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A framework has been formulated for the further development and testing of a predictive edge
pedestal model. This framework combines models for the interaction of the various physical
phenomena acting in the edge pedestal—transport, neutral fueling penetration, atomic physics
cooling, MHD (magnetohydrodynamistability limit, edge density limit—to determine the pedestal
widths and gradient scale lengths. Predictive models for some of these specific phenomena have
been compared with DIII-IDJ. L. Luxon, Nucl. Fusiod2, 614(2002] measurements. It was found

that a neutral penetration model for the density width and a MHD model for the maximum pedestal
pressure for stability against ideal pressure-driven surface modes were roughly consistent with
experimental observation, but that in both cases some refinements are needed. The major
impediments to implementation of a predictive edge pedestal model within the framework of this
paper are the lack of knowledge of transport coefficients in the pedestal and the unavailability of a
usable characterization of the state-of-the-art MHD stability-limit surface in the space of edge
parameters. Efforts to remedy these and other deficiencies and to establish a predictive model for the
calculation of density, temperature and pressure widths and gradients in the edge pedestal are
suggested. €2003 American Institute of Physic§DOI: 10.1063/1.1575233

I. INTRODUCTION cussed briefly in Sec. I, where it is argued that the edge
The importance of the edge pedestal region—the thir{gradients must satisfy the transport constraints. In Sec. I,

region of steep density and temperature gradients just insiu%"0 rgode:s arr1e t;ormtlélatl\e;lcli_'éor thet pfef?“;e W'dltr,][’ (;:orre-
the last closed flux surface—in establishing and maintainin ponding to whether the constraint 1s formulated as a

high-confinement modéH-moda discharges in tokamaks is onstraint on the maximum pedestal pressure or a constraint
now widely recognizede.g., Refs. 1—# While the physics on the maximum pedestal pressure gradient. A model for the

of the edge pedestal has been a subject of intensive resear‘éﬁnSity Widt.h that would be defir_led by a pedest_al density
for a number of yearge.g., Refs. 5-9 and a number of limit constraint is also developed in Sec. Ill. Practical prob-

phenomena involved in the edge pedestal have been iden{EmS. with using Fhese models for the calculation of pedestal
fied and studied, a comprehensive framework for Iinkinggrad|ents and widths—most notably that the edge transport

models of these various physical phenomena in a systematf:c,oeff'c":’n.ts are unknown and the MHD co_nstra_lr_ns are not
vailable in a form convenient for use—are identified in Sec.

way to obtain a predictive edge pedestal model has yet t In Sec. V, results from a range of different types of
emerge. The first purpose of this paper is to formulate & . .
g PU'P bap IIl-D [J. L. Luxon, Nucl. Fusiom2, 614 (2002] shots are

framework for systematically calculating the density and
v y J Y ompared with models for specific edge phenomena. A re-

temperature gradient scale lengths and widths in the ed . : :
§earch program to provide the presently unavailable physical

pedestal from models for the various physical constraint . "
that must be satisfied in the edge pedestal. Since such _péirameters which would lead to a predictive pedestal model

framework, together with models for the specific phenom-IS broadly suggested in Sec. .VI‘ Elnally, conclusions and

ena, would yield a predictive model if the various physical recommendations are summarized in Sec. VII.

parameters appearing in it were known, the second purpose

of this paper is to identify the'presently gnknown physical|; bHysics CONSTRAINTS IN THE EDGE PEDESTAL

parameters that are important in determining the edge pedes-

tal gradients and widths and to broadly suggest a program for A complete edge pedestal model must be able to account

their determination. The third purpose of the paper is to tesfor the steep gradients observed in the density and tempera-

specific models for the density width and for the maximumture in the plasma edge and for the distances, or widths, over

pedestal pressure by comparison with DIII-D data. which these steep gradients exist, in terms of the physical
The paper is organized as follows. The various physicphenomena extant in the edge plasma. In this section, we

constraints which are operable in the plasma ddg@sport, briefly discuss several physical phenomena which we believe

atomic physics cooling, magnetohydrodynarti¢HD) sta- play a role in determining the gradients and widths in the

bility, neutral penetration fueling, density limjtsare dis- edge of a diverted tokamak plasma.
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A. Transport and atomic physics constraints We note that it is also possible that the width of the edge

The transport of particle and heat fluxes across the edg[%edestal IS de_te_:rmln_ed by a sharp, localized d_ecrease n
ansport coefficient in the edge, the pedestal width corre-

defines certain relationships among these fluxes, local tran&- ) . - .
port coefficients and density and temperature gradients thgtpondmg to the region of transport coefficient reduction.
must be satisfied. The density and temperature gradient scale

lengths in the pedestéthe steep gradient region extending B- MHD constraints

inward from the separatrix to the point at which the gradients  \jyp stability constraints on the edge plasma due to
become much less steepan be related to the particle and finjte wavelength modes are rather complex and must in gen-
heat fluxes flowing outward across the pedestal by the stansg| pe calculated numericallfe.g., Ref. 11 These con-
dard expressions for the diffusive particle fluxl’ ( straints define a relationship between the maximum pedestal
=—Ddn/dr+V,) and for the conductive heat lwq€EQ  pressure or the maximum pedestal pressure gradient and the
—5I'T/2=—nx dT/dr). These fluxes are not constant pegestal width. The general relationship has not yet been
across the pedestal region but vary due to neutral ionizatiogystematically characterized in terms of a stability surface in
particle sources and the cooling of the plasma by ionizationedge plasma parameter space. However, simplified limiting
charge—exchange, elastic scattering and impurity radiatio:ases can be so characterized, and we will use the form of
The particle and heat balance equations can be integratgfle |imiting cases to develop a pedestal model, which can
across the pedestal to obtain expressions relatingtdege  then be generalized once the more general relationship is
gradient scale lengths in the pedestal region toabherage  known.

