
Large orbit neoclassical transport *
Z. Lin,† W. M. Tang, and W. W. Lee
Princeton Plasma Physics Laboratory, Princeton University, P. O. Box 451, Princeton, New Jersey 08543

~Received 13 November 1996; accepted 16 January 1997!

Neoclassical transport in the presence of large ion orbits is investigated. The study is motivated by
the recent experimental results that ion thermal transport levels in enhanced confinement tokamak
plasmas fall below the ‘‘irreducible minimum level’’ predicted by standard neoclassical theory. This
apparent contradiction is resolved in the present analysis by relaxing the basic neoclassical
assumption that the ions orbital excursions are much smaller than the local toroidal minor radius and
the equilibrium scale lengths of the system. Analytical and simulation results are in agreement with
trends from experiments. The development of a general formalism for neoclassical transport theory
with finite orbit width is also discussed. ©1997 American Institute of Physics.
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I. INTRODUCTION

The striking improvement of plasma confinement to ne
classical levels was first theoretically predicted for a rever
magnetic shear configuration1 and subsequently confirmed i
recent tokamak experiments.2,3 In the so-called enhanced re
versed shear~ERS!2 or negative central shear~NCS!4 plas-
mas, the core ion thermal conductivity was actually obser
to fall below the standard neoclassical level which w
widely accepted as the irreducible minimum. The source
this apparent contradiction lies in the fact that the experim
tal conditions in the ERS regime correspond to situatio
where the ion poloidal gyroradiusrp can be comparable in
magnitude or even greater than the local minor radiusr and
the equilibrium pressure gradient scale lengthLp . This vio-
lates a basic assumption in the standard neoclassical for
ism and establishes the need for a revised theory wherrp

can be of the same order of magnitude asr and/orLp . This
is accomplished in the present analysis, and the assoc
analytical and gyrokinetic particle simulation results a
shown to be in agreement with key confinement trends
served in ERS plasmas.

The standard neoclassical theory assumption that the
nematic toroidal angular momentum is much smaller th
the toroidal angular momentum leads to the orderi
rp!r . This assumption allows the lowest order distributi
function to be a function of the flux surface instead of t
drift surface. In addition, the usual assumption thatrp!Lp
allows expansion of the distribution function around a lo
Maxwellian. However, due to the combination of high ce
tral q ~safety factor! and small local inverse aspect rat
(r /R0 with R0 being the tokamak major radius!, the ion po-
loidal gyroradius (rp) can in fact be larger than the mino
radius and comparable to the pressure gradient scale le
(LP) in the ERS regime. Hence, both the trapped part
fraction and the banana width can be significantly modifi
by the finite minor radius and possibly by the pressu
gradient-driven radial electric field.

In the present analysis, the newly derived form for t
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neoclassical ion heat conductivity is found to be stron
reduced by finite banana width dynamics in the ER
regime.5 Important properties which need to be taken in
account in an appropriate theoretical model include:~a! ion
banana width is nearly constant close to the magnetic
and ~b! counter-moving ions have a minimum trapped fra
tion and all co-moving ions are trapped. In the usual neoc
sical picture, outward ion heat conductivity results from e
ergy flux imbalance between the inward moving slow~lower
energy! particles and the outward moving fast~higher en-
ergy! particles. When the finite orbit width is taken into a
count, the outward ion heat conductivity is significantly r
duced because these modifications on the fast particles
much stronger than those on the slow particles~i.e., net en-
ergy outflow reduced!. Therefore, the ion heat conductivit
x i decreases for smaller minor radius~where orbit effects are
strongest!. In the following, it will be demonstrated that ana
lytic results from the random-walk type argument and t
global gyrokinetic particle simulation using the GNC cod6

yield favorable agreement with the trend from the expe
mental measurements.

In a more general framework, the development of a n
classical theory with finite ion banana width treated in t
lowest order is discussed. It is found that ion–ion collisio
can drive neoclassical particle transport in a general dri
steady state. An equilibrium state with no particle flux h
been derived using the principle of maximum entropy.

