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Abstract. Convection of plasma filaments (blobs) is commonly considered as responsible of the

transport across flux surfaces in scrape off layer (SOL) of fusion devices. The turbulent simulations

are able to reproduce the local behavior of this filamentary transport, i.e. structure sizes and velocities

and the resulting SOL width in agreement with experimental observations in circular plasma. On the

other hand, these simulations being time consuming and hard to interpret, reduced models are needed.

In this reducing approach, the intermittency has not yet been described and keeps one from drawing a

transport model. This key point motivated a switching of point of view in order to draw a predictive

model for transport based on an analytical and spectral description proposed in this contribution. This

model decomposes the radial flux into contributions from poloidal waves of which behavior is dictated

by interchange mechanisms. A resulting prediction of density and electrostatic potential spectra leads

to an expression of the time averaged radial flux. The SF model allows one to predict the turbulent

structures behavior (amplitudes, velocities, sizes) but also fluctuation levels and macroscopic quantities

such SOL width. This model is confronted with flux-driven simulations and experimental measurements

showing a quantitative agreement between predictions and observations for the simulated turbulence

behavior and both simulated and measured features, e.g. turbulence features, SOL width and fluctuation

levels. Expressing the model in terms of engineering parameters, comparisons with scaling laws and

extrapolations for future devices shows a good recovering.
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1. Introduction

The issues of plasma-wall interaction and power

exhaust are key questions for the quest for controlled

fusion in magnetic fusion reactors. Indeed, the heat

flux from the plasma core going through the edge

and towards the target parts of the tokamak vessels

is still not fully understood. This edge region is the

framework of an intense radial transport leading the

heat flux in the open field line zone of the plasma:

the scrape-off layer (SOL). The SOL properties such

as the heat flux decay length λq is setting the ampli-

tude of flux impacting the wall. The density decay

length λ will set the amplitude of the particle flux

on the targets and will dictate phenomena as erosion

sputtering and also trapping in the wall. The idea of

intermittent filaments (blobs) drifting outwards and

carrying this ”anomalous” transport is commonly ac-

cepted. But so far, no theoretical model has shown

an ability to predict these main SOL properties lead-

ing to the use of experimental scaling laws [1, 2]. Nu-

merical simulations are able to reproduce both the

behavior of the intermittent turbulence and global

features [3, 4, 5] such as the SOL width adimensioned

by Larmor radii (ρi) in agreement with experimen-

tal measurements [6, 7], e.g. 100ρi in inner-limited

plasma [8] and 1− 10ρL in diverted configurations.



M. Peret et al., 2

The experimental characterization of the fil-

aments is based mainly on the concept of ”mean

blobs” which is hard to define because one can only

measure intermittent large events compared to the

mean profiles. The point is that the intermittent ap-

proach keeps one from linking these isolated events

with the average radial flux and so with the SOL

width. A huge effort on simulating this transport

has been carried during the last decades. On the

other hand, the issues of time-costing and com-

plexity of the simulations pointed out the need of

reduced models for SOL transport. Despite the the-

oretical effort in order to describe filament properties

[9, 10, 11], only velocities and sizes of filaments are

described but not their intermittent and amplitude

features[12]. Another point of view draws SOL and

transport properties from distribution functions de-

scribing filament properties [13] but these distribu-

tion functions are not predicted and usually ad-hoc.

Finally, recent works [5, 14] have focused on a spec-

tral analysis based on a single wavenumber repre-

senting the turbulence, with a collisional description

of the parallel dynamics, leading to scaling of SOL

width in qualitative agreement with measurements.

Strikingly, the sheath end of the field lines is not

considered in the model, thus questioning the valid-

ity of this SOL model.

This contribution proposes a self consistent

spectral model of sheath limited interchange tur-

bulence in circular geometries, as initiated in [6]. An

analytical description of time averaged poloidal spec-

tra of density and potential fluctuations is presented.

These spectra can then be applied to predict both

local and global transport properties like fluctuation

levels and SOL width. In particular intermittency

is simply smeared out by the time average nature of

the model.

