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Abstract 
The role of the pedestal position on the pedestal performance has been investigated in 

AUG, JET-ILW and TCV. When the pedestal is peeling-ballooning (PB) limited, the three 

machines show a similar behaviour. The outward shift of the pedestal density relative to the 

pedestal temperature can lead to the outward shift of the pedestal pressure which, in turns, 

reduces the PB stability, degrades the pedestal confinement and reduces the pedestal width. 

Once the experimental density position is considered, the EPED model is able to correctly 

predict the pedestal height. An estimate of the impact of the density position on a ITER 

baseline scenario shows that the maximum reduction in the pedestal height is 10% while the 

reduction in the fusion power is between 10% and 40% depending on the assumptions for the 

core transport model used.  

In other plasmas, where the pedestal density is shifted even more outwards relative to the 

pedestal temperature, the pedestal does not seem PB limited and a different behaviour is 

observed. The outward shift of the density is still empirically correlated with the pedestal 

degradation but no change in the pressure position is observed and the PB model is not able to 

correctly predict the pedestal height. On the other hand, the outward shift of the density leads 

to a significant increase of ηe and ηi (where ηe,i is the ratio of density to temperature scale 

lengths, ηe,i = Lne,i/LTe,i ) which leads to the increase of the growth rate of microinstabilities 

(mainly ETG and ITG) by 50%. This suggests that, in these plasmas, the increase in the 

turbulent transport due to the outward shift of the density might play an important role in the 

decrease of the pedestal performance. 
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1. INTRODUCTION 

Differences in the pedestal position of electron density (ne
pos) and temperature (Te

pos)  have 

been experimentally known for several years. The first evidence was shown in 1996 [1] 

during dimensionless scan experiments in JET, where an outward shift of the pedestal density 

was correlated with the increased fuelling rate. In this early work, no detailed investigation 

was possible due to the lack of appropriate diagnostics but, still, the authors speculated that 

the change in ne
pos could have been, somehow, at the orgin of the confinement degradation 

with increasing fuelling rate. In more recent years, a small difference in ne
pos and Te

pos has 

been observed in DIII-D and in the carbon wall JET (JET-C) [2, 3]. While the difference was 

relatively small (lower than 0.5cm on the midplane) and while no significant impact on the 

MHD stability was estimated for DIII-D, it was pointed out that future predictive pedestal 

models might have needed to take into account the position of the pedestal density. In the 

same period, experiments in NSTX have shown that the confinement improvement due to 

lithium-wall coating was related to the low-n peeling or ballooning modes stabilization 

produced by an inward shift of the pedestal density [4,5]. The lithium seeding led to a 

confinement improvement (via an inward shift of ne
pos) also in DIII-D [6]. Density shifts have 

been observed also in Alcator C-mod [7]. 

The systematic study of the role of the pedestal position in the peeling-ballooning (PB) 

modes stability and in the pedestal performance has started since 2016 in ASDEX Upgrade 

(AUG) [8], JET [9,10] and TCV [11]. Interestingly, so far the AUG and TCV results have 

been in apparent contradiction with those of JET.  

AUG showed that an outward shift of ne
pos can lead to an outward shift of pedestal electron 

pressure position (pe
pos), which in turn can degrade the PB stability and hence the pedestal 

pressure height (pped) [8]. The change in ne
pos was related to a change in gas fuelling and/or 

nitrogen seeding rates. In AUG, both gas fuelling and nitrogen seeding can affect the region 

with high density located in the high field side (high field side high density, HFSHD) [12,13] 

that fuels the plasma and that can modify the density position. More recently, TCV has also 

shown that pe
pos can affect the PB stability and hence the pedestal height [11].  

Instead, the role of pe
pos in the ITER-like wall JET (JET-ILW) has been, so far, elusive. To 

date, the only detailed study [9] is in an apparent contradiction with those presented in AUG 

and TCV. The pedestal degradation in a JET-ILW gas scan at constant β was empirically 

correlated with the outward shift of ne
pos but no variation in pe

pos was observed. Moreover, the 

PB model was not able to explain the experimental results and the PB stability showed no 

dependence on ne
pos [9]. On the other hand, the degradation of the experimental normalized 
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pressure gradient was clearly correlated with the increase of another parameter, the relative 

shift (the distance between pedestal density and temperature, defined as ne
pos-Te

pos).  

To achieve a reliable prediction of the ITER pedestal, it is vital to reach a consistent 

experimental picture in all machines, with a coherent description able to clarify the roles of 

the pedestal position and of the relative shift in the pedestal performance. 

From a theoretical point of view, the first investigation of the role of pe
pos in the pedestal 

stability was done within the PB framework in [14], where it was shown that an inward shift 

of pe
pos can lead to an inward shift of the jbs peak which can have a stabilizing effect on the PB 

modes. The PB model is the most accepted for the description of the pedestal behavior 

[15,16]. According to the model, the pedestal pressure increases till the PB modes become 

unstable and trigger the ELM. Indeed, most of the machines [17, 18, 19], including AUG [20], 

TCV [11], JET-C [21,22] and some JET-ILW discharges [23, 24], have shown that the 

pedestal pressure reaches the PB stability boundary just before the ELM crash. When the 

pedestal is PB limited, the experimental pedestal pressure height is in good agreement with 

the expectations from the PB theory. To predict the pedestal pressure height within the PB 

framework, the most common approach is to use the EPED model [25]. The most recent 

version of the EPED model [26] is based on two MHD limits. First, it is assumed that the 

pedestal pressure gradient (∇pped) grows unconstrained till the kinetic ballooning mode 

(KBM) instability is reached, after which the KBM driven turbulent transport sets the value of 

∇p. Experimental measurements in DIII-D, Alcator C-mod and NSTX indeed suggests the 

presence of KBMs in the pedestal  [27, 28, 29]. At this stage, the model assumes that the 

pedestal height increases via a widening of the pedestal pressure width (wp) until the PB 

boundary is reached and the ELM is triggered [30, 31, 32, 33, 34, 35, 36]. According to the 

model, the width is supposed to increase as wp=D(βθ
ped)1/2, where βθ

ped is the poloidal β at the 

pedestal top and D is a constant that depends on the KBM boundary [26]. This expression is 

often called the “KBM constraint”. Clear deviations from the trend wp≈(βθ
ped)1/2  have been 

observed so far only in NSTX [37]. The most common version of the EPED model (EPED1 

[25]) assumes D=0.076, as determined from an experimental fit of DIII-D low ν* plasmas. In 

literature, the experimental value of D has been observed to vary from D=0.084 in Alcator C-

mod [38] to D≈0.1 in AUG [39] and JT-60U [40, 41] and in a wide range D=0.06-0.13 in 

JET-ILW [42] and TCV [11]. When the pedestal is PB limited, EPED can correctly predict 

the pedestal height in a wide range of experimental conditions and in several devices [26]. 

Recent results from TCV [11] have shown that more accurate predictions can be achieved if 

the model uses the empirically estimated D.  
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However, JET-ILW has shown that ELMs can be triggered even when the pedestal has not 

reached the PB boundary [10, 23, 42, 43]. For these types of plasmas, hereafter called for 

simplicity “non-PB limited”, the EPED predictions can significantly overestimate the 

experimental pedestal height [10, 23]. It is not yet fully clear under which experimental 

conditions the pedestal is non-PB limited. Most of the experimental results suggest that this 

occurs with high gas fueling rate (ΓD), however, the high fueling rate is not a sufficient 

condition, as shown in [23]. To date, it is not clear which mechanism triggers the ELMs and 

which mechanism sets ∇pped in the non-PB limited plasmas. Recent theoretical studies [44, 

45] suggest that, in these types of plasmas, the turbulent transport driven by micro instabilities 

might play an important role in setting ∇pped, however a firm and conclusive experimental 

evidence is missing. For achieving reliable pedestal predictions, it is essential to understand 

the physics mechanisms that set pressure gradient and width in this type of plasmas. 

