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ABSTRACT.

Pedestal and global plasmaparametersare compared in conventional ELMy H-modesand improved
confinement discharges from ASDEX Upgrade (AUG), DIII-D, JET and JT-60U with varying net
input power.Both electron and ion pedestal pressures are studied. The pedestal top pressure ppED
increases moderately with power in al tokamaks, in broad agreement with the power dependence
of the IPB98(y,2) scaling. Higher pedestal pressures are observed in AUG improved H-modes and
in JT-60U high 8, dischargesat ggs ~ 6.5 and high triangularity. For all machinesand all scenarios
arobust correlation between total and pedestal thermal stored energy is observed, with the ratio of
the two varying between ~0.3 and 0.5. However the relative importance of pedestal and core
confinement varies from regime to regime. In AUG the confinement improvement with respect to
the IPB98(y,2) scaling is due to improved pedestal confinement in improved Hmodes with early
heating and to both improved pedestal and core confinement inimproved H-modeswith |late heating.
In DI11-D hybrid discharges the increase in confinement factor compared to conventional H-modes
is due to improved confinement in the plasma core. JT-60U reversed shear H-modes have strong
internal transport barriers and thus improved core performance. In all four tokamaks improved
edge stability is correlated to increasing total bpol and H98(y,2) increases with pedestal Bpol- The
analysed multimachine data set supportsascaling expression for the pedestal stored energy derived
under the assumption that the dominant loss term for the pedestal is by thermal conduction in the
edge transport barrier region.

1. INTRODUCTION

The reference scenario for ITER is the standard H-mode with type | ELMs, a confinement factor
H98(y,2) = 1 compared to the IPB98(y,2) confinement scaling [1] and a normalized beta value of
By = 1.8. It is designed to reach a fusion gain Q = 10 with pulsed operation lasting for 400s. A
second physicsobjectivefor ITER isto demonstrate Q = 5 operation in steady state plasmaconditions.
The performance of ITER could be significantly improved with arelatively small increasein energy
confinement factor. Therefore, scenarios with H98(y,2) > 1 and high B, would realise improved
performance in ITER at the same plasma current (Q > 10) or could be used to achieve extended
pulse duration at lower current, while maintaining 5 < Q < 10. In the latter case one example isthe
hybrid scenario, which is designed to achieve long pul se operation with acombination of inductive
and non-inductive currents.

Experiments in present day tokamaks show that one way to achieve this scenario is to modify
the g profile of the discharge in such away as to open access to operation at higher values of 3, .
Generally, the addition of moderate heating during the plasma current ramp-up phaseis considered
the key to achieve aflat g-profile, with g ~ 1, due to slowing down of the current penetration into
the plasma core. Subsequently, in the flat-top phase strong additional heating is applied to obtain
the high B, phase. The shape of the g-profile is thought to be an essential ingredient for the
suppression of sawteeth, thereby eliminating seed-islands for the onset of detrimental Neoclassical



Tearing Modes (NTMs). However, small amplitude NTM s and sawteeth are often present in the high-
f phase of the discharge, without severely affecting its performance.

In these discharges, due to the small power degradation of the energy confinement time with
heating power, the H-mode confinement factor tends to be higher than in standard scaling laws, at
least when compared to the widely used 1PB98(y,2) scaling. On the other hand, the collisionality and
beta dependence of thisscaling expression arestill under investigation [2]. Infact, thereisacontradiction
between the prediction of the IPB98(y,2) scaling expression, derived from a large multimachine
database, which predicts a negative beta dependence of the global confinement time (Btthgs(y,z) x B
099 "and the results of dedicated beta scans in DII1-D [3] and JET [4]. Conversely, dedicated beta
scan experiments in JT-60U [5] and recently in ASDEX Upgrade (AUG) [6] show a clear negative
beta dependence of the energy confinement time. Shaping effectsaswell asfuelling effectsare possible
causes of these differences [7], [6]. In parallel to these dedicated experiments, the ITPA group for
confinement and database modelling is presently reworking the IPB98(y,2) confinement scaling law,
with theinclusion of data sets of high betadischargesfrom AUG, DIII-D, JET and JT-60U. A general
observationisthat the changein confinement from the“ conventional” or “ standard” H-mode discharges
to theimproved confinement dischargesis continuous and reflectsthefact that these di scharges occupy
different areas (with some overlap) of the operating space of the ELMy H-mode.

One important question is how much of this improvement in confinement factor originates from
the pedestal region, since the scaling of the H-mode pedestal is an open issue when predicting the
performance of ITER. Initia studies on various machines have started to address this question [8],
[9], [10], [11]. To continuethisline of studies, this paper compares global and pedestal parametersin
type | ELMy discharges with varying current profiles and input power from AUG, DIII-D, JET and
JT-60U. In particular, the study isfocussed on the variation of pedestal parameters asthe input power
isincreased from conventional H-modesto improved confinement discharges. Candidatesfor improved
confinement scenariosfor ITER analysed in thispaper include theimproved H-modeinAUG [12, 13,
14], the hybrid dischargesin DI11-D [15, 16], the hybrid dischargesin JET [17] and the high-bpol [18]
and the Reversed Shear (RS) ELMy H-modes [19] in JT-60U.

The paper is organized as follows: we first describe the set of discharges selected for this study
(section 2) and the measurement and analysis techniques of the pedestal parameters (section 3). We
then study the variation of the pedestal pressure astheinput power isincreased both in conventional
H-modes and improved discharges (section 4). For AUG and DIl1-D we can connect changesin the
edge barrier pressure with changes of its gradient and width. In section 5 we study the relation
between pedestal and global confinement and stability and compare our data base with atwo-term
model of the confinement in ELMy Hmodes. In section 6 we summarize the main results and draw
the conclusions.

2. SELECTION OF THE MULTI MACHINE DATABASE
Conventional H-modes and improved confinement discharges were selected for each tokamak,



with the following general criteria: (i) ELMy H-modeswith type | ELMs (and some mixed type I/
Il at high triangularity, 6, for JET); (ii) discharges at safety factors 3 < gg5 < 6, for relevance to
ITER; (iii) discharges with stationary phases at least 3 energy confinement times long. For each
discharge the plasma parameters were averaged over the stationary phase. More specifically, the
discharge selection was guided by the emphasis on the study of the variation of the pedestal with
input power. The data sets chosen for each tokamak, however, reflect also the emphasis of the
individual experimental programme, aswell asthe availability and range of edge diagnosticsin the
particular tokamak experiment. Although this data set serves asagood starting point for the studies
reported here, thefact that it only includes datafrom existing scans meansthat the range of parameters
covered islimited in some cases.