In the following, the set of conservation equa-

tions for 2D interchange turbulence is first intro-

duced in section 2. In section 3, the spectral fila-

ment model (SF model) is derived. The verification

of the SF model is done in section4 by comparing its

predictions against non linear simulations of the ini-

tial equations with TOKAM-2D. Then, a validation

of the SF model is proposed in section 5 against an

experimental database of different Langmuir probes

measurements in circular and ohmic discharges of

Tore Supra. Finally, a discussion is proposed in sec-

tion 6 covering two important aspects of the model:

the link with blob intermittency, and extension of

the model to incorporate more complex physics like

divertor geometry, collisions and ExB flow shearing.

2. A 2D isothermal model for interchange

transport

In order to investigate the physics of interac-

tions between filamentary transport and background

plasma profiles in a self-consistent way, the use of

flux-driven models is particularly indicated, such as

in TOKAM-2D or HESEL [3, 15]. Although 3D sim-

ulation codes have started to produce data to com-

pare with experiments [16, 17], cases are still spare

and much more complex to interpret than simpler 2D

simulations (transverse to magnetic field lines). In

particular, 2D simulations have shown robust agree-

ments against experimental observations [3, 6, 7].

The isothermal flux-driven TOKAM-2D code [3] is

based on the continuity equation and on the total

charge conservation, leading to density and vorticity

conservation equations. It models the system as a

competition between two phenomena. First, the cur-

vature polarization drives the interchange instability.

A constant parameter g represents the mean effect of

the curvature drive along a field line. In opposition

to this contribution, the current going through the

sheath at the plasma wall interface limits the growth

of interchange instability. The sheath impact is mod-

elled by an effective parallel loss rate

σ‖

acting as a charge loss in the vorticity equation and

a particle loss in the continuity equation:

(∂t −D∆)n = [n,Φ]− nσ||eΛ−Φ + S (1)

(∂t − ν∆)∆Φ = [∆Φ,Φ] + σ||(1− eΛ−Φ)− g∂yn
n

(2)

Time is normalized to the ion cyclotron period

Ω−1
i =

Amp
ZeB and space to the ion Larmor radius

ρi =
√

Amp(Te+ZTi)
ZeB2 where A is the number of nucle-

ons, mp is the proton mass in kg, B is the magnetic

field amplitude in T, Z is the ion charge number,

Te and Ti are respectively the electron and ion tem-

perature in eV and e is the elementary charge in

C. Plasma potential is normalized to electron tem-

perature Te and Λ is the potential imposed by the

sheath (≈ 3). The two dimensions x and y are re-

spectively the radial direction and the electron dia-

magnetic drift direction close to the poloidal direc-

tion and assumed to be transverse to the magnetic

field. The expressions of the curvature and the par-

allel loss rate are given by g = αg
ρi
R and σ|| = ρi

πqR

whereR is the plasma major Radius in meter, q is the

cylindrical safety factor and αg is a constant taking

into account the geometry, including the effective tilt
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of flux tubes by the magnetic shear. Convection by

electrostatic drift is described by the Poisson bracket

[f,Φ] = ∂xf∂yΦ− ∂yf∂xΦ. D and ν are respectively

diffusion and viscosity coefficient normalized to the

Bohm diffusivity DB = ρ2
iωi. The system is forced

by a particle source S localised in the x direction and

usually uniform in the y direction.

3. Spectral Filament model (SF model)

3.1. Fundamental principle of the SF model

The density SOL width λ can be deduced by

a simple balance between radial flux and the paral-

lel flux going to the targets. The turbulent radial

flux is assumed to be carried by filaments moving

radially due to the curvature polarization. This mo-

tion is at least limited by parallel losses toward the

target. In order to predict λ we build a model of

contributions of modes to the radial flux Γr. To sub-

vert the issue of intermittent transport, this work

aims at describing a time averaged radial flux. As-

suming that the turbulent flux is responsible for the

time averaged radial transport, one can express it as

Γr =< Ṽ ñ >t. If perturbations of potential and den-

sity are described as poloidal waves (of amplitude fk
at the wave number k), potential and density can be

locally written as Φ = Λ +
∫ +∞
−∞ Φk cos (ky + ψk) dk

and n = n0e
−x/λ

(
1 +

∫ +∞
−∞ nk cos (ky) dk

)
, where

ψk the phase shift between perturbation of poten-

tial and density of the mode k.

