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Abstract

The implementation of in situ rotational Raman spectroscopy is realized for a pulsed glow discharge in CO2 in
the mbar range and is used to study the rotational temperature and molecular number densities of CO2, CO,
and Oz. The polarizability anisotropy of these molecules is required for extracting number densities from the
recorded spectra and is determined for incident photons of 532 nm. The spatiotemporally-resolved measurements
are performed in the same reactor and at equal discharge conditions (5-10 ms on-off cycle, 50 mA plasma current,
6.7 mbar pressure) as in recently published work employing in situ Fourier transform infrared (FTIR) spectroscopy.
The rotational temperature ranges from 394 K to 809 K from start to end of the discharge pulse and is constant
over the length of the reactor. The discharge is demonstrated to be spatially uniform in gas composition, with
a COg2 conversion factor of 0.15 + 0.02. Rotational temperatures and molecular composition agree well with the
FTIR results, while the spatial uniformity confirms the assumption made for the FTIR analysis of a homogeneous
medium over the line-of-sight of absorption. Furthermore, the rotational Raman spectra of COs are related to
vibrational temperatures through the vibrationally averaged nuclear spin degeneracy, which is expressed in the
intensity ratio between even and odd numbered Raman peaks. The elevation of the odd averaged degeneracy
above thermal conditions agrees well with the elevation of vibrational temperatures of CO2, acquired in the FTIR

study.
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1. Introduction

The reduction of COy to CO and O is an important
step in the field of solar fuels. An efficient dissociation
is crucial when storing renewable energy in the chemi-
cal bonds of value-added hydrocarbons [1, 2]. Extensive
research is conducted to examine the exploitation of non-
thermal conditions in a plasma, both experimentally [3—
7] and numerically [7-11], and is often concerned with the
selective excitation of the asymmetric stretch vibration
of COy [12-15].

Recently, we published work on time-resolved Fourier
transform infrared spectroscopy (FTIR) in a pulsed CO4
glow discharge [16], focussing on the vibrational exci-
tation of CO9 and CO. Dissociation efliciencies in glow
discharges are expected to be low and difficult to deter-
mine with meaningful precision, though the discharges
are well-defined and information on the time-dependent
vibrational excitation serves well to verify (reaction rates
in) numerical models. While others already reported vi-
brational excitation in similar discharges, both continu-
ous [17-20] and pulsed [21], we were able to demonstrate
the temporal development of rotational and vibrational
temperatures of CO5 and CO. These results have already
been employed by Silva et al [22] for comparison and val-
idation of a kinetic model of a CO, discharge.

Infrared absorption takes place over a line-of-sight and
therefore provides spatially averaged information. Ra-
man spectroscopy, on the other hand, is a technique
which is not only resolved in time, but also in space.
This complementary diagnostic provides insight in the
spatial uniformity and local temporal development of the

carbon dioxide plasma, glow discharge, rotational Raman spectroscopy, molecular composition,

discharge.

Vibrational Raman spectroscopy is commonly used in
non-thermal plasmas consisting of diatomic molecules,
such as N3, Oz, and CO, to determine rotational and vi-
brational temperatures, as well as number densities [23—
25]. However, in the discharge under study the utilization
of this technique is complicated by the vibrational modes
of the triatomic CO3: the symmetric stretch mode, two
degenerate bending modes, and the asymmetric stretch
mode, respectively represented by quantum numbers v,
Vo, and v3. The contribution of v to the angular momen-
tum is designated as ls. The asymmetric stretch vibra-
tion is not Raman active, while a Fermi coupling between
states (11, /2, v3) and (1 —1), (1a+2)"2, v3) [26-28] sig-
nificantly complicates the interpretation of the vy and v,
vibrational Raman spectra.

On the other hand, rotational Raman spectroscopy
has previously been demonstrated to be useful for mea-
suring rotational temperatures in atmospheric-pressure
dielectric-barrier discharges in COz [29, 30]. An addi-
tional advantage of the technique is the ability of de-
tecting multiple Raman active molecules in the spec-
tral range of a single measurement, shown in e.g.
atmospheric-pressure plasma jets [31, 32]. This facili-
tates the calibration of scattering intensity.

We employ rotational Raman spectroscopy to spa-
tiotemporally resolve the rotational temperature and
number densities of COy, CO, and O3 in the same re-
actor and under the same discharge conditions as used
in the FTIR study. The number densities are related to



the conversion of CO5 to CO
1
COQ — CO + 502,

via the conversion factor a:

_ [CO]
“ = [CO] £ [COa]" 2)

Here, [CO] and [COg] are the number densities of CO
and COs, respectively.

Acquired insights in the uniformity are subsequently
used to scrutinize the assumptions made for the analysis
in the FTIR study [16]: uniform temperatures and gas
composition over the line-of-sight of absorption, i.e. the
length of the reactor.

