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Abstract

Simulations of high-density deuterium plasmas in a lower single-null magnetic configuration
based on a TCV discharge are presented. We evolve the dynamics of three charged species
(electrons, DV and DQL ), interacting with two neutrals species (D and D) through ionization,
charge-exchange, recombination and molecular dissociation processes. The plasma is modelled
by using the drift-reduced fluid Braginskii equations, while the neutral dynamics is described by
a kinetic model. To control the divertor conditions, a D, puffing is used and the effect of
increasing the puffing strength is investigated. The increase in fuelling leads to an increase of
density in the scrape-off layer and a decrease of the plasma temperature. At the same time, the
particle and heat fluxes to the divertor target decrease and the detachment of the inner target is
observed. The analysis of particle and transport balance in the divertor volume shows that the
decrease of the particle flux is caused by a decrease of the local neutral ionization together with
a decrease of the parallel velocity, caused by the lower plasma temperature and the increase in
momentum losses. The relative importance of the different collision terms is assessed, showing
the crucial role of molecular interactions, as they are responsible for increasing the atomic
neutral density and temperature, since most of the D neutrals are produced by molecular
activated recombination and D, dissociation. The presence of strong electric fields in high-
density plasmas is also shown, revealing the role of the E x B drift in setting the asymmetry
between the divertor targets. Simulation results are in agreement with experimental observations
of increased density decay length, attributed to a decrease of parallel transport, together with an
increase of plasma blob size and radial velocity.
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1. Introduction

In order to operate within the constraint imposed by the materi-
als used for the plasma facing components, future fusion react-
ors will need to work in regimes where a large fraction of the
power is dissipated via radiation [1-3]. This can be achieved
by operating the divertor in detached conditions, reached in
present devices for example by increasing the core density,
where a reduction of target temperature, heat and particle
fluxes to the walls is observed [1, 4, 5]. This reduction is
largely determined by the plasma-neutral interactions present
at low temperatures, T < 5 eV, with an important role played
by molecules as sink of particles, momentum and energy [4,
6, 7]. Indeed, neutral atoms and molecules can be ionized at
these temperatures, generating atomic and molecular ions at
the cost of the ionisation energy, or participate in recombina-
tion and charge-exchange reactions, which act as a particle and
momentum sink. Molecules can also undergo dissociative pro-
cesses, increasing the channels for ionization and recombina-
tion, e.g. through molecular activated recombination (MAR)
reactions.

Even if the overall importance of MAR reactions in high
density discharges is still debated [8], their role as ion
sink is shown to be dominant compared to the atomic ion
recombination [7, 9, 10], producing excited atoms that con-
tribute to the total radiative losses [11, 12]. Moreover, molecu-
lar interactions contribute to momentum losses and are expec-
ted to play an important role in the transport dynamics and,
as a consequence, in the asymmetries observed between the
inner and outer divertor targets [13, 14] and in the depend-
ence of the detachment threshold on the divertor leg length [1].
The importance of molecules in detachment calls for multi-
component simulations that include molecular species.

The multi-component simulations of a tokamak plasma is
usually based on fluid-diffusive models that consider a ver-
sion of the Braginskii fluid equations simplified by model-
ling cross-field transport through empirical anomalous dif-
fusion coefficients. The plasma dynamics is coupled with a
kinetic Monte-Carlo model for the neutral dynamics. This
approach is used in several modelling studies of detachment.
For example, the SOLPS-ITER code [15] is used to model
a TCV density ramp in [10] and the ASDEX detachment
and X-point radiator regimes in [16—18], while deuterium
molecular emissions in DIII-D ohmic discharges are studied
by using the EDGE2D-EIRENE [12]. Despite the signific-
ant progress obtained by using fluid-diffusive models, simu-
lating the plasma-neutral reactions self-consistently with tur-
bulence is crucial to improve our predictive capabilities and,
ultimately, the control of detachment [1, 7].

Different models are able to capture the turbulent plasma
dynamics by using fluid and gyrofluid models. These mod-
els are implemented in codes such as BOUT++ [19],
FELTOR [20], GRILLIX [21], GDB [22], GBS [23-25]
and TOKAM3X [26]. However, multi-component turbulent
plasma simulations are very recent. They are used, for
example, in the analysis of carbon impurities dynamics
with SOLEDGE3X (combination of SOLEDGE2D and
TOKAM3X) [27] or in the simulation of a gas puff imaging

diagnostics in a limited magnetic configuration with GBS
[28]. Single-seeded blobs are studied by using the multi-
species version of FELTOR [29], the multi-species model
implemented in the Hermes-3 module of the BOUT++ code
[30], and the nHesel code, that simulates a single-species
plasma with multiple species of neutrals modelled with a fluid
approach [31, 32].

In this work, we present the first turbulence simulations of
a deuterium plasma including molecules in a diverted tokamak
geometry. The plasma we consider is composed of electrons
and two ion species, Dt and D;r , coupled with a kinetic neutral
model that include the dynamics of two deuterium neutral spe-
cies, D and D;. The plasma and neutral models are described in
[24]. The simulations are carried out with the GBS code gen-
eralized here to perform multi-component simulations of the
full tokamak plasma volume, considering a diverted magnetic
configuration, retaining the SOL-edge-core interplay [25]. The
solution of a kinetic model for the neutrals allows us to sim-
ulate self-consistently the neutral dynamics, without introdu-
cing ad-hoc diffusion coefficients, which are required by fluid
approaches.

The interplay between molecular interactions, plasma tar-
get profiles and turbulent transport is investigated in a lower
single-null L-mode discharge, with increasing plasma core
density. Understanding these processes in the L-mode confine-
ment regime is a first essential step, since it simplifies both the
experimental and the numerical effort, mitigating the need to
understand the transient phenomena induced, e.g. by edge loc-
alized modes.

The outcome of two different simulations is presented,
where the electron density at the separatrix is increased by
a factor of two by varying the intensity of the D, gas puff.
With higher density, we find a steady-state scenario where the
inner strike point (ISP) presents a reduction of particle and
heat fluxes, with large plasma pressure gradient along the mag-
netic field lines, which recalls one of the most important fea-
tures of detached conditions [5]. Our simulations show that
molecular interactions affect the plasma dynamics increasing
the D density in the divertor volume through MAR, modify-
ing the average D temperature and ultimately decreasing the
plasma temperature via ionization and charge-exchange reac-
tions. The increase in plasma collisionality due to lower tem-
perature establishes strong electric fields in the SOL, with an
associated E x B drift, which increases the plasma asymmetry
between the two targets. In addition, we observe the formation
of a density shoulder at the outer mid-plane (OMP) [33], due to
the increase of turbulent transport observed in high resistivity
scenarios [33-36].

The present paper is organised as follows. After the
Introduction, in section 2 we introduce the model used to self-
consistently simulate plasma turbulence and neutral dynam-
ics, as well as its implementation in the GBS code and the
simulation setup. Section 3 provides an overview of the res-
ults obtained from our simulations, focusing on the analysis
of the density, temperature and pressure profiles, with par-
ticular attention to the role played by neutral-plasma interac-
tion terms and the importance of molecules. The analysis of
the fluxes to the target and the assessment of the detachment



Nucl. Fusion 64 (2024) 016012

D. Mancini et al

conditions are described in section 4. The conclusions
follow.

2. Simulation model and set-up

The simulations presented in this study are carried out with
the GBS code, a three-dimensional, flux-driven code used to
study plasma turbulence in the tokamak boundary [23, 25].
GBS was initially developed to simulate basic plasma phys-
ics experiments [37] and then ported to the geometry of the
tokamak boundary, first in limited [38] and later in diver-
ted configurations [39]. GBS can now perform simulations of
three dimensional magnetic equilibrium configurations such
as stellarators [40]. In GBS the plasma description is provided
by the drift-reduced Braginskii equations [41] coupled to a
self-consistent kinetic neutral model [42]. Thanks to recent
efforts, both plasma and neutral models are now extended to
simulate multiple species [24]. The results we discuss in the
present paper are based on simulations of the dynamics of five
species (DT, D;‘ , electrons, D and D») in a diverted configura-
tion. In the following, we first describe the plasma and then the
neutral model. Finally, we turn to the setup of the simulations
presented in this work.

