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Abstract
Pedestals limited by peeling instabilities have been reached in JET-ILW by operating at high
qos, Up to gos = 8.5. The increase in go5 via the increase of the toroidal field has stabilized the
ballooning modes and has allowed to reach high pedestal temperature (up to 1.5 keV for the
electrons and up to 2.2 keV for the ions) and low pedestal density (= 1.8 x 10"”m—3), with
electron—electron pedestal collisionality approximately 0.15 and normalized ion Larmor radius
0.002 approaching ITER normalized pedestal parameters. The most unstable pedestal
instabilities are peeling with toroidal mode numbers in the range n = 1 — 5. A density scan in
peeling limited pedestals shows that the increase of the pedestal density leads to an increase in
the pedestal pressure. The modeling shows that this effect is due to the stabilizing effect of the
density on the peeling modes. On the contrary, the increase of the separatrix density does not
seem to affect the pedestal pressure in peeling limited plasmas. These behaviors are opposite to
those observed in ballooning limited pedestals. An isotope mass scan from pure deuterium to
tritium-rich plasmas has been performed with peeling limited pedestals. The increase of the
isotope mass leads to an increase of the density at the pedestal top, via the increase of the
density gradient. This behavior is similar to that observed in ballooning limited pedestals. The
increase of the isotope mass also leads to the increase of the pressure at the pedestal top, via the
increase in the pressure gradient. The temperature is not affected significantly. The increase in
the pressure is not ascribed to a direct effect of the isotope mass on the pedestal stability, but to

an indirect effect due to the increase of the pedestal density which, as shown in the deuterium
density scan, stabilizes the peeling modes. The experimental results are used to validate the
pedestal predictions using the Europed code. In all the scans performed, a good qualitative
agreement is observed between the predictions and the experimental results. Quantitative
disagreements can be in part ascribed to the fact that a consistent modeling should integrate the

effect of core and scrape-off layer.

Keywords: pedestal, JET-ILW, peeling, isotope mass, pedestal stability, pedestal structure,

Europed

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

1. Introduction

ITER fusion performance is expected to increase strongly with
the increase of the pedestal pressure [1], due to the coup-
ling between core and pedestal. To reach Q = 10 (where Q
is the ratio between the fusion power and the input power),
a pedestal temperature TP*d =~ 4 — SkeV has been estimated
for ITER [1-3]. This estimation has been strengthened in past
10-15 years by modeling and predictive simulations [4—8]. At
this temperature, the ITER pedestal is expected to have colli-
sionality 27 < 0.1. In H-mode plasmas, the pedestal is lim-
ited by edge localized modes (ELMs) that are triggered by
MHD instabilities. The edge instabilities that affect the pedes-
tal are the ballooning modes (typically characterized by high
toroidal mode numbers, n = 15 — 20), the peeling modes, (typ-
ically characterized by low n, n < 10) and the coupled peeling-
ballooning modes (characterized by intermediate-high n). An
assessment of the pedestal instabilities in ITER has been per-
formed in several works. For example, [9] shows that, in an
ITER scenario, the peeling instabilities are very sensitive to
the current density at the separatrix and that a good model for

the pedestal bootstrap current is necessary to reliably predict
the limiting instability of ITER pedestals. More recent predict-
ive analysis with the EPED code suggest that ITER will be
limited by peeling instabilities [10]. As shown also in a set of
pedestal stability analysis for the ITER baseline scenario, the
main pedestal instability in ITER can have toroidal harmonic
as low as n = 1 [7]. Therefore, pedestal physics studies in low
n peeling limited plasmas have high priority. In particular, val-
idating pedestal predictions in these conditions is essential to
strengthen and improve ITER predictions.

Pedestals limited by peeling modes have been achieved so
far only in DIII-D [10-13], in some in NSTX pulses [14-17]
and in some Alcator C-mod pulses performed at low dens-
ity to reach the super H-mode scenario [18]. Peeling lim-
ited pedestals have been seen for short time intervals also
in European machines in the brief naturally ELM-free quies-
cent H-mode (QH-mode), as shown for example in AUG [19].
Unfortunately, until recently, all other machines have not been
able to reach stationary plasmas limited by peeling instabilit-
ies. Examples are JET with the carbon wall (JET-C) [20-22],
AUG [23, 24], TCV [25, 26], MAST [27-29], JT-60 U [30]
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and most of the Alcator C-mod scenarios [15, 31, 32], where
the pedestal is limited by coupled peeling-ballooning modes.
Also JET with the ITER-like wall (JET-ILW) has so far
obtained only plasmas with the pedestal limited by balloon-
ing instabilities [33—40]).

The pedestal behavior strongly depends on the limiting
edge instability. Pedestals limited by peeling modes are expec-
ted to have an increasing pedestal pressure (pP°?) with increas-
ing pedestal density (nP*%) and with increasing separatrix dens-
ity (n*P). This has been observed and modeled in DIII-D [10].
Plasmas limited by ballooning modes are characterized by a
decreasing pedestal pressure with increasing 7P [3, 20, 23,
35, 41] and by a clear degradation of the pedestal perform-
ance with increasing n*P [23, 25, 26, 40-42]. Understanding
the pedestal physics in peeling limited plasmas, experiment-
ally confirming the different pedestal behaviors between peel-
ing and ballooning limited plasmas and validating the pedestal
predictions are important studies in view of ITER. In partic-
ular, since ITER will operate at high »n**P [43] and in mixed
deuterium/tritium plasmas, assessing the role of n**P and of
the isotope mass in peeling limited plasmas and in a metal
wall machine is essential to guarantee a high ITER pedestal
performance.

In the most recent years, a significant effort has been
devoted to reach peeling limited pedestals in European
machines in order to (1) understand if peeling limited ped-
estals can be reached in metal wall machines, (2) study ped-
estal physics and (3) validate pedestal predictions in ITER-
relevant conditions. In MAST-U, peeling limited pedestal
have been achieved via a plasma shape effect and operating
at low collisionality [44]. Promising preliminary results for
TCV, MAST-U and JET-ILW have been presented in recent
conferences [45, 46]. This work presents an in depth analysis
of the recently achieved peeling limited scenario in JET-ILW,
with emphasis on pedestal structure, pedestal stability and val-
idation of pedestal predictions. The goals of the work are to (1)
test a strategy to reach peeling limited pedestals in JET-ILW,
(2) experimentally assess the correlation between pP°d and 1P
and between pP¢ and n*% in JET-ILW peeling limited plas-
mas, (3) assess the role of the isotope mass on the pedestal in
JET-ILW peeling limited plasmas (in deuterium, mixed deu-
terium/tritium plasma and tritium-rich plasmas) and (4) valid-
ate the pedestal predictions.

The work is organized as follow. Section 2 describes the key
diagnostics, the data analysis technique, the modeling tools
and the datasets used. Section 3 presents the strategy used
to reach low collisionality, peeling limited pedestals in JET-
ILW and compares the experimental results with the pedestal
predictions. Section 4 presents the correlation between pedes-
tal pressure and pedestal density in low collisionality, peeling
limited plasmas and compares the experimental trends with the
predicted trends. Section 5 presents the effect of the separatrix
density on the pedestal in peeling limited plasmas and com-
pares the results with the modeling and with earlier ballooning
limited datasets. Section 6 describes the effect of the isotope
mass, from pure deuterium plasmas to tritium-rich plasmas.
Finally, section 7 presents the discussion and section 8 presents
the conclusions. appendix A presents the behavior of the ion

temperature in the main datasets. appendix B shows sensitivity
tests of relevant input parameters on the pedestal predictions.
appendix C shows the 2D radial displacement reconstructed
from the profile of the eigenfunctions of the most unstable ped-
estal modes for some specific cases.

2. Diagnostics, experimental data analysis
technique, modeling tools and datasets

This section will describe the pedestal diagnostics used, the
method to process the experimental data, the numerical tools
for the pedestal stability and for the pedestal predictions and
the datasets used.

2.1 Diagnostics

To quantify in the best way possible the pedestal structure,
all the available diagnostics to measure electron temperature
profile (T¢), electron density profile (n.) and ion temperature
profile (T;) are used. The majority of the earlier studies in the
JET pedestals have used only the Thomson scattering, so the
present work has very high quality pedestal data.

The high resolution Thomson scattering (HRTS) measures
both T, and n, profiles at 20 Hz [47]. The electron temperature
profiles have been measured also using the electron cyclotron
emission diagnostic (ECE) [48] which has a high time resolu-
tion (2.5 kHz in the dataset of this work) but can measure only
until the top/middle of the pedestal in the datasets used in this
work. The electron density has been measured also with the
lithium beam and the reflectometry. For the present dataset, the
Lithium beam [49] provides high quality profiles in the scrape
off layer (SOL) at 100 Hz but does not reach the pedestal top
while the reflectometer [50] covers the whole pedestal region
and has a 400 Hz time resolution. The ion temperature has
been measured with the core and edge charge exchange spec-
troscopy (CXRS), providing 7; of the main impurity (neon,
since trace neon puffs have been used explicitly to measure T;)
at 33 Hz and 20 Hz time resolution respectively. An overview
of the T; behavior for the main datasets discussed in this work
is presented in appendix A. The effective mass has been meas-
ured from the sub-divertor neutral gas pressure via spectral
analysis of D, and T,, emission from a Penning gauge. Despite
being measured in the sub-divertor, this measurement agrees
well with that from spectroscopy at the plasma edge and is
consistent with the core isotope ratio modeled with TRANSP
within 5% [51, 52]. The effective mass has been defined as:
At = (CHAH + cpAp + CTAT) / (CH +cp + CT) where Ay, Ap,
Ar are the relative atomic mass A; = m; /m,, of hydrogen, deu-
terium and tritium respectively and cy, c¢p, cr are the con-
centrations of H, D, T. Z. is a line averaged value and is
measured by visible Bremsstrahlung and no profiles are avail-
able for this dataset. Unfortunately, the uncertainty in Z is
very large. Therefore, the value Z.;x = 1.5 has been assumed.
This value is consistent with earlier measurements in JET-ILW
unseeded plasmas. In appendix B, a sensitivity test shows that
the value of Z¢ cannot affect the qualitative conclusions of this
work.



Nucl.

