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Abstract

Ethylene (or ethene) is a natural gas compound present in our atmosphere but also in the
atmospheres of outer solar system planets such as Jupiter, Saturn, Uranus, Neptune and Saturn’s moon
Titan. However, a better knowledge of spectroscopic parameters is needed for this molecule in order to
detect its presence and/or to derive its accurate concentration. We present here a detailed analysis and
modeling of the strongly absorbing vo and vi; fundamental bands in the 3.3 um region. Due to the
complexity of the observed spectrum, we have built a polyad scheme taking into account some
fundamental bands previously analyzed thanks to the tensorial formalism developed in Dijon for
asymmetric-top molecules. A four polyad system has been settled and the last P; polyad contains
five vibrational states: vo, vi1, v2 + vi2 and 2vip + vio. A first frequency analysis has been performed,
leading to 3328 assignments with a root mean square of 5.927 x10 cm ' and a standard deviation of
1.965 using 88 adjusted parameters, and we have also adjusted line intensities of 2190 lines by adjusting
14 parameters with an overall Root-Mean-Square (RMS) deviation of about 3.77%. A new line list
of calculated lines in the 2900 —3300 c¢cm ' region has been added to the ECaSDa and we plan to
integrate it to the HITRAN database.

Keywords:
Ethylene, High-resolution infrared spectroscopy, Line positions, Tensorial

formalism, Molecular spectroscopy database.



1. Introduction

Ethylene (or ethene, CoHa) is present in the atmosphere of various planetary bodies
of the Solar system. On the Earth, it is a tropospheric compound of both natural and
anthropogenic origins [1-4], characterized by a relatively short lifetime because of its
reactivity with Oz and OH [1]. C2H4 has also been observed in the atmosphere of outer
Solar system objects, such as Jupiter [5], Saturn [6], Titan [7] and Neptune [8]. Detection
of ethylene in these environments using optical remote sensing techniques rely on the

strong Q branch structure of the v; band near 10.5 pm [9].

The infrared spectrum of ethylene has been quite extensively studied (reviews of previous
work until 2016 can be found in [10, 11]). These studies mainly focused on the strong 10 um
region, which corresponds to the excitation of 7 of the 12 modes of vibration of the molecule
[10], of which 4 are infrared active [9]. The bands of this spectral region were also assigned by
Ulenikov ef al. [12, 13] while taking into account of different types of resonance interactions
between bands. Likewise, other hot bands are studied in the 10 um region such as v7+vio-vio

and vio+viz-vio [14, 15].

At higher energies, the 1800 — 2400 ¢cm™! range, involving combination and overtone
bands, was studied at high resolution, relying on conventional infrared or Raman spectroscopy

([16] and references therein) as well as jet cooled absorption spectra [17].

Of the 4 CH stretching modes of vibration of C,Ha, only vy =1 (near 3105 cm™) and
vy, =1 (near 2989 cm!) are infrared active. Several high-resolution studies were devoted to
the corresponding absorption region, which roughly extends from 2900 to 3300 cm™ [18-21],
including measurements and analysis of line intensities [22]. The 3.3 pm energy range of 2CxHy
is particularly complex, as in particular demonstrated by the study of Sartakov ef al. [19] that
involved 34 vibrational levels to reproduce observed line positions. Variational calculations
from ab initio potential energy and dipole moment surfaces were also reported [23].

Relying on high resolution Fourier transform spectra, the present work is an attempt to improve the
analysis of the 3.3 um spectral region of ethylene. To this end, we considered a polyad scheme

composed of four polyads for the construction of the effective Hamiltonian model, namely: the ground-

state (Po), a dyad (P1), a triad (P2) and a tetrad (P3) corresponding to the 3.3 pwm region.

The article is organized as follows. Section 2 describes the recording of the high-
resolution absorption spectra and measurements of '>C,Hy line positions and intensities. The
theoretical model is described in Section 3. The analysis performed and results obtained are

detailed in Section 4. Comparisons with previous work are also presented in this Section, before



concluding.

2. Experimental details

Three unapodized absorption spectra of ethylene (Praxair, 99.95 % stated purity) in
natural isotopic abundance were recorded with a Bruker IFS 120 to 125HR upgrade Fourier
transform spectrometer. The instrument was fitted with a tungsten source, a KBr beamsplitter,
a low-pass (in wavenumber) optical filter with a cut-off wavenumber at about 5000 cm™! and
an InSb detector cooled down to 77 K. The sample was contained in a 19.7 + 0.2 cm long
stainless-steel cell installed in the evacuated spectrometer, closed by KBr windows and
operated at room temperature (295 + 1 K). The sample pressure was measured using a MKS
Baratron gauge model 690A of 10 Torr full scale range, its accuracy of reading being
conservatively estimated to be 0.5 %. The 3 spectra recorded correspond to sample pressures
0f 0.626 (3) hPa (spectrum S1), 1.201 (6) hPa (spectrum S2) and 2.568 (13) hPa (spectrum S3).
They were recorded with a maximum optical difference (MOPD) of 150 cm, corresponding to
an approximate spectral resolution (defined as 0.9/MOPD) of 0.006 cm™!, using an entrance
aperture diameter of 0.5 mm and result from the average of 360 to 400 interferograms.
Transmittance spectra were generated using low resolution empty cell spectra recorded in-
between the sample spectra. In the recorded spectral range (2900 to 3300 cm'™!), the strongest
bands observed are vo, vi1, v2 + vi2 and 2vio + vi2 [10]. Weak bands, such as v3+vs+vig and
vetvgtvio, are also present in this region [19]. It was shown [11] that about 50 bands (~ 90 %

of them involving “dark states”) fall in this spectral range.

The positions of C2H4 lines as well as absorption lines of residual water vapor present in
the evacuated spectrometer and observed in the range 3600 — 3880 cm™! were measured with
the program WSpectra [24]. Each line was modeled using a Gaussian or Voigt profile and the
instrumental effects arising from the truncation of the interferogram and the finite diameter of
the entrance aperture were included as fixed contributions. About 3600, 4000 and 6300 CoHy4
line positions were thus measured in spectra S1 to S3. Comparison of the positions of the same

lines measured in the 3 spectra showed that the precision of measurement is of the order of

0.0002 cm! for most of the lines. The measured positions v, of 25 water vapor lines were

matched to reference positions v, available in HITRAN [25], originating from a linelist

generated by Toth [26] and characterized by uncertainties ranging from 0.001 to 0.01 cm™'. The

differences v . —v , were fitted to the expression v —-v, =av

y y s (@ was an adjusted



parameter), leading to an RMS deviation of 3.3x10 ¢m!. The ethylene spectra and line

positions were calibrated using this expression and value of the parameter thus determined.

