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Abstract

We present the JETTO-QuaLiKiz-SANCO fully predictive modelling of two JET-ILW
high-performance baseline plasmas, a Ne seeded shot and an equivalent unseeded one. The
motivation of the work lies in the experimental observation of a slightly higher confinement and
performance of the Ne seeded shot with respect to the unseeded one, despite sharing the same
main plasma parameters and heating powers. Moreover, the neon seeded shot shows a lower
pedestal electron density and a higher core ion temperature with respect to the unseeded one.
Integrated modelling is performed in order to understand if the cause of the improved
confinement has to be ascribed to the improved pedestal parameters with neon seeding or if an
impurity-induced turbulence stabilization is at play. The QuaLiKiz transport model is used for
predicting the electron density, electron and ion temperatures and rotation in the core up to the
pedestal top, while the pedestal is empirically modelled to reproduce the experimental kinetic
profiles. The thermal diffusivities of the two shots, computed by QuaLiKiz, are compared, as
well as the turbulence spectra, suggesting that the reduced transport found in the neon seeded
shot is due in part to the stabilization of ion temperature gradient and electron temperature
gradient modes. Further modelling is performed in order to disentangle the neon seeding effects,
which are a direct effect on the turbulence stabilization and an indirect effect on the pedestal
parameters. The results suggest that the improved performance with neon is due to a
combination of turbulence stabilization and improved pedestal parameters.

2 See Mailloux et al 2022 (https://doi.org/10.1088/1741-4326/ac47b4) for JET Contributors.
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1. Introduction

The optimization of the confinement of energy and particles
in magnetically confined plasmas is crucial for reaching high
fusion performances. In order to achieve thermonuclear con-
ditions, particles need to be confined inside the plasma for
a sufficient amount of time for fusion reactions to occur
[1]. However, transport processes cause particles and energy
to escape from the plasma, leading to a degradation of the
confinement.

The transport observed in tokamak experiments is much
higher than the neoclassical transport predicted by theory, and
it is governed by micro-scale turbulences, which are mainly
driven by gradients of temperature or density. One technique
that can lead to turbulence stabilization is the controlled injec-
tion of impurities [2, 3]. In fact, it has been demonstrated
on different tokamaks that the seeding of impurities (mainly
neon) into the plasma can lead to a higher confinement with
respect to equivalent unseeded pulses [2-6]. In addition to
this, the injection of low-to-mid Z impurities (e.g. N or Ne)
is primarily useful for mitigating heat fluxes to the divertor by
reaching detached or semi-detached conditions [4]. However,
(semi-)detached plasmas in JET do not achieve extremely
high performance in terms of fusion power. The aim of the
experiment modelled here was to investigate whether Ne seed-
ing in plasmas already optimized for maximum performance
(i.e. low fueling, pellet edge localized mode (ELM) pacing,
fully attached divertor) would result in a further enhancement
of the performance.

In this paper we investigate the effects of neon seeding
on transport and confinement by modelling two JET high-
performance baseline pulses, a Ne-seeded pulse and an equi-
valent unseeded one, which share the same main plasma para-
meters and auxiliary heating powers. However, the Ne seeded
pulse shows a higher neutron rate (+17.9%) and energy con-
finement time (414.0%) with respect to the unseeded one.
Comparing the experimental kinetic profiles, one finds that the
main differences between the two pulses are the lower electron
density pedestal and the higher core ion temperature of the Ne
seeded shot. The latter is probably due to the higher ion tem-
perature pedestal, which propagates into the core because of
the stiffness of the profiles. The improved pedestal achieved
in the neon seeded case allows for a deeper penetration of the
neutral beam injection (NBI) due to the lower electron density
and, at the same time, for a higher core ion temperature due to
the higher ion temperature pedestal. Both of these differences
in the pedestal region are contributing to the performance and
to the confinement of the Ne seeded discharge. Therefore, the
goal of this study is to understand whether the higher confine-
ment of the Ne seeded shot has to be ascribed solely to the
pedestal improvement with neon or if a modification of the
core transport is at play.

The integrated modelling of the discharges was carried out
with the JINTRAC [7] suite of codes and the QuaLiKiz [8, 9]
first-principle transport model.

The paper is organized as follows: in section 2 we describe
the experimental discharges, in section 3 we present the mod-
elling settings and the agreement between experiments and
simulations, in section 4 we discuss the effects of neon on
transport and confinement and in section 5 we summarize the
main conclusions of the study.

