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Experimentally, it has been observed in high-confinement (H-Mode) plasmas with Edge Localised Modes (ELMs)
on JET that the pressure pedestal (𝑝𝑒,𝑝𝑒𝑑) is degraded by approximately a factor of two when there is a change
in electron separatrix density, 𝑛𝑒,𝑠𝑒𝑝, from 1 − 4 × 1019 𝑚−3. Previous work using the pedestal stability code
EUROPED, has been able to predict the degradation of 𝑝𝑒,𝑝𝑒𝑑 but only for 𝑛𝑒,𝑠𝑒𝑝 ≤ 1.5 × 1019𝑚−3. In this work,
we apply a coupled code JETTO-MISHKA-FRANTIC, to self-consistently predict the transport in the pedestal
region and neutral source with varying separatrix conditions. The code feeds back on the transport in the
pedestal region to achieve profiles that are marginally stable to ideal MHD modes (continuous ELM model in
JETTO).

When accounting for the change in electron separatrix temperature (𝑇𝑒,𝑠𝑒𝑝), ion separatrix temperature
(𝑇𝑖,𝑠𝑒𝑝) and the poloidally integrated neutral flux crossing the separatrix (𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡) as it changes with 𝑛𝑒,𝑠𝑒𝑝
(according to a scan in 𝑛𝑒,𝑠𝑒𝑝 in the edge code EDGE2D-EIRENE), no degradation in 𝑝𝑒,𝑝𝑒𝑑 was observed in
JETTO-MISHKA-FRANTIC in contrast to experiment. Instead, an increase in 𝑝𝑒,𝑝𝑒𝑑 with 𝑛𝑒,𝑠𝑒𝑝 was observed which
is driven by an increasing density pedestal (𝑛𝑒,𝑝𝑒𝑑). Within the presented JETTO-MISHKA-FRANTIC simulations,
changing the pedestal width by a factor of two and a half in normalised poloidal flux (𝜓𝑛) resulted in an
approximately 40% degradation in 𝑝𝑒,𝑝𝑒𝑑 for 𝑛𝑒,𝑠𝑒𝑝 = 1 − 3 × 1019 𝑚−3. This change in pedestal width was not
supported by experimental data. A scan in the ratio of particle and energy transport in the pedestal (𝐷∕𝜒)
was found to have a negligible effect on 𝑝𝑒,𝑝𝑒𝑑 . Qualitative agreement between JETTO-MISHKA-FRANTIC with
EUROPED was found when the input density profiles are identical.
1. Introduction

Within the confined plasma region, there is a steep gradient region,
known as the pedestal. This pedestal exists in the temperature and
density (and thus pressure) profiles and is quantified by the pedestal
height and pedestal width. Typically, increases in the height of the
pressure pedestal (𝑝𝑒,𝑝𝑒𝑑) lead to an increase in the core pressure due
to ‘stiff’ profiles [1] which means the normalised temperature and
density gradient remain constant in the core — leading to an increase
in the fusion power [2]. Therefore, future reactors will want to aim for
the largest 𝑝𝑒,𝑝𝑒𝑑 possible to increase fusion performance. Furthermore,
future reactors will also require divertor detachment in order to achieve
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1 See the author list of ‘Overview of JET results for optimising ITER operation’ by J. Mailloux et al 2022 Nucl. Fusion 62 042026.

tolerable heat fluxes to the targets [3]. Typically, higher midplane
separatrix densities (𝑛𝑒,𝑠𝑒𝑝) leads to a more detached divertor and hence
a reduction in heat flux to the targets [4,5].

Experimentally, in plasmas with low triangularity (𝛿) plasmas 𝑛𝑒,𝑠𝑒𝑝
is negatively correlated with the electron pressure pedestal 𝑝𝑒,𝑝𝑒𝑑 .
This behaviour has been observed in JET (for plasma currents 𝐼𝑝 ≤
2.5 𝑀𝐴) [6,7], ASDEX Upgrade [8] and D-IIID [9]. 𝑛𝑒,𝑠𝑒𝑝 is correlated
with divertor detachment [4] and 𝑝𝑒,𝑝𝑒𝑑 with fusion performance.
These experimental results show a trade-off between a feasible divertor
solution, where detachment is the priority, and a pedestal solution
which is optimised for fusion performance.
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Peeling-Ballooning (PB) modes [10] are believed to be the ultimate
instabilities that limit the height and width of the pedestal and thus
𝑝𝑒,𝑝𝑒𝑑 . In JET-ILW (ITER like wall) discharges at low 𝑛𝑒,𝑠𝑒𝑝 (≲ 1.5–2 ×
019 m−3) PB modes have been found to be marginally stable just
efore an edge localised mode (ELM) crash in JET [6,7,11]. Moreover
hey have also been shown to limit the pedestal growth in ASDEX
pgrade [12] and DIII-D [13]. PB modes are an ideal MHD instability
nd can be predicted by MHD stability codes such as ELITE [14] and
ISHKA [15]. Routinely, codes like EUROPED [16] that integrate ideal
HD stability codes with models for the pedestal widths, e.g. the EPED

caling [17] have been used to predict pedestal widths and heights.
The EUROPED model [16] has been able to reproduce the experi-

entally observed degradation of 𝑝𝑒,𝑝𝑒𝑑 with 𝑛𝑒,𝑠𝑒𝑝 but only at low 𝑛𝑒,𝑠𝑒𝑝
1.5 × 1019 m−3 in JET [6]. In this work EUROPED used the EPED

caling [17] to calculate the width of the pedestal. The work of T. Luda
t al. [18] used a pedestal width model that scales as ∇(𝑇𝑒)∕𝑇𝑒 (where
𝑒 is the electron temperature in the pedestal) and a model to predict
𝑒,𝑠𝑒𝑝 based on a neutral flux input from the user. This model was able
o accurately reproduce the 𝑝𝑒,𝑝𝑒𝑑 degradation with 𝑛𝑒,𝑠𝑒𝑝 on ASDEX
pgrade. These results determined that as 𝑛𝑒,𝑠𝑒𝑝 increases, the position
f the maximum pressure gradient moves towards the separatrix, which
auses the destabilisation of the PB modes.

