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Abstract—High-resolution spectra corresponding to the rotational and the v,—v, bands of the two most
abundant isotopic species of ozone with one heavy 30 oxygen atom were recorded using SOLEIL synchro-
tron radiation source in the range 30—200 cm™'. Additionally, the Vv, vibrational-rotational bands were
recorded between 550 and 880 cm™ ! using a classical glowbar source that made it possible to extend and refine
information compared to published data on the observed transitions of these bands. The analyses of recorded
spectra permitted us to deduce experimental set of energy levels for the ground (000) and the first bending
(010) vibrational states, which significantly exceeds literature data in terms of rotational quantum numbers.
For both isotopic species, the weighted fits of all experimental line positions were carried out including pre-
viously published microwave data. As a result of this work, the improved values of rotational and centrifugal
distortion parameters for the states (000) and (010) were obtained that permitted modelling the experimental
line positions with a weighted standard deviation of 1.284 (2235 transitions) and 0.908 (4597 transitions),
respectively, for 1°0'°0'80, and 1.168 (824 transitions) and 1.724 (2381 transitions) for '°0'0'°0.

Keywords: ozone, isotopic modification, effective Hamiltonian model, rotational band, v,—Vv, and v, bands
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INTRODUCTION

The ozone molecule, which absorbs the light
nearly everywhere from the microwave (MW) to the
infrared (IR) and ultra-violet ranges [1—4], plays the
major role in the atmospheric physics and chemistry
with an impact on climate, ecosystems and human
health. One of incentives for the study of absorption
spectra of the isotopically substitutes ozone was a dis-
covery of isotopic anomalies in atmospheric condi-
tions and laboratory experiments [S—8]. Another one
is the experimental validation of ab initio potential
energy surfaces (PES) which are used for the modeling
of the ozone formation [9] and isotopic exchange
reactions [10—12].

After the main isotopic species of ozone 0y, its
most abundant isotopomers are 0080 and
160180'°0 with the statistical natural abundances of
0.00389 and 0.00199 correspondingly [13]. Available

information for the line lists are collected in HITRAN
[14], GEISA [15], and S&MPO (Spectroscopy and

Molecular Properties of Ozone) [13] databases partly
accessible via European VAMDC portal [16]. Analy-
ses of infrared spectra of these species measured with
Fourier Transform Spectroscopy (FTS) techniques
were reported in [17—21], whereas spectra at higher
energy ranges measured with Cavity-ring-down Spec-
troscopy (CRDS) techniques were reported in [22—24].

Ozone has a large permanent dipole moment and
exhibits a strong absorption in the MW, THz and far-
infrared (FIR) range corresponding to the v, funda-
mental band. For the purely rotational bands of
160160180 and 0800 only quite sparse but very
accurate measurements have been reported by
Depannemaecker [25] and Chiu [26] using microwave
techniques. For the v, band, the previous FTS mea-
surements have been published by Flaud et al. [27].

The aim of this work is to report the results of the
analysis of two new series of experimental FTS spectra
recorded with the experimental SOLEIL equipment
[28—30] of the CNRS (National Center of Scientific
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Table 1. Summary of the experimental conditions
Total ozone Optical Path 16 18 Resolution,
Spectrum No. pressure, Torr path, cm Temperature, K difference, cm 0,.% | 702 % cm™!
d20318.3 1.725 816 296.15 450.00 62.50 37.50 0.002
d20326.1 2.376 280 295.80 882.35 47.93 52.07 0.001

Research of France) and of their simultaneous treat-
ment with available microwave data [25, 26].

The longwave range between 1.2—6 THz (30—
200 cm™!) spectra were recorded using Synchrotron
light source of the SOLEIL setup that permitted to
measure a large number of rotational lines including
“hot” bands, due to the exceptional brightness of the
Synchrotron radiation, sensitivity of measurements
and improved signal-to-noise ratio. For the v, band,
the supplementary measurements were carried out
with better spectral resolutions that the previously
available ones [27].

