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Cathode region of a transitory discharge in COq. I.
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The inception of the cathode region of a transitory discharge in CO2 is studied by means of a
spatio-temporal second-order hydrodynamic model {continuity equations for electrons and ions„
momentum and energy equations for electrons). The electric field is calculated by Poisson equation.
This first paper deals particularly with the formalism developed for this study. A term-to-term
analysis of the equations allows the characterization of the physical mechanisms governing each
part of the cathode region. The balance between the electric field acting as a source of energy and
the elastic and inelastic collisions acting as loss processes is studied. The whole collective phenome-
na in the discharge {diffusion and work of electronic pressure strength which are made explicit by
the gradients in the equations} play a regulating role in relation to the energy-gain or -loss processes.
In a place where the field action is significant, i.e., in the cathode fail, they contribute to reduce this
action and are energy- and velocity-loss processes for the electrons, ~hereas, in the negative glow,
they compensate for the quasinull action of the electric field, and thus they are the only processes
maintaining the energy and the velocity of the electrons in this zone. The cathode-fall —negative-

glow transition zone is defined as the zone where the action of the energetic collective phenomena
{total diffusion, work of electron pressure) is reversed.

I. INTRODUCTION

One of the most significant problems in gas discharges
is the discontinuity in the current flow due to the elec-
trodes. On the anode side, the electrode plays the role of a
generally passive absorber for electrons, whereas the
cathode acts both as a positive-ion absorber and as an
electron producer, leading to a more complex situation.
Townsend's breakdown criterium shows that the cathode
determines the extinction, the persistency, or the outburst
of a stationary discharge. Thus, the cathode processes (as
an electron source) play a significant role in the discharge.
Moreover, the cathode region is the only region with a
high electric field gradient in stationary discharges
(whereas in transitory discharges it shares this peculiarity
with the ionizing wave fronts). However, though funda-
mental, this part of the discharge, particularly in its tran-
sitory form leading to the inception of the glow discharge,
is not very well known.

In fact, its weak spatial expansion reduces the experi-
mental studies. The description of the cathode region of a
glow discharge can be found in Yon Engel, ' Badareu and
Popescu, Champann, Francis, Allis, and Emeleus. '

The cathode region showers two main zones: the cathode
fall (CF) and the negative glow (NG). The cathode fall is
defined as the region between the cathode and zero-field
value point, and is characterized by a significant electric
field gradient whereas the negative glow is a weak, nearly
null electric field region.

Warren gave field measurements in glow discharges at
a pressure ranging from 0.03 to 1.0 Torr in flowing gases
(helium, nitrogen, . . . ) with currents ranging from 0.1 to
10 mA. The length of the cathode-fall region decreases as
the current increases and the electric field shape decreases

linearly in a first approach. Warren found that the ioni-
zation in the cathode-fall region is low until it increases
abruptly on the cathode side of the negative glow, very
near the position in the discharge where the field first ap-
proaches zero.

Theoretical analysis found in the literature mainly deal
with the cathode-fall region and are equilibrium studies.
The first studies settled analytic formalisms. Warren
gave a partial analytic solution for the cathode region
which prahcts the form of the variation of the field with
position, pressure, and current. This solution depends
upon the different laws governing the motion of positive
ions in the different parts of the discharge.

Neuringer' improved these calculations by an analytic
investigation of the cathode-fall region in high-voltage,
low-current gas discharges. Explicit expressions for the
variations of the electric field, the voltage drop, the
charge density, the Joule heating, and the cathode-fall
thickness were obtained as functions of pressure, current
density, and distance from the cathode.

However, the nonlinearity of the equations, linked to
the phenomena intricacy, leads to a necessary numeric
treatment of these equations to obtain a complete analysis
of the spatio-temporal inception and development of the
cathode region. A zero-order model roughly gives analy-
tic relations between the electric field, the cathode fall, the
reduced current J/p, and the cathode-fall length.
Ward"' and Nahemow, Wainfan, and Ward' made the
first studies of the evolution of the cathode region in an
argon discharge by means of the numerical resolution of
an equilibrium first-order model, based on the continuity
equations and on Poisson equation. This model led to a
quasilinearly decreasing electric field distribution, with a
maximum electric field value on the cathode.
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Davies and Evans' put forth an improved numerical
method leading to the spatial variations of the electronic
current and of the electric field. A numerical solution
was given by Evdokimov ei al. ' from the continuity and
Poisson equations for singly charged ions and ele:trons, in
a gas discharge excited by electrons, Narrow anode and
cathode voltage&rop sections were shown to be formed in
a discharge in nitrogen at atmospheric pressure. The
cathode drop is much larger than the anode one. The
field at the cathode increases and the length of the
cathode drop decreases as the densities of ions and elec-
trans in the gap increase. Morrow, '6 in the theory of neg-
ative corona in oxygen, studied the development of the
current and the distributions of charge carriers and elec-
tric field. The theory was based on the numerical solution
of Poisson's equation in conjunction with the continuity
equations for electrons, positive and negative ions. He
found that as the discharge develops, a dense plasma
forms near the cathode, leading to strong space-charge
distortion of the field. A prominent cathode-fall region is
formed immediately adjacent to the cathode, an almost-
zero-field region is formed. Furthermore, the cathode-fall
region becomes reduced to such a short distance that in-
significant current is produced from this region.

