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The state-to-state collisional data on vibratiasbration and vibratior-translation/rotation energy exchanged

in N2(v)—Nax(2') collisions recently obtained from accurate ab initio semiclassical calculations have been
used to analyze the data measured in nitrogen under two different plasma conditions. In particular, the vibrational
distribution function and the time-evolution of the gas temperature measured under post-discharge and glow
discharge conditions, respectively, have been calculated and compared with the experimental observations.
The theoretical analysis and the related results, generally in very good agreement with the experimental data,
provide insight into the various energy-exchange mechanisms that lie behind the macroscopic behaviors of
the nitrogen plasmas. In particular, the role played by the vibrationally excited nitrogen molecules in the gas
kinetics is pointed out, as well as the importance of nitrogen atom production in the long time scales of the
glow discharge.

1. Introduction transition (0,1)— (1,0) atT = 300 K led to a rather wide range
of values: from 0.9x 1074 cm® st and 2.5x 107 cm?

Knowledge of the vibratiorvibration (V—V) and vibratior- <1121310 10 9% 10-1 cm? s-114 The results of the semiclas-

translation/rotation (V*T/R) energy exchange rates in collisions . . "
involving diatomic species such as,\,, and CO is of crucial S8 E?Igculatlons were 1.94 107+ cm® st #and 0.9x 107
importance for a correct description of the energy balance in €M S*°

the earth’s atmosphere and many other technological systems, Indeed, the experimental works performed in refs-12 do
including CO/CQ gas lasers, plasma-chemistry reactors, and not provide a direct measure of the rate coefficient, but give
reactive hypersonic air fluxes. As a consequence, for a reliable data (vibrational population distribution, relaxation times, etc.)
description of the vibrational kinetics in the above-mentioned from which the rate coefficients of the vibrational exchanges
gaseous systems, there is a search for highly accurate collisionalnvolved in the kinetics can be inferred by a kinetic modeling
data for V-V and V—T/R energy exchanges involving vibra- of the experiments. Generally, the applied procedures are

tionally excited molecular speciés. reduced to the direct simulation of the experimental conditions,
Despite a long history, experimental determination of the assuming as fitting parameters the rate coefficients for the

relevant vibrational rate coefficients in,(¥)—Nz(2') collisions relevant V-V and V—T processes as a function of the gas

remains rather scarce. At elevated gas temperattires 300 temperature and vibrational quantum numbers. It is a matter of

K), the data on the ¥ T relaxation rate for different measure- fact that such procedures cannot provide an unambiguous
ments converge rather wéllwhereas, at lower temperatures, interpretation of the experimental results. In particular, problems
the scatter of the data obtained from different sources is f‘a?ge with the nonuniformity of excited gas and lack of gas temper-
This is partially explained by the difficulty of measuring the  ature control are the main limitations in the accuracy of
populations of vibrationally excited Nmolecules in which the mathematical treatment of measured data.

IRFgfcn;r:Tlon?hirz Sttk:g;:lsygg:? :edddin't a new semiclassical study *‘ccurate measurements of the rate constéigisOjv,»+1),
Y, u ! 4 W ! ! H9Y, = 0-6 andT = 300 K, were recently reported in ref 11,

on the vibrational energy exchange dynamics iN~Na(v') where the stimulated Raman scattering pump and probe

collisions, and a new set of accurate state-to-state rate constant§,echni e was develoned to probe the vibrational population
for V=V and V-T/R exchanges was calculated over a large decayqof selected vibeationalp levels (up fo= 6) (ﬁc Elz

temperature range and for a wide range of vibrational quantum c . bet th | lculated iclassical rat
numbers ¢,2').8 Compared to the ¥T rate constants obtained omparison between the newly calcuiated semiclassical rate
constantsK(1,0v,0+1), v = 0,6, and the V-V rate constants

by Billing and by Billing and Fisher in their classic workg? ) 1 _ ) .
the newly calculated rate constants have some important9iVén by Ahn et ak!was made in our previous work (see Figure
|7b of ref 8). These comparison shows that the difference

behaviors and are in better agreement with the experimenta e
data, particularly in the thermal energy regime around 500 K. Petween them is within a factor of 13 2.

