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Abstract

A pedestal database was built using data from type-1 ELMy étles of ASDEX Upgrade,
DIlI-D and JET. ELM synchronized pedestal data was analygid the two-line method.
The two-line method is a bilinear fit which shows better rejmmbility of pedestal parame-
ters than a modified hyperbolic tangent fit. This was testat simulated and experimental
data. The influence of the equilibrium reconstruction ongs¢al parameters was investigated
with sophisticated reconstructions from CLISTE and EFIdluding edge kinetic profiles. No
systematic deviation between the codes could be obsenteglfldx coordinate system is in-
fluenced by machine size, poloidal field and plasma shaps.Willichange the representation
of the width in different coordinates, in particular, theotmormalized coordinateBy andr/a
show a very different dependence on the plasma shape.

The scalings derived for the pedestal width, of all machines suggest a different scaling for
the electron temperature and the electron density. Botbscstsow similar dependence with
machine size, poloidal magnetic field and pedestal eledaomperature and density. The in-
fluence of ion temperature and toroidal magnetic field isd#iht on each a\re andA,e. In
dimensionless form the density pedestal widtl¥jpscales witrpio*-(‘, the temperature pedestal
width with ﬁg;ged Both widths also show a strong correlation with the plash@ps. The shape
dependence originates from the coordinate transformatiohis not visible in real space. The
presented scalings predict that in ITER the temperaturegtabwill be appreciably wider than
the density pedestal.



1. INTRODUCTION

The H-Mode regime in a fusion plasma was first observed in t8®EBEX tokamak [1]. It is
characterised by increased energy confinement and a relnha@ge region. At the plasma
edge a pedestal in temperature and density is present. @awreercent of the plasma radius,
or several mm to a few cm, temperature and density gradiemishvare typically an order of
magnitude higher than those elsewhere in the plasma carskersd. Because of stiff core
temperature profiles [2] a significant fraction of the plasst@ed energy is sustained by the
edge pedestal.

Investigations of the pedestal are challenging, not ongabse of the small spatial scales but
also because of fast recurring edge localized modes (ELVIsg¢refore, time resolutions on
the millisecond scale are necessary. Diagnostics areamthsimproved in order to resolve
the pedestal in more detail. However, the uncertaintiesrat in measuring the gradient and
width of the pedestal remain relatively high, especiallyewltonsidering the variation of gra-
dients and widths which can be achieved in a single machihe limitations in machine oper-
ation seldom allow variations of key quantities (poloidatidaoroidal magnetic field, pedestal
temperature and density) over more than a factor of two aledvalo variation in machine
size. However, a large variation in parameters is requivecktify trends predicted by theory
or to empirically scale to future fusion devices.

Analysis technigues and multi-machine comparisons anefiie important. The analysis
must be optimised to minimise additional uncertaintiesl@g$rom diagnostic limits. Com-
parisons between different machines allow broadening efthailable parameter space. The
present paper focuses on a comparison between the threeak&aASDEX Upgrade (AUG),
DIlI-D and JET. The three machines have a different size aveérca wide range of plasma
current, magnetic field, plasma pressure and shape. The mrgese parameters and those
used in the paper is listed Tab. 1. All analyses are perfonwiddthis set of data if not stated
otherwise. The same analysis code was applied to data ofdesite. This minimizes sys-
tematical uncertainties which may arise from differenadat¢atment.

In the recent years a lot of effort was put into precise meamants of the pedestal width with
the goal to understand the mechanism setting the width 8,8, 7, 8]. Main mechanisms in
the discussion are turbulence suppression due to diffiemtshear mechanisms [9, 10], the
atomic physics of neutral penetration in the pedestal [2]lathd MHD effects like the kinetic-
ballooning modes [13]. Besides their different dependencn plasma parameters also the
radial coordinates are important for the pedestal width. @xample, do MHD physics act in
normalized flux while real space coordinates are relevanhdaitral penetration. Therefore,
it is important to understand the differences in the coatdirsystems and how the coordinate
transformations are influenced by the parameters relevapedestal physics.

The paper is structured in four sections. In the first sedtiendiagnostics and temporal and
spatial data selection is introduced, then 3 different was$hio characterise the pedestal are
presented and benchmarked against a set of randomly gethelatia. The second section fo-
cuses on the different coordinate systems and how they degewarious plasma parameters.
This is combined with a crosscheck between the equilibrimeies CLISTE and EFIT. The
third section is concerned with the identification of theasajrix position with only the use of
profiles of temperature and density. In the fourth sectioasueements of the pedestal width
on the three devices are described in two different wayswith dimensionless physics quan-
tities and second with engineering parameters. The papsgsvith a summary and outlook.



2. METHODS

The profile analysis is done with composite ELM synchronipeafiles. Data is accumulated
and ELM synchronized over an interval of 0.1-1.0 s in a glgbsiationary plasma. Only
measurements immediately before the onset of an ELM aretedland compiled into a sin-
gle pseudo profile.

During ELMs the current flowing onto the divertor is strongtgreased. In AUG this current
is measured with shunts and indicates the onset of an ELM ¥ relevant period for profile
synchronisation is defined from -3.5 ms to -1.5 ms relativihnéoELM onset time, but at least
4 ms after the previous ELM. In this interval the pedestakpuee is not influenced by the
ELM instability any more [15]. In DIII-D and JED,, radiation peaking in the divertor region
is used to determine the ELM onset. ELM synchronized proitescomposed of the [a20%

of the ELM cycle. Further improvement of the spatial coveragachieved by a radial sweep
of 1.5-4 cm of the whole plasma column. This shift createtalrlines of sight. The higher
spatial coverage is especially important to determineigrasl with high accuracy.

At AUG the diagnostics for the electron temperature pedl@séathe electron cyclotron emis-
sion (ECE) [16] and the vertical Thomson scattering (VTS) [T he electron density pedestal
is measured with Interferometry [18], Li-Beam [19, 20, 2ayla/TS. The combination of mul-
tiple diagnostics is necessary because the VTS generaligumes only inwards to about 2/3
of the pedestal top. The ECE is also often not able to meabkera/ole pedestal. In type-I
ELMy H-mode the plasma is optically thin in the whole SOL armbat 1/3 of the pedestal.
In this case the assumption of black body radiation useddretfaluation of the temperature
is not correct. This effect is generally referred to as sliimeugh [22]. The uncertainty of
the electron density at the pedestal top is reduced by congpli-Beam measurement with
results from interferometry [23]. The Thomson scatteringasuresle and ne at the same
position in the plasma and allows for the correction of maggrrors. This correction is es-
sential to determine the electron pressure. This is discussmore detail in Sections 3 and
4. At DIII-D and JET the Thomson scattering diagnostics [24), are set up differently than
in AUG and it is possible to analyse the whole pedestal. Thezeno uncertainties can be
introduced by the alignment of different diagnostics. Hegrethe temporal resolution is gen-
erally lower and the time interval for the composite profibesessarily increases. In the case
of JET the large size of the scattering volumes was takenaotount. This was done with a
Richardson-Lucy-Deconvolution [26] using the approxim@atfound in [27].

The composite pedestal profiles are characterised by tpeiatiue, bottom or separatrix value,
width and gradient. For comparison with theory it is essgrib determine the pedestal pa-
rameters consistently for a large variety of global plasmameters. Considering the finite
resolution of the diagnostics it is convenient to charaotethe pedestal with a functional
form. The most common functional form is a modified hyperbddingent function (mtanh).
The mtanh consists of a hyperbolic tangent in the pedestalsssupplemented with two poly-
nomials, one for the core and one for the SOL (see e.g. [28)o dther approaches, the
two-line method and low pass filtering, are introduced inrib&t sections. The advantages
and disadvantages of these methods are discussed.

