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Abstract. The transport of particles and energy into the scrape off layer (SOL)

region at the outboard midplane of medium sized tokamaks, operating in low

confinement mode, is investigated by applying the first principle HESEL model.

HESEL is a four field drift-fluid model including finite electron and ion temperature

effects, drift-wave dynamics on closed field lines, and sheath dynamics on open field

lines. Particles and energy are mainly transported by intermittent blobs. Therefore,

blobs have a significant influence on the corresponding profiles. The formation of a

”shoulder” in the SOL density profile can be obtained by increasing the connection

length, thus decreasing the efficiency of the SOL ability to remove plasma. As the ion

pressure has a larger perpendicular but smaller parallel dissipation rate compared to

the electron pressure, ion energy is transported far into the SOL. This implies that the

ion temperature in the SOL exceeds the electron temperature with a factor 2-4 and

will significantly broaden the power deposition profile.

1. Introduction

The success of particle and heat confinement in magnetically confined plasmas crucially

depends on the control of transport in the outermost plasma region in contact with

material surfaces. The transport regulates the particle and heat loads on the plasma-

facing components, which must be controlled for a stable operation of high-power

confinement devices such as ITER. An understanding of the physics governing transport

at the boundary of magnetized plasmas is thus imperative.

In this paper we study the perpendicular particle and energy transport across the

Last Closed Flux Surface (LCFS) using the 2-dimensional model, HESEL[1, 2, 3, 4].

HESEL is an energy conserving, four-field model based on the Braginskii equations[5]
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governing the dynamics of a quasi-neutral, simple plasma. It describes interchange-

driven, low-frequency turbulence in a plane perpendicular to the magnetic field at the

outboard midplane. In the limit of constant ion pressure the model reduces to the ESEL

model, which has successfully modeled fluctuations and profiles in JET[6], MAST[7],

EAST[8] and TCV[9]. The HESEL model includes the transition from the confined

region to the region of open field lines and the full development of the profiles across

the LCFS. On closed field lines drift wave dynamics is included and on open field lines

parallel losses from adiabatic expansion, electron heat conduction and sheath dissipation

is included in the model. On both open and closed field lines we consider a single parallel

length scale with length of the unstable parallel region.

Ion dynamics on the outboard midplane of a tokamak has both experimentally,

[10, 11] and numerically [12, 1, 2] been shown to be a necessary, even essential, part

in the L-H and L-I-H transitions. Furtheremore, ion dynamics is also important

for the power deposition on the plasma facing components, such as the divertor.

Experimentally there are only a few scrape-off-layer (SOL) diagnostics, which can

measure electron temperature with a sampling rate necessary to analyze the dynamics

of blobs, kHz− MHz, e.g. Langmuir probes and ball-pen-probes[13]. Measurements of

ion temperature dynamics within the same sampling rate are unfortunately even more

rare. The use of retarding field analyzers[14, 15] has shown that the ion temperature is

typically 3− 7 times the electron temperature in the far SOL[14].

The efficiency of the SOL zto remove plasma can be estimated by the ratio of

perpendicular to parallel particle transport, Γ⊥/Γ‖, if the perpendicular transport

dominates, the midplane becomes disconnected from the divertor and a ”shoulder” in the

density profile forms in the far SOL. The transition from parallel dominated transport

to perpendicular dominated transport can be estimated by an effective collisionality

parameter[16]

Λ =
Lc/cs
1/νie

ωi
ωe
, (1)

where Lc is the connection length from midplane to outer divertor leg, cs is the sound

speed, νie the ion-electron collision frequency and ωi and ωe are the ion and electron gyro

frequencies, respectively. For Λ < 1 it is assumed that the midplane will be connected

to the sheath at the divertor, and for Λ > 1 the midplane will be disconnected, and

hence the plasma can be transported far into the SOL, broadening the density profile.

