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ABSTRACT

Fluid models represent a valid alternative to kinetic approaches in simulating low-temperature discharges: a well-designed strategy must be
able to combine the ability to predict a smooth transition from the quasineutral bulk to the sheath, where a space charge is built at a reason-
able computational cost. These approaches belong to two families: multifluid models, where momenta of each species are modeled separately,
and drift-diffusion models, where the dynamics of particles is dependent only on the gradient of particle concentration and on the electric
force. It is shown that an equivalence between the two models exists and that it corresponds to a threshold Knudsen number, in the order of
the square root of the electron-to-ion mass ratio; for an argon isothermal discharge, this value is given by a neutral background pressure
P, = 1000 Pa. This equivalence allows us to derive two analytical formulas for a priori estimation of the sheath width: the first one does not
need any additional hypothesis but relies only on the natural transition from the quasineutral bulk to the sheath; the second approach
improves the prediction by imposing a threshold value for the charge separation. The new analytical expressions provide better estimations
of the floating sheath dimension in collisions-dominated regimes when tested against two models from the literature.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0240640

I. INTRODUCTION

The accurate simulation of low temperature plasmas (i.e., plas-
mas with the temperature of heavy species T), lower than the one of
electrons T,) is crucial to a wide range of aerospace fields, including
electronics applications (such as arcing of components used in plat-
forms newly brought to space'), hypersonics (like electron transpi-
ration cooling of innovative heat shield for cruise vehicles?), electric

choice of the most appropriate method may depend on the pressure
condition of the simulated gas, as shown in Fig. 1. Particle-in-cell
(PIC) methods are the most common choice when simulating low-
pressure plasmas; these provide a high level of accuracy in the descrip-
tion of the physical phenomena but come with a high computational
cost (and a strong direct dependency on the number of particles
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propulsion,” and laboratory plasmas.” These applications vary
greatly in terms of conditions (thermal non-equilibrium, gas pres-
sure, and so collisionality degree) and in terms of the nature of
the species involved (electrons, neutral, and ionized atoms and
molecules).

Numerical solutions can be used to infer more information on
the physical phenomena and hence improve modeling strategies; the

involved””). Fluid methods represent an alternative to PIC: while
describing the behavior of a gas using macroscopic quantities reduces
the accuracy of the representation of the dynamics, their computa-
tional cost is significantly lowered. However, coupling the fluid
dynamics to the Maxwell equations results in a strongly multi-scaled
problem” that poses great challenges in the numerical development of
a fluid solver, with strict constraints due to the inertia disparity
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Rarefied Pressure »  Continuum
regime regime
FIG. 1. Qualitative scheme representing
PIC-DSMC - the range of applicability of different
numerical methods for plasma physics.
_ Multifluid The gas pressure, increasing from the rar-
efied to the continuum regime, defines
three conditions: collisionless, intermedi-
_ Drift-Diffusion ate, and fully collisional. Red: particle
method and blue: fluid models.
I } } {
Collisionless Intermediate Fully-Collisional

between electrons and heavy species and to the accurate resolution of
the Debye length in space-charged regions. Moreover, the description
of plasmas with fluid models is directly related to the gas pressure or,
in other words, to the collisionality of the plasma.” Generally, charged
particles in an unmagnetized plasma move under the effect of inertia,
thermal motion, electric field, and collisions. In low-pressure regimes,
the effect of collisions is negligible so the dynamics of the species is the
result of the three remaining terms. A multifluid®'’ approach is well
suited for this condition: each species has its dynamics that is the result
of a balance between the inertia, thermal pressure, and electrical forces.
Elastic collisions can be introduced with friction terms'" and become
more relevant when the gas pressure is increased. In this regime, drift-
diffusion models'*"” are often used: the electric field (drift) drives
most of the motion of the charged particles and diffusion happens due
to concentration and temperature gradients. The kinetic derivation of
these two models is different. The multifluid approach can be seen as a
part of the family of moments method,"* '® with the governing equa-
tions obtained with moments of the Boltzmann equation, truncated
with different closure relations. An alternative derivation was proposed
by Benilov'” using the Chapman-Enskog method, but this work was
based on the assumption that collision cross sections between particles
of different species are significantly smaller than those for collisions
between particles of the same species. However, certain interactions,
such as charge exchange collisions between ions and neutrals com-
pared to neutral-neutral interactions, violate this assumption, as noted
in the paper’s conclusions. Drift-diffusion models belong to the family
of multicomponent approaches, whose derivation based on the
Chapman-Enskog method has been investigated extensively in the
past.'®'” In this case, no assumption on the collision cross sections has
to be made, but the full governing equations can be obtained using a
scaling obtained from the dimensional analysis of the Boltzmann equa-
tion. In addition to the differences in the way the models are derived,
authors”’ have shown that the momentum equations of the multi-
fluid approach degenerate into the drift-diffusion equations if the
dynamics of the particles is assumed dominated by collisions. The
minimum gas pressure that results in the “collision-dominated”
plasma condition is usually given depending on the plasma considered
and the geometrical shape of the domain. To the knowledge of the
authors, an indication based on the Knudsen number Kn = /L, ie.,
the ratio of the mean free path 4 to a characteristic length of the
domain L, is missing.

