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Abstract 
Three dimensionless scans in the normalized Larmor radius ρ*, normalized collisionality 

ν* and normalized plasma pressure β have been performed in JET with the ITER-like wall 
(JET-ILW). 

The normalized energy confinement and the thermal diffusivity exhibit a scaling with ρ* 
consistent with the earlier results obtained in the carbon wall JET (JET-C) and with a gyro-
Bohm scaling. In the pedestal, experimental results show that the stability is not dependent on 
ρ*, qualitatively in agreement with the peeling-ballooning (P-B) model.  

The ν* dimensionless scaling shows that JET-ILW normalized confinement has a 
stronger dependence on collisionality than JET-C. This leads to a reduction of the difference 
in the confinement between JET-ILW and JET-C to ≈10% at low ν*. The pedestal stability 
shows an improvement with decreasing ν*. This is ascribed to the increase of the bootstrap 
current, to the reduction of the pedestal width and to the reduction of the relative shift 
between pedestal density and temperature position.  

The β dimensionless scan shows that, at low collisionality, JET-ILW normalized 
confinement has no clear dependence with β, in agreement with part of the earlier scalings. At 
high collisionality, a reduction of the normalized confinement with increasing β is observed. 
This behaviour is driven by the pedestal where the stability is reduced with increasing β. The 
P-B analysis shows that the stability reduction with increasing β at high ν* is due to the 
destabilizing effect of the increased relative shift.  
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1. INTRODUCTION 
Dimensionless scalings in plasma physics are recognized as an important technique to 

extrapolate the plasma performance to future fusion machines such as ITER and to compare 

different tokamak experiments [Luce PPCF2008]. Dimensionless scalings can also provide 

useful information to discriminate between the different types of transport and physics models 

that have been proposed to describe the plasma confinement.  If the energy transport is 

determined by plasma physics, it can be shown [Connor NF1977] that the normalized energy 

confinement time is determined by a set of dimensionless parameters [Kadomstev SJPP1975]: 

 τE/τB=F(ρ*,ν*,βth,Mrot,Te/Ti,Zeff,q,ε,k,δ,…)    (1) 

where τE is the thermal energy confinement, τB = a2B/T is the Bohm confinement time (with a 

the minor radius, B the magnetic field and T the temperature). ρ* is the ion Larmor radius: 

𝜌𝜌∗ = �2𝐴𝐴𝑚𝑚𝑝𝑝𝑇𝑇𝑖𝑖
𝑒𝑒𝑒𝑒𝑒𝑒

         (2) 

with A the mass number, mp the proton mass, Ti the ion temperature and e the electric charge. 

ν* is the normalized collisionality defined as the ion-electron collision rate normalized to the 

thermal ion bounce frequency as in [Sauter PoP2002]: 

𝜈𝜈∗ = 6.91 ∙ 10−18 𝑅𝑅𝑞𝑞95𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑙𝑙𝛬𝛬
𝜀𝜀3/2𝑇𝑇𝑒𝑒2

      (3) 

with R the major radius, q the safety factor, Zeff the effective charge, ε is the inverse aspect 

ratio, Te the electron temperature and lnΛ the Coulomb logarithm. This collisionality 

definition is used in the present work because of its role in the bootstrap current [Sauter 

PoP2002] and hence in the pedestal stability. βth is the normalized thermal pressure: 

𝛽𝛽𝑡𝑡ℎ = (𝑝𝑝𝑒𝑒+𝑝𝑝𝑖𝑖)
𝐵𝐵2/𝜇𝜇0

        (4) 

with pe and pi the electron and ion thermal pressure respectively. Mrot is the Mach number 

of the plasma rotation, Mrot=v /vth,  with v  is the plasma velocity and /th iv eT m= is the 

thermal velocity [De Vries PPCF2006]. Finally, δ the triangularity. Note that an expression 

similar to equation 1 holds for the thermal plasma diffusivity χ normalized to the Bohm 

diffusion coefficient χB=kT/eB. 

The scaling of the normalized energy confinement described by equation (1) can be 

rewritten using the Connor-Taylor invariance argument [Connor NF1977] by expressing the 

dependence with each dimensionless parameter as a power law: 

τ𝐸𝐸/τ𝐵𝐵 ∝ 𝜌𝜌∗−𝛼𝛼𝜌𝜌  𝑣𝑣∗−𝛼𝛼𝑣𝑣  𝛽𝛽−𝛼𝛼𝛽𝛽  … For simplicity, most of the dimensioness scaling analysis 

expresses τB and χ as a function of ρ* and B, therefore obtaining the expressions:  

Bτ𝐸𝐸 ∝ 𝜌𝜌∗−(2+𝛼𝛼𝜌𝜌) 𝑣𝑣∗−𝛼𝛼𝑣𝑣  𝛽𝛽−𝛼𝛼𝛽𝛽  𝑞𝑞−𝛼𝛼𝑞𝑞𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒
−𝛼𝛼𝑧𝑧𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟

−𝛼𝛼𝑀𝑀 …     (5) 
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χ/B ∝ 𝜌𝜌∗2+𝛼𝛼𝜌𝜌  𝑣𝑣∗𝛼𝛼𝑣𝑣  𝛽𝛽𝛼𝛼𝛽𝛽  𝑞𝑞𝛼𝛼𝑞𝑞𝑍𝑍𝑒𝑒𝑒𝑒𝑒𝑒
𝛼𝛼𝑧𝑧 𝑀𝑀𝑟𝑟𝑟𝑟𝑟𝑟

𝛼𝛼𝑀𝑀 …      (6) 

One of the goals of the dimensionless scaling experiments is to estimate the exponents of 

the power laws in expressions (5)-(6). Dimensionless scaling experiments consist in varying 

one dimensionless parameter while keeping the other constant. In a specific machine and for 

plasmas with  same minor radius, major radius, elongation and delta, the transport and the 

confinement can be described by the four dimensionless parameters ρ∗, ν∗, β and Mrot. The 

values of the exponents not only are useful for extrapolations to future machines but also 

carry useful information on the type of transport that regulates the plasma confinement. This 

is briefly summarized in the following part of the section, along with a concise overview  of 

earlier results (further detailed information can be found in reference [Luce PPCF2008]).  

