Open Access Article. Published on 25 August 2023. Downloaded on 6/13/2026 4:40:13 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 23614

Received 21st April 2023,
Accepted 6th July 2023

DOI: 10.1039/d3cp01835k

rsc.li/pccp

1 Introduction

On the 2C,H, near-infrared spectrum: absolute
transition frequencies and an improved
spectroscopic network at the kHz accuracy levely
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Lamb dips of twenty lines in the P, Q, and R branches of the v; + vz + v4® vibrational band of 2C,H,, in
the spectral window of 7125-7230 cm™, have been measured using an upgraded comb-calibrated
frequency-stabilized cavity ring-down spectrometer, designed for extensive sub-Doppler measurements.
Due to the large number of carefully executed Lamb-dip experiments, and to the extrapolation of
absolute frequencies to zero pressure in each case, the combined average uncertainty of the measured
line-center positions is 15 kHz (5 x 1077 cm™%) with a 2-c confidence level. Selection of the twenty lines
was based on the theory of spectroscopic networks (SN), ensuring that a large number of transitions,
measured previously by precision-spectroscopy investigations, could be connected to the para and
ortho principal components of the SN of *2C,H,. The assembled SN contains 331 highly precise
transitions, 119 and 121 of which are in the ortho and para principal components, respectively, while the
rest remain in floating components. The para- and ortho-2C,H, energy-level lists, determined during
the present study, contain 82 and 80 entries, respectively, with an accuracy similar to that of the lines.
Based on the newly assembled lists of para- and ortho-2C,H, empirical energy levels, a line list, called
TenkHz, has been generated. The TenkHz line list contains 282 entries in the spectral range of 5898.97-
7258.87 cm™Y; thus far, only 149 of them have been measured directly via precision spectroscopy. The
TenkHz line list includes 35 intense lines that are missing in the HITRAN2020 database.

There are several line-by-line spectroscopic databanks, like
HITRAN,"" GEISA,"> ASD-1000,"° and ExoMol,"* usually con-
taining mixed experimental and empirical rovibrational entries

In 2018, Chubb et al.' published a MARVEL (Measured Active
Rotational-Vibrational Energy Levels)>* analysis of the experimen-
tally measured and assigned rovibrational transitions of >C,H,
available at that time: a total of 37813 experimental transitions
from 61 publications were considered. Ref. 1 complemented
earlier reviews, of Herman and co-workers®” and others,>*° on
the high-resolution spectroscopy of rovibrational states on the
ground electronic state of acetylene. From the extended set of
measured transitions collated in ref. 1, 5200 para- and 6013
ortho-"*C,H, empirical rovibrational energy levels, with usually
dependable associated uncertainties, could be determined.
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on ?C,H, (and other isotopologues of acetylene). These data-
sets contain rovibrational energy-level and transition information
about acetylene at very different accuracy levels, ranging from a
few kHz (~107 cm ") to a few hundred MHz (~0.01 cm ™). The
largest one is the ExoMol line list, ACeTY, which has ~4.3 billion
rovibrational transitions among ~5 million energy levels and it
includes wavenumbers up to 10000 cm™*.*?

Nowadays, line-center-position measurements can be per-
formed for polyatomic molecular systems at the 10" relative
uncertainty level in the near-infrared portion of the electro-
magnetic spectrum. These precision-spectroscopy measure-
ments are made possible by a combination of optical
frequency-comb synthesizers with the most advanced cavity-
enhanced spectroscopic methods. In particular, exploiting the
resonant enhancement of the intracavity optical power, Lamb-
dip observations are possible for weak overtone transitions. These
measurements facilitate the determination of highly accurate line-
center positions."*'® Non-linear mixing techniques allow these
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determinations to be extended to longer wavelengths, throughout
the mid-infrared region.'®"”

A considerable number of transitions have been measured
for acetylene isotopologues with close to kHz accuracy.'®* In
this regard, the comprehensive study of ref. 1 concerning the
experimental spectroscopic measurements on the parent isoto-
pologue, ”C,H,, should be considered incomplete: at the time
the MARVEL dataset was assembled, results from several impor-
tant precision-spectroscopy studies were simply not available and
a few existing ones were not utilized to their full extent. As of
today, the precision-spectroscopy measurements available on
12C,H, include the v, + v3,22%%?° 20, + v5,*% and v,+ 3v5°° bands,
as well as v,- and vs-excited hot bands,*” involving wavenumber
regions around 6500, 7200, and 12700 cm'. Highly-accurate
measured transitions are also available for the vs-v, difference
band* (see Table 1 for the meaning of the quantum numbers used
to designate the vibrational bands as well as for the vibrational
fundamentals of 2C,H,"**?%). For >C,H,, many of the precision-
spectroscopy measurements provided lines which do not connect
with each other, hindering the full utilization of these accurate
transitions in an improved understanding of acetylene spectro-
scopy. It should also be mentioned that the accuracy of these
precision-spectroscopy measurements>>>?>>?72%3> haye not been
checked against each other in a consistent manner (see the related
critique of ref. 1 above).