Fluid models have been used extensively in the simulations of the
interaction of the plasma with solid surfaces. When a low-temperature

plasma comes in contact with a wall, a region in the proximity of the
solid surface, called sheath, develops: the majority of electrons is depleted
or repelled and this compensates for the large mobility difference
between electrons and positive ions. A potential difference builds up and
the wall value adjusts itself, in the case of a floating potential, so no DC
flows.”" The transition from the quasineutral bulk of the plasma to the
space charge sheath has been of interest since the first studies on con-
ducting fluids;”” Bohm™ derived the criterion that today carries his
name, stating that, to have a stable sheath in a mixture of electrons and
single-charged ions, the latter must enter the boundary layer region with
a speed u; greater than a limit value up = (kg Te/mi)l/z, where kg is the
Boltzmann constant and m; is the ions mass. This condition, valid for a
restricted category of plasmas (binary mixture with single-charged ions)
and conditions (collisionless), has been the object of several attempts of
extension: the interested reader can find an extensive overview of the
topic in Baalrud et al.”* To this day, modeling and understanding the
effect of elastic collisions on the dynamics of the sheath remains an
active challenge for the community. The position where the ions meet
the Bohm velocity ug, or a modified version of it, is conventionally taken
as the sheath edge, defining in this way its dimension; through the years,
the development of simplified fluid models to describe the dynamics of
the charges allowed for obtaining a priori estimations of the size of the
sheath. Historically, the most used model was the Child-Langmuir law,”
which evaluates the size of a large voltage sheath; Chabert”' showed that
this formula often underestimates the true size, especially when consid-
ering elastic collisions; the author considered isothermal conditions for
an argon plasma coupled with the Boltzmann relation for the electrons,
with a constant ion mean free path for the collisional term. Benilov™”
provided a summary of the theory of collisionless and collision-
dominated sheath. Having an estimation of the dimension of the space-
charge region is important for certain applications, such as material
processing,””' and for the design of quasineutral solvers to properly
characterize the extent of the domain.

As detailed in this introduction, the literature abounds with
examples of applications of fluid models to applications where elastic
collisions have a relevant role in the dynamics of plasmas, but there is
no clear indication on the range of applicability of each approach: this
work aims to provide a condition on the Knudsen number of the gas
that results in equivalence between the isothermal version of the multi-
fluid and the drift-diffusion models. This value, which is inferred from
numerical results, is confirmed by a non-dimensional analysis of the
equations. The analysis is performed based on a novel scaling that con-
siders the reduced velocity of charges entering the sheath due to the
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increased collisionality. Once the equivalence of the models is estab-
lished, we use the analytical solutions of the drift-diffusion equations
to obtain two analytical formulas to estimate the position of the sheath
edge, which correctly predict the size of the sheath at high pressures
for both drift-diffusion and multifluid simulations. We can, in this
way, investigate the influence of elastic collisions on the position of the
sheath edge by using a model, the drift-diffusion one, suited for colli-
sional regimes.

This document is divided as follows: in Sec. II, we describe the
fluid models, multifluid and drift-diffusion; the non-dimensional ver-
sion of the equations is given in Sec. I1, followed by the derivation of
the analytical solutions of the drift-diffusion equations (Sec. I'V). These
expressions are used to derive two formulas to estimate the position of
the sheath edge (Sec. V). Numerical strategies are described in Sec. V1;
the results of the simulations are shown and discussed in Sec. VIIL.
Finally, conclusions are drawn, and future developments are discussed
in Sec. VIII.

Il. FLUID MODELS

Fluid models describe the behavior of a gas by conservation equa-
tions of macroscopic quantities derived as velocity moments of the kth
particle velocity distribution function (VDF) fi(x, ¢k, t) (with ¢ the
kth particle velocity, x the space coordinate, and ¢ the time). The evolu-
tion of this quantity is accounted for using the Boltzmann equation'®
from which governing equations for the velocity moments can be
derived through kinetic derivation.

We introduce the governing equations of the two models of inter-
est in this work by first introducing the configuration of the testcase
we are going to study, as many hypotheses are strongly connected to
the physics we want to simulate. Figure 2 shows the one-dimensional
symmetric domain that represents a DC discharge,” where a mixture
of positive ions i, electrons e, and neutral atoms 7 is in contact with
floating walls (at x = *£L/2, L is the domain length): we consider a
weakly jonized plasma; hence, only charges are simulated and the neu-
trals particles act as a background gas. The plasma is assumed isother-
mal, with the temperatures constant in time and space but different
between heavy species and electrons (Tj, # T,). Although these
hypotheses preclude the simulation of the complete physics of many
interesting phenomena, the resulting governing laws are well suited to
describe the formation of the sheath: the low-pressure conditions

‘Sheath

Sheath Bulk

FIG. 2. Schematic of the one-dimensional discharge.
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make the energy exchange between the light electrons and heavy par-
ticles very inefficient (due to the low number of collisions), and there-
fore, it is impossible to reach the thermal equilibrium. Multifluid
models (lately referred to as “MF”) represent species inside the plasma
as single fluids, each one with its dynamics: interactions between par-
ticles are accounted for through source terms. From Alvarez Laguna
et al.,'" the dimensional multifluid equations are

One + ax(ne“e) = nel/iza (1a)
e + Ox(mitts) = nev”™, (1b)

