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Achieving high pedestal pressures in H(high)-mode plasmas confined in tokamaks is critical for obtaining fu-
sion burning plasmas in ITER. Recent characterizations of quasi-equilibrium plasma parameter profiles in low
collisionality H-mode pedestals in the DIII-D tokamak are briefly summarized. Critical plasma transport prop-
erties (large radial electron heat flow, density pinch) that establish the transport barrier structure of the pedestal
profiles are identified. The paleoclassical transport model, which naturally includes a density pinch, is shown
to provide the minimum electron heat and density transport in the pedestal. Microinstabilities can provide
additional plasma transport within and especially at the top of pedestals. Macroscopic peeling-ballooning (P-
B) instabilities cause periodic edge localized modes (ELMs) that limit the temporal and spatial growth of the
pedestal initially and between ELMs. Externally imposed 3D resonant magnetic perturbations (RMPs) in the
pedestal have been used to stabilize P-B modes and suppress ELMs. A magnetic flutter model of plasma trans-
port induced by the 3D RMPs has been developed for low collisionality DIII-D pedestals. Comparisons of it
with data on ELM suppression by RMPs indicate it can provide a “diffusivity hill” at the pedestal top that can
impede pedestal growth and thereby stabilize P-B modes and suppress ELMs. Finally, transport equations for
plasma density, electron and ion pressures and, most importantly, the plasma toroidal rotation frequency (and
hence, via radial force balance, the radial electric field) in the presence of plasma transport due to collisional,
paleoclassical, microturbulence-induced and 3D field effects are presented.
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1 Motivation and introduction

Significant fusion power production in ITER [1] will require H(high)-confinement mode plasmas with large
pedestal pressures. The pedestal pressure height and width in H-mode tokamak plasmas are limited by ideal
magnetohydrodynamic (MHD) peeling-ballooning (P-B) instabilities [2]. These instabilities cause roughly peri-
odic edge-localized-modes (ELMs) that abruptly relax the large edge plasma gradients and deposit undesirable
bursts of plasma heat and particles on divertor plates. Pedestals evolve in various stages after an ELM [3]. Within
typically 10 ms after an ELM crash the pedestal re-establishes itself. But then it continues to grow slowly (for 10s
of ms or longer) until a P-B instability precipitates an ELM. Externally imposed three-dimensional (3D) resonant
magnetic perturbations (RMPs) have been used in DIII-D [4] to limit this progression and mitigate [5, 6, 7] or
suppress [8] ELMs in tokamaks. The present challenge for edge plasma modeling is to develop and experimen-
tally validate predictive transport models for the profiles and evolution of the pedestal density, temperature, flow
and radial electric field profiles with and without 3D fields. This paper mainly reviews recent research results
[9]-[16] on key paleoclassical and 3D transport processes involved in determining the structure of plasma profiles
in low collisionality H-mode pedestals without [9] and with [8] RMPs in ITER-similar-shape DIII-D plasmas.
The emphasis is on a validation process comparing theoretical models to relevant experimental data.

This paper is organized as follows. The next section provides a characterization of key plasma transport
processes involved in a typical low collisionality H-mode pedestal in DIII-D. This is followed by a summary of
the results of validation studies of paleoclassical transport model predictions in the pedestal region. Section 4
then discusses the additional non-ambipolar electron transport induced by externally imposed 3D fields in the
pedestal region. There, the emphasis is on the change in the radial electric field the RMPs induce and resultant
changes in the net ambipolar density and electron heat transport at the top of the pedestal. This is followed by
a section that presents comprehensive transport equations for modeling the structure and evolution of plasma
profiles in the pedestal region. The final section summarizes the primary conclusions of this paper and identifies
other physical models needed for development of a predictive capability of pedestals with and without 3D fields.
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2 J.D. Callen: Pedestal Structure Without And With 3D Fields

2 Plasma properties and transport in a low collisionality DIII-D pedestal

The characteristics, key parameters and plasma transport properties of the pedestal in a DIII-D discharge with an
ITER-relevant low collisionality were presented in Ref. [9]. This paper resulted from a benchmarking exercise
that used 5 transport codes (ONETWO, ASTRA, GTEDGE, SOLPS, UEDGE) in interpretive analysis modes
to study the quasi-equilibrium transport state (last 80-99 % of 33.5 ms average period between ELMs) of the
pedestal in DIII-D discharge #98889. Key plasma profiles of this discharge’s pedestal, which are typical of most
low density and collisionality pedestals with and without externally applied RMPs in DIII-D are shown in Fig. 1.

