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Predictions are developed for the structure of plasma parameter profiles of high-confinement (H)-mode
pedestals in transport quasi-equilibrium in tokamaks. They are based on assuming paleoclassical radial
plasma transport processes dominate throughout the pedestal. The key physical process in this model is
that the electron temperature gradient increases to the magnitude required for paleoclassical electron heat
transport to carry the large conductive radial electron heat flow from the hot core through the pedestal to the
separatrix. The intrinsic level of paleoclassical density transport is typically large in the pedestal compared to
local fueling due to neutral recycling from outside the separatrix. Thus, in this model the electron density pro-
file is determined mainly not by edge fueling but rather by a combination of the density boundary condition at
the separatrix and the pedestal density profile needed for the outward paleoclassical diffusive flux to be nearly
balanced by the inward paleoclassical pinch flux. Model predictions are given for the electron density and
temperature gradients, profiles and magnitudes in the pedestal. Transition into electron-temperature-gradient
(ETG) driven anomalous radial electron heat transport in the core plasma is proposed to limit the initial,
transport-limited height of the electron pressure pedestal. Characteristics of the ion temperature and plasma
toroidal rotation profiles in the pedestal are also predicted. All the model predictions are found to agree
quantitatively (within a factor of about two or less) with the properties of an extensively studied H-mode
pedestal. Other model comparisons and applications to some outstanding H-mode pedestal structure and
evolution issues in tokamaks are also discussed. Finally, a hierarchy of experimental and modeling validation
tests are suggested.

PACS numbers: 52.55.Fa, 52.25.Fi, 52.55.Dy, 52.25.Xz, 52.55.Rk

I. INTRODUCTION

A recent study1 of plasma transport properties in a
carefully diagnosed and analyzed single DIII-D2 high-
confinement (H)-mode pedestal indicated it is quite plau-
sible that paleoclassical plasma transport3,4 is a signifi-
cant contributor in this pedestal. Specifically, pedestal
electron heat and density transport (diffusivities plus
density pinch) were found1 to be in reasonable agree-
ment with paleoclassical predictions. Also, the magni-
tudes and profiles of the electron heat diffusivity, and
density profiles in the pedestal have been found to ap-
proximately agree with paleoclassical-based model pre-
dictions in the National Spherical Tokamak Experiment
(NSTX) pedestals5 for discharges both without and with
lithium-coated plasma-facing components.

This paper develops a comprehensive set of paleoclas-
sical model predictions for plasma profiles in H-mode
pedestals that are in transport “quasi-equilibrium.” The
steady-state “pedestal structure” will be determined for
pedestals that have properties similar to those in the
DIII-D 98889 pedestal,1 whose edge profiles are shown
in Fig. 1. This will often be referred to henceforth as
the “98889 pedestal.” The fundamentals and two key
predictions of the model are being published elsewhere6

and were used in Ref. 5. The more comprehensive set of
predictions developed here are compared quantitatively
with data from the 98889 pedestal.1 They are also used
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to interpret a number of properties in similar H-mode
pedestals in DIII-D and other tokamaks, and evolution
toward Edge Localized Modes (ELMs) in them. Three
sets of experimental and modeling validation tests for
this new pedestal structure model are also proposed.

The fundamental physics of the model developed here
can be understood as follows. First, one notes that often
most of the heat flowing through pedestals is carried by
electrons — about 75% in the 98889 pedestal.1 Because
most plasma heating occurs in the hotter and denser core,
a large electron heat flux must be carried out through the
lower density and temperature pedestal. Thus, from a
Fourier heat flux law qe = −neχe∇Te, the electron tem-
perature gradient in the pedestal will increase until this
large heat flux can be carried out through the pedestal
to the separatrix. The needed electron temperature gra-
dient (qe/neχe) is determined by the effective electron
heat diffusivity χe in the pedestal.

The key assumption in this paper is that paleoclassical
processes dominate χe and all plasma transport channels
(except for ion heat transport which may have a signifi-
cant neoclassical component) in the steep gradient region
of the pedestal. As discussed after Eq. (26) below, the
inherent level of paleoclassical density transport is usu-
ally large in the pedestal compared to the typically small
local fueling from edge neutral recycling. Thus, in this
model the ne profile in the pedestal is usually determined
not by local fueling but rather by what it needs to be for
the paleoclassical density transport operator to be small.
That is, the density profile will be that which causes the
outward paleoclassical diffusive density flux to be nearly
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balanced by the inward paleoclassical pinch flux. This in-
ward pinch flux is an intrinsic model characteristic that
results naturally from the unique structure of the paleo-
classical density transport operator.

Anomalous plasma transport due to microturbulence
is usually dominant in the hotter, denser core in region I
of Fig. 1. The abrupt change in the gradients of ne and Te
from region I to II in Fig. 1 is likely due to a change from
core anomalous transport to another dominant transport
mechanism in the pedestal (II, III) — here postulated to
be paleoclassical transport. While fluctuations are usu-
ally present in pedestals and likely peak where the plasma
pressure gradient is largest (near the II→III transition),
they will be assumed to be too small to cause the dom-
inant plasma transport within the pedestal. Anomalous
transport fluxes will be allowed for in the development of
general plasma transport and flow equations. However,
anomalous transport effects will be explicitly dropped in
determining the structure of plasma profiles within the
pedestal; the anomalous fluxes will be re-introduced to
provide estimates of their possible effects on the density
gradient in the pedestal and the initial, transport-limited
pedestal height from the region II→I transition. The pos-
sibly complementary role of Kinetic Ballooning Modes
(KBMs) in limiting the maximum pressure gradient in
the pedestal is discussed in Section X.

This paper is organized as follows. The next section de-
scribes relevant properties of the DIII-D 98889 pedestal1
to which many model predictions will be compared. The
following two sections (III and IV) present formulas for
key paleoclassical transport model parameters and the
simplified plasma transport equations that will be used
here. The following sections (V–VIII) develop predic-
tions for key properties of electron density, electron tem-
perature, ion temperature and toroidal plasma flow pro-
files in the pedestal. Dimensionless variable scalings of
the predictions are discussed in Section IX. The follow-
ing section discusses some key issues for and other ap-
plications of this model. The penultimate section (XI)
suggests a hierarchy of experimental and modeling vali-
dation tests for this new pedestal structure model. The
final section summarizes the main pedestal structure pre-
dictions developed in this paper and their implications.

II. H-MODE PEDESTAL PROPERTIES

Many pedestal structure model predictions will be
compared to plasma transport quasi-equilibrium profiles
in the edge of the low collisionality DIII-D tokamak dis-
charge 988891 shown in Fig. 1. The radial coordinate
ρN ≡ ρ/a is the normalized minor radius in terms of the
toroidal-flux-based radial coordinate ρ ≡

√
ψt/πBt (m).

The key edge plasma regions here are: core (I, ρN <
0.96), steep gradient region of the pedestal (II and III,
0.96 < ρN < 1) and scrape-off-layer outside the magnetic
separatrix at ρN =1 (a'0.77 m) in this lower single null
diverted plasma. The pedestal top will be identified here
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FIG. 1. Electron density ne (×1020 m−3) and temperature
Te (keV), and ion temperature Ti (keV) profiles in the edge
of DIII-D discharge 98889.1 The large red dots indicate where
the maximum gradients occur.

TABLE I. Key parameters for the DIII-D 98889 pedestal.1

Parameter at ρtop at ρmid at ρsep = a

Te(eV) 666 352 89

ne/1019m−3 2.76 1.77 0.77

Zeff 2.83 2.6 1.9

ε ≡ rM/R0 0.347 0.352 0.356

ft/fc 3.24 3.31 3.38

ln Λ 16.0 15.5 14.6

νe(s
−1)/105 2.1 3.15 7.4

λe(m) 73 35 7.6

νe/ωte ≡ R0q/λe 0.10 0.21 ∞
M ' λe/(πR0q) 3.1 1.5 0.0

Usual νe/ε
3/2ωte 0.5 1.0 ∞

ν∗e defined here 1.9 3.9 ∞
µe/νe 0.57 0.30 0.0

ηSp
‖ /η0 0.40 0.41 0.44

ηnc
‖ /η0 0.81 0.69 0.44

Eq. (9) / Dη 1.19 1.03 1.0

Dη ≡ ηnc
‖ /µ0 (m2 s−1) 0.175 0.345 1.2

as being at ρtop = 0.96 a. The pedestal mid-point at
ρmid = 0.98 a is indicated by the middle blue vertical line
between regions II and III in Fig. 1. The profile fitting
procedures and characteristics are discussed in Ref. 1.

Table I provides values of relevant parameters for the
data shown in Fig. 1 for which the mid-plane half-width
rM (ρmid) ' 0.6 m, major radius R0 ' 1.7 m, and “safety
factor” q(ρmid) ' 4.5. On the separatrix q → ∞. The
remaining parameters in Table I will be defined and dis-
cussed in the next section.
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III. KEY ELEMENTS OF
PALEOCLASSICAL THEORY

The initial paleoclassical papers3,4,7 were based on
a key hypothesis that charged particles diffuse radi-
ally along with thin annuli of poloidal magnetic flux
in resistive, current-carrying toroidal plasmas. That
is, they diffuse radially with the magnetic field diffu-
sivity Dη = η/µ0, in which η is the plasma electrical
resistivity. This hypothesis was later shown8 to result
from transforming the drift-kinetic equation from labo-
ratory to poloidal magnetic flux coordinates, upon which
Grad-Shafranov magnetohydrodynamic (MHD) equilib-
ria, neoclassical transport theory and gyrokinetic-based
microturbulence-induced anomalous transport analyses
are all based. This derivation was critiqued in Com-
ments in Refs. 9, 11 and corresponding Responses pro-
vided in Refs. 10, 12. In particular, Ref. 11 asserted the
“mathematical manipulations ... appear to lack a sys-
tematic basis.” The Response12 provided a systematic
multiple-time-scale analysis of electron guiding center
motion that reproduced the results in Ref. 8. The paleo-
classical key hypothesis has now been derived three differ-
ent ways: by integrating along characteristics of the drift
kinetic equation,8 using a phenomenological approach10

and from a systematic multiple-time-scale analysis.12

The diffusive components of paleoclassical plasma
transport are proportional to the plasma resistivity η

whose Spitzer form scales as T
−3/2
e . The lower limit

paleoclassical radial electron heat transport (χpc
e ∝

a1/2T
−3/2
e ) can be greater than fluctuation-induced

gyroBohm-level transport (χgB
e ∝ T

3/2
e /aB2) wherever13

Te < B(T)2/3a(m)1/2 keV, which usually occurs in ohmic
tokamak plasmas, or wherever fluctuations are signifi-
cantly reduced. Thus, paleoclassical electron heat trans-
port is likely to be dominant in H-mode pedestals13 —
for Te <∼ 1 keV in DIII-D and Te <∼ 5 keV in ITER.14 In
(low) L-mode plasmas the fluctuation-induced transport
usually exceeds the irreducible minimum paleoclassical
plasma transport, particularly in the edge. However,
paleoclassical transport predictions compare favorably
with experimental data from many ohmic-level toroidal
plasmas13 (tokamaks, spherical tokamaks, reversed field
pinches, spheromaks), in electron-cyclotron (EC) heated
plasmas in RTP15 and in tokamak H-mode pedestals.1,13

The fundamental parameter of the paleoclassical trans-
port model is the diffusivity coefficient (m2 s−1) for
poloidal magnetic flux diffusion4,7,16,17

Dη ≡
ηnc
‖

µ0
=
η0

µ0

ηnc
‖

η0
, magnetic field diffusivity. (1)

Since µ0 ≡ 4π×10−7 N A−2 (in SI, MKS units) is a con-
stant of nature, the key parameter is really the parallel
neoclassical resistivity ηnc

‖ . The reference, perpendicular
resistivity η0 ≡ meνe/nee

2 can be written in the form of

a magnetic field diffusivity as

η0

µ0
≡ meνe

µ0nee2
' 1400Z

[Te(eV)]3/2

(
ln Λ
17

)
,

m2

s
. (2)

Here and below, Z → Zeff ≡
∑
i niZ

2
i /ne is the effective

ion charge and ln Λ is the Coulomb logarithm.
The parallel neoclassical resistivity ηnc

‖ (Ohm-m) can
be evaluated using one of formulas in the literature;18–22

the NCLASS23 code is often used to evaluate it. In
this paper ηnc

‖ is evaluated by inverting the 2×2 matrix
of the friction and viscosity coefficient matrices in the
combination of electron parallel flow and heat flow equa-
tions that result from the moment approach to neoclas-
sical plasma transport theory.20,22,24 The Mathematica R©

notebook file used to calculate ηnc
‖ and Dη values used

in this paper is provided as supplementary material.25

The parallel neoclassical resistivity values used here are
within 20% of the values obtained from the various for-
mulas in the literature,6,18–21 which deviate similarly
from each other for pedestal region parameters.