There are several reasons why the knowledge of transition
frequencies with very high accuracy is important for
acetylene."**®3%%” First, there are several rovibrational transi-
tions in coincidence with the International Telecommunication
Union’s C-band, situated at 1530-1560 nm, that are ideally
suited to satisfy the demand of improved frequency standards
to be used in telecommunication for the aims of wavelength
division multiplexing. Second, the near-infrared spectrum of
acetylene is of considerable interest in the field of optical
frequency metrology: (a) the P(16) v; + v; transition of *C,H,
has been included by the International Committee for Weights
and Measures (CIPM) in the list of recommended reference lines
for the practical realization of the definition of the meter, and
(b) acetylene was used as a molecular target in Doppler-

Table 1 Conventional quantum numbers, corresponding to the normal-
mode (harmonic-oscillator) picture for the vibrations and the rigid-rotor
picture for the rotations, used to label the rovibrational states of 12C2H2
and wavenumbers, in cm™?, of the fundamentals

Label Description (symmetry) Fundamental

v;  CH symmetric stretch (o) 3372.8491(1)*°
v,  CC symmetric stretch (o) 1974.317(6)"
v;  CH antisymmetric stretch (c,") 3294.840(2)"
612.871(2)**

Vg Symmetric (trans) bend ()

Iy Vibrational angular momentum associated
with v,
vs  Antisymmetric (cis) bend (m,) 730.332(2)*
Is Vibrational angular momentum associated
with vs
L Total vibrational angular momentum, |l + Is|
J Rotational angular momentum quantum number

e/f  Rotationless parity of the rovibrational state
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broadening gas thermometry for the optical determination of
the Boltzmann constant,®® and subsequently enabled for the
implementation of the new SI definition of the unit Kelvin.*”
Third, the acetylene spectrum can be extremely useful for study-
ing the atmosphere of young Earth-like exoplanets,**”*° requiring
the availability of high-quality spectroscopic parameters.

To increase the number of acetylene lines known at the kHz
accuracy level and make the best use of the previously deter-
mined ones, we decided to undertake a measurement cam-
paign using the modern technique of comb-calibrated
frequency-stabilized cavity ring-down spectroscopy (CC-FS-
CRDS).**** Our experimental study was designed with several
goals and achievements in mind. Our first aim was to simplify
and upgrade the cavity ring-dwon (CRD) spectrometer in Caserta
to facilitate extensive precision-spectroscopy measurements while
preserving the same level of accuracy as reported in ref. 32. Part
of the apparatus improvement involved building a CRD spec-
trometer in a more compact way using fiber-coupled and
integrated optics devices, thus reducing as much as possible
the optical path length in air (see Fig. 1). This helps to avoid
laser attenuation due to water absorption in air, which likely
occurs during our measurements. Second, after checking the
connectivity and the accuracy of existing ultraprecise measure-
ments via tools offered by the theory of spectroscopic
networks,**™*° our aim was to assemble the largest possible list
of rovibrational energies and transitions, all known at the kHz
accuracy level. The SN approach allows the transfer of the high
experimental accuracy, in the kHz regime in the present case, to
the empirical energy values derived and the line positions
predicted. These energy and transition lists should supplement
databanks containing entries which are orders of magnitude
less accurate. As part of this effort, our aim was to connect at
present unconnected components and orphans to the para and
ortho principal components of the SN of '>C,H, via a small set
of carefully selected newly measured transitions. For example,
in ref. 27 there are 135 measured transitions within two hot
bands and none could be connected with other kHz-accuracy
measurements prior to the present work.

2 Experimental details
2.1 Apparatus

In this study, saturated absorption spectra were acquired using
a comb-calibrated frequency-stabilized CRD spectrometer.
Schematically shown in Fig. 1, the set-up is an upgraded and
simplified version of the apparatus described in ref. 32. The main
element of novelty is the use of just one laser referenced to an
optical frequency-comb synthesizer. In addition, extensive use
was made of fiber optic components and devices to make the
spectrometer more compact. The set-up essentially consists of
three modules: (i) a 10 kHz-linewidth laser source, referred to as
the probe laser (PL); (ii) an absolute frequency calibration unit;
and (iii) a high-finesse ring-down optical resonator (HFOR).

The probe laser is an external-cavity diode laser (ECDL) with
an emission wavelength in the range between 1.38 and 1.41 um.

Phys. Chem. Chem. Phys., 2023, 25, 23614-23625 | 23615
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Fig. 1 Cartoon depicting the comb-calibrated frequency-stabilized cavity ring-down spectroscopy (CC-FS-CRDS) apparatus utilized during this study. ECDL:
external-cavity diode laser; M: mirror; L: lens; BS: beam splitter; PBS: polarizing beam splitter; 1/4: quarter-wave plate; 1/2: half-wave plate; HFC: high-finesse
cavity; OFCS: Rb-clock disciplined optical frequency comb synthesizer; Pd: photodiode; RFS: radio-frequency synthesizer; FP: fiber-port; Ol: optical isolator; C:
fiber coupler; WM: wavemeter; EOM: electro-optic modulator; AOM: 40 MHz fiber-coupled acoustic-optic modulator; RFS-S: radiofrequency switches; BOA:
booster optical amplifier; PZT: piezoelectric transducer; APd: avalanche photodiode; HFOR: high-finesse optical resonator; PC: personal computer; DAQ: data
acquisition board. Continuous black lines represent fiber connections; dotted black lines electrical connections, and continuous red lines the free-air laser path.

