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Abstract

The work describes the pedestal structure, transport and stability in an effective mass (A¢f) scan
from pure deuterium to pure tritium plasmas using a type I ELMy H-mode dataset in which key
parameters that affect the pedestal behaviour (normalized pressure, ratio of the separatrix
density to the pedestal density, pedestal ion Larmor radius, pedestal collisionality and rotation)
are kept as constant as possible. Experimental results show a significant increase of the density
at the pedestal top with increasing A, a modest reduction in the temperature and an increase in
the pressure. The variations in the pedestal heights are mainly due to a change in the pedestal
gradients while only small differences are observed in the pedestal width. A clear increase in the
pedestal density and pressure gradients are observed from deuterium to tritium. The
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experimental results suggest a reduction of the pedestal inter-edge localized mode (inter-ELM)
transport from deuterium to tritium. The reduction is likely in the pedestal inter-ELM particle
transport, as suggested by the clear increase of the pedestal density gradients. The experimental
results suggest also a possible reduction of the pedestal inter-ELM heat transport, however, the
large experimental uncertainties do not allow conclusive claims on the heat diffusivity. The clear
experimental reduction of 7. (the ratio between density and temperature gradient lengths) in the
middle/top of the pedestal with increasing A suggests that there may be a link between
increasing A and the reduction of electron scale turbulent transport. From the modelling point
of view, an initial characterization of the behaviour of pedestal microinstabilities shows that the
tritium plasma is characterized by growth rates lower than the deuterium plasmas. The pedestal

stability of peeling-ballooning modes is assessed with both ideal and resistive
magnetohydrodynamics (MHD). No significant effect of the isotope mass on the pedestal
stability is observed using ideal MHD. Instead, resistive MHD shows a clear increase of the
stability with increasing isotope mass. The resistive MHD results are in reasonable agreement
with the experimental results of the normalized pedestal pressure gradient. The experimental
and modelling results suggest that the main candidates to explain the change in the pedestal are
a reduction in the inter-ELM transport and an improvement of the pedestal stability from

deuterium to tritium.

Keywords: pedestal, stability, tritium, deuterium/tritium, JET-ILW, isotope effect

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

1. Introduction

ITER and future fusion reactors will operate with mixed deu-
terium/tritium plasmas. It is therefore essential to understand
the dependence of the confinement on the isotope mass as this
will improve our predictive capabilities and will lead us to
more reliable and robust predictions of future burning plasmas.

The only experiments with pure tritium (T) and mixed
deuterium/tritium (D/T) plasmas have been performed in the
1990s in TFTR and in JET with a carbon wall (hereafter JET-
C) [1, 2]. While the underlying physics that describes the effect
of the isotope mass on the confinement is not fully understood,
the major advances made both in theory and in experimental
diagnostics in the past 25 years have the potential to identify
the key physics mechanisms related to the effect of the iso-
tope mass. Moreover, while earlier experimental results with
D/T and T plasmas are from carbon wall machines, ITER will
operate with a metal wall composed of beryllium in the main
chamber and tungsten in the divertor. To assess the possible
effect of the wall materials, in 2011 JET has changed its wall
from carbon to beryllium and tungsten, to mimic a ITER-like
wall (here after JET-ILW) [3]. The initial JET-ILW results have
shown a lower pedestal temperature in baseline plasmas, likely
produced by operation with higher gas rate [4-6] and differ-
ent intrinsic impurities [7-10]. Therefore, it was not obvious
how a D/T and a T plasma would have behaved in a metal wall
machine. For these reasons, the time was ripe for a new exper-
imental campaign with D/T and T plasmas. The campaign was
performed in 2021 and 2022 with, among the key objectives,
the goal of exploiting the new JET diagnostics and the most
recent theoretical developments to identify the physics mech-
anisms that can explain the effect of the isotope mass on the
plasma confinement.

In literature, regression analysis between the energy con-
finement time 7 and the isotope mass A have been performed

including both hydrogen (H) plasmas, D, D/T and T plasmas.
In general, a favourable dependence of 7z with A has been
experimentally observed, both in L-mode plasmas and in H-
mode plasmas and both in tokamaks and stellarators [11-20].
In H-mode, the most well-known result is the [PB98(y,2) scal-
ing which is a multi-machine regression analysis described in
the ITER physics basis [21] and obtained with a multi-variable
power law fit. In the IPB98(y,2) scaling, 7 increases with the
isotope mass as 75 o< A%!1?. The correlation was much weaker
when considering only a subset of type I ELMy H-mode JET-
C plasmas at similar density, with 75 oc A% [22]. This was
due to the compensation of a strong positive correlation for
the pedestal stored energy Wpeq (Wpea < A%?®) by a negative
correlation with isotope mass for the core energy confinement
(Teore ¢ A™16) " A recent work, that included the 1997 plas-
mas with T and D/T, has ascribed the weak exponent of the
JET-C dataset to a correlation between density and isotope
mass [23]. A recent revision of the ITPA confinement data-
base, which included new hydrogen data from JET-ILW and
ASDEX-Upgrade (AUG), has also led to a positive correlation
between energy confinement and isotope mass, with 75 oc A%
and a4 in the range 0.09 — 0.47 (depending on the dataset and
the regression technique) [24].

Due to lack of pedestal diagnostics in the JET 1997 D/T
experimental campaign, the majority of the pedestal results
related to the effect of the isotope mass are from H and D plas-
mas. In JET-ILW H and D plasmas, a dependence of 7 versus
A stronger than the IPB98(y,2) scaling has been observed
in type I ELMy H-mode, with 7z oc A%* [11, 25]. This was
ascribed to a pedestal effect. While the electron temperature
(T.) gradient length (Ly, = T./VT.) in the core was similar
between H and D plasmas with same engineering paramet-
ers, the electron pedestal pressure (p£°®) was higher in D than
in H due to a higher electron pedestal density (n2%) [11, 26,
27]. This is consistent with AUG results, where an increased
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pedestal confinement from H to D has been ascribed as well
to the n2* increase [18, 27, 28]. Interestingly, in JT-60U the
positive correlation between energy confinement and isotope
mass was observed only in the core, with no clear effect of the
isotope mass on the pedestal [12—14]. In particular, a hydro-
gen plasma and a deuterium plasma with same current, tor-
oidal field, shape and thermal stored energy were showing a
very similar pedestal [14]. Minor differences in the pedes-
tal structure between hydrogen and deuterium plasmas have
been reported also for DIII-D when performing a comparison
between discharges with same current, field, shape and Oy
[29].

At present, no complete explanation for the effect of the iso-
tope mass on the pedestal is available. In particular, ideal mag-
netohydrodynamics (MHD) predicts only a negligible effect
of the isotope mass on the pedestal stability of the peeling-
ballooning (PB) modes, as shown in JET-ILW by studying H
and D in type I ELMy H-mode plasmas [26, 27]. However, the
field is progressing fast. From an experimental point of view,
results in AUG from density fluctuations obtained via Doppler
reflectometry might suggest an enhanced inter-edge localized
mode (inter-ELM) transport in H plasmas [28]. These might
be consistent with recent turbulent transport modelling per-
formed with GENE in H and D JET-ILW type I ELMy H-
modes [30], where lower inter-ELM turbulent particle trans-
port is found in deuterium than in hydrogen. A reduction
of the particle transport with increasing isotope mass would
be qualitatively consistent with the experimentally observed
higher 72 in deuterium than in hydrogen selected pedestals
[11,26-28].

The recent experimental results in H and D described above
show that the pedestal plays a key role in understanding the
effect of the isotope mass on confinement. The present work
is based on the recent JET-ILW D/T and T experimental cam-
paign and describes the effect of the isotope mass on the ped-
estal in D, D/T, and T in type I ELMy H-mode plasmas. The
work exploits state of the art pedestal diagnostics to describe
the pedestal structure in D, D/T and T and the most recent
theoretical models to identify the possible physics mechan-
isms behind the effect of the isotope mass in the JET-ILW
pedestal. Particular emphasis is given to the pedestal stability,
a key ingredient for the pedestal predictions. However, dis-
entangling the effect of the isotope mass from that of other
physics parameters is challenging. In type I ELMy H-modes,
inter-ELM pedestal transport (that is considered a soft limit
for the gradients) and pedestal stability of PB MHD modes
(that determines the ELM triggering mechanism) are affected
by multiple parameters. Special care has been taken to obtain
a dataset that allows the assessment of the direct effect of the
isotope mass on the pedestal.

The paper is organized as follows. Section 2 describes
the dataset and the motivation behind its choice. Section 3
presents the key diagnostics and the experimental data ana-
lysis technique. Section 4 presents an overview of the global
properties of the dataset, such as stored energy, energy con-
finement, absorbed power and ELM type. Then, the work
investigates in detail the pedestal behaviour, first from the
experimental point of view, then from a theoretical point of

view. Given that the present predictive models for type I
ELMs rely on the physics of pedestal transport and pedestal
stability, the work will to try to assess both. Section 5 describes
the pedestal structure of electron density n., temperature T,
and pressure p.. Section 6 discusses the ELM energy losses.
Section 7 describes experimental results related to the trans-
port. Section 8 applies a recent predictive model for the ped-
estal density to the present dataset. The section tests if, and
under which assumptions, the model can predict the nP! vari-
ation between D, D/T and T plasmas. Section 9 characterizes
the type of micro-instabilities in the pedestal of the D and T
pulses via gyrokinetic modelling performed with the GENE
code. Section 10 describes the PB stability of the D, D/T and
T dataset, with particular emphasis on the differences between
ideal and resistive MHD. Finally, section 11 presents discus-
sion and conclusions.

2. The experimental dataset

2.1. Motivation for the choice of the dataset

The ultimate goal of this work is to shed light on the phys-
ics mechanisms that can explain the effect of the isotope
mass on the pedestal. The pedestal properties are determined
by two key mechanisms. One is the transport of energy and
particles, which sets the pedestal gradients and affects the
inter-ELM time evolution. The other is the pedestal stabil-
ity, which determines the ELM triggering mechanism. Both
transport and stability are affected by a large number of para-
meters. In type I ELMy H-modes, two key plasma parameters
that affect pedestal transport and stability are the normalized
pressure By [31] and the ratio between the separatrix density
and the pedestal density (ni® /n2*") [32-36]. Other paramet-
ers such as the normalized ion Larmor radius p* and the nor-
malized collisionality »* can also affect the pedestal transport
and/or the pedestal stability [31], however only large variations
of p* and v* can have a significant effect on the pedestal (see,
for example, the JET-ILW results on dimensionless scans in
p* and v* discussed in [37, 38]). From an engineering point
of view, the parameters /,, B;, gas rate, power, plasma shape,
strike point position and divertor configuration can also affect
the pedestal. In large part, the engineering parameters affect
the pedestal in an indirect way, for example via their effect on
B, e’/ nP, p* and v*. As an example, the input power can
act on the pedestal via its effect on Oy [31].

Therefore, identifying the direct effect of the isotope mass
on the pedestal is not trivial. Comparing D and T plasmas with
identical engineering parameters would lead to plasmas with
different By, ne " / nE, p* and v*. It would not be obvious how
to disentangle the effect of the isotope mass on the pedestal
from that of By, ne " / n, p* and v*. For this reason, this work
is based on specific discharges which have been performed to
obtain an isotope mass scan characterized by fx, ne "/ nPd
p*, v* as similar as possible. Given that p* and v* affect the
pedestal only if their variation is very large, the pulses used in
this work have been performed at similar Sy (by operating the
NBI in feedback) and at constant ni® /nE* (by keeping the gas
rate constant) but by changing the isotope mass. As described



Nucl. Fusion 63 (2023) 112009

L. Frassinetti et al

in section 2.2, this has indirectly led also to a constant pedestal
p* and to only a small variation in the pedestal v*. The dataset
is therefore optimal to assess the direct effect of the isotope
mass on the pedestal structure, transport and stability.

2.2. The experimental dataset

2.2.1. The A scan dataset.  The key dataset used in this
work is an isotope mass scan at similar Sy and constant gas
rate in type I ELMy H-modes (the ELM type will be discussed
in section 4). Hereafter, the dataset is called ‘A.¢ scan data-
set’ (see expression (1) for the A definition). The A.g scan
dataset is composed of six pulses in which the plasma iso-
topic composition has been changed from shot to shot from
D to T and in which the NBI has been operated in feedback
to keep [On as constant as possible (Oy ~ 1.5). Apart from the
NBI power and the isotopic composition, the other engineer-
ing parameters have been kept as constant as possible. The
engineering parameters are shown in table 1. All pulses have
1,/B, = 2MA/2.25T, gas rate I' ~ 1.7 x 10?2 (e s~!) injected
from the divertor, low triangularity, inner strike point on the
vertical target and outer strike point on the horizontal target.
The line averaged density measured from a line of sight that
intersects the core is also shown in table 1.

The requested ICRH power (used to avoid impurity accu-
mulation in the core) is 2 MW. The RF antenna could not
always deliver a constant power on a shot to shot basis, but
this was compensated by the NBI that was operating in feed-
back to keep On =~ 1.5. The plasma isotopic composition has
been varied from pure D to pure T. The plasma isotopic com-
position has been quantified via the effective mass A.g:

cuAy + cpAp + cTA
Aeff: HAH DAD TAT (1)
cg+cp+cer

where Ay, Ap, At are the relative atomic masses A; = m; /mp
of hydrogen, deuterium and tritium respectively and cy, ¢p, ¢t
are the concentrations of H, D, T. In the dataset, the hydrogen
concentration is very small, around 1%-2%, and it is used for
the ICRH heating.

