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We have calculated cross sections and rate coefficients for low-energy electron impact excitation of the nitrogen
molecule from vibrationally excited levels,(¥) 1—8. Calculations are performed in tAd, shape resonance
energy region, from 0 to 5 eV. The cross sections are determined by using our recent integral cross section
measurements of the ground level vibrational excitation and the most recent cross sections for elastic electron
scattering, applying the principle of detailed balance. The rate coefficient calculations are performed for the
Maxwellian electron energy distribution. By using extended Monte Carlo simulations, the electron energy
distribution functions (EEDF) and the rate coefficients are also determined for the nonequilibrium conditions,
in the presence of the homogeneous external electric field for the typical, moderate values of the electric
field over gas number density ratids/N.

1. Introduction Due to the experimental difficulties, angular distributions of

Nitrogen molecules play an important role as the most _electron—molecule collision processes usually are incomplete,

abundant in the Earths atmosphere. Electmitrogen molecule .e., are mgasureq for a Ii'mited an.gula.r range. iny recently
collision processes are important in upper atmosphbte also absqlute differential elastic and V|brat|onal exchatlon Cross
in any plasma and discharge technology, in plasma etchingseCt'_OnS have been measured for iN th_e scattering angle
industry, diffuse discharge switches, ionized gases in flames, Starting between 0and 20 and extending to 180 These
chemical detectors and in laser deviée&For modeling all of ~ Measurements of All&h have been performed by use of the
these phenomena, one needs to know the cross sections andn@gnetic angle changer” (MAC) technique. They confirmed
rate coefficients for the various involved processes. At the low d-Partial wave character of i1, resonance, by observing
electron energies vibrational excitation is dominant in electron @ngular distribution in a whole range froni @ 180 degrees
energy transfer and it is necessary to have accurate absolutdor the first ime. We have used the results of AHrio
differential cross sections, both for elastic scattering and for "énormalize our differential cross sections measurgrﬁ?eu}ts. _
vibrational excitation and de-excitation as a function of energy N2 @nd to obtain corresponding integral cross sections, Ristic

as well as their angular distributions. et al?®

Vibrational excitation of the nitrogen molecule by electron Integral cross sections (ICS) for vibrational excitation and
impact, via the?lly resonance, was the first experimental de-excitation processes for 3, 2,-1 0 transitions have been
evidence of resonant electremolecule scattering§’The un- calculated by the “boomerang model” with exchange for the

usual behavior of the excitation cross sections, in particular the resonant electron-molecule scattering by Dube and Herzekberg.
shifts and widths of the quasi-vibrational resonant structures asIntegral excitation and de-excitation cross sections from1,

a function of excitation channel, was described by the boomer- 2, 3, ..., 8 have also been calculated by using the principle of
ang model, Herzenbetgand Birtwistle and Herzenbefy.  detailed balance by Mihajlov et #.and by Campbell et &l.
Excitation from the ground levely = 0 of N, has been They used these ICS to calculate corresponding rate coefficients
experimentally studied by Ehrhardt and WillmaliBoness and and electron energy transfer rates for vibrational excitation of
Schulz!! Wong and Dubé? Jung et al® and more recently by Ny, as a function of electron temperature.

Allan,** Brunger et al’? Brennan et al'? and Vidc et al*"'® The aim of this paper is to complete a new set of accurate
It has also become a touchstone for the theories of resonantntegral cross sections data and to obtain partial and total rate
coupling of the electronic and vibrational motion and it remains coefficients for vibrational excitation of ) below and in the

of current interest, as is shown by numerous studies, Schneider[y, resonance region. Our high-resolution vibrational excitation
et al.}® Dube and Herzenber§, Cederbaum and DomcKé,  relative cross section measurements for the first 10 vibrational
Berman et al?> Domcke et al?® Nestman and Peyerimhd,  |evels are renormalized and by using the principle of detailed
and Huo et at° The field has been recently reviewed by Brunger pajance, excitation and de-excitation cross sections are calculated
and Buckmarf® On the basis of this review, Brunger et?al.  for Ny(»). Obtained ICSs are used as the starting data set for
constructed a set of recommended integral cross sections formogeling electron transport processes in nitrogen. The rate
the 0— 1, 0— 2 and 0— 3 vibrational excitation processes in - coefficients for the Maxwellian electron energy distribution

