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Abstract. 2D fluid simulations of Scrape-Off Layer (SOL) turbulence with non constrained energy content (flux

driven) are characterized by profile relaxation and strong outward bursts of density. The ballistic propagation

extends well beyond the e-folding length of the SOL with a Mach number of Mj_ - 004. urbulence stabilisation

is achieved by biasing part of the limiter surface. The critical radial extent to achieve this stabilisation is derived.

This effect governs the size of the biased ring required to insulate the wall from the long range bursts of matter.

The same characteristic scale also governs the critical size of Langmuir probe tips. For probe tips in excess of

this size, the flux tube to the probe is found to be decoupled from the background plasma.

1 Introduction

In the course of predicting the performance of a next step device, it is recognised that scaling
the edge transport is rather uncertain [1]. Since, the edge transport leads to severe constraints
in the operating window of the device -such as the energy transfer to the divertor, the H-mode
barrier formation, ELM relaxation and main chamber recycling- it appears crucial to improve
the understanding of the turbulent transport in this region of the plasma. Furthermore, long
range transport in the Scrape-Off Layer (SOL) has been reported in several experiments 2, 31-
Similar results have been reported during ELM relaxation in MAST 4] and JET [5]. Evidence
of high plasma density in the vicinity of all wall components is also reported in Asdex-U a
device with an advanced divertor with strong closure of the divertor volume 6]. This long range
transport appears to propagate ballistically with rather large velocities 7 These transport
events do not appear to fit into the standard view of diffusive transport. Recent theoretical
analysis of flux driven transport provide a qualitative understanding of these observations 181.

The relatively easy measurements of SOL profiles and fluctuations 9] , mainly with Langmuir
probes, provide a large data-base that can be used as a good test bed for theoretical models of
turbulent transport, both core and edge. However, the extensive use of these measurements is
questionable since the understanding of the measured currents and voltages is still a matter of
debate. Among the open questions regarding probe theory, is the perturbation induced by the
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probe on transport properties [10, 11, 12]. Improving the confidence in these measurements is
also crucial to assess the design of the ITER divertor. Indeed, the design is based on successful
simulations of present experiments to provide simulations of ITER. Uncertainty in the data
provided by the probes directly questions the predictive capability of the edge plasma simula-
tions.

Theoretical investigation of cross-field transport in the SOL remains an important task both
to assess theoretical models of turbulent transport and to increase confidence in the modelling
effort in view of the operation of ITER-FEAT. The paper is organised as follows. In Section 2,
the outstanding features of flux driven transport in the SOL as well as the model used for these
investigations are presented. Electric currents flowing in the SOL are found to determine the
turbulent activity. Biasing then provides a means to insulate part of the limiter from the large
particle flow due to the bursts of density. This effect is analysed in Section 3 and applied to
both insulating the main chamber wall with a biased poloidal ring and analysing the interplay
between SOL turbulence and Langmuir probe measurements.

2 Flux driven turbulence and ballistic transport

2.1 Interchange instability in the SOL

The model of SOL transport used in this work is a 2D fluid model based on the interchange
instability in the SOL 13, 14]. The sheath boundary conditions introduce parallel loss terms,
both to set the particle flux to the ion saturation current and to ensure a vanishing current
density into the wall, the so-called Bohm conditions at the sheath [15]. The problem is further
simplified by considering constant temperatures with T << T, The system is then reduced
to that of two fields, namely the density, n = n,/no where no is a reference density, and the
electric potential, = eUIT, where U is the electric potential and e the electric charge. Particle
balance for the electrons and charge conservation, then govern the equations for the density
and the vorticity 17' .

n+[On = -onexp(A-O)+DV2 n + Sat I
g a.Log(n) + 19,72 + . V2 ] = oJ1-exp(A_0)J+VV40 (1)at I I I

