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A stationary and a time-dependent Boltzmann equation including elastic, inelastic, and superelastic terms
has been solved for conditions typically met in expanding the Ar-H2 plasma jet, i.e., for large ionization
degrees and large concentrations of electronically excited states. The results show that the stationary electron-
energy distribution functions~EEDFs! in the presence of electron-electron and electron-ion (e- i ) Coulomb
collisions evolve to the bi-Maxwellian distribution function in which the lower temperature is determined by
e- i collisions, and the higher one by superelastic electronic collisions. On the other hand, the time-dependent
EEDF clearly shows long plateaus generated by superelastic electronic collisions for times comparable to the
expansion ones.@S1063-651X~96!08108-1#

PACS number~s!: 52.20.2j, 52.30.2q

I. INTRODUCTION

The role of electron-electron collisions in giving Max-
wellian characteristics to the electron-energy distribution
function ~EEDF! under discharge conditions has been stud-
ied by different authors@1–4#. It is commonly believed that
ionization degrees~ne/N, with ne electron density andN
total neutral density! of the order of 1024–1023 can be suf-
ficient to give the Maxwellian characteristics of the EEDF
for different gases and different plasma conditions.

In a recent work by Colonnaet al. @5# it was shown that
an ionization degree of the order of 1023 is still unable to
completely give Maxwellian characteristics to the EEDF in
N2 excited post discharges. This behavior has been attributed
to the presence of electronically and vibrationally excited
states. Such states distort the EEDF from a Maxwellian, thus
reducing the effectiveness ofe-e collisions to thermalize the
distribution. This effect is more important for higher concen-
trations of electronically excited states.

A natural question arises about the experimental condi-
tions necessary to achieve very high concentrations of ex-
cited states. Recently, Otorbaevet al. @6# showed that such a
possibility exists for expanding plasma jet conditions. These
authors were able to measure excited-state concentrations,
electron and ion densities, electron and gas temperatures, and
dissociation degrees at different positions of expanding arc.
Part of these data, which represent the input of our calcula-
tions, has been reproduced in Table I.

In the experiment of Ref.@6# a relatively high electron
density, Ar* metastable concentration, and a very low elec-
tron temperature were observed. The large concentration of
Ar* metastable states together with the lowTe values is the
ideal regime for the action of superelastic electronic colli-
sion:

e1Ar*→e1Ar, ~1!

while electron-electron and electron-ion collisions should en-
sure the Maxwellian characteristics of EEDFs as implicitly
assumed in Ref.@6#.

Superelastic electronic collisions should move low-energy
electrons to higher energies: in particular, one should have
production of electrons at 11.55 and 23.10 eV and so on as a
result of process~1! ~11.55 eV is the energy of the Ar*
metastable state with respect to the ground state!. These elec-
trons are then redistributed by elastic~including electron-
ion!, inelastic, and electron-electron collisions, the last trying
to give the Maxwellian characteristics to the resulting
EEDFs.

The aim of this work is to show that, in an expanding arc,
the EEDF keeps the memory of process~1! despite the large
ionization degrees characterizing the whole flow field. It is
also to investigate the effect of this process on the rate con-
stants of the main chemical reactions and on the energy-
transfer mechanism in the arc jet. Unlike our previous works,
this investigation deals with an expanded arc jet character-
ized by a high ionization degree. Furthermore, this system
has been extensively investigated from the experimental
point of view. This enables us to study the dynamics of
electron-electron and superelastic collisions with input pa-
rameters determined experimentally. Therefore, the present
study, even though still parametric, can be considered more
realistic compared to our previous works. Moreover, the arc
expanding conditions describe situations that are of interest
in hypersonic flows.