I. The ρ*-scaling exponent carries information on the type of turbulent transport in the core. 

For example, BτE≈ρ*-3 implies a gyro-Bhom scaling,  BτE≈ρ*-2 implies a Bhom scaling 

and BτE≈ρ*-1 implies that the transport is dominated by a stochastic magnetic field. 

Experimental results performed in most of the machines agree with a gyro-Bhom scaling 

type for H-mode plasmas [Petty PoP1995, Ryter IAEA1996, Greenwald PPCF1998, 

Shirai PPCF2000]. Specifically, the scaling BτE≈ρ*-2.7 has been obtained in JET-C 

[Cordey NF2005, Nunes NF2013]. These results are consistent with the IP98(y,2) scaling 

which expects BτE≈ρ*-2.7 [ITER NF1999a]. 

II. The collisionality is believed to have a strong influence on the turbulence. At high ν* the 

trapped electron modes (TEMs) are stabilized [Angioni PoP2005] while the ion 

temperature gradient (ITG) modes are destabilized [Falchetto PRL2004] leading 

respectively to a reduction and an increase of the transport with collisionality. 

Experimental results in DIII-D H-mode plasmas show the increase of the transport with 

increasing ν*, with the exponent in the range  αν≈+0.35/+0.56 [Petty PoP1999]. JET-C 

and JT60-U have obtained results consistent with the DIII-D estimations with 

αν=0.35±0.04 in JET-C [McDonald IAEA2004, Shirai PPCF2000]. In MAST, the 

improvement with decreasing collisionality is even stronger, with αν=0.82±0.01 [Valovic 

NF2011]. Note that these results are different from the IP98(y,2) scaling which shows no 

dependence of the normalized confinement versus ν*, with an exponenent αν=-0.01. 

III. The β-scaling exponent helps in discriminating between the transport dominated by 

electrostatic turbulence and electromagnetic turbulence. A strong dependence with β 

suggests a core turbulent transport dominated by electromagnetic effects, while weak or 

no dependence suggests a core turbulent transport dominated by electrostatic effects. 
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Experimental results on both DIII-D [Petty PoP2004] and JET-C [McDonald PPCF2004] 

show a very weak dependence, with αβ=0.01±0.11 in JET-C. On the other hand, results 

obtained in JT-60U and ASDEX Upgrade show a degradation of the normalized 

confinement with β: αβ≈0.6 [Urano NF2006] and αβ≈0.9 [Vermare NF2007]. An 

unfavourable dependence with β has been observed also in MAST and NSTX [Kaye 

PPCF2006]. The IPB98(y,2) scaling as well shows a strong degradation of the 

normalized confinement with αβ≈0.9. 

Dimensionless scaling experiments for Mrot in H-mode plasmas are very challenging and, 

to the knowledge of the authors, no results on the Mrot exponenent are available from a 

dimensionless scan.  For JET-C the only available result is obtained from a large dataset 

containing various operational scenarios [de Vries NF2008]. The scaling is τE≈Mrot
0.21 but it 

refers to the global energy confinement, not to the normalized energy confinement. A 

discussion on the possible impact of Mrot in the present datasets is presented in Section 2.3.  

Even if several experiments have already studied the dependence of the plasma transport 

and confinement with dimensionless parameters, it is important to extend these studies to JET 

with the ITER-like wall (JET-ILW). There are two main reasons.  

(1) JET-ILW low βΝ plasmas (with βΝ≲1.8, the so-called “baseline” scenario) tend to have 

energy confinement lower than the corresponding JET plasmas produced with the earlier 

carbon wall (JET-C plasmas) [Beurskens NF2014, Nunes PPCF2016]. There is concern that 

the difference could imply a modification of the presently determined dimensionless scaling 

laws and hence of the prediction for ITER obtained from the IPB98(y,2) scaling [ITER 

NF1999a]. This is particularly important for the normalized ion Larmor radius scaling ρ*, for 

the normalized collisionality ν* and for the normalized thermal pressure. (1a) Recent results 

[Nunes PPCF2016] show that the increase in plasma current has, so far, led to a reduction of 

H98 in JET-ILW. Here H98 is the ratio between the thermal energy confinement and the 

confinement expected by the IPB98(y,2) scaling. Since H98=1 implies BτE≈ρ*-2.7 [ITER 

NF1999b],  a degradation of H98 with increasing plasma current might suggest a weaker ρ* 

scaling in JET-ILW. For reliable ITER predictions, it is vital to determine if the metal wall 

has, somehow, modified the ρ* scaling.  (1b) The results of the first JET-ILW campaign 

[Beurskens NF2014] have shown that the JET-ILW low δ baseline plasmas tend to reach 

confinement close to the corresponding JET-C plasmas at low collisionality. So, it is 

important to verify if and why a different scaling with ν* is present with the metal wall. (1c) 

High β operations are attractive due to the positive scaling of the  fusion power with β. But no 
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consensus on the β scaling of the normalized energy confinement has been reached [Petty 

PoP2004, McDonald PPCF2004, Urano NF2006, Vermare NF2007].  

 (2) Most of the earlier dimensionless scans were focused on the global energy 

confinement and on the core thermal transport. On the other hand, the pedestal plays a major 

role in determining the stored energy of an H-mode plasma. So far, the pedestal structure has 

been investigated in terms of dimensionless scalings in few works, see for example the ρ* 

scaling in JET-C, DIII-D and ASDEX Upgrade [Beurskens PoP2011, Ryter IAEA1998]. The 

pedestal stability has not been studied yet in detail in terms of dimensionless scalings. 

Assessing experimentally the dependence of the pedestal structure on the dimensionless 

parameters and qualitatively testing the present pedestal models are vital steps for reaching 

reliable extrapolation of the pedestal performance to future machines.   