The poloidal (y) average of the radial particle

flux can be deduced after a few straightforward steps:

Γr = 8π2n0e
−x/λ ∫ +∞

0 knkΦke
i(π2−ψk) dk, taking into

account the parity of the spectra. The flux balance in

the SOL then leads to a relation between the radial

gradient of the radial flux and the parallel losses:

∂rΓr = −σ||n0e
−x/λ. Assuming that the effective

transport parameter Γr/n̄ is radially constant, one

can equal the decay length of the flux with the one

of the density and obtain the following expression :

λ =
8π2

σ||

∫ +∞

0
knkΦke

i(π2−ψk) dk (3)

Looking to equation (3), it is obvious that the

SF model needs to have only access to the knowledge

of three spectra for mode amplitude nk, velocity kΦk

and the phase shift ψk. Furthermore, these spectra

may depend on the SOL width themselves making

equation (3) non-linear and self-consistent. This ap-

proach is valid at each time but the aim of the SF

model is to develop a time average solution. To be

able to make the calculations in this paradigm, we

make an assumption by equaling the time average of

the flux to the integral of the time averaged spec-

tra. Although rough, this approximation is verified

on non linear simulations and discussed at the end

of the paper. Moreover, the expression of the phase

shift ψk is hard to draw but one can easily under-

stand with equation (3) that the maximum flux is

due to ψk = π/2 which can be obtained by a linear

solution of the system. Consequently, the model will

consider a constant phase shift equal to π/2, corre-

sponding to the maximum coupling between density

and potential perturbations. All these assumptions

will be discussed later in this contribution.

3.2. Spectra of potential and density

3.2.1. Isolated filament model Isolated filament

models are generally focused on predicting the drift

velocity of isolated density perturbations [18]. To do

so, the vorticity conservation equation is simplified

by an ordering approach, balancing vorticity sources

and sinks expressed with filament parameters: an

inverse transverse size k and a normalized density

perturbation nk (filament density perturbation over

background density):

k4Φ2
k + σ||Φk = gknk (4)

The first left hand side term represents the lim-

itation of the motion of the filament by its inertia

according to [18]. The second one characterizes the

limitation of the motion by the parallel losses. Both

oppose the curvature term in the right-hand side

of (4) driving the instability and each represents a

regime (inertial or sheath limited) separated by the

wavenumber k0 =
(

σ||
4gnk

)1/5
.

This ordering model for an isolated filament will sim-

ply be transposed to the spectral description. In

principle, the non linear inertial term cannot be iden-

tically translated to spectral components due to non

linear convolutions in the Fourier space. For now

this is omitted in purpose, but will be refined in the

following section. Resolving (4) gives a dependency

of Φk function of the density spectrum nk and the

wavenumber k that we label as isolated filament (IF)

model for the potential:

Φk =
σ||

2k4

[
−1 +

√
1 +

k5

k5
0

]
(5)

To complete the model, one needs to derive an

expression of nk. Equation (1) shows that the im-

pact of the perturbations are taken into account into

only two terms : the Poisson bracket representing the

convection of the gradient of density and the parallel

losses. Neglecting this last contribution, the system
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is reduced to the convection of the background gra-

dient of density counter-balanced by the convection

of the mode by itself, in other words it reduces to

the common mixing length rule:

nk =
1

λk
(6)

Fig.1 shows a comparison of the isolated fila-

ment model for the potential spectrum and the mix-

ing length rule for the density spectrum, against

spectra built from a non linear flux driven simula-

tion of the initial equations, using TOKAM-2D code.

The agreement is relatively good regarding both the

shapes and amplitudes of the spectra, noting that:

the isolated filament potential model overestimates

the simulation spectrum for k > k0, and the mixing

length rule overestimates the simulation spectrum

for k < k0. If one looks at the contribution of the

mode k to the total radial flux, agreement is again

quantitative except a moderate overestimation of the

model for k > k0. The phase shift between density

and potential in the simulation is around π/3 and

not π/2 as assumed, but this only changes the flux

amplitude by 10%.