The radial coordinate in Fig. 1 is the normal-
ized radius py = p/a (a ~ 0.77 m) in which
p = /¥ /7By is the toroidal-flux-based minor 04
radius (m). Identified pedestal regions here are:
I, core, 0.85 < pny < 0.96,

I1, top half, 0.96 < pny < 0.98 and
III, bottom half, 0.98 < pny < 1.0.
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Key pedestal profile features are: n. is “aligned” 0.
with the T, profile, dT./dp = constant in the 2k
pedestal steep gradient region (II and III), and 7T; 10E
has the smallest gradient. The “transport barrier” T 22
minimum effective diffusivities at the pedestal € 4k
mid-point (pn =~ 0.98) are quite small: 0.3 (elec- 02
tron heat), 0.15 (ion heat) and 0.035 (density) 03

m? s~1. The very small effective density diffusiv-
ity can be explained [9] as being the result of an
inward pinch flow nearly balancing the diffusive
outward density flux. The inward pinch veloc-
ity and density diffusivity were determined using
an innovative interpretive analysis [17] of pedestal
plasma flows. The paleoclassical transport model
[18] provides a plausible explanation of them. The  Fig, 1 Profiles of electron density (10°° m™?) and temperature
particle source from edge fueling plays a minor (keV), and ion temperature (keV) in the edge of DIII-D discharge
role compared to density pinch effects in deter- #98889 [9]. Lines show tanh profile and spline fits; red dots are fit
mining the edge density profile in this pedestal [9].  symmetry points (pedestal mid-points). Adapted from Ref. [10].

1.05

3 Pedestal structure modeling with the paleoclassical transport model

The electron temperature is low in H-mode pedestals (e.g., T, ~ 100 — 700 eV in III and II in Fig. 1). It
has been hypothesized [19] that paleoclassical transport [18] dominates over gyro-Bohm-level transport where
T, < B(T)?/3a(m) keV. The paleoclassical transport model has been validated to a fair degree for such low 7.,
values [19], which are satisfied by the DIII-D pedestal profiles shown in Fig. 1. Thus, a pedestal structure model
[10] based on paleoclassical transport has been developed recently and validation studies undertaken [10]-[12].
The initial paleoclassical model [ 18] was based on a key hypothesis that charged particles diffuse radially along
with thin annuli of poloidal magnetic flux in resistive, current-carrying toroidal plasmas. That is, they diffuse
radially with the resistivity-induced magnetic field diffusivity D,, = 1/ . This hypothesis was later shown [20]
to result from transforming the drift-kinetic equation from laboratory to poloidal flux coordinates, upon which
Grad-Shafranov equilibria, neoclassical transport theory, and gyrokinetic-based anomalous transport analyses
are based. A Comment [21] on [20] asserted the effects “appear to lack a systematic basis.” The Response [22]
provided a systematic multiple-time-scale analysis of electron guiding center motion that produces these effects.
The fundamental parameter of the paleoclassical transport model is the diffusivity coefficient (m? s=1) for
diffusion of the poloidal magnetic flux [18]-[20], which is caused by the parallel neoclassical resistivity 77\I|]C

nc nc
7 Ve 14007 (InA
D, = a_ T i, magnetic field diffusivity, o _ Mel 5 =~ =73 (n> . (D
Ho Mo 7o Ko [omee [T.(eV)]3/2\ 17
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Here and below, Z — Z.g = Zl n; Zi2 /me is the effective ion charge and In A is the Coulomb logarithm.
A useful and physically illustrative approximate formula for the ratio of neoclassical resistivity to g is [18]
7Iﬂlc/770 ~ nﬁp/no + fte/Ve. The Spitzer (nﬁp/no) and viscous damping (pi. /v, ) parts of n;j© are [10, 23] nﬁp/no ~

(V2+2)/(V2+13Z/4), pie/ve ~ (fi)fe) (140.533/2) /{[1+/Vre+1.65 (1+0.533/2) vye][1 + Ve /wie] }.
Here, p. is the electron viscous damping rate for collisions of flow-carrying untrapped electrons with trapped
electrons and wy. = vr./Rogq is the electron transit frequency for the electron thermal speed vpe = \/2T¢ /me.

