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Application of a particle, momentum, and energy balance model
to calculate the structure of the edge pedestal in DIII-D
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A calculation of edge density and temperature profiles based on “classical” physics—particle,
momentum, and energy balances, heat conduction closure relations, and neutral particle transport—
yielded a pedestal structure that is qualitatively and quantitatively similar to that found
experimentally in five DIII-D [J. Luxon, Nucl. Fusion42, 614 (2002] discharges, when
experimental radial electric field and rotation profiles and experimentally inferred heat transport
coefficients were used. The principal cause of the density pedestal was a peaking of the inward
pinch velocity just inside the separatrix caused by the negative well in the experimental electric
field, and the secondary cause was a peaking of the radial particle flux caused by the ionization of
incoming neutrals. There is some evidence that this peaking of the radial particle flux just inside the
separatrix may also be responsible in part for the negative electric field in that locatid@0%®
American Institute of Physic§DOI: 10.1063/1.1864066

I. INTRODUCTION energy balance equations to obtain agreement with experi-
mental profiles.

The “pedestal” structure of the density and temperature  This paper reports an examination of the recently sug-
profiles in the edge of H-mode plasmas has been the subjegested possibilif?®” that the edge pedestal structure can be
of intensive research for a number of yeésse Ref. 1 for understood entirel{fexcepting the transport coefficients a
review). This interest is motivated in part by the recognition consequence of the requirements of “classical” particle, mo-
that core transport calculations of the performance of futurenentum, and energy balance plus the heat conduction rela-
fusion reactors depend sensitively on the value of the pedegion, in the presence of recycling neutraf§he word classi-
tal density and, in particular, the pedestal temperature used &8l, as used in this paper, refers to the first three-fluid
boundary conditions in these calculatidis. moment equations plus the heat conduction closure relation,

Many pedestal investigations have focused on underbut not necessarily to the use of neoclassical or any other
standing the magnetohydrodynanildHD) instabilities that particular theory for the transport coefficient®ne notable
limit the pressure or pressure gradient in the edge pedestiffature of the theory to be tested is that the particle flux-
(e.g., Refs. 4-Por on identifying the experimental relations gradient-pinch reIat_|on is der_|ved_ directly from the momen-
among MHD instability parameters, device operating paramUM balance equations, making it unnecessary to externally
eters, and pedestal parametéesy., Refs. 10-13 Correla- specify a diffusion coefficient and a pinch velocity. Since

tions of measured pedestal density and temperature valuggly the first three moment equations are used and the heat

and pedestal profile widths with various MHD and plasmaconduc'uon relation is imposed as a closure relation, it is

operating parameters have led to theorv-based empiricAECESSarY to specify the heat conduction coefficients external
P . gp Y P ?o the basic calculation. Similarly, it is necessary to specify a
scaling laws(e.g., Ref. 14

. . - . radial momentum transport coefficient external to the basic
While the MHD instabilities that limit the edge pressure P

. . . _calculation. These transport coefficients are infeabdnitio
and pressure gradients have been the subject of the majori Yom the experimental data in this paper

of the investigations to date, there also have been koth The calculatiof®?’ that is tested in this paper is as fol-

studies of transporte.g., Refs. 15 and 1€and other(e.9.,  |oys. The particle and heat balance equations are numeri-
Refs. 17-19 mechanisms that could cause the formation ofcg|ly integrated inward from the separatrix, using separatrix
the H-mode pedestal an@) studies of the causes of the poyndary conditions determined from overall energy and
observed pedestal structure—widths and gradients of thgarticle balances on the plasma within the separatrix, to ob-
density and temperature profilege-g., Refs. 20-27 The  tain profiles of the heatQ) and particle(I') fluxes in the
importance of the ionization of recycling neutrals and of theplasma edge. The neutral densities needed to evaluate the
formation of a negative radial electric field well in determin- atomic physics particle sources and heat losses are calculated
ing the edge pedestal structure has been suggested by sevatith a 2D transport model. The heat conduction relations for
of these authors. Also, the pedestal is modeled in many sdens and electrongy=(Q-2.5'T)=nTyL;" are used to de-
phisticated edge and core plasma calculatitmg., Refs. termine the radial profile of.;, and then the definitions
28-30 by adjusting transport coefficients in the particle and—(dT/dr)/T=L:'=(Q-2.9'T)/nTy are integrated radially
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inward from the separatrix, using experimental separatrix  dr; _ _ rsep
temperature boundary conditions, to calculate the ion and "5, = Meioni * Mi¥ionb Li(rsep =177 (1)
electron temperature profiles.

