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Abstract
CO2 dissociation stimulated by vibrational excitation in non-equilibrium discharges has drawn
lots of attention. Nanosecond (ns) discharges are known for their highly non-equilibrium
conditions. It is therefore of interest to investigate the CO2 excitation in such discharges. In this
paper, we demonstrate the ability for monitoring the time evolution of CO2 ro-vibrational
excitation with a well-selected wavelength window around 2289.0 cm−1 and a single
continuous-wave quantum cascade laser with both high accuracy and temporal resolution. The
rotational and vibrational temperatures for both the symmetric and the asymmetric modes of
CO2 in the afterglow of CO2 + He ns-discharge were measured with a temporal resolution of
1.5 µs. The non-thermal feature and the preferential excitation of the asymmetric stretch mode
of CO2 were experimentally observed, with a peak temperature of Tv3, max = 966 ± 1.5 K,
Tv1,2, max = 438.4 ± 1.2 K and T rot = 334.6 ± 0.6 K reached at 3 µs after the nanosecond pulse.
In the following relaxation process, an exponential decay with a time constant of 69 µs was
observed for the asymmetric stretch (001) state, consistent with the dominant deexcitation
mechanism due to VT transfer with He and deexcitation on the wall. Furthermore, a
synchronous oscillation of the gas temperature and the total pressure was also observed and can
be explained by a two-line thermometry and an adiabatic process. The period of the oscillation
and its dependence on the gas components is consistent with a standing acoustic wave excited
by the ns-discharge.

Keywords: carbon dioxide dissociation, nanosecond discharge, quantum cascade laser
absorption spectroscopy, vibrational and rotational temperatures

(Some figures may appear in color only in the online journal)

1. Introduction

In the last decades, CO2 conversion is of growing interest
in the context of greenhouse gas abatement and renewable
energy exploration. The non-thermal plasma is a promising
means for efficient conversion since the unique electron,
vibrational, rotational, and gas temperatures in these plasmas

∗
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allow focusing the discharge energy to the desired chan-
nels instead of heating the gas [1, 2]. Specifically, the vibra-
tional excitation, starting with electron-impact-excitation of
lower vibrational levels, followed by vibrational–vibrational
(V–V) excitation close to the dissociation threshold level,
is a more efficient dissociation pathway [3, 4]. This ladder-
climbing population to higher vibrational levels occurs owing
to the small difference (∼0.3 eV) between the higher vibra-
tional levels and faster V–V relaxation rates compared to
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vibrational–translational (V–T) transfer. The electron energy
required for vibrational dissociation, which equals the O=CO
bond energy (5.5 eV), is much lower than that of the direct
electron-impact dissociation (>7 eV).

However, the detailed physical mechanisms of the vibra-
tional excitation stimulated dissociation are fairly complex.
Related questions involve the excitation mechanism by elec-
trons, including interaction of electrons with excited states by
superelastic collisions, excitation transfer within one species,
e.g. CO2 with CO2, and excitation transfer between differ-
ent molecules, e.g. N2 with CO2. Significant effort has been
made to investigate this process both numerically [5–8] and
experimentally [9–12]. The temporally resolved measurement
of CO2 ro-vibrational excitation is of great importance to gain
insight into the excitation and relaxation processes and also
the validation of the detailed kinetic modeling of CO2 disso-
ciation.

Different optical diagnostic methods have been used to
investigate the CO2 excitation/relaxation process in various
types of discharges, e.g. Raman scattering [11–13] and IR
emission [14, 15]. However, the former gives only lim-
ited information about the Raman active symmetric bending
and stretching modes and the latter presents only qualitative
information due to the strong self-absorption. Compared to
them, IR absorption spectroscopy is a powerful method that is
suitable for this topic. Particularly, broadband IR light sources
in combination with Fourier transform infrared spectroscopy
(FTIR) provide a relatively large scan range, and thus ensure
a simultaneous detection of multiple vibrational modes and
evenmultiple species [16–18]. Rivallan et al [16] have demon-
strated the possibility of detecting the temporally resolved
CO2 absorption spectrum with step-scan acquisition mode of
FTIR in a CO2/air glow discharge. Klarenaar et al [17] fur-
ther developed a fitting approach to deduce the multiple vibra-
tional temperatures and CO2 number density from the broad-
band absorption spectrum from FTIR. Being able to provide
a whole picture of the CO2 excitations in all three vibrational
modes, time-resolved FTIR has been widely applied to invest-
igate CO2 dissociation in pulsed DC glow discharges [18] and
radio-frequency (RF) discharges [19–21].

Despite all these attractive advantages, the accuracy and the
sensitivity to vibrational temperatures of FTIR are still lim-
ited due to the large instrument broadening. Specifically, since
the detected absorbance is a convolution of the real absorb-
ance with large instrument broadening, the detected absorb-
ance from FTIR is in fact spectrally ‘smoothed’ and averaged,
which results in the following effects: (a) the real absorption
is generally too strong, even saturated, making the detected
absorbance less sensitive to the gas properties (temperature
and concentration) considering the exponential relationship in
the Beer–Lambert Law; (b) the small absorption peaks from
higher vibrational states, that are essential for the vibrational
temperature determination, are always obscured in the final
smoothed spectrum, making this method not sensitive to the
important vibrational temperature even at low pressure.

The recently developed quantum cascade laser (QCL),
especially the fast frequency chirp of pulsed QCLs, known
as the intrapulse mode [22], makes it possible to probe the

time-resolved absorption spectrum [23–25]. More recently,
Damen et al [26, 27] proposed to measure the time evolu-
tion of CO2 excitation with the intermittent scanning of three
QCLs operated in pulsed mode with a temporal resolution
of ∼100 µs. With decent efforts to avoid the rapid passage
effects [28, 29] and jitter [30], which are the inherent defects of
this intrapulse operation mode, improved accuracy and sens-
itivity to vibrational temperature were achieved compared to
FTIR. However, further improvement in the temporal resolu-
tion is challenging due to the compromise between the total
scan range and the ultimate temporal resolution (laser pulse
length). It is generally limited to the order of tens of µs estim-
ated with a downchirp rate of several MHz ns−1 and a scan
range of ∼1 cm−1 to cover enough transitions from different
vibrational modes of CO2, although it varies with lasers. In
addition, the measurement accuracy of absorbance is strongly
subject to the pulse to pulse fluctuations in both laser intensity
and chirp rate [25].

