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1 Università degli studi della Tuscia, Largo dell’Università s.n.c., 01100 Viterbo, Italy
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Abstract
Simulations of plasma turbulence in a lower single-null magnetic configurations are presented.
The plasma dynamics is modelled by the drift-reduced two-fluid Braginskii equations that are
coupled with a kinetic model for a single neutral species that considers ionization,
charge–exchange, recombination and elastic collisions. The effect of increased core fuelling
on the plasma scrape-off layer (SOL) density and temperature profile is investigated. The
increase in core fuelling leads to an increase of the e-folding length in the near SOL and, in the
far SOL, to an increase of the plasma density. These results are in agreement with
experimental measurements, and in particular with the observations of the formation of a
density shoulder in high-fuelling scenarios. The physical mechanisms underlying the increase
of the far SOL density are analysed comparing parallel and perpendicular fluxes in the SOL
and considering also simulations with similar parameters but without neutrals. Despite the
increase of the blob size, the increase of the far SOL density observed at high-fuelling rates is
found to be mainly caused by the strong decrease of parallel transport, due to the cooling of
electrons resulting from ionization events.

Keywords: plasma turbulence, neutral interactions, GBS, shoulder formation

(Some figures may appear in colour only in the online journal)

1. Introduction

The boundary of fusion plasma devices is characterized by a
significant presence of neutral particles, resulting either from
local gas injection or from plasma recycling at the vessel walls.
The neutrals interact with plasma through different reactions
like ionization, charge–exchange, recombination and elas-
tic collisions, playing a crucial role in providing the power

∗ Author to whom any correspondence should be addressed.

and momentum loss mechanisms needed to reach plasma
detachment [1–3], in the L–H mode transition and in the
enhancement of edge plasma turbulence [4], possibly through
a reduction of the amplitude of zonal flows [5] or by sustain-
ing filamentary transport thanks to local ionization [6]. The
latter two mechanisms have been proposed also as possible
candidates for the formation of the density shoulder, i.e. the
flattening of the scrape-off layer (SOL) density profile at the
tokamak outer mid-plane (OMP) observed when core density
is increased by increase in fuelling [7].
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Even if the formation of the density shoulder is the sub-
ject of a number of experimental investigations carried out in
several devices [7–10], there is still debate about the physical
mechanisms behind it [9, 11, 12]. As a matter of fact, a proper
modelling of plasma–neutrals interactions in a full tokamak
turbulent simulation is generally thought necessary to gain the
fundamental insights on this phenomenon. Since flatter den-
sity profiles are often observed to affect the transport in the
SOL and the fluxes to the vessel wall [11, 13], the understand-
ing of the density shoulder formation is of crucial importance
for the design of plasma facing components in high-density
devices.

While the study of the interaction of plasma and neutrals is
most often approached by using fluid models for the plasma,
where perpendicular transport is modelled as a diffusive pro-
cess, and kinetic Monte-Carlo models for the neutral dynam-
ics (see, e.g. the SOLPS-ITER [14] and SOLEDGE2D [15]
codes), different approaches have been recently suggested in
order to incorporate neutral dynamics into turbulence bound-
ary codes that are, most often, based on the drift-reduced Bra-
ginskii equations for the plasma [16, 17]. The plasma tur-
bulence code TOKAM3X [18, 19] has been coupled with
SOLEDGE2D [15]. The resulting code, SOLEDGE3X [20],
can address the plasma turbulent dynamics and the neutral
physics using a Monte Carlo approach to the neutral kinetic
equation, based on the EIRENE code [21], giving insight on
turbulent impurity transport [22]. A fluid-diffusive model for
the neutrals is implemented in nHESEL and two-dimensional
simulations accounting for both atomic and molecular
hydrogen have been performed [6, 23]. In BOUT++ a sin-
gle component fluid model for the neutrals is coupled to a
three-dimensional plasma turbulent model [24, 25]. The neu-
tral dynamics [26] is also implemented in the GBS code
[27, 28] by numerically discretizing the kinetic equation for
the neutral species integrated along the neutral characteristics.
By focussing on limited configurations, GBS simulations have
allowed insights on the drop of the electron temperature in the
proximity of the limiter plates [29] and on the impact of neutral
fluctuations on gas-puff imagining [30].

In this paper, we present and discuss the results of the
first simulations of GBS in a lower single-null configuration,
with the neutral dynamics included. These simulations lever-
age recent effort to extend the capabilities of GBS to simulate
plasma turbulence in arbitrary magnetic configurations in a full
torus, thus retaining the SOL–edge–core interplay [31, 32].
Following [26], neutral dynamics is simulated by consider-
ing a single mono-atomic neutral species that interacts with
the plasma through ionization, charge–exchange, recombina-
tion and elastic electron–neutral collisions. The solution of a
kinetic equation for the neutrals allows us to self-consistently
simulate the neutral dynamics, without making assumptions on
neutrals transport coefficients as typically required by the fluid
approaches [6]. Plasma profiles are evolved without separation
between equilibrium and fluctuating quantities, as they result
from the self-consistent interplay of the sources of plasma den-
sity and heat, perpendicular turbulent transport, parallel flow
and losses at the vessels walls.

A scan of simulations is described, with increasing core
fuelling. We show that neutrals affect both the plasma pro-
files and turbulence properties. In particular, associated with
an increase of fuelling, an increase of the plasma resistivity is
observed. This leads to an increase of the e-folding length in
the near SOL. In the far SOL, an increase of the fuelling rate
leads to an increase in plasma density. This result is in agree-
ment with experimental evidences when the density shoulder
forms in high-fuelling scenarios. Associated with the increased
density an increase of the blob size and a decrease in blob
radial velocity are observed. On the other hand, by compar-
ing parallel and perpendicular fluxes in the SOL, the increase
in far SOL density observed at high fuelling is shown to be
mainly due to the strong decrease of parallel transport. This is
caused by the electron cooling, resulting from ionization reac-
tions in the core and in the SOL region, that reduce the plasma
outflow speed to the wall.

The article is structured as follows. In section 2 we intro-
duce the model we use to self-consistent simulate plasma
turbulence and neutral dynamics as well as its implementa-
tion in GBS. Section 3 provides an overview of the results
obtained from a scan of simulations where we vary the core
fuelling. The physical mechanisms behind the formation of the
density shoulder are analysed in section 4. The conclusions
follow.

2. Simulations model

Our study is based on simulations carried out with the GBS
code [27, 28, 33], a three-dimensional, flux-driven, two-fluid
code used to study plasma turbulence in the tokamak boundary.
Initially developed to simulate basic plasma physics experi-
ments [17, 34], GBS was then ported to the limited configu-
ration of tokamaks [35] where the plasma model was coupled
to a self-consistent kinetic neutral model [26]. Thanks to the
improvement of the numerical scheme [33], GBS was enabled
to carry out simulations in diverted configurations, encompass-
ing the full plasma volume in order to avoid an artificial bound-
ary with the tokamak core [31]. The results we discuss in the
present paper are based on the first simulations in a diverted
configuration where the plasma fluid model is coupled with a
kinetic model for neutrals. We first describe the plasma and
then the neutral model.

