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Structure of the edge density pedestal in tokamaks
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A “first-principles” model for the structure of the edge density pedestal in tokamaks between or in
the absence of edge localized magnetohydrodynamic instabilities is derived from ion momentum
and particle conservation and from the transport theory of recycling neutral atoms. A calculation for
(high) H-mode tokamak discharge parameters indicates that the equations have a self-consistent
solution which has an edge pedestal in the ion density profile and sharp negative spikes in the
poloidal velocity and radial electric field profiles in the edge pedestal, features characteristic of
H-mode edge profiles. These sharp negative spikes in radial electric field and poloidal rotation
produce a peak in the inward ion pinch velocity in the sharp gradieadlestgl region which
produces an edge particle transport barrier. The calculated magnitude of the density at the top of the
pedestal and the density gradient scale length and radial electric field in the pedestal region are
comparable to measured values.2@04 American Institute of Physid®Ol: 10.1063/1.1777590

I. INTRODUCTION ing mode value without the onset of instability. There is

. ) o strong experimental evidence that the dominant MHD insta-

The importance of the edge pedestal in determining tg)jities that limit the edge pressure gradient are the

enhanceq performance d-ﬂ-mgde (h|gh-mode)_ tokamak intermediaten peeling—ballooning modes driven by the edge
plasmas is now widely recognized. A correlation between ressure gradient and the associated bootstrap cugant
pronounced steep-gradient region in the edge and enhanc Lfs. 7-11 It has also been proposée.g., Ref. 12 that a

lasma performance has been documented in numerous ex- SR )
P b I6IHD stability limit on the pressure, instead of the pressure

perimental studies. In addition, both experiments and nu-

merical calculations using the more recent transport modelgrad'em’ limits the pressure in the edge pedestal. Since a

indicate a stiff temperature profile in the plasma core, imply-MHD stability pressure gradient or pressure limit imposes an
ing that the achievable central temperature depends directhyPPer limit on the pressure gradient or pressure but cannot,
on the edge pedestal temperature. in itself, determine the individual temperature and density
Despite more than a decade of resegsgfe Ref. 1 for a gradients nor the corresponding widths of the strong gradient
review), the understanding of the physics that determines théegions, other mechanisms have been investigated.
structure of the edge temperature and density peddgsgls The observation that the sharp density buildup in the
the steepness of the gradients and the widths over which thedge occurs over a distance that is comparable to the ioniza-
steep gradients extend still incomplete. Although correla- tion mean free path has led to the hypothesis that the struc-
tions (e.g., Refs. 2—pof the experimental edge pedestal da-ture of the density profile in the edge is determined by neu-
tabase have identified a number of apparent relationships, téal penetration(e.g., Refs. 13—16 However, this density
first-principles prediction of edge density and temperatureyuildup distance is also comparable to the ion poloidal gyro-
gradients and widths remains elusive. radius, which has led to the prediction that the density ped-

The coincidence of the steep edge gradients in densit¥stia| width in the edge is determined by orbit I¢sg., Ref.
and temperature with regions of strongly sheared poloidaj 7y

rotation and radial electric field hints that the physics that = | has been propos&e.g., Ref. 18that the heat conduc-

determines the structure of the edge pedestal is complex. flon relation determines the local temperature gradient in the

ggg:le)der of possible physics mechanisms have been Su%'(jge in terms of the conductive heat flux passing through the

Previously, the pressure gradient limit for the onset ofedge and the local value of thermal conductivity. This rela-

ideal, infiniten magnetohydrodynamicéMHD) ballooning tion_ has been used to infer values for the therr_nql cond_uctiv-
modes was thought to constrain the maximum edge pressupé( in the plasma edgée.g., Refs. 16 a!’ld 198.|mlla'rly, it
gradient, and measured edge pressure gradients were diS Peen proposed that the local density gradient in the edge
served to be roughly in agreement with this prediction in ghedestal is determined by the diffusive particle flux passing
number of tokamak discharges. However, in recent year§irough the edge and the local values of the particle diffu-
many discharges with edge pressure gradients several timg¥ity and the convective “pinch” velocity’

