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Abstract. The non-diffusive radial transport in the SoL is investigated using the 2D SoL interchange turbulence
simulation code, which reproduces plasma blobs. From the nonlinear simulations, it is found that the meso scale
convective cells emerge from interchange instabilities and propagate in the radial direction. The structures are
formed by the inverse cascade of the convective turbulence autonomously. The radial propagation velocity of the
blob structure and the effective SoL radial convective transport velocity are compared with each other. It is
found that both quantities agree fairly well. The effective transport coefficient is also evaluated and the Bohm-
like dependence is found. It is concluded that the flux-driven turbulence in SoL, induces Bohm-like ‘non-
diffusive’ transport.

1. Introduction

Recently, the importance of blobs formation in the process of cross-magnetic-field-transport
in the SoL has attracted attention. The blobs are high-density magnetic-field-aligned
filaments, and have been observed in several experimental devices [1-3]. The ‘non-diffusive’
transport accompanied by blobs flattens the density profile in SoL and is attributed to the
increase of impurities and the recycling rate at the first wall [4]. The concept of a plasma blob
was discussed in literature [5]. Dynamics during radial propagation of a single blob in the SoL
are studied based on this model [6,7]. It is an urgent task to understand the formation process
of blobs in the edge turbulence and to have an insight into the associated global transport.
This article discusses the ‘non-diffusive’ transport in SoL by the simulation of flux-driven
turbulence.

2. Model and Simulation Setup

The two-dimensional Hasegawa-Wakatani-type model equation is introduced, which
describes plasma blob behavior in the SoL as well as SoL interchange turbulence [8]. In this
model, the SoL plasma is assumed to be a magnetic-field aligned flux tube, and both ends of
each field line terminate at grounded conducting plates. Taking the sheath boundary
conditions into account, the vorticity equation and continuity equation can be reduced to a
two-dimensional slab geometry by integrating along the magnetic field lines, where all
quantities except the current are assumed to be constant along B.
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where x is the radial direction and y is the poloidal direction, [f, g] = (6f/ 0x)(0g / Oy) — (Of /
0y)(0Og / Ox) is the Poisson bracket, n is the plasma density, ¢ is the electrostatic potential, u is
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the ion viscosity and D is the collisional diffusion coefficient. The characteristic parameter o
= 2ps / L) is a measure of the net parallel current into the divertor plates, and f = 2ps/ R is a
measure of the strength of the curvature drift. p; = ¢s / Q; is the ion Larmor radius, c; is the
ion acoustic speed, and €; is the ion cyclotron frequency. R is the tokamak major radius, L|| =
gR is the connection length of the magnetic field line in the SoL, and ¢ is the safety factor.
The other parameters have their usual meanings. The length and time are normalized to ps and
Q. ", respectively. S(x) is the plasma source, which is supplied from core to SoL, and is given
by a Gaussian shape such as S(x) = Seexp(—x” / %), where So = 5 x 10~ and /. = 8. The source
is introduced at the x = 0 boundary in the numerical simulation.

The model equations are solved numerically by the finite difference method in the x direction
and by a Fourier expansion in the y direction. The following boundary conditions are imposed
in the x direction. In the vorticity equation,

m = 0 mode: ¢ (x=0)=0, p(x=Ly) =0,
V2 (x=0)=0, V2p(x=Ly) =0,

m # 0 mode: px=0)=0, px=1L,) =0,
V2p(x=0)=0, Vip(x=1L,) =0.

Here, the prime indicates the derivative with respect to x and L, indicates the system size in
the x direction. Likewise, in the continuity equation, the conditions,

m = 0 mode: n(x=0)=0, n(x=L,) =0,
m # 0 mode: n(x=0)=0, nix=L,)=0

are imposed. A periodic boundary condition is used in the y direction such that p(y = 0) = o(y
= L)) and n(y = 0) = n(y = L,), where L, indicates the system size in the y direction. The
simulation box size is set up as L, = L, = 256 (in units of ps). For dissipation parameters, y =
D =2 x 10 * are assumed. For the characteristic parameters o and 8, « =3 x 10 and f# =6 x
10~ are used for the reference case. These values are obtained by assuming ¢, = 6 x 10* [m /
sec], Q= 10° [sec”'], L; = 40 [m], and R = 2 [m] [7]. (Dependence on the system size has
been discussed in [8], and we have confirmed that the system size does not limit the transport
phenomena.)
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FIG. 1. Snapshot (t = 5500) of density FIG. 2. Space-time correlation of turbulence-

contour. Unit of length is ion Larmor radius. driven flux which is averaged in y-direction.
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3. Radial Transport and the velocity

