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The hypothesis is advanced and it is investigated that, in between or in the absence of edge-localized
modes, the structure of the edge pedestal is determined by the transport requirements of plasma
particle, momentum and energy balance, and by recycling neutral atoms. A set of “pedestal
equations” following from this hypothesis are presented and applied to calculate the edge density,
temperature, rotation velocity, and radial electric field profiles in a DIHDhigh)-mode plasma.

It is found that a pedestal structure in the density profile and sharp negative peaks in the radial
electric field and poloidal velocity just inside the separatrix are predicted as natural consequences of
the conservation of particle and momentum, in qualitative and quantitative agreement with
measured values. Detailed examination of the calculation reveals a sequence of mechanisms by
which the ionization of recycling neutrals affect the structure of the density profile in the edge
pedestal. €2004 American Institute of PhysidDOI: 10.1063/1.1808751

I. INTRODUCTION the course of previous work > and the hypothesis that
_ o ~ recycling neutral atoms play an important role in determin-

A thin region in the edge of tokamak plasmas within jnq edge structure is motivated by observation of the corre-
which the density and temperatures increase sharply from thgtion of the experimental width of the density pedestal and
values at the separatrix to much larger “pedestal” valueghe neutral atom penetration mean-free F}gﬂlﬁ
have been observed to be intrinsically associated with \\e previously inferretf the experimental values of
H-(high) mode confinement. Since the radial temperaturgyng the momentum transfer frequency averaged over the
profiles in tokamaks are found to be relatively “stiff,” the eqge pedestal and compared these values with the values
achievable central temperaturesd the good performance predicted using various theories, in the process introducing
associated therewitfare thought to be directly related to the some flux-gradient-pinch relations embodying the constraints
achievable pedestal temperatutesy., Refs. 1,2 of particle and momentum balance. In this paper we extend

Thus, the physics that determines the “structui@tth  nese relations and use them to calculate detailed density,
of the steep gradient region and magnitude of the gradient§emperature, poloidal velocity, and radial electric fields pro-
has been and remains a subject of intensive research. Corf@es in the edge pedestal.
lations of the edge structure with various edge and global The outline of the paper is as follows. We first develop
parameters have been identified experimentally, and a numne equations that would determine the edge pedestal struc-
ber of possible physical causes have been suggesigdas tyre caused by plasma particle, momentum and energy, and
reviewed in Ref. ® This work has led to a number of semi- neytral atom transport equations in Sec. II. Then these equa-
empirical, theory-based scaling lawes.g., Refs. 3-) but a  tjons are solved for onel-mode discharge and the predicted
comprehensive explanation of the physics of the pedestalgge structure is compared with the measured edge structure

structure remains elusive. in Sec. Ill. Results and conclusions are summarized in Sec.
Recent advances in magnetohydrodynaghi¢iD) sta- |y

bility analysis(e.g., Refs. 8—1phave been successful in pre-
dicting the limiting magnitude of the pedestal pressure or
pressure gradient at which edge-localized maé@#dvis) be-  |I. THE EDGE PEDESTAL EQUATIONS
come unstable, the nested flux surface magnetic field stru%-\
ture is destroyed, and the pedestal collapses. However, the
MHD limits are inherently inequality constraints, and thereis ~ The multifluid particle and momentum equations can be
no reason nor evidence that they should affect the pedestabked to obtain a coupled set of equations relating the radial
structure when the pedestal pressure or pressure gradientfarticle fluxes, pressure gradients, and pinch velocities for
less than the limiting value for MHD stability. the different ion species present in the edge of a tokamak

Our purpose in this paper is to advance and investigatplasma in the presence of a recycling source of neutral atoms
the hypothesis that between or in the absence of ELMs thand neutral beam injection. The particle continuity equation
pedestal structure in tokamaks is determined entirely by théor ion species " is
requirements of plasma particle, momentum, and energy Vono=

. ) . ; v =5, (1)

conservation coupled with the recycling of neutral atoms in
the edge plasma. This hypothesis that the pedestal structuvénere S(r, ) =nc(r, O)n;o(r, O){Tv)ion="Ne(r, O vign(r, 6) is
is determined by plasma transpare., the plasma particle, the ionization source rate of ion specieandn, is the local
momentum, and energy balance equatidmss evolved in concentration of neutrals of specigsaking the flux surface

Local ion pressure gradient scale length
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average of this equation yield§V-njv;);)=(S) because component of the momentum balance equaﬁgrpfglugj
(V-njv)) »=0 identically andV -n;v;) ,)=0 by axisymmetry, +E;/By—(dp;/dr)/(n;eBo) to obtain(see Appendix A and
which allows Eq.(1) to be written as(V-njv;),=5-(S) Ref. 19

=§. Subtractingm;v; times this form of Eq(1) from the M. —nm il = (do/dr/(neB
momentum balance equation for ion spegiesid noting that g, %S[ o~ NMyraitly vg ~ (dp/dn/(ngB,)3] 6
(anvj)r<(vnjvj)g leads to Bg - E nJmJy;] i ( )
nJmJ(vJV)vJ+ Vp]+V ’ITJ ions

The poloidal rotation velocities for the main ions and
impurities, along with the sinén?) and cosine(nf) compo-
(2 nents of the ion and impurity density poloidal variation over