Fusion 65 (2025) 076028

L. Frassinetti et al

T I
~ (a) (b)
~ [ \
| st ' \ :
2 B B .
— I ' L) \ —~
% < L B
< | 2 2F \ B £
. N o [ =
— | - =
1 N = —n, fit
| 1Fo Li—beam : 7
o reflectometer | i |
" HRT
0 ‘ " ° . | 0 . ‘ \
0.7 0.8 0.9 1.0 1.1 0.7 0.8 0.9 1.0 1.1 0.7 0.8 0.9 1.0 1.1
‘WN wN wN

Figure 1. Pre-ELM profiles for the deuterium pulse #103 798. Frame (a) shows the electron temperature measured from HRTS (red

squares) and ECE (orange dots). Frame (b) shows the electron density

measured from HRTS (red squares) reflectometry (blue circles) and

Li-beam (green diamonds). Frame (c) shows the pre-ELM ion temperature profile. The continuous black lines are the corresponding mtanh
fits. In frame (a), the T fit is shown to provide a direct comparison with the T profile.

2.2. Data analysis technique

The present work describes the pedestal structure before the
ELMs are triggered. The reason is to have a direct comparison
with the pedestal stability and the pedestal predictions.

To extract information of the pedestal structure, only sta-
tionary time windows at least 2 energy confinement time
long have been considered. Within these time windows, the
pre-ELM profiles have been defined, as in all earlier JET-
ILW works, as those located in the 70%—-99% of the ELM
cycle (when the profiles are approximately stationary) [53].
A wider pre-ELM range would include profiles that are still
significantly recovering from the ELM crash and a narrower
pre-ELM range might not contain enough experimental data
point for a careful characterization of the pedestal structure.
The profiles are then mapped on the normalized poloidal
flux coordinate )y using the best available equilibrium from
EFIT++4 (determined with the full set of available magnetic
measurements [54]). The pre-ELM selected HRTS and ECE
profiles provide a combined experimental pre-ELM T, pro-
file. The pre-ELM selected HRTS, Li-beam and reflectometer
profiles provide a combined pre-ELM n, profile. The CXRS
provides the pre-ELM T7; profile. The experimental profiles
are then fitted using the modified hyperbolic tangent function
(mtanh) [55] with a SOL slope added for the density [56]. An
example of the pre-ELM profiles and the corresponding fits,
for a plasma discussed in this work, is shown in figure 1. Note
that the ion temperature at the separatrix (7;7) is significantly
higher than the electron temperature at the separatrix (7).
The very high 7;*" might be due to the fact that the impurity
temperature at the separatrix can be higher than the main ion
temperature, as discussed for example in DIII-D [57]. For this
reason, appendix B presents a wide sensitivity test on the effect
of ;P /TeP, showing that the conclusions of the present work
are not affected by the ratio T; 7 /T¢"P.

Finally, to minimize possible uncertainties related to the
equilibrium, the experimental T, pre-ELM profiles and the fits
are radially shifted in order to have a specific temperature at
the separatrix. The same radial shift is also applied to the dens-
ity profile. In all earlier works, this procedure was applied
assuming systematically 7" = 100eV (estimated from the

5 O O r ‘ Clgg'\‘v“i,fl,‘ T ———————————r
rA _
250 P& L
[ A qe~8.5
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> 200* “//‘A/A ]
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Figure 2. Separatrix temperature versus gos determined with the
two-point-model for the dataset described in section 3. The dashed

line shows the trend T3 ~ (gos)*/” expected from the two-point
model. The colors highlight the different B; and gos.

two-point-model [58]) since it was shown that a reasonable
uncertainty in Te"" would not have affected significantly any
result. However, the separatrix temperature in the two-point-
model has a dependence on gos via the connection length. As
described in the next section, most of the plasmas discussed
in this work have gos significantly higher than the usual JET
scenarios, so in this work the 100eV assumption has not been
used. For each shot, 75 has been determined with the two-
point-model using the approach described in [59]. The corres-
ponding 7:*P is shown in figure 2 for the dataset discussed in
section 3. Indeed, Ts ~ 100 — 120¢eV in the usual JET gos
range (3—4) while it increases up to Te' ¥ ~ 200 —250eV at
qos ~= 8.5. The dashed line shows the expected trend from the
two point model. Using 7¢F ~ 200V instead of 100eV has a
small but not negligible effect on the pedestal stability due to
the change in the pedestal position [26].

The electron—electron pedestal collisionality 127*® and nor-
malized ion Larmor p; *P*¢ are calculated from the fits to the
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pre-ELM experimental profiles and are defined as:

ped
Rqysne

Ve P = 6.921-10"*InA 5
53/2 (Tged)

with InA =313 —1In (1)

*ped V zmi Tfed (2)

where € = a/R (being a and R the minor and major radius
respectively) and where the density is expressed in m~> and
the temperature in eV, m; is the ion mass in kg, e is the elec-
tron charge in Coulomb and the total magnetic field on axis is
in Tesla.

QHR S
&l °g
(=%

2.3. Modeling tools

The pedestal stability analysis has been performed using as
input parameters the fit to the experimental pre-ELM profiles
(section 2.2) including the experimental ion temperature and
using the separatrix temperature determined from the two-
point model. The ion density is determined from the electron
density and Zg, assuming beryllium as main impurity.

The equilibrium is determined using the standard JET
approach with HELENA [60], a fixed boundary equilibrium
solver that takes in input the fit to the experimental data of both
electron and ion pressure profiles. The HELENA equilibrium
provides a total pressure profile that satisfies pio = pe + pi
everywhere. The bootstrap current j,s has been determined
with the Redl formula [61].

The pedestal stability is calculated with MISHKA, a lin-
ear ideal MHD stability code [62]. MISHKA determines the
ideal stability of peeling, ballooning and coupled peeling-
ballooning modes in the j — « space, where j is the current
density (composed of the fully diffused Ohmic current and the
bootstrap current jis) and «v is the normalized pressure gradient
defined as in [63];

20,V vV \'"*

(277)2(%213) iop 3)
where V is the plasma volume enclosed by the flux surface,
R is the major radius and p’ is the total pressure derivative in
the poloidal flux ¥. The stability threshold has been defined
by using the diamagnetic criterion applying the bilinear model
[6, 64]. The diamagnetic criterion has been selected because
of its dependence on the isotope mass A which can potentially
explain the effect of the isotope on the pedestal stability (for
details, see [65, 66] and section 6). The bilinear model assumes
the stability threshold is at 7, /w?, = 0.25 for n < 10 (where
v, is the growth rate of the instability with toroidal harmonic
n and wy is the corresponding maximum diamagnetic fre-
quency in the pedestal for the harmonic n) and at -, /w10 =
0.25 for n > 10, similarly to what used in ELITE calcula-

tions. The choice n = 10 was motivated by earlier BOUT++

simulations [6, 67, 68]. However, as discussed in [6], the use of
the bilinear model does not have a major effect in large toka-
maks and at low collisionality. So, the present results are not
sensitive to the exact choice of n = 10. In the stability calcu-
lation, the following toroidal harmonics have been included:
n=1,2,3,5,7, 10, 20, 30, 50, to cover a range from peel-
ing modes to ballooning modes. The stability analysis with
MISHKA has assumed a perfectly conducting wall located
at Ry./a = 10, like usually done in all previous works. A
sensitivity test has verified that the decrease to Ry /a = 1.2
does not lead to any significant variation in the growth rates
of the low n modes and does not affect the Europed pedestal
predictions.

The pedestal predictions have been performed with the
Europed code [64, 67] which implements the EPED1 model
[4]. The code creates a set of profiles assuming that the pedes-
tal widths of temperature and density are equal and are determ-
ined via the expression:

w = 0.0761/ 5 4)

where Bged is the polodal beta at the pedestal top. The pre-
diction is the profile marginally stable to peeling-ballooning
modes. In the version used in this work, the key input para-
meters are the plasma current [, the toroidal magnetic field
By, the plasma shape, the normalized pressure Sy, the effect-
ive charge Z.g, the separatrix temperature 7.°P, the elec-
tron density at the pedestal top nP, the ratio between ion
and electron temperature and the relative shift (defined as
ne” — T8, where 75" is the position of the pedestal tem-
perature and n” is the position of the pedestal density). In
Europed, 75 is determined via the boundary condition 7%,
while 75> is determined via the relative shift. The equilib-
rium is determined with HELENA, the stability with MISHKA
using n=1, 2, 3, 5, 7, 10, 20, 30, 50 and the diamagnetic
criterion. Given that the ratio T, /T, is an input parameter, all
pedestal predictions are discussed only in terms of electron
pressure. A sensitivity test of the effect of T, /T, on the pedes-
tal predictions is discussed in appendix B.

2.4. Datasets

The main experimental datasets are a specific new set of exper-
iments performed in the years 2022-23 with the goal of reach-
ing peeling limited pedestals in JET-ILW. Hereafter, these
new datasets are called the main datasets (datasets 1-7 in
table 1). To reach peeling limited pedestals, a unique set of
engineering parameters has been explored (i.e. high qos, see
section 3). The main datasets are composed of a g5 scan at
1.4 MA, with 25 MW of auxiliary power P, (defined as
Paux = Pxp1 + Picru) and at high triangularity. Datasets 4 and
5, at ggs = 7.5 and 8.5 respectively, have also a gas rate scan.
Datasets 6 and 7 are gas rate scans at ggs = 8.5 in mixed deu-
terium/tritium plasmas and tritium-rich plasmas respectively.
A subset of datasets 1-5 selected at similar gas rate will be
used in section 3 to discuss the gos scan. Dataset 5 will be
used in section 4 to discuss the 72 scan in peeling limited
pedestals. A subset of dataset 5 at constant n2 will be used
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Table 1. Summary of the engineering parameters for the datasets used in this work. In the first column, the label ‘main’ identifies the main
datasets, the label ‘comp’ identifies earlier datasets used for comparison with the main ones.