The non-diffusive radial transport in the SoL is investigated using the 2D SoL turbulence
simulation code, which reproduces plasma blobs. The curvature (represented by £) drives SoL.
interchange instability, and larger a is effective for the stabilization. From the nonlinear
simulations, it is shown that the meso-scale convective cells emerge from interchange
instabilities and propagate in the radial direction (see FIG.1.). The meso-scale structures are
formed by the inverse cascade of the convective turbulence autonomously. The poloidally
averaged turbulence-driven (I'y) and diffusive (I'q) particle fluxes are evaluated as following:
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The phase relation between the turbulence-driven flux at two different radial positions allows
us to estimate the spatiotemporal characteristics of the SoL radial turbulent transport. The

auto-correlation function is defined by
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where (x, #p) indicates the reference position for the auto-correlation function; xo = 128 and #y
= 10000 are used. <> indicates the temporal average defined as <f(f)>=T"" |/ fls) ds with T
= 10000. The auto-correlation averaged in the y-direction (poloidal direction) is measured.
The auto-correlation is elongated from the separatrix to the first wall as is clearly
demonstrated in FIG.2. This indicates that the SoL radial transport is strongly ballistic. It is
considered that the convective transport accompanied with the meso-scale self-organized
structures dominate the radial transport in the SoL. In this simulation, the size of the blob
structure is self-organized as a consequence of the evolution of the instabilities. The selection
rule for the size of blobs and radial velocity of blobs are understood as follows. The scale
length is determined by the balance between two mechanisms that deform the blob. Small
blobs break up via the Kelvin-Helmholtz (K-H) instability. They spread and gather to form
larger structures. Large blobs break up with the interchange instability [7]. The balance
between these two competing processes determines the characteristic scale length, which is in
proportion to "o *”. Using this size in the y-direction, the radial propagation velocity of the
blob structure is given as following:

Ve~ 0.56%%a7" |~ 0.66 (Ly/R)" (p/R)*” ¢ in dimensional unit| . (6)
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FIG. 3. Comparison between V., and V., estimated from
nonlinear simulation. Unit of velocity [c,] indicates ion sound
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FIG. 4. D dependence of collisional diffusion coefficienrt D,,,, quasi-linear estimation of
turbulent diffusion coefficient Dy, and effective diffusion coefficient D,z obtained by nonlinear
simulation.

The velocity V, is compared to the SoL radial convective transport velocity estimated from
the slope of the spatiotemporal correlation (V) and they agree well each other (see FIG.3.)
[5]. The nonlinear simulation is performed for the following three cases. (Ref. case) a = 3 x
102, 8=6x 10", (Low acase) a =3 x 10, f=6x 107, (High S case) a =3 x 10, =6 x
107, V. points in FIG.3. are Ref., Low @, and High £ from the left. We have investigated the
effect of the parameter D, i.e., the collisional diffusion coefficient, on the turbulent transport
associated with the meso-scale structures. We have confirmed that the SoL turbulent transport
via blob formation is weakly dependent on D, except when D is exceptionally large. It would
be advantageous that determine the order of magnitude of D by comparing it with the quasi-
linear estimation obtained by Kadomtsev [9], Dqr ~yL/ky2, where y. is the maximum linear
growth rate (for the interchange instability occurring in the region of the source) and £, is the
wave number of the most unstable mode. FIG.4. shows the effect of the parameter D on the
effective transport coefficient for blob transport, D, and a comparison of Dqr, with D. (The
wave numbers are discrete because the system size is finite, thus, Dqr is discretized here.) We
introduce the effective transport coefficient Degr in nonlinear simulations using the ratio of the
turbulence-driven flux I'; to the collisional diffusive flux I'g as

