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Neoclassical Transport in Enhanced Confinement Toroidal Plasmas
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It has recently been reported that ion thermal transport levels in enhanced confinement tokamak
plasmas have been observed to 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 ion’s orbital excursions are much smaller than the local toroidal minor
radius and the equilibrium scale lengths of the system. [S0031-9007(96)02230-2]

PACS numbers: 52.25.Fi, 52.55.Dy, 52.65.Tt

The striking improvement of plasma confinement toresults from energy flux imbalance between the inward
neoclassical levels was first theoretically predicted fomoving slow (lower energy) particles and the outward
a reversed magnetic shear configuration [1] and subsenoving fast (higher energy) particles. When the finite-
quently confirmed in recent tokamak experiments [2,3]orbit width is taken into account, the outward ion heat
In the so-called enhanced reversed shear (ERS) regimenductivity is significantly reduced because this modi-
[2], the core ion thermal conductivity was actually ob- fication is much stronger on the fast particles (i.e., net
served to falbelowthe standard neoclassical level which energy outflow reduced). Therefore, the ion heat conduc-
was widely accepted as the irreducible minimum. Thetivity y; decreases for smaller minor radius where orbit
source of this apparent contradiction lies in the fact thaeffects are strongest. In the following, it will be demon-
the experimental conditions in the ERS regime correspondtrated that global gyrokinetic particle simulations using
to situations where the ion poloidal gyroradips can be  the gyrokinetic neoclassical code (GNC) [4] and analytic
comparable in magnitude or even greater than the locaksults from a random-walk-type argument yield favorable
minor radiusr and/or the equilibrium pressure gradient agreement with key trends from the experimental mea-
scale lengthL,. This violates a basic assumption in the surements.
standard neoclassical formalism and establishes the needin an axisymmetric system, the guiding center trajecto-
for a revised theory where, can be of the same or- ries are defined by the conservation of magnetic moment,
der of magnitude as and/orL,. This is accomplished u, energy,e, and toroidal canonical angular momentum,
in the present analysis, and the associated analytical and i.e.,
gyrokinetic particle simulation results are shown to be in
agreement with key confinement trends observed in ERS @
plasmas. R(mv; + eA;) = p>

The standard neoclassical theory assumption that th@hereB is the magnetic fieldy is the particle mass; is
ion poloidal gyroradius is much smaller than the localthe chargey, is the toroidal component of the parallel
minor radius and the equilibrium scale lengths allows theselocity v, ® is the electrostatic potentiaR is the

expansion of the equilibrium distribution function around distance from the center line, agddenotes toroidal angle
a local Maxwellian which is defined as a function of thein the plasma current direction. The toroidal magnetic

flux surface. However, due to the combination of highvector potentiali, is related to the poloidal magnetic field
centralq (safety factor) and a small local inverse aspectB, = V X A,.
ratio (r/Ro with R, being the tokamak major radius), In analyzing the dynamics of interest, it is convenient
the ion poloidal gyroradius can in fact be larger thanto consider a high aspect ratio torus with concentric flux
the minor radius and comparable to the pressure gradieglrfaces and a constaptprofile with constantb. The
scale length in the ERS regime. Hence, both the trappefcus here is on the orbit topology of single energy
particle fraction and the banana width estimates can b@ny?/2) particles at a reference point of minor radius
significantly modified. _ r and poloidal angle? = 0 (magnetic field minimum).
In the present analysis, the newly derived form for theThe usual definition of a trapped particle is one for which
neoclassical ion heat conductivity is found to be stronglyv|| = 0 somewhere along the orbit. The banana width
reduced by finite banana width dynamics in the ERSand trapped fractiorf, are determined by the behavior
regime. Important properties which need to be taken int@f barely trapped particles withy; = 0 at the inside

account in an appropriate theoretical model include: (ajnidplane ¢ = #). In the limit of A, < r, standard
ion banana width is nearly constant close to the maganalysis of Eq. (1) yields

