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1. Introduction

Energy confinement during H-mode in Tokamaks strongly depends on the temperature a
the top of the H-mode pedestal [1]. This pedestal temperature is determined by the gradient and
the width of the pedestal edge. In the case of the Type-l ELMy regime, which is assumed for
pulsed operation in ITER, it is widely observed that the pressure gradient is close to the idedl
ballooning stability limit. Thus, the discharge parameter and machine size dependence of the
pedestal width is of primary importance for predicting the pedestal temperature in ITER.

The ITER multi-machine pedestal database activity has been started to identify the overal
features of the pedestal region for the various discharge modes including the LH transition, Type
| and Type Il ELMs, the ELM-free and EDA (Enhanced D) phases. For these regimes, the

pedestal data (mainly scalar data and limited data for profiles from some machines) from magor
divertor Tokamaks, ASDEX-U(AUG), C-MOD, DIII-D, JET and JT-60U, are archived in the
database. Although the data archive is still on-going, this paper presents an initial study on the
pedesta width/height during the ELM-free, EDA and Type | ELMy phases based on the
presently available data.

So far, the width studies have been limited to one machine [2-6] or at most to a comparison
between two machines (C-MOD and DIII-D [7]). Studies show, however, that the parameter
dependence of the pedestal width is rather different from machine to machine, eg., some
machines observeion poloidal Larmor radius dependence when considering therma or fast ions
[8, 9], while such dependence is not observed in some machines [6]. Universal scaling is till
difficult to derive. Another limitation of the database isthat direct comparison of the width is not
possible in many machines due to diagnostic limitations. Thus, in this paper, we mainly examine
the pedestal pressure in terms of several candidate width scalings such as poloidal Larmor radius
and other theoretical models assuming that the pressure gradient is determined by the ided
ballooning stability limit.

We will aso propose one possible interpretation of the divergent observations of the width
based on turbulence suppression by a combination of the dectric and magnetic field shear.
Some examinations on thisinterpretation on the database are also presented.

2. Examination on pedestal height
Severd machines observe the ion poloidal Larmor radius dependence for the pedestal
width and amajority of the machines observe the critical pressure gradient which is close to the
ideal ballooning limit. Thus, asaninitia choice of the scaling parametersfor the pedestal height,
1 R-
B
2;10R(a 2 1+K?
gradient for the ideal ballooning mode, p,, is the ion poloidal Larmor radius measured a the

pedestal temperature and §p is the average poloidal field in cylinder approximation with dliptic

cross section. Tota pressure is evauated by twice the electron pressure, except for JT-60U, in
which ion pedestal temperature is routinely measured by CXR. In C-MOD and JT-60U, density
and temperature at 95 % flux surface are used for the pedestal values assuming that they are very

we will employ (dp/dr).p,, ,where (dp/dr), =

is the critica pressure
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close to the pedestal quantities. This may underestimate the pedestal temperature (T ) in C-

MOD, which can have wider pedestals. In C-MOD, the pedestal density is assumed to be 2/3 of
theline average density [2]. In DIII-D and AUG, pedestal vaues are evauated by tanh fitting,
wheress, in JET, they are evaluated by linear fitting. Severd fitting exercises show that the
pedestal top values by both fitting methods are very similar. Each machine has generally good
correlation with this scaling parameter and the summary resultsare shownin Fig. 1, where data

from al machines for various operation 610" —

regimes are plotted together : Typel 5 | . ® C-MOD
ELMy (AUG, DIII-D, JET), ELM-free (C- & 51" . + D3
MOD, JT-60U) and EDA (C-MOD). ¥ . .t L s JT-60U
Generally good correlation can be seen for 3 < . . ]
each machine, though each machine hasa 5 ;. 1_ mooa Ao ]
very different proportional coefficient and § g ° . aa 4]
there are some scatter and some systematic = 2 10° | + . *“ 3“ a ©
deviations. It is also seen that the ELM- £ g ‘i‘- ‘&a ]
free data (assuming that EDA aresimilar to g 110 ﬁ.{ ]
ELM-free) have lower pedestal pressure & ]

due mainly to narrower width. Possible o 2000 4000 8000 8000 3 10°
underestimates of T, in C-MOD may

partly explain why C-MOD pointstend to . (dp7dr), x p,,, .

lie below the others. DIII-D data have a  Fig- 1 Experimental pedestal pressure for all machines as
similar tendency, though they are in a summarised byachosen scaling of criti_cal pressure gradient
different operation regime with fairly steep times poloidal Larmor radius.