larger than the ideal ballooning mode limit have been ob- A “framework” for incorporating these various physics
served. These observations have prompted more sophistRechanisms in a predictive model for the temperature and
cated MHD analyses which predict the possibility of accessdensity gradients and widths in the plasma edge has been
ing a second stability regime in which the edge pressurqaroposeol.6 However, a better understanding of the basic
gradient can be much larger than the infinitedeal balloon-  physics mechanisms that determine the structure of the edge
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pedestal is required before such a predictive model can beodel for the calculation of the plasma ion and neutral atom
fully implemented. profiles, the radial electric field and poloidal velocity pro-
The purpose of this paper is to obtain a better underfiles, and associated quantities is summarized in Sec. Il. Re-
standing of some of these basic physics mechanisms by irsults of a calculation are presented in Sec. Il to illustrate the
vestigating the extent to which the structure and other feagqualitative features of the solutions and to examine the phys-
tures of the edge density pedestal can be accounted fdyby ics that determines these features of the edge density pedes-
the requirements of plasma ion particle and momentum battal. Finally, the implications of the results are discussed in
ance and?2) the penetration of recycling neutrals. We con- Sec. IV.
sider the steady-state balance equations and do not take into
account the effect of edge-localized mod&sMs) on par-
ticle or momentum Iqss, so the analysis is applicable to dis; pENSITY PEDESTAL CALCULATION MODEL
charges between or in the absence of ELMs.
We have previously developed from plasma ion particIeA- Generalized “pinch-diffusion” particle flux relations
and momentum balance a first-principles “diffusive-pinch”  The particle continuity equation for ion species
expression for the radial ion particle flux in the plasma edge
in which (1) the diffusion coefficients depend on interspecies Vony =S (1)
collisional momentum exchange frequencies, cross-field mo- i
mentum transport frequencies and the charge-exchange, el _ _ ;
tic scattering and ionization frequencies that determine mo"iﬁﬁere ST, O=nelr, OMig(T', O)(TV)ion="ell, )vion(r . 0) 15

i h bet . d trals: @ndh the ionization source rate of ion specjeandn, is the local
mentum exchange between ions and neutrals; @dhe o tadion of neutrals of specigsTaking the flux surface
pinch velocity is specifically identified as a collection of

terms depending on poloidal rotation velocities, the radiala\garage oi th-|3 equaltllon yéemgv'njvj)f—(? bef:ause
electric field, and the toroidal components of any momentur " "V))9=0 identically and({(V-nv;)4)=0 by axisym-
input source and induced electric fiéff! We have also MetY: which allows Eq(1) to be written

previously developed, from momentum and particle balance, ~

a model for calculating the poloidal rotation velocities and ~ (V-nyv)),=§-(§) =§,. (2
the density asymmetries over the flux surface that are needed

to evaluate the neoclassical gyroviscous cross-field momenntegration of this equation, in toroidét, 8, ¢) coordinates,
tum transport frequenciéé,and we have found that these yields

gyroviscous frequencies agree in magnitude with measured

momentum transport frequencies in the edge of several e -
DIII-D discharge<? In the present paper, we combine these KiBg+ rBJ (1+& cos6)§do
two calculation models to investigate the role of particle and = 0

. P ¥ 0 1+ 0
momentum balance in determining the structure of the edge € COs

density pedestal.

In order to investigate the effect of neutral penetration on
the structure of the edge density pedestal, we solve simulta- = = . '
neously for the transpgrt of neu}[/raFl)Is into the plasma and fo}l\’hereKJ:<niv”i>/B"z Nv /By 1 is defined by Eq(3), and
the ion density profile in the plasma edge. The calculatiorihe overbar Qenotes_the average value over the flux surface.
model described in the previous paragraph is used to solve Subtrac.tmgnjvj. times Eq(l) from thg momentum bal-
for the ion density profile in the edge plasma, taking into@NC€ equation for ion specieg”“and noting that(V-nyv;),
account the radial electric field and poloidal rotation velocity<(V ‘njvj), leads to
profiles that determine the pinch velocity profile and the ion-
ization particle source and the momentum sink due to recy-  MM(Vj - V)V;+ Vp; + V- ;= njgi(v; X B) + njgE +F;
cling neutrals. The transport of recycling neutrals across the
separatrix and inward into the edge plasma is calculated us-
ing the “interface current balance” formulation of integral (4)
neutral particle transport theoﬁ/.

The boundary conditions for these edge profile calculawhereF; represents the interspecies collisional frictid,
tions are(1) the inward neutral flux incident across the sepa-represents the external momentum input rate, and the last
ratrix, which is obtained from a two-dimension@D) cal-  two terms represent the momentum loss rate due to elastic
culation of neutral recycling from the divertof2) the net scattering and charge exchange with neutrals of all ion spe-
outward ion flux across the separatrix, which is obtaineccies kv =2 ni((oV)e+{(0V)ej] and due to the introduc-
from a particle balance on the core plasma; &dthe ion  tion of ions with no net momentum via ionization of a neu-
density at the separatrix, which is obtained from a “2-point”tral of specieg. Only the cold neutrals that have not already
divertor model calculation. These three “boundary conditionsuffered an elastic scattering or charge-exchange collision in
calculations” are iterated to consistency, as described in Rethe pedestal are included in;.