. . . - the flux surfacgneeded to calculate the gyroviscous compo-
whereF; represents the interspecies collisional frictidu; « . .
represents the external momentum input rate, and the la3EMt Vai Of »g—see Appendix A are calculated by taking

P P ’ fhie low order Fourier moments of the poloidal components
two terms represent the momentum loss rate due to elastlgf

: . . the momentum balance equations for the main ions and
scattering and charge exchange with neutrals of all ion speIFn puritieslS’ZO

= njEj(Uj X B) + njEjE + FJ + Ml - njmjvjatvj - mJS v,

cies K" [va=Zng({ov)ert (o)l and due to the intro-
duction of ions with no net momentum via ionization of a ~ (Xn,-Eg2)=0, X=1,sinf,cosh, j=i,z, (7)
neutral of specieg. Only .the “colq" neutrals that have not hereEqz, denotes the momentum balance E2).for spe-
alllr.ead.y suffered an elast|_c scattering or charge-exchange Ca<I!Vi'esj =i,z and() denotes a flux surface average. Equations
lision in the pedestal are included ;. The development of (7) are given explicitly by EqsA10)—(A12) in Appendix A
a general flux-gradient-pinch relationship from these two '

equations is summarized in Appendix A and treated more

fully in Refs. 14,15. B. Local temperature and density

When it is assumed that) the plasma contains a main 9gradient scale lengths
ion species i” and a _single effective impuri_ty specieg’the The local heat conduction relatiog;=-n;y;dT;/dr,]j
concentration of which is a constant fractibyrn,/n; of the =i e can be used to express the local ion and electron tem-

main ion concentration, and thét) both ion species have perature gradient scale Iengths},le—Tj/(d'l'j/dr), in terms

the same temperatufig, Egs.(1) and(2) reduce(see Appen-  of the respective local total heat fluxed;, and convective
dix A and Ref. 13 to a flux-gradient-pinch relationship for heat fluxes, 5/ZT;:

the main ions, 1o sr
e el [ 3 Bl i=i
_ld_ﬁz -1 Fi/ni—vpi _ Uyj ~ Upi (3) LTJ X]|:nJT] 2nj:|r J=1e. (8)
Pi dr . E)i E)i ,

The inverse ion density gradient scale length may then
be determined by subtracting the inverse ion temperature
gradient scale length of E¢8) from the inverse ion pressure
gradient scale length given by E@®):

- miTiv; vg 1 “1_,-1_-1
D_ED.._D.:u[l_,_ﬂ__] 4 L, =L, - Ly 9
1 ii iz (e|BG)2 Vi, <Z> ( ) ni pi Ti

whereT’; is the radial particle flux. The effective diffusion
coefficient is[with reference to EqQ9A2)]

where v, is the interspecies collision frequenoyf1i is the
viscous plus atomic physiagharge-exchange, elastic scat-
tering, ionization frequency for the radial transfer of toroidal With reference to the discussion following Ed), the
momentum[see Eqs(A4)—<A6)], and(Z) is the average lo- local flux surface averaged particle balance equation for the
cal charge state of the impurity species. The remaining colmain ion particle flux in the edge region can be written
lection of quantities entering this relationship is identified as 4

C. Local particle and heat fluxes

the “pinch” velocity d_rl = Nevioni + Nivion  Li(Fsep =570, (10
vpi = i[_ M gl = e.E@ +m V:ji(Er/B€+ f;lvm) wherev,,,; and vy, are the frequencies for the ionization by
eBy electron impact of recycling neutral atoms of the main ion
+ mi,,izf;l(vai v, (5)  Species and for ionization of neutral beam injected particles,

respectively. In order to solve this equation it is necessary to

whereM,, and E’(: are the toroidal components of the input specify a boundary condition either at the separatrix or at
momentum rate and the induced electric fiéldjs the radial some radius interior to the pedestal location. Because we are
electric field, v, is the poloidal rotation velocity, and, interested in calculating profiles from the separatrix inward
=By/B,. and because we can determine the particle flux crossing the

An expression for calculating the radial electric field canseparatrix from a particle balance on the region inside the
be derived by summing the toroidal component of the moseparatrix, we choose to specify theet outward ion par-
mentum balance equation for all species and using the radigicle flux crossing the separatrikep; as the boundary con-
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dition and to numerically integrate this equation inward fromdergone one or more charge exchange or scattering collisions
the separatrix to determine the local particle flux within thein the SOL or pedestal regions and take on the local ion

edge region of interest. temperature as a result. The first group of neutrals is used to
The ion and electron heat fluxes in the edge region sattompute the cold neutral density that is used to evalugte

isfy the energy balance equations, while both groups contribute te,;.
dQ

3 . .
== —TiNeVati ~ Qe+ Qnuin - Qilrsep = Q7P (11)

dr 2 D. Density and temperature profiles
and in the plasma edge
dQ, The ion density profile and the ion and electron tempera-

a EionNevioni ~ NeNLz + Qie + Qn, ture profiles in the plasma edge are calculated by numerically
5 integrating the defining relations for the respective inverse

