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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. @997 American Institute of Physics.
[S1070-664X97)92705-1

I. INTRODUCTION neoclassical ion heat conductivity is found to be strongly
reduced by finite banana width dynamics in the ERS
The striking improvement of plasma confinement to neotegime® Important properties which need to be taken into
classical levels was first theoretically predicted for a reverse@ccount in an appropriate theoretical model inclu@g:ion
magnetic shear configuratiband subsequently confirmed in banana width is nearly constant close to the magnetic axis
recent tokamak experimerfts.In the so-called enhanced re- and (b) counter-moving ions have a minimum trapped frac-
versed sheafERS? or negative central shedNCS* plas-  tion and all co-moving ions are trapped. In the usual neoclas-
mas, the core ion thermal conductivity was actually observedical picture, outward ion heat conductivity results from en-
to fall below the standard neoclassical level which wasergy flux imbalance between the inward moving sidewer
widely accepted as the irreducible minimum. The source ognergy particles and the outward moving fagtigher en-
this apparent contradiction lies in the fact that the experimenergy) particles. When the finite orbit width is taken into ac-
tal conditions in the ERS regime correspond to situationgount, the outward ion heat conductivity is significantly re-
where the ion poloidal gyroradiys, can be comparable in duced because these modifications on the fast particles are
magnitude or even greater than the local minor radi@a®d  much stronger than those on the slow partidies, net en-
the equilibrium pressure gradient scale length This vio-  ergy outflow reduced Therefore, the ion heat conductivity
lates a basic assumption in the standard neoclassical forma}; decreases for smaller minor radiwghere orbit effects are
ism and establishes the need for a revised theory whgre strongest In the following, it will be demonstrated that ana-
can be of the same order of magnituder and/orL,. This Iytic results from the random-walk type argument and the
is accomplished in the present analysis, and the associategbbal gyrokinetic particle simulation using the GNC cbde
analytical and gyrokinetic particle simulation results areyield favorable agreement with the trend from the experi-
shown to be in agreement with key confinement trends obmental measurements.
served in ERS plasmas. In a more general framework, the development of a neo-
The standard neoclassical theory assumption that the ktlassical theory with finite ion banana width treated in the
nematic toroidal angular momentum is much smaller tharlowest order is discussed. It is found that ion—ion collisions
the toroidal angular momentum leads to the orderingcan drive neoclassical particle transport in a general driven
pp<<r. This assumption allows the lowest order distributionsteady state. An equilibrium state with no particle flux has
function to be a function of the flux surface instead of thebeen derived using the principle of maximum entropy.
drift surface. In addition, the usual assumption thgtL The present investigation is also of interest to the micro-
allows expansion of the distribution function around a localturbulence studies since they rely on neoclassical theory for
Maxwellian. However, due to the combination of high cen-the equilibrium distribution function. The usual assumption
tral q (safety factoy and small local inverse aspect ratio of a Maxwellian background has to be re-evaluated when
(r/Ro with R, being the tokamak major radiyghe ion po-  p ~L . In the force balance calculation of the equilibrium
loidal gyroradius p,,) can in fact be larger than the minor electrostatic potential, and thus the important parameter
radius and comparable to the pressure gradient scale lengi{E,B/B,)/dr, for turbulence suppressibrirom the force
(Lp) in the ERS regime. Hence, both the trapped particlebalance calculation, the neoclassical poloidal flow is as-
fraction and the banana width can be significantly modifiedsumed even though it is only valid when<L,. Further-
by the finite minor radius and possibly by the pressuremore, for electromagnetic turbulence, the use of usual neo-
gradient-driven radial electric field. classical expression of bootstrap current has not been
In the present analysis, the newly derived form for thejustified whenp,~L,,.
This paper is organized as follows. A simplified ion orbit
*paper 2IB1, Bull. Am. Phys. Sodd, 1442(1996. topology analysis in the core regions is presented in Sec. Il.
"Invited speaker. The ion heat conductivity is studied both by an analytical
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calculation and the gyrokinetic partic_le simulation in Sec. I_II. f,= |UH|/U =2, Ap= \/§pq/61’2, 3)
Sec. IV presents a general formalism for the neoclassical
transport theory with finite orbit width dynamics treated in Wherep=uv/€.

the lowest order. Finally, Sec. V contains conclusions and _ Now consider the critical regiomy,~r, where the fa-
discussions. miliar expressions given by Eq3) are invalid. First, note

that the banana width increases when the reference point
moves toward the magnetic axis. Hence, care must be taken
Il. ORBIT TOPOLOGY to satisfy the basic constraint that the orbit excursion cannot