Time and space are normalised respectively to 1/Qi the ion cyclotron frequency and to p, the
hybrid Larmor radius. The Poisson brackets are defined by [fg = axfi9u - yfo9xg where
x and y are the normalised radial x = - alp, and poloidal y = aOlp, coordinates. The
parallel loss term is set by the floating potential A and the characteristic time of parallel trans-
port or = pILII [15]. 11 is the parallel connection length that controls the loss term O. The
two diffusion coefficients (normalised to the Bohm value TI(eB)), D for the particles and v
for the vorticity, govern the damping of the small scales. The curvature drive is proportional
to g P'IR where R is the major radius of the torus. This curvature is averaged along the
field line and thus appears as a constant in the vorticity equation. Finally, the source term 
maintains the system out of equilibrium. In the simulations, is localised radially (it defines
the position x = ) with no poloidal or time dependence. The radial shape of the source is a
gaussian, = So exp(- X1p"""")2) with a radius of - 8.5 p, Numerical simulations
are carried out on a 256 x 256 mesh, the grid size being p, With the parameters used in
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the present runs, this corresponds to a .08 m x.08 m box size. The list of the control pa-
rameters and the values used in most simulations reported in this paper are indicated in Table .

It can be shown that the equations used in the present analysis of SOL turbulence, Eq. 1, are
very similar to that describing the Rayleigh-136nard experiment set to investigate fluid turbu-
lence 16]. In this experiment the driving thermodynamical force that governs the transition to
turbulence stems from the competition between the diffusive heat transfer and the convective
heat transfer in a fluid with a heat source at the bottom and a heat sink at the top. For
the latter system, one reduces the control parameters to the Prandtl number, Pr = v1D and
to the Rayleigh number, the ratio of the convection characteristic time divided by the diffu-
sion characteristic time. As in the Rayleigh-136nard experiment, it can be shown for the SOL
turbulence that once a critical gradient is achieved, the solution with no poloidal dependence
becomes unstable with regard to any small poloidal perturbation. The drive for the instability
is the curvature drift term, parameter g, and the source term, S. The linear growth rate can
readily be computed, see Figure 1. The parameters used in this calculation are those of Table .
The reference equilibrium is a density field with a constant gradient L = (,9,,N1N)-1, with
no poloidal dependence. The equilibrium electric potential is taken constant and equal to the
sheath potential A. Three characteristic gradient scales for the density have been considered,
the standard collisional. SOL width Ln = ASOL = D1o,)'1', ASOL - 75 p,, a shorter scale
Ln = p,, and the box size, L = 256 p, For convenience, the lengths and times, although
normalised, are given in units of p, and I Qj, rigorously, one must keep in mind that p, =_ 
and I Qj = in these expressions. Note that only the case with Ln = ASOL is a steady-state
solution of Eq. 1. However, the diffusive time 7-diff is large enough, Qj 7-diff - 10' for a dis-
tance of 10 p,), that one can consider the reference equilibrium profile to actually be a steady
state solution of Eq. 1. The linear analysis indicates that the critical gradient for marginal
stability is achieved for Ln* = 158 p,. The system is therefore stable on a scale comparable to
the box size but well above the threshold in the case of the collisional. profile solution of Eq. 

2.2 Intermittent behaviour with flux drive

In the present work, we analyse the response of the system when it is driven out of thermody-
namical equilibrium by a prescribed flux. The latter is imposed via the source term of Eq. 
Starting from a flat density profile at N = with the parameters defined in Table 1, the system
reaches marginal stability at Qi = 13. The fluctuations then increase exponentially (or even
faster) up to the point where the non-linear terms lead to the saturation. From the time at the
onset of the instability, to the time such that the density scale reaches A due to the source
term only, about 274 units of time have elapsed. This is longer than Qi/- - 143 where is
the growth rate for L = An. Here, A, corresponds to the e-folding length of the time averaged
density profile in the turbulent regime. A is a factor > 20 smaller than the critical gradient
L*. The turbulent averaged profile is thus supercritical. The source term thus appears to be
strong enough to drive the system well above the critical density scale but not that strong that
L - A is reached in the linear phase.

