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Abstract

We present a comparative transport analysis of the isotope mass dependence in the pedestal of
two pairs of deuterium/hydrogen type I ELMy H-mode discharges in JET with ITER-like wall,
one characterized by the same input power, the other one by the same stored energy. The
investigation, carried out using the gyrokinetic code GENE, focuses on the steep profile region
of the pedestal. While large wavenumber modes mainly contribute to the electron heat flux and
are scarcely influenced by the main gas isotope, an effect of the ion mass in agreement with the
experimental (so called anti-gyro-Bohm) scaling is revealed in the low wavenumber range. In
this context, the major role played by the E x B shear in regulating the ion-temperature-gradient
turbulence is analyzed in some detail. The competing level of turbulent and neoclassical
transport is quantified to shed light on the experimental features of the pedestal profiles at
different ion mass, with the particle transport found to be consistent with a higher pedestal top
density for increasing isotope masses, and the heat transport shown to match the roughly
unaltered observed temperature profiles.

Keywords: pedestal, isotope effect, transport, gyrokinetics, JET-ILW

(Some figures may appear in colour only in the online journal)

1. Introduction

The phenomenology of the pedestal represents one of the most
interesting challenges for the magnetic fusion community.
Despite the still incomplete comprehension of the physical

aSee Mailloux et al 2022 (https://doi.org/10.1088/1741-4326/ac47b4) for the
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processes leading to the formation and sustainment of the
pedestal, for its high performance the H-mode is considered
the principal mode of operation in most fusion devices. The
reason for this partial lack of knowledge lies in the complex-
ity of the system, with processes involving multiple spatial
and temporal scales—from magnetohydrodynamics (MHD) to
high-wavenumber turbulence—in the presence of large pres-
sure gradients, further complicated by its role of junction
between plasma core and separatrix region.

A decisive element pushing the tokamak community
towards the adoption of the H-mode is the favorable scaling
of the pedestal performance with the hydrogen isotope mass.
As clearly shown in JET with ITER-like wall ILW) [1, 2] and

© EURATOM 2023
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ASDEX Upgrade (AUG) [3], further confirmed in the recent
JET DTE2 campaign, the height of the density pedestal pro-
gressively increases with the average mass of the hydrogen iso-
tope, from protium (simply called hydrogen henceforth, H) to
deuterium (D) to tritium (T), and from low to high concen-
tration of T in a mixed DT plasma. Larger effective isotope
masses are favorable to edge confinement. This improvement
of confinement, not expected on the basis of the simplified
gyro-Bohm scaling of transport, is commonly referred to as
isotope effect, and presents important distinctions between
plasma core and edge, and between density and temperature,
as recently discussed in [4, 5].

Indeed, in JET-ILW and AUG the improvement of pedestal
confinement is less evident in the temperature profiles. This is
a rather strict constraint for any model attempting to describe
the isotope effect in this region. Models pointing to peeling-
ballooning (PB) stability as a candidate have revealed a small
effect of diamagnetic stabilization at different ion masses [6].
On the other hand, the edge-localized mode (ELM) losses are
seen not to change enough to account for major differences
among isotopes. This is why inter-ELM transport is often
claimed to be a potential player in this respect; in fact, this
is the topic we are going to address for a restricted JET-ILW
dataset.

The effect of the isotope mass in plasma turbulence may
emerge on the basis of a different p,./p; (ratio of the elec-
tron to ion gyroradius), or a different p, (ratio of the ion
gyroradius to the plasma minor radius), or more likely both
of them, possibly including an active role of the impurit-
ies. Depending on the dominant turbulence, one of the two
parameters—p, /p; or p,—may prevail. The former is espe-
cially important in trapped-electron-mode (TEM) turbulence:
in [7] the anti-gB scaling of transport is explained in terms
of collisional TEM stabilization by the isotope ions with an
associated increase of the impact of zonal flows; in [8] the
role of the non-adiabatic electron response is investigated to
predict the DIII-D L-mode edge anti-gB scaling. On the other
hand, typical JET-ILW pedestal profiles are more prone to
ion-temperature-gradient (ITG) turbulence [9] (and electron-
temperature-gradient (ETG) turbulence at high wavenum-
bers), where p, is a crucial parameter and the interaction with
macroscopic quantities like the Ex B shear a decisive ele-
ment [10, 11]. As a consequence, depending on the operational
conditions adopted in the various tokamak devices (heating
scheme, gas fuelling, impurities, etc), the action of the isotope
mass on the pedestal transport is expected to differ.

In this paper, we consider the isotope effect in the ped-
estal of three JET-ILW discharges, two in D and one in H,
designed to have one D-H pair with the same input power
and the other one with the same stored energy. The plasma
profiles of these similar pulses clearly show better perform-
ances of the D cases in terms of pedestal density, as shown
in [1, 6]. In addition, we will artificially change the main ion
mass (D to H, and vice versa) so as to disentangle pure isotope
effects from profile effects, in an attempt to understand the
possible inconsistencies introduced by a different ion mass.
The latter has to be understood as a numerical experiment
only, as any change of the main gas mass inherently implies

modifications of the basic properties of the plasma through the
scale ratios p./p; and p., so that a pair of H/D experiments
with the same (density and temperature) profiles and equilib-
ria is never feasible [2]. Therefore the numerical investigation
will be carried out for the three real (D, D, H) shots, plus three
mass-modified (H, H, D) cases. The tool used for the analysis
is GENE [12, 13], applied to realistic plasma equilibria and
conditions for an investigation of neoclassical and electromag-
netic turbulent transport. The aim of the paper is to identify the
transport mechanisms affected and unaffected by changes of
the main gas isotope.

The paper is organized as follows: after an introduction on
the basic experimental properties of the selected dataset in
section 2, and a description of the adopted numerical tools in
section 3, we will deal with the neoclassical transport proper-
ties of the pedestal in section 4, and with the impact of tur-
bulence on energy and particle transport at different spatial
scales, from high wavenumbers (p.-scale) in section 6, to low
wavenumbers (p;-scale) in section 7. A brief summary con-
cludes the paper.

