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A benchmark of the reduced quasi-linear models QuaLiKiz and TGLF with GENE gyrokinetic simulations
has been performed for parameters corresponding to a JET high performance hybrid pulse in deuterium. Given
the importance of the study of such advanced scenarios in view of ITER and DEMO operations, the dependence
of the transport on the ion isotope mass has also been assessed, by repeating the benchmark changing the ion
isotope to tritium. TGLF agrees better with GENE on the linear spectra and the flux levels. However, concerning
the isotope dependence, only QuaLiKiz reproduces the GENE radial trend of a basically gyro-Bohm scaling at
inner radii and instead anti-gyro-Bohm at outer radii. The physics effects which are responsible of the anti
gyro-Bohm effect in GENE simulations have been singled out.

I. INTRODUCTION

Turbulent transport is a key factor in determining the fusion
performance in any magnetic fusion device. Correctly mod-
elling the particle and heat transport due to micro-turbulence
driven by microinstabilities is important in order to predict
the density and temperature profiles of a reactor and opti-
mise fusion performance. Numerical codes based on gyroki-
netic (GK) theory [1] are the most powerful tool available to
perform first-principle modelling of such phenomena. Un-
fortunately, their computational cost is so high that it is not
generally possible to use them to predict plasma profiles and
their time evolution. Therefore, simplified (‘reduced’) models
using the quasi-linear (QL) paradigm have been developed,
which can be used to interpret the experimental results or to
design new experiments, supporting the operations of present
and future devices. The two most developed QL models are
presently QuaLiKiz [2, 3] and TGLF [4, 5]. In order to im-
prove the reliability of ‘reduced’ models predictions, a suffi-
cient physics detail has to be included, and a great effort by the
fusion community is actually devoted to adding physics ingre-
dients to these models and validating them by comparing the
results with those obtained running GK nonlinear (NL) simu-
lations, in addition to comparing with available experiments.
The QL models can be used within transport codes to evaluate
the fluxes, and have shown to successfully reproduce H-mode
deuterium (D) baseline scenarios (fully inductive scenarios
with standard confinement with respect to H-mode scaling
and moderate β = plasma pressure/magnetic pressure)[6–8].
However, some difficulties have been encountered when ad-
dressing high β advanced tokamak scenarios [3, 6, 9–14]. One
of the understood reasons is the absence in QL models of non-
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linear electromagnetic (EM) stabilization mechanisms, as dis-
cussed in [15–18]. Work is ongoing to introduce these effects
into QL models [19].

Another domain that has not deserved enough attention is
the validation of QL models for isotopes different from deu-
terium. Indeed, experimentally, heavier isotopes have gener-
ally been found to have better confinement time and perfor-
mances than lighter ones [20–23]. This is in contrast with
early theoretical predictions based on modelling Ion Temper-
ature Gradient (ITG)-driven turbulence within an adiabatic
electrons, electrostatic (ES) approximation in the collision-
less regime, which showed a gyro-Bohm (gB) mass scaling
(turbulent fluxes ∝

√
mi, where mi is the ion mass). Inten-

sive work has been done on JET, in the framework on the up-
coming DT campaign [24, 25], and on AUG to investigate the
origin of the observed anti-gB mass scaling of confinement
with GK simulations [12, 26–28] and extend predictions to
ITER [29]. An anti-gB mass scaling, beneficial for high per-
formance fusion operation, has been found also in GK simu-
lations and attributed, depending on the particular considered
cases, to different physics ingredients, such as parallel dynam-
ics of nonadiabatic electrons [30, 31], collisions [32], electro-
magnetic effects [33, 34], E × B flow shear [33, 35] and differ-
ent impact of fast particles [12, 27]. The realistic evaluation
of the impact of the isotope mass on transport thus requires
considering all these physics pieces, and the question arises
whether the ‘reduced’ models are equipped with the necessary
physics to model the isotope dependence correctly. In fact,
much less work is reported regarding validation of QL models
vs experiments in different isotopes [12, 36] and in particular
the comparison of QL and GK models in different isotopes is
little explored [12, 37]. This is a key topic in view of sup-
porting with predictive modelling the design of fusion reac-
tors with deuterium-tritium (T) operation, typically in high β
conditions. This motivated the present work, aiming at com-
paring QL and GK predictions in different isotopes using as
reference case a high beta JET Hybrid discharge, which al-
lows to study both the dependencies of turbulent transport on
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the electromagnetic effects due to high β and on the variation
of the ion isotope from D to T.

With this aim, in this work we consider the high perfor-
mance high β JET hybrid pulse 94875 in D, confronting the
results obtained using the two models QuaLiKiz and TGLF
with the GK GENE code [38, 39]. We stress that here we are
not targeting the validation of the QL models vs the experi-
ment, but just the comparison between GK and QL results, in
order to evaluate the capability of QL models to reproduce the
physics effects contained in the high fidelity GK codes. For
this reason, the reference parameters are not the actual exper-
imental ones, but have been taken from the end of a predictive
JETTO [40] simulation in D, where the fluxes were computed
using QuaLiKiz (here referred to as ‘JETTO-QuaLiKiz’ sim-
ulation), details of which can be found in [41]. In that simula-
tion, the Electron Temperature Gradient (ETG)-driven trans-
port has been neglected, since it was found negligible in the
QuaLiKiz simulations with realistic Zeff .

Two radii of analysis ρtor = 0.36 and ρtor = 0.6 have been
chosen, to test the impact of different physics ingredients such
as electromagnetic effects, E × B shear and fast ions (FI), at
inner and outer radii. At both radii, the QuaLiKiz and TGLF
linear eigenvalues and heat fluxes have been compared with
the results of linear and nonlinear GENE simulations. The pa-
per is organised as follows: in section II the reference plasma
parameters, together with the simulations settings, are intro-
duced. Section III shows the comparison of the linear eigen-
values spectra between different models, while the nonlinear
fluxes are treated in section IV. In particular, following the lin-
ear analysis, the nonlinear simulations have been firstly per-
formed considering a D plasma (section IV A), then all has
been repeated in T. The comparison of the D and T cases is
contained in section IV B. Conclusions are drawn in section
V.

II. EXPERIMENTAL CONDITIONS AND SIMULATION
PARAMETERS

The profiles of the main common input parameters of Qua-
LiKiz, TGLF and GENE simulations, taken from the end of
the JETTO-QuaLiKiz simulation, are shown in Fig1.