The present work investigates the dependence on the dimensionless parameters ρ∗, ν∗, β  

of the energy confinement, of the core thermal transport, of the pedestal structure and of the 

pedestal stability in JET-ILW. The experimental results are qualitatively compared with the 

peeling-ballooning (P-B) model [Wilson PoP2002, Snyder PoP2002]. When possible, the 

results are compared with JET-C. 

The paper is organized as follows. Section 2 describes the experimental scenario, the 

dataset and the main diagnostics. Section 3 describes the ρ* scaling, Section 4 the ν* scaling 

and Section 5 the β scaling. Conclusion are discussed in  Section 6. 

 

 

2. SCENARIO, DIAGNOSTICS and PARAMETERS. 
 

2.1 SCENARIO 

The scenario used for the dimensionless scans has low triangularity (δ). The low 

triangularity has been chosen to have a consistent comparison with the earlier dimensionless 

scans, where the low-δ was used. Moreover, in low β plasmas (βΝ≲1.8) the JET-ILW high-δ 

plasmas do not show any significant difference in the confinement from the low-δ [Beurskens 

NF2014, de la Luna IAEA2014]. So far, a difference in the confinement between low and 

high δ in JET-ILW has been observed only at high β (βΝ≳1.8) in the so called “hybrid 

plasmas” [Challis NF2015, Maggi NF2015]. The present JET-ILW scans have been 

performed with the outer strike point at the divertor corner near the pump duct. This 

configuration allows the density control. The plasmas are heated mainly via NBI. The ICRH 

power is in the range 1-4MW and is used to reduce W accumulation in the core. 
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The present plasmas are in a Type I ELMy H-mode as suggested by the increase of the ELM 

frequency with the power through the separatrix. The pedestal temperature is Te
ped≥400eV, 

while the Type III ELMs occur at Te
ped≤300eV in JET-ILW [Beurskens NF2014]. Moreover, 

the ELM energy losses are large compared to the Type III ELMs (WELM/Wped>5%) and are 

consistent with Type-I energy losses [Loarte PPCF2003, Frassinetti NF2015].  

 

2.2 MAIN DIAGNOSTICS 

The High Resolution Thomson Scattering (HRTS) [Pasqualotto RSI2004] is used to 

measure electron temperature and density. Only the profiles in a stationary phase are 

considered for the analysis of the pedestal structure. The stationary phases used are longer 

than 0.5s and at least four energy confinement times long. The pedestal structure is 

determined using only the pre-ELM profiles and fitting the experimental data with a modified 

hyperbolic tangent function [Groebner NF2001] considering the effect of the instrument 

function [Frassinetti RSI2014]. The electron pressure pedestal height is determined from the 

temperature and density pedestal height, pe
ped=kB⋅Te

ped⋅ne
ped. To be consistent with the earlier 

experimental estimations [Leyland NF2013, Leyland NF2015] and with the definition used in 

the EPED model [Snyder PoP2009], the pressure width is calculated as the average between 

the electron temperature width and electron density width. The reflectometer data [Sirenelli 

RSI2010], when available, have been used to cross check the density pedestal width and 

position obtained with the HRTS.  

The charge exchange diagnostics, when available, have been used to measure ion 

temperature and plasma rotation. As discussed in section 2.3, when the charge exchange was 

not available it is reasonable to assume Ti=Te. 

The effective charge Zeff is a line average measurement from the visible Bremsstrahlung 

[Meister RSI2004]. No systematic measurement of the Zeff profile is available. 

The core transport has been studied using the TRANSP code [Goldston JCP1981] with the 

following profiles as inputs. Electron temperature and density profiles are measured with the 

HRTS and using Ti=Te. The ion density profile is calculated to be proportional to the electron 

density assuming a uniform effective charge measured from the visible Bremsstrahlung 

[Meister RSI2004]. No systematic measurement of the Zeff profile is available. The profiles of 

the bulk radiation are determined with a tomographic reconstruction of the bolometric 

measurements [Mast RSI1985].  

 

2.3 THE DATASETS AND THE PARAMETERS FOR JET-ILW AND JET-C 
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The JET-ILW dimensionless scans have been performed changing the engineering parameters 

in order to vary one dimensionless parameter while keeping the other parameters as constant 

as possible. When possible, the JET-ILW data are compared with JET-C. However, only the 

last JET-C campaign has provided pedestal profiles with good enough quality for the study of 

the pedestal and of the stability. It was possible to identify a JET-C dataset for the ρ* scan, 

even though with some differences from the JET-ILW ρ*scan, as later described. For ν* no 

dimensionless scans are available from the last JET-C campaign. Therefore, for comparison 

with the present JET-ILW ν* scans, the low-δ/low-β (“baseline”) JET-C plasmas of reference 

[Beurskens NF2013] are used. These JET-C shots can be considered as representative for 

typical low-δ/low-β plasmas obtained with the carbon wall, but only very few of them have a 

quality of the HRTS data good enough for the study of the pedestal structure. For the β scan, 

no JET-C plasmas with good pedestal data are available. 

The range of variation of the main dimensionless parameters for the datasets used in this 

work is summarized in table 1. The dimensionless parameters are calculated using the 

definitions in section 1 by volume integrating dimensionless profiles. In this case, the profiles 

in the entire ELM cycle have been used (i.e. not the pre-ELM profiles). Note that the 

normalized thermal β is used (βN
th=βthaBT/Ip). Since the scans have been performed at 

constant q95, constant βN
th

 implies that constant βth. 