Nevertheless, because of the strong gradients taking
place in this region, the electrons are no longer in equili-
brium with the electric field and this leads to a nonequili-
brium modeling of the cathode region. The analysis of
this phenonmnon can be made either by a microscopic
analysis of the discharge (Monte Carlo or Boltzmann
methods) or by a macroscopic method. The electron
behavior in the cathode-fall region of a glow discharge in
helium has been analyzed using a one-dimensional Monte
Carlo method by Tran Ngoc An, Marode, and Johnson. "
They showed that the effective ionization coefficient has a
very different spatial dependence from the one expected
using the Townsend coefficient in the vicinity of the nega-
tive glow. Using a Monte Carlo method and a null-
collision technique based on determination of the kinetic
energy increase between two collisions, Boeuf and
Marode's studied the steady-state behavior of the cathode
region of a glow discharge in helium and gave the spatial
variations of energy and angular electron distribution
functions and the spatial variations of the macroscopic
electron parameters. Ohuchi and Kubota'9 simulated the
cathode region (CF and NG) in helium by the Monte Car-
lo method in a three-dimensional space using the constant
time-step technique. They showed that the electron densi-

ty increased in front of the cathode due to the backscatter-
ing effect and that the mean energy of electrons decreased
in the negative glow, taking into account the reflection of
electrons from the anode. I.alan studied the cathode-fall
region of a steady-state glow discharge by a Boltzmann
equation analysis and gave self-consistent results for the
space-charge electric field and for the spatial evolution of
electron and ion densities. In conclusion, it 18 obvious
that the fundamental problem in the cathode region is the
relative strong field gradient and the secondary electrons.

The secondary electrons ejected by the cathode have
temperatures nearly independent from the local conditions
of the gaseous medium into which they enter. These elec-

trons are ejected in a zone of high spatio-temporal gra-
dients with a high electric field value. They multiply in
conditions far from the equilibrium conditions for which
the classic first-order hydrodynamic models of the
discharge were established. Obviously, quasihomogeneity
and quasistationarity no longer exist. The electron multi-
plication is no longer governed by the electric field alone
but also by the energetic balance due to all the collisional
and transport processes arising in the gas. Thus, such a
complex situation calls for an analysis of the phenomena
by mains of second-order models able to show the ener-
getic variations of the electrons.

The purpose of this work was to study the inception
and the development of the cathode region (CF and NG)
in a transitory discharge in CO& by means of a two-order
model based on the electronic and ionic continuity equa-
tions, the electronic momentum equation, and the elec-
tronic energy equation. This macroscopic analysis gives
the behavior of electrons and iona and allows one to fol-
low the spatio-temporal evolution of collective phenomena
inducing the nonequihbrium between the electrons and the
electric field. This model is very well adapted to the
study of nonequilibrium situations such as those induced
by strong spatio-temporal gradients of the cathode region.
The collective phenomena (linked to strong gradients in
the field variation and in energy density) are shown to
play a major role in the inception of the cathode-fall re-
gion, and the ionization mechanisms which take place and
lead to a maximum in the electron multiplication only at
the transition zone between the cathode fall and the nega-
tive glow are described.

II. HYDRODYNAMIC MODEL
OF THE CATHODE REGION

A. General formalism
of nonequilibrium transitory discharges

The formalism hereafter developed is an extension of
that proposed by Abbas and Bayle2' and by Bayle and
Cornebois. It is based on the hydrodynamics of slightly
ionized gases. However, apart from the fact that the
discharge studied here evolves in an electronegative gas
(whereas in Refs. 21 and 22 the gas was nitrogen), particu-
lar care was devoted to the formulation of the equation of
electronic momentum transfer which can no longer be
used in its simplified form.

