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An edge pedestal investigation for high-confinement tokamak plasmas
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A model for the edge pedestal in high-confinement mode tokamak plasmas is described. Separate
gradient scale lengths of the density and of the ion and electron temperatures are calculated from
transport and atomic physics considerations, and a common pedestal width is calculated from either
a magnetohydrodynamic pedesgalimit or from neutral penetration considerations. Predictions of

the model for a representative gas fueled tokamak model problem are discussadsvisemsured

values of pedestal gradient scale lengths and widths, ballooning mode limits, and scaling with
operational parameters. @002 American Institute of Physic§DOI: 10.1063/1.1461846

I. INTRODUCTION limit is that ballooning modes are stabilized by diamagnetic
effects??

The steep gradient edge pedestal region in high confine- MHD pressure gradient constraints impose a lower limit
ment modeH-mode tokamak discharges apparently plays aon the pressure gradient scale lendth(L,, 'LTe’LTi)' but
major role in determining the overall plasma performancedo not define the individual density and temperature gradient
For example, there is experimental evidence relating th@omponents. Transport constraitii®. the requirement that
edge gradients to the—H transitior and relating the value the density and temperature gradient scale lengths are con-
of the temperature at the top of the pedestal to the core thegistent with the particle and convective heat fluxes flowing
mal energy conterftFurthermore, the evolution of edge gra- across the edge pedestal regjoan the other hand, sepa-
dients has been postulated as a trigger mechanism for thately define thel,,, L., and LTi.13 Since the onset of
L—H (low to high modg transition?* and strong edge gra- MARFESs usually is followed by an H—L transition and since
dients have been identified as important for the suppressiofhere is a threshold upper limit on the temperature gradient
of MARFES (multifaceted asymmetric radiation from edge scale lengths for MARFE onsetthe MARFE stability re-
Accordingly, the physics of the edge pedestal is an area ajuirement imposes an upper limit on the temperature gradi-
active experimental and theoretical investigatisae Ref. 6  ent scale lengths. We propose in this paper a model in which
for a recent review the gradient scale lengtHs,, L., and Ly are calculated

The edge pedestal may be characterized by six charagrom the transport constraints but are further constrained to
teristic lengths, the first three of which are the gradient scalgatisfy a MHD ballooning or peeling mode lower limit con-
lengths of density, electron temperature and ion temperaturgtraint on the pressure gradient scale length and a MARFE
in the sharp gradient regior{L,=—n/(dn/dr), Ly upper limit constraint on the temperature gradient scale
=—-T./(dT./dr), LTiE—Ti/(dTi/dr)]. The second three lengths.
lengths are the distances into the plasma from the separatrix 1 here are a number of theories also for the width of the
(the *widths”) over which the respective sharp gradients ex-Sharp-gradient region in the edge pedestal, most of them as-

tend ,,A+ A7 ). While similar in magnitude, these differ- Sociated with either ion orbit lo$8%°or shear suppression of
N e turbulence’®=2°The influx of neutral particles into the ped-

ent characteristic lengths are usually distinct. : .
9 y estal region plays a role in two of these theof2¥In gen-

A number of different proposals have been put forward S )
for the physical mechanisms that determine these characte?ral’ no distinction is made among the widths of the sharp
L i : radient regions for the density and the ion and electron tem-
istic lengths. MHD (magnetohydrodynamjc ballooning d g y

) L . eratures. We propose in this paper two models for a com-
mode instabilities have long been thought to impose a Iowanon width (A, =A; =A7=Arg) of the edge pedestal, or
n e i 1

limit on the pressure gradient scale len L,,Lt,L7), . X
P g . . gth(Ln Te TI) “transport barrier”(TB). In the first model, we propose that
and thus on the combination of density and temperature grape e js a4-limit on the pedestal pressure that limits the

dient scale lengths. However, recent experimental résults extent(width) of the sharp gradient region in the edge of the
in DIII-D indicate that the edge pressure gradient can exceeg|asma_ In the second model, we propose that the width of

the nominal ideal stability limit for ballooning modes by a the sharp gradient region is limited by the effective neutral
factor of 2 to 3. This observation is consistent with the the-penetration distance.

