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Abstract

Cross field transport in the SOL influences tokamak performance in particular regarding the di-

vertor efficiency. Recent experiment evidence emphasizes non-exponential and/or flat SOL profiles

that suggest a large perpendicular transport. A 2D fluid model based on the interchange instability

to simulate the SOL turbulence was found to exhibits intermittent dynamics of the particle flux.

We propose a control method that prevents long range transport events from reaching the far SOL

: It consists in biasing the far SOL leading to a transport barrier which stops the propagation

of these intermittent events. The best trade off is to localize the biased toroidal ring around the

baffles. We show that such a control is achievable providing the strength of the barrier is strong

enough. The investigation of the minimal biasing power required to achieve the control as well as

its experimental estimate is performed.

1



JNM keywords : Theory and modelling

PSI keywords : Edge modelling, Edge plasmas, Fluctuations and turbulence, intermittent

transport

Pacs : 52.35 Ra, 52.55 F, 52.25 Fi, 52.25 Gj, 52.65 Kj

Corresponding author adress : Association Euratom-CEA, CEA/DSM/DRFC/SIPP

CEA Cadarache, 13108 St–Paul–Lez–Durance, France

Corresponding author email : charles.figarella@cea.fr

Presenting author adress : Association Euratom-CEA, CEA/DSM/DRFC/SIPP CEA

Cadarache, 13108 St–Paul–Lez–Durance, France

Presenting author email : philippe.ghendrih@cea.fr

I. INTRODUCTION

Cross field transport in the scrape–off–layer (SOL) influences the tokamak performances

via the divertor efficiency. The magnetic divertor configuration, which will be used in the

next step fusion device ITER-FEAT, minimizes the plasma wall interaction, provides heat

and particle exhaust, provides ash removing and shields the main plasma from impurity

contamination[1]. Once the plasma crosses the separatrix, it penetrates the SOL, region of

open field lines which ends onto the divertor plates, and flows along theses magnetic field

lines to the divertor where it neutralizes. Moreover the next step fusion device will use

tight divertor baffle configuration which lead to the best performances. Such configuration

permits: an increase of the gas pressure in the divertor chamber, an increase of the screening

of impurities from the plasma core, a low neutral density in the main chamber, a lower power

threshold for the H mode[2]. In the standard view of diffusive transport, the SOL profiles

are exponential with short decay lengths, from 1 to 3 cm[1]. However recent experiments[3–

6] show that these profiles can be non–exponential and flat in the far SOL suggesting a

large perpendicular transport. This long range transport is characterized by intermittent

events[11] which propagate ballistically with large velocities as well in experiments[4, 7–

10] as in numerical simulations[12, 19]. The consequences can be harmful for the tokamak

performances:

• The cross field plasma flow can overcome the one along the fields lines to the divertor,

this phenomenon is known as the main chamber recycling regime[4]. In that case the

2



divertor volume receive only part of the total flux from the main chamber and the

neutral density in the main chamber is high,

• in the case where the events propagates in the far SOL, they can damage the first wall

components with the production of chemical erosion, an increase of the wall particle

content and an increase of the wall tritium inventory.

In order to prevent the plasma–wall interaction, one can use a biased probe to stabilize the

turbulence and locally create a transport barrier[14–16, 18]. Indeed recent numerical work

has shown that an intermittent event hardly cross a transport barrier[17]. A preliminary[12]

work on controlling long range turbulent transport with biasing the far SOL showed that

the transport barriers can stop these events. The implement of a biased ring in the far

SOL (for example on the divertor baffle) would permits to lower the power supplies required

to sustain these barriers. Such idea, originally proposed in reference [12] is investigated in

detail in this paper. One should note that it is a steady state probe biasing contrary to the

divertor biasing, the latter allowing to control the plasma flow in the SOL, an increase of

the density and thus the power deposition onto the divertor plates[21, 22]. For a review on

the divertor biasing see [23].

After a description of the flux driven model which lead to intermittent bursts of density

through the SOL, we will analyze the biasing control technique as a way to insulate the

main chamber from the large density flux.

