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Nonlinear neoclassical transport in a rotating impure plasma
with large gradients
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The theory of neoclassical transport in an impure toroidal plasma is extended to allow for larger
pressure and temperature gradients and faster toroidal rotation than are usually considered. Under
these conditions, the density of heavy impurities is not constant on flux surfaces, and the
neoclassical transport becomes a nonlinear function of the gradients. Rapid toroidal rotation
increases the transport, which can significantly exceed the conventional PfirsciteSealue if

the impurity Mach number is of order unity. In a plasma with steep density or temperature profile,
the transport is severely reduced and can even be a nonmonotonic function of the gradients. Finally,
in the presence of both rapid toroidal rotation and steep gradients, the transport becomes sensitive
to the geometry of the magnetic equilibrium. For instance, in a single-null diverted magnetic field
the ion particle flux is typicallynward if the ion drift is toward theX-point and changes direction

if the toroidal field is reversed. [S1070-664X99)00408-5

I. INTRODUCTION tation can affect conventional neoclassical transpaithout
steep gradienjs For a pure plasma this effect was investi-
gated in Refs. 13 and 14, and the modifications of the trans-
Rprt were found to be of the order of

It is widely recognized that the conventional theory of
neoclassical transport in tokama®ss not applicable to re-
gions where the pressure and temperature profiles are ve
steep, such as the pedestal at the plasma edge. The reason for ) m; w’R?

this lies in the orderings of the theory, and there have beena M{=—F%7—, (1)
number of attempts to overcome various aspects of this '
difficulty.®~" which is typically not very large in most experiments. Here

In a recent papétthe neoclassical theory of ion trans- m; is the mass of the bulk iond; their temperatureR the
port in an impure plasma was extended to allow for largefmajor radius, andv the angular rotation frequency, so that
gradients than are usually considered. Specifically, the graM; is the bulk ion Mach number. However, it has recently
dients were allowed to be so large that the friction betweerpeen pointed out that in a plasma with heavy impurities of
the bulk ions and heavy impurity ions could compete withmassm,>m;, the effect of rotation can be larget.The
the parallel impurity pressure gradient, as is typically thenonuniformity of the impurity density over the flux surface
case in the tokamak edge. The impurity dynamics then becaused by the rotation enhances the neoclassical processes if
comes nonlinear and the impurity density is not constant ohe impurity Mach numberM?=m,w?R?/2T; is of order
flux surfaces. It was found in Ref. 8 that if the pressure and unity, even ifMZ<1. This effect is particularly large in a
temperature gradients of the main ion species are steegpllisional plasma, where the rotation can increase the diffu-
enough the impurities are pushed toward the inside of eachivity well above the conventional Pfirsch—Sdeluvalue'®
flux surface, which reduces their friction with the bulk ions.  As in conventional neoclassical theory, we take the basic
Since this is the driving force for the neoclassical particleexpansion parameter to be the poloidal Larmor radius of the
flux, the latter becomes a nonlinear function of the gradientdulk ions divided by the radial scale length associated with
and is suppressed when the gradients become very large. THee density and temperature profiles,
total (classical+ neoclassicalparticle flux was found to be 5=

. . . =pylL, <1, (2

a nonmonotonic function for plasma parameters typical of
the tokamak edge, and there is thus scope for a transponthich ensures that the ion distribution function is approxi-
bifurcation. mately Maxwelliant This ordering can easily be violated in

The purpose of the present paper is to include the effectthe plasma edge, where the ion orbits communicate directly
of toroidal plasma rotation in this theory. There are two rea-with the plasma edge, which makes transport theory very
sons for why rotation could be expected to be importantdifficult.
First, it is well known that the centrifugal force pushes heavy  The plasma is assumed to consist of electrag)sand
ions to the outside of the torus, and thus has an effect oppdtydrogenic ionsi(), which are in the collisionlesganana
site to that of the friction forc&® This has been observed in regime, and of highly charged, collision@firsch—Schlter
many tokamaks!'2 Second, it has been shown that the ro-impurities (z). The impurity Mach number is taken to be of
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order unity,M,=0O(1), sothat the main(H) ion Mach num- _of, 3
ber is smallM?=0(1/z)<1. As in Ref. 8, the parameter v,V fa— eav”V”dDa—H—C(fa): —v”faoz1 AV ag,
=
— s 52
A=dvz ) where the lowest-order distribution function is

is assumed to be of order unity. Heze-1 is the impurity
charge numbery;; =L, /\; is the ion collisionality \; is the fao=Na()
bulk ion mean-free path, arig is the connection length. The

orderingA =0O(1) is the basic point where the theory of Ref. the thermodynamic “forces” are

