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Introduction

The spectral region of 5µm represents a particular interest for atmospheric spectroscopy of ozone since on these wavelengths the water absorption is extremely weak ("atmospheric window") and the most intense band ν 1 + ν 3 of the triad 2ν 3 /ν 1 + ν 3 /2ν 1 is located. This region has been therefore quite intensively studied experimentally (see e.g. [1,2,3]) and advanced semiclassical computations [2,4] have been made. The reliable retrieval of concentration and temperature vertical O 3 profiles from these spectra is however conditioned by a precise knowledge of the individual line parameters: position, intensity, pressure-broadened half width, pressure-induced line shift and their temperature dependences. For the line widths the required precision is estimated to be about 2% whereas actually it often reaches 10% for experiments as well as for computations.

The present work revisits theoretically the room-temperature ozone line broadening by nitrogen and oxygen aiming to improve the agreement with experimental values [2,3].

Two theoretical approaches are tested: the semiclassical formalism of Robert and Bonamy improved by exact isotropic trajectories (RBE) [5] and a semiempirical (SE) model [6] inspired by the Anderson theory. The first approach allows to assess the importance of the trajectory model via a comparison with the results of Bouazza et al. [2] based on the parabolic-trajectory Robert and Bonamy formalism for asymmetric tops [7]. The second approach yields a rapid estimation of asymmetric-top line broadening coefficients without a noticeable loss of precision owing to preliminary fitted empirical parameters taking into account the trajectory curvature, the corrections to the scattering matrix and the vibrational effects.

The following section gives a brief description of both theoretical approaches with specification for O 3 -N 2 (O 2 ) case. A detailed analysis of the dependence of the broadening coefficients on various quantum numbers is presented and discussed in Section 3. The concluding remarks are summarized in the final section. 

Semiclassical approach

According to the RBE formalism extended to the case of asymmetric rotors [5], the basic expression [8] for the half-width at half-height (HWHH) of a vibrotational 1 line corresponding to the optical transition f ← i (in cm -1 )

γ f i = n 2πc v{1 -(1 -S L 2,f 2i2 )e -[S 2,i2 +S 2,f 2 +S C 2,f 2i2 ] } b,v,{2} (1) 
(n is the number density of perturbing particles in the states characterized by the set of quantum numbers {2}, c is the speed of light, v is the relative velocity and b is the impact parameter replaced further by the distance of the closest approach r c ) involves the real parts 2 of the second-order contributions

S 2,i , S 2,f , S C 2,f 2i2 = J ′ 2 =J 2 S 2,f 2 ′ i2 ′ , S L 2,f 2i2 = J ′ 2 =J 2 S 2,f 2 ′ i2
′ which are no more given by analytical formulae. Indeed, the rotational wave functions of asymmetric top |Jτ M (|JK a K c M in alternative notation) are expressed as a linear combination of the wave functions of symmetric top |JKM :

|Jτ M = K a Jτ K |JKM , (2) 
where K = -J, -J + 1, ..., 0, J -1, J. Moreover, the rotationally invariant expansion [START_REF] Gray | Theory of molecular fluids[END_REF] of the interaction potential between the active (1) and perturbing (2) molecules

V ( r) = l 1 l 2 l k 1 k 2 V k 1 k 2 l 1 l 2 l (r) m 1 m 2 m C lm l 1 m 1 l 2 m 2 D l 1 m 1 k 1 (Ω 1 ) * D l 2 m 2 k 2 (Ω 2 ) * Y lm (Ω) * (3) 
over the rotational Wigner matrices D lx mxkx (Ω x ), x=1,2 (related to the orientations of the principle molecular axes of two interacting molecules in the laboratory fixed frame) and the spherical harmonic Y lm (Ω) (tied to the intermolecular distance vector r orientation in the same frame) contains the radial components which depend on the projections k 1 , k 2 on the molecular axes. (The asterisk in Eq. (3) and below stands for complex conjugation.) 1 The dependence on vibrational quantum numbers is omitted in the following since both isotropic and anisotropic parts of the available interaction potential are vibrationally independent; the first-order terms proportional to the vibrational matrix elements of the isotropic potential do not appear therefore in the line width expression. This dependence is however tacitly accounted for through the O 3 energy levels and coefficients of the rotational wave functions in the final state. 2 The noncommutative character of the interaction at two different instants is neglected, so that the imaginary part of the second-order contributions vanishes. For the collision of an asymmetric active molecule with a linear perturbing molecule (k 2 = K 2 = K ′ 2 = 0) which occurs in the XOY plane, the second-order contributions read [5] 

