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The high-resolution absorption spectrum of the 4   3 band of the 14 N 16 O 2 molecule was recorded by CW-Cavity Ring Down Spectroscopy between 6575 and 6700 cm -1 . The assignments involve energy levels of the (4,0,1) vibrational state with rotational quantum numbers up to K a = 8 and N = 48. A large majority of the spin-rotation energy levels were reproduced within their experimental uncertainty using a theoretical model which takes explicitly into account the Coriolis interactions between the spin rotational levels of the (4,0,1) vibrational state and those of the (4,2,0) and of (0,9,0) dark states, the anharmonic interactions between the (4,2,0) and (0,9,0) states together with the electron spin-rotation resonances within the (4,0,1), (4,2,0) and (0,9,0) states. Precise vibrational energies, rotational, spin-rotational, and coupling constants were determined for the {(4,2,0), (0,9,0), (4,0,1)} triad of interacting states. Using these parameters and the value of the transition dipole moment operator determined from a fit of a selection of experimental line intensities, the synthetic spectrum of the 4   3 band was generated and is provided as Supplementary Material.

Introduction

Nitrogen dioxide ( 14 N 16 O 2 ) is an important atmospheric trace species involved in the photochemistry of the stratosphere and in the pollution of the troposphere. Accurate measurements of NO 2 concentration in the atmosphere are now commonly performed in the 6.2 and 3.4 m regions which correspond to the  3 and  1 +  3 bands, respectively, by means of infrared remote sensing methods [START_REF] Lopez-Puertas | The stratospheric and mesospheric NO y in the 2002-2004 polar winters as measured by MIPAS/ENVISAT[END_REF][START_REF] Notholt | Comparison of Arctic and Antarctic trace gas column abundances from ground-based Fourier transform infrared spectrometry[END_REF]. For this reason numerous detailed spectroscopic studies of the 14 N 16 O 2 absorption bands were performed from the microwave up to the 1.7 m region [START_REF] Perrin | The far infrared spectrum of NO 2 -Electron spin resonance and hyperfine Fermi contact resonance in the ground state[END_REF][START_REF] Perrin | The  2 band of NO 2 : line positions and intensities[END_REF][START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF][START_REF] Perrin |     } interacting bands of NO 2 : line positions and intensities[END_REF][START_REF] Perrin | The  2 and 2    bands of 14 N 16 O 2 : electron spin-rotation and hyperfine contact resonances in the (010) vibrational state[END_REF][START_REF] Perrin | The  and the       bands of NO 2 : line positions and intensities[END_REF][START_REF] Perrin | The {2 3 } and 2    bands of NO 2 : line positions and line intensities[END_REF][START_REF] Mandin | The {       3 } bands of NO 2 : line positions and intensities; line intensities in the         hot band[END_REF][START_REF] Stephen | New high resolution analysis of the 3 3 and 2    bands of nitrogen dioxide (NO 2 ) by Fourier transform transform spectroscopy[END_REF]. The results of these studies lead to lists of NO 2 line positions and intensities [START_REF] Perrin | Rinsland CP, NO 2 and SO 2 line parameters: 1996 HITRAN update and new results[END_REF] which are now implemented in spectroscopic databases such as HITRAN [START_REF] Rothman | The HITRAN 2008 molecular spectroscopic database[END_REF] and GEISA [START_REF] Jacquinet-Husson | The GEISA spectroscopic database: Current and future archive for Earth's planetary atmosphere studies[END_REF]. 14 N 16 O 2 is an asymmetric rotor exhibiting in the infrared region a spectrum with a doublet structure due to the electron spin-rotation interaction, and a hyperfine structure in microwave and far infrared spectral regions. Also depending on the spectral range of interest, one has to consider rovibrational interactions in order to account for the measured line positions and intensities. Indeed strong C-type Coriolis resonances are coupling the spin-rotational levels of the (v 1 , v 2 , v 3 ) and (v 1 , v 2 2, v 3  1) vibrational states [6, 8, 9, 10, 11, 15]. In addition, for the first triad of interacting states {(1,0,0),(0,2,0),(0,0,1)}, a weaker C-type Coriolis resonance connects the (1,0,0) and (0,0,1) energy levels [START_REF] Perrin |     } interacting bands of NO 2 : line positions and intensities[END_REF].

