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The turbulent transport of particles is investigated using rake probes at the top of the scrape-off

layer (SOL) of circular ohmically heated L-mode plasmas in the Tore Supra tokamak [G. Giruzzi

et al., Nucl. Fusion 49, 104010 (2009)]. Both radial and poloidal non-linear fluxes are estimated

by means of two reciprocating arrays separated toroidally by 120�. The time average of the radial

(poloidal) flux is positive (negative) through the whole SOL profile. The respective effective

transport velocity are about hvrit � 30 m s�1 and hvhit � �60 m s�1 close to the last closed flux

surface. Both components present a standard deviation about 10 times higher than their respective

mean amplitude, and time-distributions highly skewed toward values of the same sign as their

mean values. The existence of a nonlinear poloidal flux is associated with the local tilt of

filament eddies due to electric and magnetic shear. At the last closed flux surface, where plasma

filaments experience their early life, the orientation of the velocity field is consistent with

structure dynamics which originate from the outboard midplane and spread along field lines

toward the rest of the poloidal section. The localized tilt of the eddy structures corresponds to the

effect of the magnetic shear. Further into the SOL, the orientation of the velocity field evolves

along radius in agreement with a simple model of propagating filaments progressively tilted by

an electric shear. The combined effects of electric and magnetic shear on the eddy tilting have

potentially a crucial impact on the existence of a Reynolds stress hvrvhit component, which is

strongly poloidally asymmetric at the edge of tokamak plasmas. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4739059]

I. INTRODUCTION

A large body of experimental evidence suggests that tur-

bulent transport at the boundary of tokamak plasmas is domi-

nated by the cross-field convection of coherent plasma

structures having enhanced density and temperature with

respect to the time-averaged background.1,2 These structures,

commonly known as blobs, are mostly aligned with magnetic

field lines, with short transversal scales compared to the

plasma minor radius. They can propagate from the outer edge

of the confined region to the far scrape-off layer (SOL) over

distances larger than their transversal size. This phenomenon,

often referred to as avalanches or nonlocal transport, is re-

sponsible for a large fraction of radial losses of particle and

energy at the edge of tokamak plasmas. In fact, these coher-

ent structures are observed in all magnetized plasma

configurations, including tokamaks (limiter and divertor con-

figurations), stellarators, reversed field pinches, simple mag-

netized tori (Refs. 3–9 and references therein) and have been

studied intensively to understand their origin, dynamics, and

role in edge transport processes. This processes include: (1)

radial transport of particle and energy, (2) generation of

quasi-sonic parallel flows in the SOL, and (3) radial transport

of transversal momentum, a potential important player in the

onset of intrinsic rotation at the plasma edge.

An important feature in tokamak SOL plasmas is the

local enhancement of the fluctuation induced radial transport

in the low field side (LFS) region. In a separate publication,

the particle balance in Tore supra SOL plasmas was investi-

gated in detail, and concluded that the radial particle flux in

the SOL is centered at the outboard midplane and presents a

Gaussian poloidal half width of about Dh � 50� at the last

closed flux surface (LCFS). At the top of the plasma, the ra-

dial convection of density fluctuations gives a mean radial

flux in quantitative agreement with the mapping produced

from the particle balance. This strong poloidal asymmetry is

a well known property of the radial flux at the plasma edge,

observed in a variety of tokamaks either indirectly by its

consequence on parallel flows,10–14 or directly by the mea-

surement of the fluctuation induced radial flux at different

poloidal locations.15 The turbulent flux is strong at the out-

board midplane16,17 and very weak at the inboard midplane18

(high field side or HFS), the same statement arising from fast

imaging.10,19–21 For this reason, it is not possible to directly

match the local turbulent radial flux with the density pro-

file,16,22 which contrasts with the common assumption of

flute modes (zeros parallel wave number) often associated

with SOL fluctuations23 or supported by isolated experimen-

tal findings.24
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In the complex magnetic geometry of a tokamak where

