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Abstract

Interchange turbulence in two-dimensions is investigated in the Scrape-Off Layer of
fusion devices, when driven by a constant core particle influx. Contrary to the standard
gradient driven approach, density is allowed to fluctuate around its average profile.
Transverse transport exhibits some of the features of Self-Organised Critical systems, namely
inward and outward avalanches, together with a frequency spectrum decrease in 1 / f and f~2

at intermediate and high frequencies respectively. An avalanches occurs when the local radial
density gradient exceeds the critical one. A self-sustained particle flux then follows the large
radial structures of the electric potential. As experimentally, the radial profile of density
relative fluctuations decreases from the wall into the core plasma, while that of electric
potential relative fluctuations peaks inside the SOL. Equilibrium density exhibits the
experimental exponential decrease. An analytical expression of the SOL width ASOL *s

obtained, which maximises the linear growth rate, when the poloidal modulation of electric
potential equilibrium is taken into account. The parametric dependence of A§QL

with experimental data.

1 Introduction

The large amplitude of transverse transport coefficients in tokamaks, both for particles
and energy, is known for a long time to result from turbulence. However, despite many
success of quasi-linear theories and numerical simulations to account for experimentally
observed transport, there are still important experimental features that remain unexplained by
the models. First of all, turbulent transport is usually understood and described as a diffusive
process, with a coefficient D = A,C

2 /TC , where Xc and t c are respectively the correlation
length and correlation time of the fluctuations. Experimentally, the fact that the average
profiles are much more peaked than expected from a simple diffusion process is interpreted in
terms of an inward convective term, called pinch term, with an unclear thermodynamical
origin. This experimental behaviour is not recovered by the standard diffusive description of
turbulent transport. Secondly, we may point out that this description in terms of diffusion
implicitly assumes that kc is small compared to the size of the system (machine). More



precisely, the correlation length of the fluctuations is supposed to be much smaller than the
typical size of the equilibrium, namely the average gradient lengths. This allows a scale
separation between fluctuations and equilibrium, the latter remaining constant, or at least
evolving on an adiabatic time scale. In this description, turbulence is driven by the
equilibrium gradient; we call such a model a Gradient Driven (GD) model. But this standard
assumption, on which rely most of the present turbulent transport models, is invalidated by
the so called "non-local" transport phenomena observed in many tokamaks [TFR87-Gent93],
which consist in the inward propagation of cold pulses all over the discharge and on typical
convective times. If microscale turbulence is responsible for this transport, the "non-local"
transport violates the standard scale separability hypothesis.

In this paper, we propose a new approach to study the non linear evolution of a given
instability mechanism, where the physical quantities are no longer separated into their
average and fluctuating parts. Instead of fixing arbitrarily the average gradient, which is part
of the instability drive, we impose an external driving flux, without any assumption
concerning the scales of the fluctuations and of the equilibrium. This is a Flux Driven (FD)
system. This approach has already been applied by [Carr96] and [Garb98] to threshold
instability mechanisms in the core plasma, the interchange instability and the ITG model
respectively. It also gave rise to a preliminary publication dealing with the interchange
instability in the SOL [SaGG97]. Note however that [Carr96] derived equations for both the
equilibrium and the fluctuations, and then allowed a fast retroaction of the latter on the mean
quantities. According to their results, the main modifications of the turbulent transport are the
following, when the drive changes from a constant mean gradient to a flux :

• Turbulent transport becomes intermittent, exhibiting an avalanche-like dynamics,
i.e. a radial convective propagation of heat or particles. [Garb98] found a ballistic propagation
of both warm and cold heat bursts, outwards and inwards respectively, while the dynamics of
warm pulses in [Carr96] is diffusive.

• The flux spectrum exhibits a 1 / f (f is the frequency) decrease at low frequencies
similar to Self-Organised Criticality (SOC) models, concept introduced by [BaTW87], and
characteristic of a spatial and temporal scale invariance. At higher frequencies, the decrease is
proportional to f~2, also characteristic of SOC models.

• Although instantaneous profiles exhibit a succession of plateaux and of large
gradients where the instability is located, the averaged profiles are smooth. Whether the sub-
or super-critical nature of the mean gradient depends on the shape and magnitude of the
source is not clear at the moment.

As reported by these authors, SOC dynamics seems to play an important role in
controlling transverse turbulent transport, providing that the underlying threshold instability
mechanism is driven by a flux. Indeed, SOC models constitute an interesting paradigm for
turbulent transport: though the characteristic scale of the instability is of order of a few ion
Larmor radii, the transport is avalanche-like, i.e. with typical correlation lengths of order of
the system size. Diamond and Hahm were the first who suggested the use of a sand pile
automaton to study plasma turbulent transport [DiHa95]. The concept was then applied with
success by [Newm96-SaGh97] to heat or particle turbulent transport. Results qualitatively



agree well with experiments, especially concerning the stabilising effect of the velocity shear
and the existence of a pinch term.

In this paper, the effect of a change in the driving force is addressed in the crucial
problem of turbulent transport in the Scrape-Off Layer of tokamaks. Indeed, SOL turbulence
governs the power deposition (pattern, width, frequency) on the limiters or on the target plates
of a divertor. This issue is among the most challenging problems in ITER.

We present a 2D model for turbulent particle transport in the SOL, based on the
interchange instability, and first derived by [Nedo89-Garb91]. The main assumptions of the
fluid model are the flute hypothesis, i.e. perturbations are constant along the field lines,
constant temperature, and a constant ion Larmor radius throughout the system. In the
numerical investigation, the radial and poloidal sizes of the box are respectively 128 and 256
ion Larmor radii p s , with a step equal to 2 p s in both directions. The integration time step
equals At = 1 / Qs, where Q s is the ion cyclotron frequency. The typical evolution time is of
order of 5.104 At.

In the standard case, the equilibrium is given a priori, and corresponds to a constant
electric potential, and a constant radial density gradient. The latter defines the driving term of
the fluctuations. In the new approach, the global quantities are driven by a constant incoming
particle flux from the core plasma. This flux models the diffusive transport across the last
closed magnetic surface. It balances the neutral influx emitted by the limiter, which is a
particle source term for the core plasma. In the model presented here, we assume that this
neutral influx is not captured by the SOL, i.e. that it ionises only in the core plasma.

When driven by a constant incoming particle flux from the core, the system exhibits
an avalanche-like dynamics for transverse transport, corresponding to the outwards ballistic
propagation of density bursts. The frequency spectrum of the poloidally averaged radial flux
exhibits a 1 / f decrease at intermediate frequencies, and an f~2 decrease at higher frequencies.
These decreases, together with the frequency cut-off almost equal to the duration of the
largest avalanches, are supposed to be one of the signatures of SOC models [HwaK92]. We
show that avalanches result from the existence of large radial structures of the electric
potential. Finally, the experimental exponential decrease of the mean radial density profile is
recovered. This exponential profile is shown to result from an average convective transverse
transport, whose effective velocity may expressed as a function of the velocity and of the
occurring frequency of the largest avalanches. An analytical prediction for the SOL width is
proposed, depending mostly on the linear parameters of the instability mechanism.