As far as the WV energy exchange is concerned, the It is the objective of the present investigation to make use of
experimental determinations of the rate constant for the resonantthe large mass of ab initio data emerging from our previous
works on the N(v)—Nz(v") system to analyze the data measured

*g)orrespon?ing f;tuthor. E-mail: mario.cacciatore@ba.imip.cnr.it (M.C.); in nitrogen under two different plasma conditions, that is,
apn@triniti.ru (A.N.). . . . L . .
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(ii) the time-evolution of the gas temperature observed in glow K - ﬁ%(T) =
discharge in nitroget? v .

The experimental measureméats1> were numerically /8KT (B’)
simulated taking the ¥V and V—T rate coefficients without ur \T
any fit parameters. While most of the rate coefficients were taken
from ref 8, a new round of ab initio calculations were performed,
and the set of the ¥V and V—T rate constants enlarged to Eha . >
include the relaxation of the vibrational levels,) not molecules, U is the symmetrlzelc/j effective energy (=
considered in ref 8. The new semiclassical rates were calculated /2 U — (1/2)AE + [U(U — AE)] ), andAE = E,, + E,,

assuming the same interaction potential and same molecular Eﬁl ~ En lassical . found b
parameters as those in ref 8. The semiclassical cross-sectiong, .y, are found by

Since the dynamical behavior of the VDF is sensitive to the 2V€raging over the overall mean trajectorlsat a fixed value

rate constants of the collisional processes involving vibrationally of U:
excited N molecules, the experimental data measured in the

‘/;:in Gnlnzaninzl(u) ex;(— kET)d(kHT) (2.2)

whereU is the total classical energy defined as the sum of the
rotational and translational kinetic energies of the two colliding

6 . )
two above-mentioned systems are very informative. o (V) = _ f'm“dl Jimax dj Vamex dj
L NNy 3Jo 0 1Jo 2
Therefore, the present work has two main aims: to assess 8ul,l,(kTy)
the ability of the updated rate constants in modeling both the ) ) 1 5
VDF and the time evolution of the gas temperature measured (2, + D, + 1A + 1)ﬁt Z |anlnrnirg| (2.2)

in N2 plasmas, and to gain insight into the complex vibrational
energy exchange mechanism that lies behind the macroscopigqere
behaviors of Nin post-discharge and glow discharge conditions.
The results of the vibrational kinetics modeling can also be
considered as indirect evidence of the reliability of the rate
constants calculated for vibrational exchanges involving the
medium and high-lying vibrational levels of;N

N — the computed single-run quantum transition
amplitudes. Each trajectory is picked up randomly in the
classical phase space defined by the classical action-angle
variables>18

In the above equation, is the orbital angular momentum,
and jj and |; are the rotational angular momentum and the
moment of inertia of moleculi respectivelyTy is an arbitrary
reference temperature.

2a. V=T/R and V—V Semiclassical Rate Constants. Compared to the classical data calculated by Billing, the
Recently, a critical revision has been made to the collisional newly calculated rate constants for the-V/R and V-V
data concerning the vibrational energy exchanges in diatom €exchanges are in a much better agreement with the available

2. Theoretical Modeling

diatom collisions, specifically for the systems involving,® experimental data. In particular, the new rate constants exhibit
N,,8 COl" and CO/ N.18 different behaviors in two significant points: first, the new rates
In particular, the N—N, system was re-examined byBussing behave differently as a function of temperature, and, second,

an accurate semiclassical coupled-state approach to describe th#e rate constant dependence on the vibrational quantum number
collision dynamics together with an improved interaction IS also different. This second aspect is of crucial importance in
potential Vin(R, 1) between the two interacting nitrogen mol-  the vibrational kinetic modeling of reactive or nonreactive gas
ecules, withR and r being the relative distance of the two Systems far from thermal equilibrium conditions.
molecules and the intramolecular-W distance, respectively. In this work, the calculations performed in ref 8 were
According to this method, the molecular rotations and the extended so as to explore the vibrational relaxation dynamics
relative translational motion of the twoyNholecules are treated ~ for different vibrational transitions in Nand for N> in the higher
within the classical approximation, whereas the molecular Vibrational states. Figure 1 shows the-V rate coefficients at
vibrations are quantized. The full collision dynamics is therefore T = 500 K for the transitions Nv) + N2(2'=0) — Na(v—1) +
obtained by solving the Hamilton classical equations of motion N2(¢'=0) calculated at different vibrational quantum numbers
in an effective Hamiltonian of the mean field type given as the v, With v in the rangev = 1-40.
expectation value of the interaction potentM}; over the The ab initio rates can be well described by the simplest
vibrational wave function. The Hamilton equations of motion analytical formula exploited in the SchwartSlawsky-
are solved self-consistently with the time-dependent SchrodingerHerzfeld (SSH) theory:
equations for the quantum part of the complete molecular system
(see ref 2 for details). K,, () =P, g—2 1