As already described in ref. 47, in order to reduce its emission
linewidth the ECDL was tightly locked to a high-finesse optical
cavity (HFC) by means of the Pound-Drever-Hall technique.
The absolute frequency calibration unit is based upon a self-
referenced optical frequency-comb synthesizer (OFCS, from
Menlo Systems, model FC1500-250-WG), stabilized against the
10 MHz time-base signal from a GPS-disciplined Rb clock. The
HFC is weakly locked to one of the comb teeth, with an offset
frequency, fsgar, of 20 MHz. This technical expedient has
twofold advantage: on the one hand, it allowed us to determine
the absolute frequency of the probe laser, on the other hand, we
could straightforwardly perform calibrated frequency scan
of PL around a selected *2C,H, transition. In fact, the PL
frequency, fpr, which is given by the equation fp, = N X frep £
fcro % feeaT * frr, could be finely tuned by a variation of the
comb repetition rate (through an external electrical frequency
synthesizer referenced to the GPS-disciplined Rb oscillator).
In the fp;, equation, N represents the comb tooth order, while
frep = 250 MHz, fceo = 20 MHz, and fgy are the comb repetition
rate, the carrier envelope offset frequency, and the RF frequency
driving the acousto-optic modulator (AOM), respectively. For
each of the investigated transitions, the £ signs were easily
determined by slightly varying fceo and frgp and observing the
subsequent variation of fgear, Whereas the tooth order was
obtained by measuring the PL wavelength by means of a
7-digit wavemeter. The relative stability of the entire frequency

23616 | Phys. Chem. Chem. Phys., 2023, 25, 23614-23625

chain is 2.5 x 102, limited by the frequency stability of the Rb
clock.’”

The HFOR consists of two plano-concave high-reflectivity
mirrors, spaced 43 cm apart by a Zerodur block. The mirrors
have a radius of curvature of 1 m and a nominal reflectivity
greater than 99.99%. One of the mirrors is equipped with a
piezo transducer for a fine tuning of the cavity length. The
finesse of the cavity was about 230 000 (corresponding to a ring-
down time under vacuum conditions of about 105 ps), while the
cavity-mode width was 1.5 kHz. At the output of the cavity, an
InGaAs avalanche detector (APd, with an effective bandwidth of
420 kHz and a noise-equivalent power of 0.46 pW Hz '?)
monitored the light emerging from the resonator. A digital
acquisition board (DAQ) was used to record the ring-down
events. The DAQ works at a sample rate of 10’ samples s~ ',
its vertical resolution being 16 bit.

A portion of the PL beam was sent into a pair of fiber-
coupled optical isolators, followed by a fiber-coupled AOM,
whereas the first-order diffracted beam was coupled to the HFOR
by means of a mode-matching telescope. The frequency of the
laser light emerging from the AOM was up-shifted by a constant
amount fzr = 40 MHz (as monitored by a universal counter not
shown in Fig. 1). The AOM was also used as an optical switch to
initiate ring-down decays. This was accomplished by means of a
pair of radio-frequency switches, ensuring an extinction ratio of
about 90 dB. Before entering the resonator, the first-order beam

This journal is © the Owner Societies 2023
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was amplified by a fiber-coupled booster optical amplifier (BOA)
up to about 20 mW. The signal produced by the APd on the cavity
transmission was used as input to a threshold detector in order
to monitor whether a resonance condition takes place while
scanning the PL frequency. The threshold detector unit was part
of the tracking servo-loop circuit that allows for high-resolution
spectral acquisitions.*® Moreover, the threshold detector was set
so that only the occurrence of a TEM,, excitation could be
detected. In this case, a TTL trigger signal was produced and
sent to the AOM switches and to the BOA driver in order to
suddenly switch off the laser beam. The same TTL pulse simulta-
neously triggered the DAQ, while its internal clock was locked to
the GPS Rb standard. The duration of the TTL signal was 700 s,
namely, about a factor of 7 larger than the ring-down time under
vacuum conditions.

The CRD spectrometer is characterized by doing repeated
acquisitions of empty cavity ring-down events. The Allan deviation
analysis of such datasets led to an estimation of the minimum
detectable absorption coefficient, given by 7.8 x 10~ '* ecm ™,
while the noise equivalent absorption (NEA) figure was 8.4 x
10" em ' Hz Y

Under our experimental conditions, the comb tooth order
(N) is around 860000 and a 12.5 Hz wide scan of frgp corre-
sponds to an optical frequency tuning of about 10 MHz. This is
sufficiently wide to allow recording the Lamb-dip feature for all
the selected rovibrational lines. This is another element of
novelty as compared to ref. 32, in which laser scans were more
than a factor of 200 larger. In particular, PL scans were
performed setting a frequency step of fgep = 0.025 Hz, thus
resulting in a Lamb-dip spectrum consisting of 500 spectral
points. For each of them, twenty repeated acquisitions of the
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exponential decay were performed. As a consequence, at the
end of each PL scan across the selected transition, 10 000 ring-
down events were collected. A LabView code, expressly devel-
oped to implement this experimental strategy, was used to
control the frequency of the repetition rate, to guide the data
acquisition board, and to collect ring-down events.

2.2 Data analysis and line-center-frequency determinations

The dataset associated with each ring-down event was analyzed
by means of a fit to an exponential decay function. The decay
time, 7(7), was then converted into total loss per unit length (in
cm ') according to the well-known relation

(1)

where 7 is the PL wavenumber (in cm™"), ¢ is the speed of light
(in cm s7Y), (%) (in em™") is the absorption coefficient of the
gas sample, and 7, is the ring-down time (in s) under vacuum
conditions. An example of a recorded Lamb-dip is shown in
panel (a) of Fig. 2.