2. Experimental cases

We consider three JET-ILW pulses at [, = 1.4 MA, B, = 1.7
T, low triangularity, § ~ 0.2, and the same main gas rate,
I, =3—4x10?' es™!. Two pulses, #84793 and #84796, have
D as the main ion species and one pulse, #91554, has H. These
discharges have been selected to have a D—H pair character-
ized by the same stored energy (the pair #84793-91554) and
a D-H pair characterized by the same input power (the pair
#84796-91 554). The three pulses have only NBI heating, with
PNBI =4.4 MW for #84793 and PNBI ~ 10 MW for #84796
and #91554 (slightly higher for #84796). In the first D-H pair,
the H pulse has approximately twice the heating power of the
D pulse to reach the same stored energy; the resulting pedes-
tal top pressure is similar, and the lower density in H is com-
pensated by a higher temperature. In the second D-H pair,
the comparable heating power results in similar temperatures,
with the H pulse having a lower pedestal top pressure due to a
reduced density.

The main engineering parameters of the experimental data-
set are summarized in table 1. Apart from the main ion species
and input power, the only difference is in the divertor config-
uration, with the D pulses having the inner strike point on the
vertical target and the outer strike point on the horizontal tar-
get, while the H pulse is in the corner/corner configuration.
The other macroscopic parameters are similar, the pulses being
specifically selected from a larger database featuring the same
plasma current, magnetic field and gas injection rate.

The three pulses have been thoroughly investigated from an
experimental point of view in [1, 6, 14, 15]. The electron dens-
ity and electron temperature profiles used in this work are the
fits to the experimental pre-ELM (ELM: edge-localized mode)
profiles determined using the method described in [16]. The
fits to the pre-ELM experimental data are shown in figure 1;
details on the profile mapping procedure will be reported in
section 3. As anticipated, the density at the pedestal top is
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Table 1. Main experimental parameters for the three JET-ILW
pulses: #84793 (D), #84796 (D) and #91554 (H).

# 84793 84796 91554
isotope D D H

I, MA) 1.4 1.4 1.4
Bior (T) 1.7 1.7 1.7

. (10%es™ 34 34 34

0 0.2 0.2 0.2
divertor config. V/H V/H C/C
Pxp1 (MW) 44 10.6 10.0
Wiot (MJ) 1.2 1.9 1.1

higher in both the D shots (r, peq & 3.0—3.5 x 10" m~3) than
in H (. pea 2 x 10! m~3); the temperature at the pedes-
tal top is comparable in the pair with the same input power
(Te,pea = 0.6 keV) and is lower in the D pulse of the D-H pair
with the same stored energy (T, peq ~ 0.4 keV).

All the three pulses have type I ELMs, as shown by the
increasing ELM frequency with power through the separat-
rix [1]. The ELM frequency is higher in the H pulse (fgrm ~ 30
Hz) than in the D pulses (fgLm ~ 14—-19 Hz), while the ELM
energy losses are comparable in the pair with the same stored
energy (AWgpm =~ 75kJ) and are higher in D (AWgpy ~ 125
kJ) in the pair with the same NBI power [6].

Concerning the pedestal stability, using the common JET
assumption that 7, s, = 100 €V, the pre-ELM pedestal is lim-
ited by ideal PB stability in #84796 (i.e. the pre-ELM pedestal
reaches the ideal PB stability boundary). The other D pulse
is slightly further from the ideal PB stability limit (but rather
close considering the error bars). Instead the H pulse does not
seem to have the pedestal limited by ideal PB stability.

The inter-ELM transport and/or a different ELM transport
are likely the key physical mechanism to explain the difference
in the pedestal between H and D plasmas [6]. While a different
neutral penetration does not seem to have a significant effect
in determining the pedestal density in H and D plasmas, the
ELM particle losses might play a role, although they might not
fully explain the difference in the density. EDGE2D-EIRENE
simulations performed for the D—H pair with the same stored
energy suggest that the hydrogen pedestal might have slightly
higher particle diffusivity transport coefficient in the pedestal
region, while the heat diffusivity is roughly comparable [6].

3. Numerical setup

The numerical simulations presented in this paper have been
obtained using the gyrokinetic code GENE either in local or
global mode [12, 13, 17]. Depending on the spatial scales of
interest, we have exploited one or the other approach. Very
briefly, we recall that in local simulations the spatial domain
is a flux-tube assumed to be radially small compared to the
system length scale, where the density, the temperature and
the respective gradients are kept radially constant; periodic
boundary conditions are applied, using spectral methods in
the radial direction, and with an analytic expression of the
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Figure 1. Main profiles and related quantities: temperature,
density, total plasma pressure p = p; + p., ratio of temperature to
density logarithmic gradient 7, safety factor, magnetic shear

5= (pi/q)(dg/dp;), force-balance equation term —d®q/dW¥ =
E;/RBp1, and E X B sharing rate.

gyroaverage operator. In global simulations the variation of
the profiles and metric is allowed, adopting finite-difference
schemes in the radial direction and suitable interpolations in
the gyroaverage operator, as well as proper boundary condi-
tions of the problem. In either case, the simulations have been
performed with realistic parameters of the plasma, with some
simplifying assumptions to make the numerical calculations
more tractable.

An important limitation is indeed the split of the nonlin-
ear analysis in high- and low-wavenumber turbulence, even
though the assumption of scale separation is known to be ques-
tionable and potentially leading to wrong conclusions [18-20].
In most of the computations we consider two species—main
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ions (D or H) and electrons—except for some nonlinear sim-
ulations in the p,-scale range where an adiabatic ion response
is assumed. Additional impurities are not included; they are
partially taken into account by Z. 7 1. Parallel magnetic field
fluctuations B are notincluded. Realistic values of 3 (the ratio
of plasma to magnetic pressure) are adopted, while the colli-
sions are modeled by means of a Landau-Boltzmann collision
operator.

The gyrokinetic equation is solved in the 5-dimensional
space (x,y,z,v|, i) plus time, where x, y, and z are the radial,
binormal, and parallel coordinates, respectively, v the parallel
velocity and p the magnetic moment. Specific details concern-
ing the discretization and the grid size will be described after
the definition of the single physical problem in the respective
sections.

