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First-principles calculations of pressure broadening for the case of N 2 -perturbed 118 GHz fine-structure line in

We extrapolate the cross sections given in the figure into the higher kinetic energies (up to ~4 000 cm -1 ); we then assume that for N 2 rotational states with N b >4, the cross sections are the same as for the N b =4; thus in the evaluation of the statistical partition sums over bath variables we are able to include the N 2 levels up to N b =31

• By suitable energy-averaging of the cross sections we obtain both the speed-independent & speed-dependent N 2broadening coefficients for the O 2 118 GHz line. The temperature dependence of the speed-dependent HWHM is obtained by averaging the speed-dependent Lorentz profiles over the Maxwellian distribution

The results
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• The general problem: How is the absorption (emission) spectrum of O 2 modified when it is immersed in the large bath of N 2 molecules?

• This model question is important in general considerations of atmospheric physics (~78% of N 2 & ~21% of O 2 in our atmosphere…)

• We want to attack this problem ab initio style, using methods of theoretical physics and quantum chemistry

• Many spectral lines & bands of O 2 will be affected by its interactions with N 2 in a complicated manner

• A torough study of these is very challenging (preparation of the potential, solving the Schrödinger & kinetic equations...)

• We thus begin this program by adressing a simpler problem: How much a single isolated line of O 2 is broadened by collisions with N 2 at different gas temperatures?

• Here, we consider both (rigid) molecules to be in their ground states & we focus on the N 2induced perturbations of the isolated finestructure line (centered at ~118 GHz) of O 2 ( 3 Σ)

• In O 2 (X 3 Σ) each rotational level splits into three fine-structure levels due to spin-spin interaction; we study the broadening of the j=1 → j=0 fine-structure transition, occurring within the first rotational level

• By using angular momentum recoupling techniques [1, 2, 3] we separate the O 2 spin from the problem, and solve the Schrödinger equation for the collision of two spin-free particles on the 4-dimensional potential energy surface (PES)

• Our new 4-dimensional O 2 -N 2 PES is computed using the (AE)UCCSD(T)-F12b/CBS methodology with aid of the ''AUTOSURF'' code [1,4]; the Schrödinger equation is solved numerically using our ''BIGOS'' quantum scattering code [5]

• We transform the obtained spin-free scattering matrices back into the representation which include the quantum spin number -we are thus in a position to compute the line-broadening for a purely fine-structure transition in the single rotational level

• The ''BIGOS'' code uses the transformed S-matrices to calculate the pressure broadening cross-section for the N 2 perturbation of the j=1 → j=0 fine-structure transition in O 2

• The energy-averaged cross sections yield the pressure broadening parameter for this line (i.e., the half-width at half maximum, HWHM) as a function of the gas temperature broadening and the experimental results 15,16,19,21 is given in Fig. 8. The mentioned narrowing of the line shape due to the speed dependence of γ can be observed. The shaded region corresponds to the uncertainty of our WSLP simulation results, which we estimate at 4% based on considerations described in our previous works. 31,35,39 Table IV gives the numerical values of experimental half-widths γ and our ab initio results.

VI. CONCLUSION APPENDIX: CHANGE OF BASIS

One can derive the formula for the change of basis, Eq. ( 15), by the successive recoupling of angular momenta used to label the bases of the two representations. To do so, one first recouples j R and N a to produce J [see Eqs. ( 11) and ( 13)], leading to the spectroscopic-basis ket, 13,26

|(N b l)j R (N a S)j; J T M T ⟩ = ∑ J (-1) j R +N a +S+J T [J, j] 1 2 × ⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ j R N a J J T S j ⎫ ⎪ ⎪ ⎬ ⎪ ⎪ ⎭ × |((N b l)j R N a )JS; J T M T ⟩.
(A1)

• Our ab initio calculations agree with the experimental data (see [1] for the relevant papers) within the estimated 4% uncertainty of numerical calculations (shaded area). This paves the way for more elaborate future analyses of the general line-shape problem for atmospheric O 2 perturbations ournal mical Physics ARTICLE scitation.org/journal/jcp s, Eq. ( 17), as 39,93