II. INTERCHANGE INSTABILITY IN THE SOL

The model used to describe the SOL turbulence is 2D, fluid, based on the interchange

instability[12]. It describes the evolution of the density n and the vorticity ∇2
⊥φ which

govern the particle balance for the electrons and the charge conservation, respectively.

∂tn + [φ, n] = −σn exp(Λ + Vbias− φ) + D∇2
⊥n + S (1)

∂t∇2
⊥φ + [φ,∇2

⊥φ] = σ{1− exp(Λ + Vbias− φ)} − g∂yLog(n) + ν∇4
⊥φ (2)

The Vbias stands for the biasing potential, described in the next section. Time and space

are respectively normalized to 1/Ωi the ion cyclotron frequency and to ρs, the hybrid Larmor
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radius. The Poisson brackets are defined by [u, v] = ∂xu∂yv− ∂yu∂xv where x and y are the

normalized radial x = (r−a)/ρs and poloidal y = aθ/ρs coordinates with a the minor radius.

The sheath boundary conditions introduce parallel loss term to set the particle flux to the

ion saturation current and to ensure a vanishing current density into the wall[1]. The parallel

loss term is set by the floating potential Λ and the characteristic time of parallel transport

σ = ρs/L‖. L‖ being the parallel connection length that controls the loss term σ. In this

model the temperature is constant with Ti ¿ Te. Moreover we used the flute hypothesis

in order to reduce the system in 2D, assuming the perturbations constant along magnetic

field lines. D is the particles diffusion coefficient and ν the vorticity diffusion coefficient,

both are normalized to the Bohm value, i.e., Te/eB. D and ν govern the damping of the

small scales. The curvature is proportional to g ∼ ρs/R with R the major radius. This

curvature is averaged along the field line thus is constant in the vorticity equation. The

source term S maintains the system out of equilibrium and simulate the incoming flux from

the plasma core. This approach is known as the flux–driven transport, the density gradient

is not frozen but can evolve self–consistently with transport[19, 20]. S is localized radially

with no poloidal dependence, its radial shape is a gaussian S = S0 exp(−(x/ρ2
source)) with

a radius of ρsource ∼ 8.5ρs. Numerical simulations are carried out with a 256 × 256 mesh,

the grid size being ρs. The values of the control parameters used in this paper are the

following: g = 5.7 10−4, S0 = 5 10−3, σ = 2.3 10−4, Λ = 3.88, D = ν = 10−2, ρs = 3.4 10−4,

ρsource = 8.5. This system ((1),(2)) was found to exhibit intermittent transport with a

44% of the cross–field particle flux due to events at more than 4 standard deviations[12].

Moreover a long range turbulent transport was established characterized by a large poloidal

extend and steep radial density gradients.

III. TURBULENCE STABILIZATION WITH BIASING

In the SOL, electric currents determine the turbulent activity. One can distinguish be-

tween the curvature driven current proportional to the density gradient j⊥ ∼ g n/Ly which

is destabilizing and the parallel current j‖ ∼ nσ(1−exp(Λ+Vbias−φ)) which is stabilizing.

Here Ly is the characteristic length of the poloidal gradient of the density field. A way to

modify the cross field transport is to act on this parallel current via the biasing potential

Vbias[12] which is numerically simulated by a gaussian radial shape with a radial extend of
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10ρs with no poloidal dependance. Its implementation is in the far SOL in order to require

the minimum power to sustain the biasing voltage. Figure 1 represents the simulation do-

main with radials profiles of the density source (left) localized around the separatrix and

the biasing voltage (right) located in the far SOL.