With these boundary conditions the energy content of the simulation volume is not constrained
but can evolve according to the transport. Conversely, for prescribed density values at the two
edges of the simulation volume, the density gradient is nearly constant throughout the box
and the energy content of the system is strongly constrained (we refer to this case as that of
frozen confined energy). Flux driven transport, namely transport at given out-flux rather than
given gradients, is characterised by the evolution of the energy content of the system. The
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occurrence of strongly intermittent transport [81 is a consequence of these specific boundary
conditions. The signature of the intermittent transport is apparent when examining the Prob-
ability Distribution Function (PDF) of the flux, Figure 2 One finds that both negative flux
(influx) and positive flux occur. In the vicinity of zero flux, the PDF is found to be near a
gaussian distribution. A long tail dominates at large positive flux. It is characterised by a
nearly exponential decay. Using the standard deviation of the gaussian fit, one finds that 44 We
of the flux is due to events at more than 4 standard deviations.

Non-gaussian PDFs are not sufficient to demonstrate that avalanche-like events are present.
Provided there is a correlation between the density field and the electric potential field, one
expects a non-gaussian PDF even if the fluctuations of both underlying fields are gaussian 17].
In the present simulations, one finds that the density PDF also is non-gaussian, Figure 3 Part
of the distortion towards the vanishing density is expected since negative density events are not
possible. This distortion only indicates that the fluctuations are comparable to the mean den-
sity. Beyond the PDF maximum, a rather good gaussian fit is obtained for the events close to
the maximum of the PDF. Towards the largest magnitudes, a departure from this fit is observed
with a tail extending up to five times the most likely value of the density. The gaussian fit for
the smaller departure from the most likely density indicates that part of the non-gaussian char-
acteristic of the flux PDF is due to the correlation between the density and the electric potential
fields. It is interesting to note that the lognormal scaling, that characterises crystal growth (for
instance the diameter distribution of dust in the tokamak [18]), also provides a good fit of the
density PDF. This effect might be related to the formation of the large density blobs by attract-
ing density via the E x B flow, the latter being the larger for strong blobs with strong gradients.

Analysis of the PDF of the density gradients provides further information on the driving mech-
anism of the system, Figure . The poloidal density gradient drives the cross field current and
thus the interchange instability. Its PDF is a rather broad gaussian and is symmetric with re-
spect to zero gradient. As a consequence of this PDF, one can expect that the electric potential
PDF will also be close to a gaussian, see Figure 5. For the radial density gradient, the PDF
extends towards the negative values as expected from a standard thermodynamical analysis, i.e.
the fluctuations can be regarded as small with respect to the mean value so that the gradients
are aligned along the mean gradient that characterises the distance to thermodynamical equi-
librium. However, there is a substantial distribution of events with positive gradients, hence
with reversed gradients. The change in PDF from the density PDF to the density gradients
PDF indicates that the largest density events (belonging to the non-gaussian tail) must exhibit
a rather broad poloidal structure that ensures a gaussian shape for the PDF of the poloidal
gradient. This does not appear to be the case for the PDF of the radial density gradient. One
can thus conclude that the large density events, the avalanches, are characterised by a large
poloidal extent and steep radial density gradients.

2.3 Profile analysis

The statistical description of transport presented in Section 22 thus departs very strongly from
the random phase approximation that leads to a diffusive description of transport. However,
when analysing the average density profile in the SOL, < n >t",b., Figure 6 one finds an ex-
ponential fall-off that can also be analysed in terms of an effective diffusion coefficient. The
e-folding length of the profile is of 50 p,, hence in the 0.01 m range. For the sake of comparison,
the SOL profile with no turbulent transport < n >,. is also plotted on Figure 6 The e-folding
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length is much shorter - 7 p,. The effective diffusion coefficient due to the turbulent transport
is then 55 times larger than the collisions] diffusion term introduced in the code.

The parametric dependence of the effective diffusion coefficient has not yet been addressed.
However, using the present result to compute the e-folding length for the energy flux, Aq of
Tore Supra long pulse discharges, one finds Aq - 25 mm. This calculation based on the bal-
ance between the characteristic time of parallel classical heat diffusion and the effective diffusion
time in the transverse direction is within a factor 2 of the estimated value from the experimen-
tal data Aq - mm 19]. Given the large contribution of the ballistic transport events on
the total flux 44 %), it is however questionable that a diffusive scaling properly describes the
transverse turbulent transport. A systematic parameter scaling of the SOL e-folding length
must be undertaken to provide appropriate predictions.