The present investigation is also of interest to the mic
turbulence studies since they rely on neoclassical theory
the equilibrium distribution function. The usual assumpti
of a Maxwellian background has to be re-evaluated wh
rp;Lp . In the force balance calculation of the equilibriu
electrostatic potential, and thus the important parame
d(ErB/Bu)/dr, for turbulence suppression7 from the force
balance calculation, the neoclassical poloidal flow is
sumed even though it is only valid whenrp!Lp . Further-
more, for electromagnetic turbulence, the use of usual n
classical expression of bootstrap current has not b
justified whenrp;Lp .

This paper is organized as follows. A simplified ion orb
topology analysis in the core regions is presented in Sec
The ion heat conductivity is studied both by an analytic
1707/$10.00 © 1997 American Institute of Physics
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calculation and the gyrokinetic particle simulation in Sec.
Sec. IV presents a general formalism for the neoclass
transport theory with finite orbit width dynamics treated
the lowest order. Finally, Sec. V contains conclusions a
discussions.

II. ORBIT TOPOLOGY

The fast ion orbit in an axisymmetric magnetic field h
been extensively investigated8,9 for the confinement of ener
getic particles produced by neutral beam injection. Th
studies emphasized the loss regions due to the plasma
In this section, a simpler analysis of thermal ion orbit in t
plasma core region is presented. Since the classical tran
is excluded in the present studies, the guiding center o
theory is adequate.

In an axisymmetric system, the guiding center trajec
ries are defined by the conservations of magnetic mom
m, energy«, and toroidal canonical angular momentum,p,

mB1
1

2
mv i

21eF5«, R~mvz1eAz!5p, ~1!

whereB is the magnetic field,m is the particle mass,e is the
charge state,vz is toroidal components of the parallel velo
ity v i , F is electrostatic potential, andR is the distance from
the center line.z denotes toroidal angle in the plasma curre
direction. The toroidal magnetic vector potentialAz is related
to the poloidal magnetic fieldBu

Bu5¹3Az ,

and the poloidal fluxC

C52RAz[2hR0Az ,

whereh511e cosu, ande5r /R0 with R0 being major ra-
dius andr the minor radius.

In analyzing the dynamics of interest, it is convenient
consider a high aspect ratio torus with concentric flux s
faces and a constantq profile with constantF. The poloidal
flux is C5r 2B0/2q. The orbit equations then take the fo
lowing form,

mB0

h
1
1

2
mv i

25const, v i2
Vr 2

2qR0
5const, ~2!

whereV[eB0 /mc. The focus here is on the orbit topolog
of single energy (mv2/2) particles at a reference point o
minor radiusr and poloidal angleu50 ~magnetic field mini-
mum!. The usual definition of a trapped particle is one f
which v i50 somewhere along the orbit. The banana wid
Db and trapped fractionf t are determined by the behavior o
barely trapped particles withv i50 at the inside mid-plane
(u5p).

1

2
mv i

21
mB0

11e
5

mB0

12e
,

and

v i2
Vr 2

2qR0
52v i2

V~r2Db!
2

2qR0
.

In the limit of Db!r ,
1708 Phys. Plasmas, Vol. 4, No. 5, May 1997
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f t[uv iu/v5A2e, Db5A8rq/e1/2, ~3!

wherer5v/V.
Now consider the critical region,Db;r , where the fa-

miliar expressions given by Eq.~3! are invalid. First, note
that the banana width increases when the reference p
moves toward the magnetic axis. Hence, care must be ta
to satisfy the basic constraint that the orbit excursion can
be larger than the local minor radius at the outermost poin
the orbit. For a small value ofr , it is possible for the guiding
center to pass through the magnetic axis at a local m
radius. Then, the banana width is equal to this local mi
radius, i.e., it becomes the maximum banana width of
system. Second, the trapped orbit in this region is now
defined as one in which a particle cannot travel around
poloidal angle. Because the guiding center drift does not c
cel at each half of the orbit, this orbit can have a large rad
excursion. Thus, it makes a large contribution to diffusi
even though its parallel velocityv i may not change sign
along the orbit. Near the magnetic axis, all co-moving p
ticles (v i.0) are trapped because the guiding center d
velocity is larger than the poloidal component of the para
velocity. The counter-moving particle (v i,0) has a mini-
mum velocity space pitch angle at the trapped-pass
boundary.

