A BOUNDARY LAYER PROBLEM FOR AN ASYMPTOTIC
PRESERVING SCHEME IN THE QUASI-NEUTRAL LIMIT FOR
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Abstract. We consider the two-fluid Euler-Poisson system modeling the expansion of a quasi-
neutral plasma in the gap between two electrodes. The plasma is injected from the cathode using
boundary conditions which are not at the quasi-neutral equilibrium. This generates a boundary
layer at the cathode. We numerically show that classical schemes as well as the asymptotic pre-
serving scheme developed in [9] are unstable for general Roe type solvers when the mesh does not
resolve the small scale of the Debye length. We formally derive a model describing the boundary
layer. Analysing this problem, we determine well-adapted boundary conditions. These well-adapted
boundary conditions stabilize general solvers without resolving the Debye length.
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1. Introduction. In this paper, we are interested in a boundary layer problem
arising in plasma fluid models when boundary conditions are not well-adapted in
quasi-neutral regions. This problem occurs in the modeling of a quasi-neutral plasma
bubble expansion in the gap between two electrodes. We study such a device in
relation with two physical applications. The first one concerns high current diodes
in which the plasma is used to increase the extracted current, see [31]. The second
application is related to electric arc phenomena on satellite solar panels, see [5], [13].

The plasma, constituted of electrons and of one ion species, is injected from
the cathode and undergoes a thermal expansion towards the anode. Attracted by
the positive potential of the anode, some electrons are emitted in the gap between
the plasma-vacuum interface and the anode. They form a beam of electrons in the
vacuum.

Our starting point is a one dimensional Euler system for each species (ions and
electrons) coupled with the Poisson equation. We call it the two-fluid Euler-Poisson
system. The classical discretizations of this system are subject to severe numerical
constraints in quasi-neutral zones. Indeed, in plasmas, charge imbalances take place
at the scale of the Debye length, see [4], [17]. It is given by

1/2
Ap = (kaTO) , (1.1)

e2ng

where ¢y is the vacuum permitivity, kp is the Boltzmann constant, Ty is the plasma
temperature scale, e is the positive elementary charge and ng is the plasma density
scale. Due to these charge imbalances, there are electric restoring forces and the
particles oscillate around their equilibrium positions. The electron plasma period,
also called the plasma period, is given by

- 1/2
Tp = , (1.2)

noe?

where m, is the electron mass. In [14], it is proved that classical discretizations of the
two-fluid Euler-Poisson model must resolve the scale of the plasma period otherwise
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a numerical instability is generated. In quasi-neutral zones, where the plasma period
is very small, this constraint is extremely penalizing and simulations require huge
computational resources.

There are two possible ways to overcome this limitation. The first one consists
in using a quasi-neutral model in quasi-neutral zones. But, this solution is not well-
adapted to situations such that both quasi-neutral and non quasi-neutral zones are
present in the domain. This is the case in our application since the plasma bubble
is quasi-neutral and the beam which contains only electrons, is non quasi-neutral.
Indeed, the quasi-neutral model is not valid in non quasi-neutral zones and, we have
to use different models for the different regions. Thus, we have to reconnect the
models and follow the moving interface between quasi-neutral and non quasi-neutral
zones. And, the connection of the models and the interface description are difficult
problems especially in two or three dimensions, see [11], [16], [18].

The second way consists in finding an asymptotic preserving discretization for the
two-fluid Euler-Poisson model, i.e. a scheme which does not require the resolution
of the plasma period. Such a scheme has been developed in [9]. In this article, it is
numerically observed that the asymptotic preserving scheme remains stable while the
classical scheme develops instabilities for time steps greater than the plasma period.
Note that both classical and asymptotic preserving schemes do not need to resolve
the Debye length. In [10], the asymptotic stability of the scheme proposed in [9] is
established on the linearized one-fluid Euler-Poisson system using Fourier analysis.

In [9], two test cases in one dimension are considered. The first test case is a
periodic perturbation of a quasi-neutral uniform stationary plasma with a non-zero
current. The second test case concerns the one dimensional plasma expansion in the
gap between two electrodes previously mentioned. Simulations are performed using
the modified Lax-Friedrichs solver which is well known to be very diffusive but, also
to be a robust solver. When, we perform simulations with more general Roe type
solvers, the results are identical in the first test case: the periodic perturbation of a
quasi-neutral uniform stationary plasma with a non-zero current. But, in the second
test case (the plasma expansion), the classical and the asymptotic preserving schemes
develop instabilities when the mesh does not resolve the Debye length. This constraint
is also penalizing in quasi-neutral regions since the Debye is very small.

Here, we numerically show that these instabilities are related to the presence of a
boundary layer (or a sheath) generated by boundary conditions not well-adapted to
the quasi-neutral regime. The physical problem of ion sheath problems have received
much interest, we refer the reader to [15], [24], [25], [26], [27], [28], [30], [2], [16], [22]
and references therein. The question of boundary conditions at sheath edges has
been numerically investigated in [20]. Here, introducing a formal expansion of the
solution in the boundary layer, we obtain a differential system which models the
boundary layer. The analysis of this differential system allows to construct well-
adapted boundary conditions and to stabilize general solvers without resolving the
Debye length.

The paper is organized as follows. In section 2, we present the two-fluid Euler-
Poisson model and its quasi-neutral limit. Then, we recall the classical discretization
and the asymptotic preserving scheme proposed in [9]. In section 3, we present numer-
ical results for the plasma expansion test case and the numerical difficulties related
to the presence of the boundary layer. We numerically show that general Roe type
solvers, for the classical and the asymptotic preserving schemes, are unstable when
the mesh does not resolve the Debye length. In section 4, we formally establish the
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boundary layer problem and we analyze it. Finally, in section 5, we determine well-
adapted boundary conditions and present numerical results. These numerical results
show that the well-adapted boundary conditions stabilize general solvers for both
classical and asymptotic preserving schemes.

2. The classical and asymptotic preserving schemes for the two-fluid
Euler-Poisson system.

2.1. The two-fluid Euler Poisson system and its quasi-neutral limit.
We consider the two-fluid Euler-Poisson system written in scaled variables, we refer
to [9] for the rescaling step. We denote by n;(z,t) and n.(z,t) the ion and electron
densities, by ¢;(z,t) and ¢.(z,t) the ion and electron momenta and by ¢(x,t) the
electric potential, where x € IR is the space variable and ¢ > 0 is the time. The scaled
two-fluid Euler-Poisson system is written

8tnf‘7€ + 8qu‘):e =0,

oG + 0ufi(n), @) = —n 0,07, (2.1)
58th\ +e awfe(né\a qs) = né\ aaz(bAa
—N2 02,0 =n} —n, (2.2)

for x €]0,1[ and ¢ > 0, where the momentum fluxes are defined by f;(n,q) =
q?/n+p;i(n) and fe(n,q) = ¢*/n+pe(n)/e. The isentropic pressure laws are given by
pie(n) = Cien¥ie, with C; . > 0 and ;. > 1.

Initially, we suppose the domain devoid of plasma then, n;(x,0) = ne(z,0) = 0.
The hyperbolic systems are assumed supersonic at the point x = 1 then, we do not
need boundary conditions for fluid quantities at the point x = 1. The cathode and
the anode are respectively located at x = 0 and x = 1 and a quasi-neutral plasma is
present before the cathode. Then, we set

(n,@)(0,) = (njy, q) (1), (n2,a2)(0,t) = (n2y, a2)(t), (2.3)
¢*(0,t) =0, o*(1,t) = pa(t) >0,

for all t > 0 and where (n2), ¢%)) and (n2, ¢2) are the respective solutions at the point
x = 0 of the following Riemann problems

o + 0xq; = 0, Oine + 0zqe = 0,
Oqi + Oy fz nz»(h :0 €0iqe +€0, fe nea )
()@ a0 Do <o
n; 0 Ne q0
(qz> (@,0)=19,, (q) (z,0) = .
(qg>(0+t)x>0, (e> (0%,t), z >0,
Z (2.5)

where (n?)e, qi):e)(OJr, t) = lim,_, o+ (n?)e, qf:e)(:r, t) and where (ng, qo) is a given subsonic

state, i.e. such that go/no++/p}(n0) > 0, go/no++/PL(n0)/e > 0, go/n0— /P (no) < 0
and go/no — \/pL.(no)/e < 0.

The mathematical theory of the Euler-Poisson system has been studied in [7]
and [23] for the one dimensional isothermal case, in [19] for the one dimensional
isentropic case and in [1] for the multi-dimensional case and for the two species model.

In (2.1), (2.2), the dimensionless parameter ¢ is the ratio between the ion and
electron masses and the dimensionless parameter A is the scaled Debye length, i.e.
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the ratio between the Debye length Ap, given by (1.1), and the macroscopic length
scale. In the physical applications related to this work, high current diodes or arc
phenomena on satellite, the scaled Debye length, A, is a very small parameter in the
plasma bubble and an order one parameter in the beam. The dimensionless parameter
€ is also small but, we do not neglect it. We note that the rescaled plasma period, i.e.
the ratio between the plasma period given by (1.2) and the macroscopic time scale,
is given by 7 = /e \.