S 2,i2 = 2r 2 c h2 v 2 J ′ i τ ′ i J ′ 2 l 1 l 2 l (C J ′ 2 0 J 2 0l 2 0 ) 2 (2l 1 + 1) (2l 2 + 1) m (l -m)!(l + m)! 2 2l ((l -m)/2)! 2 ((l + m)/2)! 2 × k 1 (-1) k 1 X l 1 -k 1 (J i τ i J ′ i τ ′ i ) I k 1 0 l 1 l 2 lm (ω i2,i ′ 2 ′ ) 2 , (4) 
S 2,f 2 ′ i2 ′ = - 4r 2 c (-1) J i +J f +J 2 +J ′ 2 +ρ h2 v 2 (2J i + 1)(2J f + 1) × l 1 l 2 l (-1) l W (J i J f J i J f ; ρl 1 ) (2l 1 + 1)(2l 2 + 1) (C J ′ 2 0 J 2 0l 2 0 ) 2 m (l -m)!(l + m)! 2 2l ((l -m)/2)! 2 ((l + m)/2)! 2 ×   k 1 (-1) k 1 X l 1 -k 1 (J f τ f J f τ f ) I k 1 0 l 1 l 2 lm (ω 2 ′ 2 )   × η 1 (-1) η 1 X l 1 -η 1 (J i τ i J i τ i ) I η 1 0 l 1 l 2 lm (ω 22 ′ ) , (5) 
where the notation

X l 1 k 1 (J i τ i J ′ i τ ′ i ) ≡ K i K ′ i a J i τ i * K i a J ′ i τ ′ i K ′ i C J ′ i K ′ i J i K i l 1 k 1 (6) 
is used, and the trajectory integrals (in terms of the dimensionless variable y = r/r c and the resonance parameter k c = ωr c /v)

I k 1 0 l 1 l 2 lm (ω) ≡ ∞ 1 dyy Ṽ k 1 0 l 1 l 2 l (yr c ) cos k c A 0 (y) -m 1 -V ⋆ iso (r c )A 2 (y) y 2 -1 + V ⋆ iso (r c ) -y 2 V ⋆ iso (yr c ) , (7) 
A n (y) =

y 1 dz z n-1 z 2 -1 + V ⋆ iso (r c ) -z 2 V ⋆ iso (zr c ) (8) 
depend on the radial anisotropic potential components Ṽ

k 1 0 l 1 l 2 l = [(2l + 1)/(4π)] 1/2 V k 1 0 l 1 l 2 l
, the reduced value of the isotropic potential V ⋆ iso = 2V iso /(m ⋆ v 2 ) (m ⋆ is the reduced mass of the molecular pair) and the frequencies ω i2,i ′ 2 ′ = ω ii ′ + ω 22 ′ where ω ii ′ and ω 22 ′ correspond to the transitions induced by the collision in the active and perturbing molecules;

W (J i J f J i J f ; ρl 1 ) is a Racah coefficient.
For the perturbing molecule only the thermally populated rotational levels J 2 of the ground vibrational state are traditionally considered.