The outline of the paper is as follows. In Sec. II we illus-
trate the method of calculation based on the solution of an
appropriate Boltzmann equation either for stationary or for
nonstationary conditions~time dependent! including the el-
ementary processes reported above. The results obtained by
solving this equation for the experimental conditions of Ref.
@6# are discussed in Sec. III. Finally, the main conclusions
obtained from the analysis of the theoretical results and from
the comparison between these results and the experimental
ones are reported in Sec. IV.
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II. METHOD OF CALCULATION

The method of calculation has been widely discussed in
previous works@1,4,5#. It consists in solving an appropriate
Boltzmann equation, which can be written in an implicit
form as
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wheren(«,t)d« is the electron density with energy between
« and«1d« at timet. The first term on the right-hand side of
Eq. ~1! represents the flux of electrons in the energy space
due to the electric field. The other terms denote the fluxes
due, respectively, to elastic~electron-neutral!, electron-
electron, electron-ion, inelastic, and superelastic collisions.
The expressions of the different terms appearing in Eq.~2!
may be found in Refs.@1,4,5#. Note that the electron-ion
term has been treated as the electron-neutral elastic collision
with a Coulomb cross section, i.e.,
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9p3/2e4lnL
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, ~3!

wheree is the electron charge andL is the ratio between the
Debye length and the averaged closest impact parameter.

The EEDF was investigated in the energy range 0 eV,«
,25 eV. The Boltzmann equation was written in a discrete
form using a central difference operator on a 250-mesh grid.
This leads to a set of 250 nonlinear ordinary differential
equations, which could be written in matrix form as follows:

f ~dn/dt!5CI n, ~4!

where n is a vector, the components of which are the
EEDF values at the different energy grid points
$n5[n(«1),n(« i),...,n(«1)] %. C5(ci j ) is the nonlinear col-
lision matrix, which takes into account the elastic, inelastic,
superelastic, and electron-electron (e-e) collisions @1#. This
system of equations was solved using a time-implicit
predictor-corrector method that is, in principle, uncondition-
ally stable. It allows the use of large time step and insures a
reasonable computation time. However, this method does not
give an accurate description of the EEDF time evolution, and
only the steady-state solution is accurately calculated.

The time-dependent solution of the Boltzmann equation
was, on the contrary, obtained by using the Rockwood algo-
rithm @1#. A very short time step~t55310211 s! was used to
avoid numerical instabilities due toe-e collisions.

Elastic, inelastic, and superelastic collisions involving H2
and H systems are the same as discussed in Ref.@7#. The
relevant elastic and inelastic cross sections have been taken
from the compilation of Buckmann and Phelps@8# for H2 and
from Ref. @9# for H, while the cross sections for superelastic
collisions have been derived from a detailed balance prin-
ciple.

In addition to process~1!, we have considered superelas-
tic electronic collisions coming only from excited atomic
hydrogen~n52, n53! and vibrationally excited molecules
i.e., the processes

e1H~n52;n53!→e1H~n51!, ~5!

e1H2~v51,2,3!→e1H2~v50!, ~6!

wheren andv are, respectively, the principal quantum num-
ber of excited atoms and the vibrational quantum number of
molecules.

For Ar we include, besides the elastic, superelastic@pro-
cess~1!# and the ionization terms, two electronic inelastic
terms, one leading to the metastable state, i.e., the reverse of

TABLE I. Typical plasma parameters on the axis of the expanding cascaded arc for differential axial
positions~Ar-H2 mixture 98.6:1.4!.

Distance~cm! 2 4 7

Electron density~cm23! 2.931013 2.231013 3.031013

Argon-ion density~cm23! 2.831013 2.231013 2.931013

Proton density~cm23! 0.831012 0.631012 0.831012

Electron temperature~K! 1 500 2 400 2 500
Neutral-particle density~cm23! 1015 0.731015 1015

Heavy-particle temperature~K! 3 000 3 000 3 000
Ar* concentration~cm23! 2.731012 4.131011 2.431011

H~n52! concentration~cm23! 4.93107 1.53109 2.43109

H~n53! concentration~cm23! 2.93107 2.13107 2.23107

H2 dissociation degree~%! 22 10
Te1 ~K! 2 650 2 200 2 060
Te2 ~K! 14 500 11 300 5 600
Te3 ~52

