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1. Introduction. 

ITER will operate at low pedestal collisionality (ν*eeped <0.1) and at high separatrix density 
(nesep). In these ν*eeped ranges, the ITER pedestal will be limited by peeling instabilities. The 
pedestal properties, for example the correlation of the pedestal pressure with the pedestal top 
density (neped) and nesep, are supposed to be different between peeling and ballooning limited 
plasmas. Since the European machines commonly operate at the ballooning boundary, 
validation of ITER pedestal predictions have been relied only on DIII-D results [1]. 

The goal of this work is to (1) reach peeling limited pedestals in JET and MAST-U, (2) test 
the pedestal behavior with neped and nesep in JET and MAST-U peeling limited pedestals and 
(3) test the pedestal predictive capabilities in peeling limited plasmas. 

 

2. Reaching peeling limited pedestals in JET-ILW. 
Europed [2] predictive modelling suggests that, within the achievable ranges of JET-ILW 

engineering parameters, peeling limited plasmas can be achieved only at q95>7-8, low density 
and low ν*. To reach low density and low ν*, we have used a scenario characterized by low Ip 
(1.4MA), outer strike point on the divertor corner (near the vacuum pump duct), low gas rate 
(ΓD=0-1x1022(e/s)) and high input power (Paux=25MW composed of Pnbi=22-23MW and 
PICRH=2-3MW which, in the achieved density range, is the maximum power compatible with 
no shine-through and no reionization issues). High triangularity shape (<δ>≈0.39) has been 
used to be more ITER-relevant. To reach peeling limited pedestals a q95 scan, performed at 
constant engineering parameters and at gas rate ΓD=0.7-1.1x1022(e/s), has been done. The q95 
scan is done by increasing Bt shot by shot, from Bt=1.7T and q95=3.7 to Bt=3.8T and q95=8.2. 
The corresponding pre-ELM pedestal temperature (Teped) and density (neped) are shown in 

 
Figure 1. (a) JET-ILW pre-ELM Teped and neped for the q95 scan at constant engineering parameters. (b) PB stability diagram 

for selected pulse from the JET-ILW  q95 scan. The diamagnetic criterion has been used to define the stability boundary. The 
use of the Alfven criterion leads to similar results.  (c) PB stability diagram for the JET-ILW q95=8.2 pulse #103708. The 
numbers highlight the most unstable mode. 
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figure 1(a). The increasing q95 leads to a decreasing neped and an increasing Teped (up to 1.5-
1.6keV), with a weak increase in the pre-ELM pedestal pressure (peped). The peeling-balloning 
(PB) stability analysis for four selected pulses in the q95 scan is shown in figure 1(b). The PB 
stability analysis is done with HELENA for the equilibrium and MISHKA for the stability, 
using the Redl formula for the bootstrap current (jbs) and including the toroidal modes 
n=1,2,5,7,10,20,30,50. The PB stability diagram shows that the pedestal is at the balloning 
boundary at q95=3.7 and it reaches the corner of the PB stability boundary at q95=7.5. At 
q95=8.2 the pedestal reaches the peeling boundary and is limited by low-n peeling modes 
(n=1-5) as shown in figure 1(c). In the rest of the work, only the peeling limited q95=8.2 
scenario is used. 

 
3. Reaching peeling limited pedestals in MAST-U. 

 Peeling limited pedestal in MAST-
U have been reached by high power 
operation and by using an optimized 
plasma shape with high triangularity 
and high elongation. The details of 
the optimization are discussed in 
reference [3]. The MAST-U scenario 
used in this work, and established in 
reference [3], is characterized by 
Ip=750kA, Bt=0.5T, q95=6.7, 
PNBI=3.2MW, <δ>≈0.49 and 
elongation κ=2.1. The PB stability diagram for pulse #49109 performed with gas rate 
ΓD=0.1x1022(e/s) is shown in figure 2. The same stability work-flow used for JET-ILW has 
been employed. Figure 2(a) shows the stability boundary determined using the Alfven 
criterion (γ/ωA=0.03). The pedestal is at the corner of the PB stability boundary and, within 
the uncertainties, the most unstable modes are either low-n peeling modes (n=3) or high-n 
ballooning modes (n=30). Figure 2(b) shows the stability boundary using the diamagnetic 
criterion (γ/ω∗max=0.25). In this case, the pedestal is fully at the peeling boundary with 
pedestal limited by the low-n peeling modes (n=1-2). The difference between the two criteria 
is due to the fact that the ballooning modes in figure 2(a) are very weak and the diamagnetic 
criterion stabilizes them very easily. 
 
4. The JET-ILW and MAST-U 
datasets. 

The JET-ILW q95=8.2 scenario 
described in section 2 and the MAST-
U scenario described in section 3 have 
been used. Starting from the reference 
pulses described in sections 2 and 3, a 
gas rate scan has been performed in 
both machines. The goal of the gas 
rate scan is to reach a variation in neped and/or nesep. As shown in figure 3(a), the increasing 
gas rate leads to an increasing ELM frequency (fELM). Till fELM≈70Hz, the increasing ELM 
frequency leads to a weak decrease in neped, as shown in figure 3(b). The reason of the 
decrease is still under investigation and the current hypothesis is an increase in the ELM 

 
Figure 2.  PB stability diagram for the MAST-U pulse #49108. In 

frame (a) the stability boundary is determined using the Alfven 
criterion and in frame (d) using the diamagnetic criterion. 