Additionally, rotational Raman spectroscopy is used
to examine vibrational temperatures of CO5. In the dis-
charge under study the vibrational modes are Treanor
distributed and therefore follow vibrational temperatures
Ty, Ty, and T3, respectively [18, 33]. The previously dis-
cussed Fermi coupling causes the vibrational tempera-
tures of 14 and vy to be equal, Ty = Tp = T; 2 [26].
Excitations of vibrational modes affect the symmetry of
the molecule, and therefore its nuclear degeneracy. In
practice, this is expressed in a varying ratio between the
intensity of even and odd numbered COs peaks [34-36].
Hence, this ratio is used to scrutinize the vibrational tem-
peratures measured in the FTIR study.

2. Experimental methods

2.1. Reactor and rotational Raman setup

The plasma reactor under study is schematically shown
in Fig. 1(a) and is made of Pyrex. It is cylindrically
shaped with a 2 cm inner diameter and a length of 23 cm.
The electrodes are positioned 17 cm apart, in a short
radial extension, opposite the gas in- and outlet. The
reactor is connected in series with a 50 k{2 resistor to
a power supply, while two high-voltage probes (LeCroy,
PPE 20kV) and an oscilloscope (LeCroy, LT584M) are
used to monitor the voltage over the reactor and the
resistor. The discharge current is easily monitored by
dividing the 50 k) resistance by the measured voltage
over de resistor. The reactor is operated under flowing
conditions, using a pure COs (Linde, 4.5 Instrument) in-
flow, controlled at 7.4 sccm with a mass flow controller
(Bronkhorst, F-201CV'). The pressure is maintained con-
stant, using a scroll pump (Pfeiffer, ACP 15), and a
pressure gauge (Pfeiffer, CMR 263) with feedback to an
automated valve (Pfeiffer, EVR 116).

For comparison purpose, the same discharge conditions
apply as in the FTIR study: the pressure is kept at
6.7 mbar with a discharge current of 50 mA. The re-
duced electric field in these conditions is determined to
be 60 Td [16]. The plasma is pulsed with an on and off
time of respectively 5 ms and 10 ms. The residence time
of the gas is in the order of seconds, each molecule ex-
periencing 150 discharges, on average, before leaving the
reactor.

The optical setup in Fig. 1 is used to perform in
situ rotational Raman spectroscopy in the reactor. The
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Fig. 1: (a) A schematic of the Raman setup, where the laser
is focused inside the plasma reactor. The longitudinal posi-
tion of measurement can be chosen by translating the reac-
tor with respect to the focal point. The collected scattered
light passes through an ultra-narrow-band notch filter to re-
move Rayleigh scattered and stray light. The remaining light
is spectrally resolved in a spectrometer and detected with
an ICCD. The clock of the laser is used to trigger both the
plasma power supply and the intensifier, schematically shown
in (b).

Nd:YAG laser (Spectra Physics, Quanta-Ray, Lab-190-
100) is frequency doubled to 532 nm and operates at
100 Hz with around 140 mJ per pulse. First, the beam
is expanded (not shown) using a combination of a f =
—200 mm and a f = 300 mm lens, after which the beam
is focused inside the plasma reactor using a f = 1000 mm
lens, resulting in a beam waist of 70 pm. Due to heat-
ing of the laser, the lateral position of the focal point
can drift over time, which is monitored by a camera (Al-
lied Vision, Guppy PRO F-031C') and actively corrected
with a feedback loop to a kinematic mirror mount (Po-
laris, K1PZ2) (not shown).

From the focal point, scattered light is collected with
a f = 37.5 mm lens and focused into a glass fiber with
a diameter of 200 nm. The spatial resolution of detec-
tion, i.e. the length that is imaged onto the fiber open-
ing, is 110 pm. The exit of the fiber is used as a point
source to collimate the collected light with a f = 25 mm
lens, after which it passes through a volume Bragg grat-
ing (OptiGrate, BragGrate, BNF-532-OD/-12.5M ). This
grating acts as an ultra-narrow-band notch filter to re-
move Rayleigh scattered and stray light, with a full-width
at half-maximum (FWHM) of 0.20 nm = 7 cm™! and
maximum attenuation of up to 0.9999 (OD 4), see [30]
for more details.

A lens with a focal distance of 37.5 mm focusses the
light onto the 50 pm entrance slit of the spectrometer



(Jobin-Yvon, HR 640, equipped with a Horiba, 530 15
Holographic Grating, 2400 1/mm, blazed at 400 nm). The
spectrally resolved light is detected with an intensified
camera (ICCD), consisting of a GaAs intensifier (KA-
TOD, EPM102G-04-22 F) and a Peltier cooled CCD
camera (Allied Vision, Bigeye G-182B Cool). The fre-
quency range of this spectrometer-ICCD combination is
183 cm~! with a resolution of 0.143 cm™'. The spec-
tral broadening is determined to be Voigt shaped with
a FWHM of 1.55 cm™!, with an equal Gaussian and
Lorentzian contribution. The wavelength sensitivity of
the full detection branch is determined using the black-
body radiation of a W-ribbon lamp and used for calibrat-
ing the measured spectra.

2.2. Controlling phase and position of detection

The clock of the laser is used to trigger both the power
supply of the plasma reactor and the gating of the in-
tensifier, schematically shown in Fig. 1(b). One in ev-
ery three laser pulses is used to trigger two consecutive
plasma pulses. In this way, the 10 ms laser period is
matched with the 15 ms plasma period of 5 ms on time
and 10 ms off time. The phase difference between the
laser pulse and the plasma cycle is controlled by setting
a delay between the laser clock and the start of the two
plasma pulses.

