Identifying microturbulence regimes in a TCV discharge
making use of physical constraints on particle and heat fluxes
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Reducing the uncertainty on physical input parameters derived from experimental measurements is essential
towards improving the reliability of gyrokinetic turbulence simulations. This can be achieved by introducing
physical constraints. Amongst them, the zero particle flux condition is considered here. A first attempt is also
made to match as well the experimental ion/electron heat flux ratio. This procedure is applied to the analysis
of a particular TCV discharge. A detailed reconstruction of the zero particle flux hyper-surface in the multi-
dimensional physical parameter space at fixed time of the discharge is presented, including the effect of carbon
as the main impurity. Both collisionless and collisional regimes are considered. Hyper-surface points within
the experimental error bars are found. The analysis is done performing gyrokinetic simulations with the local
version of the GENE code, computing the fluxes with a Quasi-Linear (QL) model and validating the QL results
with non-linear simulations in a subset of cases.
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I. INTRODUCTION

In order to reproduce experimental results of particle and heat transport in magnetic confinement plasmas by means of gy-
rokinetic turbulence simulations, the values of the main turbulence drivers, such as the density and temperature profile gradients
for the different species, the electron to ion temperature ratio, the main impurity concentration and gradient, have to be known
with very good accuracy. Unfortunately, these experimentally derived inputs are usually only provided with relatively large error
bars. In order to reduce their uncertainties, some physical constraints can be enforced. Ideally, one would invoke a number of
constraints equal to the number of required effective parameters. In practice, a limited number of constraints is considered and, in
the multi-dimensional parameter space, one attempts to find subsets of the hyper-surfaces matching these constraints within the
experimental error bars. In this work, two constraints have been considered. The first is the zero particle flux condition, expected
to hold for discharges with no external particle injection, implying zero average particle flux at each magnetic surface for every
plasma species. Identifying the hyper-surface satisfying this condition, and in particular the evaluation of the electron density
gradient corresponding to the simultaneous vanishing of the particle fluxes for all species, is in itself a topic of research [1-5].
The second considered constraint is the ion/electron heat flux ratio, that can be matched to the experimental value, resulting in
a second hyper-surface to be intersected with the zero particle flux one. Considering constraints on flux ratios allows us to get
quick predictions of the fluxes by Quasi-Linear (QL) estimates, where only ratios are practically available.

In this work, we focus on the analysis of the limited L-mode TCV shot #28355, published in [6, 7], that shows a toroidal
rotation reversal during a density ramp up, occurring in conjunction with a relatively small change in the plasma density. The
analysis of the turbulence regime close to the reversal is done in view of a future momentum transport analysis to be carried
out on this shot, of interest for the study of intrinsic rotation [8], that is the spontaneous generation of plasma rotation without
external torque. Intrinsic rotation is expected to provide stabilising sheared flows to the most important future large fusion
devices such as ITER [9] and DEMO [10], where external torque is expected to be negligible, due to the limited penetration
depth of NBI [11]. Since it is well known that sheared flows can potentially decrease the transport to neoclassical levels [12, 13]
and contribute to the formation of transport barriers which in particular provide access to the H-mode and advanced operating
regimes [14], it is critical to understand intrinsic rotation underlying mechanisms and parameter dependencies, so as to possibly
making it reproducible. The Tokamak a Configuration Variable (TCV) [15] at the Swiss Plasma Center (SPC, EPFL, Lausanne)
is particularly suited for investigating this phenomenon. In particular, a Charge Exchange Recombination Spectroscopy (CXRS)
diagnostic used in conjunction with a low power diagnostic-NBI system, of negligible torque, allows to reconstruct the main
impurity density and velocity profiles without perturbing significantly the plasma evolution.

As a complementary result, the identification of the turbulence regime close to the rotation reversal, allows us to test in the
considered TCV shot whether the results are in agreement with the possible explanation of the rotation inversion in form of a
transition with increasing density from a dominantly Trapped Electron Mode (TEM) to a dominantly Ion Temperature Gradient
(ITG) turbulence regime. This has been suggested in [16], whose possible underlying mechanism could be the change of sign of
the residual part of the toroidal momentum radial flux as a consequence of a mode population change from TEM to ITG [17].
The considered zero particle flux condition still holds during the reversal, since the density ramp up is sufficiently slow, as will
be shown.

The work has been carried out performing linear flux-tube gyrokinetic transport simulations with the local (flux-tube) version
of the GENE code [18], computing the heat and particle fluxes with a QL model and validating the results in a limited number
of cases with Non-Linear (NL) simulations, both in the collisionless and collisional regime, in order to estimate the impact of
the collisions on the results. The effect of the main impurity, that is carbon, on the determination of the parameters matching the
zero particle flux condition is also investigated. All the 4 cases resulting from adding/removing collisions and/or impurity have
been explored in detail, in order to emphasise the individual contributions. In particular, this led to the confirmation of some
features already seen in the literature and to the identification of additional effects. The results presented in this paper are limited
to local simulations, even though finite machine size effects requiring so-called global simulations are known to be important
in smaller size tokamaks like TCV [19-21]. It has indeed been shown that important properties of such smaller systems can
be understood by performing simpler local simulations [20]. After this first step, we plan in the future to also carry out global
GENE simulations. Due to their high computational cost, these global simulations will at first be carried out considering reduced
physics. Corresponding local results will provide an essential reference for identifying the magnitude of global effects.

The remainder of this paper is organised as follows: in section II the simulation inputs at mean experimental values, corre-
sponding to the selected snapshot close to the rotation reversal, are presented. In section III the QL model used to compute
the fluxes is introduced. In section IV A and IV B, the results relative to the QL evaluation of the zero particle flux-matching
parameters for the collisionless and collisional regime, are respectively presented and discussed. These results indicate that,
in the collisionless regime, a set of zero particle flux-matching parameters which are marginally consistent with experimental
error bars is obtained, in agreement with a spectrally mixed ITG-TEM turbulence. When adding collisions, only an electron
density gradient within the experimental error bar is found which ensures zero particle flux, while the ion temperature gradient
is out of its error bar. In section IV C the different strategy of varying individually all the principal parameters within the error
bars, extending the results of section IV B, finding a zero particle flux-matching point in the parameter space consistent with all
experimental error bars, is presented, with a successful result. In section IV D an attempt at studying the evolution of the turbu-



lence regime across the rotation inversion, matching simultaneously the zero particle flux condition as well as the experimental
ion/electron heat flux ratio, both in the collisionless and in the collisional regime, is shown. The results in the collisionless case
are compatible with a transition from a TEM dominated regime before and close to the reversal to a mixed ITG-TEM regime
after it, consistent with the possible explanation of the rotation reversal resulting from a TEM-ITG transition. The effect of the
carbon impurity is investigated in section IV E. In section V the QL results are validated by means of the comparison with NL
simulations in a subset of cases, both in the collisionless and collisional regimes, neglecting the impurity effect for simplicity.
Finally, conclusions are drawn in section VI.

II. EXPERIMENTAL CONDITIONS AND SIMULATION PARAMETERS

The magnetic equilibrium and plasma parameters considered in this work are relative to TCV shot #28355. This shot, a limited
ohmic L-mode, presents a deuterium plasma, with carbon as main impurity. Temperature and density profiles of all species, as
well as the magnetic geometry, are taken from experimental measurement. The magnetic equilibrium is recomputed using the
ideal MHD solver CHEASE [22], to provide an adequate input for GENE. In Figs.1 (a)-(b) the electron density profile n.(oor)
and the carbon toroidal velocity profile v c(oiwor), before and after the rotation inversion, are plotted versus the normalised
toroidal radius pyor = /@ /®Pcqge, Where @ is the toroidal flux. The sign of the toroidal velocity is relative to the plasma current,
indicating a rotation reversal from counter-current to co-current.
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Figure 1. (a) Electron density radial profile before (black, average over ¢ € [0.85, 1.06] s, referred to as t = 0.96s) and after (red, average over
t € [1.12,1.15] s, referred to as ¢ = 1.14s) the rotation inversion for TCV shot #28355; (b) Carbon toroidal velocity radial profile before and
after the reversal; (c) Poloidal cross section of the magnetic equilibrium at # = 0.96s. The LCFS and p,,, = 0.6 flux surface are plotted in black
and blue, respectively. R and Z indicate the tokamak cylindrical radial and vertical coordinate, respectively. The top and bottom points are
indicated by Z, and Z for each surface, respectively, as well as the ones relative to the maximum and minimum major radii are indicated by
Rpax and Ryiy. Finally, the curves have been flipped wrt. their respective mid-planes, def. by Z = (Zyop + Zyo)/2, leading to the green and cyan
ones, to show the equilibrium up-down symmetry.

The time slice ¢ = 0.96s just before the rotation reversal has been chosen for all the results shown in this paper, except the
ones presented in section IV D, where the variation of the turbulence across the rotation reversal is analysed, and for which the
two additional snapshots, t = 0.73s and ¢ = 1.32s, before and after the inversion have also been considered. The whole analysis
has been performed at pi,; = 0.6, since it lies inside the ‘stiff” region piny < pvor < 0.8 for the density and temperature profiles,
where pyo1 ~ Pror, Pinv being the sawteeth ‘inversion radius’ [23], and pyoi = /V/Vedge, Where V is the magnetic surface volume.
In this radial interval it is particularly important to reduce the experimental uncertainty on the density and temperature gradients,
because the fluxes are very sensitive to their variation. Figure 1 (c) shows the poloidal cross section of the magnetic equilibrium
at t = 0.96s. The black and blue curves indicate the Last Close Flux Surface (LCFS) and the py,, = 0.6 flux surface, respectively.
The equilibrium is almost up-down symmetric, as can be seen by looking at the green and cyan curves, obtained flipping the
black and blue ones wrt. their respective mid-planes. The elongation « and the triangularity 6 (computed accordingly to [24]),
equal k = 1.31 and 6 = 0.1 respectively at p,,, = 0.6, and increase, as expected, up to « = 1.49 and 6 = 0.35 at the LCFS.
Figs.2 (a) and (b) show the experimental density and temperature radial profiles, respectively, at ¢ = 0.96s. The electron profiles
have been obtained with the Thomson scattering diagnostic, while the carbon profiles have been measured with CXRS. The ion
(deuteron) density profile is computed enforcing neutrality >, gspnsp = n; + 6n. — n, = 0, where gy, is the species charge in
units of the elementary charge e, while the ions and the carbon are assumed to be in thermal equilibrium 7; = T,. In Figs.2 (¢)
and (d) the safety factor g, magnetic shear § and effective ionisation degree Zeg = 3 ; Z]2.n jl 2jZjn; (j indicates the ion species)
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Table I. Mean experimental parameters at t = 0.96 s, pyor = 0.6.