The paper is organised as follows : section 2 details the system and its numerical
treatment, both for the gradient driven and flux driven cases. Linear characteristics of the
instability mechanism are investigated in section 3, together with their implications on energy
cascades. The avalanche-like dynamics of the transverse particle transport in the flux driven
case is analysed in sections 4 and 5, and also compared to SOC characteristics and the
gradient driven case. Section 6 presents a comparison between the numerical profiles for
equilibrium and fluctuations, and experimental results. Discussion in section 7 uses numerical
results to propose an analytical expression of the SOL width. The question of SOL turbulence
dimensionnality, 2D versus 3D, is also addressed from a theoretical point of view.



2 Fluid equations and numerical analysis

2.1 Electron density and current conservation laws

We first derive in this section the normalised equations governing the time evolution
of density and electric potential. In the framework of the flute hypothesis, the fluid treatment
of the problem is justified since the parallel connection length of the field lines is typically
much larger in the SOL than the mean free path of plasma particles. The system relies on
balance equations for both density and current in the SOL. Let us introduce the electric drift
velocity, which convects matter, and the ion diamagnetic drift velocity which transports
current:

vE = DBB" 1 (fcAVjtf) ; v ^ = XDBB" 1 [ ^ A ^ J (2.1)

where b refers to a unit vector in the parallel direction. The coefficient DB = Te / eBg
corresponds to the Bohm diffusion coefficient, where Te is the electron temperature, and BQ
the toroidal field on the magnetic axis. B is defined by B = B / Bo , where B is equal to the
local toroidal field. Temperature is constant, and x = Tj / Te represents the ratio between the
ion and electron temperatures, in the range 0 - 10 in the SOL. The electric potential O is
normalised by Te / e. Electroneutrality is assumed and n stands for both electron and ion
densities. Taking into account finite Larmor radius effects and following [HiHa77], we define
the ion polarisation drift by :

where Q s = e BQ / mj is the ion cyclotron frequency. This polarisation drift is of order
- 1

e = a / R compared to v £ and vd i a . The total time derivative is thus approximated by :

A = at _ v ± v i + (vE + V(j ia).v± (2.3)

where Vj_ is the transverse viscosity.
The interchange instability occurs when the charges advected by vE are vertically

separated by v ^ , provided the magnetic curvature and the average density gradient are in
opposite directions. This destabilising mechanism of electrostatic modes is most efficient
when the parallel current is weak. Indeed, the parallel current reduces the destabilising
vertical charge separation. Therefore, turbulence onset will occur when the parallel current
just balances the transverse polarisation and diamagnetic currents.

Let us assume a diffusion coefficient Dj^ which represents the collisionnal transverse
transport, and a particle source S. The transverse length scale is normalised to the ion Larmor
radius p s = cs / Qs, where the acoustic velocity cs = V[Te / mj] corresponds to the parallel
velocity in the SOL within the cold ion approximation, i.e. when x = 0. In the parallel
direction, the scale is the connection length of the field lines between two limiters, namely
L//, and L// = L// / ps refers to the normalised parallel length. Time is normalised by 1 / Qs.



Density is normalised by a constant and a priori arbitrary density no, such that the normalised
density and electric potential are defined by :

N = — ; <D = ^ (2.4)
n0

 T e

We recall that the electronic temperature Te is constant. The parallel currents are normalised
by e no cs, while the particle source is normalised by UQ Q S . D and v are the diffusion and
viscosity coefficients, normalised by Dg = p s cs.

Using the normalised quantities, the electron conservation law is :

B

where j / / e is the normalised electronic parallel current. The Poisson brackets
[N, O] = b.{ V_LN A VJ_O} correspond to the divergence of the transverse flux, resulting
from the divergence free electric drift. Note that if the source term is not proportional to the
plasma density, the homogeneity in density of this equation is lost. In the particle balance
equation, the diamagnetic flux divergence can be neglected at first order in e. However, one
has to account for its contribution when considering the current balance, since it is the same
order as the divergence of the polarisation current. Indeed, the diamagnetic flux divergence is
responsible for the ballooning structure of turbulence, i.e. the low - high field side asymmetry
of turbulence. With the previously defined normalisation, the current balance equation is :

A N B~2 9 t - vV^ + B"1 TO,.! +

(2.6)

(l + TMN.B-1] - =?„.'}„ = 0B - 1 ] y'j

The first term is the divergence of the polarisation current, while the second one is due to the
divergence of the diamagnetic current, and yields the well known destabilising curvature
term.

Let us now consider a simplified version of Eq.(2.6). To avoid redundancy, we first
neglect the variations in the SOL of the magnitude of the magnetic field, i.e. all the
derivatives of the form V_L(B~1) == p s / Ro in the first term of Eq.(2.6). Indeed, they
correspond to the transverse variation of the ion Larmor radius within the assumption
T = constant, i.e. Vj_( B"1) = Vj_(ps) / ps. And similarly to the curvature term [N, B"1], they
contribute to the ballooning structure of turbulence. However, recent 2D and 3D numerical
results suggest that the ballooning feature of turbulence is mainly due to these terms
[Cama95-Scot97]. The property is important in these models which include a non constant
temperature. Indeed, accounting for a transverse temperature gradient of typical length ?iT,
one finds Vj_(ps)/ ps ~ p s / A .̂ Hence, in such models, the terms V_L(PS) dominate the
curvature term by a factor RQ / %j » 1, thus explaining their more efficient contribution to
the ballooning feature. Within the constant temperature hypothesis, we only kept the
curvature term [N, 1/B] in our model.



Finally, we also neglect the non linear terms Vj_N.dtVj_3> and Vj_N.[<E>, Vj_O].
These two terms add complexity to the numerical investigation but should not deeply modify
the dynamics of the system since other non linear terms of the same order and comparable
structure have been retained in Eq.(2.6).

With these approximations, Eq.(2.6) reduces to :

(at - i ) i [ , i ] ^ { [ ± ± ] [ i ] }

The system Eqs.(2.5-2.7) controls the time evolution of the electric potential and density
fields.

