Plasma Sources Science and Technology

ACCEPTED MANUSCRIPT

Time-resolved optical emission spectroscopy in CO,, nanosecond pulsed
discharges

To cite this article before publication: Matteo Ceppelli et al 2021 Plasma Sources Sci. Technol. in press https://doi.org/10.1088/1361-6595/ac2411

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2021 IOP Publishing Ltd.

During the embargo period (the 12 month period from the publication of the Version of Record of this article), the Accepted Manuscript is fully
protected by copyright and cannot be reused or reposted elsewhere.

As the Version of Record of this article is going to be / has been published on a subscription basis, this Accepted Manuscript is available for reuse
under a CC BY-NC-ND 3.0 licence after the 12 month embargo period.

After the embargo period, everyone is permitted to use copy and redistribute this article for non-commercial purposes only, provided that they
adhere to all the terms of the licence https://creativecommons.org/licences/by-nc-nd/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions will likely be
required. All third party content is fully copyright protected, unless specifically stated otherwise in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 84.33.68.152 on 10/09/2021 at 10:29



https://doi.org/10.1088/1361-6595/ac2411
https://creativecommons.org/licences/by-nc-nd/3.0
https://doi.org/10.1088/1361-6595/ac2411

Page 1 of 33 AUTHOR SUBMITTED MANUSCRIPT - PSST-104342.R2

oNOYTULT D WN =

10 Time-Resolved Optical Emission Spectrescopy in
12 CO; Nanosecond Pulsed Discharges

15 M. Ceppellilfi, , T.P.W. Salden'Ji] L. M. Martini', G.

16 Dilecce®![f and P. Tosi'?

1; !Dipartimento di Fisica Universita di Trento, Via Sommarive 14, 38123 Povo -

19 Trento, Italy

20 2Department of Applied Physics, Eindhoven University/of Technology, 5600 MB
21 Eindhoven, The Netherlands

22 3CNR Institute for Plasma Science andsTechnology,wia Amendola 122/D, 70126
23 Bari, Italy

24 'S

25 Abstract.

26 Nanosecond repetitively pulsed discharges at atmospheric pressure have shown
;; comparatively high performancesyfor COs reduction to CO and O,. However,
29 mechanisms of COy dissociation in these transient discharges are still a matter
30 of discussion. In thie present work, we have used time-resolved optical emission
31 spectroscopy to investigate the CO- discharge progression from the initial
32 breakdown event to the final post-discharge. We discover a complex temporal
33 structure of the,spectrally resolved light, which gives some insights into the
34 underlying electron and chemical kinetics. We could estimate the electron density
35 using the Stark broadening of O and C lines and the electron temperature with C*
36 and C™7 lines. By adding a small amount of nitrogen, we could also monitor the
37 time evolution}the gas temperature using the Second Positive System bands of
38 N,. We econclude that the discharge evolves from a breakdown to a spark phase, the
39 latter'being characterised by a peak electron density around 10'® cm ™3 and a mean
40 electron temperature around 2eV. The spark phase offers beneficial conditions for
2; vibrationally énhanced dissociation, which might explain the high CO2 conversion
43 observediin these plasma discharges.
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1. Introduction

Nanosecond Repetitively Pulsed (NRP) discharges have shown good performanées
in the reduction of COy, both in dry reforming [1,2] and in ptire €CO2 [3H5]:
The fast transient nature of NRP discharges calls for time-resolved diagnostics for
understanding mechanisms and the time evolution of the discharge. In [3];Collisional
Energy-Transfer Laser-Induced Fluorescence, CET-LIF [6,7], was used to measure
the development of the CO; dissociation after the dischapge pulses These results
were later updated in [8] with new, non-thermal collision _rate constants for the
CET-LIF analysis. It was found that the dissociation ‘aththe end of the discharge
pulse achieves extremely high values, around 70 %, followed by, a decrease down to
about 20 % after 150 s, in agreement with the final disseciation value found in the
efluent gas. Such a reduction is likely ascribable to both recombination kinetics
and recirculation of untreated gas. Improvement of the conversion performances was
pursued in [5] by changing the temporal pattern of the repeated pulses. Instead of
continuous repetition of equally spaced pulses, gxcitation was grouped into repetitive
bursts, each made of few pulses separated by a,short time interval down to about
10ps. The rationale for such a choice'was 'to build up hot vibrational distributions
to promote a vibrational dissociation channel.“The eventual side effect of promoting
thicker discharge channels is to encloseraslarger fraction of the inlet gas column. The
analysis of effluent products returnedsan improvement of dissociation performances
with the burst pattern compared with the continuous one, both in dissociation
degree and energy efficiengy.” One of the reasons can be looked for in the discharge
characteristics. As shown in [5], a €omplex structure of the temporal development
of voltage, current andsglobal light emission (not spectrally resolved) is observed. In
the continuous mode and thelfirst pulse of a burst, the discharge pulse is made of
three temporal Tegions, extending even beyond 1ps after the beginning. The first
region, in which the breakdown occurs, is characterised by the high voltage required
for the discharge ignition, a relatively low charge density, and the duration of 10-
20ns. Mostfof the pulse energy is dissipated in this part of the pulse. The second
and thirdfregions aré due to the reflected power travelling back and forth along the
3m long output ¢able and a self-re-triggering after about 400 ns. Since the gas is still
residually ionised by the first event and less dense, a low voltage is sufficient to ignite
multiple diseharge events. In a burst, with sufficiently short time separation between
the pulses, the second and further pulses have characteristics similar to those of the
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second and third regions of the first pulse. Two very different discharge regimes
were then manifested in our previous research: the initial phase of the first, pulse,
characterised by relatively high electron energy and low charge densityfand a regime
with relatively low electron energy and higher charge density. The prevalenee of the
second regime in the burst mode might be at the origin of its improved dissociation
performance. Such a picture was supported by voltage-current{measurements only.
This paper aims to deepen the time-resolved characterisation of the pulsed discharge
regimes by analysing the emission spectra of the NRP discharge used’in [5].
Time-resolved emission spectroscopy studies of NRP discharges in (CO, are not yet
available in the literature. Studies in nitrogen and air mixture sh@ve been reported,
mainly devoted to a characterisation of the spark regime and the streamer-to-spark
transition [9-{11]. The Second Positive System (SPS) molecular nitrogen bands are
readily observed in the streamer phase, neutral and ionised atomic lines prevail in
the spark regime. In these papers, the rotationalanalysis of SPS bands was used
to estimate the gas temperature in the styeamer phage. In the spark regime, the
excitation temperature of NT lines was taken as a measurement of the electron
and gas temperature under the hypothesis of 'eomplete equilibrium between the
electron and ion/neutral gas due to the highiwalues of charge density. The latter was
measured from the Stark broadening of Nit lines. The resulting picture is a regime,
called thermal spark in [11], withichargédensities as high as about 1.5 - 10" cm™3,
almost full ionization, and a maximum (electron and gas) temperature close to
50000 K. Similar observations were reported in [12,[13] for surface discharges in
air. Continuous microwavé (MW),discharges in CO, were investigated by emission
spectroscopy in [14-16]. The dominant emissions were identified as the CO Third
Positive and Angstrom S}%ems, O T lines, and a continuum attributed to the
CO(X) + O(P) — '€O4(X) + hv chemiluminescent recombination reaction. By
adding 5% of Ng'to the gas; the SPS emission could be used to determine the gas
temperature. In./15); mitrogen was used as an actinometer to infer the CO density
from the CO[Angstrom system and SPS system intensities ratio, to trace the COq
dissociation. In [17], in a RF plasma torch at low pressure (1-2mbar), the CO+O
continuwm was used.to monitor the CO4 dissociation. Finally, in a MW discharge, the
possibility of using the’Cy Swan bands for the measurement of the gas temperature
was €xaminedsin [18].