Discrepancies between the isolated filament model

and the simulation spectra suggest that non-

linearities are potentially not correctly treated in

the current model, even though the impact seems

quite moderate. A refinement of the isolated fila-

ment model is proposed in the following, taking into

account an effective diffusivity due to the dynamics

of the dominant mode k0.

3.2.2. Limitation of spectra by the dominant
mode k0 The previous illustration of simulation

spectra (fig.1) reveals an important feature of the

interchange turbulence: a packet of modes around

k = k0 exhibits a much faster drift velocity than the

whole remaining of the spectrum. The sound agree-

ment of the isolated filament model regarding the

position and amplitude of this maximum in the po-

tential spectrum indicates that this dominant mode

is the mode sitting at the transition between sheath

limited and inertial regimes.

This mode k0 drifts outward down the density gradi-

ent faster than all other modes. We can picture that

while drifting, the mode will necessarily drift over

modes of lower velocities. These modes will there-

fore experience a finite perturbation from the fast

passing vortices of the dominant mode. The exact

description of this perturbation is not the focus of

this work: we seek for an ordering approach to stay

in line with the paradigm of the isolated filament.

First, the passing vortices of the dominant mode will

act as a turbulent viscosity νeff = Φk0 , spreading the

vorticity of all other modes. The model for potential

spectra can therefore be rewritten adding this effec-

tive viscosity, but also removing the inertial term

that is not correct in the Fourier space:

k4ΦkΦk0 + σ||Φk = gknk (7)

Interestingly the later equation is identical to the

isolated filament model when applied to the domi-

nant mode k0: the effective viscosity of the dominant

mode acting on itself is equivalent, in effect, to the

inertial damping mechanism. In other words, this

new model for potential spectra conserves the agree-

ment against simulations for the prediction of Φk0 .

This effective turbulent mixing from the dominant

mode should, in principle, also act on the density

field. That said, adding an effective diffusivity in

the form Deff = Φk0 in the density model will re-

sult in a strong coupling between the two equations

for density and potential spectra, that is uneasy to

manipulate. To tackle this, an heuristic approxima-

tion is proposed. When dominant vortices (k0) drift

over density modes of larger sizes (k < k0), the den-

sity pattern of these modes is disturbed by the strong

vortices, as is the background density gradient in the

mixing length paradigm. For these large size density

modes, it represents a loss of matter. To stick with

the mixing length rule, that did not show to be com-

pletely wrong against simulated density spectra, we

will simply replace the wavenumber appearing in the

later by an effective hybrid wavenumber:

nk =
1

λ
√
k2 + k2

0

(8)

Such an approximation of the non linear impact of

the dominant mode on the rest of the spectrum has

the good advantage to keep the model simple, to pro-

vide a saturation at low k and to lower the density

spectrum at k0, as required to gain in quantitative

agreement against simulation results.

3.2.3. The spectral filament model The new

equations for density and potential spectra (7,8) are

meant to include an approximation of the non linear

coupling with the dominant mode k0, that appears as

a coupling between the density and potential equa-

tions through the wave number k0. In order to de-

rive two independent expressions for the density and

potential spectra, a first step is needed: derive the

expressions of k0 and Φk0 . The later comes from a

straightforward evaluation of equation 7 at k = k0,

including the new expression of the density spectrum

8. The wavenumber k0 is defined as the wavenumber

where the potential spectrum reaches its maximum:

∂kΦk|k0 = 0. Here, the expression of the potential
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spectrum Φk is given by 7, where the density spec-

trum is replaced by its new expression 8. Doing so, a

new expression of k0 is derived function of the three

control parameters g, σ|| and λ.

These two intermediate steps done, the whole sys-

tem can be solved into analytic and independent ex-

pressions of the density and potential spectra. After

some algebra, the spectral filament (SF) model leads

to the following expression of density and potential

spectra:

k0 =

(
0.92λσ2

||

4g

)1/4

(9)

u =
k

k0
(10)

Φk =
g

λσ||

u√
1 + u2 (1 + 0.14u4)

(11)

nk =
1

λk0

1√
1 + u2

(12)

In fig.1, we can see that the SF model is better de-

scribing the simulation spectra than the previous iso-

lated filament model. Moreover it leads to easy in-

tegration of the spectra which is not the case of the

isolated filament model as discussed hereafter.