3.1 Magnetic equilibria and profile mapping

The magnetic equilibria have been built with the code
HELENA [21]. To ensure the validity of our numerical res-
ults with respect to the bootstrap current model, we considered
reconstructions using Hager’s [22] and Sauter’s [23] expres-
sions for jgs. The density and temperature mapping on the
flux surfaces practically coincides for the two models; only
the safety factor and the magnetic shear are slightly different,
but such that, based on a set of local linear gyrokinetic calcu-
lations, there are no substantial deviations in terms of growth
rates and real frequencies. Thus while the choice of the boot-
strap current model is generally relevant to determine the PB
stability boundary [14], it turns out to be less important in a
gyrokinetic framework (at least for the cases of this paper).
With this caveat, we have adopted Hager’s expression for our
reconstructions.

Hereafter p; = (¥;/%1 jcms) 1/2 s used as a normalized radial
coordinate, where ), is the toroidal flux and v jcms its value at
the last closed magnetic surface. The magnetic equilibria are
up-down asymmetric; in the steep profile region (p, ~ 0.98)
the elongation of the flux surfaces is x ~ 1.55 for all the
three discharges, while the up/down average triangularity is
6 ~0.22 for #84793, § ~ 0.23 for #84796, and ¢ ~ 0.21 for
#91554, following the shape parameter definitions of [24].

Concerning profile mapping, for our dataset we assume
the ion and electron temperature to be equal, 7; = T, due to
the uncertainties in the ion temperature measurements. We
remark that this choice can have an impact on the gyrokin-
etic simulation results. Let us define the normalized temper-
ature and density gradients for the jth species as 1/Lg, =
—(dT;/dp,)/T; and 1/L,; = —(dn;/dp;)/n;, respectively, and
their ratio 7; = L, /Lr,. Having the same temperature profiles
in a two-species plasma implies 7; = 7,. The stability of ITG
(resp. ETG) modes is largely related to 7; (7).). In principle an
imbalance between 7); and 7, may result in the enhancement or
suppression of ITG vs ETG turbulence, in the enhancement of
TEM turbulence, or in the emergence of electromagnetic (e.g.
microtearing) turbulence. Sensitivity analyses within the error
bars of T, and T'; are thus necessary to establish the robustness
of the simulated transport levels, left to future studies due to
computational resource constraints.

3.2. ExB shear

In the context of low-wavenumber turbulence a decisive role
is played by the E x B shearing rate [25, 26], particularly in
conditions with large pressure gradients such as the pedestal.
Here the ion pressure gradient itself represents the dominant
contribution to the radial electric field, as confirmed by accur-
ate experimental studies in the plasma edge [27, 28]. Given
the uncertainties in the measured flow, we assume a vanish-
ing parallel mean flow given by the neoclassical expression
V) o< (p!/ni+ Ze®§ — k| T/B*/(B)?), where @ is the electro-
static potential, k| is a dimensionless coefficient discussed e.g.
in[29],and -’ = d- /d¢) denotes derivatives with respect to the
poloidal magnetic flux . We remark that, even if non domin-
ant in H-mode pedestals, the inclusion of the toroidal flow is
certainly to be considered for more accurate turbulent trans-
port evaluations.

The E x B shearing rate is included in GENE in the form
wexs = (pt/q) A(E;/BpoiR) /dp;. As widely evidenced in the
literature regarding the H-mode, the radial profile of wg«p has
large variations in the pedestal. For the three pulses presen-
ted here, it changes sign around p; ~ 0.98, indeed where the
plasma profiles are steeper, see figure 1.

3.3. Pedestal profies

The relevant radial profiles in the pedestal region of the three
pulses are summarized in figure 1, where also the safety
factor g and the magnetic shear are shown. The radial domain
covered in the plots corresponds to a rather short spatial
range in physical units. On the outboard midplane, the dis-
tance between the surface p, = 0.95 and the last closed mag-
netic surface, Wpeq = (Ricms — Rp,=0.95)|z=0, is approximately
2.4 cm for pulse #84793, 2.2 cm for #84796, and 2.5 cm for
#91554. The ratio of this distance to the ion gyroradius at
mid-pedestal (p; = 0.97) is wpea/pp = 18 for pulse #84793,
Wped/pp = 13 for #84796, and wpeq/pu ~ 20 for #91554. In
aradial interval of five ion gyroradii the density and temperat-
ure drastically change, e.g. with a jump An, ~ 0.8 x 10! m—3
and AT, ~ 200 eV for pulse #84796. In contrast, in the region
of the X-point such extreme gradients are relaxed, and the dis-
tance between the separatrix and the surface p, = 0.95 almost
reaches 20 cm.

3.4. Normalization and gB units

As mentioned in the introduction, each of the three exper-
imental cases will be investigated by additionally changing
the mass of the main gas: mp — my for #84793 and #84796,
my — mp for #91554. In this procedure the ion gyroradius p;
and the ion sound speed ¢; = (T, /m;)'/? are inherently modi-
fied. Taken H as the fundamental species and defined the mass
ratio A; = m; /my, for an arbitrary gas species with mass m;
and charge Z; the gyroradius and the ion sound speed scale as

pi/ pu :A;/Z/Zi and ¢;/cy :Al-_l/z.
Normalized species units are commonly used in the
gyrokinetic formalism. For a generic scalar quantity o in phys-

ical units, we will use the notation 5(,»), with i = H or D, for
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its normalization in H or D species units, respectively. For
instance, rates and frequencies are usually expressed as ;) =
~vL/c; (with L the system length scale), spatial scales and
wavenumbers as S(i) =¢&/p; and 75( iy = kpi, respectively, and
ﬂuxes as F F/I‘gg, and Q = Q/Qyp,i, Where I'gg; =
n;c; p*, and QgB,, = picC; p*, are the gyro—Bohm (gB) particle and
heat fluxes, respectively, with p,; = p;/L.

