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Abstract

The validity is given to the newly proposed two weight 4 f method for neoclassical transport

calculation, which can solve the drift kinetic equation considering effects of steep plasma

gradients, large radial electric field, finite banana width, and an orbit topology near the

axis. The new method is applied to the study of lon transport with steep plasma gradients.

It is found that the ion thermal diffusivity decreases as the scale length of density gradient

decreases, while the ion particle flux due to ion-ion self collisions increases with increasing

gradient.
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1. Introduction

The neoclassical theory[1] is constructed based on
the assumption that p, < L, and M, < 1, where p,
is the poloidal Larmor radius, L, is the radial gradient
length of plasma parameters, and M, is the poloidal
Mach number. Recent fusion experiments are often
operated in parameter regimes beyond this assump-
tion. Therefore, the theory for neoclassical or colli-
sional transports should be extended 1o include effects
of finite orbit width dynamics, strong radial electric
field, large radial gradients, and non-standard orbit

topology near magnetic axis. It has been shown by

Lin, Tang, and Lee [2] that the § f particle simulation,
solving the drift kinetic equation, can be a powerful
tool for neoclassical transport calculation in the new
parameter regime.

Recently, the present authors have developed a
new §f method to solve the drift kinetic equation
{3], in which the collision scheme was much improved
and the two weighting method was employed. Accu-
rate implementation of Coulomb collisions is an Im-
portant ingredient for neoclassical transport calcula-
tion A linear like-particle collision scheme, almost

perfectly conserving the particle number, momentum,

and energy has been given in Ref. [3]. The bench-



mark calculation of neoclassical transport using this
collision scheme demonstrated the increased accuracy
in results, and the collision scheme in Ref.[3] seems
to be most adequate for &f simulations. The pon-
linear weighting scheme [4], which is used for gyroki-
netic particle simulation, is difficult to be directly ap-
phied to the drift kinetic equation with diffusive mo-
tion due to Coulomb collisions. Chen and White {5]
derived a rigorous collisional §f algorithm by treat-
ing the weight as a new dimension of particle motion.
However, the question how to evaluate the marker
density g for weight calculation still remained to be
solved, although the precise estimation of ¢ is essen-
tial for the 6f method. The present autors presented
a new scheme in which ¢ is evaluated from its kinetic
equation using the idea of 8 f method. The resultant
weighting scheme consists of two weight equations,
and s more effective and accurate to solve the drift
kinetic equation. In the following, we give the valid-
ity of this two weighting method. lon transports in
a plasma with steep density gradients are studied by

the §f simulation developed in Ref.[3].

2. Two weighting éf formulation

We start from the well-known drift kinetic equa-

tion [1] for a guiding center distribution function f(¥, Z,1).

Separating f nto two parts f = fo+fi {1 € fo), we
solve the equation for fi(8f) introducing the concept
of weight. Chen and White [5] derived the weight
equation treating the weight as a new dimension of
the particle motion, in addition to the usual dimen-
sions of (¥, 7) phase space. The weight equation for

/1 1s given by [5]

W= 3 [h-/wSdewv}~Vfo+C(f0af1)} (1)

D 38y
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where vy is the drift velocity, C is the collision oper-

(3 + 1) Vg —Clg, fo) = / Sudw (2)

ator, and Sy is the particle source. Note that eqna-
tion (1) is derived under the assumption that # is
independent of w. Instead of using ¢ = f in equa-
tion (1) as in the nonlinear weighting scheme, we now
consider to solve g with g(t = 0) = fo, using the
idea of §f method. Set ¢ = go + g1 (91 <€ ¢o) and
go = fo = faur, where far is a Maxwellian distribution
function. In the same way as in obtaining the weight

w for f;, we have the weight w; for g; as

W = ﬁ [—/wlgg})dwl — -V +/5de]

5 (3)
I
ot = / QS dwy (4
Now we have successively obtain equations, for ws,
Wy, Wy, -,
u');c fnas mlﬂ- [—fkaE;)dwk (5)
—vg-Vfo+ ng;il)dwk—l
D
Z R (k)
= / 28 du, (6)

Thus, we have an infinite set of hierarchy equations.

