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Abstract. In recent years, a strong effort has been dedicated to the development of tokamak
plasma regimes alternative to the standard high confinement mode (H-mode) with type-I edge
localized mode (ELM), i.e. ELM-free and small-ELM regimes, given the associated hardly
sustainable energy and particle fluxes on plasma facing components.

In this work, we will focus on new H-mode regimes with small-ELMs, the so-called
baseline small-ELMs (BSE), characterized by high thermal confinement and low core impurity
accumulation, which have been recently found at JET. In order to characterize the micro-
turbulence at play at the top of the pedestal, an extensive local linear gyrokinetic analysis with
the GKW code has been carried out. In particular, a comparison between a reference type-I
ELM (#97395) and two BSE plasmas (#96994 and #94442) has been performed.

The ion-scale (0.1 < kgp; < 2) micro-turbulence is found to have different characteristics
in the two regimes. Indeed, kinetic-ballooning modes (KBM) are destabilized in the type-I
ELM regime at k¢p; ~ 0.1, while they are stable in BSE regimes. In addition, negative (i.e.
electron-diamagnetic-direction) frequency modes, identified as electron-temperature-gradient
(ETG) modes, are destabilized at kgp; ~ 1.5 in the type-I ELM regime while BSE regimes
are characterized by positive (i.e. ion-diamagnetic-direction) frequency modes. Meanwhile,
at electron-scale (10 < kgp; < 700) ETG modes are the dominant micro-instabilities in both
regimes. Then, since BSE regimes are characterized by a higher impurity concentration at
the pedestal, particular attention has been given to the role played by them. We found that
impurities represent a critical player in the linear dynamics, strongly affecting the nature of
micro-instabilities at ion-scale.

1. Introduction

The standard operational regime of tokamak plasmas in the last decades has been the high-
confinement mode (H-mode), since its discovery in 1982 [1]. The access to this regime is
enabled by the formation of an edge transport barrier (ETB), a region where particle and
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heat transport are reduced. Consequently, this results in the appearance of a narrow region in
the edge plasma, characterized by steep gradients (in temperature, and density), the so-called
pedestal. According to the leading theory, the pedestal height and width can be determined by
the combination of constraints given by low to intermediate mode number peeling-ballooning
mode and larger mode number kinetic-ballooning mode (KBM) [3]. The pedestal pressure and
pressure gradient growths are limited by the triggering of edge localized modes (ELMs), which
are MHD instabilities responsible for quasi-periodic relaxations of the ETB.

Several types of ELMs have been observed in tokamaks and classified as a function of the
heating power at which they occur and of their frequency [2]. In particular, at high input power
the so-called type-I ELMs can occur. However, the energy and particle fluxes on plasma facing
components due to type-I ELMs will hardly be sustainable at reactor scale.

For this reason, in recent years, a strong effort has been dedicated to the development of
alternative regimes to the standard type-I ELMy H-mode while maintaining its good confinement
properties, i.e. ELM-free and small-ELM regimes [4]. It is in this framework that new H-mode
regimes with high frequency small-ELM, the so-called baseline small-ELMs (BSE), improved
thermal confinement, and low core high-Z impurities accumulation have been developed at the
Joint European Torus (JET) tokamak [5]. So far, a clear understanding of physical mechanisms
responsible for the onset of BSE regimes is missing. It is then crucial to better understand the
transport mechanisms responsible for the modification of the pedestal structure, which prevent
the onset of type-1 ELMs.

In this paper, in order to shed light on the role played by small-scale turbulent transport
mechanisms in the new BSE regimes, we compare the linear stability properties of the pedestal
top of three JET discharges: a reference type-I ELMy H-mode, and two BSE regimes discharges.
The stability analysis is carried out by performing local linear gyro-kinetic (GK) simulations,
which allow the characterization of micro-turbulence regime in term of the underlying micro-
instabilities. In particular, we will find that, in agreement with the current understanding
of type-I ELM regime [3], KBMs are destabilized at the top of the pedestal of the reference
discharge, while they are stable in the BSE discharges, where different transport mechanisms
are at play. Moreover, particular focus will be given to the role played by the impurities since
BSE plasmas are characterized by a higher impurities concentration at the pedestal top with
respect to the reference type-I ELM.

The next sections are organized as follows: in Section 2 the experimental conditions of the
three selected discharges are summarized and compared; in Section 3 the GK framework is
briefly presented and physical and numerical input parameters of the three selected discharges
are detailed; in Section 4 the linear GK simulation results are presented, giving a focus on the
characterization of the micro-instabilities at different scales and their dependence on driving
parameters and plasma composition; in the last Section 5 a summary and discussion of the main
results are given.