N2. function are determined. By using extended Monte Carlo
* Corresponding author. E-mail address: Goran_Poparic@ff.bg.ac.yu. simulations, the e.le.Ctron energy dlsjmbu'[lon functions (I.E.E[.)F)
T Faculty of Physics. and the rate coefficients are determined for the nonequilibrium
* Faculty of Physical Chemistry. conditions, in a presence of the homogeneous external electric
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Figure 1. Integral cross sections for vibrational excitation and de-excitation (f)Nor v, k < 4.
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field for the typical, moderate values of the electric field over results are scaled relative to the= 1 by using the number of

gas number density ratiok/N, ranging from 1 to 220 Td. counts for each particular vibrational channel under the same
experimental conditions. The results for vibrational excitation
2. Vibrational Excitation Cross Sections of N(v) of the first ten levels are published by Risgt al?®

Corresponding ICSs for excitation from vibrationally excited
vels Ny(v) and for de-excitation processes to lower vibrational
evels can be obtained from the measured data set by using the

rinciple of detailed balance (Fowler 1986Mihajlov et al.
199930 Campbell et al. 206%. For this purpose we have used
our ICSg? for vibrational excitation from the ground level and
the elastic cross sections of All&h.

In our previous publications the low-energy electron impact le
vibrational excitation cross sections of hre reported’-2°The
measurements are performed by use of the crossed-beams doub
trochoidal electron spectrometer; se€ i¥iet al1® and Popafic
et al3132 We have focused our attention to measure the
excitation functions fromv = 0 of N, ground state to the first

10 vibrationally excited states & 1-10) via the?l1g resonance, The cross section for electron impact transitions from the

with the hlgr_l-energy resolution. __initial level » to the final levelk is given by°
To normalize our results, we have used absolute cross section
6 ) _ o
value of 4.64_x 108 cn? at 1.988 eV in they = 1 excitation (€ +¢,) op e+ €,) Ogle +€,)
channel, obtained by the most recent measurements of &llan. o,d€) =
Our result fory = 1 excitation channel is normalized, and other € Ogol€ +€,)

@)
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TABLE 1: Threshold Energies for Vibrational Transitions

74 : o
) Transition 1 0 : (Values in Parentheses from Mihajlov et aF)
©5 6l —— Present results
2 T e amenberg v k=0 k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8
.8 0 175 177 182 186 202 208 227 247 256
5 4 (1.8) (1.80) (1.80) (1.91) (2.08) (2.10) (2.30) (2.40) (2.59)
2 4] 1 146 148 153 157 173 179 198 218 227
8 (1.51) (1.51) (1.62) (1.79) (1.81) (2.01) (2.11) (2.30)
S 2 1.18 1.20 125 129 145 151 170 190 1.99
g .l (1.21) (1.32) (1.49) (1.51) (1.71) (1.81) (2.00)
2 0 3 089 091 096 100 116 122 141 161 1.70
= I T e (1.03) (1.20) (1.22) (1.42) (1.52) (1.71)
05 10 1151 2025 30 \3/'5 4043 4 062 064 069 073 089 09 114 134 143
ectron energy (eV) (0.91) (0.93) (1.13) (1.23) (L.42)
Figure 2. Integral cross sections fer= 1 — 0 transition. Solid line 5 034 036 041 045 061 067 086 1.06 1.15
shows present results, dashed lines are from CampbelPetral.the (0.63) (0.83) (0.93) (1.13)
dotted line is from Dube and Herzenbéfg. 6 007 009 0214 018 034 040 059 0.79 0.88
(0.54) (0.64) (0.84)
Here, 000 is the resonant part of the ground level elastic cross 7 007 013 032 (0%2)2 (O%g’)l
section oo, andog are the inelastic cross sections for vibrational g 006 026 035
excitation of the levels andk from the ground state andand (0.24)
€, are the electron energy and the energy of the initial leyel
respectively. for atmospheric modeling studies. Vibrational rate coefficients

We have determined ICSs for inelastic, elastic and super- in the nonequilibrium case, in a presence of homogeneous
elastic transitions between all levels withk < 8. Representa-  external electric field, for typical values of fields strength and
tive results are shown in Figure 1. The ICSs for transitions gas number density ratios, are determined by using the extended
between lower levels; andk < 4, are selected because they Monte Carlo simulation technique, developed in our laboratory.
have larger cross sections and have dominant rate coefficient 3.1. Maxwellian EEDF Rate Coefficients.The rate coef-

values. For each cross section corresponding transitienk ficient for vibrational excitation is given by
is indicated in the figure. Withv = k elastic processes are _ o _
indicated, withv < k inelastic and withy > k superelastic K(Ey) = «/2/mef€h ou(e)\/(e) f(Eqp€) de (2)