2.2 Flux and Gradient driven systems in 2 Dimensions

The parallel velocity is the third unknown quantity. The closure is ensured by the flute
hypothesis, which assumes that the perturbations are constant along the field lines, and allows
a 2D treatment of the problem. This assumption is usually justified by experimental
measurements, indicating that the ratio between the parallel and transverse wave vectors of
fluctuations in the SOL is of order of k// / k_L ~ ps / rcqRo « 1 •

In our simplified approach, the SOL geometry is a square box. The normalised
coordinate x = (r-a) / p s (a is the minor radius of the device) refers to the radial direction,
while y = a0 / p s labels the poloidal location of a field line at a given toroidal position. We
consider a SOL created between two toroidal limiters located at symmetrical poloidal angles
±A0. In this case, the couple (x, y) determines a single field line. The connection length L// is
then defined as 2L// ~ qR<)A8. Since density and electric potential are assumed to be constant
along a field line, the only two terms of Eqs.(2.5-2.7) which change when averaging over the
parallel coordinate are the parallel current ¥//•}// and the curvature term
[N, 1/B] =-p s /Ro (sin8 3XN + cos6 3yN). The average parallel current flowing to the
limiters is governed by the sheath physics [Riem96], hence :

= a (1 - exp{A-<D} ) (2.8)

where A = 1/2 Log{4/7t(l+x) n^ / ir^} is the floating potential, i.e. the equilibrium potential
cancelling out the sheath current. The normalised sheath conductivity is a = p s / 2RoqA6. It is
much smaller than the parallel plasma conductivity, thus allowing for interchange
destabilisation of the SOL [Nedo89-Garb91]. To calculate the mean of the curvature term,
one has to account for the magnetic shear of the field lines s = r/q dq/dr. One then recovers
the expression given by [Garb91] :

\ IN / / / N

where :



_ p s ( l + x) (l + s ) s i n A 8 - sA6cosA9
S = Ro A0

The parallel averaging procedure applied to Eqs.(2.5-2.7) then yields the following 2D
balance equations :

= [N,<J>] - aNexp{A-d>} + S (2.11)(dt -

( 2 1 2 )

+ — fv±4>, V±N] + a(l-exp{A-O})

where the space and time varying quantities are N(x,y,t), 4>(x,y,t) and S (x).

The previously published papers on the SOL interchange instability deal with a
simplified version of the present system Eqs.(2.11-2.12) [Benk94]. The GD models are based
on modified equations restricted to the fluctuating parts of density N and potential O. Scale
separability namely between equilibrium and fluctuating scales is the physics origin of the
difference between FD and GD models. Equilibrium quantities are N = 1 and O = A. The
linear part of the Poisson bracket [N, <t>] yields the normalised driving density gradient
length L n = — N/9X N. Finally, the sheath current expression is linearised, since its non linear
contribution a N <3> is found to be negligible compared to the other non linear terms. The
system is therefore :

= (2.13)

V±N
(2.14)

Note also the absence of particle source which drives the turbulence in the FD model.

2.3 Numerical analysis

The numerical analysis of the GD model Eqs.(2.13-2.14) uses a pseudo-spectral code
detailed by [BeGV94]. Time integration is performed with a Predictor-Corrector scheme. In
the GD model, boundary conditions are periodic in both directions, which implicitly assumes
that the radial and poloidal characteristic scales of turbulence are much smaller than the radial
and poloidal lengths of the SOL, namely Lx and Ly == 2 a A0 / p s respectively. Introducing a
source term and removing scale separability in the FD model removes the radial invariance in
the system. To account for symmetry loss, while retaining the treatment of the linear terms in
the Fourier space, we used a radial periodic box with the following geometry : the radial box



size is 2LX, x ranging from - L x to +LX, and the source term is modelled by a Gaussian
centred on x = 0 :

S(x) = So e ~ ( x A s ) (2.15)

with typically XS~LX/ 30. Since the curvature parameter g is constant in the whole box, the
negative x region models the high field side SOL of tokamaks, while the positive x region
corresponds to the low field side SOL, where the curvature and the density gradient are
opposite. The poloidal boundary condition is periodic.

3 Linear characteristics - implications on energy cascades

The linear study of Eqs.(2.13-2.14) indicates that the growth rate y is maximum for
kx = 0. The large scale poloidal structures are stabilised by the sheath conductivity a
(lim(y) = - a when ky —> 0), while the dissipative coefficients D and v, together with a non
vanishing temperature ratio t , are responsible for the damping of the large poloidal wave
numbers (lim(y) = - min (D,v) ky2 when ky —> °°).

The numerical values used in our simulations correspond to standard characteristics of
SOL plasmas : T e = lOOeV, B o = 3T, Ro = 2m, q = s = 3 and A9 « 2.5 radians, which
maximises the curvature term g. These data yield p s = S.lO^m, L// = 30m, c s ~ 105ms~J, and
Dg ~ 30m2s -1. These values determine the order of magnitude of g, typically 6.1CT4, and a,
typically 10~5. The normalised floating potential is equal to A= 3.9. We shall assume that D
and v are weak smoothing parameters which govern the decay of the small structures,
D = v = 10~2, of the order of the neoclassical dissipative coefficients [NiWa93]. Unless
specified, we shall use the cold ion approximation, namely t = 0. Within this range of control
parameters, the mode ky = 0 is only weakly damped, and big poloidal structures are unstable.
However, small ky modes highly interact with the core plasma, possibly resulting in enhance
current losses. More over, the parallel decorrelation due to the magnetic shear is responsible
for modes damping. None of these effects are included in the present version of the code.
Since they would result in the stabilisation of the large poloidal structures, we shall assume
that they can be accounted for by an enhancement of the sheath conductivity a. Consequently,
a sheath conductivity 20 times larger than the standard value, a ~ 2.10~4, is chosen. The
resulting maximum linear growth rate is shown in Fig.(3.1), i.e. y(kx = 0, ky). The damping
rate at ky = 0 is governed by the sheath conductivity a. Small scale structures are stabilised
by the dissipative coefficients D and v, the growth rate being proportionnal to
y = - min (D,v) ky

2. Note that the mechanism becomes unstable, i.e. the growth rate becomes
positive, providing that the curvature g and / or the inverse of the average density gradient
length Ln are large enough.

3.1 Threshold instability

Let us now address the threshold property of the interchange mechanism. In the
absence of stabilising parameters, it is well known that the maximum growth rate is



proportional to the square root of the ratio of the driving terms, namely the curvature g and
the density gradient length L^\ such that y = V(g/Ln) [Nedo89]. For a given field line
curvature g, the stabilisation of both large and small modes, due to the sheath conductivity
and to the dissipative coefficients respectively, thus governs the existence of a threshold in
the density gradient length L n . Below this critical radial length L n *, the interchange
mechanism becomes unstable, i.e. the growth rate becomes positive. It is worth noticing that,
in the GD model, the driving average density gradient is chosen well above the threshold, so
as to look at a fully developed turbulence regime. Typically, we consider L n = 10, while the
critical length is typically Ln * =85.

It is interesting to note that the destabilising term is roughly ky independent, since it is
proportionnal to (ky / k) V(g/Ln). Consequently, the wave number kyo of the maximum
growth rate is approximately reached when the stabilisation effect is minimum, i.e. when the
small scales stabilisation a kyo~2 is of the same order as the large scales stabilisation, namely
(D+v) ky0

2. Hence :

The exponent 0.25 indicates a low dependence of the characteristic linear poloidal length of
the interchange mechanism on the stabilising parameters.

