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Cathode region of a transitory discharge in CO2. II. Spatio-temporal evolution
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The inception of the cathode region is described by a second-order hydrodynamic model proposed
in the preceding paper. The spatio-temporal variations of ionic and electronic densities, electron
temperature, electron pressure, and electric field are provided. The double nonequilibrium between
the electrons and the electric field due to strong electric field gradients and to secondary emission at
the cathode is carefully studied. The way these electrons emitted by the cathode join the discharge
is studied as a function of their emission temperature. The evolution of the electron temperature
shows a maximum shifted from the field maximum. This leads to a difference between the non-

equilibrium apparent ionization coefficient (deduced from the dynamic temperature) and the corre-
sponding equilibrium coefficient. The maximum drop of the electric field and almost the main part
of the processes that sustain the discharge occur in the transition zone situated between the cathode
fall and the negative glow. In this zone, the electron energy density 4,'electron pressure) is maximum

involving a maximum in the reaction rates (the ionization, excitation rates, and the electron current
density are maximum). %hen the electron current density increases, the electric field at the cathode
increases as the cathode-fall length decreases.

I. INTRODUCTION

In the preceding paper, hereafter designated as I (Bayle,
Vacquie, and Bayle' ), we have proposed and analyzed a
formalism for the study of the cathode region in transito-
ry discharges. This formalism is based on the equations
of hydrodynamics for a slightly ionized gas (continuity
equations for electrons and iona, inomentum and energy
equations for electrons). A formulation of the source
terms of the continuity equations and of the operators of
collisional transfer for momentum and energy was chosen.
In paper I„we mainly focused on the analysis of the for-
malism and on the role of the different terms of the equa-
tions, i.e., on the role of the physical processes they
represent. The detailed analysis of these equations
showed the role played by the electric field as a source of
energy and the collective phenomena (total diffusion and
electron pressure work) as regulating mechanisms of the
discharge, in the inception of the cathode-fall region and
of the negative glow.

In this paper (II), we will deal particularly with the
spatio-temporal evolution of the cathode region (cathode
fall and negative glow), together with the study of the
main processes (ionization, excitation, and transport) aris-
ing from the energetic nonequilibrium between the elec-
trons and the electric field. The main different zones of
the cathode region are characterized by their energetic
properties and by the electric field repartition.

Special care will be given to the two transition zones of
the cathode region. The first transition zone is the part of
the discharge in contact with the cathode, which shows a
double nonequilibrium between the electrons and the elec-
tric field; this nonequilibrium depends first on the strong
gradients of the electric field and secondly on the differ-
ence between the energy of the electrons emitted by the
cathode and that of the electrons of the discharge

The second transition zone is the part of the discharge
lying between the cathode fall (CF) and the negative glow
(NG). In this zone, the main sustaining processes of the
discharge take place.

II. SPATIO- TEMPORAL EVOLUTION
OF THE CATHODE REGION

Apart from Figs. 13 and 14, all the figures in this paper
are drawn for an emission temperature of 5 eV for secon-
dary electrons.

A. Electric field and densities

The initial conditions are defined in I in Fig. 1, electric
field being chosen linearly decreasing in the studied area.
This initial repartition is greatly modified by the double
action of the space-charge effects and nonequilibrium be-
tween electrons and the electric field. Figure 1 shows the
spatio-temporal evolution of the electron density, which
first increases exponentially from the cathode, then varies
very little in the following zone. A difference may be no-
ticed between curve 1 and the other curves; it is linked to
the initial conditions in which the cathode fall lies all over
the studied area without negative glow. It implies a dif-
ferent action of the feedback of collective phenomena
(role of the spatial gradients in the momentum and energy
equations). At the beginning, the transport phenomena
are stronger than the ionization, and near the cathode
where the electron velocity is high, this induces an elec-
tron density decrease (from curve 1 to curve 2). Then, the
ionization becomes higher than the transport phenomena
and the electron density increases regularly as shown on
curve 2. From this moment, the evolution of the electron
density appears as the result of the ionization mechanisms
(a function of the electron temperature) and of the trans-
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FIG. 1. Spatio-temporal evolution of the electron density.
(1) t=0, 5 ns, (2) t=1.6 ns, (3) t=5.4 ns, (4) t =13 ns. {The
abscissa is the distance from the cathode. )