In order to quantify the deviation from the usual neocla
sical transport estimates, we begin by considering ba
trapped counter-moving particles which are initially locat
at the magnetic axis with parallel velocityv i0,0. Such par-
ticles have zero parallel velocity at the inside mid-pla
(u5p) and later intercept the outer mid-plane (u50) at
minor radiusr5Dmaxwith parallel velocityv i.0. The orbit
equations are,

1

2
mv i0

2 1mB05
mB0

12r 1 /R0
, ~4!

v i052
Vr 1

2

2qR0
, ~5!

and

mB0

12r 1 /R0
5
1

2
mv i

21
mB0

11r /R0
, ~6!

2
Vr 1

2

2qR0
5v i2

Vr 2

2qR0
. ~7!

In the high aspect ratio limit, the maximum banana wid
Dmax and the minimum trapped fractionf min are,

Dmax5
~11A5!

21/3
~q2r2R0!

1/3, ~8!

f min[
uv i0u
v

5S 2qr

R0
D 1/3. ~9!

It is then clear that at minor radiusDmax, the orbit topology
begins to deviate from the usual neoclassical picture.
r,Dmax, the banana width and trapped fraction are roug
constant and independent of locale. Furthermore, the ion
collisionality parameter, n i*[e23/2A2qR0 /(v tht i) with
Lin, Tang, and Lee
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v th[A2T/m being the thermal velocity andt i the ion Bra-
ginskii time, is finite and falls well within the banana regim
for the ERS plasmas parameters provided the actual trap
fraction is properly taken into account.

The negative magnetic shear has a favorable effec
orbit topology. Assumeq profile,

q~r !5q0S raD
2n

. ~10!

Then the maximum banana width and the minimum trap
fraction are,

Dmax5a@~n12!2q0
2r2R0a

2n#1/~2n13!,
~11!

f min5F ~n12!
q0r

R0
S aR0

D nG1/~2n13!

,

where a is a numerical constant anda;21/(n12) when
n@1.

Equation~12! shown that the dependence of maximu
banana width on particle energy is weaker with negat
magnetic shear. Specifically, ifq;r2n, then Dmax

; «1/(2n13). This interesting scaling was first pointed out b
Stix.8 The consequence of this property will be further e
plored in Sec. III.

Equation~1! has been solved numerically for experime
tal parameters of Tokamak Fusion Test Reactor~TFTR! ERS
plasmas. The trapped-passing boundary of thermal part
in pitch anglej5v i /v and local minor radiusr space is
shown in Fig. 1. The maximum orbit excursion occurs at
trapped-passing boundary and is defined as the banana w
The dependence of the banana width on the local minor
dius is shown in Fig. 2. When the minor radius of the ref
ence point decreases, there are significant differences
tween the actual banana width and the standard neoclas
estimate even well before the orbit topology transition po
~the empty circle in Fig. 1!. This is due to the variation o
local aspect ratio along the particle trajectory. The results
the trapped fraction are presented in Fig. 3. Near the m
netic axis, the trapped fraction increases asr decreases be

FIG. 1. Trapped-passing boundary in pitch angle spacej vs. minor radius
r . I represents passing regime andII trapped regime. In regimeIII , parallel
velocity of a trapped particle does not change sign. In regimeIV, parallel
velocity of a passing particle changes sign.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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cause more and more co-moving (v i.0) particles can not
encircle the magnetic axis due to the small poloidal com
nent of parallel velocities.