In this paper, we analyse the time-resolved spectra in the diverse regimes, assign
the spectral features and discuss their utilisation as a diagnostic tool, including the
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Figure 1. Schematic drawing of the experimgltal apparatus. MFC: Mass-Flow
Controller; ICCD: Intensified CCD; PMT: Photomultiplier.

spectra obtained by the addition of a small, Ny, amount. In particular we utilise
the Stark broadening of the Oslline at 777 nm for electron density estimates and
the Ny SPS emission as a spectrosecopic thermometric tool. Finally, we draw some
conclusion on the discharge characteristics in the continuous and burst modes.

2. Experimental Apparatus

The scheme of the experhental apparatus is shown in figure [ The plasma
conversion of CO, was, carried out in a stainless steel vacuum-tight reactor with the
electrodes arranged in a pin-to-pin configuration. The HV and ground electrodes
were narrow stainless steel tubes that also served as inlet and outlet for the gas flow
respectively. The HVaelectrode (int. diameter 1.07 mm, ext. diameter 1.47 mm) was
kept above theigrounded electrode (int. diameter 2 mm, ext. diameter 3.2mm) at a
fixed inter-electrode distance of 5 mm.

The discharge was ignited by a ns-pulsed power supply (NPG18/100k,
Megaimpulseplstd.), triggered by a waveform generator (Rigol DG4062). The ns-
pulsed power supply features high voltage pulses with FWHM of 10 ns and rise time
<'4ns on.a' 75 2 matched load, up to a frequency of 100 kHz and a maximum of 4000
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pulses per second. The output voltage is selected by a knob that allows spanning from
50 % to 100 % of the maximum voltage (and pulse energy). Variation of the power
supply output is then referenced as a percentage value of the maximum.»I'he voltage
at the load is measured case by case. Two different pulsing schemés were adopted
for the measurements, as in [5]: (a) equally spaced pulses at a frequency of 200 Hz
or 1kHz (continuous mode); (b) sets of a fixed number of high-frequeney pulses
up to 100kHz, with the sets being repeated at 200 Hz (burst mode). The applied
voltage V' (t) and the current i(¢) flowing in the discharge swere measured by a high
voltage probe (P6015A, Tektronix) and an I/V converter (CT-Ds1.0, Magnelab),
respectively. A digital oscilloscope (Teledyne LeCroy HD9100)swas used to record
the signals.

The discharge was run at atmospheric pressure. Alwariable flow of CO, was
injected into the reactor by an MKS mass flow controller,(MFC1). A proportional-
integral-derivative (PID) control acting on a second mass flow controller (MFC2) at
the exit of the reactor, stabilised the pressurg at 745Togr. Pressure was monitored by
a capacitive gauge (Varian Ceramicel FS 1000 Torr) providing input for the PID and
evacuation /circulation of the gas were guaranteediby an Edwards 80 m3 h~! two-stage
rotary vane pump and a mechanical booster:

The light emitted by the discharge was simultaneously detected by two sensors:

(i) a PMT (Hamamatsu R2949) coupled with a collection optical fiber, which
returned the time-resolved emission profile. A set of neutral metallic filters (Thorlabs
NDUV series) was used to prevent saturation of the PMT;

(ii) a spectrograph, fcomposed of a 300mm focal length monochromator
(Shamrock SR303i-b), and an intensified gateable CCD (Andor iStar DH334T-18U-
03, 1024x1024 pixels), The emitted light was collected by a 200 mm focal length lens
placed at a distance f from the reactor vertical axis. The spectrograph was calibrated
for relative irradiance byran Avantes Avalight-DH-BAL-CAL. The inter-electrode
axis was imaged.orthogonal to the input slit of the spectrograph by a periscope. The
image was focused atithe entrance slit of the spectrograph by a 75 mm focal length
lens. The 507m input slit captures about 130 pm of the discharge gap in the centre
of the gap. Three dispersion gratings (2400 grmm~"', 1200 gr mm~—*, 600 gr mm™!)
were alternatively used to get different spectral resolutions and spectral windows.
Theseameraeould be gated down to a minimum gate width of 2ns. An external
trigger signal allowed to synchronise the gate to the discharge with an adjustable
delay (T)-When needed, two longpass filters (Thorlabs FEL 0400, FEL 0550) were
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Figure 2. Voltage and current| characteristics at three input voltage/energy,
indicated as a fraction of the maximum output.

interposed between the reactor,and the spectrograph to suppress the higher orders
of the diffraction grating.

3. Macroscopic discharge characterisation

There are two kinds of discharge pulses: the first pulse of a burst, N = 1, and the
successive N > 2 pulses. The fizst pulse always has the same characteristics as the
continuous mode pulses. We shall refer to it as Type I pulse. The successive pulses
are different from/Type I, but similar to each other for any N > 2. We shall call
them Type II pulsess, We have analysed only burst sequences made of two pulses.
This paper will report on three discharge conditions obtained by setting the power
supply at 52%, 72 % and 92 % of the maximum output voltage/energy. The voltage
and current of both“pulse types are shown in figure 2 Figure [3 and figure [4] report
the voltage,#he speetrally unresolved emission and the energy of Type [ and Type
II pulses, respectively. Four temporal regions can be recognised. The first one is
the/ breakdewn discharge, characterised by the high voltage required for initiating
the discharge. In the second and third regions a low voltage is sufficient to ignite
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Figure 3. Type I pulse: time-resolved voltage; dissipated energy profiles,
and spectrally unresolved emission profilengathered by a photomultiplier tube
(PMT). Annotated regions correspond to the hreakdown (I), reflected power (II),
retriggering (IIT) and smooth voltage/¢urrent decay (IV) phases of the discharge.
The emission is plotted withhan arbitrary vertical scale to fit into the plot.

multiple discharges since the first event already ionised the gas. The spectrally
unresolved light, captured by a photomultiplier, also evolves, with a long-lasting
emission gradually appearing and superimposing to the one produced by the current
alone. The fourth region isisimilarly due to a further slight voltage increase and
current. On increasing the/powersupply voltage, the onset of Regions II, IIT and IV
moves towards earlier times.