2. Fundamental hypothesis

The discharge evolves in a passive, cold, static, and uni-
form COz gas. The discharge is supposed to consist of
electrons and positive ions created by collisional ioniza-
tion. In a first approach, the nature of the negative ions
created by attachment is not significant but the part taken
by the negative ions in the net space-charge density can be
conclusive. So, only one kind of negative iona whose
creation rate is deduced from the total attachment cross
section is considered. The volume recombination process-
es are neglected. In order to be specified, the ionization
and attachment terms need a microscopic hypothesis on
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the electron distribution function, which is assumed to be
isotropic and Maxwellian (see Appendix on distribution
function}. The negative-ion mobility is nearly the same as
that of positive ions (their mobility is 100 times less than
the electron mobility). The mobility of the positive CO2+
ions is very low as regards the electron mobility but they
cannot be neglected, as in the cathode region and princi-
pally in the cathode-fall region, their density is high com-
pared to the electron density and they play a significant
role in the total current density. Thus, it is assumed that
the CO2+ ions move with a drift velocity function of the
electric field but the diffusion effect of the ions is neglect-
ed. The positive and negative ions are in equilibrium with
the electric field, so their movement is well described by
the continuity equations. Because of the strong spatio-
temporal gradients taking place in this zone, the elix:trons
cannot be considered in equilibrium with the electric field.
Their energy ean be very different from the energy calcu-
lated in an equilibrium situation, using a value of the elec-
tric field equal to the local electric field. So, the electron
energy is deduced from the energy equation settled in a
previous paper. This implies that all the colhsional in-
teraction operators involved in the macroscopic equations
will be explicitly expressed as a function of this energy.
Thus, the nonequilibrium between the electrons and the
electric field implies the use of density, momentum- and
energy-transfer equations to describe electron movement.

Bn B(n u )

dt 8

and for the positive iona

(2)

I)n+
dt

B(n~u+ )

Bx
=~ion &

with n, the electron density, u, the electron velocity, n

the negative-ion density, n+ the positive-ion density, u+
the positive-ion velocity, and u the negative-ion veloci-

ty. S;,„and Satt, respectively the iomzation and the at-
tachment source terms, are the number of electrons creat-
ed or attached in 1 sec in the volume unit. They must be
expressed as a function of the electron temperature T„of
the electron density n„and of the neutral gas density X;

S;,„(T„n„N)=Nn, I Ir;,„(e)w(c)f(e)de,

with cr;,„(e) ionization cross section and f(e) Maxwellian
electron distribution function

S,«(T„n„N)=Nne f o,«(e)w(e)f(e)dc,

with 0~«(E) attaehnielit cross seetioil.

2. Mathematic nonequilibrium model

of the cathode region

a. Continuity equations The co.ntinuity equation for
electrons is

dn, B(n, u, )

dt dX

for the negative iona

b. Momentum transfer equation. In the case of the
cathode region, the situation is even more complex than
that analyzed in Ref. 22 as the simplified equation no
longer fits its use. As a matter of fact, near the cathode
there are two reasons for nonequilibrium. On the one
hand„as for ionizing waves, nonequilibrium arises from
the strong spatio-temporal gradients of density and field,
and on the other hand, it arises from the discontinuity due
to the cathode surface. Secondary electrons are ejix:ted
from the cathode (by ionic or photonic impact) with a
mean velocity entirely different from that of the electrons
in the gas. This introduces a nonequilibrium new condi-
tion which implies a great care in the local electron veloci-
ty calculation, particularly in the zone adjoining the
cathode, which is the greatest field gradient zone. In this
area, these nonequilibrium effects amplify each other and
an electron ejected from the cathode has to move up to a
point of the cathode fall, before its properties become
simply functions of the phenomena occurring in the gas.
The momentum-transfer equation, deduced from the
Boltzmann equation, can be written as

(m—,n, u, )+ (n, T, )+ (m, n, u, ) n, eE—

Bus Bus e e d(ne Te)
+g = E- —Q~

Bt Bx m, rn, n, Bx

(V'+ V')m, w,

mene

S 0.—S.«

Thus, the electron velocity appears as the result of a bal-
ance between the velocity gain due to the electric field
(first term of the equation), and a velocity loss due to col-
lisions (last term). The middle terms show the role of col-
lective phenomena of the discharge on the electrons. The
second term of the right-hand side (rhs) is the total dif-
fusion velocity, a function of the energy density gradient.
This diffusion velocity depends on the geometric and en-
ergetic properties of the discharge. The use of the total
diffusion defined here can lead to completely different re-
sults compared with those obtained with the classic dif-
fusion. Particularly, the total diffusion can be direct or
reverse depending on the electron temperature gradient.
(A study of the total diffusion was made in the first step
of this modeling by Abbas and Bayle ' to study the incep-
tion of an electron shock wave. ) The role played by the
total diffusion on the inception of the negative glow and
of the cathode-fall region is studied in the next section.
The third term of the rhs is the momentum necessary for
the electrons created by ionization (with a null-assumed
mean velocity and energy) to reach the mean local veloci-
ty.

c. E/ectron energy transfer equation. The electron ener-

gy transfer equation, deduced from the Boltzmann equa-
tion is

=(V'+ V')m, w, , (6}

with m, the electron mass, e the electron charge, E the
elo:tric field, and (V'+V')rn, w, is the symbolic operator
of momentum transfer by elastic and inelastic collisions.
Taking into account Eq. (1), Eq. (6) can be written as
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3 aT aT
2 dt Bx

