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On the quenching of excited electronic states of molecular nitrogen
in nanosecond pulsed discharges in atmospheric pressure air

M. S. Bak,a) W. Kim, and M. A. Cappelli

Department of Mechanical Engineering, Stanford University, Stanford, California 94305-3032, USA
(Received 13 March 2010; accepted 14 December 2010; published online 7 January 2011)

Emission measurements are carried out to study the quenching of excited electronic states of
nitrogen, N,", in nanosecond pulsed discharges in atmospheric pressure air and nitrogen. The results
reveal that ground state N, quenches N,(C) and N,(B) at rates less than dissociative quenching by
ground state O, by a factor of 4 and 2.5, respectively. Kinetic simulations with the inferred quench
rates indicate that the dissociative quenching of N,* by O, is responsible for 82% of atomic oxygen
production while electron-impact dissociation of O, is for 5% under these discharge conditions.
© 2011 American Institute of Physics. [doi:10.1063/1.3535986]

High repetition-rate nanosecond pulsed discharges that
generate high pressure plasmas with a low power budgetl’2
have been used in combustion to extend lean flammability
limits®* and to reduce ignition delay times.” This benefit is
attributed to the production of reactive atomic oxygen (O),
hydrogen (H), and hydroxyl (OH) radicals.*® To understand
O radical production in detail, direct measurements of O
radicals”® as well as kinetic simulations’ have been carried
out for short-pulsed discharges in air and air/fuel mixtures.
Measurements in air® indicate that a rapid production of O
radicals follows a fast decay of electronically excited
states of molecular nitrogen (N,"), suggesting that dissocia-
tive quenching may be the main O radical production
channel. This finding is supported by previous kinetic
experimentsw*12 that suggest that ground-state molecular
oxygen, O,, quenches N,” more effectively than molecular
nitrogen, N,. Unfortunately, most of these rate coefficients
are obtained at room temperature and low pressure (a few
Torr), and their temperature or pressure dependence is not
well known. Therefore, the lesser role played by self quench-
ing of N," by N, in these highly nonequilibrated atmospheric
pressure plasmas must be verified.

In this letter, we present measurements of time-resolved
N, emission in pulsed discharges of air and pure nitrogen.
The N, emission profiles in both air and nitrogen are found
to be remarkably similar. To understand this, a zero-
dimensional (0-D) kinetic simulation is carried out and a
comparison of the predicted temporal behavior in the excited
states of nitrogen to that measured is used to provide an
estimate of the quench rate coefficients of N,(C) and N,(B)
by N, and O,. With the revised coefficients, the relative im-
portance of the primary mechanisms for O radical production
(dissociative quenching of each of these states of N, and
direct electron impact dissociation) is determined.

A schematic of the experiment is shown in Fig. 1. The
discharge is generated between two tungsten electrodes (1
mm diameter, | mm separation) connected to a high repeti-
tion pulsed power supply (FID Technology F1112) that gen-
erates Gaussian temporal voltage pulses of typically 8 kV
peak, 10 ns duration, and 50 kHz repetition rate. The light
emitted from the center of the discharge is collected and
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transmitted through an optical fiber directly to a photomulti-
plier tube (PMT) (Hamamatsu R928, 2.2 ns rise-time, and
PMT socket, Hamamatsu E717-63, designed for fast time
response) equipped with band-pass filters (Thorlabs
FB340-10 or FB760-10, depending on the N,* band of in-
terest), or is dispersed using a monochromator (Jarrell-Ash
82-020) with the PMT at its exit. The PMT signals used in
conjunction with the band-pass filters are directly recorded
and averaged over several shots by an oscilloscope (Tek-
tronix TDS7104, 1GHz bandwidth), while the signals
through the monochromator are gated and integrated through
a boxcar integrator (SRS SR250) with a gate width of 2 ns,
triggered and synchronized with the pulse generator using a
delay generator (SRS DG535). The PMT/socket temporal re-
sponse function is determined using a short pulsed light
source, and the detector is found to have an overall rise-time
of 2 ns, with a fall time of about 5 ns. During the measure-
ments, either air or pure nitrogen flows through the discharge
with a speed of about 4 m/s.