The momentum balance equations are solved for the revherev,,,; and v, are the frequencies for the ionization by
quirementLglz—(dp/dr)/p=(vr—vpinch)/D, wherew,,on de-  electron impact of recycling or fueling neutral atoms of the
notes a collection of terms involving the radial electric field main ion species and for ionization of neutral beam injected
E,, the toroidal and poloidal rotation velocities, andvy, the particles, respectively. This equation is integrated numeri-
frequencyuy for the radial transfer of toroidal momentum, cally inward from the separatrix, where ttreet outward ion
and the toroidal components of the beam momentum inpuparticle flux crossing the separatrie; is specified as the
and the induced electric field. The radial electric field and theooundary condition.
carbon toroidal and poloidal rotation velocities used in the  The ion and electron heat fluxes in the edge region sat-
evaluation ofv,inc, are taken from experiment. The quantity isfy the energy balance equations
D denotes another collection of terms arising vgs: does, do, 3 _ _
from the derivation of the relation fdr;1 from momentum —~l—-_ —TiNgVsi — Qie + Qnbir Qi(fse;) =QP (2)
balance. The ion density profile is calculated by numerically dr 2
integrating +dn/dr)/n=L; =L~ L3'= (4~ vpine)/D-LT"  ang
inward from the separatrix, using an experimental separatrix

density boundary condition. dQe L
. . . L — == E,,NuVign — NNL, + Qi + ,
This coupled nonlinear set of equations is iterated to  dr ionfevioni ~ MeNzl-z + Qie + Qn,
obtain a converged solution for the radial profiles of density, 3

ion and electron temperatures, particle and heat fluxes, and Qulr F):Q'sep
. . . e\’ se e

neutral density in the edge plasma. Thus, these profiles are _

the consequence of classical particle, momentum, and energyhereQ;, is the rate of collisional energy transfer from ions

balances, and the heat conduction relation in the presence gf electronsQ,p;e is the rate of energy deposition in the ions
recycling neutrals, given the boundary conditions, transporg electrons by injected neutral beatus any other form of
coefficients, and radial electric field and the carbon toroidaheating, v, is the frequency of charge exchange plus elastic
and poloidal rotation velocities inferred or taken from ex-scattering of cool recycling neutral atoms which have not
periment. Comparison of these profiles with the directlypreviously suffered a collision in the scrape-off lag&OL)
measured experimental density and temperature profiles thyg edge regionF,, is the ionization energy, ant, is the
provides a test of whether those profiles can be understood fdjation emissivity of the impurity iongvhich is calculated
terms of classical physics—particle, momentum, and energyith a coronal equilibrium model using the local electron
balance plus the heat conduction relation—with the excepgensity and temperature, taking into account the enhance-
tion that the transport coefficients and the radial electric fieldnent due to charge exchange and recombination with the
and rotation velocities taken from experiment may be proyecycling neutrals The values of the outward ion and elec-
duced in part by “nonclassical,” or anomalous, effects.  tron heat fluxes at the separatrix are specified as boundary

Itis possible to extend the investigation to remove thesgonditions, and these equations are numerically integrated
exceptions. The radial electric field and the rotation veloci-pnward from the separatrix into the edge region.

ties also can be calculated from classical physics— The outward ion flux/} and the total heat flux at the
momentum balance—and thus to extend the test of the abibeparatrix,QseP:QiseP+Q§eP, can be determined from particle
ity to understand pedestal structure in terms of classicahnd power balances on the region inside the separatrix. The
physics. This is done for one of the discharges consideredyjit petween ion and electron heat fluxes is generally not

but a fu” inVeStigation remainS the SubjeCt Of a future paperknown experimenta”y and must be estimated‘
This calculation model is described in detail in Sec. I,

the calculated edge profiles are compared with measured pro-
files for five DIII-D discharges in Sec. lll, the calculation is
discussed vis-a-vis related work in Sec. IV, and the result
are summarized and conclusions are presented in Sec. V. It was shown previousfy'?’ that the parallel and radial
components of the momentum balance equations for a
multispecies tokamak plasma can quite generally be solved
to obtained a coupled set of equations relating the pressure
The calculation model was derivéd’ from fluid par-  gradients, the particle fluxes, the radial electric fields, the
ticle, momentum, and energy balance plus the heat conducetation velocities, and certain other terms. When it is as-
tion closure relation. sumed thati) the plasma contains a main ion specigsahd
a single effective impurity speciez™the concentration of
which is a constant fractiof,=n,/n; of the main ion con-
centration, and thdii) both ion species have the same tem-
The local flux surface averaged particle balance equatioperatureT;, these equations reduce to a flux-gradient-pinch
for the main ion particle flux in the edge plasma can berelationship for the main ions that constrains the inverse
written as pressure gradient scale length

B. Pressure and temperature gradient scale lengths

II. CALCULATION MODEL

A. Radial particle and heat balances
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1dp  ; Tini—vy  vi—vp The local values of the heat and particle fluxes calcu-
- EE =Lpi= B, = B (4) lated from Egs.(1)—(3) must be used in solving Egs.
i i (8)—(10), and conversely the local valuesmandT obtained
The quantityD; is a collection of terms arising in the deri- by solving Egs.(8)«(10) are needed in order to solve Egs.
vation that has the form of an effective diffusion coefficient (1)—3) for I" and Q.

