Michal Slowinski 
  
Franck Thibault 
  
Yan Tan 
  
Jin Wang 
  
Agnès Pernet-Liu 
  
Shui-Ming Hu 
  
Samir Kassi 
  
Alain Campargue 
  
Magdalena Konefal 
  
Hubert Jóźwiak 
  
An-Wen Liu 
  
Magdalena Konefa 
  
Konrad Patkowski 
  
Piotr Żuchowski 
  
Roman Ciury Lo 
  
Daniel Lisak 
  
Piotr Wcis Lo 
  
H-2-He collisions: Ab initio theory meets cavity-enhanced spectra

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

I. INTRODUCTION

Molecular hydrogen differs in many respects from most other diatomic molecules, revealing its nonclassical nature due to a large rotational constant (B = 60.853 cm -1 ) [1]. The most straightforward example can be traced back to the early twentieth century, when the heat capacity of H 2 at low temperatures was discovered to dramatically diverge from the expected classical behavior [2]. The lack of inelastic channels in H 2 scattering, up to relatively large temperatures of a few hundred kelvin [3], results in many other atypical features observed in H 2 collision studies. In the particular case of the optically excited H 2 molecule, the lack of inelasticity causes the rate of optical excitation damping to be much smaller than the rate of velocity-changing collisions. This property results in strong collisional Dicke narrowing of the H 2 rovibrational lines [4,5]. Furthermore, the opening of the first inelastic channel leads to a strong dependence of the generalized spectroscopic cross-section on the collision energy [3], which enhances the speed dependence of the line-shape parameters. Pronounced collisional effects make the molecular hydrogen well suited to study not only the potential energy surfaces (PESs) and quantum-scattering calculation methodology, but also the models describing the collision-perturbed velocity distribution of the optical coherence [3,[6][7][8][9], which constitute a long-term development at the frontier of quantum optics, collision theory and statistical physics [START_REF] Rautian | Kinetic problems of non-linear spectroscopy[END_REF][START_REF] Mccourt | Nonequilibrium Phenomena in Polyatomic Gases[END_REF].

Experimental studies on the interactions between two hydrogen molecules and between a hydrogen molecule * mslowinski@umk.pl † piotr.wcislo@fizyka.umk.pl and a noble gas atom have a several-decades-long history [6,7,[START_REF] Mckellar | [END_REF][13][14][15]. Recently, the rotationally inelastic scattering of the HD molecule colliding with D 2 [16,17] and with He [18] at 1 K was observed in coexpanded supersonic beams and theoretically handled by Croft et al. [19].

The influence of the molecular hydrogen collisions, with perturbers such as H 2 isotopologues or noble gas atoms, on the shapes of the rotational and rovibrational lines in H 2 were already established in a wide range of temperatures from 20 K to 1200 K [20][21][22][23][24][25][26]. In particular, the effects of the H 2 -He collisions on the widths and shifts of H 2 rovibrational lines were subjected to intense experimental and theoretical studies [3,25,[27][28][29][30][31][32]. However, the collision-perturbed line profiles calculated from first principles never reached agreement with experimental data at the subpercent level.

In this work, we report a full ab initio description of the collision-perturbed shapes of rovibrational lines for the simplest benchmark system, i.e., Heperturbed H 2 . We demonstrate, for the first time, agreement between measured and ab initio computed collision-perturbed shapes of molecular lines at the subpercent level: the root-mean-square difference (calculated within ±FWHM) between experimental and theoretical profiles is smaller than one-hundredth of the profile amplitude. We merged all of the theoretical tools that are necessary to reach this agreement; i.e., we used the state-of-the-art statistical model of the collision-perturbed shape of molecular lines [33][34][35][36], we derived all parameters of this model from quantum scattering calculations [30,[37][38][39], and we used the highly accurate ab initio PES [30,40], referred to as BSP3. We demonstrate that the fully ab initio calculations can provide reference spectra for atmospheric studies of Solar System planets and exoplanets at the required metrological (subpercent) level of accuracy. Therefore, this approach is well-suited for populating line-by-line spec-troscopic databases such as HITRAN [41], GEISA [42], and ExoMol [43], including the recent advanced database structures [44] involving beyond-Voigt line-shape parameters and their wide ranges of temperature representations. We show that this approach can be used to experimentally test the quality of quantum-chemical calculations of the PESs [30,38,40,45,46].