In this paper, we present an 𝑛𝑒,𝑠𝑒𝑝 scan using the simulation code
ETTO-MISHKA-FRANTIC in an attempt to simulate 𝑝𝑒,𝑝𝑒𝑑 degradation
ith 𝑛𝑒,𝑠𝑒𝑝 (which has been experimentally observed on JET). The code

onsists of a coupled core (Bohm Gyro-Bohm) and pedestal transport
odel (JETTO), in which the pedestal transport is governed by an ideal
HD stability code (MISHKA) and a neutral model (FRANTIC), which

as been used to self-consistently predict the density. Within JETTO-
ISHKA-FRANTIC we self-consistently evolve the neutral source with

he separatrix boundary conditions, which is a step beyond previous
orks [6] which assumed a fixed density profile and non-varying

eparatrix conditions.

. Simulation set up

.1. Code coupling

The coupled JETTO (core 1D transport code), FRANTIC (neutral
ode), HELENA (fixed boundary axi-symmetric Grad-Shafranov equi-
ibrium code) and MISHKA (ideal MHD stability code) have been used
o perform a scan in 𝑛𝑒,𝑠𝑒𝑝 to predict 𝑝𝑒,𝑝𝑒𝑑 . A break down of each code
nd how it is coupled is given below:

1. PENCIL [19]. This module calculates the neutral beam deposi-
tion source of both particles, current and power, based on the
Neutral beam (NBI) heating scheme employed.

2. FRANTIC [20]. An atomic neutral code that calculates the ion-
isation source based on a user-specified atomic neutral source,
or it can be configured so that a particular 𝑛𝑒,𝑝𝑒𝑑 is achieved
by automatically adjusting the neutral source. In both cases,
the neutral atomic temperature was set to 300 eV; we find a
weak sensitivity of the predicted density profile to the neutral
temperature [21].

3. JETTO [22]. JETTO predicts the temperature, density, and cur-
rent profiles using the selected transport model and applying
the beam source provided by PENCIL, the ionisation source
predicted by FRANTIC, the separatrix boundary conditions 𝑇𝑒,𝑠𝑒𝑝,
𝑇𝑖,𝑠𝑒𝑝, 𝑛𝑒,𝑠𝑒𝑝 and the total current. In this setup, Bohm Gyro-Bohm
(BgB) transport was used for the core transport model [23].
The pedestal transport model is described in Section 2.3. The
current is diffusive and the contribution of the bootstrap current
is calculated by a neoclassical solver — NCLASS [24]. The simu-
lation resolution was 300 grid points that are equally spaced in
2

poloidal flux, which is approximately a grid point every 2.7 mm. T
4. HELENA [25]. HELENA is an axi-symmetric Grad-Shafranov
equilibrium solver which takes the pressure and current profiles
from JETTO and generates a high resolution equilibrium to be
used in ideal MHD stability analysis. Only if stated, HELENA
can also take the temperature and density as inputs from JETTO
and calculate the total current profile itself (rather than taking
it from JETTO) utilising the Sauter formula [26,27] to calculate
the bootstrap current contribution.

5. MISHKA [15]. MISHKA is an ideal MHD stability code, which
takes the equilibrium calculated by HELENA and calculates its
ideal MHD stability. MISHKA is only run in the pedestal region,
and in this setup calculates whether the equilibrium is unstable
to the following toroidal mode numbers (𝑛) - 1, 3, 5, 7, 9, 12, 15, 18,
21, 25. MISHKA is run at a resolution of 252 points and the
number of poloidal harmonics (𝑚) used for each 𝑛 number is as
follows: 𝑚 = 30 for 𝑛 = 1–10, 𝑚 = 70 for 𝑛 = 10–30, 𝑚 = 90 for
𝑛 > 30 which is similar to that used in EUROPED [16]. Check-
ing larger 𝑚 value for increasing 𝑛 is imperative for capturing
whether high 𝑛 (> 15) modes are unstable. For each 𝑛 a growth
rate (𝛾) is calculated. The equilibrium is deemed unstable to a
specific 𝑛 if 𝛾2 ≥ 0.03 𝜔𝐴 where 𝜔𝐴 is the Alfven frequency. The
mode (𝑛) which satisfies both 𝛾2 ≥ 0.03 𝜔𝐴 and has the largest 𝛾
of all the modes checked is deemed the most unstable mode.

.2. JET discharge details

The pedestal profiles in density and temperature are measured using
he Thomson scattering system on JET [28]. To calculate the height
nd width of the pedestal, the modified tanh (mtanh) function was
pplied to the Thomson scattering data [28,29]. Modified tanh pedestal
its for the JET discharge 96 202 with 𝐼𝑝 = 2 𝑀𝐴, 𝐵𝑡 = 2.3 𝑇 (𝑡 =
0.56 s) were taken as the initial condition of the simulations. This
ischarge was selected because previous work of Ref. [6] used this
ischarge in EUROPED simulations which we directly compare to in
his work. Furthermore, the profiles for this discharge were close to
he ideal MHD PB stability boundary. Hypothetically, this means that
he time evolution of the profiles in JETTO would quickly evolve to
he PB limit. Hence, the computational time to convergence should
e short compared to starting with profiles which are further away
rom the ideal MHD stability boundary. It should be noted that the
quilibrium used in JETTO does not evolve and is taken from EFIT [30]
t 𝑡 = 50.56 s. However, the equilibrium that is passed to MISHKA from
ELENA evolves with the temperature, density, and current profiles
redicted by JETTO.

