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Abstract
Nuclear fusion reactor plasmas will need to exhaust a significant proportion of energy flux
through radiative processes, to enable acceptable divertor loads. This can be obtained by line
radiation from impurities, injected from the plasma edge. There are however limitations on the
sustainable impurity content, since radiation from the core can lead to a deleterious electron
heat sink. Moreover, dilution of the main ions reduces the available fuel. Simultaneously,
impurities have an impact on the turbulent transport, both by dilution and by changes in the
effective charge. Recent experiments at JET point towards an improvement in plasma
confinement in neon seeded discharges with respect to purer equivalent plasmas. In this paper
the impact of the impurities on the confinement is studied, isolating various effects.
First-principle-based integrated modelling with the QuaLiKiz quasilinear turbulent transport
model explains the improvement by a combination of higher pedestal temperature, increased
rotation shear, and impurity-induced microturbulence stabilization. These results are optimistic
with respect to the maximum impurity levels allowed in ITER and future reactors. Comparison
between QuaLiKiz and higher fidelity gyrokinetics has exposed issues with QuaLiKiz impurity
peaking predictions with rotation.
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1. Introduction

Heat fluxes to the divertor in ITER and in future reactors will
need to be mitigated. The peak heat load that can be managed
by the actively cooled ITER divertor is q⊥ ∼ 10 MWm−2

[1]. During the International Thermonuclear Experimental
Reactor (ITER) full-power fusion operation, the power from
the confined plasma to the scrape off layer (SOL) is expected
to be ∼100 MW. The peak heat flux at the divertor depends
on the SOL power fall-off length λq, projected to be as low
as ∼1 mm [2]. q⊥ will then depend on the exact geometry of
the equilibrium, but with such low λq the operational limit is
expected to be exceeded. One of the strategies to reduce the
heat load on the divertor is through impurity radiation. Even
though there is a large uncertainty in the projections for the
value of λq in ITER, a minimum of∼30MW of light impurity
radiation from the divertor region is foreseen to be required.

In the Japanese DEMOnstration power plant (DEMO) a
Prad/Ptot of 0.8 is envisioned [3], while for the European
DEMO a value as large as 0.9 might be necessary [4]. In
present day experiments, significant radiation fractions have
been obtained with impurity seeding while maintaining good
confinement and compatibility with edge localized modes
(ELMs)-free regimes. For example, in the Axially Symmetric
Divertor Experiment Upgrade (ASDEX Upgrade), significant
edge radiation with argon seeding was achieved concomitant
to ELM supression with Resonant Magnetic Perturbations [5].

Low Z impurities have the advantage of radiating
mostly in the 10–100 eV range, while almost exclusively
Bremsstrahlung is emitted from the core, where they are fully
stripped. In the Joint European Torus (JET), the reduction of
the heat loads on the divertor was demonstrated in a variety of
divertor configuration both in carbon wall [6] and in ITER like
wall (ILW) [7]. Nitrogen is one of the most used and studied
element for impurity seeding [8–10], with effects on the heat
flux and, importantly, on the turbulent transport.

Improvement of confinement, and of the pedestal in par-
ticular, has been observed both in high triangularity, ELMy
H-modes at JET [11] and ASDEX-U [12]. Multiple effects
could contribute to this change in the pedestal, but a quantitat-
ive model to predict the profiles in this region is not available.

Considering the effect of impurities in the core, there are
further disadvantages, most notably dilution and core radi-
ation. Dilution decreases the amount of fuel in the plasma,
while radiation decreases the temperature and the heat flux
at the separatrix. Tungsten influx, for example, can deterior-
ate the pedestal and alter the frequency of the ELMs. ELMs
regulate the impurity content in the core by flushing out
particles [13], so a decrease in temperature can be followed
by further impurity accumulation [14]. Depending on diver-
tor conditions, this might create a feedback loop and cause a
disruption.

The use of Nitrogen in ITERmight prove to be problematic,
mainly due to the formation of ammonia [15], which would
limit the achievable duty cycle [1]. An additional candidate as
seeded impurity is neon. In JET carbon and ITER-like walls
neon is an effective radiator [16, 17], but the radiation is loc-
alized further in the pedestal region with respect to Nitrogen,

which often results in loss of pedestal performance. However,
in ITER neon radiation is predicted to be more compressed in
the divertor region, which might modify this picture.

In the Tokamak Experiment for Technology Oriented
Research and DIII-D, improvement in confinement was
observed with Neon seeding in L-mode plasmas [18–20].
Degradation of the pedestal was instead observed in high trian-
gularity (δ ∼ 0.4) experiments, resulting in an overall decrease
of the confinement [6]. Similarly, in ILW, δ = 0.4, relatively
low power (PNBI ∼ 20 MW) discharges, neon was observed to
be detrimental. At higher power, the pedestal degradation was
mostly balanced by an increase in core performance [21]. This
lower core transport was observed at δ = 0.2 and Zeff ∼ 1.8.

More recent scenarios for the C38 campaign at JET, con-
versely, retrieved the enhancement in confinement observed in
Nitrogen. The aim of the experiments was to compare Ne and
N as radiators in JET as a benchmark for ITER. The discharges
had high power, PNBI = 25 MW, triangularity, δ = 0.4 and
reached Zeff ∼ 2.5 The improvement was significant and found
to correlate with the neon content and to require exceeding an
input power threshold. Interpretive analysis showed improve-
ment of both pedestal and core transport.

Impurity transport has been extensively studied [22]. Nitro-
gen seeding has an impact on the core turbulent transport, as
was observed and calculated for L-mode plasmas at JET [23].
The improvement was found to originate from the change in
Zeff, which in turn caused a change in the ratio between the
magnetic shear and the safety factor s/q and a different Te/Ti,
where Te and Ti are the electron and ion temperatures. In neon
seeded, carbon wall discharges, the increase in Zeff was shown
to lead to higher core Te and Ti [24]. Impurity density peak-
ing is also linked to turbulent stabilization [25], but high qual-
ity impurity profiles are not easily available and require ded-
icated experimental analysis, despite recent progress [26]. At
the same puffing levels, the core transport reduction with neon
was observed to be larger than with nitrogen. The larger Zeff of
the neon plasmas at constant dilution is a candidate in explain-
ing this effect.