Experimentally, this transition has been observed at TCV[17] and more recently at

ASDEX Upgrade (AUG), JET and COMPASS[18, 19]. Disconnection can be achieved

by puffing a neutral gas into the divertor region or by recombination of plasma streaming

into the divertor region. Deriving Eq. 1 the perpendicular transport of particles is

assumed to depend on local plasma parameters. Coherent structures, blobs, are known

to be responsible for this transport in the SOL on the outboard midplane. Their

dynamics is not only determined by local plasma properties but also, and maybe even

more important, by plasma conditions in the edge region, the region where they are

created[20].



Numerical simulations of blob dynamics with finite ion temperature 3

In this paper we will focus on blob dynamics to investigate their influence on

particles and heat profiles. To characterise the structure of the blobs we will use the

conditional average technique[21]. For the blobs contributions to the radial heat fluxes

we will divide the fluxes into convective, conductive and triple parts, showing that all

three parts contribute to the total flux. We will investigate in influence of the divertor

sheath on the perpendicular transport and the relation to shoulder formation in the

SOL region. To investigate the shoulder formation in the density profile we vary the

parameter Λ, see Eq. 1, changing the connection length, Lc, but keeping all other input

parameters as well, as divertor condition, constant.

The paper is organized as follows; in section 2 we present the HESEL model, in

section 3 we present the result and finally in section 4 we present our conclusions.

2. Model equations

In this section we present the model equations applied in the present work, for a more

detailed description of the model, see [4]. We base our description on the interchange

instability of a non-uniformly magnetized plasma. In the case of an unstable equilibrium,

the drive of the fluctuating motions is a convective transport of particles and heat

outwards along the major radius of the toroidally magnetized plasma. A self-consistent

description of this collective dynamics is here considered as a mechanism for intermittent

turbulence in the plasma boundary region. In order to perform long simulations

producing sufficient data to allow detailed statistical analysis, we reduce our description

to two spatial dimensions and parallel dynamics along open magnetic-field lines in the

SOL are parametrized. The model is solved in a local slab geometry, (x̂, ŷ, ẑ), with the

unit vector ẑ along the inhomogeneous toroidal magnetic field. The magnetic field is

approximated by B(r) = B0(R + a)/(R + a + x), where R and a are the major and

minor radius of the toroidal plasma and B0 the magnetic field strength at the outboard

midplane, respectively, see Fig. 1.

The model equations read[4]:

d

dt
n+ nK(φ)−K(pe) = Λn, (2)

d0

dt
w∗ + {∇φ,∇pi} − K(pe + pi) = Λw∗ , (3)

3

2

d

dt
pe +

5

2
peK(φ)− 5

2
K
(
p2e
n

)
= Λpe , (4)

3

2

d

dt
pi +

5

2
piK(φ) +

5

2
K
(
p2i
n

)
− piK(pe + pi) = Λpi , (5)

where n is particle density, w∗ = ∇2φ + ∇2pi is the generalized vorticity, φ is

the electrostatic potential, and pe and pi are electron and ion pressure, respectively.

Temperatures are defined by Ti,e = pi,e/n. The material derivative is defined as
d
dt

= ∂
∂t

+ 1
B(x)

ẑ × ∇φ · ∇, except in the vorticity equation, Eq.3, where the magnetic

field is taken as constant, B0. The curvature operator is given as K = ∇( 1
B(x)

) · ẑ ×∇.
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Figure 1: Setup of the simulation domain showing the closed field line region, the edge

region including the inner part where prescribed profiles are dominant and the open

field line region, SOL, where the parallel loss terms are active. Data time series of all

fields are recorded by the numerical probes radially separated across the edge and SOL

regions.

The generalized vorticity is the manifestation of the polarization current in the

model and describes charge separation due to the inertia in the ion response to changes

in the E ×B and diamagnetic drifts.

At this point we introduce the so-called Bohm normalization defined by

ωi0t→ t,
x

ρs
→ x,

Te,i
Te0
→ Te,i,

eφ

Te0
→ φ,

n

n0

→ n, (6)

where ωi0 = eB0/mi the ion gyro frequency at magnetic-field strength at the outboard

midplane, B0, ρs =
√
Te0/(miω2

i0) the cold-ion hybrid thermal gyro-radius and n0

and Te0 are characteristic values of the particle density and electron temperature,

respectively.