To ensure the robustness of the results, two D pulses have
been used. The first D pulse (#96208) was taken before the D/T
campaign while the second D pulse (#100808) was taken after.
The two deuterium pulses have identical engineering paramet-
ers apart from a 4.5 cm difference in the outer strike position
(however, still located on the horizontal target in both cases).
As later discussed in sections 4 and 5, this difference leads to a
negligible variation in the pedestal structure (variation that is,
in any case, much smaller than the difference between D and
T plasmas).

The A.¢ scan dataset is composed also of one pure T plasma
and three D/T plasmas. Due to the strict limits in the T gas
consumption and in the neutron budget, it was not possible to
perform further pulses.

The A scan dataset is highlighted throughout this work
using full symbols with a black outline. In detail, the T pulse
is represented with a magenta star, the D/T pulses with gold
circles and the D pulses with blue squares (#96208 filled with

a small white square). Figure 1 shows an overview of the
A scan dataset. Figure 1(a) shows the effective mass which
varies between 2 and 3, and the gas rate, which is constant
at T'~ 1.7 x 10?2 (e s~ ). Figure 1(b) shows f(x versus the
absorbed power P,ns. The absorbed power has been defined
as the total input power including ohmic power, ICRH power
and NBI power (with the shine through excluded). A higher
Paps 1s necessary in D plasmas than in T plasmas in order to
keep On constant. As discussed in section 4, this is due to an
increase in the energy confinement from D to T.

To obtain plasmas with similar Sy, the NBI was operated
in feedback. Only discrete Pyp; steps are possible, each step
size being ~10% the total applied NBI power, so roughly a
+5% variation in By can be expected. Indeed, the resulting Sy
is in the range 1.44—1.58. This variation is small enough not
to affect significantly the pedestal and the conclusion of the
work.

The NBI system in JET is composed of two injectors, each
one consisting of eight ion sources (PINIs). Each injector has
four PINIs oriented in a normal beam bank (tangential radii
1.31 m) and four PINIs oriented in a tangential beam bank
(tangential radii 1.85 m). All the mixed D/T plasmas in the
A scan dataset are equally heated by the normal PINIs and
by the tangential PINIs. The pure T pulse #100247 is heated
80% by the normal PINIs and 20% by the tangential PINIs.
The deuterium pulse #96208 has a heating mix similar to the
T pulse. The deuterium pulse #100808 has a heating mix sim-
ilar to the D/T pulses. As later described, the two D pulses
do not show any significant difference in the confinement and
in the pedestal between themselves while they show the same
difference with respect to the T pulse. So, the variation in the
mix of beams cannot affect our conclusions. As a final remark
on the heating scheme, the ratio Picry/Png1 varies from 0.17
in the D pulses to 0.11 in the T pulse. This variation cannot
significantly influence our conclusions since, in JET, the ratio
Picru/Png1 does not have any major effect on the energy con-
finement and on the pedestal behaviour, as shown in [39].

The main plasma parameters that can affect pedestal trans-
port and pedestal stability are shown in table 2. As already
mentioned, the plasmas have similar By. Moreover, the gas
rate (including the fuelling location) and strike positions
have also been kept constant to minimize the variation of
ne?/ nP Indeed, ni® /nP* is relatively constant at ~0.5 (see
also section 5). The exception is the D pulse #96208 which
is characterized by i /nf® ~ 0.65. The higher ni® / 2 in
#96208 might be related to either the slightly different strike
point position or to a different wall condition. As discussed in
this work and in earlier works [36], this difference in n? /nf*
is so small that leads only to minimal effects on the ped-
estal transport and stability (showing that slightly different
strike point positions and wall recycling cannot affect signi-
ficantly our conclusions). Table 2 reports also the normalized
ion Larmor radius at the pedestal top. Due to the presence of
mixed D/T plasmas, an effective ion Larmor radius has been
used, defined as p;**' = /AT™"/ (eBa). p;™ is rather
constant with a variation in the range 2.1 —2.3 x 1073, As
described in section 5, Tfed tends to weakly decrease from D to

«ped
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Table 1. Main engineering parameters for the main dataset, showing effective mass, 1,, By, NBI power, ICRH power, average triangularity,
inner/outer strike point position (where V stands for vertical target and H for horizontal target) and line averaged density.

Pulse At I,/Br (MA/T) I (efs) Pxpr (MW) Picru (MW) ) Strike points fie (m™?)
#96208 2.0 2/2.25 1.7 x 10? 15 25 0.24 V/H 4.3 x 10"
#100808 2.0 2/2.25 1.8 x 10? 15 22 0.24 V/H 4.6 x 10"
#99480 22 2/2.25 1.7 x 10? 15 0 0.24 V/H 5.2 x 10"
#99491 24 2/2.25 1.6 x 10% 14 23 0.24 V/H 5.7 x 10"
#99490 2.7 2/2.25 1.7 x 10? 13 1.9 0.24 V/H 6.0 x 10"
#100247 3.0 2/2.25 1.7 x 10? 11 1.2 0.24 V/H 6.3 x 10"
(o) > 3 (b)
3.0t N 2 <> - 2.5 Foxo ]
° 2.0F 1
L 25¢ ° . o 1.5} <>$ 0¥ ]
X
o 1.0F ]
20r [ [ WX [ 1 05¢F ]
. , . 0.0 . . . .
0 1 2 3 4 10 12 14 16 18 20
r 10?2 (e/s) Pas (MW)

Figure 1. Characterization of the datasets in terms of effective mass and gas rate (a), and Sn and absorbed power (b). The A¢ scan dataset
is highlighted by full symbols with a black outline, the extended dataset by empty symbols. The blue asterisk highlights pulse #96418 with
engineering parameters and Pse, similar to the T pulse #100247. Throughout the work, T pulses are highlighted with magenta stars, D/T

pulses with gold circles and D pulses with blue squares.

T (see section 3.1 for the details on Tfed measurements). This
decrease is compensated by the increase of A, leading to the
relatively constant p;***. Instead, it was not possible to keep
constant the pedestal ion-electron normalized collisionality

2
P = 6.921 - 10 BInA (Rgosnt®®) / (£3/2 (Tged) ), where

InA is the Coulomb logarithm and ¢ the inverse aspect ratio.
The collisionality increases by a factor two from P ~ 0.8
in D to ™% ~ 1.8 in T (this is due to an increase in the ped-
estal density and a decrease in the pedestal temperature, as
discussed in section 5). In principle, this variation could affect
the pedestal transport and the pedestal bootstrap current, there-
fore harming the goal of the work to assess the direct effect
of the isotope mass on the pedestal. However, earlier exper-
imental results show that only large variations in voP can
have a major effect on the pedestal. For example, from a
dimensionless collisionality scan performed in JET-ILW, the
electron pressure pedestal width wp. scales approximately as
Wpe X (Ve Ped)0.25 137]. A factor of two variation in the colli-
sionality leads only to a 18% variation in the width (which
is only marginally higher than the experimental uncertainty).
Also in terms of pedestal stability a significant effect can occur
only with large variation of pedestal collisionality. From a set
of dimensionless scans in JET-ILW [38], the critical pedestal
pressure gradient (o) scales with collisionality approxim-
ately as overig o (127°) 7014 So, a factor of two variation in
collisionality can be expected to affect oy in JET-ILW by
only 10% (smaller than the experimental uncertainties in the

normalized pressure gradient). It is worth anticipating that
the present work will show that the increasing A leads to a
higher pedestal pressure and improves the pedestal stability.
Therefore, keeping " constant would have led only to an
amplification of these effects and would not have changed the
qualitative conclusions of the work. For these reasons, it is
judged that such a variation in v."** might have only a minor
quantitative effect on our conclusions.

2.2.2. The extended dataset.  To clarify some aspects of the
results achieved with the A.¢ scan dataset, some parts of the
work have been complemented with an extended dataset.

One pulse of the extended dataset (#96418) is in deuterium.
It has been selected to have the power through the separatrix
(Psep, see section 4 and figure 4) and the other engineering
parameters as similar as possible to the tritium pulse #100247
from the A.s scan. Its engineering and plasma parameters are
reported at the top of tables 3 and 4. This pulse is used in
all the figures of the paper along with the A scan dataset
and it is highlighted using a blue asterisk. The gas rate of
#96418 is slightly higher than in #100247 as can be seen in
figure 1(a), but this small difference should not affect signi-
ficantly our conclusions. Note that, since the D pulse #96418
has Py, similar to the T pulse #100247, the values of Sy are
different (figure 1()) due to the improved energy confinement
with increasing A

Then, further five pulses have been considered when
discussing the ELM type (figure 5) and the possible role
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Table 2. Key plasma parameters for the main dataset.
Pulse Isotope Actr BN nsr/ nPed pped p; ped (1073)
#96208 D 2.0 1.44 0.65 0.7 2.2
#100808 D 2.0 1.47 0.52 0.9 2.1
#99480 D/T 22 1.45 0.52 1.0 22
#99491 D/T 24 1.55 0.46 1.1 22
#99490 D/T 2.7 1.58 0.48 1.5 22
#100247 T 3.0 1.53 0.52 1.8 23

Table 3. Main engineering parameters for the extended dataset, showing effective mass, 1,, Br, NBI power, ICRH power, average
triangularity, inner/outer strike point position (where V stands for vertical target and H for horizontal target) and line averaged density.

Pulse At I,/Br (MA/T)  T'(e/s)  Pnpt (MW) Picga (MW) 6 Strike points i (m™?)
#96418 2.0 2/2.25 2.2 x 10% 8 23 024 V/MH 5.0 x 10"°
#100183 3.0 2/2.25 2.9 x 107 9 22 0.24 V/H 8.2 x 10"
#100185 3.0 2/2.25 1.1 x 10? 9 1.4 024 V/MH 5.6 x 10"
#96201 2.0 2/2.25 2.6 x 107 16 2.4 0.24 V/H 47 x 10"
#96202 2.0 2/2.25 0.7 x 10?2 12 22 024 V/H 42 % 10"
#96197 2.0 2/2.25 0.7 x 10?2 15 1.1 0.24 V/H 44 x 10"
Table 4. Key plasma parameters for the extended dataset.

Pulse Isotope Acip BN niP /pped yiped o (107%)

#96418 D 2.0 1.16 0.57 14 2.4

#100183 T 3.0 1.38 0.70 7.3 22

#100185 T 3.0 1.47 0.42 1.2 3.2

#96201 D 2.0 1.42 0.70 0.8 2.7

#96202 D 2.0 1.47 0.42 0.4 3.1

#96197 D 2.0 1.47 0.53 0.6 29

of the ELM frequency in determining the pedestal density
(figure 20). The engineering and plasma parameters of these
pulses are reported in tables 3 and 4. Three pulses are in
deuterium and two in tritium. They have the same I,, B;,
plasma shape, strike point position, Sy and gas fuelling loc-
ation as the A.¢ scan dataset. These five pulses are shown
only in figures 1, 5 and 20. They are highlighted using open
symbols.

3. Diagnostics and experimental data analysis
technique

3.1 Diagnostics

The pedestal structure has been studied using the main dia-
gnostics available. The key diagnostic used is the high res-
olution Thomson scattering (HRTS) which measures simul-
taneously electron temperate 7, and density n. [40] at 20 Hz.
Due to its high spatial resolution, the HRTS is very valuable
to determine the pre-ELM pedestal structure. For the electron
density pre-ELM profiles, the HRTS information have been
complemented with the Lithium beam [41] which provides
high quality profiles in the scrape off layer (SOL) at 100 Hz.
However, the Lithium beam does not reach the pedestal top
in these pulses (for details, see [41]). For the electron tem-
perature pre-ELM profiles, the HRTS values at the pedestal
top have been cross checked with the ECE. A good agreement

has been found. Unfortunately, the ECE can reach only the
middle/top of the pedestal and no information on the gradient
can be obtained due to the insufficient spatial resolution. So,
in terms of pre-ELM profiles the ECE was used only to cross-
check the HRTS data. The pre-ELM ion temperature pro-
files, T;, have been measured with the core and edge charge
exchange spectroscopy (CXRS). CXRS provides ion temper-
ature and toroidal rotation of the main impurity which, in these
plasmas, is neon (trace neon puffs have been used). The core
and edge CXRS provide data with a 33 Hz and 20 Hz time
resolution respectively. An example of 7. and 7; comparison
is shown in figure 2 (which will be discussed later in this
section).

The effective mass has been measured from the sub-
divertor neutral gas pressure via spectral analysis of D, and
T,, emission from a penning gauge. This type of measurement
agrees very well with that from spectroscopy obtained by com-
paring the relative amplitude of the Balmer D,, and T, spectral
lines from the plasma edge. These edge estimates are also con-
sistent with the core effective mass estimated by modelling the
isotope ratio with TRANSP (both in mixed H/D plasmas [42]
and in mixed D/T plasmas [43]). As shown in [42], the three
estimates of A.¢ agree within 5%. Moreover, tritium plasmas
with high purity have been obtained during the pure T cam-
paign thanks to the low fuel retention of the JET-ILW metal-
lic walls [44] and thanks to a two-step isotope-changeover
(first from deuterium to hydrogen and then from hydrogen to
tritium) [45].
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Figure 2. Pre-ELM electron temperature (grey squares) and ion temperature (green stars) for the D pulse #96208 (a) and the T pulse
#100247 (b). Frames (c) and (d) show the ratio of Ti/T. determined respectively in the core, at 1)x = 0.25, and near the pedestal top, at

¥n = 0.9.

