
• Selection: q95=2.5, k=1.7, d=0.4, nel<4x1019 m-3

• Codes workflow: CHEASE + BALM/KINX (ideal MHD stabiliiy) [12]
• Closeness to P-B increases with (n*

ped)-1 and wpe = 0.1(bqped)1/2

• Explored range: B0=1.4 T – 140<Ip<420 kA – 1.3<k<1.8 – 0.2<db<0.8 – 0.3<du<0.8 – 0 <PECH<2 MW –
0<PNB<1.3 MW

• Relevant collisionalities for ITER but at low density: incompatible with dissipative divertors
• Summary of results with ECRH
- felm <50 Hz and DW/W~20% [5, 6] è Coupling with core MHD
- ELM frequency controlled with edge X2 heating [7]
- ELMy H-mode with pe

ped~5 kPa for snowflake-plus divertor configuration [8]
- ELM-free with bN=2, H98=1.6 and fG=0.2 [9]

• Summary of results with NBH
- Extend operational regime to q95>3: robust scenario at q95=4.7
- Pedestal close to P-B limit & pe

ped decreases with fueling and seeding [14]
- ITER baseline scenario hampered by NTM [13]
- Small ELM regime at d>0.4 and large separatrix density [15]

This work has been carried out within the framework of the EUROfusion Consortium and has received funding 
from the Euratom research and training programme 2014-2018 and 2019-2020 under grant agreement No 633053. 
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• Composite profiles of Thomson scattering data [2, 3]

• mtanh fitting function [4]                                                              with 

• Other definitions

• Convention: profiles shifted such that Te
sep = 50 eV, based on two-point model

• ~750 entries – >170 parameters 

2. Pedestal database1. In short

6. Isotope experiments in H-mode
• Pre-fusion operation of ITER in H è important to understand confinement for isotopes
• ELMy H-mode in H achieved for the first time on TCV (with NBH-H) at q95~3.5
• Similar discharge in D features a NTM but still better confinement

3. Database overview

• 2019 campaign: TCV operated with baffles: Te
ped maintained at larger p0,div (squares in the right 

plot) [18]
• Small ELM regime (aka QCE) recovered but with significant more fueling but pe

ped similar to 
unbaffled divertor cases

• Regime extended towards q95<4 but NTM degrade the confinement even with reduced B0

• Promising scenario for ITER even though compatibility with low n*
ped to be proven
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H-mode physics studies on TCV supported by 
the EUROfusion pedestal database

5. Extension of the QCE regime

EX/P4-17 id=88328th IAEA Fusion Energy Conference, May 10th-15th, 2021, Virtual Event

• Pedestal database for TCV
- Common effort of EUROfusion MST1 devices and JET [1]
- Common definitions – Available on IMAS (currently only for JET)

• Database overview
- ITER relevant separatrix densities and pedestal colllisionality achieved but not simultaneously

• Dominant electron heating: Collisionality and closeness to P-B boundary
- With increasing n*ped, pedestal closer to P-B boundary
- At the boundary, wpe ~0.1(bqped)1/2

• Dominant ion heating: Extension of QCE operational space
- QCE: small ELM regime with good confinement; needs large separatrix densities and strong

plasma shaping
- Extension to q95<4 with stronger shaping and/or larger ne

sep

• Isotope effects: ELMy H-mode in hydrogen
- Lower confinement compared to Deuterium FIG 1 : Example of the composite profiles for #66347 (a) for the temperature and (b) the density. The pre-ELM profiles have been

selected in stationary phase 1 s long; c). Example of the mtanh fitting function with the various fit parameters.

FIG 2 : a) Pedestal top temperature vs pedestal top density for the 3 heating scenarios applied, color-coded with q95; b).
Pedestal electron collisionality vs plasma density at the separatrix normalised to Greenwald density color-coded with the total
absorbed power.

4. Collisionality scan

FIG 3 : (a) Pedestal temperature vs pedestal density of the selected shots from the collisionality scan; (b). Experimental values of
the normalised current density vs the normalised pressure gradient (stars). The solid lines indicate the peeling-ballooning
boundary; c) Pressure pedestal width vs poloidal beta estimated at the pedestal top. The color coding indicates the proximity to
the PB boundary.

