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Abstract
The EUROfusion JET-ILW pedestal. database is described, with emphasis on three main

issues. First, the technical aspects are introduced, including a description of the data selection,
the datasets, the diagnostics used, the experimental and theoretical methods implemented and
the main definitions. Second, the JET-ILW pedestal structure and stability are described. In
particular, the work describesrthe links between the engineering parameters (power, gas and
divertor configuration) and the disagreement with the peeling-ballooning (PB) model
implemented with ideal MHD equations. Specifically, the work clarifies why the JET-ILW
pedestal tends to be farifromithe PB boundary at high gas and high power, showing that a
universal threshold in power and gas cannot be found but that the relative shift (the distance
between the position of the pedestal density and of the pedestal temperature) plays a key role.
These links are.then used to achieve an empirical explanation of the behavior of the JET-ILW
pedestal pressure,with gas, power and divertor configuration. Third, the pedestal database is
used«torrevise_the scaling law of the pedestal stored energy. The work shows a reasonable
agreement ‘with the earlier Cordey scaling in terms of plasma current and triangularity

dependence, but highlights some differences in terms of power and isotope mass dependence.
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1. INTRODUCTION

H-mode databases have been created since the early 1990s [1,2]. The main goal of the early
versions of H-mode databases was to study the global confinement and its scalig/with
engineering parameters. Due to the lack of pedestal diagnostics, detailed information.on the
pedestal structure were not systematically available. The first pedestal databases have been
developed in the early 2000s [3,4] by a joint effort of the ITPA Confinement and Pedestal
Database groups. In these works, the first scaling laws of the pedestal stored energy were
derived [4]. Soon after, the two-term model for the global confinement was developed [5, 6, 7].
The model assumes that the global energy confinement tr is composed by twodterms, one for
the core stored energy (Weor) and one for the pedestal stored energy (Wpea), T =
(Wcore + Wped)/P (with P the loss power). The scaling of the energy confinement was
determined by the scaling law of W.o.. and the scaling law_of Wy.a.In the following years,
relatively regular updates of the database were published,.in.some.cases with the discussion of
new physics terms. For example, in 2002 the effect of the plasma magnetic geometry was
included [8]. The latest update was released in 2007:by Mc Donald [9] where improved
statistical methods applied to a database wider than that used b;f Cordey [7] were described. No
drastic difference was observed between the Cordey and'McDonald scaling laws. The pedestal
scaling law that is still used nowadays belongs to this group of works and it is often cited as the
“Cordey scaling” for the pedestal. The Cordeyscaling is a power law that correlates the pedestal
stored energy of Type I ELMy H-modes withrengineering parameters:

w,

ea = 0.00807 15.4110.06R1.37io.13Po.soio.o4 %

X n_0'15i0'043032i0'08M0'2Fq1'61i0'17k(11'21i0'28 (1)

where W) is the pedestal stored e\nergy (MJ), I, is the plasma current (MA), R the major radius
(m), P the thermal loss power(MW), n the density (10'° m™), B the toroidal magnetic field (T),
M the atomic mass, k, the elongation, F, the ratio between gos and the cylindrical safety factor
ot (With gy = S5k,a*B/RI).

Nowadays, the‘importance of these early works relies mainly in the scaling laws they have
derived. In partictlar, the Cordey scaling is often used by the core transport modellers to set an
edge boundary condition for predictive core transport analysis. Many of the present day
predictions of core performance in JET-ILW, including D-T extrapolations, still rely on the
Cordey scaling [10, 11, 12, 13, 14].

Pedestal physics has progressed significantly since 2007 both in terms of experimental results
and.in terms of theoretical understanding. Several of the recent experimental results, in

particular those achieved with metal walls like in the JET ITER-like wall (JET-ILW) [15, 16],
2
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might affect the predictions obtained from the Cordey scaling. Among them, the most relevant

results are briefly summarized here:

(1) The first JET-ILW experimental campaign has shown that several plasmas awere
characterized by an energy confinement 10-20% lower than the corresponding carbon wall
JET (JET-C) plasmas. This was particularly evident in the low Bn pulses (BnS1.8, often
called “baseline” scenario) and was mainly ascribed to a lower pedestal temperatuze [17,
18, 19]. Since the Cordey scaling was derived before the JET-ILW eraj'there'is concern
that expression (1) could systematically overestimate the JET-ILW pedestal performance.

(i) Recent JET-ILW experiments investigating the isotope effect on confinement via a set of
specific pulses with hydrogen plasmas and deuterium plasmas [20] hale shown a thermal
energy confinement with a relatively strong dependence on thedsotope mass, Tp~M%%,
This dependence is stronger than the dependence determined inthe IPB98(y,2) scaling [21]
and included in the Cordey scaling, where the exponent was 0.2. This difference might
have an impact on the performance predictions for the deuterium-tritium operation planned
in JET-ILW and for ITER.

(iii) The effect of the gas dosing (I'ws) is not included/in the Cordey scaling. This is because
the gas dosing cannot be used as a reliable engineering parameter to estimate the neutral
pressure, in particular when comparing different machines and/or plasmas with different
wall materials. For example, in plasmas.obtained in a carbon wall machine the majority of
the effective fuelling is from the wall outgassing, while in the metal wall is from external
fuelling. However, the gas doesing rate is well known to affect the pedestal performance,
with an increasing ['gs cortelated to adecreasing pedestal pressure [22, 23, 24, 25, 26, 27,
28, 29]. N

(iv) The divertor configuration has shown to play a role in determining the pedestal pressure,
in particular in JET-ILW [26, 30, 31, 32].

(v) The seeding of low=Z impurities has also shown to affect the pedestal performance,
especially in‘metal wall machines where the increase of the seeding rate has been correlated
with the pedestal height increase [17, 26, 28, 33, 34, 35, 36, 37, 38].

To date, thereis a partial understanding of points (iii) and (v), albeit not in all machines and
not for all scenatios. Concerning point (iii), the degradation of the pedestal performance with
increasing gas-dosing has been ascribed to the reduction of the pedestal stability due to an
outward shift of the pedestal density position (n#%), as initially shown in AUG [28], later
confirmed in TCV [29] and in a subset of JET-ILW pulses [39]. Concerning point (v), the

increase of the pedestal performance due to seeding of low-Z impurities has been explained

3
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only in AUG, where it has been ascribed to an inward shift of n/”*° which led to an improvement

of the pedestal stability [28]. Empirically, it was also found that the pedestal performance in

AUG and Alcator C-mod were correlated with the separatrix density (n.*%) [28, 38].

The other experimental results discussed above, points (i), (ii) and (iv) still have no clear
explanation. In particular, it is not clear yet why JET-ILW plasmas tend to have a lower pedestal
performance than JET-C plasmas. It is likely that this is correlated to operational constraints/in
JET-ILW [19] that often needs to operate with high gas fuelling rate, but the underlying physical
mechanism has not been identified yet.

Before discussing other two important open issues, it is worth to briefly summarize the main
ELM types. Type I ELMs are characterized by having a frequency«(fe.m) thatdincreases with
increasing heating power [40, 41, 42] and are typically observed in fully dzveloped H-modes,
with heating power well above the L-H power threshold (Prx). Typetll ELMs tends to be
smaller than type I ELMs and have decreasing frzy with increasing power. They have not been
observed yet in JET-ILW and only mixed Type I/Il ELMy regimes have been observed in JET-
C [25, 43, 44], so they will not further discussed in_thisswork. Finally, type III ELMs are
typically observed just above Pry and are characterized by @decreasing frriy with increasing
power [40, 45].

Other two important open issues are related\to (vi) the agreement of the experimental data
with the peeling-ballooning (PB) modehin. type . ELMy H-modes and (vii) the predictions of
the pedestal structure, in particular the pedestal width and pedestal height.

(vi) The PB model [46, 47] is the most accepted one for the description of the pedestal MHD
stability in type I ELMy H-modes. But a non-negligible subset of type I ELMy H-modes
in JET-ILW does not seem: to:follow the PB model, at least when implemented with the
ideal MHD equations. While most of the machines (including JET-C) have shown an
agreement with the PB maodel'[26, 37, 48, 49, 50, 51, 52], type I ELMs in JET-ILW are
often triggered before the PB boundary is reached, when the pedestal gradient is well below
the critical value. This has been discussed in several early and recent works [18, 27, 39, 53,
54]. In particular, @ power scan at high gas dosing rate [27] has identified type I ELMs
pulses by the increasing fzra with power and has observed that the disagreement with the
PB model ogccurs at high power. The present understanding is that a key condition to have
pedestals far from the PB boundary is to have high gas dosing and high power. However,
so far no clear universal threshold in power and gas dosing has been found. It is important
to note that the disagreement with the PB model does not necessarily implies the non-

validity of the model but it could highlight that additional physics is necessary to describe
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more properly the PB modes. For example, an hypothesis discussed in references [32, 55,
56] suggests that the inclusion of the diamagnetic term and of the experimental ion
temperature in the PB stability calculation could reduce the critical gradient tosa value
consistent with the experimental results. Another hypothesis based on the experimental
results discussed in this work is proposed at the end of the paper and suggests that the
inclusion of resistivity in the MHD stability might need to be considered to fully describe
the PB instabilities.

(vii) The prediction of the pedestal height and width is typically done with'the EPED model
[57, 58]. However, JET-ILW has shown a disagreement with the pedestal width EPED
predictions [53, 59]. In turn, this implies that in these plasmas also ihe pedestal height

and/or the pedestal gradient cannot be correctly predicted.

To contribute addressing these open questions related to pedestal physics, the consortium of
the European nuclear fusion research community (EUROfusion [60]) has promoted the creation
of a pedestal database. The creation of a state-of-the-art pedestal database is a major challenge.
While the previous pedestal databases were aimed mainly.dt obtaining scaling laws of the
pedestal height, the new EUROfusion pedestal database must contain reliable and systematic
information of key experimental parameters, such as pedestal widths, pedestal gradients,
pedestal positions, as well as systematie.theoretical results related to the corresponding PB
stability. JET-ILW has been selected as testbed for this work. If successful, future plans include
the extension to other European machines, including JET-C, AUG, TCV and MAST.

N

1.1 The PB model and the EPED framework.

The PB model assumes that the pedestal pressure increases till the PB modes become unstable
and a type I ELM s triggered: The PB model can be used to determine the critical pressure
gradient at which type I ELMs are supposed to be triggered, see section 2.3. To predicte the
critical pedestal pressure height, the model needs to include information of the pedestal width.
This can be done either using the experimental width, as described in section 2.3, or using
further assumptions, like in the EPED framework. EPED is presently the most used model to
predict the pedestal height and width [57]. The model relies on the stability of the PB modes
and of the kinetic ballooning modes (KBMs). The models assumes that, soon after an ELM, the
pedestal height and width grow unconstrained till the KBMs are destabilized. This stability

boundary is considered a soft boundary that does not trigger any ELMs but set the pressure
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gradient. Once the KBM boundary is reached, the model assumes that the pedestal width w),
depends only of the pedestal poloidal beta via the expression  w,=D(S¢**)!?, where D=0.076
in the EPED1 version of the model [57]. This expression is often called KBM constraint. A
more recent version, EPED1.6, allows a variation of the coefficient D, which is determined
from shot to shot by studying the KBM boundary [58]. After the KBM boundary is reached,
the pedestal height growths via the increase of the pedestal width and the pedestal gradient
following the KBM constraint. The process continues till the PB stability limit is reached and
an ELM is triggered.

Clear deviations from the exponent 1/2 in the KBM constraint have'been found in NSTX,
where an exponent 1 was determined [61]. On the other hand, Variati%s in D have been
experimentally observed in several machines with D~0.084 in AlcatorC-mod [50] to D~0.1 in
AUG [62] and JT-60U [63, 64, 65] and D~0.06-0.13 TCV [29]. Specifically for JET-ILW, a
large variation has been observed, with D~0.06-0.13 [53, 59}.. So a large part of JET-ILW
pedestal width cannot be predicted with the standard EPED1 model. A detailed comparison
between the JET-ILW pedestal and the EPEDI1 predictions is described in reference [66], where
it is shown that EPED]1 tends to underestimate the JET-ITW:p€destal width and overestimates
the JET-ILW pressure gradient. However, the.two effects partially compensate each other and
the predicted pedestal height is roughly in agreement with the experimental pedestal height. On
average, the agreement is within 20%, even. if larger deviations have also been observed. The
present work will investigates under whichiconditions the predicted gradient departs from the
experimental one. As discussed in'section 8.3, the conditions under which the predicted width
departs from the experimental ofie are similar to those of the gradient.

The model predicts the pedestal width and the pedestal height of the pressure for a given
pedestal density. The pedestal density height is an input to the EPED model. Determing n/7*
has therefore high priority in pedestal physics. An attempt was done in reference [67], where
the neutral penetration medel was developed. Density transport in the pedestal was studied, for
example, in AUG [68] and DIII-D [51, 69, 70] suggesting the transport mechanism might
depend on the experimental conditions. Pedestal density predictions are an ongoing work, see
for example [714, but are outside the scope of this work. Only in section 7.2 a scaling law for

the JETAILW pedestal density height will be presented.
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1.2 Goals of the work.

The paper has four main goals:

1.

To describe the technical aspects of the database, including definitions of the key
parameters and definitions of datasets, for future reference.

Due to the complexity of the database, it is important also to verify the reliability of the
data included. This will be done by testing and extending recent results. Since some of
the most recent results have been discussed only for few pulses, the extension,to wider
datasets has the benefit of strengthening their validity.

To provide a general description of the pedestal structure in JET-ILW in{Type I ELMy
H-modes. .

To build a coherent picture of the JET-ILW pedestal physics inideuterium unseeded Type
I ELMy plasmas, to help addressing some of the open questions discussed in the
introduction.

In particular, the work will investigate the disagreement with the PB model and its links
with plasma and engineering parameters. Thesedinks will then be used to shed more light
on two open issues: the role in the pedestal dependence with power of (i) gas dosing and
(1) divertor configuration (see section S:l for details).

Recently, several parameters have been discovered to play an important role in
pedestal physics, for example the position of pedestal density [28], the relative shift [72],
the separatrix density [28], ne (the ratie between the gradient length of electron density
and electron temperature) [39;.73, 74, 75, 76]. The work will exploit the EUROfusion
pedestal database to reach a cohereént empirical description of the links between these
parameters, the enginéering parameters and the agreement with the PB model. This
description will then beaised as the basis to shed light on the behavior of the pedestal
pressure.

To achieve this goal, it will be necessary to discuss the behavior of most of the pulses
included in the database but also to highlight the behavior of specific subsets. The data
used in/this work and the specific subsets are described in section 2.5.

To test the reliability of the Cordey scaling in a metal wall machine and to provide an

updated version of the pedestal scaling law specific for JET-ILW.

Unfortunately, the links between pedestal stability, pedestal position, relative shift, separatrix

density and me with engineering parameters is very complex. Its understanding requires a

detailed description of the behavior of the pedestal structure (pedestal height, width, position)
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in different experimental conditions. Therefore, the work adopts a systematic approach, in
which each parameter of the pedestal structure is discussed in detail. Only from section 6.4,
after these key ingredients have been described, coherent interconnections between engineering
parameters and distance from the PB boundary will emerge. In the discussion, section 8, these

links will be extended to the pedestal pressure height.

1.3 Structure of the paper.

The paper is divided in four parts. Part (A) describes the technical aspects of the database,
including methods and definitions. Part (B) describes the pedestal propetties. Part(C) discusses
the pedestal scaling. Part (D) is for discussion and conclusions. 0

The expert reader might wish to skip part (A) and start directly from‘part (B).

In details, the paper is organized as follows:

PART (A). Database description.

Section 2 describes the diagnostics used, the metheds (including the experimental analysis
and the peeling-ballooning stability analysis), the data sélection criteria to populate the database
and data used in this work.

Section 3 presents the definition of the main parameters included in the database.

Section 2 and section 3 address goal 1.

PART (B). Pedestal structure and stability.

Section 4 briefly describes the ELMs types.

Section 5 is devoted to the'pedestal structure. The section starts with the description of the
pedestal height, where some ©pen issues are introduced (role of gas dosing and divertor
configuration on power scans). The section continues describing the behavior of separatrix
density, pedestal width and pedestal position. In particular, this section describes novel JET-
ILW empirical reésults that link the pedestal performance with the separatrix density and that
correlate the Separatrix density with the neutral pressure in the divertor. Section 5 addresses
goal 2 and_infroduces the empirical basis to address goal 3.

Section 6 descfibes the experimental normalized pressure gradient and its comparison with
PB stability:A-key point of the section is to understand under which experimental conditions
the JET-ILW pedestal of type I ELMy H-modes is not PB limited (i.e. the pre-ELM pedestal
does not reach the PB boundary, according to the standard assumptions used in the modelling,

see section 2.3). At the end of section 6, a coherent description of the links between pedestal
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stability, position, relative shift and separatrix density with engineering parameters is presented.
The impact on the pedestal performance is discussed. The section addresses goal 3.

Due to the length of part (B), brief summaries are provided at the end of each sections

PART (C). Pedestal scaling.
Section 7 discusses scaling laws, comparing the Cordey scaling with the €xperimental JET-
ILW results and providing an updated version of the pedestal scaling laws specific_for JET-

ILW. This section addresses goal 4.

PART (D). Discussion and conclusions. By

Section 8 presents the discussion. The section starts by presenting.all the links discussed in
the work between engineering parameters and pedestal pressure. In, patticular, the empirical
behavior of the pedestal pressure with power, gas and divertor configuration presented in
section 5.1 will be motivated. The section also briefly presents some of the effects not discussed
in this work and how they might fit into the present work.

Section 9 presents the conclusion. The section highlights alsé the open questions and propose
the key issue to be investigated in the near future.

Appendix 1 presents a brief comparison of the pedestal parameters determined using the
different definitions discussed in section:3.

Appendix 2 discusses the geometrical mterpretation of the effect of the density shift on the

pressure profile.
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PART (A). Database description.

2. DIAGNOSTICS AND METHODS

This section describes briefly the main diagnostics used in the work, the methods for
extracting the pedestal parameters, the methods to study the peeling-ballooning stability and,
finally, the methods implemented to select the pulses and a brief description of the database

size.

2.1 Diagnostics.

The key diagnostic used to extract the pedestal parameters is the:High Resolution Thomson
Scattering (HRTS) [77] which measures the profiles of electron temperature (7%) and density
(ne). Due to possible uncertainty in the absolute position‘of'the HRTS diagnostic, the profiles
are systematically radially shifted to have a specific temperature atthe separatrix, 7.°=100eV.
The value 100eV has been estimated using a two-point model for the power balance at the
separatrix [78]. This value has been subsequently strengthened by EDGE2D-EIRENE
simulations [79] that show that gas and power scans in unseeded JET-ILW plasmas can lead to
a ~10% variation in the separatrix temperature, 1.e. the range in 7.°~90-110eV. Due to the fact
that the profiles are very steep in the pedestal region, this variation leads to an uncertainty in
the pedestal position lower than+0.002y (for a graphic visualization of this uncertainty, please
see section 5.4, figures 16 and 18). Suchran uncertainty has no significant effect on the pedestal
parameters included in the databa{e nor on the PB stability, as discussed in [39].

The HRTS profiles, once the 400eV shift is applied, are in very good agreement inside the
separatrix with the profiles measured by other diagnostics, such as ECE and reflectometry [80].
However, ECE, reflectometer.and Lithium beam are not systematically available in JET-ILW
and they have been used only to cross-check the HRTS profiles in some key pulses.
Unfortunatelys the charge exchange diagnostics are available only for a limited number of
pulses, so information on ion profiles are not included in the database. Although a difference
between'ion and.electrons might be expected at the separatrix [32], the assumption 7.=T7; is
reasonablerat the pedestal top due to the relatively high collisionality [52]. When charge
exchange measurements were available, it has been verified that the assumption 7.=7; is

satisfiedswithin the uncertainties.

10
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2.2 Experimental analysis technique and fits of the pre-ELM profiles

To maximize the quality and the reliability of the pedestal parameters, the experimental HRTS
profiles have been analyzed with the method described in [81] and here only briefly deseribed:
The pedestal parameters are extracted by fitting “composite” profiles selected in the pre-ELM
phase during a stationary time interval. The pre-ELM phase has been defined as the'time
intervals in the range 70%-99% of the ELM cycle. This definition has been applied for.most of
the plasmas included in the database. When compound ELMs were present (type I ELM
followed by a series of smaller ELMs), in few cases the pre-ELM selection has been optimized
by considering a time window ~2ms long before the type I ELM. The selected profiles are then
radially shifted to compensate for minor changes in the separatrix position from profile to
profile. Then, the composite profile is fitted in real space and subsequently shifted in order to
have the temperature fit with 100eV at the separatrix. Obyieusly,thesame shift applied to the
T. profile is applied to the n. profile, since both 7, and x#e are measured by the same diagnostic.
Finally, the combined profiles, and the correspondingfits; are mapped on the normalized
poloidal flux coordinate (yn). An example is shown/in ﬁgu;e 1. This method leads to well
defined pedestals, with a radial resolution higher than that obtained from considering only a

single profile, and consequently to pedestal parameters with good quality and good reliability.