In contrast to the standard SOL width, captured by the average profile, one finds that the long
range ballistic events, called avalanches or fronts, extend over a significant fraction of the box,
typically larger than 150 p,. The gradients at the front location are very sharp with a charac-
teristic scale that can be smaller than 5 p,. Such gradients can also be observed on Figure 6 on
the density profile ntub. (at a given time and poloidal location). The shape of the propagating
front is not aligned along the x or y axis but exhibits "wiggles". As a consequence, the radial
profile drawn at a given poloidal location will intersect a given front at several distinct radial
locations. This density profile thus exhibits very strong density gradients both positive (oppo-
site to the average gradient) and negative. This description agrees with the 2-D plots of the
density and electric potential fields. It also provides an understanding of the apparent reversal
of the thermodynamical force, i.e. the density gradient. In this case, flux surface labelled by
the radius is no longer a constant density surface orthogonal to the thermodynamical force.
The constant density surface follows the "wiggles" of the density field so that the orientation of
the thermodynamical force departs from the radial direction and can exhibit inversions. This
aspect of avalanche transport is reminiscent of transport with a stochastic magnetic field where
non-monotonic temperature profiles are reported experimentally 20].

Let us now investigate the velocity of the avalanches. The ballistic motion of the density bursts
will lead to strong changes in transport if both their velocity and frequency are large enough.
The most straightforward calculation of the avalanche velocity can be achieved during the first
relaxation event in the simulation. In this case, poloidal flows generated by the turbulence
[21, 22, 23] have not build-up so that the motion follows the radial axis, Figure 7 The density
front can be fitted by a hyperbolic tangent defining both the centre and the width of the front,
Figure 8. During this first relaxation, the density front is very steep, L - 2 p,. Tracking the
front in time, one can follow the evolution of the front width as well as its velocity. It appears
that the width tends to increase at the onset of the relaxation and then remains constant, while
the velocity is nearly constant, Figure 9 The Mach number of these radially propagating fronts
is of the order of Mj_ - 004. The radial range of the bursts A should then be governed by
the balance between the parallel transport along the connection length 11 and the cross-field
transport. Since both motions are ballistic, one finds

A I M-L (2)
L11 M11

Given M1 - at the sheath [15], A, would reach 004 11. With the present values of the
parameters used in the numerical simulation, Table 1, this yields A I = Mjo - 174 p,. This
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value is coherent with the simulation outputand, is smaller that the box size. It is limited to
this order of magnitude by the large value of chosen for the runs (a is a factor 20 too large
which thus leads to a factor 20 reduction of A I . For a standard connection length 1 - 0
m, this would lead to A I - I m. It would then be impossible to withdraw sufficiently the wall
components of the main chamber to prevent plasma-wall interaction. However, one finds that
the ballistic propagation of the density fronts is impeded by global poloidal flows, namely flows
that extend poloidally over large scales and have a sufficiently large lifetime, in the limit of a
flow that is constant in the poloidal direction, these global flows are the so-called zonal flows
[22, 23]. This effect governs the "wiggles" discussed above. Enhancing this effect might provide
a control of long range transport in the SOL, and therefore spurious plasma-wall interaction
in the main chamber of the device. Regarding the high heat flux components, the significant
cross-field convection will determine a minimum impinging angle irrespectively of the angle
between the component and the magnetic field. If one considers an average transverse Mach
number of 002 to take into account that only 44 of the transverse flux is due to the large
ballistic bursts, one obtains a critical angle of 36 degrees. This value is comparable to the
measured critical impinging angle - degrees such that any reduction of the angle between
the component and the magnetic field does not provide the expected lowering of the transverse
energy flux to the component 24].

3 Turbulence stabilisation with biasing

3.1 Interplay between Langmuir probe measurements
and plasma turbulence

When analysing the vorticity equation, one finds that two currents control the evolution of the
electric potential, the curvature driven current, proportional to the poloidal density gradient,
and the parallel current to and out of the sheath, Eq. 1. At lowest order in the electric potential
fluctuations, the parallel current is 7/2 phase shifted with respect to the radial particle flux.