B(n, T,u, )
=u, E — ' ' ' ——', T,(S;.„—S„,)

n, Bx

)le
(V'+ V') —,

'
m, w, ,

where (V'+V') ,' rn, —w, is the symbolic operator of energy

transfer by elastic and inelastic collisions.
The electron energy gain under the electric field [first

term of the rhs of Eq. (8)] is balanced by the collisional
losses (last term of the rhs whereas the second term of the
rhs, which is positive or negative according to the
discharge structure, acts as a regulator for energy-gain or
-loss processes. This term is essential in the transition be-
tween the cathode-fall and the negative-glow region and in
the existence of the negative glow itself. It represents the
role of the collective phenomena (apart from the space-
charge field effect) by which the geometric and energetic
properties of the electron cloud maintain (or at the oppo-
site reduce) the mean electron energy in the different
zones of the discharge. The third term of the rhs is the
mean energy necessary with which to provide the elec-
trons, so that they reach the mean local temperature of
the electron cloud.

B. Specification of the operators
of momentum and energy transfer equations

in nonequilibrium discharges

The basic idea, as settled by Abbas and Bayle2' and by
Bayle and Cornebois to the symbolic operator
(V'+V') —,

'
m, w, is enlarged to the operator

(V'+ V')m, w, . In the macroscopic inodeling, these opera-
tors may be specified globally in the following way.

a. Energy transfer operator. In an equilibrium situation
(stationary and uniform discharges}, the energy provided
by the electric field is completely used to heat the created
electrons and to compensate for the energy lost by col-
lisions. Thus, the electron energy is stationary and uni-
form. So

ln a nonequilibrium situation (transitory and nonuni-

form discharges), the energy-transfer equation (8) shows
that the electron energy is not only a function of the local
electric field but also of the geometric and energetic prop-
erties of the whole discharge. The dynamic electron tem-
perature is deduced from Eq. (8). We assume that the
saine formal dependence of the macroscopic terms with
temperature is maintained, thus the extrapolation of this
formal dependence of the energy losses versus tempera-
ture, by replacing the static temperature T by the
dynamic one T, in Eq. (11},leads to

(V'+V') ,'m, i—u,=n, @(T,)up[@(T,)]

——,
' T,[S;,„(T,) —S„,(T, )] .

The energy equation is

(12}

3 aT, aT, B(n, T,u, )
=Su, ——

n' Bx

4(T. )ua—[4(T.}) . (13)

b Momen. tum transfer equation In th. e equilibrium sit-
uation, the electronic mobility is linked to the elastic col-
lision frequency (nearly equal to the total collision fre-
quency) by the relation p, =e/(m, v, ), and p, (or v, ) de-

pends only on the reduced electric field E/N and thus the
momentum-transfer operator is a function of the reduced
electric field E/N (or of the static temperature).

In order to explicitly define the momentum-transfer
operator (V'+ V')m, w, in a nonequilibrium situation, we
assume that the same formal dependence of the macro-
scopic interaction terms is maintained and that this leads
to the same formulation, taking into account the fact that
the collision frequency is no longer a function of the re-
duced electric field but of the dynamic electron tempera-
ture, deduced from the energy equation. The following
relations for the momentum-transfer operator are de-

duced. In an equilibrium situation,

n, E,up = , T (S0„S„—,)+(V'+V—') ,
'

m, w, , —

T~ being the equilibrium static temperature, us the drift
velocity, and E, the uniform and stationary electric field.
In an equilibrium situation, the electron energy only de-
pends on the electric field value.

If the relations

T =f(E, )

ol

(V'+ V')m, w, =n, m, tt, v, (E/N),

m, p, (E/N)
v EN=

v, (T )= 8 1

m~ f(T }
Pe

(14)

are known, and if the ionization and attachment source
terms are expressed as function of the static electron tem-

perature, this can be expressed as a function of the static
electron temperature,

where p, (E/N) is the electron mobility. In a nonequili-
brium situation, the same formal dependency is used but
the collision frequency is a function of the dynamic tem-
perature

(V'+V') ,'m, w, =n, g(T )—up[a(T ))

——', T [S;,„(T )—S,„(T )]
(V +V )mqwq =nqmqQqv~(Te ),

with

(16)
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e 1

m, Is, [P(T, )/N)
'

where Is, (T, ) is the mobility expressed as
the dynamic temperature. So Eq. (7) can be

Bu, Bu, e 1 i3(n, T, )
+ue — =—E-

Bt Bx m n, Bx

—u, v, [ I1(T, )] .

a function of
written as

~ o.—~.«—Q e

(17)