particle and heat fluxes crossing the LOB8paratri, to the One idealization of the MHD limit is the cylindrical ge-
averagetransport coefficients in the pedestal region and tQmetry nominal ballooning mode limit, which we write in a
the averageionization particle sources and atomic physicSform that explicitly or implicitly includes its generalization
cooling rates in the pedestal regith, to include geometric, local shear, bootstrap current, finite-
Larmor-radius and diamagnetic stabilization, access to sec-

-1
__(Ldm_ N ond stability, peeling mode stability boundaries, &fcl®
L,(A)= 1
n( ) n dr Fsep 1 ’ ( )
—— ZAvg— d d B2/2 2j
n o 24ven Ve - —ps( - —p) _ (B 5 o) As(S)| so— s
dr dr crit QQSR <]>
1 dTe)l )
L AE_(__ (B%/2u0)
re )=, = ag(s) —— . @
QosR
= Xe , Here the effects of bootstrap currents, on reducing edge
Q™ 5™ 1 (nkz  [Bon 5 shears,, is shown explicitly and the effects of noncylindri-
nNTe 2 n 2 Te o T, 27" cal geometry, the physics of theasdiagram for second sta-
@) bility access between ballooning and peeling mode limits,
the stabilization of ballooning modes by diamagnetic and
and finite-Larmor-radius effects, etc. are implicitly contained in
. A(s), hence ina.(s). This idealization of the MHD pressure
Lo(A)=— (i aTi gradient limit imposes the inequality constraint
=0T, dr g _ _
! Lp =Ly (An)+ el ra (Ap)+ yiLi'(Ap)
_ Xi 1/ d
C(QYP 5T 1 (3 5 |’ 3 <(Lp o= —( - d—f) ®)
F_ E T + EA §U§t+ E Vion P crit
i

whereV, is the pinch velocitypion=ng(ov)ien iS the neutral

on the allowable values of the gradient scale lengths, i.e., on
the allowable combinations of particle fluxes, transport coef-

ionization frequencyyy; is the charge—exchange plus elasticficients and atomic physics reaction rates appearing in Egs.
scattering frequency of previously unscattered “cold” neu-(1)—(3) that will result in a stable solution. Herey; ¢

trals, ng is the neutral density, ana, andL, are the density
and atomic transition radiation emissivity of impurities. The

ETi,e/(Ti +Te) .
Note that relationg4) or (5) can be used to predict gra-

quantity A is the width of the pedestal region between thedient scale lengths only when the plasma is operating up

separatrix and the top of the pedestal.

against the MHD stability limit(i.e., when the equality ob-

These transport relations uniquely determine the gradiertaing. Even then, the transport relatio(f§—(3) must be sat-
scale lengths. Not all values of the gradient scale lengths arigfied also. It is plausible that when the plasma is operating
compatible with MHD stability, which indicates that not all up against the stability limit the transport coefficients would
combinations of transport coefficients, neutral and impuritybe degraded as necessary so that both the transport and MHD
concentrations, and particle and heat fluxes will lead to aonstraints are satisfied.
stable solution. However, any stable solutions must satisfy ~Another approximation to the MHD constraint is the

Egs.(1)—(3).

limit on the average pressure in the pedestal imposed by
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stability against ideal pressure-driven surface modes in the 1
narrow pedestal limit and in the presence of diamagnetic A,=———— (7)
stabilizatiort’ NV oion30y
(B22u0) 81 [p;\2\ ¥R rather than the ionization mfp, characterizes the penetra-
p= pcmzq—2 5(5 yi<§) ) , (6) tion of neutrals into a plasma. Herer,= oion+ o
95

+204/3A, andA is the neutral-to-ion mass ratio. Since the
wherep; is the gyroradius. diffusion model predicts an exponential attenuation of neu-
trals (no~exd —(rseg—r)/Ay)1), it might be expected to
produce a density pedestal with a shoulder occurring at about

It is plausible physically that the fueling provided by the a penetration mean-free-pathy,, inside the separatrix, lead-
ionization of neutral atoms could cause the observed sharig to a prediction
buildup of density in the edge plasma, in which case the 5 . @)
extent of neutral penetration into the edge plasma would be noo
expected to play a role in determining the width of the sharp It is possible that neutral penetration could also set the
density gradient region. There are some theoretical indicavidths of the steep temperature gradient region, directly
tions that neutrals are involved in determining the edge pedthrough the ionization and charge—exchange cooling terms
estal width. Hinton and Staebférpredicted that the edge and indirectly through the convectidi) terms in Eqs(2)
source of neutral atoms causes a pedestal width approxand 3).
mately equal to the neutral penetration distance. Mahdavi
et al’® and Groebneet al?° recently extended an analytical
modef for the density width of the pedestal which predicts
a similar result, namely thak,=\;,,, the ionization mean There are edge density limits of the form
free path(mfp). They showed that this model was consistent
with DIII-D data.

These models can be extended to take into account thigor example, the stability of a poloidally uniform plasma
effects of charge—exchange and elastic scattering in decreasdge against the onset of multifaceted asymmetric radiation
ing the neutral penetration by using the diffusion theoryfrom the edgg MARFES) requires that the average pedestal
predictiorf? that the transport mfp, density be less than MARFE, where

C. Neutral penetration constraints

D. Edge density constraints

N<Ngit - (9)

B _ L, dL Eion{ov); T  Kov)
3 I{av)ext{ov) g)/ﬁT))
cold = a4 CX e
+f0 2(<O-U>CX+<O-U>GK)(V 1-T (<a-v>cx+<a'v>e€) ) (10)
|
where f g iS the conductive fraction of the heat flux, Pped=Perit(A,...) (11

characterizes the temperature dependence of the thermal dif-
fusivity (y~T"), C® is an order unity constant associated
with the thermal friction and the other terms have been pre
viously defined.