The trajectory integrals I k 1 0 l 1 l 2 lm can not be summed analytically on m to yield resonance functions as in the case of two linear molecules, so they are precomputed by a deduced from B e and α e of Herzberg [START_REF] Herzberg | Spectra of diatomic molecules[END_REF]. In contrast, the frequencies ω ii ′ for the active ozone molecule are more difficult to obtain.

O 3 energy levels and wave functions

Like any asymmetric top, the rotational energy levels of ozone molecule can not be represented by an analytical formula. Only approximate expressions or a numerical diagonalisation of the rotational Hamiltonian can be used. For the excited vibrational states, the vibrational symmetry should also be accounted for, so that diagonalisation has to be performed for the rotational structure of each vibrational level involved in the considered vibrotational transition. For the spectral lines of the ν 1 + ν 3 band the energy levels of the ground (000) and the excited (101) states are thus needed. They were taken directly from the IAO ozone database [12] for the ground state and were kindly provided by S.

Michajlenko for the triad (002)/(200)/(101) [START_REF] Michajlenko | [END_REF].

The expansion coefficients a Jτ K in Eq. ( 2) are obtained together with the rotational energies by a numerical diagonalisation of the rotational Hamiltonian. This diagonalisation is however easier to perform within a symmetrized symmetric-top basis |JKγ

(K = 0, ..., J, γ = ±1): |JKγ = 1 √ 2 (|JK + γ |J -K ). (9) 
The corresponding expansion of the asymmetric-top wave function reads

|Jτ = K C J K |JKγ . (10) 
Substitution of Eq. ( 9) into Eq. ( 10) and comparison with Eq. ( 2) yield the relations between the expansion coefficients for K = 1, ..., J:

a Jτ K = C J K / √ 2, a Jτ -K = γC J K / √ 2, ( 11 
)
and a Jτ 0 = C J 0 for K = K = 0, γ = 1. The coefficients C J K for the ground (000) and excited (101) states were provided together with the O 3 vibrotational energy levels [12,[START_REF] Michajlenko | [END_REF] and correspond to the molecular frame shown in Figure 1. To identify the J, K and γ values corresponding to non 5.4, 5.8 for the excited state from Ref. [START_REF] Starikov | Intramolecular interactions and theoretical methods in spectroscopy of nonrigid molecules[END_REF] were used. The excited (101) vibrational state interacts with (002) and (200) states, and the corresponding vibrotational wave functions contain the C J K coefficients describing the mixing effects. However, for the considered vibrotational levels these mixing coefficients are small, and after additional testing we retained in our computation only the coefficients relative to (101) state. The expansion coefficients a Jτ K were further easily obtained by Eq. [START_REF] Herzberg | Spectra of diatomic molecules[END_REF]. To reduce CPU time the functions X l 1 k 1 of Eq. ( 6) containing these coefficients were precomputed for the given pairs of levels (J i τ i ), (J ′ i τ ′ i ) and given l 1 , k 1 .

Interaction potential

Like for the majority of polyatomic molecules, the interaction potential energy of the asymmetric top O 3 with perturbing particles is out of reach of current quantummechanical ab initio calculations. This interaction energy for O 3 -N 2 (O 2 ) is therefore approximated [2,4,[START_REF] Drouin | [END_REF] by a sum of the leading electrostatic components (dipole-quadrupole plus quadrupole-quadrupole interactions) and atom-atom contributions of Lennard-Jones form:

V = V el + V aa = V µ 1 Q 2 + V Q 1 Q 2 + i,j d ij r 12 1i,2j - e ij r 6 1i,2j , (12) 
where the subscripts 1 and 2 refer respectively to the active (O 3 ) and perturbing (N 2 or O 2 ) molecules. The interatomic parameters d ij = 4ε ij σ 12 ij and e ij = 4ε ij σ 6 ij are defined directly by the Lennard-Jones parameters ε ii , σ ii for homonuclear atom-atom interactions and are constructed by the combination rules [START_REF] Hirschfelder | Molecular theory of gases and liquids[END_REF] 

ε ij = (ε ii ε jj ) 1/2 , σ ij = (σ ii + σ jj )/2 for heteronuclear atom-atom interactions.
The interaction potential has to be cast into the particular form of Eq. ( 3).