In this work, the nanosecond pulsed discharge, which
enables a good separation and control of the electron excit-
ation and the collisional ro-vibrational excitation, will be used
to investigate the CO2 vibrational excitation. To achieve both
high accuracy and temporal resolution, a method is applied
with a well-selected wavelength window and a single QCL
operating in a continuous slow scan (or step scan) mode. With
this method, rotational and multiple vibrational temperatures
together with the CO2 density are simultaneously determined
with a temporal resolution of 1.5 µs and high accuracy as well.
The fast excitation and relaxation process for all three vibra-
tionmodes of CO2 in the afterglow of the CO2–He nanosecond
pulsed discharge will be presented and discussed.

2. Experimental setup and measurement strategy

2.1. Nanosecond pulsed DC discharge

The experimental setup is schematically shown in figure 1(a).
The nanosecond discharge used in this paper is similar to that
in [31]. To be brief, the discharge consists of two molybdenum
electrodes with a cross-section of 20× 1 mm placed vertically
with a distance of 1 mm. Two glass plates are pressed tightly
to the electrodes at the front and the back, yielding a well-
confined discharge volume of 20 mm× 1 mm× 1 mm. Nano-
second voltage pulse generated by combining aDC power sup-
ply (Heinzinger, LNC 6000-10 neg) with a fast high-voltage
switch (Behlke HTS-81) is applied to one electrode with the
other one grounded. A delay generator (Stanford Research
Systems DG535) with internal triggering is used to trigger
the switch with a repetition rate of f p = 2 kHz and an on-
time of 150 ns. To allow easy discharge operation, the value
of the repetition frequency is chosen within a range determ-
ined by the energy input to the system (to limit gas heating)
and remaining seed electrons from the previous pulse (to ease
discharge ignition). The applied voltage and the current are
monitored by a high-voltage probe (Lecroy PPE6kV) and a
current probe (American Laser Systems, Model 711) in con-
junction with an oscilloscope (Lecroy, WaveSurfer 510). The
incoming gas consists of 10% CO2 + He by mixing pure CO2
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and He gas flow using two mass flow controllers (MKS instru-
ments) with a total flow rate of 30 sccm. The gas mixture is
guided into the discharge gap through a hole in the center of
the back glass plate and leaves the discharge from both ends, as
shown in the inset in figure 1(a). The pressure in the discharge
chamber is monitored by a pressure gauge (Pfeiffer vacuum)
and is kept constant at 145 mbar by fine adjusting the mechan-
ical needle valve at the gas outflow. At this condition, the gas
residence time is around 6 ms, that ensures that all molecules
experience 12 pulses before leaving the discharge. The dis-
charge emission is visually homogeneous within the whole
discharge gap, motivating the assumption that the plasma is
homogeneous with spatially uniform properties. The temporal
averaging in these observations is certainly a limitation, but
performing a temporally resolved imaging of the discharge is
beyond the scope of this paper. The shot-to-shot stability is
assessed by the current and voltage waveforms, which devi-
ate by no more than 2% between the pulses. The voltage and
the current waveforms are shown in figure 1(b). Their trends
in CO2 resemble those in N2 [32, 33] and H2 [34] in a similar
discharge setup. The figure presents also the power coupled
into the discharge. At the present conditions, this amounts to
about 1 mJ or about 0.9 eV per CO2 molecule.

2.2. Optical system and measurement strategy

The laser system to probe CO2 absorption spectrum is rather
compact and simple, as shown in figure 1(a). A single-mode
continuous-wave QCL (Alpes) with a coverage from 2276 to
2290 cm−1 was used to scan the CO2 absorption transitions.
The collimated output of the laser is guided in and out of the
discharge chamber through two inserted wedged CaF2 win-
dows to reduce the CO2 absorption outside of the discharge
along the beam pass. To prevent the disturbance of the gas
flow, a 5 mm gap is still maintained between the exit of the
discharge and the optical window on both sides. The CO2

gas in these two volumes is referred in the following discus-
sions as the background gas. A combination of a polarizer
and a quarter-waveplate is used to adjust the laser intensity to
avoid saturation. Two irises help to prevent potential etalon
effects in the optical pass by shielding the back reflection
from the beam splitter and the CaF2 windows. After traversing
the discharge chamber, the laser beam is focused onto a DC-
coupled photovoltaic detector (Vigo, PVI-3TE-5, bandwidth
1 MHz) by an off-axis parabolic mirror. A narrow bandpass
filter (Thorlabs, FB4250-500) and a third iris are mounted in
front of the detector to reduce the infrared thermal emission
from the discharge. The laser frequency is characterized by
a silicon Fabry–Perot interferometer (LightMachinery) with
a free spectral range of 0.0176 cm−1 mounted on a flipping
mount.

High temporal resolution is achieved by operating the QCL
with a slow scan, which can be regarded as a quasi-step-scan
mode, as shown in the trigger scheme in figure 1(b). A ramp
signal generated from a function generator (Agilent 33 250A)
is sent to a commercial laser controller (ILX 3736) to scan the
temperature of the QCL with a frequency of f l = 10 mHz and
an amplitude of 5 ◦C (∼−0.2 cm−1 ◦C−1). The temperature

Figure 1. (a) Schematic of the experimental setup, including the
discharge chamber and the optical alignment. WP: wave plate, PL:
polarizer, BS: beam splitter, OAP: off-axis parabolic mirror, BF:
bandpass filter, DT: detector, FP: Fabry–Perot interferometer;
(b) voltage, current and coupled energy waveforms for the
investigated discharge condition: 10% CO2 + He at 145 mbar with
a repetition rate of 2 kHz and pulse length of 150 ns; (c) schematic
view of the laser light path and the trigger scheme for the high
temporal resolution measurement.

tuning is adopted as it provides a wider wavelength sweeping
range and a smaller intensity variation compared with the cur-
rent scan. The latter is crucial considering the generally limited
dynamic range of the fast IR detector. With such a slow tem-
perature scan, the laser wavelength can be regarded as constant
within 20 ms (5 ◦C/100 s × 0.02 s = 0.001 ◦C), considering
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the tiny wavelength change (∼2 × 10−4 cm−1) within this
time period. For each wavelength step, the temporal profile
of 40 ( f p = 2 kHz) repeated discharge pulses are acquired
and averaged in the data post-processing. The light intensity
from the detector is read out by an oscilloscope (PicoScope
5444B) with a vertical resolution of 14-bit. The temporal res-
olution of the measurements is limited by the detector band-
width. It is also restricted by the discrete choice of sampling
rates provided by the oscilloscope. The chosen sampling rate,
666.7 kS s−1, corresponds to a sample interval of 1.5 µs that
is close to but does not exceed the temporal resolution of
the detector. Although this resolution makes it impossible to
obtain the evolution of the excitationwithin the short discharge
phase, the achieved temporal resolution of 1.5 µs is still high
enough to capture the excitation/ deexcitation processes in the
afterglow (in the order of 100 µs). To achieve a temporal res-
olution that would allow the investigation of both phases, a
faster detector and a complex sampling scheme are needed. A
measurement series is performed in the following procedure:

(a) Measure the incident laser intensity I0 by purging the
chamber with pure He at 145 mbar;

(b) measure the wavelength tuning property by inserting the
etalon;

(c) measure the transmitted light It with the desired CO2/He
mixture at 145 mbar with discharge turned on.