 

This work will discuss, first, the behaviour of the PB limited plasmas by comparing the JET-

ILW results with those of AUG and TCV. The first part of the work will show that, despite 

earlier contradicting results, these pedestals are governed by the same physics mechanisms. 

Then, the work will focus on the JET-ILW plasmas that are far from the PB boundary and 

will describe a possible novel mechanism that might play an important role in determining the 

pedestal gradient. More in detail, the work has five main goals. (I) To reconcile the JET-ILW 

results on the pedestal position with those of AUG and TCV, by analysing PB limited 

datasets. (II) To prove that the impact of pe
pos on the PB stability is a general phenomenon 

common to all the three machines when the pedestal is PB limited. (III) To estimate the 

impact of pe
pos on ITER performance. (IV) To understand why the previous JET-ILW results 

were not consistent with those of AUG and TCV. (V) To show that, when the pedestal is non-

PB limited, ne
pos and the relative shift might still have an impact on ∇pped by increasing the 

turbulent transport. 

The paper is organized as follows. Section 2 describes the experimental analysis techniques 

and the modelling tools. Section 3 describes the datasets used. Section 4 is devoted to goals 

(I)  and (II)  and describes the pedestal behaviour of PB limited plasmas in AUG, JET-ILW 

and TCV. Section 5 addresses goal (III) by discussing the possible implications for the ITER 

pedestal and ITER fusion power. Section 6 is devoted to goals (IV) and (V) and presents the 

results on the link between pedestal position, micro turbulence and pedestal performance in 

non-PB limited JET-ILW plasmas. Finally, discussions and conclusions are presented in 

Section 7. 
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2. DATA ANALYSIS TECHNIQUE AND MODELLING TOOLS 
This Section describes briefly the main diagnostics used in the work, the experimental 

technique for data analysis, including the definition of the key parameters and the tools used 

for the numerical modelling. 

 

2.1 Diagnostics and data analysis technique. 
The profiles of electron temperature (Te) and density (ne) are measured with Thomson 

scattering systems in the JET and TCV datasets. In the AUG datasets, also lithium-beam,  and 

ECE have been used. Only the pre-ELM profiles have been considered, typically the 

measurements that fall in the time intervals from 70% to 99% of each ELM cycle [46]. The 

pre-ELM profiles are then fitted using a modified hyperbolic tangent (mtanh) function [47] to 

determine pedestal height, width and position. An example is shown in Section 4, figure 4. 

The pedestal height of the total pressure (pped) in the JET datasets has been determined 

assuming Te
ped=Ti

ped and estimating ni from ne and Zeff  (considering Be as main impurity). 

The assumptions Te
ped=Ti

ped is well motivated due to the relatively high collisionality in the 

pedestal region [21]. A similar approach has been used in TCV, but considering C as main 

impurity.   The total pressure in AUG has been determined using the experimental Te and Ti  

and estimating ni from ne and the impurity density.   

Due to possible uncertainty in the absolute position of the Thomson scattering diagnostics, 

the profiles have been shifted in order to have a specific temperature at the separatrix (Te
sep). 

The position of the pedestal is determined as the position of the maximum gradient of the 

mtanh fits and is expressed in 

normalized poloidal flux (ψN) 

units. Te
sep has been estimated 

in the three machines using a 

two-point model for the power 

balance at the separatrix [48]. 

In JET and AUG, the model 

predicts Te
sep≈100eV [49, 50] 

while in TCV Te
sep≈50eV [11]. 

Being ne measured mainly with 

the same TS diagnostic, the 

shift applied to the density is 

the same as that applied to the 

 
Fig. 1. Dependence of Te

pos on Te
sep for the low and high gas fueling rate JET-

ILW pulses of figure 4. A 10% variation in Te
sep leads to a variation in Te

pos 

lower than ±0.002ψN.  
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temperature. The uncertainties in Te
sep can affect the experimentally measured pedestal 

position. However, the pedestal is rather steep, so a reasonable uncertainty in Te
sep has a 

negligible effect on Te
pos. The EDGE2D-EIRENE simulations discussed in [51] suggest that 

gas and power scans without seeding in JET-ILW can lead to ≈10% variation in Te
sep. Figure 

1 shows the variation of Te
pos corresponding to a variation of Te

sep in the range 90eV-110eV 

for a low and a high fueling rate JET-ILW pulse (corresponding to scan 1 in table 1 and to 

figure 4). The uncertainty in Te
pos due to a 10% uncertainty in Te

sep is lower than ±0.002ψN. 

This uncertainty is below the difference in the pedestal position observed from pulse to pulse. 

Note that Te
sep can affect the PB stability, as shown in references [42, 49]. This will be 

discussed in Section 7, where it is shown that a reasonable uncertainty in Te
sep does not have 

any major effect on the conclusions of this work. 

The width of the pedestal for electron 

temperature and density (wTe and wne) are 

determined from mtanh fits to the pre-

ELM profiles. For consistency with earlier 

results and for agreement with the EPED 

definition, the width of the electron 

pressure (wpe) has been determined as 

wpe=(wTe+wne)/2. For the dataset used in 

this work, wpe from the EPED definition is 

consistent within 20% with wpe estimated 

by a direct fit to the experimental pressure, 

as shown in figure 2. In this work, widths 

are expressed in normalized poloidal flux (ψN) units. 

 

2.2 PB modelling tools. 
This subsection briefly describes the method for the PB stability analysis in JET and the 

implementations of the EPED-like models used for the JET, AUG and TCV plasmas. For the 

description of the PB stability analysis techniques in AUG and TCV, we refer the reader to 

the relevant literature [11, 20] and references therein (no AUG and TCV PB stability 

diagrams are shown in this work).  

 

PB stability for the JET plasmas. 

 
Fig. 2. Comparison of the pressure width estimated using the 

EPED definition and using the direct fit to the experimental 

pressure. The difference is lower than 20%. The datasets used 

correspond to the JET-ILW scans described in table 1. 
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The pedestal stability of the JET plasmas has been studied using ELITE [15] to obtain the j-

α stability diagram and the self-consistent path in the j-α space.  

Here j is the current density composed by fully diffused Ohmic current and bootstrap current 

(jbs). The jbs term has been calculated using the Sauter model [52]. The difference between the 

Sauter model and the Hager model [53] or the drift kinetic code NEO [54, 55] has been 

studied in [23, 53]. The three approaches agree very well at low collisionality, while the 

Sauter model tends to overestimate the jbs in high collisionality plasmas. In terms of the 

stability boundary, the different jbs models affect mainly the peeling boundary [23]. JET 

pedestal is near the ballooning boundary, so no major quantitative effect can be expected. 

Indeed, a quantitative comparison has shown that the different jbs models lead to a negligible 

difference in the predicted critical normalized pressure gradient [9].  

The parameter α represents the normalized pedestal pressure gradient and is defined as in 

[56]:  

𝛼𝛼 = −
2𝜕𝜕𝜓𝜓𝑉𝑉
(2𝜋𝜋)2 �

𝑉𝑉
2𝜋𝜋2𝑅𝑅 

�
1 2⁄

𝜇𝜇0𝑝𝑝′                                                                                  (1) 

where V is the plasma volume enclosed by the flux surface, R the major radius and p’ the total 

pressure derivative in the poloidal flux ψ. The equilibrium has been calculated using the 

HELENA code [57] which takes in input the fit to the experimental Te and ne profiles.  

A standard approach has been used to determine the stability boundary [58]. The normalized 

pressure gradient and the current density have been perturbed from the experimental values in 

order to scan the j-α space. Then, the growth rate of the most unstable mode has been 

determined for each j-α  value. The stability criterion has been defined as 𝛾𝛾 < 0.03𝜔𝜔𝐴𝐴  (where 

γ is the growth rate and ωA is the Alfven frequency). In the stability calculation the modes 

from n=5 up to n=70 have been considered. The impact of different stability criteria and the 

use of different mode numbers have been tested in reference [23]. It has been tested that the 

use of higher mode numbers does not affect the stability boundary of the present datasets. 