3.2.4. Contributions to the flux and SOL width
With the system of eqs. (11,12), the model gives ac-

cess to the contribution kΦknk of each mode to the

total radial turbulent flux.

kΦknk =
σ||k

2
0

2λ

1

u3
√
u2 + 1

[
−1 +

√
1 +
√

2
u5

√
u2 + 1

]
(13)

This function has no straightforward analytical

integral expression, but it can be expressed as a prod-

uct of two independent functions: a scalar contain-

ing the physical amplitude of the flux, and a spectral

shape function of the normalized wavenumber only.

The later can be integrated numerically to retrieve

an analytical expression of the total turbulent flux

function of g, σ‖ and λ. Similarly, the expressions of

density and potential spectra can be integrated with

the same manner to express the fluctuation levels of

these quantities: σf =
√

8π2
∫ +∞

0 f2
kdk.

After some algebra, the followig expressions are de-

rived for the radial particle flux, the density and po-

tential fluctuation levels, and the SOL width λ:

Γr = n̄ 41λ−7/4g3/4σ
−1/2
|| [cS ] (14)

σn
n̄

= 13.3λ−9/8 g1/8 σ
−1/4
|| (15)

σΦ

Te
= 5.0λ−7/8 g7/8 σ

−3/4
|| (16)

λ = 3.9g3/11σ
−6/11
|| [ρL] (17)

4. Verification of the SF model against

simulations

A set of 8 non linear flux driven simulations of equa-

tions (1,2) is built with the TOKAM2D code. The

simulation domain is set as Nx×Ny = 512×256 with

the y direction periodic and x direction limited by

boundary buffers. The source term is y-uniform and

located in the low x region. Diffusion and viscosity

are set to D = ν = 1×10−4, small enough to neglect

their effects on the interchange turbulence [7]. Sim-

ulations are run up to statistical steady states, over

which fluctuations and profiles properties are ex-

tracted. To avoid any boundary effects from source

and buffers, quantities are measured in a central

simulation domain (x ∈ [50 − 200]). Curvature g

and parallel loss rates σ‖ are scanned over experi-

mentally relevant ranges of cylindrical safety factor

and normalized Larmor radius (g ∈ [1, 40] · 10−4 and

σ|| ∈ [1, 50] · 10−5).

The primary purpose of SF model is to predict

the the time averaged poloidal spectra of density

and potential fluctuations. A detailed comparison

against a single simulation is shown in fig. 1.

Figure 1: Time averaged poloidal spectra of potential

(top left), density (top right), radial flux contribution

(bottom left) and phase shift between density and poten-

tial (bottom right) from a single simulation (σ|| = 5×10−5

and g = 2 × 10−4). Grey error bars depict the extreme

values of the quantity in the time range and spatial zone

of study at each wavenumber value. Predictions from the

isolated filament (IF) model are shown in dashed green,

and dashed blue for the spectral filament (SF) model. The

SF model prediction of the dominant wavenumber k0 is

shown as dashed red vertical lines
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As discussed previously, the SF model is able to

reproduce quantitatively both density and potential

spectra over a large wavenumber range. Still, the

density spectrum is slightly overestimated in the low

k domain (k < k0), but this has a negligible impact

on global quantities as shown in the following. To

verify the robustness of this agreement against the

whole set of simulations, we focused the comparison

on a set of relevant parameters of turbulence: the

dominant wave number k0, the amplitude of poten-

tial and density spectra at this wave number Φk0

and nk0 , the normalized fluctuation levels of density

and potential fields σn/n̄ and σΦ/Te (measured in

simulations as the temporal standard deviation at

fixed local positions and then averaged over these

positions), and finally the density exponential decay

length λ. The comparison between these transport

parameters measured in the simulations and the

spectral filament model predictions is shown in fig.2.