The radial potential components V k 1 0 l 1 l 2 l (r) appear then as [5]

V k 1 0 l 1 l 2 l (r) = A l 1 l 2 Θ l 1 k 1 Θ l 2 0 r l+1 (13) 
+ ij d ij f 12 l 1 l 2 l (r 1i , r 2j , r) -e ij f 6 l 1 l 2 l (r 1i , r 2j , r) Y l 1 k 1 (Ω ′ 1i )Y l 2 0 (Ω ′ 2j )
where the coefficients A l 1 l 2 are given by [9] Θ lxkx represent the spherical multipole components in the molecular fixed frame and the functions f n l 1 l 2 l come from the two-center expansion of r -n 1i,2j [START_REF] Yasuda | [END_REF]:

A l 1 l 2 = (-1) l 2 2l + 1 (4π) 3 (2l + 1)! (2l 1 + 1)! (2l 2 + 1)! 1/2 , (14) 
f n l 1 l 2 l (r 1i , r 2j , r) ≡ (-1) l 2 r n (4π) 3 (2l 1 + 1) (2l 2 + 1) (2l + 1) 1/2 C l0 l 1 0l 2 0 (15) × p,q r 1i r p r 2j r q (n + p + q -l -3)!! (n + p + q + l -2)!! (n -2)! (p -l 1 )!! (p + l 1 + 1)!! (q -l 2 )!! (q + l 2 + 1)!! × {1 + δ n1 (δ pl 1 δ ql 2 δ p+q,l -1)} , p = l 1 , l 1 + 2, l 1 + 4, .
. . and q = l 2 , l 2 + 2, l 2 + 4, . . .. To compute these radial components one needs to precise the orientation of each atom in the molecular fixed frame. For the O 3 molecular frame defined in Fig. 1 the spherical harmonics Y l 1 k 1 (Ω ′ 1i ) have only real components; for the linear perturbing molecule N 2 (O 2 ) the molecular axis is taken to be the z-axis. For such a choice of molecular frames the multipole components are given in Table 1 and the non-vanishing radial potential components are listed in Appendix. The isotropic part of the interaction potential is traditionally taken in Lennard-Jones form with the parameters ε = 150 K, σ = 3.93

• A (O 3 -N 2 ) and ε = 174 K, σ = 3.77 • A (O 3 -O 2 ) [2].

Selection rules for collision-induced transitions

Molecular collisions induce only purely rotational transitions within the same vibrational level, i.e. for the active molecule there are J i → J ′ i transitions within the ground vibrational state and J f → J ′ f transitions within the vibrationally excited (101) state; for the perturbing molecule only the rotational transitions within the ground state occur.

According to Eq. ( 6), the collision-induced transitions in the active molecule are determined by the Clebsch-Gordan coefficient C

J ′ i K ′ i J i K i l 1 k 1 which needs J i -l 1 < J ′ i < J i + l 1 and K ′ i = K i +k 1 .
Since these transitions are purely rotational, they should obey the additional selection rules for the allowed changes of K a + K c [START_REF] Gordy | Microwave spectroscopy[END_REF]: for

J + τ even ∆(K a + K c ) = 1, 2 for R-branch, ∆(K a + K c ) = -1, 0 for P -branch and ∆(K a + K c ) = 0, 1 for Q-branch, whereas for J + τ odd ∆(K a + K c ) = 1, 0 for R-branch, ∆(K a + K c ) = -1, -2 for P -branch and ∆(K a + K c ) = 0, -1 for Q-branch.
For the perturbing linear and centrosymmetric molecule l 2 can take only even values. The Clebsch-Gordan coefficients

