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Abstract. We consider a far scrape-oft layer (SOL) plasma fluid model of ions that is governed by a Braginskii-
type model: a one-dimensional, nonlinear system of advection-diffusion equations coupled with a diffusion
equation for neutral particles. Our motivation for studying this system arises from the coupling between the
edge plasma and radio-frequency (RF) heating, where solving a far SOL plasma fluid model provides critical
insights into edge plasma dynamics. Numerical simulations of plasma fluid models require advanced com-
putational techniques to achieve both efficiency and accuracy, especially when resolving the boundary layer in
magnetically confined plasmas. In this work, we propose an implicit-explicit time operator splitting strategy that
allows for an efficient solution algorithm, where the diffusive terms are treated semi-implicitly requiring only
a linear solve, while the advection part is handled explicitly using a strong-stability-preserving Runge-Kutta
(SSP-RK3) scheme. This leads to a fully decoupled system in which the diffusion and advection sub-problems
can be solved separately, simplifying the overall solution procedure and allowing for efficient parallelization,
which is particularly relevant for exploring the impact of RF heating on the SOL plasma. The main challenge
of the discretization is due to the strong coupling between diffusion and advection, particularly through the
boundary conditions. This makes implementation of such a scheme in an accurate and stable manner nontrivial.
We discuss in detail how to split the equations and manage boundary conditions to maintain stability and well-
posedness for each subsystem. We also describe a spatial discretization approach, based on the discontinuous
Galerkin finite element method (DG-FEM) and present numerical results for a one-dimensional system.

1 Introduction a relatively high fidelity, and the SOL is well represented.
Therefore, these codes are routinely used to interpret ex-
isting experimental results and inform the design of linear,
tokamak, and stellarator devices around the world [7-11].

The plasma boundary region of a magnetic confine-
ment fusion device exhibits many complex physical pro-
cesses, including plasma turbulence, localized power de-
position, gas fueling and impurity seeding, and strong
plasma-neutral interactions. A large number of trans-
port solvers have been developed to model this scrape-off
layer (SOL) region, with an important class being fluid
plasma codes that can advance the transport equations on
equilibrium timescales. These codes, such as SOLPS- ) ) )
ITER [1, 2], EMC3-EIRENE, UEDGE [3], EDGE2D [4], wave propagation. However, implementing boundary con-
and SolEdge-HDG [5, 6], do not resolve plasma turbu- d}tions in a fluid transport code that provide stable so?u-
lence, but instead take user-defined diffusivities and con- tions at any plasma facing component (PFC) - plasma in-

vective velocities as input to represent transport in the  terface can be challenging as the boundary condition re-

cross-field direction. Additionally, the magnetic field is quired on the parallel velocity uy > cy, where ¢, is the

considered to change on a timescale much slower than the sound speed, can exhibit inconsistencies due to its deriva-
plasma transport. The plasma-neutral and plasma-surface {10 based on kinetic models [19, 20].

Radio-frequency (RF) wave power is routinely used
to heat magnetically confined fusion plasmas. Modifica-
tion of the plasma profiles is observed during RF opera-
tion, especially in the far-SOL close to the actuators [12—
18]. Therefore, it is critical to have robust plasma solvers
in this region, both for the equilibrium transport and RF

interactions, on the other hand, are typically treated with We present a detailed analysis of a Braginskii-like sys-
tem of fluid plasma transport equations, with a particular
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advection explicitly, the method enables stable, decoupled
time integration and can facilitate efficient parallel compu-
tations.

The paper is organized as follows: Section 2 intro-
duces the Braginskii-like fluid model. Section 3 presents
the implicit-explicit operator splitting scheme used for
time integration. Section 4 describes the spatial discretiza-
tions with details on the numerical treatment of boundary
fluxes. Section 5 focuses on the analysis and implemen-
tation of boundary conditions. Finally, Section 6 provides
numerical results that illustrate our study.