Pe Neqe
&(neug) + OX |:7’leug + Z:| = _Weaxqs - ne(ue - un)Venv (IC)

pi

m;j

Oy (i) + Oy [niu? + ] - _—';"1‘1_" O — ni(ti — ty)Vin,  (1d)

elte + qini)

o2 ¢ — _ (dee + 4imi)
xxd) 80

) (1e)

where 1 is the kth species number density, u the kth species velocity,
my its mass, and g its charge (here g, = —q and g; = g, with g the ele-
mentary charge). The species partial pressure follows the perfect gas
law py = nikpTy, with Ty the species temperature (T, for electrons
and T}, for ions). Equation (1e) is the Poisson equation with &, the vac-
uum permittivity. The collision frequencies v,,, and v;, account only
for elastic collisions between charges and neutrals (in accordance with
the hypothesis of a weakly ionized plasma),

16 kg T, 8 kg T;
Ven = ”QS;I) b y  Vin = 7”Q§i’1) Bk (2)
3 2m,m 3 m;T

with Q") and in 1 collision integrals™ obtained from the thermo-
dynamic library Mutation++.>” Neutrals are assumed at rest; hence,
the friction terms in Egs. (1¢) and (1d) simplify to mi(ux — up)Vkn
= NUKVkn.

Many authors have used drift-diffusion models (here referred to
with “DD”) for low temperature plasma physics simulations.'>**
The one-dimensional discharge of Fig. 2 can be modeled as a purely
diffusive problem; therefore, we have

One + 0, (nV,) = n/™, (3a)

On; + 0x(niVi) = n/”, (3b)

P (gene + %1’!1‘)7 (30
&0

where Vy is the diffusion velocity of the kth species.
Different approaches exist for the modeling of the diffusion veloc-
ity; we restrict our analysis to a binary diffusion model,

D
Vi = (* =X Oeny, — llkaxfl’) (4)
ny

with species diffusion coefficient Dy and the species mobility 1
(adapted to include only charge-neutral collisions),

_ kpTi  dk
- )
M Vkn

Dy (5)

k —_ .
Mg Vkn

This approach includes only binary interactions, losing its accuracy
when the mixture grows in complexity, i.e., when the movement of the
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single particles is determined by the interaction of multiple species at
the same time.

The source term for Egs. (12) and (1b) and (3a) and (3b) simu-
lates the effect of electron impact ionization; this value, for isothermal
simulations, is an eigenvalue of the problem” and requires careful
numerical treatment.'’

Section 111 introduces the non-dimensional form of the governing
equations, with a novel value for the reference velocity that includes
the slowing down effects of the elastic collisions.

I1l. SCALED EQUATIONS

The Bohm velocity up is often taken as the reference value for the
velocity of the charges entering the sheath,'***** although, in case the
collisionality increases, it overestimates the actual speed that is reduced
to the slowing effect caused by the interactions with the background
gas.”

Therefore, we start by proposing a new reference velocity,

kg T,
Uy = aup = oy [, (6)
m;

and introduce additional reference quantities,

n= n/n07 x = X/L07 QB = ¢/¢07 (7)

where 1y = ng is the reference number density (and . the initial
electron number density), L, is a reference length, and the reference
potential is defined as ¢y = kpT,./q (i.e., the electron temperature in
eV). The parameter o, whose value will be defined in Sec. VII B, acts as
a scaling parameter on u: in the collisionless limit, the reference value
should tend to the collisionless Bohm velocity 1y = up, hence o = 1; as
the charges collision frequencies increase, o should decrease, reflecting
the reduced speed of particles. The scaled elastic collision frequencies
of electrons and ions, from Eq. (2), depend on the kth charges neutral
Knudsen number Kng, = Ag,/Lo [with A, = (n, Qk ) the mean
free path that a charged particle travels between each interaction with
the neutral background gas],

_ 1 _
Ven = Vento

o 2 1)
3\/—115“ \/_Lo
——

K“;n
i
16 to!
=0, (8a)
3V2n O(\/EKnen
Vin Dinto_l 3§ an _1 |:?:|
0
Kn;l‘ \\,J
ty!
_ 8Kty (8b)
3/moKn;,’

where we introduced the electron-to-ion mass ratio ¢ = m,/m;, the
temperature ratio Kk = Tj,/T,, and a reference timescale t,. We can
now write the scaled version of Eq. (1),

Oihe + O [fcite] = 10", (9a)

O + Ok ;] = 0", (9b)

pubs.aip.org/aip/pop
o) st o
e\ Me T e oc2 ¥ 3\/2_noc\/_Knm ¢
YIS W
Ox {n,(u,» +a2>} = Oz N (9d)
2.4 =1 (e — i), (%)
and Eq. (3),
_ 3mKnen — _ 1 - iz
&tne 16 Ol\/g a}? [_69?712 + neak¢] =NV, (103)
_ 3y/moKn;, I
&tl’li + T \/E 8;6 [—K@;ni — nl@;(ﬁ] = NV, (IOb)
3,%;(7) = Xﬁl(?’e - ﬁi)7 (lOC)

where 1 = (Zp/Lo)’* = (eoksT.)/(neoq?L2) is the non-dimensional
(initial) Debye length squared. The notation (-) for non-dimensional
quantities will be abandoned in the rest of the paper for the sake of
clarity: when not otherwise specified, all quantities will be considered
non-dimensional.