A softer density limit might be the edge density at which
short radial wavelength thermal instabilitéghat degrade
edge transport become unstable.

where the general dependence of this limit on the pedestal
width and other parametérss indicated.

If the plasma is operating at the limiting presslite., if
the equality obtains in Eq11)], then it is straightforward to
derive an expression for a pressure width by integrating the
definition of the pressure gradient scale Iengilh,;1
Ill. PEDESTAL PRESSURE AND DENSITY WIDTHS =—(dp/dr)/p from the top of the pressure pedestal to the
separatrix, using a constant averdge Relating the critical

A framework for calculating pressure widths from MHD asqure to the pressure in the pedestal region then leads to
stability limits and transport constraints and for calculating,p, expression for the pressure pedestal width

density widths from density limits is outlined in this section.
Pressure width calculations are carried through for two spe-

cific models for the MHD stability limit.
Ap=Lp(Ap)G(Ap), (12
A. MHD constraint on pressure

We first consider the situation where the MHD constraint
is formulated as a limit on the pedestal pressure of the formvhere
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Perit _ 1lyi(3 . 5 Ye [Nzl Eion 5
In (dep 1) a—z[;<§vat+ Evion +—e T, Vion T, E ,
16
when pg; corresponds top,,= %(pped'*' Psep s Fsep_ EA _ (18
G= nVion Vp sep se
) n 2 Q, 5T
Perit b= - —
( p) D nT, 2 n
Pse
. when pg;; corresponds top;eq.
@ (e s
Xe\NTe 2 n

In order to evaluate Eq$14) and(15) or (16), we need
If we use Egs (1) (3) to evaluatel ;(Ap)=L,*(Ap)  to know the particle and heat fluxes through the pedestal, the
+Yel1e (Ap) + 7L1'(Ap), Eq. (12 becomes a quadrat|c pedestal transport coefficients, the neutral atom density in the
equation inA,, which has the positive solution pedestal and the separatrix pressure, and to have an algo-
rithm or value for the MHD pressure limj,,;;. We further
note that the general relationship fpg; depends on the
pressure width, so tha=G(A) in Eq. (12), implying the
(14) need for an iterative solution. This dependence is found in
numerical calculations of some DIlI-D shots to be
approximately® pgi~A?3 so thatG(A)~In(A%®) has a
weak dependence oA, and an iterative solution may be
expected to converge quickly.
As a concrete illustration of the above formalism, let us
assume thap,; is given by the idealized limit on the aver-
. y. (3 5 age pedestal pressure for stability against surface ideal
on I . . .
"D 'y (ZU + = 5 vion) pressurg-dnven surface modes given by .Eij. Then this
: expression fompg,;; would be used in the first form of Eq.
Eion 5 (13) to evaluateG and the pressure width would be evaluated
T_e+ 2}” from Eq. (14), using either Eqs(15) or (16) to evaluate the
parameters andb. In this case( does not depend ok and
there is no need to iterate. This model for the pedestal width
Isep yields values in the range seen experimentédigc. V) when
. - Ve v (Qisep 5 rsev) 7,e(Qzep 5 Fsev) used in DIII-D model problem calculatioR$.
D

nT, 2 n nTe 2 n
(15

" E( n,L,

Yol Te Vion

B. MHD constraint on pressure gradient

Now let us consider the case in which the MHD con-
straint is formulated as a limit on the pressure gradient of the

If we assume that the density width is already knownform of Egs.(4) and (5). Again assuming that the equality
(e.g.,A,=\y) and should be used in El) [i.e., Ly (Ap) obtains in Eqs(4) and(5), Egs.(1)—(3) can be used to evalu-
=L, YA, )+yeLTe(A )+ %'-Tl (Ap)], we once agaln ob- atel, Lin Eq. (5) and the resulting equation can be solved

tam Eq.(14), but now W|th for A
|
-1 Ye(QIe 5T % Qiﬁ‘" 5%
2 (Lp D=L A= A S5 " a2
Ap: Ye[Nil 2 Eion 3) Vi3 5 (17)
— | —+ v — = + | = _UC + —
Xe! Te ion Te 2 Xi\2 at * o Yion

Here we have assumed the use of the neutral penetration We reiterate that these expressions for the pressure
density width of Eq.(8) to evaluateL ! Had we assumed widths are valid only if the pedestal pressure and pressure
that the same pressure width obtained for the density as faradient are at the limiting values; i.e., only if the equalities
the temperature, theln, * would be absent in the numerator obtain in relations(4) and (5) and (9). On the other hand,

of Eq.(17) and a term like the first term in the expression for they have the feature that if the measured pressure gradient
b given by Eq.(15) would appear in the denominator of Eq. or pedestal pressure is substituted ferdp/dr) it Or Perit

(7). respectively, then Eq12) or (17) will predict the measured
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TABLIiI. Exefrimental pedestal resultsFlux surface averaged values of widths and gradient scale lengfhsArYIn(npedngs), etc.; nglan’1
+¥ebre T viltis vx=Tu/(Tet+ Ti); Ap: Lp |n(PS§JP§éQ]