With all three spectra, the spectrally and temporally
resolved CO2 absorption can be processed and reconstructed.
Since each spectrum takes 100 s, the total acquisition time
for one measurement is around 5 min. Additionally, one more
spectrum measured with the desired gas mixture before turn-
ing on the discharge could help to get a self-calibration for the
CO2 concentration and collisional broadening coefficient, but
it is not a must for each measurement. Also, it should be noted
that since the laser intensity and frequency are measured indi-
vidually, the temperature tuning signal is always monitored for
synchronization.

3. Theoretical analysis

3.1. Calculation of CO2 absorption spectrum under
non-equilibrium condition

Unlike the conventional tunable diode laser absorption spec-
troscopy (TDLAS), which uses the integrated areas or broad-
enings of two individual lines to infer gas temperature and
species concentration, fitting a broadband absorption spectrum
with several transitions is necessary in this paper to obtain the
multiple temperatures (T rot, Tv1, Tv2, and Tv3) and concentra-
tion of CO2. For the fitting this spectrum first needs to be cal-
culated as a function of the various temperatures.

The calculation algorithm is implemented based on the
HITEMP-2010 database [35], which contains the line-by-line
information of CO2 for 12 isotopes and hot bands up to v3 = 6.
The notation of a vibrational state in this paper follows the
Herzberg rule [36] with an extra ranking index r to classify the

Fermi resonating group (v1 v2l2 v3 r). (r = 1, 2, 3,…, v1 + 1;
r = 1 denotes the highest vibrational level within a resonating
group). In this terminology system there only exist transitions
with l2 = v2 since all other levels (v1 v2l2 v3) (l2 ̸= v2) are res-
onated with ((v1 − l2/2) l2l2 v3) levels, although theoretically
l2, representing the contribution of bending mode to the angu-
lar rotation, can take values from v2, v2 − 2…. The absorb-
ance A(v) or fractional absorption (used when the absorption
is too strong or even saturated), as described by the basic Beer–
Lambert Law, can be calculated as follows,

A(v) =− ln(It (v)/I0 (v)) = S(T) · p · xCO2 · l ·σ (v) , (1)

where It(v) and I0(v) are the transmitted and incident light
intensities, respectively. p and l are the total pressure (atm)
and optical length (cm), determined by the experimental con-
ditions. XCO2 is the mole fraction of the CO2 and σ(v) is the
line profile.

The linestrength S(T) (cm−1(atm × cm)−1) at a certain
temperature can be calculated from the Einstein coefficients
from HITEMP as shown in [17, 27] with special attention paid
to the definition of all derived parameters [37]. A better and
easier way of calculating the linestrength at a specific temper-
ature or temperature set T = (Tv1, Tv2, Tv3, T rot) under non-
equilibrium conditions is the rescaling method,

S(T) = S(Tref) ·
f ′ ′ (T)
f ′ ′ (Tref)

·
[
1− e−∆E/kBT

1− e−∆E/kBTref

]
, (2)

where f ′′(T) is the fraction of population in the lower state at a
specific temperature,∆E is the energy difference of the upper
and lower state and can be obtained from the HITEMP data-
base. S(T ref) is the standard linestrength listed in HITEMP at
a reference temperature of T ref = 296 K. In this approach, all
the inherent constants associated with a specific transition are
canceled out in the rescaling method. Only the terms that rep-
resent the rescaling factor due to the number density (second
term in equation (2)) and stimulated emission (last term) at
the target and reference temperature still remain. Therefore,
the calculation of the CO2 absorption spectrum is simplified
to the calculation of the number density f ′′(T).

To calculate the fraction of population f ′′ under non-
equilibrium conditions, the total energy of a specific level (v1
v2l2 v3 r J) should be partitioned into different vibrational and
rotational modes and scaled with corresponding temperatures,

f ′ ′ = fv1 · fv2 · fv3 · fJ (3)

where fJ and f vi are the fractions of the population in the pure
rotational and vibrational dimensions. Considering the fast
translation–rotation processes (T–R) process (with a charac-
teristic time in the order of tens of ns under our conditions),
the rotational temperature is in equilibrium with the gas tem-
perature Tg and the rotational distribution function always fol-
lows the Boltzmann distribution. The vibrational distribution
can be well described by a Treanor distribution [38] especially
for the v3 mode, which has a faster V–V exchange rate than
that of V–T. Therefore,
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fvi =
gvib,i
Qvib,i

exp

(
−c2

(
Eh,i

Tvib,i
+
Ea,i

Trot

))

fJ =
gi · gs · (2J+ 1)

Qrot
exp

(
−c2 ·

Erot,J

Trot

)
, (4)

where gvib,i is the degeneracy of each vibrational mode and
equals 1 for the v1 and v3 modes. For the doubly degener-
ate bending mode v2, since the vibrations in two orthogonal
planes have the same vibrational energy and any linear com-
bination of the two eigenfunctions is also an eigenfunction of
the same energy level, the degeneracy is v2 + 1. Eh,i = viωi,
and Ea,i = − vi(vi − 1)ωexe are the harmonic and anharmonic
components of the vibrational energy, which are scaled with
the vibrational temperature Tvi and the rotational temperature
T rot in the Treanor distribution, respectively. ωi and ωexe are
derived from the vibrational constants from paper [39], sim-
ilarly as in [17, 27]. As for the rotational term, the gi and gs
are the rotational state-independent and state-dependent nuc-
lear spin statistical weights. gs depends on the total spin of the
interchanged identical nuclei in a molecule and will cause the
vanishing of symmetric (or asymmetric) rotational state and
thus should be discussed accordingly for different CO2 isoto-
pologues [37]. The partition sums, Qvib,i and Qrot, are separ-
ately calculated under non-equilibrium conditions by numer-
ical summation of all the vibrational and rotational levels with
a truncation at v1 = 20, v2 = 43, v3 = 13, and J = 150 [40].
The truncation is validated by checking the convergency of
Qtot = Qrot·Qvib,i up to 3000 K (>99.93%) and by comparison
with the tabulated database from [41] under equilibrium con-
ditions.