We can now obtain analytical expressions for the drift-diffusion
equations.

IV. ANALYTICAL PROFILES
Starting from the steady state form of Eq. (3),

D ax(_axne + ”eax¢) = neViZ7 (11a)
UEYl
1 .
— Ox(—KOxn; — njOcd) = no/”, (11b)
Vin
aixqﬁ = Xfl(ne - ), (11¢)

where we kept the adimensional collision frequency as 7y, for the clar-
ity of the next passages. The bulk solution can be obtained by assuming
quasineutrality (y = Ap/L — 0), so the Poisson equation [Eq. (11¢)]
reduces to n, = n; = n. Subtracting Eq. (11b) from Eq. (11a) and
using the quasineutrality assumption, we obtain

Oy ( O + ndy ) — enFa (_Kaxn - ”8x¢) =0.

l/l}’l

This can be rearranged into

Din + 81_/en
0x(0xn) = yOx(ndrep), 7= - = (12)
Vip — EKVen
which can be easily integrated twice, with the proper boundary condi-
tions (9y¢(x = 0) = 0, ¢(x = 0) = 0), to obtain

n(¢(x)) = ncexp(y9), (13)

which is a modified version of the electron Boltzmann relation,” with
nc being the value of plasma density at the center of the domain
[n(¢p(x = 0)) = nc]. One can easily verify that y — 1 ~ 1072 for our
simulation conditions (we will nevertheless keep it in the following
derivations to avoid singularities).

We can now substitute Eq. (13) in Eq. (11a) and rearrange

1

EVey

0x[—0x(nc exp(y9)) + nc exp(y¢)dxb] = n exp(yd)v*™,
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which simplifies to

&V oy /?
O +7(0x0)” = T2,
14
ax¢|x:0 = 07 ( )
(p‘x:O = 07

where we highlighted the boundary conditions. If we consider the
ionization frequency v constant (a reasonable assumption as all
the quantities have reached steady state), Eq. (14) has an analytical
solution,

_ Infcos(éx)] (Vin + even)VE
One can see that Eq. (13) then becomes
n(x) = nc cos(éx). (16)

Equation (16) reminds the model developed by Schottky;”” however,
in our work, we do not impose plasma vanishing density at the wall
(the often called “Schottky condition”) and the results comes directly
from the governing equations and the quasineutrality assumption.

Figure 3 shows the electric potential obtained at different levels of
collisionality using Eq. (15). The analytical profiles reach an asymptote,
and they do not extend to the wall (positioned at x = L/2 = 504p). In
the proximity of the sheath edge, where the quasineutrality is lost, the
solution loses its basis. This aspect, often seen as a limitation, is used in
Sec. V to find the position of the sheath edge, as the classical Bohm cri-
terion is not valid in collision-dominated regimes.

V. ESTIMATION OF THE SHEATH WIDTH

Two different methods are proposed here to define a unique
sheath edge for collisional plasma as follows:

1. Finding the position of the vertical asymptote of Eq. (15). This
approach is free of assumptions but provides less accurate
results.

I 1Pa
I 10 Pa
I 100 Pa
Il 1000 Pa

0 10 20 30 40 50
X/Ap

FIG. 3. Analytical profile of the electric potential obtained with Eq. (14) at different
background pressures (green: 1Pa, red: 10 Pa, cyan: 100 Pa, and black: 1000 Pa).

pubs.aip.org/aip/pop

2. Computing 92 ¢, we can impose a charge density limit value p.
(following the intuition of Beving et al.””) for when the plasma loses
its neutrality. This method allows for more accurate results but is
dependent on the arbitrary choice of the threshold value p ..

The computation of the vertical asymptote of Eq. (15) is
straightforward,
S i o8 H(ephl)  m
Kt ¢1illlm : 2% (17)
This value depends only on fluid quantities and is based only on the qua-
sineutral assumption. The procedure followed here is similar to the one
used by Riemann and co-workers’”* but rises naturally from a different
set of equations.

A second formula can be obtained by quantifying the deviation
from the quasineutrality by introducing a measure of the charge den-
sity nep = (n; — n,): a threshold value p - is obtained from collision-
less (Ven = viy = 0) multifluid solution on our setup, taking the
charge density at the position where u; = ug. Inserting Eq. (15) in the
scaled Poisson equation Eq. (11¢), we have

&y

o2 (&x) (18)

~20%h = nepe = ni — ne =

which can be easily rearranged to obtain

x”:%cos’1 (f’/niz{) ) (19)
ePc

We will test the quality of the predictions from Egs. (17) and (19) with
our numerical solutions in Sec. VII.

VI. NUMERICAL METHODS

We do not describe the details of the space discretization for all
the schemes proposed when their use is widely known and not differ-
ent from the applications in classical fluid dynamics; on the other
hand, this section focuses on the time integration schemes used, as
their choice is fundamental in the development of the solvers. All sim-
ulations have been performed on the same one-dimensional domain,
divided into 602 cells: the grid is finer in the proximity of the wall
(Axmin = 0.14p) and becomes gradually coarser in the center of the
domain (Axya = 0.54p).

