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In tokamak pedestals with subsonic flows the radial scaldasinpa profiles can be compa-
rable to the ion poloidal Larmor radius, thereby making theial electrostatic field so strong
(~ 100 kV/m [1]) that theE x B drift has to be retained in the ion kinetic equation in the
same order as the parallel streaming. By adopting the apprafaRef. [2], the modifications
of neoclassical plateau regime transport [3] — such as thdé&at flux, and the poloidal ion
and impurity flows — are evaluated in the presence of a stradiglrelectric field, allowing for
U =vexgB/(v;B,) = O(1), wherevg . is theE x B velocity, v; = (27;/M)/? is the ion ther-
mal speed, an@® and B, (< B) are the magnitudes of the total and poloidal magnetic fields.
The altered poloidal ion flow is most pronounced in the regibthe strongest radial electric
field where it modifies the friction of the electrons with tlem$ and can lead to an increase in
the bootstrap current, by enhancing the coefficient of theemperature gradient term.

lon transport and parallel ion flow

The magnetic field is representedBis= /V({ + V({ x VU, where( is the toroidal angle,
27 is the poloidal flux, and (V) is defined byB; = IV( whereB; is the toroidal magnetic
field and|V(| = 1/R. We assume a quadratic electric potential wiglll') = &(V,) + (¥ —
W) (V) +1/2(0 — 0,)20" (1), wherel, = ¥ — <Ry AT — Iv /S is the canonical
angular momentum witld/ is the mass ande is the charge of the particle? is the major
radius,() = ZeB/Mc is the cyclotron frequency arigl= B/ B.

We introduceu = ¢/ ¥’/ B, together withu, = cI®/,/ B, whered, = &'(¥,.). TheE x B drift
competes with the parallel streaming when they have corbfmmojections in the poloidal
plane - ths situation we considered here. The quantity ungesimes referred to as thex B
drift in the poloidal magnetic field. We assuneis slowly varying with¥, so thatB (V.. 0) ~
B(V,0). The orbit squeezing facta¥ = 1+ c/?®” /(BRQ) is considered to be constant except
for its B dependence. Using the preceding notation the galanotion of the particles is given
by 6 = (vb+Vexs) VO = (v +u)b- VO~ (Sv+u.)/(¢R), wheref is the poloidal angle and
q is the safety factor. We use= £ — Ze® (V) /M = Svﬁ/2+uB+vHu* as an energy variable,
whereE = v?/2+ Ze® /M is the total energy and = v /2B. Note that€ is conserved by the
Vlasov operator.

We write the gyro-averaged distribution functionfas: f.(V., &)+ h(¥., &, u,0,t) where

Iv [0lnp; Ze 0P mv? 5\ 0lnT;
f*%fMi{l_?i”{a—;—i_fa_\If—i_(QTi —5) U }—l—...}, (1)
We consider subsonic flows, so that in the pedestdhn; ~ —(Z¢/T;)0y®. The governing
equation for a time independent perturbed ion distribytieaccordance with Ref. [2], is

Ohy - vy fui (Mo* 5\ OlnT;
"0 _O“'{h“_ o\ 2) 0w J " @
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whereC!; is the linearized ion-ion collision operator, which is marhem conserving, and the
6 derivative is taken keeping§, ¥, andy fixed. The kinetic equation Eqg. (2) can be written as

Ty fari (Mv2 5) olnT;

Q; - 2) ov

(SUH +u*) b-V |:Hz + 5T, 5

} —Cj;{H;} =0, (3)
where we have introduced; = hy; — (Iv) fari /%) [Mv? /(2T;) —5/2] 94 T;.

In the plateau regime, the form of the collision operatomzdraffect the transport when the
kinetic equation is written in the form of (3). Therefore wencuse a simple Krook operator
to model the collisions. However, the replacem&ht{ H,} — —v H; destroys the momentum
conserving property of the operator. This defect is rentebie adding a homogeneous solu-
tion to H;, making use of?fi{v”fM} = 0. Accordingly H; — H; + M Bkv| far;/T; where the
unknownk is to be determined by requiring that the solution gives miadgarticle flux.

After the replacements the kinetic equation becomes

Loy fari (Mv? 5\ 9InT; N M Bk fari
Qi oV T; '

(Sv|+u*)b-VHi+VH,-:—(Sv|+u*)b-V{ o, 5
(4)
Employingb - Ve ,w.€ = 0 we find the relationsSvy +u.)b - V (v /Q) = 1/(20)(2vf +
vy )b-VInR and(Sv| +u.)b- V(v B) = B/2[v] — (45—2)vﬁ —4vjus]b-VInR.
The plateau regime:{/2 <« viqR/v; < 1) solution for large aspect ratie & 1, wheree =
r/ Ry with the minor radiug’) is

H=~Q; (5)

T (Sx| + %) sinf — ——— |,
(%

wherez = v/v; = (% +7)'/? and

2z +a3 5\ InT; MBk ”
Qi = evi far {'2—921 (:C2 _ 5) 50 + o, {xi — (45 -2) :Eﬁ — 41’||U—i‘| . (8)
The full gyro-averaged perturbed distributigp = (f; — fri) IS given by
3 Tvy 0 far MBkvy fayri o Tvyfui (Olnp;  Ze 0®
hi=hi=g 5y =Hit— — g, ( ov fa_\l/)' 0