(a)

pe (kPa)

O exp. data

0.2 F—— mtanh

= linear

Py P Y
Figure 1. Example of the.«composite HRTS pre-ELM profiles for pulse 84600. The pre-ELM

profiles have been selected.in a stationary phase 1.5s long, from 50.5s to 52s. The pre-ELM
profilesqare defined as the profiles in the 70-99% of the ELM cycle. In this figure, the
composite profile is composed by 5 pre-ELM profiles. The continuous line shows the

corresponding mtanh fit and the dashed line the linear fit.
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Two different fitting functions have been used to determine the pedestal parameters. The
database contains a set of pedestal parameters for each fitting function. The first fitting function
is the modified hyperbolic tangent (mtanh) defined in [82]:

mtanh(r):h‘_ho (1+Sx)e_—e’ +1 |+h, with x= pr (2)
2 e +e” (w/2)

where 7 is the radial coordinate along the HRTS line of sight, 4; and /4o the pedestal height.and
the offset in the scrape-off layer (SOL), s a parameter correlated to the slope ifiside the pedestal
top, p a parameter correlated to the pedestal position and w the pedestal width (see section 3.1

for more details). An example of an mtanh function is shown in figure 2(a).

~
mtanh fit limear fit
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I

J ‘ ‘ ‘ mﬂoffset El £ El
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mtanh fit to n xT, schematic view of W, definition
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g 1ob— © S | |
e i, c) 4 r
% 1.0 \\‘\\\\\ ] 81 < B
© L \,\ N . [ eped =
= 0.8: \ ] S sl P TN L
© r |\ 1 e \ \
© O@f \ O\ ] s
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S g4f o \ f . & * | |
e T \®.\ ]
B 0.2 L n.xT B 2 | ]
c P T \\ ] WP 1 Bkap, ™ (Vs Vi) /2 |
0.0 —  mtanh fit torngxTe N\ ;\‘:\7 R 0 |
0.85 0.90 95 .00091.05 1.10 40 50 60 70 80

Yy plasma volume (m?)
Figure 2. Example of (@) the mtanh fitting function and (b) the linear fitting functions. Frame
(c) show the product of the two mtanh functions for density (blue) and temperature (green),
their product (thick orange line) and the mtanh fit to the product (black dashed line). Frame
(d) showsya schematic view for the calculation of the pedestal thermal stored energy, as
describedin section 3.2. Wyl is the area corresponding to the region highlighted in grey
(whosevextent is from the magnetic axis till Vie, where Vi is the plasma volume at the

Separatrix), see section 3.2 for details.
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The second fitting function is a combination of linear fits, see figure 2(b) for an example.
More specifically, three straight segments are used to fit (1) the inner part of the profile, inside
the pedestal top, (2) the region of the steepest gradient and (3) the SOL region (where ithis
assumed that the slope is zero). The segments can be parameterized using the following free
parameters: the position of the boundary between segments (1) and (2), the position,of the
boundary between segments (2) and (3), the offset in the SOL, the height atithe pedestal and
the slope in the inner part of the pedestal.

A comparison of the pedestal parameters extracted from the two fitting function 18 discussed
in appendix 1. The main conclusion is that the two fitting functions lead to the same qualitative

~
results and similar quantitative results.

2.3 Peeling-ballooning stability analysis

The database contains a systematic evaluation of the mairi key parameters related to the
peeling ballooning (PB) stability. The PB model is the most accepted theoretical model for the
description of the pedestal [46, 47]. The modelhassumes that the pedestal evolves till the PB
stability boundary is reached and a Type I ELM is triggered. Depending on several parameters,
for example collisionality and triangularity, thesinstabilities can be either a peeling mode, a
ballooning mode or a coupled peeling-ballooning modes (see reference [83] for a recent work
on coupled PB modes in JET).

A standard way of representing, the PB stability is to plot in the j-o diagram the position of
the experimental pedestal (the olkrational point) and the PB boundary. Here j is the current
density, composed of fully diffused Ohmic current and bootstrap current (j»s), and o is the

normalized pedestal pressure gradient defined as in [84]:

204V ;1 Vo2
. 4

T @m)2\212R ) HoP' )

where V is the plasmawolume enclosed by the flux surface, R the major radius and p’ the total
pressure derivativeiin the poloidal flux w.

In the PB stability analysis, the pressure profile p is determined from the product of the mtanh
fits'to the pre-ELM electron density and temperature, assuming 7;=7. and determining »; from
ne andZes (see section 3.2). The equilibrium is determined with HELENA [85]. HELENA is a
fixed boundary equilibrium code that uses the measured density and temperature profiles for

the pressure and calculates the bootstrap current profile self-consistently (in JET, the

13
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temperature and density profiles used by HELENA are the mtanh fits to the experimental 7,
and n.). The boundary shape is taken from the standard JET EFIT equilibrium that does not
have an H-mode type pressure and current profiles. While this procedure may causesa small
error in the boundary shape of the plasma compared to having a true free boundary equilibrium
with H-mode profiles, the effect on the shape (elongation and triangularity) is small. Therefore,
we don't expect the pedestal stability to be affected. The pedestal stability with ELITE [46]; a
linear ideal MHD stability code. The j»s term has been calculated using both the Sauter model
[86] and the Hager model [87]. The two models agree at low collisionality, while the Sauter
model tends to overestimate j»s in high collisionality plasmas [27, 83, 88], as determined by a
benchmark with the drift kinetic NEO code [89, 90]. The maximum«value of the experimental
normalized pressure gradient is taken from the equilibrium. The stability\criterion has been
defined as y < 0.03w, (where 7y is the growth rate and wa is the Alf¥én frequency). In the
stability calculation the modes from n=5 up to n=70 have been considered. The impact of
higher mode numbers and of different stability criteria’ have been studied in reference [27],
showing no major impact on the results. Rotation.and diamagnetic effects have not been
considered, while equal ion and electron temperature have beéh assumed. According to recent
works, these assumptions might impact the ballooning boundary by 20-30% [32, 55, 56], but at
present stronger effects cannot be excluded a prioti (this point is discussed more in detail in

section 8).

According to the PB model, the experimentalpedestal in type | ELMy H-modes should reach
the boundary just before the ELM-is triggered. As examples, figure 3(a) shows the stability
boundaries and the operational peints of two type I ELMy H-modes. The operational point of
pulse 81810 (red square) is clearly\on the ballooning boundary (red continuous line). However,
as mentioned in the introduction, the ELMs in JET-ILW are often triggered before the PB
boundary is reached. This'is shown in figure 3(a) with pulse 87342 (the full blue star). It is still
unclear under whi¢h experimental conditions the ELM is triggered before the PB boundary is
reached [39]. Both high pewer and high gas dosing seem a key ingredient [27]. The physical
reason for this disagreement is also still unclear. Section 6 presents a systematic analysis on

these aspects of the PB stability.
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17 Figure 3. Frame (a). Examples of j-a peeling-ballooning stability diagram. The x-axis

18

19 represents the normalized pressure gradient and the y-axis the pedk of thescurrent density in

;? the pedestal normalized by the average current density. The continuous lines show the PB

;g boundaries determined with ELITE and the full symbols the operational points. The dashed

24 line shows the self-consistent path. The intersection of the.self-consistent path with the PB

25

26 boundary determines Qe and jerie (empty star). The square ¢orresponds to a pre-ELM

;é pedestal in which the ELM is triggered when the PB boundary is reached. The star shows a
4

gg pre-ELM pedestal in which the ELM is triggered when the operational point is still in the

31 stable region. Both pulses are type I ELMy H-modes. Frame (b). Sensitivity test of the

32

33 dependence of Ocri/ Qexp on pedestal width for\pulsex87342. The x-axis corresponds to the

gg ratio between wy. used in the modelling.and the.experimental wy.. For comparison, the blue

g? line corresponds to the ratio between the predicted pedestal pressure and the experimental

38 pedestal pressure.

39

40

j; To quantify the agreement betweaq the experimental pre-ELM pedestal and the PB model, the

43 approach described in reference [91] has been used. The method is based on determining the

44

45 self-consistent path inthej-« space. The self-consistent path is determined by increasing the

46

47 height of the pedestal temperature and then self-consistently calculating the current profile and

jg the stability boundary: This is repeated till the marginally stable pedestal temperature height is

g? reached. Graphically, the self-consistent path for pulse 87342 is represented by the dashed line

52 of figure'3(a). The'imtersection of the path with the PB boundary identifies the critical

53

54 normalized pressure gradient (o), the critical current density (j.ri) and the critical pedestal

gg temperature, (7."). Note that 7.”" predicted with this approach differs from the EPEDI

;73 predicted temperature. The approach of the self-consistent path starts from the experimental fits

59 and increases T/7° till the PB boundary is reached, so the pedestal width can be considered as

60

input parameter. The EPED1 approach assumes that the pedestal width is related only to the
15
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pedestal polodail beta via the expression w,=0.076(54**)". The ratio between acrir and Qexp
quantifies the agreement between experimental data and the PB model. A ratio
Oerit / Oexp >>1 1mplies that the ELM is triggered before the PB boundary is reached.¢Adratio
Oerit / Oexp ~ 1 implies that the pedestal is PB limited. Figure 3(b) investigates if the uncertainty
on the pedestal width (the pedestal parameter that has the largest uncertainty) can significantly
affects the ratio cir / exp. This 1s done with the same approach of figure 3(a) but using aset of
synthetic pressure profiles determined from experimental pressure profile of pulse 87342 and
with different pedestal pressure width. The pedestal width has been varied.by £20% which is a
range wider than the typical experimental width uncertainty (= £10-15%). The effect of the
change in the width on oerir / cexp 1s relatively mild, with oeri/cey®1.5 when the width is 20%
narrower than the experimental one and civ/0exp=2.0 when the width is 20% wider. Therefore,
the uncertainty on the pedestal width cannot explain the ratio ae.ir /@exp>>1 for pulse 87342.
Looking at the ratio of the predicted pedestal pressure to'the experimental one, blue data in
figure 3(b), a similar conclusion is obtained.

Hereafter, for simplicity, we will use the term “non-PB lirniied” when discussing the pulses
for which it / cexp >>1. In this work, the use of the term “non-PB limited” implies that the PB
stability has been determined using ideal MHDj assuming 7;=T., neglecting rotation and the
diamagnetic term. The effects of these assumptions on the results presented in this work is
discussed in section 8.2.

cri

The database includes a systematic evaluation,of the parameters Tc“", jerir and crir using the
method of the self-consistent pathand. using both Sauter and the Hager model. The two js
models produce no major differer&e in the predicted . This conclusion can be obtained from
figure 4, where the ratio i/ o™ versus the pedestal collisionality is shown (for the
definition of the collisionality ¥* used in this work, please see section 3.4). Most of the data
included in the database have ei"¢®/ aerif ™ ~I. From a quantitative point of view, 92% of
the data includedrin the database have 0.9 < @i/ o™ <1.2. Such a difference is

sufficiently small not toraffect any conclusion of this work.
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)

N
2.4 Selection criteria, database size, storage.

set of requirements.

0 200400
N

Figure 4. (a) Ratio of the critical a determined using the jps frzm the Hager formula and from
the Sauter formula versus the pedestal collisionality. (b) Histogram showing on the vertical
axis the ratio Qeri™®/ Qeri®®™®" and on the horizontal axis the number of data points (N) that
fall within specific ranges of Cerid" ¢/ oteri™. 92% of the data are in the range 0.9 <
Qerid ) Qi ™ <1.2. Frame (a) and framexb) have the same range of the vertical axis.

To guarantee the reliability of pedestal parameters, the data included in the database satisfy a

First of all, the pre-ELM profiles are selected during a stationary phase in which the
engineering parameters.and the main plasma parameters (n, impurity content, line-integrated
density, ELM freéquency) are constant. The duration of the stationary phase (Afur) has been
selected/to be at least two energy confinement times (zz) long, Atyu: /72>2 (£ is in the range
0.15-0:4s in JET-ILW).

The second requirement is related to the number of profiles selected to have the “composite
pre-ELMyprofile” used for the fits (see section 2.2). To have a pedestal well resolved, the

composite profile must include a minimum of two single profiles. Moreover, to maximize the
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number of selected profiles, the stationary phase must be at least 0.5s long, Aty >0.5s. As a
result, 92% of the composite profiles include more than four single profiles.

The third and last criterion assures good quality of the fits. First of all, all the experimental
data and the respective fits have been visually checked in order to exclude non properly
converged fits. Moreover, a quantitative criterion based on the reduced chi-square 2 has been
systematically implemented. The reduced chi-square is calculated as:

1 i—f(x))?
Xrg = N_mz:évzo P (4)

where (x;,y;) are the x- and y-value of the experimental data i, o/ 1s the cotresponding
uncertainty, f(x;) is the fit evaluated at the position x;, N-m is the number of degrees of freedom
(with N the total number of data and m the number of fitted parameters). O\nly the data in the
radial region 0.8<yn<1.05 have been used. The model f(x) properly. fits.the experimental data
when y2 ~ 1. As a rule of thumb, when x2 > 2, the model'does not fit properly the data (i.e.
the fit does not converge and/or the experimental data cannot be described by the model f(x))
or the experimental data are too scattered to have a reliable fit. We have set y2 = 1.5 as the
threshold to include the results in the database./This has been implemented for both the

temperature data and the density data.

The database includes a total of 112dsentries. Note that a single pulse might have more than
one entry, for example when a gas step oria power step is applied during the flat-top phase of
the discharge. Out of the 1121 entries, 1011 corresponds to deuterium plasmas, 54 to hydrogen
plasmas and 56 to mixed hydrogen/deuterium plasmas. In the deuterium group, 146 entries have
a significant amount of seeding ({zpically nitrogen or neon, but also carbon and argon). Table
1(a) summarizes the range of the main engineering parameters for each isotope and Table 1b
the main global confinement parameters.

The database is storedvin IMAS [92].

Page 18 of 97

(a)
isotope I (MA) o B¢ (T) qos ) Pxi (MW)  Picra (MW) T 10% (e/s)
D 170-4.04 1.0-3.7 2.7-44 0.18-0.45 2.5-28 0.0-6.0 0.07-10
H 1.0-1.7 1.0-1.8 2.9-39 0.20-0.35 6.5-11 0.0-6.0 0.2-3.5
H+D 14-2.0 1.6-23 3.6-3.8 0.20-0.26 5.0-14 0.0-3.5 0.0-1.5
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(b)
isotope BN Hos TE (S) fow Wbia (MJ)
D 0.8-3.2 0.6-1.3 0.1-0.4 0.5-1.1 1.0-10
H 1.0-2.5 0.7-1.1 0.11-0.18 0.5-0.75 0.8-2.3
H/D 1.0-2.0 0.7-1.2 0.1-0.25 0.45-0.8 1.2-2.5

Table 1. Range of some key parameters included in the EUROfusion JET-ILW, pedestal
database for the deuterium dataset, hydrogen dataset and mixed hydrogen/deuterium dataset.
(a) Main engineering parameters: plasma current, toroidal field, qos, average triangularity,
NBI power, ICRH power, main gas dosing rate (deuterium for the D dataset and hydrogen for
the H dataset). (b) Main global confinement parameters: normalized. beta, Hos, energy
confinement, Greenwald fraction, diamagnetic stored energy. ~

2.5 Data used in this work and main subsets highlightedin part (B).

The pedestal can be influenced by a large set of parameters. To simplify the investigation of
the pedestal properties, this work will focus only on'deuterium plasma. Moreover, pulses with
seeding [17, 26, 32], with pellets (either pacing pellets/or fuelli.ng pellets) [93], with RMPs [94,
95], with kicks [96, 97] are included in the database but are excluded from the present work as
these techniques can significantly affect the pedestal structure. Moreover, only type | ELMy H-
modes have been considered (see section 4). Tnitetal, the subset used in this work is composed
of 767 entries.

The data contains both low triangularity (6<0.3) and high triangularity plasmas (6>0.3). When
plotting the data of the entire database, the low-0 plasmas are highlighted with grey circles and
high-6 with grey triangles. Most (} the' work will focus on low-9. A specific discussion for high-
0 plasma can be found.inr section 6.3.

The number of hydrogen pulses and of mixed H/D pulses available so far in JET-ILW is rather
limited, so they are not discussed in this work. A description of the pedestal structure of JET-
ILW hydrogensplasmas.performed on specific subsets can be found in references [20, 98, 99].
A description of mixed H/D plasma can be found in [100]. However, due to the importance of
the isotope mass in the scaling laws, section 7 is an exception and considers also the pure
hydrogen pulses.

For simplicity, hereafter the term “entire database” will be used to identify all the Type I

ELMy deuterium plasmas with no seeding, no pellets, no RMPs, and no kicks.
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To address the open issues introduced in goal 3 (see section 1.1), it is not sufficient to
investigate generic trends observed using the entire database. As discussed in section 5, in some
cases this might lead to misleading conclusions. Therefore, the work will also highlightspecific
subsets. Five subsets will be considered for describing the pedestal behavior with the power
(three subsets at 1.4MA and two at 2.5MA):
= Power scans at 1.4MA/1.7T in low triangularity performed at

(a) low gas dosing rate (/p2=0.2-10*%¢/s) in horizontal configuration (greenfull gitcles). For

the definition of the configuration, see section 3.6.

(b) medium gas dosing rate (/2=0.8-10?%¢/s) in corner configuration (orange full circles).

(c) high gas dosing rate (/p>=1.8-10*%¢/s) in corner configuratiof (lightblue full circles).
For further details on these three subsets, please see references [27, 101].
= Power scans at 2.5MA/2.4T in low triangularity performed

(a) in corner configuration at gas dosing rate /H,=(2-3)-10%%e/s (red empty circles) and

(b) in horizontal configuration at gas dosing rate /5=(1-2)-10?? e/s (blue empty circles).
These subsets have been extracted from the databaseising the same criteria discussed in [30].
The subsets described above are not sufficient to reach' a %ull description of the pedestal
behavior. To describe the behavior with gas desing andrdivertor configuration, three further
subsets have been considered:
= @as scan at 2.0MA/1.9-2.1T, Pu»s=10MWrand low triangularity

(a) in horizontal configuration (blue full'squares),

(b) in corner configuration (red full squares),

(c) 1in vertical configuration (green fullisquares).
JET-C is not included in thejpresentiversion of the database but, for comparison with the 2MA
gas scan subsets, a set of 10 JET-C pulses has been included:
= JET-C pulses at 2.0MA, no gas dosing, Pus—=10MW, low triangularity in horizontal

configuration (black squares).
These are the key subsets discussed in the papers. Color and symbol definitions have been kept
consistent throughout the work.

Howevergto highlight some further specific behaviors, section 4, section 6.1, section 6.2 and
section 6.3 will highlight also other subsets (with colors and symbols defined in order not to

interfere withithe subsets described above).
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3. DEFINITIONS

This section briefly describes the definitions of some of the key parameters included in the
database. This includes both physics parameters, such as those necessary to describe the pre-
ELM pedestal structure and the pedestal performance, dimensionless parameters and ELM-
averaged parameters, but also engineering parameters such as those related to the 4nput power

and the divertor configuration.

3.1 Definitions of the pre-ELM pedestal parameters

The pre-ELM pedestal parameters are determined by fitting the pre-EEM experimental data as
~

described in section 2.

3.1.1 Definitions using the mtanh function

Pedestal height. The pedestal height of electron density, femperature and pressure, (n7%, T/,
ple?) are defined as the free parameter ; of equation (2): This definition is consistent with all
previous JET analysis. 4

Pedestal width of temperature and density. The pedestal width of electron density and
temperature (wn. and wre) is represented by the parameter w in equation (2). This definition is
consistent with all previous JET analysis. The widths are expressed in normalized poloidal
flux (yn) units.