The gate of the intensifier is triggered by one in ev-
ery three laser shots, to only collect scattered light from
the desired phase in the plasma cycle. The intensifier is
gated for 70 ns, which is long enough to entirely cover
the 10 ns laser pulse including possible jitter, but short
enough to prevent significant amounts of plasma emission
being recorded by the camera.

The position of detection along the longitudinal axis
of the reactor is regulated by translating the reactor with
respect to the focal point of the laser. With respect to
previous work, the reactor has been extended by 23 cm
on both sides, to avoid breaking the 532 nm AR coated
windows due to too high laser energy density. For the
analysis in this work, measurement positions are relative
to the gas inlet of the reactor at 0.0 cm, hence the posi-
tion of the gas outlet is at 17.0 cm.

2.3. Time and spatial series

A distinction is made between time and spatial series.
The main purpose of the time series is to cross-check
the temporal development of temperatures and molecu-
lar concentrations with the results from the FTIR study.
The position of detection is fixed at 8.5 cm, at the cen-
ter of the reactor, while the phase of the laser pulse is
varied with respect to the plasma cycle. Time points in
the plasma cycle are chosen as shown in Fig. 2, showing
the temperature development obtained from the FTIR
study. The selected points of 0.0, 0.7, 1.4, 2.0, 3.0, 4.9,
5.2, 6.0, 7.5, 10.0, and 12.5 ms are indicated by dotted
vertical lines. Fach measurement within this series has
an accumulation time of 15 minutes, resulting in averag-
ing 30,000 laser shots.

The aim of the spatial series is to examine the homo-
geneity of the plasma along the longitudinal axis of the
reactor. The phase of the laser pulse with respect to the
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Fig. 2: Vibrational and rotational temperatures from the
FTIR study [16], at a pressure of 6.7 mbar and a 50 mA
plasma current, equal to the discharge conditions of the cur-
rent work. Time points used for the rotational Raman time
series are indicated by dotted vertical lines. Arrows point
at the time points that are also used for the spatial series:
0.0 ms, 0.7 ms, and 4.9 ms.

Table 1: List of fitting parameters, including symbol, de-
scription, and guess value for the fit.

Symbol  Description Guess
Trot Rotational temperature 600 K
Nco, Number density of CO2 1023 m—3
Nco Number density of CO 1023 m—3
No, Number density of Oz 1023 m—3
<gJ7O Odd avg. nuclear degeneracy of CO2 0

plasma cycle is kept constant, while translating the re-
actor between measurements. The selected positions are
1.2, 3.5, 6.0, 8.5, 11.0, and 13.5 cm, where 0.0 cm and
17.0 cm are the gas in- and outlet of the reactor, respec-
tively. Three such series are performed at time points of
0.0 ms right before the discharge, 0.7 ms where the differ-
ence between T3 and T, is largest, and 4.9 ms at the end
of the plasma pulse when a dynamic equilibrium is set-
tling. These points are indicated by arrows in Fig. 2. A
45 minute accumulation time results in averaging 90,000
laser pulses per measurement.

2.4. Experimental procedure

The measurement procedure for a series is as follows.
At the start of the series the wavelength axis is calibrated
by taking a Raman spectrum of pure Ny gas. The spec-
trum is also used to calibrate the Raman intensity, which
is necessary for the determination of molecular number
densities. Different from COs, Ny peaks are fully re-
solved, while at room temperatures the peaks are suf-
ficiently strong over the full spectral range of measure-
ment.

Hereafter the plasma cycle is started and after letting
the reactor stabilize, the time or spatial measurement
series is taken. The laser power is continuously moni-
tored to adjust the intensity of the Raman spectra. Back-
ground measurements are taken while covering the fiber
opening in the detection branch, blocking any scattered
laser light. ICCD settings are the same as during the
normal measurements.



Table 2: List of values for B (cm™'), D (107% ecm™!), H
(10*12 cmfl), JJe, 9J0, and v at 532 nm (10*41 Fm2) for
COQ7 CO, 02, and N2.

COq CcO Os No
B 0.39022 [39] 1.9225 [40] 1.4377 [41] 1.9896 [42]
D 0.1333 [39] 6.121 [40] 4.854 [41] 5.76 [42]
H 0.009 [39] 5.7 [40] - -
976 1[38] 1 [38] 0 [38] 6 [38]
970 0 [38] 1 [38] 1 [38] 3 [38]
0% 23.74 6.09 12.67 7.91 [43, 44]

3. Rotational Raman scattering

The algorithm that is used to analyse the measured
spectra, is designed to calculate spectrally broadened ro-
tational Raman spectra for mixtures of different molecu-
lar species. Table 1 shows the fitting parameters that are
included in a typical fit on the data. These parameters
and the Raman theory on which the algorithm is based
are discussed below. Special attention is given on how
vibrational modes of COy can influence the rotational
Raman spectra through nuclear degeneracies. This is not
only important for non-thermal conditions, but is shown
to be relevant for thermal situations at lower tempera-
tures as well.