The right hand sides of Eqs. 2-5 represent perpendicular resistivity, perpendicular

electron and ion heat conduction, ion viscosity, and parametrized parallel dynamics[4]:

Λn = De∇2
⊥n−

n

τ
− α

(
T̃e +

T̄e
n̄
ñ− φ̃

)
− n− np

τp
, (7)

Λw∗ = Di∇2
⊥w
∗ − w∗

τ
− ρs
Lc

[
1− exp

(
φm −

φs
Te,s

)]
− α

(
T̃e +

T̄e
n̄
ñ− φ̃

)
,(8)

Λpe =
5

2
De∇2

⊥pe +

(
16

6
− 5

2

)
∇ · (n∇⊥Te)−

2

9

pe
τ
− 2

9

pe
τSH

− αT̄e
(
T̃e +

T̄e
n̄
ñ− φ̃

)
−Θ− pe − pe,p

τp
, (9)
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Λpi = Di∇2
⊥pi −DiTi∇2

⊥n−
2

9

pi
τ

+ Θ− pi − pi,p
τp

+ piΛw∗ , (10)

where the normalized neoclassic transport coefficients are given by

Di =

(
1 +

R

a
q2
)
ρ2i0νii
ρ2s0ωi0

, De = (1 +
Ti0
Te0

)

(
1 +

R

a
q2
)
ρ2e0νei
ρ2s0ωi0

, (11)

as derived in [4] and [6]. q is the safety factor and is in this model taken to be q95. ρe0
and ρi0 are the electron and ion gyro radii. The term Θ = 3me

mi
νei(pe − pi) in Eqs. 9-10

is the energy transfer between the electron and ion channels. We defined the mean and

fluctuating components as;

f̄ =
1

Ly

∫ Ly

0

fdy , f̃ = f − f̄ . (12)

The terms involving parametrization of the parallel dynamics will be defined in the

following subsection.

At the inner part of the edge region the density and pressure profiles are forced

towards prescribed profiles, np, pe,p and pi,p with a time scale of τp, see Fig. 1. These

profiles resemble typical profiles in the edge region of toroidally magnetized plasmas and

act as sources of particles and heat, but also remove ’unphysical’ instabilities otherwise

generated in the vicinity of the inner boundary of the numerical system, a boundary

which is of course not present in a tokamak.

For the density, pressures, generalized vorticity and generalized potential, φ∗ =

φ+pi, we have used Dirichlet boundary conditions at the inner radial boundary and zero

Neumann boundary conditions at the outer radial boundary. The Dirichlet conditions

are in agreement with the prescribed profiles. All fields are periodic polodally. The

set of equations are solved by employing a finite difference scheme with a symmetric,

energy and enstrophy conserving discretisation of the nonlinear advection terms and an

explicit third-order stiffly stable time integrator with diffusive terms treated implicitly

using operator splitting[22].

2.1. Parametrization of the parallel dynamics

The ballooning characters of the radial transport in the edge region implies that the

corresponding SOL region plasma source is concentrated to a region which extends

30 degrees above and below the outboard midplane[23]. In that respect we define a

parallel ballooning length corresponding to the poloidal angle of this unstable region as:

Lb = qR, see also [24, 25]. Using characteristic parameters from medium sized tokamaks

like EAST and AUG we obtain Lb ∼ 8m and this length should be compared to the

connection length from outboard midplane to outer divertor leg along the magnetic

field lines, Lc ∼ 15 m. As the plasma propagates radially outward it will expand along

the magnetic field lines with a speed of 2M‖cs ∼ 50, 000 m/s where the hot ion sound

speed, cs =
√

(Te + Ti)/mi has been calculated using Ti = Te = 25 eV and we have

set the parallel Mach number to M‖ = 0.5. As the radial velocity of a blob typically

will be a few percent of sound speed, vb/cs ∼ 0.01, and for a width of the SOL of
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LSOL ∼ 0.05 m ∼ 0.003Lc, we can safely assume that during the transit of a blob the

plasma inside the flux tube will not have time reaching the divertor. As the blob expands

parallel we will thus observe a decrease of the particle density, electron and ion pressures

and the generalized vorticity.