3^e&, K! 15 100 11 900 6 050
Prec(Te1) ~eV cm23 s21! 7.531016 7.531016 2.631017

Prec(Te2) ~eV cm23 s21! 3.631013 4.831013 2.931015

Prec(Te3) ~eV cm23 s21! 3.031013 3.831013 2.031015

Psup ~eV cm23 s21! 6.531017 6.431016 3.231016
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process~1!, the other to the excitation over all the remaining
excited states of Ar. The relevant cross sections are those
included in theELENDIF program of Morgan and Penetrante
@10#.

The concentrations of Ar and H excited species are the
experimental ones reported in Table I, while Boltzmann dis-
tributions atT5Tv53000 K have been considered for H2. It
should be noted that these concentrations, as well as those of
electrons and ions, remain fixed during the solution of the
Boltzmann equation, for either stationary or time-dependent
conditions. This is indeed an approximation and a full mod-
eling of the arc jet should include the coupling of the species
kinetic equations, the electron Boltzmann equation, and the
fluid dynamic equations in the whole plasma flow field. Such
considerations are outside the scope of this work, the main
objective of which is to investigate the effects of the respec-
tive weights of the different collision processes on EEDF,
the reaction-rate coefficients and the energy-transfer mecha-
nisms.

III. RESULTS

Stationary EEDF’s for the three positions of Table I have
been reported in Figs. 1–3. Each of these figures includes the
EEDF calculated by considering the following processes in
the Boltzmann equation.

~a! Only inelastic and electron–heavy particle elastic pro-
cesses~including electron-ion! as well as superelastic vibra-
tional collisions.

~b! As in ~a! plus superelastic electronic collisions.
~c! As in ~b! plus electron-electron collisions.
By comparing~a! and ~b! for the three positions, we can

see a strong change of the EEDF when taking into account
the superelastic electronic collisions that generate a high
electron population for energy values greater than 2.5 eV.
Indeed, the EEDF of case~b! presents large plateaus. The
electron populations corresponding to these plateaus de-
crease when going downstream from the arc jet~from posi-
tion 1 to position 3! as a result of the corresponding decrease
in the concentration of excited states. It should be noted that
these plateaus are essentially due to Ar* metastable states.
Collisions coming from hydrogen-excited states contribute
only to a minor extent~approximately in the same energy
range! due to their small concentrations as compared with
Ar* ~see Table I!.

The insertion of electron-electron collision terms in the
Boltzmann equation completely destroys the long plateaus
generated by superelastic electronic collisions for the first
two positions @see Figs. 1~c! and 2~c!#. Similar consider-
ations apply for EEDF’s relative to the third position. In this
case, the action of electron-electron collisions is not impor-
tant enough to completely remove the plateaus, which still
persist in the energy range 10–12.5 eV.

In general, the effect ofe-e collisions is to spread out the
electrons belonging to the plateau in a much more regular
way. As a final result, we can note for the first two positions
a bi-Maxwellian behavior of EEDF. The first Maxwellian
part of the EEDF, which includes only very low-energy elec-

FIG. 1. EEDF calculated by solving the Boltzmann equation~2!
with ]n/]t50 for x520 mm. The three curves (a1), (b1), and
(c1) refer, respectively, to hypothesesa–c in the text for the first
position ~a: elastic and inelastic processes;b:a plus superelastic
collisions;c:b pluse-e collisions!.