2. Experimental discharges

The shots analyzed in this work, JPN 96994 (Ne seeded) and
JPN 96730 (unseeded), are two baseline D-D ELMy H-modes
at 3 MA/2.8 T, with Sy &~ 2.2 and g95 ~ 3.2. The baseline is
one of the plasma scenarios developed at the Joint European
Torus (JET) for achieving high fusion power with a steady per-
formance, characterized by a high plasma current and mag-
netic field and a moderate normalized 3, with a relaxed cur-
rent profile [10]. The neon seeded shot was developed to assess
the impact of impurity seeding on fusion performance and was
able to reach the highest neutron rate over 5 s among the DD
baseline shots, as reported in [12]. However, it differs from
other JET neon seeded scenarios, such as the one described
in [4], in the fact that JPN 96 994 has a lower neon seeding,
lower recycling, lower gas puff, lower edge collisionality and
a higher performance.

In the following section the parameters that will be lis-
ted are averaged in the modelled time interval (from 10.02 to
12.02 s), unless stated otherwise.

A comparison between the main experimental time traces
is presented in figure 1, where we show the NBI and ion cyclo-
tron resonance heating (ICRH) heating powers and plasma
bulk radiated power, plasma diamagnetic energy content and
normalized (3, Z.g, total gas fueling rate and neon fueling rate,
core and edge electron density, core electron temperature, core
ion temperature, Be II emission (indicative of the ELMs activ-
ity) and neutron yield. Details on the diagnostics are given in
the figure caption.

As we can see from the top box of the figure, the two shots
have a similar heating power and a comparable plasma radi-
ation. The neon seeded shot has a heating power of 31 MW,
28 MW from NBI and 3.3 MW from ICRH in H minority
scheme, while the unseeded shot has a slightly higher power
of 33 MW, 29 MW from NBI and 4.1 MW from ICRH in
H minority scheme. The radiation fraction, defined here as
Srad = Prag/Pin (Where Py,q is the bulk radiated power and Py,
is the power injected into the plasma), is very close between
the pulses and equal to f;,q =~ 0.30.

The plasma diamagnetic energy and the normalized [ are
also very similar and equal to Wg;, ~ 9 MJ and By ~ 2.2.
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Figure 1. Experimental time traces comparison between JET shot
#96994 in red (Ne seeded) and #96730 in blue (unseeded). From top
to bottom are shown: NBI and ICRH heating powers and bulk
radiated power, plasma diamagnetic energy and Sy (from a pressure
constrained EFIT [11] equilibrium reconstruction), Zs (from
visible spectroscopy and Bremsstrahlung measurements along a
horizontal line of sight), total (solid line) and neon (dashed line) gas
rates, core and edge line averaged electron density (from JET far
infrared interferometer with line of sights at a major radius of

3.03 m and 3.73 m respectively), core electron temperature (from
electron cyclotron emission radiometer at a major radius of 3.1 m),
core ion temperature (from high resolution x-ray crystal
spectrometer at ¥y = 0.19), Be II emission (from visible
spectroscopy, showing ELMs behavior), neutron rate.

Looking both at the Z.g evolution and at the neon fueling
rate, it is clear that the increase in Z.g starts ~200 ms after neon
is injected into the plasma, therefore it is reasonable to assume
that the increase in Z. is due to the neon seeding.

In these shots the deuterium source is provided by a D
gas flow rate (I'.(D) = 0.4 x 10?2 els~!) and by 2 mm D
pacing pellets at f = 45 Hz, while the neon seeding rate in JPN
96994 is equal to I'.(Ne) = 0.8 x 10%? els~!. The amount
of neon injected into the plasma is lower than the one injec-
ted in highly radiating scenarios [4, 13], where the operation
is pushed towards detachment, while in the baseline plasmas
analyzed here the divertor remains attached.

The motivation of this work comes from the experimental
observation of the slightly higher energy confinement time

¥ #96730 (unseeded) _H¥ #96994 (Ne seeded)

_

T, [keV]

_

N A O 0O M N A O OO NN N B~ O
T

T, [keV]

Figure 2. Comparison between experimental profiles of electron
density (a), electron temperature (b), ion temperature (c) and
toroidal rotation (d) between 10.02 and 12.02 s. The electron density
and temperature profiles are taken from high resolution Thomson
scattering measurements (HRTS), while the ion temperature and
toroidal rotation profiles are taken from beam charge exchange
spectroscopy (CX). The vertical error bars combine the RMS over
the time interval considered and the measurement uncertainty, while
the horizontal error bars are the RMS of the ¢ coordinate mapped
from a pressure constrained EFIT [11] equilibrium.

