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Abstract

This work combines experimental observations from the ASDEX Upgrade and the JET-
ILW tokamaks and related gyro-kinetic simulations on the L-mode edge turbulence with
different isotopes. The evolution of the edge logarithmic gradients and of the edge radial
electric field with increasing input power and the correlation between the two are studied.
It is found that the edge ion temperature profile plays the dominant role for the evolution
of the edge radial electric field in the considered cases. More input power and ion heat
flux are needed in hydrogen to obtain values of T; and R/Lyp; similar to the ones observed
in deuterium. As a consequence, more power is needed in hydrogen to develop values of
the edge radial electric field similar to those in deuterium plasmas. These observations
point to a key role of the dependence of the edge turbulence on the main ion mass in
determining the different L-H power thresholds with different isotopes. This dependence
is found in gyro-kinetic simulations to be connected to the parallel electron dynamics,
i.e. to a different kinetic response of passing electrons with different main ion mass. The
gyro-kinetic simulations indicate different roles of R/Ly. , R/Lp; and R/L, in driving or
stabilizing the edge turbulence at different wave-lengths and indicate a strong role of the
external flow shear in stabilizing the edge turbulence. The simulations indicate also that

instabilities at finite values of k; play an important role in edge conditions.



1 Introduction

The plasma edge, that is the region of the confined plasma nearby the last closed flux surface
(approximately 0.95 < ppo < 1), plays the dominant role in determining the confinement regime
in a tokamak. The low (L-) and high (H-) mode confinement, as well as some ELM-free regimes
with high confinement, for example the I-mode [1, 2] and the stationary EDA H-mode |3, 4],
are related to the properties of turbulence and transport in this region. The edge turbulent
transport also determines the pedestal profile behavior inter-ELM, which affects the way and
where the MHD peeling ballooning limit is reached. The impact of a change of the main
ion species on the global confinement is also mainly governed by the plasma edge behavior.
The accessibility of the H-mode confinement is regularly observed to require about a factor
of 2 more power in hydrogen than in deuterium [5, 6]. A strong increase of edge transport
is observed in both ASDEX Upgrade and JET-ILW L-modes when moving from deuterium
to hydrogen plasmas [7, 8]. The different edge particle transport with different isotopes leads
to differences in the gas puff level required in order to obtain similar densities in hydrogen
and deuterium L-modes in JET-ILW [7]. In ASDEX Upgrade, when a similar gas puff level
is applied in hydrogen and deuterium L-modes, although similar densities can be reached,
the edge density logarithmic gradients showed the tendency of being higher in deuterium, as
observed in ref. [9]. These differences in the edge particle transport with different isotopes
play an important role not only in providing different contributions to the equilibrium radial
electric field, potentially affecting the L- to H-mode transition, but also in the H-mode pedestal
[10, 11, 12|, where it determines the shape of the plasma profile, with a consequent impact on
the pedestal stability against peeling and ballooning modes. All of these considerations strongly
motivate to undertake the study of the edge turbulence and of its dependence on the main ion

mass.

Past studies [13, 14, 15, 16, 17| revealed some of the properties of the L-mode edge turbu-
lence. Local gyro-kinetic simulations, carried out using experiment-relevant plasma parameters
as input and that focused on the effect of the isotope mass on the edge turbulence, confirmed
most of these properties and were able to reproduce quantitatively the experimental heat fluxes
and their trend with the isotope mass|8|. The main instability in the L-mode edge of both
ASDEX Upgrade and JET-ILW was found to be an electron drift-wave instability exhibiting
a minimum in its linear growth rate as a function of the collisionality ;. The experimental
values of v} are generally found to be lying around this minimum. This means that in the
L-mode edge experimental range of v, the dominant instabilities exhibits a resistive nature.
Strong non-linear electromagnetic effects were observed in the gyro-kinetic simulations, with an
enhancement of the low k, (k,ps < 0.2) turbulence and of the turbulent fluxes over a threshold
in .. This threshold was observed to be consistently lower than the linear threshold of MHD-
like instabilities such as KBM (kinetic ballooning modes) [8, 13|, found to be linearly stable.

The simulations indicated also that at the high edge collisionality both the dominant linear
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instability and the turbulence are strongly influenced by the parallel electron dynamics and by

the isotope mass [8].

In this paper, starting from what learned in ref. [8|, we continue the study on the effect of
the isotope mass on the edge turbulence and we analyze the role of the different edge logarithmic
gradients and of the external flow shear in driving or stabilizing the edge turbulence. Regarding
the role of the isotope mass, we identify the origin of its strong effect in the electron parallel
dynamics, i.e. in the L-mode edge the main ion mass strongly influence the kinetic response
of the passing electrons. This confirm the results in ref. [8], where a strong role of the passing
electron dynamics was related to the high edge collisionality, and is in agreement with what
reported in recent publications [18, 19]. Regarding the role of the edge logarithmic gradients,
some considerations have to be made first. The ion and the density logarithmic gradients can
have a direct effect on the turbulence, as drive of the linear instabilities, but can also have
an indirect effect through their impact on the radial electric field and consequently on the
external £ x B flow shear, that acts as a stabilization mechanism for the turbulence [20, 21].
This is due to the relation between the radial electric field and the ion diamagnetic term in
the radial ion force balance equation. Furthermore, as we show also in this work, the different
normalized gradients can behave independently from each other in the plasma edge. Pedestals
in T, are observed at low density with ECRH power only, even if T; and n. do not evolve [34],
and pedestal formations in 7T, and T; are observed in the I-mode regimes, while n. remains at
L-mode levels |22, 23]. These observations suggest that the different normalized gradients can
have different roles in driving or stabilizing the edge turbulence. This is why it is important to

study the independent variation of these quantities in the experiment.

For this purpose, we analyze hydrogen and deuterium plasmas in ASDEX Upgrade and
JET-ILW with increasing heating power moving from L-mode toward H-mode. We identify
the experimental range of variation of the edge logarithmic gradients and of the edge radial
electric field F,, finding an important correlation between the evolution of the ion temperature
profile and FE,. Starting from these experimental parameters, scans in the different edge nor-
malized gradients and in the external flow shear are performed in gyro-kinetic simulations to
study their isolated effect on the edge turbulence. This leads to two important observations.
First, temperature logarithmic gradients drive turbulence at low toroidal wave-numbers while
the density logarithmic gradient is a strong drive for the intermediate toroidal wave-numbers
turbulence. Second, and related to the previous point, that the concomitant evolution of the
ion temperature logarithmic gradient and the radial electric field is more favorable than the
concomitant evolution of the density logarithmic gradient and the radial electric field for the
suppression of the edge turbulence through the external flow shear. These results go in the
right direction to explain the importance, observed in ASDEX Upgrade and Alcator C-Mod
experiments [24, 25|, of the ion heat flux in determining the L-H power threshold.