The fast ion orbit in an axisymmetric magnetic field hasbPe Iarg_er than the local minor r_a(_JIius at 'Fhe outermost_p_oint of
been extensively investigafelifor the confinement of ener- the orbit. For a small value o, it is possible for the guiding
getic particles produced by neutral beam injection. Thes&enter to pass through the magnetic axis at a local minor
studies emphasized the loss regions due to the plasma waidius. Then, the banana width is equal to this local minor
In this section, a simpler analysis of thermal ion orbit in theradius, i.e., it becomes the maximum banana width of the
plasma core region is presented. Since the classical transp&¥Stém. Second, the trapped orbit in this region is now re-

is excluded in the present studies, the guiding center orbfi€fined as one in which a particle cannot travel around the
theory is adequate. poloidal angle. Because the guiding center drift does not can-

In an axisymmetric system, the guiding center trajecto-Ce! at €ach half of the orbit, this orbit can have a large radial

ries are defined by the conservations of magnetic momengxcursion. Thus, it makes a large contribution to diffusion

w«, energye, and toroidal canonical angular momentypy, ~ €Ven though _its parallel veIocityU may not change_ sign
along the orbit. Near the magnetic axis, all co-moving par-

ticles (v>0) are trapped because the guiding center drift
velocity is larger than the poloidal component of the parallel
velocity. The counter-moving particlev(<0) has a mini-
mum velocity space pitch angle at the trapped-passing
boundary.

In order to quantify the deviation from the usual neoclas-
sical transport estimates, we begin by considering barely
trapped counter-moving particles which are initially located
at the magnetic axis with parallel velocity,<0. Such par-

1
uB+ Emvﬁ-i-e(b:s, R(mv,+eA)=p, (1)

whereB is the magnetic fieldn is the particle mas® is the
charge statey , is toroidal components of the parallel veloc-
ity v, ® is electrostatic potential, aritlis the distance from
the center line{ denotes toroidal angle in the plasma current
direction. The toroidal magnetic vector poten#alis related

to the poloidal magnetic fiel&,

By=VXA,, ticles have zero parallel velocity at the inside mid-plane
and the poloidal flux (=) and later intercept the outer mid-plané=0) at
minor radiusr = A, with parallel velocityv | >0. The orbit
¥=-RA=—-hRA,, equations are,
whereh=1+ € cosd, ande=r/R, with R, being major ra- By
dius andr the minor radius. Emvﬁ(ﬂr ’“BO:W’ (4)
In analyzing the dynamics of interest, it is convenient to 1o
consider a high aspect ratio torus with concentric flux sur- Qri
faces and a constaqtprofile with constantb. The poloidal Vjo=— m 5
flux is W =r2By/2q. The orbit equations then take the fol-
lowing form, and
uBo 1 Qr? uBg 1, uBg
4 — = _——_—= [ — —_—
h 2mv|| const, v 20R, const, (2 -1, /R, 2mv” + TH1IRy’ (6)
whereQ)=eBy/mc. The focus here is on the orbit topology Qrf Qr2
of_ single energy r(nvzl_Z) particles at a refer_em_:e poi_nt_ of — ﬁ:v”_ m (7
minor radiusr and poloidal angl@= 0 (magnetic field mini-

mum). The usual definition of a trapped particle is one forin the high aspect ratio limit, the maximum banana width
which v =0 somewhere along the orbit. The banana widthA ., and the minimum trapped fractidi,;, are,
A, and trapped fractiolf, are determined by the behavior of

icles with— inside mid- (1+5)
?ZSL)T/) trapped particles withy=0 at the inside mid-plane max="—5 T3 (92p?Ro) Y3, ®)
1 uBo  uBg lopl  [2ap 1/3
2mv||+l+e 1-¢€’ i v Ro/ ©
and It is then clear that at minor radius,,,,, the orbit topology
Qr2 Q(r—A)? begins to deviate from the usual neoclassical picture. For
vy ait ] I =yt r<A,ax the banana width and trapped fraction are roughly
ARy AdRo constant and independent of local Furthermore, the ion
In the limit of Ay<r, collisionality parameter, v* = ¥2\2qRy/(v¢n7;) With
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FIG. 1. Trapped-passing boundary in pitch angle spgags. minor radius

r. | represents passing regime dhdrapped regime. In regimigl , parallel FIG. 2. Banana widtt\,, vs. minor radiug .