2.1. The plasma model

The model of the three plasma species (D, D;r and elec-
trons) is based on the Braginskii fluid equations [43], with
the multi-species closure proposed by Zhdanov [44] that
include plasma-neutral collision terms in the form of Krook
operators [24]. In our model, we consider the drift-reduced
approximation [41], i.e. the limit of turbulent time scales
slower than the ion cyclotron time scale, 2.7 > 1, and
turbulent scale lengths larger than the ion Larmor radius,
ki pi < 1, with Q. = eB/m; and pg; = c5 /S the cyclotron
frequency and Larmor radius are defined for each ion spe-
cies i = DJF,DQ|r . Within these hypotheses, the component
of the velocity perpendicular to the magnetic field is writ-
ten as Vi; = Vgxp + Vai + Vpoli + Viic,i,» Where Veyp = (E x
B)/B? is the E x B drift, v; = (B x Vp;)/(en; B*) the dia-
magnetic drift, Vpol; the polarization drift and vy, the drift
due to friction between different ion species and neutrals. The
detailed expressions of the velocities are given in [24, 25]. The
electron perpendicular velocity is approximated by its leading
order component v, , = Vex g + V4. Exploiting the collisional
Zdhanov closure proposed in [27, 44], with the approxima-
tion of it /np+ < 1 proposed in [24], the plasma equations
implemented in GBS take the form:

one
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Table 1. Collisional processes considered and their respective reaction rates, source: [24].

Collisional process

Equation

Reaction frequency

Tonization of D
Recombination of DT and e~
e~ — DT elastic collisions

Tonization of D,
Recombination of D;r and e™

e — ij elastic collisions
Dissociation of D,

Dissociative ionization of D,
Dissociation of D}

Dissociative ionization of D2+
Dissociative recombination of D;r
Charge-exchange of D™, D
Charge-exchange of D5, D>
Charge-exchange of D5, D
Charge-exchange of D, D"

e”+D—2 +DV
e”+D" =D

e +DT —we” +D*
e’+D2—>Ze’+D;'

e” +Df =D,

e” +Df —e” +D

e +Dp,—e +D+D
e” +Dy =2 +DT+D
e +Dj e  +DT+D
e~ +Dj -2 +2D7
e” +Dj —2D

D" +D—-D+D"

D +D; =D, + D5

DS +D—D,+D"
D,+D" —»Dj +D

Vizp = He (VeTizp(Ve))
Viee D+ = Ne <VeUrec,D+ (Ve)>
VeD = Ne (VeTe D (Ve))

VizD, = Ne {VeTizD, (Ve))
Vieepit = Tt <V“-(7rec,[>2+ (Ve)>
Ve-D, = Ne (VeOeD, (Ve))
Wdiss.D, = Ne {VeTdiss.D, (Ve))

Udiss-izD, = He <VeJdiss-iz,D2 (Ve)>
Vdiss,D;' = Ne <Veo—diss,D;' (Ve)>
Vdiss-iz,D;r = e <Vea-diss-iz,D2+ (v3)>
Vdiss-rec,D;r = Ne <Veo-diss-rec,D2Jr (Ve)>
Vex,D = Hp+ <VD+ Ocx,DF (VDJr )>
vess = i (VO ()
VexpDf = 'pf <VD2+ 9ex,p-DF (VD2+ )

Vex,D,-D+ = D+ <VD+ Ocx,Dy-D+ (VD+

)

)

while the atomic ions density is evaluated imposing quasi-
neutrality np+ = ne — M-

In equations (1)—(11), Uje =V +e/me is the sum
of electron inertia and electromagnetic induction, p, =
n,T, is the pressure for the species a, a= e,D+,D;,
and Q= Qp+ —i-ZQD; is the plasma vorticity, with §; =
V- w; =V-(n;V1¢+V,p;) the contribution of each ion
species. The operator [p,f] =b- (V¢ x Vf) is the E x
B convective operator, C(f) =B/2[V x (b/B)]-Vf is the
curvature operator, Vf =b-Vf is the parallel gradient,
and V2 f = V - [(b x Vf) x b] is the perpendicular Laplacian,
with b=B/B the unit vector in the direction of the
magnetic field. The electron gyroviscous term is given
by Ge = —10c [2Vv)je + C(¢)/B — C(p.)/(encB)], while for
the ion species G; = mo; [2V v + C(¢)/B+ C(p;)/(en;B)].
Compared to the GBS model with one single ion species,
implemented in diverted configuration in [25], the model con-
sidered here provides the evolution of the molecular ion pro-
files, taking into account the contribution of both ion species
into the vorticity evolution and the contributions of several
new plasma-neutrals interaction terms.

The plasma-neutrals interaction terms considered in this
work are ionization, recombination, dissociation, charge-
exchange and electron-neutral elastic collisions, all listed in
table 1. We consider the collisional processes that have lar-
ger cross sections in the deuterium plasma in typical condi-
tions of the tokamak boundary [45], where the reaction rates
(vo) are obtained from the AMJUEL [46] and HYDHEL [47]
databases. The reaction frequencies for ionization, recombin-
ation, elastic collisions and dissociative processes are aver-
aged over the electron velocity distribution function, assumed
Maxwellian, while the one for charge exchange processes are

averaged over the ion velocity distribution function. Velocities
and energies of the particles that results for the reactions are
evaluated by using momentum and energy considerations, res-
ulting in the values listed in table 2 [24]. In particular, for
an elastic collision between an electron and an atomic or
molecular neutral, it is assumed that the neutral velocity is
not affected by the reaction, while the electron is emitted
isotropically according to a Maxwellian distribution function
centred at the velocity of the incoming electron. Regarding
the ionization processes, the electrons and ions are gener-
ated according to a Maxwellian distribution function centred
at the fluid velocity of the incoming neutral, with the elec-
tron temperature taking into account the loss of the ioniza-
tion energy, (Ei,p) or (Ei,p,). lonization processes in fusion
plasma involve radiation emission [4], not taken into account
in our model equations. To include the related additional
losses, we follow the procedure suggested in [4] (chapter 3.5)
and consider an effective ionization energy of EfZ“D =30.0eV.
For dissociation processes, we follow a similar procedure, with
the reaction-specific electron energy loss assumed to be the
energy necessary to excite the molecule and incur in a Franck—
Condon dissociation. The D atoms generated by dissociative-
recombination reactions, namely MAR processes, considered
in this work, are described by a Maxwellian distribution func-
tion, with average temperature 77, diss-rec(D )"

The simulation domain encompasses the whole tokamak
plasma volume, with a rectangular poloidal cross section of
vertical extension Lz and radial extension Lg, leading to a
natural choice of a cylindrical coordinate system (R, ,Z),
where R is the radial distance from the tokamak axis of sym-
metry, ¢ the toroidal angle and Z the vertical coordinate. The
magnetic field is expressed in terms of the flux function 1,
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Table 2. Average electron energy loss and average energy of reaction products for the ionization and dissociative processes included in the

model, source: [24].