A useful and physically illustrative approximate for-
mula for the ratio of neoclassical resistivity to η0 is4,7

ηnc
‖

η0
'
ηSp
‖

η0
+
µe
νe
, neoclassical resistivity factor. (3)

The two components of the parallel resistivity are4,6,7

ηSp
‖

η0
'

√
2 + Z√

2 + 13Z/4
, Spitzer factor, and (4)

µe
νe
' (ft/fc) (1 + 0.533/Z)

[1 + ν
1/2
∗e + 1.65 (1 + 0.533/Z) ν∗e][1 + νe/ωte]

,

(5)
which represents effects of the electron viscous damping
with frequency µe. Here, fc is the flow-weighted fraction
of circulating particles20 with Padé approximate26

fc ≡
3
4
〈B2〉

∫ Bmax

0

λ dλ

〈
√

1− λB(θ) 〉

' (1− ε2)−1/2 (1− ε)2

1 + 1.46 ε1/2 + 0.2 ε
ε�1' 1− 1.46 ε1/2, (6)

in which the 〈· · · 〉 indicates the flux surface average and
ε ≡ (Bmax−Bmin)/(Bmax +Bmin) ' rM/R0 is the local
magnetic inverse aspect ratio. The fraction of trapped
particles is ft ≡ 1 − fc. Other approximate formulas
for fc have also been presented in the literature.24,27

For 98889 pedestal parameters in Table I ε ' 0.35 and
ft/fc ' 0.77/0.23 ' 3.3� 1. For the highly noncircular
near-separatrix geometry in DIII-D, fc should really be
evaluated numerically20,21 using the first form in (6).

The neoclassical electron collisionality parameter for
the large ft/fc values in H-mode pedestals is20,22,24

ν∗e ≡
(ft/fc) νe
2.92 vTe

〈B2〉/R0q

〈(b̂ · ∇B)2〉
' ft/fc

1.46 ε2
νe
ωte

=
ft/fc

1.46 ε2
R0q

λe

ε�1' νe
ε3/2ωte

. (7)
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Here, the electron thermal speed vTe
≡
√

2Te/me, the
electron “transit” frequency ωte ≡ vTe

/R0q, and for the
first approximate equality 〈(b̂ · ∇B)2〉/〈B2〉 ' ε2/2R2

0q
2

has been used. This ν∗e is
√

2 smaller than that defined
in Refs. 18, 21 in the ε � 1 limit. Also, the electron
Coulomb collision length (“mean free path”) is

λe ≡
vTe

νe
' 1.2× 1016 [Te(eV)] 2

Z ne(m−3)

(
17

ln Λ

)
m. (8)

Because the fraction of trapped particles ft is large
in most tokamak H-mode pedestals, the relevant elec-
tron collisionality parameter ν∗e is larger than the usual18

νe/ε
3/2ωte formula by a factor of (ft/fc)/(1.46 ε1/2). For

example, ν∗e(ρmid) ' 3.9 is about a factor of 4 larger
than the usual small ε formula result which yields 1.0 at
ρmid in the 98889 pedestal.1 Thus, as indicated in Table I,
because of their low aspect ratio (1/ε ∼ 2.8 in DIII-D),
pedestal plasmas are usually not in the low collisionality
(ν∗e � 1) “banana” regime; rather, they are usually in
the intermediate collisionality “plateau” or even Pfirsch-
Schlüter (νe > ωte) regimes.18,20

An approximate formula for Dη for typical H-mode
pedestals where Zeff ' 1.9–2.8 so that 1+0.533/Zeff ' 1.2
can be written using ln Λ ' 15.8 as6

Dη '
1300Zeff

[Te(eV)]3/2

(
0.41 +

1.2 (ft/fc)/(1 + νe/ωte)

1 + ν
1/2
∗e + 2 ν∗e

)
m2

s
.

(9)
A slight variant of this approximate formula for Dη with
1.2 → 1 + 0.533/Zeff was used in previous comparisons
of the basic pedestal model predictions with data from
NSTX5 and DIII-D.6 As indicated in the next to last line
in Table I, the approximation to Dη in (9) yields values
that are within 20% of the values obtained from the more
precise 2×2 matrix inversion results used throughout this
paper. This causes the comparisons with data from the
98889 pedestal to similarly deviate slightly from the cor-
responding estimates in Ref. 6.

As indicated in Table I, the ηnc
‖ /η0 factor in (1) in-

creases by a factor of about two in moving from the sep-
aratrix to the top of the pedestal. Thus, while Zeff/T

3/2
e

decreases by a factor of (1.9/2.83)(666/89)3/2 ' 14 from
the separatrix to the top of the pedestal, ηnc

‖ and Dη only
decrease by a factor of about 7. That is, while the domi-
nant scaling is Dη ∼ Zeff/T

3/2
e , the µe electron viscosity

effects are significant and cause the Dη scaling to be more
complicated. Hence, the Zeff and finite ε, ν∗e effects in
(1)–(8) are important in determining the magnitude and
scaling of Dη in H-mode pedestals.

While most paleoclassical transport processes are
governed by Dη, paleoclassical electron heat transport
includes an extra factor M .4 This factor arises from
the addition of helically-resonant radial electron heat
transport contributions4 in the vicinity of medium
order rational surfaces. The multiplier M can be
written as a smoothed (Padé approximate) formula4,7,13

M ' [1/(πR0q)]/[1/`max + 1/λe]. It is determined

by the minimum of the collision length λe defined
in (8) and an electromagnetic-skin-depth-determined
parallel length `max over which thin annuli of poloidal
flux diffuse radially.4 Throughout the 98889 pedestal
λe < `max so M ' λe/(πR0q). As indicated in Ta-
ble I, for this approximation M decreases from about
3.1 at ρtop, to 1.5 at ρmid, to zero at ρsep (where q →∞).

IV. PLASMA TRANSPORT EQUATIONS

In plasma transport quasi-equilibrium states shortly
after (>∼ 10 ms) an L-H transition or just before an edge-
localized-mode (ELM) such as those discussed in Refs. 1,
28, the “steady-state” (∂/∂t → 0) flux-surface-averaged
(FSA) plasma transport equations17 can be written as

〈∇·Γ〉 ≡ 1
V ′

d

dρ
(V ′Γ) = 〈Sn〉, density, (10)

〈∇·qpc〉+
1
V ′

d

dρ
[V ′(Υ +

5
2
T Γ)] = Qnet, energy. (11)

Here: Γ, q are the density, heat fluxes; Γ ≡ 〈Γ ·∇ρ〉,
Υ ≡ 〈q ·∇ρ〉 are the corresponding FSA fluxes; 〈∇ · qpc〉
is the paleoclassical heat transport operator specified in
Eq. (18) below; and 〈Sn〉, Qnet are the net FSA density,
energy sources. In these equations ρ is the radial coordi-
nate, which has units of m, and V ′ ≡ dV/dρ (m2) is the
radial derivative of the volume V (ρ) (m3) of the ρ flux
surface. In the 98889 pedestal1 V ′ ' 43.4 ρN m2.

The density equation will be considered first. The pale-
oclassical density transport operator can be written16,17

in the standard divergence form of an ambipolar paleo-
classical density flux Γpc (m−2 s−1):

Γpc = − 1
V ′

d

dρ
(V ′D̄η n) = − D̄η

dn

dρ
+ nVpinch. (12)

As indicated, unlike the the usual Fick’s diffusion law
form, Γpc naturally includes both diffusive and pinch
fluxes. The pinch flux results from particle guiding cen-
ters only diffusing radially because the O{ε2} drag-type
term in the Fokker-Planck paleoclassical transport op-
erator is negligible.4,8 The usually inward (< 0) pinch
velocity is

Vpinch ≡ −
1
V ′

d

dρ
(V ′D̄η), pinch flow, m s−1. (13)

Here, the geometrically-effective flux-surface-averaged
magnetic field diffusivity D̄η (m2 s−1), which is the
key parameter in all paleoclassical contributions to the
plasma transport equations and results throughout the
remainder of this paper, is4

D̄η ≡
a2

ā2
Dη, in which

a2

ā2
≡
〈
|∇ρ|2

R2〈R−2〉

〉
. (14)
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The a2/ā2 factor is slightly smaller than the usual 〈|∇ρ|2〉
geometric factor that arises from using standard Fick’s or
Fourier’s law diffusive fluxes, which was important in the
Ref. 1 transport analysis. In the 98889 pedestal a2/ā2 '
1.6 so in these pedestals D̄η ' 1.6Dη. Figure 7 in Ref. 1
indicates that 〈|∇ρ|2〉 ' 2 in the 98889 pedestal. Both of
these geometric quantities diverge weakly as ln q at the
separatrix where q →∞.

Any additional density flux Γadd induced by collisions
or microturbulence will be left general for now. Adding
paleoclassical and possible additional density transport
fluxes Γadd, the density (continuity) equation becomes

1
V ′

d

dρ

(
− d

dρ
(V ′D̄η n) + V ′Γadd

)
= 〈Sn〉. (15)

Multiplying this equation by the differential volume
dV ≡ V ′dρ and integrating radially from the ρ flux sur-
face to the separatrix (ρsep ≡ a) yields the equation that
will be analyzed in the next section to determine prop-
erties of the pedestal density profile:

−
[
d

dρ
(V ′D̄η n)

]
ρ

= Ṅ(ρ)−
[
V ′ Γadd

]
ρ
. (16)

Here, Ṅ(ρ) is the number of charged particles per second
(s−1) that cross the ρ flux surface:

Ṅ(ρ) ≡ Ṅ(a) − ∆Ṅ(ρ), (17)

whose two terms represent the number of charged
particles per second crossing the separatrix Ṅ(a) =
− (d/dρ)[V ′D̄η n]a + [V ′Γadd]a minus an integral correc-
tion ∆Ṅ(ρ) ≡

∫ a
ρ
dρ̂ V ′(ρ̂) 〈Sn(ρ̂)〉 due to the local density

source 〈Sn〉 between the ρ flux surface and the separatrix.
And in (16) the term [V ′ Γadd]ρ represents any additional
charged particle losses across the ρ surface due to Γadd.

