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Spectra of air-broadened O, in the 1.27 pum band were measured by CRDS referenced to a
frequency comb

Line intensity and line-shape parameters were retrieved for 85 lines with the speed dependent
Nelkin-Ghatak profile

Line-mixing effect was evidenced and measured for lines in the Q branch region
The results reveal several differences with data from HITRAN and existing studies

The retrieved high-order line-shape parameters are in good agreement with predictions from
molecular dynamics simulations
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Abstract:

A cavity ring down spectrometer referenced to a frequency comb is used to study the profile of
air-broadened O, lines of the 1.27 um band. To this aim, spectra of O, in dry air and of O, in
N, with 2% of O, were measured, respectively in the 7720-7920 cm™! and 7868-7887 cm’!
spectral ranges at room temperature and various pressures ranging from 50 to 700 Torr. Detailed
line profile analysis is reported for 85 transitions using the speed dependent Nelkin-Ghatak
model and a multi-spectrum treatment of the two series of spectra. Line mixing was found
necessary to be taken into account in the analysis of lines in the region of the Q branch. The
derived line parameters including the broadening and shifting coefficients, the speed dependent
components of the collisional line broadening and shifting, as well as the Dicke narrowing
parameter are discussed and compared to literature data. In particular, the speed dependence
components of the collisional broadening are found to agree satisfactorily with predictions
obtained by molecular dynamic simulations. This obtained set of line-shape parameters should

allow for improved modeling of atmospheric spectra in the 1.27 pm spectral region.



1. Introduction

The atmospheric band of O, near 1.27 um consists of narrow absorption lines of the a'A g

—X3Z§(0—0) transitions superimposed to a broad collision-induced absorption (CIA)

structure. Recently this band became suitable for spaceborne observations thanks to accurate
modeling of the strong mesosphere/stratosphere airglow produced by Oz photo-dissociation
[1,2]. Together with the stronger A-band near 760 nm, the 1.27 pm band is thus used to
determine the air mass along the line of sight from atmospheric spectra recorded at ground by
the Total Carbon Column Observing Network (TCCON) [3-5] or from space [1-3,6,7]. The
derivation of the dry air column from the O, column is made possible by the fact that the mixing
ratio of oxygen is mostly constant (20.95 %) in the Earth’s atmosphere [8]. The present work
is part of a project dedicated to a better characterization of this band in support of the satellite
mission MicroCarb [9], dedicated to the accurate determination of column integrated
concentrations of CO,.

In a previous work, highly sensitive cavity ring down spectroscopy (CRDS) was used to
determine the room temperature CIA binary coefficients from low density spectra (0.36 to 0.85
amagat) of pure oxygen and an O,/N, mixture at room temperature, over the wide 7513-8466
cm! region [10]. As concerned the study of the absorption lines, a first contribution was
dedicated to low pressure spectra of pure O, in the 7920-8085 cm! interval for pressures up to
150 Torr [11]. Compared to previous CRDS investigations [12,13], the coupling of the CRD
spectrometer to a self-referenced frequency comb (SRFC) provided a much more accurate
absolute frequency axis and better quality line profiles by strongly reducing the amplitude noise
due to laser jitter in the flanks of the absorption lines. In addition, a higher sensitivity was
achieved allowing for low pressure recordings at a few Torr, valuable for an accurate
determination of the zero-pressure line centers and of the line intensities [11].

The profile of the lines of the oxygen 1.27 pum band broadened by air is of importance for
atmospheric applications. This motivated a very recent line shape study of air-broadened
spectra by frequency stabilized CRDS (FS-CRDS) [5]. In [14], line-shape parameters of seven
air-broadenned lines of this band were obtained. Note that to the best of our knowledge, no
other air-broadened line profile studies was published before for the considered band. This is
due to its relative weakness (line intensities are less than 1x1025 cm/molecule). As a
consequence, in its present version, the HITRAN2016 database provides for the 1.27 pm band,
line profile parameters transferred from the A-band [3,15] which should be validated.