III. ION HEAT CONDUCTIVITY

The collisional transport in the core regime is the res
of three different processes, namely, classical transpor
gyroradius diffusion, Pfirsch-Schlu¨ter transport by orbit dif-
fusion of passing guiding centers, and banana transpor
orbit diffusion of trapped guiding centers. The usual es
mates for the diffusion of passing~untrapped! particle guid-
ing center orbits~Pfirsch-Schlu¨ter transport! and for gyrora-
dius diffusion ~classical transport! remain valid in the core
ERS regime. However, the diffusion of trapped particles~ba-
nana transport! is expected to be dramatically changed due
the finite orbit width dynamics. In order to properly analy
such effects, the standard neoclassical formalism has b
revised by relaxing the constraint that the ion orbital exc
sions must be smaller than the local minor radius and
equilibrium scale lengths of plasma. Results from gyro
netic particle simulations based on this new formalism
strikingly different from the usual banana regime estim
and in reasonable agreement with experimental trends
served in ERS plasmas. Before displaying these numer

FIG. 2. Banana widthDb vs. minor radiusr .

FIG. 3. Trapped fractionf t vs. minor radiusr .
1709Lin, Tang, and Lee
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results, it is appropriate to first present useful analytical
timate for these important large orbit modifications. Sign
cant physical insight can be gained from estimates of the
energy fluxQ in the banana regime using the standard r
dom walk approximation, i.e.,

Q5aE
0

`

f t
D2

te f f

] f

]r

mv2

2
4pv2dv, ~12!

where f is the ion guiding center distribution function,D is
the random walk step size andte f f5 f t

2/n is the effective
collision time withn being the ion collision frequency, an
a is a simple constant which normalizesQ to the standard
neoclassical banana transport value calculated in the lim
small banana width. Since the temperature gradient s
length (LT) in ERS plasmas is much larger than the act
ion orbit width, local Maxwellian distribution can be as
sumed. Then the ion thermal conductive transport from
~12! becomes

Q5a
k tnT

t i
E
0

`D2

f t
e2xS x2

3

2Ddx ~13!

with normalized energyx5(v/v th)
2. This results was ob-

tained with a Lorentz collision model of the form
C5n(v)L̂ , whereL̂ is the pitch angle scattering operator,

L̂5
1

2

]

]j
~12j2!

]

]j
,

and the collision frequency

n~v !5
3

4

~2p!1/2

t i
S v thv D 3,

where the ion Braginskii time is defined,

t i5
4

3
p1/2

nie
4lnL

m1/2T3/2
,

with ni being the ion number density and lnL the Coulomb
logarithm.

It is useful here to introduce an expression for the min
radius transition point for particles with thermal energy; i.
Eq. ~9! gives

r 0[Dmax~v5v th!5
~11A5!

21/3
~q2r i

2R0!
1/3, ~14!

where r i5v th /V. r 0;20 cm for the typical ERS plasm
parameters of the Tokamak Fusion Test Reactor~TFTR!.2

The normalized particle energy now becom
x5(Dmax/r 0)

3 with the normalized minor radius defined b

x0[S rr 0D
3

. ~15!

When x>x0, the particles reach their maximum bana
width, and the orbit topology becomes different from t
usual neoclassical picture . Therefore, the velocity space
tegral in Eq.~13! can be separated into two parts. Low e
ergy particles (x,x0) have the conventional step siz
D5qr/Ar /R0, and trapped fraction,f t5Ar /R0, while high
1710 Phys. Plasmas, Vol. 4, No. 5, May 1997
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energy particles (x.x0) have constant step size
D5qr/ADmax/R0, and trapped fraction,f t5ADmax/R0.
The integral in Eq.~13! becomes

I[E
0

`D2

f t
e2xS x2

3

2D dx,
5S E

0

x0
1E

x0

` D D2

f t
e2xS x2

3

2D dx,
5I 11I 2 .

I 1 represents low energy particles contribution with the us
step sizeD5qr/Ar /R0 and trapped fractionf t5Ar /R0,

I 15
r i
2q2

e3/2 E0
x0
e2xxS x2

3

2Ddx,
5

r i
2q2

2e3/2
@12e2x0~2x0

21x011!#.

I 2 represents contribution from high energy particles wh
reach maximum banana width. A simple treatment is ass
ing constant step sizeD5qr/Armin /R0 and trapped fraction
f t5Armin /R0. This guarantees a smooth transition fromI 1 to
I 2,

I 25
r i
2q2

~r 0 /R0!
3/2E

x0

`

e2xx1/2S x2
3

2Ddx,
5

r i
2q2

e3/2
x0
2e2x0.

