
Journal of Nuclear Materials 337–339 (2005) 347–351

www.elsevier.com/locate/jnucmat
Statistical analysis of turbulent front propagation
in the scrape-off-layer

Ph. Ghendrih a,*, Y. Sarazin a, G. Attuel a, S. Benkadda b, P. Beyer b,
G. Darmet a, G. Falchetto a, C. Figarella a, X. Garbet a,

V. Grandgirard a, M. Ottaviani a

a Association Euratom-CEA, DRFC/DSM/CEA Cadarache, 13108 St Paul lez Durance, cédex, France
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Abstract

The intermittent transport in the SOL is analysed in terms of the interaction between the average profile and the

population of large transport events, the fronts. This provides the basis for the statistical analysis presented in this

paper. Data from 2D numerical simulations is analysed here. The mean density e-folding length for the fronts is

observed to be the same as that of the time average profile. The mean ballistic velocity of the fronts has a radial Mach

number of 0.03. A symmetric distribution of poloidal Mach numbers is found, its width is comparable to that of the

radial Mach number, DM � 0.02. The small fronts are found to be isotropic, the larger fronts are elongated radially

(aspect ratio � 6). A characteristic poloidal scale is found, typically 7 Larmor radii.
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1. Introduction

A proper understanding of cross-field transport is

most important since the balance between cross-field

and parallel transport are key aspects in the scrape-off-

layer of magnetically confined plasmas [1]. The impact

for a next step device addresses issues such as transport

to the main chamber wall and consequently reduced per-

formance of the divertor in terms of particle control

(main species and impurities) and uncertainty in the

modelling effort since the latter is based on diffusive
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transport. Recent theoretical [2,3] and experimental

[4,5] investigation of turbulent transport has indicated

that a significant fraction of the particle outflux was

transported by large intermittent events. The analysis

of the experimental data has led to a statistical descrip-

tion of these events including the radial profiles of the

radial velocity and particle content of such intermittent

events [4,5]. Imaging of the turbulence allows one to ob-

serve front propagation, usually in 2D, with complex

trajectories. The goal here is to quantify this information

in order to improve the description of the intermittent

transport and to establish common tools and criteria

to compare experimental and theoretical results. Control

of this SOL turbulence with a biased ring is investigated

in [6].
ed.
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We address SOL transport with simulations of the

SOL interchange instability [7,8]. We restrict the analysis

to the density at constant temperature in the cold ion

limit. The system is governed by two equations, one

for the normalised density field and the other for the

normalised electric potential. The flute assumption al-

lows one to simplify the parallel transport which then

takes the form of the loss terms at the sheath. The equa-

tions and parameter values will be found in Refs. [2,3,6].

Space is normalised to the hybrid Larmor radius qs,
q2
s ¼ T e=mi (Te is the electron temperature and mi is

the ion mass ratio), time to the ion cyclotron frequency

1/Xi and velocity to the sound velocity, cs = qsXi. Ballis-

tic propagation velocities (velocity v) are thus directly

computed as Mach numbers M = v/cs. Although very

simplified, this system, when flux driven, appears to be

generic of SOL transport [9]. (The equations will be

found in Appendix A).
2. Interplay between density fronts and the average

density

Let us consider the radial particle flux Cr at a given

position. The time trace exhibits large peaks of positive

values (outflux) as well as a background level of small

magnitude negative values (influx). The probability dis-

tribution function (PDF) Pr(C) allows one to recover

this description. There is a nearly symmetric bulk of par-

ticle flux events with negative and positive values, Cr/

hCri typically ranging from �7.5 to 7.5, Fig. 1. hCri is

the average value, hCri ¼
Rþ1
�1 dCrP rðCrÞCrðr; hÞ,

hCri = 0.0266. The PDF Pr(C) is also characterised by

a heavy tail towards the positive flux values with a decay

that can be fitted by Pr(C) � P0exp(�C/C*) with C*/

hCri � 4.252. The most probable flux value is negative

and comparable in magnitude to the average flux

CPmax/hCri � �0.418. A measure of the weight of the

rare events in the transport properties is provided by

computing their contribution to the average flux

CPDF(C) versus their weight in the PDF, WPDF(C), given
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Fig. 1. PDF of the particle flux, the dot-dash line indicates the

mean value.
by, CPDFðCÞ ¼
Rþ1
C dCrP rðCrÞCrðr; hÞ and W PDFðCÞ ¼Rþ1

C dCrP rðCrÞ, Fig. 2. In the heavy tail region of the

PDF, one readily finds the approximate relation

CPDF(C) �WPDF(C)(C + C*). The function CPDF(C) first
increases with WPDF, levels off when the negative values