It is well known that highly sensitivity recordings of the O, absorption lines reveal
important deviations from the standard Voigt profile. As concerned the 1.27 um band, non-
Voigt effects were first observed in [16,17]. In [5], it was shown that the Voigt profile leads to
large differences with the measured spectra. When the speed dependences of the collisional
broadening and shifting are taken into account with the quadratic speed dependent Voigt profile
(sdV), fit residuals were significantly improved. However, large fit residuals remain [5]. In [14],
the speed dependent Nelkin-Ghatak (sdNG) profile, taking into account both the speed
dependence and the Dicke narrowing effects, was used to fit measured spectra of 7 air-
broadened O, lines. In this case, fit residuals were almost within the experimental noise.

Several spectroscopic studies were devoted to the A band (see [18] and references quoted
therein), due to its importance for atmospheric remote sensing. In [18], the sdV profile with line
mixing was adopted in the multi-spectrum fitting of the line shapes. Let us also mention the
profile study of eleven lines of the B band of oxygen near 690 nm (of intensity comparable to
that of the 1.27 um band) by FS-CRDS linked to an optical frequency comb [19]. Among the
various line shape models considered by Domyslawska et al., a better spectra reproduction was
also achieved by using the sdNG profile.

In the present work, the sdNG profile with line mixing is used for a multi-spectrum
treatment of two series of spectra of dry air and of a 2% mixture of O, in N,. The acquisition
of the spectra by CRDS referenced to a frequency comb is described in the next Section. After
the description of the line profile analyses (Section 3), the retrieved line shape parameters are

compared with literature in Section 4 before the concluding remarks (Section 5).

2. Experimental setup

The frequency comb referenced CRDS method and setup used for the recordings have
been described in details in [20,21]. In this work, we used a set of four Distributed Feedback
(DFB) laser diodes to cover the 7780-7920 cm™! spectral range corresponding to most part of
the considered O, band (see Fig. 1). The noise equivalent absorption, a,,;,, of the recordings
was between 7x107!" ecm™ and 2.5%107'° cm™! depending on the diode. Two series of spectra
were recorded: (i) the first one (named dry air hereafter) using a mixture of O, and N, with an
O, relative concentration of 20.95+0.06% (Air Liquide; O,+N;>99.9999%) with total pressures
between 50 and 700 Torr and (ii) a second one (Fig. 2) (named 2% mixture below) with
2.00+0.02% of O, in N, (OXY-105 from Air Liquide) with total pressure between 100 and 700
Torr. The latter mixture was specifically dedicated to measurements of the strong O branch

lines which are too strong to be measured with dry air at high pressure. The pressure inside the
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high-finesse cavity (HFC) was continuously monitored using a 1000 mbar pressure gauge
(Model 622 Barocel pressure sensor from Edwards, 0.15% accuracy of the reading) and was
regulated with a solenoid valve and a proportional integral software based loop. The HFC
temperatures, included in Table 1, were measured with a temperature sensor (TSic 501, IST-

AG, £0.1 K accuracy) fixed on the cell surface, covered by an external blanket for thermal

i1solation.
O, conc. in N, Total pressure Temperature Spectral range
(%) (Torr) (K) (cm)

20.95+0.06 49.7 - 50.7 294.6 -295.3 7783.69 - 791591
99.8 -100.2 294.4 -295.3
199.6 - 200.3 294.4 -295.2
299.4 - 300.1 294.1-295.3
499.4 - 500.1 294.1-295.3
699.2 - 700.0 294.6 - 295.1

2.00+0.02 99.7 - 100.1 294.5-295.3 7868.30 - 7886.65
199.7 - 200.2 294.5-295.4
349.5 -350.2 294.5-2954
499.4 - 500.3 294.5-295.5
699.2 - 700.1 294.6 - 295 .4

Table 1: Pressure, temperature and concentration conditions of the recordings. For the pressure and
temperature, the minimum and maximum are reported taking into account the fact that, for a given
pressure, the different parts of the spectrum were recorded at different days.
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Figure 1. Overview of the O, transitions of the alAg -x’x g (0 = 0) band analyzed in this work: in red

full circles are lines analyzed using dry air while in red open circles are those measured using both dry
air and the 2% mixture. The black symbols correspond to the HITRAN line list [22].
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Figure 2. Part of the Q-branch recorded with the 2% mixture of O in N; at different pressures between
100 and 700 Torr (Upper panel). Two successive zooms are shown in the middle and lower panels. Line
intensities provided by the HITRAN2016 database are also plotted on the lower panel showing that
weak lines of the 1°0'30 isotopologue (identified by 72 in HITRAN) are observed thanks to a minimum
detectable absorption coefficient of 6.5x10-"! cm™'. Note the increase of the baseline level due to the
CIA.