Ion energy flux from Eq.~13! becomes,

Q5a
k tnT

t i

r i
2q2

2e3/2
@12e2x0~x011!#. ~16!

Accordingly, our analytical estimate for the finite-orbi
modified neoclassical ion heat conductivity in the bana
regime becomes:

x i
ba5x i

neo@12e2x0~x011!#, ~17!

where x i
neo50.66e23/2q2r i

2/t i is the standard neoclassic
ion heat conductivity.10,11 The correction factor,
f[12e2x0(x011), is shown in the Fig. 4. It is also of in
terest to note here that negative magnetic shear has a fa
able effect on the orbit topology. The contribution from th
high energy particles to the integral in Eq.~13! decreases

FIG. 4. Finite orbit width correction to standard neoclassicalx i
Lin, Tang, and Lee



e
e
or

a
t
u

n

on
bi
a

wo
-

is

y

nt

ra
wi
lt

t

th
m

ra

e-

ra-
do
tter-
-
ant
y
cted
re
rity
the
ity
rity

lk
e

lk
i-
e
ift

lt
-
n
tor
ture
the
cal
e-
ter
ct
by
when the dependence of the maximum banana width on
ergy is weaker. Therefore, the negative magnetic shear h
to reduce the neoclassical ion heat conductivity in the c
region.

From the previous section, it is found that both ion b
nana width and trapped fraction are roughly constant near
magnetic axis. One will then expect that the ion heat cond
tivity to remain constant in the core regime. However,x i

ba is
found to decrease with smallerr . The physical picture is as
follows. The outward ion heat conductivity results from e
ergy flux imbalance between the inward moving slow~lower
energy! particles and the outward moving fast~higher en-
ergy! particles. In core plasmas region, outward ion heat c
ductivity is significantly reduced because the finite or
width modification on the fast particles is much stronger th
that on the slow particles~i.e., net energy outflow reduced!.
This physical picture is consistent with the fact that the t
terms in the integrand in Eq.~13! tend to cancel when inte
grated.

The total ion collisional heat conductivity is given by

x i5x i
ba1x i

ps1x i
cl ~18!

with x i
ba being the focus of our present analys

x i
ps51.58(12 f t)q

2r i
2/t i representing the Pfirsch-Schlu¨ter

transport,10 andx i
cl5r i

2/t i being the classical transport.
12 In

the core region of ERS plasmas, the ion heat conductivit
close to the Pfirsch-Schlu¨ter level which is in turn much
larger than the classical transport because of the high ce
q. Comparisons of the theoretical estimates forx i vs. repre-
sentative TFTR ERS results are shown in Fig. 5. In cont
to the usual neoclassical values which strongly increase
decreasing minor radius, the finite orbit width analytic resu
from Eq. ~17! and numerical results from Eq.~12! indicate a
decreasing trend. This is in reasonable agreement with
earlier published TFTR ERS results2 and even more strik-
ingly with recent more comprehensive data analysis of
same representative discharge. Note also that the experi
tal trend begins to track the Pfirsch-Schlu¨ter level when
x i
ba properly becomes negligibly small at smaller plasma

dii.

FIG. 5. Comparison of theoreticalx i to experimental data.
Phys. Plasmas, Vol. 4, No. 5, May 1997
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It is of interest to examine how sensitivex i depend on
the form of collision operator. Here we study a model lik
species pitch angle scattering operator10 which takes the
form of C5n(v)L̂ with

n~v !5
3

4

~2p!1/2

t i
S v thv D 3fS v

v th
D , ~19!

where the Maxwellian integral is defined by

f~y!5
2

Ap
E
0

y

e2tAtdt.

Qualitative agreement is obtained with both collision ope
tors. Furthermore, both pitch angle scattering operators
not conserve momentum and do not have the energy sca
ing. The property of momentum conservation will have im
portant effect on particle transport. Because the domin
contribution to particle flux is from relatively low energ
particles, the absence of momentum conservation is expe
to have minimal effect on heat flux. Another situation whe
the momentum conservation is not important is the impu
transport since the dominant collision process is between
impurity and the main ion species. Assuming both impur
and main ion species are in banana regime, the impu
particle diffusivity can be estimated as,

DI50.73e23/2
r I
2q2

t I
@12e2x0~2x011!