oretical prediction of access to a second stability regime

through a gap between the ballooning and peeling mode st@r GRADIENT SCALE LENGTHS
bility boundarie&=* which removes the ballooning mode
stability limit for high-n modes and allows a steeper pressur
gradient. Another explanation for the observation of edge The gradient scale lengths in the edge pedestal must be
pressure gradients exceeding the nominal ideal ballooningonsistent with the nonradiative heat and patrticle fluxes from

eA. Transport constraints, including atomic physics
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the core across the edge pedestal region into the scrape-dthe second form of Eq(5) shows that the ionization of
layer, taking into account the modification of those fluxes byneutrals and any inward particle pinch,(<0), as well as
atomic physics effects. We repeat here, for completeness, ttay reduction in diffusion coefficient, will decrease the den-

derivation of this transport constraiht. sity gradient scale lengttsteepen the gradienin the trans-
The ion flux passing through the transport barrier is in-port barrier.

creased by the ionization of neutrals Assuming that the ions and electrons cross the transport

barrier in a time short compared to the equilibration time, the

dr, net outward electron and ion nonradiative heat fluxes in the
ar NNo{TV Yion=NVion, (1) transport barrier are described by

wheren, is the neutral atom density afdv )i, is the spe- 40

e LT e

CI.fIC .|on.—electron ionization rate aver_aged over thg energy —— NNo{ 00 YionEion— NN,L,= — NignEign— NN,L,

distributions of both species. Integrating this equation from

the top of the pedestdl'ped”) outward to the separatrix ©)

(“sep”) yields and
Fsep_rped:j Ny dr=n-au BA 2 dQ,; 3_ 3

1 1 ATB Viond TBVion2TB 2 T S n“8<00)at§T= — antE Ti, (7)

whereI'$*Pis the net outward ion current crossing the sepa
ratrix from the plasma edge into the scrape-off lay&f,“is density and radiation emissivityS is the uncollided(cold)

the net outward ion current from the core plasma into thg,, ra density in the transport barrier, aeb ), is the spe-

sharp grladient rggi(r)]n, or t;ar}spr)]ort ba}rriefr, at t::e top of tT‘?:ific elastic scattering plus charge exchange reaction rate of
pedestal, and g is the width of the region from the pedestal o\iously uncollided(in the transport barrigr neutrals.

to the separatrix. . , ont in th These nonradiative heat fluxes are reduced by atomic physics
In order to define an average density gradient in the,,q|ing in the transport barrier. Equatiof@® and(7) may be

transport barrier, we define an average value of the net Othtegrated across the transport barrier to obtain

ward ion current

‘Wwhere E;,,, is the ionization energyp, andL, are impurity

FiVE %(Fiep+ Ffed)- (3) Qieep_ E?ed: - f nVionEiondr_ f nnz'—zdr

Arg Arg
that we then relate to the general form for the ion current B
= —NreVionEionA 18— N7B(NL)78ATE  (8)

dn
I =D o+ Nrgup=nre(DLy H+0,), @ o
whereD is the diffusion coefficient and, is the pinch ve- sep_ ~ped ¢ 3 o cTB3=—TB
loci P ; sep ped : i N T nVatE Tidr=—ngry 3T; Ars.
ocity. We may eliminate eithdr 7*Por I'*" by using Eqs(2) At
and(3) to obtain 9
Proceeding as above, and equating the average nonradi-
L= D ative heat flux to the standard form
n
1
Fiep/ nTB_EU?grB'IATB_Up dT 5 5
av_ _ e _ -1, =
b h )(ndr+2T1“l xnTL; +2TFL, (10
= : (5
reed /oo EU-TBA . leads to expressions for average electron and ion temperature
L T8 o Zion=TB  ¥p gradient scale lengths in the transport barrier