Losses due to advection and electron heat conduction along the magnetic field lines

in the SOL region are represented by the damping rates,

1

τ
=

2M‖cs
Lb

,
1

τSH
=
XSH
‖,e

L2
b

, (13)

where the Spitzer-Härm (SH) expression for the electron heat diffusivity is given by

XSH
‖,e = 3.16V 2

e νee. Both the hot ion sound speed, cs, and the electron thermal speed,

Ve, are evaluated using the local value of electron and ion temperatures.

The compression of the parallel current is approximated on open field lines by a

sheath dissipation term entering the vorticity in Eq. 8 where φm = ln(
√
mi/2πme)

is the Bohm potential. Using the poloidal average as a approximation for the flux

surface average the connected divertor condition is modelled by using the full fields, i.e.

φs = φ̄ + φ̃ and Te,s = T̄e + T̃e and the shielded or disconnected divertor condition is

modelled by using only the mean fields, i.e. φs = φ̄ and Te,s = T̄e.

On closed field lines the compression of the parallel current is approximated by

drift wave terms, i.e. the terms in Eqs. 7-9 involving α. The coefficient is given by, see

also [24],

α =
2Te0

νeimeL2
‖ωi0

, (14)

where the parallel length scale is, unless otherwise stated, chosen as the parallel

ballooning length, L‖ = Lb = qR. In deriving Eq. 14, we have assumed that the mean

components of density, potential and electron temperature does not have any parallel

variation, ∇‖n̄ ∼ ∇‖T̄n ∼ ∇‖φ̄ ∼ 0, and that second order terms can be neglected,

ñT̃e ∼ 0. We note that this representation is a significant simplification of the parallel

dynamics on closed field lines and that it is quite sensitive to the choice of parallel length

and reference electron temperature.

3. Numerical results

Typical parameters for HESEL simulations are parameters relevant for a medium size

tokamak, such as EAST and ASDEX. Unless otherwise stated, the reference parameters

used in this paper are; density n0 = 1.5× 1019 m−3, electron temperature, Te0 = 25 eV,

ion temperature, Ti0 = 25 eV, magnetic field strength B0 = 1.9 T, q = q95 = 5.32, major

radius, R = 1.65 m, minor radius, a = 0.5 m, parallel connection length to divertor,

Lc = 15.0 m. Subscript 0 refers to expected value in the vicinity of LCFS. With

these parameters we obtain the following values for the Bohm normalized transport

coefficients: De = 0.0043, Di = 0.073, 1/τ0 = 0.000016, 1/τSH0 = 0.00098 (the subscripts

0 refer to the damping rates calculated using the electron reference temperature, Te0)
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and α = 0.000274. The effective collisionality parameter are for these parameters given

by Eq. 1: Λ = 0.758.

For the numerical domain, see Fig. 1, we have used Lx = Ly = 250 ρs with an edge

area of Ledge = 90 ρs, a SOL of LSOL = 125 ρs0 and a wall shadow region of LWall = 35 ρs
where ρs = 0.38 mm. In the wall shadow region the parallel connection length is reduced

to 2.5 m and this region thus acts as a damping layer which also prevent reflections from

the outer wall. The resolution was chosen to Nx = Ny = 1024.

3.1. Blob evolution

In Fig. 2 we show a snapshot of all the relevant fields from a HESEL simulation using the

above parameters and for connected divertor condition. We observed two large coherent

structures, blobs, with a radial diameter of ∼ 2 cm in the middle of the SOL. The blobs

are clearly visible in all the fields. As connected divertor condition drains the kinetic

energy of the blobs they quickly loses momentum, leaving them stationary in this part

of the SOL, slowly being drained by parallel loses.