A. Multifluid

The implementation of the multifluid equations has been exten-
sively described and validated.'”"" For the results in this work, we use
Roe numerical flux™ with third-order reconstruction of the solution;™®
the electric potential is obtained by solving the Poisson equation at any
time step using centered finite differences. The electron plasma fre-
quency imposes strict constraints for explicit schemes but this does not
impact heavily the computational cost of the simulation, provided that
the stability constraint imposed by the Courant-Friedrichs-Lewy (CFL)
number is respected (CFL < 1). For our simulations, we set CFL = 0.9.

B. Drift-diffusion

A first-order backward Euler has been implemented to solve for
Egs. (32)-(3c). We focus here on the electron diffusion flux (but the
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same reasoning can be applied to the other species), rewriting it in
non-conservative form, with indices {n+ 1, n, n — 1} indicating the
time step at which the considered quantity is evaluated,

o, (—axng“ n ng“axq”s)
= (220" + (2 (0.9) + () (B.0). 0)

In this way, the expression is linear with the number density and so
the system of equations,

I n n+1 __ I n n
(At+A)U 7AtU + 87, (21)
is tridiagonal [A" is the matrix resulting from discretizing Eq. (20)
using centered finite differences] and can be solved using the fast
Thomas algorithm. Uk = {Ne, n,-}T is the variable vector evaluated at
time #; similarly, the source vector is 8 = {n*v nk1?} ", with v
assumed constant during the time step. In Eq. (20), the derivatives of
the potential ¢ are not evaluated at "™ = " + At (with At the time
step), which will require solving the Poisson equation coupled to the
system, but instead a prediction of the value ¢ is used; this allows to
obtain greater stability without increasing excessively the computa-
tional cost. This value is obtained by solving

—a, |:<y —AtY gl :’) ax('z}]

jes

n"
=Yg (m}* - n]."*) + Atd, <|qj|y;ax¢">, (22)

=

where S is the species set. The steps to obtain the previous equation are
detailed in Hagelaar’” and have been adapted to our governing laws;
the discretized system is tridiagonal and solved using the Thomas algo-
rithm. Figure 4 shows the quality of this method: the procedure gives
an accurate prediction, improving the stability of the scheme. All the
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simulations have been obtained with the same time step used in the
multifluid approach.

C. Boundary conditions

The correct imposition of the boundary conditions is fundamen-
tal for an accurate description of the sheath formation. It is stan-
dard,'”"! for the multifluid modeling, to impose the electron flux to be
equal to the number of particles crossing the plane with velocity
directed to the wall,

— + — + ¢
= IT-—N == upg.
4 M, 2me

) 1 kBTe n (23)

Nelle (x ==* £, t

2

The prescribed value is imposed using the ghost cells method'"' and is

obtained assuming a Maxwellian VDEF. The electron VDF is usually far

from equilibrium in the proximity of the wall, due to the reduced num-

ber of collisions and to the particles lost at the absorbing surface, and

this deviation should be considered in the development of future

boundary conditions for fluid models to capture these kinetic effects.

Electron and ion density and the ion flux have a Neumann boundary
condition.

Setting the boundary conditions to the drift-diffusion model
presents substantial differences compared to the multifluid counter-
part. Due to the absence of an equation for the electron momentum,
we are going to impose a fixed out-going flux to the diffusion velocity,

1 Oen 1
O b)) = 24
< b ¢) Nor e

where we scaled with ug both sides. Approximating the number den-
sity gradient with a first-order finite difference formula and the inter-
face number density with the mean of the ghost cell value #n$ and the
last (inside) cell ng,

G L G L
ne —n n n
axne = EAX ¢ B ne = ¢ : ¢ 5 (25)
and, rearranging, we obtain
Ax &
1+7<8x¢_yen 2_)
n% = nt (26)

Equations (23) and (26) can be extended easily using the scaling in
Sec. I11; we will see in Sec. V1I that our choice does not impact the results
of the simulations. Ion density has a Neumann boundary condition.

Finally, we impose a floating boundary condition for the electric
potential.

D. lonization frequency

10

We use an iterative formula " to obtain a steady-state value of the

ionization frequency,

_ |nithil 1o + [Mithil )2

FIG. 4. Gradient of the electric potential ¢ evaluated at time step n (dashed), n+ 1 "= (27)
(full) and the predicted value obtained with Eq. (22) (dots). Values obtained at the J nedx
first steps of the simulation. L
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TABLE 1. Argon discharge conditions.
Initial electron number density Meo 1 x 10**m~® Ion (Heavy-species) temperature T, 0.05 eV
Electron temperature T, 2eV Ion-neutral collision integral QMY 1.41 x 107" m?
Electron-neutral collision integral QLY 7 x 10 m? Electron-to-ion mass ratio e=m,/m;  1.36x107°
Ton-to-electron temperature ratio K =T,/T, 0.025 Initial Debye length D 107*m
Squared non-dimensional initial Debye length y = 17 /L2 1 Discharge width L 102 m

with, for DD, the ion diffusive flux [n;Vi[,_. , to account for the out-
going flux. In this way, the number of particles reinjected in the
domain is proportional to the flux of ions to the wall and maintains
the electron population constant in the domain.

VIl. RESULTS

Table I shows the important quantities and non-dimensional
parameters used for the simulations. Various collisional regimes were
investigated; the number density n of the gas is chosen as n ~ n,
= pu/(kpTy) so, varying the background pressure, we can vary the
number of elastic collisions. Figure 5 and Table II detail the conditions
of four regimes: we are showing two of these, ranging from an almost
collisionless plasma to a dynamics fully dominated by elastic collisions.