Previous simulations for ITER [27, 28] predicted only a
minor decrease in the alpha power following neon seeding, due
to dilution being partially balanced by the higher ion temper-
ature. Both simulations calculated or assumed a similar pedes-
tal in the seeded case. Understanding the precise origin of the
improvement in confinement is therefore important to increase
confidence in extrapolability and justify further pedestal ana-
lysis. Despite recent progress [29], the study of the changes
in the pedestal is very challenging, due to the lack of a quant-
itatively accurate and sufficiently fast pedestal model. Con-
versely, the tools to study the differences in the core transport
are available. Integrated modelling with reduced-order turbu-
lent transport models such as QuaLiKiz, which can handle an
unlimited number of ion species, [30] is an ideal framework to
tackle this problem and allows to quantitatively reproduce the
experiments.

The paper is structured as follow. Section 2.1 presents the
two JET discharges that were compared, with andwithout high
neon seeding. In section 2.2 the integrated modelling settings
are presented. Section 2.3 explains the results of the modelling
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and breaks up the impact of the various differences. Section 3
explores the sensitivities of the modelling, aiming at isolating
the impact of the impurities on the kinetic profiles. Section 4.1
shows the QuaLiKiz standalone predictions and sensitivities
and section 4.2 compares the QuaLiKiz predictions with res-
ults from the higher fidelity gyrokinetic codeGENE [31]. Con-
clusions are discussed in section 5.

2. Unseeded and neon—seeded comparison

2.1. Experimental discharges

Neon seeding was studied during the recent C38 experimental
campaign at JET. A scan was performed, from discharge
#96132 to #96139, with decreasing neon puffing. The ana-
lysis in this paper will consider the two extremes, unseeded
discharge #96139 and high seeding #96133, both in deu-
terium. Average Zeff was ∼ 1.4 and ∼ 1.8 respectively. The
details are presented in table 1. The experiments were per-
formed at high triangularity and ITER-relevant, vertical target
divertor configuration. The electron density ne, Te, Ti and the
toroidal rotation ω were extracted and fitted using the Gaus-
sian process regression tools available at JET [32]. The exper-
imental data were fitted on the 12.5–13 s and 14–14.5 s time
intervals for the unseeded and the seeded cases respectively.
The equilibria were reconstructed by pressure-constrained
EFIT++ [33, 34]. The whole equilibria were radially shifted
by 0.63 cm and 0.0 cm for #96133 to #96139 respectively.
This was done to ensure an electron temperature measured by
the High Resolution Thomson Scattering (HRTS) of 100 eV at
the separatrix, as predicted through power balance by the two
point model illustrated in [35], and as done in previous works
[36, 37]. The density profiles were scaled by 1.0 and 1.007
in order to be consistent with line integrated interferometry
measurements. As can be seen in figures 1 and 2, the measure-
ments from Laser Imaging Detection and Ranging (LIDAR)
have large errorbars for this discharge. The laser energy in
these pulses was around half the optimum, which led to poor
performance of the diagnostic. While comparing to the simu-
lated results, HRTS should be trusted over LIDAR. The latter
is still kept since it provides information about the shape of
the profiles for ρ < 0.25, where HRTS is not available. ρ is the
normalised toroidal flux coordinate ρtor = ( ψtor

ψtor,LCFS
)

1
2 .

For the ion temperature and rotation measurements, the
neon seeding allows for high throughput of the neon charge
exchange (CX). The neon channels looking at 524.9 nm, the
NeX line, were chosen to extract the core data. Due to sig-
nificant scatter between the CX channels looking at differ-
ent wavelengths, the other measurements were removed from
the fitting and are not showed in the comparisons. Sawteeth
were present with similar magnitude in both discharges, with
an inversion radius and frequency of ρ∼ 0.25, f∼ 2Hz for
#96133 and ρ∼ 0.3, f∼ 4Hz for #96139.

2.2. Modelling settings

The integrated modelling is performed using the JETTO trans-
port solver, within the JINTRAC [38, 39] suite of codes.

While JINTRAC has the capability of modelling both edge
and core, only the latter was evolved. Within JINTRAC this
is handled by JETTO, which is a 1.5 dimensions transport
solver. The Faraday’s equation for the time evolution of the
plasma current, the electron and total-ion energy equations
and the individual ion mass-continuity and total ion toroidal
momentum equations are solved. A number of modules cal-
culating sources, sinks and transport are called with various
frequencies, maximizing the speed and maintaining the accur-
acy. The relevant modules are mentioned below. In this work,
the current profile j, Te, Ti, and ne, are predicted self con-
sistently. The experimentally measured rotation profile is pre-
scribed. The impurities densities nimp are either imposed from
the experimental measurement or self consistently evolved,
depending on the set of simulations. Four impurities are
included: beryllium, nickel, tungsten and neon (when puffed).
At the beginning of the predictive simulations and through the
entirety of the simulations where impurities are imposed, the
densities are set to match

• The line-of-sight integrated measurement of Zeff
• The soft x-ray emission
• The observed poloidal asymmetry of the the soft x-ray emis-
sion

• The line-of-sight integrals of the total radiation as measured
by bolometry

The method presented in [40] was applied to infer the
impurity profiles. The simulations were run for two seconds
of discharge time, which corresponds to ∼10 energy confine-
ment times, sufficient to reach a stationary state.

The equilibrium is evolved using ESCO [39], with the res-
istivity calculated by NCLASS [41] and the boundary condi-
tions prescribed from EFIT++. The neutral beam injection
(NBI) heating is modelled using PENCIL [42], while PION
[43] is used for the ion cyclotron resonance heating (ICRH)
and for a more accurate approximation of the fast ion slowing
down time. SANCO [44] is utilized to calculate the charged
states of impurity and the radiation, assuming coronal equilib-
rium as initial condition. No attempt is made to model the ped-
estal and internal boundary conditions are imposed at ρ= 0.85.

The neutral source is modelled by FRANTIC [45]
and the particle flux crossing the separatrix is set to
1021 el s−1. The experimental target for the D particle flux was
2.6× 1022 el s−1 and a penetration efficiency on the order of
10% is normally assumed for the modelling. Due the relatively
high power, a lower value was chosen. There is no consistent
methodology to measure the penetration efficiency, but since
only a fraction of particles are deposited inside ρ= 0.85 a low
sensitivity can be expected. Dedicated simulations confirmed
an extremely low impact of the profiles to the choice made for
the neutrals source. The neutron production rate, mostly due to
beam-thermal reactions is calculated within PION. The turbu-
lent transport for main species and impurities is predicted by
QuaLiKiz, while NCLASS is used for the neoclassical trans-
port. Simply summing neoclassical and turbulent transport for
impurities is justified for light impurities and relatively low
collisionality [46].
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Table 1. Key parameters of JET shot#96139 and#96133. Ip and B are the total plasma current and the on-axis magnetic field, P represent
the injected heating power. βN is the normalized plasma beta, defined as 2µ0

2
3amin ∗Wtot/(Ip ∗V ∗Bgeo), with

amin = 0.5 ∗ (Rout,LCFS −Rin,LCFS), Bgeo the vacuum toroidal field at the geometric plasma centre and V the volume.