The electron density ne is shown in Fig.1 (a), while the
electron and ion (D) temperatures Te,i are shown in Fig.1 (b).
Impurities have been considered as kinetic species in all the
simulations. The considered JET pulse is a recent one, there-
fore it features the ITER-like wall (ILW), thus displaying Be,
Ni and W impurities, which have been taken into account in
the simulations. The density profiles of the light impurity, i.e.
beryllium, as well of the heavy ones, i.e. nickel and tung-
sten, have been obtained with a constrained multi-diagnostic
analysis, as discussed in [41]. They are shown in Fig.1 (c),
compared with ne. In the simulations, the heavy impurities
have been merged to compose a single effective species, con-
serving the effective charge Zeff =

∑
j Z2

j n j/ne (sum on ion
species; Zeff = 1.6, 1.9 at the radii of analysis ρtor = 0.36,
ρtor = 0.6, respectively) and imposing neutrality both on den-
sity and density gradients. Deuterium FI are produced both

by Neutral Beam Injection (NBI) and Ion Cyclotron Reso-
nance Heating Radio Frequency (ICRH RF). The FI densi-
ties and temperatures are given in Fig.1 (d) and (e) respec-
tively, compared with the corresponding electron quantities.
The FI coming from NBI and RF are here considered as a sin-
gle species, and their temperature distribution is approximated
with a Maxwellian. Therefore, given the total (NBI+RF) FI
density nFI, the associated temperature has been computed as
TFI = 0.5 ∗ (p‖,FI + p⊥,FI)/nFI, where p‖,FI, p⊥,FI and nFI are the
total (NBI+RF) longitudinal and perpendicular pressures of
FI, according to JETTO definitions. The investigation of the
impact of non-Maxwellian anisotropies is beyond the scope
of this work. Considering the FI coming from NBI and RF
as a single species could result in a oversimplification, but
this has been done to facilitate the comparison of gyrokinetic
and quasilinear results. For each considered case, the main
ion density, together with its gradient, are obtained enforcing
neutrality (ni = ne −

∑
Zimp.nimp. − nFI , where ‘imp.’ stays

for impurity). The impurities are supposed in thermal equi-
librium with the main ions. FI have been considered in both
GENE and TGLF simulations as a kinetic species, while in
QuaLiKiz they enter only through the EM mock-up. Finally,
in the figure, the two radii of analysis are indicated by vertical
dashed lines.

The magnetic equilibrium has been reconstructed with the
EFIT equilibrium solver [42, 43], based on magnetic measure-
ments and pressure constraint. The poloidal plots of the con-
sidered magnetic surfaces at the two radii of analysis, together
with the last closed flux surface (LCFS), are shown in Fig.2
(a).

The elongation κ and the triangularity δ (computed accord-
ing to [44]), which are equal to κ = 1.21 and δ = 0.03 at
ρtor = 0.36, respectively, increase, as expected, up to κ = 1.31
and δ = 0.08 at ρtor = 0.6. The safety factor q profile has been
obtained using EFIT enforcing a Faraday rotation constraint,
which in particular is needed to have a reliable estimate at
smaller radii. It is shown in figure Fig.2 (b). In the QL simu-
lations, both Miller [45] and s−α [46] analytic equilibria have
been used, since TGLF features Miller geometry while Qua-
LiKiz uses s−α. The analytic equilibria are the ones that best
fit the EFIT equilibrium. The same analytic equilibria have
also been used in the GENE simulations. Gyrokinetic results
obtained with a more realistic Miller analytic equilibrium, ac-
counting shaping effects such as the elongation and triangu-
larity, which is well suited to compare with TGLF, have been
confronted with the ones obtained using a simpler s−α model
in order to better compare with QuaLiKiz.

In all the NL GENE and TGLF simulations the rotation
shear effects due to NBI injection have been taken into ac-
count at both radii. In QuaLiKiz simulations only at ρtor = 0.6,
since the impact of E × B stabilisation is neglected in Qua-
LiKiz for ρtor < 0.5 due to the systematic underprediction of
parallel velocity gradient destabilization in that region in the
QuaLiKiz model [3]. The considered toroidal angular rotation
Ωtor radial profile, experimentally obtained with the charge
exchange recombination spectroscopy (CXRS) and kept fixed
during the JETTO-QuaLiKiz run, is shown in Fig.3.

We assume the plasma flow to be purely toroidal and iden-
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Figure 1. Main plasma parameters at the end of the JETTO-QuaLiKiz simulation (the vertical lines indicate the two radii of analysis): (a)
electron density. (b) electron and main ion (deuterium) temperatures Te,i. (c) impurities density profiles compared with ne, in lin-log scale. (d)
and (e) FI density and temperature profiles, respectively, compared to electrons.
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Figure 2. (a) Poloidal plot of the ρtor = 0.36, 0.6 magnetic sur-
faces, together with the LCFS, obtained using EFIT with pressure
constraint. (b) Safety factor profile, obtained using EFIT with Fara-
day rotation constraint. The vertical lines indicate the radii of analy-
sis.

tical for all species. Indeed, the contributions to the radial
electric field Er coming from the poloidal and diamagnetic
components of the velocity field are small for this case and
moreover they almost balance each other. The positive sign in
Fig.3 indicates clockwise rotation when viewed from above.
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Figure 3. Toroidal angular velocity profile (positive: clockwise as
seen from above the tokamak).

The reference parameters at the two radii of analysis, which
are used in the simulations, are collected in Table I.

The normalised radial logarithmic gradients of the f pro-
files ( f = n,T ) are here defined as R/L f = −R d ln f /dr,
where R and r are the plasma major and minor radii at
the selected magnetic surface, respectively. The other pa-
rameters are the safety factor q, the magnetic shear ŝ =

(r/q)dq/dr, the ratio of the electron plasma pressure to the
magnetic pressure βe = 2µ0neTe/B0, with µ0 the vacuum
permeability and B0 = 2.72 T the vacuum magnetic field
on the magnetic axis. Finally, the GENE E × B shearing



4

El.-ions, q: R/Lne R/LTe R/LTi Ti/Te q ŝ
ρtor = 0.36 2.97 6.42 6.25 0.95 1.26 0.47
ρtor = 0.6 2.31 9.93 7.95 1.00 1.83 1.41

Impurities: nBe/ne nNi/ne nW/ne R/LnBe R/LnNi R/LnW

ρtor = 0.36 2.21E-2 2.57E-4 4.81E-5 1.64 -3.73 -1.69
ρtor = 0.6 2.28E-2 6.02E-4 1.15E-4 3.44 -9.05 -10.82

FI, βe, E × B: nFI/ne R/LnFI R/LT FI TFI/Te βe γE[cs/R]
ρtor = 0.36 0.11 6.24 6.58 5.50 1.75E-2 0.11 (D)
ρtor = 0.6 0.08 6.84 5.61 6.24 8.49E-3 0.23 (D)

Table I. reference parameters at the end of the JETTO-QuaLiKiz
simulation (t = 49.2 s), at the two radii of analysis ρtor = 0.36 and
ρtor = 0.6, for both D and T simulations. Only γE is adapted in T
multiplying it by

√
3/2, as explained in the text.