2.1. TWO-LINE METHOD

In type-1 ELMy H-mode the edge profile (last 20% of the radinsliy) exhibits two pro-
nounced changes in the gradient. This divides the edgehrge regions: the edge of the core
plasma, the pedestal and the SOL. In the SOL parallel trahspominating and inside of the
separatrix a transport barrier forms due to reduced trah§?@]. When the SOL is excluded
from the analysis, the pedestal top separates the two remgaiegions. The pedestal and the



edge of the core plasma have distinct gradients. Theseegitadcan be approximated with
constants within the experimental uncertainties. Comsidethis shape of the pedestal it is
convenient to define the function
as(ag — ) + aq for z < ag
fla) = (1)
az(x — ap) + a1 for z > ag

wherea, are free parameters. A fit of the plasma edge frgym~ 0.88 up to the separatrix
immediately yields the pedestal top positiay the pedestal top valug and the mean gradient
over the pedestais;. The width of the pedestal is thenzsep— ag. The determination of the
separatrix positionrsepis discussed in Section 4 and is a source of uncertaintiestti& fit
parameters. A typical application of Eq. (1) is illustrated-igure 1. This method is similar
to the one used at JT-60U [30] but with a different definition the width. At JT-60U the
pedestal width was defined as/as.

2.2. LOW-PASSFILTER

All methods to determine the pedestal parameters use spéfiures in the profile shape.
Extrema in curvature are the most pronounced features gietiestal profile. However, the
scatter in the experimental data prevents direct detetiomaf the profile curvature. Fitting
the data with various functional forms helps to determire gofile shape. A different ap-
proach is to smooth the scattered data.

One possibility to smooth the data is to apply a low-pasgfilfethe radial coordinate is in-
terpreted as temporal coordinate the radially distributeih becomes a frequency signal. The
scatter in the data corresponds to a high frequency compoiiéme relevant low frequency
component can be extracted in frequency space with a low-filésr. An example with a
Butterworth frequency filter is shown in Fig. 2. Topmost ilgFR2.1 density data from the
Li-Beam diagnostic is shown with a smoothed curve for theeg&ad region in AUG. Below
the density profile the gradient and curvature are illusttats derived from the smoothed den-
sity pedestal, the vertical lines indicate pronouncedufestin the pedestal structure. Fig. 2.2
shows the smoothing kernel for this example, the FWHM of #&tm@al maximum is about 1.4
cm. The correct choice of this width is essential for usetulature values. The curvature is
declared as useful when it defines a clear pedestal top ardtaethottom. The advantage of
frequency filtering is an optimal balance between a smooitbecand preserving the pedestal
structure. In comparison, smoothing with a Gaussian kewoeld not satisfy both needs. The
information about gradients would be lost when optimising kernel width for well defined
curvature values. The pedestal top is defined as the pointtdneal curvature which is
located inside of the maximal gradient. The pedestal botitsn has extremal curvature but
lies outside of the maximal gradient.

The low-pass filter method does not include uncertaintigadivVidual data points. The scat-
ter in the data must represent the uncertainties. Theretfoedow-pass filter method is more
sensitive to outliers than least squares fitting which aatofor larger uncertainties of single
data points. Without special treatment for outliers thailtesy pedestal parameters will be
wrong. For a Thomson Scattering measurement with individoeertainties this means to set
an upper threshold for the uncertainty which reduces thebeuof outliers. The filter method
inherits no shape restriction like the mtanh or two-line moet On the one hand, this will
lead to large uncertainties when the data has a low spasialutgon. On the other hand, local
parameters like the maximal gradient will be more accuratgeparated regions in the edge do
not influence each other. However, this is only true if thenkéwidth was chosen correctly.
Therefore, the filter method is not adequate as a stand atchaitjue to analyse the pedestal.
But in combination with the kernel width provided by mtanhwo-line method it can provide



supplementary information about the pedestal structurgingJthe advantages of more than
one method improves the results of the analysis.

2.3. BENCHMARKING OF METHODS

For the discussion of the results it is important to docunikatproperties of the different
methods to characterize the edge pedestal. Two tests weogmed to assess these proper-
ties. First, the methods were applied to simulated data kvittwn pedestal parameters and
asymmetric profile shape. Second, real data was analysesinfdar discharges where the
pedestal parameters are expected to be unchanged.

The simulated pedestals consist of three regions withreiffigradients and continuous transi-
tions between them. The artificial data points are distedutormally around this curve. The
standard deviation of the data points is 7% in vertical andr im radial direction. These
values are chosen to resemble optimal measurements at All€amplary artificial pedestal
profile is illustrated in Fig. 3. A simulation consists of 5pfbfiles with the same properties
but randomly scattered data points. The different simutatiare selected to test and document
the influences of assymetries in the pedestal. The parasradteach pedestal - top, width, gra-
dient - are determined with the different methods. Thisgsingle mean value with a certain
standard deviation for each simulation, method and peldestameter. In Fig. 4 the results of
three tests are shown for the three methods. For each pepasiemeter the relative deviation
from the set value is illustrated. The set value is of no neglddrtance since it was arbitrarily
chosen to match the definition of the two-line method. Thereefa constant offset only illus-
trates the differences with the two-line method. Of intesee the variations of one method
within a group of simulations where one or more of the seteslare fixed. In the first col-
umn the pedestal itself is unchanged, only the core gradiesmried. A temperature profile is
generally more peaked than the density profile. Therefocer@agradient in arbitrary units of
1—>5would correspond to a density like profile afé 12 to a temperature or pressure like pro-
file. The filter and two-line method are not influenced by therge of the core gradient. The
mtanh method reproduces the pedestal width accurately.elmwit shows a clear change of
about 20% in pedestal top and gradient, although, thesengseas were the same in all cases.
This is likely a result of the point symmetry of the hyperdiangent function. Because of
its symmetry the mtanh’s ability to fit asymmetric profilesliminished. Although, the addi-
tional polynomials in the mtanh should cope with assymstiieey do not resolve the problem
completely. A second test is shown in the middle column of EigAgain the pedestal width
is kept constant but the pedestal top value and consequibietlpedestal gradient is varied.
Filter and two-line method yield constant width and candwllthe variation in the pedestal
top. The mtanh method reproduces the pedestal parametérsniess the ratio of pedestal
gradient and core gradients becomes small. This is visiblermthe low pedestal top values
(small pedestal gradients) are compared to the large @@deptvalues. The mtanh gives a
25% difference for the width, although, the width was notie@rin the parameter scan. In
the third column pedestal width and gradient were variedeB&l top and core gradient were
set to values where all three methods showed good resultsebet he pedestal parameters
determined with two-line and mtanh are in good agreemerit @ach other for widths larger
than 1.5 cm. The large relative deviation for the case withcin pedestal width is due to the
finite radial resolution in the simulation. The simulatiasvered a variety of different possible
pedestal shapes and the two-line and mtanh methods were foagree within 10% for most
cases. The radial scatter of the data points in the simulatas normally distributed with a
standard deviation of 2 mm. This scatter is representeddgtior bars of pedestal width and
gradient in Fig. 4. In this case the pedestal width cannotdberchined to better thati3 mm.

In real measurements the conditions are not so predefingdaasimulation. In order to get



useful statistics an AUG standard scenario with plasmaeotrt MA, toroidal field 2.5 T,
heating power 6 MW and gas puffing2 - 10?2s~! was chosen to compare the two-line and
the mtanh method. The pedestal width determined with thelitveomethod depends on the
pedestal top and the separatrix position. The separatskipo has to be determined sepa-
rately as described in Section 4. The mtanh method direstgsghe pedestal width as width
of the modified hyperbolic tangent function. For this sedéever 50 independent time slices
in different discharges reproducible pedestal parametersxpected. These profiles were
analysed with both methods. The mtanh model yielded a medthw,,. = 1.8 cm with a
standard deviation of 0.8 cm, a pedestal top densifyeq= 7.6-£0.9-10' m=3, a temperature
pedestal width\7e = 1.9 + 0.5 cm andl peq= 0.38 £0.09 keV. The results for the two-line
method wereA e = 1.7 £ 0.2 ¢M, ne ped = 6.9 £ 0.5 - 10 m=3, Are = 1.7+ 0.3 cm and

Te ped= 0.43 £ 0.03 keV. Within the uncertainties both methods result in the sg@destal
parameters. However, the two-line method shows significaetiuced scatter.

