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Abstract



A high-sensitivity absorption spectrum of natural nitrous oxide has been recorded at 10 Torr
between 8321 and 8620 cm™® (1.20 — 1.16 um). The used cavity ring down spectrometer was
referenced to a self-referenced frequency comb providing an accurate frequency scale of the spectra.
The predictions of effective operator models were used for the line assignment. All identified bands
correspond to the AP=14-16 series of transitions, where P= 2V +V,+4V; is the polyad number (Vi-13
are the vibrational quantum numbers). A total number of 3975 transitions belonging to the *N,0,
ANINQ, 'N*NIeO,1N,'80, and °N,0 isotopologues were measured with estimated accuracy
better 1 x 1073 cm™ for most of the lines. Compared to the recent analysis of N,O spectra at 1 Torr
recorded in the same region (Karlovets et al. JQSRT, 262 (2021) 107508, doi:
10.1016/j.jgsrt.2021.107508), the higher pressure of the recordings and improved quality of the
predictions have allowed to: (i) newly assign twenty-two bands, including the 4v; band of the °N,*0
minor isotopologue in natural isotopic abundance, (ii) extend the assignments of previously known
bands, (iii) determine the small self-induced pressure shifts of the two strongest bands (less than 10*
cm) by difference of the line positions at 1 and 10 Torr and use them to obtain the zero-pressure
value of the line positions, (iv) derive new or improved spectroscopic constants of 69 bands from the
standard band-by-band analysis, and (v) analyze six local resonance perturbations affecting three
bands, including the identification of a few extra lines due to intensity transfer. Finally, the
comparison of the line positions and intensities with their predicted values and with available

databases is discussed.



1. Introduction

The analysis of the nitrous oxide room temperature spectra recorded at a pressure of 1 Torr
using high sensitivity cavity ring down spectroscopy (CRDS) has been recently reported between
8325 and 8622 cm™ [1]. A total of 3305 lines belonging to 47 bands of the !#N,®0, #NNQ,
ISNI4NQ, and N,'0 isotopologues were assigned. Among these bands, only the strongest five
were previously measured (by Fourier transform spectroscopy) in the studied region. The assigned
bands belong to the AP=14-16 series (P=2V1+V2+4V3 is the polyad number where Vi=1-3 are the
vibrational quantum numbers). Bands of the AP= 15 series were reported for the first time. The line
lists constructed in Ref. [1] for each N,O isotopologue have allowed improving the predictions for the
AP=14-16 series of transitions in the frame of the effective operator approach. The present work will
benefit of these improved predictions (See below).

Here, we present a further step of the characterization of the nitrous oxide spectrum in the
region based on newly recorded spectra at 10 Torr. The aim of this work is to extend and improve the
rotational analysis of the previously observed bands and to reduce the fraction of unassigned lines
(about 20% in Ref. [1]). As an illustration of the accuracy of the line center determination achieved by
referencing the spectra to a self-referenced frequency comb, the small self-induced pressure shift of
the two strongest bands (less than 10* cm™) is presently determined by difference of the line
positions at 1 and 10 Torr and used to obtain the zero-pressure value of the line positions (Section 3).
In Section 4, we present the rovibrational assignments obtained by comparison with updated
predictions based on the global modeling of the line positions and intensities performed within the
framework of the method of effective operators. A total of 3975 transitions belonging to 69 bands of
five N,O isotopologues were rovibrationally assigned. Among the 69 measured bands, 22 are newly
reported as for example the weak 0004e-0000e band of the °N,*0 isotopologue. The pressure-shift
corrected values of the 10 Torr line positions measured in this work and of the 1 Torr positions values
reported in Ref. [1] were used as input datasets of a fit providing accurate band-by-band
spectroscopic constants. Six local perturbations are evidenced and analyzed in the region, including

two interpolyad interactions.

2. Experimental set-up and line list construction

The spectra were recorded with the same setup as used in Ref. [1]. An external cavity diode
laser (ECDL) was used to cover the 8321-8620 cm™ spectral region. The frequency calibration of the
spectra uses a Fizeau type wavemeter and a self-referenced frequency comb, providing sub-100 kHz
accuracy to the instantaneous frequency readings [2]. The reader is referred to Refs. [3-7] for the
description of the cavity ring down spectrometer and the frequency tuning of the ECDL. The spectra
were recorded in flow regime to decrease the impact of the lines of water vapor degassing from the

cell walls. The flow of nitrous oxide (Alphagaz 99.99% stated purity) was roughly adjusted to 1 sccm



and the pressure was actively regulated at 10.00 Torr. The temperature of the outer wall of the
stainless steel gas cell was continuously monitored evolved in the 294.4+0.5 K range.

The line centers and intensities were retrieved using an interactive least squares multi-lines
fitting program written in LabVIEW software. The line profile was assumed to be of Voigt type. The
line position, integrated absorbance, Lorentzian widths, and the corresponding local baseline
(assumed to be a linear function of the wavenumber) were provided by the fitting procedure. The
Gaussian component was fixed to the theoretical value of the Doppler width of the considered

nitrous oxide isotopologue. Fig. 2 illustrates the quality of the spectrum fit near 8393 cm™™.
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Fig. 1. CRDS spectrum of natural nitrous oxide between 8390 and 8395 cm showing the R branch of
the 5001e-0000e ('*N,%0) centred at 8376.349 cm™. The sample pressure was 10 Torr. Two
successive enlargements show the typical achieved sensitivity: the noise level corresponding to the
minimum value of the absorption coefficient which can be detected is about 4.2 x10* cm™™.

Overall, the global lists include 5741 lines in the 8321-8620 cm™ region. By comparison to the
HITRAN spectroscopic database [8], 640 water lines were identified and removed from the list,

leaving about 5100 lines to be rovibrationally assigned. We estimate that the accuracy of our

measured line intensities to be 3% or better for most lines and up to 20% for the weakest or strongly

blended lines.



