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a b s t r a c t 

The weak 2 ν1 +3 ν2 +ν3 absorption band of the nitrogen dioxide main isotopologue ( 14 N 

16 O 2 ) is inves- 

tigated near 6350 cm 

−1 . The absorption spectrum was recorded by high sensitivity Cavity Ring Down 

Spectroscopy with a noise equivalent absorption of αmin ≈ 1 × 10 −10 cm 

−1 . In total, 1069 lines of the 

2 ν1 + 3 ν2 + ν3 band were assigned with rotational quantum numbers N and K a up to 48 and 8, respec- 

tively, that corresponds to 1276 vibration-rotation transitions. The derived set of line positions is repro- 

duced with an effective Hamiltonian with an rms of 2.35 × 10 −3 cm 

−1 for the (obs.-calc.) deviations. The 

effective Hamiltonian takes explicitly into account the Coriolis interactions between the spin rotational 

levels of the (2,3,1) upper vibrational state and those of two nearby dark states - (2,5,0) and (2,1,2) - to- 

gether with the electron spin-rotation interactions. Using the corresponding eigenfunctions the principal 

effective dipole moment parameter responsible for the line intensities of the 2 ν1 + 3 ν2 + ν3 band is fitted 

to selected measured line intensities which are reproduced with an rms deviation of 6.2%. 

© 2017 Elsevier Ltd. All rights reserved. 

1. Introduction 

Nitrogen dioxide ( 14 N 

16 O 2 ) is an important atmospheric trace 

species which is predominantly generated as tropospheric pollu- 

tant through the burning of fossil fuels and contributes to the pol- 

lution of the troposphere. Accurate measurements of NO 2 concen- 

tration in the atmosphere are now commonly performed in the 6.2 

and 3.4 μm regions which correspond to the ν3 and ν1 +ν3 bands, 

respectively, by means of infrared remote sensing methods [1,2] . In 

the stratosphere, nitrogen dioxide contributes to the natural regu- 

lation of ozone via photochemical reactions involving NO. The high 

temperature infrared spectrum of nitrogen dioxide is needed for a 

number of applications as the NO 2 detection in hot plumes emit- 

ted by industrial furnaces and engines [3] or in exoplanets [4] . A 

high-resolution, high-temperature Nitrogen Dioxide Spectroscopic 

Databank (NDSD-10 0 0) [5] has been recently released for high 

temperature applications. It is based on the global modeling of the 

line positions and intensities performed within the framework of 

the method of effective operators [6] and on the calculated val- 

∗ Corresponding author. 

E-mail addresses: Alain.Campargue@univ-grenoble-alpes.fr , 

alain.campargue@ujf-grenoble.fr (A. Campargue). 

ues of line shape parameters. The databank is presently limited to 

five spectral regions in the 466–4776 cm 

−1 spectral range. As sum- 

marized on Fig. 1 of Ref. [7] , additional bands have been reported 

above 50 0 0 cm 

−1 and are not yet incorporated in spectroscopic 

databases like the HITRAN [8] and GEISA [9] databases. As a result 

of the decrease of the band intensities at high wavenumbers, high 

sensitivity methods are needed to detect the near infrared bands. 

The review of the literature above 50 0 0 cm 

−1 indicates that the 

previous observations are the ν1 + 3 ν3 band at 5984.7 cm 

−1 mea- 

sured by Fourier Transform Spectroscopy (FTS) [10] , the 2 ν1 + 3 ν3 

band at 7192.2 cm 

−1 detected by Incoherent Broad Band-Cavity En- 

hanced Absorption Spectroscopy (IBB-CEAS) [11] and our recent 

CRDS studies of the 4 ν1 + ν3 and 3 ν1 + 3 ν2 + ν3 bands at 6676.9 

and 7587.0 cm 

−1 [12,13] , respectively and of five bands between 

7650 and 7900 cm 

−1 [14,15] . 

The present work aims at further improving the characteri- 

zation of the near infrared spectrum of nitrogen dioxide in the 
˜ X 

2 A 1 ground state focusing on the 2 ν1 + 3 ν2 + ν3 band centered 

at 6351.4 cm 

−1 . The experimental spectrum under analysis is part 

of a new CRDS spectrum recorded in Grenoble between 5855 and 

6410 cm 

−1 . As illustrated on the spectrum overview presented in 

Fig. 1 , the 2 ν1 + 3 ν2 + ν3 band is more than three orders of mag- 

nitude weaker than the ν1 + 3 ν3 band. The 3 ν1 + ν2 + ν3 and 4 ν3 
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Fig. 1. Overview of the CRDS spectrum of NO 2 in the 5860–6400 cm 

−1 region ( P 

≈ 1 Torr). The spectrum was cleaned from a few CO lines near 6316 cm 

−1 and CO 2 
lines near 6227 cm 

−1 and 6347 cm 

−1 present as impurities. The 2 ν1 + 3 ν2 + ν3 band 

of nitrous acid (HONO) present as an impurity is observed near 6046 cm 

−1 . 

bands at 6156 and 6276 cm 

−1 , respectively, appear in the studied 

interval and will be reported separately. 

The rest part of the article is organized as follows. Experimental 

aspects are presented in the next Section 2 . Section 3 includes the 

vibration-rotation assignments and the modeling of the spectrum 

using an effective Hamiltonian model which accounts for explic- 

itly spin-rotation interactions and couplings with two nearby dark 

states. In Section 4 , some peculiarities of the 2 ν1 + 2 ν2 + ν3 band 

are discussed while in Section 5 , line intensities are modeled using 

an effective transition dipole moment operator determined from a 

fit of a selected set of experimental line intensities. 