.3. Description of the continuous ELM model

In the presented JETTO simulations the domain consists of two
egions; the core and the edge transport barrier (ETB). The ETB width
ithin the simulation can evolve via the EPED scaling [17], or it can

emain fixed. Transport in the core region is assumed to be Bohm
Gyro-Bohm (BgB), which is typically used for JET H-mode plas-
as [31]. The diffusive transport coefficients in the ETB region in the
article channel (𝐷) and the heat (ion & electron) channel (𝜒) are
volved in time, hence changing the pedestal height (and sometimes
he pedestal width). The ideal MHD stability of these predicted profiles
s then calculated by MISHKA. Once the profile is found to be ideal
HD unstable, the values of 𝐷 and 𝜒 in the ETB region increase so that

he height of the pedestal is reduced. The width of the ETB region will
ither be predicted by the EPED scaling or remain at a fixed width as set
y the user. 𝐷 and 𝜒 are increased until the pressure profile becomes
deal MHD stable. At all times, the value of 𝐷∕𝜒 is kept constant to a
ser-defined value, which in these simulations is 𝐷∕𝜒 = 1∕20 (informed
y Ref. [32]) unless otherwise stated. This process of changing the
ransport occurs regularly over the time evolution of the simulation.
he aim is to achieve a steady state such that the JETTO values of the
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electron temperature, density, and pressure at the pedestal converge
to an approximately constant value as a function of time. By ‘‘pedestal
values’’ here, we mean the values at the innermost edge of the ETB
imposed in the simulations. This is akin to the pedestal profiles being
held very close to the PB stability boundary. This is then deemed to be
the converged profile/pedestal values and is what is presented in the
following sections. This is the ‘‘continuous ELM model’’ in JETTO and
further details of its mechanics are given in Refs. [33–35]. Note that in
all the presented simulations the temperature and density ETB widths
are assumed equal. The method of how the 𝐷 and 𝜒 profiles are varied
in the ETB region is given by Equation (2) in Ref. [33]. In this equation,
the user sets the parameters 𝐶1−3 in JETTO (𝐶1 = 𝐶2 in this work) and
the ratio of these parameters is normally stated as 𝐷∕𝜒 = 𝐶3∕𝐶1.

2.4. The simulation setups

Three different simulation setups are used in Section 3. For all
setups, beryllium is included as impurity and the effective Z (𝑍𝑒𝑓𝑓 )
is set to 𝑍𝑒𝑓𝑓 = 1.2 and no relationship between 𝑛𝑒,𝑝𝑒𝑑 and 𝑛𝑒,𝑠𝑒𝑝 is
assumed.

S.1 This simulation setup was used to compare JETTO-MISHKA and
EUROPED. The density profile is fixed; only the temperature
and current profiles are solved for. The ETB width was evolved
according to the EPED scaling [17] and 𝑇𝑒,𝑠𝑒𝑝 = 𝑇𝑖,𝑠𝑒𝑝 = 100 eV.
Only the temperature (and hence 𝑇𝑒,𝑝𝑒𝑑) is predicted by JETTO
and further (only in this particular simulation setup) HELENA
directly calculates the current (rather than JETTO), based on
the temperature and density profiles provided by JETTO, using
the Sauter equation [26,27] for the bootstrap current contribu-
tion to the current as this matched the EUROPED methodology
in reference [6]. Furthermore, the equilibrium used for these
cases was taken from the EUROPED simulations. This ensured
the same plasma boundary and poloidal flux mapping between
JETTO-MISHKA and EUROPED.

S.2 The full model is applied: the temperature, density and current
are solved for. 𝑇𝑒,𝑠𝑒𝑝, 𝑇𝑖,𝑠𝑒𝑝 and the poloidally integrated neutral
flux (𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡) are taken from EDGE2D-EIRENE simulations [36]
(Table 1). The ETB width evolves according to the EPED scaling.

S.3 Only the temperature and current profiles are calculated. FRAN-
TIC is operated in feedback mode to produce a user specified
𝑛𝑒,𝑝𝑒𝑑 . In this setup, 𝑇𝑒,𝑠𝑒𝑝 = 𝑇𝑖,𝑠𝑒𝑝 = 100 eV. The ETB width is
either evolved as per the EPED scaling or is fixed by the user.

For each described setup, the coupled codes evolve together over
time to convergence, typically about 5-8 s. The transport in the core
and the ETB region is given by JETTO (as explained above) with the
neutral source provided by FRANTIC and the beam source provided
by PENCIL. Periodically (10 times per second), MISHKA calculates
the MHD stability of the predicted ETB and the transport in the ETB
region is adjusted as described in Section 2.3. We define simulation
convergence when 𝑇𝑒,𝑝𝑒𝑑 , 𝑇𝑖,𝑝𝑒𝑑 and 𝑛𝑒,𝑝𝑒𝑑 converge to constant values
over a time window greater than approximately 1 s. In practise, this
means that the final predicted profiles are akin to the experimental pre-
ELM profiles; the continuous ELM model has evolved the profiles to the
ideal MHD stability boundary.

3. Results

Previous work by reference [6] showed for 𝑛𝑒,𝑠𝑒𝑝 ≤ 1.5×1019 m−3 that
he degradation of 𝑝𝑒,𝑝𝑒𝑑 with 𝑛𝑒,𝑠𝑒𝑝 could be captured using EUROPED.
his was achieved with an experimental density profile (fitted using
he mtanh method [28]) and rigidly shifting the profile inward and
utward with respect to a fixed separatrix position shown in Fig. 1(b)
o emulate a change in 𝑛𝑒,𝑠𝑒𝑝. For each density profile, a temperature
3

rofile is predicted, and hence a marginally stable pressure pedestal is d
found from ideal MHD stability analysis. This is the standard workflow
of finding a marginally stable pressure pedestal using EPED/EUROPED
(i.e. assuming a fixed density profile and predicting the temperature
profile). The initial objective of this work was to try to reproduce the
degradation of 𝑝𝑒,𝑝𝑒𝑑 throughout the range of 𝑛𝑒,𝑠𝑒𝑝 (≈ 1–4 × 1019 m−3)
and not just for 𝑛𝑒,𝑠𝑒𝑝 ≤ 1.5 × 1019 m−3. JINTRAC captures more physics
than the standard EPED model (used by reference [6]). In particular it
is able to calculate the density profile from first principles. As a result
of this, shifts between the positions of the maximum gradients of the
temperature and density profile can occur naturally, which have been
shown to be important to the pedestal stability [37,38].