0.03 4
CRDS

< 0.02-

e

[&]

o

= 901

s

(o=

o

S 0.001

% 003 —

e Slmulatedl

{ i

2 0024

[}

—

(@)

8

< 0014

©

0 |

e

ml

(b}

@

) 1 I
8488.6 8488.8 8489.0
Wavenumber (cm™)

Fig. 2. Comparison of the CRDS spectrum of nitrous oxide in natural isotopic abundance recorded at
10 Torr with a simulation using a Voigt profile for each line. The residuals are displayed in the lower
panel.

3. Self-induced pressure shift

The high signal to noise of the recorded spectra allows for a high precision in the line center
determinations while the referencing to a frequency comb provides an accurate calibration of the
frequency scale. As a result, highly accurate line centers could be derived from the spectra. The
comparison of the position values at 1 Torr reported in Ref. [1] and the present values at 10 Torr
shows that the accuracy of the measurement is sufficient to evidence the small (< 1x10* cm™) shift
of the line centers induced by the increase of the pressure from 1 to 10 Torr, at least in the case of
the two strongest bands. Fig. 3 presents the m dependence of the derived self-induced pressure shift
for the 5001e-0000e and 3401e-0000e bands of *N,*0. The measured differences were globally
fitted by a straight line in the P and R branches, leading to the following self-induced pressure shift
coefficients (in 10 cm™*/atm unit):

~5.51(7)4+0.0892(41)xm (P branch) (1)

~5.18(12)—0.1093(59)x m (R branch) (2)
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Fig. 3. Self-pressure shift coefficient of the 5001e-0000e and 3401e-0000e bands of ¥*N,°0, versus m
(P branch: m=-J, R branch: m= J+1). The empirically calculated values of the two bands coincide [9]
and are plotted for comparison (orange circles).

In a recent contribution, Hashemi et al. presented the update of the line-shape parameters of
N,O for the HITRAN2020 database [9]. Contrary, to the standard HITRAN line lists, the N,O line list
provided as Supplementary Material of Ref. [9], includes the self-pressure shift coefficients for the
strong bands up to 8000 cm™. These coefficients were empirically generated using literature
measurements, following the method proposed by Hartmann [10]. The self-pressure shifts predicted
for our 5001e-0000e and 3401e-0000e bands of interest are included in Fig. 3. In agreement with the
measurements, the calculated values of the two bands coincide [this justifies our choice to fit globally

the pressure shifts of the two bands (Eqgs 1 and 2)]. The agreement with the measured values is good

for high rotational levels but is less satisfactory for small (m) values where the amplitude of the

calculated values seem to be underestimated.

4. Rovibrational analysis

4.1. Assignment

The assighnments were performed by comparison with predictions based on the effective
operator approach. For N,'®0, the non-polyad model of effective Hamiltonian (EH) [11] was used.
The fitted values of the EH parameters were updated using the measurements of Ref.[1]. For
ANNQ, NN, 14N,80, and °N,0 the polyad models of Refs. [12-14] were used. The fitted
values of the parameters of these models were also updated using the meaurements of Ref. [1].

Line intensity calculations for a given isotopologue require both EH and effective dipole

moment (EDM) models. EDM model depends on a set of the EDM parameters for each AP value. The
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computer code which was used for intensity calculations uses polyad models for EH and EDM. For
14N,%%0, we used the EH model of Ref. [15], while the EH model of Ref. [13] was used for *N**N0
and >N'*N0. Finally, for *N,'®0 and °N,0 we used the EH models of Refs. [12,14]. The EDM
model of Ref. [16] was used for all isotopologues.

Table 1 summarizes the sources of the EH models and EDM parameters used to predict the
spectrum of natural nitrous oxide in our region. For *N,°0, the AP= 14 and 16 EDM parameters
were fitted to measured intensity values of Refs [1,17-19]. The AP= 15 EDM parameters were newly
determined using the first detected AP= 15 bands reported in Ref. [1]. In the case of the *N>N6Q,
SN4NQ, and N,'®0 minor isotopologues, only AP= 14 and 16 bands were assigned and the
corresponding EDM parameters were fitted using CRDS intensity values of Refs. [1,17]. Finally, the
line intensities of the assighed AP= 16 band of ¥*N,'0 were calculated using the corresponding EDM
parameters of the main isotopologue. Global fits of the measured line intensities will be reported in
separate papers.

Table 1. The references of the effective operator models used for the line position and intensity
predictions of the five N,O isotopologues.

Isotopologue | Line positions Line intensities
1N,0 [11, 15] AP=14:[1,17-19]
AP=15:[1]
AP=16:[1,19]
1NN [13] AP=14:11,17]
AP=16:[1]
NNeQ [13] AP=14:11,17]
AP=16:[1]
14N,180 [12] AP=14:1[1,17]
AP=16:[1,17]
15N,%0 [14] AP=16: *N,*0 EDM

Overall, 3134, 398, 315, 106, 22 transitions were assigned for the *N,*0, 1*N*°NQ, >N*N€Q,
14N,80, and °N,0 isotopologues, respectively. They belong to 69 vibrational bands of the AP= 14-
16 series of transitions. Fig. 4 illustrates the difficulty of the line assignment on a 1.2 cm™ wide
spectral region near 8351 cm™ where lines belonging to four N,O isotopologues are observed. At the
end of the assignment process, about 1120 lines, generally very weak (intensity less 1.21x103°
cm/molecule) remained unassigned.

Fig. 5 shows an overview comparison between the present CRDS observations and the
predicted spectra for the five nitrous oxide isotopologues. The previous observations of Ref. [1] are
highlighted for comparison. As a result of the higher pressure and higher quality of the predictions,
twenty-two bands are newly reported compared to Ref. [1]- see also statistics in Table 2. They

include the 4v; band of the N0 isotopologue which has a relative abundance of only 1.3x10°.



