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The relaxation of the electron energy distribution functi@EDP in the post-discharge of am/(2)
=2.45 GHz microwave discharge in,Nas been investigated by solving the time-dependent Boltzmann
equation, including a term taking into account electron losses by diffusion under the presence of a space-charge
field. It is shown that although the high-energy tail of the EEDF is rapidly depleted in times dfs10
(p=2 and 10 Tory, the electron densitp.(t), the electron transport parameters, and the rate coefficients for
some processes induced by electron impact, with energy thresholds typically smallerazk&8reV, such as,
e.g., stepwise excitation of XB °I1,) and Ny(C °I1,) states from MA 33 1) metastables and excitation of
N,(X 12; ,v) levels, are only slowly modified in the time interved-10"7—3x10 “s due to the large
characteristic times for ambipolar diffusion. As a result of modifications,(it), the change from ambipolar
to free diffusion regimes occurs abruptlytat3x 10 % and~10 3s for p=2 and 10 Torr, respectively.
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[. INTRODUCTION temperature of the VDF, by measuring the slope of the
EEDF in the vibrational excitation region. In parallel, several
The study of N post-discharges is currently receiving studies have also been conducted on the variation of the elec-
much attention, both experimental and theoretical, due to ittron density in decaying Nplasmas, using, for instance, a
great impact in applications related to surface treatmentqulsed discharggl6] or a freely localized microwave dis-
such as steel surface nitridifig—3] and plasma sources of N charge[17], and on the effect of electron-electron collisions
atoms[4,5]. Accordingly, spectroscopic studies of the moston the EEDF in a decaying plasr&8].
intense emission bands of,Nnamely, the first and second However, in most studies on electron kinetics in a post-
positive systems of ) and N, (the first negative system, discharge, the relaxation of the EEDF was considered assum-
which in a post-discharge is usually callegiak afterglow  ing that electron losses occur due to dissociative electron-ion
have been systematically investigated in several publicationgecombination and free diffusion only, which leads to unre-
[4—6], with the aim toward a complete characterization ofalistic fast relaxation times for the electron density, and for
both the short-lived and remote afterglow regions. Moreoverthe electron transport parameters, due to the neglect of the
the vibrational distribution of B{X 12; ,v) molecules in the transition from ambipolar to free diffusion regimes that oc-
post-discharggthat is, the so-called vibrational distribution curs at the beginning of the aftergldw9—-21. In this paper,
function (VDF)] was also studied by Raman-Stokes scatterWe report results of a theoretical study based on solutions to
ing [7], while the population of B(A 33 1) metastables was the time-dependent Boltzmann equation, written for,anit
measured in the afterglow of a flowing,Mischarge by int- crowave post-discharge ai/(27)=2.45GHz in which a
racavity laser absorption spectroscdpgy, due to the strong term for electron losses by diffusion in the presence of a
coupling between both )X,v) and N(A) species and the space-charge field is considered. The transition from ambi-
emissions from electronic stat€g]. At the same time, we polar to free diffusion regimes is assured by the monotonic
are unaware of any experiments to determine the electroreduction of the space-charge field, as the electron density
energy distribution functiofEEDP in N, afterglow plas- decreases from the discharge to the post-discharge region, in
mas, with the exception of Reff10]. Finally, many features a flowing afterglow. This approach allows us to obtain reli-
revealed in afterglow experiments were interpreted theoretiable data for the EEDF and related electron energy-averaged
cally in Refs.[9, 11]. quantities that clearly constitute an improvement to previous
On the other hand, theoretical analyses have also beemorks, and that are of great importance to interpret the after-
carried out, since the 1980s by Capitelli and co-workersglow experiments.
mainly on the coupling between the EEDF and the VDF of The present study shows that residual electron impact ex-
N,(X,v) moleculeg12], as well as on the coupling between citation maintains some efficacy in the post-discharge up to
the EEDF and electronically excited stafeis3,14. These times of~10"“s, not only due to the vibrational superelas-
studies have shown, among other aspects, that during tHie heating of electrons but also as a consequence of the large
earlier and intermediate instants of the afterglow a very fase¢haracteristic time for electron losses by diffusion in the
relaxation brings the EEDF to a quasistationary state with thgresence of a space-charge field. This effect is markedly vis-
VDF, in which the superelastic collisions of electrons with ible for the case of stepwise electron excitation involving the
vibrationally excited molecules }IX,v) compensate for the impact of low-energy electrons, e.g., in excitation of
inelastic vibrational losses. The coupling between the EEDMNy(B *I15) and Ny(C ®I1,) states from MA 33 1) meta-
and VDF was used in Refl5] to derive the vibrational stables. The conclusions of the present paper are qualita-
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tively in line with the spectroscopic observations realized inThe amplitudeEs depends on position bu, is assumed
a N, rf pulsed post-discharge, where some evidence waspatially constant.

found for the existence of electron impact excitation during Equation(1) may be solved by expandirfg in spherical

the vibrational relaxation of YC,v ') stated22]. The strong harmonics in velocity space and in Fourier series in time:
efficacy of the electron collision processes responsible for

vibrational excitation are also shown to survive in gapdst- |

discharge up ta~1 ms. In addition, the present results are F:EI ; FPi(cost)expjkot)

in agreement with the variation of the effective diffusion

coefficient, assuring the transition from ambipolar to free

diffusion regimes, derived from breakdown time delay data 2F8+
[21]. Other aspects revealed in this work, such as the exis-

tence of the coupling between the EEDF and the VDF cited ) . _ ) .
above, or the influence of electron-electron collisions on the/Vhen the anisotropies resulting from the spatial gradients

EEDF, are globally in agreement with previous studitz— ?nd the field are small, ?.Pd fpr higher vglues of the field
15,18 requencyw, so thatw> 7, -, with 7, denoting the charac-

teristic time for electron energy relaxation by collisions, all
terms except the three indicated in E8) may be dropped.
In a HF stationary discharg&), Fs and F} are time-
independent isotropic functions. The constanc;F@fis as-