Qulreey = QP (12) gradient scale lengths inward from the separatrix,
e\lsep — e

L - . _i%—L—l—L—l_L‘l—_p_vri_vi_|_—1
whereQ; is the rate of collisional energy transfer from ions n; dr Thni Thpi CRTET A Tis
to electronsQ,;, ¢ is the rate of energy deposition in the ions
or electrons by injected neutral beaes any other form of Mi(Teep = nseP (14)
heating, v, is the frequency of charge exchange plus elastic " % '’
scattering of cool recycling neutral atoms which have not 1dT 1[ o 5T,
previously suffered a collision in the scrape-off laggOL) - —— =L7'= —{—' - ——'}, Ti(rsep = TP, (15)
or edge regionE;., is the ionization energy, and, is the T dr xilnTi 2
radiation emissivity of the impurity iongvhich is calculated and

with a coronal equilibrium model using the local electron 14T 1 5T
density and temperature, taking into account the enhance- _ —=-¢_ ;3}:_{ Qe ___6]' TelFsep = TSP
ment due to charge exchange and recombination with the  Te dr XelLNeTe  2Ng

recycling neutrals For reasons similar to those discussed (16)
above for the ion particle flux, we specify the values of the ) -
ion and electron heat fluxes at the separatrix as boundaSHPIECt to @ separatrix boundary condition. _
conditions and numerically integrate Eqdl) and (12) in- The neutral atom densny profile in the plasma edge is
ward from the separatrix into the edge region. The total hea@lculated from the attenuating current of neutral atoms by
flux at the separatrixQ®P=Q P+ Q%P can be determined gqu.atlng the local divergence in total neutral flux to the ion-
from a power balance on the region inside the separatrix, bigation ratedd/dr=n,ini (o), and the cold neutral atom den-
the split between ion and electron heat flux is generally unsity profile is calktj:ulatedldfrom the local attenuated cold neu-
known experimentally. tral atom fluxJ5”=neug>".

Penetration of the inward flux of recycling neutrals,
J*(r), into the edge region is calculated using an interface-
current-balance methdd,using as a boundary condition the E- Boundary conditions for edge plasma

recycling neutral current*(r ) =J%,, passing inward across Profile calculations

the outer boundary of the scrape-off layer. The inwer In order to solve Eqs(10)~(16) for the profiles in the

and outward(-) partial currents at successive interfacgs edge plasma it is necessary to specify the indicated separatrix

andry,, are related by boundary conditions on density, temperature, particle, heat
Ju(Fr) = Todu(r) + RI(M ), fluxes, and the SOL inward recycling neutral flux boundary

condition. For this purpose we have embedded the above
edge plasma calculation within a global cétevhich: (i)
performs core plasma particle and power balance calcula-
whereT, is the probability that a neutral atom is transmittedtions (including radiative cooling and recycling neutral in-
through the interval\,=r,,;—r, without a collision and B,  flux) to determine outward plasma particle and heat fluxes
is the probability that a neutral atofor its neutral progeny across the separatrix into the SOL whi@h are input to a
via charge-exchangehat does have one or more collisions “two-point” divertor model(including radiative and atomic
in the intervalA,, ultimately escapes from the interval across physics cooling, particle sources, and momentum $in&s
the interface at, or r,.;. These quantities are defined in calculate plasma density and temperature on the separatrix at
Appendix B, where the computational algorithm is given,the midplane and at the divertor plate and to calculate the
and the theoretical development is described in detail in Refplasma flux to the divertor plate whichi) creates the recy-
21. cling source of neutral molecules and atoms for a two-
Two groups of neutrals are treated) cold neutrals dimensional(2D) neutral transport recycling calculation
which have recycled from the wall and penetrate across théhroughout the divertor and plasma chamber that provides
SOL and into the separatrix with a temperature characteristithe neutral influx for the core particle balance calculation.
of the wall recycling atoms; andi) neutrals that have un- Thus, the global code can calculate all of the boundary con-

(13
J(r) =T d(rpe) + RJL(ry), n=1,2---N,
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ditions needed for the edge plasma calculation, although the DII-D Shot 92976@3210
present code does not distinguish betw@g™ and T;°P nor 710" - % Experiment
does it provide separa@;°® and Q7°P Theory

When the global code is used for experimental analysis, 6x10" 1
experimental values afs®”, Te°P, andT;°Pare normally used |
as input, and the gas fuellng source is adjusted until the
calculated line average density matches the measured values,
in order to “normalize” the neutral recycling fueling calcula-
tion to experiment.

For the edge plasma calculations reported in the follow-
ing section, experimental values oi*", T:*", and T;°P, par-
ticle and power balance calculated valuesI'9f? and Q®eP 1x10° -
=Q7°P+ Q2P andJ;,, from the 2D neutral recycling calcula-

tion are used. 0.8 0.9 10 11 12

2]
23
=)

E

X

4x10"
3x10"

2x10" 4

Electron Densnty (m'z)