The intensities of the C;H4 lines were measured using the multi-spectrum fitting
algorithm developed in Brussels ([27] and references therein). The program adjusts a synthetic
spectrum to any number of observed spectra using a Levenberg Marquardt least squares fitting
procedure. Each synthetic spectrum, calculated on a wavenumber grid interpolated 4 times with
respect to the corresponding observed spectrum, is calculated as the convolution of the
molecular transmittance spectrum with an instrument line shape (ILS) function. In the present
work, the ILS included the effects of the finite MOPD and finite diameter of the entrance
aperture of the interferometer as fixed contributions. The spectral baseline was represented by
a fitted constant value. The profile of the lines was modeled using a Voigt function, with
Gaussian width always fixed to the value calculated for Doppler broadening and the self-
broadening coefficient of all the lines set to 0.125 cm!/atm [28]. The required initial values of
the line parameters were generated using WSpectra, following the same procedure as for H.O
(see above). The measurements were performed based on the 3 spectra, however one spectrum
at a time. Considering lines with peak transmittance up to 0.99, the intensities of 4153 lines
were thus measured in one to three of the spectra S1 to S3. The line intensities measured in

more than one spectrum were averaged.

Considering the uncertainties on the pressures, temperature and absorption path length as well
as the precision of measurement of the line intensities provided by the least squares fitting
procedure, we estimated that the overall uncertainties on line intensities are around 4% or better.
Larger uncertainties characterize smaller line intensities. Dang-Nhu ef al. [22] measured the
intensities of 157 ethylene lines observed between 2966 and 3976 c¢cm™'. The uncertainties
characterizing these line intensities are not provided in [22]. However, line intensities available
in HITRAN [48] for the 3.3 um of C,H4, characterized by uncertainties ranging from 5 to 10
%, originate from [22]. Differences between 127 line intensities reported in [22] and measured

in the present work are characterized by RMS deviations between 3.6 and 4.5 %.

3. Theoretical model

C2Ha, is an asymmetric top molecule belonging to the D», symmetry point group.
It possesses twelve normal modes of vibration [10]. In addition to the two active infrared
fundamental bands vy and vi1 with B3, and B;, symmetries centered at 3104.941 and 2988.653

cm!, respectively, the 3000 cm™! studied region contains among numerous combination



bands and overtones [11]: two main combination bands, v> + vi2 and 2vio + vi2, centered at
3074.920 and 3100.040 cm'. This band system is strongly affected by resonances such as the
Coriolis interactions and Fermi resonances.

As a matter of fact, from the positions of the band centers of vo and vi1 bands, one can
estimate that a close Coriolis resonance through rotation about the ¢ axis, which is parallel to
the C-C bond, can occur.

The upper states of vi1 exhibit a strong Fermi resonance with those of the v» + vi2
combination band.

The main interactions are of Coriolis type (see Figure 1). Moreover, the strong Fermi
interaction between the 2vio+vi2, va+viz levels makes difficult to model of the tail of the Q-
branch of the vy band. Consequently, we are faced with two aspects that require
improvements: the determination of both line intensities and line positions, which had been
only partially performed before. It is also worth to mention that the 2vio + vi2 band can also
strongly perturbate perpendicular type bands like vo. All theses interactions are

summarized in the Fig. 1 below.
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Fig. 1: The most important interactions between the levels vo = 1, vii = 1, v2 + vi2= 1 and vio+ 2vi2 =1
in the spectral region between 2900 and 3300 cn™! of C2Hy. Interactions represented by dashed lines
could not be fitted in the present study.

3.1. Effective Hamiltonian

In this paper, we use a theoretical model based on the tensorial formalism and the
vibrational extrapolation concept developed by the Dijon group [29-31]. It takes full
advantage of the molecule’s high symmetry. Though the treatment of asymmetric-top
molecules could be carried out without using irreducible tensor operators, their use allows

a systematic and unified formulation of both effective [32] and exact nuclear-motion



Hamiltonians [11], at any order of the expansion and whatever the symmetry point group.
In particular, the use of the tensor formalism turns out to be of primary importance when
dealing with non-Abelian point groups [33]. Let us just recall briefly the basic principles
of this model, which have been already detailed in Ref. [34]. Considering an X>Y 4 molecule
such as CoHa, the vibrational levels can be grouped in a series of polyads named P with
k = 0, ..., n; the Pr—o corresponds to the ground state (GS). The P; polyad is a dyad
composed of the two vibrational bands: vio and vi2. Then, the P> polyad is a triad including
the v2, vio + vi2 and 2vyo vibrational bands and the last P3 polyad contains four bands: vo,
Vi1, v2 + viz and 2vio + vio.

Assuming known the perturbative treatment using contact transformations method
[34] in order to eliminate inter-polyad interactions, the Hamiltonian operator can be

written as:

H=Hpy +Hpy +... +Hppyp + ...+ Hep, p+ Hyp,y. (D

The different Hpj } terms are expressed in the following form:

QKOG | e7,Q,(@T,T, 7
H{Pk} = Zall indexes ﬁt{s§{5% ) {?}{Sr}r a ®RQ<K Y (Al) (2)

In this equation, the 2Dy e the parameters to be determined by data fitting while
q {S}{S} p y g

¢ {g‘{s,r}”r“)r and R“*Dare the vibrational and rotational operators, respectively. For each

term, (2, and ( represent the degree in elementary vibrational operators (creation a* and
annihilation a operators), and rotational operators (components J,, /, and J, of the angular

momentum), respectively. £ is a numerical factor equal to:

p=(=3) i ®np)=(004,) ©
1 if (K,nl,) = (0,04,)

The order of each individual term is defined as Q + Q, — 2. We deal with the effective
Hamiltonians which are obtained, for a given polyad P, by the projection of A on the P, Hilbert

subspace:



a7 =P g P = g e B - S+ HS - H (4)
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In the case of ethylene, which exhibits an unclear polyad structure beyond 1200 c¢m’!
contrary to other molecules like methane, for the present study, we have defined the following

effective Hamiltonians:

» The ground state effective Hamiltonian,

') — gl6s). (5)
» The vio/vi2 dyad effective Hamiltonian,

[:]<V10/‘/12> — H<"10/V12> +H<‘/10/V12>' (6)

{Gs} {(vo/vi2}

» The triad v2 /vio + v12/2 vio effective Hamiltonian,

Fr(Triad Triad Triad Vo /Vip+Via 2V Vo /Vig+Via/ 2V Vo Vg +Vp 2V Vo IVig+Vi2/ 2V
A = H{<GS} > +H{<Triad}> = H{<GS} > +H{<v2} > +H{<vlo+v|2} / +H{<2vm} /
(7)

» The tetrad vo/ vi1/2vio + vi2/ v2 + vi2 / effective Hamiltonian,

H<Tetrad> — H<Tetrad> H<Tetrad> _ H<\'9/v"/\'2+v12/2vm+v]2> +H<V9/v”/v2+v12/2vw+v12> +H<\'9/v"/v2+v12/2v|0+v12> .

