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ITER pedestals are expected to be limited by low-𝑛𝑛 peeling instabilities, partly due to the 
very low electron-electron pedestal collisionality (𝜈𝜈𝑒𝑒𝑒𝑒

∗  ped) foreseen for ITER. This has also 
been found in predictive pedestal modelling over the last decade and a half [1,2,3]. In view of 
these results, studies of peeling-limited regimes in present-day tokamaks are of great interest 
for the fusion community. However, existing European tokamaks operate predominantly in a 
ballooning-limited regime, with pedestals limited by high-𝑛𝑛 ballooning instabilities. 

Efforts have therefore been made to access peeling-limited pedestals in European tokamaks, 
with successful experiments in JET, MAST-U, and TCV [3,4]. In TCV, however, previous 
peeling-limited pedestals were found close to the nose of the peeling-ballooning stability 
boundary, rather than deeply in the low-𝑛𝑛 peeling branch [3]. 

Modelling studies in KSTAR [5] and experimental results in MAST-U [4] have shown that 
plasma elongation (𝜅𝜅) has a strong impact on pedestal stability. In particular, increasing 𝜅𝜅 
stabilizes high-𝑛𝑛 ballooning modes and shifts the dominant instability toward lower-𝑛𝑛 modes. 
In 𝑗𝑗 − 𝛼𝛼 space, where 𝑗𝑗 is the normalized pedestal current density and 𝛼𝛼 is the normalized 
pressure gradient, this corresponds to a shift of the stability boundary toward higher 𝛼𝛼, 
associated with the stabilization of the ballooning branch. These results suggest that 
increasing 𝜅𝜅 may provide a route to access more strongly peeling-limited pedestals in TCV.  

To test this hypothesis, a set of high-𝜅𝜅 H-mode 
experiments conducted in TCV was analysed. Two 
discharges were selected: #81545 and #81586, with 
the time intervals and average 𝜅𝜅 listed in Table 1. 
The discharges were heated purely via ∼ 1.8MW 
X3 ECRH and both were operated at 
430kA/1.43T, with only small variations in total 

normalized pressure, 𝛽𝛽𝑁𝑁 ≈ 1.48-1.65, across the 𝜅𝜅 scan dataset. 
Figure 1 summarizes the main characteristics of the dataset. Figure 1(a) compares the 

elongation and pedestal collisionality achieved in the 𝜅𝜅 scan dataset with earlier high-𝜈𝜈𝑒𝑒𝑒𝑒
∗  ped 

ballooning-limited pedestals and low-𝜈𝜈𝑒𝑒𝑒𝑒
∗  ped peeling-limited pedestals from [6]. The new 

dataset reaches 𝜈𝜈𝑒𝑒𝑒𝑒
∗  ped ∼ 0.3, which is lower than the earlier TCV ballooning-limited dataset 

and more comparable to the earlier peeling-limited dataset [6]. The 𝜅𝜅 scan pedestals are 
characterized by 𝑛𝑛𝑒𝑒

ped ≈ 4.0-4.5 × 1019 m-3 and 𝑇𝑇𝑒𝑒
ped ≈ 0.50-0.55 keV, with 𝑛𝑛𝑒𝑒

𝑝𝑝𝑝𝑝𝑝𝑝 
comparable to the earlier ballooning-limited dataset and 𝑇𝑇𝑒𝑒

ped closer to the earlier peeling-
limited dataset. The relatively low 𝜈𝜈𝑒𝑒𝑒𝑒

∗  ped is also partially due to a lower 𝑞𝑞95, which is roughly 
a factor of two lower than the earlier datasets (due to the higher plasma current). This new 𝜅𝜅 
scan dataset extends the available TCV database toward higher 𝜅𝜅. 

The plasma boundaries in Figure 1(b) show that the scan is obtained mainly by increasing 
the upper elongation. Within the scatter of the data, the electron pressure profiles in Figure 
1(c) show no large variations in pedestal height, width, or gradient across the 𝜅𝜅 scan. The 
measurements are extracted from pre-ELM Thomson scattering data in the time intervals 

Table 1. Shot number, time interval, and 
average 𝜅𝜅 for the analysed profiles. 

Shot Time interval [s] 〈𝜿𝜿〉 
#81545 0.80 − 0.95 1.71 
#81545 1.10 − 1.23 1.84 
#81586 1.28 − 1.32 2.01 
 



listed in Table 1. However, for the highest 𝜅𝜅 the available time interval is very short, making 
the extracted profiles less robust than for the other 𝜅𝜅 values. 

 
Figure 1. Dataset overview. (a) 𝜈𝜈𝑒𝑒𝑒𝑒

∗  𝑝𝑝𝑝𝑝𝑝𝑝 as a function of  𝜅𝜅 for earlier TCV ballooning- and peeling-limited 
datasets [6], together with the new 𝜅𝜅 scan dataset. (b) Experimental plasma boundaries for the 𝜅𝜅 scan. (c) 
Experimental 𝑝𝑝𝑒𝑒 profiles for the three analysed time windows. Thomson scattering measurements are shown by 
circles and 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ fits by solid lines. 
 

