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Abstract—in this paper, we present an investigation of the time-  well as to precisely characterize the main mechanisms involved
relaxation of the electron energy distribution function (EEDF) in  in electron energy losses. One strongly marked situation is the
the nitrogen afterglow of anw/27 = 433 MHz flowing discharge  -asence of electrons at times as large as few ms as it occurs in

atp = 3.3 torr, in atube with inner radius R = 1.9 cm. We solve .
the time-dependent Boltzmann equation, including the term for the so-called short-lived afterglow (SLA) [3], [4].

creation of new electrons in associative/Penning reactions, coupled To our knowledge, there are not many studies devoted to
to a system of rate balance equations for the heavy-particles. The the experimental determination of the EEDF in hfterglow
EEDFs are also obtained experimentally, from second derivatives ,55mas especially when they exhibit a SLA. The first attempts
of digitized probe characteristics measured using a triple probe ) . . .

technique, and compared with the calculations. It is shown that to. characterize thg electrong ina n'tro_gen pOSt_d'SCharge_ dealt
an equilibrium between the vibrational distribution function of ~ With 2450-MHz microwave discharges induced in small-diam-
ground-state moleculesN, (X 'X 1, v) and low-energy electrons  eter discharge tubes (12 mm) and were performed by double
is rapidly established, in times~10~" s. In these early instants floating probes [5] or using a resonant microwave cavity [6].
of the postdischarge, a dip is formed in the EEDF around 4 eV. These first works have provided at most electron densities. The
The EEDF finally reaches a quasi_—stationary state fort <~ 10—¢ measured values)® — 7 x 10° cm—3, were consistent with each

s, although the electron density still continues o dicreasf beyond iher for comparable systems, but assuming maxwellian EEDFs
this instant. Collisions of highly excitedN»(X "X, v ~ 35) by default. Broida [5] obtained the values of the electron tem-

molecules withIN(*S) atoms are in the origin of a maximum in :
the electron density occurring downstream from the discharge at perature as well, in the range 0.6-0.9 eV. Later on, Chen and

~2 x 10~2 s. These reactions create locally the metastable statesGooddings [7] made experiments giving access to the electron
N2(A %X ) andN;(a’ *E7), which in turn ionize the gasin as-  energy, by use of a triple probe technique, but no counter exper-
sociative/Penning processes. Slow electrons remain for very longiment was done to confirm their results, not even under similar
times in the postdischarge and can be involved in electron stepwise conditions. EEDF measurements have been finally reported in
processes with energy thresholds smaller thar-2-3 eV. ) . .
_ o low-pressure pulsed discharges in [8]-[10]. A couple of years
Index Terms—Nitrogen, afterglow, electron energy distribution  |4ter, a dip structure of the EEDF was observed in the 4-eV elec-
function (EEDF), relaxation, kinetic model. L
tron energy region in [11], whereas recent measurements have
been published in [12]. A few studies have been conducted as
|. INTRODUCTION well on the variation of the electron density in decaying ni-
grogen plasmas [13]-[16], and the existence of a ho-monotonic
ariation of. in nitrogen postdischarges was pointed out in
E13] and [16]. These works have shown that the electron den-

ITROGEN flowing postdischarges have been found to
useful in different applications, such as N atoms produ
tion for metallic nitriding [1] and for polymer surface treatment:
[2]. A complete understanding of how the main plasma parame-’. . ) . .
ters change in the afterglow is, therefore, of primary importan &ring a relatively long period, after which the plasma finally

for plasma processing design and optimization. A crucial asp dgs out -!c-'h:S v_erythsame E[)dgha;]nor N pre;s}ntjtanlso bydsome
is the knowledge of the time-dependent variation of the electr avy-particles in the postdischarge, suctiNag g) an

3 +(R2y+) i
energy distribution function (EEDF), since the EEDF allows t 2(B “1ly) molecules [16] and3 (B “Xy) ions [17].

evaluate the decay of the electron mean energy and density, akhe theoretical analysis of the EEDF in the afterglow have
started with the works of Capitelli and co-workers [18], [8], de-

