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Context. At the recent IAEA Chengdu meeting, the paleoclassical model [1] of
radial electron heat transport was shown to compare favorably [2] with mostly ohmiclevel transport analysis data from a number of toroidal plasma experiments and set the
lower limit (factor ∼ 2 in tokamak plasmas) on electron heat transport. Anomalous
transport induced by drift-wave-type microturbulence usually scales with the gyroBohm
coeﬃcient DgB ≡ (̺S /ā)(Te /eB) ∝ Te3/2/āB 2 and hence could become small in the edge
region where Te is low and in H-mode pedestals where the ﬂuctuation level is usually
reduced. In contrast, for the recently developed paleoclassical transport model [1] the
1/2 −3/2
electron heat diﬀusivity χpc
Te
increases as the electron temperature decreases
e ∝ ā
toward the plasma edge and divertor separatrix. Thus, we can anticipate [2] that for
< T crit ≃ B(T)2/3 ā(m)1/2 keV (∼ 0.6–2.4 keV in present plasmas, but ∼ 3.5–5 keV in
Te ∼
e
ITER) paleoclassical radial electron heat transport could be dominant. In particular, it
could be dominant in the pedestal of H-mode plasmas.
Model Assumptions. Key model assumptions for developing a model [3] for the
Te H-mode pedestal based on paleoclassical electron heat transport are: 1) In a “near
transport equilibrium” state between Type I (large, long repetition time) ELMs, electron
heat transport is dominated by paleoclassical radial electron heat transport [1] in the
edge pedestal. 2) The electron temperature on the divertor separatrix is ﬁxed [4] — by
balancing heat ﬂow across the separatrix against parallel electron heat conduction on open
ﬁeld lines outside it. And 3) the edge electron density proﬁle is ﬁxed, and in particular
given by the hyperbolic tangent form proposed by Porter et al. [4] whose characteristic
width is ∆n [5,6] (typically ∼ cm) and whose radial position of the inﬂection point in the
edge density proﬁle (where |∇ne | is maximum) is ρn — see Fig. 1.
Paleoclassical Model. The equiliibrium electron energy balance is thus [1b,1c]
Qe =

∂
Dη 3
M + 1 d2
V ′ 2 ne Te .
Qpc
·∇V

≡
−
e
′
2
∂V
V
dρ
ā 2




(1)

Here, Qe is the net electron heating power per unit volume (direct heating plus collisional
heating from ions minus convection and radiation losses) and Qpc
e ·∇V  is the radial electron heat ﬂow induced in resistive, current-carrying toroidal plasmas by the paleoclassical
processes [1c,1d,2] of electron guiding centers and heat being transported along with thin
poloidal ﬂux annuli diﬀusing radially with the magnetic ﬁeld diﬀusivity Dη ≡ ηnc /µ0 :
χpc
e

ηnc 1400 Z m2
3
≃ (M +1)Dη , Dη ≃
,
2
η0 [Te (eV)]3/2 s

(2)

where Z → Zeff ≡ i ni Zi2 /ne . The ratio of neoclassical parallel resistivity ηnc to reference
(perpendicular) resistivity η0 ≡ me νe /ne e2 ≃ 1400 Z/[Te (eV)]3/2 is approximately [1b,1c]
1/2
ηnc/η0 ≃ 0.43 + 2 / (1 + ν∗e + ν∗e ) for DIII-D edge plasmas where Zeff ∼ 2–2.5. Here, ν∗e ≡
R0 q/(ǫ3/2 λe ) is the neoclassical electron collisionality parameter with electron collision
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Figure 1: “Equilibrium” ne , Te pedestal
proﬁles for DIII-D H-mode shot 98889, averaged over 80–99% of time (∼ 36 ms) to
next ELM crash, around 4500 ms. The
lines show tanh ﬁts to Thomson scattering data with symmetry points at ρn , ρT .

