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Introduction. There is vast experimental evidence of an important role of anomalous
convection in the edge plasma transport in tokamaks, stellarators, and linear devices [1]. For
example, tokamak experimental data clearly show that meso-scale plasma structures extended
along the magnetic field lines, which often called blobs, are advected coherently from the
region close to LCFS into the far SOL on a distance ~10 cm. Moreover, recent experimental

observations [2] suggest that the dynamics ofELMs in the SOL plasma isery much similar
to that of blobs, and result in a much larger plasma particle and energy fluxes 8@l fdran
it was thought ofRather simple models, based the effective plasma gravitgaused by
magnetic curvature or neutral wifig] effects,describe many essentials of nonlinegolution
and radialadvection ofsuch meso-scale structures. Here wagamine the role ofdrives,
associated with the instabilities duelligT, in the SOL [4, 5] and due toparallel shear of
E x B drift velocity [5, 6], in nonlinear cross-field advection of plasma structures.

Plasma cross-field convection caused by the parallel shearstability. To derive the
eguations governing nonlinear evolution of plasma parameters associated with giazaliebf
E xB drift velocity we use electron parallel momentum balance equatamsumingthat
Te = Tg =const and neglecting resistive effects

¢ o+ O)((Te/@)In(n)- ¢)=0, (1)
where n is the plasma density,and Y are the electrostatic amdagnetic potentials, c is the
speed of light. For cold ions from the condition of zero divergence of electric current we have
0 (V%D 06) = (4n/9 0= 0 g, @
where di(...)=0;(...)+ Vg (... Vg =—-Cyps(J¢ b), b=B/B, B is the magnetic field
strength,Cs =/ To/M , ps =C¢/Q;, Q; =eB/Mc, V4 =B%/4mM, M is the ion mass, and
¢=e¢/ Tp. And finally we will need the continuity equatiomin=0. Assuming that
bMn(...x<0 y(...), from the equations (1, 2) and continuity equation we find

o0 (VAT 09 = O F(e ), A =0, (3)
where A =In(n/n,) , N, = const is the plasmaensity at infinity.Effectively, we neglect the
nonlinearities associatedttwv the perturbations of thenagnetic fieldwhile retaning nonlinear
effects due to the perturbations of the B drift velocity.

We consider the case where the plasimasity profiles alondhe magnetic fieldine
have a bump with parallel scalg,. Then,neglecting the nonlinearities in the léfind side of
the first equation in (3) outside the bump, we find

V207G =[0G, )
where G=¢-A. Eq. (4 has obvious solutions G=Guy(l||-Va,t) and
G=G(l |+ Va, 1), whereV,  is the Alfven velocity far from the bump. Integrating Eq. (3)

over thebump inparallel coordinateassumingweak variation of thgparameters inside the
bump and using solutions of (4) to evaluate derivati(es /0l | we find

-2 2 b - 2
LoD (V2 0@ o FGlomme 2Vt 2G, (5)
which results in
(LeVa, /25 HOoe-0p (o A), (6)
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whereVAb is the Alfven velocity in the bump region. In a longvavelength approximation,

0t (...)<<VE M(...¥< Vp L, assuminghatdifferences in the plasma densities inside and
outside the bump is not largés, =V =Va =const, from (3) and (6) we obtain

0:9=—Lp/2Va)Ve §(VE Mn)H ¢ (7
Using Eqg. (7), one easilecoversexpression for liear growth rate of the instabilifpund in

Ref. 6, y:(LbIZVA)(VE ua)z. Next we consider nonlinear solutions tbeé Eq.(7) in the
form of the wedge in cross field frame (x,y)

