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Width of turbulent SOL in circular plasmas: a theoretical model validated on experiments in Tore Supra tokamak

The relation between turbulent transport and scrape off layer width is investigated in circular plasmas toroidally limited on the inner wall. A broad range of experimental observations collected in the Tore Supra scrape off layer are detailed and compared to turbulent interchange models. Blob velocities agree reasonably well with an analytical model derived for isolated blobs. A set of 2D isothermal turbulence simulations are used to derive a scaling law for the density width. Quantitative agreement is found between this model scaling and experimental density width measured in Tore Supra, over a large set of plasma conditions. The sensitivity to control parameters (major radius, safety factor and normalized Larmor radius) is roughly explained by the sensitivity of the blob velocity model. The predictions are also extended to power decay length in limited plasma configurations. For ITER start-up phases, the predicted power decay length fall in the range of extrapolations based on multi-machine regressions.

Introduction

Prediction of scrape off layer (SOL) properties in future tokamak reactors is a fundamental step to prepare and design several aspects of their operation. The average SOL power width λ q sets the local average heat loads on plasma facing components. The average density width λ n sets the particle flux and retention on wall elements, but also coupling properties of electromagnetic systems like lower hybrid current drive or ion cyclotron resonance heating [1]. It also sets the level of impurity produced from their plasma interfaces, due to waves interaction with SOL particles [2]. Additionally, SOL density fluctuations can scatter propagating waves, resulting in wave spectra alteration [3], intermittent acceleration of electron beams in a broad SOL volume [4], etc. Generally fluctuations of large amplitudes, as commonly observed in SOL plasmas, will tend to complexify the prediction capabilities of transport codes, plasma interaction with electromagnetic waves, wall components or neutrals in the divertor [START_REF] Manz | the AS-DEX Upgrade Team. Nuclear Materials and Energy[END_REF]. In this contribution, an attempt is made to clarify the predictability of the SOL state in relatively simple plasma scenarios already well documented [START_REF] Gunn | [END_REF]: high field side (HFS) toroidally limited L-mode discharges performed in Tore Supra tokamak. Motivations are twofold. First, there are clear evidences that turbulence dominate the radial transport in this configuration. Convection of plasma filaments (blobs) around the outer midplane is found to dominate the global radial particle flux in the SOL [7]. These fluctuations measurements are supported by the systematic observation that SOL widths are much narrower in low field side (LFS) than in HFS limited configurations [8], which is explained by a strong enhancement of the radial particle flux at the LFS outer midplane. Second, large SOL widths found in HFS limited circular L-mode plasmas allow more precise and more diversified diagnostic measurements. For instance, reciprocating probes consisting in arrays of small collectors -to study turbulence-can be more safely used than in diverted configurations where SOL are thinner and heat fluxes more intense. Also, lower gradients characterizing these SOL regimes mean that shear flows are weak with respect to turbulence intensity, which simplify the physical system to model. Also, circular geometry simplifies theoretical models. In facts, the possible influence of a magnetic X-point on edge turbulent transport is still under investigation [START_REF] Galassi | Nuclear Materials and Energy[END_REF]. Recent experiments also suggest that the SOL width is sensitive to divertor geometry, which questions the basic understanding that only main SOL transport matters [START_REF] Gallo | Nuclear Materials and Energy[END_REF]. Reasons why SOL profiles are generally thinner in diverted than in limited configurations are possibly related to the influence of magnetic expansion, magnetic shear on turbulence and large scale flows, but mechanisms are still debated. First, proving that transport in circular geometry can be understood is a necessary step before extending to more complex situations. In a first section, the experimental setup in Tore Supra is briefly described. Then, an analyses is made on the link between blob dynamics and SOL profile, based on experimental observations. It is shown that the SOL width is proportional to the blob velocity weighted by an intermittency parameter. In the third section, comparison with theoretical transport model is made. First, blob velocities measured in Tore Supra SOL are found to agree with an analytic blob model. Then, variations of density SOL width over a large range of plasma parameters are compared to a model prediction built from 2D turbulent simulations. Model predictions are shown to agree with experimental density SOL width, both in amplitude and trend. A discussion is finally proposed on the link between density and heat channel width. Predictions are proposed for ITER start-up limiter phases, in agreement with recent multi-machine extrapolations.

