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25 Abstract

;? Time-resolved, absolute number densities of,metastable Na(A’Z,",v=0,1) molecules,
28 ground state N and H atoms, and rotational-translational temperature have been measured by
29 Tunable Diode Laser Absorption Spectroscopy (TDLAS) and Two-photon Absorption Laser-
30 Induced Fluorescence (TALIF) in diffuse nitrogen and N>-H> plasmas during and after a ns pulse
31 discharge burst. Comparison of the measurement results with the kinetic modeling predictions,
32 specifically the significant reduction of thewN2(A’Z,") populations and the rate of N atom
33 generation during the burst, suggests that these two trends are related. The slow N atom decay in
34 . .

35 the afterglow, on the time scale longer than the discharge burst, demonstrates that the latter trend
36 is not affected by N atom recombination, diffusion to the walls, or convection with the flow. This
37 leads to the conclusion that the energy/pooling in collisions of N2(A’Z,") molecules is a major
38 channel of nitrogen dissociation in electric discharges where a significant fraction of the input
39 energy goes to electronic excitation of N». Additional measurements in a 1% H>-N> mixture
40 demonstrate a further Significant reduction of Nx(A’Z,",v=0,1) populations, due to the rapid
41 . . . . . . ..

49 quenching by H atoms accumulating in the plasma. Comparison with the modeling predictions
43 suggests that the Na(A*Ey") molecules may be initially formed in the highly vibrationally excited
44 states. The reduction of the N2(A®Z,") number density also diminishes the contribution of the
45 energy pooling process into N> dissociation, thus reducing the N atom number density. The rate of
46 N atom generation duringithe burst also decreases, due to its strong coupling to Na(A>Z,",v)
47 populations. On the other hand, the rate of H atom generation, produced predominantly by the
jg dissociative quenching of the excited electronic states of nitrogen by H», remains about the same
50 during the burst, resulting in a nearly linear rise of the H atom number density. Comparison of the
51 kinetic.modelpredictions with the experimental results suggests that the yield of H atoms during
52 the quenching of excited electronic state of N> by molecular hydrogen is significantly less than
53 100%. The present results quantify the yield of N and H atoms in high-pressure H>-N> plasmas,
gg which have a significant potential for ammonia generation using plasma-assisted catalysis.
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1. Introduction

Diagnostics and predictive modeling of high-pressure nonequilibrium plasmas areessential
for the development of efficient plasma chemistry and plasma-assisted catalysis processes.
Repetitive nanosecond pulse discharges, sustained at high pulse repetition rates of 1-100.kHz, are
readily amenable to their characterization using laser diagnostics, due to their stability at high
pressures and scalability to large volumes. In addition, these discharges have conSiderable
potential for engineering applications, due to the efficient generation of reactive atomic species
and radicals. Over the last decade, they have been used extensively in plasma flow reactors for
studies of plasma-assisted combustion kinetics [1-4]. Number densities of electronically excited
metastable species, atoms, radicals, and vibrationally excited molecules,are<among the major
parameters affecting the plasma reactivity and the specific reaction pathways. Although these
parameters have been measured in ns pulse discharges previously [1=10], much of this work has
been done in relatively complex geometries and for different operating conditions, such that
comparison with the modeling predictions and isolating speecific molecular energy transfer and
plasma transport processes remain rather challenging.

In plasma chemistry experiments, sustaining stable diffuse plasmas at well characterized,
reproducible conditions is critical for the analysis andiinterpretation of the results. Double
dielectric barrier, repetitive ns pulse dischargessin quasicone-dimensional, plane-to-plane
geometry are attractive in this respect since they generate spatially uniform plasmas at high
pressures [ 1,4]. This greatly simplifies acquiting diagnostic data which require highly reproducible
repetitively pulsed experiments, and makes comparison with kinetic modeling predictions
straightforward and elucidating. The objective,of thepresent work is to study the fundamental
plasma kinetics in this type of dischargesustainedin nitrogen and N>-H> mixtures, initially at room
temperature, with the main focus on thesmeasurements and modeling predictions of metastable
electronically excited N2(AZ, ") molecules, Niatoms, and H atoms. The present approach is similar
to the one used in our recent wotk [10], with the main focus on the kinetics of N2(A®Z,") in high-
pressure molecular gas mixtures. In this work, the use of complementary diagnostics and
comparison with the modeling predictions'is expected to quantify the yield of N and H atoms in
these plasmas, with potential applications for plasma-assisted catalysis generation of NH3 [11,12],
and provide new insight into'the kinetics of dissociation of molecular nitrogen and hydrogen.

