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Edge plasmas, such as the tokamak scrape-off layer, exist as a consequence of a balance between
cross-field diffusion and parallel losses. The former is usually anomalous, and is widely thought to be
driven by strong electrostatic turbulence. It is shown that the anomalous diffusion affects the parallel
ion transport by giving rise to a new type of thermal force between different ion species. This force
is parallel to the magnetic field, but arises entirely because of perpendicular gradients, and could be
important for impurity retention in the tokamak divertor. [S0031-9007(96)01236-7]

PACS numbers: 52.25.Dg, 52.25.Fi, 52.25.Gj, 52.35.Ra

Cross-field transport in tokamak edge plasmas is obneglected since it is usually smaller than the parallel
served to be anomalous, and is generally thought to bstreaming term, as follows from the estimate
driven by electrostatic turbulence. Indeed, direct probe V- Vi, pivri/WR  p;
measurements indicate strong fluctuations in the density oIViT, T L W
and the electrostatic potential [1]. The theoretical un- ¥ Tif =l
derstanding of the mechanisms driving the turbulencavhereR is the major radius/ the connection length,
is, however, incomplete. In the modeling of the toka-vr; = (2T;/m;)"/? a thermal ion velocity, andV the
mak edge, especially in numerical computatioad,hoc  scape-off layer (SOL) width.
anomalous diffusion coefficients across the magnetic field The anomalous diffusion generally invoked to account
are therefore invoked, usually in such a way as to matclor radial transport comes from the terWg - Vf;) in
experimentally observed density and temperature profile§l). A number of assumptions must be made to justify
On the other hand, the transport is generally taken téhe diffusive nature of the transport. In a Fokker-Planck
be classical along the field. It is the purpose of theexpansion of the change ify due to the randonk X B
present Letter to reconsider the kinetic theory underlyinglrift in the radial ¢) direction

<1,

ion transport in the edge, and to point out the strong cou- ofi . .

pling that exists between the transport along and across < 91 >1::x13 = (Ve - Vi)

the field. It is found that if the radial transport is anoma- 9 ((Ar)

lous, parallel ion transport cannot in general be entirely = - —< A7 f,->

classical. This basic conclusion is independent of the ) )

details of the anomalous transport; it is a simple conse- + 197 < ((Ar) >f‘> (2)
quence of the fundamental property of edge plasmas that 2 9r? Ar )

parallel fluxes can be driven by radial gradients. it is first of all assumed that higher-order terms are

We consider an impure edge plasma with electrostatigegligible. This is true if the random displacement of
turbulence present. For simplicity, we assume that the particle on times longer than the correlation time
perpendicular wavelength of the turbulen2er/k, is s distributed as a Gaussian, which is indeed generally
large compared with the ion Larmor radiuk, p; <  observed in numerical simulations of test particles in
1. Writing the E X B drift velocity Vi = Vr + Ve strong turbulence [2]. Furthermore, the random step size
and the distribution functiorf; = f, + f; for each ion A, taken in the time\s must be small in comparison with
speciesi as sums of average and fluctuating parts, anghe SOL widthW. This assumption can be justified in a
taking the averagé - -) of the drift kinetic equation over standard manner for weak turbulence since the correlation

fluctuations gives time is then short enough. In strong turbulence, particles
_ _ N _ of;  — convected by théf X B drift tend to move many times
(Vi +Va+Ve) - Vfi (Ve - Vfi) + eEjvy 7= = Ci, around convective cells in a correlation time. The step

1) size therefore becomes of the order of the cell width,
i.e., Ar ~ k', and we must requiré , W > 1. Under
whereuy is the parallel velocitye = m;v2/2 the kinetic ~ these assumptions, the influence of the turbulence on the
energy, andE; the parallel electric field. C; is the distribution becomes diffusive, and we can write (2) as
collision operator with all other species averaged over - - ad af;
fluctuations. The magnetic drift velocity, may be (Ve - V/i) = _5<D W) (3)
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whereD is the usual diffusion coefficient with a common parallel velocity/, expected to be of
A _ the order of the ion thermal speed; at the edge. The
D = ) f (Ve () VE-(0)) dt . (4) temperatured; may be different for different species with
0 very disparate masses.
This integral is taken along particle orbits, withs > In the next order, we may takg, to be Maxwellian on
7.. An additional pinch term is easily included by the left-hand side of (1), and decompose the corregftipn
incorporating it inVz in (2). into an odd and an even piecedf = v =V, f; =