To summarize, in a simulation data points were statistiadiitributed around a known curve.
The distribution was normal and inherited no systematieat$f The mtanh method was reli-
able over a wide range of parameters. However, the mtanh lsasabject to its symmetry
and yielded systematic deviations. This was visible whenpidestal parameters were con-
stant and only the symmetry of the profile was varied. Thelin®method was not influenced
by the symmetry as expected. Although, the uncertainty esatpto the mtanh is increased
due to the additional need to determine the separatrixiposia large set of identical AUG
discharges showed reduced scatter in the pedestal paramftiee two-line method compared
to the mtanh method. This suggests abandoning a physiga¢ stl@ws the two-line method
to determine the basic characteristics of the pedestalradthced scatter. This is beneficial for
the analysis of large data sets. The mtanh method has cleantades as experimental input
for modelling or when additional information of the SOL isioterest. In the present work
only the general characteristics of the pedestal are neleVaerefore, the two-line method was
used for the analysis in Section 5. The filter method is r@iamly with a priori knowledge
about the size of the pedestal. Therefore, it is not usefstasdalone technique. However,
it can be used supplementary to the other methods since ridagmmetry constraint as the
mtanh and gives more information about gradients and aunedhan the two-line method.



3. INFLUENCE OF THE EQUILIBRIUM RECONSTRUCTION

In tokamak geometry the reconstruction of the magneticlibguim plays an important role to
combine measurements from different locations in a tokaré#ferent boundary conditions

in the equilibrium reconstruction influence the mapping @asurement locations. This can
lead to deviations in the pedestal width and pedestal gnelién this section these effects are
investigated with CLISTE [31] and EFIT [32].

The measurements themselves are conducted in machineraiesk, z, ¢ with radial coor-
dinateR, vertical coordinate and toroidal anglé. These coordinates are determined for each
diagnostic during calibration and are assumed to be witaoytuncertainty in the remainder
of this section. Because of toroidal symmefris dropped. In order to compare measurements
from different locations it is convenient to m#} = to 1D normalized poloidal flux coordinates

U — Wy

Uy = — 2
N7 Weep— W @

with the 2D flux function¥, the flux at the plasma centér,, and at the separatrikse, This
can be done for all flux surfaces. In many cases it is helpfabtwsider profiles again in real
space. Therefore, thé&y coordinates are mapped backRoz. For a definite relation in the
inverse mapping; is set to the value at the magnetic axisg The resulting real space coor-
dinate is then called?y,. Analogous to theRy,j coordinate, also an un-normalized 1D flux
coordinate can be defined ds,sj. At AUG another normalized coordinatg = W{;5 is often
used. Analogous to poloidal flux coordinates, toroidal flowrinates can also be defined,
however, these are not used in this work, since toroidal #woniy defined up to the separa-
trix.

The equilibrium reconstruction is generally done with codike CLISTE or EFIT, which
mainly consist of a Grad-Shafranov solver and several cains$ defined by theory and mea-
surement. The amount of experimental constraints apptigdd equilibrium reconstruction
varies for different applications. The equilibria basetiy@n magnetic measurements will be
called generic equilibria, these are always available aacharmally used for profile analysis.
More sophisticated equilibria can also include kineticfiiee and fast particle simulations to
constrain the total pressure [33, 34] and are called kimgfiglibria. Because their preparation
is normally time consuming, these equilibria are generatlly used as input for further calcu-
lations such as stability analyses. In this section theemite on profile analysis is quantified
by applying generic and the more sophisticated kineticldxiai.

3.1. DIFFERENCESDUE TO EXPERIMENTAL CONSTRAINTS

Generic and kinetic equilibria are compared for the samehdiges in order to assess the
influence of the boundary conditions on the pedestal width gnadient. The flux surface
compressioroV /0z or 0¥ /IR is used to quantify differences in the reconstructions. The
following analysis is based on nineteen pairs (generic andtik) of EFIT reconstructions
for DIII-D discharges involving an edge safety factgg-scan fromd — 7 at high triangularity

0 = 0.5 and global poloidal beté, = 1 —2. Assuming the kinetic equilibria best resemble the
reality, several uncertainties arise when using genetdibga. The influence of normalizing
the flux coordinates is illustrated in Fig. 5 for the flux sedacompressionVy/0z along the
Thomson Scattering chords of DIII-D. The combingdy /0= is generated with the normal-
isation factor derived from the kinetic equilibrium and tpeneric flux compressioV /9z.
The difference between generic and combined flux compnessiap to 10%, mainly due to
different values ofl 4. Besides the deviation in normalization this example shiheseffect



of a different current profile. This difference is expectétts the bootstrap current is taken
into account only for the kinetic case. All EFIT reconstiaos show a larged Wy /0= for the
generic case. In regions where the bootstrap contribuiaregligibleoWwy /0= deviates by
5-20%. In regions of significant bootstrap current the démmaincreases to 10-30%. How-
ever, the difference in the reconstruction cannot be expthwith deviations in normalization
and current profiles alone. Also differences in Shafranbift$, — li/2, safety factoks; and
plasma shape)( s, Rsep) contribute to the deviation ii¥y /0z. Equilibrium reconstructions
by CLISTE at AUG show similar behaviour as those done withTE&IDIII-D. With CLISTE

a power scarb.5 — 13.5 MW at constanigy; was analysed. The flux surface compression
increases with heating power similarly for generic and kmesconstructions. However, the
higher heating power results in larger edge pressure gradie increased bootstrap contri-
bution. This causes localised deviationsory/OR for generic and kinetic reconstructions
which scale with the heating power. In Figure 6 the relatigeiation in flux compression is
plotted over the plasma edge. At low heating power deviatlmelow5% are observed while
this increases to ovel0% at higher heating power.

The equilibria for the analyses are all based on experirhemasurements and cover a wide
range of plasma parameters. However, the range was notisuiffto draw final conclu-
sions about the mechanisms behind the observations. Dheraefmore sophisticated analysis
should be conducted, with the goal to improve generic dayitilm reconstructions.
Concerning pedestal profile analysis the significance oéthw introduced by the equilibrium
reconstruction is assessed in the following. The error doéseem to depend systematically
on global values like e.g. the Shafranov-Shift, but on thest@ints in the equilibrium recon-
structions. Especially, neglecting the bootstrap curleads to systematic deviations in the
flux surface compression. The bootstrap current is alsorkgre: on edge gradients [35]. The
gradients themselves are determined with knowledge of thesilirface compression. This
results in a systematic increase of the flux surface comipressr generic equilibria, which
influences the mapping of measurements frtBm to Wy, Wiy, Or Rmgj. With an overesti-
mated flux surface compression a pedestal profile appears bwdader in¥y coordinates
and shows smaller gradients. This is illustrated in Figuvénére an arbitrary edge parameter
is plotted againstvy. Both profiles are identical i, = coordinates, but they deviate after
mapping towy coordinates. The profile obtained with the generic recansbn appears to
be broader. Initially broader profiles experience a largéative broadening. This is because
the largest deviation iWWy/0z or 0¥N/OR extends farther inwards than a typical pedestal
(see Figures 5, 6). The results for the equilibrium recowsion with EFIT are summarized
in Table 2. The deviations in the flux surface compressiorcangparable at different plasma
positions - here the position of the DIII-D Thomson Scatigsystem and the outer midplane.
Therefore, these errors cancel each other after the tramafion toRmq; coordinates.

In summary, uncertainties due to equilibrium reconstosctire avoided when the analysis is
performed in the real space coordinate system of the measuate However, normalized flux
coordinates might be important for the underlying physeg.([13]) and therefore necessary
for the analysis. The comparison between generic and miagergtilibrium reconstructions
showed that deviations of up to 30% dhWy/0z are possible for single measurements. On
average the deviation of derived quantities like pedestdthnand gradient remain 10% or
lower. However, this deviation is dependent on the edgesh@qt current and the initial width
of the profile.