Figure 3 show the time evolution of signals from one of the numerical probes

positioned in the SOL just outside the LCFS. The position is indicated by black

dots on the density, temperatures and potential plots in Fig. 2. The intermittent

nature of the system is clearly seen in all the plots. For the turbulent flux signals,

Γn = nvx,ΓPe = nTevx,ΓPi
= nTivx, all the radial transport take place in 3−4 localized

events. We also observe that the ion temperature and heat flux are significantly larger

than the electron temperature and heat flux. The electric potential variation follows

density and temperature variations closely.

3.2. Conditional Average technique

The basic idea of a conditional analysis is discussed by, e.g. Johnsen et al.[21]. Two

time records, A and B, of correlated, randomly varying signals are considered. One,

say A, is used as a reference. For A we determined its maximum value, A(t∗). If this

value fulfils the prescribed condition, (A(t∗) − Ā) > βσA with Ā and σA being the

mean and the RMS of A, a sub-series is then selected from signal B in the time interval

{t∗ − τ ; t∗ + τ}. Signal A is then zero-padded in a time interval {t∗ − 2τ ; t∗ + 2τ}
and the procedure is repeated as long as the condition on A is fulfilled. The time τ is

usually taken to be of the order of the correlation time for the signals. The selected

time sequences will therefore always be non-overlapping. The resulting sets of sub-

series are considered as independent conditional realizations for the ensuing statistical

analysis. This technique is widely used in analyzing experimentally obtained data from

e.g. Langmuir probes[26, 27, 28].

In Fig. 4 we show the results of the conditional averaging analysis applied to the

time signals from numerical probes positioned radially in the SOL region and using

the density signal as reference signal, A. Using the density signal also as signal B

we observe a well-defined blob, which decreases in amplitude as it propagates across
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Figure 2: Snapshot of a HESEL simulation using connected divertor condition and for

t = 0.791 ms. a) density, n, b) electron pressure, pe, c) ion pressure, pi, d) vorticity, w,

e) electron temperatures, Te, f) ion temperature, Ti, g) fluctuation electric potential, φ̃,

h) generalized vorticity, w∗ and i) generalized potential, φ∗. The black dot in subplot

a), e) and f) denotes the position of the probe in Fig. 3(a).

the SOL. As the blob reaches the middle of the SOL a significant broadening of the

conditional signal is observed, consistent with the fact that the radial velocity of the

blob significantly decreases around this radial position. The blob will therefore slowly

decay and in this process it will expand due to perpendicular dissipation. Using one of

the two temperatures as signal B we observed that the amplitudes and widths of the

conditional average signals decreases significantly. As the electron heat conduction is

much faster than the parallel advection, 1/τ << 1/τSH , the electron temperature has

nearly returned to the background level when the blob reaches the middle of the SOL,

with a perturbation of ∆Te ∼ 5 eV. The ion temperature perturbation, on the other

hand, is still large, ∆Ti ∼ 20 eV. We also observe that the ion temperature profile is

broader the the electron temperature profile, consistent with De � Di.

Applying the conditional averaging technique to the electrical potential signal
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Figure 3: Time evolution of the density, the particle flux, the temperatures, the heat

fluxes and the electric potential at a radial position x = 18.0 mm, see Fig. 2. Red curves

correspond to ion dynamics while blue to the electrons.

reveals a signal somewhat similar to the electron temperature signal. Even though

the potential is coupled to the electron temperature by the sheath term in the vorticity

equations we observe that 〈φ〉 > φm 〈Te〉. Another notable feature of the potential signal

is that the two polarities of the potential associated with a dipole are not observed here.