It is also important to understand the complex absorption behavior of the NO 2 species at high energies. Using the laser induced dispersed fluorescence (LIDFS) technique, the complete set of the 191 lowest vibrational levels of the X 2 A 1 ground electronic state, up to 10000 cm -1 was measured [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF]. However, at wavelengths smaller than 2.5 m only some NO 2 infrared bands were the subject of detailed rotational analysis, like the 2 1 + 3 , 3 3 [START_REF] Stephen | New high resolution analysis of the 3 3 and 2    bands of nitrogen dioxide (NO 2 ) by Fourier transform transform spectroscopy[END_REF], 3 1 + 3 [START_REF] Blank | Molecular constants for the (3,0,1) state of NO 2[END_REF] and [START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF] bands located at 4179.938, 4754.209, 5437.54 and 5984.705 cm -1 , respectively. Indeed in this frequency range, the absorption bands become extremely weak, except for series of A-type bands corresponding to (v 1 ,v 2 ,v 3 )-(0,0,0) vibrational transitions with, v 3 =odd for symmetry reasons, high vibrational excitation of the stretching modes (v 1 +v 3 = high), and no excitation of the bending mode (v 2 =0). One has to underline that during the investigation of the  1 +3 3 band [START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF], additional high order vibration-rotation interactions involving vibrational states differing by a large number of vibrational quanta were identified in addition to the resonances classically observed in the infrared region. It is interesting to search for such high order resonances by investigating NO 2 bands at higher frequency.

 1 +3 3
The present work is devoted to the analysis of the 4   3 band near 6677 cm -1 . This band is the highest combination band of nitrogen dioxide in the X 2 A 1 ground state reported so far at high-resolution. The spectrum was recorded in Grenoble by CW-Cavity Ring Down Spectroscopy (CW-CRDS). The analysis was performed by using a Hamiltonian matrix which explicitly accounts for the electron spin-rotation resonances, Coriolis-type resonances and anharmonic interactions.

Experimental details

The high-sensitivity absorption spectrum of nitrogen dioxide was recorded in the 6575-6700 cm -1 region. The fibered distributed feedback (DFB) laser CW-CRDS spectrometer used for these recordings has been described in Refs. [START_REF] Macko | High sensitivity CW-cavity ring down spectroscopy of water in the region of the 1.5 m atmospheric window[END_REF][START_REF] Morville | Two schemes for trace detection using cavity ringdown spectroscopy[END_REF][START_REF] Perevalov | CWcavity ringdown spectroscopy of carbon dioxide isotopologues near 1.5 m[END_REF]. Each DFB laser diode has a typical tuning range of about 35 cm -1 by temperature tuning from -5°C to 60°C. Five DFB laser diodes were sufficient to cover the 6575-6700 cm -1 region of interest. The stainless steel ringdown cell (l= 2 m, = 10 mm) is fitted by a pair of super-mirrors. The reflectivity of the used mirrors corresponds to ring down times of about ~ 70 s. About one hundred ringdown events were averaged for each spectral data point, and the complete temperature scan of one DFB laser required about 70 minutes. Our achieved noise equivalent absorption is typically  min ~ 3×10 -10 cm -1 over the whole spectrum but in the present case, the absence of spectral sections free of absorption lines made its estimation difficult. The pressure of the nitrogen dioxide sample (Sigma Aldrich, 99% purity) was fixed to 10.0 Torr measured by a capacitance gauge, and the cell temperature was 297 K. In these conditions, the nitrogen dioxide sample consists in a mixture of NO 2 and N 2 O 4 . The monomer partial pressure was determined using the equation:

P(NO 2 ) 2 = K p . P(N 2 O 4 ) (1) 
where K P is the equilibrium constant whose value is about 81 Torr at 297 K [START_REF] Hurtmans | Integrated band intensities in N 2 O 4 in the infrared range[END_REF]. The resulting NO 2 partial pressure is P(NO 2 )= 9.0 (1) Torr . present as an impurity in the sample. The H 2 O line positions as provided in the HITRAN database [START_REF] Rothman | The HITRAN 2008 molecular spectroscopic database[END_REF] were used for calibration. The typical uncertainty on the line positions is estimated to be 1×10 -3 cm -1 . An overview of the spectrum between 6620 and 6700 cm -1 is included in Fig. 1.