profiles are presented.
The main experimental parameters at py,, = 0.6 are summarized in Table 1. Here,

)

represents a flux surface quantity: the normalised radial logarithmic gradient of the f profile (f = density, temperature) evaluated
at pior = 0.6, with @ = /@eqge /TByac and By, = 1.44T the vacuum magnetic field at R = 0.88m, the major radius of the tokamak.
Note that the more generic definition R/L; = —(R/a) dIn f/dpi, could be used, with a =~ 0.24m the geometrical plasma minor
radius at the equatorial plane. Here, @ ~ 0.31m. Note that differences up to 20% can be expected as compared with using other
flux labels, such as pyo for example [25]. The normalised electron-ion collision frequency is defined as ¥ = v,;R/c;, with
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the electron-ion collision frequency considering deuterium ions, where In A is the Coulomb logarithm and ¢y = VT, /m; the ion
sound speed. The reference values n; ~ 3.76 10"°m™3 and T, ~ 0.46 KeV at py,r = 0.6, lead to InA ~ 14.5 and v = 1.26,
as reported in Table 1. Finally, 8 ~ n,T,/B>,. is the plasma beta. The experimental error bars are of the order of +20% on the
profiles shown in Figs.1 and 2 and roughly +40% on the associated normalised logarithmic gradients.

Let us also point out that the background E X B velocity shear effect was found to be negligible in the NL simulations.
The E X B shearing rate was estimated from the measured background carbon toroidal velocity (Fig. 1 (b), black line) as
YE = —(Otor/ @)0Quor.c/ Opror = —0.11¢/R, where Quor = Vior /R is the toroidal angular velocity and all the quantities are evaluated
at pyor = 0.6. This calculation assumes the plasma flow to be purely toroidal and identical for all species (which is the limit
obtained for p* = p;/a — 0 for neoclassical poloidal rotation) [26]. Retaining a finite neoclassical poloidal rotation (i.e.
accounting for finite p*) would modify yg by some 20-30%. The parallel flow shear v, was computed consistently with the pure
toroidal flow assumption [y, = (g/€)yg, where € is the inverse aspect ratio]. The NL3 simulation of section V, with parameters
close to the mean experimental ones, has been repeated with and without background E x B shear, including vy, effect when
vE has been accounted for, and the effect of the sheared flow on the particle and heat fluxes has been found to be at most 2%.
The small effect of the E X B shearing rate observed in the simulation is consistent with the fact that yg is less than 1/10 of the
maximum linear growth rate (see Fig.3 (a)).

In the reduced 5-dimensional gyrokinetic phase space, GENE adopts a field-aligned coordinate system (x,y, z) in the con-
figuration space, while (v, u) are used as velocity variables. Here (x,y, z) represent the radial, the binormal and the parallel
(x =const & y =const define a magnetic field line, while the straight field line poloidal angle z sets the position along this line)
positions respectively, u = mv2 /2B is the magnetic moment and v is the component of the velocity along the magnetic field.
In the flux-tube version of the code, Fourier representation is used for the x and y directions. A typical grid size for a linear
simulation of fixed mode number k, with respect to the y direction (k, = ng/api, where n is the toroidal mode number) is
Nx X1z X Ry X1, = 48 X 32X 64 X 16, while a typical NL simulation grid size is ngx X ngy X n; X ny Xn, = 256 X 64 x32x64 X 16.
Moreover, to collect sufficient statistics, the NL simulations have been run in time up to at least #,.xcs/R ~ 100 in the colli-
sionless regime, while higher values up to #y,xcs/R ~ 300, where necessary, in the collisional regime. Convergence tests have
been performed to check the reliability of the results. In all the simulations, electrons and deuterium ions have been treated as
self-consistent gyrokinetic species, while for the QL estimates the carbon impurity has been considered either as a third active
(that is contributing self-consistently to the electrostatic potential ¢) species or as a passive one.

III. QUASI-LINEAR MODEL FOR THE FLUXES EVALUATION

In order to be able to scan the multi-dimensional parameter space (R/Lyenincs R/Lrerize, Ti/T,, ¥) and identify the zero
particle flux hyper-surface or the hyper-surface matching the ion/electron experimental heat flux ratio, the particle flux I" and the
heat flux Q of each species have to be evaluated in an efficient way. This has been obtained adopting a Quasi-Linear model for
the evaluation of the fluxes F = I', O , considering only the electrostatic (ES) contribution (since § is small, as can be seen in
Table I) making use of a model similar to those found in [4, 21, 27, 28], including the full &, spectra contribution to QL weights,
varying the number of k, modes for each k,, i.e. varying the interval in the extended ballooning space, starting from the linear
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Figure 2. Profiles for TCV shot #28355 at time ¢ = 0.96s: (a) Radial density profiles for electrons, deuterons and carbon, multiplied by their
respective ionisation degree |Zy,|, and satisfying neutrality n, = n; + 6n,; (b) Temperature profiles for electrons and carbon. Ions (deuterons)
are assumed in thermal equilibrium with carbon; (c) Safety factor and magnetic shear profiles; (d) Z.q profile.

fluxes obtained considering principally the most unstable mode, including the second one just when its contribution is essential.
According to the considered model, the QL fluxes are given by the expression:

FOL = A, Z wl (k) FL (k) . 3)
ky

Here, Ay is a scaling factor associated to the absolute fluctuation amplitude, which does not need to be determined as we are
interested in either the zero particle flux condition, which can be obtained considering the ratio I'/Q, or in the determination
of the heat flux ratio Q;/Q,. F rform(ky) represents the k, spectral component F L(ky) to the flux, that we refer to as ‘linear flux’,
i.e. the flux evaluated with the fields (particle distribution, ES field ¢) from the corresponding linear eigenmode (unless stated
differently, it is relative to the most unstable mode; the contribution from the second unstable mode is considered in a limited
number of cases, where it is essential), normalised wrt. |$(kx =0,ky,z= 0)|?, where &(kx, ky, z) is the Fourier transform wrt. x
and y of the ES field ¢, and z = 0 is the poloidal angle corresponding to the outer mid-plane. F%(k,) are computed following

[29], resulting for particle and heat fluxes in
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respectively, where 6 f is the x-y Fourier transform of the fluctuating part of the particle distribution function, m the species mass,
and C = By/ \/g¥*g"” — (g)2, with By the background magnetic field and {g"/ = Vi- Vj, i, j = x,y,z} the double-contravariant
components of the metric tensor. Here, R indicates the real part function and (A), = f A(2)J(2) dz/ f J(z) dz is the flux surface

average, where J = [(Vx x Vy) - Vz]~! is the Jacobian of the (x, y, z) coordinate system.
Secondly, wQL(ky) are QL weights, modeling the saturation levels of the NL electrostatic potential. The following function
form for these weights is considered:

(6)
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where vy is the growth rate of the considered linear mode,

k) = ) f I kv 2) 10k ks P () 2] ) f (ks ks D J(2) dz @)
ky kx



is the flux-surface average of the squared perpendicular wave number k2 (k,, ky,2) = g%(2) K2 +2g9(2) kiky + 87(2) k§ weighted
by the mode amplitude |¢[>. Indeed, the numerator in relation 7 for (ki) corresponds to the integration of ki|q§|2J over the
extended ballooning coordinate Z, given that qAﬁ(kx = pAk,,z) = ¢Z = z + p2n) (Ak, = 27/L,, Ly = 1/k,§ being the x size
of the flux-tube along the x direction for a given linear k, mode), where ¢ indicates the ballooning representation of $ and p
and integer value (in the rest of the paper we will use the same name z for the field aligned coordinate z and the ballooning
coordinate 7z for brevity, also identifying in the notation ¢ = #). The choice of the QL weights (y/ (ki))§ is usually referred
to as the ‘mixing length saturation rule’ when & = 1 [30]. Finally, the optimal choice of the exponent ¢ is determined based
on a limited number of nonlinear simulations (section V). Regarding the k, sums in Eq.4,5,7, three choices of the number nkaL
of involved k, have been considered, that is just keeping the k, = O contribution, three k, (k, = —Ak,, 0, Ak,) [28], or all &,
(ky = pAky, p = = /2 + 1, —np, /2 + 2, ..., niy/2), Tespectively. We emphasise that n2 is in general distinct from the number

kx
,%L is only related to the post processing of the simulation data when

computing the QL flux estimates. Unless stated differently, we set nkaL
nkaL = 1,3, nk, in the QL analysis and compared all the 9 possible combinations of ¢ = 1,2,3 and nng = 1,3, ng, in the NL
validation of the QL results (section V). To lighten the notation, the QL fluxes F2" will be referred to as F throughout the paper.

In the same spirit, an ‘average’ QL estimate w?" of the most unstable mode frequency w has been defined, similarly to [4], as

a weighted sum over the k, spectrum w(ky) of the real frequency, with weights equal to the QL ones given by Eq.6, according to

W = Z w(ky) WQL(ky)/Z WQL(ky) : ®)
k, &

n. of k, values considered in the linear simulation. n
= njy, & = 2, in agreement with [21], but we also varied

This value gives a quantitative measure of the relative contribution of different linear modes to the QL fluxes. It is positive in a
dominant ITG regime, while it is negative in a dominant TEM regime, according to GENE conventions.

To correctly resolve the QL fluxes at large scales and to be consistent in the QL-NL comparison, the QL fluxes have been
computed considering a k, spectrum of modes ky, = p ky min, p = 0,1, ..., mty, With ky min o5 = 5- 1072 (the same considered in the
NL simulations), where p, = ¢,/€2; is the sound Larmor radius and €; the ion cyclotron frequency, and adapting ny, depending
on the decay of F(k,) with k, (typically ni, = 28 — 44).

