 
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5.5.1 H-mode scenario with 30 MW ICRH and intrinsic rotation 

At present the mechanism at the basis of the intrinsic rotation is not totally understood 

and theory-based predictions of this phenomenon are lacking. For these reasons, in order 

to include the effect of the intrinsic rotation in the predictive work of the scenarios for 

FAST, we have followed the empirical scaling provided by Rice [35] and illustrated in 

figure 5.7, for which the intrinsic rotation depends on the plasma parameters with the 

following expression 

MA = 0.65 ∙ βT
1.4q∗

2.3,                                                                                               (5.1) 

where MA is the Alfven Mach number (given by the ratio between the toroidal rotation 

velocity and the Alfven speed CA ≈ BT  μ0nemave , with mave ≈ mi 1 −

 Zeff − 1 ZI  , where ZI is the charge of the dominant impurity ion) and 

q*=2a2B/0RIp. 

 

Fig. 5.7. The measured Alfven Mach number as a function of the scaling reported in the formula 

(5.1) for different machines: C-Mod (black diamonds), DIII-D (green diamonds), Tore Supra (red 

triangles), JT-60U (red + signs),TCV (blue × signs) and JET (blue squares). Dashed lines represent 

a factor of two variation. Red and blue asterisks are for ITER inductive and non-inductive scena-

rios, respectively. The red point indicates the MA estimate for FAST for the reference H-mode 

scenario. Figure modified from [32]. 

This scaling has recently been questioned on the basis of new JET experimental evidence 

[113]. However, since high values of intrinsic rotation are measured in C-MOD, a high 

field compact machine conceptually similar to FAST, it may be still legitimate to assume 

for FAST an edge rotation value as predicted by the existing C-MOD driven empirical 

scaling. Then we have derived for FAST an edge rotation value =30 krad/s. No torque 

sources are included. Figure 5.8 shows the rotation profile obtained with the assumptions 

described above (Pr =1 and Rv /~4). A very significant rotation gradient is predicted. 
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Fig. 5.8.  Assigned peaked density and calculated rotation. 

 

In the transport code JETTO the implementation of the rotation into the Weiland model 

is very recent and still under test. For GLF23 the rotation model does not feature a mo-

mentum pinch. Forcing a momentum transport model by prescribing Prandtl and pinch 

number, as described in paragraph 5.2, and still using GLF23 or Weiland for heat, leads 

to numerical instabilities problems, still unresolved. For these reasons the two first prin-

ciples models cannot be used to investigate the impact of rotation.  

In order to estimate the rotation effect on confinement we have then used the CGM 

model in which the stiffness value has been decreased in the centre as found in JET and 

reported in paragraph 2.3.4 of this thesis [28-30]. Unlike the first investigated case (figure 

5.3), the assigned density profile is supposed peaked, according to the results represented 

in figure 5.4. 

                    

Fig. 5.9. Ti, Te (a) profiles for 7.5 T 30 MW ICRH H-mode scenario using Pr=1, Rv /~4 and 

edge intrinsic rotation for momentum transport and CGM for heat transport with low ion stiff-

ness in the rotating case. (b) Threshold (kcr) and stiffness (chis) profiles for ions and electrons. 

The assumed profiles for threshold and stiffness are shown in figure 5.9b. Whilst the 

threshold profiles are calculated using theory-based formulas and are kept the same in the 

a) b) 
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two cases with and without rotation, different ion stiffness profiles have been taken from 

JET results with/without rotation. This extrapolation is rather arbitrary, but we presently 

lack a theoretical model describing the effect of rotation on ion stiffness, which has been 

experimentally found much more significant than the threshold up-shift in JET. Figure 

5.9a shows the impact on ions (electrons are unaffected by rotation. About the very cen-

tral electron temperature value that is much larger with respect to the profiles of figure 

5.4a, obtained with other transport models, we refer to the explanation given in the para-

graph 5.3). It is seen that in the H-mode scenario the impact of rotation is significant 

from ~0.5 to the centre but not dramatic. With the effect of the rotation the ion tem-

perature increases by 1.5 keV.  

5.5.2 H-mode scenario with 20 MW ICRH and rotation driven by 10 MW NNBI 

                   

Fig. 5.10. NNBI power depositions (a) and torque (b) profiles calculated by ASCOT for 7.5 T 10 

MW NNBI + 20 MW ICRH H-mode scenario using Bohm-gyroBohm for heat transport. 

Instead of an intrinsic source of rotation we can provide an external source of rotation 

introducing the NNBI power [114]. In particular 10 MW of RF heating have been re-

placed by 10 MW of NNBI. The NNBI power depositions, calculated by ASCOT, can be 

seen in figure 5.10a and are peaked at the plasma centre, although a very significant frac-

tion of power is deposited externally due to the high density. In figure 5.10b the torques 

are presented. The collisional torque is the dominant one in the central region, whilst the 

JxB torque is dominant in the region >0.5. 

Figure 5.11 shows the rotation profiles obtained with 10 MW NNBI + 20 MW ICRH 

both in absence and in presence of an edge driven intrinsic rotation, compared with the 

cases at 30 MW ICRH. In all cases the momentum equation is solved using the diffusivity 

and pinch calculated as discussed in paragraph 5.2. 

The CGM model, utilized for the case of only ICRH, has not been used to calculate the 

heat transport when ICRH and NNBI are the heating systems, because the outcome of 

CGM would not substantially differ from the case shown in figure 5.7 and 5.8, since the 

a) b) 
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rotational shear is very similar. The heat transport is instead here calculated using the 

Bohm-gyroBohm model with the ad hoc criterion that switches off turbulent transport in 

the region where a suitable combination of ExB flow shear and magnetic shear is reached 

(see the description of the Bohm-gyroBohm model in paragraph 2.2 of this thesis). 

   

Fig. 5.11. Assigned peaked density and calculated rotation (a), Ti, Te (b) profiles and Pinch and 

Prandtl numbers (c) for 7.5 T 30 MW ICRH (blue without and green with edge intrinsic rotation) 

and 20 MW ICRH + 10 MW NNBI (black without and red with edge intrinsic rotation) H-mode 

scenario using BgB for heat transport. 

The Bohm-gyroBohm model together with the above described criterion is a very rough 

model, which produces the same effect on transport (likely overestimated, if one com-

pares with figure 5.8a) for any rotation value that fulfils such criterion, irrespective of its 

value.  