It is important to note that the ring-down decay curve should
deviate from the exponential behavior when the absorption is
saturated.*® Nevertheless, since the intracavity power was much
smaller than the saturation power of the investigated transi-
tions, we could effectively model the decay curve with a pure
exponential function.

In the fitting procedure, the Lamb-dip feature, o(7), was
modeled by the following equation:

a(?) = ga(?) — AL x gu(0 — P1o), 2
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Fig. 2 Panel (a): Example of a Lamb-dip spectrum for the R, (1) line at a pressure of 3.0 Pa. The spectrum consists of 500 data points with a frequency
step of 20 kHz. Panel (b): example of residuals, as obtained from the application of the fitting procedure.
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where gg(7) is a quadratic baseline, 4;, is the amplitude of the
Lamb-dip, and gy (7 — 7o) is given by an area-normalized
Lorentzian lineshape function having its line center frequency
at . Panel (b) of Fig. 2 shows the fit residuals, computed as
the difference between the experimental spectrum and that
calculated with eqn (2). In the fitting procedure, the Lorentzian
width, I';, as well as A;, 71, and the three coefficients of the
quadratic term were considered as free parameters. The typical
deviation between theory and experiment turned out to be
comparable to the noise level. In the case of Fig. 2, the root
mean square (rms) of the residuals was 2.3 x 107'° cm ™. This
translates into a signal-to-noise ratio (SNR) of about 20. Similar
values were found for all the investigated transitions. The
residuals provide no signatures of line asymmetry. It is worth
noting that the width of the sub-Doppler features was always
smaller than 1 MHz. The various contributions to the width will
be discussed later in this Section.

For a given gas pressure, four consecutive spectra were
acquired and analyzed, so as to have four repeated values of
710. Subsequently, the line center frequency was retrieved as the
mean value of the dataset. The procedure was repeated for
other five pressures, in the range of 0.5-3 Pa. A weighted linear
fit of these determinations as a function of the C,H, pressure
allowed us to extrapolate the zero-pressure value of the line
center frequency, as it is shown in Fig. 3 for the R.(4) transition.
For each of the investigated transitions, this procedure was
carried out at least three times, over a period of one week, so as
to have repeated determinations of the Lamb-dip zero-pressure
center frequency. Once this experimental strategy was com-
pleted, the final value of the line-center frequency could be
determined as the weighted mean, f,,,, of the whole dataset. As
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far as the statistical uncertainty is concerned, it was calculated
after a consistency test, as provided by the Bureau International
des Poids et Mesures (BIPM) and reported in Appendix 1 of ref.
50. In particular, we compared the experimental chi-square,
ngp, with the degrees of freedom, m, as well as with the
95 percentile of the theoretical chi-square, yfcor, cOrresponding
to m. In the case of a successful consistency test, namely when
ngp < Y#heor and ngp < m, the uncertainty, uz_,was calculated
as the usual uncertainty of a weighted mean. In the other cases,
a correction to uz  was applied according to the equation

3 = Ur [ 2
u./wm.corr ufwm Aexp/m'

The entire experimental procedure was applied to a carefully
chosen set of para and ortho lines of the P, Q, and R branches of
the v, + v; + v, vibrational band of **C,H,. Line assignments,
absolute center frequencies and associated uncertainties at the
2-c confidence level are reported in Table 2.

The uncertainty quoted for each transition includes both
statistical and systematic contributions. In particular, the sta-
tistical uncertainty ranges between 7 to 18 kHz. The systematic
contributions were quoted according to the outcomes of ref. 32.
The main source of uncertainty could be ascribed to the
measurement of the pressure, provided by the absolute pres-
sure gauge that was used (MKS, model 122A), having a full scale
and a sensitivity of 1000 Pa and 0.1 Pa, respectively. Since the
pressure values enter into each zero-pressure frequency deter-
mination, their uncertainty influenced the accuracy of our
determinations. To this end, for one of the datasets, we have
repeated the weighted linear fit adopting two different pressure
scales, in which the pressure readings were decreased and
increased by 0.1 Pa, this latter value being the last digit given

0 R (4)transition
\AA310\°66 °
2

Line center frequency (kHz)

1.0

1.5 20 25
Pressure (Pa)

Fig. 3 An example showing a set of measurements for the R.(4) transition, from which the zero-pressure absolute frequency can be retrieved. For this

dataset, the slope is 58(4) kHz Pa™t.
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Table 2 Twenty newly-measured ultraprecise rovibrational transitions for
the vy + vs + vt = (10 11* 09 band on the ground electronic state of the
12C,H, molecule, sorted by their frequencies. The individual uncertainties
correspond to 2-c confidence level and include both statistical and
systematic contributions