Although V is independent of the particle velocity  Fii + G;1. To obtain the particle and heat fluxes, we
the diffusion coefficienD does in general depend on the need only the odd piecg;;, which obeys
perpendicular and parallel velocities of the particle since

the decorrelation mechanism may be affected byHow- C(Fi) = D [Cij(Fir, fi0) + Cij( fio, Fj1)]

ever, as seen by the ions, typical edge plasma turbulence j

is effectively two dimensional sincijvy; < o, where m;u® 5

w is the frequency andlj ~ L; ' the parallel wave num- - ””[A” + < 2T E)Aﬂ}ffo’ 6)

ber. This ordering follows either from simple estimates _ _
such asw ~ w. = k,vyp;/W or from complete stabil- vyhere u=v-— V|, the sum is taken over all species
ity calculations of the dominant modes in the plasma edgéncluding electrons), and

[3]. The correlation time may be estimated iy~ 1/y e El e oV

since the growth ratg for edge instabilities is of the order An =V In(n,T;) — il R <D —”>

of w. Thus, we expect thatjvr;7. < 1, implying that r T; or or

decorrelation does not occur as a result of parallel mo- _ 2mD 3V 9 1n n; i @

tion. The diffusion coefficient is then independent.qf Iy or or

Collisions are capable of achieving decorrelation if par- 2m;D aVy 9 In T,

ticles are able to diffuse by classical diffusion from one Ap =V InT; — Tl o o l (8)
1

convective cell to the next in less than a correlation time,

e, if pre > (kip;)~*. Since this would require a very are thermodynamic forces. Here we have introduced
high collision frequency, we conclude that the diffusion Eil = Ej — (m;/e;) (V) + Vg) - VVj. Equation (6) has
coefficient is largely independent of the particle velocCityihe form of a Spitzer problem for classical transport along
in the small-Larmor-radius limit we are considering. Inhe magnetic field. In fact, if the diffusion coefficient
other words, the decorrelation in (4) is likely to occur asp g independent of velocity, (6) is mathematically en-
a consequence of the randomness of the velocity ¥eld  jjrely equivalent to the multi-ion Spitzer problem govern-
rather than by other small details in the particle motion. nq classical parallel ion transport, which has been solved
Thus, although it is not crucial for the general argu-previously [8]. The only difference is that the usual ther-
ment, we shall tak® to be constant. More importantly, yogynamic forces are modified by anomalous diffusion
we expect the diffusive term to be of the same order @%hrough the terms proportional . These new terms
parallel streaming, i.e., are of the same order as the classical ones because of the
vri/Lj ~ D/W?, (5) edge ordering (5), and may therefore be expected to be

since the Bohm sheath boundary condition forces th&mportant. We may use the mathematical equivalence to
plasma to flow at the sound speed to the limiter or divertofhe classical problem to write down the inverse transport
plates and this loss must Ibalancedby radial diffusion. 1aws

Experimentally, this relation is actually used to estimate y 2
D from measurements ofV [4]. The ordering (5) is R; = Z(lﬂunj + ghqunj/pj), 9)
different from that usually assumed for the core plasma, J
where parallel transport is faster than radial diffusion, and ij 2

; ot i H-=Zl'u-+—lq</p- (10)
results in qualitative changes in the parallel transport, i L\ 2ty T g 24N P

as recently pointed out in the context of diffusion by !

classical Coulomb collisions [5] and weak turbulence [6]'relating the total parallel friction forc&; acting on the
The drift kinetic equation (1) with (3) for the anomalous specied
diffusion has been solved in simplified geometries at low
collisionality in Refs. [7]. Here, we consider the opposite
limit of short mean-free path. The collision operator then
dominates, and to lowest order the distribution function

R, = [ fimuy d®u = n;TiA;

for each ion species becomes Maxwellian, and the heat friction
3/2 2 _ 2 2
= m mivi  mi(v) — V) ) [_ (m,-u 5> 3
0 = Ni exp — - s i = i A = iliAj
fio=n <27TT,-> l( o, o, H fimu T > d’u = (5/2)n;T;Ap»

2480



VOLUME 77, NUMBER 12 PHYSICAL REVIEW LETTERS 16 BPTEMBER1996

to the particle and heat fluxag; and ¢q|; respectively. particles in the direction oV, 7;. In an edge plasma

The transport coefficients;, = 1, are identical to the With aV}/ar <0 andaT;/dr < 0, anomalous diffusion
classical ones [8]. By inverting the system of Egs. (9) andransports hot ions with larg&) outwards in the SOL,
(10), one obtains the particle and heat fluxes as a linea¥here ions withu < 0 therefore tend to be colder, and
combinations of the thermodynamic forces. Alternatively,hence more collisional, than the ones with> 0. Thus,
by solving forR; andgj; in terms ofH; anduj;, transport ~ again a thermal force arises.

