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Summary

The realization of controlled thermonuclear fusion represents an opportunity to solve per-
manently the world energetic problem without the high environmental impact of fossil
fuels and the risk associated with nuclear fission power plants. During the last fifty years,
great efforts have been made in this direction and, with the realization of the ITER (Inter-
national Thermonuclear Experimental Reactor) tokamak, a breakthrough is expected in
physics and technology of controlled thermonuclear fusion, reaching the goal of producing
fusion power with a gain of a factor ~ 10 with respect to input power. Among the physical
and technological problems still open, the understanding and the ability to control the
heat and particle transport in the plasma is crucial for the optimization of ITER oper-
ations, which require the achievement of high levels of temperature, density and plasma
confinement. Given the extreme complexity of the transport processes in a plasma, we
have not yet reached a comprehensive understanding of these phenomena. Nevertheless,
the research has made considerable progress thanks to a strong interaction between theory
and experiment: on one hand with the design of diagnostics and experiments increasingly
sophisticated, on the other hand with the development of numerical codes increasingly
complex. This thesis mainly focuses on the thermal turbulent transport in the tokamak
plasma core and lies within this effort of experimental analysis, numerical modelling and
comparison between the two. On the experimental side, it covers the execution and analy-
sis of specific transport experiments in JET L-mode plasmas, in which heat flux scans and
temperature modulation were used to determine in detail the transport properties of the
ion and electron heat channels. On the modelling side, it makes use mainly of gyrokinetic
codes, which are the most complete simulation tools available though highly demanding in
terms of computational time and complexity of use, although we have limited our study
to the local flux-tube approximation. Using gyrokinetic codes has proven essential for
physics understanding of the experimental observations, which requires a full theoretical
description of the mechanisms at play. Many of the experimental observations described
in this thesis have found a qualitative and in most cases also quantitative explanation
in the gyrokinetic simulations, therefore also providing a validation of such codes. On
the other hand, since for practical purposes of scenario simulations, and extrapolation to
ITER and future reactors, simpler and faster models are required. For a couple of top-
ics also the performance of these simplifies quasi-linear models has been evaluated both
against experiments and against the more complete gyrokinetic results. This exercise has
yielded some positive results but also has shown some limitations of the presently avail-
able quasi-linear models, providing useful indications on their regimes of validity and for
further improvements.

The thermal transport experimentally observed in tokamak plasmas is much higher
than that predicted by the theory of collisional transport. The dominant mechanism that
causes this ’anomalous’ transport has been identified in the turbulent phenomena that oc-
cur on different spatial and temporal scales, causing a flow of heat and particles from the
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center to the periphery of the plasma. Three main micro-instabilities are responsible for a
high fraction of energy and particle loss from the plasma core: the Ion Temperature Gra-
dient modes (ITG), the Electron Temperature Gradient modes (ETG) and the Trapped
Electron Modes (TEM). ITGs and TEMs are characterized by typical scale-lengths of
the order of the ion gyro-radius p; (Tmm) while ETGs act on scales that lie between the
ion and the electron gyro-radius p. (~ p;/60 for D plasmas). All these instabilities are
driven by the temperature gradients in the plasma and develop over a critical threshold
in the normalized temperature gradient length Ry/Ly = Ry |VT| /T (where Ry is the
tokamak major radius used for normalization), with ITGs driven by ion temperature (7;)
gradients (R/Lz;) and TEM and ETGs driven by electron temperature (7,) gradients
(R/Lt.). Above threshold, the turbulent heat flux increases with a rate that determines
how stiff the temperature profiles are against an increase of heating power. One of the
objectives of turbulent transport studies is therefore to understand which plasma param-
eters regulate threshold and stiffness and control them in order to achieve high values of
the critical threshold and low value of stiffness to maximize performance. This is why
all the experiments presented in this thesis focus on the determination of threshold and
stiffness level, with direct comparison to gyrokinetic predictions, which is a more powerful
way of validating models with respect to the more usual approach of comparing the heat
flux/gradient values of a stationary temperature profile.

In this thesis we focus on four aspects regarding thermal transport in the plasma
core: the effects of light impurities, the effects of fast particles, the role of ETGs and
of the interactions between ion-scale instabilities and electron-scale instabilities (multi-
scale interactions) and the effects of the plasma main ion mass (isotope effect). All these
four topics are highly ITER relevant. Indeed ITER will be electron heating dominated
(both via the external heating systems and via collisions between fast fusion born He
atoms and electrons) and 7, and T; will be strongly coupled. Any instability that will
increase the electron heat transport in the plasma core will have a strong impact on both
temperature profiles and performances. For these reasons it is important to take into
account all the instabilities that will be important for the electron heat flux (¢.) in ITER
conditions, including ETGs. While not often considered in the past, recent works showed
that ETG modes can be determinant for the thermal transport, especially when ion-scale
instabilities (TEM/ITG) are stable or close to marginal stability, as will be the case in
ITER. So far, just two comparisons have been made between multi-scale simulations and
experiment, one for a C-MOD L-mode plasma and one for a DIII-D H-mode plasma.
Both studies showed that ETGs can be determinant in some plasma conditions, but more
studies, both experimental and numerical, are needed to clarify the role of ETGs and how
the instabilities on different scales interact with each other. Another problem for ITER
will be the need of puffing light impurities at the plasma edge to reduce via radiation the
heat loss deposition on the divertor. Furthermore, intrinsic light impurities, like Be from
the first wall or He from the fusion reactions, will be present in ITER plasmas. On one
hand, a stabilizing effect of light impurities on turbulence is predicted by theory, on the
other hand, impurities dilute the fuel ions thus reducing fusion power. Therefore, it is
important to understand how they propagate into the plasma and what their impact is
on the turbulent transport in the core, validating the existing models in order to evaluate
the trade-off between positive and negative effects and achieve optimal conditions for
fusion in future machines. Also fast particles can affect the turbulent phenomena in the
plasma. Fast He atoms will be produced by the D — T fusion reactions, fast D or fast
T can be injected in the plasma with the NBI heating system and fast ions can be also
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created using the ICRH heating with a minority species, such as *He, in the plasma. In
JET and ASDEX-Upgrade a strong stabilization of I'TG modes has been associated to a
nonlinear electromagnetic mechanism related to the presence of fast ions (D and 3He) or
high plasma (. Recent results indicate that also an electrostatic mechanism, related to
a wave—fast particle resonant interaction, can play an important role in the stabilization
of ITGs in some conditions. So far, in all the experimental cases, a high plasma rotation
was present and a complete separation of the stabilization due to fast ions and due to
rotation was impossible to obtain. The last aspect studied in this thesis regards the effect
of the plasma main ion mass on the turbulent transport. In dedicated experiments in
different machines it has been observed that the plasma thermal energy confinement time
varies significantly with the mass of the plasma hydrogen isotope of the main ion species,
in particular it increases with increasing isotope mass, while theoretically the opposite
would be expected on the basis of a gyro-Bohm scaling. This is of particular interest as
many studies in nowadays tokamaks have been carried out using H or D isotopes, while
in a future thermonuclear reactor a D — T" mixture will be used. It is therefore important
to understand why and how the plasma confinement time varies with the isotope mass
and how the isotope mass affects the plasma turbulence.

All experimental results presented in this thesis have been obtained in the JET toka-
mak (UK), focusing on an L-mode scenario friendly to transport studies, with high edge
safety factor to avoid MHD instabilities, low density to avoid collisional coupling be-
tween ions and electrons, high toroidal field to couple Ion Cyclotron Resonance Heating
(ICRH) with 3He as minority species, which allows narrow deposition both to ions and
electrons, depending on its concentration. The Neutral Beam Injection (NBI) power has
been varied in order to study plasmas at low and high rotation. Dedicated experimental
sessions in JET with C-Wall (CW) and with ITER-Like Wall (ILW) have been studied.
By depositing the ICRH power on-axis (R ~ 3.0 m) and off-axis (R & 3.6 m) varying the
ICRH frequency, it is possible to obtain scans of the gyro-Bohm normalized heat flux as
a function of R/Ly. The ICRH power was also square wave modulated in time to allow
the use of perturbative techniques. In total, data from 5 dedicated experimental sessions
have beed analyzed in this thesis, three of them have been planned and performed during
the thesis work. A wider database including past JET CW L-mode plasmas has been also
used for the analysis.

Numerical modelling has been performed with local flux-tube gyrokinetic simulations
using the code GENE and, to smaller extent, GKW. Both linear and non-linear single
scale simulations have been run for each of the four topics, and one non-linear multi-scale
simulation for the study of electron heat transport. In the simulations, Miller geome-
try, collisions, external flow shear and finite-. effects were included. Suitable converge
tests have been made to optimize the numerical resolution. Main ions, electrons and,
depending on the topic, light impurity ions or fast ions were retained as kinetic species.
Scanning R/Lr in non-linear simulations, it is possible to compare the theoretical and
the experimental relation between heat flux and R/Ly and study the effect of changes in
the different plasma parameters, to reach understanding of the experimental observations
and theory validation. For two topics also the quasi-linear models QuaLiKiz and TGLF
have been evaluated, both in stand-alone runs and in profile simulations using the code
ASTRA.

The experimental electron threshold was found to depend strongly on the magnetic
shear sand on the parameter 7 = Z.;¢T,/T;. Whilst the former dependence is common
to TEMs and ETGs, the latter is a fingerprint of a significant role of ETGs in the JET
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plasmas under study. Such role is further confirmed by the finding that the measured
electron stiffness is significantly higher than predicted by simulations based on low-k
modes (ITG/TEM), calling for a contribution from the high-k ETGs in the order of 50%
of the total electron flux. Consistently, an increase of electron stiffness is observed when
increasing NBI power, leading to a more pronounced role of ETGs with respect to ICRH
dominated plasmas. Multi-scale simulations (the first ever made for JET) have been
run to quantitatively compute ¢. in such conditions. The contribution of the ETGs was
found significant although still below what needed to match the experiment. From the
simulations it appears that the ion-scale turbulent structures lead to a strong saturation of
the ETG flux but also that the electron-scale structures can act on the ion-scale structures
though inverse energy cascades. This indicates that the level of ETG flux is very sensitive
to the level of low-k modes, opening the way to a better match of the electron flux
when more physical effects influencing the low-k range will be included. In fact the
effects of impurities and fast ions and e.m. effects, presently not included for the sake of
computational time, will stabilize the I'TG modes and boost the ETG component further.
An important point that has been understood is that unfortunately a stabilization of
ion-scale turbulence will lead to a deterioration of the electron transport. This is in
fact observed in high power JET scenarios, where T; can achieve high peaking but Te;
is stuck to the same peaking irrespective of power. This does not penalize the JET
performance since ion heating is dominant, but of course will be penalizing in electron
heated ITER plasmas, calling for a work of optimization of the level of stabilization in the
two instability scales. The TGLF quasi-linear model, built taking into account also multi-
scale interactions, has been tested against our multi-scale simulation and the experiment.
When the ion heat flux ¢; is matched, TGLF and GENE are in good agreement, with
TGLF predicting a strong increase of ¢, due to ETG over a certain value of R/Ly..
Therefore this tool is suitable for at least a qualitative exploration of these effects in
future scenarios. The nonlinear gyrokinetic simulations performed for this study have
been also used to improve the QuaLiKiz quasi-linear model for ETG modes.

For the study of the light impurity transport in the plasma core, the profiles of 5
light impurities, 3He, Be, C, N and Ne, measured with charge-exchange spectroscopy in
JET ILW L-mode plasmas, have been modelled with quasilinear and nonlinear gyrokinetic
simulations. Different density profile peaking has been observed for the different impurities
in our conditions, with C' and N becoming flat/hollow in the mid plasma region (3.4 <
R < 3.7m), whilst theory predicts always the same level of peaking. These discharges
have low rotation so that roto-diffusion is not an important player. The missing physical
effect to explain the flat profiles has still to be found. On the other hand, the effects of
light impurities on thermal transport seem well understood. Discharges with N injection
have shown higher peaking of T;, which was ascribed both to the direct effect of the
impurity and to indirect effects via changes in Ti/Te and q profile. The direct effect
can be on ion threshold in presence of highly peaked impurity density profiles or on ion
stiffness in presence of flattish impurity profiles. Very good match with experiment has
been obtained by gyrokinetic simulations. TGLF tends to generally underestimate the
ion stiffness, but concerning the impurity effects it is able to reproduce quantitatively
the gyrokinetic runs. QuaLiKiz reproduces much better the ion stiffness, but it indicates
always a shift of the critical R/Ly; threshold with impurities, also in cases where an effect
on stiffness is seen with GENE and TGLF. The effect of geometry has also been found
important. These results call for an improvement of both QL models.

In this work we show the first experimental evidence of a strong thermal transport
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stabilization due to the presence of fast ions in plasmas with low rotation in JET ILW.
This has been obtained by applying 7 MW of ICRH ion heating in (3He-D) scheme
with minimal NBI power for Charge Exchange measurements. A strong peaking of T;
inside py, = 0.35 is observed, demonstrating that ion de-stiffening takes place irrespective
of rotation. The only difference with respect to low ICRH plasmas with stiff ions is
an enhancement of the fast 3He ion energy density. Linear and nonlinear gyrokinetic
simulations reproduce the experiment, predicting two strong stabilization mechanisms,
related to the presence of the fast 3He. One mechanism is electrostatic and has been
related a resonant wave-fast particle interaction, while the other mechanism is nonlinear
electromagnetic and sensitive to the total pressure gradient. It was also found that the
fast ion distribution function influences the quantitative prediction of the stabilization,
with better match to experiment when a numerically calculated distribution is used in
place of the approximated Maxwellian. Another effect of fast ions is the destabilization
of high-k instabilities such as ETG modes, associated to a reduction of the value of .

Regarding the effects of the isotope mass on the core turbulent transport, a dataset
of JET CW and ILW L-mode deuterium (D) plasmas has been compared to discharges
obtained in JET ILW L-mode hydrogen (H) plasmas. When the same operational settings
(heating power, I,,, B, ¢, n.) are used, both T, and T; are lower in H plasmas, the difference
starting at the plasma edge. In low power plasmas, ¢; in the plasma core does not deviate
from the gyro-Bohm scaling outside error bars, but, as the strong influence of 7; dominates
over the mass in the gyro-Bohm normalization, it is difficult to make a certain conclusion
from our data. A difference in ¢; in H and D plasmas has instead been observed at
higher power, in the situation where a strong stabilization of ITG modes by fast ions
was expected. In this case, the stabilization of the ion heat transport is less strong in H
plasmas with respect to D plasmas. A simple explanation has been found in the differences
between the fast ion populations, with H plasmas featuring ~ 1/2 of the fast ion pressure
in D. This was mainly due to the differences in the beam injection energies, in the beam
slowing down time and in the ® He concentration needed for the ICRH minority scheme
heating. No deviations from the gyro-Bohm scaling have been observed in the nonlinear
gyrokinetic simulations even when considering fast ions and electromagnetic effects. The
electron heat transport shows in general higher values of R/Lr. in H plasmas. Also, the
strong correlation between R/Ly, and 7 observed in D plasmas has not been observed in
H plasmas, suggesting a reduced importance of ETGs.

In conclusion, different fundamental aspects of thermal turbulent transport have been
studied in JET L-mode plasmas. An interpretation of the experimental results has been
reached with the help of gyrokinetic simulations, and some physical effects have been
evidenced in JET plasmas that are relevant for future ITER scenarios. Some important
indications on the validity of the available numerical models of turbulent transport have
been obtained, as well as suggestions for possible improvements.
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Chapter 1

Nuclear Fusion

1.1 Controlled thermonuclear fusion reactions

In a nuclear fusion reaction, two or more atom nuclei fuse together generating new atom
nuclei and subatomic particles. For atoms with A < 56 (Iron) the binding energy per
nucleon grows with A (see figure 1.1). So, if two atoms fuse together and create an atom
with A < 56 , the total energy of the bound atom is lower and the difference between the
mass of the reagents and the mass of the products is positive and energy is released from
the reaction following the mass-energy relation E = (Mycagents — Mproduct)¢* = (Am)c?.

10 ———r ——r
I 56Fg
stk i
= 4|—le 120,&
% 6 /.*0’ Fission™ U
3 [\
s / V Mass
= 4L / Number\~2 .
< 3 (A) 1
< Fusion
2 oy Charge / \ T
1H Number Symbol
//
O 1 1
1 10 100

Nucleon number A

Figure 1.1: Binding energy per nucleon (AE/A) of some of the elements as a function of the
atomic mass number A[l].

In order to fuse together, two atom nuclei must be at distances of the order of 1071°m.
At these distances, the strong interaction takes over the Coulomb interaction. To have
a good probability to fuse together (through the quantum-mechanical tunnel effect), the
atoms must have high energy (~ 10 keV'). In order to provide such energy to the atoms,
extremely high temperatures must be reached in controlled thermonuclear fusion reactors
on earth. At such temperatures the gas is completely ionized and is in the state of a
plasma.

The fusion reaction rate of two atom nuclei in the plasma depends on the temperature,
on the density and on the ion species used for the reaction. Considering just two ion species

10
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in the plasma, the fusion reaction rate can be written as [2]
R = ning (ov') (1.1)

where ny,ny are the densities of the two ion species, o is the reaction cross-rate and
v' = vy — vq is the difference between the velocities of the two ion species v; = /T;/m;,
m;T; being the ion mass and temperature. Three reactions have been considered for a
thermonuclear fusion reactor; D — D, D —3 He and D — T reaction. The cross-sections,
as a function of T;, of these reactions are shown in figure 1.2. The D — T reaction, due
to the higher cross-section at lower temperatures, is the easiest to obtain and is the one
chosen for the realization of the controlled thermonuclear fusion.

20—y
D(T,n) N

22t : o
Q) )
o ) e
E -4t A :
/; ) }// //
© 2% / / / i
v 6D /
(o)) /
Re}

2 /DHe,p)o 1

1 10 100 1000
T [keV]

Figure 1.2: log((ov) as a function of T; for the reactions D — T, D — D and D — He3.

The D — T reaction is
D+T —a+n+17.6 MeV (1.2)

where the a particle (*He) brings 3.5 M eV while the neutron n brings 14.1 MeV of energy
for a total of 17.6 MeV. The optimal temperature for this reaction is ~ 30 keV', that
corresponds to ~ 300-10° °C. Two main problems arise from bringing the D — T plasma
to such temperatures. The first one is how to confine the plasma, to minimize interaction
of the hot particles with plasma wall materials, the second problem is how to maximize
the triple product of ion temperature, density and confinement time to obtain an energy
gain
Q o Pout
P
P,.; being the power obtained from the fusion processes and P;, being the power used to
maintain the plasma at the required temperatures. The ideal situation would be ) — oo,
that corresponds to the situation in which no external power would be necessary, the
plasma being maintained at high temperatures by the fusion processes themselves though
the « particle energy. This condition is called ignition.
Regarding the plasma confinement, different configurations have been considered. One
possibility is the magnetic confinement: since the plasma particles are charged it is possi-
ble to use magnetic fields to confine them, maintaining the plasma suspended in a vacuum

> 1, (1.3)
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chamber. In this way, the damages to the materials that surround the plasma would be
highly reduced. The most studied and advanced configuration for the magnetic confine-
ment is the toroidal configuration. One machine that confines the plasma using this
configuration is the tokamak (from the Russian 'toroidalnaya kamera’ and 'magnitnaya
katushka’, literally "toroidal chamber’ and 'magnetic coils’).

1.2 Tokamak

The tokamak has been invented in the 50’s of last century by the Russian scientists Andrei
Sakharov and Igor Tamm. A schematic representation of a tokamak is shown in figure
1.3. In this section some characteristics of a tokamak and of a tokamak plasma, at least
the ones used for the studies reported in this thesis, are given. The information reported
in this section is mainly based on ref. [2].

transformer yoke

coils of primary
winding transfarmer coils for plasma
position control

______________

poloidal cross-
section

vacuum vessel ~
diagnostic port

poloidal coils helical field lines

Figure 1.3: Schematic representation of a tokamak [2|. ¢ indicates the toroidal direction, 6
the poloidal direction and z the vertical one. The toroidal magnetic field By is created by the
external poloidal coils while the poloidal magnetic field By is created by the plasma current I,,.
This is induced by a variating magnetic field across the tokamak center created by the currents
in the primary coils. Other external coils determine the vertical position and the shape of the
plasma confined inside the vacuum vessel. The tokamak is also characterized by a major radius
Ry and by a minor radius a.

1.2.1 Tokamak magnetic field

The plasma in a tokamak is confined inside a vacuum chamber using a magnetic field B
(see figure 1.3). The main component of B is the toroidal one, By, created by the external
coils placed around the torus. It varies along the radius R as

Ko [c e¢
2R
where .. is current flowing in the coils. Because the magnetic field varies with R and is
curved, it originates plasma particle drift velocities perpendicular to B given by

B ~ B¢e¢ ~ (14)
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1B x VB mv? MU} Reyry x B M0} 1
v - — = - €z, Veurv = = -
VBT B 2qByR ¢B> R? 4By Reurs

curv

e, (1.5)

where m is the mass of a particle with charge ¢ that moves along the magnetic field lines
with a velocity vj and across the field lines with a velocity v, , p = mw? /2B is the magnetic
moment of the particle and R.,., is the curvature radius of the field lines. These drift
velocities, depending on the particles charge, create a density separation between electrons
and ions that leads to an electric field E, = Fe,. This electric field generates a E x B drift
velocity in the radial direction and independent from ¢ that leads to a loss of particles
from the plasma. In order to prevent this loss, a poloidal magnetic field Byey is added to
the toroidal field, obtaining an helical shaped magnetic field

B :B¢-e¢+B9-e9. (16)

In this way, the E x B drift, related to the magnetic geometry drift, is in opposite
directions in opposite plasma hemispheres and the two opposite drifts compensate every
poloidal turn. The poloidal magnetic field is induced by the plasma current I,, that is
induced in the plasma using the external primary coils of the tokamak. This introduces a
technical limit on the tokamak operations, that must be impulsive if the plasma current
is inductively provided by the external coils.

1.2.2 Safety factor and magnetic shear

The safety factor ¢is related to the magnetic geometry and indicates the number of toroidal
turns that a magnetic field line has to do before completing a poloidal turn. Considering
an infinitesimal annulus of radius R and infinitesimal width dr in the radial direction, the
poloidal flux through this ring is given by

dV = 27 RBydr,
while the toroidal flux is given by

4D = 55 (Bydo)ds,

where ds is the distance moved in the poloidal direction while moving through a toroidal
angle d¢. The safety factor can the be written as

= @ (1.7)
AV

qis related to the plasma current density profile j(r) and varies with the radius, usually
having its minimum value close to the magnetic axis R ~ R, and increasing outwards.
The safety factor has a great importance for the plasma stability and has an important
role in the plasma transport phenomena. Another important parameter, related to ¢, is

the magnetic shear
s= %

= (1.8)

The safety factor ¢ is important for MHD (magneto-hydro-dynamic) instabilities. High
q values ensure a more stable MHD configuration, while, for example, q<1 close to the
magnetic axes can trigger the Sawtooth instability [2]. The magnetic shear is important
for the turbulent transport stability. The main operational scenarios of a tokamak are
characterized also by the safety factor and the magnetic shear values (see section 2.4).
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1.2.3 Plasma equilibrium

In axisymmetric conditions, the magnetic field lines of a tokamak plasma lye on nested
surfaces, called magnetic surfaces. From MHD considerations, imposing a null force on
the plasma, an equilibrium equation is derived, that states that the forces due to the
plasma pressure must be equal to the j x B force

ixB=Vp (1.9)

j being the plasma current density and p the plasma pressure. From this equation it can

be derived that
B-Vp=0
(1.10)
3Vp=0.

These expressions indicate that along the magnetic field lines the pressure is constant and
that the current lines, being at constant pressure, are placed on the magnetic surfaces.
Considering the poloidal magnetic flux W, with the property

B-V¢) =0 (1.11)

, i.e. that it is constant on every flux surface, an equation in ¥ for the flux surfaces at
the equilibrium can be derived, the Grad-Shafranov equation [2]. Typical solutions of this
equation are shown in figure 1.4.

Figure 1.4: Equilibrium magnetic flux surfaces, derived from the Grad-Shafranov equation, and
radial profiles of the toroidal plasma current j4, of the plasma pressure p and of the toroidal
magnetic field By [2].

1.2.4 Plasma [

Starting from
V X B = o)

V-B=0

Vp=JxB
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can be derived the equation

B? B
Vip+ —)=(B -V)— 1.12
o+ 5)=(B-9) 2 (1.12)
known as pressure balance equation. The term B? /2y, is the magnetic pressure, associated
to the magnetic field, while p = nT' is the plasma thermal pressure. The plasma [ factor
is defined as the ratio between the plasma thermal and magnetic pressure

p

] 1.13

8=
and indicates how good the magnetic confinement is. High values of plasma [ are desired
for optimal tokamak operations, but upper limits are set by stability considerations.

1.2.5 Tokamak plasmas characteristics

The plasma is a quasi-neutral gas of charged particles that exhibit collective behaviors.
Continuous charge separation and flow take place into the plasma, creating magnetic and
electric fields. These fields apply forces on the plasma particles and rule the collective
behavior of the plasma. As soon as an electrostatic potential is created into the plasma,
the charged particles move to shield the potential within a certain length called the Debye
length -
€ole

Ap = ne?
Therefore a plasma, that must respect the quasi-neutrality condition, i.e. n.- &~ n;+, must
have an extension L > Ap and a particle density high enough to shield an electrostatic
potential created by a charge separation in the plasma within the Debye length, so that

). (1.14)

4
Np = n-gﬂ)\% > 1 (1.15)

where Np is called plasma parameter.

A plasma particle in a tokamak, being subject to a strong external magnetic field
B, moves along a magnetic field line with a velocity v and around it with a cyclotron
frequency and a cyclotron radius given by

w. =1
(1.16)
pL = "5

g, m being the charge and the mass of the particle and v, its velocity perpendicular
to B. The particles in the plasma are also subject to drift velocities due to any force
perpendicular to the magnetic field. These drifts are very important for the transport
phenomena inside the plasma. The main drift velocities are the E x B drift velocity,
caused by the presence of an electric field perpendicular to B

ExB
VE: BQ 9

(1.17)

the drift velocities caused by the gradient and the curvature of the magnetic field (equation
1.5), the drift due to a spatial non-uniformity of an electric field (E(r) = Eq + (r - V)E +
5 (r-V)’E+ .
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r? EO x B
=(1+-LVv? 1.18
vop = (L+ 2V —0; (1.18)
and the drift due to temporal variations of an electric field (or polarization drift)
m dE
= ——— 1.19

There is another kind of drift in the plasma that does not involve the single particles,
but the particles as a fluid. This drift, called diamagnetic drift, is related to a pressure
gradient in the plasma and is defined as

_B><VP

Vi
nqB?

To the diamagnetic drift a plasma current is associated
j* = ZHSQSV*S (120)
where the sum is over all the species of the plasma.

1.2.6 Particle orbits and trapped particles

In a uniform magnetic field B, a charged particle with nonzero parallel (to B) velocity
is free to move along the magnet field line without restrictions. The magnetic field in a
tokamak is proportional to 1/R. It is weaker in the external region of the torus (Low
Field Side, LFS) and stronger in the internal region (High Field Side, HFS). Due to
this characteristic of a tokamak magnetic field, magnetic mirrors can be created and the
particles with a parallel velocity not high enough to escape from the magnetic mirrors are
reflected |2, 3]. The particles that are not reflected by the magnetic mirrors are called
passing particles, the other ones are called trapped particles. A schematic representation
of the passing and of the trapped particle orbits is shown in figure 1.5.

The condition for the particle to be trapped by B can be written as

Bb m 2

=1 1.21
Bmin * <UJ_O) ’ ( )

where By, B,,.;, indicate the value of the magnetic field at which the particle is reflected
and the minimum value of the magnetic field and v, is the velocity of the particle at
B = B,,;,. Considering a uniform distribution for the particle velocities, an approximate
equation for the fraction of trapped particles in the plasma, as a function of the plasma

radius r, can be written as
2r

— (—— /2, 1.22
f =) (1.22)
The bounce frequency with which a trapped particle moves around its orbit can be written
as
_ Uiy 1.23
wo QRQ ( 2R0 ) ’ ( ‘ )

An important factor for the trapped particles is the collisionality. Collisions can change
the velocity of the particles so that the conditions for the particle to be trapped are not
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Figure 1.5: a)Representation of the orbits of passing and trapped particles on a flux surface in
a tokamak plasma [2]. b)Representation of the banana trajectory of trapped particles along a
magnetic field line in the tokamak.

satisfied anymore. In this way collisions can cause de-trapping of the particles. The time
for collisions to free the trapped-particles can be approximated as

2r
Tdetrap X~ —Teoll (1 . 24)

Ry

where 7., is the collisional time at big angles. If Tjepap < W, ! the collisions prevent the
trapping of the particles.

1.2.7 Limiter and divertor

The plasmas in a tokamak have densities typically in the range n ~ 10'® — 10** m=3. In
order to obtain such densities (a million time lower than the atmospheric one), powerful
pumping systems are used to create the vacuum in the plasma chamber and to minimize
impurities in the plasma. The plasma has also to be kept away from the chamber walls.
In order to do this, two ways have been adopted: the first consists in using a limiter
that touches the plasma in presence of closed field lines; the second, more advanced and
used as the standard today and for future reactors, is the divertor. The divertor is able
to modify the magnetic field lines in order to obtain a X configuration (see figure 1.6)
and move the particles that escape from the plasma in the divertor region, where special
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targets absorb the heat fluxes from the plasma and special pumps eliminate the particles
ejected from the plasma.

Separatrix

)

HHHWII *"asma \\\\\\\\\\

JET IN THE 1980’s

JETAFTER
3 DIVERTOR
*._ INSTALLATION

Limiter

JGE8.419-13¢
JGE5579-3¢

-2.01 .

| | | | | | | | | - | |
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Figure 1.6: Limiter and divertor configurations of the JET tokamak (from www.efda.org). The
SOL (Scrape-Off Layer) region is where the plasma particles and energy are ejected from the
confined region (i.e. from the region where the magnetic field lines are closed). The ’Separatrix’
is the last magnetic field line that is closed, and so the last magnetic field line of the confined
region.

1.2.8 Ignition

The energy in the tokamak plasma, considering ions and electrons at the same temperature
and considering njons & Nejectrons, can be derived as

W = / 3nTdV = 3nTV (1.25)
v

V being the plasma volume. Introducing the energy confinement time 7z, the rate of
energy loss from the plasma can be written as

nT
PLoss = K - o V (126)
Tg Tg

This loss of energy must be compensated using external heating systems. If nuclear
fusion reactions, in a D — T plasma, are occurring, the o particles can heat the plasma
through collisions, providing a power P, to the plasma, and the heating power needed to
compensate the energy loss can be calculated as

PHeatmg PLoss - Pa- (127)

The ideal situation where P, is high enough to completely compensate Pp,ss and so no
external heating power is necessary, that is ignition, can be achieved if

n T, >3 x 10°! m™keVs. (1.28)

When this condition is reached, the power gain from the fusion reactions () — oo. All
the three parameters in formula 1.28 strongly depend on the transport phenomena in the
plasma.
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1.2.9 Tokamak research and development: ITER
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Figure 1.7: Progresses obtained on the three product nT'Tg since the 70ies.

Since its invention during the 50ies of last century, numerous effort have been done
to obtain tokamak with always more advanced technology and with better performances.
As can be seen in figure 1.7, this continuos evolution of tokamaks leaded to reach condi-
tions always closer to ignition. The data collected from this enormous worldwide effort,
have been used to develop the next generation of tokamaks and in particular to develop
ITER (International Thermonuclear Experimental Reactor). ITER, actually being build
in Cadarache (France), is an international (China, European Union, India, Japan, Korea,
Russia and United States) research project that will have to demonstrate the possibility
for a tokamak to produce net energy (@) 2 10) and to maintain the fusion reactions for
long periods of time and that will have to test for the first time the integrated system
(technology and physics) necessary for a future commercial production of electricity from
fusion [4]. It is therefore essential to prepare the ITER scenarios in the best way possible.
Some numbers of the ITER tokamak are reported in table 1.1.

Plasma major radius | 6.3 m Weight 23000 ¢
Plasma minor radius 2m NBI power (1 MeV beams) | < 33 MW
Plasma volume 840 m? ICRH power <10 MW
Magnetic field <11.87T ECRH power <24 MW
Fusion pulse time > 300 s Q > 10

Table 1.1: 'Numbers’ of the ITER tokamak [4].



Chapter 2

The JET tokamak
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Figure 2.1: Picture of JET plasma chamber with a typical view of a plasma on the right.

The informations reported in this chapter are mainly based, when not indicated oth-
erwise, on ref. [2] and on www.euro-fusion.org/jet /.

2.1 Main features

The JET (Joint European Torus) tokamak, located in Culham (UK), is the largest toka-
mak in the world and the only one that can handle a D-T gas mixture. It is in operation
since 1983. After a first phase with limiter configuration, the divertor configuration has
been introduced in 1992. In 1996, the world record (~ 16 MW) amount of power pro-
duced by fusion reactions has been obtained in a D — T plasma at JET. Before 2009, JET
plasma facing materials (or first wall) were made in carbon (C-Wall), later substituted,
between 2009 and 2011, by beryllium and by tungsten for the divertor. This new configu-
ration is called ITER-like wall (ILW) since it is the one chosen for the ITER (International
Thermonuclear Experimental Reactor) tokamak, which makes JET operations even more
relevant for ITER.

20
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JET has 32 D-shaped, equidistant poloidal magnetic coils that provide a toroidal
magnetic field up to &~ 4 T. The iron central solenoid induces a plasma current up
to I, = 4.5 M A, which generates the poloidal magnetic field necessary for the plasma
confinement. Other 11 coils are used to control and stabilize the position and the shape of
the plasma. A complex vacuum system ensures the ultra-high vacuum (10~ Pa) required
to achieve the necessary conditions for the tokamak operations. As mentioned above,
JET is the only tokamak able to handle tritium, which requires precautions for active
isotope handling. All the gases that are pumped from the vessel go to the Active Gas
Handling System, that allows to separate and safely storage the different atoms from gas
(T,D,He). The main heating systems available at JET are a Radio Frequency (RF)
system based on the Ion Cyclotron Resonance (ICRH), and a Neutral Beam Injection
(NBI) system. Numerous diagnostics provide all the information useful to study the
plasma (n,T, B, q,...). Typical JET discharges can be maintained up to ~ 10 s. In table
2.1 the main parameters of the JET tokamak are reported.