Rotation and diamagnetic effect have not been considered and they might impact the results, 

[19, 59, 60, 61, 62, 63, 64]. This possibility is discussed in Section 7.   

The distance of the pre-ELM pedestal from the PB boundary has been quantified with the 

ratio αcrit/αexp. Here, αexp is the experimental normalized pressure gradient and αcrit is the 

normalized pressure gradient expected by the PB model. αcrit has been determined as the 

intersection of the self-consistent path in the j-α  space with the PB boundary. The self-

consistent path is determined by increasing the height of the pedestal temperature and then 

self-consistently calculating the current profile in order to find the marginally stable pedestal 
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temperature height [49]. Examples are shown in figure 3 and discussed in Section 3. In this 

work, it is assumed that the pre-ELM pedestal is on the PB boundary when αcrit/αexp≈1, within 

20%. Pedestals with αcrit/αexp>1.2 (with αcrit calculated with the assumptions described above) 

will be dubbed for simplicity as “non-PB limited”. 

 

Pedestal predictions using EPED-like models in AUG, JET and TCV  plasmas. 

The EPED1 model [25] is the most common tool to predict the pedestal height using the PB 

physics. The model uses as input parameters the experimental ne
ped, βN, plasma shape (R, a, 

κ, δ), Zeff,  plasma current and toroidal magnetic field. The model assumes that the pressure 

pedestal width scales as wp=D(βθ 
ped)1/2 with D=0.076 and that ne

pos=Te
pos. Te

pos is inherently 

determined within EPED1 by using a specific value of Te
sep and by the relation 

wp=D(βθ 
ped)1/2. The core profiles are determined by changing the core peaking in order to 

match the input βN. The height of the pedestal pressure is predicted by determining the Te
ped 

that gives the marginally PB stable profile.  

In this work, two extensions of the EPED1 model have been used, iPED for AUG and TCV 

[20] and Europed for JET [65]. The PB stability calculations are done with MISHKA [66] in 

iPED and with ELITE in Europed. MISHKA and ELITE have been benchmarked on a AUG 

plasma, producing consistent results, with similar stability boundaries and similar position of 

the operational point. 

The main differences with respect to the standard EPED1 is that both iPED and Europed 

allow to specify in input ne
pos and D. So they are optimal tools to study the impact of the 

pedestal position on the pedestal height. Furthermore, it is possible to use Europed also with a 

self-consistent core-pedestal interaction. This capability releases the constraint on βN,  (which 

is not used anymore as an input parameter) and implements a simple core transport model. 

The core transport model is briefly described in section 5 when this feature is applied. 
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TABLE 1. List of the eight experimental datasets used in this work. Scans 1-5 and scan 7 are fuelling rate scans at constant 

power in deuterium plasmas. Scan 6 is a nitrogen seeding scan at constant fuelling rate and power. Scan 8 is a gas scan at 

constant βN. P is total external power, P= PNBI+ PECRH+ PICRH. 

dataset machine description 
P (MW) 

gas rate (e/s) Ip (MA) B(T) δ βN Η98 PB-limited reference 

scan1  JET-ILW ΓD scan const. P 5 (0.3-2)1022 1.4 1.7 0.2 1.1-1.3 0.8-0.9 yes [23] 

scan2 JET-ILW ΓD scan const. P 11 (1-2.5)1022 2.0 2.2 0.4 1.2-1.4 0.7-0.9 yes - 

scan3 AUG ΓD scan const. P 15 (0.5-2)1022 1.0 2.5 0.25 2.1-2.4 0.9-1.0 yes [20] 

scan4 AUG ΓD scan const. P 10 (0.5-2)1022 1.0 2.5 0.25 1.6-1.9 0.8-1.0 yes [20] 

scan5 TCV ΓD scan const. P 1 (0.05-2)1021 0.17 1.4 0.5 1.6-1.8 0.9-1.3 yes [11] 

scan6 TCV ΓN scan const. P 1 (0-4)1021 0.17 1.4 0.5 1.5-1.8 0.9-1.2 yes [11] 

scan7 JET-ILW ΓD scan const. P 15 (0.3-2)1022 1.4 1.7 0.2 1.4-2.0 0.8-1.1 no [23] 

scan8 JET-ILW ΓD scan const. β 7-12 (1-8)1022 2.0 2.0 0.2 1.4 0.7-0.9 no [9] 

 

 

3. EXPERIMENTAL DATASETS. 
 

The experimental datasets used in the work are 

from AUG, JET-ILW, and TCV. The datasets are 

summarized in table 1. Most of them are 

described in detail in references [9, 11, 20, 23]. 

These datasets have been selected due to their 

large variation in the pedestal position. 

All datasets consist of NBI heated deuterium 

plasmas. The AUG datasets have an additional 

1MW of ECRH. All plasmas are Type I ELMy 

H-modes, as determined via the increase of the 

ELM frequency in specific NBI power scans.  

Most of the datasets are deuterium fueling rate 

scans at constant power. Exceptions are scan 6 

and scan 8. Scan 6 is a nitrogen seeding scan 

performed in TCV with constant fueling rate and 

constant NBI power. Scan 8 is a gas scan at 

constant βN in JET-ILW.   

 Scans 1, 3, 4, 7, 8 have been performed in low 

triangularity plasmas, while scans 2, 5, 6 in high 

triangularity. As discussed in reference [9], the 

 

Fig. 3. Examples of  j-α PB stabity diagram for (a) PB 
limited plasmas and (b) non PB limited plasmas. The 
continuous line show the PB boundary and the stars 
the operational point. In frame (b), the dashed lines 
show the self-consistent paths. Its intersection with the 
boundary defines the value of αcrit. 
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triangularity does not affect the behavior of the pedestal position in gas scans. 

 The plasmas of the first six datasets are PB limited, as described in references [11,20,23]. 

As an example, the PB stability analysis for scan 2 (gas scan at high triangularity in 2MA 

JET-ILW plasmas) is shown in figure 3(a). In both pulses, the operational point, 

corresponding to the pre-ELM αcrit and jcrit, is on the PB boundary. The first six datasets are 

used in Section 4.  

The plasmas of the last two datasets are non-PB limited at medium and high gas fueling rate 

[9, 23]. They are discussed in Section 6. As an example of the non-PB limited plasmas, figure 

3(b) shows the PB stability analysis for the high gas pulses of scan 7 and scan 8. The 

operational point is significantly far from the PB boundary, in the stable region. For a 

quantitative comparison, the critical α has been estimated from the intersection of the self-

consistent path in the j−α diagram with the stability boundary. In these two examples, 

αcrit/αexp≈1.9 and αcrit/αexp≈1.6. So, the normalized pressure gradient expected by the PB 

model is approximately 90% and 60% higher than the experimental normalized pressure 

gradient. 
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4. ROLE OF THE PEDESTAL POSITION IN PEELING-BALLOONING 

LIMITED PLASMAS. 
 

 The AUG and TCV results discussed in [8,11] 

show that the degradation of the pedestal 

performance with increasing fueling rate (ΓD) is 

due to the reduced PB stability produced by the 

outward shift of the pedestal pressure. Instead, 

the JET-ILW results presented in [9] show that 

the decrease in pedestal performance with 

increasing ΓD is not correlated with pe
pos, while 

a clear correlation was observed with the 

relative shift. These results are indeed 

contradictory. However there is a major 

difference in the three datasets. The AUG and 

TCV datasets were PB limited, while the JET-

ILW dataset was not PB limited at medium and 

high fueling rate.  

 To have a consistent description of the 

pedestal behavior among different machines, 

this section is focused only on the datasets that 

are PB limited. The datasets used in this section 

are the following. For JET-ILW, a gas scan at 

low power and low triangularity [23] and a gas scan at medium power and high triangularity 

(scans 1 and 2 in table 1). For AUG, a gas scan at high and medium power with low 

triangularity [20] (scans 3 and 4). For TCV, a gas scan and a N seeding scan at constant 

power and high triangularity [11] (scans 5 and 6). 