Time-resolved emission intensities of the N,(C-B) and
N,(B-A) electronic transitions taken using the narrow band-
pass filters (10 nm windows, centered about 340 and 760
nm) for discharges in air and nitrogen are shown in Figs. 2(a)
and 2(b), respectively. The temporal characteristics are veri-
fied using the spectrally resolved emission taken with a
monochromator. The emission follows the general shape of
the applied voltage but with slower overall decay. The most
surprising result is that we see little difference in the emis-
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Air /N, :

| Monochromator | PMT

Optical fiber
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[ 1
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FIG. 1. Schematic of experimental setup.
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FIG. 2. (Color online) Normalized temporal emission of (a) N,(C-B) and
(b) N,(B-A) for discharges in air and nitrogen. Symbols are measured data,
and dashed and dot-dashed lines are calculated using rate coefficients pro-
posed in this study and commonly used ones, respectively.

sion shapes (particularly the decay) between measurements
in air and in nitrogen, suggesting that the presence of oxygen
has little effect on the emission decay under these conditions.
According to these results, any correlation between the tem-
poral decay in the excited state emission and the rise in mea-
sured O-atom concentrations may be coincidental and is not
sufficient confirmation of the importance of dissociative
quenching by ground state molecular oxygen.
Time-resolved spectra of the N,(C-B) (0,2), (1,3), and
(2,4) bands for discharges in air are also recorded to study
the rotational/vibrational state-specific occupancy. Figure 3
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FIG. 3. (Color online) Normalized N,(C-B) (0,2)(1,3)(2,4) emission spec-
trum measured in air (black) with its spectral fit (green), and calculated
temporal rotational and vibrational temperatures of N,(C) with simulated
gas temperature.
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shows the spectrum at the time when the emission intensity
is highest with its fit obtained using a spectral line simula-
tion. The emission is well reproduced using a spectrum syn-
thesized with a Boltzmann distribution of rotational and vi-
brational states in accordance with a temperature of T
=1900 K and T,;,=4400 K, respectively. The time evolu-
tion of T, and T, are also presented in Fig. 3. T, is found
to rise nearly immediately to a temperature of 4400 K while
T,y increases more gradually to 2200 from 1300 K during
the pulse duration. This rise in rotational temperature is in-
dicative of a slower but still rapid energy cascade into trans-
lational energy of the background gas, since the high pres-
sure assures strong rotational-translational coupling. The
initial 7, of 1300 K is the result of heating from previous
discharge pulses.

We have carried out 0-D kinetic simulations to under-
stand this quenching process. We consider excited electronic
states of N,(A, B, a’, and C), ground electronic states of
N,(X), N, 05(X), O,(a), O4(b), O, NO, O3, N,*, N,*, O,",
and free electrons (e) in the analysis. The reaction set in-
cludes electron impact excitation, dissociation and ionization
of O, and N,, associative ionization, recombination of elec-
trons and positive ions, ion conversion, direct quenching of
N," by N,, dissociative quenching of N," by O,, and chemi-
cal transformation of ground state species, as described in
detail in the online supplemental material."? The rate coeffi-
cients for collisions between neutral species and ions are
adapted from previous simulations of N, and N,-O,
dlscharges.uf Since electron impact excitation, dissocia-
tion, ionization, and electron-ion recombination processes
are coupled to the electron energy distribution function, rate
coefficients for these reactions are obtained through a solu-
tion of the Boltzmann equation facilitated by the use of the
commercially available software, BOLSIG." Only a reduced
set of cross sections pertaining to elastic and inelastic colli-
sions with the parent species (ground state N, and O,) are
considered."® The peak reduced electric field of E/n is deter-
mined to be 285 (=4) Td by matching the temporal rise in
the measured gas temperature (assumed to be equal to the
measured rotational temperature as shown in the inset in Fig.
3) to that simulated using an energy equation in which the
energy deposited into Ohmic dissipation is equal to the en-
ergy needed to advance reactions and to increase gas tem-
perature, in accordance with the prescription provided by
Uddi."” The peak E/n used is smaller than the nominal esti-
mate based on the applied voltage and gap distance, a result
attributed to sheath formation across each electrodes.”” The
calculation requires an initial estimate of the electron density
between discharge pulses, which we take to be the time-
average electron density measured in similar experiments,1
10" c¢cm™. In evolving the kinetics, we assume a constant
background number density of 5.6 X 10'® c¢cm™ (correspond-
ing to a value at 1 atm and an initial temperature of 1300 K)
since the pulse time-scale is shorter than that of acoustic
expansion of the discharge volume.