As usual, the interaction potential was expressed as the sum ' Flo(t )%
of two terms: the short-range potential recently proposed in
ref 19 and the attractive long-range potential obtained as awit
multipole expansion plus the dispersion terms. Although the 213 13
accurate determination of the interaction potential for this system O = 1.87AEL™"u™
requires further investigatiofisome critical aspects concerning VT E, 01/ s
the additivity of the different potential terms determined ’
independently were considered, and the best performing poten-Here, x. is the anharmonicity factorAE is the energy anhar-
tial in a large interaction domain was identified (at least, as far monicity (in K), E; ois the exothermic energy of the vibrational
as the accuracy of the calculated vibration rate constants istransition (+-0) (in K), u is the reduced collision mass (in a.u.),
concerned). andL (in A) is the characteristic parameter of the exponential

The semiclassical state-to-state rate constants were calculateghort-range repulsive potential. Thevalue providing the best
by averaging the collisional cross-section over a Boltzmann fit of the analytical approximation to our numerical results is
distribution of the initial rotational and translational energies equal toL = 0.23 A (compared td. = 0.203 A recommended
of the two colliding molecules: in ref 20 andL = 0.25 A2Y). Other parameters at = 500 K

exp@roy)  (2.3)

(2.4)
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Figure 1. V—T relaxation rate coefficient for the processegJ) + A%

No(v'=0) = No(v—1) + Np(v'=0) as a function of the vibrational ~ rjq e 3. Asymmetric -V exchange rate coefficients as a function
quantumy at gas temperature 500 K. Filled squares show the ab initio ¢ high vibrational quantum numberin the process M) -+ Na('=0)
results, the solid line shows the results obtained using the SSH-based_, Na(v—2) + Na(o'=1)

analytical approximation.
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Figure 2. Single- and double-quantum-W exchange rate coefficients
for the two processesA¥) + Na(v=34) — N(v—2) + N(¢=36) and
N2z(v) + N2(v=35)— Na(v—1) + N(v=36) as a function of vibrational 150
—_ T T T T T T T T T 1
quantum number = 500. 0.0 0.2 0.4 0.6 0.8 1.0

were found to be)yt = 0.293 andP; o = 0.229 x 107 cm?® t, ms

s The only point at which the difference between the Figure 4. Gas temperature dynamics calculatedTer= 400 K (line
analytical approximation (eq 2.3) and the semiclassical value 1) @ndTr = 500 K (line 2).

i i 20 —1
is not small isKyp (2.29 x 10720 en?® s™* caleulated by |oye) , = 50, which were solved self-consistently with the

: 20 1 i -
expression 2.3 versus 3.74 10720 cn® %, the numerically  go44y.-state Boltzmann equation for the spherically symmetric
found value). part of the electron energy distribution function (EEDF) in the

Figure 2 shows the behavior of the near-resonane¥ vate two-term approximation. Schematically, this last EEDF equation
coefficients for the processes() + Na(v'=35) — Np(v—1) has the form

+ No(v'=36) and N(v) + Na(v'=34)— No(v—2) + No(v'=36)

as a function ofy at T = 500 K. It is seen that the double- dI(u)  dIy(u)
guantum exchange rate varies similarly to the single-quantum du du
exchange rate constant while remaining essentially lower. This

is a specific feature of nitrogen, that the multiquantum effects \yhereu is the electron energyi: andJe are the electron fluxes
have little impact on the vibrational energy exchanges, even atin the energy space due to the presence of the electrical field

= Sfi(fy) (2.5)

such high vibrational levels. and the energy loss due to the elastic electmolecule
Figure 3 presents the calculated asymmetrieWexchange  collisions and the rotational excitation in electremolecule

rate constants for the procesg(y + Na(v/=0) — Na(v—2) + collisions, respectively; an®{fy) is the inelastic collision