3.2. TRENDSDUE TO EXPERIMENTAL CONDITIONS

A change in the plasma conditions will influence the resuleqdilibrium reconstructions.
This section documents the influence of plasma parameterseadinate system transforma-



tions. It is illustrated how different coordinate systemmpact the multi machine comparison
between ASDEX Upgrade, DIII-D and JET.

Within a single device the flux surface compression can beputied with different heat-
ing levels. Figure 8 illustrates ho@Wy /0OR increases with heating power in AUG. This is
observed for kinetic and generic equilibrium reconstudi alike. The agreement suggests
that generic reconstructions are suitable for analysingeigé dependencies. However, some
effects might be lost when using less constraints in thelibguim calculations. The analysis
in the remainder of this section is performed with generigildaria.

At the midplane the poloidal flux surface compression be@dg,/0R = —RBp. How-
ever, the local poloidal field is not easily accessible expentally. At the pedestdlVmqj/0R

is fairly constant as shown in Figure 8.1 and can be regrdssedAUG, DIII-D and JET

a\I'maj
OR

~ 1.084+0.14 1.0140.05 0.1440.04
~ 12.0RLE014( By) oped (3)

With Wi/ R measured in Vs/m, the normalized pedestal top presig = pped/ ((Bp)?/2k0),
the radius of the magnetic axignag the flux surface averaged poloidal figlB,) = ji0lp/1
and! x a the plasma circumference at the last closed flux surfaceavhisrthe minor radius
of the plasma. In Figure 9% ,,j/0R is averaged over the last 10% of the plasma radiyg (
and plotted against the approximation of Eq. (3). The regjpaesis in quite good agreement
with the data. This result is strong evidence that there arsystematic deviations between
the equilibrium reconstructions for the individual maasn This also illustrates the difference
between the flux surface averaged poloidal field and its leakie at the outer midplane. It
becomesBy o (Bp)3) peq@nd thereforedy ped = 55 adiocat THiS means the local poloidal
field is roughly 25% larger than the flux surface averaged.field

The compression of normalized flux in real space can be diiitte two components by using

the definition of the normalized flux in Equation (2)

oUy 1 9w @
8R N \I’sep— \I’ax (9R’

where¥sep— ¥, is the normalization factor. For a cylindrical plasma thennalisation factor
becomeslsep — Vay o< polpa With the total plasma curredp. If we neglect the pressure and
approximateB, ~ (Bp) the dependence on the plasma current drops and only a maihéne
dependence remains

9Un 1l+e 5)

oR " a e (
wheree = a/Ry is the inverse aspect ratio. The estimations which led to(Egneglect
the real shape of the plasma and the local poloidal fieldl, &iil the machine comparison
with AUG, DIII-D and JET a very similar scaling arises whemwluding a shape factor. The
machine size dependence is also found to be inverse butlglighs than linear.

oUN ~ 1.65¢0-70%0.05 (qﬂ 7 (6)

1.0740.10
OR eyl >

whereq.,; = (2ma®By)/(RIpuo)(1 + x*)/2 is the cylindrical approximation of the safety
factor, x the plasma elongation angs; the value of the safety factor @ty = 0.95. The aspect
ratio dependence in Eqg. (5) could not be reproduced singe tkeno variation inc for the
available database. The quality of the approximation Eyig(@lustrated in Figure 9.2 and
shows reasonable agreement for all three machines. Indpisgentation the shaping factor
fa = 495/ 4y Was introduced instead o}, ,eqbecause it is the better to describe the problem.
With the regression parametersaind 3, peqthe RMSE increases by 50%. When applying the
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regression to all three parametersfq and 3, ped EQ. (6) is not changed but the exponent of
58,pedi5 found to béh < 0.03. This suggestgy andp peqtogether hold more information than
a single quantity. This is not obvious because both quastiire strongly correlated in Oth
order. In Figure 10fq strongly increases withi, pea However, there are also distinct trends
visible for the different machines which could explain tifgtand 5, peq are not interchange-
able.

Applying a coordinate transformation - e.g. from real spacermalized flux spacé@@y /O R)

- will influence all comparisons of widths and gradients. sTédordinate transformation is de-
pendent on machine size, aspect ratio, magnetic field, spapid plasma pressure. All these
parameters are also possible candidates in determiningetthestal width. In particular, fol-
lowing Eq. (6),the two dimensionless descriptions of thetliflux spaceAg, and in real
spaceAn/a are not equivalent and will result in different scalingstwibs /gc,; or Sp,ped FOr
multi-machine comparisons it is important to use the carceordinate system which is set
by the underlying physics. For example normalized flux coatgs for MHD related physics
and real space coordinates when atomic processes donfiegtatma edge.
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4. SEPARATRIX POSITION

Measuring profiles of a single plasma parameter with diffedtagnostics may result in pro-
files which are misaligned with respect to each other aftgrpimg in a 3D machine to 1D flux
coordinates. Assuming the toroidal symmetry is unbrokes ¢annot be real and therefore
must be an artifact of the spatial calibration or the mapgrecedure. For different plasma
parameters a radial misalignment between diagnosticstiss@asily detected. However,
proper alignment of different measurements is prereguisit calculating dependent quanti-
ties. For pedestal studies positions based on the equilibreconstruction are not reliable
enough. However, the separatrix as a prominent featureegbaetiestal edge can be used to
align different diagnostics. The separatrix position soadssential to determine the pedestal
width with the two-line method.

Strategies to determine the separatrix position indivigidar temperature and density profiles
use theoretical predictions f@k andne at the separatrix based on divertor measurements and
transport parallel to the field lines [36, 37]. A temperataf@around100 + 20 eV at the sep-
aratrix is predicted for devices like AUG or DIII-D ari@5 + 30eV for JET. The temperature
at the separatrix is only very weakly dependent on plasmanpeters like heating power. The
density can also be determined with this method, howeverutitertainty is larger and the
value is not independent of gas fuelling. Fuelling has tlmegor contributions: the regularly
used gas puffing, neutral beam heating and recycling fronwtiks. Recycling strongly de-
pends on the machine condition and previous dischargesefbne, the exact gas fuelling rate
cannot be determined precisely.

Another possibility to determine the separatrix positiva ivariation in the profile shape. Out-
side of the separatrix the field lines are not closed anymiodetiae large parallel transport
becomes important [29]. When the particle transport is daeid by diffusion the gradients
should have a discontinuity at the separatrix [36]. A simil@continuity in the density gradi-
ent is predicted by a semi-analytical neutral penetratiadehfor the plasma edge when the
transport changes at the transition from closed to openlitedd and should be independent of
the gas fuelling [12]. In this section the position wheredhadients change most is compared
with the separatrix determined with the temperature measent. The largest change of the
gradients is associated with a maximum in the curvature.

The Thomson scattering (TS) system is used to evaluate theamy of a definition for the
separatrix using only the, profile shape. TS is able to measdigandne simultaneously at
the same location. Therefore, a comparisofiioandn, profiles with TS is not influenced by
mapping uncertainties. The radial location of the 100&-lis compared to unique features
of the ne profile. The instrument kernel of the TS system is around 6 mbil&D and 3 mm
for AUG. Therefore, a sharp kink in the gradient as expectedhftheory cannot be resolved
experimentally. Consequently the point of maximal curkatin the densitymax(V?2ne) is
determined. This position is compared to the point of makigradientmax(Vne) which
should lie inside of the separatrix. These profile featuresd@termined with the low-pass
filter method described in Section 2.2. In the case of AUG ffectve uncertainty increases
a bit due to the mapping procedure. The uncertainty arigindeitermining the gradients
is assumed to be normally distributed. The distributidtig;(100eV) — Rmaj(max(Vne))
and Rmaj(100eV) — Rmaj(max(V2ne)) then give information about the relative position of
density profile features with respect to the separatrixrdeteed via the temperature profile.
In Figure 11 this is illustrated in a histogram. The relativequency of discharges lying
in a 3 mm bin is plotted. For DIII-D the distribution of the mmal curvature is peaked
around -1 mm indicating a good match with the 100 eV positimmf7,. The distribution

Of Rmaj(100eV) — Rmaj(max(Vne)) is peaked around 5 mm showing that the point of max-
imal gradient is well inside the separatrix. In the case ofGAthe TS is never available for
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the whole pedestal. Therefore, the profiles consist largélgCE and Li-Beam measure-
ments. Due to their different locations these diagnostresirfluenced by systematic mis-
alignment due to the mapping. This becomes visible in Fidur@ where the distribution
Of Rmaj(100eV) — Rmaj(max(V?ne)) peaks at -4.5 mm. With additional information of the
TS system the average misalignment of ECE and Li-Beam wasuresdito be around 3 mm.
When including this diagnostic shift the distribution oetmaximal curvature of the density
profile also peaks around -1 mm relative to the separatrix.

