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Résumé. 2014 La relaxation de la fonction de distribution en énergie des électrons (edf) dans une « post-
décharge » d’azote vibrationnellement excité a été analysée à partir des temps caractéristiques
nécessaires pour réaliser et maintenir un état quasi-stationnaire de « edf ». Ces temps caractéristiques
sont ensuite comparés aux temps de pertes des électrons par recombinaison dissociative et par
diffusion sur les parois du tube, qui sont les plus signibcatifs. Les résultats du calcul montrent que
les collisions électroniques sur l’azote vibrationnellement excité peuvent créer un état quasi-station-
naire de « edf » dans des temps de 10-7 à 10-6 s(p = 5 torr, T = 500 K). Cet état quasi-stationnaire
est caractérisé par une forte corrélation entre distribution vibrationnelle et énergie moyenne des
électrons, et peut durer plusieurs 10-3 s jusqu’au temps où la densité électronique est devenue trop
faible par recombinaison et diffusion.

Finalement, on commente certains résultats expérimentaux publiés précédemment.

Abstract. 2014 The relaxation of the electron energy distribution function (edf) in vibrationally excited
N2 post discharges has been analysed by discussing the characteristic times necessary for « edf » to
achieve and maintain a quasistationary state and by comparing these times with other important
times corresponding to electron losses by dissociative recombination and diffusion to the tube wall.
The calculated results show that the vibrational collisions can create a quasistationary « edf » in
times of 10-7-10-6 s (p = 5 torr, T = 500 K). This quasistationary state is characterized by a
strong correlation between vibrational distribution and mean electron energy. It can last up to
several 10-3 s till the electron density becomes too small as a result of recombination and diffu-
sion.
Comments of some earlier experimental results are finally given.
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1. Introduction.

We have recently shown [1] that the electron energy distribution function (edf) relaxes in N2
post discharges in different ways according to the presence or absence of vibrationally excited
molecules (vem). In particular the presence of « vem » is such as to establish a quasistationary
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« edf » in a post discharge as a result of the compensation between vibrational energy losses
and superelastic energy gains. Such a behaviour disappears in the absence of « vem » as shown
in [1, 2].

Questions arise i) about the time Ta necessary for «edf» to achieve a quasistationary state,
ii) about the duration ’td of this quasistationary state. The purpose of this letter is to answer
these questions.

2 Creation and duration of the « edf » quasistationary state.
The calculations reported in [1] showed that the « edf » in N ~ post discharges reached
quasistationary values in times of about ’ta ’" 10-7 s to 10-6 s according to the initial vibra-
tional distribution in the discharge. The shorter time corresponds to a vibrational distribution
characterized by a 0-1 vibrational temperature 81 = 8 540 K while the longer time refers to
()1 = 3 400 K (in all cases the pressure was 5 torr and the gas temperature 500 K).

These times were obtained by solving the time dependent Boltzmann equation without the
electric field term [1] :

where ~ is the electron energy, and ~J.; /~8, In., Sup. and Rot. is the flux of electrons along the
energy axis carried out by elastic, inelastic vibrational superelastic vibrational and rotational
collisions respectively.
Equation (1) neglects the term due to electron-electron collisions which usually becomes impor-

tant at higher ionization degrees (&#x3E; 10-4). This term should probably be included also at lower
ionization degrees when the electron temperature achieves very small values.
To understand the temporal evolution of n(e, t) (see ref. [1]), we have reported in table I the

power dissipated by the electrons in the different channels for the case 81 = 3 400 K. These
quantities have been obtained by integrating the different losses (or gain) over the actual « edf ».
We can see that during the relaxation the dominant terms are due to the inelastic vibrational
losses which balance the superelastic vibrational gains in a time fa of the order of 10-’ s. These
times are strictly correlated to the processes :

where V, Ware vibrational quantum numbers.