2.1. The plasma model

The plasma is modelled by using the Braginskii equations
[36], assuming that the electron mean free path is shorter than
the typical length scales of turbulence in the parallel direc-
tion, λe � L‖ ∼ 2πqR. In addition, we make use of the drift
approximation [37] for the particle velocity, which is valid if
turbulent scale lengths in the perpendicular direction are larger
than the ion Larmor radius, k⊥ρi � 1, and typical turbulent
time scales are slower than the ion cyclotron time scale, Ωci.
These conditions are typically satisfied in the SOL of L-mode
discharges. Since we focus our attention on the plasma interac-
tion with the neutral particles, for simplicity we neglect elec-
tromagnetic effects and we use the Boussinesq approximation.
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This leads to the following set of equations

∂n
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= − 1
B
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2

eB
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+ Dn∇2
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∂ω

∂t
= − 1

B
[φ,ω] − v‖i∇‖ω +

eB2

mi

1
n
∇‖ j‖

+
2B
min

C(pe + pi) + Dω∇2
⊥ω − nn

n
νcxω, (2)

∂v‖e

∂t
= − 1

B
[φ, v‖e] − v‖e∇‖v‖e

+
e

me

(
j‖
σ‖

+∇‖φ− 1
en

∇‖pe −
0.71

e
∇‖Te

)

+
4

3men
η0,e∇2

‖v‖e + Dv‖e
∇2

⊥v‖e

+
nn

n
(νen + 2νiz)(v‖n − v‖e), (3)

∂v‖i

∂t
= − 1

B
[φ, v‖i] − v‖i∇‖v‖i −

1
min

∇‖(pe + pi)

+
4

3min
η0i∇2

‖v‖i

+ Dv‖i
∇2

⊥v‖i +
nn

n
(νiz + νcx)(v‖n − v‖i), (4)

∂Te

∂t
= − 1

B
[φ, Te] − v‖e∇‖Te +

2
3

Te

[
0.71

∇‖ j‖
en

−∇‖v‖e

]

+
4
3

Te

eB

[
7
2

C(Te) +
Te

n
C(n) − eC(φ)

]

+ χ‖e∇2
‖Te + DTe∇2

⊥Te + sTe

− nn

n
νenme

2
3
v‖e(v‖n − v‖e)

+
nn

n
νiz

[
−2

3
Eiz − Te + mev‖e

(
v‖e −

4
3
v‖n

)]
, (5)

∂Ti

∂t
= − 1

B
[φ, Ti] − v‖i∇‖Ti

+
4
3

Ti

eB

[
C(Te) +

Te

n
C(n) − eC(φ)

]
− 10

3
Ti

eB
C(Ti)

+
2
3

Ti

[
(v‖i − v‖e)

∇‖n
n

−∇‖v‖e

]

+ χ‖i∇2
‖Ti + DTi∇2

⊥Ti + sTi

+
nn

n
(νiz + νcx)

[
Tn − Ti +

1
3

(v‖n − v‖i)
2

]
, (6)

∇2
⊥φ = ω − ∇2

⊥Ti

e
. (7)

In (1)–(7), [φ, f ] = b · (∇φ×∇ f ) is the E × B con-
vective operator, C( f ) = B/2[∇× (b/B)] · ∇ f is the cur-
vature operator, ∇‖ f = b · ∇ f is the parallel gradient, and
∇2

⊥ f = ∇ · [(b ×∇ f ) × b] is the perpendicular Laplacian,
with b = B/B the unit vector in the direction of the magnetic
field. The toroidally symmetric magnetic field is written in
terms of the flux function ψ,

B = RBϕ∇ϕ+∇ψ ×∇ϕ, (8)

with ∇ϕ the toroidal direction, Bϕ the toroidal magnetic field
and ∇ψ is the direction orthogonal to the flux surfaces. In this
work, the simulation domain encompasses the whole tokamak
plasma volume, with a rectangular poloidal cross section of
vertical and radial extension LZ and LR, as done for the first
time in [32] and with close similarity to the TCV tokamak [38].
It is therefore convenient to express all the spatial operators in
(1)–(7) and evolve the plasma and neutral model in the cylin-
drical coordinate system (R,ϕ, Z), being R the radial distance
from the tokamak axis of symmetry and Z the vertical coordi-
nate [31]. For the analysis we also use a flux aligned coordinate
system (∇ψ,∇χ,∇ϕ), where ∇χ = ∇ϕ×∇ψ.

While (1)–(7) are presented in physical units, they are
implemented in GBS in dimensionless form. Plasma and neu-
tral densities are normalized to the reference density n0, elec-
tron and ion temperatures to the reference temperature Te0

and T i0 and velocities to the sound speed cs0 =
√

Te0/mi.
The norm of the magnetic field B is normalized to the field
value on the magnetic axis B0, perpendicular lengths to the
ion sound Larmor radius ρs0 = cs0/Ωci, where Ωci = eB0/mi,
parallel lengths to the tokamak major radius R0, and time to
t0 = R0/cs0. By normalizing equations (1)–(7), the following
dimensionless parameters that regulate the system dynamics
are identified: the normalized ion Larmor radius, ρ∗ = ρs0/R0,
the ion to electron temperature ratio, τ = T i0/Te0, and the nor-
malized Spitzer resistivity ν = e2n0R0/(mics0σ‖) = ν0T−3/2

e ,
with
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(
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n0e2τe

me

)
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.

(9)
The expression of electron and ion viscosities, η0e and

η0i in (3) and (4), as well as the electron and ion parallel
thermal conductivities, χ0e and χ0i in (5) and (6), can be
found in [39]. For this work, the normalized viscosities,
η̃0e = η0eme/(0.73n0t0R0) and η̃0i = η0imi/(0.96n0t0R0),
and the normalized parallel thermal conductivities,
χ̃‖e = χ‖e/(1.58n0t0R0) and χ̃‖i = χ‖i/(1.94n0t0R0), are
all taken as constant. In (1)–(6) the normalized diffusion coef-
ficients D̃ f = D f /(ρs0cs0ρ∗), for the field f , are introduced
for numerical stability.

We describe the interaction of the plasma with the neutrals
by considering ionization, charge–exchange, elastic collisions
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Figure 1. Reaction rates for ionization, charge–exchange, elastic
electron–neutral collisions and recombination, for plasma density
n = 5 × 1019 m−3.

and recombination processes that are modelled through Krook
operators with collision frequencies:

νiz = ne〈veσiz(ve)〉e

νcx = ni〈viσcx(vi)〉i

νen = ne〈veσen(ve)〉e

νrec = ne〈veσrec(ve)〉e

. (10)

In (10) ionization, elastic collisions and recombination
reaction rates are averaged over the electron distribution
function, neglecting the neutral with respect to the electron
velocity. The charge–exchange cross section is averaged
over the ion distribution function, depending weakly on the
relative velocity of ions and neutrals [40]. The reaction rates,
taken from the OpenADAS database [41] as the solution
of a collisional-radiative model, are shown in figure 1. We
assume that electrons resulting from ionization processes
have a Maxwellian distribution function with average par-
allel velocity that corresponds to the neutral velocity vn,
because of the electron to neutral mass ratio, and temperature
Te,iz = Te/2 − Eiz/3 + mev

2
e/6 − mev

2
n/3, obtained from

energy conservation with Eiz the average energy loss in
an ionization process. Also for the elastic collisions with
neutrals, the emission is according to a Maxwellian distri-
bution function, always with average velocity vn and with
temperature Te,en = Te + me(v2

e − v2
n)/3, also obtained from

energy consideration and taking into account that neutrals are
considerably heavier than electrons.