(4+14.0%) and neutron rate (+17.9%) of the Ne seeded shot
with respect to the unseeded one, as we can see in the bottom
box of figure 1. The percentage values are computed in the
time interval [11.37-11.87 s] in order to avoid the presence
of sawteeth. This increase in performance can be caused by
a series of concatenated effects, often difficult to disentangle
from each other given the high non-linearity of thermonuclear
plasmas, which will be discussed in section 4.

What is important to underline is that the Ne seeded shot
shows a lower electron density at the plasma edge and a higher
ion temperature in the core, which are visible both from the
experimental time traces of figure 1 and from the experimental
profiles of figure 2. Looking at the electron density profile (box
(a) of figure 2), we can see that the pedestal height is reduced
from an average value of 5.2 x 10'” m~3 in JPN 96730, to
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avalue of 4.1 x 10" m—3 in JPN 96994, whereas the values
close to the magnetic axis remain very similar to each other.
This lower density at the plasma edge can be beneficial for
the performance, allowing for a deeper penetration of NBI
heating.

For what concerns the ion temperature profile (box (c) of
figure 2), the higher core ion temperature is probably due to
the higher ion temperature in the pedestal region, that propag-
ates into the core due to the stiffness of the profiles [14]. This
leads to an ion temperature in the core of 7; =~ 9.31 keV in
JPN 96994, with respect to 7; ~ 8.4 keV in JPN 96730. The
higher ion temperature in the core is clearly beneficial for the
performance of the Ne seeded shot.

In the bottom box of figure 2 we can see that the
experimental profiles of the toroidal rotation are almost
superimposed.

3. Modelling the discharges

The simulations presented in this study are performed with the
JINTRAC suite of codes [7], using the first-principle trans-
port model QuaLiKiz [8, 9], coupled to the 1.5-dimensional
transport code JETTO [15]. JETTO is the code that solves the
transport equations for the ion density, the ion and electron
temperature and the main ion rotation. It is a 1.5-dimensional
transport code that averages the transport equations on the
magnetic flux surfaces computed by the equilibrium solver. It
needs a transport model to describe the turbulent fluxes of heat
and particles. QuaLiKiz is a quasilinear gyrokinetic code used
to compute the turbulent transport from the magnetic axis up to
the pedestal top. The simulations are performed in a fully pre-
dictive way, meaning that the evolution of the plasma current
density, ion density, electron and ion temperature and plasma
rotation, as well as the evolution of the impurity density, is
predicted.

The impurity transport is computed with SANCO [16],
which includes the neoclassical transport provided by
NCLASS [17] and the anomalous transport from QuaLiKiz.
The code is taking into account an impurity mix of Be, Ne,
Ni and W, whose composition is obtained with a method
described in [18], in agreement with the estimate from
spectroscopy [19, 20]. In order to model the neon seeding
in JPN 96994, the Ne particle source is adjusted in SANCO
to match the experimental time trace of Z.¢, which increases
from a value of 1.9-2.3 during the simulated time interval.

The initial conditions for the electron density and temper-
ature profiles are taken from high resolution Thomson scatter-
ing measurements [21], while for the ion temperature and tor-
oidal rotation profiles are taken from beam charge exchange
spectroscopy [22].

The boundary conditions are imposed at the sep-
aratrix, which is considered to be the position where
T.=T,=100¢eV.

The transport in the pedestal region is empirically mod-
elled according to the following methodology (presented and

validated in [23]). The heat transport in the edge transport
barrier (ETB) is adjusted in order to match the experimental
height of the temperature pedestal. The width of the pedestal is
imposed to match the experimental value. Once the heat trans-
port in the ETB has been fixed, we assumed a x /D =4 in the
pedestal and tuned the gas puff particle source in FRANTIC
[24], by means of a feedback loop, to match the density at the
top of the ETB. The thermal diffusivity x and the particle dif-
fusivity D are assumed to be the same for electrons and ions
in the ETB.