For j—th marker, we can write, for k=1,2,---,
1
g; = foj + wi;h{" (7

h;(fk) = fo; + wk+1,jh§k+1) (8}

Note that the source term Sys is chosen so as to satisfy
physics requirements. On the other hand, QE;) can be

chosen arbitrarily. We choose QE‘;) as, fork=1,2, -,

/ wr QO duy, = 0 (9)

/ﬂg’;)dwk = (1+€k)/Sde (10)



Here, we will assume that ¢; # 2 # and | e |€ 1
for all £ Since the dominant term of A¥) is fy, we

can approximate equation (5) to
) . 1
wk:w1+ekf— Syrdw (11)
0

From equations (7) and (8), ¢ can be written as, omit-

ting the index j,

g = (14w, +w watwiwews+ -} fotwywaws - -hl*)

(12)
The second term on the right hand side vanishes be-
cause | wi i< 1 for all k. If we take, for example,
er = e(—1)*"1/k with § £ |« 1, the series with fy can

converge to yleld

g=+w +wi+w] ot Ols) =1 f“wl +0(e)
(13)

Likewise,
R = L+O(g) (14)

1 -— U
In the lowest order (we can choose ¢ as small as pos-
sible), replacing w) by w, we recover our previous two

weighting equations [3];

1w

w= fo [—wade—v:{Vf0+C(fg,f1)J s
15)

w= 1;‘” [_ug-v;foJr/stw]. (16)

0

Thus, the two weighting éf method for neoclassical
study 3} has been validated and the equations (15)
and (16) represent a general and accurate weighting

scheme.

3. Ion transports with steep gradients

Particle simulations employing the § f method men-
tioned above were carried out to immvestigate ion neo-
classical transports [3]. It was found that ion ther-

mal transport and ion paralle] flow near the axis are

largely reduced due to the non-standard orbit topol-
ogy near the axis.

In the present paper, we study 1on collisional trans-
ports tn a tokamak plasma with steep density gradi-
ents. The simulations are carried out for a simple
equilibrium field with apsect ratio of 6 and the con-
stant safety factor (g = 1.1), using 5,000,000 markers
distributed in the whole poloidal cross section. The
particle source is chosen as Sy = w(1)s(T)farb(w)
and markers are added to the simulation domain m
terms of the rate of #(¢) and spatial distribution s(£)
The radial particle flux I'; due to ion-ion self collisions,
which vanishes in the conventional neoclassical theory,
is calculated changing my = Ay/L,, where Aj; is the
banana width and L, is the scale length of the density
gradient. T, vanishes for 75 < 0.1 and increases lin-
early as 1 increases. The ion thermal diffusivity x, 1s
also examined As 1 increases, y, decreases linaerly
and x, > x¥¢ for n = 0.5, where ¥; € is the value
by the conventional neoclassical theory. ;From these
results, it is expected that the 6f method developed
by the present authors would be useful for the study
of collisional transports beyond the scope of the con-

ventional neociassical theory.

4. Summary

We have validated the newly proposed two weight-
mng method [3] by taking into account of the hierar-
chy equations for weights. Using this two weighting
mathod in the é f simulation, we have studied ion col-
lisional transport with a steep density gradient. It
has been shown that the ion thermal diffusivity de-
creases as the density gradient scale decreases. It has
also been shown that the particle flux due to ron-ion

like collisions, which vanishes in the conventional neo-



classical theory, increases with decreasing density gra-
dient scale. The details of this investigation will be
published elsewhere.

Collisional tranports in the presence of large elec-
tric field, steep gradients of temperatures, and re-

versed magnetic shear are under investigation.
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