. . ) ) vgted to the coupling between the EEDF and the vibrational
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discharge. The EEDF, thus obtained, is then used as the inisphce-charge field effects, and electron-ion recombination. The
distribution for the afterglow. rate for ionization includes electron impact ionization both
In this paper, in parallel with measurements of the EEDF finom ground-state and electronically excited Molecules, as
the nitrogen afterglow, we improve the theoretical descriptiamell as through the associative/Penning reactions [26]
considered in [23] by including the terms for creation of new 3ot Sl Logt n
electrons by Penning ionization, which explain the no-mono- No(A7%7) +No(a' "8,) — No(X "27) + Ny +e
tonic behavior of.. reported in [13] and [16]. For this purpose, — Nf +e 1)
we couple the equations ruling the time-evolution of the heav%h
particles with the time-dependent electron Boltzmann equation.
The first results for the evolution of the populations of the heavy- Na(a' '27) 4+ Ny(a’ 187) — Ny(X 12;) + N} +e
particles in the postdischarge have already been reported in [24] Nt 4e )
and [25]. Once the temporal evolution of the heavy-patrticles is 4 ’
known, it can be introduced into the time-dependent electr@® shown in [26] and [27], these two reactions are the dominant
Boltzmann equation, allowing the description of the productiamechanisms for ionization in a nitrogen discharge.
of new electrons. The theoretical model just described, althoughThe set of electron cross sections used in the solution of the
developed for a quite general case, provides a good interprediectron Boltzmann equation is essentially the one developed
tion of the complex phenomena occuring in the SLA experimeBy Pitchford and Phelps [29], with a few additions described in
tally characterized in [16] and [17]. This work is further comdetail in [30]. The excitation of electronic states was treated as
plemented with the experimental determination of the EEDF atsingle energy loss process assuming, in this case, that all the
different instants in the afterglow, following the same procedurfiolecules are in the ground vibrational level. The effect of con-
as in [12]. sidering individuaN, (X, v—Y, v’) transitions has been studied
The conditions of the present study correspond to a nitroggn[31]. On the other hand, the cross section for the excitation
afterglow created by a microwave discharge operating at figem (X, v > 0) to (X, w > v) was assumed identical in shape
quencyw/2r = 433 MHz, pressure = 3.3 torr, in a Pyrex and magnitude to the one for the— w — v transition, but with
tube of inner radiug? = 1.9 cm. For these conditions, the elec-a different threshold accounting for the anharmonicity of the os-
tron density at the beginning of the postdischarge is estimatgitiator. A comparison of this procedure with other hypotheses
to ben,(0) = 3 x 10'° cm~3 [16], which corresponds approx-has been performed in [15], suggesting the correctness of the
imately to the critical value for a surface-wave propagation. present approach. Nevertheless, there is still no absolute con-
The organization of this paper is as follows. Section Il d&ensus in the literature for the choice of cross sections for elec-
scribes the theoretical model used to study the electron kinetigsn collisions involving transitions between vibrational levels.
in the nitrogen afterglow. The experimental method is briefly The input parameters for the discharge model are the field
described in Section llI. Section IV contains the results of thigequencyw /2, tube radiusk, gas pressurg and the electron
investigation with the corresponding discussion, in which thtensity at the end of the dischargg(0). Notice that a traveling
theoretical calculations are compared with the experimental igave sustained discharge exhibits an axial structure, which can
sults. Finally, Section V summarizes the main conclusions pé& described by coupling to the system of equations the ones de-
this study. scribing the wave electrodynamics [32], [33]. In this case, one
should use the electron density at the position of the launcher or
the power delivered to the launcher as input parameter, instead
of n.(0). However, since the goal of this paper is to investigate
The theoretical model used to investigate the evolutidhe afterglow we do not need to characterize the axial structure.
of the EEDF in the nitrogen afterglow is based on the orleis in fact enough to consider the end of the discharge, where
presented in [23], but with some important differences tifne initial conditions for the afterglow are determined. The crit-
be discussed. The study must begin with a self-consistécal value for the electron density.(0) can be estimated from
description of the discharge, since it is in the discharghe wave-dispersion characteristics. The gas temperature can be
that the starting conditions for the postdischarge are edso calculated from the model, as it was done in [27] and [33],
tablished. Accordingly, we developed a discharge modelt it will be taken here as an input parameter as well.
accounting for the electron and heavy-particle kinetics in DC Once the EEDF at the end of the discharge is obtained, its
or high-frequency (HF) fields, described in detail in [26]-[28]evolution in the afterglow is ruled by the time-dependent Boltz-
Shortly, the homogeneous electron Boltzmann equation rmgnn equation, which can be written in the form [23]
coupled to a system of rate balance equations describingF 9 w D e
the populations of the vibrationally excited ground-state— Bt 3 F—AQD—SG + N
molecules N(X X7, v), the electronically excited states mVe € Vu du
No(A3%F, B 311, O3H ,a/ 187 a M, w lAma” %), =— [WVu+ujvij(u+ui;)F(u+u;;) — Juv; F
ground- state and metastable atom(;4S D2 P) and Nf Vau zZ[ il I ) ’
and Nf ions. The electric field sustaining the discharge is + 3 u — UijVji(u_uij)F( — wij) — \uv;iF]
determined from the requirement that under steady-state 9
conditions the total rate for ionization must compensate exactly  _,, g Z Vi) e (). ©)
the rate of loss of electrons by diffusion to the wall, under