Major radius (Ry) ~ 2.96 m
Minor radius (a) ~1m
Plasma volume ~ 90 m3
Plasma triangularity | 0<4 <1
Plasma elongation 1<Kk<2
Magnetic field B<AT
Plasma current I, <45 MA
ICRH power <TMW
NBI power <30MW

Table 2.1: Main parameters of the JET tokamak.

2.2 Main plasma heating systems

In order to achieve the necessary conditions for D — T nuclear fusion reaction, the plasma
(at low densities) must be heated up to =~ 10® K. A powerful heating system is then
necessary to bring the plasma to these temperatures. The JET heating system has been
studied to maintain the plasma in these conditions for many seconds (up to 10-20 seconds).
The main heating power is supplied, in addition to the ohmic heating due to the plasma
current, by an injection of highly energetic neutron beams (Neutral Beam Injections, NBI)
and by electromagnetic waves in the ion cyclotron range of frequencies (Ion Cyclotron
Resonant Heating, ICRH). In the following these three plasma heating system are briefly
described.

2.2.1 Ohmic heating

In order to confine the plasma, a toroidal plasma current (I,) is induced in the plasma
through the central transformer. This current, flowing though the plasma with nonzero
resistivity, generates heating through the Joule effect (collisions). Experimental evidences
indicate that the plasma resistivity is mainly due to the collisions between ions and elec-
trons described by the neoclassical theory [2, 5] and strongly depends on the electron
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temperature T,. The ohmic heating power can be written as

POhm :77327 (21)

n being the plasma resistivity and j being the plasma density current. n(r) = Zgspns/(1—
(r/Ry)*®)* where Zesr = >, (ni/ne)Z2, ni,n. and Z; being respectively the ion and
electron density and the ion charge, » and R are respectively the minus radius where 7 is
measured and the major radius of JET and where

In(A)
TL5

ns = 1.65-107° Q-m (2.2)
is the Spitzer resistivity. in(A) = In(Ap/r,) is the Coulomb logarithm, r, = €?/(4megm,v?)
being the 90° collisions impact parameter and Ap = (€T /n.€?)? the Debye length. As
can be seen from equation 2.2, the ohmic heating power is strongly limited by its 7, '
dependence. It is also limited by the central transformer operational limits, the trans-
former having limits in inducing the plasma current and not being able to operate in a

steady state condition but just impulsively. The ohmic heating power supplied at JET is
up to 1 MW.

2.2.2 Neutral beam injection (NBI)

The NBI heating system consists in the injection in the plasma of highly energetic neutral
atoms. Once launched in the plasma, the beam atoms collide with the plasma particles
and are ionized. The ions and the electrons from the highly energetic beams are then
captured by the magnetic field of the tokamak and the energy of the ionized particles,
brought mainly by the more massive ions, is transferred to the plasma through Coulomb
collisions with the thermal ions and electrons. The NBI not only represent a plasm heating
system but also a source of plasma particles and momentum.

The deposition of the NBI power depends on how much the neutral beam can penetrate
in the plasma before being completely ionized and slowed down by the collisions with the
plasma particles. The three main processes that determine how the neutral beam is
absorbed in the plasma are:

e charge exchange: Ipeqm + 1) — I

plasma beam

. . . . . + Jr
e ionization due to ions: lyegm + 1 plasma I om

+ Iplasma

+ I

plasma

+ e

e ionization due to electrons: Iyegm +€~ — 7+ 2e~

beam

with certain cross sections indicated by, respectively, o.,, 07, 0g. If the beam intensity, as
a function of the position z, is

Iy(x) = Ny(z)vp(x) (2.3)

where NV, is the number of neutral particles of the beam and vy is the velocity of the beam
particles, its decay is described by

dl
b_ <Ucz Yo+ <0Eve>) I, (2.4)

dx Up

0,07 and op strongly depend on the beam energy and also the plasma density and
temperature play an important role. At JET the injected neutral beam is able to reach
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the center of the plasma, but in future reactors, as ITER, the penetration of the beam
will be limited. A possible solution is to use negative charged ions, that are ionized at
higher energies and can penetrate more into the plasma.

An indicative formula for the amount of power absorbed by thermal electrons and ions is

1/2 3/2
2me/ €p mb/

_.I_
3(27r)1/2T63/2 23/2mi€;/2)

P=P. + P, =mAp( (2.5)
where my and ¢, = mbvg /2 are the mass and the kinetic energy of the beam ions and
Ap = (netin(N))/(2redm?). As can bee seen from equation 2.5, at high beam energy the
electron heating is dominant. When the beam is slowed down, the ion heating takes over.
At JET up to 35 MW of NBI heating power for ~10s is available using H, D, T and He
atoms.

2.2.3 Ion cyclotron resonance heating (ICRH)

A charged particle in a magnetic field By, with a non-zero velocity in the direction per-
pendicular to By, moves in a circular motion around the magnetic field lines (cyclotron
motion) with an angular frequency

wj = 45 (2.6)

mj

where ¢; and m; are the particle’s charge and mass. If an electromagnetic wave is launched
into the plasma with an angular frequency w, s, the particles with w; = w,s can absorb
energy from the wave by resonant effects. Three main radio frequency heating schemes
are used in tokamaks to heat the plasma. The one used and discussed within this thesis
is the ion cyclotron resonance heating (ICRH).

Using a cold plasma approximation in a slab limit and solving the dispersion rela-
tion (see ref. [2]) to obtain a perpendicular resonance (i.e. to obtain a value of the
perpendicular refractive index n; — oo) when w,s ~ w;, where w; is the ion cyclotron
angular frequency, one finds that the resonant condition can be obtained only when two
or more ion species are present in the plasma (ion-ion hybrid resonance, ITH). Using two
ion species, the ion-ion hybrid resonant frequency is approximately

2 winwip(l+niomia/niamiy)
T (miaZiafminZia +nioZio/niiZia)

where n;, m; and Z; are the ion density, mass and charge. This equation gives a frequency
in the range ~ 30 — 120 M Hz. Controlling the densities of the two ion species in the
plasma and knowing that the ion cyclotron frequencies depend on the radius because B
depends on the radius, it is possible to control the radial position where the resonance
occurs and to which species the heating power is mainly deposited. In a common ICRH
scheme used in JET, called minority scheme, the power is absorbed by a minority ion
species with density small compared to the main ion one. Then, the minority ions give
energy to the electrons and the main ions though collisions. In all the cases studied in this
thesis, 3He has been used as minority ion species in D or H plasmas (H minority species
has been used in D plasmas in few cases included in the database used for the study of
ETG modes presented in chapter 9). Using *He ~ 6% in D plasmas and *He =~ 3% in
H plasmas, the majority of the RF power is deposited on ions ([6], see figure 2.3). The
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power deposition radial location depends on the toroidal magnetic field and on the RF
frequency. In the plasma studied in this thesis a magnetic field By ~ 3.3 T' has been
used, directing the RF ion heating on-axis (R ~ 0 m) or off-axis (R ~ 3.6 m) using RF
frequencies v,, = 33 M Hz and v,5y = 29 M Hz. In order to perform perturbative studied
on the ion heat transport (see section 3.5), the RF power has been modulated using a
modulation frequency of 6 Hz.

ICRH in Mode Conversion scheme

A second absorption scheme, based on mode conversion (MC), is possible to direct the
power to electrons. This is particularly useful at JET for electron heat transport studies
as there is no direct electron radio-frequency (RF') heating such as ECRH. For this scheme
the minority ion species used in all the cases studied in this thesis is *He. If the 3He
density is high enough ([*He] > 10% in D plasma and [*He] > 4% in H plasmas), the way
the RF power is absorbed by the plasma changes [6]. A mode conversion phenomenon
occurs, that allows to create a highly localized electron heat source by the absorption
of the energy by the electrons from an electrostatic wave called Bernstein wave. This
wave is generated from the injected fast wave at the ion-ion hybrid resonance position
and its energy is absorbed directly by electrons with a very narrow deposition profile
(see figure 2.2). A small fraction of the injected fast wave is also damped into electrons
by Electron Landau Damping phenomena (FW-ELD), with a broad central deposition
profile. The position of the ion-ion hybrid resonance depends on the minority species
concentration and on the magnetic field and RF frequency. It is then essential to control
these parameters, particularly the 3He concentration, as much as possible to obtain the
desired results. In the typical situation studied in this thesis, with a toroidal magnetic
field By ~ 3.45T and with 3He ~ 18%, it is possible to direct the power deposition both
on-axis (R ~ 0m) and off-axis (R ~ 3.6 m) using the RF frequencies v,, = 33 M Hz and
Vorr = 37T MHz.

In order to study where the power is deposited, it is possible to modulate the RF
power and use a Fourier analysis of the perturbations induced on the T,(R) profiles. In
this way the phases and amplitudes of the heat wave harmonics are obtained. Studying
the profiles of these quantities, it is possible to understand if the RF power is well coupled
to the electrons and were the power is deposited. Also, as no reliable models to calculate
the electron heating in MC is available yet, the perturbative studies allow, using transport
simulations in order to reproduce the experimental profiles of temperatures and phases
and amplitudes from the Fourier analysis, to calculate the total amount of power absorbed
by electrons. Using the right concentration of ®* He, up to the 80% of the RF power can be
coupled to the electrons [6, 7]. In order to perform perturbative studies on the electron
heat transport (see section 3.5), the RF power has been modulated using a modulation
frequency of 20 Hz.

2.3 Diagnostics

A high number of diagnostics are available at JET. In the following, a brief description of
the main diagnostics used in this thesis work to measure the densities and the temperatures
of the plasma are given.
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Figure 2.2: Schematic representation of the ICRH Mode Conversion principle. The fast wave
propagates to the Ion-Ion Hybrid resonance position, where it gives its energy to an electrostatic
wave, called Bernstein wave, that gives its energy directly to the electrons.
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Figure 2.3: Fraction of absorbed power from the various species in a (*He) — D plasma as a
function of the 3He concentration. These results have been obtained from a simulation using
the TOMCAT code [?].

2.3.1 High Resolution Thomson Scattering (HRTS)

The high resolution Thomson scattering at JET [8] is a conventional 90° geometry system,
which measures electron temperature (7;) and electron density (n.) profiles with up to
63 points along the outer (low field side) radius of the plasma (R = 2.9 —3.9m) at a
frequency of 720 Hz and with a resolution of ~ 15 mm. It uses a Nd:YAG laser situated
in the roof-laboratory above the JET Torus Hall. The light launched into the plasma has
a wavelength of 1064 nm and each pulse last 20 ns with an energy of ~ 3 J.

The light interacts with the plasma electrons through Thomson scattering causing the
emission of photons of the same wavelength as the incident light and the scattered light
is collected through an upper main vertical port. The Doppler effect due to the plasma
temperature broadens the emission spectrum of the photons. Measuring the emitted light
from each laser pulse the radial profiles of T, and n. can be measured with an uncertainty
of ~ 15% considering that:

e The intensity of the scattered light is proportional to the number of the emitted



CHAPTER 2. THE JET TOKAMAK 26

photons and so to the number of the electrons = n,;

e The broadening of the spectrum depends on the electron temperature = T..
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Figure 2.4: General layout of the HRTS system components in Torus Hall [8].

2.3.2 Electron Cyclotron Emission (ECE)

The ECE diagnostic at JET is used to measure the electron temperature in the plasma
core. It measures T, at frequencies of 5 kHz and at 96 radial positions (spatial resolution
of ~ 2 e¢m) with uncertainties of ~ 5%. There are a series of effects that can influence
the ECE resolution and usually the loss of resolution is higher on the high field side of
the tokamak and in the outer part of the plasma. The ECE diagnostic is essential in the
experiments that require a high temporal resolution of T, like the perturbative studies
shown in this thesis.

The electrons in the plasma, being charged particles moving in presence of a magnetic
field (By), move around the field lines with an angular frequency w. = eBy/m. emitting
electromagnetic radiation. This radiation is emitted at angular frequencies w, = n-w,,
where n is an integer. In some circumstances, the intensity of this emission is directly
related to T.. In a tokamak, due to the intensity of the magnetic fields used, the ECE
emission has a wavelength A\ ~ mm. At these wavelengths, the Rayleigh-Jeans law can
be applied and the intensity of the emission of the n — th harmonic, as a function of the
angular frequency w, and of the radius R, can be written as

wiT.(R)

From 3.1, knowing B(R) and measuring the emission at different frequencies, T.(R) can be
derived. Some effects must be considered to avoid errors in the measurements, such as the
temporal variation of By, the corrections to the vacuum B(R) due to plasma diamagnetism
and paramagnetism, the density of the plasma (important for the propagation of the
radiation in the plasma due to refraction effects).

(2.7)

2.3.3 Charge Exchange Spectroscopy (CX)

When neutral atoms are injected into the plasma using NBI, the fast neutrals react with
the plasma ions through charge exchange reactions and emit radiation. A typical charge
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exchange reaction is
Inpr+ 155, = I, + T

plasma plasma *

After the reaction, the electron received by the plasma ion can be in an excited state
and decade emitting visible radiation. If this radiation is observed at an angle to the
beam, localized measurements of plasma parameters can be made by fitting the Doppler
broadened line of the CX emission (it depends on the species used). From the shift of the
peaks of the spectra, also the plasma rotation can be measured.

The JET CX [9] has a typical spatial resolution of ~ 7 ¢m and a measurement fre-
quency of 20 Hz. The species usually used for charge exchange T; measurements are
D,He, N, Ne,C, Be. A simplified scheme of the JET CX is shown in figure 2.5.
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Figure 2.5: Simplified schematic representation of the JET CX (www.euro-fusion.org).

2.3.4 Equilibrium reconstruction (EFIT)

At JET, the equilibrium code EFIT [10, 11], is used to solve the Grad-Shafranov equation
and calculate important quantities like plasma current density, safety factor gand flux
surface geometry. EFIT is based only on magnetic probe measurements. To improve
the accuracy of the calculations, internal diagnostic information like the pitch angle as
measured with the motional stark effect (MSE), the Faraday rotation angles or pressure
profile information can be used. In order to use MSE measurements, the use of a specific
NBI launcher is required. These measurements have a spatial resolution of 5 — 8 cm and
a temporal resolution At ~ 20 — 40 ms. Regarding the Faraday rotation constraint, the
JET setup for the interferometer-polarimeter allows a measurement of the line integrated
density and Faraday rotation along the same lines of sight. A successful analysis of the
line integrated Faraday rotation requires an accurately known density profile [12].

Error bars on the safety factor measurements depend on the diagnostic used to con-
strain the equilibrium reconstruction. For magnetic measurements only, the errors on
the central ¢ value can be quite large (up to 50% in the worst cases), but in L-mode
discharges the uncertainties are lower. Using the Faraday rotation constraint, typical er-
rors are ~ 20%, while using the MSE constraint the error bars are reduced to ~10%. The
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error bars on the magnetic shear are in general larger with respect to the ones on the
safety factor. An error of 10% on q would correspond to an error of “20% on s. Good
measurements of the safety factor ¢ (and of the magnetic shear s) are very important
for turbulent transport studies and MSE or Faraday rotation constraints are essential in
order to have reliable measurements of these quantities, especially in particular condi-
tions (like for reversed safety factor profiles) or in the inner part of the plasma core. For
these reasons MSE or Faraday rotation constraints have always been requested for the
discharges analyzed in this thesis.

2.4 JET operational scenarios

The JET tokamak is capable of operating in different scenarios and, at the present day,
is the only tokamak capable of operating with a D — T gas mixture. One of the main
characteristics of the different scenarios is the energy confinement time. This parameter,
as already pointed out, is of great importance for future reactors such ITER, as the
ability of maintain high plasma pressure for a long time is fundamental to achieve a
high () factor. Scaling laws for the confinement time have been developed, collecting
a worldwide database of tokamak discharges. One of the most used, developed for the
baseline H-mode scenario, is the ITERH-98P(y,2) scaling law, which depends on different
plasma parameters: major radius Ry, absorbed power P, toroidal magnetic field Br,
plasma elongation k, plasma current I,, plasma central line averaged density (n) and
main hydrogen isotope mass

TITERH*QSP(y,Q) — 5.62'1072Ré.97P70.6QB%15/€0.78[3.93 <n>0.41 M0,19' (28)

It is common to compare a plasma confinement time in a different scenario to the H98P(y,2)
value, defining a Hgg factor
TE
Hyg = ————. (2.9)
TITER—98P(y,2)
Below, the main scenarios in which JET can operate, and that are considered also as
ITER scenarios, are listed.

L-mode The L-mode is a low power scenario with low confinement time (Hgg ~ 0.5),
due to the absence of an edge transport barrier. Despite the low confinement time,
plasmas in L-mode are very useful to study the properties of the plasma core transport as
possible effects related to the plasma edge are minimized. Transport studies using heat
flux scans and perturbative techniques can be achieved in L-mode plasmas, while this
kind of studies are very difficult in more advanced scenarios like H-modes. These studies,
used and described in this thesis, allow to study properties of the turbulent transport
such as the temperature stiffness or the turbulent critical threshold in L' = —VT/T
(see section 3.2), that help to characterize the turbulent state of the plasma core in the
various conditions. All the plasmas studied in this thesis, that focuses on core turbulent
transport, are L-mode plasmas.

H-mode The H-mode plasmas feature a high power and the presence of an edge trans-
port barrier that highly enhances the plasma density and temperature. These discharges
provide a high confinement time, Hgg ~ 1 and are the main scenario envisaged for ITER
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high fusion power production. This scenario features the presence of strong MHD activ-
ity at the plasma edge, the Edge Localized Modes (ELMs), that periodically eject high
quantities of energy and particles outside the plasma. Due to its high current (go5 ~ 3) ,
the scenario has also ¢ < 1 values in the inner core region. This leads to another kind of
MHD activity, the sawtooth instability, that causes the ejection of particles and energy
from the inner core of the plasma reducing the inner core plasma pressure. If the plasma
S is high enough, these modes can also cause neoclassical tearing modes (NTMs), which
lead to the formation of magnetic islands, further reducing the plasma confinement.

Advanced Tokamak scenarios If an internal transport barrier (ITB) is created in the
plasma core, the high pressure gradients inside the barrier strongly enhance the bootstrap
current fraction of the plasma current, leading to a scenario that can operate steady state
(H-mode steady-state scenario), without the need of an externally induced plasma current.
The ITB is typically formed by creating a region of negative magnetic shear. In this steady
H-mode scenario, the confinement time can be highly enhanced, Hgs ~ 2, but it needs
a high control of the plasma current and pressure profiles, difficult to achieve, and has
also a low § limit, to avoid strong MHD instabilities (kink modes, Resistive Wall Modes
(RWM), Infernal modes). These are mitigated by lowering the plasma current (ggs ~ 5)
and density with respect to the baseline H-mode.

Hybrid scenario The Hybrid scenario (Hgg ~ 1 —1.5) stays in the middle between the
H-mode scenario and the H-mode steady state scenario. It does not require an internal
transport barrier and negative magnetic shear values, but operates with a flat ¢ profile
in the inner plasma core. This leads to ¢ = 1, that helps to avoid the MHD activity in
the plasma core and is easier to achieve with respect to a reversed gprofile. This, due to
the suppression of NTMs, also allows higher [ limit. The discharge pulse length is also
increased with respect to the standard H-mode but do not reach steady state operations.
This scenario has also higher values of ¢ (go5 ~ 4) and s at the plasma edge, with respect
to baseline, that help to stabilize the turbulent transport in this region.
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Figure 2.6: Representation of the radial profile of the plasma ion temperature (a) and of the
safety factor (b) in the main tokamak operational scenarios.



Chapter 3

Transport

3.1 Transport in tokamak plasma core

Since the first experiments in tokamaks, it was clear that the confinement time of the
plasma expected from neoclassical theory (i.e. from collisional processes in toroidal ge-
ometry [5]) was one-two orders of magnitude above the one measured experimentally. This
has been related to the ’anomalous’ transport caused by turbulent phenomena [13, 14].
The gradients of the plasma pressure, the tokamak magnetic geometry and the quasi-
neutrality of the plasma drive collective plasma oscillations, described as drift waves [13],
that arise on ion and electron Larmor radius scales. These plasma oscillations have fre-
quencies of the order of the diamagnetic frequencies

w~w5*:k-% (3.1)
where the subscript s indicates the species considered, with a typical range
Aw ~ wy . (3.2)
They are characterized by spatial scales Ar of the order of Larmor radius pj,
Ar ~ k7'~ pp (3.3)

and by relative oscillations (0n,dT), ...) small compared to the 'background’ plasma quan-
tities (n, T, ...)
on

—~ 107° - 1071, (3.4)

where the values ~ 107! are usually reached at the plasma edge. They cause fluctuations
of the electrostatic potential, ¢, that cause E x B drift velocities and an associated
turbulent flux across the flux surfaces, for example a turbulent heat flux

q= <§5va,7~> (3.5)

where vg, is the radial component of the E x B drift velocity, dp is the pressure oscillation
and () denotes a time averaging. The radial component of vg is considered because
the parallel (to B) transport is assumed high enough to ensure constant densities and
temperatures on a flux surface. The changes of density and temperature and the turbulent
fluxes are then considered along the radial direction.

30
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Assuming a random walk diffusivity, and so local processes, we can relate the turbulent
fluxes to the plasma pressure gradients, for example for the heat flux g¢:

qg=—nD;, ;) VT, (3.6)

where Dy, is the turbulent heat diffusivity. Considering Ar ~ pr, and At ~ Aw™! as
the typical random walk step size and time scale, an estimate of Dy, can be given by
(Ar)*>  p, T, o T
~ = Ps ) (37)
At a qsB By,

Dturb ~

where a is the tokamak minor radius. This scaling law is known as the gyro-Bohm scaling
and is assumed to be valid for sufficiently small values of p} [15]. In the JET plasma core,
in the conditions studied in this thesis, typical values are p* < 1/400 and the gyro-Bohm
scaling law and the local limit approximation are considered to be valid.

3.2 Drift waves, ITG, ETG, TEM

As introduced in the previous section, the turbulent transport in a tokamak plasma is
caused by micro-instabilities described as drift waves. Drift waves are modes of collective
plasma oscillations driven by density and temperature gradients and by the different
ion and electron motions in the plasma [13, 16]. While electrons and ions are free to
move independently in the plasma, any large scale (i.e. spatial scales larger than the
Debye length and time scales larger then the plasma oscillations w, = \/n.e%/(m.eo))
charge separation is prevented by the strong electrostatic potential formed by the charge
separation itself. The mechanisms that ensure the plasma quasi-neutrality are then the
same mechanisms that drive the drift waves. Let’s assume for example a plasma in a
magnetic field B = Be,, with a density gradient Vn along the negative x direction. The
system of coordinates is a simple 3D cartesian system (x,y, z), where z indicates the
direction parallel to the magnetic field, x can be seen as the radial direction. n = n, = n;
is constant in time and on each flux surface, labelled in this case by x. Due to the presence
of a density gradient, a diamagnetic drift velocity develops

T,
xe — y 3.8
v GBLn €y ( )
where L' = —Vn/n. Using an electrostatic approximation and neglecting collisions, the

parallel (to B) dynamic of the electrons is given by

81}”6
ot

e 0¢ 1 Op.
(Ve - V)uje = mdz mn, 0z

(3.9)

Considering low frequency processes, we can assume isothermal electrons in equilibrium
and neglect the right side of equation 3.9 obtaining

op T, 0n,
e =0. 3.10
682 ne 0z ( )
Integrating we then obtain
Ne _ oo/ Te, (3.11)
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Decomposing the electron density in a background part and in a perturbed quantity,
Nne = Ng + 0ne, and expanding to the first order in dn, we obtain

0N %

3.12
T (3.12)

The electric field generated by V¢ causes a vg, drift. This drift, due to the presence
of the density gradient, causes a change in the density in a way that the perturbation
moves along y. The ion density continuity equation can be written, neglecting the parallel
dynamic of the ions, as

In;
aij 4 g Vi = 0, (3.13)
Using vg, = —1/By(0¢/0y), n; = n + dn;, writing the perturbed quantities as 0f =
df-exp(—i(wt — k-r) and linearizing in dn;, the equation becomes
jwon; Y = 0. 3.14
won; + B L. ( )
Using the quasi-neutrality relation, we can derive
i = Vye :>WIW*,e- (315)

ky

The velocity of propagation of the density perturbation, in the y direction, is the electron
diamagnetic drift velocity.

If the electrons are free to move along the magnetic field lines, they immediately
delete the charge separation and there will not be any instability. But, if for any reason the
electron response is not immediate, a delay between the electrostatic potential oscillations
and the density oscillations can appear

bn. e
=g (=) (3.16)

Assuming 0 < 1, equation 3.15 becomes

Wie
W =
1—16

R Wi (1 +10). (3.17)

If 6 > 0, an exponentially growing instability can occur. This can be caused, for example,
by a friction of electrons due to collisions. Considering for example the radial heat flux
generated by the perturbation

q= <25va,r> : (3.18)

it can be seen that there is turbulent heat flux only if dp and vg, (and so ¢) are out of
phase, the time average of this quantity being zero otherwise.

In the low-field-side region of a tokamak plasma, where the temperature gradients
and the magnetic field gradient are aligned and where there is the presence of trapped
particles, the drift waves can become unstable due to the temperature gradients them-
selves and originate the high level of transport observed experimentally in the plasma.
The exponential linear growth of these instabilities is regulated by nonlinear phenom-
ena. One of the most important nonlinear regulation mechanism for turbulence is related
to zonal flows (ZF) [17, 18]. Zonal flows are excited by the plasma micro-instabilities
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themselves and regulate the transport by shearing the drift waves structures and by ex-
tracting energy from them. The main micro-instabilities in a tokamak plasma core are
the Ion Temperature Gradient (ITG) modes, the Trapped Electron Modes (TEM) and
the Electron Temperature Gradient (ETG) modes.

Figure 3.1: Schematic representation of the electronic drift wave. An initial density perturbation
(nT/n™) leads to a drift wave propagating in the k || y direction. The electrons react more
quickly than the ions, causing a charge separation and the formation of an electrostatic potential
perturbation (¢* /¢~ ). The electrostatic perturbation is, in this case, in phase with the density
perturbation. The electric field E, caused by (¢*/¢~), leads to a E x B drift velocity in the
direction of the density gradient, causing the movement of the more dense plasma in the less
dense region (n~) and vice versa. This causes a propagation of the perturbation in the y(]|| k)
direction with a frequency k - v,, v, being the diamagnetic velocity.

3.2.1 ITG

The micro-instabilities caused by the ion temperature gradient are called Ion Temperature
Gradient (ITG) modes. These modes are driven unstable due to curvature effects on the
low-field-side of the tokamak, where the magnetic field gradient and the ion temperature
gradient are in the same direction. It is worth noting that even in the slab limit, with
straight magnetic field lines and no magnetic field gradients, the ITG modes are unstable
and are caused by parallel compression due to ion acoustic waves [19]. A simplified scheme
of the physical mechanisms of the ITG drive is shown in figure 3.2. The ion temperature
has been split, for simplicity, into a hot and a cold region. An initial 7; perturbation is
present in the low-field-side of the tokamak plasma. The drift velocity due to magnetic
field inhomogeneities depends on the particle energy, vy ~ (vi+v? /2) ~ (TP +T7?), causing
differences in the drift motion between the hot and the cold region of the plasma. This
causes a compression and a rarefaction of the ion density and an electrostatic potential
perturbation, which is out of phase with respect to the T; perturbation. The associated
electric field causes an E x B drift that brings hot plasma into the hotter region and cold
plasma into the colder region, amplifying the original perturbation of 7; (on the high field
side, this process leads to a suppression of the original instability). The presence of an
ion temperature gradient is then essential to close this loop and drive the instability.
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ITG modes are driven unstable over a certain critical value of L' = —VT;/T; |20, 21].
A useful formula for the ITG critical threshold as a function of some plasma parameters,
given in ref. [22], is

)-(1+22) (3.19)

if R/Ly <2(1+ %)

Axis of symmetry

Figure 3.2: Schematic representation of the physical mechanism of ITG instability in tokamaks.

3.2.2 ETG

Electron Temperature Gradient modes are driven by the gradient of the electron tem-
perature and act on smaller (p, < A < p;) scales with respect to ITG modes. Their
linear physics is very similar to the I'TG one, with the roles of the electrons and of the
ions interchanged. Due to their short wavelengths, it has been believed for many years
that the flux driven by ETGs would be much smaller than the one driven by modes on
ion-scale (like TEM or ITGs). This was expected from the gyro-Bohm diffusion coefficient

Me % me
Dgra ~ p, = \ o P \/EDITG (3.20)

This mixing-length argument, supported by gyrokinetic theory when only linear and elec-
trostatic terms and adiabatic ions are considered, fails when the nonlinear dynamic of
ETGs is considered. Nonlinearly, the isomorphism between ITG modes and ETG modes
is broken. For ITGs, the relation between the electrostatic potential and the ion den-
sity has a dependence on the flux-surface average of the electrostatic potential, while for
ETGs this dependence disappears [23]. Due to this difference, in the ETG case there is a
strong suppression of Kelvin-Helmotz like instabilities at long-wavelength (that generate
the zonal flows) which in the ITG case strongly suppress the instability. ETG modes can
then form radially elongated structures, called ETG streamers (see figure 3.3), that are
able to carry an amount of electron heat flux comparable to the one carried from ion-scale
instabilities |23, 26]. Recently, in JET [7] in C-MOD |24] and, in some experimental con-
ditions, in DIII-D [25] it was found that neither the ¢. values nor their slope vs R/Lr.
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(which is a measure of the stiffness of the 7T, profiles and regulates the propagation speed
of heat waves through the plasma) were matched by low-k non-linear gyrokinetic simula-
tions. Other recent works [24, 26, 27| have shown that there are also strong interactions
between electron-scale instabilities and ion-scale instabilities. While the ion-scale struc-
tures, like ITG zonal flows, can suppress the formation of the ETG streamers, the ETG
modes can enhance the flux carried by ion-scale instabilities. Experimentally, in plasmas
with internal or edge transport barriers, where inside the barrier the ion-scale instabilities
are strongly suppressed by external E x B flow shear and the level of the ion heat flux
can be reduced to neoclassical levels, an anomalous electron heat transport, that could be
ascribed to smaller-scale instabilities, is still observed inside the barrier. Furthermore, ex-
perimental measurements of high-k instabilities have been reported in different machines
[30, 31, 32|, with a dependence on radius and heating scheme. A correlation between
the increase of ¢. and the increase of high-k density fluctuations has also been reported
[30, 32]. These observations call for a more quantitative evaluation of the amount of g,
carried by high-k instabilities.
A useful formula for the ETG critical threshold is given in [33]

— maa{(1+7)(133+ 191 )1~ 15 {1+ 03 e(%)]; 0811y,

R crit
LTe

where 7 = Z.;¢1./T;, ¢ = r/R is the inverse aspect ratio and x is the plasma elongation.

¥/ps
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Figure 3.3: Electrostatic potential snapshot from a gyro-kinetic multi-scale simulation. Big
structures are visible as well as thinner and more elongated structures, the ETG ’streamers’ (see
chapter 9).

3.2.3 TEM

The magnetic configuration of a tokamak leads to the magnetic trapping of some of
the plasma particles. The response to a perturbation of the electrostatic potential (¢)
fluctuations of trapped electrons is different from the response of passing electrons. This
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can cause a phase shift between ¢ and n, and so to an instability. The development of
this trapped electrons instability is related to the presence of electron temperature and
density gradients [3]. For TEM there is a critical value of R/Ly. over which the instability
can be produced [34, 35]. This critical value can be written as a function of some plasma
parameters [35] as

R " 0.357y/¢ +0.271 R
= 4.90 — 1.31— 4+ 2.68s + In(1 + 20w, ¢¢)], 3.21
o N =268+ (14 200y, (32)
where Ve = Vej /Wae, Ve; and wy, being the electron-ion collision frequency and the electron
diamagnetic frequency, and € = r/R.

3.3 Gyrokinetic equations

In order to properly study the plasma micro-instability, a kinetic approach is necessary.
The kinetic equations are a set of 6D equations that calculate the evolution of the par-
ticle distribution function and of the electromagnetic potentials. The collisional Vlasov

equation

8fs E + v X B -
815 + V'fos + m—svvfs - C(fs>7 (322)

which describes the evolution of the 6D distribution function of the particles of the s
species under the influence of the Lorentz force and collisions, is coupled with the Maxwell
equations, in which charges and currents are calculated from the distribution function f;

p= qu/fsdv
=30 [ oy

The turbulent fluctuations in the plasma are characterized by the following features (ob-
served experimentally) [13, 36]:

e The relative fluctuation levels (dn,edp,dB,...) are small compared to the back-
ground, not fluctuating, quantities (n,7,B,...). Considering, for example, a back-
ground part of the density, no,, and a fluctuating part of the density, dns, such as
ns = No,s + 0ng, they satisfy

s

~ ey < 1 (3.23)
No,s

This is true in the plasma core for typical plasma parameters. At the plasma edge,
the oscillating quantities might reach ~ 10% of the background quantities.

e The fluctuation frequencies w are of the order of the diamagnetic drift frequencies
Wy = k‘%B x Vin(ps) and the frequency spectra are typically broadband with
Aw ~ w. These frequencies are much smaller than the gyro-frequencies €2

% ~ ey < 1. (3.24)

On these time scales, the background quantities, typically evolving on the confine-
ment time scale, can be assumed to be constant.
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e The fluctuations are highly anisotropic in the parallel and in the perpendicular (to
the magnetic field) directions. Typical perpendicular wavelengths are of the order
of ~ 10 — 100p,, i.e. few centimeters, while typical parallel wavelength are of the
order of several meters. This means

k/lpi ~ €] 1 (325)
k
AL (3.26)
L €1

The last condition is required in order to have an ordering in which a strong wave-
particle interaction (e.g., Landau damping) is captured at the lowest order. The
background quantities hardly vary on scales comparable with p;. Typically, consid-
ering for example the magnetic field,

Thank to these properties, splitting the distribution function in a background, stationary
part and in a perturbed, oscillating part f; = Fj s + ¢ f; and averaging over the parti-
cle gyro-motion, it is possible to derive the set of the 5D gyrokinetic equations for the
evolution of the fluctuating particle distribution function and electromagnetic potentials.
The derivation of these equations requires sophisticated mathematical techniques, such
as Lie transformations, and are not described here. A description of their derivation can
be found in ref. [36].