Collisional process

e~ Energy loss

Temperature of products

Tonization of D

Dissociation of D,
Dissociative ionization of D, (E. < 26 V)

Dissociative ionization of D, (Ee > 26 eV)

Dissociation of D;‘ E

Dissociative ionization of D; <

Dissociative recombination of D5

(Eip) = 13.60 eV
Ionization of D, (Eup,) = 15.43 eV

(Egissp,) ~ 14.3 eV
(Ediss-izn,) ~ 18.25 eV
(Ediss-izp,) =~ 33.6 eV

diss, Dy

Ediss-iz,Dj> ~155eV

Tpgiss(D,) ~ 1.95 eV
Tp giss-iz(Dy) =~ 0.25 eV
Tp giss-iz(Dy) ~ 7.8 eV

T,

> ~13.7eV D.diss(DF ) ~3.0eV

TD,diss-iz(D;r) ~0.4eV

~11.7eV

TD,diss»reC (D;’ )

B =RB, Vo + Vi x Vi, where V) is the direction ortho-
gonal to the flux surface, defining a flux-aligned coordinate
system, (Vi,Vx, V) where Vx = Vi x Vi), used in the
analysis of the simulation results.

In the following of the present paper, all quantities in
equations (1)-(11) are normalized to their reference value.
Densities are normalized to the reference density ng, T, to
T, both Tp+ and TD7+ to Tp+( and parallel velocities to the

sound speed ¢, = v/Teo/mp+. The magnetic field strenght
B is normalized to the field value on the magnetic axis
By, perpendicular lengths to the ion sound Larmor radius
ps0 = ¢50/Qep+, parallel lengths to the tokamak major radius
Ry, and time to #) = Ry/cs. The dynamics is then set by
the following dimensionless parameters: the normalized ion
Larmor radius, p. = ps0/Ro, the ion to electron temperature
ratio, 7 = Tp+o/Teo, and the normalized Spitzer resistivity

V= eznoRo/(mD+c500H) = l/oTe_3/2, with

5.88 (4mep)? T y
o | @

2
noé~Te
—(1.96 -
7 < e )n (4\/27r

62
(12)
and, as a consequence,
4+/2 4 Rong\
v = YT € VMeRono (13)

588 (4meo)’ mpcolsh

The expression for the normalized viscosities, 1o., Nop+
and Tlony in equations (4)—(6), and thermal conductivities, e,
Xop+ and Xop; in equations (7)—(9), can be found in [25] and
are all assumed constant in this work. The normalized diffu-
sion coefficients Dy, for each field f, are introduced for numer-
ical stability.

In our simulations, fuelling is entirely the result of self-
consistent neutral ionization processes, while external elec-
tron heating is added in equations (7) and (9) through the s,
and S, source terms. Both temperature sources are toroid-

2
ally uniform and expressed as an analytical function of the flux
function

sp= M) + 1} a4

570 P (R
> [tanh ( A,

where 7 is a flux surface localized inside the LCFS, as shown
in figure 1. The heating source is therefore the sum of the
contributions given by the external heating and by the neut-
ral interactions present in equations (1)—(9), i.e.

5)

neu

_ neu neu
Spo = Ne (sTe + ST, ) +np+ STD+ + nD2+ (STD2+ + STD+
2

neu neu neu
+ Tes,. + Tp+ Snoy T TD2+s

nD;

We implement a pre-sheath set of magnetic boundary con-
ditions at the walls where the strike points are located, i.e. the
lower and the left walls, as detailed in [48] and extended in
[24] to include molecular deuterium, that is

Vije :icsmax{exp <A— f) 7exp(A)} (16)
e
T,
vp+ =£coy/1+ 25 (17)
Te
vHD+
VI =7 /5 (18)
050 =F — OnVp+ (19)
1+ 5
8Sne —asi’lD+ =7 e = anHD+ (20)
coy/ 1+ 2+
N+
Oy =F ——= OV o Q1)
coy/ 1+ 2+
0T, =0,Tp+ = 0T =0 (22)
Q= 14+ Ligp 23
=+ (I’le +nD;’) + i nnv||D+ ( )

where s is the direction perpendicular to the vessel wall, the
plus (minus) sign refers to the magnetic field pointing toward
(away from) the wall, the dimensionless ion sound speed is

¢s = /Teand A =log\/mp+ /(2w m,) ~ 3. A set of simplified

boundary conditions is also used at the top and right walls that
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do not present strike points. With respect to the set of bound-
ary conditions in equations (16)—(23), in these cases the elec-
trostatic potential is set to ¢ = AT,, implying v, = £c;.

2.2. The multi-species kinetic neutral model

The neutral model used in this work is based on the kinetic
description introduced in a limited tokamak configuration in
[42] for the case of a mono-atomic neutral species, then exten-
ded in [24] to take into account molecular deuterium. The
same approach to study the neutral dynamics was used in [33]
to carry out in a diverted configuration, with a single species
model. Here, we extend [33] to include the molecular dynam-
ics. We underline that our model can be extended to include,
in principle, an arbitrary number of species.

The kinetic equation we consider to evolve the distribution
function fp is

ofi o n
7? +v- 8751() = —Viz,pfD — VexD (fo - nDD+fD+)

}’lD2
+ Ve DD+ + VexDy-DH (n +fD+)
D

= Vexp-pi JD + 2V4iss 02D, + Vs iz DafDs

+ Viiss. 0} Joi T 2Viiss-ree.ni Int >

24
and a similar one is used for fp,,
o, Ifp np
8t_ +v- GXZ = —Viz,D,/D, — Vex.Dy sz - n'ﬁfD;
2
+ Vrec,D;szJr o VCX»Dz-D+fD2 (25)

np
+ Vexp-DF for
2 Apt 2
2

- Vdiss,szDz - Vdiss—iz,Dngz7

where fp+ and fj,+ are the velocity distribution functions of the
2

D" and D2+ ions and all the reaction frequencies are defined
in table 1.

The formal solution of equations (24) and (25) can be found
by applying the method of characteristics, yielding:

1%

fxvn = [ i [S(” Iy <x];,v,t(,>}

1
X exp [/ Veft.n (x”,t”)dr”] dr’,
VJo
(26)

for the two neutral species, n =D or D,. Equation (26)
describes the distribution function of neutrals at position X,
velocity v and time ¢, as the result of neutrals generated
at position x’ =x—r’v/v, and time ¢’ =¢—r’/v, where r’
is the coordinate along the characteristic connecting x’ and
x, and ry, denotes the distance between the position x and

the intersection of the characteristic with the boundary. The
term S, is the volumetric source of D or D,, generated by
charge-exchange, recombination and dissociation reactions.
The exponential term in equation (26) takes into account all
processes that lead to a loss of neutrals on the way from x’
to Xx.

We now turn to the boundary condition for the distribution
function, f, (X5, v,#;) in equation (26). In typical experimental
conditions, D or D, are emitted from the wall as a result of the
reciclying of the D or D;‘ ions impacting the wall. A fraction
of the outflowing ions, aueq, is reflected as fast neutrals, with
the same temperature of the impacting ions, while the rest of
the ions are absorbed by the wall and emitted with the bound-
ary temperature 7j. Similarly, the reflection or re-emission of
the outflowing neutrals contribute to the neutral emission of
the same neutral species flux from the wall. In addition, a small
fraction, Bagsoc, Of the absorbed D™ and D goes through associ-
ation processes, contributing to the D, emission. The resulting
boundary condition for the D species is therefore

Jo (Xéavat/) = (1 = eft) Cemiss,D (Xl;at/) Xin,D (Xl/)avab)
+ et [fb (Xb,V = 2Vp, 1) +fp+ (Xb,V —2vp, )],
27)

where Xinp is the velocity distribution of the emitted neutrals
and v, is the velocity in the direction perpendicular to the wall.
For the D, species we impose a similar boundary condition,

sz (X]S,V,t/)

= (1 — auept) Temiss.D, (Xll)a t,) Xin,D, (Xl;:V» Tb)

+ Qe {fD2 (Xp, v —2vp,1’) +fD2+ (Xp, v — 2Vp,t’)}.