FIG. 2. EEDF calculated by solving the Boltzmann equation~2!
with ]n/]t50 for x540 mm. The three curves (a2), (b2), and
(c2) refer, respectively, to hypothesesa–c in the text for the sec-
ond position~a: elastic and inelastic processes;b:a plus superelas-
tic collisions;c:b pluse-e collisions!.
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trons ~e!1 eV! is characterized by a very small electron
temperatureTe1, while the second part extends from 1 to 25
eV, being characterized by a moderate electron temperature
~Te2.1 eV!. The first Maxwellian part of the distribution is
dominated by the strong electron-ion cross section, which is
able to rapidly cool the distribution. The second part of the
distribution is dominated by superelastic electronic collisions
and by the redistribution of electrons throughe-e collisions.
Similar considerations apply for the EEDF relative to the
third position. However, in this case, only a small difference
is obtained between the slopes of the first two Maxwellian
parts of the EEDF~Te152060 K andTe255600 K! and the
plateau due to superelastic collisions is not completely re-
moved.

To better understand the role of the different processes in
affecting EEDF’s we have reported in Fig. 4 the cross sec-

tions for the Ar system. Note that these cross sections in the
case ofe- i and superelastic processes have been respectively
multiplied by the ionization degree and by the molar fraction
of excited states~the reported values correspond to the first
position!.

Inspection of Fig. 4 shows that, at very low-energy val-
ues,e- i processes dominate the cooling of EEDF’s, while
above 2 eV the cooling is dominated by an electron-neutral
momentum transfer process. In all the investigated cases the
superelastic processes~mainly from Ar* ! are the only pro-
cesses that heat the EEDF. It is balanced by elastic (e- i ,e-
M ) processes at low electron energy and by electron-neutral
momentum transfer and inelastic collisions at high energy.
As a result of the interplay of these processes, we obtain the
EEDF reported in Figs. 1–3. Note also thate-e collisions do
not change the energy balance of the EEDF; their role is to
spread electrons over all distributions.

The bi-Maxwellian character of the EEDF can, therefore,
be ascribed to the interplay ofe- i , e-e, and superelastic col-
lisions for the very low-energy part of the distribution~e!1
eV! and to the interplay of all processes for the other part of
the distribution. Note that even if all the processes are bal-
anced, the fact that ion and metastable populations are out of
equilibrium leads to non-Maxwell distribution functions.

FIG. 3. EEDF calculated by solving the Boltzmann equation~2!
with ]n/]t50 for x570 mm. The three curves (a3), (b3), and
(c3) refer, respectively, to hypothesesa–c in the text for the third
position ~a: elastic and inelastic processes;b:a plus superelastic
collisions;c:b pluse-e collisions!.

FIG. 4. Elastic, inelastic and superelastic cross sections for the
Ar system~thee- i and superelastic cross sections have been respec-
tively multiplied for the molar fraction of Ar

1 and Ar* relative to
the first position!; curves: 1 represents electron-Ar momentum
transfer; 2 represents electron-ion; 3 represents superelastic; 4 rep-
resents metastable excitation; 5 represents lumped level excitation;
and 6 represents ionization.

TABLE II. Calculated rate coefficients fore-Ar atom processes~cm3 s21!. Lettersa, b, c refer to the hypotheses, as in the text and
figures, numbers 1, 2, 3 to the three positionsx52, 4, 7 cm respectively.m is the metastable-state excitation, sup is the metastable-state
de-excitation~superlastic collision!, e is the sum of remaining excitation processes, whilei is the ionization. Numbers in brackets represent
powers of 10.

a1 b1 c1 a2 b2 c2 a3 b3 c3

Km 0.58@229# 0.31@212# 0.63@212# 0.58@229# 0.49@213# 0.52@213# 0.19@229# 0.18@213# 0.34@215#
Ksup 0.21 @29# 0.32 @29# 0.72 @29# 0.21 @29# 0.24 @29# 0.61 @29# 0.21 @29# 0.22 @29# 0.39 @29#

Ke 0.10@228# 0.47@212# 0.93@212# 0.10@228# 0.75@213# 0.77@213# 0.33@229# 0.27@213# 0.50@215#
K1 0.19@251# 0.38@213# 0.99@213# 0.16@251# 0.23@214# 0.40@214# 0.20@251# 0.38@215# 0.44@217#
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In all the reported cases the EEDF keeps the memory of
superelastic electronic collisions even though, in the pres-
ence ofe-e and e- i collisions, the plateaus generated by
these collisions have been smoothed towards Maxwell distri-
bution functions. This point can be better understood by in-
spection of Table II~a–c!, where we have reported the rate
coefficients corresponding to the excitation and to the ioniza-
tion of Ar, H2, and H species for the three cases investigated
in Figs. 1–3. These rates were obtained by convolution of
EEDF’s with the appropriate cross sections.