The overview of the 85 lines analyzed in this work is presented in Figure 1. They all correspond
to magnetic dipole transitions of the main isotopologue, '0,, and have intensity larger than

3.5x1028 cm/molecule.

3. Analysis procedure

The measured spectra were analyzed using a multi-fitting code developed previously by
some authors of this paper [23,24]. Parameters of lines with intensity greater than 3.5x10-28
cm/molecule were adjusted while contribution of the lines of lower intensity were calculated
using data provided in the HITRAN 2016 database [22] and fixed in the fitting procedure (this
is for instance the case of the lines of the O30 minor isotopologue showed in Fig. 2). As

mentioned above, the air-broadened spectra of the strong lines in the O branch could not be
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recorded with the air sample for the highest pressure values. Among the 83 analyzed air-
broadened lines, 41 were recorded with the 2% mixture and simultaneously considered in the
multi-spectrum treatment.

Line profile fittings were performed with various line-shape models: the usual Voigt
profile, the Nelkin-Ghatak (NG) profile [25] taking the Dicke narrowing effect into account,
the (quadratic) speed dependent Voigt (sdV) profile [26,27], the (quadratic) speed dependent
Nelkin-Ghatak (sdNG) and the Hartmann-Tran (HT) [28,29] profiles. Except for the O branch
lines, the sdNG profile, taking into account both the Dicke narrowing effect and the speed
dependences of the line width and shift leads to the best line shape reproduction, the fit residuals
being almost at the experimental level (see Fig. 3). With respect to the sdNG profile, the HT
model has another parameter (the correlation between velocity changes and internal state
changes collisions) to be fitted but it leads to very similar fit residuals as the sdNG profile. The
latter was thus adopted for the analysis. For QO branch lines, line-mixing (LM) effect is also
taken into account using the first-order approximation of [30]. Within this model, the spectral

shape of a transition at wavenumber ¢ is given by ([28] and references therein):
1
I(0) = _Re[(1 + iY)F(0)]. (1)

Where Y = P{ is the first-order line-mixing parameter and ¢ is the line-mixing pressure-
normalized coefficient (in atm™'), which accounts for the coupling between the considered line
and the others. The normalized line-shape quantity F(o) is function of seven parameters, i.e. F
(0) = flo - 00, p,T0.2,40.42,Vyc). 0 is the unperturbed position of the line and I'j, the
Doppler broadening half-width. The speed dependent collisional half-width and -shift are
modeled using the quadratic law [26,27], ie. ['(v)+id(v) =T+ idy+ (I'y+i43)
[(V/ 1~7)2 -3/ 2] in which v = /2kBT/m is the most probable speed for an absorbing molecule of

mass m. Iy and 4 are thus the speed-averaged collisional width and shift while I', and 4,
represent the speed dependent components of I'(v) and A(v), respectively. Finally, v, is the

Dicke narrowing parameter or the rate of velocity changing (VC) collisions, modeled through

the hard collision approximation [25,31]. Iy, I'y, 4, 4, and v, are proportional to the total

pressure P while o is constant with P.