8 and this paper differs from conventional neoclassical

theory, which assumes thatis so small thatA<1. In the _N_é T_é _T_z; A _w_'
tokamak edge, the parameterfrequently exceeds unity for ATN, T, TTT TR
typical impurities. The importance of the paramefewas
pointed out in Ref. 7, where transport theory was developeéInd
for a collisional, isothermal plasma in a torus with large as-

ma | HIT
27T, exp( a)s

. . . . . m, (v H 5
pect ratio and circular cross section. Physicallyis an es- g =— §+wR2 o @a=| T 5 aa
timate of the ratio between the ion-impurity friction force a a
and the parallel impurity pressure gradient. In conventional 2 2 2
neoclassical theory, the impurity density is constant on flux — ,_ = — +oR?| +pu i
surfaces since there is nothing to oppose the parallel pressure 2€,T4[\ B m,B

gradient whemA <1. However, whemA =0O(1) the impuri- _ 2 _ 2 — 92

ties can rearrange themselves within a flux surface in re{—}'}ere“_mf‘[_\/i/(ZB) atnde_I MaV {2+§a<b—maw R72 arf_ |

sponse to the friction force. The magne |(t:_ m?rr:(;en_ an _ttowesszo_rler ev?erg)e rejgec ively.
The impurity concentration in a tokamak is usually such ' € Magnetc Tield 1S written as= (N)Ve+VexVy,

that the frequencies of ion—ion collisions and ion—impurity:('\’he?a ¢ 1S (;he to_rmdzl antgle c?ff;db |st.tr:.e poI%l]dal fluxtt
collisions are comparable. We thus assundeg— 1 unction, and a prime denotes differentiation with respect to

=n,z%/n;=0(1), although we shall occasionally relax this ¥- The angular frequency of the rotation ds= —d®/dy,

ordering to study the case whéhs— 1 is either large or Where®(y) is the lowest-order electrostatic potential, and

small. As we shall see, this ordering and the assumptiothe rotation velocity is thussR*V ¢. The velocityv is mea-

M,=0(1) make the poloidal variation in the electrostatic sured in the rotating frame, and the independent velocity-

potential relatively weak, which simplifies the kinetic theory space variables aré and .

by ruling out electrostatic trapping of the bulk ions and  Since the poloidal variation of the electrostatic potential

electrons.’ Orbit effects associated with the impuritlare  is of the ordere®/T~n,z/nj=0(5"? it is appropriate to

not important since they are assumed to be collisional.  expand the drift kinetic equation in powers &2 In
The rest of the paper is organized as follows. Section 1l0(5'?) we then have

presents the kinetic equation for the main ions and its solu-

tion in the limits of large impurity concentration and large

aspect ratio é=r/R<1), respectively. Here, and n; are

the impurity and main ion densities. In Sec. Il the parallel

impurity dynamics is analyzed, and an equation is derivedvhereC; is the linearized ion collision operator and@({6)

for the poloidal impurity distribution over a flux surface. The we have

dynamics of the main ions and the impurity ions are coupled 3

in a complicated way, which makes the neoclassical trans- _ _ ®iox. v

port nonlinear. In Sec. IV the neoclassical particle and heat vivifis = C(fin) = T, Vi iz V”flojgl AVia;.

fluxes are calculated, and the conclusions are summarized in ) _ ) )
Sec. V. The solution to these equations is conveniently expressed as

eV, d |
VHVIIfi1/2+VHTfiozci(fillz),

ed 1(ed)? >
fi=fiom 7 Tiot 5| 5~ in_Zl Ajajfiothi, (4
II. KINETIC EQUATION FOR THE MAIN IONS I I =

We begin by noting that the ordering®) and(3) imply where the functiorh; satisfies

that 12=0(5"?). Therefore, the ion Mach number is of the v b =c!(f.,) (5)
1/ H . . [ (A iLhil

orderM;=0(1/z) = 0(5%?), which exceeds the diamagnetic

rotation speedVy,/vyi=0(8), where vr;=(2T;/m)¥2  ando=v,/|v||. In the low-collisionality(bananaregimeh;

The rotation is thus dominated by thexB drift, and we is a function only of constants of motion, i.eh;

need to employ a kinetic equation which allows such a large=h;(H,u,,0), and vanishes for trapped particles.

drift velocity. The drift kinetic equation for each species ( It follows from the assumption of low Mach number,
in a toroidally rotating plasma confined by an axisymmetricMi2=O(1/z), that fi’o>2Mi2(w’/w)fio, unless the radial
magnetic field can be written in the following way**1° electric field is very strongly sheare@e expectw to vary
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on the same length scale as the pressure, which rules out is a flux function. This result is the same as in the nonrotat-
such strong shearThe main ion distribution functiort4) ing casé® The first term in Eq.(10) represents the friction

can thus be rewritten as force from the diamagnetic flow associated with the guiding-
~ center orbits of the bulk ions. This force is proportional to

f= fioexp< _ @+ Miz _ M %-l—hi(H,,u,w,O'), the orbit vyidth anq i_s thumver_sely prpportionato B. The
T Oy last term is the friction associated with the parallel flow of

impurities n,V,,=K,B, which, by particle conservation, is
whereQ;=eB/m; is the ion cyclotron frequency. A similar inversely proportional to the cross section of the flux tube

result holds for the electrons, and the densities of these sp@long which the impurities flow. This term in the friction
cies are thus force is thereforgroportional to the magnetic field strength