C. Source term and macroscopic coefficients

1. Ionization and attachment source terms

The ionization and attachment cross sections used in re-
lations (4) and (5) to calculate the source terms are from
Kucukarpaci and Lucas. Their shapes have been fitted

by simple mathematical functions to give an analytic for-
mulation of the source terms. The ionization cross sec-
tion is

Ncr;,„(e)=Xi (e W—; )h(e —$V; ), (18)

No ««e) =F 2[~(e—~~ i) —~(e—~A 2)]

+E,[b,(e—W„,) —b, (e—W„,)], (19)

with K2 ——0.5)&10 crn 'eV ', E3 ——1.6/10 cm
eV ', 8'q1 ——4.2 eV, 8'q2 ——4.6 eV, 8'z3 ——8 eV, and
8'z4 ——8.4 eV. The source terms at 293 K can be written
as

with E1——0.126 cm 'eV ', 8';=13.3 eV, and 6 is the
Heaviside distribution. The total attachment cross section
Is

S;,„=1.16X10 sn, N~T, e ' 1+
—13.3/T

(20)

S„,=3.163X10 "n,N~T, 8 —syT, 8.4 —8.4/T,1+ — e ' — 1+ e
e e

+9 897X. 10 ' n, N~T, 1+ '
e

e

4.6 —4.6/T,1+ '
e

Te
(21)

where N is the neutral density (cm ), T, the electron temperature in eV, and S;,„and S,« in cm s '. The cross sec-

tions are adjusted so that, in an equilibrium situation, the following relation is verified:

~ion —hyatt= ~&&eUd ~

where A, /N is the apparent ionization coefficient from Dutton including all the gain and loss processes.

2. Drift velocities

a. For electrons. The electron drift velocity is deduced from Gallagher et al. At 293 K with ud in cms ' and E/N
in Td (townsend) it is

E/N & 1153 Td, ue ——8.291X10 (E/N)0 5 ',
667&E/N &1153 Td, ud ——3.28X10 +1.477X10 (E/N),

23 &E/N &667 Td, ud =1.174X10 +1.606X10 (E/N)

E/N &23 Td, ue=8. 803X10 (E/N)'

b. For positiue ions The positiv.e-ion drift velocity is deduced from Saporoschenko at 293 K as

E/N )425 Td, u+ ——5.971X10 (E/N)'i

E/N &425 Td, u+ ——264{E/N) .

c. For negatiUe ions. Their mobility is assumed equal to the positive-ion mobility.

(23)

(24)

3. Relations between the electric field and the electronic temperature at equilibrium

These relations are deduced from Kucukarpaci and Lucas at 293 K as

E/N &66 Td, T, (eV)=2.824X10 '(E/N) —1.08X10

E/N ~ 66 Td, T, {eV)=0.3621+[3.988X 10 (E/N) —0.2488]'
(25)
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D. Electric field E
n+(x) =ac +n, (x) .

Bx
(28)

For the formalism presented to be self-consistent, it
noxis to associate to the equations of hydrodynamics of
slightly ionized gas an equation dealing with the electric
field evolution. We assume that the discharge analyzed is
spread on the cathode compared to the spatial expansion
of the cathode region. In these conditions, the mono-
dimensional Poisson equation gives a good representation
of the resulting field,

Figure 1 represents the initial conditions from which the
computation begins. The computational program adjusts
these data in the frame of a two-order modeling and after
less than 1 ns delay (necessary to adapt to inevitably ap-
proximate initial conditions) gives a correct representation
of the discharge evolution.

aZ e —(n+ n—, n—) .
Bx eo

(26) B. Boundary conditions

This set of equations with initial and boundary conditions
is solved by the well-known characteristics method.

III. DEFINITION OF THE INITIAL
AND BOUNDARY CONDITIONS

A. Initial conditions

n, (x)=,n(0) exp((A, ) x), (27)

with (A, )=117.9 cm ' and n, (0)=10 "Ccm . If we
notice that the attachment coefficient is weak in front of
the ionization coefficient, the negative ions may be
neglected (with a zero-order approximation), so the posi-
tive ions may be deduced from the Poisson equation as

The study of the nonequilibrium stage of a transitory
discharge depends on the knowledge of the foregoing
equilibrium stage. The two-order modeling, taking into
account the energetic processes moving electrons away
from equilibrium, can be solved only by numerical
schemes implying severe limitations on the spatial and
temporal computation intervals. Complete analysis of the
discharge by means of such a modeling requires too much
computation time. So the first stages of the discharge are
simulated by zero- or first-order models until these
models are no longer valid.

The initial conditions of our study are defined using the
experimental conditions of Cobine, Ivanchenko and
Shepelenko, s and Francis. Table I gives the initial con-
ditions of the discharge. V and d are, respectively, the
cathode-fall voltage and length.