We refer to [29] for the study of the quasi-neutral limit of the one dimensional
steady Euler-Poisson system for well-adapted boundary conditions and to [21] for
general boundary data. The quasi-neutral limit of the transient one species Euler-
Poisson system has been studied in [6] for the isothermal case and in [22], [34] for the
isentropic case. The quasi-neutral limit of the two species model has been formally
studied in [8], [9] and [11], we recall the results included in these works. The formal
limit A — 0 of (2.1), (2.2) yields:

at'ﬁi,e + 8xqi,e =0,
O + Ou fi(Ns, @) = —11; 00, (2.6)
Eat(je+56$fe(ﬁe7Qe) = Ne a&c&a .

n; —ne = 0.

Then, in the passage from the Euler-Poisson system (2.1), (2.2) to the quasi-neutral
system (2.6), the equation for the potential changes dramatically, from the elliptic
Poisson equation (2.2) into the algebraic quasi-neutrality constraint n; = 7. In
the quasi-neutral system, ¢ is the Lagrange multiplier of the constraint n; = fie.
An elliptic equation for the potential can be obtained taking the space derivative of
the difference between the momentum conservation laws and remarking that 0,5 =
0:(¢; — qe) = 0 thanks to the quasi-neutrality constraint and to the mass equations,
see [9] for more details. This elliptic equation is given by

_6w ((5 n; + ’Fle) 895(5) = Eaim(fi(ﬁia 671) - fe(ﬁea Cje)) (27)

It is important to note that numerical schemes can not be consistent with the quasi-
neutral limit if, in the limit A — 0, the discrete potential does not give an approximate
solution of (2.7).

2.2. The classical and asymptotic preserving schemes. First, we present
the classical scheme for the two-fluid Euler-Poisson system (2.1), (2.2). It is an explicit
finite volume discretization with an implicit treatment of source terms. This implicit
treatment is a necessary condition for the stability property, see [14]. We discretize
the domain (0,1) with a uniform grid of step Az = 1/N where N is the number of
cells. We set xj,41/2 = kAx for k =0,---, N. We consider a sequence of positive real
numbers (#™),,>0 with t = 0 and we denote by At™ = t™+1 — ¢™  the time steps,
forall m > 0. Forl =iore k=1,---N and m > 0, let U}, = (0]}, q/%;), &5 be
approximations of (n}, q}'), ¢* on (Th—1/2, Tpg1/2) X (T, tm*1). The classical scheme
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is given by

+1
URE Ul | GP (U, Ul — G (U Ul y) < I ) 28)
- +1 2By A
Atm Ax nTk k+1 22 k—1/2
+1
Uge —Ulk +G?(Uglk+1’U:?k)_G;n<erfkae7tlk—l) _( Em0+1 - ) (2.9)
- +1 Pry1y k—1/2 |’ '
Atm Ax 7n2rjk +1 22 1/2
m+1/ _Em+1/
+1y _  k+1/2 k—1/2 +1 +1
—Aapp(Pp™) = Az —”Tk _":k ) (2.10)
where the approximate electric field is given by
+1 +1 1 11
Em+1 _ ZL-H B ZL Em+1 _ ?H— Em+1 o _¢A(tm+l)_ an
k+1/2 — Azx ’ 1/2 = ACL’/27 N+1/2 — ACL’/2 ’

for Kk = 1,---,N — 1. The numerical fluxes, G}*, G7', depend on the considered
solver. In sections 3 and 5, we give numerical results for three different solvers: the
Riemann solver, see [32], and the degree 2 and 0 polynomial schemes developed in [12]

which are Roe type solvers. Let [ = i or e, we denote by G;(ny, ¢;) the continuous flux

(@1, fi(ni, @) The polynomial fluxes Gi* (U}, 1, Uj'}) = (Q* (U, 1, Ul ), FT™ (U401, UlR))s
are given by

Gi(Ullkqa) + GiU%)

Glm(Ulr,Tllc-yuUlﬁc) = 2

1 l,m m m
+ 5 Pj:k.i,_l/Q (U = Ul'ts1), (2.11)

where the matrix P;”]TH /2 is a degree j polynomial approximation of [DG (U1 +
Uik)/2)1-

It is proved in [14], that the classical scheme is conditionally stable. It must
resolve the scaled plasma period, i.e. At™ < /g A for all m > 0. This condition is
particularly expansive in quasi-neutral zones where A is a small parameter.

Let us recall the principle of the asymptotic preserving scheme proposed in [9].
First, in [9] it is shown that equation (2.2) can be reformulated into an equation in
which the transition from equation (2.2) to equation (2.7) is explicit when A — 0.
This formulation, called the reformulated Poisson equation, is given by

72 07(=02,0") = 0 ((en) +12) 0:0%) = € 0L, (fi(ni, @) — fe(nd @), (212)

where 7 = /¢ A is the scaled plasma period. This equation is equivalent to the Poisson
equation provided nf"e, qf:e satisfy the Euler systems (2.1) and that the Poisson equa-~
tion and its time derivative are satisfied at ¢ = 0, see [9] for more details. Furthermore,

remark that the formal limit A — 0 gives the quasi-neutral elliptic equation (2.7).

The asymptotic preserving scheme is based on this reformulated equation for
consistency reasons with the quasi-neutral limit. This scheme consists in changing in
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the classical scheme (2.8)-(2.10), the fluid equations by the following discretizations

+1 m+1/2 ;rm+1/2 m+1/2 ;rm+1/2
n?fk -y JrQ;n(Ui,k+l ’Ui,k )_sz(Ui,k 7Ui,k—1 )

=0
Atm Az ’
+1 m+1/2 ;rm+1/2 m+1/2 rrm+1/2
";nk —ngl, + Q?(Ue,kﬂ Ue ke ) — Q?(Ue,k Ue i1 ) —0
Atm Az ’
"'L+1 m m
Qi — i F Uy Uih) = FOUG Uiy BB
Atm Ax L 2 ’
m—+1 m m
Qo — e n FrUT L, UN) — F U U ) _om EURtEN
Atm Az T ek 2 ’
(2.13)
where Uﬁ::lﬂ = (nﬁ,qmjl) forl=idore forallm>0andallk=1,---,N. In [9)

it is shown that the discrete Poisson equation (2.10) is equivalent up to terms of order
At? or Az? to the following discretization of the reformulated Poisson equation (2.12)

—eNAa ( Bapp (S5 ) = Bapp(@7)  Dapp(BF') —~ A ;“))

Agmtl At™m
—Aa A (e 4+ n ) e B = (Eni 4 ne)it s Byhy)
gt (P — 200 A T f — 208+
=& At + )
Ax Ax

(2.14)

where

(enpr +nepq) + (e +n)
2

(eni +ne)itaye = and  fi% = filngh, ai'k),
for I = i or e. This formulation gives an uncoupled formulation of the asymptotic
preserving scheme. Indeed, using (2.14) we compute the potential at time t"*! as a
function of the variables at time ¢t™. Then, with (2.13) we update the momenta and
the densities. Furthermore, note that the discretization (2.14) of (2.12) is implicit.
This is the key point for the asymptotic stability property of the scheme. Indeed,
in classical discretizations, see [9], the resulting discretization of (2.12) is explicit.
But, equation (2.12) is an harmonic oscillator equation on the total charge —92,¢* =
n?—n2. And, it is well known that an explicit time discretization of this equation gives
a conditionally stable scheme while an implicit time discretization is unconditionally
stable with respect to the scaled plasma period 7. This implicit discretization is a
consequence of the implicit discretization, in term of momenta, of the mass fluxes.
It is rigorously proved in [10], that the scheme is stable without resolving the small
scale of the plasma period 7 = 1/ A. It is also consistent with the quasi-neutral limit
since the limit A — 0 of the reformulated Poisson equation (2.12) gives exactly the
elliptic equation (2.7) of the quasi-neutral model. Last, it is important to remark that
the cost of the asymptotic preserving scheme is the same as the one of the classical
scheme.

3. Numerical difficulties related to the boundary layer. In [9], two test
cases in one dimension of space, are presented in order to compare the classical and
asymptotic preserving schemes. The first test case is a periodic perturbation of a
quasi-neutral uniform stationary plasma with a non-zero current. For this test-case,
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an exact solution of the linearized Euler-Poisson system about the considered steady
state is analytically known. For small perturbations, the solutions of the linearized
and non-linear problems are believed to be close. The classical and asymptotic pre-
serving schemes are compared. It is numerically observed that the asymptotic pre-
serving scheme remains stable while the classical scheme develops instabilities for
time steps greater than the plasma period. For the space discretization, the modified
Lax-Friedrichs solver has been used. This solver is known to be very diffusive but, it
is simple and very robust for the validation phase. The extension to more accurate
order 1 solvers like polynomial solvers (degree 0 and 2), HLLE, HLLC or to the order
2 Lax-Wendroff solver, give the same results. When the time steps are greater than
the plasma period, the asymptotic preserving scheme remains stable while the classi-
cal scheme is unstable. Note that in this case the boundary conditions for the fluid
quantities are periodic.

The second test case is the one dimensional quasi-neutral plasma expansion in the
vacuum separating two electrodes. This test case is particularly well-adapted to the
asymptotic preserving scheme, since a transition between a quasi-neutral region (the
plasma) to a non quasi-neutral one (the beam) occurs. As in the previous test case,
the numerical simulations presented in [9], are performed using the modified Lax-
Friedrichs solver. They show that the asymptotic preserving remains stable while the
classical scheme is unstable when the time steps are greater than the plasma period.
Here, we present results obtained with more general order 1 solvers: the degree 0 and
2 polynomial solvers. In this case, we see on numerical results, that a boundary layer
problem appears at the injection point x = 0. This boundary layer destabilizes the
classical and asymptotic preserving schemes, for the degree 2 polynomial solver, when
they do not resolve the small scale of the Debye length A.