3.2. Experimental data analysis technique

The pre-ELM profiles of n. and T, have been determined with
the approach described in detail in [46] , where all the pre-
ELM profiles in a steady time interval have been considered
(at least 0.5 s long, i.e. at least two energy confinement times
long). The pre-ELM profiles have been defined as those loc-
ated in the 70%—99% of the ELM cycle. The composite HRTS
profile for the D pulse #96208 and the T pulse #100247 are
shown in figure 2 with grey squares. The same approach has
been used for the Li-beam data and the CX data. An example
of the pre-ELM T; data can be found in figure 2 as green stars.
From the core to the pedestal top, T; = T, both in the D pulse
and in the T pulse. This has been quantified in figure 2(c),
where T;/T. in the core is shown for the A.g scan dataset,
and in figure 2(d), where T; /T, near the pedestal top is shown.
Within the error bars, T; = T, for the entire dataset from the
core to the pedestal top. As well known, at the separatrix we
can expect 7; > T.. Unfortunately, 7; measurements at the sep-
aratrix are not available for the entire dataset. However, when
available it was confirmed by the edge CX that 7; > T., as
shown for example for the T pulse in figure 2(b). Due to the

uncertainty in the exact separatrix position, firm conclusions
on the value of 7;" are not possible. However, based on the
experimental measurement for the T and the D/T pulses we
canset 7,7 = 400eV as an upper bound. In the modelling res-
ults of the following sections (TRANSP, GENE and pedestal
stability) sensitivity tests have been performed assuming as the
two extreme values 7,7 =T " and 7,7 = 400eV.

The information on the pedestal structure has been determ-
ined by fitting the composite pre-ELM profile of 7. and p. with
a modified hyperbolic tangent (mtanh) [47]. This approach
works very well with T, and p, since in the SOL the exper-
imental data are very close to zero. However, the density is
non-negligible in the SOL so a slightly more sophisticated
approach has been used. The HRTS data have been comple-
mented with the Li-beam data which provides good quality
SOL density. The pre-ELM Li-beam data have been manually
aligned to have the pedestal gradient in the same position as
the HRTS. However, the radial shift was relatively small, less
0.5 cm (likely due to small uncertainties in the equilibrium
reconstruction). Then, the composite density profile is fitted
with a modified hyperbolic tangent that contains a slope also
in the SOL [37]. Note that the definition of the width used
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in this work corresponds to the pedestal width of the whole
density profile, not only the region inside the separatrix. An
example of the pedestal profiles and the fits can be found in
section 5. The reflectometry data were not included in this pro-
cess because the absolute position of each single reflectometry
profile is rather uncertain and their inclusion would not have
improved the accuracy of the analysis.

The effective charge Z. is a line averaged value and is
measured by visible Bremsstrahlung. The D pulse #96208 has
Zeit = 1.7. Unfortunately, the uncertainty in Z is rather large
for the D/T and T plasmas. Therefore, both in the TRANSP
modelling and in the pedestal stability analysis, a wide sensit-
ivity testin Z.¢ has been done (in the range of Z.¢s = 1.2 — 2.0),
showing that the qualitative conclusions of the work are not
affected.

The diagnostics have been mapped on the normalized pol-
oidal flux (1)n) using the best available equilibrium from
EFIT++ determined with the full set of available magnetic
measurements (which has been shown to improve the com-
puted LCFS location [48]). To remove possible uncertainties
in the pedestal position of the experimental data, in JET-ILW
the pre-ELM profiles are typically shifted to have 100 eV at
the separatrix. Due to the improved equilibrium used in this
work, the shift is very small. However, in this work we have
used an approach as realistic as possible, by determining T3 "
on a shot to shot basis using the two point model [49] com-
bined with )\, estimation from the Eich scaling [50]. Using
this approach, o * is relatively constant and varies in the range
Te? ~ 120eV for the D pulse #96208 to To* ~ 110eV for the
T pulse #100247. In this work (excluding only section 9, see
later for details), the pre-ELM profiles have been radially shif-
ted to have the two point model Ta". It has been shown in
several previous works that such a variation in 75" does not
lead to any significant difference from the usual JET assump-
tion 7o = 100eV [35, 36, 51]. Nonetheless, careful sensitiv-
ity tests have been done, in particular for the section related
to the pedestal stability analysis where it is confirmed that a
7o variation in the range 100 eV—120 eV cannot affect the
conclusion of the work.

4. Overview of energy confinement, power through
the separatrix and ELM type

4.1 Thermal stored energy and energy confinement

The thermal energy confinement 7" has been determined as
the ratio between the thermal stored energy Wy, and the loss
power Pjogs.

The thermal stored energy Wy, has been calculated by
volume integrating the kinetic profiles using 7; = 7. (assump-
tion verified in figure 2) and calculating the ion density as n; =
Ne (Zmain + 1 — Zetr) / Zinain, Where Zyain is the atomic charge
of Beryllium (the main impurity). The total Wy, is shown in
figure 3(a) and it is rather constant within the error bars, in the
range Wy, = 2.9 — 3.1 MJ. Figure 3(a) shows also the pedes-
tal stored energy thed and the core stored energy Wi, The
pedestal stored energy has been determined from the pedes-
tal pressure as discussed in [35], while the core stored energy

as W = W, — W, The behaviour of the pedestal will be
discussed in detail in section 5, but from figure 3(a) we can
already note a change in the pedestal, with Wi ¢ that increases
from & 0.7MJ in deuterium to =~ 1.0MJ in tritium. The core
stored energy has a weak reduction from ~ 2.3 MJ in deu-
terium to ~ 2.1 MJ in tritium. It is not shown here, but the fast
particle stored energy W (determined with TRANSP [52, 53])
also varies in the A.¢ scan dataset from ~ 0.3 MJ in deuterium
to ~ 0.2MlJ in tritium. So, Sy in the A scan dataset remains
around 1.5 because the increase in W™ with increasing A is
compensated by a reduction in both W™ and Wr.

The loss power has been determined as Pioss = Paps —
(dW/dr), where (dW/dr) is the time derivative of the total
stored energy averaged over a time interval longer than the
ELM cycle. The term (dW/dr) is negligible in steady state, so
Ploss = Paps (With Py shown in figure 1).

The corresponding energy confinement time is shown in
figure 3(b), where a clear positive correlation between 7" and
Acs can be seen. The result has been strengthened by adding
in figure 3(b) the thermal energy confinement determined by
TRANSP (black empty triangles). A good agreement can be
seen. Note that also the D pulse #96418 (blue asterisk, charac-
terized by the same Py, as the T pulse #100247) has 7 lower
than the T pulse #100247. This shows that the difference in
the energy confinement in the A scan dataset is not due the
change in P, but it is in large part linked to the effect of the
isotope mass.

The positive correlation observed in figure 3(b) is in qual-
itative agreement with the recent JET-ILW results in hydro-
gen and deuterium described in [11, 25] where 7 oc A%* was
obtained. The trend A%# is qualitatively shown in figure 3(b)
with a dashed line. However, we can note that T]E:h of the T
pulse is higher than the A%* trend. This is due to the power
dependence of the energy confinement time which, according
to the Hogy2) scaling [21], is 7i' oc P~%% and to the fact that
the T pulse has lower power than the D pulses. Once the Hogy 2
power dependence has been removed for the entire dataset,
a very good agreement with the A% trend is obtained, as
shown in figure 3(c). Since the present dataset does not contain
enough data points to reach a robust scaling of the energy con-
finement time with the isotope mass, no regression analysis has
been attempted. For reference, Hog y,2) is of the order of 0.80.

Preliminary analysis with TRANSP using the experimental
profiles of the toroidal velocity suggests also an increase
in the momentum confinement time, from ny ~ 0.15s for
the D pulse #96208 to v = 0.4s for the T pulse #100247.
However, a detailed study on momentum confinement time
and momentum transport is outside the scope of this work and
it is kept for a future investigation.

4.2. Power through the separatrix

The power through the separatrix has been determined as:
Psep == Pabs - <dW/dt> - Prad,bulk- (2)

As described above, (dW/dr) is negligible in the steady
phases. Praq buik 18 the total radiated power inside the separatrix
and has been determined from tomographic reconstructions
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Figure 4. (a) Poloidally averaged radiated power profile in the pre-ELM phase for the D pulse #96208 and the T pulse #100247. The thick
lines represent Pr,q averaged over ten different pre-ELM phases while the shaded areas highlight the range of variation of Py,q4. (b) Power
radiated from the bulk plasma and (c) power through the separatrix versus Aefr.

in pre-ELM time windows. The poloidally averaged radiated
power profiles in the pre-ELM phase determined via the
tomographic reconstruction of multi-chord bolometry data for
the D pulse #96208 and the T pulse #100247 are shown in
figure 4(a). The T pulse has clearly higher radiated power
than the D pulse. The volume integrated power radiated by
the bulk plasma, Pragpuik, is shown in figure 4(b). Pradpuik has
a clear increase with increasing A, with a saturation above
Aer > 2.7. The concentrations of nickel, iron and copper do
not change significantly in the A.g scan dataset but, unfortu-
nately, measurements of tungsten concentration are not avail-
able as the diagnostic was not compatible with T operation.
While the reason for the Prgpu increase is still unclear, we
speculate it might be due to a higher tungsten impurity sput-
tering yield by T than by D ions. Pg, is shown in figure 4(c).
A clear reduction of P, with increasing A.f can be seen,
with Py, = 15MW for the two D pulses and Py, =~ 8MW for
the T pulse. As described in section 3, the D pulse #96418
(blue asterisk) has been selected to have Py, as close as
possible to the T pulse #100247 (magenta star). As shown
in figure 4(c), #96418 has Py, ~8MW and #100247 has
Pyep = T.5MW.

4.3. ELM frequency and ELM type

The ELM frequency fgrm versus Py, is shown in figure 5
for the A.f scan dataset and for the extended dataset. fgym

has a clear positive dependence on Py, with an increase
from~ 5 — 10 Hz at Py, =~ SMW to 100 Hz at P, = 15MW.
Considering only the A ¢ scan dataset, figure 5 could be mis-
leading, suggesting that T plasmas are characterized by a signi-
ficantly lower fg v (= 5 — 20 Hz) than D plasmas (= 100 Hz).
However, in large part this difference is due to the different
power necessary to keep Sy = 1.5. By looking at the extended
dataset, it is clear that the D plasmas can reach fg v ~ 20Hz at
low power. For the same P, no systematic difference in fgrm
can be seen between D plasmas and T plasmas. Note that the
gas rate is different between the extended dataset and the A
scan dataset, as shown in figure 1(a). So this analysis cannot
exclude a difference in fi v between D and T plasmas at con-
stant gas rate.

The clear positive correlation between fgr v and Py, shown
in figure 12 strongly suggests that the plasmas analysed in this
work are characterized by type I ELMs. Ideally, a power scan
at constant gas rate for each A ¢ data point would be necessary
for a more firm conclusion. This can be done for the D pulses,
where the blue asterisk and the blue full squares have similar
gas rate but different Pg,. Moreover, the deuterium subset is
part of a wider deuterium dataset that was clearly identified
as type I ELMy H-modes [36]. Unfortunately, a power scan
at constant gas rate was not possible for the T pulse and the
D/T pulses due to the strict limits in the gas consumption and
in the neutron budget. However, the T pulse has a very low
JfeLm which makes it compatible with type I ELMs. Finally,
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Figure 5. ELM frequency versus power through the separatrix for
the Aefr scan dataset (full symbols with black outline) and for the
extended dataset (empty symbols).

as discussed later in figure 14(c), the ELM energy losses are
rather large and consistent with those of type I ELMs.

Therefore, we can conclude that the pulses discussed in this
work are type I ELMy H-modes.

5. Variation of the pedestal structure with A4

The pre-ELM density profiles and the corresponding fits
for the D pulse #96208, the D/T pulse #99480 and the T
pulse #100247 are shown in figure 6(a). As the T content
in the plasma increases in the scan, the pedestal top dens-
ity increases. In the SOL, no significant difference is present
within the scatter of the data. The pre-ELM temperature pro-
files are shown in figure 6(b). T2 is lower in the T plasma than
in the D plasma. However, we remind that the T plasma has
lower power than the D plasma to keep By ~ 1.5 (T2 does
not change at constant power, as discussed in [54]). Finally,
the pre-ELM pressure profiles are shown in figure 6(c). Due to
the large increase in nE from the D pulse to the T pulse, the
pedestal pressure is higher in the T pulse than in the D pulse,
despite the lower T2

To quantify the results shown in the profiles of figure 6,
information on pedestal height, width, and position have been
systematically extracted from the fitting parameters. Figure 7
shows the pedestal height versus A.g. The pedestal height in
figure 7 is the height parameter in the mtanh definition [47],
which represents the height just below the pedestal knee. A
different definition, using the value of the experimental data
just above the pedestal knee (for example at )y = 0.93, see
figure 6), leads to qualitative similar results. The pedestal dens-
ity nP increases systematically with increasing A, perhaps
with a weak saturation above A.g > 2.7, see figure 7(a). The
increase is ~ 50% from n2* =4 x 10"°m=3 for the D plas-
mas to 12 = 6.2 x 10'°m=3 for the T plasma. This is qualit-
atively consistent with other recent results from type I ELMy
H-modes from the D/T campaign [54]. T2 decreases with
increasing Aeg, figure 7(b), with a ~ 25% decrease from the

D plasmas to the T plasmas. As a result of the stronger ke

increase, the pedestal pressure also increases with A, as
shown in figure 7(c). Note the trends of figure 7 are still present
(albeit a bit weaker) when comparing the D pulse and the T
pulse with similar Py, #96418 (blue asterisk) and #100247
(magenta star).