The rotation induced by the NNBI, in the absence of intrinsic rotation (this case is 

shown by black profiles of figure 5.11), is already enough to produce stabilization with 

respect to the full ICRH non-rotating case, thereby peaking the temperature profiles sig-

nificantly. Adding an edge intrinsic rotation under the assumptions described earlier do-

minates on the effect of the NBI torque, as shown by the green lines of figure 5.11, but 

the temperature profiles do not peak further due to the model assumptions. However the 

NNBI driven rotation is based on a sounder physics, and therefore would ensure in 

FAST a basic level of rotation. Intrinsic rotation can be thought to further increase the 

attained rotation values. 

5.6 AT scenario simulations including the effect of rotation 

The role of rotation is essential in Advanced Tokamak (AT) scenarios. As described in 

paragraph 1.3 of this thesis, the q profile is also an essential factor to give rise and sustain 

the improved confinement that characterizes these scenarios, however it has been shown 

experimentally in several machines that the q profile alone is not sufficient to produce 

advanced scenarios [115,116]. In particular, for steady state scenarios, a reversed or flat q 

profile is necessary but not sufficient in order to provide ion ITB formation. A reversed 

or flat q profile is known to be produced using the lower hybrid (LH) heating system. It 

is also capable of driving plasma current, which, together with the neoclassical bootstrap 

a) b) c) 
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current mechanism, represent the current sources for obtaining a partial or full non-

inductive plasma regime.  In our simulations the LH heating is imposed through the 

power deposition and current density profiles calculated with the fast ray tracing code 

(FRTC), that is coupled with JETTO, as described in the paragraph 4.1 of this thesis. The 

used power deposition profile is shown in figure 5.12. 

 

Fig. 5.12. LH power deposition profile calculated by FRTC. The LH is characterized by 4 MW of 

power, 5 GHz of frequency and the peak of value of parallel index refraction spectrum npeak=2.3. 

Simulations of the AT scenario have been performed using the Bohm-gyroBohm model. 

Because of the key role of the rotation for the AT generation and sustainment, the analy-

sis of this scenario has been done directly considering the presence of the toroidal rota-

tion, intrinsic or/and driven by heating systems. The CGM model, used in H-mode simu-

lation, has to be excluded because we do not have sufficient empirical data in order to 

suppose realistic values of stiffness and threshold for predictions of advanced scenarios 

of a new machine. The two first principles models Weiland and GLF23 cannot be used to 

investigate the effect of rotation as explained in paragraph 5.5.1. The inclusion of the ro-

tation into the AT transport simulations is then possible only using the Bohm-gyroBohm 

model.  

As in the case of H-mode scenario, two possible sources of toroidal rotation have been 

considered. The effects of the edge driven intrinsic rotation have been investigated in the 

simulation of the AT scenario characterized by 30 MW of ICRH. Substituting 10 MW of 

ICRH with 10 MW of NNBI has then permitted to study the impact of the core torque 

arising from the NNBI system. 

5.6.1 AT scenario with 30 MW ICRH and intrinsic rotation 

In the case with intrinsic rotation the ITB criterion embedded in the Bohm-gyroBohm 

model is switched on, yielding ITB formation by suppressing turbulent transport when a 

suitable combination of rotational and magnetic shear is reached (see paragraph 2.3.4 of 

this thesis). Temperature profiles resulting from an ITB formation are compared with the 
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case without rotation in figure 5.13a, where the assigned density profile is shown too. 

Figures 5.13b, 5.13c represent the profiles of angular rotation and safety factor, calculated 

in the simulations before (5.13b) and during (5.13c) the ITB formation in the case of the 

existence of the toroidal rotation driven by a momentum pinch. In the phase before ITB 

formation the presence of turbulent momentum pinch allows for peaked rotation profile 

(figure 5.13b) and sufficient rotational shear to trigger ITB. However, when the ITB is 

fully established and turbulence stabilized, it is expected that the turbulent momentum 

pinch vanishes as illustrated in figure 5.14, where the Pinch number profile before and 

during the ITB formation are shown together with the Prandtl number profile. This leads 

to loss of the ITB. 

  

Fig. 5.13. (a) Ion and electron temperatures and imposed density profile for a 3.5 T ICRH+LH 

AT scenario with reversed q profile. Rotation is driven by edge intrinsic rotation and momentum 

pinch. Bohm-gyroBohm is used for heat transport and TORIC for ICRH. (b) Rotation and q pro-

file obtained before the ITB formation, under the hypothesis of edge intrinsic rotation and turbu-

lent pinch. (c) Rotation and q profile obtained during the ITB phase, under the hypothesis of no 

pinch in the ITB and existence of a core counter-torque driven by ICRH. 

This could lead to a cyclic behaviour, such as observed in Tore Supra for reasons linked 

to magnetic shear [117]. The presence of a non-zero torque inside the ITB radius is the 

only way forward to guarantee stable ITB sustainment. In Alcator C-MOD ITB forma-

tion and sustainment for ICRH plasmas has been observed, due to the existence of some 

source of counter-torque caused by ICRH itself [118]. It leads to a hollow rotation pro-

file, that allows sufficient shear to maintain the ITB. The presence of a counter-torque 

generated in pure ICRH plasmas is known and has been observed in several machines 

[119,120]. Following this dynamics we obtain the hollow rotation profile shown in figure 

5.13c, and temperature profiles very similar to those in figure 5.13a, obtained for peaked 

rotation. The difference between the q profiles shown in the figures 5.13b and 5.13c is 

due to a known feedback loop. In fact the ITB formation causes the pressure gradient 

enhancement, which leads to the bootstrap current generation. This last quantity produc-

es hollow current profiles, that induces a more reversed q profile, which further contri-

butes to the ITB formation. 

b) c) a) 
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Fig. 5.14. Profiles of Pinch number and Prandtl number for the phase before ITB formation 

(green) and during ITB sustainment (red). 

Profiles of the current density for the case in which the intrinsic rotation is present are 

shown in figure 5.15. They are relative to the rotation and q profiles represented in fig-

ures 5.13b and 5.13c, before the ITB formation and during the ITB.  

   

Fig. 5.15. Current deposition profiles (a) before the ITB formation and (b) during the ITB phase. 

