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Local patrticle flux reversal under strongly sheared flow
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The advection of electron density by turbuledeXB flow with linearly varying mean yields a
particle flux that can reverse sign at certain locations along the direction of magnetic shear. The
effect, calculated for strong flow sheatr, resides in the density-potential cross phase. It is produced by
the interplay between the inhomogeneities of magnetic shear and flow shear, but subject to a variety
of conditions and constraints. The regions of reversed flux tend to wash out if the turbulence consists
of closely spaced modes of different helicities, but survive if modes of a single helicity are relatively
isolated. The reversed flux becomes negligible if the electron density response is governed by
electron scales while the eigenmode is governed by ion scales. The relationship of these results to
experimentally observe flux reversals is discussed.2@®3 American Institute of Physics.
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I. INTRODUCTION siderably more sharply with flow shear than does the part of

. the flux proportional to the absolute value of fluctuation am-
The suppression of turbulence BXB flow shear has : . . .
upp : urbu W plitudes. While this work was based on a simple model of

provided a compelling phenomenological paradigm for un- assiv alar transoort in niform maanetic field. recent
derstanding transport barriers and enhanced confinement (RaSSIVE scalar transport in a untio nagne €ld, rece
gimes in fusion plasmasHowever, under closer scrutiny, it computa}pnal work in resistive ballooning mode turbulence
is not difficult to find measurements whose details appear téhov_l\_’; S'”_"'afl beha;illcliﬁ f Ref. 10 vield itive defini

be at odds with the suppression paradigm. One example i € simplé model of Ret. ylelds a positive definite

the observation in a variety of devices of fluctuation Ievelsf ux. Hence it cannot explain observations of locally reversed

that change only slightly or even increase in a region Oiﬂuxesf Nor!ethelgss, the flux of Ref. 10 has strong_ spa_tial
strong flow shear, but where transport is S’trong|ynonun|f'orm|ty, Wlth.a narrow mixing layer whose width is
suppressed:’ A second example is the observation that in proportlon_al to the inverse of the shear strength, flanked by
regions of strong flow shear, the flux can actually revers@road regions of strongly suppressed cross phase and trans-
sign and become inward. This behavior appears as a reprB;ort- Given the strong spatial varllaltlons of cross phase in the
ducible feature of probe-induced shear layers in severatimple model, we ask what additional physics could cause
experiment$? and has also been observed in internally-the cross phase to change sigdy definition, the sign of the
induced shear layers in the H mode and the héliactoka-  flux resides in the cross phase, hence flux reversals occur
mak probe-induced shear-layers, the flux reversal occurs tdvhere the cross phase changes sign.
ward the inside edge of the shear layer, in a region of In this paper, we explore the above question by introduc-
positive shear, suggesting reproducible spatial struéture. ing a second, physically distinct inhomogeneity into the pro-
A key to understanding these phenomena is the crosgess of scalar advection by inhomogeneous mean flow. A
phase. The cross phase is the difference between phasesrgfatively simple yet pervasive inhomogeneity is that of a
the two fluctuating quantities that govern fluctuation-inducedsheared magnetic field. The interplay of magnetic shear and
transport fluxes. The behavior of the cross phase in regiongniform flow shear is known to produce oscillations in the
of strong flow shear has only recently come under stddy. eigenmode envelope of the dissipative trapped electron mode
This contrasts with extensive and widely pursued examinat(DTEM).** The eigenmode operator of the DTEM problem is
tions of the effect of flow shear on fluctuation amplitudé8. similar to the response of an electron density fluctuation
Where the cross phase has been measured, however, itvidiose evolution is subject to botEXB advection and a
observed that the cross phase can decrease in strongtgllisionally damped parallel flow* The behavior of the
sheared flow even when fluctuation amplitudes decrease onTEM eigenmode envelope, while suggestive, does not of
slightly, or increase. Recently, the cross phase was calculatédtself guarantee flux reversal. The spatial structure of the flux
for a generic scalar advected by a turbulEXB flow with a  is governed by a spatial integral over the inverted density
linearly varying meart® In a strong shear regimishear rate  response operator. To work out such details we specialize the
>turbulent decorrelation rakeit was found that, like the scalar evolution of Ref. 10 to electron density and introduce
experimental observatiods® the cross phase decreases con-magnetic shear through a collisionally damped parallel flow.
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The EXB nonlinearity is renormalized, and the evolution tions in the model and calculation make comparison with
operator is inverted using a Green function as in Ref. 10experimental details premature. Subsequent theory should
Asymptotic techniques for strong shear allow for evaluationcalculate the eigenmode structure self-consistently with the
of the spatial integral and yield a fairly simple expression forelectron density response. Moreover, other more potent, but
the flux. The electron density-potential cross phase is foundifficult-to-handle, inhomogeneities should be considered.
to reverse sign, independent of the eigenmode structure. These include the inhomogeneity of the grad-B and curva-
We are interested in the generic response of electroture drifts that figure in the eigenmode of toroidal ITG tur-
density to turbulent advection in a mean flow with linear bulence, and the strong variation of the shear in the highly
shear and a sheared magnetic field. However, to determirlecalized flows of probe-induced transport barrier experi-
whether the reversal of the cross phase carries over to ments. The strong variation of flow shear in highly localized
reversal in the flux, we must consider the eigenmode struclows may localize eigenmodes and isolate single helicities,
ture. For concreteness we examine a passing particle nonar organize the flux so that contributions from differing he-
diabatic electron response characteristic of edge conditionlicities produce a negative flux in the same region.
in the measurements cited above. It is convenient to treat the This paper is organized as follows. In Sec. Il the basic
nonadiabatic electron density as the electron contribution tonodel is presented and the electron density evolution equa-
ion temperature gradiediTG) turbulence. For ITG fluctua- tion is inverted to obtain the flux as the product of the fluc-
tions, the adiabatic electron density, which does not contribtuation magnitudes and an explicit expression for the cross
ute to transport, combines with ion dynamics to fix the radialphase. In Sec. Ill the cross phase expression is analyzed for
mode structure and growth rateThe nonadiabatic electron zero crossings and plotted as a function of radius. This is the
density fixes the particle transport, but makes little contribufrincipal result of the paper. To anticipate the complete flux
tion to the mode structure and growth rate. The ITG eigenstructure, including the eigenmode structure, the assumed be-
mode, which weights the cross-phase response in the flux, Ravior of an ITG eigenmode is discussed. Implications of
centered in a region of positive flux. However, the eigen-these results for measured fluxes and future theory are dis-
mode is displaced from the rational surface by a scale lengthussed in Sec. IV.
characteristic of ion dynamics. The region of maximum den-
sity response is displaced by a scale length characteristic ®f MODEL AND CALCULATION
electron dynamics. As a result there is very little overlap of . _ .
density response and eigenmode. All contributions to the flux The electron parpcle flux 'S govemed by the cqrrelatlon
are highly suppressed, but the negative contributions ar f the elegtron density fluc_tuatlorm with the fluctuation of
more suppressed than positive contributions. On the otht N advectmg flow. For radial transport by a turbul&iXB
hand, if the eigenmode structure is controlled by eIectroﬁ ow the flux is
dynamics as is the case with dissipative electrons governed T =—RefcB, 'V ¢Xzx)
by the Hasegawa—Wakatani modlthe eigenmode and
density response have_ S|_gn|f|cant overlap. .The cross phase =Re2 iCBalky’ﬁk,w(X)d)fk,—w(X)
reverses sign on the inside edge of a shifted eigenmode, o
yielding a region of weak negative flux to the inside of a
Iarger region of positive qux.. This structure represents the =—> cB, Ky P ol |6 olSINGc.0» (1)
contribution of the flux of a single helicity. If the turbulence k.o