The pedestal widths of the density, temperature and pres-
sure profiles are shown in figure 8. The density width wy, is
shown in figure 8(a), where a weak increase from D to T can be
observed. Overall, within the uncertainties, the pedestal width
of temperature and pressure do not vary with A, as shown in
figures 8(b) and (¢). This result is consistent with that obtained
with a A scan dataset at constant power and constant gas rate
discussed in [54]. Note that in figure 8(c) the pressure width
has been determined by fitting the experimental pressure pre-
ELM data. It is common also to define the pressure width as
Wpe = (Wre + W) /2. The use of this definition would not lead
to any significant difference in this dataset. For completeness,
the correlation between the pressure width and the poloidal
beta at the pedestal top (35°) is shown in figure 9. The dashed
lines show the relation w,,, = k( p¢d)05_ The standard EPED1
relation assumes k = 0.076 [55]. The experimental width is
approximately 30%—40% higher than the EPED1 expectations
andisclosertok = 0.1 —0.11. As discussed in the last section,
this result suggests that the present predictive pedestal models
are not ready yet to reliably predict the pedestal in D/T and T
plasma.

Since the pedestal width does not change significantly
with A, the variation in the pedestal height is mainly
driven by the pedestal gradients. This is shown in figure 10.
The pre-ELM pedestal gradients have been calculated in
the normalized poloidal flux and they represent the aver-
age gradient in the pedestal region. The maximum gradi-
ents have similar qualitative trends and will be shown in
section 10 when discussing the pedestal stability. The ped-
estal density gradient is shown in figure 10(a). A 50%
increase from (VaP*!) ~ 60 x 10"m=3 /4y in the D plas-
mas to (V) ~ 90 x 10°m~3 /4y in the T plasma can be
observed. The temperature gradient decreases by 25% from
(VTP ~ 8.5 keV/1pn in D to (VTF") ~ 6.5 keV/1y in
T. As a result of the stronger (Vnged> increase, the pressure
gradient increases by 25% from the D pulses to the T pulse.
Similar qualitative trend can be observed when comparing
the D pulse and the T pulse with similar P, #96418 (blue
asterisk) and #100247 (magenta star).

The results of figure 10 show that the variations in the pre-
ELM n2*® and 72°® are mainly due to a change in the gradients.
This motivates the study of the inter-ELM pedestal transport
discussed in section 7 and in section 9. Moreover, since the
dataset has the same equilibrium, the increase of the pre-ELM
(VpR*) with increasing A shows that the pedestal stability
improves with increasing T content. The pedestal stability will
be discussed in section 10.

The ratio between separatrix density and pedestal density
(nS® /nP°%) and the pedestal position can have a significant
effect on the pedestal stability [32-36, 51, 56]. Since the goal
of the work is to assess the direct effect of the isotope mass on
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Figure 11. Dependence of the electron separatrix density (a), ratio ng * /nf
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black outline in frame (c) represent the position of the pedestal pressure.

the pedestal, it is important to verify that these parameters do
not change significantly in the dataset. Figure 11(a) shows the
separatrix density and its dependence on Ag. ng© has been
determined as the value of the fitted density at the separat-
rix (after the profiles have been shifted to have Tg " from the
two point model, see section 3). The error bars represent the
standard deviation of the experimental data in a narrow region
around the separatrix. ng © shows a clear increase with increas-
ing Ac. The change in ng’ can be due to a change in the
particle transport (as suggested in [30]) and/or to a change in
the source term from D to T (as suggested in [57]). However,
since also nged increases with increasing isotope mass, the ratio
ns® /nP* is approximately constant, as shown in figure 11(b).
Only the D pulse #96208 shows a slightly higher i /nf*
than the rest of the dataset. This difference is rather small
and cannot lead to any major change in the pedestal proper-
ties, as shown for JET-ILW deuterium plasmas in [36]. Finally,
figure 11(c) shows the position of the pedestal density n5°° and
of the pedestal temperature 75°°, defined as the position of the
maximum gradients of n. and T, respectively. 75 is rather
constant at = 0.98y with no correlation with Ag. n5°° is
also rather constant at ~ 0.995v . The D pulse #96208 has
a slightly more outward density position, consistent with the
fact that also n5 /nP* is higher than the rest of the dataset. For
completeness, figure 11(c) shows also the position of the ped-
estal pressure ph°° using symbols with no outline. p£** is almost
identical to 7% and shows no variation with A.. Therefore,
in this dataset the effect on the pedestal of the isotope mass is
not due to an indirect effect related to variations in n5 /nP*,
nor in the pedestal positions.

Finally, the toroidal velocity in the pedestal region is shown
in figure 12. The measurements are done with charge exchange

diagnostic using trace neon puffs and they correspond to the
toroidal velocity of the neon. The pre-ELM profiles for the D
pulse #96208, the D/T pulse #99480 and the T pulse #100247
are shown in figure 12(a). No significant difference can be
seen, with velocity that is very similar in D and T both at the
pedestal top and at the pedestal foot. Hence, the gradient of
the toroidal velocity in the pedestal is not significantly differ-
ent between the D pulse and the T pulse either. The toroidal
velocity at the pedestal top is shown for the entire A scan
dataset in figure 12(b). For simplicity, the velocity at the ped-
estal v,,P*¢ is defined as the value at ¢y = 0.9. No systematic
variation with A can be observed and v, ped i in the range
10-12 krad s~!. Since the rotation might have an effect on
the pedestal stability, as shown in [10, 58, 59], this result sug-
gests that the difference in the pedestal stability discussed in
section 10 is not due to a difference in the toroidal velocity.

6. Variation of ELM losses with A

The first part of the section quantifies the ELM energy loss
WeLm and its variation in the isotope mass scan dataset. The
second part of the section assesses if the variation of the ELM
energy losses is due mainly to changes in the conductive or
convective terms by looking at the n. and 7. drops at the ped-
estal top.

6.1 ELM energy losses

The ELM energy losses have been determined with three
approaches, first from the time evolution of the diamagnetic
stored energy Wi, and of the plasma stored energy Wp, then by
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volume integrating the pressure profile from fits to pre-ELM
and post-ELM experimental HRTS data.

Figure 13(a) describes the first approach, using the Wy,
time evolution. To calculate Wgp v, the Wyi, signal has been
ELM syncronyzed and its averaged time evolution has been
determined for several ELMs selected during a steady phase
of the pulse. Figure 13(a) shows with the continuous lines
the average Wg;, time evolution for the T pulse #100247 and
for the D pulse #100808. The dashed lines represent the cor-
responding standard deviation. For a more clear comparison
between the D and T pulses, the signal has been normalized to
its pre-ELM value. The standard deviation is rather large, but

the T plasma has slightly larger normalized ELM energy losses
than the D plasma. Wgpy has been quantified as the difference
between the pre-ELM Wy;, and the Wy;, minimum value after
the ELM crash. The ELM energy losses determined for the A¢g¢
scan dataset are shown in figure 14(a) using the symbols with
a black outline. Wgp  increases from ~ 110 kJ for the D plas-
mas to ~ 180 kJ at Ae¢r ~ 2.5, while Wy tends to saturate at
higher T content.

A similar analysis has been repeated using the plasma
stored energy W,. Wgpm determined with W, is shown in
figure 14(a) with empty diamonds. Qualitatively, the trend is
similar to that obtained for Wgi,, while quantitatively the W,
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ELM energy losses are only slightly lower than those determ-
ined with W;,.

The third approach to estimate Wgpy has used the experi-
mental density and temperature profiles from the HRTS. The
method is described in detail in [60] and recently applied to
assess the ELM losses in H and D plasmas in [26]. First, the
pre-ELM and post-ELM n. and T, profiles have been determ-
ined in a steady phase of the pulse. The pre-ELM profiles have
been defined as those located in the 70%—99% time window in
the ELM cycle. The post-ELM profiles have been defined as
those located in the 1%—10% time window in the ELM cycle.
Then, the pressure profiles have been fitted and volume integ-
rated obtaining the electron thermal stored energy (W) before
and after the ELM. The ELM losses for the electron chan-
nel have been determined as the difference of W before and
after the ELM. The total Wgpy has been determined assum-
ing T; = T, (the integration time of the CX diagnostic is not
low enough to properly resolve the 7; ELM drop) and #;
Ne (Zmain + 1 — Zett) /Zinain, Where Zpyaiy is the atomic charge
of Beryllium (the main impurity) and Z is a line averaged
value of the effective charge. The corresponding ELM energy
losses determined with this approach are shown in figure 14(a)
with the symbols with no outline. From a qualitative point
of view the result is consistent with Wg;, and W,. From the
quantitative point of view, the ELM losses determined with
the HRTS are lower than those determined with Wy;,. This
can be due to at least two factors. First of all, the time res-
olution of the HRTS is not high enough to the determine
the maximum energy losses. Second, the assumption T; = T,
in the post-ELM phase might not be valid. However, within
the uncertainties, the three approaches lead to consistent
results.

Figure 14(b) shows the ELM energy losses normalized
to the pedestal stored energy Wpeq. Since Weq increases
with increasing A, see figure 3(a), WgrLm/ Whpea has only a
weak increase with increasing A.g. Within the error bars, the
Weim/Wpea increase from the D plasma to the T plasma is
almost negligible.

Note that the same qualitative conclusions are obtained
when comparing the D and T pulses with similar Pg, #96418
(blue asterisk) and #100247 (magenta star).

Figure 14(c) shows WgLm/ Wheq determined from the HRTS
versus the pedestal collisionality. For comparison, the grey
data in figure 14(c) show the ELM energy losses of type I
ELMy H-modes from the multi-machine analysis presented in
[61]. The ELM energy losses of the present dataset are roughly
in the same range of the type I ELMs energy losses of [61].
This result strengthen the conclusion that the present dataset is
characterized by type I ELMs. Note that the range of variation
of the pedestal collisionality is very small in the present At
scan dataset, so no conclusion can be drawn from figure 14(c)
on the correlation between Wgpy/ Whpea and collisionality.

6.2. Drops of T**? and nP®® during ELMs

Understanding the reason for the positive correlation between
Wrrm and A shown in figure 14(a) is possible only via

non-linear MHD simulations. However, from the experimental
point of view, we can contribute by investigating whether the
increase of the ELM energy losses is due to the increase of the
convective losses or of the conductive losses. These have been
estimated by quantifying the 7, drops and n. drops near the
pedestal top during the ELM crash.

The drops of n. and T, during the ELMs have been determ-
ined with several diagnostics. An ELM synchronized approach
has been used, as described in detail in [26, 60]. The HRTS dia-
gnostic can determine both the n. and 7, ELM drops. Since the
HRTS time resolution is 20 Hz (so not optimal to quantify the
ELM drops), also ECE and reflectometry have been used to
strengthen the conclusion (their time resolution is 2.5 kHz and
400 Hz respectively, for the pulses used in this work).

In this work, we have defined the ELM drops AT, g m and
Ane gLy as the T, and n, reductions at a fixed radial position,
¥ = 0.97 for the density and ¢nx = 0.95 for the temperat-
ure (which correspond to the position of the pedestal top of
density and temperature respectively). This approach allows a
simple systematic comparison between different diagnostics.
The results are shown in figure 15. Figure 15(a) shows the
temperature drops determined with the HRTS and with the
ECE. Both diagnostics show a weak decrease of AT, g v With
increasing A.f. The T, drops normalized at the pre-ELM ped-
estal top value are shown in figure 15(c). No clear trend with
A 1s present. However, the errors bars are very large, espe-
cially for drops determined with the HRTS. The ECE allows
a more precise estimate due to the higher time resolution. As
an example, the ELM synchronized time evolution of the ECE
is shown in figure 13(b) for the D pulse #100808 and the T
pulse #100247.

The density drops Ane gy and the relative density drops
Ane g /n2 are shown respectively in figures 15(b) and (d).
The HRTS results have been complemented by those obtained
from the high time resolution reflectometer. Unfortunately, the
reflectometer could not reach the pedestal top in the T pulse
(due to the injected microwaves being absorbed at the edge at
the 2 X f, harmonic), so the density drops from reflectometry
are available only till A¢r = 2.7 for the D/T pulse #99490.
The time evolution of the ELM synchronized density for the
D pulse #100808 and the D/T pulse #99490 are shown in
figure 13(c), suggesting higher density drops at higher Acs.
This is clear from figures 15(b) and (d), which show a clear
increase of the density drops with increasing Aqg. HRTS res-
ults and reflectometry results are consistent.