 

4.1 EXPERIMENTAL PEDESTAL STRUCTURE. 

 An example of the behavior of the pe profile in a PB limited JET-ILW gas scan is shown in 

figure 4. The ΓD increase leads to a reduction of pe
ped, a reduction of the pedestal width and an 

outward shift of pe
pos. This behavior is similar in all the PB limited fueling scans of Table 1, 

regardless of the machine, as shown in figure 5.  

 

 

Fig. 4. (a) pe profile for the low and the high fuelling 

plasmas of JET-ILW scan 1. (b) corresponding ∇pe 

from the mtanh fit. The vertical dashed lines highlight 

pe
pos. The shaded areas show the uncertainty in pe

pos 

assuming a 10% uncertainty in Te
sep. 
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Figure 5(a) shows the pedestal height of Te and 

ne. The increasing ΓD leads to a weak increase of 

ne
ped and significant reduction of Te

ped. As a 

consequence, the increase of the fueling rate 

leads to the reduction of pe
ped. An exception 

from this behavior is the N seeding scan in TCV 

(scan 6) which produces the decrease of both Te, 

ne and pe. This behavior is discussed in details in 

Section 4.3.  

Figure 5(b) shows the behavior of the the 

electron pressure pedestal width wpe. In all 

datasets, the increase of the gas rate leads to the 

reduction of βθ
ped and wpe. It is interesting to 

observe that the JET-ILW and the TCV datasets 

are relatively consistent with the EPED1 

assumption, wp=D(βθ
ped)1/2, with D in the range 

0.08-0.10, while the AUG dataset is only slightly 

higher, with D≈0.11-0.13. 

Figure 5(c) shows the pedestal position for Te 

and ne. The dashed lines represent levels curves 

at constant pe
pos that have been geometrically 

determined from artificial scans of Te
pos  

and ne
pos. They can be used as a qualitative 

estimate of the pe
pos behavior. In all cases, the 

increasing gas rate leads to an outward shift of 

ne
pos and Te

pos (note that, being Te
sep fixed, the Te 

outward shift is due to the decrase of the 

pedestal width). As a direct consequence of the 

increase of ne
pos and Te

pos, the pedestal pressure 

position moves outward as well. Another 

important point of discussion is the behavior of the relative shift (ne
pos-Te

pos). First of all, the 

relative shift is not zero in most of these discharges because ne
pos≠Te

pos (the dashed gray line 

highlights the points with ne
pos=Te

pos). However, especially in the AUG and JET-ILW 

datasets, the relative shift is roughly constant (ne
pos-Te

pos≈1.0-1.5%ψN). This is because the 

  

Fig. 5. (a) Te
ped vs ne

ped. The dashed lines show the 

isobars. (b) Pressure pedestal width versus βθ
ped. The 

dashed lines show the trends  wp=D(βθ
ped)1/2. (c)  ne

pos 

vs Te
pos. The level curves show the qualitative behavior 

of the corresponding pe
pos. In all three frames, arrows 

highlight the direction of increasing gas rate. The gray-

straight dashed line in frame (c) highlights the points 

with  ne
pos=Te

pos. 
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change in ne
pos is compensated by a comparable change in Te

pos. As described in Section 6, the 

behavior of the relative shift is significantly different in the non-PB limited plasmas. 

In summary, this section has shown that, in these datasets of PB limited plasmas, the 

increase of the gas fueling rate has led to similar effects in all the three machines. Concerning 

the pedestal height (figure 5a), the increase of ΓD has led to: 

 a significant decrease of Te
ped, 

  a weaker increase of ne
ped, 

 a corresponding decrease of  pe
ped. 

Concerning the pedestal width (figure 5b), the increase of ΓD has led to: 

 a shrinking of the pressure width. 

 Moreover, the shrinking is qualitatively consistent with the EPED1 assumptions. 

Concerning the pedestal position (figure 5c), the increase of ΓD has led to: 

 an outward shift of ne
pos, 

 an outward shift of Te
pos, 

 a corresponding outward shift of pe
pos, 

 no significant variation in the relative shift. 

A mechanism that partially explains this behavior within the EPED framework is described at 

the end of section 4.2   

 

4.2 COMPARISON WITH EPED-like MODELS. 

To confirm that the pedestal degradation with increasing gas rate is linked to the pe
pos 

outward shift, the pedestal pressure has been predicted using iPED for AUG and TCV 

datasets and Europed for JET-ILW datasets.  

Figure 6 shows the results for a JET-ILW plasma from scan 1. The simulations have been 

performed without the self-consistent core-pedestal interaction, i.e. using the total beta as 

input parameter. In frame (a), the vertical axis represents the total pedestal pressure and the 

horizontal axis the density position relative to the temperature, ne
pos-Te

pos. The use of this 

horizontal axis has the advantage of showing the direct comparison with the standard EPED1 

model that assumes ne
pos-Te

pos=0. The grey data represent the predicted pedestal height 

determined using different values of ne
pos. As described in Section 2.2, Te

pos is self-

consistently determined within the code. The model predicts a clear reduction of the pedestal 

pressure with increasing shift. The assumption ne
pos-Te

pos=0 leads to a 30-35% over prediction 

of pped. On the other hand, a reasonable agreement is obtained when the model uses a density 

shift comparable to the experimental one. The outward shift of the density has led to a  
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reduction of the PB stability and hence of 

the pedestal height. Note that the change in 

the PB stability is not a direct effect of the 

shift in ne
pos but an indirect effect. The 

outwards shift of ne
pos moves outwards pe

pos 

and the jbs peak and increases the separatrix 

jbs (see Section 5.2). These are the three 

effects that lead to the reduction of the PB 

stability [8, 14].  

 

The corresponding experimental and 

predicted pressure profiles are shown in 

Figure 6(b). The assumption ne
pos=Te

pos leads 

not only to an overestimated pedestal height, 

but also to a wider pedestal width. On the 

contrary, the Europed simulation with the 

experimental density position leads to a 

critical profile that matches extremely well 

both pedestal height and width.  

To consolidate this result in JET-ILW, 

figure 7(a) shows the pedestal height of the 

experimental total pressure versus the fueling 

rate for scan 1. For comparison, the pedestal 

heights predicted using the two different  

assumptions on ne
pos are shown as well. Initially, the model has been used assuming 

ne
pos=Te

pos (empty squares). The predicted negative trend with increasing fueling rate is 

qualitatively similar to the experimental one. This trend is due to the reduction of βN (that is 

used as input parameter). It is well known that the decrease of βN has a destabilizing effect on 

the ballooning modes [15, 16]. Instead, from a quantitative point of view, the assumption 

ne
pos=Te

pos overestimates the experimental pedestal pressure by ≈30%. As shown in figure 

5(c), in these three pulses ne
pos is more outward than Te

pos. Using the experimental ne
pos as 

input, the predictive Europed results are in reasonable quantitative agreement with the 

experimental pped, as shown by the full grey squares in figure 7(a). The difference in the 

predicted pped assuming  ne
pos=Te

pos and using the experimental ne
pos is ≈25%.  

  

Fig. 6. (a) Predicted total pressure height using Europed 
versus the shift of the density position (grey squares). The 
blue dot shows the experimental data. The vertical dashed 
line highlight the standard EPED1 assumption, ne

pos=Te
pos. 

(b) Experimental electron pressure profile (blue dots) and 
corresponding critical profiles from Europed. The blue 
dashed line shows the critical profile obtained with the  
standard EPED1 assumption, ne

pos=Te
pos, while continuous 

red line  shows the critical profile using the experimental 
ne

pos as input. 
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Figure 7(b) shows the predicted pped versus the 

experimental pped for four datasets from the three 

machines. The empty symbols represent the 

predictions with the assumption ne
pos=Te

pos.  