Finally, theory based reduced models, as quasi-linear models, for the edge turbulent trans-

port are one of the key elements which are still missing for the prediction of future reactors



plasmas. In this work we compare linear and non-linear results trying to understand the fea-
sibility of the application of quasi-linear models in edge conditions. This comparison gives
important indications for the future development of reduced models of the edge turbulence, in
particular it indicates the importance of finite k, instabilities for the nonlinear turbulence.
The paper is organized as follow: in section 2 we report the experimental settings and results
in ASDEX Upgrade and JET-ILW, section 3 is dedicated to the gyro-kinetic analysis and in

section 4 conclusions are drawn.

2 Experiments in ASDEX Upgrade and JET-ILW

2.1 Experimental settings

The experimental data analyzed in this paper are from the ASDEX Upgrade tokamak (AUG,
major radius Ry = 1.65m, minor radius a = 0.5 m) with a full tungsten wall and from the JET
tokamak (major radius Ry = 2.96 m, minor radius a = 1 m) with the ITER-like wall, i.e. with
a tungsten divertor and a beryllium main chamber. All the discharges analyzed in this work
are in favorable configuration, i.e. with the ion V B-drift pointing to the X-point. In AUG the
toroidal magnetic field was kept at By = —2.5T, while two different core line averaged densities
were used, i, ~ 210" m~3 and n, ~ 3.5 10 m3, as well as two values of the plasma current,
I, = 0.8,1.2MA, corresponding to qos = 5, 3.6 (see Tablel). In JET-ILW the core line averaged
density was kept around 71, ~ 3.5 10"m* while I, = 2.5 MA and Br = 3T (see Tablel). In
both devices, the toroidal magnetic field, the plasma current, the plasma shape and the plasma
density were kept similar with different isotopes.

Scans in heating power have been performed in hydrogen (H) and deuterium (D) plasmas.
The AUG plasmas were mainly heated using electron cyclotron heating (ECRH), with neutral
beam injection (NBI) blips of At ~ 16 ms used for the charge exchange (CX) measurements of
the ion temperature. Small ECRH steps of around 200 — 300 kW were applied for the power
scan, with each step lasting 200 — 400 ms. The JET-ILW plasmas were heated using NBI
heating, with power steps of ~ 1.2 MW. The quantity P,.;/Pr_p, where P, is the sum of the
heating powers (NBI4+ECRH+ohmic power) minus the time derivative of the plasma stored
energy (Pnet = Pecry + Pyar + Pohm — WMHD) and P;_py is the same quantity calculated at
the L-H transition for each plasma (just before the improvement in confinement), is used in
this paper for the comparison of the evolution of the edge profiles in different isotopes and in
different devices. It is worth noticing that in hydrogen the quantity Pp_g is usually twice than
in deuterium. In order to simplify the comparison with other studies on the L-H transition,
the radiated power P,,; was not taken into account in the calculation of P, as it was done in
these past studies |26, 27| . Furthermore, as also observed for the AUG cases in ref. [26], no
systematic dependence of P,.,q on the applied external heating or on the plasma composition

was found.



For both devices a feedback control of the line averaged density was used to keep the density
profiles as constant as possible and as similar as possible between hydrogen and deuterium. It
is observed in both AUG and JET-ILW that more gas puff is needed in hydrogen to obtain
similar densities as in deuterium [7, 9]. For this scope, in some of the studied cases, up to
the double of the gas puff level used in the corresponding deuterium cases was necessary in

hydrogen in order to have a similar density.

The electron temperature (7;) profiles in both devices were measured using the ECE (Elec-
tron Cyclotron Emission) and the core and edge Thomson scattering diagnostics (the high
resolution Thomson scattering (HRTS) signal in JET-ILW). The ion temperature (7;) profiles
in both devices were measured using the core and edge CX diagnostics. It must be noticed
that for the I, = 0.8 MA cases in AUG the CX signals were low and the measurements of
T; have larger errors than at I, = 1.2 MA. The electron density profiles (n.) were obtained
using the HRT'S and the reflectometer signals for JET-ILW and using the Thomson scattering,
the interferometers signals and the fits performed using the integrated data analysis (IDA)
Bayesian approach [28] in AUG. For the alignment of the edge profiles the signals of T, were
moved in order to have 70 < T, < 100 eV at the separatrix in L-mode. The corresponding
signals of the electron density (Thomson scattering signals) were moved accordingly. These
values of the electron temperature at the separatrix are deduced from considerations on the
heat transport in the scape-off-layer (SOL), using the Spitzer-Haerm heat conductivity model
(this is implemented in the IDA routines), and from EDGE2D/EIRENE simulations for the
JET cases|7|. Regarding T;, as no simple assumptions can be made on the ion temperature at
the separatrix, we simply checked that the values of T;/T, at the separatrix would not exceed
~ 1.5 — 2. The error introduced by moving the 7; measurements of £7 mm, that is the CX
radial error, is taken into account in the error bars of R/Lp;. A new diagnostic, based on the
active spectroscopy of helium II lines and capable of measuring the radial electric field (E,)
around the separatrix [29], has been used for the study of the evolution of the edge E, in AUG.
The values of the normalized gradients R/Ly., R/Ly; and R/L, reported in this work are
calculated using the plasma major radius (Ry) as normalization length and the plasma minor
radius, r, for the calculations of the gradients (for example: R/Lyr. = —RoV,T./T.). All the
quantities related to the plasma equilibrium (radii, ¢ profiles etc.) and used in this work have
been reconstructed using the EFIT routines [30, 31| for JET and with the CLISTE routines
[32] for AUG.

More details on the JET-ILW discharges can be found in ref. 7], while more details on some
of the studied AUG discharges are reported in ref. |9, 26]. In table 1 the list of the analyzed
discharges as well as their main plasma parameters are given. An example of the evolution
of the plasma profile with increasing heating power is shown in figurel for AUG discharge
#37909 in deuterium. Our study is carried out mainly at the toroidal radius py,,. = 0.95, where
Ptor = \/m , ® being the toroidal magnetic flux and ®,,,,, its value at the separatrix. This

radial position corresponds to p,, ~ 0.98.



2.2 Experimental observations

The values of R/Ly., R/Ly; and R/L,, calculated at p;,. = 0.95 from the ASDEX Upgrade and
the JET-ILW plasmas are shown in figure 2 as a function of P,.;/P;_g. We remind that P,y
in hydrogen is roughly the double than in deuterium. For the AUG cases the full colored marks
represent plasmas at [, = 1.2 MA, while the matte color (dark grey for D and violet for H)
crosses and X represent plasmas at [, = 0.8 MA. In general the values of the edge normalized
gradients are found to be very similar in AUG and JET-ILW (figure 2b).