Time I B Prb Neped Ane Teped ATe Ln Lre Lri I—p Ap

Shot ms MA T MW K 1 Jos e19/m3 cm eV cm cm cm cm cm cm
97887 2230 15 2.1 7.1 1.84 0.88 4.9 3.8 7.3 1370 7.3 4.0 2.2 35 1.7 6.7
87085 1620 1.2 1.6 2.8 2.08 0.86 5.5 2.8 104 685 10.4 6.2 2.6 10.6 2.8 7.4
97979 3250 1.4 2.0 6.5 1.75 0.75 3.9 6.3 35 525 5.0 3.3 2.6 6.2 1.8 5.8
93045 3700 1.6 2.1 5.0 1.84 0.41 4.1 4.0 53 1150 5.3 2.8 2.7 3.8 15 6.0
92976 3210 1.0 2.1 5.0 1.78 0.33 5.7 4.9 3.6 215 7.2 6.0 4.2 10.3 3.2 7.7
98893 4000 12 1.6 2.0 1.77 0.14 3.1 8.3 2.2 120 2.2 15 15 10.1 1.0 3.2
106005 3000 12 15 4.3 1.78 0.14 3.1 4.6 4.6 460 4.6 2.7 2.1 5.3 15 4.8
106012 3000 1.2 2.1 4.3 1.78 0.13 4.2 4.6 4.4 395 59 2.4 2.3 10.3 1.5 4.7

pressure width if the correct values of transport coefficientslimits on the edge pedestal requires extensive numerical
heat and particle fluxes, and atomic physics parameters asmmputation, and no characterization of the stability surface
used in their evaluation, thus providing a good test for pre{¢i(A), (—dp/dr)i, Or as(s) that embodies this state-of-
dictions of these latter quantities. the-art MHD theory is yet available. Fourth, the expressions
for the pressure widths and Ed.8) for the density width are
only valid if the pedestal pressure and pressure gradient are
If the density width is determined by neutral penetration,at the MHD limiting values and the pedestal density is at the
thenAp=(1-2)\. limiting value, whereas the MHD constraints are inequality
If, on the other hand, the density width is set by a ped-constraints allowing lesser pressures and pressure gradients,
estal density limit constraint of the form of E@), then and similarly for the density limit constraint of Ed9).
integratingL,jl= —(dn/dr)/n from the top of the pedestal While all of these matters are being worked on, it is not yet
to the separatrix, holding,, constant, yields possible to construct a purely predictive pedestal model.
_ Thus, one purpose of this paper is to propose a framework
An=La(A0)G(40) (18 for the further development and systematic testing of a
whereG is defined by Eq(13), but now in terms ofi rather  model for calculating pedestal widths and gradient scale
thanp. lengths, with the ultimate objective of developing a predic-
tive pedestal model.

C. Density width

D. Transport reduction width

As mentioned previously, it is also possible that a regiony cOMPARISON WITH DIIl-D PEDESTAL DATA
of sharply localized reduction in transport coefficients de-

fines the width of the edge pedestal. In fact, MHD pressure [N this section, we undertake an examination of the ped-
limits, neutral penetration and a sharply localized decrease iStal data from a range of DIII-D shots and a comparison of
transport in the edge re|ative to the core a” may be impor_some Of the abOVe e|ementS Of a pedesta| mOde| W|th that
tant, under different circumstances, in determining the dendata.

sity and temperature widths of the edge pedestal. One of Oyt Experimental data

purposes in this paper is to provide a framework for calcu- S )

lating the edge pedestal widths within which various hypoth- Rad_lal distributions of electron d_ensn)_/ and tgmperature
eses can be compared systematically with experimental datd/€ available from Thomson scattering diagnostics, and ra-
To our knowledge, no specific model for pedestal width dedial distributions of ion temperature are available from

termination by a localized transport reduction mechanisnfharge-exchange recombination diagnostics. For H-mode
has yet been proposed. shots, the existence of edge pedestedgions of steep gra-

dients in the edgeare readily discernible in such data for the
electron density and temperature and sometimes for the ion
temperature.

Equations(1)—(3) define the density and temperature A set of H-mode shots spanning a variety of operating
gradient scale lengths, and E@8) or (18) and(14) or (17) conditions(plasma current, magnetic fieldB, plasma elon-
define the density and pressure widths. In principle, each afation« and triangularitys, safety factolggs, heating power
these relations could be tested directly against experimerR,, gas fueling rates, efcand with a wide range of pedestal
and then implemented as a pedestal model. However, thetemperature§ ;.4 and densities,.q were chosen for inves-
are some practical difficulties. First, the edge transport coeftigation. All of the shots were in the lower single null di-
ficients are generally unknown. Second, evaluation of theseertor configuration, except 87085 which was upper single
equations requires a calculation of particle and heat fluxesull, and the indicated triangularity corresponds to the null
from the core plasma across the pedestal and a calculation fcation.
the recycling neutral flux and neutral densities in the pedestal Some of the relevant experimental parameters for these
region. Third, state-of-the-art evaluation of MHD stability shots are given in Table |. The actual measured quantities

IV. PRACTICAL PROBLEMS
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TABLE Il. Comparison of measured and calculated pedestal parameters.