{Gs} {Tetrad} ~ ~"{cs} {vo} {vu}

(vo/vyy/va+viz/2vig+vyz) . H<v.,/v" Ivy+v1a I2v10+ V1)
{v2+vi2} {2vip+via)

(&)
3.2. Effective dipole moment

In order to calculate transition absolute intensities, we also need to expand the
effective dipole moment operator using a coupling scheme similar to that of the
Hamiltonian [34]. The dipole moment being a vector quantity, we have to determine how
the three components x, y and z will transform in Dz;. In this work, only the parameters
for the four cold band transitions corresponding to vo, Vi1, vo+ vi2 and 2vio + vi2 have been

adjusted.

3.3. Basis sets and line intensities

The calculation of the effective Hamiltonian and effective dipole moment matrix

elements are performed in the coupled rovibrational basis,

©
[y @y ] > , where



l,ViJ’C"’C’) is a rotational wavefunction with angular momentum J and rotational symmetry

. ) C,.C) . o . )
species C,, in D, symmetry group, l//é v isa coupled vibrational basis set; and C is the

G)

overall symmetry species (C=C, ®C.). In the present case, l//fc” "’ contains the relevant

functions for the vibrational normal modes of the tetrad,

) [ ©

The effective Hamiltonian matrix is diagonalized numerically, and this leads to

eigenfunctions obtained from,

ﬁ‘ !//éJ,C,Ca)> _ E‘ l//((;/,c,cva)> ’ (10)

where o = 1, 2,... is a counting number to distinguish functions with the same symmetry
C in a given J block. This eigenbasis set can be expanded in terms of the initial
rovibrational basis set and is used to calculate the matrix elements of the effective dipole

moment operator ;.

The line intensity at temperature 7" for a transition at wavenumber 171./», between an

initial state 7 (with energy E;) and a final state f; is then obtained through:

2

(J,.,c,.,c,.a,.)> . (11)

or

E hcl?l-f

_ o8I h T
S, (cm '/ (molecule.cm™)) =@Vife B(l—e B7) Z <1//((),{”C"C' ) Y7

a0

O is the total partition function at temperature 7" (calculated thanks to a simple harmonic
approximation for vibration [35] and the rotational approximation for asymmetric top
molecules given in Ref. [36]), c is the speed of light in vacuum, % the Planck's constant and

kg the Boltzmann's constant.

4. Analysis and discussion

4.1. Line positions for the tetrad
The XTDS [37] computational package has been used to generate the Hamiltonian
and dipole moment model as well as to fit the effective parameters to the observed data.

As previously mentioned, the 3000 cm ™! region of C2Hy includes the vo, vii, 2viet+ via



and v2 + vi2 bands and exhibits complex spectral rovibrational patterns due to many
resonance couplings that may lead to intensity exchanges between weak and strong lines.
The presence of so-called dark states that are not observed may also strongly affect the
adjustment of the effective parameters and thus locally affect accuracy of both line
positions and line intensities. For example, the combination bands v3 +vg+vio and vs +vsg
+v10 have very low intensities and were not taken into account in our polyad scheme [19].
Using the predictions in Ref. [11], we can estimate that the intensities for these bands are
about 80 and 800 times smaller than those of the v9 band. Also, the vet+ v7+ vs band is not
taken into account in the band scheme because it has an intensity 33 times smaller.

Note that Lebron et al. [38] studied each band separately using the Watson’s
asymmetric top Hamiltonian in the standard 4-reduced form and the /" representation. This
reproduced the undisturbed lines, which would later be used in the tensorial formalism.
Using the D2, TDS package combined with the graphical SPVIEW environment [37, 39],
each unperturbed line was identified for each bandseparately. Likewise, the vi1 band also
presents a Coriolis interaction with the vy band. In order to account for strong interactions,
we have also explicitly introduced resonance parameters between v> + vi2 and vi1 in the
model. Such an interaction is supposed to be very strong according to Refs. [40, 41].
By considering this Fermi interaction, we were able to model the overall O branch of the
vi1 band.

The assignment procedure was rather straightforward. Initial parameters for the ground
state, v2[42], vi2, vio and 2vio [43] were taken from literature. For the vo, vii and v2 + vi2
bands, we have converted the Watson’s parameters [38, 44] to the tensorial ones as explained
in the appendix. As a starting point, we have considered few hundreds of assigned lines up to
J =5 deduced from the variational calculation [11]. This allowed to generate quite easily a new
set of parameters using a least-squares fitting as well as a new prediction file that was used for
further assignments. This process was repeated until assigning 1810 lines of the vo band, 1307
of vi1, 143 of v» + vi2 and 68 of 2vip + via.

The final fit involves an effective Hamiltonian developed up to the eighth order that
allowed obtaining an overall RMS deviation of 5.927 x10 cm™ and a standard deviation of
1.965. Table 1 gives the list of tensorial rovibrational parameters (in cm™!) obtained from these
fits. Table 2 summarizes the statistics for the final fit of the studied spectral region.

For the 2vio + vi2 band, the corresponding Watson’s parameters are absent in the
literature, so they have been calculated by formula in the sub-section 4.2 and summarized in

Table 2 with those of the other bands. We can note that the rovibrational parameters derived



from this fit are in good agreement with those from previous works [38, 44].

Table 1: Effective Hamiltonian parameters for the GS, vo, vi1, v2 + vz and 2vi9 + viz bands of C:Hyand

comparison with Ref. [21].