B
Lo Xe _
' [0OSTER 1 (Ml Eon 5
\neTi® 2ng) 2778 T e TET 2
- xa 1
Pe 5T 1 [(nkors, rofEen, 5
\neTe® 2 ngg) 27 TP on\ T8 2
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and dp) B%/210 jbs}
- = CAL(S)|Sp— 2+~
. ( dr/ . desR T D)
Ly Xi B2
i sep se| —
(ém_ > FJ) 3 20 500D |2
nTBTi 2 Nt 2 2 2 Eac( ) qSSR y (14)
B
Xi where(j)=1/mwa’« is the average current density over the

entire plasma cross sectigminor radius ‘a” and elongation

k) andj is the bootstrap current density in the ed@eg.is

a quantity of order unity depending on the shear in the mag-
netic field andA4(s) is intended to contain the physics of the
s-a diagram for ballooning modes and peeling modes.,
where they's are average thermal diffusivities for ions and Refs. 8—11 The general effect of this physics is to increase
electrons in the transport barrier. Ag above unity because of finite Larmor radi/&R) stabi-

As Egs.(5), (11), and(12) make clear, the gradient scale lization of highn ballooning mode$! stabilization of all bal-
lengths in the transport barrier depend on the particle antboning modes by ion diamagnetic drift effeétsaccess to
convective heat fluxes flowing through the transport barriethe second stable regirfie!* etc.

(which must be determined by the particle and heat balances The requirement for stability against ballooning and
on the core plasmaon the transport coefficients in the trans- peeling modes

C[[Q ST 1 (8 1,5
nTBTiTB 2 Ntg 2 B 2 at 2 ion

12

port barrier, on the average density and temperatures in the

. . . . dp dp
transport barrier and on the atomic physics particle sources | — —~|<| - —=| | (15)
and heat sinks in the transport barrier. Thus, these gradient dr dr crit

scale lengths can not be determined just on the basis of & be written as a MHD constraint on the allowable values
local model for the pedestal, but must take into account als f the gradient scale lengths

the core plasma balance and the fueling and recycling o

neutrals in the edge transport barrier. 1 [, Te Ti 1
Lo =t bt g b
1 dp
<Lyip==|—-—=—]| .
LMHD P dr>crit (16)

B. MHD ballooning and peeling mode pressure ) )
gradient constraints A major next task in the development of an edge pedes-

h . le | h ) ; tal model is the parameterization Af(s). In the meantime,
The gradient scale lengths determined from transporfye vl determine the gradient scale lengths from the trans-

considerations are constrained by MHD stability require-,,4 anq atomic physics constraints of the previous section
ments on the maximum pressure gradient, or equivalently O0nd monitor the value of a “ballooning index”

the minimum pressure gradient scale length. This constraint

is conventionally written in the form _ B2
Bl=prsL," / || 5—| / dbR|=af". (17
2o
B? When BkK1, the gradient scale lengths satisfy the nominal
dp e 210 ideal ballooning mode constraint. However, sirge=2 to 3
“\ar) T @ER (13 s routinely found in DIII-D”* BI>1 does not necessarily
erit indicate an unstable edge pedestal.
whereB is the toroidal fieldR is the major radiusggs is the
safety factor at the 95% flux surface, aad is in general a - .
function of magnetic shear and plasma geometry. The nomf—:' MARFE stability constraint
nal ideal ballooning mode value of; is of order unity in the Edge instabilities such as edge-localized modesMs)
absence of second stability access, shear reduction by boand multifaceted asymmetric radiation from the edge
strap currents, etc. (MARFES9 also could impose constraints on the allowable

Access to second stability for high toroidal mode num-values of the gradient scale lengths. In general, the edge
ber (n) modes increases,. to the point at which lower tor- plasma recovers from an ELM event without losing H-mode
oidal mode number modes, which do not have access to secenfinement, but a MARFE event leads téla-L transition.
ond stability, become unstable. The presence of steephus, we will implicitly assume that any ELMs present are
pressure gradients in the plasma edge will drive a bootstragaken into account in the definition of averaged transport
current, which will reduce the shear, which in turn will re- coefficients, and we include explicitly only the MARFE in-
duce the maximum stable edge pressure gradient. These eftability limit in the model for gradient scale lengths con-
fects may be represented by writing straints.
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It has been shown theoreticéllyand demonstrated by
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TABLE I. Parameters for a DIlI-D gas fueled model problem.