Experimental characterization of profiles and turbulence

The following discussion on SOL width and turbulence will be illustrated by measurements performed in the Tore Supra (TS) tokamak during Ohmic limited phases, by means of 2 reciprocating probe systems located at the plasma top [START_REF] Gunn | [END_REF]. One is equipped with a Mach head with tunnel collectors allowing calibrated measurement of parallel flows , electron density and temperature (using IV characteristics) across SOL profiles.

Ion temperature is not systematically measured in Tore Supra SOL, but dedicated experiments using a retarding field analyzer suggest that T i ≈ 2T e is an acceptable guess for the plasma conditions investigated here [12]. The second reciprocating system is equipped with a poloidal rake of small collectors measuring floating potential and saturation current (J SAT ) at a rate of 1MHz across the full SOL profile [13]. On these fluctuating time traces, the choice is made to define blob events as local maxima of J SAT exceeded the local mean value (J b > J loc ).

Blobs are often defined as time events exceeding 2 to 3 standard deviations, and found to carry roughly 50% of the radial particle flux [14]. On the other hand, precise comparisons between density profiles and local electrostatic turbulence in Tore Supra SOL plasmas showed that about 100% of the radial particule flux is carried by electrostatic fluctuations [7; 13], result obtained without any restriction on the fluctuations amplitude. For that reason, a less restrictive definition of blobs is adopted. Normalized blob amplitude will be defined as n b /n ≡ J b / J loc . For every of these time points, a radial drift velocity v b (referred to as blob velocity) is estimated from the spatial difference of floating potential measured by probes surrounding saturated collectors. Blob widths is calculated based on the cross correlation between poloidally separated saturated collectors. Then, statistical averages are made upon collection of blobs belonging to the same spatial location: averaged blob amplitude, width, velocity and duty cycle, as illustrated in Fig1c)d)e). Additionally, the turbulent radial flux transport coefficient will also be estimated by averaging directly the product of saturation current and poloidal electric field fluctuations, as detailed in [13]. Additionally, the mean flow profiles measured by the Mach probe will be used to estimate the local radial particle flux responsible for the onset of parallel flows, based on a tailoring flow experiment as detailed in [7]. Finally, SOL width analyses will focus on a database of about 100 reciprocations performed with the Mach probe to study the SOL properties in ITER-like start-up phase [START_REF] Gunn | [END_REF]: ohmic plasmas limited at the high field side. Slow ramp of plasma current are performed over approximately 10 seconds at constant toroidal magnetic field allowing about 7 probe reciprocations per shot, up to the separatrix, during slowly varying plasma conditions. Gas fueling was adjusted shot to shot to decouple plasma density and plasma current variations. Detachment or MARFE phases are removed from the dataset. Conditions are summarized in Fig. 3c.