2. Experimental Setup and Kinetic Model

The schematics of the experimental apparatus and laser diagnostics are shown in Fig 1. The
plasma is generated in a rectangular cross section quartz channel (16 mm x 8 mm, 10 cm long),
fused to a circular quartz-tube 1 inch in diameter at both ends. The total length of the tube, with
the rectangular cross sectionin the middle, is 60 cm. The tube is attached to two endpieces, quartz
tubes 1 inch inidiameter and 8 cm long, via UltraTorr vacuum fittings. Each endpiece has a fused
silica optical access window at Brewster’s angle at the end. Nitrogen or a nitrogen-hydrogen
mixture flows through the cell at the flow rate of 1.0 SLM and pressure of 150 Torr. The combined
leak rate ofthe cell, delivery lines, and exhaust lines is approximately 1.0 Torr/hr, which
corresponds to 2.2-10° SLM, i.e. over 4 orders of magnitude lower compared to the flow rate. The
estimated upper bound oxygen and water vapor impurity in the flow is ~10> and ~10 mole
fraction, respectively.
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The discharge in the cell is produced between two parallel rectangular plate eopper
electrodes 60 mm long and 12 mm wide, mounted to the top and bottom outside walls_of the cell,
as shown in Fig. 1. The electrodes are attached to the walls by a silicon rubber adhesive, to prevent
corona discharge formation near the electrode surfaces. The discharge is sustained by a FID GmbH
FPG 60-100MC4 ns pulse generator (peak voltage 30 kV, pulse duration 10 ns) operated in burst
mode at a pulse repetition rate of 100 kHz, burst duration of 5-150 pulses, and burst repetition rate
of 10 Hz. The pulse voltage and current waveforms are measured by custom-made, high bandwidth
capacitive voltage probes and shunt current probes [13]. Broadband plasma emission images are
taken through the side wall of the rectangular section and through one of the Brewster angle
windows, using a gated PI-MAX 3 ICCD camera with a UV lens(UV-Nikkor 105 mm {/4.5,
Nikon).

A schematic diagram of the Two-photon Absorption Laser-Induced Fluorescence (TALIF)
diagnostic, used for the number density measurements of the ground stateN(*S) and H(1s*S) atoms
generated in the plasma, is shown in Fig. 1(a). For this, a Nd:YAG laser (Continuum, Powerlite
8010) pumps a tunable dye laser (Continuum ND6000) to produee the output at 621 nm (for N
TALIF) or 615 nm (for H TALIF). The dye laser output is fréquency doubled using a type I BBO
crystal, and mixed with the dye laser output to generaté¢:a 207 nm beam (for N atom TALIF) or
205 nm beam (for H atom TALIF), separated from the otheér. beams by a Pellin-Broca prism, as
shown in Fig. 1(a). A halfwave plate and polarizer'combination is used to adjust the laser pulse
energy, which is monitored by a calibrated photodiode. During the measurements, the laser energy
is maintained within the quadratic TALIF signal range. The laser beam is focused by a 50 cm focal
distance lens and directed along the discharge,cell. " The fluorescence signal is collected through
the side wall of the quartz channel, in the direction perpendicular to the beam path, using a 10 cm
focal length lens, and detected by/a PMT (Hamamatsu R12896) with a gated D-type socket
(Hamamatsu C1392), see Fig. 1(a). A slitumask 2 mm wide placed in front of the lens, and a
bandpass filter (10 nm bandpass, centered at 750 nm) are used to reduce the emission from the
plasma during the N TALIF measurements. A neutral density filter is attached to the PMT, to
operate it at the same gain during/the absolute calibration of TALIF measurements using krypton,
without saturation. The well-known calibration technique is described in detail in Ref. [14].

Fig. 1(b) shows a/schematic of the single-pass Tunable Diode Laser Absorption
Spectroscopy (TDLAS) diagndstic [10], used for the measurements of No(A>Z,*,v=0,1) vibrational
level populations in the,plasmasBriefly, a tunable diode laser (New Focus Velocity 6312, tuning
range from 764 to 781 nmynominal linewidth < 0.3 MHz) is scanned by varying the voltage on
the piezoelectric driverhof the laser, with the wavelength monitored continuously during the
experiment by a wavemeter (High Finesse WS6-200-1R). The focused laser beam is directed along
the discharge cell, with the transmitted beam focused into an optical fiber (Thorlabs BFL22-910)
20 m long to reject the plasma.emission, sent to a photodiode detector (Thorlabs DET36A) through
a bandpass filter, and monitored by an oscilloscope. The laser scan and data acquisition are
controlled:by a computer executing a LabView script. To determine whether the partial saturation
of the absorption transitions may have an effect on the measurement results, the incident laser
beam intensity was attenuated by up to a factor of 30, using a set of neutral density filters placed
before the discharge cell. The results show that the laser beam attenuation did not result in a
detectable change in the inferred peak N2(A*Z,",v=0) number density, indicating that the saturation
is a minor effect at the present conditions.
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The quasi-zero-dimensional kinetic model used to interpret the experimental data(time-
resolved N and H atoms number densities, N2(A’Z,",v) populations, and gas temperature)yis
described in detail in Ref. [10]. Briefly, the model solves the electron energy equation (a moment
of the Boltzmann equation), the heavy species energy equation, and equations for the species
concentrations. It incorporates the electron impact excitation, dissociation/nand ionization
processes, state-specific vibrational relaxation of nitrogen, and reactions ofsexcited. electronic
states of N». The time-resolved ns pulse discharge power waveform, used as an input in'the model,
is obtained from the experimental discharge voltage and current waveforms. Theéelectron impact
rate coefficients are predicted by the Boltzmann equation solver Bolsig+ [15], with the cross
sections taken from [16,17]. The rates of reactions among the excited electronic states of N> are
taken from [18-24]. The nascent vibrational distribution of N2(A>%4,v), generated during the
collisional quenching of N2(B’I1,), is assumed to be the same as inferréd from the time-resolved
measurements of Na(A3Z,",v=0-5) in our previous work [10].