Figure 2: Interpretive [7a] proﬁle of χe , χpc
e
(m2 /s) in pedestal similar to Fig. 1. Agreement in edge (II,III) is reasonable since un> 2. Here,
certainties in both χe values are ∼
(QE /Q)sep is assumed electron fraction of
power ﬂow through the separatrix.

length λe ≃ 1.2 × 1016 [Te (eV)]2 /(ne Z) m and ǫ ≡ r/R0 ≃ 0.4 is the DIII-D edge inverse
aspect ratio. For edge plasmas the paleoclassical helical multiplier M is [1b,1c,2]
M≃

1
,
π R̄q /λe + 1/nmax

nmax ≡

1
,
(π δ̄e q ′ )1/2

(3)

in which R̄ ≃ R0 is an average major radius, δ̄e ≡ (c/ωp ā) is a dimensionless electromagnetic skin depth and q ′ ≡ |dq/dρ|. Also, ρ is a toroidal-ﬂux-based dimensionless radial
variable, V ′ ≡ dV /dρ ∝ ρ is the radial derivative of the volume of a ﬂux surface, and
ā ≃ a [2κ2 /(1 + κ2 )]1/2 is a (paleoclassical) average radius for a plasma with nominal
minor radius a and ellipticity κ = b/a. Symbols in (1)–(3) are deﬁned precisely in [1b,1c].
Pedestal Characteristics, Regions. Figure 1 shows typical “equilibrium” electron
density and temperature proﬁles in a DIII-D low density H-mode pedestal. As indicated,
the Te proﬁle will be characterized by three regions [3]: III (bottom half of pedestal,
ρT < ρ < 1), from separatrix inward to the Te inﬂection point ρT ≃ 0.978; II (top half of
pedestal, ρped < ρ < ρT ), from Te inﬂection point to top of Te pedestal deﬁned here as
the point ρped ≃ ρT − 2∆T ≃ 0.935 where tanh 2 ≃ 0.964; and III (core, ρ < ρped ), from
top of Te pedestal inward to the hot core plasma.
Transport Modeling. The “power balance” electron heat diﬀusivity χe obtained
from interpretive transport modeling [7a] is compared with the χpc
e deﬁned in (2)–(3)
in Fig. 2. Other DIII-D discharge comparisons [7b,8] show similar agreement but often
with somewhat larger diﬀerences in the region of minimum χe . Figure 3 shows predictive
modeling of the edge Te proﬁle for 98889-type discharge parameters using the ASTRA
code [9]; it shows that the transition from region II to I is where anomalous diﬀusion
induced by microturbulence becomes a signiﬁcant fraction (> 20%) of the paleoclassical
χpc
e . Similar χe proﬁles for other H-mode pedestals that increase strongly toward the
separatrix are shown in [7,8,10]; χe and χpc
e agree in most but not all “equilibrium” cases
in regions II (partially) and III (mostly). Paleoclassical transport predictions for pedestal
Te (ρ) and Teped in the three regions will now be discussed.
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Figure 3: ASTRA modeling [9] of Te (ρ)
in H-mode pedestal in Fig. 1. Diﬀusivities
due to ion-temperature-gradient/trappedelectron and electron-temperature-gradient
microinstabilities are χeITG/TEM and χeETG .

Figure 4: Probability contours from
DIII-D pedestal database “between
ELM crashes” shows βeped agrees approximately with prediction in (4).
Dashed line is linear ﬁt to data.