2. Description of the experiments: type-I ELM and two BSE discharges
The experimental setup of the three selected JET discharges are here briefly described and
compared!. The discharge #97395 has been selected as a reference type-I ELMy H-mode in
deuterium, to be compared with two different BSE regime discharges in deuterium, #96994
and #94442. In particular, discharge #96994 is characterized by a compound ELM behavior,
with isolated standard big ELMs separated by longer periods of fast and smaller ELMs. While
discharge #94442 is a pure small-ELMs regime obtained in different experimental conditions
with respect to #96994, later discussed.

All these discharges are characterized by toroidal current I, = 3 MA, toroidal magnetic field,

! For a complete discussion the reader is referred to Ref. [5]
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JET #97395: a = 0.887m, JET #96994: a = 0.87m, JET #94442: a = 0.89 m
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Figure 1: (a). Electron density, ne. (b) Nickel density, nyj. (c¢) Beryllium density, npe. (d)
Electron temperature, T.. (e) Ion temperature, T;. The radial locations at which the local GK
simulations are performed are shown as vertical lines.

B =2.8T, gg95 = 3.2, and low triangularity, 6 = 0.23. They are heated by 4 MW Ion Cyclotron
Resonant Heating (ICRH) system. Neutral Bean Injection (NBI) at different powers for the
three discharges has been used. A key experimental condition to access the BSE regimes is
given by an optimization of deuterium neutral gas particle injection [5]. Further experimental
setup are given by

e #97395. Total input power is 32 MW. The deuterium particle source is gas puff at rate
[e(D) =25 x 1022571,

e #96994. The total input power is 32 MW. The particle source is a mixture of D gas puff at
rate I'o(D) = 0.4 x 10*2s~!, Ne injection at I'.(Ne) = 0.8 x 10*2s~!, and D pacing pellets
at f = 45 Hz.

e #94442. The total input power is 21 MW, without gas, pellets nor Ne injection.

The plasma profiles obtained from TRANSP runs are shown in Fig. 1. Looking at the electron
density profiles we notice the differences in the pedestal structures. In particular, discharge
#97395 has the highest and steepest pedestal density, while the BSE plasmas have wider
density pedestals. Regarding the temperature profiles, we notice that in BSE discharges higher
temperatures are obtained. Moreover, at the top of the pedestal the ion to electron temperature
ratio T;/T., is higher for the BSE discharges than type-I ELM. Since higher temperatures in
BSE regimes are achieved starting from the edge, the role of the scrape-off layer (SOL) dynamics
on that is an open question and outside of this work.
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Finally, we notice an important difference between the two regimes: the type-1 ELM discharge
is characterized by lower impurities, Be and Ni, concentrations with respect to BSE discharges.
The profiles of the impurities densities are inferred in TRANSP runs assuming to be proportional
to the electron density such that the ratio fulfill the constraints given by the effective charge
Zeo and radiated power.

3. Local gyrokinetic modelling of the pedestal top
In this work, the GKW code has been used in its local version to perform linear stability
analysis of the pedestal top of the three JET discharges. Indeed, the pedestal region plays
a key role in determining the confinement properties of the plasma, and it is crucial to
understand the transport features in this region. We here point out that global GK simulations
are typically needed to model the pedestal region. The validity of local simulations can be
checked by comparing the reference Larmor radius with the gradients lengths, that in our cases
pret/Ln, = 1/50 or preg/ LT, = 1/20 — 1/50, but as reported in Ref. [6], for these values global
effects could play a role. Nevertheless, local simulations still remain a useful tool and represent
a first step to investigate the pedestal stability.

In the following, a short introduction to the GKW code [7] is given. Then, the main input
parameters are listed and discussed.

3.1. Brief introduction to the GKW code

The GKW code solves the coupled GK Vlasov-Maxwell system of equations in five-dimensional
phase space, with three dimensions in the configuration space and two in the velocity space,
for the time evolution of the perturbed distribution function ¢ f, of each plasma species o and
electromagnetic fields. The equations are formulated using a field-aligned coordinate system
which is well suited to resolve the turbulent structures since they are elongated along the field
lines. In particular, we used the local version of the code, where the domain over which the
equations are solved is given by a thin flux-tube along a magnetic field line with two coordinates
perpendicular to the field line, radial and binormal respectively, and one parallel coordinate. The
system of equations is solved employing an FEulerian approach, i.e. the equations are discretized
on a fixed grid in the five-dimensional phase space, and integrated either by using an initial-value
solver or an eigensolver.