Expt.
Band Line Frequency (kHz) uncertainty (kHz)
(1o11' 0% P. (6) 213661027 647 14
P, (5) 213735751551 17
P, (3) 213 882700 887 14
Qs (16) 214027218629 13
Qe (14) 214043109 327 20
Qer(13) 214050282791 14
Qer(12) 214056 942 021 19
Qer (11) 214063 087 282 14
R, (0) 214166 572014 12
R, (1) 214235443 830 15
R, (2) 214303474931 12
R, (3) 214370664 215 15
R, (4) 214437010514 16
R, (10) 214817321921 14
R, (11) 214877735999 16
R, (12) 214937298310 12
R, (13) 214996 008 080 21
R, (14) 215053 864 720 18
R, (15) 215110867 741 14
R, (16) 215167019 970 20

by the pressure gauge. Doing so, we could include a systematic
contribution of 9 kHz in the uncertainty budget. The OFCS
contributes with an uncertainty of 1 kHz, which is due to the
stability of the GPS-disciplined Rb clock. Moreover, while the
recoil shift cancels out in Lamb-dip spectroscopy,”" the second-
order Doppler shift has been estimated taking into account the
root-mean square velocity of the C,H, molecules. Under our
experimental conditions, it amounts to 0.7 kHz. We did not
observe any influence in the retrieved line-center frequencies
from the power coupled into the HFOR cavity. However, adopt-
ing a very cautious approach, we decided to add a further
contribution of 0.8 kHz due to the power shift, according to
the outcomes of ref. 52. A further component we considered
takes into account the frequency difference between the PL and
the cavity resonance.*’ Its estimation amounts to 0.4 kHz. The
uncertainties associated to the driving frequency of the AOM, to
the wave-front curvature, as well as to that coming from
possible interfering lines were estimated to be negligible. To
summarize, the transition frequencies reported in this work
were determined with an overall uncertainty ranging between
12 and 21 kHz in a 2-c confidence interval.

It is worth noting that the pressure-shifting coefficient, J, of
the twenty lines investigated in this work varies from 3 to
~70 kHz Pa~'. A few lines exhibit relatively large values of &
compared to those measured for other C,H, lines in other
spectral regions, also in the sub-Doppler regime.***! There are
examples of anomalies in pressure-shifting coefficients from
sub-Doppler experiments. For instance, in 2018, Chen et al.>®
measured a self-shifting of +14 kHz Pa~' for a water line at
790 nm, a value that is quite different from —5 kHz Pa~" given
in HITRAN. Similarly, Cozijn et al>* measured a pressure-
dependent shift of —9 kHz Pa~" for a sub-Doppler rovibrational
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line of HD, providing evidence that this collisional-shift coefficient
was an order of magnitude larger than the typical coefficients for
H,, obtained from Doppler-limited studies. Investigating the
reason for these anomalies is out of the scope of the present
paper and may be eventually the subject of a future article.
Nevertheless, we believe that this issue does not influence the
extrapolated zero-pressure value of the line center frequency.

2.3 Measurement conditions

Several '>C,H, vibrational bands fall within the spectral region
covered by the ECDL. For the aims of the present study, 20 lines
belonging to the v; + v; + v,' band were selected, showing an
Einstein coefficient, 4, in the interval 0.015-0.050 s '.*!
Combined with the population distribution at room tempera-
ture, these A values lead to line intensities which do not exceed
9 x 10°>* cm molecule . These particular characteristics
allowed the detection of Lamb-dip signals under a weak satura-
tion regime. In fact, for the transition showing the highest A
value, taking into account that the experimental full width at
half-maximum (FWHM) of the observed Lamb-dip never
exceeds the 1 MHz value, we calculated a saturation intensity,
I, of about 1 x 10° W m~2.>® According to the formula given
in ref. 56 and considering a 0.05% mode-matching parameter,
we estimate that the intracavity intensity, I.,, was much
smaller than I, the saturation parameter G being ~0.007.

As shown in Fig. 2, the FWHM of the recorded Lamb dip is
850 kHz, as retrieved from the Lorentzian fit. Such a width is in
partial agreement with the joint effect of various broadening
mechanisms, namely, the transit time broadening (of about
255 kHz for a cavity waist of 430 pm and a gas temperature of
296 K), the intracavity power broadening, which increases the
linewidth by a factor of v/1+ G, and the 310 kHz collisional
broadening that can be calculated using the self-broadening
coefficient reported in HITRAN.' This discrepancy can be
ascribed to the fact that the self-broadening coefficient from
Lamb-dip experiments can be up to one order of magnitude
larger than that retrieved in the Doppler regime.*!

3 Theoretical details
3.1 Labels

Table 1 explains elements of the label used to denote rovibrational
states of '2C,H,. The vibrational states are labelled as

(Vlvszffv/;). Note that |l| = v, v — 2,..., 1 for odd v and

|| =v,v — 2,..., 0 for even v. The rotational part of the label
includes the traditional J/ and K quantum numbers, where J is
an exact quantum number describing the overall rotation of the
molecule and the approximate quantum number K corresponds
to the projection of the rotational angular momentum onto the

K
principal axis of acetylene. Overall, (vlvz V3 vff v?) ,J, and e/f is

used to denote the rovibrational states. e/fis used to denote the
rotationless parity of the rovibrational states. For further details
about elements of the label and the selection rules the reader
may want to consult ref. 1.
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3.2 Marvel

MARVEL, standing for Measured Active Rotational-Vibrational
Energy Levels,>’ is an inversion technique yielding empirical
energies with dependable uncertainties from measured
transitions, all equipped with uncertainties and unique labels.
MARVEL is based on the theory of spectroscopic networks
(SN).*** This is basically the same procedure, except for the
handling of uncertainties, as used in ref. 1.

Since H is a fermion with a nuclear spin of 1/2, **C,H, has
two nuclear-spin isomers, traditionally called para and ortho.
The energy difference between the lowest para and ortho states
is colloquially called the ‘magic number’.