Region III: Inside but near the magnetic separatrix in diverted plasmas q becomes
very large and the paleoclassical helical multiplier M becomes unity or less. At ρT in Fig. 1,
> 0.985. In this
M ≃ 1.8; but M ∝ Te2 /ne q decreases rapidly for ρ > ρT and M < 1 for ρ ∼
region ν∗e is large and the neoclassical resistivity reduces to the Spitzer resistivity ηSp .
Thus, close to the separatrix the paleoclassical electron heat diﬀusivity becomes [1b,1c,2]
Sp
3/2
χpc
m2 /s. Since χe ≃ χpc
e decreases as Te increases
es ≃ (3/2) η /µ0 ≃ 900 Z/[Te (eV)]
inside the separatrix, we infer from a Fourier heat ﬂux relation qe ≃ − ne χe ∇Te that |∇Te |
should increase for decreasing ρ. Thus, in region III Te (ρ) should have positive or neutral
curvature (d2 Te /dρ2 ≥ 0), as is evident in Fig. 1 and is usually observed experimentally in
2
2
H-mode plasmas. The rapid increase of χpc
e with ρ is critical for obtaining ∂ Te /∂ρ ≥ 0
in this region, as indicated in Fig. 3. Integrating (1) twice from the separatrix inward over
the volume of the radial (ρ) region where M << 1 and neglecting local electron heating,
it can be shown [3] that Te is predicted to scale like n2e — to keep the electron heat ﬂow
nearly constant through region III. This prediction agrees with H-mode pedestal data
from ASDEX-Upgrade [10,11]; it also predicts [11] that in region III the ratio of electron
temperature gradient to electron density gradient ηe ≡ d ln Te / d ln ne ≃ 2. Studies based
on the ratio of the density to temperature gradient scale lengths at the symmetry point
ρT of the pedestal Te proﬁle tanh ﬁt found ηe ∼ 1–3 in DIII-D [12].
Region II. Inside the inﬂection point ρ = ρT the helical multiplier M ≃ λe /π R̄q
is usually greater than unity and the eﬀective paleoclassical electron heat diﬀusivity is
nc
2
2
in its collisional (Alcator scaling) regime where: χpc
eII ≃ (3/2)(η /η0 )(vT e /π R̄q)(c /ωp ).
1/2
Moving inward from the inﬂection point (ρT ), the eﬀective χpc
e ∝ Te /ne q decreases
slowly, as indicated in Figs. 2 and 3. This causes |∇Te | to decrease [7] as we move inside
ρT — because in moving inward ne is increasing and the electron heat ﬂow qe ·∇V  is
decreasing. There is no simple way to estimate the Te proﬁle in region II.
Pedestal Height. Because microturbulence-induced transport typically dominates in
the hot core plasma and has a threshold-type behavior, whereas paleoclassical transport
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may dominate in the edge, varies smoothly and decreases as we move into the hot core,
we hypothesize that the pedestal height is determined by the transition (at ρ ∼ 0.85 in
Fig. 3) between these two transport processes. Presuming paleoclassical transport is in its
collisional regime (χpc
eII ), the pedestal electron pressure can be estimated [3] by equating
pc
χeII to an anomalous χgB
≡ f# DgB with an order unity, threshold-type dimensionless
e
coeﬃcient f# that depends on many local quantities (magnetic shear, Te /Ti , ν∗e etc.):
0.032 ā ηnc B 2
ped
ped ped
pe ≡ ne Te ≃
∝ Bp B.
(4)
1/2
f# A1 R̄q η0 2µ0
This relation yields βeped ≃ (0.023/f# )(ā/R0 q)(ηnc /η0 ) for deuterium (Ai = 2). Figure 4
shows this prediction is reasonably consistent with the DIII-D pedestal database in both
< f# < 2).
scaling (f# ≃ 0.82 for slope of ﬁtted data in Fig. 4) and magnitude (0.6 ∼
∼
Region I. In the hot core, paleoclassical transport is mostly in its collisionless regime
> crit ≃ B 2/3 ā1/2 (3f# )−1/3
(λe > π R̄qnmax ) where χpc
eI ≃ (3/2)nmax Dη . However, since Te ∼ Te
keV [2,3] (∼ 1 keV using f# ≃ 0.82 from Fig. 4 for the DIII-D shot in Fig. 1) there, anomalous electron heat transport due to microturbulence usually dominates over paleoclassical
transport in region I (i.e., for ρ < 0.85 in Fig. 3). (In ITER, Tecrit ∼ 3.5–5 keV.)
Conclusion. The paleoclassical model for H-mode Te pedestals [3] compares well
with DIII-D data in three important regards: 1) χpc
e (ρ) and modeled Te (ρ) in regions III
and (less so) II, 2) positive or neutral Te proﬁle curvature and ηe ≃ 2 in region III, and 3)
βeped prediction from (4) due to change from collisional paleoclassical to microturbulenceinduced anomalous transport near transition from region II to I. Similar tests on pedestals
in other H-mode tokamak plasmas are needed to determine how limited or universal these
conclusions are, and perhaps to separate eﬀects of paleoclassical transport and peelingballooning instabilities (ELMs) whose scalings are quite similar.
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