1. EXPERIMENT

The experimental setup of measurements of ozone
spectra using SOLEIL CNRS equipment has been
described by Manceron et al. [31, 32]. Here, we only
summarize the main features of the experiments. Some
more technical details can be found in the work [33]
devoted to the study of the principle isotopologue '°O,,
which was using a similar setup.

The ozone was synthesized using electric discharge
from batches of 7 to 20 Torr of high purity oxygen
(99.9995%) and heavy *O-labelled oxygen (99% '80).
Mixtures using different proportions of the diatomic
oxygen '°0, + 80, produced then six isotopic forms of
ozone 1603’ 1601601803 1601801605 160180180’ 180160180
and 0, which for brevity will be denoted using sim-
plified commonly used 666, 668, 686, 688, 868 and
888 labels.

As outlined in the Introduction, two series of
experimental spectra were recorded with two different
mixtures of 8O enriched ozone isotopomers. Both of
them were recorded using a Bruker IFS125HR Fou-
rier transform spectrometer.

For the first series of experiments in the range 1.2—
6 THz (30—200 cm™!), the spectrometer was linked to
the AILES Beamline at the Synchrotron SOLEIL
setup [28—30].The maximum optical path difference
(MOPD) was set to 450 cm (giving a sinc function
width of about 0.00134 cm~"). The Synchrotron source
was operated with 500 mA in the most stable, multi-
bunch mode and the synchrotron effective source size
is compatible with the highest resolution over the
whole spectral domain [30]. For this first series of mea-
surement in the terahertz range the ozone isotopic spe-
cies were generated from a '°0, (62.5%) + 30, (37.5%)
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mixture giving the total ozone pressure of 1.725 Torr
with the optical pathlength of 816 cm.

The second series was carried out at higher wave-
number range between 550 and 880 cm~! using classi-
cal glowbar source with a 1.3 mm entrance iris diame-
ter. The MOPD was set to 882 cm, giving a sinc func-
tion width of about 0.00068 cm~!. Table 1 gives the
summary of the experimental conditions. An overview
of analyzed spectra with demonstration on small areas
of 0.3 cm~! width is shown in Fig. 1.

The spectra were calibrated with residual CO, lines
observed in the spectrum with their wavenumbers
taken from HITRAN [14]. The resulting accuracy is *
0.00005 cm~! for well isolated lines. In this experiment
for the v, band region, the optical path length was set
to 2.8 m ozone (spectrum d20326.1) and the total pres-
sure, generated from a '°0, (47.93%) + 180, (52.07%)
mixture giving the total was 2.376 Torr.

2. ANALYSIS AND MODELLING

To work with these spectra, we have used the fol-
lowing programs: MultiFit [34] to visualize experi-
mental and calculated spectra and determine the posi-
tions of experimental lines using graphical peak-finder
tools; and ASSIGN [35] to identify series of transi-
tions to the same vibrational-rotational (VR) level
using combinational differences. The series of VR
transitions were calculated with the computational
code GIP [36] for both symmetry groups Cg and C,y.
Identification was carried out iteratively, series by
series, as the quantum numbers J and K, increased,
using extrapolation based on an initial effective Ham-
iltonian model.

The effective Hamiltonian (H4°%) in the representa-
tion of rotation operators described in [37] (and refer-
ences therein) was used to fit experimental data:

Heff — ZbLmOJyJ;Z
Im

(1)
ST R PR OAES VR VA Vi
Im

where J is the component of the angular momentum
along the A-axis in /" representation [38] and J, are
the ladder combinations of J/,,J, components in the
molecular Eckart frame, and J? is the square of the
total angular momentum with the low case index nota-
tion L =2/.
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Fig. 1. Overview of the spectra of ozone enriched with oxygen 180 recorded using SOLEIL setup.