 
Figure 3. (a) ELM frequency versus gas rate and (b) ratio between 

neped and Greenwald density vesrus ELM frequency for the datasets 
used in section 5.  
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particle losses due to the increased fELM. Above 70Hz, no variation in JET-ILW neped is 
observed while a significant increase in the MAST-U neped occurs.  

 The achieved ranges of collisionality and nesep/neped are 
shown in figure 4. In the MAST-U dataset, ν*eeped down to 
≈0.3 has been reached, with nesep/neped in the range 0.4-0.9. The 
four MAST-U pulses with fELM>70Hz are characterized by a 
much higher collisionality, with ν*eeped ≈2 and nesep/neped>0.8. 
The JET-ILW dataset has reached collisionality down to  
ν*eeped≈0.15 and nesep/neped in the range 0.35-0.8. In terms of 
ν*eeped- nesep/neped, JET-ILW is approaching a ITER relevant 
range. As reference, the empty triangles represent all the high-
δ JET-ILW plasmas achieved till 2022 and extracted from the JET EUROfusion database [4]. 
The JET-ILW q95=8.2 scenario has reached ν*eeped significantly lower than any JET-ILW 
high-δ plasmas achieved before 2022. 
 
5. Pedestal pressure behavior. 

The pre-ELM electron pedestal 
pressure versus the pedestal 
density is shown in figure 5(a) 
and 5(b) for the JET-ILW dataset 
and the MAST-U dataset. In the 
JET-ILW dataset, a clear positive 
correlation between peped and neped 
is present. The same correlation 
holds also for piped (not shown 
here).  

In the MAST-U dataset, a 
positive correlation between peped 
and neped can be seen till 
neped≈4.3x1019(m-3). Above this 
density, a significant drop in the 
pressure can be observed. The 
pulses at neped>4.3x1019(m-3) 
corresponds to the fELM>70Hz 
MAST-U pulses in figure 3(b) 
and the ν*eeped ≈2 pulses in figure 4. A preliminary analysis has not identified any significant 
difference in impurity content below and above neped≈4.3x1019(m-3). So, the peped drop in the 
MAST-U dataset might be due either to a transition to type III ELMs or to a transition to 
ballooning limited pedestals. At this stage other reasons for the peped drop cannot be excluded. 

In both datasets, the increasing peped with increasing neped is due to a widening of the pedestal 
width, as shown in figures 5(c) and 5(d). This is very clear especially for the MAST-U 
dataset, in which the pressure width increases from wpe≈0.035ψN at neped≈3x1019(m-3) to 
wpe≈0.07ψN at neped≈4.2x1019(m-3). This behavior is consistent with what observed in TCV 
peeling limited scenario, as earlier described in reference [5]. 

The positive correlation observed in the JET-ILW dataset and in the MAST-U dataset (at 
neped<4.3x1019(m-3)) is opposite to what typically observed in European machines, which 
mainly operate with the pedestal at the ballooning boundary, as discussed for example in 
AUG [6] and JET [7].  

 
Figure 4. ν*eeped and nesep/neped for 

the JET-ILW and MAST-U datasets. 

 

 
Figure 5. Pre-ELM peped vs  neped  in the JET-ILW q95=8.2 dataset (a) and 

in the MAST-U dataset (b). Pressure width vs  neped  for the JET-ILW dataset 
(c) and the MAST-U dataset (d). The continuous lines and the squares show 
the Europed predictions (discussed in section 6). 
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 Since ITER will operate in peeling limited pedestal scenarios at high nesep/neped, to reach 
reliable pedestal predictions in ITER it is important to assess how peped is correlated to 
nesep/neped in the JET-ILW and MAST-U datasets. The correlation is shown in figure 6. Since 
the pedestal pressure is strongly correlated to neped (figure 5), figure 6 shows subsets 
characterized by similar density, neped=2.2-2.4x1019 for the JET-ILW dataset and neped=3.3-
3.7x1019 for the MAST-U dataset. No strong correlation can be seen. This is different to what 
observed at the ballooning boundary, where clear negative correlations have been observed in 
earlier works [6,7] and it is a good news for ITER as no pedestal degradation at high nesep/neped 
can be expected. 

 
6. Pedestal predictions. 

The peped experimental trends have 
been compared with Europed 
predictions [2] using HELENA and 
MISHKA. The input parameters βN, 
neped and relative shift corresponds to 
the values of a reference pulse from 
the JET-ILW dataset and from the 
MAST-U dataset (figure 1(c) and 
figure 2). For JET, the standard KBM constant has been used (w=0.076(βθ

ped)0.5) while for 
MAST-U the KBM constant determined in [8] has been used (w=0.10(βθ

ped)0.5). 
First, a neped scan has been performed keeping all other input parameters constant. The 

results is shown by continuous lines in figure 5. The Europed scans predict a positive 
correlation between peped and neped. Qualitatively, the predictions are in agreement with the 
experimental trends. Quantitatively, disagreement might be due to the fact that all input 
parameters apart from  neped have been kept constant.  

Second, a scan in the relative shift has been performed to change nesep/neped while keeping 
the other input parameters constant. As shown by the continuous lines in figure 6, Europed 
does not predict any significant variation of peped with nesep/neped, in good agreement with the 
experimental results. 

 
7. Conclusions 

Peeling limited pedestals have been reached both in JET-ILW and MAST-U. In both 
machines, a positive correlation between peped and neped has been observed and no strong 
degradation of peped with increasing nesep/neped is present. Europed modelling shows good 
qualititative agreement with experimental results.  
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Figure 6. Pre-ELM peped vs  neped/neped   in the JET-ILW q95=8.2 dataset 
(a) and in the MAST-U dataset (b).  The continuous lines show the 
Europed predictions. 
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