For continuity reasons, in this paper thelabels*” standard H-mode”, “ hybrid discharge”, etc. used
inthefiguresare those that had been assigned to the specific plasmadischarge at thetimeit wasrun
during a particular physics session. The analysis of this work shows that such “control room”
definitions can lead to some ambiguity in the region of overlap of the operating spaces. A more
physics based classification could be done in terms of Q scaling of the discharges compared to the
ITER baseline and hybrid scenarios, but this goes outside the scope of this paper. We note, however,
that work isongoing at present in the fusion community to establish an agreed physics based definition
for the improved confinement scenarios.

Table 1 summarizesthe main plasmaparameters of the dischargesfrom the multimachine database
assembled for the pedestal studiesin thispaper. Fig. 1 and 2 illustrate the datasetsfor each tokamak,
in terms of H98(y,2) and density variation and total normalized beta and plasma inductance.

The AUG discharges were selected from the AUG pedestal database, namely the ELMy H-
modes with the best pedestal measurements (see section 3) and therefore are not representative of
the best performance discharges from AUG. From this database, standard and improved H-mode
discharges were selected at = 0.8 and 1.0MA, which aretypical plasmacurrentsfor AUG, 3.65 <
Ogs < 5 and 4.6 <n, < 6.7 X 10"m™3, a density range common to both standard H-modes and
improved H-modes contained in the pedestal database. In this data set the standard H-modes were
run at different plasma shapes, whereas the improved H-mode discharges have all the same shape.
Theflat g-profile achieved in theimproved H-modeistypically obtained by applying acombination
of on- and off-axis Neutral Beam (NB) heating early in the discharge (improved H-mode with early
heating, here labelled *IH early heating’). Experiments with delayed NB heating (here |abelled as
‘IH late heating’), but maintaining the same combination of on- and off-axis NB heating, have
produced discharges where the confinement is even better than in the early heating case[20, 21]. In
these discharges the favourable g-profile with g ~ 1 is already established in the ohmic phase with
current ramp up in the divertor configuration, before the additional heating is applied. With late
heating (1,1) fishbones occur , rather than early (4,3) or (3,2) NTMs, which dominate the improved
H-modeswith early heating. Thischangein MHD behaviour is correl ated with the higher confinement
obtained with late heating [20] at intermediate input power levels. Inthe data set showninFig.2,in



terms of B, there is asmooth transition from conventional to improved H-modes at 3 values ~ 2
- 2.5. The best performance improved Hmodesin this data set reach bN values ~ 3. Figures 1 and 2
show that based on a physics definition in AUG some of the discharges that have been labelled
“standard H-modes’ in the past are actually improved H-modes.

For DIII-D, standard H-modes and hybrid discharges at 1.2MA were selected. Operationally
thereis aseparation in density between the hybrids and the conventional Hmodes, with the hybrid
discharges run at low density. Nonetheless, a significant variation in confinement is found in the
hybrid data at roughly constant density. Of the selected standard H-mode discharges, one set was
run at the same plasma shape as the hybrid discharges (8 ~ 0.5), and one at a different shape (6
~0.3). In the standard H-modes the additional heating is applied later in the discharge. In this data
set the maximum input power reached in standard H-modes is 7.5MW and 10MW in the hybrid
discharges.

For JET, standard H-mode discharges were selected from the studies reported in [10], which
covered avariationin plasmacurrent (L<Ip<4MA), triangularity (6 =0.23, 0.33, 0.43) and safety
factor (2.7 < gg5 < 4.6) aswell as density scans at various plasma currents. Of these data, only the
discharges for which both ion and electron temperature profiles were available were retained for
our study (see section 3). Therefore, al the high density discharges, for which the ECE diagnostic
isin cut-off, are excluded, for instance all the discharges at 3MA. The conventional H-modes from
JET analysed in this paper are thus at |, = 2.0MA (low and high 6) and 2.5 MA (high 3). The JET
hybrid discharges are aselection of the JET 2003/2004 hybrid experiments[17], again based on the
availability of both T; and T profiles. They include discharges at 1.4 and 2.0MA, with 3.8 < (g <
4.1, =0.22,0.45 and arerun at lower density than the conventional H-modes in our data set, 2 <
Ne< 5x10"° m 3. The hybrid discharges are typically characterized by lower inductances, li < 0.8,
and higher By, 2 < By < 2.8, than the standard H-modes in this data set. The variation in net input
power over theentire JET dataset is8 < Pyt < 22MW. The 8 limit was not reached in these hybrid
experiments.

For JT-60U, conventional typel ELMy H-modeswere obtained in aseries of H-mode experiments,
such as triangularity effect on pedestal [22], toroidal field ripple effect on pedestal [23], and JET/
JT-60U similarity experiments[24]. Some of these discharges have weak internal transport barriers
(ITBs) and are labelled as * high bpol H-mode” here. In contrast to these standard H-modes, “high
bpol H-modes’ and “RS H-modes’ have ITBs, with positive and negative shear, respectively.
Operationally, the high bpol H-modeis obtained by ramping up quickly the plasmacurrent to avoid
the appearance of sawteeth (g(0) > 1) and high power NB isinjected into alow density (n,~ 0.5-
1.0x10%° m'3) target Ohmic plasma. In this paper, steady-state high Bpol H-modes [25] at Iy =
0.9MA (ggs5 ~3.3), quasi-steady high bpol H-modes [26] at Iy = 1.0MA (6 < qg5 < 6.6) and 1.8BMA
(3.2 < qg5 < 4.2) are selected, where the current profile was near its steady-state value. In the
discharges at 1.8MA, full non-inductive current drive was obtained with bootstrap current and
beam-driven current by the negative ion source based NBs. To obtain RS H-modes, low to medium



NB heating was applied during aquick Ip ramp to achievethereversed shear current profile. Quasi-
steady RS H-modes[19], [27] at 0.8 < Iy < 1.0MA and 6.5 < gg5 < 9, with alarge bootstrap current
fraction are also included here. The maximum H98(y,2) value at 0.8MA is 2.4 (at ggs ~ 9) and full
non-inductive current drive was obtained, with ~ 80% bootstrap current and 20% beam driven
current. Although these discharges do not fully satisfy our selection criteria due to the high safety
factor value, they are quite illustrative in contrasting the pedestal characteristics of the rest of the
data base. We note here that most of the high bpol and RS H-modes of the JT-60U data set were not
obtained in dedicated power scan experiments.