FIG. 2. Spatio-temporal evolution of the negative-ion densi-

ty. (1) t =0.5 ns, (2) t = 1.6 ns, (3) t =5.4 ns, (4) t = 13 ns.

port processes sweeping away the electrons to the anodic
boundary of the region. Then, the NG appears as the re-
sult of a gradient effect and the electron velocity decreases
sharply in the transition zone from the CF and the NG.
This decrease of the electron velocity induces a local in-
crease of the electron density although the attachment is
high. Curves 2—4 in Fig. 1 show how, at the beginning of
the NG the electron density increases, thus indicating a
progressive gathering of the electrons in the NG due to a
decrease of the electron velocity. So, the NG appears gra-
dually and the total diffusion effects cause more and more
decrease of the electron velocity. They move more and
more slowly at the beginning of the NG and this slowing
down causes a widening of the NG.

The evolution of the density of the negative ions is
similar to that of the electrons (Fig. 2). It is governed by
attachment processes, which are mostly significant at the
beginning of the NG. Figure 3 shows the evolution of the
CO2+ positive ions created by ionization. As their drift
velocity is weak, they move much more slowly than elec-
trons. In the transition zone, the transport phenomenon
of CO&+ ions shows a sharp variation linked to a steep de-
crease of the electric field. On both sides of the transition
zone, the velocity of CO&+ ions is nearly constant while in
the transition zone, it increases sharply so that the C02+
positive ions enter the CF with a high kinetic energy. As
the transport phenomena are very different for electrons
and ions, the net space-charge evolution shows an increas-
ing excess of CO2+ positive ions in the CF, whereas the
electrons drifting under the electric field action gather in
the NG. Thus the net space-charge density, becoming
positive in the CF and negative in the NG induces a
strong decrease of the electric field in the transition zone
between the CF and the NG. The net space-charge densi-

ty is positive again on the anode side of the cathode re-
gion.

Figure 4 shows the spatio-temporal evolution of the
electric field. The inception of the NG and the narrowing
of the cathode fall in time are obvious. In the NG, the
electric field decreases steeply as the electric field reaches
the lowest value available in the computation (10 &/cm).
This value corresponds to a zero-field value for the physi-
cal phenomena in the discharge, as there is no drift and no
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FIG. 3. Spatio-temporal evolution of the positive-ion density.

(1) t =0.5 as, (2) t = 1.6 ns, (3) t =5.4 ns, (4) t = 13 ns.
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FIG. 4. Spatio-temporal evolution of the electric field.
(1) t =0.5 ns, (2} t =1.6 ns, (3) t =5.4 ns, (4} t = 13 ns.
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FIG. 6. Spatio-temporal evolution of the electron pressure.
(1) t =0.5 ns, (2) t = 1.6 ns, {3)t =5.4 ns, (4) t = 13 ns.

electron multiplication. The practical formulation of the
hydrodynamic equations together with the numerical
technique for their resolution do not allow one to deal
with zero-field values and even less with field inversions.

Figure 5 shows the spatio-temporal evolution of the
electron temperature. The electron temperature max-
imum is situated just before the cathode and not on the
cathode itself as it is for the field maximum. This is a

first sign of nonequilibrium between the electrons and the
electric field. It is clear that the evolution of the dynamic
temperature deduced from the energy equation does not
follow the evolution of the electric field as it is for the
static temperature.

Figure 6 shows the spatio-temporal evolution of the
electron pressure (electron energy density) and gives a glo-
bal view of the discharge evolution. The energy of the
electron gas increases all along the CF under the electric
field action and the maximum in the energy density is si-
tuated in the transition zone. In the NG, where the elec-
tric field is weak, the electron gas does not gain energy
but loses it by collisions. So gain and loss of energy
characterize, respectively, the CF and the NG.