3.1. Scattering in the vibrational ground state

In the event of pure rotational Raman scattering, ab-
sorption of a photon induces a rotational transition of
a molecule, while a photon with a different energy gets
emitted. The Raman shift, or energy difference AD be-
tween incident and scattered photon is of equal magni-
tude as the difference between initial rotational state J
and final state J', but of opposite sign [37]:

(3)

Here oy, = 1/Ap is the energy of the incident photon
with wavelength Ay, and ©;_,; the energy of the scat-
tered photon. For linear molecules, only transitions of
J' = J £ 2 are allowed, where Stokes scattering refers to
scattering with a positive Av, and anti-Stokes scattering
to a negative Av [37, 38].

The energy of rotational state J can be calculated us-
ing the molecular species dependent rotational constant
B, centrifugal distortion constant D, and third order cor-
rection factor H and is given by [39]

AD = DL — D];}J’ - — (Erot,J - ErOt,J') .

Brot,s = BJ(J +1) = DJ*(J + 1) + HI*(J +1)°. (4)

Values for these constants are listed in Table 2 for the
molecules relevant in this study'. H is significant for
very high rotational levels J, and in the spectral range
under study becomes only relevant for the position of
CO; peaks.

1For Os, the rotational levels are subdivided into triplets due
to its non-zero total spin (S = 1). As a result, every rotational
Raman peak is accompanied by two smaller satellites of which the
intensities strongly decrease with increasing peak number. Further-
more, Rayleigh satellites should be present at +£2 cm™1!, but these
are too strongly attenuated by the notch filter to be visible in the
measurements under study. Transition energies and cross-sections
are included in the calculations as described in [45-47].

Furthermore, B, D, and H are different for different
vibrational states, shifting the peak positions to lower or
higher frequencies [39]. However, these shifts are small
compared to the spectral broadening in this work, while
accurate vibrational densities are not known from ro-
tational Raman spectroscopy. Therefore, the rotational
constants of vibrationally excited molecules are approx-
imated by the vibrational ground state values of B, D,
and H.

The scattering intensity Pj_,;, of rotational Raman
transition J — J’ is given by [37, 43]

90y g
Py =Cnj—55—

29 ()

Here, n; is the number density of molecules in rotational
state J, and % the transition dependent differential
scattering cross-section. The constant C' is the product
of molecular and rotational state independent constants,
such as the laser intensity, detection path length, and
solid angle of detection.

For the density n; the rotational states are assumed
to be Boltzmann distributed:

ny= Ngrot,J exp (
Qrot

where N is the number density of the molecular species,
h is Planck’s constant, ¢ is the speed of light, kg is the
Boltzmann constant, and T}, is the rotational temper-
ature. T, is assumed to be the same for all molecular
species and equal to the translational temperature [18].
Grot,s is the total degeneracy of rotational state J and
is the product of the rotational degeneracy 2J + 1 and
the nuclear degeneracy which is listed in Table 2 as g
and ¢, for even and odd values for J, respectively [37].
The rotational partition sum Q.. is calculated using the
method of McDowell et al [48] and normalizes ny, such
that its sum over all J is equal to N.

The differential scattering cross-section is dependent
on the polarization of the laser beam and the angle of
detection, and varies for different polarizations of the
scattered light. The Raman spectrometer from Fig. 1
detects scattered light of all polarizations, collected per-
pendicular to both the beam direction and its linear po-

hCErot,J)

- 6
kBTrot ( )

larization. The differential cross-section is then given
by [37]

0o 7 w? 2 ~4

o0 gg’Y by Vs - (7)

Here, ¢¢ is the vacuum permittivity, and b;_, ; is the
Placzek-Teller coefficient as can be found in [37, 43, 49].
The polarizability anisotropy < is dependent on the
molecular species and the incident wavelength and is
listed in Table 2. Values are determined from calibra-
tion Raman measurements on pure CO5, CO, Og, and
N5 gas, shown in Fig. 3. The intensities correspond to an
equal number density for every molecular species, while
the spectra are normalized to the maximum of the COq
spectrum. 7y can now easily be determined from a fit on
the data (solid black lines), since the intensity of a spec-
trum is linearly proportional to v2. Values for COg, O,
and CO are calculated with respect to the value for N,
which is taken as the mean from Penney et al [43] and



Wavelength (nm)

532 533 534 535 536
1 B T T T T I T T T T I T T T I T T T T I T T T T |
L ° CO2 J
[ © CO |]
208} . 0, |]
2 [ . N2 | ]
9 L \ ‘ Fit | J
£06F | .
= 061 , ]
0 b -
N [ ! ]
E I , : ]
o X ! |
Z0.2f e i
: | * wv ‘ } ]
o LM A DA ALA A A\,,A /\ ‘\ AANAGNAD 0 e ]

0 25 50 75 100 125 150 175

Raman shift (cm'1)

Fig. 3: Rotational Raman spectra (Stokes only) of pure CO2, CO, O2, and N2 gas at room temperature. The spectra are

normalized to the maximum of the COz spectrum.