IV. RESULTS & DISCUSSION: QUASI-LINEAR ANALYSIS
A. Zero particle flux: two species deuterium plasma, collisionless regime
1. Results at mean experimental parameters

To start, in Figs.3 (a)-(b), the k, spectra of the growth rate y and frequency w of the most unstable linear mode at mean
experimental values of the parameters (Table I) are shown, considering for simplicity a 2 species electron-deuteron plasma in
the collisionless regime. The most unstable mode at larger scales is provided by a single branch up to k,p, = 1.35, presenting
a TEM-ITG transition at k,p, = 1. Beyond k,p, = 1.35 the most unstable mode is provided by another TEM branch, reflected
by the discontinuity in the real frequency w. The second branch is referred to as TEM,. It is worth stressing that the notation
‘TEM’ is used in this work to refer to modes with negative frequency w < 0.

The k, spectra of the electron and ion particle fluxes I', and I'; for mean experimental parameters are shown in Figs.3 (c)-(d)
respectively as solid black lines, normalised with respect to Q; /7., Where Q; o is the total ion heat flux, i.e. the sum of all
its ky contributions. Note that due to the ambipolarity condition 3., gs,I'sp = 0, the electron and ion particle fluxes in the 2
species simulations have to be equal. Therefore we will call them I'; = I, = I'. The results indicate that the particle flux, at mean
experimental parameters, is almost completely due to TEM fluctuations. In order to investigate the sensitivity of the particle
flux to the individual main drivers, that is the individual profile gradients, the fluxes are split, as in Ref.[31], into their diffusive
(diagonal element of transport matrix) and thermodiffusive components, i.e. the terms explicitly proportional to R/L, and R/Ly
respectively, as well as the residual one, also called pinch term and which is not explicitly dependent on R/L,, and R/Ly:

R R
T =Ty ) [Caint) + Tonerm(ky) + Tres(ky) | = To [Ak,,L— + B+ Ci | ©)
ky ky "

where I'y is a constant and Ay , By, and Cy, are the diffusive, thermodiffusive and residual transport coefficients respectively. The
species subscripts are omitted here for brevity. Since Ay, By, and Cy, are in general functions of the density and temperature
gradients of all the active species, the computation of Cair, Tiherm and Tres is performed as follows: for each active species
(electron and deuteron), two additional passive distributions of the same species are considered in the linear simulations. The
first with R/L, = R/Ly = 0, the second with just R/L, = 0. Calling Iy, I'pas,1 and I'pys 5 the particle fluxes for the three particle



distributions representing the same species, the single components are easily obtained as I'gig = I'act —I'pas,2> 'therm = I'pas2 =T 'pas,1
and I'res = I'pas,1. The results in Figs.3 (¢) and (d) indicate that the diffusive contribution is dominant in both the ion and electron
particle fluxes, as one might expect, since it corresponds to the diagonal component of the transport matrix. This fact, together
with the results of three single scans in R/L,, R/Ly; and R/ Ly, that we performed around the mean experimental values, already
published in Ref.[32], showing that I is most sensitive to R/L,, and R/Ly; respectively, led us to pursue the analysis carrying out
a I double scan in the density and ion temperature gradient.

Before showing the double scan results, one important property of the TEM, spectral region has to be pointed out. Even
though it is not impacting the I evaluation at mean experimental parameters, it will be important in other parameter regions.
Figures 3 (e)/(g) show the colorplot (color online) of the ballooning structures of |<f5| and kiléﬁlzJ (integrand of the numerator of
(k%)) versus ky, respectively. In these plots the y-axis indicates the ballooning z coordinate divided by 7. These results show
that the ITG-TEM, transition with increasing k, is also discontinuous wrt. the mode structure as the ballooning is reduced going
from the ITG to the TEM mode. This effect is strongly emphasised plotting k2 |$|>J. In case of the TEM, mode, contributions
from the interval |z/n| € [5, 13] are larger than the central peak region |z/n| < 1, showing also large oscillations. This can be seen
in Figs.3 (f)/(h), where the k,p, = 1.35, 1.4 slices of Figs.3 (e)/(g) are compared, just before (red) and after (blue) the ITG-TEM,

transition. According to Eq.6, if we consider the QL models with nkaL =3 and nkaL = ny, , the TEM, region is related to very

small QL weights compared to QL model with nkaL = 1, resulting from large values of (k? ) due to the integration of k2 |¢|*J over
the z intervals that present large peaks. This leads to very small values of I'(k,) in the TEM, region. This effect is negligible
at mean experimental parameters since it is related to a k, interval where the linear particle flux I'; is anyway already almost

vanishing, but it turns out to be important at other points of the parameter space, as will be shown.
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Figure 3. k, spectra of (a) the growth rate y and (b) real frequency w for the most unstable mode at mean experimental values of the input
parameters, with y and w normalised with respect to ¢ /R, while k, is normalised with respect to 1/p,; Sub-plots (c) and (d) show the k, spectra
of the electron and ion particle fluxes I', and I'; respectively, normalised with respect to Q;1/T.. The diffusive, thermodiffusive and residual
contributions are indicated by blue, red and green lines, respectively; (e) Ballooning structure |¢3|(kw ) as a function of the extended ballooning
variable z and for different k,. The y-axis represents the ballooning coordinate z divided by 7, while the colorbar (color online) indicates the
natural logarithm of |(2)/Il(z = 0); (f) 14l(z)/1$l(z = 0) versus z at k,p, = 1.35 (red) and 1.4 (blue), corresponding respectively to modes
within the ITG and TEM, regions; (g) and (h) Same as (e) and (f), but with || replaced by kil&lzj .

2. Analysis of the I = 0 condition in the (R/Ly;, R/L,) plane

The I dependence in the (R/Ly;, R/ L,) plane, with other parameters set to experimental ones, is shown in Fig.4 (a), considering
the QL model with nkQXL = 3, & = 2 and with a lower ni, = 16 x-resolution for the linear fluxes computation, in order to have a
fine 11 X 15 grid of points in the [3, 13] X [0, 7] interval of the (R/Lz;, R/L,) plane. These results have to be compared with the
ones relative to w@”, that give a quantitative measure of the ITG/TEM relative contribution to I', shown in Fig.4 (b). The two
figures show that, at the experimental value of R/Ly; = 8, in the TEM dominated region the particle flux I' > 0 is mostly sensitive
to the density gradient, consistently with the fact that at experimental mean parameters (R/Ly; = 8, R/L, = 6.15, in the TEM
region) the dominant contribution to I' is the diffusive one, as was already pointed out and illustrated in Figs.3 (c)-(d), while
in the ITG regime it is more sensitive to the ion temperature gradient, as expected. It is worth noting that at the experimental
value R/Ly; = 8, in the ITG interval of R/L,, the particle flux is almost independent on R/L,. The I' = O curve represents the



variation with R/Ly; of the density peaking factor, that we will define and indicate throughout the paper, following the notation
of [5], as PF = [R/L,]stt = [R/L,]r=0, which is the steady state density gradient corresponding to zero particle flux, at fixed
other parameters. In general, different species have different peaking factors, indicated by PF;,, while in the 2 species case the
neutrality implies that PF; = PF, = PF. Unless otherwise stated, with PF we will always refer to the electron peaking factor. In
Fig.4 (a) the I' = 0O lines obtained with more k,-resolved simulations, using the three QL models nkQXL = 1,3, ng, with ng, = 48
and & = 2 are shown. I' = 0 is identified by interpolating linearly the R/L, scan values of the particle flux at each fixed ion
temperature gradient. The agreement between the three QL models is very good, excellent at higher R/Ly;, as is the agreement
between the relative w?t = 0 curves, shown in Fig.4 (b). The better agreement of the QL models with different nkaL at higher
R/Ly; reflects the stronger ballooning of the linear modes in the ITG regime.

The I’ = 0 and w?" = 0 curves intersect each other close to the PF maximum, consistently with [4], as shown in Fig.4 (c),
and marginally in agreement with experimental mean values. It is also interesting to note that, still in agreement with [4], the
maximum is obtained at Ly./Ly; ~ 1, and the peaking factor decreases faster at the left of the maximum. We will refer in the rest
of the paper to the maximum PF(R/Ly;) as the point at (R/Ly; = 8, R/L, = 3.68), since the PF is almost constant in the range
8 < R/Ly; < 10 and R/Ly; = 8 corresponds to the experimental value. This point is marginally within the experimental R/L,,
error bar. This fact, which constitutes the main result of this section, means that a set of parameters matching the zero particle
flux condition in a spectrally mixed ITG-TEM regime is found, in marginal agreement with experimental error bars, even when
only considering two species in the collisionless regime.

It is important to stress that, as was anticipated in the introduction, even if the density profile is evolving across the rotation
reversal due to the density ramp up, the associated radial particle flux I'eyp is relatively small, only slightly affecting the PF
determination, that is R/L,(I' = I'exp) ~ R/L,(I' = 0) = PF. In other words, the zero particle flux condition is still approximately
valid. Indeed, the particle flux associated to the density ramp up across the rotation reversal can be easily estimated using the
continuity equation applied to the volume enclosed by the pi,; = 0.6 magnetic surface, giving I'ex, = —(AN/Af)/S ~ =3.7 X
10"¥8m=2s7!, with AN ~ 4 x 10'® the variation of the number of particles within the volume during the time interval Az ~ 0.17s
between the two snapshots just before and after the reversal (obtained integrating the Fig. 1 (a) density profile), and S ~ 6.4m?
the area of the pyr = 0.6 magnetic surface. After normalising with respect to the value Q; exp/Te, With Qjexp ~ 12.2 kW/m? and
T, = 4.6 x 10%eV respectively the experimental ion heat flux and electron temperature at p,,; = 0.6 and ¢ = 0.96s, one obtains
Tlexp/Qiexp ~ =2 % 1072, directly comparable to the values plotted in Fig. 4 (a). Here, the I' = I';,, contour line is plotted with
a magenta dashed line to compare with the black dashed line relative to I' = 0 (obtained with the same QL model), showing that
the correction to the PF due to the inward particle flux related to the density ramp up is small, and in particular negligible for
small R/Lyz; values, up to the maximum of PF(R/Ly;). This correction has also been found to be small in the collisional regime
(~ 10% at the maximum PF), validating the assumption of zero particle flux.