rate γE = −(r/q)(∂Ωtor/∂r)R/cs parameter is provided, where
cs ≡

√
Te/mi is the ion sound speed. The parallel flow shear

γp was computed consistently with the pure toroidal flow as-
sumption [γp ' (q/ε)γE , where ε = r/R is the inverse aspect
ratio]. The E ×B shearing has been turned on at t = 40R/cs in
all the GENE simulations, in order to allow the turbulence to
develop before adding its effect. We recall that in GENE the
parallel flow shear is active from the beginning of the simu-
lations when set, therefore the initial fluxes overshoot can be
enhanced by its presence, because during the overshoot the
parallel flow shear is not balanced by the E × B shearing. The
same rotation parameters in physical units have been consid-
ered for D and T cases. Therefore, since γE scales as ∝

√
mi,

we enforced γE(T ) =
√

3/2 γE(D).
Unless explicitly stated, all the simulations are run in

the collisional regime. Since the electron-ion collision
rate depends on ni , which is modified depending on the
number of considered species (ni is adapted using neu-
trality), the GENE collision parameter νc = 2.3031 ×
10−5 ln Λ R[m]ne[1019m−3]/Te[keV]2 is given in its place,
since it only depends on ne,Te, where ln Λ = 24 −
ln(
√

1013ne[1019m−3]/103Te[keV]) is the Coulomb logarithm.
Its values at ρtor = 0.36 and ρtor = 0.6 are νc = 2.55 × 10−4

and νc = 5.73 × 10−4, respectively. The electron-ion ther-
mal collision rate can be easily evaluated for each case as
νei = 4(ni/ne)

√
Te/meνc/R.

Now some information about the numerical codes is given.
The quasi-linear modelling has been performed using the
QuaLiKiz and TGLF codes. QuaLiKiz 1 is a GK ES transport
model using shifted-circle geometry (s − α). Although Qua-
LiKiz is only ES, it had been possible to obtain approximate
QuaLiKiz fluxes in the EM regime using a mockup, based
on ES results. This consists in running a R/LTi scan of Qua-
LiKiz simulations in the ES regime and then rescaling R/LTi
multiplying it by the radially local ratio βthermal/βtotal of the
thermal β and total β values (including FI contribution) [3],
where β = 2µ0 p/B2

0, with µ0 the vacuum permeability. This

1 Git hash 6a57e45b, which has the same physics characteristics as Qua-
LiKiz tag 2.7.0

serves as a rough proxy for the FI enhanced EM stabilisation
in NBI and ICRH driven discharges, such as at JET, where the
FI content is correlated with EM stabilisation (which itself is
not purely due to fast ions), as discussed in [13].

The trapped gyro-Landau fluid model TGLF 2 has been run
with saturation rule SAT1 [5], with option UNITS=CGYRO,
which improves the description of geometrical effects and is
calibrated to a set of CGYRO nonlinear simulations, as dis-
cussed in [47]. We refer to this TGLF version as TGLF SAT1-
geo. Compared with the original SAT0 model [48], SAT1 fea-
tures zonal flow mixing, rather than shearing, as the primary
saturation mechanism of both ion and electron scale turbu-
lence, and captures cross-scale coupling and nonlinear upshift
of the critical R/LTi. TGLF does not include nonlinear EM
stabilization effects, but it includes linear EM effects.

The gyrokinetic simulations have been performed with the
GENE code 3. GENE adopts the following coordinate sys-
tem in the reduced GK 5-dimentional phase space: a field-
aligned coordinate system (x, y, z) in configuration space and
(v‖, µ) as velocity variables in the reduced 2-dimensional GK
velocity space. Here (x, y, z) represent the radial, the binormal
and the parallel positions respectively (x =const & y =const
define a magnetic field line, while z sets the position along
that line), µ = mv2

⊥/2B is the magnetic moment and v‖ is the
parallel velocity. The flux-tube version of the code has been
used in this work, where a Fourier representation is used for
both the x and y directions. A typical grid size for a linear
flux-tube simulation with fixed binormal mode number ky is
nkx×nz×nv‖×nµ = 48×32×48×15, while a typical NL simula-
tion grid size is nkx×nky×nz×nv‖×nµ = 128×32×32×48×15.
To collect sufficient statistics, the NL flux-tube simulations
have been run in time up to at least tmaxcs/R ∼ 100, or up
to tmaxcs/R ∼ 1000 when necessary. Convergence tests have
been performed to check the reliability of the results. The
minimum binormal wavenumber ky,minρs = 0.05 has been
chosen for both linear scans and NL simulations. The x box
size typical value has been set to Lx = 120ρs, with ρs = cs/Ωi
the sound Larmor radius and Ωi the ion cyclotron frequency.
Convergence tests have been done down to ky,minρs = 0.03
and up to Lx = 200ρs. EM simulations have been compared
with ES ones to single out the impact of the electromagnetic
effects on the results. The effect of finite β on the geometry
has been retained in the ES simulations, to separate geometri-
cal effects linked to Shafranov shift and the dynamical finite β
effects which are associated with magnetic field fluctuations,
when comparing with the EM case. This has been done by
setting the αMHD = −q2Rdβ/dr parameter in ES simulations
equal to its value in EM ones, including the FI contribution
to β when they have been considered. Collisions have been
taken into account unless otherwise stated, through a Landau
collision operator.

Given that the FI pressure gradient at ρtor = 0.36 is suf-
ficiently high to destabilise low-k EM modes in linear and
nonlinear GK simulations when the EM regime is addressed

2 Git hash bf11cdd
3 GENE release-1.8 (Git hash 99cb22) has been employed
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(i.e. finite βe is considered), leading to unphysical large val-
ues of simulated NL turbulent fluxes in GENE runs, we tuned
down the FI pressure and density until the linear low-k EM
modes disappear. This is indeed physically consistent, since
FI-driven modes, once destabilised, would reduce the FI den-
sity gradients and density. Therefore, it makes sense to re-
duce these values until mode stability, as discussed in [15].
Therefore, after performing R/Ln,FI scans of γ for different
values of nFI/ne (varying R/LT,FI proportionally to R/Ln,FI for
simplicity), together with checking that nonlinearly the ob-
tained flux remains finite and reasonable, we identified the
minimum required FI pressure change to stabilise the low-k
EM modes: nFI/ne : 0.11 → 0.08, R/Ln,FI : 6.24 → 5 and
R/LT,FI : 6.58 → 5.28. This corresponds to going from the
dashed curve to the solid one in Fig.4 (a), where a GENE ky
scan of the linear growth rate γ at ρtor = 0.36 in the EM regime
is presented.