2 Model problem: Parallel
advection-diffusion in one dimension

We consider a one-dimensional version of Braginskii type
equations [21] for continuity, ion parallel momentum in a
direction parallel to the magnetic field and neglecting the
perpendicular transport. Given a computational domain
Q = [0, L], where x = 0 is the plasma reflection point and
x = L the device wall, we consider the following system

0 0
— — [-Dy— =-S5,
a0t ax( Oax”")
0 0 "
En + a—(nu) =8",
6 6 2 6 m
&(m,-nu) + e (m,-nu — m;n,uau +n(T, + T,-)) =85",
d/(3 1 2 (s 1 2 0
E(EnT, + Em,-nu )+ a[(inT, + Em,-nu )M nX,aTl]
=SF+SPe,
d(3 d (5 0 _ E Eext
az(znT“)+ ax(znTe”_"X“axT") =Se S

2.1

where we have dropped the || subscript for # and have as-
signed x the parallel coordinate. Here, ny, n, u, T;, are the
neutral density, plasma density, velocity, ion and elec-
tron temperatures, respectivel%/. We also denote g = nu,
E. = 3nT., E; = 3nT; + Immé, p;. = nT;, to be
the momentum, ion and electron energies and pressures,
respectively. Here, Dy , u, and y are the collisional
coefficients (units m?/s) for particle diffusion, viscosity,
and heat diffusion for the density, momentum, and en-
ergy equations respectively; the source terms, S nmE con-
tain any contributions from e.g., cross-species collisions,
and plasma-neutral interactions; and § ff’" are the external
heat sources (e.g., RF heating). Cross-field drifts, impurity
ions, and plasma current are neglected. The units are SI
except for temperature (eV) and the diffusion coefficients
are defined as follows

Dy = 8T/ Brmon({ov)i; + {0 V)cx))

_ 0967 _ 096 3(4ne)’ (752 )
m; \m; 4+fminAeZ4 ! ’
3977 39 3(ne)’ s/
;= =— T nj,
X m; \n; 4+[minAeZ4 ( ! ) (2.2)
3.16T,r, 3.16 3(4ne)’ s
Ye = = T."/n),
m, VMe 4 2ninAe*Z? ( )

B (4neo)*3 T, _ (4me)’3 ym,T."
" 4vmnAetZn T 42anAe*Zin

with InA =~ 17. The corresponding source terms are

§" = non{ov)i,
S™ = miupS" + mingn{ov),(uy — u),

m; ., 1 3
SE = m_OS (Emou(z) + ETO) + mingn(0'1)>cx(u(2) -, 2.3)

.1 3 .
SE = ’:nTOSn(zmou(z) + ETQ) - Sngb?f,

S’i’eﬂ — Sli,ext—H + Sﬁat_RF,
with Ty = 2 eV, ¢ = 13.6 eV, and ug being the neu-
tral velocity, which is assumed to be approximately equal
to the thermal velocity ug = +To/mg, with my = m;,
where m and m; are the neutral and ion mass, respectively.
The external source S fe’emH is acting on the left side of
the domain and given by a smoothed Heaviside function
hoH(xo — x) with g chosen such that [ §E“~dx = p,,
where P, = 2.5 MWm™'. The details on the external RF
source S fe’”’_RF are discussed in Section 6. We ignore re-
combination, and use the polynomial approximation for
the ionization rate coefficient:

(V)i =3.0-107° T2,/ (3+0.01 T2 ,,). (24

The boundary conditions for the system (2.1) are

oy =0,T;i, =u=0, at x=0, (2.5)
u =,
%nTeu — x0T, = y.T.nu,
(%nTi + %minlﬂ)u - nyi0:T; = v;Tinu, x=L
—Dyd,ng = —Rnu,
(2.6)
with
&= NTe +T)/m, (2.7
where y; = 2.5, y. = 5.5, and R = 1. The bound-