FIG 5 : (a) Operational space for the small ELM regime on TCV: plasma triangularity vs normalised density at the separatrix for
small ELMs (stars) and type-I (squares). The small ELM regime has been extended to q95<4. (b). Pedestal temperature vs
pedestal density for small ELM regime (stars) compared to type-I cases (squares). Open divertor (black) and closed divertor with
baffles (red) are compared.

FIG 6 : Comparison of #68730 (H) with #68965 (D) a) Gas fuelling; b) Line averaged density; c) Absorbed power; d) H-mode
confinement factor H98y2; e) Stored energy; f) Normalised ELM losses; g) Electron temperature profile; h) Ion temperature profile;
i) Electron density profile.
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(Te) and density (ne). The pedestal structure is determined from the pre-ELM temperature and density composite 
profiles (75-99% of the ELM cycle) as shown in Figure 1a-b) where 5 TS profiles have been used to construct the 
composite profiles. 

Pedestal parameters are obtained using a mtanh fitting function [9] !!"!"# $(&'())+
#"+$#

+#'+$# + 1. + ℎ0 with 1 =
3"4%
(5 #⁄ ) where 78 = 9:; = < 8"8"

8&"8"
 is the normalised radial coordinate, h1 and h0 the pedestal height and the offset 

in the scrape-off layer (SOL), s the slope inside the pedestal top, p the pedestal position and w the pedestal width. 
To reduce uncertainties in the equilibrium reconstructions, temperature and density profiles were systematically 

shifted such that Tesep=50 eV, estimated using the two-point model for the power balance at the separatrix. To 
enhance the overall pedestal data quality, entries were selected according to following rules: steady state intervals 
over at least 0.4s (~10tE) and a reduced R2 for the fit in the region 0.8<ry<1.05 larger than 0.75.  

The TCV pedestal database currently contains ~750 entries for about 170 implemented parameters. Almost all 
the entries are for the nominal toroidal magnetic field B0=1.4T and for lower single-null plasmas with the ∇>-
drift towards the X-point (favourable configuration). The plasma current was varied between 140 kA and 420 kA. 
The plasma shaping capabilities of TCV have been exploited in the range of parameters: 1.3<k<1.8, 0.2<db<0.8 
and -0.3<du<0.8.  

An overview of the database can be seen in Figure 2. For TCV’s heating methods, (Ohmic, ECRH and NBH), 
the pedestal temperature is plotted as a function of the pedestal density (Fig. 2a)). With ECRH, the density range 
is quite narrow but Te,ped>0.7 keV is achieved with central X3 and edge X2 heating. With NBH, large densities 
can be achieved allowing for detachment studies, with nitrogen seeding experiments. Figure 2b) offers another 
look at the database since two important parameters are plotted and compared to ITER values. The collisionality 

FIG 1 : Example of the composite profiles for #66347 (a) for the temperature and (b) the density. The pre-ELM profiles have 
been selected in stationary phase 1 s long; c). Example of the mtanh fitting function with the various fit parameters.  

FIG 2 : a) Pedestal top temperature  vs pedestal top density for the 3 heating scenarios applied, color-coded with q95; b). 
Pedestal electron collisionality vs plasma density at the separatrix normalised to Greenwald density color-coded with the 
total absorbed power.  

 EX/??  
 

 
 

(Te) and density (ne). The pedestal structure is determined from the pre-ELM temperature and density composite 
profiles (75-99% of the ELM cycle) as shown in Figure 1a-b) where 5 TS profiles have been used to construct the 
composite profiles. 