Normalized Radius

IIl. CALCULATION OF EDGE PROFILES

IN A DIII-D SHOT FIG. 1. Measure and calculated electron densities in the edge of a DIII-D
H-mode shot.
The equations described in the preceding section were

solved numerically for DIII-D shot #92976 at a ting8210

ms) well into theH-mode phase of the discharge. This was apothesis that between or in the absence of ELMs the struc-
heavily gas-fueled(=80 Torrl/9 shot characterized by ture of theH-mode pedestal in tokamaks is determined en-
the parameters (I1=1.0 MA,B=-2.1 T P,,=5.0 MW,R tirely by the requirements of plasma particle, momentum,
=1.71 ma=0.6 m x=1.78 g9s=5.7) with a carbon impurity  and energy conservation coupled with the recycling of neu-
concentration in the edge 6f=0.025. The experimental val- tral atoms in the edge plasma.

ues of ng®, Te°F and T3°%, the particle and power balance ~ Now we examine the details, but first a cautionary note.
values of '?°P and Q7°P+Qg®P (with the further assumption Since the pedestal equations of the preceding section are
Qr°P=Q:%M, and the value of the recycling neutral infli§,  highly coupled nonlinear equations, it is difficult to identify
calculated by the global code were used as boundary condivhat is the “cause” and what is the “effect,” although some
tions for the pedestal calculations. The experimental Valuemterestmg relationships can certainly be identified.

of v carhon Were used for,; andv,, (and to evaluate. )
Based on previous expenenjc“ethe thermal conducuvmes
were modeled ag;=2xch+ Xitg N Xe= Xetg Xeaw iN Order to
match values inferred from experiment, wheyg is the The normalized ion pressure gradielff;, and the terms
Chang—Hinton expression corrected for orbit squeezingletermining it in Eq(3) are plotted in Fig. 4, except fd])
(X%=xcn/S*? where S is a factor that accounts for orbit which decreased from=1 m?/s atp 0.865 to=0.4 rr?/s
squeezing in the presence of a strong shedf, jnxiq is an  just inside the separatrigp=1.0). L i peaks sharply just in-
ion temperature gradiertTG) mode expressionyey is an  side the separatrix, which is caused in part by the fact that
electron temperature gradie(TG) mode expression, and the ion radial velocityp, =I';/n;, peaks just inside the sepa-
Xedw IS @n electron drift wavgEDW) (or TEM) expression  ratrix due(i) to an increase with radiu®y a factor of about
(see Appendix ¢ For consistency, we also correct the dif-

fusion coefficient of Eq.(4) for orbit squeezing,D®

=If)i/S3’2. Neoclassical gyroviscosity was used to evalugte
and a neoclassical model for the parallel viscosity was used %

(Appendix A).

B. Factors determining the ion pressure gradient

1.01 DIII-D Shot 92976@3210

* Experiment
Theory

A. Density and temperature profiles

0.5
The calculated density and temperature profiles in the

edge pedestal region are compared with measured data in
Figs. 1-3. There is a sharp pedestal structure in both the
calculated and measured electron densities and distinct but
somewhat less dramatic pedestal structures in the electron &
and ion temperature data and calculations.
The agreement is sufficiently good to support the con-

clusion that the solution of the “pedestal equations” of the . , T , T - .

. . . - 0.8 0.9 1.0 11
preceding section can describe the pedestal structure at this _ )
time in this discharge(We could improve the agreement by Normalized Radius
adjusting the transport coefficients, but refrained from doing: g, 2. Measure and calculated ion temperatures in the edge of a DIII-D
this. This result provides one point of support for our hy- H-mode shot.

lon Temperature (keV)

0.0
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0.6 Dill-D Shot 92976@3210 2
Neutrals and the Density Profile
20 {—— — ———
- * i 27
2 o4 1 Experiment £ e
= 7 % eory 2 £ 154 i } — -
; % =5 J —&—ni
s G ES 0| — — S B ot O
3 9 o« ®
E 0.2- £f e
2 o2 & 2s ¢ 0000000000
o ¥ L
2
0
= * xIH
w 0.0 Ro K ¢ 087 088 089 090 091 092 093 094 096 097 098 089 1.00
Normalized Radius
T T T T T T 1 H . . . N
0.8 0.9 10 14 FIG. 5. Relation of recycling neutral atom ionization source and the edge

density profile in the edge of a DIlI-BI-mode shot.
Normalized Radius

FIG. 3. Measure and calculated electron temperatures in the edge of a

DIII-D H-mode shot. L .
mode sho just inside the separatrix and would seem to be the cause of

the particle “transport barrier” in the edge pedestal.
The sharp negative spikes i, (the carbon poloidal

3.5 over the calculation interval inside the separatokI’, ~ Velocity profile was calculated to be similar to, but of slightly
due to ionization of recycling neutrals afid) to the sharp larger negative magnitude than, the deuterium poloidal ve-
decrease im; just inside the separatrix. locity profile shown in Fig. #andE, are characteristic fea-

The increase in,;, and hencd_,;il, as the separatrix is tures observed iH-mode pedestals. The measured values
approached from inside contributes to a sharp increase iiyst inside the separatrix in this shot werey,
magnitude of the negative poloidal velocfisee Eq(A10)], =~ —(5-10km/s andE,~-13 kV/m, which are similar to
as may be seen in Fig. 4. The strong increases in negatiV8e calculated results in Fig. 4.
poloidal rotation and in negative pressure gradients produce
a strong negative peak in the radial electric field of Eg).
just inside the separatrixf,<0). (The calculatedE, be-  C. Factors determining the ion density gradient
comes positive fop<0.95 and has not been plotted to avoid
difficulty with the logarithmic scale.