C J ′ 2 0
J 2 0l 2 0 are therefore non vanishing for J 2 + J ′ 2 even, and the collisional transitions takes place for J ′ 2 = J 2 -l 2 , ..., J 2 + l 2 . and Bonamy (in its original "parabolic-trajectory" form [7,21] with tedious analytical expressions or in the "exact-trajectory" improvement [5] with numerical integration on trajectories) lead to very time-consuming calculations. It is therefore very worthy to modify the precise semiclassical approach in order to decrease the computational effort without loss of precision. Such a modification can be made by transforming the general RB equations into a simpler ATC form while simultaneously introducing fitting parameters to account for the corrections to the scattering matrix, trajectory curvature and vibrational effects. Determination of these parameters can benefit from an extensive use of empirical data available for various vibrational bands. This semiempirical approach was proposed in [6] and resulted in accurate predictions of line shape parameters and their effects) and can be considered as very well known quantities. The line width expression can be expanded therefore into a series over these transition probabilities:

F

γ f i = A(i, f ) + l,i ′ D 2 (ii ′ |l)P l (ω ii ′ ) + l,f ′ D 2 (f f ′ |l)P l (ω f f ′ ) + ... (16) 
(higher order terms are neglected), giving thus an expression similar to that of Anderson theory. The first term of Eq.( 16) is a usual ATC term issued from the cutoff procedure with the interruption radius b 0 (i, f, J 2 , v). The expansion coefficients P l (ω ii ′ ), called "interruption" or "efficiency functions" for a given scattering channel, depend on the properties of the absorbing molecule, the intermolecular potential, the trajectory, the energy levels and the wave functions of the perturbing molecule. They are not known with a high accuracy, and the semiempirical approach consists in their refinement by means of an adjustable correction factor:

P l (ω) = P A l (ω)C l (ω) , (17) 
where P A l (ω) is the interruption function of the Anderson theory and C l (ω) is obtained by fitting of computed line widths to experimental data. The factor C l (ω) takes into account the rotational dependence of the interruption function 4 which is modelled by [6]:

C l (ω) = c 1 c 2 √ J + 1 ( 18 
)
and has typically a small value. When this rotational dependence is realistic (for example, for the water vapor active molecule), the fitting parameters c The second and third terms of Eq [START_REF] Hirschfelder | Molecular theory of gases and liquids[END_REF] dependent on the transition probabilities correspond to the second-order contributions with respect to the interaction potential:

S 2 = S 12e 2 + S 22e 2 + S 22p 2 + S 02p 2 + S 20p 2 , ( 19 
)
where the superscripts 1 and 2 stand for the tensorial order of the multipole interactions (12 -dipole-quadrupole interaction, 22 -quadrupole-quadrupole interaction, etc.) and the superscripts e and p mean the electrostatic and the polarisation parts of the interaction potential (detailed expressions of these terms can be found in [20,31]). For the active ozone molecule it should be additionally kept in mind that its dipole moment is small (0.53D) whereas the mean dipole polarizability is quite high (2.8

• A 3 
). The polarization terms S 22p 2 , S 02p 2 , S 20p 2 are expected therefore to be significant.

Results and discussion

Line width calculations by both theoretical approaches were realized for P -, Q-and Rbranches of ν 1 + ν 3 vibrational band of O 3 -N 2 and O 3 -O 2 systems at room temperature (297 K). We considered the transitions for which experimental data [2,3] and traditional RB computations with parabolic trajectories [2] are available.