Gas puff, pellets and wall particle sources are modelled in
the simulations as gas puffing since it does not introduce sig-
nificant changes in the modelling [18].

The equilibrium is computed self-consistently with the
evolution of the kinetic profiles and the current density pro-
file using the ESCO equilibrium solver [25].

The heat sources are computed by the PENCIL [26] and
PION [27] codes for the NBI and ICRH respectively, where the
synergy is taken into account self-consistently in JINTRAC
(see, for example, [28]).

Sawteeth presence is also included in the modelling, using
the Kadomtsev reconnection model [29]. The crash times are
determined experimentally and given as inputs to the model.

The summary of the simulation settings and codes used in
the modelling is provided in table 1.

The results of the simulations in terms of profiles and time
traces are shown in figures 3 and 4 for JPN 96994, and in
figures 5 and 6 for JPN 96730. In the figures we are comparing
the simulated and experimental profiles of the electron dens-
ity, electron temperature and ion temperature, as well as the
time traces of the neutron rate, Z.¢ and bulk radiated power.

It can be seen that there is a general good agreement
between the simulation and the experiment, especially in the
pedestal values, meaning not only that QuaLiKiz is able to cap-
ture the transport in the core, but also that the empirical model-
ling of the pedestal is valid. To evaluate the agreement between
the experimental and simulated profiles of the reference sim-
ulations, a standard deviation figure of merit, described in
[9, 30], is used:

A \/ | A — o) / \/ / "auf2,,

Where fim is the simulated quantity and fy, is the average
experimental quantity; this formula does not take into account
the systematic kinetic profiles measurements error, nor any
source of potential error in the modelling, the evaluation of
which is beyond the scope of this paper. Since QuaLiKiz
is used only in the core, the standard deviations are evalu-
ated up to the pedestal top, and summarized in table 2. The
errors in the simulated profiles of ne, 7., T; with respect to
the experimental ones are lower than the uncertainty of the
measurements, combined with the fluctuation of the experi-
mental points in the simulated time interval, in accordance
with the overall good agreement visible in figures 3 and 5.
Albeit the TEM heat transport in QuaLiKiz has been improved
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Table 1. Summary of the simulation settings used in the integrated modelling of JPN 96730 and JPN 96994.

Te Ti Ne Q

NBe, Ne, MNi, MW Prad

Prpi Picth  Neutrals  Equilibrium

Core Uy = [0~ 0.93] Neoclassical: NCLASS
Anomalous: QuaLiKiz + 10% Bohm

Pedestal Uy = [0.93—1] Empirically modelled

SANCO

Prescribed from PENCIL PION FRANTIC ESCO
bolometry

“+ ng experimental (HRTS)
Modelled

—+ T, experimental (HRTS)
—+ Te experimental (ECE)
Modelled

—+ Ti experimental (CXG6)
— T, experimental (CX7D)

% T, experimental (CX7C)
= 6F Modelled
F b * ¥ | ]
2fF o e ]
0 01 02 03 04 05 06 07 08 09 1
\IJN

Figure 3. Comparison between experimental and simulated profiles
of (a) electron density, (b) electron temperature and (c) ion
temperature for JPN 96994 (Ne seeded). The experimental values
are taken from HRTS measurements (electron density and
temperature), electron cyclotron emission (electron temperature)
and beam CX spectroscopy (ion temperature).

by improving the collisionality operator [31], we can see from
the density profiles that QuaLiKiz tends to overpredict the
density peaking. Since it affects both simulations equally and
only a small volume of the plasma (¥ < 0.2), we consider
the agreement suitable for our analysis.

For what concerns the rotation profiles, we found a stand-
ard deviation of 45% in JPN 96994 and of 60% in JPN 96730.
In order to assess the sensitivity of the modelling results to the
toroidal rotation profile, simulations with fixed experimental
rotation profile were performed. In both shots, an increase in
the electron and ion density peaking is found, which leads to a
decrease in the core ion temperature, resulting in a decrease in
the performance; the effect of the rotation profile on the neut-
ron rate is therefore indirect. In figures 7 and 8 we can see
the resulting kinetic profiles of the additional simulations per-
formed. The increase of the density peaking and the decrease