Also, f. is the flow-weighted fraction of circulating particles [24] f. = (3/4)(B?) Ol/B’“a”)\ d\/(y/1—AB(0))

with Padé approximate [25] f. =~ (1 — €)™ /2 (1 —€)?/(1 + 1.46 ¢'/2 4 0.2 €), in which (- - - ) indicates the flux
surface average and € = (Bpax— Bmin)/(Bmax+Bmin) = 71/ Ro is the local magnetic inverse aspect ratio. For
€< 1, f. ~1—1.46€'/2. The fraction of trapped particles is f; = 1 — f.. For the DIII-D pedestal [9] in Fig. I,
e~ 0.35and f;/f. ~ 0.77/0.23 ~ 3.3 > 1. For NSTX [11] f;/f. ~ 0.93/0.07 ~ 13 is very large.

The neoclassical electron collisionality parameter for the large f;/ f. values in H-mode pedestals is [24, 26, 27]

(fe/fe)ve (B*)/Roq _ fi/fe ve _ filfe Roq et ve

29207, ((b-VB)2) 1466 we 1462 Ao 2w

*e —

@

Here, ((b-V B)?)/(B?) ~ ¢2/2R2¢?. The v, and hence v, /e%/?w;, are v/2 smaller than in Refs. [28] and [29].
The electron Coulomb collision length is A\ = vre/ve =~ 1.2 x 1016 [T.(eV)]2(17/In A) /[Z ne(m~—3)] m.

Because the fraction of trapped particles f; is large in most tokamak H-mode pedestals, the relevant electron
collisionality parameter v, is larger than the usual [28] v, /€% %w;. formula by a factor of (f;/f.)/(1.46 €*/?).
At the mid-point of the 1/¢ ~ 2.8 DIII-D pedestal in Fig. 1 vye(pmia) = 3.9 is a factor of about 4 larger than
the usual € < 1 result of 1.0 there [9]. Thus, because of their low aspect ratio, pedestal plasmas are typically
not in the low collisionality (v, < 1) “banana” regime; rather, they are usually in the “plateau” or even Pfirsch-
Schliiter (v, > wy.) regimes [28, 24]. This is especially true for very low aspect ratio tokamaks such as NSTX
[11], Pegasus [30] and MAST [7]. The normalized electron viscosity coefficient p. /v, increases significantly
in H-mode pedestals from the separatrix inward; e.g., for the DIII-D pedestal in Fig. 1 it is negligible at the
separatrix but increases the resistivity by a factor of 2.4 over the Spitzer value at the pedestal top (pnx =~ 0.96).

In a transport quasi-equilibrium where 9/0t terms are negligible the flux-surface-average (FSA) density and
electron energy balance equations are (V-T') = (S,,) and (V-qP°) + (V- [qoh" +(5/2)T.T']) = Qu°'. The
FSAs are simplified using (V-A) = (1/V’)(0/9p)(V'A) in which A = (A-Vp) and V' = dV (p)/dp where
V(p) is the volume of the p flux surface. The FSA paleoclassical transport flux contributions are [18, 10]

1o
V' op

dj
ndp

. M+1 d? — 3
+nvpincha <V' qlg > =~ T 5 75 (V/D7]2 neTe) . (3

[P =
VI dp?