F i ky N

o, N (3)

The hat symbol refers to the Fourier components. In the non-linear regime, this relationship
still holds approximately. Driving a parallel current should then modify the cross-field trans-
port. Implication of this effect is investigated both to design a means to insulate the main
chamber of the tokamak from the long range bursts of matter, next Section, and to analyse the
interplay between Langnmir probe measurements and the SOL turbulence.

In standard theory of probe measurements, one considers infinite field lines that play the role
of an infinite reservoir to balance the parallel out-flux of matter and charge. When discussing
actual measurements, with finite connection lengths, it is advocated that source terms will play
the role of the reservoir. For the balance of mass, this argument appears to hold with standard
values of transport coefficients [10]. (However, it is also argued on experimental basis that the
required transverse coupling enhances the cross-field transport 12].) Regarding charge balance,
the small values of cross field conductivity can lead to much more severe constraints. This issue
was tested by introducing a dedicated probe, the so-called pin-plate probe, made of a large
plate and a much smaller tip to measure the plasma floating potential in the vicinity of the
large probe, 25]. It was found for specific plasma conditions, in particular T - eV, that the
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floating potential was not affected when the plate was biased in the ion saturation regime, but
that large disturbances appeared in the electron saturation regime.

The sheath conductivity o, see Eq. 1, governs the strong coupling of the plasma potential
to the wall potential Vi,,, + A. This coupling ensures that no net current flows to the wall.
The source of cross-field charge flow is due to the curvature current. This small current thus
determines the possible parallel current to the wall and therefore the departure of the plasma
potential from the wall potential. Let L. be the scale of the poloidal gradient of the density
field. The balance between parallel and curvature currents then yields.

g .- 1 - exp(A + Vj. - (4)
LY01

If gl(Lo,) is small, -* oo, the plasma potential is prescribed by the wall potential,
A Vbi,,, 9 1. In particular the shear of the electric field and higher derivatives of thisLY0,
field will be controlled by Vi,,,. Conversely, for large values of the LHS of Eq. 4 a larger
departure from the wall potential will be achieved. Other physics will then contribute, such as
the Reynold's stress related to the vorticity convection in Eq. 

Let us address the interplay between Langmuir probe measurements and the SOL turbulence.
The probe tip is modelled by a prescribed plasma biasing Vi,,, over a limited extent of space.
For convenience a gaussian shape with equal poloidal and radial extent is used. In a series of
simulations, the probe radius rp,,b, is scanned from 10 to 1.5 p,. The value of the density at
the probe tip is compared to the reference value with no biasing (case rprob = 0), see Figure
10.

The mean density measurement is recovered when the probe tip is smaller than 3 p, This value
is smaller than the characteristic scale of the collisional diffusion (D / U1/2 - 7 p, Let one
consider the constraint given in Eq. 4 where Ly is governed by the scale of variation of the den-
sity. With the values chosen in the simulations, and allowing for L. - rp,,b,, one finds a critical
size of the probe tip g / a - 25 p, in agreement with the simulations. When the probe tip is
smaller than this critical value, cross-field currents feed into the biased region and the plasma
potential is not modified by the probe biasing. When the probe exceeds the critical value, the
plasma potential remains close to the biasing potential. This interpretation is confirmed by the
dependence of the plasma potential at the probe tip, Figure 11. The remaining open question is
the actual relationship between the probe size and the density poloidal gradient L, When the
plasma potential is governed by the wall potential, the transport in the vicinity of the probe at
first order exhibits the cylindrical symmetry of the probe. This induces a vortex at the probe
tip, with a strong shear of electric drift. A linear analysis shows that the stabilising effect of
the third derivative of the plasma potential is large enough to quench the turbulence at the
probe location, Figure 12. In this plot, the growth rate becomes negative as the distance from
the probe centre increases, typically at r - 1.5 p, and remains negative until the radius of
the probe is reached. The stabilising effect of the biasing potential then rapidly decays away
and a positive growth rate is recovered. The flux tube is thus insulated from the neighbouring
plasma turbulence and the density at the probe tip is governed by the balance between parallel
and collisional transport. This leads to a large density decay at the measurement point with
the characteristic scale given by the e-folding length of the stable SOL - 7.5p, Figure 6.