From the overview plots of Fig.1 and from table 1 we conclude that the main limitations of this
data set are: (i) the poor overlap in plasma density between conventional Hmode and hybrid
dischargesin DIlI-D and JET, (ii) thelarge variation in plasma shapesfor AUG standard H-modes;
(i) the fact that the JET hybrid discharges did not reach the beta limit; (iv) the limited range in net
input power for the JT-60U data and for the JET dataat 2.5MA. Another possible drawback is that
in the analysis of dischargesfrom different experimental campaigns systematic uncertaintiesin the
data can occur (e.g. due to diagnostic calibrations or conditions of the tokamak vessel).

This selected database for pedestal studies can be compared with the broader ELMy Hmode
databases of Fig.3, which span the H-mode operating space of each device. The AUGdischarges
are taken from the selection of ref. [21]. All discharges were run at plasma currents in the range Iy
=0.6-1.4MA and toroidal field B, = 1.6 —3.0T. Thefirst dataset includesall type | ELMy H-modes
with ggs < 5.5 with stationary phases at least 0.2s long. The discharges marked as improved H-
modes are the type | ELMy H-mode discharges with early heating plus some hand picked pulses
with late heating, which reach stationary conditions for more than 0.5s and with 3 < g5 < 5. The
latter group does not contain only the best performance dischargesrealized at AUG. Infact, alsothe
intermediate power phase (with moderate B, and H factor) of discharges that at higher power
achieveimproved performance areincluded in thisdata set. The DI11-D standard H-modes data are
obtained from version DB3v10 of the international global H-mode confinement database and were
used in the devel opment of the IPB98(y,2) scaling. In addition, the datashown in Fig.3 were selected
so that the time rate of change of the stored energy was less than 10kW. The ELM phase for these
datawerelabelled aseither HSELM (H-mode Small ELM) or HGELM (H-mode Giant ELM). The
discharges span arange of 0.3-2.0MA in plasmacurrent, 0.9-2.1T intoroidal field and 0.8-15.5MW
in thermal loss power. The hybrid discharges represent a range of operating conditions for hybrid
dischargesin DIlI-D with gg5 ~ 4-5 and are taken from the data set used in Fig.1 of [14], which span
arangeof 1.1-1.3MA in plasmacurrent, 1.7-1.9T in toroidal field and 4.4-11.1IMW in thermal loss
power. For JET, the ELMy H-mode data shown are from type | and mixed type | and II ELMy H-
modes of the JET H-mode confinement database. The bulk of the discharges were runat 1.5 <1,
<3MA (athough some discharges at |, =4MA are present), 2.7 < (g5 < 3.5 (but several discharges
with gg5 up t0 5.5 are also included) and thermal loss power ranging from 5 to 20MW. The hybrid
data are from the hybrid experiments carried out in 2003/2004, but without the restriction on the



availability of both Ti and Te measurements used for the plot of Fig.1. The JT-60U dataare from a
collection of data sets. The standard H-mode discharges were run at plasma currents 1.0 < I, <
1.8MA, safety factor 3 < gg5 < 5.3 and thermal loss power between 5 and 22MW. The high Bpol
discharges where run at 0.9 < Iy < 1.8MA, 3.2 < (g5 < 6.5 and thermal loss power in the range 6—-
22MW. The RS H-modes were run at plasma currents of 0.8-1.0 MA, with ggg in the range 6.5-9
and thermal loss power in the range 4 — SMW.

In summary, the criteria used in the classification of the discharges of Fig.3 vary from one
machine to the other and in all cases they are not based on a physics definition of the various
regimes. This generates some confusion when comparing data from different machines. Some of
the differences are actually apparent and would disappear if one were to choose a different (not
necessarily physics based) but uniform selection criterion. For instance, the difference between
AUG and DI11-D would reduce significantly if in the AUG plot only theimproved H-modes at high
beta were selected as improved H-modes and if, after reanalysis of all type | ELMy H-modes at
high beta, those that achieved aflat q profile ~ 1 were re-labelled as ‘improved H-modes' . Such a
re-analysis of the AUG data base has not been possible so far. Comparison between the JET and
AUG data sets of Fig.3 instead, shows a certain degree of similarity between the two machines.
Thisisbecausethe selection criteriafor the* ELMy H-modes’ data sets are roughly similar and the
hybrid dischargesincluded (from the 2003/2004 experimental campaigns) wererun using theAUG
improved H-mode recipe. We note also that, at the time, the JET hybrid scenario had not been fully
developed. Recent experiments have extended the JET hybrid scenario and will be reported
elsewhere. For JT-60U, the reversed shear H-modes show a large improvement in H98(y,2)
confinement factor, however the IPB98(y,2) scaling was not developed including discharges with
strong internal transport barriers at large safety factors.

For the purpose of the studiesreported in this paper, however, we conclude that the selected data
base for pedestal studiesillustrated in Fig. 1 and Table 1 givesafair representation of the operating
ranges of the scenarios from the four tokamaks compared in this study.

3. PEDESTAL MEASUREMENTSAND ANALYSISTECHNIQUES

The pedestal top pressure, pPED, is the most accessible parameter in the Edge Transport Barrier
region (ETB) and can be supplied by all four tokamaks. However there are sufficient differencesin
the measurement of the pedestal parameters and in the techniques utilized for the analysis of the
pedestal profilesthat it isworth giving here abrief description of the methods used for the derivation
of the data contained in this study.

An additional aim of this paper is to include both electron and ion pedestal pressures in the
analysis, pe':’ED = ne':>ED x Te':’ED x eand p PED = n,PED X TipED x €, where n, is the sum of the
deuteron and impurity ions density and T; is the ion (generally C+6) temperature, assumed to be
equal to the plasmabackground ion temperature and to the temperature of any other low-Z impurity

ionsthat may be present in the plasma. Thusthe total pedestal top pressureis calculated directly as



the sum of the two: ppED = pepED +p PED. Although this criterion i restrictive in the selection of

dischargesthat can be analysed, it is supported by the finding described in section 4, that the variation
of the electron and ion pedestal pressuresissystematically different astheinput power isincreased.