B. Since the terms thus scale differently wigh the friction

ed ) force varies over the flux surface and, as we shall see, can
ni(y,6)=njo| 1 - Ti+ Mi+0(9) |, (7) cause a poloidal rearrangement of the impurities.
It remains to solve Eq(5) to determine the unknown
ed quantityu in the friction force(10). We shall do this in two
Ne(4,60) =Neo| 1+ T_e+o(5))’ (8 different limiting cases: first for a high level of impurities,

o ) . Zs#=1, in arbitrary flux-surface geometry, and second for
where we have anticipated thatis odd ino and therefore  |5rge aspect ratio with arbitra .

carries no density. Note that the Mach number varies over
the flux surface. o o
Using the expressiot6) for the perturbed ion distribu- A- Solution in the limit ~ Zg;>1

tion function we proceed to calculate the parallel friction In order to solve Eq(5) in the passing region, we follow
force between théi ions and the impurities the conventional procedure of multiplying the equation by
myv, B/v, and taking the flux-surface average - ),
Rzillz_f MV viz(V) E(fi_fi0)+TVzllfi0)d3V1 ©)
i B | |V|| afio
I : . . —Cilh—5—-])=0. (12)
where ion-impurity collisions are described by the operator \ O Iy
| mivHV ; If Zes=1, ion—impurity collisions dominate over ion—ion
Ciz=vig| L+ T, Ao collisions which can therefore be neglected. Equatib?®
) o then gives
since the mass ratio is large,/m;>1. Here the Lorentz
scattering operator is defined as ohi  x*fio( IT;dInfg dd (B?)
- I +1 =77 =K, 7—|H(Ac—N),
2 N (nvp)\ e dy (ny)
v, d d
= T _)\V”_, (13)

_ 5 ) S _ o where we have introduced the normalized impurity density
with A=vi/(Bv?), and 1'529 |on—3|mpl_1r|ty collision fre- n=n,/(n,), and whereH is the Heaviside step function,
quency is equal te;,=37/(47;,x°), with x=v/vr;. The  which ensures that; vanishes in the trapped regiors\ .

ion—impurity collision time is =1/Bay. Using this result in Eq(11) we can calculate
3(2m)32e5m T |
niz” nzze“InAI — EZ_LJF i~ ; (14)
z fe e(BZ>LL <nz>
d th llel i ity fl locity is gi B
anc the paraliel Impurtty Tow velocily 1 given by where the radial scale length is defined by
| d®g K, (4)B
VZH__gw_F n, ! LL1:_|<p_I_§T_I),
pi 2T,

where K,(#) is proportional to the poloidal velocity. The

velocity —space element is equal to d®  and the “effective fraction” of circulating particles is
=3 27B/(m?|v,|)dHdu. Using these relations to evaluate

the integral in Eq(9) and recalling the orderinyl?<1, we 3(B2) (A AdA

obtain the friction force fe=—4 0 (NV1_nB) (15)
Ryij= — p_,l(p_l 3 T_'> + min; ( u— K_Z) B, (100  which differs from the definition of Hirshman and Sigrhir
Qimiz\pi 2T, Tiz n; the impurity density varies over the flux surface, i.e.nif
where # 1. In Eq.(14), the remaining unknown quantit(,, which
governs the poloidal impurity rotation, will be determined
7-- . . o
_ _sz vyihid3v (11) from_ the parallel impurity momentum equation in the next
n;B section.
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B. Solution in the limit  e<1 wheref,=1—f is the effective number of trapped particles,

We now turn to the case of arbitrary impurity concentra-and

tion, Ze5—1=0(1), butinstead simplify the problem by o
assuming that the flux surface has large aspect ratio. Both {--- E—f (- )x*exp —x?)dx
ion—ion and ion—impurity collisions must now be retained in 3\/; 0

Eq. (12), which, however can be made tractable by describis a conveniently defined average over velocity space. Since

ing ion—ion collisions by the Kovrizhnikh operatth,

| m;Vv .
Cii (fi)=wii| L(fi) + ——Pfio
I

where the constant is determined from momentum conser-

vation

fmiV||Cii(fi1)d3V

= JmiVnVii

In these equations, the ion—ion collision frequency is

i 9fio A+_miV”Af.
Qi (9(// i Ti PTio

)d3v=0.

netin A ¢(x)—G(x)

vii =
Amrm?eivs, x3

whereG(x) is the Chandrasekhar function, which is defined

by
d(X)— X' (X)

2x2

G(x)=

(0= [Yeray
o

Equation(12) now gives
ahi _ Xzfio |T|
X_ <ViV||> ?

alnfio ~
<Vi>W+<B(Vn p+ ViszII)>) , (16)

wherev;=v;; + v, andp is determined by

AT [ vi(wig+fom)] 71
e

n f
(Bp)=(BVy)—

Vi

, 5T eK,/B? )