It can be seen that the linear low-k EM modes are stabilised
by varying the FI parameters. This new set of FI parame-
ters has been considered instead of the reference one for all
the TGLF and GENE simulations at ρtor = 0.36. Fig.4 (b)
and (c) show βe scans of γ and ω for the low-k EM peak
in Fig.4 (a), varying the FI content. It can be seen that FI
strongly affect the instability βe threshold, and that the cho-
sen FI content corresponds to marginal linear stability. This
supports the identification of this EM modes as Beta induced
Alfvén Eigenmodes (BAE) [49]. These modes are likely cou-
pled with Kinetic Ballooning Modes (KBM) [50], which are
characterised by similar large positive frequencies (following
GENE sign conventions), ballooning parity and a βe thresh-
old. Indeed, these EM modes are destabilised when increas-
ing βe beyond a threshold (see Fig.4 (b)), they display high
positive frequencies (see Fig.4 (c)), and they show ballooning
parity, that is φ̄(ky, z̄) is even, while Ā‖(ky, z̄) is odd (this has
been tested inspecting |φ̄(ky, z̄)| and |Ā‖(ky, z̄)| at different low
values of ky), where φ̄(ky, z̄) and Ā‖(ky, z̄) represent the com-
plex ballooning representations of the (kx, ky) Fourier trans-
forms of the ES potential φ and the parallel vector potential
A‖, respectively. The ballooning representation φ̄ is related
to the (kx, ky) Fourier transform φ̂(kx, ky, z) of φ by the rela-
tion φ̂(kx = p∆kx, ky, z) = φ̄(ky, z̄ = z + p2π) (∆kx = 2π/Lx,
Lx = 1/ky ŝ being the size of the flux-tube along the x di-
rection for a given linear ky mode), where z̄ indicates the ex-
tended ballooning coordinate (the same holds for A‖). How-
ever, a deeper analysis of the nature of these coupled modes
is beyond the scope of this work. In the following we will
simply refer to this mode as a hybrid BAE/KBM, following
[15]. From a further inspection of Fig.4 (a), one notes that
the growth rate corresponding to the smallest kyρs = 0.05 is
unchanged by the FI content variation. This has been inves-
tigated, and the corresponding linear mode has been identi-
fied as a micro-tearing mode (MTM). Indeed, it shows nega-
tive frequency (according to GENE conventions ) and tearing
mode parity (odd φ̄(ky, z̄), even Ā‖(ky, z̄)). The same holds at
the even smaller wavenumber kyρs = 0.03, which has been
tested given that kyρs = 0.03, 0.05 are the minimum values of
ky which have been set in the NL simulations.
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Figure 4. (a) Comparison of ky spectra of the growth rate γ of
the first linear unstable mode at ρtor = 0.36, comparing the re-
sults obtained using the reference FI parameters (end of the JETTO-
QuaLiKiz simulation) and reducing FI density and pressure gradi-
ent according to nFI/ne : 0.11 → 0.08, R/Ln,FI : 6.24 → 5 and
R/LT,FI : 6.58 → 5.28. The latter parameters correspond to the ones
used in the GENE/TGLF simulations. (b) and (c) βe scans of the
linear growth rate γ and frequency ω, respectively, for kyρs = 0.15,
corresponding to the peak of the EM low-k modes in (a). The two FI
content cases of (a) are considered, compared with a third one where
the FI are completely removed. Both γ and ω are normalised with
cs/R. The vertical grey line indicates the reference value of. βe at
ρtor = 0.36 (see table I).
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III. LINEAR ANALYSIS

In order to characterise the linear drivers of the micro-
turbulence leading to turbulent fluxes for the selected cases,
ky scans of GENE linear flux-tube simulations in D have been
run for the reference parameters of Table I, corresponding to
the two radii of analysis. The results obtained with QuaLiKiz
and TGLF have then been confronted with GENE, consider-
ing both electrostatic (ES) and electromagnetic (EM) regimes,
to single out the impact of linear EM stabilisation.

For the GENE-QuaLiKiz comparison, only the ES regime
has been addressed, since QuaLiKiz is essentially an ES code.
Since QuaLiKiz features s−α geometry, also GENE has been
run with this geometry. Finally, FI have not been considered in
QuaLiKiz since the possibility of including them in QuaLiKiz
standalone runs has not yet been tested sufficiently. There-
fore they have been neglected also in GENE when comparing
with QuaLiKiz at the inner radius, where the FI content is
larger, for consistency. However, as will be shown in section
IV, FI have been considered for QuaLiKiz in the flux com-
putation for the EM case using its EM mockup (see section
II). TGLF and GENE have been compared in both ES and
EM regimes. Since TGLF adopts Miller geometry, that has
been set also in GENE. FI have been considered as kinetic
species in both codes. As a consequence, the linear EM sta-
bilisation effects have been taken into account in both GENE
and TGLF. All the simulations have then been repeated in T.
Figures 5 and 6 show the ky spectra of the growth rate γ and
frequency ω of the first unstable linear mode, comparing the
QL models QuaLiKiz and TGLF (colors), respectively, with
GENE (greyscale), at ρtor = 0.36 (first row) and ρtor = 0.6
(second row).

Let us start from the GENE-QuaLiKiz comparison (Fig.5).
Looking at the growth rates (Fig.5 (a) and (c)), QuaLiKiz un-
derestimates them (both peak and the corresponding ky) at
both radii, but at least the agreement with GENE is better
for the smallest wavenumbers, which contribute more to the
nonlinear fluxes. The frequency spectra (Fig.5 (b) and (d))
show a qualitative QuaLiKiz-GENE agreement on identifying
the ion-scale and electron-scale dominant turbulence regimes
as ITG and ETG, corresponding to positive and negative fre-
quencies, respectively. In particular, at ρtor = 0.36 the ITG
and ETG regimes are separated by a gap, while at ρtor = 0.6
a continuous TEM-ETG branch fills the intermediate region,
due to the fact that the 43% larger value of the TEM driver
R/LTe at ρtor = 0.6 is not compensated by the larger collision-
ality and shear values, leading to TEM destabilisation.

Turning to the GENE-TGLF comparison (Fig.6), here both
ES and EM cases have been addressed. First, we consider
the results obtained using GENE alone, comparing these two
regimes. From the inspection of γ vs ky, a much stronger
linear EM stabilisation (grey lines → black lines) is seen at
the inner radius ρtor = 0.36, compatible with the fact that
βe(ρtor = 0.36)/βe(ρtor = 0.6) ∼ 2. To better understand this
results, we performed βe scans of linear GENE simulations at
fixed kyρs = 0.3 (roughly corresponding to the peaks of the
nonlinear flux spectra, see section IV) for parameters corre-
sponding to the two radii of analysis. The results are shown

in Fig.7, where the growth rates are normalised with the ones
that are obtained setting βe = 0.

It has to be pointed out that in these scans αMHD has been
computed self-consistently, therefore the βe = 0 results have
not to be directly compared with the ones obtained in the
other ES simulations, where αMHD has been kept equal to the
reference EM value to retain finite β effects on the geome-
try (see section II) even in the ES case. Figure 7 shows that
the much larger linear EM stabilisation effect that is observed
at ρtor = 0.36 is due to the concomitance of two reasons:
firstly, as it was already stated, βe is almost twice compared
to ρtor = 0.6, secondly the negative slope of γ(βe)/γ(βe = 0) is
much larger at the smaller radius. Coming back to the eigen-
values spectra (Fig.6), the frequencies ω are compatible with
ITG and ETG modes at ion- and electron-scales respectively,
for both ES and EM cases at both radii. Turning to the iso-
tope comparison, T growth rates are moderately smaller than
D ones at the lower wavenumbers which mostly contribute to
the fluxes (consider that this difference is a little bit smoothed
out in the plots since the γ normalisation cs/R scales with
1/
√

mi), with the largest difference at ρtor = 0.36 in the EM
regime.