3.2 Importance of energy cascades

The shape of the growth rate Fig.(3.1) also impacts the effectiveness of the energy
cascades. Kolmogorov's theory in fluid turbulence predicts a direct energy cascade in a
system where only the energy is conserved [Kolm41], while Kraichnan suggests that the
energy cascade is inverse if enstrophy is also conserved, as it is the case in 2D fluid
turbulence [Krai67]. It is easy to show that enstrophy Q. = J | Vx vE | 2 = J | V^24> | 2 is an
invariant of the system Eqs.(2.13-2.14), provided that x = 0. Following fluid results, we
would thus expect a direct or inverse energy cascade, depending on whether t =£ 0 or i = 0
respectively. However, plasma turbulence is not completely similar to fluid turbulence, in the
sense that, in the latter one, energy is injected in the system on a narrow wave vectors range.
On the contrary, the growth rate of the interchange instability shows that there exist linear
damping and source terms all over the k-spectrum. Indeed, Fig.(3.1) shows that y (kx = 0, ky)
is either positive (at intermediate ky) or negative (at low and high ky), but never marginal on
a wide range of wave numbers. In other words, the classical fluid notion of inertial range does
not clearly exist in the interchange plasma turbulence. This means that the non linear energy
transfer processes, i.e. direct or inverse cascades, may be impeded by linear damping at high
and low wave numbers.

This trend has been confirmed in our preliminary numerical results concerning the GD
model. Indeed, on the one hand, the simulations show evidence for an inverse energy cascade
in the x = 0 case, namely positive values of the time averaged spectral energy transfer
functions T (k' —> k) for k1 > k. These functions measure the non linear energy transfer from a
wave number k' to a wave number k [Lesi93]. On the other hand, the energy amplitude at low
k remains weak, since it is damped by the linear stabilising term, namely the sheath



conductivity a. Consequently, the cell size is mostly determined by the smallest poloidal
wave number at which the growth rate equals zero, whatever the value of the x parameter, and
thus of the cascade direction [Sara97]. The interchange instability mechanism appears to lead
to a plasma turbulence where the linear terms play a major role in the energy transfers, and
thus in the determination of the typical size of turbulent cells.

4 Dynamics of the transport - Analogies with SOC models

At this point, let us first clarify the meaning of spatial and / or time averages of the
various quantities. In 2D standard transport analysis, a poloidal average corresponds to a flux
surface average, thus yielding the thermodynamically relevant part of the considered quantity.
This spatial average implicitly assumes that confinement exists, i.e. that the parallel transport
is large enough compared to the transverse one to ensure a thermodynamical equilibrium on
flux surfaces. The notion of radial profile is only meaningful under this condition. In the
present analysis, the parallel averaging is fully accounted for via the flute assumption. Given
the large magnitude of transverse transport, it is then difficult to determine a ID
representation of transport. It appears however that the present model yields very comparable
behaviours after either a poloidal average or a time average. In order to use a similar
description as that of transport on closed magnetic surfaces, the transport analysis is
considered as that of a time dependent radial transport of poloidally averaged fields. In a
second step, the time average yields equilibrium profiles which result therefore from
microturbulence transport.

4.1 Transport characteristics in Gradient and Flux driven models

The particle flux sustained by electrostatic turbulence is the poloidally averaged
electric drift convection :

r ± (x , t ) = - <N 9y<D>y (4.1)

The transverse flux depends on the magnitude of both density and electric potential
fluctuations, and on their relative phase shift: zero phase shifted components do not generate
any transport, while a relative phase shift equal to n 12 maximises the transverse flux.

Time evolution of the poloidal average of the radial flux in the GD case, as a function
of the radius, is presented in Fig.(4.1). It has first to be stressed that the time average flux is
positive, i.e. outwards, which is coherent both with the experimental evidence for a
deconfining turbulent transport, and with thermodynamical principles. The GD case yields a
rather homogeneous map, with typical correlation lengths of the order of a few ion Larmor
radii p s . In Eqs.(2.13-14), the Poisson bracket averages in the right hand sides prevent any
modification of density and electric field equilibrium, i.e. of their ky = 0 components. In this
case, the probability density_function (PDF) of the radial density gradient length is then a
Dirac function, centred on L n = 10 in our simulation. In practice, it is however possible to
compute the time evolution of these fields without cancelling out the ky = 0 components, thus
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allowing for a self generation of equilibrium components (similarly to [Carr96]'s procedure).
Such a numerical treatment yields the PDF presented in Fig.(4.3a). We first note the existence
of large scale structures with ky = 0, as exemplified by the non-Dirac feature of the PDF. This
result invalidates a posteriori the scale separability hypothesis, and justifies the FD turbulence
approach. Within the two-sigma (sigma means here the square root of the variance) interval,
i.e. inside the two vertical straight lines in Fig.(4.3a), the PDF weakly deviates from a
Gaussian. Outside this interval, the PDF exhibits larger symmetric tails. In a turbulent electric
field created by a system similar to ours (Hasegawa-Mima-Charney equation) [BeGZ97], the
mean square of the displacement of test particles weakly deviates from a linear evolution :
<Ar2> oc t u , with (I ~ 1, which is the signature of a diffusive transport. At the the same time,
it is found to obey the Gaussian law. As such, the gaussian feature of the PDF of the radial
density gradient length appears as a likely signature of a diffusive transport.

Let us now consider the FD approach. The main evolution in the poloidally average
radial particle flux is governed by the propagation of super- or sub-density bursts. In the FD
case, these bursts are susceptible to modify the equilibrium, namely the ky = 0 component of
the density field. They may thus result in the deformation of iso-density contours representing
the flux surface average of the density profile. These contours are plotted on figure Fig.(4.2)
as a function of time and of the normalised radial position x. The magnitude SQ of the source
term, Eq.(2.15), is SQ = 10~2. Fig.(4.2) indicates that the system evacuates the constant
particle flux incoming from the core via intermittent bursts. The time average radial flux is
outwards. This intermittency is also observed in experimental measurements of particle flux
in tokamak edge plasmas [Kaw93]. As shown in Fig.(4.2a), these so called avalanches
correspond to the propagation of matter on large radial scales. The radial avalanche length
shown on Fig.(4.2) may reach the SOL size, a few tens of p s . It has to be stressed that on
Fig.(4.2a), only the largest avalanches are visible. When looking at the reconstructed time-
space density map after the subtraction of the lowest Fourier components, one observes the
existence of avalanches of all sizes an characteristic times, Fig.(4.2b). This suggests a scale
invariance in time and space of the avalanche-like transport. The outward transport is
ballistic, the super-density bursts propagate outwards linearly in time. The fit of the avalanche
trajectory by a straight line on Fig.(4.2a) yields an outward velocity of magnitude
vaval ~ ^ 10~2. These avalanches of super-density will be described in terms of a radial
convective flux :

raval(x,t) = <N) y v a v a l (4.2)

where (N) corresponds to the matter convected by the avalanche, and the mean avalanche
velocity v a v a j is of order of one tenth of the ion acoustic velocity cs, i.e. of the parallel
velocity in the SOL. This behaviour is similar to the dynamics of warm pulses observed by
[Garb98], but differs from the diffusive propagation of warm pulses reported by [Carr96].
Fig.(4.2) also shows inward ballistic events, corresponding to the inward propagation of sub-
density pulses. These inward propagations of depressions are also ballistic, and are analogous
to the cold pulses moving inwards and described by [Carr96-Garb98]. These fast inward
transport events give a new original explanation of the so-called "non local" transport
phenomena observed in many tokamaks. They are also observed in SOC models [SaGh97],
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and result from the uphill destabilisation of the pile at the precise point of the onset of an
outward avalanche.