Since the dominant radial heat flow through the
pedestal is often via electrons, the electron energy bal-
ance will be discussed next. The FSA paleoclassical ra-
dial electron heat transport operator is not in the stan-
dard form of the divergence of a radial electron heat flux.
Rather, it has a multiplier M+1 times a divergence.4 The
paleoclassical electron heat transport operator is (see Eq.
(142) in Ref. 4 or the sum of Eqs. (47) and (72) in Ref. 17)

〈∇· qpc
e 〉 = −M+1

V ′
d2

dρ2

(
V ′D̄η

3
2
neTe

)
,

W
m3

. (18)

While the paleoclassical electron heat transport opera-
tor is non-standard, it often yields dominantly diffusive
radial electron heat transport with an effective χpc

e '
(3/2)(M+1)Dη in the core of a tokamak plasma.4,7,13

Possible additional electron heat fluxes Υadd
e induced

by collisions and microturbulence will be left general for
now. Adding paleoclassical and possible additional elec-
tron heat fluxes, the electron energy equation becomes

−M+1
V ′

d2

dρ2

(
V ′D̄η

3
2
neTe

)
+

1
V ′

d

dρ

[
V ′
(

Υadd
e +

5
2
TeΓ

)]
= Qnet

e . (19)

Here, Γ ≡ Γpc+Γadd is the total (ambipolar) FSA density
flux and Qnet

e is the net local electron heating rate which
includes ohmic and neutral beam heating, ion-electron
collisional energy exchange, radiation, etc. Multiplying
this last equation by V ′/(M + 1) and then integrating
radially from a given ρ surface outward to the separatrix
at a yields the equation for electron heat flow (W) that
will be analyzed in Section VI to determine properties of
the Te profile:

−
[
d

dρ

(
V ′D̄η

3
2
neTe

)]
ρ

= Pe(ρ)

+
∫ a

ρ

dρ̂

M(ρ̂)+1
d

dρ̂
[V ′(ρ̂)Υadd

e (ρ̂)]. (20)

Here, Pe(ρ) is the effective conductive electron heat flow
(W) through the ρ flux surface defined by

Pe(ρ) ≡ Pe(a)−∆Pe(ρ), (21)

in which Pe(a) = − [(d/dρ)(V ′D̄η(3/2)neTe)]a is the to-
tal paleoclassical electron heat flow through the separa-
trix where M → 0 and ∆Pe(ρ) is an integral correction
due to net electron heating (or losses via radiation) and
convective heat flow between ρ and the separatrix:

∆Pe(ρ) ≡
∫ a

ρ

dρ̂ V ′(ρ̂)
M(ρ̂)+1

[
Qnet
e −

1
V ′

d

dρ

(
V ′

5
2
TeΓ

)]
ρ̂

.

(22)
The local heating Qnet

e and convective electron heat flux
have small effects (<∼ 10%) in the 98889 pedestal (see
Figs. 4a and 5a in Ref. 1) so there Pe(ρ) ' Pe(a) =
1.65×106 W.

The ion energy equation will be considered next. The
paleoclassical ion heat transport operator is similar to
the electron heat transport operator in (18), except that
Mi → 0 (because there is no helically resonant ion con-
tribution since the ion toroidal precessional drift fre-
quency is usually larger than the ion collision frequency
— see discussion after Eq. (139) in Ref. 4). Thus, un-
like for paleoclassical electron heat transport, it can be
written in the usual heat flux divergence form17 with
Υpc
i = − (1/V ′)(d/dρ)[V ′D̄η(3/2)niTi]. Neoclassical ion

heat transport can be significant in pedestals.1 Its ion
heat flux will be written as Υnc

i = −niχnc
i dTi/dρ. La-

beling the anomalous ion heat flux as Υan
i and perform-

ing the same type of analysis as was done for electrons
to obtain (20) yields for the ion heat flow equation

−
[
d

dρ

(
V ′D̄η

3
2
niTi

)]
ρ

= Pi(ρ)

−V ′
[
−niχnc

i

dTi
dρ

+ Υan
i

]
ρ

. (23)

Here, Pi(ρ) ≡ Pi(a) − ∆Pi(ρ) is the conduc-
tive ion heat flow (W) through the ρ flux sur-
face in which Pi(a) ≡ − [(d/dρ)(V ′D̄η(3/2)neTe)]a +
V ′[−niχnc

i (dTi/dρ) + Υan
i ]a is the total ion heat flow

through the separatrix. The ∆Pi(ρ) is analogous to
∆Pe(ρ) defined in (22) but with helical factor Mi → 0.
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V. ELECTRON DENSITY PROFILE

Deuteron and impurity (e.g., carbon) densities in the
pedestal are influenced by differing source, ionization and
neoclassical pinch-type effects. These ion complications
will be circumvented by solving the simpler electron den-
sity equation. Integrating the electron version of (16)
radially from ρ to a reference flux surface ρref yields

[
V ′D̄ηne

]
ρ

=
[
V ′D̄ηne

]
ρref

+
∫ ρref

ρ

dρ̂
[
Ṅe − V ′Γadd

]
ρ̂
.

(24)
Thus, the intrinsic paleoclassical radial density flow
[V ′D̄ηne] at ρ is equal to its value on the reference flux
surface plus the radial integral from ρ to the reference
flux surface of the fueling source Ṅe minus any additional
particle loss rate V ′Γadd (s−1).

The effect of the fueling source in (24) is of-
ten small. For example, at the density mid-point
(ρmid ' 0.98 a) of the 98889 pedestal the density flow
rate [V ′D̄ηne]ρmid/(a − ρmid) ' (0.98 × 43.5)(1.6 ×
0.345)(1.77×1019)/(0.02 a) ' 2.7×1022 s−1 is large com-
pared to the maximum electron source rate1 Ṅe(a) '
2×1021 s−1 in this pedestal determined from a combina-
tion of 1D and 2D neutral recycling modeling and taking
into account the source due to the ionization of carbon
impurities:∫ a

ρmid
dρ̂ Ṅe(ρ̂)

[V ′D̄ηne]ρmid

<∼
(a− ρmid) Ṅe(a)

[V ′D̄η ne]ρmid

' 0.07 � 1. (25)

Neglecting Ṅe, additional particle loss rates V ′Γadd and
the slight radial variation of V ′, to lowest order (24) be-
comes ne(ρ) D̄η(ρ) ' constant, or more explicitly

ne(ρ) ' ne(ρref)
D̄η(ρref)
D̄η(ρ)

. (26)

This model prediction represents the density profile re-
quired to produce a small net paleoclassical density flux
Γpc — by nearly balancing the outward diffusive den-
sity flux with a large inward pinch flux in (12). That is,
since the fueling source density flow

∫
dρ̂ Ṅe is typically

small relative to the intrinsic paleoclassical density flow
[V ′D̄ηne], (26) indicates the density profile the pedestal
adjusts itself to in order to produce a small net radial den-
sity flux Γnet = Ṅe/V

′ � [V ′D̄ηne]/(a − ρtop) through
the pedestal. This scenario is precisely the conclusion
of a pioneering interpretive analysis of the ion density
pinch and diffusivity29 in the 98889 and another DIII-D
pedestal; paleoclassical predictions were found to be con-
sistent with pinch and inferred diffusivity values obtained
in the 98889 pedestal (see Figs. 25, 26 in Ref. 1).

If the reference radius ρref is taken to be the separa-
trix at a, then (26) predicts the pedestal density profile is
determined by the electron density at the separatrix and
just increases from there ∝ 1/D̄η as one moves from the

ρρtoptop ρρtoptop ρρmidmidρρmidmid

a) b)

FIG. 2. Comparison of paleoclassical-based pedestal struc-
ture model predictions (in red) to interpretive modeling5 (in
black) for 4 carbon transport models that result in slightly
different Zeff profiles for the DIII-D 98889 pedestal:1,6 a) ef-
fective electron heat diffusivity χe and b) density ne profiles.

separatrix into and up the pedestal. If in addition a2/ā2

is assumed to be constant at a value of 1.6 (i.e., neglecting
the weak divergence of this quantity at the separatrix),
then the predictions from (26) are ne(ρmid)/ne(a) ' 3.5
and ne(ρtop)/ne(a) ' 6.9. These ratios are somewhat
larger than (but less than a factor of two more than)
the corresponding experimental values of 2.3 and 3.6.
However, leveraging the pedestal density profile off the
density at the separatrix is problematic for a number of
reasons: the separatrix location is not accurately known;
plasma parameters may not be constant on ρN > 0.99
flux surfaces;1 the geometric factors a2/ā2 and 〈|∇ρ|2〉
diverge weakly as ln q there; ion loss-cone orbit losses
and ion kinetic effects can become important there; etc.

Qualitative comparisons of the shape of the pedestal
electron density profile predicted by (26) have been made
to experimental data for the DIII-D 98889 pedestal6 (Fig.
2) and in NSTX5 (Fig. 3). In these interpretive modeling
studies the predicted density profile is scaled so that the
average edge density from the model matches the mag-
nitude of the experimental pedestal data. These results
show (26) qualitatively captures the experimental trends
of the edge density profiles in the DIII-D 98889 discharge6

(Fig. 2b), and without and with lithium-coated walls in
NSTX5 (Fig. 3b). Note that if Dη were spatially con-
stant (e.g., as in a Fick’s diffusion law with a constant
D), (26) would predict ne(ρ) = constant in the pedestal,
i.e., no density pedestal at all.

A more fundamental and quantitative test of the
pedestal density profile prediction compares its density
gradient prediction to experimental data. A density gra-
dient prediction can be obtained by dividing (16) by
[V ′D̄ηne]ρ and splitting up the ρ derivatives to obtain

1
Lne

=
1
Lη

+
Ṅe(ρ)− [V ′Γadd]ρ

[V ′D̄ηne]ρ
. (27)

Here, the electron density gradient scale length Lne
and

6



are indeed comparable to the density scale lengths in this
region, suggesting that ETG may play a role in the fairly stiff
Te profiles observed near the separatrix. Near the pedestal
top, the density gradients are weaker in both the pre- and
with-lithium cases, making the critical temperature gradient
more sensitive to Zeff, Te=Ti, and the q-profile.

Based on this simple analysis, it does appear that ETG
may be a contributor to the total transport at least in the with-
lithium case, where only small low-k fluctuations are meas-
ured. In the future, more precise gyrokinetic calculations of
the critical gradient as well as the nonlinear transport rates
that can be expected from ETG modes will be performed.

B. Paleoclassical transport

Another possible mechanism for setting the edge trans-
port rates is paleoclassical transport, which is driven by the
diffusion of poloidal magnetic flux.39,40 Paleoclassical trans-
port depends strongly on the neoclassical resistivity and so is
sensitive to the electron temperature and Zeff profiles.
Recently, a model of the pedestal structure based on paleo-
classical transport within the pedestal and ETG at the pedes-
tal top has been proposed and predictions have been made
for the electron heat and particle transport.41

Profiles of ve from paleoclassical model are shown in Fig-
ure 13, along with the values from experiments, for the pre-
and with-lithium cases (the resistivity profiles are obtained
using the Zeff data from the SOLPS calculations with carbon
included as described above). In the near separatrix region,
the paleoclassical predictions capture much of the structure
seen in experiment, with ve being similar in magnitude and
increasing with radius as wN approaches 1.0. Furthermore, the
paleoclassical values of ve also show the modest increase in
the with-lithium case compared to pre-lithium observed near
the separatrix. In the pedestal-top region, the experimental ve
is significantly higher than the paleoclassical value for the
pre-lithium case, suggesting that another transport mechanism
dominates; in the with-lithium case, the agreement with paleo-
classical remains good across the edge region.