. mT.y vy 1
D; = Dj - D;;= (ell BIH)Z{ ?ZI - @} ' ®) D Neutral density profiles

Penetration of the inward flux of recycling neutrdfgr)
t- into the edge region is calculated using an interface-current-
balance method: using as a boundary condition the recy-

where v, is the interspecies collision frequenay, is the
viscous plus atomic physidgharge exchange, elastic sca
.

tering, and ionizationfrequency for the removal of toroidal ¢ . o)
cling neutral currend*(rgo) =Jg,, passing inward across the

momentum, andZ) is the average local charge state of the ,
impurity species. The remaining quantities entering this rela®Uter boundary of the SOL. The inwafd) and outward —)

tionship can be collected and identified as the “pinch” velocPartial currents at successive interfacgandr,,, are related
; b

ity
1 A ) a1 Ji(rnen) = Tpdo(rp) + RI-(rnsn),
Upi = e,_B[_ M /i — & By + myvg(E/By + f,7v5) (12)
’ 3(r) =Tl (Fped) + R4, N=1,2, . N,
+ Mt (v = v, (6)

whereT, is the probability that a neutral atom is transmitted
whereM,, and E’(; are the toroidal components of the input through the interval,=r,,.,—r,, without a collision and R,
momentum rate and the induced electric fi#dis the radial is the probability that a neutral atofor its neutral progeny
electric field, v, is the poloidal rotation velocity, and,  via charge exchangehat does have one or more collisions
=B,/ B,. in the intervalA,, ultimately escapes from the interval across

It is emphasized that all quantities in E44)—(6) arose  the interface at, or r,,;. These quantities are defined in Ref.
directly from the requirements of radial and parallel momen-31. The inward neutral current across the scrape-off layer is
tum balances and particle balance. The identification of @alculated with a two-dimension&2D) model of the recy-
diffusion coefficient and a pinch velocity is a notational con-cling of plasma ions from the divertor plate and their trans-
venience. port through the divertor plasma, private flux, and edge ple-

The local heat conduction relatiogy=—n;x;dT;/dr, ]  num regions using the transmission-escape probabilities
=i,e, can be used to express the local ion and electromethod>”

inverse  temperature gradient scale |engthi}j1 Two groups of neutrals are treate@) “cold” neutrals
=-(dT;/dr)/T;, in terms of the respective local total heat which have recycled from the wall and penetrated across the
fluxes Q; and convective heat fluxes 57’ SOL and into the plasma edge with a temperature character-
1[ o 5T, istic of the wall recycling atoms ani) neutrals that have
}11: ;[ﬁ - 5#} j=i,e (7) undergone one or more charge-exchange or scattering colli-
LM i

sions in the SOL or pedestal regions and taken on the local
ion temperature as a result. The first group of neutrals is used
to compute the cold neutral density that is used to evaluate
vai» While both groups contribute tgg,;.

The ion density profile and the ion and electron tempera- ~ This neutral transport computation has been checked
ture profiles in the plasma edge are calculated by numericall@gainst neutral density measurements in DIII-D and Monte
integrating the defining relations for the respective inverseCarlo calculations of these experimefitdhe neutral densi-

C. Density and temperature profiles

gradient scale lengths inward from the separatrix ties in the plasma edge near thepoint were measuréd
d using a 2D reconstruction @, light at the divertor Thom-
_Lldn =L t= L;il -L3t= i ~ Upi _ L7 son scattering locations. This experiment was modeled in
n; dr D

detail for a Monte Carlo calculation and using the same pro-
cedure as used for the neutral calculation in this paper. The
Ni(rsep = NP, (8)  agreement between both calculations and the measured neu-
tral densities was good. A recent summary of the neutral
calculation used in this paper can be found in Ref. 33.

1dT, ., 1| @ 5T
-st=1gts —{—' - ——'], Tirsed =TF% (9)
Ti dr Xi niTi 2 ni
and E. Boundary conditions for edge profile calculations

As stated above, the separatrix density and temperature
1dT, ., 1| Q¢ 5T, sep A0 _
T et T T on | Te(rsep =Te” (10)  boundary conditions for Eq$8)—(10) are taken directly from
€ Xel Tlele € experimental measurement, and the incident neutral flux
subject to separatrix boundary conditions taken from experiboundary condition for Eqs(11) is calculated with a 2D
ment in this paper. neutral fueling and recycling code.
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The outward particle and heat flux separatrix boundary ,,;. ={M; + neEA + nmu,[f-X (v, — v + TiL- Ve B, (1
. ) ) i @i i“i=e " Uit YizLip (Y6 (2 i=pi =120
conditions for Egs(1)—(3) are obtained from particle and _ .
heat balances on the plasma inside of the separatrix, includ- = 1K2)] = nimyi, [, + fo (Vs = veo)
ing the neutral influx, the neutral beam heat, and particle +TiL YeB,(1 - 1K2)]} (13
sources and the radiative losses from within the separatrix. ) _p
For this purpose we have embedded the above edge plasiiff the main ions and

calculation vyithin a global cod®, which (i) perfqrms core V=M, + ”zezE/$+ nimiViz[f;_)l(Uai )
plasma particle and power balance calculatigingluding ~
radiative cooling and recyling neutral influxo determine +TiLoi/eBy(1 = 1K2))] + My .70 (14

outward plasma particle and heat fluxes across the separatiX; ine carbon impurity ionéz=c). The experimental rota-

into the SOL, which(ii) are input for a “two-point” divertor i, yelocities discussed above are used to evaluate these
model (including radiative and atomic physics cooling, par- expressions as a function of radial position in the edge
ticle sources, and momentum sinks calculate plasma den- asma.