In this work, we did not proceed to the intensity
measurement of experimental lines to refine the
parameters of the effective dipole transition moments
[39, 40]. Previously published effective parameters of
the dipole transition moment of the bands {(000)—
(000), (010)—(010), (010)—(000)} from the S&MPO
database [13] were used to calculate the synthetic
spectra and evaluate the correctness of the identifica-
tion performed using the MultiFit program of the
studied isotopic species of ozone.

Spectroscopic parameters of the ground and first
excited vibrational states of the ozone isotopomers
160160180 and '°0'*0'°0O were previously obtained by
Flaud et al. in [27]. The authors of [27] analyzed Fou-
rier spectra in the range of the v, band recorded in 1985
at room temperature with a resolution of 0.005 cm™!
using the McMath solar telescope complex at Kitt
Peak National Observatory. Note that this paper [27]
did not contain information about the set of experi-
mental data which had been obtained from the analy-
sis of the band v,, including the number of VR transi-
tions and the maximum values of rotational quantum
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numbers. It was only pointed out that for identifying
and modelling series of transitions with K, > 11, they
carried out simultaneous processing IR and micro-
wave data [25] in order to improve parameters of the
ground state (000). As a result of the modelling, they
obtained the parameters of the effective Watson Ham-
iltonian [41] to calculate the line lists [42] for the v,
bands up to the maximum values of /= 65, K, = 17 and

E..x = 1750 cm™!. Their intensity cut off was 0.25 X

m

1022 and 0.50 x 1072 cm/molec at 296 K for
160160180 and °O80Q0, respectively. The calculated
lists were included in the HITRAN and S&MPO
databases, and the obtained ground state parameters
were taken as “reference” ones when analysing all the
following bands and for corresponding calculations.

The spectra recorded in the range of 30—200 cm™!
with the SOLEIL synchrotron facility allowed us to
expand the set of experimentally observed rotational
transitions of the bands (000)—(000) and (010)—(010)
for each isotopic modification with respect to the line
lists available in the databases. Graphically, this com-
parison is presented in Figs. 2a, 2c and 3a, 3c for
No. 2
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Fig. 2. A comparative diagram of the maximum rotational quantum numbers J and K, for the 160160180 hands (000)—(000) (a)
and (010)—(000) (c) experimentally observed in our work versus the HITRAN2020 line lists [14], which have been calculated
using the parameters [27]; the differences between the observed line positions of the (000)—(000) (b) and (010)—(000) (d) bands

and the HITRAN2020 data.

160160180 and %0800, respectively. In addition,
the comparison shows a significant discrepancy
between the positions of our experimental lines versus
HITRAN2020, particularly for transitions with high J
and K, values (Figs. 2b, 2d and 3b, 3d). For example,
despite a small standard deviation (RMS) equal to
1.53 x 10=3 cm™! for the band v, '°0'*0'#0, the differ-
ence in the positions of the HITRAN2020 lines from
the experimental ones for transitions with K, = 19

reaches 11.8 x 103 cm™.

2.1. Isotopomer '0'°0'50

With the initial parameters of Flaud et al. [27] it
was possible to identify purely rotational transitions of
the ground state in the spectrum of d20318.3 for small
values of quantum numbers up to J = 25 and K, = 8.

By adjusting the H°f parameters iteratively in the

ATMOSPHERIC AND OCEANIC OPTICS  Vol. 37

No. 2

modelling process we were able to identify 2051 tran-
sitions of this band up to J = 67 and K, = 18. The
parameters obtained in the weighted fit of experimental
transition frequencies together with microwave data
[25] allowed us to model rotational microwave transi-
tions of the band (000)—(000) with a standard deviation
0f 0.2 x 1073 cm~!. This includes the fit of experimental
transitions measured in our work with RMS = 0.171 X
103 cm™!, and the entire set of transitions with weighted
standard deviation of 1.284 (Table 2).