5
" 4
©
S 3
‘o
c 2r ]
o - |
= ——--neutrons experimenta
g 'y [ JPN 96994 —— Modelled
3 , ] ]
2.5
2
N“51.5 - E
| - ——-Z experimental horizontal LOS
—— Z . experimental vertical LOS
05F
b) Modelled
15 t et ¥ f t F———t t
=
=,
kd; . ]
o S ———-PIrad experimental ]
0 —Modelled
0 . . . . . n I i :
10 102 104 106 10.8 11 112 114 116 118 12
time [s]

Figure 4. Comparison between experimental and simulated neutron
rate (a), Zesr (b) and bulk radiated power (c) for JPN 96994. Z. is
inferred from Bremsstrahlung measurements along a vertical and a
horizontal line of sight across the plasma and the bulk radiated
power from bolometry.

of the core ion temperature are visible in the green profiles
of box (a) and (c) respectively, while the toroidal rotation
is plotted in box (d). It seems not possible to match at the
same time the toroidal rotation and the density in a fully
predictive simulation of these particular baseline shots with
QuaLiKiz.

However, imposing both the experimental profiles of the
toroidal rotation and of the electron density allows to recover
the temperature profiles and the performance in both shots (red
profile). In fact, the difference in the neutron rate between the
reference simulation and the one with interpretative rotation
and density are of the order of 2-5%, which is lower than the
RMS error of the model itself. Therefore, it seems that fix-
ing the toroidal rotation profile is affecting the performance by
increasing the density peaking and, consequently, decreasing
the temperatures, but when the density is fixed, no difference
in performance is found.
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Figure 5. Comparison between experimental and simulated profiles
of (a) electron density, (b) electron temperature and (c) ion
temperature for JPN 96730 (unseeded). The experimental values are
taken from HRTS measurements (electron density and temperature),
electron cyclotron emission (electron temperature) and beam CX
spectroscopy (ion temperature).

4. Neon effects on transport

4.1. Transport and turbulence analysis

After reproducing the profiles with QuaLiKiz, we investig-
ate the difference in transport between the unseeded and Ne
seeded pulses. Reaching a good agreement between experi-
mental and simulated profiles and time traces is essential in
order to allow the transport model to capture the physics of
the experiment.

What emerges from the integrated modelling is that
QuaLiKiz shows a reduction in the electron and ion thermal
diffusivities of the Ne seeded shot with respect to the unseeded
one, as we can see in figure 9, where the QuaLiKiz thermal
diffusivities are plotted. The transport reduction is also vis-
ible in the reduction of the electron and ion heat fluxes (not
shown here), which is stronger for ions than for electrons. The
greatest reduction of x comes from the anomalous contribu-
tion, suggesting the presence of a different level of turbulence
in the two shots.

In order to understand the cause of the transport reduction,
QuaLiKiz turbulence spectra are compared in figure 10. In the
figure we plot the growth rates of the turbulence for JPN 96730
(left boxes) and JPN 96994 (right boxes), averaged in the time
interval [11.37-11.87 s], in order to avoid the presence of saw-
teeth. In the upper boxes the growth rates are expressed in
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Figure 6. Comparison between experimental and simulated neutron
rate (a), Zesr (b) and bulk radiated power (c¢) for JPN 96730. Zey is
inferred from Bremsstrahlung measurements along a vertical and a
horizontal line of sight across the plasma and the bulk radiated
power from bolometry.

gyro/Bohm units, while in the lower boxes the growth rates
are expressed in SI units and then normalized to k2, resulting
in a normalized growth rate with the dimension of a transport
coefficient [m? s~']. The x-axis is the normalized toroidal flux
p and the y-axis is the product of the poloidal wavenumber kg
and the main ion gyro radius py, defined as p; = /T.m;/q.B,
where T is the electron temperature, m; is the ion mass, ¢ is
the electron charge and B is the magnetic field. The gyro/Bohm
normalized units are defined as follows:

Ai,om,,
T,

YGB =7 a

where 1 is the growth rate expressed in SI, A; gm,, is approx-
imating the main ion mass, a is the minor radius and 7 is
the electron temperature. For this microstability analysis, it
is important to underline that the application of QuaLiKiz is
restricted to the region up to the pedestal top and that its disper-
sion relation accounts for trapped and passing ions and elec-
trons, i.e. it covers ion temperature gradient (ITG)-TEM and
electron temperature gradient (ETG) ranges [8]. The ITG and
ETG instabilities, whose scales range from 0 < kgp; < 1 for
ITG and 3 < kyp; < 30 for ETG, are driven by gradients of
the ion and electron temperature respectively.