3. Spectral analysis of T

Nine points have been chosen (red triangles in Fig.4 (c), labeled A-I) to show the quasi-linear spectral contribution to I"
at significant points in the (R/Lyz;, R/L,) plane, distinguished by the I' = 0, w?L = 0 curves, i.e. at points matching the 9
combinations of ' <, =,> 0 and w2t <,=,> 0. The 9 spectra are shown in Fig.5. The sub-figures are lined up in order to have
the same sign of I at each row and the same sign of w?" at each column. As a consequence, the central row is relative to " = 0,
while the central column to w?" = 0. The frequency w of the most unstable mode is superimposed to the I" spectra, in order
to show which contributions come from ITG or TEM. The main result here is that the maximum of PF(R/Ly;), corresponding
to case E, not only is built by spectrally balanced ITG-TEM contributions (as it satisfies w?" ~ 0), but moreover it is produced
by an outward TEM flux balancing an almost totally inward ITG one (the TEM, contribution at smaller scales is killed by the
ballooning structure of k2, as it was shown at experimental mean values for that branch). The other figures show that all the
possible combinations of ITG and TEM spectral contributions can give positive, zero or negative total particle flux at different
points of the (R/Ly;, R/L,) plane. In particular, looking at (D, E, F), it is shown that the I' = 0 condition can be produced in each
of these three regimes: a dominantly TEM (D), a spectrally mixed ITG-TEM (E), or a dominantly ITG (F). Looking at (B, E, H),
it is shown that positive, zero, or negative particle fluxes can be obtained in a spectrally balanced ITG-TEM regime. The H
case presents a discontinuous behaviour due to a discontinuous change from ITG to TEM regime around the H coordinates with
increasing R/L,. It is expected that this discontinuous behaviour wrt. k, could lead to a non negligible contribution to I" by
the second most unstable mode, as will be shown for a similar discontinuous case in the next section on the effect of collisions.
Nevertheless, since this behaviour is observed in a parameter region not too close to the I' = 0 curve, this issue should not
affect the PF determination. An important overall remark on this spectral analysis, is that a clear separation of ITG contributing
spectrally with inward flux and TEM with outward flux only applies close to the (I' = 0, w?" = 0) intersection point.
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gyrokinetic computation), normalised with Q;./T,. The black curves, representing I = 0, that is PF(R/Lr;), are obtained with n,%L = Mgy, 3, 1
(solid, dashed and dotted lines respectively), & = 2 QL models, with n;, = 48. The magenta line shows I' = I'ey, (QL model with n,ng =3,
£ = 2); (b) The same as (a), with w?" instead of I, where w?" is normalised with respect to ¢,/R; (c) I' = 0 (solid) and w?" = 0 (dashed) lines
in the (R/Lz;, R/L,) plane, obtained with the nkaL = g, = 48, & =2 QL model (same as in subplots (a) and (b)). In blue the experimental mean
values with relative error bars are indicated. The magenta square markers show the positions of the 7 points chosen to validate the QL results
with NL ones in section V (labeled NL1-NL7), while the red triangular markers indicate 9 points (labeled with letters from A to I) chosen in
order to show the T spectra (Fig.5) at all the significative combinations of I' and w?" signs. The coordinates of the NL1-NL7 and A-I points

are summarised in the two tables on the right of (c).

B. Effect of collisions

Here the results in the collisional regime are shown, comparing them with the collisionless ones presented in the previous
sections.

1. Results at mean experimental parameters

In Figs.6 (a)-(b) the k, spectra of y and w of the most unstable mode at mean experimental parameters for a 2 species electron-
deuteron plasma in the collisional regime (¥ = .y, = 1.26) are shown in red, compared with the collisionless regime ones,
in black. Looking at the results, one notices that TEMs are significantly damped (almost by a factor 2 at the y peak), but the
TEM branch is still the most unstable one in the region ko, € [0.2,0.7] (see Fig.6 (b)). This leads to a Quasi-Linearly almost
spectrally balanced ITG-TEM regime, as can be seen in Fig.6 (c), where the k, spectral contributions of w?”, constituted of
(wwPhy/ 2k, w@k (Eq.8), are shown. The integral is almost vanishing, leading to w?" ~ 0. Nevertheless, as can be seen in Fig.6
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(d), I'(ky) remains positive for all k,. This means that the ITG and TEM branches contribute both with an outward particle flux.
As aresult of 8 # 0, Micro-Tearing Modes (MTMs) have been sometimes observed in our analysis at very small k, (k,p, < 0.2)
in the collisional regime, even though they are not present at mean experimental parameters, giving rise to unphysically high
values of the associated QL particle flux estimates. This is a consequence of the considered normalisation of the linear fluxes
by |¢(z = 0)* (z = ballooning coordinate), which is very small in the case of MTMs as these modes have essentially odd parity
wrt. z. The adopted ES QL model is therefore not appropriate to handle these electromagnetic modes. Given that the NL results
show no significant contribution to the fluxes from such MTMs (as will be shown in section V), contributions from these modes
(identified on the basis of their parity wrt. z) are removed as well from the QL flux estimates.

1 ITG}

TEM

Figure 6. (a) and (b) k, spectra of y and w for the most unstable mode at mean experimental parameters, in the collisional (red) and collisionless
(black, same as Figs.3 (a) and (b)) regimes (color online); (c) k, spectrum of wwlt/ > . w2l normalised by c,/R; (d) Particle flux spectrum.
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Figure 7. (a) R/L,(T = 0) (PF) and R/L,(w?%" = 0) versus v,;/ Veiexps With other parameters set to experimental ones; (b) and (c) I and
w? density gradient scans respectively, used to obtain (a). The same color code (color online) of (a) (vertical dotted lines) has been kept in
(b) and (c); (d) k, spectra of I at R/L, = 1, in a dominantly ITG regime, varying collisionality (see vertical cyan line in (b) and (c)); (e) and
(f) Velocity space decomposition of the k, spectra of I, for the collisionless (black curve of (d)) and collisional (red curve of (d)) regimes.
Green/magenta lines indicate the trapped/passing electron contributions. A further separation is considered for contributions from sub-thermal
electrons (dotted lines) and super-thermal ones (dashed).

2. (R/L,, v.;) double scan

Starting from mean experimental values, 5 R/L, scans varying the collisionality v,; from zero to the experimental value have
been performed in order to look at the variation of the density peaking factor PF with collisionality. The results are shown in
Fig.7. The upper left plot (a) shows the variation of the PF and R/L,(w?" = 0) with collisionality, with ¥/ Vexp = VeilVeiexp
ranging from O to 1. Figures 7 (b)-(c) provide further detail, showing the dependence of I' and w?" on R/L, for the different
values of collisionality. The outcome of this analysis is in agreement with [1], showing a decrease of the PF with increasing v,;.
This decrease is accompanied by an increase of R/L,(w?" = 0), that is the R/L, value at which the ITG and TEM contributions
to the QL fluxes are of the same order, with increasing v,;. This means that an outward particle flux is produced in the ITG
dominated regime with increasing collisionality. To better investigate this phenomenon, the value R/L, = 1, showing an ITG
dominated regime throughout the collisionality scan (see Fig.7 (c)), has been chosen to show the variation with v,; of the k,
spectra of I'. The results are plotted in Fig.7 (d), and indicate that an outward particle flux develops, starting at the largest scales,
with increasing collisionality, in agreement with [33]. To go even more in detail and investigate the velocity space contributions
to the particle flux, Figs.7 (e)-(f) show the velocity space decomposition of the electron particle flux I'.(k,) for the v,; = 0 and
Vei = Veiexp Cases respectively. The contribution of the trapped (green) and passing (magenta) electrons is furthermore separated
in super-thermal (E = mevﬁ /2 +uBy > T,, where E is the electron kinetic energy; dashed lines) and sub-thermal (E < T,; dotted
lines) contributions, following [34]. The results indicate that at each k, sub-thermal and super-thermal electrons contribute with
inward and outward fluxes, respectively, in agreement with [33, 34]. It is worth noting that in [33] the particle flux contributions
at I, = 0 are primarily due to trapped particles, while in our results in the collisional case, where the particle flux is close to
the null condition (see Fig.7 (f)), the trapped and passing particles contributions are of the same order. The contribution from
passing particles for ensuring the zero particle flux condition is thus essential in this case.

3. Effect of collisions onT" = 0 in the (R/Lz;, R/L,) plane

Following the same path of the collisionless case analysis, the R/Ly; dependence of the PF has been investigated. Figures 8
(a)-(b) show I' and w?* versus (R/Lz;, R/L,) respectively, comparing the I' = 0 and w?" = 0 curves in the collisional regime
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Figure 8. (a) Colorbar (color online): particle flux versus (R/Lr;, R/L,), in the collisional regime. In black and gray the I = 0 and w?" = 0
lines are shown (n,gf = My, 3, 1 in solid, dashed, dotted lines) respectively while, for comparison, the same curves relative to the collisionless
case are shown in dark and light green, respectively. The magenta square markers show the positions of the points chosen to compare QL
results with NL ones in section V (NLc1-NLc3 points are relative to R/L, = 1,3,5 respectively, with R/Lr; = R/Lrjcxp. = 8, while NLc4,
NLc5 are chosen across the collisional maximum of PF(R/Ly;), at R/L, = 2,4 and R/Ly; = 4; (b) Colorbar: w@ versus (R/Lz;, R/L,), in the
collisional regime. In gray the w?" = 0 lines are shown, while in light green the same lines, relative to the collisionless regime, are shown for
comparison (the same color code of (a) is kept).

(black and grey, respectively) with the respective ones in the collisionless regime (dark green and light green, respectively). The
collisional I = O line is shifted leftwards (in agreement with [4]) by Ag/,, ~ 4 and also distorted downwards (in R/L,). The
w?" = 0 curve is shifted leftwards as expected, since collisions damp TEMs, leading to an enlargement of the ITG region in the
collisional regime. It is remarkable that this shift is quantitatively so that the I' = 0 and w?" = 0 again intersect each other near
the PF maximum, similarly to the collisionless regime.