We can see that inclusion of superelastic electronic colli-
sions increases by numerous orders of magnitude the rel-
evant coefficients as compared with the corresponding re-
sults obtained by neglecting these collisions~compare the
relevant a and b columns!. On the other hand, inclusion of
e-e collisions does not appreciably change the rate coeffi-
cients; they only smooth the structures created by superelas-
tic electronic collisions without modifying their role in
changing the relevant rate coefficients~compare the relevant
b and c columns!. The small differences between the rates
obtained according to b and c hypotheses should be exam-
ined in light of the accuracy of the cross sections used. Use
of a better set of cross sections for inelastic processes in
argon can change the absolute rates of the relevant processes
without modifying the qualitative trend reported in Tables
II–IV.

It should be interesting now to compare the present elec-
tron temperatures with those measured by Otarbaevet al.
@6#. In Table I we show this comparison. In particular, we
compare three different theoretical results with the experi-
mental one. The three theoreticalTe values refer to the first
(Te1) and second (Te2) Maxwellian parts of the distribution
functions of the relevant figures, while the third value is
calculated asTe35

2
3^e&, where^e& is the average energy of

the full distribution function.
We can see that onlyTe1 values are in acceptable agree-

ment with the experimental values, whileTe2 andTe3 largely
exceed them. One possible explanation of this behavior is

that the experimental setup samples only the low-energy
electrons, those belonging to the first Maxwellian part of the
EEDF (Te1). The Thompson-Rayleigh scattering method,
used in the experiments, is essentially calibrated to sample
the low-energy part of Maxwell distribution functions.

The discrepancy between the theoretical (Te3) and mea-
sured electron temperatures may be attributed to other cool-
ing mechanisms, which are not considered in the present
Boltzmann analysis and should be taken into account. One
possibility would be the insertion of a macroscopic term as-
sociated with the thermal conductivity of electrons through
strong electron temperature gradients. We have to point out,
in connection with this mechanism, that Meulembroekset al.
@11# have rationalized their experiments by using a one-
dimensional two-gas~electrons and neutral! model. In this
model, the electron-energy-source term took into account the
electron–heavy-particle elastic collisions and heat conduc-
tion flux as cooling processes, while the heating of electrons
was only attributed to the three-body recombination

e1Ar11e→Ar*1e ~7!

with a rate coefficientkrec given bykrec53.3310293Te
29/2

~cm6 s21 andTe given in K!. These authors disregarded the
possibility of electron heating through superelastic collisions
@process~1!#.

In order to estimate the weight of each possible mecha-
nism in heating electrons, we have calculated the heating rate
of electrons through recombination and superelastic pro-
cesses using the following relations:

Prec5ne
2nAr1krecDErec ~8!

and

Psup5nenAr*ksupDEsup, ~9!

whereDErec is taken equal to 0.15Ei @11# ~Ei5ionization
energy515.755 eV! andDEsup511.55 eV. The electron, ion,

TABLE III. Calculated rate coefficients fore-H2 processes~cm
3 s21!. Lettersa, b, c refer to the hypotheses as in the text and figures,

numbers 1, 2, 3 to the three positionsx52, 4, 7 cm, respectively. Symbols indicate the final molecular state, whilei is the ionization.
Numbers in brackets represent powers of 10.