V’Enn) =—D

Here, '’ = (I'*“Vp) and D,, = D,, (|Vp|*/R?)/(R™2) is the geometrically-averaged magnetic field diffu-
sivity which is about 1.6 D,, for the pedestal in Fig. 1. As indicated in (3), paleoclassical transport is non-standard.
First, the (ambipolar [18]) density flux naturally includes an inward pinch flow Vyinen = — (1/V')(d/dp)(V'D,,).
Second, the paleoclassical contribution to the electron energy balance is not in the standard form (V-q) =
(1/V")(0/9p)(V'{q-V p)); rather, it has a second derivative multiplied by a factor [18] M =~ \./mRyq in the
pedestal region, which ranges from 0 at the separatrix to about 3 at the pedestal top for the pedestal in Fig. 1.

Pedestal plasma transport is dominated by the heat from the core flowing through it and edge fueling via
neutral recycling from outside the separatrix. The paleoclassical density equation can be integrated from the
separatrix (p=a) inward to yield — (d/dp)(V'D,n) = N(p) = N(a) — fpa dpV'(p) (Sn(p)) in which N (p) is
the number of particles flowing across the p flux surface per second. Integrating this result for electrons from a
reference radius pret to p yields [10] (for regions II and III in Fig. 1)

_ — Pref . constant,,
Te (p) D’r] (p) V/(p) = TNe (pref) D’r](pref) V/(pref) + de(P) = nle) (,0) = W (4)
P n

Since V'(p) ~ constant in the pedestal and the density source N (p) is typically small compared to the char-
acteristic rate of paleoclassical density flow — (d/dp)(V'D,n) there ( S 10 % for the DIII-D pedestal in Fig. 1
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4 J.D. Callen: Pedestal Structure Without And With 3D Fields

[10]), this yields the boxed prediction for n.(p) in which constant,, = ne(prer) Dy, (pref). Thus, the pedestal n
profile is predicted to be proportional to 1/D,; T3/ %/ [Zeg(nﬁp/ 1o+ e /ve)], which is o< T2 /3 to lowest order
but reduced by dependences of Zeg and p./ve on T,. This predicted density profile produces a small net radial
paleoclassical density flux in (3) by nearly balancing the paleoclassical outward diffusive density flux with a large
inward paleoclassical pinch flux, in agreement with the results obtained in [9] for the DIII-D pedestal in Fig. 1.
This result also implies that the n. profile will be aligned with the T, profile in the pedestal and will “saturate”
along with T, at the pedestal top, where microinstability-induced anomalous transport often becomes dominant.

A similar radial integration of the electron energy balance assuming paleoclassical electron heat transport
dominates yields [10] — V'D,n.(3/2)(dT./dp) + (3/2)N.T. = P, in which P.(p) is the effective conductive
heat flow (W) through the p flux surface. Neglecting again the typically negligible N contribution (here < 3 %
for the DIII-D pedestal in Fig. 1 [9]) yields the predictions [10, 23] (for regions II and III in Fig. 1):

aTy P, . _PJVAVP) 32
- = — ~ tanty — |xPi5 = . = D,~D,.| (5
dp ~ 3/2) [V Dy SN T Xeer =T qrpe gy~ (wppy T | ©)

This result predicts the gradient of 7T, will become large enough for the large electron heat flux from the core
to flow through the pedestal at the rate determined by paleoclassical electron heat transport with an effective
thermal diffusivity x2¢q. As indicated in (5), since for core heated H-mode plasmas P, is nearly constant in the
pedestal and from (4) the quantity [V’ Enne} is also spatially constant there, the paleoclassical prediction is that
the T, gradient is spatially constant in the pedestal, as is roughly the case in Fig. 1. The boxed equation in (5)
indicates the effective electron thermal diffusivity ¢ is D,, times some geometric coefficients (x> oq ~ 1.2D,,
[10] for the DIII-D pedestal in Fig. 1). This x?¢ . prediction in regions II and III is different from the usual local
paleoclassical estimate [18] of x2¢ ~ (3/2)(M+1)D,, because [10] there is little local electron heating there and
the paleoclassical heat transport operator shown in (3) is non-standard. Paleoclassical predictions for TP°(p) in
the core region (I) require taking account of this non-standard electron heat transport operator.

Since the density prediction in (4) is about a factor of about two high [12], additional density transport may be
needed near the separatrix. Since experimental uncertainties in the d7 /dp comparisons include equality [12], the
paleoclassical model provides the minimum electron heat transport in the steep gradient region (ILIII); however,
additional electron heat transport likely occurs there at high 3, and T, (low D,)) [12] and in the core region (I).