Dataset I, MA) B (T) gos <o> Paux (MW) T'p 10%%(e/s) Acfr Symbols/colors color References
1 (main) 1.4 1.7 4.0 0.38 25 0.8-1.0 2.0 Full triangles/grey

2 (main) 1.4 2.2 5.0 0.38 25 0.6-0.8 2.0 Full triangles/orange

3 (main) 1.4 2.8 6.5 0.38 25 0.2-0.6 2.0 Full triangles/green

4 (main) 14 34 7.5 0.38 25 0.2-0.9 2.0 Full triangles/red

5 (main) 14 3.8 8.5 0.38 25 0.0-0.8 2.0 Full triangles/blue

6 (main) 14 3.8 8.5 0.38 25 0.0-0.8 2.5 Full triangles/gold

7 (main) 14 3.8 8.5 0.38 25 0.0-0.8 2.9 Full triangles/magenta

8 (comp) 1.4 1.7 4.0 0.38 6-16 0.3 2.0 Empty squares/grey [69]
9 (comp) 2.5 2.7 3.5 0.38 16 0.7-3.0 2.0 Empty inverted triangles /grey [70]
10 (comp) 2.0 23 35 0.23 12 0.4-6.0 2.0 Empty stars/grey [40]
11 (comp) 1.4-2.5 1.7-3.4 3.0-4.5 0.33-0.38 8-30 0.3-20.0 2.0 Empty small triangles/grey [42]
12 (comp) 2.0 23 3.5 0.23 10-15 1.7 2.0-3.0 Empty thick circles/blue, gold, magenta [66]

in section 5 to discuss the role of #5 " in peeling limited ped-
estals. Datasets 6 and 7 will be used in section 6 to discuss the
effect of the isotope mass in peeling limited pedestals.

Throughout the paper, the main datasets are compared
with earlier published JET-ILW datasets limited by balloon-
ing modes. Due to the unique engineering parameters of the
main datasets, it impossible to find earlier pulses fully consist-
ent with the main datasets. So, the comparison is only qualitat-
ive to highlight the different behavior between peeling limited
pedestals and ballooning limited pedestals.

In section 3, the 1.4 MA, high-6, qo5 scan datasets are com-
pared with an earlier power scan at 1.4 MA/1.7 T, qo5s = 4.0,
high-§ (dataset 8) to highlight the different pedestal behavior
in a ggs scan and in a power scan. Dataset 8 is described in
details in [35, 69].

In section 4, the gas scan at go5 = 8.5 (dataset 5) is com-
pared with a gas scan at 2.5 MA/2.7 T/ g95 = 3.5 in high tri-
angularity/high collisionality plasmas (dataset 9). Dataset 9 is
described in in [70].

In section 5, the separatrix density scan is compared
with the earlier results in ballooning limited pedestals at
2 MA/2.3 T/g9s = 3.5/low triangularity (dataset 10). Dataset
10 is described in [40].

In section 6, the isotope mass scan is compared
with the recent results in ballooning limited pedestals at
2 MA/2.3 T/ qo5s = 3.5/low triangularity (dataset 12). Dataset
12 is described in [66].

To compare the parameters space between the main datasets
and earlier results, dataset 11 is used. Dataset 11 covers all the
high triangularity JET-ILW plasmas without seeding obtained
until 2020 (see [42]). Dataset 11 is used in several sections
throughout the paper.

All datasets are from JET-ILW. Comparison with JET-C
will be a future work. All datasets are type I ELMy H-modes
(see [42]).

Unless otherwise stated, the datasets are in pure deuterium
plasmas. Dataset 6 is 50% deuterium and 50% tritium. Dataset
7 is with tritium-rich plasmas. The isotope composition will be
discussed in detail in section 6.

The engineering parameters I, By, qos, average triangu-
larity (0), Pax, gas rate I'p and effective isotope mass Aef

are summarized in table 1. Pedestal normalized collisional-
ity 2P, pedestal normalized ion Larmor radius pr P Troyon
beta limit (3, poloidal normalized pressure [3,, and type of
pedestal instabilities are summarized in table 2. The effective
mass , the pedestal collisionality and the normalized pedestal
ion Larmor radius are defined in sections 2.1 and 2.2.

The main datasets are highlighted with full triangles
throughout the paper. The earlier datasets used for comparison
are highlighted with empty grey symbols. Predictive Europed
modeling is highlighted with empty symbols linked via a
continuous line.

3. Reaching peeling limited pedestals: qg5 scan

JET-ILW has so far not reached plasmas with the pedestal lim-
ited by peeling instabilities. Even at low collisionality in the
hybrid scenario, the pedestal was at the ballooning boundary
limited by ballooning modes or coupled peeling-ballooning
modes with medium-high n (n > 10) [35, 71]. An extens-
ive study using the EUROfusion pedestal database [42] has
not identified any peeling limited pedestal in JET-ILW. This
section describes a strategy to reach peeling limited pedestals
in JET-ILW and the corresponding results.

Datasets used. A subset of datasets 1-5 selected with gas
rate as constant as possible has been used. The subset rep-
resents a gos scan at constant I,, input power and gas rate in
deuterium high-triangularity plasmas. The subset is compared
with dataset 8 (power scan in deuterium high-triangularity
plasmas with same I,, as the main datasets) and dataset 11 (all
JET-ILW high-triangularity plasmas until 2020) to provide a
qualitative comparison with ballooning limited plasmas.

3.1. The strategy to reach peeling limited pedestals

Europed has been applied to a low collisionality JET-ILW
pulse and predictive simulations have been used to test if
peeling limited pedestals can be reached by decreasing the
collisionality either via a decrease in density and/or via an
increase in temperature (by increasing the Europed input para-
meter By). Within the experimentally achievable ranges of 2
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Table 2. Summary of plasma parameters for the datasets used in this work with normalized electron-electron pedestal collisionality,
normalized ion Larmor radius, global normalized /3, global poloidal 8 and type of pedestal instabilities (determined from peeling ballooning

stability analysis).

Dataset v P p P4 x 100 BN Bhpol Pedestal instabilities
1 (main) 0.21-0.40 0.38-0.43 3.0-3.2 1.3-14 n = 20-40
2 (main) 0.31-0.31 0.34-0.35 2.9-3.0 1.6-1.6 n=20-30
3 (main) 0.24-0.34 0.25-0.27 1.8-2.3 1.3-1.6 n=10-20
4 (main) 0.23-0.39 0.21-0.23 1.6-1.9 1.3-1.6 n=>5-15
5 (main) 0.15-0.25 0.18-0.20 1.4-1.7 1.3-1.7 n<10

6 (main) 0.18-0.28 0.21-0.22 1.6-1.8 1.5-1.7 n <10

7 (main) 0.18-0.29 0.20-0.22 1.5-1.8 1.5-1.7 n <10

8 (comp) 0.40-1.75 0.25-0.40 1.5-3.0 0.7-1.3 n = 30-50
9 (comp) 0.73-1.56 0.19-0.23 1.2-1.6 1.0-1.6 n = 30-50
10 (comp) 0.65-2.80 0.17-0.23 1.1-1.3 0.5-0.6 n = 30-50
11 (comp) 0.37-4.0 0.15-0.40 1.0-3.2 0.3-1.3 n = 30-50
12 (comp) 0.70-1.8 0.20-0.22 1.45-1.55 0.55-0.65 n = 30-50

and [y, Europed predicts that the peeling boundary cannot
be reached starting from an existing JET-ILW pulse. Since
the increase in the toroidal field stabilizes the ballooning
modes, the Europed predictions have been extended to high B.
Starting from an existing scenario at low density, high power,
1.4 MA/1.7 T [69], Europed has been used to predict the pedes-
tal in a B, scan at constant /;,. The predictions show that above
By =~ 3.5T — 3.6T, the peeling boundary can be reached.

The rest of the section describes the experimental results
of a gos scan obtained via a B scan at constant I, and con-
stant power performed with the goal of reaching peeling lim-
ited pedestals in JET-ILW. To prioritize the experimental res-
ults and to have a direct validation, the pedestal predictions are
presented only in the context of the experimental data and are
discussed at the end of the section.

3.2. The plasma scenario at high qgs

The scenario has been chosen to have density as low as pos-
sible and power as high as possible. This has been done by
operating at low current (I, = 1.4MA), with the strike points
in the corner configuration (near the vacuum pump duct), at
low gas rate with I'p = 0.5 — 0.8 x 10 (es’l) and with the
maximum possible input power. In the achieved density range,
the maximum power compatible with no shine-through and no
reionization issues is approximately P,,x = 25MW composed
of Pnpr =22 —23MW and Picry = 2 — 3MW (for tungsten
control). In some pulses, for technical reasons only NBI heat-
ing has been used to reach P,,x = 25MW. To be ITER relev-
ant, the high triangularity shape has been used (despite this can
lead to higher density) with average triangularity (§) = 0.38.
The toroidal field has been changed shot by shot from
B, = 1.7T (corresponding to ggs = 4.0) to B = 3.8T (qo5 =~
8.5). An example of key time traces for pulse #103708 at
1.4 MA/3.8 T is shown in figure 3. The plasma enters H-
mode at 46.5 s when the NBI power exceeds 10-14 MW. The
plasma is characterized by type III ELMs with high ELM fre-
quency (fgrm ~ 60 — 70Hz) until 47.1 s. The increase of the
NBI power above 20 MW leads to the transition from type
III to type I ELMs, characterized by fgrm ~ 10 — 20Hz. The

final power increase at 48 s leads to an increase in the ELM
frequency to fgrm =~ 30 —40Hz. The increase of fgrm with
increasing power is a clear signature of type I ELMs [72].
Since the power is significantly higher than the Py threshold
and fgpMm increases with power, the ELMs considered in this
work are type I. The ELM energy losses are in the range
AWgrm/ Wpea = 10% — 15%, a value compatible with type I
ELMs [73].

The dataset used in this work considers only time intervals
at P,yx = 25MW. So, for the example of figure 3, only the pre-
ELM data between 48 s and 49.3 s are considered.

3.3. Pedestal structure in the qgs scan

The pre-ELM T and nf* of the gos scan are shown in
figure 4 with full triangles. The increasing gos via the increas-
ing B, leads to a clear reduction in nged and a clear increase in
T2, The reduction in n2*® with increasing By is qualitatively
similar to earlier results obtained both in Alcator C-mod [74]
and JET [75]. The pedestal pressure remains constant. The
pedestal ion temperature shows a qualitatively similar beha-
vior to T2*! while quantitatively 7°°* is roughly 20% higher

than T‘C’Ed (see appendix A). For reference, figures 4(a)—(c) dis-
play with empty squares an earlier NBI power scan (dataset 8)
in 1.4 MA/1.7 T high-0 plasmas [69]. The increase in g5 is
able to increase T2 and to decrease n2°® to values not reached
in dataset 8.

At high gos, the pedestal approaches dimensionless para-
meters much closer to the ITER range then in the standard
qos = 4.0 scenario, as shown in figure 4(d). In the earlier
power scan [69] (dataset 8), the lowest collisionality was
P ~ 0.4 and the corresponding normalized Larmor radius
pi *P°d 22 0.004. The present gos scan reaches lower collision-
ality, 127! & 0.15, (due to both the reduction in 2 and the
increase in 79! and despite the gos increase) and lower Larmor
radius to p; Ped ~ 0.002 (due to the increase in B,) therefore
starting to approach the ITER range.