3.4 Numerical codes

3.4.1 The gyro-kinetic code GENE

The GENE (Gyrokinetic Electromagnetic Numerical Experiment) code 23, 37| solves the
gyrokinetic Vlasov equations coupled with the Maxwell equations within a d f approxima-
tion and using a set of field aligned coordinates {x,y, 2}, where z is the coordinate along
the magnetic field line, x is the radial coordinate and y is the binormal coordinate. In
GENE, a discretization of the phase space fixes a grid of points on which the evolution
of the distribution function is calculated. Taking advantage of the gyrokinetic ordering
described above, all the simulations carried out for this thesis have been performed in
the local limit (or flux-tube approximation). This means that the simulation box covers
only a fraction of the flux surface in the y direction rather than the whole flux surface
and has a limited extension also in the z direction (this choice is well justified with our
values of px (1/px < 400)). Following the flux-tube along just one poloidal turn, due to
the axis-symmetry of a tokamak flux surface, it is possible to obtain the information on
the turbulent state along the whole flux surface. The periodic boundary conditions in x
and yin the flux-tube approximation make possible to treat these two coordinates spec-
trally, allowing a simpler gyro-averaging operator and making the code numerically more
stable. The code needs a set of input parameters such as the plasma geometry, densities
and temperatures and their gradients for each species considered in the simulation (there
is no limit in the number of kinetic species that can be simulated) and gives as output
quantities such as the particle and the heat fluxes and information on the turbulent state.
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The magnetic equilibrium model used in all our simulations is the Miller geometry [39].
This equilibrium model is local to a flux surface and completely describes its geometry
in terms of nine parameters: aspect ratio r/R, elongation s and its radial derivative

S = MTT”, triangularity 0 and its radial derivative s5 = \/T%, safety factor ¢, magnetic

shear s = g%, Shafranov shift o and 0, R,.

A summary of the equations solved by GENE, as reported in ref. [38], is given in the
following. The equations are formulated in Fourier space in x and y directions. The gyro-
averaged Vlasov equation calculates the evolution of the oscillating part of the distribution
function f = Fy+4 f, Fy being taken as a Maxwellian distribution function. For numerical
reasons it is easier to use the modified distribution function g (see equation 3.30)

0

5 = Z+L(9) + N(g). (3.28)
Z is a constant term that arises due to the fact that, in the presence of curvature and
density or temperature gradients, Fy(i.e.,df = 0) is not a solution of equation 3.28 of the
first order on df. It only affects the k; = 0 mode and decouples linearly and nonlinearly
from the rest of the system. It is given by

To (202 + uB, 3
Z = 0( IIB )KI (wn + (U2 + /LBU - 5) wTs) 6k$705k970F03. (329)
qbo

The linear operator is given by

3 To vp
L(g) =— (Wn + <U|| + pnBo — 5) wT) Foik,x + BBQUﬁpr 7B —y I,
T,(2v2 + 1 By) @5f
_ o
4Bo (Kyry + K,I.) + 2JBOM8 . Bo—— 8 U +(C(0f))

consisting (in the order) of the drive term, the pressure term, a term describing the parallel
dynamics, the curvature terms, the trapping term and the collisions term and where

Fy = 7T—3/2€*(Uﬁ+#30)
6f = 5A Fy
X=¢— UTU||5A|| . . (3.30)
Loy = ikyyg7- Foike yX

I',=0.9g+ + Foazx + 2 U”/LFOA”a By

and

> nosﬂquofJo s)gsdv)dp

K33+ 3, F2nos(1 — To(bs)

>, Sqsnosvrsm By [ v Jo(As)gs(K)duydps
K+ X, 22anom By [ 03 (\) Fosdvydps

¢ = (3.31)

A = (3.32)

where J is the Jacobian for the field aligned coordinates, ¢ is the electrostatic potential
and 0 A is the oscillating part of the magnetic potential. Jy and Iy are the O-order Bessel
and modified Bessel functions and Ay = ik, p,. In the simulations it is possible to retain
also the 0 B perturbation not reported here.
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The E x B nonlinearity, that is the only nonlinear term in the equations, in this
representation can be written as

N(g) = (knky — kok))x (K| )g(ks — k). (3.33)

kK |

Besides the parallel BO variation, the most important equilibrium quantities entering
the gyrokinetic equations are the gradients and curvature terms,

Wy, = —L#;faxno wr = _L%;;fa:cTO
Lye Lye
Ko= ket (0,8 + 20.By) K, = 5t (0.5 — 20.5) (3:31)
Wp = _nrf;—%{-ef&wp = wp = D N Ts(Wns + wrs)

(with parameters v o 3 related to the metric tensor terms for the field aligned coordinates).
In these normalized equations, the physical values of the equilibrium quantities do not
enter. However, in the normalization process, three dimensionless parameters relating
different normalization scales have been introduced,

/8 — 8mNrefLref — 7rln()‘C)@4n'r‘efLref A — Bgef (335)
B?-ef ¢ 21-5T3€f D AT Ny p Mo §

effectively reducing the number of freely scalable parameters. The linearized gyrokinetic
equation

dg
Fri
is used for investigations concerning linear stability and e.g. attempts to find quasilinear
models of the turbulent behavior in certain regimes.
More details on the GENE code can be found in the thesis and in the papers listed in
the GENE code website (www.genecode.org). More details regarding the setting of the
simulations presented in this thesis can be found in the respective chapters.

L(g) (3.36)

3.4.2 Quasi-linear codes

Quasi-linear transport models are based on linear characteristics of a turbulent state and
on certain assumptions to take into account the non-linear physics. The first step consists
then in using linearized equations (for example linearized gyrokinetic equations) to obtain
the linear expressions of fluctuating quantities such as the densities or the electrostatic
potential, while the second step consists in determining how to simulate the non-linear
processes that saturate the level of the fluctuations of these quantities. For example,
assuming harmonic fluctuations (6n, 6T, §¢ o< e*“*=k=)) the ion heat flux can be written

as
/3 B 3 ik, 005,
qi = <§5szE,r> - Ew §5pz,kw B (337)

where vg is the E x B velocity and yis the binormal direction to the magnetic field and
to the radial direction. Replacing now op; with its linear expressions (calculated with
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linearized equations), the ion heat flux assumes the expression

¢ = Z:(qz linear expression)y, ® ‘5¢2‘kw : (3.38)
k,w

It is not possible to calculate |§¢?| from the linear physics, but it must be derived
making some assumptions. Assuming for example random walk diffusivities, a mixing-
length rule [40, 41] for the diffusion coefficients is given by

D <~ 3 |5¢2}kw) =Y 5 (3.39)
kw k

where v, is the linear growth rate for the mode with wavenumber k. This is just a simple

example, the details of the mixing length rule, that can take into account factors which

approximate non-linear phenomena such as zonal flows, depend on the precise model. The

development of these models can be helped by the results of non-linear simulations.

In this work two quasi-linear models have been used and tested against nonlinear gy-
rokinetic simulations and experiment: TGLF (Trapped Gyro-Landau Fluid) [42, 43, 44|
and QualiKiz [45, 46]. The TGLF model solves a set of gyro-Landau fluid (GLF) equa-
tions that take into account kinetic effects like the gyro-averaging and the Landau damp-
ing. TGLF treats both trapped and passing electrons, ion and electron-scale instabilities
and retains some multi-scale interactions. The linear modes are found numerically while
the model for the saturated turbulence is built to fit nonlinear gyrokinetic simulations
from the GYRO code, including a few multi-scale simulations. In QuaLiKiz, the eigen-
values are solutions of a linear gyrokinetic equation and the eigenfunctions are solutions
of the fluid limit of this equation. A mixing-length rule is then used to calculate the
saturated electrostatic potential and fluxes.

The scope of quasi-linear codes is to be able to predict and simulate a tokamak plasma
with low computational costs. If a gyrokinetic simulation needs ~ 10* — 10" CPU hours
to calculate the level of the flux for one time and at one radial position, quasi-linear codes
aim at simulating the whole plasma in few CPU minutes or seconds. Recent developments
have shown that using numerical tools such as neural networks is would be possible to
simulate the whole plasma evolution in real time [47]. It is then important to understand
the plasma phenomenology and to be able to reproduce it with simplified models. More
work is needed to reach this goal.

3.4.3 The transport code Astra

The ASTRA (Automatic System for TRansport Analysis) code [48] solves 1D fluid trans-
port equations taking into account the 2D geometry of the flux surfaces through parame-
ters such as triangularity and elongation. The code is extremely flexible, allowing to set a
specific transport model in the simulations, including quasi-linear models such as TGLF
or user defined empirical models, and to adjust the model variables interactively during
the simulation. These aspects make ASTRA a very useful code for perturbative studies,
in which a modulated power is used as well as Fourier transforms of the temperature
profile time evolution to calculate phases and amplitudes of the heat wave propagating
in the plasma. The possibility of interactively changing the model parameters and other
quantities, such as the absorbed power, makes easier to achieve simulations with good
reproduction of the heat wave propagation. For the description of the tokamak geome-
try the code uses the coordinate system {a, 8, (}, where ais a radial parameter, 6 is the
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poloidal angle and ( is the toroidal angle. The toroidal and poloidal magnetic fluxes are
indicated with ®(a,t) and ¥(a,t). ¥(a,t) is used in the Grad-Shafranov equation, while
®(a,t) is used to define the toroidal radius

/[ ®
or =1\ =5 3.40
P 7B, ( )

where By is the magnetic field in the vacuum at the geometrical center of the tokamak
vacuum chamber. This radial coordinate is used to parametrize the flux surfaces in the
code.

Astra solves 1D transport equations, including equations for the plasma density n,
the electron and ion temperature and the poloidal magnetic flux, coupled with the Grad-
Shafranov equation. It is not necessary to simulate all the plasma profiles, for example
it is possible to study just the evolution of T,, fixing the plasma density and the ion
temperature constant in time. Other conditions to be set in the simulations are initial
conditions and boundary conditions.

3.5 Experimental methods for transport study

3.5.1 Heat flux scan

In order to obtain a heat flux scan as a function of the normalized temperature gradient,
the ICRH power is deposited at two different radial positions at different times (or in
different discharges with the same experimental settings and parameters). Usually it is
deposited on-axis (R ~ 3.0 m) and off-axis (R ~ 3.6 m). In this way, there is enough
difference in the heat flux and in the peaking of the temperature to obtain a clear scan
in ¢,5(R/Lr) at a radial point between the two deposition radii (see figure 3.4). In
order to calculate the heat flux, all the heat sources must be considered. The radial
profile of the ICRH power density to electrons and ions are usually evaluated using the
SELFO code [49, 50] or the PION code [51]|. This is possible when the ICRH heating is
in the minority scheme, directing the power mainly to ions. When the mode-conversion
scheme is used, in order to heat mainly the electrons, no reliable code for the evaluation
of the ICRH power density deposition is available yet. In this case, the perturbative
studies are essential. Using a transport simulation to fit the temperatures profiles and
the profiles of the phase and amplitude of the heat wave harmonics, adjusting also the
heat power directed to ions and electrons, it is possible to work out the total amount
of heat power absorbed by ions and electrons. The NBI heating power on electrons and
on ions is calculated with the PENCIL code [52|. The ohmic power density is calculated
analytically using Pop, = 1 - j2, where 7 is the resistivity of the plasma and j is the
plasma current density. Also the exchanged power density between ions and electrons, p.;,
is calculated analytically. The measured radiated power density p,.q is taken into account.
The powers Pogar, Proru, Pvsr, Pe; and P4 are obtained integrating the power densities
on the plasma volume and the ion and electron heat fluxes are expressed in gyro-Bohm
units as

Qign; = (Prormi + Pnpri + Pei) /Y] - R?)/(neTipgvth,i) (3.41)
Ge.gn. = |(Prerme + Pypre + Pounr — Pei — Praa) /3] - Ry ) (n.Topcs) (3.42)

where ¥ is the considered flux surface, ¢s = \/Te/M;, v = \/Ti/M;, pi = viiM;/eBr
and ps = ¢, M;/eBy. Typical errors on the heat fluxes are ~ 20%. For the measurement of
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the electron temperature 7T, the ECE (Electron Cyclotron Emission) and the High Reso-
lution Thompson Scattering (HRTS) diagnostics are used, while the ion temperature 7j is
measured by the Charge Exchange (CX) diagnostic. Local values of R/Ly; = —RoVT;/T;
and R/Ly. = —RyVT./T, are obtained by local linear fits of in(T;) and In(7,) radial pro-
files averaged over a certain time interval (usually At ~ 0.5—1s). The fits are done using
the radius r = (R — R;,)/2, R and R;, being the outer and inner radii of the flux surface
on the magnetic axis plane, and averaging other multiple fits using a variable number of
data points around the chosen radius (usually 3-9 points). Errors on these quantities are
typically ~ 10 — 15%.

Once the heat flux scan has been obtained, the turbulent flux threshold and stiffness
at a chosen radial location are then determined experimentally by quadratic fits on the
diagram of the normalized heat flux as a function of R/Ly using a semi-empirical model
called Critical Gradient Model (CGM) [53, 54]

R R R crit R R crit
— qres I e . I 4

where ¢ is the residual flux not carried by the R/Lz driven instability, (R/Lz)" is
the critical value of R/Lr.; above which the turbulent flux is driven by R/Lp, xs is
the stiffness coefficient and 0(e) is the Heaviside function. Considering the residual flux
negligible, (R/Ly)“" is found as the intercept to zero flux, whilst x4 can be inferred from
the slope of the curve. An example can be seen in figure 3.4.
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Figure 3.4: a)Example of the ICRH power density deposition and of the ion temperature profiles
obtained in a JET L-mode plasma using on or off-axis ICRH heating. b)Example of the heat
flux scan obtained using on and off-axis ICRH heating.

3.5.2 Perturbative techniques

Perturbative techniques for plasma transport analysis [55, 56| are based on the study
of the temporal evolution of a small perturbation introduced in the plasma temperature
using, for example, a modulated heat source. In all the cases studied in this thesis, a
square-wave modulated ICRH heating has been used, with ad-hoc frequency, modulation
amplitude and duty-cycle. In this way, at least the first three harmonics of the pertur-
bation can be obtained by Fourier analysis of the temperature. The radial profiles of the



CHAPTER 3. TRANSPORT 43

A

temperature
rofile

heatwave
eV

Wodylated
DOWeE\ solurce

>
a) radius
3 x10° 5
I
= ey Jm 4 | ,;v !
/‘ ‘ | MM’ i | N‘M
il | et ol
~ H ‘ }‘ | — 3%»\,, i Wi ,“..‘,»\}J\W
2 | \ S i W AL A
B ‘ ’ “ S ‘*»-"mw*AwM\XMWM\M%\M:E&WJ1&
N | AR
05! | H u
I
K 6 8 10 12
b) time (s) o) o s

Figure 3.5: a)Representation of the heat wave propagation principle for the perturbative studies.
b)Example of an ICRH modulation used at JET for perturbative studies. c¢)Example of the
perturbation induced in T, using an ICRH modulation at JET.

amplitudes and phases at different harmonics yield information both about the transport
processes (diffusion and convection) and the modulated power source deposition. Using a
transport code, ASTRA in our case, and assuming a space-time dependent model for the
diffusivity coefficient, such as the CGM in equation 3.43, the experimental radial profiles
of temperature and of amplitudes and phases at various harmonics can be best-fitted by
adjusting the model parameters (such as the turbulent transport critical threshold and
the stiffness). This provides an independent experimental evaluation of threshold and
stiffness in addition to the heat flux scan procedure.

3.6 Thesis work

The work presented in this thesis mainly focuses on the thermal turbulent transport in the
tokamak plasma core. The techniques and the numerical codes introduced in the previous
sections are used to study the thermal transport using both experimental investigation
and numerical modelling. The comparison between these two approaches is most fruitful
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to understand which physical mechanisms, related to the turbulent phenomena, are at
work in relevant conditions for future tokamak scenarios. It also provides validation of the
numerical codes against the experiments. On the experimental side, this thesis work covers
the execution and the analysis of specific transport experiments in JET C-wall and ITER-
like wall L-mode plasmas, in which heat flux scans and temperature modulation were used
to determine threshold and stiffness level of the ion and electron heat channels. On the
modelling side, it makes use mainly of gyrokinetic codes, but also of quasi-linear models,
to explore the dependencies of such quantities on plasma parameters. The availability of
such detailed experimental information made the comparison with theory a much more
stringent validation exercise than the more common approach based on flux matching
of a single steady-state temperature profile. In addition, the comparison of quasi-linear
models with gyrokinetic models provides useful indications on their limitations, regimes
of validity and needs for further improvements.

Four aspects regarding the turbulent thermal transport in the plasma core have been
studied: the effects of light impurities, the effects of fast particles, the role of ETG
modes and of the interactions between ion-scale instabilities and electron-scale instabilities
(multi-scale interactions) and the effects of the plasma main ion mass (isotope effect). All
these four topics are highly ITER relevant. In the next chapters, the results obtained
from the experiments and the modelling will be shown and the physical interpretation
of the results provided, with a discussion of their implications. In section II (chapters
4, 5 and 6) the ion thermal transport will be mainly studied, considering the effects of
light impurities and fast particles. Section III (chapters 7, 8 and 9) is focused on the
electron heat transport and on the role of high-k instabilities and multi-scale interactions.
In section IV (chapter 10), the study of the effect of the main ion mass is studied. Finally
in section V, the main conclusions and possible further work are presented.
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Part 11

Effects of light impurities and fast
particles on thermal transport in the
plasma core
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Introduction

In all the possible operational scenarios of a tokamak the presence of impurities in the
plasma is unavoidable. First of all, the plasma in a tokamak is an open system. This
characteristic is essential in order to maintain alive the nuclear fusion reactions as the gas
that forms the plasma must be continuously recycled. The plasma strongly interacts with
the first wall of the reactor vessel and the plasma-facing materials are always present as
plasma impurities. The heating systems, such as the NBI (Neutral Beam Injection) and
the RF (Radio Frequency) systems, are also responsible for the presence of impurities in
the plasma through the antennas and the beam launcher components. The D — T nuclear
reactions are themselves a source of impurity in the plasma, creating highly energetic He
ions. Furthermore, one of the ways to reduce the heat loss deposition on the divertor
is to puff light impurities at the plasma edge. Also some heating techniques, such as
the ICRH (Ton Cyclotron Resonant Heating) in minority scheme, require the presence of
an impurity species in the plasma (*He in the cases analyzed in this chapter). If it is
important to avoid an accumulation of these impurities, especially of the heavier ones,
in the plasma core, it is also impossible to completely avoid their presence. It is then
essential to understand how these impurities propagate into the plasma, how to control
this propagation and how the impurities affect the performance of a reactor.

The transport of light impurity particles has been studied, both experimentally and
theoretically, in various machines and in different operational conditions (see for examples
ref. [2-5,7,10,11,24] of chapter 4). In many conditions turbulent transport has been
found to dominate the transport of light impurities in the plasma core and the main
mechanisms that drive the transport have been identified (see ref. [8-13] of chapter 4).
Despite all the efforts, some differences are still present between the predicted peaking of
light impurities and the experimental values. Also the effects of thermal light impurities
on the plasma thermal transport and energy confinement have been studied in different
machines and regimes (see ref. [6-13| of chapter 5). In all these studies, an increase of
plasma confinement in the presence of light impurities has been observed. Especially in H
mode, the stabilizing effect has been suggested to be more important at the plasma edge
and on the plasma pedestal, with negligible effect of light impurities on the stabilization
of the plasma core micro-instabilities, while in some studies, a direct role of light impurity
seeding in the stabilization of micro-instabilities in the plasma core has been observed
and studied.

Another important contribution to the dynamics of turbulent transport has been found
to be related to non-thermal (fast) particles. The presence of fast ions in the plasma is
related to radio-frequency heating, NBI injection or, in fusion conditions, to the fusion
reactions. A strong stabilization of the turbulent heat transport has been observed in JET
(see ref. [2-3] of chapter 6) and ASDEX-Upgrade (see ref. [15] of chapter 6) in the inner
core region of the plasma (R < 3.4m) when fast ion pressure is high enough. Recent works
are trying to understand the physics mechanisms behind this stabilization and how to take
them into account in simplified models (e.g. in quasi-linear models). Experimentally, all
the plasmas, where the strong turbulent ion heat transport stabilization by fast ions has
been observed, featured high NBI power. High NBI leads to high toroidal plasma rotation,
that can also induce a strong stabilizing of I'TGs. It is therefore difficult, when using high
NBI power, to separate the effects of plasma rotation and the effects related to fast ions.

The work presented in this chapter regards three aspects related to the presence of
light impurities and fast ions in the plasma core:
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e The comparison between the light impurity transport predicted by numerical simu-
lations and the experimental one

e The effect of puffed light impurities on the core thermal transport
e The effect of non-thermal ions on the core thermal transport

In chapter 4 the density profiles of 5 light impurities (*He, C, Be, N, Ne) measured with
active charge-exchange in JET ILW plasmas are shown and their experimental density
peaking is compared to the one predicted by gyrokinetic simulations. In chapter 5, the
effect of puffing NV on the thermal transport in JET ILW L-mode plasmas is studied. This
is the first detailed study of the effects of light impurities on the turbulent transport in the
JET plasma core. Also in this case, experiment and numerical simulations are compared.
Finally, in chapter 6, the effect of fast 3He ions on the thermal transport in JET ILW
L-mode plasmas is investigated. These plasmas feature low NBI power and low rotation
and the results obtained give a first experimental evidence of the role of fast ions in the
turbulent transport stabilization in absence of high plasma rotation.
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L-mode plasmas
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Abstract

A series of experimental observations of light impurity profiles was carried out in JET
(Joint European Torus) ITER-like wall (ILW) L-mode plasmas in order to investigate their
transport mechanisms. These discharges feature the presence of *He, Be, C, N, Ne, whose
profiles measured by active Charge Exchange diagnostics are compared with quasi-linear
and non-linear gyrokinetic simulations. The peaking of 3He density follows the electron
density peaking, Be and Ne are also peaked, while the density profiles of C' and N are
flat in the mid plasma region. Gyrokinetic simulations predict peaked density profiles for
all the light impurities studied at all the studied radii and never predict flat or hollow
profiles in our cases.

4.1 Introduction
Puffing light impurities at the plasma edge is one of the ways to reduce the heat loss

deposition on the divertor of ITER (International Thermonuclear Experimental Reactor)
and perhaps of a future reactor |1, 2|. *He will be produced in the plasma central core

thttps://doi.org/10.1088/1741-4326 /aaadd3
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region by the D — T fusion reactions. Furthermore, ITER will have a first wall made of
beryllium. While decreasing the power at the edge by increasing the radiative power could
help to reduce the damages on the machine walls and on the divertor, an accumulation of
impurities in the core could lead to a dilution of the main ion species that will participate
to the reactions. Understanding how these light impurities are transported in the plasma
is then fundamental in order to predict the best scenarios for future machines and achieve
optimal conditions for fusion.

In the last years, both experimental and theoretical investigations on light impurity
transport have been made in various machines [3-10|. In many conditions, turbulent
transport dominates the transport of light impurities in a tokamak plasma core. The
main mechanisms that drive the turbulent particle transport have been identified [11-16|
and their relative importance for different impurities and plasma conditions has been in-
vestigated. Despite all the efforts, some differences are still present between the predicted
peaking of light impurities and the experimental values. In JET [3, 5, 8] and ASDEX
Upgrade [3] H-mode plasmas, differences between the experimental density peaking of
3He,C, B and Ni and the predicted peaking by gyro-kinetic and neoclassical theory have
been found, while in DIII-D [17] H-mode plasmas, differences between density peaking
of F' and quasi-linear and neoclassical predictions have been observed, indicating that
something may be missing for a complete understanding of the particle transport of light
impurities. With respect to previous JET studies made in C-wall H-modes, this study was
performed in JET ILW L-modes, increasing the number of light impurities studied, by
measuring in the same discharges the profiles of 2 He, Be, C, N and Ne with different heat-
ing schemes. Whilst C' and Be as intrinsic impurities and *He as ICRH minority species
were present in all discharges, N and Ne were puffed in some of them. Furthermore,
mainly plasmas with low rotation have been studied, in order to minimize the impurity
transport terms linked to rotation and test the model performance in this limit. The
experimental results are shown and studied through neoclassical and gyro-kinetic simu-
lations, which indicate that, in the studied plasmas, turbulent transport is the dominant
transport mechanism, while neoclassical transport plays a minor role.

The paper is organized as follows. In sections 4.2 and 4.3 the experimental and nu-
merical set-up and methods are reviewed. Section 4.4 discusses the study of the light
impurity density profiles. A discussion on the results and the conclusions are presented
in section 4.5.

4.2 Experimental set-up

The discharges studied in this paper were made in two different experimental sessions (n.
86739-86759 from one session and n. 90666-90672 from the other) in the JET tokamak
(major radius Ry = 2.96 m, minor radius a = 1 m) with ILW. The two sessions have very
similar experimental settings and plasma parameters. All plasmas are D plasmas with
vacuum toroidal magnetic field By ~ 3.3 T, plasma current I, =~ 2 M A and safety factor
at the flux surface that encloses the 95% of the poloidal flux ¢qg5 ~ 5. The heating power
consists of 2.5-7 MW of ICRH (Ion Cyclotron Resonance Heating) using a 3 He minority
concentration nsg./n. ~ 6 — 9%, which ensures a dominant ion heating [18|, and of 1.7-3
MW of NBI (Neutral Beam Injection) , mainly to provide charge exchange measurements
of T;, plasma rotation €2; and impurity density profiles. In all the studied discharges the
RF power was deposited on-axis (R & 3.0m). The discharges analyzed were all L-modes,



CHAPTER 4. LIGHT IMPURITY TRANSPORT 23

apart from two discharges (n. 86758 and n. 86759) where the NBI heating was increased
to 13 MW, in order to study the effect of the presence of higher rotation and plasma beta
, changing the plasma condition from L-mode to H-mode.

The measurement of the electron temperature T, is provided by the ECE (Electron
Cyclotron Emission) diagnostic with an error on the measurements of about 5%, while the
ion temperature T; and plasma rotation wy are measured by the CX (Charge-Exchange)
diagnostic with an error of about 5-10%, depending on the radial position, for the ion
temperature and of about 10% for the plasma rotation. The error on T, /T; is about 9-12%.
The electron density n,. is measured by high-resolution Thomson scattering (HRTS) with
an uncertainty of about 15%. Local values of R/Ly; = —RyVT;/T;, R/ Ly, = —RyVT./T.
and R/L, = —RyVn./n. were obtained by local linear fits of in(7}),In(7.) and In(n.)
radial profiles averaged over a time interval At ~ 1s. The fits are done using r = (R —
Ri»)/2, R and R;, being the outer and inner boundaries of the flux surface on the magnetic
axis plane, and averaging other multiple fits using a variable number of data points around
the chosen radius (3-9 points). We drop the suffix 0 when indicating these quantities for
convenience. The uncertainties on these parameters are then estimated by repeating the
same procedure with different space intervals and evaluating the deviation in the set
of values so obtained. Errors are typically 10-15% for R/Ly.); and 15-20% for R/L,,.
The radial profile of the safety factor q as well as the equilibrium plasma geometry are
reconstructed by the EFIT equilibrium code with the MSE (Motional Stark Effect) or the
Faraday rotation constraints. Typical errors on the safety factor are about 20%. Radial
profiles of T,, T;, n.,q and €2, of discharges n. 86740 (L-mode with 3 MW of ICRH + 3
MW of NBI, nsg./n. ~ 6%, npe/ne ~ 1%, nc/ne ~ 0.1%), n. 86749 (L-mode with 4 MW
of ICRH + 3 MW of NBI, nsg./n. ~ 6%, npe/n. ~ 1%, nc/ne ~ 0.1%, nx /n. ~ 1.2%),
n. 86758 (H-mode with 2.5 MW of ICRH + 13 MW of NBI, nsy./n. ~ 8%,nge/n. ~
1%, nc/ne ~ 0.1%,nn/n. ~ 1%) and n. 90670 (L-mode with 6 MW of ICRH + 1.7
MW of NBI, nsg./ne ~ 9%, nge/ne ~ 1%, nc/ne ~ 0.1%, nye/ne ~ 0.1%) are shown in
figure 4.1. The parameters of these shots have been used as input in the simulations for
the study of the impurity transport. The ICRH power deposition of discharge n. 90670,
obtained with the SELFO code [19, 20], is shown figure 4.1.

The data analysis is carried out at ps, = 0.33,0.5,0.7ps0r = \/(QD/WBT)/(CD/WBT)mw,
where @ is the toroidal magnetic flux.

4.2.1 Charge exchange impurity measurements

All the density profiles of the light impurities studied in this work have been measured
using the charge-exchange diagnostic. C' (n¢/n. ~ 0.1%) and Be (ng./n. ~ 1%) were
present in all the discharges as intrinsic impurities and *He (ng./n. ~ 6—10%) was puffed
into all discharges as ICRH minority species. N (ny/n. ~ 1%) was puffed in discharges
n. 86749-86759 to study its effect on thermal transport while Ne (ny./n. ~ 0.1%) was
puffed in shots n. 90666 - 90672 to optimize the charge-exchange measurements.

The JET Core CXRS diagnostic consists of two periscopes that define toroidal views
aligned on the heating neutral beams of octant 8. A neutral beam injector consists of two
sets of four positive ion neutral injectors (PINIs) divided into the so-called tangential and
normal bank. Due to the arrangement of the heating beams, the toroidal views aligned
on PINT 6 (normal) and 7 (tangential) also intersect PINI 1 (tangential). As a result, for
each viewing direction, a set of three volumes defines the average spatial position of the
measured quantities as well as the radial resolution.
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Two rows of sightlines per periscope provide a profile measurement for the low field
side edge to the plasma core. The spectral analysis of the plasma light collected by the
two periscopes can be performed with five spectrometers and profiles are obtained with
12-15 spatial points with 10ms time resolution. In this paper He/Be-CX spectra, C'/Ne-
CX spectra ad N-CX spectra was obtained each by one of these rows. The knowledge of
the alignment of periscope sightlines with the PINIs is important for the determination
for T;, Vi and, in particular for this paper, the impurity density 7;,,,. Geometrical factors
enter the determination of n;,,,. The exact distance of the probe volumes from the axis
of the PINI has a direct impact on the impurity density determined in the line of sight
and thereby on the inferred impurity density profile. Any inaccuracy in the periscope
alignment corresponds to a systematic error in the value of the impurity density but also
to a systematic error in the impurity density profile. An alignment technique has been
developed consisting of three steps: the alignment in laboratory , the in-vessel alignment
and the use of the so-called He doping and PINI switching calibration shots, described in
more detail in [21], which reduce the uncertainty due to alignment to a few %.

As for the analysis for the CX spectra, during the JET C-wall years, the CXRS analysis
mostly relied on multi-gaussian fit without the use of the beam modulation technique
[22]. Since JET ILW, due to the reduction of the intrinsic C' concentration and also to
the increase in the intensity of nuisance lines, the CXRS analysis is now relying on the
use of beam modulation. This consists in subtracting passive frames, where only the
passive emission is collected, from active frames, where both charge-exchange emission
and passive emission are collected. Provided that the active and passive frames where
collected in equivalent plasmas, we should obtain a single Gaussian shape to fit the active
signal of the PINI considered. The difficulty in this technique is the identification of active
and passive frames that can be considered equivalent. Experimentally, it was found that
the selection of passive frames with the lowest edge nuisance lines (Be-II line in the
CVI-CX or He/Be-CX spectra and N-II line in N-CX spectra) and corresponding active
frames with the intensity of the nuisance line within 20% of the reference passive frame
results in a nice Gaussian. This technique has been used for the data presented in this
paper.

The CX Helium measurements are known to be affected by the plume effect [23, 24].
Since a precise quantitative treatment of the helium plume effect is not yet available for
the JET charge exchange diagnostics, this effect is not taken into account in this work
and only the uncorrected values of R/L, sy, are reported. Such correction is expected
not to vary much with radius, therefore possibly affecting the absolute values of the *He
density but not much its profile peaking, which is what is addressed by our study.

4.3 Numerical simulation set-up

The density n of each species in the plasma satisfies the continuity equation

on
- .T 4.1
5 V-T',+ S5, (4.1)

where I, is the particle flux and .S,, is the source of the particles. The particle flux of an
arbitrary species in the plasma can be written as

T, =n (—Dn algi”) + Vn) (4.2)
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where D, is the diffusion coefficient of the diagonal diffusive term and V,, is the convection
velocity of the off-diagonal convective term. The particle flux can be written as a sum of
the neoclassical particle flux [25] and the turbulent particle flux [26] T',, = T + Tturb,

A further decomposition of the turbulent particle transport is [26, 27|

RIturb R R R R? 09

2= = Dupm BV = Dog—+ Do+ Duaa—; + RV}, (4.3)
where the terms on the right hand side represent, in order, the diffusion term, the thermo-
diffusion term, due to the presence of a temperature gradient [11, 12|, the roto-diffusion
term [13, 14|, due to the presence of a toroidal angular velocity gradient, and a pure
convection term [15, 16] related to the curvature of the toroidal magnetic field. The
coefficients Dr, D,, and term V,,, depend on the plasma micro-turbulence and so on the
plasma gradients, therefore the equation (4.3) in general cannot be considered a linear
relationship between the particle transport and the plasma gradients. In the case of trace
impurities and in the radially local limit though, relation (3.3) becomes linear.

