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Abstract

Partially ionized plasmas corresponding to different ionization degrees are derived and con-
nected one with each other by the diffusion approximation methodology. These plasmas are
the following electrical discharges: a thermal arc discharge, glow discharges in local thermo-
dynamic equilibrium -LTE- and in non-LTE, and a non-LTE glow discharge interacting with
an electron beam (or flow).

Keywords: Arc discharge, glow discharge, electron flow, gas mixture, disparate masses, im-
pact ionization, inelastic collisions, diffusion approximation, fluid limit, Hilbert expansion, Saha

plasma.

1 Introduction

Quasi-neutral gases of charged and possibly neutral particles which exhibit collective behaviour
can either be natural or manmade. Well known examples of natural plasmas are solar corona,
solar wind, nebula, lightning strokes, and aurora Borealis. Manmade plasmas have existed for
almost two centuries and developments useful for practical applications are still in progress.

In this study we investigate cold plasmas, that means partially ionized with electron energies less
than a few hundred of electron volts. The most common way to form and maintain a cold plasma
is, up to now, the electric discharge in a gas, or gas discharge. Various electric discharges exist
and produce plasma characterized by different parameters such as luminosity, electron energy,
and ionization degree. Most manmade cold plasmas have electron densities lying within the
range of 105 to 10'® electrons/cm?, and electron energies from 0.1 to 20 eV. They can thus be
used for a broad variety of applications.

A simple way of making discharges (developed by Townsend) is to introduce a gas into a glass
tube ended by two planar electrodes distant by [ and apply a voltage V [18]. Consider for
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instance a DC discharge and a low pressure neon gas (1 Torr) with [ = 50 cm [12], [19]. Varying
the applied voltage V, three types of discharges may be observed and classified as function of
the measured current I flowing through it: the dark discharge (where I < 107> A), the glow
discharge (107 < I < 1 A), and the arc discharge ( I > 0.1 A). In addition, each type of
discharge is subdivided into regimes.

The dark discharge (invisible to the eye except for corona) covers the background ionization
regime (10710 < I < 1072 A) and the saturation regime (I =~ 1072 A) where ionization is
only produced by surrounding sources such as cosmic rays. It also covers the Townsend regime
(1079 < I < 107® A). There, electrons in the discharge start being enough accelerated by the
applied electric field for initiating ionization reactions and producing secondary electrons, but
not enough to self-sustain the discharge. As the applied electric field further increases, the
secondary electrons may also in turn initiate ionization, leading to an avalanche. The Townsend
regime includes the unipolar corona discharge (where visible radiations start being emitted)
and sparking or electrical breakdown. Corona discharges can indeed be either initiated from
electrodes with sharp geometries or from asperities creating a localized electric field larger than
the breakdown voltage.

Discharges get self-sustained when their voltage reaches the breakdown voltage. Then, the
cathode layer generates enough electrons to balance the plasma current in the positive column.
This delimits the transition from dark to glow (luminous plasma) discharge. The glow discharge
includes the normal glow regime (1075 < I < 1072 A) characterized by almost independent
current-voltage and the abnormal glow regime (1072 < I < 1 A) where the current increases
with the voltage up to the glow-arc transition zone (0.1 < I <1 A ). Dark and glow discharges
are both non-thermal with gas (that is ions and neutral) energy much lower than the electron
energy. Moreover electrons do not always sufficiently interact among themselves to achieve
kinetic equilibrium, so that their energy distribution function is often non-Maxwellian.

The arc discharge also has a non-thermal regime, which is associated with a falling voltage
(1 < T <10 A) and, as in this example, a low pressure (1073 - 100 Torr). In addition, and
contrary to the previous discharges, it posseses a thermal regime which is associated with an
increasing voltage (I > 10 A) and a high pressure (0.1-100 atm). There, all the species (including
electrons) are usually in local or partial local thermodynamical equilibrium, and temperatures
are of same order.

These three types of electric discharges are involved in various domains such as: wave absorp-
tion for stealthness [17], energy transport [14], industrial products and manufacturing [19], [20].
As an illustration, corona is the operating principle of electrostatic precipitators, xerography,
surface modification of polymer films (wettability, adhesivity), antistatic applications for photo-
graphic films and plastic sheets, or plasma chemistry (for producing ozone for instance). Many
applications are also based on high voltage plasma discharges, that is above the electrical break-
down. Glow discharge plasma is the operating principle of lightning devices such as neon and
fluorescent lights, plasma screens, plasma chemical reactors. Glow may also be used for deposit-
ing thin films, as active media for gas lasers, and for forming charged particle beams allowing
doping micro-electronics components for instance. Arc discharges are often coupled with a gas
flow to form plasma jets with temperatures above the melting (and/or vaporization) point of
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many metals and ceramics; they are thus commonly used for material processing [2]. An impor-
tant application field is in metallurgy to cut, melt or weld. Another concerns plasma torches
used to spray protective coatings (for a better resistance to wear, corrosion, oxidation, thermal
fluxes, also for electric or electronic purposes and bio-compatibility) or to vitrify toxic wastes
for instance. In addition, these types of discharges may be associated to take advantage of their
respective properties. A typical example is the gliding (or auto-oscillating periodic) arc that
combines non-thermal arc properties (promoting selective chemical reactions) to thermal arc
properties (high power level), [15]. Gliding arcs were first applied in the beginning of the 1900s
for producing nitrogen-based fertilizers. Nowadays they are used for many chemical applications
that cannot be made with conventional means (combustion): environmental control to reduce
emission of indutrial exhausts such as chlorofluorocarbons for instance.

The cold plasmas investigated in this study are the typical non-thermal and thermal discharges,
that is the glow and arc discharges. The ionization mechanism of a plasma glow is mostly
provided by direct electron impact with non-excited atoms and molecules. Conventional values
of glow discharge parameters are: high voltage between electrodes (100-1000 V) to promote
enough secondary electron emissions, low electrode current (10=% - 0.5 A), a power level of
around 100 W. Concerning the plasma core (or positive column), the electron energy ranges
from 1 to 3 eV, the gas temperature is close to room temperature, the ionization degree is weak
with an electron density ranging from 10 to 10! electrons per cm?, and the gas pressure is low
(0.03 - 30 Torr). In the vicinity of atmospheric pressure, the ionization mechanism of a thermal
plasma arc is mostly provided by direct electron impact with preliminary excited atoms and
molecules. At larger pressure radiative ionization also gets important. Conventional values of
thermal arc discharge parameters are: a lower voltage between electrodes (10-100V) leading to
Joule heating of the gas, a larger arc current (30 A - 30k A), and a power level per unit length
larger than 1kW/cm. In the positive column electron and gas energies are of same order (1-10
eV), the ionization degree is moderate with an electron density within the range of 10 to 10
electrons per cm®, while the gas pressure is often atmospheric or even larger (0.1-100 atm).

We here focus on plasmas defined according to Langmuirs description: the region of a discharge
not influenced by walls and/or electrodes. In other words, we study the plasma core, or positive
column. The transition zone (sheath) between the plasma and its boundaries is not considered
here. It screens electrically the plasma from the influence of its surrounding and has properties
that differ from the plasma properties. Its modelling still raises difficulties. There exist various
models developed for low potential fall and very narrow sheath as in arc discharges, also for larger
potential fall and thick multi-layer sheath as in glow discharges. Further details are available in
[12], [19].

As mentioned earlier, a gas discharge provides a mean to produce either ion or electron beams.
The beam particles may initially have a rather low drift velocity and broad thermal velocity
distribution. External electromagnetic fields are thus often used for accelerating them, narrowing
their thermal velocity distribution, also for deflecting, focussing, or keeping parallel the beam
in order to transport and utilize it effectively.

Charged particle beams were first used for atomic and nuclear physics, and are now also applied
to plasma diagnostics, space propulsion applications, film deposition [21] and ion implantation
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for microelectronics, to perform precision electron beam welding, rapid cutting of thermosetting
plastics, cross-linking of thermoplastics to improve their physical properties, promote or increase
plasma chemical activity, to invert the population of a gas laser and give rise to light amplification
(from the soft X-ray region to the far infrared) [13], to control thermonuclear reactions via plasma
heating [5], to process of surface treatment and depollution of high-volume exhaust streams [13],
to support externally nonself-sustained discharges, or to study stellar plasma. Some of these
listed applications combine an electron beam interacting with a plasma. We also investigate
that case, considering a glow plasma that interacts with an electron beam characterized by a
low drift velocity and a broad thermal velocity distribution. In the sequel, we will use the term
electron flow rather than beam, to avoid any confusion with focussed and mono-energetic beams.

In this study, we start from the kinetic scale to derive macroscopic hydrodynamic/diffusion limits
suited to the modelling of the plasma column of: an atmospheric thermal arc discharge (denoted
by case 1), a glow discharge (case 2), and a glow discharge interacting with an electron flow (case
3). We account for impact ionization and recombination, and neglect radiative ionization and
recombination (that get significant for high pressure thermal discharges). We thus investigate
partially ionized plasma whose electrons, ions and neutral molecules are subject to elastic binary
collisions as well as impact ionization and its reverse recombination reaction. The activation
energy A of ionization reactions is supposed to be constant and given by the impacting electron.
We will see that the coupling between electrons and heavy species plays a major role.

Let us recall that the derivation of hydrodynamic/diffusion limits for a binary plasma gas mixture
can be found in [9] for instance. The ternary gas mixture corresponding to a very weakly ionized
plasma, such as a glow discharge where ionization occurs very seldom, is studied in [10]. A
problem with dominant impact ionization and its reverse recombination is investigated in [7]-[§]
within the frame of semiconductors (where all charged particles have masses of same order) and
in [6] in the arc discharge context (where electron and ion masses differ by orders of magnitude).
This paper is a followup of reference [6], where we give a more precise description of the model.
We start this study introducing the kinetic model: a system of Boltzmann type transport equa-
tions governing the distribution functions of electrons, ions and neutral molecules. This system
is coupled through collision operators that involve three collisional processes: i) elastic binary
collisions where at least one particle is neutral (Boltzmann), ii) elastic binary collisions between
charged particles (Fokker-Planck), and iii) inelastic collisions with impact ionization and its
reverse recombination.