In this section we will derive the final form taken by the sociated with the so-calleeffective field approximatiocase,
time-dependent Boltzmann equation for electrons, as used ihere the time variation of the alternating field is so rapid
this paper, to study the relaxation of the EEDF in adfter-  that the electrons only can see an average fi2ij. The
glow. In such conditions, the Boltzmann equation needs t@nisotropies are dictated by the action of the gradients of
take into account the processes that produce a change on téensity and space-charge fiel, and by the applied HF
electron density, such as the electron losses by electron-idield, Fi. In a HF discharge, constrained to the condition
recombination and diffusion, the latter in the presence of @& r_*, we havedFy/dt=0, oFyst=0 and dFj/t=jwF7,
space-charge field. Moreover, the effects produced by th@ith j=./—1. However, in order to extend this theory to a
space-charge field should be progressively reduced from gost-discharge, a time variation should be contemplated here
discharge region to a post-discharge region, due to the mongy these three functions.
tonic decreasing of the electron density, since the first in- |nserting Eqs(2) and(3) into Eq. (1) and then equating

Vv
[Fe+Fiexpjot)]. ®3)

v

II. TIME-DEPENDENT ELECTRON BOLTZMANN
EQUATION

stants of the afterglow. terms of similar angle dependence and periodic time varia-
The standard procedure to study this problem starts with gion, one obtains one scalar equation and two vector equa-
Boltzmann equation usually written in the forfr23,24 tions:
dF eE JF aFY o 1 9 [ev? ev?
E"“Vr'(VF)_Vv'(EF)_(E R D) a—t0+§ . cl;—;zg 6—mRe{Ep.Fi}+3—m(ES.F3)
0
whereF(r,v,t) is the electron velocity distribution function, - (&_FO) (4)
constrained to the normalization conditigifrdv=ng(r,t), ot C'
with dv andn, denoting a three-dimensional volume element
in velocity space and the electron density, respectively; eE. JFO
andV , are the gradient operators in configuration and veloc- Uvrpg_ s 0 ng(l), (5)
ity spaces,e and m are the electron absolute charge and m dv
mass, and the right-hand side member of @grepresents a
collision operator taking into account the effects of two dif- eE (9|:8
ferent types of elementary process@gprocesses that keep ij}— Wp o vﬁFi. (6)

the electron density constant, such as recoil collisions, in-
elastic, and superelastic collisions for excitation and deexci- _ ]
tation of rotational and vibrational levels of,Ninelastic ~Here R¢} meansthe real part of the right-hand side of Eq.
collisions for excitation of electronic states, and Coulomb(4) denotes the collision operator for the isotropic function
collisions; and(ii) processes that produce a change on thé o, andw is an effective collision frequency for momentum
electron number density, such as ionization and electron-ioffansfer including both elastic and inelastic contributions
recombination. Here we assume that the total electric field26]. Since vg>7,* holds in the whole significant electron
acting on the electrons consists of an applied HF field ofnergy range, the relaxation of the anisotropic component
frequencyw, and complex amplitud&,, and a dc space- Fe. associated with the density gradients and the space-

charge fieldEs, as follows: charge field, occurs much faster thaf), so thatFy may be
assumed in quasi equilibriu{WFé/&t=O in Eq.(5)], within
E(r,t)=Ep exp(jwt) +E4(N). (2 the time scale used to study the variationsFéf
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Inserting the expressions fé; andF} given by Eqs(5)  from all collisions that keep constant the electron number
and (6) into Eq. (4), and neglecting the term irE(- Fcl>) in density: that is elastic and inelastic collisions of first and
this latter equation, we obtain the following equationfg: ~ second kind.

‘7_F8_ U—2V2F0+ €v v ( ‘9F8) A. Discharge
e¥rto eVvVr’ S 4
at 38 3mye v The second and third terms on the left-hand side of Egs.
1 9 2 [eE.\2 1 SO S0 (7) and (2) may be each_ quite large, b.u_t they nearly cancel
-—— U_e(_Ep —82—0 . each other out under discharge conditions due to the very
vedu |6y M| 1+ (w/vp)® dv gt/ nature of the ambipolar diffusion regime. This is the reason

7) why both terms are usually neglected at the moment to cal-
culate the EEDF in discharge conditions. Here the EEDF in a

The neglect in Eq(4) of the flux driven in velocity space by low-pressure(p=2 and 10 Tory microwave discharge
the space-charge fielterm E¢-FJ), as compared to that [@/(27)=2.45GHZ in N, is obtained by solving the sta-
driven by the applied field, is justified under present condi-onary Boltzmann equation for a HF f|eld_tl)y assuming
tions, owing to the relative magnitude of both fieli7].  dFo/dt=0 in Eq.(7) (due to the inequalityp> 7, ~ which is
Ne\/erthe|essES must be kept in EQ(S), since it near|y on the basis of theffective field approximatiOn and ne-
balances the diffusion term and causes the total electron pa@lecting terms which depend on position coordindtesmo-

ticle flow vector geneous Boltzmann equatjonWhen the diffusion and
space-charge field terms are neglected one must also neglect,
% 147-;1,3 for consistency, the creation and loss of electrons on the
= Jl) Fg—3—dv (8)  right-hand side of Eq(7). The Boltzmann equation is hence

transformed into a continuity equation for the velocity distri-
bution function, which allows a separable solution of the
form F3(r,v) =ng(r) X fO(v).