1

Cmfp= Coerit= 2X Crnhd=
Aﬁ)é )\tr Aﬁx A?': (ppetkJr psep() (d p/dr)ex/ Teped

Shot (cm) (cm) Ny (cm) IPerit (dp/dr)nom (ev) é K Cos

97887 7.3 6.1 1.20 7.3 1.13 12.08 1370 0.88 1.84 4.9

87085 10.4 8.1 1.29 10.4 0.87 5.42 685 0.86 2.08 55

97979 35 2.3 1.49 5.0 1.08 6.79 525 0.75 1.75 3.9

93045 5.3 4.9 1.09 5.3 1.04 9.15 1150 0.41 1.84 4.1

92976 3.6 2.6 1.39 7.2 0.58 2.41 215 0.33 1.78 5.7

98893 2.2 1.4 1.58 2.2 0.30 2.66 120 0.14 1.77 3.1
106005 4.6 3.5 1.32 4.6 0.38 3.25 460 0.14 1.78 3.1
106012 4.4 4.1 1.07 5.9 0.34 3.08 395 0.13 1.78 4.2

were the electron density and temperature widths; the eleder calculating particle and heat fluxes into the pedestal re-
tron densities, electron temperatures and ion temperatures gion from the core(The neutral transport calculation and a
the separatrix and at the pedestal; and the average electroomparison with DIII-D measurements are described in Ref.
density, electron temperature and ion temperature gradie27) The measured edge plasma densities were used in the
scale lengths over the pedestal region constructed ftgm neutral attenuation calculations, and the neutral sources and
=A,/IN(Xped/Xsep - The pressure gradrent scale Iength wasthe plasma particle confinement were adjusted to obtain the
then constructed from the |dent|t3L =L, *+vy.L7s measured line average density, in order to calibrate the neu-
+7||—T| , Wwherey,=T,/(T+T;); and a characterrstrc ped- tral calculation and the particle flux from the core to the
estal pressure width was definAd=L In(p Q When  scrape-off layer in the experiment. The measured energy
there was no distinct pedestal in the ion temperature profileconfinement time was used in the global plasma energy bal-
the pedestal value of the ion temperature was taken as trace, and the calculated core radiation was adjusted to match
value at the location of the electron temperature pedestal. experiment, in order to calibrate the total conductive heat

Note that the experimental widths and gradient scaldlux through the pedestal to experiment. The calculated ra-
lengths given in the tables are the measured values mappéliation in the divertor and scrape-off layer were also adjusted
onto the effective cylindrical model that is used to calculateto match experiment in order to calibrate the background
the theoretical quantities. This mapping, which is describedlivertor plasma used in the neutral recycling calculation.
in the Appendix, is done in order to obtain a consistent com-
parison between calculated and measured quantities. Th
mapped values are somewhat larger than the values usually
reported. One of the elements of pedestal theory discussed in the

A wide variety of H-mode shots were chosen for analy-previous section that can be tested directly against experi-
sis. As shown in Table I, which is ordered according to de-ment is the density width of Eq$7) and(8). If neutral pen-
creasing triangularity, the triangularity spanned the rangetration determines the density width, then the measured
0.13<6<0.88, the beam power spanned the rangesP(},  density widths should be similar to the corresponding trans-
<7.1MW, and the safety factor spanned the range 3.port mean free paths. As shown in Table II, the radigy,
<(gs=5.7. Three of the shots were density limit shots in=Agg/\; is in the range £C,=<1.6. It is clear that the
which continuous gas fueling was used to increase the deriransport mpf not only has about the same magnitude as the
sity to near or above the Greenwald limit; the pedestal pameasured density width, but, with the exception of the last
rameters are shown for the times of maximum density fotwo shots, the density width and the transport mfp vary
92976 (/ngyw=0.67) and 98893 r(/ngy=1.40) and just among shots in the same wadfhis single exception arises
before the start of gas puffing in 97979. Shot 87085 was #&om a lower separatrix density and hence better neutral pen-
VH mode shot, and the time for which the pedestal data aretration in 106012 than in 106005This comparison sup-
shown was during the early, ELM-free stage of the dischargeports the previous indicatioHs?° that neutral penetration
Shot 97887 is another VH shot with a long ELM-free period plays an important role in determining the pedestal width, at
early in the discharge; the pedestal parameters are shown ftgast the density pedestal width.
atime just prior to the first ELM, which has been analyzed in A core MARFE took place in shot 92976 just after 3210
detail!* Shot 93045 used strong cryo-pumping to achievems, at approximately the pedestal density predicted by
high pedestal temperature, while shots 106005 and 106012varre Of EQ. (10). Using Eq.(10) for ne;, Eq. (18) pre-
had strong gas puffing. dicts a density width of 5 cm, which is somewhat greater
than the measured density width of 3.6 cm. MARFEs did not
take place and were not predicted by EH0) in any of the
other shots.

The core and divertor/scrape-off layer plasma were mod- The experimental electron temperature width was the
eled as described in Ref. 26 for the purpose of providing @ame as the density width in five shots and was larger than
background plasma for the neutral transport calculation anthe density width in three shots.

Density width

B. Testing of elements of pedestal theory
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TABLE Ill. Evolution of pedestal parameters in shot 87085.

Time Pob nged Teped Tipeq A=A Ap Ly Lte L Ly

(ms) MW)  (107md) (eV) (eV) (cm) cm)  (em  (em  (em  (m  Cpp  Cet  Cpna
1440 5.15 1.68 422 425 7.8 2.7 33 1.6 10.3 1.6 0.79 0.31 2.45
1620 7.54 2.81 687 1000 10.4 7.4 6.2 2.6 10.6 2.8 1.29 0.87 5.42
1770 11.54 3.92 1162 1374 14.7 10.3 7.7 34 14.5 35 2.14 1.68 9.23
2. Limiting pressure 4. Evolution of pedestal parameters