To compare the dynamics of the system to that of SOC models, we looked at the
Fourier transform of the radial flux at a given radial location, TF [ TJJXQ = 116, t) ]. The
frequency spectrum exhibits two of the regimes expected in SOC models [HwaK92],
Fig.(4.4). At intermediate frequencies, one finds the 1 / f regime which is understood as the
signature of time and spatial invariance of avalanche transport, already stressed in the real
space, Fig.(4.2b). The upper bound of this frequency region is roughly equal to 2n I t a v a i ,
where Taval is the duration of the biggest avalanches : xavai ~ 800 in normalised units. At
higher frequencies, the individual avalanches spectrum results in a f~2 decrease. These results
are similar to that of core ITG turbulence [Garb98].

It is also worth noticing that the PDF of the radial density gradient length strongly
departs from a Gaussian in the FD case, Fig.(4.3b) : its maximum peaks at Ln = 40, and it
exhibits a long tail a high values, i.e. at low radial density gradients. The dissymmetry of the
PDF may result from the threshold of the instability mechanism. Indeed, in the framework of
sand pile models, one expects the local slope to increase until it reaches the critical value, and
then to relax via an avalanche event. The maximum of the PDF should thus coincide with the
threshold. In our system, L n = 40 is however roughly two times smaller than the critical
length, typically Ln * =85 (see section 3). While supercritical states in sand piles generate
large fluxes, as exemplified by the discontinuity of the flux versus the gradient [Sara97], the
present system does not exhibit this strong response and remains marginally stable above the
threshold. This means that the maximum gradient results from a competition between the
driving term, which increases the slope, and the dynamics of the growth rate above the
threshold, which governs the turbulent flux and thus the relaxation of the profile. Following
the analogy with sand piles, one also expects the probability of being close to the threshold to
decrease with the driving intensity. This trend is observed in our system, since the maximum
of the PDF decreases with increasing x, i.e. with the decrease in magnitude of the source term
Fig.(4.3b).

4.2 Test particles

The analysis of test particles trajectories shows other interesting aspects of the
transport properties. Let us consider individual test particles, i.e. which do not modify the
underlying turbulent potential field, convected by the electric drift velocity. Their radial and
poloidal coordinates are thus the conjugated variables of the following Hamiltonian system :

fx(t) = -ayO(x,y,t)

I y(t) = 3x<D(x,y,t) *• • ;

The trajectories of three particles are plotted in the (x, y), Fig.(4.5a), and (x, t), Fig.(4.5b),
planes. Note from Fig.(4.5a) that there are no evidence of convective cells, since none of the
trajectories are closed. Flux driven interchange turbulence thus differs from the classical view
where the matter is convected around vertex. Three important remarks result from the
observation of Fig.(4.5b). (i) Individual test particles are also convected by an avalanche, and
undergo ballistic trajectories of the system size. These fast transverse events are followed by
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large trapping periods. Trapping corresponds to a quasi vertical trajectory in the map of
Fig.(4.5b). (ii) Transverse transport is very sensitive to initial conditions : indeed, although
the initial locations of particles A and B only differ from one ion Larmor radius in the
poloidal direction, their trajectories diverge after less than five normalised time units. This
behaviour suggests a possible chaotic dynamics of the transport of individual particles.
(Hi) The radial transport can also be inwards, as shown by the trajectory of particle C : a
particle may travel from the wall into the core plasma in a typical convective time. This
inward convective transport from low to high density regions corresponds to the inward
ballistic propagation of sub-density bursts in the fluid description.

Test particles transport exhibits the main features of the fluid transport, namely
intermittent inward and outward convection. As such, it offers an interesting way to quantify
the departure of the transport from a diffusive process, and more precisely the departure of the
previously mentioned |i exponent from one. This statistical study of test particles will be
presented in a future paper. Because they correspond to a passive scalar embedded in a
fluctuating field, test particles also well describe the motion of impurities, provided that these
impurities are trace impurities, i.e. their dynamics do not modify plasma properties. Such
features give a tentative explanation for the routinely reported impurities inward convection
during impurity injection experiments [Matt95].

5 Trigger mechanism of avalanche events

5.1 Structure of the time averaged electric potential

In this section, we present the detailed mechanism of an avalanche event. The poloidal
structure of the electric potential governs the velocity term in the anomalous flux
Fx (x,y,t) = - N 3yO. It is analysed with the BiOrthogonal Decomposition (BOD) of the time
varying 2D electric potential field. As pointed out by [Benk94], this signal treatment
technique allows one to extract from the spatio-temporal signal <l>(x,y,t) the most correlated
features, both in time and space :

oo

<D(x,y,t) = X Pk ^ k ^ y ) 0 kW (5-D
k=l

where k indices the spatial ^ ( X v ) and temporal ©k(t) modes, weighted by p^. Similarly to
the Fourier transform, it corresponds to the projection of the signal on a basis of eigenvectors.
However, and contrary to the Fourier technique, these eigenvectors are adapted to the signal,
so as to compact most of the information on a limited number of modes. The rapid decrease
of the weight distribution at small k, presented in Fig.(5.1), means that the salient features are
captured by just a few modes. Conversely, the regular and slower decay of the pk at larger k
is suggestive of an orderly enrichment of substructures. Note that the weight of the first mode
is roughly fifty times larger than that of the second and of the third modes. The temporal
evolution ©k(t) of the first four modes is shown in Fig.(5.2). Mode 1, which is roughly steady
state, corresponds to the equilibrium. The normalised evolution period of modes 2 and 3 is
roughly 4 104, namely thirty times larger than the time scale of the biggest avalanches
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described in section 3, typically 1.3 103. The electric potential field evolution is thus slow
compared to the dynamics of an avalanche.

Let us focus on the first mode, which thus contains most of the information about the
electric potential. Its spatial structure is presented in Fig.(5.3). First note the existence of steep
poloidal gradients, of a few ion Larmor radii, between two extrema. These steep poloidal
gradients of the electric potential are directly responsible for the large radial velocity of
avalanches v a v a j . On Fig.(5.3b) the poloidal wave number of this mode, averaged along the
radial direction x, is roughly equal to kyo, the wave vector which maximises the linear growth
rate (section 3). The large radial extension of the electric potential cells, of a few tens of ion
Larmor radii in Fig.(5.3a), then defines the radial depth of the corridors where the matter is
convected. It thus determines the maximum radial size of an avalanche.