Pedestal width of pressure. Unfortunately, the determination of the width of the pedestal
pressure (Wpe) is more challenging than.for wr. and wy.. This is because, due to the lack of a
simple deconvolution technique, for the pressure, it is not possible to fit directly the
experimental pressure data. In the’ EUROfusion pedestal database, three definitions of wp.
have been implemented:

(1) the first definitionis,the standard one used in all previous JET analysis and corresponds to
the average between the width of temperature and density. This is consistent with the
EPED/ definition[57] and therefore it has been labeled as w)js =P:

Wre + Wpe
2
(i) However, a non-negligible region of the JET-ILW pedestal density is often located outside

EPED _
Wpe =

the separatrix. See for example figure 1(b) or references [39, 72] or, later, figure 16(b).
Typically, the PB stability analysis neglects the plasma region outside the separatrix, so,
for a more direct comparison with the theoretical models, it is reasonable to define the

pressure width as the region from the pedestal top till ywv=1. Graphically, this definition
21
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is shown in figure 2 and it is labeled as w¥ ~/. From a practical point of view, the
temperature width is almost unaffected by this definition (this is because 7.**=100eV,
which is typically much lower than 7.7°%). In contrast, this definition can leadsto a
significant reduction in the density width. As a consequence, also the corresponding

pressure width, defined as

w¥=1 W;pe=1 + W:lpe=1
pe 2
tends to be lower than the w,.“"EP definition.

(ii1) The definitions above are reasonable estimates of the pressure widths but, i principle,
they might lead to a biased value, for example when the position of the pedestal density
and temperature are significantly different. The third definition ;ies to bypass this
problem. Since it is not possible to fit the experimental pressure data due to the lack of
a deconvolution technique, the third approach is a fit'toithe product of the deconvolved
fits of temperature and density. An example is shown m figure 2(c), where it can be seen

that the product of two mtanh function can still be. fitted reasonable well by an mtanh

function. This definition has been labelled/simply wpe The corresponding uncertainty

Owy has been determined from that on wre and wue as 6wy, = \/ (6w2, + 6wz,)/2. A

discussion on the effect of the density shift on this definition of pressure width is
presented in Appendix 2.

From a quantitative point of view point, W is approximately 20-30% smaller than w272
and up to a factor 2 larger than wp.” ~’. A quantitative comparison is shown in Appendix 1
and a further discussion is presented in section 5.3.

Unless otherwise stated, this"work.will consider only wy.2”EP, for consistentcy with earlier
works.

Pedestal position. The pedestal position of electron density, temperature and pressure (77,
nd”, pd*) is defined as the position of the maximum gradient of the mtanh fit. This definition
is consistent with the most recent JET-ILW papers [39, 72], but is slightly different from
earlier works [102, 103], where the free parameter p of equation (2) was used. The two
definitions.actually coincide when the core slope is negligible and, otherwise, are only slightly
different. The present definition, apart from being consistent with that used in other machines,
such'as AUG.and TCV [28, 29], is also more relevant from a physical point of view, since the
position of the maximum pressure gradient is correlated to the PB stability [104]. Note that,

as discussed in section 2.1, a reasonable uncertainty in T¢**P has a minimal impact on the

pedestal position. The positions are expressed in normalized poloidal flux (yn) units.
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Separatrix density. The separatrix electron density, n.*?, is defined as the value of the mtanh fit
at the separatrix (after the profiles have been shifted to have 7.°=100eV). The corresponding
uncertainty is determined assuming a 10% error in 7.'%.

Slope inside the pedestal top. The slope is correlated to the free parameter s of equation (2).
The parameter s is actually dimensionless but a simple investigation of equation (2) shows
that the core slope in physical units is s(h-hg)/w.

SOL offset. 1t is defined by the free parameter /4y in equation (2). Howeverythe temperature
profiles is very low in the SOL, so it is assumed that /=0 in the temperature fit. The JET-
ILW density is also very low in the region yn>1.05, so it is also assumed that /#y=0 in the

density fit.

3.1.2 Definitions using the linear functions

The free parameters used to define the linear fitting functions are already the pedestal height,
offset and inner slope. The pedestal width is defined as/the distance between the boundary of
regions (1) and (2), and between the boundary of regions(2) and (3), see the vertical dashed
lines in figure 2(b). The pedestal position is defined as thethiddle of region (2). As for the

mtanh fit, the offsets are set to zero by defatlt.

3.1.3 Comparison of the definitions

Figure 1 shows the experimental pre-ELM. profiles for the pulse 84542. The dashed lines
represent the mtanh fits and the continuous lines represent the linear fits. Both fitting functions
describe well the experimental data. The pedestal parameters determined with the mtanh
function match relatively well'these from the linear fits. The two sets of parameters lead to
qualitatively similar conclusions. Ffom a quantitative point of view, a systematic comparison

is shown in Appendix 1.

3.2 Effective charge, ion density and pre-ELM pedestal thermal stored

energy.
The radial profilesof the effective charge Z; is not available systematically for the entire
database and a line-integrated spectroscopic value has been used.
The 1on density is determined from the electron density and Z.s, with beryllium as main
impurity in.the unseeded plasmas, using the expression n;=ne(Zmnaint 1-Zef)/Zmain.
The pedestal thermal stored energy is defined using the same approach described in [52] and
ped

it corresponds to the plasma stored energy assuming that the pressure is not higher than p/*,
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neglecting all the core pressure. The expression used is the following and an explanatory

schematic view can be seen in figure 2(d):

V.., +V
VV,},ped :ikB (peped +p[ped) ped tot (3)
2 2
ped

where kg is the Boltzmann constant, p;”* the ion pressure (determined assuming 7;7*/=T,?¢
and calculating n; from n. and Zey), Vpea 1s the volume at the pedestal top (defined as the volume
corresponding to the postion of p.”*?) and Vi the total plasma volume.

This definition is consistent with the one used by Cordey, apart from the difference that,
nowadays, more detailed information of the pedestal structure is available. For example, while
Cordey was obliged to introduce an ad-hoc coefficient to estimate the'term L Viedt Vio)/2, in the

EUROfusion pedestal database Vs is determined from the experimental data.

3.3 Definitions of the ELM averaged pedestal heights and stored energy.

The scaling law of the pedestal stored energy is discussed in section 7. Ideally, the definition
used in this work should be consistent with that useddn'the €arlier Cordey scaling, where ELM-
averaged quantities were used. However, a perfect match o’f the definitions can hardly be
achieved. The main reason is that, in Cordey’s:work, it was not possible to define precisely the
pedestal height, due to the lack of diagnostics. Justas,some of the possible examples, the JET-
C pedestal density used in [7] was determinedswith a line-integrated measurement using a chord
passing near the pedestal top. For the pedestal temperature, instead, a value near the pedestal
top was used (due to the lack of fully.resolved profiles, it was not possible to systematically fit
the experimental temperature data).

To complicate the situatiofl, evenithoigh nowadays JET is equipped with diagnostics that
resolve well the pre-ELM profiles, it remains hard to have meaningful fits of all the profiles
(i.e. regardless of the position in'the ELM cycle). Especially in pulses with large ELMs, the fits
do not converge properly and often tend to underestimate the ELM averaged pedestal height.

For these reasons, the ELM-averaged heights included in the database have been determined
without using fits..The FELM-averaged definition that has been implemented corresponds to the
height at asspecific radial location. All the profiles (regardless of their location in the ELM
cycle) in a stationary time interval during the flat-top have been averaged at a specific radial
location. Theraverage is done for the data located in a region 0.01yn wide around the chosen
location. ELM-averaged heights have been determined at ywn=0.90, yn =0.91, yn =0.92, yN
=0.93, yn=0.94 and y~ =0.95. The location used for the comparison with the Cordey scaling
has been decided by comparing the Cordey scaling with a small set of 30 JET-C pulses. The
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best match has been found for the ELM averaged pedestal stored energy determined at y~n=0.90,
see Appendix 1. The ELM averaged pedestal stored energy used for the scaling laws of section
7 is determined with this definition, i.e. the pedestal stored energy at w~n=0.90, hereafter called

Woo.

3.4 Dimensionless parameters.

The dimensionless parameters are determined at the location of the pedestalitop, defined as the

position corresponding to p#*’. The following three dimensionless parameters ate considered.
= The poloidal beta at the pedestal: ~
ped ppe‘i
== 4
6 = B2/(2ko) (4)
ped ped

where pPed = p?® + pP® (with pP*® determined assuming 7;7*’=T./* and calculating
n; from n. and Z.5) and Bo the poloidal magnetic field at the pedestal top averaged over
the flux surface.

* The normalized electron-electron collisionality at theipedestal is defined as the electron-

electron collision rate normalized to the thermal.ion bounce frequency [86, 105]:

ped 4/ ped
VP = 6.921- 107 nd S Nyith Ind = 31.3 - n e (5)

where e=a/R (with a and R the minor and major radius respectively), the density
expressed in m™ and the temperature in eV. The normalized electron-ion collisionality

at the pedestal v*P¢4

is determined by multiplying expression (5) with the effective
charge Zesr. A

= The normalized electron Larmor radius is determined as [21]:

ped
wped _ ,ZmeTe

Pe JeBa (6)
where m.'1s the electron mass in kg, e is the electron charge in C, B the total magnetic

field on axis in T, @ the minor radius in m and 7.2% in eV.
b

3.5 Absorbed power, loss power and power through the separatrix.

The'total absorbed power P.ss has been determined as Puss—= P+ Pypr+ Picru , where P is the
Ohmic power, Pyg; is the absorbed neutral beam power, and Picrz is the absorbed ion cyclotron
heating power. The loss power is determined as P =Puys-dW/dt, where W is the total stored

energy. For simplicity, since only stationary time intervals have been used, the term dW/dt has
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been neglected. The power through the separatrix has been determined as Psep =P-Prad”*

, Where
Pod"™ is the total radiation emitted inside the separatrix.

Pgep has been used only in section 4, when the ELMs type is discussed. The loss power P has
been used in section 7, when the pedestal scaling is discussed. In the rest of the work, the

absorbed power Puss has been used.

3.6 Divertor configuration.

The divertor configuration plays an important role in the pedestal performanee of JET-ILW, as
shown in references [26, 30, 31, 32]. To help investigating the role of the divertor configuration,
the database contains the coordinates of both the inner and the outer strike.point as well as a
simple flag with an acronym (the same nomenclature describedyin [30] is sused and shown in
figure 5). Figure 5 shows an example of the main four divertor configurations used in JET-
ILW. The inner strike point (ISP) can be located either on the vertical target (V) or in the corner
(C), while the outer strike point (OSP) can be located,either on the vertical target (V), in the
corner (C) or on the horizontal target. So, the acronym™“V/H” stands for a divertor configuration
with the ISP on the vertical target and the OSP on the horizont’al target.

For simplicity, this work will consider only the OSP;stherefore having only three types of
divertor configuration: horizontal, corner, vertical.

Note that the vacuum pump duct is"locatedmear tile 6, see figure 5 [106, 107]. Therefore, as
discussed in section 5.2, the corner configuration is characterized by better pumping. The only
available neutral pressure measurements are from the sub-divertor region. The arrow in figure
5 shows the path from the outer strike pointitowards the sub-divertor pressure gauge. For a clear

image of the pressure gaugedocationyplease see reference [108].
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FigureS. £xamples of the four divertor configurations used in JET-ILW. The continuous lines
show the inner and outer legs. The grey symbols highlight the position of the strike points for
the entire database entries (low triangularity shown by circles and high triangularity by
triangles).
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PART (B). Pedestal structure and stability

This part of the work describes the structure of the JET-ILW pedestal, its dependence on
power, gas dosing rate and divertor configuration and compares the results with the PB stability.
Section 4 is a brief discussion on the ELMs type. Section 5 describes the pedestal structure
(height, separatrix density, width, position) and its links with engineering,parameters. This
section provides basic empirical results that will be necessary to understand the behavior of the
pedestal height in JET-ILW. Section 6 describes the PB stability results and.compares them
with the experimental result. At the end of section 6 it will be possible to reachha coherent

picture that links engineering parameters with the distance from the PB/boundary.
~

4. ELMs type

The ELM type has been identified using two approaches. The first approach is based on
investigating the correlation between the ELM frequency (fezm).and the power through the
separatrix (Psep). The ELM frequency has been determined by considering all the ELMs in the
selected stationary time interval (see section 2.4). In this a;)proach, it is assumed that the
stationary time interval is characterized by the same ELMitype. This is often correct, except for
the pulses where compound ELMs are present, (type.] ELM followed by a series of smaller
ELMs). In these cases, extra care has been'devoted to select the Thomson scattering profiles
located only before the Type [ ELM.

In the database, for simplicity the eharacterization of the ELM type has been done only for
type I and type III ELMs. Type Il ELMs are not considered. This simplification is motivated
by the fact that no pure Type Il EEMiregimes have been identified so far in JET.

Type I and Type III ELMs have been identified by investigating the trend in ELM frequency
with increasing P, [40,45]. However, no obvious trend between frziy and Pse, can be observed
when looking at the entire database, as shown in figure 6(a). This is because frzu is affected not
only by the power. To bypass the problem, the database has been divided in many smaller
subsets. Each subset is characterized by plasmas with the similar gas dosing rate, plasma
current, triangularity.and magnetic field. Figure 6(b) shows three examples at 3MA, 2.5MA
and 1.4MA. For these specific subsets, above 4MW the ELM frequency increases with
incréasing Pyep; 1dentifying the Type I ELMs. On the contrary, the ELM frequency decreases
withiincreasing Ps., below 4MW, identifying the Type III ELMs. The threshold of 4AMW in Psp,
cannot be applied to all JET-ILW scenarios but it is nonetheless consistent with the results

discussed in [20].
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In total, the wide majority of the database is characterized by Type I ELMs. Only 20 pulses
with Type III ELMs have been clearly identified.

However, this approach might not fully guarantee that all type III ELMs are identified in the
database. A complementary approach is to further assume that type III ELMs can be identified
depending on specific thresholds in engineering and/or plasma parameters. Unfortunately, this
second approach is not straightforward, as thresholds for Type III ELMs have not _been
unambiguously identified in JET. For example, references [17, 24] have shown thatithe powes
threshold for the transition from Type III to type I ELMs is significantly lower in JET-ILW
than in JET-C [17, 24]. Moreover, while in JET-C type III ELMs have'been observed for gas
dosing higher than 4-5x10?3(e/s), in JET-ILW the gas dosing thresho\ld is higher [18],
approximately 6-7x10?*(e/s). In terms of pedestal density and temperature, in JET-C type 111
ELMSs can appear at T7°<500eV and n/*>4x10'°(m?), while in JET-ILW only at 7/
<200eV and n/°>5x10"(m>) [17, 18].

To assure that only type I ELMs have been considered in this work, the condition of increasing
ferm with power has been complemented with the followinig thresholds: 7p2<7x10%*(e/s) and
Paps/Pru-os>1.1 (Where Prp.os is LH power threshold defined ir? reference [109]). The threshold
Purs/Prios>1.1 has been selected to avoid to elassify as'type III also pulses that have been
clearly identified as type I [27, 101], see the blue and green data in figure 6(c). The blue and
green data correspond respectively to thelow. gas and high gas power scans discussed in
reference [27] and further investigated in section 5. Note that the blue data also corresponds to
the type I branch of the 1.4MA/1.7MA power scan shown in figure 6(b). It is worth to mention
that the application of the thresholds 752<7x10?*(e/s) and Pass/Pri0s>1.1 to the database has
led automatically to considet as t%e Tonly the plasmas with 7.7/ <200eV and n/*>5x10'(m"
3). Moreover, figure 6(c).shows that plasmas with low Hos are not necessarily characterized by
type III ELMs. In fact, the:blue data have Hog~0.8 in the entire power scan despite having type
I ELMs. It is also worth to mention that the increase of the gas fuelling at constant power tends
to increase the ElbM frequency and to reduce the ELM energy losses. This does not necessarily
imply a transition’ from type I ELMs to type III ELMs. For example, the two data points at
Pavy/Prugs=1.4 fromthe two power scans of figure 6(c) have both type I ELMs, but fz.y~40Hz
for the low gas case and fr1n~130Hz for the high gas case. A more detailed description of the
ELM energy losses is outside the scope of this work.

The following results are based only on pulses characterized by type | ELMs.
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Figure 6. Frame (a) shows the ELM frequency versus the power through the separatrix for
the entire dataset used in this work. Frame (b) shows the same correélation. for three subsets.
(i) 1.4MA/1.7T, low triangularity, I'p:=1.8x10°*(e/s) is shown in light blue. The type I part
of this subset corresponds to the high gas / high power scan‘of figure 8(d) and following
figures. (ii) 2.5MA/2.4T, low triangularity, Ip:=2-3x107(e/s) is. shown in red and
corresponds to the power scan in corner configuration of figure 8(g) and following figures.
(iii): 3.0MA/2.8T, low triangularity, Tp>=1.5-2.0x10°3(e/s) is.shown in brown. Frame (c)
shows the correlation between Hos and the ratio between the absorbed power and the LH
power threshold Pry.os. The dark grey data highlight the subset with Pups/Pru-0s<1.1 or with
gas dosing higher than 7x10%(e/s). The blue data in framg (c) corresponds to the type I
branch of the blue data of frame (b). The green data in.frame (c) are similar to the blue data
but have low gas dosing. The blue and the green data of frame (c) are the type I ELMy
pedestals identified in reference [27] and discussed in section 5.1

5. PEDESTAL STRUCTURE

This section describes the pedéstal structures of electron density, temperature and pressure
and its dependence on the main\engineering parameters. The discussion will focus on the
dependence with power, gas dosing rate and divertor configuration. Unfortunately, current
scans (with other engineering parameters kept constant) are not available, so only a generic
discussion on the correlation, with 7, is done. Pure g¢s scans are also not available, so the
correlation with ggs is not discussed.

Section 5.1 discusses the behavior of the pedestal height. This part will provide a general
overview of the pedestal height in JET-ILW and will introduce the open issues addressed in the
paper (the effect.of gas dosing rate and divertor configuration on power scans). Section 5.2
discusses the behavior of the separatrix density and its use as a possible proxy for the neutral
pressure. This section will show that the separatrix density is an appropriate parameter to
describeboth the effect of gas dosing and divertor configuration on the pedestal. The pedestal

widthris, discussed in section 5.3. The behavior of the width will be essential to understand the
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behavior of the pedestal position. Section 5.4 describes the behavior of the pedestal position
and its link with the pedestal width and the separatrix density.
In all the following results, the pedestal structure has been determined using the mtanh fit.

Pedestal parameters determined with the linear fit lead to the same conclusions.
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Figure 7. (a) T/* versus nP*. The colors highlight the plasmaeurrent (see the color bar on
the right). The dashed lines show the isobars at constantp?’. Frame (b) shows a similar
diagram for a subset with different I, but other enginee?ing parameters as similar as

possible.

5.1 Pedestal height

5.1.1 n/*-T,* diagram and dependence omwplasma current.
As a general overview of the ranges of the pedestal height of JET-ILW, figure 7(a) shows the

correlation between T/ and n*?, with the colors highlighting the plasma current and the

dashed lines indicating the isobars*with-constant p/*.

Figure 7(a) leads to three ‘main results:

(1) The pedestal pressure clearly increases with increasing plasma current, from
pl=1kPa at ,=IMA to p/**=11kPa at 1,=3.5MA.

(i)  The pedestal density increases with plasma current. For example, the maximum n/*
at 1 4MA(is 4:10°m, which is lower than n/*? achieved at 2.5MA (8-10""m™).

(iii)  High triangularity plasmas can reach higher 7 than low triangularity (see the green
triangles (2.5MA) at n#*%=8-10-10'° m™), as expected [43]. However, from the data of
figure 5 it seems that no significant improvement is achieved by the high-0 pulses in
terms of pedestal pressure. In particular, the 2.5MA data (green data) have pedestal

pressure in the range p”°*=5-9kPa for both high and low triangularity. As discussed in
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section 6, this behavior is not a general conclusion and it is related only to the high

collisionality often achieved at 2.5MA.
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Figure 8. Correlation between the heating power absorbed by the plasma (Pus) and the
pedestal height of electron pedestal temperature (a), density (b) and pressure (c). The first
column shows the correlation for thesentire database. The second column shows the
correlation for three subsetsat E4MA/L.7T. The third column shows the correlation for two
subsets at 2.5MA/2.4T.

Interestingly, figure 7(a) might seem to suggest that the maximum pedestal temperature is
independent from'the plasma current. The maximum 7./ seems approximately 1.0keV both at
low I, and high ,. However, this is a misleading result and might lead to a wrong conclusion.
The problem lies in the fact that at high /, the space of engineering parameters has not been
fully covered yetiin JET-ILW. In particular, high current pulses tend to have a high gas dosing
rate toteduce heat loads and impurity influx (scenario development to optimize high /, plasmas
is an ongoing area of work in JET [110, 111]). It is very challenging to find a subset with a wide
variation of current and with the other engineering parameters constant. An attempt is shown

in Figure 7(b), where I, varies in the range 1.4MA-2.5MA. The other engineering parameters
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are as similar as possible but a perfect match cannot be achieved (for example, gos5 varies in the
range 2.7-3.5). Although no conclusive claims are possible, the correlation shown in figure 7(b)
suggests that increasing I, leads to both increasing n/°! and increasing 7.7*. This result is

relevant for the discussion of the scaling laws in section 7.