sity and temperature on the separatrix at the midplane and at

the divertor plate and to calculate the plasma flux to the

divertor plate, whicHiii ) creates the recycling source of neu- H: Solution procedure

tral molecules and atoms for a 2D neutral transport recycling  First,  the plasma is modeled with the global
calculation throughout the divertor and plasma chamber thaloge®—particle and power balances on the core plasma,
provides the neutral influx for the core particle balance calyyo-point divertor model, and 2D recycling neutral

culation. calculation—described in Sec. Il E, which calculates the
separatrix boundary conditions on the outward particle and
F. Rotation velocities and radial electric field power fluxes(I'*Pand ) needed for Eqs1)—(3) and the

Evaluation of the pinch velocity of E6) requires an ssrape-off layer boundary con_dition on inward neutral flux
evaluation of the rotation velocities and the radial electricisol N€€ded for Eq(11). Experimental results are used to
field. The toroidal and poloidal rotation velocities for carbon, NSure that the correct plasma edge temperature and density

uggpfanduggpt that are measured experimentally, and the sax-conditions are used in the neutral fueling calculation. The

perimental” radial electric field that is constructed from thesePlasma edge transport coefficients are inferred from experi-
measured velocities and the measured carbon pressure grafiéntal edge data and the experimental separatrix boundary

ent L;_ai by using the radial momentum balance conditions on density anq temperatyrg®®, T72H needed for
o , Egs.(8)—(10) are set at this stage.
E//Bo+ vgf, = v, — TiL;/€Bs (12 Next, the nonlinear set of coupled ordinary differential

Egs. (1)—(3), (8)—(10) and the neutral current balance Egs.
(11) are solved iteratively for the radial profiles B\, Q7"
n?®F, T72P andn,. The numerical integration is carried out on

are used to evaluate the pinch velocity.
The poloidal velocity for the main ions,; is evaluated

from using poloidal momentum balarf€&€’*°to calculate o lien - num ! :
the difference(vy — vg)eae Which is then used with the ex- a finite-difference grid using 25 mesh points extending from
 expt  the separatriXp=1.0) into the plasma t@=0.86. The aux-

erimental 12" to construct an experimentalt*= v 4
6c 6i oc
iliary evaluations ofD and v, are updated at each mesh

+ (4~ Vgo)cal- A Value for v, for the main ions is needed in < : ; i : oH

the poloidal momentum balance that is used to calculat@0INt 0N each iteration. The iterative solution is converged to
4 : S e

(U5 — Vo) eate AN €xperimental value for this quantity is con- 10 at all mesh points on successive iterates of densities,

structed fromvz?pt: UZ)((:pt+(v(pi_v(pc)0aIC1 where the difference €mperatures, and particle and heat fluxes.

(Vi ~ Uyo)carc 1S determined by subtracting EgeL2) for the
two species. Ill. COMPARISON OF CALCULATED AND MEASURED
DIll-D EDGE PROFILES

G. Transport coefficients inferred from experiment The profiles of density and temperatures calculated

The transport coefficients used in the calculations werebove were compared against measured density and tempera-
inferred from experiment. Average vaIuequ'fe were deter-  ture profiles. Five DIII-D shots with rather different plasma
mined from the endpoint measured temperature valles and pedestal parameters, as indicated in Table I, were chosen
over the steep gradient region af®) over the region imme- for the comparison of calculated and measu(€domson
diately inward from the top of the pedestal, and correspondscattering and CERdensity and temperature profiles. The
ing average experimental values x;.=(Qie  quantityl'\, is the total fueling and recycling neutral influx
-2.9'T, ¢/ nTLeL}ﬁe were constructed for each region and rate across the separatii®ot including the neutral beams
used in the calculations. The profiles of the experimentahnd the other notation is standard.
momentum transfer frequencieﬁa for carbon and deuterium Shot 93 045 was an H-mode discharge with rather high
were inferred from the toroidal momentum balance equaupper and lower triangularity, and was fueled only by the
tions, which are balances between momentum input andeutral beam and was pumped to achieve 1 keV pedestal
transfer rates, using the experimental values of the toroiddemperature. Shot 93 043 was a “companion” unpumped
rotation velocities and the known momentum input rates td_-mode shot with high gas fueling over a period just prior to
obtain the time examined.
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TABLE I. DIII-D shot parametergR=1.71-1.75 ma=0.6 m x=1.74-1.84,=1.0-1.6 MAB=1.6-2.1 T,LSN.

Shoftime) nebar nged Teped Pb . fearb TE Confinement
(m9) (10%/md) (108/m3) (eV) Qos o (MW) (10%%/s) (%) (m9) mode
93 0453701 4.7 4.0 1,093 4.08 0.45 5.1 0.3 2.0 195 H
93 043220 9.5 6.9 281 3.56 0.33 4.7 1.4 2.8 186 L
97 9793250 7.9 6.4 524 3.94 0.75 6.5 0.6 2.0 238 H
98 8934000 125 8.0 119 2.95 0.13 2.1 25 1.0 166 H
92 9783212 6.0 4.7 187 5.72 0.33 5.0 3.8 1.0 70 H