As it can be seen from figure 10, going from the unseeded
(left boxes) to the Ne seeded (right boxes) shot, we find a
reduction in the growth rates of both ITG (low kgp,) and ETG
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Table 2. Standard deviation figures of merit of JPN 96994 and JPN 96730 profiles of figures 3 and 5.

Shot Zone Ay, Ar, A, Ay,
JPN 96994 Wy =[0.05-0.93] 8.0% 3.9% 8.1% 44.7%
JPN 96730 ¥y = [0.05-0.95] 12.6% 8.9% 15.1% 60.0%
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Figure 7. Profiles of the electron density (a), electron temperature
(b), ion temperature (c) and toroidal rotation (d) for shot JPN 96994.
The black solid line is the reference fully predictive simulation, in
the green one we are predicting e, Te, T; and in the red one we are
predicting T¢ and T;.

(high kgp;) modes. The decrease in the ETG modes is high-
lighted in the upper boxes of figure 10, while the decrease in
the ITG modes is more clear in the lower boxes due to the nor-
malization by k3. This reduction seems to be stronger for ETG
and, specifically, for 0.4 < p <0.9. For p < 0.2 the growth
rates are zero and QuaLiKiz does not find any unstable mode;
this reflects also on the QuaLiKiz contribution to the x being
zero in that region.

The turbulence stabilization can be caused by a series
of non-linear effects which can be difficult to disentangle
from each other. It has been argued in other papers that the
ETG modes tend to be stabilized by higher Z. [2, 3, 32]
and higher T./T;, while the ITG modes are stabilized by
higher Zgs [33], higher T;/T. [34, 35] and larger E x B
shear [2, 3].

Impurity-induced reduction of ETG modes, together with
ITG stabilization by E x B shear and high T;/T., could be
acting synergistically to reduce the transport and improve the
global confinement in JPN 96994.

Figure 8. Profiles of the electron density (a), electron temperature
(b), ion temperature (c) and toroidal rotation (d) for shot JPN 96730.
The black solid line is the reference fully predictive simulation, in
the green one we are predicting e, T, T; and in the red one we are
predicting 7¢ and T;.

Similar results are obtained in highly radiating scenarios at
JET [4, 5, 13], where the modelling identifies in the reduced
core transport (via ITG and ETG turbulence stabilization) and
in the increased pedestal 7; and T the causes for the improved
performance with neon. However the baseline shots presented
in this paper have lower neon seeding, lower recycling, lower
gas puff, lower edge collisionality and a higher performance
with respect to the ones presented in [4], in which the divertor
is pushed towards detachment.

The effect of E x B shear, T;/T. ratio and impurities on
turbulence stabilization for JPN 96994 has also been studied
in [36], using the GENE [37] gyrokinetic code at p =0.8 and
obtaining similar results.

4.2. Effects on performance

There are two main effects of neon seeding on transport: a dir-
ect effect on the turbulence stabilization and an indirect effect
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Figure 9. QuaL.ikiz electron (dashed line) and ion (solid line) thermal diffusivities for JPN 96994 (red) and JPN 96730 (blue), averaged
between [11.37—11.87 s] and plotted in logarithmic scale against the normalized toroidal flux p, up to the top of the barrier position
(proB ~ 0.92). From this comparison we can see the transport reduction of the Ne seeded shot captured by QuaLiKiz. The values for

p 2 0.92 are imposed in the empirical modelling of the pedestal and are not computed by QuaLiKiz.
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Figure 10. QuaLiKiz turbulence spectra for JET shot #96370 (left boxes) and JET shot #96994 (right boxes). The x-axis is the normalized
toroidal flux p, the y-axis is the product of the poloidal wavenumber ky and the main ion gyroradius p,, while the colormap represents the

growth rate ~y of the turbulence. The growth rates are plotted both in gyro Bohm™

! units (upper boxes) and in SI units normalized to k2

(lower boxes) in order to highlight both the reduction of the ETG modes and of the ITG modes respectively. The « are averaged between

11.37 and 11.87 s, in order to avoid the impact of sawteeth.

on the pedestal parameters. Both of these effects are contrib-
uting to the higher performance in terms of neutron rate and
confinement of the neon seeded shot.

