
PHYSICS OF PLASMAS VOLUME 10, NUMBER 4 APRIL 2003
Local particle flux reversal under strongly sheared flow
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The advection of electron density by turbulentEÃB 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 shear, 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. ©2003 American Institute of Physics.
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I. INTRODUCTION

The suppression of turbulence byEÃB flow shear has
provided a compelling phenomenological paradigm for u
derstanding transport barriers and enhanced confinemen
gimes in fusion plasmas.1 However, under closer scrutiny,
is not difficult to find measurements whose details appea
be at odds with the suppression paradigm. One examp
the observation in a variety of devices of fluctuation lev
that change only slightly or even increase in a region
strong flow shear, but where transport is strong
suppressed.2–7 A second example is the observation that
regions of strong flow shear, the flux can actually reve
sign and become inward. This behavior appears as a re
ducible feature of probe-induced shear layers in sev
experiments,6,8 and has also been observed in internal
induced shear layers in the H mode and the heliac.9 In toka-
mak probe-induced shear-layers, the flux reversal occurs
ward the inside edge of the shear layer, in a region
positive shear, suggesting reproducible spatial structure.8

A key to understanding these phenomena is the c
phase. The cross phase is the difference between phas
the two fluctuating quantities that govern fluctuation-induc
transport fluxes. The behavior of the cross phase in reg
of strong flow shear has only recently come under study.10,11

This contrasts with extensive and widely pursued exam
tions of the effect of flow shear on fluctuation amplitudes.1,12

Where the cross phase has been measured, however,
observed that the cross phase can decrease in stro
sheared flow even when fluctuation amplitudes decrease
slightly, or increase. Recently, the cross phase was calcul
for a generic scalar advected by a turbulentEÃB flow with a
linearly varying mean.10 In a strong shear regime~shear rate
.turbulent decorrelation rate!, it was found that, like the
experimental observations,2–8 the cross phase decreases co
1061070-664X/2003/10(4)/1066/9/$20.00
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siderably more sharply with flow shear than does the par
the flux proportional to the absolute value of fluctuation a
plitudes. While this work was based on a simple model
passive scalar transport in a uniform magnetic field, rec
computational work in resistive ballooning mode turbulen
shows similar behavior.11

The simple model of Ref. 10 yields a positive defini
flux. Hence it cannot explain observations of locally revers
fluxes.8 Nonetheless, the flux of Ref. 10 has strong spa
nonuniformity, with a narrow mixing layer whose width i
proportional to the inverse of the shear strength, flanked
broad regions of strongly suppressed cross phase and t
port. Given the strong spatial variations of cross phase in
simple model, we ask what additional physics could ca
the cross phase to change sign.~By definition, the sign of the
flux resides in the cross phase, hence flux reversals o
where the cross phase changes sign.!

In this paper, we explore the above question by introd
ing a second, physically distinct inhomogeneity into the p
cess of scalar advection by inhomogeneous mean flow
relatively simple yet pervasive inhomogeneity is that of
sheared magnetic field. The interplay of magnetic shear
uniform flow shear is known to produce oscillations in t
eigenmode envelope of the dissipative trapped electron m
~DTEM!.13 The eigenmode operator of the DTEM problem
similar to the response of an electron density fluctuat
whose evolution is subject to bothEÃB advection and a
collisionally damped parallel flow.14 The behavior of the
DTEM eigenmode envelope, while suggestive, does no
itself guarantee flux reversal. The spatial structure of the fl
is governed by a spatial integral over the inverted den
response operator. To work out such details we specialize
scalar evolution of Ref. 10 to electron density and introdu
magnetic shear through a collisionally damped parallel flo
6 © 2003 American Institute of Physics
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The EÃB nonlinearity is renormalized, and the evolutio
operator is inverted using a Green function as in Ref.
Asymptotic techniques for strong shear allow for evaluat
of the spatial integral and yield a fairly simple expression
the flux. The electron density-potential cross phase is fo
to reverse sign, independent of the eigenmode structure

We are interested in the generic response of elec
density to turbulent advection in a mean flow with line
shear and a sheared magnetic field. However, to determ
whether the reversal of the cross phase carries over
reversal in the flux, we must consider the eigenmode st
ture. For concreteness we examine a passing particle n
diabatic electron response characteristic of edge condit
in the measurements cited above. It is convenient to trea
nonadiabatic electron density as the electron contributio
ion temperature gradient~ITG! turbulence. For ITG fluctua-
tions, the adiabatic electron density, which does not cont
ute to transport, combines with ion dynamics to fix the rad
mode structure and growth rate.15 The nonadiabatic electro
density fixes the particle transport, but makes little contrib
tion to the mode structure and growth rate. The ITG eig
mode, which weights the cross-phase response in the flu
centered in a region of positive flux. However, the eige
mode is displaced from the rational surface by a scale len
characteristic of ion dynamics. The region of maximum de
sity response is displaced by a scale length characterist
electron dynamics. As a result there is very little overlap
density response and eigenmode. All contributions to the
are highly suppressed, but the negative contributions
more suppressed than positive contributions. On the o
hand, if the eigenmode structure is controlled by elect
dynamics as is the case with dissipative electrons gove
by the Hasegawa–Wakatani model,16 the eigenmode and
density response have significant overlap. The cross p
reverses sign on the inside edge of a shifted eigenm
yielding a region of weak negative flux to the inside of
larger region of positive flux. This structure represents
contribution of the flux of a single helicity. If the turbulenc
has many helical modes whose spacing is smaller than m
widths, the negative feature is washed out in the spect
sum. For the combination of inhomogeneities under con
eration the shear must be large enough to affect elec
scales.