The other three shots were “density limit” H-mode shots ~ The range of values over each region of the diffusion
with a continuous high level of gas fueling. Shots 97 979 andtoefficients calculated from Ed5) are also shown in the
98 893 were able to maintain high pedestal densities anthble. It is emphasized th&’'s were evaluated during the
good H-mode confinement, while the H-mode confinementourse of the solution of the equations of the preceding sec-
had deteriorated significantly in shot 92 976 at the time extion and not inferredb initio from the experimental data, as
amined and it made a back H—L transition shortly afterwardsthe y's and v;i were. Although there does not appear to be
These shots had quite different triangularity agpg any significant difference between the range of values of the
diffusion coefficients in each region, the average value of the
diffusion coefficients tended to be somewhat larger in the
pedestal region than in the flattop region, due primarily to the

Average values of the temperature gradient scale lengtHgrger values ofy;, and V:ji'
over the steep gradient pedestal region and over the “flattop”
region extending inward several centimeters from the loca- .
tion of the top of the pedestal were determiradinitio from B Calculated and measured density and temperature
both the measured ion and electron temperature profiles. A\P—rOfIIes
erage heat and particle fluxes were calculated in these re- The coupled set of nonlinear equations described in Sec.
gions, and the thermal diffusivities were then calculated froml were solved iteratively for the profiles of, T;, T, I';, Q;,
Egs.(9) and (10). The results are given in Table Il. Except Q., andn, in the edge plasma. Experimental values for the
for shot 93 045, the/'s in the steep gradient pedestal region radial electric field and the carbon toroidal and poloidal ro-
were somewhat, but not greatly, smaller than jfein the tation velocities(as discussed in Sec. Il)Aexperimental
flattop region, and this one exception is probably not signifi-separatrix density and temperature boundary conditions,
cant. Thesey's were used in the subsequent solution of theseparatrix boundary conditions on particle and heat fluxes
equations of the preceding section for the density and temdetermined from particle and heat balances on the plasma,
perature profiles. and a separatrix boundary condition on the neutral influx

The range of values over each region of the main iordetermined from a 2D neutral recycling calculation were
momentum transport frequency inferrad initio from ex-  used.
periment by evaluating Eq13) are also given in Table Il. In The principal results of these calculations for the five
general,v;i increased monotonically with radius at a rate shot/time slices indicated in Table | are given in Figs. 1-5.
greater than could be accounted for by atomic physics moPart(a) of Figs. 1-5 each shows the experimerg&i®, 5%,

A. Inferred transport coefficients

* . . §DC. !
mentum loss rates. The values gf. were also calculated, and 5 profiles that were used as input, and the profiles of
but they do not significantly affect the calculation. the calculateduynen and v =I'i/n;. It is clear from above

TABLE II. Transport coefficients inferred from experiment or calculated.

Shot(ms) 93 0453709 93 0432201 97 9793250 98 8934000 92 9763212
Xiped (M) 0.16 0.77 0.85 0.38 1.2
Xitop. (M?/5) 0.10 1.06 1.19 0.71 2.6
Xeped (M?/s) 0.20 0.29 0.42 0.20 0.9
Xetop. (M) 0.33 1.03 0.54 1.69 1.2
Diped’ (M?/9) 0.47-0.68 0.47-0.64 0.69-1.1 0.45-1.3 1.7-2.5
Doy’ (M?/) 0.44-1.% 0.47-0.53 0.54-0.89 0.75-1.0 1.2-1.5
Vaiped. (10°/9) 0.75-3.7 1.24-2.10 2.8-5.3 8.0-19.0 1.3-11.3
Vgitop. (10°/9) 0.19-0.78 0.04-0.92 0.08-2.3 0.7-5.8 0.58-1.2

4nferred from experiment.
PCalculated.
°Range of values in region.
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FIG. 1. Edge pedestal profiles for DIlI-D H-mode discharge 93 045 calculated using experiiental V,, experimental separatrix boundary conditions,
and experimentally inferreg’s: (@) quantities involved in calculating the pressure gradiébk,calculated and measureq profiles, (c) calculated and
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FIG. 2. Edge pedestal profiles for DIlI-D H-mode discharge 93 043 calculated using experiBgg) V,, experimental separatrix boundary conditions,
and experimentally inferreg’s: (a) quantities involved in calculating the pressure gradiébk,calculated and measured profiles, (c) calculated and
measured,, profiles,(d) calculated and measurdd profiles.
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FIG. 3. Edge pedestal profiles for DIlI-D H-mode discharge 97 979 calculated using experiggelalV,, experimental separatrix boundary conditions and
experimentally inferredy’s: (a) quantities involved in calculating the pressure gradié@mtcalculated and measureg profiles, (c) calculated and measured
T, profiles, (d) calculated and measurdd profiles.
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FIG. 4. Edge pedestal profiles for DIlI-D H-mode discharge 98 893 calculated using experiBgg) V,, experimental separatrix boundary conditions,

and experimentally inferreg’s: (a) quantities involved in calculating the pressure gradiébk,calculated and measured profiles, (c) calculated and
measured,, profiles,(d) calculated and measurdd profiles.
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FIG. 5. Edge pedestal profiles for DIII-D H-mode discharge 92 976 calculated using experigentgl V,, experimental separatrix boundary conditions,
and experimentally inferreg’s: (@) quantities involved in calculating the pressure gradiébk,calculated and measureq profiles, (c) calculated and
measured,, profiles, (d) calculated and measurdd profiles.