In contrast to previous simulations in diverted configura-
tions [31, 42], herein the fuelling is entirely the result of neutral
ionization processes, while sTe and sTi are the external tem-
perature source terms in (5) and (6). We define Sn, STe and
STi as the total density, electron temperature and ion tempera-
ture sources integrated over the area inside the last closed flux
surface (LCFS), i.e.

Sn =

∫
ALCFS

sn
n(R, Z)dR dZ, (11)

STe = Scost
Te

+ Sn
Te

=

∫
ALCFS

[sTe (R, Z) + sn
Te

(R, Z)] dR dZ (12)

and

STi = Scost
Ti

+ Sn
Ti
=

∫
ALCFS

[sTi (R, Z) + sn
Ti

(R, Z)]dR dZ. (13)

The plasma density source resulting from ionization
processes is expressed as sn

n = nnνiz (see (1)), while
sn

Te
= {nnνiz

[
−2Eiz/3 − Te + mev‖,e

(
v‖,e − 4v‖,n/3

)]
− 2nn

νenmev‖,e(v‖,n − v‖,e)/3}/n and sn
Ti
= {nn(νiz + νcx)[

Tn − Ti + (v‖n − v‖i)2/3
]
}/n are the electron and ion con-

tribution to the temperatures evolution due to the interaction
with the neutrals (see (5) and (6)). We also define the external
electron heat source as spe

= nsTe and the electron heat source
due to the interaction with neutrals as sn

pe
= nsn

Te
+ Tesn

n. The
ion heat sources are defined analogously. The total heat source
can therefore be expressed as

SP =

∫
ALCFS

[
spe

(R, Z)

+ sn
pe

(R, Z) + spi
(R, Z) + sn

pi
(R, Z)

]
dR dZ. (14)

At the divertor target plates (bottom wall of the domain) we
implement the pre-sheath set of magnetic boundary conditions
derived in [43] in the cold ion case and generalised by [44] to
take into account finite ion temperature:

v‖i = ±cs

√
1 +

Ti

Te
(15)

v‖e = ±cs max

{
exp
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Λ− eφ

T e

)
, exp(Λ)

}
(16)
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√
1 + Ti

Te

∂Zv‖i (17)

∂Zφ = ∓ mics

e
√

1 + Ti
Te

∂Zv‖i (18)

∂ZTe = ∂ZTi = 0 (19)

ω = −mi

e
1

1 + Ti
Te

⎡
⎣(∂Zv‖i)

2 ± cs√
1 + Ti

Te

∂2
ZZv‖i

⎤
⎦, (20)

where the plus (minus) sign refers to case of the mag-
netic field pointing towards (away) from the target and
Λ = log

√
mi/(2πme) � 3 for hydrogen plasma. The same

boundary conditions are used also for the top wall, while for
the left and right walls we use simplified boundary conditions
where the electrostatic potential is set to eφ = ΛTe and we
impose vanishing derivatives in the direction perpendicular to
the wall for the other quantities.
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The numerical implementation of (1)–(6) is described in
[28]. The system of equations is advanced by using a standard
fourth-order Runge–Kutta algorithm, while the spatial opera-
tors are discretized by a fourth-order centred finite differences
scheme, except for the Poisson brackets that are discretized by
using the Arakawa scheme [45]. Poisson equation (7) is solved
by a direct inversion of the perpendicular Laplacian operator
through LU factorisation using the MUMPS library [46].

2.2. The neutral model

Following [26], we base our model on a kinetic description of
a mono-atomic neutral species, i.e.

∂ fn
∂t

+ v · ∂ fn
∂x

= −νiz fn − νcx

(
fn −

nn

ni
f i

)
+ νrec f i, (21)

where fn and fi are the neutral and ion distribution functions.
Previous studies based on GBS simulations that include the
neutral dynamics have been carried out in limited configura-
tions, shedding light on the effect of neutrals on the temper-
ature drop along the magnetic field line [29], as well as on
the effect of neutral fluctuations on gas puff imagining [30].
Also in limited configuration, the mass conservation proper-
ties of the model have been recently studied [47]. Here, we
extend the work in [26] by allowing the self-consistent GBS
simulation of neutrals and plasma in diverted configurations
for the first time.

As boundary conditions for (21), we consider the follow-
ing distribution function for the neutrals flowing from the wall
towards the plasma

fn(xb, v, t) = [1 − αrefl(xb)]Γout(xb, v, t)χin(xb, v, t)

+ αrefl(xb)
[

fn(xb, v − 2vp, t)

+ f i(xb, v − 2vp, t)
]

, (22)

where vp = vpn̂ is the velocity perpendicular to the boundary,
n̂ is the unit vector normal to the wall and pointing towards
the plasma volume and xb a point on the wall boundary. The
distribution function in (22) takes into account that a fraction of
the ions, αrefl(xb), which depends on the wall properties [40],
is reflected, while the remaining fraction is absorbed by the
wall and then immediately re-emitted (under the hypothesis
that the walls are saturated) with a temperature that depends
only on the material properties, Tb, and velocity distribution
χin given by the Knudsen law

χin(xb, v) =
3

4π

(
m

Tb(xb)

)2

cos(θ) exp

(
− mv2

2Tb(xb)

)
, (23)

where θ is the angle between v and n̂. For Tb we consider an
effective temperature that takes into account the energy gain
due to Franck–Condon dissociation process [40]. The neutrals
are reflected or re-emitted with the same probability as the
ions.

The outflowing flux of particles to the wall, Γout appear-
ing in (22), is the sum of the neutral and ion flux to the wall,

Γout =
∫
vp<0|vp| fn d3v + Γout,i. The ion flux is evaluated con-

sidering the contribution of the parallel, E × B and diamag-
netic velocities, i.e.

Γout, i = −
(

niv‖ib + ni
B ×∇φ

B2
+

B ×∇pi

B2

)
· n̂. (24)

Assuming that the plasma related quantities (i.e. reaction cross
sections and ion flux to the wall) are known, it is possible to
express the formal solution of (21) by using the method of
characteristics [26]:

fn(x, v, t) =
∫ r′b

0

[
S(x′, v, t′)

v
+ δ(r − r′b) fn(x′, v, t′)

]

× exp

(
−1
v

∫ r′

0
νeff(x′′, t′′)dr′′

)
dr′, (25)

where r′ is the coordinate along the neutral characteristic
defined by x′ = x − r′v/v, and r′b is the distance along the
characteristic from the position x and the wall. The effec-
tive frequency for neutral removal along the characteristic is
νeff = νcx + ν iz. The neutral volumetric source is the result of
charge–exchange and recombination processes

S(x′, v, t′) = νcx(x′, t′)nn(x′, t′)Φi(x′, v, t′)

+ νrec(x′, t′) f i(x′, v, t′), (26)

with Φi = [mi/(2πTi)]3/2 exp[−miv
2/(2Ti)] the ion velocity

distribution. In (25) we find an integral equation for fn that
takes into account that neutrals are generated in the plasma vol-
ume and at the boundary walls and they are lost along the path
from the source to the target positions because of ionization
and charge–exchange processes. In fact, x′′ and t′′ appearing
in (25) indicates the position and time along this path.