This system is scaled in section 3, based on its two small parameters. The first parameter
measures the relative smallness of the electron mass with respect to the neutral particles. The
second parameter d measures the ionization level of the plasma. The three different cases:
themal arc, glow discharge, and glow interacting with an electron flow are then introduced.
Sections 4 to 6 are devoted to some preparatory results: the conservation relations of the collision
terms, the moment method, and the diffusion scaling, that will be used when investigating each
of the three different cases. A model of thermal arc discharge is then derived in section 7. For
readability purpose, the proofs of sections 6 and 7 are detailed in section 8. A model of glow
discharge is then developed in section 9, and its interaction with an electron flow is detailled in
section 10. The hierarchy between these various models, as well as the macroscopic limit linking
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two successive steps of this hierarchy are schematicaly summarized in section 11.

2 The kinetic model

Let us consider a mixture made of three species: electrons (e), ions (i) and neutrals (n), which
interact all together, through various collisional processes which can be of elastic or inelastic type
(taking thus into account ionization or recombination processes). Denoting by f, (o = e,i,n)
the distribution function of the « species, the kinetic system modelling this mixture is given by

[6]:

atfa+va‘vxfa+% Vg fa = (8tfa)cv (1)

(e}

where m, is the mass of the a species and F, denotes a force term; moreover, the notation
(0¢fn)e stands for the collision terms which are given by:

(8tfa)c = Qaa(fcwfa) + Qaﬂ(fa:fﬂ) + Qav(fwf'y) + Qa,ir(fmf&f'y)v (2)

where the superscript ir stands for ionization-recombination, and «, 8,y = e,i,n with a # 3 #
v # «a. Let us now describe more precisely these different collision terms, starting with the
elastic ones.

Let us first consider binary elastic collisions between the two particles o and 5. When one of
these particles (or both) is neutral, collisions are governed by short range forces, significant only
when the particles are in close proximity to each other. Then, the binary collisions are described
by Boltzmann operators of the form:

Qop(far [3)(va) = /]R?)Xs2 o5 |va — %!(fa'f@; - faf@) dvg, d$ (3)

where @« = n and 8 = e,i,n or a = e,i,n and § = n. In this expression, v, [resp. vg,] is the
velocity of particle a [resp. (] before collision, and f, [resp. fg,] denotes: f, = folt,z,vq)

/

[resp. fs, = fa(t,z,v8,)]. The post-collisional velocities vy’ and wvg,’ are defined from the

pre-collisional velocities v, and vg, by:

Vo) = Vo — 2 M((UQ —vg,) - Q)Q and wvg,' =wvg, +2 M((va —vg,) - Q)Q, (4)
me mga

where fiq3 = mamg/(ma + mg) is the reduced mass, and 2 € S’_Qi_ denotes a unit vector of part
of the unit sphere S? of IR defined by: 5% := {Q € S% (va —vg,) - Q> 0}. The notations fu
and fg stand for fo(t,z,v,") and fg(t,z,vg,"), respectively.
The scattering cross section Ufﬂ is a function of two variables:
B B
Ja,@ — Oap (87X)7

‘ 2

where £ = f1a8|va — v3,
While the former belongs to IR, the latter lies within the range [0, 1].

is the reduced kinetic energy and y denotes the angle < ol Q>

Iva_vﬁ* | ’



hal-00139173, version 1 - 29 Mar 2007

Elastic collisions between two charged particles a and 3 are conversely governed by long range
Coulomb interactions which act between each and every charged particle in the plasma. They
are modelled by Fokker-Planck-Landau operators:

2
Hao
Qap(far f5)(va) = miﬁ Vg - [/ Ufﬁ |[va — v, [> S(va — vg,)
R3

(e}

x(niavuafa fa. — niﬁvvﬁ*fﬁ* f") dvp, }’

where o, 8 = e,i and V,_ fo = (Vfa)(vs), while S(w) denotes the matrix S(w) = Id — 2%

‘w‘2 ’
Id being the identity matrix. Here, the scattering cross section for grazing collisions afﬁ only

depends on the reduced kinetic energy:
F F
UO&,B = Ua,B (5) .

Radiative ionization and recombination are supposed to be negligible; the ionization process we
consider is thus impact ionization. Its mechanism can be schematized by the following direct

and reverse reactions:
et A e+ e+ AT and e+ A < e 4 e + AT, (5)

where e represents an electron, AT a single charged ion, and A the related neutral atom or
molecule. 0 and ¢” stand for the direct and reverse reaction cross sections. They are supposed
to be positive.
Applying the principle of detailed balance, we assume in the sequel that these cross sections are
linked through

ol =Fy o, (6)

where Fy is a positive constant, which represents the efficiency of the dissociation with respect
to the recombination. The ionization-recombination operators are then given by:

Qe,ir(feafi»fn)(ve) = /]Rl2 o" 51} 56’ (fe’ fe* fz —Fo fe fn) dve/ dvz dvi dUn

(7-a)
42 [ 0" b 5o (Fo S fu= . S £ v e dvs o,
RI2
Qi,ir(fe:fiafn)(vi) = /]Rl? o by o (]:0 fe fn - fe’ fe* fz) dve d'Ue, d'U: dvy, (7'b)
Qn,ir(feafiafn)(vn) = /Bl2 o" 511 65 (fe’ fe* fz - Fo fe fn) dve dve/ dv; dvi- (7'C)

We suppose that the activation energy of impact ionization reactions is given by the electron,
and not by a heavy particle, so that the reverse reaction cross section writes

o = 0" (v, vk, i ve, vp) = 0 (v vk ve), (8)
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and 0"’ = 0" (ve, v¥;v.). The notations d¢ and d, hold for the energy and momentum conserva-
tion during the ionization-recombination process; more precisely, we have:

b = O(melvel? + malval® = [me(|o[2 4 [02[2) + mafuil? + 24] )

5y = 5<meve + mpvyp — [me(ve +v) + mwﬂ), (9)

where ¢ denotes the Dirac measure, and A the ionization energy (which is a constant). In the
same way, the notations d¢/ and §,, stand for:

b= O(mefoll? + mafonf? = [me(fuef? + [0?) + maloi[? + 24] )

Sy = 6<mevé + mpvn — [Me(ve + v5) + mzvz]> (10)

Notice that the factor 2 in Eq. (7-a) is a consequence of the indistinguishability of the two
electrons in the right hand side of equations (5). This indistinguishability and the principle of
detailed balance imply that

o =0 (v vk ve) = 0" (V) v ve) = 0" (ve, v v ) = o (11)

Remark. In this study we do not consider the internal energy of atoms or molecules and
the related ions. This is justified as far as glow discharges are concerned since then heavy
particles are ”cold”. For arc discharges this assumption is a simplification since, as mentioned in
introduction, the heavy species are pre-excited by Joule effect. The internal energy of atoms or
molecules may thus contribute, jointly with the electron kinetic energy, to promote the ionization
reactions.

The reference values of the problem are now introduced in order to scale the kinetic system (1).

3 Different scalings of the kinetic system

Let us first introduce the different small parameters involved in this study. First, ¢ denotes
the parameter measuring the relative smallness of the electron mass with respect to the neutral
particle:

e= /e = \/ _Me <1,
My, m; + Me

Case 1: For a thermal arc discharge the plasma column is in local thermal equilibrium (generally
partial) so electrons, ions and neutral species have temperatures of same order of magnitude 7.
Case 2 and 3: For a glow discharge, local thermal equilibrium is not satisfied. Electrons have
energies of the order of the electronVolt (where 1 eV may be asociated to 11 065 K), while
ions and neutral species have temperatures close to room temperature. So heavy and electron
temperatures do not have the same order of magnitude; the difference is however rather small
and gets almost negligible as far as thermal velocities are concerned (the square root of the
characteristic temperatures ratio being less than one order of magnitude).
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Case 3: The electron flow retainned in this study is also supposed to have a temperature of
order Tj.
The characteristic velocities of all species (v,)o are thus defined in all cases as the respective

kT
(va)o = U—O, with a=e,i,n,
My

k being the Boltzmann constant. Consequently, these velocities only depend on the masses, and

thermal velocities, i.e.

more precisely we have:
(vn)o = V1 —¢€? (v;)o = € (ve)o-

Besides, we will choose z¢ = tg (ve)o as reference length. The reference time t is specified latter
on, for different physical situtations.

We assume that the mean densities of the charged particles (denoted by (pe)o and (p;)o) are
smaller than the typical density (p,)o of the neutral particles; but, a priori, they can have
different orders of magnitude. We thus denote by . and §; the two small paremeters defined
by:

_ (pe)o ~ (pi)o
= oo " (oo

In the particular case (pe)o = (pi)o, we simply denote by § the ratio

5= (Pelo _ (pi)o

(Pn)o (Pn)o

Y

and call it the ionization level. We get the following general orderings (compare with ([6]):

9 (51
<~ Tiis

gt

d;
Tee = (1 —52)26—Tei = e(1-¢2)%?q, =

and:
€ €

Ten = Tin = €Tnn = OcTne =
V1—¢g? V1—¢g?