the magnetic field line helicity varies along the minor radius

(magnetic shear), the ballooning of the fluctuations has

another important consequence on the local shape of the fila-

ments. The dynamical drive of a single blob arises at the out-

board midplane due to curvature driven polarization, and

parallel dynamics spread this polarization to the rest of the

field line along magnetic flux tubes. Consequently, the local

dynamics of blobs at a given poloidal position on a flux sur-

face are determined by both the geometry of the magnetic

flux tube from the unstable region to this position and the dy-

namics at the unstable region. In particular, the magnetic

shear—besides the electric shear—will tilt the blob shape

and convection velocity field, as documented in Ref. 25 by

fast imaging of the lower X-point SOL region. Here, we

document and quantify these effects by means of Langmuir

probe arrays at the top of ohmically heated plasmas of Tore

Supra. We show that blobs in this region present a velocity

field determined by the joint action of magnetic and electric

shear.

In a first part of this contribution, the experimental setup

is described: plasma geometry, parameters, and Langmuir

probes diagnostics. Then, the statistical properties of the

non-linear radial and poloidal particle flux at the plasma top

are detailed: The statistics of the radial flux is positively

skewed and presents a net positive mean value, due to a

phase shift between density and poloidal electric field cen-

tered on zero. The poloidal flux shows a negatively skewed

distribution and a net negative mean value (directed from the

plasma top to the outboard midplane), with a similar phase

shift between density and electric field. The orientation of

the mean flux in the transversal (r; h) plan is consistent with

the magnetic and electric shear tilting, at least close to the

LCFS. A discussion is proposed on the existence of Reyn-

olds stress components hvrvhi and hvrvjji, respectively, linked

to transversal blobs tilting and parallel flows mixing across

the LCFS. These terms potentially play significant roles in

the onset of edge plasma rotation.

II. EXPERIMENTAL ARRANGEMENT

Tore Supra is a large tokamak (major radius R� 2.3 m)

operating with circular plasmas (minor radius a� 0.7 m)

mainly limited with a toroidally symmetric bottom limiter

(TPL).32 The LCFS is normally defined on its contact (see

Fig. 1). However in this paper, the plasma is also limited by

the bottom part of low field side limiters (see Fig. 1) and

present a smaller minor radius (a¼ 0.65 m). The plasma is

ohmically heated (PX ¼ 1 MW), with a magnetic field BT

3.4 T at the plasma center and B�rB directed downward,

toroidal plasma current IP ¼ 1 MW directed along BT, line

averaged density �ne � 4� 1019m�3, and radiated power

fraction fRAD � 0:45. Two reciprocating Langmuir probes

are located at the top of the vessel (h� 80�), separated tor-

oidally by 120�. Along the paper, analysis will refer to data

collected by a poloidal and a radial probe array, each on a

movable system. Arrays are composed of thin 1.2 mm in di-

ameter pins distributed every 3 mm and alternatively in

floating and saturation mode (biased at VBIAS ¼ �200V).

The acquisition is done at a rate of 1 MHz with an anti-

aliasing cut-off frequency of 250 kHz. The poloidal rake

pins protrude from the boron nitride probe head and thus

are out of the main probe body’s wake. This configuration

helps to reduce the potential impact of the turbulence cre-

ated by the probe head (4 cm diameter) on the measure-

ment.26 The radial rake probe is composed of two radial

arrays of four pins installed back to back on the probe body

with respect to the magnetic field orientation. For low den-

sity ohmically heated plasmas, the two probe heads can

penetrate the SOL plasma up to the LCFS. In the following,

the poloidal direction is positively oriented along the cross

product of the magnetic field unit vector by the local radial

unit vector (see Fig. 1).

III. DISCUSSION ON THE INTERPRETATION OF RAKE
PROBE DATA

The particle flux carried by fluctuations is by definition

the cross product of the local density by the electric field

fluctuations (time averaged values have been subtracted):

~C � ~n ~E

B2
� B: (1)

To cover the wide range of fluctuation frequencies at the

edge of a Tokamak, it is necessary to acquire probe data with

a sufficient time resolution that does not allow—at least with

standard diagnostics—to perform I-V characteristics and

resolve the plasma density and plasma potential from the col-

lected currents. The assumption is always done that the satu-

ration current reflects the density fluctuations and the

floating potential reflects the plasma potential fluctuations.