4 Magnetic flutter model of additional plasma transport induced by 3D fields

Reference [31] reviews all the toroidal torques and non-ambipolar ion transport small non-axisymmetric (3D)
magnetic fields cause in tokamaks. The focus here is on externally applied resonant magnetic perturbations
(RMPs) used to suppress ELMs in low collisionality pedestals in DIII-D plasmas [8]. The principal RMP-induced
effects there are: density “pump-out” [8] (pedestal density reduction), flattening of the 7. and n. profiles at the
pedestal top [13] (regions I and II in Fig. 1), limited windows in qg5 for ELM suppression, and a “transport wall”
at the pedestal top that halts [32, 33] the usual pedestal growth up to the P-B instability boundary.

An initial hypothesis [5] for how RMPs suppress ELMs assumed multiple RMPs produce overlapping islands
that cause magnetic stochasticity, which would induce additional transport, reduce the pressure gradient in the
edge and stabilize P-B modes. However, extended MHD calculations usually predict [34]—-[39] that extant, mostly
diamagnetic-flow-driven edge plasma toroidal flows limit “penetration” of RMP fields and thereby cause RMP-
induced radial perturbations to be small on most pedestal rational (¢ = m/n) magnetic flux surfaces. This
toroidal “flow screening” inhibits but does not entirely eliminate magnetic reconnection, island formation and
stochasticity. In this situation the magnetic field structure [37, 39] at the pedestal top is characterized by radially
separated chains of magnetic islands with sinusoidal radial magnetic flutter of field lines between them [15].

A novel flutter model of the plasma transport induced by RMPs has been developed recently [13, 14, 15]. In
it, the perturbed current 6.J),,,/, = — ¢ f d3 V)| 0 fem/n along the axisymmetric equilibrium magnetic field B

caused by a single Fourier radial magnetic perturbation 5]§p m /ne"m@*mC induced by RMPs is calculated first.
Since kinetic electron collisional effects on the untrapped electrons cause this to have a component in phase with
the 0B, ,,/,, perturbation [13, 14], this produces a toroidal Maxwell stress torque and consequent FSA radial

density flux Tt = (4.7, lm/n0 B; m/n )/ ey, in which the overline indicates an average over the axisymmetric
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toroidal angle ¢ and ¢, = dy,/dp = RDB, is the radial derivative of the poloidal magnetic flux 27¢,. The
physically relevant toroidal model [14] uses a Lorentz collision model, accounts for parallel flows only being
carried by untrapped (circulating) particles, resolves a collisional boundary layer in velocity space, and includes
near-separatrix toroidal geometry and finite inverse aspect ratio effects. The toroidal model [14] flutter-induced
radial transport fluxes of electron density Tt = (P17 5) and heat Y1 = (q,.Vp) can be written as

Pt D. Dr dlnp./dp
Autt =M : ) (6)
Te /Te Xn Xe dhl Te/dp
in which the relevant thermodynamic radial forces are proportional to
dlnp, :dlnpe B i@:dlnpe JreEp’ and dIinT, :idTe' )
dp dp T. dp dp T, dp T, dp
The total magnetic-flutter-induced diffusivities are obtained by summing over all the m, n components:
m/n m/n Pl 2
|: De DT :| o Z De / DT/ _ U%e 1 Z <5B§m/n> KOO KOl (8)
Xn Xe mn X;Ln/n in/n a Ve 2 mn BtO KIO KH .

Here, the pl superscript in <5B;’1m /n> indicates the RMP-induced 3D fields are to be evaluated including plasma
toroidal flow-screening effects and By is the toroidal magnetic field strength at the magnetic axis. The K;; matrix
coefficients are Onsager-symmetric (i.e., Ky; = Kj¢) that involve integrals over the electron energy distribution.
They are highly peaked within a few mm around rational surfaces (in singular layers or thin islands) where the
flutter diffusivities scale as 1/v,.. However, the K, 15 decrease with radius away from rational surfaces [13, 14, 15]

and cause the flutter diffusivities to scale as ~ /v, [15] midway between rational surfaces. This decrease is
1

partially compensated by the increase of the externally driven <6B§m /n

) [39, 16] away from rational surfaces.