Il. THEORETICAL MODEL
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Here, F'(u,t) is the EEDF in the post discharge, with the norbut their effect have been seen to be always very small. Without
malization the formation of new electrons it is certainly impossible to de-
oo scribe the increase in. after an initial stage of decay, as ob-
/ F(u,t)Vudu = n.(t) (4) served in [13] and [16]. Furthermore, the analysis of the ion-
0 ization mechanisms in the postdischarge leads naturally to a
u andm are the electron energy and mas$,is an effective deeper understanding of the processes involving heavy-parti-
collision frequency for momentum transfer [34]= R/2.405 cles, due to the strong coupling existing between the electron
is the characteristic diffusion length for a cylindrical tube witland heavy-particle kinetics.
radiusR, D,. andD. are the effective and free diffusion coeffi- Inspection of (6) and (7) reveals the need to know the time-de-
cients for electrons [23{7(u) is the total electron flux in energy pendent concentratiofi¥y(A)](¢) and[Nz(a’)](¢) in the after-
space due to the continuous terms in the Boltzmann equatighow. For this purpose, we developed another module describing

The effective diffusion coefficient is calculated from the relaxation of the heavy-patrticles that were considered in the
27y 2 discharge, using the discharge calculated populations as initial
s« = Pe(D. /D) + A2/ conditions for the afterglow. The basis of this model was pre-

sented in [35], but the description has been significantly im-
with D, and Ap denoting the ambipolar diffusion coefficientproved in [36] and very recently in [25] and [37]. It includes
and the Debye lengthG:(u) includes the terms for elasticthe rate balance equation for all the species previously con-
collisions, inelastic and superelastic collisions of electrorgdered under discharge conditions, i.e., vibrational levels of
with rotational levels in the continuous approximation anground-state molecules, the most important electronically ex-
electron-electron collisions [23]. The electric field is set tejted states of W, ground-state and metastable atoms and the
zero in the postdischarge, so tiatdoes not include the usualjonic speciesN; andN .
term for the flux driven by the applied field. The terms in the The detailed analysis of the heavy-particle kinetics is outside
brackets in the right-hand side of (3) account for the excitatiaRe scope of this paper, so that the reader should refer to the
of vibrational and electronic states of My inelastic collisions cited references for details. Nevertheless, it is worth stressing
(first and second terms) and of the de-excitation of the vibrgnatN, (A4 *¥}) andN,(a’ ' $; ) metastables are created in the
tional states by electron superelastic collisions (third and foursiterglow in collisions of N vibrationally excited molecules in
terms), wherey;;, v;;, andv;; denote the energy threshold andiery high levels with N atoms, through the reactions
the inelastic and superelastic collision frequencies, respectively. Lot 4 _— )

The last two terms in (3) describe the electron-loss process ofN2(X "Xy, v > 39) + N(°S) — No(A°%)) + N(°D)
dissociative recombination with frequengy,. and the creation (10)
of new electrons. In the term for production of new electrong

(8 )— withi = 1,2 —represents the ionization frequency

through the Penning reactions (1) and (2), respectively, definedN, (X 12;’, v > 38) + N(*S) — Ny(a' 7)) + N(*9).

effectively per electron as (11)
/

(y}on> = Wh (6) The highly excited vibrational levels of ground-state, N
Te molecules, which do not present a significant concentration
and under discharge conditions, can be effectively populated in the
/ / afterglow, as a consequence of the so-called V-V pumping up