5.2 Role of the threshold in the avalanche trigger mechanism

On Fig.(5.4) the time evolution of the local radial flux, Fj_(xo = 60, t), is compared to
the ratio between the critical length of the radial density gradient, Ln * = 85, and the local
density gradient length Ln(xQ, t) = - < N / 3 x N > y (XQ, t). The interchange mechanism is
therefore unstable when this ratio is larger than one. The radial flux and stability criterion
appear to be strongly correlated. The destabilisation of the interchange mechanism is
followed by a burst in the radial outflux, i.e. an avalanche. The cross-correlation confirms this
preliminary observation, with the conclusion that there exists a time lag of the order of 400
normalised time units between these two quantities. This delay is typically the characteristic
time of a mode growth. To show this, let us define the instantaneous non linear growth rate
YNL as the growth rate deduced from the numerical simulations, i.e. when taking into account
the radial structure of the equilibrium density and electric potential at each time. We then
define the local maximum of the non linear growth rate by YNLmax(xg,t) =
maxljcy{yNL(xo,ky,t)}. It corresponds to the growth rate of the most unstable poloidal modes
at each time and each radial location. The time average of this local maximum of the non
linear growth rate defines the inverse of the time delay between the local critical slope
exceeding and an avalanche onset. It is found equal to 2 10~3, in good agreement with the
inverse of the time delay (typically 2.5 10~3). It is worth noticing that the phase shift between
density and electric potential fluctuations is found to remain almost constant during the whole
process. Consequently, an avalanche does not result from the eventual intermittent adjusting
of the phase shift to K12, which maximises turbulent transport.

This analysis shows the crucial role played by the threshold in the avalanche
dynamics. The transverse transport thus results from intermittent excitation of the threshold
instability, i.e. from the fact that the local slope of the radial density profile successively
exceeds and drops below the critical slope.

The time delay induced by the inverse of the local mean growth rate is responsible for
the local supercritical states, as observed in Fig.(4.3). So as to clarify this behaviour, let us
look at the local dynamics of the radial density gradient. Once the threshold is reached, the
local flux increases, with a typical growth rate y0 = 2 10~3 at x0 = 60, as found numerically.
Let us now assume that the turbulent transverse transport results in the relaxation of the
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density profile to the critical one. It follows that the local matter expelled by an avalanche
may be approximated by (N) =l3xN(x,t)-(dxN(x))*l, where we assumed that the
instability develops on the characteristic scale p s . Approximating 9xN(x,t) by
- <N(x)>t / L^(t), and (3XN)* by - <N(x)>t / L^* , the radial turbulent flux is :

Ln(t)

where H(x) refers to the Heaviside function, and Ln (t = 0) = L n * . Time evolution of radial
density gradient results from the radial derivative of density conservation law, namely
dtdx N(x,t) = - 8X

2 T(x,t), where T(x,t) is given by Eq.(5.2) above the threshold. In this
expression, we neglect the dissipative term, and assume that the parallel transport balances
the source term. Time integration then yields :

f-v^\ = 1 + J 1=772" T=77\~i Vaval e dt <-5'3')

Ln(x) J
Q L n ( t r ^ L n ( l ) J

The previous relation remains valid until t ~ 1 / JQ, where a non linear relaxation occurs. To
solve Eq.(5.3), let us neglect the time variation of Ln in the right hand term, and approximate
Ln (t) by Ln (x) under the integral. Within this approximation, integration of Eq.(5.3) on an
interval equal to 1 / JQ yields the minimum radial density gradient length reached by the local
density profile :

— nun

To
which is of order of L n

 m m = 5. It follows that the minimum radial density gradient length
may be much smaller than the critical slope Ln * . One can then approximate the maximum
likelihood of the gradient length by the mean of the supercritical slope, namely
[L n * + Ln

 m m ] / 2 = 45 at XQ = 60. One thus recovers the numerical value of the most
probable gradient length found in Fig.(4.3).

5.3 Avalanche event

The BOD of the electric field, together with the previous analysis, provides a
comprehensive description of an avalanche event. The poloidal structure of the electric
potential generates regions with inward and outward fluxes. In the inward flux regions, matter
is convected from the wall into the core, which opposes the driving outflux. The accumulated
matter stiffens the radial density gradient. Once the local slope exceeds the critical one, the
system becomes unstable, and generates an outward turbulent transport, namely an avalanche.
The front of the avalanche drives a steep radial density gradient, which governs the self-
sustaining of the avalanche. This behaviour is shown in Fig.(5.5a), where are plotted the
contours of steep radial density gradient at different times. The map of the first mode of the
electric potential BOD is superimposed to these contours. It appears that this outward
propagation takes place in a region where the radial flux moves outwards, as suggested by the
negative value of the electric potential poloidal derivative. It corresponds to the front of an
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avalanche. A passing avalanche generates a relaxation of the local density profile (below the
threshold), leading to a local stabilising of the system.

Similarly to sand pile models, the onset of an avalanche also results in the uphill
propagation of a steep density gradient. On Fig.(5.5b), this inward propagation of a steep
radial density gradient, as indicated by the contours plotted at different times, takes place in a
region where the radial flux moves inwards, region of positive electric potential derivative as
indicated by the BOD.

6 Fluctuations and equilibrium

Density fluctuations are defined by :

6N(x,t) = <N(x,t))y - <N(x)>y>t (6.1)

where (N(x)V, corresponds to the equilibrium profile. Figure Fig.(6.1) presents the root
mean square of the absolute and relative magnitude of density fluctuations. The absolute
fluctuations are maximum in the region where the source is also maximum, i.e. for x < 15. On

0 1 /0

the contrary, the relative fluctuations profile [<8N(x) >t ] / <N(x)> t decreases
continuously from the wall into the plasma, as observed experimentally [Stan90]. However,
this decrease is due to the increase of the equilibrium density close to the separatrix, and does
not reflect the experimentally observed reduction of the fluctuations magnitude from the wall
into the plasma. The magnitude of the relative fluctuations, of order of 15%, is somewhat
lower than experimental values, of order of 50% [Woot90].

The equilibrium density profiles in the low and high field sides are plotted on
Fig.(6.2). In the low field side, where interchange is unstable because of the bad curvature,
the profile is less peaked. This results from the natural flattening of the gradient by the large
turbulent transverse transport. The SOL density profile in the low field side exhibits an
exponential decrease :

= No exp (6.2)

where 2ISOL is the SOL width, normalised to p s . Within the range So e [10~4, 10"1], the
normalised SOL width X,§OL

 n a s been found to remain constant and equal to ?u;OL ~ 43, such
that ^ S O L ^ S Q . Therefore, the equilibrium density profile is supercritical,

^SOL < L n * = 8 5 -
The maximum density NQ is governed by the balance between the source and the

parallel flux, which dominates transport over long time scales. Integration over the radial
direction then yields :

L x _
J S(x) dx

- exp(-Lx / XS0L) ] a XS0L
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Although the average density gradient significantly exceeds the critical density gradient, it
appears that on average the system is characterised by a given e-folding length ?tsOL- T n e

increase of the source SQ thus yields a proportional increase in the particle content, NQ <* So

Eq.(6.3). This result contrasts with that of the core energy balance which exhibits a
confinement degradation when increasing the driving energy flux. Further comparision with
experimental density scaling would require to properly account for the temperature field
which is clearly beyond the scope of the present paper.