The same qualitative conclusions from figures 14 and 15
can be obtained when comparing the D and T pulses with sim-
ilar Pgep, #96418 (blue asterisk) and #100247 (magenta star).
This shows that the change in the ELM losses are not due to
the variation of Py, but to the isotope mass.

The results of figures 14 and 15 show that the increase of
WerLm with increasing Aqgr is due to an increase of the ELM
density drops. So, the ELM becomes more convective with
increasing isotope mass in this A scan. More convective
ELMs were also observed in a recent work comparing JET-
ILW hydrogen and deuterium plasmas [26], however the dif-
ference was systematic and observed for both the hydrogen
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and the deuterium plasma, with no obvious difference related
to the isotope mass.

7. Experimental results on the link between
inter-ELM transport and Ag«

Reliable quantification of the inter-ELM pedestal transport is
very challenging and not always possible. However, from an
experimental point of view, it is possible to identify empirical
inter-ELM pedestal parameters that can be indirectly linked
to the transport. Section 7.1 describes the experimental results
related to the heat transport. First, an empirical estimation of
the heat diffusivity in the pedestal is shown. Then, this estim-
ation is compared with more reliable results from TRANSP.
Experimental analysis related to the inter-ELM particle trans-
port is unfortunately not possible as discussed in section 7.2.
Then, section 7.3 presents the behaviours of the gradient
length of density and temperature in the pedestal, along with
their ratio. The information of section 7.3 are strongly related
to the electron-scale turbulent transport in the pedestal. Finally,
section 7.4 presents an estimation of the parameter o that is
related to the turbulent transport at the separatrix and in the
SOL.

71. Inter-ELM heat transport in the pedestal

The results presented in section 5, and in particular in
figure 10(b), show that the pedestal temperature gradient

decreases with increasing Aeg. This might lead to the
misleading conclusion that the inter-ELM heat transport in the
pedestal increases from D to T plasmas. Instead, this section
shows that the change in V75 is mainly due to the reduc-
tion in the heat source from D to T (to keep similar Sy). The
results of this section also suggest a possible decrease of the
pedestal inter-ELM heat transport with increasing A.g how-
ever, due to the large uncertainties, no conclusive claims are
possible.

As afirst step, the variation of the pedestal electron heat dif-
fusivity y. in the A¢¢ scan dataset has been estimated from a
qualitative point of view using basic experimental data. From
the power balance, the radial profile of the electron heat dif-
fusivity is:

_ [P.dV

T Sn VT, 3)

Xe

where P, is the total heating to electrons, S is the area of the
magnetic surface considered and n, and VT, are the local elec-
tron density and electron temperature gradient respectively.
The goal is to obtain only a basic experimental qualitative
estimation of ., so the inter-ELM electron heat diffusivity
has been estimated from expression (3) using the following
empirical expression:

Psep - PELM

4
2Sn56d<v,rged> ( )



Nucl. Fusion 63 (2023) 112009

L. Frassinetti et al

»
10 ' ' 12 r? 0.5
Z s ° @] _ 10} ®1 o4t CF
E p z 5t HRTS ] ‘Xm
: 6r b - % 0.3 E
) 3 6f 1 3
3 40 ] % OO P E. 02} HRTS 3
= o 4l 1
HRTS @ W ~ (6]
Il o dio N @) @)
I ] - | Xoip :
a =
0 LEI*P, ‘ ‘ ‘ . ‘ a” 0.0 ‘ ‘ .
2.0 2.5 3.0 2.0 2.5 3.0 ‘g 2.0 2.5 3.0
Aeff Aeff 9'/ Aeff

Figure 16. ELM power losses (a), power through the separatrix minus ELM power losses and data from expression (4) versus Acs. The
symbols with the black outline highlight data determined with Wg;,, while the symbols with no outline those with HRTS.

where S is the plasma area at the LCFS, nP s the pre-

ELM pedestal density and (V72*) is the pre-ELM average
temperature gradient in the pedestal. The pedestal is rather
close to the plasma edge so, for simplicity, no volume integ-
ration of the power density has been done, but the power
through the separatrix is used. Since we are interested in the
heat diffusivity before the ELM, in expression (4) the ELM
power losses Pgpy have been subtracted [62]. The factor 2 in
the denominator assumes that the power is equally distributed
between electron and ions. This might overestimate the con-
tribution from the total cross pedestal heat transport in the ion
channel, which is usually less than that conducted by the elec-
trons. Pgpy has been determined as Wgpy X ferm which, in
a steady time interval, corresponds to the inter-ELM dW/dz.
Pgpy for the A scan dataset is shown in figure 16(a). Pepm
has been estimated using Wgpy from both Wg;, and from the
volume integration of the HRTS profiles, see figure 14(a). Both
methods show a decreasing Pgry with increasing Aegr. The
correlation is opposite to that of Wgpy with Ae because in
this dataset the ELM frequency decreases significantly with
increasing Acsr (figure 5). Peep — PEpm is shown in figure 16(b),
where a decrease with increasing A can be seen. Finally, the
X e proxy from expression (4) is shown in figure 16(c). The
result suggests a negative correlation between the proxy and
Aefr. Unfortunately, the large error bars in the D plasmas in
figure 16(c) (due to the large uncertainty in Pgp ) do not allow
any strong conclusion. Moreover, the D and T pulses with sim-
ilar Py, (#96418, blue asterisk, versus #100247, magenta star)
have only marginally different y . proxy. While figure 16(c)
cannot prove a reduction of the pedestal inter-ELM heat trans-
port with increasing isotope mass, at least it conclusively
shows that the inter-ELM heat transport does not increase from
the D plasmas to the T plasmas. So, the decreasing <VT§ed>
shown in figure 10(b) is clearly not due to an increasing inter-
ELM heat transport with increasing A.g but it is due to the
decreasing Psep, — Priv and increasing nkd,

To strengthen this result, the heat diffusivity has been estim-
ated also with TRANSP. TRANSP has used as inputs the fits
to the experimental pre-ELM T, n. and 7; shown in figure 6
and the same improved EFIT++- equilibrium used throughout
this work. Moreover, tomographic reconstructions done in the
pre-ELM phase have been used for the radiated power. Then,

TRANSP has calculated the effective heat diffusivity using the
corresponding version of expression (3). The NBI and ICRH
heating have been calculated with NUBEAM and TORIC [63,
64]. Figure 17(a) shows the volume integrated power depos-
ition for the T pulse #100247 and the D pulse #96208. The
thick line shows the total heating of electrons P, while the thin
line the total heating of ions P;. The dashed lines show the pro-
files of the radiated power P,q. Both P, and P; are lower in the
T pulse (magenta lines) than in the D pulse (blue lines), con-
sistent with the lower input power in T to maintain Sy = 1.5.
The dashed-dotted lines in figure 17(a) show the volume integ-
rated Pgp v profile which is localized in the pedestal region. As
also shown in figure 16(a), Pgpy is significantly higher in the
D pulse than in the T pulse.

The effective heat diffusivity y . is shown in figure 17(b).
The effective heat diffusivity is defined as xef =
(ge + qi) / (neVTe +nVT;), where g.; is the electron/ion
heat flux. Due to the fact that 7, =T, at the pedestal top,
the electron-ion equipartition term is zero so it is not possible
to separate X from x; and only X ¢ is shown in figure 17(b).
Note that in the (g, + gi) calculation, the ELM power losses
have been included by subtracting the P\ profiles. To assess
the effect of the 7" uncertainty on X ef, the TRANSP runs
have been done first assuming 7;"" = 7¢" and then assuming
TP = 400eV as upper bound. The thick lines in figure 17(b)
show the average diffusivity determined using the two assump-
tions. The shaded areas in figure 17(b) show the range of vari-
ation of the diffusivity. The range of variation is dominated by
the uncertainty in Pgp v (see figure 16(a)), while the variation
due to the 7;°" assumptions is rather small. x ¢t is lower for the
tritium pulse but unfortunately, due to the large uncertainty,
no conclusive claims are possible. The result is consistent
with the conclusion of figure 16. For reference, the dashed
lines in figure 17(b) show y . determined without removing
the ELM power losses. In this case the difference between
the D pulse and the T pulses are significantly larger showing
that the ELM power losses cannot be neglected in the X et
calculation.

As a final comment, the neoclassical inter-ELM heat flux
through the pedestal determined with the NEO code is small
for the entire Aqg scan dataset, around 1 MW. This further
motivates the investigation of the possible role of turbulent
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Figure 17. TRANSP results for the D pulse #96208 (blue) and the T
pulses #100247 (magenta). Frame (a) shows the radial profile of the
volume integrated power to electron (thick line), ion (thin line),
radiated power (dashed) and ELM power losses. Frame (b) shows
the radial profiles of the effective heat diffusivity. The thick lines in
frame (c) show the average x . With Pgrm removed, while the
dashed lines show x ¢ without considering Pgrm. The shaded areas
in frame (b) highlight the x ¢ range of variation (which is mainly
due to the uncertainty in Pgrm).

transport by studying the 7 parameter in section 7.3 and the
pedestal microinstabilities in section 9.

The result of this section shows that the decrease of V72
with increasing A observed in the present dataset is not due
to an increase in the heat transport but it is due to the decrease
of the heat source and the increase of nged from the D to the T
plasma. While experimental data might suggest a decrease of
the pedestal inter-ELM heat transport with increasing Acgs, no
conclusive claims are possible due to the large uncertainties.

72. Inter-ELM patrticle transport in the pedestal

Assessing the experimental inter-ELM particle transport is
more challenging than for the heat transport and not possible
in this work due to the lack of a reliable quantification of the
particle sources. Unfortunately, a reasonable quantification of
the particle source using the emitted D,, radiation by the main
chamber plasma is not possible due to the fact that the signal
is dominated by the light emitted from the divertor region and
reflected by the metallic walls. A recent attempt to remove

the reflected light is described in [65] showing the estimates
of the particle source are characterized by very high uncer-
tainties. As shown in [65], due to these high uncertainties no
univocal quantification of the inter-ELM particle diffusivity
was possible even by constraining EDGE2D-EIRENE simula-
tions with the experimental results. Moreover, due to the high
JfeLm, the inter-ELM phase of the low A pulses are short and
hence dominated by a post-ELM fast recovery. Experimental
evidence suggests that this fast recovery may be driven by an
increased recycling flux as a result of the increased particle
flux arriving to the divertor targets and limiters during the
ELM crash [65, 66].

To further complicate the experimental estimation of the
inter-ELM particle transport, we cannot exclude a difference
in the source term between D and T plasmas, as for example
suggested in a recent SOLPS-ITER simulations in D/T
plasmas [57].

73. Gradient length of density and temperate in the pedestal
and MNe

Here, we present the experimental characterization of the nor-
malized gradient lengths that, from a theoretical point of view,
are strongly linked to the turbulent transport. In this work
we focus on three parameters, the normalized electron dens-
ity gradient length, R/L,. = RVn,/ne, the normalized elec-
tron temperature gradient length, R/Ly. = RV T, /T, and their
ratio 7 = Ly /Lre. The increase of 7, tends to increase the
pe-scale turbulent transport, as recently studied in the JET-ILW
pedestal [30, 67, 68]. Due to the uncertainty in 7;"", an exper-
imental estimation of 7is not possible.

The parameter 7, is the ratio between two gradients, so its
uncertainty can be large. For this reason, 7, has been estimated
with two complementary approaches. First using the fits to the
experimental data, then using directly the experimental data of
T. and n. from the HRTS.

The first row of figure 18 shows in frames (a), (b) and (c) the
profiles of Vn./n., VT./T. and 7. respectively, determined
from the fits to the experimental data for the D pulse #96208,
the D/T pulse #99491 and the T pulse #100247. The uncer-
tainty has been determined as reliably as possible using the
following approach. First, the experimental n, and 7, profiles
have been fitted with a mtanh function, obtaining the fitting
parameters and their corresponding standard deviations. Then,
using the mtanh function, many different profiles have been
created using a Gaussian distribution of the fitting paramet-
ers. For each parameter, the Gaussian distribution has a stand-
ard deviation corresponding to the standard deviation of the
parameter. Then, Vn./n., VT, /T, and 7. have been determ-
ined for each new profile. The shaded areas in the first row
of figure 18 show the uncertainty determined as the standard
deviation of the collected profiles. The thick lines in the first
row of figure 18 show the average profiles determined as the
average of the collected profiles.

By looking at the first row of figure 18, we can already
reach two conclusions. First of all, VT, /T, does not change
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Figure 18. Profiles of the inverse gradient length of (a) density and (b) temperature and profile of 7. for the D pulse #96208 (blue), the D/T
pulse #99491 (gold) and the T pulse #100247 (magenta). The following rows show the correlation with A of the quantities determined
near the pedestal top (at ¥)n = 0.97, second row) near the position of the maximum temperature gradient (at ¢y = 0.98, third row) and near
the position of the maximum density gradient (at 1)y = 0.995, fourth row).

significantly from the D pulse to the T pulse. Second, it is
clear that 7). in the region v n < 0.99 is higher in the D pulse
than in the T pulse. The behaviour of Vn,/n. is more com-
plex and conclusions depend on the radial position. The second
row in figure 18 shows the values of Vn./n., VT./T. and
7 for the entire A scan dataset determined at ¢y = 0.97,
approximately at the pedestal top of the density. Vn, /n. shows
a clear increase with increasing A, figure 18(d). As already
mentioned VT,/T,. is rather constant, figure 18(e), and 7.
decreases with increasing A, figure 18(f). The third row in
figure 18 shows the correlations determined at N = 0.98.
This location corresponds to the position of the maximum tem-
perature gradient, as shown in figure 11(c). Approximately, the
same behaviour described at ¢ = 0.97 can be seen. Finally,

the third row in figure 18 shows the correlations determined
at ¢»n = 0.995, which corresponds to the position of the max-
imum density gradient, see figure 11(c). At this location, the
variation in Vne/n, is very weak and 7, does not show any
strong correlation with Acg.