The following assumptions were used in the analysis. Due to the high vertical plasma 
position, no CXRS measurements were available, and 𝑇𝑇𝑖𝑖 = 𝑇𝑇𝑒𝑒 was assumed. A separatrix 
electron temperature 𝑇𝑇𝑒𝑒

sep = 81 eV, calculated for the 𝜅𝜅 = 1.84 case using the two-point 
model implemented in [7], was used for all cases. Sensitivity scans with a ±20% variation of 
𝑇𝑇𝑒𝑒
sep did not change the conclusions for the other 𝜅𝜅 values. Furthermore, 𝑍𝑍eff = 2.4 and 𝑞𝑞0 ∼

1 were used throughout the analysis. 
The peeling-ballooning stability was calculated using a HELENA-MISHKA workflow, with 

HELENA being a fixed boundary equilibrium code and MISHKA being a linear ideal MHD 
stability code [1,8,9]. Figure 2(a) shows the results using the diamagnetic criterion (𝛾𝛾/
𝜔𝜔max∗ > 0.25), while Figure 2(b) shows the results using the Alfvén criterion (𝛾𝛾/𝜔𝜔A > 0.03). 
In both cases, increasing 𝜅𝜅 shifts the stability boundary toward higher 𝛼𝛼, resulting in higher 
experimental normalized pressure gradients, 𝛼𝛼exp, even though the pressure profiles remain 
similar, as shown in Figure 1(c). This can partly be attributed to the normalization of 𝛼𝛼, which 
depends on the plasma volume 𝑉𝑉(𝜓𝜓), meaning that changes in plasma shape can affect 𝛼𝛼 even 
for similar pressure profiles, as also noted in [4]. Furthermore, a reduction in the toroidal 
mode number of the most unstable mode, 𝑛𝑛crit, is observed for increasing 𝜅𝜅. 

 

 
Figure 2. Peeling-ballooning stability for the three 𝜅𝜅 values in the 𝜅𝜅 scan dataset. Results are shown for both (a) 
the diamagnetic criterion and (b) the Alfvén criterion. The stability boundaries are shown by solid lines, the 
operational points by circles, and the most unstable 𝑛𝑛 by the numbers. 



 
The observed shift in the stability boundary is consistent with previous MAST-U and 

KSTAR studies [4,5]. Increasing 𝜅𝜅 stabilizes the ballooning instabilities, shifting the limiting 
modes toward lower 𝑛𝑛. With the Alfvén criterion, 𝑛𝑛crit decreases from approximately 𝑛𝑛 =
50-70 at 𝜅𝜅 = 1.71 to 𝑛𝑛 = 15-30 at 𝜅𝜅 = 2.01. With the diamagnetic criterion, the 𝜅𝜅 = 2.01 
pedestal appears to operate deeper in the low-𝑛𝑛 peeling branch than previously reported in 
TCV [3], being limited by 𝑛𝑛 = 1 modes. These results suggest that increasing 𝜅𝜅 at low 
collisionality can move TCV pedestals closer to a peeling-limited regime. 

The predictive pedestal code Europed [10], based on the EPED model [11], was used to 
assess whether the experimental trends could be reproduced in simulations. Since the Alfvén 
criterion places the experimental pedestals closer to marginal stability, the Europed analysis 
below focuses on this criterion for simplicity. The 𝜅𝜅 = 1.84 case was used as the reference, 
with the experimental 𝑛𝑛𝑒𝑒

ped, 𝑛𝑛𝑒𝑒
sep, and 𝛽𝛽𝑁𝑁 as inputs. Europed implements the standard 

relation: 𝑤𝑤 = 𝑐𝑐KBM√𝛽𝛽𝜃𝜃
ped, where 𝑤𝑤 is the pressure pedestal width and 𝛽𝛽𝜃𝜃

ped is the poloidal 
beta at the pedestal top. The KBM width constant 𝑐𝑐KBM was calibrated to reproduce the 
experimental profiles, giving good agreement for 𝑐𝑐KBM = 0.11. The plasma boundary was 
then changed to the lower- and higher-𝜅𝜅 cases, while keeping other parameters such as 𝛽𝛽𝑁𝑁, 𝐼𝐼𝑃𝑃, 
and 𝐵𝐵𝑇𝑇 fixed. 
 

 
Figure 3. Europed predictions with 𝑐𝑐𝐾𝐾𝐾𝐾𝐾𝐾 = 0.11. (a) 𝑝𝑝𝑒𝑒

𝑝𝑝𝑝𝑝𝑝𝑝, defined from the 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ fit, as a function of 𝜅𝜅. (b) 
𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 as a function of 𝜅𝜅. (c) Experimental peeling-ballooning stability together with Europed predictions. 
Crosses show Europed predictions using the experimental boundaries, while stars show the fitted 𝜅𝜅 scan.  
 