Table I. - Power losses (el. ae elastic, rot == rotational, in. =- inelastic vibrational) and power
gain (sup. == superelastic vibrational) in N2 decaying plasma at different times (p = 5 torr,
81 = 34001(, Tg = 500 K). (- 5)::: 10-5, powers in ergs-l.
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Moreover we can note the elastic and rotational losses are negligible with respect to the vibra-
tional energy losses, thus confirming that processes (a) are responsible for the creation of a
quasistationary «edf». Further we see from table I that, for a fixed Nv distribution at 81, this
quasistationary state can last up to several milliseconds.
As a consequence the quasistationary state described in [ 1] and confirmed by the present

calculations to longer times will change only as the vibrational distribution changes in time.
This distribution in the N2 post discharges changes according to V-V (vibration-vibration)

relaxation processes :

A typical relaxation time for this process can be calculated [3] from :

with NT total N2 density and P °;o rate coefficient for Y = 1, W = 0 levels. Particularly, one
has Tyy ~ 7 x 10-4 s at p = 5 torr, Tg = 500 K.
Of course Ny can change also from processes (a) with a relaxation time ’tev given by :

where ne is the total electron density and Ki,o is the rate coefficient for the (1, 0) vibrational
transition by electron collisions. For n,, = Iol I cm- 3, feV = 10- 3 s (81 = 8 540 K) and 10- 2 s
(81 = 3 40Ö K) [1]. This means that electrons in the post discharge and in the presence of « vem »
will conserve averaged energies H for times zd of the order of V-V and e-V relaxation times. I
The averaged energies M are then expected to be correlated to some extent with the vibrational
energy of the molecular gas [4]. This point is made clear by looking at figure 1 where M calculated
from « edf » is reported as a function of time in the N2 post discharge. We can see that starting
with an « edf » consistent with Nv at 81 = 8 540 K we arrive, when superelastic collisions are
taken into account at a stationary value, in the post discharge of 5 = 1.5 eV (« Te » 2. ii ==
11600 K). While starting with an « edf » consistent with 81 = 3 400 K we arrive at ii 0.4 eV
( T e » = 3 100 K). This points out the good correlation between 81 and 5 in the post discharge.

Fig. 1. - Relaxation of the electron average energy M in a N~ post discharge for two 0, values. Results of
the calculations with and without superelastic vibrational collisions are in full and dashed lines.
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We can expect that, over times of the order of 10-3 s, when appreciable variations in the vibra-
tional distribution occur as a result of V-V and e-V processes, u will adapt itself to the new values.
Over these times, however, the decoupling of the Boltzmann equation for the electrons from the
system of vibrational master equations operated in [1] and in the present work does not any
more fulfil so that a self-consistent solution of the Boltzmann equation and of the system of
vibrational master equations must be carried out

3. Characteristic nmes ot recombination and diffusion of electrons.
,

Further complications arise at longer times because electrons are lost by volume recom-
bination and diffusion to the tube walls. Let us examine the characteristic times associated to
these loss terms.
The electron recombination is a dissociative process following :

where kr is the recombination coefficient.
It follows that the recombination time is

For the typical conditions studied in [1] (p = 5 torr, R = 1 cm) the electron diffusion to
the tube wall follows the ambipolar regime and the corresponding characteristic time can be
written as :

where Da is the ambipolar diffusion coefficient and A = R/2.4 is the characteristic diffusion
length. We obtain ’tree ~ 3 X 10 5 sand T diff = - 10-2S (ne=1011 cm- 3, kr = 3 x 10-’ cm3 S- 1 [5]
and Da p ~ 102 cm2 s-1 torr) from the N2 mobility reported in [6]. It should be noted however
that the above kr and Da p values have been obtained for electrons thermalized at Te = 300 K.
This is true in the absence of superelastic vibrational collisions as can be appreciated from the
dashed curves of figure 1. We see that M calculated in the absence of « vem » falls rapidly. In the
presence of «vem », as already discussed, M goes to 1.5 or 0.4 eV (81 = 8 500 K or 3 400 K)
so that we must calculate ’tree and ’rdiff at these electron temperatures.