Within the JINTRAC model described in Section 2 and the con-
tinuous ELM model (Section 2.3), a select few parameters physically
dictate the growth of the pedestal: (1) the ratio 𝐷∕𝜒 , (2) the width of
he pedestal (𝛥𝑛𝑒), (3) the separatrix values - 𝑇𝑒,𝑠𝑒𝑝, 𝑇𝑖,𝑠𝑒𝑝, 𝑛𝑒,𝑠𝑒𝑝 and (4)
eutral influx at separatrix. To investigate the effect of 𝑛𝑒,𝑠𝑒𝑝 on 𝑝𝑒,𝑝𝑒𝑑 ,
nd the predicted profiles, all of the above parameters must be set and
ill therefore impact the trend we are looking for. Thus, in the coming

ections, we investigate how each of these parameters both individually
nd collectively, affect the prediction of 𝑝𝑒,𝑝𝑒𝑑 when 𝑛𝑒,𝑠𝑒𝑝 is varied.

.1. Comparison between JETTO-MISHKA and EUROPED

As stated previously, reference [6] has shown using EUROPED
hat degradation of 𝑝𝑒,𝑝𝑒𝑑 is observed only up to 𝑛𝑒,𝑠𝑒𝑝 of ≤ 1.5 ×
019 m−3. Here we attempt to replicate these results in JINTRAC using
he same methods. JETTO-MISHKA simulations qualitatively show the
ame trend as the EUROPED results [6], as shown in Fig. 1(c). The
egradation of 𝑝𝑒,𝑝𝑒𝑑 is observed up to 𝑛𝑒,𝑠𝑒𝑝 of ≤ 1.5 × 1019 m−3 in
oth EUROPED (Fig. 1(c)) and JETTO-MISHKA (Fig. 1(c)). However,
bove this 𝑛𝑒,𝑠𝑒𝑝 value, neither code shows any further significant
egradation of 𝑝𝑒,𝑝𝑒𝑑 compared to the experimental data (small blue
ircles Fig. 1(c)). The simulation set up of these simulations is described
n S.1. Note that in order to make a fairer comparison to EUROPED
he current profile is calculated in HELENA unlike the rest of the pro-
eeding simulations in which the current is calculated by JETTO. The
ensity profiles in these JETTO simulations were taken directly from
he EUROPED runs presented in [6] (Fig. 1(b)) and were kept fixed,
nly the temperature was evolved (Fig. 1(a)). The pedestal width in
hese simulations was predicted by the EPED scaling - 𝛥 = 0.076

√

(𝑇𝑒,𝑝𝑒𝑑
𝑒,𝑝𝑒𝑑 ∕𝜇0 𝐵2

𝑝 ) where the 𝛥 is the pedestal width (temperature and
ensity widths are assumed to be the same), 𝜇0 is the permeability

of free space and 𝐵2
𝑝 is the poloidal field taken at the separatrix. In

his simulation set up 𝑇𝑒,𝑝𝑒𝑑 is predicted however, since the density is
ot being solved for, 𝑛𝑒,𝑝𝑒𝑑 is set to 3.48 × 1019 m−3 for all the JETTO-
ISHKA simulations (which was also done in EUROPED simulations

rom reference [6]) shown in Fig. 1(c). In Fig. 1(c) 𝑝𝑒,𝑝𝑒𝑑 of JETTO-
ISHKA (circles) and EUROPED runs (linked stars) are shown. The

resented 𝑝𝑒,𝑝𝑒𝑑 values in Fig. 1(c) of the EUROPED runs correspond
o 𝑝𝑒,𝑝𝑒𝑑 presented in Figure 6b of the Ref. [6]. The legend of Fig. 1(c)
ists the most unstable modes for the JETTO-MISHKA runs, which are
imilar to the EUROPED predictions - 𝑛 = 15 for the lowest 𝑛𝑒,𝑠𝑒𝑝 case
nd 𝑛 = 30 for the middle and higher 𝑛𝑒,𝑠𝑒𝑝 cases.

The small blue circles featured in the following Figures (including
ig. 1(c)) show fit variables from modified tanh (mtanh) fits [28,29]
sed to fit the experimental data. Details of the fitting method can be
ound in Ref. [28]. Importantly, the mtanh fits have been shifted so
hat the separatrix is assumed to be at 100 eV, which is a standard

approximation for JET [36,39]. The experimental data set shown is for
JET H-mode low 𝛿 plasmas for varying divertor configurations (corner,
vertical and horizontal), a range of normalised plasma beta 𝛽𝑛 = 1.2–1.9,
𝐼𝑝 = 1.9–2.4𝑀𝐴 and 𝐵𝑡 = 2.1–2.4 𝑇 . Further details of the experimental
ata can be found in Refs. [6,7].
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Fig. 1. (a) - JETTO-MISHKA-FRANTIC predictions of the temperature profiles when the density profiles from (b) are input into JETTO and not evolved. The horizontal lines show
the predicted width of the ETB (from JETTO) as per the EPED scaling. (c) Qualitative agreement between EUROPED runs (stars) presented in reference [6] and JETTO-MISHKA
runs using the density profiles shown in (b). The small blue circles show the experimental data [6].
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Table 1
Separatrix values from EDGE2D-EIRENE simulations in reference [36] which are input
as boundary conditions into JETTO. Electron separatrix temperatures (𝑇𝑒,𝑠𝑒𝑝), ion
separatrix temperatures (𝑇𝑖,𝑠𝑒𝑝) and the poloidally integrated atomic neutral flux at the
separatrix (𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡), are given as a function of 𝑛𝑒,𝑠𝑒𝑝.