The second approach to estimate 7, is shown in figure 19
and exploits directly the experimental data. From its definition,
7. can be determined as 7. =dIn(7.)/d In(n.), so from a
linear fit to In(7¢) versus In(n.). Figure 19(a) shows the
experimental In(7.) versus In(n.) around the separatrix, in
the region ¢y = 0.98 — 1.01 for the D pulse #96208, the D/T
pulse #99491 and the T pulse #100247. The three slopes are
rather similar and indeed the values of 7). are constant over the
entire dataset, as shown in figure 19(c). This is consistent with
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Figure 19. Logarithm of the temperature and density from the HRTS around the separatrix (a) and in the pedestal region (b). Frames (c) and
(d) show the corresponding 7. determined from the linear fits to the data of frames (a) and (b).

the result shown in figure 18(n). Figure 19(b) shows the exper-
imental In (7¢) versus In (n ) chosen in a radial region that cov-
ers the whole pedestal, slightly inwards of the pedestal top to
the pedestal foot. The slopes are clearly different and in par-
ticular the D pulse has almost a vertical slope. This leads to a
significant variation of 7, with A, as shown in figure 19(d).
This is consistent with the results shown in figures 18(f) and
).

Note that a recent JET-ILW analysis performed with pure D
plasmas [62] has shown that 7). in the pedestal tends to increase
with increasing Pg.p. To test if the variation of 1), in figures 18
and 19 is due to a change in Py, or in Aeff we can compare the
D and T pulses with similar P, #96418 (blue asterisk) and
#100247 (magenta star). Both figures 18 and 19 show that 7,
at the pedestal top is higher in the D pulse #96418 than in the
T pulse #100247. The difference is however slightly weaker
than for the A scan dataset. This shows that the change in 7.
in the A.¢ scan dataset is due mainly to that the variation of
isotopic composition, but also the variation of Py, might play
arole.

In conclusion, the present results show that at the pedes-
tal top and in the middle of the pedestal 7. decreases with

increasing A, suggesting that the present dataset might be
characterized by more p.-scale turbulent transport in the D
plasmas than in the T plasmas. The variation in 7, is driven
by the variation of Vn,/n., while VT, /T, is rather constant.
At the pedestal foot, no strong correlation between 7, and A
has been found in the present dataset.

74. Experimental fingerprint of SOL turbulence

Concerning the SOL, direct measurements of the SOL turbu-
lence are not available for this dataset. However, we can estim-
ate the parameter o defined as:

m nsep
2 e e
R A (e T
€

«, is defined within the Drift-Alfvén turbulence (DALF)
model [69-71]. From a physical point of view, it represents the
ratio between two different turbulent transport mechanisms,
the resistive ballooning versus the drift waves. Note an expli-
cit A dependence in the a; definition, coming from an ion
mass dependence appearing in the plasma resistivity (within

&)
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the DALF model normalizations). Due to the Ae_ﬁ(-)'5 depend-
ence, the effective isotope mass can directly affect the level of
resistive interchange turbulence at the separatrix.

In the o, experimental estimation, the separatrix paramet-
ers have been evaluated at the radial position corresponding
to T, = Te ", where the separatrix temperature has been eval-
uated from the two point model. As discussed in section 3,
Te® varies in the range 110-120 eV in the A scan dataset.
Overall, the o, parameter does not seem to vary significantly,
within the uncertainties. This is because the increase of ng "
with A shown in figure 10(a) is compensated by the term
Ae_ﬁ()-S' The negligible variation of «a; suggests that the turbu-
lence near the separatrix and in the SOL does not change sig-
nificantly in the A scan dataset. In absolute terms, a; < 0.3,
within errorbars. According to [70], this might indicate that
resistive ballooning turbulence is not affecting significantly
the profiles nor the level of transport near the separatrix. This
conclusion complements the result discussed in figure 19(c)
in which it was shown that 7, was largely unvaried near the
separatrix.

8. Link between n2° and A_;: role of ELM particle
losses and pedestal density predictions

The discussion of the previous sections has shown that the
major effect of Aqr occurs on the electron pedestal density,
with a 50% increase in n2°® from D to T. Gyro-kinetic simula-
tions are on-going to study the origin of the nP* increase with
Aegr. In this section we investigate if the variation in 72! can be
linked to the variation of the ELM particle losses from the D
to the T plasmas. Then, we apply a recently developed density
model to the A scan dataset to further investigate possible

mechanisms that might explain the 22 increase.

8.1 Pedestal density and rate of ELM particle losses

A possible mechanism that could explain the variation of the
density with A is a change of the particles lost during the
ELMs. Assuming a similar source term and a similar particle
transport, a plasma with higher ELM particle losses might
have lower density [26]. Indeed, the pedestal density of the
Aefr scan dataset decreases with increasing fgr v, as shown in
figure 20(a) by the full symbols with black outline.

The total ELM particle losses during an ELM could be
estimated by volume integrating the density profiles before and
soon after an ELM. However, as discussed in section 7.2 and
in [65], this value is likely affected by the strong recycling
of the post-ELM phase, making this estimate very uncertain.
For this reason we have used a simpler qualitative approach
and the total particle losses are estimated using the density
drop due to the ELM, AnSLM, determined from the HRTS
diagnostic and discussed in figure 15(b). Assuming that the
ELM affected region is not significantly different from pulse
to pulse, AnF™ is a reasonable qualitative estimate for the
ELM particle losses. A similar investigation has been recently
done for a set of JET-ILW hydrogen and deuterium plasmas,
suggesting that the ELM particle losses might partially explain
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the lower density of the investigated H plasmas compared to
the D plasmas [26].

The ELM density drop Anf™ tends to increase from
the D to the T plasma, as shown in section 6.2. However,
the D pulses are characterized by significantly higher ELM
frequency (figure 5) which compensates the lower AnEt™M,
The product AnE™ x fg1 1, representing an estimate of the
ELM particle losses rate, is shown in figure 20(b). The Agg
scan dataset shows a clear reduction of AnE™M x fi; \ with
increasing A.g. Figure 20(c) shows the correlation between
AnP™ x fir v and nP*. The negative correlation suggests that
the increase of n2*® with increasing Ay might be due, at least
in part, to the reduction of the ELM particle loss rate. To test
this statement, the analysis has been repeated for the exten-
ded dataset discussed in section 2. The results are shown
in figure 20 with the empty symbols. The extended dataset
breaks the correlations of AnEIM x fizr v with n8%. In partic-
ular, figure 20(c) shows that D and T pedestals with compar-
able AnE'™™ x fi;1 \ can have significantly different n2°. This
suggests that the rate of change of the ELM particle losses
might play only a small role in determining the pedestal dens-
ity. Other mechanisms must be invoked to fully explain the

difference in density between D and T plasmas.

8.2. Testing a pedestal density model

Very recently, a new predictive model for the pedestal dens-
ity has been proposed [72]. Hereafter the new model will
be called ‘Saarelma-Connor model’. The Saarlema-Connor
model extends the neutral penetration model [73] by including
charge exchange processes in the pedestal [74] and allowing a
core density gradient. The Saarelma-Connor model has several
input parameters, among which the key ones are ng", A and
the ratio y ./D. (Where D, is the electron particle diffusivity).

Due to the wider set of input parameters, the Saarelma-
Connor model can predict the experimental density more
accurately than the neutral penetration model. In particular, it
is able to predict the lower pedestal density that characterizes
the hydrogen plasmas compared to the deuterium plasmas, as
recently shown in [72]. Interestingly, the neutral penetration
alone gives a trend opposite to that experimentally observed,
as also pointed out in the comparison of H and D type I ELMy
H-mode pedestals in [26]. As the particle velocity scales as
v ~ y/1/M;, the neutral penetration model predicts a decrease
of the pedestal density with increasing isotope mass, opposite
to what is observed experimentally. However, in the Saarelma-
Connor model, ne" and x /D are input parameters, so they
can be adjusted to have a match between predicted and exper-
imental density.

The goal of this subsection is to test, from a qualitative point
of view, the predictions of the Saarelma-Connor model for the
Aefr scan dataset and identify under which conditions of the
input parameters we can obtain reasonable predictions.

Figure 21(a) shows the experimental nged (the coloured
dots) along with the model predictions (black lines). Initially,
the model has been run assuming x /D, = 0.5 and using the
experimental ne " for each A value. The ratio ye/De = 0.5
has been chosen so that the density of the deuterium plasmas
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the lines highlight the predictions from the Saarelma-Connor model.

are reasonably predicted. The increase of A in the model (at
constant /D) leads to a clear but weak increase in nged.
This is qualitatively consistent with the experimental results
and with the modelling results for hydrogen and deuterium
plasmas discussed in [72]. The increase in the predicted nEEd
is clearly due to the fact that the experimental n * is an input
parameter and that ng " increases with increasing A, as earlier
shown in figure 11(a). Indeed, the model has a strong depend-
ence on 713 *, as shown in figure 21(b) and clearly discussed in
[72].

From a quantitative point of view, the density prediction at
Xe/De = 0.5 under predicts the density of the T pulse. A better
agreement can be obtained by increasing X ./De, as shown in
figure 21(a) by the upper black line. Assuming y /D, = 2.0,
the density of the T pulse is well predicted and the same qualit-
ative trend between nEEd and A 1s obtained, but the deuterium
pulse is now over predicted. Indeed, as shown in figure 21(c)
the model predicts higher n2*! with increasing y/De.

In conclusion, the results show that the Saarelma-Connor
model can qualitatively predict the increase of the pedes-
tal density with increasing A.¢ if the experimental separatrix
density is used as input. From a quantitative point of view,
good ke predictions in both D and T plasmas can be achieved
only assuming that the T plasma has higher x./D. than the
D plasma, i.e. assuming that the particle transport in tritium
is lower than in deuterium. Assuming that the model is reli-
able, this might be considered as an indirect evidence that the
particle transport in T plasma is lower than in D plasmas. More
discussion on this point will be presented in section 11.
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9. Microinstabilities in the pedestal of the
deuterium tritium mass scan

A recent gyrokinetic study in the pedestal of selected JET-ILW
hydrogen and deuterium type I ELMy H-modes has shown a
significant effect of the isotope mass on the inter-ELM tur-
bulent particle transport [30]. While no significant effect was
observed on the large wavenumber modes (p.-scale) by using
the hydrogen or the deuterium mass, a clear effect consist-
ent with an anti-gyro-Bohm scaling was observed with the
low wavenumber modes, at the p;-scale. Non-linear global
simulations showed a reduction of the particle transport in the
deuterium plasma compared to the hydrogen plasma. This was
consistent with the experimentally observed increase of the
pedestal density from hydrogen to deuterium [11, 26].

This section characterizes the micro-instabilities in the ped-
estal of the deuterium pulse #96208 and the T pulse #100247
(part of the Agg scan dataset) by describing initial results of
linear local and global GENE [75] gyrokinetic analysis. This
is the first step of a long term project that in the future will
be extended to the D/T pulses and to global non-linear simu-
lations to assess the turbulent transport in the deuterium and
tritium pedestals.

The profiles used in this work assume Te " = 100eV, for
consistency with previous GENE analysis in JET-ILW. The
work has initially assumed 7; = T in the pedestal. As already
described, this assumption is valid at the pedestal top while
at the separatrix 7; > 7. can be expected. For this reason, a
sensitivity test on a possible 7: effect has been done using
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Figure 22. Global linear GENE simulations from D pulses #96208 (blue) and the T pulse #100247 (magenta) without (dashed lines) and
with (continuous lines) flow shear. Frame (a) shows the growth rate and frame (b) the rotation frequency.

a modified T; profile with Tfed = 7% and T;P =400eV as
upper bound.

Global simulations, which model the impact of profile
variation [76], are more appropriate for the ion scale instabil-
ities (kypp < 1) which is thought to be important for the iso-
tope effect [30]. For this reason, the local simulations are only
briefly described and not discussed in any figure. Locally, a
complex variety of different microinstabilities has been found
in the pedestal. These include ion and electron temperature
gradient modes (ITG and ETG) peaking both at and away from
the outboard midplane, trapped electron modes (TEMs) and
kinetic ballooning modes (KBMs).

The global simulations presented here model electron and
ions dynamically, with impurities taken into account in the
Landau collision operator via the experimentally estimated
value of Z.. In the radial domain the simulation box spans
0.9375 < p; < 0.9925 with 480 cells. The buffer region in
which the gradients are smoothly set to zero was set to 10%
on the inner side of the domain, and on the outer side it was
set to 5%—15% based on convergence tests. In the direction
along the field line 84 gridpoints were used. In the velocity
direction, (v, ) € [~4vi,4vn] x [0, 117/B] is resolved with
64 x 24 grid points.

