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The absorption of various O enriched isotopomers of ozone has been reinvestigated in the
2000—2250 cm™ spectral range. This work has allowed for the first time to observe of 2v; (221
transitions) and 2vs (414 transitions) weak bands of **O*00. This leads to the determination of the
Hamiltonian parameters for the three (002), (101), (200) interacting states and a very satisfactorily rms
errors (0.77 10~2 cm™) in the line positions. In addition, relative intensities, measured for the three
bands lead to transition moment operators. Both results allow to perform calculations of the complete
list of 000 lines reported in the S&MPO bank. This is of direct interest for atmospheric
applications, as the v, + vs band of the *O'®00O isotopomer, clearly observed in balloon or satellites
spectra, interferes with the strong v; band of OCS, used for atmospheric retrievals.

Introduction

Pursuing the systematic study of the ozone
molecule in the infrared, including isotopic species, we
have recently published® the line positions of many
bands of *0®0O™*0 between 700 and 5000 cm™. But
the 5 pm spectral range, where the main v; + v; band
appears, was not revised. The analysis of this band
has been published? earlier, but the interacting 2v,
and 2v; bands were not observed at that time and no
data on the intensities have been reported.

The main reason is the extreme complexity of
analyzing the spectra. In generating O enriched
ozone, the six forms appear (*°*0; 000,
160180160, 1801801607 18016018C), and 1803), which
leads to very crowded spectra. In the corresponding
energy range, four vibrational states (002), (030),
(101), and (200) interact for each isotopomer, in such
a way that 24 bands have to be analyzed in a total
and the number of observed transitions is of the order
of 10 000 lines in a 250 cm™ interval.

Thanks to a long experience of analyzing ozone
spectra that gives us a priori knowledge of the
various resonances and their consequences on the
intensity redistribution, and thanks to very good
predictions of band centers®*® (better than 0.1 cm™
in this spectral range) and rotational constants®’ we
have finally been able to assign all the transitions
observed in the six isotopic species.

We report here the analysis of the 2v;, v; + v3,
and 2v; bands of the 000 isotopomer, both for
rovibrational line positions and intensities. This
analysis is directly helpful for atmospheric purposes,
as many publications®*'° show atmospheric spectra
with features assigned to this isotopic species.

Experimental setup

The experimental setup has been described in
earlier published papers by our group'*? and related
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information is available in the internet accessible
S&MPO system at two websites: http://o0zone.univ-
reims.fr and http://ozone.iao.ru (see Ref. 13). Then,
we report here only specific remarks for the present
analysis.

In the spectra we reported earlier and which were
recorded for all isotopomers,t"**71® with the aim to
analyze higher wave number range the product
p x L =10 Torr x 32 m was too large for the 2000—
2150 cm™ spectral range, therefore most of the lines
of the v, + v; bands were saturated. Then we have
recorded a new set of spectra with 4 meters path
length. Let us remind that the first analysis of this
region? was obtained using only a 30 cm path length
cell. The list of all used spectra is given in Table 1.
As has already been explained* the use of various
mixtures leads to a first determination of the
transitions belonging to 000 and *0*0™*0 or
160180180 with 180160180.

Table 1. Experimental conditions for recorded spectra

Spectrum#1 Spectrum#2 Spectrum#3

'3‘2‘;‘:0' (L =31.186 cm)|(L = 416.0 cm)| (L = 3216.0 cm)

Pressure, Torr

%0, 3.76 5.40 14.55
¥ooto 3.37 3.69 7.06
¥ooo 1.68 1.85 3.53
Booto 1.53 1.26 1.71
Booto 0.76 0.63 0.85
80, 0.36 0.22 0.21

The spectra have been calibrated using ?C'*O
standard lines.” The positions of the lines are
obtained wusing a peakfinder included into our
multifit program,®® in such a way that the accuracy
for each line is of the order of 30~* cm™. This
program is also used to derive the observed intensities
of fully isolated transitions belonging only to the
15000 isotopic species.
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Analysis

As was already mentioned, to assign lines of
1800, it was necessary to analyze simultaneously
the three other isotopic species *0*0*0, %000,
and 8OO0, as spectra of °0; and O, are
known.®* Considering the usual ozone polyad
scheme,?®?! we expect the following resonances for
C,, isotopic species:

(200)
Coriolis i
resonance Darling

(101) Dennison
Coriolis resonance
resonance

(002)

In addition, the (030) state may perturb the (002)
state through anharmonic resonance and the (101) state
through Coriolis resonance. We include the (030) state
in our analysis only in those cases where related
perturbations are clearly observed.