processes are shown. It can be noted that the vertical scale is
not the same for all transitions and that the cross sectionsyhereE,, is the mean electron energy,(e) is the vibrational
decrease rapidly with increasingor k, or both of them. excitation cross section arigEey€) is the normalized electron
Obtained ICSs are compared to the results of Dube and energy distribution functiof?#35
Herzenberd? Mihajlov et al3® and Campbell et &.for a
s . . . o -
ielecge? transitions. In Figure 2, the comparison is made for ﬁ) f(Eype) de = 1 A3)
— 0 transition and the agreement is satisfactory. ICSs of
Campbell et af.and Dube and Herzenbéfdor this superelastic
transition agree with the present results within 15%. In general,
the agreement is relatively good for the transitions between low
vibrational levels and is not so good for higher levels. In some = — 5 ~120m o= \+312 - =
cases the difference amounts up to an order of magnitude. It fo(Bane) = 27 (312E,) Ve exp(-3el2E,)  (4)

obviously depends on the set of cross sections for the groundFor this case, the rate coefficients are determined by the direct

level excﬂaltllonhas well ason the elastic cross sections used {0 erica| integration of the product of the integral cross sections
generate all other transitions. and the Maxwellian electron energy distribution function. The

In performing the cross sections and the rate CoeffiCients 510 coefficients are calculated for all vibrational transitions
calculations, important role have the threshold energies for poiveen vibrational levels > 0 vk < 8 including inelastic

corresponding transitions. Great care has been dedicated to thig, 5stic and superelastic processes. The results are shown in
issue. The thresholds are determined as a difference betweer,tigure 3 for the mean electron energies up to 5 eV

the incident level energy and the beginning of the resonance. e rate coefficients are arranged by the initial vibrational
The last one is determlned. ac.curately.frompqur experimental level. For each transition initial level v and final level k are
results for ground level excitation functions, Vet al.1” for indicated in the figure,y — k. The maxima of the rate

all vibrational levels. Determined threshold energies are listed -efficients range from 1@ to 10~ cm® s and most of them

in Table 1. For each transition between initial levednd final are situated at the mean electron energies between 1 and 2 eV.
levelk the threshold energy is indicated in the table. The results 1 iustrate relative magnitudes of the coefficients, we have

for the elastic and inelastic Otran_smons are compared with the g corresponding values near maxima for all transitions with
data given by Mihajlov et aP? which are cited in parentheses. v, k = 8 in a 3D plot in Figure 4. The rate coefficients for
mean electron energy of 1.6 eV are plotted versus initial and
final vibrational quantum numbers which define corresponding
The rate coefficients for the vibrational excitation and de- vibrational transitions. As it can be noted, the vertical axis is
excitation of N(v) are determined by using our set of integral logarithmic and thus the rate coefficients decrease very rapidly
cross sections introduced in section 2. Calculations are per-with increasing vibrational quantum numbers.
formed for both Maxwellian and nonequilibrium electron energy ~ We have compared our results for excitation rates with the
distribution functions (EEDF). For the Maxwellian EEDF, rate data of Mihajlov et af° for inelastic transitions from non-ground
coefficients are determined for a number of mean electron vibrational levels. Comparison is made in the energy range from
energy values in the range from 0 to 5 eV, which is of interest 0.1 to 4 eV and for selected rates with high magnitude which

For the equilibrium case, the electron energy distribution
function is given by the Maxwellian equation:

3. Results and Discussion
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Figure 3. Vibrational excitation rate coefficients of ) for Maxwellian EEDF. Initial and final states for each transition are indicated.
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Figure 5. Comparison of total rate coefficients for superelastic

(squares), elastic (triangles) and inelastic (circles) processes for
equilibrium conditions.

5, the total rate coefficients for superelastic, elastic and inelastic
processes are shown. They represent the sum of rates for
transitions in which electrons gain energy, do not exchange
Figure 4. Vibrational excitation rate coefficients of{) for Max- energy or transfer a part of their kinetic energy to the excitation
wellian EEDF at electron energy of 1.6 eV. of the molecule to higher vibrational level, respectively. The
is of interest for atmospheric modeling studies. Our results are rate coefficients for superelastic transitions are significantly
somewhat higher in the whole energy region. The differences higher in the whole energy region and they extend to lower
at the maximum are of the order of 15% . This is expected electron energies. This is an efficient mechanism of cooling
having in mind ICS values used to obtain these two sets of data;molecules and increasing electron temperature of the discharge.
see section 2. The reason the total superelastic rate coefficients are higher from
Valuable information can be drown by comparing the total both elastic and inelastic processes can be explained by the
rate coefficients for various processes regarding their classifica-results of Figure 1. Integral cross sections for superelastic
tion from the point of view of transfer of energy between the excitation are in general higher than for inelastic excitation, and
electron and the target molecule in its excited states. In Figure also are shifted toward lower electron energies where Max-
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Figure 6. Nonequilibrium vibrational excitation rate coefficients fop(}).