II. EXPERIMENTS

To validate our ab initio quantum scattering calculations, we performed measurements of the He-perturbed 3-0 S(1) H 2 line centered at 12265.59 cm -1 (815.33 nm) and the 2-0 Q(1) H 2 line centered at 8075.31 cm -1 (1238.39 nm) using the experimental setups in Hefei [47] and Grenoble [48][49][50][51], respectively. Both setups as seen in Fig. 1, are based on continuous-wave laser sources and high-finesse ring-down (RD) cavities. The two RD cavities are 1.0 and 1.4 m long, with finesse of 63000 and 131000, which results in effective path lengths of 20 km and 59 km for Hefei and Grenoble setups. The acousto-optic modulators (AOMs) are used as optical switches to generate the RD events. The frequency of the Hefei laser source (Ti:sappphire) is set by a temperature-stabilized (∆T ≈ 10 mK at 302 K) ultralow expansion (ULE) etalon reaching 10 MHz accuracy (see Refs. [52,53]), whereas for the Grenoble setup the external cavity diode laser (ECDL) is referenced to the optical frequency comb (OFC) reaching 300 kHz absolute accuracy (see Refs. [54][55][56]). The length of the Grenoble cavity is tunable with a piezoelectric actuator, which allows the spectra to be recorded on a much denser frequency grid. The temperatures of the cavities were controlled to within 1 K and 0.15 K for the Hefei and Grenoble setups, respectively. For the 3-0 S(1) line, the H 2 /He mixing ratio spans between 33% and 10%, with 1% accuracy, while it has a constant value of 4.9(1)% for the 2-0 Q(1) line. The spectra were recorded at four pressures ranging from 0.36 to 1.35 atm with an accuracy of 0.5% and signal-to-noise ratio (SNR) up to 370 for the 3-0 S(1) line, as well as at nine pressures ranging from 0.07 to 1.05 atm with an accuracy of 0.15% and SNR up to 2800 for the 2-0 Q(1) line.

Our line-shape calculations [34,35,[START_REF] Ciury Lo | AIP Conf. Proc[END_REF][START_REF] Lisak | [END_REF], originating from first principles, are based on the generalized Hess method (GHM) [37,59,60]. To better reproduce the physics of the velocity-changing collisions, we replace the commonly used hard-collision model [61,62], which is used in GHM, with the model based on the Boltzmann operator for rigid-sphere approximation of the potential [9]. The latter model based on the isotropic part of the PES properly reproduces the dependence of the colliding partners on the mass ratio and describes the relation between velocities before and after collision [9], which is not the case for the simple hard-collision model. Moreover, we introduce the full speed dependence [63] of the collisional broadening and shift [60,64,65] into GHM.

For the H 2 -He system, the PES is three-dimensional; i.e., it depends on the distance between the center of mass of the hydrogen molecule and the helium atom, R, the intramolecular distance, r, and the angle between the inter-and intramolecular axes, θ. To carry out the close-coupling quantum scattering calculations [START_REF] Hutson | Molscat computer code, version 14[END_REF], the PES is projected on Legendre polynomials and averaged over the rovibrational wave functions of the hydrogen molecule [3,32]. The generalized spectroscopic cross-sections, σ q λ , for the electric quadrupole lines considered here (q = 2), as functions of the initial kinetic energy, E KIN , are determined from S-matrix elements [32,60,64]. For the zero rank of the velocity tensor, λ = 0, σ q λ reduces to the pressure broadening and shift cross-sections (PBXS and PSXS, respectively) [3,65,[START_REF] Ben-Reuven | [END_REF]68], while for λ = 1 it provides the complex Dicke cross-section [31,32,59,60,64] (RDXS and IDXS for its real and imaginary parts, respectively). The resulting cross-sections are shown in Fig. 2, panels (a)-(d).