Des = (I'/T'a) D. (7)

The nonlinear simulation is demonstrated for some cases from D =2 x 10~ to 2 x 10™". The
time average is taken from ¢ = 10000 to 30000 to study the quasi-steady state. In the space, I
and I'q are averaged over the y-direction and L,/4 to 3L,/4 in the x-direction to calculate Des.
In FIG.4., we plot D as D¢, Dqr, and Degr. We see that the value of D ~ 0.1 is impractically
large as it is on the order of the Bohm diffusion coefficient. Upon choosing a realistic value
for the collisional diffusion coefficient (D < 0.1), the turbulence-driven flux dominates the
transport. Moreover, for small values of D, in which meso-scale fluctuations develop, the
result is independent of D. The default parameter for D is assumed to be D = 2 x 10 %
Compared with those for the smallest value of D (D = 2 x 10°), the characteristic size of the
meso-scale structure is not different, the peak position of the £, spectra is not affected, and the
k, spectra show the same tendency. Thus, the result for the reference case is considered to be
almost independent of the choice of the parameter D.

We next study the dependence of effective diffusivity Des. We performed parameter survey
for several o and f (see FIGs.5. and 6.). In the small D¢ region (Degr < 2), where the effective
diffusion coefficient is much larger than the quasi-linear estimate yL/kyz, We have the
following Bohm-like dependence:

Degt < (B/@)*”® [~ (L/R)*"® psc, in dimensional unit]. ()
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dependence  of effective diffusion
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This estimation equation is given by a inductive approach such that the fitting of data of
nonlinear simulations. Reviewing the eqs.(6) and (8), we get the following relation:

De < (ap)™' P V. )

Assuming that the effective transport in the SoL is dominated by the blob transport, the above
relation (RHS of eq.(9)) includes by following factors: blob velocity, correlation length in the
radial direction, the blobs amplitude, and the blobs passing frequency. The velocity is already
discussed in the eq.(6). Remaining parameters may determine the factor (af) . We
investigated space-time correlation of turbulence-driven flux like FIG.2. for low a (a = 3.0 x
10 8=6.0x 10", higha (¢ =48x 107, =6.0x 107, low f (¢ =3.0x 10, f=3.0 x
107, and high 8 (a = 3.0 x 10>, = 6.0 x 107°) cases. However, the dependence of radial
correlation length on a and f is not distinctive. Thus, a and S dependency on the Degr through
the radial correlation length might be weak. Next, we plot the time evolutions of the
poloidally averaged turbulence-driven flux at x = L, / 4. The a dependency is shown in FIG.7.,
and the S dependency is ilustrated in FIG.8. It can be observed that the amplitude of the
turbulence-driven flux is depending on o negatively, thus large a makes the D small. This is
consistent with eq.(9). Although the origin of S-dependence of the coefficient (af) " in
eq.(9) has not been completely identified, it is suggested that the origin of the factor (a8) "’
might be attributed to the amplitude of the flux and the frequency qualitatively.
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FIG. 7. Time evolution of poloidally
averaged convective flux at 1/4L.. Low a

case and high o case are plotted.
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case and high p case are plotted.



6 THD/P3-07

4. Summary

The turbulent transport in SoL is investigated using the flux-driven nonlinear simulation that
employs the 2D Hasegawa-Wakatani-type resistive interchange model. Spontaneous
generation of blobs is demonstrated. During the turbulence evolution, radially-elongated
meso-scale convective cells are formed autonomously and they dominate the SoL radial
transport. Analyzing this phenomenon, we estimated the effective transport velocity. The
effective transport coefficient is also observed and the Bohm-like dependence is also studied.
To control the SoL radial transport, it might be effective to use the geometry, which take the

minimum Lj / R (T / eB). It is concluded that the flux-driven turbulence induces the Bhom-

like nonlocal transport. The origin of the parameter dependence of the effective transport
coefficient is investigated. The transport velocity, amplitude of the turbulence, and the
frequency of the turbulence might be factors.
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