The intensity values of the weakest lines are on the order of 10 cm/molecule. The N,O assigned
line list, provided as Supplementary Material |, includes the isotopologue identification, rovibrational
assignments, line parameters observed in this work and predicted by the effective operator model.
The line intensities of all nitrous oxide isotopologues are assumed to correspond to the natural

abundance value included in Table 2.
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Fig. 4. The CRDS spectrum of natural nitrous oxide (P= 10 Torr) between 8531 and 8532.2 cm™* (upper
panel). The middle panel corresponds to an amplification factor of 10 for the ordinate scale. The stick
spectra as predicted by the effective operator model are shown on the lower panel. Four N;O
isotopologues contribute to the observed spectrum: 446 (**N,°0), 456 (**N'°N!¢0), 546 (*>’N'*N*°Q),
and 448 (**N,20).

Table 2. Number of transitions and bands assigned in this work and in Ref. [1] between 8321 and
8620 cm™

Molecule | Abundance | Number of transitions Number of bands
14N,%0 | 0099033 [8] 3134 (389) 53 (14)
M“NNe0O |0.003641 [8] 398 (99) 6 (3)
NN0O |0.003641 [8] 315 (116) 6 (3)
14N,80 10.001986 [8] 106 (42) 3(2)
BN,0 |1.33857x10 22 (22) 1(1)
5
Total 1 3975 (668) 69 (23)

Note

9Numbers in parenthesis correspond to new transitions or bands compared to Ref. [1];
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Fig. 5. Overview comparison between the transitions of *N,0 (446), *N*°N?0 (456), 1>°N*N*°O
(546), *N,80 (448), and >N,0 (556) assigned in the CRDS spectrum of nitrous oxide in natural
isotopic abundance between 8321 and 8620 cm™ (right panels) and the corresponding spectra
predicted in the frame of the effective operator approach (left panels). Previous measurements of
Ref. [1] are highlighted for comparison (black dots).

Fig 6 shows the residuals between the measured and EH predicted line positions. The

comparison is provided both with the line positions at 10 Torr obtained in this work and with recently
9



measured at 1 Torr in Ref. [1]. The refinement of the EH parameters by using the 1 Torr positions of
Ref. [1] have allowed to reduce part of the deviations and the obtained agreement illustrates the
very good predictive ability of the EH model. For the *N,®0 isotopologue, the root mean square
(RMS) values of the (vobs — Ven) deviations is 0.02 cm™. Future inclusion of the new observations as
input data in the fit of the EH parameters will further help to improve the set of EH parameters of the

five isotopologues.
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isotopologues.

4.2. Band-by-band rotational analysis

The extension of the rotational assignments for most of the previously reported bands and the

newly assigned bands made suitable a new fit of the spectroscopic parameter values for all the
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observed bands. Line positions of all the bands were corrected from the small self-induced pressure
shifts using the empirical law determined above (Egs 1 and 2). When available, the 1 Torr position
values of Ref. [1] were gathered with the presently measured 10 Torr positions. The band-by-band
spectroscopic constants were derived from a fit of the resulting dataset using the standard
expression of the vibration-rotational energy levels:

F (J)=G+B,J(J+1)—D J*(J+1)+H J*(J+1) (3)

where G, is the vibrational term value, B, is the rotational constant, D, and H, are the centrifugal
distortion constants, J is the angular momentum quantum number. The spectroscopic parameters
were fitted directly to the observed wavenumbers and, in the case of hot bands involving e and f
rotational levels, the ee, ef, fe, and ff sub-bands were considered independently. The lower state
constants were constrained to their literature values obtained by Toth [18,20] or obtained from a
global simultaneous fit of the lower and upper state constants. Overall, rovibrational parameter
values of 68 bands of five N,O isotopologues were determined. They are listed in Table 3 in
increasing value of band center. For completeness, we have included in the Table the 4v; band of the
14N,'80 isotopologue although the fit of spectroscopic parameters was not possible because of too
reduced input data set. We provide only the band center predicted by the global effective
Hamiltonian for this band.

Excluding a few outliers, the rms values of the (meas. — calc.) position differences of the
unperturbed bands range between 2.8 x10™ cm™ and 9.9 x10™* cm™. The results of the fit are given
as Supplementary Material Il. This archive file includes for each band, the spectroscopic parameters
of the lower state fixed to the literature values (except those of the 0420 and 0440 lower states of
14N,%0 which were fitted), fitted spectroscopic parameters of the upper state, errors on the fitted

parameters (in % and in cm™) and measured and calculated line positions.

4.3. Rovibrational perturbations

Among the 69 analyzed bands, four *N,*0 bands were found to be affected by local
resonance perturbations. Two of them were reported in Ref. [1]. The interaction mechanism and
interacting levels were identified based on the effective Hamiltonian model. Table 4 lists the bands
affected by resonance interaction together with the interaction mechanism, the J value
corresponding to the energy crossing and their band centers. Fig. 7 illustrates the shift of the energy
levels from their unperturbed values evaluated using the spectroscopic parameters (Eq. 3 and Table
4).