Pedestal parameters are obtained using a mtanh fitting function [9] !!"!"# $(&'())+
#"+$#

+#'+$# + 1. + ℎ0 with 1 =
3"4%
(5 #⁄ ) where 78 = 9:; = < 8"8"

8&"8"
 is the normalised radial coordinate, h1 and h0 the pedestal height and the offset 

in the scrape-off layer (SOL), s the slope inside the pedestal top, p the pedestal position and w the pedestal width. 
To reduce uncertainties in the equilibrium reconstructions, temperature and density profiles were systematically 

shifted such that Tesep=50 eV, estimated using the two-point model for the power balance at the separatrix. To 
enhance the overall pedestal data quality, entries were selected according to following rules: steady state intervals 
over at least 0.4s (~10tE) and a reduced R2 for the fit in the region 0.8<ry<1.05 larger than 0.75.  

The TCV pedestal database currently contains ~750 entries for about 170 implemented parameters. Almost all 
the entries are for the nominal toroidal magnetic field B0=1.4T and for lower single-null plasmas with the ∇>-
drift towards the X-point (favourable configuration). The plasma current was varied between 140 kA and 420 kA. 
The plasma shaping capabilities of TCV have been exploited in the range of parameters: 1.3<k<1.8, 0.2<db<0.8 
and -0.3<du<0.8.  

An overview of the database can be seen in Figure 2. For TCV’s heating methods, (Ohmic, ECRH and NBH), 
the pedestal temperature is plotted as a function of the pedestal density (Fig. 2a)). With ECRH, the density range 
is quite narrow but Te,ped>0.7 keV is achieved with central X3 and edge X2 heating. With NBH, large densities 
can be achieved allowing for detachment studies, with nitrogen seeding experiments. Figure 2b) offers another 
look at the database since two important parameters are plotted and compared to ITER values. The collisionality 

FIG 1 : Example of the composite profiles for #66347 (a) for the temperature and (b) the density. The pre-ELM profiles have 
been selected in stationary phase 1 s long; c). Example of the mtanh fitting function with the various fit parameters.  

FIG 2 : a) Pedestal top temperature  vs pedestal top density for the 3 heating scenarios applied, color-coded with q95; b). 
Pedestal electron collisionality vs plasma density at the separatrix normalised to Greenwald density color-coded with the 
total absorbed power.  

 EX/??  
 

 
 

(Te) and density (ne). The pedestal structure is determined from the pre-ELM temperature and density composite 
profiles (75-99% of the ELM cycle) as shown in Figure 1a-b) where 5 TS profiles have been used to construct the 
composite profiles. 

Pedestal parameters are obtained using a mtanh fitting function [9] !!"!"# $(&'())+
#"+$#

+#'+$# + 1. + ℎ0 with 1 =
3"4%
(5 #⁄ ) where 78 = 9:; = < 8"8"

8&"8"
 is the normalised radial coordinate, h1 and h0 the pedestal height and the offset 

in the scrape-off layer (SOL), s the slope inside the pedestal top, p the pedestal position and w the pedestal width. 
To reduce uncertainties in the equilibrium reconstructions, temperature and density profiles were systematically 

shifted such that Tesep=50 eV, estimated using the two-point model for the power balance at the separatrix. To 
enhance the overall pedestal data quality, entries were selected according to following rules: steady state intervals 
over at least 0.4s (~10tE) and a reduced R2 for the fit in the region 0.8<ry<1.05 larger than 0.75.  

The TCV pedestal database currently contains ~750 entries for about 170 implemented parameters. Almost all 
the entries are for the nominal toroidal magnetic field B0=1.4T and for lower single-null plasmas with the ∇>-
drift towards the X-point (favourable configuration). The plasma current was varied between 140 kA and 420 kA. 
The plasma shaping capabilities of TCV have been exploited in the range of parameters: 1.3<k<1.8, 0.2<db<0.8 
and -0.3<du<0.8.  

An overview of the database can be seen in Figure 2. For TCV’s heating methods, (Ohmic, ECRH and NBH), 
the pedestal temperature is plotted as a function of the pedestal density (Fig. 2a)). With ECRH, the density range 
is quite narrow but Te,ped>0.7 keV is achieved with central X3 and edge X2 heating. With NBH, large densities 
can be achieved allowing for detachment studies, with nitrogen seeding experiments. Figure 2b) offers another 
look at the database since two important parameters are plotted and compared to ITER values. The collisionality 

FIG 1 : Example of the composite profiles for #66347 (a) for the temperature and (b) the density. The pre-ELM profiles have 
been selected in stationary phase 1 s long; c). Example of the mtanh fitting function with the various fit parameters.  