In these conditions, the Boltzmann equation is usually

to become a small quantify23,24]. Thus, using Eq(5) in
Eq. (8), we obtain

T'=—V,(DeNg) — NepteEs (9)  Written in the form[28]
dG
where EZEI [\/U‘f’l.liiVij(U+Uij)f(U+Uij)_\/aVijf
1 (=02 0 5
De:n_e O§F047TU dv (10) + U_UijVji(U_Uij)f(U_Uij)_\/anif], (13)
Cc
and in which the homogeneous distribution functié?(v) is re-
placed with the EEDF (u), obeying the normalization con-
1 (= ev AF) ) dition [5f\udu=1, and whereu=3muv? denotes the elec-
Me=— — 4y dy (11)  tron energy. The terms inside the brackets on the right-hand

n 3mve v , ) e
e’0 Ve U side of Eq.(13) take into account the effects of excitation of

denote the electron free diffusion coefficient and the dc eIec\—/ibr""t.ional and electronic states of Ky inelast_ic qollisions

tron mobility. respectivel (the first and second termsand of the de-excitation of the
On the o)ther hpand in%/e.grating E) over all velocities vibrational states by electron superelastic collisithe third

by multiplying both members of Eq7) by the volume ele- 2nd fourth termk with u;; , v, andv;; denoting the energy

ment in velocity space #v2dv and integrating from 0 teo threshold and the inelastic and superelastic collision frequen-

one obtains the continuity equation for electrons cles, respectively, anG(u) representing the total_electron
flux in energy space due to the continuous terms in the Bolt-

an zmann equationG(u) is given by the sum of the fluxes
ﬂ_;s_VrZ(Dene)_Vr'(neMeEs):ne<Vion>_ne<Vre(‘>! driven by the applied HF fieIdG.E;. the elastic collisio_ns,
G.; the electron-electrofe-g collisions, G..; and the in-
(12) elastic and superelastic collisions of electrons with rotational

. . levels assuming a continuous approximati@y,. These
W'th <V‘°“.> a.nd<.vre¢) denoting the_energy-ave_ragfad frequen-can be written, respectively, in the forrf28,29
cies for ionization and electron-ion recombination, respec-

tively. We note that the symbg|) denotes the averaging

over all velocities. With this notation the free diffusion co- _ (eEy)? 1 apdf

efficient given by Eg.(10) is simply written as D, ET 3mue 1+ (w/vE)? TR (14
=(v?3vg). In writing Eq. (12), the term accounting for the

flux of electrons in velocity space driven by the applied HF

field, that is the fourth term on the left-hand side of Eq, G.=— <m u¥? kT ﬂ) (15)
vanishes at both integration limits, as well as the contribution ¢ M ¢ 9du)’
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Gee=— 2Ve—eu3/2 (16)

If+de
dul’

Gror=—4Bo\uf. (17

In Egs. (15—(17), v, is the elastic electron-neutral colli-
sion frequency for momentum transféy, is the molecular
mass, andl is the gas temperature,_. is the electron-
electron collision frequency given 43]

e? )ZInA

—3 Ne,
4megm) v €

(18)

Ve.o=41

with €y denoting the vacuum permittivity and Mthe Cou-
lomb logarithm.l and J are two integral functions of(u)
known as Spitzer’s integra[23], B(=2.5x10 *eV) is the
rotational constant in N and vo=ngy2u/m oy is a fre-

PHYSICAL REVIEW E63 046404

The time-dependent Boltzmann equation in the form ex-
pressed by EqY7) is difficult to solve, even numerically, due
to the presence of the space-charge field term and of the
dependence ng on the configuration and velocity spaces.
As a matter of fact, in order to determingg self-
consistently, Poisson’s equation must be used, coupled to the
continuity and momentum transport equations for both elec-
trons and ions. This task involves a great deal of computa-
tional work, and is hence beyond the scope of the present
paper. Here we are mainly interested in deriving a self-
contained equation to treat this problem, which may be used
for practical purposes in different situations.

With this aim, we note that the transition from ambipolar
to free diffusion, as the plasma conductivity decreases, was
studied in Ref[23] by solving a set of equations formed by
Poisson’s equation, and by continuity and momentum trans-
fer equations for both electrons and ions, making two simple
assumptions: congruencel'.=1; and proportionality

quency for rotational exchanges induced by electron impact .n,/n,=V,n;/n;. In Ref.[23] it was shown that the total
including both inelastic and superelastic processes, obtainaslectron particle flow vectoF given by Eq.(9) may be re-

using the continuous approximati¢®9], in which ng is the
gas density and,=8mq?a5/15, with q (=1.01 in N,) de-
noting the electric quadrupole moment in unit$<a€ anda,
the Bohr radius.

placed by the equation

I'=—DgV, N, (19

Equation(13) is solved coupled to a system of rate bal- whereD, denotes an effective diffusion coefficient for elec-
ance equations for the vibrational and electronic states,of Ntrons, under the presence of the space-charge field, given by

and N¢*S) atoms, and Bl and N; ions, in order to account

for superelastic collisions of electrons with vibrationally ex-

cited molecules M X 12; ,0). Moreover, the sustaining HF

__ DetA%enuc/e
se= 2Dt A% polen |

(20

electric field is self-consistently determined using the re-

quirement that under steady-state conditions the total rate ¢fere D~ (u;/ue) D, is the ambipolar diffusion coefficient,
ionization must compensate exactly for the rate of electror,, is the ion mobility, andA =R/2.405 is the characteristic
losses by diffusion, under the effects of a space-charge fieljiffusion length for a cylindrical container of radiw ob-

plus electron-ion recombinatiof80,31. We note that the

tained by replacinyfne with ~—n./A?, which is consis-

continuity equation for electrons is no Ipnger implicit in EQ. tent with the assumption that, vanishes at the wall. The
(13), so that the former must be taken independently for th‘?‘emaining quantities in E¢20) have been previously de-

purposes of determining the electric field necessary for disgned. In the limithp<A, with Ap=/equ,/€?n, denoting

charge maintenance. For this purpose, the total ionizatiofhe electron Debye length ang=eD,/x
rate must include besides the processes of direct E|eCtr°£hergy we obtaid e
impact ionization on B(X,v) molecules and electron step- ’

wise ionization on MA 33) and N(a'lS,) states, as

the characteristic
se—Da, Whereas we havBy.— D, for
Ap>A. Equation(19) hence allows one to cover the bridge
between nearly ambipolar diffusidin the earlier and inter-

well as the processes of associative ionization due to collijegiate instants of the afterglowand free diffusion(in the
sions between metastable states: that is, by collisiongye afterglow by considering the decreasing of and the

N,(A)+Ny(a’') and N(a’')+Ny(a’); see Refs[30,3]] for
details.