A fully non-inductive pulse can be achieved with the intrinsic edge rotation, fully reversed 

q profile, and sustained ITB at ~ 0.6. Indicative values are Ti0 ~ 20 keV, Te0 ~ 15 keV 

with a density ne0 ~ 2 1020 m-3 and a confinement time ~ 0.2 s, yielding a triple product 

value ne0Ti0  ~8 1020 keVs/m3. These parameters have to be regarded as overestimated 

due to the simplistic assumptions of the Bohm-gyroBohm model. 

5.6.2 AT scenario with 20 MW ICRH and rotation driven by 10 MW NNBI  

As for the H-mode scenario, also in AT scenario 10 MW of ICRH have been substituted 

with 10 MW of NNBI power. Figure 5.16 shows the rotation profiles obtained in absence 

and in presence of the intrinsic rotation, before the ITB formation (b) and during the 

ITB phase (c). In the initial phase, in presence of intrinsic rotation, the rotation assumes 

similar values to the case with 30 MW of ICRH; in absence of intrinsic rotation, the rota-

b) a) 
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tion is much lower, but still peaked. Also in this case the ITB formation is allowed and it 

then causes the vanishing of the turbulent momentum pinch. 

  

Fig. 5.16. (a) Ion and electron temperatures and imposed density profile for a 3.5 T 

ICRH+NBI+LH AT scenario with reversed q profile. Rotation is driven by NNBI driven co-

torque, in presence and in absence of edge intrinsic rotation and momentum pinch. Bohm-

gyroBohm is used for heat transport, TORIC for ICRH and ASCOT for NNBI. (b) Rotation and 

q profile obtained before the ITB formation, under the hypothesis of turbulent pinch, in presence 

and in absence of edge intrinsic rotation. (c) Rotation and q profile obtained during the ITB phase, 

under the hypothesis of no pinch in the ITB and the existence of a co-torque driven by NNBI in 

presence and in absence of edge intrinsic rotation. 

However, as we can see looking at figure 5.16c, the rotational shear is still present be-

cause of the existence of NNBI driven co-torque. It then permits the sustainment of the 

ITB, as the correspondent ion and electron temperatures profiles show in figure 5.16a. 

The q profile is reversed, however the different magnetic shear evolution with respect to 

the case of only ICRH leads to a narrower ITB region. In addition, having substituted 10 

MW of centrally localized ICRH with 10 MW of broader NNBI power causes lower cen-

tral temperature values. Also in the AT scenario the effect of the intrinsic rotation domi-

nates on the NNBI driven torque. As remarked before, however, NNBI provides a more 

reliable source for toroidal rotation shear, which is an essential ingredient for achieving 

ITB formation. 

5.7 Summary 

In conclusions, refined core transport modelling of FAST scenarios based on a careful 

combination of existing theory based models and latest experimental results from existing 

machines confirmed the expectation that FAST can be a valuable aid to ITER exploita-

tion and to address integrated scenarios (in H mode and in Advanced Scenarios) with a 

full tungsten wall and with a meaningful wall load (P/R2 ~ 12 MW/m2). The reference 

H-mode scenario performance has been assessed thoroughly, fully predicting Te, Ti, ne, 

and rotation, and evaluating the effect of rotation on thermal transport. The idea of lo-

wering the amount of ICRH power by introducing an additional type of heating has been 

evaluated. ECRH does not seem advantageous, whilst NNBI offers various advantages, 

providing both fast particle energy in parallel direction and a safer basis for the genera-

a) b) c) 
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tion of a beneficial toroidal rotation with respect to the mere intrinsic one. This will also 

allow to achieve fully non-inductive AT scenarios with ITB formation. The simulations 

provided a range of scenarios on which fast particle and burning plasma studies can be 

performed. Figure 5.17 shows TORIC calculations for the perpendicular beta of the fast 

3He ions (Hperp) heated by 30 MW ICRH at 3He=3% (peak power density on the minori-

ty species~15 MW/m3) in the reference H-mode scenario, as a function of density and 

electron temperature. In the transport simulations presented above for the H-mode ref-

erence scenario, typical values at the ICRH deposition (~0.25) are Te~8 keV, ne~2.8 

1019 m-3, resulting in Hperp~2%. These values are well in line with the needs for exciting 

meso-scale fluctuations with the same characteristics of those expected in reactor relevant 

conditions, as investigated in detail in [121]. Lowering the 3He concentration results ulti-

mately in a lower beta due to lower peak values of power density and lower minority den-

sity, although the fast ion energies increase. The scenario flexibility available in FAST, as 

described by this work, is an important element for energetic particle physics studies. 

 

Fig. 5.17. Perpendicular beta of the fast particle component calculated by TORIC in reference H-

mode scenario with 30 MW ICRH (~15 MW/m3 peak power density) at 3He=3% as a function of 

Te for different density values.  
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Chapter 6 

Gyro-kinetic simulations  
for the determination of the linear ion 
threshold value for FAST plasmas 

In Chapter 5 predictive simulations for the future machine FAST have been described. 

To accomplish this task several assumptions and approximations have been done, linking 

theoretical and numerical predictions with experimental studies. In particular the ion 

inverse temperature gradient length threshold used in the CGM simulations has been 

calculated starting from the Romanelli’s approximated formula, reported in Chapter 2. 

Through gyro-kinetic codes it is possible to give an estimate of the ion threshold 

including physical effects that have been neglected in the approximations at the basis of 

that formula. In this Chapter the calculation of the linear ion threshold through the gyro-

kinetic code GKW (Gyro-Kinetics at Warwick) for the reference H-mode FAST scenario 

is reported. A short description of the theory on which GKW is based is written in 

paragraph 6.1. The simulations set-up together with the method for deriving the ion 

threshold and the obtained results are illustrated in paragraph 6.2. Finally a short 

summary and comments are presented in paragraph 6.3.   

6.1 GKW 

GKW [122,123,112] is a non linear flux tube gyro-kinetic code that aims at solving the 

turbulent transport problem arising in core plasmas of tokamaks. In the following the 

ordering proper to the code, its domain and coordinates system are presented. Then the 

method used to derive the gyro-kinetic equation is reported, and the inclusion of 

collisions is described. Maxwell equations are then derived in the gyro-kinetic form in the 

electrostatic case. Finally the outputs of the code interesting for us are described. 