Shot# Ip (MA) B (T) Zeff PNBI (MW) PICRH (MW) ΦD (1022 at s−1) ΦNeon (1022 at s−1) βN

96139 1.4 1.7 1.4 24.5 4.8 3.4 0 1.3%
96133 1.4 1.7 1.75 24.1 4.8 3 1.0 2%

Figure 1. Predicted and experimental profiles for the unseeded discharge#96139. Points and errorbars refer to the experimental data, solid
lines to the integrated modelling predictions. HRTS (red) and LIDAR (teal) are utilized to obtain ne and Te (figures (a) and (b)), while T i
and Ω are measured by edge and core Charge Exchange (figures (c) and (d)). The predicted and interpretive regions are delimited by the
vertical black lines. Since the rotation is not predicted, the solid line in the rightmost panel is the GPR fit.

Figure 2. Predicted and experimental profiles for the seeded discharge#96133. The notation and the layout of the plots are identical to
figure 1. The rotation is not predicted and the solid line in the rightmost panel is the GPR fit. Good agreement is reached for all the predicted
channels.

QuaLiKiz a is a kinetic and electrostatic code that solves
the dispersion relation to calculate the fluxes originating from
microinstabilities. Specifically, it focuses on ion temperat-
ure gradient (ITG), electron temperature gradient (ETG), and
trapped electron mode instabilities. QuaLiKiz utilises a quasi-
linear approach, where a set of saturation rules obtained from
previously performed nonlinear simulation are used on top of
the linear calculations. Integrated modelling with QuaLiKiz
has proven to be capable of reproducing JET profiles in various
experimental conditions [47–50]. Still, extra care is needed to
ensure that the cases where the QuaLiKiz assumptions break

are handled correctly. In the following, the settings chosen in
presence of sawteeth, electromagnetic effect and high rotation
will be described.

Modest additional transport is introduced for ρ < 0.2, since
intermittent (1,1) magnetohydrodynamic activity (sawteeth) is
not included in the simulation and the quasilinear models tend
to underestimate turbulence in such region. A diffusion coeffi-
cient shaped asHexp(−(ρ−c

w ))m2 s−1 is added, with c= 0.05
and w = 0.15 for all channels. H is set to 0.5, 1.0 and 1.5 for
Te, Ti and ne respectively. The same level of additional ion
heat transport for ρ < 0.2 is set in both discharges. Since an

4
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Table 2. Impurity composition imposed for the modelling of JET
shots#96139 and #96133, normalized to the electron density. The
higher tungsten content in the unseeded discharge balances out the
lower temperature and lower light impurity composition, so that the
radiation is similar in the two cases. The concentrations are not
constant through the profiles, so average values are reported.

Discharge# Be Ne Ni W

96139 0.35% 0.05% 4.0× 10−4 1.5× 10−5

96133 1% 0.5% 4.0× 10−4 1.0× 10−5

accurate fit of the profile shapes would have been difficult, due
to large errorbars and the presence of sawteeth, the consistency
between the simulations was prioritized.

QuaLiKiz is an electrostatic code, but ITG driven turbu-
lence stabilization by electromagnetic effects is important in
these discharges. This effect has been seen to be non-linearly
enhanced by fast ions [51]. To mimic this effect, an ad-hoc
model has been proposed whereby the R/LTi passed to Qua-
LiKiz is multiplied by the localWthermal/Wtot [50]. ETG driven
mode are included in the simulations. The QuaLiKiz version
applied is based on 2.8.1. However, recent work comparing
QuaLiKiz and nonlinear GENE [52] highlighted an overestim-
ation of predicted ETGfluxes in QuaLiKiz. For this reason, the
electron heat flux originating from ETG is multiplied by 0.25
in all simulations compared to the QuaLiKiz 2.8.1 default.

Furthermore, this work highlighted an issue with QuaLiKiz
impurity density inward convection with rotation, detailed in
section 4.2, related to the breaking of the QuaLiKiz low Mach
number approximation. Therefore, for the nominal simula-
tions carried out in this paper, the impurity Mach numbers and
gradient were adjusted to correspond to He masses, regard-
less of the actual impurity species. This version corresponds
to QuaLiKiz Git commit 17c0f7cb, which in terms of phys-
ics content is identical to tagged version 2.8.1, apart from the
impurity Mach number modification. Future work will focus
on a more physics-based improvement to the QuaLiKiz treat-
ment of large Mach numbers.

One of the assumptions made in [40] is that the light impur-
ity profile is assumed to be similar to the electron profile.
No experimental information about the beryllium and neon
density peaking is therefore obtained using this approach. The
impurity composition for the simulations shown in figures 1
and 2 is summarized in table 2. The experimental impurity
composition is imposed in these runs, while the simulations
with predictive impurities will be presented in section 3. Note
that the different profiles obtained in predictive simulations
translates in an impossibility of keeping both average Zeff and
boundary impurity composition constant at the same time.

There is a large difference in toroidal rotation profiles
between the two discharges. The value is considerably larger
in the seeded case and the profiles start diverging already at
the boundary conditions, hinting to a change in the rotation
transport in both the SOL and the pedestal. The inversion of
the rotation in the inner region is not well captured by the fit.
However, QuaLiKiz does not include the impact of the rotation
for ρ < 0.4, since the related inputs are linearly lowered to zero

in the 0.4< ρ < 0.6 region. This is due to the under-estimation
of destabilizing parallel-velocity-gradient drive, which tends
to increase with decreasing ρ [53].

2.3. Modelling results

A prerequisite for this study is to reproduce both discharges
separately in the integrated modelling framework. The agree-
ment shown in figures 1 and 2 was considered to be sufficient
for the analysis. In those simulations, and in the simulations
described in this chapter, all impurities profiles were imposed
from the experimental measurements. The Te and Ti predic-
tions are within the experimental uncertainties, while the dens-
ity is slightly underestimated in the seeded discharge. Com-
paring the HRTS with the modelling of #96139, the density
appears to be overestimated for ρ < 0.5 and underestimated for
ρ> 0.5. Possible reasons for this disagreement will be presen-
ted in section 3. As reported in table 3, the neutron rate is
slightly underestimated for#96133 (seeded), while it is over-
estimated for #96139 (unseeded).

