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Abstract

The first-principle understanding of the processes in the Scrape-Off-Layer (SOL) of a toka-

mak is crucial for the development of a thermonuclear reactor. Since the plasma temperature

in the SOL is rather low, the plasma is typically not fully ionized, and the neutral atoms play

an important role in determining the SOL regimes. We have derived a kinetic model for neutral

atoms in the SOL that contains the fundamental elements of neutral dynamics, while remaining

relatively simple. The model has been coupled to the drift-reduced Braginskii equations and

is implemented in GBS [1], a three-dimensional numerical code developed to simulate SOL

turbulence. Details of the neutral model and the interactions with the plasma are given and we

present first results indicating a transition into a regime that shows typical signatures of the

conduction limited regime, e.g. significant parallel temperature gradients.

The neutral and plasma model

We describe the dynamics of the distribution function of a single mono-atomic neutral species,

fn, by using the following kinetic equation

∂ fn

∂ t
+~v · ∂ fn

∂~x
=−νiz fn−νcx

(
fn−

nn

ni
fi

)
(1)

being fi, nn, and ni the ion distribution function, the neutral density, and the ion density, re-

spectively. The ionization and charge-exchange processes are described, respectively, through

the use of Krook operators with collision frequencies defined as νiz = ne〈veσiz(ve)〉 and νcx =

ni〈viσcx(vi)〉, where 〈〉 is the average over the electron and ion distribution function, respec-

tively. In the present work, the effective reaction rates, 〈vσ〉, are taken from the OpenADAS

database (http://open.adas.ac.uk).

We consider a single ion species plasma. We start our derivation of the drift-reduced Bra-

ginskii equations from the kinetic Boltzmann equation of ions and electrons, where we include

collision terms in the form of Krook operators to describe the interaction with the neutrals. The

kinetic equation for the ions is

∂ fi

∂ t
+~v · ∂ fi

∂~x
+~a · ∂ fi

∂~v
= νiz fn−νcx

(
nn

ni
fi− fn

)
+C( fi) (2)
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while the kinetic equation for the electrons is

∂ fe

∂ t
+~v · ∂ fe

∂~x
+~a · ∂ fe

∂~v
= νiznn

[
2Φe(~vn,Te,iz)−

fe

ne

]
+C( fe) (3)

where~a is the particle acceleration due to the Lorentz force, Φe(~v,T ) is a Maxwellian distribu-

tion function for electrons, and C( fi) and C( fe) are the Coulomb collision operators. To derive

the ionization operator in Eq. (3), we assume that a fast electron is lost, and two lower-energy

electrons appear with a Maxwellian distribution function isotropically in the neutral frame of

reference, and a temeprature, Te,iz, so that the total electron kinetic energy is reduced by the

ionization energy, Eiz, giving Te,iz = Te/2−Eiz/3+mev2
e/6−mev2

n/3, where Te and ve are the

local electron temperature and fluid velocity respectively.

Following the work of Braginskii [3] and, e.g., Zeiler [4], we take the first three moments

of the electron and ion kinetic equations in the limit ωcτ � 1, where ωc = qB/m is the gyro-

frequency and τ the typical Coulomb collision time. Then, we simplify the hereby derived

Braginskii equations in the drift limit, observing that d/dt � ωci for typical SOL turbulence.

The resulting drift-reduced Braginskii equations are

∂n
∂ t

=− 1
B
[φ ,n]+

2
eB

[C(pe)− enC(φ)]−∇‖(nv‖e)+Dn(n)+Sn +nnνiz (4a)

∂ω̃

∂ t
=− 1

B
[φ , ω̃]− v‖i∇‖ω̃ +

miω
2
ci

e2n
∇‖ j‖+

2B
cmin

C(p)+Dω̃(ω̃)− nn

n
νcxω̃ (4b)

∂v‖e
∂ t

+
e

mecn
∂Ψ

∂ t
=− 1

B
[φ ,v‖e]− v‖e∇‖v‖e +

e
σ‖me

j‖+
e

me
∇‖φ −

Te

men
∇‖n

− 1.71
me

∇‖Te +Dv‖e(v‖e)+2
nn

n
νiz(v‖n− v‖e) (4c)

∂v‖i
∂ t

=− 1
B
[φ ,v‖i]− v‖i∇‖v‖i−

1
min

∇‖p+Dv‖i(v‖i)+
nn

n
(νiz +νcx)(v‖n− v‖i) (4d)

∂Te

∂ t
=− 1

B
[φ ,Te]− v‖e∇‖Te +

4Te

3eB

[
Te

n
C(n)+

7
2

C(Te)− eC(φ)

]
+

2Te

3e

[
0.71
en

∇‖ j‖−∇‖v‖e

]
+DTe(Te)+D

‖
Te
(Te)+STe +

nn

n
νiz

[
−2

3
Eiz−Te +mev‖e

(
v‖e−

4
3

v‖n

)]
(4e)