ary conditions at x = L play a critical role in ensuring
the physical consistency of the plasma model. In particu-
lar, the condition u > ¢,, known as the Bohm criterion,
see, e.g., [22, 23], enforces that the ion velocity enter-
ing the sheath must exceed the local sound speed, to al-
low for a stable sheath formation at the plasma-wall in-
terface. This condition arises as the plasma shields elec-
trons from recombining at the device walls at a higher rate
than the ions, maintaining quasi-neutrality over the bulk
of the plasma (see e.g., [24] for a derivation and further
discussion). While the canonical Bohm criterion assumes
an isothermal plasma regime (as defined above), variations
arise under different plasma conditions, including ion tem-
perature effects, collisionality, and sheath model assump-
tions. These modify the prefactors in the temperature in
¢, and reflect uncertainties or the need for higher fidelity
transport descriptions, [22, 23]. A careful numerical treat-
ment of the above boundary conditions is also essential for
the stability and accuracy of the numerical solver, espe-
cially in operator-splitting schemes where boundary con-
sistency across subsystems must be preserved as discussed
in the next section.
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3 Operator splitting scheme

We consider an operator splitting scheme for the tempo-
ral discretization of (2.1), which consists of a two-stage
scheme, which we formally refer to as ‘implicit’ (dif-
fusion sub-system) and ‘explicit’ (advection sub-system)
stages. For the diffusion sub-system we use a semi-
implicit temporal discretization, while the advection part
is discretized using a SSP-RK3 (strong stability preserv-
ing Runge Kutta) method.

A crucial requirement for a stable time-splitting
scheme is the well-posedness of the individual sub-
systems. In our settings, nonlinear coupling arises at the
SOL interface. The hyperbolic (advection) sub-system is
particularly sensitive to correct boundary conditions due
to its directional nature and the potential for characteristics
entering or leaving the domain, requiring a careful analysis
of how boundary conditions are enforced during the split-
ting, as discussed in Section 5. In contrast, the diffusion
sub-system is more forgiving and admits classical well-
posedness under standard boundary conditions. In the fol-
lowing, we appropriately separate the boundary coupling
to ensure well-posedness and stability of each sub-system.

Stage 1 (implicit). In the first stage we solve the diffu-
sion sub-system of equations:

0 0 0
—nyg— — |Do—no|=-S",
ox

ot Ox

7,

gt(m,-nu) - %(m,-nugu) =0, (3.1
a3+ gmme) - gl =0
) silegr) o

subject to the following boundary conditions at x = 0:

Oxng = 6xTi,e =u=0, 3.2)
and at x = L:
Ooau=0 if u>¢, and u=2c, if u<ée,,
5
EnTeu — x0T, = y.T.nu,

(3.3)

5 1
(EnT,- + zminuz)u —ny;0,T; = viT;nu,

— Dydng = —Rnu.

It can be shown that with strictly positive diffusion coef-
ficients the diffusion sub-system (3.1) supplemented with
the mixed boundary conditions (3.2)—(3.3) is well-posed.

Stage 2 (explicit). The second stage of the scheme
leads to the following hyperbolic system

4]
E‘no 0
0
a—tn + a(nu) =

0 0 5 B
6—t(m,nu) + a(m,nu +n(T,+T))=S

0(3 1 o[(5 1
—(—nTv + —m,nuz) 3 [( nT; + =m; nuz)u] =SE+ 55,
x

or\27 "2 2
6 3 a 5 _ QE E.ext
at(znT") " ax(znT"”) =Se S
3.4)
subject to the following boundary conditions:
u=0, at x=0 and wu>¢c;, at x=L. (3.5

This represents a SOL flux tube with a physical tar-
get at x = L, where sheath boundary conditions are ap-
plied, and a symmetry condition at x = 0. We note that no
additional boundary conditions are needed, as discussed
in Section 5. A detailed analysis in Section 5 reveals,
however, that boundary conditions (3.5) may lead to an
ill-posed problem. We address how to mitigate this issue
through appropriate modifications (cf. (5.3)) while still en-
suring that the physical boundary conditions are satisfied.