Comparing TGLF with GENE, the agreement on the
growth rates is very good for the ES case at both radii, bet-
ter than the GENE-QuaLiKiz one. The agreement is still very
good for the EM case at the outer radius, while it is worse
for the EM case at the inner radius, while however TGLF for
that case agrees with GENE on predicting smaller γ values for
T wrt. D. The GENE-TGLF agreement on the frequencies is
very good for all the cases.

Since the GENE-QuaLiKiz and GENE-TGLF benchmarks
have been performed using different analytic equilibria, a
comparison of GENE linear ky scans of γ varying the ge-
ometry from s − α to Miller is presented, at ρtor = 0.36 and
ρtor = 0.6, for the common ES case with D isotope, as shown
in Fig.8. As expected, the shaping effects are more important
at the outer radius, where κ and δ are larger (see section II),
and both larger γ peaks and corresponding ky are observed for
Miller equilibrium compared to s − α, consistently with [51].

Finally, the ratio (γ/ky)max,ETG of the maximum growth rate
for the ETG branch at electron-scales has been confronted
with the corresponding value for the ITG branch at ion-scales,
in order to test the criterion [(γ/ky)max,ETG]/[(γ/ky)max,ITG] >
1 for ETG relevance [52], stating that if this condi-
tion holds ETGs should impact the NL fluxes. How-
ever, for all the GENE, QuaLiKiz and TGLF simulations
which are presented in this section, it has been found
[(γ/ky)max,ETG]/[(γ/ky)max,ITG] . 50%, indicating that ETGs
are not expected to cause significant heat transport for the con-
sidered cases. This is consistent with the fact that the param-
eters which have been considered in this work come from a
JETTO-QuaLiKiz simulations without ETGs (see the intro-
duction), where Te ∼ Ti. In the actual experiment Ti > Te
(although also Te ∼ Ti roughly lies within error bars), corre-
sponding to a more ETG-unstable case, since the ETG R/LTe
instability threshold is proportional to 1 + ZeffTe/Ti [53]. A
more definitive study of ETG relevance in this JET pulse is
shown in a separate related study [41].
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Figure 5. (color online) Comparison of ky spectra of the growth rate γ (a)/(c) and frequency ω (b)/(d) of the first unstable linear mode,
comparing QuaLiKiz with GENE, at ρtor = 0.36 (first row) and ρtor = 0.6 (second row). GENE has been run only in the ES regime with s − α
geometry, as well as without FI at the inner radius, to better compare with QuaLiKiz.

IV. NONLINEAR ANALYSIS

QuaLiKiz and TGLF ion and electron heat fluxes have been
compared with GENE nonlinear flux-tube ion-scale simula-
tions at the two radii of analysis, considering both D and T
cases. Both the ES and EM cases have been accounted for
in the GENE-QuaLiKiz benchmark, where the EM mockup
has been used for QuaLiKiz in the EM case (see section II).
Consistently with the linear analysis (see section III), s−α ge-
ometry has been considered also in GENE, to better compare
the two codes. For the same reason, FI have been neglected in
GENE ES simulations at the inner radius ρtor = 0.36, where
the FI content is larger, since QuaLiKiz does not include FI.

Only the EM case has been considered for the GENE-TGLF
benchmark, being the most significant one, in order not to re-
peat all the GENE ES s−α simulations using Miller geometry,
since TGLF only runs with the latter. For this case, kinetic FI
have been considered in both codes. However, it has to be
pointed out that while TGLF retains linear EM stabilisation
effects (see section III), it is not able to model NL EM stabili-
sation, as will be shown.

A. Nonlinear results in deuterium

First, we shall consider D results. R/LTi scans of the ion
and electron heat fluxes qigB and qegB in gyro-Bohm units
have been performed, since R/LTi is the main driver of ITG
modes, which have been found to be the principal instability
from linear simulations at both radii (see section III). Here,
qgB = q/qGB, where q = qi, qe are the radial ion/electron heat
fluxes per unit surface and qGB =

√
mineT 5/2

e /e2R2B2
0 is the

gyro-Bohm normalisation. The results are shown in Fig.9 (a)
and (b), corresponding to ρtor = 0.36 and ρtor = 0.6 respec-
tively.

The fluxes are shown by solid/dashed lines for the ES and
EM cases respectively (TGLF results are indicated by dotted
lines to distinguish them from QuaLiKiz ones). GENE fluxes
are distinguished from QL ones by displaying square markers.
The GENE error bars represent the standard deviation of the
fluxes time traces over the same time interval that has been
considered to compute their averages.

Looking first to GENE alone, the results clearly show a
much stronger EM stabilisation at ρtor = 0.36 than at ρtor =
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Figure 6. (color online) Comparison of ky spectra of the growth rate γ (a)/(c) and frequency ω (b)/(d) of the first unstable linear mode,
comparing TGLF with GENE, at ρtor = 0.36 (first row) and ρtor = 0.6 (second row).
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0.6, consistent with linear results. Moreover, considering the
EM cases, the fluxes seem not to increase with increasing

10
-1

10
0

10
1

k
y s

10
-2

10
-1

10
0

10
1

 R
/c

s

tor
=0.36, s-

tor
=0.36, Miller

tor
=0.6, s-

tor
=0.6, Miller

ES, D

Figure 8. s−α (dashed-circle) vs Miller (solid-asterisk) comparison
of GENE linear ky scans of γ, at ρtor = 0.36 (grey) and ρtor = 0.6
(black). The ES case is considered, with D isotope.

R/LTi at both radii. This lack of R/LTi stiffness has been in-
vestigated by performing linear GENE simulations, in order
to quantify if a portion of this ‘flattening’ could be due to a
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Figure 9. (color online) GENE NL fluxes compared with QuaLiKiz
and TGLF QL fluxes in gyro-Bohm units vs R/LTi in D, comparing
QL models with GENE, at ρtor = 0.36 (a) and ρtor = 0.6 (b). Ion and
electron heat fluxes are indicated in blue and red, respectively. The
ES and EM cases are shown by solid and dashed lines, respectively,
except for TGLF in the EM regime, that is indicated by dotted lines
to differentiate it from QuaLiKiz. GENE is marked with squares, and
the corresponding error bars represent the standard deviation of the
fluxes time traces over the same time interval that has been consid-
ered to compute their averages.

more efficient linear βe stabilisation at larger R/LTi (‘R/LTi
stiffness’ means the degree to which the normalised heat flux
responds to changes in R/LTi). To do that, the βe scans of
Fig.7 have been repeated increasing R/LTi alone by ∼ 1, to
R/LTi = 8 and R/LTi = 9 at ρtor = 0.36 and ρtor = 0.6, re-
spectively. Indeed, approximating the saturation levels of the
NL potentials with a mixing length rule ∼ γ/k2

⊥, we can at the
first order suppose that the linear EM stabilisation of the NL
fluxes should roughly be proportional to the γ reduction due
to finite βe. Figure 10 shows the results in red, compared with
those obtained at smaller R/LTi, in black, which correspond
to Fig.7.