numerical simulatioff that k,=(m+nqgB,/B)/gR~0 two-
dimensional edge-localized modé_m andn are poloidal and o radiusR(m)
toroidal mode numbers, respectivety,is the safety factor, plasma radiusa(m)
and B and B, are the total and poloidal magnetic fields, elongation.«
respectively are the first to become unstable in MARFE for- triangularity, &
mation, because of the stabilizing effect of parallel heat con-zf:rg;;t'lc(hf/:i";’B(T)
duction f_or finitelg, modes. A linear analygis of the stability go;rce s#/9

of a poloidally uniform plasma edge density and temperatur@eating,P g, (MW)
distribution to k;~0 edge-localized modes leads to a pinch,v,(m/s)
predictior? of the onset condition for MARFEs. The MARFE Pedestal;= (m?¥s)
index (M1) is defined as the ratio of the actual experimentalP®destal (m7s)
electron density in the plasma edge to the predicted limiting o or

edge density for MARFE onset

Calculated parameter
midplane separatrin (#/nr)
_ nEXP 2
Ml=—"—=n2 |f,
NMARFE

Input parameter

pedestah (#/nr)

line averagen (#/n7)
midplane separatri® (eV)
pedestall® (eV)

core averagd® (eV)

Aqg (cm)

L, (cm)

Ly, (cm)

Ly, (cm)

—_c@y £ ==¢
(v+1-C )_r oT

)

cold
+f,

L, aLz]

3
S (ov)ect vy -1

1.76

0.60

1.76

0.22

2.0

15

5% 107

5.0

-5.0

1.0

0.2

2.0

USN
Pedestal Model 1

0.183x 10%°

0.408x 107°

0.641x 107°

114

212

1830

1.6

2.0

1.7

35

Pedestal Model 2
0.183x 10°
0.369x 10°
0.664x 10°
114
277
1770
2.7
3.9
1.9
4.3

1
aE(Te+ Ti)-

19(<0'v>cx+<0'v>el)/‘ﬂ—
T (o0)oct (a0)er )]

N fconoQL
' T

C® is a quantity less than unity associated with thermal
friction v characterizes the temperature dependence of the
radial heat conductivityX~T"), the{ov) are the ionization
(ion), elastic scatteringel) and charge-exchangex) reac-
tion rates averaged over the electron or ion Maxwellian dis-
tributions in the edge plasmé4, is the impurity concentra-
tion, f, is the total neutral atom concentratioif” is the
previously uncollided “cold” neutral concentration, amg,q
is the conductive fraction of the nonradiative heat flux cross-

(VL-F1+(C(2)—1)L;1)}. (18

Perit=nN ped( TiPEd+ Tged)

Peit=N"B(T]B+T.B),

_ nse@Ap/Ln(Tise;bAp/LTi +TSeRAILT),

(203

when pg,i; IS understood to pertain to the pressure at the top
of pedestal, and in the constraint

(20b

when pg,i; IS understood to pertain to the average pressure
over the pedestal region.

We set A=A =Ar=A; =Ar, set prg=(Pped

ing the separatrix. A poloidally averaged neutral concentra-_ Psep/2= Per and soIveLp’lz —(dp/dr)/p to obtain

tion must be used to evaluate these atomic physics reaction
rates.

Ill. PEDESTAL WIDTH

Arg= Lp(ATB)In< 2 zi“— 1

sep

)ELp(ATB)Gy

(21)

where the constraint of Eg20b) has been used. This “com-

A. Model 1: MHD pedestal
pedestal width

B-limit constraint on

We propose that a MHD stabilitg-limit on the maxi-

mon pedestal width” approximation is made, at this stage of
development of a pedestal model, for analytical convenience.
We indicate later how a model with different pedestal widths

mum pedestal pressure determines the pedestal presswa&n be developed. Using Ed$), (11), (12), and(19) in Eq.
width, A,. For example, stability of the edge pedestal(21) results in a quadratic equation kg, which has the

against MHD ideal pressure-driven surface modes imposessolution
maximum allowable value on the pedestal presgure