We then use a semi-implicit discretization of (3.1)
and an explicit discretization based on SSP-RK3 for (3.4).
Since the latter follows a standard procedure and more de-
tails on the treatment of the boundary conditions are pro-
vided in Section 5, we present here a procedure for the
time discretization of the former. In particular, for 7 > 0,

KeN,At=T/K,t* =kAt, k= 0,..., K, from the second
equation in (3.1) we obtain n**! = n* = n(¢*) and
1 k+1 0 k 0 k 1 nk
= (n™" = nf) + o (—D b’ | = =S, (3.62)
1 k k+1 k a k k 0 k+1) _
Atmn (u u )+ Ep mn" Bxu =0, (3.6b)
1 k+1(3 kel 1 jo 3. 1 k 2)
LA ST+ gt Y- ST = gmi) (3.6¢)
9 w1k O k+1]
+ ax[ w1 | =0, (3.6d)
1 k+1(3 k+1 k) 0 ( k+1 . k 0 k+l)
— 707" T —| - T =0 3.6
At 3T TR T e\ T Xegy > (36e)

where S™* = n nk(m}),, The corresponding boundary
conditions at x = 0 (3.2) are discretized implicitly, and
at x = L, (3.2), semi-implicitly using explicit updates for
the coefficients y;.. Then, at each time step #*! the above
system can be solved as a linear system of decoupled equa-
tions. First, having n* = n**! we perform an intermediate
update, where we first solve for w1 in (3.6b), and then
compute updates for T"Jrl and T%*! from (3.6¢)—(3.6¢), and
evaluate E"J’I respectlvely Using those intermediate so-
lutions, we proceed to Stage 2 to make a final update for

nkt k1 ERT using SSP-RK3 on (3.4)—(3.5). Lastly, us-
ing fully updated solutions, we solve (3.6a) to complete
an update for n’é”. Updating the neutral density at the fi-
nal stage using the fully resolved solution was found to
improve the resolution of strong boundary layers and en-
hance numerical stability.
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4 Spatial discretization

We can express the system (2.1) in the general form

ou 0 0

E+5F(u) Ep (D(u) G(u)) S(u), 4.1
where w = [ng,n,q,E., E;]" is a solution vec-
tor, D) = diag[Dy, 0, nu, ny;, ny.], Sw) =

AT
[-s7, 57, 8™ /m;, SE+ S5, SE+ S5, and F(u) is
a vector corresponding to the advection fluxes in (3.4).
We also introduce the Jacobian J(u) of F(u)

[0 0 0 0 0 ]
0 1 0 0
2 4 2 2
0 —Zu? —u —_— —
J) = 3 3 3m;  3m;
2 3 SEu ) 5 E; 5
0 —-mw—-—-— —-um+-— = 0
3 3 n 3
_ Eeu é& 0 Eu
3 n 3n 3
(4 2)

with the eigenvalues A = {0, u,u — Cg, U + Cy, § } where

cs = V5(pi + pe)/Gmin) = N5(Ti + T,)/(Bm;).  (4.3)

We note that the speed of sound ¢, above obtained from
the analysis of the model differs from the modeling choice
Cy defined in (2.7) by a factor v/5/3. In Section 5, we
discuss the implications of this choice on the prescription
of boundary conditions and the well-posedness of the sys-
tem.

For spatial discretization, we employ a nodal DG FEM
using local DG (LDG) FEM discretization with stabilized
central flux for the diffusion sub-system, see, e.g., [25—
27], and the local Lax-Friedrichs flux (4.4) to approximate
F(u). Since the DG discretization of the diffusion sub-
system (3.1) is relatively straightforward, we focus on the
discretization details and boundary treatment for (3.4).