B. Post-discharge

variation of bothD, and u .

Keeping in mind that, with the concept of effective diffu-
sion coefficient, the integration of both members of EA.
over all velocities gives the continuity equation

Let us now consider the electron distribution function in an
the earlier instants of the afterglow of a stationary discharge Tlle e_ N
by assuming a zero electric fieldtat 0 in Eq.(7), using the gt " Dsegz =Ne(Vion) ~Ne(Vreo)
stationary distribution in the discharge as the initial condi-
tion. This is indeed an approximation, singg cannot drop  we will return to the Boltzmann equation and assume that the
to zero instantaneous20,32. In this case, the nonconser- second and third terms on the left-hand side of &j.may
vative terms for the electron density, associated with electrobe replaced by a sole term accounting for diffusion of elec-
losses by electron-ion recombination and diffusion in thetrons under the presence of a space-charge field. With this

(21)

presence of the space-charge fiéld, should now be in-
cluded, with the effects produced by the fidld being pro-
gressively decreased as the time evolves.

assumption the time-dependent Boltzmann equation, able to
describe the evolution of the EEDF in the afterglow, may be
written in the form
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JF 2 u D 1 4G averaged quantities obtained from the EEDF, such as the
—to- = Ft—— electron density, electron mean energy, electron transport pa-
gt 3m vcA® De Vu du rameters, and various electron rate coefficients for electronic
and vibrational excitation either by direct electron impact or

1 : o
= ﬁz [ /u+_uijVij(u+uij)F(u+uij)_\/aVijF stepwise excitation.
i
+ U= Uy (U= U ) F (U= ;) = JUp;iF] = vy lll. RESULTS AND DISCUSSION

(22) The calculations in this paper were carried out for typical
operating conditions of a flowing microwave discharge in
. pure N, [4—7]. In particular, we consider a microwave dis-
Under the present formulation, once the EEDF and theharge aw/(27)=2.45 GHz in a Pyrex tube of inner radius
electron density in the discharge are known, the EEDF in th&=0.8 cm: two values of pressup=2 and 10 Torr; a
post-dischargé-(u,t) can be obtained by solving E2), unique value of the electron density,=5x10%cm 3,
using the stationary distributioi{u) and the electron density \hich is usually modified in an experiment by varying the
in the discharge as initial conditionb,(u,0)=ncf(u), and  injected microwave power; and a typical constant value of
assuming a zero electric fiell5e=0 in Eq. (14)]. The  the gas temperature at present conditibgs 1000 K[9]. At
EEDF in the post-discharge, with the normalizationp—2 Torr, for example, we obtain the following discharge
[§F\Judu=n(t), can then be calculated from E2),  parameters using the present kinetic mod&l/n,=1.36
considering the decreasing 0f(t) and the time variation of % 10715V cm? for the reduced effective electric field neces-
De and ue in Dge at each instant of the afterglow. The last sary for sustaining the HF dischard®7,28, dP,.J/dz
term on the right-hand side of E@22) accounts for the =33Wcm?! for the mean input power absorbed per unit
electron-loss process of dissociative recombination, with gength, T,=21 100K (that is, kT,=1.82e\} for the vibra-
frequency e, Whose cross section was taken from Ref.tional temperature of the lowesth levels of the VDF, and
[33]. The reader should refer to previous papé@®,31 for  [N(“S)]/n,=0.154 for the fractional concentration of #g)
further details of collisional data in N On the other hand, atoms. It is worth noting at this point that the VDF is very
the production of secondary electrons by ionization has beegistant from a Boltzmann distribution, so that the tempera-
neglected in the afterglow, since the EEDF is rapidly detyre T, is defined here as the characteristic vibrational tem-
pleted in the high-energy range in a very short time,perature of the Treanor-like distribution that best fits the cal-
~10°-10""s, as we will show below. Hence the ioniza- culated VDF in the lowest foupth levels. Although the
tion is considered here as any other inelastic process, assUBredicted valueT, =21 100 K seems to be very high, this is
ing the energy loss of primary electrons only. In conclusionnot the case in a microwave discharge ai(27)
Eq. (22) should not be considered as a rigorous equation te- 2 45 GHz with the present choice of input parameféils
describe the time evolution of the EEDF in the afterglow, butsjnce the mean power absorbed from the field per electron
just as an approximate equation than can be used to avoid thge- (dPa,/d2)/n,mR? reaches-2x10°eVs L.
complexity embodied in Eq(7), since the latter contains a Once the EEDF in the dischargéu) is obtained, the
double dependence on configuration and velocity spaces. g|axation of F(u,t) is analyzed by solving Eq22), with
Finally, the self-consistent determination of the EEDFEe/nOZO, and by setting®(u,0)=ngx f(u) as the initial
should couple Eq(22) with a system of time-dependent ki- ¢ondition. With this aim, Eq(22) is transformed to a set of
netic master equations for the vibrational levels oypled ordinary differential equations by a finite differenc-
No(X *%g",v), taking into account electron-vibratior{V),  ing of the electron energy axis into cells of width Au,
vibration-vibration N'V), and Vibration'tranSIaﬁon\(-T) using a scheme close to that reported in FEM], and em-

energy exchange procesg€s30], in order that the decrease ploying the following algorithm for time-evolution:
of the concentration§N,(X,v)] along the post-discharge

may be considered in Eq22) in terms associated with in-
elastic and superelast&V collisions. Here, in order to sim-
plify this problem, we assume that the concentrations of
N,(X,0) molecules, that is, the so-called vibrational distri- Here 1= is the identity matrix,ul=u;3;, with u;
bution function(VDF), do not vary significantly in the post- = (i —1/2)Au denoting the energy in the middle of the cell
discharge, which is not absolutely true as shown below, sincef energy grid,At is the time stepF(t) is the EEDF at
the vth levels continue to be populated in the afterglow notinstantt, and A is a matrix of coefficients obtained from
only by e-V processes but also by nonresonsrV energy finite differencing all terms of E¢(22).