The inward pinch velocity given by E@5) and plotted
in Fig. 4 was primarily determined by the toroidal electric

field E, and friction v, terms well inside the separatrix. of Eq. (14) by L;ilzL;il—L}il. For this shot, the calculated

However, the momentum dragy term involving the L2~ L= for 0.87< p< 0.94. but the calculated=* was sig-
strongly peaked radial electric field and the poloidal rotation_ & _ T LR ' d

: . ) ificantly larger than the calculated;® for 0.94<p<1.0,
velocity became dominant and caused the sharp 'nwaraesulting in a steep ion density ggdgient over 0:94< 1.0

(negative spike just inside the separatrix. This large inwardbut a relatively small density gradient over 0:83< 0.94.

(negggve) mehh vclalocny Just _|nS|de the sepa;gtnx further The calculated ion density profile and the calculated ion den-
contributes to the large negative pressure gradient o{3q. sity gradient producing it are shown in Fig. 5. The factors

determining the calculatelogil were discussed in the preced-
ing Sec. Il B. The factors determinirig}il are given in Eq.

The ion temperature gradient also affects the determina-
tion of the ion density profile. The calculated ion density
profile (and the electron density profile also in thfs
=n,/n;=const model is directly determined via integration

e Factors Determining Pressure Gradient A (8) Xi:2X2ﬁ+Xitg decreased by‘g, Qi decreased by a fac-
. tor of 2, andT’; decreased by=3 betweenp=0.87 andp
| ] e =1.0, andn; andT; varied as shown in Figs. 2 and 5.
T I ool R S It has been hypothesiz€d'® that neutral penetration

S Sl -® e may cause the width of the density pedestal, which extends
: over =0.94<p< 1.0 for this shot. To further examine this

hypothesis, we plot the calculated ionization sougend

the ion particle fluxI'; in Fig. 5. § does increase with in-

creasingp just inside the separatrix, and the combination of

n, decreasing withp and n,; increasing withp produces a

peak just inside the separatrix. This causes the ionlfluo

vrad (mis), -vpinch(mis), -vtheta(kmis),
~Erad(kVim), L pié-1{m’

1.E-01

087 085 080 080 001 082 083 084 095 097 098 039 100 increase more rapidly witp just inside the separatrix where
Normalized Radius S is largest. The sequence of mechanisms by which this

FIG. 4. Factors determining the ion pressure gradient in the edge of 41Cr€ase 'r_ri due to lonization aﬁe_Ct the lon pressure grad|-
DIlI-D H-mode shot. ent was discussed in the preceding section. lonization and
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charge exchange could also affect the temperature profilesye) ion temperature gradient was comparable to the ion
thereby having an effect on the density profile. pressure gradient inside pf=0.94, but was smaller in mag-
We note that all calculations were carried out using anitude for p> =~0.94. When the ion temperature gradient
flux surface averaged model employing a neutral influx thatvas subtracted from the ion pressure gradient, the resulting
was a weighted average of the influxes from goint ion density gradient was very small fpr< =0.94 but large
region and from the mid-plane region. Since the flux surfacefor p> =~ 0.94, producing a strong pedestal structure in the
are more widely separated in tixepoint region, the domi- jon (and electronedge density profile.
nantX-point influx would actually attenuate more rapidly in Clearly, the edge pedestal equations of this paper need to
p than was calculated in this flux surface average modelpe applied to the calculation of edge profiles in a wide vari-
resulting in the rapid variation ii§ andI'; being concen- ety of shots with different edge parameters, heating powers,
trated somewhat closer to the separatrix than is indicated iReutral recycling levels, etc., both to confirm the validity of

Fig. 5. the hypothesis on which they are based and to better under-
stand the very complex interactions that determine the ob-
IV. SUMMARY AND CONCLUSIONS served edge pedestal structure in tokamaks. We intend to

make such calculations in the future.

We have examined the hypothesis that, between and in  The question of whether the same set of equations can
the absence of ELMs, the edge pedestal strudiyradients  describe “internal transport barriers” observed in tokamaks
in density and temperature and the widths over which theyaturally arises. The same equations should describe internal
extend are determined by the transport requirements ofransport barriers, but obviously the recycling neutral atoms
plasma particle, momentum and energy balance, and by remd impurity radiation will be less important and the particle,
cycling neutral atoms. A set of pedestal equations was devenomentum, and energy sources due to neutral beams and
oped based on this hypothesis and applied to calculate degny rf heating source will be more important. The effects of
sity, temperature, and other profiles in the edge region of gn radial and poloidal rotation and the radial electric field,
DIlI-D H-mode tokamak plasma. The calculated density angyhich were found to be so important in the edge, are not at
temperature profiles exhibited an edge pedestal structure aR} clear for an internal transport barrier. Furthermore, the

were in reasonable quantitative agreement with the experheat conductivities might be quite different in the core than
mental profiles. The calculated profiles of radial electric fieldj, the edge.