Let 0 = X2 < X320 < -0 < xnN-12 < XN412 = L,
be a partition of the spatial domain Q = [0, L], and for j =
1,...,N, letEj = (Xj,l/z,xjur]/z) andhj = ()Cj+1/2—)€j,1/2).
Let Py(E;) be the space of vector-valued polynomial func-
tions of order k on E;. We approximate u by a piece-wise
defined function uy, such that wy|g, € Pr(E)), that is, the
restriction of wy, to E; lies in the local space Pr(E;). At
interior element edges Xer12,0=1,...,N—1, we approx-
imate F(u)|,=.,,,, with a numerical ﬂux:

h” h+l)

FA‘prl/z (llh ll;i“) {(Fwp)}es12 + 2

[[wplles12, (4.4)

where a/(uf;,uf;”) = max{|g—ll:(ufl)| |g§ (uﬁ”)i} (local Lax-
Friedrichs flux). Note {-},+1/2 and [[-]]¢+1/2 represent the

average and jump operators, respectively:

(F ()Y = % LTSRS o (AR M B

1
[[wlles1p = llh|x=xm,2 —ul [P

Here and in what follows, we use the subscript 4 to indi-
cate the discretized solution and discrete quantities.

Prescription of the boundary fluxes

Next, we discuss the set-up of the boundary fluxes Fl/z
and ﬁNH s2 for the hyperbolic subsystem (3.4), ensuring
that the boundary conditions (3.5) are enforced in a stable
and consistent manner. For simplicity, let u; and u; de-
note the values at the left and right side of the interface,
respectively. Then, to define ﬁl ,2 and FN+1 ;2 in (4.4), we
need to determine the unknown values u, at x = 0 and
u; at x = L, respectively. At the left boundary x = 0 we

have u = 0 (3.5), and thus we set {u;} = “2“* = 0, which
implies u; = —u, . To determine the values for other vari-
ables we set [[n,]] = 0 (i.e, n} = n;) and [pp;.ll = O (ie.,
p;’i’e = Ppj,;.)» Which yields conservation properties for
the hyperbolic system. It directly follows that g; = —¢g,
and E;te = Ehle and FI/Z(n;’n;) = FI/Z(E;,I"E;J) =

Fo(Eh e,E,:e) =0atx=0,and

+ +
Dhi* Phe

Fip(ay.qp) = nj(up)* + - ag;.

At the right boundary x = L in accordance with the bound-
ary conditions (3.5) we set {un} = cgp (or {up} = E5p) if
csn = uy (see Section 5 for more details) and as before
[0 = O, [pniell = 0. Here, cs, and &, are discretized
versions of (4.3) and (2.7), respectively. Then, u;’l =
2e5p = Wy My = My P = Prie and gy = 2¢0my, — gy
and the boundary fluxes then become

FN+1/2("L";) =Coply, s
Enaipn(ay.q;) =F5 + (q;, — conmy) @y — 2¢,1),
FN+1/2(E;,i’ Eyp) =Csp (E;,i + P/;,i)
+ mic g (Con

Fyiip(Ey,. Ey,) =5/3¢s4Ep,,

= uy) (2con = wy, — ),

where F, corresponds to the hyperbolic flux in the second
equation of (3.4).

5 Study of the boundary conditions
We analyze (3.4), which can be expressed as

Ou

E” + F(u) (5.1
where u = [n,q, Ee,E,-]T and F(u) is the corresponding
advection flux. For simplicity, we omit the nj term as it
yields no contribution to the flux, and by slight abuse of
notation use the same symbols for u, F and the Jacobian
J(). To verify the correctness of the boundary condi-
tions, we linearize and diagonalize the system around a
reference state to obtain characteristic variables. Analyz-
ing the number of incoming and outgoing characteristic
waves determines the number of boundary conditions re-
quired for well-posedness of the linearized system and of-
fers a necessary condition and guidance for proper bound-
ary specification in the nonlinear case (3.4).