In the fitting procedure, the line position oy was fixed to values of Ref. [11] derived by

high sensitivity CRDS spectra of pure O, measured at low pressure. The Doppler line

broadening half-width, I'p, was also fixed to the value calculated from the measured



temperature. Since lines are quite isolated (see Fig. 1), a spectral range of about 1 to 2 cm! was
considered at a time, in order to simplify the fitting procedure and to minimize the influence of
the contribution of the CIA [10]. The contribution of lines close to the considered spectral
region ( + 1 cm! from the center of the considered line) was nevertheless taken into account
using HITRAN2016 and fixed in the fitting procedure. For each considered spectral interval

and each pressure, a linear baseline [i.e. a 4+ b(o - 0()] was adjusted. The pressure and

temperature were calculated as the average pressure and temperature over the considered
spectral interval. Note that, the variation of pressure and temperature was very small (i.e. about
0.07 Torr and 0.04 K over 1 cm™), this averaging has no consequences for the fit residuals and

the values of the retrieved line parameters. For each line, the line-shape parameters were

Iy I 4 4, Ve

constrained to be proportional to the total pressure (i.e. yo =5V2 = 5,00 = 5,02 =58 =%

Y
and { = where yq, y2, 8o, 62, B and { are constant with pressure) while the line area was fitted

individually for each pressure. The line intensity was then obtained as the slope of the linear fit

of the line area with the partial pressure of O,.

Figure 3 presents an example of fit residuals obtained with various line-shape models
for the P7P7 air-broadened line at three pressures. The Voigt profile leads to large fit residuals,
especially at low pressure. When velocity changes are taken into account by using the Nelkin-
Ghatak profile, residuals are decreased by a factor of about 3. Better residuals are obtained with
the sdV profile showing that speed dependence effects have more impact than velocity changes
effect in the considered pressure range. Finally, the sdNG and the HT profiles, taking into
account both velocity and speed dependence effects give very similar fit residuals, both mostly

within the experimental noise.

For the O branch, since lines are overlapping at the considered pressure conditions, line-
mixing effects must be taken into account. This was done here by using the first-order
approximation [see Eq. (1)]. The influence of line-mixing effects is illustrated in Fig. 4. The
inclusion of the line-mixing allows for a significant reduction of the residuals practically to the

noise level.

No line-mixing effect is observed for the P and R lines. The sdNG profile together with
the first-order line-mixing was thus retained for the analysis of most of the considered Q lines
while, the sdNG profile was found sufficient for the P and R lines. As recordings with dry air
and with the 2% mixture were used in the Q-branch region, line-shape parameters for self- and

N,-broadened O, could be retrieved in this region while only air-broadened line-shape
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parameters were determined in the P and R regions. The retrieved line intensity and line shape

parameters are presented and discussed in the next section.
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Figure 3. Spectra of the P7P7 line of O, broadened by air (top panel) measured by CRDS at three
pressures. The lower panels represent the multi-fit residuals obtained with the Voigt (V), the Nelkin-
Ghatak (NG), the quadratic speed dependent Voigt (qsdV), the quadratic speed dependent Nelkin-
Ghatak (qsdNG) and the Hartmann-Tran (HT) profiles, respectively. Note the different scale adopted

for the Voigt residuals.
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Figure 4. Spectra of the Q150135 line (top panel) measured by CRDS at three pressures for 2% of O, in
N,. The lower panels show the multi-fit residuals obtained with the Voigt (V), Nelkin-Ghatak (NG),
speed dependent Voigt (sdV), speed dependent Nelkin-Ghatak (sdNG) profiles and the speed dependent
Nelkin-Ghatak profile together with line-mixing. Note the different scale adopted for the Voigt residuals.

4. Retrieved line parameters and comparisons with previous data
4.1 Line intensity

For each considered transition, the line area was retrieved individually from each
pressure and at the temperature of the measurement. This line surface was then converted to the
corresponding value at 296 K using the lower energy level of the considered transition as
provided by the HITRAN database [22]. The integrated line intensity at 296 K was then
obtained from the slope of the linear fit of the line area versus O, partial pressure. Figure 5
shows four examples of the retrieved line surfaces versus the O, partial pressure and their linear
fits. For most of the considered P and R lines, line intensity was obtained from spectra at 5 or
6 pressures while for the Q lines, up to 10 or 11 pressure values were used. For some intense QO
lines, the too saturated spectra were excluded in the intensity determination. The obtained
values of the line intensities as well as the standard deviations of the linear fit are listed in Table

2.
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Figure 5. Example of the pressure dependences of line areas and corresponding linear fits leading to
the line intensity.