In the framework of the semiempirical approach the energy levels and wave functions than for low values of J). In order to increase the number of the scattering channels contributions in calculation we estimated the contributions of corresponding channels to the line broadening and then sorted them. It was found in particular that the contributions from scattering channels with ω ii ′ >700 cm -1 and K a -K ′ a >3 are negligible. Figure 2 shows our results together with measurements and RB-calculations of Refs [2,3] for the case of Q-branch where the small number of observed transitions facilitates the comparison. For the horizontal axis we have chosen a specific representation with the J-value incremented by 0.1 of K a value in order to separate the line widths with the same J but different K a values. As can be seen from this figure, for both perturbing molecules the use of exact trajectories in the semiclassical approach improves the agreement with experiment. It should be noted however that while the potential energy surfaces, the relative velocity (mean thermal velocity) and the perturber states were exactly the same in both RB and RBE approaches, the vibrotational wave functions and the O 3 energy levels were taken from different sources which might have some influence on the results. The efficiency of the semiempirical approach intended for rapid prediction of broadening coefficients for line manifolds is much better visualized on Fig. 3 where an example of O 3 -N 2 P -branch transitions is presented (for R-branch and O 3 -O 2 system the situation is quite similar). On this figure again the term 0.05(K a -1) added to the usual abscisse J allows separation of results belonging to the transitions with identical J but different K a quantum numbers. To fit the parameters c 1 , c 2 experimental points were chosen in both branches with arbitrary J-values, leading to c 1 = 2.7 and c 2 = 7.0. The crosses corresponding to the semiempirical line widths are clearly closer to the experimental values than the theoretical RB predictions (RBE results are not shown on this figure for the sake of clarity).

In contrast with the case of H 2 O active molecule where the adjustable parameters c 1 and c 2 keep (practically) the same values when fitted to various (small, middle, high) J transitions and in different branches of the same vibrational band, for the ozone broadening coefficients these parameters show a quite pronounced dependence on the J-range. 5As can be seen on Fig. 4a for P -and R-branches of O 3 -N 2 system, when the parameters are obtained by fitting to some experimental line widths from both branches but with high J-values only (crosses), their values c 1 = 3.0 and c 2 = 0.2 lead to too small broadening coefficients for low-J transitions. When the fitting and calculation are made separately for low (3≤ J ≤16), middle (17≤ J ≤23) and high (24≤ J ≤41) J-value regions, the pairs of parameters reproduce the measurements quite well. It can be stated however that for high rotational quantum numbers both parameters differ significantly from their values for low and middle J: c 1 equals 2.9 instead of 2.5-2.6 and c 2 decreases from 7.0-6.8 by a factor of 2. For O 3 -O 2 system (Fig. 4b) a direct fitting to small, middle and high J transitions gives c 1 , c 2 values about one order of magnitude greater than for O 3 -N 2 case, with the c 2 parameter value significantly higher for low J than for middle and high J. This strong variation of c 2 hints that the correction factor of Eq. ( 18) should be improved for a better modelling of rotational dependence at high J values. Indeed, the observed dependence of c 1 , c 2 parameters on J-value region can be attributed to the small dipole moment of O 3 and a possible variation of the correction factors C l (ω) for l ≥ 2. In other words, one pair of c 1 , c 2 parameters (corresponding to the dominant contribution l = 1 for H 2 O) is no more sufficient to correctly describe the line widths, and at least one additional pair (corresponding to l = 2) should be included in the fitting procedure. The choice of fitting parameters for O 3 -N 2 (O 2 ) systems deserves therefore a more detailed study.

For a more exhaustive analysis of the rotational J-dependence of the considered line widths, we have also studied this dependence for some "families" of lines. Figure 5 gives two examples for the R-branch of O 3 -N 2 system. For these lines the semiclassical approaches RB and RBE demonstrate a similar quality of results whereas the simple semiempirical approach proves again its efficiency.

Finally, we have looked for the K a -dependence of the lines with the same J value.

As can be seen on Fig. 6 for O 3 -N 2 R-branch, the experimentally observed increase and then a slight decrease of line broadening coefficient with increasing K a values are in general correctly predicted by both SE and RBE approaches. (Missing RB-values for J = 4, K a = 4 and J = 24, K a = 8 do not allow to conclude on the efficiency of this method.) More experimental results are however desirable for a more exhaustive study of this dependence.