mentioned figures and and Ed) that the negativéinward) The solution of Eq(8) for the density profile exhibits a
peaking of yyincy just inside the separatrix producésr at  pedestal structure that agrees qualitatively with that found
least is consistent witha large negative pressure gradientexperimentally and is in reasonably good quantitative agree-
just inside the separatrix. There is also a peaking;gtist  ment with the experimental pedestal gradients and widths, as
inside the separatrix, produced by the ionization of the fuelsnown in partb) of Figs. 1-5. With reference to E¢g), the

ing and recycling neutrals, that enhances the magnitude Qfteep, density gradient in the edge pedestal is produced by an

the negative pressure gradient just inside the separatrix, bﬂlicrease with radius ofy=T,;/n; due to the ionization of

this "’.‘tom.'c physics effect is not as large as the effect of th‘?ncoming neutrals and to an increase with radius of the nega-
peaking invyinchy

Equation(6) can be examined for insight as to the causelV€ Vpineni due to the negative peaking & and v, in the
of the peaking Oy just inside the separatrix, but first it is pedestal region. The value. of.t.he calcu!ated d|ffu5|on coeffi-
convenient to use the radial force balance @) in orderto ~ ci€NtD of Eq. (5) was not significantly different in the steep
explicitly display the dependence ijépicq): gradient pedestal region than in the flattop region on top of
the pedestal, as shown in Table II, and did not play a signifi-
cant role in determining the pedestal structure. This result
- miVizUZ)épt]/QBa- (15) confirms the finding of Refs. 26 and 27 over a range of edge
conditions, namely, that given the observed negative peaking
of E, andvy in the edge region, the pedestal structure of the

though they become significant in the flattop regidBoth gdge density profile follows from the requirements of par-

X . . i ticle and momentum balances.
v, and vy increase with radius, the latter more dramatically Simi )
just inside the separatrix. Examination of péat of Figs. imilarly, the. tfemperature profiles calculated frgm Egs.
1-5 shows that there is a significant negative peakirgfgt (9 and (10) exhibit a pedestal structure and are in good
just inside the separatrifexcept for 98 893 where the™® agreement' with mefa\sured prqflles, but the mterpretatlon. of
peaking is modest which contributes to a negativec this result is not quite so straightforward as for the density
There is also a positive peaking iﬁﬁpt just inside the sepa- Pedestal. Because of an absence of knowledge of the thermal
ratrix in shots 93 045 and 98 893, which contributes to afransport mechanisms, thés were inferred from experiment
negativevye, The behavior obf™just inside the separatrix USING xa, =[Qa,/ (NP TasP) = (5/2) 5, INg,PILTE).  Average
is mixed among the shots. values of the density and temperature and of the temperature

Upinch= [~ M = nie.Eﬁ +nmy(vi; + vai)(fglva +E7NBy)

The first two termgbeam momentum input and induced to-
roidal field are not important just inside the separatfat-
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FIG. 6. Edge pedestal profiles for DIII-D H-mode discharge 92 976 calculated using only experimgréaperimental separatrix boundary conditions and

experimentally inferred's: (a) quantities involved in calculating the pressure gradiétcalculated and measured profiles, (c) calculated and measured
T, profiles, (d) calculated and measurdg profiles.

gradient scale length were determined from the experimentathich become steeper with increasing radius within both the
data, and average values of the heat and particle fluxes wefiattop and the pedestal region, indicatifig the case of the
determined from power and particle balances on the regiogalculated profilg that factors other thawy are involved in
inside the separatrix and corrected for edge atomic physicgetermining the profile.

and radiation cooling and for ionization sources, separately  ith reference to the above formula for the slope of the
in the steep gradient “edge pedestal” region and in the weafemperature gradient, the total heat fi@xdecreases slightly
gradient flattop region. with radius because of atomic physics and radiation cooling,

The use of such average values inferred from experimendn the particle fluX™ increases sharply in the pedestal re-
for the ion and electro's in the solution of the coupled set 4oy pecause of ionization, as discussed previously. How-
of Egs.(1)~(3) and(7)—(11) did not predetermine the calcu- qqr the effect of the sharp increasdiis partially offset by

I_l?rt]lon olf ? tempfelrzaturg proglli(;h?t zi?]re(tad with ?xperlmentthe sharp decrease Thwith increasing radius. The density is
e solutions o gst9) and ( .) or the temperatureé pro- 4t constant in the flattop region, as shown in garof
files depended upon the solution of the coupled @Bj.for . . o

) S . Figs. 1-5, then decreases sharply with radius in the pedestal
the density, which in turn depended on the solution of Eqs. ~° . . .

. region. The resulting sharp and nonlinear decrease in the

(9) and (10) for the temperatures, and on the solutions of lculatedT in th d | it di . ith
Egs.(1)—(3) for the particle and heat flux profiles, and on the ca gu ate |n. the pe estg regiofiarge an, increasing wit
solutions to Eqgs(11) for the neutral density, etc., and these radius neggnve(dT/dr)] IS correlated with the sharp de-
solutions were iterated to convergence. crease of in the pedestal region.