wellian EEDFs are narrower and thus higher. The cross sectionsTo test our algorithm, we have used the Reid ramp modéPgas
for elastic collisions are in general higher than for others, for simulation tests. We have obtained the same results (within
the same vibrational levels (initial or final one), but the number statistical error bars) for the mean electron energy and for the
of other two processes is larger what results in the situation diffusion coefficients as White et &l.in their benchmark
shown in Figure 5. simulations.

3.2. Nonequilibrium EEDF Rate Coefficients.To determine For modeling electron diffusion through the nitrogen gas, we
the rate coefficients in the case of nonequilibrium conditions, paye ysed the data for elastic scattering from several sources.
we have developed an extended Monte Carlo simulation |, the energy range from 0 to 5.5 eV we have used the most
technique’®*® We have simulated the movement of electrons e ent gata of Allag® For higher electron energies, from 6 to
through N gas in the presence of the uniform external electric 14 o\ we have used the data of Sun &tah the energy region
field. All relevant scattering processes, both elastic and inelastic ¢, 1’0 to 70 eV we have used the data of Gote and EhrHardt
are incIuFied in this modeling by using experimentally measured and in the high-energy region from 70 to 90 eV we used the
data of integral cross sections as a function of energy. The data of Nickel et af2 Actually, only a small number of electrons

tprobat:mt}[/ for_ pois'i?lfi eriasﬁlci S;ﬁ?ttt?“:% or ;/lbr:ﬁliogall (taxctlrt]a- reach energies higher than 20 eV in the case where the mean
lon, electronic excitation or lonization 1S proportional to the o0 .y energy is in the range from 0 to 5 eV, as is in our

\é?{;ﬁi;f]thg;;?ggsegzg;%?ﬁﬁrﬁgcr?ﬁiieecggr?scbﬁg?oieg\zg?case. In modeling inelastic electron collision processes we used
is left to tEe seud%-random eneret)tgd numbers. The scatterinc®!" integral cross section data for vibrational excitation, given
andle of eIch):trons after thegcollision is determi-ned by usin Yn section 2. All other excitation processes of the valence and
ge . . y using Rydberg levels of the nitrogen molecule have significantly lower
experimentally measured data of differential cross sections, Le., Uss sections and lie above 6 eV. Their contribution to the
corres_pondmg angul_ar d|str|bu_t|ons. In that way, the scattering lectron scattering in the Iow-energ. region is estimated to be
angle is also determined by using pseudo-random numbers, bu 0 y . .

ess than 5% . However, these processes are also included in

weighted by real differential cross sections. Because the sets oth deling. For the int | tions for electron i ¢
integral and differential cross sections are measured for the € modeling. or the intégral Cross sections for electron impac

discrete values of energy, we have dynamically interpolated all €Xcitation of singlet electronic states of for a*y ,, w'A,,
cross section data for the actual values of electron energy duringd''% and &ll, levels included are recommended values from
its motion. This type of simulation is similar to the simulations Itikawa,* for b'TT, from James et & and for ¢4y ;" and B!
developed earlier by White et #land by Stojanoviet al.38-3% s from Ajello et al?6 For triplet electronic states we have
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TABLE 2: Rate Coefficients Maxima for »—k Transitions
for Maxwellian (Upper) and Nonequilibrium (Lower
Numbers) in 10-%m?3 s71