velocity of a trapped particle does not change sign. In redivheparallel

velocity of a passing particle changes sign.
cause more and more co-moving;t0) particles can not
encircle the magnetic axis due to the small poloidal compo-

v;w=+2T/m being the thermal velocity and the ion Bra- "o of parallel velocities.

ginskii time, is finite and falls well within the banana regime
for the ERS plasmas parameters provided the actual trappéUi- ION HEAT CONDUCTIVITY

fraction is properly taken into account. The collisional transport in the core regime is the result
The negative magnetic shear has a favorable effect ogf three different processes, namely, classical transport or
orbit topology. Assumey profile, gyroradius diffusion, Pfirsch-Schkr transport by orbit dif-
N fusion of passing guiding centers, and banana transport by
q(r)=dqo 3 (10)  orbit diffusion of trapped guiding centers. The usual esti-

mates for the diffusion of passirgntrapped particle guid-
Then the maximum banana width and the minimum trappedng center orbitPfirsch-Schlter transpoitand for gyrora-

fraction are, dius diffusion (classical transportremain valid in the core
ERS regime. However, the diffusion of trapped partidles-
Anax=al(n+ 2)2qu2Roa2”]1’(2n+3): (11) nana transpoytis expected to be dramatically changed due to
o\ nUEn+3) the finite orbit width dynamics. In order to properly analyze
foin= (n+2)qu _ , such effects, the standard neoclassical formalism has been
Ro \Ro revised by relaxing the constraint that the ion orbital excur-

where « is a numerical constant and~2YM"*+2) when sions must be smaller than the local minor radius and the
n>1. equilibrium scale lengths of plasma. Results from gyroki-

Equation(12) shown that the dependence of maximumnetic particle simulations based on this new formalism are

banana width on particle energy is weaker with negativesmk'f‘gly different from the usua_l banana_ regime estimate
magnetic shear. Specifically, ifqg~r~", then A, and in reasonable agreement with experimental trends ob-

~ gU2+3) This interesting scaling was first pointed out by served in ERS plasmas. Before displaying these numerical

Stix2 The consequence of this property will be further ex-
plored in Sec. Il

Equation(1) has been solved numerically for experimen- 1.0 -
tal parameters of Tokamak Fusion Test RealiéiTR) ERS [
plasmas. The trapped-passing boundary of thermal particles 0.8:- actual trapped .
in pitch angleé=uv /v and local minor radius space is [ fraction
shown in Fig. 1. The maximum orbit excursion occurs at the 0.6
trapped-passing boundary and is defined as the banana width.  §,
The dependence of the banana width on the local minor ra-
dius is shown in Fig. 2. When the minor radius of the refer-
ence point decreases, there are significant differences be-
tween the actual banana width and the standard neoclassical - !
estimate even well before the orbit topology transition point 0oL .
(the empty circle in Fig. 1 This is due to the variation of Y 10 20 30 40 50
local aspect ratio along the particle trajectory. The results of r(cm)
the trapped fraction are presented in Fig. 3. Near the mag-
netic axis, the trapped fraction increasesr agecreases be- FIG. 3. Trapped fractiori; vs. minor radius .

o
'Y
vy

o2} .~ __standard ]
! neoclassical estimate
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results, it is appropriate to first present useful analytical es- 1.0 T T Y v

timate for these important large orbit modifications. Signifi- osh
cant physical insight can be gained from estimates of the ion '
energy fluxQ in the banana regime using the standard ran- 06}
dom walk approximation, i.e., f oal

= A? 9f mp?

Q=af fi— — ——4mv2dv, (12 0zr
0 Teff OF 2 0.0 .
. . - o . 0 1 2 3 4 5

wheref is the ion guiding center distribution function, is Xo

the random walk step size ar@ffsz/v is the effective
collision time with v being the ion collision frequency, and

a is a simple constant which normaliz€sto the standard
neoclassical banana transport value calculated in the limit of

small banana width. Since the temperature gradient scaléznergy particles X>x,) have constant step size

!ength (!_T) .in ERS plasmas is'much Ia}rge.r than the actuaIA:qp/ VA /R, and trapped fractionf,= A ../Ro.
ion orbit width, local Maxwellian distribution can be as- The integral in Eq(13) becomes

sumed. Then the ion thermal conductive transport from Eq.