a1 b1 c1 a2 b2 c2 a3 b3 c3

b 3S 0.18@223# 0.12@210# 0.84@211# 0.18@223# 0.30@211# 0.12@211# 0.60@224# 0.12@211# 0.38@214#
b 1S 0.20@227# 0.15@211# 0.13@211# 0.20@227# 0.32@212# 0.13@212# 0.63@228# 0.13@212# 0.81@215#
c 3S 0.16@228# 0.81@212# 0.11@211# 0.16@228# 0.15@212# 0.10@212# 0.52@229# 0.57@213# 0.73@215#
a 3S 0.27@228# 0.36@212# 0.70@212# 0.26@228# 0.55@213# 0.63@213# 0.87@230# 0.19@213# 0.46@215#
Ki 0.67@249# 0.20@213# 0.61@213# 0.59@249# 0.12@214# 0.27@214# 0.60@249# 0.20@215# 0.40@217#

TABLE IV. Calculated rate coefficients fore-H processes~cm3 s21!. Lettersa, b, c refer to the hypotheses as in the text and figures,
numbers 1, 2, 3 to the three positionsx52, 4, 7 cm respectively.n52 andn53 are the excitation processes fromn50 to n51 andn52,
while i is the ionization. Numbers in brackets represent powers of 10.

a1 b1 c1 a2 b2 c2 a3 b3 c3

Kn52 0.85@226# 0.33@211# 0.28@211# 0.84@226# 0.74@212# 0.30@212# 0.27@226# 0.30@212# 0.16@214#
Kn53 0.20@231# 0.26@213# 0.86@213# 0.20@231# 0.27@214# 0.65@214# 0.70@232# 0.75@215# 0.41@216#
Ki 0.16@238# 0.31@213# 0.12@212# 0.15@238# 0.19@214# 0.61@214# 0.76@239# 0.30@215# 0.17@216#
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and metastable densities (ne ,nAr1,nAr* ) are those reported
in Table I, while the electron temperatures at which we have
calculatedkrec are the theoretical ones reported in the same
table ~see also Table I for the superelastic ratesksup!.

The results of this calculation have also been reported in
Table I. We can see that the superelastic and recombination
heating are of the same order of magnitude when we con-
sider the low-temperature case~i.e., when we calculatePrec
at Te1! while superelastic heating is orders of magnitude
higher for the high-temperature case~i.e., when we calculate
Prec at Te2 andTe3!. In any case, the heating by superelastic
collisions cannot be neglected.

Another possible source of the discrepancy between the
experimental and calculated electron temperatures is the as-
sumption of a steady state for EEDF. Indeed, the use of a
stationary EEDF in describing the arc jet implicitly supposes
that EEDF instantly reacts to the spatial evolution of the arc
jet composition.

Calculation of the characteristic expansion times corre-
sponding to Ref.@6# gives value orders of magnitude lower
than the times necessary for the EEDF to achieve steady state
~note that the total neutral density is of the order of 1015

cm23!. A time-dependent solution of the Boltzmann equation
may therefore be more appropriate for understanding the
problem. The corresponding results~relative to the first po-
sition! have been reported in Fig. 5.

As an initial condition, we have assumed a Maxwell
distribution atTe50.2 eV and a gas temperature of 3000 K.
Then we follow the time evolution of EEDF. The reported
EEDF’s correspond to the times given by the formula
t52n31029 s; the latest reported EEDF is for
t53.2731025 s and gives an electron average energy of
0.49 eV. The energy balance shows that at this time the
EEDF is still far from the steady state. An estimate of the
relaxation time of electron-neutral energy transfer for the in-
vestigated conditions gives approximatelyten51023 s.
Electron-ion collisions can speed up the energy exchange,
but only at very low electron energies.