We use the generalized spectroscopic cross-sections to calculate the corresponding line-shape parameters at a given temperature T, i.e., the speed-dependent pressure broadening, Γ(v), and shift, ∆(v) [63,69,70], as well as the complex Dicke parameter, ν opt [30,39,44,71,72]:

Γ(v)+i∆(v) = n 2πc 2ṽ 2 p v √ π exp -v 2 /ṽ 2 p × × ∞ 0
x 2 e -x 2 sinh (2vx/ṽ p ) σ q 0 (xṽ p ) dx, (1a)

ν opt = n 2πc m p m + m p × × ∞ 0 v r f m (v r ) 2 3 v 2 r v2 r σ q 1 (v r ) -σ q 0 (v r ) dv r , (1b)
where v, v p and v r are the speed of the active molecule, the speed of the perturber with the most probable value ṽp = 2k B T /m p , and their relative speed with mean value vr , respectively, and x = v r /ṽ p . m, m p and µ are the masses of the active molecule and perturber and their reduced mass, respectively. f m (v) is the Maxwell-Boltzmann speed distribution, n is the number density of the perturber, k B is the Boltzmann constant and c is the speed of light. The ab initio speed-dependent broadenings and shifts are shown in Fig. 2, panels (e) and (f). The calculated line-shape parameters are gathered in Table I. We denote speed-averaged broadening and shift as Γ 0 and ∆ 0 , respectively: refer to the dashed horizontal lines in Fig. 2 (e) and (f). Following Ref. [35], we introduce two parameters, Γ SD = vm We calculate the He-perturbed shapes of the H 2 lines by averaging the velocity distribution of the optical coherence [33,78,79] 

I(ω) = 1 π e d 3 v f m ( v) h(ω, v). ( 2 
)
f m ( v)
1 = -i(ω -ω 0 -k • v)h(ω, v) -Ŝf h(ω, v), (3) 
where ω and ω 0 are the angular frequencies of the electromagnetic radiation and the unperturbed frequency of the molecular transition, respectively, k is the wave vector and Ŝf is the total collision operator describing relaxation and dephasing of the optical coherence as well as The absorption axis has been normalized to the area of the spectral line, A. The red lines under the line profiles represent the differences between experiment and theory. rRMSE values on the plots describe the root-mean-square errors relative to the profile amplitude. Panels (b) and (d): The solid red, dotted blue and dashed green lines are the zoomed residuals for the BSP3 [30,40], SK [38], and mMR [45,46] potentials, respectively. The gray vertical lines indicate the theoretical unperturbed line position [76,77]. The pressure shift is atypically large for H2 and despite small pressure range can be directly seen in this figure; see the deviation of the line maximum from the gray vertical line. its flow between different velocity classes. This operator can be written as [34,35,[START_REF] Ciury Lo | AIP Conf. Proc[END_REF][START_REF] Lisak | [END_REF] 

Ŝf = -Γ(v) -i∆(v) + ν opt M f BB , (4) 
where ν opt M f BB is the velocity-changing operator for the rigid-sphere model of collisions [80,81]. By using the complex Dicke parameter derived from GHM, ν opt , we introduce the correlations between internal and translational degrees of freedom to the velocity-changing operator. The ultimate collision operator used to compare ab initio calculations with experiment is a sum of two contributions [9]: the H 2 -He operator discussed here, Eq. ( 4), and the H 2 -H 2 operator taken from Ref. [82].