5.1.2 Pedestal height and absorbed power.

The dependence of the pedestal height with the absorbed heating power is shown in figure 8.
On average, a clear positive correlation is observed between Puss and the pedestal height of
temperature and pressure, see frames (a) and (c). No clear correlation is‘observed between P
and the pedestal density, frame (b). However, the plasma behavior with P isinore complex
than what can be concluded from the first column of figure 8. The remainag frames of figure
8 show some specific examples.

The second column in figure 8 highlights the correlation for three subsets of pulses at
1.4MA/1.7T performed with low gas dosing rate (0.2-10?%¢/s, green data), medium gas dosing
rate (0.8-10?%e/s, orange data) and high gas dosing rate(1.8:10%%¢/s, light blue data), see section
2.5 for details. These three examples show a qualitatively similar behavior: 77 and pJ/*
increase with increasing P.ss while n#*? décteases. Note that the subset with the highest gas
dosing rate shows a weak increase of both T¢**and p/*’ with power [27]. Qualitatively, a
positive correlation between p#*? and Pusgis. reasonable due the expected increase of the PB
stability with Bn. From the point of view of qualitative trends, the strike point position does not
seem to play a major role.

The third column in figure(8 highlights the correlation for two subsets of pulses at
2.5MA/2.4T, a first subset with the outér strike point in the corner and gas dosing rate in the
range 2-3-10?%¢/s and a second/Subset with outer strike point on the horizontal target and lower
gas dosing rate, in therange 1-2-10%%e/s. The subset in the corner behaves as the 1.4MA subset,
with both 7% and p”** that increase with power. Instead, the subset on the horizontal target
has a much weaker increase with power, almost negligible, despite the lower gas dosing.

So, the subsets at 1.4MA.and at 2.5MA highlighted in figure 8 seems to show contradicting
results. Thissapparent/contradiction is due to the fact that both gas dosing rate and the divertor
configuration affect fueling and recycling, therefore the neutral pressure. Gas dosing rate alone
or divertor configuration alone are not the most appropriate parameters to have a coherent
description of the pedestal behavior. A more appropriate parameter might be the separatrix
density, as suggested in figure 9. In fact, figure 9 shows a good correlation between the pedestal

temperature and the n.°% for all the five subsets discussed in figure 8. In particular, in figure
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9(b), the 2.5MA subset in corner configuration (red data) has lower n.’# even though the gas
dosing is higher than the subset in horizontal configuration (blue subset). A possible explanation
for this behavior is that the vacuum pump is located near the corner, leading to the hypothesis
that the pulses in the corner configuration have better pumping, hence lower neutral pressure
and lower n.’% , despite the higher gas dosing rate. This hypothesis is investigated in section

5.2
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Figure 9. Correlation between pedestal temperature and separatrix density for the power
scans at 1.4MA (a) and the power scans at 2.5MA (b). The same subsets of figure 8 have been
used.

In conclusion, it is not possible to generalize the behavior of the pedestal height with power
to only one simple single statement. The behavior with power is related to a rather complex
interplay between (at least) gas dosing rate and divertor configuration. However, based on the
results from figure 8 and 9, thistempirical behavior can be proposed:

= atlow 1%, both T2 and p#* increase with increasing power, while 7/ has a weak
decrease.

» at high n/*” #helincreasé of 7.7/ and p”*? with P is very weak and almost negligible.

To understand the reason for these behaviors, first it is necessary to describe in detail the

behavior of n*”, of pedestal width and their correlation with the pedestal positions. This will

be done in the remaining part of this section and in sections 5.2, 5.3 and 5.4. An explanation of

these behavior can be proposed only in section 6, with details in the discussion of section 8.1.
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5.1.3 Dependence with gas fueling rate.

The dependence of the pedestal height
on the gas dosing rate is shown in figure
10. Considering the entire database, only
the pedestal density shows a clear
correlation with the dosing rate, frame (b),
while pedestal temperature (a) and
pressure (c) seem independent to changes
in I'p2. This might seem unexpected, since
the degradation of the pedestal pressure
with increasing I'p2 has been observed in
many machines [23, 27, 28, 29, 39]. The
disagreement with earlier results is still
present even when highlighting specific
subsets characterized by the same plasma
current, absorbed power, ¢o5 and
triangularity. Clear correlations appears
only when also the divertor configuration
is considered. As an example, the non-
grey data of figure 10 highlight a subset at
Ip=2MA, Pur=10MW, ¢95=3.0-3.3 and
low-9d (see section 2.5). N

A negative trend in 77/ and p/*? with
increasing I'p2 emerges after highlighting
the strike point position(see the three
different colors in figure 10). Instead, the
behavior of the pedestal.density seems
more complex, see figure 10(b). No clear
correlation with' the gas dosing rate is
obsetrved on the horizontal target, while a
positive correlation is observed for the
vertical and corner. Moreover, it is

possible to note that, at the same dosing
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rate, n/*? is up to 40% lower in the corner configuration. This observation is consistent with

the discussion related to figure 9(b) and is further investigated in section 5.2.

It should be noted that the key point of this subsection is not related to the specific trend of
n* with the gas dosing rate. Due to different plasma scenarios and/or differént fueling
locations, other trends might be possible. The key points are the following:
= The divertor configuration plays an important role in the pedestal performance.
= Systematic differences are observed in pulses with similar engineering parameters but

different strike point position.
= The gas fueling rate is not an optimal parameter to study the pedestal performance.

As suggested in the discussion of figure 9, the key parameter is likely th\e neutral pressure.
Unfortunately, reliable and consistent measurements of the neutral pressure in the divertor and
in the main chamber are not available in JET-ILW. Based on the result of figure 9 and earlier
results obtained in AUG [28, 38, 112], a reasonable proxy to estimate the neutral pressure might

be the separatrix density. This is discussed in the following section.

4

5.2 Separatrix density and its correlation with the pedestal pressure

Earlier results obtained in other machines have shown that the separatrix density is correlated
with the pedestal performance. For{example, in Alcator C-mod [23] a negative correlative
between n.’% and the pedestal height was observed. A similar negative correlation has been
observed in AUG in a set of gas-and power scans [37]. In 2018, an AUG / Alcator C-mod
comparison of N seeding expetiments [38] has shown that the pedestal pressure height has
opposite correlation with the seeding rate. On the other hand, both datasets show a clear
reduction of p**? with increasing n.*%,

Even more recently, AUG has'discussed that the separatrix density is well correlated with the
divertor neutral pressure,as shown by experimental data and modelling [112,113].

This section will show with experimental results that n.°# plays an important role also in JET-
ILW and that'n.*® s a mere appropriate parameter than the fueling rate to describe the effects
on the pedestal:‘Moreover, a simple empirical correlation will show that n.*? is a reasonably

proxy for the neutral pressure also in JET-ILW.
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Figure 11. Correlation between n’?* and Ip> (@), sub-divertor pressure (b), Ip, (c) and
Ipo /% (d). The red, blue and green data highlight the same subsets of figure 10. The error
bars in the x-axis of the red data highlightafactor 5 increase in I, (data in the corner might
have Iy, underestimated up to a factor 5)» The black data show a set of JET-C pulses on the
horizontal target and with engineering parameters similar to the JET-ILW subsets. The JET-
C pulses have no gas dosing, so imframe (a) and (b) they are out of range. All the non-grey
data are in attached conditions{ The dashed lines in frames (c) and (d) shows the power law

fit
N

5.2.1 n’? as a proxy for the neutral pressure.

Figure 11(a) shows the cotrelation between n.’? and the gas dosing rate. The scatter is rather
large, but a positive correlation is present. The correlation is stronger when subsets with same
engineering parameter are highlighted. The non-grey data in figure 11(a) highlights the same
subsets used in figure 10 ([p=2MA, P.»s=10MW, low-d and B~=1.9-2.1). First of all, subsets
with'the samerdivertor configuration show a very clear correlation between n.’% and /p..
Second, a systematic difference between the divertor configurations is present. At the same gas
dosing rate, plasmas with outer strike point in the corner have the lowest n.*#, while plasmas

with the outer strike point on the horizontal target tend to have the highest n.*®. The hypothesis
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is that, due to the better pumping efficiency of the corner configuration directing deuterium
neutrals (molecules and atoms) into the outer pumping plenum, more fuelling would be
necessary to reach the same n.’? of other configurations. As discussed in references [144,4115,
116] it is also possible that a closed divertor can trap the neutrals in a more efficient way,

reducing the fuelling in the pedestal region.

To confirm this hypothesis, the best approach would be to verify the correlation between 7%
and the neutral pressure. Unfortunately, measurements are available only in the sub-divertor
region [117]. The correlation between n.’” and the sub-divertor pressure is shown in figure
11(b). Pulses with the same divertor configurations show a clear correlati(E between n.” and
the sub-divertor pressure. However, the systematic difference between configurations is still
present. Pulses with same sub-divertor pressure have lower n.°? in cornerconfiguration than in
horizontal or vertical configuration. The result is consistent with observations in L-mode JET-
ILW plasmas [118, 119].

Since no direct measurement of the divertor neutral pressure is available, we have tried to use
a simple approach to estimate the neutral density (her@after, np) from the available
measurements. In attached conditions, the intensity of the line emission from deuterium atoms
and molecules /p« (deuterium Balmer-a line) in the divertor is proportional to the density at the
target (n;) and to the neutral density (#¢):

Ipg = neg(ov) (7)
with n; is related to the upstream density (n,,) via the expression n; « ng, where the exponent
a 1s in the range a = 1 — 3 (depending on the plasma regime being linear or high-recycling)
[120]. Ip« and n,, can be determined.with the same approach used in reference [118], i.e. with
a measurement spatially integtated across the outer divertor leg for /p» and a line-averaged
density (from a chord with minimum normalized radius 0.9) for n,. For consistency with the
n’? data, both Ips@nd n, have been averaged in the pre-ELM phase. The range of variation of
Ip,/n&, with @ = 2yis shown in Figure 11(d). The variation in I, /n? is larger than one order
of magnitude. So,/@assuming that the (ov) term varies much less than a factor 10, expression 7
suggests that Ip, /n2might be considered as a rough estimates for the neutral density ny in the
divertor,

The correlation between n.*# and Ip« is shown in Figure 11(c) and the correlation between
n’?and I, /nG, with @ = 2, is shown in Figure 11(d). For simplicity, figure 11(d) shows only
the 2MA dataset. By looking at the total ion current to the low-field-side plate versus n,,, it has

been verified that all the plasmas shown in figure 11(d) are in attached conditions.
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Unfortunately, the I, viewing cone is strongly clipped in the corner configuration, so the data
points in the corner might be strongly underestimated and can be used only to set a lower bound.
The horizontal red error bars show how much a factor 5 underestimation can affect the corner
dataset. However, the datasets on the horizontal and vertical targets show a very clear positive
correlation between n% and I, /n?, suggesting that n.*% can be considered as a simple proxy
for the neutral density.

To further strengthen this conclusion, figure 11(d) shows with black dotsra setvof JET-C
plasmas selected with the same engineering parameters as the horizontal target JET-ILW
subset. These JET-C plasmas have no gas dosing, so they cannot be shown in figure 11(a) and
11(b), due to the logarithmic scale. The fact that the JET-C pulses align VGI’(WGH with the JET-
ILW subsets strengthens the hypothesis of n.’# as a proxy for nq.

For a comparison with the AUG results discussed in reference [113], figures 11(c) and 11(d)
also shows power law fits. For figure 11(c), the fit leads toithe power law n,°? = 0.81 x
(Ipg)®*3, while for figure 11(d) the power law is n37F = 3.00x (Ipy/n2)%3L. This second
power law has an exponent remarkably similar to whatebtain.in AUG using the neutral pressure
o, where the fit 15 = 2.65 X p,°3! was obtained [143]. ="

From the modelling point of view, results based on EDGE2D-EIRENE simulations applied to
L-mode JET-ILW plasmas are qualitatively consistent with this conclusion [107, 121, 122].

The extension to H-mode plasmas will be‘investigated in future works.
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Figure 12)Cortelation between p» with the gas fueling rate (a) and n*®’ (b). All the pulses
with p*'<3kPa are far from the PB boundary, with Qcrid Oexp™>1.2. The figure shows the same
subsets used in figures 10 and 11. The light blue stars show the pedestal pressure predicted
in a Europed n.’® scan using pulse 85359 for the input parameters. The Europed scan in n.*”
has been achieved by changing the position of the pedestal density.
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5.2.2 n’? and its correlation with the pedestal pressure.

At this stage, it is reasonable to verify if the use of n."” instead of I'pz removes the systematic
difference shown in figure 10(c) between the divertor configurations. For simplicity, figure
12(a) shows the correlation between the pedestal pressure and I'py with the range of the
horizontal axis optimized for the 2MA subsets. The systematic difference between divertor
configurations is clear, with pulses on the corner that tend to have higher pedestal pressure than
the pulses on the horizontal target. Figure 12(b) show the correlation between the pedestal
pressure and n./?. The systematic difference between the divertor configurations is strongly
reduced. This suggests that 7.’ is a parameter that includes both the'effects of-the fueling rate
and of the divertor configuration. To reinforce this statement, figure-12(b) includes the JET-C
data of figure 11(c). The JET-C data align very well with the JET-ILW subsets. Most
importantly, for the same separatrix density, the pedestal heights of the JET-C and JET-ILW
are similar. This suggests that the low pedestal performances of JET-ILW are, at least in part,
correlated with a high separatrix density and hence with a high neutral pressure. In JET-ILW,
high gas dosing that leads to high neutral pressure(has been,so far, an operational necessity to
achieve stable plasmas [19].

Still, a large vertical scatter remains in the data imnfigure 12(b). p varies in the range 2.5-
4.5kPa at n,**=3x10"m>. This can ifplysthat (1) w.°? is not the only parameter that describes
the physics of a gas scan and/or that (ii) the use of n.’# as a proxy for the neutral density is too
crude. Future works will try to address this point.

It is important to highlight that'the trend’between p”? and n.*? for the datasets of figure 12(b)
is robust and other subsets atdl.4MAand at 2.5MA shows qualitatively similar correlations (see
for example figure 9).

From an empirical point of view, this result is very important. In principle, it can improve the
pedestal predictions in scalinglaws, where the effects of different divertor configurations and
of gas fueling aré not considered. The inclusion in the scaling laws of n.’# can likely remove
the systematic effects produced by different strike point positions and different fueling rate.
This idea is.tested in section 7.

From a physical point of view, the correlation of figure 12(b) is understood only in part. As
discussed later;in section 5.4, the increase in n.’? is correlated with the outward shift of n/*
[23, 28, 39]. The idea is that the increase of n."# leads to an outward shift of the density which
in turn reduces the PB stability. This hypothesis is tested with Europed in figure 12(b). Europed
implements the EPED1 model using HELENA [85] for the equilibrium and ELITE [46] for the
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linear ideal MHD stability of the PB modes [123]. Initially, Europed has been run for pulse
85359 (JET-ILW pulse at 2MA, corner configuration with low n:%~1.5-10’m™). Europed
predicts a pedestal pressure consistent with the experimental result (p*“=4.5kPasand
pFi=4.7+0.1kPa respectively). Next, Europed has been run by changing systematically the
position of the pedestal density. The predicted 7% and p#*® have been determined from the
critical profiles and are shown in figure 12(b) with light blue stars. The predicted pressureshows
a clear reduction with increasing separatrix density and a good quantitative agreement with the
experimental data till n.’%~1.5-10"”m™. Note that the predicted pedestal pressure covers the
range of the JET-C pulses and the range of the highest p#*/ JET-ILW pulses. This strengthens
the idea discussed above that the low pedestal performances of JETALW are in‘part correlated
with the high n.*?.

On the other hand, the trend of the predicted p”*? with n.*®” saturates.when n.*">1.5-10""m.
At high separatrix density, the Europed model is not able anymore to explain the experimental
data. The saturation is due to the fact that the PB stability is affected by the pressure position
and not by the density position. When the density positon is.too far outward (i.e. at high n.*%)
the change in n/” does not affect p/, as shown in [39] and further discussed in Appendix 2.
As a consequence, no change in the PB stability can be.expected. At present, the mechanism
that explains the p’* degradation at high n.°® is not.understood. In section 6 it will be shown
that the high n.°? pulses are far from4he PB:boundary and some hypothesis on the degradation

mechanism will be put forward.

The key messages of the subséction are the following:

» The separatrix density might be used'as a simple proxy for the neutral density in JET-ILW
and might be a more appropriate parameter to estimate the neutral density then the gas
fueling rate.

» The use of the separattix density seems to remove the systematic difference in p’*’ between
divertor configurations.

= JET-C and JETAILW pulses with similar engineering parameters and same n."” have similar
pedestal pressure.

= The pedestal pressure degrades with increasing separatrix density.

= The degradation mechanism is understood only at low #n.*®”, where it is due to the outward

shift of the density.
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5.3 Pedestal width
A reliable estimate of the pedestal width is vital for pedestal physics. The pedestal width is

essential to determine the pedestal gradient and hence the pedestal stability. A reliable estimate

of the width is important also for pedestal predictions. For example, the EPED1 model [57]

assumes that the pressure width scales as wy""?P=D(B"*?)"? with D=0.076, as determined
EPED

from an experimental fit of DIII-D low v* plasmas (where wp, is defined as the average

between the temperature and the density width, consistent with the definitions,of section 3.1):
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Figure 13. Correlation between the pressure pedestal width and the poloidal beta at the
pedestal for the entire database. The continuous line shows the EPEDI assumption with
D=0.076. The dashed lines highlight the trends D(Bs"*)"? , with the corresponding D

specified near the end of each li% The colors highlight the ratio Ocrit / Oexp. The three frames
shows the three different definitions of pressure pedestal width discussed in section 3.1: the
standard EPED definition (@), considering the pedestal region only till wn=1 (b) and the fit
to the product of the deconvolved fits (c). Frames (d) and (e) show the correlation between
the width of the pedestal-temperature and density with Bo"*’. Frame (f) shows the correlation
between the width of the pedestal density and nF*.

To verify how much the.definition of the width of the pedestal pressure can affect the
coefficient D, figure13 shows the pedestal width versus the total beta poloidal at the pedestal.
Each frame shows one of the three definitions discussed in section 3.1. The continuous line
shows the EPED1 assumption w,.""EP=0.076(Bs7*?)". 1t is clear that the JET-ILW pedestal
widthidoes/not follow the 0.076x(fs7*?)"? dependence assumed in EPEDI1, no matter which
definition is used. Moreover, the D value is not constant and varies in the range 0.04-0.16.

Therefore, we can conclude that, in general, the EPED1 assumption on the pedestal width is not
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satisfied in JET-ILW. It is still possible that such a large variation in D is consistent with
EPED1.6 model. However, the systematic test of the EPED1.6 model in JET-ILW is beyond
the scope of this work.

Two further important results can be extracted from figure 13, both related to the distance of
the pre-ELM pedestal from the PB boundary. As discussed in section 2.3, this has been
quantified as the ratio s / Qexp. When the ratio is close to 1, the ELM is triggered when. the
pedestal reaches the PB boundary. With ai: / cexpy>>1, the ELM is triggered when the pedestal
is still PB stable. The colors in figure 13 highlight the ratio aci: / cexp, with a light blue color
showing the PB limited pedestal (i /cexp 1) and green/yellow/red colors a PB stable
pedestal (i / exp>1.5). Figure 13 shows a clear systematic pattern, in-which, at constant
SBo"*, the distance from the PB boundary increases with increasing pedestal-width. Basically, a
wide pedestal tends to be far from the PB boundary. The second interesting result is that PB
limited pedestals tend to be consistent with the EPED1 assumption. As shown in figure 13(a),
the data with acir / dexp=1 (light blue data) have a pedestal width consistent with the expression
wpLPEP=0.076(B67*)"” (the continuous black line). Thisis an i:nportant result because it shows
that the JET-ILW pedestals that are PB limited can b¢ cortectly predicted by EPEDI, both in
terms of pedestal height and pedestal width.

An exhaustive discussion on i / texp 1S possible only after the correlation of the pedestal
width (and, later, of the pedestal position) with the engineering parameters is presented. Further
discussions on Ocrir / Clexp are presented in section 6.4.

It is not the scope of this work terdiscuss the behavior of the pedestal with of temperature and
density. Figures 13(d) and 13(e) show wze and wy. respectively, mainly to highlight their range
of variation. Both wr. and/wy. h;ve a qualitative behavior similar to the pressure width. At
constant B¢, the inerease of wrz. and wye is correlated to the increase of Qi / Olexp. Moreover,
since the gas dosing rate affects the density position (see for example references [28, 39, 72] or
later in section 5.4), it is possible that the gas dosing affects also density width. This is expected,
for example, within intheneutral penetration model [67] which predicts a negative correlation
between density width'and height. Figure 13(f) shows the correlation of wy. with n. Perhaps,
a weak négative cotrrelation is present but the scatter of data is very. Moreover, most of the data
with low wye and high n/°*? are at high triangularity. So no statements can be derived from figure

13(f). A testof the neutral penetration model is outside the scope of this work.