For AUG, edge Te profiles were obtained combining high resolution measurements from the
Thomson Scattering (TS) system [28], [29] and the 60-channel ECE heterodyne diagnostic. The
edge electron density profileswere obtained combining high resolution measurementsfromthe TS
system, the edge Li-beam diagnostic [30] and the line averaged density of the FIR interferometer.
A composite profile was generated from all profiles collected within the selected stationary time
window and then fit by amodified hyperbolic tangent function [31], [32], which joinsapolynomial
function inthe core and onein the scrape-off-layer. At present, high resol ution measurements of the
ion edgetransport barrier (ETB) are not possibleon aroutinebasisin AUG. For theAUG discharges
analysed in this paper, the pedestal top ion temperature, TiPED, was thus obtained by fitting the Ti
profile measured by core CXRSwith 30 to 50 mstime resolution, imposing afixed pedestal width
(2cm, i.e. of the order of the electron temperature widths measured in AUG, see section 4.2) and
radial positionfor theion ETB, using asimilar fitting function asthat for the edge el ectron profiles.
This carries some uncertainty in the determination of TiPED and, therefore, of p, PED The T, profiles
are obtained from the C V| charge exchange line emission at 5290.5A (n = 8 - 7 transition).

For the evaluation of the contribution of the pedestal to the global confinement the pedestal top
parameters are deduced from the profile fits to data from all phases of the ELM cycle (ELM-
averaged technique). The correct procedure, however, would be to fit the pedestal pressure across
each ELM cycle and then perform the time average over the selected stationary time window. This
procedure is too demanding when analysing a large number of discharges. For one AUG case we
have fitted separately the edge profiles at regular time intervals during one ELM cycle and then
taken the time average of the pedestal top values. The two analysistechniquesyielded very similar
pedestal top valuesfor thistest case, as shown in Fig.4. Thistest gives us confidence that the ELM
averaged technique is appropriate for the evaluation of the pedestal stored energy, Wpep.

For DI1I-D, the electron temperature and density profiles were measured by a multiplepoint TS
system [33]. The electron density from this system was adjusted to match the lineaveraged density
from a CO, interferometer. The adjustments were typically of order 10-15%. Composite profiles
for T, and ne were then obtained in the time window of interest. Laser pulses which were close to
ELMs were removed by an ELM detection scheme based on the use of D-alpha signals. The data
for each profile were mapped to normalized y with a magnetic equilibrium generated at the time
when the data were acquired. For both Te and ne the experimental data and the flux coordinates
within atime window were then grouped and fit in the same way as described above for the AUG
profiles. After thisfit, both T, and ne profileswere shifted in y space by an amount required to align
thefoot of thetanh function for the T, profile with the plasmaseparatrix. A consistency check of the
fitswas performed, showing that the pedestal top electron pressure pePED values obtained from the

fit of the pressure profiles are essentially the same as pepED obtained by multiplying nePED and



TePED obtained from the respectivefits, as shown in Fig.5. Theion temperature and carbon density

were obtained from the C VI charge exchange line emission at 5290.5 = from CXRS [34]. Aswith
the TS data, the CXRS data were taken from multiple frames obtained during each time window,
but no spatial adjustment was performed on these data. The Ti profileswerefitina

similar way as the one described for the electron profiles.

In JET the electron temperature pedestal top value is determined at the radial position wherethe
T, profile measured by the ECE radiometer [35] changes slope, typically in the region of Ppol ~ 0.9.
Lacking profileinformation, the electron density pedestal top (nePED) isassumed to be equal to the
line averaged density measured by the edge channel of the FIR interferometer. Thisassumption can
overestimate of the pedestal top density in the case of peaked density profiles, typically at low
density. T,”=P is obtained from the edge T profile, measured by the edge CXRS diagnostic [36]
from the C VI charge exchange line emission at 5290.5A. Since the spatial resolution of the edge
CXRS system does not alow for unambiguous determination of TiPED, this was assumed to be
equal tothevalueof theT; profileat the sameradial position asTePED. Thiscan lead to an uncertainty
of at least 20% in the value of T; PED The pedestal top values are the average of the corresponding
guantities over the chosen stationary time window.

In JT-60U the electron temperature and density profiles were obtained from TS measurements
[37, 38]. The absolute value of the electron density was normalized to match the line averaged
density from vertical and/or horizontal interferometers. Electron profiles for the experiments in
[24] and [25] were taken at one time slice between (or just before) ELMs, and those for the other
experiments were averaged over several laser pulses. Theion temperature profiles were measured
by a combination of core and edge CXRS [39] with a time resolution of 50Hz and are ELM-
averaged. The pedestal top electron temperature and density and ion temperature were obtained by
bilinear fits of the respective profiles.

For DIII-D n, PED i cal culated from AZ 4 from CXRSand for JET and JT-60U n, PEDis calculated
from Z 4 measured by visible bremsstrahlung, assuming that carbon is the dominant impurity. In
AUG the carbon concentration has been observed to decrease with increasing tungsten coverage of
the vessel walls[40]. For the standard H-modes analysed in this paper we have assumed an average
carbon concentration of 1.5% and an average helium concentration of 10% (due to frequent glow
discharge cleaning in between plasmadischarges). For theimproved H-mode dischargestheimpurity
densities of the main intrinsic impurities have been measured by CXRS, withn, PED - (np/Ng+ Ny
Ne + Ng/Ng + N/N) x nePED, where ng/n, is the boron concentration, significant for the discharges
run after afresh boronization of the vessel. For JET, Zeff measured by visible bremsstrahlung with
avertical line-of-sight through the plasma core is compared with AZ 4 due to carbon obtained by
core CXRS. Thetwo measurements are generally found to be inconsi stent, with the bremsstrahlung
measurement yielding ahigher Z. In our data set theratio of thetwo Z 4 values can be ashigh as
afactor of two. The reason for this discrepancy is not yet understood. For consistency with the
parameter selection in the JET ELMy H-mode database we have chosen to use Z; from visible



bremsstrahlung in our analysis, bearing in mind that we are thus likely tooverestimate Z 4 in the
JET data set. In the worst case this would correspond to an underestimation of the pedestal ion
pressure of order 20%.