We diagonalize the system around a constant reference
state, which by a slight abuse of notation we denote again
by u, with a perturbation :

0 0

a—u + Aau 0, 5.2)
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where A = J(u) = XAX™!, A = diag[u, u — c,, u + c;, %u],
X is the matrix of corresponding eigenvectors.
Next, we analyze the linearized bound-

ary conditions for (5.2). Atx = 0,u = Oand
there is one positive eigenvalue correspond-
ing to one incoming wave, and imposing

u = 0 is sufficient, as argued below. On the Cg
other hand, at x = L for u < ¢ there is only I
one negative eigenvalue and one boundary

condition needs to be imposed, whereas for
u > cy all eigenvalues are positive and no
boundary conditions needed. We observe
that for ¢; < u < ¢, there is a discrepancy
between the boundary conditions in (3.5) and the ones
arising from the linearization analysis. The former sug-
gests not to impose any boundary conditions for u > &,
potentially leading to an ill-posed and numerically unsta-
ble problem. Therefore, we propose a modification of
the boundary conditions that guarantee the well-posedness
and still fulfill the condition u > & in (2.6). In particular,
we suggest imposing at x = L either

r=1L

u=cg or u=~=, whenever u<c;. 5.3)
The corresponding linearization of those conditions leads
to a’a = 0 or b’a = 0, where a and b are the vec-
tors obtained from the linearization of (> — ¢2)n = 0 or
(u? — &)n = 0, which is equivalent to imposing u = ¢, or
u = ¢y whenever u < cy, respectively. Our goal is to show
that the chosen boundary conditions lead to a well-posed
problem (5.2). From [28, Theorem 8.1.1], this requires
showing that the incoming characteristic waves can be ex-
pressed in terms of the outgoing ones.

Then, using the eigensystem of A and introducing a
vector of characteristic variables w = [wy, wy, w3, wa]? =

X~ we can transform (5.2) to

For x = 0 we have u = 0 or equivalently ¢ = 0, which leads
to ¢ = 0, and using that @ = Xw and assuming ¢, # 0, we
obtain

0 =g(0) = (uw; + (u — co)wy + (U + c5)ws) |x=0,

and since ul,-0 = O we obtain that an incoming wave is
expressed via outgoing, i.e., w, = w3 on x = 0. Similarly,
at x = L solving a’ &t = a” Xw = 0 leads to

3utw, — (5 cz +6c,u—3 uz)wz - (5 cf —6cu—3 uz)w3 =0,

and inserting u = ¢, # 0 leads to w, = %wl + %wg, where
the incoming wave is expressed via outgoing ones. Anal-
ogously, if instead b”@ = b Xw = 0 at x = L, we have

ww, — (c? +2cu — uz)wg - (c? —-2cu— MZ)U)3 =0.

Since, u = ¢; < c; it follows that (C% +2cu — uz) 0
and, hence we can express w, in terms of w; and ws. This
proves that the set of boundary conditions (5.3) ensures
the well-posedness of (5.2), and provides necessary condi-
tions for the well-posedness of the nonlinear system (3.4).

NOb.c.

Cs > ONEb.c.

6 Numerical results

We consider the domain Q = [0, L] with L = 30 (m), dis-
cretized with a non-uniform mesh with a finer mesh re-
finement towards the right boundary x = L to resolve a
steep boundary layer. We use second order polynomials
and 1113 elements with the mesh sizes Ax,,,, = 0.0175
(m), AXyi;, = 0.0038 (m) and a time step At = 107,
For initialization we use flat initial profiles for density and
temperatures, n’ = 8 - 10" m™ and T}, = 20 (eV). We
use a quadratic profile for the initial condition for the ve-
locity, u® = ax?, a = 3.4643 - 10*, and the neutrals are
initialized as ng = 0 (I/m?). A 50 MWm? power flux is
included via S fe split equally between ions and electrons,
from x = 0 to x = 10 (m). The profile is calculated using
an approximate analytic expression for a smoothed Heav-
iside step function H = A/(1 + exp(2k(x — xp))), where
A =25MWm™!, k = 0.8 is the width of the transition
region, and xp = 10 (m). The parameters are set-up as fol-
lows: R=1,v; =2.5,%, = 5.5,{00)r = 3-107" (m3s7,
uy = 10* (m/s), To = 2 (eV), m; = my = 5.34 - 10727 (kg),
me = 9.11- 107" (kg), 51 = 13.6 (eV), (ov);; is defined
as in (2.4), and the remaining parameters Dy, Tie, Xier M
are defined in (2.2). In Figure 1 we depict solutions at
a terminal time ¢ = 0.004 (s). We observe that numeri-
cal discretization provides a stable approximation of the
boundary conditions and boundary layer formed at the
right boundary in neutrals profiles.