Levels Or Vibrational States Values / cm™! Values of Ref.
der [21] / em!
Q(K,nI) T, L
vo=1

0 0(0,04¢) 000000001000B3. 000000001000B3. 3104.88580(33) 3104.87443(17)

2 2(0,04¢) 000000001000B3. 000000001000B3. -7.461(12)x10° -6.451(13) x10%
2(2,04,) 000000001000B3. 000000001000B3. -3.2683(49)x10% -2.4808(60) x10
2(2,14,) 000000001000B3. 000000001000B3. -7.99(42)x10% 1.1469(29) x10%3

4 4(0,04,) 000000001000B3. 000000001000B3. -1.153(11)x10°% -5.363(34) x10%
4(2,04;) 000000001000B3. 000000001000B3. 4.201(39)x10% 2.9860(95) x10%
4(2,14,) 000000001000B3. 000000001000B3. 1.227(20)x10% 2.1063(92) x10%
4(4,04;) 000000001000B3. 000000001000B3. -2.130(18)x10% -2.343(27) x1070
4(4,14,) 000000001000B3. 000000001000B3. -1.827(30)x10°% -3.2306(14) x10%
4(4,24,) 000000001000B3. 000000001000B3. 7.829(90)x10 -1.085x10°%

6 6(0,04;) 000000001000B3. 000000001000B3. 4.037(58)x108 5.071(28) x107
6(2,04;) 000000001000B3. 000000001000B3. 7.19(11)x10"% 4.428(46) x10%
6(2,14,) 000000001000B3. 000000001000B3. 2.939(20)x108 2.036(12) x10%
6(4,04;) 000000001000B3. 000000001000B3. -5.098(74)x10°% -6.659(20) x10%
6(4,14,) 000000001000B3. 000000001000B3. -7.245(30)x10°% -4.958(25) x10%
6(4,245) 000000001000B3. 000000001000B3. -1.19(23)x10°% -6.483(36) x10™
6(6,04;) 000000001000B3. 000000001000B3. 2.530(18)x10°% 1.03858(63) x10°77
6(6,14;) 000000001000B3. 000000001000B3. 3.652(14)x108 2.264(10) x10%
6(6,24;) 000000001000B3. 000000001000B3. 2.01(36)x10™% -1.958(54) x10™®
6(6,34;) 000000001000B3. 000000001000B3. -2.706(80)x1071° 3.07(47) x10!!

8 8(0,04;) 000000001000B3. 000000001000B3. -6.63(11)x10!!

8(2,04;) 000000001000B3. 000000001000B3. 4.64(14)x1012
8(2,14,) 000000001000B3. 000000001000B3. 2.2918(66)x10!!
8(4,04;) 000000001000B3. 000000001000B3. -4.474(85)x1012
8(4,14,) 000000001000B3. 000000001000B3. -7.269(12)x10™!
8(4,24,) 000000001000B3. 000000001000B3. 3.47(57)x10713
8(6,04;) 000000001000B3. 000000001000B3. 3.060(41)x107'2
8(6,14;) 000000001000B3. 000000001000B3. 6.455(59)x107!!
8(6,24;) 000000001000B3. 000000001000B3. -8.45(89)x10!3
8(6,34;) 000000001000B3. 000000001000B3. -1.689(22)x1013
8(8,04;) 000000001000B3. 000000001000B3. -1.351(10)*x1012
8(8,14,) 000000001000B3. 000000001000B3. -1.9621(16)x10!!
8(8,24;) 000000001000B3. 000000001000B3. 0.00
8(8,34,) 000000001000B3. 000000001000B3. 0.00
8(8,44;) 000000001000B3. 000000001000B3. 0.00
vii=1

0 0(0,04¢) 000000000010B1. 000000000010B1. 2988.6435(32) 2988.63465(16)

2 2(0,04¢) 000000000010B1. 000000000010B1. -3.3771(73) x10% -3.1248(57) x10%
2(2,04,) 000000000010B1. 000000000010B1. -1.2597(34) x10% -1.2727(26) x10%
2(2,14,) 000000000010B1. 000000000010B1. 5.935(40) x10% -6.148(33) x10%

4 4(0,04,) 000000000010B1. 000000000010B1. -6.053(40) x107 -8.649(49) x107
4(2,04;) 000000000010B1. 000000000010B1. 1.974(36) x107% 1.914(19) x107%
4(2,14,) 000000000010B1. 000000000010B1. 7.85(82) x10°% -2.948(77) x1070
4(4,04;) 000000000010B1. 000000000010B1. -1.210(32) x107 -1.095(15) x107
4(4,14,) 000000000010B1. 000000000010B1. -1.20(13) x10% 4.55(11) x107
4(4,24,) 000000000010B1. 000000000010B1. 3.46(37) x10°77 0.00

6 6(0,04;) 000000000010B1. 000000000010B1. 3.766(83) x10% 0.00
6(2,04;) 000000000010B1. 000000000010B1. 6.07(27) x101° 0.00
6(2,14,) 000000000010B1. 000000000010B1. -4.57(53) x1071° 9.6906(36) x107%




6(4,04;) 000000000010B1x 00000000001081. -4.04(10) x1071° 5.236(24) x10%
6(4,14;) 000000000010B1x 00000000001081. 0.85(11) x101° -1.48639(52) x10"7
6(4,24;) 000000000010B1x 00000000001081. -2.16(30) x1071° -4.759(12) x10%
6(6,04;) 000000000010B1x 00000000001081. 2.39(28) x10°° 1.140(34) x10°%°
6(6,14;) 000000000010B1x 00000000001081. -1.98(44) x1071° -4.86(20) x1071°
6(6,24;) 000000000010B1x 00000000001081. 3.22(49) x101° 3.94(18) x101°
6(6,34;) 000000000010B1x 00000000001081. 0.00 4.00(31) x10!!
8 8(0,04;) 000000000010B1x 00000000001081. 0.00
8(2,04;) 000000000010B1x 00000000001081. 0.00
8(2,14,) 000000000010B1x 00000000001081. 0.00
8(4,04;) 000000000010B1x 00000000001081. 0.00
8(4,14,) 000000000010B1x 00000000001081. 0.00
8(4,24;) 000000000010B1x 00000000001081. 0.00
8(6,04;) 000000000010B1x 00000000001081. 0.00
8(6,14;) 000000000010B1x 00000000001081. 0.00
8(6,24;) 000000000010B1x 00000000001081. 0.00
8(6,34;) 000000000010B1x 00000000001081. 0.00
8(8,04;) 000000000010B1x 00000000001081. 0.00
8(8,14,) 000000000010B1x 00000000001081. 0.00
8(8,24;) 000000000010B1x 00000000001081. 0.00
8(8,34;) 000000000010B1x 00000000001081. 0.00
8(8,44;) 000000000010B1x 00000000001081. 0.00
v2=viz=1
0 0(0,04¢) 010000000001 B1x 010000000001 B1u 1.4078(12) x10*%!
2 2(0,04¢) 010000000001 B1x 010000000001 B1u 8.34(15) x10°
2(2,04¢) 010000000001 B1x 010000000001 B1u 4.361(77) x10%
2(2,14¢) 010000000001 B1x 010000000001 B1u 1.777(12) x10°
4 4(0,04,) 010000000001 B1x 010000000001 B1u -1.1414(62) x10%
4(2,045) 010000000001 B1x 010000000001 B1. 5.919 (22) x10%
4(2,145) 010000000001 B1x 010000000001 B1. -1.2354(12) x10%
4(4,045) 010000000001 B1x 010000000001 B1u -3.1656(88) x10%
4(4,14,) 010000000001 B1x 010000000001 B1u 1.7199(19) x10%
4(4,245) 010000000001 B1x 010000000001 B1. -3.0636(99) x10
6 6(0,04;) 010000000001 B1x 010000000001 B1u -2.257(12) x107
6(2,04;) 010000000001 B1x 010000000001 B1u 1.081(27) x107%
6(2,14,) 010000000001 B1x 010000000001 B1. -1.15076(74) x10%7
6(4,04;) 010000000001 B1x 010000000001 B1. -5.903 (22) x10%8
6(4,14;) 010000000001 B1x 010000000001 B1u 1.5847 (12) x107
6(4,24;) 010000000001 B1x 010000000001 B1u -2.7171(80) x10™%
6(6,04;) 010000000001 B1x 010000000001 B1. 1.2287(62) x107%
6(6,14;) 010000000001 B1x 010000000001 B1u 0.00
6(6,24;) 010000000001 B1x 010000000001 B1u 0.00
6(6,34;) 010000000001 B1x 010000000001 B1. 0.00
v10=2,v12=1
0 0(0,04¢) 000000000201 B1x 000000000201 B1u -6.344(13) x10*%0
2 2(0,04¢) 000000000201 B1x 000000000201 B1u 1.754(13) x10°
2(2,04¢) 000000000201 B1x 000000000201 B1u 8.181(60) x10%
2(2,14¢) 000000000201 B1x 000000000201 B1u -3.8765(65) x10%
4 4(0,04,) 000000000201 B1x 000000000201 B1u 4.998(23) x10%
4(2,045) 000000000201 B1x 000000000201 B1u 10(5) x108
4(2,145) 000000000201 B1x 000000000201 B1u -3.11 (56) x10%8
4(4,045) 000000000201 B1x 000000000201 B1u 0.00
4(4,14,) 000000000201 B1x 000000000201 B1u 0.00
4(4,245) 000000000201 B1x 000000000201 B1. 0.00