The overestimation is ≈25-50% for most of the 

cases and almost 100% for the TCV discharge 

with N seeding. The full symbols represent the 

predictions using the experimental ne
pos. The 

agreement with the experimental data is 

significantly better.   

 

The common mechanism that emerges from the 

results of the PB limited plasmas in the three 

machines is the following. The increasing 

fueling rate leads to the outward shift of the 

pedestal density, figure 5(c). This produces the 

outward shift of the pressure that reduces the PB 

stability which, in turn, decreases the pedestal 

height (figure 5(a) and figure 6). Therefore, βθ
ped 

decreases and, via the KBM constraint, the 

pedestal width shrinks, figure 5(b). Assuming 

that Te
sep does not vary significantly, the 

shrinking of the pedestal causes the outward shift 

of the temperature, figure 5(c), moving the pressure further outwards and reinforcing the 

degradation of the pedestal height. 

 

4.3 COMPARISON OF NITROGEN SEEDING in TCV AND AUG. 

As mentioned in Section 4.1, the increase of the N seeding rate in TCV has led to the pped 

reduction, figures 5(a). This behavior is opposite to what was observed in JET-ILW [67] and 

in AUG [8] where the N seeding led to an increase in pped. The reason of the increase of the 

pedestal performance with N in JET-ILW is still under investigation [64].   

Interestingly, the (opposite) behaviors of the pedestal height with N seeding in TCV and 

AUG are both consistent with the PB model. The key point is that the outward (inward) shift 

of ne
pos leads to a degradation (improvement) of the pedestal stability, no matter what the 

  

Fig. 7. (a) Pedestal pressure versus fuelling rate of 

scan 1 for experimental data (dots) and Europed 

prediction (squares). (b) Europed and iPED 

predictions versus experimental pressure for four 

datasets.  
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origin of the ne
pos shift is. Recent seeding experiments in Alcator C-mod [68], as well as the 

earlier JET experiments with the carbon wall [69], have shown roughly a similar behavior.  

In TCV, the N seeding leads to the outward shift of the density which, in turns, produces the 

outward shift of the pressure, see figure 5(c). This has the effect of reducing the PB stability, 

as described in Section 4.2, and hence of decreasing the pedestal height. Correspondingly, 

βθ
ped decreases and the pedestal width shrinks from ≈5%ψN to ≈3.5%ψN, see figure 5(b).    

The 3%ψN increase in pe
pos is partially due to the outward shift of Te

pos (via the width 

shrinking) and, mainly, to the 3%ψN outward shift of ne
pos, see figure 5(c). 

 

Once the outward shift of density position 

is considered, iPED predicts reasonably well 

the pedestal height in TCV [11]. Figure 8 

describes this behavior more in detail. The 

figure shows the pedestal height versus the 

corresponding ne
pos for two TCV plasmas. 

The two pulses have identical engineering 

parameters apart the N seeding rate. The N 

seeded pulse has (i) ne
pos more outward than 

the non-seeded by ≈3%ψN, (ii) pedestal 

height ≈50% lower and (iii) βN 

approximately 15% lower (βN≈1.5 versus 

βN≈1.8). Then, the pedestal height has been predicted using iPED for both shots using 

different values of ne
pos. As expected, the pedestal height decreases with increasing ne

pos. A 

3% increase in ne
pos leads to a 25-30% reduction in the predicted pped, qualitatively similar but 

quantitatively lower than the 50% experimental reduction. The difference is likely due to the 

fact that the iPED modelling is done using constant βN and the destabilizing effect of the 

reduced βN is not taken into consideration self-consistently. Nonetheless, the predicted trend 

are rather similar to the experimental behavior.   

In AUG, the behavior is opposite but the mechanism is the same. The N seeding leads to an 

inward shift of the density, which leads to the inward shift of the pressure which in turn 

improves the PB stability and increases the pedestal height [8].  

It is not clear yet why the N seeding has an opposite effect on the pedestal position in TCV 

and AUG. The reason might be correlated to the presence/absence of the high field side high 

density (HFSHD) [8,12,13]. In AUG, the N seeding reduces the HFSHD, decreasing the 

  

Fig. 8. Pedestal pressure versus ne
pos for scan 6 of TCV.  The 

stars shows the experimental data, while the squares the pped 

prediction for different values of  ne
pos.  
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pedestal fueling and hence moving the density inward [8,13]. In TCV, due to the open 

divertor geometry, the HFSHD is likely not present, so the N seeding might simply increase 

the SOL fueling leading to the outward shift of the density. Another possibility could be a 

different recycling due to the different walls, carbon in TCV and metal in AUG [70]. 

However, the understanding of the physics mechanism that regulates the position of the 

pedestal is beyond the scope of the present work. 

 

In conclusion, Section 4 has shown that, when the pedestal is PB limited, the outward shift 

of ne
pos has similar effects on AUG, JET-ILW and TCV and that EPED-like models can 

reasonably predict the pedestal height, once the experimental density position is considered. 

Section 6 will clarify why the previous JET-ILW results were not in agreement with this 

behavior. 

 

 

5. IMPLICATIONS FOR ITER 
ITER is likely to operate at high separatrix density (ne

sep) with ne
sep/nGreenwald > 0.6 [71]. 

Separatrix density and ne
pos are strongly correlated since an outward shift of the density leads 

to an increase of ne
sep. See later, in figure 12(a), for a qualitative example of the correlation 

between ne
sep and ne

pos. 

This section estimates the impact of the density position, and hence of ne
sep, on a standard 

ITER scenario. This is done using the ELITE code for the PB stability analysis and the 

Europed code for the prediction of the ITER pedestal height. 

The modelling has been done on a ITER baseline scenario, with Ip=15MA, Bt=5.3T, δ=0.41, 

κ=1.82, assuming βN=2.0 and ne
ped=8⋅1019m-3. Figure 9(a) shows the corresponding PB 

stability boundary. Initially, the PB boundary has been calculated assuming ne
pos=Te

pos (red 

line) and then assuming the density is shifted outwards by 0.018ψN  (blue). The change in the 

density position leads to the shrinking of the ballooning boundary (while the peeling boundary 

shows only a minimal effect). As described in Section 4, this is because the change in ne
pos 

affects pe
pos and the position of the jBS peak. The operational points are shown in figure 9(a) 

with stars. The effect of the density shift is the reduction of the normalized pressure gradient 

by ≈15%, from αexp≈6.7 to αexp≈5.8.  

A 15% reduction in the normalized pressure gradient suggests that the impact on ITER 

pedestal height might be significant. This has been tested using Europed. Initially, only the 

pedestal physics has been considered, i.e. without coupling self-consistently core and pedestal  
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and assuming constant  βN. Figure 9(b) shows 

the predicted pressure height (estimated at 

ψN=0.93, near the pedestal top) for different 

values of the density shift. For each density 

shift, the corresponding value of  ne
sep/ne

ped is 

shown on the top x-axis. The decrease in the 

predicted pressure with increasing shift is rather 

rapid, but then saturates for density shifts higher 

than 0.02ψN. The maximum reduction of 

pedestal pressure is ≈10%. The origin of the 

saturation is due to the fact that, when the 

density shift is too large, the effect on t 

he pressure position and on the jBS is minimal, 

as discussed in details in the next Section. 

To estimate the effect of the density shift on 

the ITER fusion power, Pfus, Europed has then 

been used considering self-consistently the 

interaction core-pedestal. The goal of the  

simulation is not to give accurate values for the 

fusion power, but just to show qualitatively the 

possible effect of the density shift. 

For this type of simulation, βN is not used 

anymore as an external input but a simple core 

transport model is used.  The core transport 

model assumes (1) low heat diffusivity 

(χe=0.1m2/s) below a critical normalized 

temperature gradient length (R/LTe,crit) and (2) a 

high heat diffusivity, χe=0.1m2/s+2m2/s×(R/LTe-

R/LTe,crit), above. 70MW have been assumed as 

auxiliary heating located in the core. The heating by fusion α’s is taken into account self-

consistently [65]. 