In Fig. 5(a) we show the radial temperature profiles of the maximum of the

conditional averaged blob in Fig. 4(b) and (d). The ion temperature is 2 times larger

than the electron temperature as the blob enters the SOL. This ratio increases to 3.5 for

x > 15 mm, where it stays roughly constant. This results is consistent with experimental

measurements using retarding field analyzers[14]. We note that this simulation uses the
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Figure 4: Conditional average wave forms of density, temperatures and electric potential

using the density as the reference signal. Data takes from the HESEL simulation

presented in Fig. 2.

same reference temperatures, Te0 = Ti0 as well as forced pressure profiles, pe,p = pi,p,

in the inner edge region. In Fig. 5(b) we plot the radial profile of the number of

events measured by the conditional average method from Fig. 4. Using the condition

n− n̄ > 2.5σn results in very few events inside LCFS, but just outside LCFS we observe

a large number of events, ∼ 170, which 1 − 2 cm into the SOL drops significantly to

∼ 20 − 50 events across the last part of SOL region. Based on the amplitude of 90 eV

of the ion temperature wave form closest to the LCFS we estimate that the blobs are

created approximately 1 cm inside the LCFS.

3.3. Drift wave dynamics

In the previous papers, where the HESEL model was used to investigate the L–I–H

transition[1, 2], the model only included the Interchange Mode (IM) modified by finite

ion temperature effects and dissipation terms. This paper accounts for the influence of

finite parallel wavelength and includes the Resistive Ballooning Mode (RBM)[29]. The
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Figure 5: a) radial temperature profiles of the maximum value of the conditional

averaged blob and b) the corresponding radial profile of number of events. Data derived

from Fig. 4.

maximum linear growth rate in the IM peaks at a very low poloidal wave number and

an instability with a wavelength of the width of the numerical box would typically be

generated. For the RBM the linear growth rate increases from 0 with increasing kθ to

some maximum and a larger poloidal wave number will be expected to dominate.

In Fig. 6(a-c) we show three snapshots of the density at the time where the

perturbation of the unstable plasma becomes visible. The simulations correspond to

three different choices of the parallel length, L‖, and thus different drift wave coefficients,

α. As L‖ decreases, i.e. increasing α, we observe a higher wave number in the density

fluctuations. In Fig. 6(d-f) we show the corresponding time evolution of the 10 lowest

poloidal wave numbers for the three cases. We observed mode number 3, 6 and 9 have

the largest linear growth rate in the 3 simulations. This mode is also the mode observed

in the turbulent initial phase, top row, and also connected to the characteristic size of

the blobs observed in the SOL. If L‖ is decreased to qR/4 or even shorter the plasma

gradients will, for these set of plasma parameters, remain stable.

To gain a closer insight into the influence of the drift wave term we have derived

the cross power spectral density for fluctuations. For two temporal signals, h(t) and g(t)

obtained from the same numerical probe, see Fig. 1, the cross power spectral density is

derived by Fourier transforming the cross-correlation function, Rh,g(τ) = 〈h(t)g(t+ τ)〉.
The complex cross power spectrum may be written as[28]

S(f) =|S(f) |exp (iθ(f)) . (15)

The quantities |S | and θ are referred to as the amplitude and the cross phase-spectrum,

respectively. The term θ(f) is directly giving the phase difference between h and g

at the given frequency f . For the turbulent particle flux, Γ(x, t) = h(x, t)g(x, t) =

n(x, t)vx(x, t) we plot in Fig. 7 |S | and θ for two different radial positions; x1 = −4 mm

and x2 = +8 mm. For both positions we observe a relatively broad spectrum up to

approximately 70 kHz, consistent with blobs of diameters of δ ∼ 1 − 2 cm and with
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a) b) 

d) e) f) 

c)

Figure 6: Individual simulations for three values of the parallel length, L‖. a)-c) show

snapshots of the density at the time where the perturbation of the unstable plasma

become visible. d)-f) show the time evolution of the 10 lowest poloidal modes during

the linear growth and turbulent saturation phases. Input parameters otherwise as for

Fig. 2.

velocities of vb ∼ 500 − 1.000 m/s. The phase, θ, shows large fluctuations, but we

generally observe negative phases inside the LCFS and likewise positive phases outside

the LCFS, as also seen on Fig. 7. We notice that even with the change of sign the

calculated phases are nearly all within ±π/2, which correspond to a positive radial

particle transport. Maximum transport is obtained for θ = 0.