B. Nonequihbrium between the electrons
and the electric field

The strong gradients appearing in the cathode region,
and particularly in the transition zone between the
cathode fall and the negative glow, are one of the particu-
larities of the cathode region. The diffusion processes im-

ply that the energetic behavior of electrons is not only a
function of the electric field alone but also a function of
the whole structure of the discharge. This phenomenon
induces the nonequilibrium between the electrons and the
electric field.

x (iO cm)
FIG. 5. Spatio-temporal evolution of the electron tempera-

ture. {I)t =0.5 ns, {2)t = 1.6 ns, (3) t =5.4 ns, (4) t = 13 ns.

J. Effect on the electron temperature

Figure 7 shows the spatial distribution of the mean
dynamic local temperature in the cathode region (a) com-
pared to the distribution of the static local temperature (b)
deduced from the equilibrium field-temperature relation
[Eq. (25) of I]. This temperature represents the mean
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under the field action is much stronger than the loss by
diffusion and collisions. The electron velocity in the CF
nearly depends on the electric field alone following all of
its variations. On the contrary, in the NG, where the elec-
tric field is nearly null, the drift velocity is null but the to-
tal diffusion velocity is not null. So, the NG appears as a
strong nonequilibrium region where the total diffusion ef-
fects balance the electric field lack and the collision loss.
In this region, the electron velocity is a diffusion velocity
which is corroborated by a term-to-term analysis of the
momentum equation showing that the diffusion term is
the most significant.

C. Ionization and excitation mechanisms

,~

3 4

x (IO cm)

FIG. 7. Spatial distribution of (a) the dynamic electron tem-

perature and (b) the static electron temperature.

temperature of an electron submitted to the same value of
the electric field in a stationary and uniform discharge.

On Fig. 7, a strong nonequilibrium zone appears near
the cathode due to the two reasons previously described:
first, the emission temperature of the electrons ejected
from the cathode, and secondly, the discontinuity intro-
duced by the cathode itself (absorbing wall for ions). In
this zone, the dynamic temperature is lower than the stat-
ic one. The maximum in the dynamic temperature is
shifted from the electric field maximum that takes place
at the cathode. This means that the maximum of the ion-
ization frequency does not take place on the cathode but
just in front of it, at a distance where the secondary elec-
trons ejected have reached the mean temperature of the
electron swarm. The dynamic electron temperature de-
creases because the electric field decreases and thus pro-
vides less energy to electrons. In the transition zone be-
tween CF and NG, the energy gain and loss nearly bal-
ance and the electron temperature is nearly equal to the
static temperature.

In the negative glow, a weak electric field region, the
collision losses are the greatest energy loss, whereas the
electron pressure work maintains the electron energy so
that in spite of a nearly null electric field, electrons have a
non-null energy and the nonequilibrium gives rise to a
dynamic temperature higher than the static temperature.
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The electric field and the dynamic electron temperature
configurations lead to a repartition of the collision fre-
quency, of the ionization, attachment and excitation fre-
quencies in the cathode region (Fig. 8). The momentum-
transfer frequency (curve 1) shows a weak variation,
whereas the others sharply vary by several orders of mag-
nitude. The ionization frequency (curve 3) increases from
the cathode and reaches rapidly its maximum value which
remains nearly constant in the CF. It decreases strongly
in the transition zone and reaches a nearly null value in
the NG, where the electric field and the electron tempera-
ture are too weak for the electrons to ionize. A similar
variation is observed for the excitation frequency (curve
2). The attachment frequency (curve 4) is maximum near
the cathode, increasing the relative part of the positive-ion
component in the total current near the cathode. Then, it
remains nearly constant in the CF and shows a weak max-
imum when the electron energy decreases in the transition
zone.