When simulating the system ((1),(2)) with the parameters g = 5.7 10−4, S0 = 5 10−3,

σ = 2.3 10−4, Λ = 3.88, D = ν = 10−2, ρs = 3.4 10−4, ρsource = 8.5, Vbias = −5, it appears,

as expected, a transport barrier with a steepening of the gradients at the location of the

biasing potential (see figure 2, solid line). Such barrier can be strong enough to quench the

turbulence and prevent the density blobs from reaching the wall depending on the strength

of the biasing potential. In contrast the circles stand for the case without barrier, i.e.,

Vbias = 0; its profile is exponential. Profiles are averaged in time and over the poloidal

direction.

Since the strength of the barrier depends on the amplitude of the biasing potential,

we introduce the notion of the minimal power required to have an efficient control with a

minimum power involved. Let us define the power required to bias, P =
∫

dsVbias j‖ which

should be minimal for practical reasons. The aim is to create a barrier strong enough to stop

the intermittent events with the minimal biasing power. The scan of P as a function of Vbias

is shown in figure 3, where we can distinguish two slopes, the one from −5 < Vbias < −1

and a sudden increase of the slope in the region −1 < Vbias < 0. Such figure indicates which

biasing voltage one should choose in order to reduce the biasing power of a given fraction of

the initial one : a power reduction of 45% corresponds to a Vbias of −1. Since the potential

is normalized to the electronic temperature Te = 100eV , a normalized biasing potential of

−1 corresponds to −100V in real units.

A rough estimate of the biasing power with ITER parameters with a toroidal probe of 1cm

large, a normalized biasing potential of −0.5 corresponding to −50V , an averaged density

of 10−19m−3, a parallel current of 20kA, gives P < 1MW . Such value of biasing power can

be achieved with the current power supplies.

A qualitative way to characterize the effect of the biasing on the turbulence is to consider

the ratio of the poloidally and time averaged turbulent flux after and before the barrier,

respectively. An illustration is presented on figure 4 : again two slopes appear, the critical

point being around Vbias = −1. This flux ratio gives an indication about the relative

avalanches’s activity which crosse the barrier : this activity increases with the decrease of
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absolute value of the the biasing potential. A Vbias = −1 value reduces the initial level of

avalanches of more than an order of magnitude.

The statistical properties of the turbulent transport can be illustrated with the probability

distribution function (PDF). We represent on the figures 5 and 6 the normalized flux PDF

averaged in θ at two given radial position, before (x=160) and after (x=220) the barrier,

respectively, for different values of the biasing potential. Before the barrier (figure 5) the

pdf have the same structure, mainly asymmetric resulting of the intermittency and of the

same order, i.e., with a maximum flux located around 0.1. Before the barrier the pdf is not

sensitive to the biasing potential. After the barrier there is a strong difference compared

with the previous case : first the magnitude of the flux decreases from 40% (Vbias = −1) up

to two orders of magnitude (Vbias = −4 and− 5), second the pdf are more asymmetric and

broader with decreasing Vbias. The general asymmetry of the pdf in the SOL were observed

experimentally in recent works [7, 8, 10].

IV. CONCLUSION

To summarize, we have studied the long range turbulent transport in the SOL which

exhibits intermittent behavior. These intermittent events can propagate in the far SOL

beyond the e–folding length and thus can reduce the divertor performances. A way to

control this long range transport is to bias the far SOL. Biasing will lead to the formation

of a transport barrier which quench the turbulence and may prevent these events from

crossing it. We have shown that such control is achievable numerically provided the strength

of the barrier, characterized by the biasing voltage, is strong enough. The best trade off

is to implement a ring probe toroidally located in the vicinity of the baffles. The required

biasing power for the implementation of a toroidal ring with ITER parameters gives realistic

estimations.
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Fig.1 : Radial profile of the source (left) and biasing potential (right), the simulation box

is of 8 cm2.

Fig.2 : Radial density profile averaged in (θ,t) for Vbias = −5 (circles) and Vbias = 0

(solid line).

Fig.3 : Scan of the biasing power P as a function of Vbias.

Fig.4 : Scan of the flux ratio before/after the barrier as a function of Vbias.

Fig.5 : Flux PDF averaged before (x=160) the barrier.

Fig.6 : Flux PDF averaged after (x=220) the barrier.
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