Analysis

Assignment

Nitrogen dioxide is an asymmetric rotor which is rather close to the prolate symmetric top limit, due to the value of its rotational constants (A~8.0023, B~0.4337, C~0.4104 cm -1 in the ground vibrational state [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF]). According to symmetry properties, the 4 1 + 3 band is an A-type band with only K a = even transitions. However since NO 2 is a near prolate symmetric top, only K a = 0 transitions are observable.

In principle 14 N 16 O 2 exhibits a spectrum with doublet structure due to the electron spinrotation interaction. However, for A-type bands the observed doublets, which correspond to the difference of the spin-rotation splittings in the upper and lower states of each transition, are usually weak. The rather large Doppler linewidths in the studied region (FWHM~0.006 cm -1 at 1.5 µm) made these doublets difficult to resolve in our spectrum. These observations were possible for low K a values (K a =0,1,2) or for small N values as illustrated in Figs. 2 and 3.

The analysis of the 4 1 + 3 band was not easy. The Q branch is rather congested as usual for A-type bands (see Fig. 4). The R branch is also very crowded due to a turn around near 6691 cm -1 (see Fig. 5). For this reason, it is not always possible to rely on combination differences relations for the identification of weaker lines in the P branch. Indeed lines present in the low frequency range of the 4 1 + 3 band may belong to hot bands (which contribute for about 10% of the total band intensity) or to minor isotopic species present in the sample in natural abundance.

The analysis was initiated by following series of regular patterns in the P branch. Examples of such rather regular series are given in Fig. 2. The ground state energy levels were calculated using the ground state parameters of Ref. [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF] and added to the measured line positions to get the experimental upper state energy levels. These upper state levels were introduced in a leastsquares fit in order to get a first set of upper state parameters (vibrational energy and rotational and spin-rotational constants) for the (4,0,1) state. Then, a preliminary synthetic spectrum of the 4 1 + 3 band was generated which allowed for new assignments. The initial energy level calculations were performed considering only the spin-rotation interactions within the (4,0,1) vibrational state, but at a given step of the analysis, it was necessary to include vibration-rotation interactions involving the energy levels of the (4,0,1) state with those of the (4,2,0) and (0,9,0) dark vibrational states. This process was repeated iteratively until no more lines could be assigned.

The search for extra lines from the dark 4 1 +2 2 and 9 2 dark bands was unsuccessful because of the spectral congestion of the CRDS spectrum due to hot bands, minor isotopic species or impurities (see Fig. 3 for example). The final results of the analysis are summarized in Table 1. Overall 532 energy levels could be derived. They are provided as Supplementary Material.

Energy level calculation

The first energy levels calculation were performed accounting for the spin-rotation interactions within both (4,0,1) and (4,2,0) together with the vibration-rotation resonances involving energy levels from the (4,0,1) bright state with those from the (4,2,0) dark state.

Indeed, this Coriolis-type resonance, which involves the

(v 1 ,v 2 ,v 3 )  (v 1 ,v 2 2,v 3  1)
resonating vibrational states, is commonly encountered in the NO 2 molecule [START_REF] Perrin |     } interacting bands of NO 2 : line positions and intensities[END_REF][START_REF] Perrin | The  and the       bands of NO 2 : line positions and intensities[END_REF][START_REF] Perrin | The {2 3 } and 2    bands of NO 2 : line positions and line intensities[END_REF][START_REF] Mandin | The {       3 } bands of NO 2 : line positions and intensities; line intensities in the         hot band[END_REF][START_REF] Stephen | New high resolution analysis of the 3 3 and 2    bands of nitrogen dioxide (NO 2 ) by Fourier transform transform spectroscopy[END_REF][START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF].

However, it was impossible to reproduce the (4,0,1) energy levels for N35 or K a 4. In addition for K a =0 and 5 N 19, the calculated energy are shifted relative to the observed ones by about 0.01 cm -1 . This leads to apparent overestimated intensities in the 6645-6650 and 6680-6686 cm -1 of the P and R-branches, respectively which is apparent on the upper panel of Fig. 1. It was clear that additional vibration-rotation resonances had to be taken into account.