A. Numerical comparison

We compare solutions from the multifluid and drift-diffusion
approach in terms of number density, (diffusion) velocity, and electric
potential profiles. The number density is scaled with the value at the
center of the bulk [n(x = 0)]; velocity values are presented in non-
dimensional form using the classic (collisionless) Bohm velocity; and
finally, the electric potential is shown scaled with ¢,. All quantities are
obtained at steady state condition, chosen as the moment when
[[urtt —U"|| < 1074

Figure 6 presents the profiles of the electrons and ions number
densities: all the models can provide continuous solutions from the
bulk region (where the chosen scaling allows to overcome the

£72
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— 1004
- 1

£s

c
N oo 1
& 10 7
v &
2 1072 1
£ €2

1073

N Electrons
1079 —— Jons
*  Simulations ____________________________ £
1075_
107! 10° 10! 102 103 104
P, [Pal

FIG. 5. Knudsen number for electrons (blue) and ions (orange) at different back-
ground gas pressures, with order of magnitudes highlighted in terms of powers of
the mass ratio . The lengthscale Ly = L is the width of the domain, the character-
istic length of the bulk. Simulation conditions are shown (stars).

differences in the modeling of the ionization frequency) to the space
charge region close to the boundary. As expected, the profiles differ
significantly in the more rarefied regime: in this condition, the convec-
tive term of Eq. (9) is still relevant and the DD model cannot capture
correctly the dynamics of the particles. As the number of collisions
increases, the movement of the charges becomes dominated by the
interaction with the background gas, with the prediction from the dif-
fusion model getting closer to the multifluid profile.

In Fig. 7, we present the velocity profiles (u for MF and Vj for
DD) throughout the domain and a view of the near wall region: the
multifluid solution correctly captures the substantial absence of current
in the quasineutral region for all pressure regimes, while the drift-
diffusion model extends the acceleration region way beyond the theo-
retical sheath edge for low collisional plasmas. At a higher pressure,
the DD model predicts the same flux of ions compared to the MF solu-
tion; the velocity of the electrons in the sheath presents a small
discrepancy.

Figure 8 shows the profiles for the electric potential; similarly, the
agreement of the two models increases with the neutral background
pressure.

We can now use the information from the numerical simulations
to obtain an estimation of the o parameter we introduced in Sec. I1I,
propose a limit value of the Knudsen number that ensures equivalence
of the two fluid models, and give a possible explanation for the discrep-
ancies visible at a higher pressure.

B. Bridging multifluid and drift-diffusion

Figure 9 shows the velocity of the charges from the center of the
domain until the wall, at different background pressures. We can see
that the charge separation, at low pressures, happens when both veloci-
ties hit the collisionless Bohm speed u, = u; = ug; as the Knudsen
number decreases, the overall speed in the bulk diminishes. The veloc-
ity at the onset of the sheath is now better approximated by the

TABLE II. Knudsen number for electrons Kne, and ions Knj, and the ionization
degree 1 at different background pressures. Characteristic lengthscale of the sheath
is Ly = Zp, and bulk characteristic length is Ly = L.

Kn,, Kn;,
_ Neo
P "=, Sheath  Bulk Sheath Bulk
1Pa ~107% 1143.47 11.43 56.82 0.568
10Pa  ~107° 114.35 1.143 5.68 0.057
100Pa ~107% 1143 0.114 0.568 5.68 x 1073

1000Pa ~1077 1.143 1.14x 1072 5.68 x 1072 5.68 x 107*
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FIG. 7. Charged species velocity for different background gas pressures, scaled

FIG. 6. Number density of electrons and ions, scaled with the value at the center of
the domain for different background pressures. lons are in orange and electrons are
in black. Multifluid solutions have no marker, and drift-diffusion ones are marked in

diamonds. (a) 10 Pa and (b) 1000 Pa.

electrons Knudsen number Kn,,. We can propose a tentative defini-
tion of « that reflects this behavior,

with the Bohm velocity ug. Each case comes with a close-up of the sheath region.
lons are in orange and electrons are in black. Multifluid solutions have no marker,
and drift-diffusion ones are marked in diamonds. (a) 10 Pa and (b) 1000 Pa.

When collisions are considered, we see that the corresponding
term gains importance in both Egs. (9¢) and (9d). If we take a colli-
sional “limit” Kn = Kn,,, = Kn;, = ¢'/2, we have

o = min(Kng,, 1), (28)
and obtain the final scaled version of Egs. (9¢) and (9d). Figure 10 0, {ﬂe (uz I l)] _ne Dup — 16 n.u, (292)
shows the order of magnitude of the terms in those equations, for dif- ¢ & 3y2m &2
ferent values of a common Knudsen number Kn ~ Kn,, ~ Kn;,. In
8 n,vu,v\/ﬁ (29b)

the collisionless case, the term proportional to the collision frequency
is null: the full electron momentum equation [Eq. (9¢)] can be rear-
ranged (remembering ¢ < 1), keeping the dominant pressure and
electric field forcing terms, and integrated to obtain a relation for the

electron number density,

ne(¢(x)) = nc expld(x)],

known as the Boltzmann relation for electrons.