For the present data set of AUG and DIII-D discharges thetiposof maximal curvature
of the ne profile lies 1 mm outside of the separatrix determined viali®@ eV position of
Te. Regarding the FWHM of the distribution the uncertainty kitpositioning is+3 mm.
The absolute position df = 100 eV can also not be determined more accurately than 3
mm. Therefore, the positioning of the separatrix is comipligraccurate for the two presented
methods, namely the 100 eV (135 eV for JET) position ferand themax(V?2ne). These
are convenient methods to determine the pedestal widfb &amdn without including uncer-
tainties in the separatrix position from equilibrium restinction (several mm to few cm) and
uncertainties by mapping different diagnostics to the shaBeoordinates (few mm).

In the investigated data set no systematic dependencibs pbsitions on gas fuelling, heating
power, shaping or collisionality were found within the sgteof 6 mm. However, such depen-
dencies cannot be excluded completely. Because a varidifferent discharges was included
in the analysis some effects might cancel each other. In #asity experiment a dependence
between the relative positioRmaj(max(VTe)) — Rmaj(max(Vne)) and the pedestal density
was observed [8]. Especially, the plasma shape and noedaghessure, peqwere kept fairly
constant. This is different to the data set applied herechvhias selected to maximise the
variation in shape an@p ped
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5. PEDESTAL WIDTH

The pedestal width in AUG and DIII-D was reported as beingelated with the square root
of the poloidal pedestal betd)eq o Ppay(Bp) . This was observed in DIII-D for the
electron pressure pedestal width for real space coordif@le The mean pedestal width
(Ane + Are)/2 was also found to scale Witﬁﬁﬁed in normalized poloidal flux coordinates
Wy [13, 6]. For AUG theﬁg;gedcorrelation could be reproduced for the electron and iorn tem
perature but no dependence in the density pedestal widthfouasl in p, coordinates [7].
The mean pedestal width for AUG showed again a linear cdioelavith 58;5’edin Uy but no
correlation in real space [8]. The theory of kinetic ballomhmodes predicts ﬁg;geddepen—
dence of the pedestal width iy [38]. Besides thes, neq dependence of the pedestal width
ap, o« T*°M%%a~' B! dependence was also often discussed [3, 5, 6, 8], wheis the
atomic mass number. However, both quantities have a siadjgendency on the temperature
and are difficult to distinguish. In [3] the temperature wasied while the total pressure was
kept constant. The electron pressure width was found umggthand therefore supports a
Bp,peddependence of the pressure width instead af dependence. In JT-60U also the mass
number of the plasma’s main ions was varied, the dependdribe mn temperature width on
pi was found to be less than= 0.2 [5]. In DIII-D the variation of mass number was repeated
to test g, dependence of the mean pedestal width in flux coordinatea@ntass number de-
pendence was found [6]. More recently,atest was performed with variation of machine size
between DIII-D and JET [8]. The electron temperature andtele density pedestal width
in real spacer/a showed different correlations with,. While Are/a was uncorrelated with
px» Ane/a increased wittp,. In theory of turbulence suppression via different mecéiasi
the pedestal width should scale wijthto powers of 0.5-2.0 [10, 9, 39]. The density pedestal
width in real space was found to scale witfwn.e for DIII-D [8] this is evidence for a role of
neutral penetration in the pedestal [12].

The present study tries to pursue the progress in undemstatite pedestal width physics.
This is done by identifying the main parameters responsgilehanges in the pedestal width
of AUG, DIII-D and JET. The pedestal width is determined fardevices with the two-line
method as described in Section 2.1. This study include$aiges from other studies [6, 7, 8]
which are extended with new experiments from AUG includinguarent and triangularity
scan. The main difference between this and previous stiglibe database approach. In the
studies listed above dedicated experiments were perfoimader to study the influence of a
single parameter on the pedestal. This was generally doceréfully designed similarity ex-
periments or parameter scans. As a result precise infasmafione parameter was obtained.
In consequence the information about other parametershandcorrelation is not easily ex-
plored in these experiments. Especially, this is true ferglasma shaping which is generally
matched in comparison experiments. It was shown in Sect@that for the present data set
the shaping factoggs /qcyi plays an important role and cannot simply be expressed inster
of normalized pressure. The database approach for anglggperiments might come at the
expense of obscuring dependencies which do not appeastistty significant in the data set.
Another uncertainty is included by influences on the plastizlware difficult to quantify like
e.g. gas fuelling patterns, impurity content or radiatiblaracteristics. Those influences can
be reduced in dedicated experiments but not in a databaseaabp

This section searches for main contributors to the pedestih in the given database. The
consequences for theory are discussed in the conclusiopedad focus is put on the three in-
dependent plasma physics parameters normalized poladabpal pressur, neq Normalized
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toroidal gyroradiug;, and the normalized ion collisionality,

prped: 50265 . 10_

(Bp)?[T]
705 [keV]
b= 6461073 et - 8
Pix a[m| B ped T] .
v —4.90 1075 qo5Ro[m] In Ane,pedlolg m~—3] (9)
T e3/2(T ped keV])?

These equations are valid for a pure deuterium plasma andalbes are calculated at the
pedestal top in the electron temperature. The coulomb ithgain A is defined agn A =
17.3 — 0.51n(ne[102°m=3]) + 1.51In(7;[keV]). The assumption of a pure deuterium plasma is
not the best in most cases. However, at AUG measuremente affétage charge numhgg
have a very large uncertainty at the plasma edge. This cap be a& factor of 2 and would
obscure other influences in the database. Thereftygejs excluded from the analysis. For
consistency the value dfe = 1 is used for all machines. For low collisionality, < 0.5
the ratio of7/7; varied over a factor of 3 in DIII-D. At higher collisionality,/7; was rather
constant, for AUGI ~ 0.97; and for JETI, ~ 1.07;. This assumption is used for Figure 12
when no7; measurements are available from the edge CXRS, in the segmeznalysis only
discharges witlf; measurements are included from AUG.

In Figure 12 the pedestal width of electron temperature amgitly is plotted against the single
parameterﬁg;ged (a),(b) andpi, (c),(d). In certain regimes both parameters show coroiati
with the pedestal widths. However, they alone cannot emjpke pedestal width. Although, the
pedestal width is best described withpeqWhen using a single parameter, there is a system-
atic separation visible in (a),(b) towards largireqd This is not only true for the comparison
between AUG and DIII-D data but also visible in the DIII-D datone for0.5 < 3)p.q < 0.7.

A linear fit through the origin yields the coefficieriisl 1 4+ 0.02 (A7e) and0.11 +0.01 (Aye)

for nggedfor the AUG data alone. The uncertainty in the fit to densitggstal width is only
small because of the boundary condition in the origin. Fertdtmperature an offset linear fit
with a slope of 0.13 would fit the data better. For DIII-D thescbme0.088 + 0.014 (Are)
and0.080 £ 0.015 (A,e). The coefficients for DIII-D agree within the uncertaistiith other
studies which used the mtanh analysis method [40]. Therdiffees between the machines
cannot be explained by different analysis methods becaessvb-line method was applied in
both cases. A linear fit for all machines would yiéldre ~ (0.1040.02)3) 5oqWith an RMSE

of 21.0% andA e ~ (0.09 + 0.0Z)ﬁS;gedwith an RMSE of 22.5%. The plots with, Figure

12 (c),(d) show correlations betwegn and the pedestal width for certain regimes. However,
Pix @s single parameter is clearly not sufficient to describg@éuestal width. It has to be noted
thatTg # T; for most DIII-D discharges and the gradientsipfre smaller in the pedestal than
those inT,. For AUG at higher collisionality the gradients ©f and7; are typically similar.
For DIII-D this suggestg\r; should be larger thatk ¢ while both widths are similar for the
AUG discharges.