FIG 2 : a) Pedestal top temperature  vs pedestal top density for the 3 heating scenarios applied, color-coded with q95; b). 
Pedestal electron collisionality vs plasma density at the separatrix normalised to Greenwald density color-coded with the 
total absorbed power.  

LABIT B. et al 

 
3 

 

is defined as ?∗+
3+A = 6.921. 10"&GlnΛ

KL'()*
+*,

M- .⁄ $N*
+*,.

. with lnΛ = 31.3 − ln
<Q*

+*,

N*
+*,  where e=a/R and the density is in m-

3 and the temperature in eV and RS
(+3 = Q*

0*+

Q1
 where nesep is the density at the separatrix estimated from pedestal fit 

normalised to TS =
U+
VW. the Greenwald fraction. It is seen that even though both parameters can reach values close 

to the ITER ones, both cannot be achieved simultaneously. Indeed, in nowadays tokamaks, pedestal collisionalities 
relevant for ITER (n*ped~0.1) might be achievable with an ECRH H-mode operational regime but conditions for 
partial detachment, fGsep ~0.4 at the separatrix, are impossible. 
 
3. H-MODE SCENARIOS WITH DOMINANT ELECTRON HEATING 

3.1. Summary of past results 

H-mode plasmas with Type-III ELMs are achieved in TCV with Ohmic heating only for q95<3. The central 
plasma density is too high for 2nd harmonic ECRH, but central heating at third harmonic (X3) is possible. As the 
injected X3 power is increased (0<PX3<0.5 MW), the type-III ELM frequency decreases to fELM~50Hz. Additional 
X3 power doesn’t change the ELM frequency but increases significantly the normalised lost energy (DW/W~17%) 
(see section 3.3). Finally, for PX3>0.8MW, the ELM frequency increases, signifying a Type-I ELM regime, with 
a decrease in the normalised ELM losses [7, 10, 11]. Typical pedestal values for an ELMy H-mode heated with 1 
MW of ECRH are Te,ped~0.8 keV, ne,ped ~3x1019m-3, ne,sep~0.2ne,ped and Te(0)/Ti(0)~6. With the first Thomson 
scattering for pedestal installed [7], the temporal evolution of electron density and temperature profiles was 
investigated during H-mode phases with ELMs of type I and type III [10, 11]. Results indicated that the pedestal 
pressure gradient may saturate shortly before the ELM onset and that the maximum pressure gradients predicted 
by ideal MHD stability calculations were in good agreement with experimental observations for different 
collisionalities of the plasma edge. At low collisionality and type I ELMs, it is found that the pressure gradients 
are limited by low- to medium-n kink-ballooning modes (see section 3.2). The measurements also revealed a small 
but significant variation of the pedestal position with respect to the separatrix during the ELM cycle.  

Such hot plasmas at low densities for ry>0.8, including the pedestal, are still accessible to X2 heating 
(Te,ped>0.8 keV in Fig2a). It was demonstrated that the ELM frequency can be controlled by ECRH modulation 
[12], nevertheless for this scenario weak shaping was applied to the plasma (d<0.2) so the confinement was not 
optimised. The same scenario was used to investigate the H-mode properties for a snowflake (SF+) divertor 
configuration and it was found that ELM frequency was reduced by a factor up to 3 while to DWELM/W was only 
increased by 20%-30% compared to an identically shaped, conventional single-null diverted H mode [13]. 
Interestingly, a quasi-stationary ELM-free regime has been reached with 1.2 MW of X3 power with unfavourable 
ÑB configurations [14]. These H-modes operated at βN~2, fG~0.25 and had high energy confinement (H98y2 ~1.6). 
Surprisingly, this scenario featured a strong density peaking factor and spontaneous toroidal momentum 
production in the co-current direction.  