4. POWER DEPENDENCE OF PEDESTAL PARAMETERS

4.1. POWER DEPENDENCE OF PEDESTAL TOP PRESSURE

In conventional type | ELMy H-modes the total thermal stored energy is correlated to the pedestal
stored energy. For the scenarios considered in this study, all machines show a robust correlation
between pedestal stored energy W and total thermal stored energy, Wy,,. We define here thetotal
thermal stored energy Wy, = Wy + Wpgp, With W, the core thermal energy content and Wpep
= 3/2 ppep x Vol, where Vol isthe total plasma volume. In particular, in all four tokamaks higher
global stored energiesare correlated with higher pedestal energiesand theratio Wpep/Wy, issimilar,
ranging from about 0.30 to 0.50. Furthermore, the ratio Wpep/Wy, is in the same range for
conventional H-modes and improved confinement scenarios as shown in Fig.6. The only exception
in this trend are the RS H-modes from JT-60U, for which Wth increases due to increasing core
stored energy.

A more subtle issue is to what extent the improved performance of these scenarios is due to
differencesin the Edge Transport Barrier (ETB) region compared to conventional Hmodes. In terms
of global plasma parameters, thisissue can best be studied in power scans at otherwise fixed plasma
parameters, sincethe pedestal plasmapressure varies by changing plasmacurrent, input power, density,
plasma shape or isotope composition of the plasma, see e.g.[41]. Aswe have pointed out in section 2,
such power scans are not available in al four tokamaks (and both for conventional and improved
scenarios). At present, they are being proposed for future experiments. For thisreason, in this section
we compare the dependence of the pedestal pressure on input power for conventional H-modes and
improved scenarios by grouping the discharges by plasma current, shape and operating mode.

Figure 7 shows the variation of p™ with PyeT 1N the 4 tokamaks. In order to guide the eye,
curves of p~> ~ PNETO'31 have been added for each plasma current. These curves represent the
power scaling of the IPB98(y,2) H-mode confinement scaling at a given current. \We observe a
general trend in all tokamaksfor ppED to increase with input power along this curve for most of the
discharges at agiven plasma current. Compared to thistrend, higher pedestal pressuresarefoundin
AUG inimproved H-modes with |ate heating and with early heating at high input power and in JT-
60U for the high bpol discharges at gg5 = 6.5 and high triangularity.

In addition to this general trend, characteristics specific to each machine are also observed. In
AUG standard H-modes at 0.8MA thereisasignificant variationin ppED with PNET, dueto variations
in plasma shape. Part of the scatter may also be due to the uncertainties in p; PED, asdiscussed in
section 3. At 1.OMA, due to the absence of power scansin standard H-modes at relatively constant
density, it is hard to draw a comparison with improved Hmodes at the same current. Also, the
plasma shape was not the same in the two cases.



In DII-D pPED increases with PNET following the 1PB98(y,2) scaling both in the standard H-

modes and in the hybrid discharges analysed. For the standard H-modes at low triangularity part of
theincreasein pPED with power isdueto an increase with density, since density and power variation
are coupled for this group of discharges.

InJET, also dueto uncertaintiesin p; PED there isacomparatively large scatter in thetotal pedestal
pressure, so that it isnot possibleto separate the increase of pPED with current from that with PNET
at 1.4 and 2.0MA in this data set. The pedestal top pressure increases with power roughly in the
same way in the standard H-modes and in the hybrid discharges. In the hybrid discharges the input
power is correlated to the plasmatriangularity. The conventional H-modes at 2.5MA do not cover
asufficiently broad power range in order to determine trends, but are plotted for comparison.

In JT-60U, the pedestal top pressure in RS H-modes (0.8 < Iy < 1.0MA) varies with input power
inasimilar way as the standard H-modes and high 8, discharges at low qgg at IMA. In the high
Bl discharges at high ggs and high triangularity p™ is higher than the scaling predicts at this
plasma current. However, due to the limited number of data points, it isnot possible to conclude if
the higher pedestal pressureis dueto aweaker power degradation than predicted by the IPB98(y,2)
scaling or to the effect of high triangularity. Interestingly, these discharges are characterized by the
presence of 1TBs and the plasma internal inductanceisli ~0.7, lower than for the rest of the high
Bpol dataset. At 1.8MA there isn't enough variation in input power to draw any firm conclusion
from the data.

In summary, analysis of the variation of the pedestal top pressure with input power in our data
set shows that the IPB98(y,2) scaling law describes fairly well the moderate increase of pedestal
pressure with power, p™> ~ Py ETO'Sl. However, there are two notable deviations from the scaling
inour data set, namely the AUG improved H-modeswith late heating and with early heating at high
power at 1.0MA and the JT-60U high Bpol discharges at g5 ~ 6 and high triangularity. In these
regimes this deviation points to an improvement in confinement factor due to improved pedestal
confinement.

4.2. POWER DEPENDENCE OF THE EDGE TRANSPORT BARRIERWIDTHS

The measurement of the edge transport barrier widths requires very high spatial resolution at the
plasmaedge, whichisonly possibleinAUG (for T, and ng) andin DIII-D (for T, ngand T;). Inthis
section we compare measurements of the pedestal widths from the AUG and DI11-D discharges as
the input power isincreased. For both machines the pedestal width data are mapped to the outer
midplane.

In order to reduce the scatter due to EL Msin the measurement of the widths and gradients of the
ETB region, in AUG an ELM-synchronized analysis of the edge profilesis performed [32]. In the
stationary timewindow of interest, the edge profiles are selected over short timewindows (typically
2-3ms) during the ELM rise period, equidistant from each ELM and then fitted using the method
described in section 3. Using this technique, it is found that as the net input power isincreased in
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the improved H-modes power scan the width of the density ETB (An,) stays roughly constant,
whereas the T, ETB (AT,) broadens with power. The pedestal top density tends to increase with
power (in the absence of gasfuelling) dueto acombination of steepening of the density gradientin
the ETB and of increasing density in the scrape-off-layer, which raises the base level of the density
barrier [42]. The pedestal top temperature also increases with power, due to an increase of the
width of the temperature ETB. At high power ineisnarrower than AT, with Ang~1cmand 2< AT,
< 3cm, as shown in Fig.8, in contrast to previous analysis on lower power conventional H-modes
[32]. Inimproved H-modes with |ate heating, An, and AT are similar to those measured with early
heating, both in absolute magnitude and in variation with input power.