vo=1 / vii=1 interaction

| 1(1,0 Bae)

0000000010008B3x

0000000000108

-1.86(83) X102

vo=1 / vi0=2, vi2=1 interaction




1 1(1,0B2) 000000001000B3. 000000000201B1. 5.554(88) x10

2 2(2,0B2) 000000001000B3. 000000000201B1. 3.815(34) x10%

3 3(1,0B2) 000000001000B3. 000000000201 B1. -1.91(18) x10%
3(3,0B2) 000000001000B3. 000000000201B1. 3.49(29) x10%
3(3,1B2) 000000001000B3. 000000000201 B1. 9.65(23) x10°%

4 4(2,0B2) 000000001000B3. 000000000201 B1. 8.65(23) x10°Y7
4(4,0B2) 000000001000B3. 000000000201 B1. -6.42(16) x10
4(4,1B2) 000000001000B3. 000000000201B1. -9(6) x10%8

5 (1,0B2) 000000001000B3. 0000000000201B14 -3.02(59) x10™%

v2=1, vi2=1/ vi0=2, vi2=1 interaction

0(0,04¢) 010000000001 B1. 000000000201 B1. 9.595(11) x10*%°
2(0,04¢) 010000000001 B1. 000000000201 B1. -7.571(99) x10%
2(2,04¢) 010000000001 B1. 000000000201B1. -8.20(51) x10%
2(2,14,) 010000000001 B1. 000000000201B1. 0.00

Fig. 2 displays the experimental and calculated spectra in the region between 2900
and 3300 cm™!, with the corresponding residuals.

In Fig. 3, we present the experimental and calculated spectra of the vi1 band, showing
a good agreement between the observed and calculated line positions using the tensorial
formalism. This agreement is illustrated by a low residual (Obs.-Calc.) in all branches of
the vi1 band with an average difference of 1.96x103 cm™!.

Fig. 4 shows the spectral region of the highly mixed vo band with the two v + vi2
and 2vio+ vi2 combination bands. Here, the agreement between the observed and calculated

positions is also good, resulting in a higher residual amplitude of approximatively 4.37x10

3 1

cm.
Fig. 5 shows the simulation of the spectral region of the v2 + vi2 and 2vio + vi2 bands.
For 143 attributions of the v» + vi2 band and 68 attributions of the 2vio + vi2 band, a mean
deviation of 3.80x 10 and 4.82x 1073 cm™! respectively was illustrated.
Table 1 compares our parameters with those reported by Lorofio ef al. [21], showing
a notable discrepancy with our results. The authors of this reference investigated a much
broader spectral range from 3000 to 6000 cm™ and in our region of interest at 3.3 um, they used
a simplified polyad scheme where they take into account only the v and v;4 bands. It is worth
noting that these obtained a remarkable level of accuracy in their study, assigning 682
transitions up to Juax = 32 while fitting 40 parameters of the Hamiltonian model with an
RMS of 0.01 cm’!.
Regarding the results, for the vy and the v;; bands, our analysis shows that 16 out of 20

parameters of Vo and 9 out of 15 parameters of the v;; band are consistent, with identical signs,

with those of Ref. [21].

Table 2: Statistics of the fit of the 3.3 um region of the ethylene molecule.



Development order
Number of assignments
Fitted parameters
Fixed parameters
Fixed parameters to 0
Jmax
RMS deviation

8
3328
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79/606
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5.927x107° cm’!
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Obs. — Calc. in cm™! for line positions for the assigned lines versus the experimental positions.

The D2 TDS package, from the XTDS software, was also used to calculate the
rovibrational energy levels using the D> TDS package and fitted tensorial parameters listed

above. This program can be used for any asymmetric top molecule with D2, symmetry [32].

The reduced rovibrational energies of the vo, vi1, 2vio +v12 and v2 +vi2 bands of ethylene
are depicted in Fig. 6. All calculated energy levels are represented in this Figure by the blue
points, whereas the magenta points depict the higher energy levels associated to the assigned

transitions.

By definition, the reduced energies can be expressed as:

2
Erequcea = E(]' C~) - z t{)g(so}'?:;}) (](] + 1))2
0

— E(], C") _ tZ(0,0Al)](/ + 1) _ t4(0,0A1)]2(l + 1)2 _ t6(0‘0A1)]3U + 1)3, (12)
with, £2(0.040)  $4(0041) anq £6(0.041) are the second, fourth, sixth and eighth order scalar

parameters of the Hamiltonian, respectively.
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Fig. 6 : Energy levels of the vo, vi1, 2vio +vi2 and v2 +vi2 bands of the 3000 cm™! spectral region of the

The calculation of Ejeduces provides a clear and readable structure for large values of the

J

J

ethylene molecule, calculated using the D2y TDS software.

quantum number J, as the energy levels cluster into packets with increasing J.