For completeness, figures 4(e) and (f) compare the go5 scan
dataset with dataset 11 (which includes all JET-ILW high trian-

gularity pulses until 2020). The gos5 scan dataset reaches ranges
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radiated by the bulk plasma in black (c), Sx (d), beryllium light as
ELMs marker (e) and ELM frequency (f).

in 77! and nP*® never obtained in earlier high triangularity

JET-ILW pulses and reaches v:*® and p:™** much closer to
those expected in ITER.

o d d.
The variations in T¢°" and nE° in the gos scan dataset are

not due to a significant variation in the pedestal width and no
clear correlation between width and gos is observed. The vari-
ation is due to a change in the pedestal gradients, as presented
in figure 5 where the maximum pressure gradients in the ped-
estal versus B; are shown. Only a minor weak increase in the
maximum pressure gradient is observed, figure 5(a). This is
consistent with the fact that pressure is approximately con-
stant. Instead, the maximum temperature gradient increases
with increasing gos, consistent with the increase in 72 and the
maximum density gradient decreases with increasing gos, con-
sistent with the decreasing nP The major role of the pedestal
gradients has been highlighted also in several other scenarios
and machines, as discussed for example in [76].

3.4. Pedestal stability in the qgs scan dataset

The stability analysis has been performed for several pulses in
the g5 scan dataset. The peeling-ballooning stability analysis
for pulse #103055, performed at B; = 1.7T and gy5 ~ 4.0, is
shown in figure 6(a). The x -axis is the normalized pressure
gradient v and the y -axis is the maximum flux surface aver-
aged toroidal current density (jedge),,,, in the pedestal region
normalized to the average current density j. Within the error
bars, the experimental point (grey star) is near the balloon-
ing boundary and limited by high-n ballooning modes, with
n~ 30 — 50. The corresponding radial profile of the eigen-
function for the n = 20 mode shows a wide ballooning struc-
ture coupled to a narrow edge localized peeling instability,
figure 6(b). The peeling-ballooning stability analysis for pulse
#102752 at B, = 3.8T and gy5 ~ 8.5 is shown in figure 6(c).
In this case, the experimental point is at the peeling bound-
ary, rather close to the corner of the stability diagram, and
limited by low-n modes, with n = 1. The corresponding radial
profile of the eigenfunction shows a clear peak near the sep-
aratrix, highlighting the peeling nature, figure 6(d). The peel-
ing characteristic of the mode having the largest amplitude
near the X-point can be seen also in the contour plot of
the corresponding radial displacement structure, as shown
in appendix C (figure 34). Note that the stability diagram
for the low v* /peeling limited pulse #102752 shown in
figure 6(c) is qualitatively very similar to the stability diagram
of the predicted ITER baseline plasma scenario discussed
in [7].

A comparison of the stability diagrams for several pulses at
different g5 is shown in figure 6(e). The increase in gy is cor-
related with an increase in the experimental normalized pres-
sure gradient and with an increase in the normalized bootstrap
current. Also the shape of the stability boundary is affected by
the increasing ¢,s with the ballooning side that moves to higher
« and the peeling side to higher (jeqge) ., /Jj- The experimental
point (the stars) moves upwards with increasing g5, from the
ballooning side to the corner of the boundary and finally to the
peeling side.

To have a more comprehensive overview of the stability for
the entire gy scan dataset, the 1D self-consistent stability ana-
lysis has been performed [34]. The results are summarized in
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figure 6(f), where the full triangles show the toroidal harmonic The picture that emerges from figure 6 is that the increase
n of the most unstable mode, n_;,. Increasing gy5 leads to a in gys has stabilized the high-n ballooning modes, via the
systematic reduction in n_,, from high-n ballooning modes at  increase of B; [10, 18], moving the stability boundary to
qgs ~ 4.0 to low-n peeling modes at g5 ~ 8.5. higher « and allowing the pedestal to become limited by low-n
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peeling modes. By increasing By, a higher 3y can be obtained
before reaching the stability limits. In turn, the increased Sy
stabilizes the ballooning modes, which helps to reach peeling
limit pedestals.

3.5. Validating the pedestal predictions in the qg5 Scan
dataset

The Europed predictions of the pedestal pressure height for
a gys scan are shown in figure 7. Input parameters consistent
with the pulses of section 3.3 have been used (/, = 1.4MA,
high triangularity shape, Ox = 1.7, Ze = 1.5, zero relative
shift and Te"? = 200eV). Two assumptions have been tested
for the pedestal density, first assuming constant nged, then
assuming nged decreasing with increasing g5, as experiment-
ally reported in figure 4. The two assumptions do not lead to
major differences. Two assumptions have been tested also for
T;, first assuming 7; = T, then assuming a more realistic T;
profile with 79! = 1.277*¢ and T**P = 4T3 (see appendix A).
The two assumptions on 7; lead to qualitatively similar res-
ults, but quantitatively the second more realistic assumption
produces a higher T? ed (a sensitivity test on T; /T, is discussed
in appendix B). Figure 7 shows the predictions only with the
realistic assumption on 7j.

The density at the pedestal top, which is an input para-
meter to the code, is shown in figure 7(a), for reference. The
predicted pedestal heights are shown in figures 7(b) and (c)
for TP and pP* respectively. Both 78 and pP*® increase
with increasing gos. The predicted normalized pressure gradi-
ents are reported in figure 7(d), showing an increasing cveri
with increasing B;. The toroidal mode numbers of the pre-
dicted most unstable mode are reported in figure 7(e) show-
ing a decreasing ng; with increasing By, from high-n modes
(nerie = 20 — 30) to low-n modes (g ~ 3 —4).

The comparison between experimental data and Europed
predictions are shown in previous figures. The predicted T? ed
is compared with the experimental ggs scan in figure 4(b).
Within the experimental uncertainties, the agreement is good.
The predicted 127! and p™** are compared with the exper-
imental ones in figure 4(d) and the pedestal gradients in
figure 5. In both cases the agreement is good. The comparison
between the predicted most unstable mode and the pedestal
stability analysis is shown in figure 6(f). Qualitatively,

predictions and stability analysis show similar trends. The
minor quantitative disagreement between the experimental
data and the Europed modeling are likely due to the fact that
only B, and nP° have been changed in the Europed predictions
while in the experimental ggs scan also other physics paramet-
ers, such as fy, can change from pulse to pulse.

To investigate more in depth the origin for the transition
from ballooning to peeling limited plasmas with increasing By
and qos, figure 8 shows the Europed predicted effect on the
n = 20 ballooning mode and on the n = 3 peeling mode. The
increase in gos leads to a clear stabilization of the n = 20 bal-
looning mode, with the critical o that increases from ajt = 5
at low gos to i > 10 at high gos. Instead, the increase in gogs
has only a minor effect on the n = 3 peeling mode, figure 8(b),
and the corresponding aj; remains around 5.5. As shown in
figure 8(c), at low field (B; < 2.8T) the first mode that become
unstable is the n = 20. Then, the increasing B, stabilizes the
n =20 mode and at high field (B, > 2.8T) the first unstable
mode is the n = 3, with the pedestal that becomes limited by
low-n peeling modes. Figure 8 shows clearly that the transition
from a high-n ballooning limited pedestal at low gos to a low-
n peeling limited pedestal at high gos is due to the stabilizing
effect of B, on ballooning modes.

4. Density scans in peeling limited pedestals

This section investigates the effect of the density on peel-
ing limited pedestals and describes experimental pedestal
structure, pedestal stability and comparison with pedestal
predictions.

Datasets used. Datasets 1-5 have been used. Particular
emphasis is given to dataset 5, which is a gas scans at gg5s = 8.5
with constant /, and input power in deuterium high triangu-
larity plasmas (cyan triangles). Dataset 9 (a gas scan in deu-
terium high-triangularity plasmas) is used to provide a qualit-
ative comparison with a ballooning limited dataset.

4.1. Deuterium gas rate scans

To obtain a variation in the density, the gas rate has
been varied from shot to shot. Plasma current, ggs, plasma
shape and power have been kept constant. The gas rate
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has been changed by one order of magnitude, in the range
I'p =0.05—1.0x 10*? (es™"). The gas scan has been per-
formed mainly at B; = 3.8T /q9s = 8.5 and at By = 3.4T /q9s =
7.5, corresponding to dataset 5 and dataset 4 in table 1, in
which peeling limited pedestals have been reached.

The increasing gas rate has led to a decreasing pedestal
density. This is shown in figure 9(a) where it is particularly
clear in the B, = 3.8T /g9s = 8.5 subset. Initially, the increase
of the gas rate does not have a significant effect on nP* but

for gas rates I'p > 0.3 x 10?2 (es™') the density decreases
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from 2.5 x 10" (m™*) to 2.0 x 10" (m~*). The correlation
. . . . sep .
is opposite at the separatrix, where an increase of ne™ with
increasing gas rate can be seen, figure 9(b). While the positive
correlation between 75 ” and gas rate is reasonable, the neg-

. . ped . . ..
ative correlation between ne - and gas rate is counterintuitive.
This negative trend might be ascribed to the increased ELM
particle losses. The increasing gas rate leads to an increas-
ing fim which, in turn, is correlated to a decrease in P,
figures 9(c) and (d). The increase in fgy likely leads to an
increase in ELM particle losses as discussed in [65]. Moreover,
the negative correlation might be amplified by an increased
SOL opacity (due to the increased ng *), not allowing the neut-
rals to be ionized inside the separatrix [77, 78]). The behavior
of T; with the gas rate is discussed in appendix A.

4.2. Effects of pedestal top density on the pedestal structure
and pedestal stability

The profiles of two pulses from dataset 5 (with go5 = 8.5,
Paux =25MW and high triangularity) at low pedestal dens-
ity and high pedestal density are shown in figure 10. The pre-
ELM profiles of electron temperature, electron density and ion
temperature are shown respectively in figures 10(a)—(c). The
increase in the density is correlated to a negligible reduction
in 72°! and to a weak increase in 79", therefore producing an
increase in the pedestal top pressure, as later discussed.