The exponential profile of the equilibrium density, together with the magnitude of the
e-folding length 10~2 - 3 10~2 m found in this analysis is in good agreement with SOL
features of all the tokamaks, as reported by [Stan90]. It is usually analysed in terms of
diffusion, i.e. resulting from the balance between the convective parallel flux n c s and a
diffusive transverse flux. In practice, introducing the coefficient Dj^ then allows one to
estimate the radial anomalous diffusion using the SOL e-folding length, namely
D_|_ = ^SOL21 ^11 wtih o u r present normalisation. Following this approach, one can derive
from the simulated equilibrium profiles of the radial flux and of the density an effective
diffusion coefficient Deff such as : Deff(x)= - <r_i_(x,t)>t/<3xN(x,t)>t. Its profile is
presented in Fig.(6.3). It appears that this effective diffusion coefficient increases with the
radius, i.e. from the separatrix to the wall. We then recover the order of magnitude of the
phenomenological diffusion coefficient, of order of the Bohm coefficient in the SOL
[Stan90].

Using standard experimental procedures to analyse measured density data, one
recovers therefore most of the signatures in terms of both the order of magnitude of
anomalous diffusion and the spatial distribution of fluctuations.

7 General discussion

7.1 Estimation of the SOL width

This section is devoted to the understanding of the exponential radial profile of the
equilibrium density, as found numerically Eq.(6.2) and experimentally.

We first have to stress that an outward radial convective transport, of normalised
effective velocity veff , also results in an exponential decrease of the equilibrium density
radial profile. Equating the divergence of the transverse and of the parallel fluxes to satisfy
the flux conservation, one finds in normalised units :

^SOL = L/7 veff (7-1)

Length scales are normalised to p s and velocity to the sound velocity cs. An exponential
decrease of the equilibrium density profile is therefore not sufficient to determine the
turbulent transport dynamics, i.e. whether it is diffusive or convective. The following
discussion focuses on the convective description of the transverse transport. Analytical
estimations of both the mean avalanche velocity va v aj and of the SOL width A,SOL are
derived.
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In the avalanche regime, the transverse transport results from intermittent ballistic
events. We thus assume that the time averaged transverse flux <Fj_(x)> may be described by a
convective term <r_|_(x)> ~ <N(x)> veff. The equilibrium density <N(x)> is given by
Eq.(6.2), and veff corresponds to the normalised effective velocity resulting from the time
average of the intermittent avalanches :

(raval(x,t))t

)> <7'2)

Using Eq.(4.2), the time average of Favai(x,t) may be expressed as follows

T ^ L
n

Q L a v a l <N>y /Laval
Laval - °

where ^Laval corresponds to the probability of an avalanche of size L a v a j . The sum in
Eq.(7.3) has to be proportional to the equilibrium density <N(x)> for veff to be independent
of the radial direction x. Noting that a characteristic frequency of the avalanche dynamics is
given by the inverse of the duration of an avalanche of the system size, namely vavaj /
we then approximate the effective velocity by :

Veff - - T ^ v a v a l (7.4)
^SO

Since vavaj / A-SQL *S normalised to the ion cyclotron frequency, this quantity may also
represent a probability. This analysis implicitly suggests that the system is equivalent to a
system where avalanches of the SOL width would occur with a frequency vavaj / A§QL'

 w * m

the velocity vavai, and that they would convect the local equilibrium density <N(x)>.

An other way to evaluate the SOL width consists in assuming that it corresponds to
the characteristic radial length of the linear system. This assumption is justified since the
system remains close to the threshold, as pointed out in section 4, and is thus dominated by
the linear terms. Following this idea, let us write L n as 1 /k x in Eq.(2.13). We further
assume that the SOL width ^ Q L *S t n e n giv e n by A.SOL ~ 2TC / kxg, where kx0 maximises the
linear growth rate. It is worth noticing that, in the absence of poloidal modulations of the
equilibrium electric potential, i.e. when O = A, there is no characteristic radial length in the
system since kx = 0 then maximises the linear growth rate. However, Fig.(5.3b) shows that
the time average map of the electric potential is well described by the expression
4> = A [1 + £<£ sin(kyOy)], where ky0 maximises the growth rate and is given by Eq.(3.1).
Noticing that vavai ~ - dy O, one can express the magnitude of the poloidal modulations 8<j)
as a function of the normalised avalanche velocity :

Tf (7-5)
A k y 0

Using Eq.(7A) and Eq.(7.4), Eq.(7.5) shows that e^ is a function of the SOL width :
£ 0 = ? i S O L L / / -

1 / 2 / (Ak y 0 ) .
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Within these assumptions, one obtains the implicit equation satisfied by the radial
wave number kxo which maximises the growth rate. The equation 3y(kx,kyo) / 3kx = 0 may be
approximated by :

1 - a k 4 + pk 3k" 0
3 / 2 ( l - 2k~2kx

2
0) = 0 (7.6)

where the two constant coefficients are equal to a = 2 D / (a - kyo2 L// ~1/2) and
P = kyo g1/2 / (2 a - 2 kyQ2 L// ~1/2). We assumed D = v, and replaced £$ by its expression as
a function of ?isOL- W e recall that k2 = kx 0

2 + ky0
2 , and that ky 0 is given by Eq.(3.1). The

first term in Eq.(7.6) represents the effects of both the sheath conductivity a and of the
poloidal structure e^, of the equilibrium electric potential. The second term represents the
contribution of the dissipative coefficients D and v, while the last term corresponds to the
driving term, proportional to the square root of the curvature g. Solving Eq.(7.6), with the
numerical value of the linear coefficients given in section 3, yields : ?u;OL~33. The
avalanche mean velocity is then determined by Eq.(7.5): vavaj = 0.11. These two analytical
values are close to that derived from the numerical computation, in sections 4 and 6.

Assuming that the dissipative coefficients D and v, normalised to Bohm, are equal and
constant, the parametric dependences of the coefficients a and p in Eq.(7.6) as a function of
electron temperature, major radius and magnetic field, are the following :
a °c Te

1/2 Ro~
1 BQ"1 and p ~ Te

1 /8 R0~1/4 B0~1/4 (p ~ oc1/4). One thus obtains the following
parametric dependences for the normalised SOL width X.§OL

 :

/ \0.28

XSOL « » (7.7)

which yields for the real SOL width ASOL = Ps

A S 0 L = 3.9 Te
0-36 Ro

0-28
 BQ"^-7 2 (10"3m) (7.8)

where Te is expressed in electron-Volt, RQ in meter, and B o in Tesla. The signs and order of
magnitude of the exponents agree well with that obtained experimentally in COMPASS-D L-
mode [Conn98]. The order of magnitude of ASQL> which varies between 3 10~3 and 68 10~3

meters whithin the range T e e [20, 200 eV], Ro e [0.5, 5 m] and Bo e [0.5, 5 T], is also in
good agreement with the experimental values obtained in various devices [Stan90]. For a
tokamak like Tore Supra, i.e. with T e = 50 eV, Ro = 2.4 m, and Bo = 3 T, one obtains
AS 0 L « 9 10"3 m.