The parameters are issued from plasma arc physics (see e.g. [5], [13]) this leads to
the following values: v; = . =5/3, C; =C. =1, = 1074 A =107%, ¢4 = 100 and
we set (ng,qo) = (1,1). Note that this gives a scaled plasma period 7 = /g A = 1076.
We consider results for the classical scheme with the Riemann solver (see [32]) in the
resolved case, i.e. when the space step, Az, is lower than the scaled Debye length,
A, and when the time steps, At™ for all m > 0, are lower than the scaled plasma
period, 7 = y/e\. The curves given by this scheme will be the reference curves. We
compare this reference solution to the classical and asymptotic preserving schemes
in all the different cases, full resolved, partially resolved and not resolved. They
respectivelly correspond to the cases (Az < X and At"™ < 7 for all m > 0), (Az > A
and At™ < 7 for all m > 0) and (Az > X and At™ > 7 for all m > 0). We use two
different solvers the degree 0 and 2 polynomial solvers. In these cases, the numerical
fluxes are given by (2.11). Note that the degree 0 polynomial solver has diagonal
numerical viscosity matrices (1/2 Pé:Z:_l /2). This is also the case for the modified
Lax-Friedrichs solver used in [9]. On the contrary, the degree 2 polynomial solver
has non diagonal numerical viscosity matrices (1/2 Pé:;"_H /2). This is also the case for
general Roe type solvers like the Roe, HLLE, HLLC,- - - solvers.

On Figures 3.1, 3.2, 3.3, we present results obtained in the resolved case. In this
case, we have Az < X and At™ < 7 for all m > 0 for all schemes and all solvers.
We can remark that for a given solver, the results are identical for the classical and
asymptotic preserving schemes. Furthermore, the different solvers give same results
in the core of the plasma. But, on the boundary we can see several differences. First,
at the cathode x = 0, on Figure 3.1 for the electron and ion densities and on the
left picture of Figure 3.3 for the ion velocity, we can see that there is a boundary
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layer. Indeed, all solvers do not give the same resolution of the boundary layer but,
all curves meet at the end of the boundary layer. Furthermore, at the anode z = 1, on
Figure 3.2 for the electron velocity, we can see that there are oscillations on the curves
given by the asymptotic preserving scheme for both degree 0 and 2 polynomial solvers.
We will see that these oscillations disappear when Az is bigger than the scaled Debye
length A. Here, we focus our attention on the boundary layer at the cathode, x = 0,
and we defer to a future work the study of the problems on the electron velocity at
the anode.

0.8

““““ ; 08
\ Class. Riemann Class. Riemann
9 — Class. P2 \
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S i) ---Class. PO
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Distance to the cathode Distance to the cathode

FIG. 3.1. Resolved case: Az = 1074 = X\ and At < 7 = 1076, Electron (on the left hand
side) and ion (on the right hand side) densities as functions of x, the distance to the cathode, at
the rescaled time t = 0.05. The results are computed with the classical scheme using the Riemann
solver (dotted line), the degree 2 polynomial solver (solid line) and the degree 0 polynomial solver
(dashed line) and with the asymptotic preserving scheme using the degree 2 polynomial solver (cross
markers) and the degree 0 polynomial solver (circle markers).
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FIG. 3.2. Resolved case: Az = 10~% = X and At < 7 = 105, Electron velocity as a function
of x, the distance to the cathode, at the rescaled time t = 0.05. On the left hand side, the results are
computed with the classical scheme using the Riemann solver (dotted line), the degree 2 polynomial
solver (solid line) and the degree 0 polynomial solver (dashed line). On the right hand side, the
curve with dotted line is computed with the classical scheme using the Riemann solver and in solid
and dashed lines the curves are computed with the asymptotic preserving scheme using the degree 2
polynomial solver (solid line) and the degree O polynomial solver (dashed line).

On Figures 3.4, 3.5, 3.6 and 3.7, we present the electron density, the ion and
electron velocities and the electric potential when the scaled Debye length is not
resolved. We do not give the ion density because the curve is the same as the one of
the electron density. On the left hand side of each figure we present results obtained
in the resolved case (Az < X and At < 1) for the classical scheme using the Riemann
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FIG. 3.3. Resolved case: Az = 107* = X and At < 7 = 1076, Ton wvelocity (on the left hand
side) and electric potential (on the right hand side) as functions of x, the distance to the cathode, at
the rescaled time t = 0.05. The results are computed with the classical scheme using the Riemann
solver (dotted line), the degree 2 polynomial solver (solid line) and the degree 0 polynomial solver
(dashed line) and with the asymptotic preserving scheme using the degree 2 polynomial solver (cross
markers) and the degree 0 polynomial solver (circle markers).

solver. We recall that these curves are the reference curves. Furthermore, the results
are computed for space step greater than the scaled Debye length A with the classical
scheme resolving the scaled plasma period 7 and with the asymptotic preserving
scheme non resolving the scaled plasma period 7. On the left hand side, we use
the degree 0 polynomial solver and on the right hand side the degree 2 polynomial
solver. We can see that for both schemes (classical and asymptotic preserving) the
degree 0 polynomial solver gives stable results while the degree 2 polynomial solver
gives unstable results.

1
oo Class. Riemann By — Class. P2
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Distance to the cathode Distance to the cathode

Fic. 3.4. Electron density as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 1. The results
are computed with the classical scheme using the Riemann solver (left picture, dotted line) in the
resolved case, this curve is the reference curve. On the left picture, we can see the results for the
degree 0 polynomial solver with circle markers for the asymptotic preserving scheme and in dashed
line for the classical scheme, on the right picture, the results for the degree 2 polynomial solver in
solid line for the classical scheme and with cross markers for the asymptotic preserving scheme.

On the left pictures of these figures, we can see that the classical and asymptotic
preserving schemes with the degree 0 polynomial solver give diffusive but, stable
results. The interface position is well predicted on the electron density curve. But, it
is important to note that the results are computed with one hundred cells while the
resolved reference curves are computed with ten thousands cells. This diffusion could

9



1500
. 1500
““““ Class. Riemann — (lass. P2

,4? ---Class. PO %’1000 + AP P2
E 1000f o AP PO §
[« [}
> ” 500
: 5
2 500 2
- -
Q O
(<5} (<5}
2 <
= =

o ; -500

0 02 04 06 08 1 0 02 04 06 08 1

Distance to the cathode Distance to the cathode

Fic. 3.5. Electron velocity as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 1. The results
are computed with the classical scheme using the Riemann solver (left picture, dotted line) in the
resolved case, this curve is the reference curve. On the left picture, we can see the results for the
degree 0 polynomial solver with circle markers for the asymptotic preserving scheme and in dashed
line for the classical scheme, on the right picture, the results for the degree 2 polynomial solver in
solid line for the classical scheme and with cross markers for the asymptotic preserving scheme.
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Fic. 3.6. Ion welocity as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Ax = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 7. The results
are computed with the classical scheme using the Riemann solver (left picture, dotted line) in the
resolved case, this curve is the reference curve. On the left picture, we can see the results for the
degree 0 polynomial solver with circle markers for the asymptotic preserving scheme and in dashed
line for the classical scheme, on the right picture, the results for the degree 2 polynomial solver in
solid line for the classical scheme and with cross markers for the asymptotic preserving scheme.

be certainly eliminated using order two schemes for example with a MUSCL method
(see [33]), we defer it to a future work. Furthermore, it is important to note that the
oscillations observed in the resolved case on the curve of the electron velocity for the
asymptotic preserving scheme have disappeared in the unresolved in space case.

On the left picture of Figure 3.7 the electric potential curve presents small oscil-
lations near the cathode x = 0 for the degree 0 polynomial solver. They are larger
for the classical scheme than for the asymptotic preserving scheme. These oscillations
as well as the instability of the degree 2 polynomial solver are due to the boundary
layer. Indeed, if we use for boundary conditions the values given by the classical
scheme with the Riemann solver at the end of the boundary layer in the resolved
case, we can see on Figure 3.8 that the degree 2 polynomial solver gives stable results
for both classical and asymptotic preserving schemes. Then, in order to stabilize the
schemes for general solvers we have to determine the values of the fluid quantities and

10
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Fi1G. 3.7. Electric potential as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 1. The results
are computed with the classical scheme using the Riemann solver (left picture, dotted line) in the
resolved case, this curve is the reference curve. On the left picture, we can see the results for the
degree 0 polynomial solver with circle markers for the asymptotic preserving scheme and in dashed
line for the classical scheme, on the right picture, the results for the degree 2 polynomial solver in
solid line for the classical scheme and with cross markers for the asymptotic preserving scheme.

electric potential at the end of the boundary layer. To do this, we study the boundary
layer problem in the next section.

0.5
N Class. Riemann ¥ .

0.4 — Class. P2 N Class. Riemann
= + AP P2 — Class. P2
‘w03 5 4 + AP P2
g R
S g s

02 2
2 > 7
M o1 g
— 1
0 0 :
0 0.1 0.2 0.3 0.4 0 01 02 03 04 05 06
Distance to the cathode Distance to the cathode

F1G. 3.8. Electron density (left picture) and ion velocity (right picture) as functions of =, the
distance to the cathode, at the rescaled time t = 0.05, in the unresolved in space case: Ax =102 >
X = 10"%. The classical scheme resolves the plasma period: At < T and the asymptotic preserving
scheme does not: At > 7. The results are computed with the classical scheme using the Riemann
solver (dotted line) in the resolved case, this curve is the reference curve. In solid line we can see
the results for the classical scheme with the degree 2 polynomial solver and the curve with cross
markers gives the results for the asymptotic preserving scheme with the degree 2 polynomial solver.
In both cases, we use for boundary conditions the values given by the reference curves at the end of
the boundary layer.