If the pressure-driven surface modes of Ref. 17 are lim- | 1he early, ELM-free phase of shot 87085, the injected
iting the pedestal pressure, then one would expect the avefyira| heam power was increased in steps from 5 to 15 MW,
age pedestal pressure to be comparablg.pof Eq. (6). AS  rqyiding a good case for the examination of the evolution of
;hown in Table Il, the average pressure in the_ pedestal regigil, jestal parameters visvis the various inequality con-
is comparable to or less than the value obtained by evaluakyaints. pedestal parameters at three times during this early
ing Eq. (6) for pei, for all shots. This result is consistent haqe of the shot are shown in Table Iil. The pedestal density
with an earh% comparison based on a much larger number Qf,q temperatures and density and pressure widths increased,
DIII-D shots™ The shots(97887,87085,93045,9797%ith  hile the slopes of the density, temperature and pressure
higher pedestal temperatures have pressures that are ab%‘r'édients relaxedgradient scale lengths increasedvith
equal to or slightly exceege; while the shots with the s hower. The evolution of the density width from less
lower edge temperatures have pressures that are abquhn ) 1o twice A, with increasing beam power, hence in-
1/3-2/3p¢;ir. However, the shots with higher pedestal tem- o aqing pedestal temperatures, would seem to indicate that

pgratures_ are als_o sho.ts with a gregter degree of Sh""pi%g)mething other than just neutral penetration is involved in
(higher triangularity. This suggests eithe(1) that all the yyo getermination of the density width for this shot.

shots are operating at an edge pressure limit similar to that 114 evolution of the pedestal pressure from well below
given by Eq.(6) and that Eq(6) needs a temperature and/or yhe critical pressure of Ed6) at low pedestal temperature to

shape correction factor; @) that the constraint equation is \ye|| ahove it at high pedestal temperature is consistent with
correct but the lower temperature/lower triangularity shotgthe shot-to-shot comparisons shown in Table Il and would

are operating below the pressure limit. Sg%{ 97887 expeligeem to indicate that EG6) needs a temperature correction
ences an ELM shortly after the time analyzedience may  ¢aotor The increase in pedestal pressure gradient with in-

be considered to be operating at the pedestal pressure stalilsasing beam power shown in the last column and the ab-
ity limit, which is only 13% greater than predicted by EQ. gence of ELMS during this early phase of the discharge

(6). would seem to indicate that the plasma is not operating at a

3. Pressure gradient pressure gradient limit of the type given by E¢. and(5).

In the last column of Table Il, we show the experimental
pressure gradient normalized to the nominal ballooning
mode theory prediction of the critical pressure gradient in they;. TOWARDS A PREDICTIVE PEDESTAL MODEL
pedestal, in cylindrical geometry, —(dp/dr)om
= (82/2,4/,0)/q§5R. Numerical calculations in noncylindrical If the transport coefficients were known, the particle and
flux surface geometry typically predict nominal limiting heat fluxes from the core and the recycling neutral fluxes
pressure gradients that are roughly a factor of 1.5—2 over thizgom the edge could be calculated, and then the average den-
cylindrical limit.>® Furthermore, it has long been sity and temperature gradient scale lengths in the pedestal
recognized®>*°that DIII-D has access to the second stabil-could be calculated from Eqé&l)—(3). If the multiplier C g,
ity regime. Access to second stability has been measured that characterizes the amount by which the density width
increase the limiting pressure gradients by another factor thaxceeds the transport mean free path was known, then the
scales roughly linearly with plasma triangularity up to adensity width could be calculated from E(). If, in addi-
value of 3 at6=0.52% Based on these previous consider-tion, the functional dependence pf; or (—dp/dr)g; on
ations, the high triangularity shots 97883=0.88, 87085 the plasma operational parametetss( «, §, |, etc) were
(6=0.86, and 97979 6=0.75 might be expected to exceed known from MHD stability calculations, the pressure width
the cylindrical nominal ballooning limit by a factor of 6 or could be calculated from E@l4) or (17), respectively. How-
more, consistent with thelC,,,q shown in Table Il. As men- ever, these things are not known, and their determination
tioned above, shot 97887 is at the edge stability fitmian  defines the next necessary steps in the development of a pre-
ELM occurs shortly after 2230 msThese values o€,,,4  dictive pedestal model. We suggest that the framework de-
and the larger value for shot 93045=0.41) are not incon-  scribed in this paper for calculating pedestal widths and gra-
sistent with recent calculations of pressure gradients at thdient scale lengths from models for the various physical
limiting conditions for MHD!! The shots with lower values phenomena taking place in the edge can be used for the
of triangularity and ofC,,q are probably not in the second further development and testing of a predictive edge pedestal
stability regime?® model.
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TABLE IV. Pedestal transport coefficienfdnferred from measured gradient scale lengths and calculated ionization rates, atomic physics cooling rates and
radiation rates in pedestal, using the relationships between conductive heat flux and gradient scale lengths, etc., givey-H(BERs.

D+LpV, Xe X Q* ree Lt Lre Lyt
Shot (m%s) (m%s) (m?s) (MW/m?) (e21/nfs) (cm) (cm) (cm)
87085 0.68 0.71 0.36 0.11 0.20 6.2 2.6 10.6
92976 0.58 0.87 0.31 0.08 0.34 6.0 4.2 10.3
93045 0.05 0.14 0.16 0.08 0.08 2.8 2.7 3.8
97979 0.13 0.42 0.65 0.10 0.19 3.3 2.6 6.2
98893 0.05 0.25 0.57 0.03 0.18 15 15 10.1
106005 0.10 0.55 1.04 0.08 0.12 2.7 2.1 5.3
106012 0.10 0.68 1.29 0.08 0.13 2.4 2.0 10.3
A. Transport coefficients =L,/Lto>1 for all of these shots, suggesting the possible
1. Development and testing of theoretical transport presence of_ETCﬁeIec.tron temperature grqdlemnodes.
models Calculations of this type could be carried out for a large