The retrieved line intensity was first compared to values provided by the HITRAN
database [22]. HITRAN line intensities of the considered magnetic dipole transitions were
calculated by Orr-Ewing on the basis of FTS intensities measured in Ref. [32]. The ratios of the
line intensities obtained in this work over HITRAN values are displayed on the left-hand panel
of Fig. 6. HITRAN values are found significantly overestimated by 1 to 4 % and clear
systematic deviations depending on the considered branch are evidenced. Comparison with
intensities derived in the recent works of [5] and [11] was performed. In [5], spectra of O, in
air were measured at room temperature for three pressure conditions (495, 745 and 982 Torr).
The spectroscopic parameters including line intensity were obtained from fits of the measured
spectra with the quadratic speed dependent Voigt profile. In [11] the pure O, spectra at low
pressure was studied with the same CRDS setup used in the present study and the sdNG profile
was used to model the measured line shape. In the right-hand panel of Fig. 6, we present the
intensity ratios of our values compared to [5] and [11]. The agreement with [5] and [11] is much
better than with HITRAN2016. Nevertheless, between 7860 cm! and 7890 cm™! the dispersion

of the plotted ratio is larger than for the rest of the studied spectral range. This region includes
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strong and very dense absorption lines, partially saturated in dry air spectra, which may explain
the observed deviation. Furthermore, this region corresponds to the spectral interval where the
2% mixture spectra were used, the origin of the observed intensity differences might be related
to the impact of the 1% uncertainty on the stated O, relative concentration in the 2% mixture

(see Table 1).
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Figure 6. Ratios of line intensities obtained from this work and those from HITRAN2016 [22] (left side)
as well as those of Refs. [11] and [5] (right side). In [11] and [5], the sdNG and sdV profiles respectively
were used to model the measured spectral shapes.

4.2 Pressure-broadening and -shifting parameters

For the lines analyzed using both air and 2% mixture spectra, the self-broadening and

N,-broadening contributions could be retrieved separately. For instance, the line-broadening

coefficient in both mixtures can be expressed as yy = xozyooz + xNzyI\(])z, where x¢, and xy,are

the relative concentrations of O, and N,, respectively. y%zand yl\(’f are the corresponding self-

and N,-broadening coefficients, which could be both determined in the Q branch region.

Conversely, only the air-broadening coefficient of the mixture y could be determined in the P

and R branches were only air-broadened spectra were used.
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In Figure 7, the retrieved values for the O,- and N,-broadening ),002 and yl\(])z (left) and -

shifting 5%2 and 61\62 (right) are plotted as a function of the rotational momentum quantum

number, N", of the lower level of the transition. The estimated uncertainties (twice the standard
deviation obtained from the fits) are also presented. The results show that the O,- and N,-
broadening coefficients are very close to each other while large differences are noted for the
pressure shifts. This observation was also reported in [11] in which the measured self-
broadening and shifting coefficients were compared to those of O, in air in HITRAN and in [5].

The self-broadening and -shifting coefficients, corresponding to an empirical rotational
dependence obtained in [11] are also included in Fig. 7 for comparison. For ),002, this analytical
function is in very good agreement with our measured values except for low N'. For 6002, the
empirical linear dependence of [11] is found slightly higher than the average value of our
measurements. Let us note the larger dispersion for the measured 6002 values with respect to
61\(])2. This is due to the small self-broadening contribution in the 2% mixture, the O,/air spectra
for these lines being almost all saturated. Finally, the corresponding air-broadening and shifting

parameters were calculated using y%" = 0.2 1)/%2 + 0.79)/1\(1)2 and 8% = 0.2 15002 + 0.7951\(1)2.