More specifically, a change of the isotope mass mp <+ my
introduces factors of All)/ ? in the normalized rates and fre-
quencies in species units, Ypy = AIID/ Zﬁ(H), for any quantity ~y
measured in s~'. As an example, the v,; collision frequency
depends on the electron mass only, and the wgyp shearing rate
depends on macroscopic quantities independent of the isotope
mass, therefore they do not change in physical units (meas-

ured in s~'), consequently Vei(D) = Ap 2% 1) and Weyp (D) =

A]ID/ 2a~uExB(H). On the other hand, the v; collision frequency
depends on mil/ % thus Vii(D) = Vii(H)-
Normahzed spat1al scales change with opposite trend

in species units: S(D) Ap / 2§( ) for any length £ (meas-

ured in m), and %(D) = AD/ k) for the wavenumbers
(measured in m~!). Incidentally, a consequence is that for a
given pedestal width wyeq the flux-tube approximation is more
reliable in H than in D, since Wpeq (1) > Wped (p)- Global simu-
lations covering the whole pedestal necessarily have a differ-
ent discretization in species units in the radial direction: for
the same number of radial grld pomts ny, the mesh spacing in

species units is Ax(D) Ax(H) (the grid is more dense

in D than in H), and on the other hand to keep the same Ax(,),
the number of grid points is n,, = A, Y zan (less requirements
in D than in H). We will use the latter approach, whenever

possible.

Based on the H fluxes,
QoB,i/QeB.H = A;/Z/Z%. In particular, for a change mp <> my,

I'eg,0/T'esi = QB,p/QeB 1 :AD/ % In the unfortunate case
of gB-scaling of the energy flux, one obtains an unfavor-

we have FgB,i/FgB,H:

able transport increase with the isotope mass as AIID/ ?. This
is expected, e.g. for the ion heat flux in local ITG turbulence
with an adiabatic electron response or in local neoclassical
transport evaluations. As mentioned in the introduction, ele-
ments coupling the ion and the electron dynamics (like the
electron-ion collisionality or the electron-to-ion mass ratio) or
the ion-scale with the system scale (like p,; or the shear flow)
break the H/D isomorphism. In order to compare measurable
H vs D performance, we will often write the fluxes I" and Q in
physical units.

4. Neoclassical transport

Neoclassical transport is usually relevant in the pedestal, at
least in the ion heat channel. The plasma in this region is
usually in a banana/plateau collisional regime. In general, the
ion heat diffusivity y; is expected to exceed the electron heat

84793 84796 91554
N R
_of T L Til T
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Figure 2. Neoclassical ion (circles) and electron (triangles) heat
fluxes (upper frames) and particle fluxes (lower frames) integrated
over the flux surfaces, calculated with GENE. The colored symbols
correspond to the nominal main gas isotope (D, D, H), the gray ones
to the switched isotopes (H, H, D, respectively).

diffusivity x. by a factor ~ (m;/m,)"/?, with y, being com-
parable to the ambipolar particle diffusivity D [30]. In many
experimental scenarios x; turns out to fit the data satisfactorily,
see, e.g. [31, 32].

We address the role of neoclassical particle and heat trans-
port using the code GENE, which is used here as a neoclassical
equilibrium solver in the flux-tube limit; in this approxima-
tion, the neoclassical equation is contained in the gyrokinetic
equation as its perturbed, non-fluctuating part, being therefore
decoupled from turbulence. Considering only the component
(ky,ky) = (0,0), for the present analysis we set a discretiza-
tion in the velocity space (n,,n,) = (96,64), with n, = 192
points in the longitudinal direction. The fluxes are then com-
puted as velocity space moments of the non-fluctuating part
of the perturbed distribution function. A comparison with the
code NEO [33, 34] for the three pedestals (carried out only for
the nominal main gas isotope) proved to be satisfactory.

The neoclassical heat and particle fluxes are shown in
figure 2 for the radial domain p, € [0.95,0.99]. The high-
pressure D case #84796 exhibits the largest ion heat flux across
the pedestal. The low-density H shot #91554 has a neoclassical
particle flux which is approximately halved with respect to the
other cases. We notice in figure 3 that, in gB units, the nor-
malized Q and F() fluxes have similar radially increasing
trends, belng larger for the D pulse #84793 in a large part of
the pedestal and converging towards comparable values in the
outer radial domain. Thus the profiles of the fluxes in physical
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Figure 3. Neoclassical ion and electron heat fluxes (left frame) and
particle fluxes (right frame) in gyro-Bohm units for the nominal
main gas isotope.

units largely come through the dependence of Qgp; and I'gp ;
on p; and n;, respectively.

The artificial switch of the isotope mass mp <+ my does not
influence the electron heat flux Q, nor the ambipolar particle
flux I". On the other hand, independently of the collisional
regime, the ion heat flux is expected to scale as Q; ) / Qi) ~
(my/mp)'/?(pp/ pu)? :AIID/Z, where the factor (my/mp)'/?
comes either from vp /vy in the banana regime (where v;
mi_l/sz‘ni/Y?/z) or from ¢p/cy in the plateau regime.

The gB-scaling of the ion heat transport is in fact almost
satisfied in the realistic conditions of our three pedestals. More
precisely, the ratio Q;(p) /0; () in gB units is between 0.96—
0.97 at all radii. This reflects in a dependence Q; p) /0, H) =
A% with o € [0.44,0.46] in physical units. Having similar nor-
malized heat flux profiles and practically overlapping pressure
profiles, the pulses #84793 and #91554 turn out to have com-
parable neoclassical ion heat fluxes when the same isotope is
imposed.

These results have been obtained in a local approximation.
As pointed out in [35], and more specifically in [36] for a
study on the isotope effect, in the case of steep plasma pro-
files and for the larger isotope masses the local approxima-
tion provides inaccurate results. In particular, the expected gB
dependence of the ion heat flux is mitigated in a radially global
context and bringing to a favorable isotope scaling trend [36],
though far from being an anti-gB scaling. With this caveat,
we have nonetheless used the local approach for the sake of
simplicity.

5. Instabilities in the pedestal

A large variety of instabilities usually occurs in the region of
the pedestal due to the large density and temperature gradients,
and, as a direct consequence, due to a different ordering of
the diamagnetic frequency w, with respect to the plasma core.
With w, greatly exceeding the magnetic drift frequency wy,
slab resonances may easily occur, providing a weak (or even
opposite) dependence of the growth rates on the ballooning
angle 0 with respect to the plasma core [9], where, in contrast,
the modes are mainly driven by toroidal resonances with the
curvature and VB drifts. This feature of the pedestal, together
with the concurrent high shaping of the flux surfaces, causes
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Figure 4. Normalized growth rate in species units (c; is the ion
sound speed, L the characteristic length of the system) as a function
of the normalized wavenumber ky p; for 6y = 0, at p; = 0.96 (left)
and p; = 0.98 (right) from local linear simulations. Dots (resp.
crosses) represent modes with positive (negative) real frequency,
i.e. propagating in the ion (electron) diamagnetic direction.

the emergence of peculiar geometric features of the modes,
often peaked off the outboard midplane, most commonly close
to top/bottom of the flux surfaces. Some of these features dis-
appear in a nonlinear context, others are retained.