Crucially, the improvement of the heat and particle core
transport of the seeded pulse is captured by the modelling. χi

drops by close to a factor two from the unseeded to the seeded
discharge, from χi ∼ 3.2± 0.2 (m2 s−1) to a value close to
χi ∼ 1.7± 0.2 (m2 s−1). These values are extracted from the
simulations, at ρ = 0.75, and the associated error refers to the
numerical fluctuations. This success is a strong indicator that
the correct physics is being captured by the modelling and
allows for a more detailed investigation on the causes of the
improvement.

Specifically, the impact of each of the most important dif-
ferences between the two discharges was assessed through a
thought experiment. These differences are:

• Minor differences in the NBI and ICRH energy and total
injected power

• The q profile
• The toroidal velocity profile
• The overall Zeff and the impurity composition
• The density pedestal
• The temperature pedestal

The strategy adopted in this paper is to start from the
unseeded discharge and to gradually modify one item at a time
from the list above, until the seeded discharge is obtained. The
first and the last simulations of the series are the two simula-
tions already shown in figures 1 and 2.

Various elements could in principle interact non-linearly,
so the order might be important to understand the impact of
every single change. Exploring all the possible combinations
would however have required a large number of simulations,
so the items were changed in the same order as listed above.
The heating settings and the q profile are very similar in the
two cases, so the first three items in the list are changed at
the same time. The comparison between the profiles is shown
in figure 3, while the neutron rates for all the simulations are
reported in table 3.
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Figure 3. Modelling from the step-by-step comparison between the unseeded and seeded discharges. The celeste, thicker solid and dashed
lines show the baseline discharge#96139 (unseeded). The safety factor, heating and rotation profiles from#96133 (seeded) are imposed in
the simulation described by the red lines. The safety factor and the heating have a very minor impact on the profiles and only the rotation is
mentioned in the legend. The impurity profiles from the seeded discharge are imposed for the simulation shown in green, while the pedestal
from the seeded discharge is substituted in the simulation shown by the blue lines. To emphasise the fact that this last simulation is the
baseline simulation for the seeded discharge, the blue line is slightly thicker than the others. The figures on the first row show, from left to
right, ne, Te and Ti. The second row shows the toroidal rotation, Zeff and the safety factor q. The last row shows χe (solid) and χi (dashed),
the electron (solid) and ion (dashed) heat fluxes and the thermal exchange between ion and electrons. In the rightmost figure on the second
row positive sign represents power flowing from the electrons to the ions. Note that the impurity composition is the fixed variable, so the Zeff
profiles are slightly different with different Te profiles.
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Table 3. Neutron rates from the step-by-step comparison between the seeded and unseeded discharges. For the first and last columns, ‘exp’
indicates the experimental neutron rates. The column designated with ‘Heating’ has the same input parameters as the simulation for
#96139, but#96133 Heating settings. The simulation in the fifth column has the same inputs as the fourth, but with 96133 rotation profile.
The same pattern is repeated with the impurity composition, the density pedestal and the temperature pedestal from#96133. Te and Ti
pedestals are changed at the same time. The values are normalized to 1015 s−1.

Discharge Unseeded exp Unseeded model Heating & q profile Toroidal rotation Zeff Pedestal (seeded model) Seeded exp

Neutron
rate (1015 s−1)

4.0 5.2 5.4 5.6 5.8 10.5 10.0

Table 4. Simulation parameters corresponding to the integrated modelling, extracted at the end of the simulations when the profiles are
completely relaxed and therefore stationary. The parameters for The seeded discharge are given for simulations with both interpretive and
predictive impurities (imp, pred). The ∗ next to the ion temperature gradient emphasizes the fact that the reported value is the real input to
QuaLiKiz, after the application of the ad-hoc electromagnetic stabilizer. ΓE represents the E×B shearing rate.

Discharge# ρ q s ne 1019 Te(keV) Ti(keV) R/LTe R/LTi R/Lne R/LnNe Zeff ΓE

Int unseeded 0.75 1.99 1.87 7.36 1.00 0.94 11.1 9.68∗ 0.70 0.81 1.42 −0.20
Int seeded 0.75 2.03 1.92 7.70 1.44 1.59 12.1 9.64∗ 1.38 1.69 1.95 −0.39
Pred seeded 0.75 2.05 1.85 8.07 1.36 1.47 10.1 8.67∗ 2.75 9.62 1.42 −0.42

• The increase in rotation stabilizes ITG turbulence. This
moderately increases ne and Ti, while the increase in Te is
more modest. The resulting increase in Ti/Te is also stabil-
ising for ITG. The neutron rate is slightly improved.

• The change in the impurity composition further stabilizes
ITG and, to a lesser degree, ETG. This results in a further
increase of Te and Ti. For ITG, the fraction of the drive that
is stabilized is mostly the one originating from the trapped
electrons. Being its impact mostly on the electron heat flux,
this increases Te more than Ti. The ne profile is less peaked
in the simulation with larger impurity concentration. This is
consistent with the inverse dependence of density peaking
on collisionality (whereas collisionality is increased by Zeff)
[54, 55]. Regarding the neutron rate, the rise in the temper-
ature and the decrease in ni balance each other out, resulting
in a minor increase.

• Substituting the seeded discharge density pedestal slightly
increases the overall density, since the profile peaking is
unchanged and the new profile shifts almost rigidly with
the boundary conditions. At the same time, the reduced NBI
penetration caused by the higher density pedestal decreases
the amount of fast particles in the core. The two effects bal-
ance out and the neutron rate is basically unaffected. The
simulation for which only the density pedestal was modified
is not shown in figure 3 for brevity.

• Changing the temperature pedestals results in a similarly
rigid up-shift of the ion and electron temperatures, which
lowers the collisionality even further than the unseeded dis-
charge. This results in an increase in the density peaking and
in the neutron rate.

Various parameters change between the discharges and
have an impact on the turbulence. From the unseeded to the
seeded, the decrease in collisionality is destabilizing, while
Ti/Te increases by ∼10% and has a stabilizing effect. As

suggested by the integrated modelling the change in s/q is
minimal, while impurities and rotation are stabilizing. Addi-
tional stabilizing mechanism for the seeded case originates
from the larger normalized density gradient R/Lne =

R
ne

dne
dr .

Lastly, due to the higher temperatures, a lower increase in
the normalized temperature gradients above the threshold is
enough to drive a similar heat flux in the seeded case. This is
basically equivalent to a destabilization.

It is exactly because of the existence of the threshold,
more than because of an exact balance of the stabilizing and
destabilizing effects, that the normalized electron and ITGs
are in the end similar between the unseeded and the seeded
case. The parameters extracted from the integrated modelling
at ρ= 0.7 are shown in table 4. Since the integrated modelling
is in equilibrium and the heating is similar, those parameters
do result in similar heat fluxes. Indeed, the normalized gradi-
ents are almost identical.