6.1.1 Orderings 

The complete description of the plasma turbulence requires to solve 6 dimensional 

Vlasov (or Fokker-Planck) equations for each species, coupled with Maxwell equations 

[124]. The complexity of this kinetic approach is reduced by the gyro-kinetic theory, that 

leads to a 5 dimensional problem through the elimination of the fast cyclotron time scale. 

It is allowed when the frequency of the fluctuations is smaller than cyclotron frequencies. 

This can be expressed in the timescale ordering parameter 
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ϵω~
ω

ωcα
≪ 1 ,                                                                                                            (6.1) 

where  indicates the considered species. This ordering is justified for instabilities of ITG 

or TE modes, that are thought to be some of the main responsible of turbulent transport 

in core plasmas as described in Chapters 1 and 2 of this thesis. The gyro-kinetic theory 

allows for perpendicular fluctuations on the scale of the gyro-radius k⊥i∼1. Fluctuations 

are assumed to occur on the scale of the gyro-radius, which is ordered small relative to 

the background gradients, as expressed in the spatial scale ordering parameter 

ϵB ~
ρ i

LQ
~

ρ i

R
≪ 1,                                                                                                        (6.2) 

where LQ is the characteristic length of the variation of the background quantities Q={B, 

T, n, }, and it is ordered to be on the scale of the device R. In addition the amplitude of 

the fluctuations, assumed small with respect to the background parameter, can be 

described by the fluctuation parameter 

ϵδ~  
δn

n
 ~

eδϕ

T
≪ 1.                                                                                                   (6.3) 

Treating core turbulence of plasmas characterized by a large aspect ratio, the simplest 

ordering є∼є∼єB is employed and the expansion is expressed in terms of the 

normalized gyro-radius 

ρ∗ ≡
ρ i

R
≡ ϵB .                                                                                                              (6.4) 

In order to exploit the ordering of eq. (6.3), the so called f approximation can be made. 

It consists in splitting the distribution function ftot into a perturbed distribution f and a 

background distribution F, ftot=F+f, with ordering 

f ~ρ∗F.                                                                                                                        (6.5) 

Turbulent timescale orderings are expressed with respect to the thermal velocity vth, that 

describes the parallel streaming along the magnetic field lines v||∼vth. Perpendicular to 

the magnetic field, length scales may be of the scale of the gyro-radius since vd∼*vth. The 

gyro-kinetic theory is then valid for cases without strong equilibrium flows. The parallel 

and the perpendicular perturbed dynamics are ordered as 

k||

k⊥
~ρ∗ ≪ 1.                                                                                                                (6.6) 

which is equivalent to ordering the gradients of the perturbed distribution function as 

∇||f~ρ∗∇⊥f.                                                                                                                 (6.7) 

From (6.2) the ordering that characterizes the variation of the perturbed distribution 

function with respect to the variation of the background distribution function 

perpendicular to the magnetic field is the following 

∇⊥f~∇⊥F.                                                                                                                   (6.8) 

Instead, parallel to the magnetic field 

∇||f~ρ∗∇||F.                                                                                                                (6.9) 
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If the existence of a toroidal rotation is foreseen, as in GKW, it is taken of the order of 

the thermal velocity vtor∼vth. In GKW the equations are formulated in the co-moving 

system of a toroidally rotating plasma. In the laboratory frame the perpendicular 

component of the toroidal rotation appears as an ExB drift velocity, that is of the order 

of the thermal velocity. In order to satisfy the quasi-neutrality, a background potential is 

required in the presence of the centrifugal force. In the comoving frame the perturbed 

potential  and the background potential  are taken to be of the following order 

ϕ~
T

e
ρ∗,                Φ~

T

e
.                                                                                            (6.10) 

 is an equilibrium quantity, so its gradient is ordered with the system size, and 

perpendicular perturbed and background gradients are of the same order ∇⊥∼∇⊥. 

Then the ExB velocity in the rotating frame is ordered vE∼*vth, the same order as the 

other drifts, according to the gyro-kinetic ordering. The potential parallel gradients fulfil 

∇||∼∇||*. 

6.1.2 Domain and coordinates system 

GKW uses the local limit, which means that a small plasma region is simulated. It is 

characterized by a domain with a perpendicular extension near zero with respect to the 

device dimensions (l⊥/R∼0), but larger than the turbulence scale length (l⊥>>i). The 

background quantities are considered constant across the domain, but their gradients are 

kept as a linear drive term. The turbulence can be assumed homogeneous in the 

perpendicular plane, allowing periodic boundary conditions and a Fourier decomposition 

to be used in the perpendicular direction. The local limit is used in conjunction with a 

field aligned coordinate system,  in which a parallel coordinate s parametrises a field line, 

and the other two (non-orthogonal) coordinates (radial (ψ) and  binormal-axisymmetric 

(ζ)) are perpendicular to the field. The local limit in field aligned coordinates thus 

represents a ‘flux tube’ bounded by four field lines in which the effect of the magnetic 

shear is incorporated in the coordinate system. The parallel boundary is treated with a 

shifted-periodic boundary condition which preserves both poloidal and toroidal 

periodicity. The flux tube geometry tailors the simulation domain to the k∥ ≪ k⊥ structure 

of the turbulence, whilst also allowing a reduction of the simulation volume by 

exploitation of the axisymmetry. GKW is formulated in straight field line (Hamada) 

coordinates [125], in which the contravariant poloidal and toroidal components of the 

magnetic field are both flux functions.  

The ‘ − ’ equilibrium [126] (with s the magnetic shear and  is a measure of the 

Shafranov shift between the centres of consecutive magnetic surfaces, here set to zero) is 

directly implemented in the code. It is the simplest choice for the geometry of a tokamak, 

in which the flux surfaces are concentric circles, and the approximation of small aspect 

ratio is done. The coordinates can be approximated as 

ψ =
r

R
,                             ζ =

1

2π
 qθ − ϕ ,                            ξ =

θ

2π
,                             (6.11) 
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where r/R is the aspect ratio,  is the poloidal angle and  is the toroidal angle. 

6.1.3 Derivation of the gyro-kinetic equations 

The modern method of derivation of the gyro-kinetic equations [127] is based on the 

guiding-centre transform [128,129] and the gyro-centre transform [130,131], based on the 

Hamiltonian or Lagrangian formalism with the Lie perturbation theory [132,133]. It 

requires considering three coordinate systems for the 6 dimensional phase space: 

 the particle coordinates of position and velocities (x,v); 

 the guiding-centre coordinates (𝐗 , v||, μ , α ): particles are represented by their 

guiding centres with respect to the equilibrium fields and a gyro-phase angle ; 

 the gyro-centre coordinates (𝐗, v||, , ): particles are represented by their gyro-

centres with respect to the total fields (equilibrium + perturbed) and a gyro-

phase angle . 