As detailed in [26], (25) can be integrated over the veloc-
ity space, obtaining an integral equation for the neutral den-
sity nn(x, t) =

∫
fn(x, v, t)dv. Under two assumptions, typi-

cally valid in SOL conditions, i.e. that the time of flight of
neutrals is shorter than the turbulence timescales τ n < τ turb,
equivalent to neglect ∂t fn = 0 in (21), and that the turbulent
parallel length scales are longer than neutrals mean free path,
k‖λmfp � 1, the following equation for the neutral density is
obtained

nn(x⊥) =
∫

D
nn(x′

⊥)νcx(x′
⊥)Kp→p(x⊥, x′

⊥)dA′

+

∫
∂D

(1 − αrefl)Γout, n(x′
⊥b)

× Kb→p(x⊥, x′
⊥b, Tb)da′

b

+ nn[out, i](x⊥) + nn[rec](x⊥), (27)

where D is the poloidal plane that, within the tokamak large
aspect ratio approximation, can be considered perpendicular

5



Nucl. Fusion 61 (2021) 126029 D. Mancini et al

to B, ∂D is its boundary, x⊥ identifies a vector on D and x⊥b

along ∂D. The flux of neutral to the wall Γout, n is given by

Γout, n(x⊥b) =
∫

D
nn(x′

⊥)νcx(x′
⊥)Kp→b(x⊥b, x′

⊥)dA′

+

∫
∂D

(1 − αrefl)Γout, n(x′
⊥b)

× Kb→b(x⊥b, x′
⊥b, Tb)da′

b

+ Γout, n[out, i](x⊥b) + Γout[rec](x⊥b). (28)

The kernel function Kp→p represents the probability for a
neutral to reach a target point in the plasma volume, p, from
a source point also in the plasma. By considering that these
two points can be connected directly or through one reflection
(we neglect multiple reflections), the following expression is
obtained

Kp→p(x⊥, x′
⊥) = Kdir

p→p(x⊥, x′
⊥) + αreflKrefl

p→p(x⊥, x′
⊥), (29)

where, for the direct and reflected paths, we have

Kpath
p→p(x⊥, x′

⊥) =
∫ ∞

0

1
r′⊥

Φ⊥i(x′
⊥, v⊥)

× exp

[
− 1
v⊥

∫ r′⊥

0
νeff(x′′

⊥)dr′′⊥

]
dv⊥,

(30)

having defined path = {dir, refl} and the variable x′′
⊥ as the

coordinate of a point along the path that connects x′⊥ and x⊥
on D. Similarly, the kernel function involving boundary points,
b, are defined as

Kb→p(x⊥, x′
⊥b, T) = Kdir

b→p(x⊥, x′
⊥b, T)

+ αreflKrefl
b→p(x⊥, x′

⊥b, T), (31)

Kp→b(x⊥b, x′
⊥) = Kdir

p→b(x⊥b, x′
⊥)

+ αreflKrefl
p→b(x⊥b, x′

⊥), (32)

Kb→b(x⊥b, x′
⊥b, T) = Kdir

b→b(x⊥b, x′
⊥b, T)

+ αreflKrefl
b→b(x⊥b, x′

⊥b, T), (33)

where

Kpath
b→p(x⊥, x′

⊥b, T) =
∫ ∞

0

v⊥
r′⊥

cos θ′χ⊥in(x′
⊥b, v⊥, T)

× exp

[
− 1
v⊥

∫ r′⊥

0
νeff(x′′

⊥)dr′′⊥

]
dv⊥,

(34)

Kpath
p→b(x⊥b, x′

⊥) =
∫ ∞

0

v⊥
r′⊥

cos θΦ⊥i(x′
⊥, v⊥)

× exp

[
− 1
v⊥

∫ r′⊥

0
νeff(x′′

⊥)dr′′⊥

]
dv⊥,

(35)

Kpath
b→b(x⊥b, x′

⊥b, T)

=

∫ ∞

0

v2
⊥

r′⊥
cos θ cos θ′χ⊥ in(x′

b, v⊥, T)

× exp

[
− 1
v⊥

∫ r′⊥

0
νeff(x′′

⊥)dr′′⊥

]
dv⊥. (36)

The velocity distribution functions appearing in (34)–(36) are
integrated over the parallel velocity, that is

Φ⊥i(x⊥, v⊥) =
∫

Φi(x⊥, v)dv‖ =
mi

2πTi
exp

(
−miv

2
⊥

2Ti

)
(37)

and

χ⊥in(x⊥, v⊥, T)

=

∫
χin(x⊥, v, T)dv‖ =

3m2
i

4πT2
i

v⊥ cos θ exp

(
−miv

2
⊥

4Ti

)
K0

(
miv

2
⊥

4Ti

)
(38)

being K0(x) the modified Bessel function of the second kind.
Neutral densities and fluxes due to ion recycling and recom-

bination processes in (27) and (28) do not depend on the
neutral density. They are evaluated as

nn[out, i](x⊥) =
∫
∂D
Γout, i(x′

⊥b)

×
[
(1 − αrefl)Kb→p(x⊥, x′

⊥b, Tb)

+ αreflKb→p(x⊥, x′
⊥b, Ti)

]
da′

b, (39)

Γout, n[out, i](x⊥b) =
∫
∂D
Γout, i(x′

⊥b)

×
[
(1 − αrefl)Kb→b(x⊥b, x′

⊥b, Tb)

+ αreflKb→b(x⊥b, x′
⊥b, Ti)

]
da′

b, (40)

nn[rec](x⊥) =
∫

D
ni(x′

⊥)νrec(x′
⊥)

× Kp→p(x⊥, x′
⊥)dA′, (41)

Γout[rec](x⊥b) =
∫
∂D

ni(x′
⊥)νrec(x′

⊥)Kp→b

× (x⊥b, x′
⊥)dA′. (42)
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In order to numerically solve (27) and (28) the poloidal
plane is discretized on a uniform (R, Z) grid, and the system
is rewritten in matrix form:

(
nn

Γout,n

)
=

⎛
⎝νcxKp→p (1 − αrefl)Kb→p

νcxKp→b (1 − αrefl)Kb→b

⎞
⎠(

nn

Γout,n

)

+

⎛
⎝ nn[out, i] + nn[rec]

Γout, n[out, i] + Γout[rec]

⎞
⎠ (43)

The numerical solution of the neutral kinetic equation is finally
obtained through the solution of the linear system in (43). Dif-
ferently with respect to [26], where a region of the core is
excluded from the simulation domain, all points in our domain
are optically connected also through the reflection on the walls,
so all elements in the matrix in (43) are strictly positive. The
system is solved by a direct inversion of the matrix using the
MUMPS library [46]. Once the neutral density is known as the
solution of (43), all moments of the neutral distribution func-
tion can be evaluated by considering integrals similar to the
one in (27).