exchange$9,17]. The latter due to the so-call&dV pump- The electron density is updated during the time-evolution
ing up effect, first pointed out in Ref12] and also analyzed Process in the term taking into accouete collisions, in

in the detail for this very situation in Ref9]. Future work — vredt) =n;i(t) V2u/ma e (With o\ denoting the electron-ion
will consider the coupled evolution of both the EEDF andrecombination cross section and where it is assumeth,

the VDF in the post-discharge, limiting us here to an analysisit each instant and in Dg./D, given by Eq.(20). In this

of the influence of the transition from ambipolar to free dif- latter equationD, and u, are also updated at each instant.
fusion regimes on the EEDF, and on related electron energyequation(23) evolves with an initial time-stept~10"1%s

Jul-F(t+At)=(AtA+ul) - F(t). (23)

046404-5



V. GUERRA, P. A. SA AND J. LOUREIRO PHYSICAL REVIEW E63 046404

tail of the EEDF, typically for energies larger thar6 eV
and smoothing the peak near-0.

Although the EEDF is largely modified at short times as
small as 10”s Fig. 3 shows that the electron density re-
mains practically unchanged uptte 10 °s due to the large
characteristic times for electron losses by ambipolar diffu-
sion, so that within the time interval of Figs. 1 and 2, the
EEDF is consistent with the normalization condition
f?jF(u,t)\/ﬁd u=ng~const. Figure 3 reports the values for
ne(t) calculated from Eq(22), in which a transition from
ambipolar to free diffusion regimes is considefedrve A),
as well as the values obtained when free diffusion of elec-
trons is assumed during the whole relaxation prodess,
assumindD¢./D.=1 in Eq.(22), curveB]. For comparison,
we also report the values afy(t) in the absence oé-e
collisions, but considering the transition from ambipolar to
free diffusion(curve C).

As expectedp, falls sharply att~10 '—10 ®s as the
electron diffusion occurs without the presence of a space-
charge field(curve B in Fig. 3), whereas the inclusion or a
absence o-e collisions produce only minor modifications
on n, (curvesA andC). The behavior exhibited bg(t) in

u(eV) curvesA andC essentially results from the fact of the effec-
tive diffusion coefficientDg, remains practically unchanged

FIG. 1. EEDF calculated in the post-discharge of @#{2) up tot~3x10"*s, with Ds.~D,, the instant at which it
=2.45GHz microwave discharge in,Nwith p=2Torr and increases sharply due to the diminution wf. Figure 4
ne(0)=5x10"cm 3, for the following instants in the afterglow: shows the rati®/De, given by Eq.(20), calculated under
(A)t=0,(B) 10 s, (C) 10°°s, (D) 10" s, (E) 3.2x10 *s. the same conditions as before, with the inclusioarve A)

and in the absenc&urveB) of e-e collisions. The free dif-
for the first iterations and then a predictor-corrector methodusion is completely achieved &t-4x 10 “s.
(Adams-Bashforth methods used for adjusting the stepsize In contrast to the situation af,, the reduction of the rate
[35]. We note that in a self-consistent determination of thecoefficients for excitation by electron impact of Blectronic
EEDF, Eq.(23) should be solved together with a system of States from the electronic ground-statg(X ') occurs at
kinetic master equations for the vibrational levelsconsiderably shorter times. Figuretaband 3b) show the
No(X '3 ,v), that is with a system of equations describingtemporal+evolut|on of the rate coeff|C|en.ts for excitation of
the time-evolution of the VDF, in order that the effectesfy ~ N2(A *2), No(B °Ilg) and N(C °I1) triplet stateqFig.
superelastic collisions may also be updated. Here, for th&(@]and for excitation of the singlet stateg(d’ *3.,) and
sake of simplicity, we assume that the concentrations ofN2(a 'IIg) plus ionization[Fig. 5(b)], at the same working
N,(X,v) do not vary significantly, which is not absolutely conditions as before, and when the transitipfi- D is con-
true for the manifold obth levels as it can be seen in Ref. Sidered together wite-e collisions. The present calculations
[9]. The full self-consistency between the EEDF and VDFrevea! the (_existence of a dgzt_:rease of ab.out. two orders of
will be achieved in a future publication. magnitude in the rate coefficients for excitation of(KN)

Figure 1 shows the EEDF calculated at different instantsand ,QNZ(B) 6 states  from M(X).’ in' the range t

_ 4 . . ~10°-10 °s, followed by a region extended up te-5
(t=0-3.2<10""s) in the afterglow of a HF discharge with X 10" °s, where the decrease is much less pronounced. For
p=2 Torr. The rapid depletion of the high-energy tail of the ’ '

o the other states the decrease is always faster.
—7
EEDF at the earlier instants of the afterglow<(10™’s) Figures 6a) and Gb) show, for comparison, the calcu-

occurs as a rgsult of electron inelasti(_: _collisio_ns. The _EEDFIated rate coefficients for excitation of,0A) and Ny(B)

is calculated in the presence efe collisions, since during states, respectively, usir() our reference moddturvesA,

the relaxation_ process the EEDF goes toward the |°W'e”_er9i)dentical to Fig. a)], (i) assumingDse/De=1 during the
part of the dlstr|but|on, whgre the Cou.lomb Cross sectionyhole relaxation procesgurvesB), and(iii) in the absence
which sharply increases with decreasing electron energysf e-e collisions but including the transition from ambipolar
plays an important role in affecting the EEDF. Figure 2to free diffusion regimegcurvesC). Figures €a) and Gb)
shows the EEDF calculated with the inclusitfoll curves  clearly show that as free diffusion is assumed, at the begin-
and in the absence d@-e collisions (broken curveg att  ning of the afterglow, an extremely fast decrease is obtained
=107, 10°%, 10°° and 10“s. The effects produced by for the electron rate coefficients, which is the origin of the
e-e collisions on the EEDF are particularly important at in- assumption usually made for the neglect of electron impact
termediate instants 10~ ° s producing a large increase in the process in the post-discharge. However, as the transition