We see that for the expansion characteristic times of the
investigated arc jet~texp51025 s! a long plateau is formed by
superelastic electronic collisions for intermediate electron
energies~5 eV,«,12 eV!, while the bulk of low-energy
electrons~«,5 eV! satisfies a Maxwell distribution function
at a temperature slightly larger than the initial one. The
EEDF is, however, continuously evolving. In fact,e-e colli-
sions tend to eliminate the plateau, which completely disap-
pears at times of the order of 1023 s. This last value repre-
sents an estimate of the time necessary for reaching the
steady state EEDF of Fig. 1. This time-dependent calculation
also shows that despite the strong cooling ofe- i collisions,
the electron temperature is continuously increasing during
the evolution of the EEDF. The results of Fig. 5 can be, in
any case, considered a clear indication of the importance of a
time-dependent solution of the Boltzmann equation for un-
derstanding EEDF’s under expanding arc conditions. The
corresponding rates evolve following the time evolution of
EEDF. As an example, the excitation rate of the Ar meta-
stable state increases from approximately zero att50 to a
value of 1.25310215 cm3/s for t53.2731025 s. Unfortu-
nately the experiments do not report rates for both stationary
and time-dependent conditions.

IV. CONCLUSIONS

In this paper we have shown, by solving both a stationary
and a time-dependent Boltzmann equation, the importance of
superelastic electronic collisions in affecting EEDF’s and re-
lated properties in expanding arc conditions. Under station-
ary conditions the effect of superelastic collisions on the
EEDF is masked by the spreading action ofe-e collisions. In
particular, the structures and plateaus that characterize the
effects of the superelastic collisions can be completely re-
moved by the action ofe-e collisions. The time-dependent
calculations show at early times the effect of superelastic
collisions on the investigated arc jet EEDF, which exhibits a
long plateau for energy between 5 and 12 eV.

FIG. 5. EEDF calculated at different times forx520 mm by solving the Boltzmann equation~2! for the hypothesisc1.
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However, for both stationary and time-dependent solu-
tions, the EEDF retains the memory of the presence of su-
perelastic collisions by an increase of the average energy
~compared to the case in which these collisions are ne-
glected! with dramatic consequences concerning the relevant
rate coefficients.

Problems, however, arise when comparing theoretical and
experimental electron temperatures. A satisfactory agreement
is only found when we compare the slope of the EEDF in the
very low-energy part of the distribution~i.e., Te1!, while a
substantial discrepancy is found when we compareTe2 and
Te3 with the experimental results.

Of course this point needs further experimental and theo-
retical investigation. From the theoretical point of view, one
should solve at least a one-dimensional problem, which takes
into account the coupling between the species transport and
the electron Boltzmann equation. In this case, the species
transport equations have to take into account the coupling
between convection, diffusion, and chemical processes.

It should be noted that the shape of the calculated EEDF
may strongly change the kinetics of excited states under ex-
panding arc conditions. In fact, the assumption of a Maxwell
distribution at the experimentalTe , completely rules out the
importance of excitation processes from the ground state in
populating excited states for both Ar and H atoms. As a
consequence, the arc jet species kinetics seems to be com-
pletely controlled by three-body recombination processes, as
suggested by Otorbaevet al.

Actually, if we consider the EEDF and the rate coeffi-
cients calculated in steady state~i.e., those of Figs. 1–3 and
Tables II–IV!, we can no longer neglect the excitation pro-
cesses from the ground state compared to recombination pro-
cesses. On the other hand, if use is made of the EEDF of Fig.
5 for calculating the relevant rate coefficients, we can expect
that, despite the fact that the theoretical rate coefficients are
much higher than those calculated with a Maxwell distribu-
tion function at the experimental electron temperature, the
recombination processes may prevail in the excitation pro-
cesses from the ground state.

In conclusion, the modeling of the expanding arc systems
poses new conceptual problems because of the variety of
dynamic and kinetic effects to be considered, but especially
due to the discrepancy between experimental results and cal-
culations based on the present physical background and
modeling techniques. This system could represent an appli-
cation for fluid dynamic methods, to account for the gas
cooling during the expansion, and particle-in-cell methods to
account for the space-charge field and plasma dynamics.
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