In Type II pulses, the voltage and current show a more regular behavior,
with a single region {in avhich the whole pulse energy is consumed in a sequence
of short-period veltage and«¢urrent oscillations. Type I pulses are always observed
in the continuous mede and when the interval between pulses is roughly larger than
100ps [5]. We may state that Type II pulses appear whenever the second (and
successive) pulse is fired in a discharge gap that preserves a memory of the previous
pulse, which is a €ombination of changed gas composition, lower overall density,
and higher temperature; in other words, when the pulse encounters a different load
impedance that'changes the way electric power is deposited into the plasma.
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Figure 4. Time-resolved voltage and dissipated energy profiles of a Type II pulse
along with spectrally unresolved emission profile gathered by a photomultiplier
tube (PMT). The emission is plotted with an agbitrary vertical scale to fit into the
plot.

4. Results and discussion

Spectra recorded at three delays after thesdischarge ignition are reported in figure
for Type I pulses. The three delays are representative of: Region I (Ons, figure
(a)), the start of Region ITIN(400ns, figure |5| (b)) and the late Region IV (2000 ns,
figure || (c)). Spectra of Région Il are similar to those of Region III. The observed
drastic changes between the spectra must be ascribed to changes in the plasma and
the appearance of newdteutraliand ionised species. In addition to recognisable CO5™,
CO and C, emissions, we0bsetve continuum and unknown bands appearing along the
time evolution of the discharge pulses. In sections and a detailed discussion of
the time-resolved speetra in Type I and Type II pulses, respectively, will be provided.
For a better understanding of the spectral features we shall start by addressing the
measurement, of electron density (section , electron temperature (section ,
and gas gemperature (section . To this end, we focus now on the presence and
time evolution of atomic lines.

Intenseratomic lines (C, C*, C** and O) are present in the spectra. Their
temporal evolution is reported in figure [6l Ionic carbon lines appear in Regions II
and TIL.in correspondence with the discharge current peaks. It is then reasonable
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Figure 5. Emission spectra of Type I pulses at three delays after the pulse start.
Discharge operating at 1kHz (CW) in pure CO5 feed gas.

to ascribe these lines to electron impact excitation and, as we shall discuss later in
section to a partial loéal theemodynamic equilibrium (LTE) between electrons
and electronic excitation and ionisation. Neutral atomic C and O lines have a differ-
ent time evolution instead Sineethey persist well beyond the current and the ionic
lines. We then attribute these/lines to energy-transfer processes involving long-living
species and/or fee¢ombination processes. The O line in Region I is an exception to
this as its behavior isisimilar to the current, suggesting again an origin from electron
impact. At present, we have not yet identified the precursors of these lines. In Re-
gion IT and ‘I, the O(777 nm) line starts to be visible before all the C lines. This
is understandable €onsidering that O is the product of a one-stage dissociation of
COg, namely the eleetron impact e + COy — CO 4+ O + e. C lines need a further
dissociation stage of CO. The O(777nm) and C(247nm) lines, although their origin
is not well understood, will be very useful for the estimation of the electron density
bysStark line broadening (see section . Ionic lines, instead, allow estimating the

900
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Figure 6. Temporal evolution of atomic lines along the first (Type I) and second
(Type II) pulses oféa 2-pulse,burst, at 72 % of power supply output. Lines: C at
247.85nm; CT at 250.912nm and 251.206 nm; CTF at 229.68nm; O at 777.194,
777.417, 777.539nm (triplet)s, The current is reported in the bottom plot as a
timing reference.

electron temperature (secti{n 4.2)).

4.1. Electron density from Stark broadening

To infer the glectron, density (n.) from spectral line Stark broadening we use the
oxygen 3s 98y < 3p SP7=123 lines — a triplet at 777.194nm, 777.417nm and
777.539nm — andithe carbon 2p 'S < 3s P line at 247.85nm. Details of the
measurement and analysis of the line broadening are given in Figure [7]
shows'the calculated n. for the discharge running at 200 Hz in 90.0 kHz burst mode,
for different input energies.

The _electron density values reported in the plots are only those we consider
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reliable because the O line signal is well measurable and an additional broadening
is safely distinguishable from the instrumental function. In Region I of the first
pulse, although the O line is readily observable, no reliable further Broadening, is
measurable. With the current experimental setup, the lower detection limit for n, is
10'" cm™3. The observed behavior of n, is in line with current /voltage measurements.
In Region I, a low electron density is expected. In Region II and ITI, despite a low
discharge voltage, n. raises to values around 10'® cm™3, justifying the classification
of these discharge regions as a spark regime. The spark regime starts at progressively
smaller delays on increasing the power supply energy setting; up to a condition in
which, at 92 %, Region II is no more separated from Region.I. In€reasing the input
energy results in a higher electron density in Region II of the first pulse. On the
contrary, in both Region III and the second pulsegm, decreases, albeit current and
deposited energy regularly increase (see figure (3)). (This might be due to the increasing
size of the discharge channel cross-section.