𝑛𝑒,𝑠𝑒𝑝 (1019 m−3) 𝑇𝑒,𝑠𝑒𝑝 (eV) 𝑇𝑖,𝑠𝑒𝑝 (eV) 𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡 (1021 particles s−1)

2 113 209 5.03
3 97 170 4.54
4 90 144 5.27
5 85 123 6.44

3.2. Using boundary conditions from EDGE2D-EIRENE in JETTO-MISHKA-
FRANTIC

It has been shown that 𝑇𝑒,𝑠𝑒𝑝 and 𝑇𝑖,𝑠𝑒𝑝 vary when a scan in 𝑛𝑒,𝑠𝑒𝑝 is
arried out using the scrape off layer transport code, EDGE2D-EIRENE
36] which is to be expected [5]. A scan in 𝑛𝑒,𝑠𝑒𝑝 was performed in
DGE2D-EIRENE where the neutral atomic influx was automatically
djusted to achieve a particular 𝑛𝑒,𝑠𝑒𝑝. EDGE2D-EIRENE simulations
ere performed for a vertical target JET H-mode plasma and the
erpendicular transport was assumed to be constant throughout the
𝑒,𝑠𝑒𝑝 scan. Table 1 shows the predicted values from EDGE2D-EIRENE
f 𝑇𝑒,𝑠𝑒𝑝, 𝑇𝑖,𝑠𝑒𝑝 and the poloidally integrated neutral source at the
eparatrix (𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡), as a function of 𝑛𝑒,𝑠𝑒𝑝. These predicted values are
sed as the boundary conditions for a scan in 𝑛𝑒,𝑠𝑒𝑝 from 2–5×1019 m−3

n JETTO-MISHKA-FRANTIC. The ETB width in these simulations was
et by the EPED scaling [17]. The simulation set-up used for these cases
s described in S.2.

When accounting for how 𝑇𝑒,𝑠𝑒𝑝, 𝑇𝑖,𝑠𝑒𝑝 and 𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡 varies with 𝑛𝑒,𝑠𝑒𝑝,
nformed by EDGE2D-EIRENE, the experimental trend of 𝑝𝑒,𝑝𝑒𝑑 degrad-
ng with 𝑛𝑒,𝑠𝑒𝑝 is not recovered (stars compared to small blue circles
ig. 2(c)). As 𝑛𝑒,𝑠𝑒𝑝 increases, 𝑛𝑒,𝑝𝑒𝑑 increases almost linearly (Fig. 2(b)),
hich is not in line with the experimental data. This meant that 𝑝𝑒,𝑝𝑒𝑑

ncreases at approximately the same rate as 𝑛𝑒,𝑝𝑒𝑑 until it saturates at the
ighest 𝑛𝑒,𝑠𝑒𝑝, as the change in 𝑇𝑒,𝑝𝑒𝑑 is negligible (Fig. 2(a)), and hence
hy 𝑝𝑒,𝑝𝑒𝑑 increases with 𝑛𝑒,𝑠𝑒𝑝 (Fig. 2(c)). The change in the width
f the ETB (in JETTO) with 𝑛𝑒,𝑠𝑒𝑝 is negligible and underpredicts the
tanh pedestal width (Fig. 2d & e). All these simulations were limited

y 𝑛 = 25 ballooning modes.

.3. Sensitivity of 𝑝𝑒,𝑝𝑒𝑑 to the 𝐷∕𝜒 ratio

A free parameter within the JETTO-MISHKA-FRANTIC model is the
∕𝜒 ratio. For 𝑛𝑒,𝑠𝑒𝑝 = 2 & 4× 1019 m−3 JETTO-MISHKA-FRANTIC sim-
lations, using the same simulation set-up as in Section 3.2 (i.e. S.2),
ere run with 𝐷∕𝜒 = 1∕20 and 𝐷∕𝜒 = 1∕100 (Fig. 3). The 𝐷∕𝜒 ratio is

he amount by which transport is modified in the particle channel and
eat channels, respectively, by the continuous ELM model. For exam-
le, a 𝐷∕𝜒 = 1∕20 which was the ratio used in the previously presented
4

p

imulations (informed by gyro-kinetic simulations from Ref. [32]), the
eat transport 𝜒 was increased by a factor 20 more than the transport
n the particle channel 𝐷, when feeding back on the transport to stay
ear the ideal PB stability boundary.

In Section 3.2 minimal change in 𝑇𝑒,𝑝𝑒𝑑 is observed over the 𝑛𝑒,𝑠𝑒𝑝
ange scanned. Changing 𝐷∕𝜒 will affect heat transport (𝜒) and there-
ore the predicted 𝑇𝑒,𝑝𝑒𝑑 . However, a factor 1∕5 change in the 𝐷∕𝜒
atio had a minimal effect on the predicted 𝑝𝑒,𝑝𝑒𝑑 (Fig. 3(c)) and 𝑇𝑒,𝑝𝑒𝑑
Fig. 3(a)). It was observed that 𝑝𝑒,𝑝𝑒𝑑 is driven by the same effects
s in Section 3.2 i.e. 𝑛𝑒,𝑝𝑒𝑑 increases with 𝑛𝑒,𝑠𝑒𝑝 (Fig. 3(b)) but 𝑇𝑒,𝑝𝑒𝑑
emains approximately constant (Fig. 3(a)). Furthermore, the predicted
TB widths are insensitive the variation in 𝐷∕𝜒 (Fig. 3(d) & (e)). These
imulations were limited by ballooning modes (𝑛 = 25).