2 1/3 2/3 b _2_48.6
pcrit:§ ° /EMO( £ ) & (19 ATB:E o b -
3 2(Ti+Te) R/
Gos 12(TitTe G aG| [(aG\?
wherep; is the ion gyroradius. ~b 1- rd ra

For a given edge pressure gradient scale lerigih,and
a given pressure at the separat(pe, determined by di-

(22

The second form of this result is valid when atomic physics

vertor physick the g-limit on the maximum allowable ped- effects are not dominant; i.e., whéaG/b?/<1. The con-

estal pressure.i;, results in the constraint stants in Eq(22) are
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3 5 n,L E; 5
— 4+ —p 27z + v —ton + —
1 Vion . (2 Vat > Vion N ( T, V|on[ T, 2 3
a=-| — —+v, ,
2 D Yi Xi Ye Yo
QI ST [(QfF ST
(T¥n—vp) nT;, 2 n nNTe 2 n
b= +y + , 23b
D Yi " Ye X (
and
B T, B Te 3
yi_ﬁ! 76_T8+T| ( C)
When atomic physics effects are not dominant, the leading order term for the pedestal width
i 18 1( am\?[B§2uo) (1+42) (1 I/S(pi 23 L
Ao G N3 215X10um) | Tpeep | 227 127 IR o
b QP 5T e ST ]
¥ n-v nT, 2 n nNTe 2 n
- 21+ : +Ye| ————
D Xi Xe
|
is determined by the MHD pressure constraint and the edge d 1 d¢
transport physics. In this case, the atomic physics effects T dr ma +Noien=0, (25
r

enter to higher order through the term@/b?) in Eq. (22).
The quantityg=[1+ x(1+25%°—1.25%][1.17-0.65]/[1  for inward neutral atom transport and replacing the varying

—&2]% is a geometric factor arising from the definitiogs ~ Plasma density in the pedestal with an average valyg, it
=(5/2)(@%R)(B/1)g. can be showif that the neutral atom fluxg=nqv,) attenu-
ates exponentially into the plasma with an effective mean

_ U211
B. Model 2: Neutral penetration constraint on free pathho=[Nrg(304oion) ", ie., that
pedestal width P(r)=p(r=0)exp(—r/\,), (26)

The buildup in plasma density from the separatrix in-wherer is measured inward from the separatrix,, is the
ward to the top of the density pedestal is due, at least in partpnization cross section,o,= ojgnt Tex(1— o) + 0el(1
to the ionization of recycling and fueling neutrals that are— u,) is the “transport” cross sectiony., and o are the
diffusing inward across the separatrix, which implies that thecharge-exchange and elastic scattering cross sections, and
limit of penetration of these neutrals into the plasma will u., andu are the average cosine of the neutral atom “scat-
play an important role in determining the extent of the steegering” angle in charge-exchange and elastic scattering col-

density gradient region, or the density pedestal width, lisions with plasma ions. Since the direction of the neutral
Using a simple diffusion theory modél atom emerging from a charge-exchange collision with a
—e—del mode} 1 PEDESTAL LENGTHS vs. PINGH VELOCITY /
—=—Ln model t 5 .
—&—Lte model 1
—e—Lti model 1 . / _____
--o--delmodet2 | "“' _______ DUPRRPES o
------ --®--Lnmodel 2 |@-cerereieremeemenetTT .
--#--Lte mode! 2 s
= --®--Lti model 2 - - e —
S 235 FIG. 1. Scaling of pedestal lengths with particle pinch
E velocity in a gas fueled DIII-D model problenR
F 3 =176 m,a=0.60 m, k=1.76, 6=0.22,B=20T, |
- = 4 =15MA, P,=5MW, S=5x10?1 #/s, x=xi
=1.0 m/s,D=;/5).