The paleoclassical ve prediction
41 is proportional to the

magnetic field diffusivity Dg induced by the parallel neo-
classical resistivity. The neoclassical resistivity contains con-
tributions from both the classical (Spitzer) resistivity (which
depends on Zeff= Te

3=2) and parallel electron viscosity effects
(which depend primarily on collisionality).41 In the steep
gradient region (0.94<wN< 1.0), the density is reduced by
a factor of !2 in the with-lithium case. This reduces the col-
lisionality and increases the viscosity effects by similar fac-
tors, and thereby increases the neoclassical resistivity (and
ve) by !40%, as indicated in Figure 13. For wN< 0.9, the
competing effects of larger Zeff but higher Te with lithium

FIG. 12. (Color online) Profiles of normalized electron temperature (solid
curves) and density (dashed) gradients, and ETG temperature ratio and shear
factors (dotted) for a) pre-lithium and b) with-lithium cases.

FIG. 13. (Color online) Experimental and paleoclassical values of a) ve
eff

and (b) density profile for pre- (black) and with-lithium (red/gray) discharges.
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FIG. 3. Comparison of paleoclassical-based pedestal structure
model predictions (in red) to SOLPS interpretive modeling5

(in black) for NSTX edge regions without (Pre-Li) and with
(Post-Li) lithium-coated plasma-facing components: a) effec-
tive electron heat diffusivity χe and b) density ne profiles. The
radial coordinate ΨN here is the normalized poloidal flux.

magnetic field diffusivity scale length Lη are defined by

1
Lne

≡ − d ln ne
dρ

,
1
Lη
≡ d ln (V ′D̄η)

dρ
. (28)

The normalized length Lne
/a is approximately equal to

half the “width” parameter in ρ space of the relevant tanh
fit.1 For the 98889 pedestal density profile, this yields
Lne

/a ' 0.0235 at ρN = 0.982.
At the mid-point (ρN ' 0.98 a) of the 98889 pedestal,

which is near where the maximum pedestal density gra-
dient occurs, a/Lexp

ne
' 35 (Fig. 9b in Ref. 1) whereas

a/Lη ' 50. Using Ṅe(ρmid) ' 6 × 1020 s−1 from
Ref. 1, the fueling contribution is found to be small:
[aṄe/(V ′D̄ηne)]ρmid ' 1. Thus, the density gradient pre-
diction of 1/Lη is almost 50% larger than 1/Lexp

ne
here.

An additional particle flux Γadd ' 2×1020 m−2 s−1 would
be sufficient to obtain agreement. Assuming a Fick’s
diffusion law model, the FSA density flux can be writ-
ten as1 Γadd = 〈|∇ρ|2〉Daddne/Lne

. For such a model
Dadd(ρmid) ' 0.12 m2 s−1 is required to obtain agree-
ment between the prediction for 1/Lne

in (27) and the ex-
perimental value. It is small compared to the Dη ' 0.345
m2 s−1 at ρmid. Thus, while some additional density flux
(from collisional or microturbulence processes) may be
needed for precise agreement, this paleoclassical-based

density transport model can apparently capture the dom-
inant features of the pedestal density profile — its ap-
proximate (factor < 2) magnitude, shape and maximum
gradient.

As indicated in (9), the magnetic field diffusivity Dη

in pedestals varies as Zeff/T
3/2
e times a function of the

electron collisionality parameter ν∗e(Te, Zeff , ne). Thus,
it depends strongly on the yet to be determined Te pro-
file. A general scaling relation for ne cannot be devel-
oped from (26). However, since Dη is mainly a function
of Te, the ne and Te profiles should be “aligned” (i.e.,
strongly correlated) whenever local fueling and possible
additional density flux effects are small. This observa-
tion qualitatively agrees with most experimental H-mode
pedestal data (cf., Fig. 1). When the fueling and addi-
tional transport effects are significant, (27) indicates that
while fueling due to Ṅe should increase the predicted den-
sity gradient, any additional density transport flux Γadd

should decrease it.
While fueling effects are negligible in the 98889

pedestal, they can become significant when neutral beam
(NB) core heating and fueling, and consequently edge re-
cycling, are large. Neutral fueling effects apparently de-
crease the pedestal density width slightly at high density
in DIII-D30,31 but have less effect in Alcator C-Mod (C-
Mod).32 The relative importance of Γadd may also change
with plasma parameters. Outward shifts of the ne profile
relative to the Te profile in the pedestal have been ob-
served in the high NB power (and high toroidal field, low
%∗, high density) DIII-D data in dimensionless variable
comparison experiments with the Joint European Torus
(JET) experiment.33 In contrast, in JET the pedestal
profiles of ne and Te are usually more aligned — perhaps
because possible density fluxes due to Ṅe/V

′ and Γadd

are smaller relative to the intrinsic level D̄ηne/Lne of the
paleoclassical FSA density transport flux in JET.

Finally, processes that limit the height of the density
pedestal will be considered assuming fueling and addi-
tional density flux effects are small. In moving radially
inward from the separatrix, Dη decreases as Te increases,
but becomes nearly constant as Te “saturates” (e.g., for
ρN <∼ ρtop/a = 0.96 in Fig. 1). When this effect domi-
nates [e.g., when d ln D̄η/dρ <∼ 10/a], ne at the pedestal
top would be predicted by (26). Such a situation may
be occurring for ρ <∼ ρtop in the DIII-D 98889 modeling
results shown in Fig. 2b and in the analyzed NSTX dis-
charges shown in Fig. 3b (for the NSTX Te and other
profiles see Fig. 2 in Ref. 5).

Although apparently not needed in the comparisons
in Figs. 2b and 3b, microturbulence-induced anomalous
density transport presumably becomes dominant as one
moves from the pedestal into the core. Assuming a Fick’s
diffusion law Γadd = −〈|∇ρ|2〉Dandne/dρ in (16), one
needs only Dan >∼ [(a2/ā2)/〈|∇ρ|2〉]Dη (∼ 0.14 m2 s−1

at the top of the 98889 pedestal) for anomalous density
transport to become dominant and thereby determine
the density at ρtop. A scaling relation for testing this
possible limit on the pedestal density height could be
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developed from Dan ∼ Dη if and when a formula for
the microturbulence-induced Dan near the pedestal top
becomes available.

VI. ELECTRON TEMPERATURE PROFILE

The pedestal density profile analysis in the preceding
section was incomplete in that the Dη profile, which de-
pends strongly on the electron temperature profile Te(ρ),
was not determined there. This section uses various ap-
proximations in and integrals of (20) to predict a number
of properties of the Te profile in an H-mode pedestal.

Neglecting any possible additional electron heat flux
Υadd
e in the pedestal and using (16), the electron heat

flow equation in (20) can be written as

− [V ′D̄η ne]
3
2
dTe
dρ

= Pe(ρ) − 3
2
Te(Ṅe − V ′Γadd). (29)

Electron heat lost via the fueling term is often negligi-
ble compared to conductive electron heat flow through
the pedestal: (3/2)ṄeTe/Pe ∼ (1.5)(2×1021)(89)(1.6×
10−19)/(1.65×106) ' 0.025 at the separatrix in the 98889
pedestal. Thus, neglecting the Ṅe and Γadd terms on the
right of (29), the electron temperature profile is deter-
mined to lowest order by

− dTe
dρ

=
Pe

(3/2) [V ′D̄η ne]
' spatially constant. (30)

Physically, this model prediction represents the electron
temperature gradient required to carry the electron con-
ductive power Pe through the pedestal region when pa-
leoclassical radial electron heat transport is dominant.

Because local electron heating Qnet
e and electron con-

vective heat flow are often negligible compared to elec-
tron heat flow through the pedestal, ∆Pe � Pe and
hence Pe(ρ) ' Pe(a) is often nearly constant there. Also,
from (26) the combination of parameters [V ′D̄η ne] is pre-
dicted to be approximately constant in pedestals. Hence,
(30) predicts the electron temperature gradient is nearly
constant in H-mode pedestals — until significant Υadd

e

anomalous electron heat transport is encountered in mov-
ing from the pedestal into the core plasma,1 which will
be discussed at the end of this section.

Electron temperature gradients frequently appear to
be roughly spatially constant within many H-mode
pedestals (cf., Fig. 1b). But uncertainties in the data
usually prevent a firm conclusion about the degree of
constancy of dTe/dρ. The near constancy of Pe and
[V ′D̄η ne] also means that experimental validation tests
of the prediction for dTe/dρ in (30) can be made at any
flux surface in the steep Te gradient region (II, III) of the
pedestal.

The electron temperature gradient prediction in (30)
could in principle be integrated using a Dη formula such
as that specified in (9). However, since dTe/dρ is pre-
dicted to be nearly constant in space, the predicted Te

profile is simply Te(ρ) ' Te(a) + (a−ρ)[−dTe/dρ], which
should apply from the separatrix in to near the top of the
pedestal. Using this Te profile in formulas for Dη given
in (1)–(8) or (9), the ne profile and its gradient could
then, in principle, be predicted from (26) or (24).

In order to quantitatively compare the electron tem-
perature gradient prediction in (30) to experimental data,
it is useful to convert it to a prediction for the electron
temperature gradient scale length. Dividing (30) by Te
and multiplying it by a yields a prediction for the nor-
malized electron temperature gradient scale length:

LTe

a
≡
[
− a

Te

dTe
dρ

]−1

=
(3/2) [V ′D̄ηne]ρ Te(ρ)

aPe(ρ)
. (31)

At the mid-point ρmid = 0.98 a of the 98889 pedestal this
yields a prediction of LTe

/a ' 0.028, which is only 40%
larger than the experimental value of Lexp

Te
/a ' 0.02 (see

Fig. 9b in Ref. 1). The tanh fit width parameter for the
98889 pedestal yields LTe/a ' 0.0215 at ρN ' 0.978.

Using the dTe/dρ prediction in (30), the effective elec-
tron heat diffusivity defined by Eq. (13) in Ref. 1 is

χpc
e eff ≡

Pe
V ′〈|∇ρ|2 〉(−nedTe/dρ)

=
a2/ā2

〈|∇ρ|2〉
3
2
Dη. (32)

In the regions II and III of the 98889 pedestal, a2/ā2 ' 1.6
and 〈|∇ρ|2〉 ' 2; thus, the prediction is that χpc

e eff '
1.2Dη there. This χpc

e eff prediction in the pedestal region
is different from the usual local paleoclassical estimate4 of
χpc
e ' (3/2)(M+1)Dη because of the non-standard struc-

ture of the paleoclassical electron heat transport operator
shown in (18) and because there is very little net local
electron heating or cooling in the pedestal — electron
heat just flows radially through the pedestal.

Comparisons of the χpc
e eff profiles to the χe’s obtained

from SOLPS interpretive transport analysis1,5 in the edge
region are shown for the DIII-D 98889 discharge in Fig.
2a and for the NSTX discharges in Fig. 3a. The SOLPS
modeling (see Section 2 of Ref. 5 and Ref. 1 for details)
determines the effective electron heat diffusivity χe that
is required to reproduce the measured profiles, while self-
consistently including the contributions of neutrals and
radiation. As shown in Fig. 3a, the paleoclassical-based
prediction in (32) captures much of the structure seen
in the steep gradient region of NSTX pedestals, with χe
being similar in magnitude and increasing strongly with
radius there. Furthermore, χpc

e eff exhibits the modest in-
creases there in the lithium-coated wall discharges com-
pared to the NSTX discharges without lithium. In the
pedestal-top region, Fig. 3a shows the experimental χe is
significantly higher than χpc

e eff for the NSTX discharges
without lithium, suggesting that another transport mech-
anism dominates there; in discharges with lithium, the
agreement with χpc

e eff agrees well over the entire edge re-
gion (ΨN

>∼ 0.82). Fig. 2a shows that for the DIII-D
98889 pedestal the χpc

e eff profile for ρ >∼ ρtop = 0.96 a
closely mirrors the experimentally-inferred χe profile,
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but additional electron heat transport is needed in the
pedestal-top region.