Here we have assumed that the aspect ratio is largéd, so

p
—+
p

X Vii

the impurity density is nearly constant over the flux surface,
n=1+0(e), the definition(15 of f. now coincides with
that of Hirshman and Sigmar,

NdA

. _3<52>fxc
© 4 Jo 1-zB’

Note that in the limitZ,4— 1<<1 (trace impurities we
can letv;,—0 and the expression farbecomes independent
of the impurities,

(19

c

L DT 1 4T,
fo eBY m)y  db CeB?) ap
where co={v;;(x*—1)}/{»;;}=0.33. In the opposite limit

(Ze>1) we can letv;—0 which makes the last term in Eq.
(18) vanish and we recover E¢l4) with anO(e) error.

(20

lll. PARALLEL IMPURITY DYNAMICS

The kinetics of the bulk ions we have just analyzed only
differs from conventional neoclassical theory because the
ion-impurity collision frequency varies over the flux surface.
In addition, the poloidal rotation of the impuritiek,,, will
turn out to be different, but this did not affect any of the
results in the previous section.

The impurity dynamics is more complicated and be-
comes nonlinear when the bulk plasma gradients are large.
The parallel momentum equation for the impurities, includ-
ing the centrifugal force, is

mznzb' (VZ V)VZ: - ZnZeV”EI') - TiVHnZ“F RZi” y (21)

whereb=B/B and we have neglected the parallel viscosity
of the impurities since it was shown in Ref. 8 to be smaller
than the pressure gradientdfzy; <1, which is usually the
case in the tokamak edge. As also shown in that paper, the
impurity temperature is then equilibrated with the bulk ion
temperature and is therefore constant over the flux surface.

that the variation in the impurity density over the flux surface(-l—he bulk ions are collisionless and their temperature is

is O(e) and the collision frequency; does not vary much
over the flux-surface. Solving the kinetic E46) and calcu-
lating u, which was defined in Eq(11), then yields after
some algebra

u Ti < 1> ftITi [ ViiViz]
= ———+* Kz T Tiz
fe eB?L, N,/ &B?) Vi

vii(vig+ fvi) | (Pi' ( ) 5)Ti,
X T Vij p—i+ X _E T_|

=)

(18)

therefore necessarily a flux function. We neglect the heat
transfer between impurities and electréhs.Since V,

~wRe, the centrifugal force is equal te m,b-(V,- V)V,
=m,»?R(b-R). The electrostatic potentiab can be ob-
tained from the quasineutrality conditiamn,=n.—n; lead-
ing to

zeV & T,
T, 2Ting
where M; is the bulk ion Mach numbenl), 2ny/T,

=nNg/Te+N;o/T;, and we have used Eq&) and (8). The
parallel momentum equation now becomes

Vi(Z2n+zngM?),

(22)
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Ry

1+an)V,n=nV,M2+ ,
( ) Il I <nz>Ti

(23

where the friction force was given in E¢LO), and we have
introduced a=(n,)z?Ty/2n,T; and a modified impurity
Mach number

2

=0(1).

mzw2R2< zm Te

2T, o m, Tet+T,

To rewrite Eq.(23) in dimensionless form we further intro- FIG. 1. Normalized impurity densitg=n,/{n,) as a function of the poloi-

H H : 2\1/2
duce the normalized magnetic field strengti B/<B > ’ dal angle# for a typical START dischargéNo. 35096. The impurity Mach

the parameters number at the magnetic axis M3=1, the impurity strength isr=5, and
the normalized gradients age=1 (dashed ling g=5 (dotted ling, andg
=10 (solid line). The impurity distribution is calculated by solving E&7)

(24) u_sing Eq.(28). N_o_te the up—_doyvn asymmetry fgr=1, and the accumulg—
tion of the impurities on the inside of the flux—surface for steeper gradients.

- min; _eL.(B*u
9= el mnB-vey T T

and a modified poloidal angle coordinafiedefined as
Knowing the poloidal impurity rotation, we can now cal-
d9 (B-Ve) culateu in the limits of largeZ. and large aspect ratio,
d6- B Ve respectively. In the former limit, i.eq~ (Zes—1)/2>1, we
use(26) in (14) and obtain

which makes the flux-surface average equivalent to an aver-

age overd. Equation(23) now becomes M
U= ———-, (28)
fo "—(nb%)
1+am 2 —gln+ 2 ) +&M2 25 here = B-V6)(naM?/ 36)! B2 hile i
(1+an)—o=g|ntyn U oo N (29 where u=p,7;,(B-VO)(ndM*196)/(mini(B%)), while in

the limit of large aspect ratio but arbitrary impurity density,
Integrating Eq.(25) over 9 yields a solubility constraint @=0(1), e<1, we find from Eqs(18) and(26),

which can be used to determine the poloidal impurity rota-
tion,

) IT/
M(l—ﬁ)—ﬂco@), (29

K:(n>u<<nb2)+£+i<nﬂ2>) (26)  with
e y yg\ 99 /)

-1
and Eq.(25) governing the distribution of the impurities on ﬁth[ TizViiVin [ vn(Vinrftvn)] ).
the flux surface becomes 4 !