∂Ti

∂ t
=− 1

B
[φ ,Ti]− v‖i∇‖Ti +

4Ti

3eB

[
Te

n
C(n)− 10

3
C(Ti)− eC(φ)

]
+

2Ti

3e

[
(v‖i− v‖e)

∇‖n
n
−∇‖v‖e

]
+DTi(Ti)+D

‖
Ti
(Ti)+STi +

nn

n
(νiz +νcx)

[
Tn−Ti +

1
3
(v‖n− v‖i)

2
]

(4f)

with p = n(Te +Ti) the total pressure. The generalized vorticity, ω̃ = ω +1/e∇2
⊥Ti, is related

to the electrostatic potential by ∇2
⊥φ = ω , while ∇2

⊥Ψ = j‖. The following operators have been

introduced ∇‖ f = b0 ·∇ f , [A,B] = b̂ ·(∇A×∇B), and C(A) = B
2

(
∇× b̂

B

)
·∇A. The details of the

model are presented in Ref. [2], where the boundary conditions and aditional collision processes

are discussed.
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Solution of the neutral kinetic equation in typical SOL relevant parameters

We now solve the kinetic advection equation for the neutrals, Eq. (1), by using the method

of characteristics, under the assumption that plasma-related quantities are known. We consider

two approximations, valid in the typical SOL parameter regime, which considerably simplify

the solution, that is τneutral flight time < τturbulence and λneutral mean free path� 1/k‖,plasma, leading to

a steady state solution of the neutral kinetic equation independently on each poloidal plane.

Within these two approximations, the formal solution of the neutral kinetic equation, Eq. (1), is

fn(~x⊥,~v) =
∫ r⊥b

0

νcx(~x′⊥)nn(~x′⊥)Φi(~x′⊥,~v)
v⊥

exp
[
− 1

v⊥

∫ r′⊥

0
νcx(~x′′⊥)+νiz(~x′′⊥)dr′′⊥

]
dr′⊥ (5)

where~x′⊥=~x−r′⊥Ω̂⊥ and Ω̂⊥=~v⊥/v⊥. For better readability, we do not include the explicit no-

tation of the t and x‖ parametric dependencies. A linear integral equation for nn(~x⊥) is obtained

by integrating Eq. (5) in velocity space, which is

nn(~x⊥) =
∫

D
nn(~x′⊥)νcx(~x′⊥)Kp→p(~x⊥,~x′⊥)dA′, (6)

where we have rearranged the integrals, dA′ is the infinitesimal area of D, which is the optically

to~x⊥ connected domain, and where the following kernel function has been defined

Kp→p(~x⊥,~x′⊥) =
∫

∞

0

1
r′⊥

Φ⊥i(~x′⊥,~v⊥)e
− 1

v⊥

∫ r′⊥
0 νeff(~x′′⊥)dr′′⊥dv⊥, (7)

in which Φ⊥i(~x⊥,~v⊥) =
∫

Φi(~x⊥,~v)dv‖. We remark that the kernel does neither depend on

fn(~x⊥,~v), nor on any of its moments. After numerically solving Eq. (6), the distribution function

of the neutral atoms, fn(~x⊥,~v), can be readily evaluated by using Eq. (5).

First plasma turbulence simulations with self-consistent neutral dynamics

The neutral model derived in this paper has been used to perform the first simulations of

SOL plasma turbulence that include self-consistently the neutral dynamics. A newly developed

version of the GBS code has been used for this purpose. We compare here a low plasma density

simulation, n0 = 5 · 1018m−3, with a high plasma density simulation, n0 = 5 · 1019m−3. Both

simulations consider a limited SOL geometry, with a toroidal limiter on the high field equatorial

midplane, R/ρs0 = 500, mi/me = 400, 2πa = 800ρs0, a being the minor radius, and Te0 = 10eV.

The poloidal dependence of the relevant plasma quantities for the low- and high-density sim-

ulations are shown in Fig. 1. The displayed profiles are averaged over a time window of 5

R/cs0, over the full toroidal angle, and over a radial region extending for 20 ρs0, just outside

the separatrix. We point out a few interesting differences between the high- and low-density

simulations. The normalized density in the high-density simulation is flatter than in the low-

density simulation. The plasma source due to ionization inside the SOL is much higher in the
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Figure 1: Time-

averaged poloidal

profiles of n, Φ, V‖e,

V‖i, Te, Ti, nn, and

Siz for the low (blue)

and high (red) plasma

density scenario.

high-density simulation, so that there is a higher plasma source close to the limiter, preventing

the plasma density to drop in this region. The parallel velocity profiles (which are expected to

be approximately linear if the plasma source is poloidally constant) are somewhat flatter close

to the limiters in the high-density scenario, however, the flattening is not particularly signifi-

cant, because a relatively large fraction of the plasma density source is still due to the poloidally

constant outflow of particles from the core. Both electron and ion parallel temperature gradients

increase in the high-density scenario, which results in a higher amount of heat conduction as

compared to the low-density simulation.
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