The core transport model is simple, but it is sufficient to produce a rough estimate of the 

effect of the density position on core pressure and Pfus. The results are shown in figure 9(c) 

using different assumptions for the value of the critical R/LTe. Pfus has been estimated 

 

Fig. 9. (a) PB stability diagram for a ITER baseline 

scenario. (b) Dependence of predicted ITER pedestal 

pressure on the density shift. (c) Predicted Pfus for 

different R/LTe,crit. Red and blue lines in frames (a) and 

(c) represents respectively the assumptions  ne
pos=Te

pos 

and ne
pos=Te

pos+0.018ψN.   
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assuming no shift (ne
pos=Te

pos, red line) and assuming an outward density shift by 0.018ψN 

(blue line). The value of the critical R/LTe influences significantly Pfus, but the absolute 

reduction of Pfus due to the density shift is rather constant ≈100MW. In relative terms, the 

impact of the density shift on Pfus is from a ≈40% reduction with low R/LTe,crit to a ≈10% 

reduction with high R/LTe,crit. 

As a final remark, it is important to note that these conclusions are likely correlated with 

collisionality and triangularity. A lower collisionality (higher jbs) and perhaps higher 

triangularity might move the ITER operational point closer to the peeling boundary [72]. On 

this boundary, the effect of the density shift is less strong, figure 9(a), and its impact on the 

pedestal pressure and fusion power might be mitigated. 

 

6. ROLE OF THE PEDESTAL POSITION IN PLASMAS NOT PEELING-

BALLOONING LIMITED. 

 

Non-PB limited pedestals in Type-I ELMy H-mode plasmas have been clearly identified 

only in JET-ILW, so far [10, 23, 42, 43]. In these types of plasmas, the EPED model 

significantly overestimates the pedestal pressure [23]. 

It is not yet clear which physics mechanism triggers the ELMs in the non-PB limited 

plasmas and under which operational conditions these non-PB limited pedestals appear. The 

main experimental evidence is that the pre-ELM pedestal of baseline discharges tends to be 

far from the PB boundary (in the stable region of j-α diagram) at “medium”-“high” gas 

fueling rate with “medium”-“high” power [9, 23, 43]. “High” gas fueling shots at low power 

are instead on the PB boundary [23]. Note that the meaning of “medium” and “high” is 

arbitrary and can be interpreted only qualitatively within gas scans and power scans. No 

universal threshold has been identified so far. The identification of a clear threshold in 

engineering and/or plasma parameters is complicated by the fact that good divertor neutral 

pressure measurements are not always available and by the difficulty in estimating wall 

sources and recycling.  

The goals of this section are (i) to explain why the previous JET-ILW results [9] were not 

consistent with those of AUG and TCV in terms of pedestal position and (ii) to show that the 

low pressure gradient experimentally measured in non-PB limited plasmas might be due to an 

increased turbulent transport driven by the increased relative shift. 
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This section investigates the JET-ILW discharges in scans 7 and 8. Scan 7 is a gas scan at 

15MW. Scan 8 is a gas scan at constant βN. In both cases, the pedestal at medium and high ΓD 

is non-PB limited, see figure 3(b). 

 

 
Fig. 10. (a) Profiles of electron temperature and density normalized to the pedestal top for the low fueling rate pulse of JET-

ILW scan 8. The vertical dashed lines highlight the position of the maximum gradient. The distance between the vertical 

dashed lines represents the relative shift. (b) Corresponding gradients normalized to the pedestal top. The vertical dashed 

lines highlight the position of the maximum gradient and the shaded areas the uncertainty linked to a possible 10% variation 

in Te
sep. Frames (c) and (d) show the normalized profiles for the high fueling rate pulse of JET-ILW scan 8. Frames (e) and 

(f) show the pressure profiles and the corresponding gradients for the low and high fueling rate pulses of JET-ILW scan 8. 
 

6.1 PEDESTAL BEHAVIOR IN THE NON-PB LIMITED DATASETS. 

The JET-ILW results presented in [9] shows that the increase in the fueling rate leads to the 

increase in the relative shift (ne
pos-Te

pos). An example of two pulses with low and high relative 

shift is shown in figure 10 for pulses of the JET-ILW scan 8. The profiles have been 

normalized to the value of the pedestal top to have a more direct comparison between the 

shape of Te and ne profiles. Figures 10(a) and 10(b) show the low fueling rate pulse. The 

density and the temperature profiles are relatively close to each other, with a relative shift 

approximately 0.01ψN. Figures 10(c) and 10(d) show the high fueling rate pulse. The density 

and the temperature profiles are more far apart, with a relative shift approximately 0.025ψN. 

Interestingly, the two pulses have same pressure position, within the uncertainty, as shown in 

figures 10(e) and 10(f). This point will be investigated in Section 6.2. 
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The increase of the relative shift has been 

experimentally correlated with the reduction of αexp 

and of the pedestal performance [9]. Figure 11(a) 

shows the correlation of αexp versus the relative shift 

for scans 7 and 8. In both datasets, αexp decreases with 

increasing relative shift. The empty circles highlight 

the non-PB limited pedestals and the arrow highlights 

the increasing fueling rate. 

Figure 11(a) also shows the Europed predicted 

normalized pressure gradient (αcrit), grey squares. As 

expected, αcrit overestimates αexp in the non-PB limited 

plasmas. Note that the model has been used with (i) the 

assumption ne
pos=Te

pos (empty squares) and then with 

(ii) the experimental ne
pos (full squares). Interestingly, 

the two types of assumptions do not affect the result 

(the full squares cover the empty squares). This is in 

contrast with Section 4, where a 0.01ψN density shift 

led to a 25% reduction in the predicted pedestal height. 

To understand the origin of this contradiction, it is 

necessary to investigate in detail the behavior of the 

pedestal structure. 

 Figure 11(b) shows the pedestal pressure width. In 

both datasets, a widening of the pedestal with 

increasing gas rate is observed, despite βθ
ped decreasing 

or remaining constant. The behavior of the width is not 

as expected in the EPED1 model, where a wpe 

reduction with decreasing  βθ
ped is predicted. Note that 

the widening of the pedestal with increasing gas rate is 

actually a fairly common behavior in JET-ILW, as 

reported in references [23, 42, 73, 74]. This behavior is 

significantly different from what described for the PB 

limited gas scans discussed in Section 4, where the 

pedestal shrinking with increasing gas rate was 

observed. 

  

Fig. 11. (a) normalized pressure gradient vs 
relative shift. The dots represent the 
experimental data and the square the Europed 
predictions. (b) Pressure width vs βθ

ped. 
Dashed lines show the trends wp=D(βθ

ped)1/2. 
The grey data show PB limited plasmas of 
Section 3, for comparison. (c)   ne

pos vs Te
pos. 

The level curves highlight the corresponding 
pe

pos. The gray straight line highlights the 
points with  ne

pos=Te
pos. The grey data show PB 

limited plasmas of Section 3. (d) pe
pos vs 

relative shift. The arrows highlight the 
increasing gas rate. The full symbols highlight 
the PB limited data (low gas). The empty 
symbols highlight the non-PB limited data 
(medium and high gas). 
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Figure 11(c) shows the behavior of the pedestal position of density and temperature. In both 

scans, Te
pos is roughly constant, while ne

pos moves outwards with increasing gas rate. This 

implies an increase in the relative shift. Again, the behavior is different from what was 

observed in PB limited datasets of Section 4, where Te
pos was observed to shift outwards with 

increasing gas rate while the relative shift was roughly constant. The key result of figure 11(c) 

is that the pedestal positions of scans 7 and 8 move approximately along the level curves of 

constant pe
pos, suggesting that the position of the pedestal pressure does not change 

significantly. This is verified in figure 11(d), where pe
pos versus the relative shift is shown. 

pe
pos is constant despite both the increasing relative shift and the increasing ne

pos. A similar 

behavior is observed for the position of the jbs peak, as qualitatively described in Section 6.2. 