This is equivalent to neglect the temperature fluctuations,

although some dedicated experiments have proven that this

is not fully relevant.27 Another issue comes from the uncer-

tainty about the effective collection area of tiny pins, which

can have a potentially strong impact on the value of the cur-

rent per surface unit collected in saturation modes. Finally,

the electric field which is estimated by a spatial finite differ-

ence of potential can be under-sampled if the pins separation

FIG. 1. Poloidal cross section of Tore Supra plasma, which LCFS is delim-

ited both on the bottom by the TPL and below the outboard mideplane by

the set of 2nd limiters.
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width is larger than the typical potential eddy size. All these

issues can lead to potentially strong mis-interpretations about

the particle flux.

The issue concerning the effective collection area is

addressed by comparing the time averaged profiles of satura-

tion current collected by a rake probe with the same profiles

collected by a Tunnel probe, which presents a geometry

designed to cancel any sheath expansion around the collec-

tor.28 The data collected over a wide range of plasma param-

eters suggest that the effective collection area of small pines

varies by a factor from 0.5 to 3 compared to its geometrical

collection area, with a trend that roughly dependents on the

electron temperature Aef f

Ageo / T�0:53
e . In fact, the saturation cur-

rent collected by the small pines has roughly a linear trend

with the local plasma density, over at least a decade covering

the usual SOL density regimes. Surprisingly, this finding

suggests that the variation of the effective collection area

somehow compensates the temperature dependence in the

saturation current expression. The dispersion is however too

large to assume that the saturation current collected by small

pins reflects the density with enough accuracy to confound

the two quantities. Rather, it is assumed that the saturation

current fluctuations collected by small pines reflect the

plasma density fluctuations:
~I SAT
~I SAT
¼ ~ne

~ne
, where the bar defines

the local time average. This relation means that the probe

can reasonably not measure the radial flux directly but rather

an effective transport velocity expressed by

~C ¼ ~n ~E

B2
� B ¼ �n

~ISAT
~E

�ISATB2
� B with ~vef f ¼

~ISAT
~E

�ISATB2
� B: (2)

The electric field given by a probe is defined as
~E ¼ ~V 2� ~V 1

D1;2
where D1;2 is the separation length between float-

ing tips 1 and 2. If this separation length is larger than the

typical blob size, the electric field associated to the density

eddy will be mis-sampled. This effect can be characterized

by the cross correlation function of the two potential signals

of interest. On Fig. 2 is illustrated an example of cross corre-

lation function collected 1 cm from the LCFS for two floating

potential signals separated radially by 6 mm. Although the

cross correlation level is relatively low (0.2), its time delay

behavior is typical of a dipole like structure propagating

through the rake.9 Indeed, the negative cross-correlation

level at zero time delay means that a hole is measured by one

tip whereas the other measures a peak. After about 10 ls the

cross correlation is positive as if the hole had move to the

second tip or vice versa. This time delay would give a phase

velocity of about 600 m s�1, typical of the blob velocities in

the SOL. Overall, this hint for the dipolar structure found in

the cross-correlation function suggests that the electric field

is reasonably well sampled within a plasma structure.

IV. STATISTICAL PROPERTIES OF THE RADIAL
AND POLOIDAL PARTICLE FLUX

The statistical property of the radial particle flux in the

SOL of Tore Supra is generic of SOL plasma fluctuations:

The density fluctuations are more and more intermittent to-

ward the far SOL (Refs. 9 and 29) and the radial particle

flux—defined here as the statistics of the effective radial trans-

port velocity, exhibits a net positive value toward the wall

(Fig. 3 left) of about 30 m s�1 in this particular example. As

shown in a complementary publication about Tore Supra SOL

particle balance, the level of radial flux carried by these fluctu-

ations is in good agreement with the steady-state particle bal-

ance. The statistical distribution of the radial flux—over

time—shows a long tail toward positive values, whereas the

negative part of the flux has a Gaussian statistics. The positiv-

ity of the mean value of the radial flux suggests that density

and electric field are on average in phase. That said, there is a

large fraction of flux directed inward—negative—which is a

collateral effect of a large standard deviation about 10 times

higher than the mean value. This can be attributed to density

and electric field not exactly in phase. To investigate it in

more detail, density and electric time traces are decomposed

over time and scales by a continuous wavelet transforma-

tion,30 using Morlet-1.5 wavelets. At each time, each scale,

the complex phase shift between density and electric field

coefficients defines the phase shift at this time and this scale,

and a time-histogram is constructed as shown in Fig. 3 right.

For all frequencies—time scales—the cross phase fluctuates

substantially between �p=2 < dUn;E < p=2. For a nonzeros

phase shift, the time varying radial flux will present both posi-

tive and negative values.

In the cross-phase interval, density and electric field are

roughly in phase, meaning that the convection of density

peaks is toward the wall, and holes toward the confined

region. Only when the phase shift is close to zeros the con-

vection is the most efficient, probably related to the off-

Gaussian positive tail of the radial flux distribution. The

huge fluctuation amplitude of the radial flux around its

mean value suggests that a large statistical fraction of the

fluctuations correspond to a back and forth radial motion.

Only a small fraction of the fluctuations, the off-Gaussian

tail, is responsible for the onset of a positive time averaged

radial flux. From the Fig. 3 left, it would correspond to den-

sity fluctuations with an effective radial velocity larger than

300 m s�1. Note that the effective velocity is equal to the

real drift velocity weighted by the relative fluctuation am-

plitude, meaning that blobs propagate with a substantially

different radial velocity depending on their relative

amplitude.

FIG. 2. Typical cross correlation function between the floating potential sig-

nals used to estimate the electric field. The separation width is 6 mm and

data are collected 1 cm outside the LCFS.
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The poloidal flux investigation is subject to more precau-

tions because the tips do not protrude from the probe head

body. As for of Mach probes, a rake of 4 tips is facing the

field lines connected to the LFS—noted side B here—and

another rake is facing the field lines connected to the HFS—

side A. The statistics differ totally on both sides of the probe

head, as illustrated in Figs. 4(a) and 4(b). On the side B facing

the LFS, the radial electric field fluctuates roughly in phase

with the density (Fig. 4(b)), as for the poloidal electric field.

The poloidal flux fluctuations exhibits a long off-Gaussian tail

toward negative values. The time averaged flux is negative,

characterized by an effective poloidal transport velocity of

about �60 m s�1 outside the LCFS and a standard deviation

about 10 times higher. On the other side of the probe, facing

the HFS, the phase shift between radial electric field and den-

sity is almost random (Fig. 4(b)), and the statistics of poloidal

flux is completely Gaussian (Fig. 4(a)). The mean value of the

transport velocity measured on this side of the probe is almost

zeros (1.3 m s�1) and its fluctuation amplitude is about 4 times

lower than on the side B (149 m s�1 vs. 640 m s�1).

This radical difference of statistics collected on both

sides of the probe finds a natural analogy with standard

Mach probe measurements: At the plasma top, the quasi-

sonic parallel flows are measured by the difference of pres-

sure between the probe side facing the flow and the probe

side in the probe wake. This flow carries particles from the

LFS where they crossed the flux surfaces due to the high

level of fluctuations here. The blobs convection is indeed

due to the self-polarization from magnetic field curvature

effects which are destabilizing only at the LFS. The parallel

dynamics within a blob spread the local polarization along

its magnetic flux tube further away the outboard midplane,

allowing the density convection even at the plasma top. Now

if a blob reaches the probe head, its HFS tail in the probe

wake probably decouples from the favorable region. The fast

damping of the polarization due to electrons motion toward

the HFS can kill the convection capability and decouples the

residual electric field and the density eddy. On the probe side

facing the parallel flow, the density eddy is still alimented by

the polarization source from the outboard-midplane, thus

FIG. 3. Fluctuations collected 1 cm out-

side the LCFS. Left: Probability distri-

bution function of the effective radial

velocity, its mean, and root-mean square

values. The dashed blue curve is a Gaus-

sian fit of the negative part. Right: Histo-

gram of the phase shift between density

and poloidal electric field, at all time

scales. The black curve shows the mean

value at each time scale.