As this data is not from a single parameter scan also othereinfles can play a role. The
most prominent influences were determined with a log-limegression analysis. With special
focus on the dimensionless parameters normalized pregsysg normalized gyroradiug,,
collisionality v,, plasma elongatiow, ggs/qcy1 andTe/7;. In Figure 13 the pedestal width is
plotted against a regression with all these parameters @&hdwubset of significant ones. Pa-
rameters are regarded as significant when their exponargirlthar2o. This criterion leads

to two very different parameter sets. For the temperatudestal width only pressurg, ped
and plasma elongation appear significant. In the case of the density the normaligedra-
dius pi,, collisionality vi4, g95/gcyi and s show significant exponents. The temperature ratio
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Te/Ti does not play an explicit role, however, it is implicitly inded in the other quantities.
With the significant parameters the scalings become

ATe[\I’N] ~ 0.42 - K—2.59i0.8558;géa|:0.09 (10)
Ane[\IjN] ~ 9290 - 5_1'78i0.75pi0,;65i0'12Vi0*.18:t0.05(qg5/QCyl)1'45:t0'29- (11)

The scaling ta\ 7 gives the same exponent {6 ,eqas it was used in the linear fits to the data.
Adding the elongation improves the RMSE of the fit by 15% whghuite large considering
the rather small available ranges9 < x < 1.88. However, small widttAre < 0.05 are
systematically overestimated by the scaling (Figure 138y the density pedestal width the
shape of the plasma influences the goodness significanttiioWix the RMSE would increase
by 15% and withoutygs / gcyl it would increase by 40%. This suggests an important rolaef t
plasma shape in the pedestal formation. The triangularigyoften used to describe effects of
shaping. In the present database no correlation of the fadesth with 6 could be found.
This suggests the triangularity might not be the best gtyatttidescribe the shape in a multi
machine comparison. The exponentspgfand 3, peqappear very similar in Eq. (11) and Eq.
(10). Also in Figure 12 these parameters show similaritidserefore, both parameters were
exchanged for one another in the regression with the rdzatltih all cases the quality of the
fit was deteriorated. This would suggest that there are lifatehces in the pedestal width
of T, andne. This is further investigated with scalings to the factofdh® dimensionless
parameters. The factors are the four independent parasnetechine size, magnetic field,
temperature and density and they are extended with theationg:.. The resulting regressions
for the temperature and density width show already diffeeenn the temperature dependence

_ —0.560.28 —0.93+0.20/7:0.6240.11,0.5440.15 _—2.3041.16

Ape[UN] = 0.025 - a (Bp) Te,ped Neped K (12)
_ —0.67+0.19 —1.01:0.22770.3740.09,_0.5140.15 . —1.43+0.81

Ape[¥n] = 0.011 - a (Bp) Teped  Meped K . (13)

The fit quality can be improved by more than 10% with inclusairthe temperature ratio
Te/T; and the ratio between poloidal and toroidal figlgh which is significantly above the
improvement expected for uncorrelated parameters. Ituaddhat the temperature width is
depending on the ion temperature and has no correlationthéthoroidal field orgey. The
density width shows little correlation with the temperatuatio but depends on the magnetic
field ratio or By

Ty pog) ~ 0465023
_ —0.59+0.28 —0.7340.23770.72:£0.12__0.41+0.17 _ —2.62+1.17 [ Le,pe
Are[UN] = 0.047 - a (Bp) Teped = Teped K <—T_ )
i,ped
(14)
_ —0.73+0.20 —1.30£0.2570.45-£0.10, 0.65+0.16 . —1.49+0.81 —0.42+0.17
Ape[UN] =0.011 - a (Bp) Teped — Meped  F o .
(15)

In Figure 14 all four regressions are illustrated. The messpedestal widths show a uniform
distribution around the two extended scalings Eq. (14) d4%J. (The density pedestal width
in Figure 14.4 shows an improvement in the description ofAb& data compared to Figure
13.4. The temperature pedestal width in Figure 14.3 shovevarall improvement compared
to the dimensionless case which is also visible in the régiudh the RMSE of over 20%.
The reason for this difference is the broken coupling betweenperature and magnetic field
in Eq. (14) contrary ta3, peq in Eq. (10). This can be illustrated with a an extension of
the dimensionless case which then gives the same improveSER&Md alignment with the
measurements as does the dimensional description

0.35+0.11  —2.804+1.04770.36+£0.14  —0.56+0.28
ATG[\IIN] X /Bp,ped K Ti,ped a : (16)
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This is essentially the same form as Eq. (14) and illustratesiuced dependence on poloidal
field and pedestal density compared to the dimensionlessipisn in Eq. (10).

When comparing Eq. (10)-(15) with Eq. 6 in Section 3.2 it bmes evident that a sig-
nificant fraction of the pedestal width variation observedjy coordinates will vanish when
going to real space coordinates. Uy coordinates the pedestal width varies more than a factor
of 4. In real space coordinates this variation is reduceaughly a factor of 2.5. This reduc-
tion in variation hampers the possibility to apply a regi@ssinalysis to this data set. Because
the influences of different parameters are too small to bafggntly above the uncertainties.
A significant fraction of the difference in total variatioartbe explained with the influence of
the shaping factoggs /gy 0N the coordinate transformation Eq. 6. In Figure 15 allligsges
with 58;Sed < 0.7 of AUG, DIII-D and JET align nicely for the temperature wid) and the
density width (b). This suggests the shaping factor causeddparation of the pedestal width
for the machines in Figure 12. Figure 15 also illustratesiiflaence of the machine size. In
real space coordinates there is no machine size dependisitde, \95% of the measurements
from AUG, DIII-D and JET fall within a 1.0 cm band with a mediahl1.7 cm. A correlation
of the width in real space witf¥, yeqiS not expected from the theory since thgpeq depen-
dence is relevant only iy coordinates. For example the neutral penetration modél [12
would set the pedestal width in real space coordinates. Hasurements show no correlation
of the density pedestal width with the pedestal top densityure 16). However, the neutral
penetration is strongly dependent on the parameters in@hev@ich vary significantly over
the database and were not documented in the database. drbeiefs not surprising to see
a difference compared to experiments which had similar itieng in the SOL and showed a
correlation withA,,e andne ped[8].
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6. SUMMARY AND DISCUSSION

In order to obtain reliable information about the width oé thdge pedestal it is important to
rely not only on high resolution measurements but also amdstalized analysis techniques.
For multi-machine comparisons in particular, a standadi&nalysis reduces unnecessary un-
certainties. Different methods to characterize the petlegtre benchmarked against each
other. The test included the commonly used modified hyperbehgent method, the two-line
method and a low pass filtering technique. For a series ofsf¥erdependent profiles obtained
from discharges with the same conditions the two-line me#imwed significantly less scatter
than the mtanh method. Although, the separatrix positioaraadditional source for uncer-
tainties is included only in the analysis with the two-linetimod. Within the uncertainties the
absolute values for the pedestal parameters were the sdmbatih methods. In order to test
the influence of asymmetries in the profiles, synthetic measents were constructed with
preset pedestal parameters (top, gradient and width). Whdinne method is not influenced
by asymmetries. The mtanh, however, was also subject tgmsnetry and showed changes
in the pedestal parameters for a set of simulations withteohpedestal parameters and only
varying profile asymmetry. The filter method is reliable owligh a priori knowledge about
the size of the pedestal. Therefore, it is not useful as alatane technique, but can, however,
be used to supplement other methods. This study found thdirteranethod best suited for
pedestal analysis.