equations of the type derived by Braginskii [9] and often It may be of practical interest for impurity retention in
used in numerical edge computations are obtained. Thu#pkamak divertors that ibV)/or and o7;/dr have the

when written in this latter form, the usual classical parallelsame sign, the new thermal force opposes the classical
transport laws are modified by the replacement one, which otherwise tends to drive impurity ions from the

2m;n;D aVy T, divertor towards the core plasma. In the divertor plasma,
.T—<W P the paraIIeI'veIocny and the temperature usually both
J have a maximum near the separatrix, falling off towards
for all j in the expressions fak; andg;. the outer SOL and towards the private flux region. In
For instance, in a hydrogen plasma with heavy impu+this case the produdvV)/ar)(dT;/dr) is positive, and
rities, the classical expression for the force acting on théhe anomalous thermal force pushes impurities towards

Vi T; — n;V)T; —

hydrogen ions is [10] the divertor plates. To assess its effect more accurately
B min(u); — uyz) requires numerical simulation of the fluid equations in
R, = —C; I —— Con; VT, realistic geometry.
l

The usual derivation of these equations by the Chapman-
wherer; = 3m)*T?"? /4(27)/2n,7%* In A is the ion-  Enskog or Grad expansions does not permit perpendicular
impurity collision time, andC; and C, are coefficients gradients large enough to satisfy the edge ordering (5), at
depending on the impurity strength = n,Z%/n;, tabu-  least notif the cross-field diffusion is classical [5]. This is
lated in Ref. [10]. The subscriptrefers here to the main Why the anomalous thermal force was derived kinetically
hydrogenic species, aitito the impurities. In a turbulent here. We have not been able to recover it by taking the
edge plasma, the force thus becomes [6] appropriate turbulent average of Braginskii's equations [9].

mini(uy; — wjz) Because of the apparently different closure scheme and
Ri=-C ————= subtleties in the orderings, it is not clear whether it can
Tiz minD Vi aT: be obtained in this manner at all. The anomalous thermal

— C2<niV||Ti _ i OV —’> (11) force appears to be a kinetic effect.
T; ar ar In conclusion, we have demonstrated that in a turbu-

More generally, when there are many ion speciesent edge plasma, where the ordering (5) is expected to
present, inverting (10) to obtain); and substituting in  hold for ions, the anomalous radial diffusion affects the

(9) gives the force acting on each species as parallel transport by modifying the thermal force between
mini(uyi — uy;) different ion species. The parallel transport is thus not
Ri = - Z [aii T entirely classical as usually assumed, but is affected by a
/ ' 2m;n;D 9V T; new type of thermal force driven by radial gradients. It
+ Bij(”jVIITj - T or Wﬂ is actually a basic property of edge plasmas that transport
J

(12) does not occur within each flux tube separately since ra-
dial diffusion feeds in plasma from the core. There can
where the coefficients;; and 8;; are complicated func- be parallel flow driven entirely by radial diffusion, with-
tions of the masses, densities, and charges of all speciesut parallel gradients. This circumstance is apparent from
Explicit formulas exist in the literature, as well as pre-the fact that the thermodynamic forces (7) and (8) contain
scriptions for how to evaluate them numerically [11].terms with only radial gradients.
They do not change as a consequence of the edge orderingTo make these phenomena explicit, we have adopted the
(5), although the force itself is modified. simplest possible turbulence model, with an ion particle
A new and unconventional type of thermal force [6] diffusion coefficient independent of velocity (as may be
has appeared as the third term in (11) and (12). It arisesxpected in the idealized limit of small Larmor radius
in a way similar to the usual thermal force (the secondand long parallel wavelength). While this is clearly a
term, proportional toVT), i.e., as a consequence of simplification, it is important to realize that the appearance
an asymmetry ing in the distribution function of the of the new thermal force is independent of the mechanism
lighter species [in (11) the hydrogenic iong]( For of radial transport. What matters is that the tefWy -
the usual thermal force, the asymmetry arises since th€f;) describing anomalous diffusion is allowed to compete
particles traveling in the direction oV T; are colder with parallel streamingy; - Vf; in Eq. (1), which is to
than the ones moving in the opposite direction. Thebe expected in an edge plasma by the ordering (5). In
former are therefore more collisional and push the heaviethe simple turbulence model adopted, the coefficients of
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