L

purst Input energy:
52 %
o t — 72 %
—92 %

LA B B BN~ B A R A

0.4 0.6 11.2 11.6 12.0
time (ps)

Figure 7. Temporal electron density profiles from Stark broadening for different
input energy setting. Discharge at 200 Hz in two pulse 90.0 kHz burst mode, with
300 sccmm CO, gas flow at 745 Torr. Densities are calculated for T, of 20000 K
and assuming T, to decay as a single exponential per pulse based on data from
figure[10] The electron density n. is the average of calculations with TOPbase and
NIST-LSJ broadening parameters Discharge starting at Ons.
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4.2. Electron temperature estimate

The availability of carbon ion lines, together with the large electron density, makes
it possible to estimate the electron temperature based on the hypothesis of an LTE
condition in the spark regime. According to the McWhirter criteriom[19], in a‘éarbon
10" em™3 [20]. The fulfillment of \LTE allows
using the Boltzmann distribution function and the Saha ionisation equilibrium for

plasma LTE is achieved for n, =
the calculation of the population of electronic levels and the'simulation of emission
spectra. To this end, full LTE is not strictly required, but rathes fwhat is called in [21]
‘an electron excitation kinetics (EEK) condition’, in whichithe excitation temperature
of atomic levels is equal to the electron temperature, T,,. = Ty Eligible atomic lines
for the measurement of 7,,. must be those excited byrelectron impact only. From
the discussion on the data of figure [6] the ionic Cdinesifulfill'this requirement, while
we must rule out from this analysis the neutraldC line sinee it is the result of energy
transfer processes with long-living species. \We have fitted the spectra including the
C** and C™ lines by the NIST-LIBS online simalation’tool [22], using the measured
n. values and evaluating an error barydue to the 60 % uncertainty in the measured
electron density. Two such fitted spectra are shown in figure |8, and measured values
of T, are plotted in figure[9|together withm. cutves, for the 92 % power supply energy.
The other energy cases show similarresults.

The electron temperature basically evolves according to the discharge voltage,
decreasing in regions IT and II1 qualitatively in the same way as the amplitude of the
voltage ringings. Unfortunatelysa measurement in region I was not possible. We can
instead state that in most of the spark discharge phase, the electron temperature
maintains a value roughly: between 2 and 2.5 eV.

It is worth pointing out here that these electron temperature values have to be
taken as estimatessonly’ The/LLIBS calculations are done in an ideally pure carbon
plasma, while we‘areiin a complicated gas mixture including molecular components at
high pressure. /At these large ionisation degrees, however, the electron kinetics should
still be dominant. The rate constants of energy exchanges between atomic levels by
electron collisiomraredn fact of the order of 1074 —107° cm3s™!, to be compared with

those of/progesses induced by molecular collisions, not exceeding 1072 cm3s~1.

Page 12 of 33



Page 13 of 33

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-104342.R2

OES in NRP discharges 13

ct — Experimental

] — NIST-LIBS
200
2]
~ 100
] c o
0 ] = = AN
4 ~
10004 (®)
< 500

LA B AL L AL LR L LA S SN B
225 230 235 240 245 09250 255
X\ (nm)

Figure 8. Experimentally obtained C* and C* spectra during first (a) and
second pulse (b) compared with simulated pure C LIBS spectra from [22], which
assume Saha-LTE. §Spectra,recorded 140 ns after voltage pulse onset. Discharge
operated at 200 Hz in 90:0 kHz burst mode in 300sccm CO5 at 745 Torr and 92 %
input energy. C(247nm) line removed from the spectrum (b) for ease of overlapping
simulation with recorded data.

4.8. Spectroscopic gas tem@mtur@

We have measured the time dépendent gas temperature by analysing the rotational
temperature of ghesN, (€11, = B31I,) Second Positive System (SPS) emission, made
possible by the injeetion of 5 % of Ny to the gas feed flux. The validity of this
approach, togethernwith' a broader discussion on spectroscopic thermometry, is
deferred to [Appendix Bl We have chosen the (0,0) band at 337nm since it is the
strongest and least.overlapped with other emissions. In the first pulse of a burst these
emissions are strong im Region I up to about 15 ns, reappear weakly in the first few ns
of Region Il andRegion III, and at the beginning of a Type II pulse. In the particular
case of the second pulse, because few ns are a too short time for heating the gas, the
observed temperature reproduces the gas temperature immediately before the onset
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Figure 9. Estimated 7, from LIBS spegtra simulation such as in figure[8|along with
calculated n. from figure [7] Confidence intervals are calculated from uncertainty
in electron density. Same discharge’ conditions as in figure

of the pulse. By changing the time lag between the pulses in the burst, we can observe
the temperature decay after the first pulse. The minimum achievable inter-pulse time
is 10 ps due to the power supply limitations. Temperature measurements are shown
in figure [I0] A double exponentialifunction can reasonably well reproduce the T,
decay after the pulse. With a time comstant of about 17ps, the fast component is
likely due to a rapid expansion after the strong temperature rise in the discharge.
With characteristic time close to 500.11s, the slow one is likely due to ongoing mixing
with the surrounding cold gas. Backward extrapolation in the 2-10 ps interval, where
the discharge current is zero, results in a reasonable estimation of the maximum
temperature reached ‘indthe discharge of around 2400 K. The physical soundness
of this double expenential behaviour cannot be discussed here without complete
modeling including, the fluid-dynamics after the spark. It is nevertheless clear that
the gas cooling proceeds along two phases.

The temperature measurements by LIF excitation spectra reported in [3] are also
shown in figure Apart from small differences in the discharge conditions, LIF
temperatures are always considerably larger than the SPS ones. This issue deserves a
discuission. LTF thermometry is based on tuning the laser to two or more ro-vibronic
transitions starting from different rotational levels. In [3] we basically used two close
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Figure 10. Gas temperature evolutiomin a Type [ pulse and its after-pulse, with
double exponential fit of the temperature decay. The two decay time constants are
17ps and 500 ps. The LIF (Laser Induced Flugrescence) data are those reported
in [3].

transitions of the OH(A-X) system, (Ay0"=.1,J = 4.5) — (X,v" = 0,J"” = 3.5)
and (A,v" = 1,J" = 9.5) — (Xgw” = 0,J” = 8.5). The population ratio of J”
levels is proportional to the ratio‘of LIF fluorescence lines, provided the collisional
quenching of the upper level is constant. The collision quenching of the upper state
depends strongly on J’ [23]. Suppose rotational collisions (RET) quickly redistribute
the excess population to the whole.rotational manifold till a thermal distribution is
reached. In that case, the eollisional quenching in the upper state is constant, i.e.
does not depend on thé level J* promoted by laser absorption. The measurement of [3]
were analysed under this hypothesis. Recent investigation reveals that rotational
thermalisation in our conditions does not occur and, on the contrary, most of the
fluorescence comes.from the laser-excited J' level [7,8]. A correction factor equal to
the ratio of the quenching rate coefficient of J' = 4.5 and J' = 9.5 should be used
for the ratio of the lines. This specific ratio is not available in [23], and, in addition,
it can change in $ime due to the change in the mixture composition. However, a
quenching ratio of about 0.5 forces the LIF temperatures to match the SPS values.
Thig value 1s'in'line with the J’ dependence reported in [23]. We then conclude that
this is the reason for the discrepancy between LIF and SPS temperatures and that
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Figure 11. Comparison between,emission spectra observed in Region I under
different operating conditions in, pure €O, gas.

the latter are more reliable.