Using the above mentioned transformations, the standard Lagrangian for a charged 

particle in a magnetic field 

γ =  e𝐀 + m𝐯 ∙ d𝐱 − Hdt,                               H =
1

2
mv2 + eϕ,                              (6.12) 

(A is the vector potential) is transformed into the gyro-centre Lagrangian in the rotating 

frame, characterized by the frame rotation velocity u0, [134] 

Γ =  Ze𝐀 + m v||𝐛 + 𝐮𝟎  ∙ d𝐗 + μdα − Hdt,                                                          (6.13) 

where the Hamiltonian H=H0+H1+H2+O(*
3) is given to first order  

H0 = Ze < 𝛷 > +
1

2
mv||

2 + μB −
1

2
m𝐮𝟎 ∙ 𝐮𝟎,                 H1 = Ze < 𝜙 >.               (6.14) 

Here < > is the average over the gyro-orbit 

< ℎ 𝐱 >=< ℎ 𝐗 + 𝛒 >=
1

2π
 h 𝐗 + 𝛒 dα

2π

0
.                                                       (6.15) 

=(x,) is the gyro-radius and depends on the magnetic moment of the particle. The 

Hamiltonian is used to first order for the evaluation of the motion equations, to the 

second order in the derivation of the field equations. After this initial truncation of the 

Lagrangian no approximations should be made in order to guarantee energy consistency 

for the equation set [135,136]. Starting from the generalized Hamilton’s equation for any 

function h of the phase space 

dh

dt
=  h, H +

∂h

∂t
                                                                                                          (6.16) 

({} is the generalized guiding centre Poisson bracket [137,138]) the equations of gyro-

centre motion in the rotating frame can be derived [134], choosing h=(𝐗, v||, , ) to be 

each of the coordinates in turn (∂h ∂t = 0) , 

d𝐗

dt
=

𝐛 

Ze B ||
∗ × ∇H +

𝐁∗

mB ||
∗  

∂H

∂v ||
;                                                                                       (6.17) 
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dv||

dt
= −

1

mv||

d𝐗

dt
∙ ∇H;                                                                                                   (6.18) 

dμ

dt
= 0;                                                                                                                        (6.19) 

dα

dt
=  α, H ,                                                                                                                 (6.20) 

where * indicates that the quantities are evaluated in the co-moving frame. The invariance 

of  is a requirement of the gyro-kinetic theory. Inserting the expression for the 

Hamiltonian (6.13) in motion equations we obtain for the X coordinate 

d𝐗

dt
= v||𝐛 + 𝐯D + 𝐯E ,                                                                                                  (6.21) 

where  

𝐯D =
1

Ze

mv||
2

B ||
∗ 𝐛 ×  𝐛 ∙ ∇ 𝐛 +

μ

Ze

𝐛 ×∇B

B ||
∗ +

2

Ze

mv||

B ||
∗ Ω⊥ −

1

Ze

mΩ2R

B ||
∗ 𝐛 × ∇R +

𝐛 ×∇ Φ 

B ||
∗         (6.22) 

and 

𝐯E =
𝐛 ×∇ ϕ 

B ||
∗ .                                                                                                                (6.23) 

 is the toroidal angular velocity, 𝐮𝟎 = 𝛀 × 𝐱. The drifts appearing in vD are the 

curvature and the ∇B, two drifts arising from the inertial forces of the frame (Coriolis and 

centrifugal) and the ExB drift from the equilibrium potential . 

For the v|| coordinate we have 

mv||
dv||

dt
= −

d𝐗

dt
∙  Ze∇ ϕ + Φ + μ∇B − mΩ2R∇R .                                                (6.24) 

Applying the Hamilton equation to the guiding centre distribution ftot leads to the gyro-

kinetic equation 

∂ftot

∂t
+

d𝐗

dt

∂ ftot

∂𝐗
+

dv||

dt

∂ftot

∂v||
= 0,                                                                                     (6.25) 

where the motion equations (6.16-6.19) have been used. In addition the construction of 

the gyro-centre coordinates is such that ∂ftot ∂α = 0 by definition. 

Using the f formalism and expanding the gyro-kinetic equation to order O(*), the 

following gyro-kinetic equation for the perturbed distribution function for the case of 

electro-static perturbations is obtained 

∂f

∂t
+

d𝐗

dt
∙ ∇f −

𝐛 

m
∙  μ∇B + ∇ℇ 

∂ f

∂v||
= S,                                                                       (6.26) 

where ℇ = ZeΦ −
1

2
mΩ2 R2 − R0

2  is the so called centrifugal energy. It includes the 

effect of the centrifugal force and of the background potential (R0 is a constant coming 

from the solution of the equilibrium equation, that is the gyro-kinetic equation to the 

lowest order [139]). The source term S is determined by the background distribution 

function and it is given by 

S = −𝐯E ∙  
∇nR 0

nR 0
−  mΩ2

T
R0

∂R0

∂ψ
 
θ
∇ψ +  

v∥
2

vth
2 +

μB+ℇ

T
−

3

2
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T
+

mv∥RB t

BT
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       −
Ze

T
 
d𝐗

dt
∙ ∇ ϕ FM .                                                                                              (6.27) 

The background distribution function is assumed to be a Maxwellian with density, 

temperature and mean parallel velocity being functions of the radial coordinate only 

FM =
nR 0

 2πT m  3 2 e−
m  v ||−u || 

2
2 +μB +ℇ

T .                                                                          (6.28) 

nR0 is the density obtained as solution of the equilibrium equation at R=R0. The equation 

can be expressed as 

∂f

∂t
= −v||𝐛 ∙ ∇f − 𝐯D ∙ ∇f − 𝐯E ∙ ∇f +

𝐛 

m
∙  μ∇B + ∇ℇ 

∂f

∂v||
− 𝐯E ∙ ∇FM − 𝐯D ∙ ∇FM +  

         −
Ze

T
v||𝐛 ∙ ∇ ϕ FM −

Ze

T
𝐯D ∙ ∇ ϕ FM                                                                (6.29) 

The equations above apply to each of the species individually. The only non-linearity in 

the equations is given by the third term vE∙∇f, that is proportional to *
2. This term is 

neglected when linear stability is investigated. For the other terms on the right side of eq. 