4. Spectral analysis and R/ L, sensitivity of T at the PF maxima

By inspection of Fig.8 (a), one realises that in the collisional case, contrary to the collisionless one, the maximum of PF(R/Ly;)
is obtained in a region where the particle flux varies discontinuously with R/L,. This led us to investigate how the two maxima
of PF(R/Ly;) are obtained, studying the spectra of I" varying R/L,. The results are shown in Fig.9. The first line ((a) to (d)) is
relative to the collisionless maximum, while the second one ((e) to (h)) to the collisional one. The figures (a)/(e), (b)/(f), (c)/(g)
and (d)/(h) show vy, w, wor and I versus (ky, R/L,) respectively, for v = 0/# 0. The value of the PF is indicated by horizontal
dashed lines. One notes that the frequency w in the collisionless case is discontinuously transiting at the largest scales from
positive (ITG) to negative (TEM) near R/L,, = PF. As a consequence, a comparison of w (Figs.9 (b)/(f)) and I" (Figs.9 (d)/(h))
indicates that while in the collisionless case the PF maximum is obtained by the balance of ITG and TEM dominated spectral
regions, that are related to negative and positive I" respectively, in the collisional case the zero flux condition is obtained by
the balance of positive and negative ITG contributions, and the turbulence regime becomes abruptly TEM with increasing R/L,
near the PF. Moreover, an inspection of Fig.9 (h) shows that the particle flux in the collisional case goes discontinuously to zero
after k,p, ~ 0.7 for the R/L, values below the PF. This behaviour is due to the vanishing of the QL weights (see Fig.9 (g)) in
the TEM, region. We adopted the name ‘TEM,’ in analogy with the TEM, branch observed in section IV A 1, since this is its
extension, showing the same ‘big tail’ behaviour in the ballooning structure of ki|q3|2./ . This is shown in Figs.9 (i)/(k) and (j)/(1),
where the I" spectra, in arbitrary units, are superimposed to the color plot of kil@lzJ versus (ky, z/m), at the PF (R/Lz;) maxima
as well as for slightly larger values of R/L,, respectively.

5. Importance of second most unstable mode

The peculiar behaviour of I with increasing R/L,, across the PF(R/Lr;) maximum in the collisional regime has been explained
and corrected by taking into account the second-most unstable linear mode in the computation of the QL fluxes, adding its
contribution to both the particle flux and the heat flux, as shown in Fig.10. These results have been obtained running the local
linear version of the GENE code in the ‘eigensolver’ mode, retaining the two eigenmodes with the maximum growth rates at each
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ky (the lower ng, = 16 resolution was needed in this analysis to obtain the eigensolver convergence at a sufficient number of k).
Figure 10 (a) summarises the effect of retaining the second eigenvalue (EV) in the computation of the PF. Here T, normahsed
with (Qeor + Qisor)/Te, 1s plotted versus R/L, with (black, circles) and without (blue, squares) the second EV contribution,
showing that the peaking factor in the latter case is increased by Ag;z, ~ 0.7, leading to the new PF = 3.7, in marginal agreement
with the experimental error bar in R/L,,. In order to inspect the mechanism that produced this PF increase, in Figs.10 (b) and (c)
the k, spectra of 7y and w of the first two linear most unstable modes are shown at R/L, = 3,3.5,4 (at the PF ~ 3 obtained with
only one EV with more resolved n, = 48 simulations and at two higher density gradient values, respectively). These results can
be better understood looking them together with the plots of the relative particle fluxes, given in Figs.10 (d), (e) and (f) for the
three R/L, values respectively. In these last plots, the same color code of Figs.10 (b)-(c) has been kept for the first and second
EV, and the total (sum of the two EV contribution) I" has been added in black. Moreover, the red shaded part of I spectra are
the ones missing if one considers just the first EV in the flux computation. One sees that at R/L,, = 3 the first EV T spectrum is
constituted by a large scale ITG, leading to a spectrally summed I' = 0, and a smaller scale TEM,, with associated I'(k,) ~ 0
The second EV consists of a larger scale TEM,, contributing with vanishing particle flux, and a smaller scale ITG one, that are
the continuations of the first EV branches respectively. The important fact is that the second EV ITG branch contributes with
a non negligible negative particle flux, leading to an increase of the PF. At R/L, = 3.5,4 the TEM growth rate becomes higher
than the ITG one Y k,, therefore the first EV is a TEM and the second an ITG V k,. It seems, nevertheless, that the nature of the
TEM is different at the two values of the density gradient. At R/L, = 3.5 the TEM behaves like the ‘TEM, not contributing to
the particle flux, leading to a situation where the particle flux is completely due to the second EV (and thus completely missed
if we disregard its contribution), while at R/L,, = 4 the TEM drives most of the flux (outward), balancing with a smaller inward
contribution due to the second ITG EV at smaller scales, leading eventually to a total outward I'y,, and thus to a crossing of the
PF. Looking at Figs.9 (e)-(f) this change of the TEM behaviour could be related to a continuous merging of the two branches in
the (ky, R/L,) plane.

As aremark, it is worth noting that the importance of taking into account the second most unstable mode contribution to the QL
fluxes is not just related to our (quite general) case. In particular, it has been found by us that this contribution is essential for
correctly matching the NL heat flux spectra in the ion scale region also for a JET case published in [35].

C. Individual variation of all the parameters to obtain the highest peaking factor

At the end of the previous section, a peaking factor value that is in marginal agreement with the experimental error bar in
R/L, has been obtained in the collisional regime, taking into account the contribution of the second unstable linear mode. This
result is relative to the ion temperature gradient R/Ly; = 4, out of the error bar R/Ly; = 8 = 40%, even if one could argue
that slightly varying the other parameters should be possible to obtain a better R/Ly; agreement starting from this result. In
this section another approach is followed. Starting from experimental mean values, still in the collisional regime and neglecting
the carbon impurity for simplicity, all the parameters are varied in the error bars in order to have the maximum possible PF,
trying to match with the experimental value of R/L, = 6.15 + 40%. First of all, the variation of the PF with R/Ly; and ¥ in
the collisional regime, around experimental mean values, is known from section IV B, and it can be directly observed looking
at Fig.8 (a) (around R/Ly; = exp. = 8) and Fig.7 respectvely, indicating that the PF decreases both with increasing R/Ly; and
v. In this section a variation of +20% is allowed for R/Lr;, while v « n,/ Tf is varied within +20% for the electron density and
temperature, leading to —44%, +87% variations. Then, the dependence of the PF with respect to R/Lr,, T;/T, is investigated.
R/Ly, is varied by +20%, as well as T; and T,, leading to —33%, +50% variations in T;/T,. The peaking factors are obtained
by interpolating R/L, (') linearly around zero, where I'(R/L,) is obtained performing density gradient scans, as it is shown
in Figs.11 (a)-(b). The results indicate that the PF increases with increasing R/Ly,., while it decreases with increasing 7;/T,.
Finally, in order to find the largest and the smallest possible PFs, all the parameters are moved individually together. This method
is rough, because it assumes that the PF keeps the same dependencies with respect to the parameters when they are modified
simultaneously and when they are varied individually around the mean experimental ones. Nevertheless, the result is promising.
Indeed, the I" density gradient scans used to obtain the smallest (blue lines), experimental values related (black, obtained with
experimental mean values of the parameters) and largest (red) PFs are shown in Fig.11 (c), with parameters summarised in Table
II. The largest peaking factor PF = 4.24 is in 31% agreement with the experimental value of the electron density gradient, and
constitutes the major achievement of this section. It is worth noting that with parameters leading to the smallest possible PF, no
peaking factor is obtained for R/L, > 0. Moreover, the largest PF is more sensitive to the number of &, used in the QL model
for the I' computation than the lower ones, as can be observed looking at the difference between the solid and dashed lines in
Fig.11 (c), relative to nkQL = nj, = 48 and nk OL _ 3 respectively. Nevertheless, even the smaller peaking factor value PF = 3.71,
obtained with setting nk = 3, is marginally in agreement with the experimental electron density gradient error bar. Looking
at how the largest PF is obtained spectrally, Fig.11 (d) shows that it is obtained by a spectral balance between outward TEM
flux with inward ITG one, that is the same behaviour observed at the PF(R/Ly;) maximum in the collisionless regime. Despite
of this, in this case the situation is different, since I'(k,) is discontinuous across the TEM-ITG transition (using only one EV).
Moreover, the larger scale TEM region behaves like the “TEM,’ branch observed in the previous sections, contributing with big
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ky. The y-axis represents the ballooning coordinate z divided by m, while the colorbar indicates the natural logarithm of kilq@lz] , divided by its
value at z = 0 for each k, (the same as Fig.3 (g)), at the maximum of PF(R/Lr;) in the collisionless regime (i) and at the slightly higher value
R/L, = 4 of the density gradient (j). The black line indicates the I" spectra, in arbitrary units to fit the figure; (k) and (1) Similar to (i) and (j),
but at the maximum of PF(R/Ly;) and at the slightly higher R/L, = 3.5 value in the collisional regime. In this case the result with n, = 16 is
presented, to better compare with the eigenvalue analysis of Fig.10

R/Lr, R/Lr; T;/T, v R/L,(T =0)
smallest PF found at:| 7.68~ exp. —20% |9.6~ exp. +20% [0.93~ exp. +50% |2.36~ exp. +87% |not found for R/L, > 0
exp. mean values: 9.6 8 0.62 1.26 1.64~ [R/L,]exp —63%
largest PF found at: | 11.52~ exp. +20%|6.4~ exp. —20%|0.41~ exp. —=33%| 0.7~ exp. —44% |4.24~ [R/L,]exp —31%

Table II. Parameters, individually varied around the experimental mean ones, in order to find the smallest and largest values of the peaking
factor, respectively.

oL

k3|$2J tails that result in small QL weights if one considers n;~ =

observed between the two QL models results.