The spatial structure of the dissipative drift wave parti
flux described above and the strong shear threshold are
unlike features observed in probe-induced shear layers. H
ever, this work suggests that where flux reversals are
served in experiment the turbulence may have a spat
localized, quasicoherent feature that avoids the washing
of regions of negative flux by neighboring mode structur
This may arise from a turbulent diffusivity that is not un
form, or from a flow that is highly localized. Describin
turbulent structure in regions of nonuniform diffusivity o
localized flow is a difficult problem, hence the present wo
is restricted to the case of uniform diffusivity and unifor
flow shear. Accordingly, this work must be viewed as a pla
sibility study, showing that an anomalous particle flux c
have radially localized regions of negative sign, and indic
ing the conditions that favor reversals. Beyond that, limi
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tions in the model and calculation make comparison w
experimental details premature. Subsequent theory sh
calculate the eigenmode structure self-consistently with
electron density response. Moreover, other more potent,
difficult-to-handle, inhomogeneities should be consider
These include the inhomogeneity of the grad-B and cur
ture drifts that figure in the eigenmode of toroidal ITG tu
bulence, and the strong variation of the shear in the hig
localized flows of probe-induced transport barrier expe
ments. The strong variation of flow shear in highly localiz
flows may localize eigenmodes and isolate single helicit
or organize the flux so that contributions from differing h
licities produce a negative flux in the same region.

This paper is organized as follows. In Sec. II the ba
model is presented and the electron density evolution eq
tion is inverted to obtain the flux as the product of the flu
tuation magnitudes and an explicit expression for the cr
phase. In Sec. III the cross phase expression is analyze
zero crossings and plotted as a function of radius. This is
principal result of the paper. To anticipate the complete fl
structure, including the eigenmode structure, the assumed
havior of an ITG eigenmode is discussed. Implications
these results for measured fluxes and future theory are
cussed in Sec. IV.

II. MODEL AND CALCULATION

The electron particle flux is governed by the correlati
of the electron density fluctuationñ with the fluctuation of
the advecting flow. For radial transport by a turbulentEÃB
flow the flux is

G52Rê ñcB0
21¹f3z"x&

5Re(
k,v

icB0
21kyñk,v~x!f2k,2v~x!

52(
k,v

cB0
21kyuñk,vuuf2k,2vusindk,v , ~1!

where the brackets indicate an average over slab coordin
y andz, v is the Fourier frequency andk is the wave vector
of those directions, and2cB0

21¹f3z is the fluctuating
EÃB flow expressed in terms of the electrostatic potentialf.
The factor uñk,vuuf2k,2vu represents the amplitude depe
dence of the flux. The last equality defines the cross ph
dk,v as the difference between phases of the scalar and
electrostatic potential fluctuation. The coherence, which g
erally appears as an additional factor in the last expressio
assumed to be unity.

To describe the electron density fluctuation we consi
a collisional regime consistent with ion temperature gradi
turbulence with a collisional nonadiabatic electron dens
response.14 The electron density satisfies a continuity equ
tion subject to a fluctuating collisional flow along the ma
netic field and the perpendicularEÃB flow with mean and
fluctuating components. The parallel electron flow is go
erned by

neme

dv i

dt
1 ¹i pe5ene¹if2nemeyeiv i , ~2!
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wherenei is the electron–ion collision rate and other sym
bols have their usual meaning. For isothermal electrons
weak electron inertia the parallel flow fluctuation isv i

52(Te /n0meyei)¹iñ2(e/meyei)¹if ,wheren0 and Te are
the equilibrium electron density and temperature. With t
expression for parallel flow the electron continuity equat
is

]ñ

dt
2

Ve
2n0

yei
¹i

2S ef

Te
2

ñ

n0
D1v0~x!

]ñ

]y
2

c

B0
¹f3z•¹ñ

5
c

B0
¹f3z•¹n0~x!, ~3!

where the meanEÃB flow v0(x) is a poloidal flow with
radial shear, andVe is the electron thermal velocity. Intro
ducing the nonadiabatic electron density,he5ñ/n0

2ef/Te , the evolution equation forhe is given by

]he

]t
2

Ve
2

yei
¹ i

2he1v0~x!
]he

]y
2

c

B0
¹f3z•¹he

52S ]

]t
1v0~x!