(6.29), the first describes the free streaming motion of particle along the field line, the 

second term includes curvature and inertial drifts in the perturbed distribution which 

cause propagation of a drift wave. The fourth term describes the magnetic trapping as 

particles move through the magnetic field gradient, the fifth term provides the energy 

source from the background gradients that drive the instabilities. The sixth term, when 

combined with the collisions, can generate the neoclassical fluxes. The seventh term 

describes the collisionless parallel Landau damping of the perturbations against the 

background Maxwellian, and the eighth term describes the equivalent damping for the 

perpendicular drifts. 

The co-moving system employed in GKW corresponds to a frame that rotates as a rigid 

body with constant frequency. The radial gradient in the toroidal rotation is treated 

through a radial gradient in the averaged parallel velocity of the background. The radial 

gradient of the perpendicular velocity was ignored at the time in which this thesis work 

has been done. However, as it is described in Chapter 2, this gradient is known to play an 

important role in the stabilization of the turbulence. The ExB shearing is always present 

for a purely rotating toroidal plasma and can also be related to a sheared poloidal 

rotation. In GKW the background ExB rotation is now taken into account adding an 

additional convective term for the perturbed distribution in the gyro-kinetic equation 

(6.29). 

6.1.4 Collisions 

The gyro-kinetic equation (6.29) has been obtained in the collisionless case. In GKW the 

collisions enter the evolution equation as an additional term 

∂f α

∂t
= C f α                                                                                                                (6.30) 
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Here the distribution function of the  species is expressed by the Fourier representation. 

Since the distribution function is small, GKW uses a linearised collision operator with the 

Maxwellian as background. Finite Larmor radius effects are neglected. Expressions for 

the collision operator published in literature are usually expressed in the (v,) coordinate 

system, where v is the velocity and  is the pitch angle. The operator can be written as 

[140] 

C f α =   
1

v2

∂

∂v
 v2  Dvv

α/β ∂f α

∂v
− Fv

α/β
f α  +

1

vsin θ

∂

∂θ
 sinθDθθ

α/β 1

v

∂f α

∂θ
  β ,              (6.31) 

where the sum is over all species . D represents the pitch angle scattering, Dvv is the 

energy scattering and Fv is the slowing down force. The coefficients, obtained from the 

literature [140], can be expressed in normalized form 

Dθθ
α/β

=  
Γα /β

4vα
  2 −

1

vβ
2 erf vβ +

1

vβ
erf ′ vβ  β ,                                                  (6.32) 

Dvv
α/β

=  
Γα /β

2vα
 

1

vβ
2 erf vβ −

1

vβ
erf ′ vβ  β ,                                                             (6.33) 

Fv
α/β

= −  
Γα /β

vα
2

m Rα

m Rβ
 erf vβ − vβerf ′ vβ  β ,                                                       (6.34) 

where erf is the standard definition of the error function. Velocities and masses of these 

expressions are normalized. a/b is a constant that depends on the Coulomb logarithm. 

The linearised form of this Fokker-Plank operator conserves particle number but does 

not conserve momentum or energy. The conservation of parallel momentum can be 

reintroduced using a simplified model reported in [122]. The lack of the energy 

conservation is considered less crucial compared with momentum conservation since the 

present form of the collision operator drives the distribution towards a Maxwellian with 

specified temperature. Since in the local problem the temperature is specified as input 

parameter and no evolution in temperature is retained, a collision operator that maintains 

this temperature can be considered acceptable. 

6.1.5 Maxwell equations 

The gyro-kinetic equation must be combined with fields equations in order to form a 

closed system of equations. In deriving the gyro-kinetic equation (6.29) magnetic field 

fluctuations were neglected, so only an equation for the electrostatic field is required to 

close the system. It is the so called gyro-kinetic Poisson equation, that is replaced by the 

following constraint of quasi-neutrality 

 Zens 𝐱 = 0s ,                                                                                                       (6.35) 

where the sum is over all species. In gyro-centre phase space it is represented as 

ρ  𝐗 + ρpol  𝐗 = 0,                                                                                                (6.36) 

where 𝜌  is the gyro-centre charge density and pol is the gyro-centre polarization density. 

pol describes the difference between the actual charge density and the charge density of 
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gyro-centres at a given point. A model of polarization consistent with the gyro-kinetic 

equation must be adopted. Obtaining the quasi-neutrality equation through the same 

derivation used to calculate the motion equations, the energy consistency can be 

guaranteed by including the next higher order energies in the field terms [141]. The 

complete derivation can be found in the literature [141]. The field equation can be written 

as 

  𝑑3𝐯  ZseGf 𝐱 + FM
Zs

2e2

Ts
 1 − G2 ϕ 𝐱  𝑠 = 0,                                                (6.37) 

where the first term represents the gyro-centre charge density integrated over all gyro-

centres passing through x, whilst the second term represents the linearised gyro-centre 

polarization density for all the gyro-orbits passing through x. G is the gyro-average 

operator. 

6.1.6 Outputs 

GKW calculates the fluxes as guiding centre fluxes, given by the equation 

Γi
ψ

=  d3𝐯𝐯E ∙ ∇ψαif,                                                                                            (6.38) 

where i=(1,2,3) and i=(1,mv2/2,v||). i=1 is the particle flux, i=2 is the heat flux, i=3 is 

the parallel momentum flux. For linear runs the dominant growth rate is calculated as 

γmax  t = ln  
   ϕ  t  

2
m

   ϕ  t−Δt  
2

m

 Δt ,                                                                            (6.39) 

where ϕ  is the potential represented as a sum over Fourier modes. Σ𝑚 = Σ𝑘𝜍
Σ𝑘𝜓

Σ𝜉  is a 

sum over all modes and along the full length  of the flux tube. In general all the 

perturbed quantities in the plane perpendicular to the magnetic field are represented by 

g ψ, ζ, ξ =  g  kψ , kζ , ξ e
ikζ

ζ

ρ∗
+ikψ

ψ

ρ∗kζ kψ
.                                                              (6.40) 

The mode frequency is given by 

ω t =  Arg  ϕ  t ξ  − Arg  ϕ  t − Δt ξ   Δt .                                                  (6.41) 

 

6.2 Deriving the ion threshold 

The linear part of the GKW code allows the calculation of the ITG linear threshold. As 

described in Chapter 2, ITG modes become unstable above the threshold value in the 

inverse gradient length of the ion temperature R/LTi. Then, finding the value of R/LTi for 

which the growth rate of the dominant instability is null and above which the instability 

takes place, gives an estimate for the linear ion threshold. First a scan in the wave vector 

k is carried out in order to identify the mode characterized by the maximum growth rate, 

i. e. the last to be stabilized (k is taken equal to zero), fixing all other input parameters. 
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Using the k so obtained, scans in R/LTi are done fixing all the input parameters. The 

resultant growth rates are fitted as functions of R/LTi. The intercept of the fitting curve in 

correspondence of null growth rate is the linear estimate for the ion threshold. Following 

this procedure for different radial positions leads to the ion threshold profile. 