The rates of conventional chemical reactions in nitrogen-hydrogen mixtures are taken from
[12,18,19,22]. The effect of vibrational excitation of the ground electronic state N> at the present
conditions is shown to be insignificant [ 10]. However, the kinetic model includes the state-specific
vibration-vibration (V-V) and vibration-translation (V-T) energy transfer processes for N2, with
the rate coefficients taken from Refs. [25-29]. In the present work, as in Ref. [10], we assume that
N dissociation in the plasma occurs during the energy pooling of two N2(A’Z,") molecules,

N, (B + N,(X'E})
Ny(A'Z; )+ Ny(AZ;,w) > L WV, (CH,) + Ny (X))

; (D

4 4 |
N(CS)+N(S)+ Ny(X'X))
in addition to electron impact dissociation. Sine¢ the rate coefficient of this dissociation channel
has not been measured directly, it.is treated as an adjustable parameter varied to obtain good
agreement with both the TDLAS N>(A2Z,") measurements and with TALIF N(*S) measurements.
As shown in Section 3, this assumption results in good agreement with the measurements of N
atom number density and No(A3ZF,w);populations. The list of kinetic processes and their rates is
given in the supporting information.

3. Results and Discussion

Figure 2 plots the waveforms of voltage, current, instantaneous power, and energy coupled
to the capacitive load (i.e. the electrode assembly and the nitrogen plasma) at P = 150 Torr,
sustained by ans pulse train at the repetition rate of 100 kHz. The energy is coupled to the plasma
both during the/incident voltage pulse and several successive reflected pulses, with the total
coupled energy of 3:3 mJ. Figure 3 illustrates the variation of the energy coupled by the incident
pulse and the total coupled energy per pulse, for different pulse numbers during a 150-pulse burst
1.5 ms long. It can be seen that the coupled pulse energy remains nearly the same, decreasing by
about"10% during the burst. This reduction is likely due to the gradual temperature rise in the
plasma during the burst, which reduces the total number density. The coupled pulse energy data
taken innitrogen and H»>-N> mixtures with the H> mole fraction of 1-20% exhibit the same trend.
Increasing the hydrogen mole fraction up to 20% reduces the coupled energy per pulse by 6%,
throughout the burst.
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Figure 4 shows a collage of single-shot, broadband plasma emission images taken during
a 150-pulse discharge burst in nitrogen and a 150-pulse burst in 1% H»>-Na, both at P=150 Torr.
The images are taken both through the side wall of the discharge cell (side view) and through the
optical access window at the end of the channel (end view, see Fig. 1), withithe camera gate 250
ns long incorporating both the incident pulse and the reflected pulses. From Fig. 4(a), it Can be
seen that the nitrogen plasma remains diffuse and uniform during the first 100 pulses, with'the
exception of pulse #1, which exhibits a strongly filamentary structure, dugito the low residual
ionization remaining from the previous pulse burst generated 100 ms earlier. After pulse #100,
diffuse filaments gradually begin to form in the plasma near the electrode edges, most likely due
to the onset of the ionization/heating instability. During the entire burst, the plasma remains
confined to the region between the electrodes 6 cm long, such that the absorption path for the
TDLAS measurements can be determined with an uncertainty of approximately 10%. In 1% Ho-
N3, the plasma filamentation during pulse #1 is more pronounced.(see Fig/4(b)). In this mixture,
the onset of the filaments becomes evident during the second half'of the burst, near pulse #100
(see Fig. 4(b)).

A dark band clearly visible during pulses #5, #10, and #50, both in nitrogen and H>-N; (see
Fig. 4) is formed during the propagation of a plane ionization wave during the discharge gap, as
discussed in detail in [30]. The location of the dark band indicates the approximate extent of the
wave propagation from the cathode-adjacent wall. In the present measurements, unlike in Ref. [30]
the ionization wave does not propagate far across the discharge gap and remains close to the wall
near the negative polarity electrode (the bottom wall in'Fig. 4), within = 1 mm. This occurs due to
the short duration of the incident voltage pulse, approximately 10 ns vs 100 ns in Ref. [30]. At the
present conditions, the displacement of the residual electrons by the applied voltage is much
smaller, such that the ionization wave formed in'the charge separation region near the cathode does
not propagate far across the gap, before dissipating in the plasma. Because of this, the coupled
energy distribution across the rest of the discharge gap is controlled by the residual electron density
distribution from the previous pulse, and remains uniform, as predicted by the quasi-one-
dimensional fluid model [30]. This justifies the use of the quasi-zero-dimensional kinetic model
for the prediction of the number densities of the excited species and atoms in the present work.