The pedestal stability for the low and the high n2® pulses
is shown in figures 11(a) and (c) respectively. In the low dens-
ity pulse, the toroidal number of the most unstable mode is
n = 1. The radial profiles of the corresponding eigenfunction
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density pulse (green) at gos = 8.5.

are reported in figure 11(b), showing a clear peeling charac-
teristic, with the perturbation localized at the edge (the 2D
structure of the radial displacement is shown appendix C,
figure 35). In the high density pulse, the toroidal number is
around n =~ 3— 5. In this case, the eigenfunction shows a peel-
ing component localized at the edge that is coupled to smal-
ler amplitude ballooning components. This highlights that the
increase of the density can move the pedestal from being peel-
ing limited towards being peeling-ballooning limited.

The correlation between the pedestal height of temperat-
ure and pressure versus the pedestal density is presented in
figure 12 for the entire dataset 5 (ggs = 8.5, Payx = 25MW and
high triangularity). The increase of nf*® at constant gos does
not affect significantly the pedestal electron temperature. Due
to the fact that TP is not significantly affected, the pedes-
tal electron pressure increases with increasing density. Similar
behaviors have been observed also for the pedestal ion temper-
ature and the pedestal total pressure, as shown in appendix A.
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Note that the correlation shown in figure 12 between ped-
estal pressure and pedestal density is different from what is
observed in ballooning limited pedestals both in JET [70] and
in other machines [3, 23, 41], where no correlations or negat-
ive correlations were observed. Therefore, the positive correl-
ation of figure 12(b) can be considered another signature that
peeling limited pedestals have been reached [10].

Note that figure 12(b) shows an increase in the pedestal
pressure with increasing ggs at constant density (we remind
that the increasing gos is obtained via the B, increase). This
trend is different from the result of figure 4(a), where p£*® was
approximately constant. The contradiction is explained by the
fact that the data of figure 4 were characterized by a decreasing
nk* with increasing qos. Indeed, the experimental increase of
the p2 with increasing gos at constant n2°® is consistent with
the Europed modeling of the earlier figure 7(c).

The increase of the pedestal pressure with increasing ks
due to the increase in the pedestal gradients while no clear cor-
relation has been observed between pedestal width and nked,
within the scatter of the data. The correlations between the
maximum pedestal gradients and nE are shown in figure 13.
Figure 13(a) provides two important information:

e at constant gos, a clear increase of Vp, with increasing nEEd
can be observed. This behavior is opposite to that observed
in ballooning limited pedestals [70].

e At constant nged the increase in gos leads to the increase in
Vpe. This experimental result is consistent with the Europed
modeling discussed in figure 7(d).

Figures 13(b) and (c) provide two important information:

e while no correlation between VT, and nged is present at con-
stant gos, a clear correlation between Vn, and n2 can be
seen. So, the positive correlation between Vp, and nf is
not due to an effect of the temperature, but to an effect of
the density.

e VT increases with increasing ¢,s at roughly constant nke,
So, the increase in Vp, with increasing gy is due to an effect

of the temperature.

Therefore, the increase of the pedestal pressure with increas-
ing pedestal density in the peeling limited plasmas might be
due to two mechanisms. First of all, the increase of Vp, with
increasing nked suggests an improvement in the pedestal stabil-
ity with increasing nP. Indeed, this can be seen in the stabil-
ity diagram of figure 11. This mechanism is tested in the next
section with the Europed modeling. Furthermore, the increase
of Vn. with increasing ke suggests also a reduction in the
particle transport. Unfortunately, this second process cannot
be experimentally confirmed due to the lack of measurement
of particle sources in JET.

To have a comprehensive overview of the behavior of the
pedestal structure in peeling limited pedestals, figure 14 shows
data for pedestal width, pedestal position and 5 /nP*®. The
pedestal width is shown in figure 14(a) versus the poloidal beta
at the pedestal top. The dashed line shows the EPED1 assump-
tion discussed in expression (4) [4]. The dataset discussed in
this work (the full triangles) does not show any clear correl-
ation with Bged. However, by including all previous JET-ILW
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high-& plasmas (dataset 11), a reasonable agreement with the
EPED1 assumption can be seen. No trend between the pedes-
tal width and gos5 can be seen, as mentioned earlier. The ratio

ne® /! is shown in figure 14(b). ni® /2 increases from
~ 0.3 at low gas rate to ~ (.7 at high gas rate. Finally, the
correlation between the position of the pedestal density and

3P /n2* is shown in figure 14(c). The correlation for the main
dataset (full triangles) is consistent with earlier trends in bal-
looning limited dataset (dataset 11).

4.3. Pedestal predictions of n°® effects in peeling limited
plasmas and comparison with ballooning limited pedestals

The Europed modeling has used as reference the lowest
nP plasma of the gos = 8 5 density scan (corresponding
to the input parameters ne =1.8x% 1019( ) By =1.7,
Zeit = 1.5, zero relative shift, 7o = 200eV, 77 = 1.277
and T;" = 47."). The modeling has been repeat by increas-
ing n2*® while keeping constant all other input parameters.
The predictions are shown in figure 15(a), where the Europed
results (empty grey symbols) are compared with the experi-
mental data (full triangles). The Europed predictions show a
clear positive correlation between pP°® and n2*®, in qualitative

agreement with the experimental results. Quantitatively, the
increase of p2 with increasing 2" is weaker than the experi-
mental results. A possible reason is that in the Europed model-
ing only n2°® is changed, while experimentally the high dens-
ity pulses have also slightly different [y, relative shift, and
T,/T,. In particular, the high density pulse has Sy = 2.1 which
is significantly higher than in the low density pulse (Oy = 1.7).
Indeed, repeating the Europed modeling at higher Gy brings
the predictions closer to the experimental results, as shown by
the empty grey diamond in figure 15(a).

The predicted gradients are compared with the experi-
mental gradients in the earlier figure 13. From a qualitative
point of view, the predictions are in reasonable agreement with
the experimental trends. Both the predictions and the experi-
mental results show a positive correlation between Vp. and
n?* and between Vn, and nE

Europed predicts that the pedestal remains limited by
instabilities characterized by low #n also at the highest density
reached. In figure 15(b) the critical n predicted by Europed
is shown versus n2°°. Within the density range investigated,
Neit = 2 at Oy = 1.7, while ngj increases from 2 to 7 at
Bn = 2.1. These values are consistent with those obtained by
the peeling-ballooning stability analysis of figure 11 using the
experimental profiles.

Figure 15(c) shows the pre-ELM pressure profiles for the
low density pulse and the high density pulse. The experi-
mental results are compared with the critical profiles from
Europed. A good qualitative agreement can be seen, while
quantitatively the predictions slightly underestimate the exper-
imental results. The disagreement is due to a predicted ped-
estal width that is narrower than the experimental one. This
issue is common in JET-ILW and has been discussed in earlier
works [42, 79].

The pedestal predictions in peeling limited plasmas are
compared with pedestal predictions in ballooning limited plas-
mas in the right column of figure 15. The experimental data-
set 9 is used. The pedestal pressure slightly decreases with
increasing density. Experimentally, this is due to a strong
reduction in the pressure gradient which is partially com-
pensated by a widening of the pedestal [70]. The Europed pre-
dicted pedestal pressure shows a weak decrease with increas-
ing n*®, in agreement with the experimental results. The most
unstable mode is in the range n¢j = 40 — 50, so the predicted
pedestal is clearly limited by ballooning modes, as shown in
figure 15(e). The comparison pre-ELM profiles versus pre-
dicted critical profiles is shown in figure 15(f). A qualitative
agreement can be seen.

The link between density and pedestal stability is investig-
ated with Europed in figure 16. Figure 16(a) shows the pre-
dicted growth rate of a n = 2 peeling mode versus the normal-
ized pressure gradient. The destabilization of the mode occurs
at higher « as the density increases, showing that the increas-
ing density has a stabilizing effect on the n = 2 mode. Indeed,
the corresponding o increases with increasing density, as
shown in figure 16(b). A similar analysis is done for the n = 50
ballooning mode in figure 16(c). In this case, the increasing
density has a destabilizing effect and the corresponding o,
decreases with increasing n2
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The analysis done in figure 16 shows that the increase in
pedestal pressure with increasing nE is due to the stabilizing
effect of the density on peeling modes. The increasing density
increases the collisionality which in turn reduces the bootstrap
current and hence increases the shear. The reduced bootstrap
current and the increased shear have a stabilizing effect on the
peeling mode.

5. Effect of separatrix density in peeling limited
pedestals

Investigation of peeling limited pedestals at high nS /nE°® and
low collisionality is very important as ITER is supposed to
operate at ni /nf*! > 0.6 [43]. The datasets discussed in this
work is very useful for this investigation as it has been able
to reach high ni? /2" while remaining at low collisional-
ity. As shown in figure 17, no earlier high triangularity JET-
ILW datasets have reached this range of parameters and have
approached the ITER-relevant range.

Datasets used. A subset of dataset 5 at constant nged has been
used (B; = 3.8T /qo5 = 8.5 with constant /,, and input power
in deuterium high triangularity plasmas). Since nf* affects the
pedestal, the subset has been selected with approximately con-
stant density, 72 = 2.6 x 10! (m™3). This subset is high-
lighted by empty circles in figures 9 and 17. Dataset 10 (a

3 /n2*! scan in deuterium low-triangularity plasmas) is used
to provide a qualitative comparison with ballooning limited
plasmas.

5.1. Effects of n3®° /n2® on the pedestal structure and
pedestal stability

The pre-ELM profiles of two pulses with low and high

ne® /n at B, = 3.8T /gos = 8.5 and n2*! = 2.6 x 10" (m~?)
are shown in figure 18. Despite the different ni /nP*, the elec-
tron temperature and ion temperature at the pedestal top are
very similar. The pedestal pressure profile is shifted more radi-
ally outwards in the high n¢ /nf*® pulse, but the pedestal pres-
sure heights are comparable.

The negligible effect of ne on the pedestal height
is confirmed in figure 19 by investigating the entire sub-
set. The pedestal heights of electron pressure and temperat-
ure are shown in figures 19(a) and (b) respectively and no
clear correlation with 7 /nE® can be seen. The ion tem-
perature and the total pressure have a similar behavior, as
shown in appendix A (figure 33). These behaviors are very
different from those in ballooning limited pedestals, where
the pedestal pressure shows a clear reduction with increasing

niP /nP*d [24-26, 40].