.4. Using experimental data to further constrain JETTO

Opposite as to what is observed experimentally, in Sections 3.2
nd 3.3, as 𝑛𝑒,𝑠𝑒𝑝 is increased, 𝑛𝑒,𝑝𝑒𝑑 is under-predicted and the change
n 𝑇𝑒,𝑝𝑒𝑑 is negligible (Fig. 2) leading to 𝑝𝑒,𝑝𝑒𝑑 increasing with 𝑛𝑒,𝑠𝑒𝑝.
o more closely follow the experimental data we constrain the fol-

owing variables in JETTO-MISHKA-FRANTIC to approximately their
xperimental values: (1) 𝑛𝑒,𝑝𝑒𝑑 as input (rather than using 𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡 from
DGE2D-EIRENE), (2) 𝑇𝑒,𝑠𝑒𝑝 = 𝑇𝑖,𝑠𝑒𝑝 = 100 eV (rather than from
DGE2D-EIRENE) and (3) the ETB width set fixed at 2.5 cm (0.041𝜓𝑛)
o closely match the widths of the modified tanh fits (Fig. 2(d) & (e))
ather than using the EPED scaling for the width of the ETB. This is the
imulation setup described in S.3.

Constraining 𝑛𝑒,𝑝𝑒𝑑 and the ETB width approximately to the experi-
ental values (diamonds Fig. 2(b) & (d) & (e)), the 𝑝𝑒,𝑝𝑒𝑑 degradation
ith 𝑛𝑒,𝑠𝑒𝑝 is still not observed (Fig. 2(c)). As 𝑛𝑒,𝑠𝑒𝑝 increases, the

esulting augmentation in 𝑛𝑒,𝑝𝑒𝑑 coincides with only a slight decrease in
𝑒,𝑝𝑒𝑑 (Fig. 2a) meaning that 𝑝𝑒,𝑝𝑒𝑑 rises with 𝑛𝑒,𝑠𝑒𝑝, as was observed for
he predictive simulations discussed in Section 3.2. These simulations
oo were also predominately ballooning limited (𝑛 = 21–25).

.5. Sensitivity of 𝑝𝑒,𝑝𝑒𝑑 to the ETB width

Varying the pedestal width in JETTO by approximately a factor 3
n real space (approximately a factor 2.5 in 𝜓𝑛) showed a reduction in
𝑒,𝑝𝑒𝑑 of approximately 60% over the 𝑛𝑒,𝑠𝑒𝑝 range 1–3 × 1019 m−3(solid
ircles Fig. 4(c)) which was a similar change to what was observed
xperimentally (small blue circles). The ETB width was input into
ETTO and varied from 1–3 cm (Fig. 4(d) & (e)) for 𝑛𝑒,𝑠𝑒𝑝 = 1–3 ×
019 m−3. Although a similar change in 𝑝𝑒,𝑝𝑒𝑑 was observed between
ETTO-MISHKA and the experiment, the ETB widths used in JETTO
re far from the experimentally measured (mtanh) pedestal widths
Fig. 4(d) & (e)). The simulation set-up used in these cases is described
n S.3. Furthermore the low 𝑛𝑒,𝑠𝑒𝑝 case (1 × 1019 m−3) was limited by

eeling-ballooning modes (𝑛 = 12), whereas simulations with higher
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d

Fig. 2. Variation in pedestal height and width as a function of 𝑛𝑒,𝑠𝑒𝑝 for two sets of JETTO-MISHKA runs. Star markers show JETTO-MISHKA-FRANTIC simulations which use the
EDGE2D-EIRENE boundary conditions from Table 1 and the EPED scaling was used for the ETB width. The diamond markers show JETTO-MISHKA-FRANTIC simulations where
the ETB width is fixed and 𝑇𝑒,𝑠𝑒𝑝 = 𝑇𝑖,𝑠𝑒𝑝 = 100 eV. The small blue circles show the experimental data from the modified tanh fits. (a) height of the electron temperature pedestal
(𝑇𝑒,𝑝𝑒𝑑 ) as a function of electron separatrix density (𝑛𝑒,𝑠𝑒𝑝), (b) height of the electron density pedestal (𝑛𝑒,𝑝𝑒𝑑 ) as a function of 𝑛𝑒,𝑠𝑒𝑝, (c) height of the electron pressure pedestal (𝑝𝑒,𝑝𝑒𝑑 )
as a function of 𝑛𝑒,𝑠𝑒𝑝, (d) width of the electron temperature pedestal (𝛥𝑡𝑒) in poloidal flux as a function of 𝑛𝑒,𝑠𝑒𝑝 and (e) width of the electron density pedestal 𝛥𝑛𝑒 in poloidal flux
as a function of 𝑛𝑒,𝑠𝑒𝑝.
Fig. 3. JETTO-MISHKA-FRANTIC simulations showing the dependence of the pedestal parameters on the chosen 𝐷∕𝜒 ratio, 𝐷∕𝜒 = 1∕100 (stars) and 𝐷∕𝜒 = 1∕20 (circles), which
is the 𝐷∕𝜒 ratio used in all other plots showing JETTO-MISHKA-FRANTIC simulations. (a) height of the electron temperature pedestal (𝑇𝑒,𝑝𝑒𝑑 ) as a function of electron separatrix
ensity (𝑛𝑒,𝑠𝑒𝑝), (b) height of the electron density pedestal (𝑛𝑒,𝑝𝑒𝑑 ) as a function of 𝑛𝑒,𝑠𝑒𝑝, (c) height of the electron pressure pedestal (𝑝𝑒,𝑝𝑒𝑑 ) as a function of 𝑛𝑒,𝑠𝑒𝑝, (d) width of the

electron temperature pedestal (𝛥𝑡𝑒) in poloidal flux as a function of 𝑛𝑒,𝑠𝑒𝑝 and (e) width of the electron density pedestal 𝛥𝑛𝑒 in poloidal flux as a function of 𝑛𝑒,𝑠𝑒𝑝.
𝑛𝑒,𝑠𝑒𝑝 were ballooning limited (𝑛 = 25). Note that the case at 𝑛𝑒,𝑠𝑒𝑝
= 4×1019 m−3 is not shown in Fig. 4 due to computational convergence
issues.