The optical emission/spectra from the central region of the plasma, obtained using a mask
2 mm wide, are dominated By the 2™ positive and 1% positive emission bands of molecular
nitrogen, as expected. Inadditionto the spectra, time-resolved emission intensity from these bands
during the discharge burstiis measured using a gated PMT and narrow bandpass filters, 340 nm
center / 12 nm band/bass.for the dominant No(C>II,,v'=0 — B’Il,,v"=0) band and 769 nm center
/ 41 nm bandpass for Nao(B3I1,,v'=4-2 — A’%,",v"=2-0) bands. As shown in Fig. 5, the emission
intensity of the second positive system bands does not vary significantly during the burst,
decreasing by/15% over the first 100 pulses and by 30% over the entire 150-pulse burst. The
emission intensity of the first positive system bands remains nearly constant during the entire burst
(within 5%)» Based on these results, along with the measurements of the coupled pulse energy
shown in Fig. 3} we conclude that the peak number densities of the excited electronic states of
nitrogen produced by electron impact during the discharge burst, No(C*I1,) and Na(B°I1,), scale
approximately with the discharge pulse energy and do not change significantly. Identifying the
dominant factors controlling the variation of the emission intensity of N> 1% and 2™ positive band
systems would require the development of a state-specific collision-radiative model. The gradual
increase.in the gas temperature, N2 vibrational level populations, and possibly electron density
during the discharge burst may well an effect on the peak N»(C>I1,) and N2(B*II,) populations.
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Figure 6(a) plots the Kr, N, and H TALIF signal vs. the square laser pulse energy, indicating
that in all three cases the laser is operated within the quadratic regime, well below saturation:of
the absorption transition. During these measurements, the laser pulse energy was varied using a
halfwave plate and polarizer combination, as discussed in Section 2. Figure 6(b-d).shows the
TALIF scans for these three cases, plotting the convolution of the laser line,shape and the
absorption line shape, Kr (5p'[3/2]» — 5s'[1/2]1), N (3p *S32 — 3p* S1232,52)gand Hy(1s *S1p"—
3d? S312.52), respectively. During the rest of the TALIF measurements, the laser was parked on the
respective line center. The transmission curves of the bandpass filters placed in front of the PMT
(830 nm center, 20 nm bandpass for Kr; 750 nm center, 10 nm bandpass for N; and 650 nm center,
40 nm bandpass for H) were measured directly, using a calibrated blackbody source. The same
approach was used to measure the PMT quantum efficiency ratios at'the wavelengths used for N,
H, and Kr TALIF. Finally, the two-photon absorption cross sections, radiative lifetimes, and
collisional quenching cross sections of the upper states of N, Hyand Kr atoms were taken from
[14], except for the quenching rate of N by N», taken from Ref. [31]: These tests and data, along
with the temperature in the plasma, inferred from the TDLAS measurements as discussed below,
are sufficient for the absolute calibration of N and H atom.umeasurements.

Figure 7(a,b) plots the time-resolved, absolute N>(A°X,’,v=0,1) vibrational level
population during a 150-pulse discharge burst, at the conditions of Fig. 4(a), measured by TDLAS.
The uncertainty of these measurements, approximately ,10%, is controlled mainly by the
uncertainty of the absorption path through/the plasma. The experimental data (red curve) are
compared with the kinetic modeling predictions (blue cutve). As discussed in detail in our previous
work [10], both the gradual decay of the Na(A*Eyt) number density during the burst and the
increasingly rapid decay after each discharge pulse (1.e. the higher peak-to-valley ratio), evident
in Fig. 7, are due to its rapid quenching by N atoms accumulating during the burst,

NAAPZ, v) N — NoA( X' Z,H) + N (2)

This process, along with the energy,pooling process of Eq. (1), is the dominant mechanism of
N2(A%Z,") decay in the nitrogen plasmalErom Fig. 7, it can be seen that the modeling predictions
are in good agreement with the TDLAS data. However, as discussed below, such agreement can
be obtained only when the/Ny dissociation channel during the energy pooling, with a 50%
branching ratio, is included in the kinetic model. As stated in our previous work [10], electron
impact dissociation alone significantly underestimates the N atom accumulation number density
(by about a factor of 2), in‘which case the model predicts almost no decay of N2(A3Z,") during the
burst.

Figure 8(a)icompares a portion of the TDLAS spectrum of the Na(B’Ily,v'=2 «—
A’%T,",v"=0) band, used:for No(A’Z,",v=0) population measurements, with the best fit synthetic
spectrum, exhibiting \good agreement. The synthetic spectrum was generated using PGOPHER
software [32],'with_the pressure broadening coefficient measured in Ref. [10]. The rotational-
translational temperature during a 150-pulse discharge burst in nitrogen at P=150 Torr, inferred
from thelintensity ratio of R11(6) and P33(14) lines, is plotted in Fig. 8(b). The uncertainty of the
temperature measurements is £10 K. It can be seen that the temperature rise during the burst, due
to quenching and relaxation of the excited states generated in the plasma, is less than 100 K, in
goodagreement with the modeling predictions.

Figure 9 plots the N atom number density measured by TALIF (blue symbols) during a
L50-pulse burst in nitrogen, as well as the number density of N atoms generated per discharge

6
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pulse, inferred from these data (red symbols). The number of N atoms generated per pulse is
evaluated from the difference between the number densities measured 10 pulses apart. Figure 10(a)
also shows the N atom number density vs. the time delay after a 50-pulse discharge burst at these
same conditions, illustrating that on the time scale of the discharge burst (0.5<1.5 ms)the N atoms
decay by only about 10%. This illustrates that during the burst, the removal of N atoms due to
recombination, diffusion to the walls, and convection with the flow, is clearly insignificant.
Therefore, the N atom number density measured during the burst is controlled entirely by the rate
of N2 dissociation in the plasma, i.e. by the number density of N atoms generated per pulse plotted
in Fig. 10(a).