ny, with large ng,, and this is the reason of the difference

D. Evolution of the turbulence regime across the toroidal rotation reversal

In this section, a first attempt to characterise the turbulence regime at different snapshots across the rotation reversal is pre-
sented. Even if we consider a density ramp up case, where three density values are associated to three different times, it is
important to stress that the toroidal inversion phenomenon is also observed comparing different discharges with different con-
stant density profiles [7, 16]. Therefore, it is not only observable in a transient phase, but can be measured comparing different
configurations. Considering our density ramp up discharge, three time slices before (#; = 0.73s), close to (r, = 0.96s, the one
considered in the other sections) and after (13 = 1.32s) the reversal are analysed. This is illustrated in Fig.12 (al), where the
central (o = 0.1) toroidal velocity vy c of the carbon is shown versus time across the rotation reversal. The three selected
times are indicated by vertical dashed lines. At each time the density and temperature profiles have been obtained fitting exper-
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Figure 10. (a) Particle flux R/L, scan, close to the PF(R/Ly;) maximum in the collisional regime, comparing the results obtained considering
just the contribution of the first unstable linear mode (blue, squares) and taking also into account the second one (black, circles) (color online).
The vertical lines indicate the relative positions of the PFs; (b) and (c) k, spectra of I" and w at the three R/L, = 3,3.5,4 considered in (a),
separating the contributions of the first most unstable mode (EV1, blue) and the second one (EV2, red); (d)-(f) k, spectra of I at the same three
density gradients of the previous subfigures, following the same color code for the two modes. The missing contribution if one considers only
the first mode is indicated by red shading, while the sum of the two contributions is shown by a black line.

imental data, imposing the logarithmic gradients to be constant in the ‘stiff” radial interval py, ~ [0.4,0.8], according to [23].
In Fig.12 (b) the electron density profiles at the three selected times are shown, together with the experimental data. The mean
parameters at the three time slices are given in Table III (left). For simplicity (in particular to remove the micro-tearing modes
in the collisional regime) 8 has been forced = 0 in the simulations (electrostatic limit), due to its smallness at all the three times.
Moreover, the contribution of the impurity has been neglected and a lower x-resolution ng, = 16 has been used to reconstruct the
I' = O curves in the (R/Ly;, R/L,) plane.

Since, as it was shown in the previous sections, the I' = 0 condition can be obtained in each of the ITG, mixed ITG-TEM or
TEM regimes, depending on the parameters (see Fig.5), a further constraint is introduced in this section in order to better identify
the turbulence regime, that is the matching of the experimental value of the ion/electron heat flux ratio Q;/Q.. This additional
constraint, considering a I" double scan in the (R/Lr;, R/L,) plane, allows to intersect the I' = 0 line with the Q;/ Q. = [Qi/Qclexp
one. The turbulence regime can thus be identified, comparing the position of the intersection point with the w?" = 0 line,
demarcating the ITG/TEM frontier. An example of this procedure is shown in Fig.12 (c), at t = 1, considering the collisionless
regime. The intersection of I' = 0 (black line) with Q;/Q, = [Q;/Qclexp = 0.3 (green dotted line), indicated by a magenta circle,
is on the left of w?" = 0 (dashed black line), corresponding to a dominantly TEM regime. It is worth noting that the Q;/Q, = 1
line (red dotted) is locally not far from the w2 = 0, as expected, since in the ITG region the heat transport is mainly due to ions,
while in the TEM one by electrons. The time evolution of Q;/Q, across the rotation reversal is shown in Fig.12 (a2), while the
values at the three selected times are given in Table III (right). Since the ratio Q;/Q, is derived from experimental measurements,
one may wonder why this ratio should be taken as another constraint rather than an additional experimental observation subject
to the same uncertainties as other observations as logarithmic gradients. The uncertainties on Q; and Q. are neglected with
respect to the ones on the logarithmic gradients since the heat fluxes have smaller error bars because they come from integrated
quantities (Ohmic heating and equipartition) on the plasma volume rather than from derivatives of experimental measurements.

Figures 12 (d) and (e) summarise the results at the three time slices, in the collisionless and collisional regime, respectively.
Here, the I' = O curves (solid) at the three times 71, >, 3 (blue, black and red, respectively) are intersected with the Q;/Q, =
[Qi/Qclexp lines (dotted), and the intersection points (circles) have to be compared with the locations of the w2 = 0 lines
(dashed). The experimental mean values of (R/Ly;, R/L,) are indicated by square markers. The results in the collisionless
regime indicate a transition from a TEM dominated regime before and close to the reversal, to a spectrally mixed ITG-TEM
one after it, mainly driven by the experimental change in Q;/Q,. Moreover, these intersection points are related to an increase
of R/L, across the rotation reversal, in agreement with the mean experimental value trend. The results in the collisional regime
are unfortunately biased by the lack of information about the second unstable mode contribution (see section IV B) at all the
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Figure 11. (a) Normalised particle flux versus R/L,, varying R/Lr, by £20% around the experimental value R/Ls, = 9.6; (b) Normalised
particle flux versus R/L,, varying T;/T, by —33%, +50% around the experimental value 7;/T, = 0.62; (c) Normalised particle flux versus
R/L,, with parameters summarised in Table II, where the smallest PF, experimental value related PF and largest PF are indicated by blue, black
and red lines respectively (color online). The QL results obtained with the £ = 2 model setting nfo = ny, = 48 and nka = 3 are shown by
solid and dashed lines respectively, and the experimental R/L, experimental value and error bar are shown in light blue; (d) k, spectra of the
normalised particle flux and most unstable mode frequency [normalized with respect to max(Jw|)/ max(|['/(Q; ot/ T.))], evaluated at the largest
PF parameters of Table II.

Time R/Lne R/Lm' R/Lm,‘ R/LTe R/LTi Ti/Te % Zeﬂ' q 3§ ,8 Qi/Qe
t; =0.73s| 6.01 | 5.51 [ 9.56 |11.31| 6.9 | 0.6 [1.09]1.62|1.26]1.15]|0.27 x 1072 0.28
t, =0.96s| 6.6 | 6.18|9.68 |10.49| 7.15 | 0.64 [1.33] 1.6 [1.19|1.15|0.32 x 1072 0.3
t; =1.32s| 6.73 | 6.54 | 8.51 | 10.47| 6.51 | 0.66 |1.83[1.47(1.08|1.15|0.40 x 1072 0.73
Table III. (left) Parameters relative to the three times ¢t; = 0.73s, t, = 0.96s and t3 = 1.32s, before, close to and after the rotation reversal

respectively, at p,,; = 0.6, from radial profiles fits obtained enforcing constant logarithmic gradients in the pi,y < pvor < 0.8 interval; (right)
0./ Q. experimental ratios relative to the same three times, at the same radial position as (left).

three times, making difficult their interpretation. The PF decrease with time for R/Ly; > 5, in disagreement with the mean
experimental values time trend, is misleading, because the curves could cross at lower values of the ion temperature gradients
giving an opposite trend for the maxima, but their value is unknown because in that parameter region the effect of the second
unstable mode could be dominant. Nevertheless, a promising trend with time is noticeable, consisting in the left shifting of
w?" = 0 and right shifting of Q;/Q, = [Q; / Qelexp lines with time, consistently with the collisionless results. A further analysis
taking into account the second most unstable mode contribution is still needed, also considering the effect of varying other
parameters such as R/Ly, and T;/T,.

E. Effect of carbon impurity

After looking at the effect of collisions in the zero particle flux condition determination and to the time evolution of the
turbulence regime in both collisionless and collisional regimes, the role of the main impurity, that is carbon, is also investigated.
This section refers to the same time ¢ = #, and same parameters considered in the other sections, except from section IV D. In
Figs.13 (a) and (b), the k, spectra of y and w, obtained adding the carbon as a third active species, are shown as solid lines and
compared with the 2 species ones (dotted), both in the collisionless (black) and collisional (red) regime, at mean experimental
values of the parameters. Fig.13 (b) indicates that the addition of carbon lowers the value of the frequency towards TEM regime
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Figure 12. (a) Time evolution of the central (o, = 0.1) toroidal velocity vy, ¢ (al) and of the ion/electron heat flux ratio Q;/Q, at pior = 0.6
(a2). The three times #; = 0.73s, t; = 0.96s and 73 = 1.32s, before, close to and after the rotation reversal are shown by blue, black and
red vertical lines, respectively (color online); (b) n, radial profiles at the three considered times, obtained with the new fits, considering
constant logarithmic gradients for pi,y < pvoi < 0.8 (same color code as (a)); (c) Illustration of the simultaneous matching of I' = 0 and
0i/ Qe = [Qi/Oclexp at t = t,, in the collisionless regime. Colorbar: Q;/Q, versus (R/Ly;, R/L,). The I' = 0 condition is shown as a black
solid line, while the Q;/Q, = [Qi/Q.]exp One by a dotted green line. They cross at the magenta circle. Moreover, the Q;/Q, = 1 and wf =0
conditions are shown by red dotted and black dashed lines respectively; (d) and (e) The time evolution of the turbulence regime, obtained
estimating the position of the point simultaneously matching I' = 0 and Q;/ Q. = [Q;/Q.]exp Wrt. the w2 = 0 line, is shown in the collisionless
and collisional regimes, respectively. The solid lines indicate I' = 0, the dotted Q;/Q, = [Qi/Qclexp, While the dashed w2 = 0, for the three
times, following the same color code as (a). The mean experimental values are illustrated by square markers.

at each k,, in both collisionless and collisional regimes. In particular, the intermediate scale ITG branch that is present in the
collisionless spectrum, disappears adding the impurity. It is worth noting that the impurity modifies the shape of the y spectrum
in the collisional regime, introducing a local minimum at the TEM-ITG transition with increasing k, (vertical cyan dotted line in
the figures), that could be related to the presence of two branches, consistently with the small discontinuity of the w slope at that
point. Looking at the magnitude of the effect of impurity on the growth rate, while in the collisionless regime the 2 and 3 species
vy spectra are close one to the other up to kyp; ~ 0.7, in the collisional regime they start to diverge at the lowest values of k.
This fact, expected because of the increased collisional damping of TEM due to the addition of the impurity, implies that the QL
weights (~ y) will tend to amplify the effect of impurity on the fluxes in the collisional case.This is confirmed looking at Figs.
13 (c) and (d), where the k, spectra of the electron, deuteron and carbon particle fluxes at mean experimental parameters are
shown (multiplied by the respective charges, in order to see the fulfilment of the ambipolarity condition 3., g,I's, = 0 by sight
when the impurity is treated as an active species), in the collisionless and collisional regimes respectively. Since Zegexp = 1.57
is close to the threshold Z ¢, = 1.6 indicated in [31] to decide whether the impurity has to be treated as active or passive, both
the results obtained adding the carbon as an active (solid lines) or passive (dashed) species are shown in the figure, to quantify
the differences. Given that the electron and deuteron fluxes are not modified by the presence of the carbon when it is treated as
a passive species, the difference between the electron and deuteron fluxes considering active or passive carbon gives a measure
of the difference between the 2 species fluxes and the 3 species ones adding active impurity, and this is, as previously predicted,
larger in the collisional case, leading also to larger spectral contributions to the fluxes from smaller scales.