FIG. 4. Fluctuations collected 1 cm outside the LCFS by the radial rake probe. (a) Probability distribution function of the effective poloidal velocity, its mean,

and root-mean square values for data collected on the side A and B of the probe head. The dashed curves are the respective Gaussian fit of the positive part of

each distribution (the Gaussian fit of the side A flux overlaps the PDF). (b) Histogram the phase shift between density and radial electric field, at all time scales

for the side A and side B.
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sustaining dynamics similar to the initial blob. At the probe

surface, the natural parallel losses toward the stabilizing

HFS region are replaced by the local sink at the probe body

surface, which have equivalent effects. To conclude this dis-

cussion, the observations made from the radial rake probe

are consistent with the idea that the global blob dynamics are

driven by the local dynamics at the outboard midplane.

V. THE TRANSVERSAL TILT OF BLOBS

We now investigate the origin of the intrinsic poloidal

blob motion at the plasma top. Note that the SOL mean elec-

tric field is directed outward, which corresponds to a nega-

tive poloidal flow. That said, the non-linear poloidal particle

flux discussed above was calculated by canceling the local

mean radial electric field so that was only estimated the

cross-correlation between density and electric field fluctua-

tions, which does not include the mean radial electric field.

A clue is in the strong similarities of the statistics of the

poloidal and radial fluxes. Both poloidal and radial electric

fields fluctuate on average in phase with the blob density

events so that both components of the electric field should be

also on average in phase. In fact, a probe at the plasma top

with both poloidal and radial rakes measuring at the same

time and same position would resolve this ambiguity. Here,

we can only speculate about the transitivity of the correlation

information. If this correlation is true, it means that potential

eddies are tilted transversally, which is the geometrical pic-

ture of the radial/poloidal electric field correlation. A first

candidate for the tilting mechanism is the radial shear of the

mean radial electric field, which would progressively transfer

the initial radial convection of the blob into the poloidal

direction. In Tore Supra SOL, the radial electric field is

almost fixed by the sheath potential rectification at the end of

the field lines: Er � �3rrTe directed outward so that the

poloidal drift flow is negative—in the ion diamagnetic direc-

tion. Since the temperature decays exponentially along the

SOL radius, the poloidal flow presents a positive shear that

would transfer a positive radial velocity into a positive poloi-

dal velocity. Thus, this is not the dominant ingredient for a

positive radial flux correlated with a negative poloidal flux.

The second candidate is the magnetic shear. For a struc-

ture born at the outboard midplane, as effectively considered

for interchange mechanisms, the overall structure geometry

of the flux tube is defined at the midplane and then con-

strained by the flux tube geometry—including the magnetic

shear—as illustrated in Fig. 5(a), and discussed in Ref. 31.

Translated in term of wave’s number, the magnetic shear is

responsible for a transfer of poloidal wave number into a ra-

dial wave number during the fast parallel extension of the

blob from the initial poloidal position h0 (referring to the

outboard midplane). The detail of the following relation is

given in the Appendix:

krðhÞ ¼ krðh0Þ þ kh½ŝðh� h0Þ � V0Edt�; (3)

which gives the contribution at the position h of the mag-

netic shear ŝ on a mode defined by an uniform poloidal wave

number kh and a radial wave number krðh0Þ at the position

h0. Is also included the contribution from the electric shear

V0E � rr
Er�B

B2 that progressively tilts a mode over the time

interval dt. In fact, this relation makes sense in the plasma

frame, where the poloidal flow has been canceled. We come

back on that point later. Applying this wave form to the den-

sity fluctuations would effectively yields the tilted shape

illustrated on Fig. 5(b). If it is applied to the plasma poten-

tial, it effectively describes the fact that the fluctuating ve-

locity orientation is itself tilted along the same axis:

~vhðhÞ ¼ ½�ŝðh� h0Þ þ V0Edt�~vrðhÞ (4)

for the fluctuating velocity components, assuming there is no

initial poloidal velocity at the position h0 which is true for

the dominant interchange modes—krðh0Þ ¼ 0. In the follow-

ing, this relation is tested with the data collected across the

SOL width from the LCFS to the far SOL.