The calculated temperature profile is determined by a  The conclusion that can be drawn from the agreement
number of factors. The temperature gradient is calculate§etween calculated and experimental density and tempera-
from —(dT/dr)=TL}1=(Q—2.5[T)/nX. The value ofy used  ture profiles shown in Figs. 1-5 is that, if the heat transport
in the calculation over the edge region of interest is a stegoefficients(x’s) and theE; andv; in the pedestal region are
function, as given in Table II, and by itself is only capable of known, then the particle, momentum, and energy balance
producing linear temperature profiles with different slopesequations and the heat conduction relationggigs. (1)—3)
within the flattop and pedestal regions. Both the experimenand (7)—(11)] are sufficient to determine the observed edge
tal and calculated temperature profiles generally have slopgsedestal structure in the density and temperature profiles.
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C. Uncertainties in experimental data sure gradient produces a slope in the pedestal density profile

Any uncertainties in the determination of the experimen—th‘ﬁ’lt Is in somewhat better agreemen_t with expernmen t than
henE, and v, are taken from experimerfitompare Figs.

tal data enter directly into the evaluation of the gradient scal (b) and @b)].

lengths of Eqs(4) and (7). When the logarithmic derivative . . .
9 as(4) ) g The comparable importance ofi,c, andy; in determin-

definitions of the gradient scale lengths are integrated inward

from the separatrix, any uncertainty in gradient scale Iengtl’lng the pressure gradient just inside the separatrix implies a

resulting from uncertainty in experimental data unfortunatel)/ela.nvely larger role for 'the .|on!zat|on of Incoming neut.rals
becomes amplified exponentially; (which causes the peaking ) in determining the density

In the pedestal, the experimentally measured values radient in the pedestal in Fig. 6 than was previously inferred

U:e;épt and vgépt for the fully ionized carbon impurities have rom Fig. 5. A further indirect effect of the recycling and

typical uncertainties of +1-2 km/s due to photon statistics [U€/Ing heutrals comes about in the calculation of the results
Fig. 6 because;, also contributed to the negative peaking

These uncertainties increase as the carbon density drops a o . .
y crop of the calculatedy, which in turn contributed to the negative

may reach values of 3—5 km/s at the separatrix. In addition;, Ki fth lculated. and h h . K
there may be small systematic uncertainties, thought to be rfgeaking of the calculatel, and hence to the negative peak-

greater than +1-3 km/s, in obtaining the absolute wave!"9 Of vpincn just inside the separatriXit is not possible to

length reference needed for the rotation determination. Therttr,\ace these effects through the calculation when experimental

is also the potential for systematic errors due to interferingValues ofE andv, are used in the calculation.

emission lines. The analysis attempts to account for these but

they might add scatter comparable to the statistical uncemy. COMPARISON WITH RELATED WORK

tainties in some data. It is not expected that the velocities for ) ) _

the main ions are the same as velocities for the impurities. ~ The pedestal is an active topic of research, and a number
Thus, the main ion velocities can only be inferred from theOf authors with varying objectives and approaches to the
paper. Such models have not been experimentally verifiegseful to comment on a few representative examples of this

due to lack of measurements of main ion rotation in the edgeiterature vis-a-vis the present work in order to put the latter
in perspective. First, it is the objective of this work to inves-

tigate the physical causes of the pedestal structure and, spe-
cifically, to test if the pedestal can be understood in terms of
classical physics—particle, momentum, and energy conser-
The results of Figs. 1-5 indicate that the classical physvation and the heat conduction relation—in the presence of
ics equations of Sec. Il can predict the pedestal structure irecycling neutrals. For this reason, a number of perfectly
density and temperature profiles, when the experimental vakeasonable procedures, such as correlating the pedestal struc-
ues of the radial electric field and the rotation velocities areure to experimental result§,introducing heuristic models
used to evaluatey,,, One of these calculations was re- that reproduce certain observed features, etc. have been es-
peated, but rather than using the experimental value of thehewed in favor of a rigorous solution of the equations that
radial electric field, the same radial force balance B¢)  result from the first three-fluid moments equations and the
that was used to calculaf™™ (using the experimental car- heat conduction closure relation, in the presence of recycling

bon rotation velocities®" and 5" and the experimental neutrals.

C
carbon pressure gradiépnNas used to calculate the radial There have been several models proposed to explain the
electric field within the iterative solution of the equations of observed dynamics of pedestal formation in terms of bifur-
Sec. Il. Since the main ion pressure gradient is the quantitgation in the transport propertiés*® orbit loss!’ Stringer
calculated by these equatiofthe carbon pressure gradient spin—up}8 zonal flows™® etc. While some of the same physics
scale length is assumed the sant& was in this case evalu- is involved in this paper, the emphasis of this paper is on
ated from Eq(12) using the main ion;iix’Jt (determined from  determining if the rigorous solution of the first three-fluid
¥P'as described in Sec. I1)Aand v, and using the calcu- moment and the heat conduction equations have a solution
IatedLF')il. To further relax the dependence of the calculationwith a pedestal structure when applied to calculate dis-
on experimental input, both, and v, were calculated from charges that exhibit a pedestal structure experimentally.
poloidal momentum balant®’"* as part of the iterative A number of authors?®?"have investigated the influ-
process. Thus, classical physics was used even more fully ience of the ionization of recycling neutralamong other
the profile calculation for the evaluation of all quantities ex-thingg on the pedestal structure. It has been observed
cept for o2 (and the transport coefficients inferred from experimentally’**and predicted theoreticafy*"**that the
experimenk The results are given in Fig. 6. width of sharp-gradient edge pedestal region was comparable
Comparing Figs. @ and @a), it is clear that they,,o,  to the neutral ionization or penetration mean free path in the
profile near the separatrix is different in the two cases. Thedge plasma. The calculations of this paper show that the
magnitude ofv,,n and v are comparable and the radial ionization of recycling neutrals causes the negative ion pres-
electric field and poloidal rotation velocity have a larger sure gradient to increase just inside the pedestal, contributing
negative peaking just inside the separatrix wiigrand v,  to a density pedestal in that location. The calculations of this
are calculated, resulting in a smaller value of the negativepaper show that an even larger contribution to the edge den-
pressure gradient just inside the separatrix. This smaller presity pedestal is provided by the peaking of the inward pinch