Fu,t/n () (eV *%)
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FIG. 2. EEDF calculated in the
same conditions as in Fig. 1, with
the inclusion(full curves and in
the absence(broken curves of
e-e collisions, for the instantg
=107, 10°%, 10°°, and 10*s.
J The full curves are the same as in
3 Fig. 1.
£
2
Y ]
:;: 3
i
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D,— D, is considered, the rate coefficie@t 5 presents a Figures 5 and 6 show that even in the case where the

nearly constant value of about two orders of magnituderansition from ambipolar to free diffusion is taken into ac-
smaller than that calculated in the discharge, in a broad timeount, the electron rate coefficients for excitation, although
interval t~5x 10 '-=5x10"°s, so that, during the relax- not absolutely vanishing, are sufficiently small to validate the
ation of some heavy active species produced in the disassumption usually made for the neglect of the processes by
charge, the excitation by electron impact in the post-electron impact in a post-discharge. However, the same con-
discharge is not absolutely vanishing at all. Finally, Fi@6  clusion cannot be inferred in the case of excitation by slow
alsq shows for casdiii) that a quasistationary 6stat.e is electrons, e.g., for stepwise excitation of(B 3Hg) and
achieved between the EEDF and VDF-a6x 10 °s, in (¢ 311 ) states from (A 3% ). Figure 7 shows the rate
?:A;letgicigzeﬁé?;ﬁlecsogtl&oz?)s chmeplzgggtls fc\)':'ttr;]ev'itr’]r_a' qoefficients of these processes callculated.using the cross sec-
elastic vibrational losseEL2] T,his effect only slightly ap- tion data[36], with the same notations as in Fig. 6. The rate

) coefficient for excitation B(A)— N,(B) induced by electron

pears in our reference ca$g at ~2x10 s, that is, just . ¢ . | X tant in the fi interval
before the sharp decrease dictated by the change in the dffppaflg rem?lns aimost constant in the timeintenta
10 °-10"s, while that associated with the transition

fusion regime. On the other hand, the magnitude of the rate’ ) )
coefficients for excitation of NB) is always too small in N2(A)—N(C) is reduced by a factor of 10 when the time

order that this effect may be observed in Figh)6 evolves up to~5x10"°s.
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n, (cm 3 )

FIG. 3. Temporal evolution of the electron number density in a
N, post-discharge, calculated for the same conditions as in Fig. 1,
using our reference modé&d), assuming free diffusion of electrons
during the whole relaxation proce$B), and neglectings-e colli-

sions(C).

Experimental evidence of the existence of non-negligible
electron impact processes in a afterglow was observed in
Refs.[22,37]. In the post-discharge of a,Noulsed rf dis-
charge[22], it was shown that the )NC) state continues to
be populated by collisions of low-energy electrgpaergies
typically of the order~4 eV) on N,(A), up to afterglow
times as large as-1 ms. On the other hand, it was also
pointed out in Ref[37] that a quite probable reason for the
disagreement between the calculated and measured fluores-
cences from M(B), in the early afterglowt(<10 “s) of a

12
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0

t(s)
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2x10*
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FIG. 5. Temporal evolution of the electron rate coefficients for
excitation of N(A), N,(B), and N(C) stateqcurvesA—C in Fig.
5(a)], and for excitation of B(a’') and N,(a) states plus ionization
[curvesA—C in Fig. 5b)], calculated in a Mafterglow for the same
conditions as in Fig. 1, using our reference model for electron dif-
fusion and includinge-e collisions. The symbols represent the rate
coefficients in the discharge=0).

N, pulsed discharge, may be associated with neglecting, in
the model used in that paper, of,(8) excitation by the
impact of slow electrons on ){A).

Figure 8 shows the electron rate coefficients for vibra-
tional excitation(0-v transition$ and de-excitationy(-0) of
No(X '24 ,v) levels (with v=1, 3, and 5, for the same
working conditions as before, in the case of our reference
model in what concerns the effects of diffusi¢that is, in-
cluding the transition of diffusion regimb ,— D,). During
the relaxation process, the electrons tend to concentrate in

FIG. 4. Temporal evolution of the ratio of the effective electron the low-energy part of the EEDF, which causes an increase

diffusion coefficient to the free diffusion coefficient in g Idost-
discharge, for the same conditions as in Fig. 1, includigand
neglecting B) e-e collisions. The nearly flat region foDg./D,

corresponds to ambipolar diffusion.

in the electron rate coefficients for vibrational excitation, ow-
ing to the relatively low-energy thresholds for these pro-
cesses. Thus, the decrease oféh¥ populating rates in the
post-dischargeR,~ng[ N,(X,0)]Cq, , just occurs at the mo-
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-10

10

t(s)

FIG. 6. Temporal evolution of the electron rate coefficients for

excitation of N(A) [Fig. 6(@)] and Ny(B) [Fig. 6(b)] states, calcu-

lated in the same conditions as in Fig. 1, using our reference model

(A), assuming free diffusion of electrons onlB), and neglecting
e-ecollisions(C).

ment when the electron density starts to decrease, that is at
t~10 °s (see Fig. 3, and not as a consequence of the de-

crease of the rate coefficients for vibrational excitatizy), .