= 1 2πc vr k B T ∑ N b p N b Re ∞ ∫ 0 dxe -x σ (q) 0 (N a i j i , N a f j f ; N b |x), (25) 
x = E k /k B T, with k B and T being the Boltzmann constant and perature, respectively, and vr = √ 8k B T/πμ is the mean relpeed of the monomers; the (2π) -1 factor arises when one ses the spectrum in units of frequency, ν, and not angular fre-, ω, and the 1/c factor converts the frequency units into wave rs. 93 he statistical weights p N b give the probability of the perturblecule being, at a given temperature T, in a rotational state of

E (b)
rot characterized by the quantum number N b , In order to cover 99% of the rotational population of N 2 at emperature (296 K), we extended the summation in Eq. ( 27) he rotational level with N b = 31. a more realistic approach, one includes the dependence of llisional broadening on the speed v possessed by the specically active molecule by replacing Eq. ( 25) with its speedent counterpart, 93

p N b = 1 Z(T) w N b (2N b + 1)e -E (b) rot /k B T , (26) 
Z(T) = ∑ N b w N b (2N b + 1)e -E (b) rot /k B T ( 
γ(v) = 1 2πc 1 k B T 2 √ πv p v ∑ N b p N b Re ∞ ∫ 0 dv r v 2 r sinh( 2vv r v 2 p ) × e - v 2 +v 2 r v 2 p σ (q) 0 (N a i j i , N a f j f ; N b |v r ), (28) 
v p = √ 2k B T/m b is the most probable speed of the perof mass m b and the integration is over the relative speeds he two molecules. The speed-dependent broadening coeffi-(v) at 296 K is plotted in Fig. 7 against the corresponding ell-Boltzmann distribution, which determines the value of γ 0 own for comparison.

order to determine the effective broadening of the spece, which takes into account the speed dependence of γ, we te the line shape with the weighted sum of Lorentz profiles s), 28 FIG. 7. Ab initio speed-dependent pressure broadening coefficient γ(v) (black solid line) for the N 2 -perturbed 118 GHz fine structure line of O 2 at 296 K and the speed-averaged broadening parameter γ 0 (dashed line). For reference, the speed distribution of the O 2 molecule (gray solid line) at 296 K is presented in arbitrary units.

width of the line being smaller than that given by the speed-averaged coefficient γ 0 ; 39 hence, it is the WSLP simulation that is compared with the experiment.

The speed-averaged and WSLP broadening coefficients were calculated for several temperatures in the range of 200-400 K, and the ab initio points thus obtained were fitted with the power law,

γ(T) = γ(T 0 )( T 0 T ) n γ , ( 30 
)
where T 0 is a reference temperature, in our case 296 K, and n γ is the fitted temperature exponent. A comparison between the theoretically predicted temperature dependence of the collisional

  Gancewski, M. et al. J. Chem. Phys. 155, 124307 (2021) [2] Offer,A. R. et al. J. Chem. Phys. 100, 362 (1994) [3] Corey,G. C. et al. J. Phys. Chem. 87, 2723 (1983) [4] Quintas-Sánchez, E. et al. J. Chem. Inf.Model. 59, 262 (2018) [5] Jóźwiak, H. et al. ''BIGOS computer code", to be published• We calculated the broadening cross sections in the kinetic energy range from 1 cm -1 to ~100 cm -1• Here, cross sections are given for first 5 rotational levels of N 2 (labeled with N b ) as a function of kinetic energy; at high enough E k they become independent of the rotational state of the thermal bath (see the figure on the right)

  27) artition function and w N b are the weights associated with the r spin degeneracy of each rotational level-in the present case urbations by the N 2 molecule, to its ortho and para species, re w N b = 6 and w N b = 3, respectively (see the discussion in ).

TABLE IV .

 IV Available

	Experiment	T (K)	γ (MHz/Torr)	n γ
	Pickett et al. 19 Golubiatnikov et al. 20 Drouin 21 Makarov et al. 15 Koshelev et al. 16 This work, WSLP This work, γ 0	207 281 295 297 296 300 296 296 296	2.83(6) 2.38(5) 2.2(1) 2.245(20) 2.06(6) 2.255(14) 2.278(2) 2.28(9) 2.30(9)	⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1.00(5) 0.79(5) 0.781(6) 0.7231(1) 0.7245(6)

experimental and ab initio values of pressure broadening coefficients for the 118 GHz line in O 2 perturbed by N 2 . The uncertainties of our results in parentheses correspond to the estimated 4% accuracy of the calculations for γ and to the uncertainty of the numerical fit of Eq. (

30

) for n γ .
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