No('=1) at the gas temperatuile= 500 K. integral, which includes the excitation of the vibrational and

It is noteworthy that the rate constant for the asymmetric near- electronic levels and transitions between vibrationally excited
resonant transition<0,1/42,40> is greater than that for the levels in electror-molecule collisions.
single-quantum resonant exchang®,11,0>. Taking into Reference to the collisional data concerning the electron
account that the populations of the lowest vibrational levels are scattering cross-sections assumed in the calculations and details
a few orders higher than that of the higher levels, a rather large on the numerical solution of the electron Boltzmann equation
influence of the near-resonant asymmetric process on the tailcan be found in ref 22. In particular, when modeling the long-
of the VDF at highv values is expected. pulse discharge, the cross-sections for the electron-induced

2b. Kinetic Modeling. The model includes the kinetic transitions N(X12;u =0)+e— N2(X12$,u < 8) + e were
equations for the vibrational populations up to the vibrational taken from ref 23, while, for transitions between the eight lower



7060 J. Phys. Chem. A, Vol. 111, No. 30, 2007

vibrational levels (1= v < 8), the cross-sections were calculated
using the analytical expressions reported in ref 24.

The master equation of the vibrational kinetics can be written
schematically:

dn

d_tv =Rev TRy + Ry (2.6)

Kurnosov et al.

Wy, WEY™ and Wyt are the terms reflecting the single-
guantum and asymmetric W exchanges and the VT
relaxation.

These terms can be expressed in the form

_ v+1p,
Wy = Z‘) Qi MoaNy10,0q; T
v=0 1=

ii—1 i,i—1
Z Qv—l,yniny—léi,y - Z{) QU,U+lninvéi,v+l -
v=z11= v=0 1=
,v—1
Z QMnino,; (2.14)
vzl 1=

Here R_,, R, and R); are the rates of change in the
population of theuth level of No. In particular, R._,, is the
population change due to the excitation/de-excitation processes
in collisions with the plasma electrons:
where Q1Y is the rate constant for the AW process
Nao(+1) + Na(i—1) — No(v+1) + No(i); 0,41 = E(v+1) —
E(v) — E(i) + E(i—1) is the corresponding energy released in
this process, anéi(v) is the energy obth vibrational state.

e+ Ny(vy) <= e+ Ny(v,) (2.7)

Ry is the term due to the ¥V exchange processes:

No(0) + Nafof) = No(v=Ae) + No(v+A0) WY = {Q%n, om0, + Q7N g0 01 —
N,(2) + Ny('=0) —~ N,(v—2) + N,(/=1) (2.8 Ly R v '
1,0 v,0—2
n N o o) + Q7Y “nyo, 2.15
Finally, R); is the term due the ¥T vibrational relaxation (QuirraMOs42+ Qi N0, 0)} )
processes. Here, Q% , and Qj7*" are the rate constants for the

(@) Ny(0) + N(v'=0) — N(v—Av) + N(+/=0) processes Nv—2) + No(1) — Na(v) + N2(0) and N(v+2) +

(2.9) N2(0) — N2(v) + N2(1); 01, = E(1) — E(0) — E(v) + E(v—2)
ando 421 = E(v+2) — E(v) — E(1) + E(O) are the correspond-
(b) Ny(v) + N — Ny(v—Av) + N (2.10) ing energy releases.

As mentioned in the introduction, the complete set of théWw
and V-T/R rate constants include the data calculated in ref 8 YWt =
and the additional data calculated here by the same method as
that described in ref 8.

The change in the gas density after discharge initiation was
calculated from an interpolating expression:

Z (Qv,v—lnv - sz,u—l X
v=

0
exp —

where Nmo is the number of W molecules per unit volume,
Q,,—11s the rate constant of the single quantumWVrelaxation
processes Nv) + N2 — Na(v—1) + Ny, and d,,-1 is the
dissipated vibrational quantum energ{y) — E(v—1).

v,o—1

T )nvl)Nmolév,ul (216)

N(t) = N, exp(— %) + N0¥) [1 - exp(— %)] 2.11)

wheret = Ar/vs is the acoustic transit timeAr = 0.4 cm is
the radius of the excited regions is the acoustic wave speed,
and T is the current gas temperatufe.Expression 2.11 ) ] )
approximately describes the transition from the isochoric regime _ 3a. Dynamics of the VDF in Pulse Discharge Afterglow.