FIG. 4. Finite orbit width correction to standard neoclassjgal

= A2 3
(12) becomes |= f_ex( X— 5) dx,
_ KtnTJmAZ -x 3 d 13 -
Q=a——| & [Xx 3/ (13 Uxo foo A2 ( 3)
= + —e " Xx—5|dx,
0 XO ft 2

with normalized energk=(v/v¢,)?. This results was ob-
tained with a Lorentz collision model of the form, =1,+1,.

C=v(v)L, whereL is the pitch angle scattering operator, I, represents low energy particles contribution with the usual

. 194 5. 0 step sizeA =qp/\r/R, and trapped fractiofi,= \r/Ry,
L=z —=(1-&)—,
PR TARRFF: p?a? [xo 3
. li=—7 | e x| x—z|dx,
and the collision frequency € 0 2

3(2m) " vy pra’ ‘o2
= — i ] —a 0
v(v) i ol W[l e X0(2x5+ %o+ 1)].
where the ion Braginskii time is defined, I, represents contribution from high energy particles which
4 reach maximum banana width. A simple treatment is assum-
_4 pniefinA ing constant step siz& = qp/\r min/Ro and trapped fraction
Ti= T a2, X e
3 m*2T fi=Vrmin/Ro- This guarantees a smooth transition frbjmo
with n; being the ion number density and snthe Coulomb 2,
logarithm. pra’ (= 12 3
It is useful here to introduce an expression for the minor '2:—F(rO/RO)3 ZL € X XT3 dx,
0

radius transition point for particles with thermal energy; i.e.,

. 2.2
Eq. (9) gives _Pi q -
6372 0 '
=A — _(1+\/€) 2 2R 1/3 14
Fo=Amadv=vin) = —m—(4"pRo) ™, (14 1on energy flux from Eq(13) becomes,
2
where p;=v,/Q. rq~20 cm for the typical ERS plasma kT pig?

) =a—— 53p[l-e *(xo+1)].
parameters of the Tokamak Fusion Test Rea¢idtTR).? Q=a T 2€ [1=e 700+ 1)] (16)

The normalized particle energy now becomes

X=(A,./ro)? with the normalized minor radius defined by Accordingly, our analytical estimate for the finite-orbit-

modified neoclassical ion heat conductivity in the banana
regime becomes:

xP2=x"T1—e *o(xo+1)], 17)

When x=xq, the particles reach their maximum bananawhere X{‘e°=0.665*3’2q2pi2/7-i is the standard neoclassical

width, and the orbit topology becomes different from theion heat conductivity®* The correction factor,
usual neoclassical picture . Therefore, the velocity space inf=1—e *o(xy+1), is shown in the Fig. 4. It is also of in-
tegral in Eq.(13) can be separated into two parts. Low en-terest to note here that negative magnetic shear has a favor-
ergy particles X<xo) have the conventional step size, able effect on the orbit topology. The contribution from the
A=qp/r/Ry, and trapped fractiorf,= r/Ry, while high  high energy particles to the integral in E(3) decreases

3

o

1710 Phys. Plasmas, Vol. 4, No. 5, May 1997 Lin, Tang, and Lee



It is of interest to examine how sensitiyg depend on

10077 R the form of collision operator. Here we study a model like-
F ] species pitch angle scattering operttowhich takes the
10f form of C=v(v)L with
w | ' 3(2m*2(vy|? [ v
o I ) =— — —
é orf % v(v) i 5 ¢ o)’ (19
R [ where the Maxwellian integral is defined by
0.01 F E 5 y
i j $(y)= Tfo e '\dt.
0001 b 1 4 4 PRI S S U U W U0 TR 0 W ™
0.0 0.1 0.2 0.3 04 0.5

r/a Qualitative agreement is obtained with both collision opera-
tors. Furthermore, both pitch angle scattering operators do
not conserve momentum and do not have the energy scatter-

FIG. 5. Comparison of theoretica} to experimental data. ing. The property of momentum conservation will have im-
portant effect on particle transport. Because the dominant
contribution to particle flux is from relatively low energy

rticles, the absence of momentum conservation is expected
have minimal effect on heat flux. Another situation where
€ momentum conservation is not important is the impurity
ransport since the dominant collision process is between the

From the previous section, it is found that both ion ba-MPUNty and the main ion species. Assuming both impurity

nana width and trapped fraction are roughly constant near th nd main ion species are in banana regime, the impurity

magnetic axis. One will then expect that the ion heat conduc‘-)art'cIe diffusivity can be estimated as,

when the dependence of the maximum banana width on emd
ergy is weaker. Therefore, the negative magnetic shear hel E
to reduce the neoclassical ion heat conductivity in the cor

region.