Table 4. Summary of the local resonance interactions of the **N,%0 bands evidenced between 8321
and 8620 cm™

-/CFOS

Perturbed band | Center (cm™) [Upper state (P/,i)] Resonance interaction mechanism

11



Intrapolyad anharmonic interaction
6001e-1000 8321.42984 16019 29
euue ( ) (16 0 19) <>(16 0 18)
Intrapolyad anharmonic interaction | 14
(1804) <> (1803)
Interpolyad Coriolis interaction 34
- . 1804
1004e-1000e 8603.66282 ( ) (1804) & (17 1 10)
Interpolyad anharmonic interaction | 45
(18 0 4) <>(16 0 22)
34016-0000e 8457 63588 (140 15) Interpolyad Coriolis interaction 51
' (14 0 15) > (15 3 23)
Interpolyad anharmonic interaction
224e-022 . 1822
0224e-0220e 8600.95864 (182 2) (182 2) <> (16 2 38) 47

Let us recall that the N,O vibrational levels are grouped in polyads of strongly interacting
states gathering states with the same polyad number P= 2V1+V,+4Vs. In addition, to the usual V; V> /;
V3 labeling corresponding to the maximum value of the modulo of the expansion coefficients of the
eigenfunctions, the cluster labelling notation, (P, I, i), is also conveniently used (i is the order number
within the cluster increasing with the energy). Up to recently, only polyad model of the N,0 effective
Hamiltonians were available thus neglecting inter-polyad coupling mechanisms. The non-polyad
model of the effective Hamiltonian recently developed for the main isotopologue [11], takes into
account three types of interpolyad interactions (in particular Coriolis interaction) allowing for AP= 1
or 2 couplings. Among the six evidenced perturbations, three are inter-polyad perturbations.

Fig. 7a shows the effect of the anharmonic resonance interaction between the 6001e and
0(16)00e states belonging to the P= 16 polyad, versus the J rotational quantum number. This
perturbation was previously evidenced in Ref. [1]. Here, we could assign twelve extra lines resulting
from an intensity transfer from the 6001e-1000e band to the 0(16)00e-1000e band. Note that a few
of these assignments are supported by lower state combination relations between P(J+1) and R(J-1)
extra lines. Let us mention that the P29-P31, P33, and P36 extra lines fall below the range of the
present recordings (8321-8620 cm) and were identified among the unassigned lines of Ref. [17]. The
6001e-1000e line positions measured in Refs [1,17] and in this work were included in the fit of the
spectroscopic constants whereas the perturbed lines were excluded from the fit.

A second perturbed band is the 1004e-1000e of **N,®0 at 8603.7 cm™ reaching the (18 0 4)
upper state (Fig. 7b) which is affected by both a AP= 0 intra-polyad perturbation and AP= 1 and 2
inter-polyad perturbations. Compared to Ref. [1], the AP= 2 interpolyad anharmonic interaction
between (18 0 4) and (16 0 22) vibrational states around J= 45 is newly evidenced and two extra lines
(P36 and R34) of the 3312e-1000e perturbing band could be unambiguously assigned.

The intra-polyad perturbations affecting high J values of the 3401e and 0224e [(14 0 15) and

(18 2 2) in triplet notation, respectively] states are newly reported (Fig. 7c and 7d, respectively). The

12



shift of the perturbed line positions reaches about 102 cm™ around the energy crossing at J= 51 and

J=47, respectively.
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Fig. 7. Residuals between the unperturbed line positions calculated with the fitted values of the

spectroscopic parameters (see Eq. (3)) and the values measured by CRDS, versus the J rotational
guantum number:

(a) Intrapolyad anharmonic resonance interaction between 6001e (P= 16) and 0(16)00e (P= 16)
vibrational states of **N,*0 isotopologue (energy levels crossing at J= 29);

(b) Intrapolyad anharmonic resonance interaction between 1004e (P= 18) and 1802e (P= 18) states
(energy levels crossing at J= 14); 2) Interpolyad Coriolis interaction between 1004e (P= 18) and 3312e

(P=17) (energy levels crossing at J= 34); 3) Interpolyad anharmonic resonance interaction between
1004e (P= 18) and 8000e (P= 16) states (energy levels crossing at J= 45);

(c) Interpolyad Coriolis interaction between 3401e (P= 14) and 2332e (P= 15) (energy levels crossing
at J=51);

(d) Interpolyad anharmonic interaction between 0224e (P= 18) and 7220e (P= 16) vibrational states
(energy levels crossing at J= 47).

5. Conclusion

New recordings by cavity ring down spectroscopy referenced to a self-referenced frequency
comb have allowed to improve the characterization of the absorption spectrum of nitrous oxide in
the 1.20 — 1.16 um region. Compared to the spectra at 1 Torr of Ref. [1], the 10 Torr pressure of the
present recordings allowed lowering the sensitivity threshold by a factor of about ten and lines with
intensity on the order of 103° have been measured (see Fig. 5). These spectra combined with
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improved predictions based on effective operator models were used to extend the assignments and
identifying twenty-two new bands. The small self-induced pressure shifts of the two strongest bands
have been determined by difference of the line positions at 1 and 10 Torr. The resulting set of line
positions was corrected at zero-pressure value and used to determine the band-by-band
spectroscopic constants.

A detailed discussion of the HITRAN2016 and HITEMP line lists in the region has been
included in Ref. [1] (Note that the Nitrous Oxide Spectroscopy Databank (NOSD) [21] does not extend
beyond 8310 cm™). The HITRAN2020 line list [22] in the near infrared is unchanged compared to
HITRAN2016 and the total absence of *N,0 data in our region remains. The recent HITEMP list [23]
was computed using the effective operator approach in a similar way as NOSD but extends up to
10500 cm™. As discussed in Ref. [1], the HITEMP list in our region is incomplete (it includes only 31
bands of *N,%0 and 4 bands of *N,'80 compared to 69 bands presently reported). In particular, the
AP= 15 bands are totally missing because the corresponding EDM parameters were unknown.