The dimensionless kinetic equations then write:

atfe + Ve - V:cfe + Iy - vvefe = Qi(fe:fiyfn)v
i + ﬂ%j (vi - Vafi + Fy - Vo, f2) = Q5 (fe. fir fu). (12)

atfn +e (Un : vzfn + F, - anfn) = Q;(fea fi7 fn)a

0iTni-
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where we have set for simplicity:

Qelfer firf) = =% Qoo fi F)

wr

0;
2 Quelfer f2) + FQEe )] + 7= Qi ),
Q (f&flvfn):mgi zzr(fevf%fn)
t() £ ' to &g c ' (13)
‘|‘ [ ,71—625 Qll(fl?fl)“—g Q (flafe)] ‘|‘a /71—62 in(fzafn),
Q%(fmfi;fn) = anr(f&fiaf”)
d;
+*[e Qunls ) - G Qs Jo) + =g @il £9)]

The scaled collision operators are now detailed. In the Boltzmann case, we have (note that the

factor 1/¢ just below is due to the fact that the integral term in the expression of )%, is of order
g; we refer to [9] for details, and to Lemma A.1):

2 n — Ve
T P T (80

— & Up e re
lfe o) = VI | BE(Pm ) (f2 £ fefa) don d0,

e fe) (0n) = = fuf.) dv. d,

i, ) 0n) = /1= §e2 /R BB 1% Q) (Fafp = fufi) dvi d,

1—§€

and

Qun(Fos f) () = / BE (0g — 05, Q) (fufu™ — fufu®) dvf, dQ.

IR3x 52

Concerning the Fokker-Planck-Landau case, the scaled collision operators read:
Qaa(fas fo)(va) = Vi, /d Bf (Vo —v3) S (va —vy) (V'Uafafa* - Vv;fa*fa> dvy, with a = e, 1,
R

Quilfer f)oe) =VI=2 W, | B7(VI—ePu—cw) s(ve - =)

< (Vadefi == Vudife) dvs
and
Qe (fis fe)(vi) = =V, - - Bf<€ v —V1—¢? ’Ue) ( Vi e)
$(Vodefi = =5 Vudide) dee
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We refer to Lemma A.1 and A.2 for a precise development, in terms of the small parameter
e, of these elastic inter species collision operators. Let us finally consider the inelastic collision

operators. The scaled conservation equations (9) are written:

o = O(luel? + Junf? = [l [P+ 022 + ol + 24] )
(14)
0y = 5(5ve+vn—[5 (v +vf) + V1 —¢e? vi]>,

where A holds for the ionization energy scaled by the thermal energy kTp, so that these operators
also depend on . Moreover, the factor Fy has to be rescaled according to the relation:

o\ 32
Fo = edi(pn)o <e> Fo,

where k is the Boltzmann constant, and F{ (which will be later simply denoted by Fy) is of
order one. We refer to Lemma A.5 for a development of these operators in terms of € and also
to some properties (weak formulation, entropy ...) of their leading order terms.

All along the present study, we assume that the smallest time scale unit is the one related to
the collisions with the neutrals, and more precisely that we have:

to = Ten << Tjr = Tee- (15)

We also investigate different orderings of the ionization processes (i.e. of the parameter 7;,) and
various values for the parameters d. and §; corresponding to different physical situations. More
precisely, we consider three cases, which share in common that:
T
Tir = Tee — %. (16)
i
Case 1: For a thermal arc discharge, the plasma column is free of space charge, i.e. quasi-

neutral, thus §; = . = 6, [6]. The ionization level § lies within the range 1073 to 107!, so that
6 ~ . This case thus corresponds to:

§;=6,=6=-¢. (17)

Case 2: For a glow problem the plasma column is also free of space charge, i.e. quasi-neutral,
thus §; = d. = J. But the ionization level is lower than for an arc discharge; it lies within the
range 1078 to 1075, so that § < 2. Here we will retain § ~ 2 which corresponds to (see[10]):

§i=0.=0=¢ (18)

Case 3: In the last problem, a glow discharge (as in case 2) interacts with an electron flow of
relative numerical density ¢ peqrm = € compared to the neutrals of the plasma glow. The electron
and ion densities of the system (glow discharge + electron flow) have thus different orders of
magnitude. More precisely we suppose that:

Si=¢e% do=e+e~e (19)

10
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So in all the cases under consideration here, we have:
6 < 0. < e (20)

From now on, we suppose assumptions (15), (16) and (20) fulfilled (we will particularize each
specific case later). So, the collision terms (13) have the following orderings (all the parameters
involved in the equations below are small parameters):

Qelfes fis ) = Q(fes Fa) + 05 [Qeelfes o) + BQ5fer i) + Q2 (s fis f)]

Qf(fe)fiafn) = ﬁ ?n(flafn)"*’ 56Qi,ir(feafi>fn)

16 o (21)
+€(5¢ [m ZQii(fi)fi)'i_Qie(fmfe) )

%%nm:mwmm+@hmmﬁw S

V1—¢g2 Je

Within this framework, we remark that impact ionization can be a leading order collisional

’Iil(fn7 fl) + i Qi,ir(f& fla f’fl>

process. More precisely, in the first and third cases (i.e. under assumptions (17) or (19)), it
is actually a dominant collision term for the ions. As a direct consequence, this will lead to a
generalized Saha law (55) for the corresponding equilibrium states (see Proposition 6.1 below).
In order to derive a macroscopic model, we use, if possible, a classical moment method, that
we briefly recall in paragraph 5. But for this method to work, we first need some conservation
relations concerning the collision operators that we now state.

4 Conservation relations of the collision terms

Concerning the elastic collision operators, we have the following classical conservations [3] , [4] :
(i) The intra species elastic collision operators conserve mass, momentum and energy, which

writes:
1 0
/ Qa,a(fom foz)(voz) Vo dv, = 0 , = e i,n. (22)
R3 2
[val® 0
2

(ii) The inter species elastic collision operators conserve mass, i.e.:

/]1%3 Q5. 5(fa, f3)(Wa) dva =0, «a,B = e,i,n, (23)

while they globaly conserve the impulse and energy of the considered coupled system of particles,
which means that we have:

fRS QZn(fea fn)(ve) Ve dve + fRS Q%e(fna fe)(vn) Un dvn =0, (24)
ﬁ fR:S Qii(fea fi)(ve) Ve dve + fRB Q;Cj_e(fiv fe)('vi) (% dvi = 07 (25)
fRB an(fla fn)(vz) (% dvi + ﬁ fRii wa(fn; fz)(vn) Un dvn = 07 (26)

11
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fRa* Qen(fes fn)(ve) ‘Ue‘Q dve +¢ fRB (frs fe)(vn) ‘”nP dvp, =0, (27)
fRS fevfz ( )|U€‘2dve +e f]RB fzafe)(vi) |Ui|2dvi =0, (28)
fR3 in (fis fn)(vi) ’UZ‘Z dv; + f]R3 fn:fz)(vn) ’Un’2dvn =0. (29)

(iii) The inelastic collision operators conserve the electric charge and the number of heavy
particles, i.e.:

fR3 Qi,ir(fea fia fn)(ve) dUe - fRS Q'iir(fea fia fn)(vl) dvi = Oa (30)
fst st',ir(f'ﬁv fis fn)(vi) dvi + fR3 Q%,ir(fev fis fn)(vn) dvp, = 0. (31)

(iv) Last, these ionization-recombination operators conserve the global momentum and energy,
which gives:

€ fRs Qg,ir(feafivfn)(ve) Ve dve + V1 — g2 fR?s fir fes fiy fn) (0i) w3 du;

+ fR3 nzr(f67flafn)(vn) Undvn = 0 (32)
S Qe £ we) (155 + A ) e 4 foa Qg (e Fi Fo) () 15
+ fR3 Qfl,ir(fea fl'v fn)(vn) % dvn = 0. (33)

5 The moment method

The aim in this paper is to derive (when it is possible) a fluid model for the mixture. This one
involves the following scaled macroscopic quantities associated with each species a: the mean
density po, mean velocity u, and total mean energy W,, which are defined by:

Pa 1
Palle = / Vo fa (Uoz)dva- (34)
R3
Wa % |Ua ’2

One can also split the total energy W, into the kinetic energy (%na\ua|2) and the internal energy
according to:

1 . 1
Wa = iloa‘uaP + Wa, with Wa = 2/3 ‘Ua —ua|2fa('l)a)d’l)a. (35)
R

A way to derive an evolution system for the above macroscopic quantities consists in multiplying
the kinetic equation for the o species by 1, va, |va|?, and integrating with respect to the velocity
variable v,. If we do this manipulation directly on the kinetic system (12), we get the following
system (setting for simplicity e, = 1, for a = e, 4 = /1 — &2 for « =i and g, = ¢ for a = n):

at,oa + diVx(paua) = Raa
at(paua) + €a [divx(paua QU + Pa) - paFa] = Socv (36)

OWo + €a [divx(waua + Pou, + Qa) — Palq - Fa] = U,

12
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where we have introduced the pressure tensor P, and the heat flux vector Q, defined by:
P, = fR3 fa(va) (Vo — ua) ® (Vo — Ug) dvg,
[va —ual? (37)
Qo = fRis foc(va) % (’Ua — ua) dvg;

we have also set, for the source terms:

Ry = fRS Qi(fe, Jis fn)(va) dva,
S = f]R?’ Qg(feafiafn)(va) Vo Vg, (38)
Ua = fas Qafes fis f) (va) 5 dv.

Let us note that, as all the elastic collision operators conserve mass, the source term R, only

depends on the ionization-recombination term Q;ir( fe, fi, fn); moreover, the source terms S,
and U, do not depend on the intra-species collision operator Qq,o(fa, foa) because this one also
preserves momentum and energy.

But system (36) is not closed, because the space derivatives cannot be a priori expressed in
terms of the macroscopic variables (pq, ta, Wy ). One thus need a ”closure relation”, in order to
compute the pressure tensor and the heat flux, which consists in supposing that the distribution
function f, has a particular form which can be expressed only with the macroscopic variables
(Pas o, Weo). This is the usually called the "Local Thermodynamical Equilibrium” (LTE) as-
sumption: the distribution function is supposed to be close to a Maxwellian, i.e. a function of
the following form (still in scaled variables):

p Ve — ua]®
Pa MuO“Ta (’Ua) = W exp (_w) . (39)

For such functions we have in fact:

1 P
/ Ve Pa Mua,Ta (Ua) dve, = Pala ) (40)
R\ 1 2
§’Ua| Wa
with here:
Wy = §pa|ua] + we, with w, = ipaTa, (41)
and also:
Py = pald,  with  pa = paTa, and  Qn = 0. (42)

A way to justify this LTE assumption consists in viewing the system at large time and space
scales, far larger than the typical time and space units related to the collisional processes.