4.4. Spectra in Type I pulses

Here and in the following seetion we shall discuss spectra below 550 nm, since
the region at higher wavelengths does not show interesting features except for two
oxygen lines.

4.4.1. Region 4 Spectrasat the beginning of a discharge event are shown in figure
Two continueus mode (CW) conditions are compared: (a) 1kHz and 100sccm and
(b) 200 Hzrand 300.se¢em. Since the temporal evolution of the total discharge light in
Region Istri¢tly follows the current pulse, electron impact excitation is the dominant
precursor of thesemission. Five band systems are observed in the 190-550 nm range

(seq [24.)25] for CO bands, for CO,™ bands):

i) thexCO Fourth Positive System - 4"PS, Al — XY in the 200-250 nm range;
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ii) the CO Third Positive System - 3PS, b*% — @311 in the 285-350 nm tange;
iii) weak bands of the CO Angstrom System B'S — Al in the 450-550 nmirange

iv) the COy" Fox Duffendack Barker System - FDBS, A%l — X2II inythe range
280-450 nm;

v) the CO,™ AN2883 — 2896 System B?Y — X211 .

According to [24], these latter two bands are favored by relatively energetic
excitation, like in negative glows, hollow cathode and electton beams.

In the 1kHz condition (a), all these systems are observed, while the two CO
systems drop dramatically at 200 Hz and higher gas flux (b). A8 shown in [3], the
final CO4 dissociation after few pulses amounts to aboeut 20 %. At 1kHz, the gas in
the discharge gap is not yet entirely renewed, and each.discharge pulse occurs in a gas
mixture containing still some CO. In condition, (b), the gas refreshing between two
pulses is almost complete, such that only trace.amounts of CO and O, are expected.
A very low level of CO emissions is detecteéd in eondition (b), leading to thinking
that the degree of CO, dissociation in Region I is small.

Due to the disappearance of the 37¢PS of @O, the CO," systems emerge. To
our knowledge, besides photographic platesy.a plot of the FDBS bands has been
published only in [17], in the 300=390 nm range, in which some superposition of the

144
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Figure 12. Detail of the CO>" bands. Bandheads wavelength from [24]. For a
more detailed overview of the system’s transition wavelengths refer to [26] and [27].
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CO 3PS is still present and the CO;™ A\2883 — 2896 System is excludéd. Since
it might be of some interest, we show in more detail our measurement of the. COyF
systems in figure [12]

4.4.2. Regions II and III These two regions present similar spectroseopic features,
such as those reported in figure (b) Here we find the characteristics of a spark
regime, with a relatively low voltage and a very high electron density in the range
10710 ecm™3. CO and CO," emissions disappear. Thi§ must-be ascribed to a
lower electron energy, compared to that in Region I, unlessiwe assume that CO,
is already totally dissociated. Neutral and ionized atomigulines(C, C*, C** and
O) appear along with seemingly two continua (2004350 nm and 350-450 nm), with
unidentified bands superimposed to them. This might appeat in contradiction with
the lower electron energy invoked to explain the disappearance of electron impact
molecular bands. Atomic lines are much more_intense than molecular bands at high
pressure since they have higher Einstein cdefficients. CO 4*PS and 3PS bands
have Einstein coefficients of the order of 107s™or less [25], which must be compared
with the 1.37-10%s™! and 5.61 - 10™s " hwvalues for' C*(229.68 nm), C* (251.2nm)
respectively (see NIST atomic spectra database [22]). In the collision-dominated
conditions of our system, in whieh the electronic quenching is much faster than the
radiative decay, this results in a ‘quantumryield for the ionic lines that is one order
of magnitude larger than the one for melecular bands.

The continuum emission ishperhaps due to a combination of processes. The
CO + O — COy + hv recombination chemi-luminescence continuum |17,28}29] must
be ruled out, since it does. not correspond to our observations. The continuum
emission might be ascribed £0 eleétron-ion recombination and to electron-neutral /ion
Bremsstrahlung. For theformer, we have no clues about possible spectra. Electron-
neutral Bremsstrahlung c¢ontinuum has been reported many times in atmospheric
pressure discharges [30~36]. In some cases, it has even been used for electron density
and temperature measurements [31}32,|35,136]. Looking at the Bremsstrahlung
spectra shown in [30,36] calculated at various electron temperatures, we find that
they are/mot conflicting with our spectra if we assume an electron temperature in
the range 1-2eV. Also, when the electron density is higher, a contribution from
electron-ion Bremsstrahlung can be present. The bands in the 350450 nm spectral
range are unidentified. They might belong to the CO flame bands system [29,37],
due to thetrecombination CO 4+ O+ M — COy* + M followed by light emission from
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the COq excited state. However, the bands of the CO flame system reported in [24]
do not correspond to those observed here (figure . Another argument rules out
any CO+O origin of these emissions: both continua and bands do notsurvive after
roughly Region III. On the contrary, CO+4O recombination should still be agtive for
many tens of ps after the discharge pulse [3]. Any other known band,of neutral or
singly ionized CO,, Oy or CO does not correspond to these bands. We_ believe that
the origin of this light should be looked for in ion-electron recombination processes,
although we have found no mention in the literature. ~

Finally, in Region IV, we just find neutral atomic lines andra‘well defined C, Swan
system. In this temporal region, the current is low, and the, eleetron energy should
also be so low as to exclude any electron impact excitation.

4.5. Spectra in Type II pulses

We have measured spectra of Type II pulsés in the second pulse of a two-pulse
burst, in which the second pulse is triggered svith a’delay of 11ps after the first
one. Three such spectra are showndin figure [I3l / At the beginning of the pulse,
the spectrum shows a strong C(247mm)uline and the bands of the CO,* FDBS
System. CO 4% and 3¢ PS bands are weak omiabsent, as well as the A\2883 — 2896
System. To better appreciate these'statements, the spectrum of figure (b) is also
plotted in figure (a). Comparing these two spectra must consider that the gas and
rotational temperatures at the beginning of the second pulse are high, around 1800 K
(section , contrary to reughly 400 K at the start of the first pulse. The absence
of CO emissions contrasts with the large amounts of CO generated by the first pulse
(as measured in the effluentsgas, i©. in the late post-pulse [3]) and with the presence
of CO,™* bands. One/possibility is that CO is totally dissociated immediately after
the first pulse and that it is formed later by recombination. It seems highly unlikely
that after 11 ps no recombination has yet occurred. The other possibility is that in
Type II pulses, therinitial electron temperature is much lower than in Region I of
Type I pulses, and the CO,™ FDBS System emission is not due to direct electron
impact fremthe €045 ground state. Another process might be operative, probably
involving diréctly'théxCO,™ ions. The process must be different because contrary to
the Type I'Region I spectra, here the CO;™ A\2883 — 2896 System is not seen.