24, Taking the cross produ® X Eq. (4) yields a radial(n,)

The outline of the paper is as follows. A self-consistentcomponent equation

[Kj(r) +15(r, 0)1By(r), )

—nmvivi—mS v
+M; = nmvay; - mSy;,
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nigv;jB% = Bymm[(v; - V)vil + [V - 7], - M~ Fjy o L
fp = B@/Bqﬁ, P] =

neB, 9
n;eBy

P o Llid__
r' B,dT

Fm]

~ N E,+ My (NVay + SV}
ap (11)
=By nm[(v; - V)vjlp+ [V - 7]+ s ) "
d€y The patrticle fluxes within and across the flux surface are
_ determined by Eqs(9) and (8), respectively. In order to
—Mjp—Fjp—nigEs+ mi(njug + S)ve ( (5)  evaluate these fluxes it is necessary to specify the models for
the viscosity and collisional friction, to know the constéqt
and a perpendiculdiBn,—Bn,) component equation (equivalently the average value of the poloidal velogiand
to know the radial electric field.
Using the Lorentz approximation for the collisional fric-

ap;
nmyL(v; - Vvl + [V - + El tion,

=n;e(vyBy—v4By+ E) (6)
i€j(UgBg ~ VgiByt Er Fj:—njmjélvjk(vj—vk), (12
i

and taking the scalar produBtEq. (4) yields a third, inde-

endent parallel momentum balance equation
P P . quatt Eq. (8) may be reduced to

- _ _ Ll L. EA
- FJ¢ - nJeJE¢ + mJ(nJ Vatj + %)Ud)]} Frl = njvrj - ejgg[_ (M¢J + nJeJE¢)
Jap;
__ Ip; - S
=-By njmj[(v]- -V)Vj]9+ [V-a],+ 7€, + njmjé. ij(v_(m- - U¢k) +n;m Vdjvd)j]' (13)
j
=Mjy=Fjg=nigEg+ mi(njug; + v aj}- (7)  where the total momentum transfer, or drag, frequengys

given by
The quantityE@5 is the induced toroidal field due to trans- L
former action. Vg = vdj t Vatj + Vion j§ (14)
Using EQq.(7) in Eq. (5), multiplying the result byR and
taking the flux surface average leads to an expression for th&hich consists of a cross-field viscous momentum transport
flux surface average radial particle flux frequency formally given by

DR — e 2 _ -
RBye(nv) = RBgnuy; = (RV e - mmy(v; - V)v)) V5= (RV$ -V - m)IRnmyoy, (15)
_ and of the two atomic physics momentum loss terms dis-
—<Rr§ejE’;>+<qu(njvatj +S)vy). (8) cussed previously, with the neutral ionization source asym-

o . _ ) _ metry characterized by
The first(inertial) term on the right-hand side vanishes iden-

tically. The remaining terms on the right-hand side represent . ~ -
the transport fluxes in response to the toroidal viscous force, § = (RV-mSu)/RmSp ;. (16)
the (beam) momentum input, the interspecies collisional mo- Writing

mentum exchange, the inductive toroidal electric field, and

the momentum loss due to interactions with neutral particles, — T _
. P Pl =-—(L+ L7 (17)
respectively. j eB, M i

: . L . 0
Neglecting the viscous and inertial terms in KE6), us- :

ing Eg. (3), and assuming that the radial electric field isthe perpendicular component of the momentum balance
electrostatic leads to an expression for the flow velocity ofgiven by Eq.(10) can be used to eliminate the toroidal ve-

ion specieg in the flux surface locity in the radial component given by E(L3) to obtain a
generalized pinch-diffusion equation for each ion species
nv, = (K +1)B - i(ﬂl + n-e-a—(b>n . (99  present,
iVi it eBy\ ar 17 gr ¢
T =nDj (L) + L7) = mDi(Los + L) + oy, (18)

Flux surface averaging this equation yields an expression for
the average toroidal rotation over the flux surface in terms O{Nhere the diffusion coefficients are given by
the average poloidal rotation and radial gradients of the pres-
sure and electrostatic potential

_ mJTJ(V; + V”) _ m'TkV'k
— et (D . iIT T (eB)? D= B2 (19
vy = fprvg = (Pj + @), (10 €By eeBj
where the pinch velocity is given by
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M. nE® n-m-v;- E, In order to actually evaluate the above equations it is
Nup; = = —Bﬂ - ‘?‘é + %1(8—) necessary to specify the toroidal viscous fokg&YV ¢ -V - ),
&ibo 0 €Be \Be which determines the viscous momentum transport fre-
nm;ft . _ uency,vgi, given by Eq.(15). There are three neoclassical
+ ﬁp_((”jk * Vg))0 g = Vi g (20) 3iscos)i:y dc]:o%poner?/ts—qéazllel, perpendicular, and gyrovis-
= cous. The parallel component of the neoclassical viscosity
and where a sum over thHe# | terms is understood when vanishes identically in the viscous force term, and the per-
more than two ion species are present. Note that the selpendicular component is several orders of magnitude smaller
diffusion coefficientDj; involves the atomic physics and vis- than the gyroviscous componét,
cous momentum transfer rates as well as the interspecies

collisional momentum exchange frequency. I~ nmT; vy
2 eB
iPe R
B. Rotation velocities and radial electric field where