So, from now on, we write the kinetic system at far larger time and space scales, and more
precisely at the ”diffusion” scale (t — £2t, x — ex) (this terminology will get more clear later).

13
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6 The diffusion scaling

We start from the scaled system of kinetic equations (12) with collision terms given by (21).

Introducing the diffusion scaling of small parameter €: t — ¢%t , 2 — ex, we obtain:

Oufe + 2 (Ve Vafe + Fe - Vo fS) = & QL 7 £7) (43)
Off +vi-Vauff +F -V ff = 2 Q5 (S, 5, 1) (44)
Oufs+vn - Vafs+ Fo- Vo [ =2 Qu(f f5, 17) (45)

Let us however point out that the sources terms in (44) and (45) are in fact of order 1 because,
on account of (20), Q5 and @5, are both of order e.

Now, taking the moments of these equations with respect to the velocity variables leads to
the following system (apart from the index e, the notations are those defined in the previous
paragraph):

0o + ¢ div(pfug) = H RE,
Bu(pug) + ¢ divk(piug @ ug +P5) — 2 piFe = 5 S, (46)
OHWE + L dive(Weug + Plu + Q%) — £ peus - Fe = % U,

and, for the heavy species (i.e. a=i,n) by:
Dup, + divi(psug) = & RS,
Oul i) + diva(pis, @ s+ P) — piFa = & S5, (47)
DIWE + divy (Wous, + PSus, + Q3) — pius, - Fo = 5 US,

but with R, S5 and U; of order e, still on account of (20).

We now look for the limit ¢ — 0 of this macroscopic system (46) -(47). To this aim, we have to
perform the limit € — 0 in the microscopic system (43)-(45), with collision terms given by (21).
We first replace in (21) the elastic (and inelastic for neutrals) inter species collision operators
by their expansions in terms of ¢ (according to Lemma A.1, A.2 and A.5). Then we expand the
solutions in powers of ¢ according to:

fe=fl+e fl+0@E?), a=ein, (48)

and insert these expansions in the system (43)-(45). Finally, we identify terms of equal powers
of €, starting with the lowest order terms, which are of order e~2 for the electrons (in equation
(43)) and ¢! for the other species (i.e. in equations (44) (45)). We get:

0 (79, £) ) =0, ()

an( 797 fr?) (vn) = 0. (50)

14
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Concerning the ions, if 6. = ¢ (which corresponds to cases 1 (17) and 3 (19)), we get:
QU (£, £2) (w) + Q2 (42, £, 12) (i) = 0, (51)
and, if 5. = &2 (i.e. in the second case (18)), then:
D (£0.12) w) = 0. (52)
This allows to derive the equilibrium distribution functions f2, flO and f9. More precisely, we

first obtain (the proof is postponed to section 8):

Proposition 6.1: The equilibrium distribution function of electrons f° is an isotropic function.
The equilibrium states for neutral particles (f2) and ions (f°) are Mazwellians characterized by
the same mean velocity v and temperature T':

Ve — u|2

fao(va) = pocMu,T<va) = pia €xp <_2T,

nT ) > ,  with a=1i,n. (53)

Moreover, if ¢ = € (which corresponds to case 1 (17) or to case 3 (19)), we have:
?,ir( g, ?ﬂfr?)(w): 2,ir< g? iovf701>(vi):07 (54)

and, if fO # 0, then the density p; is given in terms of the two other species by:

/ 0" (vl vk ve) 62 F2(|ve|) due dve’ du}
IR9

Pi = Pn -7:0 )
/ o (vl s ve) 6 FO(IAN) FO02) due due du
RQ

er Ve

where 62 stands for |ve|* = |ve/|* + |vE]? + 2A.

Remark. Let us point out that relation (55) is a generalization of the Saha law (62) exhibited
in [6] in the first case (i.e. under assumption (17)). ]

As the heavy species share in common the same mean velocity v and temperature T, we can
drop the two last equations in the fluid system (47) for one species, for example for o = i, and
keep the complete system only for & = n. Moreover, if 6. = € (i.e. in case 1 (17) or 3 (19)), p;
is completely determined, in terms of the other species, by (55); so, in that case, we can drop
the whole fluid system (47) for a = i.

We also remark that, at this level, the electrons have not necessarely reached their local ther-
modynamical equilibrium: the order zero term f9 is only for the moment an isotropic function.
Moreover, on account of the assumption (20) (and the resulting scaling (21) for the collision
terms), it will not be possible to go further (i.e. to obtain a Maxwellian distribution) if we
suppose for example &; = €2, which corresponds to the two last cases under consideration here.
But, concerning the first one, it will be (see section 7 below). As a consequence, the macrosopic
models will be completely different, especially concerning the electrons: we obtain an ”energy-
transport” (ET) model in the first case (i.e. a diffusion system on the electronic density p. and
temperature T;), and a model, that we will denote by ”SHE-FP” model ("SHE” for ”Spherical

15
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Harmonic Expansion” - using a common terminology of semi-conductors theory- and ”FP” for
”Fokker-Planck” model - referring to plasma context-), in the last two cases (i.e. a diffusion
equation on the isotropic distribution function f2). But in both cases, the electronic models
depend on the heavy species through transport coefficients and source terms.

Notice that these results are in agreement with the physical properties of glow and arc discharges
(recalled in introduction): in glow discharges, and contrary to arc discharges, electrons do not
always sufficiently interact among themselves to achieve kinetic equilibrium, so that their energy
distribution function is often non-Maxwellian.

So, we now propose to examine separately each situation, combining a classical moment method
with a Hilbert method, when necessary, for electrons. We start with the first case, which
corresponds to the arc discharge problem.

7 Case 1: a thermal arc plasma

We recall that this case corresponds to a partially ionized plasma with assumptions (15), (16)
and: §; = 6. = = € [6]. The scaled collision terms are here given by:

Qelfes fis ) = Qs Fa) + & | Qeelfr fo) + Qe Fi) + Qs fis )|
1
Vi-g
1
V1—g?

sz(fevfhfn) =& an(fnafn) + 52 |: fle(fnafe) +

Q;;(fafiafn): € |: fn(fzafn)"— ng,ir(f67fiafn):|

(56)

e { Qulfis £) +Q§e(fi,fe)] ,

1
T Gl )+ Qe fnﬂ ,
Replacing in (56) the elastic (and inelastic for neutrals) inter species collision operators by their

expansions in terms of € (according to Lemma A.1, A.2 and A.5), we get the following kinetic
system:

OfE + L (ve- Ve + Fo- Vo f) = 5 QU5 12)
L [QLfE F) + QUUE ) + Quel e ) + Qe U 18] (37)
Q25 1) + QLSE 1) + O(e),

Ouff +vi- Vo + By Vo fs = L Q5,(FF, £2) + Qs (F2, 7. £5)]
+Qui(f5, f5) + Qu(f5, &) + Ofe),

59
+ Qne(fas JE) + Quilfas J5) + Qp i (FE. FF 17) + O(e). )

16
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Next, we expand the solutions in powers of € according to (48) and identify terms of order !

in the kinetic equation (57). We get, using the notations of Lemma A.5 for the development of
the ionization-recombination operator Qe ;,:

— e+ Vo fOve) = Fe- Vi, f2(0e) + Q0 (£, £2) (ve) + QU (12, 11 (ve)
QL (£, 12) (0e) + Qec (2. £2) (0e) + Q24 (42, 10, 12) ) + Q% (1, £°) (we) =

The solvability condition for this equation of unknown f! specifies the equilibrium state for the

0
e,ir

(60)

electrons. In fact, thanks to some entropy properties satisfied by the operator (see Lemma

A5 below), we get the following result:

Proposition 7.1: The distribution function fO is a centered Mazwellian, i.e. of the following

form:

0 = —_ Pe _|U€|2
1200 = peMu (v0) = e o (<) a

Remark. According to (55), the densities pe, p; and p, are now linked to the electron temper-

ature T, by the following Saha law (see [6]):
Fo pn A
Pi = %ep (27TT6>3/2 exp(—i) . (62)

We now see how the informations concerning these equilibrium states translate into the macro-
scopic system. In order to do this, we use a classical Hilbert expansion of all the macroscopic
quantities, in the following way:

p5 = e pl +0(E?),us, =ud + e ul + O@E?),... a=e,i,n. (63)
At the lowest order, we get:
p(e) - Pea Ug 07 WO - ’U} 2p8T87
B pn W=u, W= bpaluP +ul, w)=3p,T (64)
wd —
l

P =pi, w)=u, W= 3lpilu*+w?,

(2

=5piT

i
Concerning the pressure tensor and the heat flux, the order zero terms are given by:

PO = p,Id,

Q2 =0,
with p, = poaTa and a = e,i,n. This gives the leading order terms in the left hand side of

(65)

the fluid equations satisfied by the heavy species, i.e. in system (47). But concerning the
electrons, the corresponding leading order terms (i.e. in the left hand side of system (46)) are
also connected to the order one corrections u! and Q!, which are given in terms of f! by:

peul = fst fel Ue)vedvea (66)

=3 ng Ve ) Ve |ve|2dve — fpeT ul.

17
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So we first need to compute f!, from equation (60). In fact, up to the addition of an arbitrary
isotropic function, we have the following explicit computation of the first order correction f!
(this is specific to the case of Lorentz operators):

Lemma 7.2: Introducing the entropic variables (4 1 ), where p. is the chemical potential

T.) Te
defined by:

_ Log(Tf’e/ ) (67)

e

He _
Te
the general solution of equation (60) writes:

fr= oy fhe with  fL¢ isotropic  and  f10 = fOple (68)

e e

where qbé’o s given by:

Lo(u) — . - G T S S (L) - Fe | vl (_i) 69
0w = v, B = 3t — o [V () - e R ()] e
In this expression, « is the isotropic function defined by:
9) 2
o) =afle) = [ 0.0 a0 (70)
2 |v]

This allows deriving the expected terms in (66).
Corollary 7.3: We have:

’U,i =u-+ Uy, @é = _gpeuJTe + PeVJ, (71)

with:

where the diffusion matrix

s given by:
dll = ﬁpn f]R3 |'u| MOTe( )dU, d12 :d21 12p fR3 al |)M0Te( )d (74)
daz = 24,0” Jg a(|v|)M0 1. (v)dv.