Figure 14(a) shows the correlation of the pressure width with the absorbed power. No clear

trend is observed when looking at the entire database, however clear trends emerge when the
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power scan subsets are highlighted. An example is shown in figure 14(b). The full symbols
show the power scans at 1.4MA discussed in figure 8(d). The pressure pedestal width wpe
increases with increasing power. For simplicity, temperature and density widths are not.shown.
The wy. increase with increasing power seems driven mainly by the increase wre, rather than
Wne, but no conclusive claims are possible (wy. tends to slightly increase with power as well).
The open symbols in figure 14(b) show the power scans at 2.5MA discussed in figure 8(g).
Albeit much weaker, also these subsets show a pedestal widening with increasing power. The
weaker trend might be due to the narrower power range compared to the 1.4MA subsets but
also to the lower qos that might reduce the effect of the Shafranov shift. Other subsets show a
similar correlation, so the increase of the pedestal width with increasing power is rather robust.
The correlation between width and power has an important implication for\the position of the
pedestal, as discussed in section 5.4.

The correlation of the pedestal width with gas fueling rate is shown in figure 14(c).
Correlations emerge only when pure gas scans are highlighted: Figure 14(d) shows the 2MA
gas scans discussed in figures 10-12. A new subset, a gas'scan at 1.4MA (pink data) has been
added. The results suggest a widening of wy. with increasing*fueling rate. This is consistent

with the results discussed in other machines, including JET-C [25].
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Figure 14. Correlation between the pressure pedestal width and absorbed power for (a)
the entire database and for (b) power scans at 1.4MA and 2.5MA. The power scans are
the same scans discussed in figures 8 and 9. The correlation between the pressure
pedestal width and gas fueling rate is shown in frame (c) the entire database and in frame
(d) for gas scans at 1.4MA and 2MA. The 2MA gas scans are the same as discussed in
figure 10, 11 and 12. The width definition is the same as in figure 13(a) and it is consistent
with the JET results discussed in earlier literature.

Figure 14(b) also suggests a dependence of the pedestal width on the plasma current. For

example, at Pus=15MW, the 2.5MA pedestals have w,.20.04 yy while the 1.4MA pedestals

have wp.20.06 yy. Unfortunately, due to lack of “clean” I, scans (i.e. with all other engineering

parameters fixed) this remains a weak observation and no conclusive claims-are possible.

As a final remark, it is important to mention that the three defimitions of‘the pedestal width

lead to similar qualitative conclusions. For a more direct comparison, with the earlier JET

results, the definition of figure 13(a) is used in the rest.of the work. It is also important to

mention that no obvious trends between the pedestal width and other dimensionless parameters,

such as (v¥? and p*) have been observed (even when consi.dering specific subsets).

This subsection can be summarized with the following key points:

In general, the pedestal pressure widthief JET-ILW is not consistent with the EPED1
assumption and the coefficient D varies between 0.04-0.16.

The JET-ILW pedestal widthuis consistent with EPED1 when the pedestal is PB
limited.

At constant 97, the pedestal width is positively correlated with Qrir / Gexp.

No obvious correlation, between pedestal width and dimensionless parameters has
been observed. y

The pedestal width increases with increasing power and increasing gas fuelling rate.

The width behavior with power will have important implications for the pedestal

position (see section 5.4).
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5.4 Pedestal positions and its correlation with pedestal width and n.**®.

Variations in the pedestal positions of the electron density were noticed for the first time in
1996 during a gas scan in JET [22]. Then, differences in n/** and 7/ were observed in,2009-
2011 in DIII-D and JET-C [102, 103]. The importance of the pedestal position in the pedestal
performance was highlighted in NSTX and DIII-D [124, 125, 126] and finally systematically
investigated in AUG [28] and JET-ILW [39, 72].

Given the role of the pedestal position in the pedestal performance, it is important te identify
the parameters that lead to the variation of n/”” and T7.7%. So far, the main message presented
in the literature is that the key parameter is the gas fuelling rate [28, 39, 72]. Thissection shows
that also the power has a major impact on the pedestal position. Insection 6;.it will be shown
that the interplay between gas dosing and power and the corresponding effect on the pedestal

position is essential to understand the behavior of the pedestal height.

5.4.1 Dependence on absorbed power.

Figure 15 shows the correlation of (i) the pedestal-pesition of temperature, (ii) density and
(ii1) the relative shift with the absorbed power. A corfelation between 7% and Paps can be
observed even looking at the entire database,see figure 15(a). At low power, 7./% is located
more outward than at high power. This behavior i1s €xtremely clear when looking at the 1.4MA
power scan, shown in figure 15(b). Interéstingly, no major difference can be observed between
the power scan at low gas (orange data) and.the power scan at high gas (light blue data). The
2.5MA power scan shows a similartrend even if significantly weaker due to the narrower power
range, see figure 15(c). An example of the.Z. profiles at low and high power is shown in figure
16. In the high power pulse, figure.16(c), the position of maximum gradient of the temperature
is clearly more inward than in‘the low power pulse, figure 16(a). Note that this result is not
affected by the uncertainty in 7.°%. The shaded areas in figures 16(b) and 16(d) highlight the
variation of 7.7*° due to a1 0% uncertainty in 7.°?. The variation of 7/ is minimal.

The density positien, instead, has no strong correlation with the power, as shown in figures
15(d), 15(e) and 15(f). However, there is a significant variation in n/’*° with the gas fueling rate.
The power.scan‘at low gas has n/*20.995 yy while the power scan at high gas has the density
located more outward, at n”**~1.005 . This behavior will turn out to be very important in the
discussion of the non-PB limited pedestal in section 6.4.

Finally, the correlation of the relative shift with the power is shown in figures 15(g), 15(h)
and 15(1). An increase of the relative shift with power can be observed. This is also clear for

the profiles shown in figure 16. The positive correlation of the relative shift with the power is
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due to the inward shift of 7. Moreover, it is very important to highlight that the power scan
at high gas, light blue data in figure 15(h), reaches relative shifts higher than the power scan at
low gas, green data in figure 15(h). This is due to the more outward density position in theshigh
gas case.

Actually, the behavior of the pedestal position is more complex and at least another
engineering parameter, the divertor configuration, is likely to play an impertant role. This is
shown in figure 15(f), where the correlation between n* and Puss is shown for the 2.5MA
power scans. The low gas fueling scan (blue data) has a density pedestal position more outward
than the high gas fueling scan (red data). This is likely due to /the different divertor
configuration. The blue subset has outer strike point on the horizontal target, so, despite the
lower gas dosing, the neutral pressure is likely higher than in the'red sub;t, where the outer
strike point is in the corner. This hypothesis is verified at the end of section 5.4.3 using the

separatrix density as a proxy for the neutral pressure.

5.4.2 Dependence on gas dosing rate.

Due to the role of the divertor configuration, the tesults relatéd to the gas dosing discussed in
figure 15(e) are not conclusive. Therefore, figure 17 discusses more in detail the correlation of
the pedestal position with 7p2. The top frames of figure 17 show the correlation for the entire
database. The density position seems/tohave.a weak positive trend with /p>, figure 17(c). The
bottom frames highlight four specific subsets. Each subset has been selected to have constant
engineering parameters (including the divertor configuration), apart from the gas dosing rate.
Figure 17(d) shows that n/*® increases with increasing dosing, figure 17(b) shows that 7./ is
not strongly dependent on [p>. Censequently, the relative shift increases with the gas dosing
rate, figure 17(f). As an example, figure 18 shows the density and temperature profiles for two

pulses with low and highv/ b>.

5.4.3 On the origin of the variations in T/ and n/%.

Figures 15 and 17 haye shown that 7.7°° moves inward with increasing power and n/*° moves
outwards with increasing gas fueling rate.

The change in 77*° with power is clearly due to the widening of the pedestal. This can be seen
qualitatively from the profiles of figure 16. More quantitatively, figure 19(a) shows the
correlation between 7/ and the width of the pedestal temperature. A trend is present even
looking at the entire database (grey data) and it is particularly clearly when specific subsets are

highlighted. For simplicity, figure 19(a) shows only the 1.4MA/high-gas/corner subset. With
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TSP=100eV, the widening of the pedestal width with increasing power (section 5.3) leads to
the inward shift of the pedestal temperature. Within the EPED model, the widening of the width
is due to the increase of the poloidal beta at the pedestal. This is tested in figure 19(b), where
the correlation between T2 and B4 is shown for the low-8 pulses. The correlation is not very
clear. On the other hand, the correlation is clear once subsets with similar qcriv/olped are
considered [data with similar colors in figure 19(b)]. In particular, the subset near the.PB
boundary (blue data, with o.criv/aped=1) show that the increase of the poloidal beta leads to the
inward shift of the temperature. This is clearly due to the pedestal widening with increasing
Bée [see figure 13]. We can conclude that when the pedestal is near the PB botindary, EPED
can qualitative describe the behavior of the pedestal position of the temperatute. However, at
constant B¢ an inward shift of the temperature can be observedwithiincreasing Oterit/Otexp. This
suggests that further transport mechanisms (on top of the standard KBM constraint assumed in
EPED) must be invoked to explain the pedestal widening.and the cotresponding 7.7** inward
shift. This point is further discussed in section 8.3.

Instead, the variation in #n°*° cannot be ascribed to the samemechanism. n/” and width of the
pedestal density are not correlated, as shown in figure 19(c).. Indeed, AUG results [28, 127]
have shown that the outward shift of n/”*° is due to a significant increase of the density at the
separatrix. The idea that the density position is correlated to the SOL and/or separatrix density
is very appealing because it might provide.a link between fueling, recycling, divertor
configuration and neutral pressure with ‘density position and pedestal performance. To
investigate this hypothesis, the separatrix density has been used as simple proxy for the neutral
pressure (see section 5.2). Figure 20(a) shows the correlation between 7. and n/”* for the
entire database and for the/2MA“subsét (i.c. same subset of figure 10-12 and 17). A clear
correlation between n.*” and.nd® is present and all the three JET-ILW subsets are well aligned,
despite the different divertor configuration. Note that also the 2MA JET-C subset (black
squares) is well correlated.with the rest of the data. The JET-C subset has no gas injection, so
low neutral pressure and hence very low n.*®”. As a consequence, the density pedestal is located
more inward than in JET-ILW, with n/* <1.00yn. The results of figure 20 are therefore
consistent:with the hypothesis that the density shift is due to a change in n.*® driven by a change
in fueling and recycling. It is therefore not likely to find a simple scaling of n/%, as many
factors like fueling location, divertor configuration, /,, power density in the SOL can play a
role.

Note that, the data from the entire database in figure 20(a) still show a significant scatter. This

might be due to at least two reasons. First of all, n.°# might not be dependent only on the neutral
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pressure, but perhaps also on plasma current and power [112]. Indeed, figure 20(b) suggests
that the plasma current might be important. The scatter is reduced once n.*? is normalized by
I,. A further investigation on the parameters that affects n.*? is presented in section 7. Seeond,
we cannot either exclude that #.° is a too crude approximation for the neutral pressure.

As a final comment, it is useful to investigate if any systematic difference in n.*” and nd* is
present between divertor configurations. Figure 20(c) shows the distribution of n.*%for the
entire database, separated by the three divertor configurations. The overlap between the three
histograms is significant, however the n.”” distribution for the horizontal eonfiguration is
peaked at higher n.* than for the corner configuration. Given the empitrical role,0f #.°? in the
pedestal performance (figure 12), this result is likely correlated with the\ different pedestal
pressure height observed in different divertor configurations, as discussed in [30, 31]. Due to
the limited amount of pulses, no statements are possible for the vertical €onfiguration. Finally,
figure 20(e) shows the distributions of n/%. In this case, the difference is minimal, with the
peak of the distribution located at yn=1.0 for the corner configuration (red line) and only
slightly more outward for the horizontal configuration,(blue data).

4
This subsection can be summarized with the following main results:

= 7/ moves inwards with increasing power.

* This is due to a widening of the;pedestal with power.

=  When the pedestal is near the PB boundary, this behavior is well explained within the
EPED model. When olcrit/texp, further transport mechanism must be invoked.

* 1/ moves outwards with increasing fuelling. The divertor configuration also seems
to play a role. N

= nd” is strongly correlated with n.*®”. The correlation is very clear with both gas
fuelling scans and divertor configuration scans and holds for both JET-ILW and JET-
C subsets:

» This is consistent with the hypothesis that the change in n”* is driven by a change in

the neutral pressure due to a variation in fuelling and recycling.
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Figure 15. Correlation between the pedestal position of electron temperature (a), density (d)
and relative shift (g), with the absorbed power. forthe entire database. Frames (b), (e) and
(h) show the same correlation for the I.4MApower scans discussed in figure 8(d). Frames
(c), () and (i) show the correlation for the 2.5MA power scans discussed in figure 8(g).

The red circles in frames (b), (e).and.(h) highlight the two pulses (at low power and at high

power) used in figure 16 to show an example of the temperature and density profiles.
N
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Figure 16. (a) Temperature and denSityprofile for the low power pulse highlighted by a red
circle in figure 15. The profiles are normalized to the pedestal top value to show more clearly
the difference between temperature and density position. (b) Corresponding density and
temperature gradients. (c¢) Temperature and density profile for the high power pulse
highlighted by a red circlesin figure A5 and (d) corresponding density and temperature
gradients. The vertical dashed lines in frames (b) and (d) highlight the position of the
maximum gradient. The shaded-areas highlight the variation in T/* and nd* due to a 10%

uncertainty in T,

50

Page 50 of 97



Page 51 of 97

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103953.R2

grey: all datg ' ' ' 0.05 ' '
Olow &
1.01E Ahigh 6 E 1.01F E 004 E
__1.00 E __1.00 E <
é § 7 . 0.03 E
: 0.99 E : 0.99 E L
- = S 0.02 E
0.98 E 0.98F E So
&
0.97 E 0.97F E 0.01 E
0.96 0.96 ) . . 0.00
0. 0.1 10.0 0

Foz 107 (e/s)

T T
®1.4MA/1.85T, low—8, P,=16MW, corner

®2MA/1.9-2.1T, low—8, Py,=10MW, horizontd

®2MA/1.9-2.1T, low—8, Py.=1OMW, corner ‘ P/ Hj E :
E 1.00F .Eg%g E

0.89F H B E|

o
T

T ()
1 (v

3 0.98 ¢ E|

0T ()

E| 0.97 ¢ E

0.96 E®) ‘ ‘ 0.96 £ ‘ ‘
0.1 10.0 0.1 10.0 0.1

10.0

1.0
Moz 107 (e/s)

1.0 1.0
Moz 1072 (e/s) o2 107 (e/s)

Figure 17. Correlation between T/ (a), n” (c) and relative shift.(e), with the gas fueling
rate for the entire database. Frames (b), (d) and (f) show the.same correlation for the 2MA
subsets discussed in figures 10-12 (red, blue and green squares) plus a new subset at 1.4MA
(selected with constant engineering parameters apart from thesgas fueling rate). The red
circles in frames (b), (d) and (f) highlight the two pulses (at low fueling and at high fueling)
used in figure 18 to show an example of the température andsdensity profiles.
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Figure 18. (a) Temperature and density profile for the low gas fueling pulse highlighted by

a red circle in figure 17. The profiles are normalized to the pedestal top value to show more

clearly the difference betweengemperature and density position. (b) Corresponding density

and temperature gradients. (c) Temperature and density profile for the high gas fueling pulse

highlighted by a red circle in figure 17 and (d) corresponding density and temperature

gradients. The vertical dashed)ines in frames (b) and (d) highlight the position of the

maximum gradient. The shaded areas highlight the variation in T/ and nd* due to a 10%

uncertainty in T,°%.
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6. NORMALIZED PRESSURE GRADIENT AND COMPARISON WITH
THE PEELING-BALLOONING STABILITY.

This section discusses some key characteristics of the experimental normalized pressure, Oexp,
and compares it with the normalized pressure gradient predicted by the peeling ballooning
theory, a.i.. In the literature, this type of analysis can be found only for very limited subsets of
data due to the highly time consuming processes of the pre-ELM profile analysis and. PB
stability analysis. Therefore, the first goal of the section is to verify the reliability of @, and
oL contained in the database. This is done in section 6.1 and section 6.2 by testing'some earlier
results that were obtained using few pulses. Note that this exercise does not lead only to a test
of the reliability of the database, but it strengthens also the earlier results'by extending them to
a much wider set of data. The second goal of the section is to discuss the difference in the
pressure gradient between high and low triangularity plasmas. This is done in section 6.3. The
last goal of the section is to investigate the discrepancy bétween oxs, and ... This is done in
section 6.4, where the experimental conditions for which the JET-ILW pedestal is not PB
limited are identified. N

For simplicity, o has been determined using j»s from the Sauter formula. However, as shown
in figure 4, the use of the Hagar formula in determining j»s leads to a minimal change in O,

with 0.9 < @i/ aerid™e  <1.2.2Such a small variation does not affect the conclusions

presented in this section.

6.1 Correlation between dexp and.dimensionless parameters.

Dimensionless parameters such asithe normalized total pressure and the pedestal collisionality
can have a significant impact on the stability of the PB modes [47]. Assuming that the pedestal
can be described by the PB model, o.., is then supposed to depend on both n and v*. Within
the PB framework,no dependence on p* is expected.

Figure 21(a) shows. the correlation between oy, and Bn. For simplicity, only low-8 plasmas
are shown. According to the theory, the increasing B stabilizes the ballooning modes, shifting
the ballooning boundary to higher o and hence increasing the pressure gradient [47]. Therefore,
a positive correlation between oLy, and B is expected. Indeed, figure 21(a) shows the increase
of dlexpy With increasing PN, even looking at the entire database (grey data). The trend is more
clear ence subsets at constant collisionality are highlighted. The positive trend is strong at low
collisionality (see the black diamonds) but it weakens considerably at high collisionality (see
the light blue diamonds). This is consistent with the observations in two specific dimensionless
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Bn scan in JET-ILW [54]. The weak increase of o, with increasing Bn at high collisionality
might also be linked with the results from dimensionless 3 scans obtained JT-60U and AUG
[128,129], where a decrease of the normalized energy confinement with increasing, 3 was
observed. In reference [129], this was ascribed to a lack of increase of the pedestal with
increasing f3.

The different behavior between the low and high collisionality in figure 21(a) is linked te-the
behavior of the pressure in figure 8(i), where no strong correlation between p#¢ and power was
observed on the subset in horizontal configuration (high collisionality), while a.clear positive

correlation was observed for the subset in the corner (low collisionality).

fizl2®

10.0  0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.0¢
o 10°

0

Figure 21. Correlation between the experimental normali;ed pressure gradient and (a)
normalized total pressure, (b) normalized electron-ion. collisionality at the pedestal and (c)
normalized electron gyro-radius at the pedestalsOnly low triangularity pulses are shown.
The non-grey subsets highlight data with constant collisionality (a) or constant fn (b) and

(c).

The correlation between ax, and pedestal collisionality is shown in figure 21(b) for low-6
plasmas. A negative trend is present.  This can be qualitatively explained within the PB
framework if the ballooning boundarys not steep. In this case, the reduced v* leads to an
increase in jps which in turn lead to an increase in o Note that the negative trend is not very
strong. This could be because the PB boundary is not strongly shaped in low-0 plasmas, so an
increase in jps can lead only to small variations in a.. An important result of figure 21(b) is
that in JET-ILWylow-0 plasmas only a significant reduction in collisionality leads to a
significant increase in|the mormalized pressure gradient. A factor 2 reduction in v* produces
only a minimal increase in Olexp.

The stability of the PB modes is supposed not to depend on the normalized Larmor gyro-
radius, as theoretically predicted and also as experimentally observed in JET-C, DIII-D and JT-
60U [63, 102, 103, 130]. Instead, the JET-ILW data show in figure 21(c) seem to suggest a
positive correlation between oy, and p;. However, this correlations is misleading and it is due

to the fact that Bn and p” are correlated in the database. The lowest p; plasmas are typically
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achieved at high plasma current. Most of the high /, pulses are not fully optimized, so, in
general, they tend to have low Bn. As an example, three subsets with constant Bx have been
highlighted in figure 21(c). The highest Bn subsets also has high p;. So, despite being
misleading, figure 21(c) is actually consistent with the results from other machines.and ne
obvious correlation between oy and p, is present.
This subsection can be summarized with the following main results:
" Qe increases with increasing Bn. The trend is strong in low collisionality, plasmas
and very weak in high collisionality plasmas.
" Qe increases with decreasing collisionality.