In case of C, isotopic species, the situation is more
complicated, as anharmonic resonance coupling are
allowed between all vibrational states, in addition to
the above mentioned resonances. This problem does not
concern the 000 analysis, but it was necessary to
take it into account for a correct assignment of
interfering *0™*0' 0 transitions. The analysis of the
triad {(002), (101), (200)} (or tetrad including the
(030) state) at present is not fully complete for the
three other mixed isotopomers, but allows us to trust
our analysis of *0*0*0.

After the assignment of all strongest lines of the
other isotopomers (668, 886, and 868), we made, as
the first step, calculation of transitions, starting from
the initial parameters of the triad {(002), (101), (200)}.
The Hamiltonian parameters of (101) state and
coupling parameters were those of Ref. 2. We updated
new values for rotational constants A, B, and C for
the (030) and (200) states as well as new values
corresponding to predictions for performed with new
isotopically invariant band centers potential function
of the ozone molecule.® We also made use of the
opportunity to calculate, with our multifit program,
synthetic spectra®®® for each isotopomer separately or
with additional contributions. This enables us to
identify clearly the 2v; band and to start the
rovibrational assignments. The assignment of the 2v,
band was more difficult, as this band is very weak
and almost entirely blended by the strongest v; + v3
bands of °O™0™0 and °0O™0™0. We have
succeeded in this assignment by making iteration
processes between calculations and assignments. For
the 3 bands we have finally assigned 1456 transitions.
We report in Table2, the number of observed
transitions, as well as their rotational quantum
numbers range, compared with those of the previous
study of the v; + v3 band.? For the lines observed in this
study, we did not see significant perturbations due to
possible resonance with the (030) state. The latter state
has not been then used in our analysis.
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Table 2. The number of transitions observed and the range
of quantum number variations

Parameter (002) | (101) | (200) | Ref.
Joe 56 60 a7 Present study
_ 43 — 2
K 17 18 12 Present study
a max _ 13 _ 2
Number of 414 821 221 Present study
transitions — 353 — 2

The effective Hamiltonian used is the same as in
various references?>?: diagonal vibration blocks HYY
have usual Watson form??

Vv

(VOHIV) = E +[A—%(B+C)]J§+

1 1
+5B+C) +5(B—C)Jy — A J; — Do 32 I —

2.2 2 2 2 2 6
_AJ (J) _6K {‘]21 ny}_26J nyJ +HK‘JZ+

+Hiy 33 3 = Hyc 2 () + Hy (3 +he {32, g+

+hio {32, 3 420 3, () + L 3o (D)
where the standard notations [..] are used: {A, B} =
= AB + BA and J5, = J; — J..

For non-diagonal vibrational blocks which
describe resonance interactions, we use the same
“normal ordering”? of ladder components of angular
momentum in the molecular fixed frame J, = J, *
*+ (1/i) J, as in our earlier papers and as in the
information system “Spectroscopy and Molecular
Properties of Ozone” (S&MPO).1¥24%  Coriolis
interaction blocks in this case take the form?:

(VOHcoriolis V') = Cop1(J+ — J2) +
+Cou(J+ I+ 1/2) + (I, +1/2) J) +
+ Con(dy (3 + 1/2) — (3, + 1/2)" J) +
2 3 3
+ Conn J (J+ — I) + Copz(I+ — J0) +
+ Con(dy (3, + 1/2)° — (3, + 1/2)° I ) +
+Cm I (O L+ U+ L+ /DI + . (D)
and anharmonic interaction blocks are written as
2
(V'DHanharmV) = Foor + Foo J; +
+ Fooz(Ji + -ﬁ) + Faoo N ®3)
The line positions fit is performed using
transitions, without weighting function. It leads to the
parameters presented in Table 3, with their standard
errors. The root mean squares (rms) residual is

satisfactory: 0.77 103cm™. Statistics is given in
Table 4.
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Table 3. Spectroscopic parameters of the {(002), (101), (200)} triad of states