tivity to remain constant in the core regime. Howe\oe,‘i"f‘ is p|2q2
- - - - D,=0.73 32——[1—e %o(2x,+1)
found to decrease with smaller The physical picture is as =0, 7 0
follows. The outward ion heat conductivity results from en-
ergy flux imbalance between the inward moving sldewer +VmXo(1— (X)) ]. (20

energy pgmcles and the outvvard_movmg faﬁm_gher en- The Lorentz collision operator is used in this random walk
ergy) particles. In core plasmas region, outward ion heat con-

ductivity is significantly reduced because the finite Orbltcalculat!on. From Eq(20), D, reaches a constant level at the
: Y . X magnetic axis Xo—0).
width modification on the fast particles is much stronger than .
. In order to validate the results from the random walk
that on the slow patrticle§.e., net energy outflow reduced . : : . : . .
. . . ) . i analysis, fully toroidal particle simulations using the gyroki-
This physical picture is consistent with the fact that the two_ : 6 .
terms in the integrand in Eq13) tend to cancel when inte netic neoclassical codéGNC)° have been carried out. The
9 finite orbit width dynamics is retained by keeping the drift

grated. . . . . )
The total ion collisional heat conductivity is given by term in solving the following drift kinetic equation,

ba,  ps, ol (vjp+vq)-VE-C(f)=0, (21)
Xi=Xi Xt X (18 . - . . -
wherevy is the guiding center drift velocity. Left=f+ of
with xP? being the focus of our present analysis, With fo defined by

xPS=1.58(1-f,)q%p?/; representing the Pfirsch-Sckén B Vio—C(fy)=0 22
transport:® and y°'= p?/ 7, being the classical transpdftin ” 0 o

the core region of ERS plasmas, the ion heat conductivity ig he governing equation is

close to the Pfirsch-Schier level which is in turn much -

larger than the classical transport because of the high central (vjb+vy)- VOf =C(oF)=Vy- efo, (23

g. Comparisons of the theoretical estimates yovs. repre- wherex=—VIn f,. Note that if we ignore the drift term on
sentative TFTR ERS results are shown in Fig. 5. In contrasthe left hand side of Eq23), the standard neoclassical result
to the usual neoclassical values which strongly increase witis  recovered. This nonlinear gyrokinetic defta-
decreasing minor radius, the finite orbit width analytic resultsformalismt®* allows a rigorous treatment of both finite ion
from Eq. (17) and numerical results from EL2) indicate a  orbit width dynamics and a Fokker-Planck collision operator
decreasing trend. This is in reasonable agreement with theonserving momentum and energy. Since the temperature
earlier published TFTR ERS resifitand even more strik- gradient scale length in ERS plasmas is much larger than the
ingly with recent more comprehensive data analysis of thectual ion orbit width, the usual expansion around a local
same representative discharge. Note also that the experimeltaxwellian is justified and thus allows the use of a noise-
tal trend begins to track the Pfirsch-Sdeelu level when reductionsf scheme. In the simulations, the guiding center
x"@ properly becomes negligibly small at smaller plasma radistribution function is calculated by integrating the exact
dii. marker particles trajectories. The energy flux is calculated by
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ture and toroidal rotation, and no transport driven by ion—ion

1.0[ y T N T
[ ‘\ ''''' standard neoclassical ] collisions. The characteristic density has the form,
o79f % ——- revised neoclassical n(¥) =explad®+ BY), with ¥ being the poloidal magnetic
\\ ——GNC with real orbit ] flux and a, B numerical constants. Because the density can
o58F \ """" GNC with small orbit . be of arbitrary profile, the associated electrostatic potential
X 3‘” ] can be of any form subject to the constraint of ion radial
o3sf ‘\\ ] force balance. Thus, the equilibrium state derived here con-
R tains the orbit squeezing effect associated with the shear of
017L SR e A the radial electric field® For this constant temperature equi-
! ~ Ko g ] librium, the poloidal flow can be shown to be zero, and the
-0.04 orbit squeezing effect accordingly does not change the neo-
0.0 classical flows. The orbit squeezing effect on a general

driven steady staté.e. non-equilibrium stabeis still a topic

of ongoing debaté® ! Furthermore, when electron dynamics
FIG. 6. Comparison of analytig; to GNC simulation results, in arbitrary ~ are considered in this model, it is found that the bootstrap
unit. current and ambipolar particle flux are consistent with the
usual neoclassical results for any valuepgfL, .