Bogaard et al [44]. Penny et al also provide v for COq
and Og, while Bogaard et al report anisotropies of COs
and CO. The values determined from Fig. 3 stay within
their reported expected errors.

Spectral broadening is applied to the calculated peak
positions and intensities in the form of a Voigt profile
with the previously introduced FWHM of 1.55 cm™!.
The total spectrum is then obtained by adding up the
calculated spectra of all individual molecular species.

3.2. Nuclear degeneracies of vibrationally ex-

cited CO-

The J dependent nuclear degeneracies listed in Ta-
ble 2 are only valid when the molecule is in its vibrational
ground state or in a vibrational state of equal symmetry,
as described in [34-36]. The single vibrational mode of
diatomic molecules, such as CO, Os, and N, meets this
requirement and therefore degeneracies stay the same for
any vibrational excitation. Similarly, COs maintains its
ground state symmetry when it is purely excited in the
symmetric stretch mode (v1). The symmetry changes,
however, when the bending mode (v2) or asymmetric
stretch mode (v3) is excited.

In the case of vy excitation, the nuclear degenera-
cies become [gje =1, gs0 = 1], for any combination of
v1 and v3. When v3 is excited, while v is not, the
degeneracies alternate between [gj. =1, gjo = 0] and
(976 =0, gj0 =1] for even and odd vs levels, respec-
tively. This again holds for any excitation of v1. See [34—
36] for more details.

As previously mentioned, the positions of pure rota-
tional peaks just weakly depend on vibrations and there-
fore overlap for molecules in different vibrational states.
Information on vibrational state densities of COy can
then be acquired by substituting gs. and g, by the
vibrationally averaged nuclear degeneracies (gj.) and

<gJ,o> [36]

< >—1:|:11_Z21_23
97e/o) = 5 = 91 1 201 + 25

(®)

where the plus sign belongs to the even degeneracy.
These averaged degeneracies are related to the vibra-
tional temperatures through z;, which is defined using
the harmonic approximation for vibrational energy lev-

els as [36]
Z; = eXp (—

Here, G ; is the energy spacing between the ground and
the first vibrational level of vibrational mode v;. The
energy spacings of v, and v3 of COs are, respectively,
667.47 cm~! and 2349.16 cm ™! [27]. T} is the vibrational
temperature of the mode, where T is substituted by the
combined vibrational temperature of v; and vy, T1 2.

From Eq. (8) it is clear that (g.) + (gs0) = 1 for any
combination of vibrational temperatures. In the lower
temperature limit when every COs molecule is in the
vibrational ground state (z; = 0) the averaged degen-
eracies reduce back to [(gje) =1, (gs0) = 0]. For very
high T1 9 (22 = 1), the averaged degeneracies become
[{gs.6) = %, (97,0) = 3]. This corresponds to the nuclear
degeneracies of CO5 in the bending mode, divided by the
mode’s vibrational degeneracy of 2. The same averaged
degeneracies are obtained at very high T3, when z3 = 1
and there is an equal density of even and odd v3 levels.

Furthermore, under thermal conditions of 400 K, right
before the start of a plasma pulse (see Fig. 2), 18% of
the CO2 molecules is vibrationally excited. The cor-
responding averaged degeneracies are calculated to be
[(g.e) = 0.916, (gso) = 0.084]. This non-negligible devi-
ation from ground state degeneracies demonstrates that
even in low-temperature thermal conditions it is impor-
tant to take into account the influence of vibrational state
densities on the nuclear degeneracies.

(9)
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4. Results

4.1. Rotational Raman spectra

Three examples of rotational Raman spectra, as mea-
sured during the time series, are shown in Fig. 4. The
three spectra are taken in the center of the reactor, at
(a) 0.0 ms, (b) 0.7 ms, and (c) 4.9 ms. The data is shown
as yellow circles, while the data that is excluded from fit-
ting due to deformation by the notch-filter profile is gray.
The total fit is represented by a solid black line, and lines
of different colors illustrate the contribution of CO4, CO,
and Os lines to this fit. Here, CO5 is subdivided in lines
coming from transitions of even rotational states (solid
line) and odd states (dotted line).

The total fit accurately describes the data in all pan-
els, clearly showing the relation between increasing ro-
tational temperature and increased scattering intensity
at larger Raman shifts. Peaks of CO and Oy are most
explicit at larger shifts, where the intensity of CO5 peaks
drops significantly. At higher temperatures CO and O2
still exceed COq, visible in panel (c). In contrast to CO,
O peaks also significantly contribute to the total fit at
smaller Raman shifts (see peaks at 61 cm™!, 72 cm™1,
and 84 cm~1). Fitted O, densities are therefore generally
more accurate than CO densities.

Furthermore, the panels show three distinct situations
regarding the contribution of even and odd COg peaks at
three time points in the on-off cycle of the pulsed plasma,
indicated by an arrow in Fig. 2. In panel (a), at the start
of the plasma pulse, the gas is in thermal equilibrium and
relatively cool at 394 K. The odd vibrationally averaged
nuclear degeneracy of CO; is still low, but the contribu-
tion of odd peaks is visible in the peak minima of the
total fit. In panel (c), at the end of the plasma pulse,
the vibrational temperatures of CO5 are expected to ex-
ceed the rotational temperature of 809 K only marginally
(see Fig. 2). Also visible in panel (c), the broadening
of peaks below 100 cm ™! seems increased with respect
to the broadening in panel (a). The even COy peaks
strongly underfit the data at the peak minima, which is
compensated by an increase of (g;,) and therefore the
fraction of odd peaks.