Conclusions

In the present paper we have theoretically studied N 2 -and O 2 -pressure broadening coefficients for ν 1 + ν 3 vibrotational lines of ozone. Our first semiclassical approach has demonstrated the efficiency of exact trajectories to describe experimental data. Its use required in particular theoretical expressions for the interaction potential radial components corresponding to the molecular frame of ozone molecule for which its rotational wave functions are available. However, the CPU cost of this method being quite high, a simplified semiempirical approach has been also attempted, which allowed to describe quite easily and successfully all the manifold of lines with the help of some adjustable parameters accounting for the trajectory curvature, corrections to the scattering matrix and vibrational effects. In contrast with the very polar water molecule, for the strongly polarizable ozone active molecule these parameters had to be adjusted separetely for low, middle and high values of the rotational quantum number J in order to correct the usually chosen rotational dependence of the correction factor. The possible variation of correction factors for l ≥ 2 and the necessity of more exhaustive studies to draw a definit conclusion on this point have been evoked. Since the vibrational dependence of line widths is known to be weak, the obtained values of adjustable parameters can be used for theoretical estimation of broadening coefficients in other vibrational bands of ozone which represents a great interest for molecular databases. where the notation Ξ n l 1 l 2 l (O i ) = p,q r 1O i r p r 2N r q (n + p + q -l -3)!! (n + p + q + l -2)!! (n -2)! (p -l 1 )!! (p + l 1 + 1)!! (q -l 2 )!! (q + l 2 + 1)!! is introduced and O i =O 1 (oxygen atom lying on the molecular z-axis of O 3 ) or O i =O 2 (oxygen atoms out of z-axis accounted together). For O 3 -O 2 system the d ON and e ON parameters are to be replaced by d OO and e OO (see Table 1 

V 00 224 (r) = 2 √ 70π 3r 5 Q O 3 zz Q N 2 zz - √ 10π √ 7r 6 d ON r 6 Ξ 12 224 (O 1 ) -3.7574Ξ 12 224 (O 2 ) -e ON Ξ 6 224 (O 1 ) -3.7574Ξ 6 224 (O 2 ) V ±20 224 (r) = 2 √ 35π 3 √ 3r 5 Q O 3 xx -Q O 3 yy Q N 2 zz + 10 √ 15π √ 7r 

  for various r c , k c and T values, and further injected in the line-width calculation code. The mean thermal velocity is used instead of averaging with the Maxwell-Boltzmann distribution of velocities. The collision-induced frequencies for the perturbing molecules ω 22 ′ can be easily calculated with the corresponding values of rotational constants B 0 (N 2 )=1.989622 cm -1[START_REF] Reuter | [END_REF] and B 0 (O 2 )=1.4377 cm-1 

  coefficients, Tables 5.4-5.5 for the ground state and Tables

2 . 2

 22 Semiempirical approachDespite the numerous drawbacks (interactions limited to long-range forces, straight-line trajectories, awkward cutoff procedure) the impact approach developed by Anderson, Tsao and Curnutte[START_REF] Anderson | [END_REF]20] (Anderson or ATC theory) has an important advantage of simplicity and clear physical meaning. This advantage becomes crucial when complete infrared absorption spectra of polar polyatomic molecules (H 2 O, O 3 , ...) composed of thousands of lines are to be calculated. For this kind of situation the fine details of collisions and intramolecular dynamics accounted for by the semiclassical approach of Robert