3. Overview of the simulation results

The results described in the present work are based on a set
of simulations carried out with the GBS code implementing
the model described in section 2. All simulations consider the
same flux function ψ, which is evaluated from the solution of
Biot–Savart law in the infinite aspect-ratio limit for two cur-
rents: one centred at the magnetic axis and one outside the
domain (see figure 2), as a matter of fact the same equilibrium
used in [32]. Contour levels of the flux function are also shown
in figure 2. The plasma current on axis is set to have safety
factors q0 � 1 at the axis and q95 � 4 at the edge. In addi-
tion, all simulations consider the same geometrical parameters:
LZ = 800ρs0, LR = 600ρs0, ρ−1

∗ = 500, a/R0 = 0.3. With the
choice of Te0 = 20 eV, if we consider a magnetic field typi-
cal of a TCV discharge B = 0.9 T and hydrogen species, we
find the ion sound speed cs0 = 3.8 × 104 m s−1, the ion sound
Larmor radius ρs0 = 0.5 mm, a = 0.076 m and R0 = 0.254 m,
approximately, 1/3 of the TCV tokamak [38]. Other plasma
parameters that are constant throughout the scan are τ = 1,
η̃0e = η̃0i = 1, χ̃‖e = χ̃‖i = 2 and D̃ f = 16 for all fields f . In
(5) and (6) the temperature source terms are equal for both
species sTe = sTi = sT, where sT is toroidally uniform and we
express it as an analytical function of the flux function

sT =
sT0

2

[
tanh

(
−ψ(R, Z) − ψT

ΔT

)
+ 1

]
, (44)

where ψT is a flux surface localized inside the LCFS, at a posi-
tion R − Rsep = −45ρs0 at Z = 0, as shown in figure 2, andΔT

corresponds to an interval ΔR = 40ρs0 at Z = 0.
Regarding the parameters that describe the neutral–plasma

interaction, we consider an effective ionization energy of Eiz =

Figure 2. Flux surface of ψ function in the domain considered for
our simulations. The two black dots represent the position of the
current density that generates the magnetic field. The bottom dot is
outside the simulation domain. The red region indicate the position
of the temperature source, the green lines indicate the pumping
regions at the lower boundary of the domain.

30.0 eV, taking into account the radiation losses that occur with
ionization [40]. Volumetric recombinations and recycling on
the left and right walls are neglected, while for all four walls a
constant reflection coefficientαrefl = 0.2 is considered. Taking
into account the energy associated with Franck–Condon dis-
sociation processes, the emission temperature of the neutrals is
set to Tb = 3 eV [40]. At the bottom-left and bottom-right cor-
ners of the rectangular poloidal plane we introduce two neutral
pumping regions where neutral emission is suppressed (green
line in figure 2). In addition, to avoid that the density in the
private flux region drops to very low values that are detrimen-
tal for the numerical stability of the simulations, we use a gas
puff that provides a small source of neutrals in this region. This
source, which has the same amplitude in all simulations, does
not have a relevant impact on the simulation results.

In the scan we control the neutral reaction rates by vary-
ing the normalized plasma resistivity ν0 (see (9)). Then, to
have simulations in comparable conditions, the amplitude
of the temperature source sT0 is adjusted to have the same
power outflowing into the SOL for all the three simulations
(we choose the value SP � (313 ± 34) kW). The parameters
that are varied throughout the simulations are summarized in
table 1, with the density values being normalized to the same

7
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n0 = 4 × 10−19 m−3. Since simulations with higher ν0 show
higher fuelling in the core (Sn defined in (11)), in the following
we name the simulations with low, medium and high fuelling
as Sn,l, Sn,m and Sn,h. As discussed later, we compare our sim-
ulations with the results of a set of simulations that do not
include neutral dynamics, similar to those described in [32],
and have the same power source SP as the simulations with
neutrals and same density source, Sn,l, Sn,m and Sn,h.

We use a grid NR × NZ × Nφ = 240 × 320 × 80 and a
time-step Δt = 3 × 10−5t0 to discretize the plasma equations.
The grid for the neutrals is Nn

R × Nn
Z × Nn

φ = 72 × 96 × 80 and
the solution of the neutral model is evaluated everyΔt � 0.1t0.
The grid used and the neutrals evaluation frequency ensure that
our simulation results are converged [28].

After a transient the simulations reach a quasi-steady state
where plasma and neutral quantities oscillate around a constant
value. In these conditions, the sources, parallel and perpendic-
ular transport and the losses at vessel balance each other. We
remark that the parameter chosen for our simulations mimic
the typical conditions found in L-mode diverted discharges, as
described in [32]. In this regime, turbulent transport is mostly
interchange dominated and is characterized by eddies devel-
oping near the separatrix, with small or negligible effects due
to E × B shear.

Typical simulations results during this quasi-steady state
are shown in figures 3 and 4. All quantities are averaged
toroidally and over a 15t0 period (we will denote with tilde
fluctuating quantities and with the overline their time aver-
age, e.g.φ = φ̃+ φ). The neutral density, flux and temperature
in the poloidal plane are shown in figure 3 (the Sn,l simula-
tion is considered). Neutral density peaks at the bottom wall,
near the strike points where most of the ions impact the wall
and are recycled. The presence of neutrals is observed both in
the private and common flux regions. The neutral flux is large
near the divertor plates and points towards the core, rapidly
decreasing because of the loss of neutrals due to ioniza-
tions and the effect of charge–exchange collisions on the
neutral velocity. Inside the LCFS, above the X-point, plasma
temperature and density are sufficiently high to ionize the
remaining neutrals. Neutral temperature is lower at the tar-
get walls, where most of the neutrals are created, and
has a value close to Tb = 3 eV. The temperature increases
inside the plasma volume because of charge–exchange reac-
tions, which produce high temperature neutrals. The average
plasma density, electron and ion temperatures, the average
plasma parallel current and the average electrostatic potential,
are shown in figure 4. These profile are in qualitative agree-
ment with past GBS simulations without neutrals [32, 39], sug-
gesting that the density source used in the simulations without
neutral dynamics is able to mimic the self-consistent fuelling
that takes place as a consequence of the plasma–neutrals
interactions.

The simulations with higher Sn are expected to have, in gen-
eral, higher reaction rates for the collisions between plasma
and neutral particles, through the enhancement of the neutral

interaction terms in (1)–(6), affecting therefore the simula-
tion results. In fact, higher density source Sn is the result of
higher ionization reaction rates, which introduces a temper-
ature sink lowering the temperature in the core and in the
SOL, despite the fact that the amplitude of the temperature
source, sT0, is increased to keep the power constant throughout
the scan. In particular, this leads to an increase in resistivity at
the separatrix, νsep ∝ T−3/2

e,sep (see table 1).
In the present work we focus on the profiles of plasma den-

sity and electron pressure at the OMP, where for OMP we
consider the average over a region of vertical extension 20ρs0.
In figure 5 the density and electron pressure profiles are shown
for the three simulations considered. The fits of the density and
electron pressure reveal two different decay lengths. A steep
decay is observed in the near SOL and across the LCFS. We
indicate the density and pressure decay lengths in this region
as Lnear

n and Lnear
pe

. A weaker decay is observed further away
from the separatrix, in the far SOL, denoted Lfar

n and Lfar
pe

. This
double decay length is a feature seen both in experiments [9,
48] and simulations [49]. One also observes that the density
increases in the far SOL with increasing core fuelling Sn, a
property that recalls the formation of the density shoulder seen
experimentally [11, 50].