D. Calculation of radial electric field and poloidal
rotation velocities
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velocity just inside the separatrix, due to a negative peaking This calculation process was applied to calculate the ra-
of the radial electric field. However, further calculatiqitsis  dial profiles of density and temperature in the edge of 5
paper and Refs. 26 and Rghowed that the ionization of DIII-D discharges embodying a wide range of edge condi-
recycling neutrals might be responsible, at least in part, fotions and plasma parameters. The values of the radial electric
this negative peak in the radial electric field. Thus, therefield and the toroidal and poloidal rotation velocities needed
seems to be qualitative agreement between this paper and tteevaluatey,;,., were taken from experiment. The calculated
previous papers that the ionization of recycling neutrals iglensity and temperature profiles in the plasma edge exhibited
important in determining the edge pedestal structure, ala definite pedestal structure, in agreement with the profiles
though the physical models differ significantly. measured in these discharges. A peaking of the ineeda-
Another fundamental investigati65nof the physics of tive) vy just inside the separatrix was identified as the
the edge pedestal came to a couple of conclusions similar forincipal cause of the strong negative pressure gradient just
those of this paper, although the methodology was cominside the separatrix, and hence of the observed density ped-
pletely different. The edge of a tokamak plasma was anaestal, in these discharges. The peaking of the radial velocity
lyzed with a particle guiding center code, including an v =I';/n just inside of the separatrix caused by the ionization
X-point representation. Steep pedestal regions were founaf recycling and fueling neutrals was identified as a second-
and it was shown that they must be accompanied by a negary contributor to the observed strong negative pressure gra-
tive electric field peaking, consistent with the finding of the dient just inside the separatrix.
present paper. These authors also found that a sharply in- The two principal conclusions indicated by these results
creasing convective ion loss towards the separatrix produceare (1) if the heat transport coefficienty’s) and theE, and
by the ionization of recycling neutrals, together with orbit v, in the pedestal region are known, then the particle, mo-
squeezing and a X-point transport mechanism, were admentum, and energy balance equations, the heat conduction
equate to cause an edge pedestal. In the present paper it watationship, and the neutral particle transport equations
also found that the increasing radial particle flux towards thé Egs. (1)—(3) and (7)—(11)] are sufficient to determine the
separatrix(the v, peaking caused by neutral ionization was observed edge pedestal structure in the density and tempera-
important in producing an edge pedestal, but that a particleure profiles in the edge of H-mode tokamak plasmas; and
pinch peaking near but inside the separatrix, rather than ef2) the major cause of the edge pedestal structure in the
fects occurring outside the separatrix, was more important.density profile is the large peaking i, just inside the
Finally, the pedestal region is usually simulated in theseparatrix. The pinch velocity is caused primarily by the ro-
large edge physics codes by small diffusion and heat condudation velocity and the radial electric field; thus the remain-
tion coefficients modeled or adjusted to match experimentaihg questions in understanding the pedestal structure would
pedestal profilese.g., Refs. 28 and 29A similar procedure seem to be related to the causes of the observed rotation
is used in core-pedestal-SOL modeling coteg., Ref. 3. velocities and radial electric field in the edge plasma and to
The results of this paper, which indicate that it is the peakinghe heat transport mechanisms in the edge pedestal.
in the pinch velocity rather than a sharp decrease in transport The calculation for one discharge was repeated with the
coefficient that produces the pedestal, would suggest that radial electric field and poloidal rotation velocities also being
different modeling procedure would be expected to bettecalculated from momentum balance. The calculated profiles
embody the underlying physics. were in somewhat better agreement with the measured pro-
files than when the experimental values of the radial electric
field and poloidal rotation velocities were used in the calcu-
V. SUMMARY AND CONCLUSIONS lation. Thus, _it may well be that both the density _and tem-_
perature profile pedestal structure and the associated radial
Balance equations for the radial parti¢lE;) and heat electric field and rotation velocity profiles in the plasma edge
(Qy) fluxes and constraints that must be satisfied by the presire natural consequences of classical physics particle, mo-
sure and temperature logarithmic gradientsL;jl menFum, and energy cqnservanon and.the heat conduction
=~(dp;/dr)/p;=(v~vpinc /D and L}jlz—(d'l'j/dr)/Tj relatllons.—but. th|§ remains to be established by a more ex-
=(Q;=2.85'T))/n;T,x; in the plasma edge were derived from tensive investigation.
the first three-fluid moment equations—the particle, momen-
tum, and energy balances—and from the heat conductionCKNOWLEDGMENTS
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