2 [Na(a”)][N2(a)] \ , . .
(Vion) = . ) (7) mechanism [38], [39]. That being so, there is a local production

of Na(A43%F) and Ny(a’ 1) molecules in the afterglow,
with k1 = 10~ c?/s andk, = 5 x 10~ 11 cm?/s [26]. The which will be subsequently involved in the production of new
new electrons are created with energigs= 0 andu, = 1.3 electrons via reactions (1) and (2) [36], [25].
eV, and thes functions verify the usual normalization condition The calculated population®,(A)](¢) and [Na(a’)](t) are
I 6(u) du = 1. then introduced in the time-dependent Boltzmann (3), which is
The inclusion in the Boltzmann equation of the production dinally solved to obtain the EEDF and all the related quantities. It
new electrons constitutes a major improvement in the descriiitould be noted that the calculated time-dependent concentra-
tion of the electron kinetics in the nitrogen afterglow as contions of the different heavy-particles during the postdischarge
pared with that presented in [23]. Besides processes (1) and (&)s shown that it is possible to assume a constant population of
the importance of other mechanisms leading to electron prodigvels[N2 (X, v < 10)] during the resolution of the Boltzmann
tion has been checked in the postdischarge, namely equation, for afterglow times lower thanl0=2 s [25].

No(X 'SF v > 30) + Na(a' '3;)
— Np(X 'SH) +NJ +e (8)

I1l. EXPERIMENT

The EEDFs were deduced from second derivatives of digi-

and tized probe characteristics measured using a triple probe tech-

et 5 nigue. The experimental arrangement is shown in Fig. 1. The

Na(X 737, v > 36) + No(B °Il,) experiments were carried out for a discharge operating at fre-
— No(X 'SH) +Nf +e, (9) quencyw/2m = 433 MHz, pressure = 3.3 torr, in a Pyrex
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As itis known, the second derivative of the probe characteris-
tics is not EEDF representative when the electron free path and
the probe radius are of the same order of magnitude. Mathemat-
ically speaking, to deduce the EEDF from probe measurements
under collisional conditions requires that two coupled inverse
problems are solved, since the distortion of the second deriva-
tive includes an integral over the unknown EEDF and the data
is convoluted by the apparatus function. The situation is sim-
pler when the EEDF can be assumed Maxwellian. Then, the
problem solution requires only two unknown parameters, the
electron density and temperature, which can be used as fitting
Measurement probe (U,) parameters through a comparison between measured and the-

(=50 um, | =3 mm) oretical probe characteristics [42]. However, under our experi-
Glass capillary A mental conditions, the probe current is clearly distorted by col-
b Tubular Auxiliary electrode iai H i i
\\\\ (at floating potential lisions (the mean free path is about twice the probe radius) and

the assumption of a Maxwellian EEDF constitutes a rough ap-
Fig. 1. Experimental setup for the measurement of the EEDF in the nitrogpoXimation. So, we felt the need to devise a method to cor-
afterglow. rect for the collisional effects on the second derivative of the

probe characteristics. Basically, the theoretical probe character-

tube of inner radiug = 1.9 cm. The discharge tube has beeistic corresponding to a seeded EEDF is obtained as in [43] and
adapted in order to position the different components of tlifds compared against the measured one. The corrections are it-
probe measurement set-up. A tungsten wire of 3-mm length a@f@tively introduced into the EEDF until an acceptable matching
50-um radius forms the probe tip. The probe is supported hbyachieved. The scaling factor between the theoretical and mea-
a glass capillary tube covered by a partially insulated stainledig'ed probe characteristics provides the value of the electron
steel tube whose exposed region plays the role of auxiliary elé&nsity. Details of this method can be found in [12].
trode. In order to minimize plasma and flow perturbations, the
referen_ce electrode was chogen to be an emissive one [40] and IV. RESULTS AND DISCUSSION
it was inserted downstream into the discharge tube while the
probe enters radially through a Teflon sleeve which enables itsExcept otherwise mentioned, the calculations were carried
radial movement under vacuum. Electrically, the active prolselt for the plasma configuration described in the experimental
is connected to the input of a transimpedance amplifier (virtuggction (discharge operating at frequengi2r = 433 MHz,
ground) through a second order, anti-aliasing filter which algessure = 3.3 torr, in a Pyrex tube of inner radius = 1.9
provides regularization without needing to record many prots&n) with the electron density at the end of the discharge/begin-
characteristics in a systematic way. The sweeping potentlalnl@g of the postdischarge estimated to7hg0) = 3 x 10'°
applied to the reference electrode. A PC-based data acquisi > and the value of the gas temperature in the discharge to
board digitizes the auxiliary electrode potential and the outp€ approximately 1000 K. This set of parameters correspond
from the above amplifier. Since an oscilloscope’s analysis & the experimental conditions of [16] and [17]. In this case,
the probe floating potential did not show any fluctuations at fréhe calculated effective electric field [44] in the discharge is
guencies above the anti-aliasing filter cutoff, there was no ned/N = 4.6 x 107'% V.cm? and the vibrational temperature
for probe compensation. Both the probe arrangement used @h@round-state moleculés,, defined here as the characteristic
the numerical differentiation/averaging scheme (Hamming aj¢mperature of the Treanor-like distribution [38] that best fits the
paratus function with an adaptive size) are similar to those dedlculated VDF for the four lower vibrational levels, is close to
scribed in [41]. 6200 K.