Comparing the Na2(A’Z,*,v=0,1) populations plotted in Fig, 7 and_the rate of N atom
generation per pulse in Fig. 9, it is readily apparent that they both decrease significantly during the
burst, by a factor of 3-5. Note that this occurs at the conditions when both the discharge pulse
energy and the emission intensity from the Nao(C*I1,) and No(B>Il)states«d6 not exhibit significant
variation (see Fig. 5). This strongly suggests that the rate of N> dissociation in the plasma is
coupled to the N2(A®Z,") number density. The effect of highly vibrationally excited molecules in
the ground electronic state is unlikely, since the rate of dissociation is highest at the beginning of
the burst (see Fig. 9), when the No(X'Z,",v) populationgjwhich accumulate during the burst [10],
are still low. Therefore, we have to conclude that N> dissociation in the plasma occurs in collisions
of two metastable electronic states, both of which afe generated in sufficient quantities, otherwise
the contribution of this process would be insignificant. Assuming that the dissociation occurs in
one of the channels of the energy pooling proeess of Bgi'(1), N2(A%Z, ") + No(A3Z, ") — N(*S) +
N(*S) + Na(X'Z,"), with the branching ratio of 50%,. provides good agreement of the modeling
predictions both with the N2(A3Z,",v=0,1) population (see Fig. 7) and with the N atom number
density during the burst (see Figs. 9,10(a)). The possibility of N> dissociation during the energy
pooling process of Eq. (1) has been entertained previously, in the kinetic model developed in Ref.
[22], based on the measurements of N atom decay in the afterglow. The present results indicate
that the branching ratio for this process is significantly higher than was estimated in Ref. [22]
(10%). Not including this dissociation process into the kinetic model results in a strong
underprediction of the N atom number density and its linear rise during the burst, as well as a
significant overprediction of Na(A*E4*;v) populations with almost no decay during the burst.

Kinetic modeling alsé indicates that the apparent effect of decelerating N(“S) atoms
accumulation during the burst may be affected by their “hiding”, due to their excitation to the
N(P) state during the N2(43%,") quenching,

NAAPZ, v) + N(*S) - No(X'Z,") + NEPP) (2a)
followed by their decay by.associative ionization [33],
N(P) + NCP) »>N:" + ¢ . (3)

Including these processes into the model reduces the predicted N(*S) number density significantly,
at variance with the experimental data (see Fig. 10(b)), and also leads to a gradual rise of the
electron density predicted during the burst. Quantifying the possible contribution of this reaction
pathwaysat the present conditions would require measurements of the electron density after the
discharge burst, vs. the number of pulses in the burst.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104584.R1

Figure 11 plots the N2(A3Z,", v=0,1) populations during and after a 150-pulse discharge
burst in 1% H>-N> at P=150 Torr. As expected, at these conditions the peak N2(A>Z,") populations
are significantly lower compared to the measurements in pure nitrogen (see Fig. 7), and they decay
much more rapidly. Since the rate of N2(A’Z,") quenching by Hz is very slows[19], this difference
is almost certainly due to the rapid N2(A3Z,") quenching by H atoms [19], accumulatingrduring
the discharge burst. This general trend is reproduced in the kinetic modelingycalculations, also
plotted in Fig. 11. However, Fig. 11 also illustrates that the model predicts/a'considerably more
rapid rise of N2(A3Z,", v=0,1) populations after each discharge pulse, compared to the
experimental data. Analysis of the modeling predictions shows that the dominant factor that
controls the rise time of N2(A’Z,*, v=0,1) populations is the nascent vibrational distribution of
N2(A%Z,") produced during the collisional quenching of the No(B>I1g)'state,

NAB3IT,V') + M — No(A>Z, v +M 4)
followed by the downward vibration-vibration (V-V) exchangewith the ground electronic state,
N2, v) + No(XZgH, w=0) — No(A’Z,", v-2) + No(X' 2t w=1) . (5)

The nascent distribution used in the present work wasyinferred from the time-resolved
measurements of the N2(A®Z,", v=0-5) populations, as discussed in detail in our previous work
[10]. This distribution is close to the one based on the sums of the Franck-Condon factors for the
quenching transitions of Eq. (4), va=0_7P(v' - v"), with additional empirical corrections for
v"=0,1. However, the behavior of N(A’XZy", v"=0,1) populations in the N-H, mixture
(specifically, a much lower “peak-to=valley” ratio) suggests that at the present conditions the
nascent vibrational distribution heavily fayors the high vibrational levels, v'=6,7, with much lower
initial populations of v"=0,1. In this case, thewrise of N2(A’Z,*, v"=0,1) populations, controlled by
the V-V exchange of Eq. (5), is far more gradual, and the peak populations are significantly lower,
due to the rapid N2(A3Z,*, v"=0,1))quenching by H and N atoms during the V-V cascade. The
populations predicted using this “top-heéavy” nascent vibrational distribution, plotted in Fig. 12,
are much closer to the experimental data. Fig. 13(a) compares the two vibrational distributions
used for comparison with the‘modeling predictions in the present work, the “baseline” distribution
used in Ref. [10] and the “top-heavy” distribution weighted toward v=6,7.