R/ L, does not exhibit a strong variation with increasing input power, not even after the L-H
transition where an evolution of the edge density is visible in the experiment. It is important
to remind that in these discharges a feedback control of the line averaged density was used
and this might contribute to the low evolution of the L-mode edge density. For both devices,
more gas puff was needed in hydrogen in order to obtain densities similar to those in deuterium
plasmas. In JET-ILW ~30% more gas puff was used and, despite this, slightly higher values
of R/L, are observed in deuterium. In AUG 0-30% more gas puff was used, at the same level
of heating power, in hydrogen. Similar values of R/L, between hydrogen and deuterium are
observed in our AUG cases but, when the same gas puff level is applied at similar values of

Pt/ Pr—m, higher values of R/L, are generally observed in deuterium as reported in [9].

For both devices R/Lr. and R/Ly; are observed to evolve with increasing heating power,
reaching values at P,.;/Pr_g = 1 larger than those at P,.;/P,_g < 1, and continue to increase
after the L-H transition. In the AUG ECRH heated plasma at low density (7. ~ 210""m™3),
R/ Lt evolves more than R/Ly; while, at 71, ~ 3 101m™3, R/Lyp; exhibits a stronger variation
comparable to that of R/Lr.. This behavior can be related to the fact that, with ECRH only
and at low density, the heating power is predominantly directed to electrons with low exchanged
power between electrons and ions. In this situation a pedestal can form in 7, when increasing
the input power, while T; and R/Lp; remain almost constant. This behavior has been observed
also in past studies [34]. More input power is needed in hydrogen to obtain values of R/Ly;
similar to the deuterium ones, although hydrogen has higher levels of the ion heat flux due to

stronger thermal coupling than deuterium (figure 9).

The evolution of the minimum of the edge radial electric field E, in the AUG plasmas
with I, = 1.2 MA is shown in figure 3. In figure 3a as a function of P,./P,_y and in fig-
ure 3b as a function of the ion diamagnetic term in the ion radial force balance equation,
—T;/(q;Ro) (R/Ly; + R/L,), measured at p;,, = 0.95. This radial position corresponds roughly
to the position where the minimum values of E, are generally located. In deuterium plasmas,
the minimum of E,. strongly evolves with increasing input power and a clear correlation with
the ion diamagnetic term is observed. In hydrogen plasmas, the E, minima behave similarly
than in deuterium, but higher values of the input power are needed to obtain the same values.
Considering the behavior of R/L, in these plasmas, it is clear that the edge ion temperature

profile, through T; (R/L7;), and its response to an increase of the heating power determine the
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evolution of the edge radial electric field. This confirms what found in ref. |24, 25, 27, 35, 36|,
i.e. that the edge ion heat flux and the evolution of the edge ion temperature are key elements
for the evolution of the edge radial electric field and for the L-H transition. The higher edge
turbulence with lower isotope mass [8, 18] can then be the responsible for the lower evolution
of R/Ly; and of E, with increasing heating power and for the higher L-H power threshold in
hydrogen.

Finally, the experimental values of the electron and ion heat transport coefficients, x.;(m?/s)
averaged on 0.92 < pyr < 0.98, for the AUG discharges at I, = 1.2 MA are shown in figure
9 as a function of the electron and ion heat fluxes measured at p;,- = 0.95. Similar values
are observed in the discharges with /, = 0.8 MA. These experimental fluxes and transport
coefficients are evaluated using ASTRA [37, 38] power balance calculations. Blue triangles
indicate D discharges while black triangles indicate H plasmas. The ion heat fluxes at the L-H
transition are higher in hydrogen, that features also higher transport coefficients, indicating
again the role of turbulent transport in the isotope effect at the edge. For both isotopes, no
strong evolution of the transport coefficients with input power is visible. In fact they stay at
the same level also towards the L-H transition. This indicates that the turbulence level does
not change significantly moving towards the L-H transition. This observation can be related
to the increasing effect of the external ' x B flow shear on the turbulence, as indicated in the

next section and visible also from the GENE results shown in figure 9.

3 Gyro-kinetic simulation

3.1 Gyro-kinetic simulations set up

Linear and non-linear gyro-kinetic simulations with the GENE (Gyro-kinetic Electromagnetic
Numerical Experiment) code [39, 40| have been performed in order to study the micro-instabilities
in the plasma edge. GENE solves the gyro-kinetic Vlasov equations [41, 42| coupled with the
Maxwell equations within a 0f approximation and using a set of field aligned coordinates
{z,y,z,v, u}. 2z is the coordinate along the magnetic field line, x is the radial coordinate, y is
the binormal coordinate, v) is the parallel velocity and p is the magnetic momentum. The sim-
ulations are carried out using realistic geometry (reconstructed from numerical equilibrium files
provided by equilibrium solvers), collisions (using a Landau-Boltzmann collisional operator),
finite 3 effects (considering both B, and Bj fluctuations) and kinetic ions and electrons using
the physical mass ratio. No impurities have been considered in the simulations, the experimen-
tal values of Z.s; of the discharges being low (Z.r;~1.2-1.3) as is typical for metal machines,
and in order to reduce the simulations CPU-time demand.

The effect of the external flow shear yg« 5 has been considered in the simulations. Its values
have been calculated using the values of the radial electric field derived using the radial force

balance equation for ions starting from the experimental ion pressure profiles and using the
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normalized quantity Ygxp = ”tq‘" dpctl ( Bb:’“ ) ba where ¢ is the safety factor, By, is the toroidal

magnetic field and p, = \/ Pz /(7 Bior) (M), with @,,,, the toroidal flux measured at the last
closed flux surface, i.e. at r/a = 1. The variation of the normalized external flow shear 4g,p
with R/Ly; and R/ L, is calculated simply using the different values of R/Ly; and R/L,, in the

ion diamagnetic term of the radial force balance equation for determining the profile of the edge

radial electric field: E, ~ — R:giq i ( LI;_ + %) However, as the external flow shear is a derivative
of the F,, modification in F, by the other terms in the ion radial force balance equation, i.e. the
plasma velocities, can determine changes in vg«pg. Furthermore, changes in 7T} can also affect
E, and v« . It must also be noticed that the neoclassical poloidal velocity is also proportional
to R/Ly; [45], as also is the difference between the impurity and main ion toroidal velocity [45].
All these aspects imply some approximations and limitations and introduce uncertainties when

calculating yg«p considering only the ion diamagnetic term as we did for this work.