IV. EXPERIMENTAL VALIDATION OF THE QUANTUM SCATTERING CALCULATIONS AND TEST OF THE AB INITIO POTENTIALS

The direct comparison between theory and experiment is shown in Fig. 3, panels (a) and (c). Despite the fact that none of the line-shape parameters were fitted, we achieved subpercent agreement between the simulated and raw experimental profiles; i.e., the root-mean-square error of the ab initio model relative to profile amplitude (rRMSE) calculated within ±FWHM is smaller than 1%. The pressure-average values of rRMSE are 0.99%and 0.33% for the 3-0 S(1) and 2-0 Q(1) lines, respec-tively. We do not know the reason why the discrepancy is larger for the 3-0 S(1) line. This is the first time that the fully ab initio line-shape calculations, includ-ing not only the collisional perturbations of both inter-nal and translational motions of molecules but also the correlations between them, are validated for highly accurate experimental spectra. In addition to the line-shape parameters, whose values are directly taken from our ab initio calculations, several other parameters (not related to the collisional effects) were fitted: the unperturbed line position frequency, ν 0 = ω 0 /2π, the line intensity, S, and the background slope and baseline. The fitted values of ν 0 and S are consistent with the theoretical values [51,76,77] within the declared 1σ uncertainties.

The advantage of the method employed in this work is that it allows the absolute value of the collisional cross-sections to be accurately tested experimentally, which is not the case for most of the other experimental techniques [16][17][18]. As an example, we consider the pressure broadening cross-section (PBXS in Fig. 2 panel (a)), which gives the Γ 0 parameter after thermal averaging: refer to the dashed horizontal lines in Fig. 2 (e). At high pressures (at which the collisional broadening dominates), the relative error of Γ 0 is approximately equal to the residual rRMSE. For instance, in the case of the 2-0 Q(1) line, rRMSE = 0.18% at the highest pressure corresponds to subpercent agreement between our ab initio and experimental values of Γ 0 .

In addition to demonstrating that the full theoretical methodology can reproduce the collision-perturbed experimental profiles at an unprecedented level of accuracy, we show that this approach can serve as a link between high-precision spectroscopy and quantum chemical calculations, thus enabling experimental tests of PESs in regions that are inaccessible with other techniques. In Figure 3, panels (b) and (d), we show the differences between the experimental and theoretical profiles for three different PESs: the Schaefer and Köhler (SK) PES [38], modified Muchnik and Russek (mMR) PES [45,46], and the PES used in our main analysis, namely the extended Bakr, Smith and Patkowski (BSP3) [30,40]. Contrary to the main analysis here we do not fit the line inten-sity but fix it to the theoretical value [51]. We do so because for the older less accurate PESs [38,45,46] the fitted line intensities, to some extent, artificially com-pensate inaccurate values of some of the line-shape pa-rameters. This comparison clearly demonstrates that the best agreement with the experiment is achieved for the BSP3 PES. This result is consistent with our expecta-tions, since the most recent BSP3 surface was calculated using the coupled-cluster method with single, double and perturbative triple excitations (CCSD(T)), augmented by full configuration interaction corrections for which the relative uncertainty in the minimum is estimated as 0.4% (± 0.045 cm -1 ). Two other potentials studied here, SK and mMR, were obtained using much smaller Gaussian basis sets and lower levels of electronic structure theory. Moreover, the BSP3 PES involves a consistent treatment of a large range of intramolecular H-H distances and ensures a proper asymptotic behavior for large H 2 -He separations [30].