In the entire dataset Te=Ti within the experimental uncertainty (<10%) both in the core 

and at the edge. This has been experimentally verified using the charge exchange diagnostic, 

when available. Moreover, the ion-electron coupling has been estimated as in reference 

[Beurskens NF2013] by calculating the ratio of the energy exchange time (τex) and the energy 

confinement time.  τex/ τE<0.5 for the entire datasets confirming that Te=Ti. The same 

equilibrium has been used. q95≈3.0 for the entire JET-ILW dataset. JET-C has lower q95 for 

the ρ*scan (q95≈2.6). The effective charge  is not perfectly constant with a 20-25% variation 

in the JET-ILW datasets and 25-30% in the JET-C ρ* scan. It was not possible to keep the 

Mach number perfectly constant. However, as shown in [De Vries NF2008], the dependence 

with Mrot is weak τE∝(Mrot)0.21. Therefore, the present variation in the Mach number should 

affect the energy confinement by ≈10%, much less than the experimentally observed τE 

variation. In the following analysis, the role of the Mach number is neglected for simplicity.  

Specific comments for each scan will be discussed in the next sections. 
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parameter ρ* scan ν* scan β scan [NF2013] 

 JET-ILW JET-C JET-ILW JET-ILW JET-C 

<ρ*> (%) 0.3-0.5 0.3-0.5 0.40-0.45 0.40-0.45 0.40-0.47 

<ν*> 0.05 0.050 0.03-0.15 � 0.03 (𝑙𝑙𝑙𝑙𝑙𝑙 ν ∗  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)
0.15 (ℎ𝑖𝑖𝑖𝑖ℎ ν ∗  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) 0.03-0.1 

<βΝ
th> 1.4-1.5 1.5-1.6 �

1.8 (𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛 1)
1.7 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2)
1.6 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 3)
1.5 (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 4)

 1.4-1.8 1.45-1.75 

<Mrot> 0.6-0.8 0.7-0.9 0.3-0.45 0.3-0.45 0.4-0.8 

Zeff 1.2-1.5 2.1-2.8 1.2-1.4 1.2-1.4 1.8-3.0 

Ti/Te 1.0 1.0 1.0 1.0 1.0 

q95 3.0 2.6 3.0 3.0 2.5-3.5 
 

Table 1. Summary of the dimensionless parameters used in this work. Numbers in bold 
highlight the range of variation for each scan. The ρ*, ν* β and Mrot parameters represents 
the volume average. The last column shows the parameters of the low-δ plasmas of reference 
[Beurskens NF2013]. The last column is not a dimensionless scan and will be used only as 
representative low δ JET-C plasmas for comparison with the JET-ILW ν* scan. 
 
 
3. ρ* DIMENSIONLESS SCAN. 

The ρ* scan is important to determine the extrapolation of the energy confinement to 

ITER. While the present day machines might reach ν* and β similar to those of future 

experiments, comparable ρ* cannot be reached. Earlier dimensionless scalings have shown a 

ρ* dependence compatible with a gyro-Bohm scaling. As discussed in Section 1, there is 

concern that the low JET-ILW confinement so far obtained at high current might imply a 

weaker ρ*scaling with a metal wall.  

The JET-ILW dataset used for the dimensionless ρ* scan is described in table 1. ρ* is 

varied from 0.3% to 0.5%. The other dimensionless parameters are constant. However, it was 

not possible to keep β perfectly constant and a systematic weak increase with ρ* is present. In 

the following figures the data with slightly higher βΝ are represented with empty symbols. 

Due to (1) the narrow range of variation in βΝ (≈10% from the ρ* columns of table 1) and (2) 

the weak β Ν scaling at the present ν* value (see section 5), this difference does not 

significantly affect the result. Note that it was not possible to find a JET-C dataset perfectly 

consistent with the JET-ILW ρ* scan and with good pedestal data. The JET-C dataset used in 

this work has lower q95 and significantly higher Zeff. So, no quantitative claims can be  made 

on the JET-ILW / JET-C comparison in this section. Qualitative comparison are in any case 

useful, especially considering that no JET-C information on the role of  ρ* in the pedestal 

stability are available. 
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Before discussing the global confinement, it is important to highlight that the density and 

temperature profiles, and hence also the dimensionless profiles, match very well. 

 

3.1 GLOBAL CONFINEMENT AND THERMAL TRANSPORT 

   

The dependence of the normalized energy confinement with ρ* is shown in figure 1(a). 

The JET-ILW normalized confinement scales as BτE≈ρ*-2.4±0.3, a trend consistent, within the 

error bars, with the earlier JET-C estimations (BτE≈ρ*-2.7) [Cordey NF2005]. Also the present 

JET-C dataset (BτE≈ρ*-2.5±0.4) is in agreement with the earlier JET-C estimation. 

The thermal diffusivity has been calculated using interpretative TRANSP simulations, with 

the experimental inputs described in section 2.2. More details can be found in reference [Kim 

NF2015]. Due to the uncertainty in the experimental temperature profiles it is difficult to 

obtain an accurate estimation of the equipartion term and hence of the ion and electron 

thermal diffusivities separately. Therefore, the effective thermal diffusivity χeff is used, where 

χeff is defined as: 

𝜒𝜒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑞𝑞𝑒𝑒+𝑞𝑞𝑖𝑖
𝑛𝑛𝑒𝑒∇𝑇𝑇𝑒𝑒+𝑛𝑛𝑖𝑖∇𝑇𝑇𝑖𝑖

      (7) 

with qe and qi the electron an ion heat fluxes respectively. The trend of the normalized χeff 

with ρ* is shown in figure 1(b). A strong reduction of the thermal diffusivity with decreasing 

ρ* is observed. The exponents are 2.7±0.3 for JET-ILW and 2.6±0.3 for JET-C, consistent 

with earlier results and with a core transport consistent with a gyro-Bohm scaling. Even if less 

reliable due to the uncertainty in calculating separately the ion and electron heat fluxes, the 

trend with ρ* of χe and χi for the JET-ILW dataset are shown in figure 1(c). The exponents 

are ≈2.4±0.3 for χi and ≈3.0±0.4 for χe, suggesting a gyro-Bohm transport for the electrons. 