In panel (b) at 0.7 ms in the plasma, Ty is still low
relative to (c), but the fraction of odd COz peaks is com-
parable. The fitted odd averaged degeneracy exceeds the
degeneracy that is expected if the gas would be thermal
at Tiot, which indicates an elevation of vibrational tem-
peratures. This is subject to further discussion in sec-
tion 4.4.

4.2. Temperature profile

The temperatures determined from the spatial and
time series are shown in Fig. 5(a) and (b), respectively,
including a 95% fitting uncertainty. Data points from
the spatial series which were acquired in the center of
the reactor are also shown in the time series of panel
(b), indicated by diamonds. Similarly, temperatures at
0.0 ms, 0.7 ms, and 4.9 ms in the time series are plot-
ted as diamonds in panel (a). The rotational temper-
atures of both series agree well on corresponding time
and position, showing good reproducibility over different

experimental sessions. The fitted rotational temperature
mainly relies on the overall shape of the spectrum and
less on the quality of individual peaks, i.e. the signal-
to-noise ratio, and is insensitive to variations in laser
intensity.

For the analysis of the FTIR study it is assumed that
the rotational temperature is constant over the line-of-
sight of IR absorption. This assumption is confirmed by
the spatial series, showing a uniform temperature along
the length of the reactor. There is only a small decrease
in temperature at 1.2 cm, close to the entrance. Here, the
gas enters the reactor with a temperature around 300 K
and reaches its steady state value within a short distance
relative to the total length of the reactor.

The time series is compared to the rotational temper-
ature profile from the FTIR study, which is represented
by a solid line in panel (b). Qualitatively and quantita-
tively there is good agreement between the temperature
development in both studies: an initial temperature of
400 K quickly increases at ignition, but levels off around
800 K at the end of the plasma pulse, where the results
from the FTIR study exceed the temperatures from Ra-
man up to 60 K. T, exponentially decreases in the off
time towards the initial temperature.

4.3. Molecular number densities

The fitted number densities of CO5, CO, and O, are
shown for the spatial series in Fig. 6(a) and for the time
series in Fig. 7(a), including a 95% fitting uncertainty.
Diamonds indicate number densities that are measured
in the other series. The solid lines in Fig. 7 represent
results from the FTIR study, where the O2 density is
assumed to be half the CO density, following Eq. (1).
O5 could not be directly determined with IR absorption,
since its vibrational mode is IR inactive.

The total molecular number density is assumed to be
the sum of the densities of CO5, CO, and Oy. This as-
sumption is supported by the fact that apart from CO4
and CO no other IR active molecules are detected in
the FTIR study, and that the rotational Raman spectra
in Fig. 4 show no indication of other rotationally active
species. However, both techniques cannot detect atomic
oxygen, while some amounts are likely formed [50], which
is subject of future study. Though, no large amounts
of atomic oxygen are expected in the conditions under
study, since the average ratio of CO over O; as mea-
sured with Raman spectroscopy is close to 2, for every
measurement series: 2.2 + 0.3 for the time series and
1.8+0.3, 1.8 £ 0.3, and 1.8 £ 0.4 for the spatial series at
0.0 ms, 0.7 ms, and 4.9 ms, respectively.

Number densities vary strongly between different time
points during the plasma cycle, which is best observed in
Fig. 7(a). All number densities drop when the discharge
starts, leveling off at the end of the pulse, after which the
number densities slowly relax back to the initial value.
This profile is qualitatively the inverse of the temperature
profile, which is expected from the ideal gas law: as the
molecules heat up, the pressure will increase and the gas
starts expanding, decreasing the number densities.

The reduction in total number density from start to
end of the discharge is 50% and 38% for Raman and
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Fig. 5: The rotational temperature versus (a) position and
(b) time. Points at equal position and timing, but measured
during the other series are indicated with diamonds. The
rotational temperature from the FTIR study is added in panel
(b) as a solid line [16].

FTIR, respectively. This is well explained by the reactor
extensions: when the plasma heats up, it is easier for the
gas to expand into the extension volume than through
the narrow in- and outlet.

To discuss the relative composition of the gas, panel
(b) of Figs. 6 and 7 show the composition proportional to
the total number density. The CO2 conversion factor a,
see Eq. (2), is plotted in panel (c). The accuracy of « is
strongly dependent on the accuracy of the fitted number
density of CO. « is therefore represented as the weighted
mean from two calculations for which the inverse variance
is calculated from the variance of the fitted parameters
and serves as weight: (1) using the fitted densities of COq
and CO, and (2) substituting the density of CO by twice
the more accurately fitted density of Os.