Typical grid parameters in the non-linear simulations were as follows: perpendicular box
sizes [L,, Ly = [200, 250]p,, phase-space grid discretization [ng, n,, n., ny, n,) ~ [384,96, 72, 48, 16]
using 0.025 < kyps S 1.9 and 0.025 < k,ps S 7. Lower values of ky, k,, using 0.013 < kyp, S 1.2
and 0.016 < k,ps < 8 have also been used for convergency tests. All the simulations in this
work have been done in the local flux-tube limit. This choice has been dictated by the fact
that the present global electromagnetic version of the code is unstable when the magnetic field
fluctuations play an important role (as it is in present cases). This is not always observed but
it is the case in many edge conditions and it is related to numerical instabilities present in the
code and not to physical reasons. A new version of the global GENE solver, stable even in
the electromagnetic cases, should be available soon. Considering the values of the gradients
lengths typical of the edge region that has been considered in our cases, we have values of
ps/Li(~ ps/Lre; or ps/Ly) =~ 1/200 — 1/80. Considering the results obtained in ref.[43, 44]
(based on the Cyclone Base case, adiabatic electrons and in the electrostatic approximation),
for our cases, global effects could play a quantitative role in edge conditions reducing the pre-
dicted fluxes, especially when approaching the H-mode pedestal conditions. Nevertheless, the
good agreement between the local simulation and the experimental observations obtained in
ref. [8], where dedicated convergence tests were made, and in this work support the reliability

of the results obtained with local simulations in L-mode edge conditions.

The gyro-kinetic simulations reported here are performed using the experimental parameters
of AUG hydrogen shot #35229 at t = 1.8 s (with ECRH power just below the H-mode power
threshold) and at py,, = 0.95. Starting from their experimental range reported in section 2,
scans in the values of R/Ly;, R/ Lte, R/ L, and ygxp have been performed in the simulations
while keeping all the other parameters constant. Linear simulations were performed also for
JET-ILW founding, as in ref.|8], similar results as for AUG. For this reason, and for a direct
comparison between linear and non-linear results, we show only simulations performed for the

AUG cases.



3.2 Role of the parallel electron dynamic in the isotope effect

As observed in ref. [8], the edge high collisionality determines the passing electron dynamics
to be fundamental for the L-mode edge turbulence. In these conditions also the effect of the
isotope mass was found to be important. Wider parallel structure of the electrostatic potential
were observed with lower isotope mass [8], indicating a dominant role of the passing electron
dynamics. The term related to the parallel electron dynamics in the gyro-kinetic equations is
written, in GENE units [40], as:

. C Ofer e 0¢ OB | %, Ofen
— - — —F,,—+F.op—— ) —u=— | B : 1
Om{ Vesth J By {U” ( 0z T. “°0z + ot 0z “az ¢ o (1)

where the ratio between the electron and the ion mass, m./m;, enters towards 0 s, = /Te/(me /M),

m; being used as reference mass in our simulations. C',.J, By are factors related to the plasma

geometry and the background magnetic field, Fp, f; are the background (Maxwellian) and the
perturbed parts of the electron distribution function and ¢, By represent the perturbed electro-
static potential and the parallel fluctuations of the magnetic field. C), is a coefficient inserted in
order to test the effect of changing the mass ratio m./m; in this term while keeping its physical
value in the rest of the equations. By artificially changing the value of C,,, it is then possible to
have hydrogen values of 7y, . in the parallel electron dynamics term in deuterium simulations

and vice versa (setting C,,, = 1.4 in D simulations and C,,, = 0.7 in H simulations).

In figure 4 the linear growth rate of the main instability from AUG linear simulations are
shown as a function of the collisionality . The simulations are done using k,p, = 0.2, where
the non-linear fluxes usually peak in the non-linear electrostatic simulations, but similar results
are obtained using different values of k, in the range important for the nonlinear fluxes. As
observed in [§8], the linear growth rates are higher in hydrogen, especially around the minimum
in growth rate but, by artificially changing C,,, the linear growth rates of deuterium simula-
tions are recovered in hydrogen simulations and vice versa. This demonstrates that the electron
parallel dynamics in eq. 1 determines the variation of the growth rates with different isotopes.
This result, obtained in a range of parameters relevant for L-mode edge conditions at ASDEX
Upgrade and JET-ILW, indicates that the different kinetic response of the electrons with differ-
ent main ion mass is the responsible for the strong deviation from the gyro-Bohm expectations
observed experimentally an in the simulations. These results also imply that, in the general
conditions when the turbulence is determined by the parallel electron dynamics, i.e. when the
electron response is very far from being adiabatic, the corresponding term in the gyro-kinetic
equation, that depends on m./m;, can give a strong deviation from gyro-Bohm expectations.

These results are in complete agreement with what has been recently found in ref. |18, 19|
and confirm the importance of this physics mechanism for the reversal of the gyro-Bohm scaling
in the experimental conditions of AUG and JET-ILW edge plasmas. It is also worth noticing

that other terms in the gyro-kinetic equation depend on m./m;, i.e. those related to finite
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Larmor-radius effects (gyro-averaging of the potentials fluctuations). These terms have been
also analyzed founding that they have a negligible contribution to the effect of m,/m; on the

linear growth rates, at least in the considered range of k,.

3.3 Effects of the normalized gradients on the edge turbulence

In the following we report the results from linear and non-linear simulations performed scanning
R/Lrpi, R/Ly., R/ L, and ygxp while keeping the other parameters unchanged. The values of
R/Lri, R/ Ly, R/L, considered for these scans are taken in the experimental range of values
reported in section 2 and are: R/Lp; = (21,42,63), R/Ly. = (34,56,74), R/ L, = (9,33, 56)
and Yg.p = (0.2,0.26,0.3). 4g.p = 0.2 corresponds to the R/Ly;, R/L, = 21,36 case;
Yeen = 0.26 corresponds to the R/Ly;, R/ L, = 42,33 and to the R/Lp;, R/L, = 21,56 cases;
Ypep = 0.3 corresponds to the R/Ly;, R/L, = 63,33 case. When not specified, the nominal
experimental values of the normalized gradients of AUG shot #35229 at ¢t = 1.8 s are used:
(R/Lti, R/Lre, R/L,) = (21,56,33). As nonlinear electromagnetic effects strongly enhance
low ky (kyps < 0.2) turbulence in the edge [8, 13|, we performed both electrostatic and elec-
tromagnetic simulations to differentiate the effect of the normalized gradients in the two cases.
Values of the ion heat transport coefficient x;(m?/s) are mainly shown in the following, since
similar behaviors are observed for the electron heat transport and for the particle transport
coefficients (respectively x. and D). Typical values of x.(m?/2) and D(m?/2) are shown in
figure 7 and in figure 9.

Effect of R/Ly;

As visible in figure 5a, in linear simulations no strong effect of R/Ly; is observed on the growth
rate of low &, (kyps < 0.2) instabilities while R/Ly; is found to stabilize intermediate k, (0.2 <
kyps < 1.0) instabilities. In figure 5d the linear and the main non-linear frequencies, w(p,/cs),
are shown. These are generally found to have the electron diamagnetic velocity sign (negative in
GENE). The effect of R/Ly; on w(p,/cs) is not strong except at intermediate k, in the nonlinear
electromagnetic case at the higher value of R/Ly;. The typical phase velocity of the turbulence,
calculated as v,, = w/k, (m/s) for the electrostatic case (R/Ly., R/Lr;, R/L,) = (56,42,33),
is also reported in figure 5g.