Spectral properties of density and potential fluctu-

ations as measured in the simulations are quantita-

tively matched by the SF model: both the value of

k0 and the spectral amplitudes at this wavenumber

are predicted by the model with less than 20% error.

Note that over the large range of control parame-

ters, the dominant wavenumber varies by a factor

of 2 and the spectral amplitude by about 10. The

fluctuation levels of density and potential are also

well reproduced by the model. The match is quanti-

tative for density, but the model underestimates the

fluctuation level of potential by about 20%, which

is systematic over the set of simulations. This is

still not well understood, but could be caused by the

presence of zonal modes (k = 0) in the simulations

that are not treated by the SF model. Finally, pre-

dictions for the SOL width λ are also found to be

in quantitative agreement with simulation results,

over a variation range of about 3. It shows that the

model predicts well the strength of radial turbulent

transport.

Figure 2: Comparison of the SF model predictions with

TOKAM-2D simulations for a) k0, b) the fluctuation lev-

els of density and potential, c) properties of the mode at

k0 : Φk0 and nk0 , and d) density decay length λ. For

simulation values, errobar bars are defined as: the spec-

tral resolution of the simulations for k0, extrema of time

variations for Φk0
and nk0; and for the normalized fluctu-

ation levels and λ, 2 times the standard deviation of their

temporal and spatial fluctuations.

These quantitative agreements, covering various

aspects of turbulence properties, over a large range of

control parameters, establish the verification of the

spectral filament model.

5. Validation of the SF model against

Tore Supra experiments

The model addressed the description of interchange

transport in simplified geometries: circular cross

sections without diverted volumes, no volume source

of particles in the domain of interest. Plasma dis-

charges performed in Tore Supra can exhibit such

properties [19]. Here we will focus on a set of ohmic

discharges limited on the high field side of the plasma

section. This series of pulses were intensively stud-

ied as part of a database for the ITER startup phase

[20]. During the stationary phase of the discharges

(several seconds), two reciprocating probe systems

were used, both located at the top of the vacuum

chamber and spanning the probe head from the wall

up to the last closed flux surface. A first system

holds tunnel collectors in a parallel Mach configura-

tion, dedicated to background profile measurements

[21]. The second system holds a poloidal array of

small collectors, called rake probe, dedicated to fluc-

tuation measurements [22]. The array consists in
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six protruding pins separated by 3mm that are al-

ternatively floating or biased to -200V. Such system

collects fluctuations of floating potential and satu-

ration current at a frequency of 1MHz [7]. Unfor-

tunately, it was not possible to coincide each tunnel

probe reciprocation with a rake probe reciproca-

tion. The tunnel probe database contains about

100 profiles collected in various discharge parame-

ters (BT ∈ [2.6, 4.1]T, IP ∈ [0.4, 1.25]MA), whereas

the rake probe database contains about 40 fluctua-

tion profiles collected in a similar parameter range

(BT ∈ [3.1, 4.1]T, IP ∈ [0.6, 1.4]MA).

Previous works on this database have shown that

fluctuations are indeed of interchange nature, and

exhibit filament like signatures in agreement with

the isolated filament model [7]. It was also shown

that the database of density decay length estimated

by the tunnel probe could be statistically reproduced

by a scaling law built from TOKAM-2D simulations

[6]. These studies showed that the underlying model

of interchange simulated by TOKAM-2D does rep-

resent the transport physics at play in Tore Supra

ohmic circular discharges. This comparison is now

extended to the whole set of experimental observable

that the spectral filament model can scope with.

Applying the model to experimental conditions re-

quires a re-normalisation of the model variables, or

a normalization of the experimental set of observ-

able. Since all relevant local plasma parameters are

accessible with both probe systems, comparison of

the model against Tore Supra database will be done

in normalized units. In particular, the effective cur-

vature and parallel loss rates will be expressed as

g = 1.5ρi/R and σ|| = ρi/(πqR).