The possible effect of ETG-induced anomalous electron
heat transport34,35 will be considered next. Near the
pedestal top the combination of parameters [V ′D̄ηne] is
nearly constant (on the LTe

scale length) — not because
of (26) but because each of its parameters is individually
nearly constant there. AssumingM does not vary rapidly
there and Υadd

e (a) ' 0, the electron energy flow equation
in (20) can be simplified near ρtop to approximately

−V ′D̄ηne
3
2
dTe
dρ

+
1

M + 1
V ′Υan

e ' Pe(ρ). (33)

A formula for the anomalous electron heat flux in-
duced by ETG-driven microturbulence is needed to pro-
ceed further. To the author’s knowledge no such ex-
pression is available for the near separatrix geometry
and pedestal plasma parameters. However, one can be
constructed from results of the gyrokinetic-based nu-
merical simulations of ETG-induced microturbulence by
Jenko et al.36 at the top of an Asdex Upgrade (AUG)
H-mode pedestal37 that has parameters similar to the
DIII-D 98889 pedestal.1 From Table I in Ref. 36, at this
AUG pedestal’s top ηe ≡ d lnTe/d lnne = Lne

/LTe
=

ωTe/ωn = 24.8/11.2 ' 2.2; similarly, Fig. 10b in Ref. 1
indicates that ηe >∼ 2 for ρ <∼ ρtop in the 98889 pedestal.
Thus, from Fig. 7 in Ref. 36 since ηe � ηe,crit ' 1.2
(see Ref. 35), one is apparently well beyond the ETG
threshold regime and in a nearly asymptotic ETG regime
where χETG

e no longer increases much with ηe. Hence,
threshold-type ETG transport effects are apparently not
important at the top of the pedestal and one can approx-
imate the ETG-induced anomalous electron heat trans-
port by a standard Fourier heat flux law in the form
ΥETG
e = −ne〈|∇ρ|2〉χETG

e dTe/dρ.
For AUG parameters the ETG simulations36 found

χETG
e ' 0.83 m2 s−1, which is a factor of about two

larger than the χe ∼ 0.4 m2 s−1 obtained from in-
terpretive transport analysis.36,37 Using parameters for
this AUG pedestal of Te ' 0.69 keV, LTe

= a/ωTe '
0.65/24.8 ' 0.026 m and toroidal field strength Bt ' 2.4
T, in terms of an anticipated electron gyroBohm diffusiv-
ity χgB

e ≡ (
√
Te/me/ωceLTe

)(Te/eBt) this ETG-induced
electron heat diffusivity is χETG

e ' 3χgB
e ; the numerical

factor would be ' 1.4 if the interpretive analysis χe were
used. Thus, one infers

χETG
e ' c# χgB

e ≡ c#

√
Te/me/ωce
LTe

Te
eBt

' 0.075 c#
[Te(keV)]3/2

LTe
(m)Bt(T)2

m2

s
, (34)

in which from the AUG pedestal transport analysis37 or
simulations36 the coefficient c# ' 1.4 or 3.

The effect of the resultant anomalous electron heat
flux ΥETG

e in (33) will now be considered. While
χETG
e ∝ T

3/2
e , χpc

e ' (3/2)MDη ∝ T
1/2
e in-

creases more slowly with increasing Te since at the

pedestal top M ' λe/πR0q ∝ T 2
e (M ' 3.1 at

ρtop ' 0.96 a in the 98889 pedestal). Thus, ETG-
induced anomalous electron heat transport will be-
gin to “saturate” the increase in Te and reduce the
electron temperature gradient when 〈|∇ρ|2〉χETG

e
>∼

(a2/ā2)χpc
e ' (a2/ā2) (3/2) (

√
2Te/me/πR0q) δ2

e in
which4 δe ≡ c/ωpe ∝ 1/

√
ne is the electromagnetic

skin depth. Equating these electron heat diffusivities
yields an approximate prediction for the electron pres-
sure pe ≡ neTe at the pedestal top:

βped
e ≡ nped

e T ped
e

B2
t /2µ0

∼ 3
√

2
π c#

a2/ā2

〈|∇ρ|2〉
ηnc
‖

η0

(
LTe

R0q

)
. (35)

This is just a rough criterion for where Te begins to satu-
rate with decreasing ρ near the Te pedestal top. A more
approximate pedestal height prediction than (35) that
used a more generic gyroBohm scaling for χan

e was given
previously in the last paragraph of Section 6 in Ref. 13.

At the top (ρtop ' 0.96 a) of the 98889 pedestal
Lexp
Te
' 0.06 a ' 0.046 m (see Fig. 9b in Ref. 1) and

q ' 4.4, so (35) predicts βped
e ' 0.0056/c#. For c# ∼

1.4–3 this is within about a factor of two of the experi-
mental value of βexp

e (ρtop) ' 0.0018. The ETG electron
heat diffusivity estimated from (34) at ρtop ' 0.96 a in
the 98889 pedestal is χETG

e ∼ 0.31–0.66 m2 s−1, which is
of order the strongly spatially varying interpretive trans-
port results there (see Fig. 8a of Ref. 1).

Since the Te gradient scale length LTe
is often roughly

constant at about 2.5–4% of the minor radius a (see for
example Figs. 4a and 11a in Ref. 28), (35) predicts that
at constant Bt and q, the pedestal electron tempera-
ture T ped

e should scale inversely with the pedestal density
nped
e : T ped

e ∼ 1/nped
e . Such a scaling has been observed

in AUG (Fig. 12 in Ref. 38), JET (Figs. 26–28 in Ref. 39),
DIII-D (Fig. 4 in Ref. 40), C-Mod (Fig. 10 in Ref. 41)
and Japan Torus JT-60U (Fig. 7a in Ref. 42). However,
quantitative comparisons to (35) remain to be made.

VII. ION TEMPERATURE PROFILE

Ion heat transport in pedestals is apparently1 a com-
plicated mix of neoclassical plus paleoclassical contribu-
tions throughout, possible kinetic effects in the pedestal’s
region III and transitions to ion-temperature-gradient
(ITG)-driven anomalous transport in the core (I). Also,
kinetic effects due to ion banana drift orbits could mod-
ify dTi/dρ very near the separatrix and even render Ti
an inappropriate measure of ion energy in region III.

Nonetheless, neglecting Υan
i , (3/2)ṄiTi fueling effects

and kinetic effects in (23), the pedestal ion temperature
gradient is predicted to be

− dTi
dρ
' Pi(ρ)

V ′ni[(3/2)D̄η + χnc
i ]
. (36)

Since the sum of the terms in the denominator does
not vary much in the pedestal (<∼ factor of 2 in the
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98889 pedestal — see Fig. 11 in Ref. 1), the predicted
ion temperature gradient may also be approximately
constant in the pedestal. Similar to (32), the effec-
tive paleoclassical ion heat diffusivity can be determined
from (36) by omitting χnc

i in it which yields χpc
i eff =

(3/2) [(a2/ā2)/〈|∇ρ|2〉]Dη.
Dividing (36) by Ti/a and inverting it yields a predic-

tion for the ion temperature gradient scale length:

LTi

a
≡
[
− a

Ti

dTi
dρ

∣∣∣∣−1

' [(3/2)D̄η + χnc
i ]niTi

aPi/V ′
. (37)

At the mid-point of the 98889 pedestal1 where ni/ne '
0.635, Ti ' 512 eV, χnc

i ' 0.43 m2 s−1 and the conductive
Pi ' 0.56 × 106 W, (37) yields [LTi

/a]ρmid ' 0.11, which
is about a factor of two larger than the experimental
[LTi

/a]exp
ρmid

' 0.05 (see Fig. 9b in Ref. 1). Since it was
noted in Ref. 1 that the estimate of the neoclassical ion
heat diffusivity used there may be 30% too large in the
pedestal region, the [LTi/a]ρmid prediction may actually
be somewhat closer to the experimental value.

Determination of the “top” of the Ti pedestal is even
more problemmatic than for Te — see discussion around
Eq. (35) above. This is because firstly the pedestal ion
temperature profile often does not have a very well de-
fined point where its gradient changes significantly (cf.,
the Ti profile in Fig. 1), which would be indicative of
a transition in the dominant ion heat transport process.
Secondly, unlike with ETG-driven anomalous transport,
ITG-driven anomalous transport is likely to be at or near
threshold conditions in which case a simple Fourier heat
flux law is not appropriate.

VIII. TOROIDAL FLOW PROFILE AND
RADIAL ELECTRIC FIELD

Plasma flows are just beginning to be understood in
H-mode pedestals. The poloidal ion flow Vp should be
determined16,17 by ion neoclassical poloidal flow damping
on the ion-ion collision time scale (∼ ms)20 since anoma-
lous ion poloidal flow processes are apparently not sig-
nificant in pedestals.1 For deuterons it is predicted to be
Vpi ' (cp/qiBt)(dTi/dρ), in which cp ≡ ki ∼ 1 (ki ' 1.17
for ν∗i � 1,

√
ε� 1 and Zeff = 1) is a factor determined

by neoclassical theory,20 which can be evaluated using
NCLASS.23 Early measurements43 indicated dominant
ion (helium) poloidal flows larger than neoclassical the-
ory predicted; however, charge-exchange frictional drag
may have been important there.44 Recent measurements
of poloidal impurity ion flows in C-Mod,45,46 MAST,47

NSTX48 and DIII-D49 pedestals are of order neoclassical
predictions but often have large error bars that prevent
definitive conclusions.

Recently a comprehensive transport time scale (∼ frac-
tions of a second) equation has been developed16,17,50

for the total plasma toroidal rotation frequency Ωt ≡
Lt/(mini〈R2〉) ' Vt/R where Lt ≡ mini〈eζ ·V〉 =

∑
ionsmsns〈eζ ·Vs〉 is the total plasma toroidal angular

momentum density in which eζ ≡ R êζ is the toroidal
angular moment vector. That is, toroidal flows of the
dominant hydrogenic ion and impurity species are added
together and Ωt will represent the total plasma toroidal
angular rotation frequency. Separate toroidal flows of the
dominant hydrogen ions and the impurities can be ob-
tained from NCLASS calculations using the determined
Ωt (radial electric field16,50 — see Eq. (45) below).

In a transport quasi-equilibrium the flux surface av-
erage (FSA) toroidal plasma rotation equation can be
simplified to16,17,50,51

0 = − 〈eζ · ∇ ·π3D
i‖ 〉+

∑
m,n

〈eζ · δJ‖m/n×δBρm/n 〉

− 〈eζ · ∇ ·πi⊥〉 −
1
V ′

d

dρ
(V ′Πiρζ) + 〈eζ · S̄m〉. (38)

Here, π3D
i‖ is the parallel ion viscous stress induced by

non-resonant three-dimensional (3D) magnetic field ef-
fects, the second term represents the localized torques
induced in the vicinity of rational surfaces (q = m/n)
caused by the resonant components of 3D δB fields, πi⊥
is the perpendicular ion stress due to collision-induced
classical, neoclassical and paleolassical processes, Πiρζ

is the ρ, ζ component of the microturbulence-induced
Reynolds ion stress tensor and 〈eζ · S̄m〉 is the FSA
toroidal torque density applied to the plasma at this flux
surface by net momentum sources and sinks (losses) S̄m.