In order to disentangle the effects of neon seeding, further
modelling of JPN 96730 was carried out, which resulted in two
additional simulations with the following characteristics:

e On the reference modelling of JPN 96730 we impose the
same neon seeding used for reproducing JPN 96994;

e On the reference modelling of JPN 96730 we impose the
same pedestal parameters used for reproducing JPN 96994.

The simulation settings, the initial conditions and the bound-
ary conditions are the ones described in section 3. Since we are
modelling the pedestal empirically, when we impose the ped-
estal parameters, we are actually imposing the same gas puff
particle source and the same values of x and D used to match
the ne, T, and 7; values at the top of the barrier.
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Figure 11. Modelled neutron rates, averaged between
[11.37-11.87 s], of the reference Ne seeded shot (red), reference
unseeded shot (blue), unseeded shot with neon seeding (green) and
unseeded shot with the pedestal of the seeded one (purple).
Including the same amount of neon of the seeded shot into the
unseeded one allows to gain ~7% in terms of neutron rate, while
imposing the pedestal characteristics of the seeded shot in the
unseeded one allows for a ~27% gain in performance.

In figure 11, we are showing the results in terms of the neut-
ron rates of the simulations. The red and blue bars are the neut-
ron yields of the reference modelling of the Ne seeded and
unseeded shots respectively. The green bar is the neutron rate
of the simulation in which neon is injected into the reference
unseeded shot, while the purple bar is the simulation in which
the pedestal of the seeded shot is imposed in the unseeded sim-
ulation. In both of the last two simulations the modelling pre-
dicts an increase in the performance of the unseeded pulse in
terms of neutron rate. This increase is of ~7% when neon is
injected and of ~27% when the pedestal is changed, showing
a greater impact of the pedestal with respect to neon seeding in
improving the performance of the shot. However, experiment-
ally it seems to be the neon seeding that allows the achieve-
ment of a lower electron density and a higher ion temperature
in the pedestal, leading to an indirect impact on performance.

In addition to this, comparing the heat fluxes of these sim-
ulations to the reference unseeded shot modelling, we found
that the electron heat flux ¢ is not modified when imposing
the pedestal of the seeded shot, while it is reduced by ~20%
when injecting neon into the plasma, meaning that neon seed-
ing is indeed affecting the electron thermal transport channel
(probably via ETG stabilization).

Overall, these results suggest that the improvement in the
confinement and performance of the neon seeded shot is due to
a combination of improved pedestal parameters and impurity-
induced turbulence stabilization with neon. The direct effect
of neon on performance is through the stabilization of turbu-
lences, which leads to a higher confinement by reducing the
heat transport. The indirect effect is via changes of the pedes-
tal values that are leading to higher performance. The pedestal
change obtained experimentally with neon seeding, i.e. lower
ne and higher Tj, is playing a major role in the global perform-
ance improvement.

5. Conclusions

We have presented the JETTO-QuaLiKiz-SANCO fully pre-
dictive modelling of two JET high-performance baseline
plasmas, a Ne seeded shot (JPN 96994) and an equivalent
unseeded one (JPN 96730), in order to investigate the effects
of neon seeding on transport and confinement. The reason
behind this work is the experimental observation of a slightly
higher neutron rate (+17.9%) and energy confinement time
(+ 14.0%) of the neon seeded with respect to the unseeded
one, while sharing the same plasma parameters and heating
powers.

The simulations are in good agreement with the experi-
mental measurements for both of the analyzed shots, there-
fore allowing QuaLiKiz to capture the difference in transport
between the pulses.

QuaLiKiz shows a reduction in the core ion and electron
thermal diffusivities of the neon seeded shot with respect to
the unseeded ones. Comparing QuaLiKiz turbulence spectra,
we found a stabilization of ITG and ETG modes, visible in
the reduction of the growth rates of these particular modes.
Impurity-induced reduction of ETG modes, together with ITG
stabilization by E x B shear and high T;/T,, could be acting
synergistically to reduce the transport and improve the global
confinement in JPN 96994.

In order to disentangle the contribution from the improved
pedestal parameters with neon and the one from reduced
transport by impurity-induced turbulence stabilization, further
modelling was carried out. The modelling suggests that the
improved pedestal is playing a greater role in the performance
improvement with respect to neon seeding. In fact, impos-
ing the pedestal parameters of the neon seeded shot on the
unseeded one leads to a gain in performance of ~27%, while
injecting neon in the unseeded shot leads to a ~7% gain.
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