O(x,y,t) = (x + Ut)° F(y/(x + Ut)B) , 8)

where U is the wedge convectiaelocity, F is unknown function, anda and 3 are the
adjustable parameters. Substituting (8) into (7) we flirc —1/2 and

ulaF-@-1/2n A= P F( ¢ 5(2{0( (2-a) F6 -¥2(320)n 4 (9)
where n =y/(x +Ut)® 2 and u:2VAU/Lb(CSpS)2. The analysis of Eq. (9) shows that F

approaches zero at some poimteng as F(N)J (g n)° wherec=1/2 for a=3/2 and

0 =1 otherwise. The caseith a =3/2 (0 =1/2) could be matchethrough some boundary
layer with unperturbed plasmd& (0@ 0) outsidethe wedge if we would accourbr the
plasma density diffusion in Eg. (3). Other esswhichgive just continuous transition of
potentialfrom positive tonegative valuesTherefore we consider solution with=3/2 as a
“real” solution. We solve Eq. (9) numerically far= 3/2 and show the result in Fig. 1. From
the valueng =1.4, which follows from Fig. 1 we find

- 2 3
U=U=Cs(LCs/p &/ A(90(¥)(PdYo(X)7, (10)
where @g(x) and yg(x) are the normalized potential w0 and thewidth of a wedge as a
function of x, notice that for our solutiong)(x) O (yo(x))3/2.
Plasma cross-field convection caused byiT, instability. The drive related to thélTe

instability can be important mechanisfor plasmaconvection in theSOL region. This
instability is associated ith the effective plasmaesistivity caused by the shedth 5] and

which relates plasma current through the shejagh,and the plasma potentigl relative to the
wall, jsh:ensh\/Te/M{l—«/M [2mmexp(-e6 /T% , Wwhere m is the electromass andngy, is

the plasmadensity atthe entrance to the sheathhen, assuming that plasma density,
temperature, and electrostatic potential are uniform along thdifiek] we integrat&q. (2) in
the SOL region from one engblate toanother(for simplicity we assume that englate is
normal to the magnetic field lines) and ygg as a boundary conditions fgj. As a result we
have

0] ((n/MQ?)dg . (e¢)) = (21 Loon)y/ Te/ M{1-~M/2rimexp(~ep / T} . (11)
whereL .o, is the connection length. In addition to Ef§2) weneed tousethe continuity
equation and the similar equatiéor the advection of electron temperatudg,To =0, which
describes the energy balance. Notice that although the plasma contact with end plate is crucially
importantfor the vorticity egiation (11), thiscontact can be neglecté@m the view point of
transport of the plasma density and electron temperature.

To simplify the problemeven more wewill assume constant plasma density and
relatively small variation of plasma temperature so gt Ty +0Tc and ¢ =¢ +0¢, where
Tg =const, ¢ =const.and|dT, < Tg and |d¢ K ¢g. Then from Eq(11) andadvection of
electron temperature we find

(ng con/2C 9d D%(P: G did =0, (12)
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where ¢=ed¢/Ty and 9 =0.5In(M/2m)dT,. From (12) in a long wavelength
approximation, assuming thag(...) << Vg I(...), we find

(2Cs/pSL cond =V eT{V ED(DAQ}. (13)
From Eqg. (13) weecovercorrespondindinear growthrate, y = (ng con/2C Q(V E[R)zkz, as
in Ref. 4. Wewill search for anonlinear solution of Eq13) assuming)y(...)<< Oy (...) and
using the ansatz (9). Substituting (9) into (13) we firell, a = 5/2, and

_ 2 2 4
w(2.5F-ndF) = & § d A —25;( g §c +5Fd R F125FW.F  (14)
where W =2U /(pé L cofc 9. The analysis of Eq. (14) shows that F approazkes at some

point n=ngasFMN)JNg r])3/2, which can be matched witmperturbed solutiord$ =0

outsidethe wedge. Irorder to find such solution weolve Eq. (14) numericallyassuming at
n=0 thatdHn)/d = d3F(r])/ d 3=0 andvarying dZF(r])/dqz. In Fig. 2 we present both
F(n) anddF(n)/d found numericallyfrom (14). As onecan sedrom Fig. 2, inaccordance

with expected asymptotic we recovedF(r])/d]|nqn0 OMno —r])1/ 2 As a result we get the
following expression for convective velocity

2 -5
U = U, =45C(@0()” NopSL colyo(X) (15)
where @p(x) and yg(x) are the normalized potentig=edd/ Ty at y=0and thewidth of a

)5/2

wedge as dunction of x.Notice, thatfor our solution gg(x) O (yo(X) and wemade an

approximationdy(...) <<dy (...), which results in the inequalityg <1.