Moping onain time, spectra soon change drastically towards those shown in
figure[13[b)(c). New spectral features that have not been observed in any Region
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Figure 13. Spectra measured in a Type II pulse at three delays from the voltage
start. Second pulseof a 2=pulse burst fired at 11 ps after the first pulse. In (a), the
spectrum of figure b) is plotted for comparison. In (c), the spectrum obtained
in a continuous 200 Hz discharge in pure O- is also plotted for comparison.

of Type I pulses appear.| Again, we have not been able to assign these bands to
any known ones of neutral @p singly ionised CO2, O2 or CO. We can observe similar
emissions when running the discharge with a pure O, gas feed. The comparison of
spectra plotted in figure (c) shows a clear correspondence of these bands systems,
apart from the absence of C atomic lines and Cy Swan bands in pure oxygen and
intensity mismatches easily ascribable to the different discharge conditions. We
conclude that these ‘emissions are the spectral signature of the massive presence
of Os in theunitial gas composition of this Type II discharge pulse. Note that these
Os-related bandsaremot observed in Region I, IT and IIT of Type I pulses. They start
to appear,very awveakly, at the end of Region III. This suggests that O, formation
in the first pulse is not significant in Regions I and II, but starts in Region IIT and
develops in Region IV.
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5. Summary

The time-resolved spectroscopy permits an overall description of ghe discharge
characteristics, quantitative in some cases, qualitative in others. Type I pulses, i.e.
the initial pulse of a burst, or all the pulses in CW operation with repetition rates
not exceeding roughly 10 kHz, have a definite temporal structureswith essentially two
phases:

i) a breakdown phase, Region I, dominated by electronsfitpact processes.
The electron energy distribution function (EEDE), cannot be estimated by
spectroscopic means. All the emission bands are certainly related to electron-
molecule excitation, and the electron density “issnot determined due to the
lack of spectral resolution of our detection system. The EEDF is likely non-
Boltzmann, with a relatively large amount, of high energy electrons, while the
overall electron density should be not veryshigh, certainly less than 107 cm=3.
The gas temperature remains close to ambient valites. No spectroscopic markers,

namely CO bands emission, of assignificant CQy dissociation are present.

ii) a spark regime, likely characterised by a two-temperatures LTE, with electron
temperature of approximately 2-2.6eV,Jelectron density in the range 10"
10*® cm ™3, gas temperaturé slightly. above 2000 K. The ionisation degree is quite
high, with a maximum value of azound 5 %, but far from the full ionisation found
in |[11]. The two-temperature LTEs then justified by the inefficient electron-
neutral thermal contact-(see, for ex. [38]) and by the ionisation degree. The
spark regime emission is dominated by atomic lines and (except for the Cy Swan
bands) by unknowmrbands and continua perhaps related to ion recombination
processes. No distinguaishable electron impact emissions are observed, likely due
to a drop of.electron energy relative to the breakdown phase and the appearance
of superimpesed. stronger emissions. We cannot then ascribe the absence of CO
bands to a stilllowlevel of CO4 dissociation. CO bands are in fact not seen at
the beginning of Type II pulses, where the amount of CO should be significant.

Typé 1I pulses show a sudden transition to the spark phase, such that electron
impact emissions can eventually be observed in the first 10 ns of the discharge. Most
energy is dissipated in a spark regime, contrary to the Type I case in which the
most, significant part of electrical energy is spent in the breakdown phase. Electron
temperature and density are similar to the previous case. The initial gas composition
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is, instead, different. Clear spectroscopic markers show the abundant presence of Qs
in the initial gas mixture.

From the point of view of chemical reactions, we point out the following
considerations. The combined spectroscopic observations of both pulse typesilead us
to conclude that CO, dissociation and O, formation is an ongoing process along and
after Region III of the first pulse. The Os-related bands observed from the beginning
of Type II pulses are not observed in Region II, and in Region IIl.they appear at late
times with low intensity. Therefore, the largest amount of GO, disseciation, followed
by O, formation, seems not to happen in the first part of the pulse, where the electron
energy is higher, but later and perhaps even after the discharge eurrent has dropped.
A long-lasting mechanism, possibly related to the vibrational eéxcitation of CO,, is
then active. The high electron density and the eleetron temperature value of about
2eV fit the conditions for the highest rate coefficients of €O, vibrational excitation,
as calculated in [39]. Therefore, the spark regimeshas the proper conditions for an
enhanced role of the vibrational mechanism of COq splitting, which might explain
the better performance of the burst mode compared to the CW mode, in terms
of higher dissociation degree and energy efficiency [5]. These observations agree
with the results of model calculations reported in [4], where electron impact with
vibrationally excited COy was shown to he the most important dissociation channel
in a NRP discharge. Of course we cannot exclude a role for thermal dissociation,
and CO, " dissociative recombination [40], which might come into play thanks to the
high gas temperature and ionisation degree. These channels were anyway accounted
for and found to be minordn [4]; where a peak electron density of about 5-10'7 cm™3
was calculated (see the supplemental information of the paper).

A comparison of the present measurements with literature data is not
straightforward. Speectroscopie observations in CO, discharges have been reported
in different deviees at atmespheric pressure, like microwave discharges or dielectric
barrier discharges, with tetally different plasma conditions and without any time
resolution. Instead,similar studies on NRP discharges, have been conducted in Ny
only, as mentioned in the introduction. With the due distinctions relevant also to
the many differences in electrodes shape and gap, together with power supply units
and applied/voltage, we basically find similar plasma conditions. A transition from
streamer to spark and a spark phase characterised by moderate electron temperature
and high ionization degree, although we do not reach the almost full ionization found
in"[11).pEurthermore, our spark phase is characterised by a two-temperature LTE
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similar to that in [38], and different from the single-temperature LTE assumed in |11}
Nevertheless, we cannot exclude that such extreme conditions cansbe alse reached
in CO., with proper electrodes shape and gap, and applied voltage. Unfortunately,
literature data cannot help us identify the unknown bands and continua observed in
the spark regime, mainly in the 300-500 nm range. We speculate as being due to ion
recombination processes and Bremsstrahlung.