One way to derive the absolute energy of the lowest ortho
state involves a fit of an effective Hamiltonian model (usually
not a global but a local one, considering only the ground
vibrational state) to a large number of energy differences.
In ref. 7, results of a global fit are reported and the magic
number can be taken as 2.3532864 cm '. Considering the
experimental accuracy of the lines utilized during the global fit,
the accuracy of this magic number is roughly 3 MHz (9 x 107>
cm '), which is orders of magnitude larger than the accuracy of
the measurements dealt with here.

Clearly, none of the empirical ortho energy values can have
an absolute uncertainty better than that of the magic number
upon which they are based, not even those involved in accurate
precision-spectroscopy measurements. Therefore, in this study
two separate energy-level lists are provided, one for the para and
one for the ortho principal components, whereby the energies of
the lowest states are both set to zero with zero uncertainty. While
this way we cannot provide absolute energies for the ortho-'>C,H,
principal component, this issue does not affect the accuracy of
the transitions of the linelist to be assembled. It is left to future
well-designed precision-spectroscopy measurements to deter-
mine the magic number of >C,H, with kHz accuracy, similar
to how it was done for H,*°0°” and H,'®0.>8

3.3 Ultraprecise spectroscopic network of *>C,H,

Accuracy has central importance for the present study. Thus,
each source was carefully checked about the proper meaning
and magnitude of the reported uncertainties of the measured
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lines. It should also be noted here that there are two important
elements of graph/network theory®® which help to ascertain
and secure the accuracy of the empirical energy levels and the
experimental transitions of SNs: paths and cycles. Paths in a SN
secure the formation of energy differences for any pair of the
participating states. The redundancy inherent to cycles of the
SN provides a powerful self-checking feature; most importantly,
cycles can be used to confirm the accuracy of the associated
transitions.

The measurement uncertainty, 1-c of the combined type
(statistical plus systematic), of the source 96NaLaAwKo'’ is larger
than 100 kHz. The same can be said about the source 09YuDrPe*”.
While these are excellent measurements on their own right, we
decided not to consider these sources during the present study.
Neglecting the transitions reported in 96NaLaAwKo'® has no real
effect on our analysis since 06MaAlCzBe** reported the same lines
with significantly lower uncertainties.

The sources we considered during our combined experi-
mental and theoretical study of precision-spectroscopy mea-
surements on ‘2C,H, are listed in Table 3. The number of
ultraprecise lines available in each source is listed under A
(available). The number of lines validated (V) either with (Vager)
or without (Vpefore) the newly measured transitions of this study
are indicated in the third column of Table 3. The measurement
range and the average and maximum uncertainties of the lines
are also given there.

The source 18TaHuSuWa>® contains two unassigned lines;
thus, only 43 transitions out of the 45 given in Table 2 of ref. 30
could be utilized in this study. We could not find reasonable
assignments for the two unassigned lines.

A constant pressure of 2.7 £ 0.6 Pa (20 = 5 mTorr) was
maintained inside the chamber throughout the measurements
reported in 06MaAlCzBe?” and the pressure shift of each line was
not measured. The pressure shift assumed, +1 kHz Pa™ ', is likely
to be too small and it may even have an incorrect sign, in some
cases. Furthermore, the effect of impurities cannot be cancelled
out completely at finite pressures. This is the reason why we did
measurements as a function of the gas pressure, so we can get rid
of any issue related to impurities, which influence the pressure
shifting coefficient, and retrieved the zero-pressure value of the
line-center frequency. While the reported uncertainties of ref. 22

Table 3 Sources contained in the precision-spectroscopy database of 2C,H,, with ranges and uncertainties (unc., Avg. = average and Max. =
maximum). The uncertainties listed correspond to 2-c confidence level. A is the number of lines available in the given source, while Vietore and Vagter
provide the number of lines validated (V) either with (Vage,) Or without (Vperore) the newly measured transitions of this study

Source tag Range/cm A/Viesorel Vafter Avg. unc./cm™ Max. unc./cm™*
05EdBaMaGi?! 6471.75634-6578.57 589 41/41/41 7.1 x 1077 1.4 x 10°°
06MaAlCzBe** 6471.75 634-6617.99 087 63/63/63 1.6 x 1077 6.1 x 1077
09KnWuLiTi** 6523.87 924-6523.87 924 1/1/1 6.2 x 1077 6.2 x 1077
13WaWhFoGr*® 6523.87 924-6523.87 924 1/1/1 6.2 x 1077 6.2 x 1077
15TwCiSeMc?” 6448.34 318-6564.17 703 135/0/48 3.6 x 1077 1.5 x 10°°
16GaGoGaBe*’ 6474.86 134-6487.03 740 3/3/3 1.2 x 1077 1.3 x 1077
18TaHuUSuWa*’ 12 612.32392-12713.38 603 43/43/43 2.2 x 1077 2.4 x 1077
18TwHaSe*! 6452.61 818-6471.75 634 7/3/3 2.7 x 1077 4.0 x 1077
21FaGrPoCa*? 7167.18 980-7216.97 672 16/16/16 5.3 x 1077 8.7 x 1077
22AiSaDeRo*? 6561.09411-6561.09 411 1/1/1 8.0 x 108 8.0 x 1078
This work: 23CaFaAgKh 7126.96 474-7177.19 923 20/0/20 5.3 x 1077 8.1 x 1077
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may be slightly optimistic, our analysis of the cycles these transitions
participate in did not suggest that we needed to increase the original
uncertainties to the carefully updated BIPM-corrected® values.