The list of the dark vibrational states [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF] possibly interacting with the (4,0,1) bright state is presented in Table 2. Depending on the symmetry of the (v 1 ,v 2 ,v 3 ) dark state, the (v 1 ,v 2 ,v 3 ) ↔ (4,0,1) resonance coupling may be anharmonic (for odd values of v 3 ) or C-type Coriolis (for even values of v 3 ). We investigated one by one all the possible resonance interactionsn

High order anharmonic resonances may play an important role. For instance, Delon et al

introduced the     1 2 3 1 2 3 v , v , v v 3, v 1, v 2    coupling in the effective vibrational
Hamiltonian that they developed to reproduce the complete set of 191 vibrational levels up to 10000 cm -1 Ref. [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF]. Accordingly, the possible existence of the (4,0,1) ↔ (1,1,3) anharmonic resonance was considered in the present analysis, but without success.

Finally, it appeared that the dark state at 6705.23 cm -1 , identified as (0,9,0) in Ref. [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF], is responsible for most of the observed additional perturbations. Therefore, three interacting states {(4,2,0), (0,9,0), (4,0,1)} are involved in the final modeling which used the Hamiltonian matrix given in Table 3. This final calculation takes explicitly into account the electron spinrotation interactions within each of the (4,2,0), (0,9,0) and (4,0,1) vibrational states together with the (4,2,0) ↔ (4,0,1) and (0,9,0) ↔ (4,0,1) Coriolis type interactions and an anharmonic resonance linking the (4,2,0) and (0,9,0) energy levels.

The 532 spin-rotation energy levels of the (4,0,1) state obtained in this work, together with the experimental vibrational energy of the (4,2,0) and (0,9,0) states [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF] were introduced at their estimated uncertainty in a least-squares calculation to fit the parameters of the upper {(4,2,0), (0,9,0), (4,0,1)} interacting states. The vibrational energies and rotational, spin-rotational and coupling constants deduced from the fit together with their estimated uncertainties are listed in Table 4. Only some of the rotational and spin-rotational constants could be fitted for the (4,2,0) and (0,9,0) dark states, the other ones being fixed to their ground state values [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF].

The results of the energy levels calculations proved to be rather satisfactory, as can be seen from the standard deviation (2.4×10 -3 cm -1 ) and statistical analysis given in the lower part of Table 1. However, the (obs.-calc.) values included in the Supplementary Material show that some (4,0,1) spin-rotation energy levels could not be reproduced within their experimental uncertainty (on the order of 1.0×10 -3 cm -1 ). This may be the result of a lack of information relative to the (4,2,0) and (0,9,0) dark states, except for the LIDFS vibrational energies [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF]. 9

The fitted value of the vibrational energy of the (4,0,1) state (E 401 =6676.8796( 14)cm 1 ) is very close to the LIDFS value (E 401 = 6676.86 cm 1 ) Ref. [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF].

The  2 vibrational mode is associated with the NO 2 bending mode and according to the vibration-rotation parameters derived from microwave studies [START_REF] Morino | Microwave Spectrum of Nitrogen Dioxide in Excited Vibrational States-Equilibrium Structure[END_REF], the A rotational constant is expected to increase significantly with the v 2 vibrational quantum number. For example, the experimental values of the 0 0 2 v A progression are A 000 = 8.00235469 cm -1 [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF], A 010 = 8.37412738 cm -1 [START_REF] Perrin | The  2 band of NO 2 : line positions and intensities[END_REF], A 020 = 8.7787058 cm -1 [START_REF] Perrin | The  2 and 2    bands of 14 N 16 O 2 : electron spin-rotation and hyperfine contact resonances in the (010) vibrational state[END_REF], A 030 = 9.20316 cm -1 [START_REF] Perrin | The  and the       bands of NO 2 : line positions and intensities[END_REF], A 040 = 9.8075 cm -1

[9], A 080 = 12.45212 cm -1 [START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF], respectively. Our fitted values of the A rotational constant of the (0,9,0) and (4,2,0) vibrational states (A 090 =10.6259(25) and A 420 =12.3059(67) cm -1 ), differ significantly from the values extrapolated using the A e equilibrium rotational constant and the

0 i A  and ij A
 (first and second order, respectively) vibration-rotation constants derived in Ref. [START_REF] Morino | Microwave Spectrum of Nitrogen Dioxide in Excited Vibrational States-Equilibrium Structure[END_REF] ( Predicted A 090 ~ 12.5 cm -1 and Predicted A 420 ~ 9.3 cm -1 ). Nevertheless, we note that the predicted variation of the sum of the A rotational constants Predicted (A 090 +A 420 -2×A 000 -)~ 5.8 cm -1 is in good agreement with the experimental value ~ 6.9 cm -1 . It indicates that the (0,9,0) and (4,2,0) dark states are strongly mixed by anharmonic resonances and that the fitted values of their A rotational constants are highly correlated.