2. Effect on the electron uelocity

The effect of nonequilibrium on the electron velocity is
shown by the comparison between the total velocity and
the drift velocity. The cathode fall appears as a weak
nonequilibrium region, the drift velocity being quite equal
to the total velocity. This means that the velocity gain

3 4 5
& (10 cm)

FIG. 8. Momentum transfer frequency by collisions (1), exci-
tation frequency (2), ionization frequency (3), attachment fre-
quency (4), t =13 ns.
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Figure 9 shows the collision rate (product of the col-
lision frequency by the electron density). The collisions
have a major role in the NG, they appear as the most sig-
nificant proces in this zone. It is obvious that the major
part of the ionization and excitation processes do not take
place in the CF, even if it is a place with a strong electric
field and a high electron temperature, but takes place in
the transition zone, a place with moderate field and tem-
perature. The production of electrons by ionization is
weak in the CF, then increases and reaches its maximum
value in a weak electric field zone (this is the result of the
exponential increase of the electron density in the CF). In
this zone, the attachment is the highest and at the begin-
ning of the NG, the attachment is greater than ionization.
A similar conclusion about maxima in ionization and ex-
citation on the cathode side of the negative glow, i.e., in a
nearly null electric field region is given by Warren in ex-
perimental results.

Figure 10 represents the evolution of the electronic
current density and of the positive current density. The
positive-ion current is the main component of the total
current density at the cathode and in the CF, then it de-
creases very fast in the transition zone following the de-
crease of the electric field and the positive-ion velocity
and is nearly negligible in the NG. In the NG, the main
part of the current is electronic. This is linked both to the
very strong increase of electron density and to the ratio of
the electronic and ionic velocities which increases in this
zone. The current is higher at the end of the CF and in
the transition zone, where the electric field and the elec-
tron temperature are high enough to sustain a significant
electron and ion transport. In the NG where the electric
field and the electron temperature decrease, the electron
transport is weak and the current density decreases.
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FIG. 10. Electronic current density {1),positive ionic current
density {2), t =13 ns.

The electronic amplification M(x, t) =J,(x,t)/J, (0,t)
reaches a maximum in the transition zone (Fig. 11). Fig-
ure 12 shows the effect of nonequilibrium on the macro-
scopic coefficients as the apparent ionization coefficient.
The apparent ionization coefficient deduced from the ion-
ization and attachment source terins [Eqs. (20) and (21) of
I] by the following relation in which the dynamic tem-
perature is involved:
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FIG. 9. CoHision rate {1),excitation rate {2), ionization rate
{3),attachment rate {4), t = 13 ns.
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FIG. 11. Electronic amplification M =J,{x)/J,{0), t =13
ns.
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g(NE)

S;,„(T„n„N) S—„,(T„n„N)= (T, )Nn, u, (T, )

is compared to the apparent Townsend coefficient de-
duced from the current measurements in homogeneous

and stationary discharges. This equilibrium coefficient is
deduced from Dutton and Kucukarpaci and I.ucas and
Gallagher et al. It only depends on the electric field and
is used on the following form at 293 K:

E/N&364 Td, A,
' '/N =6.277X10 ' exp

E/N&136Td, A, 'E'/N= —4.092X10 io(E/N)+7. 492X10 2i (E/N)

—1.623 X 10' 2.614X10'
(E/N) (E/N)'

136 Td&E/N &364 Td, A,'E'/N= —1.556X 10 "+1.751X10 "(E/N),

There is a strong difference between their values, particu-
larly near the cathode. In this zone, the nonequilibrium is
the strongest as the electrons ejected by the cathode have
an energy unconnected with the local energy of the elec-
tron swarm. Whereas the apparent ionization coefficient
A,

' '(E/N) in an equilibrium situation follows strictly the
field decrease, the nonoquihbrium coefficient A,

' '(T, ),
which is the real one in the discharge, reaches a maximum
value near the cathode. In the CF, A,

( '(T, ) is lower than
A,

' '(E/N), showing that nonequilibrium reduces the ion-
izing rate of the electrons in this zone compared to the
classic equilibrium modeling. In the CF-NG transition
zone, it is the contrary and A,

' '(T, ) becomes higher than
A,

' '(E/N). In fact, in this zone, the electronic multiplica-
tion is the highest (Fig. 11).