and poloidal rotation velocity exhibited sharp negative peak-  The three most significant findings of this paper are as
ing just inside the separatrix, also in reasonable quantitative,(jows.
agreement with experiment. All of these calculated pedestal
profile features were the natural consequence of particle, mg1) The demonstration that the density pedestal structure of
mentum and energy balance, and of neutral particle recy- the edge pedestal seems to be a natural consequence of
cling. The only “external” input to these calculations were  the requirements of particle, momentum, and energy bal-
the thermal transport coefficients, which were chosen to ance, together with neutral recycling.
yield values close to those inferred from experiment. (2) The identification of the involved sequence of mecha-
Detailed examination of the calculation indicated that ~ hisms by which the ionization of recycling neutrals af-
the plasma ion pressure gradient was produced by the differ-  fects the edge pedestal structure.
ence of the total ion radial velocity and the inwanggative ~ (3) The identification of a prescription for the pinch velocity
radial ion pinch velocity, both of which were peaked just ~ and a demonstration of its importance in determining
inside the separatrix. The peaking in the total radial velocity ~ €dge particle transport and the edge density pedestal
was due to the buildup of radial ion flux with increasing structure.
radius due to ionization of recycling neutral atoms and to the
decrease in ion density. This peaking in the radial ion veloc-  These results have important implications for how the
ity just inside the separatrix apparently was the cause of thedge pedestal should be modeled. We note that 2D edge
negative peaking of the ion and impurity poloidal velocitiescodes, which treat particle transport with diffusive models
in the same location, which in turn were the cause of theand neglect momentum transport inside the separatrix, rou-
negative peaking in the radial electric field. The negativetinely calculate an edge density pedestal by adjusting the
peaking in ion poloidal velocity and radial electric field ap- diffusion coefficient to do so, but our results indicate that the
pear to be the cause of the peaking in the inw@ebative pinch velocity (which is usually neglected or treated on an
pinch velocity, which in turn was the principal cause of thead hocbasis in such codgss dominant in determining the
sharp ion pressure gradient just inside the separatrix. Thigensity pedestal. This calls into question the physical mean-
sequence of events appears to be the mechanism by whidhgfulness of these pedestal predictions. The present model
the ionization of recycling neutrals affects the density profileavoids the necessity for usirayl hocdiscontinuities or near
in the edge pedestal. discontinuities in transport coefficients to model the pedestal
The ion and electron temperature gradients, calculatedegion.
from the respective heat conduction requirements, were also The present results also call into question the physical
large and negative just inside the separatrix and diminishetheaningfulness of the more ambitious recent effort to model
in magnitude for smallep, leading to a modest pedestal the pedestal by combining a diffusive plasma density model
structure in the respective temperature profiles. Titega-  and anad hocneutral modet®®again because of the omis-

Downloaded 19 Jul 2011 to 130.207.50.192. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



Phys. Plasmas, Vol. 11, No. 12, December 2004

sion of the pinch velocity and other requirements of momen-and the “perpendicular” component is several orders of mag-

Edge pedestal structure 5493

tum conservation, which appear to dominate in the determinitude smaller than the “gyroviscous” compor?ént

nation of the pedestal structure.

APPENDIX A: FLUX-GRADIENT RELATIONS FROM
PARTICLE AND MOMENTUM BALANCE

1. Pressure gradient

It has been shown previouéﬁ/that the momentum and
particle balance equations for a multispecies tokamak plasma ~
can quite generally be solved to obtain a coupled set of equa-
tions relating the particle fluxes, the pressure gradients, and

the “pinch velocities” for the various species

(RV$-V - w,>_—aG—JmJIl

qu VgiVsi s
] jvdjYej
eB¢ R

(A7)
where
6 = (4 +T)T5,; + (1 -7f;)
= (4+47) - (/) (@S
T80 + B8] + i (/) (2 + B0+ 70 - ] (A8)

Fl = nj D”(L;Jl + L-T-il') - n]DJk(L;& + L-T—b + nj Upj» (Al)
where the “diffusion coefficients” are given by represents poloidal asymmetries and
mT,(vy + v;;) m Ty
D, = —La i~ . (A2) r d(mave) _ _
J (€By)? k= el G=-———=r(Ll+L}) (A9)
74jVgj ar
the pinch velocities are given by
_ — . with the gyroviscosity coefficieni,;~nmT;/eB and LX‘1
. ,E_M@_m&+m<5> =—(dx/dn)/x.
1P eB, B, B, \By
n-m-f‘El . — _
+ eB, [+ vy v — vikvad, (A3) 3. Ppoloidal velocities and density asymmetries

and where a sum over tlie# j terms is understood. Herek In order to evaluate EqA8) it is first necessary to cal-
is the interspecieg-k collision frequencyM,, and E¢ de— culate the sine and cosine components of the density and
note the toroidal components of the momentum input and théoroidal velocity poloidal variations over the flux surface.
induced electric f|e|d1_ —(dp,/dr)/p;,u; and v, denote  Using a low-order Fourier expansion of the poloidal depen-
the radial and poloidal components of the velocity of specieglence of the densities and rotation velocities over the flux
j averaged over the flux surfacg,= B(,/B the total mo- surface in the poloidal component of the momentum balance
mentum transfer, or “drag,” frequenoMJ is given by equation and taking the flux surface average with 1,6sin
B — and cos¥ weighting then yields a coupled set of three non-
Vdj = Vaj ¥ Vaij * Vionjj, (A4)jinear moments equations per species that can be solved nu-
which consists of a cross-field viscous momentum transpotierically for the flux surface average poloidal velocities and
frequency formally given by the sine and cosine components of the density variations, for
the various ion species present, over the flux surtaé®.