(at short times) of gas heating to the isobaric regime (for times 10 begin, let us recall some details from the experimental
longer than characteristic acoustic time). The gas pressure inMeasurements carried out in refs 12 and 13 of the VDF in the

buffer volume was kept constant according to the experithght ~ Pulse discharge afterglow in nitrogen at a pressure of 150 Torr
and equal to 150 Torr. and an initial temperature b = 300 K. In ref 12, the detection
The gas temperaturd, of the nitrogen gas was calculated Of the spontaneous Raman scattering (SRS) emission was
from the thermal energy balance, taking into account the gas- €mployed as the measurement technique. The SRS spectrum
dynamic expansion in the simplified manner described in ref Was excited by the 10-ns pulses of the second harmonic of a
12. YAG:Nd*" laser operating with a repetition frequency of 12.5
The gas temperature was evaluated from an approximateHZ. Generally, the scattered signal is very weak. To detect it
expression: against a background of afterglow emission, the scheme of the
synchronous detection of the Stockes spectrum was employed,
which measures each pulse within a 100-ns interval and
accumulates the signal from 2500 pulses. The post-discharge
emission of the long-lived first positive system of blverlaps
the spectral range of the Stockes signal. Therefore, abe2¥d
of O, was added to quickly quench,Nemission. Simple
estimations indicate that, in these conditions, thel\felaxation
by oxygen atoms produced in the discharge can be neglected.
The nitrogen plasma, uniformly distributed in a volume of
0.5 cn? between the electrodes separated by a 1-cm gap, was
produced by the pulsed electric discharge with a duration of

3. Results and Comparison with the Experiments

ar_ w KT dN
dt  N-C, * N-C, dt (2.12)
whereN is the gas densityC, is the heat capacity at constant
volume, andk is the Boltzmann constantV is the overall gas
heating rate associated with processes of different kinds:

W= Wdirect+ vaast+ WW + \Navi/ym+ VvVT (2-13)

Here,Wyirect is the direct heating power in the discharge due to
both the elastic electrermolecule collisions and the excitation 100 ns.

of the molecular rotations by electron¥,sis the heating power The vibrational kinetics was simulated taking as an initial
caused by the fast relaxation of the electronically excited states;condition the VDF measured in refs 12 and 13 for a delay time
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Figure 5. VDFs of the N molecules calculated faf = 400 K (line 1) andl: = 500 K (line 2). The distribution functions are reported at different
delay times: 5, 15, 30, 50, 100, and 5@8. The experimental data of refs 12 and 13 are shown by filled squares.

of 0.5 us relative to the discharge pulse. The specific energy  The gas temperature evolution calculated with the procedure
transferred into the molecular vibrations measured experimen-described above is presented in Figure 4 for two values of the
tally to this moment was 0.183 J/én(0.79 average vibration initial gas temperatur@.
quanta per molecule). The VDFs of N calculated for different values ofr are
In the mathematical treatment of the experimental éata, shown in Figure 5 together with the experimental vibrational
some uncertainty exists in the determination of the gas tem- populationsi213In all cases, the distribution function was scaled
perature at = 0.5 us. In fact, various collisional processes by taking the population of the first vibrational level to equal
associated with the relaxation of the electronic states excited in100. It is clearly seen that, starting from the delay time g5
the discharg® may be responsible for the observed thermal the V—V exchange processes play an essential role in redis-
heating of the discharges, but actually these processes are natibuting the vibrational populations. And indeed, the behavior
clearly identified. For this reason, the modeling of the vibrational of the VDF is exactly within the period (5100us) that is most
kinetics of the N molecules was carried out assuming two sensitive to the ¥V exchange rate constants.
different rises in gas temperature valuesT = 100 and 200 A reasonably good agreement with the experimental results
K. The calculations show that the twoT values have only a  is observed for delay times of 15, 30, 50, and 180 At a
negligible effect on the modeling data for a heating time from delay time of 15us, the measured vibrational populations for
1.5 to 10us. levels v > 12 are abnormally large, an effect that might be
The gas-dynamic expansion of the heated gas into a largeexplained by collisional mechanisms associated with the relax-
buffer volume was also taken into account. ation of the electronically excited species. In fact, in a short
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Figure 6. Time evolution of the gas temperature calculated with (curve 0 2 4 6 8 10
2) and without (curve 1) the VT relaxation rates for the NNy(v) t, ms
collisions; filled squares are related to the experimental Hata. Figure 7. Comparison between the calculated (solid line) and the