Neglecting effects due to non-resonant and resonant 3D
magnetic fields and fluctuation-induced Reynolds stress
which are often small in H-mode pedestals, this equation
becomes simply 〈eζ · ∇ ·πi⊥〉 ' 〈eζ · S̄m〉. The collision-
induced perpendicular ion stress is dominated by its pale-
oclassical component,16 which yields an effective toroidal
momentum diffusivity χpc

t eff = D̄η/〈|∇ρ|2〉. Thus, using
the paleoclassical toroidal torque given by Eq. (103) in
Ref. 16, the lowest order equation becomes

− 1
V ′

d2

dρ2
[V ′D̄ηLt] ' 〈eζ · S̄m〉. (39)

Multiplying by V ′ and integrating over ρ yields an equa-
tion analogous to the density flow equation in (16) or the
electron energy flow equation in (20):

−
[
d

dρ
(V ′D̄ηLt)

]
ρ

' V ′(ρ) Πt(ρ). (40)

Here, V ′(ρ) Πt(ρ) = V ′(a) Πt(a) − V ′(a) ∆Πt(ρ) is the
toroidal angular momentum flow rate (torque, N m),
which is comprised of the flow of Lt through the separa-
trix V ′(a) Πt(a) ≡ − [(d/dρ)(V ′D̄ηLt)]a plus an integral
correction V ′(a) ∆Πt(ρ) ≡

∫ a
ρ
dρ̂ V ′(ρ̂) 〈eζ · S̄m〉ρ̂ due to

plasma toroidal momentum sources and losses between
the ρ flux surface and the separatrix.

In low density pedestals with modest, primarily core
NB torque applied to the plasma and small charge ex-
change losses (e.g., from fueling dominantly from the
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X-point region rather than from the main chamber
wall, such as in the 98889 pedestal1), the V ′Πt term
on the right side of (40) can be neglected. Then,
(40) becomes simply [(d/dρ)(V ′D̄ηLt)]ρ ' 0. Analo-
gous to the density profile analysis discussion between
(24) and (26), this equation indicates that V ′D̄ηLt '
V ′D̄η

∑
ionsmsns〈R2〉Ωt ' constant. Neglecting the

small variations of V ′ and 〈R2〉 in the pedestal and using
the relation in (26) assuming

∑
ions nsms/ne ' constant,

this last relation yields

Ωt(ρ) ' constant =⇒ Ωt(ρ) ' Ωt(a). (41)

Thus, to lowest order the total toroidal plasma flow
Vt ' RΩt is predicted to be approximately spatially con-
stant within the pedestal — at its value on the separatrix.
Hence, in this model the separatrix Vt boundary condi-
tion (usually > 0) is carried inward from the separatrix
to the pedestal top. Toroidal flow of the carbon species
was found to be nearly constant in the pedestal region in
both the 98889 and a similar 119436 DIII-D pedestal,29,52

in qualitative agreement with this prediction.
Possible effects of radial flow of Lt through the pedestal

and momentum sources and losses can be quantified by
integrating (40) from ρ to the separatrix at a to yield

[V ′D̄ηLt]ρ ' [V ′D̄ηLt]a +
∫ a

ρ

dρ̂ V ′(ρ̂) Πt(ρ̂). (42)

In high density pedestals with large charge-exchange mo-
mentum losses (e.g., due to main chamber wall recycling)
and modest applied plasma torques (e.g., in EC heated
H-mode plasmas or with weak NBs), one can have a sit-
uation where radial flow of Lt from the core into the
pedestal is small and momentum loss via charge exchange
dominates.

The possible effects of charge-exchange-induced mo-
mentum losses will be represented by 〈eζ · S̄m〉 '
− νcxLt ≡ −

∑
ionsmsnsνcxs〈eζ ·Vs〉. Then, when

Ωt is positive (co-current directed) on the separatrix,
charge-exchange momentum losses in the pedestal re-
quire a radial flow of Lt inward (i.e., < 0) across
the separatrix. This situation can be modeled by
representing the charge exchange momentum loss by
νcx(ρ)Lt(ρ) ' νcx(a)Lt(a) e−(a−ρ)/λn . Then, assuming
the edge region with minimal radial flow of Lt into
it from the core is wider than the neutral penetration
depth λn, the inward momentum flow across the sepa-
ratrix estimated by setting V ′Πt from (40) to zero for
a− ρ� λn yields V ′(a) Πt(a) ≡ − [(d/dρ)(V ′D̄ηLt)]a =
−λnνcx(a)Lt(a)V ′(a). Using this result and neglecting
the small radial variation of V ′, close to the separatrix
where λn � a− ρ, (42) can be simplified to

Ωt(ρ) ' Ωt(a) [1− (a− ρ)λnνcx(a)/D̄η(a)]. (43)

Thus, charge-exchange-induced momentum losses cause
Ωt to decrease linearly with distance in from its
value on the separatrix; i.e., they cause dΩt/dρ =
[λnνcx(a)/D̄η(a)] Ωt(a) > 0 in the pedestal.

This prediction is qualitatively consistent with recent
results in DIII-D EC heated H-mode plasmas53 and ex-
perimental exploration of multiple ion species cases with
dVti/dρ > 0 in AUG pedestals.54 If this interpretation
that dΩt/dρ ∝ λnνcx is caused by charge exchange mo-
mentum loss effects is validated experimentally, perhaps
this could be used as a measure of the degree of neutral
recycling that is operative in specific H-mode pedestals.

At the top of the ne, Te pedestal, radial transport of
plasma toroidal angular momentum presumably tran-
sitions to being determined by ITG-induced microtur-
bulence which can produce a significant ion Reynolds
stress component Πiρζ in the core plasma. In the ab-
sence of a specific prediction for Πiρζ it is difficult to
develop a prediction for how dΩt/dρ might change and
precisely where. Assuming Πiρζ ∼ −〈|∇ρ|2〉χan

t dLt/dρ,
at the radius where ITG-induced microturbulence causes
〈|∇ρ|2〉χan

t
>∼ D̄η, integration of (38) from ρ = 0 to

ρ ∼ ρtop indicates the rotation profile gradient should
change to some finite value: dΩt/dρ < 0 for co-current
core momentum input 〈eζ · S̄m〉 > 0 or dΩt/dρ > 0 for
counter-current core momentum input.

On the outboard midplane of a tokamak the pedestal
region is close to the discrete magnetic-field-producing
coils and possible magnetic field errors. Thus, 3D mag-
netic field δB components are largest there and can cause
additional toroidal torques on the pedestal plasma. The
most important mechanisms there are51 those due to di-
rect losses of ions or electrons, resonant δJ×δB torques
and neoclassical toroidal viscous damping of Ωt.

Ions trapped in the toroidal magnetic field ripple
can drift radially out of the plasma edge. This “ion
direct loss” current 〈Jidl · ∇ψp〉 induces a radial “re-
turn current”16,51,55 in the plasma. Here, ψp is the
poloidal magnetic flux for which ψ′p ≡ dψp/dρ ' BpR.
When this radially inward (negative) plasma return cur-
rent is crossed with the poloidal magnetic field Bp ≡
∇ζ×∇ψp, it induces16,51 a toroidal torque 〈eζ · S̄m〉 =
−〈Jidl · ∇ρ〉ψ′p < 0 on the plasma in the counter-current
direction, which reduces the toroidal plasma rotation in
the pedestal. Experiments in JET observed a decreas-
ing toroidal flow Mach number in the edge plasma as the
magnetic field ripple was increased (see Fig. 6 in Ref. 33),
in qualitative agreement with this prediction.

Conversely, when resonant magnetic perturbations
(RMPs) were added to low collisionality DIII-D H-mode
plasmas the toroidal plasma rotation in the edge region
increased (see Fig. 6h in Ref. 56). This response is as
would be predicted if RMPs caused magnetic stochas-
ticity in the pedestal region with attendant electron di-
rect losses57 so 〈eζ · S̄m〉 = −〈Jedl · ∇ψp〉 > 0 cre-
ates a co-current toroidal torque there; alternatively,
the resonant RMP components that create singular layer
toroidal torques16,51 〈eζ · δJ‖m/n×δBρm/n 〉 in the vicin-
ity of the rational surfaces could also increase Ωt in
the edge plasma. And as indicated in Eqs. (113) and
(125) in Ref. 16, both of these processes also increase
the net ambipolar radial density flux. Thus, these pro-

11



cesses provide a qualitative interpretation for the con-
comitant RMP-induced density pumpout observed in
these experiments.56,70

Neoclassical toroidal viscosity (NTV) effects due to
non-resonant 3D magnetic fields (from error fields, I-coils
and toroidal field ripple) cause a FSA toroidal torque on
plasma ions of the generic form16,50,51

−〈eζ · ∇ ·π3D
i‖ 〉 ' −µ‖ (1− Ω∗/Ωt) (δB3D

n /Bt)2Lt,

Ω∗ '
cp + ct
qiRBp

dTi
dρ

< 0. (44)

The order unity numerical coefficient cp+ct is determined
by the specific 3D radial banana center or ripple-induced
drift process and ion collisionality regime involved.50,51

NTV effects due to non-resonant 3D field components
damp plasma toroidal rotation toward a counter-current-
directed Ω∗ ∝ dTi/dρ < 0. Thus, both ripple-trapped ion
direct losses and NTV effects decrease a positive plasma
toroidal rotation frequency Ωt in the pedestal. They can
even cause Ωt to become negative and approach Ω∗ < 0
for very large NTV effects.58,59

Determining the Ωt profile in the pedestal when pa-
leoclassical, charge-exchange-induced momentum losses,
3D field effects and charged particle direct losses are
all present requires detailed numerical solutions of (38)
for Lt. Once the toroidal plasma rotation frequency
Ωt ≡ Lt/mini〈R2〉 is known, the radial electric field is
determined from radial ion force balance which yields16,51

Eρ ≡ − êρ · ∇Φ0 = |∇ρ|
(

Ωtψ
′
p +

1
niqi

dpi
dρ
− cp
qi

dTi
dρ

)
,

(45)
in which êρ ≡∇ρ/|∇ρ| is the radial unit vector.

Near the separatrix the plasma toroidal rotation is
often observed to be small — compared to the other
terms in (45). Presumably this is because sheath effects
along open field lines in the scrape-off-layer (SOL) out-
side the separatrix cause a large radial electric field there
of Eρ ∼ Te(a)/(eLSOL) ≡ [Te(a)/e][−d lnTe/dρ]SOL > 0
which would induce a small ψ′pΩt(a) ∼ Te/(eLSOL) �
(1/niqi)(−dpi/dρ) ≡ Ti/(eLpi) — mainly because usu-
ally Ti � Te at the separatrix. In addition, in many
H-mode pedestals the effects of the ion poloidal flow
(∝ cp dTi/dρ) and the many “extra” toroidal rotation
effects discussed above often don’t change Ωt much from
its value on the separatrix. Thus, in pedestals the radial
electric field is typically nearly equal to the ion pressure
gradient: Eρ ' (1/niqi)(dpi/dρ). The degree to which
these two dominant terms in (45) do not cancel produces
the plasma toroidal flow in the pedestal. This observa-
tion provides another interpretation of the physical pro-
cesses involved in the new interpretive density transport
analysis procedure29 via the resultant net toroidal species
rotation providing the small net thermodynamic drive for
density transport in the pedestal (see Section 9 of Ref. 1).