Taking the flux surface average of the toroidal compo-

7 — =C\YS =S4 _~C
nent of Eq.(4)—the term in{ } on the left-hand side of Eq. 0; = (4 +T)vg; +Hj(1 - 7y)

(7)—yields a coupled set of equations for the toroidal veloci- e E)L S e s
ties of the different ion species present plus the electrons, =(4+7)| - o (@°+ nj3 +o
i
vy + Vi | Vpi — ViV, Vi ~ ~
( 0t "‘) A +ﬁj{(?ﬂ>(2 + 30 +T0) - cpC] (25
Vg
_(ngEs+elBy+M,)
- n,m, represents poloidal asymmetries and
=y;. (21) PTC R S
: G, E——M=r(ijl+ijl (26)
Since the condition (Ngarporzarbord Ne) > (Me/ Mp)H/? Majvgp T

~0.016 is satisfied in most plasmas, the ion-electron colli- ) . . a1
sions can be neglected relative to the ion-impurity collisiona/Vith the gyroviscosity coefficienty,;~njmyT;/€B and L,
in Eq.(21). In the limiting case of a two-species ion-impurity =~(dx/dr/x. o
(i-1) plasma, the two Eqg21) can be solved to obtain the In order to evaluate Eq25) it is first necessary to cal-
toroidal rotation velocity of each species culate the sine and cosine components of the density and
. toroidal velocity poloidal variations over the flux surface.
= [1+ (vad ) ly; + Vi (The electron momentum balance can be used to relate the
$i [{1 +(v;k/vkj)}{1 +(v;j/vjk)}— 1] sine and cosine components of the potential variation to the
corresponding components of the density variatipAdow-
The toroidal rotation is driven by the input beam torqueorder Fourier expansion of the densities and rotation veloci-
(RMy), the input torque associated with the induced fieldties over the flux surface can be made, and @%y.can be
(RneEy), and by the internal torque due to the radial ionysed to relate the Fourier components of the rotation veloci-
flow (eB,I'j) which enter they;, and depends on the radial ties for specie§ to the Fourier components of the density for
transfer rate of toroidal angular momentuiw;*) due to  that species. These results then can be used in the poloidal
viscous, atomic physics and convective effects and on theomponent of Eq4)—the{ } term on the right-hand side in

(22

interspecies momentum exchange ratg). Eq. (7)—the flux surface average of which with 1, girand
The difference in toroidal rotation velocities of the two cos § weighting then yields a coupled set of three nonlinear
Species Is equations per species that can be solved numerically for the

flux surface average poloidal velocities and the sine and co-

(e mg)¥; = (vail Vi)Y (23)  sine components of the density variations, for the various ion

K= * * .
AT L+ (g m HL + (vl o} - 1 species present, over the flux surfa&t@hese equations are
|
~ ~ s . & 2 ~c2~c 9« 1. . ~cﬁec~ c,~=
Vg —qu(,js(ﬁj+<1>5)—q fifp| 1+ +§nj +fpk2 ij+;vatjfp+ Efpsyionj (1 +nj) %(ﬁe+ noj)—(ﬁj +noj)
#] ]
+H E(ﬁsms.)—(ﬁsms.) =S | o\ | == 3, - g - gedb | (@5 + DS -TEDO)
I\ Ve Hoi j T Hoj Mol TP\ | T Y q841 q814 i i
| k#] k
2 ~ D\ dhC ~ ~ D\ S 1. =s Fe * ~ ¢ mey 2 S, =s
-q fifp(vlf’j + Pj)q) ~ Qe vy, (v¢i + Pj)q) + Evdijnj - ﬁyionjq U¢js(ﬁe+ noj)_ gqu(ﬁe-'- noj) ) (27)
i
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1¢? fm 1 1 1 ., .
J|:3 f; fpvf)j + 8Urj 8f E ijv(ik + qvlonprH]:| +T; [ fg”%] 4q+ quatjyionj