experimentally measur&d(filled squares) time dependence of the
powerful discharge, a sizable part of the electric discharge reduced electric fielde/N.
energy causes the excitation of the electronically excited
molecules which, in turn, relax with a partial energy release An attempt at modeling the experimental data was undertaken

into the molecular vibrations. in ref 15 within the framework of a self-consistent description
For delay times longer than 108, the changes experienced Of the plasma dynamics, but was not very successful.

by the VDF cannot be associated with the-V exchanges. In Later on?6 the self-consistent discharge model was reformu-

the region of the low-lying vibrational levels (4 v < 9), the lated to explain the observed evolution of the electric field and

VDF measured at a delay time of 528 is remarkably lower current by introducing into the model the energy-transfer
than that predicted theoretically. Our estimations indicate that, processes associated with the excitation of the low-lying
on this time scale, the turbulence induced by the gas-dynamicelectronic excited states of,NHowever, no attention was paid
expansion of the gas can mix gas from the inner and outer partsin ref 26 to compare the gas temperature dynamics with the
of the discharge, and this could explain the observed decrease:xperiment>®which is, in fact, the other objective of the present
in the populations of the lower vibrational levels. investigation.

3b. Time Evolution of the Gas Temperature in the Glow Here we used the latest and most reliable data ervV
Discharge Regime.The kinetic model was also employed to  exchange and VT relaxation rates to simulate the experiment
model the process of nitrogen heating in the gas glow dischargenumerically. Both the electric field strength and the discharge
studied experimentall{> Under glow discharge conditions, the  current density were taken from the experiment. The initial
vibrational motion of the nitrogen molecules is excited very gjischarge parameters used in the modeling were as follows: (i)
effectively, which is also due to the anomalously slowV gas temperatur® = 290 K, (ii) pressure 50 Torr, (iii) electric

relaxation rates in the undissociated plasma. As a conse-  fia|d strengthEy = 972 V/em, and (iv) discharge curreht=
quence, only a small part of the electric power goes to the 554 A

thermal motion.

Generally, the main obstacle preventing high-energy loading
in molecular vibrations is discharge constriction. Special
measures were undertaken in ref 15 to sustain the uniform glow
discharge in pure nitrogen with a 2-cm discharge gap length
and a 3.5-cm diameter at a pressure of 50 Torr: the cathode
and anode both were sectioned with ballasting by individual
resistors for each section. This allows the glow discharge to
operate stably up to 9 ms with a total energy inp@.5 J/lg,
where L is a liter at standard conditions.

Taking into account the electron energy branching fraction
spent for the molecular vibrations, more than two average ¢ . . X
vibrational quanta per molecule were deposited. theoretical 'results look quite satisfactory for all times except at

For the assumed long-pulse discharge, the acoustic distur-"® lat?St tmet = 9.ms. . L
bances can be neglected, so that the discharge operation regime N Figure 7, the time evolution of the reduced electric field
can be considered isobaric due to the large buffer volume. ForStrength determined experimentally is reported and compared
these conditions, the gas temperature can be determined fronvith the calculatede/N. Calculation was made by dividing the
the measured gas density using the re|a'j01:| NKT (p is gas experimental values of by the calculated gas denSity. The
pressureN is gas density). electric field was found in the experiments by dividing the

The spatial distribution of the gas density was measfired Voltage drop on plasma by the discharge spacing. The plasma
using the interferometric method, which provides information Voltage drop is found by subtraction of the cathode fall from
about the discharge uniformity as well. The measurements showthe discharge voltage.
that the discharge uniformity is maintained throughout the pulse  The fast reduction in th&/N parameter (see Figure 7) is
so that, in such conditions, the dynamics of gas heating can beexplained by a specific mechanism of ionization proposed in
reasonably well described by a zero-dimensional model. ref 26, that is, the V-E energy exchange processes

The calculated specific energy loaded into the nitrogen gas
for a discharge duration of 9 ms is 2500)/lt should be noted
that the discharge area was not determined exactly in the
experiment$® Estimations from a visible inspection of the
discharge gave a value for the discharge cross-section area in
the rangeS = 8—10 cn?. Therefore, calculations were per-
formed assuming the two extreme values of S. It turned out
that results of the simulations wit8 = 8 cn? are in better
agreement with the experimental observation.