3.2. Physical and numerical input parameters for the selected discharges

The local simulations are performed at the pedestal top of the three discharges at the radial
locations shown in Fig. 1. The physical input parameters used for the gyrokinetic modelling
are computed by performing cubic spline interpolations with tension, using the INTERPOS
package [8], of the TRANSP plasma profiles. Plasma parameters are given in Table 1, where
the normalized gradients are defined as R/Lag = —(Ryet/A)(dA/dr), with A the density or
temperature of a plasma species, Ryt the reference major radius, and r = (Rmax — Rmin)/2 the
minor radius. We can notice that most of the physical inputs for the two BSE discharges are
similar while they are distinct from those of the type-I ELM discharge. The main differences are
represented by the electron to ion temperatures ratio T /T;, and collisionality, which are lower
in BSE discharges, and the Nickel concentration, which is higher for the BSE discharges. This
also affects the value of the effective charge Z.g. The magnetic equilibrium is specified using a
Fourier parametrization of the corresponding flux surface, with the equilibrium reconstructions
provided by the TRANSP runs [9]. The simulations are performed including electromagnetic
effects, i.e. parallel vector potential and parallel magnetic field fluctuations. The impact of
perpendicular flow shear is not included, only the parallel flow shear drive and the Coriolis drift
induced by finite toroidal rotation are. All the simulations are performed setting the ballooning
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Table 1: Relevant normalized physical input parameters for local GK simulations of the
three JET discharges. Here, r/Ryef is the inverse aspect ratio, Zeg = (3., ns22)/n. the
effective plasma charge, R/L4 the normalized gradients of density and temperature of each
plasma species, g the safety factor, § the magnetic shear, 5. = 2,u0neTe/Br2ef the ratio of

electron thermal pressure to magnetic pressure, and Ze; = Riefle;i/Uthref i the normalized
electron-ion collision frequency. The rotation parameters are the normalized toroidal rotation
velocity, u = RyefQd/vthret Where Q is the angular velocity, and the parallel flow shear
u = —Rfef(aﬂ /07 ) /Vth ref- The reference thermal velocity is given by v et = 1/273/mp.
‘ T/chf Te/Tz TLD/TLG nBc/ne nNi/ne Zcf'f R/an R/LnD R/LnBe
#97395 ‘ 0.305 0.927 0.917 0.018 0.03% 14 12.98 12.98 12.98
#96994 0.299 0.547 0.88 0.018 0.2% 2.4 18.68 18.68 18.67
#94442 0.307 0.446 0.88 0.010 0.2% 3.1 20.63 20.63 20.55
‘ R/LnNi R/LTz R/LTC q 3 ﬂe Ve,i U o’
#97395 ‘ 12.98 47.0 48.5 3.0 2.5 0.27% 1.3165 x 102 0.14 7.2
#96994 18.69 23.0 47.9 2.9 2.0 0.2% 7.55 x 1073 0.16 6.0
#94442 20.63 32.4 46.9 2.9 2.5 0.1% 2.18 x 1073 0.2 6.8

angle 6y = 0, i.e. k, = 0. Collisions are modeled using a linearized Fokker-Planck collision
operator. All the plasma species are included as kinetic species.

The typical required numerical resolution for linear simulations, assessed by performing grid
convergence tests, is given by Ny X N ><NU” XN, = 31x128x48x 32, where Ny, N, Nv” , N, are
the number of poloidal turns, the number of grid points for each poloidal turn (the necessary
value can increase up to 256 points), for the parallel velocity, and magnetic moment grids,
respectively. The resolution required in the parallel direction s is much higher than typical
values needed in plasma core simulations.

4. Linear simulations results

In this section the main linear GK simulation results are presented. The goal of the linear
stability analysis is to characterize the micro-turbulence developed at the pedestal top of the
three discharges in terms of the underlying micro-instabilities. Moreover, a comparison between
the different discharges will be assessed, with the goal to better understand the differences and
the critical physical mechanism at play which allows the development of BSE regimes.

The linear simulations allow to determine the growth rate ~, real frequency w, and perturbed
distribution functions of each plasma species, and the electromagnetic fields structures of the
modes. A schematic summary of some typical micro-instabilities, which can appear in the
pedestal region, and their features is reported in Table 2.