4. Study of the boundary layer problem. We want to determine boundary
conditions at equilibrium for the quasi-neutral regime, in order to use well-adapted
boundary conditions for the classical and asymptotic preserving schemes. In this way,
even with a mesh not resolving the Debye length, the schemes will remain stable.
Thus, we introduce a boundary layer problem.

11



4.1. Presentation of the boundary layer problem. Assuming a boundary
layer at the cathode x = 0, we write the following asymptotic expansion:

nz?:e(xa t) = ﬁi,e(xv t) + ﬁi,e(x/)‘v t) + A ﬁz{\,e(xa t)a (41)

qz?:e(xv t) = _i,e(xvt) + (ji,e(x/Av t) + )‘(jz{\,e(wv t)a

0N, t) = d(z,1) + B/ A 1) + AN (1), (43)
where lim,\ﬁo)\(ﬁ%w(ji’e,é&’\) = (0,0,0) and (7i;.e,Gi.e, ) is solution of the quasi-

neutral system (2.6). We prove the following formal result:
LEMMA 1 (Formal). The boundary layer quantities (e, Gi,e, @) are solutions of
the system:

ni,e(ya t) = ﬁi,e(ya t) + ﬁi,e(ov t) = ﬁi,e(ya t) + 7_7'(0, t)v (44)
qi,e(y7 t) = qi,e Y, t) + Qi,e(07 t)a (45)
dyq; =0, (4.6)
8y (i /ni + pi(ni)) = —n; 8y, (4.7)
aer =0, (4.8)
0y (e qg/ne + pe(ne)) = ne 0y, (4.9)
—82,0 = n; — ne, (4.10)
for ally > 0 and all t > 0.
The boundary conditions are given by:
¢(0,t) = —¢o, ¢(+00,t) =0, (4.11)
(n4,4:)(0, 1) = (nio, gio) (%), (ni(+00),qi(+00)) = (70, Gio),  (4.12)
(nea Qe)(07 t) = (neO; qeo)(t)a (’I’Le(+OO)7 qe(+OO)) = (ﬁ()? 560)7 (413)

with (¢o, 70, Gio, Geo) = (6,7, G, qe)|(0,1) and where (nio, gio) and (neo, geo) are the
respective solutions at the point x = 0 of the following Riemann problems

Oy + 0,q; = 0, O¢ne + 02qe = 0,
9eqi + 9:((¢:)* /ni + pi(ni)) = 0, €0iqe + 0x(e (ge)?/ne + pe(ne)) = 0,
- (Z‘)) . ifx <0, N <Z§) . ifz <O,
") (z,0) = 0 ) (z,0) =
e i ife>0 Qe ng :
q;r ) ) ) if ¢ >0,

(4.14)
where (ni‘e, q;fe) = limy_o(nse(y, 1), gi,e(y,t)) for all t > 0.
Proof: We insert (4.1)-(4.3) in (2.1), (2.2), we multiply the fluid equations by A
and we write the system for y = x/\. We obtain

ay(ji,e:07

2
2&8(}—1- pi(n;) — X3 Oy = —n; Oy
ng y{qi i\ n. Uz i Oy @,

(2

2
2¢ Z—e OyQe + (p'e(ne) — (6(]6) ) Dyie = ne Dy,

2
_ayyd) =MNj — Ne,

12
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for all y > 0 and all ¢ > 0 and where we define n; (y,t) = 7;e(0,t) + R e(y,t
Gie(¥,t) = Gie(0,t) + Gie(y,t). Writing the quasi-neutrality, i.e. 7, =
gives (4.4)-(4.10).

Now, the formal convergence towards the quasi-neutral solution, gives, for all
x>0andt>0:

”Z\,e(xa t) Nie(x,t) + Ny e(400,1) Nie(T,1)
)l\li% i>:e($>t) = Qi,e(xat) + di,e(+oo7t) = (ji7e(m7t)
M, t) d(x,t) + d(+00, t) o(,t)

This gives the boundary conditions at 4o0.

In order to close the boundary layer problem (4.4)-(4.10) we have to determine
the boundary conditions at the cathode y = 0. For the potential we have ¢*(0,t) = 0
for all + > 0 which gives, in the limit A\ — 0: ¢(0,t) + ¢(0,t) = 0.

Passing to the formal limit A — 0 in (2.3), we obtain for all ¢ > 0

(i + 7, @ + Gi)(0, 1) = (14, 4:)(0,1) = (140, qio) (t),
(ﬁe + ﬁev@e + (je)(0>t) = (n67Qe)(0at) = (n607q60)(t))

where (n0,¢:0) and (neo, geo) are the respective solutions at the point z = 0 of the
Riemann problems (4.14), which are obtained passing to the limit A — 0, in (2.5).

4.2. Resolution of the boundary layer problem. In this section, we solve
the boundary layer problem. The aim consists in finding 7o, o, Geo and ¢g, defined
in Lemma 1, such that system (4.6), (4.10) has a solution.

Let us look at solutions to (4.6)-(4.10). First remark that (4.7), (4.9) give constant
momentums. Thus, using boundary conditions (4.12), (4.13) we obtain

¢i0 = Gios  de0 = Ge0- (4.15)

Now, for smooth solutions, we define the total ion and electon enthalpies k; and k. such
that for all n > 0, 0,k;(n) = —(Gio)?/n> + Onpi(n)/n and O, k.(n) = —¢ (Geo)?/n> +
Onpe(n)/n, i.e. given by
g.0)2 C.:~;
ki(n) = (Gio) 4 Vi pYi—1

~ 2
e(n) = S0 | Cee 1, (4.16)

2n? Ve — 1

2n2 v — 1

9

Note that k; and k. are non monotonous functions. They decrease respectively on
(0,m;5) and on (0, n.s), and increase respectively on (n;g, +00) and (n.g, +00), where
n;s and neg are the ion and electron sonic points defined by

_ 1 1 _ 1 e+1
- (in)Q /(vi+1) o 5((160)2 /(vet1) (4 17)
1S Ci ’72‘ 5 eS Ce ’ye . .

We assume n;s > n.g, this is the case if ¢ is small, if §;p and g.o are of same order
and if C., C;, v; and . are order 1 parameters. In the following, we denote by k; |
(respectively ke 4+ ) the increasing branch of k; (respectively of k) i.e. its restriction to
(n;s, +00) (respectively to (nes,+oc)) and we denote by k; _ (respectively k. _) the
decreasing branch of k; (respectively of k.) i.e. its restriction to (0,n;s) (respectively
to (Oa neS))'

From (4.7), (4.9), (4.15) and (4.11)-(4.13) we deduce:

ki(ni(y)) = —é(y) + ki(no), (4.18)
ke(ne(y)) = ¢(y) + ke(no), (4.19)
13



for all y > 0. The inversion of (4.18), (4.19) involves four solutions, using kl_i or kz_i

and k;i or ke_i For y close to 4+00, it depends on the position of g w.r.t. n;s and
Nes. Furthermore, summing (4.18) and (4.19) gives

ke(ne(y)) + ki(ni(y)) = ke(no) + ki(Ro) = k(7). (4.20)

But, k' = k} 4+ k. is an increasing continuous function such that lim,, g+k’(n) = —c0
and lim,— ook’ (n) = 400 then, there exists a unique ng > 0 such that

k' (ng) =0, (4.21)

and k is a decreasing function on (0,ng) and an increasing function on (ng,+00).
Furthermore, k'(n;s) = k. (n;s) > 0 since n;s > n.s and similarly, &'(nes) < 0 thus,
we have:

n;g > Ng > Neg-

Regarding non smooth solutions, for electrons and ions, shocks are possible but,
only —shocks, i.e. shocks associated to the eigen value \;_ = u; — ¢; = ¢;/n; —
\/Di(n;) for ions and to Ae— = ue — Ce = ge/Ne — \/PL(ne) /e for electrons. Indeed,
a +shock (i.e. a shock associated to the eigen value A\, + = u; + ¢; for ions and to
Ae, 4+ = Ue + c. for electrons) between (n;,q;) and (n,,q,) is admissible if and only
if n; > n,. Furthermore, Rankine-Hugoniot relations give u; = q;/n; > u, = ¢./n,.
But, equation (4.6) and (4.8) give a constant current ¢; = ¢, then, u; > wu, yields
n; < n,, which is in contradiction with the admissibility condition. Consequently,
between a left state (n;,q;) and a right state (n,,q,), only —shocks are admissible
solutions of (4.6), (4.7) (or (4.8), (4.9)). They are characterized by

For ions: For electrons:
ng <nis <Ny, q = (qr, ny < MNes <Ny,  q = qr,
2 2 2 2
q1 q elq elq
ACOEPINR L U S [ C S 2 CL0
ng Uz ny Ny

(4.22)
where n,;g and n.g are the ion and electron sonic points, given by (4.17). Furthermore,
it is important to note that each state (n;0, gi0) such that n;g > n;gs is subsonic (i.e.
qio/nio+\/pg(ni0) > (0 and QQ/TL()* \/p;(nz'o) < O) when (nio, in)» such that nio < Nig,
is supersonic (i.e. gio/ni0 + v/Pi(ni) > 0 and go/no — v/Pi(ni) > 0). The same
remarks hold for electrons.