(28)

The fluxes of the emitted neutrals takes into account the prob-
ability of association, B,ss0c

Lemissp = (1 - Bassoc) (Fout,D =+ Fout,DJr) (29)
B
1—‘emiss,Dz = Foul,D2 + ]‘—‘out,D;' + aszsoc (Pout,D + Fout,D+) )
(30)

and include the fluxes of ions to the walls due to their par-
allel motion, the diamagnetic and E x B drifts, 'y, p+ and
Fout7D2+, as well as the outflowing fluxes of neutrals, I',yp and
Fout,Dz .

As detailed in [24, 42], equation (26) can be integrated in
velocity space, obtaining an integral equation for the neutral
densities, np and np,. The resulting equations can be simpli-
fied under the assumptions that the time of flight of neutrals is
lower than the turbulence timescale and that the mean free path
of neutrals is shorter than the typical turbulence scale lengths
in the parallel direction, obtaining a set of two-dimensional
equations for the variables np and np,, that is
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which are coupled with two equations for the outgoing neutral
fluxes, I'ou,p and 'y,

1_‘out,D (XJ_,b)

.
= [ (<) ean (KD KD (1. x )’
S

+
T / by (%) Vorrps (L) KPP (x1,x1)dA’
S

dis
+ /21’1[)2 (Xi) Vdiss D, (Xi)K/[;)—:ZS(DZ) (Xl,Xi)dA/
s
,diss-iz(Ds
+ /nD2 (X)) Vdiss-iz.Ds (Xi)KI]Ll,;S iz(D2) (x1,x’)dA’
s
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S
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and

Pout,Dz (XL,b)

.Df
= /SnDz (x) vex p, (Xi)Kfz_uf

+/ (1 — Olref] (Xi,b)) Fout,Dz (X/L,b)
oS
x Kp2, (XLaXi,b) day,
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(34)

+ I10ul,Dg [out(D1)] (XJ_) )

where the integrals appearing in equations (31)—(34) are car-
ried out over the area, S, of each poloidal plane or over its
boundary, 9S. In equations (31)—(34) the terms K;_,; are the
kernel functions presented in [24], where the integrals in the
velocity space are performed. The contribution to the neutral
densities and fluxes at the wall, which are proportional to the
ion densities and fluxes, include the contribution to np coming
from volumetric D" recombination

+
Mpecot] (K1) = / nps (X)) vieens (1) KPP (x, %/ ) dA’,
S

(35)
from DT recombination on the boundary,
Np[ouy(D+]
= / Fout,D"’ (Xj_,b) [(1 — Crefl (Xj_,b)) (1 - Bassoc)
oS (36)
reem /
x Kll))%p (XJ->XJ_,b)
Drefl
+ anenKD5 (x1.,x. ) | day,
and from D5 dissociation,
. ’ s\ Didiss(D;) ’
Mppdiss(ny 1 = snD; (x) Vdiss,0; (x1)Kp=p (x1,x))

,diss—rec(Dz+ )

+ 2Vdiss—rec,D2+ (Xi) KII’)—W (Xl ) Xi)} da’.

(37N

The set of equations (31)—(34) is discretized on a Cartesian
grid, (R,Z), written in matrix form and then numerically
solved for np and np,. Once the densities are known, all
moments of the neutral distribution function can be evaluated
(see [24]).
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Figure 1. Magnetic flux surfaces in the poloidal plane considered
for the simulations. The area covered by the electron temperature
source is in red, inside the core, the position of the neutral gas puff
is in green, on the bottom boundary.

2.3. Simulation setup

In this work, we consider two simulations carried out with the
GBS code implementing the model described in section 2. The
simulation parameters are based on an experimental dataset
developed for validation studies, TCV-X21 [49]. TCV-X21 is
a lower single-null L-mode discharge performed at low tor-
oidal magnetic field, with value at magnetic axis By = 0.95 T,
in forward field direction (ion-VB drift direction pointing
from the core toward the X-point), with plasma current /, =
165 kA. The upstream experimental density and electron tem-
perature at the separatrix, taken as the reference density and
temperature for the simulations, are ng = 0.6 X 10" m—3 and
T.o =35 eV. This corresponds to ion sound Larmor radius
pso =~ 1 mm, sound speed cyo ~ 4.1 X 10* m s~ and reference
time #) = 0.02 ms. Given the explorative nature of the present
study, the computational cost of the simulation is reduced
by considering a domain corresponding to, approximately,
half the size of the TCV tokamak (R/ps = 450), i.e. Lg =
300 ps0, Lz = 600 pso and L, = 27 Ry =~ 2800 pyo. We note that
simulations carried out with a realistic TCV size, performed
with a previous version of GBS, were compared with exper-
imental results [49]. At the same time, single species simu-
lations with a realistic TCV size that take into account also
the neutrals evolution are currently under analysis. The sim-
ulation setup used in this work is shown in figure 1, where
the chosen magnetic configuration, the position of the tem-
perature source and the position of the neutral gas puffing are
indicated.

The dimensionless simulation parameters are p; ' = 450,
T=1, n9. =3 x107%, nyp+ = Topt =2 X 1072, x| =20,
X|p+ = X|p} = 1, mps/m, =2500, B,o=2x107% and
vp = 0.05. The reduced value of the ion to electron mass
ratio, compared to the realistic one, decreases the com-
putational cost of the simulation, while retaining inertial
effects subdominant with respect to resistive effects, as in
typical experimental scenarios. The diffusion coefficients
for numerical stability are set to Dy=15, with the field
f= {’lyTe,TD+,TD;r,Q,U\|e7V\|D+,V”D2+}, and the cross-field
transport associated to those terms are verified to be at least
one order of magnitude lower than the effective transport
coefficients, as evaluated from the analysis of our results (see
section 4). The amplitude of the temperature source is chosen
so that the power source, integrated over the core region, is
close to the estimated experimental value of the power cross-
ing the separatrix in the TCV-X21 case, P, = 150 kW [49].
These parameters are chosen to mimic the typical conditions
found in L-mode diverted discharges, as described in [50],
where turbulent transport is mostly interchange driven.

Recycling is not considered on the top and right walls,
where no strike points are present. A constant reflection coef-
ficient, aeq = 0.2, and an association coefficient [, = 0.1
are considered on the left and bottom walls [4]. A gas puff
is located on the bottom wall, with a narrow Gaussian profile
centred at the coordinate R = 450p,9, corresponding, approx-
imately, to one of the gas puff positions present in TCV. The
neutrals are puffed from the wall at room temperature Ty, =
TGP,D2 =0.03 eV.

The two simulations presented in this work have the same
setup, except for the strength of the D, gas puff on the bot-
tom wall. In the first simulation we introduce no puffing.
Therefore, the presence of neutrals results only from plasma
recycling and recombination processes. We label this simu-
lation as low density. In the second simulation, we increase
the neutrals and plasma density by introducing a gas puff of
Dy, labelling it as high density simulation. The two simula-
tions allow us to explore the dynamics at two different sep-
aratrix densities. The low-density simulation is characterized
by e sep = 1.62 x 10" m~3 and the high density by 7, sp =
3.42x 10 m3 at Z = Z,; = 0.

Regarding the numerical parameters of our simulations,
we use a plasma grid of Ng x Nz x Ny = 150 x 300 x 64
points, while the neutral grid is Ni x N7 x Ny =50 x 100 x
64. The time step for the plasma evolution is At ~ 3 x 101,
while the solution for the neutral model is evaluated every
At ~ 3 x 10~2¢, [25]. The initial conditions of the low-density
simulation are provided by a quasi-steady state simulation
with only atomic neutrals interactions [25]. A turbulent quasi-
steady state in the low-density simulation is reached after
approximately 207y, when losses at the vessel balance the
particle sources and the plasma quantities oscillate around
constant values. With a fraction, e = 95%, of the ion flux
recycled as neutrals at the wall, the global balance is obtained
even if the assumptions made in the derivation of the geo-
metrical operators used in the present work make our model
not mass conserving [51]. The high-density simulation is then
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obtained introducing the D, gas puff in the quasi-steady state
of the low-density simulation. The time-averaged profiles are
evaluated over an interval A7 = 10¢y during the quasi-steady
states of the simulations. In the analysis, we also present flux
tube averages that leverage the magnetic field aligned coordin-
ate system introduced in section 2. The poloidal coordinate
x goes from x =0 at the ISP to xy =1 at the outer strike
point (OSP). The radial coordinate is expressed as py =
\/W - waxis)/(wLCFS - '(/Jaxis)» where '(/)LCFS and '(/)axis are the
poloidal flux function values at the last closed flux surface
and at the magnetic axis, having p,, = 1 at the last closed flux
surface.