To conclude this analysis, one finds that when the size of the biased tip exceeds the critical scale
determined by Eq. 4 25 p, then the difference between the plasma potential and the wall
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potential will be governed by the gradient scale of the density. If the turbulence is stabilised,
this gradient scale is typically 75 p,. Therefore, when the probe size exceeds 75 p, the density
scale is fixed and exceeds the critical scale. The plasma potential is then close to the wall
potential so that consistently the turbulence is quenched at the probe tip. The density then
decays away nearly exponentially from the value of the background density towards the centre
of the probe, the e-folding rate being that of the stable SOL. As the probe size is reduced
below 75 p, the plasma potential is gradually decoupled from the wall potential until the
critical probe size, rprobe - 25 p., is reached. In this regime the average value of the density
measured by the ion saturation current is recorded and one can compute the characteristic of
the Langmuir probe, see Figure 13. The error bars represent the magnitude of the fluctuations.
One can readily remark that they strongly increase on the branch of the electron saturation
current. Indeed, one finds that in this regime the probe tip tends to attract the avalanches
thus strongly enhancing the fluctuations. This will make the measurements on this branch very
difficult especially since the largest fluctuations will require a large power supply.

3.2 Controlling the avalanches with outer-SOL biasing

Long range transport in the SOL will lead to plasma-wall interaction in areas that are not
designed for this purpose. In the best case, this long range transport will mainly be particle
transfer. This already will lead to a series of deleterious effects. It will first increase the net area
of wall particle pumping with 3 consequences an increase of the tritium inventory, an increase
of chemical erosion over a vast surface of plasma wall components, and third an increase of the
wall particle content that can then be the dominant uncontrolled particle source during long
pulse operation (especially at low temperature of the boundary plasma). Another effect, is the
weakening of the divertor performance, especially regarding the pumping capability. Finally,
this particle flow can also convect power to low heat flux components that are not designed for
that purpose.

The previous analysis provides the basis to determine the means to insulate the main chamber
wall of the tokamak from plasma-wall interaction. A biased ring can be used to stabilise the
SOL turbulence and prevent the density burst from reaching the wall. This ring can be imple-
mented in the outer-SOL in order to require a minimum power to sustain the biasing voltage.
For the sake of efficiency, one must position the biasing ring in such a way that it will channel
the particle flux to the divertor. Implementing the biased ring on the divertor baffle appears
to be the best trade-off.

The parameters of the biasing ring have been set according to the results of the Langmuir probe
simulations, namely a gaussian shape radially with an extent of 10P, (typically mm) with
no poloidal dependence. It can be shown in the derivation of Eq. that one can replace the
poloidal angle by the toroidal angle, the biasing ring would then be a toroidal ring. This change
will lead to a limited change in the code since only the curvature term g must be changed.
First investigation of this effect shows that as expected, the biasing ring generates a transport
barrier in the outer SOL, see Figure 6 When analysing the mean profile, one finds that the
e-folding length of the density profile towards the separatrix is unaffected (between the circles
in Figure 6 Conversely, it is reduced to the collisional value at the location of the biasing ring
(between the triangles). This governs a very sharp drop of the density due to the turbulence
quenching in this region.