As a consequence, the leading divergence term in the electronic energy equation of system (46)
s given by:

5)
—petTy + pev . (75)

(W + Bt + QL =

18
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First, as the leading order velocity term for electrons is perfectly known (in terms of the other
macroscopic parameters), we can drop the second equation in the system (46).
It now remains to look at the limits, when € — 0, of the right hand sides in systems (46),(47).
For that, let us do an asymptotic expansion, with respect to €, in these source terms, according
to:

RE, =RV +e R +e2 R2+0(e3),55 = S0 +¢ SL+2 82+ 0(?),

76
Us=U0+eUL+2U2+0(3), a=e,i,n. (76)

Concerning the neutrals, we get, first on account of the scaling of @), and secondly thanks to
(50), that:

RS =0(?), S5 =0(?), U:S=0(?). (77)
Moreover, as Q2. (2, f0) = Q% (f2, f) = Qg,ir( 012, £9) = 0, we deduce that:

R, =0(%), 8;=0(), U;=0(), (78)

so that the source terms in the fluid system (47) are all equal to zero for &« = n. As a consequence,
we get the following fluid model for neutrals, which is completely independant of the two other
species:

Proposition 7.4: The density p, of neutral particles, their velocity u and their temperature T’
are governed by the following fluid system (t >0, x € IR3)

Otpn + div(ppu) = 0,
I (pnu) + div [pn (W@ u)] + Vi (pnT) — puFn = 0, (79)
O (W2) + div|u (WY + ppT)| — ppu-Fy = 0,

where W0 = Lp,|ul® + 3p,T.

Let us now consider the electrons. On account of the scaling (56) of the ionization-recombination
collision term in @)%, and the fact that Qgir(fg, 0 f9) =0, we first get: R = R! = 0, so that:

RE = 2R? + O(£%). In the same way, thanks to (49) and (60), we have: U = £2U2 + O(e?). It
thus remains to compute R? and U2.

Lemma 7.5: We have:
R? = R.,, (80)

and

T—-1T,
U2 = u- [Va(pele) = pele] + 3Mpepn—0— — AR, (81)
where the source term R is defined by:
R =puFo [o 0" 08 fO(ve) |01 (ve) — 08 (0)) — 61" (7)] dvi dv. dv

+Fo f]Rl2 a" 5g fg(’ue) fg(vn) (¢71’L - d)zl)(vn) dvy, dve dve' dvy,
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with the notations %, = f1/f9, for o € {i,n}, oo = fo°/ fand 62 = 0(|ve|?—ve' 2= v |2 —2A).
The relazation coefficient A is defined by:

2
A =5 [ alloDloP Mo, (0)de.
RS

Gathering all the above results and notations, we obtain:

Lemma 7.6: The electronic density p. and the temperature T, satisfy the following E'T model:

Ope + div(pe(u+uy)) = Re,
(83)
at(%peTe) + div [%peUTe + pevy| — pe(u + uJ) Fe = Ug'

Remark. The first equation in (83) looks like a "mass conservation equation”; in fact, let us
point out that the right hand side R, is here unknown, because it depends (in particular) on
the arbitrary isotropic part fe1 “of fL.

Now, thanks to (140), the ion density p; is such that

dp; + div(piu) = R? = R.. (84)

In fact, we can remark that the equality R? = R? also results from the charge conservation (30)
(at the kinetic level), which gives here: RS = R:. |
Taking into account (84), we can write system (83) in an equivalent form, where the source term
R. completely disappears. More precisely, we obtain the following global two temperatures fluid
model:

Theorem 7.7: The equilibrium states for the heavy species, defined by (53), are characterized
by the same mean velocity u and temperature T, while the electronic distribution function fO is
the centered Mazwellian given by (61). Moreover, the ion density p; is given in terms of the two
other densities p, and pe, and the electronic temperature T, by the following Saha law:

_Fopn 3/2 A
pi = Py (2rT) exp( Te) . (85)

The neutral particles satisfy an Euler system (setting W2 = %pn\u|2 + %pnT):
Opn + div(pyu) = 0,
I (pnu) + div [pn (W@ w)] + Vi (onT) — puFn = 0, (86)
O (W) + div|u (W) + puT)| — pau-Fy = 0,

which is totally independant on the other species. Finally, the electronic macroscopic quantities
(pe, Te) satisfy the following modified ET model:

O (pe — pi) + div(jp, — pin) = 0,

(87)
0 (3p.T. + Ape) + div [jTe 4 Ajpe} i, Fo = Us,
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where we have introduced, for simplicity:

. . )
Jpe = Pe(u + UJ), Jr. = ipeUTe + pevJ, (88)

with uy and vy defined by (72) and:

~ T,

e

T
Ue = u- [Vi(peTe) — peFe] + 3Apepn (89)

Remark. The first equation in (86) corresponds, at the macroscopic level, to conservation of the
number of heavy particles; the two last ones to the global momentum and energy conservation
laws. The first equation in (87) is linked to the charge conservation, while the last one reflects
the balance-sheet of the electronic energy.

8 Proofs of parts 6 and 7

Proof of Proposition 6.1: The equilibrium distribution function f0 is given by equation (50);
applying the classical Boltzmann theory, we obtain (53) for a = n. Referring to Lemma A.1 and
A.3, equation (49) means that f0 is a (non negative) isotropic function, i.e. fO(ve) = f2(|vel).
Let us now determine f, first under the assumption § = e. In that case, equation (51) reads:

gn |:fi07 pnMu,T:| + Q?,ir |: g’ io’ PnMu,T =0. (90)

We look for 0 in the form f0 = M, r ¢?, with unknown ¢?. Let us set for simplicity:

pi= [ 10) dvi= [ Mar(e) 60() do
R3 R3
Using Lemma A.5 (point (i)), we obtain:

Do (42, 82 pudur ) (v0) = [arpu — @ 9(00)| Muz(w), (01)

where a; and a denote the following non negative constants (thanks to (8), a; and a are in fact
independent of v;):

a; = Ai(f0) = / o (vl vEve) 02 Fo fO(|ve|) dve dve duf,
IR9
(92)
a= A = [ o (whotio) 88 1206l 22000 due du de.
IR9

with the notation 62 = & (Jve|* — |[vL|* — [v}|* — 2A) . Referring to the definition (131) of Ly,

the determination of f solution of (90) reduces then to the derivation of the positive function
#Y solution of:

[Lin — a] ) = —a1pp. (93)
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There are two cases. First, if f0 = 0, then a; = a = 0, and the above equation admits all the
constant functions as solutions; we then deduce that: f? = p; M, 1, with arbitrary density p;.
In the opposite case, i.e. if f0 # 0, then a > 0 and the operator L;, — ald (Id denotes the
identity operator) is invertible, so that equation (93) admits a unique solution. Let us identify
this solution. We first observe that, integrating this equation against the Maxwellian M, 7, we
get: ap; = aipn, which means that p; is uniquely determined in terms of the two other species
by relation (55). Secondly, equation (93) now writes: [L;, —a] ¢ = —ap;; it clearly admits the
constant function gb? = p; as a trivial solution, and this is the unique solution. In both cases,
we check that (54) is satisfied, which concludes the proof in the case 0 = €. In the second case,
ie. if § = &2, f0 satisfies the equation (52). Setting again f0 = M, 1¢?, we have: L;,(¢?) = 0;
now, thanks to Lemma A.4, we deduce that qﬁ? is a constant function, which ends the proof. m
Proof of Proposition 7.1: Let us set: f!(v.) = fO(ve)ol(ve). As f2 is isotropic, the collisional

terms QY (f2, 1), and QY (9, f?) are both equal to zero, so that equation (60) reads Le,¢! =
S¢, where Ly, is defined by (129) and:

S5 = (FO)7 v Va4 Fo Vu, £ = QLu(F2 10 = Que £, £2) = QR (S0 £, £D)] - (91)
With the notations introduced in Lemma A.3, we get, by integration on any arbitrary sphere
Sw (W > 0):

YW >0, S¢(v)dN (v) = / [Lendl)(v) dN (v) = 0.

SW SW
Now, as f is an even function of the velocity, we know from Lemma A.1 iii) that QL (f, f9) is
an odd function of v, and, remarking that v, - V, fg + Fe -V, fg is also odd, the above relation

then reduces to:

W0, [ QI + QL £ D) AN () = . (95)
Sw
Let us now consider the isotropic function H ( fe> = log (.7-“0_ L ot pi fe); we get in particular:

[ 1@ucls. 22+ Q212 0. 50N 0) H (1) 0 o = 0, (96)
R3

But, thanks to the classical H-theorem applied to the operator Q.., and to Lemma A.5 iii), we
have separately:

/R QeSO H(f.) () dv < 0, /R QLU F D) H () ) dv < 0,

so that (96) implies that each one of these two terms has to be zero. Now from the first one, we
classicaly deduce that f? is a Maxwellian; and this Maxwellian is necessarely centered, i.e. of the
form (61), because it is isotropic. Conversely, let us suppose (61); then, we have Qe.(f0, f2) =0
and also Qg,ir(fg, 0 f9) = 0, on account of (55), which here becomes (62) (see Lemma A.5,
point (iv)), so that (95) is fulfilled. ]
Proof of Lemma 7.2: Referring to the computations done in [16] (our operator L, is a

Lorentz operator), we can compute ¢!. Remarking that [9]

Len(v) = —2a(|v[)pnv, (97)
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with « given by (70), and also that:
_(f(?)_l elzn( g,fﬁf) = Len(

U - Ve

it remains to solve

U - Ve vmpe ‘ve‘z 3 V$Te Fe
Len 1__= - - = — — | * Ve.
(¢6 Te ) < pe + < 2Te 2 v

Thanks to Lemma A.3, this gives (68), where ¢¢° writes:

1 [pre <|ve|2 3) V. T, F]
+ )

7 - u
o (ve) = ve-Gelue), deloe) = 7 - pe o, 2) T T

T. 2a(ve)pn

or, equivalently, expression (69). [ ]
Proof of Lemma 7.5: Let us introduce for simplicity Q? defined by (Q? is the term of order
€% in the right hand side of equation (57)):

Q2 = QU (f2.13) + QU (S0 £2) + Q% (fh 1)
QL (11, £2) + QL (10, 1) + Q2 (12, 1) +2Quc (4, 12)
+ QU (L 12) + QU (0 1) + QL (£2.7)

+LQer (@1, 01, 0%) + RL,.