Moreover, let us consider two states (n;,q;) and (n;., ¢;) related by a —shock.
We want to compare k;(n;;) and k;(n;,.). We set f;(n) = (gio)?/n+pi(n) for all n > 0.
Thanks to (4.22), we have ny < njs < Nir, Gio = g = ¢ir and fi(ny) = fi(ng).
Using the definition of k;, we get
Nigr ! n;s ! Mg /
ki(ni) — ki(ng) = m ds = / M ds + M ds.
s " s s

il il nis

But, f! is negative on (0,7n,5) and positive on (n;g, +00), so

il u nis

1
ki(na) — ki(ni) < s s



The same result holds for electrons.

Now, in order to resolve the boundary layer problem, we have to character-
ize (nio, ¢io) and (neo, gen), the respective solutions at the point x = 0 of ion and
electron Riemann problems defined in (4.14). It is well known that the solutions
of (4.14), are constituted of three states, (no, qo), (nir,qir) and (nj, g;") for ions and
(10, q0), (ner,ger) and (nt, gF) for electrons, separated by elementary waves. These
elementary waves can be rarefaction waves or shocks associated to the eigen values
Xi+ = u; £¢; = ¢;/n; £ /p}(n;) for ions and to Ae + = ue £ ¢e = ¢e/ne £ \/Pl(ne)/e
for electrons. Note that n;r, q;r , nj and ¢ are unknown then, n;g, g0, Te0, geo Will not
always fully determined. We call —rarefaction wave (respectively shock) a rarefaction
wave (respectively shock) associated to A; — or Ae _. Let us look at the different cases
according to the —elementary wave for ions. The same results will hold for electrons.

Let us first suppose that the —elementary wave is a rarefaction wave. In this case
the intermediate state (n;r,g;r) satisfies

ng > N;r > nj,
Wi —(nir, qir) = Wi —(no, qo),

where W; _ is the Riemann invariant associated to A; —. It is given by W; _(n,q) =
q/n + 2/Cii(y — 1)~ n0i=D/2. The left state (ng,qo) is assumed subsonic, i.e.
such that A\; _(ng,qo) < 0 and A; +(nog,qo) > 0. Thus, the solution at the point = 0
cannot be given by the left state (ng,qo). Furthermore, we recall that we assume
gio > 0. Then, if the +elementary wave is a +rarefaction wave, \; 1 (ni0,qi0) > 0
and the solution at the point x = 0 cannot be neither in the +rarefaction waves
neither given by the right state. Similarly, if the 4+elementary wave is a shock, the
+shock velocity 0,4, is positive and the solution at the point £ = 0 cannot be given
by the right state. Indeed, if 0,4 < 0, Rankine-Hugoniot relations give q;r < 0 and so
gio = ¢ < 0. Thus, there are only two possibilities: \; _(nir,¢;r) > 0 and (n0, gio)
is in the —rarefaction wave, or A; _(n;r,¢;r) < 0 and (n0, gio) = (M1, ¢ir)-

For the first possibility (A;,—(n.r, ¢ir) > 0), the state (n;o0, ¢;0) is fully determined
by Ai,—(ni0, gio) = 0 and W; _(n40, ¢i0) = Wi —(n0, o). It is given by

i+1)/2
N0 = Niec < Mo, ¢io =/ Ci Vi n§3 2,

where n;. is defined by

W/ 1 2/(m—1)
nie = (qo ikl nfﬂ’”“) — : (4.23)
o n—1 Vkiv+ %7_11%

for I =i or e and with k;, = C; and k. = C,/e.

Using (4.17) and the definition of (n;, g;0), we show that n;. = n;g. Thus, thanks
to (4.22), no shock is possible with (n;g, ¢;0) for left state.

For the second possibility, A; —(nr,¢ir) < 0, the state (nio,qi0) is given by the
intermediate state (n;r,g;ir). It satisfies

i0

q | 2VC0i%i [ (-2 (r—1)/2
o (no n ) . (4.24)

ng = N0 > Nie,  gio = Nio (

where n;. is given by (4.23). An easy calculation shows that

njo < Nis = Nio < Ne-
15



Indeed, if n;g < n;g then, g0 > VC;v; n(gﬁl)/ since g;o is assumed positive. But,
gio is given by (4.24), it yields

g0  2VCivi - - -
(O+ 1 (”((J7 1)/2_7%('3 1)/2))2\/01‘%‘”1(-3 ne

o

which gives n;g < nje.

Since n;g > ng., we have n;g > n;s and no shock, with left state (n;0,qio), is
possible for ions.

Now, let us suppose that the —elementary wave is a shock. We denote by o;_
the shock velocity. The Lax entropy conditions gives \; —(ng,qo) > o;—. Since
Ai,—(no,qo0) < 0, the left state (ng,qo) is assumed subsonic, we have o;— < 0 and
the solution at the point z = 0 cannot be given by the left state (ng, gop). Further-
more, as previously, the assumption ¢;o > 0 ensures that the solution at the point
2 = 0 can be only given by the intermediate state (n;r, g;r). Using Rankine-Hugoniot
relations and Lax entropy conditions, we get

(i) — i1
ni0 > Mo,  gio = Mo (ZZ — (ni0 — no) \/ZMPZ(O)> . (4.25)

(nio — no) nig o

We want to compare n;y and the ion sonic point n;s given by (4.17). Using (4.17),
the positivity of ¢;o and the definition of ¢;p, we have

il S it Qo pi(ni0) — pi(no) o SO i
iS = %0 n ( 10 0) (niO_nO) Nio Mo iYiTo

0

but, A\; —(no,go) < 0 then, the previous result yields

0 Z _(nio o no) \/p’b(nzo) p’b nO N \/Cl i . \/01 Vi ngi71 > 0

(nio — no) nio no

since n;o > ng. Thus, n,o > n;s, and no shock, with left state (n;o, gi0), is possible
for ions.

It is important to note that in all cases n;g > n;s. The same results hold for
electrons. Now, let us remark that ion or electron shocks, with right state (7o, gio) or
(720, @en), are possible. It depends on the position of g w.r.t. n;s and n.s. We look
at the solution considering the different cases and we prove the following result

THEOREM 4.1. We consider the boundary layer problem (4.4)-(4.14), where
(no, qo) is a subsonic state for ions and electrons, i.e. such that

qo/n0 +1/pi(no) > 0, qo/n0 + v/pL(no)/e > 0,
qo/no — /Pi(no) <0, qo0/m0 — v/ Pe(no)/e < 0.

Furthermore, we suppose that q;0,qe0 > 0. We define the ion and electron sonic
points, n;s and nes, by (4.17). Then:

1. If ng > nijs > nes we have:
16



1.1 If (nio, qio) is given by njo = nie < ng, with n. given by (4.23), and
gio = VCi i ngg"ﬂ)/g and if (Neo, geo) satisfies

qo 2/7, C./e Ye—1 Je—1
ng 2 Neo > Nees  ded = Neo (Tlo + f}/e_le/ (nO r—- n€02 )) ’
e

or (Neo, gen) Satisfies

e(Te — Pelt
Te0 > N0;  ged = Me0 (qo—(neo—no)\/ Pe(neo) ~ pe(no) >7 (4.27)

no € (neo - no) Neo Mo

problem (4.4)-(4.14) has a solution. Three cases are possible:

o The solution exists if nyg and ney satisfy
ki(nio) + ke(neo) > ki(ns) + ke(ns), (4.28)

where ng is defined by (4.21). The solution is continuous with increasing
potential ¢ and electron density n., and a decreasing ion density n;. It

satisfies
bo = ki(nio) — ki(no), (4.29)
qio = Gio; (4.30)
QSO = q607 (431)
kl(nzo) + ke(neo) = k‘l(ﬁo) + ke(ﬁo). (432)

e The solution exists if no and neo satisfy (4.28). It is continuous
with decreasing potential ¢ and electron density n., and an increasing
ion density n; and it satisfies (4.29)-(4.32).

e The solution is unsmooth with a jump of n; from a left state n)"~
to a right state n:’+ satisfying (4.38). The ion density, n;, is a decreas-
ing function before the shock and an increasing function after the shock
while the potential, ¢, and the electron density, n., are both decreasing
functions. This solution exists if and only if the following property is
satisfied

ke(neo) > ke(ns) + ki(ns) — ki(n; ™) + ki(n] ™) — ki(nis),  (4.33)

1.2 If (nio, qio) satisfies (4.24) or (4.25)
1.2.1 If (neo, eo) s given by nep = nee < ng, with ne. given by (4.23),

and gep = v/Ye Ce /e ng(YfH)/Q, problem (4.4)-(4.14) has a solution.
Two cases are possible

o The solution exists if nyy and neo satisfy (4.28) where ng is
defined by (4.21). It is continuous with increasing potential ¢ and
electron density ne, and a decreasing ion density n; and it satis-

fies (4.29)-(4.32).
e The solution is unsmooth with a jump of n. from a left state
nsb = to a right state nb T satisfying (4.37). The electron density,
17



Ne, 18 a decreasing function before the shock and an increasing func-
tion after the shock while the potential, ¢, and the ion density, n;,
are respectively increasing and decreasing functions. This solution
exists if and only if the following property is satisfied

ki(nig) > ki(ng) +ke(ng) —ke(nEb M) +ke(nih ™) —ke(nes). (4.34)

1.2.2 If (neo, Qeo) Satisfy (4.26) or (4.27), problem (4.4)-(4.14) has a so-
lution. Two cases are possible

o The solution exists if neo < g and n;y and neo satisfy (4.28)
where ng is defined by (4.21). It is continuous with increasing po-
tential ¢ and electron density n., and a decreasing ion density n;.
It satisfies (4.29)-(4.32).

e The solution is unsmooth with a jump of n; from a left state
*

ny" to a right state n)" satisfying (4.38). The ion density, n;,
is a decreasing function before the shock and an increasing function
after the shock while the potential, ¢, and the electron density, ne,
are both decreasing functions. This solution exists if and only if
property (4.33) is satisfied.