= No dependence between ey, and p* has been observed at/constantBx.

6.2 Correlation between o.xp and pedestal position.
In the literature, two key results are related to pedestal position. Specifically, one is related the
pressure position [28] and one to the relative shift [72]¢

Concerning the pressure position, from a theoretical point Qf view the outward shift of the
pedestal pressure is supposed to lead to an outward shift of the j»s peak which, in turn, should
have a destabilizing effect on the ballooning modes [104]. It should be pointed out that this
phenomenon can be experimentally observed only i1f'the ELM is triggered when the pedestal
reaches the PB, i.e. when the pedestal is PB limited. Indeed, this behavior has been
experimentally observed in AUG [28] and more recently in TCV [29] and JET-ILW [39].
However, the JET-ILW results have been obtained for a very limited dataset composed of only
three pulses.

To strengthen the JET-ILW res&, the database has been used to verify the dependence of oty
on the pressure position: Figure 22(a) shows the correlation between o, and p”** for all the
low triangularity pulses of the database. When considering the entire database, no correlation
between d.xy, and pd’” is observed. This is actually expected because (i) the range in N is very
wide and (i1) a'large part‘of the JET-ILW pulses are not PB limited [27, 39, 52]. Therefore,
figure 22(b) highlights a subset with o...i/0exp~1 and with roughly constant Bn. The decrease of
the normalized pressure gradient with the outward shift of the pressure position is clear. Note
that the light blue pulses of figure 22(b) are characterized by a large variation in the gas fuelling
rate, whichds necessary to change the pedestal density position (see figure 17). To emphasize
the agréement with the theoretical interpretation, figure 22(b) shows o predicted with Europed

[123]andnitially, the code has been run using as inputs the experimental parameters
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corresponding to pulse 84792. The predicted o is consistent with the experimental
one (0ri=4.7 and olexy;=4.8+0.4). Next, the modelling has been repeated using a different nd*.
The predicted o and the corresponding position of the pedestal pressure are shown it figure
22(b) with black dots. The modelled trend is consistent with the experimental trend, confirming

the interpretation of the JET-ILW results discussed in reference [39].
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. Europ§d

position of the pedestal pressure for the entire database and (b) for a specific PB limited
subset with similar Pn (blue stars). The black dots show the results modelled with Europed
for pulse 84792 using different values of nd*. (c) Correlation between aexp and relative shift
for the entire database and (b) for two subsets with similar v and collisionality. The black
dots show the results modelled with Europed for pulse 86543 using different values of nd*.

Concerning the relative shift, only empirical results have been obtained so far. The main
message is that the increase of the relative shift is correlated with a reduction of the normalized
pressure gradient [72]. At present, no theoretical explanation for this behavior is available and
the PB.model fails to reproduce the experimental trend [72]. This is discussed also in figure
22(d), where the correlation between oexp and the relative shift is shown. Two subsets are

highlighted (each subset characterized by similar values of Pn and collisionality).
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Experimentally, the negative trend is evident in both subsets. The Europed predictions are
shown in figure 22(d) by black dots. The modelling has been performed starting from the input
parameters corresponding to pulse 86543. For this pulse, the predicted o is consistent with the
experimental one (0.=3.9 and aep,=4.0£0.5). Next, the modelling has been repeated usinga
different pedestal density position. The model shows a negative correlation between o...i; and
relative shift till n/*°- T/*~0.015yn and then, the trend saturates. The difference between
modelled and experimental a is approximately a factor two at n#**- T/°~0.04yn. As discussed
in detail in section 6.4, this result is extremely robust: at high relative shift.the PB. model is not
able to correctly describe the pedestal behavior. This point will be used in‘section 6.4 to
understand the correlation between pedestal pressure and power discussed i figure 8. The fact
that the PB model cannot predict any change in oexp at n’**- T£2°>0.02-0.03yn is because at
high relative shift the density shift does not affect the pressure (see.Appendix 2 and also
reference [39]).
This subsection can be summarized with the following main resuits:

" ey decreases with the outward shift of n#* and p£”, as long as the pedestal is PB
limited. This is consistent with AUG results and streI:gthens the JET-ILW results that
were based on a limited dataset.

" Qe decreases with increasing relative shift, eonfirming earlier JET-ILW results. The

PB model is not able to reproduce the'experimental trend at high relative shift.

6.3 Normalized pressure gradient in low and high triangularity plasmas.

It is well known that high triang\ularity plasmas have better confinement than corresponding
low triangularity plasmas because of higher pedestal density [43, 131]. In high triangularity,
the peeling-ballooning boundary is strongly shaped so at high j»s the pedestal can reach a region
with improved pedestal stability.(see, for example, [132]).

On the other hand, the firstJET-ILW results did not show any clear confinement improvement
in the baseline high triangularity plasmas [17, 18, 27]. The hypothesis proposed to explain this
behavior [27] was that the baseline pulses were not able to reach a collisionality low enough to
reach the'strongly'shaped region of the PB stability diagram. So far, this hypothesis has been
verified ‘only for/the hybrid scenario at 1.4MA, in a recent work [83]. This subsection tests if
this hypothesis is consistent also with pulses in the baseline scenario (for definitions of hybrids
and baseline scenarios, please see references [133, 134]).

Figure 23 shows the correlation between the normalized pressure gradient and the pedestal

collisionality. The figure includes both low triangularity (86<0.3, grey circles) and high
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triangularity plasmas (6>0.3, grey triangles). Four subsets are highlighted, two hybrids subsets
(at 1.4AMA with low and high triangularity) and two baselines (at 2.0MA with low and high
triangularity). The high-06 subsets show a much stronger increase of cex, with decredsing
collisionality compared to the low-3 subsets. The difference between high- and lew-0 is
minimal at high pedestal collisionality (v* > 1) while it is evident at low collisionality (v* <
1). This suggests that the nose in the PB stability diagram occurs at v* = 1. Note the high-6
pulses have a very similar trend, regardless of the scenario. This result strengthens the
hypothesis proposed in [27] and extends it to baseline plasmas and it is_censistent with what
described in reference [135]. Once the JET-ILW high-d baseline pulses reach low collisionality,
for example by reducing the gas fuelling rate, a confinement highet than.the low-6 pulses can

be reached.
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Figure 23. (a) Correlation between the normalized pressure gradient and the normalized
electron-ion pedestal-collisionality. Grey data show the entire database, separated in low
triangularity pulses ( 0<0:3,) and high triangularity pulses ( 6>0.3,). The non-grey data
highlight foursubsets: two subsets of hybrid pulses at 1.4MA (low and high ) and two
subsets of baseline pulses.at 2MA (low and high o).

This subsection'can be summarized with the following main results:
= Athigh collisionality (v* > 1), no difference in the experimental normalized pressure
gradient is observed between high and low triangularity plasmas.
= At low collisionality (v* < 1), high triangularity plasmas have ., higher than low

triangularity plasmas.
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pressure for the low-0 pulses in the database. The colors highlight the ratioyQerit / Qlexp.
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Figure 255 Correlation between the distance of the pre-ELM pedestal from the PB boundary
(estimatedawith the ratio Ocrit / Qexp) and absorbed power for (a) all low-06 pulses included in
the database and (b) for the same subset of 1.4MA pulses discussed in figures 8 and 9.

Correlation between Ocrit / Olexp With fueling rate for (c) the low-0 pulses in the database and
(d).for the same subset of 2MA pulses discussed in figures 10, 11 and 12.
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6.4 Distance from the PB boundary.

JET-ILW has shown that, even in Type I ELMy H-modes, not all the plasmas reach the PB
boundary before the ELM is triggered [18, 27, 53]. This can affect the prediction capability of
EPED, as discussed in detail for JET-ILW in reference [66]. In the EPED1 model,the pedestal
height is determined by the combination of the PB stability and the KBM limit (which is
implemented via the expression w,=0.076(B4*))"”?). On the other hand, the JET-ILWapedestal
has often ari/cey™>>1 while pedestal width is often significantly wider than the predicted
EPEDI1 width (see figure 13 and reference [66]). However, the two effects partially cancel each
other, with the lower PB stability compensated by the wider width/As a.consequence, EPEDI
produces a pedestal pressure still roughly in agreement with the JET experimental pressure. On
average, the agreement is within 20%, even if larger deviation have been observed (see figure
2 in reference [66]). The problem is more evident if the pP°! prediction relies only on the PB
stability while the experimental pedestal width is used 'as input. This is shown in figure 24,
where the predicted pedestal pressure is determined usingthe agproach described in section 2.3.

The predicted pPd

can be up to a factor three ‘overestimated, with the disagreement that
increases with increasing Qcrir / texp. Therefore, reliable pedestal predictions in JET-ILW can
be achieved only after the physics mechanisms that lead to cir / xp>1 have been identified.

At present, it is not clear what are the @xperimental conditions and the physics reasons under
which the pre-ELM pedestal is¢far from the PB boundary. The only results available so far,
based on 1.4MA pulses, suggest that the pedestal is not PB limited at high gas and high power
[27].

This subsection investigates in d?tail the conditions under which the pedestal is not PB limited,

shows that a universal threshold in power and/or gas dosing cannot be found and identifies the

the relative shift as a Key empirical parameter.

6.4.1 Correlation between Ocriv/Oexp With power, gas dosing rate, divertor configuration.

The first step is to verify if the main engineering parameters are correlated with crir / Gexp.
We haveconsidered input power, gas dosing rate, plasma current, triangularity, gos and divertor
configuration. Qs / Qexp has no obvious correlation with triangularity and g5, even when
specific subsets were considered. Triangularity and gos will not be discussed further. On the
other handytrends with power and dosing rate are present for specific subsets as shown in figure
25 Figure 25(a) shows the correlation between crir / texp and Paps for the entire low-0 database,

while figure 25(b) highlights the 1.4MA subset discussed in figure 8(d). The subsets of figure
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25(b) show contradicting results. At low gas (green data), o / cexp~I regardless of the power.
At higher gas (orange and light blue), arir / cexp has a positive correlation with the power and
the pedestal is near the PB boundary only with low Pu,. This is indeed consistent with the
statement that the pedestal is not PB limited at high gas and high power.

However, the extension of the analysis to other subsets shows a more complex behavior. An
example is shown in figure 25(d), where the highlighted datasets correspondto the 2MA pulses
discussed in figures 10-12 (similar /,, B;, Pas but different fuelling rate and, divertor
configuration). Figure 25(d) shows that also the divertor configuration plays a role. For
example, pulses with /p>=5-10%%(e/s) are near the PB boundary in the cornerconfiguration
(Qerit / tdexp~1.1) and far from the PB boundary in the horizontal configuration (& i: / ttexp~2.0).
Once more, this suggests that the gas fuelling rate is not the most.apptopriate parameter to have
a general description of the plasma but that the neutral pressure might be more suitable.
Interestingly, no clear correlation between aci/cexp and the separatrix density (used as proxy
for the neutral pressure) has been observed (not shown here, for simplicity).

Since both neutral pressure and power affect thespedestal position (see section 5.4), it is
reasonable to put forward the hypothesis that the main pla.sma parameters that determine

Oerit / Qlexp are nd”, T#*° or a combination of the them.

6.4.2 The correlation between Otrit / Qexp andithe pedestal position.

To test this hypothesis, figure:26(a) shows the correlation between it / Qexp and nd**-TF*
for the subsets of figure 8. Figure 26(b).shows that same correlation for the subsets of figure 12
and figure 17. In both figures a ¢lear positive correlation between drit / 0lexp and the relative
shift is present. Pedestals near theh’B boundary have low relative shift, while pedestal far from
the boundary have high relative shift. Note that the pulses on horizontal configuration discussed
in figure 8(g) and in figure 9(d) (empty blue circles) have high relative shift and crir / exp™>1.3.
Moreover, note that the JET-C subset of figure 12 (black squares) are characterized by low
relative shift and @eir / desp=~1. Even if not shown here, it is worth to mention that correlation
with oOlrit / alexp /1S rather poor when considering n/” alone, while it is rather good when
considering only 77%.

At present, there is no theoretical explanation for the correlations shown in figures 26. One of
the hypotheses under investigation is that the low normalized pressure gradient is due to an
increased turbulent transport driven by the high relative shift [39]. It is beyond the scope of this

workto test this hypothesis. Nonetheless, the correlation of figure 26 will be considered in the
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rest of the paper as a useful empirical trend that proves the key role of the relative shift in

determining the pedestal performance.

6.4.3 A more coherent picture.

At this stage, it is possible to propose a coherent picture that links power, gas fuelling, and
divertor configuration with the distance from the PB boundary and that justifies the statement
“non-PB limited plasmas are achieved at high gas and power”.

The increase of the relative shift is driven by two main parameters, the increase of the power
(that leads to the inward shift of the temperature due to the pedestal widening, see figures 14
and 15) and the increase of the neutral pressure (that lead to the outward shift of the density, as
shown by the correlation between n.”” and n/” in figure 19). Note that\the increase of the
neutral pressure can be due to at least two engineering parameters, (i) the increase of the gas
fuelling rate and/or (ii) the change to a divertor configurationncharacterized by less pumping
or by a higher fraction of divertor neutrals that reaches the SOL.and the pedestal [114]. At low
gas dosing rate or in the corner configuration, the neutral pressure is rather low (figure 11) so
the pedestal density is located relatively inward and the'relative shift cannot reaches very high
values even at high power. As consequence;, i / lexp 18 relatively close to 1. At high gas
fuelling rate or in the horizontal configuration, the neutral pressure is high and hence the
pedestal density is located relatively outward. However, 7/ is also relatively outward at low
power, see figure 15(b), so the relative shift does not reach very high values and &crir / Qexp
remains close to 1. The only case.in which the relative shift can reach high values (and
Oerit / Olexp™>>1) 1s with high n/°f and low T/, so at both high power and high neutral pressure.

Unfortunately, high gas dosing rate.and high power are relatively common in JET-ILW. The
high gas fuelling is necessary to mitigate the effect of impurity influx from the metal wall. The
high power is necessary,to compensate the negative effect of the high fuelling on the stored
energy.

Note that the JET-C pulses highlighted in figure 26(b) have no gas dosing, low n.*#, pedestal
density located inside the separatrix, hence low relative shift, ceir / cexp=I and better pedestal

performance,than thecorresponding JET-ILW pulses (see figures 12, 19 and 25).

6.4.4 Correlations between Q.rit / Qexp and other plasma parameters.
Figures 26(a) and 26(b) shows that the relative shift plays a key role in determining the
distance from the PB boundary. However, the relative shift might not be the only key parameter

ot might be simply correlated to the key physics parameters that explains the high air / Qexp
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ratio. For example, figure 26(b) shows that at n”**-T#*°=0.02 the ratio &t / Qexp can vary from
1 to 2, i.e. from PB limited to non-PB limited pedestals, suggesting that also other parameters
are important. The rest of this subsection investigates which other plasma parameters might be
important in determining ai: / Qexp and discusses the corresponding possible implications in
terms of physics mechanisms. The following figures will discuss only the parameters that have
a correlation with acir / dtexp. Plasma parameters such as separatrix density and collisionality‘do
not show any clear correlation with i / cexp and will not be discussed. It is interesting to
observe that 1. and 1.’ / n*? are well correlated with the pedestal pressure, see figure 12(b),
but show no clear correlation with s / Cexp. This is because e/ ctexp increases with
increasing relative shift, so it is related to both n/”°° and T.7%, whilé n.*®” /a4 is unrelated to
T.p0s.

Initially, the subsection will focus on the subsets of figure 8, 12,°17. At the end, the same

discussion will be extended to the entire database.

Correlation between Qcrit / Qexp and P,

An important parameter might be Sy. This is shown in figure 36(0), where the colors highlight
the corresponding Sy of each data point. For similar relative shift, pulses with high Sy tend to
have low acrir / Qexp. For example, at n/”*-T.7°20.020-0.022yn, the data point with Sy=3.0 has
Oerit / Qexp=1, While the data points withyfyv=1.2"have acii / dexp=2. The empirical correlation
between i / tlexp and P, despite having a large scatter, was also observed in reference [66].
This might suggest a stabilizingseffect.on the micro-instabilities due to the increased Sy and

could explain the low pressure {radient in pulses with @it / @exp >1, but does not help in

understanding the ELM triggering mechanism.

Correlation betweenir / Gexppand resistivity.,

Another parameter that might play a role is the plasma resistivity. Figure 27(a) shows the
correlation between i/ cexp and the Spitzer resistivity (calculated as the average just inside
the separatrix, in the region yn=0.98-1.00). A positive correlation seems to be present. This
could suggest that the ideal MHD is not sufficient to describe the pedestal stability but that
resistive MHD is necessary to identify the PB stability boundary. This hypothesis will be tested
in the near future in JET-ILW using the non-linear resistive MHD code JOREK [136]. Indeed,
earlier JOREK results were able to reasonably predict the JET-ILW pedestal height [137].
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Moreover, a pure theoretical result obtain with BOUT++ shows an effect of the resistivity on
the PB boundary [138].

It should be pointed out that the correlation shown in figure 27(a) is observed only between
the middle of the pedestal and the separatrix. The Spitzer resistivity determined further inward
positions has no correlation with ai: / cexp. Note that the increase of the resistivity between the
middle of the pedestal and the separatrix is, at least partially, linked with the increase,of the
relative shift via the inward shift of 7. From a geometrical point of view, an inward shift of
T/ leads to a reduction in the 7% so the an increase in resistivity at a fixed radial position.

This hypothesis can be useful explain both the ELM triggering mechanism, and the low

pressure gradient.

Correlation between Ocrit /' Otexp and ne.

Earlier results [39, 73] suggests that also 7. (defined as the ratio between the gradient length
of electron density and electron temperature) is correlated with the.normalized pressure gradient
and it / cexp. In fact, the increase of the relative shiftileads.to an increase in 7., which in turn
destabilizes micro-instabilities and increases the turbuléent trangport in the pedestal [39, 73, 75].
The correlation between i: / Qexp and 7. 18 shown in figure 27(b). 7. has been calculated at
T#%. The data of figure 26(b) seems to suggest a positive correlation. This result would be
consistent with the hypothesis of the increased turbulent transport in the pedestal region.
However, we should highlight that the correlation shown in figure 27(b) is very weak and it has
been observed only with 7. determined at yn=T#°. No correlations have been observed at
other radial position, for example at the pedestal top. Unfortunately, being the ratio between
two gradients, 77. 1s a parameter e@erimentally difficult to estimate. The hypothesis the increase
turbulent transport with.increasing /7. can be useful to explain the low pressure gradient in

pulses with acir / dexp>1, but does not help in understanding the ELM triggering mechanism.

Correlation between O:if/ Cexp and R/Lre..

A recent theoretical work [[139] shows that, in local and linear gyrokinetic analysis with the
GS2 code [1401], the toroidal and slab ETG modes are very sensitive to the normalized Te
gradient length in the pedestal, R/Lr.. So, a possible hypothesis is that the increase in Qcrir / exp
might be due to the reduction in ey, driven by the increased pedestal turbulent transport
produced.by an increased R/Lr.. Figure 27(c) shows the correlation between i/ cexp and
R/Lgeswith R/L7. determined at the top of the pedestal temperature. The positive correlation is

qualitatively consistent with the hypothesis. Of course, further work is necessary for a
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conclusive claim. It is important to observe that the results are strongly dependent on the
position at which R/Lz. has been determined. No correlation has been observed at the top of the
pedestal density, while a weak negative correlation has been observed in the outer region of the
pedestal, between 7.7*° and the separatrix. This hypothesis can be useful to explain the low

pressure gradient but does not help in understanding the ELM triggering mechanism.

Correlations using the entire database.

The correlations discussed in figures 26 and 27 are based on small subsets of the database. To
investigate the robustness of the results, figure 28 shows the same correlations,for the entire
low-06 database. Since figure 26(c) suggests that ot / cexp 1s well correlat\ed to f, figure 28
highlights three subsets with Sv=1.0, 1.9 and 2.8. In the two subsets with lowest beta, crir / Qexp
is positively correlated with relative shift, resistivity near the separatrix, ‘77. in the middle of the
pedestal and R/Lr. at the pedestal top. In the subset at high v, no correlation is observed and
the pedestal seems always close to the PB boundary.

The results of figure 28 strengthen the conclusionnobtained in figures 26 and 27. The
correlations with relative shift and R/L 7. are rather robust and hgve been observed for any subset
with medium-low fy. Instead, the correlations,with resistivity and 7. seems less robust and,
even though trends are visible also at other values of Sy, the scatter of the data is rather large.