This stiffness also demands care in interpreting the changes
in χi and χe shown in figure 3(g). Since a large increase in the
heat flux can be caused by a small change in the gradient, for
similar parameters higher fluxes correlate with higher χs. Note
in fact that, considering the normalized temperature gradient
as R/LTi =

R
Ti

dTi
dr , χi can be expressed as

χi =
qiR

nTR/LTi
. (1)

Radiation and heating are similar in the two experiments,
so the total heat flux is similar, but the heat exchange between
ion and electrons varies considerably between the simula-
tions. This effect needs to be taken into account before mak-
ing conclusions about the relative importance of the stabilizing
mechanisms.

To summarize, the improvement in performance, including
the reduction in χi, is mostly due stiffness and to the change
in temperature pedestal height. The stabilization arising from
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the different rotation and impurity composition contribute but
to a lesser extent. Regarding core impurity accumulation, the
simulations show that the balance between turbulence stabiliz-
ation and fuel dilution leads to a rather high impurity tolerance
before a loss of performance.

3. Sensitivities

ITG stabilization is connected to both dilution and impurity
density gradient, whereby stabilization is obtained for increas-
ing R/Lnimp [23]. While the dilution is mostly fixed by the
experimental impurity composition fixed at the boundary con-
ditions, the peaking is more difficult to measure.

The ideal approach would be to predict the impurity trans-
port, especially since ions are evolved by JETTO and fixing
one ion might result in inconsistencies for high impurity dens-
ity cases. In predictive simulation the peaking is set by the
transport models. For light impurities, including neon, the neo-
classical transport is sub-dominant and the impurity transport
is dominated by turbulence, calculated by QuaLiKiz in our
integrated modelling.

As visible in table 4, the predicted R/LnNe is rather large.
The effect on the simulation is mostly a sharp increase in
R/Lne , which might explain the overestimation of the density
peaking in the predictive simulation. To investigate the origin
of this discrepancy, it is useful to consider how the rotation is
implemented in QuaLiKiz. In presence of rotation, the distri-
bution function in QuaLiKiz can be expressed as

f0 = n0
( m
2πT

)3/2
e−

m
2T (v−U)2 , (2)

where U is the bulk velocity of the plasma. To enable calcu-
lations, a rotation parallel to the magnetic field is assumed,
U= U∥b̂ and the distribution function is expanded in the limit
of small Mach number:

e−ϵ+
m
T v∥U∥−U2

∥

= e−ϵ
(
1+

m
T
v∥U∥ +

m
2T
U2

∥

(m
T
v2∥ − 1

))
. (3)

The linear and quadratic terms in U∥ are multiplied by
the mass of the ion and can become large for heavier impur-
ities in presence of strong rotation. To avoid this problem,
in nominal QuaLiKiz the mass is clamped to the mass of
Beryllium for all impurities. The impurity gradient varies con-
siderably when this parameter is modified and in this case is
reduced when the mass is set to zero and increased when the
true mass of the heavier impurities is used. This large impact
on the impurity peaking provides an approach to perform
sensitivities.

This section will study in further detail the effect of
the impurities on the transport, by scanning Zeff and artifi-
cially manipulating the predicted density peaking. Specific-
ally, #96133 (seeded case) is used as the reference case and
four different approaches are explored:

• Nominal JETTO-QuaLiKiz prediction
• Impurity profile imposed from the experiment as done in
section 2.3, with R/LnBe,Ne = R/Lne .

• Reduced R/LnBe,Ne . This was carried out by entirely remov-
ing the impact of parallel flow, parallel flow shear and per-
pendicular flow shear on the impurity term in the dispersion
relation and quasilinear flux calculations.

• Increased R/LnBe,Ne . This was carried out by using QuaLiKiz
2.8.1, with no correction for the impurity Mach and Mach’
values.

The results are summarized in table 5 and the Zeff scan cor-
responding to the decreased R/LnBe,Ne is shown in figure 4. Te
and Ti show a very consistent behaviour, increasing slightly
with increasing Zeff in all cases. For the nominal impurity
peaking most of the difference following changing Zeff is on
the temperature channel, with ITG stabilization having little
impact on the electron density profile. Even though the peak-
ing seems closer to the experiment in the ρ < 0.5 region,
JETTO-QuaLiKiz overestimates the total density. The large
R/LnNe predicted in the nominal case is also not supported by
the experimental data, which are not conclusive but seem to
support a more reduced peaking [56]. Possible reasons for this
overestimation will be explored in the next section.

When the gradient of the impurities is fixed, the change in
the composition affects both the density and the temperatures.
It has to be considered that the effect on the density is par-
tially due to the fact that the simulations are not completely
self-consistent. An inward pinch is in fact predicted for neon
at R/LNe = R/Le,0. This in turn translates to a larger outward
main ion flux for the same electron particle flux.

Since ions are evolved in JETTO, the lower R/Lne needed
to drive the same flux at higher impurity concentration is par-
tially responsible for the decrease in peaking. This effect is
visible in figure 5, where the impact on the density of differ-
ent impurity levels from predictive and interpretive impurity
profile is shown.

The largest temperatures are reached for the simulation
where R/LnBe,Ne are artificially increased, but the increase is
not large and the neutron rate does not increase with respect to
the nominal scan. Interestingly, as illustrated in figure 6, R/LTe
correlates with the Zeff absolute value more that with R/LnBe,Ne .

4. Gyrokinetic analysis

4.1. QuaLiKiz

In the previous sections the impurity composition was
observed to have an impact on the predicted transport. A
clearer picture of the mechanisms underpinning the trends
observed in the integrated modelling sensitivity tests, can be
drawn by analysing QuaLiKiz standalone runs. The paramet-
ers, including the impurity composition, were taken from the
final stationary state of the seeded discharge #96133 integ-
ratedmodelling run with interpretive impurities, at ρ= 0.75. A
scan of the neon density and density gradient was performed,
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Table 5. Details of the Zeff scans with various assumptions on R/LnNe . Temperatures and density increase with Zeff in all cases, while the
increase in the neutron rate is more contained due to the dilution. The neutron rate is largest when impurities profiles are imposed, while
temperatures and densities correlate with the neon peaking in self-consistent simulations.