During the FTIR analysis the spatial profile of the gas
composition was treated as homogeneous. Scrutinizing
this assumption, the composition is indeed uniform over
the length of the reactor (Fig. 6(b) and (c)), despite us-
ing pure CO; as initial gas. It is known from the FTIR
study that in pure CO4 the conversion per discharge cy-
cle is below the detection limit of <0.005 [16]. Raman
measurements are performed at its closest 1.2 cm from
the gas inlet, which is a distance in which molecules ex-
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series. (a) Absolute molecular number densities of COz, CO,
O2, and all three combined (total). (b) The gas composition,
assuming other species than CO2, CO, and O3 are not present
in significant amounts. (c¢) The conversion factor «. In all
panels, diamonds indicate points at equal position and timing
measured during the spatial series.

perience on average 10 discharge cycles. The expected
conversion at 1.2 cm of a < 0.05 is clearly below the
measured value of 0.11-0.17, visible in the graph.

This can be explained by two phenomena in gas dy-
namics that stimulate gas mixing over the full length of
the reactor. First, the contribution of diffusion to this
mixing can be assessed by calculating the Péclet number
for mass transfer [51]:

(10)

where L is the length of the discharge volume, u is the
average flow velocity (L divided by the residence time),
and D is the pressure and temperature dependent diffu-
sion coefficient [52]. The Péclet number represents the
ratio of mass transfer by motion to mass transfer by dif-
fusion and in the conditions under study is Pe =~ 5. Since
Pe is close to one, both forms of mass transfer are of sim-
ilar importance, hence one would expect some gradient
towards the gas outlet, but diffusion plays a significant
role in gas mixing.

Secondly, uniformity is stimulated by convection as a
result from the gas expansion during the discharge. The
repetitive expansion and contraction (Fig. 7(a)), respec-
tively caused by the heating and cooling of the discharge
region, stimulates molecules from various locations to
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Fig. 7: Fitting results from the rotational Raman time se-
ries. (a) Absolute molecular number densities of COz, CO,
Oz, and all three combined (total). (b) The gas composi-
tion, assuming other species than CO2, CO, and Oz are not
present in significant amounts. (c¢) The conversion factor a.
In all panels, diamonds indicate points at equal position and
timing measured during the spatial series, while the solid lines
originate from the FTIR study [16].

mix, increasing the homogeneity over the length of the
reactor. Although the reactor extensions facilitate an
increased expansion, a comparable spatial uniformity is
expected for the FTIR study. This is supported by a sim-
ilar composition and, hence, conversion in the center of
the reactor as can be seen in Fig. 7(b) and (c). The time
averaged conversion factor of 0.15 + 0.02, obtained from
the Raman measurements, is close to the time averaged
factor of 0.18 in the FTIR study.

4.4. Vibrational temperatures

In this section the fitted vibrationally averaged nuclear
degeneracy of odd rotational levels of CO5 is discussed.
To this purpose, Eq. (8) is used to make a contour plot of
the odd averaged degeneracy versus Tj o and T3, shown
in Fig. 8. The isothermal is indicated with a diagonal
line.

The fitting results of the spatial series at 0.7 ms and
8.5 cm are added to illustrate how this representation can
aid in interpreting the implications of a fitted averaged
degeneracy. The fitted rotational temperature of 484 K is
assumed to be the lower limit for both vibrational tem-
peratures, hence the area where either temperature is
lower is omitted, indicated by a blue shading. The fit-
ted odd averaged degeneracy of 0.171 is then indicated in



1250 |
— 0.3 —
1000 |
3
N
= 750}
500 | e
T1.2 o
X 005 ., 01 AR
500 750 1000 1250 1500
T, (K)

Fig. 8: A contour map of the odd vibrationally averaged
nuclear degeneracy of COs as function of 772 and T3. The
diagonal line marks the isothermal. Fitting results of the
spatial series at 0.7 ms and 8.5 cm are indicated as follows: the
blue shaded area demarcates the temperature region below
the fitted rotational temperature of 488 K, while the orange
curve indicates the fitted odd averaged degeneracy of 0.171
in a band with a half-width of the 95% fitting uncertainty.
The fitted T1,2 and T3 as measured under equal discharge
conditions during the FTIR study are indicated by an orange
cross [16].

the remainder of the contour plot by an orange curve, in-
cluding a band with a half-width equal to the 95% fitting
uncertainty. Now, the expected values of T} » and T3 are
such that the combination intersects with this band.

Although this combination of temperatures is not con-
clusive to a high degree, the map serves well for indi-
cating upper temperature limits, being 606 + 10 K and
1279 4+ 40 K for T} 2 and T3, respectively. Additionally,
the odd averaged degeneracy can well be used to evalu-
ate the vibrational temperatures acquired in the FTIR
study. These values are T} o = 568 K and T3 = 1048 K,
indicated by an orange cross, close to the fitted odd av-
eraged degeneracy. This affirms the concept of using the
degeneracy as an indication for vibrational excitation and
supports the vibrational temperatures as measured in the
FTIR study.

