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Neoclassical transport in a rotating impure plasma
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(Received 7 October 1997; accepted 29 December)1997

In a toroidally rotating tokamak plasma, heavy impurity ions accumulate on the outside of each flux
surface under the action of the centrifugal force. The collision frequency therefore varies over the
flux surface. This circumstance is shown to enhance the neoclassical transport processes, including
the bootstrap current, by making collisions occur preferentially where the magnetic field is weak.
© 1998 American Institute of Physid$1070-664X98)01104-5

Neoclassical theofy has attracted renewed attention af- surface where the electro-static potentlalis chosen to be
ter the discovery of enhanced confinement in tokamaks witlzero. The latter is determined by quasineutrality,
negative, or nearly constant, magnetic stieain these ex-
periments, ion transport in the core region is comparable to > e_n.(y,6)=0, 2
neoclassical values. To enable an accurate comparison with 2

experimental results, it is important to address the remainingt each point. Equatiorid) and(2) were solved in a number

issues in neoclassical theory. _ of illustrative examples by Wesson. Here, we only consider
The region of enhanced confinement is frequently obye gimplest case of a single, heavy impurity species (
served to experience relatively rapid toroidal rotatlon,ztyp|->1) in a hydrogenic plasma with relatively low density,
cally "2"'”21 a squared Mach number of the orddt <n,/z. The generalization to several species is straightfor-
= M RY(Te+T;) ~0.1, wherew is the angular frequency .y The electrostatic potential obtained by solving Egjs.
of toroidal rotationm; the ion massR the major radius, and . . . 1na2 g2
T. andT, the electron and ion temperatures. Note that, sinc nd(2) is then simply given _byed)/Te.— 2(M"=Mg), where
the latter tend to be constant along the magnetic field, th 0=M(Ry), and the impurity density becomes
Mach number varies over a flux surface. The original neo- Z(M?2=M3) [Te+T; m, T,
classical theory? assumedvi <1, but was later extended to Nz, 0) = Ny( l/f)eXF{ 5 ( ”
include the casé =0O(1) by Hinton and Wond,and Catto,
Bernstein, and TessarottoMore recently, the subject has If e=r/R is the inverse aspect ratio of the torus @R,
been revisited by Sugama and Horf3rin these works, the on the magnetic axis, thevi2— M3 is of the order of 2M?.
modifications to neoclassical transport by finite Mach num-t follows that most impurity ions are localized on the out-
ber were found to be of the order 82, and are therefore side of the torus ifezM?=1. In a collisional plasma, the
typically not very large in most experiments. It is the purposeimpurity density can also be up—down asymmetfibut we
of the present Brief Communication to point out a new andshall not be concerned with this more subtle effect here.
simple way in which toroidal rotation increases neoclassicaBubstantial poloidal asymmetry of the impurity ion distribu-
transport. This effect is caused by the impurity ions generallytion in spinning plasmas has been observed in the Axisym-
present in a tokamak, and arises because their poloidal disaetric Divertor ExperimentASDEX)** and the Joint Euro-
tribution is nonuniform in a spinning plasma. As shown here pean TorugJET).*®
even if M<1 this circumstance can increase the transport We now consider neoclassical, banana-regime transport
coefficients, including the bootstrap current, by up to 45% inin such a plasma. To focus on the effect of poloidal impurity
a standard large-aspect-ratio tokamak. localization, we takeM?— M% to be much smaller thaa
The distribution of heavy ions is nonuniform over a flux =r/R, which is allowed to be finite. This ordering conve-
surface because, in a rotating plasma, the centrifugal forceiently excludes other effects already considered in the lit-
pushes heavy patrticles to the outside of the torus. This wagrature: sinceM <1 the conventional effects of finite Mach
noted in the papers already cited and in Ref. 11, and hasumber are negligible, and sinaed/T.<e electrostatic
recently been re-emphasized by Wesboif. the magnetic  trapping®*’is unimportant. In addition to making these sim-
field is B=1(4)Ve+ VXV, the density of each species plifications, we restrict our attention to the particularly
(a) varies over the flux surface with the poloidal angled  simple limit Z.s=1+ n,Z/n,>1, so that collisions among the
as electrons and bulk ions can be neglected, being less frequent
than their collisions with impurties. Since the latter are
m.w2(R2— R2 mostly localized on the outside of the torus, an electron or an
L0 (R —Rp)  e,@ o ) i . .
Na(#,6) = Ngy( w)eXp( 5T =] (1) ion is most !lkely to experience collisions there. This
a changes the kinetics of the system, and hence the transport.
To quantify this effect, consider the first-order drift ki-
Heree, is the charge, anR=R, at some point on the flux netic equatioh?