Simulation
Zeff

(bound) Zeff (ave)
ne (axis),
1019

Te (axis),
(KeV)

Ti (axis),
(KeV)

Neutron
rate, 1015

Interpretive 1.4 1.55 0.94 4.7 4.6 1.04
R/LnNe 1.6 1.85 0.97 5.0 4.8 1.04

1.8 2.15 1.01 5.2 5.0 1.04
Nominal 1.4 1.55 1.11 4.4 4.6 0.99
R/LnNe 1.6 1.8 1.12 4.5 4.8 1.0

1.8 2.1 1.12 4.6 5.0 1.02
Decreased 1.1 1.1 1.01 4.5 4.6 0.90
R/LnNe 1.4 1.4 1.02 5.0 4.9 0.94

1.7 1.7 1.03 5.4 5.1 0.98
Increased 1.4 1.65 1.11 4.45 4.8 0.98
R/LnNe 1.6 1.95 1.12 4.7 5.0 1.0

1.8 2.25 1.13 4.85 5.2 1.02

Figure 4. Sensitivity of the profiles to a Zeff scan for the simulations with artificially reduced R/LNe. Electron and ion densities are shown in
(a) as solid and dashed lines respectively. Electron temperature, ion temperature and Zeff profiles are shown in (b)–(d).

Figure 5. Electron and main ion densities for two Zeff scans. (a) shows the density profiles for the simulations where impurity transport is
calculated self-consistently, while in (b) the impurity profiles are imposed. In figure (a), the Zeff indicated in the legend refers to the value
imposed at the boundary. Electron and ion densities are represented by solid and dashed lines respectively. Figure (c) shows the Neon
density profiles when R/LnNe = R/Lne is imposed (dashed) and when the Neon density is predicted (solid).
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Figure 6. Electron density, electron temperature, ion temperature and Zeff profiles comparing a simulation with the neon peaking predicted
by nominal QuaLiKiz, in red, and a simulation with artificially reduced neon peaking in green. Average Zeff is similar in the two
simulations, so reduced peaking also corresponds to higher Zeff at larger ρ.

Figure 7. Fluxes as predicted by QuaLiKiz for a range of values for Zeff and R/LnNe . (a)–(c) show the electron heat flux, the ion heat flux
and the electron particle flux respectively. ETG is unstable for low Zeff, while ITG is stabilized by concomitant large Zeff and large R/LnNe .
The fluxes are normalized in GB units.

keeping all the other parameters fixed. The nominal point of
the scan has Zeff = 1.9 and R/LnNe = 1.7. Rotation and the four
impurity species are included.

The fluxes are expressed inGyrobohm (GB) units, using the
QuaLiKiz normalization. Heat fluxesQe,i and electron particle

flux Γe are normalized as Qe,iGB =
aQe,iSI

ne,iTe,iχGB
and ΓeGB =

aΓeSI
neχGB

,
where a is the minor radius, ne,i the electron and ion densities
and Te,i the electron and ion temperatures. χGB is defined as

χGB =

√
Ai,0mpT

1.5
e

q2eB
2
0a

, where Ai,0 is the mass number of the first

ion, deuterium in this case, mp is the proton mass, qe is the
electron charge and B0 is the magnetic field.

The results are shown in figure 7. As expected, increased
dilution, collisionality and R/LnNe are stabilizing for ITG tur-
bulence. In the scan, the increase in neon concentration is
labelled by the corresponding Zeff, while the collisionality is
changed self-consistently. The main ion density gradient goes
from a maximum 1.7 to a minimum −3.4. As the impurity
density gradient becomes relatively large and negative, R/LnD

is forced by ambipolarity to be large and positive and increas-
ing Zeff is destabilizing.

At low Zeff, a residual ETG drive carries part of the elec-
tron heat flux. This fraction of the flux is highly sensitive to
Zeff, but largely independent to the neon density gradient. It
is interesting to note that at experimental levels there is still a
non-negligible proportion of the electron heat flux driven by
ETG. However, sensitivities in integrated modelling showed
that eliminating the ETG drive does not significantly modify
the profiles.

For larger impurity density gradient, increasing Zeff
decreases the particle flux. Note that, in integrated modelling,
when R/LnNe is larger the system increases the electron density
gradient in order to preserve the same drive. In the end these
two effect mostly balance out and the result is a rather constant
density profile, as in figure 5(b). At large Zeff and low density
gradient the main ion particle flux increases more quickly than
the heat flux, leading to a flatter density profile, in accord with
figure 4(a).
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Table 6. Parameters used for the comparison between GENE and QuaLiKiz. x is the local normalized radius, x= a/Rmin, with the minor
radius Rmin = 0.89 (m).

x ρ q s ne 1019 Te (keV) Ti (keV) R/LTe R/LTi R/Lne R/LnNe Zeff ΓE

0.76 0.7 1.74 1.69 8.27 1.62 1.66 10.53 9.84 2.01 1.62 2.15 −0.41

Table 7. Grid parameters used for the GENE simulation. nx, ny, nz, nv and nw represent the number of grid points respectively for the radial,
bi-normal, parallel, v|| and magnetic moment dimensions. The large nx is necessary to resolve the Floquet cycles. Lx, Lv and Lw are the
extension of the simulation box in the radial, v|| and magnetic moment directions, normalized to the inverse gyroradius, thermal velocity
and Te/B respectively.

nx nz nv nw Lx Lv Lw

151 32 64 24 40.0 3.0 9.0

Table 8. Comparison between GENE and QuaLiKiz growthrates and frequencies, expressed in GENE gyroBohm units. Agreement in γGB
is obtained in the last row by decreasing the QuaLiKIz input R/LTi by 20%.

γGB ωGB

QuaLiKiz nominal 0.574 1.27
QuaLiKiz −20%R/LTi 0.306 1.19
GENE 0.323 0.926

Figure 8. Transport coefficients for QuaLiKiz and GENE with rotation and ExB shear set to zero. Growthrates and vNe/DNe, which gives
information about the peaking, are reported in (a) and (b). The diffusion DNe and the pinch coefficient vNe are reported in (c) and (d),
divided by the main ion heat flux. kθρs is scanned up to the last unstable growthrate at kθρs. The solid blue and green lines are QuaLiKiz and
GENE with identical parameters, while for the simulations represented by the blue dashed line the QuaLiKiz input R/LTi is reduced by
15%. All values are reported with the GyroBohm normalization.
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Figure 9. Transport coefficients for QuaLiKiz and GENE with ΓE set to zero and without E×B shear respectively. The structure of the plots
is the same as in figure 8. The solid blue and green lines are QuaLiKiz and GENE with identical parameters, while for the simulations
represented by the blue dashed line the QuaLiKiz input R/LTi is increased by 5%. All values are reported with the GyroBohm
normalization. With respect to the GENE prediction, DNe/χ is underestimated by QuaLiKiz.