In the source 15TwCiSeMc?’ the uncertainty reported is 1-c
of the combined type. Four of the measured transitions form a
cycle whereby the discrepancy is too large. Multiplication of the
line uncertainties by 1.5 solves the discrepancy problem. There-
fore, we decided to multiply all the uncertainties of this source
by a factor of 1.5. Note that this is the only source where our
checking indicated that the source uncertainties need to be
increased.

Without the transitions of the present study, none of the
large number of lines of 15TwCiSeMc>’ connect to the two
principal components of ">C,H,, disallowing their validation
and their true utilization when it comes to predicting new
transitions accurately. Based on the new measurements of this
study, some of the floating components originating in this
source are now part of the SN.

The source 18TwHaSe>! reports, with 1-c uncertainties of
the statistical type, seven nearly-kHz-accuracy lines near to
1.5 um (v; + vz band). Only three of the seven measured lines

Vo

V1+V3
V1+V3+V4
va
V1+V3+V5
V5
2V3+V5
V1+3V3

o0
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connect to the principal components, since the J values of the
lower states are high (>31). Within the experimental con-
straints of the present study no further transitions could be
connected to the principal components.

The true accuracy of the measurements can be tested via the
even-membered cycles*® they form (see Fig. 4). The original
precision-spectroscopy measurements form 66 four-membered
cycles. It is comforting to know that the transitions of the sources
given in Table 3 achieve self-consistency with the original 2-c
uncertainties, that is an increase of uncertainties, based on these
cycles, turned out not to be necessary.

Careful selection of the lines to be measured followed
guidelines of the spectroscopic-network-assisted precision
spectroscopy (SNAPS) procedure.’”**%1%> The panels of Fig. 4
help to visualize how the new measurements connect previous
floating SN components to the two principal components. The
20 newly measured lines, 11 para and 9 ortho ones, not only
help to connect previously floating components to the roots of
the para and ortho principal components by defining ultrapre-
cise paths but some of them are also part of cycles, which can
be utilized to confirm the accuracy of the measured lines.

Fig. 4 Cartoon, with color-coded bands, depicting the spectroscopic network of 12C,H,, formed by lines measured with ultraprecision spectroscopy,
assembled and investigated during this study. The red links correspond to the new measurements (see also Table 2), designed to connect previously
measured floating components and orphans to the two principal components of 12C,H,. The para and ortho principal components are in the left and the
middle of the figure, respectively, the remaining (large) floating components are in the right. For the sake of clarity, the large number of floating
components with less than five transitions are not shown. Numbers within the colored dots (vertices of the spectroscopic network) correspond to the
rotational quantum number J.
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Table 4 Statistical data about energy levels and transitions forming the ultraprecise spectroscopic network of 2C,H,

Network property

Without this study With this study

Number of transitions in the database 311 331
Number of unique transitions in the database 263 283
Number of unique transitions in the two principal components 127 195
Number of unique transitions in the two principal components under 10000 cm™* 81 149
Number of components in the database 74 63
Number of transitions in the para principal component 86 121
Number of transitions in the ortho principal component 86 119
Number of validated transitions 172 240
Number of energy levels in the database 314 314
Number of energy levels in the para principal component 53 82
Number of energy levels in the ortho principal component 52 80

As clear from Fig. 4, four para and nine ortho lines are not part
of cycles; thus, their measurement accuracy cannot be con-
firmed this way. Nevertheless, since the majority of the newly
measured lines are part of a number of cycles, the results of the
uncertainty budget analysis can be accepted for all of the lines.

Table 4 summarizes the most important statistical data
about the SN of precision-spectroscopy measurements
assembled during this study, both with and without the lines
of the present study. The ultraprecise SN of *C,H, contains
transitions from the following bands: vy, vs, V1 + V3, V1 + V3 + 1y,
Vi + vz + vs, 2v3 + vs, and vyt 3vz. The number of validated
transitions is lower than the total number of transitions since
we cannot validate transitions in floating components and
orphans. As seen in Table 4, while originally there were
105 rovibrational energy levels within the two principal compo-
nents of the SN, the 20 newly-measured lines help to connect a
further 57 levels to the principal components. The different
measurements nicely complement each other and thus for
lower J values one can find a large number of cycles, helping
to establish the true accuracy of the measurements.

4 The TenkHz line list of ?C,H,

The empirical rovibrational energy levels determined with the
help of the MARVEL algorithm can be used to generate a
rovibrational line list for >C,H,. To achieve this, the usual one-
photon selection rules' were employed to identify the transitions.
The extensive set of selection rules significantly limits the num-
ber and regions of allowed transitions among the rovibrational
states of >C,H,. The intensities were derived from the Einstein-A
coefficients of the aCeTY line list"> of the ExoMol project.
There are no transitions reported in the Exomol database®® above
10000 cm™'; thus, the empirical energies above 12000 cm '
cannot be utilized to generate further line-list elements. We employed
the value of Q(T = 296 K) = 412.45 008% for the total internal partition
function, needed to generate the room-temperature line intensities.
The complete line list is given in the ESL}

Since there are still a relatively large number of transitions
and energy levels which are not part of the two principal
components (see Table 4) and since the selection rules govern-
ing the one-photon transitions are highly restrictive, one can-
not expect a very large number of predicted transitions. In fact,
the TenkHz line list contains 282 rovibrational transitions, the
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hot bands starting from v, in the v; + v; and v; + v; + v, regions.
133 predicted lines, in the wavenumber range of 5898.97-
7258.87 cm ™!, have not been measured before. Since the
uncertainties of these predicted lines are about 10 kHz, these
lines are perfect candidates even for metrological applications.
The list of lines may also act as frequency standards over a wide
frequency range, helping future high-resolution experiments.