The detailed behavior of the pedestal structure is partially
unexpected. While no clear correlation between pedestal width
and i /n?*! has been observed (not shown here), the pedestal
gradients are correlated with 5 /n2*’. The electron pressure
gradient is characterized by a weak decrease with increasing

nSP /nP*, as shown in figure 20(a). This decrease is not due
to a change in the electron temperature gradient, as shown
in figure 20(b) but by a weak reduction in the density gradi-
ent, as shown in figure 20(c). The reduction in the pressure

sep /nped
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gradient suggests a reduction of the pedestal MHD stability
with increasing ni® /nf*®. So, despite the decreasing pres-
sure gradient with increasing ne ¥/ nE* and the pedestal width
is not being affected, the pedestal pressure at the pedestal
top remains constant. This is because the weak reduction in
the pressure gradient is compensated by the increase in the
separatrix pressure (due to the ng’ increase), as shown in
figure 19(c).

The pedestal stability for the lowest and highest n5 /nf*

pulses is shown in figure 21. The low 5 /nP* pulse is located

near the stability boundary with the most unstable modes in the
range n ~ 3 — 5. The corresponding eigenfunctions are similar
to those shown in figure 11(b), with a clear peeling mode local-
ized at the plasma edge. The high n /nE®® pulse is located in
aregion with slightly higher modes, with n ~ 5 — 10. The cor-
responding eigenfunctions have a peeling component clearly
coupled to radially wider ballooning modes. This suggests that
the increase inng ™" / nE can affect the type of pedestal instabil-
ity and can lead to a transition from peeling limited pedestals
to coupled peeling-ballooning limited pedestals.
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5.2. Pedestal predictions of nS° /n2®® effects in peeling

limited plasmas and comparison with ballooning limited
pedestals

Europed has been used to predict the effect of na™" / 7P First,

Europed has been applied to the reference plasma #103800,
corresponding to the low n5® /nE*® pulse of figure 18 (input

parameters I, = 1.4MA, B, = 3.8T (corresponding to ggs =
8.5), n2=2.6x 10" (m™?), fn=1.7, Zyr= 1.5, T =
200eV, 79 = 1278, TP = 4T3 and nl®/n2** = 0.25).
Then, the simulation has been repeated by changing the relat-
ive shift while keeping all other input parameters constant. The
predicted pedestal pressure is compared to the experimental
pged in figure 22(a). A good qualitative agreement between
predictions and experimental data can be observed. In partic-
ular, the pedestal predictions do not show any strong pedestal

degradation with increasing ni /nf*!. A more detailed com-
parison between pedestal predictions and experimental data
is shown in the earlier figures 19 and 20, where reasonable
qualitative agreements can be seen also for the pedestal gradi—
ents. Note that the predictions show a non-decreasing pt°* with
increasing i /nf* despite the decreasing Vpe. This is due to
the fact that the decreasing Vp. is partially compensated by the
increasing p; ¥, in very good agreement with the experimental
results of figure 19(c).

The comparison between the experimental and predicted
pressure profiles for the low and high 5" /n2* pulses is shown
in figure 22(c). Qualitatively, the behavior of the pressure is
very well reproduced, both in terms of pedestal height and ped-
estal positions.

For comparison, the right frames of figure 22 show the
behavior in a ballooning limited dataset (dataset 10 from
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table 1). A clear negative correlation between pged and
ns® /nf* can be seen in the experimental data. The corres-
ponding Europed modeling shows that a clear reduction in the
pedestal pressure is followed by a saturation for ni? /nf*! >
0.5. The predictions are in agreement with the experimental
data only at low ne™"/ nP® as observed in earlier works on bal-
looning limited pedestals [40].

A difference in the qualitative behavior of the pedestal pre-
dictions can be seen between the peeling case and the balloon-
ing case. In the dpeeling case, a very weak correlation between
PP vs nSP /nP! can be observed, while in the ballooning case
a negative correlation is followed by a saturation. This differ-
ence is due to the type of predicted instabilities, as shown in
figures 22(b) and (e). In the left frame, the most unstable mode
is in the range n = 2 — 10. In the right frame, at 5 /n2** > 0.3
the most unstable mode is n = 30 — 50, so clearly a balloon-
ing instability. Figures 22(b) and (e) also suggest that the
increase of ni /nf* affects the type of the pedestal instabil-
ity. In figure 22(e), a sudden transition from a low-n peeling
instability to a high-n ballooning instability can be seen at
ne?/ nP ~ 0.3. In figure 22(b), the increase of ny" / 7P Jeads
to an increase in the toroidal number fromn =2 ton = 8 — 10.
This result is important in view of ITER operation. Since ITER
is supposed to operate at high n5 /nf®’, its pedestal might not
be limited by very low-n instabilities.

For completeness, the behavior of a peeling mode and of a
ballooning mode versus ny /nf*" is discussed in figure 23. A

set of Europed simulations has been performed with different
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ns® /nP* for the n = 2 peeling mode, and the n = 50 balloon-
ing mode. For the n = 2 mode, no significant effect can be seen
0N i, apart a weak reduction at ni® /nf*® > 0.45. The beha-
vior is different for the n = 50 mode which shows a strong

destabilization at ne "/ nP* < 0.45, followed by a saturation.

6. Effect of isotope mass in peeling limited
pedestals

To assess the role of the isotope mass in low v*/peeling lim-
ited plasmas, gas rate scans at /, = 1.4MA, B, = 3.8T (corres-
ponding to gos = 8.5), Pyg; = 25MW and high triangularity
have been performed during the DTE3 JET-ILW campaign.
A gas scan has been performed in mixed deuterium/tritium
(D/T) plasma, with effective mass Az =2.5 and a gas scan
in trittum-rich (T-rich) plasmas, with A, = 2.9. In both data-
sets, the NBI was operated in deuterium. A = 2.9 was the
highest possible during DTE3 and was achieved by injecting
as fuelling gas only tritium while still operating the beams in
deuterium.

Datasets used. This section uses datasets 5, 6 and 7, which
are gas scans at gos = 8.5 with constant /, and input power in
deuterium, mixed deuterium-tritium and tritium-rich high tri-
angularity plasmas. Dataset 12 (isotope mass scan at constant
BN in low-triangularity plasmas) is used to provide a qualitat-
ive comparison with a ballooning limited dataset.

6.1 Effects of isotope mass on the pedestal structure and
pedestal stability

The effect of the isotope mass on the pedestal profiles of tem-
perature and density is shown in figure 24. The two pulses
shown in figure 24 have the same engineering parameters
(1.4MA, 3.8T, qos = 8.5, Pyx = 25MW, high triangularity)
including the gas rate, 4 x 10%! (es™!)), but different isotope
mass. Pulse #103705 is in pure deuterium with A ¢ = 2.0 and
pulse #104280 is tritium-rich, with A 4 =2.9. The A 4 = 2.9
pulse has higher electron density at the pedestal top than the
A= 2.0 pulse, but similar electron temperature. The ion
temperature is slightly higher in the tritium-rich pulse. This
behavior is similar to that in ballooning limited plasmas in
JET-ILW [66, 80].

To verify if peeling limited pedestals have been achieved
also in plasmas with A g > 2, the pedestal stability is invest-
igated in figure 25. The two pulses selected for the stabil-
ity analysis are the A4 = 2.5 pulse with highest density and
the A = 2.8 pulse with highest density. The highest density
pulses have been selected because they are those with highest
risk to be not limited by low-n modes. Figure 25(a) shows
the stability diagram for the A ;= 2.5 pulse. The pedestal
is near the stability boundary and the most unstable modes
have toroidal numbers in the range n = 1 — 5. A similar con-
clusion can be achieved for the highest density plasmas at
A = 2.9, whose stability diagram is shown in figure 25(b).
In this case, the most unstable modes have toroidal numbers
slightly higher, in the range n = 3 — 7. The eigenfunctions of
both pulses are similar to those show in figure 11(b), with a
clear peeling component.
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Figure 22. Correlation between peP* and n¢*P/n.P* for the peeling limited subset at gos = 8.5 and 7P =2.6 x 10'°(m™>) (a) and the
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predicted profiles are shown as dashed lines. The profiles correspond to the data highlighted with a circle in frame (a) and frame (d).

The effect of the isotope mass on the pedestal height is
shown in figure 26 for datasets 5 (deuterium), 6 (mixed D/T)
and 7 (tritium-rich). The increase of the isotope mass leads

to a clear increase in ng whose maximum value increases
from 2% ~ 2.6 x 1019( ) for the deuterium dataset to

P~ 3.0 x 1019 (m~?) in the T-rich dataset. No effect is
observed on the pedestal height of the electron temperature,
which remains in the range 77 ~ 1.3 — 1.5keV. A similar
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conclusion is achieved for the ion temperature. As a con-
sequence, the pedestal pressure increases with the increas-
. . .- . ped
ing isotope mass. The positive correlation between pe ~ and
nE in figure 26(b) is very similar for all the three values of
Aeff'

The gradients are shown in figure 27. The pressure gradi-
ent reaches a higher value in the T-rich dataset. This increase

is not due to a change in the temperature gradient, as V7. does
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Figure 24. Comparison of the pre-ELM profiles of electron temperature (a), electron density (b) and ion temperature (c) at 1.4 MA/3.8 T,
qos = 8.5, 25 MW and gas rate 4 x 10*'(e s™!) for a pure deuterium pulse (blue) and a tritium-rich pulse (magenta). The symbols highlights
the experimental pre-ELM profiles and the continuous lines the corresponding fits.

not shown any correlation with the isotope mass, figure 27(b).
Instead, the increase in Vp, is due to an increase in the dens-
ity gradient, as shown in figure 27(c). The gradients of the
pressure and density are very well correlated with 72!, No
systematic difference in the trends can be observed between
the pure deuterium dataset and the mixed deuterium/tritium
dataset.
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The pedestal width does not show any clear correlation with
the isotope mass, as already observed in ballooning limited
pedestals [66], and therefore it is not further discussed.

In conclusion, the plasma is limited by low-n peeling
mode also using mixed deuterium/tritium as fuelling gas.
The increase in A leads to an increase in the pedestal
pressure due to the increase in the pedestal density. The
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Figure 25. Pedestal stability for the (a) Aeir = 2.5 pulse at highest
density (gold) and the (b) Aerr = 2.9 pulse at highest density
(magenta). The thick lines highlight the stability boundary and the
stars highlight the operational point. The numbers identify the most
unstable mode.

increases in the pedestal heights are due mainly to the
increases in the respective gradients. The correlations of pged
and VpE with 2 are very similar in deuterium and in mixed

deuterium/plasmas.