PINCH VELOCITY (s}
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" a){modei=1) PEDESTAL LENGTHS & STABILITY INDICES vs. CHI /
\

6 "
\ —e—del

s R -—e—|n
- N —a—|te
= ] )
- N —a—Lti
m A
= 4 5 - #@- Bl
E N
s -®- M
2
Ea =]
o .
=
[ri} .

o _@--=-cemre=c-@-ccemmmoSeT P R R ®

0 . . ' ' . ‘ | | |

0 : : 0.8 1 1.2 14 1.6 18 2 FIG. 2. Scaling of pedestal lengths with= x; in a gas

(a) CHIi=CHle (m*2fs) fueled DIII-D model problemR=1.76 m,a=0.60 m,

k=176, 6=0.22, B=2.0T, I=15MA, P
=5MW, S=5x 10" #/s,v,= —5.0 m/s,D= x;/5) [(a)

7
b) (model=2) PEDESTAL LENGTHS & STABILITY INDICES vs. CH! pedestal model 1(b) pedestal model 2
6 1 7 —e—del
—e—1Ln
—a—Lte
_5 —a— i
s », -e- M /
& A - |- Bl
= 41—
£ /
s .
':E . .. /
(L] 3 N
z -
b ‘|,
2 p = - -
e
‘- Tt
R LT E TR I ) [ L L I T ®
0 . . . . . -
06 0.8 1 1.2 14 16 1.8 2
i .
(b) CHIi = CHle (m*2/s)

plasma ion is equally likely to be in any direction,,=0.  familiarity with experimental results from such shots to gen-
For the elastic scattering of a neutral atom from an jog, €rally guide the analysis, but have deferred the analysis of
~2/3A, where A=ion mass/neutral mass. specific experimental results to a future paper.

A plausible approximation for the density width of the ~ The results labeled “model 1" refer to the use of the

pedestal is the mean-free-path for neutral particle attenuatiofiansport and atomic physics model of Sec. Il to calculate
gradient scale lengths and to the use of the pedgshiahit

An=o=[N1a(304i0n) ] @7 model of Sec. Il A to calculate the pedestal width, while the
We setArg=A1 =A1 =A, in this model. results labeled “model 2” differ by the use of the neutral
penetration model of Sec. IlIB to calculate the pedestal
IV. MODEL PROBLEM CALCULATIONS Wldth. In both'cases, the pedestgl calculation is |terate.d to

consistency with the core and divertor plasma calculations

We now discuss a series of model problem calculationgnd with the neutral particle transport calculations, so that
that were made to investigate the predicted magnitudes artie mutual interactions among these calculations are consis-
parameter scalings of the pedestal models described abowently treated.

The pedestal models have been incorporated in a?colat Three overarching conclusions of the calculations pre-
calculates particle and nonradiative heat fluxes through theented in this section are that the calculated pedestal gradient
pedestal, the plasma properties at the separatrix and at tiseale lengths and width are of the size measured experimen-
divertor plate, the transport of recycling and gas-puffed neutally in gas fueled DIII-D shots, that the calculated factor of
trals into the pedestal and core, and the ballooning and peekbout 2 for the ratio of ion to electron temperature gradient
ing mode and the MARFE stability indices. This code wasscale lengths is in agreement with the data for such shots,
developed for the analysis of continuous gas fueled shots iand that there is very little difference between the predictions
DIlI-D and has, to some extent, been benchmarked by sucbf the 8-limit and neutral penetration pedestal width models.
applications’®?’ The model problem parameters are repre-The last two conclusions are suggested by the comparison of
sentative of DIII-D shots with gas fueling. We have used ourresults from the two models for one set of model problem
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a) (model=1) PEDESTAL LENGTHS & STABILITY INDICES vs HEATING POWER

LENGTHS(cm), BI, MI
H
.
@

® - ee...o..