As the determining parameter of the cathode region is
the electric field, an a priori spatial repartition is taken,
from which the spatial repartitions of the electronic and
ionic densities are deduced by zero-order relationships.
The field is assumed to vary linearly through the
cathode-fall region from E=1.4X10 Vcm ' at the
cathode to E =3.4X102 Vcm ' at the end of the cathode
fall. The electronic profile ts defined as

+C3(e —W3)b (e—Wi )

+C4(s 8'4)b (—s —W4), (30)

8
N

V

9
)0+

C
I

C

lTl

Ail'

The current density on the cathode is given by

J,(0,t) =y+J+(O, t)+ypi, J S,„,(x, t)dx . (29)

Secondary electrons are ejected by ionic and photonic im-
pacts (with probability respectively equal to y+ and y~„).
The mean values of y+ and y~i, have been assessed to be
equal to

y+ ——5g10, y b
——10

The excitation source term S,„, is evaluated in the same
way as the ionization and attachment source terms. The
excitation cross sections of CO2, given by Kucukarpaci
and Lucas, are fitted by the following relations:

No,„,(e)=Ci 5(e—Wi )+Ci5(e —Wq )

TABLE I. Initial conditions.

Gas: CO2

@=20 Torr
V=437 V
pd= 1.28 -Torr cm

I=4.61' 10-' A
J/p2= 1.63 X 10 A/cm2 Torr
E cathode/N =2.125&10 Td (293 K)

x (IO cm}

FIG. 1. Initial conditions. E is the electric field profile, n,
electronic density profile, and n+ positive-ion density profile.
To be easily compared with results on Fig. 2 the electric field is
drawn in semilogarithmic scale. (The abscissa is the distance
from the cathode. )
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5 is the Dirac function, b, the Heaviside distribution, and

C~ ——1.5 cm 'eV ', W'& ——3. 1 eV,

C2 ——0.9 cm ' eV ', 8'2 ——7.0 eV,

C3 ——0.22 cm 'eV ', W3 ——10.5 eV,

C4 ——2.6)& 10 cm ' eV ', W"4 ——11.5 eV .

S,„„the excitation source term at 293 K is

S„,(T„n„N)=Nn, J cr„,(e)w(e)f (e)de, (31)

2Tg
S,„,( T„n„N)=Nn, Cs ~T, 1+ e

L

—10.5/T 2~e —1&.5/T'+ C6 T, 1+ e

C7 7/T» — Cs —i.1/T

~r, ~r, (32)

Cs ——9.593 X 10, Cs ——5.094X10

C7 ——1.245X10 ', Cs ——9.186X10-'.
The two-order model is an energetic model. It is thus
necessary to define a mean temperature for the secondary
electrons ejected by the cathode, their velocity being de-

duced from e, =—,
' ni, u, . It is generally assumed that the

mean energy of secondary electrons lies between 0 and 20
eV (Von Engel, ' Boeuf and Marode's). Different values
of this ejection energy are checked ( T, =0.5, 1, 2, 5, and
10 eU) and the response of the secondary electrons to the
electric field is studied. All the figures of this first paper

are obtained with a temperature of emitted electrons equal
to 5 eV. On the anode side boundary, we assume that the
positive-ion density is given by

n+(d, r+hr)=n+(d, r)+S;,„(T„n„N)br . (33)

IV. INCEPTION OF THE CATHODE REGION

A. Description of the spatial properties
of the cathode region

Starting from the above-defined initial conditions, the
inception of the cathode region is studied as a function of
time. Figure 2 represents the cathode region, 13 ns after
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FIG. 2. Spatial evolution of the different macro. topic paiemeters in the discharge at t=13 ns. T, (eV} is the electron tempera-

ture, E (V cm '}electric field, P, =n, T, electron pressure, u, electron velocity, n, electron density, and J, electron current density.
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the initial conditions. The field gradient is no longer uni-

form and two different zones can be distinguished. The
first one, characterized by a strong electric field, which
decreases from the cathode, corresponds to what is gen-

erally called the "cathode-fall region, " and the second one,
with a very weak (nearly null) electric field can be defined
as the "negative glow. "

The cathode fall is characterized by a high electron
temperature. The connection between a high electric field
and a high electron temperature gives rise to strong trans-
port phenomena while the electronic multiplication gradu-
ally increases the electron density from the cathode to the
boundary between CF and NG.

The negative-glow is characterized by a low electron
temperature and a very weak electric field. It is necessary
to notice that the transport is weak but not null. The drift
velocity no longer intervenes in the electron velority
which is principally governed by the diffusion phenomena
linked to the energy gradient. The transition zone be-
tween the CF and the NG shows special properties linked
to the field and energy density gradients. In this zone, the
electric field gradients are the strongest and most of the
cathode fall occurs. The terms B(n, T, )/Bx and
B(n, T,u, )/Bx from the momentum and energy equations
change their signs. This means that the collective phe-
nomena action (for example, total diffusion) is reversed.
This inversion of collective phenomena induces very dif-
ferent properties in the CF and in NG. Particularly, this
explains why the electron velocity is not null in the nega-
tive glow in spite of a nearly null electric field. But as the
negative field is weak, the electron multiplication is weak

and the NG appears as a zone where electrons issued of
the cathode-fall region gather.