The comparison to Tore Supra database is done

in two stages. First, properties of average filaments

are focused. The treatment for compiling average fil-

ament properties from the reciprocating rake probe

data is detailed in [7]. A database of about 7000 av-

erage filaments is obtained. Each filament is char-

acterised by its poloidal size, radial E × B drift

velocity, density perturbation normalized to back-

ground value, local electron temperature and global

discharge parameters. The spectral filament model

is not meant to describe individual filaments, but

rather to describe the collection of filaments repre-

sented by a poloidal spectrum. Nevertheless, the

model shows the existence of a dominant mode k0

that should emerge, as an average trend, across the

experimental database. This is indeed shown in fig.3.

The experimental inverse filament size k is found, in

average, to be quantitatively reproduced by the pre-

diction of k0 (eq. 9 and 17). Note that the experi-

mental set of average filaments exhibit a broad range

of sizes that cannot be covered by the spectral fila-

ment model, obviously because the model can only

predict the most probable state. A similar agree-

ment is found for the drift velocity of the filaments,

being quantitatively reproduced by Vk0 ≡ k0Φk0 , in

average.

The second stage of comparison concerns transport

quantities that are directly predicted by the SF

model: the SOL width and fluctuation levels. In

fig. 3 are shown such comparisons. The density SOL

width is found to be quantitatively predicted by the

model, with a deviation around unity of about 20%

in average. The fluctuation levels are also well re-

produced by the model, noting that the range of

variation is relatively small. A striking feature of

this comparison is that the model underestimates the

potential fluctuation level by about 20% in average,

which is similar to the mismatch found during the

verification of the model against TOKAM-2D simu-

lations.

Figure 3: Maps of point concentration comparing the

SF model predictions and the Tore Supra database for

the dominant filament inverse size (to left), the dominant

filament velocity (to right), the SOL width (bottom left)

and the fluctuation levels of density and potential (bot-

tom right) (lighter colors for higher concentration)

6. Discussion

6.1. Engineering scaling laws

In order to provide a generic application of the model

in term of scaling laws based on engineering param-

eters, the electron and ion temperature need to be

evaluated through another model. We will make the

assumption that Ti = Te and use the 2 point model in
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the high collisionality regime to derive an expression

of the electron temperature at separatrix:

Te ≈ 0.13

(
q2
cylRPsep

aλq

)2/7

(18)

, where Te is in eV, R and a respectively the major

and minor radius in meter, Psep the power crossing

the separatrix in W, and λq the heat flux channel

width in meter. To use this expression in the SF

model, one need to estimate λq, recalling that the

model predicts the density decay length λ and not

directly the heat flux decay length. To solve this, we

will assume that the heat flux decay length is a con-

stant fraction of the density decay length: λq = 0.5λ.

This factor 0.5 is what is found in Tore Supra experi-

ments [6], although it does not necessarily scope with

evidences from diverted plasma scenarios where this

ratio can be smaller and vary across different regimes

(L-mode or H-mode). Anyhow, since the model is

not yet addressing the diverted geometry, we follow

this rough approximation for now. The model pre-

dictions are rewritten with engineering parameters

only:

λq[mm] = 5 q0.68
cyl B

−0.66R0.34

(
A

Z

)0.33

P 0.09
sep a

−0.09

(19)

k0[m−1] = 1.103 q0.51
cyl B

0.74R−0.26

(
A

Z

)−0.37

P−0.1
sep a0.11

(20)

Vk0 [m.s−1] = 106 q0.37
cyl B

−0.32R−0.32

(
A

Z

)−0.34

P 0.19
sep a

−0.19

(21)

σn
n̄

[%] = 33 q−0.33
cyl B−0.16R−0.17

(
A

Z

)0.08

P 0.03
sep a

−0.03

(22)

σΦ

Te
[%] = 9.25 q0.35

cyl B
−0.33R−0.33

(
A

Z

)0.16

P 0.05
sep a

−0.05

(23)

(24)

Interestingly, this scaling produced by the SF

model, finds a sound agreement with multi-machine

scaling laws. First, in L-mode limited [8] and di-

verted regimes [1] and also in H-mode discharges [2].

Nevertheless, some discrepancies appears for (1) the

non dependency on mass number in experiment and

(2) the constant value which is lower in diverted plas-

mas and in H-mode discharges.