  temperature dependences for H 2 O-N 2 (O 2 ) and CO 2 -N 2 (O 2 ) colliding systems[22,23,[START_REF] Tashkun | CDSD-1000[END_REF].The results of these calculations have been included in a freely-available carbon dioxide spectroscopic data bank [25] and in the "ATMOS" Information System[26]. Recently this method has been further developed by using anharmonic wave functions for the estimation of line shape parameters for H 2 O-N 2 (O 2 , H 2 O) colliding systems and resulted in a much better agreement of calculated line widths and shifts with their observed values[27,28,29,30]. Given the very satisfactory results obtained for H 2 O, it is worth to apply this method to the asymmetric top O 3 in order to facilitate the line width calculations for this important atmospheric molecule and provide extensive theoretical data for molecular databases.According to the ATC theory the semiclassical line width depends on the transition probabilities 3 D 2 (ii ′ |l) and D 2 (f f ′ |l) of the different scattering channels i → i ′ , f → f ′ which are defined only by the properties of the active molecule (intramolecular3 These transition probabilities represent the squared reduced matrix elements of the relevant molecular operators of different tensor types: dipole (l=1), quadrupole (l=2), etc.

1 and c 2

 2 are responsible, respectively, for the correction of the error induced by the cutoff procedure and the vibrational dependence. In this case, if the experimental values used for fitting are accurate, any two experimental values should be in principle sufficient to obtain reliable values of c 1 and c 2 parameters for all the lines of the considered vibrational band. Moreover, since the line widths depend only slightly on vibrational quantum numbers (maximal difference of a few percent), c 1 and c 2 values obtained for one vibrational band can be quite surely used for other bands. This fact has been already confirmed for H 2 O-N 2 (O 2 )and CO 2 -N 2 (O 2 ) molecular systems[22,23,[START_REF] Tashkun | CDSD-1000[END_REF], for which c 1 and c 2 parameters fitted to few values of broadening coefficients in a given vibrational band describe correctly not only all the experimental data in this band but also the whole variety of bands for the colliding molecular pair.

  were calculated with the effective Hamiltonian of Watson without taking into account Coriolis and Darling-Dennison resonances. Indeed, from direct calculations it was found that omitting accidental resonances does not result in significant errors in the calculation of line widths. The rotational and centrifugal distortion constants of the ground and excited vibrational states of the active molecule were taken from [32]. Since the calculations mainly concerned high values of the rotational quantum number J, we took into account many scattering channels induced by collisions and allowed by the symmetry (many more
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 2 Figure 2. Semiclassical RBE and semiempirical SE line widths in comparison with experimental and semiclassical RB values [2] for the Q-branch of ν 1 + ν 3 vibrational band of ozone perturbed by nitrogen (a) and oxygen (b).

Figure 3 .

 3 Figure 3. Comparison of semiempirical line widths with experimental [2, 3] and theoretical RB [2] values for P -branch of O 3 -N 2 ν 1 + ν 3 band.

Figure 4 .

 4 Figure 4. Influence of a separate small-middle-high J-values fitting for c 1 , c 2 parameters of the semiempirical approach (P -and R-branches used simultaneously) for O 3 -N 2 (a) and O 3 -O 2 (b) systems.

Figure 5 .

 5 Figure 5. Rotational J-dependence of O 3 -N 2 ν 1 + ν 3 line widths for two "families" of lines from R-branch: J + 1 0 J + 1 ← J 0 J (a) and J + 1 2 J -1 ← J 2 J -2 (b).
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 61919 Figure 6. Line width dependence on the quantum number K a for low (J = 4, a) and high (J = 24, b) rotational quantum number values in the R-branch of O 3 -N 2 ν 1 + ν 3 band.
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Table 1 :

 1 Physical parameters characterizing the intermolecular potential O 3 -N 2 (O 2 ) [2].

The interactions involving the dipole moment of the active molecule are supposed to be dominant, so that only one pair of c 1 , c 2 parameters corresponding to l = 1 is considered.

An additional test realized with a separate fitting for P -and R-branches resulted in approximately the same quality of c 1 , c 2 parameters and in a very slight improvement of theoretical values, so that its results are not presented here.
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Appendix

Non-vanishing radial components of the interaction potential O 3 -N 2 as defined by the O 3 molecular frame of Fig. 1: