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The acetylene v, +vs (II,) < v, (IL;) hot band has been reinvestigated at high resolution (< 10~3 cm™!). Vibrationally
excited but rotationally cold C,H, (= 30 K) is probed in a supersonically expanding planar plasma by a continuous-wave
(cw) mid-infrared cavity ring-down spectrometer at nearly Doppler free condition. Low J-value rovibrational transitions
corresponding to the Q-branch are recorded for the first time. The improved resolution and newly observed transitions,
combined with the existing data from the literature allow for retrieving improved molecular parameters for this hot band.

1. Introduction

Acetylene is found in a large variety of high temperature environments. On
Earth, this species plays a major role in combustion chemistry, particularly in
the synthesis of polycyclic aromatic hydrocarbons (PAHs) [1,2] and in the
formation of soot [3]. Similar chemical mechanisms are also thought to take
place in astrophysical environments such as circumstellar envelopes of AGB
stars [4-8] from which dust, PAHs and other complex hydrocarbon species
are expelled into the interstellar medium. Accurate spectroscopic data of
acetylene associated with thermally populated vibrational levels are required
to characterize the dynamics and chemical evolution of such environments.

The present work focuses on the C,H, v; + vs(Il,) < v4(I1,) hot band.
According to recent literature reviews [9—11], only one study by Sarma et al.
reported the spectral characterization of this band [12]. Their measurements
were performed using an FTIR spectrometer (5.4 x 1073 cm~! apodized
resolution) on acetylene contained in a gas cell and kept at 4 mbar. This
room temperature experiment allowed for the identification of P- and R-
branch transitions up to J = 27, but prohibited accurate determinations of the
lower J-values, also including the Q-branch. The molecular constants that
Sarma et al. used to fit the acetylene hot band were taken from a previous
study by the same group [13]. In the latter paper, they fitted the spectroscopic
constants of the v; + v5 state by probing its associated cold band. The v,
level, not infrared active, was derived from the (v; + vy + vs — v4)>0 « vj
hot band and turned out to be in good agreement with an earlier study
relying on the vs <« v, transition [14]. The only database reporting the
CoH, v; +vs(I1,) < v4(l'Ig) hot band (ASD-1000 [10]) relies on an effective
Hamiltonian to fit the experimental lines of the study mentioned above [12].
Some lines are extrapolated from the model as they compiled the Q-branch
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transitions while, to the best of our knowledge, no experimental observation
has been made for this branch.

To get access to excited levels, different approaches to heat the gas
(through laser excitation [15], heat exchanger [16—18]) have proved to be effi-
cient and in this paper we are relying on the generation of a plasma in which
the neutral molecules are heated by collisions with electrons in a pulsed high
voltage discharge configuration [19-21]. In spectroscopy, high temperature
often prevents unambiguous identifications due to the population of numerous
excited states. Spectra are dense and composed of broadened lines possibly
originating from blended transitions, and are consequently complex to analyze
especially for highly overlapped Q-branches. The effective adiabatic cooling
in supersonic free jets has been shown to be an efficient way to overcome these
challenges [16,19]. In these expansions, the rotational and kinetic temperatures
drop to only few tens of kelvins while the vibrational temperature remains
high along the flow axis. This comes with several advantages: the lower
rotational temperature increases the detection sensitivity, as the state-density
increases for the lower J-levels. As higher J-levels are less populated, spectral
congestion is limited.

Thus, in this manuscript we report the measured Q-branch for the C,H,
vi + vs(I1,) < v4(I1,) hot band which is both vibrationally excited and ro-
tationally cold, by combining plasma and supersonic expansion techniques.
The higher resolution and newly recorded lines allow for retrieving improved
molecular constants for this system.