2. If nygs > ng > Mg > nes, if (Nio, o) s given by nig = nie < ng and
gio = VCivin (7‘+1)/2, and if (neo, geo) satisfies (4.26) or (4.27) then, prob-
lem (4.4)-(4.14) has a solution. This solution exists if (4.28) is satisfied. It
is continuous and the potential, ¢, the ion and electron densities, n; and n.,
are decreasing functions. It satisfies (4.29)-(4.32).

Proof
If n;s > nes > Mo, a shock, with right state (7ig, @) or (g, Geo), i not possible

for ions and electrons (see (4.22)). For smooth solutions, we invert (4.18) and (4.19)

in a neighborhood of y = +o00 using kz_i and ke_l_, it yields

ni(y) = nilo(y)] = ki L(=d(y) + ki(no
ne(y) = neld()] = ke L (6(y) + ke(i0)
(

Then, in a neighborhood of ¥ = +00, the Poisson equation
2
8yy¢ = TNe [¢] — N [¢]7

with the boundary conditions ¢(0) = —@g and ¢ tends to 0 as y — +o0o. Note that ¢
and Oy¢ are continuous functions. We write the previous differential equation as a
first-order differential system

0= B, 0,F = n.ld] — nildl. (4.35)

Since k;_ ! is a decreasing function, n;[-] is an increasing function. Similarly, n[] is
decreasing function and, n.[-]—n;[-] is a decreasing function. The point (¢, E) = (0 ,0)
is an elliptic stationary point of (4.35). There is no solution to (4.35) with (0,0) as
final condition other than the constant solution (¢, E) = (0,0) itself.

);

)-
4.10) is written

If g > nis > neg, a shock is possible for ions and for electrons (see (4.22)). For
smooth solutions, we invert (4.18) and (4.19) in a neighborhood of y = 400 using k:;l_

and k‘;i, we get

(4.36)



We insert the results in (4.35). The point (¢, E) = (0,0) is a stationary point of (4.35)
which is hyperbolic since n.[-] — n;[-] is now an increasing function.

There are two branches of solutions arriving on (0,0) (see Figure 4.1). On the
first branch, ¢ increases towards 0 and E decreases towards 0, and on the second
branch, ¢ decreases towards 0 and E increases towards 0.

E

N

Fi1G. 4.1. Phase-portrait of the solution of system (4.35) near the hyperbolic stationary point
(0,0) in the case ig > Mig > MNes.-

Let us look at the first branch. We consider the different positions of n.g and n;g
w.r.t. n;s and neg.

If njop = n;s and neg > nes, for continuous solutions, the potential ¢ increases
towards 0 while E decreases towards 0. Thanks to (4.36), n. increases towards g >
nes and n; decreases towards 7p > n;s. Suppose that at some point ¥y, ne(ys) = Nes.
Then, if ney = nes we have ne(yx) = neo but, n;(yx) > Mg > nys = nyo. Otherwise
if nes < neo < Mg, there exists y.0 > Y. such that ne(y.0) = neo but, n;(yx0) >
g > Nis = N4o. Finally if n.g < g < nep, ne has not reached n.g. At the point
Ne(Yx) = Mes, ke has reached its minimum and thanks to (4.19), before y,, ¢ must
decrease. But, n;(y,) > 1o > nig > neg, and near y,, 0y F = n.—n; < 0 then, £ > 0.
But, ¢ decreases and so 0y¢ = E < 0. Therefore, the solution cannot be extended
any further back and, n; cannot come from n;y = n;s. For unsmooth solutions with
a jump of n., at some point y, o > y., from the left electron density n}'~ < neg
to the right electron density n** > n.g, ¢ shall continuously increases. But, now
n. is constrained to come from the supersonic branch (k.,_) and so decreases, from
Nes towards n’~. For a continuous ion density, n; still decreases towards ng. The
same arguments as previously hold, if n. reaches n.y, we have n; > n;s and when
ne reaches n.g, the solution cannot be extended any further back, so n; cannot come
from n;y = n;g. For an unsmooth ion density with, at some point y, 1 > y., a jump of
n; (before n, has reached n.g), n; is constrained to come from the supersonic branch
on (0, y,,1) and so increases from 0. When n. reaches n.g, we have n; < n;s and when
n. reaches neg the solution cannot be extended any further back, so n; cannot come
from n;g = n;s.

If njo > n;s and neg > neg, for continuous solutions, we still have an increasing
potential ¢ towards 0 and a decreasing function E towards 0. Thanks to (4.36), n.
increases towards ng > n.gs and n; decreases towards ng > n;g. If n.g < ng there exists
Yx > 0 such that n.(y«) = neo and we can have n;(y«) = njo if and only if n;o > 7ig.
Now, writing (4.18) and (4.20) for y = y., we get (4.29) and (4.32). In order to have
a solution 7ig of this equation we must have k;(n;0) + ke(neo) > ki(ns) +ke(ng). Note
that g > nep > Negs gives ke(Mg) — ke(neo) > 0 and k;(ny0) — ki(729) > 0 and so n;o >
fig > n;g. Then, if ney < g and n;g and ne satisfy the conditions given in (4.28), it
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is possible to connect from y = 0 to y = +o0, the states (ni0, ¢io, Meos Geo; —Po) and
(ni, @iy Ney ge, @) = (g, o, Mo, Go, 0) with the boundary layer problem. Remark that
this solution does not give decreasing densities since n. is an increasing function.

We consider unsmooth solutions, with, at some point y. o > y«, a jump of n; from
*,0,+
1
density follows the supersonic branch of k; and n; increases towards n:’o < n;g then,
it cannot come from ng > n;s except if the potential changes its monotony which is
not possible.

For an unsmooth electron density, with at some point y.,1 > y«, a jump of n. from
the left electron density n}%~ < n.g to the right density n*'** > n.g, the potential ¢
continuously increases. Before ¥, 1, the electron density follows the supersonic branch
of k. and n, decreases towards ng’l < neg. Before and after y, 1, n; continuously
decreases towards ng. As previously, when n. reaches n.g at some point y, 2, the
solution cannot be extended any further back, and so a solution is possible if and only
if neg = Nes = Ne(Yx2) but, we can have n;(y,,2) = ny if and only if n;g > 7. In
this case, we have n;o > n;(yx) > no > nig, o > NS > nes = neo > N~ and
using (4.22) and (4.20) yields

ki(ni (Y1) + ke(npt) = ki(Ro) + ke (o),

the left ion density n:’o’_ < n;g to the right density n > n;s. Before y, o, the ion

e 2 I 2
%Ol +pe(nptt) = % + pe(nit), (4.37)
Nne' ™’ ng’

ki(ni(yun) + ke(nih ™) = ki(nio) + ke(neo) = ki(nio) + ke(nes).

This gives ki(niO) = kz(ﬁO) + ke(ﬁO) - ke(n?ly-‘r) + ke(nz’L_) - ke(neS) > kz(ﬁo) since
no > n5bT and ke(nes) = min k.. If g exists, it satisfies g < n;9. In order to have a
solution 7g, nio and neo must satisfy (4.34) and nep = nes. This gives a condition on
nio. In conclusion if ney = nes and n;o satisfies (4.34), it is possible to find a solution
of the boundary layer problem (4.4)-(4.14) with an unsmooth electron density. Note
that in this case, the electron density is non monotonous.

Now, let us look at the second branch of solutions of (4.35), arriving on (¢, E) =
(0,0). We still consider the different positions of n.y and n; w.r.t. n;s and nes.

If n;g > n;s and n.g = neg, for continuous or unsmooth solutions, the same
arguments as previously used for the first branch in the case neg > n.s and n;o = n;g,
give that it is not possible to find a solution of the boundary layer problem.

If nijg > n;s and ney > neg, for continuous or unsmooth solutions We use
the same arguments as those used for the first branch in the case n.y > n.s and
nio > nis. The conclusion is the following. For continuous solutions, if n,y < 7g
and n;o and n. satisfy (4.28), it is possible to connect from y = 0 to y = +oo, the
states (ni07 qi0, Te05 4e0s _¢0) and (nia Qi e, e, d)) = (7_7’03 do, Mo, go, 0) with the bound-
ary layer problem. The resulting solution gives a decreasing electron density but, an
increasing ion density.

For an unsmooth electron density it is not possible to find a solution of the
boundary layer problem. And, for a continuous electron density and an unsmooth ion
density with at some point y,, a jump of n; from the left ion density n}"~ to the right
density n;"". We introduce assumption (4.33) on ng, neo, 7;°~ and n;"" where

ke(ne(y*,l) + ki(ni*a +) - ke(ﬁO) + ki(ﬁO)v

)2 2
(Zfl T s B C LY (4.38)

*,—

ke(ne(ys) + ki(n ™) = ke(neo) + ki(nio) = ke(neo) + ki(nis).
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The conclusion is the following. If n;g, neo, n;’~ and n;"+ satisfy (4.33)and n;o = nys,
it is possible to find a solution of the boundary layer problem. This solution gives a
non monotonous ion density. This concludes the case ng > n;5 > nes.

Let us finish with the case n;s > ng > n.s. In this case, a shock is possible
for electrons but, not for ions (see (4.22)). For smooth solutions, we invert (4.18)
and (4.19) in a neighborhood of y = +00 using k‘z—i and ke_}r, it yields

ni(y) = ni[o(y)]
ne(y) = ne[o(y)]

Therefore, n.[-] — n;[] is the difference of two increasing functions. And, we have
d/dp(ne[d] — ni[d])|p=0 = 1/Onke +(10) + 1/0nki,—(ng) > 0 if and only if ny < ng,
where ng is the plasma sonic point defined by (4.21). If n;s > fip > ng, the point
(¢, E) = (0,0) is an elliptic stationary point of system (4.35) and there is no solution
to (4.35) with (0,0) as final condition except the constant solution (¢, E) = (0,0)
itself.

Thus, we consider n;g > ng > g > nes. In this case, there are two branches of
solutions arriving on (0,0) (see Figure 4.1).

Let us look at the first branch. We recall that n,g > n;s and n.g > n.s. For
continuous solutions, the potential ¢ increases towards 0 and F decreases towards 0.
Thanks to (4.39), n; and n. increases towards 7ig. Suppose that at some point y, > 0,
Ne(Yx) = Nes. If neo = Nes, we have n.(ys) = neo but, n;(yx) < g < nys < njp and,
n; cannot come from n;g. If neg > neg, there exists y, o > y, such that ne(y. o) = neo
but, n;(yx,0) < g < nis < nyo and, n; cannot come from n;p. Furthermore, when
n. has reached n.g, the solution cannot be extended any further back. We consider
unsmooth solutions with at some point y.1 > ¥4, a jump of n. from a left value
nHbT < nes to a right value nib "t > n.g. For y < y,. 1, the potential increases
continuously but, n. is constrained to follow the supersonic branch of k., i.e. k. _
then, it decreases towards n’;l’_ < Nes. At some point Yu 2 < Yu1, Ne(Ysx,2) = Nes. If
Neo = Nes, We have ne(ysx) = nep but, n;(yx) < fig < nis < nyo and, n; cannot come
from n;g. If neg > neg, ne cannot come from neg.

We look at the second branch and consider different cases according to the posi-
tions of n;o and neg w.r.t. n;s and neg.

If nyo > nis and ney > neg, continuous solutions give a decreasing potential, ¢,
towards 0 and an increasing function E towards 0. Thus, n; and n. decreases towards
nis > ng > Mg > Nes. Suppose that at some point y, > 0, n;(y.) = n;s then, using
the same arguments as previously, we show that the solution cannot be extended any
further back. Since n;o > n;g, n; can come from nyg if and only if n;o = nis = n;(ys).
Moreover, we can have n.(ys) = neo if and only if neg > 7ip > nes. In this case,
writing (4.20) for y = y,, we get k;(n;5) + ke(neo) = ki(fig) + ke(7g). In order to have
a solution 71 of this equation, we must have k;(n;s)+ke(neo) > ki(ns)+ke(ng). Note
that k;(ng) — ki(nis) > 0 and ke(neo) — ke(fo) > 0 and so, nep > Mg > nes. Then, if
nio = n;s and if n;o and n.o satisfy (4.28), it is possible to connect from y = 0 to y =
+00, the states (nio, ¢io, Meo, ge0, —P0) and (14, ¢, Ne, ge, @) = (70, do, No, Go, 0) with
the boundary layer problem. Remark that this solution give continuous decreasing
electron and ion densities. We finish with unsmooth solutions. If, at some point
Yx,0 > Yxs Ne jumps from a left value n}*~ to a right value n}+, then, before y, ¢, ne
increases towards n)>~, ¢ and, n; continuously decrease respectively towards 0 and
fig. At some point ¥, 1 < ¥Yx0, we have n;(yx,1) = n,s and, the solution cannot be
extended any further back. Since n;o > n;g, n; can come from n;g, if and only if
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ki (—(y) + ki(70)),
kot ((y) + ke(0). (4.39)



N0 = Nis = Ni(Yx,2) but, Now ne(Yse2) < N~ < Neg < Mo and, n. cannot come from
Neo-
This concludes the proof of Theorem 4.1.

5. Numerical results using the solution of the boundary layer problem.
We want to use the results on the boundary layer given in Theorem 4.1 to determine
well-adapted boundary conditions for the one dimensional plasma expansion test case
presented in section 3. We want boundary conditions at the quasi-neutral equilibrium,
M0, Geos Gio, G0, to stabilize the classical scheme with general solvers, when the mesh
does not resolve the scaled Debye length but, resolves the plasma period and for the
asymptotic preserving scheme when it does not resolved the scaled Debye length and
the scaled plasma period. We recall that for this test case, we have 7; = 7. = 5/3,
Ci=C. =1, =104 X = 1074 ¢4 = 100 and (no,q) = (1,1). Following
numerical results in the resolved case given in section 3, we look for solutions of
the boundary layer problem with decreasing electron and ion densities. Thanks to
Theorem 4.1, there are several solutions to the boundary layer problem but, only one
solution gives decreasing densities. It is characterized by n;s > ng > nig > n.gs where
n;s and n.g are given by (4.17), (ns0, o) is given by n;0 = ni. < ng, where n;. is
defined by (4.23), and gi0 = VC; v: nggiJrl)/z, and (nep, geo) satisfies (4.26) or (4.27).
This solution exists if and only if (4.28) is satisfied. Note that (n,qi0) is fully
determined by (no, o). Thus, using the boundary layer system (4.6)-(4.10), we have
dio = ¢io and ;o is determined. On the contrary, (n.o, geo) is not fully determined
by (no, qo) since (4.26), or (4.27), only gives one equation for two unknowns. But,
this is not surprising. Indeed, 7ig > nes then, (7o, geo) is a subsonic electron state
and (79, eo) can not fully determined by the information coming from the left hand
side. If (neo,geo) was fully determined by (ng,qo) then, using the boundary layer
system (4.6)-(4.10) and equation (4.32), we would have (79, Geo) fully determined by
the left state (no,qo). Then, (neo,geo) is unknown and depends on the information
coming from the right hand side. But, ¢ is a small parameter thus, multiplying (4.26)
or (4.27) by /e and letting £ tend to 0 give n.o = ng. Similarly, letting € tend to 0
in (4.32) yields

he(no) + ki(nio) = he(Ro) + ki(70), (5.1)

where, for all n > 0, he(n) = Ce 525y n7<~". Note that (5.1) and (4.29) give fig and

¢o as functions of known data.

It remains to determine G.g. We use the right information and we set .o =
lim, o Ge(x,t) where @, is the quasi-neutral solution since in the boundary layer prob-
lem, we have dyg. = 0.

So, in order to take into account the boundary layer in the numerical simulations
of the plasma expansion test case, we discretize the Euler-Poisson system (2.1)-(2.2)
with the classical or asymptotic preserving scheme, using the boundary conditions for
the potential

p(x =0)=do, ¢(x=1)=0da,

where ¢ is given by (4.29), and using the boundary conditions for the fluid quan-
tities (2.3), where (n},q}) and (n),,q),) are the solutions at the point = = 0 of
the Riemann problems (2.5) changing, in the ion problem, (ng, o) by (70, Gio) given
by (5.1) and g;o = v/C; ;i nz(»gi+1)/2 with 10 = e, N4e given by (4.23). In the electron
Riemann problem, we change (9, o) by (7o, g2 (0, 1)).
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Fic. 5.1. Electron density as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 7. The results
are computed with the classical scheme using the Riemann solver (dotted line) in the resolved case
with boundary conditions at © = 0 given by ne = n; = no, qe = q; = qo and ¢ = 0. This curve is
the reference curve. On the left picture, in dashed line we have the result for the classical scheme
with the degree O polynomial solver, on the right picture, in solid line for the classical scheme with
the degree 2 polynomial solver, on the left picture with circle markers for the asymptotic preserving
scheme with the degree 0 polynomial solver and on the right picture with cross markers for the
asymptotic preserving scheme with the degree 2 polynomial solver. In all cases, we use for boundary
conditions the values given by the boundary layer problem: ne = n; = No, ge = Ge0, ¢i = Gio and

¢ = ¢o.

We perform the same simulations as in section 3, i.e. we use for reference curves
the results given by the classical scheme using the Riemann solver in the resolved case
(Az = X and At™ < 7 for all m > 0). In this resolved simulation we do not use the
well-adapted boundary conditions but (2.3), (2.4) and (2.5).
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Fic. 5.2. Electron velocity as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 1. The results are
computed with the classical scheme using the Riemann solver (dotted line) in the resolved case with
not well-adapted the boundary conditions at x = 0. This curve is the reference curve. On the left
picture, in dashed line we have the result for the classical scheme with the degree 0 polynomial solver,
on the right picture, in solid line for the classical scheme with the degree 2 polynomial solver, on the
left picture with circle markers for the asymptotic preserving scheme with the degree 0 polynomial
solver and on the right picture with cross markers for the asymptotic preserving scheme with the
degree 2 polynomial solver. In all cases, we use the well-adapted boundary conditions.