The experimental density peaking of the light impurities are compared to numerical
simulations that calculate the neoclassical and the turbulent particle fluxes. For the
calculation of the neoclassical contribution to the particle transport the code NEO [28, 29,
30] was used. For the turbulent fluxes, quasi-linear and non-linear gyro-kinetic simulations
with the code GENE (Gyrokinetic Electromagnetic Numerical Experiment) [31, 32| have
been done. GENE solves the gyro-kinetic Vlasov equations coupled with the Maxwell
equations within a §f approximation [33| and using field aligned coordinates {z,y, z},
where z is the coordinate along the magnetic field line, x is the radial coordinate and
y is the binormal coordinate. For a part of the quasi-linear study, also the code GKW
(GyroKinetics at Warwick) [34, 35| in the local limit has been used. In particular, the
GKW code was used in order to study the contribution of the roto-diffusion term as it
allows to use different values of 0€2;/0r for the different kinetic species considered in the
simulation.

In stationary conditions, with no sources in the plasma core, equation (4.1) requires
that I';, = 0. The density peaking is then calculated, using equation (4.2), as

R RV,

— (T, =0)= D, (4.4)
In the gyro-kinetic simulations, in order to evaluate the different terms in equation (4.3),
N kinetic species of the light impurity under study (with charge Z, density nz, density
gradient R/L, 7, temperature gradient R/Ly, and rotation 2, z) are used, that satisfy

the conditions N
ex
ny" = Zj:l (nZ)j

R _ 1N R
<Ln’Z>61‘p - N 2]21 <L'rL,Z)‘7
R _ 1 \\N R
<LT7Z)exp N Zj:l (LT7Z>]'

B2 0z =Ly (B2
v, Or caxp TN £uj=1 \ vy Or j.
Simulations with N kinetic species of the same impurity that satisfy the conditions (4.5)

are equivalent to simulations with one kinetic species of that impurity with the total den-
sity and gradients due to the linearity of the Vlasov equations with respect to the species.
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Linear simulations confirmed that, in our case, the light impurities cannot be consid-
ered as traces, as they have a non-negligible influence on the micro-instability growth
rate, and that the conditions (4.5) must be satisfied. In order to study the role of the
different terms in (4.3), 4 species of the same impurity have been considered in some
quasi-linear simulations. By imposing to be non-zero only one of the three gradients in
(4.3) (R/Ln,z, R/ L1 7,0, z/0r) in each of the three species equations and using all zero
gradients for the fourth species equation (to calculate the convective part), it is possible to
calculate the contribution to the impurity particle flux from each of the terms in equation
(4.3). This calculation has been carried out for Nitrogen.

In the quasi-linear simulations, a mixing length rule was employed [36, 37|. The mixing
length rule used is based on the assumption that the turbulent diffusivity scales as

(Az)* 4

D x AL :<ki> (4.6)

where v is the linear growth rate of the main micro-instability and (k%) can be written,
taking into account the extended structure of the electrostatic potential ¢ along the field
line, as
2k? dadz
[ |6Pdudz

ki is defined as k% = kg% + 2k, k.g™ + k2g™*, where ¢" is the (i,7) component of the
metric tensor g. The quasi-linear particle flux is then calculated as

QL __ norm ’ka
et = @G. erky il (4.7)
Yy
where the linear particle transport for each value of k, is normalized as ;7™ = Ty, / (o)
and where GG is a normalization factor. G, needed to reproduced the saturated non-linear
fluxes, is left equal one in this case as it disappears in the calculation of R/L,, 7 (equation
4.8). In all the quasi-linear simulations the range 0.1 < k,p; < 0.9 is used, as higher
k, modes do not contribute to particle transport. In order to have reliable results, the
condition ¢@%/q®" ~ ¢ /¢F™ was required (¢ is calculated in a similar way as T9F).
The expected density peaking of the impurity under study is then calculated, using (4.7)
with two species of the same impurity to calculate RV,%" (imposing R/L,, 7 = 0 for one of
the two species) and D@L and neglecting the neoclassical contribution (found negligible

compared to the turbulent one), as

R RVO
Ly  DF° (48)

Tests were made in the quasi-linear simulations, changing s, q, R/L,,, R/ Lr;, Q; within the
experimental error range. The obtained variation of R/L,, 7 is indicated by the error bars
of the simulated values in table 4.2 and figure 4.3.

In the quasilinear gyro-kinetic simulations Miller geometry [39] was used as well as
collisions, external flow shear and finite-3 effects and the range 0.1 < kyp; < 1.2 was used
in the simulations. In the non-linear simulations the same settings were used and typical
grid parameters were as follows: perpendicular box sizes [L,, L,] ~ [190, 125]ps, phase-
space grid discretization [n, ny, n., ny|, n,] = [128 =256, 24 — 64, 32,32 — 64,12 — 16], with
0.25 - 0.5 < kyps < 1.6, depending on the plasma radius, parameters and on the number
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of kinetic species considered. In all the simulations main ions and electrons are retained as
kinetic species as well as the light impurity species under study. All the quasi-linear and
non-linear gyro-kinetic simulations results shown in this work are from simulations carried
out with the GENE code, except for the study of the role played by the roto-diffusion term
in equation (4.3), that has been studied using the GKW code for the reasons explained
above. Using the same input parameters, GENE and GKW quasi-linear simulations gave
similar predictions for the light impurity density peaking in the studied cases. In this
study we always consider fully ionized impurities.

4.4 Light impurity transport

The radial density profiles, measured with charge exchange, of the light impurities studied
in this work are shown in figure 4.2. 3He, Be and Ne profiles are peaked in the whole
plasma core region while the profiles of N and C' present a flat region inside 0.3 < pyor <
0.7. No substantial differences in the peaking of profiles of *He, Be and N have been
observed between L-modes and in H-modes, indicating that the higher rotation, the higher
fast D content or the higher plasma S in the H-modes are not modifying substantially
the light impurity particle transport in the considered range of parameters (see table 4.1).
Furthermore, similar *He, Be and Ne density profiles have been observed in discharges
n. 90666, 90668, 90671 and 90672. In these shots 1.7 MW of NBI has been used, but
the (on-axis, in 3 He minority scheme) ICRH power has been changed from 2.5 to 7 MW
between the shots. This indicates that the amount of the on-axis ICRH ion heating is not
affecting the light impurity transport in these discharges.

The input parameters in the numerical simulations (see table 4.1) have been taken
from discharges:

e n. 86740, averaging on 9.5 s < t < 10.5 s, for the study of C transport;
e 1. 86749, averaging on 8 s < t < 10 s, for the study of 2He and N transport;

e n. 86758, averaging on 7.5 s < t < 8.5 s, for the study of *He and N transport in
H-modes;

e n. 90670, averaging on 5.8 s < t < 6.4 s, for the study of >He, Be and Ne.

Using the parameters of discharges n. 86740, 86749 and 86758 at ps,, = 0.2,0.33,0.4,
0.5,0.6,0.7, the contribution of the neoclassical transport to the particle transport of
C and N was investigated with the NEO code. The neoclassical transport has been
found to be negligible in the studied region, being RV /RVturb pneo/pturd 1072,
To study the turbulent particle transport, gyro-kinetic quasi-linear and some non-linear
simulations have been made, as discussed in section 4.3, at p;, = 0.33,0.5,0.7. In the
quasi-linear simulations the parameters were adjusted within error bars in order to match
the experimental ¢./q; while in the nonlinear simulations the experimental values of ¢,
and ¢; have been reproduced within error bars. In the quasi-linear simulations, multiple
light impurity species have been considered in some cases in order to study the possible
impact of the presence of other light impurities on the peaking of the impurity under
study. The impact of including multiple species has been found minimal. In the non-
linear simulations, just one light impurity kinetic species per time has been considered.
The results obtained from gyro-kinetic simulations are shown in figure 4.3 and reported
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in table 4.2. The gyro-kinetic simulations always predict peaked density profiles for all
the light impurities studied and no substantial differences in the peaking of the different
impurities. In particular, the simulations never predict flat or hollow density profiles for
C, N, in contrast to the experimental observations. The GKW simulations, made using 4
species for N at py,,- = 0.5 in order to study the role of the various terms in equation (4.3),
predict a weak role of the roto-diffusion term. They predict that the thermo-diffusion
term is ~ 1/2 of the geometrical convective term and the roto-diffusion term is ~ 1/20
of the geometrical convective term. They also predict the geometrical pinch term to be
directed inward while the thermo-diffusion and the roto-diffusion terms to be directed
outward. The negligible role of roto-diffusion, supported by comparisons between GENE
simulations with and without the effects of the plasma toroidal rotation, is in agreement
with the experimental observation that no differences in the light impurity radial profiles
have been observed when introducing higher toroidal rotation using high NBI power. As
for the other two terms, we cannot discriminate whether it is an overestimate of curvature
pinch or an underestimate of the thermo-diffusion pinch (or possibly another mechanism)
that leads to peaked simulated profiles instead of the flat experimental ones, because we
do not have an independent experimental determination of the two terms, nor of the
total convective and diffusive terms separately, which would require the employment of
transient techniques of pulse propagation. With regard to the peaked impurity cases,
some under-prediction of the impurity density peaking of the more peaked profiles has
been observed.

In the above analysis we considered source free light impurity transport; this has been
verified for all the impurities except for Ne at p;,. = 0.7, where a possible source has
been found depending on the plasma parameters. Taking into account the source could
modify the obtained results for Ne at this radial position but does not change the overall
picture. Also, the effects of the background neoclassical distribution function on turbulent
particle transport have not been considered. These effects can affect in particular the roto-
diffusion term [40], especially in presence of high plasma rotation. Nevertheless, in our
case, due to the low plasma rotation in our discharges, they are not expected to change
significantly the picture described above.

4.5 Discussion and conclusions

Radial density profiles of five light impurities, with 2 < Z < 10, have been measured
by active charge-exchange diagnostics in L-mode shots at JET with ITER-like wall, in
conditions where turbulent transport is the dominant transport mechanism in the region of
interest. Within the same discharge or very similar discharges, the profiles show different
shapes, depending on the impurity Z. The *He, Be and Ne density profiles are peaked
over the whole plasma core region, while C' and N show a flat /hollow profile in the region
0.3 < pror S 0.7. These observations add new experimental information to what observed
in the past in JET L-mode and H-mode C-Wall plasmas |3, 5, 8]. Considering the various
results on turbulent transport of light impurities published from JET and other devices
together with the results in this paper, it seems there is a trend to observe peaked profiles
for Z = 2,4 impurities (*He, Be), peaked or flat/hollow profiles, depending on the radial
position and on the plasma parameters, for Z = 5,6,7,9 impurities (B,C, N, F), and
again peaked profiles for Z = 10, 18 impurities (Ne, Ar).

Neoclassical, quasi-linear and non-linear gyro-kinetic simulations have been carried out
to explain the observed impurity density peaking. Our simulations predict similar peaking
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of the density profiles for all the light impurities studied and peaked profiles at all the
studied radii. They tend to slightly underestimate the peaking of the more peaked profiles
and never predict flat /hollow profiles. Quasi-linear gyro-kinetic simulations predict no big
role of roto-diffusion, with respect to the geometrical pinch and to the thermo-diffusion,
in the off-diagonal convective terms in equation (4.3). Whilst in previous modeling of
high NBI power, highly rotating, JET H-modes [3, 5] roto-diffusion helped to reproduce
the C hollow profiles, in our low NBI power cases the effects linked to rotation are small.
Although recent studies indicate that when considering the effects of the background
neoclassical distribution function, the roto-diffusion term can become more important [40],
this is not expected to help in our case due to the low plasma rotation in our discharges
(see figure 4.1). Therefore the origin of the mismatch between theoretical predictions
and experimental results for these low rotation cases is still not understood and hopefully
the work described in this paper will trigger further ideas in order to reproduce the
experimental observations.
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’ # ‘ptor H S ‘ q ‘R/Lne‘R/LTe‘R/LTi‘ Be ‘Veff‘ﬂ/Te‘

03304 1.2 2.8 7.9 4.5 0.2% | 0.08 | 1.1
86740 | 0.5 || 0.8 1.9 2.8 7.8 ) 0.1% | 0.16 | 1.13
0.7 || 14126 3.5 13 8.5 0.06% | 0.46 | 1.6
03310412 2.8 8 4.7 10.25% | 0.1 1.2
86749 | 0.5 || 1.1 | 1.6 2.9 7.9 6 0.14% | 0.2 0.9
0.7 || 1.5 |25 3.9 16.5 10 0.06% | 0.74 | 1.6
03310412 2.2 6 8.5 0.5% | 0.1 1.4
86758 | 0.5 1 | 1.5 2 7 ) 0.3% | 0.2 1.3
0.7 || 1.6 | 2.5 3.8 10 7 01% | 046 | 1.7
033104 |16 3.3 8 ) 0.33% | 0.08 | 0.74
90670 | 0.5 || 0.8 ] 1.9 24 8.2 4.5 0.17% | 0.16 | 0.9
0.7 || 1.3 |28 3.3 13 9 0.08% | 0.48 | 1.2

Table 4.1: Main plasma parameters of the studied discharges at the studied radii. v.s; =
0.1-Zeppne/T? and B, = 4.03-107%-n.T./B3 (n. in 10' units and T, in keV).
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| [Shot # | pior | Experimental | GENE QL | GENE NL
pror =033 | 3512 2.1+0.3 -
SHe | 90670 | pror = 0.5 25+ 1 1.0£02 -
pror = 0.7 1+15 1.7£02 -
pror = 0.33 2.5+ 1.5 1.6 £ 0.1 -
Be | 90670 | pror = 0.5 18+1 14£0.1 -
Pror = 0.7 1+15 1.5 £0.1 -
pror = 0.33 1£1 1.5+ 0.1 1.2£0.2
C | 86740 | pur =05 01 1.5£0.2 1£02
Pror = 0.7 0E1 1.6£0.2 -
pror = 0.33 1.8+ 1.2 1.4£0.2 2+04
N | 86749 | pior =05 0£05 1.5£0.3 1£0.2
pror = 0.7 1£2 1.5£02 -
pror = 0.33 A+2 1.7£0.1 -
Ne | 90670 | pior = 0.5 18£05 1.9£0.1 -
pror = 0.7 3E1 1.7£0.1 -

Table 4.2: Experimental and predicted values (from quasi-linear and, for some cases, non-linear

gyrokinetic simulations) of the density peaking of the different light impurities in the plasma.
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Figure 4.1: Radial profiles of T;, T, n.,q and Q; of JET discharges n. 86740 at t = 10 s (blue
pentagons), n. 86749 at t = 9 s (black circles), n. 86758 at t = 8 s (magenta triangles) and n.
90670 at t = 6 s (red squares). The ICRH power deposition, obtained with the SELFO code, is
also shown for discharge n. 90670.
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Figure 4.2: Radial density profiles of 3He, Be, C, N, and Ne. The profiles are taken from JET
discharges n. 86740 (3 MW of ICRH + 4 MW of NBI) at t = 10s (blue diamonds), n. 86749 (4
MW of ICRH + 4 MW of NBI) at t = 9s (black circles), n. 86758 (4 MW of ICRH + 13 MW
of NBI) at t = 8 s (magenta triangles) and n. 90670 (6 MW of ICRH + 1.7 MW of NBI) at
t = 6.2s (red squares). Some of the profiles are rescaled, as indicated, for a better comparison

between different discharges.
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Figure 4.3: Normalized density peaking at p;or = 0.33,0.5,0.7 of 3He, Be, C, N, and Ne for
JET discharges n. 86740 (3 MW of ICRH + 4 MW of NBI) at t = 10s, n. 86749 (4 MW of
ICRH + 4 MW of NBI) at t = 9s and n. 90670 (6 MW of ICRH + 1.7 MW of NBI) at t = 6.2s.
The experimental values are indicated with black circles. The best results from the gyrokinetic
simulations (quasi-linear and non-linear) are indicated by red triangles.
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Abstract

A set of experiments was carried out in JET ILW (Joint European Torus with ITER-
Like Wall) L-mode plasmas in order to study the effects of light impurities on core ion
thermal transport. N was puffed into some discharges and its profile was measured by
active Charge Exchange diagnostics, while ICRH power was deposited on- and off-axis in
(] He)— D minority scheme in order to have a scan of local heat flux at constant total power
with and without N injection. Experimentally, the ion temperature profiles are more
peaked for similar heat fluxes when N is injected in the plasma. Gyrokinetic simulations
using the GENE code indicate that a stabilization of lon Temperature Gradient driven
turbulent transport due to main ion dilution and to changes in 7. /T; and s/q is responsible
of the enhanced peaking. The quasi-linear models TGLF and QuaLiKiz are tested against
the experimental and the gyrokinetic results.

Thttps://doi.org/10.1088/1741-4326 /aaeTc
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5.1 Introduction

One of the ways to reduce the heat loss deposition on the ITER (International Thermonu-
clear Experimental Reactor) divertor [1, 2| is to puff light impurities at the plasma edge.
Furthermore, intrinsic light impurities, like Be from the first wall, can enter in ITER
plasmas. It is generally found that these impurities have peaked profiles [3, 4], so their
impact on the core performances may not be negligible. On one hand, a stabilizing effect
on turbulence is predicted by theory [5] and observed experimentally , as discussed below.
On the other hand, impurities dilute the main ions thus reducing fusion power. Therefore,
it is important to understand what their impact is on the main ion heat transport in the
core, and validate existing models, in order to evaluate the trade-off between positive and
negative effects and achieve optimal conditions for fusion.

In the last years, the effects of light impurity seeding on the plasma heat transport
and energy confinement have been studied on different machines such as FTU |7, 6],
TEXTOR-94 [8], ASDEX Upgrade [9], JET [8, 10|, DIII-D [8|, JT-60U [8] and C-mod
[11, 12, 13]. In all these studies, that cover plasmas in Ohmic confinement mode, L-mode
and H-mode, an increase of the plasma confinement in presence of light impurities has
been observed. In most cases, a stabilization of the Ion Temperature Gradient (ITG)
modes has been suggested to explain the improvement in the confinement. In some cases,
especially in H mode, the stabilizing effect has been suggested to be more important at
the plasma edge and on the plasma pedestal, with negligible effect of light impurities
on the stabilization of the plasma core micro-instabilities [9]. In other studies, a direct
role of light impurity seeding in the stabilization of micro-instabilities in the plasma core
has been observed and studied [6, 7, 8, 9, 11, 12, 13]. At JET, a number of studies in
H-modes indicate that N seeding increases the plasma energy confinement time and helps
to increase the performances with the ITER-Like wall (ILW) at the levels reached with
the old Carbon wall [10, 14, 15]. These observations are linked with the stabilization
effects of light impurities in the pedestal region, while no detailed studies of the effects
of the light impurity on the core plasma region have been done yet in JET. This paper
reports on a specific study of the effects of NV injection in the core of JET ILW L-mode
plasmas, in which for the first time we determine separately the changes induced by the
N injection in the ITG threshold (i.e. the critical ion temperature 7; inverse gradient
length for ITG on-set) and in the ITG “stiffness” (i.e. the rate of increase of the ion heat
flux with the T} inverse gradient length). We then compare such results with gyro-kinetic
(GK) and quasi-linear (QL) models, thus providing a much more stringent validation test.

The paper is organized as follows. In section 5.2 the experimental set-up is described
while in section 5.3 the numerical simulation set-up is presented. In section 5.4 the impact
of N on the plasma core heat transport is studied. A discussion on the results and the
conclusions are presented in section 5.5.

5.2 Experimental set-up

The discharges studied in this paper were L-mode plasmas made in the JET tokamak
(major radius Ry = 2.96 m, minor radius a = 1 m) with ILW. All plasmas are D plasmas
with vacuum toroidal magnetic field By ~ 3.3 T', plasma current I, = 2 M A , electron
density ne ~ 3.5-10' m =2 and safety factor at the flux surface that encloses the 95% of
the poloidal flux go5 ~ 5. The heating power consists of 3-4 MW of ICRH (Ion Cyclotron
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Resonance Heating) using a 3He minority concentration nsg./n. ~ 6%, which ensures a
dominant ion heating [16], and of 1.7-3 MW of NBI (Neutral Beam Injection), mainly to
provide charge exchange measurements of T}, rotation wr and impurity density n  profiles.
The ICRH power was deposited both on-axis (R ~ 3.0 m) and off-axis (R =~ 3.45 m)
in order to obtain low and high values of ion heat flux ¢; for the study of ¢; versus
R/Ly; = —Ry|VT;|/T; and its power deposition was evaluated with the PION code [17].
The ICRH power deposition to ions and the 7; profiles for discharges n. 86749 (on-axis)
and n. 86756 (off-axis) are shown in figure 5.1. The NBI power and its power deposition
radial profile are similar in all the discharges. The NBI heating power on electrons and
ions is calculated with the PENCIL code [18].

The measurement of the electron temperature T, is provided by the ECE (Electron
Cyclotron Emission) diagnostic with an error of about 5%, while T; and wy are measured
by the active Charge-Exchange (CX) diagnostic with an error for 7; of about 5-10%,
depending on the radial position, and for wr of about 10% . The error on T,/T; is
about 9-12%. The electron density n, is measured by high-resolution Thomson scattering
(HRTS) with an uncertainty of about 15%. Local values of R/Lr;, R/Lt. and R/L,, were
obtained by local linear fits of In(7;),In(T.) and In(n.) radial profiles averaged over a
time interval At &~ 1 s. The fits are done using r = (R — R;,)/2, R and R;, being the
outer and inner radii of the flux surface on the magnetic axis plane, and averaging other
multiple fits using a variable number of data points around the chosen radius (3-9 points).
We drop the suffix 0 when indicating these quantities for convenience. The uncertainties
on these parameters are then estimated by repeating the same procedure with different
space intervals and evaluating the deviation in the set of values so obtained. Errors are
typically 10-15% for R/Lr.; and 15-20% for R/L,,. The radial profile of the safety factor
q as well as the equilibrium plasma geometry are reconstructed by the EFIT equilibrium
code with the MSE (Motional Stark Effect) or the Faraday rotation constraints. Typical
errors on the safety factor are about 20%.

The collisional exchange power density between ions and electron is calculated analyt-
ically as pe; = 3neme/M;- (T, —T;)/ 7., where 7, is the electron collision time characterizing
electron collisions with ions [19]. The radiated power density p,.q has been taken into
account but is negligible inside r/a ~ 0.8. The powers Picry, Pysr, Pei, Prap deposited
within a flux surface are obtained integrating the power densities on the plasma volume
and the ion heat fluxes are calculated in gyro-Bohm (GB) units as

GigB = (Prcrm,i + Pnpri + Pei) /Y] - Rz/(neTepics) (5.1)

where ¥ is the flux surface, ¢; = \/T./M; , ps = ¢sM;/eBr and M; the main ion mass.
Typical error on the heat fluxes is about 20% of the total flux. Turbulent flux threshold
and stiffness at a chosen radial location are determined experimentally by quadratic fits
on the diagrams of the GB normalized heat flux as a function of R/Ly according to the
heat flux parametrization proposed in |20, 21]

nelocsp® R R R cit R R
= g1y eteCels _ 0 - 5.2
GG X T T (Lﬂ Ln ) (Lﬂ Ln (5:2)

where ¢7** is the residual flux not carried by the R/Ly; driven instability, (R/Lz;)“" is
the critical value of R/Ly; above which the turbulent flux is driven by R/Lz;, xs is the
stiffness coefficient and 6#(e) is the Heaviside function. From the curve of ¢; ,5 versus

R/ Ly;, we identify (R/Lp;)“* as the intercept to zero flux (considering the residual flux
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to be negligible), whilst x, can be inferred from the slope of the curve. Equation 5.2 is
a semi-empirical model called critical gradient model (CGM) originally proposed for the
study of the electron heat transport. It assumes the existence of a critical temperature
gradient length L' = |VT| /T for the turbulent transport and that the main drive of
the transport over this critical value is L;'. In this work we use the same formula for the
ion heat flux, considering ITG modes, driven by L}il over a critical threshold, the main
source for the ion turbulent transport. This assumption is confirmed by the linear and
non-linear simulations presented in section 4.4 of this work.

In order to study the effect of the presence of light impurities on the core heat trans-
port, N was puffed in discharges n. 86749-86756. The comparison between (R/Lzp;)"
and x, with and without nitrogen is used to observe what kind of impact light impurities
have on the core micro-instabilities. The density profiles of *He, Be, N have been mea-
sured by CX, in order to obtain the concentrations and the peaking of the density of the
light impurities in the plasma. The data analysis and the simulations are carried out at
pror = \/(®/7B7)/(®/7B1)maz = 0.33,0.5, where ® is the toroidal magnetic flux. The
choice of these two radial positions is due to the changes in the ion temperature peaking
observed experimentally and shown in section 4.3 and due to the different peaking of the
N density at these radii.

5.3 Numerical simulation set-up

The experimental ion heat fluxes are compared to gyro-kinetic simulations that calcu-
late the turbulent part of the fluxes. Both linear and non-linear gyro-kinetic simulations
have been carried out using the GENE (Gyrokinetic Electromagnetic Numerical Exper-
iment) code (22, 23|. GENE solves the gyro-kinetic Vlasov equations coupled with the
Maxwell equations within a ¢ f approximation [24] and using the field aligned coordinates
{z,y, 2}, where z is the coordinate along the background magnetic field line, x is the
radial coordinate and y is the binormal coordinate.

In all the simulations the flux-tube approximation and Miller geometry [25] were
used, and collisions, external flow shear and finite-3 effects were included. Main ions,
electrons and, when indicated, light impurity ions were retained as kinetic species. Typ-
ical grid parameters in the non-linear simulations were as follows: perpendicular box
sizes [L., L,] ~ [190, 125]p,, phase-space grid discretization [ng, ny, n.,n,,n,] = [128 —
256,24 — 64, 32,32 — 64, 12], with 0.25 — 0.5 < k,p, < 1.6, depending on the plasma pa-
rameters and on the number of kinetic species considered. The input parameters for the
simulations are taken from discharge n. 86740 (without N) averaging over 9.5 < t < 10.5s
and from discharge n. 86749 (with N) averaging over 8 < t < 10 s. The choice of these
time intervals ensured convergence of the ¢ and s profiles to a stable situation and the
best CX measurements, as NBI notches (used for background signal subtraction in the CX
analysis) are present in these intervals. The main plasma parameters for these discharges
are reported in Table 1. In the gyro-kinetic nonlinear simulations just one kinetic light
impurity species (V) has been used and Z.;; = 1.0 has been assumed in simulations of
discharge n. 86740 without N, while Z.;; = 1.5 has been used in the simulations of shot
n. 86749 with N. This choice has been made to save computational time and considering
that the changes in the plasma are mainly due to N puffing, the other light impurities
being present in all the discharges at the same concentrations (Be ~ 1%, He ~ 6%).

The standalone versions of the quasi-linear models TGLF [26, 27] and QuaLiKiz |28,
29, 30| have also been tested against the experimental results and the non-linear gyro-
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kinetic simulations. The TGLF simulations have been carried out in Miller geometry and
the well established ’sat0’ saturation rule has been adopted. QuaLiKiz instead features
only the s — a geometry. While Miller geometry takes into account the real shape of the
flux surfaces though parameters such as triangularity and elongation, the s — o geometry
considers simple circular flux surfaces and the Shafranov shift. This can have an impact on
the predicted turbulent state, as parameters such as elongation have a stabilizing effect
on the micro-instabilities. The same input parameters and settings (finite-/3, external
flow shear, k,p, range and n,, number of kinetic species) used in the GENE gyro-kinetic
simulations have been used in the quasi-linear simulations.

| # J oo | s | ¢ | R/Lue | R/Lre | R/Lyi | Zeys | T.)Ti | vegs | nv | R/Ly |

36740 0331 04 | 1.5 2.8 7.9 4.2 14 09 |0.08 | 0% -
0.5 08 | 1.9 2.8 7.8 5 14 0.86 | 0.17 | 0% -

36749 0.33 || 0.35 | 1.35 2.8 8 4.5 1.9 0.9 0.1 | 1.2% 2.0
0.5 1.1 | 1.6 2.9 8.0 6 1.9 074 | 0.2 | 1.2% 0.5

Table 5.1: Main plasma parameters of the studied discharges at pjor = 0.33,0.5. Here veps =
0.1-Zesne/T?.

5.4 Light impurity effects on thermal transport

5.4.1 Predict-first simulations

Before showing the experimental results and the related numerical simulations, we present
a series of linear and non-linear gyro-kinetic simulations made before the experiment, in
a predict-first approach, in order to evaluate the magnitude of the effects to be expected
in experimental conditions similar to ours. These simulations have been carried out
with the GENE code in flux-tube approximation and using input parameters from the
JET discharge n. 73221 at py, = 0.33. This discharge had similar settings and plasma
parameters as the discharges studied in this work (L-mode, same By, I, 1., go5, 1.6 MW
of NBI and 3 MW of ICRH on ions using 6% of 2He), but was done with the old Carbon-
wall. In these simulations, kinetic electrons, kinetic deuterium and a third kinetic ion
species (N, Ne or Ar) have been used. The geometry parameters have been taken from
a CRONOS [31] simulation of the discharge as described in [32]. The results from the
simulations are shown in figures 5.2 and 5.3. As can be seen, linear simulations predict a
stabilization of ITG modes in presence of light impurities. The level of the stabilization
depends, for the same value of Z.sf, on the main ion dilution (in this case there is more
dilution using N) and on the value of R/L, 7 of the light impurity. An increase in the
main ion dilution (and of Z.¢) results in an increase of the stabilization effects. An
increase in the value of the normalized impurity density gradient results in a stronger
stabilizing effect: with R/L, 7 ~ 0 there is a reduction of the ion temperature stiffness
but no substantial increase of the ITG threshold, while for higher values of R/L,, z an
important increase of the ITG critical threshold is visible. Non-linear simulations confirm
what found in the linear simulations. Depending on the level of the main ion dilution and
on the peaking of the light impurity species, a stabilization of the ITG turbulent ion heat
fluxes is observed.

The simulations predict that, in order to observe a strong effect of the light impurity
on the ion thermal transport, Z.;; and the main ion dilution are key factors. At the
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same level of Z ¢, the bigger effect between N, Ne and Ar is due to N due to higher
main ion dilution. For these reasons, in the experiment carried out at JET and studied
in this work, N puffing has been chosen. Furthermore, from the non-linear simulations, a
value or R/L, n ~ 1.4 is expected, with the considered plasma parameters, in stationary
conditions (zero N flux). With this value of R/L, n, a change in Z.; of at least 1 is
expected to be necessary in order to observe a visible effect on the ion thermal transport
outside error bars.

5.4.2 Comparison between C-Wall and ITER-Like Wall L-mode
plasmas

The validity of the predict-first study of sect. 4.1, based on the parameters of a reference
C-wall discharge without NV, for planning ILW discharges to study the N effect, relies on
the expectation that core plasma transport and local plasma parameters do not depend
on the first wall material for L-mode plasmas. This has been indeed verified when L-mode
plasmas in ILW with similar experimental settings as in C-wall have become available.
When the same settings for B, I, ggs, neo , shape, and heating schemes (low NBI power
and ICRH in D —* He minority scheme) are used, no substantial differences are observed
between C-Wall and ILW in the core ion heat turbulent transport. In figure 5.4a, the
T; profiles from discharges n. 78829 (C-Wall with 3.7 MW of NBI and 2.5 MW of on-
axis ICRH heating) and n. 86740 (ILW with 3 MW of NBI and 3 MW of on-axis ICRH
heating) are shown. In figure 5.4b also a comparison between ¢; ,p,(R/Lz;) in C-Wall
and ILW for discharges studied in the past [see for example [33, 34|], the discharges with
no N studied in this paper and other two ILW discharges (n. 90668, 90671) is shown.
No substantial differences in the experimental profiles, in the experimental threshold of
the ion heat turbulent transport and in the ion stiffness have been observed. In fact,
the significant degradation of ILW confinement with respect to C-wall reported e.g. in
[35] was found only in H-modes and mainly due to a pedestal reduction, with the core
transport substantially unchanged [36].

5.4.3 Experimental observations

In this section, the main differences between discharges with and without N in JET ILW
L-modes are presented. The comparison has been made between shot n. 86740, with no
N, and shot n. 86749, with ny/n. ~ 1.2%, averaging over the same time intervals used
for the gyro-kinetic simulations. The measured concentration of N was constant over the
chosen time period. For the heat flux scans, also discharges n. 86746, with off-axis ICRH
heating and no N, and n. 86756, with off-axis ICRH heating and ny/n. ~ 1.2%, have
been used. This was close to the maximum level of N that could be puffed into the plasma
without causing a disruption. The radial profiles of the temperatures and of the electron
density of the two discharges as well as the measured density profile of N (magnified by
a factor of 75 to be more visible in the plot) in discharge 86749 are shown in figure 5.5.
The level of N reached in the plasma is not predicted by gyro-kinetic simulations to be
high enough to have the desired change of at least 1 in Z.; and the density peaking of NV
changes along the radius, the profile being peaked inside py,, ~ 0.4 and outside py,,. ~ 0.7
and flat for 0.4 < por < 0.7 (see also [4]). Considering the gyro-kinetic simulations, no
substantial differences outside error bars are then expected. Nevertheless the profiles of
T; and T, are more peaked in the discharge with N puff and a stabilization of the ion heat
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turbulent transport can be observed in discharges with N puff with respect to discharges
with no N, especially at p;,,, = 0.5. This can be seen from the shift of the experimental
ion temperature gradient, well outside error bars at py, = 0.5, in the ion heat flux scans
obtained using on and off-axis ICRH heating at p;,, = 0.33,0.5 and shown in figure 5.6.
No visible effect on the ion stiffness is observed outside error bars.