6.2. Pedestal predictions of isotope mass effects in peeling
limited plasmas and comparison with ballooning limited
pedestals

The experimental trends between p2* and VpE* versus n2
do not seem to be correlated to A . This suggests that the
higher p2° achieved in the T-rich peeling limited dataset is
due to the higher density and not to a direct effect of the iso-
tope mass on the pedestal stability. To test this hypothesis,
two sets of Europed predictions have been performed, assum-
ing pure deuterium and assuming pure tritium plasmas. The
input parameters for a pulse in deuterium at gy5 = 3.8 have
been used and then the Europed predictions have been repeated
using different density. The pedestal predictions are shown
as empty circles in figure 26 and in figure 27. Qualitatively,
the predictions show a correlation consistent with the experi-
mental data (figure 26). A reasonable qualitative agreement is
obtained also for the pressure gradient and the density gradi-
ent (figure 27). The effect of the isotope mass on the pre-
dictions is negligible, as indeed expected with ideal MHD
[65, 66].
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The origin of the quantitative disagreement between
predictions and experimental results at high density is unclear
at the moment. The disagreement is likely correlated to the
underestimated VTP® at high density, figure 27(b), and it is
in part related to the fact that the Europed n scans were
performed with the other input parameters constant (while the
variation of nf® is experimentally correlated to variations in
On, Ti/T. and relative shift).

A comparison of the effect of the isotope mass on the pedes-
tal in high collisionality ballooning limited plasmas is shown
in figure 28. The deuterium ballooning dataset (blue data) does
not show any increase of Vp™ versus n2*!. The higher A,
dataset has a higher VpE* than the deuterium dataset. The
behavior of Vpged is therefore different from that of the low-n
peeling dataset. While in the peeling dataset a clear positive
correlation can be seen between VpE™ and nP*® and no sys-
tematic difference in the trends is present for any A, in the
ballooning dataset the correlation between Vpi*® and n2* is
less clear and the change of the isotope mass leads to a sig-
nificant increase in VpE®. To further highlight the difference,
the empty circles in figure 28 show the Europed predictions of
a density scan using as reference the lowest density balloon-
ing limited pulse. The prediction shows a weak decrease of the
pressure gradient with increasing nk. The predicted trend is
opposite to the experimental trend. The disagreements are due
to two reasons. First of all, the predicted decrease of Vpged
with increasing n2°® is expected in ballooning limited pedestal,
as shown in figure 16(d). Second, resistive MHD was neces-
sary to explain the effect of the isotope mass in the ballooning
limited deuterium pulses [66].

The picture that emerges is the following. In the peel-
ing limited dataset, the increasing isotope mass leads to an
increase in the density via the increase of the density gradi-
ent. This behavior is similar to that in ballooning limited plas-
mas. Then, the increasing nged stabilizes the low-n modes (in
way similar to what discussed in section 4). The stabilization
of the low-n modes leads to the increase in the pedestal pres-
sure gradient and hence in pged. In the peeling limited dataset,
no direct effect of the isotope mass on the pedestal stability is
clearly observed and the experimental results can be explained
only by the stabilizing effect of the increased nk. The explan-
ation of the effect of the isotope mass in the high-n ballooning
limited plasmas is significantly different. The increase of the
isotope mass still leads to an increase in the pedestal dens-
ity via an increased density gradient. However, the increase of
the density has a destabilizing effect on the high-n ballooning
modes. As discussed in [66], the increase in Vpged in high-n
ballooning limited plasmas was a direct effect of A 4 on res-
istive MHD stability.

7. Discussion

This work has described the pedestal behavior in JET-ILW
peeling limited plasmas and tested the capabilities of the
Europed predictions. Peeling limited pedestals in JET-ILW
have been achieved by operating at low density (using low
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ballooning limited plasmas of dataset 12 and corresponding
Europed predictions.

I, and with the outer strike point near the pump duct), high
temperature (using the highest possible auxiliary power com-
patible with the density range) and by stabilizing the bal-
looning modes using high go¢s (reached by high B,). As
shown by the peeling-ballooning stability analysis and by
the radial profile of the eigenfunctions, pedestals limited
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by peeling instabilities have been reached in the high gos
pulses.

Despite the pulses described in this work have a pedestal
limited by peeling mode, the operational point remains close
to the corner of the of the peeling-ballooning stability dia-
gram. This is not considered a major issue for the conclusions.
Indeed, the pedestal behavior in the plasmas achieved in this
work is very different from that observed in the earlier bal-
looning limited JET-ILW pedestals. Moreover, some earlier
works show that ITER is supposed to operate with a pedes-
tal characterized by a stability very similar to that achieved in
this work, with the operational point close to the nose of the
stability diagram [7].

A key goal of the work was to validate pedestal predictions
in peeling limited plasmas. This was done using the Europed
code [64] with the EPED1 model implementation [4]. The
validation was done with two steps. First, the model was used
to understand how to operate to reach peeling limited pedes-
tal in JET-ILW. This has guided us to build the strategy dis-
cussed in section 3.1. A posteriori, the comparison between
the experimental results and the planned strategy has shown
an optimal qualitative agreement with the predictions, as dis-
cussed in section 3.5. Second, once peeling limited pedestals
have been achieved, a set of experimental scans have been per-
formed in 7, n3® /nf*! and A,;. The corresponding Europed
predictions show a good qualitative agreement with the exper-
imental data.
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The Europed predictions have been performed by changing
only the scanned parameter while keeping constant all other
input parameters. This is not consistent with the actual plasma
behavior, since in an experimental scan it is impossible to vary
only one single parameter and variations in f3x, T;/T, and ne™”
also occur. So it is impossible to expect a good quantitative
agreement between this type of predictions and the experi-
mental results. A different approach could have been to match
all the input parameters to the experimental values for each
single pulse. However, this different approach would not have
been fully predictive. The approach of scanning a single para-
meter in Europed has the advantage of providing insights into
the physics of peeling modes.

This work has also highlighted the importance of devel-
oping integrated modeling of SOL, pedestal and core. As
mentioned above, several parameters used in the present
Europed version are not predicted but are input parameters.
While a self-consistent integrated core-pedestal model was
tested in the past in Europed [79] and a model for n2* pre-
dictions has been recently developed [81], the inclusion of the
SOL (in particular the modeling of n5 /nE*!) and of the beha-
vior of T; /T, are not done yet.

In the datasets used in this work, the increase of the gas
rate has led to a decrease in the pedestal density. We specu-
lated that this correlation is due to the increase in the ELM
particle losses and/or high SOL opacity, but further investig-
ations are necessary to reach conclusive claims. A negative
correlation between 72 and gas rate might not be necessarily
a characteristic of all peeling limited pedestals but it is more
likely linked to the low 72*® and high n* ranges achieved and
the high SOL opacity.

This work has focused on three key aspects, the descrip-
tion of the experimental pedestal structure, the pedestal stabil-
ity and the comparison with the pedestal predictions. Further
work is necessary to reach a better understanding of the pedes-
tal physics in peeling limited plasmas. First of all, the pre-ELM
experimental MHD activity can be investigated. Preliminary
results [82] shows that low-n modes localized in the pedes-
tal region appears in the pre-ELM phase. A comparison with
the Europed predictions, shows a behavior qualitatively sim-
ilar between n_; and the measured pre-ELM low-n modes
[82]. Characterization of the ELM losses needs also further
investigation. ELM energy losses are supposed to increase
with decreasing pedestal collisionality and ITER is expected to
have Wepm/Wpea ~ 0.3 [73]. Characterizing ELM energy and
particle losses in the present low collisionality peeling lim-
ited pedestals will be an important result for ITER. Another
topic that needs further investigation is the pedestal transport,
both from the experimental and the modeling point in view. In
particular, in the low collisionality range achieved in present
work, the pedestal transport might be characterized by micro-
instabilities significantly different from those identified in the
medium-high collisionality ballooning limited JET-ILW ped-
estals. In earlier works, for example, the electron scale was
characterized by ETG turbulence [40, 66, 83] and no KBM
were identified.

Understanding of the effect of the isotope mass on the ped-
estal is an important point related to the pedestal transport. As
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discussed in section 6, both in medium-high collisionality bal-
looning limited pedestals and in the low collisionality peeling
limited pedestals, the increase of the isotope mass has led to an
increase of n®* via an increase in the pedestal density gradi-
ent. In JET-ILW this effect seems to be general and occurs
over a wide range of parameters and scenarios. Due to the lack
of measurement of particle sources, it is impossible to experi-
mentally conclude if the increase of Vn, with A is due to a
reduction of the pedestal particle transport or to an increase in
the sources. Gyrokinetic analysis similar to that performed in
earlier JET-ILW pulses in hydrogen and deuterium [84] would
be important to clarify this issue.

An interesting results related to the effect of the isotope
mass is that, despite the density behavior is very similar in
peeling and ballooning pedestals, the mechanism that leads
to the increased pedestal pressure with increasing A.¢ seems
very different between ballooning and peeling limited pedes-
tals. In medium/high collisionality ballooning limited pedes-
tals discussed in [66], the increase in the pedestal pressure
was ascribed to the improvement in the pedestal stability with
increasing A when resistive MHD was used. The effect was
very large because the deuterium pulses were characterized
by low temperature and resistive MHD effects were not neg-
ligible. Instead, this mechanism is irrelevant in the low colli-
sionality peeling limited plasma discussed in this work. Due
to the high temperature achieved, resistive effects are negli-
gible and ideal MHD is sufficient to describe the pedestal.
With ideal MHD, the effect of the isotope mass on the sta-
bility is negligible [65, 66]. In the peeling limited pedestals
discussed in this work, the increase of the pedestal pressure
with increasing A.s can be ascribed to an indirect effect of
the isotope mass. The increase of the isotope mass leads to an
increase of the pedestal density. In turn, being limited by peel-
ing modes, the increase of the density stabilizes the pedestal
leading to the increase of the pressure.

In this work, ideal MHD was sufficient to describe the ped-
estal stability. This might seem a contradiction with previ-
ous experimental and modeling results in JET-ILW [35, 42,
85] which emphasized the role of resistive MHD. However,
the main datasets used in this work have reached significantly
higher temperature than most of the previous JET-ILW plas-
mas, see for example figure 4(e). For comparison, figure 29
shows the resistivity calculated in the lower part of the ped-
estal for the main datasets used in this work (full triangles)
and for all the earlier JET-ILW high-triangularity plasmas until
2020 (empty triangles). At high gos5, where the peeling limited
scenario has been reached, the resistivity is a factor 3—4 lower
than in the earlier datasets. It is therefore very reasonable that
resistive MHD effects do not play a role in the main datasets
discussed in this work.