Since some current must flow into the finite input impedance Fig. 2 shows the EEDF (u,t) during the afterglow, with
of the data acquisition board, the auxiliary electrode potentlhIepreSSEd in seconds. The EEDF is normalized to unity,
deviates from the floating one in case of a nonnegligible sheath f(u)vudu = 1, so thatF(u,t) = f(u,t)n.(t). It is
impedance. The value of this deviation is given by how mudHearly seen that the EEDF is largely modified in the first
the auxiliary electrode should be biased below the floating pstants of the afterglowt (< 105 s), as a result of electron
tential in order to withdraw the above current from the plasmanelastic collisions. On the contrary, for times< 1076 s
This latter value can be readily obtained from an auxiliary elethe EEDF attains a quasi-stationary state, which is due to
trode-plasma probe characteristic. In this line, the active proae equilibrium achieved between the EEDF and the VDF,
and the auxiliary electrode role were interchanged and, at eadhere the superelastic collisions of electrons with vibrationally
position, two sets of voltage—current-{) characteristics were excited molecule¥, (X 12;, v) compensate for the inelastic
measured. The potential deviations were then derived from tibrational losses [18], [23]. As mentioned before, in the
V- characteristics. The correction can be calculated using present Boltzmann calculations the time variation of the
ther simple algebra or numerically, depending on if it is smationcentrations of the staté& (A *L}) andNy(a’ 13;) was
or large, respectively. All data presented in this paper satisfy tteken into account, but the populations of the first ten levels of
former condition. the VDF were assumed constant. This was recently shown to be
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Fig. 2. Calculated EEDF in the nitrogen afterglow ab@27 = 433 MHz . . . N
discharge ap = 3.3 torr in a cylindrical tube with radiu® = 1.9 cm. In the 0 2 4 6 8 10
dischargeE. /N = 4.6 x 10-'¢ V.cm? andT = 6196 K. The afterglow u (eV)

time ¢ is expressed in seconds.

. . . o o Fig. 3. Calculated EEDFs in the first instants of the afterglow, in the same
a good approximation for the conditions of this investigation ugonditions as in Fig. 1: at= 10~° s(—); ¢ = 10~3 s(—-); andt = 10~

to times of the order of0=3 — 10~2 s [25]. For longer times, S(---)-
the VDF starts to be modified in the low vibrational levels and .
any results shown here should be regarded merely as indicative. 1x10 T T T

A. Early Instants of the Afterglow: < 1076 s

No measurements are available heretfer 1076 s, but it
is worth to examine in some detail the relaxation of the EEDF
in this region using the Boltzmann analysis. To examine its be-
havior in the early instants of the aftergloyiqu,t) is plotted
fort = 107°,10~% and10~7 s in Fig. 3. The first electroni- %
cally excited states of Nis the tripletN,(A 3XF), with an en-
ergy threshold of about 6.2 eV, and the rapid depletion of the o
high-energy tail of the distributiom(z 6 eV) shown in Figs. 2 >
and 3 is, thus, a consequence of the inelastic collisions of the
electrons with ground-state molecules.