If one describes the turbulent transverse transport in terms of diffusion, balance
equation between parallel and transverse transports yields the transverse diffusion coefficient
D^ as a function of A S O L : Dj_ = A S O L 2 CS / (q RQ), where q RQ corresponds to the parallel
length L//. Eq.(7.8) thus results in the following parametric dependences of the turbulent
transverse diffusion coefficient:

/ \0.44

D± ~ 1 ^ - P*j DBohm (7.9)

where Ro / a is the aspect ratio and p* = p s / a the ion Larmor radius normalised to the minor
radius. Eq.(7.9) shows an intermediate dependence of the turbulent transport coefficient,
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between the Bohm (D± I DBohni °= p*°) and gyro-Bohm (Dj^ / D B o h m °c p*) scalings. It is
worth noticing that, despite their radial length which may reach the SOL size, avalanches do
not result in a Bohm scaling.

7.2 3D vs 2D turbulence in the SOL

The flute hypothesis assumes that the perturbations of the various physical quantities
are constant along the field line, thus allowing for a 2D treatment of turbulence.

The fact that the experimental parallel wave vector of the fluctuations k// ~ 1 / 2rcqR is
much smaller than the transverse one kj_ p s ~ 0.1 [Woot90], is usually invoked to assume that
turbulence is bidimensional in the SOL.

From the usual point of view of SOL physics, this assertion is however not so clear. At
first, in the standard pre-sheath description, equilibrium density is found to decrease by a
factor two in the parallel direction. This result is in contradiction with the flute hypothesis, i.e.
with the k// = 0 hypothesis. Secondly, the flute hypothesis supposes that the characteristic
time of transverse transport Xj_ is much larger the characteristic time of parallel transport
X// = L// / cs. On the contrary, the SOL is characterised by a transverse transport time smaller
than the parallel one. Equality between these two characteristic times yields the SOL width as
a function of the transverse diffusion coefficient Dj^ and X//: A§QL

 = ^i D± L// / cs]. The SOL
main charactersitics thus conflict with the flute hypothesis.

More over, our new results suggest that, during an avalanche, the transverse transport
is so fast that it completely prevents the homogenisation of the various physical quantities
along the field lines. Indeed, during such intermittent events, the ratio between the
characteristic time scales roughly equals X// / Xj_ = (L// / A$OL) (vaval / cs)> which is much
larger than one. The test particle transport is in fact based on the result which allows one to
neglect the parallel velocity. As a result, a proper analysis would thus require a 3D
investigation. First results using a 3D code indicate that a SOC-like turbulent transport is
observed [Beye98]. The main features of the SOL turbulence do not appear to strongly
depend on the dimensionality of the analysis.

8 Conclusion

This work reports the Self Organised Criticality-like dynamics of transverse transport
when a threshold instability mechanism is driven by a constant flux. Our 2D computation of
interchange instability in the Scrape-Off Layer shows particle avalanches moving inwards
and outwards, with a typical velocity of order of one tenth of the acoustic speed. This
behaviour is recovered when considering test particles, which could explain the frequently
reported impurities inward convection during impurity injection experiments. Similarly to
sand pile automatons and SOC models, the flux spectrum exhibits 1 / f and f~2 decreases at
intermediate and high frequencies respectively. Contrary to the standard gradient driven case,
the PDF of the density radial gradient length is non symmetric and departs from a Gaussian.
Avalanches result both from the instability threshold, and from the existence of large and long
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living radial and poloidal structures of the electric potential, whose typical lengths are shown
to result from the linear characteristics of the instability. The equilibrium density profile
exhibits the experimental exponential decrease. Within the range of the driving source
normalised magnitude SQ e [10"4, 10"1], the SOL width has been found to remain constant,
and roughly equal to one half of the critical slope. The SOL width is determined by the
maximum linear growth rate, computed with poloidal modulations of the equilibrium electric
potential. Finally, the parametric dependences, together with the order of magnitude, of the
analytic expression of the SOL width agree well with experimental data.
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Figure captions:

Fig.(3.1) : Linear growth rate y (kx = 0, ky) for various driving density gradient lengths
L^ : 1 / m" e {10-4, 2 10"2; 4 1(T2, 6 10~2, 8 10"2, lO"1}- The critical
length equals L n * =85. The other linear parameters are listed in section 3.

Fig.f4.1): Contour plots of radial particle flux r_j_ (x, t) as a function of the radial position
and time in the GD case. Contours range from 5 10~2 to 0.6, with a step equal
to 5 10~"2. The density gradient length is equal to Ln = 10.

Fig.(4.2) : (a) Contour plots of density N (x, t) as a function of the radial position and
time in the FD case. Contours range from 0 to 12 with a step equal to 0.2 for
density. The driving source intensity is equal to So = 10~2. Straight line
corresponds to a velocity equal to vavaj = 5 10~2.
(b) same as (a) after subtraction of the modes N (f, kx) such that f < 3 10~3

and kx < 0.25.

Fig.(4.3) : (a) Radial average of the Probability Density Function of the radial density
gradient length in the GD case. Same parameters as in Fig.(4.1), except that
ky = 0 components are not cancelled out during the numerical simulation.
Vertical lines correspond to the two-sigma (sigma = square root of the
variance = 4.95) interval of the Gaussian (dotted line).
(b) PDF of the radial density gradient length in the FD case, averaged over two
radial regions. Same parameters as in Fig.(4.2).

Fig.(4.4): Time Fourier transform of the radial flux at XQ = 116, close to the wall.

Fig.(4.5): Three individual particle trajectories (a) in (x, y) plane and (b) in (x, t) plane.

Fig.(5.1): Weight of the sixty first modes of the BiOrthogonal Decomposition of electric
potential.

Fig.C5.2): Temporal structure of the four first modes of the BOD of the electric potential,
0 k( t )withk= 1,2,3,4.

Fig.f5.3) : (a) Spatial structure of the first mode of the BOD of the electric potential

(b) Poloidal Fourier transform of this mode, averaged over the radial position.
The vertical line corresponds to kyQ, which maximises the linear growth rate.

Fig.(5.4) : (a) Time evolution of the ratio L^* / Ln"(x0, t) and of the radial flux
Tj_ (x0, t) at x0 = 60.
(b) Cross correlation between Ln * / Ln (x0, t) and Fj_(x0, t). The time delay is
equal to % ~ 400.
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Fig.(5.5) : (a) Contours of steep radial density gradients at different times (t = {125 102,
130 102, 135 102, 140 102}), superimposed on the map of Y^x.y), first mode
of the BOD of the electric potential,
(b) Same as (a), for t= {145 102, 150 102, 155 102, 160 102, 165 102}.

Fig.f6.1): (a) Radial profiles of absolute and relative density fluctuations,
(b) Same as (a) for electric potential fluctuations.

Fig.(6.2) : Equilibrium profiles of density in low (LFS) and high (HFS) field side SOL,
together with the source driving term. Dotted line corresponds to an
exponential decrease of characteristic length X^QL = 43.

Fig.(6.3): Effective diffusion coefficient Deff (x) = - <T_L(X)> / <3xN(x)>.
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