The results of global computations assuming 7; = T, are
shown in figure 22 both without flow shear (assuming vg = 0,
dashed lines) and with equilibrium flow shear ~g (solid
lines). In this preliminary analysis, the equilibrium flow shear
has been estimated using the neoclassical formula assuming
v = 01[77, 78]. Note that the mass used in the normalisation
of the quantities plotted in figure 22 is fixed to the deuterium
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Figure 23. Neoclassical flow shear for the simulations of figure 22.

mass. Without flow shear (dashed lines), ITG/TEM growth
rates are slightly lower in the T pulse (as can be seen by com-
paring the blue dashed line with the magenta dashed line). The
inclusion of the flow shear amplifies significantly this differ-
ence. ITG/TEM are only partially suppressed by the equilib-
rium flow shear vg in the D pulse, as can be seen by com-
paring the blue dashed and solid lines. Instead, ITG/TEM are
completely suppressed in the T pulse (magenta dashed and
solid lines). This is due to the increase in g, across the radial
domain, as shown in figure 23.



Nucl. Fusion 63 (2023) 112009

L. Frassinetti et al

_a
201 —=- Aeff=2.0, YE=0.0,Ti¢Te ’,”
—-&- A=3.0,yg=0.0,T; =T, - scaled ,a/
—_— 15 7 4."
Q Pt
g 1.0 1 ’a” ”,—’.
> T e
0.5 _ ””— = ’—,—
- -
————T —————T (a)
0.0 eIz —mr =
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
kyPp
0f e-——e=I1__
[ o R ————
= BN . (b)
~ S S
Ja R A% N
9] ~ \\
=~ N ~
I N AN
g -2 AN AN
§ \\\ o T
I S T ———d S
3 -3 -_-_-‘—--____
T———
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
kyp

Figure 24. Global linear GENE simulations from D pulses #96208 (blue) and the T pulse #100247 (magenta) assuming Tisep =400 eV.

Frame (a) shows the growth rate and frame (b) the rotation frequency.

We note that no KBMs have been found in the global simu-
lations, although their presence cannot be ruled out due to their
large radial extent and the necessity to use Dirichlet bound-
ary conditions close to the separatrix. The modes at k,pp =
0.3 with frequency in the plasma frame w (cp/a) ~ —4, see
figure 22(b), are ETG modes with high radial wavenumber and
do not appear to be affected by flow shear. These ETGs modes
have a fine structure in the x-direction meaning nx = 640 is
required in some cases to ensure adequate convergence.

The results of global GENE simulations (without flow
shear) assuming 7; # T, are shown in figure 24. For precision,
the gradient of 7; has been modified in order to have T9°¢ =
72 (as experimentally verified) and 7" = 400eV. There are
two notable differences from the corresponding 7; = T, sim-
ulations. First of all, ETG modes are now dominant across
an extended range of kypp values. Second, the growth rates
of the ETG modes are significantly higher. This is because
ETG modes are sensitive to the value of 7 = Z.xT./T;. The
decrease of 7 tends to destabilize the ETG modes. Due to the
higher 7:P, the value of 7; in the steep gradient region (where
the drive is maximised and the instability therefore peaks) is
larger than T, meaning 7 is much smaller than the T; = T¢
case. Therefore, ETG growth rates are indeed expected to be
higher in the T; # T, case. Note that this does not imply that the
ITG/TEM modes are completely suppressed, only that they are
now subdominant. Still, in the 7; # 7. case it is expected the
ITG/TEM growth rates to be lower due to the smaller value
of normalised ion temperature gradient compared with the
T; = T, case. However, turning the attention to the comparison
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between the D pulse and T pulse, also in the T; # T, case the
growth rates of the microinstabilities is lower in the T pulse
than in the D pulse.

No simulations with flow shear have been done for the
T; # T, case. Given the dominance of ETG modes and the
expectation that they are unlikely to be significantly affected
by equilibrium flow shear, we have decided not to perform
counterpart simulations including flow shear at this time.

In conclusion, this gyrokinetic analysis has shown that the
growth rates of the fastest growing microinstabilities are lower
in the T pulse than in the D pulse, both for 7; = T, case and
the T; # T, case. This result in isolation does not allow us to
comment on the possible difference in the turbulent transport,
but it is a first step in the characterization of the pedestal prop-
erties in D and T. Ongoing nonlinear global simulations are
needed to quantify the impact, if any, of these modes on tur-
bulent transport.

10. Effect of isotope mass on pedestal stability

We now turn to discuss the impact of A on the pedestal sta-
bility. Reliable pedestal predictions can be obtained only if the
type I ELM triggering mechanism is fully understood. The
most accepted mechanism is that ELMs are triggered once
the PB modes are destabilized [31, 79]. In deuterium plas-
mas, the agreement between the PB model and the experi-
mental results have been tested in a large variety of experi-
mental conditions and devices. While initial results showed
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reasonable agreements between ideal MHD and the experi-
mental results in several machines, including JET-C [55] (and
at low gas rate also JET-ILW [5, 80]), a satisfactory agreement
was not always achieved in JET-ILW [4] in particular at high
power and high gas rate [5]. This disagreement has been sys-
tematically investigated in several studies [33—-36, 51] and it
has been empirically correlated with the relative shift between
density and temperature position (which is, in turn, correl-
ated to 5 /nP). The key idea is that increase of ni? / nbed
leads to an increase in the pedestal turbulent transport that
reduces the temperature gradient and makes resistive effects
non-negligible [36, 81]. Indeed, the use of resistive MHD has
led to a much better agreement with the experimental data [81],
even if further physics effects (such as finite Larmor radius
effects and a proper treatment of the diamagnetic stabilization
[10, 58, 59]) are likely necessary to reach a perfect agreement
with experiment.

In terms of effect of the isotope mass, a recent work has
shown that ideal MHD was not sufficient to explain the dif-
ference in the pedestal stability between hydrogen and deu-
terium type I ELMy H-mode plasmas [26]. The problem was
twofold. First of all, the pre-ELM pedestal of the hydrogen
plasma was stable to ideal PB modes. Second, the effect of
the isotope mass on the ideal stability of the PB modes was
minimal. This second point requires a short discussion. The
PB stability can be assessed with two criteria, the Alfven
criterion and the diamagnetic criterion. With the Alfven cri-
terion, PB modes are defined unstable when the normalized
growth rate is v/wa > 0.03, where wp is the Alfven fre-
quency. The PB growth rate v and wa have the same depend-
ence on the isotope mass (A~!/2), so the pedestal stabil-
ity determined with the Alfven criterion is not affected by
the isotope mass. With the diamagnetic criterion, PB modes
are unstable when the growth rate is v/wy, > 0.25, where
w18 the maximum diamagnetic frequency in the pedes-
tal. wy. has no dependence on the isotope mass, so the
PB stability determined with this criterion can be affected
by Acf. As already mentioned, this effect is small using
ideal MHD and does not explain the difference in the pre-
ELM pressure gradients between hydrogen and deuterium
plasmas [26].

This section characterizes the PB stability of the A scan
dataset. First, the effect of the isotope mass on the PB sta-
bility is assessed with ideal MHD, reaching results consistent
with those described for hydrogen and deuterium in [26, 27].
Then, the effect of the isotope mass is assessed with resistive
MHD. The results with resistive MHD show qualitative agree-
ment with the experimental results, suggesting that the resist-
ive effects are important to assess properly the impact of the
isotope mass on the pedestal.

The following numerical results have been determined with
the linear resistive MHD stability code CASTOR [82] using
the approach described in detail in [81]. The ideal stability part
has been benchmarked with MISHKA [83] leading to the same
conclusions. The equilibrium is determined with HELENA
[84], a fixed boundary equilibrium solver that takes in input
the fit to the experimental data and uses the bootstrap current
determined with the Redl formula [85]. To remove possible
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uncertainties in the absolute position of temperature and dens-
ity, the profiles used in the stability analysis have been radially
shifted to the electron temperate at the separatrix determined
by the two point model, as discussed in section 3.2. Given the
good quality of the equilibrium, the radial shift is less than
0.5 cm. A sensitivity test has been performed for the key sim-
ulations to assess the difference between this approach and the
standard assumption 7o’ = 100eV (the value typically used
in JET-ILW PB stability analysis). The result of the sensitivity
test is that the two approaches do not lead to any significant
difference, as already shown for many other datasets in JET-
ILW [36, 81]. Moreover, the following results have assumed
T; = T,. As already discussed, this assumption is valid at the
pedestal top while at the separatrix 7,7 > T can be expec-
ted. For this reason, a sensitivity test has been carried out using
a modified T; profile with Yfed =7 and T;P = 400eV as
extreme upper bound. The sensitivity test shows that the quant-
itative results have only a slight difference from the standard
T; =T, case. From a qualitative point of view, no difference
was observed. A sensitivity test has been performed also for
Z.st showing that a variation in the range Z.s = 1.2 — 2.0 can-
not affect the conclusion of the work.

Since the Alfven criterion cannot predict any effects of the
isotope mass on the pedestal stability, all the following results
have been obtained using the diamagnetic criterion.

10.1. Ideal MHD

The PB stability diagram in j — « space determined with ideal
MHD for the T pulse #100247 is shown in figure 25(a) with
the continuous magenta line. The y-axis in figure 25(a) is the
maximum current density in the pedestal jegge max NOrmalized
to the average current density j, while the x-axis is the nor-
malized maximum pressure gradient « defined in [86]. The
ideal PB stability has been determined with the CASTOR code
using zero resistivity. The experimental pre-ELM values, exp
and jexp, are shown by the magenta star. The experimental pre-
ELM pedestal is rather close to the PB stability but, being loc-
ated to the left of the stability boundary, still slightly stable to
ideal PB modes. The level of agreement between the PB sta-
bility and the experimental pre-ELM profiles is quantified as
shown in figure 25(b). The thick continuous line in figure 25(b)
shows the growth rates of the most unstable PB modes as func-
tion of o. The growth rates have been determined at constant
J, using the jedge.max / (/) Of the experimental pedestal. The pre-
dicted normalized pressure gradient o, is determined using
the diamagnetic criterion as the « value at which v/w}, =
0.25. As reference, the vertical thin magenta line shows the
value of aexp and the shaded magenta area its uncertainty. Ideal
MHD overestimates the experimental pressure gradient only
by a factor cverit/ ctexp ~ 3.2/2.7 = 1.18, so for the T pulse ideal
MHD and experimental results are in agreement within a 20%
uncertainty.

As reference, the blue empty square in the figure 25(a) and
the blue area in figure 25(b) show the pre-ELM experimental
values of the D pulse #96208.

To assess the effect of the isotope mass on the stability,
the same procedure has been repeated using the same input



Nucl. Fusion 63 (2023) 112009

L. Frassinetti et al

1.0 05 | T ‘
s = 3.0F = ]
L 4 £ o o -

A 08 “r B R 25}

7 g

~ 0.6} o + |- . 0.3F 2.0F 1

E N bl S st

3 0.4} ] © 0.2t '

3 1.0f ]
0.2 o $96208 Ay=2 ] 0.1F 0.5 g ! 7
0.0 ¥ £100247 Au=3 | L 0.0 0.0LB%" . ‘ ©

0 1 2 3 4 1.0 1.5 2.0 25 3.0 3.5 4.0 1.0 15 20 25 30

o A

eff
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(b) Growth rate versus « determined at the experimental j, for the T pulse, first using Aesr = 3 and then assuming Aerr = 2. The shaded areas
and the continuous lines highlight the experimental « of the D and T pulses.

parameters but using A = 2 for the isotope mass. The cor-
responding stability boundary is shown in figure 25(a) with a
dashed line. The effect of the isotope mass on the ideal PB
stability boundary is small and similar to what obtained in
H and D plasmas in [26]. The corresponding ot has been
determined in figure 25(b), showing a negligible difference
from the case with A. = 3. The effect is small because the
curve +y versus « is rather steep, so only large variations in vy
can lead to significant variations in o Moreover, the growth
rates scale as (Aeff)_o's, so only a 22% difference is expected
in the growth rates between D and T plasmas.

The approach described in figure 25(b) has been repeated
varying A.s in the range 1-3. The corresponding ¢ versus
A 1s shown in figure 25(c) by the magenta line, along with
all the vy determined for the experimental A.g scan dataset.
Clearly, aexp increases with increasing Acgr, while o does
not show any strong dependence on Acg.

To strengthen this statement, this type of analysis has been
repeated for all the experimental data of the A.y scan data-
set. The results are summarized in figure 25(c) with continu-
ous lines. None of the results shows a strong effect of A
on Q.. Moreover, the pre-ELM D/T pedestals and especially
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the pre-ELM D pedestals are significantly stable to ideal PB
modes With airii/ ctexp ~ 2 for the D pulse #96208.

In conclusion, ideal MHD cannot explain the effect of the
isotope mass on the pedestal stability of this dataset.

10.2. Resistive MHD

An analysis similar to that done for ideal MHD has been
repeated using resistive MHD with resistivity determined from
the Sptizer formula and the experimental T, profiles.