2
( o ) - [, @wo ( o )d (99)
e 21%ve

Referring to the definition of Q¥, given in Lemma A.1, we first observe that Q% (f?, f2) is equal

to zero. In a similar way, Lemma A.2 implies that Q% (2, f!) = 0. Now, as Qin(fel’e,fg),

Qee(fel’o,fg), gz‘(fel’o’f?) and Q;(fg,ff) are odd functions of the velocity variable (and
gi(fel’e, f9) = 0), it remains:

( §2 ) - [, @wo ( e )d (100)
where we have introduced:
Q2 = Q0 (12, 72) + Q% (£1 1)
QL (127 19) + QL (0. 13) + Q2 (49 12) +2Qee (11, 12) (101)
+LQeir (01, 81,04) + RL,.

(98)

We have:

From the definition of QY (see Lemma A.1), and the properties of ¢Z (self adjointness, kernel
made of isotropic functions, see [9]), we have, for any f and g (and setting Cy = (g5 9(v)dv)):

0 1 _ y g2 (1) o — [0
/]R?’ Qen(fvg) ( %|Ue|2 >d’Ue—Cg /R3 f( e) ( qg(%|ve|2) ) d e — ( O ) . (102)
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In the same way, as QL,(f2, f}) = ¢B(Vf0) [gs vnfldvy, we also have:

e

/]1{3 Qén(fgvf%) < %Tve|2 )d’U@ = ( 8 ) . (103)
From [11], we get:

1 l,o £0 2 0 £0 1 _ 0
fo (@t s+ g2 1) ( 3o )d”e - ( u-[ValpeTe) - peFl + BApopa Ll )“04)

Concerning the linearized Fokker Planck operator, we classicaly have:

/R3 Qee(f2, 1) ( %|1v€‘2 ) dve = ( 8 ) . (105)

It remains to compute the contribution due to the inelastic collision term. Referring to the

definition of £LQ. in Lemma A.6, and to (134), simple computations show that we have:

/R3 LQe,w(@,#,%) (ve) ( ;\11;6\2 )dve =C ( I_A ) : (106)
where we have set for simplicity:
C =pnAi(fd) = pi [goo” 62 [fo(ve!) fi(we) + fi(ve) f(vE)] dve dve dvy
a1 fgs FL(vn) dvn — a [gs f1(vi) do;.
=puFo [ 0" 3¢ F2(ve) [@h(ve) = Bh(ve") — oL(v2) | dve doe! v
+Fo o 0" 82 F2(ve) fr(vn) (8 — &F)(vn) dvg dve dve dv}.

But thanks to (138), we have C' = R, with R, given by (82). Now, taking into account the
conservation relations (140) for the remainder term, we get

1 1
/R?’[‘CQe,iT(QZ)éa Zl’¢7ll) +Ré’ir}(ve) ( %|'Ue|2 >dve = Re ( _A ) ) (107)

which concludes the proof.

9 Case 2: a glow plasma

In the glow problem, we have: tg = 7., = €27 and § = &2 (instead of tg = e73, and § = ¢).
The scaled collision terms are here given by:

Qilfer fis ) = Qnfes Fa) + €2 [ Qeelfer fo) + Qs fi) + Q2 (fes fis f)]

3 . — € € . 2 NE . .
Qi (feaflaf'n) - m zn(flvfn) te Qz,zr(fe>fzafn)
2 [ e Qulfi £+ Qlfi )] e
+ € 2 il Jis Ji) + Wi Jis fe) | »
Q%(fevfhfn) =é& an(fmfn) + 53 |: %e(fn:fe) + 11—82 im(fnyfz)] +54 fm,ir(fe’fiufn)y
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At the diffusion scale, we get:

atfe + é ('Ue ! vx + Fe ’ v%)fe = E%an(fmfn) + éQén(fea fn)
+Qee(feafe) +an(fe7fn) +Q2¢(feafi) + Q[e),ir(f67fi7fn) + 0(5)
(B0t vi- Vot B V) fi = 2 QU f) + @bl ) + Q2 (fer i fa) + OC)

(at +'Un : vx +Fn : an>fn = % an(fnafn) + 0(6)

We remark in particular that, concerning the ions, @); ;- is no longer a leading order term, and,

for the electrons, Q¢ i, is £2 smaller than Qen-

Expanding each distribution function in terms of ¢ according to (48), we still have (49), (50)
and (52), so that the equilibrium states f0, f? and f0 are always given by Proposition 6.1; but
we do not have the generalized Saha law (55) anymore. This means in particular that, at the
macroscopic level, we willl have to keep the first equation in the fluid system (47) for o = 1.
Moreover, Proposition 7.1 is not valid anymore, because f is only an isotropic function (and
not a priori a Maxwellian). In fact, f! solves the following equation:

Len(fel) = (U'vw+Fe'vv)f£ - in( eo7fr(z))=

which right hand side is an odd function of the velocity variable, so that its integral over any
arbitrary sphere Sy, of fixed energy W = |v|?/2, is zero. Moreover, we have:

915

Len(fel) = U@xfoe - UOW

L LM(w), (109)

where the operator V,, is defined, for any isotropic function by:

_— of
Vol = Vof + Fogos. (110)

Thanks to (97), we can precisely compute f! (like in [16]), and we obtain:
Lemma 9.1: The order one correction fi is given by:

= L2+ fre, with  f1¢ isotropic, (111)

where the operator L is defined, for any isotropic function f, by:

- 0
v-fo—U'u%. (112)

1

L) = =56t

Concerning the neutral particles, the macroscopic system of Proposition 7.4 is still valid. Con-
cerning the ions, we have, with simple computations:
Lemma 9.2: The density p; of ions satisfies the following equation:

Opi + div(piu) = Ry, (113)
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where Ry is given by:
R; = a1pn — ap;, (114)

using the notations: a1 = A1(f0) and a = A(fY), with Ay and A defined in Lemma A.5.

Remark. We first remark that the source term R; only depends on the equilibrium states f2, fio
and fY and not on the corrections of order one, like in the previous scaling (i.e. the arc discharge
problem). Moreover, this term, which is not a priori equal to zero here, is thus a relaxation term
on the ”general” Saha law (55), which is not satisfied here anymore. ]

If we go on for electrons and identify terms of constant order (with respect to ¢) in (124), we
get, thanks to the fact that QO (fY, f2) = 0:

Lenf? = 0f0 + [ve - Vot Fo - Vo, | £ = QU (f2 13) — QL. (F2, 12) — QL. (£, 1)
_an( gafr?) - Qee( gafe?) o (e),ir( eov zo’fg)
With the notations of Lemma A.3, we integrate this equation on any sphere Sy (W > 0) and

afe
ot

(115)

obtain:

YW >0, N((W) + / (v-Vy+F- VU)L(fg) dv = Se(W).
Sw

The source term S, is given by (using the oddness of QL (f&°, £9), QL (f2, 1) and property
(102) ):

Se(W) = /S [Qee(£0, 1) + Qen(L(fE), £) + Q2 (fE, £) + Qi (£, 7, f) 1AN () (116)

and does not depend on the arbitrary isotropic part fe1 . We then get the following result:
Lemma 9.3: The isotropic function fO satisfies the following SHE-FP model:

0 ~ ~ ~ 0 0
NW) G = Voo [DOW) Ve f2] = BENW) Vo - (5 w) = NOW) Fe-u G )
=S, (W), YW >0,

where N(W) = fSW AN (Y = 4nv2W, V, is defined by (110) and D(W) is the following
diffusion matriz:

N (W)
2pna(W)

The electron source term Se is given by (116).

D(W) = Id.

Gathering all the above results and notations, we have in summary:

Proposition 9.4: The equilibrium states are given by:

fo = paMur, [P = piMur,  f(0) = QW) (with W =[v]*/2),
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and we obtain the following hydrodynamic/SHE-FP system:

e Oipp +div(ppu) =0

I(pnu) + divlpn(u @ u)] + Vi (pnT) — puFn =0

(WD) + divfu (W) + ppT)] — pou-Fr =0 with - WO =1 py[u>+32 p,T
o O+ div(piu) = Ry

0 ~ ~ ~ 0 0
o NOW)ZE -V, [DOW)V, 2] = BENW) Ve - (S w) = NOW) Fe-u i
=S. (W), YW >0.