Ty =(RPV ¢ V - m)Rnmyy, (A5)

and of “atomic physics{charge exchange plus elastic scat-
tering) and ionization momentum loss terms, with the neutral
ionization source poloidal asymmetry characterized by

where Sj(r ) 0) :ne(r ’ a)njo(r ’ 6)<0'U>ionE ne(r ' 0) Vion(r ) 0)

the ionization source rate of ion specigs), is the local
concentration of neutrals of specigsanduv,; is the toroidal
component of the velocity of specigs

k#j

[ Qe (5 + B9) - o2 f (1 +@°+ )+f > vk
+qyat]fp+ fpsvionj{(l +'ﬁjc){%(ﬁg+ﬁoj)_(ﬁjc
i
%) +ﬁf[ﬂ;j(ﬁz+ﬁzj> ) | H
- 2 vkg{fijk\/%j

i , k
2. Viscous cross-field momentum transport 7
. 1., N
In order to actually evaluate the above equations it is =-u; - qu dbj{‘—l(d)% nfd)s—nfdnc)}
the toroidal viscous

necessary to specify force
(R?°V ¢-V -7), which determines the viscous momentum
transport frequencyy;, given by Eq.(A5). There are three
neoclassical viscosity components—parallel, perpendicular, _
and gyroviscous. The “parallel” component of the neoclassi- Ne (RS 4 =S
cal viscosity vanishes identically in the viscous force term, W,V'°”'q[v¢’8m +Tio)) = qf g )] (ALO)

A L ThE Al LoEs, L o
= oPfjf (g + P))DC - qsv¢j{(v¢j +P)o%+ Eu(ﬁjnjs}
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1¢? /m 1 ed 1 dp
ffv+ 81) sfzvv — 4 QV fo, q)E—J— p=—— "
J|:3 pY6j (/I jk Yok m ion' pYoj j Tj ’ j Bgn_jejvthj ar
fzuz 1 . 1. o In order to solve the poloidal moments of the momentum
AoV 4q DVajVionj equation described in the previous paragraph, we have used

1 1 - the neoclassical parallel viscosity tensor obtained by extend-
- EstE V;fk’l‘}ﬂj’ﬁi_ ~qd;[- @°] ing the clafswal_ rate-of-strain ‘tensor formalism to tor_0|dal
' 4 geometer)?, leading to the poloidal component of the diver-

o 1 .1 1 gence of the parallel viscosity tensor,
- = (3. -7, — P’ S_ = — —07
 fifo| 5 = i = PT)®* = Safiif = aif, 1 \[ 10 (7, 35in0
Ng- V 7= ol ZA |1 = ., (A14)

1 r a0 R

_Eantj[fpvﬁjn + Vlonj OJ] where
. 1 AN 1, 11wy (11aR+111¢980>

_qVionjfp{Evﬂj{ <1+n—1>+n:jne} 2"l { 3r a0 \Rrae 3B,r a6

19, Moo, = By |RI(vy/R)
+ é;fjn:‘.a(’ﬁg-'_ noj)] (All) + <B¢> r J6 ! (A15)

|

and by replacing the classical parallel viscosity coefficient
with a neoclassical forf

1¢° 1 312,
° ff vy + sv sf E vy v, __NjMjunqRe”
1{3 pUoj N ikVok \/ oj = Lre 3’21/ )(1+ ) njm]vtthRf(v”) (A16)

and

1. ~ ~ 1 . 1 1 .. that takes banana-plateau collisionality effects into account
+ 5 AVion; pvf)j:| nJS|:__qul%j+zq_5qyatjyionj:| P y '

1. ~ 4. Radial electric field

==> nk[ sfpvjkv9]:| - qu)]—[q)s]

k#] Finally, we summarize the development of an expression
o B . for the radial electric field® which is needed above, by sum-

- —fjfp[i{(l + D) vy — (v — Pj’)CDC}} ming the toroidal component of the momentum balance
e equation over species and making use of the flux surface

~ |1 — = - averaged radial component of the momentum equation
_ 2| = S ~C c>s 3=-C
a5, { 250V + TV + T ”tm'}}