III. THE TRANSITION ZONES
IN THE CATHODE REGION

A. Cathodic processes

This zone is mainly the adjustment zone for secondary
electrons to reach the local conditions taking place in the
gas ahead of the cathode. Generally, these electrons are
supposed to be ejected with an energy ranging from 0 to
20 eV (Von Engel, Ohuchi and Kubota, Marode and
Boeuf. ) How these electrons adjust their emission condi-
tions to the electric field and the electron pressure condi-
tions taking place near the cathode seems to be interest-
ing. Figures 13 and 14 show the mean electron velocity u,
and the dynamic electron temperature T, near the
cathode. In the range of emission temperature chosen, the
velocity and the energy of the secondary electrons adjust
at the same distance from the cathode, whatever the value
of the emission temperature. Of course, these curves are
drawn in the same conditions of electric field and charge
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FIG. 12. Comparison between the apparent ionization coeffi-
cient (a) in a nonequilibrium situation A, IN= f(T, ), aud (b) in
an equilibrium situation A,s/N =f(E).

I I l

3 4

x (IO cm)

FIG. 13. Mean electron velority near the cathode t =2 ns.
(1) T, =05 eV, {2)T, =1 eV, (3) T, =2 eV, {4)T,=5 eV,
(5) T, =10 eV.
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source terms sharply vary with the temperature, this
difference can induce great variations of the electron
inultiplication and of the net space charge at the boundary
between the CF and the NG and in the NG itself. On the
contrary, few variations of the net space charge and the
electric field at the cathode are induced. The temporal

20—
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FIG. 14. Mean electron temperature near the cathode t =2
ns. (1) T, =0.5 eV, (2) T, =1 eV, (3) T, =2 eV, (4) T, =5 eV,
(5) T, =10eV.

carrier density. This means that the secondary electrons
"forget" very soon their emission conditions to fit the lo-
cal conditions of the electron swarm. Only 5% of the to-
tal length of the cathode region are necessary to stabilize
those values. We must notice that the adjustment distance
is the same for the different emission conditions and
moreover that the adjustment value is the same for the
velocity. As for energy (Fig. 14), there is a slight differ-
ence in the adjustment value if the electrons emitted by
the cathode have energies equal to or greater than 5 eV.

The way this stabilization occurs can be analyzed accu-
rately by a comparison of the different physical processes
(role of the electric field, diffusion and ionization process-
es, . . . ), i.e., by a study of the different terms of the
momentum and energy equations as was done in I. The
collective phenomena (total diffusion) [curve 2 in Fig.
15(a)] are the more significant processes. The total dif-
fusion term in the momentum equation varies by an order
of magnitude on the adjustment distance and reduces the
velocity when it is too high, whereas on the same distance,
the velocity gain due to the electric field (curve 1) remains
nearly constant. In the energy equation, a similar varia-
tion occurs. The term corresponding to the energy gain
due to the electric field [curve 1 of 15(b)] shows a shght
variation on the adjustment distance, whereas the term
corresponding to the electron pressure work {curve 2)
varies more as the difference between the secondary emis-
sion temperature and the mean local temperature is great.
This shows the significant role played by the collective
phenomena as stabilizing promises in the discharge.

This zone is the strongest nonequilibrium area with a
dynamic temperature half of the static temperature. The
adjustment for temperature occurs for higher values when
the emission temperature increases (Fig. 14). As the
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FIG. 15. (a) Comparison between the different terms of the

momentum equation near the cathode t =13 ns; (1) (e/m, )E,
(2) e{/ m)(1 n/, )[B {,nT) B/x], (3) v[g( T)] „u4{)(Si,„
—S,«/n, )u, . (b) Comparison between the different terms of the
energy equation near the cathode t =13 ns; (1) u,E, (2)
()/n, )[B{n,T,u, )/Bx], (3) {1/n, ){V'+7') 2 m, w„{4) 2 T,(S;
—S.„)/n, .
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evolution of the electric field the cathode is shown on Fig.
16. It increases regularly with time, whatever the emis-
sion temperature.