 

Figure 1. (a) Normalized energy confinement versus volume averaged ρ*. (b) Normalized effective thermal 
diffusivity calculated at ρtor=0.5 versus local ρ* calculated at ρtor=0.5.  ρtor is the square root of the normalized 
toroidal flux. (c)  Normalized ion and electron thermal diffusivity at ρtor=0.5. The dashed lines represent the 
exponential fits to the experimental data.  
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This difference in the thermal transport scaling between ions and electron is consistent with 

the DIII-D results in L-mode [Petty PRL1995]. 

In conclusion, despite the fact that JET-ILW has not reached yet H98=1 at high current, the 

metal wall does not seem to have modified the scaling with ρ* in low δ baseline plasmas. 

Obviously, in the ρ* scan it is essential to keep ν* and β constant to achieve this conclusion. 

H98=1 has not been reached yet in high Ip JET-ILW plasmas not because of a different ρ* 

scaling, but because of the lower β and higher ν* obtained in comparison to JET-C.  

 

3.2 PEDESTAL STRUCTURE AND STABILITY 

 The pedestal structure is studied in terms of pedestal width and normalized pressure 

gradient. The pressure pedestal width versus ρ* is shown in figure 2(a). Within the error bars, 

no clear trend with ρ* is observed both in JET-C and in JET-ILW. This is in agreement with 

the high triangularity plasmas obtained in JET-C and in DIII-D and described in references 

[Beurskens PPCF2009, Beurskens PoP 2011].  

No information on the dependence on ρ* of the experimental normalized pressure gradient 

are available in literature. This dependence is important for two reasons. First of all, the trend 

of the normalized pressure gradient with ρ*, combined with the information on the pedestal 

width, can provide information for an extrapolations of the pedestal height to ITER. Second, 

the experimental normalized pressure gradient can be compared with the results of the P-B 

stability in order to verify if the present theorical model can reliably predict the pedestal 

behaviour with ρ*. The normalized pressure gradient α is defined as [Miller PoP1998]: 

𝛼𝛼 = −2𝜕𝜕𝜓𝜓𝑉𝑉
(2𝜋𝜋)2 �

𝑉𝑉
2𝜋𝜋2𝑅𝑅

�
1 2⁄

𝜇𝜇0𝑝𝑝′     (8) 

with V the plasma volume, R the major radius and p’ the pressure derivative in the poloidal 

flux ψ. From a practical point of view, α is proportional to the pressure gradient divided by 

Ip
2. The experimental normalized pressure gradient, αexp, has been calculated using the fits to 

the experimental profiles. The dependence of αexp with ρ* is shown in figure 2(b). Both for 

JET-C and JET-ILW, no dependence of αexp is observed within the scatter of data. The 

importance of this result will be discussed at the end of the section.  
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The comparison of the experimental results with the theory is done using the peeling-

ballooning (P-B) model [Wilson PoP2002, Snyder PoP2002]. The pedestal stability of the 

experimental plasmas has been studied using ELITE to obtain the j-α stability diagram, where 

j is the current density and α the normalized pedestal pressure gradient. The equilibrium is 

calculated using the HELENA code [Huysmans CP1991]. The fits to the experimental Te and  

ne profiles selected in the pre-ELM phase are used. The JET-ILW results show that in this 

datset the operational points are far from the P-B stability boundary. This behaviour is 

relatively common in JET-ILW and it has been systematically observed in high-gas/low-β 

plasmas [Beurskens NF2014, Maggi NF2015, Leyland NF2015, Nunes EPS2016].  The 

discrepancy has not been yet understood and it is currently under investigation. Despite this 

problem, it is still useful to investigate the results of the P-B model in order to have a 

qualitatively comparison with experimental results.  

The stability boundaries are not drastically modified by ρ*. To quantify this claim, the 

critical normalized pressure gradient (αcrit) has been calculated. αcrit represents the normalized 

pedestal pressure expected by the P-B model and it is determined by the intersection of the 

self-consistent path of the operational point in the j-α space with the stability boundary. The 

self-consistent path is determined as described in [Saarelma PoP2015] by increasing height of 

the pedestal temperature and then self-consistently calculating the current profile in order to 

find the marginally stable pedestal temperature height. αcrit has been calculated foe a subset of 

the data shown in figures 2(a) and 2(b). The result show no trend of αcrit  versus ρ* and hence 

no dependence of the pedestal stability with ρ*. Note that, for the JET-C dataset, αexp and αcrit 

are comparable. This is is consistent with earlier JET-C analysis that shows the operational 

point close to the P-B boundary [Beurskens NF2013]. 

 
Figure 2. (a) Pedestal pressure width (in normalized poloidal flux unit) (b) Experimental normalized 

pressure gradient versus ρ*. (c) theoretical αcrit (calculated from the intersection of the P-B stability boundary 
with the self-consistent path in the j-α space) versus ρ*. 
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In conclusion, the pedestal stability does not show any significant dependence with ρ*. 

This has two implications. First of all, it implies that the ITER pedestal stability will not be 

negatively affected by the low  ρ* operation. Second, since ρ*∼Ti
0.5/Ip (at contant q95) and 

since αexp∼∇pe/Ip
2

, it confirms that the high current operation can be very effective in 

achieving a high pressure gradient and hence a high pedestal pressure.  

 
 
4. ν* DIMENSIONLESS SCAN. 
 

The results of the first JET-ILW campaign [Beurskens NF2014] have shown that the JET-

ILW low δ baseline plasmas tend to reach confinement close to the corresponding  JET-C 

plasmas at low collisionality. The origin of the improvement was only partially understood. In 

references [de la Luna IAEA2014, Maggi NF2015] it is discussed that the reduced ν* leads to 

an improvement of the core stored energy via the Te profile stiffness and via the increase in 

density peaking [Weisen PPCF2006]. These plasmas were characterized by different β and ρ*, 

so strong conclusions on the role of ν* were not possible. 