The resistive PB stability diagram is shown in figure 26(a)
for the T pulse #100247. The experimental point is on the
stability boundary, showing that in the T pulse the ELMs
are triggered once the resistive MHD stability boundary is
reached. The analysis has been repeated by changing only the
value of the isotope mass, from A = 3 (continuous line) to
A = 2 (dashed line). The effect of the isotope mass on the
stability boundary is significant and using Acs =2 the sta-
bility boundary moves very close to the experimental deu-
terium data point. The effect is consistent with the exper-
imental difference in ey, between the D pulse and the
T pulse.
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The reason for the difference between ideal and resistive
MHD can be explained via figure 26(b), where v /w,, versus
« is shown. In figure 26(b) the growth rates have been determ-
ined using the jedge,max/ {j) of the T pulse. This type of diagram
has been discussed in details in [81]. Here, we simply note
that two behaviours can be observed. First, above o ~ 3, the
growth rates increase significantly with increasing «. These
are ideal PB modes. This part of the diagram will be named
‘ideal branch’, as shown in figure 27(a). Below a ~ 3, the
growth rates show only a weak increase with increasing a.
These modes are destabilized by resistivity (and might be
resistive interchange modes [87], as discussed in [81]). This
part of the diagram will be named ‘resistive branch’, see also
figure 27(a). Since the slope of v versus « is rather low in the
resistive branch, a small variation in «y can lead to a significant
change in oj-

At this stage, it is important to mention that the determina-
tion of ai has a larger uncertainty in the resistive branch than
in the ideal branch. This is because, due to the different slopes,
small variations in +y can lead to larger variation in q. in the
resistive branch than in the ideal branch. An initial assessment
of this uncertainty has been attempted in figure 27. For sim-
plicity, only the uncertainty in w* has been considered. This
was done using the approach described in section 7.3 using
the uncertainty on the fits to the experimental T, and n. pro-
files. The shaded areas in figure 27(a) show the correspond-
ing range of variation of v/w,,, while the thick line shows
the average. «. has been determined as the intersection of
the thick line with the critical threshold v/w,, = 0.25. The
uncertainty on «.;; has been determined as the intersection of
the boundaries of the shaded areas with 0.25. For the example
of figure 27(a), corresponding to the T pulse #100247, the res-
ult is aerir = 2.7 £0.3. More proper and precise estimates of
the uncertainty on a,; will be kept as future work.

This method to estimate «. and its uncertainty has been
repeated using different values of A, providing the predicted
effect of the isotope mass on a.,j; and its uncertainty. The result
is summarized in figure 27(b) along with the experimental data
points of the A scan dataset. The agreement between a.; and
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the experimental results is, within the uncertainty, remarkable.
The result of figure 27(b) shows that resistive MHD can sig-
nificantly contribute to understanding the effect of the isotope
mass on the pedestal stability.

To strengthen this statement, the same approach has been
repeated for all the experimental data of the A.¢ scan dataset.
The results are summarized in figure 28, without the uncer-
tainties on .y for the sake of clarity. The results for the
D/T pedestal are approximately similar to that obtained for
the T pedestal. Unfortunately, o is underestimated for the
D pulses. This disagreement might be related to the fact that
finite Larmor radius effects and the diamagnetic stabilization
are not properly treated. It could also be related to uncertainty
in the experimental data. As shown in figure 27(b), the uncer-
tainty is rather large, so the disagreement is less strong that
how it looks from figure 28(a). However, it is worth to men-
tion that all the numerical results of figure 28(a) are in good
qualitative agreement with the experimental data. First of all,
all the modelled results shows a positive correlation between
ot and Aqgr. Second, the relative variation of oy with Aggr
is strong in all the modelled cases, as shown in figure 28(b).
The relative variation of o between deuterium and tritium is
significant and in the range 20%—40%.

Note that the resistive model predicts that the isotope mass
continues to affect the stability also when comparing hydrogen
and deuterium plasmas. As shown in figure 28(b), the variation
in aprt from Aegr = 2 to Aer = 1 is approximately 50%. So,
the resistive PB model might have the capability of explaining
the effect of the isotope mass also when comparing H and D
plasmas. This investigation will be kept for future work.

It is extremely important to note that resistive MHD does
not always predict a large effect of the isotope mass on the ped-
estal. Under certain conditions, the model can predict almost
a negligible effect. This occurs when the experimental ped-
estal is limited by ideal PB modes and is located in the ideal
branch. As discussed in section 10.1, a negligible effect of the
isotope mass on the stability is predicted in the ideal branch.
The effect of the isotope mass on the pedestal stability starts
to be significant only once the growth rates of the resistive
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Figure 29. The figure sketch a possible difference in the effect of the isotope mass on the stability from the ideal branch to the resistive
branch. If the pre-ELM pedestal is near the ideal branch, resistive MHD can predict a negligible effect on the stability. The analysis is done
for the D pulse #87341, whose pedestal is close to the ideal MHD stability (the pulse is not included in the datasets discussed in this work).

modes becomes higher than the critical threshold. This idea
is sketched in figure 29, where the stability analysis has been
done for a D plasma selected to be limited by ideal MHD sta-
bility (#87341, a 1.4AMA/1.7MA medium power and medium
gas rate discharge [5] which is not included in the datasets
discussed in this work). Figure 29(a) shows the growth rates
versus a. For o < 3.5, the growth rates have a weak depend-
ence on cand the most unstable modes are destabilized by res-
istivity. This is the resistive branch. For o > 3.5, the growth
rates have a stronger dependence on «.. This is the ideal branch.
The analysis has been repeated assuming several values of A,
from 1 to 3. It is clear that in the example of figure 29(a), the
difference in ag is small from Aer = 2 to Aegr = 3. This is
due to two reasons. First of all, the effect on the MHD sta-
bility scales as A~V 2 which leads to only a 22% variation
on the growth rates. Second, the critical threshold is near the
ideal branch where the strong correlation between v and «
implies that only large variation in the growth rates can lead
to significant changes in «.;. Instead, a significant differ-
ence in figure 29(a) can be seen for the cases from Aeg = 2
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to Aesr = 1. This is again due to two reasons. Due to the square
root dependence of the stability on A.g, from deuterium to
hydrogen the growth rates scales by a 1.41 factor, which is
larger than from D to T. Moreover, from Acf = 2 t0 Aegr = 1
the critical threshold is at the resistive branch. So even small
variations in ~y can lead to significant changes in ai;. The cor-
responding critical gradients are summarized in figure 29(b),
where o versus Aggr is shown. In this example, no significant
effect of the isotope mass on the pedestal stability is predicted
in the range 2 < A < 3, while the effect is significant in the
range 1 < A < 2. In different experimental conditions, it is
reasonable to assume that the ideal branch might easily extend
till hydrogen plasmas. This discussion shows that a strong
effect of the isotope mass on the pedestal might not be a uni-
versal phenomenon. In principle, also negligible effects of the
isotope mass on the pedestal stability can be expected. Indeed,
the experimental results of JT-60U and DIII-D have shown no
effect of the isotope mass on the pedestal [12—14, 29]. Minor
effects in the pedestal structure have been observed also in a
recent JET-ILW comparison between a D and D/T plasmas,
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in which the pedestal was limited by ideal PB modes [88].
Finally, this observation could also explain the recent JET-ILW
results discussed in [54] in which it is shown that at high gas
rate (when resistive effects are likely relevant) a significant dif-
ference is observed in the pedestal between H, D and T plasma,
while at low gas rate (when resistive effects are likely small)
the difference is less evident.

11. Discussion and conclusions

This work has described the effect of the isotope mass on the
pedestal using the unique results from the D/T campaign per-
formed in JET-ILW in 2021-22. The key goal of the work
was to assess the direct effect of the isotope mass on the ped-
estal stabilitc?/. For this reason a specific Acy scan at similar
By ne® /nBed, prped | 524 hag been performed. Keeping these
parameters constant has allowed to avoid indirect effects of the
isotope mass on the stability.

The work has discussed the pedestal structure, the pedes-
tal transport from an experimental point of view, the pedestal
microinstabilities and the pedestal stability.

In terms of pedestal structure, the key difference in the A¢g¢
scan is due to the increase of the pedestal density from D to
T plasmas. This seems a general result that has been observed
also in other A scans performed at constant power, in H plas-
mas, D plasmas and T plasmas with type I ELMs [11, 26, 27,
54]. The present results show that this is mainly due to an
increase in the density gradient and not to a change in the ped-
estal width. This is consistent with the results recently obtained
for a JET-ILW A scan of type I ELMy pedestals at constant
power and constant gas rate [54]. The results discussed in the
present work suggest that the leading candidates to explain the
experimental observations are changes in the pedestal stability
and in the inter-ELM pedestal transport. In terms of pedestal
stability, an improvement in the resistive MHD stability with
increasing A.s has been observed. In terms of pedestal inter-
ELM heat transport, due to the large error bars, it was not pos-
sible to reach strong conclusions, however the experimental
results might suggest a reduction of y . with increasing Ae.
In terms of pedestal inter-ELM particle transport, no experi-
mental results are available due to the large uncertainty in the
particle source. Nonetheless, the strong increase of the density
gradients with increasing A.g suggests a possible reduction of
the inter-ELM particle transport from D to T. This would be
consistent with a recent gyrokinetic analysis in H and D plas-
mas which has shown a reduction of the particle inter-ELM
transport from H to D [30]. A similar gyrokinetic analysis for
the present A scan is ongoing. However, we cannot exclude
that a change in particle source from D to T plasmas can also
play a role.

The work has shown that the type I ELM characteristics
change across the present A.g scan, with an increase of the
ELM energy losses from D plasmas to the T plasma due to an
increase in the convective losses. The origin of this behaviour
is still unclear and cannot be explained by linear MHD. In the
future, non-linear MHD studies will be necessary to identify
the mechanism behind the increase of the convective losses.
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A reasonable agreement between experimental results and
resistive MHD has been obtained. However, a certain level of
disagreement is still present, as shown in figure 28. In part,
this could be due to uncertainties on the experimental profile.
In part, this could be related to the fact some physics effects
have not been properly considered. For example, experimental
plasma rotation and a proper treatment of the diamagnetic
stabilization are not possible with CASTOR. However, the
toroidal rotation was very similar in the A.¢ scan dataset, as
shown in figure 12. Moreover, the inclusion of experimental
rotation alone would not have changed the results signific-
antly, as recently shown in JET-ILW with MISHKA [89]. On
the other hand, the inclusion of plasma rotation together with
the inclusion of the diamagnetic term might have an effect,
as shown in [10, 58, 59]. An assessment of the combined
effect of rotation and diamagnetic stabilization is kept for
future work.

Nonetheless, the present qualitative agreement between
resistive MHD and experimental results is extremely prom-
ising. In particular, it is worth to mention that resistive MHD
predicts an effect of the isotope mass on the stability not only
for D and T plasmas, but also for H and D plasma. It is likely
that the results discussed in section 10.2, combined with a
change in the inter-ELM transport [30], can explain the exper-
imental difference observed in the pedestal of H and D pedes-
tal of [11, 26]. The application of resistive MHD to H, D and
Helium plasmas is kept for future work.

No predictive modelling has been attempted in this work.
This is due to two reasons. Our present predictive capabil-
ities are based on the EPED1 model [55], which has been
implemented in the Europed code [90, 91]. The present imple-
mentation of the model assumes that the pedestal width scales
accordingly to the empirical correlation used in EPEDI1 (the so
called KBM constraint, which assumes wy = 0.076(35°)%-3
[55]) and employs ideal MHD to assess the pedestal stability
of the PB modes. The present work has shown that neither the
KBM constraint nor the ideal MHD are sufficient to describe
the effect of the isotope mass on the pedestal width and stabil-
ity. As shown in figure 9, the pedestal width in the A.¢ scan
is not consistent with the KBM constraint and, as shown in
figure 25 (and already pointed out in [26]), ideal MHD does not
predict any significant effect of the isotope mass on the ped-
estal stability. For these reasons, the present predictive model
would not be able to describe correctly the pedestal behaviour
in the A scan. Presently, the predictive Europed code is under
upgrade to include resistive MHD. Our capabilities of predict-
ing the effect of isotope mass on the pedestal will be tested in
the near future.

In conclusion, the work has described the effect of the iso-
tope mass on the type I ELMy pedestal in an A scan from D
to T plasma. In terms of the pedestal structure, the key effect
is an increase of the pedestal density due to an increase of the
density gradient. From an experimental point view, the ana-
lysis of the parameter 7. suggests a reduction of the pedestal
inter-ELM electron scale turbulent transport with increasing
Aefr. A likely candidate to explain the change in the pre-ELM
density gradient is a reduction of the inter-ELM particle trans-
port, as suggested by the fact that the changes in 7, are driven
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only by the V. /n, term. From a theoretical point of view, this
is currently under investigation with a non-linear gyrokinetic
analysis. The present results, based on linear analysis, indeed
show a reduction in micro-instabilities growth rates from the D
pulse to the T pulse. However, at this stage, a contribution due
to the increase of the particle source from D plasmas to T plas-
mas cannot be excluded. Moreover, experimental results might
suggest a reduction of the pedestal inter-ELM heat transport
with increasing A.¢. Unfortunately, due to the large uncertain-
ties no strong conclusions on the pedestal . are possible.
Finally, the work shows that resistive MHD can qualitatively
explain the effect of the isotope mass on the pedestal stability.
This is an initial but important step towards the development
of a predictive model for the impact of the isotope mass on the
type [ ELMy pedestal.
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