IX. DIMENSIONLESS VARIABLE
SCALINGS

The natural dimensionless variables of the paleoclas-
sical transport model are very different from the usu-
ally used ones — see Eqs. (63) and (64) and the sur-
rounding discussion in Ref. 7. The key parameter in
the paleoclassical model is the magnetic field diffusiv-
ity Dη. It can be scaled to the reference diffusivity
η0/µ0 = (meνe)/(nee2µ0) = νeδ

2
e . Noting from (3)–(6)

that ηnc
‖ /η0 = fnc(Zeff , ε, ν∗e), in terms of the electromag-

netic skin depth δe and the natural paleoclassical vari-
ables the key electron temperature gradient scale length
prediction in (30) can be written as

LTe ' δe
νe δe (neTe)
〈|∇ρ|〉 P̂e/S

fnc(Zeff , ε, ν∗e). (46)

This form illustrates that in this paleoclassical-based
pedestal structure model the electron temperature gra-
dient scale length in the pedestal is a multiple of δe.

In this paleoclassical-based model the plasma gradi-
ents and profiles within the pedestal do not depend ex-
plicitly on the usual dimensionless parameters of nor-
malized ion gyroradius %∗ ≡ %i/a or relative pressure
β ≡ P/(B2/2µ0). The lack of a dependence on %∗ agrees
with JET/DIII-D comparison experiments33 which found
essentially no dependence of the pedestal width or pro-
file on %∗ as it was varied by a factor of four. However,
the height of the pedestal is determined in this pedestal
structure model by the transition from paleoclassical to
electron-gyroBohm-scaling ETG-driven anomalous elec-
tron heat transport. This introduces a βe dependence
into the initial, transport-limited pedestal height. To see
this note that χgB

e ∼ [vTe
/(2
√

2LTe
)] %2

e (here the elec-
tron thermal speed is vTe

≡
√

2Te/me and %e ≡ vTe
/ωce

is the electron hermal gyroradius) whereas the paleo-
classical χpc

e ' (3/2)Mνeδ
2
e ∼ (vTe

/πR0q) δ2
e . When

these different transport mechanisms are equated to de-
termine Te at the top of the pedestal, they naturally yield
%2
e/δ

2
e = βped

e ∼ (vTe
/R0q)/(vTe

/LTe
) ∼ (LTe

/R0q), as
obtained in (35).

X. DISCUSSION

The preceding sections have developed predictions for
the pedestal structure properties of the electron density
profile (26), pedestal density gradient scale length (27),
electron temperature gradient (30), Te gradient scale
length (31), ETG-limited height of the electron pressure
pedestal (35), Ti gradient scale length (37) and lowest
order plasma toroidal rotation profile (41). These predic-
tions have been shown to be within a factor of about two
or less of the properties of the DIII-D 98889 pedestal.1
Also, as shown in Figs. 2 and 3, the magnitudes and
profiles of the electron heat diffusivity, and density pro-
files in the pedestal have been found to approximately
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agree with this model’s predictions in the DIII-D 98889
pedestal6 and in NSTX pedestals5 both with and with-
out lithium-coated walls. Further, as discussed in Section
VIII the predicted effects on plasma toroidal rotation Ωt

induced by charge-exchange momentum losses and 3D
field effects in the pedestal are in qualitative agreement
with trends in the relevant experimental data. Thus, all
aspects of this new paleoclassical-based pedestal struc-
ture model seem to be in reasonable accord with experi-
mental results.

Maybe one should not expect better than factor of two
agreement given the experimental error bars and the fact
that paleoclassical theory has undetermined order unity
coefficients.4,7 For example, as discussed in connection
with quasi-symmetric stellarators in Ref. 8, the paleo-
classical model Dη should be multiplied by the fraction
of local FSA poloidal magnetic flux caused by parallel
current flowing in the plasma. Thus, the Dη in (1) should
really be multiplied by a factor (∂ψJ/∂ρ) / (∂ψp/∂ρ) ≤ 1
in which ψJ is the poloidal magnetic flux that results
from the FSA current density on that surface and ψp is
the total poloidal flux there. Since at the separatrix X-
point the plasma-current-induced poloidal magnetic field
just balances that produced by the divertor coil currents,
just inside the separatrix Dη might be reduced by up to
a factor of two, but likely much less than that.

The pedestal height prediction in (35) can also be writ-
ten in a form similar to a prediction for the normalized
pedestal electron pressure gradient:

R0q
βped
e

LTe

∼ 3
√

2
πc#

ηnc
‖

η0

a2/ā2

〈|∇ρ|2〉 ∼ 1. (47)

This form resembles the key ideal MHD instability pa-
rameter α ≡ −R0q

2dβ/dρ for high n ballooning modes60

and for peeling-ballooning (P-B) instabilities.61 However,
the derivation of (47) is based on entirely different physics
(balance of paleoclassical and ETG-induced anomalous
transport, rather than ideal MHD instability criteria)
and its implications are entirely different.

Equations (35) or (47) plus (27) and (36) predict the
initial pressure gradient a pedestal will attain in trans-
port quasi-equilibrium. If, after an L-H transition, this
is less than the P-B instability criterion61 for trigger-
ing an ELM, the pedestal evolves to this state in a time
τ ∼ (2LTe

)2/D̄η (∼ [(0.04)(0.77)]2/[(1.6)(0.345)] ∼ few
ms for 98889 parameters). However, its top typically con-
tinues to evolve, growing and spreading inward slowly28

as the core plasma heats up slowly on the global plasma
energy confinement time scale (τE ∼ 150 ms in 98889).

In this pedestal structure model the ne and Te pro-
files within the pedestal (regions II and III in Fig. 1)
should remain nearly invariant on time scales longer than
a few ms. However, since χETG

e ∼ T
3/2
e /LTe whereas

χpc
e eff ∼ T

1/2
e , the top of the pedestal should move fur-

ther inward as the core electron temperature increases
which reduces the Te curvature and gradient (and hence
ETG-drive) at the “top” of the pedestal. In this model

the continuing growth and inward spreading of the top of
the pedestal Te [and ne via (26)] should eventually cause
the P-B instability boundary to be exceeded and precipi-
tate a Type I ELM. Presumably the same scenario would
transpire between repetitive Type I ELMs.

If just after an L-H transition the effective conduc-
tive electron power Pe flowing through the pedestal were
larger, it would require a larger Te gradient to carry the
needed electron heat flow through the pedestal. The re-
sultant larger pedestal electron pressure gradient would
probably reach the P-B instability criterion quicker and
precipitate more frequent Type I ELMs. At even higher
electron power flows the P-B instability boundary could
be reached even faster and precipitate ELMs before the
transport quasi-equilibrium discussed here could be es-
tablished; in this scenario Te should increase about lin-
early between ELMs. On the other hand, if the high-n
ballooning limit were exceeded, particularly in the bot-
tom half (III) of the pedestal, Type II ELMs might occur.

The alternative mechanism that is proposed62 to deter-
mine the pedestal structure as it evolves toward the P-B
instability boundary is that the plasma pressure gradient
in the edge is limited by the critical gradient for the onset
of virulent high-n kinetic ballooning modes (KBMs65).
Thus, it is proposed62 that as the edge plasma evolves
it hovers near the KBM critical gradient throughout the
entire edge and pedestal region. It is possible that this
“global” KBM-based pressure-gradient constraint model
and the local pedestal structure model developed here are
complementary — perhaps the initial pedestal structure
and evolution are governed by this paper’s local pedestal
structure model but just before an ELM occurs KBMs
further constrain the edge pressure profile.

The total pedestal pressure profile width63,64 is usu-
ally quoted in terms of the tanh fit parameter of it in
terms of the normalized poloidal magnetic flux; for exam-
ple, ∆ΨN

' 0.076β1/2
p,ped for DIII-D pedestals62 in which

βp,ped is the poloidal β at the top of the pedestal. As
noted after Eq. (31), the width of the Te pedestal (in
terms of ρ) is ∆ρN

' 2LTe
. Thus, (47) can be used to

estimate the Te gradient width part of the total plasma
pressure gradient width. While the ∆ρN

thus predicted
is of order the experimentally-inferred ∆ΨN

, the scaling
with plasma pressure and current are different. However,
the prediction in (47) only applies to the steep gradient
region of the pedestal whereas the ∆ΨN

parameter repre-
sents the tanh fit to the entire (slowly evolving) pedestal
profile. Detailed measurements and analysis are needed
to determine the relative roles of paleoclassical processes
and KBMs in shaping the edge plasma profiles during the
dynamic evolution of H-mode pedestals.

The addition of large enough anomalous electron den-
sity and heat transport in the pedestal will cause the
plasma to revert to a low-confinement (L)-mode state.
In this pedestal structure model this will occur when the
anomalous density and heat transport flows exceed the
corresponding paleoclassical flows in (16) and (20). How-
ever, the effective paleoclassical density and electron heat
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diffusivities are quite different in the pedestal. The effec-
tive paleoclassical density diffusivity Dpc

eff is smaller than
Dη because it represents the degree to which the diffusive
density flux is cancelled by the pinch flux in the paleo-
classical transport model: Dpc

eff ∼ cDDη � Dη, in which
cD � 1 (cD ∼ Dadd/Dη

<∼ 1/3 at ρmid in 98889). How-
ever, χpc

e ' (3/2)(M + 1)Dη can be much larger than
Dη (χpc

e ' 4Dη at ρmid in 98889). Thus, the paleoclas-
sical electron heat diffusivity χpc

e is typically an order
of magnitude larger than the effective density diffusivity
Dpc

eff ∼ cDDη in the pedestal.
For the most likely types of microturbulence-induced

anomalous transport in the edge caused by fluid-like
drift-wave modes (see for example Ref. 66 and refer-
ences cited therein), the effective anomalous diffusivities
for electron density and heat transport are comparable:
Dan ∼ χan

e , physically because of the simultaneous ad-
vection of density and temperature by the Ẽ×B flow
fluctuations.

Thus, a small amount of additional transport induced
by microturbulence or some other process could modify
density transport in the pedestal without significantly in-
fluencing the electron heat transport there. Specifically,
if Dan >∼ [(a2/ā2)/〈|∇ρ|2〉] cDDη (∼ 0.3Dη at ρmid in the
98889 pedestal) but χan

e � [(a2/ā2)/〈|∇ρ|2〉]χpc
e (' 3Dη

at ρmid in the 98889 pedestal), the neD̄η ' constant re-
lation in (26) would no longer be valid but the dTe/dρ
prediction in (30) would still be valid in the pedestal, al-
beit with dTe/dρ varying spatially there. Thus, if some
small “controlled” additional pedestal density transport
is added it could reduce |dne/dρ| but not change dTe/dρ
much and thereby possibly prevent ELMs.

This weak anomalous transport scenario provides a
possible interpretation for the ELM-free EHO-induced
Quiescent H- (QH-) modes in DIII-D67 and EDA H-
modes in C-Mod68 which have low frequency quasi-
coherent magnetic fluctuations in their pedestals. Also,
this scenario could provide an interpretation for the
I-mode regime in C-Mod68,69 in which the density
profile had no pedestal transport barrier (i.e., if L-
mode like) but the Te profile exhibited a normal H-
mode-like pedestal in the presence of weakly-coherent
high frequency modes.69 For large anomalous transport
that causes χan

e > [(a2/ā2)/〈|∇ρ|2〉]χpc
e and Dan >

[(a2/ā2)/〈|∇ρ|2〉]Dη the edge should revert to an L-mode
with no ne or Te transport barriers or pedestals.