4.1. Full linear spectra
The simulation results obtained using the GKW initial-value solver to find the most unstable
mode over a wide range of binormal wavenumbers kg (normalized with the main ion Larmor
radius p; = Mputh ref/€Bref), for the three discharges, are shown in Fig. 2.

We notice that the type-I ELM discharge is characterized by higher growth rate with respect
to the BSE regimes. Then, we notice that at ion-scale a peak in the growth rate exists for the
BSE regimes around kgp; ~ 0.3 and for the type-1 ELM at kgp; ~ 0.1. At electron-scale all the
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Table 2: Schematic of typical micro-instabilities in fusion plasmas and their features. The real
frequency w sign is positive (negative) in the ion(electron)-diamagnetic direction, according to
the GKW code notation. Transport channels are particle I', and heat Q).

Scale Driven by w  Main transport channels Ballooning structure
KBM ion R/L,, Be >0 e, Q ballooning-parity
ITG ion R/Lr, >0 Qi, Te, Qe ballooning-parity
TEM ion R/Lr,, R/L,, <0 Qe, Te, Q; ballooning-parity
ETG electron R/Lt, <0 Qe, e ballooning-parity
100} ] 0 i
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~ 10} ] X
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Figure 2: Linear mode growth rate v and real frequency w spectra as a function of kgyp;, at the
pedestal top for the discharges #97395 in red, #96994 in blue, and #94442 in black.

discharges have a peak in the growth rate at kgp; > 100, which is typical for the plasma edge
parameters [10]. In more details, the emerging physical pictures for the three discharges are
given by
o #97395. At ion-scale, KBM destabilization is found at kgp; ~ 0.1. Then, an ion-
temperature-gradient (ITG) mode is dominant at kgp; ~ 0.5. At electron-scale, electron-
temperature-gradient (ETG) modes are the most unstable.

e #96994. At ion-scale, and up to kgp; ~ 1, a mode branch with slightly positive frequency,
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increasing with kgp;, is found. Depending on the wavenumber, driving parameters
associated to both ITG and trapped-electron (TE) modes are found. These features could
be attributable to the "ubiquitous mode” which has been detailed investigated in Ref. [11].
Anyway, further analysis is necessary for definitive conclusion in this regard. Then, starting
at kgp; ~ 5, ETG modes are dominant.

e #94442. Same picture as the previous discharge but with ETG modes dominant from
kgpi ~ 50.

We notice that for both regimes the ETG branches peak at very high kgp; resembling the
recently investigated slab-ETG destabilization in JET pedestals reported in Ref. [12]. The main
differences between type-1 ELM and BSE regimes then appear at ion-scale. Indeed, in agreement
with the current understanding of the type-I ELM regime we found that KBM is unstable in
#97395 discharge, while it is stable in the BSE. Given the sensitivities of the results to the
input parameters and since they have error bar associated to experimental measurements, in
order to give more confidence in the obtained results, it is crucial to assess how far, in terms of
the driving parameters, is the KBM destabilization in the BSE regimes. The analysis is carried
out in the following.

4.2. KBM threshold analysis: scan (e, R/Lt;)

In order to study how far KBM destabilization is in the BSE discharges, #96994 and #94442, we
performed a double scan in the driving KBM parameters (., R/Lt;). It has been done around
the nominal values (+50%, consistent with the associated error bar) at kgp; = 0.1. The results
are shown in Fig. 3. The KBM destabilization is detected as a jump in the growth rate and real
frequency, to higher positive values [13].

We can see that KBM destabilization appears when increasing the nominal . or R/L, by
50% for #96994 discharge, while there is no KBM destabilization for #94442. Regarding the
experimental results, discharge #96994 is characterized by some isolated bigger ELMs crashes
with a lower frequency with respect to the small-ELM. Meanwhile, discharge #94442 has no big
ELMs crashes, suggesting some link between the lack of KBM instabilities and the appearance
of small ELMs. These results give some insights on the role played by the KBM stability on
transport at the pedestal top, however, the presence of KBM inside the pedestal, where the
pressure gradients are higher, cannot be discarded. This will be explored in the future.

To go further, a comparison of the thermal pressure profiles of the three discharges is shown in
Fig. 4. This gives a qualitative explanation of the reason why KBM are or are not destabilized.
Indeed, one can notice the differences in the pedestal structures: in BSE regimes, pedestals are
wider and shifted inward, with respect to type-I ELM discharge. A quantitative comparison
can be done by looking at a driving parameter values for ballooning modes, e.g. the pressure
gradient. In particular, a key parameter to define the stability is given by the normalized
pressure gradient
2u0Rq* dp

BZ dr’

We obtain that at radial locations of our study this parameter for type-I ELM discharge is ~30 %
higher than #96994 discharge and ~120 % higher than #94442.