I
By using these results, E§27) can be solved numerically
for arbitrary gradients, in the two limiting cases>1 and
a=0(1),e<1. Figure 1 shows the impurity density varia-
) ) tion over a flux surface close to the edge in a typical dis-
LM LMY e (07  Charge(No. 35096 in the Small Tight Aspect Ratio Toka-

' mak (START) at Culhan?? The magnetic reconstruction is
shown in Fig. 2. When the gradients are wegk=(1), the
This equation plays a central role in the present theory. Th@ensity is mostly up—down asymmetric, but at larger gradi-
two most important control parameters in it age which  ents the impurities are pushed to the inboard side of the flux
measures the steepness of the bulk ion density and tempergyrface. The impurity density then becomes an order of mag-
ture profiles, and the impurity Mach numbbt associated pjtyde larger on the inside than on the outside of the flux

with the toroidal rotation. The parametgris of the same  gyrface, which should be an experimentally observable ef-
order asA, which was defined in Eq3). In conventional  fgct.

neoclassical theoryg is thus assumed to be small, which

implies that the friction force |s_smaller than the_ para_llgl V. NEOCLASSICAL TRANSPORT
pressure gradient. It was shown in Ref. 8 that the impurities
are pushed to the inboard side of the torus whdrmecomes The two previous sections were concerned with the par-
large, and the neoclassical transport then becomes a strongdjlel dynamics of the bulk ions and impurities, respectively,
nonlinear function of the gradients. As discussed in manyand these were found to be closely coupled to each other.
papers,®Simpurities are pushed to the outside of the torusThe poloidal rotation and poloidal distribution of impurities
by the centrifugal force when their Mach numbéris large.  are controlled by the ion—impurity friction force through the

on
(1+ an)%=g(n—b2+ y(n—(nb?))b?)
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04 e(B?) b?
0.2 p2\ 1
+(1+7y) 1_<F> ] (33
N0
It follows from this relation that the transport is proportional
=02 to the pressure and temperature gradients when these are
small, g<1, since the lowest-order impurity distribution
-04 n(¥) is then determined by Edq27) with g=0. When the
gradients are largeg=0(1), thefriction force causes im-

04 02 0 02 o4 purity redistribution so that depends oig and the flux is no

R longer linearly proportional ta. Another useful way of
FIG. 2. A magnetically reconstructed flux surface close to the edge inwmmg the flux is obtained by using E(If]27),
START (discharge No. 35096
neo I{p,)(B-V6)
(I V)= =
&(B%)

parameterg and vy in Eq. (27). The magnitude of the latter

is determined by the bulk ion distribution function, which in b2

turn depends on the poloidal distribution and rotation of the X

impurities. Thus is the ion-impurity system self-consistently . ) o

coupled. The heat flux can be obtained in a similar manner by calcu-

In this section, we turn our attention to the neoclassicalating the “heat friction” H,

transport across the magnetic field. Because of the nontrivial <|Hiz|> <|Tij

=\2g /| MV

an  IM?
(1+an)ﬁ—nﬁ}>. (34)

5

parallel dynamics, the radial transport is nonlinear and there(q"*> V ) = x2— =

7 . eB eB 2

fore exhibits a number of unusual features. The radial par-

ticle flux is obtained in a conventional way by taking the Toroidal rotation affects the transport in two ways: di-

toroidal component of the momentum equation, rectly through the last terms in Eq81), (33), and(34), and
min (Vi V)Vi=ne(E+V,XB)—Vp,—V-m +R,,, indirectly by phgngmg the dlstrlputlon of |mpurltlea,' as
_ well as the friction associated with the poloidal rotatign,

whereR;,= —R;;. SinceR?Ve- (V;xB)=V,;-Vy, the flux  We shall now use the knowledge about these quantities

becomes gained in the previous section to evaluate the neoclassical

el,-Vy=R?Vo-R;,, transport in various limits.

Ci(fi)d3V> .

where we have neglected the induced electric figldand

the viscosity. The flux associated with the parallel compo/- Large aspect ratio

nent of the friction forceR;, is the neoclassical flux, We begin with the simplest limit, that of a plasma with
IRy | small inverse aspect ratie<1, and circular cross section.
e V= e; = e_Bf m;v,C;(f;)d3v, (300  This case is analytically tractable for arbitrary gradiegis