A test of & strength of this insulating barrier has been achieved by generating large avalanches
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with a very localised density source, Figure 14. This source is has a gaussian shape of radius
8.5. The magnitude of this local source term is 40 x So, where So is the magnitude of
the steady state source. Since the latter has the same radial extent, 8. - 256 30 but is
constant poloidally, the actual particle source of the local source is larger than would be reached
by focussing the steady state source to the geometry of the local source. On Figure 14 one
readily notices this localisation of the source in the rapid poloidal fall-off of the density profile.
However, it is striking that transport is large enough poloidally to generate a non symmetric
density profile at the injection point. Rapid transport and shearing distorts the initial density
blob. Parallel transport reduces the magnitude of the density blob before it reaches the barrier.
However, the ratio of the density blob to the background density only reduced from - 34
to - 3 from the injection point to the barrier. If any trend can be given to this change in
magnitude, it would hint towards a slowed ballistic velocity for the large blob compared to the
regular avalanches of turbulent transport. Once the blob has reached the barrier, one notices
that it stops there and gradually fades away due to the parallel transport, Figure 15. In the
simulations, none of these large burst have crossed the transport barrier. It appears therefore
that biasing in the distant SOL provides a means to cut-off the avalanche transport to the wall
components. However, further investigation of this concept is required, especially regarding the
possible occurrence of barrier relaxation mode (reported in transport barrier simulations 26]).

4 Discussion and conclusion

Turbulent transport investigation without prescribing the mean gradient or constraining the
energy content of the system is characterised by strong intermittency. Profile relaxations and
steepening of the gradients lead to front like dynamics. These bursts characterise the long range
transport in the SOL. They extend well beyond the exponential e-folding length of the mean
SOL profile.
Biasing of wall components can modify locally the turbulent transport. This is deleterious to
the Langmuir probe measurement for probe tips exceeding a critical size. In the calculation of
this critical size, good agreement is found between the predicted value and that observed in the
simulations.
Biasing can be beneficial if one aims at insulating the tokamak main chambers from the density
bursts. Robust transport barriers can be achieved with relatively narrow poloidal rings of biased
wall components. This effect is not only important to protect the main vessel wall components,
it will also increase the divertor performance by channelling particles to the divertor volume.
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Table 1 : Values of the control parameters of Eq. 1 that are used in most simulations presented in

this paper
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Figure 1: Linear analysis, growth rate versus the poloidal k vector, ky, for 3 values of the density
gradient scale Ln.
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Figure 2: PDF of the particle flux, the gaussian is a fit of the PDF of the negative flux events (influx).
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Figure 3: PDF of the density, the PDF is distorted towards the vanishing density (n^O). The gaussian
is a fit for the events with a magnitude larger than that of the maximum.
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Figure 4: PD.F of the density gradients, radial (line), poloidal (circles). The gaussian is a fit of the
PDF of the poloidal gradient.
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Figure 5: PDF of the electric potential. The gaussian fit is correct for the most probable events.
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Figure 6: SOL profiles, mean and local profiles, lower traces, with biasing, upper trace.
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Figure 7: Density front propagating radially, the labels of the curves are the time of the trace in units
of 50 normalised time. The average density profile is indicated for comparison. Note that these profile
include both the turbulent profile on the RHS of the profile and the stable collisional profile on the LHS
of the profile.

15



np (a.u.)

Figure 8: Density front at time 60*50 in normalised units, and the tank fit. This fit gives the position,
height and gradient of the density front.
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Figure 9: Position of the density front, see Figure 8, versus time in standard units, the fit with a
constant radial velocity at M±_ ~ 0.04 is remarkable.
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Figure 10: Change in the measured density versus the size of the probe tip. The error bars indicate
the magnitude of the fluctuations during the averaging.
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Figure 11: Change in the measured plasma potential versus the size of the probe tip. The spread in the
data indicates the magnitude of the fluctuations during the averaging. The plasma electric potential
exhibits a smooth transition from the wall electric potential A + Hias to the floating potential A.
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Figure 12: normalised growth rate for ky = 0.02 versus the distance from the centre of the probe tip.
The change in 7 is governed by the third space derivative of Vbias
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Figure 13: Probe characteristic, current flow versus the applied biasing voltage. The error bars
represent the spread in the data due to the fluctuations. These are much larger on the electron branch
(negative values of Vjnas) due to the interaction of the probe with the turbulent avalanches.
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Figure 14: Density profile at three poloidal location labelled by a 0 / ps during the strong localised
particle injection to generate a density blob.
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Figure 15: Change in the radial profile in time, labelled by the time in 50 units of normalised time.
The local source starts at time 250*50 and ends at 260*50 in normalised units.
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