1 ‘oo 9, | 1. 1 .
- ngpg ijvﬂjni qCI) (- q)c:] _f f [ (vej vd;] P )CDS qulznvgj _quz/) antJ[fpvﬁjn + Vlonjn J]
j
. 1. Ne\ Ne. 1q, ng -
_qyionjfp{avﬂ{ (1+n_1) +n:jn§}+ §;f1ﬁj(ﬁg+ ng]- , (28)
and
1q 1 1 . 1., 1 1 ..
J f fpvb;J + svrJ sf E V]kvgk m, —L 4 quoanpv01 - qupvgj + Zq - Eanthionj
~c 1 * A 1 ~ ~ q2 1 F.C\ 2 ~ N # 1 S ~C ~CS ~=3~C
== 2T Seforjdy | = AP0 =~ fifo) S{(1+ Dy = (g = PN | = aify| {0 + T, + )
k#j
1 . ... . o N I Ne) Neeel 10, Ne—o ~
= =QWayl F Mo} = Vionjhioj] — quvionj[—vﬂ{ngj<1 +:> + Mg+ 5 fi=(Me+T) |, (29
2 2 nj nj 3¢ nj
|
%Eﬁ_ S v }Ao: 1190y, 0(11(9R+111a59)
Vo bl Y g 2% | 3ra90 ""\Rrag 3Byrag
B, \R(vyi/R
. (8o @
D= Yj = & & r d
U  pT R
(%)| |<M> ¢ and by replacing the classical parallel viscosity coefficient
eng "\ grR with a neoclassical forffi that takes banana-plateau colli-
sionality effects into account,
where
nimiuigRe>2w; .
Ty A = nmyuyaRf (7). (33)
nos dols ne’s (1 te J)(l )
ﬁc/s =1 CDC/S = 'ﬁcls — -0l .
! s’ e Y g’ The sine and cosine components of the plasma ion den-
sity asymmetries over the flux surface are indicatenfcmd
nf, respectively, and the corresponding components of the
. Vo . _Eonjr o Vgl electron density asymmetnee , are calculated from the
Pik="" Vonj= o Vap = T charge neutrality requirement. The asymmetry in the recy-
Unj Uhi Uhj , Lo _
R cling neutral density is likewise represented by sine and co-
q sine components)3°. The electron momentum balance was
used to relate the sine and cosine components of the asym-
— metry in the electrostatic potentiabs°, to the corresponding
=8 p__1 Ip (30)  asymmetry innd®. For convenience, all of the asymmetry
oo b BInjguy,; ot Fourier components have been divided&yr /R, the local
inverse aspect ratio, and denoted by a tilde.
andf; is defined in Eq/(33). We note that is has been suggeéfetat the above ex-

In deriving Eqs.(27)~(29), we have used the neoclassi- Pression for the gyroviscous toroidal force underestimates
cal parallel viscosity tensor obtained by extending the clastheé momentum transport rate in regions of steep pressure
sical rate-of-strain tensor formalism to toroidal geomefary, gradients and low toroidal rotatiof.g., the edge pedestal

leading to the poloidal component of the divergence of theddecause of failure to take into account a drift kinetic correc-
parallel viscosity tensor, tion not present in the original Braginskii derivation. Bragin-

skii's momentum equations are valid if the fluid velocities in
. the directions perpendicular and paralleB@re much larger
fy-V-mr= ,70j<1A0j>{}(9|n(’7°iA°i) _3sin 0}, (31) than the diamagnetic velocity and the diagmagnetic velocity
2 r a0 R multiplied by Be/B,, respectively. Ordering arguments sug-
gest that this is not the case in the absence of a large “exter-
where nal” source of momentum. It is net priori clear if the Bra-
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ginskii gyroviscous formulation is correct for the conditions
of the plasma edge or needs to be supplemented by a heat
flux term?® In any case, the above equations have done well

in predicting toroidal rotatiomhenge radial momentum trans- \yhere an effective ion diffusion coefficient has been defined
port) in the DIII-D core plasmé, and have predicted mo-

an _
Fi=- Diﬂ_xI + ni(DiI-Tl + Upi): ni(xsep) =N sep (37

mentum transport frequencies in the edge pedestal of the

magnitude observed in DIII-D experimerifswhich moti-
vates us to investigate their use to predigt in the edge
pedestal.

When Eq.(10) is used to eliminate ; from Eq.(21), the
resulting equations can be summed over ion speeied the
toroidal electron momentum equation can be ysedbtain
an explicit expression for the radial electric field

ions

“t=- . (34)

ions

EWW%
J

By

T
Di = Dii - fZDiZ_ M IVIZ|:<1 + (38)

_) _ 1]
(&By)? v/ Z]
and the temperature gradient scale lengithe=~-T/(dT/dr),

is assumed to be known for the momeénte plan to return to

a similar determination of this quantity in a subsequent pa-
pen.

Equations(36) and (37) are coupled equations that can
be solved forl'j(x) and n;(x), with the boundary conditions
I'j(Xsep =T'j sep @Nd Nj(Xse) =N;j s We will determinen; g
with a “2-point” divertor model calculation, using plasma
core power and particle balances to determine the heat and
particle fluxes into the divertor-scrapeoff layer from the
core?* The equations of the preceding section will be solved
to determine the poloidal rotation velocities, the radial elec-

The local electric field depends on the total local input tor-. field, and the gyroviscous cross-field momentum trans-

oidal momentum depositiotM ,=X;M ), the local radial
pressure gradien(st’), the local poloidal velocitiegvy;) a*nd
the local values of the radial momentum transfer rdigg
due to viscous, atomic physics and convective effeatée

port frequency.

note that this formulation avoids the ambiguity associated®- Neutral penetration

with the more common procedure of using E@O) for a
single ion species to determirtg, which can result in dif-
ferent electric fields for different ion specigs.