,U,B+%mvﬁ+eq)=s,

netic axis and (b) countermoving ions have a minimum £, = \2€
trapped fraction and all comoving ions are trapped. In the ! € (2)
usual neoclassical picture, outward ion heat conductivity Ny = 8pq/e'?,
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wheree = r/Ryandp = v/Q with Q = eB/m. standard neoclassical formalism has been revised by re-
Now consider the critical region)\, ~ r, where the laxing the constraint that the ion poloidal gyroradius must
familiar expressions given by Eq. (2) are invalid. First,be smaller than the local minor radius and the equilibrium
note that the banana width increases when the referenseale lengths of plasma. Specifically, the drift term is re-
point moves toward the magnetic axis. Hence, care mugained in solving the drift kinetic equation,
be taken to satisfy the basic constraint that the orbit N . _ _
excursion cannot be larger than the local minor radius at ) (vyb + ,Vd,) v/ C(f_) 0, , @
the outermost point of the orbit. For a small value ofWhere vy is the guiding center drift velocity and' is
r, it is possible for the guiding center to pass throughth‘? collision operator. Fully toroidal partlple simulations
the magnetic axis at a local minor radius. Then, the!Sing the GNC code [4] have been carried out to solve
banana width is equal to this local minor radius, i.e.,Ed- (8). Since the temperature gradient scale length in
it becomes the maximum banana width of the systemERS plasmas is much larger than the actual ion orbit
Second, the trapped orbit in this region is now redefined a¥idth, the usual expansion around a local Maxwellian
one in which a particle cannot travel around the poloidafS justified and thus allows the use of a noise-reduction
angle. Because the guiding center drift does not cance]/ Scheme. This nonlinear gyrokinetic dejgformalism
at each half of the orbit, this orbit can have a large radia[>-6] allows a rigorous treatment of finite ion orbit
excursion. Thus, it makes a large contribution to diffusionWidth dynamics and a Fokker-Planck collision operator
even though its parallel velocity; may not change sign C€Onserving momentum and energy. In the simulations, the
along the orbit. Near the magnetic axis, all ComoVingd|str|but|on f_unctlon is calc_:ulated by !ntegratlng the exact
particles ¢ > 0) are trapped because the guiding centefMarker particles trajectories according fo= fo + 6f
drift velocity is larger than the poloidal component of the With
parallel velocity. The countermoving particle (< 0) vyb - Vo — C(fo) =0, (6)
has a minimum velocity space pitch angle at the trappedémd
passing boundary. R
In order to quantify the deviation from the usual (b +va) - Vof = C(8f) = va - xfo,  (7)
neoclassical transport estimates, we begin by consideringherex = —VIn f,. The energy flux is calculated by the
barely trapped countermoving particles which are initiallystandard procedure of multiplying each particle weighted
located at the magnetic axis with parallel velocityy <  energy by its radial drift velocity. Results from these
0. Such particles have zero parallel velocity at the insidesNC code simulations based on the new formalism are
midplane ¢ = =) and later intercept the outer midplane strikingly different from the usual banana regime estimate

(6 = 0) at minor radiusr = Apax With parallel velocity and in reasonable agreement with experimental trends
v > 0. The maximum banana width,,, and minimum  observed in ERS plasmas.

trapped fractiorymi» can be calculated from Eq. (1), Before displaying these numerical results, it is appro-
1++5, , , s priate to first present a useful analytical estimate for these
Amax = T(q P Ro)”, (3) important large orbit modifications. Significant physical
insight can be gained from estimates of the ion energy
lvjol 2gp \'/? flux Q in the banana regime using the standard random-
Smin = v = <R_0> . (4 walk approximation, i.e.,
. . . . A% 9f mv? ’
It is then clear that at minor radiugd .., the orbit 0= afo fi . 574771; dv, (8)
eff

topology begins to deviate from the usual neoclassical
picture. Forr < Anax, the banana width and trapped where f is the ion guiding center distribution function,
fraction are roughly constant and independent of localA is the random-walk step sizer; = f2/v is the
e. Furthermore, the ion collisionality parameter, =  effective collision time with» being the ion collision
€ 322 qRo/ (v ;) with v, = /2T /m being the ther- frequency, andx is a simple constant which normalizes
mal velocity andr; the ion Braginskii time, is finite and Q to the standard neoclassical banana transport value
falls well within the banana regime for the ERS plasmascalculated in the limit of small banana width. Since the
provided the actual trapped fraction is properly taken intdemperature gradient scale length in ERS plasmas
account. is much larger than the actual ion orbit width, local
The usual estimates for the diffusion of passing (un-Maxwellian distribution can be assumed. Then the ion
trapped) particle guiding center orbits (Pfirsch-Schlutethermal conductive transport from Eg. (8) becomes

transport) and for gyroradius diffusion (classical transport) knT (2 A2 _ 3

remain valid in the core ERS regime. However, the dif- 0= , f_ e x( - E)dx’ 9)
fusion of trapped particles (banana transport) is expected Ti o Ji

to be dramatically changed due to the finite orbit widthwith temperature gradient, = —d InT/dr and normal-

dynamics. In order to properly analyze such effects, thézed energy = (v/v,;,)>. This result was obtained with
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a Lorentz collision model of the forr@ = »(v)L, where ing minor radius, the finite orbit width analytic results
L. is the pitch angle scattering operator, an) =  from Eq. (13) and numerical results from Eq. (8) indicate
3327 /(47;) (v /v)3. It is useful here to introduce an a decreasing trend. This is in reasonable agreement with
expression for the minor radius transition point for parti-the earlier published TFTR ERS results [2] and even more

cles with thermal energy; i.e., Eq. (3) gives strikingly with recent more comprehensive data analysis
(1 + 3) of the same representative discharge. Note also that the
ro = Amax(v = vy) = T(qufRo)l/{ (10)  experimental trend begins to track the Pfirsch-Schluter

level when y* properly becomes negligibly small at
where p; = v,;,/Q. In terms of typical TFTR ERS smaller plasma radii.