In order to quantify the double scale length structure and
its dependence on Sn, we introduce the separatrix density, nsep,
and temperature, Te,sep and define the transition density ntr as
the density at the intersection between the exponential fits of
the near and far SOL density profile. We also introduce the
ratio of the density at the interface between far and near SOL
expressed as θ = ntr/nsep. When θ � 1 the profile exhibits high
density in the far SOL, without a clear separation between
near and far SOL. Table 1 provides the computed values for
all simulations.

Besides the mentioned increase in resistivity at the separa-
trix, the analysis of the simulation results at the OMP shows
that the increase of Sn leads to the increase of θ, and there-
fore of the far SOL density. Higher fuelling is also associated
with a less noticeable increase of Lnear

n . The increase of the far
SOL density and Lnear

n with νsep is a feature already observed
with GBS [32], but in our simulations the increase in resistivity
is the self-consistent result of the increase of neutral ioniza-
tions. The far SOL decay length, Lfar

n , instead shows differ-
ences below 15%, suggesting comparable perpendicular flux
far from the separatrix, expected to be proportional to the Lfar

n
[39].

The behaviour of the decay lengths both in near and far SOL
has been subject of previous investigations in similar config-
urations without neutrals [39]. The simulation results are in
good agreement with the analytical estimate in [39], based on
the separatrix values of the plasma temperature and resistivity,
as well as the power coming from the core into the SOL. This
result suggests that the presence of neutrals do not affect the
validity of the estimate Lnear

n , Lnear
pe

, Lfar
n and Lfar

pe
and therefore

the underlying transport mechanisms, but they rather modify
the separatrix values of plasma temperature and density.
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Table 1. Input parameters, ν0 and sT0, and main results of the three simulations considered in the present paper. All simulations have the
same core power source, SP � (313 ± 34) kW, while the density source in the core, Sn, is given by ionization reactions. Density values and
sources are normalized to the same reference density n0 = 4 × 1019 m−3, temperatures to the reference electron temperature Te0 = 20 eV.

Label ν0 sT0/(Te0/t0) Sn/(n0ρ
2
s0/t0) nsep/n0 Te,sep/Te0 θ νsep Lnear

n /ρs0 Lfar
n /ρs0

Sn,l 0.4 0.16 0.97 × 103 0.47 1.16 0.74 0.81 25.89 186.34
Sn,m 0.8 0.20 1.10 × 103 0.53 0.97 0.86 1.05 35.66 189.42
Sn,h 1.6 0.22 1.35 × 103 0.55 0.86 0.90 1.26 65.26 205.27

Figure 3. Time and toroidally averaged neutral density, nn/n0, neutral flux, Γn,RZ, and neutral temperature, Tn/Te0, for the Sn,l simulation.

4. Investigation of the mechanisms behind the
density shoulder formation

The plasma profiles in the SOL are the results of the interplay
between perpendicular transport of plasma and heat from the
core towards the wall, transport along the magnetic field lines
to the divertor plates and local interactions with the neutral
species.

Enhanced perpendicular transport due to large filaments
is currently thought to be one of the main causes for shoul-
der formation [7, 11, 51]. Along with this mechanism, two
other effects were proposed to have a significant impact in the
broadening of the SOL profiles, that is the decrease in parallel
transport [10, 52] and the increase in ionization in the OMP
[6, 9, 12]. In the following we disentangle the three effects
in order to investigate the mechanisms behind the shoulder
formation.

While we focus on the density profiles and fluxes in what
follows, we note that the flattening of pressure profile is also
shown as Sn is increased (see figure 5). This is despite the fact
that the increase of ionizations with Sn is responsible for the
decrease of the electron temperature at the separatrix.

4.1. Perpendicular transport

We focus on ΓE×B, the time and toroidally averaged cross-
field transport induced by the E × B drift, since it is signif-
icantly larger than the one induced by the diamagnetic drift.
In addition, we observe that the contribution of the station-
ary flow n∂χφ to ΓE×B can be neglected, consistently with

the general observation that perpendicular transport is mostly
driven by turbulence. It is therefore possible to approximate

ΓE×B � ñ∂χφ̃.
In figure 6 we show the radial profiles of ΓE×B, ΓE×B/|∇n|

and ΓE×B/n at the OMP for the three simulations. We observe
that the average of all quantities decrease progressively with
the increase of Sn and, therefore, with the plasma resistivity,
as opposed to the increase of n in the far SOL. In particular,
ΓE×B/|∇n| shows that the effective plasma turbulent diffu-
sion coefficient in the far SOL decreases with the increase of
Sn. The same result are retrieved from the profile of ΓE×B/n,
an estimate of the effective convective transport velocity, that
decreases with increasing ionization source. This contrasts, at
least in the condition explored in the present set of simula-
tions, with the hypothesis advanced since the first experimen-
tal evidences [53, 54], that shoulder formation is due to an
enhanced perpendicular transport. As an aside, we note that the
diffusivity parameters D f introduced for numerical stability
are one order of magnitude lower than the turbulent transport
coefficient shown in figure 6.

In order to investigate the reason behind the decrease
of the transport with Sn, we carry out a detailed investiga-
tions of the mechanisms that determine it. Our simulations
as well as experimental evidences, show that transport in the
far SOL is highly intermittent and associated with the radial
motion of coherent filamentary structures denoted as blobs
[11, 51, 55–57]. In our simulations, blobs are identified and
their motion is studied with an algorithm developed and used
for the analysis of previous GBS results [42, 58, 59]. The
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Figure 4. Time and toroidally averaged plasma density, n/n0, electron temperature, Te/Te0, ion temperature, T i/Te0, electrostatic potential,
φ/(eTe0), electron parallel velocity, v‖e/cs0, and ion parallel velocity, v‖i/cs0, for the Sn,l simulation.

algorithm detects the region where the density fluctuations are
2.5 times above the local standard deviation and tracks them
in time. If the fluctuations are detected as coherent, they are
identified as a blob. The density perturbation associated with
each blob is then fitted with a Gaussian function that has full
width at half maximum, aRi and aZi, in the radial and vertical
direction (i is the blob index), amplitude nbi and radial velocity
vbi. The radial transport due to the blobs is then evaluated as
the sum of the contribution of all blobs

Γb(R, Z) =
∑

i

nbivbi exp

[
(R − Ri)2

2a2
Ri

+
(Z − Zi)2

2a2
Zi

]
, (45)

where (Ri, Zi) are the coordinates of the centre of mass of the
ith blob. From the blobs centre of mass motion it is also possi-
ble to retrieve the average blob velocities in the poloidal plane,
vb,ψ(R, Z) and vb,χ(R, Z). Our analysis considers all the blobs
tracked in the low-field side above the X-point, ensuring sta-
tistical convergence to proceed with the detailed study of the
ΓE×B flux.

In our simulations, blob transport contribute to about half
of the transport in the far SOL [58]. In addition, similarly to
[39], blobs are in the RX or RB regimes (i.e. the charge sepa-
ration inside the fluctuation is damped by parallel resistivity
or by the ion polarization current due to the fanning of the

flux surfaces [59, 60]), with good agreement between the blob
velocity measured in the simulations and the analytical scaling.
Thus, we find that the results of the blob tracking analysis are
in agreement with the results of previous investigations where
the neutral dynamics was not considered.