The impact of R/Lp; is found to be weak in non-linear electrostatic simulations, with
no significant increment of the transport coefficients with increasing R/Ly; (figure 6a). The
fluctuations of the electrostatic potential ¢ slightly increase at low k, when increasing R/Lp;
(figure 6¢) and the intensity of the cross-phases between ¢ and the perturbed perpendicular
electron temperature, T |, increase at low k, and intermediate k,, with the cross-phase angles
going to values closer to m/2 (figure 6d). However, the overall effect is weak and the transport
coefficients are not strongly affected. When considering v« p in the simulations, the level of

the turbulence is reduced, but also in this case, when considering its variation in combination
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with the variation of R/Ly;, the values of the transport coefficients do not vary substantially.
When considering electromagnetic effects in non-linear simulations, as already observed in
the past [8, 13], a strong destabilization of low k, turbulence (k,ps < 0.3) is present. In this case
R/Ly; is found to be a strong drive for the low &, turbulence: both the electrostatic potential
fluctuations (figure 6¢), the ¢ —T. | and the ¢—T; | cross-phase intensity increase at k,ps < 0.2
(figures 6e and 6f), with a substantial enhancement of the transport coefficients with increasing
R/Ly; (figure 6b). Nevertheless, vg«p has a strong impact on this low &, turbulence and, when
its effect is considered, the turbulent heat fluxes and the transport coefficients are strongly
reduced and go to experimental levels (figures 6b and 9). Furthermore, when increasing both
vexp and R/Lp; simultaneously, the transport coefficients in the simulations do not increase

with increasing R/Ly;, as observed in the AUG experiments.

Effect of R/Ly.

The effect of R/Ly. in linear simulations is a destabilization of the main micro-instability at
all the considered values of k, (figure 5b). When increasing R/Ly. in nonlinear electrostatic
simulations, the electrostatic potential fluctuations slightly increase in the region 0.1 < k,ps <
0.2 (figure 7c) and the amplitude of the cross-phase between ¢ and 7, peaks in the same
region (figure 7d), meaning that R/Lr. is enhancing the low k, turbulence related to the low
k, electron drift-wave instability (for which R/Ly. is the main linear drive). Similar effects
on the cross-phases between ¢ and n. and between ¢ and 7T; fluctuations are observed, but
their values are close to zero in these cases. However, the overall effect of increasing R/ Ly,
is a reduction of the transport coefficients (figure 7a). This is related to the fact that the
enhancement of the low &, fluctuations of ¢ is not strong while, at the same time, there is a
shift of the ¢ — 7. | cross-phases towards lower values (figure 7c). This is related to the drift-
wave nature of the turbulence driven by R/Lr.. The effect of R/Lr. on the turbulence is found
to be small also in non-linear electromagnetic simulations, with no significant enhancement of
the transport coefficients (figure 7b) nor of the electrostatic potential fluctuations (figure 7c).
The overall effect of increasing R/ Ly, in the simulations is then an increase of the electron heat

fluxes but not an enhancement of the transport coefficients.

Effect of R/L,

Linearly, R/L,, has different effects at different values of k,: its effect is non-monotonic on low
k, instabilities while it stabilizes intermediate k, instabilities (figure 5¢). Non-linearly, R/L,, is
found to be a strong drive for intermediate k, electrostatic turbulence. When increasing R/L,
in the electrostatic simulations, the electrostatic potential fluctuations and the amplitude of
the cross-phases between ¢ and 7, | (the same is valid for the cross-phases between ¢ and n,
and between ¢ and T; fluctuations) are strongly enhanced in the intermediate k, region (figures

8c and 8b). This results in a strong enhancement of all the transport coefficients (figure 8a).
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In the electromagnetic cases, no strong influence of R/L,, on the low k, turbulence destabilized
by electromagnetic effects is observed, but R/L, still destabilizes intermediate k, turbulence
(figure 8b).

Differently from what found for R/Ly;, Yexp has a lower impact in these cases, also when
considering the simultaneous variation of yg. g with R/L,. This can be related to the fact that

the intermediate k, turbulence driven by R/L, is not strongly affected by vgx 5.

3.4 Considerations on the gyro-kinetic simulations
Quasi-linear models for edge turbulence

When low k, (k,ps S 0.2) electrostatic turbulence related to electron drift-waves dominates,
there is a good agreement between linear and non-linear predictions. Instead, when the nature
of the turbulence is more ballooning-like, as for the intermediate k, turbulence, or when strong
electromagnetic effects play a role, the differences between linear and non-linear predictions can
become significantly large. This can be seen for example in the comparison of the characteristic
frequencies in figure 5: linear and non-linear frequencies compare well in the low k, region,
but can deviate at intermediate k,. Also looking at the cross-phases angles in figures 6, 7
and 8 it is evident that the linear predictions can be very different from the non-linear results.
Furthermore, as described in ref. |8, 14] and observed in the previous section, strong non-linear
electromagnetic effects play a role for low k, spectra of the turbulence.

In the plasma edge conditions studied in this work, it might be also important to look at
instabilities centered at finite k, . In figure 10 the spectra of the electron heat flux at different
values of R/L, as well as the |¢|” (kups, kyps) and |¢|* (k,ps, 2) spectra are reported. As visible
from figures 10a, 10b, 10c and 10d, finite k, values are important for the electrostatic potential
fluctuations and for the final electron heat fluxes. This is true for all the values of R/L,
considered, the peak of the g, spectra being located around k,p, &~ 0.035 for all the cases.
In figure 11a the linear growth rates of instabilities at k,p; = 0.2,0.4,0.6 and centered in the
range —0.4 < ko < 0.4 are reported. In figure 11b and 11c the quasi-linear electron heat flux

calculated from the same simulations are shown. These are calculated as

ky

QL _ Ty Qe
q4e = TToNT L 1o
2 T Tou T

where (k1) = [(gyyki + 20uykaky + goak2) |0° Jdkodz/ [ |6]*Jdk,dz, . being the linear heat
flux at each ky, J, g;; being geometrical factors. As visible from the plots, the linear growth
rates and the quasi-linear fluxes do not always peak at k, = 0, as generally observed for core-
like parameters, but finite k, instabilities can have higher growth rates and higher quasi-linear
fluxes. This is clearly visible for the R/L,, = 56 case, where the deviation from the results that
would be obtained considering only instabilities centered at k;, = 0 are higher. Looking at

linear instabilities centered at k, o # 0 it is also possible to recover the properties of the nonlinear
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turbulence. As an example, for the case R/L, = 56 and k,ps, = 0.4 (figure 12), the instability
centered at k, o = —0.075, where the growth rate peaks, has a characteristic frequency similar
to the nonlinear one (while the instability centered at k.o = 0 has a positive frequency), has
parallel structures of the electrostatic potential more ballooned than the instability centered
at k;o = 0 and has components of the ¢ — T, | cross-phases angle that lay in the same range
of the nonlinear ones. These observations indicate that taking into account linear instabilities
centered at k, # 0 could be important for future attempts of developing reduced models for
the edge turbulence. This is not the first time that linear instabilities at finite k, are studied
or observed to be important (see for example ref. [46, 47, 48, 49, 50, 51, 52]).