On the link between SOL width and blob dynamics

As illustrated in Fig1a, the SOL density profile exhibits a wide dynamical envelope characterized by local maxima 2 to 3 times larger than local minima. On the other hand, the fluctuation level, defined as the standard deviation of the fluctuations, do not exceed 15% of the time average, denoting what is often called large intermittence. It involves, as it is commonly considered, local density filaments or blobs, evolving in 3D: in the periphery of the outer midplane, curvature polarization generates potential vortices around density blobs that drift them outward in average. These blobs extend along magnetic field lines, while beeing immersed in poloidal flows of larger scales. In low confinement regimes of limited configurations, the radial convection of matter and energy associated with their outward motion participates to the onset of SOL width, in balance with losses toward target (including parallel and poloidal flows) and target recycling (considered small in limited configuration [7]). In the following, poloidal flows will be neglected, or assimilated to parallel flows with respect to their similar role as particle sink to target. In simple transport theory, an average density width λ n is the result of a balance between parallel and radial transport, expressed as a divergence free of the flux: ∂ r Γ r + ∂ Γ = 0. In the assumption of radial convection, the radial flux is defined as Γ r = nv r where n is the local time averaged density and v r the effective radial transport coefficient. The radial derivative introduces the SOL width : ∂ r Γ r ≡ -nv r /λ n . Equivalently, the parallel term simplifies into ∂ Γ = nv /L , where v is the typical parallel flow velocity and L the parallel connection length. Thus, a common SOL balance relation is obtained: v r /λ n = v /L . This relation can also be understood as an equality of radial (τ r ≡ λ n /v r ) and parallel (τ ≡ L /v ) transit times in the SOL consequence of the particle flux balance. In general, parallel particle flows are in the range of Bohm values from around the midplane to targets (v ≤ c S with c S the ion sound speed), which gives roughly fractions to one millisecond for τ (L ≈ 60m and v ≈ 60km/s for TS case). Then, SOL density widths of a few centimeters (λ n ≈ 4cm TS case) would require radial transport coefficients in the range of v r ≈ 40m/s, as shown in Fig1b. Interestingly, the SOL width estimated from the radial speed of individual filaments (about 300m/s close to separatrix of TS, Fig1c) would be about 10 times larger. This obviously questions a statistical approach of SOL profile recently proposed, which directly links SOL density width to blob velocity [START_REF] Garcia | the KSTAR Project Team[END_REF]. To compile with the averaged width, which is a physical consequence of particle flux balance, an expression of the radial particle flux carried by an assembly of successive blobs needs to be derived. For simplicity, blobs will be considered identical, of density n b , radial drift velocity v b , and local duty cycle about 10% (Fig1e) and normalized blob amplitudes in the range of 1.3 (Fig1d), this transpot coefficient effectively falls in the range of several tens of meter per seconds, or a fraction of the filament drift velocity. The local turbulent particle flux estimated from the non linear average of potential and density fluctuations (done without blob identification) agrees in ordering with the later, which is not totally surprising since they refer to the same fluctuations, but treated differently. Finally, a third estimate of the local particle flux (at probe location) -obtained from a tailoring experiment on parallel flows -also falls in the range of turbulent values. These estimates of transport coefficients measured at the top poloidal position of the plasma are in relatively good agreement, at least close to the separatrix, to the coefficient required to explain the SOL width (≈ 40m/s). Considering that the radial particle flux is strongly inhomogeneous around the poloidal section of the plasma [7], this agreement could be fortuitous. In facts, it rather shows that the poloidal average of the radial transport -that sets the global SOL width -coincides with the local transport amplitude at the top probe position.

Comparison with an interchange model

The above mentioned transport properties from Tore Supra SOL are in qualitative agreement with interchange mechanisms: over dense blobs propagating outward, transport enhanced around the outer midplane precisely where curvature driven polarization is destabilizing. In order to match these observations with quantitative numbers, 3D simulations of SOL dynamics are in principle needed [START_REF] Tamain | [END_REF], precisely because of the parallel dynamics entering poloidal asymmetries of turbulence. On the other hand, the simple circular geometry of Tore Supra SOL could benefit to an attempt to compare simplified models with experimental results. A class of SOL interchange models are 2D (radial poloidal) [17; 18], which means that parallel dynamics is simplified into control parameters. TOKAM2D is such code [17], with the simplification of isothermal plasma. The set of equation consists of:

∂ t n = -{φ, N } + D∆n -σ ne Λ-φ + S n ∂ t ω = -{φ, ω} + ν∆ω + σ 1 -e Λ-φ -g ∂yn n (1)
, where t is normalized to mi ZeB , space is normalized to