This subsection can be summarized with the:foellowing main results:

" aei / Qexp 18 affected by at least three engineering parameters, Puss, gas fuelling rate and
divertor configuration (which suggest a dependence on the neutral pressure).
* In terms of plasma parameters, arir /exp has a clear positive correlation with the relative
shift. Y
= The relative shift is sufficiently high to have s / texp™>>1 mainly at high power and
high neutral pressurex This explains the empirical observation that the JET-ILW pedestal
is not PB limited at high power and high gas.
= The physiessmechanism that leads to ocrir / dexp™>>1 is still unclear. However, empirical
correlations between @i: / dexp and the following plasma parameters strengthen some (or
lead to new) hypotheses:
o " Resistivity. Ideal MHD might not be sufficient to describe the PB stability in
pedestals with high relative shifts. Resistive MHD might be necessary.
o, Relative shift and ne at 77%. The increase of the relative shift leads to an increase in
ne and hence in the turbulent transport.

o PBn. The decrease of By might have a destabilizing effect on microinstabilities
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o R/Lre. The increase of R/Lt. might destabilize toroidal and slab ETG modes

increasing the turbulent transport.
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PART (C). Pedestal scalings.

7. PEDESTAL SCALINGS.

The results obtained during the first JET-ILW experimental campaigns,have shown that
baseline plasmas tend to have a pedestal approximately 10-20% lower than in JET=C [18]."This
has cast doubts on the applicability to JET-ILW of the Cordey scaling for the pedestaly which
was derived using mainly carbon wall machines [7]. Nowadays, a reliable pedestal scaling for
JET-ILW has major importance because of its key role for DT extrapolations [110, 111]. As an
example, the predictive modelling discussed in [13, 14] relies on the pedestal Cordey scaling to
determine the boundary condition for the core modelling.

Another important reason to update the pedestal scalings is.related tordiagnostic quality. As
an example, the JET pedestal density used in the Cordey s€aling was-based on a line-integrated
measurements and not on a specific measurement atithe pedestal top. Nowadays, the JET
Thomson scattering can provide a much more accurate measugement [77].

However, an update of the pedestal scaling using the present EUROfusion JET-ILW pedestal
database cannot fully replace the Cordey sealing. The geometrical parameters do not vary
sufficiently to be included in a scaling. Nonetheless, an updated scaling can still provide
valuable information. First of all, it can be used to verify if JET-ILW has a different scaling in
terms of power and current from'what obtained by Cordey. Second, due to the better diagnostics
availability, it can provide a_more, reliable and robust prediction for JET-ILW DT
extrapolations. Third, new important physics parameters can be included in the scaling, such as
the separatrix density. y

Moreover, the database can be used also to determine scalings for the pre-ELM pedestal
density and temperature. In particular, a scaling of the pre-ELM pedestal density is very
important for EPED-like predictive runs (which have n/%? as input) [28, 57, 66]. EPED-like
models typicallymse the experimental 77 as input or, more recently, have implemented the
neutral penetration model [70] or the Urano scaling [141]. However, the neutral penetration
model does not correctly predict the isotope dependence [99] and the Urano scaling has been

derived for the line-averaged density.

Unfortunately, some of the engineering parameters included in the database are strongly
interdependent. A detailed analysis of the multivariate dependencies among the engineering
parameters is outside the scope of this paper. Our analysis is limited to the bivariate linear

70

Page 70 of 97



Page 71 of 97

oNOYTULT D WN =

ocouuuuuuuuuuudhDdDDDBDDIADMNDMDAEDANEDMNWWWWWWWWWWNNNNNNNNNDN=S =2 @2 aQaaa0
cowvwoOoONOUdMNWN-—_,ODVONOOULLDdMNWN-OVOVOONOUPDMNWN—_,rODVOVONOOULLDdMNWN-_,ODOVUOONOOUED WN = O

AUTHOR SUBMITTED MANUSCRIPT - NF-103953.R2

correlations, given by the correlation matrix in Table 2. Specifically, in order to avoid issues
due to the strong correlation between magnetic field and plasma current (ggs5 scans are not

common in JET-ILW), the following scaling laws include 7, but not B..

Table 2. Correlation matrix among the main engineering parameters. plasma current, magnetic

field on axis, triangularity, absorbed power, effective mass, gas fuelling rate.

I Bt ) Pabs Mest I'p2

Ip 1.0 0.87 0.01 0.49 0.20 0.43
B¢ 0.87 1.0 -0.01 0.59 0:21 0.32
) 0.01 -0.01 1.0 -0.07 0.07 0.01
Pabs 0.49 0.59 -0.07 1.0 0.16 0.14
Megr 0.20 0.21 0.07 0.16 1.0 0.09
I';m2 0.43 0.32 0.01 0.14 0.09 1.0

7.1 Scaling of ELM averaged pedestal stored energy

A detailed discussion on the definition of ELM-averaged I:edestal stored energy has been
presented in section 3.2 and in section 3.3."Here, we simply remind that, to have a definition
empirically compatible with the one used by Cordey; the stored energy at yn=0.90 is used
(hereafter called Wyp). It has been verified that the exact position is not crucial for the exponents
of the scaling law. The exponents do not vary significantly by changing the position from
yn=0.90 to yn=0.94.

Figure 29(a) compares the experimental Wgy with the pedestal stored energy expected from

Corde
W y

N
the Cordey scaling (equation 1) The colours highlight the plasma current. Woo and W,

Corde,
W 4

are well correlated. 67% of pulses have Woo /W, ;

in the range 0.8-1.2 (i.e. the Cordey

scaling is consistentWwithin +20% with 67% of the data), see figure 29(b) and table 3. However,

Corde,
W y

Woo is slightly lower than W_

at high plasma current. Note that the database used in this

work has excluded, for simplicity, pulses with N seeding and with pellets. From earlier JET-
ILW studies; it is known that the pedestal pressure can be increased by seeding nitrogen [17]
and that the highest plasma performances have been achieved in pulses with pellets [110]. These
subsets are shown figure 29(a) as empty symbols. The N seeded pulses (mainly at 2.5MA, high
triangularity) significantly exceed the Cordey scaling. The pulses with pellets (mainly at 3.0MA
and 3.5MA) achieve a Wy, roughly consistent with the Cordey scaling.
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The next step in the comparison with the Cordey scaling is to determine the scaling law of
Wop and compare the exponents. Ideally, the same power law used by Cordey should be
implemented. However, due to (i) the correlation between 7, and B; and between I, andidensity
(see section 7.2) and (ii) the negligible variation of R, F; and k4, only Ip, P, and M (where Mis
the isotope mass) can be considered. On the other hand, since also triangularity and fuelling
rate affect the pedestal, the new scaling law includes also ¢ and 7p,. The dataset used<to
determine the scaling law is the same as used throughout this work, i.e. excluding plasmas with
pellets, seeding, RMPs and kicks (see section 2.4) and considering only type 'ELMs. However,
due to the importance of the isotope mass, hydrogen plasmas have been/includeds The majority
of the hydrogen plasmas is characterized by low I, so their inclusiondmight idversely influence
the fit. To bypass the problem, two scaling laws have been derived, the'first one including only
deuterium plasmas (hereafter labelled “fit 0), the second one including both deuterium and
hydrogen plasmas (hereafter labelled “fit 1”). In both cases,na robust Bayesian regression
technique has been used, allowing errors in all variables [142]. The results are summarized in

expressions (7) and (8) and in table 3:

V[/g]:)ito — (031 i 0.07)I1.27i0.15P0.30i0.0860.29i0.12F—0.07i0.04’ (7)
VVg{)itl — (023 i 0.07)11'26i0'15P0'31i0'0860'29i0'12F_O'O7iO'O4MO'5iO'2, (8)

where Wy is expressed in MW ./, in MA, Pis.the loss power in MW and 7" is in 10*%¢/s. The
inclusion of hydrogen plasmas does not significantly affect the exponents, showing that the
result is robust. The error bars on the estimated exponents (posterior means) reflect the range
over which the exponents can be \kried, taking into account the posterior correlations, such that
the median absolute percentage error of the fit increases by a 1-2 percent at most [143]. The
error bars defined in this way are typically larger than the usual error estimates based on the
standard error (ordinary least squares, OLS) or the posterior standard deviation (Bayesian).
Indeed, the traditional error estimates are often unrealistically small, because they depend
crucially on the modeldassumptions (i.e. a power law functional form).

By compating expression 7 with expression 1, it is possible to note that the /, exponent and
the P exponent are slightly lower than those obtained by Cordey (ou=1.41+0.06 and
op=0.5+£0.04). The lower ou is due to the fact that the density is not considered in expressions
(7), asidiscussed later in section 7.2. The exponent of the isotope mass, o, is similar to the one
recently determined for the energy confinement in JET-ILW (aum=0.4) [20] but is significantly

larger than that in the IPB98(y,2) scaling (am=0.19). For JET, this difference has been discussed
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1

2 . . . .

3 in arecent work on the JET global confinement [ 144] and it appears to be related to the inclusion

4 of T plasmas. Revisiting the old JET global confinement dataset considering only H and D

5 p g g g only

6 plasmas leads to an exponent very close to the present estimate [144]. The positive dependence

7

8 on the triangularity is very reasonable, as at low collisionality the high-6 plasmas tends to have

9 ) Y 4

10 higher pedestal performance than low—0. The extremely weak dependence on /p; is likely due

:; to the fact that the gas fuelling rate is not the optimal parameter to estimate the neutral pressure

13 and the actual fuelling (see section 5.2).

14

15

16

17

18 A ped

19 aj a a a A (nsep s R? +20%
19 b 5 e ey Y, ;
21 cordey o
22 Wi 1.41£0.06  0.5+0.04 - - - S 02 074 67%
23

24 WP 1274015 0.3040.08  0.29+0.12  -0.07+0.04 - - - 0.89 86%
25

26 Fit1

%7 Wy, 1.26£0.15  0.3140.08  0.29+0.11  -0.07+0.04 - - 0.5£0.2  0.90 84%
28 , 3

29 WS 1142013 030£0.08  0.32+0.12 - 0.230.11 - 0.5£0.2  0.90 88%
30

31 WA 1112015 036£0.10  0.27+0.15 - - -0.08+0.15  0.5£0.3  0.89 81%
32

33 ed (fit1)

34 n? 1.24£0.19  -0.34+0.11  0.62+054.._ 0.08:0.04 - - 02402  0.80 78%
35 .

36 nPet U2 1.4040.18  -0.34+0.11 _ 0.57+0.16 - 0.03+0.03 - 02403  0.78 75%
37

gg TPAVID 000502 0.74£0.12 #02380:05 -0.16+0.05 - - 03204  0.70 64%
40 .

M TPeAUID 03402 0.77+0.14m0 <05+0.19 - -0.11£0.09 - 03204  0.61 69%
42

43 TPeLUI)0,0840.19  0.44+0.020  0.2540.16 - - -0.87£0.17  0.5:04  0.76 77%
44

22 nSP 0D 11403 0434006 4 0.82+0.27  0.23+0.07 - - 0.0+0.3  0.64 58%
47

48 . . .

49 Table 3. Exponents of thescaling laws for plasma current (oy), loss power (ap), triangularity

50 (), gas fuelling rate{ o)y separatrix density normalized to the pedestal density (Cpsepmped),

51 pedestal Greenwal fraction (Qupeancw)) and isotope mass (am). The last two columns show the

52 R? and the percentage of the experimental data in the database that are predicted correctly by

g i the scaling law within +20%. The label “'fit0” refers to scaling done using only D plasmas. The

55 labels¥fit I’ refer to the scaling done using D and H plasmas and including the gas fuelling

56 rate in the sealing law. The labels “‘fit 2 refer to the scaling done using D and H plasma and

57 including the ratio n® /n# in the scaling law, while “fit 3" the ratio n* /n.°".

58

59

60
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Figures 29(c) - 29(f) compare the experimental Woy with the two scaling laws in expressions
(7) and (8). In both cases, the scaling laws predicts the experimental Wy rather well, with
R’=0.89 for the deuterium dataset (fit 0), and R°=0.90 for the deuterium and hydrogen.dataset
(fit 1). The number of experimental data that agree within +20% with the scaling laws are 86%
and 84% respectively. This level of agreement is comparable to that obtained using the EPED
model, as discussed for example in [66].

To overcome the problem that the gas fuelling rate is not an optimal parameter to use, a third
scaling law has been determined by replacing /> with 1% /n/*. Unfortunately, n.°®” cannot
be directly used because it is strongly correlated with the plasma current (see lateryin expression
14). n*% /n#* is not an engineering parameter, but it might be estimated lvith SOL transport

modelling. The use of 7% /n/* is also more relevant than /), forfuture comparison with

other machines. The scaling law is shown in expression (9):

W2 = (0.21 + 0.07)]-14+0.13 p0.30+£0.08 50.32+0.12 1 05+0.2 (nsep/nped)_o'zgio'll 9)
90 ) - " e e .

4
The dependence on ns'? /n?* is clearly stronger than the dependence on the fuelling rate.

According to the scaling, a 50% reduction in #% /n**{(consistent with the variation of 1%
due to divertor configuration, as shown in figure 11)leads to a 17% increase in the pedestal
store energy. The uncertainty in the exponentis rather large because the database is weakly
populated at low n./%/nF*. Eigures 29(g)nand 29(h) compare expression (9) with the
experimental data. The use of n’% /P slightly improves the agreement, with 88% of the
experimental data that agree within +20% with the scaling law. However, R’ is not significantly

affected. >

Finally, in the fourth scaling the gas rate has been replaced by the pedestal density, which

should better describe the, fuelling. Due to the strong correlation between n/* and plasma

current, see section 7.2, the. parameter used is the pedestal Greenwald fraction, n”*? / n.°":

W = (0.240% 0,08) 111015 pO.36:£01050.274015 10,5403 (yped ngW)"O'OSiO'ls (10).

As can be seenfrom table 3, the use of the Greenwald fraction does not affect significantly

the scaling of the stored energy.
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7.2 Scaling of n/*, T/* and nS*
A scaling law for the pre-ELM pedestal height of the density is important for EPED-like
models, where the density is an input. A scaling law for the pre-ELM pedestal density using the

data included in the present database is given in expression (11), with #7? in 10'° m~ units.

nged (fit1) _ (9.9 + 0.3)]124%0.19 p~0.34:£0.11 §0.620.14°0.08::0.04 1 0.240.2

) (11)

The comparison between expression (11) and the experimental density-is shown in figures
30(a) and 30(b). The scaling predicts the pedestal rather well, with R>=0.80 and with 78% of
the experimental data agreeing within +20% with the scaling law. ~

The pedestal density is strongly dependent on plasma current and triangularity, as expected.
The weak negative dependence with power is also reasonable, seefigure 8(e). The weak
dependence on gas fuelling rate is likely due to the fact./p. 18 not the optimal parameter to
estimate the neutral pressure. It is not possible to substitute /p> with the separatrix density, due
to the strong correlation between n.’# and I,. The dependence on the isotope mass is not yet
fully understood and it is currently under investigation [99, 14.5]. Finally, we can note that the
almost linear correlation between density and plasma current. This strong correlation is the
reason for the difference in exponent oy between expression (7) and the Cordey scaling.

Expression (7) cannot include the density dependence, while the Cordey scaling contains both

WcordeyN

ved I;*n=%15. Introducing expression (11), in the Cordey

plasma current and density,

: . corde = -
Scahng, we obtain VVped Vo 11.4-1n 0.15~11.41(11.24) 0.15~11.22

, which is consistent with the
exponent of expression (7). N

For the sake of completeness, expression (12) shows the scaling of the pre-ELM pedestal
temperature. The R’ is rather low(0.70), only 64% of the experimental data agree within £20%
with the scaling law and:the scatter of the data is rather large, as shown in figures 30(c) and

30(d).

Tped(fitl) = (0/05 + 0.03)10.0010.2P0.74i0.126—0.2310.15I"—O.16i0.05M0.3i0.4 ' (12)

e =

Note the lackiof any /, dependence. Likely, this is not a physical result, but reflects the fact
that the database contains almost no data characterized by a wide range in , and with other

engineering parameters constant. In particular, high 7, plasmas have much higher gas dosing
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than low I, plasmas. As a counter example, the small subset highlighted in figure 7(b) with
roughly constant gas dosing and power shows a clear T.”*? increase with increasing /..
However, as discussed in section 5, the gas fuelling rate is not an optimal parameter to
parameterize the effect of the gas on the plasma, while the separatrix density iS more
appropriate. Therefore, in expression (13) the fuelling rate has been replaced with the ratio 7'

/nFe (ns% alone cannot be used due to its strong correlation with 1,),

—0.11%0.09

Teped(fitZ) = (0.06 + 0_03)1—0.310.2P0.77io.145—0.15J_ro.19(nzep/nged) MO3t04 (13)

However, this does not lead to a major improvement in the scaling lawsThe number of
experimental data that are predicted correctly within £20% increases from 64% to 69%, but the
R? is reduced from 0.70 to 0.61 (see table 2). In expression (14) the fuelling rate has been

replaced with the ratio 1% /n.°”,

TPV _ (012 + 0_05)10.0810.19Po.44io.1250.2510.16(nged/ngW)‘OmiO'”

MO-5+04 (14).

The use of the Greenwald fraction in the T#*§ealing slightly improves the quality of the fit,
with R? increased to 0.76 and 77% of the data correctly predicted within £20%. Note that the
use of the Greenwald fraction has also change the sign of the triangularity exponent, which is
now positive, as in the scaling of the stored energy.

Finally, expression (15) shows the scaling law for the separatrix density:

nzep(fitl) = (10 + 5)11.110.3p—0>i0.250.810.3F0.2310.07M0.0i0.3 _ (15)

The separatrix density.-has its strongest dependences on the plasma current, with the exponent
o=1.1+0.3, and triangularity, with as=0.8+0.3. The negative dependence with power (op=-
0.4£0.2) is consistent with the power scan discussed in figure 9(a), where the pulses with
highest power had the highest pedestal temperature and the lowest separatrix density. The
positive/scaling with fuelling rate is consistent with the results of figure 11(a). Figure 30(e)
shows.the eomparison between the experimental n.’? and expression (15) (for simplicity, due
to the negligible exponent oum in expression 15, only D plasmas are shown). Note the systematic
difference’between divertor configurations, with plasmas in the corner that tend to have lower

ns%than plasmas in the horizontal or vertical configuration. This result, which is consistent
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with the discussion of figure 20(c), is particularly evident once pulses with similar predicted
n’? are considered. This is shown in figure 30(f), where the distribution of the ratio n.*%/
ns#7) is shown for the pulses characterized by 2x10m>< nse%) <3x10m™>. Pulses in the
corner configuration have the distribution shifted to lower n.*%/ n %" than pulses in the
horizontal or vertical configuration. At present, it is not possible to remove this Systematic
difference from the scaling. A possibility would be to substitute the gas fuelling rate with_the
neutral pressure in the divertor, but, as discussed in section 5.2 and figure 11, this isnet possible
as only neutral pressure measurements in the sub-divertor region are available in JET-ILW.
Ideally, it would be interesting to compare the exponents of expression (15) with’ analytical
models, for example that described in reference [112]. However, a direct\ comparison is not
possible. First of all, the Kallenbach scaling includes the neutral pressure and not the gas
fuelling rate. Second, Pse, was used in [112], while P is used in expression (15). Moreover,

expression (15) includes the , dependence, which is not considered directly in the Kallenbach

scaling.
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Figure 29.. (a) Comparison between the experimental Woy and the Wpyea from the Cordey

scaling for D plasmas. Colors highlight the plasma current. (b) Distribution of Woo/Wped

cordey

The colors highlight the distributions for subsets at different I,. (c) Correlation between
experimental Wog and W from fit 0 for D plasmas (d) Distribution of Woo/Wed™. Frames (e)
and (f) show deuterium and hydrogen data using fitl. Frames (g) and (h) show deuterium
and hydrogen data using fit2.
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Figure30. (a) Comparison between the experimental pedestal density and nlF* from

expression (11). (b) Distribution of the ratio between experimental density and density from
thesscaling'law. (c) Comparison between the experimental pedestal temperature and T/
from expression (12). (d) Distribution of the ratio between experimental temperature and
temperature from the scaling law. (e) Comparison between the experimental separatrix
density and expression (15) for D plasmas. (f) Distribution of the ratio between experimental
and predicted n’*? for plasmas with similar separatrix density.
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PART (D). Discussion and conclusions

8. DISCUSSION.

8.1 Links between engineering parameters and pedestal pressure.

This work has experimentally investigated under which conditions the JET-ILW type Il ELMy
H-modes are far from the ideal PB boundary and has shown that the relative shift plays a key
role. Ultimately, the origin of the change in the relative shift can be dinked to a,change in
engineering parameters via a rather complex interplay with pedestal width and separatrix
density. However, a large number of questions still remain open. Higure 31 summarizes all the
logic links experimentally identified in this work (and, for completeness, it includes also
previous well known results). The top part figure 31 highlights the changes in the engineering
parameters discussed in this work. The bottom part of the figure highlights the effects on the
pedestal pressure. The continuous arrows highlight the links for which a theoretical
understanding is available. The dashed arrows highlight the links that, at the moment, are based
only on empirical correlations. The grey areas highlight the novel results presented in this work.