(28 = Mg S
8x{nl(ui+8)] Sé?x(i) N AT

The value is chosen based on the results in Sec. VII A: for the argon
plasma in object, £'/2 ~ 3.37 x 10~2 approximates the Knudsen num-
ber of both species when the two models agree the most
(P, = 1000 Pa in Table II). If we rearrange Eq. (29), we obtain an
expression for the two velocities,
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FIG. 8. Electric potential profiles at different background gas pressures. Multifluid

solutions have no marker, and drift-diffusion ones are marked in diamonds. (a)
10 Pa and (b) 1000 Pa.

3 20\ Oen.
Ue =1¢ (T) <— o + axd’), (30a)
1/2 :
P (f) (—K% - ax¢). (30b)
8 \k n;

These expressions, coupled with Egs. (92), (9b), and (9¢), give an
equivalent set of equations to the drift-diffusion ones in the same limit.
In fact, if we repeat the procedure starting from with Eq. (10), we

obtain
1/2
Ve= % (2—”) (— e 8X¢) ; (312)
& N,
1/2 )
vi=2 (f) (—x% - fw), (31b)
8 \ Kk n;

ARTICLE pubs.aip.org/aip/pop

B 1Pa
I 10 Pa
N 100 Pa
|

1000 Pa
lons
Electrons

0 10 20 30 40 50
X/Ap

FIG. 9. Electrons (dashed) and ions (solid line) velocity obtained with multifluid sim-
ulations varying the background gas pressure (green: 1Pa, red: 10Pa, cyan:
100 Pa, and black: 1000 Pa). Orders of magnitude are highlighted with dotted lines
compared to the mass ratio ¢, the collisionless Bohm velocity ug, and Knudsen
numbers Kng, and Kn;,.

the same expressions of Eq. (30). We proved that, provided that the
elastic collisions with the background gas are frequent, the two models
coincide. It is important to notice that the threshold value Kn = ¢'/2 is
uniquely defined by the choice of the species in the plasma; once the
electron temperature T, and the domain characteristic length are fixed,
the simulation Knudsen number is set by the neutral background pres-
sure through the neutral number density n, appearing in Eq. (8).
Additionally, we emphasize that Kn = ¢!/? corresponds to the contin-
uum limit set by Graille et al."” to obtain fluid equations starting from
the Boltzmann equation.

We can now explain also the small discrepancies at P, = 1000 Pa:
the assumption Kn < &'/? is valid only for the ions, while the electrons
Knudsen number Kn,, remains slightly higher. It is likely that, by
increasing the gas pressure, the dynamics of the electrons will become
fully dominated by the elastic collisions and the distance of the models
will reduce. A similar consideration can be done for the sheath,
whose characteristic length is smaller (Ly = Ap) than the bulk one.
From Table II, we see that the dynamics of the charged species in the
sheath is collisionless, explaining the discrepancy between the two mod-
els in the region close to the walls.

The formulas derived in Sec. V to estimate the position of the
sheath edge are tested in Sec. VII C.

C. Collisional sheath width

Figure 11 shows the prediction of the sheath width wy, = |L/2 — x|
in terms of the initial Debye length /Zp. The position of the sheath
edge x, is computed using Eqgs. (17) and (19). We used here the value
of the ionization frequency coming from the DD simulations. The ref-
erence [“density (reference)”] is taken as the point where the charge
density in the numerical profile hits n.p., with p = 0.049, ie., the
charge density at the position where u; = up in a collisionless MF sim-
ulation (in Beving et al.”” it was set to p = 0.019); the uncertainty of
this value is related to the discretization of the sheath region and is
below 0.14p. As expected, x” can better approximate the creation of
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FIG. 10. Comparison of the order of magnitude of the different terms appearing in
Eq. (9) (top: electrons and bottom: ions). The values are computed by varying the
Knudsen number Kn, common to both charges. (a) Electrons and (b) ions.

the charge separation close to the wall than the value from the asymp-
totic procedure, with an error that gets smaller with the increase in the
background pressure, approaching ~1.54p. The prediction from Eq.
(17) underestimates the width of the sheath, with an error that is con-
stant around 7.5p; this result is a direct effect of the distance of the
asymptote from the true point where the quasineutrality is broken.
Figure 12 compares the prediction of Eq. (15) with the numerical results:
one can see that the distance of the asymptote from the point the analyt-
ical profile departs the simulated profile is non-negligible.

The quality of the prediction of Eq. (19) and its sensitivity to the
parameter p - can be verified using analytical profiles for the sheath.
Figure 13 shows the comparison of the numerical solution with the
analytical profiles corresponding to the Mott-Gurney law,”

P(x) = — /8]‘;%33/2 (32)
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FIG. 11. Estimations of the sheath width for different background pressures width
using three different approaches to obtain the sheath edge position: the position
where the charge density for DD results equals po = 0.049 [‘density (reference)’],
Egs. (17) and (19) with p; = 0.049. X" and x* are computed using the ionization
frequency from the drift-diffusion simulations.

with j; = n;V; the ion diffusion flux at the sheath edge and s = [0, w;]
the adimensional sheath spatial coordinate. Two different threshold
values have been used: Eq. (32) assumes zero electron population in
the sheath; hence, it compares well when higher values of space charge
p ¢ are considered.