Figure 6 represents the calculated time evolution of the gas
temperature compared with the measured variations. The
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Ny(2) + Ny(v') = Ny@ '50) + N, 3.1 Wiem'

followed by associative ionization reactions:

N(@ *5a) + NAA’SH) — Ny +e (3-2) 7
16+ 1
Ny(@ '30) + No@ '5a) = N; +e i2]
8. 3
This mechanism was not included in the present model. 4] 2
Instead, the experimentally measured data on the discharge ————
voltage and current were exploited to extract the electric field, 01 . r r :
and the discharge power density was presumed to be uniformly 0 2 Y oems ® 8

distributed over the discharge volume. Let us emphasize thatF. ) . N
: . . ; . . igure 8. Time dependence of the discharge power density (line 1),

this V—E exchange (eq 3'1_) is quite slow in compar'son with reduced heating rate due to the-V exchange processes (line 2), and

the V=V exchange, hence it can be neglected in our model. the V—T relaxation (line 3). All dependences are normalized to the
An important feature clearly seen in Figure 6 is the highly initial gas density.

nonlinear growth of the gas temperature with time; that is, the ,

gas-heating rate is very low initially (up to 3 ms) and then gets 157 W/em

faster and faster. It is worth considering that the glow discharge

is operated continuously froin= 0 tot = 9 ms. To give better

insight into the physicatchemical mechanisms underlying this

behavior of the gas temperature, Figure 8 reports the time L0+

dependence of discharge power (line 1) and of the heating rates

for different collision processes: single-quantum-V and 1

V—T/R exchange processes (lines 2 and 3, respectively). Figure

9 shows the fast discharge heating due to the elastic electron 054

collisions, excitation of the molecular rotations, and quick

relaxation of the electronically excited states (line 1) together 2

with the contribution due to asymmetric-\W exchanges (line L

2), the latter making a very small contribution to gas heating. 0.0 ) T T T .
From the results reported in Figure 8, it is clear that the t, ms

heating due to the single-quantum-V and V—T processesis  frigyre 9. Time dependence of the direct discharge heating (line 1)

dominant and, at the end of the observed time interval, and specific heating rate (line 2) due to the asymmetridAprocesses.
asymptotically reaches values close to the overall electric All dependences are normalized to the initial gas density.

discharge power (see Figure 8). On the other hand, the role of .
asymmetric exchange processes is negligible, as illustrated in N, arb. units
Figure 9. 10000

The direct discharge heating is rather low within the time
interval considered here, but it is the dominant process in the 1000
earliest stages of the discharge.

Early on, the V-V exchange processes unexpectedly lead to 100
gas cooling instead of gas heating. This is explained by the fact
that, in contrast to plasma discharge in which the vibrational
levels abover > 1 are overpopulated due to the e-molecule
collisions, under the post-discharge conditions, theW
exchange processes are responsible for the establishment of the
Boltzmann-like distribution within the group of lower vibrational
levels. The population of the level = 1 then grows at the

10

. . -9 . 0.01
expense of the populations on the higher vibrational levels via

the processes ) + Nz(0) — Na(z—1) + Nx(1). These 1E3] :
processes are endothermic and absorb energy from the thermal 0 10