Missing elements and future steps

In this work we have focused on the isolated effects of the different edge normalized gradients
on the edge turbulence. Experimentally many parameters are changing at the same time
while approaching the L-H transition. Especially v, §.,T./T; and the geometry could play
important roles. The next step will be to study the effects of the variation of all the experimental
parameters consistently. This represents a limit of our work, nevertheless our study gives
precious information on the isolated effects of the various normalized gradients on the turbulence
and this information will be very helpful for the understanding of the results from simulations in
which more parameters are changing simultaneously. We report here, as an example, the results
from a linear scan made using input parameters taken from AUG shots #36982 in deuterium
(see table 1) at different levels of ECRH power. The scan was made using kyps = 0.2 and
scanning in collisionality to see where the minimum in the linear growth rate (1)) is located
with respect to the experimental values of ¥. As visible in the plot of figure 13, the experimental
points always stay close to the minimum in the growth rate and, despite the increase of R/ Ly,
with increasing ECRH power, the linear growth rates are lower close to the L-H transition
(Ppcrmg = 2.8 MW). In this case this is found to be mostly determined by the change in T, /T;.
Another aspect is that the values of E, measured directly in the experiments should be used
in the simulations. Unfortunately these values were not available when the simulations were
performed but will be used in future simulations. The next step for the validation of our results

will be also to test our local simulations against at least one global simulation.

4 Discussion and conclusions

The analysis of the edge turbulent transport and of its dependence on the main ion mass that
was started in ref.[8] has been continued in this work. We focus our analysis on three aspects
related to the L-mode edge turbulence: its response to the variation of the edge normalized gra-
dients with increasing input power, the effect of the external flow shear and the identification of

the physical mechanisms that determine the strong dependence of the edge turbulent transport
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on the main ion mass. For these purposes, experimental observations from the ASDEX Upgrade
and from the JET-ILW tokamaks are combined with related gyro-kinetic linear and non-linear
local simulations with the code GENE. For both devices, plasmas with scans in input heating
power (mainly ECRH for AUG and NBI for JET-ILW) going from L- to H-mode have been
analyzed in hydrogen and in deuterium. This experimental analysis allows us to identify the
experimental range of variation of the edge normalized gradients and of the edge radial electric
field. These parameters play a critical role for the turbulence as the edge logarithmic gradients
represent the main drive for the linear instabilities while the radial electric field determines
the external F x B flow shear that can act as a stabilization mechanism of the turbulence.
Furthermore, a relation between the kinetic profiles and the radial electric field exists and is

determined by the radial force balance.

In these experiments R/L,, exhibits a limited variation with input heating power, particu-
larly at AUG and in JET-ILW in hydrogen. This is true also in the H-mode phase, where the
densities and their gradients are observed to evolve. However, it must be noticed that these
discharges have been run with feedback control of the line averaged density and this might
have contributed to the limited evolution of R/L,. In more general operation conditions, as
for instance with constant gas puff levels, a change in the L-mode density profile shape can
be observed [9]. Differences are also observed in H-mode plasmas [10, 11, 12] and an impact
of the density profile on the L-H transition power has been observed as a consequence of the
change from carbon to tungsten wall in ASDEX Upgrade [33], although no analysis on the
values of the normalized gradients was made in these past studies. For both devices, more gas
puff was needed in hydrogen in order to obtain densities similar to the deuterium plasmas ones.
In JET-ILW ~30% more gas puff was used in hydrogen and, despite this, slightly higher values
of R/L, are observed in deuterium. Similar values of R/L,, between hydrogen and deuterium
are observed in our AUG cases despite the higher gas puff in hydrogen plasmas. Instead, when
the same gas puff level is applied at similar values of P,.;/Pr_g, higher values of R/L, are

generally observed in deuterium as reported in [9].

For both AUG and JET-ILW, R/Ly; and R/Ly. are observed to evolve with the heating
power. While similar values of R/Lp. can be obtained in hydrogen and deuterium at similar
levels of input power, in both devices much more input power is needed in hydrogen to obtain
values of R/Lp; similar to those in deuterium. The edge radial electric field E, is found, in
the AUG cases, to be determined by the ion diamagnetic term in the ion radial force balance
equation, i.e. E, =~ T;/(¢;Ro) (R/Lr; + R/L,). As in the studied cases it strongly depends
on T; R/Ly; (because R/ L, does not vary), it requires more input power in hydrogen to reach
values similar to the deuterium ones. This leads also to lower values of the external E x B flow
shear in hydrogen at the same level of input power. These observations point to a dominant role
of the turbulent ion heat transport and of its dependence on the main ion mass in determining
the different evolution of the edge radial electric field and consequently in determining the

differences in the L-H power threshold in different isotopes, at least in the considered cases.

14



Finally, the experimental values of the edge heat transport coefficients (available only for
the AUG cases) are found to be higher in hydrogen than in deuterium, at the same level of
the electron and ion heat fluxes. Also the ion heat fluxes at the L-H transition are higher in
hydrogen, indicating again the role of turbulent transport in the isotope effect at the edge.
Furthermore, for both isotopes, no strong evolution of the transport coefficients with input
power is visible. In fact they stay at the same level also towards the L-H transition. This indi-
cates that the turbulence level does not change significantly moving towards the L-H transition.
This observation can be related to the increasing effect of the external E x B flow shear on the
turbulence, as indicated by the GENE simulations. Limiting more the evolution of R/L; with
increasing ion heat flux in hydrogen with respect to deuterium, turbulence limits more also
the evolution of the radial electric field in hydrogen and more power is required in hydrogen to
reach the L-H transition. Again, we remind that this result was obtained controlling the plasma

density and that the role of the particle transport can also be important in other conditions.

The gyro-kinetic analysis confirms what found in previous studies [8, 13|, showing that the
high edge collisionality, together with the high values of R/Ly. and R/L,, imply that the par-
allel electron dynamics plays the dominant role for the edge turbulence. For this reason, it is
shown in this paper that the different kinetic response of the passing electrons is responsible
for the strong effect of the main ion mass on the edge turbulence. This result, obtained us-
ing experimental plasma parameters from AUG and JET-ILW L-modes approaching the L-H
transition, shows that the impact of the ion mass on the kinetic response of passing electrons
determines the reversal of the gyro-Bohm scaling of transport, as regularly observed in edge

turbulence. These results confirm recent theoretical studies [18, 19].