The histograms for blob size and radial velocity, resulting
from the blob tracking algorithm, are shown in figure 7 sepa-
rating the near and far SOL. The size is evaluated as the arith-
metic average between the radial and poloidal width, which
are similar in most cases [42, 59], and the radial velocity as the
time-averaged velocity of a blob while the blob is in the region
of interest. We first observe that the average blob size increases
with Sn both in near and far SOL, leading to a small increase
of the average packing fraction from 4% to 4.6%. This is due
to a strong decrease of the number of small size blobs, and an
increase of the number of larger blobs. The increase of blob
size for increasing resistivity is a result well known from pre-
vious simulations [42], thus hinting that the effect provided by
the addition of neutrals is linked to the change in plasma resis-
tivity. On the other hand, our simulations point out a decrease
of the blob velocity with Sn in the far SOL, due to an increase
in the number of slow blobs. We note that ionization processes
reduces the electron temperature at high Sn. As we discuss in
section 4.3 the reduction of the plasma and the blob temper-
ature lowers the radial blob velocity as a consequence of the
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Figure 5. Averaged radial profile of density (a) and electron temperature (b) normalized to the value at the separatrix at the OMP. Dashed
line represent the exponential fit in the near SOL and in the far SOL. In red shadow the region used for the near SOL fit, in blue the region
for the far SOL fit. Pointed line represent the value of θ = ntr/nsep.

Figure 6. Radial profile of perpendicular transport ΓE×B (a), ΓE×B/|∇n| (b) and ΓE×B/n (b) at the OMP. All profiles are normalized to their
reference value.

reduction of the interchange drive [59]. This conclusion is sup-
ported by the analysis of the set of simulations with the same
power source SP and density source Sn,l, Sn,m and Sn,h, that do
not include the interaction with neutrals. In fact in simulations
without neutrals both the radial velocity and the size of the
blobs are observed to increase with ν [32, 42, 59], supporting
the idea that the velocity decrease observed with neutrals is
indeed due to the presence of neutral interactions. We note that
the effect of neutral interactions on blob velocity is discussed
in [6], showing a decrease in radial velocity when compared
to results without neutrals and with an increase in background
density, in agreement with our result.

Experimental evidence hints towards a correlation between
blob size and density decay length, which is observed to
increase with the edge Greenwald fraction, i.e. the edge den-
sity normalized to Greenwald density [11]. In our simulations,
the increase in Lnear

n is in fact correlated with the increase of
the blob size, showing a promising agreement with experi-
ments. However, in our simulations larger structures do not

correspond to higher turbulent fluxes in the far SOL, as it
was hypothesized [9], due to the decrease of the blob veloc-
ity. Experimentally, the relation between blobs radial veloc-
ity and edge density was investigated in several devices, but
with no conclusive results, showing for example weak propor-
tionality in AUG [51, 61] or inverse proportionality in TCV
[7, 11, 62]. The results of our simulations agree with exper-
imental observations, although a detailed comparison should
be made to reduce the differences between simulation and
experimental setup (e.g. considering a realistic magnetic
configuration).

To conclude, our simulations show a decrease of ΓE×B with
Sn in the far SOL, due to a reduced blob velocity, despite the
larger size of the blobs. As a consequence, the formation of
the density shoulder observed in our simulations is not related
to an increase of the perpendicular turbulent transport, as pro-
posed from the interpretation of experimental results [9]. Our
result is also different from other modelling studies [12], where
the density shoulder is obtained through an increase of radial
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Figure 7. Histograms of the blob size for the simulations listed in table 1 for near SOL, Ri − Rsep ∈ [0, 20]ρs0 (a) and far SOL,
Ri − Rsep > 20ρs0 (b) and histograms of blob centre of mass radial velocity for near (c) and far (d) SOL. The dashed line represents the
average value for each quantity and the colour is representative of the considered simulation.

12



Nucl. Fusion 61 (2021) 126029 D. Mancini et al

Figure 8. Averaged parallel transport profiles along ∇χ in a flux tube of width = 7ρs0, in the near SOL, R − Rsep = 4ρs0 (a), and in the far
SOL, R − Rsep = 70ρs0 (b). The black dashed lines indicate the position of the X-point.

Figure 9. Averaged ionization density source, sn
n (top) and electron temperature neutral interaction term sn

Te
(bottom), normalized to their

reference values. From the left to the right columns the Sn,l, Sn,m and Sn,h simulations are considered.

transport, without changes in the ratio Γ⊥/Γ‖. In fact, as we
show in the analysis of the parallel transport terms, larger Sn

is responsible for the reduction of both parallel losses and
perpendicular transport. However parallel flux is significantly

more affected than the perpendicular transport, increasing the
ratioΓ⊥/Γ‖. Ultimately, in our simulations the decrease of par-
allel flux affects plasma density profile more than the changes
in the perpendicular flux.
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Figure 10. Averaged ionization source (a) and temperature profile outside the LCFS (b), in physical units (for an easier evaluation of the
cross sections). Quantities are averaged in time, along the toroidal direction and in the radial direction throughout the SOL. The poloidal
coordinate is normalized so that χ = 0 at the left strike point, and χ = 1 at the right strike point. In black dashed line the coordinate of the
X-point.

4.2. Parallel transport

Parallel transport appears on the right-hand side of (1) as the
divergence of the parallel density flux Γ‖ = nv‖e. In contrast
to the perpendicular transport, fluctuations are subdominant
in determining the parallel transport, which can therefore be
estimated as Γ‖ � nve.

In figure 8 we show Γ‖/n along two magnetic field lines
located at two different radial distances from the LCFS, indica-
tive of the behaviour in the near and far SOL. Theχ coordinate
along the magnetic field line is normalised so that χ = 0 rep-
resents the high-field side strike point and χ = 1 the low-field
side one, whereas the OMP is around χ � 0.65. The dashed
vertical lines indicate the χ coordinate at the height of the
X-point.

We start our analysis from the near SOL. In the diver-
tor region, the modulus of the plasma velocity increases
towards the targets where it reaches the local sound speed,
cs =

√
Te/mi. As shown in section 4.3, ionization processes

lower the electron temperature at large Sn, reducing the par-
allel velocity at the strike points. However, parallel transport
is in general small in the upstream region near the separatrix
(0.2 < χ < 0.8), with the presence of two stagnation points
that are not significantly affected by Sn. In contrast to the near
SOL, a strong difference is observed in the parallel flux at
the OMP, χ ∈ [0.65, 0.75] in the far SOL. In fact, the paral-
lel flow decreases from the lower to the higher Sn simulation
by, approximately, 50%. This results from a decrease of the
particle velocity at the inner target in the far SOL, while there
is no significant variations at the outer target throughout the
simulation scan considered here.

We can then conclude that at large value of Sn, a low parallel
transport is observed at the OMP in the far SOL. Interestingly
this decrease of parallel transport occurs at the radial distance
R − Rsep > 20ρs0, which corresponds to the location where,

as shown in figure 5, we observe the increase of plasma den-
sity. This is a result already observed in L-mode experiments,
revealing that the Mach number is lower in discharges with
higher divertor collisionality [13].