On Fig. 6(a) are plotted the radial profiles of radial and

poloidal effective transport velocities measured in the same

plasma. The radial flux is positive at all radial positions, and

the poloidal flux is negative everywhere. The orientation of

the mean transport velocity field, defined by the angle

between the local radial vector and the velocity vector (see

Fig. 5(b)), is plotted on Fig. 6(b):

hS ¼ atan
hvhit
hvrit

:

Note on Fig. 6(a) that the radial profiles of the fluctua-

tion amplitudes (standard deviation) of both velocity fields

follow almost exactly the profiles of mean values, with a fac-

tor of ten and a sign difference for the poloidal component.

This means that if we define an orientation angle for the fluc-

tuation amplitudes by

hr
S ¼ atan

�rvh

rvr

;

both orientation profiles should coincide, as effectively illus-

trated on Fig. 6(b). Interestingly, if a linear relation exists

between both components of the velocity field fluctuations, as

expressed by Eq. (4), the same relation should apply to the

mean values and the standard deviations, with respect to a

possible sign difference. This is effectively what suggests Fig.

FIG. 5. (a) Transversal cross section of a circular plasma cross-section, and

of a flux tube presenting a circular shape at the outboard midplane and

mapped along the magnetic field (the mapping against the magnetic field

direction is not showed). (b) Definition of the tilt angle hS (negative here) of

a filament. Is also shown the orientation of probes tips that measure radial

and poloidal fluxes.
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6(b). The orientation angle hS increases from about �70� at

the LCFS to about �30� at a position 6 cm outside the LCFS.

If we assume that blobs are born somewhere around the

LCFS, and they expand along field lines faster than the time

needed by the electric shear to tilt them (otherwise, it would

refer to a sort of transport barrier), then the local tilt at the

top (h ¼ 80�) of the LCFS (r � a ¼ 0) is given by the mag-

netic shear only (4):

h0
S ¼ atanð�ŝhÞ ¼ �70�;

where the magnetic shear has been taken equal to ŝ ¼ 2 for

the SOL of Tore Supra. A good agreement is found with the

tilt measured very close to the LCFS. Note also that the

poloidal convection by the mean radial electric field has

been neglected here. This flow should rotate the local frame,

in which the wave relations (3) and (4) are expressed, by an

angular frequency xh ¼ VE

a where a is the plasma minor ra-

dius. For typical Tore Supra conditions, the poloidal drift ve-

locity of about 1000 m s�1 so that xh � 1500 rad s�1.

Considering blobs propagating at a speed of 500 m s�1, they

take about 100 ls to cross the 6 cm width of the SOL. By

that time, the blob has been shifted by about 10� by the

poloidal flow, which appears as a correction term in the

above analysis. On the other hand, the electric shear can sig-

nificantly participate in the onset of the local tilt of the blob

during its transversal motion: The electric shear is positive in

Tore Supra SOL so that it tilts the blobs positively as they

propagate across the flux surface. This behavior is qualita-

tively found in the data: The tilt angle increases along the ra-

dial direction. In fact if we assume that the blobs propagate

with a constant radial velocity vb
r over a uniform shear V0E,

the progressive tilt reduces to a simple function of the radius:

hSðrÞ ¼ atan �ŝhþ V0E
vb

r

r

� �
:

On Fig. 6(b) is shown a fit of the experimental data

obtained with the parameter value
V0E
vb

r
� 40 m�1, which gives

V0E � 2� 104s�1 for vb
r ¼ 500 m s�1. The shear value would

correspond to an electron temperature profile of 20 eV at the

LCFS with a radial scale length of 3 cm, which are typical

values of electron temperature parameters in SOL of ohmi-

cally heated plasmas of Tore Supra. Unfortunately, the use

of two reciprocating rake probes in this experiment did not

allow measuring the mean plasma potential and temperature

profiles across the SOL using a Tunnel probe.