The variation of the ETB widths with input power for the DII1-D dischargesis shown in figure
9. InDIII-D, thedensity ETB is broader and the density gradient isless steep for hybrid discharges
than for standard H-mode discharges. Since both the input power and the density are systematically
different in these data sets, it is not possible to conclude whether thisis a power or adensity effect
(or acombination of the two). The electron and ion temperature ETBs broaden with input power in
a continuous way from conventional H-modes to hybrid discharges. The widths of the n, and T,
ETBsare of comparable magnitude, with 1 < An, ~ AT < 3cm, while theion temperature pedestal
is much broader at high power, with an overall variation of 2 < AT; < 7cm. At high power, a
steepening of the T, gradient in the ETB is also observed. Therefore, the increase of piPED at high
power isdueto anincrease of both width and gradient of theion temperature pedestal. Theincrease
inp, " at high power, instead, is due solely to an increasein width of the T, ETB. Based on these
results, we could specul ate that at high power the total pedestal pressurein AUG and JET might be
underestimated in our study due to the assumption of AT, = AT; made in the previous section.

5. RELATION BETWEEN PEDESTAL AND GLOBAL CONFINEMENT AND

STABILITY
In order to study therelation between pedestal and global confinement astheinput power isincreased,
we first consider the variation of the pedestal and core thermal stored energy, Wpep and W, =
Wi, - Wpep. Subsequently we compare the results from the four machines in terms of normalized
pressure.

Figure 10 shows that at a given plasma current there is a general trend for Wy, to increase with
input power roughly as PNETO'31 in al tokamaks, that is, in line with the power scaling of the
IPB98(y,2) scaling expression. Higher stored energies, compared to this trend, are found in AUG
for the improved H-modes with late heating and for the improved H-modes with early heating at
the highest power, in DIII-D for the hybrid discharges at high power and in JT-60U for the high
bpol discharges at gg; = 6.5 and for the RS H-modes (where higher global stored energies are
achieved at lower heating power). In JET no significant difference between standard H-modes and
hybrid discharges is observed in terms of power variation of W,

Since according to our definition the total stored energy is the sum of the energy content in the
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core and in the pedestal, the correlation between Wy, and Wpep, as shown in Fig.6, intrinsically
contains aco-linearity between the two quantities, which doesn’t easily reveal whether theincrease
intotal stored energy with power isprimarily driven by the core or by the pedestal. For thisreason,
we plot in Fig.11 the relation between core and pedestal stored energy for the four tokamaks. From
Fig.7 and 10 we have seen that as the net input power is increased, certain scenarios perform
“better” with respect to the IPB98(y,2) power scaling (or, alternatively, that the power degradation
isweaker in these regimes). In particular, the AUG improved H-modes at 1.0MA with late heating
and with early heating at high power exhibit pedestal and total stored energies above the Pygr> -
curve, whereas the DIII-D hybrid discharges exhibit total stored energies above the IPB98(y,2)
power scaling, while the pedestal energy follows the scaling. In JT-60U RS H-modes the pedestal
stored energy follows the IPB98(y,2) power scaling, as in the case of the bulk of the standard and
high o H-modes, while Wy, doesnot. Fig.11 indicatesthat in the DIII-D hybrid discharges of the
present data set the improvement in confinement factor at high power is primarily due to improved
core confinement compared to conventional H-modes. We note, however, that due to the scatter in
the data a linear relation between W, and Wy cannot be completely excluded, which would
simply that the confinement improvement is due to better confinement in the pedestal, for stiff
profiles. Analysis of abroader data set compared to the present one, aswell as new dedicated power
scansin standard H-modes and hybrid discharges are needed to clarify thisissue. In JT- 60U RS H-
modes Wcore increases significantly at fixed Wpep, showing decoupling of W' from Wpgp in
the presence of strong ITBs. In contrast, both in standard H-modes and in high Bool H-modes there
is alinear correlation between pedestal and core stored energy. In the JET hybrid discharges at
1.AMA, W, increaseswith power and triangularity dueto anincrease of Wpep whileW . remains
unvaried. For theremaining JET data set the overall correlation between W, and Wpep isclearly
driven by theincrease in plasma current. In AUG the improvement in confinement factor obtained
at high input power in improved H-modes with early heating is due primarily to higher pedestal
stored energies compared to the IPB98(y,2) scaling. In the improved H-modes with late heating an
improvement in core confinement isal so observed, leading to the higher total stored energy observed
in these discharges[20].

Infigures12, 13 and 14 the multimachine database is analysed in terms of normalized parameters.
Fig.12 shows that the pedestal normalized beta, By pep. is correlated to the total thermal beta,
Bn,thy N @l 4 tokamaks. In addition, all machines display similar ranges in thermal beta, although
for JT-60U they are obtained through a stronger contribution of the core pressure.

For JT-60U it has been shown [43] that intype| ELMy discharges the pedestal Bpol isameasure
for edge stability and that both energy confinement factor and total normalized pressure increase
withimproved edge stability for type | ELMy H-modeswith and without ITBs[11]. Thisrelationis
valid especially at high triangularity and in the plasma current range |, = 0.8-1.8MA. Similar
studies have also been reported for DIII-D [9]. Figure 13 shows that for al four tokamaks the
pedestal bpol increases roughly linearly with the total bpol. This correlation indicates either that
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improved edge stability is due to increased Shafranov shift or that increased pedestal stored energy
leadsto increased total stored energy through temperature profile stiffness, in the absence of I TBs.
It is however not possible to determine at this stage whether an increase in total Bpol drives an
improvement in edge stability or vice versaor if both mechanismsare at play in a continuous loop.
While AUG, DIII-D and JET are aligned along asimilar slope, for JT-60U most of the increase in
total bpol is sustained by core pressure, except for the high bpol discharges at high ggs. Figure 14
showsthat there is also agenera trend for H98(y,2) to increase with pedestal Bool for the analysed
discharges. However, in each tokamak avariation in H98(y,2) at constant pedestal Bpol isobserved,
which is linked with core confinement improvement in AUG, DIII-D and JT-60U RS H-modes.
The high B, discharges in at ggs ~ 6 in JT-60U have a moderate H-factor at higher values of
pedestal Bpol-For JT -60U the weaker role of the edge stability is compensated by the core in the
energy confinement factor, since thereisno clear separation amongst the four tokamaksin terms of
H98(y,2) versus pedestal bpol.