To continue the comparison between the vibrational
excitation in both studies, the odd vibrationally averaged
nuclear degeneracy is plotted versus position in Fig. 9(a).
Error bars indicate a 95% fitting uncertainty. The gray
data points and lines indicate the expected odd averaged
degeneracy if the plasma would be thermalized at T,
ie. T1 9 = T3 = Tyo. Elevations above this calculation
are an indication for non-thermal conditions. Averaged
degeneracies which are measured at similar time points
or position, but during the time series are again depicted
as diamonds.

As previously shown in Fig. 4, (gj,) is sensitive to
the apparent broadening of CO5 peaks and is affected
by broadening increasing events, such as wavelength
shifts/jitter of the spectra during camera accumulation.
Therefore, the actual error is expected to be larger than
the fitting error.

Panel (a) in Fig. 9 shows that the odd averaged de-
generacy is almost constant over space. This indicates
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Fig. 9: Fitting results from the spatial Raman series. (a) The
odd vibrationally averaged nuclear degeneracy of CO2 (col-
ored) including the expected odd averaged degeneracy under
thermal conditions, calculated using the fitted rotational tem-
perature (gray, corresponding line style). (b) The difference
between the fitted odd averaged degeneracy and the calcu-
lated odd degeneracy assuming thermal conditions. In both
panels, diamonds indicate points at equal position and timing
measured during the time series.

only small variation in vibrational temperatures over the
length of the reactor. In panel (b), the difference is shown
between the fitted odd averaged degeneracy and the cal-
culated degeneracy at thermalization with temperature
Trot, Tepresenting the absolute excitation of the odd av-
eraged degeneracy. The degeneracy at 0.0 ms is con-
sistently not excited above thermal level, as is expected
right before the start of the plasma pulse. At other time
points, excitations follow expectations as well: at 0.7 ms,
when the elevation of T3 above Ty is largest, the odd
averaged degeneracy exceeds thermal level to a larger ex-
tent than at 4.9 ms, where the vibrational and rotational
temperatures are again closer to equilibrium (see Fig. 2).

The temporal analysis is continued with the time series
in Fig. 10, where panels (a) and (b) show similar plots
as in Fig. 9. Additionally, temperatures of the FTIR
study are used to calculate the expected excitation of
odd averaged degeneracies, shown as a black curve in
panel (b).

In both panels it can be seen that during the discharge
the odd averaged degeneracy is continuously above ther-
mal level, while during the off time the degeneracy di-
rectly relaxes. The point at 7.5 ms is an exception to this
and is presumably an outlier, illustrating the previously
discussed error and sensitivity to irregular external fac-
tors. Panel (b) shows good agreement between the fitted
excitation and the excitation calculated from the FTIR
study: both quickly increase at the start of the discharge,
where T3 rapidly rises when the rotational temperature
is still low. Hereafter, T35 drops and levels off when the
plasma stabilizes to a situation which is closer to equilib-
rium between vibrational and rotational temperatures.
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Fig. 10: Fitting results from the rotational Raman time se-
ries. (a) The odd vibrationally averaged nuclear degeneracy
of CO2 (black) including the expected odd averaged degener-
acy under thermal conditions, calculated using the fitted ro-
tational temperature (gray). (b) The difference between the
fitted odd averaged degeneracy and the calculated odd degen-
eracy assuming thermal conditions. In both panels, diamonds
indicate points at equal position and timing measured during
the spatial series. The solid line in (b) is calculated from the
results of the FTIR study [16]. The data point at 7.5 ms is
arguably an outlier (see text).

5. Conclusions

Spatial and time resolved rotational Raman spec-
troscopy is performed in a pulsed CO5 glow discharge.
Spectra that are recorded at several time points dur-
ing the discharge cycle show distinctive contributions of
peaks of CO5, CO, and Oy molecules. This holds for any
rotational temperature in the conditions under study,
ranging from 400 K to well above 800 K. Contributions
of CO5 peaks can be recognized as originating from even
or odd rotational levels. The underlying vibrationally
averaged nuclear degeneracies are directly related to the
vibrational temperatures of COs.

The rotational temperature during the discharge is de-
termined to be homogeneous over the length of the reac-
tor, which confirms the assumption that the rotational
temperature is constant over the line-of-sight of absorp-
tion in the FTIR study [16]. Furthermore, the temporal
development of the rotational temperature agrees quali-
tatively and quantitatively with the FTIR study.

The gas compositions acquired from the Raman spec-
tra agree well with the results in the FTIR study. The
composition is shown to be homogeneous over the length
of the reactor, confirming a second assumption made dur-
ing the IR absorption analysis. The homogeneity is at-
tributed to gas mixing, stimulated by diffusion and the
gas expansion during the discharge. The extensions in
the reactor configuration under study facilitate an in-
creased expansion, though differences in number densi-
ties with the FTIR study are much smaller than the total
change in number density during the discharge.

The vibrational temperatures are demonstrated to be
related to the vibrationally averaged nuclear degenera-
cies. The fitted odd averaged degeneracy is used to find
the relation between 77> and T3, including their upper

10

limits. Additionally, the odd averaged degeneracy is use-
ful for the validation of vibrational temperatures which
are determined from other diagnostics. A comparison
with the FTIR study, shows good agreement between
vibrational temperatures and odd averaged degeneracy,
supporting the IR absorption analysis.
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