4.2. GENE

From the analysis presented above, the importance of Qua-
LiKiz being able to correctly predict the impurity transport is
evident. This section will focus on the effect of the rotation on
the impurity profiles, since as shown in figure 6, section 3, it
was found to be a strong actuator. Other phenomena not cap-
tured in QuaLiKiz can impact the impurity transport, as for
example finite β effects [57] and fast ions [58], but since they
are not expected to be relevant in this case such effects will not
be included in this work.

The QuaLiKiz predictions are compared with the output
from the higher fidelity gyrokinetic code GENE. Only the lin-
ear physics is validated and direct comparison to nonlinear
simulations, is left for future work. For simplicity, only Neon
impurities are considered. β is set to zero and the s−α geo-
metry model is used. The collisions are treated by a linearized
Landau-Boltzmann operator. The input parameters are extrac-
ted from integrated modelling and are summarized in table 6.
The grid parameters for the simulations are listed in table 7.
Henceforth, the growthrates will be presented using the GENE
GB normalization employed in the simulation.

GENE and QuaLiKiz have already been extensively
compared [59–61], including comparisons of the stabilization

from increasing Zeff [62]. A basic level of agreement in this
corner of the parameter space is confirmed here by compar-
ing the stabilization that originates from the addition of Neon.
For kθρs = 0.2, which is close to the most unstable mode, γGB
drops by 25% in GENE and by 20% in QuaLiKiz. Here kθ is
the poloidal wavenumber and ρs =

√
Temi
qeB

the main ion gyrora-
dius. A reduction in R/LTi of 15% is sufficient to match the
growthrates. The results are summarized in table 8.
Ds and Vs are calculated by QuaLiKiz, but are not provided

directly by linear GENE. While the absolute values of the sat-
urated fluxes cannot be obtainedwithout the nonlinear terms, it
is still possible to extractDs/χ and Vs/χ, since these transport
coefficients depend only on the ratio of the fluxes. To extract
D and V in the GENE linear simulations, an extra trace neon
species was added with zero gradient, and the neon transport
coefficients were calculated using

VNe = Γtrace/ntrace, (4)

DNe = (Γmain − nmainVNe)(R0/(nmainR/Ln,Ne)). (5)

DNe/χ and VNe/χ are calculated for kθρs =
0.1,0.2,0.3,0.4 and the results are compared with the
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Figure 10. Transport coefficients for QuaLiKiz and GENE with the E×B shear divided by 4 with respect to the nominal value. The
structure of the plots is the same as in figure 8. The green, blue and red lines represent GENE, QuaLiKiz and QuaLiKiz with the effect of the
rotation on the neon term in the dispersion relation and quasilinear flux calculations removed. The input R/LTi for the two QuaLiKiz
versions is reduced by 4% and 7% respectively in order to match the GENE growthrates. All values are reported with the GyroBohm
normalization. With respect to the GENE prediction, DNe/χ and VNe/χ are underestimated by QuaLiKiz. The inward peaking is
overestimated for nominal QuaLiKiz and underestimated for the customized version.

QuaLiKiz predictions. Agreement in the growthrates is
reached by decreasing the R/LTi in QuaLiKiz by 20%. Con-
sidering the two cases with the same drive, both DNe/χ and
VNe/χ are slightly overestimated and the vNe/DNe ratio is
very similar. Growthrates and transport coefficients for the
rotation-less case are reported in figure 8.

The effect of rotation on the impurity peaking is then ana-
lysed. First, the comparison is performed without E×B shear
in GENE and with γE set to zero in QuaLiKiz. This simpli-
fies the analysis of the GENE simulations and the results are
reported in figure 9.

QuaLiKiz and Gene are in good agreement with regards to
the particle pinch, but QuaLiKiz underestimates the diffusion
coefficient by a factor ∼2. This is not due to the difference
in growthrates, since the same drive was retrieved by chan-
ging the input ITG of just 5%. Interestingly, the v/D predicted
by Gene does not change significantly from the rotation-less
case. The disagreement is not related to the impurity mass in
the low Mach number approximation and it possibly hints to
an overestimation of the impact of the parallel velocity gradi-
ent in QuaLiKiz. The identification of the exact reason for the

low DNe is left for future work. This difference explains the
overestimation of the impurity peaking in integrated model-
ling with nominal QuaLiKiz.

Lastly, the effect of the E×B shear on the particle trans-
port coefficients is studied. The GENE simulations including
this effect were analyzed with the methodology described in
appendix. Unfortunately, such methodology proved not to be
suitable at nominal rotation. Within the scope of code com-
parison between GENE and QuaLiKiz, the predicted trans-
port coefficients were compared at lower E×B shear. The
E×B shear was therefore reduced by a factor 4 with respect
to the experimental value. The differences in the prediction
of growthrates and transport coefficient ratios between GENE
and QuaLiKiz at reduced shear can be observed comparing
the green and blue lines in figure 10. A 4% reduction of the
input R/LTi passed to QuaLiKiz was sufficient to obtain sim-
ilar growthrates. Since this had little to no effect on the neon
transport coefficients ratios, the simulations with the same
drive are shown for brevity.

Some differences between the two models are evident. At
larger kθρs, QuaLiKiz is stabilised faster than GENE. The
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pinch coefficient corresponding to the largest growth rates is
underestimated by QuaLiKiz by only a few percent, but there
is a factor ∼2 difference in the diffusivity. In integrated mod-
elling, this corresponds to an overestimation of the peaking of
the impurity profile by QuaLiKiz.

The impact of rotation on the impurity transport in Qua-
LiKiz with the effect of rotation on the impurities removed
in the dispersion relation and quasilinear flux calculations is
shown by the solid red line. In this case, a 7% reduction of
the input R/LTi was sufficient to match the growthrates and
again only the simulations with the same drive are shown.DNe

is similar, but the pinch coefficient absolute value is greatly
reduced and the corresponding peaking in the integrated mod-
elling is in this case underestimated.

The results at lower rotation point to a discrepancy between
GENE and QuaLiKiz with respect to the impact of rotation
on impurity transport, consistent with the exaggerated Neon
peaking predicted by QuaLiKiz with nominal rotation.

5. Conclusions

Integrated modelling of plasma discharges including multiple
impurities was performed. Specifically, the role of neon in
modifying the core turbulent transport was analysed. This was
motivated by the experimental observation of an increase in
confinement with neon seeding, for both pedestal and core.
A model to understand the changes in the pedestal, where
most of the improvement in confinement and neutron rate ori-
ginates, is not available. Future work might focus on pos-
sible mechanisms impacting the pedestal performance, in
particular:

• In the unseeded case the maximum pressure gradient was
closer to the separatrix, but the pedestal was narrower. The
two effects are respectively destabilizing and stabilizing.