The simulations demonstrate different effects of the different normalized gradients on the
edge turbulence. R/Ly. drives the low k, (0.1 < kyps < 0.3) electrostatic electron drift-wave
turbulence but its effect on the transport coefficients is almost negligible. This is related to a
low impact of increasing R/Ly. on the electrostatic potential fluctuations amplitude and to a
reduction of the ¢ — Te cross-phase angles. R/L, strongly drives intermediate k, (0.3 < kyps S
1.0) turbulence, with more ballooning-like properties, determining a strong enhancement of the
transport coefficients. This intermediate &, turbulence is found to be weakly affected by the
external flow shear and increasing yg.p with increasing R/L,, (through its effect on E,.) does
not result in a reduction of the transport coefficients. R/Lp; strongly drives the turbulence
destabilized by electromagnetic effects at low &, (k,ps < 0.2). In this case ygyp has a strong
stabilizing effect on the low k, turbulence and increasing R/Ly; and vgy«p simultaneously leads
to a weak variation of the transport coefficients, as observed experimentally. These results
indicate that R/Ly;, despite being a strong drive for the edge turbulence, can also have a
strong indirect effect through yg«p. Considering the strong relation between R/Lp; and the
radial electric field found experimentally and the strong effect of the isotope mass on the edge
turbulence [8, 18, 19|, a key role of the ion turbulent heat transport in the higher L-H power

threshold at lower isotope mass is supported by these simulations. In contrast, according to our
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gyro-kinetic results, increasing R/ L, to increase the edge radial electric field (and the external
flow shear) to induce the L-H transition might be experimentally less effective than doing the
same with R/Lz;.

Finally, an effort to understand the feasibility of the development of quasi-linear models
for the edge turbulence has been done comparing the linear and the non-linear results from
our gyro-kinetic simulations. Differences between the properties of the turbulence in non-
linear simulations and the properties of the linear instabilities have been observed, in particular
when nonlinear electromagnetic effects or intermediate k, are important for the turbulence.
This represents an obstacle for the development of quasi-linear models for the edge transport,
nevertheless solutions can be found and more studies should be done in this sense. As indicated
in ref. [13, 14] and observed also in ref. [8], the parameter B =8, (qRO/LL)Q, where ¢ is the
safety factor and L, the perpendicular characteristic length, could be used as a proxy for the
critical threshold above which the nonlinear electromagnetic effects play a role. Regarding
the discrepancies between linear and nonlinear simulations for the intermediate £, region, it
is found that linear instabilities at finite k, show properties similar to those in the nonlinear
saturated state and might play an important role for the edge turbulence. This is supported
by the fact that, differently from what is usually observed in standard core simulations, the

turbulence has important contributions from the finite k, region of the spectra.
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L,(MA) | Bp(T) | ne(10*m=3) | qo5 | Isotope | Main heating
AUG 436982 0.8 25 2 5 D ECRH
AUG #37908 1.2 25 2 36| D ECRH
AUG #
LT3 1TS 1.2 2.5 2 36| H ECRH
AUG #
36983,36084,35842
35843,35101.35202 | 0O 2.5 3-4 5 D ECRH
35204,35206,35237
AUG #37909 12 25 34 36| D ECRH
AUG 2
35220.35241 0.8 2.5 3_4 5 H | NBI-ECRH
35263,35266
AUG #
18176, 38177 1.2 2.5 34 36| H ECRH
JETZ
s sgrys | 2 3.0 34 3 D NBI
JETZ
01433, 91434 2.5 3.0 34 3 1 NBI
01448 —~ 91453

Table 1: Main plasma parameters of the ASDEX Upgrade (AUG) and JET-ILW shots analyzed in
this paper.

Tables
(T/T. [ ve [P | B | R/Lve [ R/Lri [R/La| 5/9 [Brey[ne | T. |
| 138 [31]28[15210*] 56 | 21 | 34 [4.6/5.7]246]1.6][0.143 |

Table 2: Plasma parameters measured at p;,r = 0.95 and t = 1.8 s of ASDEX Upgrade discharge
#35229. B, = %7 Vo= yei#%fl—iﬁ, Dej = Vei'%:: where ¢ is the safety factor, € = %,
Vthe = \/Te/me and cs = \/T./m;. Bycs is measured in Tesla, n. in 109m =3 and T, in keV. Other
useful quantities are: p, = 0.66 m (reference length in GENE simulations), me/m; = 5.44617 10~4
and pt = ps/pa = 7.4910~% where ps = vVmiTe/eBrey and po = \/(® /T Bref)maxz, ® being the toroidal

magnetic flux.
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Figure 1: Evolution of the electron temperature (a), ion temperature (b) and electron density (c) with
input heating power for deuterium AUG shot #37909 at t = 2.3s (red), t = 3.09s (black) and t = 4.3
(blue). These time-steps corresponds to Ppei/Pr—p = 0.7, 0.98, 1.5.
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Figure 2: Edge normalized gradients R/Lr,, R/ Lte, R/ Ly, evolution with Ppe:/Pr—p in ASDEX Up-
grade (a) and JET-ILW (b). P, is the net input power while Pr_p is the value of P, at the
L-H transition. In these cases Pp_p(hydrogen) ~ 2P _p(deuterium). The warm colors (red, pink,
magenta) indicate values from hydrogen plasmas while cold colors (black and blue) indicate points
from deuterium plasmas. The normalized gradients are calculated at py,, = 0.95 from the fits of the
experimental data.
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Figure 3: a) Evolution of the minimum of the edge radial electric field E,, measured using the active
helium spectroscopy signal [29], with Pper/Pr—p in the ASDEX Upgrade shots with I, = 1.2 MA. b)
Minimum of the edge radial electric field E, plotted as a function of the ion diamagnetic term from the
ion radial force balance equation T;/(q;Ro) (R/L; + R/Ly,) measured at pior = 0.95.
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Figure 4: Linear growth rate as a function of v} from GENE linear simulations. Hydrogen simulations

were repeated modifying the parallel electron dynamics term, that depends on me/m;, in order to have

values of me/m; in this term as in deuterium simulations and vice versa. As visible this term is

responsible for the effect of the main ion mass in the plasma edge conditions.
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Figure 5: Linear growth rate as a function of kyp, at different values of R/L, (c), R/Lt. (b) and
R/L7; (a) and frequencies of the dominant instabilities and dominant frequencies of the turbulence
from non-linear simulations as a function of kyp, at the different values of R/L,, (f), R/Lte (e) and
R/L; (d). The nominal values are (R/Lti, R/Lte, R/Ly) = (21,33, 56), two of these values are kept
fixed while scanning in the third one. g)Typical phase velocity of the turbulence calculated as
Upn, = w/k, (m/s) for the electrostatic case with (R/Lre, R/ Ly, R/Ly) = (56,42, 33).
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Figure 6: a-b) Evolution of the ion heat transport coefficient x;(m?/s) with R/Ly; from electrostatic
(Be = 1079) and electromagnetic (8. = 1.52 10~*) nonlinear local gyro-kinetic simulations. c) kyps
spectra of |¢|?, ¢ being the perturbed electrostatic potential, from the same simulations. d-e) Normal-
ized intensity of the cross-phases between the electrostatic potential and the perpendicular electron
temperature fluctuations, (¢ x Te 1 )/(|¢||Te1]), at different kyps as a function of the cross-phase angle
« from the electrostatic and the electromagnetic simulations. The white stars represent the main val-
ues from linear simulations centered at k, = 0. A zoom in the range 0.025 < k,p, < 1.2 is applied. f)
Normalized intensity of the cross-phases between the electrostatic potential and the perpendicular ion
temperature fluctuations, (¢ x T; 1 )/(|¢||T;1|), at different kyps as a function of the cross-phase angle
a from the electrostatic and the electromagnetic simulations.