In Fig. 8 we display the radial profiles of 〈θ〉 for a combination of density, electron

and ion temperatures signals versus the radial velocity signal. 〈θ〉 is calculated as a

weighted average over all frequencies: 〈θ〉 =
∑

k θkSk/Z, where Z =
∑

k Sk. In the

edge region, where the drift wave term is active, we observed a negative weighted phase

difference for all three curves, whereas in the near SOL, 0 < x < 20 mm, we observe

a moderate positive weighted phase. In the far SOL, x > 25 mm, the weighted phase

becomes approximately π/2, and turbulent transport will be significant reduced. This

is in agreement with Fig. 5(b) as most blobs does not propagate into the far SOL. We

note that we are not obtaining a phase difference near ±π/2 as expected numerically for

pure drift wave turbulence in the edge region, well inside the LCFS. This observation is

somewhat in agreement with [30], where the presence of both drift wave and interchange

dynamics make it impossible to separate the two effects.
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Figure 7: The amplitude, S(f), and phase, θ(f), of the radial particle flux for two

radial positions obtained from the cross power spectral density, see Eq. 15. Data takes

from the HESEL simulation presented in Fig. 2.
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3.4. Radial profiles

In Fig. 9 we display the profiles of the density, temperatures, pressures, turbulent heat

fluxes, and poloidal velocity. All the profiles have been averaged polodally and in

time. The profiles all have sharp gradients close to the LCFS with density and electron

temperature approaching a low value already 1 cm outside the LCFS, whereas the ion

temperature profiles is much broader with a SOL width of ∼ 4 cm. We decompose the

turbulent ion and electron energy fluxes, 〈neTαṽr〉, α = {i, e}, into a conductive heat

flux, 〈ne〉
〈
T̃αṽr

〉
, a convective heat flux, 〈Tα〉 〈ñṽr〉, and to a pure non-linear flux, the

so-called triple product,
〈
ñeT̃αṽr

〉
. In the edge region the energy fluxes are dominated

by the conductive part but in the SOL the largest contributions comes from the triple

products, a consequence of the very intermittent dynamics in the SOL. The poloidal

velocity shows a strong shear of ∼ 500.000 s−1 across the LCFS with a minimum just

5 mm outside the LCFS. We note that this position is the same as where the weighted

phase changes sign, see Fig. 8.

We have performed a series of simulations in order to observe how our model behaves

as the connection length, Lc, and thus the ratio of perpendicular to parallel transport,

is changed, as mentioned in the introduction. In Fig. 10 we show the radial profiles of

the normalised density and turbulent particle fluxes, Γ⊥, for the cases Lc = 5, 20, 40 m

corresponding to Λ = 0.385, 1.54, 3.08 and for both connected and disconnected divertor

conditions. These simulations have been performed with Te0 = Ti0 = 20 eV and

LSOL = 31 mm. For the connected simulations only one gradient length scale are

observed throughtout the SOL for Λ = 0.385. For Λ = 1.54 and Λ = 3.08 we observe

a plateau region in the middle of the SOL, which may be characterise as a shoulder

region, see [18, 19]. The perpendicular particle flux profile gets broader as Λ increases,

which demonstrate that the effective area, or wetted area, of the divertor increases. For

a disconnected divertor the generated blobs can cross the SOL completely and enter the

wall region. The SOL is only a transit region and we observe nearly constant density

profiles. The perpendicular particle flux at the entrance to the wall region is more than

50% of the LCFS values, displaying in this case the inefficiency of the SOL to remove

the plasma.

4. Conclusions

We have examined blob propagation across the SOL due to interchange dynamics on

the outboard midplane of a tokamak using the 2D HESEL model. We have shown

that blobs has a high ion temperature but low electron temperature perturbation in

agreement with experimental observations, [14, 13]. This is perhaps the first time that

the experimentally observed differences between the temperatures in the SOL has been

modelled. Energy losses to plasma facing components, such as the divertor, thus depends

heavily that the ion temperature dynamics.