We present in Fig. 8 an overview of the spectral intervals covered by our different CRDS
investigation within the last fifteen years. They cover the 5696-8630 cm™ range and provide the main
source of line positions used to refine the parameters of the N,O EH models [11-15]. The HITEMP and
HITRAN lists of ¥*N,®0 are included in the plot. The HITRAN list corresponds to an intensity cut off of
2x102° cm/molecule at 296 K i.e. about 4-5 orders of magnitude above the CRDS detectivity
threshold. Up to now the EDM parameters used to generate the NOSD and HITEMP databases
benefited only partly from the CRDS studies. Indeed, as highlighted on Fig. 8, line intensities were
retrieved for only part of the recorded CRDS spectra. Consequently, as it is the case in the present
region, the HITEMP [23] or NOSD [21] line lists show a fraction of bands with underestimated
intensities or missing, because of undetermined EDM parameters (e.g AP= 15 bands). These bands
are generally weak at room temperature but, as they include mostly hot bands, their impact is
expected to increase at higher temperature. In the future, we plan to derive accurate line intensities
in the CRDS regions missing intensity information and construct an empirical database of natural

nitrous oxide in the 5696-8630 cm™ range with an intensity cut off on the order of 10%° cm/molecule.
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Fig. 9. Overview of the HITEMP and HITRAN line lists of **N,%°0 between 5500 and 9000 cm™ (grey
and orange symbols, respectively). The range of previous CRDS investigations is indicated: (a): 5696-
5910 cm™ [24], (b) 5905-7066 cm™ [25-27], (c) 6950-7653 cm™ [28,29], (d) 7647-7918 cm™ [30],
(€):7915-8334 cm™ [12,17], (f): 8320-8622 cm™ [1] and this work. Red and blue circles correspond to
CRDS intensity measured in previous studies and in this work, respectively.
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Table 3. Spectroscopic parameters (in cm™) for the different bands of N,O isotopologues assigned in the CRDS spectrum between 8321 and 8620 cm™.