Different boundary conditions in the equilibrium reconstion can result in deviations of up
to 10% of the pedestal width in flux coordinates. Due to diatjodimits, this is lower than the
measurement uncertainty. The deviation was found to depgstdmatically on the current dis-
tribution. This means consistent kinetic equilibrium nestuction, including measurements
of pressure profiles, would be beneficial for profile analySigrrently the preparation of these
equilibria is very time consuming and generally not doneatieely.

In a power scan, the trends of the flux surface compressidnglabal plasma parameters were
tested. It revealed that the trend of increasing flux congmwaswith heating power obtained
with kinetic reconstructions is reproduced with generigillorium reconstructions. Including
profile measurements in the reconstruction gives a moreletttdut not entirely different,
picture of the equilibrium. The machine size dependenc&®flux surface compression at
the pedestal, determined with CLISTE for AUG and EFIT for [ElIl and JET, is consistent
with a fundamental equilibrium equation. This result pd®s evidence that there are no sys-
tematic deviations between the equilibrium reconstrugtifor the individual machines. The
coordinate system used for examination of the pedestahvigdtrucial since the coordinate
system itself depends on parameters relevant for pedeistidd physics, such as pedestal pres-
sure and poloidal magnetic field. In particular, the two disienless representations of the
pedestal widthAy, andAn/a, are not equivalent. They will scale differently dependory
the plasma shapeys/qcy. In the presented database this can account for systenitigic d
ences between both coordinates of up to 70%.

The electron temperature and density pedestal width sicalledy with machine size, poloidal
field, temperature, density and plasma shape. They depffecdily on the temperature ratio,
Te/Ti, and the magnetic field ratigey. The temperature ratio has an impact on the electron
temperature pedestal but no influence on the density pédadta. The magnetic field ratio,
or the toroidal field, only has an impact on the density pedegtth and no influence on the
temperature width. Different trends féxre andA,,¢ are consistent with previous observations
at AUG and DIII-D [7, 8]. Both temperature and density showtrargy correlation with the
plasma shape, namely the elongatiofor the temperature are andggs/qcyi for the density
width. A strong dependence of the density pedestal width thié plasma shape described by
the triangularityd was reported for Alcator C-Mod [41],&dependence could not be identified
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within the data set examined in this paper.

The dimensionless fits to the databas&jpfavor scalings with the plasma shape for temper-
ature and density width anﬁg;gédfor Are and pl:5 for A,e. When transformingly to r/a
coordinates a large part of the shape dependence will bevexirfoom the scaling. This will
also result in a reduction of the exponent of thg,eq dependence o re[r/a] since fp ped
andqys/qcy are correlated to some extent. The exponent; pin A,e[r/a] will be relatively
unchanged sinceys/qcy appears explicitly in the density width scaling.

Theories in literature which give an explicit predictiorr the pedestal width are quite rare.
The theory of kinetic ballooning modes predicts@%ged dependence of the mean pedestal
width (Are + Aye)/2 in [Ty] [38], which is similar to theA 7 scaling found in the database.
The dependence of the normalized gyro radius on the pedesithl is often linked with the
theory of turbulence suppression via sheared flows. Depgrati mechanisms for turbulence
and flow shear the exponent @f can vary from 0.5-2.0 [10]E; x B flow shear stabilisation
would yield A/a o pQ2¢"5 [9]. This mechanism might explain the, dependence of the
density pedestal width observed in this study. Howeverddgendence on the safety factor
is not reproduced in the measurement. Another theory pegpdmmagnetic stabilization of
ideal ballooning modes as mechanism to set the pedestdl whith would yieldA /a pf/?’
[39]. This is consistent with the measurements of the dgmstestal width. Neutral pene-
tration [11, 12], which predicts &/ne scaling for the pedestal width in real space, could not
be tested with the available database. Because the exdictdymattern was not known for all
discharges and SOL parameters were not included in thesasiaBoth play an important role
for the process of neutral penetration into the plasma.

To test the capability to extrapolate towards machines fiéréint size the results for an ex-
trapolation towards Alcator C-Mod are given in Table 3. Tlegmeters used for C-Mod in
the scaling ardp, = 0.9 MA, B = 55T, R = 0.67m,a = 0.22 m, k = 1.54, q95 = 3.8,
Pped = 35 KPa, Teped= 0.4 keV andne peq = 27.5 - 10* m=3 [4] assumingl; = 7. The
pedestal width, calculated with the dimensionless scdtinag(10),(11), agrees with the mea-
surements within the uncertainties. The scalings Eq. (13),do not agree with the mea-
surements. In C-Mod\1e ~ Ape Which is reproduced for both scalings. The match of the
dimensionless scaling towards a machine two times smalr the analysed ones is encour-
aging for its use for a machine two times larger. However,dtaing cannot be applied
directly since it contains physics parameters which are&notvn prior to machine operation.
Therefore, these parameteys,( vi., Spped have to be assumed. This means the following
values are not a self consistent prediction, but a check etlgn a certain operational point is
consistent with the presented scaling or not. This is alea¢lason why no uncertainties are
given for the extrapolated values. For ITER the design wbfehe engineering parameters
arelp = 15 MA, By = 53T, R = 6.21 m,a = 2.0 m, Pheat = 74 MW, ¢95 = 3.0 and

k = 1.8. The pedestal structure is presumed tdlbgeq = 4.0 keV, nepeg= 7 - 10* m=3
and7i = Te. The results for these parameters are listed in Tab. 4. Trherdionless and
non dimensionless scalings yield similar results (with@%@ for the ITER pedestal width,
this is in contrast to C-Mod. This might suggest that the dgmependence is not described
accurately in Eqg. (14),(15) since this is the only parametieich strongly varies in the ex-
trapolation towards C-Mod, but not towards ITER. Howevke impact on the ITER values
for the pedestal width should be small, because the demsifyER is very similar to those in
AUG, DIII-D and JET. The direction of this deviation could baderstood if neutral penetra-
tion plays a role in setting the density pedestal width. Téesity in Alcator C-Mod is 4-10
times larger than those included in the database. Theredageeffect of neutral penetration
would be more pronounced in C-Mod than in the presented @atdrsthe extrapolation to-
wards ITER the electron temperature pedestal width is aboeg times larger than the density
pedestal width. This is due to the inverse toroidal field aeleace and the weaker dependence
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on electron temperature in the density width scaling. Theptrature pedestal width 6f0.04

in Wy is consistent with results of the EPED1.6 code [40]. In otdearedict the pedestal top,
the width constraint can be combined with peeling-ballogniheory. From the interaction
of pressure gradient driven ballooning modes, with curdemtsity driven peeling modes one
can deriveT,Z8 ~ 2.5 keV for A/a = 0.01 and T[] ~ 6.0 keV for A/a = 0.04 [42].
Within this temperature range the pedestal widths fromisgalEq. (10)-(15) vary by at most
30% from the value foffe peq= 4.0 keV. This means the standard ITER operational point at
Teped= 4.0 keV andne peg= 7.0 - 101 m=3 is consistent with the presented scalings for the
pedestal width and peeling-ballooning theory for the pedesp.