This pedestal structure model can also provide a qual-
itative interpretation for some properties of pedestals
in the ELM-free state achieved by applying RMPs in
DIII-D.56,70 A key observation of those experiments is
that RMPs cause density “pumpout” — the electron
density is reduced throughout the pedestal by a factor
of about two70 and the toroidal plasma rotation there
increases.56 Also, the pedestal Te gradient about dou-
bles but Te on the separatrix and the Te pedestal height
remain approximately constant.70 These RMP-induced
changes can be interpreted in terms of this pedestal struc-
ture model as follows. As discussed in Section VIII, the

density pumpout in the pedestal could be produced by
the extra radial electron density flux [see Eq. (113) in
Ref. 16] induced by the toroidal torque 〈eζ · S̄m〉 > 0
caused by a magnetic-stochasticity-induced electron di-
rect loss current57 〈Jedl · ∇ψp〉 in the plasma edge. Al-
ternatively, resonant RMP components create singular
layer toroidal torques in the vicinity of their rational sur-
faces that induce an extra radial electron density flux
(see last term of Eq. (125) in Ref. 16). Both these pro-
cesses also increase Ωt in the edge region. For a pedestal
with half the density, the Te gradient should double to
carry the same amount of radial electron heat flow, as
(30) predicts. This causes the Te gradient scale length
LTe

in (31) to decrease by a factor of two and hence the
pedestal electron pressure to also decrease by this factor,
as (35) predicts. These effects are qualitatively what is
often observed.56,70 While the reduced “initial” βped

e is
more likely to be below the peeling-ballooning instabil-
ity boundary, the top of the pedestal could still continue
to evolve and precipitate an ELM unless its evolution is
halted by some other process.

XI. EXPERIMENTAL AND MODELING
VALIDATION TESTS

The preceding sections have demonstrated that the
H-mode pedestal structure model developed in this pa-
per is quantitatively consistent with many properties of
the DIII-D 98889 pedestal,1,6 and NSTX pedestals with
and without lithium-coated walls.5 It is also qualitatively
consistent with typical temporal evolution characteristics
of H-mode edge plasmas and with pedestal properties in
QH-modes, EDA H-modes, I-modes and RMP H-mode
plasmas. However, its key scaling properties need to be
explored experimentally. Also, its predictions need to be
tested quantitatively against much wider data sets. Such
a study using the DIII-D pedestal database has recently
been completed.71 In addition, its predictions need to be
tested in many other experimental devices. And finally,
hopefully some of its predictions can lead to new regimes
where ELMs are prevented or better controlled. All of
these types of studies are needed to truly validate this
model.

The paleoclassical transport model provides lower lim-
its on radial transport of plasma density, temperatures
and plasma toroidal rotation (and hence Eρ). It is based
on Coulomb collision processes that cause the plasma
resistivity which produces the magnetic field diffusivity
Dη ≡ ηnc

‖ /µ0 that is so fundamental to paleoclassical
transport3,4 and this pedestal structure model. How-
ever, like neoclassical transport theory,18,20 there is no
underlying phenomenology that can be tested to vali-
date the fundamental phenomenologies of the model —
beyond noting that the electrical parallel resistivity in
tokamak plasmas usually agrees with neoclassical predic-
tions. Also, as noted in Section III, paleoclassical electron
heat transport predictions compare favorably with exper-
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imental data from many ohmic-level toroidal plasmas13,15

and in tokamak H-mode pedestals.1,5,6,13

The pedestal structure model developed in this paper
depends critically on the pedestal density profile being
determined by the paleoclassical diffusive outward den-
sity flux nearly balancing its intrinsic inward pinch flux.
Further interpretive transport modeling studies like those
pioneered by Stacey and Groebner29 are needed to iden-
tify the range of parameters over which the density pinch
flux plays a critical role in determining density transport
in the pedestal. Also, a direct experimental measure-
ment of the density pinch flux would be of fundamental
importance in validating that new interpretive procedure
and this pedestal structure model. Finally, modeling
studies using the paleoclassical diffusion and pinch fluxes
in (12) could be quite helpful in clarifying the relative
roles of paleoclassical density transport, neutral fueling
and any needed additional density flux in the formation
and evolution of H-mode pedestals; such studies are just
beginning.72

Validation tests can be identified for the paleoclassical-
based pedestal structure model developed in this paper.
A hierarchy of the most important tests are:

Fundamental Test #1: Is the Te gradient in the
pedestal approximately spatially constant and of
the magnitude predicted in (30)? The constancy
of dTe/dρ depends on the constancy of [V ′D̄ηne]
and the effective conductive electron heat flow Pe
through the pedestal.

Fundamental Test #2: Is ne(ρ) D̄η(ρ) approximately
constant within the pedestal, as predicted in (26)?
Exploring this is complicated by the needs for a
good Zeff(ρ) profile and for an accurate determina-
tion of the neoclassical parallel resistivity profile.

Fundamental Test #3: Is the scaling of the electron
temperature gradient scale length [LTe

/a] at the
pedestal mid-point as predicted in (31) ?

Fundamental Test #4: Can it be shown that plasma
fluctuations in the pedestal steep gradient region
(II and III in Fig. 1) do not contribute dominantly
to plasma transport there?

Secondary tests that are either less fundamental or re-
sult from adding information from other plasma trans-
port models or additional sources and losses are:

Secondary Test #1: In the presence of edge neu-
tral recycling and possible collisional- and
microturbulence-induced additional density trans-
port, is the density gradient scale length governed
by (27) at the pedestal mid-point ρmid? And
do these effects cause the pedestal ne profile to
be shifted increasingly outward relative to the
Te profile as %∗ is decreased (via higher Bt and
increased NB power, fueling, density) in DIII-D
but have no significant effect on the “aligned”

profiles in JET, as observed in the JET/DIII-D
comparison experiments?33

Secondary Test #2: Does the top of the density
pedestal occur where the edge Te profile “saturates”
and D̄η becomes nearly constant (e.g., d ln D̄η/dρ <∼
10/a) or is it determined by Dan there?

Secondary Test #3: Is the “initial” (> a few ms af-
ter an L-H transition or ELM) quasi-stationary
pedestal electron pressure height predicted by
the βped

e in (35)? And at the top of the Te
pedestal do ETG-type fluctuations cause χETG

e
>∼

[(a2/ā2)/〈|∇ρ|2〉]χpc
e there?

Secondary Test #4: Can it be shown from predic-
tive transport modeling of H-mode pedestals us-
ing a combination of paleoclassical and core-based
anomalous transport which includes ETG-induced
anomalous electron heat transport that the edge
plasma evolves toward the peeling-ballooning MHD
instability boundary as discussed in the fourth
through sixth paragraphs in Section X? In particu-
lar, do the pedestal profiles quickly reach an invari-
ant state and the pedestal top Te and ne continue
to grow and spread inward?

Secondary Test #5: When charge-exchange effects on
the edge plasma momentum are negligible, is the
total plasma toroidal rotation frequency Ωt ' Vt/R
nearly constant within the pedestal at its separatrix
value Ωt(a) as predicted by (41)? When charge-
exchange momentum losses are significant do they
modify Ωt(ρ) as indicated in (42)?

XII. SUMMARY

The pedestal structure model developed here assumes
paleoclassical plasma transport processes dominate in a
quasi-equilibrium H-mode pedestal. The Te gradient is
predicted to respond to the large radial electron heat
flow through the pedestal by increasing until (30) is sat-
isfied, which yields the Te gradient scale length given
by (31). The Ti gradient and its scale length are pre-
dicted similarly and specified in (36) and (37). Since
local fueling and other density transport processes are
often small compared to the characteristic level of pa-
leoclassical radial density transport in the pedestal, the
ne profile is predicted to adjust to approximately sat-
isfy (26). This ne(ρ) causes the net paleoclassical den-
sity transport in the pedestal to be small by nearly bal-
ancing its outward diffusive density flux with its intrin-
sic inward pinch flux [cf., Eq. (12)]. It also causes ap-
proximate “alignment” of the ne and Te profiles in the
pedestal. When edge fueling (or additional density trans-
port) is significant it can increase (decrease) the pre-
dicted |dne/dρ| in the pedestal, as indicated in (27). The
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initial, transport-limited height of the pedestal is pre-
dicted from a posited transition from paleoclassical elec-
tron heat transport in the pedestal (region II) to ETG-
induced electron-gyroBohm-scaling anomalous transport
in the core (region I) plasma, as given by (35) and (47).

When toroidal momentum sources and losses in the
pedestal are small compared to paleoclassical toroidal
momentum transport processes, the total plasma toroidal
rotation Ωt is predicted in (41) to be nearly constant in
the pedestal, at its value on the separatrix. When charge-
exchange-induced plasma momentum losses are signifi-
cant, they are predicted to cause dΩt/dρ > 0 in the
pedestal, as indicated in (43). The effects of 3D fields
can also modify Ωt (see Section VIII). The radial elec-
tric field in the pedestal is determined by substituting
the thus determined Ωt into the radial force balance, as
indicated in (45).

All these pedestal structure predictions have been
shown to agree within a factor of about two or less with
data from the low collisionality DIII-D 98889 pedestal.1,6

Also, as shown in Figs. 2 and 3, the χe magnitudes and
profiles, and ne profiles in the DIII-D 98889 pedestal6
and NSTX H-mode pedestals with and without lithium
wall coatings5 are captured by this model. The pre-
dicted pedestal structure does not depend on %∗; this
agrees with results from recent JET/DIII-D comparison
experiments.33 This model also provides a framework for
interpreting pedestal structure properties in DIII-D QH-
modes,67 C-Mod EDA H-modes68 and I-modes68,69 — as
being due to pedestal ne profile changes caused by addi-
tional density transport with electron heat transport at
the same level having a minimal effect on the pedestal
Te profile. Also, the model provides qualitative inter-
pretations for some of the effects of RMPs on H-mode
pedestals observed in DIII-D:56,70 density pumpout (via
stochasticity-induced direct electron losses57 or resonant
layer effects), but Te gradient and Ωt increases, the same
T ped
e , and LTe and βped

e reductions in the pedestal steep
gradient region (II, III in Fig. 1).

Finally, the model predicts long period Type I ELMs
like those in Refs. 1, 28 occur when the radial elec-
tron power flow through the pedestal is small enough so
the transport quasi-equilibrium Te gradient predicted by
this model can be reached without triggering ideal MHD
peeling-ballooning instabilities.61 Then, after a pedestal
equilibration time (∼ few ms in 98889) the pedestal struc-
ture in the steep gradient region (II and III in Fig.
1) is predicted to remain roughly invariant. However,
the top of the pedestal increases and moves inward on
a longer time scale. It usually eventually exceeds the
peeling-ballooning instability boundary and precipitates
an ELM. At higher power levels the ELMs are likely to
become more frequent. If the transport quasi-equilibrium
discussed here cannot be established before a Type I
ELM occurs, T ped

e would increase nearly linearly between
ELMs. Or perhaps Type II ELMs would be triggered by
high-n ballooning modes in the bottom half (region III)
of the pedestal before a Type I ELM occurs.

The preceding section suggests a hierarchy of experi-
mental and modeling tests to validate this pedestal struc-
ture model. It also discusses some possible avenues that
emerge from this new model for reducing the pedestal
electron pressure gradient or height and perhaps thereby
avoiding, controlling or delaying the onset of ELMs.
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