Finally, we compare the database with the two-term model for pedestal and core confinement of
Cordey et al. [44]. Inthat work, two physical modelsfor the pedestal are calibrated against the joint
pedestal and core database. In the first limiting model, the thermal conduction model, it isassumed
that the dominant loss term for the pedestal is by thermal conduction down the steep gradient
region of the edge transport barrier. We compare our data with the modified scaling expression of
€g. (2) in[44], which restrictsthe data set to type | ELMYy discharges only, sincethis correspondsto
the selection of the data set for our work:

-0.15 B 0.32 m0.2 = 161 k 121

Weep it = 0.00807 |+ RM7 P*¥n t o1y

wherel D isthe plasmacurrent [MA], R themgjor radius[R], P thethermal loss power [MW], n the
density (1019 m'3), Bt thetoroidal field [T], m the atomic mass, kathe elongation (= Vol/(2 nR)/(x
a2)), Fq = q95/qcy|, and Oey1 =5 Ky & B{/R Iy @ defined in [44]. The comparison between this
scaling expression, WPED fit, and the pedestal stored energies of thiswork isshown in Fig.15. For
consistency, we have also multiplied the pedestal stored energy by thefactor Cv =0.92, representing
the fraction of the total volume occupied by the pedestal [45] asin ref [44]. The core stored energy

data are compared with W ¢ 1it7 Of €q. (7) of [44]:

— 0.88 5202 5025 049 5, 011, 024 122 023
Weorefig = 0.103 1% RZ92 P25 n D9 g 04t g 924 4122

where ¢ isthe inverse aspect ratio.

In the second limiting model, the MHD limit mode, it is assumed that ELM s |osses are dominant
for the pedestal and that the pressure gradient in the pedestal is determined by an MHD stability limit
due to ballooning or peeling modes. In this case we compare our data with the expression for Bped =
Weep/R 1,7 0f €9, (5) and Wiyt OF €41 (8) of ref. [44]:
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ﬁped = 6.43 x 10—4 p*0.3 m0.2 I:(:12.18 8_2'67 ka2.27

_ 0.68 52.32 5042 059 ,0.13,, -0.34 196 0.34
Woefitz = 0.151 1, P R#% P42 099 g0A3y ~0341%

where p* oy = Tpav” 20 o Tpay = 2 X 107 Wpep/C,, Vol npep, and Ty, and N> are the average

pedestal temperature and density, asdefinedin[44]. Weuse here nPEP = PEP 4 n PED Thecomparison
of our data set with the scaling expressions for the MHD limit model is shown in Fig. 16.

Theexperimental stored energiesof our dataset arein broad agreement with the scaling expression
for the therma conduction model. Moreover, both standard H-modes and improved confinement
dischargesfollow the same scaling. However, the DIlI-D discharges, some of the AUG improved H-
modesand the JET hybrid dischargesat 1.4MA display higher pedestal stored energiesthan predicted
by the model. This could be due to the fact that in our data set theion pressureis often larger than the
electron pressure, while in the data base used for the calibration of the two-point model p, = p; was
assumed for most discharges. A large scatter isfound in the pedestal stored energy for the standard H-
mode discharges of AUG. As already discussed in section 4, thisis due to the broad range of plasma
shapes of these discharges. Although the scaling Wy 5 includes some shaping factors through the
variables Fq and k,, more subtle parameters such astriangul arity and squareness are not included in
the model. These parameters are known to influence the edge stability and the pedestal height and
can lead to variations of the pedestal pressure of up to afactor of 2 [46]. In ref. [10] comparison of
JET standard H-mode datawith the two-point model could not discriminate between thetwo physics
modelsfor the pedestal. On the contrary, the multimachine pedestal data analysed in this paper are
in clear disagreement with the MHD limiting model for the pedestal. It isinteresting to note that in
our case we find broad agreement with the scaling expression which explicitly contains a power
dependence of the pedestal stored energy. The power dependencein thethermal conduction limiting
model, Wpgp = P%° . rather than Wpep P%3! asin the one-term | PB98(y,2) scaling, may be more
appropriate in describing our data set. However, on average a higher degree of accuracy is still
needed in the measurement of the pedestal pressure in order to distinguish between these two
moderate power dependencies.

The core stored energy data of our database are in broad agreement with the fits for both models.
Thisisinteresting because compared to the core database used in the work of Cordey et d., which
only contained dischargeswith no MHD activity inthe core, at least the hybrid dischargesfromAUG,
DIlI-D and JET anaysed in this paper display core MHD activity (typicaly benign (3,2) and (4,3)
NTM'’s, fishbones) which can lead to some deterioration of the core energy confinement. However,
typically these discharges are also characterized by higher plasmarotation and larger T;/T, ratios as
compared to the conventional H-modes, properties correlated with improved confinement. Not
surprisingly, the largest deviation from both models are found for the RS H-modes from JT-60U,
sincein the work of ref. [44] discharges with reversed shear were not included.
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CONCLUSIONS

In this paper we have compared pedestal and global parametersin conventional ELMy H-modes and
improved confinement discharges realised with varying input power and current profiles in AUG,
DIII-D, JET and JT-60U. In particular, both electron and ion pedestal pressures have been studied.
The transition from “standard H-modes’ to improved confinement scenarios is continuous with
increasing input power, with overlap in the operating space. Based on physics analysis rather than
“control room labels’ some of the discharges analysed in the paper would be labelled differently.

Thevariation of the pedestal parameters astheinput power isincreased from standard H-modes
to improved confinement scenarios is continuous and does not lead to a bifurcation. In all four
tokamaks, ageneral trend is observed for the pedestal top pressure to increase moderately with net
input power, roughly in agreement with the power dependence of the IPB98(y,2) scaling expression,
Ppep = Py ET0.31_ Compared to this general trend, at the highest input powers higher pedestal
pressuresarefound in AUG improved H-modes and in JT-60U high Bool dischargesat g5 = 6.5 and
high triangularity.