6.2.1 Simulation set up 

The parameters that characterize the reference H-mode of FAST described and simulated 

in paragraph 5.3 have been used as input data. In figure 6.1 the profiles used are 

represented. They have been obtained by simulations carried out through the JETTO 

code and using the transport model GLF23 that has the most solid physical basis as 

described in Chapter 5. They refer to the simulation with predictive Ti, Te and ne, 

reported in figure 5.4. 

            

Fig. 6.1. Input data profiles obtained from JETTO simulations of reference H-mode for FAST 

using GLF23. (a) Temperature profiles, already shown in figure 5.4 together with the results 

obtained with other transport models. (b) q profile and density profile. 

Collisions are taken into account using the collision operator described above. 

Simulations have been done considering both adiabatic electrons and kinetic electrons. In 

the first case only the equation for ions evolves and electrons are assumed to follow the 

Boltzmann distribution reported in Chapter 2 of this thesis (formula (2.19)). In the case 

of kinetic electrons both ion and electron equations evolve.  

6.2.2 Simulation results 

Scans have been carried out at the radial positions =[0.2, 0.4, 0.6, 0.8]. In figure 6.2 two 

examples of the k scan for the radial positions =0.4 (figure a) and =0.6 (figure b) are 

shown. R/LTi=5.84 and R/LTi=6.74 are the values used for the illustrated scans, derived 

from the ion temperature profile obtained from the FAST simulation work and shown in 

figure 6.1a. The growth rate is maximum for kref=0.6 at =0.4 and for kref=0.4 at 

b) a) 
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=0.6. ref is the reference Larmor radius, ref=mrefvthref/(eBref), and reference physical 

parameters are chosen among the input data for normalizations of the code. Ions are 

considered as the reference species. k is linked to k by the eq. (2.11) and kref is 

proportional to k through a metric element. 

       

Fig. 6.2. Normalized growth rate as a function of kref. The growth rate normalization is given by 

cs/R. (a) refers to =0.4, (b) to =0.6. 

Figure 6.3 shows the scans of R/LTi for different radial positions. The obtained points are 

better reconstructed by parabolic fittings, that are represented by the curves of the graph. 

Scans have been employed considering both adiabatic electrons and kinetic electrons.  

 

Fig. 6.3. Normalized growth rate as a function of R/LTi for different radial positions (marked 

with different colours) and considering adiabatic (full indicators) or kinetic (empty indicators) 

electrons. The growth rate normalization is given by cs/R. 

The resulting ion threshold profiles are reported in figure 6.4, where the cases with 

adiabatic and kinetic electrons are represented together with the ion threshold profile 

calculated through the F. Romanelli’s formula (2.67), which has been used for FAST 

simulations reported in Chapter 5. 

a) b) 
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Fig. 6.4. Ion threshold profiles resulting from GKW simulations considering adiabatic (full 

points) or kinetic (empty points) electrons and compared with the ion threshold profile calculated 

through the Romanelli’s formula (2.67) and represented by the line. 

A good matching is found between the ion threshold profile calculated through the 

Romanelli's formula and the one obtained from GKW linear simulations using adiabatic 

electrons. However, in GKW simulations  where the electron equation evolves, the ion 

threshold profile is found to reach lower values, of about 0.5-1 depending on the radial 

position, even if with a similar qualitative behavior. This indicates that the contribution 

due to the electron dynamics is not completely negligible for determining the ion 

threshold in these plasmas. For very accurate predictions of the reference H-mode 

scenario of FAST such effects should be taken into account. However, considering the 

several other sources of uncertainty that enter in predictive calculations of future 

machines, and the rather small size of the discrepancy, we can conclude that these gyro-

kinetics simulations overall support the validity of the FAST simulations using the CGM 

model and Romanelli's threshold presented in Chapter 5. One more consideration that is 

left for future work is that finite  

 effects may not be negligible for FAST in the central region of the plasma, so for more 

accurate predictions they should be taken into account, whilst the present simulations 

were made in the pure  electrostatic approximation. 
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Chapter 7 

Conclusions and perspectives 

This thesis work has tackled the investigation of ion heat transport under 3 perspectives: 

the experimental investigation, the numerical modelling and the first principle theory. 

This variety of approaches has the purpose of achieving a close integration between 

experiment and theory, which has been shown vital in making steps forward in the path 

towards controlled nuclear fusion power. 

The ion heat transport can be described by two essential parameters. The ion threshold, 

that is a critical value of the inverse characteristic length of ion temperature variation 

above which the transport is theoretically foreseen and experimentally observed to 

increase strongly becoming turbulent. Above threshold the ion temperature profiles tend 

to remain tied to the threshold, independently on the amount of heating power applied. 

The stiffness level is the  parameter which quantifies this behavior. 

Within the field of core ion heat transport studies, the 3 main questions that this thesis 

work has addressed are: 

 How do the ion stiffness and threshold depend on plasma parameters?  

 Which is the impact of the ion stiffness level on the global performances?  

 How can we predict performances of future machines?  

The thesis work has built upon previous work in the field, in particular recent 

experimental results in JET on the role of rotation on ion heat transport and the vast 

amount of theory investigation of the ITG instability that has led to the development of 

transport models and turbulence codes. Such pre-existing basis of the thesis work has 

been summarized in Chapter 2.  