2. Experimental setup

In the present experiment, a 1.3 ms long gas pulse of C,H, (0.5%)/Ar
is generated using a solenoid valve and admitted into the vacuum chamber
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Fig. 1. The C,H, v; + vs(I1,) < v,(I1,) experimental (black) and simulated (blue) spectra. The R(1) and R(2) I-type doublets are highlighted inside a black frame.

through a slit (500 pm X 3 cm) [22]. An abnormal glow discharge is triggered
by pulsing a relatively low voltage (=300 V) over the expanding gas, slightly
above the breakdown voltage. This condition is sufficient to warm the gas to a
high temperature (around 1000 K) while preventing significant dissociation of
acetylene which would lower the signal intensity and increase the number of
transitions from byproducts. The expanding gas crosses the optical axis of a
high-finesse cavity approximately 10 mm downstream and aligned parallel to
the slit orifice. The 54 cm long cavity acts as resonator for a continuous-wave
cavity ring-down spectrometer (cw-CRDS) with typical ring down times of the
order of 8 ps. The combination of a longer effective absorption pathlength
through the plasma (130 m) and highly populated low J-levels makes this
detection scheme very sensitive and compensates the lower density associated
with free jets. The high resolution IR spectra (< 1073 cm™!) rely on a
cw OPO laser system. The wavelength calibration in the 3465-3500 cm™!
region is achieved using a Bristol 621 A wavemeter associated with an absolute
accuracy of 5x10™* cm~!. The calibration procedure in the wavelength region
of interest is challenging and more details are provided in the next section.
Line profiles are further improved (FWHM = 2 x 10=3 cm™!) by a reduced
Doppler broadening that results from the slit geometry. The experiment runs
at a repetition rate of 25 Hz and time-gates are used to only acquire the signal
associated with a gas pulse. Further details are available from Refs. [22,23].

3. Calibration

The challenge in the present cw-CRDS configuration is the accurate
calibration of the line positions. The free-space wavemeter used for this study
is very sensitive to the angle of incidence of the laser beam. As the relatively
large rotational constant of C,H, spreads the lines of the hot band over
dozens of wavenumbers, the OPO tuning significantly alters the alignment
with respect to the wavemeter. Fortunately, water transitions, reported in
the Hitran database [24], are ubiquitous in the infrared range. However, the
simultaneous measurement of water vapor along with acetylene has been
discarded for the following reasons. The injection of water vapor within the
expansion is ineffective because of their weak intensities at low rotational
temperature, furthermore keeping a low pressure of water vapor around the
free jet is prevented by the required continuous N, flow protecting the high-
reflectivity mirrors from contamination. Thus, each rovibratinal transition of
the P- and R-branches has been calibrated sequentially by first recording the
C,H, transition in the plasma jet and subsequently, under static conditions
(similar to a regular gas cell), the closest transitions from the residual water
vapor in the vacuum chamber. The Q-branch is conveniently covered in
the 3479.2-3479.5 cm™! range by three relatively strong H,O transitions
allowing for a very accurate calibration. The intense H,O transitions at 300 K
enable working at low pressure (typically 5x 1072 mbar), by simply pumping
down the initial room atmosphere of the vacuum chamber, thereby drastically
reducing the pressure broadening.

The determination of H, O line positions is intrinsically hindered compared
to C,H, transitions due to the thermal broadening (FWHM = 5 x 10~ ¢cm™!
and 2 x 1073 ecm™! respectively). This primary reduction of accuracy is
compensated by a more suitable configuration for performing the water lines
measurement. The steady conditions of the H,O gas cell experiment allow
for a larger number of ring-down times averaged per wavenumber (typically
20 instead of 3) which is associated with a unique absorption coefficient.
From the C,H, jet measurement, on the other hand, both the gas pulse and
the plasma lead to intensity fluctuations of the absorption signal. Thus, the
standard deviation for the line positions is 3 x 107* and 4 x 10~* cm~! for
C,H, and H,O respectively, while values as small as 7 X 10~ cm~! can be
achieved for the strongest transitions. Therefore, the combination of the C,H,
and H,O line positions uncertainties leads to an accuracy on the calibrated
C,H, transitions better than 7 x 10™* cm™!.