4.2. Correspondence between tensorial and Watson’s parameters




In this sub-section, we will examine the comparison between the Watson’s and the
tensorial formalism in the ground and different excited vibrational states of the Polyad P;s. The
tensorial rotational Hamiltonian, initially introduced by Moret-Bailly [45] for the study of

spherical top molecules, can be written up to the sixth order as:

Hyoret-painy =t ?RZ(OJAO + t,R?2@B) £, R2CF) ¢, 13—6R4(°'A1) + tsR* 5 +

3v3

64
t13R6(4,A1) + t14R6(4,E) + t15R6(4,Fz) + t16R6(6,A1) + t17R6(6,E) + t18R6(6,0F2) + t19R6(6'1FZ).
(13)

In our work, we used the 4-reduction of the Watson’s Hamiltonian for the case of an

t6R4(2,F2)+t7R4(4,A1) +t8R4(4,E) +t9R4(4,F2)+t10 R6(0,A1) +t11R6(2,E) +t12R6(2,F2)+

asymmetric top molecule [46]:

HWatson(A) = Za B(EA)]aZ - A]UZ)Z - A]szjz2 - AK]Z4 - % [(6]]2 + 51(]22)' (]-%— +]E)]+ +
0;(J2)° + D U2, + Oy, + D, °duf? U2 +2) + 2 [(0, U2 + oy 2T, +

o, U2 +J2)],. (14)

4.2.1. Corresponding formulas

The symbolic computation software Maple [47] was used to solve the equation
Hyoret-Baitty = Hyarson™ truncated at degree 2 = 6 for the ethylene molecule. In order to
convert the rotational constants into tensorial parameters, the employed formulas are given in
Appendix. Note that a similar procedure using symbolic calculations was proposed by Rey et
al. in the Appendix of [23] in order to derive at any order of the expansion a set of tensorial

rotation-vibration parameters for molecules belonging to an arbitrary point group.

» For the I" representation B, = C, B, = B, B. = A.

The rotational constants in cm™ in the Watson'’s model for the ground state (GS) of
C>Hy are given in Table 3.

Table 3: Rotational constants in the Watson’s model for the ground state (GS) of C2Ha.

Constant Value for the GS / cm™
A" 4.864554702
B 1.000962032
c’ 0.8280095375

Ay /10 1.46574




Ajy 110 1.02256
Ay 110" 8.64987
&) 110 -3.1823
8y 110 1.01443
@) /107 6.76008
@) 107 -3.155876159
oy 1107”7 5.385698
Dy 11077 2.124578
®/ /10" 1.0140

-09
@) /10 1.4460
P 10" -2.2417454

Table 4: Rotational constants in cm™ in the Watson’s model for the vo =1, vii= I and v> = vz =1

levels of C2Ha.
Constant Value for vii=1 Value for vo=1 Value for vz + vi2=1
v 2988.6435505 3104.8858750 3082.70272
A —A4" -0.007343974810 -0.01829142477 0.02250811946
B —B" 0.00005304053403 -0.002714908596 0.009991606416
c-C" -0.002463762178 -0.001587706316 -0.006764788257
(A} — A}') /10795 6.480208153 -1.263571269 3.378675688
A}K - A}’K -0.0002646118140 0.00005607703521 -0.0005863002044
A'K - A',} 0.0002295856868 0.00001478698953 0.001349734818
(5} — 5}') /1075 -1.248444509 -8.437203920 79.60261563
6;( - 8}} 0.0001795513316 0.0002585292643 -0.002527223366
(¢} _ <D;) /107 -4.340284696 2.915585324 -9.476818425
(q;}K _ q)}'K) /1079 6.438921594 -4.510708878 12.47016725
((p;( - <b}",) /1079 1. 068435025 0.004866377150 5.144634231
(4)'1(] _ q)'l'q) /10706 -3.144968485 1.844073303 -6.676508779
-6.659063763 3.762558768 -14.07257594

(¢ — @)) /10
(@jx — Pyx) 110°%
(¢ — @) 110"

1.006291401
-5.112835126

-0.1764713202
-1.354594431

1.886096991
-12.16738556

Table 5: Rotational constants in the Watson’s model of the level 2vio + vi2 =1 of C2H4.

Constant Value / cm™
A -4" 0.02212787418
B' —B" -0.003392590049
c-c’ 0.00757183317
Q) — A}) /107 -2.517488154
@Ajx — Ajy) 10" 5.542305438
(A — Ag) 1075 -6.25
(8 — 8;) 110 5.073056875
8k — 8g) /10715 3.125
(@) — @) 1107 1.25

4.2.2. Conversion of the Fermi parameters
We first started from the Hamiltonian model of an asymmetric top molecule described

in [14].



This model involves the transformation of one of the three rotational components J, (a =
X, y, z) according to the irreducible representation of type g in the D2, group. Consequently,
only vibrational states with symmetry /', or with symmetry /7, interact with each other through

the Hamiltonian:

HY=rot = 3, lvN DI HY?. (15)
The operators H”?, which connect the vibrational states Ivl“g> and |17Fg> with the same

symmetry /', are the Fermi- type operators of the following form:

Hyp = "PFo + "FJ} + PPRJ? + VPFgid + PPFigl3)? + PRt e VPR (R - J5) +
mN;Fny[]zZUJ% _]32/)]+VﬁF]xy]2(]J%_]321)+"'- (16)

In our study, we examine Fermi interactions between the vio=2,vi2=1 and vo=v>=1 levels,
both exhibiting B, symmetry.

The first term in Eq. (16), UﬁFO corresponds to the pure vibrational interaction, whereas
the remaining terms describe the rotation-vibration components of the Fermi interaction. The
VPF parameters associated with these interactions are compiled in Table 6. To determine these
parameters, we used the equations in Appendix for the conversion from the tensorial parameters

to Watson’s ones.

Table 6: Fermi interaction parameters (in cm™) between the | 2v4o + Vvq,) and | v, + Vv;,) states of C2Hy.

Constant Value / cm™!
0o Fo 9. 594995
u&FK -0.00283889

wE, 0.0133104

4.2.3. Coriolis interaction

Coriolis-type interactions are present in the expression of the Hamiltonian through three
distinct operators, where the main components proportional to (iJy, i/, et iJ:) transform
according to the irreducible representations B2,, Bjs and Bse of the D2, group, respectively.