Paloclassical predictions for profiles

. . 10
of the effective electron thermal diffu- 25 ) : 1l — Pre-Li Expt. a)
s : a — Post-Li Expt.
sivity (5) aqd electrqn density (4) are » B bl i Poleo
compared with experimental data from % & Post-Li Paleo
DHI-D [10] and NSTX [11] in Figs.2 2@ '¢ &
. £ ~
and 3. Figure 2 shows nP® and 2o 3 | o 4
agree well with the DIII-D data in the —T 3
pedestal steep gradient region (I and 05 Paleo
II). Figure 3 shows similar modeling . 0
results for plasmas in NSTX without 085 08 0% ! . - J— b)
e . N 0.5, =

and with lithium-coated plasma-facing os _ ?9‘?
components, which strongly modified b) I rlm G 04
the carbon density and Z.g profiles in 0.4 & 03
the pedestal. No anomalous electron T s i‘” 0.2| — Pre-Li Expt.
heat transport is needed for the case g — Post-Li Expt.

. s . 2 [ ~Pre-Li Paleo
with lithium in to ¥ ~ 0.8. In 02 Post-Li Paleo
the core (I) paleoclassical electron heat 008 085 09 095 1

. or . . . .

transport needs to be evaluated using e Yy
the operator in (3); anomalous transport =2
. p ( ) P Oss 0.9 0.95 1 Fig. 3 Comparison of paleoclassi-
is also usually important there. Py

o . cal predictions (red) in (5) and (4) to

A statistical analysis [12] of th.e Fig. 2 Comparison of paleoclas-  SOLPS interpretive modeling [11] (in
DIII-D pedestal database (158 condi- a1 predictions (red/grey lines)  black) for NSTX edge without (Pre-
tions) found that at the pedestal mid-  (5) and (4) to data (SOLPS inter-  Li) and with (Post-Li) lithium-coated
point nP¢/ng ~ 2.1 £ 0.7 with  pretive modeling [10, 11]) (black  plasma-facing components. The radial
a correlation coefficient of 0.89 and lines) for 4 carbon (Z.g) transport  variable ¥ y is the normalized poloidal
(dTP/dp)/(dTE*P/dp) ~ 1.7 £ 1.1 models for the DIII-D pedestal in ~ magnetic flux. Copyright (©) 2011
with a correlation coefficient of 0.55. Fig. 1. Adapted from Ref. [10]. American Institute of Physics.
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6 J.D. Callen: Pedestal Structure Without And With 3D Fields

Figure 4 compares flutter model predictions to

experimental results [16]. In numerically evaluat- 40 R o r—
ing (8) the RMP-induced perturbations <5Bp ! ) R A perimental
. - pm/n 351 VoV Vorait b= X" effective
have been obtained using the M3D-C1 extended | LR : : v i -- XD with islands
MHD code [38, 39]. Dotted vertical lines in Fig. 30r R BRY RN N 1
4 indicate radial locations of ¢ = m/n ratio- . PR S S A
. . O \ b L Vi :'l :'|
nal surfaces. After applying the ambipolar con- S N TR TR ¥
N . H A R RN N P A T
straint [15] that Tt = 0, the effective 1 = € a0} AU RN T ¥ .E-
1 1 2 : \\‘\ e \Il "!: I': I':
(4/13) Xe- Since, as in (5) —dT../dp o< 1/xe, the ~ (m7s) SRR SCUE NI VR I
AT, < Ap/X, between rational surfaces is domi- 1 SRV T ;\ O T
nated by radii where x"** is smallest and thermal o Lat S E b
. . . .. .. . . 3 Yy 1 L
insulation is maximized. Dots indicate radially- 5 R N W
averaged electron thermal diffusivities %, between 051 dféff“s“”ty h;” L,
S}lccessive rational surfa?es. The top req d'ashed ol 95 . 1% s 19 “'I?j/;ri‘l-—\\_
lines and dots show possible thin magnetic island 086 08 090 092 094 096 0985 100