6. Conclusions ~

The NRP discharge in CO, has proven to be a challenging plasma environment
for emission spectroscopy investigations. Not all the emission features have
been identified, and those bands that could be-useful as diagnostic tools are
not readily available.  Nevertheless, plasma [parameters can still be inferred,
thanks to the presence of atomic neutral and ionic lines, and the existence of
LTE (EEK) conditions. Partial spectroscopic thernlometry is feasible, although
misinterpretations of Cy and CN emissions must be avoided (see [Appendix B]). Some
purely qualitative guesses can be made on the evelution of the gas mixture, although
they need support from kinetic modeling and more direct measurements, like CET-
LIF [3,]8]. As a whole, the sum_of all the spectroscopic observation and analysis
returns the coherent picture of a‘discharge.evolving from a breakdown phase towards
a spark phase, the latter presentingifavourable conditions for robust vibrational
pumping that might promoteian efficient CO, dissociation by vibrationally enhanced
mechanisms.

Further progress can also'be achieved by implementing more controllable discharge
conditions, avoiding Voltage\reﬁections and re-triggering by a 75 {2 dummy matched
load grounding of the cathode: This would provide a clear-cut separation of Region I
from the spark regime to help solve whether CO, is mainly dissociated in the latter.
Finally, it is worth peinting out that the plasma conditions we have explored are quite
a new realm for plasma chemistry. In particular, we refer to the very high ionisation
degree, which might open unexplored ion chemistry. For example, charge exchange
reactions¢might “affect the vibrational kinetics, like those reported for hydrogen:
Hyt + Hy 4 Ho(v) = Hy", [41]. Or, in addition to V-V pumping, the vibrational
ladder'mightybe’ climbed by COq(v) + e — COz(v + Av) + e, [42], thanks to a large
number of low energy electrons.
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Appendix A. Stark Broadening -

The Stark broadening parameters of oxygen and carbon linesuseddfor electron density
measurements are reported in table [ATl The broadeuing of the earbon line is almost
one order of magnitude smaller than that of the oxygen line< Therefore, we use the
more sensitive oxygen line for the whole range of measurements, and the carbon line
broadening is used for comparison in the conditions of maximum electron density
only. The other broadening processes outside of instrumental and Stark broadening
— i.e. natural, resonant, Doppler and Van der/ Waals broadening — are of such size
that they can be considered negligible (see table . Therefore, an isolated line
shape is the result of a convolution between the instrumental function and the Stark
broadening.

For the atomic oxygen multiplet the relative line strengths of the constituents are
treated as fit parameters. In fact outside of the different fine structure components
(relative ratios: 1:0.73:0.43"imorder of decreasing photon energy [47]), there are, in
addition to electron impact, othereffects that cause different population of the upper
excited state sublevels [48] = i.e. population of the 3p 5P/ states by the 5s 55 level
with different Einstein'coefficient per transition. This weighting is mainly relevant to
reproduce the measured asymmetric line shape of the triplet in conditions where there
is little additional’broadening outside of instrumental broadening (see figure .

The instrumental funetion for the system is determined to be a Voigt profile from
a fit of the oxygen triplet in the Stark free afterglow (4.5 ps after discharge) of an Oq
discharge. In our setup the Voigt profile is the convolution of a Gaussian, standard
deviation o = (85.7 £ 0.5) pm, with a Lorentzian, HWHM ~ = (71.4 £ 0.6) pm.
The resulting broadening FHWM is (0.29 & 0.01) nm (table[A2)). This approach was
chosén over the measurement of the line shape of a narrow bandwidth light source,
like a diodelaser. The latter would fail to capture additional instrumental broadening
caused by the fact that each subsequent burst channel is spatially uncorrelated and
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6 Table A1l. Stark broadening parameters for the investigated oxygensand carbon
7 transitions. Theoretical values for (i) oxygen, based on data from NIST and
8 TOPDbase and accounting for LS-coupling, and (ii) carbon, calculatediby Griem [43],
9 evaluated at constant n, = 10'%cm™3. In addition the experimientallysmeasured
10 total (electron+ion) Stark width parameter for carbon at ng= 1.08 - 1017 cm—3
n from [44] is also shown. Here w, is the electron impact widthwin Avand a the ion
12 impact parameter in A.

13 o 0

14 Transition Source T.(K) WedA) a (A)

. O 3555, < 3p 5P/ NIST-LSJ 45] 5000 474,402 2.45.107?
17 10000 5.58 - 1072  2.46- 1072
18 20000 7.10-107%  2.47-1072
o 40000 9.88:1072 248102
21 O 3558, « 3p P’ TOPbase [45] 5000 552-1072 3.13-1072
22 10000 6.30-1072  3.14-1072
23 20000 8.25-1072  3.15-1072
24 'S 1 9
25 40000 1.13-10 3.16 - 10

26 C2p'S <« 3stP Griem [43] 5000 6.34-107%  2.7-1072

i 10000 7.22-107%  5.3-1072

29 20000 834-107% 1.1-107¢

30 40000 9.40-10=% 2.1-107!

g; ExperimentalyJ44] 17600 7.40-107% -

33

34

35 therefore imaged differently by the.collection system.

36 Examples of fitted line shapes are shown in figure [All In the instance of a
;73 narrow line that doesmot resemble the instrumental triplet line shape (dash-dotted
39 line), it has to be disecarded manually as it results from noise or poor signal-to-noise
40 ratio.

2; The electron,densitysn. is obtained from the fitted Stark broadening by the
43 following formula [49]:

44

45 A)\ o —16

46 Stapk, = 2+ We * Ne - 10 (1+ (A].)
47 175107 - nl/* - (1 - 0.068 - nl/ - T,71/)),

48

49 where AAgq,k is the Stark broadening FWHM (in A), n. the electron density
g? (in"cm73)(T, the gas temperature (in K), w, and « respectively the electron and
52

53

54

55

56

57

58

59
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Table A2. Full width half maximum for different broadening anechanisms
calculated using theory from [46] with values of parameters usedyin the caleulation.
Values picked to resemble operating conditions of the discharge, whilst maximising
the estimated broadening. For Doppler broadening Ty is the gas temperature at
peak value [4] in a similar discharge, for resonant broadeningéng(g) is the oxygen
ground state density assumed to be ideal gas number density-aty300 K, and for Van
der Waals broadening gas temperature T and pressure p/are respectively ambient
temperature and pressure. Measured instrumental broadening and estimated limits
of Stark broadening are shown as well.