VI. DISCUSSION AND CONCLUSION

The fluctuations of saturation current and floating poten-

tial have been measured in the SOL of Tore Supra plasmas

by means of two arrays—a poloidal and a radial—mounted

on two different reciprocating probe holders located at the

plasma top. These systems allow measurements at a rate of

1 MHz from the far SOL to the LCFS. The radial electric

field fluctuates roughly in phase with the density fluctuations,

giving rise to a net positive radial flux characterized by a ra-

dial transport velocity of about 30 m s�1 close to the LCFS.

This value agrees with a poloidal reconstruction of the radial

flux obtained from a particle balance analysis, as developed

in a separate paper. This outward transport arises from the

fast convection of density events, called blobs, correspond-

ing to the off-Gaussian tail of the flux statistics. Because the

fluctuation amplitude of the flux is 10 times higher than its

mean value, a large amount of the radial flux events corre-

spond to an inward particle transport. The radial electric field

is measured on sides of the radial rake probe, in a Mach con-

figuration. On the probe side facing the parallel flow from

the LFS, radial electric field and density fluctuations are on

average in phase, the mean poloidal flux is negative and

characterized by a poloidal transport velocity of about—

60 m s�1 at a radial position 1 cm outside the LCFS. Again

the standard deviation of the flux is 10 times higher than the

absolute value of the time averaged flux. On the other side of

the probe facing the HFS, the electric field fluctuations are

decoupled from the density fluctuations, returning almost

zero poloidal transport.

The same linear relation is found between the time aver-

aged values of the radial and poloidal fluxes, and their stand-

ard deviations. This linear relation would correspond to the

tilting of the radial velocity field by the combined effects of

the electric field shear and the magnetic shear. The orienta-

tion of the transversal flux at the plasma top agrees quantita-

tively with a model of blobs shaped at the outboard midplane

and elongated along magnetically sheared flux tubes. During

their radial convection, blobs are progressively tilted by the

electric shear, as expected by the progressive change of the

orientation across the SOL.

FIG. 6. (a) Radial profile of effective

radial and poloidal velocities and their

respective standard deviations. (b)

Transversal orientation of the mean ve-

locity field or of the fluctuation level

along the SOL radius, compared to the

tilt angle due to the magnetic shear of an

initial circular flux tube propagating

radially at the outboard midplane. The

opaque region notes where the fluctuat-

ing signal is below the noise limit of the

diagnostic.
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This result is another proof of the strong role played by

the outboard midplane region in the dynamic of blobs in the

SOL. The polarization of single blobs is driven at the out-

board midplane by the diamagnetic current, effect of the

destabilizing magnetic field curvature in that region. The

parallel dynamics expand the polarization along flux tubes,

arising in blob parallel envelope larger than the poloidal

extension of the destabilizing curvature region. If a localized

material is inserted in the SOL poloidally outside this favor-

able region, the tail of a blob behind the material with

respect to the outboard midplane losses its polarization and

stops propagating.

The transversal tilt of the blobs created by the magnetic

shear gives a coupling between radial and poloidal velocity

fields, as proposed by Eq. (4). In the field of momentum trans-

port, this coupling corresponds to a component of the time

averaged Reynolds stress hvrvhi that could potentially partici-

pate significantly in the onset of poloidal rotation at the edge.

This Reynolds stress component originating from a tilt of the

structures would be highly asymmetric on a flux surface as the

magnetic shear effect is proportional to the poloidal position.

This subject will be discussed in another contribution.

Besides, it appears that the radial flux fluctuates with a strong

magnitude even across the LCFS. The enhancement of the ra-

dial flux at the outboard midplane is supposed to drive quasi-

sonic parallel flows toward the field lines strike points.11–13

Away from the midplane, the inward particle flux component,

illustrated here, could presumably participate in the inward

transfer of these averaged parallel flows, and impact the toroi-

dal rotation in the confined region. Again this Reynolds stress

hvrvjji would be highly asymmetric on the separatrix, as a con-

sequence of the asymmetry of the SOL parallel flows.