gradient and narrow width, which are

supposed to be in the second stability

regime. Other important dependences to be

examined are (i) the effect of plasma shaping (triangularity ), (ii) difference by different
operation regime (ELM-free vs. ELMy or second stability), (iii) Size dependence. We first
examine the effect of 0 using the results from series of discharges with changing & in JT-60U
[10]. From these experiments, enhancement factor for the critical pressure gradient by o at 95

% flux surface, g(&) can be expressed as g(d) = 1+ 9.36**. This is consistent with DIII-D

experimental results, in which the pedestal pressure with two different separatrix o are
compared. With the enhancement factor g(9), the pedstal pr&ewre data are re-summarised by

(dp/dr).p,,9(d), whichis shown in Fig. _ 610 — ——r

2 Although the correlation still remains & g f ./ & C-MOD
generally good by introducing the ¢ . o JET
triangularity  effect, no  significant 9 40 . A e
improvement for the scatter of datain each ¢ e’ =
machine can be seen. In this figure, JET 2 310 / ~ ‘// _
and JT-60U have similar size and plasma 2 /, yrat 1
shape effect is already included, so that the 2 10 £ s 25
remaining  difference  between two % . I AG, . a B T
machines could be that of operation regime 3§ ''° F : Ay
(ELM-free for JI-60U and ELMy for = N il B B D
JET). Infact, if we make proper correction o 2000 4000  @coo =000 110"
based on the comparison between ELM-

freeand ELMy in JT-60U [5], i.e., pedestal (dp/dr), x p,,, X 9(3)

width increases by a factor 2-3 in ELMy  Fig. 2 Experimental pedestal pressure for all machines with
phase, JT-60U data become fairly close to inclusion of triangularity effect.

the JET data DIII-D data are now

somewhat deviating from JET line and C-

MOD data are clearly shifting to the right

duetoitshigh o. Thefigure aso indicates that the pedestal top vaues in DIII-D may scale not
so much differently regardless of the operation regime (1st and 2nd stability regime), since DIl |-
D has amost the same size as AUG and shaping difference is aready included in the figure.
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Another indication for size effect could be seen from the comparison between C-MOD vs. JT-
60U, and JET vs. AUG, since they are in the same discharge regime, respectively. However,
further detailed investigations on these effects and derivation of the scaling need more systematic
experimentsin each machine and comparisons of these data, which isto be performed in future.

3. Examinations of various theoretical models for pedestal width/height
In this section, we will briefly examine severa theoretica models proposed so far by using
the ITER pedestal database. Itisproposed that p,, (or bananawidth; g,,,) scaling with fast ion

energy can explain the JET experimental observation that the T, dependence of the width is
weaker than that of the Larmor radius (square root of T ) for fixed plasma current and toroidal
field discharges[9]. Although, in JET, the experimentally inferred width of 5-7 cm are exactly in
the range of g, evauated with the injected beam energy E, of 120 keV, data from other
machines in the database show clear contradiction, especialy for small machines, i.e, (0.5-1) E,
for JT-60U, (0.2-0.3) E, for AUG, (0.03-0.07) E, for DIII-D are expected to reproduce the
experimental width by p,,. In addition, no fast ions are expected for the ICRF hesting in C-
MOD. Moreover, this approach cannot explain the experimental fact that the pedestal width
during the ELM-free phase is much narrower than that during ELMy phase, while no substantial
differencein the fast ion energy and population will be expected during both phases.

Among severd theoretica models, the mode structure of the edge drift ballooning mode
with the poloidal rotation provided by the Reynolds stress predicts the pedestal width as
piy’at’®, with which DIII-D dataare also found to fit well [3].  Although with this width scaling
the pedestal pressure in the database can be fitted smilarly well as in Fig. 1, Reynolds stress is
actually expected to be too weak to suppress the turbulence. Many of the remaining theoretica
predictions based on the suppression of micro turbulence suggest that the width should scale as
P instead of p,,. Thus, in these models, plasma current dependence, which is observed in

many machines, must be appropriately explained.

4. Width scaling with g, and its current dependence

In this section, we propose a new width scaling with p,. The underlying physics is that
the edge transport barrier isformed where the turbulence growth rate is balanced by a stabilizing
ExB shearing rate, which is dominantly produced by a steep pressure gradient during a well
devel oped H-mode phase. The magnetic shear S aso plays an essential role under this condition
through the fact that the critical pressure gradient for the ideal ballooning mode is increased and
the turbulence growth rate is decreased with increasing the shear. Here let us employ very
simplified expressions for both turbulence growth rate y, and stabilizing ExB shearing rate ygg

arising from the critical pressure gradient. The stabilizing condition can be written as y.,; = V..