RMS

AP

Band (Pl i) AG,¢ G, B, Dx107 H,x10%2 0 | Nio/Nobs® | Jmoreram® | 7| Note®
19N,160 isotopologue
6llle-1110e [\ o | 831647857(59) [ 10196.74431(59) | 0.4073122(43) | 0.503(60) - 081 | 18/25 PO/R24 | 14 | 1.2
6111f-1110f 8316.47619(32) | 10196.74194(32) | 0.4096967(19) | 1.363(26) | 7.77(92) | 0.65 | 28/39 | P14/Raa | 14 | 1,2
0(10)01e-0000e | (140 13)-(001) | 8319.79327(22) | 8319.79327(22) | 0.4178033(16) | 12.879(26) | 156.7(11) | 0.72 | 61/68 | P23/R39 | 14 | 1,2
6001e-1000e | (16 019)-(202) | 8321.42984(32) | 9606.33318(32) | 0.4072611(25) | 1.780(16) | 15.11(10) | 0.90 | 30/66 | P41/R57 | 14 | 1,3
11130000 |\ o) | 8335.796703(62) | 8335.796703(62) | 040719707(12) | 1.70914(39) ; 041 | 118/121 | P14/R61 | 15 2
1113f-0000e 8335.796309(71) | 8335.796309(71) | 0.40804139(35) | 1.6950(32) ; 028 | 58/60 Q35 15 2
6111e:0310e |\, o | 833813327(25) | 10087.19849(25) | 0.40871016(92) | 2.2704(57) - 077 | 30/39 | P14/R42 | 14 2
6111f-0310f 8338.13276(21) | 10087.19791(21) | 0.4113417(10) | 2.5040(84) - 061 | 28/36 | P16/R36 | 14 2
6001e-0200e | (16 017)-(201) | 8349.74197(12) | 9517.87427(12) | 0.4094582(17) | 3.543(56) | 20.6(45) | 0.49 | 82/88 | P25/R28 | 14 2
533160330 |\, oo, | 835812723(24) | 101250391(24) | 04114941(11) | 153312(82) - 066 | 41/47 | P29/R35 | 14 2
5331f-0330f 8358.12804(22) | 10125.04026(22) | 0.41148339(93) | 1.5084(73) ; 054 | 38/44 | P29/R35 | 14 2
>221e-0220e 8365.17455(16) | 9542.91922(16) | 0.41082219(84) | 1.0658(80) - 067 |B2/06 | P36/R22 | 14 2
522160220 | 0 05 8;8 Q/lO 14 2
5221f-0220f 61/66 | P23/R33 | 14 2
S roaa0e 8365.17472(13) | 9542.91939(13) | 0.41082286(76) | 1.1005(73) - 057 ot e » .
>111e-0110e 8370.995166(43) | 8959.763036(43) | 0.40897225(16) | 1.8020(14) | 1.412(30) | 0.31 |-22/155 | P39/R59 | 14 2
511160110 | oy 100011 31;36 0/24 14 2
5111f-0110f 153/154 | P41/R55 | 14 2
S rolioe 8370.095047(56) | 8959.762917(56) | 0.41101654(25) | 1.7777(24) | 2892(57) | 039 [— = 35 » .
5001e-0000e | (14 0 14)-(00 1) | 8376.349780(41) | 8376.349780(41) | 0.40893713(13) | 2.15023(98) | 5.113(19) | 0.28 | 197/200 | P43/Re1 | 14 2
0802e-0110e 7/8 R28 15
cooooior | (160141-111) | 8380.06955(79) | 8968.83742(79) | 04128238(32) | 5.492(34) - 0.62 5e 8 T
0822¢:0110e |\ o\ o | 8388.80465(04) | 8977.57252(94) | 04130452(43) | 0465(33] - 0.99 8/9 R34 15
0822f-0110f 8388.80618(41) | 8977.57405(41) | 0.4130242(17) | 2.512(12) - 058 | 14/19 R36 15
3601e-1000e | (16 020)-(202) | 8405.178795(76) | 9690.082135(76) | 0.40871239(42) | 0.2578(51) | 11.04(16) | 0.45 | 133/143 | P43/R48 | 14 2
3421e-0000e | (14246)-(001) | 8414.80622(19) | 8414.80622(19) | 0.41121533(44) | 1.3324(26) | 6.283(42) | 0.59 | 123/139 | P59/Re4 | 14 2
7lledll0e | o0 oo | 842141773(22) | 103016834722) | 0.4077352(16) | 0778(24] ; 057 | 42/50 | P26/R25 | 14 2
3711f-1110f 8421.41799(27) | 10301.68373(27) | 0.4102787(14) | 0.109(16) ; 062 | 38/60 | P26/R30 | 14 2
0712¢:0000e |\ "\ ) | 8425.02439(17) | 8425.02439(17) | 0.41147203(60) | 2.4479(37) ; 071 | 71/83 | P27/R40 | 15 2
0712f-0000e 8425.02397(15) | 8425.02397(15) | 0.41365445(43) | 2.7074(22) - 058 | 54/63 Q46 15 2
0(16)00e-0200e | (16 032)-(201) | 8430.97069(45) | 9599.10299(45) | 0.4155221(61) | 11.18(22) - 073 | 35/47 | P26/R23 | 14 2
0016)20e-0220e |\ o >, | 843212642(58) | 9609.87109(58) | 04158124(36) | 6.235(59) - 079 | 33/42 | P34/R36 | 14 2
0(16)20f-0220f 8432.12567(51) | 9609.87034(51) | 0.4158266(19) | 3.816(14) - 0.73 /19 P37/R30 | 14 2
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6001e-0200e | (16032)-(201) | 8438.20127(89) | 9606.33357(89) 0.407279(11) 2.813(35) - 0.62 13/14 P25/R25 | 14
3401e-0000e | (14015)-(001) | 8452.635884(60) | 8452.635884(60) | 0.40903577(18) | 0.3797(13) | 6.245(21) | 0.42 | 192/226 | P65/R68 | 14 2,4
6310e-0110e (15 1 1511 1 1) 8452.87658(12) | 9041.64445(12) | 0.41354259(78) | 4.032(11) 17.34(42) | 0.49 77/83 P38/R43 | 14 2
6310f-0110f 8452.87623(16) | 9041.64410(16) 0.4176919(10) 4.343(15) -7.32(57) | 0.64 | 97/102 P43/R36 | 14 2
3511e-0110e 8472.57403(65) | 9061.341901(65) | 0.40866329(26) | 1.0855(23) | 3.208(55) | 0.44 /100 PSS/R54 | 14 2
3511e-0110f (151 16)-11 1) /11 Q13 14 2
3511f-0110f 161/179 | P58/RS6 | 14 2
8472.57381(71) | 9061.341676(71) | 0.41068187(31 0.6135(29 4.023(71) | 0.47
3511f-0110e (71) (71) (31) (29) (71) 24/25 Q15 14 2
6200e-0000e | (14017)-(001) | 8475.72596(10) | 8475.72596(10) | 0.41548894(43) | 8.3107(43) | 62.79(12) | 0.50 | 152/164 | P52/R50 | 14 2
21e-022 76/92 P41/R42 | 14 2
3621e-0220e 8484.52589(18) | 9662.27056(18) 0.4103115(12) 1.781(21) -8.24(10) | 0.68 6/9 /R
3621e-0220f (1623512 22) 7/12 Qi1 14 2
3621f-0220f i 34/45 P28/R21 14 2
.52534(2 2.27001(2 41031 411(1 - )
2621702200 8484.52534(29) | 9662.27001(29) 0.4103144(46) 0.411(16) 0.69 o3 o ” >
0204e-1000e | (1801)-(202) | 8485.73196(19) | 9770.63529(19) 0.4064341(11) 2.601(16) 4.79(s5) | 0.78 87/98 P43/R44 | 16 2
0444e-0440e (204 444 4) 8489.55949(53) | 10845.81192(53) 0.408015(13) 1.729(57) - 0.67 12/12 P42/R37 | 16 5
0444f-0440f 8489.56061(81) | 10845.81303(81) 0.408014(11) 1.702(61) - 0.59 13/15 P39/R34 | 16 5
3731e-0330e (17335133 2) 8491.4621(11) 10258.3745(11) 0.4108183(50) 1.264(39) - 0.80 6/8 P33/R33 | 14
3731f-0330f 8491.46679(73) | 10258.37903(73) | 0.4108163(41) 1.295(43) - 0.65 9/11 P30/R28 | 14
0424e-0420e (2023142 3) 8493.76778(74) | 10824.88929(74) 0.407577(26) 0.58(33) - 0.75 12/14 P35/R21 | 16 5
0424f-0420f 8493.76989(51) | 10824.89134(51) 0.407603(17) 1.878(84) - 0.59 10/13 P34/R35 | 16 5
0404e-0400e | (2002)-(402) | 8497.5299(22) 10820.1030(22) 0.404823(13) -11.83(19) | -383.8(84) | 0.54 10/13 P23/R36 | 14
3202e-0110e 13/17 P11/R40 | 15
16025)-(111) | 8519.55279(38 9108.32066(38 0.4103549(34 4.905(47 103.1(17) | 0.69
3202e-0110f ( H111) (38) (38) (34) (47) (17) 8/11 Q37 15
3601e-0200e | (16020)-(201) | 8521.94982(17) | 9690.08212(17) 0.4087126(12) 0.238(21) 13.11(98) | 0.54 | 82/105 P39/R37 | 14 2
3222e-0110e 0/1 P17 15
2.47629(41 121.24416(41 .4107263(21 575(1 - 54
3222001107 62131111 8532.47629(41) | 9 6(41) 0.4107263(21) 0.575(18) 0.5 313 %3 1
3222-0110f 12/13 Q31 15
2.47384(47 121.24171(47 4107364(2 1 21 - 4
3222f-0110e 8532.47384(47) | 9 (47) 0.4107364(23) 985(21) 0.46 0/2 P19 15
0115e-0111e (151215 1 1) 8535.5869(20) 11333.8795(20) 0.403015(19) 4.25(48) - 0.72 7/9 P30/R14 | 16