0.060- ° e O,N,
] . e 0,0,
[

Figure 7. N, and O; line-broadening and -shifting coefficients for Q branch lines, deduced from multi-
fitting the spectra measured with the two mixtures under various pressure conditions (see Table 1). The
red straight lines are calculated from the empirical rotational dependences for y, and J, proposed in

[11].
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The obtained y% values gathered with values derived for the lines recorded only in air

are presented in Fig. 8. The obtained dataset is compared with those provided in HITRAN2016
and measured by [5] in the left- and right-hand panel, respectively. The sources of HITRAN
air-broadening coefficients of the considered 1.27 pm band are [15] and [3] and are thus related
to the A-band. In [15], O,- and N,-broadening coefficients were retrieved from a series of FTS
laboratory spectra. In [3], to better reproduce FTS atmospheric spectra in the 1.27 um,
Washenfelder ef al. increased by 1.5% the values from [33] in which air-broadening coefficients
were represented by an analytical function, adjusted on measured values (see [33] and
references therein). As illustrated in Fig. 8, our values are slightly larger than HITRAN values

with an average relative difference of 2.1(x1.3)%. A much better agreement is observed with

[5], the average relative difference being 0.4(x1.0)%.
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Figure 8. Comparison between the air-broadening coefficients.

Left panel: Present results (full circles) compared to HITRAN (crosses)
Right panel: Present results (full circles) compared to [5] (crosses)
Data are plotted versus the line position to clearly distinguish the different branches.

The obtained air-pressure shifting coefficients, 6%/, are compared with those of
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HITRAN2016 and [5] in the left- and right-hand panels of Fig. 9, respectively. HITRAN values
from [3], thus related to the A band, have a significantly larger magnitude than those obtained
in this work. A much better agreement is obtained when compared to [5]. However, our values
remain smaller in amplitude than those of [5] (see right panel of Figure 9). This may be related
to the differences in the zero-pressure line centers. In the present work, the zero-pressure
positions were constrained to very accurate values (uncertainty less than 3x10~ cm!) reported
in [11] from low pressure (5 Torr) CRDS spectra referenced to a self-referenced frequency
comb. Apparently, Mendonca et al. did not determine the zero-pressure positions from their
FS-CRDS spectra [the used setup was not referenced to a frequency comb and only relatively
high pressure spectra (i.e. 495, 745 and 982 Torr) were recorded]. As illustrated in Fig. 9 of
[11], the zero-pressure values adopted by Mendonca et al. coincide with HITRAN values
increased by a constant value of 6.82x10* cm™! leading to differences between 5x10-* cm™! and
7x10* cm™! compared to [11]. Therefore, if using the line positions of [11], the magnitude of

4" retrieved from the measured spectra of [5] should be much smaller, thus closer to our

values. Note also that the observed difference for the air-pressure shift between [5] and our
work cannot be explained by the difference in the used line-shape (a qsdV profile was used in
[5] while a qsdNG profile is used here). In fact, several studies (e.g. [19,24,34]) have shown

that these two profiles lead to very similar pressure shifting coefficients.
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Figure 9. Comparison between the air-pressure shifting coefficients.

Left panel: Present results (full circles) compared to HITRAN (crosses)

Right panel: Present results (full circles) compared to [5] (crosses)

Data are plotted versus the line position to clearly distinguish the different branches.

4.3. The high-order line-shape parameters

The speed dependent components, y, and §,, of the collisional line broadening and

shifting are plotted in Fig. 10 versus N'" and compared with values obtained from [5]. No branch

dependence as in the case of yy and §y is observed. All the obtained data are therefore presented
by the same color code. The §, values are associated with large uncertainty and have a strong

dispersion with no observable rotational dependence. For the speed dependence of the line

broadening, the y,/y ratio is plotted instead of y,. This ratio increases with increasing N"

value. This behavior is also observed with values of [5]. However, our values are significantly
smaller than those of [5]. This is probably due to the used line-shape models, the sdV usually
leading to larger y,/y, values, (see e.g. [24,34,35]). The y,/y, values are also compared with
the theoretically predicted values of [14]. In the latter, spectra of air-broadened O, were
simulated using molecular dynamic simulations (MDS). Line-shape parameters were then
deduced from fits of the MDS-calculated spectra with the qsdNG profile. Since there are no
vibrational and electronic dependences in these MDS, the pressure shift cannot be predicted
and no spin dependence could be considered. The predicted line-shape parameters are band-
and branch-independent [14]. A good agreement between our values and those of [14] is
observed confirming the interest of the predictions which have the advantage to be easily
performed for various pressure and temperature conditions. The measured values of [14],
obtained from fits of spectra of seven O, lines using the qsdNG profile are also plotted in the
left part of Fig. 10 showing good agreement with our values. For air-broadened O,, the gsdNG
profile was used to model the line shape in [36] for the P9P9 line of the B band. The obtained
values for the speed dependent broadening and shifting are plotted in Fig. 10. The good
agreement between these values and our values show that we can safely assume that these high-