The inception and the development of the cathode-fall
region and negative-glow region are the results of the dou-
ble action of transport phenomena and of multiplication
phenomena, the function of the electron temperature. It
is necessary, in order to understand the spatio-temporal
evolution of the cathode region, to analyze the role of the
different processes on the electron velocity and tempera-
ture.

B. Electron velocity

The electron velocity is the result of a balance between
a velocity gain due to the electric field action and a veloci-

ty loss due to collisions, whereas the diffusion (the elec-
tron pressure gradient) acts like a regulator. Figure 3
shows the part these different processes (drift under elec-
tric field action, diffusion by energy gradient, collisions)

play in the electron velocity evolution and in the inception
of the different zones of the cathode region. The result
for both the velocity gains and losses are each different in
the cathode-fall region and in the negative-glow region.

In the cathode-fall region, the velocity gain greatly pre-
vails. In this high electric field zone, where electrons are
strongly accelerated, the transport phenomenon is highest.
The loss occurs principally from colhsions. The total dif-
fusion slows the velocity gain and decreases the field ac-
tion. Moreover, a part of the gain in momentum is used
to raise the velocity of the electrons created (whose mean
velocity is supposed to be null at the creation) up to the
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FIG. 3. Comparison between the spatial evolution of the different terms of the momentum equation at 1=13ns. The dotted lines
are used for negative values. (l) (e/m, )E, (2) (e/m, )(l/n, )[B(n,T, )/Bx], (3) v[g(T, )]n„(4)(l!n, )(S;,„S,«)u, —
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mean local velocity of the electron swarm.
In the transition zone between the cathode-fall region

and the negative-glow region (delimited by two arrows on
Fig. 3)„ the drift due to the electric field gradually van-
ishes. The electron movement is no longer governed by
the electric field, but by the diffusion processes that sup-

ply the electrons with almost all of their velocity.
In the negative-glow region, as the electric field is very

weak, the drift velocity is weak and the electrons move-
ment is the result of two actions: the collisions (loss of
energy for the electrons) and the collective phenomena,
i.e., the effect of total diffusion (gain of velocity for the
electrons). This total diffusion velocity expresses the in-

fluence of the energetic structure of the discharge on its
own evolution. Due to a feedback effect, this total dif-
fusion effect reduces the electron velocity in the cathode-
fall region where the electric field (and thus the drift velo-

city) is high, whereas in the negative-glow region [where
the term B(n, T, )/Bx changes its sign] the diffusion effect
maintains the velocity. This effect plays relatively a more
significant role if the electric field is weak and an abso-

lutely more significant role if the heterogeneity of the
discharge is strong. The relative significance of the dif-
ferent terms of the momentum equation is shown in Figs.
4 and 5.

Figure 6 compares the total electron velocity [solution
of Eq. (7)] to the drift velocity and to the diffusion veloci-

ty [second term of rhs of Eq. (7)]. In the transition zone,
the diffusion velocity balances the drift velocity loss
which becomes more pronounced in the negative glow.
At both ends of the cathode-fall region, the diffusion is

opposed in the most significant way to the electric field
action to stabilize the total electron velocity leading,
respectively, to a stabilization of the electrons issued from
the cathode and to an acceleration of the negative-glow in-
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FIG. 5. Rate of loss in momentum induced by the different
terms of the momentum equation (a) v[tg(T, )]u„(b)
(e/rn, )(1/n, )[B(n,T, )/Bx], (c) [(8;,„—8„,)/ n]u, .

ception. The diffusion velocity acts as a stabilizing pro-
cess in the modification of the electron velocity. Of
course, the role of the collisions always reduces the elec-
tron velocity. The losses by collision play a significant
role in the negative-glow region and a less significant role
(compared to the electric field action) in the cathode-fall
rcgloIl.
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FIG. 4. Rate of gain in momentum induced by the different
terms of the momentum equation (a) ( e/m, )E, (b)

( e /m, )(1/n, )[B(n,T, )/Bx].