In order to provide an overview of the instabilities at play,
first we consider the local approximation as a starting point
for the following more in-depth analysis. Only the nominal
isotope is considered in this section. In the top of the pedes-
tal, for p, < 0.95, microtearing modes are found to be slightly
unstable (y < 1) for kyp; < 1, while for larger wavenumbers
ITG and ETG modes are dominant for k,p; S 1 and kyp; 2
1, respectively. Moving from the pedestal top towards the
steep profile region and the separatrix, the ITG wavenum-
ber range gradually reduces its extent, kinetic-ballooning-
modes (KBMs) are progressively enhanced at low wavenum-
bers while the ETG range enlarges with the appearance of
two distinct branches. In figure 4 we show the results for
two radii, for simplicity at 8y = 0 only, such that they can
be considered only partially representative of the whole set
of unstable modes. At p, = 0.96 (slightly down the pedestal
top), for all the three pulses the modes at k,p; < 1 with pos-
itive real frequency w (i.e. propagating in the ion diamag-
netic direction) are ITG modes; for larger wavenumbers, the
most unstable modes are ETG modes, with the peak occurring
for 1 < kyp; < 10 corresponding to the toroidal-ETG branch,
and the branch for higher wavenumbers to slab-ETG [37]. At
pr = 0.98 (steep pedestal region), KBMs dominate at low kyp;,
while for the ETG modes the distinction between toroidal and
slab branches is evident.

Particular care is needed when dealing with KBMs in the
pedestal, as their radial extent can easily exceed the pedestal
width, making their description incompatible with the results
of local gyrokinetic simulations. In [9], a criterion is identified
to establish whether or not a strongly ballooning mode (such
as the KBM) within the local approximation has a radial struc-
ture consistent with the narrow radial width of the pedestal,
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and ultimately whether or not the mode can be considered
physical. Based on this criterion, local KBMs have been iden-
tified as unphysical, at least for the pedestals described in [9].
A global approach is therefore needed. We disclose now that
the KBMs present at low wavenumbers in figure 4 indeed dis-
appear in global simulations. As noted in [9] however, the
use of more realistic boundary conditions including a vacuum
solution beyond the separatrix may have an impact on global
results, possibly leading to different conclusions regard-
ing the KBM turbulence contribution to the total pedestal
transport.

More details and more quantitative evaluations are in the
next two sections, where we will consider two limits: (a)
a local approach for p.-scale instabilities and turbulence,
which takes advantage of the flux-tube approximation; (b)
a global approach for p;-scale instabilities and turbulence,
which takes into account profile variations. While we are
aware of the intrinsic conceptual difficulties underlying scale-
separation—also proved by results showing the tendency of
large-scale turbulence to suppress small-scale turbulence, and
of the small-scale turbulence to weaken large-scale struc-
tures [20]—we insist on keeping this approach to make the
study numerically feasible. The isotope effect will be dis-
cussed for each limit separately.

6. p.-scale stability and transport

ETG turbulence is expected to yield a substantial fraction of
the total heat transport in the pedestal [38], thus it needs to be
quantified together with the other active transport processes
for an overall evaluation of the heat losses. On the other hand,
ETG turbulence is not expected to be an effective mechanism
underlying the isotope effect, as it causes almost exclusively
electron heat transport largely decoupled from the ion dynam-
ics, and low particle flux. Indeed, in this section we will mainly
investigate the latter problem rather then focusing on the frac-
tion of heat transport supplied by ETG turbulence compared
with the other transport sources.

6.1. Stability

Both toroidal and slab ETG modes are usually present in the
steep profile region of the pedestal. We do not report here the
details on the mode structure in the (k.,k,) space; a compre-
hensive analysis on this topic is reported, e.g. in [37-39] and
[40]. In this region, the modes usually peak off-midplane in
0y, with two or three asymmetric peaks.

For the purpose of the paper, let us deal again with the
0y = 0 section, and consider the effect of a change of the iso-
tope on linear stability for a two-species plasma. In figure 5,
only the modes with negative real frequency (here, ETG) are
shown for shot #84796. For clarity, all the quantities are res-
caled to electron units, showing vL/c, as a function of kyp,.
As a consequence of the change of mass mp — my, the growth
rates result practically unchanged, both for the high-k, slab
branch and for the low-k, toroidal branch. The same behavior
holds true for 6y # 0.
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Figure 5. Normalized growth rates in electron units, where

ce = (To/me)"/?, for pulse #84796 at 3 radii, with 6y = 0 and kinetic
ion response from local linear simulations. Solid blue lines represent
the nominal isotope (D), dashed gray lines the changed isotope (H).
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Figure 6. p.-scale electron heat flux integrated over the flux
surfaces for #84796, calculated with GENE in local approximation
with adiabatic ion response (e (D), ai), with kinetic ion response

(e (D), ki), and with kinetic ion response and switched isotope

(e (H), ki). For p; = 0.97 also the case with wgxg = 0 in D is shown.

Based on this simplified study, we expect ETG turbulence
alone not to be responsible for the isotope effect, at least for
the wavenumber range explored here.

6.2. Transport

We have performed a set of nonlinear simulations to resolve
the corresponding high wavenumber turbulence for pulse
#84796. Both an adiabatic and a kinetic ion response are
assumed for this purpose.

For the grid discretization in the (ky,k,) sub-space, we set
a box with 128 x 256 elements with Ak, ~ 2-3 and Ak, ~ 2,
depending on the radius. In the velocity subspace we set n, =
32, n,, = 8: convergence tests withn, x n,, up to 64 x 16 have
shown that the such values yield reliable saturated transport
levels, i.e. not under/over-estimated with respect to cases with
higher resolution. Along z we set n, = 192; again, tests with
higher n, show that the fine structures developing in the lon-
gitudinal direction are sufficiently resolved.