As kr ’" Te 1/3 [5], ’tree increases with increasing electron temperature (Eq. 4), the opposite

bein true for the diffusion time E . 5 since D = . ~r ioni mobilit 6 . is 
’

being true for the diffusion time (Eq. 5), since D~ = pi e (Pi ionic mobility) [6]. This bringsg ( q )~ a ~i 
e 

(I~~ ~ y) [ ~ ’Th br~ngs

’rrec and Tdiff in the order of 10-4-10-3 s for the conditions studied in the present work.
Thus, at these times, we can no longer disregard these electron loss processes. At still longer

times we must insert a new source of electrons given by the pooling reaction [7] :

and probably by other reactions involving metastable states.
All these considerations allow us to distinguish two regimes in the relaxation of «edf» of

vibrationally excited N2 post discharges. A first regime which approximately lasts up to 10-4 s
in our conditions, in which the averaged electron energy M achieves and maintains values approxi-
mately equal to the vibrational temperature of N2 in the discharge. A second regime in the
10-4-10-2 s range in which t7 can change according to the change of the N2 vibrational distri-
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bution. This second regime can be further complicated by the generation of new electrons by
pooling reactions of « vem » which may alter the « edf » relaxation.

It should be noted that recombination and diffusion processes destroy electrons without
altering the « edf » only if averaged coefficients are used. On the contrary these processes should
also change « edf » if use is made of coefficients depending on the electron energy (8).

4. Comments on earlier experimental results.
Some earlier experimental works [8-10] seem to indicate the lines expressed in this work as
well as in [1]. The experimental work of Formato and Gilardini [8] appears in fact as an indi-
cation of the first regime. These authors, studying the N2 post discharge at pressure about 1 torr,
found that electron temperatures up to 4 000 K could survive in post discharges for times of
(1-2) x 10-4 s. This experimental result, which Formato and Gilardini explained by the forma-
tion of energetic new electrons coming from collisions between metastable nitrogen molecules,
can easily be explained by our calculations provided one assumes (realistically) that, at the
end of the N2 glow discharge, 01 achieves values  4 000 K.
An electron temperature of about (6-8) x 103 K constant during several 10-3 s in a N2 post

discharge at 1.75 torr was found by Brömer and Dobler [9]. This value is between the electron
temperatures found in our calculations. The work of Bromer and Dobler apparently does not
distinguish between the two regimes discussed in the present study.

Chen and Goodings [10] studying the « pink afterglow » of a NZ flowing post discharge at
9 torr obtained electron temperatures which reached a maximum value of 4.5 eV (t = 5 ms)
starting from 2 eV (1 ms) and ending at 1 eV (12 ms). The electron temperature measured by
probes in [10] seems too high as compared with our calculations. It should be noted however
that the electron temperature concept only makes sense for a Maxwellian « edf ». This is not
the case as shown in [1] and discussed by Chen and Goodings themselves. It should be better
to compare our averaged energies u- with the kTe values reported in [10]. There is a satisfactory
agreement at the beginning (1 ms) and at the end (12 ms) of the pink afterglow, with the present
u value found at 01 = 8 500 K (cf. Fig. 1).
However our calculations cannot justify the maximum value of kTe = 4.5 eV experimentally

found in [10]. In this case we must admit the creation of new energetic electrons by bimolecular
reactions involving vibrationally excited molecules and/or metastable electronic state as well
as superelastic collisions involving cold electrons and metastable N2 molecules.

It should be stressed again that the comparison between experimental and theoretical results
made in this section is only qualitative since the « vibrational temperatures » under the different
experimental conditions are not reported.

5. Conclusion.

The present results as well as those reported in reference [1] show the importance of a strong
coupling between electron and vibrational distribution functions at the exit of a nitrogen discharge.
They should stimulate an extensive experimental study on the relaxation of these two distribution
functions in nitrogen afterglows. Electrostatic probe technics can be used for « electron tempe-
rature T e » [ 10] and lasers [ 11 ], electron beams [ 12] or metastable atoms [ 13], excited fluorescence
for « vibrational temperature 01 » (see also [14] for C.A.R.S. technics in H2). The knowledge of
these temperatures is in fact of primary importance for understanding the coupling between
vibrational and electronic energies. Further experimental works should therefore measure at the
time « Te » and « () 1 ».
The theory, on the other hand, can be improved :
i) by coupling the Boltzmann equation of electrons with the system of vibrationally master

equations;
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ii) by including a continuity equation for the electron density which takes into account the
recombination, diffusion and creation of new electrons by bimolecular reactions; and

iii) by including in the Boltzmann equation other heating processes of electrons in addition
to the superelastic vibrational collisions involving probably electronic metastable N2 molecules.
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