1Apx0~12f~x0!!#. ~20!

The Lorentz collision operator is used in this random wa
calculation. From Eq.~20!, DI reaches a constant level at th
magnetic axis (x0→0).

In order to validate the results from the random wa
analysis, fully toroidal particle simulations using the gyrok
netic neoclassical code~GNC!6 have been carried out. Th
finite orbit width dynamics is retained by keeping the dr
term in solving the following drift kinetic equation,

~v ib̂1vd!•¹ f2C~ f !50, ~21!

wherevd is the guiding center drift velocity. Letf[ f 01d f
with f 0 defined by

v ib̂•¹ f 02C~ f 0!50. ~22!

The governing equation is

~v ib̂1vd!•¹d f2C~d f !5vd•kf 0 , ~23!

wherek[2¹ ln f0. Note that if we ignore the drift term on
the left hand side of Eq.~23!, the standard neoclassical resu
is recovered. This nonlinear gyrokinetic deltaf
formalism13,14 allows a rigorous treatment of both finite io
orbit width dynamics and a Fokker-Planck collision opera
conserving momentum and energy. Since the tempera
gradient scale length in ERS plasmas is much larger than
actual ion orbit width, the usual expansion around a lo
Maxwellian is justified and thus allows the use of a nois
reductiond f scheme. In the simulations, the guiding cen
distribution function is calculated by integrating the exa
marker particles trajectories. The energy flux is calculated
1711Lin, Tang, and Lee



rg
h
a
ar
ch
o
ea

it
t

is
e
e
s
in
lia
ro
w
io
m
io
is
te
ib
th
wi
io

e
y
e

to
on
ra

ion
m,

an
tial
ial
on-
r of
i-
he
eo-
ral

s
rap
the

olu-
y
es.
can
m-
be
en-
lar
gly;

f

s

at
ion
the standard procedure of multiplying each particle ene
by its radial drift velocity. Thus both banana and Pfirsc
Schlüter diffusion are measured. The calculated ion therm
transports are not sensitive to the initial loading of the p
ticles or the initial conditions. The simulation results, whi
are presented in Fig. 6, support the trends from the rand
walk analysis shown in Fig. 5 and indicate that the ion h
conductivity decreases to roughly the Pfirsch-Schlu¨ter level
in the ERS core regime. Moreover, if the key full ion orb
width dynamics are suppressed, the simulations recover
standard neoclassical results.

IV. EQUILIBRIUM STATE OF LIKE-SPECIES
COLLISIONS

An appropriate steady state distribution function
needed for any attempt of a rigorous treatment of the n
classical transport with finite orbit width dynamics. In th
banana regime, the steady state distribution function i
function of constants of motion. This distribution function
standard neoclassical theory can be any local Maxwel
with arbitrary density, temperature, and toroidal rotation p
file. However, when the cross-field drift is treated in the lo
est order equation, flux function is not a constant of mot
and the steady state distribution function has to be refor
lated. To be specific, the time scale considered is the ion–
collision time. On this time scale, an equilibrium state
defined as a time-independent solution of an isolated sys
while a steady state is defined as time-independent distr
tion function maintained by external sources. Therefore,
equilibrium state is a special case of the steady state
zero external source, and no transport is driven by ion–
collisions in an equilibrium state.