The likely explanation why the nascent N2(A’Z,") vibrational distribution at the present
conditions may favor the high vibrational levels is that the voltage rise time of the pulse generator
used in the present work (FID 60-100MC4) is considerably shorter compared to that in Ref. [10]
(Megalmpulse NPG-18/100k), as illustrated in Fig. 13(b). This, as well as a shorter electrode gap
(8 mm compared.to 10:mm in Ref. [10]) results in (i) higher peak reduced electric field (E/N),
electron temperature, and electron density achieved in the discharge gap, and (i1) shorter plasma
self-shielding titne, controlled by the ionization wave propagation across the gap [30]. Because of
this, at the present conditions the energy is coupled to the plasma over a shorter time period, at a
higher peak E/N and electron temperature, likely resulting in population of higher vibrational
levels-of excited electronic states of Ny, including N2(B3Ilg) and Na(A’Z,"). Although this
explanation is plausible, it is not clear why the kinetic model with the baseline nascent vibrational
distribution of N2(A%Z,") yields good agreement with the present data in pure nitrogen (see Fig.
7), while exhibiting such a significant difference in a 1% H2-N> mixture (see Fig. 11). In addition,
thexmodeling predictions using the “top-heavy” nascent vibrational distribution of N2(A3X,") in
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pure nitrogen are at variance with the experimental data. The reason for this difference remains
not understood, and requires additional measurements of the nascent vibrational populationsief
N2(A3%,") for different voltage pulse waveforms.

Figure 14 plots the experimental and predicted (a) N atom and (b) H atom numberdensities
during a 150-pulse burst in 1% H>-N> at P=150 Torr. The number of N atoms generated per pulse,
inferred from the time-resolved N atom number density data, is also shown in Fig. 14(a).
Comparison of the N and H atom number densities exhibits a striking difference, indicating that
the N atom production rate decreases during the burst, while the rate of H atom production remains
about the same, such that they continue to accumulate approximately linearly)during the burst.
Analysis of the kinetic modeling predictions shows that the dominant process.of H atom generation
in the plasma at the present conditions is the dissociative quenching/of excited electronic states of
N> by Hz molecules,

No(B’I1, C*IT,, a'%,)+ H> — No(X' 3 )+ H+H. (6)

Assuming that the yield of H atoms in the processes of/Eqs (6) 1s 1, i.e. that every quenching
collision results in H» dissociation, overpredicts the H atom number density by approximately a
factor of two. Reducing the H atom yield to 0.5 results in mueh better agreement with the data (see
Fig. 14(b)). This suggests a significant contribution/of the non-dissociative cascade quenching of
the excited electronic states of N> in collisiohs with, H>, most likely to No(A3Z,"), for which the
quenching rate coefficient is fairly slow [19].

The decay of N and H atoms after a 50-pulse diScharge burst in 1% H>-N; at P=150 Torr
is illustrated in Fig. 15. In both cases,the atom number density remains nearly the same for up to
1 ms after the burst, decaying by about 15% in each case. Similar to the data taken in pure nitrogen
(see Fig. 10(a)), this demonstrates that the number densities of the ground state atoms during the
discharge burst (for at least up 0,50 pulses) are controlled entirely by the rates of their production
in the plasma, and are not sensitive.to the decay processes (recombination, wall diffusion, and
convection with the flow). From Fig. 15(a), it can be seen that the rate of decay of N atoms in the
afterglow 1s overpredicted by the kinetic model, most likely due to the overprediction of the H
atom number density (see Fig.'15(b)), which leads to a higher rate of the atom recombination
reaction, N+ H+ M — NH +/M.

Finally, Fig. 16 shows the variation of N and H atom number densities after a 50-pulse
discharge burst at P=150 Torr with the hydrogen mole fraction in the N>-H, mixtures at P=150
Torr. It can be seen that adding even a small amount of hydrogen, 1%, results in a significant
reduction of the N atom number density, by a factor of 4. Comparison with the modeling
predictions indicates that.this occurs primarily due to the rapid quenching of N2(A*Z,") molecules
by H atoms generated in the,plasma, which diminishes the contribution of the energy pooling of
Eq. (1) into nitrogen dissociation. Further increase of the H» fraction in the mixture leads to a more
gradual reduction of the N atom number density, while the H atom concentration continues to
increase. This trend is in good agreement with the modeling predictions, which illustrate that H
atoms.are generated predominantly by the reactive quenching of the excited electronic states of
N3, although the contribution of the direct electron impact dissociation does increase with the H»
mole fraction. It can be seen that in mixtures with a significant H, fraction, 20-30%, the H atom
number density exceeds that of the N atoms by about an order of magnitude, making it the most
dominant species in the mixture. Although the kinetic model reproduces this trend, it also
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overpredicts the N and H atom number densities in H»-N> mixtures with the hydrogen fraction
exceeding 1%, by up to a factor of 2. This illustrates that the predictive capability of the kinetic
model over a wide range of operating conditions remains rather limited, and its verification by the
experimental data is critical.

4. Summary

In the present work, time-resolved, absolute number densities of metastable
N2(A%Z,",v=0,1) molecules, ground state N and H atoms, and rotational‘translational temperature
are measured by TDLAS and TALIF in nitrogen and N2-H; plasmas duting and after a ns pulse
discharge burst, at a high pulse repetition rate. At these conditions, the discharge pulse energy
coupled to the plasma, as well as the number densities of electronically excited No(C>I1,) and
N2(B3I1g) molecules, remains approximately the same during/the busst The nitrogen plasma
remains diffuse during the entire burst, although in N2-Ha, filaments begin to develop during the
latter half of the burst. This justifies using a quasi-zero-dimensional kinetic model for the analysis
of the kinetic processes in the plasma.