Parameter (002) | St. error | (101) | St. error | (200) | St. error
EVVY 1997.97645s 0.00012 2049.367981, 0.000086 2138.47721¢ 0.00018
A— (B +C)/2| 2.786897, 0.000022 2.8293877; 0.0000085 2.875470, 0.000023
(B +C)/2 0.410909s 0.000021 0.4122922, 0.0000082 0.413866g 0.000021
(B—-C)/2 0.0268165 0.000020 0.0265654, 0.0000082 0.0265255 0.000021

A 010° 0.175830; 0.000012 0.182263; 0.000036 0.188515, 0.000045

Ag 10° —0.16896; 0.00072 —0.13582; 0.00081 g

A, 0108 0.445845 0.00040 0.465905s 0.00039 0.46278; 0.00075

Sk 010° 0.2869¢ 0.0043 0.2592, 0.0027 0.41314 0.0038

5, 0107 0.8674, 0.0024 0.7232; 0.0021 0.6707, 0.0033

Hy 0107 g 0.30402, 0.00084 g

Hy, 0108 g —0.1330s 0.0033 g
Hj 010%° g g g

H, 0001012 g g g

hk 010° g g g

hky 010 g ¢] 9

hy 010" g g g
Parameters of resonance interaction
barameter (1010HC002) (1010H200)
Value | St. error Value | St. error
Cooz —0.2828, 0.0014 0.2959, 0.0011
Cour —0.01303; 0.00010 —0.0137204 0.000069
Cory [110° —0.2528; 0.0028
Coos 0107 —0.638; 0.086
(20000H002)
Fooo —26.8 Ref. 32 —_

Note. The value of g parameter has been fixed at its value for the ground state.*
All the values are given in cm™.

Table 4. Statistics on processing the line centers

Vibrational rms, _ obs calc Percentage of the total

state 10° cm™ oE=E —E D number of lines
8E < 0.5 0102 cm™ 48.6
05003 cmt<dE <1 Mo cm™ 25.6
1010 ecmt < 3E <2 102 ecm™ 22.9

(002) 0.92 2010 cm? < 8E <3 0102 ecm™ 2.4
3 0107° cm™ < 8E < 3Emax 0.5
SEmax = 4.1 010~% cm™
8E < 0.5 0103 cm™ 69.8
05010 cm* < dE <1102 cm™ 20.3
1003 emt<dE <2 M0 em™ 8.6

101 0.67

(101) 20102 ecm* < dE <3 103 cm™ 1.0
3 0102 cm™ < 3E < OEmax 0.3
SEmax = 5.9 010~° cm™
8E < 0.5 0102 cm™ 55.7
05010 cm* < dE <1 102 cm™ 27.1
1003 emt<dE <2 M0 em™ 14.5

200 0.85

(200) 20102 ecm* < dE <3 103 cm™ 1.8
3 0102 cm™ < 3E < OEmax 0.9
SEmax = 4.8 010~% cm™

Table 5. Comparison between the predicted and experimentally measured band centers

Band Predicted Observed  |Obs. — Pred.| Previous determination |Ref. 2 — Pred.
(Ref. 5) (this work) (cm™) (Ref. 2) (cm™)
2V3 1993.024 1993.038, +0.014 1994.311* —1.287
Vi+V3 2049.375 2049.368¢ —0.007 2049.369 —0.006
2v1 2143.616 2143.415¢ —0.200 2140.326* +3.290

Note. “Dark” states marked with asterisk have not been observed experimentally
in Ref. 2. The global predictions in Ref. 5 were obtained using an isotopically invariant
potential function of the molecule.
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Fig. 1. Contributions from various isotopomers to the observed spectrum in the range of 2064 cm™: experiment (solid line);
contributions coming from °0;, *0¥*0¥®0, *0O¥0'0, 000, and O; isotopomers (dots); contribution from the

0 800 isotopomer (triangles).

Table 6. Parameters of the transition moment (D) and statistics of the processed line intensities

Statistics*
Operator Parameter Value Deviation, % Number of intensities

Band 2v; o/l <2 119 (53.4%)

dx d; (0.770; £ 0.014) 01072 2<ol/1 <4 80 (35.9%)
Band 2v, 4<d1/1 <6 20 (8.9%)

dx d; (—0.1037, + 0.0042) 01072| 6<38I/1 < 7.4 4 (1.8%)

Band v; + vs3
o, d; (0.38152¢ + 0.00054) 107"
172 [{dx, i3y} + {idy, I ds (0.181, * 0.055) 010~*
Note. * 31/l =Cexperiment — calcul.l/calcul. (I is line intensity; &l is experimental error in the

intensity); rms = 5.9%.