A change in Z.sy, from Z.;y =~ 1.4 in the discharges without nitrogen to Z.;; ~ 1.9
in the discharges with nitrogen puff, has been observed. Also, as the electron density has
been kept the same and the other light impurities have the same measured concentrations
(~ 1% of Be and ~ 6% of 3He, they have also the same density profiles between the
discharges), there is a major dilution of the main ion (D) species in the discharges with
nitrogen (from np/n. ~ 84% to np/n. ~ 75%). As a consequence of the change of
Zeys, also the radial profile of the plasma resistivity 7, changes. This leads to a change
in the radial profile of the plasma current density and, consequently, to a change in the
safety factor ¢ and in the magnetic shear s. The comparisons of the radial profiles of the
plasma resistivity and of s/q between shots with and without nitrogen are shown in figure
5.7. Another difference between discharges with and without N puff is the ratio 7, /T;,
as can be seen in figure 5.5. The electron density, the electron density peaking and the
edge temperatures do not show substantial changes that could explain the change in the
temperature profiles.

5.4.4 Numerical study

In order to investigate the causes of the described changes in the plasma due to the
presence of nitrogen, linear and non-linear gyro-kinetic simulations have been carried out
using the code GENE as described in section 5.3. At p;,- = 0.33 the radial density profile
of N is peaked (R/L,, = 2 has been used in the simulations) and the differences in 7. /7;
and s/q between cases without and with N are small. At p;,. = 0.5 the N radial density
profile is flat (R/L,, = 0.5 in the simulations) and the differences in 7. /T; and s/q are
more substantial. The observed changes in Z.ss,np,s/q and T,/T; are all predicted to
play a role in the stabilization of the ion heat flux [5, 37, 38].

In figure 5.8 , a study on the effects of the various impurities in the plasma using
linear gyro-kinetic simulations and data from discharge n. 86749 at ps, = 0.5 as input,
is shown. The effects of the different impurities in the plasma, using the experimental
concentrations and density peaking, on the linear growth rate of the dominant instability
is shown on both ion and electron scale modes. From the simulations it is clear that
the strongest effect is due to nitrogen and that its effect is stronger with higher impurity
density gradients, as expected. Furthermore, a linear scan in R/ Ly, fixing k,ps = 0.33 in
the simulation, is shown. These simulations confirm what found in the predict-first study
made using the C-Wall discharge.

A study with linear gyro-kinetic simulations on the effect of the changes in the plasma
parameters described in section 4.3 has been carried out at p,. = 0.5 and the results are
shown in figure 5.9. In these simulations the parameters from discharge n. 86740 have
been used first (black lines and circles in figure 5.9). In all the simulations, the main
instabilities up to kyps ~ 0.7 are the ITG modes (the real part of the frequency has the
same sign of the ion diamagnetic drift), while, at higher values of k,ps, TEM/ETG modes
are the dominant ones. Changing the values of s/q and T,/T; to the values of discharge
n. 86749 leads to a reduction of the ITG growth rate of ~ 25% at k,ps; = 0.4. Adding
also 1.2% of N, using R/Ly = 0.5, leads to a further reduction of ~ 12%. So, linearly,
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the stronger stabilizing effect on ITGs are predicted to be related to the changes in 7, /T;
and in s/q in these discharges (figure 5.9a). This stabilization leads to a change in the
ITG R/Ly; threshold and is expected to be the main stabilizing mechanism of the ion
heat flux. This can also be seen from the nonlinear ion heat flux spectra in k,p; shown in
figure 5.9c. The main contribution to the ion heat flux is coming from 0.2 < k,p, < 0.4,
where the ITG modes are dominating. Furthermore, stabilizing effects due to higher Z. ¢/
and s on TEM and due to higher 7 = Z.;¢- 1. /T; and s/q on ETG modes have been found
and can contribute to the reduction of the ion heat flux, but their effect is less important
with respect to the stabilization of I'TG modes in our case.

The ion heat fluxes from the nonlinear simulations are shown in figure 5.6 and com-
pared with the experimental fluxes. The non-linear simulations were able to reproduce
quite well both the electron and the ion heat flux experimental levels, confirming that the
changes in the plasma parameters, obtained when N has been puffed into the plasma, lead
to an overall stabilizing effect of the turbulent heat transport. At p;,,, = 0.33, the changes
in s/q and T,/T; being small, only the effect of the main ion dilution has a significant
role but, as the amount of nitrogen injected in the plasma and the changes induced in
Z.s¢ were rather low (higher values causing disruptions), the predicted stabilization is not
enough to be visible outside the experimental error bars. At p;,. = 0.5, an increase of the
threshold of the turbulent transport as well as a little reduction of the ion stiffness are
predicted by the simulations and follow quite well the experimental points. The increase
of the threshold in this case is mainly due to the changes of T./T; and s/q, while the
reduction of the stiffness level is due to the main ion dilution effect due to the presence of
N with rather flat local profile. This can be seen comparing the black full circles and the
blue full triangles in figure 5.6b. The blue triangles indicate simulations of discharge n.
86740 where 2% of N with R/Lxy = 0.5 has been added artificially in order to study the
pure effect of N. No big changes in the threshold have been observed in this case, but a
clear reduction of the ion stiffness.

As explained in section 5.3, the stand-alone versions of the quasi-linear codes TGLF
and QuaLiKiz have been tested against non-linear gyro-kinetic simulations and experi-
ments. The results are shown in figure 5.10 and in figure 5.11. TGLF tends to underesti-
mate the ion stiffness at both radii, while QuaLiKiz reproduces it quite well, although the
predicted critical threshold is a little shifted between GENE and QuaLiKiz. Both codes
show an overall effect of the changes in Z.ss, np, s/q and T, /T; comparable in magnitude
to the experimental observations and with the gyro-kinetic results. When the pure effect
of N is considered (using N = 2% and R/L, y = 0.5), as can be seen in figure 5.10c
while GENE and TGLF predict an effect primarily on the ion stiffness, QuaLiKiz pre-
dicts an upshift of the threshold but no effects on the stiffness. As QuaLiKiz has been
implemented in s — o geometry, we made a comparison also between QuaLiKiz, TGLF
and GENE using shifted circular geometry. This comparison is shown figure 5.11b. When
circular geometry is used, an important increase in ion stiffness in observed in GENE
and TGLF (TGLF still underestimating ion stiffness with respect to GENE as in Miller
geometry). Also QuaLiKiz is now significantly below the GENE s — « results.

5.5 Discussion and conclusions
A detailed study of the effect of N seeding on the core ion thermal transport of JET

L-mode ILW plasmas has been carried out. A predict-first approach based on gyro-
kinetic simulations with parameters from reference shots in C-wall was very useful to
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guide the experimental choice of the seeding gas and of the level of injection to ensure
detectability of the effects. From these simulations a change in Z.;; of at least 1 was
predicted to impact the experimental ion heat flux enough to be able to observe this impact
outside experimental uncertainties. High values of the light impurity density gradient
are also expected to increase the stabilizing effects. When executing the experiment, a
concentration lower than desired was reached due to high disruptivity. In addition, the N
profile at mid radius turned out to be flatter than theoretically predicted (as discussed in
[4]). These two unforeseen circumstances led the experiment into a situation where the
predicted impurity effect on the ion thermal transport would be inside the experimental
uncertainties. Still, a remarkable increase of the ion temperature peaking was observed,
well outside uncertainties. Gyro-kinetic simulations using the actual parameters of the
discharges with and without N show a stabilization of the ion heat transport when N is
puffed into the plasma. This is related to changes in the plasma parameters induced by the
N puff, such as main ion dilution, s/q and T, /T;, with the changes in s/q and T./T; being
the dominant mechanisms leading to the observed ITG critical threshold upshift. This
explains why the data show mainly a threshold upshift, rather than a decrease in stiffness
as would be expected for dilution in presence of a rather flat impurity profile. The effect
of dilution itself, although alone not enough to give an effect on 7T; outside uncertainties,
is anyway inducing a change of T;/T, that produces further ITG stabilization, which
together with the ¢ profile change eventually leads to a well observable T; peaking.

How much the effects that were observed in these experiments will extrapolate to
high power scenarios in JET or ITER is difficult to assess. It is however clear that any
prediction of a scenario with impurities will have to account in an integrated approach
for both the direct effects of main ion dilution and of change in Z.;; and the secondary
effects due to changes in T;/T. or ¢ profile, which can play an important role, as in
the experiments described here. It is therefore important to test and improve models
in order to have reliable tools for such integrated modelling. This was the main aim
of the work presented in this paper. Gyro-kinetic simulations were found to reproduce
the experimental observations pretty well, considering experimental uncertainties. We
then tested TGLF (sat0) and QuaLiKiz against our experimental observations and also
against nonlinear gyro-kinetic simulations in a broader range of N concentrations. TGLF
tends to generally underestimate the ion stiffness, but concerning the impurity effects it
is able to reproduce quantitatively the effects on both threshold and stiffness observed in
gyro-kinetic runs. QuaLiKiz reproduces much better the ion stiffness, but shows critical
thresholds slightly shifted respect to GENE. Also, the predicted effects of light impurities
on ITGs from Qual.iKiz is mainly a shift of the critical R/Lp; threshold, quantitatively
of the right magnitude, but with no effect on stiffness at variance with GENE and TGLF.
The effect of geometry has also been found important. When the same geometry (s — «)
is used in GENE nonlinear simulations as in QualLiKiz, the GENE heat flux increases
significantly and the shift between their predicted thresholds in R/Ly; is higher. These
results call for an improvement of both QL models, particularly on the match of the ion
stiffness and threshold already in the case with no N, whilst the effect of N overall is
adequately modelled.

Concerning the question if overall the N seeding leads to poorer or better fusion
performance, this depends on whether the enhancement of the ion temperature and so
of the fusion reaction rate wins over the dilution of the fuel ion density. This depends
strongly on the plasma conditions. A factor @ < 1 that multiplies the D and T densities
(supposing for simplicity that np = ny and that the dilution is constant on the plasma
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profile) can reduce the power from the reactions by (1 —a?)% (in our case ~16%), but an
increase in the ion temperature by = 1 keV, as we observe in these experiments, can raise
the power more strongly (in our case ~300%). The difference is that the loss due to the
main ion dilution is always the same independently of the plasma density, while the gain
due to an increase of the ion temperature strongly depends on the plasma temperature.
Between 10 and 14 keV, the increase in the fusion reaction rate is still of ~20% /keV, but
for higher temperatures the increase drops quickly. Other considerations on the kind of
impurity puffed into the plasma (most probably Ar for ITER) and on the peaking of the
impurity density profile should be taken into account, since linear and non-linear gyro-
kinetic simulations predict that the I'TGs stabilization is stronger with increasing density
peaking of the light impurity. In particular, when the impurity density gradient is close
to, or lower than, zero, the predicted effect is mainly a reduction of the ion temperature
stiffness, while, when the gradient of the light impurity density increases, the dominant
effect is an increase of the ITGs critical threshold in R/ L.
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Figure 5.1: ICRH power deposition and ion temperature of discharge n. 86749 (on-axis ICRH)
and n. 86756 (off-axis ICRH).
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Figure 5.2: Normalized linear growth rate v of the main micro-instability in the simulation as
a function of R/Lyp; from linear gyro-kinetic simulations at pi,, = 0.5. Effect of N at different
concentrations using R/L,, 7 = 2.8 (a), effects of N, Ne and Ar at the same level of Z.s¢ = 3
and using R/Ly, 7z =0 (b) and effects of N, Ne and Ar at the same level of Z.yy = 3 and using
R/Ly, 7z =3 (c). Black dotted lines indicate the case with no impurities (Zeyr = 1).
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Abstract

The first experimental demonstration that fast ion induced stabilization of turbulent
transport takes place irrespective of plasma toroidal rotation has been obtained in JET
ILW L-mode plasmas with high power (3He) — D ICRH. Loss of ion stiffness has been
observed at high ICRH power and low NBI power and rotation, with a quantitatively
similar effect to previous observations at high NBI power. Gyrokinetic simulations indicate
that ion turbulence stabilization induced by the presence of high-energetic 3 He ions is the
key mechanism in order to explain the experimental observations. The dependence of the
stabilization on the ?He distribution function has also been studied.
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6.1 Introduction

In JET C-Wall L-mode plasmas with high Neutral Beam Injection (NBI) power and
with Ton Cyclotron Resonance Heating (ICRH) power in (*He) — D minority scheme, a
strong stabilization of the turbulent ion heat transport has been observed in the inner core
region of the plasma (R < 3.4m) [1, 2, 3]. The stabilization is associated with a significant
reduction of the ion stiffness (i.e. the rate of increase of the gyro-Bohm normalized ion heat
flux in response to an increase in R/Ly; = —RVT;/T;). Gyrokinetic simulations indicated
that the key stabilization mechanism acting on ITGs (Ion Temperature Gradient) was a
nonlinear electromagnetic mechanism related to the presence of fast ions (D and 3He) [4,
5]. The gyrokinetic simulations predict an important reduction of the ITG linear growth
rate when considering fast ions and electromagnetic effects, and predict also a nonlinear
enhancement of these effects. An important role of electromagnetic stabilization of ITGs
in plasma with high § has been found in [6], and a strong nonlinear electromagnetic
stabilization of the ion heat transport has been predicted for JET and ASDEX Upgrade
H-modes with high plasma (5 [7, 8]. Recent results [9] indicate that also an electrostatic
mechanism, related to fast ions, can play an important role in the stabilization of ITGs in
some conditions. This mechanism is related to a wave—fast particle resonant interaction
[10, 11| that depends also on the fast ions distribution function. This study predicts also
a more important role of fast >He with respect to fast D for the stabilization of ITGs in
the experimental conditions studied in |2, 4|. Further mechanisms, related to main ion
dilution due to the presence of fast ions, leading to a stabilization of ITGs, have been
proposed for ASDEX Upgrade plasmas with high NBI heating and low density [12].
Experimentally, all the plasmas where the strong turbulent ion heat transport stabi-
lization by fast ions has been observed so far featured high NBI power. High NBI leads to
high toroidal plasma rotation, that can also induce a strong I'TG stabilization [13, 14]. It
is therefore difficult, when using high NBI power, to separate experimentally the effects
of plasma rotation and the effects related to fast ions, and one has to rely on modelling to
quantify the impact of the two stabilizing effects, as done in |2, 4, 5|. In ASDEX Upgrade,
a study on discharges with 4.5 MW of NBI power and with 0 or 3.5 MW of ICRH power
in (*He) — D minority scheme showed that fast 3He ions were necessary, in the gyroki-
netic simulations, in order to explain the strong reduction of the ion heat flux and the
strong increase of the ion temperature peaking observed experimentally [15|. In DIII-D,
using co-and counter-NBI, a reduction of the ion heat flux was obtained in absence of
plasma rotation [16], but other parameters, such as T, /T; (known to have a strong effect
on ITGs [17, 18]), were changing between the plasmas. Furthermore, a detailed study of
the effects of fast ions is missing for this case. So far, no experimental evidence of a strong
stabilization of the turbulent ion heat flux, due to fast ions, has been obtained in absence,
or with low, plasma rotation and with no substantial changes in other important param-
eters such as s/q,T./T;. In this work, we present first experimental evidence, in JET
ILW (ITER-Like Wall) L-mode plasmas with low plasma rotation, of a strong reduction
of the turbulent thermal transport related to an increase of fast >He ion energy density,
while keeping the other relevant plasma parameters constant. This is a direct experimen-
tal evidence that these stabilization mechanisms are effective irrespective of the plasma
rotation, which is an important element for the extrapolation of these effects to ITER
scenarios. Nonlinear gyrokinetic simulations indicate that stabilization of [TG modes by
both electrostatic and electromagnetic effects of fast 3He ions is the key mechanism to
reproduce the experimental heat fluxes. In the cases presented here, unlike in those pre-
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sented in [4], besides the electromagnetic effects also a significant role of the electrostatic
effects related to fast *He ions and predicted in [9]is found in the simulations.

The paper is organized as follows: in section 6.2 the experimental set-up is described
and in section 6.3 the gyrokinetic simulation set-up is presented. In section 6.4 the
experimental results are described, while in section 6.5 the gyrokinetic simulations results
are shown and compared to the experiment. The conclusions are reported in section 6.6.

6.2 Experimental set-up and methods

The discharges studied in this paper were made in the JET tokamak (major radius Ry =
2.96m, minor radius @ = 1m) with ILW and are D plasmas with vacuum toroidal magnetic
field By =~ 3.3 T, plasma current I, =~ 2 M A and safety factor at the flux surface that
contains the 95% of the poloidal flux gg5 ~ 5. The heating power consists of 2.6 — 7
MW of ICRH deposited on ions using a *He concentration [*He] ~ 9%, which ensures
dominant ion heating [19], and of 1.7 MW of NBI. The ICRH power was deposited on-axis
(R =~ 3.0 m) in order to obtain the maximum heating power density and energy density
of 3He fast ions in the centre of the plasma, where the magnetic shear, known to have a
strong effect on the stabilization of ITGs by fast ions [2, 4, 9], is minimum. Fixing the NBI
heating power to the minimum value for Charge Exchange (CX) measurements and using
different levels of ICRH power (and so different levels of fast ® He energy density), a study
of the effects of fast > He ions on the plasma thermal transport, while keeping the plasma
rotation and the fast D population low, was possible. The ICRH power deposition and
the 3He fast ions density, energy density and distribution function have been evaluated
using the SELFO code |20, 21]. Figure 6.1 shows the comparisons of the time evolution of
the heating powers (figure 6.1a), of the profiles of the ICRH power deposition on thermal
ions and of the fast >He energy densities (figure 6.1b), between a discharge with 2.6 MW
of ICRH (n. 90671) and a discharge with 7 MW of ICRH (n. 90672). The NBI heating
power on electrons and on ions and the fast D pressure in the plasma have been calculated
with the PENCIL code [22]. The fast D energy density has been found to be negligible
compared to the fast 3 He energy density in discharges with high ICRH power. The ohmic
power density has been calculated using Ppoyp,, = 1 - j2, where 7 is the resistivity of the
plasma and j is the plasma current density reconstructed by the EFIT equilibrium code
constrained by polarimeter measurements. Also the exchanged power density between
ions and electron, p; 23|, has been calculated analytically. The radiated power density
Praa has been found to be negligible inside r/a ~ 0.8. The powers Poynr, Prorm, Pnsr, Pei
and P,,q4 have been obtained integrating on the plasma volume within a flux surface and
the ion and electron heat fluxes are expressed in gyro-Bohm units as

GigB, = [(Prormi + Pnpri+ P.i) /%] - B3/ (neTipivi.i) (6.1)
Ge.gn. = |(Prcrie + Pypre + Pousr — Pei — Praa) /3] - RS/ (nTupiecs) (6.2)

where ¥ is the considered flux surface, ¢s = \/Te/M;, v = \/Ti/M;, pi = viM;/eBr
and ps = csM;/eBr. Typical errors on the heat fluxes are ~ 20%. For the measurement
of the electron temperature T, the ECE (Electron Cyclotron Emission) diagnostic has
been used, while the ion temperature 7T; and the plasma toroidal rotation wy have been
measured by the CX diagnostic. For the charge exchange measurements, Be and Ne
impurities have been used (~ 0.1% of Ne has been puffed into the plasma in order to
improve the CX measurements). Furthermore, a charge-exchange measurement recently
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made available at JET, that uses beam modulation for background subtraction and fits all
active line features to extract the deuterium charge exchange line [24, 25], has been used
and will be indicated as D, CX . The density profiles of Be, Ne and thermal 3He have
been measured using the CX diagnostic [26]. The electron density n. has been measured
by high-resolution Thomson scattering (HRTS). The radial profile of the safety factor g,
of the magnetic shear s = r/q - dq/dr and of the equilibrium plasma geometry have been
reconstructed by the EFIT equilibrium code constrained by polarimeter measurements.
Local values of R/Ly; = —RyVT;/T;, R/L1. = —RyVT,./T, and R/L, = —RyVn./n. are
obtained by local linear fits of In(T;),In(T.) and In(n.) radial profiles averaged over a
time interval At &~ 1 s. The fits are done using r = (R — R;,)/2, R and R;, being the
outer and inner radii of the flux surface on the magnetic axis plane, and averaging other
multiple fits using a variable number of data points around the chosen radius (3-9 points).
Errors on these quantities are typically ~ 15%.

The data analysis has been carried out at ps, = \/((I)/T('BT)/((I)/TFBT)m,m = 0.25
(R ~ 324m) and t =~ 6 s, ® being the toroidal magnetic flux. At this radial position
and at this time, the changes in ¢; ;5,(R/Lr;) have been observed to be the largest. Also,
no magnetohydrodynamics instabilities (such as sawteeth), that could interfere with the
analysis, are present at the chosen time.

6.3 Gyrokinetic simulation set-up

Non-linear gyrokinetic simulations, that calculate the turbulent part of the heat flux, have
been carried out using the GENE (Gyrokinetic Electromagnetic Numerical Experiment)
[27, 28] code and compared with the experiment. Linear gyrokinetic simulations have also
been carried out, in order to study the effects of the changes in the plasma parameters
on the linear growth rate of the main micro-instabilities. GENE solves the gyrokinetic
Vlasov equations coupled with the Maxwell equations within a § f approximation [29] and
using field aligned coordinates {x,y, z}, where z is the coordinate along the magnetic field
line, x is the radial coordinate and y is the binormal coordinate.

In the simulations, that are carried out in the local limit (1/px ~ 400), Miller ge-
ometry [30] has been used as well as collisions, external flow shear (even if low in our
case), finite-3 effects (considering both B, and B fluctuations), kinetic D ions, kinetic
electrons and kinetic >He ions. For 3He, a Maxwellian distribution function has been
used in most simulations. However, due to the presence of highly energetic, non ther-
malized, 3 He particles, the Maxwellian distribution function is not adequate to describe
the real distribution function of this species and the results can be affected by this ap-
proximation. For this reason, a new version of the GENE code [31, 32| able to use a
numerical distribution function for *He (calculated using the SELFO code), has been
used for few simulations. Typical grid parameters in the non-linear simulations were as
follows: perpendicular box sizes [L,, L,] ~ [190, 125]ps, phase-space grid discretization
[y My Tz, My, ] = [256,48,34, 32,24 — 48] and 0.05 S kyps S 2.4. Detailed conver-
gence tests have been carried to choose these settings. The plasma parameters used
as input in the simulations have been taken from discharge n. 90672 at py, = 0.25
and ¢ ~ 6 s. Some important values, used in the simulation, are: Z.;; = 1.36,q =
14,s = 046,R/Lsy, = R/Lye = 2.6,R/Lye = 8, R/Ly; = 7.2, R/Lysy. = 15, Tsy, =
12T, T;/T. = 0.8, Bres = 87n.T./ B2 = 0.00399, v* = ueiﬁo.oa nsge = 0.09n,, where

¢ =1/Ry and vy, . = \/Te/m.. When not considering the fast 3He ions in the simulations,
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we use Ty, = T; and R/Lpsy. = R/Lp; without changing any other input parameter.
In the electrostatic simulations, a value of 8,.; = 107° is imposed without changing any
other input parameter. In the simulation of the low ICRH power case, the same param-
eters have been used except the reference T, value (lowered from 3.6 keV to 2.6 keV),
considering electromagnetic effects and just thermal 3He. Also a few electron-scale simu-
lations have been performed, in order to study the impact of fast ions on ETG modes in
nonlinear simulations. In these simulations the range 3 < k,p, < 96 has been used and,
as the linear growth rate of ETG modes does not depend on the fast ions distribution
function (see figure 6.6b), a Maxwellian distribution function has been used for the *He.

The effect of other impurities (~ 1.2% Be, ~ 0.3% Ne, ~ 0.05% Ni) has been studied
using linear gyrokinetic simulations and found to be negligible compared to the effect of
3He in our case. Considering that, as shown by the CX measurements, these impurities
are present in all the discharges in the same concentrations and with the same density
peaking [26], they cannot explain the differences observed between discharges with low
and high ICRH power. The difference in N7 concentration is ~ 0.05%, but, as discussed
in section 6.5, it has a negligible effect on I'TGs as it causes a little main ion dilution. For
these reasons, and in order to save computational resources, we decided to not include
Be, Ne and N7 impurities in our simulations. For these reasons, and in order to save
computational resources, we decided not to include these impurities in our simulations.

The nominal experimental value of the magnetic shear is s = 0.25. Using this values,
in the electromagnetic simulations with a Maxwellian distribution function for the fast
ions, there is the presence of instabilities at k,ps < 0.1 (KBM/fast particles modes).
These modes lead to levels of ion heat flux in the nonlinear simulations not comparable
with the experiment, as found also in [5, 8]. For these reason, when using the Maxwellian
distribution function for the fast ions, the value of s = 0.46 has been chosen, within
experimental error bars, in order to avoid the presence of the low-£, instabilities. When
using the numerical distribution function for the fast ions, these modes disappear also at
s = 0.25 and few simulations have been performed with this value.

6.4 Experimental observations

Although the 3 He concentration of 9% was used to maximize ion heating, in the high ICRH
power cases SELFO simulations predict that a substantial part of the ICRH power is still
absorbed by electrons due to the high energies achieved by the minority fast ions at such
power levels. Both the ion and electron temperature profiles then show a general increase
when ICRH power is increased. In addition, inside py, = 0.35, an important increase of
R/Ly; and strong reduction of ¢; ,5, are observed in discharges with high ICRH power
(figures 6.2a and 6.2b), while the values of R/Ly. and of g, 4p, are not changing (figure
6.5b). In order to study what is causing these changes in ¢; ;5(R/Lr;), a comparison
between discharges n. 90668 and n. 90671 (with 1.7 MW of NBI and 2.6 MW of ICRH)
and discharges n. 90670 and n. 90672 (with 1.7 MW of NBI and 6 - 7 MW of ICRH) has
been done at ¢t = 6 s and at p;,, = 0.25, as already explained in section 6.1. In figure 6.2a
the comparison of the 7; radial profiles of discharges n. 90672 and n. 90671 (discharges
n. 90668 and n. 90670 show similar behavior) is shown, while the comparison of the
experimental g; ,5, (R/Lr;) values is shown in figure 6.2b. The increase in the peaking of T3,
inside pyor =~ 0.35, and the strong reduction of ¢; 45 in discharges with high ICRH power are
well visible outside error bars. The radial profiles of T;, n., s, ¢, wr for the same discharges
are shown in figure 6.3. No substantial differences in these parameters are observed, except
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for higher values of T,,. Furthermore, s/q,T./T;, R/L,,wr, dwr/Or, that are known to have
an important impact on turbulent thermal transport [13, 14, 17, 18, 33, 34, 35|, as well
as light impurity density (nsg./n. ~ 9 — 11%, nge/n. = 1.2%, nye/ne =~ 0.3%) and light
impurity density peaking (also known to have an impact on turbulent thermal transport
[36, 37, 38, 39]) are similar, within error bars, over the whole radial profile, between
discharges with low and high ICRH heating. Z.;; is changing from ~ 1.6, in discharges
with low ICRH, to ~ 2, in discharges with high ICRH power. The change in Z ;s is
mainly due to a medium Z impurity (Ni) coming from the ICRH antenna facilities. A
change in the N7 concentration from ~ 0.02% to ~ 0.07% is enough to explain the change
in Ze ff

The main difference, between the plasmas with high and low ICRH heating power, is
the fast 3He energy density (figure 6.1b) inside ps,, < 0.4. The 3He pressure modifies
also the total plasma pressure (p = ) nyT,, the sum being over all the species in the
plasma), as can be seen in figure 6.3d, and with the higher T; and T, temperatures,
increases the plasma 3 = 87p/B2 in discharges with high ICRH heating. These changes
are expected to lead to a strong stabilization of I'TGs and of the turbulent ion thermal
transport [4, 6, 7, 8, 9, 15].

6.5 Gyrokinetic simulations

As discussed in section 6.4, the main differences between discharges with low and high
ICRH heating power, inside p;,. =~ 0.35, are the increase, at high ICRH power, of the
plasma pressure p (and of the local plasma pressure gradient) and of the plasma j3, related
to a strong increase of the energy density of the fast *He ions, and the increase of Z.;y,
related to the presence of Ni coming from the ICRH antenna facilities. The analysis with
gyrokinetic simulations, carried out as described in section 6.3, focuses on these aspects.

6.5.1 Linear gyrokinetic simulations

Using linear gyrokinetic simulations, the effects of the change of 0.05% of the Ni density,
and consequent change in Z, g, of the change in apyyp = —¢*R(dB/dr) (that can induce
a stabilization of the ITG modes [40]), of finite-3 effects and of the presence of fast ® He on
the linear growth rate of the most unstable mode in the plasma (ITG) have been studied.

The effects due to a change of 0.05% in the Ni concentration have been found negligible
(reduction of yrrg of ~ 4%) compared to the effects related to ®He, the N concentration
being too low and the main ion dilution minimal. Also the effects related to the changes
in aprgp have been found to be minimal in our case. For these reasons, the value of ayrgp
has been fixed, in all the simulations, equal to the one obtained considering the fast 3He,
while N7 has not been considered in the simulations.

Effects of fast ions on ITG modes

Figure 6.4a shows the normalized linear growth rates of I'TG modes, which are the dom-
inant modes up to k, = 1, obtained from simulations with/without the electromagnetic
effects and the fast 2He ions. In the same figure, also the results obtained using the
numerical distribution function for 3 He are shown. At 0.2 < kyps < 0.4, where the major
part of the ion heat flux is carried in the non-linear simulations, a little stabilization, or
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a little destabilization, depending on k,, of the ITG growth rate is obtained when consid-
ering electromagnetic (finite-3) effects but not the fast >He ions. When adding the fast
3He ions, a strong stabilization of ~ is visible. The stabilization is due to electrostatic
(reduction by ~ 25% of ) and electromagnetic (further reduction of v by ~ 15%) effects,
with a total reduction of the linear growth rate by ~ 40%. When considering the numer-
ical distribution function ("SELFQ’) for 3He, this reduction is lower with respect to the
one obtained considering a Maxwellian distribution function, but still strong (~ 25%).
Using s = 0.25, the same relative ITG growth rate reduction as for the case s = 0.46 is
obtained, but the values of v are lower with respect to the ones obtained using s = 0.46
(figure 6.4b). Furthermore, using s = 0.25, electromagnetic instabilities (KBM /fast par-
ticle modes) appear at k, < 0.1 , causing a strong enhancement of the heat fluxes in the
nonlinear simulations, not comparable with the experiment. Interestingly, when consider-
ing the numerical distribution function for 3He, these modes disappear and the nonlinear
simulations give results comparable with the experiment.

Effects of fast ions on high-k instabilities

In figure 6.6a, the effects of fast ions and e.m. mechanisms on the linear growth rate of
the Electron Temperature Gradient modes (ETGs) are shown. The presence of fast >He
ions induces a strong increase (+50%) of the ETG linear growth rate, in opposition to
what happens for I'TG modes. The increase of the ETG linear growth rate is related only
to the presence of the fast *He ions and does not depend on electromagnetic effects or
on the distribution function of *He. The effect of fast ions can be quantified, at least its
linear effect, considering the change in 7 = Z.¢;T,/T; they induce. In our case 7 = 1.48
with no fast ions while 7=1.06 with fast ions. This parameter strongly affects the linear
growth rate of ETG modes [35].

6.5.2 Nonlinear gyrokinetic simulations

The results from the non-linear gyrokinetic simulations and their comparison with the
experiment are shown in figure 6.5a (for ions) and in figure 6.5b (for electrons). The
results from the electron-scale non-linear simulations for ETG modes are shown in figure
6.6b.

Effects of fast ions on ion thermal transport

When the fast 3He ions are not considered, the experimental ion heat flux is strongly
over predicted by the simulations, with ¢ ~ 4¢;"", in both the electrostatic and in
the electromagnetic simulations. In our case, electromagnetic effects without fast ions
have no strong effects in the simulation. A reduction of ~ 40% of the ion heat flux is
predicted when fast ions are considered in the simulation without taking into account
the electromagnetic effects. This reduction is caused by pure electrostatic effects and
can be explained by mechanisms related to a wave—fast particles resonant interaction,
as suggested in [9]. Considering also the electromagnetic effects in the simulations with
fast ions, a strong stabilization of ¢; (—60%) is obtained. This reduction of ¢; permits
to reach the experimental level of the ion heat flux. In total, a ¢; reduction of ~ 75% is
predicted when considering fast ions and electromagnetic effects and using a Maxwellian
distribution function for fast ions. Using a numerical distribution function for the *He
('SELFO’ in the figures), there is still a total strong reduction of the ion heat flux with
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respect to the case without fast ions (—55%), but ¢; is now overestimated with respect to
the experiment (+75%). Using a numerical distribution function for the *He, as observed
in the previous section, avoids the presence of low-k, electromagnetic modes and allows
to compare the results from nonlinear simulations and the experimental fluxes also for
the nominal value of the magnetic shear, s = 0.25. In this case, the experimental ¢; is
well reproduced within error bars.

Non-linear simulations have been performed also for the low ICRH case (green stars in
the figures). In this case both ¢. and ¢; are well reproduced within error bars. Comparing
the results for the low ICRH case and for the high ICRH case, it appears that the nonlinear
simulations predict a reduction of the ion stiffness when fast ions and electromagnetic
effects are considered. This is in agreement with previous studies [4, 7, 8] and with
past experimental observations [2]. These results clearly show that both fast He ions
and electromagnetic effects are necessary in order to reproduce the experimental level
of the ion heat flux. Their effects lead to a strong stabilization of ITG modes, both
linear and non-linear, and is independent of the plasma rotation. The mechanisms that
participate in the I'TG stabilization are both electrostatic and electromagnetic, the last
being determinant to reproduce the experimental fluxes.

Effect of fast ions on electron thermal transport

The effect of fast 3He on the electron heat flux is similar to the one observed for the ion
heat flux. When the fast 3He ions are not considered, the experimental electron heat
flux is strongly over predicted by the simulations, with ¢ ~ 2.5¢"", while a strong
reduction of ¢, is predicted when fast ions and electromagnetic effects are considered in
the simulation. This is related to the strong suppression of ITG modes that causes also
the strong reduction of ¢;.