Comparison of the measurement results with the kineticnmodeling predictions, specifically the
significant reduction of both the Na2(A%Z,",v=0,1) populationsyand the rate of N atom generation
during the discharge burst, strongly suggests that these twowell-reproduced trends are related. The
slow N atom decay in the afterglow, on the time scale longer than the discharge burst, demonstrates
that the latter trend is not affected by N atom recombination, diffusion to the walls, or convection
with the flow. This leads us to conclude that the emergy pooling in collisions of metastable
N2(A’Z,") molecules is a major channel.of nitrogen dissociation in electric discharges where a
significant fraction of the input energy goes to electronic excitation of molecular nitrogen. Without
this assumption, the kinetic model would (i)strongly underpredict the rate of N atom generation
and the trend for its reduction @uring the burst, and (ii) overpredict the N2(A3Z,",v) populations
while strongly underpredicting their gradual decay during the burst. Assuming that N dissociation
occurs in collisions of N2(A’Z,")/molecuiles, with a 50% yield, results in good agreement with the
experimental data in nitrogen. The dynamics of N> dissociation in collisions of electronically
excited metastable molecules, suggested in the present work, is not understood. Although the
excitation of No(C>IT,) and No(B>I1y) states during the energy pooling reaction of Eq. (1) has been
demonstrated over three decades-ago [34,35], the effect of predissociation of the high vibrational
levels of these states, as well as the single electronic states above the dissociation level, on the N
atom yield remains aimatter of discussion [36,37]. In quasi-steady-state electric discharges (such
as those sustained by DC and RF voltage waveforms at a significantly lower reduced electric field),
where most of the input energy goes to vibrational excitation of N> in the ground electronic state,
the role of this"dissociation mechanism may well be less significant. At the present conditions,
highly vibrationally excited N> molecules in the ground electronic state N> are unlikely to affect
the N2(AZy') kinetics, due to the relatively low discharge energy fraction going to vibrational
excitation and the rapid N2(A) quenching by N atoms.

Additional measurements in a 1% H>-N> mixture demonstrate a further significant
reduction of N2(A%Z,",v=0,1) populations, due to the rapid quenching by H atoms accumulating in
the plasma. Comparison of the time-resolved N2(A%Z,",v=0,1) populations with the modeling
predictions suggest that the N2(A’Z,") molecules are initially formed in highly vibrationally
excited.states. The reduction of the N2(A®Z,") number density also diminishes the contribution of

10
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1

2

i the energy pooling process into N dissociation, such that the N atom number density decreases by
s approximately a factor of 4. The rate of N atom generation during the burst also decreases, dueto
6 its strong coupling to N2(A*Z,*,v) populations. On the other hand, the rate of H atom genetation,
7 produced predominantly by the dissociative quenching of the excited electronic states,of nitrogen
8 by H», remains about the same during the burst, resulting in a nearly linear rise, of the'H atom
9 number density. Comparison of the kinetic model predictions with the experimental results
10 suggests that the yield of H atoms during the quenching of excited electtonic state of N> by
1; molecular hydrogen is significantly less than 100%. Reducing the yield to 50% results in a good
13 agreement between the H TALIF measurements and the modeling predictions, in'the 1% H>-N»
14 mixture. However, the model still overpredicts the N and H atom number densities in H>-N>
15 mixtures with the hydrogen fraction exceeding 1%, by up to a facter-of 2, indicating somewhat
16 limited predictive capability over a wide range of conditions.

17 . . . ..

18 The present results quantify the yield of N and H atoms$ generated in repetitive ns pulse
19 discharges sustained in high-pressure H>-N> mixtures, whichawill be used for the further analysis
20 of plasma-assisted catalysis generation of ammonia.
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Figure 2. (a) Voltage and current waveforms, (b) instantaneous power and coupled energy
waveforms in a ns pulse discharge in nitrogen at P=150 Torr, pulse repetition rate of 100 kHz, and
burst repetition rate of 10 Hz (pulse #50 in a 150-pulse burst).
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Figure 3. Energy coupled by the incident pulse (blue squares, measured at t= 30 ns) and total coupled
energy per pulse (red triangles, measured at t =200 ns) during a 150-pulse burst in nitrogen at P=150
Torr, atia pulse repetition rate of 100 kHz and burst repetition rate of 10 Hz. Error bars indicated
standard deviations of the measurements taken over 100 bursts.
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Figure 4. Single-shot, broadband plasma emission images taken during the discharge burst, at the
pulse repetition rate of 100 kHz and burst repetitiomsrate of 10" Hz, side view and end view: (a)
nitrogen, P=150 Torr, 150-pulse burst; (b) 1% H»-No mixture) P=150 Torr, 150-pulse burst. Camera
gate 250 ns.
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Figure 5. No(C°I1,v'=0 — B*II,,v"=0) and Ny(B*Il,,v'=4-2 — A’L,",v"=2-0) emission intensity
measured by a gated PMT with bandpass filters during a 150-pulse discharge burst in nitrogen with
anPMT gate of 1 ps. Error bars indicated standard deviations of multiple measurements.