The results obtained by changing only the experimental boundary at 𝑐𝑐KBM = 0.11 are 
shown by crosses in Figure 3. The reference 𝜅𝜅 = 1.84 case is well reproduced by 
construction. However, Figure 3(a) shows that the pedestal height is underestimated for 𝜅𝜅 =
1.71 and overestimated for 𝜅𝜅 = 2.01. Despite this lack of quantitative agreement in 𝑝𝑝𝑒𝑒

ped, 
Europed reproduces the decrease in 𝑛𝑛crit with increasing 𝜅𝜅, as shown in Figure 3(b).  Figure 
3(c) shows that Europed qualitatively captures the elongation dependence of the peeling-
ballooning stability, with the predicted 𝛼𝛼crit increasing with 𝜅𝜅. For 𝜅𝜅 = 1.71 and 𝜅𝜅 = 1.84, 
the predictions are within the experimental uncertainty, while 𝛼𝛼crit is overpredicted for 𝜅𝜅 =
2.01. This may be related to the experimental pedestal being further from marginal stability 
for the highest 𝜅𝜅 = 2.01 case. 

To isolate the effect of elongation and assess the trends more accurately, a finer 𝜅𝜅 scan was 
performed in Europed. The 𝜅𝜅 = 1.84 boundary was fitted using the Luce parametrization 
introduced in [12], after which the upper elongation was varied within the experimental range. 
The resulting scan, shown by stars in Figure 3, is consistent with the Europed predictions 
based on the experimental boundaries. This indicates that the dominant effect is associated 



with 𝜅𝜅, rather than with other shape parameters that vary 
slightly during the experimental 𝜅𝜅 scan, such as 
squareness.  

Finally, ad-hoc Europed calibrations were performed 
separately for each 𝜅𝜅 to investigate why using a fixed 
𝑐𝑐KBM = 0.11 does not reproduce the experimental 
profiles across the 𝜅𝜅 scan. The experimental 𝑛𝑛𝑒𝑒

ped, 𝑛𝑛𝑒𝑒
sep, 

and 𝛽𝛽𝑁𝑁 were used for each 𝜅𝜅, while 𝑐𝑐KBM was varied to 
reproduce the experimental profiles. The results are 
shown in Figure 4. With individual calibration, 𝑝𝑝𝑒𝑒

ped is 
reproduced accurately for all 𝜅𝜅 values, as seen in Figure 
4(a). The width and the gradient agreement were also 
reasonable, although weaker for 𝜅𝜅 = 2.01. Figure 4(b) 
shows that the decrease in 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 with increasing 𝜅𝜅 is still 
reproduced. 

As shown in Figure 4(c), the calibrated 𝑐𝑐KBM decreases 
with increasing 𝜅𝜅; from 𝑐𝑐KBM = 0.14 at 𝜅𝜅 = 1.71 to 
𝑐𝑐KBM = 0.10 at 𝜅𝜅 = 2.01. The variations in 𝑛𝑛𝑒𝑒

ped, 𝑛𝑛𝑒𝑒
sep, 

and 𝛽𝛽𝑁𝑁 had only a small impact, indicating that most of 
the improvement comes from the change in 𝑐𝑐KBM. This 
suggests a possible shape dependence of the KBM width 
constant, which may indicate that the pedestal turbulent 
transport changes with elongation. However, confirming 
this interpretation would require gyrokinetic transport 
analysis and dedicated experimental edge turbulence 
measurements. 

In conclusion, this study shows that the effect of 
elongation on peeling-ballooning stability in TCV is 

consistent with previous results from KSTAR and MAST-U [5,4]. Increasing plasma 
elongation increases 𝛼𝛼 and decreases 𝑛𝑛crit, shifting the pedestal stability toward a more 
peeling-limited regime. Europed captures the elongation dependence of the stability 
reasonably well. However, quantitative agreement with the experimental profiles across the 
full 𝜅𝜅 scan is not obtained with 𝑐𝑐KBM = 0.11. Individual calibration suggests that 𝑐𝑐KBM 
decreases with increasing 𝜅𝜅, indicating that a shape-dependent 𝑐𝑐KBM may be required.  

To strengthen these conclusions, further dedicated high-𝜅𝜅 H-mode experiments are needed, 
preferably with stationary high elongation and longer ELMy phases. Such experiments would 
reduce the uncertainty in the results and enable measurements of edge turbulent transport, 
which together with gyrokinetic analysis could assess how elongation affects pedestal 
transport. Finally, ion temperature measurements would allow the 𝑇𝑇𝑖𝑖 = 𝑇𝑇𝑒𝑒 assumption to be 
tested directly. 
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Figure 4. Individually calibrated Europed 
predictions: (a)  𝑝𝑝𝑒𝑒

𝑝𝑝𝑝𝑝𝑝𝑝, (b) 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, and (c) 
calibrated 𝑐𝑐𝐾𝐾𝐾𝐾𝐾𝐾, all as a function of 𝜅𝜅. 