, number of shots spanning a wide range of plasma operating
Needless to say, theoretical models for edge tranSpOBarametersc(%, x, 8, 1, etc), and the results could be cor-

coefficients are needeld. | Equﬁtic’(@_(B)’ together with __related to these parameters to obtained fitted transport coef-
measured gradient scale lengths, temperatures and dens't'ﬁéients that could be used in a predictive pedestal model and

and calculated neutral densities and particle and heat fluxeg,. iher purposes. Any such correlation should be guided by
can be used to systematically test various models for peOIeStfi‘leoretical identification of the probable governing param-

transport coefficients. eters. We note that a similar type of correlation of inferred
edge transport coefficients has been carried out for
2. Inference of transport coefficients ASDEX-UG?2°
As an interim measure until validated theoretical trans-
port models are available, we suggest that edge transport
coefficients be inferred from experimental data and, guided
by theory, be correlated against plasma and operating parar8- MHD pressure or pressure gradient limits
eters. The measured gradient scale lengths, temperatures and :
. . ot The functional dependence g@f,; or (—dp/dr); on
densities, together with calculated neutral densities and pay; P P OF (—dp/dN)cr

. . fhe plasma operational parametegss( «, 8, |, etc) could
ticle ‘fir.]d heat fluxes, can be used to infer the edge transpoBte determined by calculating the conditions for instability
coefficients from Eqs(1)—(3).

A | inferred t N fficients f onset for a wide range of equilibria, using the state-of-the-art
m S ?tnh ex:;]\rrlp Z’i we mderrE v ralnnsp(r)(; rctoe |cr|ren S ¢ ?r:IMHD codes(e.g., Refs. 11 and 3@hat incorporate noncir-
some ol Ihe Shots discussed above. In order 1o carty Outtig, .,y surface geometry, local shear and bootstrap current
calculation with the interpretive cotfethat we are usingbut

: . . effects, diamagnetic stabilization, access to second stability
not in general it was necessary to assume the split betwee

. ) : etween ballooning and peeling mode stability boundaries,
ion and electron conductive heat fluxds]) into the pedes- etc. These results could be used to characterize a MHD sta-

Fal from the core _a_nd t(.) asstme that there was no SIgnIfICarﬂ)tility surface in the relevant edge parameter space. Such a
ion—electron equilibration in the short time required for heat

o fl th destal . Inferred val f th characterization should, of course, be benchmarked against
0 Tlow across he pedestal region. Inferred vaiues o %xperiment. Analytical or tabular representation of the results
pedestal transport coefficients for some of the shots InVestl/'vould then allow the calculation of pressure widths, once the

gated in this paper are given in Table IV. - .
. . . transport coefficients have been determined.
With reference to Eq9.1)—(3), the differences in trans- P

port coefficients shown in Table Il from shot to shot are due
to differences in measured gradient scale lengths, differences
in pedestal temperature and density, differences in neutr
concentration(varying from 0.0018 in heavily gas fueled
shot 92976 to 0.0001 in shot 9304%&nd the difference in Further refinements of the existing models for neutral
conductive fraction of the heat fluxes into the pedestal fronpenetration and its effect in determining the density width
the core(about 88—94% for all shots except the heavily gasare suggested by the rough consistency found in the paper
fueled shots 92976 and 98893 which had about 80% condu@nd previously between the predictions of simple neutral
tive heat fluy. Neglect of the atomic physics terms would penetration models and experimental data for the density

aCE. Neutral penetration density width limits

have decreaseg, and y. and increase® by O(10%). width. In addition, the functional dependence of the param-
One might suspect a significant outward edge pinch veeter Cmfp=Aﬁ>§’/>\tr on the plasma operational parameters
locity for the first two shots. (ggs, K, &, 1, etc) could be determined by comparing the

It is notable thaty;=L,/Lt;<1 for all of these shots, calculated transport mean free path with the measured den-
indicating that ITG(ion temperature gradientodes would  sity width over a large number of shots with operating pa-
be suppressed in the pedestal. On the other hapd, rameters spanning a broad range.
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VIl. SUMMARY, CONCLUSIONS AND This work was supported by U. S. Department of Energy
RECOMMENDATIONS Grant No. DE-FG02-99-ER54538 with the Georgia Tech Re-
The interactions of various physics constraints that de_search Corporation and by U. S. Department of Energy Con-

termine the physics parameters of the edge pedestal ha\t/react No. DE-AC03-99ER54463 with General Atomics Co.

been formulated into a framework for calculating the density,appeNDIX: “MEASURED” WIDTHS AND GRADIENT
temperature and pressure gradients and widths in the edgfReALE LENGTHS

pedestal. Transport constraints relate the average heat and The measured values of widths reported in this paper are
particle fluxes, the average transport coefficients and the av- P pap

erage gradients in the pedestal. The average heat and parti Snerally .Iarger tha.n are reported.for DIll-D. The reasons for
is are discussed in this appendix.

fluxes in the pedestal, in turn, are related to the more readily h de that ¢ lculate th . idth d
determined heat and particle fluxes across the separatrix Ea/ € code that we use 1o calculate the various widtns an

atomic physics cooling and ionization particle source rates i radients discussed above treats an effective cylindrical

the pedestal. The penetration of neutrals into the pedest%asma that conserves the area over the outer flux surfaces of
determines the distance over which ionization effects are imt'© eIo_ngated_DIII-D plasma, n the_elhphcal approximation.
portant, and hence may determine the width of the pedestaT,he minor radius of the ef_'fectlve cyllr;drlciillzplasma that con-
at least the density width. MHD stability constraints imposeserves . su_rface area wr=a((1+x )/.2) » wherea and

a maximum pressure or maximum pressure gradient corfs are the minor radius and elongation of the elongated
straint that can be used, together with the transport analasma, respectively.

atomic physics constraints on the gradients, to determine the The electron densny and temperat.ure from which the
pressure width, if the plasma is operating at the MHD limit. experimental pedestal widths and gradient scale lengths are
: determined are measured along a vertical chord through the