V. CONCLUSION

We demonstrated for the first time that the calculations from first principles are able to reproduce the experimental collision-perturbed molecular spectra at subpercent level accuracy. We used quantum scattering calculations to construct a collision operator that describes not only the dephasing and damping of the optical coherence but also flows of an optical coherence between different velocity classes. We solved a Boltzmann-like transport-relaxation equation to determine the velocity distribution of optical coherence and, hence, the collisionperturbed shapes of molecular lines. The calculations were validated on the highly accurate experimental spectra of the H 2 S(1) 3-0 and Q(1) 2-0 electric quadrupole transitions perturbed by helium. In addition to validating the theoretical methodology of accurate determination of the collision-induced shapes of molecular lines, we demonstrated that this approach can be used to test the quantum-chemical calculations of the potential energy surfaces. This work demonstrates that theoretical calculations are capable of delivering line-shape parameters with the accuracy necessary to interpret experimental spectra for atmospheric, planetary, and astrophysical applications. With this approach, we show the possibility of calculating and validating beyond-Voigt line-shape parameters in order to populate line-by-line spectroscopic databases such as HITRAN [41], GEISA [42], or Exo-Mol [43] with requested accuracies in a wide temperature range for recent advanced database structures [44]. Such approach is important for the lines relevant for atmospheric and astrophysical applications, especially for those which have not been accessed yet with laboratory experiments.
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 1 FIG. 1. Cavity ring-down spectrometers in Hefei (a) and Grenoble (b) laboratories. AOM -acousto-optic modulator, ECDL -external cavity diode laser, EOM -electro-optic modulator, FC -fiber coupler, OFC -optical frequency comb, OI -optical isolator, PD -photodiode, PFC -polarization fiber coupler, PZT -piezoelectric transducer, Ti:Sapph -Ti:sapphire laser.
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 2 FIG. 2. (a-d) Generalized spectroscopic cross-sections for the 3-0 S(1) and 2-0 Q(1) lines in helium-perturbed H2: see the respective black and red lines, respectively. PBXS, PSXS, RDXS and IDXS are pressure broadening, pressure shift, and real and imaginary parts of complex Dicke cross-sections, respectively. The two curves in panel (c) are overlapping. (e, f) Ab initio speed dependence of the line broadening, Γ, and shift, ∆ (the same color notation), plotted for 1 amagat of He at the experimental temperatures. The black and red dashed lines are the speed-averaged collisional broadening, Γ0, and shift, ∆0, respectively. The gray line is the Maxwell Boltzmann distribution at 296 K in arbitrary units; the distribution of relative kinetic energy in panels (a)(d), and the distribution of active molecule speed in panels (e) and (f).
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 2 dv Γ(v) v=ṽ and ∆ SD = vm 2 d dv ∆(v) v=ṽ , that quantify the strength of the speed dependence of the broadening and shift, respectively, where v m is the most probable active molecule speed. The Γ SD /Γ 0 and ∆ SD /∆ 0 ratios, larger than 0.4, reveal extraordinarily pronounced speed dependence for the H 2 case; for typical atmospheric systems, these ratios are at the level of 0.1[73][74][75]. TABLEI. Calculated values of the line-shape parameters for the 3-0 S(1) and 2-0 Q(1) H2 lines. The calculations are performed for T = 296.6 K for the 3-0 S(1) line and for T = 294.2 K for the 2-0 Q(1) line. All parameters are given in units of 10 -3 cm -1 for n = 1 amagat.

  is the Maxwell-Boltzmann distribution of the active molecule velocity, v, and f m ( v) h(ω, v) is a scalar function proportional to the velocity distribution of the optical coherence. The h(ω, v) function fulfills the transport-relaxation equation[33,79] 
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 23 FIG.3. Panels (a) and (c): Comparison of the raw experimental spectra (black points) and the simulated line profiles (red lines). The absorption axis has been normalized to the area of the spectral line, A. The red lines under the line profiles represent the differences between experiment and theory. rRMSE values on the plots describe the root-mean-square errors relative to the profile amplitude. Panels (b) and (d): The solid red, dotted blue and dashed green lines are the zoomed residuals for the BSP3[30,40], SK[38], and mMR[45,46] potentials, respectively. The gray vertical lines indicate the theoretical unperturbed line position[76,77]. The pressure shift is atypically large for H2 and despite small pressure range can be directly seen in this figure; see the deviation of the line maximum from the gray vertical line.
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