The main results from the analysis of the pedestal width tomg indications of a separa-
tion of temperature and density pedestal widths and an itapbrole of the plasma shape. A
separation of the width scalings for temperature and demsiuld suggest that the pedestal
width is not dominated purely by MHD physics, where both sti@gale similarly. For mech-
anisms setting the pedestal width based on transport ori@jamysics such a separation is
possible. Also, a combination of these processes may bébjmsis future studies the impact
of different temperature and density edge profiles on thérmeballooning instability should
be investigated more closely. For example, the bootstragmudensity depends differently
on the individual profiles offz andne [34]. In future machine comparisons a supplementary
range of toroidal field, aspect ratio and elongation woullg he assess their influence on the
pedestal more precisely.
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AUG DIII-D JET
Nb. data 69 64 8 141
I, [MA] 0.60-1.15 05-1.5 1.7-2.7 x54
(B,) [T] 0.18-0.34 0.12-037 0.27-040 x3.3
B, [T] 1.8-2.8 0.7-2.1 1.8-2.7 x4
P, peq [kPa] 1.8-9.7 08-11.8 32-12.7 xI6
a[m] 047-051 0.52-061 0.89-091 x1.9
R g [M] 1.70-1.74 1.75-1.86 3.02-3.09 x1.8
Qos 34-7.2 2.7-134  34-3.6 x5
4959 cyi 1.23-145 1.11-1.89 1.16-122 x1.7(8)
T, pea [keV] 0.2-0.9 0.2-2.1 0.5-0.9 x10
T pea [keV] 03-1.0 0.3-15 - x5
Repea [1007°m=7] 3.7-7.2 1.2-6.1 3.9-9.3 x8
K 1.59-1.74 1.69-188 1.74-1.78 x1.2(1.5)
0 021-042 0.20-064 040-043 x3
P [1073] 3.5-6.9 5.0-143 3.7-54 x4
Vi 0.30-34 0.1-08 04-0.9 x34
Bripea [1077] 24-120 3.7-183 5.6-150 x8
By ped 0.15-054 021-14 0.23-037 x9

Table 1: Range of key plasma parameters in the database of the three machines AUG, DIII-D and JET. The
parameters are defined when they first appear in the text. The last column indicates the range available the
parameter spans for the three machines.

Input width [cm] OA/A[WN] OA/A[R 1yl
1.0 +4.3+33% | -09+ 1.9%
1.5 +7.4+38% | +0.4+ 1.6%
2.5 +10.1+ 4.6% | +1.5+ 1.9%

Table 2: Mean relative broadening for different pedestal widths in ¥y and R ,,4j due to use of generic instead
of kinetic equilibrium reconstructions. Evaluated for 19 EFIT pairs corresponding to DIII-D discharges.
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At [Px] | Are fem] | Ay [W] | Ay [em] |
dimensionless Eq. (10),(11) 0.053 0.76 0.046 0.66 ‘
non dimensionless Eq. (14),(15) 0.12 1.7 0.13 1.9 ‘

Table 3: Extrapolation of the pedestal width towards Alcator C-Mod based on scalings derived with AUG,
DIII-D and JET. The uncertainty of the extrapolation is about +50%. The measured pedestal width for a

typical C-Mod discharge is A [W ] = 0.033 = 0.014 or A [cm] = 0.47 = 0.20 [4].

A Te [le] A Te [Cm] A ne [IPN] A ne [Cm]
dimensionless Eq. (10),(11) 0.036 2.8 0.012 1.0
non dimensionless Eq. (14),(15) 0.045 3.6 0.016 1.3

Table 4: Extrapolation of the pedestal width towards ITER based on scalings derived with AUG, DIII-D and

JET.

1.OGAUG Pulse No: 24161

. 2.20-2.35s

—e— All data
—e— Fitted data
— Fit

0.7
> 10
< 0.50
- I
= L
0.25}

[ ; :

(o] I [ R L €8 sae |9

0.85 0.90 0.95 1.00 1.05

Pp

Figure 1: Typical temperature profile (AUG:24161:2.20-2.35s) fitted with Eq. (1) (red, solid).
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Figure 2: Left: (top) electron density measurement and smoothed curve, (middle) gradient and (bottom) curvature
derived from smoothed curve. The extremas in gradient and curvature are indicated with the dashed vertical lines.
Right: Butterworth kernel in real space which was used to generate the smoothed curve.

— Preset pedestal
~e- Random data

£ 075

[0]

€

Y

3]

2 0.50

i

1))

(0]

®

o 0.25
0 Ll i s
2.08 2.10 2.12 2.14 2.1¢

l:{mai (m)

Figure 3: Example for an artificial pedestal profile. The preset pedestal profile is indicated with the solid black line.
One set of corresponding random data is indicated with blue circles.

25



http://figures.jet.efda.org/JG11.312-3c.eps
http://figures.jet.efda.org/JG11.312-2c.eps

1.50 ———————— ————— ————————————— ———————————
1.00

0.50

Pedestal parameter

AR S R R S AN S S R
1ttt

0.4

0.2

Deviation
o
FILTER

-0.2- Pedestal width —m— T T
r Pedestaltop ~@— T 1 4
-0.4f Pedestal gradient —4— - T |

0.2 + + .

Deviation
o
T
g
W
i
-
»—n—-H—c
]
—
-
L
T
»—o—:-—c
o
i
TWO-LINE

—0.2+ 4 4 i

Deviation
o
T
MTANH

TITLIETI T

-0.2F +

JG11.312-4¢

[N I I . I . I . .
6 11 0.5 0.7 0.9 1.1 1 2
Core gradient (cm) Pedestal top (cm) Pedestal width (cm)

—_
W

Figure 4: In the top row a sketch illustrates how the pedestal is varied during each simulation. In the lower three rows
the results of the pedestal simulation are shown. The relative deviation of mtanh (bottom), two-line (middle) and filter
method (top) from preset properties is indicated for the pedestal width (blue, square), the pedestal top (red, circle)
and the pedestal gradient (green, triangle). In the left column only the gradient inside of the pedestal top is varied,
while the whole pedestal is unchanged. In the middle column pedestal top and gradient are varied, while the pedestal
width is unchanged. In the right column pedestal width and gradient are varied, while the pedestal top is unchanged.
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Figure 5: Different results for 9W,/0R using a generic equilibrium (dotted,red), a kinetic equilibrium (solid,black) or a
generic equilibrium combined with the normalization of the kinetic one (dashed,blue). The kinetic equilibrium includes
the bootstrap current. The relative deviation is (0¥ /02)/(0Wx/02)y;, — 1.
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Figure 6: Relative deviation in flux surface compression 0W,/0R for generic and kinetic equilibrium reconstructions. The
generic reconstruction has the larger flux compression. The difference is increasing with heating power. The absolute
values are shown in Figure 8. (black: AUG#24167:4.225s, green: AUG#24168:4.225s, red: AUG#22898:4.625s, blue:
AUG#23223:5.325s)
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Figure 7: The same profile measured in R, z appear differently in flux coordinates depending on the underlying
equilibrium reconstruction. The pedestal width becomes larger, the gradient smaller and the profile might be shifted.
For comparison the profiles were aligned at the separatrix.
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Figure 8: Flux surface compression at the outer midplane for different heating scenarios at ASDEX Upgrade (black:
AUG#24167:4.225s, green: AUG#24168:4.225s, red: AUG#22898:4.625s, blue: AUG#23223:5.325s). The generic
equilibrium reconstruction with CLISTE (left) shows increasing flux surface compression similar to the kinetic
reconstruction (right). The influence of the increased current density due to edge currents becomes visible for the
kinetic reconstruction at about Wy, ~ 0.95.
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Figure 9: The flux compression averaged over the last 10% of the plasma radius at the outer midplane is plotted
against a best-fit-model. Left for the poloidal flux and right for the normalized poloidal flux. The root mean squared
error RMSE was calculated after [9] and is with 5% fairly low in both cases. The subcaptions show the used regression
model. For an expression with uncertainties see Eq. (3) and (6).
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Figure 12: The temperature (left) and density (right) pedestal width of AUG (circle, red), DIII-D (square, blue) and JET
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Figure 13: Log-linear regression applied to temperature (left) and density (right) pedestal width in Py for AUG (circle,
red), DIII-D (square, blue) and JET (triangle, green). In Figure 13.1-13.2 a large number of dimensionless quantities
is used in the regression. In Figure 13.3-13 4 the pedestal width is only regressed against the significant quantities.
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(triangle, green). The temperature pedestal width (left) and density pedestal width (right) is plotted against different
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Figure 15: Pedestal width in real space coordinates for the temperature (a) and the density (b) plotted against the
normalized poloidal pedestal pressure for AUG (circle, red), DIII-D (square, blue) and JET (triangle, green). This is
the equivalent to Figure 12 (a),(b) in real space.

Figure 16: Pedestal width in real space coordinates for the density plotted against the pedestal top density for AUG
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(circle, red), DIII-D (square, blue) and JET (triangle, green).
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