It should therefore be expected that the VDF will continue to
be strongly populated in early and intermediate instants of

the afterglow, not only in the higherth levels as a result of
the V-V (vibrational-vibrational pumping up effect dis-

cussed in Ref[9], which is a consequence of the anharmo-

nicity of the potential curve of N X) molecules, but also in
the lower levels due to the increaseesiV rate coefficients.

Figures 9 and 10 show, for the same cases as in Figs.
and 7, the time-evolution of the electron kinetic temperature

defined ak T.= 5(u), with (uy denoting the electron average

energy, and the rate coefficient for electron-ion recombina-

tion a=(v,ex/N;={(yJ2u/mo o, calculated using the cross
section datd33]. The global behavior exhibited biyT, is

quite similar to that shown by the rate coefficients for exci-

PHYSICAL REVIEW B3 046404

t(s)

FIG. 7. Temporal evolution of the electron rate coefficients for
stepwise excitation of )B) and N,(C) states from N(A), calcu-
lated in a N afterglow for the same conditions as in Fig. 1, using
our reference mod€l), assuming free diffusion of electrons only
(B), and neglecting-ecollisions (C).

tation of Ny(A 33 1) and Ny(B 3I1,) states, with an initial
rapid decrease in the first instants of the afterglow up to
t~10 °s followed by a slowly decreasing region in the time
interval 10 °~5x10 °s. In this latter time-interval the
EEDF and VDF are in quasiequilibrium through inelastic
and superelastie-V collisions; hencel.~T, [15]. On the
other hand, the steep increase of the electron-ion recombina-
tion rate coefficient as evolves is an obvious consequence
of the modifications produced on the EEDF along the relax-
ation process, since the depletion of the high-energy tail of
the distribution gives way, by normalization, to the appear-
ance of a sharp peak centerediatO. The progressive modi-

5x10°

Cev (cm3 s")

6 10-9 PN SR YT AT B A S RTTTY B RS T IT B W aT T

t(s)

FIG. 8. Temporal evolution of the electron rate coefficients for
vibrational excitation (full curves and de-excitation(broken
curves, associated with (@) and p-0) transitions, calculated in a
N, afterglow for the same conditions as in Fig. 1.
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FIG. 11. Frequencies for electron losses by diffusion under the
FIG. 9. Temporal evolution of the electron kinetic temperatureeffects of the space-charge fielflill curves and by electron-ion
in eV, in a N, afterglow for the same conditions as in Fig. 1, using recombination (broken curves calculated in an w/(27)
our reference modeld), assuming free diffusion of electrons only -2 45 GHz microwave discharge in,Nwith p=2 Torr (A) and
(B), and neglecting-ecollisions(C). The symbol denotes the value 19 Torr 8), and for ne=n;=5x10"cm>3, R=0.8cm, andT,
of kT, in the discharget=0). =1000 K.

fications of the shape of the EEDF, together with the fact thajyhere ¢ denotes the effective cross section for momentum

the recombination cross section presents a dependence on fgnsfer. Figure 11 reports, for comparison, the frequencies
electron energy with the fornre~u™" [38], produce the o glectron losses by diffusiony;, and by volume recom-

changes shown in Fig. 10 for the rate coefficient bination,
Up to now, only results fopp=2 Torr have been pre-
sented. By inspection of Eq22), we observe that the fre- 2u
quency for electron losses by diffusion under the presence of Viec™ i\ 7y Trecs (25

the space-charge field follows the Iavgl, according to _ o
against the electron energy, calculated at the beginning of the

2 u D afterglow ¢=0), for p=2 and 10 Torr keeping all other
S (24)  input parameters as befofe/(2m)=2.45GHz,n,=n;=5
dif 3m er2 D’ 1 _3 .
Nov2u/moA“ Ve X 10" cm™3 R=0.8cm, andly=1000K]. Figure 11 shows

that the main electron-loss mechanism is diffusion except in

a narrow region neaun~ 0, where the electron-ion recombi-

nation dominates. On the other hand, the frequency for elec-

tron diffusion decreases gsincreases from 2 to 10 Torr,
approximately with~p~1, since the modifications om;
produced by variations o®4./D, are always negligibly
small.

The changes omy; with pressure fully interpret the tem-
poral evolution of the electron density in the afterglow of a
4 2.45-GHz microwave discharge, a2 and 10 Torr, shown
] in Fig. 12. The sharp decrease of(t) is considerably
shifted to a longer instarit- 1 ms, as the pressure increases
from 2 to 10 Torr. As a result of the modifications that occur
in ng(t), the change from ambipolar to free diffusion re-
gimes is also retarded from10 % to ~ 10 °s, asp varies
between these two values of pressure; see Fig. 13.

“ The present results are qualitatively in line with the mea-
surements realized in Ref21] using the breakdown time
delay technique, in which it was observed, in a setup differ-

FIG. 10. Temporal evolution of the electron rate coefficient for €nt from ours, although gi=5 Torr, that a rapid transition
electron-ion recombination, in a,Mfterglow for the same condi- from ambipolar to free diffusion is neededtat 20 ms to fit
tions as in Fig. 1, using our reference mod8), assuming free the data. This apparent increase of the instant at which the
diffusion of electrons onlyB), and neglecting-e collisions (C). transition from ambipolar to free diffusion occurs is surely

t(s)
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FIG. 12. Temporal evolution of the electron number density in FIG. 14. Temporal evolution of the electron kinetic temperature
the post-discharge of an/(2)=2.45 GHz microwave discharge in eV, in a N, post-discharge for the same conditions and notations
in N, with n,(0)=5x 10 cm3, R=0.8cm, andp=2 Torr (A) as in Fig. 12. The symbols denote the valuekf in the discharge
and 10 Torr B). (t=0).