3. The plasma and neutral turbulent dynamics

In this section, we provide an overview of the simulation res-
ults presented in this work, focusing on the turbulent dynam-
ics of the plasma and neutral species, and their interactions.
The density profiles of the plasma and neutral species are
detailed in section 3.1. In section 3.2 we discuss the pres-
sure profile, together with the analysis of the energy sink due
to neutral interactions. The temperature profile is the subject
of section 3.3. We present the electric field appearing in our
simulations in section 3.4. Finally, the formation of a density
shoulder is the subject of section 3.5.

3.1. Plasma and neutrals density profies

In figure 2, time- and toroidally-averaged profiles of the elec-
tron and molecular ion densities on the poloidal plane are
shown for the low- and high-density simulations, together with
a typical snapshot of their fluctuations, normalized to their
average values (we denote with tilde the fluctuating quantities
and with overline their time- and toroidal-average values, e.g.
ne = ne + 7). The high-density simulation presents not only
increased core density, but also increased density in the SOL
region, with higher level of turbulence fluctuations. A similar
increase of turbulent fluctuation amplitude with density are
reported in [34, 50]. The D;r density is, at least, two orders of
magnitude lower than the electron one and, as a consequence,
np+ = N, as assumed by our model. The high-density simula-
tion exhibits strong enhancement of the plasma density in the
private flux region close to the OSP, not observed at the ISP,
resulting from the balance of the fluxes and the colder target
existing at higher plasma density, as discussed in section 4.
The density of molecular ions is large in the region close to
the targets, with a negligible value inside the last-closed flux
surface.

In figure 3 we show the time- and toroidally-averaged pro-
file of the neutral densities and of the ion density sources,
Si, p+ and SiZ’D;, where only direct ionizations of D and D5,
respectively, are taken into account. At low density, neut-
rals result from recombination processes at the wall and are
recycled at the target, most of the ionizations occurring close
to the targets. With the introduction of the gas puff, molecu-
lar neutrals penetrate deeper in the tokamak volume and the

ionization front enters the edge and core regions. In the high-
density simulation, most of the ionization occurs inside the
core, leading to a power radiated in this region due to ioniz-
ation reactions that is up to 80% of the total power radiated
in the entire tokamak volume, describing a scenario compat-
ible with an X-point radiator [17]. We note that this is different
from the experimental observations in the same magnetic con-
figuration. We believe the differences with experiments is due
to neutrals penetration in the core, which in our simulations is
larger due to the reduced domain size. At the same time, the
atomic neutral density increases in the high-density simulation
in all the SOL volume. This is due, at the same time, to the
increase of recombination and the decrease of the ionization
processes they undergo in the SOL. Focusing on recombina-
tion processes, we observe that atomic neutrals are produced
through recombination, dissociation of D, or D;“ molecules
and MAR processes, as table 1 shows. By performing a series
of simulations where we artificially remove one of these reac-
tions at a time, we identify MAR reactions as the main source
of np in our high-density simulation. Indeed, they account
for 40% of the produced neutrals. This result is in agreement
with experimental findings, where MAR in high-density dis-
charges are estimated dominant compared to other recombin-
ation channels [7, 10]. Regarding the ionization processes, we
note that their decrease in the target regions is a consequence
of the strong decrease of the local temperature to values smal-
ler than 3 eV (see section 3.3).

3.2. Power losses and pressure drop

A detached scenario is characterized by a significant pressure
drop between the upstream (OMP) region and the target [5],
often observed with the increase of radiative losses due to a set
of interactions with neutrals, which are important in the SOL
region up to the X-point [1, 14]. The pressure drop is also the
result of momentum loss mechanisms, e.g. due to ion-neutral
charge-exchange reactions [4, 52].

In order to investigate the pressure drop in our simula-
tions, we first consider the energy losses due to plasma-neutral
interactions. In our model they are obtained by combining
the density and temperature sources in equations (1)—(9), and
they appear in equation (15). The losses associated with the
neutral-plasma reactions considered in our model, evaluated
separately in order to estimate their relative importance, are
shown in figure 4 along a flux tube close to the separatrix,
1 < py < 1.1, as a function of the poloidal coordinate . In the
low-density simulation, ionization processes are relevant only
in the target region and energy losses are present only below
the X-point (xxp, ars = 0.05 and xxp, Lrs = 0.86), where both
ionization and charge-exchange losses are important due to
the significant neutral density. On the other hand, the high-
density simulation presents strong energy losses also above
the X-point, where the ionization sink peaks. We point out that
the integral of the energy losses above the X-point in the high-
density simulation is twenty times as high as the low-density
one, mainly due to the high np in the SOL resulting, as already
discussed, from the molecular interactions [7, 12]. Focusing
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Figure 2. Time and toroidally-averaged profiles and typical snapshot of the normalized fluctuations of electron density, n., and molecular
ion density, njy+, for the low-density (top row) and high-density (bottom row) simulations.
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on the divertor legs, we note that both atomic and molecular
ionization losses are practically absent close to both targets,
a feature already observed in detachment experiments [1].
On the outer divertor leg, 0.85 < x < 0.95, the main energy
sink is due to radiative losses caused by D, and D;r dissoci-
ation, together with charge-exchange reactions, which dom-
inates closer to the target. On the other hand, along the inner
divertor leg, for x < 0.08, we observe that charge-exchange
reactions are the main loss mechanism in a wider region than
for the outer leg.

‘We now turn to the pressure drop appearing in our simula-
tions. Figure 5 shows the time- and toroidally-averaged total
pressure and D ion parallel velocity, along the flux tube as in
figure 4. We evaluate the total pressure as

Po=neTetmps (Tor +mpeipn ) (389)

since the npy+ as well as the electron dynamic pressure con-
2

tributions are negligible. In both simulations the D fluid
presents a stagnation point close to the OMP, y =0.7, and
the module of the velocity increases toward the two targets,

as observed in previous simulations [33]. However, the high-
density simulation presents lower velocity at both divertor tar-
gets, as expected from the large number of charge-exchange
reactions and the low temperature (see section 3.3). Both pres-
sure profiles present a maximum around the OMP, where
the density and temperature are higher. In the high-density
simulation, the total pressure drop is larger than in the low-
density case. Comparing figure 4 with figure 5, it is pos-
sible to observe that the power loss peaks at x =0.18 and
x = 0.80 (see figure 4), where a strong pressure drop occurs,
indicating that plasma-neutral interactions described above
play a crucial role in determining the pressure profile in our
simulations.

3.3. Plasma and neutral temperature

In addition to significant power losses, detachment scenarios
are characterized by low temperature, in particular in the diver-
tor region [4], resulting from a significant rate of neutral-
plasma reactions. Indeed, the relative importance of the atomic
reactions is mainly determined by the plasma temperature
profile [24].
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the coordinates of the X-point.