Mach numberaM, and impurity fractionsy since the mag-
and the corresponding flux associated with the perpendicularetic field, the impurity density, and the Mach number can
component of the friction is the classical flux, which is typi- be expanded i& as

cally smaller than the neoclassical one. Using the friction oA 2

force R, from Eqs.(10) and(26) gives the average neoclas- b®=1-2ecosf+0(e),

sical particle flux across a flux surface n=1+n, cosf+ngsind+O(€?),
<F{1eo,v¢>:w[ {<£2> M2=M2(1+ 2 cosh) + O(€?).
e(B b
(B The solution of Eq(27) is then found to be
IM? )
—1+y(1—(nb?)|— n—5/ (" (31 (1+a)+(1+y)Mg
= LZE€E s
° g(l+a)2+(l+ y)%g?
We can eliminate the Mach number from this expression by
noting that dividing Eq(27) by n and taking the flux surface (1+a) MS— (1+ v)g?
i n.=2e .
average gives c (1+ )2+ (1+ 7)2g?
(9M2 2\ -1
<nﬁ> =g|(1+ y)<—> —1—y(nb?)|. (32 It can be noted from the expression fay that toroidal rota-
n tion causes the impurities to accumulate on the outside of the
The neoclassical particle flux can thus be written as flux surface, whereas large gradiergs; 1, have the oppo-
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M2 1+
A=|1+ °)(1+—"M3) (37

1+a 1+«

over the usual Pfirsch—Schér resul?® The diffusion coef-

ficient thus becomesD=(1+2Aq?)D,, where Dg

=T, /(miQiniz) is the classical diffusion coefficient and

29°D,, the Pfirsch—Schher diffusion coefficient. The en-

hancement factoA can be very large if the impurity Mach

numberM, exceeds unity, as is frequently the case experi-

mentally for heavy impurities. This effect is much larger

than that previously reported for impurities in the banana

FIG. 3. lon particle fluxes versus normalized gradigrin a large-aspect- regime® and is comparable to that when both species are in

ratio tokamak with circular cross sectioa<1, =0.5, g=3. The dashed the collisional regime, which was recently calculated in Ref.

line is the classical flux, the dotted lines are neoclassical fluxes, and the soligg .

lines represent the sum of classical and neoclassical fluxes. The lower pair

of dotted and solid lines are for vanishing toroidal r0tatiM‘ﬁ= 0, and the . . .

upper pair for impurity Mach numbeW2=1. Note that the neoclassical B- High level of impurities, a>1

fluxes are enhanced by finite rotation and suppressed by large gradients. For a simple explanation why the flux is enhanced by
toroidal rotation, it is useful to consider the limit of a very
impure plasmag>1, but to keep the aspect ratio arbitrary.

site effect of pushing the impurities to the inside. The radialln this limit, the friction force is given by Eq$10) and(14),

particle flux(34) is proportional to the up—down asymmetry

Particle flux

’ ’ 2
of the impurity density, R,y=— p_ll<p_, - E T—') - —B
Qimiz\pi 2T, <BZ>
| B-Ve#
<1—‘neo.v¢>: LH(J_-I— a+ Mé)ens. (39 miniKB [ 1 1
e(B?) t- Tl
Tiz (nz> n;

Adding the classical particle fifix(which is not much af-
fected by the impurity redistributiorio this expression gives
the total ion particle transport

In conventional neoclassical theory, where the gradients are
weak and the rotation is slow, the impurity density is con-
stant over the flux surface,=(n,), so that the second term

<Ficl_v¢>+<l—‘ineo_vlp> in R, disappears and the neoclassical particle fB® be-
comes
Ezpz g ( 1+y ) 2 ' ’
= 1+] 1+ 1+ ——M?2 pim;| (pi 3T.) _
3 l+a 1+a ©° I Vy=———| ——=-=|(b"2-1
y 2g? (36) This flux is inward on the inboard sidevhereb>1) and
1+ (1+ y)%/(1+ a)?g? g outward on the outboard side of the flux surface. At large

aspect ratio these fluxes nearly cancel on a flux—surface av-
Whereqer/R Bﬁ is the Safety factor. The first term is the erage Since<b_2 1> 0(62) However, if the |mpur|ty
classical flux and the second term is the neoclassical fluxgensity varies S|gn|f|cant|y over the flux surface, then the
The latter exceeds the former by the Pfirsch—Sehltactor  collision time 7,,n~* has a poloidal variation and must be
2q when the gradients and the rotation are wepk,1 and  included inside the flux-surface average. This disturbs the
M§<1. When eitherg or M is not small, new and poten- halance between the inboard and outboard fluxes, and can
tlaIIy important effects emerge. increase the net transport significantly since tteiib 2

First, if the pressure or temperature gradient becomes 1))=0(e).

sufficiently steep §>1) the neoclassical flux is suppressed  |n order to derive the general expression for the neoclas-
since the denominator in the second term of @6) depends  sical particle flux in the limita>1, we use the relatiof28)
quadratically ong. (The dependence of on g is typically  in the definition(24) for 7,
quite weak and is unimportant in this contgx€lassical 5
transport then dominates, and the total flux is a nhonmono- _ E {(naM*/99) (38)
tonic function of the gradients. That this is the case in a g (fot—(nb?)’
nonrotating plasma was found in Ref. 8; here we note that it

is not affected by toroidal rotation. Figure 3 shows the par- and insert this result in Eq33) to find

ticle flux as a function ofy. Conventional transport theory pil % Ti;1> p/ 3T/
only covers the lower left corner of this figure. (V= — —2(—— > T_>
The second conclusion to draw from E&6) is that if mi(Q7) \Pi :
the gradients are weak but the rotation is significant, i.e., if n (b2/n)—1
g<1 andMy=0(1), theneoclassical flux is increased by a ( — > ¢ ) (39
factor < b? (b?/n)y—f,
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The heat flux can be calculated in a similar way by comput-
ing the heat friction,