In figure 6 we show the resulting electron heat flux as a
function of p,. For this pulse the contribution of ETG turbu-
lence to the heat transport turns out to be important especially
in the top of the pedestal, then decreasing towards the edge.
The heat fluxes have been computed (a) with an adiabatic ion
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response in the full radial domain, (b) with kinetic (nominal) D
ions, and (c) with kinetic (switched) H ions in the subdomain
pr € [0.96,0.98]. For the comparison D/H, an equal wavenum-
ber discretization has been set in p, units while changing the
mass, i.e. Akyypn :A];l/zAkwpD. As is evident, the heat
fluxes are practically overlapped, with a negligible impact of
the isotope mass, thus confirming the expectations from the
linear analysis. In addition, for a single radial position and with
kinetic D ions, setting wg«g = 0 does not influence appreciably
the saturated transport level, as expected in high wavenum-
ber turbulence. Furthermore, in the presence of kinetic ions,
the ion heat flux Q; represent a small fraction of Q, (between
1/40 and 1/20), and the particle flux is almost negligible com-
pared to the neoclassical flux, with the ratio I'grg/I'Ngo ran-
ging from 1/10 to 1/100, decreasing from the pedestal top to
the edge, and being scarcely affected by the main gas isotope
mass.

Summarizing this section, neither a finite shearing rate nor
the change of the main ion mass produce remarkable differ-
ences with respect to the nominal case, at least in our large
Ak, and Ak, nonlinear simulations. For this reason ETG tur-
bulence, albeit important in terms of total heat flux released
across the pedestal (cf Q, from ETG turbulence in figure 6 vs
Q; from neoclassical transport in figure 2), will not be further
considered in the context of the paper, where we will instead
focus only on the mechanisms known to be affected by the
isotope mass.

7. pi-scale stability and transport

With p;-scale we refer to the wavenumber range kyp; < 1. As
mentioned previously, the large profile variations present in a
pedestal make the local approximation questionable for modes
with a large—comparable with the pedestal width—radial
extent. This is true not only for the KBMs, but also for the
ITG radial envelope in nonlinear simulations.

71. Stability

Before moving to global simulations, let us consider once
more the dependence of the linear stability on the isotope mass
at low wavenumbers in a flux-tube domain. In figure 7, the
growth rates are shown in species units for k,p; < 0.5 with the
nominal main gas (upper panels), and after the switch of the
isotope mass (lower panels). With respect to figure 4, here we
take the maximum growth rate over 6, for each wavenumber
ky. Comparing the top and bottom panels we note that: (a) the
modes with w < 0 appearing at the largest wavenumbers are
ETG modes, whose wavenumbers and growth rates change
according to %y(H) :AEI/Z%), () and () f:AEl/zﬁ(D), hav-
ing approximately the same values of «y(k,) in physical or
electron units; in species units (figure 7) they result in a left-
ward & downward (resp. rightward & upward) shift of the
points for a change of mass mp — my (myg — mp); (b) the
dependence of KBM and ITG growth rates on the isotope
mass is rather weak and somewhat unclear. Only for p; = 0.96,
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Figure 7. Normalized growth rates (maximum over ) in species
units from local linear calculations for the nominal isotope (upper
panels) and for the switched isotope (lower panels). Circles

(crosses) represent modes with positive (negative) real frequency.

the linear simulations provide ¥y 2 7(p) at low wavenum-
bers, which is not sufficient to provide an anti-gB scaling
of the transport, however. Furthermore, the evaluation of the
transport coefficients ratios D/x; and x./x; for each couple
(ky,00), based on the analysis of transport fingerprints of ped-
estal modes [41], has not revealed a clear dependence on the
isotope mass.

As mentioned previously, the KBMs dominating the range
kypi <1 of local simulations could be unphysical, thus their
presence must be confirmed in global simulations. With this
aim, for the three pedestals we set a radial domain p; €
[0.945,0.995] with a discretization of n, = 384-512 grid
points, and n, = 96—128 grid points in the longitudinal dir-
ection. In the parallel velocity and magnetic moment space,
the domain (v, ) € [—4vu,4vi] x [0,11T/B] is resolved
with 64 x 24 grid points. Dirichlet boundary conditions are
imposed in the radial direction; in order to damp the fluctu-
ations in the proximity of the boundaries, a Krook operator is
defined in a thin buffer zone added both to the inner and the
outer bound of the radial domain. Convergence tests have been
performed to set a reliable buffer size, amplitude and poly-
nomial order of the operator. With respect to the local sim-
ulations, a finite hyperdiffusion coefficient needs also to be
specified for a dissipation in the radial direction. As we did
previously, two particle species are considered. Parallel vec-
tor potential fluctuations are retained, with experimental val-
ues of 3. The E x B shear is not included here, as we prefer to
separately investigate its role in the nonlinear context.

In figure 8 the growth rates are shown in species units as
a function of the wavenumber k,p;. KBMs are no longer the
most unstable modes; they could be subdominant, however;
they could also be more unstable with more realistic boundary
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Figure 8. Normalized growth rates in species units from global
linear simulations in the radial domain p; € [0.945,0.995] for the
three pulses with nominal and switched isotope. Circles (crosses)
represent modes with positive (negative) real frequency.

conditions, as commented previously. The instabilities with
w >0 are identified as ITG modes, those with w <0 again
as ETG modes. Starting from the latter, the increase (resp.
decrease) of the growth rate for mp — my (myg — mp) is in
line with the previous local calculations, resulting in overlap-
ping (ky) curves when plotted in physical or electron units.
On the other hand, a slight increase (resp. decrease) of the
growth rates occurs in the ITG range. As for the local case, an
assessment on the related transport can be attempted by estim-
ating the relative weight of the heat fluxes and particle/heat
fluxes driven by the single modes. In the ETG range, the ratios
0:/0. <1 and I'/Q, < 1 are almost unaffected by the iso-
tope mass. In the ITG range, only for the pulse #84796 the ratio
I'/Q; is lower in H than in D, meaning a higher ion heat flux
with respect to the particle flux when mp — myy; conversely,
for the other two pulses this ratio does not change distinctively
with the isotope mass. Therefore, at least for the present data-
set, a clear isotope effect is not evident based on linear results.