A ∆γ ∼ −23%, −4% reduction is observed at ρtor = 0.36
and ρtor = 0.6, respectively. Moreover, a slight reduction of
the BAE/KBM onset βe threshold is observed with increasing
R/LTi, confirming a larger impact of BAE/KBM EM modes
with increasing R/LTi. These reductions of γ, however, de-
spite they have the right sign to be related to a contribution
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Figure 10. Growth rate γ divided by the value obtained setting
βe = 0, versus βe, with kyρs = 0.3, at ρtor = 0.36 (dashed) and
ρtor = 0.6 (solid). the vertical lines indicate the βe value at the two
radii, following the same line style. The results corresponding to
reference parameters are shown in black, while the ones that have
been obtained increasing R/LTi alone to R/LTi = 8 and R/LTi = 9 at
ρtor = 0.36 and ρtor = 0.6, respectively, are indicated by red lines.

coming from linear EM stabilisation to the flattening of qgB
vs R/LTi, are not sufficient to fully explain it, as it can be
seen looking at Fig.9. The remaining contribution should then
come from NL effects.

Finally, GENE predicts qe > qi at ρtor = 0.6 for the EM
case. This is due to the fact that there is a ∼ 30% EM contribu-
tion to qe, mainly coming from B⊥ fluctuations, that reverses
the qi/qe ratio in the EM regime at the outer radius. Going in
more details, EM contributions to qe, coming from both per-
pendicular and parallel B fluctuations, have been neglected in
the NL GK simulations at ρtor = 0.36, while they have been
retained at ρtor = 0.6. This choice follows the inspection of
the NL spectra of the GK fluxes. The NL ky spectra of the
electron flux qegB(ky) are shown at ρtor = 0.36 and ρtor = 0.6
in Fig.11 (a) and (b), respectively, for the EM case with refer-
ence parameters.

Here, qegB =
∑

ky
qegB(ky). The total flux (solid) is split

in its ES part, coming from φ fluctuations (dotted), and the
EM part which comes from both perpendicular and parallel
magnetic field fluctuations (dotted). The EM part at ρtor =

0.36 is a < 20% contribution to a very small qegB ∼ 3, coming
from a spectrum which decays by only ∼ 1 order of magnitude
within the ky box, even after collecting a large statistics (tmax ∼

800R/cs), therefore it has been neglected. On the contrary,
the EM contribution to qegB at ρtor = 0.6 is positive for all
ky values, it decays by ∼ 2 orders of magnitudes within the
ky box and contributes ∼ 27% to a non-negligible qegB ∼ 63
flux. As a consequence it has been retained. The dependence
of the fluxes on FI has been also analysed at ρtor = 0.36, where
the EM effects are larger. The GENE NL EM simulation with
reference parameters has been repeated removing FI, and the
results are compared in Fig.12 (a), where the time traces of
the fluxes in gyro-Bohm units are shown.

It turns out that the effect of FI on fluxes is negligible. This
is possibly due to the fact that the EM NL stabilisation is so
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Figure 11. GENE NL flux spectra in gyro-Bohm units, satisfy-
ing qegB =

∑
ky qegB(ky), from the EM simulations at ρtor = 0.36

(a) and ρtor = 0.6 (b), for reference parameters from the JETTO-
QuaLiKiz simulation. The total fluxes (solid) are separated in the
ES contribution (dashed), coming from φ fluctuations, and EM con-
tribution (dotted), coming from B⊥ and B‖| fluctuations. In (b), the
EM contribution coming from only B‖| fluctuations is also shown by
a dashed-dotted line. The two spectra have been obtained averaging
the ∆t = 680 − 786 R/cs (a) and ∆t = 180 − 272 R/cs (b).

strong that the fluxes are already very small and FI cannot fur-
ther contribute to their stabilisation. It is interesting to note
that in the simulation without FI (blue-red) there is a ‘step-
like’ behaviour of the fluxes vs time. Looking at the average
of the flux spectra over two consecutive steps (indicated by
green vertical lines in Fig.12 (a)), which is shown in Fig.12
(b), it can be seen that in the ‘smaller flux’ phases a small EM
peak at kyρs = ky,minρs = 0.05 is present, possibly suggest-
ing an exchange of energy between low-k EM modes (com-
patible with the micro-tearings which have been observed in
the linear regime, see section II) and smaller-scale ES modes
(ITG). In the literature, different MTM-ITG nonlinear inter-
action regimes have been observed depending on parameters.
There have been observations where MTM is linearly unsta-
ble, but shown to be nonlinearly suppressed when coincid-
ing with ITG turbulence [54]. On the other hand, there are
also regimes where nonlinear coupling to MTM is observed
[15, 55]. Further analysis in this direction is beyond the scope
of this work.
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Figure 12. FI effect on NL fluxes at ρtor = 0.36, with reference
parameters. (a) The time traces of the NL fluxes in gyro-Bohm units
from GENE EM simulations without FI (blue: ions, red: electrons)
are compared with the ones including FI (cyan: ions, magenta: elec-
trons). (b) Flux spectra from the two time intervals t = 420 − 680
R/cs (black) and t = 720 − 980 R/cs (red), indicated in green in (a).

Coming back to the ρtor = 0.6 case, for which the EM
contribution to qe has been retained, the origin of this EM
part of the electron heat flux has been investigated in more
detail. The portion of the EM contribution to the electron
heat flux spectrum (dotted) coming from B‖ fluctuations has
been separated (dash-dotted in the figure), and results to be
' 6% of the EM flux. Thus the EM flux is almost to-
tally coming from B⊥ fluctuations. A convergence test has
been performed for this case at ρtor = 0.6, repeating part
of the simulation with a finer grid. In particular, a larger y-
box size Ly has been considered (corresponding to a smaller
ky,min = 2π/Ly = 0.03/ρs wrt. standard ky,minρs = 0.05), set-
ting Lx = 200ρs ∼ Ly in order to have kx,min ∼ ky,min and
nkx × nky × nz × nv‖ × nµ = 256 × 64 × 32 × 48 × 15 instead of
the standard nkx × nky × nz × nv‖ × nµ = 128× 32× 32× 48× 15
(see section II). The results of this test are shown in Fig.13.

The timetraces of qigB, qegB are shown for the refer-
ence simulation (blue/red) and for the more resolved one
(cyan/magenta). It can be seen that only the initial overshoot
is modified in the latter, while after a slower decay it drops
to similar values of the fluxes. It has to be noted that the ini-
tial overshoot in these simulations is very large, possibly en-
hanced by the initial phase, where the parallel flow shear is not
balanced by the E × B shear until t = 40R/cs (indicated in the
figure by a vertical line), while the zonal structures are still in
development. Finally, an additional x-convergence test, where
nkx alone has been increased from 128 to 256, has been per-
formed for the same case. The results, shown by dotted lines
in Fig.13, indicate a much lower initial overshoot, followed
by similar final values.