4. Discussion and conclusion

The motivation of these simulations was to apply a model to the
pedestal that potentially could capture more physics than the typical
pedestal stability analysis usually conducted on JET H-mode plasmas,
such as the prediction of a self-consistent density pedestal. Qualitative
agreement between JETTO-MISHKA and EUROPED (for 𝑛𝑒,𝑠𝑒𝑝 ≤ 1.5 ×
1019 m−3) was observed when the density profile was input into JETTO.
In these cases, we were only able to observe the degradation for 𝑛𝑒,𝑠𝑒𝑝 ≤
1.5×1019 m−3, in agreement with the results from EUROPED (Fig. 1(c)).
5

This is also consistent with the previously published work presented
in Figure 6(b) in Ref. [6] in which the density pedestal was also
not predicted. The JETTO-MISHKA-FRANTIC model, which predicts
the density pedestal was not able to recover degradation of 𝑝𝑒,𝑝𝑒𝑑
with 𝑛𝑒,𝑠𝑒𝑝 when using separatrix boundary conditions from EDGE2D-
EIRENE (Table 1) and using the EPED scaling to predict the ETB width
(Fig. 2). Within these simulations, 𝑝𝑒,𝑝𝑒𝑑 increased with 𝑛𝑒,𝑠𝑒𝑝, which
was predominately driven by an increase in 𝑛𝑒,𝑝𝑒𝑑 with 𝑛𝑒,𝑠𝑒𝑝 and a
negligible change in 𝑇𝑒,𝑝𝑒𝑑 , whereas experimentally 𝑇𝑒,𝑝𝑒𝑑 degrades with
𝑛𝑒,𝑠𝑒𝑝. In an attempt to change 𝑇𝑒,𝑝𝑒𝑑 , in the simulations, the transport
was changed by increasing the 𝐷∕𝜒 ratio from 1∕20 to 1∕100. However
this had a minimal change on the predicted 𝑇𝑒,𝑝𝑒𝑑 and hence 𝑝𝑒,𝑝𝑒𝑑
(Fig. 3). Furthermore, 𝑛𝑒,𝑝𝑒𝑑 has been under-predicted (Fig. 2(b), star
markers) when using 𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡. So, 𝑛𝑒,𝑝𝑒𝑑 was set to approximately follow
the experimental data, but again no degradation of 𝑝𝑒,𝑝𝑒𝑑 was observed

with 𝑛𝑒,𝑠𝑒𝑝 (diamonds Fig. 2). In fact, the only parameter found to cause
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Fig. 4. A scan in the ETB width in JETTO-MISHKA-FRANTIC where the ETB width decreases with 𝑛𝑒,𝑠𝑒𝑝 (panels (d) and (e) - solid circle markers). The JETTO-MISHKA-FRANTIC
simulations were configured so that 𝑛𝑒,𝑝𝑒𝑑 is input to closely follow the experimental data, from the modified mtanh fit, (small blue circles) and 𝑇𝑒,𝑠𝑒𝑝 = 𝑇𝑖,𝑠𝑒𝑝 = 100 eV (simulation
setup S.3). The open circle markers are values of the mtanh fit [28] of the JETTO profiles. (a) height of the electron temperature pedestal (𝑇𝑒,𝑝𝑒𝑑 ) as a function of electron separatrix
density (𝑛𝑒,𝑠𝑒𝑝), (b) height of the electron density pedestal (𝑛𝑒,𝑝𝑒𝑑 ) as a function of 𝑛𝑒,𝑠𝑒𝑝, (c) height of the electron pressure pedestal (𝑝𝑒,𝑝𝑒𝑑 ) as a function of 𝑛𝑒,𝑠𝑒𝑝, (d) width of the
electron temperature pedestal (𝛥𝑡𝑒) in poloidal flux as a function of 𝑛𝑒,𝑠𝑒𝑝 and (e) width of the electron density pedestal 𝛥𝑛𝑒 in poloidal flux as a function of 𝑛𝑒,𝑠𝑒𝑝.
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any noticeable 𝑝𝑒,𝑝𝑒𝑑 degradation – approximately 60% – was the ETB
width. However, only when varied by a factor of 2.5 (Fig. 4), which is
not consistent with the experimentally observed change in the pedestal
(mtanh) width (in either the temperature or density). Moreover, the
EPED scaling, which has been used to predict the width of the ETB for
most of these simulations, routinely underestimates the width of the
pedestal compared to the experimental data [7]. This is also evident
in the previously presented Figs. 2 & 3 when comparing the predicted
ETB width of JETTO-MISHKA-FRANTIC with the experimental data.

Figure 11 in Ref. [6] showed that the ratio of the predicted (from
ideal MHD modelling) pedestal pressure gradient (𝛼𝑐𝑟𝑖𝑡) to the exper-
imentally measured pedestal pressure gradient (𝛼𝑒𝑥𝑝) increases from
1 (i.e. ideal MHD model reproduces experimental pressure gradient
well) for 𝑛𝑒,𝑠𝑒𝑝 ≤ 1.5 × 1019 m−3 to approximately 2.5 (i.e. ideal MHD

odel reproduces experimental pressure gradient poorly) for 𝑛𝑒,𝑠𝑒𝑝
≈ 4 × 1019 m−3. This points to the fact that ideal MHD is not the
imiting mechanism of pedestal growth above 𝑛𝑒,𝑠𝑒𝑝 = 1.5 × 1019 m−3.
xperimentally it has been observed that the resistivity in the pedestal
ncreases with 𝑛𝑒,𝑠𝑒𝑝 [6]. This means that resistive MHD effects may be
mportant and that the ideal MHD model would not adequately capture
he evolution of the pedestal. Modelling by Ref. [40] showed the impor-
ance of using resistive MHD stability analysis in order to recover the
xperimental pressure gradient (𝛼𝑒𝑥𝑝). In these aforementioned studies,
t is assumed that the shape of the pedestal profile is a modified tanh
hape [28,29] and the fit parameters (of the mtanh fit) are used to
hange height and width of the pedestal profiles. However, in JETTO
he shape of the pedestal profile is determined by the choice of 𝐷 and
. In the pedestal (or ETB region) this is controlled automatically by