• A decrease of Te at the separatrix, due to the radiation and
increased penetration of recycling neutrals, is associated
with an inward shift of the pressure profile, which is a poten-
tial stabilization mechanism [37]. The experimental assess-
ment of its importance is however difficult, since the posi-
tion of the separatrix is uncertain.

• The increase in Zeff and dilution might also stabilize ped-
estal turbulence, which would increase the pedestal height.
Pedestal turbulence stabilization due to higher Zeff is indeed
expected according to gyrokinetic calculations [63] and
simulations [64–66].

Regarding the core, the transport improvement is identified
to be due to an increase in rotation and from the impurity-
induced stabilization of ITG modes. The higher ion temper-
ature balances the dilution, leaving the neutron rate mostly
unchanged. Te and Ti are well predicted, while ne is overes-
timated when the impurity transport is predicted and underes-
timated when impurities are imposed. This is linked to an over-
estimation of the light impurity density peaking by QuaLiKiz.

The toroidal rotation was identified as a strong driver of the
neon inward flux. The QuaLiKiz prediction was compared to
higher fidelity GENE calculations, showing a lower increase
in impurity peaking with rotation in the higher fidelity code.
Future QuaLiKiz development will address this difference.
Comparison with other quasilinear models, such as TGLF
[67], could at the same time aid with the interpretation of the
experiment and provide an alternative prediction that can be
used to identify broken assumptions and possible improve-
ments for both codes.

While more work needs to be done to understand the beha-
viour of the pedestal and the extrapolability of the observed
improvement, the results of this paper is optimistic regard-
ing the maximum tolerable light impurity content that can be
injected in reactors to cool the divertor region.
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Appendix

In order to extract the impurity transport coefficients from lin-
ear GENE simulations including the E×B shear, the follow-
ing needs to be considered.

The E×B shear in GENE is implemented as a shift in kx.
Every time-step kx is shifted by ∆kx =

tγE
R0cref

, with t being the

time-step in GENE, R0 the major radius and cref =
√

qeTref
mref

.

Since the grid is discrete, the shift is implemented only when
it accumulates for a value larger than∆kx ≡ 2π/Lx.

The kx spectra for ky = 0.3 as predicted by GENE is shown
in figure 11. The maximum in the instability is found at∆kx =
±0.35 and decreases sharply for higher shifts. While the mode
traverses the whole spectra in the simulations including the
E×B shear, the growthrate rises and falls. This behaviour cre-
ates cyclical oscillations called Floquet modes. The impurity
transport coefficients vary during the cycles, with both DNe

and VNe increasing with∆kx . D/V is non monotonic and has a
maximum around 0.5.

The rotation is therefore included utilizing the τAC
approach, as presented in [68]. This method originates from
the observation that the relevant timescale to average phys-
ical quantities is the nonlinear decorrelation time. If the mode
does not maintain coherence for long enough to traverse the
full Floquet cycle, it is reasonable to expect that nonlinearly
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Figure 11. Details of the kx spectra for ky = 0.3 as predicted by GENE. The structure of the plots is the same as in figure 8. Half of the
period is shown.

higher kx would be less important. The decorrelation time can
be estimated by 1/γky and is usually minimum around kx = 0.
Taking these considerations into account, the transport coeffi-
cients are calculated by averaging their values over the nonlin-
ear decorrelation time.

The following procedure is therefore repeated for the four
different binormal wavenumbers, kθρs = 0.1,0.2,0.3,0.4:

• Linear GENE is run with the appropriate E×B shear until
a few Floquet cycles are computed.

• The growthrates for each time-step are calculated as γ =

ln( n1j(t+∆t)
n1j(t)

)/∆t.
• The discrete steps in kx result in large growthrates when the
distribution function is shifted. After a few time-steps, a new
configuration is reached and the growthrate returns to the
pre-shift levels. To allow the identification of the maxima
of the Floquet cycles, a smoothing over the discrete shift
timescale is performed. The new growthrates are calculated
as γ = ln( n1j(t+n∆t)

n1j(t)
)/(n∆t). n here is defined as n= T/∆t,

where T is the time between two consequent shifts.
• The maxima in the growth rates are identified, now corres-
ponding to the most unstable kx, usually close to kx ∼ 0.
Then, for each cycle:
∗ A time window satisfying the relation |1− γky∆τ |<
δ is identified. Here δ is a small parameter and τ

is the width of the time window where γky is aver-
aged. The centre of the window is kept fixed at the
time corresponding to the maximum growthrate and the
width is increased symmetrically until the relation is
satisfied.

∗ Inside of this window, for each time-step, VNe/χ and
DNe/χ are calculated.

• To obtain the final VNe/χ and DNe/χ, the entirety of the
corresponding values inside the identified intervals are aver-
aged.

This last step is justified when neither coefficient changes
significantly inside the intervals under consideration.

The results for ky = 0.2 are shown in figure 12. The grow-
thrates are well converged for all the cycles and VNe and DNe

are fairly constant over the intervals considered.
As shown in figure 13, with kθρs = 0.2, the particle trans-

port coefficients for nominal rotation are not constant over
the averaged time windows and vary considerably during the
Floquet cycle. Part of the reason originates from the E×B
stabilization itself, which results in lower γk. This in turn trans-
lates into a larger τ , thus widening the range where the val-
ues are averaged. Nonlinear simulations might be needed for
comparison at large rotation values and will be left for future
work.
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Figure 12. Visualization of the calculations performed to obtain the
neon transport coefficients for kθρs = 0.2. Plots for only one
poloidal wavenumber at low E×B shear simulations are shown, the
other are similar and are not shown for brevity. Plot (a) reports the
growthrates extracted during multiple Floquet cycles in blue and the
fit performed to locate the maxima in green. The growthrates here
have already been smoothed according to item 3 of the GENE
methodology list. The interval centered around the maxima and
satisfying |1− γk∆τ |< δ are indicated by the black vertical lines.
VNe/Qi and DNe/Qi are shown for all the time steps of the
simulation in (b) and only inside the selected intervals in (c).

Figure 13. Visualization of the calculations performed to obtain the
neon transport coefficients for kθρs = 0.2 at nominal E×B shear.
The structure of the plots is the same as in figure 12. The black
intervals satisfying |1− γk∆τ |< δ are visibly larger, resulting in
non constant transport coefficients in (c).
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