Therefore, and contrary to what could be done in Ref. [START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF], the fitted values of the rotational constant cannot be used to confirm the (0,9,0) and (4,2,0) vibrational assignments proposed in Ref. [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF] for the states located at 6705.23 cm 1 and 6653.54 cm 1 .

Let us consider in more details the interactions between the energy levels of the {(4,2,0), (0,9,0), (4,0,1)} triad.

The (0,9,0)  (4,2,0) anharmonic resonance

The quality of the least squares fit calculation was significantly improved by including a weak but significant anharmonic interaction in 2 z N linking the (0,9,0) and (4,2,0) vibrational energy 10 levels. More explicitly, the K a =4-6 energy levels of the (0,9,0)  (4,2,0) interacting states are strongly mixed (up to 50% for K a =6) within a K a =0 resonance.

The (0,9,0)  (4,0,1) and (4,2,0)  (4,0,1) Coriolis resonances:

This resonance interaction connects the K a = 7 energy levels of the (4,0,1) state to the K a = 6 levels of the (0,9,0) and (4,2,0) dark states. Both dark states are contributing to this interaction because their K a = 6 series are themselves strongly mixed by anharmonic resonances and the dominant contribution cannot be discriminated. The mixing coefficient of the rotational levels of the (4,2,0) dark state reaches its maximum of 45% at N' around 12.

In addition, for odd N values, the K a = 1 energy levels of the (4,0,1) state are resonating with the [N, K a =2, K c =N-1] levels of the (4,2,0) dark state. In this case, the resonance reaches its maximum at N=35.

In Ref. [START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF], an unexpected Coriolis resonance involving the (0,8,0) and (1,0,3) resonating states was pointed out for the first time. This was a surprise for NO 2 because the interacting vibrational states differ by twelve vibrational quanta.

In the present study, the existence of a strong anharmonic resonance coupling the (0,9,0) and (4,2,0) dark states provides a partial explanation to the existence of C-type Coriolis resonances coupling the (4,0,1) state to both (0,9,0) and (4,2,0) states.

The high order resonances evidenced in the  1 +3 3 band [START_REF] Miljanic | New high resolution analysis of the  1 +3 3 band of nitrogen dioxide[END_REF] and in the present study of the 4 1 + 3 band show that the description of the vibrational states in the classical normal mode scheme begins to fail for vibrational excitations higher than 5900 cm -1 .

Line intensities and synthetic spectrum

Except for UV-VIS cross sections in the 10000-42000 cm -1 spectral range [START_REF] Orphal | Ultraviolet and visible absorption cross-sections for HITRAN[END_REF], to the best of our knowledge, no quantitative intensities measurements are available for nitrogen dioxide above 5000 cm -1 .The intensities of 64 individual lines of the 4 1 + 3 line were measured by using a multiline fitting program and assuming a Voigt line profile. Considering the congestion of the spectrum and the uncertainty associated with the estimation of the NO 2 partial pressure in the sample, we estimate to 20 % the uncertainty on the reported absolute values of the intensities. For these measurements, taking into account the partial pressure of the dimer (N 2 O 4 ) and the isotopic abundance (a Main =0.991616 [START_REF] De Bievre | Isotopic Abundances and Atomic Weights of the Elements[END_REF]), the partial pressure of the main 14 N 16 O 2 isotopic species is estimated to be P= 8.9 Torr .

The method used to compute NO 2 line intensities was extensively described in Refs. [START_REF] Perrin | The far infrared spectrum of NO 2 -Electron spin resonance and hyperfine Fermi contact resonance in the ground state[END_REF][START_REF] Perrin |     } interacting bands of NO 2 : line positions and intensities[END_REF] and only the relevant points are recalled here. The intensity of a line N  k for a pure 14 N 16 O 2 isotopic sample is given (in cm -1 /(molecule cm -2 )) by:

3 NU U LL νL 0 E Eg 8π k exp exp R 3hc4π kT kT Z(T)                . ( 2 
)
In this expression E L and E U are the lower and upper levels of the transition, and According to Refs. [START_REF] Perrin | The far infrared spectrum of NO 2 -Electron spin resonance and hyperfine Fermi contact resonance in the ground state[END_REF][START_REF] Perrin |     } interacting bands of NO 2 : line positions and intensities[END_REF], Z(296 K) = 13618 which is in reasonable agreement with the HITRAN value [START_REF] Rothman | The HITRAN 2008 molecular spectroscopic database[END_REF]. The transition moment is expressed as:

  UL E E / hc   
2 U U U U U U ' L L L L L L a c Z a c R V , N K K SJ V , N K K SJ  , (3) 
where U and L refer to upper and lower state, respectively. The vibrational state is denoted by

3 2 1 v , v , v  V
and ' Z  is the transformed dipole-moment operator of the 4 1 + 3 band, which for an A-type band takes the following form:

z a ) 401 )( 000 ( ' Z ) 401 )( 000 (     (4) 
where  z represents the direction cosines  z . Indeed it appeared that the whole set of line intensities could be reproduced without taking into account higher order rotational operators (Herman Wallis type) in the expansion of the transition moment operator.

In this condition, the 4 1 + 3 line intensities are proportional to (000)(401) 2 a



and the absolute value of the a ) 401 )( 000 (  constant:    a = 2.310 -4 (10 %) Debye [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF] was determined through a least squares fit performed on the set of the experimental intensities values (see Table 5). The comparison of the observed and calculated intensities included in Table 5 shows a satisfactory agreement.

Using the vibrational energies and rotational, spin-rotational, and coupling constants given in Table 3 for the upper resonating {(4,2,0), (0,9,0), (4,0,1)} vibrational states and the parameters in Ref. [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF] for the ground (000) vibrational state, a comprehensive list of line positions was generated for the 4 1 + 3 band. Since several perturbations due to (4,2,0) and (0,9,0) dark states are not accounted for correctly in our calculation (see the discussion in section 3), the line positions were adjusted whenever possible, using the experimentally determined values of the (4,0,1) upper levels (see Supplementary Materials). The line intensities were computed using the value of the   a constant given in Eq.( 5).

The calculation was performed at 296 K using an intensity cut-off of 110 -28 cm -1 /(molecule cm -2 ), as well as maximum values of 61 for N and 9 for K a . The synthetic spectrum including 4893 lines between 6556 and 6915 cm -1 is provided as Supplementary Material.. The resulting calculated integrated band intensities (at 296 K) are S 401 = 1.3710 -21 cm - 1 /(molecule cm -2 ), S 420 = 0.3510 -24 cm -1 /(molecule cm -2 ) and S 090 = 0.3210 -23 cm - 1 /(molecule cm -2 ) for the 4 1 + 3 , 4 1 +2 2 and 9 2 bands, respectively. Finally, it is possible to get an estimation of the band intensity by estimating the hot bands contribution in the harmonic approximation through the usual expression: S 1.5µm = Z vib (296 K)( S 401 + S 420 + S 090 ) [START_REF] Perrin |     } interacting bands of NO 2 : line positions and intensities[END_REF] with Z vib (296 K) = 1.029 [START_REF] Perrin | Rinsland CP, NO 2 and SO 2 line parameters: 1996 HITRAN update and new results[END_REF]. In this way the value S 1.5 µm (296K)= 1.45 10 -21 cm - 1 /(molecule cm -2 ) is obtained.

The experimental and calculated spectra of the 4 1 + 3 band of NO 2 are compared in Figs.

15. An overview of the 4 1 + 3 band and a portion of the P branch near 6263.5 cm -1 are presented in Fig. 1 and Fig. 2, respectively. Fig. 3 shows a section of the low frequency range of the P branch: in this region lines involving rather high N and K a values are observable (N=34 and 35 and K a 8). In Figs. 4 and5, the comparison is displayed for the congested Q and R branches, respectively. In all cases, the agreement between the observed and calculated spectra is very good, confirming the quality of the calculation.

Conclusion

The high-resolution Cavity Ring Down laser spectrum of nitrogen dioxide was recorded near 1.5 m which allowed the first extensive analysis of the 4 1 + 3 band of 14 N 16 O 2 . This band is the highest combination band of nitrogen dioxide in the X 2 A 1 ground state, analyzed so far at high-resolution. A Hamiltonian matrix which accounts for Coriolis, electron spin-rotation and anharmonic interactions was constructed for the determination of the experimental spinrotation energy levels of the {(4,2,0), (0,9,0), (4,0,1)} interacting states of NO 2 . Using the reproduced energy levels a comprehensive list of line positions and of reasonably estimated line intensities of the 4 1 + 3 band of 14 N 16 O 2 has been generated. Table 1 Range of the observed energy levels and statistical analysis of the results of the energy levels calculation.
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Table 2

List of the vibrational states located nearby the (4,0,1) vibrational state.