5 ]

HizH:Tif X% = 5| MiViViz :S

lvy dfio mv, 3 <
(Ew—hiJfT—infio d°v,

using Egs(13), (26), (32), and(38), with the result
(A" V) ==KV )T,

Pt 7" ([ n i v
R R .

In the absence of large gradients and toroidal rotation,
g<<1l, M<1, the particle flux(39) and the heat flux40)
agree with the results of Ref. 23. The quantity/b?—1) in
these expressions then reduces to the ordinary Pfirsch— £
Schiiter factor (b"2—1), and the effective fraction of ~ -
trapped particlesf;=1—f., which is defined by Eq(15),
coincides with its conventional counterp#i®). As pointed 0 2 4 6 8 10 2
out in Ref. 23, in the mixed collisionality regim@ganana
regime ions+ highz fluid impuritieg we are considering, FIG. 4. Neoclassical particléa) and heat(b) fluxes as functions of the
the particle flux then scales as the Pfirsch—Sehlualue for ~ gradientg in START discharge No. 35096, for impurity Mach numbers
a collisional plasma while the heat f|l(ﬂ0) scales like that M3=0 (dashed ling andM§=5 (soli_d line). The fluxes are (?alculated from
. . . . Egs. (39 and (40). For the calculation of the heat flux it is assumed that
in the low-collisionality (banana regime. N 2T T,

We have already noted that toroidal rotation with R
=0(1) substantially increases the value of the factor
(n/b?—1). The rotation has a similar, but less drastic, effect
on the effective trapped-particle fractidép. For instance, in  gives the following solution in lowest order:

a circular tokamak with large aspect ratib ?—1)=2¢>

and f,=1.46¢Y2. In the limit of very fast toroidal rotation, . Y b2

M>1, where e;ll impurities are concentigted near the outer 0 (1= ((1+yb?) 1)) 1+ yb?’

midplane, (n/b*—1)=2¢ and f;=3(e/2)"%, see Ref. 15.

Thus, the Pfirsch—Scfteer factor is increased by a facter*  and the neoclassical cross-field particle f{@4) becomes
and the effective trapped-particle fraction by 45%. Note also

Heat flux

that there is an additional positive particle flux from the last e [{(p)(B-V&)y IM?/ 39
term in Eq.(39). = e —(ad )\ 1107
Figure 4 shows the neoclassical particle and heat fluxes 1)

vs the gradientg for the START dischargéNo. 35096 we
discussed earlier. The density gradient has been chosen to /e main conclusion of Ref. 8 was that the neoclassical par-
twice as large as the temperature gradient, as is typical iticle flux is suppressed wheg>1. It is now clear that this
experiments. At small gradientg=0(1), thefirst term in  suppression need not be complete, but there can be a residual
the heat flux(40) then dominates so that the net flux is in- transport flux governed by the rotation. This transport, which
ward. (The energy fluxQ;=q;+5T;I';/2 is of course out- for instance could occur in a steep edge transport barrier, has
ward) However, as the particle flux is suppressed at verya number of surprising properties. It can be either inward or
large gradientsy>1, the second term becomes more impor-outward, and it depends on the geometry of the magnetic
tant and the heat flux is outward. Note that the heat flux ifield in a nontrivial way.

smaller than it would have been in conventional neoclassical  For instance, consider the cage1. Then the flux41)
theory, which is obtained by setting=1 in Eq. (40). becomes

neo, —
C. Large gradients (I V )

u(n,)(B-V 6) <b2(7M2>.
(pi/pi) — (312)(T{IT) 2y
Finally, we consider particle transport in the limit when The properties of this expression depends on the concentra-

the pressure or temperature gradient is so large dbat, tion of impurities. In a very impure plasma> 1, the quan-
while the aspect ratio and impurity concentration are arbi- P ' fy Impure p ! d

: : LT tity u is given by Eq.(14). The flux is then negligibly small
trary. Expanding the solution of E7) in g~~, as it is inversely proportional to the gradients and thus com-
n=ny+n;+0(g"?), parable to that caused by the tenq, which we neglected in
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Eq. (41). In the opposite limit of trace impurities;<<1, u is V. SUMMARY

given by Eq.(20), and the flux remains finite at large gradi- We have explored the effect of rapid toroidal rotation

ents, and steep gradients on the neoclassical transport in an impure
plasma consisting of collisionless electrons and main ions,
(T70.V ) =0.33 fel(p2) and collisional, highly charged impurity ions. Rotation and

e(B2?[(dInn;/dInT;) — (1/2)] steep gradients both tend to produce poloidal rearrangement
of heavy impurities so that their density varies over the flux
surface, something which in neoclassical theory is normally
either neglected or ruled out by the orderings. The mecha-

i 2 — 2
Here we have used the relati¢B-V 6)dM*/99=B-VM". 1 i5ms 1oy which rotation and large gradients produce poloidal
Note that this flux is independent of the collision frequencyimpurity asymmetry are different, and their effects on the

although it is caused by Coulomb collisions. Remarkably, theoclassical transport are also different in nature.