ρ L = c S ωi = mi(Ti+ZTe) B 2 Ze
where m i is the ion mass in kg, T e is the electron temperature in eV, T i = 2T e , Z is the ion charge number, e is the unitary charge in C, B is the magnetic field strength in T, g is the curvature

term g = αgρ L R
where R is the plasma major radius in m, Λ is the sheath potential drop, again normalized to T e , σ = ασρ L q cyl R is the parallel loss rate with q cyl the cylindrical safety factor, ω = ∆φ is the plasma vorticity. D and ν are diffusion and viscosity coefficients normalized to the Bohm value (ρ 2 L ω i ), usually small (< 10 -2 ). The system is driven by a particle source S n localized in the radial direction. Plasma density n is normalized to arbitrary value and plasma potential is normalized to T e . The direction y corresponds to the poloidal direction oriented along the electron diamagnetic direction, assumed normal to the magnetic field and x is the direction along the minor radius, directed outward. The Poisson bracket reads {A, B} ≡ ∂ x A∂ y B -∂ y A∂ x B. Note that both g and σ are defined up to a multiplication factor that can be adjusted to account for a varying degree of poloidal asymmetries. In the following, unitary values are adopted, to account for the outer midplane enhancement of the transport: α g = 1 suggests an effective polarization rate in-between outermidplane maximum (α g = 2) and plasma top (α g = 0), and α σ = 1 suggests a parallel loss rate slightly larger than the average over the entire field line.

Before presenting a comparison of experimental SOL widths with the scaling given by such model, a blob analysis is proposed. Considering isolated blob immersed in a background density, a blob drift velocity can be analytically derived from the vorticity equation by balancing source and sink terms, each written using blob parameters. Details can be found in [START_REF] Krasheninnikov | [END_REF], where different blob regimes are introduced based on the above mentioned vorticity equation. Note that the model can be enriched with additional pieces of physics, such as parallel resistivity, inclusion of X-point and divertor field-lines [20], or ion temperature perturbation in blobs [21]. Based on the simplest model, the blob velocity reads:

V m b = 1 2 σ δ 3 b   1 + δ 0 δ b 5 -1   c S
, where δ 0 = 5 4gδn b nσ 2 is a model scale length (whose value is shown in Fig2b), and δn b = n b -n is the blob density perturbation above background. As seen in Fig2a, this analytical expression agrees reasonably well with the blob velocity measured in TS SOL. Coincidentally or not, the blob size is also found to be relatively close to the model scale length, which normally sets the transition between regimes of propagation. The agreement suggests that blob dynamics in TS SOL can be described by such simple blob model, which would encourage to derive an analytical expression for the SOL width based on blob velocity. That said, such an approach would require to make several important guesses concerning blob size (what fraction of δ 0 ), blob amplitude δn b /n and blob duty cycle f b τ b , which would certainly lead to poor predictability. On the other hand, it might simply help to give a qualitative explanation for the influence of the main control parameters. Assuming that blob size is a fixed fraction of the model scale length δ b ∝ δ 0 , the blob velocity simply reads V b ∝ σ -0.2 g 0.6 c S , which leads to a SOL width scaling : λ n ∝ σ -1.2 g 0.6 ρ L . Comparison with full turbulence simulations is made by spanning different parallel loss and polarization rates in the simulations: σ ∈ 1 • 10 -4 , 5 • 10 -4 and g ∈ 8 • 10 -4 , 40 • 10 -4 . Once regime of saturated turbulence is reached (pictured in Fig3c), the time averaged SOL density decay length is measured (far fro particle source location) and a regression is applied on the dataset to extract the dependence with the two control parameters. As illustrated in Fig3d, the following expression is found λ n = σ -0.75 g 0.3 ρ L . The dependences built from the blob velocity is not so far from this numerical scaling, in the sens that the sensitivity of the control parameter is at least qualitatively matched. Comparison between the full TOKAM2D model (Eq1) and experimental evidences is applied to a large dataset built on Tore Supra for the ITER startup preparation [START_REF] Gunn | [END_REF]. It consists in about 100 reciprocations with a Tunnel Mach probe, spanning different magnetic field, plasma current and density values during ohmic discharges. Plasma shape and plasma parameters are summarized in Fig3a. As shown in Fig3b, the density decay length varies primarily with the plasma current with no or weak dependence with the toroidal magnetic field. Comparison between the numerical scaling and experimental data set of Tore Supra is shown in Fig3d, which reveals a quantitative agreement both in amplitude and parametric variation. Note that the asymmetry factors α g and α σ are maintained to unity, which could be better adjusted to improve the agreement. But this not the purpose of this comparison: it shows that a simplified turbulent transport model can explain the trend found for the SOL width across a wide set of conditions.