Caption: The symmetry of the vibrational state (A 1 or B 1 ) depends on the v 3 parity (even or odd). # Ref. [START_REF] Delon | Laser induced dispersed fluorescence spectra of jet cooled NO 2 : The complete set of vibrational levels up to 10 000 cm -1 and the onset of the X 2 A 1 -A* 2 B 2 vibronic interaction[END_REF], $ This work
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Hamiltonian matrix for the {(4,2,0), (0,9,0), (4,0,1)} interacting vibrational states of NO 2
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Vibrational energies, rotational, spin-rotational, and coupling constants for the {(4,2,0), (0,9,0), (4,0,1)} interacting vibrational states of NO 2

Note. The results are in cm -1 and the quoted errors correspond to one standard deviation.

a From Ref. [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF].

Constants marked with # were held fixed to the ground state values [START_REF] Semmoud-Monnanteuil | New measurements in the millimeter wave spectrum of NO 2[END_REF].

Table 5

List of line intensities measured for the 4 1 + 3 band of NO 2 .

The first and second columns give the calculated line position and intensities, the upper and lower rotational N, K a and K c quantum numbers. In the J columns, + andstand for J=N+1/2 and J=N-1/2, respectively. The last two columns give the experimental line positions and intensities.

# The intensities are given in 10 -24 cm -1 /(molecule.cm -2 ) at 296K.

$ For the unresolved doublets, the total line intensity is given.

Figure captions

Fig. 1. Overview of the absorption spectrum of nitrogen dioxide in the 6620-6700 cm -1 spectral range. In both panels, the CRDS spectrum (upper trace) and the calculated spectra (lower trace) are displayed. A small section of the experimental spectrum around 6655 cm -1 is not displayed because it shows a number of saturated lines. The agreement between the observed and calculated spectra is significantly better when both the (0,9,0)(4,0, 
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Anharmonic:

(4,2,0)  (0,9,0) # The intensities are given in 10 -24 cm -1 /(molecule.cm -2 ) at 296K. $ For the unresolved doublets, the total line intensity is given. 

Fig. 2 .

 2 Fig. 2. Portion of the P branch of the 1 + 3 band in the 6669 cm -1 region. Upper trace: experimental spectrum. Lower trace: calculated spectrum. The assignments are for the upper state N and K a values. For K a ≥4, the lines are split in two spin-rotation subcomponents noted by a black and open triangle for J=N-1/2 and J=N+1/2, respectively.

Fig. 3 .Fig. 4 .

 34 Fig.3. Portion of the P branch of the 1 + 3 band in the 6631.5 cm -1 region The assignments are given for the upper N' values. For K a =0 and 1, the observed spin-rotation splittings are indicated by open and black triangles for J' = N' + 1/2 and J' = N' -1/2, respectively.

Fig. 5 .

 5 Fig. 5. Portion of theR branch of the 4 1 + 3 band in the 6690 cm -1 region. The N' (upper level) values are given for the

Figure
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Table 1  1 +3 3 band 1105 lines

 1 N  49, K a  8

				Statistical analysis of the results
		Number of spin-rotation levels:	532
					0 ≤ ≤ 0.005 cm -1	65.1 %
					0.005 ≤ ≤ 0.010 cm -1	19.5 %
					0.010 ≤ ≤ 0.020 cm -1	8.9 %
					0.020 ≤ ≤ 0.040 cm -1	5.4 %
					Standard deviation: 0.2410 -2 cm -1
			obs E 	E	calc

Table 2 (v 1 v 2 v 3 )Sym.

 2 

	(1,3,2) A 1 (4,2,0) A 1 (4,0,1) B 1 (1,1,3) B 1 (0,9,0) A 1 (0 ,7,1) B 1	E v 6616.53 # 6653.54 # 6676.882 $ 6693.12 # 6705.23 # 6761.44 #
	# Ref. [16]	
	$ This work	

Table 4 (

 4 

	2	3	3

Table 5

 5 

	N	2 z	-0.90409(170)
	N	2 xy	0.1835(390)10 -2
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