The extreme left part of figure 31 describes the well known behavior with power. The
increasing Pass leads to an increased core Bn Which increases the Shafranov shift and hence
improve the PB stability and ultimately the pedestal pressure. The increase of the pedestal
pressure further increases P I€ading to a positive feedback loop.

The top-right part of figure 31 describes the effect of (i) the increase gas fuelling and (ii) the
change of divertor conﬁguration\(from a configuration with good pumping to one with less
pumping). These lead to an increase of the neutral pressure which is experimentally seen an
increase in the separatrix density.-This link is based on the experimental results discussed in
section 5.2 and on EDGE2D=EIRENE simulations of L-mode plasmas [107, 118, 121, 122] and
it is rather reasonable. The increase of n.*? leads to the outward shift of the pedestal density.
This link is based on the-experimental results discussed in section 5.4 and it will require an in
depth investigation with SOL modelling. It is however a reasonable result which is consistent
with what observed in AUG [127]. The outward shift of the density can lead to an increase in

the relative shift/ At this stage, two mechanisms are possible:

() Tf thetelative shift remains relatively low, the pedestal is PB limited (see section 6.4). In

this case, the outward shift of the density leads to an outward shift of the pressure that
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destabilizes the PB modes, reduces the stability and hence the pedestal pressure, see figure
22 and references [28, 39, 104].
These links explain:

(a) the negative correlation between p”*? and n’% (at low n.°®”) shown in figure 12(b)

(IT) If the relative shift increases to high values (>0.02yn), the pedestal is'not anymere PB

limited (see section 6.4) and the experimental normalized pressure gradieft is significantly
reduced. The mechanism that leads to this reduction is not understood yet, however the
experimental results discussed in section 6.4 suggests some hypothesis. The increase of
n’? and of n#’ lead to the increase of ne, due a simple geomeétrical foect [39]. In turn,
this destabilizes micro-instabilities, hence increasing the turbulent transport [73, 75, 76]
and leading to a reduction of the gradient. The reduction of the gradient (in particular of
T.) leads to the increase of resistivity, making resistive MHD effects non-neglibible, see
figure 27(a). A pure theretical results with BOUT++ indeed.suggests that the PB stability
is reduced with increasing resistivity [138].

Further theoretical investigation is necessary/to validate these links in JET-ILW.
Nonetheelss, whatever the physics mechanism is, thedncrease of the relative shift leads to
a marked increase in oui/cexp (see figure 26)rand a strong pressure gradient reduction
which in turn produces a significant pedestal degradation. These empirical links explain
qualitatively:

(b) the reduction of p#*? fromilow to high gas fuelling at constant power [Ps=15MW in
figure 8(f)],

(¢) the difference in pedestabperformance between divertor configuration in figure 12(a)

(d) the negative correlation between p#*? and .’ (at high n.°) in figure 12(b)

Then, high power‘and high neutral pressure can also act simultaneously. The increase of the
power leads to an increase of the pedestal width, as shown in figure 14(b). The reason for this
behavior is unclear but might still be correlated with turbulent transport [146]. The increase of
the width leads to an inward shift of the pedestal temperature, figure 19(a), which further
increases the relative shift (moreover, the inward shift of 7, can further increase the resistivity,
amplifying themnon-ideal MHD effects). Therefore, high gas / high power operation tend to have
a very high relative shift, so the corresponding pedestals tend to be far from the PB boundary.
Note that the results discussed in section 6.4 show that a universal threshold in power and gas

cannot be found to identify non-PB limited plasmas. This is because any combinations of
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power, gas and divertor configuration that leads to high relative shift produces non-PB limited
pedestals. Unfortunately, JET-ILW often operates with high gas fuelling and high power. This
explains why a large part of JET-ILW pedestals is not PB limited.
The links described in figure 31 also explain:
(b) the weak or negligible increase of p”*? with power on the horizontal configuration
shown in figure 8(i)

In this case, two mechanisms lead to opposite effects. (1) The increase of the power tends to
increase the pressure gradient (see the left side of figure 31). (2) At the same time, the horizontal
target operations are characterized by lower pumping, so by higher neutral pressure and higher
n’?, figure 11. This leads to a significant outward shift of the pedestal density,/figure 20, and
hence an increase of the relative shift. Moreover, the increase of the power\produces a further
increase of the relative shift (via the pedestal widening and the inwatd shift of 7.7, figure 19).
As consequence, the pedestal becomes non-PB limited and the normalized pressure gradient is
reduced (perhaps also due to increased turbulent transpott, see discussion in section 6.4.4). The
two effects tend to cancel each other and, consequently, the.increase of p? with power is weak

or negligible. v
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Figure 3 L. Simplified schematic view of the links that correlate the changes in power, gas
fueling/rate and divertor configuration to the variation in the pedestal pressure in low-0
deuterium plasmas. The dashed arrows highlight links empirically observed and that still
lack a theoretical explanation. The continuous arrows highlight the links that are fully
understood. The grey areas highlight the novel results discussed in this work. For simplicity,
someeffects (such as the direct effect of the width on the stability and on the pedestal height)

are not included.

83



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-103953.R2

8.2 Some of the effects not discussed in this work.

The links shown in figure 31 represent a simplified view and some effects have not/been
included for simplicity. An example is the role of collisionality. The increase of gas.fuelling
can lead to an increase in the pedestal density, see figure 10, hence to an .increase in
collisionality. This can lead to a further reduction in the PB stability, see figure 21(b)-<As
another example, the entire work has neglected the effect of impurities, both intrinsic and
seeded. The increase of intrinsic impurities can lead to an increased collisionality; via the higher
Z.r, and hence to a reduction in the stability (figure 21). At the same time, this effect might be
compensated by an increase in the electron temperature due to the dilutionseffect (see for
example [36]). The impurity seeding has also shown a significant’ effect on the pedestal.
Detailed discussions on seeded plasmas can be found in references [17, 26, 32].

Another point not discussed in this work is the role in the PBistability of diamagnetic term,
rotation and possibly of 77%>T.%. Unfortunately, systematiec. measurements of pedestal
rotation and 77 are not available. However, the inelusion. of both terms can reduce the PB
stability and move the boundary to a 20%-30% lower'a [32,’56]. Such a difference does not
seem sufficient to explain pedestals with derin/ee,>2, butdarger effects cannot be excluded at
the moment. Assuming that diamagnetic term and T#%#7.*? can explain the pedestal behavior,
the empirical correlation with the relative shift. would still be present. A possible speculation
could be that the increase of the relative shift.might be linked with the increase in 7% and/or
to plasma rotation. The picture shown.in figure 31 would not be much altered. A further yellow

box is added on the right side that is linked to the increased relative shift and/or the increased

ne?. A

8.3 Discussing the pedestal width and pedestal gradient behavior within the
EPED framework

The pedestal pressure width has been discussed in section 5.3. In particular, figure 13 has
shown that the pedestals that are PB limited have a width consistent with the EPED1 assumption
(Wpe=0.076(B5"°1)* ). In this section, the result of figure 13 is interpreted within EPED1.6
model [58].+This model differs from the standard EPED1 [57] in the assumptions used for the
pedestal width. While EPED1 assumes that wy.=D(¢"*))!? with D=0.076, the EPED1.6 model
assumes that the value of D is determined by turbulent transport driven by KBMs, so that D can

ped

be determined from pulses to pulse. At constant o, D is in fact inversely proportional to the
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pressure gradient. So an increase in D would correspond to a reduced pedestal gradient and an

increased turbulent transport.
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Figure 32. Frame (a). Correlation between Ocrit / Olexp and the parameteriD, determined from
the expression wye=D(B6"*)"°. The vertical dashed line shows.the EREDI assumption, with
D=0.076. Frame (b) Ratio of the pedestal width over the width.determined from the EPED1
model versus the relative shift. Both frames highlight the.same subsets used in in figure 28.
In both frames, wpe has been determined using theé standard pedestal width definition

(average between width of density and temiperature).

Figure 32(a) shows the correlation between the distance from the PB boundary and the
parameter D for all the low-0 pulses of the'database. The colors highlight subsets with constant
Pn (same subsets of figure 28). For simplicity, the figure shows D estimated with only the
standard definition of pedestal width (Wpe'= (Wre + Wy, )/2) (the other two definitions lead to
the same conclusions). Thefpositive.correlation is very clear. Low D values correspond to
pedestal near the PB boundary while high D values to pedestal far from the PB boundary.
Within the EPEDI.6 framework, this suggests that pedestal far from the PB boundary are
characterized by a‘high level of turbulent transport that reduces significantly the pedestal
gradient. This would be consistent with the hypothesis discussed in section 6.4.

An interesting result from figure 32(a) is related to the value D=0.076, i.e. the standard D used
in EPED LJET-ILW pedestal with D=0.076 have ocriv/0exp=1 as shown both in figure 13 and in
figure 32(a). This is likely not a coincidence and suggests that the correlation in figure 32(a)
might be validfor any machines. Since the D=0.076 was originally determined from a fit to
DIII-D plasmas, which are typically on the PB boundary, it is reasonable to expect that DIII-D
pedestals are located near the intersection of the dashed lines, corresponding to D=0.076 and

a’crit/ Ofexpzl .
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Another important information of figure 32(a) is that the EPED1 assumption for the pedestal
width does not describe the experimental JET-ILW wp. only when aiv/cexp>1. In fact, the ratio
of the experimental wpe to the EPED1 wpe is Wyo ! /Wha 201 = D®*P /0.076 . Due to the/lear

positive correlation between /0y and D in figure 32(a), we can concludethat the

experimental conditions that lead t0 crir/cexy™>1 are the same that lead to wyo /wihe 201 >0

So, the discussion in section 6.4 on Qeriv/Qexy can be extended to wy," /wye EP1 As an example,
figure 32(b) shows the correlation between wy,” /wpie EP* with the relativeshift. The'result is

similar to that described in figure 28(a). For similar values of B, the disagreement between the
experimental width and the EPED1 width increases with increasing relative shift.

It is important to observe that an increased transport can lead to an iflerease in the pedestal
width above the EPEDI1 predictions and a reduction of the pressure gradient. However, this
does not necessarily imply a pedestal pressure lower than the predicted EPED1 pressure. For
example, references [126, 147] shows that an increased transport leads to both a wider pedestal
width and a higher pedestal height. This can be understood from the schematic illustrations in
reference [147] and in figure 33. The EPED prediction assumes that the pedestal width and
height are determined by the PB stability and KBM limit, see the intersection of the red and
blue continuous lines in figure 33. Assuming ne change in the PB stability, an increased
transport would modify the KBM constraint (see the light blue dashed line) leading to a wider
width but also to a higher pedestal. The increased transport alone would not be sufficient to
explain the lower pedestal height ebserved in some JET-ILW pulses. This can be obtained only
if also the PB stability is reduced, see the orange dashed line in figure 33. The experimental
results discussed in section 6.4 su\ggest that in JET-ILW the increased transport might be due
to the increased relative shift (whichdead to an increased n¢), while the reduced stability might

be due to the higher resistivity which makes non-ideal MHD effects non-negligible.
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Figure 33. Schematic illustration of the effect of increased pedestal transport and reduced PB
stability on EPED-like pedestal predictions.

9. CONCLUSIONS. y

This work has described the EUROfusion JET-ILW database. Three main aspects of the
database have been discussed, (i) the technical aspects, (ii) the pedestal structure and stability
and (ii1) the pedestal scaling.

The first part of the work has presented the technical aspects, for future reference. These
include a description of the selection criteria, datasets, diagnostics and method used, both
experimental and theoretical, and \main definitions.

The second part of the work has diseussed the pedestal structure in JET-ILW and has described
its pedestal stability. dn particular, the work has tried to shed light into the statements that “the
JET-ILW does not reach the PB boundary in plasmas characterised by high gas fuelling rate
and high power” [27]. The open issue of this statement is that, so far, clear thresholds in gas
fuelling and power havesnot been observed. The work has shown that the links between
engineering parameters (gas fuelling, power but also divertor configuration) and pedestal
stabilityds rather eomplex and it is due to the interplay between pedestal width and neutral
pressure with the pedestal position. The increase of the power leads to a widening of the pedestal
temperature'which in turn leads to an inward shift of the pedestal position. The increase of the
gas fuelling and/or the change to a divertor configuration with less pumping lead to an increase
of the neutral pressure and of the separatrix density which produces an effective outward shift

of the density position. Both effects lead to the increase of the relative shift. As shown in figure
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26, the increase of the relative shift is correlated to the increase of o ir/cexp. This explains why
a universal threshold on gas and power cannot be found: any combinations of power, gas and
divertor configuration that leads to high relative shift produces non-PB limited pedestals.
Unfortunately, due to operational constraints JET-ILW often operates with high gas fuelling
rate and high power [19], so pedestals with civ/0texy>1 are rather common. The wotk has also
highlighted that the EPED1 model works well when aciv/0exp=1, as the EPED1 predictions<for
both gradient and width are in good agreement with the experimental ones.

In the third part of the work, the pedestal scaling has been described. In particular, the scaling
of the JET-ILW pedestal stored energy (determined as the stored energy at yn=0.9) has been
compared with the Cordey scaling. Despite possible concerns due t0 lowetJET-ILW pedestal
performance, the agreement between the two scalings are rather.reasonable for the exponents
of I, and triangularity. However, the JET-ILW scaling shows a weaker.exponent for the power
and a stronger exponent for the isotope mass. Moreover, the effect of'the inclusion of the n.*”
/nF°? term in the scaling law has been tested. The inclusion of this term has slightly improved
the pedestal predictions, but only marginally. Finally;ra scaling for the pedestal density and
temperature has been provided. The pedestal density scaling’produces rather reliable results,
which are in agreement with the conclusions achieved insection 5 looking at specific datasets.
On the hand, the scaling for the pedestal temperatute has a rather low R? and its possible use
for T2 prediction should be considered With.extreme care. For example, while the increase of
T/* with I, has been observed for specific subsets, see figure 7(b), the scaling law shows no
correlation between T2 with I,.

The work has highlighted several empirieal trends. Even if most of them are reasonable and
have been observed in otheramachines.and/or theoretically understood in L-mode plasmas, they
still lack a full theoretical ‘explanation. The following is a list of the open issues that needs
further investigation.

(1) The increase of the pedestal width with power in the non-PB limited pedestal. In PB

limited pedestal, this behavior is consistent with the EPEDI1 theoretical framework.

(11) The/link/between divertor configuration, neutral pressure and separatrix density.

Despite this has been seen in other machines and theoretical modelled in JET-ILW L-
mode plasmas, no modelling has been done yet in JET-ILW H-mode plasmas.

(i) Thedlink correlation between ori/0exp and the relative shift. So far, this remain an

empirical correlation. Some possible mechanisms have been discussed in the paper,
but the clear physics reasons why the pedestal gradient is lower than the PB predictions

and what triggers the ELM are still elusive.
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APPENDIX 1

Figure 34 shows the comparison of the key pedestal parameters determined using the mtanh
fit and the linear fit described in sections 2 and 3. In general, the two fits leads to very-similar
pedestal parameters when the core slope is rather low. Here, for core slope is meant the slope
inside the pedestal top at yn<0.9, see figure 1. For the temperature, the core slope can be rather
high, so the difference between the two definitions can be significant. This is. shown in figure
34(a), where the ratio between the 7.7/ determined with the linear and mtanh fit is shown.
When the core slope is high, the difference can be around 20% and up to 30% in some extreme
cases. On the other hand, the difference is negligible for n/*, see figure 34(b).

The comparison of the pedestal width is shown in figure 34(c) and 34(5). On average, the
pedestal width determined with the linear fit is 50% higher for the temperature and 30% for the
density.

The comparison of the pedestal position is shown in figure 34(¢) and 34(f). On average, the
pedestal position determined with the linear fit is 6% lower for the temperature and 3% for the
density. IS

Figure 35 shows the comparison of the three definitions of pedestal pressure width. The mtanh
fitting function has been used. Figure 35(a) shows the ratio between the standard definition used
so far in JET (wy.£7EP) and the pressure width determined by fitting the product of the
deconvolved fits (wpe). The standard definition 1s approximately 20%-30% higher. Figure 35(b)
shows the ratio between the widthidetermined till the LCFS (w2722 ¥=1) and wype. A systematic
difference related to the position of the pedestal density is present. This is because part of the

density tends to be outside theseparatrix, so the definition wy™"” ¥~

I produces a lower width
when the density moves outwards. Note that the three definitions leads to qualitatively similar
conclusions, as shown in figure:13:

It should be highlighted that.the differences highlighted in figures 34 and 35 are only matter
of definitions andido not affect the correlations discussed in this work. Moreover, the linear fit
has a limited use, as it cannot be employed for the PB stability analysis due to the discontinuity
in the radial derivative. For this reason, the mtanh fit is used throughout this work. The inclusion
of the linear fit inithe database is motivated by a possible need of comparison with earlier results
from.ether machines.

Figure 36'shows the comparison between the experimental Wy and the pedestal stored energy

determined with the Cordey scaling for a set of JET-C pulses. The JET-C pulses have been

selected randomly in order to include plasmas with a range of engineering parameters as wide
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as possible. The figure shows that Wog is a good proxy to be used for comparison with the

Cordey scaling.
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Figure 34."Comparison of the pedestal parameters determined using the linear fit and the

mtanh fit. The figure shows the ratio between the parameter determined with the linear and

thée mtanh fit for (a) temperature height, (b) density height, (c) temperature width, (d) density

width, (e) temperature position and (f) density position. The horizontal axis is the parameter

corresponding to the core slope in the mtanh definition, see expression (2).
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APPENDIX 2

Figure 12(b) and figure 22(d) have shown that at high relative shift (approximately ns*-

T/>0.02yn), a change in the density position does not affect the PB stability. As stated.in

section 5, this is because at high relative shift the density position has a minor effect of the

pressure position. This claim was initially verified in reference [39]. This Appendix and figure

37 describe in details the geometrical interpretation of this effect.
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Figure 37.(a) The thick linesishows the shape of typical T. and n. profiles in JET-ILW

assuming wr.=wned Thescolored profiles show shifted n. profiles. (b) Corresponding shapes

of the pressuretprofiles and (c) their gradients. Corresponding (d) maximum pressure

gradients, (e) pressure widths and (f) pressure positions versus the relative shift. The circles

represent the case of frames (a)-(c) assuming wre=wne. The stars and the square show two

opposite extreme cases, With Wne=2wre and wne=0.5wre. The experimental range of JET-ILW

corresponds.toi nd”- T*>0.01yn.

The thick lines in figure 37(a) show the shape of typical 7. and n. profiles in JET-ILW (in

arbitrary units since only the qualitative trends of pressure shape will be discussed). For
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simplicity, wr.=ws. has been assumed. From the product of the 7, and n. profiles it is possible
to calculate the p. profile and the corresponding pressure pedestal gradient, width and position
(the width is determined with a mtanh fit). Then, starting from this reference case, the procedure
has been repeated by shifting outwards and inwards the density profile, as shown by the colored
profiles in figure 37(a). The corresponding pressure and pressure gradient profiles are shown in
figures 37(b) and 37(c). The maximum pressure gradients, the pressure pedestal widths'and the
pressure pedestal positions versus the relative shift are shown in figures 37(d)337(e).and 37(f),
respectively. Note that the experimental range of JET-ILW corresponds to n#%- 74°°>0.01yn.
The effect of the density shift on the maximum pressure gradient is minimal. The outward shift
of the density leads to a small widening of the pedestal width and.to an (lltward shift of the
pedestal pressure. However, these effects clearly saturate for nd?= T7/%>0.02yn. This is
because, when the density is too much outwards, the maximum density gradient is located in
the region where 7.=0. So, the shape of the pressure profilénis determined mainly by the
temperature profile. In fact, for n”**- T/>0.02yn, wpe and pF%converge to the values of wre
and 7.7* (see the dashed lines in figures 37(e) and 37(f)). The qualitative trends shown in figure
37 might depend also on the pedestal width. Therefore,the progedure has been repeated for two
extreme cases, assuming wy.=2wre (see the starsymbolsinfigure 37) and assuming w,.=0.5wre
(square symbols). The qualitative trends of these twocases are different from the reference case
wne=wre Only for very small relative‘shiftywhile they are similar to the reference case in the
experimental range of JET-ILW relative shifts (n/*- T#°°>0.01yn). In particular, at high
relative shift all the three cases show,a minimal effect of n/”* on pressure width and position

converging to the values of wr. @and 7%,
N
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