3.2. Pedestal collisinality and closeness to the peeling-ballooning boundary 

In this section a scan in collisionality is discussed together with the analysis workflow used in the database. A 
set of pedestals from plasmas with q95=2.5, BT=1.4T, d=0.45, k = 1.7, 0<PECH<0.8 MW, 4<nel<5x1019 m-3 
has been selected (Fig.3a). Pressure profiles are fitted (mtanh for the pedestal, 4th order polynomial for the core) 
and used to constrain a new plasma equilibrium reconstruction using the CHEASE code. The bootstrap current is 
computed using the Sauter’s formulas [15]. The normalised current density j||/<j> and the normalised pressure 

gradient X = −
Y%Z
(#V). $

Z
#V.K.

& #⁄
[0\′are evaluated at the pedestal position and represented with stars in Fig. 3b).  

The pedestal stability to MHD modes is performed with the suite of codes BALM/KINX [16] and from there the 
peeling-ballooning (PB) boundary is determined (solid lines in Fig. 3b)). Graphically, from Fig.3b), it is clear that 
the pedestal moves closer to the PB boundary as the collisionality is increased, eventually reaching it for the 
lowest n*ped value. To quantify the agreement between the experimental pedestals and the PB model a similar 
approach as explained in [6] is used: a self-consistent path in the j–α space is determined by increasing the height 
of the pedestal temperature and then self-consistently calculating the current profile. This is repeated till the 
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peeling-ballooning (PB) boundary is determined (solid lines in Fig. 3b)). Graphically, from Fig.3b), it is clear that 
the pedestal moves closer to the PB boundary as the collisionality is increased, eventually reaching it for the 
lowest n*ped value. To quantify the agreement between the experimental pedestals and the PB model a similar 
approach as explained in [6] is used: a self-consistent path in the j–α space is determined by increasing the height 
of the pedestal temperature and then self-consistently calculating the current profile. This is repeated till the 
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marginally stable pedestal temperature height is reached and the critical normalized pressure gradient (αcrit), the 
critical normalized current density (jcrit) and the critical pedestal temperature (Te,crit) are identified from the 
intersection of the path with the PB boundary. In Fig.3c), the pedestal pressure width 3̂*

_`_a = 52*'5)*
#   is plotted 

as a function of the poloidal beta at the pedestal bc
3+A = 3*

+*,

d3. (#e")f . It has to be noted that only the electron pressure 

is used in the definition. Indeed, Ti measurements were very scarce resources for H-mode with dominating ECRH 
since the DNBI path (ZDNBI=0 cm) barely intercepted the plasma (Zmag=23cm). At the beginning of the scan, the 
pedestal width increases when n*ped decreases, indicative of an increased transport but at larger bqped (low  n*ped) 
the pedestal shrinks again. For acrit/aexp~1, the pedestal width is close to the value wpe=0.1(bqped)1/2 which is close 
to the dependency found on AUG.   
 

3.3. Large ELMs regime with coupling with core MHD 

For H-mode with dominant electron heating, the scenario with the better confinement (H98y2~1.1) features 
low frequency large ELMs (losses up to 20% with 1MW of ECRH) [11]. This is illustrated in Fig4.a) where 5 
shots heated with different levels of EC power are highlighted, the main other parameters being unchanged 
(q95=2.5, BT=1.4T, d=0.45, k = 1.7). With increased EC power, the pedestal pressure increases from 2 kPa to 4 

FIG 3 : (a) Pedestal temperature vs pedestal density of the selected shots from the collisionality scan; (b). Experimental values 
of the normalised current density vs the normalised pressure gradient (stars). The solid lines indicate the peeling-ballooning 
boundary; c) Pressure pedestal width vs poloidal beta estimated at the pedestal top. The color coding indicates the proximity 
to the PB boundary.  

FIG 4 : a) Fraction of loss energy vs ELM frequency for the entire database. The shots from the power scan are highlighted; 
b) Pedestal temperature vs pedestal density; c) Pedestal pressure width vs poloidal beta; d) Pressure profiles for #40076; e) 
Relative amplitude of the pressure loss in the plasma centre vs absorbed ECRH power; f)   