When the ion heat flux is matched in the simulations, the experimental electron heat
flux is under-predicted (—(30 —50)%). The lack of electron heat flux in the low-k electro-
magnetic simulations with fast 3He could be due to the fact that high-k modes are more
important in presence of fast ions, as suggested by the linear gyrokinetic simulations (fig-
ure 6.6a). Fast ions strongly affects our electron-scale nonlinear simulations (figure 6.6b).
In these simulations, with s = 0.25, the amount of ¢. due to ETG modes is ~ 5% of
the experimental value when not considering fast ions and ~ 10% of the experimental
value when the fast ions are considered (+100%). If s = 0.46 is used, the electron heat
flux carried by ETG modes in the simulation increase to the ~ 30% of the experimental
value. These indications suggest that fast ions must be considered, at least in certain
experimental conditions, for a proper study of both low-k and high-k instabilities.

6.6 Conclusions

Experimental evidence of a strong stabilization of thermal transport when using high
ICRH power in (3He) — D minority scheme in JET ILW L-mode plasmas with low plasma
rotation and low fast D ion pressure has been obtained. The only substantial changes in
the plasmas are related to the enhancement of the fast 3He ions density energy, inside
pror =~ 0.35, when high ICRH power (~ 7 MW) is applied. Linear and non-linear gy-
rokinetic simulations predict that the key mechanisms able to explain the experimental
observations are related to this enhancement of fast 3He ion pressure. Both electrostatic
and electromagnetic effects are acting to stabilize the ITG modes, leading to a reduction of
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the ion stiffness. The main electrostatic mechanism can be related to a resonant wave-fast
particles interaction [10, 11|, as suggested in reference [9], and contribute significantly in
the reduction of the linear growth rate of ITG. The electromagnetic stabilization acts on
the linear growth rate of I'TGs, but is strongly enhanced through nonlinear effects and is
fundamental to reproduce the experimental results. These results demonstrate that such
stabilization mechanisms are at work irrespective of the plasma rotation, which implies
that they can contribute to thermal transport reduction also in low rotating ITER plas-
mas. Furthermore, a strong dependence of these effects on the distribution function of
the fast particles has been observed, underlying the importance of considering a realistic
distribution function for fast particles when modelling them. These results strongly sup-
port the role of fast particles in the stabilization of the thermal transport in the plasma
core in some experimental conditions. Regarding the effect of fast ions on high-k insta-
bilities, a strong destabilization of ETG modes by fast ions, that leads to a reduction of
T = Zess1./T;, is predicted. Considering just single ion and single electron scale simula-
tions, up to ~ 30% of the electron heat flux is predicted to be caused by ETG modes. As
suggested in ref. [41, 42, 43|, when ITG modes are stabilized or close to marginal stability,
ETG modes can become very important for the heat fluxes of both ions and electrons.
The presence of fast ions induces a strong stabilization of ITG modes while at the same
time it strongly destabilizes ETG modes. This double effect can lead to a situation where
ETG modes play a major role for the heat fluxes. For this reason, considering the effects
of fast ions can be essential for the study of both ion and electron-scale instabilities.
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Figure 6.1: Comparison between discharges n. 90671 and n. 90672: a) NBI and ICRH heating
vs. time; b)ICRH power density to ions (dotted lines) and fast *He energy density calculated
using the SELFO code.
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Figure 6.2: a) Comparison between the T; profile of discharges n. 90671 (black squares) and n.
90672 (red circles). b) ¢; qg(R/Lti) at pior = 0.25 of discharges with low ICRH power (~ 2.6
MW, discharges n. 90668 and n. 90671) and of discharges with high ICRH power (= 6-7 MW,
discharges n. 90670 and n. 90672).
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Introduction

As discussed in section 3.2, full understanding of turbulent electron heat transport has not
yet been reached, in view of a possible significant role of electron scale instabilities and
multi-scale interactions, which are topics only recently addressed due to their high compu-
tational requirements. Electron heat transport has a heavier impact on the performance
of ITER and future reactors with respect to present day machines, since the former will
have dominant electron heating, so that fuel ions will not be able to achieve temperatures
higher than the electron temperature, unlike in present devices where the highest fusion
performance has always been reached with ions much hotter than electrons. Therefore, in
future reactors electron heat transport may severely limit the core ion temperature, which
calls for a deeper physics understanding in order to optimize fusion performance. It has
been established that turbulent electron heat transport can be driven by ion-scale (low-k)
instabilities such as ITG (Ion Temperature Gradient) modes and TEM (Trapped Electron
Modes) and by electron-scale (high-k) instabilities such as ETG (Electron Temperature
Gradient) modes. TEM and ETG modes are both triggered above a critical value of
R/Lr. = —RVT,/T. (where R is the plasma major radius for normalization), which is
radially dependent. The level of the turbulent transport increases above the local criti-
cal values of R/Lr., with a rate that determines the stiffness of the temperature profile
against an increase of heating power. The critical thresholds are predicted to depend on
plasma parameters, and especially on R/L,, s, collisionality and the fraction of trapped
electrons for TEMs (see ref. [5] of chapter 7 and chapter 7) and on 7 = Z.¢-1./T; and
s/q in the case of ETGs (see ref. [30] of chapter 7 and chapter 9). Electron heat transport
in several tokamaks, including AUG, DIII-D and JET, has been historically ascribed to
ITG/TEM (see for example ref. [4-6] of chapter 9), since a good match between experi-
mental and TEM critical R/ Ly, from linear gyrokinetic (GK) simulations was found and
the low-k contribution to the heat flux was expected to dominate over the high-k contri-
bution. However, at the time of those experiments, no comparison between electron heat
fluxes from experiment and from non-linear GK simulations was available. Experiments
done in AUG observed the stabilizing effect of collisionality on the electron heat transport
expected to be related to a stabilization of TEMs (see ref. |7] of chapter 7) and other
studies observed a stabilizing effect of the magnetic shear on the electron heat transport.
Studies performed on tokamak DIII-D indicated that stiffness increases with radius, while
a higher electron stiffness in presence of NBI heating was observed in studies in ASDEX-
Upgrade, JET and DIII-D (see ref. [9-11| of chapter 7), which is still lacking a physical
explanation. More recently, in JET (see chapter 8), in C-MOD (see ref. 9] of chapter 9)
and, in some experimental conditions, in DIII-D (see ref. [10] of chapter 9), it was found
that neither the g, values nor the electron stiffness were matched by low-k non-linear GK
simulations, i.e. considering just ITG modes and TEM. A possible explanation that has
been found is the lack of ETG modes and multi-scale interactions in the simulations, as
suggested in ref. [9] of chapter 9. ETG modes have been found to be linearly unstable in
many experimental conditions, but their nonlinear physics has been found to depend on
many factors and also to strongly depend on the ion-scale instabilities. In ref. [9,15,16] of
chapter 9, a strong correlation between ion and electron-scale instabilities has been found.
lon-scale structures (such as zonal flows, ITG/TEM eddies) strongly stabilize the ETG
modes, while ETG structures are suggested to be able to damp the saturation of ion-
scale instabilities, with a consequent enhancement of their contribution to the turbulent
fluxes. On the fluctuation side, experimental measurements of high-k instabilities have
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been reported in different machines (see ref. [11-14] of chapter 9), with a dependence on
radius and heating scheme. Also a correlation between the increase of ¢. and the increase
of high-k density fluctuations has been reported (see ref. [11,14] of chapter 9). All these
experimental and theoretical observations point to an important role of high-k instabili-
ties in some experimental conditions, especially when ion-scale instabilities are strongly
suppressed (like inside a transport barrier) or are close to marginal stability, as will be
the case in ITER.

In this chapter we focus our attention on two aspects of electron heat transport in
JET core plasmas:

e The dependence of the critical threshold on plasma parameters, and especially on s
and on T;

e The role of multi-scale interactions and electron-scale instabilities in the thermal
transport in the plasma core.

The study reports results from dedicated experiments in JET L-mode plasmas and gy-
rokinetic simulations including a first multi-scale simulation for a JET plasma. In chapter
7 the work on the study of the correlation between electron heat transport and sis shown,
as well as the first indications of a role of ETG modes. In chapter 8 a study on the effect
of 7 and ETG modes in two specific cases analyzed in chapter 7 is reported. In chapter 9
the study of ETG modes using a wide database of JET L-mode C-Wall plasmas and the
results from the multi-scale nonlinear simulation are reported.
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Abstract

The main purpose of this work is to study the dependence of Trapped Electron Modes
(TEM) threshold and of electron stiffness on the most relevant plasma parameters. Ded-
icated transport experiments based on heat flux scans and 7, modulation have been
performed in JET in TEM dominated plasmas with pure ICRH electron heating and a
numerical study using gyrokinetic simulations has been performed with the code GKW.
Using multilinear regressions on the experimental data, the stabilizing effect of magnetic
shear predicted by theory for our plasma parameters is confirmed while no significant ef-
fect of safety factor was found. Good quantitative agreement is found between the TEM
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thresholds found in the experiments and calculated with linear GKW simulations. Non-
linear simulations have given further confirmation of the threshold values and allowed
comparison with the values of stiffness found experimentally. Perturbative studies using
RF power modulation indicate the existence of an inward convective term for the electron
heat flux. Adding NBI power, Ion Temperature Gradient (ITG) modes become dominant
and a reduction of |VT,| /T, with respect pure ICRH, TEM dominant discharges has been
experimentally observed, in spite of increased total electron power. Possible explanations
are discussed.

7.1 Introduction

Recent findings on JET that ion heat transport can be considerably reduced in the core
by electromagnetic effects related to high thermal and supra-thermal pressure gradients
[1,2] have opened positive perspectives of reaching improved confinement regimes at high
B. However, before extrapolating to ITER from present machines with dominant NBI ion
heating, it is essential to complete the understanding of electron heat transport, which
in ITER electron heating dominated plasmas may limit the benefits of improved ion
confinement.

This paper is part of a long-lasting effort to characterize electron heat transport driven
by Trapped Electron Modes (TEM) by means of dedicated experiments and theoretical
modeling. Theory indicates that there is a critical value of the normalized inverse tempera-
ture gradient length R/Ly. = R|VT,|/T. (with R the tokamak major radius) above which
TEM become unstable [3,4], so electron heat transport features a threshold (R/Lze),,.;,
or K., above which the electron heat flux increases strongly with R/Lz.. This property
leads to stiffness of T, profiles with respect to changes in heating profiles. The level of
stiffness x, characterizes how strongly 7. profiles are tied to the threshold.

Numerical studies of TEM linear growth rate and threshold have been performed using
linear gyrokinetic simulations with the code GS2 and the code KINEZERO, on the role of
plasma parameters such as s, R/L,, and effective collisionality ve;r &~ 0.1+ Zepp-ne - R/T?2
on electron heat transport due to TEM. These simulations predict a stabilizing effect of
the magnetic shear [5| and a dependence of the effect of collisionality on other plasma
parameters, in particular on R/L, [6]. In all the plasmas studied in this paper, the val-
ues of the density gradient and of the collisionality are such that a stabilizing effect of
collisionality is expected. Experiments done in tokamak ASDEX-Upgrade confirmed the
stabilizing effect of collisionality on TEM in our range of parameters [7], but no experi-
mental evidence of the roles of magnetic shear and of density gradient has been obtained
yet. The correlation between TEM threshold and the ratio of electron to ion temperature
T./T; has been investigated analytically and with linear gyrokinetic simulations with the
code KINEZERO [7]. These studies predict different effects of T, /T; on TEM threshold
depending on the value of R/L,: for low values of R/L,, (R/L, < 1.3) they predict a
stabilizing effect of T, /T;, while a destabilizing effect of the same parameter is predicted
with higher values of R/L,. Studies on electron stiffness have been done on different
machines. Studies performed on tokamak DIII-D indicate that stiffness increases with
radius. A higher electron stiffness in presence of NBI heating was also observed in other
studies in ASDEX-Upgrade, JET and DIII-D [9, 10, 11].

The aim of this paper is to study the dependence of turbulent electron heat transport
due to TEMs on plasma parameters in JET plasmas with dominant RF electron heating
obtained by ICRH in Mode Conversion and to compare the experimental observations
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with theory-based models, with also a comparison to previous studies. In particular,
experimentally we identify separately the values of threshold and stiffness, which allows
a more stringent comparison with theoretical predictions. Lastly, initial results of an
investigation of the effect of the presence of significant ion heating (NBI) on TEM are
presented.

The paper is organized as follows: in section 7.2 we present the experimental set up; in
section 7.3 the main experimental observations in plasmas with dominant electron heating
are presented; in section 7.4 the modeling effort is described and its results are compared
with the experimental observations of section 7.3; in section 7.5 the effects of the presence
of NBI heating are discussed; summary and conclusions are presented in section 7.6.

7.2 Experimental set up and methods

The discharges studied in this paper were made in the JET tokamak (R = 2.96 m a ~ 1
m) and are all L-mode (*He) — D plasmas with By &~ 3.45 T, n.o &~ (2-3) - 10! m™ and
I, = 1.8 — 3 MA. The session dedicated to TEM study is composed of seven discharges
(described in Table 7.1) with ICRH (Ion Cyclotron Resonance Heating) of about 2.5 — 3
MW deposited directly on electrons via Mode Conversion (MC) using a ® He concentration
[He] ~ 20%, which ensures a dominant electron heating with about 70% of the ICRH
power deposited on electrons [12].

| | 78830 | 78834 | 78835 | 78836 | 78839 | 78840 | 78842 |

B (T) 3.45 3.45 3.45 3.45 3.45 3.45 3.45
1.8-3 1.8 1.8 1.8 3-18 3-1.8 1.8
I, (MA)
RU (O} (ON] (O} RD RD oS
ICRH (MW) 2.5 3 2.5 3 3 2.5 3
32 32 37 37 32 37 37
vicry (MHz) . . . . . . .
On-axis | On-axis | Off-axis | Off-axis | Off-axis | On-axis | On-axis
NBI (MW) 0 0 0 6.8 0 0 6.8
Teo (keV) 4 4 3 5 4 4 5
Tio (keV) 2.5 2.5 2 5 2.5 2.5
Neo (m™) 3 3 3 3 3
Zeyy 2.2 2.2 2.2 2.2 2.2 2.2 2.2

Table 7.1: Main parameters of the TEM session discharges. RU = Ramp-up, RD = Ramp-down,
OS = Overshoot

The RF power was square wave modulated with a 70/30 duty-cycle, a modulation
amplitude of about 70% and a frequency of 20 Hz in order to use perturbative techniques
to calculate TEM stiffness and threshold [13, 14]. The RF power deposition in MC scheme
is not easily and reliably calculated by RF codes, and is therefore calculated by fitting
the profiles of modulation amplitudes and phases of different harmonics using adjustable
profiles of heat diffusivity, convection and RF heat deposition using the ASTRA transport
code (Automated System for TRansport Analysis [15]). Fitting the highest harmonics,
which are less influenced by transport and depend mostly on the power deposition, it is
estimated that the uncertainty on such reconstruction of RF deposition is in the order of
+10%. ICRH power was deposited both on-axis (R =~ 3.0 m) and off-axis (R ~ 3.4 m)
in order to obtain low and high values of heat flux ¢, for the study of the electron heat
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flux scan versus R/Ly. = R|VT.| /T.. In two of the analyzed discharges , NBI (Neutral
Beam Injection) heating of about 6.8 MW was also used in order to study the effect of
the presence of significant ion heating , i.e. of ITG modes, on TEM. NBI heating also
introduces a high rotation of the plasma and the presence of a fast ion population. The
NBI heating power on electrons and ions is calculated with the PENCIL code with an
uncertainly of about £100 kW. The ohmic power density is calculated using Pop, = 152,
where 7 is the resistivity of the plasma and j is the plasma current density reconstructed
by the EFIT equilibrium code with the MSE (Motional Stark Effect) constraints. The
error on the estimated ohmic power is about 5%. The electron heat flux is calculated in
gyro-Bohm units as ¢. = [(P.,onm + Pe,icri + PenBr — Peyaa — Pei) /S) - (R/T:) - (R/pZcs),
where S is the considered flux surface, P.,.q is the radiated power (negligible within
r/R = 0.8), ¢, = \/Tc/m; and ps = cy;m;/eB. Typical error on electron heat flux is about
15 — 20% of the total flux. The measurement of the electron temperature T, is provided
by the ECE (Electron Cyclotron Emission) diagnostic with an error on the measurements
of about 5% while the ion temperature T; and plasma rotation w; are measured by the
Charge Exchange (CX) diagnostic with an error of about 5% for the ion temperature and
of about 8% for the plasma rotation. The charge exchange diagnostic needs NBI heating;
for the measurements of the ion temperature in discharges without NBI heating, blips of
NBI heating of 1.5 MW and At = 0.15 s are used. The error on 7, /T; is about 7 — 10%.
The electron density n. is measured by high-resolution Thomson scattering (HRTS) with
an uncertainty of about 10%. Radial profiles of the ICRH power density on electrons
P. jcry and of T,,T;,n.,q,s of discharges n. 78834 (on-axis ICRH, no NBI), n. 78839
(off-axis ICRH, no NBI) and 78842 (on-axis ICRH, 7 MW NBI) are shown in Figure 7.1
and in Figure 7.2. The time waveforms of heating power of discharges n. 78834 and n.
78842 are shown in Figure 7.3 (note the ICRH modulation phase between ¢ = 5.5 s and
t = 10 s). The radial profiles of heating power of discharge n. 78834 are reported in
Figure 7.4.

Values of R/Ly;, R/Lt. and R/ L, were obtained by linear best fit of in(7}), in(T.) and
In(n.) data after having time averaged the measurements over a time interval in which
the plasma conditions are stationary (usuallyAt ~ £0.25 s). The uncertainties on these
parameters are then estimated by repeating the same procedure with different time and
space intervals and evaluating the deviation in the set of values so obtained. Error bars
are typically A(R/Lr;) ~ £0.3-0.6, A(R/Lr.) ~ +0.25— 0.5 and A(R/L,) ~ £0.3—0.6.
The spatial derivatives in these parameters are taken with respect to the flux surface label
r = (Rout — Rin)/2, where R, and R;, are the outer and inner boundaries of the flux
surface on the magnetic axis plane.

By using different time waveforms of the plasma current (I, ramp-up, ramp-down
and overshoot with 1.8 < I, < 3 MA, Figure 7.5), independent variations of the safety
factor ¢ and of the magnetic shear § (Figure 7.6) needed for the study of the correlation
between these parameters and the TEM threshold were obtained. The safety factor ¢
profiles are reconstructed by MSE with an error of about 20%. The error on the values
of the magnetic shear § is estimated to be As ~ +0.08. TEM threshold and electron
stiffness at a chosen radial location are determined experimentally by quadratic fits on
the diagrams of the normalized electron heat flux ¢. as a function of R/Ly. on data
points with ¢, s, vess, R/ Ly, T./T; constant and using the formula (1) given below |16,
17]. Small values of g. (nearest to threshold) necessary for the fits are obtained near
the core (pir < 0.4) with off-axis heating while for the study far off-axis (pir =~ 0.5)
data points from previously existing discharges with ICRH directed on ions are used.
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The experimental set-up for these discharges is identical to that used for the TEM session
except that the ICRH power is directed on ions, for which the power deposition is evaluated
with the PION code.

The data analysis is carried out at 3 radial positions, corresponding to normalized
radius psor = +/(®/7Br)/ (®/7Br),,.. = 0.33,0.4,0.5, where ® is the toroidal magnetic
flux and By is the toroidal magnetic field.

7.3 TEM studies in dominant ICRH heating plasmas

In this section the experimental data analysis of the discharges with dominant electron
heating (73 MW of ICRH on electrons via MC) is presented. The main instability that is
expected to determine the turbulent electron heat transport in these discharges is TEM
and a study of TEM threshold, also including its dependence on some plasma parameters,
and of the electron stiffness is carried out. For this purpose a direct analysis of the electron
heat flux using a semi-empirical model (Critical Gradient Model), a perturbative study
using the modulation of the electron temperature and a study using multilinear regressions
are used.

The electron heat flux is predicted by theory to follow a gyro-Bohm scaling and to
become turbulent above a threshold value of |VT,| /T, so that ¢. can be written as [16,

17]
2
res 1.5 neTe Ps R R R
= . — ke | -0 — Ke 7.1
Ge=4"+ 0 "X p LTe(LTe ff) (LTe K (7.1)
where ¢/ is the residual flux not carried by TEMs (neglected in our case for the discharges

with dominant electron heating), k. is the critical R/Lp.value, y; is the stiffness coeffi-
cient and f(e) is the Heaviside function. Equation (7.1) is a semi-empirical model called
critical gradient model (CGM). Evaluating the values of ¢, from the volume integral of the
calculated sources at different radii and times, we can build the curve of the gyro-Bohm
normalized flux ¥ /q'® versus R/Lr. (where ¢¢P = q./(n.T?ps/eBR?)), which allows
to identify k. as the intercept to zero flux, whilst x, can be inferred from the slope of the
curve. In this section only the results obtained from discharges with dominant electron
heating in which TEM are dominant are shown. The results obtained from the heat flux
scan are shown in Figure 7.7, where points with the same color and marks correspond to
experimental data with same values of s,q, R/L,,T./T;, vess (reported in Table 7.2). For
each set of points the threshold and stiffness values have been evaluated with equation
(7.1). The values of stiffness and threshold are different at different radii and for different
parameters. The stiffness is found to be higher at outer radius: the mean value of stiffness
at pror = 0.3 is XU3 ~ 1.5, at pyor = 0.4 is X% &~ 3.2 and at py,, = 0.5 is x2° =~ 3.2.

The values of TEM threshold and stiffness are also calculated from the modulation data
using the transport code ASTRA to simulate the profiles of time averaged T,, amplitudes
and phases with equation (7.1) as transport model and adjusting x, and k. to best fit
the data. Using information from upper harmonics also the RF power deposition profile
is reconstructed.The values found with this method are comparable with those obtained
with the heat flux study and are shown in Figure 7.8 and in Figure 7.9 together with the
fits obtained for T, and 1st harmonic A, . The comparison with the values found with
the heat flux scan is shown in Figure 7.10. Furthermore, the perturbative study confirms
the growth of the stiffness with radius. In order to reproduce the profiles of the electron
temperature with ASTRA simulations, a heat pinch U ~ 3 m/s is needed because of the
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[ por [H#G[R/L.] ¢ |5 [T)T [ vegs | ke [ x5 |

a3 (W [ L7 [13[03] 14 [02] ~6 [~18
Pror = 5- @) | 23 [13]06] 13 |02 | ~7 | ~1.3
(1) [ 25 [16]07] 13 | 04 |~63]~25

por=04 [ (2) | 26 [15|08] 13 | 04 | ~6 | ~38
3) || 32 [12]07] 14 |03 |[~71|~33

(1) | 25 [16]07] 13 | 04 | ~68]~3.0

s @) 27 23709 13 |04 [ ~73]~39

Pror =00 3y 731 [14] L | 1.3 | 06 | ~7.8 | ~3.4
4 | 26 | 2 [12] 12 | 06 |~83|~25

Table 7.2: Mean values of s,q, R/Ly,Tc/T;, vesy of the data points used for the fits shown in
Figure 7.7 and corresponding threshold values.

high stiffness in the core indicated by the modulation profiles. An electron heat pinch
was also observed in DIII-D, FTU, ASDEX-Upgrade and Tore Supra discharges 18, 19,
20, 21].

Since the subset of points with identical parameters plotted in Figure 7.7 is significantly
smaller than the total set of points, in order to best estimate the correlations between TEM
threshold and plasma parameters from the heat flux scan data, a multilinear regression
method with the whole data set is used. In order to use values of k. instead of actual
R/ Lt in the regressions, for each experimental measurement at a given radius and time,
formula (1) is used with ¢"** = 0 and the mean values of stiffness found experimentally
to extrapolate to the threshold from the experimental value of R/Ly.. The multilinear
regressions express k. in the form k. = > ; CjX; , where Cj are the estimated regression
coefficients and the vectors of regression variables X; represent the considered plasma
parameters. All values of k. used in the regressions are divided by the factor (0.357+/€ +
0.271)/+/€, where € = r/ R and which takes into account the radius at which the thresholds
are measured and allows regressions mixing data from different radii. This coefficient is
the same used in [5].

In the present work, all the regressions are performed with a robust fit algorithm
(Tukey algorithm), which uses iteratively re-weighted least squares with the bi-square
weighting function, and are performed with MATLAB*. To test the validity of the re-
gression models, a Student’s t-test is used. The t-statistic is useful for making inferences
about the regression coefficients and it tests the hypothesis that a coefficient is equal to
zero — meaning the corresponding term is not significant — versus the alternate hypothesis
that the coefficient is different from zero. A high value of tStat (>> 1), that corresponds
to a low p-value, indicates that the corresponding parameter is important in the model.
Here we decided to take only parameters with p — value < 0.05, which indicates that the
parameters is statistical significant in the model at 95%. To test and compare different
models, the p-value of the models, the F-statistic and the dej of the models are used.
The F-statistic indicates the statistical significance of a whole model and it is useful to
compare 'complete’ models with reduced models. The higher the value of the F-statistic
is, the higher is the significance of the model. The R, value indicate the amount of the
variability in the response data that the model can explain: a value of 1 indicates that
the model can explain all the response dataset while a value of 0 indicates that the model

*http://www.mathworks.it/
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can not explain any point of the dataset. All the statistical test function used for this
study are incorporated in the MATLAB script used for the regressions (‘fitlm’).

The plots of k. as a function of the various plasma parameters considered in the
regressions are shown in Figure 7.11. In these plots the mean value (blue dashed line),
the standard deviations from the mean value (green dashed lines) and the experimental
error on the mean value (red continuos lines) of the parameters are shown.

As it appears from these plots, there is a clear positive correlation between the thresh-
old and the magnetic shear, a less evident positive correlation between threshold and
collisionality and no correlation is evident with the safety factor. Regarding T./T;, R/ L,
and vgrr, it appears that their experimental range does not allow a clear study of the
effect of these two parameters on electron heat transport.

The covariance matrix for the considered parameters is shown in Table 7.3 and was
calculated with MATLAB using all the experimental values at p;,,. = 0.4,0.5.

\ [ he |R/Ln | q | 3 |ves | T/Ti |
Ke 1 0.4 0.3 | 0.7 | 0.5 | -0.2
R/L, | - 1 -04| 05 [-01] 0.2
q - - 1 1004] 05 | -0.2
S - - - 1 06 | -0.2
Verf - - - - 1 -0.3
T -] - | - | - -] 1

Table 7.3: Covariance matrix between the plasma parameters for the data at py, = 0.4,0.5.

The strongest correlations with k. that appear from the covariance matrix are again
those with § and v.sr. Also, correlations between $§ and v.s, R/L, are observed that
could distort the regressions. To establish which parameters are the most influent on the
threshold a number of regressions with different sets of parameters has been performed.
A first multilinear regression was made using the complete set of parameters of Table 7.3.

Estimate | SE | tStat | p-Value MODEL:
Intercept 1.4 0.8 1.3 0.2 R?ldj = 0.54
R/L, 0.8 0.2 ] 4.0 le-04 | p — Value = 5e — 24
q 0.7 02| 4.0 9e-05 Fyu = 364
S 1.7 04| 4.0 le-04
1./T; 01 |02]-07] 05
log+20ve;) | 05 03] 1.6 0.1

The low values of tStat and the high values of p-Value of T,/T; and collisionality
indicate that these two parameters can be removed from the model. Omitting them a
new model is obtained:

Estimate | SE | tStat | p-Value MODEL:
Intercept 1.8 06| 3.3 le-03 Ridj = 0.54
R/L, 0.6 02 34 8e-04 | p — Value =1le — 25
q 0.9 02| 54 3e-07 Ftqr = 60.6
s 2.3 03| 79 Te-13
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The new model has the same R? and a higher F;,; than the complete one: this indicate
that this model is more significant. All the coefficients of this model seem solid looking
at their tStat and p-Value, but there are correlations between R/L, and § and between
R/L, and q as indicated by the covariance matrix (Table 7.3). To establish how much
these correlations influence the results, regressions with only two parameters are made:

Estimate | SE | tStat | p-Value MODEL:
Intercept 0.8 0.7 1.2 0.2 R, =0.36
R/ L, 14 02| 84 2e-14 | p— Value = 2e — 15
q 1.3 0.2 7.1 4e-11 Foor = 42.8
Estimate | SE | tStat | p-Value MODEL:
Intercept 3.5 0.3 ] 11.0 | 5e-21 R, = 0.51
q 0.6 0.1 4.1 7e-05 | p—Value =1le — 24
P 29 |02 11.8 | 3c-23 Foar = 80.7
Estimate | SE | tStat | p-Value MODEL:
Intercept 4.3 04 ] 11.4 | 2e-13 RZ,; = 0.46
R/L, 0.1 0.2 0.6 0.6 p — Value = le — 21
S 2.9 0.3 9.5 4e-17 Fgqr = 64.6

The coefficient of R/L, is strongly influenced by the set of parameters used in the
regression while it appears that the coefficient of the magnetic shear is the most reliable
and the most stable among the various regressions. From the regressions it appears also
that there is a weak correlation between the threshold and the safety factor. Lastly, a
regression using only magnetic shear is presented.

Estimate | SE | tStat | p-Value MODEL:
Intercept 4.4 0.2 20.3 | 8e-45 R, = 0.46
S 2.9 0.3 11.3 7e-22 | p—Value =Te — 22, Fy, = 128

It appears from these regressions that the most significant parameter is §, which has
the most stable coefficient and that alone can explain almost 50% of the variation of
the threshold. As appears from Table 7.3, there is a correlation between § and other
parameters. This can have a great influence on the results of the regressions. In order to
isolate the correlation between the magnetic shear and the threshold in a more accurate
way, a sub dataset is created, in which the only relevant variation is that of 5. A dataset
was found with 46 experimental points and with 1.23 < T./T; < 1.31; 0.33 < Vepp <
0.55;2.1R/L, <3.2; 1.2<¢q<27;0.21 <§ < 1.2. There are again relevant variations of
the safety factor and of the magnetic shear, while the other parameters can be considered
fixed. The covariance matrix for this sub dataset is reported in Table 7.4.

L frela ] 8 |
ke | 1102 0.7
g | - | 1 [-01
s - -1 1

Table 7.4: Covariance matrix between the plasma parameters for the sub dataset at pio, =
0.4,0.5.
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Two regressions has been made using this sub dataset: a regression made taking into
account s and ¢ and a regression with only the magnetic shear.

Estimate | SE | tStat | p-Value MODEL:
Intercept 5.2 04| 123 | 5e-21 R, = 0.51
q 0.3 0.1 1.9 0.06 p — Value = 4e — 06
S 2.0 03] 5.9 2e-06 Fyor =19
Estimate | SE | tStat | p-Value MODEL:
Intercept 5.7 0.3 | 184 | 6e-19 R, = 0.49
s 2.0 03] 5.9 2e-06 | p— Value = 2e — 06; Fyqp = 34

These regressions confirm the positive correlation between the threshold and § that
appears in Figure 7.11, in all the regressions presented and from the covariance matrices
(Table 7.3 and Table 7.4). Moreover, they show again that there is not a strong correlation
between the threshold and the safety factor.

Another proof of the positive correlation between the magnetic shear and x. and of
the low effect of safety factor is visible also in Figure 7.77 for the points at py,. =~ 0.5.
Looking at Table 7.2, and using the results from regressions, the correlation between the
change of threshold (6.8 -> 8.4) and the change of the magnetic shear (0.7 -> 1.2) is clear.
We tried to calculate the correlation between threshold and magnetic shear for the points
at pyr = 0.5 in Table 7.2 using multilinear regressions. It appears from regressions that
the only important parameters is §.

Estimate | SE | tStat | p-Value MODEL:
Intercept 4.7 03] 17.6 | 3e-03 R, =0.98
s 3.1 03| 11.3 8e-03 | p— Value = 8e — 03; Fypy = 128

To conclude, a clear positive correlation between TEM threshold and magnetic shear
was observed from the data analysis: the magnetic shear has a stabilizing effect on VT,
instabilities. Also, from our analysis it appear that the safety factor doesn’t afflict in a
strong way this kind of instabilities for our range of parameters.

7.4 Modelling and comparison with experiments

The analysis presented in the previous section provides an overview of the TEM instability
characteristics, concerning the typical threshold values, the level of electron stiffness and
a proof of the stabilizing effect of the magnetic shear on TEM. We want now to compare
these experimental results with gyrokinetic simulations in order to establish if the theory
can predict the observed values of the TEM threshold, the linear dependences of TEM
threshold on the considered plasma parameters and the experimental electron heat flux
levels. For this aim a set of linear and nonlinear simulations with the gyrokinetic code
GKW [25, 26] were carried out on supercomputers HECTOR' and HELIOS?.

With the results obtained with the linear simulations an indicative formula to predict
TEMs thresholds was found. In this section the values of thresholds predicted by this

Thttp:/ /www.hector.ac.uk/
thttp:/ /www.iferc.org/
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formula are compared both with the experimental values and with the values predicted
by a previous formula presented by A. G. Peeters in [5]:

K

0.357+/ + 0.271
Je

This formula was derived from linear simulations with the code GS2, using plasma
parameters from discharges of ASDEX-Upgrade and circular geometry and was not meant
to give an universal scaling but rather to highlight the main dependences of TEM threshold
on plasma parameters in the range of the AUG discharges considered.

Nonlinear simulations allow to estimate the electron heat flux and are used to try
to reproduce the experimental levels of the flux and the experimental level of electron
stiffness.

R
4.90 — 121~ + 2.685 + log(1 + 20yeff)> (7.2)

n

7.4.1 Linear simulations

In a linear simulation, GKW finds the fastest growing eigenmode in the plasma excited
by a perturbation of a prescribed length scale. This length scale is defined by a bi-normal
(perpendicular to both the magnetic field line and the flux surface normal vector) Fourier
mode wavenumber kg that is provided as input to the code. The main output of the
code used in this analysis is the linear growth rate of the eigenmode, and from its other
characteristics, such as real frequency or parallel structure, the main driving mechanism
of the instability can be determined (ITG, TEM etc.).