4. Results

The C,H, v; + v5(I1,) < v4(I1,) experimental and simulated spectra are
shown in Fig. 1. While many lines arising in the P-branch range are due to
acetylene derivatives formed in the plasma expansion, the R-branch is nearly
free of transitions of other species which makes the assignment straightfor-
ward. The absence of transitions linked to the J = 0 level, leading to a gap
of around 4B (B being the rotational constant) between the Q-branch and
the lowest transitions in P- and R-branch, is characteristic for these IT — IT
transitions.

The relatively large uncertainty in the line amplitudes results from both
the plasma instabilities and the narrow linewidth close to the resolution of the
spectrometer (< 10~3cm™!) leading to typically eight wavelength points per
transition. Nevertheless, the general shape of the different branches allows a
determination of the rotational temperature around 30 K, in line with earlier
measurements using the same plasma nozzle. The apparent temperature around
80 K extracted from the line broadening is obviously a combination of the
kinetic temperature of the isentropic core (< 30 K) and a geometrical Doppler
effect from the limited but not fully absent transverse velocity components.
Also the contribution of the warmer boundary layers, located at the interface
between the isentropic core and the residual gas in the vacuum chamber,
cannot be neglected even if its influence remains limited for low J-value
transitions.

The rotational I-type doublets, as illustrated in Fig. 1, associated with an
alternation of the e/f components’ intensities (1/3) resulting from the nuclear
spin wavefunctions, are clearly resolved and allow an accurate determination
of the lambda doubling constant g for both levels (v; +v5 and v,). The I-type
doublets spacing (noted A here) is independent of any calibration. For this
reason, this constant has been fitted separately through the following equation:
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Fig. 2. Evolution of the 1-doublet spacing (6A) of the R-branch as function of J. The Sarma et al. study [12] (blue) and current work (red) measurements are combined to obtain the dashed fit

by refining the lambda doubling (g) constants.
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Fig. 3. Zoom in on the Q-branch presented in Fig. 1 showing the experimental (black) and simulated (blue) spectra. The diagram on the right represents the energy levels and transitions reported

in this manuscript. The vibrational state origins are taken from [25].

SA(J) = 5)//(«]) = @ ()
aud' (I +1) = qp [ (I + D)
+ g """+ D+ qp [T+ D)

where ¢ and ¢qp are the lambda doubling and its centrifugal distortion
constants of the v, (v") and v; + v5 (') levels, while @,, and @, , are the
line positions linked to the e/f components such as:

By 7o) = EN/C = EXJC)

where the unperturbed rovibrational energy level of a linear molecule is
expressed as:

E,(J) =7, + B, J(J+1)=D,[J(J + D+ %(qu(1+ D+ ap [T (T + 1)]2)

with the + term corresponding to the e (+) and f (—) components.

The data presented here have been combined with those compiled by
Sarma et al. (shown in Fig. 2 in red and blue, respectively) to recalculate the
lambda doubling constants (g, and g,) while disregarding their centrifugal
distortions (qp,s and qp,» are taken from [12]) due to a lack of newly observed
high J transitions. The fit is performed on the clear R-branch and the P-
branch is used to check the accuracy of the calculation. The presence of low
J-value transitions that were missing in the fit by Sarma et al. because of
blended transitions (especially R(1) and R(2) here), along with the higher
accuracy up to J=6, allows for an improvement of the lambda doubling

Table 1

Spectroscopic constants of the C,H, v; + vs(Il,) < v,(I,) hot band (in cm™") determined
by fitting the Q-branch from this work together with the P- and R-branches from [12]. The
lambda doubling constants (g,» and g,,) were determined by an independent procedure.