16



Page 17 of 22 AUTHOR SUBMITTED MANUSCRIPT - PSST-104584.R1

—
3
|

—

(a)

oNOYTULT D WN =
S
%

S
N

S
%

Kr
N
H

Normalized TALIF signal(a.u.)
>
*
PRI [ TR TN T TN T 1

200 400 600 800 1000 1200
17 Energy” (uJ%)

—_
(o)}
=]

0.7 7
20 ] p *  Experiment 0.7 3
== (;aussian fit ] - *  Experiment
Gaussian fit

21 06

0.6 — (C)

0.5

=
in
1l

=
IS
ilay

03 4

S
o
saliaaalieg
=
[
1

=
saaadagn by lee,

Normalized Kr TALIF (a.u.)
=
=
1

0.1

-
-
1

Normalized N TALIF (a.u.)

29 o T T 77
30 9797  9.7972  9.7974 9.7976 9.7978  9.798  9.7982
3 .I Wavenumber (cm") % lll4

f
=

L B e e e e e o B B o
9.6778 9.678 9.6782 9.6784 9.6786 9.6788 9.679
Wavenumber{cm'l} %10*

¢ Experiment

3 5 0.6 (d) = Gaussian fit

w

e}
Normalized H'PALIF (a.u.)

=

B

44 ) f—_——
9.7516 9.7518 9.752 9.7522 9.7524 9.7526 9.7528 9.753 97532

45 ‘Wavenumber (cm'l} «10*

48 Figure 6. (a) Ky N, and H TALIF signal versus squared laser intensity; TALIF convolution integral
49 for (b) Kr (5p'[3/2]2—> 58'[1/2]1), (C) N (3p 4S3/2 - 3p4 S1/2,3/2,5/2), and (d) H (IS 2S1/2 — 3d? S3/2,5/2).
50 Kr TALIF data are taken in pure krypton at 20 Torr, N TALIF and H TALIF data are taken 100 ps
51 after a 50-pulse discharge burst in nitrogen and 1% H»>-N» mixture, respectively, at 150 Torr.

58 17



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104584.R1 Page 18 of 22

(a) (b)

Number Density (cm'a) Number Density (cm'a)
5x10"3 1%10™

3y e
—N,(A°X, v=0), exp. —Nz(Asil:, vz1), exp.

3yt = . 3¢t =
4x10%— | N,(A"X, v=0), model - NL(A%S 7 v=1), model

3x10"—

2x10"—

| T | T I T | T
0 500 1000 1500 0 500 1000 1500
Time(us) Time(us)

Figure 7. Time-resolved absolute (a) N2(A*Z,",v=0)rand (b) N3(A3Z,",v=1) populations during a
150-pulse discharge burst and the afterglow in nitrogen at:\P=150 Torr.
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47 Figure 10. Time resolved N number density measured in nitrogen at P =150 Torr, for the pulse
48 repetition.rate 0f 100 kHz and burst rate of 10 Hz, (a) measured after the end of a 50-pulse discharge
49 burst without generation of N(°P) atoms, and (b) measured during a 50-pulse discharge burst and its
50 afterglow with generation of N(’P) atoms, followed by associative ionization. Solid lines show
51 modeling predictions.
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Figure 11. Time-resolved absolute (a) N2(A'Z,", v=0) and (b) N2(A’Z,", v=1) populations during
a 150-pulse discharge burst and the afterglow in 1%Hz-N> at P=150 Torr. Modeling predictions
are shown for the “baseline” nascent vibrational diStribution of N>(A%Z,*, v) from Ref. [10].
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Figure 2. Time-resolved absolute (a) Na(A%Z,", v=0) and (b) N2(A3Z,", v=1) populations during a
150-pulse discharge burst and the afterglow in 1% H»-N, at P=150 Torr. Modeling predictions are
shown for the nascent vibrational distribution of No(A’Z,", v) favoring the high vibrational levels.
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21 Figure 13. (a) The nascent vibrational distributions of N2(A3E,", v) used in kinetic modeling of
N»>-H> mixtures in Fig. 11 and Fig. 12; (b) Comparison of the instantaneous power waveforms
for FID 60-100MC4 pulse generator used in the present'work and for Megalmpulse NPG-
18/100k pulse generator used in Ref. [10].
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48 Figure. 14.(a)N atom number density(blue) and N atoms produced per pulse(red) during a 150-
49 pulse burst in 1%H>-N» at P=150 Torr, at a pulse repetition rate of 100 kHz and burst rate of 10
50 Hz. Data points are taken 100 ps after each pulse; (b) H atoms measured at the same conditions.
51 Solid lines show the modeling predictions.
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Figure 15. Time resolved number density of (a) N atoms and (b) H atoms in 1% H,-N, after the
end of a 50-pulse discharge burst, at a pulse repetition raterof 100 kHz and burst rate of 10 Hz.
Solid lines show the modeling predictions:!
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Figure 16. Number densities of N atoms and H atoms after a 50-pulse discharge burst vs.
hydrogen'mole fraction in the N2-H, mixture. P=150 Torr, data taken 100 ps after the last pulse
in the\burst. Solid lines show the modeling predictions.
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