The line profile σ(v) (cm−1) is described by a Voigt profile
with consideration of the line-dependent Doppler and colli-
sional broadenings. To accelerate the simulation and thus the
fitting algorithm, the direct summation formed Voigt profile,
proposed by Liu et al [42] is used with good accuracy. At
our experimental conditions (Tg close to room temperature),
the half-width at half-maximum of the Doppler broadening
determined by the gas temperature, δG, is around 0.002 cm−1

and is one order of magnitude smaller than that of the colli-
sional broadening calculated as follows,

δc (p,T) = p·
[(

Tref
T

)nCO2
·ΥCO2 · xCO2 ·

(
Tref
T

)nHe

×ΥHe (1− xCO2)
]
, (5)

where ΥCO2 and ΥHe are the self-broadening and He-
broadening coefficient of CO2 at reference condition
(T ref = 296 K and pref = 1 atm) and nCO2 and nHe are the cor-
responding temperature exponents. Due to the lack of detailed
line-by-line data, nCO2 and nHe are assumed to be equal to nair
from HITEMP database, which is reasonable considering the
low gas temperature in our experimental condition. The colli-
sional broadening coefficient ΥHe, is calculated based on the
tabulated data γair from HITEMP with ΥHe = q · Υ air assum-
ing the same dependence on rotational quantum J but a global
quenching factor to correct the difference between He and air.
The quenching factor q will be measured and discussed later.

Figure 2. Comparison of the calculated absorption with HAPI at
equilibrium condition (T rot = Tv1 = Tv2 = Tv3 = 1000 K) for 10%
CO2, p = 0.03 atm and l = 1 cm.

The collisional broadening due to the potential dissociation
products O2 or CO are ignored in our experiments considering
the low dissociation rate and low CO2 concentration.

3.2. Validation of the simulation under both equilibrium and
non-equilibrium conditions

The code simulating the absorption spectrum is validated
by comparisons with the equilibrium CO2 absorbance calcu-
lated with HAPI [43] (HITRAN Application Programming
Interface to calculate equilibrium spectra) and measured non-
equilibrium absorption spectrum from the literature [17, 44].

Figure 2 shows a comparison of the equilibrium absorb-
ance for pure CO2 around 2289.5 cm−1 calculated from HAPI
with T = 1000 K and the established non-equilibrium simula-
tion code with T rot = Tv1 = Tv2 = Tv3 = 1000 K. The moder-
ate pressure, p = 0.03 atm, is chosen to ensure a comparable
contribution of the Gaussian and the Lorentzian broadening,
thus the broadening calculation and the line profile could also
be inspected. Furthermore, since the total energy and the total
internal partition sums used in HAPI are calculated ab initio
[41], the perfect agreement between these two simulations also
suggests the accurate calculations of the total energy and of
the partition function in the rescaling model. It should also be
noted that when calculating the equilibrium spectra, the ener-
gies of the Fermi-resonant levels are additionally corrected by
calculating the Fermi coupling off-diagonal elements as shown
in [39, 45].

To further validate the splitting of the total energy of a
specific energy level into different rotational and vibrational
modes in the proposed simulation code, the experimental
transmittance under non-equilibrium conditions from the lit-
erature [44] is re-investigated and fitted with our fitting codes.
Figure 3 shows the measured fractional absorption spectrum
from [44] with a mixture of 10% CO2, 38% N2, and 52% He
at 15 Torr around 2284.4 cm−1. Owing to the relatively low
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Figure 3. Fit to a non-equilibrium CO2 absorption from the
literature [44]. Each peak is denoted as (v1 v2 v3) with l and r
omitted to reduce the complexity of the notation.

pressure, the detected absorption peaks are well separated. The
corresponding dominant transitions are identified and labeled
to indicate the dependence of the peak intensities on the differ-
ent vibrational and rotational temperatures. Two different fits
are made. For the first one (blue curve in figure 3) Tv1 = Tv2 is
assumed, whereas for the second one (black curve) Tv1 and Tv2
are considered independent. As can be seen, both fitting results
agree very well with the experimental results. The values for
the temperatures obtained from the fits are: T rot = 495 ± 9 K,
Tv1 = Tv2 = 508 ± 7 K, Tv3 = 2634 ± 60 K for the first case
and T rot = 498 ± 9 K, Tv1 = 522 ± 10 K Tv2 = 500 ± 8 K,
Tv3 = 2658 ± 63 K for the second case.

Several conclusions can be made based on these fitting
results. Firstly, the approximate equality of the fitted vibra-
tional temperatures Tv1, Tv2 for the second case and Tv1,2 in
case (a) corresponds well with the conclusion obtained from
a Boltzmann plot in [44]. This confirms the assumption used
in the following discussion that Tv1 = Tv2 due to the strong
coupling between the symmetric stretch and bending modes,
i.e. Fermi resonance [17, 46]. Secondly, although no detailed
temperatures were provided for this example transmittance
in [44], the fitted temperatures match well with those from
[17, 27, 47] with a similar fitting algorithm, which again veri-
fies the accuracy of the simulation code and partition of ro-
vibrational energy. Thirdly, it is also worth noticing that the
relatively large fitting uncertainty (calculated with 95% con-
fidence bounds), is attributed to the non-ideal selection of
wavelength range, i.e. insufficient energy gap, and the almost
saturated strong absorptions, both of which reduce the sens-
itivity of the detected absorbance to the gas temperature or,
equivalently, the concentration. This is also one of the reas-
ons why in addition to this example absorbance, several other
wavelength intervals, from 2140 to 2310 cm−1, were needed
to be scanned in [44] to obtain accurate rotational and vibra-
tional temperatures. Therefore, a well-selected wavelength is

essential for the accuracy of the results when the total scan
range is limited.

3.3. Transition (wavelength) selection and fitting strategy

Considering the limited scan range of a single-mode mid-
infrared laser, a well-selected wavelength range is needed
for the simultaneous determination of the multiple temperat-
ures and the concentration. Except for a reasonable absorp-
tion strength, which should be neither too small to ensure a
good signal-to-noise ratio, nor so big to cause an absorption
saturation and thus be less sensitive to the fitting parameters,
some other nontrivial rules need to be taken into account while
selecting the wavelength window. Since there are at least five
parameters T rot, Tv1, Tv2, Tv3 and xCO2 to be determined, at
least five independent equations or constraints are required to
avoid an undetermined system. The following guidelines were
used when selecting the wavelength range in this work.