Analysis of the pedestal structure shows that in AUG improved H-modes ppED increases with
power due to an increase of both nePED (steepening of the density gradient in the ETB and of
increasing density inthe SOL, which raisesthe baselevel of thedensity barrier) and TePED (increase
of the width of the temperature ETB). In DIII-D ppED increases primarily dueto an increase of the
pedestal temperature via an increase in width of the T, ETB and an increase of both width and
gradient of the T; ETB. This result highlights the importance of the study of both electron and ion
pedestal pressures, since they have a systematic variation with power.

For the scenarios considered in this paper, al machines show arobust correlation between total
thermal stored energy Wy, and pedestal stored energy Wpep. In addition, the ratio Wpep/Wy, is
similar in all machines, varying from about 0.3 to 0.5 and is in the same range both for conventional
H-modes and improved confinement scenarios. However, the relative importance of edge and core
confinement varies from regime to regime, often even in the same machine. For AUG improved H-
modes, the improvement in confinement factor obtained at high input power is due to increased
pedestal stored energy compared to conventional Hmodes at |lower power. In addition, intheimproved
H-modeswith |ate heating an improvement in core confinement isal so observed. Inthe DIlI-D hybrid
discharges the improved confinement appears to be primarily due to improved confinement in the
plasma core as compared to conventional H-modes. In the JT-60U data set, conventional and high
Bpol H-modes have similar values of pedestal and core stored energy. Note, however, that high Bpol H-
modes at high triangularity can achieve smultaneoudly high values of pedestal and core Bpol [11],
while maintaining the correlation between the two. Reversed shear H-modes, instead, have strong
internal transport barriers and thus improved core performance, independent of the pedestal energy
content. In the JET hybrid discharges analysed no significant improvement in confinement factor is
observed compared to conventional H-modes.

In al four tokamaks a roughly linear correlation between pedestal Bpol and total Bpol is found,
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indicating a close correlation between edge and global stability. However it is not possible to
distinguish if animprovement in edge stability leadsto higher total betaor if anincreasein Shafranov
shift is a cause for improved edge stability. It is also possible that both mechanisms are at play
simultaneously, reacting to each other in acontinuous|oop. A general trend for H98(y,2) to increase
with pedestal Bpol isalso observed, although with variationsin H98(y,2) at constant pedestal Bpol in
each machine.

The multimachine pedestal data analysed in this paper support the scaling expression of WPED
derived in ref. [44] under the assumption of the thermal conduction limiting model, as opposed to
the MHD limiting model for pedestal energy losses.
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Tokamak | Scenario lo(MA)  |ne (101 m=3) Oos S PneT (MW)
AUG Standard 0.8 50-6.7 37-51 /014-044 | 40-80
H-modes 1.0 47 - 6.7 32-44 1013-034 | 44-58
Improved 0.8 53-59 4.8 022 — 0.96 50-111
H-modes 1.0 49-6.0 4.6 75-118
Standard 6.4 - 10.0 4.3 0.3 35-72
DIl1-D 1.2
H-modes 6.0 4.2 0.5 36-6.7
Hybrid 1.2 050 | 42-45 0.5 45-9.2
Discharges
JET Standard 2.0 48-56 36-38 |025- 043/10.3-17.8
H-modes 2.5 6.3-8.0 30-46 0.43 144 -175
Hybrid 14 21-38 35-41 022,045 | 87-17.6
Discharges 2.0 31-56 3.8-40 0.21, 042 |158-21.2
JT-60U Standard 1.0 15-38 30-53 | 013-049 | 51-10.9
) H-modes 18 34-40 3.1 0.26 10.7 - 14.2
High Bpol 09,10 20-35 [33-52,65| 0.27; 047 | 6.6 — 20.7
H-modes 18 33-40 3.1,40 0.27; 0.34 | 13.0; 22.0
RS 08-10 18-28 65-90 |[038-047 | 50-77
H-modes
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Table 1. Main plasma parameters of the discharges from the multimachine database.
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Figure 1: H98(y,2) versus line averaged density for the selected discharges from AUG, DIIID, JET and JT-60U.
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Figure 2: Total B versusli for the selected discharges from AUG, DIII-D, JET and JT-60U.
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Figure 4: Evolution of pedestal top pressure during an ELM cycle (example from AUG): fit of pepED fromthe entire

ELM cycle (solid red line), p, = fits at regular time intervals during the ELM cycle (blue diamonds) and their time
average (solid blue line). The dashed lines represent the respective error bars.

-
o

?

8-
g 2l

Pedestal-top density * pedestal-top temperature (kPa)
~
\
——

O JG07.11-5¢

4 | | | | |
4 5 6 7 8 9

Pedestal-top electron pressure (kPa)

—_

Figure 5: Comparison between electron pedestal top pressure derived directly froma mtanh fit of the electron pressure
profile and that obtained from the product of pedestal top density and temperature. The example is fromthe DIII-D
data set.

22


http://figures.jet.efda.org/JG07.11-4c.eps
http://figures.jet.efda.org/JG07.11-5c.eps

1.5 8
AUG JET
77
m|
6~ s
1.0 Woep/W,, = 0.31 o g:llh
5 m}
- o® =
or) s
]
= Weep/ Wy, = 0.53 =y Be
= ° e = Ak .‘
S O 3
0.5 ]
(] °® Wpep/Wy, = 0.6
27
pedestal database ° n?
O Std. H-modes s 1+ o Std. H-modes s
e Improved H-modes |2 e Hybrid discharges |~
0 ! ! ! g 0 ! ! ! ! ! g
0 0.2 0.4 0.6 0.8 0 0.5 1.0 1.5 2.0 2.5 3.0
Whpep (MJ) Weep (MJ)
1.5 3
DIlI-D JT-60U
a
L - O Uge o
Weep /Wi, = 0.5 o
° A N
1.0 Weep/Win =033 /o @ 2- R °
°
— [ ) WPED/Wth =05 R [ )
) [ ] )
\2_:: o oo 2| Whpep /Wy, = 0.45
=3 °7 =3 A ®
[m]
0.5+ 1~
l,=1.2MA 0
s L o Std. H-modes
o Std. H-modes | e High By, H-modes 3
o Hybrids E 4 RS H-modes e
0 \ \ \ g 0 | | 3
0 0.2 0.4 0.6 0.8 0 0.5 1.0 1.5
Wpep (MJ) Weep (MJ)

Figure 6: Thermal versus pedestal stored energy for AUG, DIII-D, JET and JT-60U.
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Figure 11: Core thermal stored energy versus pedestal stored energy.
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