has many helical modes whose spacing is smaller than modghere the brackets indicate an average over slab coordinates
widths, the negative feature is washed out in the spectrur’g andz, o is the Fourier frequency arklis the wave vector
sum. For the combination of inhomogeneities under considat ihose directions and—cB(§1Vd>><z is the fluctuating
eration the shear must be large enough to affect electrogxg fiow expressed in terms of the electrostatic potengial
scales. _ o _ _ The factor|fiy .|| ¢« .| represents the amplitude depen-
The spatial structure of the dissipative drift wave particlejence of the flux. The last equality defines the cross phase
flux described above and the strong shear threshold are ngtk as the difference between phases of the scalar and the
unlike features observed in probe-induced shear layers. Hovsjectrostatic potential fluctuation. The coherence, which gen-

ever, this work suggests that where flux reversals are ohs4)ly appears as an additional factor in the last expression, is
served in experiment the turbulence may have a spatiallssymed to be unity.

localized, quasicoherent feature that avoids the washing out 14 yescribe the electron density fluctuation we consider

of regions of negative flux by neighboring mode structures, ¢ojjisional regime consistent with ion temperature gradient
This may arise from a turbulent diffusivity that is not uni- y,rpylence with a collisional nonadiabatic electron density
form, or from a flow that is highly localized. Describing regnonsd? The electron density satisfies a continuity equa-

turbulent structure in regions of nonuniform diffusivity or 4 subject to a fluctuating collisional flow along the mag-
localized flow is a difficult problem, hence the present workatic field and the perpendicul&xB flow with mean and

is restricted to the case of uniform diffusivity and uniform fluctuating components. The parallel electron flow is gov-
flow shear. Accordingly, this work must be viewed as a plau-grneq by

sibility study, showing that an anomalous patrticle flux can
have radially localized regions of negative sign, and indicat- du