At the next stage, we fixed the obtained parameters
of the ground state and varied only the parameters of
the (010) bending state during the simultaneous fit of
three data sets. These sets include the rotational tran-
sitions v,—V, obtained from the microwave spectra
[26] and the SOLEIL spectrum (d20318.3) in the
range of 30—200 cm~', as well as VR transitions of the
Vv, band assigned in the range of 550—880 cm~! in the
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Table 2. Overall statistics of experimental transitions of 1°00!°0 and 0080 ozone isotopomers included in the simul-
taneous fit. Treatment results

Bande/Source Nb Tran Jinax P RMS, 1073 We1g(}11;$§1a;t§;1dard

000—000 SOLETL* 2051 67 18 0.171 1984
000—000 MW [25] 184 43 7 0.002

668 | 010—010 SOLEIL* 348 41 17 0.142
010—010 MW [26] 56 46 7 0.002 0.908
010—000 SOLEIL** 4193 63 19 0.114
000—000 SOLEIL* 729 62 18 0.155 L168
000—000 MW [25] 95 39 6 0.002

686 | 010—010 SOLEIL* 113 39 17 0.162
010—010 MW [26] 39 48 8 0.008 1.724
010—000 SOLEIL** 2229 61 19 0.165

* Spectrum recorded in the range of 30—200 cm~! on a Bruker IFS125HR spectrometer connected to the AILES source of the SOLEIL
synchrotron setup.

** Spectrum recorded in the range of 550—880 cm™! using Bruker IFS125HR with the glowbar source.
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Table 3. Spectroscopic parameters of H for the (000) and (010) states of the '°0¥0'°0 and '°0'°0'®0 ozone isoto-
pomers, obtained in a simultaneous fit of the observed line positions in the MW, FIR and THz ranges

(686) (668)
(1) (*)
(000) (010) (000) (010)

booo EVY 0.000 693.305613, (12) 0.000 684.6133314 (58)

bgoo A—(B+0O))2 2.87213509; (26) | 2.92501165,(28) | 3.091176565 (20) | 3.14279177, (14)

b0 (B+0C))2 0.418364426, (43) | 0.416544712, (37) | 0.397008624¢ (29) | 0.395384678, (17)

booy (B—C)'/4 0.01351427865 (29) | 0.01381814164 (42) | 0.0114969275¢ (17) | 0.0117187662, (15)
—boao Ak %103 0.1809645 (70) 0.1992172 (40) 0.2039657, (45) 0.2235790, (24)
—byy Ask x10° —0.13190, (10) —0.123432, (56) —0.190523, (38) —0.1863154 (20)
—buago Ay x 106 0.447859, (57) 0.451225, (31) 0.4069025 (26) 0.409308, (14)
—bygy 5, x107 0.7292105 (95) 0.723139 (75) 0.606036 (43) 0.602170g (30)
—byy, 5, x10° 0.310612, (92) 0.36994, (17) 0.291253, (64) 0.349231, (67)

bogo Hy x107 0.31519, (34) 0.39597, (26) 0.37337, (24) 0.46036, (14)

byao Hy, x 108 —0.152454 (78) —0.158704 (50) —0.16417, (41) —0.18975, (24)

baro Hx x1010 0.111, (13) —0.080, (11) —0.1577, (73) —0.0759, (43)

beoo H, x1012 0.396, (15) 0.4334, (72) 0.28124 (59) 0.2525, (32)

boay Ky x 108 0.1658, (85) 0.20894 (79) 0.15074 (70) 0.23959, (40)

by Ky x 10! —0.5655 (68) —0.3424 (28)

bago i, x1012 0.17604 (54) 0.1929, (23) 0.11565 (17) 0.12843¢ (99)

boso Ly x10!! —0.9017, (62) —1.4367, (47) —1.05064 (44) —1.60464 (24)

byeo Lyks x1012 0.3555 (15) 0.2894 (65) 0.45514 (60)

baso Ly x1013 —0.141, (18) —0.226, (17)

bo100 Py x1014 0.348 [f] 0.711 [f] 0.348 [f] 0.711 [f]

[f] fixed to the values of 1603 [33]; (*) definition of the parameters in model (1): the diagonal rotational terms have the same form as
in the Watson model [41]; the primes indicate that slight differences occur between the definition of parameters in Eq. (1) and the orig-
inal Watson definition accounting for the [/, J,] commutation relations. The statistical standard deviations of the parameters obtained
by the least squares method are given in parentheses.

spectrum d20326.1. The final set of the (010) state

imental

transitions

and

those

calculated in

parameters for the isotopomer 000, given in
Table 3, permitted modelling the entire set of 4597 tran-
sitions with a weighted standard deviation of 0.908.