In our case, Ivqu> X Ivfg> = B,g4, thus the interaction operator can be written as:

Hyy = i HS) + HSP i + [i]y, )] HYE + HD iy, )2] + [t U2 = J2)] HS +



HD[ife G2 = J2)], + . (17)

The operators Hﬁg can be expressed in the following general form:

qN

v

Hyg = 3 70CH 4+ PPCRJZ + S VPC]2 + VGl + TP Ck 2P + S T Ck ) (18)

In our work, we have considered interactions up to the first order. For the interaction

(v | v11), we have determined the first-order parameter C* = 0.0330127 cm™!. Additionally,
for the interaction vq/2v;o + V42, We have determined six tensorial parameters, leading to the
determination of further Watson’s parameters. Particularly, we found C* = —0.01799758 cm-

I, C& = —0.00251833 cm™ and C]1 = 0.0050701 cm™!.

4.3. Intensity analyses

4.3.1. Line intensities

In this study, we used a non-linear least squares method to adjust the experimental line
intensities, using our fitted Hamiltonian parameters to compute the line positions.

Figs. 7 and 8 illustrate the variations of the calculated and experimental intensities, as
well as the differences between the observed and calculated values (Obs. — Calc.) in %, as a
function of wavenumbers for the two fundamental bands vo and vi1 as well as for the two
combination bands v>+vi2 and 2vigt+vi2. No significant dispersions effects are observed, with
deviations ranging from 1% to 10%.

Our analysis involved a total of 2190 assigned lines, distributed as follows: 1284
assignments in the vo band, 851 in the vi; band, 28 in the v> + vi2 and 27 in 2vig+vi2. These
assignments were made by adjusting 14 parameters out of 23, including the vibrational dipole
moments associated to each of the four bands.

Due to the limited number of assigned lines for the two combination bands, we could note
that the corresponding vibrational dipole moments are not precisely determined. As a result, the
estimation of line intensities and derived band intensities using Egs. (20, 21) is not as accurate
as that of line positions.

The tensor parameters obtained by fitting experimental intensities are presented in Table
7. The dipole moment operator was developed to the second order in this analysis. The overall
Root-Mean-Square (RMS) deviation is about 3.77%.

In a previous study referenced as [19], the authors determined the dipole moment



parameters for the two fundamental bands. Their values are higher than ours, showing a

difference of 10% for v¢ and 20% for the v,; band.

Table 7: Statistics of the intensity fitting for the 3.3 um spectral region of the ethylene molecule.

Development Order of dipole moment 2
Assignments 2216
Fitted parameters 14/23
Jmax 3 6
RMS (%) 3.77
Standard Deviation (SD) 3.13
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Table 8: Effective dipole moment parameters in D (Debye) for the vy, V14, V, + V1, and 2v,, + v,, bands

of C2Hy.
Band Order Vibrational states Value /D
Q(K,nI) r, r,
vy 0 0(0,04,) 0000000000004 00000000100083. 3. 06987(63) x10°2
1 1(1,0B1g) 0000000000004 00000000100083. 1. 7474(29) x10°%
1(1,0B2) 0000000000004 00000000100083. 9.79(22) x107%
2 2(0,04,) 0000000000004 00000000100083. 1.76(13) x10%7
2(2,04,) 0000000000004 00000000100083. 3.78(18) x10°7
2(2,145) 0000000000004 00000000100083. 0.0
2(2,0B1g) 0000000000004 00000000100083. 0.0
2(2,0B2) 0000000000004 00000000100083. 0.0
Viq 0 0(0,04,) 0000000000004 000000000010B14 2.39051(61) x10°2
1 1(1,0B2) 0000000000004 000000000010B1. 1.60(34) x107%
1(1,0B3g) 0000000000004 000000000010B1. -1.890(41) x10%
2 2(0,04,) 0000000000004 000000000010B14 -5.44(26) x107
2(2,04,) 0000000000004 000000000010B1. 9.03(36) x107
2(2,145) 0000000000004 000000000010B14 0.0
2(2,0B2) 0000000000004 000000000010B14 0.0
2(2,0B3¢) 0000000000004 000000000010B1. 0.0
vy, + vy, 0 0(0,04,) 0000000000004 010000000001B14 1.0314(21) x10°2
1 1(1,0B2) 0000000000004 010000000001B14 9 (1) x107%
1(1,0B3g) 0000000000004 010000000001B14 5.68(11) x10°%
2V + Vo 0 0(0,04,) 0000000000004 000000000201 81, 5.553(16) x10%

If we look now at the spectrum structure, we can note that certain pairs of lines such as



(Ag,Bi1g), (Ag,B2g) and (AgBsg) exhibit different symmetries, are sometimes resolved and
sometimes not resolved as shown in Fig. 9.

Due to the /2 spin of the H ligands, the C2H4 have spin statistical weights w; for each D>
symmetry species A, Bi, B> or B3. These weights are 7, 3, 3 and 3, respectively. Thus, for a
cluster of n = 2 or 3 lines with experimental total intensity /g, the intensity of the “subline” i

can be extracted as:

i
Ii Wy Igxp
Exp — vyn
PXiio)

(19)

The upper panel corresponds to transitions from the Q branch of the vy band, where the
lines of symmetries 4, and Bjg coincide at the same frequency. In contrast, the lower panel
exhibits an example of two lines from the R branch of the v4 band that are well resolved with
clearly different intensities. The intensity differences of these pairs of lines are due to the fact
that these two symmetries have different spin statistical weights (7 for the 4, symmetry and 3
for Byy).

Likewise, for the pairs of lines featuring symmetries such as (Big, B2g), (Big, B3g), (B2,
B3,), as shown in Fig. 10, transitions with symmetries B2 and Bj, from the Q branch of the vq
band are coincident.

The lower panel displays a resolved doublet of lines in the P branch of the v;; band; the
Bis and B3, components of this doublet have identical intensities. This uniformity of line
intensities can be attributed to the equal spin statistical weight of the B, Bz, and B3z

symmetries, each having a weight of 3.
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Fig. 9: The upper panel illustrates a detailed experimental and simulated spectrum of C2Hq, showing
the coincidence of the Q branch transitions from the vo band with symmetries (Ag and B1g). The lower
panel shows a pair of resolved lines from the same band, characterized by identical symmetries (Ag and
Big). The labels express respectively, the experimental position, the experimental intensity, J’,
symmetry of the lower level, the multiplicity index n on a level patch having the same J associated to
the lower level, J’, symmetry of the upper level and the multiplicity index n associated to the upper
level.
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Fig. 10: The upper panel illustrates a detailed part of the experimental and simulated transmission
spectrum of C2H4 showing the coincidence of some transitions of the vo band having the same
symmetries (Bzg and Bsg). The lower panel shows a resolved doublet of the vii band also with the same
symmetries (Big and Bsg). The labels express respectively, the experimental position, the experimental
intensity, J'’, symmetry of the lower level, the multiplicity index n on a level patch having the same J
associated to the lower level, J’, symmetry of the upper level and the multiplicity index n associated to
the upper level.