0 i : : : , hd ittt LETTP FIG. 3. Scaling of pedestal lengths with auxiliary heat-
25 3 35 4 45 5 55 6 65 7 75 ing power in a gas fueled DIII-D model proble(®
(@ POWER (MW) =176 m,a=0.60 m, k=176, 6=0.22,B=20T, |

=15 MA, S=5X10" #/s, yo=x;=1.0 m/s,D = x;/5,
v,=—5.0m/9 [(@ pedestal model 1yb) pedestal

8 =\
\ model 2.
7
\b) {model=2) PEDESTAL LENGTHS & STABILITY INDICES vs. HEATING POWER

6
= —o—del
= ® —a—In
= 5 —a—Lte
o N —o—Lti
3 ‘ \\ - &- Bl
| A - o- M
T N R
& s o
g sP— — -t
S| TS~ aeemt

\..‘\ _____ e e
2 '______'_.—-——r—'"_"—- T
w0 e ...
1 = h .-
el -
..... e o
0 . , : : : , . : : 4
25 3 35 4 45 5 55 6 6.5 7 7.5

(b) POWER (MW)

parameters shown in Table | and will become more apparerdensity and electron temperature gradient scale lengths were
from the following discussion of the calculated parametersimilar, and the ion temperature gradient scale length was

dependence of the two models. significantly larger, which argues for the usewgf less than
A. Pinch velocity _about_—3 _m/s. We adopted ,= —5 m/s for the remaining
investigations.

The pedestal gradient scale lengths and width were cal-
culated as a function of pinch velocity, and the results ar
shown in Fig. 1(negativev,, corresponds to an inward par-
ticle pinch. The two models yield similar results, except for The pedestal gradient scale lengths and width were cal-
a small difference in magnitude. The different widths pre-culated as a function of pedestal transport coefficignts
dicted by Eqs(22) and(27) produce directly differences in = y;=5D, and the results are shown in Fig. 2. The two mod-
the gradient scale lengths when used in E§$. (11), and els predict a similar increase of all pedestal lengths with
(12). In addition, the different widths predicted by EqR2)  increasing transport coefficients. Density and electron tem-
and (27) cause differences in pedestal densities, temperggerature gradient scale lengths and pedestal widths in the
tures, and particle and heat fluxes, which indirectly produceange of about 1-4 cm, and larger values of the ion tempera-
further differences in the widths and gradient scale lengthsture gradient scale length, are common in the gas fueled
The density gradient scale length of Ef) is quite sensitive, DIII-D discharges with which we are familiar.
the pedestal width is somewhat less sensitive, and the tem- The ballooning and peeling mode stability indé€&l)
perature gradient scale lengths are relatively insensitive tand the MARFE indeXMI) are also plotted in Fig. 2. The
Up- edge pressure gradients in this type of DIII-D discharge typi-

An inward particle pinch is usually needed to match ex-cally exceed the nominal ideal ballooning mode limit by a
perimental results in transport simulations of DIII-D sh@ts. factor of 2 to 3, but the stability of cases with values of Bl
In the gas fueled DIII-D shots that we have examined, the>3 is questionable. This would seem to indicate that pedes-

eB. Pedestal transport coefficients
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FIG. 4. Scaling of pedestal lengths with fueling rate in
a gas fueled DIlI-D model probleniR=1.76 m, a
=0.60m, k=176, 6=0.22, B=2.0T, |=1.5MA,
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tal transport coefficients less than ;~0.8—0.9 m/s are in-  peeling modes (B+3), and the lowest power cases are
consistent with gradient scale lengths on the order of a fevgurely unstable to the onset of MARFEs (¥1).