This section discusses the role of ν* on the confinement and on the pedestal stability in JET-

ILW. Four ν* scans have been analysed, each one with a different βN. ρ* is constant in the 

entire dataset. No recent dimensionless ν* scan is available for JET-C. So, the JET-C low-δ / 

low-β plasmas described in reference [Beurskens NF2013] will be used. These shots were 

considered as representative  good performance JET-C plasmas. Unfortunately, very few of 

them have good pedestal data. 

 

 

 

 
Figure 3. (a) normalized energy confinement versus volume averaged ν*. The thick dashed line is a fit to 

the JET-ILW data. The thin dashed line shows the trend BτE∝ν*-0.35 determined in [McDonald IAEA2004]. (b) 
normalized energy confinement with the ρ* dependence removed for the entire dataset used in reference 
[Beurskens NF2014]  (c) normalized effective thermal diffusivity calculated at ρtor=0.5 versus local ν* 
calculated at ρtor=0.5. The thick dashed lines represents the exponential fits to the JET-ILW experimental data. 

IAEA20
04

JET-C
JET-ILW
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4.1 GLOBAL CONFINEMENT AND THERMAL TRANSPORT 

The trend of the normalized energy confinement versus ν* is shown in figure 3(a). A 

strong improvement of the confinement is observed with decreasing ν* for the JET-ILW 

dataset. The scaling exponent is αν≈0.6. For comparison, the earlier JET-C trend with 

αν≈0.35) is shoiwn as well [Mc Donald IAEA2004]. A dependence with ν* stronger in JET-

ILW than in JET-C is observed. This leads to reduction in the difference between JET-C and 

JET-ILW confinement from ≈40% at high ν* to ≈10% at low ν*. To strengthen the result, 

figure 3(b) shows the correlation between the normalized energy confinement and ν* for the 

entire JET-C and JET-ILW datasets used in [Beurskens NF2014]. These discharges were not 

a dimensionless scan, so the ρ* dependence has been removed. For simplicity, the β 

dependence has not been considered (the normalized confinement in JET-C has no β 

dependence [Mc Donald PPCF2004] and in JET-ILW the dependence is present only at very 

high ν∗, as discussed in Section 5) . The result shows that αν≈0.33 in JET-C, consistent with 

the results described in [MdDonald IAEA2004], while αν≈0.56 in JET-ILW, consistent with 

the estimation of figure 3(a). Note that the JET-ILW data of the dimensionless scan shown in 

figure 3(a) are not included in the dataset of figure 3(b). 

In the core, a strong reduction of the core thermal transport is observed with decreasing ν*, 

figure 3(c). This positive dependence implies that the core transport is between a transport 

driven by collisionless ITG and trapped electron modes (which expects αν=0) [Waltz 

PoP1997] and to a transport driven by resistive ballooning modes (which expects αν=1) 

[Hassam PF1992]. However, resistive ballooning modes are localized near the plasma edge. 

This might suggest a possible correlation of the core temperature with the edge temperature. 

Indeed, the temperature profile is relatively stiff and no strong trend of the temperature 

peaking with ν* is observed, as already noted in [Frassinetti NF2016]. On the other hand, part 

of the increase in the core stored energy is due to the increase in the density peaking, as 

typically observed in most of the tokamaks [Angioni PoP2002, Maslov NF2009, Valovic 

PPCF2005, Weisen PPCF2006]. 

 
4.2 PEDESTAL STRUCTURE AND STABILITY 

The strong increase of the normalized global confinement with decreasing ν* and the 

correlation between core and pedestal stored energy shown in figure 3 motivate the study of 

the pedestal structure dependence with ν*. Note that since the density peaking changes with 

ν*, the dataset of figure 3 does not have perfectly constant pedestal ρ* and pedestal β. 

Therefore, a slightly different dataset, with constant ρ*ped and βped, is considered in this 
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section. Initially, we will focus only on the JET-ILW datasets. The JET-C results are 

discussed at the end of this section. 

The dependence of the pedestal width with the pedestal ν* is shown in figure 4(a). The 

width has been normalized to remove the beta dependence. The empirical beta dependence 

𝑤𝑤pe = 0.076�𝛽𝛽𝑝𝑝
𝑝𝑝𝑝𝑝𝑝𝑝 determined in [Snyder PoP2009] and implemented in the EPED model is 

used. βp
ped is the poloidal beta at the pedestal. As discussed in reference [Frassinetti NF2016], 

an increase of the pedestal width with increasing ν* is observed in JET-ILW. The reason is 

still under investigation, but the result is consistent with what observed recently in JT-60U 

[Urano NF2016]. Note that, at low ν*, no significant deviation from the empirical scaling 

described in [Snyder PoP2009] is observed. Moreover, an extrapolation of the experimental 

fit to low ν* values suggests that the trend has no major influence for the ITER pedestal 

width.  

A second significant difference in the pedestal structure is the position of the pedestal 

density relative to the position of the pedestal temperature. Hereafter, the difference between 

the ne pedestal position and the Te pedestal position is called simply “relative shift”. The 

relative shift versus ν* is shown in figure 4(b). A decrase of the relative shift with decreasing 

ν* is observed in the JET-ILW dataset.  

The experimental normalized pressure gradient αexp is shown in figure 4(c). An increase 

of αexp with decreasing ν* is observed in the JET-ILW scans, suggesting an improvement of 

the pedestal stability at low ν*. This is confirmed with the P-B model by calculating αcrit for a 

low and a high ν* plasma. The trend of  αcrit with ν* is qualitative similar to the experimental 

trend. The improvement of the stability  is due to three factors. (1) the reduction of ν* leads to 

the increase of the bootstrap current which in turn moves the intersection of the self-consistent 

 
Figure 4. (a) pedestal width normalized to the square root of the βp

ped versus  ν*ped. The horizontal line 
shows the value used in EPED. The thick dashed line shows a power law fit to the experimental data. (b) 
Relative shift between the density and temperature pedestal position versus ν*ped. (c) Normalized pressure 
gradient versus  ν*ped. The circles represent the αcrit. 