T, zm T,
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lv, df0)  eav E; PaTal? /| 1 B?
UV( fart o~ Q, (9; aTa fao=Calfa1), 3) <Qa'V'//>: - % QgTaz BZ fe
where f,, is the Maxwellian distribution functiong, the _3din Pa . 13dInT, @
parallel induced electric field, ard,=e,B/m, the gyrofre- 2 dy 4 dy )’

guency. The species indexrefers to either the electrons or
the bulk ions, and the collision operator for the species irnd the parallel current becomes
guestion with heavy impurity ions i€,(f.1) = v, %(fa1),

=BT A7) 01d0)’, where vra= (CTaIM)™ 7e =3 [ ey faot®

=3(2m)%2e2mI?T3n,z%e%e In A, and Z=1 (9/98)(1 a

—&2) (91 9¢) is the Lorentz operator wit=v, /v. The only | B2 dp B(E,B)

difference between the drift kinetic equati¢®) and its ana- =—= ( — f ) +f.o g , (8)
logue in conventional neoclassical theory is that the collision B Bo dy Bo

fbrequencyve_IZ vazlr?s st:opgly_over the flux surface. In the whereBo=(B2)2 p.=n,T., p=S.pa, o=(32/37)(7s)
anana regime, the sofution 15 is the electric conductivity, and

foo [y HOMVIB) dfag 3B} N
a1 Q. |\ Bo Iy = ( 2 . <n W} 9)
z
e, (EB) H(Ac—MN)V,
T. B, (Vap) a0 4 is the effective fraction of circulating particles.

If the impurity densityn, is uniform over the flux sur-
where(-++) is the usual flux-surface average=(1—¢&?)/B face, this definition reduces to the conventional drand
is a constant of motion, andl.=1/B,, is its value at the EQs. (6)—(8) coincide with the conventional transport laws
trapped/passing boundary. In the distribution functi@h for a Lorentz plasma’ However, if n, is peaked on the

only the quantityV,, defined by outside of the torug, becomes smaller than usual, making
the transport larger. Take for instance the following average
v vBo ¢ dA of the bootstrap current(j,—f.oE;)B)=—1f, (dp/dy).
10N ) =(vaz) —— NRO) In a torus with large aspect ratio and circular cross section,

the effective fraction of trapped particlds=1—f,, is equal
differs from the usual neoclassical thedfyreflecting the to fi=1.46¢" if n, is constant over the flux surface. In
nonuniformity of the impurity density, . contrast, ifezM?>1 so that all the impurities are concen-
Using this distribution function, it is now straightforward trated in the outer midplane, the effective trapped particle
to evaluate the transport. The general expressions for thfééac'ﬂOn is 45% larger since therf,=1—(Bj/B%;) (1

neoclassical cross-field particle and heat fluxed-are 3 X2+ 3 x3%) =3(€/2)"?, with X=1~Bn/Bpac=2¢. The
partlcle and heat fluxes, Eq®$) and(7), are enhanced by the

I same factor at large aspect ratio. Thus the poloidal localiza-
(Fa- V) =— <€a_|3 (Rall+”aeaE)> tion of impurities on the outside of the torus enhances neo-
classical transport by increasing the effective number of
. |_ f ( fo €aEv) f )d3 trapped particles, Eq9). This is a consequence of the fact
~\e,B Mavi| Vazla1 T, a8V that most collisions take place in the outer midplane rather

5) than anywhere along the orbit. Note that #fectivenumber
of trapped particles is a collisional average of the effects of
> the trapped population, and this average increases when the

(qa-v¢):—<|:|é" collisions are poloidally localized. Thactual number of

a trapped electrons and bulk ions is not affected since our or-

IT, mp? 5 5 derings rule out electrostatic trapping.

:<%—B f MgV Vaz al(z_Ta_ E)d U>a In the limit of unit aspect ratioe—1, there are no circu-
lating particlesf.=0, and the fluxe$6) and(7) are propor-

whereRy, is the parallel friction force acting on the species tional to (n,/B?). Clearly, this flux-surface average is in-

a, andH,, is the corresponding “heat friction.” Evaluating creased if the impurity density, peaks on the outside of the

these integrals with the distribution functiqd) gives the torus where the magnetic field is weak. Physically, this re-

fluxes flects that the transport is enhanced if collisions predomi-
nantly take place where the Larmor radius, and hence the
r opd?) o1 B? dIn p, random walk step length, is large. Indeed, in the limits of
(Fa- V)= m, QzTaz - B_S c dy uniform and peaked,, respectively, we have
3dInT, ) | E, . (E,B) © n, (n)B~2), zM2<1,
"2 dy | "\\B/ TeTBZ ) B2 | (n)Bn2 zMZ>1.
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