density n (1/m?)

ion and electron temperatures T}, (eV)

- -n(0)

0 10 20 30
x x
+«10'®  neutrals ng (1/m?%) 8 +10'® neutrals ny (zoomed-in)
—(0) —(0)
—ny
6 6
4 4
2 2
0 0 ' '
0 10 20 30 295 296 297 298 299 30

@ @

«10*  wand c, (zoomed-in)

4

Figure 1. Snapshots of the solutions at initial (dashed line) and
final time, ¢ = 0.004 (s) (solid line).

RF source term

Next, we consider settings with added RF source. We
used a simple, one-dimensional full-wave cold plasma
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solver with present day tokamak relevant RF parame-
ters to approximate a power deposition profile in the do-
main. A Gaussian current density profile centered at
x = 0 was used to drive a plasma wave, which was ar-
tificially damped close to x = 0 to simulate wave power
absorption. Equilibrium plasma transport profiles from
the previous simulations provided the initial conditions,
and the additional external heating source § iEe’e’“_RF was

added for a duration of t = 1077(s), before the sim-
ulation was again run towards a quasi stationary solu-
tion. The current density magnitude was scaled to pro-
vide enough power to observe a visible effect, and the
power absorption was calculated using P(x) = E(x)*0(x)
Wm™3, where o(x) is the plasma conductivity, o(x) =
4/3\2rInA moZe?/(4ne)’T'*) Sm™'.  Assuming a
flux tube cross section unit area A = 1.0 m2, we can deter-
mine a power absorption profile over the one-dimensional
domain that becomes an additional external source term
for E;,. We found the total power absorbed over the do-
main to be approximately 37 MW. The snapshots of the
solutions are depicted on Figure 2. We observe a change
in the profiles close to the right boundary as the energy
spreads across the domain, particularly in the velocity,
which highlights material flow reversing in this region as
the plasma equilibrates again. Although this result is not
physical given the range of assumptions, it presents an ex-
ample of how RF wave fields can impact far-SOL fluid
transport.

ion and electron temperatures T}, (eV)

)| N L) — L) - L) - L)

nlia) Tits) —Tilts) - -Tofta) = ~To(t)
—nlts) 60

—n(ts)

40
1 RO
20-------T T

0 0
0 10 20 30 0 10 20 30

@ @

3 x10'® density n (1/m?®)

8 x10'®  neutrals ng (1/m?") x10'®  neutrals ng (1/m?")

—no(t) —no(t1) —ng(tz) —no(ts) —'10(‘4)‘

ng(t2) )
6 —no(ts)
—ng(ts)

0 . .
0 10 20 30 29.8 29.85 29.9 29.95 30
x x

s «10*  velocity u (m/s) and ¢, «10*  velocity u (m/s) and ¢

Figure 2. Snapshots of the solutions at different time steps (t, =
4107 (s), t, = 8-1077(s), t3 = 8- 1075 (5), t4 = 4.14 - 107*
(s)) after the RF source was added to the system. The initial
condition was taken as a solution from the previous example at
t =0.004 (s).

7 Conclusion and discussion

We have introduced an operator splitting method with DG
discretization for a Braginskii-type plasma fluid model in
the far SOL plasma. The approach effectively addresses
strong coupling between diffusion and advection terms, es-
pecially at boundaries, using a two-stage splitting scheme.
We provided a detailed analysis on the appropriate speci-
fication of the boundary conditions for each sub-system.
Numerical results confirm the method’s stability, laying
the groundwork for future studies of complex plasma dy-
namics involving RF heating.
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