This last result explains why the Europed predictions of figure 11(a) do not show any 

difference using (i) the assumption ne
pos=Te

pos and using (ii) the experimental ne
pos. The PB 

stability is in fact affected by the pressure position and not directly by the density position. 

Moreover, the stability analysis considers the profiles only till ψN=1.0, so any further change 

outside the LCFS is not expected to influence the PB stability. 

 

6.2 GEOMETRICAL INTERPRETATION. 

A geometrical approach is useful to understand why the increasing ne
pos does not affect pe

pos 

in the non-PB limited datasets while it leads to an increase in  pe
pos in the PB limited datasets.  

The thick lines in figure 12(a) show the Te and ne profiles of shot 84600 (JET-ILW low gas, 

PB limited pedestal of scan 8, with ne
pos-Te

pos≈0.01ψN, see the full yellow dot in figure 11). 

From the product of Te and ne profile it is possible to calculate the pe profile and the 

corresponding pedestal position. Then, starting from this reference case, this procedure has 

been repeated by shifting outwards and inwards the density profile, as shown by the colored 

profiles in figure 12(a). The corresponding pe
pos as function of the relative shift is shown in 

figure 12(b). The position of the pedestal increases with increasing relative shift till ne
pos-

Te
pos≈0.015ψN and then it levels off. This is because, when the relative shift is high, ne is flat 

inside the separatrix and the highest density gradient is located in the region where the 

temperature is very low. This occurs approximately when the relative shift is larger than half 

the density width, as shown on the top horizontal axis in figure 12(b). With such an outward 

density position, the structure of the pressure gradient is dominated by the temperature, 

leading to pe
pos≈Te

pos and to no dependence of pe
pos on ne

pos. This description does not consider 

any possible changes in the pedestal widths, but nonetheless it is sufficient to capture the main 
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mechanism that leads to the different behavior of pe
pos in the PB limited and non-PB limited 

datasets.  

The jbs has a similar behavior has shown in figures 12(c) and 12(d). The position of the jbs 

peak increases with increasing relative shift, while the peak value of jbs decreases. Saturations 

in both the value of the jbs peak and its position are observed for ne
pos-Te

pos≿0.01ψN. In figure 

12, the bootstrap current has been calculated using the Sauter formula. We have verified that 

jbs estimated with NEO [55] shows a similar qualitative behavior. 

The vertical dashed lines in the right panels of figures 12 show the range of variation of the 

relative shift in the PB limited datasets (blue) and in the non-PB limited datasets (red). In the 

PB limited case, a change in ne
pos-Te

pos leads to a change in pe
pos and jbs

pos. In the non-PB 

limited case, ne
pos-Te

pos is large, in a region where pe
pos and jbs

pos have already leveled off and 

where the magnitude of the bootstrap peak has a slow decrease. 

 

On the other hand, when the relative shift is large, ne
pos has a significant impact on ηe. This 

parameter, defined as ηe= Lne/LTe (with Lne and LTe the gradient length of ne and Te, 

Fig. 12. (a) The thick lines shows Te and ne profiles for JET-ILW discharge 84600. The colored profiles show shifted ne 

profiles. (b) corresponding pe
pos, versus the relative shift. (c) jbs and (d) position of the jbs (full symbols) and maximum 

jbs (empty symbols). (e) ηe profiles corresponding to the profiles of frame (a). (f) ηe (averaged in a region 0.02ψN wide 

around the position of the Te pedestal top) versus the relative shift. 
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respectively) has a significant impact on the growth rate of microinstabilities. The ηe profiles 

corresponding to the profiles of figure 12(a) are shown in figure 12(e). The maximum 

variation of ηe is almost two orders of magnitudes. To better quantify this variation, we have 

taken ηe averaged in a region 0.02ψN wide around the position of the Te pedestal top (where 

the larger variation occurs). The correlation between <ηe> and the relative shift is shown in 

figure 12(f). In the region of the PB limited datasets (ne
pos-Te

pos<0.012 ψN) the variation is 

minimal, while in the region of the non-PB limited datasets (ne
pos-Te

pos>0.01 ψN)  <ηe> 

increases significantly. 

 

 6.3 POSSIBLE ROLE OF THE TURBULENT TRANSPORT IN THE NON-PB 

LIMITED DATASETS. 

 It is well known that ηe variations have a strong influence on the microinstabilities [75, 76].  

The large increase of ηe with increasing relative shift is therefore expected to drive increasing 

levels of temperature gradient driven micro turbulence, generating heat transport, inside the 

pedestal [44, 45]. 

 Figure 13(a) shows the ratio αcrit/αexp versus <ηe>. The ratio αcrit/αexp is an estimate of the 

distance of the pre-ELM pedestal from the PB boundary. All JET-ILW PB limited datasets 

(full symbols) have <ηe> ≲3, while the non-PB limited data have <ηe> ≳3. In particular, the 

gas scan at constant beta (scan 8) shows that αcrit/αexp increases with <ηe>, suggesting that 

temperature gradient driven microturbulence is increasingly important in these non PB limited 

plasmas.  

To investigate the possible role of microinstabilities, the GS2 code has been used [77] and 

local linear gyrokinetic analysis at ψN=0.95 (just inside the pedestal top, see figure 12(a)) 

have been performed for shots 84600 and 84598, see figure 13(a).  Ti=Te has been assumed, 

so ηi and ηe are both equally enhanced in the high relative shift plasmas. Growth rates for the 

fastest growing modes are given in figure 13(b) as a function of perpendicular wavenumber 

ky, for the ballooning angle θ0=0. The results show that both the ETG modes and the ITG 

modes are more unstable in the high relative shift plasma (non-PB limited) than in the low 

relative shift plasma (PB limited), with normalized growth rates on average 50% higher. A 

rough mixing length estimate of the thermal diffusivity suggests an increase of approximately 

20% in the high relative shift / non-PB limited pedestal. No dominant unstable micro-tearing  
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modes have been found at θ0=0 on the 

selected surfaces. On these surfaces, R/LTe 

considerably exceeds an estimate of the critical 

value for the onset of ETG turbulence [78], 

though [78] notes that their formula for 

R/LTecrit is not reliable in the tokamak edge 

plasma, where α>>0.1. 

 This first linear analysis strongly suggests that 

the micro turbulence driving heat transport 

increases with increasing relative shift inside 

the pedestal top. ηe,i are also substantially 

enhanced in the pedestal, so the increased heat 

transport is expected to continue into the 

pedestal itself, which would explain the low 

pressure gradient observed in these non-PB 

limited pedestals. More extensive linear and 

non-linear gyrokinetic simulations are needed 

to explore the dependence on radius and on θ0, 

and to compute the turbulent fluxes. 

Nevertheless, these results suggest that 

increased turbulent transport might explain the 

reduce pressure gradients in these non-PB 

limited pedestals. 

 

 

7. DISCUSSION AND CONCLUSIONS. 

A key point of the work has been the separation between the PB limited plasmas and the 

non-PB limited in JET-ILW. To our knowledge, non-PB limited plasmas have been identified 

only in JET-ILW [23, 42, 43]. In other machines, earlier works have shown that, in some 

cases, the gradients can saturate before the ELM, with the pedestal remaining in a metastable 

state [79-82]. However, the PB boundary was still reached before the ELM [29, 80] or the 

saturation occurred only in the temperature, while the density was still raising [79]. According 

to the definition used in this work, these types of behaviors are still considered “PB limited”.  

 

Fig. 13. (a)  αcrit/αexp versus <ηe>. Here, <ηe> has been 

defined in the same way as in figure 12(f) by averaging 

the ηe profile in a region 0.02ψN wide around the Te
ped 

position. (b)  Microinstabilities growth rate versus the 

perpendicular wavenumber for PB limited and non-PB 

limited plasmas of JET-ILW scan 8. 
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In the datasets analyzed in this work, the normalized pressure gradient expected by the PB 

model is up to 90% higher than the experimental one, with αcrit/αexp≈1.9 as shown in figure 

3(b) and figure 13(a). On a more general perspective, a significant part of the JET-ILW non-

PB limited plasmas have αcrit/αexp>2 [83, 84]. The PB stability in most of the earlier works (as 

well as in the present work) has been determined with the assumptions discussed in Section 

2.2, namely Te
sep=100eV, Ti=Te and without including possible effects from rotation and 

diamagnetic terms. It is important to discuss if, and how much, these assumptions can affect 

the present classification of PB limited and non-PB limited plasmas. 