To understand in more detail the mode structure in a
global radial domain, we show in figure 9 the pattern of
the electrostatic potential ¢ and of the parallel vector poten-
tial A fluctuations of the most unstable mode at two differ-
ent wavenumbers in the (x,z) plane, averaged over k,. The
pulse #84796 with the nominal isotope (D) is considered here,
but similar considerations are valid for the other cases. The
low-wavenumber case is an ITG mode, with ¢ peaked in the
vicinity of the X-point of the separatrix, and an antisymmetric
pattern of A). The high-wavenumber case is an ETG mode,
with ¢ fluctuations more elongated in the z direction but again
prominent close to the X-point, and with a fine structure in the
radial direction.

72. Transport

For the nonlinear global simulations the basic setup is similar
to the linear ones; in addition, adequate particle/heat sources
are required, as well as the E x B shear as defined in section 3.2.
For the radial mesh we set n, = 384-512 to appropriately
resolve the turbulent structures. Quasi-stationary simulations
are obtained by including proper particle and heat sources,
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Figure 9. Fluctuation patterns of |¢(p:,z)|* (upper frames) and
|4 (pr,2)|* (lower frames) of the most unstable mode at kyp; = 0.3
(left) and kyp; = 0.8 (right) from global linear simulations for pulse

#84796 with the nominal isotope (D).
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Figure 10. Ion and electron heat fluxes integrated over the flux
surfaces for the nominal (colored lines) and switched (gray lines)
isotope from global nonlinear GENE simulations.

which are modeled by means of a radially-distributed Krook-
type particle/heat term on the right hand side of the Vlasov
equation [13].

The results of the nonlinear analysis are in figure 10. Here
we show the radial profiles of the ion and electron heat fluxes
integrated over the flux surfaces, in physical units (MW). Inter-
estingly, the swap of the isotope introduces an anti-gB scal-
ing of the heat transport, with Q) ZAII)/ 2Q(D). In gB units
this reads éi(H) pe ADQ(D) for the ion heat flux, but the same
is valid for the electron heat channel. For pulse #84796 the
ion flux is roughly twice the electron one, while for the other
pulses the ion and electron heat fluxes are comparable.

Clear differences exist in the radial profiles of the heat
fluxes: for the high-pressure D case #84796, the largest values
are in the upper part of the pedestal; for the low-temperature
D case #84793, the profiles are larger in the outer part of the
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Figure 11. Fluctuation patterns of |4(pr,z)|* (in units p* T, /) and
|4} (pr,2)|? (in units Bp* py), averaged over ky from global nonlinear
simulations of pulse #84796, for the nominal isotope (left frames)
and the switched isotope (right frames).

domain; for the low-density H case #91554, the profiles are
rather uniform radially. Further investigation is needed to cla-
rify such differences.

The pattern of the ¢ and A|| fluctuations in the (x, z) plane is
shown in figure 11 for pulse #84796 for both D and H. In gen-
eral, the fluctuation amplitude is larger in H than in D, and for
the electrostatic potential is larger in the right hand side of the
radial domain, i.e. in correspondence of the highest gradients
of the pedestal. For our dataset, a comparison of the simulated
fluctuation level with the experimental counterpart is not pos-
sible due to unavailability of the corresponding measurements.
In this respect, however, it is interesting to recall that in AUG
H-mode plasmas the pedestal density fluctuations measured by
Doppler reflectometry have been found to be larger in H than
in D [3].

As already pointed out, the swap of the isotope mass cor-
responds to a change of the normalized wgyp rate in normal-
ized species units for fixed pedestal profiles. Moving from D
to H implies a decreased normalized Ex B rate by a factor

2172 WexB (H) = Ap /Z@Exg(D), with a consequent increase of
the turbulent transport level; conversely, moving from H to
D implies an increased normalized E x B rate by a factor 2'/2,
WExB (D) = All)/ ZCJExB (1)» With a consequent decrease of the tur-
bulent transport level.

In general, in pedestals dominated by ITG turbulence and
for fixed plasma profiles, heavier isotope masses (mr > mp >
my) are expected to cause lower turbulent heat fluxes (Qr <
Op < On).

As a verification of the role of the E x B shear, let us force
for the case with the switched isotope the same normalized
Wexg (i) as for the nominal isotope. If mp — my, this means an

H plasma with W, i) increased by a factor of A l/ 2, such that
WExB (H) = WExs (D)~ In figure 12, the Q; , profiles are shown
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Figure 12. Ion and electron heat fluxes in gyro-Bohm units for the
nominal isotope (left), the switched isotope (middle), and the

switched isotope with wexp increased by AIID/ 2 (right), pulse #84796.

(now in gB units) for the nominal isotope (D for pulse #84796),
the switched isotope (H), and the switched isotope with wg«p
increased by All)/ ?_ The latter exhibits a Q; profile rather sim-
ilar to the case with the nominal isotope, confirming the role
of wgx«p to establish the saturated transport levels. The elec-
tron heat flux Q. follows the same behavior as Q;, albeit less
affected by the increased shearing rate.

The decrease of the ion heat transport with the isotope
mass is in line with the scaling Q; o p*_l-2 x &E;; 5 dis-
cussed in [11] for ITG turbulence, obtained both with adia-
batic electrons and with the inclusion of kinetic electrons and
electromagnetic effects. Since ITG turbulence is prevailing in
our pedestals at low wavenumbers, the decorrelation theory
described in [42, 43] is expected to fit the results, and the sug-
gested scaling reads, in physical units,

Qm)/Qm) ~Ap 172 ITG turbulence.

We note that this scaling is valid only for the ITG part of the
total transport, while, as we already remarked, in the pedes-
tal other components are certainly present (apart from ETG
modes: subdominant TEMs, MTMs and KBMs).

Particle transport presents partly similar features. The
radial particle flux ' turns out to be generally larger in the
outer region of the pedestal (p, 2 0.97) than in the inner part
(p: < 0.97), as shown in figure 13. Let us first consider pulse
#84793 (left panel) and #91554 (right panel): for the nom-
inal isotope the turbulent fluxes are lower than the neoclas-
sical values in the inner region, and larger in the outer region.
The change of the isotope mass results in an increase of I'
if mp — my (pulse #84793), againg localized in the outer
domain, making the outward turbulent flux dominate over the
neoclassical flux, and in a decrease of I" if my — mp (pulse
#91554), making the turbulent flux largely suppressed and
comparable to the neoclassical one. A clear anti-gb-scaling is
thus found also for the particle transport, not only for the heat
transport.