Unfortunately, the probe design in Tore Supra does not allow

the investigation of the time fluctuation of the local parallel

flows. We can only speculate the existence of a fluctuating

transport of mean flow, which may contribute to the rotation

at the edge. These are important considerations for experimen-

tal investigations of particle and momentum transport at the

edge of tokamak plasmas, where measurements should be

made away from the outboard midplane in order to resolve

probable asymmetries of the fluxes.
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APPENDIX: WAVE VECTOR REPRESENTATION
OF THE EDDY TILTING

In an eikonal representation of the mode structure, the

wave vector is generally defined by the gradient of the com-

plex spatial phase of the mode: k ¼ r/. Let us consider a

reference flux surface at the radius r0, on which are consid-

ered the parallel and transversal axes ðk;?Þ used in the fol-

lowing. In the plasma frame, the transversal drift is taken as

zero on that reference flux surface. On a second flux surface

radially separated by dr, the transversal flow is VE ¼ V0Edr
where V0E is the flow shear. Considering A1 and B1 at a given

parallel position s1 and aligned along the local radial vec-

tor—as pictured on Fig. 7, the local radial wave number is

approximated by

krðs1;tÞ ¼
/ðB1;tÞ � /ðA1;tÞ

dr
:

The flux tube geometry of the mode assumes a phase

uniform along magnetic field lines. Thus considering two

other points A0 and B0 on the respective field lines but at the

parallel position s0, the radial wave number at the position s1

is also given by

krðs1;tÞ ¼
/ðB0;tÞ � /ðA0;tÞ

dr
:

Written in the (r,?,s,t) coordinate system

/ðA0;tÞ ¼ /ðr0; 0; s0; tÞ ¼ /ðr0; 0; s0; 0Þ

since there is no convection and so time variation on the ref-

erence flux surface. On the other flux surface

/ðB0;tÞ ¼ /ðr0 þ dr; n0
?; s0; tÞ ¼ /ðr0; n

0
? � V0Etdr; s0; 0Þ

where is considered the transversal advection of the phase at

the radial position r0 þ dr over the time interval t. The trans-

versal displacement n0
? between A0 and B0 is related to the

difference of helicity between the two field lines, or given as

a function of the difference of safety factor:

n0
? ¼

s1 � s0

qðr0Þ2
½qðr0 þ drÞ � qðr0Þ� ¼ drðs1 � s0Þ

ŝ

r0qðr0Þ
;

where the magnetic shear is ŝ ¼ r
q @rqjr0

. Now, we con-

sider the parallel position s0 as a reference of the flux

tube, where the phase is defined by the initial wave vec-

tor of the ballooning mode kt¼0 ¼ ðk0
r ; k?Þ. The transver-

sal wave number is assumed poloidally uniform under the

approximation of weak magnetic flux expansion. We

obtain

FIG. 7. Schematic of two field lines lying at two radial positions r0 and

r0þdr. The transversal direction ? is considered at the position r0. The

points A1 and B1 lie, respectively, at r0 and r0þ dr, at the same transversal

and toroidal position. A0 and B0 lie, respectively, at r0 and r0þ dr at the

same parallel position but transversally separated by n?
0 (along axes at r0).
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/ðB0; tÞ � /ðA0; tÞ ¼ k0
r dr þ k?½n0

? � V0Etdr�

so that the local radial wave vector at the time t and parallel

position s1 is given by

krðs1; tÞ ¼ k0
r þ k? ŝ

s1 � s0

r0qðr0Þ
� V0Et

� �
:

The poloidal displacement on a flux surface is related to

the parallel one by h� h0 ¼ s1�s0

r0qðr0Þ, which gives the following

tilting relation for the wave vector form the reference posi-

tion h0 to h after a time delay dt:

krðhÞ ¼ krðh0Þ þ kh½ŝðh� h0Þ � V0Edt�:
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