The temperature of all species present in our simulations are
shown in figure 6. In both simulations, the temperature of the
molecular species are lower than the atomic species, while the
D™ and electron temperatures are very similar. At low dens-
ity, the plasma temperature decreases because of the ionization
processes occurring close to the target, causing a steep tem-
perature gradient. Since the temperature remains above 3 eV,
recombination and dissociation reactions are negligible and
neutrals are emitted mainly from the wall in this simulation.
A fraction oy = 0.2 are emitted at the incoming ion temper-
ature and the remaining are released at the wall temperature
Twan = 0.03 eV, explaining the value of 7. On the other hand,
in the high-density simulation, the temperature of the charged
species is sufficiently high (7, > 3 eV) only above the X-point
for neutrals ionization to occur, while this is not the case closer
to the target, a condition that is denoted as power starvation
[53]. In turn, neutrals are produced in the divertor volume
through dissociation and recombination processes, since the
temperature is lower than 3 eV (see table 2), and not only at
the wall, as in the low-density simulation. Due to the asymmet-
ries in the density profiles of the molecules, ultimately determ-
ined by the gas puff position, the temperature at the target of
the molecular species is asymmetrical between the ISP and
the OSP. The plasma energy losses due to charge-exchange
are dominant at the targets (see figure 4), lowering the plasma
temperature. In particular the presence of the D, puff at the
outer target leads to higher D density, resulting in increased
charge-exchange processes and in Tp+ =~ Tp.

3.4. Plasma potential and Ohm’s law

Strong electric fields in the divertor volume of high-
density discharges are predicted and observed experimentally
[54-56], leading to E x B flows in the poloidal plane [57, 58]
Our simulations confirm the presence of these flows.

The time- and toroidally-averaged electrostatic potential
obtained from both simulations is shown in figure 7. In both
cases the potential has positive values in the SOL, higher at the
LFS and around the X-point. A positive value of the plasma

potential at the X-point is observed in simulations and exper-
iments with the magnetic field direction corresponding to the
one of our simulations [55]. The increase of density leads to
higher ¢ values in the SOL region at the LFS, except close to
the targets, where the potential decreases. This results in the
presence of an electric field pointing toward both targets at
both strike point regions in the high-density simulation. This
is relevant to explain the transport mechanisms at play in the
high-density simulation, as described in section 4. The profile
of the radial electric field at the OMP is shown in figure 8.
In both simulations, we observe an increase of the electric
field crossing the separatrix, identifying a positive peak out-
side the separatrix, wider and deeper in the SOL for higher
density. Larger electric fields at the OMP are associated with
higher effective velocity of the turbulent transport, as observed
in section 4. A neoclassical model for the radial electric field
is presented in [59, 60], that is

T
ENEO — % [0, (lognp+) +2.70, (log Tp+)] — by (vp+B) ,
(39)

where b, = Byo/B, (-) is the average along the toroidal and
poloidal directions and only the main ion species are con-
sidered. The predictions of the electric field from equation (39)
for both our simulations are presented as dashed lines in
figure 8. In the core region, the contribution due to the torodial
velocity of the plasma is smaller compared to the ion pressure
gradient term, as observed in L-mode experiments [61]. While
the model reproduces the position of the minimum of the elec-
tric field, it fails to estimate its amplitude near the separatrix,
especially for the high density case. In this region, turbulence
affects the plasma velocity and pressure profiles, creating dis-
crepancies with respect to the neoclassical predictions [62].

We study the origin of the electric field by analysing the
generalized Ohm’s law, equation (4), which defines the rela-
tionship between parallel gradients of potential, electron tem-
perature, pressure and parallel current, that is

V| pe

nee

VHTe
Ej=-V o= +O.717 (40)

_VjH7
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Figure 8. Time- and toroidally-averaged electric field at OMP (solid
lines) and neoclassical prediction from equation (39) (dashed lines).

having neglected electron inertia. In figure 9 the time-
and toroidally-averaged contributes to E) appearing in
equation (40) are shown along the radial direction in a flux
tube close to the separatrix. In both simulations the main con-
tribution to the parallel electric field is given by the term vj.
In the high-density case the relative importance of this term is
increased, especially close to the target where the temperature
is lower, being v o< T, 3/2 (see equation (13)). Experimentally,
it is observed that in discharges with relatively high temperat-
ure at the target, 7. > 20 eV, the resistive term do not influ-
ence the plasma potential at the OMP [63]. Our results show
that collisionality determines the potential along the flux tube
when the plasma temperature is low.

3.5. Mid-plane plasma profiles: density shoulder and
turbulent transport

Experimental operation at high density, achieved through the
increase of gas throughput, reveal the tendency to develop
flatter density profiles generally associated with an increased
level of turbulence, a phenomenon know as density shoulder
[35, 64]. Previous numerical investigation using GBS, which
do not include molecular interaction terms, show an increase
of turbulence level and the flattening of the pressure pro-
file with the increase of fuelling. In those simulations, the
density increase results from the increase of atomic neutrals
interactions [33], mimicked by increasing the plasma resistiv-
ity when those interactions are not included [34, 50].

We investigate the density shoulder formation in the present
simulations. Density and pressure profiles for the two simu-
lations considered in this work are shown in figure 10, nor-
malized to their value at the separatrix. We identify two decay
lengths, one in the near SOL, 1 < py, < 1.1, and one in the
far SOL, in agreement with several experiments [35, 65] and
simulations [50]. The increase of near SOL decay length is
observed also in the temperature profiles. The increase of the
density yields an increase of the near SOL decay lengths of
the density and pressure. In agreement with the simulations
that include only atomic contribution [33], also in the present
simulations, the density shoulder appears in combination with
a strong reduction of temperature and parallel velocity at the
target. The observation of the density shoulder formation with
increasing density is in agreement with experimental results
that show easier access to it with a open divertor configuration
[64], such as the one used in our simulations.

In order to estimate the perpendicular transport, we
consider in figure 11 the radial profiles at the OMP of
the averaged E x B flux, Tgxp, of the effective transport
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coefficient, Deyp et = Lexp/| Vi, |, and of the effective velo-
City, VExB eff = Tevs /.. These include both the time- and
toroidally-averaged steady state and the fluctuating flux com-
ponents of the E x B flux, Tgxp = Tz, 5+ 'z 5, With Tz, 5 =

fie(E % B)/B* and T3 5= it.(E x B)/B?. We note that the
E x B flux is significantly larger than the diamagnetic flux,
neglected in the present analysis.

Focusing on the SOL, the fluctuating component accounts
for half the total flux in the low-density simulation, while its
relative importance increases at high density, up to 70% of the
total flux. In the SOL of the high-density simulation, not only
I'gxp is larger compared to the low-density case, as expec-
ted from the higher density values, but also the effective dif-
fusion coefficient Dgy p cfr is larger. In addition, the effective
velocity, Vexp eff, 15 larger in the high-density simulation for
pyp > 1.15. We also note that the high effective velocity val-
ues in the SOL, vy erf ~ 1 km s~1, in both simulations, are
restricted to a narrow region that encompasses the OMP, where
the strong turbulence is observed. These high velocity values
in the high-density simulation are in contrast with the results
of simulations that include only atomic deuterium in a simpli-
fied magnetic configuration [33], where smaller blob velocity
with lower temperature at the OMP is observed.

Both experimental results and simulations show that the far
SOL turbulent flux in L-mode tokamak discharges is mostly
the result of the motion of coherent filamentary structures,
denoted as blobs. In GBS simulations, blobs are identified
with an algorithm developed and used for the analysis of pre-
vious GBS results [34, 66], which was recently extended to
detect their three-dimensional structure. The algorithm finds
the regions where the density fluctuations are 2.5 times above
the local standard deviation and tracks them in time. A fluctu-
ation is identified as a blob if it is detected over an area of, at
least, 20p2, on a poloidal plane and it has a toroidal extension
above 7 Ry/5. The blob detection algorithm fits the blob dens-
ity perturbation in the poloidal plane with a Gaussian func-
tion. From the blob centre of mass motion, identified as the
centre of the fitting Gaussian function, we retrieve the time-
average components of the blob velocity in the poloidal plane,

Vb, (R, Z) and vy, , (R,Z). Our analysis covers a time interval
sufficiently large to ensure the statistical convergence of the
blob properties.