~
Broadening FWHM est. (nm) Parameters
Natural <1-107°
Doppler <2-1072 Ty= 3500 K
Resonant <1-1073 ne(g)=2.7-10* cm™3
Van der Waals <2-1072 T, = 300K, p = 1.0atm
Instrumental 0.29 £ 0.01 3
Stark (max.) <21 ng=2-10"%cm™3, T, = 5000 K
Stark (min.) >2.3-102 ne.=10"%cm =3, T, = 40000 K

ion impact parameters (in A) that, are transition specific and electron temperature
(T.) dependent, see table [Al] The eléetron temperature is estimated in section
For the gas temperature in equation [A.1] we have used the measurements reported
in figure In the Type H pulseswe assumed that 7}, behaves similarly to the first
pulse but starting from an initial temperature of 1800 K up to 4200 K at 2.0 ps. Due
to how eq. scales With}emperature, the effect is mainly important in the first
pulse. Calculated n. for the discharge running at 200 Hz in 90.0 kHz burst mode for
different input énergies are.shown in figure [7}

As cross-check “on. the validity of the method, the Stark broadening of the
C2p 'S « 34'P tramsition (table has been measured as well. It has an order of
magnitude lower Stark broadening, providing a worse dynamic range in comparison
to atomi¢ oxygen. In figure a comparison between observed broadening and
calculated densities is shown for the oxygen and carbon transitions during the first
100 m§ in thessécond pulse, where A, is largest and appreciable for carbon.
Results are‘consistent in the order of magnitude, despite the large difference in Stark
width andasage of different sets of broadening parameters. Therefore, the obtained
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25 Figure Al. Comparison of fitting Lorentzia,r? broadening with a weighted and
26 unweighted (normal, i.e. fixed fine structure components) oxygen triplet in two
27 regimes: low emission but strong broadening (left, 105ns in discharge pulse) and
28 medium emission with weak broadening (right, 945ns in discharge pulse). The
29 convolution of the instrumental function with the fitted relative line strength of the
30 oxygen triplet is shown to illustrate the process. At medium to strong broadening
31 the individual line weighting is less relevant to the overall agreement of the fit, but
at weak broadening it is crucial.

densities seem reliable within 60 % taking into account the accuracy of the broadening
37 parameters as well as the faetsthat 7, is not accurately known.

40 Appendix B. Gas Temperature

42 The spectroscopie measurement of the gas temperature assumes that the rotational
43 temperaturewof the vibro-electronic state which emits radiation is in equilibrium with,
45 or reproduces, the gas kinetic temperature. Translational-rotational equilibrium is
46 achieved if the frequency of collisional rotational energy transfers (RET) is much
47 larger.than the total quenching rate (radiative + collisional) of the vibro-electronic
state. In gas mixtures with molecular gases, like in the present case, this is not
50 guaranteed, The case of the OH 3064 A system is a striking example, as reported
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Figure A2. Comparison between Stark wi?ith (a) and electron density (b)
obtained from O 3s °Sy ¢&.3p >P/=123 (reds) and C 2p 'S + 3s 'P (blues)
in second pulse of discharge operating under same conditions as the 72 % setting
in figure [7] Oxygen Stark width isidivided by a factor of 10. Electron densities
calculated from data.from table and for T, = 20000 K where applicable.

in [§]. Some emissions in this paper, andigenerally in atmospheric pressure discharges,
arise from vibro-electronic states resulting from energy transfers or recombinations
or chemi-luminescent reactions, imwhich part of excess energy flows into rotational
excitation. The result is.a highly non-equilibrium nascent rotational distribution that
cannot be representative of the gas temperature if not allowed to reach equilibrium.
We shall show later im this paragraph the examples of the CN Violet system and
the Cy Swan bands. In diatomic molecules, in particular homonuclear ones, electron
impact excitationmef vibro-electronic states reproduces the rotational excitation of
the ground state onte the excited states. In this case, even if RET collisions are not
sufficient to.reach equilibrium, the rotational temperature of the emission bands is a
safe representation of the gas temperature, taken for granted that the rotational and
translational degrees of freedom are in equilibrium in the ground state (see [50] for
a comprehensive review of this topic). The No(C?II, — B®II,) SPS emission fulfills
these requirements, provided it is due to electron impact only.
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SPS can be observed and used to determine the gas temperature if a small percentage
of Ny is injected in the gas feed. The hypothesis of pure electron impact exeitation
might be invalidated by coming into play of the Pooling reaction No(A)&No(A) ——
Ny (C) + No(X), giving rise to a different nascent rotational distribution in Ng(C). A
couple of considerations rule it out. First, the measurement is limited to the very
first nanoseconds of the discharge. The metastable states’ concentration grows more
slowly. Their quenching is faster than the time between the discharge regions, such
as to exclude a built-up of their concentration between dischargesregions. Second,
the vibrational distribution of No(C, v) by Pooling reactionsfeatures a characteristic
population inversion between v = 1 and v = 0 [51},/52], that, ismét observed in the
SPS spectra, as far as they are observable, i.e., again, at the very beginning of the
discharge regions. Instead, the No(C, v) distributiomsis still. eléctron impact-like. We
have chosen the (0,0) band at 337 nm, which is the strongest and less overlapped by
other emissions.
Bands of the CN (B?XT — X2%7) are algo readily §een when nitrogen is added
to the mixture, starting few nanoseconds after the discharge ignition, in Region I,
and remaining visible when there is'nondischarge‘current. It is clear that they do
not originate from electron impact exeitation, but likely from the recombination
C+N+ M — CN(A, B)+ M, which is knewn to generate supra-thermal vibrational
and rotational population distribution functions (see [53] and references therein).
In figure the spectrum of the, Av = 0 bands sequence of the CN violet
system is shown, together with N, SPS bands, measured at 9ns in Region I. Rough
simulation of the spectrum¢@hows that a high rotational temperature, about 2500 K, is
required, as contrasted to the 400-500 K temperature recovered from the SPS bands.
We deduce that RET/Collisiongrare insufficient to equilibrate the CN(B) rotational
excitation within its lifetime.
Cy (d*T1, — @®I1,) Swan banids show the same problem. These bands start to be
observed clearly.against other overlapping emissions in the tail end of Region III of
the first and second pulse. In figure[B2], we report the cleanest Swan bands spectrum
we have measured, at 2pus in the 1kHz, CW case. The simulated spectra show
that a rotational temperature of about 6000 K is observed, while lower temperatures
are far from providing a good match with the measured spectrum. Such a high
temperatureisiunreasonably higher than those obtained by SPS fitting. The Swan
bands are generated by the recombination C(*P) + C(3P) + M — Co(d’Il,) + M
("[18) and.weferences therein) with excess energy resulting then in a high nascent
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Figure B1. Spectrum recorded a' 9nsin the first pulse, with No SPS bands and
the Av = 0 sequence of the CN Violet System. The SPS (0,0) band is simulated
with the DIATOMIC software [54] and,theé spectroscopic constants of [55]. The
CN emission is simulated by LIEBASE [56].

rotational energy that is not foreed totequilibrium by RET collisions, due to an
electronic quenching faster than RET»The Swan system must then be discarded as
a temperature monitor.
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