Turning to the GENE-QuaLiKiz benchmark, we shall come
back to Fig.9. There is a good agreement on fluxes for the
ES case (solid lines), while the QuaLiKiz EM mockup fails
to reproduce the strong EM stabilisation (solid→dashed for
GENE) at ρtor = 0.36. However, the mockup correctly ac-
counts for the upshift of the transport R/LTi threshold for the
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magenta (electrons). The dotted lines correspond to an independent
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256.

same case. Since TGLF is able to model the linear EM stabil-
isation effects, its results are in better quantitative agreement
with GENE at both radii. However, it still fails to account for
the additional strong NL EM stabilisation at ρtor = 0.36. At
the same time, QuaLiKiz and TGLF are not able to account
for both the lack of qgB vs R/LTi slope in GENE for the EM
case and the fact that GENE predicts qe > qi at ρtor = 0.6 for
the EM case.

B. Nonlinear deuterium-tritium comparison

The analysis of section IV A has been repeated considering
a T plasma, i.e. keeping all the parameters constant except
for the main ion mass and rescaling the E × B shearing rate
according to what explained in section II, in order to evaluate
the isotope effect on the heat transport. The results of the
R/LTi scan of qigB and qegB at the two radii of analysis are
shown in Fig.14.

Here, the ES and EM cases are illustrated in the first and
second row, respectively, while the inner and outer radii in the
first and second column, respectively.

Let’s first consider the ES results, where QuaLiKiz and
GENE are compared. GENE and QuaLiKiz agree on predict-
ing a very small/negligible anti-gB effect at ρtor = 0.36 (1 .
q(T )/q(D) =

√
3/2 qgB(T )/qgB(D) . 1.2 at reference R/LTi:

q(T )/q(D) is equal to
√

3/2 ∼ 1.22 for a pure gyro-Bohm
scaling, it is ∼ 1 for a mild anti-gB scaling with equal fluxes
in physical units when changing isotope, while it becomes < 1
for a larger anti-gB scaling), while a larger but still small ef-
fect is seen at ρtor = 0.6 (0.8 . q(T )/q(D)[R/LTi,re f .] . 1),
for both ions and electrons. Turning to EM results, let’s
first consider the GENE-QuaLiKiz comparison. They also

agree on predicting a very small/negligible anti-gB effect at
ρtor = 0.36 (1.1 . q(T )/q(D)[R/LTi,re f .] . 1.2), while
they both predict a not small anti-gB effect at ρtor = 0.6
(0.4 . q(T )/q(D)[R/LTi,re f .] . 0.9). It has to be noted that
GENE is still completely lacking flux slope vs R/LTi also
in T. Now, looking at TGLF results, even if the quantitative
agreement on flux values with GENE is better than GENE-
QuaLiKiz also in T, TGLF predicts a small anti-gB effect
at both radii (q(T )/q(D)[R/LTi,re f .] ∼ 0.8 at ρtor = 0.36,
q(T )/q(D)[R/LTi,re f .] ∼ 1.1 at ρtor = 0.6). However, the anti-
gB effect is not negligible at ρtor = 0.36 for TGLF, while it
is negligible for GENE and QuaLiKiz. This could be due to
the fact that the very strong nonlinear EM stabilisation which
GENE sees at ρtor = 0.36 somewhat hides/squeezes the anti-
gB effect that could be expected for that case from linear re-
sults, which show smaller γ in T (see section II) wrt. D. On
the contrary, TGLF could see this anti-gB effect since it un-
derpredicts the EM stabilisation.

The gyro-Bohm scaling of the results can be better visu-
alised looking at different plots, i.e. directly evaluating the ra-
tio q(T )/q(D) for ions and electrons. These plots, correspond-
ing to the R/LTi scans of Fig.14, are here shown in Fig.15.

The same layout of Fig.14 is kept, i.e. ES/EM cases are
indicated by different rows and the radii of analysis by differ-
ent columns. Looking to these graphs, it is evident that the
GENE/QuaLiKiz curves move down going from ρtor = 0.36
to ρtor = 0.6, leading to a non negligible anti-gB effect, at least
in the EM case. TGLF, on the other hand, shows a small anti-
gB effect at both radii. It thus seems that even if TGLF is in
better agreement with GENE on the levels of the heat fluxes,
QuaLiKiz gives a better estimate of the isotope dependence
of the fluxes. However, this is a single example spanning a
very narrow region of the possible parameter space which is
compatible to hybrid cases of interest, therefore such a state-
ment should be taken with caution and will need much more
investigation with future benchmarks with GENE and other
GK codes to be confirmed or confuted.

Finally, in order to identify the main responsibles of the
observed anti-gB effect, some physics ingredients have been
removed one by one by the reference GENE nonlinear simu-
lations in D and T, and the output heat fluxes in gyro-Bohm
units have been computed. The results of such analysis are
shown in Fig.16 (a) and (b), corresponding to ρtor = 0.36 and
ρtor = 0.6, respectively.

Starting from the case indicated as ‘simple’, corresponding
to ES simulation with s−α geometry, without impurities, with-
out FI, without rotation shear effects (E × B and parallel flow
shear) in the collisionless regime, the single ingredients have
been added one by one, eventually reaching the ‘reference’
cases of figures 14 and 15, as indicated. It results that the
anti-gB effect is absent just for the ion channel in the ‘simple’
case. Then, ‘pieces’ of anti-gB effects are added up, still lead-
ing to a small effect, except from the EM case at ρtor = 0.6.
For that case, on the other hand, one has to note that the differ-
ence qgB(D)−qgB(T ) remains almost constant going from ES
to EM case for both ions and electrons (the electron fluxes are
almost unchanged, by the way), while the qi(T )/qe(D) ratio
lowers because the level of the ion fluxes decreases. Finally,
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Figure 14. (color online) Isotope dependence of electron heat fluxes. GENE NL fluxes compared with QuaLiKiz and TGLF QL fluxes in
gyro-Bohm units vs R/LTi, in D (blue and red correspond to ions and electrons, respectively) and T (cyan and magenta correspond to ions
and electrons, respectively). The first and second row correspond to ES and EM simulations, respectively, while the first and second column
to ρtor = 0.36 and ρtor = 0.6, respectively. GENE is distinguished by QuaLiKiz (both shown by solid lines) using square markers. TGLF is
dashed.

one should note that the contributions coming from collisions
and E × B shearing to the anti-gB effect are easily understood
with respect to their dependence on normalization, as empha-
sized in the recent work [31]. Indeed, this paper indicates that,
when keeping fixed the collision rates and the E × B shear-
ing rate in ion units instead of physical units (as it is done in
this work) when changing isotope, the related anti-gB effect
should not show up. This means that once the dependence of
qgB vs the collisional frequency (or vs the E×B shearing rate)
in physical units is known for a considered isotope, the fluxes
can be reconstructed for a second isotope just by rescaling the
collisional frequency (or vs the E × B shearing rate) by the ra-
tio of the square roots of the ion masses of the two isotopes. A
preliminary test to investigate this behaviour has been made,
repeating the reference EM GENE NL simulation at ρtor = 0.6
in T, rescaling both γe and νc by

√
2/3 wrt. the values which

have been used in this work. However, it seems that for this
particular case the electron heat ion fluxes in T are almost un-
changed (∼ 2% change) wrt. the ones obtained keeping the
same rotation shear and collisions in physical units between
the two isotopes, indicating a very small impact of rotation
shear and collisions on these results and letting the anti-gB
scaling almost unchanged, compared to the one of Fig.15 (d).