In agreement with [50] and also in agreement with experi-
mental results [36], blobs in our simulations are typically in the
resistive ballooning or resistive X-point regimes, with a preval-
ence for the first one, where blob velocity increases with their
size and with the SOL resistivity [33, 67]. While it is not com-
mon to observe a density shoulder with filaments in resistive
ballooning regime, it has been observed in experiments that
the high neutral density in the main tokamak chamber facilit-
ates the density shoulder formation [64]. In figure 12 the radial
and poloidal components of the blob velocity, v, and v, are
plotted at the OMP, as a function of the distance from the sep-
aratrix. The velocity v, is normalised to the flux expansion f,
since the radial velocity of a field-aligned structure is expec-
ted to be constant over a flux surface [68]. At low density, both
the ratio v, /f, and v, increase with p,, in the near SOL and
flatten in the far SOL, while in the high-density simulation the
blob velocity increases through the SOL. These trends are in
qualitative agreement with experimental results, showing also
the same order of magnitude [35, 36, 68]. As expected from
[68, 69], the magnitude of the blob radial velocity is the same
as the effective vgxp efr (see figure 11).

To compare the blob velocity dependence on x, we
present the poloidal profile of the blob velocity components
in figure 13, from the OMP to the X-point, averaged over
py = 1.1. We find higher radial velocity in the entire SOL
region for higher density, while poloidal velocities are the
same in the two simulations up to the X-point. Both in the low-
and high-density simulation, v, and v, decrease for increasing
X, from the OMP to the X-point. Experimental measurements
of the blobs velocities in TCV and Alcator C-mod discharges,
made at different distance from the X-point, show the same
trends as our simulations [68, 70].

To conclude, our blob tracking analysis shows an increase
in radial velocity with increasing fuelling, which leads to the
larger turbulent I'g, p and to the larger effective perpendicu-
lar transport shown in figure 11. The increased perpendicular
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transport, together with the decreased parallel flux, yields a
larger I'y /Ty ratio, going from I'; /T ~0.05, in the low-
density simulation, to Iy /T’ ~ 0.1 at higher density. The
increase of this ratio is ultimately responsible for the density
shoulder formation [33, 71]. Compared to single-ion simula-
tions, we observe that the introduction of molecular interac-
tions lowers the SOL plasma temperature, leading to higher
resistivity and faster blobs [34], ultimately increasing the per-
pendicular transport and the ratio I' /T'.

4. Fluxes to the divertor targets and detachment

In this section we present the analysis of the particle and heat
fluxes to the divertor targets, showing that detachment condi-
tions are achieved at the inner target of the high-density sim-
ulation. Detachment is characterized by reduced ion and heat
fluxes at the divertor targets compared to attached discharges
[5]. We start by showing the ion flux profiles at the target and
in the divertor volume in section 4.1, followed by the evalu-
ation of the Degree of Detachment (DOD) in section 4.2 and
by the analysis of the target heat flux in section 4.3.

4.1. lon particle flux at the target and particle balance

When the density is ramped up in a tokamak discharge, the
divertor moves across different recycling conditions, from
attached to high-recycling and then to partial and, finally, full
detachment conditions [5, 14]. The saturation of the target ion
flux identifies the onset of detachment. This occurs when, as
the plasma density increases, the peak ion flux at the target
no longer increases and the reduction of the ion flux integ-
rated over the target area is observed. The onset of detach-
ment at the ISP and the OSP in lower-single null discharges
often occurs at a different level of core density [13], with the
differences between the two legs depending on the toroidal
magnetic field direction, pointing out to a possible role of the
E x B drift [14]. In fact, simulations of the different phases
of detachment, carried out with SOLPS-ITER, show that the
introduction of drifts improves the comparison with experi-
mental measurements [16].

In figure 14, we show the profile of the particle flux to the
wall in our simulations. The region that surrounds the ISP at
the left wall and, similarly, a region of the bottom wall around
the OSP are considered. The ion flux at the target is evaluated
as the sum of the parallel flow and the component of the E x B
drift in the direction perpendicular to the target, that is

Tt j=np+ (Vip+j+vip+ ;) = npe (Vprbi+VEs e )
(4D

where b; is the j component of the unit vector along the direc-
tion of the magnetic field, with j = R or Z, for the ISP and OSP,
respectively.

Starting the analysis from the low-density simulation, we
note that the larger contribution to the flux is given by the par-
allel flux at both targets. The ion flux at the ISP is approx-
imately symmetric around its maximum, which is located in
the SOL (p,, > 1). On the other hand, it is possible to identify
two peaks of the ion flux at the OSP, one in the SOL and a
second one in the private flux region (p,, < 1). The parallel flux
is responsible for the peak in the SOL, while the E x B flux
is dominant for py < 1, reducing the flow towards the OSP
close to the separatrix and increasing the density in the private
flux region. This is consistent with SOLPS-ITER simulations
showing that the inclusion of E x B drift in the plasma dynam-
ics can lead to the formation of a hollow profile of the ion flux
to the target, as well as a higher density at the ISP than at the
OSP in forward field configuration and vice-versa [72, 73].

The density increase affects the ion particle flux differently
at the two targets. At the ISP, the integral of the flux decreases
by, approximately, 50% with respect to the low-density simu-
lation, and the peak of the flux is located further from the sep-
aratrix, deeper into the SOL. The decrease of the ion particle
flux at the ISP is the consequence of the reduction of the paral-
lel velocity, caused by the increase of charge-exchange reac-
tions and the decrease of the electron and ion temperatures.
This is also observed in previous single-component GBS sim-
ulations with the increase of the fuelling rate [33]. In contrast,
the ion particle flux increases with the density at the OSP, both
in the SOL and in the private flux regions, showing a single
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peak located inside the separatrix. This is due to a lower reduc-
tion of the parallel velocity at the OSP than at the ISP, with
respect to the low-density simulation. In fact, the parallel velo-
city at the target is set to be proportional to the electron tem-
perature, which is lowered by an increase of the density due
to the ionization reactions occuring at the LFS, as shown in
figure 3.

The differences in the location of the peak of the ion
particle flux between the low- and high-density simulations is
explained by the different E x B drift present in the two sim-
ulations. In figure 15 we present the vector plot of the main
contributions to the ion particle flux on the poloidal plane in
the two simulations, with the colormap representing the flux

module. In the low-density simulation, the flux is dominated in
the SOL by the parallel flow and the E x B drift is comparable
to it only inside the private flux region close to the OSP. While
the parallel flux peaks close to the strike point, the E x B drift
transports plasma from the OSP to the ISP. In the high-density
simulation, the contribution of the E x B drift increases, as
expected from figure 7. The drift creates a convective cell of
circulating plasma, transporting ions from above the X-point
to the far SOL, and from the OSP to the X-point. The larger
value of the I'g, g p+ flux, with respect to the parallel flux in
the high-density simulation, increases the density inside the
separatrix at the OSP (p,, = 0.98), while at the ISP the £ x B
drift moves the peak to py, = 1.12 (see figure 14).
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The decrease of the particle flux at the ISP in the high-
density simulation is mainly caused by the reduction of its par-
allel component and by the decrease of the plasma sources,
while the role of the E x B drift is small. The asymmetries
between the ion fluxes at the targets are, ultimately, gener-
ated by the asymmetries in the plasma-neutral interactions (see
figure 4) and are strengthened by the effect of the E x B drift
[13, 14, 58], which is a consequence of the temperature profile
set by molecular reactions.