One striking aspect revealed by Fig. 3 is the formation of
a “dip” aroundu ~ 4 eV for afterglow times in the range
10~8-10~7 s (see also Fig. 2). This is a result of the particular “Ax10°
shape of the electron cross sections for excitation of the vibra-
tional levelsN»(X 'Y, v), which present a strong maximum
atu ~ 2 eV and vanish for, > 4 eV [30]. In order to clarify the
processes leading to the formation of the dip, Fig. 4 shows the
frequencyv (w) of gain or loss of electrons with a certain energy u(ev)
u, fort = 1079 s. A positive value of, corresponds to gain of _ _ ' _ _
electrons, whereas a negative one means loss of efectrons. i, T o A or o o lecore e Lreion o ey o
dotted curve represents the valueroih inelastic and supere- excitation and de-excitation - ); due to the excitation of electronically excited
lastic vibrational collisions, the dashed curve isifon inelastic  states—-); total frequency of gain/loss of electrofis-).
collisions of excitation of the electronic states and the full curve
is the total frequency of gain and loss of electrons (which iswhere the vibrational cross section is important, and a gain in
approximately the sum of the other two curves). It can be setlre 0-2 eV one. On the other hand, electrons with energies be-
that the behavior of electrons with energies lower than 4 eVtiseen 4 and 6 eV do not lose appreciably their energy, since all
determined almost exclusively by the inelastic and supereladtie inelastic cross sections are zero in this range. In other words,
electron-vibration (e-V) collisions. As an outcome of this mectthe frequency for loss of electronsiat- 4 eV is higher than the
anism, there is a loss of electrons in the 2—4 eV energy ranfrequency for loss of electrons bothat- 2-3 eV andu ~ 4—6

5x10
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Fig.5. Total frequency of gain or loss of electrons as a function of their energsig. 6. The same as in Fig. 2, but for the conditions of [23]27 = 2.45
in the same conditions as in Fig. 1, for= 107° s(—);t = 107® s(-=-);and  GHz,p = 2 torr, R = 0.8 cm andn.(0) = 5 x 10! cm~2. The values of
t=10""s(--). E./N andTy arel.36 x 10~'° V.cm? and21 100 K, respectively.

eV. This is the origin of the dip in the EEDF at 4 eV. It is worth S
mentioning that a local minimum ifi(«), very similar in shape 6x10’
to the one displayed in Fig. 3, was measured experimentally for
a nitrogen postdischarge in [11]. ax10’
One question that may arise is why does not the dip get deeper
and deeper as the EEDF evolves. The answer isAhatis not
constant in time. In fact, in the interval 0-4 eV the electrons
lose their energy mainly in inelastic collisions with the vibra-
tional levels, but, on the other hand, they gain energy in supere-

2x10”

lastic collisions again with the vibrational levels. Therefore, an @ 0
equilibrium between the EEDF and the VDF is induced in this >

energy range, so that after a certain timis vanishingly small ,
in the range., < 4 eV. When this happens the electron tempera- -2x10

ture T, of the distribution fol) < « < 4 eV merely reflects the
vibrational temperature. This effect was pointed out in [15] and
used in [10] to derive the vibrational temperature in the after-
glow from the slope of the measured EEDF in this vibrational
excitation region. The settling of the equilibrium between both -6x10"
distribution functions is patent in Fig. 5, wer¢u) is depicted
for three different instants in the afterglow. It can be seen that
the low-energy part of the EEDF reaches a quasi-stationary state u(eVv)
for times as short as~ 1077 s.

The formation of the dip in the EEDF only takes place undéig.- 7. The same as in Fig. 4, but for the conditions of Fig. 6.
certain specific conditions, related to the population of the
high-energy ¢ > 6.2 eV) tail of the distribution function, highly populated tail of the EEDF under discharge conditions,
as it can be seen in Figs. 6-8. These figures are the saamel there is no dip formation during the relaxation process.
as Figs. 3-5 but now for the set of parameters used in [28}hat happens is that when one> 6.2 eV electron loses its
corresponding ta /27 = 2.45 GHz,p = 2 torr, R = 0.8 energy in an inelastic collision for excitation of an electronic
cm, andn.(0) = 5 x 10' cm=®. For these conditions, excited state, it will appear in the distribution as an electron
the calculated values from the model fAt./N and Ty are with v < 4 eV. In this way, if the fraction of high-energy
E./N = 136 x 10715 V.cn? and 7y, = 21100 K. As it electrons is appreciable, the arrival of low-energy electrons
is shown in Fig. 6, these values are high enough to ensureeaulting from the excitation of the electronic states is enough
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Fig. 8. The same as in Fig. 5, but for the conditions of Fig. 6. Fig. 9. Measured EEDFs in the same conditions as in Fig. 1, for the following

instants in the afterglow: = 6.5 x 1073 s(---); 1072 s(—-); and2.5 x 1072
s(—).