effects (as approximated in [15]) at the rational Px

surfaces. While the estimated island effects are  Fig. 4 Electron thermal diffusivities in the pedestal region of DIII-
too large, the effective flutter )y, prediction agrees D #126006 in which RMPs are used to suppress ELMs: experi-
with the experimental results reasonably well. Its mental (blue, solid line), effective ambipolar-constrained (green,
thermal diffusivity hill flattens the T, gradient at dashed) and with thin islands at rational surfaces (red, top dashed).
the pedestal top and thus can stabilize P-B modes. Dots show radially averaged X..’s [15]. Adapted from Ref. [16].

Previous flutter validation studies [16] have used the ambipolar constraint FE““ = 0. However, in general the
radial electric field required for ambipolar density transport should be determined by equating the non-ambipolar
electron (3D, RMP-flutter-induced) and ion (2D, symmetric) pedestal density fluxes, which can be written as [15]

LeY(E,) = = neDe (¢/T) (B, — Ep*),  T7"™(E,) = D™ (Zie/Ti) (E, — E¥™). (9
When RMPs are applied, the quasineutrality (ambipolar flow) condition I';"™ (E5Y™) = T'I (ESY™) yields

sym flutt ] amb __ prsym
Eamb _ EP +K EP K = 2 De _ EP EP
P ’ - Sym flutt b
1+ T. D; Eflutt _ Fam

x 6B2. (10)

Here, x represents the relative strength of the non-ambipolar flutter-induced electron diffusivity compared to that
of the ions. This parameter is the inverse of an analogous parameter postulated in Eq. (13) in Ref. [40]. The net
RMP-flutter-induced electron ambipolar density and heat fluxes evaluated at E;mb are specified in Ref. [15].

T ha [ flutt
r e

k=15 k= Lo
~

reﬂuﬂ‘. ( E. ;mb) ....................................... :

~
*\&

~

m amb
g EY x=1E, Eﬂutt \ -~ E
3 i ipolar lect: \
r10nt ambipo e rec rton

Fig.5 Dependence of electron and ion non-ambipolar density fluxes on the radial electric field. The sensitivity of the electron

flux to E, increases with the strength of the RMPs, which is indicated here by different values of the parameter £ o 5B§.
The dotted lines indicate the electric field required for ambipolarity and the resultant ambipolar density flux for x = 1.
Copyright © 2013 by IOP Publishing and International Atomic Energy Agency [15].
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5 Pedestal plasma transport equations

In low collisionality tokamak pedestals, FSAs of plasma equations are appropriate because the electron and ion
collision lengths (A 2 300 m) are longer than the toroidal circumference ( 2 10 m). The FSA parallel (to Bg)
equilibrium (¢ > 1/v, ~ 1075 s) electron force balance 0 = — n.e(Bo-E4) — (Bo-V-mr, ) + nce <B0'J>/0’ﬁp
yields the tokamak parallel Ohm’s law [41]: (Bg-Jo) = (l/n‘ll’c)<Bo-EA> + (Bg-Jps). Here, EA = — A /0t ~
— (0W,,/0t)V ( is the Ohmic electric field and (Bo-V-m|) is the “neoclassical” parallel viscous force closure
[24] induced by parallel stress in the electron fluid caused by collisions of flow-carrying untrapped electrons with
trapped particles. The corresponding parallel ion viscous force closure (Bg-V-7;) ~ pmpiVi-V8/Bg -V
damps the poloidal ion flow at a rate 1; S v; to an ion-temperature-gradient-driven value. Combined with the
MHD-enforced radial ion force balance, for times longer than the ion collision time (¢ > 1/v; ~ 1 ms) this yields