 

P-B modelJET-ILW =0.21
JET-ILW =0.18
JET-ILW =0.15
JET-C

EPED
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path with the stability boundary to higher α. (2) the decrease of the pedestal width with 

decreasing ν* has a stabilizing effect [Snyder NF2011] hence slightly moving the stability 

boundary to higher α. (3) A further reason, described in detail in reference [Stefanikova 

EPS2016], is related to the reduction of the relative shift. This has three effects:  first of all, it 

reduces the collisionality in the pedestal region hence increasing the bootstrap current. 

Second, it affects the shape of the pressure profile increasing the gradient and leading to a 

further increase in the bootstrap current. Third, it slightly moves the pedestal pressure inwards 

producing a further stabilizing effect [Saarelma PoP2015]. A change in the relative shift was 

already observed in DIII-D [Beurskens PoP2011], but it was related to ρ* (note that, so far, no 

clear trend of the shift with ρ* has been observed in JET-ILW). Recently, the increase in the 

confinement due to lithium seeding in DIII-D has been correlated to the reduction of the 

relative shift (more precisely to an inward shift of the density) [Osborne NF2015]. 

The behavior of the pedestal stability with collisionality might suggest an explanation for 

the difference in the scaling of the normalized confinement versus ν* observed in JET-C and 

JET-ILW [figure 3(a) and 3(b)]. However, we must highlight that conclusive claims on the 

origin of the difference are still not possible because the JET-C dataset is not a dimensionless 

ν* scan and because it has only five shots with good pedestal profiles. In any case, we can 

observe a clear difference. First of all, the pedestal width and relative shift of the JET-C 

dataset are not affected by collisionality, figure 4. Therefore, a weaker improvement of the 

pedestal with decreasing ν* is expected in the JET-C dataset. Indeed, the trend of αexp with ν* 

is much weaker in the JET-C dataset than in the JET-ILW dataset, figure 4(c). So, we might 

speculate that the stronger trend of the normalized confinement with ν* in JET-ILW is related 

to the stronger improvement in the pedestal stability with decrasing ν*. 

The correlation between the relative shift and the collisionality might suggest a role of the 

atomic physics in the pedestal stability. The dimensionless collisionality scan is in fact 

achieved by varying the power, the current and the gas rate. It is possible that the increased 

gas level influences the density pedestal position. However, conclusive claims on what drives 

the change in the relative shift shown in figure 4(b) are not possible at the moment. Initial 

experimental results show that the relative shift is in fact influenced by both the gas and the 

power [Stefanikova EPS2016]. This topic is now under intensive investigation and will be the 

subject of future works. A further discussion is presented in Section 6. 
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5. β DIMENSIONLESS SCAN. 
 

The earlier β dimensionless scans have produced contradicting results. In JET-C and 

DIII-D it is shown a negligible dependence of the normalized energy confinement with β 

[McDonald PPCF2004, Petty PoP2004], while in JT-60U and ASDEX Upgrade a reduction 

with increasing β was observed [Urano NF2006, Vermare NF2007]. The β dimensionless 

scans presented in this section show that in JET-ILW both behaviours can be observed. The 

dataset used is a subset of the ν* dataset obtained by selecting the shots with lowest ν* 

(labelled “low ν* scan” in table 1) and with highest ν* (labelled “high ν* scan” in table 1). In 

both cases, the β range is not large, from βN
th≈1.4 to βN

th≈1.8, but it is sufficient to extract 

useful information. No JET-C plasmas useful for a comparison are available. 

 

5.1 GLOBAL CONFINEMENT AND THERMAL TRANSPORT 

The normalized energy confinement versus β is shown in figure 5(a). At low ν*, the 

normalized energy confinement seems not dependent on βN
th. However, due to the limited 

range in β the uncertainty on the scaling exponent is large, αβ=-0.1±0.4. On the other hand, at 

high ν* a clear reduction of the normalized confinement with increasing βN
th is observed. The 

corresponding scaling exponent is αβ=1.2±0.6. 

 
The analysis of the core thermal diffusivity shows that this different behaviour at high 

and low ν* is not related to a difference in the core heat transport. The effective thermal 

diffusivity is shown in figure 5(b). Within the error bars, no trends with βN
th are observed. The 

lack of strong dependence of the thermal diffusivity with βN
th suggests that, in these βN 

ranges, the core turbulent transport is dominated by electrostatic effects (see section 1). 

The degradation of the normalized confinement with  βN
th at high ν* is driven by the 

pedestal. In figure 5(c), a proxy for the normalized pedestal energy confinement is shown. 

 
Figure 5. (a) normalized energy confinement versus  βN

th. (b) effective thermal diffusivity versus  βN
th. (c) 

estimation of the normalized pedestal energy confinement. versus  βN
th.  The empty symbols correspond to the 

low ν* scan ( ν*≈ 0.03) and the full symbols to the high ν* scan (ν*≈0.15). 
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The proxy for the pedestal energy confinement is estimated as the pedestal stored energy 

divided by the total heating power. The results shows a clear reduction of normalized pedestal 

energy confinement with increasing βN
th at high ν*. 

 

 

5.2 PEDESTAL STABILITY 

To understand the different trends with  βN
th at low and high ν*, the results of the stability 

analysis have been compared to the experimental normalized pedestal gradient. The 

experimental normalized pressure gradient is shown in figure 6(a). At low ν*, an increase of 

αexp with increasing βN
th is observed, while at high  ν* a reduction of αexp with βN

th is present. 

The results of the stability analysis are summarized in figure 6(b), where the critical α versus 

βN
th is shown. The αcrit trends determined with the P-B stability analysis are qualitatively 

consistent with the experimental trends. At low ν* the increase of αcrit with increasing βN
th is 

observed. This result is expected, since it is well know that the increase of β improves the 

pedestal stability via the increase of the Shafranov shift. On the contrary, the opposite trend is 

present at high ν* , where a reduction of αcrit with increasing βN
th is observed. This result is 

not expected and shows that, in the high ν* scan, the stability is affected not only by β but 

also by another mechanism. This is discussed in figure 6(c), where the relative shift between 

the position of the pedestal density and the temperature is shown. A clear difference between 

the low ν* scan and the high ν* scan is observed. While at low ν*, the relative shift does not 

change significantly with  βN
th, at high ν*, the relative shift tends to increase with increasing  

βN
th. As discussed in section 4, the increase of the relative has a strong destabilizing effect 

that leads to the reduction of  αcrit.  