At this point, one should test if the estimations obtained from the
drift-diffusion governing laws can be transferred to the multifluid
model. We use the formulas just derived using quantities from multi-
fluid simulations (as the elastic collision frequencies are the same, this
reduces to using the steady state value of the ionization frequency v).
Figure 14 shows a comparison of x** and x” and three different refer-
ences: (1) “Density (reference),” again the point where the charge den-
sity reaches the threshold value p, (2) Beving et al,’” and (3) Baalrud
et al;”® for (2) and (3), the sheath edge is taken as the position where

I 1Pa o
I 10Pa
= 100 Pa o9
—8 7 mEm 1000 Pa
O Numerical o
—— Analytical
0 10 20 30 40 50

X/AD

FIG. 12. Comparison of analytical profiles (solid) of the electric potential
¢ = ¢/, obtained with Eq. (15) with numerical solutions (circles), at different
background pressures.
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FIG. 13. Comparison of analytical profiles (solid) of the electric potential
¢ = ¢/, obtained with Eq. (32), and electron number density n = n/ny
[obtained with Egs. (16) and (32)] with numerical solutions (circles), at different
background pressures. The sheath edge position, obtained with Eq. (19), is modi-
fied varying the imposed charge density pc. (a) Electric potential and (b) electron
number density.

u; equals a modified value of the Bohm speed u°? that is obtained
with, respectively,

Uy = =10(dp/Zin) + /1 4+ 10000/ 2> (33)

and
T, + T;) — meu?
el — M:m (34)
mi

These three criteria have been chosen because they represent different
approaches to the problem of finding a criterion for the sheath edge: one
based on physical reasoning, one obtained from the Sagdeev potential,”
and one that includes electron dynamics in the canonical Bohm criterion.
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FIG. 14. Estimations of the sheath width for different background pressures width
using five different approaches to obtain the sheath edge position: the position
where the charge density for MF results equals p = 0.049 [‘density (reference)’],
Baalrud et al.* Beving et al,*” Egs. (17) and (19) with po = 0.049. x* and x*
are computed using the ionization frequency from the multifluid simulations. (a) Full
and (b) detail.

We can see that our proposed estimations improve when the
Knudsen numbers of both species approach &'/2, with satisfying results
for high background pressures (P, ~ 1000 Pa). In the rarefied regime,
the error is non-negligible, as expected. The two criteria taken from
the literature have great accuracy at low pressures but fail to follow the
behavior when this increases: Baalrud et al.”® include in their modified
Bohm criterion the electron dynamics but neglect the collisions;
Beving et al.”” included ion collisions effects but assumed cold ions’
and constant ion mean free path while neglecting electron friction
forces. In both these cases, u; < ug“’d at a higher pressure, ie., the
modified Bohm speed that is proposed is never met by the ions; there-
fore, the last two values in Fig. 14 give a sheath with negligible width
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(L/2 — ws = L/2). The results in Fig. 14 obtained with Eq. (33) differ
from the one shown in Fig. 9 from the paper of Beving et al. This can be
explained with the choice of units for the plot: in our work, the initial
Debye length /p is the same for every background pressure, as both the
initial electron temperature T, and number density n, are fixed. In the
reference work, the sheath width is shown in terms of Debye length at
the center of the domain Ap ., a unit that is different for every collisional
regime that they propose. Using data from Table IT of the same refer-
ence, one can verify that p . is almost one order of magnitude smaller
at the highest background pressure condition than at the lowest one.

VIll. CONCLUSIONS

In this work, we proved, for the first time, the existence of a limit
Knudsen number that results in the equivalence of the multifluid
model and drift-diffusion approach, under the isothermal assumption.
This value, which should be interpreted as an order of magnitude
expressing a range of conditions rather than a strong upper limit, coin-
cides with the square root of the electron-to-ion mass ratio, which is
the Knudsen number for the continuum limit proposed by Graille
et al.”” in their kinetic derivation of multicomponent models for plas-
mas. We proved that, if a minimum collisionality is met, the multifluid
equations naturally fall back to a multicomponent description of the
plasma; in fact, the drift-diffusion equations in this work can be seen
as a particular of the model in Graille et al.,'” where only binary inter-
actions are considered and with the movement of the particles
described with respect to the laboratory reference frame (not moving).

The limit value was obtained by a non-dimensional analysis that
included a novel scaling for the velocity of the charges in the bulk.
Numerical simulation of an isothermal argon discharge showed great
agreement for high background gas pressures (P, = 1000 Pa). After that,
starting from the drift-diffusion equations, we obtain two formulas for a
priori estimation of the sheath width: the first one is independent of any
additional hypothesis, but it is less accurate; if we introduce an estimation
of the charge separation,” we can improve the predicted value.

This work is open to further developments: higher pressure
regimes should be investigated to confirm the intuitions coming from
the high regime considered here; the isothermal condition should be
lifted, introducing the effect of chemical reactions; more complex mix-
tures should be considered, moving to a full multicomponent-
diffusion description. Finally, we considered for our simulations only
the case of a sheath in front of a floating wall: other case should be con-
sidered, such as electron sheaths and double layers. In this latter case,
for example, the characteristic length of the quasineutral region might
be reduced, causing the Knudsen number to be larger, hence the equiv-
alence to happen at higher background pressures.
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