OMHD = —

4.8. The impact of impurities

Motivated by the fact that one of the main differences between the obtained plasma profiles
is given by impurities concentration, a detailed analysis of the impurities effect on the linear
spectra has been carried out. The results for the three discharges are shown in Fig. 5. In
particular, a comparison of the growth rate and real frequency spectra of each shots including or
not the impurities is detailed. In this analysis, the effects of rotation have not been taken into
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Figure 3: Linear mode growth rate v and real frequency w spectra as a function of 8, and R/Lr,
at kgp; = 0.1 of the BSE discharges. The vertical black lines indicate the experimental reference
values.
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Figure 5: Linear mode growth rate « and real frequency w spectra as a function of kgp; with
and without impurities for the three discharges.

account, i.e. the parallel flow shear and toroidal rotation where set to zero. We notice that in
type-1 ELM regime, being characterized by a lower impurities concentration (see Table 1), which
is regulated by ELMs flushes, the full linear spectrum is almost unaffected by the presence of
impurities.

Meanwhile, in the two BSE regimes, we firstly notice that at electron-scale, kgp; ~ 100,
the effect of the impurities is to reduce the growth rate without changing the nature of the
mode. Instead, a strong impact due to the impurities in the range 1 < kgp; < 2 of the spectra
is observed. In this case the effect is twofold: a strong reduction of the growth rate, and a
change in the nature of the most unstable mode, from a negative real frequency to a positive
one. In particular, the effect of the impurities is to stabilize the ETG branch appearing at
1 < kgp; < 2, so that the most unstable mode becomes a positive frequency impurity-driven
mode. This effect can be explained by considering the role of finite Larmor radius (FLR) effects
in the resonant response of the species distribution function, represented by the Bessel function
Jo(k1ps), where k| is the perpendicular to the field line wavenumber. Since the Bessel function
decays to zero as ~ 1/1/k] p,, and the Larmor radii of the plasma species satisfy the inequality
pe < pz = A/ Zp; < p; (where for Be vA/Z = 0.75, and for Ni v/A/Z = 0.27), we have that
at kgp; ~ 1 without impurities the main ion response is adiabatic. On the other side, including
the impurities, their resonant responses are not negligible and they give a contribution to the
destabilization of the mode. As a consequence, transport features are modified by the presence
of the impurities since different transport channels are activated with respect to the system
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without impurities. In particular, an enhancement in particle transport is observed.

5. Summary and discussion

At JET tokamak, new H-mode plasmas with small-ELMs have been obtained [5]. These
new regimes have different features with respect to standard type-I ELM, in fact they are
characterized by an improved thermal confinement, and a higher impurities concentration.

In this paper we have analyzed three JET plasmas with the goal of better understanding
the origin of these new BSE regimes. To this end, we have characterized, by means of linear
GK simulations, the micro-instabilities at the top of the pedestal of two BSE regimes, #96994
and #94442, and we have compared it with the results obtained for a reference type-I ELM
discharge, #97395. The main differences at the pedestal top of these plasmas, as reported in
Table 1, are given by the level of impurities, the ratio T /T;, and collisionality.

Firstly, at ion-scale we have found that KBM are destabilized in the type-I ELM discharge.
Furthermore, MHD stability calculation shows that ballooning modes are destabilized too [5]. On
the contrary, KBMs are stable in the BSE regimes. This suggests that the maximum achievable
pressure gradient at the pedestal of BSE regimes is limited by a transport mechanism at play
which prevent to reach the KBM pressure gradient threshold.

Then, motivated by the fact that one among the several differences between the pedestal top
of type-I and BSE regimes is given by the impurities concentration, particular attention has
been dedicated to the characterization of the role played by the impurities. We found that, for
the type-1 ELM discharge, they almost do not affect the linear spectrum. While for the BSE
discharges they mainly affect the nature of the most unstable modes in the range 1 < kgp; < 2
of the spectra, modifying the ETG branch to an impurity-driven mode, with enhanced particle
transport.

A following analysis will first be a quasi-linear characterization of turbulent transport fluxes
followed by a validation of the results by means of non-linear GK simulations, which in these
regions of plasma parameters are very challenging and computationally demanding. Non-linear
simulations will be necessary to fully characterize the micro-turbulence given by the complex
interaction and competition of dominant and sub-dominant micro-instabilities, which are likely
to be present given the steep gradients in the pedestal region.
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