All linear simulations have been performed with kinetic electrons, collisions, Miller
geometry, electro-static perturbations only (5 = 0) and kgp; = 0.4. The plasma parame-
ters used as inputs in the simulations are typical values of the TEM session discharges at
pior = 0.5. The reference set is given by electron and ion density n, = n; = 1.97-10' m3,
electron temperature 7, = 1.45 keV, ion temperature 7; = 1.15 keV, normalized inverse
gradient lengths of the density and ion temperature profile are R/L,, = 3.4, R/ Ly; = 4,
safety factor ¢ = 2.01, magnetic shear § = 0.99, inverse aspect ratio e = r/R = 0.19, and
effective charge Z.;y = 2.16. Starting from the reference case, the values of the growth
rate as a function of R/Ly,. are calculated in the range 0 < R/Ly. < 16, with differ-
ent values of s, R/ Ly, vess, T./T; to study the correlations between these parameters and
TEM growth rate. In this kind of simulations, just the main instability growth rate is
calculated. The real part of the frequency allow to determine which kind of instability is
observed: in this case the transition between ITG to TEM dominant instability is located
in the region where the growth rate starts to increase significantly with R/ L. (this region
is indicated with a line in Figure 7.12). The values of the threshold are then obtained by
performing a parabolic fit on the points of the curve of v versus R/Ly. where TEM are
dominant (real part of the frequency wg, < 0) and then by an extrapolation to v = 0.

Figure 7.12 shows results obtained for the scans in §, R/ L., vesr and T, /T;. The linear
simulations indicate a stabilizing effect of the magnetic shear § and of the collisionality
while a destabilizing effect of R/L,, on TEM is predicted, especially for higher values of
R/L, (R/L, > 3). The effect of T./T;, while significant in the ITG regime, is very weak
in the TEM regime.

An indicative formula for the TEM threshold is obtained using the results from linear
simulations:
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n

crw  0.357y/€ +0.271
K ~
c \/E

The comparisons with the experimental thresholds and with the ones obtained with for-
mula (4) are shown in Figure 7.13. First of all, the trend of the thresholds obtained
with the formula based on GKW linear simulations is in good agreement with the exper-
imental ones. The simulations predict the stabilizing effect of the magnetic shear, also
found experimentally, and the weak effect of R/L,, (weaker than that found in [5] for their
range of parameters). The stabilizing effect of collisionality predicted by the simulations
is stronger than that found experimentally. The correlation between v.¢; and s found
in the experimental data could hide a stronger experimental correlation between k. and
Vers. The values of the thresholds predicted by linear simulations are in good quantitative
agreement with the experimental ones.

R
~1.2 = 0117~ + 2.55 + 2.5log(1 +20ueff)). (7.3)

7.4.2 Nonlinear simulations

Non-linear gyrokinetic simulations allow to calculate the electron heat flux values and
so to do a direct comparison with the experimental electron temperature stiffness. In a
non-linear run the simulation domain and spatial resolution in the perpendicular plane
is determined by a set of coupled bi-normal and radial Fourier-modes. Input to the code
are the range and number of bi-normal modes and number of radial modes. The coupling
between these modes provides a numerical scheme which is equivalent to the ballooning
approximation commonly applied in other gyrokinetic codes, such as GS2.

In all simulations the value of the maximum binormal mode is fixed to (kgp;)maz = 1.6,
collisions are considered, Miller geometry is used and all simulations have = 0.0008
(to stabilize some long wavelength instabilities, like the electrostatic shear-Alfven waves,
allowing a much larger stable time step). The plasma parameters used as inputs are taken
at pior = 0.5 from the pulse n.78834 and averaged in the time interval 6.855 < ¢ < 7.155 s.
The main input parameters are electron and ion density n, = n; = 1.94-10' m, electron
temperature 7, = 1.35 keV, ion temperature 7; = 1.11 keV, normalized inverse gradient
lengths of the density and ion temperature profile R/L,, = 2.63, R/Ly; = 3, safety factor
g = 2.08, magnetic shear § = 1.14, inverse aspect ratio ¢ = r/R = 0.19, and effective
charge Z.;r = 2.16. The values of the heat flux at ps,, = 0.5 are calculated for R/Ly, =
8.5,9.1,9.5,10.1,10.5. All simulations were carried out considering 43 values of binormal
modes kg and 167 values of radial modes kgy. An estimate of threshold and stiffness is
obtained performing a parabolic fit on the curve g, 5/ ¢*/? versus R/ Ly, following the
formula (1). The obtained results are shown in Figure 7.14. Considering the uncertainties
on the measurements of the plasma parameters used as input for the simulations and the
uncertainty on the theoretical determination of the threshold values, the experimental
threshold and the theoretical threshold are in good agreement. The validation of threshold
models is important because for the experimental conditions in which electrons are close
to marginality (which is the case in highly performing scenarios in present large machines
and ITER due to low gyro-Bohm normalized heat flux) we can have a reliable prediction of
plasma profiles from linear TEM theory, as stiffness considerations close to marginality do
not matter. The flux levels and the related stiffness are lower than the experimental ones,
but a rigorous study changing the input parameters in the experimental error bar range
and considering high-k ETG modes, which may contribute to the transport, is needed to
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achieve an accurate comparison between simulations and experiments. This study is not
included in this preliminary analysis due to limited computational resources, but will be
presented in a future paper.

7.5 TEM studies in plasmas with dominant NBI heat-
ing

The results presented in section 7.3 and 7.4 concern plasmas with dominant electron
heating leading to dominant TEM instability, where the main source of heating is SMW
of ICRH directed on electrons via MC. This section focuses on the analysis of electron heat
transport in presence of significant NBI power in order to strengthen the ITG component.
It was observed that the presence of substantial NBI heating causes a significant change
in the ion heat transport, with a strong reduction of the ion stiffness [1, 2|. In order
to establish which effect the presence of NBI heating has on the electron channel, two
discharges with 3 MW of ICRH power directed on electrons and 6.8 MW of NBI power
were carried out in the JET TEM session. In these discharges lower values of R/Lye
were found, compared with discharges without NBI heating for same values of normalized
heat flux g4 , as shown in Figure 7.15. The main differences in plasma parameters
between these discharges and those with dominant electron heating are different values of
T./T;(1.2 — 1.6 in the ICRH case, 0.8 — 1 in the ICRH+NBI case), different rotation of
the plasma and different values of R/Lz;(3 —5 in the ICRH case, 5 — 7 in the ICRH-+NBI
case). The effect of T,/T; on TEM, as indicated by linear simulations with GKW, are
not expected to be the cause of the observed decrease in R/Ly.. High values of R/Ly;
could have some effects on the electron heat transport, if a significant fraction of electron
heat flux is driven by ITG modes. However we know from [1, 2] that in this kind of shots
with NBI and ICRH, strong ion de-stiffening is observed (ascribed to electromagnetic
stabilization of ITG by fast ions pressure gradient), which leads to a significant decrease
of flux driven by ITGs (both ion and electron flux). Therefore this mechanism does not
appear a plausible candidate to explain observations, especially at inner radii where the
magnetic effects on ITG are stronger.

A second effect that could be correlated to high value of R/Lp; could concern the
electron stiffness. The perturbative study, shown in Figure 7.16, indicates indeed higher
values of stiffness with NBI heating. An increase of electron stiffness in presence of NBI
heating has also been previously reported |9, 10, 11]. However, the effects of the presence
of NBI heating on ITG and the results from linear simulations with GKW, shown in
Figure 7.17, indicate that the higher electron stiffness are not correlated with the higher
values of R/Ly;. Higher values of R/Lr;, as indicated in Figure 7.17, seem to stabilize
the TEM for lower values of kyp;, which are known to be responsible of most of the heat
flux due to TEM.

A third possibility is that, due to lower values of T./T;, ETG modes could be more
unstable [30] and increase the electron heat transport. This effect could be investigate with
dedicate gyrokinetic simulations that take into account the electron scale instabilities.

We would like to underline the opposite behavior observed in the ion and electron
channels when NBI heating is added to pure ICRH plasma. This is shown in Figure 7.18.
For ions, as reported in [1, 2|, a significant reduction in stiffness is observed. Unfortu-
nately, this is not observed in the electron channel, for which at the contrary an increase
in stiffness and a threshold reduction are observed. Since ITER will be dominated by
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electron heating, i.e. T; < T, it is important to continue the effort to understand the
mechanisms that govern electron transport in mixed ITG+TEM regime, since such high
electron stiffness (if it would be extrapolated to ITER) may partly cancel the benefit of
ion de-stiffening. On the positive side, we note that a beneficial point is in any case that
the TEM electron threshold is significantly higher than the ITG ion threshold, therefore
allowing some increase in R/Lp; due to de-stiffening even in presence of high electron
stiffness.

7.6 Conclusions

Experiments have been carried out in JET L-mode plasmas with dominant ICRH electron
heating to explore the ¢ and § dependence of TEMs using [, ramp-up, ramp-down and
overshoots in order to obtain non correlated variations of the safety factor and magnetic
shear. Scans of electron heat flux and 7, modulation have been used to determine electron
threshold and stiffness. The experimental results have been found in good agreement with
theoretical predictions, in particular a first experimental confirmation of the stabilizing
effect of the magnetic shear s on TEMs has been obtained. Also no experimental evidence
of strong dependences of the TEM threshold on safety factor has been found. The effects
of R/L,,T./T; and vy, given the low variations of these parameters, were not isolated
in a satisfactory manner. Furthermore, an increase of the experimental electron stiffness
with radius was observed. To be noted, a convective component of the electron heat flux
was required in the simulations to achieve good reproduction of the data.

With the experimental parameters as input, a large number of linear gyrokinetic simu-
lations and also a limited number of non-linear simulations were carried out using GKW.
The simulations have confirmed the stabilizing effect of magnetic shear and collisionality
and predict a weak destabilizing effect of R/L,,. The study of the effect of T, /T; suggests
that this parameter does not significantly affect either the values of the threshold or the
growth rate of the TEM. An indicative formula for the prediction of the TEM threshold
was obtained from the results of the linear simulations. This is found to slightly under-
estimate the experimental observations. Nonlinear simulations with GKW has allowed
a comparison with the experimental stiffness. In general, linear and nonlinear gyroki-
netic simulations with GKW are in agreement with the experimental values of the TEM
threshold and also with the observed dependences of the threshold on plasma parameters.

When significant ion heating (NBI heating) is added, leading to a transition from
dominant TEM to mixed I'TG-TEM with dominant ITG, a higher electron stiffness and
lower values of R/Lyp, with same levels of ¢. 45 are observed. These effects could be due
to the presence of other modes like ETG (Electron Temperature Gradient modes) due
to lower values of T, /T;. The full theoretical understanding, via nonlinear simulations,
of electron heat transport in these mixed ITG-TEM conditions goes beyond the scope
of the present paper, but it deserves further work both experimentally and theoretically
given its importance to achieve reliable predictions for ITER, which is electron heating
dominated.
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Figure 7.1: Radial profiles of electron and ion temperatures and of Pjcry deposition of dis-
charges n. 78834 (ICRH on-axis, no NBI), n. 78842 (ICRH on-axis, 7 MW NBI) and n. 78839
(ICRH off-axis, no NBI) at two different times.
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Figure 7.2: Radial profiles of electron density, safety factor and magnetic shear of discharges
n. 78834 (ICRH on-axis, no NBI), n. 78842 (ICRH on-axis, 7 MW NBI) and n. 78839 (ICRH

off-axis, no NBI) at two different times.
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Figure 7.3: Time waveforms of heating powers of discharges n. 78834 (ICRH on-axis, no NBI)
and n. 78842 (ICRH on-axis, 7 MW NBI).
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Figure 7.4: Radial profiles of NBI heating (Pnxpy), ohmic heating (Pomnr), ICRH heating
(Prcru ), radiated power (Prap) and heat exchange power due to ion-electron collisions (Pk;)
of the discharge n. 78834.
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Figure 7.5: Time waveforms of plasma current of discharges n. 78830 (I, ramp-up), n. 78834
(I, overshoot) and n. 78839 (I, ramp-down).
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threshold is the intercept at zero flux as indicate in the figures.
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Figure 7.8: ASTRA simulations of the T, modulation for shot n. 78834 (ICRH on-axis).
a)Profiles of T, (blue points are the experimental values while blue dashed line is the profile
obtained from the transport simulation), xs (black dashed line) and k. (red line). b)Profiles of
Xe (red line) and of the heat pinch U (black dashed line). c¢) Profiles of In(A) of 1st harmonic
(black points are the experimental values while red lines are the profile obtained from the trans-
port simulations). d) Profiles of ¢ of 1st harmonic (black points are the experimental values
while red lines are the profile obtained from the transport simulations).
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Figure 7.9: ASTRA simulations of the T, modulation for shot n. 78839 (ICRH off-axis).
a)Profiles of T, (blue points are the experimental values while blue dashed line is the profile
obtained from the transport simulation), xs (black dashed line) and k. (red line). b)Profiles of
Xe (red line) and of the heat pinch U (black dashed line). c¢) Profiles of In(A) of 1st harmonic
(black points are the experimental values while red lines are the profile obtained from the trans-
port simulations). d) Profiles of ¢ of 1st harmonic (black points are the experimental values
while red lines are the profile obtained from the transport simulations).
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In dedicated electron heat transport experiments in JET L-mode plasmas [1], lower
values of R/Lr. are observed, at the same level of gyro-Bohm normalized electron heat
flux, in the presence of significant NBI (Neutral Beam Injection) power with respect to
discharges with pure ICRH (Ion Cyclotron Resonance Heating) applied in mode conversion
(MC) scheme yielding dominant electron heating. The discharges studied in this paper
were made with C-wall and with By ~ 345 T,T.o ~ 5 keV,T;p ~ 2.5-5 keV,n.o ~
(2-3)10 m~3and Ip ~ (1.8-3) M A with I, overshoot, ramp-up and ramp-down. As seen
in Fig. 8.1, the R/ Ly, decrease is due to both a decrease in inverse critical gradient length
and an increase in stiffness. This is in contrast with the strong reduction of ion stiffness
observed in presence of NBI (Fig. 8.1a, [2|), which was interpreted as due to non-linear
electromagnetic stabilization of ITG modes by fast ion pressure gradient [3].

The main differences in NBI heated plasmas with respect to pure ICRH-MC plasmas
are lower values of T, /T;, higher values of R/Ly;, the presence of additional fast ions and
higher toroidal rotation. Due to the stabilization effects of fast ions on ITG, the effects of
higher R/Ly; are not expected to be significant. Possible effects of T, /T;, on TEM modes
thresholds have been analyzed with linear gyrokinetic simulations and the results suggest
that it cannot explain the experimental observation [1]. However, one possible effect of

Thttp://ocs.ciemat.es/EPS2015PAP /pdf/P2.122.pdf
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lower values of T, /T; is an increase of the electron heat flux carried by ETG modes, for
which a stabilizing effect of 7 = Z.;;T./T; is expected [4]. In this work we investigate
the presence of ETG modes in these JET discharges and their effects on the electron
heat flux using linear and nonlinear gyrokinetic simulations with the gyro- kinetic code
GENE in the local limit [5]. To study properly the impact of ETG modes on transport,
multi-scale gyrokinetic simulations including both electron and ions scales are necessary:
ion scale zonal flows can provide a mechanism for ETG streamer saturation; ETG modes
can affect the ion scales through nonlinear coupling mechanisms, increasing the level of
heat transport carried by TEM /ITG modes [6,7,8,9]. However, such simulations demand
exceeding computational resources (10-10” CPUh per run) and could not be afforded for
this work. Instead, we carried out separate scale simulations. In all simulations, Miller
geometry, collisions, kinetic electrons and experimental input parameters varying within
their error range were used. In all ion-scale simulations, a carbon impurity was included,
at a level consistent with the experimental values of Z.¢;. Fast ions and electromagnetic
effects were retained in the NBI case. In the ETG simulations, we used adiabatic ions
and included the measured external flow shear. This leads to ETG streamer saturation.
We assume here that the external flow shear leads to a similar ETG saturation level as
the ion scale zonal flows would have done in a multi-scale simulation. However, validating
this assumption is out of the scope of this work. Extensive convergence tests were made
for both linear and non-linear cases. Linear gyrokinetic simulations were carried out to
establish the effect of 7 on ETG linear threshold within the experimental parameters
range. The results obtained at p;,. = 0.5 are shown in Fig. 8.2.

The linear threshold of ETG modes decreases for lower values of 7, i. e. for lower
values of T,/T;. The values found are below the experimental values of R/Ly., indi-
cating that ETG modes are unstable for the experimental set of parameters in both
ICRH and ICRH+NBI cases. Regarding non-linear simulations, we used the parame-
ters of JET discharge n. 78834 for the pure ICRH heating case and of JET discharge
n. 78842 for the ICRH+NBI heating case. In the TEM/ITG nonlinear runs, we used
a box size of [L,, L,] ~ [100,125]p;, with a numerical resolution of [128,24,48, 48, 12]
points in [x,y,z, vy, x| and 0.05 < kyp; < 1.2. In the ETG case, we used a box size
of [Ly, L,| ~ [195,125]p., with a numerical resolution of [256,24,48,48, 12] points in
[z, y, 2,0, p) and 0.05 < kype < 1.2. ,y, 2, v, p indicate respectively the radial direction,
the binormal direction, the parallel direction, parallel velocity and magnetic moments. £,
is the binormal mode number and p;/. is the ion/electron Larmor radius. We made a scan
in R/Lr. of the electron heat flux in order to compare the levels of the heat flux and of
the electron stiffness with the experimental values. The results obtained at ps,, = 0.5
for the electron heat flux are shown in Fig. 8.3. In Fig. 8.4 the results obtained at
pror = 0.5 for ions are compared with the experimental values. All the fluxes are nor-
malized to gyro-Bohm units using ge/ig5 = qesi/(Tenepi®cs), where ¢, = \/T,./m; and
pi = csm;/eByR.

The experimental normalized ion heat flux remains unchanged in the two cases despite
the differences in R/Lp; and this is reproduced quite well in the simulations using fast
ions and electromagnetic effects, confirming what found in previous works [3]. The fact
that the ion heat flux is reproduced is an indication of the consistency of our simulations.
Regarding the electron heat flux, the simulations indicate that a considerable amount of
flux is independent of R/Ly. and is carried by non-diagonal terms such as R/L, TEM
modes and especially ITG modes (725% of the experimental flux in the ICRH case and
~40% of the experimental flux in the NBI case). The flux carried by ion scale modes is
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in both cases too low to reproduce the experimental flux: in both cases we can reproduce
the 750% of the experimental flux with TEM-ITG modes. The scan in R/ Ly, allows also
a comparison with the experimental slope of the flux and also in this case the TEM/ITG
contribution to the flux cannot alone reproduce the experimental slope. In the NBI case,
the experimental values of R/Ly. are also very close to the nonlinear threshold of VT,
TEM modes: this could indicate that another kind of instability, such as ETG, is carrying
the remaining part of the flux. In both cases ETG modes are unstable: as mentioned, the
amount of ETG flux calculated is just indicative as multi-scale scale simulations would be
needed, but in both cases we can’t reproduce the experimental values and especially the
experimental slope of the electron heat flux without retaining the ETG flux. This suggests
that ETG modes could play an important role for electron heat flux for our experimental
range of parameters and can help to explain the higher electron stiffness and the lower
threshold values found experimentally in the NBI case. Also, a small reduction of the TEM
modes threshold due to lower collisionality in the NBI case can contribute to explain the
experimental observations.

Conclusions  This work provides a comparison between experiments and gyrokinetic
simulations for JET L-mode discharges with and without substantial ion heating provided
by NBI. It indicates that a significant amount of electron heat flux (725%) can be carried
by non-diagonal terms such as I'TG modes. Using ion scale modes alone it is difficult
to reproduce the experimental slope and the experimental electron heat flux, reaching
only the 750% of the experimental values. Electron scale modes can help to reproduce
the experimental fluxes in both ICRH and ICRH+NBI cases. Furthermore, being more
unstable in presence of substantial ion heating due to lower values of T./T;, ETG modes
can help to explain why, in presence of NBI heating, we observe lower values of R/Ly.:
the electron heat flux carried by ions scale modes does not increase significantly in the
NBI case, but in this case there is almost the same amount of electron heat flux carried
by ETG modes at lower values of R/Ly.. It is important to underline again that these
results are only indicative. Complete scale simulations should be done in order to properly
consider the nonlinear interactions between different scales modes.
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Abstract

Experimental observations in JET tokamak plasmas and gyro-kinetic simulations point
to an important role, for electron heat transport, of electron scale instabilities and of
their interaction with ion scale instabilities. Since these effects are maximized for strong
electron heating and ion-scale modes close to marginal stability, these findings are of high
relevance for ITER plasmas, featuring both conditions. Gyro-kinetic and quasi-linear
transport models accounting for multi-scale effects are assessed against JET experimental
results.

9.1 Introduction

Understanding turbulent electron heat transport is of fundamental importance for fu-
ture magnetic fusion reactors such as ITER. Both the main heating systems and, in a
Deuterium-Tritium plasma, the fusion born a-particle heating will deliver power mainly
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to the electron channel, whilst ions will be mainly heated by electrons via collisional cou-
pling. Therefore, the core temperature and fusion performance will strongly depend on
electron heat transport, which is dominated by turbulent processes. Historically, ion-scale
micro-instabilities, i.e. ITGs (Ion Temperature Gradient) modes [1] and TEM (Trapped
Electron Modes) [2], have been deemed to carry most of the electron heat flux, ¢. [3, 4, 5],
with electron-scale ETG (Electron Temperature Gradient) modes [6] playing a minor role
due to their small wavelength. However, a quantitative comparison with non-linear gyro-
kinetic (GK) simulations of the experimental ¢, and its slope vs R/Ly. = R|VTe| /Te
(R being the plasma major radius and 7, the electron temperature) - which determines
the stiffness of the T, profiles against a flux increase - was attempted only very recently.
This pointed out that in some cases ion-scale low-k modes are not able to account for
the measured electron heat transport |7, 8, 9]. Both theoretical [6, 8, 10, 11, 12| and
experimental [13, 14, 15] studies extending to the high-k range have then shown that, in
some experimental conditions, ETGs can carry a significant fraction of the turbulent heat
flux and electron and ion scales can have strong interactions. The importance of sub-ion
instabilities and of the interactions between different scales has also been investigated
and observed in other magnetized plasma phenomena, such as in magnetic reconnection
[16, 17| and solar wind [18]. In fusion plasmas, it was found in computationally demand-
ing multi-scale GK simulations that a large impact of ETGs takes place when ion-scale
instabilities are close to marginal stability and high electron heating is present [8, 11].
This will be the case in the ITER baseline scenario, motivating the present study on JET,
the largest existing tokamak. We focus on JET L-mode plasmas with high electron heat-
ing, on which we performed dedicated transport experiments, comparing results with GK
simulations. The target of the work is to quantify the role of electron-scale instabilities in
electron heat transport in these low power plasmas, more amenable than high performance
scenarios to detailed transport physics studies. A precise experimental quantification of
electron heat transport properties such as critical gradient for ETG onset and stiffness
level on JET is an essential piece of information to validate both GK models and the most
recent TGLF (SAT1) [19, 20, 21] quasi-linear model, to support their application to high
power scenario predictions in present and future devices. A first experimental evidence of
the role of ETG modes in JET plasmas will be reported as well as strong confirmations
from gyrokinetic simulations, including a first multi-scale simulation of a JET discharge.

9.2 FEzxperimental observations

A variety of experimental observations pointing to a significant role of ETG modes in de-
termining ¢. has been gathered in a set of JET C-wall dedicated electron heat transport
experiments in L-mode plasmas with toroidal magnetic field Br ~ 3.357, plasma current
I, ~ 2 MA, safety factor at the magnetic surface enclosing the 95% of the poloidal mag-
netic flux gos ~ 5, electron density in the plasma center n. o ~ 2-3.5-10m ™3 and different
levels of Neutral Beam Injection (NBI) and Ion Cyclotron Resonance Heating (ICRH). In
these experiments, mid-radius ¢, scans at constant total power were carried out by using
on- vs off-axis ICRH power in *He — D plasmas with nsg./n. ~ 18% to achieve mode
conversion and pure electron heating, as discussed in detail in Ref. [11]. These ¢, scans
allow to determine the R/ Ly, threshold for the onset of turbulent electron heat transport
and the electron stiffness |3, 4]. In addition, T, modulation was also carried out, to com-
plement the information [22, 23]. The first striking observation (Fig. 9.1a) is a remarkable
correlation at the analyzed radius pior = \/(®/7Br)/(®/7Br)max = 0.5 (where ® is the
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toroidal magnetic flux) between R/Ly. and the parameter 7 = Zeg-1./T; (1; being the
ion temperature and Z.;s the effective plasma charge), which is a key term in the ETG
threshold [24]. The 7 dependence dominates over dependences on other parameters that
also vary in the dataset, including the power level. The stabilizing effect of 7 for electron
heat transport can be seen in more detail in Fig. 9.1b, showing the gyro-Bohm normalized
electron heat flux q. .5 = g./(nTucsp?), where cs = /T./M; and ps = M;cs/e B, M; being
the ion mass, as a function of R/Lr. and for different 7 values. Here a clear increase of
the electron threshold (i.e. the intercept at ¢. 45 = 0) is seen for increasing 7, dominating
over the scatter due to having included all points in the database, regardless of varia-
tions in other parameters (except By and I, which are always the same). A consistent
sound observation is that adding NBI power to an ICRH electron heated plasma induces
a flattening of the T, profile and an increase of the electron stiffness, as reported in Ref.
[7, 25|. Last, using a critical gradient formula [26] and the electron stiffness measured
experimentally for few cases using ¢, scans and T, modulation, the R/ Ly, thresholds have
been calculated for these discharges. These thresholds are compared, as a function of 7,
in Fig. 9.1c, with the theoretical values using analytical formulae proposed in Ref. [2]
for TEM and in Ref. [24] for ETGs. We see that experimental thresholds lie close to the
ETG threshold and have a similar trend with 7 up to 7 ~ 4, whilst TEM thresholds have
an opposite trend with 7.
The experimental observations presented above are suggestive of a dominant role of ETG
in electron heat transport in our dataset, but the quantitative evaluation of the relative
impact of ITG, TEM and ETG modes on ¢, requires comparing the experimental plot of
Qeg8(R/Lyc) (at constant other parameters) with non-linear gyro-kinetic simulations.
Gyro-kinetic simulation setup: For detailed non-linear simulations, carried out using
the GENE code [6] in the radially local limit, input data from JET discharge n. 78834
(with 2.5 MW of ICRH power directed to electrons and with 1.7 MW of NBI power)
at t = 7 s and p, = 0.53 have been used. Non-linear single-scale (on both ion and
electron scales) and a first JET non-linear multi-scale simulation have been performed.
A scan in R/Ly. = 8.5,10,11 has been done in the simulations. Other important pa-
rameters are s = 0.98,¢ = 2.1,R/L, = 2.1,R/Ly; = 3.6,T;/T, = 0.8, Z.5y = 1.82,
where s is the magnetic shear. The simulations are electrostatic and feature Miller ge-
ometry, collisions, kinetic D ions and electrons and perpendicular flow shear rate. In
order to cover both ion and electron scales, toroidal mode numbers up to electron-scale
have been coupled in the multi-scale simulation, using 0.1 < k,ps S 48. In the single
ion and electron-scale simulations 0.1 < kyps S 1.6 and 3 S kyps, S 48 have been used
respectively. Perpendicular box sizes were [L,, L,] ~ [64, 64]p; in the ion-scale and multi-
scale simulations and [L,, L,] = [4,4]ps in the electron-scale simulations (ps; = ¢,/€;,
cs = (T./m;)*? and ; = eBy/m;, m; being the D mass and B, being the background
magnetic field). The number of grid points used in the multi-scale simulation were
[N, Myy Mz, My, My, | = [1280, 448, 36, 32, 12] (GENE field-aligned coordinates: x=radial di-
rection, y=binormal direction, z=parallel direction (to By), v=parallel velocity, p= mag-
netic moments). In the single-scale simulations [n,,n,,n.,n,,n,] = (256,48, 36,32, 12].
In the electron-scale simulations, the saturation of ¢. has been achieved by artificially in-
creasing the level of the perpendicular flow shear until heat flux convergence was reached,
due to ETG streamer shearing leading to a reduction of box-scale effects. This technique
has been assumed to be a proxy for ion-scale structures saturating the ETG streamers.
The total predicted ¢.4p from single-scale simulations has then been calculated with a
simple sum of the fluxes from ion-scale and electron-scale simulations.
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9.3 Guyro-kinetic stmulation results

A first assessment of linear stability using GENE for plasmas at different values of 7 is
shown in Fig. 9.2. In the simulations, C has been used as an impurity species in the
plasma in order to reproduce the experimental levels of Z.;r. In general, ITGs tend to
be the dominant low-k mode for k, < 0.7. For higher k, values TEM/ETG dominate.
In many cases, ETGs have been found unstable also for high 7 values, but a region with
almost zero growth rate is present between the low and the high-k regions. For lower
7 values, ITGs are in general more stable (in many cases due to an increase in T;/T,
[28]), while TEM and ETG growth rates never decrease going from ion to electron scales.
Considering that ETGs are expected to play a significant role when ion-scale instabilities
are not highly unstable [8, 10, 11|, the results from the linear simulations go in the right
direction to predict a stronger role of ETGs for lower 7 values in these JET discharges.

Regarding non-linear simulations, the time evolution of g, 45, ¢i¢p from the multi-scale
simulation is shown in Fig. 9.3, while the comparison between non-linear simulations and
experiment is shown in Fig. 9.5a. In both ion-scale and multi-scale simulations the ¢; 45
was matched within error-bars and no substantial differences in ¢; ;5 have been observed
when multi-scale interactions and high-k instabilities have been considered. The ¢.4p
predicted by ion-scale simulations is not enough to reproduce the experimental data. This
was first pointed out in Ref. [7], but without any study of the electron-scale contribution,
which is addressed in detail in this Letter. Asshown in Fig. 9.5a, adding the ¢, 45 from the
electron-scale simulations it is possible to reproduce both the ¢, ;5 level and the electron
stiffness. When multi-scale interactions are considered, no big differences in ¢, 45 with
respect to the single ion-scale simulations have been observed for R/Ly. = 8.5, while
a strong increase of ¢.,p has been observed with respect to the ion-scale simulations
for R/Ly. = 10 (+50%) and R/Ly. = 11 (+80%). These increments are due to an
increase of the high-k instabilities as can be seen from the ¢ — T (electrostatic potential-
parallel temperature fluctuations) cross-phases and from the appearance of the typical
ETG streamer structures when R/Lp. is increased (Fig. 9.4). A strong reduction of
the fluxes and of the stiffness is observed with respect to the sum of the single-scale
simulations, indicating that the saturation of ETGs due to ion-scale turbulent structures
is a key factor and must be considered, as reported also in [8, 11, 10]. Similar to previous
works [29, 30|, studying the net free energy received by a mode from the interaction with
all other modes, i.e. T (k,,k,,2), we can gauge the role of a k, mode on the overall flux
of free energy across the k,(z) (= |k, (2)| ) scales. In Fig. 9.4e, the plot of the flux of
free energy across the k; scales, for each value of z, is shown for the case R/Ly. = 10.
As can be seen, the overall flux is directed from large to small scales (direct cascade,
positive flux values) with the main contribution from modes that coincide with the ITG
(0.2 < kyps < 0.4) and ETG (5 < kyps < 10) peaks for g. ;5. When looking at the same
quantity, but computed only for ETG k, modes (Fig. 9.4f), we note that a flux from
small to large scales (inverse cascade, negative flux values), that is z dependent, is visible.
This indicates that, while the overall scale flux is indicative of energy cascading down to
smaller scales, ETG modes can influence the ITG like scales through an inverse energy
cascade, impacting the self-organization of structures (streamers) and the saturation level
of ¢.gp. These gyro-kinetic results indicate that ETGs and multi-scale interactions can
be important contributors to electron heat transport in these JET L-mode plasmas. The
fact that quantitatively the g. ,p values of the multi-scale simulation are still lower than
the experimental ones should not be seen as a failure of the multi-scale simulation, but
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rather as an indication that more I'TG stabilizing mechanisms have to be introduced in
the simulation, such as the presence of light impurities in the plasma (C,?> He in this case)
[31, 32]. These have not been included for sake of numerical resources. As indicated in Ref.
[8, 10, 11|, when ITG modes are close to threshold, a strong increment of both electron
and ion heat flux can be observed. In our case, lower values of R/Ly;, outside error bars,
would be needed in the present multi-scale simulation. However, adding impurities would
lead to further stabilization of ITG modes whilst keeping the experimental R/Ly; [31, 32].
This could lead to an enhancement of both electron and ion heat fluxes related to the
presence of ETGs, with better agreement with experiment. This is left to future work.

9.4 Quasi-linear stmulations

A study using the quasi-linear model TGLF has been done using the same input param-
eters and settings as in the GENE multi-scale simulation and the new TGLF saturation
rule (sat 1) [21]. In figure 5b the comparison between TGLF and the multi-scale simula-
tion is shown. TGLF predicts a strong impact of ion-scale ZF on ETGs, as can be seen
by the large variation of ¢. 45 with R/Ly;, with large ETG fluxes when ions are close to
marginality. When the ¢; 45 is matched between TGLF and the multi-scale simulation,
the predictions for ¢.,p are in good agreement (red triangles). Furthermore, a strong
increase of ¢. 4,5 due to ETGs is predicted by TGLF for higher values of R/Lr., reaching
the experimental level of ¢,z and also of the electron stiffness. We note that also the
comparison with the ion-scale simulation is quite good. Both GENE and TGLF indicate
that ion-scale instabilities alone are not explaining the experimental g. 45, and inclusion
of electron-scales is essential.