The equilibrium state with finite orbit width can b
readily obtained using the principle of maximum entrop
and is found to be a global shifted-Maxwellian in an isolat
system,

f5exp~a1b«1cp!, ~24!

wherea, b andc are numerical constants corresponding
the total number of particles, energy and toroidal rotati
This equilibrium state is characterized by a uniform tempe

FIG. 6. Comparison of analyticx i to GNC simulation results, in arbitrary
unit.
1712 Phys. Plasmas, Vol. 4, No. 5, May 1997
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ture and toroidal rotation, and no transport driven by ion–
collisions. The characteristic density has the for
n(C)5exp(aF1bC), with C being the poloidal magnetic
flux anda, b numerical constants. Because the density c
be of arbitrary profile, the associated electrostatic poten
can be of any form subject to the constraint of ion rad
force balance. Thus, the equilibrium state derived here c
tains the orbit squeezing effect associated with the shea
the radial electric field.15 For this constant temperature equ
librium, the poloidal flow can be shown to be zero, and t
orbit squeezing effect accordingly does not change the n
classical flows. The orbit squeezing effect on a gene
driven steady state~i.e. non-equilibrium state! is still a topic
of ongoing debate.16,17Furthermore, when electron dynamic
are considered in this model, it is found that the bootst
current and ambipolar particle flux are consistent with
usual neoclassical results for any value ofrn /Ln .

In a general driven system, the steady state is the s
tion to a variational problem of minimum collisional entrop
production subject to the constrains of external sourc
Since it is not a zero entropy production state, transport
be driven by ion–ion collisions. In the case of constant te
perature considered here, this means particle flux can
driven even though like-species collisions conserve mom
tum. This is a result of the conservation of toroidal angu
momentum and its amplitude can be estimated accordin
i.e.,

G i /Gneo;de
m i

x i
neoS mi

me
D 1/2rp

R0

rp

Ln
, ~25!

wherem i is the neoclassical viscosity andGneo is the usual
neoclassical ambipolar flux. Hered measures the degree o
deviation from the equilibrium state and is defined as

d52
ku

kn

uz

uneo
, ~26!

where uz is the toroidal mass flow,ku52dln uz /dr,
kn52dln n/dr, anduneo5rpknv th/2. This scaling is simi-
lar to that obtained in very early classical transport studie18

of particle flux arising from like-species collisions. Sinced is
very small in most ERS plasmas of interest, it follows th
steep density gradients do not have a strong effect on the

FIG. 7. Particle fluxG ~arbitrary unit! vs. minor radiusr .
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heat conductivity. The orbit squeezing effects arising fro
the shear of the effective toroidal flow (cEr /Bu) driven by
the radial electric field associated with the steep density
dient is small because the scale length of this flow is,
though comparable torp , much larger than the actual io
banana width. These results further support the conclu
from the random walk calculations and the gyrokinetic sim
lation results in the previous section.

The GNC code is utilized to test this interesting pred
tion, i.e., ion–ion collision can drive neoclassical partic
transport. Two simulations have been carried out where
parameters are identical except for the density profiles. O
density profile is the equilibrium state for a constantq mag-
netic configuration,

n1~r !;e2r2/ l2,

wherel is a characteristic length. The other profile is not
equilibrium,

n2~r !;e2r3/ l3.

Both profiles are solutions to the drift kinetic equation in t
usual neoclassical limit. Figures 7 and 8 show that both p
ticle and toroidal angular momentum fluxes are driven
ion–ion collisions when the profile is not in the equilibriu
state.

V. CONCLUSIONS AND DISCUSSION

The neoclassical ion heat conductivity in ERS regime
shown to be strongly reduced by properly including fin
banana width effects into the theory. Analytical and simu
tion results are found to be in agreement with trends

FIG. 8. Toroidal angular momentum fluxA ~arbitrary unit! vs. minor radius
r .
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served in the experiments. When the effect of finite ion b
nana width is retained in the neoclassical theory, it is fou
that ion–ion collisions can drive particle transport in a ge
eral driven steady state. An equilibrium state with no parti
flux has been derived.

Only the effect of finite ion banana width is studied
this paper. The effect of finite electron orbit width and ass
ciated finite trapped fraction introduces nonvanishing bo
strapped current on the magnetic axis.19,20However, this ef-
fect in a simple ion-electron plasma is limited to a very sm
region (r 0,1 cm for the electron using the TFTR ERS pla
mas parameters!. On the other hand, the finite ion banan
width effect may modified the standard neoclassical bo
strap current in the presence of the ion temperature grad
This modification will be investigated in our future studie
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