(a) To obtain accurate Tg or T rot: one pair of lines from the
same vibrational level (better to be the ground vibrational
level) with a difference in rotational level J as large as pos-
sible should be included;

(b) to obtain accurate Tvi: at least one transition from
each vibrational mode, i.e. symmetric stretching (v1xxxx),
symmetric bending (xv2xxx), and asymmetric stretching
(xxxv3x) with v1, v2, v3 > 0 should be included;

(c) to increase the reliability of the individual vibrational tem-
peratures, transitions with multiple quanta excited, e.g.
v1v2xxx, v1 and v2 > 0 are recommended.

Based on the above-mentioned guidelines, a wavelength
window of∼1 cm−1 near 2289 cm−1 is chosen with all notice-
able transitions in that range listed in table 1. The transitions
are split into different groups based on their distinct char-
acteristics. For example, all transitions labeled by a number
from ‘0 ∼ 5’ are the lines that have a measurable absorp-
tion at room temperature. These lines can be detected without
a discharge as a benchmark of the wavelength window. The
transitions that are sensitive to the vibrational temperature of
the symmetric (Tv1 or Tv2) and the asymmetric modes (Tv3)
are marked by lowercase and uppercase alphabetic characters,
respectively.

To further demonstrate the high sensitivities of the selected
transitions to different temperatures, a simplified energy level
scheme for the lower ro-vibrational states of the selected trans-
itions are plotted in figure 4(a) with the respective vibrational
state marked as a grey line below and the rotational quantum
J in the bracket. Peaks ‘0’ and ‘3’, both belonging to trans-
itions to the ground state, are a perfect line pair for the rota-
tional temperature measurement due to their large J difference
up to 56 and comparable intensities (see figure 4(b)). Further-
more, in addition to the coverage of the transitions from all
three vibrational modes, the selected wavelength window also
includes absorption lines that have a lower level with multiple
vibrational modes excited, e.g. ‘b’, ‘B’ and ‘C’. Therefore, the
population density of these levels depends on a combination of
the vibrational temperatures. Then the fitting quality of these
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Table 1. Spectroscopic parameters for the selected CO2 transitions from HITEMP 2010 [35].

Label Frequency (cm−1) Vib. Rot. Energy (cm−1)

0 2288.784 00001 R6 16.39
1 2289.094 01101 P51 1702.40
2 2289.134 02201 P39 1945.79
3 2289.249 00001 P62 1522.16
4 2289.396 01101 R24 883.18
5 2289.548 10002a P42 1990.11
a 2289.323 03301 P26 2278.63
b 2288.671 11101 P29 2416.42
c 2288.476 10001 P42 2092.49
A 2289.461 00011 P39 2952.76
B 2289.578 01111 P26 3276.04
C 2288.601 01111 P27 3297.41
a Notation with consideration of Fermi-resonance. Theoretically, it belongs to the vibrational level (0200) as
shown in the energy level scheme in figure 4(a).

Figure 4. (a) Simplified energy level scheme for the transitions
used in this paper and the corresponding sensitivity to different
vibrational and rotational temperatures. The label of each peak is
denoted as (v1 v2 v3) with l and r omitted to reduce complexity.
(b) The simulated absorption spectra in the selected wavelength
range at room temperature and at non-equilibrium conditions with p
= 145 mbar, 10% CO2, l = 2 cm.

peaks is a measure of the reliability of the determination of
the individual vibrational temperatures. Figure 4(b) compares
also the calculated absorption in the target wavelength range
under our experimental condition (10% CO2, p = 145 mbar,
l= 2 cm) at room temperature and at elevated vibrational tem-
peratures. As can be seen, in addition to a reasonably strong
absorption intensity for all peaks, the strong sensitivity of
the target transitions to the different temperatures is clearly

Figure 5. Example of the detected spectra for a time series
measurement. The QCL is scanned by temperature with
f = 10 mHz. The discharge is operated with 10% CO2 + He at
2 kHz with a voltage of 3 kV, current of ∼6 A, and a pulse length of
150 ns. The light intensities of It with discharge and the etalon
signal are shifted vertically for clarity. The inset is an example zoom
of It within a constant wavelength step showing the variation of
absorbance within the discharge afterglow.

observed. Consequently, the chosen wavelength window is
good enough to provide the desired sensitivity to the various
parameters of interest.

4. Results and discussions

Figure 5 shows a representative example of the detected spec-
tra required for a time series measurement. As shown by the
etalon fringes, the QCL is tuned over 1.14 cm−1 ( = 65
fringes × 0.0176 cm−1) within 50 s to probe all the trans-
itions under investigation. To obtain the absolute frequency,
firstly the signal from the etalon is averaged over a period of
20 ms. Then the positions of the fringe peaks are read out and
fitted by a third-order polynomial. The absolute wavelength
is obtained by using the position of the absorption peak at
2288.78 cm−1.

7
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The baseline I0 shows tiny absorption features, especially
around peaks ‘0’ and ‘3’. They originate from the CO2 gas
outside the chamber i.e. the one unavoidably present in the
ambient lab atmosphere (∼400 ppm, 1 atm, absorption path
around 2 m). They contribute equally both to I0 and to the
transmitted light intensity It. Therefore, they cancel out when
calculating the absorbance of the discharge. Beside the three
spectra required for a time series measurement, the spectrum
recorded with the desired gas mixture before turning on the
discharge is also included in figure 5. Compared with the
smooth incident light intensity, I0, absorption peaks that have
detectable intensity at room temperature and marked as 0–5 in
section 3.3 are observed with the CO2 gas mixture as It. This
spectrum allows an experimental estimation of the quench-
ing factor q, ensures no systematic error in the gas mixture,
and also provides a closer inspection of the stability of the
whole system. The transmitted light intensity with discharge
is shown in red. Prominent differences are observed in com-
parison to the one without a discharge. As can be seen, trans-
itions from high vibrational levels, marked as alphabetic char-
acters in section 3.3 appear when the discharge is turned on.
These peaks appear shaded in the figure due to their strong
change within the discharge afterglow, as shown in the inset
in figure 5. The recorded spectra then provide a temporally
resolved measurement of the CO2 absorption in the afterglow
of the nanosecond discharge.

4.1. Measurement of collisional broadening coefficient
ΥHe–CO2 under equilibrium conditions

Since the collisional broadening of CO2 is dominant at our
experimental pressure and 90% of the collisional partners are
He atoms, it is important to have an accurate collisional coef-
ficient of CO2 with He, γHe. The arbitrary assumption that γHe

equals γair listed on the HITRAN or HITEMP database due to
the lack of detailed data from literature, will result in a visible
discrepancy in the best-fit spectrum and an overestimation of
the finally fitted CO2 concentration due to the overestimation
of the broadening effect. Here, we conducted an experimental
measurement of q by checking the CO2 absorption spectrum
under equilibrium conditions.