FIG. 6. Comparison between the total electron velocity (1),
the diffusion velocity (3), and the drift velocity (2) t=13 ns
(dashed lines for negative values).
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FIG. 7. Comparison between the different terms of the energy equation„ t=13 ns (dashed lines for negative values). {1)u, E, (2)

(1 /n, )[8( n T,u, ) /Bx], (3) (1/n, )[ i T,(S; —S,«), (4) (1/n, )(V'+ V')
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C. Electron temperature

Figure 7 shows how the different terms of the energy
equation (8), and thus the different processes they
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FIG. 8. Rate of energy gain induced by the different
terms of the energy equation, t= 13 ns. {a) u, E, (b)

(1/n, )[B(n,T,u, )/Bx].

represent, intervene in the electron temperature evolution.
The division of the cathode region in two different zones
is induced by different processes stepping in, which vary
greatly from one point of the cathode region to another.
Near the cathode, in the cathode-fall region, all the gain
and loss processes are strong, whereas they are weak in
the negative glow region. All over the cathode region, the
elastic and inelastic collisions (curve 4 of Fig. 7) are the
most significant loss processes. Their role in the final bal-
ance between the different processes depends on the elec-
tric field heating. In the cathode-fall region, the high
electric field gives rise to a high electron heating and the
electrons accumulate energy. A significant part of the en-

ergy provided by the electric field is eventually used to
raise the temperature of the electrons ejected from the
cathode to the mean local temperature of the electron
swarm. The work of the electron pressure (which
represents the action of the collective phenomena linked
to the discharge structure) is opposed to the electron heat-
ing in this zone. In the negative glow, the processes are
reversed. The nearly null electric field induces a nearly
null electron heating. But the term representing the work
of the electron pressure changes its sign. It thus plays the
role of a source term in the energy equation and it
represents the only gain process for the electrons. In the
same way as for velocity, the electrons keep enough ener-

gy in the negative glow by a diffusion process. In the
transition zone, the collision losses are stronger than the
electron heating process and the work of the electron pres-
sure changes its sign. The relative significance of each
loss and gain process is shown on Figs. 8 and 9.
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100 =

null electric field region.
The nonequilibrium between the electrons and the elec-

tric field is obvious on the electron velocity and tempera-
ture. The drift velocity, the main component of the velo-

city in the CF, is null in the transition zone, whereas in
the NG, the electron velocity is mainly due to diffusion
effects.

APPENDIX. REMARK
ON THE DISTRIBUTION FUNCTION

2 3 4
x (lo cm}

FIG. 9. Rate of energy loss induced by the different

terms of the energy equation. (a) (1/n, )(V'+V') —,'m, m„(b)
(1/n, )[8(n, T,u, )/Bx], (c) 2 T,[(S;,„—S,«)/n, ].

V. CONCLUSION

The setting of a macroscopic formalism giving explicit
formulations of the interaction operators in the momen-
tum and energy equations and the ionization, attachment
and excitation source terms in the continuity equations as
function of the electron temperature, makes a study of the
inception and the development of the cathode region in a
CO2 discharge possible.

The term-by-term analysis of the equations allows a
characterization of the relative role of the physical pro-
cesses in each zone. The inception of the cathode region
is the result of a balance between the action of the electric
field acting as an energy source, and of the collective phe-
nomena occurring in the discharge acting as a regulator
process.

In the CF, the electrons gain energy under the field ac-
tion, whereas the diffusion process and the loss due to col-
lisions limit this gain in energy and velocity. In the NG,
the diffusion effects play an active role and maintain the
electron energy and velocity.

The transition zone is defined as the place where the
collective phenomena change their signs. It makes the
transition between a high electric field region to a nearly

A macroscopic formalism is necessarily based on an a
priori choice of the distribution function, and this choice
is often very awkward. In fact, there is a lack of informa-
tion on distribution function in the cathode region of a
CO2 discharge, the only information existing dealing with
a helium discharge. The information on distribution
function in the cathode region of a helium discharge is ex-
perimental and theoretical.

The experimental results of Gibbs and Webb29 in an
near the negative glow of an abnormal discharge in heli-
um show that three different components appear in the
distribution function. The theoretical simulation works of
Boeuf and Marode and of Ohuchi and Kubota on a
discharge in helium gave slightly different results with
only two electron groups. The distribution function
shows a tail of high-energy electrons in the vicinity of the
cathode, but this tail progressively vanishes toward the
negative glow, where the distribution function goes back
to a classic shape with only one maximum for low-energy
electrons.

All these works deal with helium, an atomic gas whose
elastic and inelastic cross sections are very different.
There is no evidence that the behavior of the distribution
function in a polyatomic gas, such as CO2, with compar-
able elastic and inelastic cross sections, would be the
same. For C02, the inelastic cross sections are more uni-
formly distributed in energy and so the electron energy-
loss processes are more evenly distributed, leading to a
certainly less pronounced departure from the Maxwellian
(see Nighan ).

However, it is necessary to point out that the choice of
a Maxwellian distribution function, even if it appears as
slightly different from the real distribution function of the
discharge, allows one to give an analytic representation of
the source terms (ionization, attachment, excitation). In
the macroscopic model given in this paper, the choice of
the distribution function does not influence in a funda-
mental manner the description of the collective phenome-
na (diffusion and transport) occurring in the discharge,
which remains the main target of this study.
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