8. The transition zone between the cathode fa11

and the negative glow&

The transition zone between the CF and the NG plays a
major role in the discharge. The prevailing role of the
electric field comes to an end long before it reaches its
lower value. In fact, the discharge properties are modified
as soon as the role of the collective phenomena is reversed,
i.e., when the spatial gradients in the momentum and the
energy equations change their signs. Therefore, the tran-
sition zone can be stated as a zone of inversion of collec-
tive phenomena. Its spatial boundaries are the zone where
the terms correspanding to these phenomena are null. On
the cathode side, the boundary is defined as
B(n, T,u, )/Bx =0, i.e., in the area where the electron ener-

gy seems to depend only on the gain under the field action
and on the loss by collisions and does not depend on the
discharge structure. On the anode side, the boundary with
the negative glow is defined as the place where
B(n, T, )/Bx=0, that is, the total diffusion velocity is
equal to zero.

This transition zone position evolves with time and
reduces the extension zone of the CF region (Fig. 17). At
the same time, the current density increases. These results
corroborate fully Warren's results, wha found experimen-
tally a decrease of the cathode-fall region and Ward'ss re-
sults, who studied a stationary discharge by a first-order
model and found a decrease of the length of the CF region
with an increase of the current density.

In the transitian zone, different processes reach their

E
OJ0

V'0

t (ns)

FIG. 17. Temporal evolution of the cathode-fall length.

higher values. It is the place of highest electron multipli-
cation (Fig. 11), of highest ionization, energy density, and
excitation rates (Fig. 9). In the transition zone, the elec-
trons are in equilibrium with the electric field.

The two zones of the cathode region, CF and NG, are
thus defined in term of energetic evaluation. The defini-
tion of the transitory zone between CF and NG appears as
the inversion place of the collective phenomena and gen-
eralizes the classic definition of the CF and NG in terms
of field variation. In the transition zone, the field gra-
dients are the strongest and the discharge enhancement is
max1I11um.

V. CONCLUSION

The inception and the development of the cathode re-
gion are mainly governed by the energetic mechanisms re-
sulting from the energy gain due to the electric field and
collective phenomena actions, that is, the total diffusion
and the work of electran pressure. The inversion of the
action of the collective phenomena induces the change
from one zone of the cathode region to the other. This al-
lows one to define these two zones by their energetic prop-
erties.

a a s s i s l s s ii a i I

9 12
t (ns)

FIG. 16. Temporal evolution of the electric field at the
cathode.

A. The cathode-fall region

The cathode-fall region is a high electric field region.
The electric field is maximum on the cathode and de-
creases all along the CF. Elastic collisions and electron
pressure work decrease the electron temperature sustained
by the electric field action. The nonequilibrium between
the electrons and the electric field is the strongest in this
zone and gives rise to a maximum in the electron tem-
perature shifted down from the field maximum. The elec-
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tron temperature is high and the electron multiplication
increases progressively. The current is mainly a positive
ionic current.

The secondary emission at the cathode due to ionic im-

pact is the main secondary process. These secondary elec-
trons are ejected with a temperature very different from
the local electron temperature in the gas. According to
their emission temperature, they gain energy under the
electric field action or lose it under different processes
such as elastic or inelastic collisions, feedback of electron
pressure work.

The cathode-fall region is a zone where the active phe-
nomena of the discharge occur: ionization, attachment,
and diffusion (towards the cathode). The cathode-fall
length decreases when the current density increases but
the maximum of the electron energy density always takes
place in the transition zone. In the transition zone the re-

action rates are the strongest and the action of collective
phenomena is reversed.

B. The negative glow region

By contrast with the cathode-fall region the negative-
glow region appears as a weak, nearly null electric field
region and the electron energy is only sustained by the
electron pressure work linked to the spatial configuration
of the energy density. The velocity is weak and sustained
by the diffusion towards the anode. This zone plays a re-
gulating and stabilizing role on the electron velocity. In
this region, there is little ionization, and the negative-ion
density is the highest, inducing a weak electric field in-
crease just in front of the positive column. In this area,
the elastic collisions rate is most significant and remains
nearly constant. It tends to reduce the electron velocity.
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