v k=0 k=1 k=2 k=3 k=4 k=5 k=6 k=7 k=8

0 1914 825 440 248 143 094 056 0.18 0.08
1257 565 311 172 093 057 032 0.10 0.05
1 993 530 258 142 079 051 0.30 0.0 0.04
9.18 507 289 141 069 039 0.20 0.06 0.03
2 669 328 236 107 056 036 0.18 0.05 0.02
936 491 388 178 083 050 0.19 0.04 0.01
3 483 229 142 103 045 022 0.13 0.04 0.01
798 370 249 183 0.83 037 022 0.05 0.02
4 381 182 106 065 051 023 011 003 0.01
6.26 3.07 175 108 0.89 042 020 0.06 0.02
5 325 149 092 045 034 031 011 0.03 0.01
501 231 141 068 051 050 0.18 0.05 0.02
6 255 117 061 036 023 0.18 0.16 0.04 0.01
367 170 086 052 034 024 024 0.06 0.02
7 117 055 024 016 010 0.06 0.06 0.03 0.01
156 073 032 020 014 0.09 0.09 0.04 0.01
8 070 034 013 008 0.05 0.04 0.03 0.02 0.01
090 043 016 0.11 006 0.05 0.03 0.02 0.01

included Ay [, B3Iy, WeA,, B3y, C°I, and By levels
from ltikawa** Also, the recommended values of the integral
cross sections for electron impact ionization efMNre included

in the modeling.

For the purpose of the nonequilibrium case calculations, by
using Monte Carlo simulations for transport of electrons in the
nitrogen gas, we have generated electron energy distribution
functions for different values d&/N or different mean values
of electron energy. They are in a very good agreement with the
data obtained by numerically solving Boltzmann equation based
on the two term Legendre expansion of the velocity distribution
function (Bolsig v1.0%749. These EEDFs are used together with
the vibrational excitation cross sections to calculate correspond-
ing rate coefficients. Obtained results for the partial vibrational
excitation rate coefficients are shown in Figure 6.

The nonequilibrium rate coefficients also range fronT80
to 10~ cm? s~1. They are arranged in the figure by the initial
vibrational level. For each transition initial leveland final
level k are indicated in the figure; — k. Relative magnitudes
of the nonequilibrium coefficients decrease rapidly with the
vibrational quantum numbers, same as for Maxwellian case
illustrated in Figure 4.

We have compared our results for excitation rates for the
Maxwellian and for the nonequilibrium electron energy distribu-
tions, for inelastic transitions from non-ground vibrational levels,
in Table 2. The results from the ground vibrational levels, by
Ristic et al.2® are also included in the table. The comparison
is made for the rate coefficients maxima, féfiN values in
the nonequilibrium distribution which correspond to the same
mean electron energy value in the Maxwellian distribution. The
Maxwellian rates are presented with the top values and
nonequilibrium with the bottom values. Maxwellian rates are
higher for transitions from ground and from= 1 vibrational
level. For all other transitions from excited vibrational levels
the nonequilibrium rates are significantly higher. This situation
is expected having in mind different EEDFs used to obtain these
two sets of data.

The total rate coefficients for various processes, regarding
their classification from the point of view of the transfer of

energy between the electron and the target molecule in its

excited states, are compared also for nonequilibrium conditions.
In Figure 7, the total rate coefficients for superelastic, elastic
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energy region and they extend to lower electron energies. The
reason why the total superelastic rate coefficients are higher
from both elastic and inelastic rates can be explained by the
results of Figure 1, same as in the case of the Maxwellian
distribution. The integral cross sections for superelastic excita-
tion are in general higher than for inelastic excitations and are
shifted toward lower electron energies. Rate coefficients for the
elastic collisions are in general higher than for the others, for
the same vibrational levels (initial or final one), but the number

of other two processes is larger.

In Figure 8, we have compared the total rate coefficients for
Maxwellian and nonequilibrium conditions. Compared are the
total rates for superelastic, elastic and inelastic excitations, as
presented in Figures 5 and 7. At the low electron energies the
Maxwellian coefficients are significantly higher. However,
above 0.5 eV the nonequilibrium rates for superelastic transitions
are higher, and elastic and inelastic rates approach the Max-
wellian. The explanation for such a behavior lies on one hand
in the EEDF shape and on the other hand in the different energy
locations of particular cross sections for corresponding vibra-
tional transitions.

Obtained results and conclusions are in good general agree-
ment with our previous calculatiotfsand with the conclusions
drown out by Mihajlov et af® and by Campbell et &l.

4. Conclusions

Electron impact vibrational excitation of the;Kolecule, in
the low-energy region, via th1y shape resonance, has been
investigated. The cross sections for ground vibrational level

and inelastic processes are shown. The rate coefficients for theexcitation are renormalized and, by applying the principle of

superelastic transitions are significantly higher in the whole

detailed balance, are used to obtain the integral cross sections
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for excitation from vibrationally excited levels,¥), for elastic

collisions and for de-excitation processes to lower vibrational
levels. All the ICSs for inelastic, elastic and superelastic
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