C. lon profile in the pedestal

The interface current balance methdi$ used to calcu-
late the inward transport of a partial curreﬂ;@p of neutral
particles incident on the core plasma from the scrape-off
layer at the separatrix. Defining the albedo as the ratio of
inward to outward partial currentsy,=J;/J,, a recursive
relation relates the albedos at successive interfates
=1,2,... N numbered successively from the separatrx

The particle flux for each ion species in the edge pedes; 1) inward to the innermost interfad@=N),

tal satisfies the balance equation

dr.
V-Tj= E(l = Vion jNe = Vion J(E nkzk) (39
k

with a separatrix boundary conditidf)(Xsep =I'j s¢p FOr the

main ion speciesl’; ¢, can be determined from a particle

balance on the core plasma. In order to deternbipg,, for

_ an—l(Tﬁ—l - Rﬁ—l) + Ry

= n=2,3,...N.
an 1-an4Ry N

(39

Once the albedos are calculated by sweeping inward from
n=2 to n=N, the ratio of outward partial currents at suces-
sive interfaces can be calculated by sweeping outward from
n=N-1 ton=1 using the recursive relation

the various impurity charge states it would be necessary to
calculate the sputtering rate and transport of impurities in the I

divertor, edge, and core regions, which is beyond the present

=R T (T, - RETSY), n=N-1N-2,...,1.

state-of-the-art. Rather than introducing ambiguity by using n+1

approximate models to calculalg ¢, for the impurities, we
will assume a fixed impurity fractiorf,, and impurity charge
state,Z, in the edge region. This allows E@5) for the main
ion species to be written

dr;
— = NiVion j(l +f,2),

x (36)

1—‘i(xser) = 1—‘i sep

(40)
The appropriate boundary conditions afg=JZ,, and ay
= pjasma 1h€ quantityapasmais the albedo of a semi-infinite
plasma medium, but the actual value is not important if the
location of interfaceN is sufficiently far(several mean free
pathg inside the separatrix that the neutral influx is highly
attenuated. The quantitid’, and T,, are the reflection and

wherei andz now refer to the main ion and impurity species, transmission coefficients for the region of thicknesg

respectively.

With this “constant impurity fraction” approximation,

=Xp+1— X, With total (ionization +charge-exchange+elastic
scattering mean-free-patih, calculated for the local ion and

Egs.(18)—(20) for the main ion species can be reduced to aelectron temperature and assuming the neutrals to have the

simple pinch-diffusion flux relation

same local temperature as the plasma ions
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wherec is the ratio of the charge-exchange plus elastic scat- e
tering cross sections to the total cross section, BR@) is ) ey -
the exponential integral function afith order and of argu- e
menty. The neutral density in each mesh interval is deter- . i
mined by equating the divergence of the neutral current to 0 1 2 3 4 5
the ionization rate. Distance Inside Separatrix (cm)

The transmission of uncollided cold neutrals into the
edge plasma is calculated fraify,, =E,(A,/\;)J;, where the
mean-free-path\® is calculated for the temperature of neu-
trals entering the scrape-off layer from the plenum region.

The incident partial currentlg,, boundary condition is
obtained from a 2D neutral transport calculation of ions in-
cident on the divertor plate recycling as neutrals and returnboundary conditions for the calculation of the ion and neutral
ing through the divertor region and across the scrape-offlensity profilestand the profiles of radial electric field, po-
layer to the separatriX. loidal rotation velocity, pinch velocity, efc.in the edge

This coupled 2D neutral divertor transport and core penplasma that was described in the preceding section. AlthOUgh
etration calculation is iterated to consistency with a corethe calculation model of the preceding section yielded toroi-
power and particle balance calculation and with a “2-point”dal rotation velocities comparable to the measured values in
divertor calculatiorf* The overall neutral calculation proce- the edge, we elected to use the measured velocities in Eq.
dure has been benchmarked by comparison with neutral def28) to calculate the poloidal rotation velocitiéhe calcula-

S|ty measurements inside the Separatrix in DIII-D and W|tht|0n of the pOIOidaI rotation VelOCity was relatively insensi-
Monte Carlo calculations in Ref. 30, where further details oftive to the value of the toroidal rotation velocjty
the calculation procedure and of the atomic data can be The plasma ion and neutral atom profiles in the edge

FIG. 1. Calculated plasma ion and neutral atom densities as a function of
distance inside the separatrix for a DIll4B-mode discharge.

found. plasma are shown in Fig. 1. An average inward recycling
neutral flux across the separatrix of 5:320°° at./n¥?/s was

lIl. CALCULATIONS EOR A DII-D H-MODE calculated. We observe the ion profile exhibits an edge ped-

DISCHARGE estal structure.