Let us recall that, due to anharmonic resonance
(Darling—Dennison) between (200) and (002), the
band centers of 2v, and 2v; do not coincide with the
vibrational diagonal matrix elements EVV. These
band centers, given in Table 5, are compared with
those of Ref. 2 (2v, and 2v; being not observed) and
with the new predictions,5 which use a new
isotopically invariant molecular potential function.

Intensities

Here we have to address the problems on
determination of the amount of the 0¥0*0
isotopomer in various cells. To derive the amount of
various ozone isotopic species, we use the statistics
based on the proportion of oxygen atoms O present
in various molecular oxygen O, mixtures. It is now
well known that this assumption leads to controversy
(Refs. 26, 27, and references therein), nevertheless the
maximum error does not exceed 6% in case of C,,
molecule (Refs. 28, 29, and references therein). In this
case, it is clear that we derive "relative intensities"
very suitable to reproduce observed laboratory
spectra and assign all transitions in atmospheric
spectra, but further work is needed to derive the
exact amount of the isotopomer in the stratosphere

and then to definitively conclude on the various
possible enrichment in the atmosphere.

As explained previously, due to very large
number of blended transitions for every isotopomer,
only a sample of 223 best transitions have been
selected for intensity measurements. These fully
unblended lines have been selected with the help of
“multifit program”®!® by comparing three spectra
(see Fig. 1): the first was the observed spectrum, the
second was the calculated spectrum of all isotopomers
absorbing in the considered spectral range, and the
last was the calculated *O™0O0 spectrum. The
observed intensities have been derived using the
multifit procedure. These experimental intensities are
modeled by fitting the parameters involved in the
transition moment operator®® expanded in powers of
the elementary rotational operators:

For A type band

(000)(101) 2 2
[, = did, + dy{¢,, I} + ds{¢,, I} +

+ds 172 [{¢x, i3y} —{idy, 3] +
+ds 172 [{$x, {3 I3} — {idy, i{Jy, I} +
+ds 172 [{0y, 13y} + {idy, J,3] + d7 [{$x, {Ix, Jo}} +
+ {idy, i{dy, I + da {0z, I 4



M.R. De Backer-Barilly et al.

Transmission

Vol. 16, No. 3 /March 2003/ Atmos. Oceanic Opt. 187

0 L L 1
2059.7 2059.8 2059.9 2060.0
Frequency, cm™

2060.1 2060.2 2060.3 2060.4
1

Fig. 2. An example of the final difference between experiment and calculation for the transmission in the region of 2060 cm™:

experiment (solid line); calculations (dots).

For B type band

©0C0) [ _ 4 6+ dly {y, I3 + dls (s, I} +

+ d4 {i¢yv Jz} + d5 {¢Z! i‘]y} + d6 {¢Z! {ny Jz}} +
+ d7 172 [{0x, Ja} + {idy, i{dx, IN. ®)

Table 6 represents the parameters of the transition
moments operators with the statistics.

Figure 2 shows the agreement between the observed
spectrum and the calculated one. Lines marked with
the asterisk * correspond to 000 lines.

Atmospheric applications
and conclusion

A total of 1456 transitions of the 2vj;, v; + Vg3,
and 2v; interacting bands of °0¥0% 0 ozone
isotopomer have been observed. The first observations
of the two weak bands 2v; and 2v; allow a precise
determination of Hamiltonian parameters in the usual
scheme of interacting polyads.*-2%-2!

With the Hamiltonian parameters (Table 3), and
the transition ~moment operators parameters
(Table 6), we have generated a line list for all
transitions of the three bands 2vi;, v, + v;, and 2v;.
This calculation has been performed with a cut-off of
0.3M0® cm™/(mol tm™2), up to J=65 and
K, = 20. The partition function used in calculations
was Z(296 K) = 3599. The integrated band intensity
is  S(2vy) =7.61107%°,  S(v;+vy) =1.14 107,
S(2v;) =1.99 (10~?, incm™%/(mol ltkm™>) at T =296 K.
The list of lines will be soon available on the
websites S&MPO,*® in the form directly usable in
atmospheric applications. Note that it is important to
know the absorption of the *0'00 isotopomer, as
it absorbs in the spectral range of the v; band of the
OCS molecule, which basically serves'® for deriving
OCS concentration in the atmosphere.
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