6.2. Collisionality and geometry impacts on

SOL width

Halpern et al. [5, 14] proposed a similar ap-

proach in order to build a scaling law based

on a linear theory around an unique wavenum-

ber k0ρi = 0.1 and taking into account a mix-

ing length on a mesoscale wavenumber
√
k0/λ.

Another difference is in the phenomenon which

leads the parallel losses. In the works of Halpern

et al., a plasma resistivity is invoked whereas in

this study sheath resistivity is considered. Both

scaling laws lead to qualitatively agreeing depen-

dencies in the control parameters (λHalpern ∝
q0.84B−0.38R0.68n0.07T 0.06 vs λSF [mm] =

10 q0.55B−0.73R0.27
(
A
Z

)0.36
T 0.36
e

(
1 + Ti

ZTe

)0.36
. Nev-

ertheless, some discrepancies are remarkable : (1) a

dependence in electron density is not predicted by

the SF model and (2) the SF model predicts an ab-

solute value of the SOL width. The resistivity could

have an important impact on the parallel dynamics

in SOL in the divertor high-density regimes in which

we see a broadening of the near SOL width [23]. This

is addressed in more recent studies [24] based on fit-

ting on an experimental dataset to try to quantify

the turbulence contribution in transport. The SF

model is able to reproduce quantitatively the SOL

width and turbulent behavior in the main scrape-off

layer in inner-wall limited circular plasmas. Chang-

ing to a diverted geometry has an impact on the

turbulence features. This had been observed exper-

imentally [25] and with 3D isothermal simulations

[17]. Both show a variation of the SOL width of an

order of magnitude. Geometrical effects or X-point

impacts maybe spearheads this decrease of outgoing

flux. A change in the parallel flow dynamics can also

be involved in this change. A finer description of the

parallel dynamics accounting for 2-pt or 3-pt model

(with a 3rd point at the vicinity of the X-point) could

be used to recover diverted geometry conditions and

possibly describe these last points. Moreover, the

SF model offers a handling which could allow one to

describe different phenomena as the turbulence in

the plasma at the edge of closed flux surfaces with

a resistive description of the parallel dynamics. A

work on the curvature parameter g has also to be

done in order to describe the impact of geometrical

parameters such as elongation or triangularity on

the turbulence.

6.3. Shear flows damping of the turbulence

In previous contributions, Staebler et al. [26, 27] pro-

posed a linear approach in order to introduce the im-

pact of E×B shear. This point of view is comparable
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to what is done here for the expression of the poten-

tial perturbations. Indeed, they expressed the poten-

tial as the growth rate divided by the square of the

wavenumber which is exactely the result obtained by

the approximations made here to treat the non linear

terms in the Isolated Filament model. Furthermore,

this gives a promising point of view to introduce the

shear effects in the model (ongoing work).

7. Summary and conclusion

A spectral decomposition of the filamentary trans-

port in the scrape-off layer of tokamaks has been

derived from conservation equations. Pointing a pre-

dominating wavenumber k0 in the turbulence spec-

tra, the model is able to predict all the features of

the turbulence at this wavenumber leading to a ra-

dial flux model for the transport. This model has

been verified against 2D isothermal flux driven sim-

ulations with TOKAM-2D and compared with an

experimental database from inner-wall limited circu-

lar L-mode discharges in Tore Supra finding a very

good quantitative agreement for (1) local properties

of the turbulence i.e. wavenumber and velocities of

the perturbations and (2) large-scale properties i.e.

fluctuation levels and SOL width λ. This SF model

leads to an expression of the SOL width λ[mm] =

10 qB−8/11R3/11
(
A
Z

)4/11
T

4/11
e

(
1 + Ti

ZTe

)4/11
which

predicts values for the ITER startup conditions in

again good agreement with multi-machine extrap-

olations (λ ≈ 5cm according to [8, 28]). More-

over, the dependencies of the model predictions with

the plasma control parameters are close to what is

observed experimentally. Aiming at validate this

scaling, 3D isothermal flux driven simulations with

TOKAM3X will be useful and developed in future

works. Furthermore, finer effects could be included

in the model such as: (1) X-point or magnetic shear,

(2) density regimes and (3) shear flow damoping.
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