Assuming that the dominant contribution to the — PG

radial eectric field isthe pressure gradient, whichis  Vee = ST L)
determined by the ideal ballooning mode, e, iS 0 1 ¢ 1
expressed as in Eq. (1). Here, ¢, and x, are the Vi = XggK2 = PrCs Pl Kio=—= (2
sound velocity and the width scale length, Xp °S %S
respectively. We have assumed asimplified S-a =~ 400, S’ 3

diagram for the ballooning stability. For the turbulence growth rate, we will assumea smplified
expression for the gyro-Bohm type transport including the stabilising effect due to the magnetic
shear as in Eq. (2), where k.0, = O (1) is assumed. From Egs (1),(2), the pedestal width A
scalesas Eq. (3). Pedestal pressure evaluated with this width is very consistent with the scaling
derived in JET recently [11]. Although this is derived by very smplified assumptions, many
experimental features seem quditatively consistent with this expression. For instance, with
increasing plasmacurrent |, the edge shear decreases, so that the width scalesinversely with |,
(ion poloidal-Larmor-radius like dependence). The shear increases with d, which increases the
width as observed in C-MOD [7]. The ion mass dependence can be retained through the
toroidal Larmor radius. Examinations of this scaling with C-MOD and JET data show that it can
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reproduce the data a least similarly well as the scaling based on p,,. Fig. 3 shows the T,
with changing the pedestal density n,, for fixed 1,(=2.5 MA) and B (=2.3 T) in JET [4]
(closed squares). Dotted and dashed lines are expected T, when the width are constant and
poloidal Larmor radius like, respectively. Open circles show the expected T, when the width is

evauated by Eq. (3) using the experimental shear values. Although the evaluated points show
some scatter due mainly to the scatter of shears calculated by EFIT code, they reproduce the
experimental tendency reasonably well. This

JET 2.5MA/2.3T

is realised by the decrease of shear with 4000 ————— T = Teped_oxp
decreasing n,, and increasing T.,. The I \ Py

most likely mechanism of this systematic [ — -A=p_pol
decrease of shear is the effect of bootstrap < 3000 |- \ Lo A= p_toris*2
current. Larger bootstrap current is expected & N

to flow when n_, decreases, since collison- % I N .
ality strongly decreases. Thislarger bootstrap - 5000 [ . e, ]
current decreases the edge shear, which makes . L rewm ]
the deviation of the pedestal pressure from I %. 1
Larmor radius dependence of the width. This I }%
bootstrap current may not directly influence 1000 Lo oo 1 3 O
the shear vaue in the EFIT calculation. 2100 910m Adom  S10m 610
However, it can modify the equilibrium even M pea M)

for fixed B; and |, which can resultantly Fig. 3 Experimental pedestal temperature (closed
modify the shear vaue. More comprehensive square) for fixed toroidal field and current discharge in
equilibrium code caculation including JET. Open circles, dotted line and dashed line show
bootstrap current self-consistently is needed expected pedestal temperature by width scaling of Eqg.
to confirm this mechanism, which is beyond (3), constant width and poloidal Larmor dependent
the scope of this paper and deserves future width, respectively.

study. DIII-D data in the database are not reproduced reasonably well by this scaling. The
reason for this discrepancy is somewhat trivial when we consider that the DIII-D pedestals are in
the 2nd stability regime. Then, the relation between critical gradient and shear cannot be
expressed as simply proportiona to shear, which modifies the shear dependence of Eq. (1)
greatly. To derive the width scaling for these regimes, full treatment of the ballooning stability
including the effect of bootstrap current is needed. Note that by considering the spatia structure
of the shear, a size dependence can be derived, whichresultsin T ,=3-4 keV for ITER based on

an example model profile for shear.
5. Summary

Examinations of the ITER multi-machine pedestal database show that the pedestal heights
during ELM-free, EDA and Type-| ELMy phases have a good correlation with the critica
gradient for the ideal ballooning times poloidal Larmor radius, though they are clearly separated
depending on the discharge regimes and probably size. Scaling with toroidal Larmor radius and
magnetic shear could explain many features of the width experimentaly observed, and further
investigation isto be done in paralldl with more systematic data archiving in the database.
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