. _ . In order to gain physical insight into the factors which
A calculation with parameters representative of a lowercause the pedestal structure of the edge density profile in

single null divertor DIII-DH-mode plasma was made in or- these calculations, it is useful to rewrite E§7) in a form
der to investigate the extent to which the calculation model

of this paper, which is based on ion particle and momentum
balance and neutral particle recycling, predicts the observed
structure and other features of the edge density pedestal. We
modeled the DIII-D plasma as an effective circular plasma,
but explicitly modeled the divertor geometry for the neutral 3 RADIAL & PINCH VELOCITIES
recycling calculation and used a valge 1 for deuterium to VS . S
represent the strong up-down asymmetry in the ionization
source ternjsee Eq(16)]. The representative discharge con-
ditions (#92976 @ 3.2 sused in the calculations were char-
acterized by the parametefR=1.7 m,a=0.6 m, xk=1.8, |
=1MA, B=21T, P;=5MW, n,=5.9el9/m’, nyy
=4.9e19/MP, Ng=1.9%19/n%, Tepe=275 €V, T peq
=375 eV, Te 5¢=50 eV, T 5,=150 eV, deuterium plasma
with edge carbon concentration 2.5%

The discharge was modeled, as described in Ref. 23, in , _ . ‘ e
order to calculate the poloidally averaged recycling neutral 0 1 2 3 4 5
flux flowing inward across the separatrix and the poloidally Distance Inside Separatrix (cm)
averaged IOI’_I . flux flowing outward across the Sep&u‘a‘mXFIG. 2. Calculated outward radial ion total velocity and inward ion pinch
These quantities and the measuredd calculatefplasma  yejocity as a function of distance inside the separatrix for a DIHHEode
ion density at the separatrixise, were then used as the discharge.

1.E+03

v —— outward vrad
Y - & - jnward vpinch

1.E+01 4

Velocity (m/s)

1.E+00
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FIG. 4. Effective deuterium ion diffusion coefficient as a function of dis-

tance inside the separatrix for a DIlI-B-mode discharge.

FIG. 3. Calculated radial electric field and deuterium ion poloidal rotation
velocity as a function of distance inside the separatrix for a DIHHInode

discharge.
_ 1dn Oi/in-vy)
Ll =212 1 7pd - 42
n n; dx Di Ti ( )

The inward pinch velocity given by Eq20) and plotted
in Fig. 2 was primarily determined by the toroidal electric
field (E,) and friction (v;,) terms well inside the separatrix.

However, the momentum drdgy;) term involving the radial
electric field and the poloidal rotation velocity became domi-

nant and caused the sharp inwanggative spike near the

that displays the dependence of the local density gradie
scale length on the local ion particle radial velocity,
=I';/n;, on the local value of the effective diffusion coeffi-
cient of Eq.(38), and on the local value of the radial pinch
velocity of Eq.(20). We note that the local ion temperature
gradient scale length also appears in E§3) and(42), im-
plying a relationship between the ion temperature and den-
sity gradients in the edge. We plan to explore this relation-
ship in a future paper, but for this paper we set the io
temperature gradient scale length to a large value, which h
the effect of making the density gradient scale lengths calcu-
lated from Eqgs.(37) or (42), somewhat smaller than they s
would otherwise be if the temperature gradient scale lengt
was taken into account. Equatiés2) was used to evaluate
the pressure gradient ter@ used to calculate the radial
electric field in Eq.(34), and elsewhere.

The terms determining the density gradient scale length,
hence the density profile, in E¢g42) are plotted in Fig. 2.
The radial velocityp,=TI";/n;, exhibits a pronounced peaking
as the separatrix is approached from the inside, which is due
to an increase with radiugy a factor of 4 over the 5 cm
range inside the separatyiin I'; due to ionization of recy-
cling neutrals and to the sharp decreas@;ijust inside the
separatrix. This increase in as the separatrix is approached
from inside produces a sharp increase in magnitude of th
negative poloidal velocityfirst term on the right-hand side
in Eq. (28)], as may be seen in Fig. 8The carbon poloidal
velocity profile was calculated to be similar to, but of slightly
larger negative magnitude than the deuterium poloidal veloc-
ity profile shown in Fig. 3. The radial electric field of Eq.
(34) becomes strongly negative as the separatrix is ap-
proached because of the strong negative pressure gradiet
produced by the sharp decreasajnas may be seen in Fig.
3. We note that the, andE, profiles of Fig. 3 are charac-
teristic of observed profiles in the edge pedestalsl-ohode
plasmas.

Freq uency(ps)

separatrix where both, andE, became large and negative.
Whis large inward pinch velocity in the edge pedestal, pre-
dominatly caused by the large negative values pandE,,
would seem to be the cause of the particle transport barrier
observed in the edge pedestal, at least for this discharge.