2. Experimental details and line parameters retrieval 

The spectrum of nitrogen dioxide displayed on Fig. 1 was 

recorded with our fibre-connected Cavity Ring Down spectrome- 

ter described in Refs. [16,17] . A series of twenty five Distributed 

Feedback (DFB) laser diodes was used as light sources to cover 

the 5855–6410 cm 

−1 spectral region. Each laser diode allows for a 

spectral interval coverage of about 30 cm 

−1 by changing continu- 

ously the laser temperature from −10 °C to 60 °C. A 10% fraction of 

the DFB light was sent into a commercial Fizeau type wavemeter 

(HighFinesse WSU7-IR, 5 MHz resolution, 20 MHz accuracy over 10 

h, 100 Hz refresh rate) allowing measuring the emitted frequency. 

The calibration was checked and refined using reference line posi- 

tions of H 2 O present as an impurity using HITRAN2012 line posi- 

tions [8] . 

The stainless steel CRDS cell ( l = 1.4 m, inner diameter 

�= 11.5 mm) is fitted by a pair of super-mirrors whose reflectiv- 

ity allows for ring down times on the order of 250 μs. About 10 

ring-down events were averaged for each spectral data point sep- 

arated by about 2 × 10 −3 cm 

−1 and the complete temperature scan 

of one DFB laser was achieved after about 65 min. In the investi- 

gated region, the achieved noise equivalent absorption is typically 

αmin ∼ 1 × 10 −10 cm 

−1 . The gas pressure was continuously moni- 

tored by a capacitance gauge (Model 626, 10 Torr, MKS instrument; 

0.25% accuracy). The filling pressure was 1.00 Torr. Note that dur- 

ing the scan of the DFB laser diodes the pressure was observed to 

slightly decrease (up to 10%) as a result of the adsorption on the 

walls of the CRD cell or unknown chemical reaction. The pressure 

value used for the intensity calculation is the pressure value mea- 

sured at the exact recording time of the considered absorption line. 

The cell temperature was 297.3 ± 0.5 K. In these conditions, the gas 

sample consists in a mixture of NO 2 monomers and N 2 O 4 dimers. 

The monomer partial pressure is determined using the equation: 

P ( N O 2 ) 
2 = K P P ( N 2 O 4 ) (1) 

where K P is the equilibrium constant whose value is 

76 Torr at 294 K [18] . The resulting NO 2 partial pressure is 

P (NO 2 ) = 0.987 Torr for a 1.0 Torr total pressure. 

The spectral line parameters in the 6288–6408 cm 

−1 spectral 

region were retrieved using the multiline fitting computer code 

described in Ref. [19] which determines the line parameters by 

adjustment of the synthetic spectrum to the observed one. This 

computer code uses for line shape the different kinds of the con- 

tour describing the pressure broadening and Doppler effect simul- 

taneously. In the present paper, the spectral line shape was mod- 

eled with the Voigt profile in which the calculated value for the 

Doppler line width was used and the collision broadening coeffi- 

cient was fixed to the HITRAN value of 0.095 cm 

−1 atm 

−1 [8] . The 

observed spectrum is very dense. All overlapped lines were fit- 

ted with a base line assumed to be constant over the fitted spec- 

tral interval. The adjustable parameters were then the position and 

intensity of each line and the base line constant. The sample of 

spectrum displayed in Fig. 2 illustrates the achieved spectrum re- 

production with the retrieved line parameters. The intensity dia- 

gram of all retrieved lines (full peak list) is also presented in this 

figure (panel b ). In panel ( a) we selected the assigned lines (see 

Section 3 ) from the full peak list. Overall, the parameters of more 

than 30 0 0 lines were retrieved in the 6288–6410 cm 

−1 interval. 

Note that in the case of unresolved spin-rotational doublets, we 

often fitted the absorption feature as a single line. Line intensities 

range between about 10 −28 and 10 −26 cm/molecule. Because of the 

weakness and blending of the majority of the lines the averaged 

accuracy of the retrieved line intensities was estimated to be about 

20% or worse for the very weak or strongly blended lines. We esti- 

mate to 1 × 10 −3 cm 

−1 the uncertainty on the position of well iso- 

lated lines as checked by comparison of the positions of CO lines 

present as an impurity which are observed near 6330 cm 

−1 . 

3. Spectrum assignment and modeling 

3.1. Effective Hamiltonian model 

Preliminary spectrum assignment was performed using the pre- 

dictions of the global effective Hamiltonian [6] but the accuracy of 

the predictions was not sufficient to perform the complete assign- 

ment. Thus, we perform a spectrum modeling using a local effec- 

tive Hamiltonian (EH) limited to the 6288–6408 cm 

−1 region dom- 

inated by the 2 ν1 + 3 ν2 + ν3 band. The EH takes into account the 

electron spin-rotation (SR) interaction and the second order res- 

onance Coriolis interactions of the (2,3,1) upper vibrational state 

with two vibrational dark states, (2,5,0) and (2,1,2). According to 

Ref. [20] , the vibrational energies of these states are close to each 

other: (2,3,1) – 6351.40 cm 

−1 , (2,5,0) - 6299.70 cm 

−1 and (2,1,2) - 

6414.16 cm 

−1 . The scheme of the effective Hamiltonian matrix in 

the basis of products of harmonic oscillator eigenfunctions |v 1 , v 2 , 

v 3 > and eigenfunctions of the rigid symmetric top | NK 〉 and spin 

| S σ 〉 operators is given in Fig. 3 . Here J, N and S are the quantum 

numbers of total, rotational and electron spin angular momentum 

quantum numbers, respectively, K and σ are the quantum num- 

bers associated to the projection on the molecular-fixed z axis of 

the rotational and the electron spin operators, respectively. 

In the scheme presented in Fig. 3 H VR is the Watson-type 

Hamiltonian in I r representation [21] : 
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