0115f-0111f 8538.5838(15) 11333.8764(15) 0.404027(14) 8.41(30) - 0.85 9/11 P34/R16 | 16
0334e-0330e 98/111 P47/R49 | 16 2
8545.04817(12) | 10311.96055(12) | 0.40731249(33 1.6440(15 - 0.65
0334e-0330f (1932}332) (12) (12) (33) (15) 12/16 Q21 16 2
0334f-0330f 93/107 P42/R52 | 16 2
8545.04811(12) | 10311.96035(12) | 0.40731679(53 1.7099(55 3.87(15 0.57
0334f-0330e (12) (12) (53) (55) (15) 14/20 Q21 16 2
1114e-1110e (1914)(312) 8547.66309(57) | 10427.92884(57) | 0.4037569(22) 1.638(15) - 0.84 13/19 P38/R1 16 2
1114f-1110f 8547.66234(45) | 10427.92808(45) | 0.4045916(13) 1.6821(78) - 0.68 18/27 P40/R22 | 16 2
0(14)20e-0000e | (14046)-(001) | 8487.8307(15) 8487.8307(15) 0.415882(30) -2.258(17) | -47.76(27) | 0.62 13/24 P46/R59 | 14
0314e-0310e | (1911)-(311) | 8547.97518(12) | 10297.04041(12) | 0.40629448(45) | 2.1112(28) - 0.59 | 92/102 P42/R39 | 16 2
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0314f-0310f 8547.97476(10) 10297.03991(10) 0.40770316(29) 2.2569(14) - 0.55 111/123 P49/R45 16 2
3112e:0000e [\ 00 ) 8559.18235(18) | 8559.18235(18) | 0.4092941(14) 2.261(25) 32.6(12) | 0.65 | 84/98 P38/R37 | 15 2
3112f-0000e 8559.18255(28) | 8559.18255(28) | 0.4109372(29) 2.186(75) 50.6(54) | 039 | 37/39 Q29 15 2
7200e-0200e | (16 021)-(201) | 8578.42577(31) | 9746.55807(31) | 0.4132762(21) | 7.8193(33) | 51.6(14) | 0.60 | 46/54 P41/R29 | 14 2
7220e-0220e (16 238)-(222) 8583.56299(72) 9761.30766(72) 0.4137603(54) -2.02(12) - 0.64 10/15 P36/R30 14
7220f-0220f 8583.55573(60) 9761.30039(60) 0.4137772(19) 2.345(12) - 0.67 11/16 P40/R15 14
8000e-1000e | (16 022)-(202) | 8589.39307(19) | 9874.29641(19) | 0.4108201(12) 4.686(21) | 17.74(87) | 056 | 60/76 P43/R38 | 14 2
0005e-000le | (2001)-(401) | 8591.48746(54) | 10815.24424(54) | 0.4043925(42) | 19.059(94) | 459.7(54) | 0.83 | 36/49 P36/R20 | 16 2
7110e-0110e (15117)-(111) 8596.92962(12) 9185.69748(12) 0.41160589(53) 3.0592(55) 6.89(15) 0.52 104/122 P54/R44 14 2
7110f-0110f 8596.92908(13) 9185.69695(13) 0.41519148(72) 3.3174(88) 1.06(28) 0.53 93/106 P48/R38 14 2
0224e-0220e 8600.958600(98) | 9778.703270(98) 0.40662032(41) 1.2184(29) -2.734(57) 0.57 104/158 P62/R54 16 6
0224e-0220f (1822)-(222) 14//18 Q}lS 16
0224f-0220f 97/111 P59/R22 16
0224f-02200 8600.958927(87) | 9778.703596(87) 0.40661714(22) 1.14758(78) - 0.61 21/22 QL7 16
0204e-0200e | (1801)-(201) | 8602.502996(78) | 9770.635296(78) | 0.40643217(27) | 2.5761(21) | 4.08(42) | 0.40 | 158/171 | P62/R54 | 16 2
0314e-1110e (1911)(312) 8416.77635(40) 10297.04209(40) 0.4062877(24) 2.032(24) - 0.53 9/11 P8/R30 16
0314f-1110f 8416.77496(37) 10297.04070(37) 0.4076995(17) 2.242(13) - 0.47 12/18 P21/R34 16
1004e-1000e | (1804)-(202) | 8603.66282(21) | 9888.56616(21) | 0.40335265(26) | 1.8637(25) | 3.64(22) | 0.99 | 57/128 | PS8/Rs4 | 16 7
6200e-0000e | (14 017)-(001) | 8612.948264(51) | 8612.948264(51) | 0.41313023(24) | 5.0119(21) | 20.625(50) | 0.31 | 113/117 | P57/R11 | 14 2
6220e-0000e | (14261)-(001) | 8631.1326(18) 8631.1326(18) 0.4138725(39) | -0.219(26) | -12.79(50) | 0.45 | 12/16 P55 14
0004e-0000e (16 01)-(001) 8714.16345(19) 8714.16345(19) 0.40516923(78) 1.74441(76) - 0.48 31/35 P86 16 2
0623e-0220e (15117)-(111) 8634.71236(97) 9802.84466(97) 0.4113955(43) -0.277(51) - 0.68 20/24 P44 16 2
0623f-0220f 8634.70920(97) 9802.84149(97) 0.4114151(30) 3.317(20) - 0.53 13/17 P36 16 2
0603-0200e (1802)-(201) | 8637.643889(11) 9805.77619(11) 0.4114824(38) 6.293(35) 48.76(93) 0.63 26/37 P48 16 2
0114e-0110e (1711)-(111) 8657.317217(25) 9246.08509(25) 0.40553160(21) 1.77914(39) - 0.39 69/74 P72 16 2
0114f-0110f 8657.31920(39) | 9246.08707(39) | 0.40627619(35) | 1.80288(70) - 053 | 63/65 P69 16 2
14NI5N26Q jsotopologue
5001e-0000e | (14 014)-(001) | 8364.70560(19) | 8364.70560(19) | 0.40709930(67) | 1.2404(58) | 5.29(14) | 0.66 | 90/99 P34/R55 | 14 2
4311e-0110e (15116)-(111) 8376.53244(94) 8951.96609(94) 0.4072326(45) 1.116(45) - 0.39 9/10 P29 14
4311f-0110f 8376.53256(23) 8951.96620(23) 0.4078566(78) 1.114(61) - 0.67 9/9 P32 14
0204e-0200e | (1801)-(201) | 8432.39455(31) | 9576.72793(31) | 0.4068766(21) 2.911(26) - 062 | 21/26 P31/R12 | 16
0224e-0220e 8431.00918(39) 9582.04009(39) 0.4069740(14) 0.8679(85) - 0.65 13/20 P41/R22 16
0224f-0220f (1822)-(222) 8431.00927(43) 9582.04017(43) 0.4069759(15) 1.8166(83) - 0.58 11/12 P42/R30 16
0114e-0110e 93/129 P51/R49 16 2
0114e-0110f 8484.55849(14) 9059.99214(14) 0.40592390(62) 1.7532(62) -0.16(12) 0.54 1/4 Q9 16
0114f-0110f (1711)-(1112) 94/122 P51/R49 16 2
0114f-0110e 8484.55824(13) 9059.99189(13) 0.40668043(29) 17769(13) - 0.57 23 QL7 16
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0004e-0000e | (1601)-(001) | 8538.510486(52) | 8538.510486(52) | 0.405623501(92) | 1.74231(29) | - | 0.41 [ 196/202 | Ps8/R60 | 16 |
15N14N26Q jsotopologue
3401e-0000e | (14015)-(001) | 8372.786910(98) | 8372.786910(98) | 0.39620985(63) | 0.1757(95) | 2.41(37) | 0.47 | 104/117 | Pa3/ra2 | 14
0114e-0110e | (o)1 0y ) 8571.99260(12) | 9157.30472(12) | 0.39176682(25) | 1.67320(96) - 050 | 77/85 P46/R56 | 16
0114f-0110f 8571.99275(14) | 9157.30487(14) | 0.39246993(28) | 1.7089(11) - 0.55 | 66/90 PS7/R47 | 16
0224e-0220e | 1o 55 ) 8515.77714(25) | 9686.62014(25) | 0.3928104(17) 1.773(17) - 0.55 | 15/17 P33/R23 | 16
0224f-0220f 8515.77610(74) | 9686.61910(74) | 0.3928078(31) 1.248(22) - 0.88 9/9 P14/R36 | 16
0204e-0200e | (1801)-(201) | 8517.34616(25) | 9677.31787(25) | 0.39258957(91) | 2.2431(61) - 0.76 | 33/44 P42/R38 | 16
0004e-0000e | (1601)-(001) | 8628.68348(12) | 8628.68348(12) | 0.39141029(29) | 1.6738(18) | 0.58(29) | 0.39 | 90/99 P67 16
3511e-0110e | (oo 1 g gy 8395.10391(36) | 8980.41603(36) | 0.3956188(13) | 0.8629(78) - 060 | 16/18 P32/R38 | 14
3511f-0110f 8395.10427(52) | 8980.41639(52) | 0.3976831(21) 0.484(14) - 0.86 | 16/18 P26/R37 | 14
14N,%0 isotopologue
6200e-0000e | (14017)-(001) | 8428.79738(16) | 8428.79738(16) | 0.38939701(72) | 3.1348(58) - 059 | 56/64 P35/R35 | 14
7000e-0000e | (14018)-(001) | 8520.97341(18) | 8520.97341(18) | 0.38762547(77) | 1.1502(64) - 071 | 76/98 P36/R35 | 14
0004e-0000e | (1601)-(001) | 8681.69797(72) - - - - /8 P62 16
15N,160 isotopologue
0004e-0000e | (1601)-(001) | 8450.30474(43) | 8450.30474(43) | 0.3918582(13) | 1.6319(76) | - | 073 | 17/22 | P36/ra1 | 16 |