Discussion

Scrape off layer properties have been investigated in specific tokamak conditions: toroidally limited L-mode plasmas performed in Tore Supra Tokamak. Mean fluid quantities across SOL width were measured with a calibrated Mach probe system, and fluctuations of potential and density were collected with a poloidal array of small collectors. At the top of the plasma section where these reciprocating probe systems operate, the radial particle flux is found to be dominated by the E × B convection of density fluctuations: the amplitude of this turbulent transport is in agreement with the width of the mean density profile. Now, this radial transport is generally conceived as a result of isolated density blobs propagating radially outward. The averaged velocity of the blobs measured in Tore Supra SOL is in the range of v b ≈ 300m/s, thus an order of magnitude larger than the transport coefficient needed to construct a SOL width of a few centimeters (v eff r ≈ 40m/s). In facts, the blob velocity needs to be weighted by their duty-cycle, of about 10% for the experimental conditions shown here. Comparison with theoretical model is made in two steps. First, blob velocities measured in the SOL of Tore Supra are compared to a simple blob model, and a good agreement is found. This model, following further assumptions on blob size, amplitude and duty-cycle, predicts a SOL width varying as λ n ∝ Rq 1.2 cyl ρ L R 0.4 . Second, a wide dataset of density SOL widths collected in Tore Supra inner limited scenarios is compared to a model prediction issued from full turbulence simulations made with an isothermal 2D code. The model prediction reads λ n = Rq 0.75 cyl ρ L R 0.55 (m), which shows a relatively good agreement with experimental density decay lengths (rms deviation ≤ 24%), both in amplitude an trend. Consequences are twofold: (i) the isolated blob model returned the qualitative sensitivity of the main control parameters (positive sensitivity with normalized Larmor radius, safety factor and major radius), but is unlikely to predict a quantitative estimate without a fair guess about the blob duty cycle. (ii) the parametric dependence of Tore Supra SOL density width is consistent with a physical model of turbulent transport, which should improve the confidence for extrapolations toward ITER start-up conditions. To address this point, a model of heat load decay length is required. From the Tore Supra data set, a rough relation is found between the density and temperature decay length: λ Te ≈ 1.4(±1)λ n . Assuming these limited discharges are in the sheath limited regime, the parallel heat flux simply reads q = γn e c S T e , which trans-

lates into λ q = λ n 1 + 3 2 λn λ T -1
≈ 0.5λ n . Therefore, a model prediction for the heat load decay length in inner limited circular configuration becomes

λ q = 0.5Rq 0.75 cyl ρ L R 0.55 (m) (2) 
As this prediction law includes the electron temperature at separatrix, an additional model for T e would be required to be fully predictive. On the other hand, the sensitivity of the decay length with T e is relatively weak, since λ q ∝ T 0.27 e . Across Tore Supra database, the separatrix temperature is about T e = 30 ± 10eV, with no correlation with plasma current or heating power (shown in Fig. 3a).