Available models for some of the specific phenomena | Il outboard of th ter of the pl In order t
involved in determination of edge pedestal parameters wer'asma wWetl outboard ot the center ot the plasma. In order to

compared to pedestal data from a set of DIII-D shots thag(_)trrr:pare t?ﬁse meIaSLItheddw@:Es t(:]md ngadt'.e nt sc?Ie dl_englgths
spanned a wide range of triangularitygs, beam heating with - quantities ' caiculated wi € eliective cylindrica

power, gas fueling rates, etc. The measured density Width@Odel described above, it is first necessary to map the mea-

were found to be between 1.0 and 1.6 times the neutral peﬁ_ured widths and gradient scale lengths onto the effective

etration mean free pathi.e., the distance over which the cylindrical model. The measured densities and temperatures

neutral density attenuated by a factor o&)1/in over half of are fit with cubic spline polynomials as functions of the tor-

the shots considered, the temperature width was the same %'gal flux surface coordinatg, which varies from 0 to 1.

the density width Isual inspection of the data points and their spline fitovs
A prediction of the maximum pedestal pressure for sta-((';'B‘PROF”‘ES is used to determine thp values corre-

bility against ideal MHD pressure-driven surface mddes sponding to the inner and outer edges of the transport barrier.

was roughly in agreement with experimental observation"Ve identity the value of the radius, in the effective cylin-

For shots with pedestal temperatures in the keV range th rical model that corresponds to the toroidal flux surface
agreement was good, but for shots in the few hundred ewoordinate,p, in DIII-D by the transformationr = pa((1

2y 19\1/2 ; ; e i ;
range the measured pedestal pressure was less that the p#_e'-( )/2)™, wherea is the minor radius in the horizontal

diction by a factor of 2—3 midplane at the last closed flux surfa@bdout 60 cmin the
There are presently two major impediments to imple_elongated DIII-D plasma. Then, thevalues at the inner and

menting a pedestal model such as described in this paper ggtgr e;jges ofﬁthe'barriel'r 2r.e clonlverted _irr;]to a V\g.dth of tf|1e
a predictive model for gradients and widths in the edge arrier for an effective cylindrical plasma. The gradient scale

pedestal—the lack of knowledge of the transport coefﬁcientéengths are readily obtained once the width is available, as

in the edge and the unavailability of the results of state-of.described in the title to Table I. We interpret both the calcu-

the-art MHD stability limit calculations in a usable form. lated and the transformed measured widths and gradient

Thus, at the present time, the framework for a pedesta?c"’“;\al Iengrt]hs ﬁs flux surfa(;:e %vErageg valggs. el h
model presented in this paper is intended primarily to guide ote that the measured widths and gradient scale lengths

the further development of a predictive pedestal model. ”ijsuglly reported for.DIII—D are distances measured a]ong_ the
this vein, the correlation of transport coefficients inferredvert'.c";:I c;horr]d passing thLOUQZ the '(Ij'homscf)nDTIcI;a[t)t.erlrg lines
from edge pedestal measurements of gradients and the Chfglr- sight In the upper outboard quadrant o -D; alterna-

acterization a stability surface in edge parameter space froﬁH\IIEIy’ therz]valutis are sometimes m;ppfedtto thflou;bc_Jra;]rd mt'g
state-of-the-art MHD stability limit calculations are sug- P:2n€, Where ihey are compressed a factor of 1=z. 1hus, he

gested as important next steps towards a predictive pedesﬁzglux surfz_ice average values (.)f widths and gradient scale
model. engths given in the tables are inherently larger than the val-

ues usually reported, because of the mapping procedure. In
addition, the values of widths obtained from fits of a tanh
ACKNOWLEDGMENTS function (TANHFIT) are often reported as vertical distgnce_s
along the vertical Thomson chord, rather than as radial dis-
The authors are grateful to P. B. Snyder for discussionsances, and are determined by automated fitting of a hyper-
of the calculation of MHD stability in the edge pedestal andbolic tangent to the data points, rather than by the visual
for reading and commenting on a draft version of this paperidentification of the pedestal location used in this paper.
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We have examined the differences in widths that ard.e., the separation between flux surfaces gpace is small-
caused by(1) the use of the effective cylindrical model, and est towards the outboard midplane and greatest towards the
(2) the use of the GAPROFILES data rather than the TAN-point. In the cylindrical model, in which the density gradient
HFIT data to determine the measured widths. First, we conis in effect a poloidal average of the density gradients in the
structed an effective cylindrical model that conserved theeal geometry, we calculate a single “average” neutral pen-
volumes within the flux surfaces as computed from the equietration mean free path that we report in the paper. We would
librium reconstructionEFIT) data. The averaged measured expect this average mean free path calculated in the cylindri-
widths from the EFIT cylindrical model were 1.0—1.5 times cal model to be close to the poloidal average of the mean free
larger than the actual measured values at the Thomson locpaths calculated at different poloidal locations in the real
tion and 1.5—3.0 times larger than the actual measured valugeometry, for reasons discussed in this appendix. In fact, the
projected to the outboard midplane. cylindrical model is constructed so that the mean free path in

Next, we tested the elliptical approximation used in thecm will be close to the poloidal average of the mean free
paper by comparing density widths mapped from the meapath in cm that would be calculated from the real geometry.
sured data onto the EFIT volume-conserving cylindrical
model with the elliptical approximation of a volume- 1y Greenwald, R. L. Boivin, F. Bombardet al, Nucl. Fusion37, 793
conserving cylindrical modet,= px'?a. Widths mapped by  (1997.
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mapping used in this paper also overpredicts averaged meamternational Conference on Plasma P_hysics and Controlled Nuclear Fu-
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