of C are reached and then decreases to hCri as

WPDF ! 1. This analysis provides a description of the

turbulent transport in terms of three fields, the aver-

age field, the large magnitude fluctuations in the heavy

tail of the PDF and the small magnitude fluctua-

tions. The large magnitude fluctuations are identified

as fronts and extend to the fluctuation level such that

CPDF(CFronts) = 1. For the data used in Fig. 1 this corre-

sponds to WPDF(CFronts) � 11.5%. In practise, the fronts

are defined as the sets of points such that the density lo-

cally exceeds twice the average density. These points

cluster in structures that represent about 10% of the

box size.
3. Characteristic features of a density front

Let us consider a given front, Fig. 3. The radial ex-

tent of this front is 47qs and approximate surface

356q2
s . As a result the average width in the poloidal

direction is of 7.6qs with a maximum width of 10.5qs.
The poloidal extent of 23qs, shown on Fig. 3, is thus typ-

ically a factor two larger than the actual width of the

front. It is due to the �wiggles� of the front in the poloidal

direction. The front thus appears to be elongated in the

radial direction and exhibits wiggles in the poloidal

direction with displacements of the same order as the

front width. The density profile in the front follows the

curvilinear abscissa sF of the line of points (rF,hF) such
that hF is located at the local density maximum for each

value rF. The density profile shown on Fig. 4 is charac-

teristic of a front, there is a nearly constant density in the

bulk of the front and a steep density gradient (negative)

at the forefront. The profile at given y exhibits multiple

peaks that reproduce multiple intersections with the
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Fig. 2. Contribution of the flux events to the mean flux, CPDF,

versus weight in the PDF, WPDF.
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Fig. 4. Density profile in a front, following the line of

maximum density n(sF), radial profile n(r) and time average

profile hni.

Fig. 3. Front extent at a given time in the (r,h) plane, radial
extent �47qs, poloidal width of the shape �23qs, although the

effective extent is about half (see the dashed lines).
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given front as well as crossing the neighbourhood at

lower density.

On Fig. 5 are plotted the front density profiles at four

different times. The point of the front at largest radial

position, labelled FF (Forefront), stands at the inter-

section of the strong density gradient at the forefront,

with the line at twice the average density profile,

nFF = 2hn(rFF)i. For the data shown on Fig. 5, one finds

a 20qs radial shift of FF, for a time step of 600/Xi. The

velocity of the forefront is then found to be �0.03cs. The

front at two different times is plotted on the same curve
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Fig. 5. Density front at 4 different times, 178, 182, 186 and 190

in units 50/Xi. The two diamonds locate the front head at two

times (178 and 190).
after shifting FF at the earlier time to the radial and den-

sity value of FF at the later time. The shape of the front

is hardly changed. The ratio of the front density on the

flat top to the average density is nearly constant �3.3.

The density gradient at the forefront is unchanged,

n/$n � 4.6qs. Finally, the radial extent of the front is

also found to be the same, Lr � 40qs.
4. Statistical features of density fronts

The statistical properties of the density fronts are

analysed according to the features described in Section

3. In particular, the ratio of the density on the flat top

of the front to the average density profile is observed

to be constant. This property also means that the e-fold-

ing length of the front density is comparable to the

e-folding length of the average density profile. This is

confirmed by the statistics, Fig. 6. The common e-fold-

ing length is typically 56qs. This property is in agreement

with experimental observations [3]. The PDF of the e-

folding length of the front is found to be nearly Gauss-

ian with a width of 20qs.
When analysing a given front in Section 3, several

values of the radial velocity can be found. In particular,

the various points belonging to the front will contribute

to the average velocity of the front, but also to changes

in the front boundary as well as to particle circulation

within the front. Here, the statistical analysis is per-

formed with the velocity of the mass centre of the front.

The PDF of the poloidal velocity is very close to sym-

metric, hence hMhi � 0. In contrast, the PDF of the

radial velocity is found to peak at a Mach number

Mr = vr/cs � 0.03. The widths of the two distributions

are comparable DMr � DMh � 0.02. The radial depen-

dence of the Mach numbers can be analysed in terms

of the profiles of the mean values computed with the

PDFs, hMri and hjMhji, Fig. 7. Three regions characte-

rise these profiles, a first region in the vicinity of the sep-

aratrix, of width �30qs, where the Mach numbers
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Fig. 6. Profile of the density e-folding length for the time

average density kn and mean value for the front population

hkni. The dashed lines indicate approximately the profile

average values of hkni and width of its PDF.
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Fig. 7. Profile of the Mach numbers, front population Mr and

jMhj, and time averaged values, Meff = hCri/hni and poloidal

drift velocity hvEhi. The three latter are multiplied by 2.5. The

source S locates the separatrix.
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increase rapidly as the fronts build-up, a second region

where the Mach numbers are nearly constant, and a

third region towards the stable region of the simulation

where the Mach numbers decrease. On Fig. 8, the Mach

numbers of the fronts are compared to the profiles of the

average fields, the effective Mach number, Meff = hCrit/
hnit and the average zonal flow hjvEhjit (vE is the electric

drift velocity). The radial Mach number averaged on the

front population is typically a factor 3 larger than Meff.