9.5 Discussion

Experimental results in JET L-mode plasmas and their modelling with gyro-kinetic sim-
ulations point to an important role of high-k instabilities and multi-scale interactions for
electron heat transport. These findings represents a first proof of the role of ETGs in
JET plasmas. Quasi-linear simulations are in good agreement, when the ion heat flux
is matched, with the multi-scale GK simulation, indicating that these tools are useful
for an at least qualitative prediction for ITER. Both the decrease of tau and the ITG
stabilization due to increased rotation and non-linear e.m. stabilization [33|, leading to
enhanced ETG modes, may be the cause for the reduced value to which 7, peaking is seen
clamped in JET high NBI power performant scenarios. In JET, due to lower collisional
coupling and to the presence of ion heating, this deterioration of electron heat transport
is less penalizing for fusion performance than it could be in ITER. Indeed simple linear
GK simulations of the ITER baseline plasma with the parameters predicted in [27] yield
a ratio of high to low k growth rates comparable to what observed in these JET plasmas
(Fig. 9.2), suggesting a similarly non-negligible role of ETGs. Therefore, these findings
call for the need of properly accounting for high-k instabilities and multi-scale interactions
in future ITER simulations and also of foreseeing ITER turbulence diagnostics covering
reliably both low and high k ranges.
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Figure 9.2: Normalized linear growth rate of the main instability from GENE linear simulations

at pior = 0.5 for 7 = 1.8 (black) and 7 = 4.0 (red). A simulation using ITER parameters
from Ref. [27] at pior = 0.8 is also shown, indicating that the linear growth rate of ion and
electron-scale instabilities is similar to what found in JET.
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Chapter 10

Effects of the isotope mass of the main
ion species on thermal transport in
JET L-mode plasmas

10.1 Introduction

In dedicated experiments in different machines it has been observed that the plasma
thermal energy confinement time (7g) varies significantly with the mass of the plasma
hydrogen isotope of the main ion species, in particular it increases with increasing isotope
mass |1, 2, 3]. Effects of the isotope mass have been observed both at the plasma edge and
in the plasma core [1]. In experiments performed in TFTR (Tokamak Fusion Test Reactor)
and in JET, a strong ion heat transport reduction was obtained when changing the main
ion species in the plasma from pure Deuterium (D) to a mixture of Deuterium—Tritium
(DT) |1, 2]. Furthermore, an increase of 7z and an increase of the ion temperature
have been observed in TFTR D — T plasmas with 7" NBI beam with respect to D — T
plasmas with D NBI beams [2]. This is of particular interest as many studies in nowadays
tokamaks have been carried out using H or D isotopes, while in a future thermonuclear
reactor a D — T mixture will be used. It is therefore important to understand why and
how the plasma confinement time varies with the isotope mass and how the isotope mass
affects the plasma turbulence. The described experimental observations are in contrast
to collisional and turbulent theory, that predict a decrease of the transport with lower
isotope mass. The turbulent flux is expected to follow the Gyro-Bohm scaling and the
step size of collisional transport and the turbulent structures are both expected to increase
with the plasma gyro-radius, i. e. the flux is expected to scale with m?*. In the following
we will name “isotope effect” any deviation from such mass dependence. Several physical
mechanisms have been proposed as explanations of the experimentally observed ’isotope
effect’, including effects on zonal flows [4, 5|, differences of the plasma edge [6] or of the
scrape off-layer density [1], differences in the ion-electron exchanged power [7], different
impact of the external flow shear [8, 9] and different nonlinear electromagnetic effects [9].

In this chapter we will show the results of the analysis of experimental data obtained
in JET ILW L-mode H plasmas and their comparison with L-mode D plasmas, with
similar experimental settings and heating schemes, obtained in JET C-Wall and ILW.
The analysis and modelling are still ongoing. What is new in our approach with respect
to previous studies is that we measure and compare not just temperature profiles and
power-balance diffusivities, but ion and electron threshold and stiffness level in H and
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D plasmas with similar experimental parameters, so providing additional physical insight
into the reasons for the observed differences.

10.2 Experimental set-up and methods

In order to compare H and D plasmas, the same settings and heating schemes have been
used for both isotopes. We analyze a dataset of L-mode plasmas, from JET with C-Wall
(only D plasmas) and ILW (both H and D plasmas), with vacuum toroidal magnetic
field By = 3.1 — 3.3 T, plasma current I, = 2 M A, electron density on the magnetic
axis neo ~ 2.5 — 4:10" m™3 and safety factor at the flux surface that contains the 95%
of the poloidal flux qg5 =~ 5. The RF heating power consists of 2.5 — 7 MW of ICRH
(Ion Cyclotron Resonance Heating) deposited on ions using as minority concentration
[BHe] ~ 6/2% for D/H plasmas, or on electrons using [*He] ~ 18/6% in D/H plasmas
[10]. In addition to RF heating, 1.5 - 8 MW of NBI (Neutral Beam Injection) have been
applied using H-ion beams in H plasmas and D-ion beams in D plasmas. The ICRH
power was deposited both on-axis (R &~ 3.0 m) and off-axis (3.2 < R < 3.6 m) in order to
obtain a scan of the ion and electron heat fluxes as a function of R/Lp; and R/Ly.. An
evaluation of the effects of different plasma rotation, different fast ion population and fast
ions species (D, H and 3He fast ions), different values of T./T;, s, q, Z.;; was possible
within the dataset. The ICRH power deposition and the > He fast ions density and energy
density have been evaluated using the PION code [11] or, for few selected cases, the SELFO
code [12, 13|. Using the SELFO code, it was also possible to calculate the distribution
function of fast >He ions. The NBI heating power on electrons and on ions and the fast
D pressure in the plasma have been calculated with the PENCIL code [14]. The ohmic
power density has been calculated as Pop,, = n - j2, where n is the resistivity of the
plasma and j is the plasma current density reconstructed by the EFIT equilibrium code
constrained by polarimeter measurements. Also the exchanged power density between
ions and electron, p.;, has been calculated analytically. The radiated power density p;qq
has been estimated from bolometric measurements. The powers Poya, Proru, Pysr, Pei
and P,.q have been obtained integrating over the plasma volume and the ion and electron
heat fluxes are expressed in gyro-Bohm units as

Gign: = [(Prormi + Pnpri+ P.i) /Y] - B3/ (neTipivim.) (10.1)
Qe,gB; = [(PICRH,S + PNB],e + POHM - Pei - Prad)/z] : Rg/(neTep§Cs> (102>

where ¥ is the considered flux surface, ¢s = /To/M;, v = \/Ti/M;, pi = vpiM;/eBr
and ps = ¢;M; /e By, M; being the ion mass (H or D). Typical errors on the heat fluxes are
~ 20%. For the measurement of the electron temperature T, the ECE (Electron Cyclotron
Emission) diagnostic has been used, while the ion temperature T; and the plasma toroidal
rotation wr have been measured by the active Charge Exchange (CX) diagnostic. The
electron density n. has been measured by high-resolution Thomson scattering (HRTS).
The radial profile of the safety factor ¢, of the magnetic shear s = r/q - dg/dr and of
the equilibrium plasma geometry have been reconstructed by the EFIT equilibrium code
with Faraday rotation or Motional Stark Effect constraints, depending on the availability.
Local values of R/Ly; = —RyVT;/T;, R/Lre = —RyVT./T, and R/L,, = —RyVn./n. are
obtained by local linear fits of in(7;),In(T.) and In(n.) radial profiles. The fits are done
using r = (R — R;,)/2, R and Ry, being the outer and inner radii of the flux surface
on the magnetic axis plane, and averaging other multiple fits using a variable number
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of data points around the chosen radius (3-9 points). FErrors on these quantities are
typically ~ 15%. The data analysis has been carried out at p;,, = 0.33 and py,, = 0.5 ,
wherepy,, = \/(CD/WBT)/(CI)/WBT)mM, ® being the toroidal magnetic flux.

10.3 Experimental results

10.3.1 Ion heat transport

In the following two different heating schemes will be analyzed: the ’low power’ one,
corresponding to 1.5 MW of NBI power plus "3 MW of ICRH power, and the ’high
power’ one, corresponding to “8MW of NBI plus "3 MW of ICRH or to "1.5 MW of NBI
and 77 MW of ICRH. In the low power case a high ion stiffness has been observed on the
whole temperature profile, while in the high power case a region with a strong reduction
of the ion turbulent transport has been observed in the inner central core region of the
plasma, due to non-linear e.m. stabilization by fast and thermal pressure, as discussed in
chapter 6.

For the same amount of heating power, the core ion temperature is lower over the
whole radial profile in H plasmas with respect to D plasmas (see figure 10.1). This
difference starts outside R ~ 3.8 m. The behavior of the core ion heat transport does
not show substantial differences between H and D plasmas in our low power cases (figure
10.2) and it seems consistent with the gyro-Bohm scaling. This is difficult to proof outside
the experimental uncertainties in the studied plasmas as the variation of T}, the high ion
stiffness and the uncertainties on R/Ly; mask possible deviations form the scaling. In
any case, no substantial differences in the R/Ly; critical threshold or in the ion stiffness
are visible between H and D plasmas in the low power case.

In the high power case, a difference between D and H plasmas has been observed
inside pyr < 0.4. As can be seen in figure 10.2a, while in D plasmas a strong reduction of
the ion stiffness is visible (red points and squares), in H plasmas this effect is lower (red
pentagons). The question is then whether the nonlinear electromagnetic stabilization due
to fast ions is less effective in H plasmas, as suggested in [9], or whether more simply there
is a different fast ions pressure in H plasmas with respect to D plasmas, or also whether
the fast H ions are less effective in the electrostatic ITG mode stabilization, which is an
additional stabilizing effect beyond dilution recently studied in ref. [15] (see also chapter
6).

The first hypothesis has been studied in reference 9], where it was found that nonlinear
electromagnetic stabilization and external flow shear are less effective in stabilizing the
ITG modes with lower plasma main ion mass. Regarding the third hypothesis, it appears
that there is a dependence of the electrostatic effects related to the fast ions on the fast
ion energy [15], which depends on the fast ion velocity and so on Tt.s and myes. So at
the same temperature, the effect of fast ions can be different for different fast ion species.
In general, it is expected that lower temperatures are needed to obtain the same ITG
electrostatic stabilization with lower fast ions mass. In our fast ions temperature range,
without considering the possible differences in the fast ions densities, the electrostatic
stabilization of ITG modes due to H fast ions is expected to be more effective with
respect to the electrostatic stabilization due to fast D. In our case, the electromagnetic
effect is expected to be the dominant one, especially for NBI fast particles in our range
of temperatures [16], and the differences between the electrostatic effect of fast H and
D ions should not be the determinant one in the discharges with high NBI power but
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low ICRH power. More studies are needed to confirm and quantify this. Regarding
the second hypothesis, a comparison between the fast ion density, temperature and total
pressure radial profiles in D and H plasmas is shown in figure 10.3. The fast ion pressure
is lower in H plasmas both with high ICRH and with high NBI power. In the high ICRH
case this is due to the fact the the ion heating in H — (*He) plasmas is obtained using a
3He concentration ~ 2%, while in D — (*He) plasmas it is obtained using *He ~ 6 — 9%
. The fast 2He density is then lower in H plasmas, while the fast 3He temperature is
comparable between H and D plasmas. In the high NBI power case, both the fast ion
density and temperature are lower in H plasmas. These differences can be understood
considering different factors. The typical voltage used to accelerate the neutral beams
injected in the plasma was lower for H beams (~ 70 kV') with respect to the ones used to
accelerate the D beams (~ 100 kV'), leading to an average energy of the D beams that is
almost twice the one of the H beams. The injection rate of H beams was almost twice
the one of D beams, but the slowing down time for H beams was only 1/3 of the one of
D beams. These two factors explain why the number of fast H ions is ~ 40% less than
the number of fast D ions. Another factor that contributes to the differences between D
and H fast ions is the different energy composition of the beams. In D plasmas a larger
fraction (~ 55%) of the beam was injected in the plasma at full energy, leading to a more
on-axis power deposition, while in H plasmas the full energy beams where just ~ 30% of
the total injected beams, leading to a more off-axis power deposition. The differences in
fast ion pressure between H and D plasmas can indeed cause differences in the fast ion
stabilization of I'TG modes and contribute to the observed positive scaling of confinement
with isotope mass.

10.3.2 Electron heat transport

The electron temperatures in H plasmas are lower over the whole radial profile, for the
same amount of heating power, with respect to the ones in D plasmas (figure 10.4).
Looking at the electron temperatures and densities (figures 10.5 and 10.6) it appears that
T. is flat /hollow while n. peaks inside p, =~ 0.35 in the discharges with dominant ICRH
ion heating and especially in the discharges with high NBI power. This is an indication
of a possible accumulation of heavy impurities in the plasma core. In the same plasma
conditions, an accumulation of heavy impurities in JET L-mode D plasmas is difficult
to observe. More investigations are needed on the particle transport in these plasmas to
understand if the differences observed between H and D plasmas are linked to differences
in the particle transport. Furthermore, in all the H plasmas, a high radiated power in
the outer region of the plasma (p;,. = 0.8) is present, with values 3-4 times higher with
respect to the ones in D plasmas (figure 10.7). These observations suggest that there are
differences, between H and D plasmas, in the impurity content. More study is needed to
understand the reasons of these differences.

Finally, from the values of ¢. ,5(R/ Lz, ), plotted in figure 10.8, no differences in electron
heat transport between D and H plasmas is evident. At p,, = 0.5, the values of R/ Ly,
are in general higher in H plasmas. Looking at the plot in figure 10.9 of R/Lz.(7), where
T = Zss1./T; is an important factor for ETG modes [17], the strong dependence of
R/Ly. on 7, observed in D plasmas and indicative of a possible role of ETG modes (see
chapter 9), is not visible.
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10.4 Gyrokinetic simulations

In this section, some initial results on the study of the effect of fast ions in different isotope
plasmas and of the impact of the different fast ion pressure in H and D plasmas gyrokinetic
simulations are shown. For the study of the effect of fast ions in different isotope plasmas,
the input parameters and settings used for the gyrokinetic analysis presented in chapter
6 have been used considering H, D and T as main ion species. As a reminder, the plasma
parameters used as input in the simulations have been taken from discharge n. 90672
at pror = 0.25 and ¢ =~ 6 s. Some important values, used in the simulation, are: Z.;r =
1.36,q = 1.4,s = 0.46,R/Lsy. = R/Lye = 2.6,R/Ly. = 8, R/Lyp; = 7.2, R/Lysy. =
15, Tsye = 12T, T3 /T, = 0.8, Brey = 87n,To/B2 = 0.00399, v = 1 =22—0.06, sy =

50 .
0.09n., where € = /Ry and vy, = /T./m.. When not considering the fast *He ions
in the simulations, we use Ty, = T; and R/Lysy. = R/Ly; without changing any other
input parameter. In these simulations we then fix the fast ions (*He) pressure while
changing the main ions (H, D,T'). The results from the linear gyrokinetic simulations are
shown in figure 10.10.

The linear growth rate fulfills the expected scaling ~ (Tjons/Mions)*> /R with the iso-
tope mass, with the peaks of the growth rate at ~ kyp; = 0.5, p; being the Larmor radius
of the different isotope considered. This corresponds to k,ps ~ 0.45 for T, k,p, ~ 0.55
for D and k,ps ~ 0.7 for H. The stabilization of ITG modes, when considering fast ions
and electromagnetic effects, is the same for all the isotopes (—40% of the linear growth
rate) in the k,p, range around the peak of the nonlinear flux. In the ETG range, the
enhancement of the linear growth rate is the same for the three isotopes (+50%), with no
differences in the wavenumber of the peak of the linear growth rate, k,p; ~ 20 for all the
isotopes.

Regarding the nonlinear simulations, some preliminary results are shown in figure
10.11. The differences in the scaling of the heat flux, when considering electromagnetic
effects, observed in ref. [9], has not been observed. We obtain gy = 61 £ 5 kWm ™2 for
hydrogen, gp = 88 & 6 kWm ™2 for deuterium and gy = 97 & 12 kWm ™2 for tritium,
with ¢r ~ V/1.5¢p ~ v/2qz. No substantial deviations from the expected scaling has been
observed, the fluxes from the nonlinear simulations following the gyro-Bohm scaling. More
detailed studies need to be done, studying for example the effects of rotation or the impact
of fast ions with respect to the cases without fast ions in the simulations.

For the study of the effects of the changes in the fast ion pressure between D and
H plasmas, discharges n. 73224 (D, C-Wall) and n. 91710 (H, ILW) have been con-
sidered. In the linear simulations the input parameters from discharge n. 73224 at t
= 6 s have been used, changing the fast ion pressure as indicated in table 10.1. Ki-
netic >He and fast D ions have been considered in the simulations as well as elec-
tromagnetic effects (6B),6B,). Some important values, used in the simulation, are:
Zepp ~ 1.3,1.36,q = 1.736,s = 0.523, R/ L, = 1.24, R/Ly. = 6.6, R/Ly; = 10.6,1;/T. =
1.0, Brey = 870 T,/ B2 = 0.0033, v* = v Elgffh -~ 0.08.

The ITG linear growth rate is reduced by ~ 47% at the position of the peak with the
fast ion pressure of discharge 73224, while just by ~ 18% when the fast ions of discharge
91710 are considered (see figure 10.12). This result suggests that the differences in the
fast ions pressure between D and H plasma have a strong impact on the stabilization of
ITG modes.
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fast D fast *He
n |T/T. | R/L, | R/Ly | n/n. | T/T. | R/L, | R/Lr
73224 | 6% | 9.8 14 3.1 7% 7 1.49 | 22
91710 | 4% | 7 8 1.3 2% | 12 | 1.24 | 22

Table 10.1: Parameters for fast deuterium and fast 3He used as input in the gyrokinetic simu-
lations.

10.5 Conclusions

Differences have been observed between H and D plasmas with the same operational
settings (heating power, geometry, ,, B, q,n.). Both T, and T; are lower in H plasmas,
the difference starting at the plasma edge. In low power plasmas, the ion heat flux in the
plasma core does not deviate from the gyro-Bohm scaling law outside error bars, but, as
the strong influence of T; dominates over the mass one in the gyro-Bohm normalization,
it is difficult to make a certain conclusion from our data. A difference in the ion heat flux
has been observed at higher power, in the situation where a strong stabilization of ITG
modes by fast ions is expected. In this case, the stabilization of the ion heat transport
is less strong in H plasmas with respect to D plasmas. A possible explanation of this
difference has been found in the difference of the fast ion pressure in H and D plasmas,
in H plasmas being ~ 1/2 of the one in D plasmas when high NBI or ICRH heating is
applied. This is mainly due for NBI fast ions to the lower beam injection energies and
shorter beam slowing down time in H plasmas and for the ICRH fast ions to the lower
3H e concentration needed for the ICRH minority scheme heating in H. The electron
heat transport shows in general higher values of R/Ly. in H plasmas. Also, the strong
correlation between R/Lr. and 7 observed in D plasmas has not been observed in H
plasmas. Further studies are needed in order to explain the observed differences. Another
difference between H and D plasmas is the accumulation of heavy impurities in the plasma
core observed in H plasmas with dominant ICRH ion heating and not observed in similar
conditions in D plasmas. No accumulation has been observed using dominant electron
ICRH heating. Further investigations are needed on possible differences of the particle
transport in D and H plasmas.
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Figure 10.1: Comparison of radial T; profiles in JET C-Wall and ILW D plasmas and in JET
ILW H plasmas with low heating power (a) and high heating power (b).
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Figure 10.2: Comparison of q; yg(R/L7;) in JET C-Wall and ILW D plasmas and in JET ILW
H plasmas at pye = 0.33 (a) and at pior = 0.5 (b).
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gyrokinetic simulations using H, D and T as main ion species in the simulation.
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Chapter 11

Conclusions and future work

Different fundamental aspects of thermal turbulent transport have been studied in JET
L-mode plasmas through both experimental analysis and gyrokinetic simulations. An
interpretation of the experimental results has been reached with the help of gyrokinetic
simulations, and some physical effects have been evidenced in JET plasmas that are
relevant for future I'TER scenarios. Some important indications on the validity of the
available numerical models of turbulent transport have been also obtained, as well as
suggestions for possible improvements. In the following a review of the main results
obtained and some perspectives on possible future developments of the work are provided.

Light impurity particle transport:

The radial density profiles of *He, Be,C, N and Ne, all measured by active charge-
exchange diagnostic in JET ITER-like wall L-mode plasmas, have been shown and studied.
While 3He, Be and Ne density profiles are peaked over the whole plasma core region, the
profiles of C' and N show a flat/hollow region inside 0.3 < pgr < 0.7. Our neoclassical,
quasi-linear and nonlinear gyrokinetic simulations could not reproduce the observed be-
havior, the simulations predicting similar peaking of the density profiles for all the light
impurities studied and peaked profiles at all the studied radii. Regarding >He, a possible
role of the Plume effect on the measured peaking will have to be estimated. An ongoing
analysis shows that the Plume effect in the JET shots considered may contribute to up
to ~ 30% of the measured 3He density, but with less influence on the peaking. On the
simulation side, considering fast particles and making wider scans of parameters such as
q,8, R/ Ly could help to reproduce the experimental observations.

Effects of puffed light impurities on the core thermal
transport:

A detailed study of the effect of N seeding on the core ion thermal transport of JET
L-mode ILW plasmas has been carried out. The following aspects emerged:

e From nonlinear gyrokinetic simulations it appears that not only the main ion dilu-
tion is a key factor for the stabilization of ITG modes and ion thermal transport,
but also the density peaking of the light impurity is important. While main ion di-
lution induces a reduction of the ion stiffness, higher light impurity density peaking
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induces a higher upshift of the ITG critical threshold in R/Lz;. Hollow or flat light
impurity density peaking can also induce a decrease of the I'TG critical threshold.
The stabilizing effect of the normalized light impurity density peaking (R/L, z)
could be related to the fact that, for a fixed value of the electron density peaking, a
higher value of R/L,,  means a lower value of R/L,, ;, the main ion density peaking,
leading to a lower destabilization of ITG modes, mainly driven by the main ions.

e Changes in plasma parameters induced by the presence of the light impurity also
affect core transport. In our experiment, puffing N induced changes in Z.¢; and in
main ion dilution that, in addition to directly stabilizing the ITG modes, induced
changes in T, /T; and, through a change in the plasma resistivity, in ¢ and s. The
changes in s/q and T, /T; turned out to be the dominant mechanisms leading to the
ITG critical threshold upshift observed in the experiment.

e Our nonlinear gyrokinetic simulations were able to reproduce well the experiment
and were fundamental in explaining the observed changes in the plasmas. The
predict-first study with linear and nonlinear gyrokinetic simulation turned out to
be a precious guide in the experimental choice of the seeding gas and of the level of
injection to ensure detectability of the effects;

e TGLF tends to generally underestimate the ion stiffness, as already observed for
JET discharges. Concerning the effects of the light impurity, it is able to reproduce
quantitatively the effects on both threshold and stiffness observed in gyrokinetic
runs.

e QualiKiz reproduces well the ion stiffness, but shows critical thresholds slightly
shifted respect to gyrokinetic simulations. It predicts mainly a shift of the ITG
critical R/Ly; threshold in presence of light impurities, quantitatively of the right
magnitude, but no effect on the ion stiffness at variance with GENE and TGLF.
The effect of geometry has also been found important.

It is clear that being able to predict how the impurities propagate in the plasma and
to reproduce their density profile is essential to correctly predict how the turbulences
will change due to their presence. An improvement of both QL models is necessary,
particularly on the match of the ion stiffness and threshold already in the case with no
N. An overall conclusion on the benefits of the presence of light impurities in a reactor
plasma are difficult to draw. The fusion power strongly depends on both T; and n;. A
reduction of n; for D and T can be justified if the rate of the fusion reaction increases
substantially with a little increase of T;. In ITER, temperatures = 10 kel are expected
toward the plasma center. With these temperatures, a strong increase in 7; is needed in
order to obtain a substantial increase in the fusion reaction rate, with the consequence
that loosing ion density to obtain the needed increment of temperature is not worth it.
The picture is different if the light impurity introduced in the plasma is light enough
to not dilute much the ion density and at the same time can be accelerated by Radio
Frequency to produce fast ions that strongly stabilize the thermal transport, as discussed
in the next paragraph.
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Effects of fast ions on core thermal transport:

The analysis of JET ILW L-mode plasmas with low NBI power (71.5 MW) and high ICRH
power (up to ~7 MW) in (* He)— D minority scheme allowed to obtain the following results:

e Experimental evidence of strong stabilization of thermal transport in presence of
high fast ion pressure in low rotation plasmas has been obtained. These results rep-
resent the first experimental demonstration that fast ion stabilization is independent
of rotation.

e Gyrokinetic simulations were able to explain the experimental observations when
fast 3He ions and electromagnetic effects were considered, indicating that the effects
related to the presence of the fast ions are the key mechanisms. Two main mecha-
nisms are responsible of the I'TG stabilization: an electrostatic mechanism related
to a resonant wave-fast particle interaction and an electromagnetic effect enhanced
by the fast ion pressure that leads to higher values of the plasma (. These results
confirm what found in past studies and also represent a first observation of a strong
electrostatic stabilization of ITG modes due to fast ions and not related to main ion
dilution.

e It was also found that the fast ion distribution function influences the quantitative
prediction of the stabilization.

e Fast ions also reduce the value of 7 = Z.¢¢-T./T;, due to their high temperatures,
and strongly destabilize the ETG modes. It is then important to consider the effect
of fast ions for a consistent study of ETG modes and electron heat transport.

While the electrostatic mechanism has been recently explained, the nonlinear electromag-
netic mechanism is still under investigation. The electromagnetic mechanism is related
to the plasma pressure and pressure gradient. The presence of fast ions, especially in the
analyzed L-mode low- (3 plasmas, enhances this effect thanks to the high fast ion pres-
sure. A possible explanation of the electromagnetic stabilization in terms of non-linear
correlation of triplets of wave numbers has been recently proposed in a work of M. J.
Pueschel et al. presented at the 19th ITPA-Transport and Confinement Topical Group
Meeting (Espoo, September 19, 2017). Better physical understanding is needed in order
to be able to introduce this effect in a quasi-linear model such as TGLF or QuaLiKiz.
Further work is also needed to understand what will be the role of fast ions in ITER. The
fast a particles, created by the fusion reactions, are not expected to play any role in the
electrostatic stabilizing mechanism of ITGs mentioned above, due to their high energies,
but we need to evaluate what will be their role for the electromagnetic stabilization. Fur-
thermore, the use of ICRH heating with a minority species could be useful to increase
ITER core temperatures via fast ion stabilization. In this way, something similar to an
internal transport barrier could be reproduced without the need of flat or reversed ¢ pro-
files. More experiments and modelling on possible ITER scenarios with RF fast particle
stabilization in the plasma core should be done.
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Role of multi-scale interactions and electron-scale instabilities in
core thermal transport. Dependence of the critical threshold on
plasma parameters, and especially on s and on 7:

Regarding the electron heat transport, our analysis lead to the following results:

e A first direct experimental observation of the stabilizing effect of the magnetic shear
on the electron heat transport has been obtained in JET. Increasing s leads to an
upshift of the turbulent electron heat flux critical threshold in R/ L.

e An increase of the electron stiffness and a decrease of the threshold in R/Ly. have
been observed when NBI heating is used with respect to plasmas where only RF
electron heating is used. One parameter that is changing is 7, /7;, which has been
found to have a negligible effect on TEM, but to be important for ETG modes
through the 7 = Z.;;-T. /T; parameter. Analyzing a wider database of JET L-modes,
a strong correlation between the electron turbulent transport critical threshold and 7
has been found. This correlation indicates that ETG modes can indeed be important
for the electron heat transport.

e Nonlinear gyrokinetic simulations predict that the ion-scale instabilities (TEM/ITG)
are unable, at least in the considered cases, to reproduce the experimental electron
heat flux and especially the electron stiffness. The response of the electron heat
flux to a change in R/Ly, predicted by our simulations is much lower than the one
observed experimentally.

e Our nonlinear gyrokinetic multi-scale simulation predicts a strong role of ETG
modes for the electron heat flux. The level of the electron heat flux and of the
electron stiffness predicted by the multi-scale simulation is much higher with re-
spect to the one predicted by ion-scale simulations and is in better agreement with
the experiment. It also appears from the simulation that multi-scale interactions
are fundamental for the turbulent dynamics in the plasma. While ion-scale struc-
tures, such as zonal flows, have a strong impact on the ETG structures, leading to
a stabilization of ETG modes, it has also been found that an inverse energy cascade
is present from ETG scales to I'TG scales. This means that the ETG structures can
impact the turbulent dynamics on ion-scale.

e There is a mismatch, at the same value of R/ Ly;, between the ion heat flux predicted
by TGLF and by our gyrokinetic simulations. This is related to the already observed
underestimation of the ion stiffness in TGLF and, in the studied case, also to an
overestimation of the ITG critical threshold in R/Lp;. When the ion heat flux
is matched between the gyrokinetic simulations and TGLF, the predicted electron
heat flux is in good agreement between the two, with TGLF predicting a strong
increase of the electron stiffness due to ETG modes, but at values of R/Ly. higher
with respect to the experimental one.

The previous results confirmed the expected stabilizing effect of s and 7 on the electron
heat transport. These results point to an important role of ETG modes in the electron
heat transport in some conditions. This is true in particular when the ion-scale instabil-
ities are not strongly unstable and high values of R/Ly. are reached. From the results
obtained in this thesis and in other studies (see Refs. of chapter 9), it also appears



CHAPTER 11. CONCLUSIONS AND FUTURE WORK 174

that high-k instabilities and multi-scale interactions are not important only for electron
heat flux, but can influence the ion heat flux and the particle transport. If it is true
that particle and ion heat fluxes are not directly caused by high-k fluctuations due to the
quasi-adiabatic response of ions at these scales, it is also true that high-k instabilities have
an impact on ion-scale structures. For example, one mechanism proposed is a damping
of ion-scale zonal flows in presence of strong ETG instabilities. This can lead to changes
in the ion and electron heat fluxes carried by low-k instabilities but also to modifications
of the particle transport. For example modifications of the thermo-diffusive term for
the particle transport can be induced by a strong change in the low-k micro-instabilities.
Since all these effects may be important in plasma conditions similar to those of the ITER
baseline scenario, this study calls for the need of accounting for high-k instabilities and
multi-scale interactions in future ITER simulations. A way to take into account the multi-
scale interactions is needed also in quasi-linear models. A first attempt in this direction
has already been started with TGLF, but some improvements and a similar work with
QuaLiKiz are needed. Further multi-scale simulations of JET plasmas, considering all
the possible ITG stabilizing mechanisms, such as fast ions, that can also destabilize the
ETG modes, electromagnetic effects and impurities should be done, as well as simulations
of more I'TER-relevant discharges, such as hybrid or H-mode plasmas. Experimentally,
measurements of the plasma density and/or temperature fluctuations can help to under-
stand the role of ETG modes, as indicated by the density fluctuation spectra from the
multi-scale simulation. A change in the slope at ion-scale wavelength or a formation of
a second peak at shorter wavelength could reveal the presence of high-k instabilities in
the plasmas. Tokamaks such as DIII-D or TCV have the diagnostics required to do such
study.

The isotope effect:

From the analysis of JET C-wall and ITER-like wall L-mode H and D plasmas with
similar heating power, geometry, I,,, B, q, s and n. it appears that:

e Both T, and T; are lower in H plasmas, the difference starting at the plasma edge.

e In low power plasmas, with low fast ion pressure, the ion heat flux in the plasma
core does not deviate from the gyro-Bohm scaling law outside error bars, but, as the
strong influence of T; dominates over the mass one in the gyro-Bohm normalization,
it is difficult to make a certain conclusion on the mass dependence from our data.

e A difference in the ion heat flux has been observed at higher power, in the situation
where a strong stabilization of ITG modes by fast ions is expected. In this case, the
stabilization of the ion heat transport is less strong in H plasmas with respect to D
plasmas. A possible explanation of this difference has been found in the difference
of the fast ion pressure in H and D plasmas, in H plasmas being ~ 1/2 of the one
in D plasmas. This is mainly due for NBI fast ions to the lower beam injection
energies and shorter beam slowing down time in H plasmas and for the ICRH fast
ions to the lower He concentration needed for the ICRH minority scheme heating
in H.

e The electron heat transport shows in general higher values of R/Lr. in H plasmas.
Also, the strong correlation between R/Lp. and 7 observed in D plasmas has not
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been observed in H plasmas, which is consistent with reduced importance of ETG
modes.

e Another difference between H and D plasmas is the accumulation of heavy impu-
rities in the plasma core observed in H plasmas with dominant ICRH ion heating
and not observed in similar conditions in D plasmas. No accumulation has been
observed using dominant electron ICRH heating. Further investigations are needed
on possible differences of the particle transport in D and H plasmas.

The different effect of fast ions between H and D plasmas, related to experimental set-
tings, can participate in explaining the differences in the plasma core transport in par-
ticular situations (i.e. when the role of fast ions is important). However, the deviation
of the transport level from the expected scaling has been observed in a wide range of
experimental settings, including Ohmic confinement plasmas, where there are no fast
ions. As already pointed out, some differences come from the plasma edge, influencing
the global plasma confinement. Other differences in the plasma related to the different
ion mass are the energy exchange between ions and electrons (x m;) and the plasma
effective collisionality (oc m; °®*). These two factors have been proposed in different works
in order to explain the isotope effect. The changes in the exchanged power lead to higher
values of T;/T, in H Ohmic plasmas and to higher values of R/Lp;, that can explain
the higher transport observed in H compared to D Ohmic plasmas. The differences in
the effective collisionality can affect the electron instabilities such as TEM, leading to
more TEM stabilization in D plasmas. In addition, since the linear growth rate scales as
m5, for a given rotation profile the E x B stabilization is going to be less strong in H
plasmas. To summarize, an exact gyro-Bohm scaling with isotope mass is expected for
ITG driven instabilities. If, however, when changing main ion species there are changes
in parameters that can affect the I'TG modes in a way that these are more destabilized
with lower isotope mass, or that can lead to a dominance of electron instabilities such as
TEM and ETG modes, these can explain the deterioration of the ion confinement with
lower isotope mass without a breaking in the ITG gyro-Bohm scaling.

A new experimental campaign is starting at JET, with H, D and T plasmas. This will
be a unique occasion to further investigate the role of the isotope mass on the turbulent
transport in the plasma core. More studies using gyrokinetic simulation are also needed,
to understand if and to what extent the change of the main ion mass will affect in ITER
stabilization mechanisms like rotation and electromagnetic effects.
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