vy = vy = (P + @), (A17)
l * ~ ~ * ~
- Eqvatj[fpvﬁjngj - Vionjnoj] where
— — 1 4y — 14 E,
Cafr | o L (14 fo=BJB, Pj=——="1, =222 5
q pVionj Zvﬂj 0j FJ njejB(, ar Ba r Bg
. - (A18)
Nee 19 Ne s ~s
" ne} "3, e Ml | (A12) 1 obtain
ions
where
o E {M¢J +nym Vd]( -5 U(}J)}
{,0. = lﬂ— V.= Yoj B_r = ions : (A19)
] |f | N (] > 0 N
plUhj Uthj 2 nJmJ Vdj
j
o= Frl f.= E
rJ - . . . 1 p - L]
(Tligl)|fp|<%l> ¢ APPENDIX B: PENETRATION OF RECYCLING
eB gR NEUTRALS
2o
nels ool ncls The interface-current-balance methbis used to calcu-
ﬁJ-C’SE 4 o= , ﬁg’jsz =2 late the inward transport of a partial curredf,, of neutral
& € € particles incident on the scrape-off layer from the divertor
o o and plasma chamber. Defining the albedo as the ratio of in-
« Vi « _ Vionjl « _ Vayl ward to outward partial currents,,=J"/J", a recursive re-
Vi = v Vionj = v Ve = . (AL3) . n'~ns @ 1=
(unj/qR) Uhj Ut lation relates the albedos at successive interfaces
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=1,2,...,N numbered successively from the outer boundary .= 81/2pi200“[algl +ay(g; - 9], (C2)

of the SOL(n=1) inward to the innermost interfad@=N): ] ) o ) o
where thea’s account for impurity, collisionality, and finite

2 . .
- an-1(Tpq — Rzn—l) +Ry-1 n=23_ N (B1) inverse aspect ratio effects and ffjise account for the effect
1-a, 1R ' e of the Shafranov shift.
o In the presence of a strong shear in the radial electric
Once the albedos are calculated by sweeping inward frorﬂeld E,, the particle banana orbits are “squeezed,” resulting

n.:2 .to n=N, the ratio of outward partial C“”.ems at SUCCES~, a reduction in the ion thermal conductivity by a factor of
sive interfaces can be calculated by sweeping outward fror’g_g,z wheré’

n=N-1 ton=1 using the recursive relation
- S—‘l— (der)( E >

=R + (T - R, n=N-1N-2,..1. TP g N\ B,
n+l

an

(C3

(B2) :thicis the ion thermal speed arj, is the poloidal magnetic
ield.

The appropriate boundary conditions afg=J",, and ay
= pjasma ThE quantityapasmais the albedo of a semi-infinite 2. lon temperature gradient mode
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
transmission coefficients for the region of thickneAs
=x,1—X, Wwith total (ionization+charge-exchange 5( 1 \Y3T\[ m\1
+elastic scatteringmean-free-patf,, calculated for the lo- Xi= S5\ R Pk (C4)

path, calculated for the lo 2\RLy 2
cal ion and electron temperatures and densities and assumin

the neutrals to have the same local temperature as the plasti2€rek L pi=2 has been used, wii) being the ion gyrora-
dius in the toroidal field.

For a sufficiently large temperature gradient
(Lyi<L$"~0.1R—Ref. 28 the toroidal ITG mode becomes
unstable. An estimate of the ion thermal conductivity due to
ITG modes is given b%?

m

eB

ions,
1 | A, 1 (An) ( An) 3. Electron drift waves
-C| — __Eg — 1_E2 - L. . . .
2 1A L2 \, N, The principal electron drift wave instabilities Wlt{lc*S
R = , <(); arise from trapped particle effects whem,
AL (An> = o/ (Ve R €¥?< 1. In more collisional plasmas the mode
1-Cy1-| — || --El — becomes a collisional drift wave destabilized by passing par-
A fL2 A, ticles. An expression for the electron thermal conductivity
(B3) that encompasses both the dissipative trapped electron mode
_ A, (TEM) and the transition to the collisionless mode @s
Th=E )\_n *+Ra, —0 is given by®
o~ . . 5 3/2 C2 2 1
where ‘C” is the ratio of the charge-exchange plus elastic - _8_5_95( ) (C5)
scattering cross sections to the total cross section 3y © 2 v Lylre\ 1+ 0.1k, /)’

is the exponential integral function a@fth order and of ar- . _ . .
gument ¥.” The neutral density in each mesh interval is wherecs is the sound speed apd=cs/ (), with {); being the
pn cyclotron frequency.

determined by equating the divergence of the neutral curren
to the ionization rate.

The transmission of uncollided cold neutrals into the
edge plasma is calculated fraify,; =E5(A,/\)J5, where the The ETG modean electron drift wave with, cs< wp,)
mean-free-path\® is calculated for the temperature of neu- is unstable forp,=L,/L.= 1. An expression for the electron
trals entering the scrape-off layer from the plenum region. thyggmal conductivity associated with the ETG mode is given

b

4. Electron temperature gradient modes

APPENDIX C: THERMAL CONDUCTIVITY

2
MODELS _ Cs> UheSin
=013 — | —— (1 + 7o), C6
1. Neoclassical Xe 3(%6 IR 7e(1 + 77¢) (C6)

The basic neoclassical expression for ion heat conduowhere w, is the electron plasma frequency aBg=(r/q)

tivity for a two-speciegion-impurity) plasma is X(dg/dr) is the magnetic shear.

The turbulent transport models discussed above are ana-
(C) . T

lytical simplifications. We use them because we have com-

wheree=r/R is the ratio of minor and major radip;, is the  pared them with experime]ﬁtfor several DIII-D discharges,
ion poloidal gyroradius, and;, is the ion-impurity collision including the one discussed in this paper. However, neither
frequency. A more complete expression is given by thethese nor any other transport models have yet been shown to
Chang—Hinton formuf be valid in the edge pedestal.

_ 122
Xi = € Piglir
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