An anti-gb-scaling occurs also for the high-pressure shot
#84796 (figure 13, mid panel), which nevertheless presents
quantitatively different transport properties with respect to



Nucl. Fusion 63 (2023) 036010

I. Predebon et al

84793 84796 91554
61— (D) | — (D) — (H)
— (H)] (H) (D)
_ = (D) Buxp/2
L (H) Bexp/2
E
=, | T
—~
ol / SR 1|
0.95 0.97 0.95 0.97 095 097 0.99
Pt Pt Pt

Figure 13. Particle fluxes integrated over the flux surfaces for the
nominal (colored lines) and switched (gray lines) isotope from
global nonlinear GENE simulations. For pulse #84796 the D/H
fluxes are also shown for 8 = Sexp/2 (dashed lines). As a reference,
the black dots represent the local neoclassical fluxes of figure 2.

the other two cases. Here the turbulent particle flux is every-
where lower than the neoclassical values for the nominal iso-
tope, and lower than the other two pulses as well, while, as
we saw, the heat flux is larger. When mp — my, ' becomes
larger in the outer region, but still lower than the other
pulses.

We have already remarked in section 2 that differences exist
between this case and the other two also in the MHD stabil-
ity context [6], the former (#84796) being close to the ideal
PB boundary, and the others (#84793 and #91554) lying on
the stable region of the j—« diagram, where other physical
mechanisms are likely to play a role in setting the plasma
profiles. Particle transport due to p;-scale turbulence—indeed
higher for #84793 and #91554 with the nominal isotope—
may be among these mechanisms. We note here that one of
the main differences between pulse #84796 and the other two
pulses is the value of g, important for ITG mode stabiliz-
ation. For instance, the electron beta at p, = 0.95 (pedestal
top) is B, = 1.6 x 1073 for pulse #84793 and #91554, and
Be=2.5x% 10~3 for pulse #84796. As an exercise, assum-
ing the same macroscopic profiles and equilibrium, we arti-
ficially reduced the value of S, for the latter, taking one half
of its experimental value (we remark that this modification is
unphysical and inconsistent with the equilibrium, the drifts,
and the plasma profiles, kept instead unchanged). The result is
also shown in figure 13, mid panel. The change of 3, has an
impact mainly on the H case, making the I" profile more similar
(peaked outwards) to #84793 in H. The nominal D case is on
the other hand practically unchanged with respect to 8 = Bexp,
likely due to the dominant effect of the wg,.p suppression in
the edge.

Further work is certainly needed to understand in more
detail the features of p;-scale turbulence. However, based on
this study, we might infer a natural tendency of p;-scale turbu-
lence to increase the particle transport for a decreasing isotope
mass, and possibly to set the density profile to a lower gradi-
ent and consequently to lower pedestal top values. On the other
hand, a flattening of the density brings to modified ) and wgyp
profiles, with implications on the saturated transport levels
from ITG turbulence. For a more quantitative evaluation, this
study should be reconsidered in flux-driven conditions.
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Figure 14. Radially-averaged total heat fluxes Q; + Q. (a) and
particle fluxes I' (b) due to neoclassical and p;-scale turbulent
transport for the nominal isotope (left, colored bars) and for the
switched isotope (right, gray bars).

8. Summary

Three JET-ILW pulses have been considered for a comparative
analysis of the pedestal heat and particle transport, two with
D as main ion species and one with H, such that a D/H pair
has approximately the same input power and the other one the
same stored energy. In order to focus on the isotope effect, we
have also imposed an artificial change of the main gas isotope,
mp — my or my — mp, with the aim to disentangle pure iso-
tope effects from profile effects, introducing an inconsistency
between transport and profiles.

The role of neoclassical and turbulent transport has been
investigated using the gyrokinetic code GENE with the
assumption of scale separation, i.e. treating the ranges k,p; ~ 1
and kyp, ~ 1 separately. Indeed, all the three pedestals are
characterized by a mixed ITG/ETG turbulent regime, and by
a significant neoclassical heat transport level.

Concerning heat transport, p.-scale (ETG) turbulence has
been confirmed to be a relevant vehicle for the electron heat
channel, but not for the isotope effect itself. On the other hand,
while neoclassical transport provides a gB-scaling of the ion
heat transport, p;-scale (mostly ITG) turbulence is character-
ized by an anti-gB-scaling of the related heat transport, primar-
ily due to the different normalized wgp shearing rate in spe-
cies units. A summarizing plot showing the radially-averaged
(ion + electron) heat fluxes due to the neoclassical and p;-scale
turbulent transport is in figure 14(a). Interestingly, the switch
of the ion mass mp <> my does not generate a net increase
or decrease of the total heat flux; rather, the two components
roughly compensate each other.

Concerning particle transport, while the neoclassical com-
ponent is unaffected by the main gas isotope mass, an increase



Nucl. Fusion 63 (2023) 036010

I. Predebon et al

of p;-scale turbulent transport clearly occurs when mp — my
while, conversely, a decrease takes place when my — mp, as
summarized in figure 14(b) for the radially-averaged flux. This
may provide an efficient mechanism to increase the density
gradient in D (and even more in T) with respect to H. ITG tur-
bulence, identified as a key ingredient of low wavenumber tur-
bulence in our three pedestals, may therefore cause stiff dens-
ity profiles with increasing pedestal top density for increasing
isotope mass, in agreement with the JET-ILW experimental
results [1, 5]. Self-consistent flux-driven simulations are cer-
tainly needed to quantify this effect in more detail.

Following the latter claim, we remark that the analysis car-
ried out in this work can be certainly improved. First, we have
assumed fixed plasma profiles and T; = T,, without a sensitiv-
ity study within the experimental error bars: small variations
of the profiles usually reflect in relevant changes of the log-
arithmic gradients, with consequences on the turbulent drives
and on the wgyp shear. Another assumption to make the prob-
lem tractable is the scale separation in nonlinear simulations,
which has already revealed its limitations in several contexts
of plasma turbulence. Finally, the impurities have been neg-
lected, but they are definitely central to establish quantitave
neoclassical and p;-scale turbulent transport levels.
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