4.3.2. Band intensity
The vibrational transition dipole moments for each band are provided in Table 9.
These moments correspond to the zeroth-order tensor parameter (0,0,04,) in the dipole

moment expansion. The band intensities S, can be calculated as:

_87°0,N,T, E

v

H - (20)

v exXp| —
3hcQ,,T kT

Alternatively, we can determine the intensity of each band using the summation method



with the following approximate relationship:

SY xS, (21)
k

The intensity Sk corresponds to each line £, and the summation extends over all lines in
the list. The results obtained from both methods are presented in Table 10, along with a
comparison with literature data determined using the summation method [48, 49], the method
with Eq. (20) [22], and the band surface method through the Beer-Lambert law [50]. According
the ab initio calculated line lists in [11], the contribution of the vo, vi1, v2+ vi2 and 2vio + vi2
represents ~97% of the total intensity of the 3-micron region. In this reference, calculations
based on an effective model were performed in the spectral region of 3000 cm™'. The authors
determined the intensities of 24 bands, of which 4 are presented in Table 9. Additionally, the
sum of the other 20 bands accounts for only 3% of the total intensity in this region. Despite
their low intensity contributions, they have the potential to resonate with the four prominent
bands, leading to perturbations in their positions.

A good agreement of 1 and 9% for the vo and vi1, respectively is found with this reference.

By comparing our results using both methods, it can be observed that the first method
yields consistent results for determining the intensities of combination bands. As expected, the
intensity of the 2-quanta v + vi2 band is higher than that of the 3-quanta 2vio + vi2 band.

It is noteworthy that the sum intensity of these two bands is almost equal using both
methods.

Additionally, the determination of the transition moments of these bands and their
corresponding intensities are affected by strong band interactions in this spectral region, leading
to an intensity transfer between bands in the studied spectral region.

Comparing our band intensities values with HITRAN 2020 [48], the average differences
are 4%, 4%, 21%, and 7% for the vo, vi1, v2 + vi2, and 2vio + vi2 bands, respectively. It should
be noted that a difference of 14% is found when comparing the sum of the intensities of the vo
and v> + vi2 bands with Ref. [49]. For the vo band, differences of 5% and 13% are observed
when it was compared to Refs. [22, 50], respectively.

Regarding the vi1 band, the deviations between our results and Refs. [49, 50 and 22] are

around 9%, 10% and 23%, respectively.

Table 9: Band intensity of ve, vii, v2+ viz and 2vio+ vi2 bands and comparison with literature data. Sy et
S\ are given respectively by the eqs. (20) and (21).

Band | S,/ (cm%/atm) | S,® / (cm™*/atm)




Present Ref. [22] Present Ref. [48] Ref. [49] Ref. [50] Ref. [11]
work work
86.52(33 82.52(86 84.58 82.75 100(3 83.6
Vo 3) (86) 112.20(24) )
v, + vy, 9.69(7) 5.70 7.64 8.85
Vi 50.50(20) | 65.87(64) 50.15 48.57 55.35(14) 56.0(3) 52.7
2vi0+ Vo 2.83(3) 6.40 3.05 7.76

Table 10 displays a comparison between our integrated intensity values (in cm/molecule)
in the spectral region between 2900 and 3300 cm™! with those of Refs. [11, 52]. The observed

differences are 10% and 6%, respectively.

Table 10: Comparison of our calculation of integrated intensities (PW) with those of the empirical calculation of

HITRAN [52], the experimental databases of the PNNL [51] and Ref. [11].

Spectral region/ Integrated intensity/ cm. molecule™ x10718
cm!
Ref. [11] PNNL [51] HITRAN 2020
[48]
2900 - 3300 6.64 6.86 5.64

5. ECaSDa database update
We have updated the ECaSDa database by using a new polyad scheme adapted to this work.
The first scheme that was defined previously is dedicated to the vio/v7/vs/vi2 band system, at 10
um region, while the second and new one corresponds to the present analysis. We also raised
the threshold value to 1027 cm!/(molecule cm), significantly reducing the number of lines of
scheme 1 included in our computation. The complete database, illustrated in Table 12, contains
a total of 96 397 lines, and is accessible through our website at

https://vamdc/icb.cnrs.fr/PHP/ecasda.php. Our web page allows data to be plotted and retrieved

in two formats. Line by line is downloadable in HITRAN 2004 format, while cross section that
are computed by the binned sum of intensities is just a simple 2-column flat file. However, it is
important to mention that the HITRAN file produced by our database is different from the one
available on the HITRAN online website, in order to conform to our formalism and fully

describe the vibrational states [53].

Table 12: Rovibrational transitions in ECaSDa. The polyad schemes are described by the (ii; iz, ..., in) satisfying
the relation = Y.X=N i, v, , where N is the polyad number.

Dipolar wavenumber Dipolar intensity /
Transitions Nb. dipolar / cm!/(molecule cm™)
cm’!
12C2H 4



https://vamdc/icb.cnrs.fr/PHP/ecasda.php

Scheme 1
(0,0,0,1,0,0,1,0,0,1,0,1)
P1—Po 54 755 650 — 1525 10271020
Scheme 2
(0,2,0,0,0,0,0,0,3,1,3,1)
P;—Po 41 642 2900 — 3300 1027 - 101
Total 96 397

6. Conclusion

In this paper, we have reported the line position and line intensity analyses of the vo, vi1,
2 viot+ vi2 and vo+ vi2 interacting band system of the ethylene molecule in the spectral range
from 2900 to 3300 cm!. To this end, we used the D TDS software to analyze this complex
band system.

In total, we assigned 3328 lines and fitted 88 Hamiltonian parameters, including ten
Coriolis interaction parameters and four Fermi parameters, with an RMS precision of 5.927 x
103 em™.

We have also converted these parameters to the Watson’s ones, especially for the 2viot+viz
band that are absent in the literature, by using the correspondence formulas between the
tensorial and the Watson formalism given in Appendix.

In the last part, we presented the results of line intensity adjustment. We managed to fit
fourteen transition moment parameters with an RMS accuracy of 3.77%. We then calculated
the cross sections of the studied spectral region and compared them with data from the literature.

In order to go further in the understanding of both weak and strong spectral features and
in the modelling of the overall 3.3 um region, accounting for all dark states in strong resonance
with the “bright” states will be required. Undoubtedly, the method presented in [23] based on
the construction of non-empirical effective models by avoiding van Vleck-type perturbation
theory could be of great help in the determination of a first set Hamiltonian and dipole moment

parameters to be slightly refined on observation.
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