associated with a large tube radius in the conditions of théustaining, Ec/ny. This parameter decreases from 1.36
experimenf21]. The memory curves in Ref21] were ob- X10 ' down to 7.7<10 '*Vcm? asp increases within
tained for a gas tube made of molybdenum glass with a volthis range of values. In both cas&d, first decreases with a
ume of V=160 cn? and an are&,,= 180 cnf, which allows slope not very pronounced, up te-3X 10 ’s, followed by
R~1.8cm in the case of a cylindrical tube, whereas in thean extended region where the electron temperature remains
conditions of the present paper we haRe=0.8cm. Since practically constant due to the achievement of a quasistation-
the transition of the diffusion regime occurs when the in-ary state between the EEDF and the VDF, dictated by the
equalityAp~ A holds, a larger tube radius implies a smaller compensation of inelastic and superelastiv processes. At
electron densityn,(t); consequently the transition point the higher valugp=10Torr, we hav&kT,~1.5eV in a rela-
arises at a larger time. tively extended region~3x 10 '—10 °s.

Figure 14 shows the time relaxation of the electron kinetic ~ Finally, Fig. 15 shows, for completeness, the EEDF cal-
temperature in the afterglow of a HF discharggpat?2 and  culated atp=10 Torr for different instants of the afterglow,
10 Torr, keeping all other conditions as before. The reducin the time interval (0—1.4x10 3s, while in Fig. 16 we
tion of kT, with increasing gas pressure results from thereport, for the same value of pressure, the time evolution of
decrease in the reduced effective electric field for dischargéhe electron rate coefficients for excitation of(M 33 1),

Ny(B ®1,), and Ny(C3II,) states, from the electronic
10° ey ground state B(X = ). Both figures are obtained consid-

. ] ering the transition from ambipolar to free diffusion regimes
in the Boltzmann equation, and taking into accoetg col-
lisions. The general trends exhibited here are not very differ-
ent from those previously shown in Figs. 1 anth)5for

0 F E p=2 Torr. The main difference between 2 and 10 Torr oc-

i ] curs in the high-energy tail of the EEDF at intermediate in-

e [ Bl stants,t~10"'—10°s, in which a more pronounced de-
2| A crease is observed gt=10Torr, leading to a steeper

decrease of the electronic rate coefficient for excitation of
10-2 F J\J E Nz(c)

pot Lol it il i vl st An important aspect of the present paper is that to our
" knowledge it is the first time that the relaxation of the EEDF
t(s) in a N, afterglow has been analyzed by solving the Boltz-

FIG. 13. Temporal evolution of the ratio of the effective elec- mann equation, taking into account the progressive reduction

tron diffusion coefficient to the free diffusion coefficient in g N of space-charge field effects, and giving place to a change in
post-discharge, for the same conditions and notations as in Fig. 12he diffusion regime. In fact, as the applied electric field

IV. CONCLUDING REMARKS
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1 L) 1 1 bk | T n 1 M T
10°
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2 10k
=
10" t(s)

3 FIG. 16. Temporal evolution of the electron rate coefficients for
excitation of N(A), N,(B), and N(C) states(curvesA—C), cal-
culated in a M afterglow for the same conditions as in Fig. 15. The

10° T ) ) symbols represent the rate coefficients in the discharg®].

0 2 4 6 8 10

u(eV) 10 °-10 *s atp=2 Torr and 10°-10 3s in the case of

the higher value of pressuie=10Torr. This behavior es-

, ) . ) sentially results from the large characteristic times for elec-
=2.45GHz Orlrlncrovgave discharge in,Nwith p=10 Torr and tron Iosyses by ambipolar diffqusiorr(D /Az)‘l A second
ny(0)=5Xx10"cm *, for the following instants in the afterglow: . . . a ) .

(A) t=0, (B) 10" s, (C) 10 5, (D) 10 *s, and(E) 1.4x 10" 3s. important conclusion derived from the present study is that
certain processes due to electron impact play a nonvanishing
) role in the post-discharge. This is the case for processes lead-
drops to zero at the end of the discharge, the electron densifiig to vibrational excitation of B(X,v) levels, as well as of
remains pre_lctlcallly_ unchanged W|th|q a relatively Iong.t|me_stepwise excitation of NB) and N,(C) states from N(A)
interval, which originates that the radial space-charge field ignetastables.
malntalne-d..ThIS latter may vary Only within the time scale Work is in progress to Coup|e the present time_dependent
for n variations. _ _ _ Boltzmann analysis to a self-consistent determination of the
With the exception of an experimental work in which an concentrations of NX,v) molecules and electronically ex-
effective diffusion coefficient assuring a transition from am-jted states of N in order that the effects of electron-
bipolar to free diffusion limits was derived from breakdown gyperelastic collisions may be updated during the time evo-
time delay datg21], and whose results are qualitatively in |ytion. In fact, our previous studid§] showed that the VDF
tron kinetics in a nitrogen afterglow were mainly concernedhat the calculated data at the upper limit of the time-interval
with the coupling between the EEDF and the VDF of considered in this paper are merely indicative. Finally, a sec-
No(X,v) molecules[12,18, or with the coupling between ond weakness of the present study is associated with the
the EEDF and the populations of excited electronic stategeglect in the model of secondary electron production in the
electron losses in the afterglow to be gas-phase recombina: N,(a') or Ny(a')+N,(a’) stateg30], as well as of ion-

tion only, while in Ref.[18] only processes that keep the j;ation processes involving vibrationally excited,(X,v)
electron density constant were considered. moleculeg39].

The worthwhile conclusion to be stressed from the present
paper is that although the EEDF is largely modified in the
post-discharge after relatively short times as small as
~10"7s, the electron density remains practically unchanged The authors wish to thank Dr. N. Sadeghi for helpful dis-
up tot~10"°s. Thenng(t) is reduced in the time interval cussion during the final part of writing this paper.

FIG. 15. EEDF calculated in the post-discharge ofaaii2)
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