Figure 6 shows the measured and best fitted CO2 absorb-
ance within the target range under equilibrium conditions. The
red circles are the measured spectrum with 10% CO2 + He at
a pressure of 145 mbar without discharge. The best-fit spec-
trum with collisional coefficient q as an extra fitting para-
meter is shown in black. As can be seen, perfect agreements
are observed for all peaks and the best fit parameters are
as follows, T rot( = Tv1 = Tv2 = Tv3) = 297.5 ± 0.2 K,
xCO2 = 9.8 ± 0.1% and q = 0.80 ± 0.01. The uncer-
tainties given here and in the following discussions include
only the uncertainty calculated with 95% confidence bounds
from the fitting procedure. The best-fit gas temperature
T rot = 297.5 ± 0.2 K is a reasonable room temperature
in the lab and the best-fit CO2 concentration also agrees
well within uncertainty with the preset value. In addition,
this overall quenching factor q = 0.80 ± 0.01 obtained
from the fitting yields a collisional broadening coefficient

Figure 6. Absorbance of the CO2 gas mixture without discharge
(red symbols) and before the discharge pulse (t = 0 µs) (blue
symbols) for the target scan range. The blue curve is shifted
horizontally by 0.05 cm−1 for clear comparison.

ΥHe = 0.062 cm−1 atm−1 for the strong absorption peak R(6),
which agrees within the uncertainty with the measured value
from the literature [48]. The collisional broadening coeffi-
cients of CO2 with He for other target transitions, which are
not observed at room temperature, are all rescaled with this q
factor, assuming the same rotational quantum J dependence as
with air.

The detected CO2 absorption spectrum and its best-fitting
with the same gas mixture but at a slightly elevated gas tem-
perature under equilibrium is also included in figure 6. This
spectrum is obtained while running the discharge in an effect-
ively single-pulse mode by increasing the gas flow rate to
400 sccm. Under such conditions, the gas residence time is
less than the time between two consecutive pulses, thus the
absorption path between the chamber windows is filled with
fresh gas mixture before each discharge pulse. The best-fit gas
temperature and CO2 concentration are T rot = 301.6 ± 0.2 K
and xCO2 = 9.8 ± 0.1%. The gas temperature is slightly
higher than the one measured without the discharge operat-
ing (Tgas = 297.5 K). The reason for this slight discrepancy
is probably heating from the electrodes whose temperature
probably changes due to the operation of the discharge. As
can be seen in figure 6, even with a temperature increase of
only 4.1 K, the intensity of peak ‘3’ that belongs to a high
rotational state, and thus the ratio of peak intensity between
peak ‘3’ and ‘0’, increase notably due to the large energy dif-
ference between these two lines. This demonstrates the high
accuracy of this method and confirms the good selection of
the wavelength window.

In addition to inferring the collisional factor q, the stabil-
ity of the measurement method and optical system can be
evaluated with the absorption spectrum measured without dis-
charge. By recording the pulse signal while the high voltage
power supply is off, the temporally resolved absorbance of the
neutral CO2 gas mixture can be reconstructed with the same
procedure as in the measurement with discharge. By fitting
the time-resolved absorbance of the CO2 gas mixture without
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Figure 7. Time evolution of the measured absorbance in the
afterglow of the nanosecond discharge. The discharge is operated
with 10% CO2 + He at 145 mbar with a frequency of 2 kHz, a
voltage of 3 kV (I ∼ 6 A), and a pulse length of 150 ns.

discharge, the robustness of this method could be assessed.
The averaged best-fit rotational temperature, CO2 concentra-
tion and quenching factor over 500 µs are 297.50 K, 9.794%
and 0.799, with a standard deviation of 0.04 K, 0.007% and
0.001, respectively. It is clear that the standard deviation of
the background is smaller than the fitting uncertainty within
the 95% confidence bound error of the fitting process, which
suggests the good stability of the experimental system and the
method over time.

4.2. Temporally resolved measurement

Figure 7 presents the temporally and spectrally resolved
absorption of CO2 in the nanosecond CO2–He discharge at
145 mbar with a frequency of 2 kHz, voltage of 3 kV and a
pulse length of 150 ns. As can be seen, immediately after the
discharge pulse, the peaks from the excited vibrational states
appear and rise dramatically within the first 3 µs, which sug-
gests a distinct vibrational excitation of CO2 due to the dis-
charge. After that, a clear decay is observed for all these peaks.
In contrast, the change in peaks 0 and 3 from the ground vibra-
tional state is relatively moderate during the whole process,
except for an oscillation within the first 100 µs, indicating a
mild variation in the rotational temperature. Through the fit-
ting of the temporally resolved absorption spectra, the evolu-
tion of the CO2 rotational and vibrational temperatures can be
obtained.

Several representative absorption spectra at different time
points are shown in figure 8, together with the corresponding
best-fit. At t = 0 µs, just before the next discharge pulse, local
thermal equilibrium is observed along the whole absorption
pass, including both, discharge volume and background. The
best-fit temperature is T rot = Tv1, 2 = Tv3 = 311.1 ± 0.2 K,
suggesting a negligibly small gas heating in this highly non-
thermal nanosecond discharge. The best-fit CO2 concentra-
tion reduces to 9.4 ± 0.1%, indicating a dissociation degree
of only 4% of the CO2 gas. This CO2 dissociation degree is
close to the value reported from a pin-to-sphere configured
nanosecond discharge [5, 9] with a similar specific energy

Figure 8. Examples of fitted absorption spectra together with the
corresponding fitting residual for a discharge of 10% CO2 + He
with a frequency of 2 kHz, voltage of 3 kV and a pulse length of
150 ns. (a) Before discharge pulse t = 0 µs and t = 300 µs;
(b) t = 3 µs when Tv3 reaches the maximum.

input of 0.9 eV/molecule (calculated with mean pulse energy
around 1 mJ, figure 1(b)). Considering the low gas flow rate
and the interchange between the discharge volume and the
background, the temperature and CO2 concentration of the
background gas remain unchanged during the entire afterglow.
This allows to account for the contribution of the background
to the absorption spectra obtained in the afterglow by generat-
ing the background spectrum using the temperature and CO2

concentration obtained at t= 0µs. The green line in figure 8(b)
depicts this spectral contribution of the background gas to the
final line-of-sight spectrum. Although the optical length of the
background gas accounts for around 50% of the absorption
length, the background has limited influence on the final fit-
ting results due to its small contributions to the peak intensit-
ies. Furthermore, it has essentially no influence on the determ-
ination of the asymmetric vibrational temperature, since the
background does not contribute to the peak from which Tv3 is
determined.