Further analysis is then needed in the future to investigate this
topic in view of the recent result of [31]. This would require
repeating and investigating in more detail all the simulations
in T, which is beyond the scope of this work.

V. CONCLUSIONS

A benchmark of the two quasi-linear models QuaLiKiz and
TGLF by comparison with GK GENE ion-scale simulations
has been performed considering parameters compatible with
the high performance high β JET hybrid pulse 94875 in D. The
parameters are taken from the end of a predictive JETTO sim-
ulation in D, where the fluxes were computed using QuaLiKiz
neglecting ETGs. A detailed linear and nonlinear analysis has
been carried out, repeating the simulations changing isotope
from D to T in order to analyse the isotope effect. The GENE
simulations retain all the most important physical effects, such
as collisions, impurities, rotation shear effects, FI and EM
effects and a realistic Miller geometry. The QL simulations
have been set up to approximate at their best these effects, and
the GENE simulations have been simplified to better compare
with QL models when this was impossible.
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√

3/2 qgB(T )/qgB(D) of the heat fluxes in physical units in T and D, vs R/LTi. GENE NL
fluxes compared with QuaLiKiz and TGLF QL fluxes. Following Fig.14 layout, the first and second row correspond to ES and EM simulations,
respectively, while the first and second column to ρtor = 0.36 and ρtor = 0.6, respectively. GENE is indicated by solid lines with square markers,
while QuaLiKiz and TGLF by dashed and dotted lines, respectively. The horizontal dashed line indicates pure gB scaling, corresponding to
q(T )/q(D) =

√
3/2 ∼ 1.22.

Linear analysis (section III):

• Spectra of the most unstable mode eigenvalues (ES
and EM regimes): ITG-dominated ion-scales and ETG-
dominated electron-scales;

• ETGs should not contribute to NL fluxes according to a
linear criterion from [52];

• Strong EM stabilisation observed et ρtor = 0.36, due to
almost double βe value compared to ρtor = 0.6, together
with a more efficient βe stabilisation;

• Slightly smaller growth rates are found in T with respect
to D at ρtor = 0.36 in the EM regime;

• Both growth rate maxima and the corresponding ky are
found smaller for s−α geometry compared with Miller,
in agreement with [51].

• QuaLiKiz-GENE comparison (only ES since QuaLiKiz
is ES): qualitative agreement on the nature of micro-
turbulence, quantitative agreement on eigenvalues only
at the smaller ky, which mostly contribute to the NL
fluxes.

• TGLF-GENE comparison (both ES and EM): remark-
ably good agreement on both growth rates and frequen-
cies;

NL analysis: simulations in D (section IV A):

• GENE heat fluxes in gyro-Bohm units vs R/LTi (main
driver of ITG-dominated turbulence): very strong EM
stabilisation at ρtor = 0.36, even without FI, compared
to ρtor = 0.6, where a milder EM stabilisation is seen,
almost only acting on ions;

• The GENE heat fluxes vs R/LTi have vanishing slope in
the EM regime, and part of this ‘flatness’ is explained
by an enhanced linear βe stabilisation at larger R/LTi;

• QuaLiKiz-GENE comparison (ES and EM with Qua-
LiKiz mockup): good agreement in the ES regime, but
QuaLiKiz is not able to capture the EM stabilisation at
ρtor = 0.36, even using its EM mockup. Nevertheless,
the mockup is able to correctly estimate the heat trans-
port R/LTi threshold shift going from ES to EM case;

• TGLF-GENE comparison (only EM): better agreement
than QuaLiKiz-GENE on flux levels, since TGLF is
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Figure 16. (color online) Isotope dependence of electron heat fluxes
at ρtor = 0.36 (a) and ρtor = 0.6 (b), for reference R/LTi values, adding
physics ingredients starting from a ‘simple’ case, corresponding to
ES simulation with s − α geometry, without impurities, without FI,
without rotation shear effects (E × B and parallel flow shear) in the
collisionless regime. GENE NL fluxes are compared with QuaLiKiz
and TGLF QL fluxes in gyro-Bohm units (left y-axis), in D (blue and
red correspond to ions and electrons, respectively) and T (cyan and
magenta correspond to ions and electrons, respectively). The ratio
q(T )/q(D) =

√
3/2 qgB(T )/qgB(D) of the heat fluxes in physical

units in T and D has been added to the figure (right y-axis), following
Fig.15, for ions (blue dashed line) and electrons (red dashed line).
The horizontal dashed line indicates pure gB scaling, corresponding
to q(T )/q(D) =

√
3/2 ∼ 1.22.

able to model the linear EM stabilisation. However, be-
cause it lacks NL EM stabilisation physics, TGLF does
not fully account for the strong EM stabilisation at the
inner radius;

• Both QuaLiKiz and TGLF: do not agree with GENE
on the vanishing heat fluxes slope vs R/LTi for the EM

cases at both radii and they are not able to reproduce
the qe > qi condition that holds for GENE simulations
at ρtor = 0.6 for the EM case, due to a positive EM
contribution coming to qe from perpendicular magnetic
field fluctuations.

NL analysis: D-T comparison: the simulations of section
IV A have been repeated in T (section IV B):
• GENE and QuaLiKiz: agree on predicting a negligible

anti-gB effect at ρtor = 0.36, which increases with in-
creasing radius and is not small at ρtor = 0.6 for the EM
case;

• TGLF: small anti-gB effect at both radii;

• GENE: gB behaviour only appears for the ion channel
when removing physics ingredients such as impurities,
collisions, FI, rotation shear effects (E × B and paral-
lel flow shear) and shaping (physics ingredients such as
collisions, impurities, FI, rotation shear have been re-
moved in GENE NL simulations one by one from the
reference cases to single out the main contributions to
the observed anti-gB effect).

Coming back to the main focus of this paper, i.e. the bench-
mark of quasi-linear models with GK, the outcome is that
even if TGLF gives best estimates of the absolute level of the
heat fluxes compared to GENE, QuaLiKiz compares better to
GENE regarding the estimate of the relative isotope depen-
dence of the fluxes for the considered case. This will need
further analysis in the future, spanning larger parameter re-
gions which are compatible with hybrid cases of interest, also
comparing QL and GK results with experiments. Finally, the
upcoming JET campaign in T will allow to compare experi-
mental measurements with our predictions.
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