]

]yD ef

Te
1

c

n0B0
¹f3z•¹n0~x!. ~4!

The mean flow is assumed to have a linear variation,v0(x)
5v0(xR)1(x2xR)v08 , wherexR is the position of a rationa
surface. Hereafterx will indicate the distance from the ratio
nal surface, i.e.,x2xR→x. We introduce a Fourier transform
for both time and they direction. Note that in general, th
flow does not vanish at the rational surface. However,
Doppler shift from this uniform flow component,kyv0(xR) is
adsorbed into the frequencyv, i.e., v2 ikyv0(xR)→v. The
turbulent frequency spectrumufk,vu2 typically develops
the same Doppler shift. This means that when the s
over frequency in the flux expression is carried out, the D
pler shift frequency dependence in the electron respo
@inversion of the left-hand side of Eq.~4!# is evaluated at
the Doppler shifted peak of the frequency spectru
As a result, the Doppler shift cancels out, and Eq.~1! be-
comes (kcB0

21kyuñk,vuuf2kusindk,vp
, where vp5v r(k)

1 iv i(k), v r(k) is the peak of the frequency spectrum f
wave numberk in the plasma frame, v i(k) is the width of
the spectrum, andufku2 is the magnitude of the frequenc
spectrum at its peak value. A sheared slab is assumed fo
magnetic field, with the usual result that under the Fou
transform,¹ i

2→2ky
2x2/Ls

2, whereLs is the magnetic shea
scale length.

The Fourier transform of Eq.~4! is

2 i ~v2kyv08x!hk,v~x!1
Ve

2ky
2x2

yeiLs
2 hk,v~x!

1 (
k8,v8

c

B0
F2 iky8fk8,v8

]

]x
hk2k8,v2v8

1 i ~ky2ky8!hk2k8,v2v8

]

]x
fk8,v8G

5 i ~v2kyv08x2v* !
efk,v

Te
, ~5!
nd

s

e

m
-

se

.

the
r

where v* 52(cTe /eB0)kyn0
21 dn0 /dx is the diamagnetic

frequency. We renormalize Eq.~5! using the eddy damped
quasinormal Markovian closure, adapted to the inhomo
neous nonlinearity. Details are given in Refs. 13 and
Under this procedure the nonlinearity is expressed as
amplitude-dependent diffusion and a nonlinear~amplitude-
dependent! damping rate. The resulting equation is

2 i ~v2kyv08x!hk,v~x!1
Ve

2ky
2x2

yeiLs
2 hk,v~x!

2
]

]x
Dk,v

]

]x
hk,v~x!1ky

2dk,vhk,v~x!

5 i ~v2kyv08x2v* !
efk,v

Te
, ~6!

where the turbulent diffusivitiesDk,v anddk,v are given by

Dk,v5 (
k8,v8

c2

B0
2 ky8~ky82ky!fk8,v8~x!Rk9,v9f2k8,2v8~x!,

dk,v5 (
k8,v8

c2~ky82ky!

B0
2ky

]fk8,v8
]x

Rk9,v9

]f2k8,2v8
]x

, ~7!

andRk9,v9 is the nonlinear response at wave numberk9[k
2k8 and frequencyv9[v2v8:

Rk9,v95F2 iv91 iky9xv081
Ve

2ky9
2x2

neiLs
2

2
]

]x
Dk9,v9

]

]x
2~ky2ky8!2dk9,v9G21

. ~8!

Note that the response atk9,v9 has been expanded about th
rational surface for the modek,v.

Our objective is to invert Eq.~6! to obtain the spatial
structure ofhk,v(x) consistent with the source on the righ
hand side and the spatial characteristics of the operato
the left-hand side. Note that the EDQNM closure yields
diffusivity that is nonuniform, with spatial variation arisin
both from the potentialf and the operator of the nonlinea
response, Eq.~8!. Given this nonuniformity, inversion of Eq
~6! is highly nontrivial. If the fluctuation spectrum has mod
at different locations inx ~corresponding to different rationa
surfaces!, such that the separation between adjacent mode
smaller than the spatial extent of individual modes, then
nonuniformity in the components ofD gets smoothed by the
sum over wave number. This situation is common when th
is magnetic shear, making the approximation of uniformD a
standard approximation. Even ifD is not uniform, the wave
number sum tends to makeD smoother thanh or R. In the
asymptotic limit of strong shear, this leads to singular lay
structure inh, with the nonuniformity ofD a higher order
variation. The diffusivity can be treated as uniform in det
mining leading order behavior. These arguments do not p
clude the possibility of a diffusivity with strong variatio
under certain circumstances. For example, near low o
rational surfaces the distance between rational surfaces
significant fluctuation activity can exceed the fluctuati
widths. In the vicinity of the low order surface the sum ov