The parallel dynamics in HESEL is parametrized. Transport of plasma across the
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Figure 9: Radial profiles of density, temperatures, pressures, turbulent energy fluxes

divided into convecting, conducting, triple product and total flux, and poloidal velocity.

Data takes from the HESEL simulation presented in Fig. 2.

LCFS is concentrated in a region of 60 degree on the outboard midplane and we have

used this fact to define a flux tube with a parallel ballooning length of Lb = qR. This

length is used to parametrised parallel loses due to advection along the magnetic field

lines. We are aware that parallel electron heat conduction is a relative fast process,

and an equilibrium state stretching from the outboard midplane to the outer divertor

establishes quickly, see e.g. [31]. We have in our model used the shorter parallel

ballooning length for the electron heat conduction to include the fast decay of electron

pressure in the SOL.

We have implemented the sheath condition in the model - linking the electron

potential to the electron temperature in the SOL. This adds a significant sink for

the poloidal velocity in the SOL. The sheath term is used to model connected and

disconnected divertor conditions. In the connected condition we assume that both the

mean and fluctuation part of the potential and electron temperature are coupled by
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Figure 10: Radial profiles of density and turbulent perpendicular particle flux, Γ⊥, in

the SOL for different values of three connection lengths, Lc and thus of Λ. Full lines

correspond to connected divertor condition and dashed lines to disconnected divertor

condition. Input parameters as for Fig. 2 except Te0 = Ti0 = 20 eV and LSOL = 31 mm.

the divertor sheath. Blobs being ejected into the SOL will in this case quickly loose

momentum and will be left somewhere in the middle of the SOL to decay due to parallel

loses. In the disconnected divertor conditions only the mean part of the potential and

electron temperature are coupled by the divertor sheath. Strong and fast blobs would be

generated and they will be able to cross the SOL and enter the wall region, interacting

with the first wall in a toroidal device. If the connection length becomes too long we

also would assume that the fluctuating part of the potential and electron temperature

cannot coupled. Such a condition would be resemble a disconnected sheath condition

in our model.

The inclusion of drift waves in the edge region has shown quite important for the

observed instabilities in this region. Generally, we do not observed pure drift waves

with a phase relation between density and radial velocity close to π/2 in this region,

but the drift wave term controls the length scale of the instability which essentially

will determine the size of the blobs being ejected into the SOL. This model is thus not

significantly affected by the choice of aspect ratio of the numerical domain. The drift
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wave terms are very sensitive to the choice of parallel length scale, as α ∼ L−2‖ . The

parallel length scales are in this paper chosen to to be equal the parallel ballooning

length on open field lines, e.g. Lb = L‖ = qR. We observed blobs in the SOL with

diameters of 1 − 2 cm, in agreement with experimental observations, see e.g. [20]. A

longer parallel length would result in larger blobs and for a length scale L‖ < qR/4 the

gradients in the edge region would appear to be stable.

By varying the connection length, we are by simple means able to change the

parameter Λ, the ratio between perpendicular to parallel transport, while keeping all

other parameters constant in the model. The observed ’shoulder’ formation in the

density profile for increasing connection length is a result of local processes on the

outboard midplane. We are, of course, aware that our parallel physics are simple, but we

do notice that our results are in qualitative agreement with experimental observations in

COMPASS, AUG and JET, see [18, 19] as well as in agreement with an older comparison

between the numerical model, ESEL and Langmuir probe measurements at TCV, see

[32, 33].

Finally, we have demonstrated that the energy transport across the SOL, and

thus also the energy transport to the divertor region is strongly intermittent and the

non-linear triple products in the energy flux terms are dominant. Energy transport is

dominated by blob dynamics and we can observe a significant energy transport far into

the SOL even in the case of flat density and temperature profiles.
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