cm. These calculations are stable against MARFE onset

(MI<1) for all values of the pedestal transport coefficientsy 5,4 fueling rate

considered.
A series of calculations have been made with different

gas fueling rates, and the resulting pedestal gradient scale
lengths and widths are shown in Fig. 4. The temperature
A series of calculations was performed to evaluate theyradient scale lengths increase slightly, and the density gra-
effect of auxiliary heating power on the calculated pedestaljient scale length and width decrease slightly with increasing
gradient scale lengths and width, and the results are preyeling rate, in both models.
sented in Fig. 3. Both models predict that temperature gradi-
ent scale lengths decrease with increasing heating powe
particular the ion temperature gradient scale length, and th
the density gradient scale length increases slightly with in-  The pedestal gradient scale lengths and width were cal-
creasing heating power. Model 1 predicts a slight decrease iculated as a function of toroidal magnetic field, and the re-
pedestal width with increasing heating power, while model 2sults are shown in Fig. 5. The temperature gradient scale
predicts a slight increase, but the difference is not significantengths decrease slightly with increasing B for model 1, but
The ballooning and peeling mode stability indéBl)  increase significantly with increasing B for model 2. The
increases with increasing heating power because of the déensity gradient scale length increases somewhat with in-
creasing gradient scale lengths, and the MARFE indék creasing B for model 1, but is insensitive to B for model 2.
decreases with heating power for the same reason. The higfthe pedestal width decreases significantly with increasing B
est power cases in Fig. 3 may be unstable to ballooning dior model 1, but decreases only slightly for model 2.

C. Heating power

. Magnetic field

PEDESTALLENGTHSvsB ]
Wl mewsenne
...... RSN
4 ...........................
- 35 T —e—del modsl 1
$ e Lio model FIG. 5. Sensitivity of pedestal lengths to magnetic field
& 3H —:—bti[moden in a gas fueled DIII-D model problefR=1.76 m, a
: o =0.60m, «=1.76, 6=022, 1=15MA, P,
f=— =5 MW, S=5X10% #/s, xe=x;=1.0 m/s, D= y,/5,
--®--Lti model 2 _
vp=—5.0m/9.
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FIG. 6. Sensitivity of pedestal lengths to plasma current
in a gas fueled DIII-D model probleftR=1.76 m, a
=0.60m, k=1.76, 6=0.22,B=2.0T, P,=5 MW,
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F. Plasma current of the B-limit and neutral penetration pedestal width models.

A series of calculations of pedestal gradient scale Iength?ecause oithe dependgnce of the pedestal quel calculation
and width as a function of plasma current was performedOn coupled core and divertor plasma and fueling and recy-

and the results are shown in Fig. 6. The gradient scalgl,m.g neutral transport cglculaﬂon;, a comparison of the pre-
plcnons of the model with experimental scaling results for

pedestal parameters that are in the literature would require a
substantial modeling effort, which is beyond the scope of this
paper. Instead, we calculated predicted scaling relations for a
DIlI-D model problem. We plan a detailed comparison over
We have proposed a model for calculating the densitya range of DIII-D shots in the future.
and ion and electron temperature gradient scale lengths in the We note that the model presented in this paper does not
edge pedestal based on requiring satisfaction of the respeexplicitly address two experimentally observed features of
tive transport equations. In this model, the gradient scalghe edge pedestal—the dependence of pedestal parameters on
lengths in the edge pedestal depend on the particle and coptasma shape® and the existence of different widths of the
vective heat fluxes flowing through the transport barriersteep gradient regions for density and ion and electron tem-
(which must be determined by the particle and heat balancgseratures. The present model has some implicit shape depen-
on the core plasmaon the transport coefficients in the edge dence through the effect of elongation and triangularity on
pedestal, on the average density and temperatures in the edg@ surface area used in calculating the nonradiative heat and
pedestal and on the atomic physics particle sources and hegérticle fluxes,qqs, connection length along the field line
sinks in the edge pedestal. Thus, these gradient scale lengtfism the midplane to the divertor plate, etc., but whether this
cannot be determined just on the basis of a local calculatiofs sufficient to account for the observed shape dependence
for the pedestal, but must be calculated taking into accountemains to be tested. In principle, extension of the model to
also the core plasma balance and the fueling and recycling @falculate different widths of the sharp gradient regions for
neutrals in the edge pedestal. We have also proposed addhe density and the ion and electron temperatures by adding
tional constraints on the gradient scale lengths prescribed byvo additional constraint equations to the set of four equa-
the requirements for stability of MHD ballooning and peel- tions that are presently solved for the three gradient scale
ing modes and on stability of MARFEs, which will impose |engths and the common width is straightforward, but we
lower and upper, respectively, limits on allowable values forelect to further investigate the predictions of the present
the gradient scale lengths in the edge pedestal. We have alagodel against experimental data first.
proposed two models for calculating the width of the edge
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