To further assess the importance of considering carbon as an active species, a R/L,, scan has been performed with active
carbon both in the collisionless and collisional cases, in order to determine the modification of the electron density peaking
factor [PF = R/L,, (T, =T'; =, = 0)], at experimental mean values of the other parameters, due to the addition of the impurity.
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Figure 13. (a) and (b) k, spectra of y and w for the most unstable mode at mean experimental parameters, for the electron-deuteron 2 species
case (dashed, same as Figs.6 (a) and (b)), and including carbon as a third active species (solid), both in the collisional (red) and collisionless
(black) regimes (color online); (c) and (d) k, spectra of the ion (D), electron (e”) and carbon (C) particle fluxes, multiplied by their respective
charges ¢, in the collisionless and collisional regimes respectively, obtained considering the carbon as a passive (dashed) or active (solid)
species.

In order to match simultaneously the three conditions I', = 0, I'; = 0, I'. = 0, an additional dimension L,,/L,. has been added to
the scan, since R/L,, is the gradient leading to the diagonal contribution to the carbon particle flux, that has been verified to be the
dominant one at experimental mean parameters. The results of these scans are shown in Figs.14 (a) and (b) for the collisionless
and collisional regime, respectively. The I'y, = O curves in the (L,./Lyc, R/L,.) plane are shown for the three species, and a
common point of intersection is found in both regimes [it should be noted that since by ambipolarity I'. = (I', — I';)/6, if the
I, =0,T; = 0 curves cross at one (Ly./Ly., R/L,.) point, the I'. = 0 curve has to cross the others at the same point]. For each
considered value of R/L,, (y axis), the x axis value L,,/L,. is obtained varying R/L,.. Moreover, for each couple (R/L,,., R/Ly,.),
the ion density gradient is adapted invoking quasi-neutrality:

R 1 R R
i m (L— 67) ’ (10

where n;/n, ~ 0.89 and n./n, ~ 0.02 at py,; = 0.6. Transferring the results in the (R/L,., R/L,;, R/L,.) space, two points
(PF = R/L,, = 3.56, R/L,; = 3.76, R/L,, = 1.74) and (PF = R/L,, = 193, R/L,; = 194, R/L,, = 1.69), fulfilling
I' =T; =T, = 0, in the collisionless and collisional regime respectively, are obtained. The two values PF ~ 3.56, 1.93 have
to be compared with the 2 species ones, i.e. PF = 3.68, 1.58 (indicated by horizontal dashed lines in the figures), showing that
in the collisionless regime there is only a ~ 3% difference, implying that in this regime the effect of the impurity on the PF is
minor, while in the collisional regime there is a ~ 20% difference, confirming the observed trend at mean experimental values.
Moreover, while in the collisionless regime the PF is decreased by the impurity effect, in the collisional regime it is increased.
The potential role of neoclassical impurity particle transport has been investigated by performing a 3 species local simulation
with the neoclassical drift-kinetic code NEO [36]. The modulus of the neoclassical contribution I'c peo = —4.3 X 107 m=2s7!
to the carbon particle flux is just ~ 4% of the turbulent one Tc g = 9.6 X 10'® m=2s7!, obtained summing the spectral contri-
butions of Fig.13 (d) (black, solid line), where the normalisation Q;o/(67,) has been approximated to the experimental value
Oiexp. /(6T oxp) = 2.7x10" m~257'. Therefore its contribution is negligible. A further analysis has to be performed to investigate
the effect of the main impurity varying more parameters, starting from the temperature gradients, impacting the thermodiffusion.
Moreover, some preliminary results of 2 species electron-deuteron simulations in the collisional regime, where the carbon has
been only accounted by modifying the Z = 1 of the ions to Z.g = 1.57 in pitch-angle and energy scattering, show a very good
agreement with the ones performed without taking into account Z.g, indicating that the impurity effect on the PF is mainly due
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Figure 14. The I'y, = O curves in the (L,./L,, R/L,.) plane are shown, with other parameters set to experimental ones, for ions (blue),
electrons (red) and carbon (cyan), in the collisionless (a) and collisional (b) regimes (color online). The PFs obtained with the relative 2 species
simulations are indicated by dashed horizontal lines. The experimental values of (L,./L,., R/L,.), with relative error bars, are indicated in
magenta.

to mechanisms that are other than this simple modification of the 2 species collisional operator, confirming the need to perform
3 species simulations with active carbon to see this effect.

V. NON-LINEAR VALIDATION OF THE QUASI-LINEAR RESULTS

A detailed NL validation of the QL results has been performed, at selected points in the parameter space, both in the colli-
sionless and collisional regimes, neglecting for simplicity the impurity effect. Seven points have been chosen to perform the NL
validation of the QL results in the collisionless regime, while five points have been considered in the collisional one. They are
indicated by magenta square markers in Fig.4 (c) (labeled NL1-NL7) and Fig.8 (a) (labeled NLc1-NLc5), respectively.

A. NL-QL comparison in the collisionless regime

The results in the collisionless regime, relative to the NL1-7 simulations indicated in Fig.4 (c), are summarised in Fig.15. In
the upper left plot (a), I is shown versus R/L, with other parameters set to experimental mean values (NL1-3), while in Fig.15
(b) the particle flux is plotted versus R/Ly; for the two values R/L, = 3,5 (NL2-7). The NL results are indicated by black
square markers, while the QL ones are represented by colored lines (nkaL = My, 3,1 in blue, cyan and magenta respectively,
while & = 1,2, 3 by dotted, solid and dashed lines respectively, color online). The QL results are in very good agreement with
the NL ones, especially disregarding the QL results with ¢ = 1. In particular, the agreement is excellent for all the QL models
at the highest R/L, and R/Ly;. The not so good NL-QL agreement of the results obtained with choosing & = 1 in the QL model
can be understood looking at Figs.15 (c), (d) and (e), showing the k, spectra of I' relative to NL1-3 simulations, comparing NL
results with QL ones (same color code of the first two subfigures). As one can see, the results obtained with setting & = 1 tend to
overestimate the magnitude of the flux contributions from small scales. The NL-QL disagreement of NL2 is due to the fact that
this case is close to the zero particle flux, and there is a PF shift between NL and QL results at R/Ly; = exp. = 8. Nevertheless,
the PF shift is small (see 15 (a)) and the agreement of QL and NL results close to NL2 is even better if we look at it varying
also R/Ly; (see 15 (b)). The inspection of the spectra shows up a feature of the QL results with nkQXL = 1 that is hidden if one
looks just at the total values summed over the spectrum, that is a ‘fishy’ I' diverging behaviour at the smallest k,. This feature
is related to the fact that considering just the k, = 0 contribution in the QL weights w¢t = (y/(k?))* computation, is equivalent
to having k7 = gk} in the denominator (see Eq.7). Therefore the QL weights we" ~ (y/k;)¥ behaviour is more pronounced
than if the k, # O contributions had been taken into account, and if the growth rate and the linear fluxes do not tend sufficiently
fastly to zero for ky, — 0, the 1/k§§ factor dominates, making I" diverge. Since this behaviour is absent in the NL simulations, the

kaL = 1 should be avoided. Summing up, the NL-QL comparison in the collisionless regime suggests that the preferable

QL models to adopt (at least in this parameter space region) are the nkaL = ny, or 3 with & = 2 or 3. If one considers in addition
that the n,ch = ny, QL model is more sensitive to the n;, numerical convergence (due to the major contribution of the ballooning

choice n
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structure tails in this model), that leads sometimes to bumpy k, spectra of I' at the lowest k,, the best model seems to be the
n,gf = 3 one, with both & = 2 and 3.
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Figure 15. NL-QL comparison of the normalised particle fluxes. Non-linear simulations have been carried out for the cases NL1-7 correspond-
ing to the magenta markers in Fig.4 (c), whose (R/Lz;, R/L,) coordinates are specified in the table annexed to the figure. These simulations are
performed with two species, in the collisionless regime; (a) Normalized particle fluxes versus R/L,. NL1-3 results are shown by black (color
online) markers, QL results obtained with setting nkQXL = N4y, 3, 1 are indicated by blue, cyan and magenta respectively, with n, = 48, while
the three choices of the QL exponent & = 1,2, 3 are illustrated by dotted, solid and dashed lines, respectively. The QL results are obtained at
Ag/1,, = 0.5 equally spaced values within the interval R/L, € [0,7]; (b) Normalized particle fluxes versus R/Ly; for the two density gradients
R/L, = 3,5. NL2-7 results are shown by black markers. The QL results are obtained at Ag;;,, = 0.5 equally spaced values within the interval
R/Ly; € [3.5,12.5], while the QL color/line-style code is the same as (a); (c),(d) and (e) NL-QL comparison of the k, spectra of the normalised
particle flux for the NL1-3 simulations (R/L, = 1, 3 and 5 respectively).