— Qi +Qp, (1D

dd 1 dp; dT; E
Q= (V;V() = — (0 D > Cp _ Lt

dy ' migidiy, ) qid,  RB,

which relates the plasma toroidal rotation frequency €, to the radial electric field £, but does not specify either.
In tokamaks the toroidal magnetic flux 1y is relatively constant in time since it is determined mainly by steady
currents flowing in toroidal magnetic field coils; thus, 91, /0t|x ~ 0. In contrast, the poloidal magnetic flux v,
can change on the transport time scale relative to vy [24, 41]: zﬁp = Oy, /0t .= Dy AT4p, — Sy, . Here,
A™ is a second order cylindrical-like differential operator in p and Sy, = 9V, /0t + i (Bo - Jbs)/ (1 (R72))
represents the sources of poloidal magnetic flux produced by the Ohmic transformer and bootstrap current.
Collision-induced neoclassical plasma transport [28, 24] in tokamaks is calculated relative to poloidal mag-
netic flux surfaces — because to lowest order the canonical toroidal angular momentum p¢ = e¢ - (msv+gsA) =
msR*v-V ( — 51, ties particles to a particular 1, to lowest order in the gyroradius. Here, e, = R*V( = Ré&¢
is the (covariant) toroidal angular base vector. Plasma microinstabilities and transport they induce are also calcu-
lated relative to 1. Thus, to describe radial plasma transport in tokamaks, fluid moment equations for n,, Vi, pg,
are first transformed [24, 41, 42] from laboratory coordinates to poloidal magnetic flux coordinates. However,
because the toroidal flux is nearly constant in time, p o /4 is used as the radial coordinate. Adding sources of
density .S,,, momentum S,,, and energy Sg and taking the FSA, the tokamak transport equations for the plasma
density n and total toroidal angular momentum density L; = p,,, (R?) €, and species pressures p, are [42]

) 10 , . On) 10, , —
S—— Ty (VD) = (S, 12
density: 7| (V' o+ (VD) = (80 (12)
0 . 0Ly 10 — .
tor. mom.: V’E)t‘wftvl—i_pWap+V’0p(V/HpC) = (ec.(JXB—V.H—&—Sm)), (13)

3. dps) 10 =
In(p,)V"®/3 + = L — (V'Y @) = Qe (14
w;ﬂ(pW 5007, +V,8p(V $) T(V-a) = Quner- (14

3 0
energy. 3 (ps) ot

Here, V/(n) and V' Ly are the number of plasma particles and plasma toroidal angular momentum between the
p and p + dp flux surfaces. Both are adiabatic (isentropic) plasma properties that are conserved in the absence
of fluid closures and sources. Similarly, In (p,)V’5/3 is the collisional entropy between the p and p + dp flux
surfaces, which is also a conserved quantity in the absence of closures and sources. Further, p,, = — 1,/ 1/)1’) in
which ¢y, = v, /0p = RB,, takes account of possible 1, surface motion relative to p(t)x).

6 Summary

In the absence of RMPs, the paleoclassical predictions in (5) and (4) provide [10, 11, 12] the minimum electron
temperature gradient and (via its intrinsic density pinch) maximum density in the pedestal steep gradient region
(II, IIT). When RMPs are added, the magnetic flutter model [13, 14, 15] provides reasonable predictions for the
RMP-induced increase in ). at the pedestal top [16] and procedures [15] for determining the increase in the
radial electric field E, [or via (11), alternatively Q¢ = L /(py, (R?)) from the solution of (13)] and the increase
in ambipolar density transport it causes. While paleoclassical and flutter transport provide the underlying basis
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for modeling H-mode pedestals, many other processes can add to their “irreducible minimum” levels of pedestal
plasma transport. More generally, the radial electric field (or Ly = p,, (R?)$; which determines ; and hence
E,) needs to be considered in conjunction with solving for n, p. and p; in the pedestal on the transport time scale.

At the pedestal top (I), core transport transitions to anomalous transport due to MTM, ETG and ITG micro-
turbulence. In the steep gradient region (II, III), KBMs may limit the achievable total pressure gradient, and
additional ambipolar density transport and ion neoclassical thermal diffusivity can be important. In the pedestal
bottom (IIT) 2D effects of ion orbit losses and neutral fueling become important [9] and RMPs cause small frac-
tions of field lines to connect to divertor plates. Finally, FSA toroidal-flux-based modeling codes inside the
separatrix need to be coupled to 2D and 3D poloidal-flux-based SOL and boundary codes outside the separatrix.
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