order line-shape parameters are band-independent for O,.
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Figure 10. The speed-dependent components of the collisional broadening and shifting for O, in air
versus the angular momentum quantum number N of the lower level of the transition. In full circles
are values obtained in this work while in crosses are results of Ref. [5]. Magenta triangles and open
circles are respectively the theoretically predicted and measured values obtained in [14]. Green full
squares are results of [36] for the P9PY line of the B band.

The retrieved Dicke narrowing coefficients are shown in the left part of Fig. 11. These values
are also compared with the predictions as well as values retrieved from measured spectra of
[14] showing a rather good agreement. Both the measured and predicted values increase with
increasing values of N". It is well known that the f value strongly depends on the line-shape
model chosen to fit the measured spectra. Therefore, no comparison with values obtained with
other profiles (e.g. the Galatry profile used in [37,38], the Nelkin-Ghatak profile used in [18]
for the A band spectra, the Galatry and NG profiles in [36] for the B band) is shown here. The
unique sdNG value of [36] for the P9P9 line of the B band is also plotted in Fig. 11 for
comparison.

In the right part of Fig. 11 are shown the first-order line-mixing coefficients retrieved from the
measured Q lines. To the best of our knowledge, there is no measured or calculated values of
line-mixing coefficients in this band so far. Several studies are devoted to the calculations
and/or measurements of line-mixing effects in the more intense A band (see [18] and references
therein). Since the structure of the band is completely different [39], comparison with line-
mixing parameters obtained for the A band is thus meaningless.
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Figure 11. Left panel: The retrieved Dicke narrowing coefficients for O, in air vs the angular momentum
quantum number N’ of the lower level of the transition. Magenta triangles are the theoretically
predicted values obtained in [14]. Green full square is result of [36] for the P9P9 line of the B band.
Right panel: The first-order line-mixing parameter for O, in air, retrieved from the measured Q lines

5. Discussions and conclusion

Line-shape parameters of more than eighty lines of O, broadened by air in the 1.27 pm
band were obtained for the first time with the quadratic speed dependent Nelkin-Ghatak profile.
High sensitivity spectra of these transitions were measured with a frequency comb referenced
cavity ring down spectrometer with dry air and with a 2% O,/N, mixture. The pressure
condition of the measurement covered a large range, from 50 to 700 Torr. Thanks to the high
signal to noise ratio of the measurements and the large pressure range considered, refined
effects such as the speed dependences of the collisional broadening, the Dicke narrowing and
the collisional line mixing were evidenced. The use of the sdNG profile and the first-order line
mixing allows to model all the measured line shapes at almost the experimental noise. The
obtained data were compared with those provided in the HITRAN database showing several
differences, for both line intensity, line broadening and line shifting coefficients. Comparison
with the recent work of [5] for this band, reveals that the magnitude of the air-pressure shifting
coefficients of [5] is overestimated. It also shows that the used line-shape model leads to much
better agreement with measured spectra than the usual Voigt but also the speed dependent Voigt
profile, used in [5]. The line-shape parameters obtained in this work should allow for
improvement in the modeling of atmospheric observations in the 1.27 um spectral region. In
addition, comparison between the obtained high-order line-shape parameters with the
predictions by molecular dynamic simulations [ 14] shows very good agreement, confirming the
interest of the latter. Such predictions can be made for various pressure and temperature
conditions, thus could be a powerful tool for providing accurate line-shape parameters for
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spectroscopic databases and applications.
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Table 2 : Line intensity and air-broadened line-shape parameters of the 85 O, lines in the 1.27 um band, analyzed in this work. Line position is
taken from [11] and line identification from the HITRAN database. y, is in cm!/atm while &, y», & and Fare in 103 cm!/atm and the first order
line-mixing coefficient {'is in 10~ atm™!. The corresponding uncertainty (unc, see text) for each parameter is in the unit of the last quoted digit.
For lines for which the line position is denoted with a “*”, the high-order line-shape parameters are considered as outliers.