 The separatrix temperature can affect the PB 

stability by influencing the position of the Te 

pedestal and hence of the pressure [42, 58]. 

Indeed, it is reasonable to assume that Te
sep is 

not perfectly constant in the scans discussed in 

this work. For example, in JET-ILW, the 

EDGE2D-EIRENE simulations discussed in 

[51] suggest that gas and power scans without 

seeding can lead to ≈10% variation in Te
sep.  

However, the pedestal is very steep so a 

reasonable change in Te
sep has a minimal effect 

on Te
pos and on the pedestal pressure. As a 

practical example, the effect on shot 84598 (non-PB limited plasmas of scan 8 discussed 

Section 6) has been estimated. A 10% uncertainty in Te
sep leads to only a ≈0.0015ψN variation 

in Te
pos, from ψN=0.985 at 100eV to  ψN=0.9865 at 110eV (a variation in Te

pos that is lower 

than its experimental uncertainty).  Such small variation has no significant effect on the 

predicted pedestal pressure. Figure 14 estimates the impact of Te
sep on the predicted pe

ped 

assuming a more extreme (likely unrealistic) variations, from Te
sep=50eV to Te

sep=200eV. The 

increase of Te
sep reduces the PB stability and the predicted pedestal height, from pe

ped≈4.5kPa 

at Te
sep=50eV to pe

ped≈3.8kPa at Te
sep=200eV. However, the predicted pressure still remains 

significantly higher than the experimental pressure. Moreover, the shot used in figure 14 is at 

the high end of the fueling scan, so Te
sep is more likely to be lower than 100eV. This would 

have a stabilizing effect, moving the stability boundary further away from the experimental 

pedestal. Therefore, we can exclude that the uncertainty on Te
sep can explain why datasets 7 

and 8 are not PB limited. 

 

Fig. 14. Electron pedestal pressure and separatrix 

tempurate for the JET-ILW high fuelling plasma (non-PB 

limited) from scan 8. The circle shows the experimental 

data and the squares show the predicted  pe
ped. 
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Unfortunately, it is very challenging to test in scans 7 and 8 if the assumptions Ti=Te and if 

rotation and diamagnetic term can affect the conclusions on the non-PB limited plasmas. 

These effects have been studied in detail in JET-ILW in references [62, 63, 64]. The inclusion 

of rotation can, in some cases, reduce the PB stability. The impact on the PB boundary can 

vary on a shot to shot basis with the maximum observed effect of ≈25% [63, 64]. This can 

significantly reduce the gap between the PB boundary and the operational point in the non-PB 

limited plasmas. However, at present, it is not clear if the inclusion of rotation would be 

sufficient to explain the value αcrit/αexp≈1.9 observed in the pulses of Section 6 (or the higher 

values αcrit/αexp>2 observed in other JET-ILW datasets). No conclusive claim is possible at 

this stage on the plasmas analyzed in this work. A detailed investigation of the rotation effect 

is out of the scope of the present work and will be subject for future studies. 

It should be noted that the datasets discussed in this work are composed of plasmas in Type I 

ELMy H-modes. Specifically, the non-PB limited plasmas discussed in Section 6 are part of 

wider power scans that show a clear increase of the ELM frequency with increasing Psep [23]. 

So, it is not easy to motivate the distance of the operational point from the PB boundary with 

the argument that the ELMs are not Type I. 

The present work has shown that the lower pedestal pressure gradient in the non-PB limited 

plasmas might be due to increased turbulent transport. However, the mechanism that triggers 

the ELMs in these types of plasmas still remains unclear. Some hypotheses for the ELM 

trigger have been proposed in [85]. For example, the pre-ELM pedestal might reach the KBM 

limit and the ideal MHD ballooning modes could start to grow exponentially driven by non-

linear physics [86]. Another possibility might be related to the divertor oscillation observed in 

some non-PB limited plasmas [85]. If these divertor oscillations were linked to oscillations in 

the plasma volume or position, the ELM triggering mechanism might be similar to that in 

experiments with vertical kicks [87]  that was modeled with the JOREK code [88].  

The change in the position of the pedestal density has shown to be very important for the 

pedestal performance. Experimental results show that the density position moves outwards 

with increasing fueling rate and with increasing power in JET-ILW [9] and with increasing 

fueling rate and decreasing nitrogen seeding in AUG [8]. The full understanding of the 

physics mechanism that leads to the ne
pos variation is out of the scope of the present work. 

Anyhow, it is important to discuss the current understanding. In AUG, the physics mechanism 

that regulates ne
pos is understood and is related to the presence of the HFSHD [8, 12 13]. For 

example, the nitrogen seeding reduces the HFSHD which, in turn, reduces the SOL and the 

pedestal fueling and effectively leads to the inward shift of the density. In JET-ILW and TCV, 
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instead, the mechanism is not clear yet. In TCV, the HFSHD is likely not present due to the 

open divertor configuration. HFSHD experimental measurements are still not available in 

TCV. In JET-ILW, the HFSHD has been experimentally observed [12]. However, no clear 

and consistent correlations with ne
pos have been documented yet, as discussed in [89, 90]. In 

JET, the present working hypothesis is that the increase of the fueling rate leads to the 

increase of the SOL opacity and hence to a lower neutral penetration. EDGE2D-EIRENE 

modelling to test this hypothesis are currently ongoing. 

 

In conclusion, the work has investigated the role of the pedestal position in the pedestal 

performance and has tried to resolve the apparent contradictions in the published results on 

the topic. A key point has been to distinguish between plasmas with a pedestal that is PB 

limited and plasma with a pedestal that is not PB limited. 

In plasmas that are PB limited, the outward shift of the density leads to the outward shift of 

the pedestal pressure which in turn destabilizes the PB modes, reducing the pedestal height. 

This type of behavior, already described in AUG and TCV [8, 11] has now been consistently 

observed also in JET-ILW. In this type of plasmas, the PB model describes the pedestal 

behavior well and EPED-like predictions reproduce the experimental data correctly once the 

realistic density position is used.  

Assuming that the ITER pedestal is PB limited, this work has estimated the impact of the 

shift of the pedestal density on the ITER baseline scenario. The ITER pedestal is supposed to 

degrade at most by 10%, while the impact on the fusion power is supposed to vary between 

10% and 40% depending on the critical R/LTe. 

In plasmas that are not PB limited, the behavior of the pedestal structure with increasing gas 

rate is quite different. First of all, the pedestal widens instead of shrinking with increasing gas. 

Then, the density still moves outwards but no significant change has been observed in the 

pressure position. Therefore, the PB model cannot properly describe the pedestal behavior and 

EPED-like models significantly overestimates the pedestal height. The work suggests that the 

lower pressure gradient observed in the non-PB limited plasmas might be explained by an 

increase of turbulent transport driven by ETG and ITG modes. 

The work on the non-PB limited plasmas is just at the beginning and several questions still 

remain open. Assuming that the lower pressure gradient is due to the increased turbulent 

transport, it is not yet clear which physical mechanisms trigger the ELMs. Moreover, it is not 

yet clear under which experimental conditions the plasma becomes non-PB limited. The 

increase of the gas rate seems a key factor, but a universal threshold has not been found yet. 
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Finally, it is not clear why the pedestal widens with increasing gas instead of shrinking like in 

the PB limited case. Understanding the behavior of the pedestal width is a key factor for 

understanding why the pedestal position behaves differently in the PB limited and non-PB 

limited plasmas. 
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