In order to determine the unknowt) we now make the radial ion particle transport van-
ish0 = (T;-VU) = ([dvfivg-VT) ~ — <Ie/(ZQqR)fd3v(21)ﬁ +v%)H, sin9>, wherev,
is the magnetic drift velocity. Note that from all the termsfi; only thex sin# resonant part
of H; has a finite contribution to the cross-field transport fluxgse velocity integral is to
be performed holding’ constant, thud?;(\V..) needs to be transformed back to flux surfaces
(V) = u(¥) + (1 - S)vy. Accordingly,d (Sz) +u. /vi) = 6(x)+U) andz? — (45 —2) xﬁ _
Az |uefv; = 27 — Zxﬁ — 4z U, where we introduced = u/v;. This shows that the resulting



37" EPS Conference on Plasma Physics P1.1082

transport is insensitive to the orbit squeezing. Now thegrdls can be evaluated yielding

71']26277,1‘ Ti 3/2
T, V)~ —y ot [ =L 8
(Ls- V) \/ngzqRo (M) ®)
X e {(2 U +2U) 50 +[1+2(U +U)}—[TiC :

wheren; is the ion density. The ambipolarity condition= (I'; - V) requires that

, 1204 +4U°
2
with  J(U )—1 202+ U 9)

J(U?)0InT; ITc
2 0V Ze(B?)’

k= —

The preceding calculation of is based on the observation that if we artificially get
0 in Eq. (8) the resulting ion particle flux would be much highlean the electron particle
flux. However, for higher values df the exp(—U?) factor appearing in the expression for the
ion particle flux (8) reduces it to the level of neoclassidacton transport. Therefore, our
ambipolarity assumption must be modified to include theted@s. As this does not happen
until aroundU = 3.5, it need not concern us here.

Having calculated the full; distribution, we can evaluate the radial ion heat flux

Muv? T I?p; (T, 32 9T,
- VU) = 3 V-V ~—3,/= L il Z L IL(U?
(a ) </d R fiva \I]> 3\/¥Q%QR0 (M) ov (%), (10)

_p21+4{U?+2U0% + [(4U° + U®) /3] }
‘ 1+2(02 +U%) '
The preceding reduces to the standard plateau result [Bgii t— 0 limit.
To calculate the bootstrap current the ion parallel flow sgede evaluated. Neglecting the
small local contribution fronf; we obtain

with
L(U?) =

(11)

Ip; [Olnp; Ze@CI>+J(U2) B? 0T,
MQ; | 0¥ T, 0¥ 2 (B%) oV

(12)

niV|i:/d3UU||f1i%—

To relate the poloidal flow of a collisional trace impurityttee poloidal flow of a background
ion in the plateau regime we note that the flux surface avesédetimes their parallel flows
must be related byBV|;) = (BV) z) [4]. Using radial pressure balance for the ions and impu-
rities along with the preceding result fofj; gives the impurity poloidal flow to be
cIT;By |T,Z; Olnpy B Olnp; J(U?)0InT;

20 7B | TiZ,; 0V ov 2 v | (13)

Bootstrap Current

Electron orbits are practically unaffected by the strordjakelectric field due to their large
thermal speed. However, electron-ion collisions depenthenon mean flow, the electron dis-
tribution experiences this friction and is thereby indihgdnfluenced by the presence of the
electric field.
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Simply calculating the resonant part of the distributiondtion from the electron drift-kinetic
equation ch -Vhie +efMev||E1/Te = Cél){fle}, with E; =b-V(E+V®) and fi. = hie —
(Iv)/92)0w fare [5]) and evaluating the parallel current §83) = e(B [ d*v v (Z fii — fic))
would not give the correct bootstrap currefis sinceh, is not accurate enough. Instead, it is
convenient to use an adjoint method [6] to fifyghs B). The method relies on the solution of
the Spitzer probler@él) {fs}=eEv) fue/Te, which can be calculated in terms of generalized
Laguerre polynomials, using a variational method. For thetétrap current we obtain [7]

. (14)

G B)_\/Ee%lpeve V2+4Z |1 89p | V24132 19T,  J(U?) 0T,
IBSEI =N 2 0qRy Z(24+22) | pe 0V | 2(v2+42) T OV | 27T, 0¥

Discussion

As the electric field increases, the resonance causing thel
plateau transport, which would be gt~ 0 for U =0, is
now shifted towards the tail of the distribution. For stror‘}g
electric fieldU > 1 this leads to an exponential reduction of 0o
the ion heat flux (See Fig. 1). However, for moderate values S

8.0 05 10 15 20 25 3.0

of U the ion heat diffusivity is enhancet(|U| ~ 0.91) ~ U
1.46. ol

The temperature gradient driven part of parallel ion flow, |
is multiplied by factorJ(|U|) that decreases until(|JU| =~ 7
0.76) ~ 0.39 then it starts to increase approaching an asymp?|
tote of2U2 — 3. The same factor appears also in the expres; -
sions for the poloidal impurity rotation and the bootstrapo'0 0o 10 |1U5| 202 30
current multiplying the ion temperature gradient term.  Figure 1: The L(|U|) factor of the
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