The work has tried to experimentally reach ITER-relevant
pedestal conditions in terms of collisionality, normalized
Larmor radius and type of pedestal instabilities. Assuming the
results can be qualitatively extrapolated to ITER, this work
leads to two positive conclusions.

1. ITER is supposed to operate at high ni? /nf*. All earlier
results, achieved in ballooning limited pedestals, show a
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Figure 29. Spitzer resistivity versus the toroidal field for the main
datasets (full triangles) and the JET-ILW high triangularity data
until 2020 (dataset 11).

significant degradation of the pedestal pressure at high
niP /nP* Instead, the present results achieved in peeling
limited plasmas show that high i /nE* operation will not
necessarily lead to a degraded pedestal pressure. However,
the present results show that the increase in ne "/ 7P can
increase n_. , suggesting that ballooning modes might be
destabilized at very high n5 /nf*® in ITER.
. Operation in mixed deuterium/tritium plasmas in peeling
limited scenarios leads to an improvement of the pedes-
tal pressure. This is very promising for the future ITER

operation.

crit?

8. Conclusions

This work has shown that JET-ILW can reach pedestals limited
by peeling modes. This is the first time a metal wall machine
has reached such conditions. This scenario has allowed to per-
form scans in plasma parameters that have been used to valid-
ate pedestal predictions in ITER-relevant conditions. Peeling
limited pedestals have been achieved by operating at high
qos, therefore stabilizing ballooning modes. The experimental
behavior of the gos5 scan (obtained via a B, scan) is in very good
qualitative agreement with the predictive modeling. The dens-
ity scan performed in the peeling limited plasmas has shown
that the increasing density leads to an increased pedestal pres-
sure. This is the expected behavior in peeling limited plasma
and it is agreement with earlier DIII-D results [10]. Indeed,
the pedestal predictions of the density scan are in reasonable
agreement with the experimental behavior. The role 5 /nf*
has been assessed. Both experimental results and predictions
show that the pedestal pressure does not decrease with increas-
ing ¥ /nf*!. The pedestal behavior in the density scan and
in the nS /nP® scan are significantly different from those in
all earlier ballooning limited pedestals, where degradation of
the pedestal was observed. Finally, the work has presented a
unique dataset in mixed deuterium/tritium plasma in peeling
limited pedestals. The result is very promising for ITER and
shows an increase in the pedestal pressure with increasing iso-
tope mass, due to the increased pedestal density.
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This work has also highlighted that is necessary to fur-
ther develop fully integrated core-pedestal-SOL modeling to
have reliable pedestal predictions. Nonetheless, it has shown
that the present pedestal predictions can qualitatively well
describe the pedestal behavior approaching ITER-relevant
conditions.
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Appendix A. lon temperature at the pedestal and at
the separatrix

The ion temperature behavior for the main datasets used in
this work is shown in figure 30 for the deuterium plasmas dis-
cussed in sections 3-5. Another important effect of the gas
rate variation is related to the ratio between 7; and 7,. The
ratio 77°¢ /TE*® is shown in figure 30(a) and the ratio 7°F /T3
in figure 30(b). Clear correlations with the gas rate can be
seen. 77! /T8¢ decreases with increasing gas rate from ~ 1.5
to ~ 1.0. Also T;"? /T¢? has a clear negative correlation with
the gas rate. The origin of the link between 7;/7, cannot be
ascribed to a variation in the electron-ion coupling, because the
highest T /T, ratios occur at low gas rate, so at higher density
and higher collisionality than at high gas rate, see section 4.
The reason for the variation in 7;/T, in this dataset remains
unclear. We can speculate that a possible reason is related to
the change in fgm, with higher 7; achieved at lower gas rate
and lower ELM frequency. The ion temperature at the pedes-
tal top versus nf*" is shown in figure 30(c). 7% increases with
increasing density. The total pressure at the pedestal top versus
nP is shown in figure 30(d). Also the total pressure show a
positive correlation with nged. As discussed in section 4, this
is a further confirmation that the main datasets studied in this
work are limited by peeling instabilities rather than ballooning
instabilities.

The ion temperature and the total pressure at the pedes-
tal top for the ng "/ 7P scan discussed in section 5 is shown
in figure 31. The behavior of the total pressure and of the
ion temperature versus nF /nE" is qualitatively similar to that
of the electrons (figure 19) and no strong correlation can be
observed.
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Figure 30. Ratio of ion to electron temperature versus gas rate at the pedestal top (a) and at the separatrix (b) for the gas scan datasets of
section 4. Pedestal ion temperature and pedestal total pressure versus pedestal density for the gas scan datasets of section 4.

3.0 2.0 : : ' : : : —
(a) (b) 15} —+— (©)
25F ] —h— =*__
— e * 1.5F —t- #r —_ —++—
< 20F —— 1 H] \— ¢ 1o} ]
2 —+— = =
~ 1.5¢F 1 o~ 1.0F -
S.10f ] = *s [
a 0.5 g °
05F, i
atase subset with n”*9=2.6x10'9(m";
0.0 dataset 5 (subset with n*°=2.6x10"(m) 0.0 0
00 02 04 06 08 1.0 0.0 02 04 06 08 1.0 0.0 02 04 06 08 1.0

sep ped
n~*® / n.

sep ped
n”® / n.

sep ped
n"® / ne

Figure 31. Pedestal height of total pressure (@) ion temperature (b) and ratio ion to electron temperature (c) versus 1¢>?/n."*® for the subset

at 1.4 MA/3.8 T, gos = 8.5 and P = 2.6 x 10°(m™).

Appendix B. Sensitivity tests of Europed
predictions

This appendix assesses the effect of the uncertainty in the input
parameters on the conclusion of the work. Given the reason-
able agreements between pedestal stability and Europed pre-
dictions, this assessment has been done using Europed.

An important parameter whose impact of the pedestal pre-
dictions has not been discussed much in the past is the ratio
T;/T.. As shown figures 9(c) and (b) the common JET-ILW
assumption 7; = T, is not valid for the datasets used in this
work. Indeed, throughout the paper the stability analysis has
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been done using both the experimental pre-ELM T, and T; pro-
files and the Europed predictions have assumed 77°¢ = 1.277%
and TP = 4T.*". Therefore, figure 32 assesses the effect of
T; /T, on the pedestal pressure predictions and on the toroidal
mode number of the most unstable mode. The input para-
meters used are I, = 1.4MA, B; = 3.8T, high triangularity,
e — 1.8 x 101 (m=3), T =200eV, zero relative shift,
On = 2.1, Zogs = 1.5, Aegr = 2 with toroidal mode numbers n =
1,2,3,4,5,6, 7, 10, 20, 30, 40, 50 included. These input
parameters corresponds to the high density deuterium pulse
of figure 15(a). The effect of TP /T (assuming T =
1.27%%%) is shown in figure 32(a). The increase of TP /T at
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Figure 32. Europed sensitivity test of the effect of T /T, on the predicted pedestal pressure height (top frames) and the predicted most
unstable toroidal mode number (bottom frames). The input parameters used are I, = 1.4MA, By = 3.8T, high triangularity,

P =1.8x 10" (m’3), T = 200eV, zero relative shift, By = 2.1, Zy = 1.5, Aegr = 2. The left frames shows the effect of 7,7 /Tc™ at
constant T'fed / 7%% the central frames shows the effect of T{imd / 7% (assuming TP = 4T:"), the right frames shows the effect of the

simultaneous increase is TfEd / 7% and T, /Te.

constant 79 /T?** reduces the gradient of the ion temperature
which allows a higher T, gradient to reach the critical pressure
gradient. Indeed, figure 32(a) shows a weak increase in pre-
dicted electron pressure. However, despite the sensitivity test
have been performed in the wide range 77 /7c" = 1 — 7 (cor-
responding to the experimental range shown in figure 9), the
toroidal mode number of the most unstable mode remains n =
2, as shown in figure 32(b). The effect of Y‘fed /T2 (assum-
ing 7, = 4T.?) is shown in figure 32(c). The increase of
77 /T2 at constant T / 5% increases the T, gradient there-
fore leading to a lower T, gradient to reach the same critical
pressure gradient. Indeed, figure 32(c) shows a weak reduc-
tion in predicted electron pressure. However, also in case the
most unstable mode remains n = 2, as shown in figure 32(d).
Finally, figure 32(e) show the effect of increasing simultan-
eously 77! /7% and T3 /TP This lead to a weak reduction
in the predicted pressure, but the most unstable mode is still
n=2.
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Figure 33 assesses the effect of other important input para-
meters, Te ", Zes and By. In all cases, the most unstable mode
is a peeling instability characterized by n < 4. It is worth to
mention that both T5F and Z.s have been varied over a wide
range, larger than any possible uncertainty. This is import-
ant because the Ts® values used is this work were determ-
ined with the two-point model (figure 2) and not experiment-
ally determined and because the experimental value of Z is
highly uncertain, as discussed in section 2.1. It is worth to
mention that the increase in Sy suppresses the n =4 mode
and makes the n =1 become more unstable, as shown in
figure 33(f).

In conclusion, a set of sensitivity tests has been done on the
most uncertain Europed input parameters. The results show
that the pedestal remains limited by peeling modes despite the
wide range of parameter used. Therefore, the qualitative con-
clusions of the paper cannot be affected by the uncertainty on
these parameters.
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Figure 34. 2D reconstruction of the MHD radial displacement due to (a) the n = 20 mode corresponding to figure 6(b) and due to (b) the

n = 1 mode corresponding to figure 6(d).

Appendix C. 2D radial displacement

This appendix complements the stability analysis of figures 6
and 11 by showing the 2D reconstructions of the of the MHD
radial displacement for most unstable modes of some key
examples.

Figure 34(a) shows the 2D reconstruction of the radial dis-
placement for the n = 20 mode of the ballooning limited ped-
estal discussed in figures 6(a) and (b). A clear ballooning struc-
ture peaked at the low field side can be seen. Figure 34(b)
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shows the 2D reconstruction of the radial displacement for
the n =1 mode of the peeling limited pedestal discussed in
figures 6(c) and (d). A peeling structure with the maximum
amplitude near the X-point can be seen.

Figure 35(a) shows the 2D radial displacement for the
n =1 mode of the low density pedestal of figures 11(a) and
(). Figure 35(b) shows the displacement for the n = 3 mode
of the high density pedestal of figures 11(c) and (d). The
high density case shows that the ballooning component is not
negligible.
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