5 Comparison with HITRAN

It is worth checking whether our new TenkHz database contains
lines which are missing from the canonical spectroscopic line-by-
line database HITRAN2020."" It is comforting to observe that 247
of the 282 predicted lines can be found in the HITRAN2020
dataset. The average deviation of these TenkHz and HITRAN2020
lines is only 6.5 x 10~* cm™", in perfect agreement within the
stated HITRAN2020 uncertainties.'* Of course, the lines in our
TenkHz database are orders of magnitude more accurate than
this; thus, it is recommended to consider them during the next
update of the HITRAN database.

Furthermore, the TenkHz line list contains 35 lines that are
missing from the HITRAN2020 database. Since the intensity of
each of these lines is larger than 4.5 x 107*° cm molecule ™, all
these lines, which are in the 6524.94-6605.48 cm " region,
should be considered for inclusion. Note that there are 27 lines
missing from HITRAN2020"" whose intensities, at room tempera-

ture, are between 1.5 x 10~ 2% and 1 x 10~2° cm molecule™*.

6 Summary and conclusions

In this study, the absolute center frequencies of twenty rovibra-
tional lines of **C,H,, including 11 para and 9 ortho ones, have
been measured using Lamb-dip cavity ring-down spectroscopy,
assisted by a near-infrared optical frequency comb synthesizer.
The spectrometer is an upgraded version of that described in
ref. 32 and 48, expressly designed for extensive Lamb-dip
investigations. The experimental strategy is based on spectral
acquisitions as a function of the gas pressure, so that the zero-
pressure center frequency could be retrieved for each of the
selected transitions. The combined uncertainty, at the 2-¢
confidence level, varies between 12 and 21 kHz, while the
average 1-c uncertainty amounts to about 7 kHz.
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Selection of the newly measured lines, in the spectral
window of 7125-7230 cm ™" supported by our spectrometer, is
based on the theory of spectroscopic networks (SN). The few
carefully selected and carefully executed new line measure-
ments allow to attach several previously unconnected compo-
nents and orphans to the two principal components of the
SN of "?C,H,. A dataset containing 331 highly precise lines,
including 283 unique ones, has been assembled, defining a
network composed only of transitions measured with an accuracy
better than 10 kHz (1-c confidence level). 119 and 121 of the lines
are in the ortho and para principal components, respectively, while
the rest remains in floating components. Based on paths and
cycles of the SN, we successfully validated all previous ultraprecise
measurements, except one, 15TwCiSeMc,”” where the uncertain-
ties had to be increased by 50%. Then, based on the Measured
Active Rotational-Vibrational Energy Levels (MARVEL) procedure,
82 and 80 ultraprecise empirical rovibrational energy levels have
been determined in the para- and ortho-">C,H, principal compo-
nents, involving the following five vibrational bands: v,, vy + vs,
vy + U3 + 14", 2u5 + vs, and v+ 3v;. The accuracy of the energy levels
is similar to that of the lines.

Based on the 162 ultraprecise empirical rovibrational energies,
we generated a rovibrational line list, which we call TenkHz, for
12C,H,, containing 282 entries in the spectral range of 5898.97-
7258.87 cm™*. Up to now, only 149 of these predicted transitions
have been measured directly via precision spectroscopy. Since the
accuracy of these predicted lines is better than 10 kHz, these lines
are perfect candidates even for metrological applications. The list
of TenkHz lines may also act as frequency standards over a wide
frequency range, helping future high-resolution and precision-
spectroscopy measurements. 247 of the 282 TenkHz lines can be
found in the canonical spectroscopic line-by-line database
HITRAN2020."" The average deviation of these 247 lines is only
6.5 x 107* cm™', in perfect agreement within the stated
HITRAN2020 uncertainties. Of course, the lines in our TenkHz
database are orders of magnitude more accurate than this. The
intensity of 27 of the remaining 35 TenkHz lines that are
missing from the HITRAN2020 database are between 1.5 X
107?* and 1 x 10~ >° ¢cm molecule . Thus, the present ultra-
precise Lamb-dip measurements and the TenkHz line list
should prove useful during the next upgrade of the HITRAN
dataset on **C,H,.

Despite the large number of rovibrational lines in the
TenkHz line list assembled during this study, there are still a
number of ways how one can improve our knowledge of the
spectroscopy of acetylene at the kHz level. To this aim, future
perspectives include new absolute frequency measurements of
those transitions that connect the remaining floating compo-
nents, such as the spectral lines of the v, + v; + v5 band or those
of the fundamental vibrational mode v;. In fact, ultra-accurate
determinations of molecular transition frequencies can be
extended to the mid-infrared spectral region by combining
the technology of quantum cascade lasers with the most
advanced nonlinear mixing techniques to calibrate the spectro-
scopic measurements by means of an optical frequency comb
in the near infrared.®*®°
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