Figure 4: SOL power decay length measured in the Tore Supra SOL (blue squares and red circles), using two probe systems (tunnel probe and RFA) versus ohmic power. Details are found in [START_REF] Gunn | [END_REF]. The predictions made with Eq.2 are given by the grey diamonds, fixing a unique Te value.

The temperature dispersion around 30eV gives a dispersion of the predicted λ q value of 20%, which motivates the approximation to fix T e = 30eV in the predictive law, for Tore Supra. Comparison between the predicted λ q value and the experimantal scaling of the heat load decay length estimated by Gunn [START_REF] Gunn | [END_REF] is shown Fig. 4. A fairly good agreement is found over the database.

Extrapolation to ITER start-up phases in inner limited configuration can be proposed, in comparison to a recent ITPA analysis [22]. Using parameters given in Table 2 of the cited paper, the normalized Larmor radius is assumed to be in the range of ρ L /R ≈ 4 × 10 -5 for B T = 5.5T and R = 6m. Note that it corresponds to T e ≈ 50eV with T i = 2T e . Predictions from Eq.2 are summarized in Table 1, together with the average extrapolations made in [22]. Predictions with the above model are in good agreement with the extrapolations. I P (MA) λ q (mm) Eq.2 λ q (mm) ITPA 2.5 62 69 ± 18 5 44 54 ± 14 7.5 29 44 ± 11

Table 1: comparison of ITER start-up power decay length predictions based on the model (Eq.2) and average extrapolations made from ITPA multi-machine regression(Table 4 of [22]).

To conclude, this paper presents a physical model for the main SOL width in inner limited plasma configuration. The model is based on turbulent radial transport manifested by radial propagation of blobs. A physics based scaling law is obtained for the width of the density and power decay-length, which follows roughly the sensitivity with control parameters of a blob drift velocity model. It is validated on a broad dataset from Tore Supra, including blob dynamics and average SOL width. Predictions for ITER start-up phases are made, in agreement with multimachine predictions. In this state, the model is limited to specific plasma geometry. Extension should include effects of (i) collisionality in SOL plasma, (ii) magnetic topology on turbulent transport( magnetic shear, inclusion of Xpoint and diverted SOL volumes), and (iii) inclusion of non-ambipolar SOL currents and E × B shear impact on turbulence, in order to approach the narrow SOL feature in L-mode and H-mode physics.
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Figure 1 :

 1 Figure 1: SOL properties in Tore Supra 44635 discharge. a) Saturation current profile from turbulence RCP: mean profile (thick curve) and min-max envelope (blue area). The radial decay length of the profile is mentioned. b) Transport coefficient built from the profile decay length (dark area), mean flow analyses (thick black curve), turbulence estimate (green squares), or estimated from blob averaged parameters (blue dots). c) averaged blob velocity in the radial direction, d) normalized blob amplitude e) blob duty cycle across the SOL profile.

  f b τ b (where f b is the blob occurrence frequency and τ b the local transit time over its own size). Then, the time averaged particle flux can be expressed as the particle flux carried by one individual filament (n b v b ) weighted by their duty cycle: Γ r blob t = f b τ b n b v b . This allows to express an effective radial transport coefficient characteristic of the radial transit time v r ≡ n b /nf b τ b v b , which is referred to as blob transport coefficient in Fig1b. For duty cycles in the range of

Figure 2 :

 2 Figure 2: a) Blob velocity estimated experiment (blue dots) along the SOL profile, compared to analytical blob model (red curve). b) Blob width measured along the SOL profile compared to the model scale length δ 0 separating inertial and sheath limited blob regimes.

Figure 3 :

 3 Figure 3: a) Cross section of the Tore Supra plasma used for ITER start-up database. The table summarizes the main plasma parameters: magnetic field, plasma current, correlation coefficient between density and current, separatrix temperature and current. b) Dependence of the SOL density decay length with poloidal magnetic field. c) Comparison of the normalized SOL decay length with the numerical scaling.