27



25

i
X, ! ® X i
[ ! m X |

Ll ¥D ° ! 5fwD [ ] [ ]
= — nominal ‘ —— nominal !
o~ I
0 - L] w = |
<2 RIL =21 ! ° &2 || Fm=2 I
= RIL =33 [ ] £ " [|RL, =33 !
.15 n [l ~ n !
- . - -4 I
5 5,=10"° ! - £ |le=ts210 |
3 I o3 !
= | 3} }
=4 1 =
21 } 2 |
I
é 1 % 2 |
= | =
v ' Y v

0.5 Y |
| v 1 !

|
| |
I

I
I

I
I

0
10 20 30 40 50 60 70

12
[l

1 |[—RL, =37
—RIL, =56
ol =Rt =75
107 _RIL__=56,em.
Te
— -R/IL_ =75,e.m.
Te

1072 10t

Figure 7: a-b) Evolution of the ion and electron heat transport coefficient y;.(m?/s) and of the
particle transport coefficient D (m?/s) with R/Lr. from electrostatic (8. = 107%) and electromag-
netic (B = 1.52 10™*) nonlinear local gyro-kinetic simulations. c) kyps spectra of |$|%, ¢ being the
perturbed electrostatic potential, from the same simulations. d) Normalized intensity of the cross-
phases between the electrostatic potential and the perpendicular electron temperature fluctuations,
(¢ xTe1)/(|0||Ter]), at different kyps as a function of the cross-phase angle . The white stars repre-
sent the main values from linear simulations centered at k; = 0. A zoom in the range 0.025 < k,p, < 1.2
is applied.
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Figure 8: a) Evolution of the ion heat transport coefficient x;(m?/s) with R/L,, from electrostatic
(Be = 1075) nonlinear local gyro-kinetic simulations. b) kyps spectra of |¢|?, ¢ being the perturbed
electrostatic potential, from both from electrostatic (8. = 1075) and electromagnetic (8, = 1.52107%)
simulations. c¢) Normalized intensity of the cross-phases between the electrostatic potential and the
perpendicular electron temperature fluctuations, (¢ x Te,1)/(|¢||TeL]), at different kyp, as a function
of the cross-phase angle «. The white stars represent the main values from linear simulations centered
at k; = 0. A zoom in the range 0.025 < kyp, < 1.2 is applied.
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Figure 9: Comparison between the experimental values of the electron (a) and ion (b) heat trans-
port coefficient Xe’i(mz/s) and the values obtained from the nonlinear gyro-kinetic simulation. The
experimental values were evaluated using ASTRA power balance calculations of the ASDEX Upgrade
discharges in hydrogen and averaging inside 0.92 < psor < 0.98. Blue points indicate discharges with
I, = 0.8 MA while black points indicate discharges with I, = 1.2MA. The red stars indicate the values
from GENE simulation without yg,p while green stars indicate the values from GENE simulations
where the effect of 4g,p was taken into account. These quantities are plotted as a function of the
electron and ion heat fluxes in MW and measured at psor, = 0.95. No visible evolution of the transport
coefficient with input power is visible experimentally. When taking into account the external flow shear

the experimental values and trends are in good comparison with the values from the simulations, even

if in these cases we did not try to match the experimental values by varying parameters such as (e.
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Figure 10: a-b) |¢|* plotted in (kyps,z) and in (kzps, kyps) space from electrostatic GENE simulations
at different values of R/Ly,. The values are averaged over the other dimensions. c) Electron heat flux
(integrated over ky and z) ky spectra at different values of R/ L, from the same simulations of figures
a) and b). The ratio between the contribution to the total heat flux from each value of kyps and the
total heat flux, g~ /qt°t, is also reported.
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Figure 11: a) Linear growth rate of the main linear instabilities as a function of kg for differ-
ent values of kyps and R/L,. b-c) Quasi-linear electron heat flur as a function of kyo computed at
different values of kyps and R/L,. Both ~ and quL show peaks at finite value of kyo. The quasi-

k
Y
Vky

linear electron heat fluz is computed as qu = Zky IGH) |¢q; kR where <kﬁ_> = f(gyykz + 292y koky +
1 Yy

Guck?) |02 Tdkydz) [ |12 Tdkydz, ¢ and Yk, are the electron heat flux and the linear growth
rate from linear simulations at fixed &, and J, g;; are related to the geometry of the flux surface.
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Figure 12: a) Growth rate and frequency of the dominant instability from linear simulations at
kyps = 0.4 and using R/L,, = 56 as a function of the central value of k,. The growth rate peaks for
instabilities centered at k, = —0.075 with a negative value of the frequency. b) Electrostatic potential
parallel (z) structures for the instability centered at k; = 0 (black) and at k, = —0.075 (red). c)
¢ — T, cross-phases values from non-linear simulations (blue), for the linear instability centered at
k, = 0 (black) and for the linear instability centered at k, = —0.075 (red).

32



AP =0.6MW, RIL =48, T/T =1.0

ECRH

}PECRH:]"ZMW’ R/LTe:52’ Ti/Te=0.85
09l WP 2MW, RIL, =57, T[T =0.66 ||
*PECRHZZ'SMW’ R/LTQZGS, TIITe:O.53
*PECRsz'SMW’ R/LTe:63, TI/Te=l.O
0.8r O exp. v

0.4

Figure 13: Linear scan made using input parameters taken from AUG shots #36982 in deuterium (see
Tablel) at different levels of ECRH power and changing all the parameters consistently. The scan was
made using kyps = 0.2, where the nonlinear fluzes usually peak in edge simulations, and scanning in
collisionality to see where the minimum in (V) is located with respect the experimental values of v} .
Despite the increasing R/Lt. with increasing ECRH power, the linear growth rates are lower close to
the L-H transition (Pporg = 2.8 MW). In this case T, /T; is found to be an important parameter.
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