The diffusion coefficient of Eq(38) is plotted in Fig. 4.

The sharp drop just inside the separatrix is due to a drop in
vy, caused by a drop in, (assumed in this model to be a
__constant fraction ofn) relative to the values at locations
further inside the separatrixAnother calculation using a

nstant value off, at all locations resulted in the same type

1.E+05

1.E+04

1.E+03

1E+02

1.E+01

of pedestal structure in the ion density and large negative
pikes inv 4, andE, in the pedestal but not in a reductionin

in the pedestal regionThe increase iD; at the separatrix
was produced by an increase in the calculated value of
V;i/ViZ at the separatrix relative to the value slightly inside
the separatrisee Eq(38)], shown in Fig. 5.

MOMENTUM TRANSFER FREQUENCIES

PR T
| —=t=—i-z collision
-- - - viscous
— -4 - atomic

Y -—
< ~ |\ —@—drag=viscous+atomic
Vel S iscousTaom!
w s .
Trals ~
e ~ o
. Ny gl — -~
‘-:;-_,_.__ ~ o -
a7 ~
- —
S 4

1 2 3
Distance Inside Separatrix (cm)

FIG. 5. Momentum transfer frequencies as a function of distance inside the
separatrix for a DIlI-DH-mode discharge.
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The profiles of the interspecies collision frequengy, new result of this paper on the dominant importance of a
the gyroviscous momentum transport frequeney, the  strong inward pinch term in determining particle transport in
atomic (charge-exchange- elastic scatteringt ionization)  the plasma edge, the adequacy of the purely diffusive model
momentum exchange frequenay;, and the total momen-  of Ref. 31(which omitted a pinch terjrfor interpretatiori**°
tum drag frequencyyy = vy + vag, are plotted in Fig. 5. The of these experimental data is questionable. The presence of
atomic momentum exchange frequency naturally decreasagcycling neutrals in the edge pedestal may be necessary in
with distance inside the separatrix because of attenuation @rder for solutions to the coupled set of equations required
the neutrals. The gyroviscous momentum transport frehy momentum and particle balance to have a pedestal struc-
quency also decreased with distance inside the separatrix bgre. but this remains to be seen.
cause of the decreasing valuelgf* [used in evaluating the The edge plasma calculation models presented in this
factorG of Eq.(26)] and because of the decreasing values ofaper were derived from first principle—the model for cal-
vy [used in evaluating the fact@rof Eq.(25)].  cylation of the plasma ion profile from particle and momen-

The calculated pedestal ion density shown in Fig. 1 isym conservation requirements, and the model for calculat-
compgraef)le to the measured electron density value of 4.2,4 the neutral atom profile from neutral particle transport
x 10 m*. When the calculated plasma ion density gradienteory, However, it was necessary to invoke further theory to
scale length calculated from E(d2) neglectingly; iS COI- o\ a1ate the collisional friction and viscous momentum
recteql using the e_xperlmental value lof; in Eq_. (42), the transfer terms—a Lorentz model was used for the friction
resultingL,=6 cm is comparable to the experimental valueand neoclassical models were used for the parallel and cross-

0f 6.4 cm(see append|x of Ref. 15 for discussion of MapPINGsie|q viscous force terms. To this extent, the overall model
measured gradient scale lengths to average values for the . . . .

. L . T can be considered neoclassical. However, if any other vis-
effective cylindrical modegl The average radial electric field cous models were used to evaluate and v the calcula-
observed experimentally in the pededisteep gradientre- & di»

gion was —13 kV/m, which is comparable to the averagetlon model would be unchanged, but the results would differ

calculated value shown in Fig. 3. We intend to make a moréo the extent that the other viscosity model yielded different

comprehensive comparison with experiment in the future. values fors; and Vdi- . .
There was nothing in the formulation of the calculation

model of this paper that distinguished betwé#mode and

IV. DISCUSSION L-mode plasmas, and in fact observed edge density gradients

differ more quantitatively than qualitatively between the two

We have formulated from plasma ion momentum andre imes:> However, the large negative spikes in radical elec-
particle balance and neutral atom transport theory a first- 9 ' ' 9 g P

principles model for the self-consistent calculation of thetriC field and poloidal velocity found in the edge pedestal for

edge density pedestal structure—radial profiles of plasma iowe H-mode discharge parameters used in the calculations of

and neutral densities, radial electric field, poloidal and toroi-this, paper(and presumably also the large inward pinch ve-

dal velocities, radial pinch velocity, and related quantities inlocity) seem to be observed only id-mode plasmas. We

the plasma edge of tokamaks. conjecture that these distinctitémode features will be pre-
We have found that these equations have a selfdicted by the model of this paper for certain ranges of edge

consistent solution in the plasma edge which exhibits an io@"d plasma parameters, but not for others. We intend to in-
density pedestal and sharp negative spikes in the radial ele¥@stigate this conjecture in the future.
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