B. NL-QL comparison in the collisional regime

Turning to the results obtained including collisions, the NL-QL comparison relative to the NLc1-5 simulations indicated in
Fig.8 (a) is summarised in Fig.16. The upper left plot (a) corresponds to Fig.15 (a) in the collisional regime, and shows an
excellent agreement of NL and QL results. The NLc1-3 spectra are illustrated in Figs.16 (c)-(e) respectively. Disregarding the
QL model with & = 1, that still tends to overestimate the contributions from small scales, the NL-QL spectral agreement in the
NLc1 case, close to the zero particle flux, is remarkable, showing the same qualitative spectral contributions, balancing to give
It = 0. The NL-QL agreement in NLc2 is a little worse than in NLc3, because NLc2 is closer to the zero particle flux condition
and therefore the percentage differences between NL and QL results are bigger even if the actual values are of the same order
(look at Fig.16 (a)). Finally, let us consider the NLc4-5 simulations, below and above the PF(R/L7;) peak respectively. Fig. 16
(b) shows the NL and QL k, spectra of I relative to NLc4, below the PF, but already close to the zero particle flux condition.
Since, as it was pointed out in section IV B, in this parameter region the effect of the second unstable linear mode in the QL
fluxes evaluation is not small, the QL results are presented both considering just the first unstable mode (blue line), and including
also the contribution of the second one (red lines), using the QL model nkaL = niy, With both &€ = 1,2 (dashed and solid lines
respectively). As expected, the second unstable mode removes the artificial abrupt decay of I about k,po, ~ 0.8, that is absent
in the NL spectrum. Both & = 1,2 QL results fail to model the small scale part of the NL spectrum, that decays slower, and
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the large scale first I' > O peak, but the overall agreement is still very good, being at the I" null. The NLc5 case also presents,
as expected, a better agreement if the second EV contribution is taken into account [y n(NL) = 0.12, ' n(QL, 1EV) = 0.6,
FCion(QL,2EVs) = 0.21, where Ton = Tiot/(Qior/Te)]-

C. Comparison of the heat fluxes with experimental ones

Finally, the electron heat flux across the S = 6.36m? magnetic surface at p,; = 0.6 has been computed for the NL2, NLc4
non-linear simulations, close to the PF(R/Ly;) maxima in the collisionless and collisional regime, respectively, comparing the
results with the experimental value Q, cxp(pPror = 0.6) = 258 kW. The NL2 value Q, ~ 2.8 MW is off by a factor ~ 11, while,
as expected, the collisions improve the agreement with the experimental result, resulting in the value Q, ~ 218 kW, just off
by 15% with respect to the experimental flux. It is worth noting that both NL2 and NLc4 have an ion/electron heat flux ratio
that is close to 1 (Q;/Q. = 0.82 and Q;/Q. = 0.89, respectively), while the experimental value [Q;/QcJexp(Ptor = 0.6) = 0.3 is
much smaller. Therefore, even if the experimental value of the electron heat flux is well matched by the NL simulation in the
collisional regime, this result indicates that the Q;/Q, ratio has to be included in the analysis and matched independently. A first
QL attempt in this direction has been already presented in section IV D.
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Figure 16. (a), (c), (d) and (e) The same as Fig.15, in the collisional regime; (b) NL-QL comparison of the k, spectra of the normalised particle
flux for the NLc4 simulation (R/Ly; = 4, R/L, = 2, just below the peak of PF(R/Ly;) in the collisional case). The results obtained with the QL
model nkaL = m, = 16, & = 2 are shown in blue, while the results obtained including the contribution of the second EV with both £ = 1,2 are
indicated by dashed and solid red lines respectively (color online).

VI. CONCLUSIONS

Considering the TCV tokamak shot #28355, showing toroidal velocity reversal during a density ramp up, we have presented
a detailed study of the microturbulence regime characterisation at fixed radial position, reducing the experimental parameters
uncertainty by introducing the zero particle flux constraint and also investigating the effect of matching simultaneously two
constraints, that is the I' = 0 and the Q;/Q, = [Qi/Qclexp Ones. This study has been carried out by means of gyrokinetic local
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flux-tube simulations with the GENE code, adopting a quasi-linear model to compute the fluxes, and validating the results with
non-linear simulations for a subset of cases. Multiple scans in the main plasma parameters that influence the particle fluxes have
been done, comparing the results of the two species deuteron-electron case, both in the collisionless and collisional regimes,
investigating also the effect of the main impurity, that is carbon, in both regimes.

In the collisionless regime, performing a R/Lr;, R/L, double scan with two species (with other parameters set to the exper-
imental ones), we found a set of parameters that matches the zero particle flux condition within the experimental error bars,
corresponding to a quasi-linearly spectrally balanced ITG-TEM regime (see section IV A). Repeating the same double scan in
the collisional regime, a zero particle flux-matching peaking factor is found, within the experimental R/L,, error bar, taking into
account the effect of the second unstable mode in the QL evaluation of the fluxes, but relative to a R/Ly; value that falls outside
the error bar (see section IV B). Moreover, studying the effect of collisions on the particle flux, at experimental mean value of
R/Lr;, a similar behaviour to the one observed in [33] is found, indicating that the vanishing particle flux condition is obtained
by the balance of inward and outward contributions, coming from small and large scales, respectively. At each scale, the particle
flux is produced by inward and outward contributions coming from sub-thermal and super-thermal particles, respectively, also
in agreement with [34]. A difference with respect to [33] is that in our case trapped and passing particles contribute by the same
amount close to the particle flux null in the collisional regime, making the passing particle contribution non negligible in this
parameter region.

In section IV C the results of section IV B have been extended, finding a set of parameters that matches the zero particle
flux condition within the experimental error bars, corresponding to a quasi-linearly spectrally balanced ITG-TEM turbulence
also in the collisional regime, by varying individually by 20% logarithmic density and temperature gradients, densities and
temperatures around the experimental mean values, in order to obtain the highest possible peaking factor. The I' spectrum at
null is nevertheless sensitive to nkQXL variation in the QL model, since at large scales it is related to a slightly-ballooned TEM
mode, and moreover the I' = 0 is obtained by spectral balance of TEM and ITG intervals that connect discontinuously in T".
Therefore the contribution of the second unstable mode should be further investigated. Finally, this result has still to be verified
with non-linear simulations.

These two sets of ITG-TEM spectrally balanced I' = 0 matching parameters, both in the collisionless and collisional regimes,
could be naively cited to say that the turbulence regime just before the rotation reversal is compatible with a ITG-TEM mixed
regime. Despite of this, the preliminary results shown in section IV D, relative to an analysis at three time slices before, close
to and after the rotation inversion, indicate that if we simultaneously match I' = 0 and Q;/Q, = [Q;/Q.]exp in the collisionless
regime, the turbulence is still a TEM dominated one close to the reversal, and it becomes a mixed ITG-TEM just after it. In the
collisional regime the results are difficult to interpret, since the points in the (R/Ly;, R/L,) plane, matching simultaneously the
two constraints, are in a parameter region where the contribution of the second unstable mode to QL fluxes is non negligible at
all the three considered times. Nevertheless, the partial results seem to indicate that the turbulence regime is moving in time from
a purely TEM to a mixed TEM-ITG regime, in agreement with collisionless results. Summing up, the results obtained close to
the rotation inversion considering only the I' = 0 constraint and at three times matching both I' = 0 and Q;/ Q. = [Qi/Qelexp tend
to indicate that the turbulence regime is not too far from a mixed TEM-ITG state, with a slight change from a TEM dominated
regime to a balanced TEM-ITG one across the reversal.

The results of the simulations including the main impurity (carbon) as a third kinetic active species, indicate that the effect of
carbon on the peaking factor (PF) determination, doing a R/L,,, L,./L,. double scan with other parameters set to experimental
ones, is negligible in the collisionless regime (~ 3% difference with the 2 species result), while it is moderate in the collisional
one (~ 20% difference, with higher PF including carbon) (see section IV E).

The NL validation of the QL results, presented in section V, indicates that the QL results are in very good agreement with the
NL ones in a wide region of the parameter space both in the collisionless and in the collisional regimes, with better agreement at
the highest values of R/L, and R/Ly; in the collisionless regime. The small disagreement between the QL and NL peaking factor
at experimental R/Ly; in the collisionless regime (see Fig.15), is still smaller than the QL inherent error, that can be naively
estimated by the difference of the highest and lowest QL PFs, obtained with the nine different models. Close to the PF(R/Lr;)
peak in the collisional regime, the contribution of the second unstable mode has to be included in the QL result to better match
the NL spectrum of I'. Moreover, the NL-QL comparison is used to choose the optimal QL models. The model with nkaL =3
(in agreement with [28]) and & = 2,3 is identified as the best one. Nevertheless, excluding the & = 1 models, the difference
between the various options is small, validating the n]gf = ng, model with & = 2 as well, that has been adopted in most of the
paper, consistently with [4]. Finally, the experimental electron heat flux value Q. cx, = 258 kW at po, = 0.6 matches very well
(within 15%) the NLc4 simulation result, close to the maximum of PF(R/L7;) in the collisional regime, while in the case of the
NL2 result relative to the collisionless regime the agreement is, as expected, not as good (factor ~ 11). Both the two NL results
have Q;/Q. ~ 1, while the experimental ion/electron heat flux ratio is 0.3, justifying the QL analysis performed in section IV D,
introducing the Q;/Q. = [Qi/Qclexp constraint as well. As a remark on the computational cost of a I' = 0 constraint analysis
by carrying out QL simulations, considering for simplicity 2 species simulations in the collisionless regime, the production of
the data used to plot Fig. 4 (a) required approximately 55k CPU hrs on HELIOS supercomputer, while the single nonlinear
simulation NL3 needed ~ 120 k CPU hrs to have enough statistics (f < 110R/c;). Therefore, to give a rough estimate, the QL
analysis in the (R/Ly;, R/L,) plane requires approximately half of the resources of a single NL simulation.
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To completely remove the uncertainty on the experimental parameters one would ideally need a number of constraints that
is equal to the number of considered parameters, and therefore some further constraints should be added in a future analysis.
Secondly, the radial dependence of the constraints-matching parameters should be better investigated. Moreover, we privileged
varying parameters to which the particle flux is most sensitive, with other ones set to mean experimental ones, while all the
parameters should be varied simultaneously. A future possible extension of this work could be the investigation of the effect
of the electron scales on the zero particle flux determination. Nevertheless, since the experimental value 7,/T; ~ 1.6 is large
and R/Ly, = 9.6 is relatively small (with respect to eITB cases), we expect that ETGs should be relatively stable [37]. In
addition, some preliminary k, linear scans performed up to electron scales seem to indicate, based on simple estimates of the
relative amplitude of the growth rate peaks in the ITG-TEM and ETG regions [38, 39], that ETGs multi-scale effect on transport
should be negligible in our case. Finally, since TCV is a small-sized tokamalk, it is expected that finite p* effects could lead to
a significant discrepancy between local flux-tube results and global ones [19] (o* ~ 1/100 at p,,; = 0.6). Previous turbulent
transport studies of TCV discharges using flux-tube models, addressing internal transport barriers [21] and plasma shaping
effects [20] have pointed out the importance of these effects. This will involve carrying out simulations using the global version
of the GENE code.
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