oy line S unc % unc & unc % unc | o unc £ | unc § |unc
(cm) (cm/molecule)

7784.797157 | O17 P16 9.0986E-27 | 35| 0.04538 2 -2.51 1 3.72 21 020 2| 334 8 0.00 0
7784.981886 | P29 Q28 7.8992E-28 | 110 | 0.03258 4 -2.64 3 4.80 8| 0.24 9| 4.08]| 60 0.00 0
7791.115122 | P27 P27 1.4050E-27 7| 0.03420 2 -2.68 2 4.08 6| 0.15 50 499| 32 0.00 0
7792.885254 | P27 Q26 1.5958E-27 | 10| 0.03395 2 -2.63 2 321 6| 0.16 6| 611| 28 0.00 0
7797.419013 | O15P14 1.2265E-26 4| 0.04731 2 -2.46 1 3.70 2|1 029 1| 328 8 0.00 0
7798.845848 | P25 P25 2.6964E-27 | 12| 0.03629 2 -2.56 1 3.82 41 0.18 3| 538 18 0.00 0
7800.633630 | P25 Q24 3.0966E-27 | 11| 0.03641 2 -2.54 1 4.03 21 017 3| 370| 16 0.00 0
7806.421850 | P23 P23 4.8441E-27 4 0.03844 2 -2.51 1 4.07 21 021 20 410| 12 0.00 0
7808.227444 | P23 Q22 5.6006E-27 | 18 | 0.03835 2 -2.45 1 3.62 41 021 3| 374 18 0.00 0
7809.894157 | O13 P12 1.5149E-26 2| 0.04913 2 -2.37 1 3.69 21 033 2| 258 8 0.00 0
7813.843390 | P21 P21 8.1672E-27 | 21 | 0.04044 2 -2.41 1 3.92 2| 028 2| 385 8 0.00 0
7815.667023 | P21 Q20 9.5600E-27 | 12| 0.04050 2 -2.37 1 3.88 2| 017 1| 3.04 8 0.00 0
7821.110628 | P19 P19 1.2882E-26 2| 0.04244 2 -2.36 1 3.95 21 023 2| 358 12 0.00 0
7822.221867 | O11 P10 1.6924E-26 7| 0.05077 2 -2.21 2 298 | 10| 0.34 10| 3.72| 40 0.00 0
7822.952610 | P19 Q18 1.5275E-26 2| 0.04251 2 -2.37 2 4.28 6| -0.05 6| 144| 36 0.00 0
7828.223646 | P17 P17 1.8952E-26 7| 0.04430 2 -2.36 2 3.68 6| 024 6| 3.68| 24 0.00 0
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7830.084392
7834.401709
7835.182401
7837.062488
7841.986766
7843.887027
7846.434323
7848.636466
7850.558213
7855.131209
7857.076680
7858.323972
7861.470477
7863.443990
7867.195268*
7867.276527*
7867.653770
7869.418793
7869.665367
7871.206534*
7871.394045
7871.612422
7873.203566

P17 Q16
O9P8
P15 P15
P15 Ql4
P13 P13
P13 Q12
07P6
P11 PI1
P11 Q10
P9P9
P9QS
O5P4
P7P7
P7Q6
Q29 P30
Q27 Q27
P5P5
Q25 Q25
P5Q4
Q25 R24
Q23 Q23
Q25 P26

Q21 Q21

2.2722E-26
1.6644E-26
2.5807E-26
3.1692E-26
3.2395E-26
4.0937E-26
1.3496E-26
3.6939E-26
4.8440E-26
3.7758E-26
5.2353E-26
7.3792E-27
3.2974E-26
4.9933E-26
3.5806E-28
3.2429E-27
2.2153E-26
6.2910E-27
3.9708E-26
1.7995E-27
1.1412E-26
1.4192E-27
1.9654E-26
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