4.2. Degree of detachment

The two point model, derived to relate the evolution of the
upstream profiles to the target density and temperature, estab-
lish a quadratic dependence of the ion flux at the target from
plasma density upstream, I'p+ ~ CnﬁpD + [4]. This model, val-
idated in several devices (e.g. JET [5] or ASDEX [14]) is
valid for density values below the detachment onset. Based
on the two-point model result, the divertor recycling state is
often characterized by the Degree Of Detachment, defined

2

as DOD=C '}"TD: [5]. If DOD > 1, the measured flux at the
target is lower than expected from the two-point model and
the plasma is said to be compatible with a detached scenario.
While there can be other reasons to observe a weaker scal-
ing of the particle flux at the target compared to the prediction
of the two-point model, the DOD is often used as a guideline
to help in the characterization of detachment conditions [14].
We also note that the calibration constant C depends on the
power crossing the separatrix and the connection length of the
specific flux tube. In figure 16 we show the DOD profile of the
high-density simulation, at both targets, considering flux tubes
at different p,,. The two simulations we consider have the same
input power in the SOL and the same magnetic geometry,
therefore we evaluate C from the low-density simulation and
use this value to determine if the high-density simulation is
in a detached state. This methodology is equivalent to consid-
ering that the simulation at lower density is not detached, an
hypothesis that gives us a lower limit on the DOD value. The
density upstream is evaluated as the average density at the sep-
aratrix at Z = 0. At the ISP we observe DOD > 1, across the
entire SOL region, as expected from the observed decrease of
the ion flux. At the OSP we also observe DOD > 1, in partic-
ular at increasing distance from the separatrix, even if the ion
flux is larger than in the low-density simulation. We can con-
clude that the high-density simulation presents a detached ISP
with features that are compatible with the experimental condi-
tions observed at density values larger than the ones necessary
for the detachment onset. On the other hand, the OSP is in a
partially detached state, where the particle flux reduction is not
observed [52].

4.3. Target heat flux

We evaluate the sum of the DT ion and electron heat flux con-
sidering the contribution from conduction, convection due the
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Figure 16. Degree of Detachment, DOD = Cn12)+ up/FD+, for flux
tube at different locations, in the high-density simulation.

parallel and drift fluxes and recombination energy of D™ ions
at the target, that is

3
Gorj = 5To+ o+ = (X Lo+ Vi Tp+ +bix)p+ V| Tp+)

3

+ 5T ey = (X LV LiTe +0;X) e V) T)

+ Eizpl'p+ , 42)
where I'y+ ; is defined in equation (41) and an analogous defin-
ition is used for I'e j, the diffusion coefficients x| and x| are
those appearing in equations (7) and (8) and b; is the compon-
ent of the magnetic field unit vector, with j =R or Z. The D;L
contribution to the flux is neglected, since np+ < np+.

The time-averaged profiles of the heat flux for the two tar-
gets are shown in figure 17. In the low-density case, the heat
flux is mainly determined by conduction and parallel electron
convection, equally contributing with their sum and account-
ing for 80% of the total heat flux. As a consequence, the heat
flux peak is located at the strike points where the parallel ion
particle flux peaks, both at the ISP and at the OSP.

The heat flux shows a lower and wider peak at the ISP in the
high-density simulation, compared to the low-density one, in
agreement with the observed lower pressure values observed
(see figure 5). The contribution of D™ ions, largely dominated
by convection, increases up to 40% of the total heat flux in the
high-density simulation. As observed for the particle flux, the
heat flux decrease is strong at the ISP, due to the sum of the
effect of strong reduction of parallel convection toward the tar-
get and strong reduction of plasma temperature. We point out
that our simulations retrieve the experimental observations of
heat flux decrease with the simultaneous increase of upstream
radiative and momentum losses (see figure 4) at the onset of
detachment [1, 4].
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Figure 17. Time- and toroidally-averaged heat flux on the target, for both strike points, as a function of the normalized poloidal flux function.

5. Conclusions

In this work the first multi-component simulations of plasma
turbulence coupled to kinetic neutral dynamics are presented
in a diverted tokamak configuration. The simulations are per-
formed by exploiting the multi-component model described
in [24] and considering the magnetic equilibrium of a real-
istic TCV discharge, that is the TCV-X21 configuration [49].
The self-consistent treatment of the interactions between
five species (electrons, DT, DY, D and D,) is simulated.
The model takes into account the main collisional processes
between plasma and neutrals, including ionization, recom-
bination, elastic collisions, charge-exchange and molecular
dissociation.

We present the results from two simulations performed at
different fuelling rates, obtained by changing the strength of
a D, gas puff. While GBS simulations that do not include
the molecular dynamics retrieve important features associated
with increased fuelling [33], the introduction of molecular
dynamics improves the understanding of the processes at play
in high-density L-mode tokamak discharges. For instance, the
relevant density of D, creates new channels of D production,
mainly MAR, producing atomic deuterium at a relatively high
temperature, Tp ~ 3 eV. The increase of the neutral density
yields an increased radiated power through ionization reac-
tions, leading to power starvation in the divertor region and
moving the ionization front from the targets to the region
above the X-point. The high neutral density is also respons-
ible for the increase of momentum losses, identified by the
increase of charge-exchange reactions along both legs of our
high-density simulations, which leads to the decrease of the
ion parallel velocity. For sufficiently low plasma temperature,
T, < 3 eV, molecular dissociations and charge-exchange reac-
tions between D and D become the main plasma energy sink,
leading the ion and electron temperatures to values close to the
neutral temperature, 0.03 eV < Tp < 3 eV.

Because of the low temperature values and associated
momentum losses, the parallel ion velocity is reduced in the
high-density with respect to the low-density simulation, as
observed in previous GBS simulations [33]. This yields a
reduction of total heat flux at the targets, lowering both heat
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convection and heat conduction. In particular, the increase
in fuelling causes a strong reduction of particle flux at the
ISP, compatible to typical experimental observations in the
detachment regime. Indeed, to our knowledge, the simula-
tions presented in this work are the first simulations of plasma
detachment that include a self-consistent treatment of plasma
turbulence and neutral interactions. The analysis of the fluxes
shows that the decrease of the particle flux to the wall in the
high-density simulation is associated with a decreased ioniza-
tion source, due to a reduced plasma temperature in the SOL.
The asymmetries between the ISP and OSP are explained by
the different local plasma temperature and molecular neutral
density, in turn determined by the magnetic configuration and
by the position of the gas puff, combined with the effect of the
E x B flux.

In addition, the reduced plasma temperature leads to an
increase of the plasma resistivity. This generates strong elec-
tric field in the SOL. Indeed, the equilibrium profile of the
parallel electric field E| follows the generalized Ohm’s law,
equation (40), where the contributions of the electron temper-
ature and pressure gradients are negligible compared to the
resistive term, vj).

The profiles of both density and pressure at the OMP show
that the increase in fuelling leads to the formation of a dens-
ity shoulder and an increase of the near SOL decay length for
both quantities. We observe that the density shoulder is the
result of an increase of the perpendicular transport together
with the decrease of parallel transport. Leveraging blob track-
ing routines developed in past studies and recently improved,
we perform a detailed investigation of filamentary transport in
the SOL, comparing blob velocities with the effective velo-
city Tgxp/7,. We observe an increase of blob radial velocity
with increased fuelling, well reproduced by the increase of the
radial vg«p due to stronger electric field in the far SOL. It is
interesting to note that the increase in radial velocity was not
observed in simulations where fuelling was increased without
including the role of molecules and the plasma temperature in
the far SOL was higher [33].

From the analysis of our simulations we retrieve several
qualitative similarities with experimental results. For instance,
the increase of deuterium puffing leads to a decrease in the
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heat flux at the targets and a decrease in the particle flux in the
inner target, up to detachment conditions [4, 5]. The asym-
metry between the two targets results from the combination of
local D, and D;“ density [13] and stronger E x B drift [14].
Our results of filamentary transport reproduce the increase of
radial velocity at higher density [36, 68], where faster blobs
appear in correspondence of a strong electric field in the SOL,
determined by plasma resistivity at low temperature.
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