he continuous ELM model (described in Section 2.3). The 𝐷 and 𝜒 are
et by the continuous model, which varies them based on whether the
edestal is ideal MHD unstable or stable. This different assumption of
he shape of the profile can result in different positions of the maximum
radient in JETTO and in other codes, (e.g. EUROPED) which assume
modified tanh (for similar input parameters such as 𝑛𝑒,𝑠𝑒𝑝). This
6

an impact the ideal MHD stability of the pedestal and subsequently
he predicted unstable toroidal modes. There has been work using
ther fitting functions other than the modified tanh to fit the pedestal
xperimental data, however, these functions were not tested in ideal
HD pedestal stability analysis [41]. To summarise, the assumption

f mtanh profiles in [6] means that our use of an ideal MHD model
ithin JINTRAC was still valid for this study, to see if the relaxation of

he mtanh assumption could allow us to reproduce the experimental
ressure drop for 𝑛𝑒,𝑠𝑒𝑝 > 1.5 × 1019 m−3. The fact that it did not,
oes lend further support to the use of resistive MHD models in future
pplications of the JINTRAC code to this problem.

In addition, the current is calculated differently in JETTO compared
o HELENA, and hence EUROPED and similar codes. JETTO does not
ssume the current is fully diffused like HELENA and the bootstrap
urrent in JETTO is calculated by the neoclassical solver (NCLASS),
hereas in HELENA it is calculated by the Sauter bootstrap current

ormula [26,27]. When running JETTO simulations, large edge cur-
ents can be driven either by large gradients in the pressure close to
he separatrix (which is normally avoided when assuming a mtanh
hape) or if the current is not fully diffused in the pedestal region.
lthough this was not observed in the presented work, it should be
onsidered for future uses of JETTO-MISHKA. Furthermore, it is known
hat increasing the maximum mode number to 𝑛 = 60 can reduce the
redicted 𝑝𝑒,𝑝𝑒𝑑 [3]. Nevertheless, all of these presented simulations
ave been run to a maximum of 𝑛 = 25, this has been mostly due
o restricted computational resources. Predominately, the simulations
resented have been unstable to 𝑛 = 25.

In the presented experimental data in Figs. 2, 3 & 4 (small blue
ircles), the separatrix is assumed to be at the 100 eV point in the

electron temperature profile. The fitted mtanh profiles are shifted
so that separatrix (i.e. 𝜓𝑛 = 1) is at that point, thus defining the
experimental 𝑇𝑒,𝑠𝑒𝑝 and 𝑛𝑒,𝑠𝑒𝑝. This poses two issues when comparing
the experimental data to JETTO. Firstly in Sections 3.2 and 3.3 the
presented simulations used 𝑇𝑒,𝑠𝑒𝑝 predicted by EDGE2D-EIRENE. These
𝑇𝑒,𝑠𝑒𝑝 values evolved with 𝑛𝑒,𝑠𝑒𝑝 (Table 1) and deviate from 100 eV.

Secondly, in all the presented simulations, the definition of the width
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of the ETB region in JETTO (where the edge transport is modified to
keep the simulation marginally stable) is measured from its innermost
edge to the separatrix (i.e. the distance from the top of the pedestal to
separatrix). However, this does not necessarily coincide with the mtanh
width, in part because some varying fraction of the fitted profile width
falls outside of the separatrix (when the profile is shifted). In Fig. 4, the
open circle markers show the pedestal heights (Fig. 4(a), (b) & (c)) and
widths (Fig. 4(d) & (e)) from the mtanh function [28] when fitted to the
predicted electron temperature and density profiles from JETTO (solid
circles Fig. 4). It is observed that the mtanh fit predicts different values
for 𝑇𝑒,𝑝𝑒𝑑 , 𝑛𝑒,𝑝𝑒𝑑 , 𝑝𝑒,𝑝𝑒𝑑 , 𝛥𝑛𝑒 and 𝛥𝑡𝑒 than JETTO, however, the trend with
𝑛𝑒,𝑠𝑒𝑝 in all these variables remains the same between the mtanh fit and
JETTO.

In summary, qualitative agreement of the reduction of 𝑝𝑒,𝑝𝑒𝑑 with
𝑛𝑒,𝑠𝑒𝑝 between JETTO-MISHKA and EUROPED has been observed for
𝑛𝑒.𝑠𝑒𝑝 ≤ 1.5 × 1019 m−3. Using boundary conditions from EDGE2D-
EIRENE simulations, namely 𝑇𝑒,𝑠𝑒𝑝, 𝑇𝑖,𝑠𝑒𝑝, 𝑛𝑒,𝑠𝑒𝑝 and 𝛤𝑠𝑒𝑝,𝑛𝑒𝑢𝑡 in JETTO
was not able to recover the 𝑝𝑒,𝑝𝑒𝑑 degradation with 𝑛𝑒,𝑠𝑒𝑝 when 𝑛𝑒,𝑠𝑒𝑝 was
scanned in JETTO-MISHKA-FRANTIC. Only by changing the pedestal
width by a factor 3 in real space was any appreciable drop in 𝑝𝑒,𝑝𝑒𝑑
observed (≈ 60% compared to the factor two change in the experiment).
However, this large change in pedestal width was not supported by the
experimental data. Future work should consider (i) the impact of the
shape of the profile on the stability, (ii) using different models for the
ETB widths in JETTO [7,18] (iii) the use of resistive MHD to limit the
pedestal growth rather than ideal MHD [6,40] and, (iv) a benchmark
of the current profiles between JETTO and HELENA.
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