The same analysis carried out for simulations without neu-
trals supports these results, showing that parallel transport
decreases with increasing density source in the core, because
higher density source and same input power leads to lower
temperature and, consequently, to lower velocities. However,
the decrease is stronger when accounting for neutral interac-
tions, where the ionization reactions act as a sink of Te also in
the SOL, further reducing the parallel velocity and the parallel
losses.

The analysis of perpendicular and parallel flux gives the
possibility to describe the flattening of density profile in
terms of the increasing ratio Γ⊥/Γ‖. In the near SOL this
ratio is approximately independent of Sn, Γ⊥/Γ‖ = 0.021 ±
0.002 while, in the far SOL, it increases from a value of
Γ⊥/Γ‖ = 0.029, for the lowest Sn, to Γ⊥/Γ‖ = 0.043, for the
highest Sn. This result confirms that the ratio Γ⊥/Γ‖ is impor-
tant in the shoulder formation, as suggested in [13, 53, 54].
In addition, our analysis shows that this is mostly due to the
decrease of parallel transport in the far SOL due to the electron
cooling observed at highest values of Sn.

4.3. Ionization and interaction with neutrals

Neutral interactions enter directly on the right-hand side of (1)
through the ionization source term, proportional to the neutral
density and to the ionization frequency. With the increase of
Sn, one observes an increase of the ionization rate in the SOL
region (see figure 9). However, the comparison of the local ion-
ization term with the other terms in (1) and, in particular, with
the divergence of the parallel flux ∇‖Γ‖, shows that the con-
tribution of the local ionization to the density balance at the
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OMP is negligible. This points out that in our simulations the
local source of plasma particle does not play a relevant role in
the density shoulder formation, as proposed in other modelling
studies [9, 12]. On the other hand, ionization events play a
role in the increase of the far SOL density by reducing parallel
losses.

We first note that the localization of the ionization source
depends on Sn, as shown in figure 9. At the lowest Sn, the
ionization front is localized along the divertor leg, where the
density source and temperature sink are most important (see
the left column in figure 9). As Sn increases, ionization events
become more important at the X-point, at the OMP and in the
core (see the right column in figure 9). The low temperature
reached below the X-point explains the shift of the ionization
front towards the midplane with increasing Sn. Figure 10 shows
the average sn

n and Te in the SOL, as a function of the coor-
dinate parallel to the magnetic field χ. We note a decrease
of the ionization density source for Te < 8 eV, a threshold
below which the ionization rate decreases rapidly, as shown
in figure 1. In addition, the integral of the temperature sink
due to ionization reactions in the core, Sn

Te
, increases (in abso-

lute value) with Sn, and the temperature sink of the Sn,h sim-
ulation is larger than the one of the Sn,l simulation by 50%.
Despite the fact that the amplitude of the temperature source,
sT0 , is adjusted to have the same SP in all the simulations
(see table 1), the increase of ionization reactions above the X-
point is responsible for a reduction of Te in all the SOL region
with the increase of Sn.

Our results are in agreement with recent experimental
observations that hint to the importance of high neutral den-
sity in the main chamber of tokamaks as a necessary condi-
tion to observe the density shoulder [63]. In fact all neutrals
emitted near the target can reach the plasma volume in our
system, similarly to an open divertor configuration. Therefore,
the increased fuelling corresponds to an increase of ionization
reactions above the X-point, both inside and outside the LCFS.
The increase of Sn reduces the plasma temperature, in the core
and SOL region. The lower temperature leads to a reduced par-
allel velocity, which is ultimately responsible of the density
shoulder formation.

5. Conclusions

In this work we present the first self-consistent GBS simula-
tions of the plasma turbulence and single-species kinetic neu-
tral dynamics in a diverted configuration. We leverage the new
capability of GBS to simulate the interplay between plasma
and neutrals in arbitrary magnetic configurations and run sim-
ulations in steady state with a self-consistent treatment of the
particle source as they result from the interaction with the
neutrals.

We present results obtained from three different simula-
tions at different core fuelling. The simulations are carried out
with a relatively simple model for the interaction of the plasma
with the neutrals that includes only ionization, elastic colli-
sions, recombination and charge exchange. However, despite
this simplicity, our simulations are able to retrieve some of the

most important features associated with the increase of neu-
tral density. For example, an increase in neutral density in the
divertor region corresponds to a shift of the ionization peak
from the bottom wall to the X-point, as shown in figure 9. The
position of this peak is set by the balance between the drop of
Te due to ionization reactions and the increase of the ionization
cross section with Te.

We observe that the increase in fuelling source causes a
reduction of electron temperature, higher resistivity at the
LCFS and higher densities in the far SOL. By considering
particle balance in the SOL we observe that within the sim-
ulated scenarios the higher density is ultimately caused by a
reduction of parallel flux due to the lower temperature at the
target. Changes in the ionization and perpendicular fluxes have
a lower impact on the OMP density, the first one increasing
with increasing density, the second one decreasing. Leverag-
ing methods developed in past studies [39, 42, 52], we perform
a detailed investigation of the filamentary transport in the far
SOL. When neutral interactions are considered, we observe an
increase of the blob-size at higher density source and resistiv-
ity, whereas the average blob radial velocity decreases in the
far SOL. These results are compatible with recent 2D blob-
simulations [6] which showed a slowing down of the centre
of mass velocity at increased background plasma and neutral
density. The mechanisms described by our simulations, where
density shoulder is the consequence of reduced parallel trans-
port, seems different from the one observed through diffusive
transport models, with density shoulder being obtained by an
increase of the perpendicular diffusion coefficient and both
perpendicular and parallel fluxes grow [12].

The simulations exhibit the same variation of the near-SOL
e-folding length with collisionality that is observed in simu-
lations without neutrals. Such an estimate is compatible with
the interpretation suggested in [32] assuming a weak effect of
the E × B shear. On the other hand, it is worth noting that the
presence of neutrals could profoundly change the radial elec-
tric field pattern [43, 64, 65] at the separatrix and this will be
subject of future investigation. The far SOL scale lengths are
observed to be weakly affected by the density source intensity.

Compared with experimental observations, several qualita-
tive similarities may be drawn. As in the experiments, when-
ever fuelling Sn is increased, our simulations are able to repro-
duce the increased e-folding length in the near SOL as well as
the increase of the blob size. Nevertheless through a detailed
analysis of the different transport contributions we are able to
associate the increased SOL density to a reduction of the par-
allel flux, caused by a drop of the temperature because of the
increased neutral interactions. The drop in parallel flux is a
result seen in experiments [13, 63], but its importance in the
density shoulder formation is still under debate [10].

The present analysis constitute a first step in the study
of the density shoulder formation with simulations that cou-
ple plasma turbulence and the self-consistent kinetic neutral
dynamics. In the future, simulations with a more realistic mag-
netic geometry will be considered, together with the possible
contribution of neutrals coming not only from the divertor
region but also from vessel wall recycling. Neutrals interac-
tion will be further developed including molecular reactions,
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which may play an important role when approaching detached
divertor condition, as well as the presence of impurities that
might affect the power losses through radiations terms.
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