plasma parameterg; ~ 20 cm. The normalized particle ~ The GNC code simulation results, which are presented
energy now becomes = (Amax/r0)® with the normal- in Fig. 2, agree with the trends from the random-walk

ized minor radius defined by analysis shown in Fig. 1 and indicate that the ion heat
A\ conductivity decreases to roughly the Pfirsch-Schluter
Xo = <—> (11) level in the ERS core regime. Moreover, if the key full
Fo

ion orbit width dynamics are suppressed, the simulations
Whenx = xo, the particles reach their maximum bananarecover the standard neoclassical results.

width, and the orbit topology becomes different from Despite the fact that estimates using the random-walk
the usual neoclassical picture. Therefore, the velocitynodels given by Egs. (8) and (13) provide valuable
space integral in Eq. (9) can be separated into two part@hysics insight and agree well with the gyrokinetic

Low energy particlesx( < xo) have the conventional step particle simulations, it is nevertheless of interest to
size,A = gp/~J7/Ro, and trapped fractiory, = \/r/R,,  Pursue an analytic derivation of neoclassical transport
while high energy particlesx(> x,) have the constant including finite-orbit width dynamics. The equilibrium

step size/A = gp/+/Amax/Ro, and trapped fractiory, =  state with finite-orbit width can be readily obtained using
[Amax/Ro. Equation (9) then yields the result the principle of maximum entropy, and is found to be a
T 522 global shifted Maxwellian in an isolated system,
Kin i -0
0=« tT 56361/2[1 —e " + D]. (12 f =expla + be + cp), (15)

1

wherea, b, and ¢ are numerical constants. This equi-
ibrium state is characterized by uniform temperature and
oroidal rotation, and no transport driven by ion-ion colli-
. B sions. The characteristic density has the fonty) =

Xt = XN - e (xo + 1], (13)  expla® + BY¥), with ¥ being the poloidal magnetic
where ' = 0.66e2¢%p? /7, is the standard neoclas- flux and a, 8 numerical constants. Because the density

sical ion heat conductivity [7,8]. The correction factor is can_be of arbitrary profile, the .associated eIectro.static'po-
given by f =1 — e %(xo + 1). Itis also of interest to tential can be of any form subject to the constraint of ion

note here that negative magnetic shear has a favorable ef-

Accordingly, our analytical estimate for the finite-orbit-
modified neoclassical ion heat conductivity in the banan
regime becomes

fect on the orbit topology. Specifically, if ~ r~", then 00— T T T T g
Amax ~ /@73 3 relationship first pointed out by Stix i N

Lo . - [ . T
[9]. The contribution from the high energy patrticles to the \ T

integral in Eq. (9) decreases when the dependence of the 1.0§ pS 3

maximum banana width on energy is weaker. Therefore, ;\VT i
the negative magnetic shear helps to reduce the neoclassi- £ ;L
cal ion heat conductivity in the core region. :

The total ion collisional heat conductivity is given by
0.01

ps E
Xi=x"+x +xi (14) ; /

with y* being the focus of our present analysis, 0,001 Lot ./ oy T
x> = 15801 — f,)¢%p?/7; representing the Pfirsch- o0 ol 02 0.3 0.4 05
Schluter transport [7], and’ = p?/7; being the clas- r/a

sical transport [10]. In the core region of ERS plasmasF|G. 1. Comparison of theoretical estimates jf with ex-

the ion heat conductivity is close to the Pfirsch-Schlutemperimental data. The solid line represents results of numeri-
level which is in turn much larger than the classicalcal solutions to the random-walk model of Eg. (8), analytic
transport because of the high cengal Comparisons of results from Eq. (13) are represented by the dashed line, the

the th tical estimates for: tative TETR dotted-dashed line represents the usual neoclassical results, and
€ theoretical estimates Toy; vS representative the dotted line represents the Pfirsch-Schluter transport. Rep-

ERS results are shown in Fig. 1. In contrast to the usugesentative TFTR ERS experimental results are shown with
neoclassical values which strongly increase with decrearror bars.
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1.0[ T ' ' N Kk, = —dInn/dr, anduye, = p,k,vs/2. This scaling
A standard neoclassical ] is similar to that obtained in very early classical transport
0.79f ‘\ ——— revised neoclassical . studies [14] of particle flux arising from like-species
: i —gsg mﬂ ;ﬁ‘;ﬁ’g’r';it 5 collisions. Sinces is very small in most ERS plasmas of
0.58 iy 1 interest, it follows that steep density gradients do not have
X i L ] a strong effect on the ion heat conductivity. The orbit
0.38} squeezing effects arising from the shear of the effective
i toroidal flow (cE,/Bg) driven by the radial electric field
017L associated with the steep density gradient is small because
. the scale length of this flow is, although comparable to
-0.04L pp,» much larger than the actual ion banana width. These

00 o1 0.2 03 0.4 0.5 results further support the conclusion from the random-
walk calculations and the gyrokinetic simulation results.
FIG. 2. Comparison of numerical and analytic estimates for In future studies, an analytic solution generalized to
x: in arbitrary units. arbitrary temperature gradient will be pursued in order to
enable implementation of a general large ofhitscheme

dial f bal Th h iibri deri én the GNC simulations.
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