to compensate for the loss of electronsuat~ 2—4 eV due

to the e-V collisions. The effect is illustrated in Fig. 7, wherghoment we do not have a direct experimental confirmation of
the contribution of the excitation of the electronically exciteg Eventhough, recent measurements of the electron tempera-
states to the gain of low-energy electrons is clear. It can Rge 7, in a purely inductively coupled discharge point in this
immediately verified that this contribution is very small forgirection [45]. The measured EEDFs from Fig. 9 suggest the
the conditions of Fig. 4. Finally, Fig. 8 shows the evolutiogyistence of some structure around 4 eV, similar to the one ob-
of v(u) with time. This figure confirms the formation of thetained theoretically for the first instants of the postdischarge.
quasi-stationary state for the low-energy electrons-atl0 However, for the large afterglow times represented in Fig. 9, the

s, when the EEDF and the VDF reach an equilibrium. presence of such structure cannot be ascribed exclusively to the
mechanism described in the previous section (see Fig. 3 and dis-
B. Afterglow Timeg > 106 s cussion), since the equilibrium resulting from the e-V collisions

has been already established for along time. One possible expla-

A comparison between theory and experiment is already pegtion of this effect at largeis the gain of energy by electrons in
sible fort & 10~3 s. Fig. 9 shows the measured EEDFs at disuperelastic collisions witN, (A 33;) metastables. These su-
ferent positions in the flowing afterglow with flow raég = 1.5  perelastic collisions provide the introduction of electrons in the
slm, z = 12.5 cm, 17.5 cm, and27.5 cm, corresponding, re- EEDF with energies close to 5 eV [8] and can be in the origin
spectively, tat = 6.5 x 1072 s (dotted curve)10~2 s (dashed of a maximum in the EEDF that can broad from 4 to 5.5 eV, as
curve) and2.5 x 102 s (full curve). It should be noted that allit has been experimentally observed in [8] and [15]. Of course,
measurements of the EEDF belda@w—* should be considered new measurements of the EEDF upite 6 eV are desirable to
as merely indicative only, since the attainable EEDF resolutioerify our results, and work is now in progress to calculate the
depends on the second derivative of the ionic current and tBEEDF including these superelastic collisions.
rapidly increases in relative value at high electron energies. Thig-igs. 10 and 11 show the comparison between the calculated
is the first experimental determination of the complete EEDF and measured EEDFstat= 6.5 x 1073 and10~2 s. For values
the SLA and shows that the electron population is significaof the electron energy < 4 eV, the slope of the EEDF essen-
only for electrons in the energy rangef< 6 eV. From this tially reflects the value of’y,, which practically remains con-
figure the assertion of an equilibrium between the EEDF amstiant from the discharge [25]. The very good agreement between
the VDF in the low-energy regioni(< 4 eV) is experimentally the model predictions and the experimental results is hence a
confirmed, since the measured EEDFs do not vary significanttgnfirmation of the correctness of our discharge model in the
from one point to the other. However, notice that our calculaalculation of the initial VDF. Nevertheless, we must note that
tions predict a quasi-stationary state in the vibrational excitatitime case represented in Fig. 11 corresponds to the upper limit of
region of the EEDF for times as short&as: 10~ 7 s, but that a validity of the assumption of a constant vibrational temperature
global equilibrium is set only at ~ 10~6 s (see Fig. 2). This in the postdischarge [25]. Therefore, the valu@pfused in the
is in agreement with our previous calculations [23], but at thealculation of the EEDF is likely to be slightly overestimated.
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t=6.5x10"s

u (eV)

Fig. 10. Measuredo) and calculated—) EEDFs for the same conditions as

in Fig. 1, att = 6.5 x 1073 s,

u (eV)

Fig. 11. Measuredo) and calculated—) EEDFs for the same conditions as
in Fig. 1, att = 102 s.