reservoir.
For times greater than 1.5 ms, gas heating is controlled by Figure 10. VDFs of Ny(v) as a function of the vibrational quantum
the energy defect released in-V exchange processes. The numberv at different delay times: Line 1t=1.5ms; line 2:t = 2.5
V—T relaxation processes come into play later and become reng rlTl:;e 3:1=35ms; line 4:t=4.5ms; line 5 (dash-dot line)t =
comparable with the ¥V exchange input at aboat= 5 ms. ' '
However, the rate of ¥ T relaxation continues to grow, while It is seen that, fromh= 1.5 tot = 3.5 ms, the V-V exchange
V-V exchange becomes less effective for the gas heating. Asprocesses lead to the population of the higher vibrational levels.
a result, gas heating in the discharge after about 6 ms isThis period of extension of the plateau region is accompanied
controlled by VT relaxation processes. by a rise in the heating rate associated with\W exchanges
To understand the interplay between the different mechanismsNz(v) + Na(v') — Nz(v—1) + Na(v'+1), wherev < v'.
relevant to the gas heating process, it is instructive to look at Stabilization of the plateau (from 3.5 to 4.5 ms) is followed by
the calculated time evolution of the VDF shown in Figure 10. stabilization of the V-V exchange heating rate.
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10 between molecular nitrogen and the electrons. In addition to
that, other dissociative collisional channels, which could
8 dominate in glow discharge, can be very effective as, for

example, the collisions between vibrationally and electronically

excited N molecules. For this reason, the real concentration of

N atoms in the experimelitmight be higher than that predicted

in Figure 11, and the growth of N atom concentration may

41 continue up to the end of the pulse.

Thus, the role of T/R relaxation due to N atoms may be

2 important for the experimental conditions explored in ref 15.
The accuracy of simple analytical approximations for the single-

, . . ] . ] and multiquantum VT relaxation rates involving N atoms is

0 2 4 6 8 10 guestionable, so that further ab initio studies for the Ny

t, ms system are desirable, particularly for the range of higher
Figure 11. Time evolution of the calculated N atom concentration. yjbrational levels and higher temperatures.

[N], 10%*cm™

] Conclusions
The rate constants for the-VI/R relaxation processes grow

both with the vibrational level of Nand the gas temperature. The complete set of the recently calculated state-to-state rate

Therefore, although the depopulation of the highest vibrational coefficient§ provides an opportunity to simulate the vibrational

levels occurs at times longer than 6 ms, the gas-heating ratekinetics in nitrogen without arbitrary and poorly grounded

continues to grow due to the increasing of the rate constantsanalytical approximations. In particular, the double-quantum and

with temperature. However, after about 8 ms, the depopulation @8symmetric one-to-two ¥V exchange processes can be

rate of the higher vibrational levels prevails, and this would integrated into the kinetic modeling, thus removing any

thus presumably result in a fast drop in the heating rate. uncertainties associated with the use of semiempirical rates.

However, this effect is not observed: the experimental evolution  In this work, the detailed experimental information on the

of the gas temperature in the interval between 8 and 9 ms doesvibrational kinetics in N under strong nonequilibrium conditions

not confirm this prediction. The observed discrepancy could reported in refs 12, 13, and 15 were revisited and modeled using

be considered an indication of a-M relaxation rate that is @ modified kinetic modeling and the latest and most reliable

faster than that assumed in the theoretical modeling. A new set of the rate coefficients for-vT and V-V energy exchanges

additional VT relaxation mechanism appearing at this stage in N>—N; collisions. The comparison between the simulated

of the glow discharge could be associated with the accumulationvibrational population dynamics and the experimental reSifts

of nitrogen atoms. demonstrates that the newly calculated ab initio rate coefficients
To test this mechanism, our model was extended so as tosubstantially improve the kinetic modeling. Usage of the same

include the single and multiquantum~T relaxation processes ~ model of vibrational kinetics for numerical simulations of the

in N—N, collisions. The concentration of atomic nitrogen was Mmeasuret? time evolution of gas temperature in the long-pulse

calculated by adding into the system of kinetic equations the glow discharge at a nitrogen pressure of 50 Torr allows us to

equation describing N concentration evolution in time. It was describe it quite satisfactorily, except for the moment of

assumed that N atoms are produced in electron collisions with discharge termination. It is supposed that the discrepancy

nitrogen molecules; recombination of atoms is too slow to exert between theory and experiment at the end of discharge can be

any influence on kinetics. The JNdissociation rate in e-N explained by the relaxation of excited nitrogen molecules in

collisions was calculated by solving the Boltzmann equation collisions with N atoms. For an adequate description of the latter

for the electrons, including the dissociation cross-sections takenprocess, further studies are needed on the theory@frid N

from ref 27. The VT relaxation rates for single and multi- ~ collisions.

guantum transitions in NN collisions were taken as recom-
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