Remark 1. If we multiply the SHE-FP equation satisfied by the isotropic function f0 by 1 and
W, and integrate it with respect to W, we get the following energy-transport (ET) model for
the electrons:

° 6tpe+diV(,0e(u+1_lJ)) :R87
o 0(3pcT.) + div[ZpeuTe + povy] — pe(u +1y) - Fe = SE,

where the electronic temperature T, is defined by: 3p.T, = [gs fO(v)|v|*dv and where we have
set:

0 = — -1 i |U|2 0(v)dw E |U|2 0()du
;=5 [Vz - [ ae ) + 55 ([ —EsDw (o) ﬂ,

ST M Sy A TSP YRR Sy [
s i [V G [ 2wy + 75 (L Dy o

(118)

Moreover, we have:
R. = R; = ppa1 — pia, Sf = u-[Vi(peTe) — peFe]l + 3pepn (5\ + S\Tn) — AR., (119)
with:

2
3pe

[ atlbleP s, 3= =

The source term R is thus also a relaxation term on the generalized Saha law (55); the relation

A

[ oDl Dw wye. (20

R. = R, still reflects the charge conservation.

If moreover, we suppose that f0 is Maxwellian, i.e. fO = peMop . (this can be obtained, for
example, by rescaling Q. by a factor 1/¢), then we get for the electrons the above energy-
transport model with in addition:

< < 1
uy = uy, vy =0y, A= )‘7 A= _7A7
T

so that the second term in S¥ is a relaxation term on the temperatures. The closed fluid model
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we obtain is then the following hydrodynamic/ET system:

o Oip, + div(pyu) =0,
I (pnu) + divipn(u @ u)] + Vi (pnT) — puFn =0,
O (WQ) +diviu (WS + puT)] — pou-Fp =0,  with WY =1 py[u®+ 32 p,T, (121)
o Oip; +div(pju) = Re,
o Oipe + div(pe(u+uy)) = Re,
. 8t(%peT€) + div[%peuTe + pevi] — pe(u+ug) - Fo = SE,
where Re = Rj, which is given by (114), is a relaxation term of the Saha law (85); moreover,

SE = Ue — AR, with U, given by (89). So, up to the Saha relaxation term R, we recover for
the electrons the same ET model than in Lemma 7.6. [

Remark 2. We can recover the complete hydrodynamic/ET system of Theorem 7.7, either by
rescaling the source term R, in the above system (121) by a factor 1/e, or directly from the
hydrodynamic/SHE-FP system of Proposition 9.4, by rescaling Q. ;» (in the source term S.) by
the same factor 1/e (thanks to point (iv) of Lemma A.5, f0 is then a Maxwellian). ]

10 Case 3: a glow plasma interacting with an electron flow

In the last example under consideration, we assume that the densities of the charged particles
do not have the same order of magnitude and more precisely that we have:

to = Ten = €2 Tir = €2 Tee and be=¢, 0 =ce> (122)
The collision terms have here the following orderings:

Qi(fes fis fn) = Qep(fes o) + €2 Qee(feafe)+Qi,ir(feafi»fn)}"’53 ci(fes fi),

Qi (Fer fis fu) = & | 7z Qs fu) + Qe fis i)
c (123)

+ 3 Q5.(fir fe) + N Qii(fi, fi)s

Qi(feafiafn) =& an(fmfn) + 52 ?Le(fmfe) + 52 |:

1
= Quilh S + Qi,ixfe,fi,fn)] ,

We observe in particular that, concerning the ions, @Q; ; is now again a leading order term (like
for the arc discharge problem). At the diffusion scale, the kinetic system (12) writes:

O+ L (0o Vafi 4 For VofE) = & QunlFe, 1) + [Quelf2, ) + Q2 (S, 15, £2)] + 0(), 124

Oy + i Vaff + Fi - Vo ff = 2| i Qun(ff, f7) + Quar(f2, f,fﬁ)} +0(e),  (125)
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Oufp +vn-Vafs+Fo- Vo, fr= % Qun(frs fr) + Que(fr, [E) + O(e). (126)

Next, we expand the distribution functions in powers of €. At the lowest order, we get exactly the
same system (49),(50), (51) as for the arc discharge problem; as a consequence, the equilibrium
states are still given by Proposition 6.1, and we have: f? is isotropic, while flo and f0 are
both Maxwellians, with same mean velocity v and temperature T'; moreover, the ion density
is given in terms of the two other species by the general Saha law (55), and we also have:
0 (0. 12.18) = Q0 (1, 70, 42) = 0.

Once more, we find that Proposition 7.1 does not apply here: fO is only an isotropic function,
and not a Maxwellian. In fact, f! still solves the equation (109) (with odd right hand side) and
we have the same expression (111) for f!. Concerning the heavy species, the results contained
in Proposition 7.4 are unchanged. If we go on for electrons and identify terms of constant order
(with respect to €) in (124), we still get equation (115), so that Lemma 9.3 is once more valid.
Gathering all the above results and notations, we have in summary:

Proposition 10.1: The equilibrium states are given by:
1O = Mz, [0 = piMuz,  [O) = fOOW)  (with W = |o2/2),
and we obtain the following hydrodynamic/SHE-FP system:
o Oipp+div(ppu) =0
9¢(pnu) + divlpn(u @ u)] + Vi (pnT) = puFn =0
O (W2) + div[u (VV]?1 + pnT)] —pou-Fp =0 with ~ W9 = % pulul? + % N

o p; given by (55) ( i.e. generalized Saha law )

o N~ Vo [DW)V, £ = BENW) V- (G w) - NOW)F.-u

afe
aw aw

=S.(W), YW >0.

Let us remark that this new system can be recovered from the previous one (i.e. the
hydrodynamic/SHE-FP system of Proposition 9.4) by rescaling the ion source term R; by a
factor 1/e.

Remark 1. If we multiply the SHE-FP equation satisfied by the isotropic function f by 1 and
W, and integrate it with respect to W, we get the following energy-transport (ET) model for
the electrons:

o Oipe+div(pe(u+1y)) =0,
o Oi(2pcTe) + div[3peuTe + pevy] — pe(u+1iy) - Fo = SE,

with @y, vy defined by (118) and where denotes the electronic temperature T, (i.e. 3p.T. =
Jgs f2(v)|v|*dv). Moreover, the mass source term is here equal to zero (because it is linked
to the equilibrium states, and not to the order one corrections): this is linked to the charge
conservation, at the macroscopic level. Finally, S¥ is given by:

SeE = u- [Ve(peTt) — pele] + 3pepn (5\ + 5\Tn> )
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with A and A defined by (120).
If moreover, we suppose that f0 is Maxwellian, i.e. f0 = p.Mor, (rescaling Qe by a factor
1/¢), we obtain the following closed hydrodynamic/ET system:

o Oip, + div(pyu) =0,
I (pnu) + div[pn(u @ w)] + Vx(pnT) — puFn =0,

WY +diviu (WY + puT)] — pou-Fn =0, with W =3 pu[ul? + 3 p,T, (a27)
127
e p; given by (85) (i.e. Saha law),

o Ope + div(pe(u+uy)) =0,
d 8t(%p6T€) + div[%peuTe + peVJ} - pe(u + uJ) -Fe = Uk,

with Ug given by (89). So, up to the Saha relaxation term Re (which is here zero), we recover
for the electrons the same ET model than in Lemma 7.6.

Last, this fluid system (127) can also be recovered from (121) by rescaling the ion source term
by a factor 1/e. |

Remark 2. We can also recover the first hydrodynamic/ET system of Theorem 7.7 from the
hydrodynamic/SHE-FP system of Proposition 10.1, by rescaling Q¢ (in the source term S,)
by the factor 1/e. ]

11 Conclusion

The hierarchy between the various models previously derived, as well as the macroscopic limit
linking two successive steps of this hierarchy are now summarised Fig. 1. Each of the considered
models appears in a box. For simplicity, we have not specified the macroscopic Euler system for
neutrals. An arrow between two boxes indicates the macroscopic limit connecting two models.
Along the arrow is written the specific collision mechanism (i.e. the leading order collisional
process associated with a specific space and time scale) used in the corresponding macroscopic
limit. For simplicity, we have simply denoted by ”"neutrals” the elastic collisions against neutrals
for each species. Note that we can also replace Q. by Qce each time in this figure.

A similar hierarchy has been established in [1] within the frame of semiconductors using the
diffusion approximation methodology. An important difference lies in the fact that charged
particles have masses of same order of magnitude when addressing semiconductor problems,
while they differ by at least two orders of magnitude concerning plasma problems. In addition,
impact ionization was not included in the set of collisions accounted for in [1].
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neutrals

Kinetic system of
Boltzmann type equations

Glow plasma
(Case 2)
SHE model for electrons
no Saha law

Qe,z‘r \

il
neutrals + Q; ir + Qe ir
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R;

Saha law relaxation

Thermal arc discharge
(Case 1)
ET model for electrons
Saha law (85)

Fig 1. : The hierarchy of models
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12 Annex: main properties of the collision operators

In the Boltzmann case, we have:

Lemma A.1: Let f,, where a = e,i,n, be sufficiently reqular functions.
i) Let o, B =1, n and a # (3. Then

QZ,@(faafﬁ) = gﬁ(fayfﬁ) + 0(52)7
with

Q% 5(fas f5)(va) —/ B (va = 05, 2) (far o, = fafs.) dvfydS.
IR3x 52

it) Let a, B =e, n and o # 3. Then
Qzﬁ(fomfﬂ) - Qgﬁ(mefﬂ) + € Q}yﬂ(f&?f,@) + 0(62)7
with

0ol F0e) = (00 [ Fulon)don,

én(fea fn)(ve) = (_VUe [qg(fe)] + qf(Vvefe)) (Ue) . /RS Unfn(vn)dvn,
. 2

916(fn’fe)(vn) = —2 vvnfn(vn) ) /jRBxSQ BB(U&Q) (vr?}e‘? Ve fe(Ue) dUe dQ,
4

Qi f0n) = 294 pu(wn) [ 5% Y2 o 0) e du a0
R3x 52 Ve
. (00, )
+ 2/R3x52 B(ve, Q) (ve,Q)? (1 B ) S(ve) fe(ve) dve dS
(ve, )

— 2[Vy, (0 fn)]*(vn) : / B5(ve, Q) (Ve @ Vo, fo)¥(ve) dve dSQ.