Notes

The confidence interval (1SD) is in the units of the last quoted digit.

aV; VI V3 correspond to the maximum value of the modulo of the expansion coefficients of the eigenfunction. V; is given between parenthesis when it is larger than 10.

b Cluster labelling notation: (P=2V1+V2+4Vs3, I, i), i is the order number within the cluster increasing with the energy.

°AG,=G,- G, is the band center.

9Root Mean Square of the (Obs.-Calc.) differences of the position values (103 cm™).

¢ Ny is the total number of transitions included in the fit; Nops is the total number of measured transitions of the considered band.

fObserved branch with the maximum value of the total angular momentum quantum number of the input data.

9 AP=P — P’, where P  and P are the upper and lower polyads.

h Notes: 1 — Measured line positions from Ref.[1] were included in the fit; 2 — Measured line positions from Ref. [17] were included in the fit; 3 - Anharmonic intrapolyad
interaction (16 0 9) €>(16 0 18) at J= 29; 4 — Coriolis Interpolyad interaction (14 0 15) ¢>(15 3 23) at J= 51; 5 — Low constants 0420e/0420f and 0440e/0440f were fitted
(See Supplementary Material 1l); 6 - Intrapolyad anharmonic interaction (18 2 2) <>(16 2 38) at J=47; 7 - Intrapolyad anharmonic interaction (18 0 4) <>(18 0 3) at J= 14,
Coriolis Interpolyad interaction (18 0 4) <>(17 1 10) J= 34, Intrapolyad anharmonic interaction (18 0 4) ¢<>(16 0 2) at J= 45; 8 — The band center of the 0004e-0000e band
(448 isotopologue) provided by the global effective Hamiltonian;
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