 
Figure 6. (a) experimental normalized pressure gradient versus  βN

th. (b) critical normalized pressure 
gradient determined from the P-B stability versus  βN

th. (c) relative shift between pedestal position of electron 
density and electron temperature versus  βN

th.  The empty symbols correspond to the low ν* scan ( ν*≈ 0.03) and 
the full symbols to the high ν* scan (ν*≈0.15). 
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Note that the experimental α is lower than αcrit. So, like for the ρ* and the ν* scan, the 

operational point is far from the stability boundary. Nonetheless, it is remarkable that the 

qualitative trends of αexp and αcrit are similar.  

As a final comment, probably due to the small range in β, no significant trends of the 

pedestal width are observed with βN
th.  

 
6. DISCUSSION AND CONCLUSIONS. 
 

The work has investigated the dependence of normalized confinement, core thermal heat 

diffusivity and pedestal stability with the dimensionless parameters ρ*, ν* and β. 

The analysis of the dimensionless ρ* scan shows that the change from the carbon wall to 

the metal wall in JET has not modified the ρ* scaling. The JET-ILW scaling exponent is, 

within the error bars, consistent with the earlier JET-C estimations and with a gyro-Bohm 

scaling. This shows that the extrapolations of the energy confinement to low ρ* for ITER-

relevant predictions remain unchanged. Moreover, it is observed that ρ* does not affect the 

pedestal stability. This implies that the ITER pedestal stability will not be negatively affected 

by the low  ρ*.  

The analysis of the dimensionless ν* scan in JET-ILW shows an increase of the 

normalized energy confinement with decreasing ν*. The earlier JET-C results have a weaker 

dependence. The strong dependence with ν* in JET-ILW is related to an improvement in the 

pedestal stability. The P-B stability analysis shows that the improvement is due to three 

factors: (i) the increase of the bootstrap current, (ii) the reduction of the pedestal width and 

(iii) the reduction of the relative shift. The origin of the shift is still unclear and is currently 

under investigation. At the moment it is not possible to predict the behaviour of the relative 

shift. It is possible that the decrease of the relative shift with decreasing ν * saturates at very 

low ν*. This consideration suggests that it is not obvious how to extrapolate the collisionality 

scaling to low ITER-relevant ν*. 

The analysis of the dimensionless β scan in JET-ILW shows two different behaviours 

depending on the collisionality. At low ν*, the normalized energy confinement has no clear 

dependence with β. The result is in agreement with earlier JET-C and DIII-D scalings. A 

degradation with increasing β is observed at high ν*, in agreement with JT-60U and ASDEX-

Upgrade. Note that both the JT60-U and ASDEX-Upgrade results were perfomed with 

relatively high ν*. In [Vermare NF2007] it was suggested that the negative β dependence 

might have been related to the edge plasma. The present JET-ILW results tend to corroborate 
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this ASDEX-Upgrade observation. In fact, the degradation of the JET-ILW normalized 

confinement with increasing β at high ν* is due to the reduction of the pedestal confinement, 

not to an increase in the core transport (figure 5). This result stresses the importance of 

studying both the core and the pedestal confinement when investigating dimensionless scaling 

and not simply the global energy confinement.  

The physics of the present two β scans might be correlated to the physics of the power 

scans obtained with three different gas levels discussed in references [Challis NF2015, Maggi 

NF2015]. In [Challis NF2015, Maggi NF2015] it was observed that the rate of increase of βN 

with power was lower at high D2 gas rate than at low D2 gas rate. Basically, at constant 

power, the increase of the gas rate led to a reduction of the pedestal temperature, to a 

reduction of the confinement and to an increase of collisionality. The role of neutral was 

discussed as a possible reason for this effect. We can speculate a correlation with the results 

described in the present β scans. The increase of the gas rate in [Maggi NF2015] might have 

led to an increase of the relative shift and hence to the reduction of the pedestal stability. 

We have to highlight that the origin of the increase of the pedestal relative shift is not 

clear yet. The result of figure 4(b) suggests a correlation with the collisionality while the 

result at high ν* of figure 6(c) suggests a correlation with βN. This is roughly consistent with 

the results in reference [Stefanikova EPS2016], where a correlation of the relative shift with 

both the gas and the power is observed.  

Assuming that the relative shift is driven by the increased gas, this work shows that the 

neutrals might play an important role in the pedestal stability and that they might affect the 

dimensionless scaling exponents. To bypass the problem, this work has determined the 

scaling exponents looking also at the thermal diffusivity in the core (where the neutrals should 

not play any major role). The exponents determined using the thermal diffusivity are actually  

in agreement with those determined with the global energy confinement, showing that the 

exponents determined in this work are likely not largely affected by the neutrals. The only 

clear exception is in the β scan at high ν*, where the exponent determined from the global 

confinement is largely influenced by the pedestal confinement which, in turn, is strongly 

affected by the change in the pedestal relative shift and, possibly, by atomic physics.  

As a final comment, it is remarkable that the P-B stability analysis shows qualitative 

trends consistent with the experimental results in all the dimensionless scalings. This shows 

that the P-B model is able to correctly reproduce at least a part of the physics that determines 

the pedestal stability. The quantitative disagreement is still under investigation. A possibility 

is that the present model does not consider kinetic effects such as those related to the ion 
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diamagnetic drift. The kinetic effects might affect the stability of an ideal ballooning mode 

[Hastie PoP2003] and move the stability boundary closer to the operational point [Aiba 

NF2012].  
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