IR3xS2 |Ue‘2

The superscript s indicates that a tensor is symmetrized, and the notation A : B, where A and
B are two matrices with respective entries A;;, B;j, denotes the contracted product: Zij AijBij.
Moreover, the linear operator qf is defined by:

) = [ B (009 [£ (o~ 200 99) - L (0]
iii) For any f., fn we have:
b [Fe(=ve), | (v0) = (1) Q| fer fu (—00)
iv) Mass conservation imply that:

/]RS Qén(feyfn) (ve) dve =0, Vj € IN.
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In the Fokker-Planck-Landau case, we obtain:

Lemma A.2:
i) Let fo with o = e, 1, be sufficiently reqular functions. Then

Qii(feafi) = gi(feafi) +¢€ Qii(feafi) + 0(52)7
Q;;e(fi;fe) = Q?e(fi,fe)+0(€)7

with
QU fw) = (D) [ e,
R?)
Lo £ = (~Vula G+ af (Vo) )0 - [ ifilwdo,
0(¢f. V) = — i(v;) - 73}-(%) (Y (Y (Y
QU @) = =2 Vufiw)- [ 2o v fufwe) do
and

Qef(fe) = vve : |:B]:SVerf6:| .
i1) Mass conservation imply that:

/R3 Qiz (fmfz) (ve) dve =0, Vj € IN.

We now examine some properties of the linear operators involved in the different steps of the
Hilbert expansion. In the sequel, we denote by M, 7, the normalized (i.e. with mean density
equal to 1) Maxwellian of mean velocity u, and temperature T, defined by:

v—1u 2
My, (v) = : o7z P [—(“)] : (128)

(2nT, 2T,

We also denote by L?\/[u’T the weighted Hilbert space defined by:

L?wu,T = {f / /RS f2(v) M,r() dv < —I—oo},
First, concerning the electrons, the linear operator involved is the operator L., defined by:
Len¢ = 2n(¢a f'r?) = Pn QE <¢>a (129)

where p, = [gs fo(vn)duy is the density of neutral particles.
Let us first recall a result of Ref. [1].

Lemma A.3: (i) The operator Le, is self-adjoint on the weighted Hilbert space L?\JOT' The
kernel of the operator Le, is made of isotropic functions, i.e. functions ¢ = ¢(v) such that
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é(v) = d(|v|). In particular, if ¢ is an odd function of the velocity variable, then the equation
Len® = ¢ has a unique odd solution ¢g and any other solution ¢ writes ¢ = ¢o + ¢, where ¢ is
1sotropic.

(ii) More generally, let us introduce the energy variable W (v) = |v|?/2, and the sphere Sy =
{v € R3, W(v) = W}; we recall the co-area formula

[ = [ ([ soave) aw

where dN (v) = “g‘;"/((g))‘ = di%) (dSw is the euclidian surface element on Sy ). Then the

equation Lend = @ has a solution if and only if the right hand side satisfies the following

orthogonality relation:

VIV > 0, /S o(v) AN (v) = 0. (130)

For the ions, we define the linear operator L;,, by
Lm¢ = Mf;jl“ Q?n (Mu,TQZ)nOnMu,T)a (131)

with Q?n given in Lemma A.1. We have

Lino(vi) = pn/ Bf(vi — U, Q) M, 7(vy) {(ﬁ(vi') — qﬁ(vi)} dv, dSQ,

IR3x 52
with the notation v;" = v; — (v; — vy, Q)Q. Then

Lemma A.4: The linear operator L;, is self-adjoint on the weighted Hilbert space L?\/[u oo and its

kernel is made of constant functions. Moreover, under suitable assumptions on Bf, the equation
Lin¢ = @ is solvable if and only if the right hand side @ satisfies the orthogonality relation:

/ o(v) Myr(v) dv=0;
R3

the solution ¢ is then unique, up to an additive constant.

Proof: The proof partly results from the following weak formulation

/R3 Ling(vi) o(vi) Myr(vi) dv; = —% Pn /R3 /R3><82 BE(v; — vn, Q) [@b(vz") — ¢(v;)

X [cp(vi/) - w(vi)} My (vi) Myg(va) dQ dvy du;.
| ]

We now turn investigating some properties of the ionization-recombination collision operator:
in Lemma A.5 below, we first state a weak formulation, and an entropy inequality, for the
dominating part of this operator (in terms of ¢), while Lemma A.6 is devoted to the computation
of its linearization.
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0

For any « € {e,i,n}, we simply denote by Qaﬂ-r the limit, when e goes to zero, of the operator

Qa,ir- Taking into account the scaled conservation equations (14), we first get:

v; = Vp + (Ve — v, — V¥) + %vn + 0(e?), (152)
[vel? = [Jve'|? + [03]? + 2A] = |vi]? — |vp]?* = 2e0y, - (ve — v, — vF) + O(e?),

so that we deduce the following result, which is a generalization of Lemma 4.5 of [6]:
Lemma A.5: Let us set: p, = ng fn(vp)dv, and p; = ng fi(vy)dv;.

i) We have, for any o € {e,i,n}:
Qajir = g,ir + O(e),

0

where the leading order operators QM-T are still given by expression (7-a)-(7-c), but where the

conservation equations 0,,ds (14) have been replaced by their limit when e goes to zero, i.e. by:

60 = 5(1}1 - Un)7

v

0 2 12 * |2 (133)
62 = 3(Juel? = llo[2 + vz +24)),

Moreover, introducing the two following contants

Ai(fe) = / 0" 02 Fo felve) dve dv.' dvl, A(fe) = / 0" 62 fe(ve) fo(v)) dve dv. dv},
R® R®

we have:

Vi (for fis F ) (0) = =@ i (Fer fis ) (0) = A1(fe) Julv) = A(f0) Filw).

i1) For electrons, ngir (fe, fis fn) only depends on the heavy species through their densities py,
pi, and we have the following weak formulation:

/ g,ir (fEa fia fn) (Ue) w(ve) dve =
R3
[ 8 [F fuw) Fulw) = ulod) £ulod) Fi@)] [00e) = 000) =~ 9e0)] doe o’ dozdos
R

so that in particular, we get:

/R 3 S,ir(fe,f@-,fn)we)(53062)dvez[pnm(fe)—pm(fe)](1_A>. (134)

The function ¢ defined by ¥(v) = 1+ % 18 the only collisional invariant.

iit) Moreover, let H(fe) = log (.7-"0_1 ont pi fe), and let o be positive, then

L @ (Feo b)) 1 (1) 00 e = =i [ o 88 [Fo 28 fio) = folwd) £:02)

7

x [log(}'o % fe(ve)) - log< folve) fe(v;)ﬂ dve dv.’ dv* < 0.

1
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i) In particular, if fe is isotropic (i.e. fe(v®) = fe(|v¢])) and such that ngir (fe,fi,fn) =0,
then we have:
n A
fe= peMO,Tea with — pe = ]:(;)p (27TT6)3/2 eXp <_f> (135)
Conversely, if fe is given by (135), then we have, for any fn, fi with fized mean ratio of the
densities pn/pi:

ir (for fisf) =0,

Let us now precise the expansion, in terms of €, of each ionization-recombination operator around
the equilibrium state.

Lemma A.6: We suppose that: fé = piMyr1, fo = pnMyr and f§ = peMo1.. Next, we expand
the distribution functions in terms of € by setting:

fo=f (1 +e€ qﬁi) +0(?) for a=e,i,n. (136)
Then, if (185) is satisfied, we have ng ( o, f,?) =0, for a =e,n,i and:
Quir (F5, 15, 15) = € [LQavir (06,91, 0n) + R i) + O(€?), (137)

with:
(7200)) " £Qeir (er 6600 ) () =

= Fo [ 0" 88 £2000) [00(00) + ulon) = 0u(u) = 6u6) — én(wn)] du de d
RO
+ 2 /B9 o’ 5‘93’ feO(U;) fzo(vn) [¢6(Ue/) + n(vn) = de(ve) — de(v7) — ¢Z(Un)] dv, dv? dv’,
(7200) " £Quir (60r61.00) () =
[ 8 52w 22D [600) + (00 = bul) = 6l02) = )] e v o
(£200n)
Fo [0 68 £2(0e) [9e(0) + 002) + o) = dulve) = dulun)] doe

" LQuir (60001, 60) () =

where 62 still stands for [ve|* = [ve/|* + [v}|? + 2A. The remainder terms RS are linked to the
order one corrections in the asymptotic expansions (in terms of €) of the conservation equations
(132); thanks to the following property:

*; _Ue) = O—r(ve/7 U:; Ue), (138)

o (—ve, —v}

we have:
R; ir(Ve) = Fopnt - [/ o (52 fg(ve) (Ve — v’ — ) dv} dve’
b e BG
—2/ o 62 o)) (ve' — ve — vF) du} dve’} (139)
RG

R, (v;) = R} . (v,) = 0,

0,07 T
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and R}

enr
servations:

is an odd function of the velocity variable. With (135), we deduce the following con-

Jrs R;ir(ve) dve = [ps R;,ir<v€) ‘UEP dve = 0,
Jrs LQeir (Pe; Gis In) (ve) dve = [gs LQiir (Pe, $is dn) (vi) dui, (140)
Jiws £Qeir (des b1, bn) (ve) (1 + 1K) dve = 0,

Proof: Under the assumption (135), we deduce from the expansion (132) of the conservation
equations that:

Fo fowe) S3wn) — [2e') F2(02) £O(ws)
= Fo f2(ve) F2wa)[1 = eap(~EESE (L~ ) Jeap (% - (vi — vn))]
= eF0 fowve) F2wa){ |[(n—u) (F = 4) = ] - (v —v =) | + O()

Now, inserting the expansion (136) in each ionization-recombination collision term, we obtain,
after some easy computations, the expected results. We just precise that the order one remainder
and R!

1
terms R; n i

i which are given by:

‘Rili'r(vi) = Fofp(vi)(vi — u)(% - f} ) — 7] / o" 52 fg(ve) (Ve — ve' — v) dvedv} dv.’
) € € lR9
(141)
erl,ir(vn) =—J Ofg(vn)[(vn - u)(% - % ) — jqﬂ / o" 5g feo(”e) (ve — v’ — vg) dvedv; dv’
‘ IR

are in fact zero, thanks to relation (138). |
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