This underlines the result discussed in Section 2, namely

that the large intermittent radial outflux, is partly bal-

anced by a low magnitude influx.

The characteristic scales Lr and Lh of the fronts ap-

pear to be correlated. While Lr varies from 0 to 50qs
radially Lh increases from 0 to 25qs poloidally. The

smaller fronts are found to be isotropic Lr � Lh < 10qs.
For larger fronts Lr tends to increase and the poloidal

scale of the fronts to level-off at about 10qs. The PDF

of the two scales, Fig. 4, allows one to recover this result.

While the PDF of the radial scales does not exhibit a

characteristic scale, the poloidal scale is characterised

by a peak value at about 7qs. The occurrence of fronts

in the density transport does not appear to be a signa-

ture of an inverse cascade in the poloidal direction since

the characteristic scales that are reached are similar to
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Fig. 8. PDF of the mean extent of the front population

restricted to fronts lasting longer than 250/Xi.
that of the unstable modes in the linear analysis [2].

Some signature on an inverse cascade can be found in

the increase of the radial characteristic scale although

it appears to level off at values significantly smaller than

the system size. Conversely, the splitting of the fronts,

that is observed to bound the front life time is reminis-

cent of a direct cascade with energy transferred to the

smaller scales where molecular diffusion erodes away

the fronts.
5. Discussion and conclusion

The analysis of the intermittent transport in the SOL

indicates that the average field and the fronts exhibit

similar e-folding lengths in the radial direction. Further-

more, the fronts are found to predominantly originate in

the vicinity of the separatrix where they are rather iso-

tropic. As propagation through the SOL occurs, the

fronts extend radially up to four to five times the poloi-

dal scale (�10qs). During this phase the radial velocity

also increases and reaches a Mach number of the order

of 0.03. These features appear to be in qualitative agree-

ment with the experimental observation [3,4]. More

quantitative agreement would require an appropriate

scan in the simulations to determine the scaling laws that

govern these properties.

Very few fronts are found to cross the simulation

box in a single ballistic flight. Interaction of the poloi-

dal flows with the fronts appear to strongly bound the

lifetime of these events. Indeed shearing of the fronts

are observed. They govern the direct cascade to the

small scales where molecular diffusion smears out the

fronts. The mean poloidal velocity of the mass centre

of the fronts is found to be typically one order of

magnitude larger that the zonal flows. These poloidal

flows on the front scale thus appear to be far more

effective in the shearing process of the fronts than

the zonal flows. The results presented in this paper

indicate that significant interaction is found between

the fronts and the background turbulence activity

exemplified by the dynamics of the vorticity [9]. The

investigation of the dynamics of single transport

events [10] falls short of capturing this complex

dynamics.

The present analysis of the intermittent SOL turbu-

lence provides a basis to describe the transport prop-

erties as resulting from the interaction of three fields,

the average field that ultimately is the key quantity

in the modelling effort, the fluctuations that do not

contribute to transport but that will act as a noise,

hereby introducing an appropriate random process,

and the large fronts that bear the turbulent transport

properties. The statistical results in this paper are a

first step in defining the rules of this three field

interaction.
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Appendix A

Several SOL instabilities are presently investigated

(see Refs. [3,10] and the review Ref. [11] for extra refer-

ences). The model used in the present paper is most

effective to investigate generic properties of turbulent

transport. We address SOL transport with a very simpli-

fied model [2,7,8]. It is based on the interchange instabil-

ity. We consider particle transport at constant

temperature (Te�Ti) with fluid equations. The system

is governed by two equations, one for the normalised

density field N = n/n0, the other for the normalised elec-

tric potential / = eU/Te.

ð@t �Dr2
?ÞN þ ½/;N � ¼ �rNeðK�/Þ þ S;

ð@t � mr2
?Þr2

?/þ ½/;r2
?/� þ g@y logðNÞ ¼ rð1� eðK�/ÞÞ:

ðA:1Þ

The diffusion coefficients D and m are standard colli-

sional particle diffusion and viscosity. The electric drift

convection takes the standard form of Poisson brackets

[f, g] = oxfoyg � oyfoxg, where x = (r � a)/qs is the min-

or radius normalised by the Larmor radius q2
s ¼ T e=mi

and where y = ah/qs, a is the plasma radius. The inter-

change destabilising term in the equation for the electric
potential is characterised by its magnitude g. The sheath

loss terms depend on both the difference between the

electric potential and the plasma floating potential and

on the sheath conductivity r [2]. At equilibrium, the par-

ticle source term S is then balanced by the end loss term

(in the parallel direction). Typical values of the parame-

ters used in the runs will be found in Ref. [3].
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