Sarma et al. 1995 Current work Shift
G, -G, 3479.47344 (2) 3479.47924 (4) 0.00580
B, 1.1779337 (23) 1.1779376 (14) 0.0000039
4,/ (107%) —5.23095 (52) —5.23081 (248) 0.00014
\2
4 D, (107%) 1.6561 1.6573 (16) 0.0012
qpyr (1076) 0.0399 0.0390 (30) —0.0009
B, 1.1719945 (11) 1.1719992 (14) 0.0000047
+ q,(1073) —4.79302 (20) —4.79438 (251) 0.00136
\Z V:
res D, (107%) 1.6432 1.6450 (16) 0.0018
qpy (107%) 0.04922 0.05137 (30) 0.00215

constant determination. Despite these refinements, the overall uncertainty
remains relatively high. This is also the conclusion from an independent
fit of the experimental data using PGOPHER software [26] leading to the
determination of the spectroscopic constants reported in Table 1. Only a
further improvement in line position accuracy over a wider range of transitions
will be able to address this issue.

Low J-value transitions of the Q-branch (Fig. 3) are presented here for
the first time. The strong Q,(1), O, (3), Q. /(1), Q,/(2), O,((4) and, to a
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Comparison of the Q-branch line positions between the observed and calculated lines from the current study and the ASD-1000 database

(units in cm™").

Lines Obs. Calc. Obs. - Calc. (107%) ASD-1000 Calc. - ASD-1000 (10~%)
O, (1) 3479.4773 3479.4774 -1 3479.47721 2
0,.(2) - 3479.4737* - 3479.47350 2
[HE)] 3479.4691 3479.4682 9 3479.46792 3
Q.4 3479.4609 3479.4607 2 3479.46049 2
0., 3479.4568 3479.4573 -5 3479.45716 1
Q.. (5 - 3479.4514° - 3479.45119 2
0.,(2) 3479.4135 3479.4136 -1 3479.41334 3
0,,(3) - 3479.3478" - 3479.34762 2
[032C))] 3479.2600 3479.2602 -2 3479.26000 2

“Blended line (not used in the fit).

bLines too weak to be observed (not used in the fit).

lesser extent, Q r,(4) lines are well resolved while the Q ;,(2) is blended. The Acknowledgments

Oy(5) and Q,,(3) transitions along with transitions associated with higher
J-values are too weak to be observed under our experimental conditions.

Table 2 summarizes the positions of the Q-branch lines. The newly
obtained values are compared to the ASD-1000 database where the line
positions have been extrapolated through a global fit of the Sarma et al. data
of the P-/R-branches. The difference between the ASD-1000 database and our
measurement falls within our uncertainty range (7x10~* cm™1), except for the
0/,(3) which could be resulting from the partial blending of this transition.
Our results show a slight shift (= 2 x 107* cm™') compared to the database
but overall confirming the prediction of the line positions through the global
fit.

The combination of the independent determination of the I-type doubling
constants, and the new Q-branch transitions made it possible to redetermine
the molecular constants, using the program PGOPHER [26]. The results are
shown in Table 1 and compared to the values currently available from the
literature. The standard deviation of the fit is better than 1.6 X 10™* cm~!. A
good agreement with [12] is found for the v, state while the lambda coupling
and its centrifugal distortion constant of the v; + vs state show significant
differences. However, it should be noted that the uncertainty on the g, is high.
Also, the determination of the band center (3479.47924 cm™!) is closer to the
value presented in [25] (3479.47905 cm™!) than in [12] (3479.47344cm™").

5. Conclusion

The strong out of thermal equilibrium conditions associated with a free
jet expansion combined with a plasma discharge to heat the gas to high
temperature offer a spectroscopic tool to investigate vibrational hot bands of
molecules. The experimental determination of the Q-branch line positions and
the high resolution of a very sensitive cavity ring-down spectrometer expanded
and improved a previous investigation of the CoH, v + vs(IL,) < v,(ILy)
band. This band around 3480 cm™! is both intense and separated from the high
line density C-H stretch region (around 2850 to 3350 cm~!) making it a po-
tential tracer in the mid-IR for high-temperature environments associated with
synthesis of complex hydrocarbons. The new data are in good agreement with
the ASD-1000 database and add another level of detail to the spectroscopic
constants and line positions presently available.
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