2.2. Isotopomer 1000

The lines of the isotopomer O8O0 were identi-
fied using a similar procedure. In total, 729 purely
rotational ground state transitions up to J = 62 and
K, = 18 were identified in the spectra studied in our
work. Despite the fact that the information obtained on

the J,,,and K, only slightly exceeds the set of quan-
tum numbers of this band in HITRAN2020 (Fig. 3a),
the difference between the line positions of the exper-
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HITRAN2020 increases with increasing energy and
reaches 12.5 x 10~3 cm™! for the K, = 18 series (Fig. 3b).
Using the simultaneous fit with microwave data [27],
we obtained a weighted standard deviation of 1.168.

For the v, band, the set of vibrational-rotational
transitions was significantly expanded compared to
published literature data (Fig. 3c): in total, 2229 tran-
sitions of the v, band up to J = 61 and K, = 19 were
identified in the spectrum. Their simultaneous fit
(Table 2) with the transitions of the hot band v,—v,
obtained from the SOLEIL spectra in our work and
with the microwave spectra [26] permitted to obtain
more accurate set of effective Hamiltonian parameters
for 000 given in Table 3.
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pomer 160160180, the right-hand panel (b) — of the isoto-
pomer 160180160,

3. RESULTS

The detailed line statistics of the O8O0 and
16016080 ozone isotopomers assigned in the SOLEIL
spectra, as well as the MW data [25, 26], included in
the simultaneous fit are collected in Tables 2. The
resulting parameters of the (000) and (010) states are
presented in Table 3.

Using the parameters of the effective Hamiltonians
of the (000) and (010) states obtained in our work, as
well as the parameters of the effective dipole moments
of the bands from the S&MPO database [13], the lists
of lines for '°0'80'°0 and '°0'*0'30, including transi-
tions (000)—(000), (010)—(000), and (010)—(010)
were calculated. The partition function Q(7) was
taken [13] equal 7565.675 and 3647.080 for °0'*Q'8O
and 0800, respectively. The calculated spectra

ATMOSPHERIC AND OCEANIC OPTICS
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constructed using these lists gave good agreement with
the experiment. Figs. 4 and 5 show such a comparison
in the ranges 75.8 and 719.2 cm™!, respectively.

The line lists for the main isotopic modification of
ozone was taken from the work [33] devoted to the
study of '°O; spectra recorded at SOLEIL. In the
future, it is planned to perform theoretical calculations
of line intensities using ab initio dipole moment [43].

CONCLUSIONS

The FTS spectra of ozone isotopically enriched
with oxygen O recorded using the light source of
AILES Beamline facility of the SOLEIL synchrotron
in the range 1—6 THz (30—200 cm™'), combined with
new experimental spectra of the v, bands recorded
using glowbar source in the far-infrared range (550—
880 cm™), allowed us to significantly expand the set of
observed VR transitions up to J,,,,, = 67, K, =19. As
a result of their simultaneous fit with MW transitions,
new parameters of the effective Hamiltonian of the
states (000) and (010) of the isotopomers °Q'*Q'80O
and 0800 were obtained. The accuracy of calcu-
lated spectra with the obtained parameters was signifi-
cantly improved compared to the previously used ref-
erence parameters of J.M. Flaud et al. [27].

In the future work, we plan to use the obtained
parameters, as well as theoretical calculations of line
intensities using ab initio dipole moment to construct
complete transition line lists for the studied bands and
to fill the spectroscopy databases HITRAN, GEISA,
S&MPO.
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