Discussion.We haveshownthat in along wavelengthapproximation thedrives, associated
with both parallel shear andT,, can cause theross-fieldadvection ofnonlinear structures.
However, these large scalstructurescan be unstable againstlatively short wavelength
fingering instabilities caused, correspondingly, by parallel sheaf&id, which growth rates
are proportionalrespectively, tok? and k* for k > K, wherekp is the vave number where
long wave length approximatioW,e [k >y, is marginal. Such showavelengthnstability was
found [3] for large-scale blobs. But simultaneously it was also found that bidbspatial

scale ~ kﬁl Is very shble andor a tokamak conditionsan travel as acoherent structure at
distances ~10 cm and more [3]. The reasoridoper-stability” can be explained as follows.

While the large $ kal) scale structures are subjected to fingering instability, the small ones, for
which inertia term dominates, experience the developmemushroom-like shapes similar to
the shapes that usuallgevelop onnonlinear stage of the Rayleigh-Taylor instability of

stratified fluid. For the scales kﬁl these two effects, fingering and mushrooming, compensate
eachother. Since in thdimit of large k the main termgor both parallel shear andO;Te
instabilities are the same inertial terms, we can expect similar stab#iffexjs for nonlinear

structures  considered  with the scale length ~k51. Then  estimating

Ve M(...) ~VE oK) ~Cpo X)ps /y%(x) and 0y(...) ~u/yg (x) we find both &)~ kﬁl
and theexpressions fothe velocitiesU(6) and Ugr (8 1) which correspond tathese
scales. After some algebra, from (10) and (15) we find

/2
Siles=(wLo/ @B UyEICs=( @B ALy

807, /05 = (@NolL conP )% Vo, (3 1) = (8 )R /L con

)1/ 2’ (16)

)1/4, (17)
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wheref, is the plasma beta ang is the characteristic perturbation of normalized electrostatic

potential.For @g ~1, ng ~1, Bp ~ 103, and Lp/Ps~L con/pP s~ 3% 10* from (16), (17) we
find pg/d~U(6)/Cs~0.03 and ps/dpn1, ~ Y 1,(007,)/Cs~0.1, which is consistent

with experimental observations.

We also notice that in th8OL region, the inhomogeneity of plasma parameters along
the magnetic field lineand, corespondingly, thalrive associated with parallshear ofE xB
drift velocity, naturally occurs due to plasma recycling at the end plates providing that coulomb

mean freepath, )\CDTZ/n, is smaller than connection length.o,!gR, where R is the
tokamak major radius and q is the safety factoortier toavoid theeffects of this instability

we need tdhave A; >L .o But, requirementA. >L o, results ininequality n< CT?/ gR
(where C is the constant), which is somewhat similar ta#msitylimit (see forexampleRef.
7 and the references thereiNoreover,since temperaturdropsquickly while we movefrom
the LCFSinto the SOL, A reachesL . first in the farSOL. Then, withincreasing plasma

density boththe region A ~L .o, and appearance of nonlineaonvective structures,
associated with paralleshear of ExB drift velocity, propagate toward th&CFS. This
gualitative picture fits very well experimental observatipfjsof spreading ofadial convective
transport from far SOL to the core while plasma density increases. Thus, it is plausible that the
instability related to parallel shear Bfx B drift velocity is responsibléor the onset of density

limit and related processes like MARFE and divertor detachment.
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Fig. 1. Numerical solution of Eq. (9) fer=3/2.  Fig. 2. Numerical solution of Eq. (14).