The actual thesis work has started with an experimental analysis of JET discharges made 

with the purpose of establishing if the previously found effect of rotation on ion stiffness 

is due to the rotation value or to its gradient, which in previous experiments were always 

coupled. Decoupling the two has required external means of rotation braking, such as 

enhanced BT ripple or 3D magnetic fields due to error field correction coils, and also 

shots from a reverse BT campaign to exploit the different torque deposition of counter-Ip 

NBI injection. This analysis, described in Chapter 3, has shown that it is the rotation 

gradient and not the rotation value that acts reducing the ion stiffness level.  It has also 

shown that such effect is present no matter the sign of the rotation gradient, i.e. also for 

hollow besides peaked rotation profiles. The importance of this result for ITER scenario 

performance is clear: on ITER it may be difficult due to high inertia and to a very poor 

production of momentum by high energy NBI to reach high values of rotation, but it 
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may be easier to impose a sufficient rotation gradient, by counting on a NBI driven or 

intrinsic edge rotation and the existence of an inward momentum pinch, which for ITER 

parameters should be sizeable. The results of Chapter 3 indicate that this should be 

enough to get some ion stiffness mitigation, especially in Advanced scenarios where a 

region of low magnetic shear is present, and thereby the core ion confinement is 

enhanced, which is an essential ingredient of such scenarios. 

The numerical analysis of the impact that ion threshold, stiffness and edge pedestal have 

on global parameters, such as global energy confinement and fusion power, has been 

described in Chapter 4. This was motivated by the questions often raised whether the 

parameters that characterize core heat transport are of any relevance for the scenario 

performance, which in H-modes seems to be dominated by pedestal height only. The 

present work has shown that although as well known the impact of pedestal on global 

confinement is high, due to the fact that volume integrals are dominated by the edge 

regions, still an optimization of core transport, acting on threshold and stiffness, can yield 

a relevant improvement on global confinement and even more on fusion power, which is 

heavily weighted on the core parameters and which is finally what one wants to maximize 

in a fusion reactor. In particular the ion stiffness, which is a parameter not much taken 

into account until now, and assumed or predicted very high in most existing models, 

turns out to be an extra tool on which we can act and whose reduction can be of 

significant help in improving performance. It could even play a key role in Advanced 

Scenarios, in which the pedestal at least in present machines plays a much smaller role. 

From the JET work it emerges that ion stiffness can be reduced to very low values with 

concomitant q profile shaping, whilst increases in threshold are rather limited by the 

accessible ranges of plasma parameters. Stiffness turns out then as an additional 

important knob, rather disregarded until now, on which to try and act whilst developing 

ITER relevant scenarios. It must be noted in addition that such improvement of core 

transport can be in any case very strategic when operation with high pedestal cannot be 

carried out because of excessive wall load issues. In other words, one could imagine 

alternative scenarios of H-mode type with reduced pedestal and more peaked 

temperature and density profiles, with equivalent or even better fusion performance than 

those envisaged until now, with limited profile peaking due to high stiffness and high 

pedestal. These considerations particularly apply to Hybrid-type scenarios, which feature 

a broad core region of flat q profile. 

The experimental and modelling results of Chapters 3 and 4 and the conviction that 

numerical predictions of future machines have to be strongly linked with results in 

present machines, even if not yet fully explained by first principle models, have led to the 

work presented in Chapter 5, where predictions for core transport in the FAST tokamak 

have been worked out using an appropriate mixture of first-principle models and semi-

empirical, experiment driven considerations. In particular such modelling has included 

the effects of rotation on transport, which is itself not commonly done for future device 

predictions, but in particular has included through semi-empirical considerations the 

effects of rotation and flat q profile on ion stiffness, which is a very new result not yet 
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properly dealt with in available first-principle models. This way of carrying out the 

simulations for the various scenarios, from H-modes to Advanced Tokamak with ITB 

formation, is meant to achieve more realistic predictions than using purely first principle 

models which still lack full validation and, even worse, have been found in some 

situations to be unable to reproduce the experimental findings. By maintaining a close 

insight into the experimentally observed behaviour of JET, C-Mod and other devices, it is 

also possible to discriminate in which situations the existing first principle models can be 

trusted for predicting the FAST scenarios, and in which it is better to rely on empirically 

driven models. As a future development of this FAST simulation work, a similar 

approach could be applied to predictions of ITER scenarios, with the advantage that the 

JET results have triggered further theory work on the issue of stiffness and rotation, and 

recently some first principle models have become available, which feature the 

experimentally observed ion stiffness mitigation in presence of rotation and flat q profile, 

namely a revised version of the Weiland model and the TGLF model. These should now 

be used for ITER predictions in place of the CGM model with adjustable stiffness that 

has been used in Chapter 5 for FAST. We have to be aware however that the calculation 

of the intrinsic rotation profile in ITER may be more cumbersome than in FAST, due to 

absence of a reliable extrapolation from present experimental databases to the ITER 

range of parameters (whilst FAST is rather near to the C-MOD device), with further 

complications arising from the presence of non-axisymmetric fields such as generated by 

ELM mitigation coils, Test Blanket Modules, high level of BT ripple. 

Finally, since the CGM model has been used for FAST predictions using as threshold the 

analytical expression derived by F.Romanelli et al., it was mandatory to check its validity 

also in the region of operation of FAST, which is a high BT machine, therefore operating 

in a rather peculiar domain of parameters with respect to standard BT tokamaks for which 

the formula may have been tested against numerical simulations. An effort was then 

made to get acquainted with the GKW gyro-kinetic code in order to run linear 

simulations using the FAST scenario parameters, scanning the R/LTi value to achieve the 

estimate of the linear threshold by extrapolation to the condition of zero growth rate.  

This work is described in Chapter 6. Such GKW result was then compared with the 

formula prediction using the same parameters. The agreement was found rather good, 

thus supporting the results of the simulations based on the CGM model and described in 

Chapter 5. 

If a main message has to be extracted from this thesis as a suggestion for future work, 

this is the need of accounting for the effect of rotation on ion heat transport, both in 

terms of threshold and stiffness, when interpreting or predicting tokamak scenario 

performance. It is clear that on one hand the recent JET results have to be confirmed on 

other machines, and possibly an experiment driven empirical expression for the ion 

stiffness dependence on rotational and magnetic shear could be derived, on the other 

hand such results have to find a theory based explanation, which is still an open issue, 

since there is not yet agreement between non-linear gyro-kinetic simulations and data. 
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However it is also clear that rotation effects can no longer be neglected when dealing 

with ion heat transport. 
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