We compare the reference curves to the results given by the classical and asymp-
totic preserving schemes using the degree 0 or 2 polynomial solvers when they do not
resolve the scaled Debye length (Azx = 1072 > X\ = 10~*) and with the well-adapted
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Fic. 5.3. Ion wvelocity as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 1. The results are
computed with the classical scheme using the Riemann solver (dotted line) in the resolved case with
not well-adapted the boundary conditions at x = 0. This curve is the reference curve. On the left
picture, in dashed line we have the result for the classical scheme with the degree 0 polynomial solver,
on the right picture, in solid line for the classical scheme with the degree 2 polynomial solver, on the
left picture with circle markers for the asymptotic preserving scheme with the degree 0 polynomial
solver and on the right picture with cross markers for the asymptotic preserving scheme with the
degree 2 polynomial solver. In all cases, we use the well-adapted boundary conditions.

boundary conditions. The classical scheme resolves the plasma period (At™ < 7 for
all m > 0) and the asymptotic preserving scheme does not (At™ > 7 for all m > 0).
The results are given in Figures 5.1-5.4. We can see that all schemes give results close
to the reference curves with a bigger diffusion for the degree 0 polynomial solver.
The degree 2 polynomial solver is now stable, remind it was not without the bound-
ary layer resolution, see Figure 3.4. There are still small oscillations on the electron
velocity and on the potential but, only for the classical scheme with the degree 2
polynomial solver. We believe that these oscilations are due to the approximation
€ = 0 in the determination of the well-adapted boundary data. We defer to a future
work the determination of these boundary data without this approximation.

6. Conclusion. In this paper we have presented a boundary layer analysis. This
analysis allows to determine boundary conditions well-adapted to the quasi-neutral
regime. Using these boundary conditions, we numerically showed that the classical
and the asymptotic preserving schemes remains stable for general Roe type solvers
when the mesh does not resolve the small scale of the Debye length.

Acknowledgments. The author wishes to thank P. Degond, K. Domelevo and
M. Lemou for stimulating discussions and encouragements.

REFERENCES

[1] G. Ali, A. Jiingel, Global smooth solutions to multi-dimensional hydrodynamic model for two-
carrier plasmas, J. Differential equations 190 (2003), 663-685.

[2] N. Ben Abdallah, S. Mas-Gallic, P. A. Raviart, Analysis and asymptotics of a one-dimensional
ion extraction model, Asymptotic analysis 10 (1995) 1-28.

[3] J-P. Catani, D. Payan, Electrostatic behaviour of materials in a charging space environment,
Proceedings of the 9th International Symposium on Materials in a Space Environment,
16-20 June 2003, Noordwijk, The Netherlands (ESA Publications Division 2003), p. 3.

[4] F. F. Chen, Introduction to plasma physics (Plenum, New-York, 1974).

[5] M. Cho, D. E. Hastings, Dielectric charging process and arcing rates of high voltage solar
arrays, J. Spacecraft and Rockets 28 (1990) 698-706.

24



100
100

““““ Class. Riemann -~ Class. Riemann

— = 8ot __

& 80 ---Class. PO k= R g?sli'z P2

g o AP PO 15

g 60 =

2 2,

o 2

£ =

5 =

0 ‘ 02 o0a 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Distance to the cathode Distance to the cathode

F1G. 5.4. Electric potential as a function of x, the distance to the cathode, at the rescaled time
t = 0.05, in the unresolved in space case: Az = 1072 > X\ = 10~%. The classical scheme resolves
the plasma period: At < 7 and the asymptotic preserving scheme does not: At > 1. The results are
computed with the classical scheme using the Riemann solver (dotted line) in the resolved case with
not well-adapted the boundary conditions at x = 0. This curve is the reference curve. On the left
picture, in dashed line we have the result for the classical scheme with the degree 0 polynomial solver,
on the right picture, in solid line for the classical scheme with the degree 2 polynomial solver, on the
left picture with circle markers for the asymptotic preserving scheme with the degree 0 polynomial
solver and on the right picture with cross markers for the asymptotic preserving scheme with the
degree 2 polynomial solver. In all cases, we use the well-adapted boundary conditions.

[6] S. Cordier and E. Grenier, Quasineutral limit of Euler-Poisson system arising from plasma
physics, Comm. Partial Differential Equations 25 (2000) 1099-1113.

[7] S. Cordier, Y.J. Peng, Systéme Euler-Poisson non linéaire. Existence globale de solutions faibles
entropiques, RAIRO Modél. Math. Anal. Numér. 32 (1998) no. 1, 1-23.

[8] P. Crispel, P. Degond and M-H. Vignal, Quasi-neutral fluid models for current carrying plasmas,
J. Comp. Phys 205 (2005) 408-438.

[9] P. Crispel, P. Degond, M.-H. Vignal, An asymptotic preserving scheme for the two-fluid Euler-
Poisson model in the quasi-neutral limit, J. Comp. Phys 223 (2007) no. 1, 208—234.

[10] P. Degond, J-G Liu and M-H. Vignal, Analysis of an asymptotic preserving scheme for the
Euler-Poisson system in the quasineutral limit, submitted.

[11] P. Degond, C. Parzani and M-H. Vignal, Plasma expansion in vacuum: modeling the breakdown
of quasineutrality, STAM Multiscale Modeling and Simulation 2 (2003) 158-178.

[12] P. Degond, P. F. Peyrard, G. Russo and Ph. Villedieu, Polynomial upwind schemes for hyper-
bolic systems, C. R. Acad. Sci. Paris, Ser. I 328 (1999) 479-483.

[13] P. Degond, R. Talaalout, M. H. Vignal, Electron transport and secondary emission in a surface
of a solar cell, proceedings of the conference multipactor, RF and DC corona and passive
intermodulation in space RF hardware, ESTEC, Noordwijk, The Netherlands, Sept 4-6,
2000.

[14] S. Fabre, Stability analysis of the Euler-Poisson equations, J. Comp. Phys. 101 (1992) 445-451.

[15] R. N. Franklin, J. R. Ockendon, Asymptotic matching of plasma and sheath in an active low
pressure discharge, Journal of plasma physics 4 (1970) 3521-3528.

[16] S.Y.Ha, M. Slemrod, Global existence of plasma ion-sheaths and their dynamics, Comm. Math.
Phys. 238 (2003) 149-186.

[17] N. A. Krall and A. W. Trivelpiece, Principles of plasma physics (San Francisco Press, 1986).

[18] K.-C. Le Thanh, C. Parzani, M.-H. Vignal, A Volume Of Fluid method for a two-dimensional
plasma expansion problem, J. Comp. Phys 225 (2007) 1937-1960.

[19] P. Marcati, R. Natalini, Weak solutions to a hydrodynamic model for semiconductors: the
Cauchy problem, Proc. Roy. Soc. Edinburgh Sect. A 125 (1995) no. 1, 115-131.

[20] S. E. Parker, R. J. Procassini, C. K. Birdsall, A suitable boundary condition for bounded
plasma simulation without sheath resolution, J. Comput. Phys. 104 (1993) 41-49.

[21] Y.-J. Peng, Asymptotic limits of one-dimensional hydrodynamic models for plasmas and semi-
conductors, Chin. Ann. Math. B 23 (2002) 25-36.

[22] Y.-J. Peng and Y.-G. Wang, Boundary layers and quasi-neutral limit in steady state Euler-
Poisson equations for potential flows, Nonlinearity 3 (2004) no. 17 835-849.

[23] F. Poupaud, M. Rascle, J. P. Vila, Global solutions to the isothermal Euler-Poisson system
with arbitrary large data, J. Diff. Equ. 123 (1995) 93-121.

25



[24] K. U. Riemann, The Bohm criterion and sheath formation, J. Phys. D: Appl. Phys. 24 (1991)
493-518.

[25] K. U. Riemann, Th. Daube, Analytical model of the relaxation of a collisionless ion matrix
sheath, J. Appl. Phys. 86 (1999) 1201-1207.

M. Slemrod, Shadowing and the plasma-sheath transition layer, J. Nonlinear Sci. 11 (2001)
193-209.

M. Slemrod, Monotone increasing solutions of the Painleve 1 equation y” = y? 4+ z and their
role in the stability of the plasma-sheath transition, European J. Applied Mathematics 13
(2002) no. 6, 663-680.

M. Slemrod, The radio frequency driven plasma sheath: asymptotics and analysis, SIAM J.
Applied Mathematics 63 (2003) no. 5, 1737-1763.

[29] M. Slemrod and N. Sternberg, Quasi-neutral limit for Euler-Poisson system, J. Nonlinear Sci.
11 (2001) 193-209.

N. Sternberg, V. A. Godyak, Solving the mathematical model of the electrode sheath in sym-
metrically driven rf discharges, J. Comput. Phys. 111 (1994) 347-353.

[31] H. Sze, J. Benford, W. Woo and B. Harteneck, Dynamics of a virtual cathode oscillator driven
by a pinched diode, Phys. Fluids 29 (1986) 3873-3880.

[32] E.F. Toro, Riemann Solvers and Numerical Methods for Fluid Dynamics, Springer.

[33] B. Van Leer, Towards the ultimate conservative difference scheme V: a second order sequel to
Godunov’s method, J. Comp. Phys. 32 (1979) 101-136.

[34] S. Wang, Quasineutral limit of Euler-Poisson system with and without viscosity, Comm. Partial
Differential Equations, 29 (2004) 419-456.

26