ing the conditions that favor reversals. Beyond that, limita- eMe gy + ViPe= €MV ¢ NeMeveivy, @
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where v is the electron—ion collision rate and other sym-where w«=—(cT./eBy) kynaldnoldx is the diamagnetic
bols have their usual meaning. For isothermal electrons anflequency. We renormalize E@5) using the eddy damped
weak electron inertia the parallel flow fluctuation dis quasinormal Markovian closure, adapted to the inhomoge-
= — (Teo/NoMerei) ViN— (€/Mevg) Vi b ,wheren, and T, are  neous nonlinearity. Details are given in Refs. 13 and 17.
the equilibrium electron density and temperature. With thisUnder this procedure the nonlinearity is expressed as an
expression for parallel flow the electron continuity equationamplitude-dependent diffusion and a nonlinéamplitude-

is dependentdamping rate. The resulting equation is
i Ving _le¢ T ) . g c VX 2.V _ oo gkixzh
at oy T g vo(X)W B, ¢Xz-Vn —i(w—=kyvoX)hy ,(X)+ voll2 K o(X)
= S Vxz-Vng(x) 3 9p. 2 2
BO 0 ! - aDk,w&hk,w(X)—’— kydk,whk,w(x)
where the mearEXB flow vy(x) is a poloidal flow with edy
radial shear, and/, is the electron thermal velocity. Intro- =i(w—KkypoX— o, )T—"”, (6)
ducing the nonadiabatic electron densitfh.=n/ngy e
—eplT,, the evolution equation fdn, is given by where the turbulent diffusivitieB , anddy , are given by
she Vi_, ohg ¢© cz
I U_eiVH he+vo(X) Ty B—0V¢>>< z-Vh, Dk'w:k%' B_Sky(ky_ Ky) ks 0 )Rk wr b7 — (X)),
J d\ep ¢ c?(k,—k,) a¢ dp
=—|=+vo(X) = | =+ =5 VXxXz-Vny(X). 4 = y Y TVK o —Kmor
(at of )ay) Te  noBo ¢ o(X) @ dk,w—k%l B2k, EvalA R vt @)

The mean flow is assumed to have a linear variatigjix)
=vo(Xg) T (X—Xg)vg, Wherexg is the position of a rational
surface. Hereaftex will indicate the distance from the ratio-

andRy» . is the nonlinear response at wave numkieek

/N —

—k’ and frequencyw'=w—o':

nal surface, i.ex—xg—X. We introduce a Fourier transform i Vf)k;jzx2

for both time and they direction. Note that in general, the Riror=| —lo"+ikyXvo+ —— >

flow does not vanish at the rational surface. However, the s

Doppler shift from this uniform flow componerk,v(xg) is d oo -t

adsorbed into the frequenay, i.e., w—ik,vo(Xg) — . The _5Dk”,w"5_(ky_ky) deror| ®)

turbulent frequency spectrumi, ,|? typically develops

the same Doppler shift. This means that when the suniNote that the response lit,w” has been expanded about the
over frequency in the flux expression is carried out, the Doptational surface for the mode w.

pler shift frequency dependence in the electron response Our objective is to invert Eq(6) to obtain the spatial
[inversion of the left-hand side of Eq4)] is evaluated at Structure ofhy ,(x) consistent with the source on the right-
the Doppler shifted peak of the frequency spectrumhand side and the spatial characteristics of the operator on
As a result, the Doppler shift cancels out, and EY). be- the left-hand side. Note that the EDQNM closure yields a
comes EKCBalky|ﬁk,w||¢fk|Sin 5k,wp1 where w,=w;(k) diffusivity that is nonuniform, with spatial variation arising

+iw(K), o (K) is the peak of the frequency spectrum for both from the potential and the operator of the nonlinear

wave numbeik in the plasma framew, (k) is the width of response, Eq8). Given this nonuniformity, inversion of Eq.
the spectrum, andip,|2 is the magnitude of the frequency (6) is highly nontrivial. If the fluctuation spectrum has modes
spectrum at its peak value. A sheared slab is assumed for el different locations irx (corresponding to different rational

magnetic field, with the usual result that under the FourieSUrfaces such that the separation between adjacent modes is
transform,VﬁH—kf,xZ/Li, whereL. is the magnetic shear smaller than the spatial extent of individual modes, then the

scale length. nonuniformity in the compqnents dii ge_ts smoothed by the
The Fourier transform of Eq4) is sum over wave number. This situation is common when there
is magnetic shear, making the approximation of unif@m
. , gkf,xz standard approximation. Evenlif is not uniform, the wave
~i(o=kyw )Nk o () + — =7 N (%) number sum tends to mak2 smoother thar or R. In the
eils asymptotic limit of strong shear, this leads to singular layer
N 2 c ikl ih structure inh, with the nonuniformity ofD a higher order
1 By yPK 0" gy k=K 0w variation. The diffusivity can be treated as uniform in deter-
' mining leading order behavior. These arguments do not pre-
clude the possibility of a diffusivity with strong variation
under certain circumstances. For example, near low order
rational surfaces the distance between rational surfaces with
edk0 (5) significant fluctuation activity can exceed the fluctuation
Te widths. In the vicinity of the low order surface the sum over

. , d
Ry -k’ wo—w' 5y "'
ik =Ky 0 2 B

=i(w—kyU6X—w*)





