is proportional tol =RB, and therefore changes sign if the Rapid rotation alone pushes impurity ions to the outside
toroidal field is reversed. If the den_sity prc_>fi|e _is at least halfOf the flux surface on which they reside, by the centrifugal
as steep as the temperature profile, which is normally eorce. As has been pointed out recently for other collisional-
case in the tokamak edge, the flux has the same sign as i, yoqimes!56 this tends to increase the neoclassical trans-
port. If the impurities are collisional, as in the present paper,
the flux enhancement is of the order of the aspect ratit
By recalling the definition of the flux surface average, we see.. A "'.’“99 pressure or temperature grad_lt_ant of the bulk ions
that gives rise to a fI’IC.tIOI.’] force on the impurities, which pushes
these toward the inside of the flux surface. The poloidal im-
IR? de purity density variation thus created is sma@lf order €) at
(B’B-VR?)= % Bz—da/é — large aspect ratio, but can be very lai@gemparable to the
99 B-V¢ variation inB?) at tight aspect ratio and should then be ex-
R2 de perimentally detectable. Regardless of the aspect ratio, the
f (B2 Bzown)dRz/fﬁ BV rearrangement of the impurities greatly reduces their friction
Rinin ' with the bulk ions, and as found in Ref. 8 this causes the
neoclassical transport fluxes to becomanlinear functions
where we have chosefi to increase in the direction of in- of the gradients. When the latter are sufficiently large the
creasingR above the midplane, and vice versa below theneqclassical particle flux is suppressed and the heat flux can
midplane.(The precise definition of the angteis otherwise g significantly reduced.
still arbitrary) B(R) denotes the field strength on the flux  However, if the plasma rotates toroidally something re-
surface in question above the midplane at major raflus markable happens in the limit of large gradients. The neo-
and Bgown the corresponding field strength below the mid- ¢jassical particle flux is then not completely suppressed but
plane. In a symmetric equilibrium,=Bgown, butif thereis  jnstead acquires a number of unusual features. In the particu-
an X-point below the midplane, then normalB,>Baown,  larly simple limit of low impurity concentration, the particle
and it follows that the particle flux is in the direction of flux becomes independent of the collision frequeriay
though it is caused by collisiondike the bootstrap current,
(I Vy)1/B- V6. and is sensitive to the geometry of the magnetic equilibrium.
_ . . o . The flux can have either sign andimsvard if the ion mag-
It is now straightforward to verify that the flux is inward if netic drift is toward theX-point in a single-null magnetic

BXVB is downward, and vice versa. Thus, if the ion oqndayration. The impurities, whose flux is in the opposite
VB-drift is toward theX-point, which is experimentally fa- girection, are then screened from the plasma core. These
Vorat?'e for attqlmng the hlgh-cpn_fmemeiﬁtmode, the N€O-  fluxes change sign if the toroidal field is reversed.

classical bulk-ion particle flux is inward, and the impurities
(whose flux is opposite to that of the main iprere pre-
vented from entering the plasma core.

Hinton has earlier identified a different, and perhaps  This work was supported jointly by the European Com-
more robust, mechanism which also produces differences b&unity under an association contract between Euratom and
tween plasmas with opposite signs of the ion dfifdinton ~ Sweden and jointly by the U.K. Department of Trade and
noted that if there is a heat sink at tXepoint, the diamag- Industry and Euratom. One of the authéfs F.) would like
netic drift is inward if the magnetic drift is toward the to acknowledge the hospitality of UKAEA Fusion at Culham
X-point, and vice versa. For a given heat flux, the ion tem-Science Center.
perature gradient will thus be larger in a plasma wih
X VB toward theX-point than in a plasma where the reverse f. L. Hinton and R. D. Hazeltine, Rev. Mod. Phyt8, 239 (1976.
holds. The mechanism found here is quite different in nature’S. P. Hirshman and D. J. Sigmar, Nucl. Fusid) 1079(1981.
as it does not depend on any localized sources or sinks on th 'agélt';]aesz'it(';‘i Zgﬁ'(l’:gggf &, 2031(1989; K. C. Shaing and R. D.
flux surface. Indeed, the asymmetry with regard to the direc<p Rogister, Phys. Plasmak 619 (1994: Phys. Rev. Lett81, 3663
tion of BX VB is produced by the plasma itself. (1998.

X(B?B-VM?).

(T"°.V gy =1 (B2B- VR?).
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