The absorption spectrum of CO2 at t = 3 µs, changes dra-
matically as shown in figure 8(b). All three vibration modes
are highly excited, especially the asymmetric stretch mode,
as shown by the distinct peak ‘A’. The best-fit temperat-
ures are T rot = 334.6 ± 0.6 K, Tv1, 2 = 438.4 ± 1.2 K
and Tv3 = 966.0 ± 1.5 K. It is clear to see that good
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agreement exists between the measurement and the best-fit in
this strongly non-equilibrium condition. The larger residuals
compared with those under equilibrium conditions are prob-
ably attributed from the less accurate line positions for the
higher ro-vibrational states and the calculation of the parti-
tion function under non-equilibrium condition. As shown in
the temporally resolved absorption profile in figure 7, after
t = 3 µs the intensity of the transitions from excited vibra-
tional states decay fast with time and finally reach zero. An
example of themeasured absorbance at a later phase t= 300µs
is also attached in figure 8(a). In comparison with the spec-
trum at t = 0 µs, all transitions overlap with each other
except for peak ‘A’ that belongs to the vibrational state (001).
This suggests that until t = 300 µs, T rot, Tv1, and Tv2 have
already decayed to the same value as in the equilibrium con-
dition before the discharge pulse, while Tv3 is still higher
than the others. This is also reflected in the best-fit temper-
atures: T rot = 311.9 ± 0.2 K, Tv1, 2 = 312.0 ± 0.4 K and
Tv3 = 443± 2 K, indicating a slower deexcitation of the asym-
metric stretch mode of CO2 compared with the symmetric
stretch or bending modes, as will be discussed later.

By fitting the overall time-resolved absorbance in figure 7,
the evolution of T rot, Tv1, 2 and Tv3 in the afterglow of the
nanosecond discharge can be obtained, as shown in figure 9.
It should be noted that during the overall fitting process, no
extra assumption or a priori constrains are used in the fit-
ting to ensure a self-consistent result, except for the time-
invariant parameters for the background CO2. As can be seen,
before the discharge pulse, t = 0 µs, thermal equilibrium is
obtained among all degrees of freedom, i.e. translation, rota-
tion, and all three vibration modes. During the 150 ns dis-
charge pulse, the CO2 molecules get excited by the energetic
electrons. Further effort will be made in the future to look
into the discharge phase with a temporal resolution of ∼ns
by replacing the detector with one having a larger bandwidth
(>100 MHz). After the discharge pulse, the vibrational tem-
peratures as well as the gas temperature keep increasing and
reach their maximumvalues at around 3µs after the pulse. Pro-
nounced excitation of the asymmetric mode is observed with a
peak vibrational temperature of Tv3, max = 966 ± 1.5 K, while
the excitation of the symmetric one is rather moderate with
Tv1,2, max = 438.4± 1.2 K. This confirms the preferential excit-
ation of the asymmetric stretch mode of CO2, as reported with
different gas mixtures in experiments [17, 27] and simulations
[6, 7]. In addition, the elevation in the gas temperature is even
more insignificant with a peak value of only 334.6 ± 0.6 K.
This low gas temperature is shown to be very desirable for CO2

dissociation since it helps to minimize both the recombination
process (CO + O + M → CO2 + M) and the deexcitation
of the higher vibrational states, which may enhance the most
energy-efficient pathway of CO2 dissociation (i.e. through
the vibrational levels), through VT relaxation considering the
strong temperature dependence of both processes [5, 49]. After
t= 3 µs, all temperatures start to quasi-exponentially decrease
towards an equilibrium value Teq = 311.1 ± 0.2 K before the
next discharge pulse. Experimental results also show that this
equilibrium temperature increases slightly (∼10 K) with an
increase of the pulse length (from 150 to 200 ns) and applied

Figure 9. Time evolution of the best-fit rotational temperature and
vibrational temperatures in the afterglow of the nanosecond
discharge with 10% CO2 + He. The discharge condition is the same
as that in figure 7. The inset depicts the evolution of the normalized
number density (001) state versus time together with the best-fitted
exponential decay.

voltage (from 3 to 3.5 kV) due to the increase in the pulse
energy. Furthermore, it also can be seen that the symmetric
stretching (and bending) modes present a faster decay than
the asymmetric mode, due to the generally larger V–V and
V–T relaxation cross sections of the symmetric bendingmodes
compared with the asymmetric one [10, 50].

4.3. Deexcitation of the asymmetric mode and acoustic wave
perturbation

The inset in figure 9 depicts the time evolution of the num-
ber density of the CO2 asymmetric mode (001) state, which
essentially determines the vibrational temperature, Tv3, in
the broadband spectrum fitting. As can be seen, the num-
ber density of CO2 (001) state closely follows an exponen-
tial decay with a time constant of τ = 69 µs. The meas-
ured decay constant matches well with the theoretical values
τ = (τVT−1 + τWall

−1)−1 = 73 µs by considering its loss
mechanisms of VT transfer with He and the deexcitation at
the wall (τVT ∼ 127 µs estimated with σ ∼ 2 × 10−20 cm2 at
300 K [50], τWall ∼ 167 µs estimated with a destruction prob-
ability of γ = 0.2 with a Pyrex surface [10]). This suggests
that the deexcitation of (001) state in our discharge condition
is mainly dominated by the VT transfer with the buffer gas and
the deexcitation at the wall. However, for a definitive determ-
ination of the leading loss channels, a detailed state-to-state
model would be necessary. It will need to account also for the
observed low dissociation degree of CO2. It should be men-
tioned that although the vibrational temperature Tv3 is mainly
inferred from the number density of the first vibrational level
(001), both experiments and state-to-state simulation [6, 7]
have shown a nearly-Boltzmann distribution among the asym-
metric mode (v3 ⩽ 5), which makes the measured (001) state
a good representative of the asymmetric vibrational mode.