C. Electron Density and Kinetic Temperature
Fig. 12 shows the electron density calculated from the tim

10" T e

106 Ll L3l el b el R
1x10° 1x10° 1x10°* 1x10° 1x107? 1x10™

t(s)

Fig. 12. Temporal evolution of the electron density as derived from our probe
measuremenid@), the measured data from [16]) and our model predictions,
when reactions (1) and (2) are included-) and neglected—-).

andN,(a’ 1¥7) states in reactions (10) and (11) followed by
ionization through (1) and (2) [25], and in a smaller extent also
by reactions (8) and (9). A detailed analysis of the effect of re-
actions (10) and (11) in the kinetics of the heavy-particles was
presented in [25], where it was demonstrated that only reac-
tions involving ground-sate molecules vibrationally excited in
high v levels, as high as < 35, can be responsible for the
observed maxima in the concentration of various species, oc-
curring downstream from the discharge after a dark zone [16]
and [17]. The dashed curve in Fig. 12 shows that slow electrons
remain for a long time in the afterglow, up to~ 103 s, even
in the absence of the Penning reactions. This is a consequence
of the large characteristic times for ambipolar diffusion, as cal-
culated in [23] and measured experimentally in the breakdown
time delay experiment reported in [22] and in a pulsed RF dis-
charge in [9], so that the frequency for electron losses by dif-
fusion is relatively small. The presence of a significant number
of slow electrons for a long time makes it possible that electron
stepwise excitation processes, typically with energies thresholds
up to 2-3 eV, are effective under postdischarge conditions, as it
was first suggested in [46] and [47] and calculated theoretically
in [23]. However, these stepwise collisions cannot produce ad-
ditional ionization in the postdischarge.

Fig. 13 shows the calculated electron kinetic temperature as
a function of the afterglow time, with the same notation as in
Big. 12. It can be confirmed that in spite of the very fast equilib-

dependent Boltzmann equation, by including (full curves) armtbm between low-energy electrons and the VDF, which settles

neglecting (dashed curves) the creation of new electrons in

fert ~ 10~7 s, a quasi-stationary EEDF in the full range of en-

actions (1) and (2), together with the interferometry measurergy only establishes itself at~ 1076 s (see also Fig. 2). At
ments from [16] (open circles) and our probe measurememisit moment’, ~ 7y, ~ constantA very similar curve for the
(black squares). There is a very good agreement between bathlution of ;. in the afterglow was recently obtained exper-
measurements, which confirm the applicability of the presementally in [45] for the case of a pulsed inductive discharge.
methodology for the EEDF measurements. This agreementstice as well that a high value f@r., of the order of one elec-

extended to the theoretical calculations when the production
secondary electrons is considered in the afterglow. In particul
the no-monotonic behavior far. previously observed in [13]
and [16] is obtained as a result of the formatioNgf A 3%;})

todnvolt during the time interval ~ 10~ — 10~ s, has been
previously measured in the nitrogen afterglow of an RF pulsed
discharge ap = 0.2 torr [9]. The insert in this figure shows the
comparison between the calculated values and the ones deduced
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B that creatdN, (A 3XF) andN»(a’ 137 ) metastables. lonization
' then takes place via reactions

No(APS]) + Ny(a' 'S7) — No(X 'SH) + NJ +e.

and

Nap(a' '37) + Nap(a' 'Sy ) — Np(X 'SF) + NJ +e.

T, (eV)

The permanence of slow electrons for very long times in the
afterglow (at least up té ~ 102 — 1072 s) suggests their
0.4 7 involvement in low-threshold processes, such as vibrational or
stepwise excitation.

021 i As presented in this paper, the description of the electron ki-
0.0 il v v v i netics in the nitrogen afterglow and its interplay with the heavy-
1x10°  1x10°  1x107  1x10°  1x10°  1x10*  1x10°  1x10? particle kinetics is already rather complex, but it is, of course,

t(s) far from complete. In particular, it is desirable to include the

electron excitation of states,(B *11,) andN»(C *11,,) from

Fig. 13. Temporal evolution of the electron kinetic temperature, for the saé, (A 3¥F) in the set of equations describing the evolution of

conditions as in Fig. 1. The full and dashed curves are as in Fig. 12 and E'Pﬁa heavy-particles in the postdischarge, as well as to verify

symbols correspond to the experimental measurements. h . 2 .
the possible effect of superelastic collisions of electrons with
N2(A 33}F) molecules in the time-evolution of the EEDF. Fu-

from the present experimental probe measurements. The agtaee work should concentrate on these points, in order to ob-

ment is excellent, thus stressing the importance of both theorgiin an improved understanding of the basic mechanisms taking

ical and experimental studies. place in the nitrogen afterglow.
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