The simulated temporal emission of the N,(C-B) and
N,(B-A) bands in air and nitrogen (convolved with the tem-
poral response function of the detector) is also presented in
Figs. 2(a) and 2(b), respectively. With often-used quenching
rates'® for N,* by N,(X) and by O,, we calculate a faster
decay of N,(C) and N,(B) in air than in nitrogen with no-
table differences between the simulated and corresponding
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FIG. 4. (Color online) Number densities of O radicals produced through
electron impact dissociation, dissociative quenching of N,(A), N,(B),
N,(a’), and N,(C), and N-O, collisions as functions of time.

measured curves. The quenching of N,(C) by N,(X) is un-
derpredicted while that of N,(C) by O, is overpredicted. For
N,(B), quenching by N, and O, are both overpredicted, pre-
sumably because the commonly used rate coefficients for
N,(B) quenching”’16 are weighted-averages over vibrational
state-specific rates, which account for faster quenching of
higher vibrational states. This contrasts that used for N,(C),
which is based on quenching of the ground vibrational level
(v'=0). To model our temporal emission, the rate coeffi-
cients for these quenching reactions are adjusted to obtain
agreement between measured and simulated curves (black
dashed lines for air and green dashed lines for nitrogen).
The resulting coefficients for quenching of N,(C) by N, and
by O, are found to be 2.5(+0.3) X 107'! and 10(%0.3)
X 107" cm? 57!, respectively, whereas for N,(B) by N, and
0, are 1.6(+0.3)x 107" and 4(=0.3) X 107" cm® s, re-
spectively. For N,(C) and N,(B) quenching by N,, the rate
coefficients needed to reproduce experiments are between
the state-specific coefficients for v'=0 and for v’ =1, 22122
This enhanced quenching is not unexpected, as the high vi-
brational temperature will result in elevated populations of
excited vibrational states. In contrast, for the dissociative
quenching of N,(C) and N,(B) by O,, the rate coefficients
are smaller than those commonly used by factors of 3 and 5,
respectively. Since Nﬁ* is quenched faster in higher vibra-
tional states by 02,10‘ we surmise that the lower quenching
rates needed may be due to a strong pressure or temperature
dependence, for which there are no experimental data.
Using the determined quenching rate coefficients of N,"
by N, and O,, we compute the evolution of O radicals pro-
duced through the two dissociation channels (dissociative
quenching or direct) for a single discharge pulse (see Fig. 4).

Appl. Phys. Lett. 98, 011502 (2011)

We find that 82% of O produced is the result of dissociative
quenching while electron impact dissociation is responsible
for about 5%. The revised rate coefficients decrease the
fraction of O radicals produced by dissociative quenching
by 1%, and dissociative quenching is still the dominant
channel for producing O radicals, as concluded from
previous studies.”” The O radical concentration produced
after a single discharge pulse is found to be 2.5(%*0.5)
X 10" ecm™ corresponding to a mole fraction of 4.4(+0.4)
X 1072,
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