In addition to the slow decay of Tv3 with respect to T rot and
Tv1, 2, another pronounced feature of the temporally resolved
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Figure 10. Validation of the best-fit rotational temperature and
pressure from the broadband spectrum fitting with the generally
used two-line thermometry method (with peaks ‘0’ and ‘3’) in
conventional TDLAS.

temperatures is the oscillation in the best-fit T rot and Tv1, 2
within the first 100 µs. A similar change is also observed in
the best-fit total pressure, as shown in figure 10(b) plotted
on a logarithmic scale. Before further discussing the poten-
tial origin of this oscillation, the results for the gas temper-
ature and pressure from the broadband spectrum fitting are
further validated by the conventional two-line thermometry
in TDLAS [29]. It is implemented by fitting the temporally
resolved absorption peaks ‘0’ and ‘3’ with a Voigt profile.
Since both peaks belong to the same vibrational state (000), the
fitted area ratio of these two peaks depends only on the rota-
tional temperature. The Lorentzian broadening components
of both peaks are proportional to the total pressure as shown
in equation (5) if the slight temperature change is ignored.
The area ratio and the collisional broadening from the single
peak fitting are shown in figure 10, together with the rotational
temperature and pressure results referred from the broadband
spectrum fitting. Several conclusions can be obtained: first,
the overall ratio of the best-fit Lorentzian broadening of peak
‘0’ and ‘3’ in figure 10(b) is 1.18, which corresponds well
with the theoretical ratio of broadening coefficients of these
two peaks, suggesting the reliability of the single peak fitting
algorithm. Secondly, the good agreements between the time-
resolved area ratio and rotational temperature and between the
Lorentzian broadenings and total pressure validate the accur-
acy of the broadband spectrum fitting and the existence of such
oscillation.

To further look into this temperature and pressure oscil-
lation process, we estimated the ratio of specific heat capa-
cities of the gas mixture, i.e. ∼10% CO2 + 90% He ignor-
ing the slight amount of dissociation products CO or O2, to
be γmix = 1.583 (γCO2 = 1.275, γHe = 5/3). It should be

Figure 11. The area ratio of peak ‘3’ and ‘0’ deduced from the
single-peak fitting with different CO2 concentrations.

noted that the ratio of specific heat capacities of CO2, γCO2,
used here is calculated at a thermalized averaged gas temper-
ature T = 330 K. (Cp = A + B· t + C· t2 + D· t3 + E/t2,
t = T/(1000 K), with constants A, B, C, E adopted from
[51]). Based on γmix, the pressure changes in A → B
and B → C (figure 10(a)) can be estimated to be 15.2
and 7.9 mbar, respectively, assuming an adiabatic process
(p1 − γTγ = const.). In fact, the observed pressure changes in
the experiments (pA − pB = 17.4 mbar, pB − pC = 8.6 mbar,
with pα being the pressures at the pointsα=A, B, C read from
figure 10(b)), correspond well with the theoretical estimations.
The small overshoot in the experiments might be attributed to
the underestimation of γmix caused by a slightly smaller Cp for
CO2, since the asymmetric mode of CO2 in our experiment is
apparently unfrozen, which yields extra degrees of freedom
for heat absorption.

Furthermore, as shown in figure 10, the oscillation of the
gas pressure shows a damped oscillation with a period around
30 µs, which gives us some hints about its origin. One poten-
tial reason might be an acoustic wave produced by the pres-
sure perturbation. The pressure perturbation produced by the
discharge propagates with sound speed to the edge of the dis-
charge reactor and finally forms a standing wave in the dis-
charge gap. Since the laser absorption spectroscopy is a line-
of-slight technique, the pressure we measured is in fact the
averaged pressure along the electrodes. By considering the
sound speed in the gas mixture and the geometry of our dis-
charge, the period of the fundamental standing wave mode is
τ acoustic = λ/cmix = 2 · l/cmix ∼ 28.5 µs, where l( = 10 mm) is
the length between two open ends, i.e. the distance between the
gas inlet and the discharge boundary, and cmix (∼700 m s−1) is
the sound speed in 10% CO2/He gas mixture. As can be seen,
this acoustic time scale agrees very well with the observed
period of the pressure oscillation. To further validate this hypo-
thesis, the pressure oscillation was measured with different
CO2/He concentrations as shown in figure 11. A clear increase
of the oscillation period is observed with increasing CO2

concentration due to the decrease of the sound speed in the gas
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mixture. The measured oscillation periods, 24, 30, and 35 µs
correspond well with the theoretical values, 23.5, 28.5, and
34.2 µs, which supports the origin of the pressure oscillation
and also demonstrates the high sensitivity of this measurement
method. Acoustic oscillations influence only the gas temperat-
ure which is coupled to the rotational temperature. The corres-
ponding oscillations are observed also in Tv1, 2 probably due to
a fast V–T exchange for the symmetric modes. However, they
are not seen in the temperature of the asymmetric mode, pos-
sibly due to the larger energy gap for this mode, making the
V–T transfer less efficient. Naturally, these are only qualitative
speculations and dedicated studies will be required to unravel
the actual kinetics of the V–T transfer.

5. Conclusions

In this paper, we have applied a method to determine the
time evolution of CO2 ro-vibrational excitation with the
compact QCL absorption spectroscopy. With a well-selected
wavelength window around 2289.0 cm−1 and a single QCL
operating at continuous mode, the rotational temperature,
vibrational temperatures for both symmetric and asymmet-
ric modes, as well as the CO2 density can be simultan-
eously determined with both high accuracy and temporal
resolution.

The method is further applied to monitor the rotational and
vibrational temperatures of CO2 in the afterglow of a nano-
second discharge with a temporal resolution of 1.5 µs. The
discharge operates with 10% CO2 + He at 145 mbar with a
frequency of 2 kHz and a pulse length of 150 ns. Experimental
results show that both gas temperature and vibrational temper-
atures keep increasing in the early afterglow and reach the cor-
responding maximum value at 3 µs. The non-thermal feature
and the preferential excitation of the asymmetric stretch mode
of CO2 were clearly observed, with a peak vibrational temper-
ature of Tv3, max = 966± 1.5 K, Tv1,2, max = 438.4± 1.2 K and
T rot = 334.6 ± 0.6 K. This moderate elevation of gas temper-
ature is shown to be beneficial to the CO2 dissociation since it
helps to minimize the reverse recombination process and the
deexcitation of the higher vibrational states. Furthermore, in
the relaxation process, the measured number density of CO2

(001) state presents an exponential decay with a time constant
of τ = 69µs, which is mainly attributed to the VT transfer with
He and the deexcitation on the wall. Moreover, within the first
100 µs of the relaxation process, a synchronous oscillation of
the gas temperature and the total pressure was observed with
a period of 30 µs. It is very likely to be caused by an acous-
tic wave according to the similar acoustic time scale τ acoustic
in our experimental condition and its dependence on the gas
components.

Based on these preliminary results, further effort will be
made to look into the excitation of CO2 in the active discharge
phase (within the discharge pulse) in combination with a faster
detector. Also, the time-dependent measurement of the higher
vibrational state in the asymmetric mode is suggested to fur-
ther check the effect of the vibrational ladder-climbing path-
way on the plasma-assisted CO2 dissociation.
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