h dard q ¢ multiolvi h il In a general driven system, the steady state is the solu-
the standard procedure of multiplying each particle energy,, i, 5 variational problem of minimum collisional entropy

gyh'}.s rag_lfa;l d,”ft velocity. Thu; Pl_?]th balmalna gr)d F);;'rSCh'Eroduction subject to the constrains of external sources.
chiter diffusion are measured. The calculated ion thermag;, ¢ jt js not a zero entropy production state, transport can

transports are not sensitive to the initial loading of the Parpa driven by ion—ion collisions. In the case of constant tem-
ticles or the initial conditions. The simulation results, which erature considered here, this means particle flux can be

arelkprese;nt_ed '2 Fig. 6, support ;h_e (tjr_ends fhromhthe_ rar;]do'%riven even though like-species collisions conserve momen-
walk analysis shown in Fig. 5 and indicate that the ion €alum. This is a result of the conservation of toroidal angular

F:onductivity decreas.es to roughly th.e Pfirsch-StEh!lleveI . momentum and its amplitude can be estimated accordingly;
in the ERS core regime. Moreover, if the key full ion orbit ;

width dynamics are suppressed, the simulations recover the

. 1/2
standard neoclassical results. LT, oo 56% ﬂ) Pp @, (25
i Mg RO I-n
IV. EQUILIBRIUM STATE OF LIKE-SPECIES where u; is the neoclassical viscosity aidt},., is the usual
COLLISIONS neoclassical ambipolar flux. He@® measures the degree of
An appropriate steady state distribution function igdeviation from the equilibrium state and is defined as
needgd for any attempt (_)f_a rigo_roug treatment_of the neo- Ky Uy
classical transport with finite orbit width dynamics. In the — 6=— PRTIN (26)

banana regime, the steady state distribution function is a
function of constants of motion. This distribution function in where u, is the toroidal mass flow,x,=—dIn u,/dr,
standard neoclassical theory can be any local Maxwelliarn=—dIn n/dr, anduneq=ppknvn/2. This scaling is simi-
with arbitrary density, temperature, and toroidal rotation proar to that obtained in very early classical transport stuflies
file. However, when the cross-field drift is treated in the low- Of particle flux arising from like-species collisions. Singés

est order equation, flux function is not a constant of motiorvery small in most ERS plasmas of interest, it follows that
and the steady state distribution function has to be reformusteep density gradients do not have a strong effect on the ion
lated. To be specific, the time scale considered is the ion—ion

collision time. On this time scale, an equilibrium state is

defined as a time-independent solution of an isolated system, 10
while a steady state is defined as time-independent distribu- driven steady state
tion function maintained by external sources. Therefore, the 0.75F ]
equilibrium state is a special case of the steady state with
zero external source, and no transport is driven by ion—ion 0.50F ]
collisions in an equilibrium state. r

The equilibrium state with finite orbit width can be 025} equilibrium .
readily obtained using the principle of maximum entropy, P . 4
and is found to be a global shifted-Maxwellian in an isolated 00F ===/ "% ‘\,"-,"'."\,".."‘,"?,4:“"‘,.;.'
system, ' ¥ U H’ ' ﬂ

-0.25

f=expla+bs+cp), (24 00 007 014 021 028 035
wherea, b andc are numerical constants corresponding to r/a
the total number of particles, energy and toroidal rotation.
This equilibrium state is characterized by a uniform tempera- FIG. 7. Particle flux (arbitrary uni} vs. minor radius .

1712 Phys. Plasmas, Vol. 4, No. 5, May 1997 Lin, Tang, and Lee



served in the experiments. When the effect of finite ion ba-

0.30 Y d i T nana width is retained in the neoclassical theory, it is found
equilibrium\,'! that ion—ion collisions can drive particle transport in a gen-
0.06f W ) eral driven steady state. An equilibrium state with no particle
flux has been derived.
-0.18}F . Only the effect of finite ion banana width is studied in
A this paper. The effect of finite electron orbit width and asso-
042} - ciated finite trapped fraction introduces nonvanishing boot-
/‘ strapped current on the magnetic aXi$° However, this ef-

066} . fect in a simple ion-electron plasma is limited to a very small
driven steady state region (o<1 cm for the electron using the TFTR ERS plas-

-0.90 . mas parametersOn the other hand, the finite ion banana

00 007 0.4 y 021 028 035 width effect may modified the standard neoclassical boot-
ra strap current in the presence of the ion temperature gradient.

This modification will be investigated in our future studies.
FIG. 8. Toroidal angular momentum flux (arbitrary uni} vs. minor radius
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