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Abstract

Context. In typical interstellar molecular clouds, densities are low; therefore, the analysis of observed molecular spectra requires using non-LTE models. Critical inputs for these models are collisional rate coefficients of the detected molecule with He and H2. For formaldehyde (H2CO), such data are available; however, no collisional data have been reported for its deuterated isotopologues, HDCO and D2CO.

Aims. The main goal of this work is to study isotopic effects in the collision of formaldehyde with He, particularly on HDCO and D2CO, and to report new sets of collisional rate coefficients for these systems at low temperatures.

Methods. New potential energy surfaces were developed for the H2CO+He and HDCO+He systems using ab initio calculations at the CCSD(T)-F12a/aug-cc-pVTZ level of theory. The H2CO+He potential energy surface was also shifted to the centre of mass of D2CO to study its collision with He. These potential energy surfaces were employed in close-coupling scattering calculations.

Results. The potential energy surfaces for H2CO+He and HDCO+He show differences that arise mainly from symmetry effects, leading to additional non-zero expansion coefficients in the HDCO+He case. The cross sections and rate coefficient are computed for para-H2CO, ortho-H2CO, para-D2CO, ortho-D2CO, and HDCO by collision with He. A comparison with available collisional data for H2CO+He is presented. Similarities in the collisional rate coefficients are found for the same transition for the three isotopologues. However, rotational de-excitation rate coefficients for transitions forbidden in H2CO+He but allowed in HDCO+He are reported for the first time.
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1 Introduction
Typical conditions of interstellar molecular clouds are far from equilibrium due to their low densities (ranging from 102 to 108 particles per cubic centimetre; (Flower 2007)). Therefore, the analysis of observed spectra and, consequently, the accurate estimation of column densities, kinetic temperature, and gas volume density in molecular clouds must be performed using non-local thermodynamic equilibrium (non-LTE) models (van der Tak et al. 2020). Such models require knowledge of the Einstein coefficients and accurate state-to-state inelastic collisional rate coefficients of the observed molecules with the most common colliders in the interstellar medium (e.g. He, H, H2, and e−). The Einstein coefficients are usually known, but the collisional rate coefficients are not.
In cases where collisional data with H2 are not available for a given system, it is common to estimate the rates for collisions with H2 from those with He using a reduced-mass scaling factor (Schöier et al. 2005). If rates with He are also unavailable, scaling factors based on similar systems (e.g. isoelectronic systems) are used. For isotopologues, the same collisional data as for the parent species are usually used, except in the case of H/D substitution, for which the mass correction is larger than about 30% (van der Tak et al. 2020), and therefore cannot always be treated reliably by simple scaling.
Furthermore, astronomers commonly use deuterium fractionation (D/H ratio) derived from molecular abundance ratios to infer formation conditions. A high D/H ratio generally indicates a low formation temperature, and vice versa (Persson et al. 2018). Therefore, collisional data are required to estimate the abundances of hydrogenated and deuterated molecules.
When dealing with a deuterated isotopologue of a molecule, the centre of mass shifts, the principal inertia axes may rotate, the reduced mass of the complex changes, and molecular symmetries can be broken. As a result, the effect of H/D substitution on collisional rate coefficients is not straightforward.
In some cases, the H/D substitution has a limited impact on the rate coefficients, such as for HCO+/DCO+ in collisions with He (Buffa 2012; Buffa et al. 2009) or with H2 (Denis-Alpizar et al. 2020), and for N2H+/N2D+ + He (Daniel et al. 2007). However, in other systems, the influence of isotopic substitution is more pronounced. For example, in a recent study of ArH+/ArD+ in collisions with He (García-Vázquez et al. 2019), the rate coefficients show a different temperature dependence, indicating that a simple mass scaling does not allow one to estimate one set of rates from the other. Similar behaviour was observed for collisions of CH+/CD+ with He (Werfelli et al. 2017), C2H/C2D with para-H2 (Dumouchel et al. 2017), and for D2S–H2, whose cross sections were found to be larger than those of H2S–H2 (Dagdigian 2022).
Even larger discrepancies between the rate coefficients of isotopologues have been reported in some systems. This is the case for NH/ND in collisions with He (Dumouchel et al. 2012), as well as H2O/D2O (Scribano et al. 2010), with differences of up to a factor of 8, and HCN/DCN in collisions with He (Denis-Alpizar et al. 2015), where differences of up to a factor of 4 were found.
Additionally, there are H/D substitutions, for which symmetry breaking appears, as in the case of H2/HD (Roueff & Flower 1999; Flower 1999). Since the homonuclear symmetry breaking in HD allows transitions with odd ∆ j that are not permitted for H2, the comparison is not straightforward. Another example is H2O/HDO in collisions with He (Green 1989), where differences of about one order of magnitude were reported. For the same substitution in collisions with H2, Wiesenfeld et al. (2011) also found significant discrepancies. These works clearly show that specific calculations of collisional rate coefficients for deuterated isotopologues are necessary, as it is generally not possible to predict a priori the effect of H/D substitution on the collisional data.
Formaldehyde (H2CO) is one of the most abundant organic molecules in the interstellar medium and is widely used to probe the physical conditions of molecular gas (Maret et al. 2004). Its deuterated isotopologues, HDCO and D2CO, have also been detected (Persson et al. 2018). While collisional rate coefficients for H2CO with H2 (Wiesenfeld & Faure 2013) and with He (Green 1991) are available, no such data exist for its deuterated isotopologues. Significant differences are nevertheless expected, particularly for HDCO, for which symmetry is broken.
The main goals of this work are to study isotopic effects in the collision of formaldehyde with He, with a focus on HDCO and D2CO, and to report new sets of collisional rate coefficients for these systems at low temperatures. The paper is organized as follows. Section 2 presents the methods used to develop the potential energy surfaces (PES) and to perform the scattering calculations. Section 3 discusses the results, and Section 4 summarizes the main conclusions.
2 Methodology
2.1 Ab initio calculations
In this work, formaldehyde and its deuterated isotopologues are treated as rigid rotors. This approximation is excellent for collisional energies lower than the energy of the lowest vibrational excitation in triatomic systems colliding with atoms (Stoecklin et al. 2013, 2015; Cabrera-González et al. 2022). As we are interested in low temperatures and, therefore, low collision energies, this approximation is well justified for the present study (e.g. the lower frequency is ***(eq1)***[image: Mathematical equation: ${\omega _{{{\rm{H}}_2}{\rm{CO}}}} = 1049{\rm{ c}}{{\rm{m}}^{ - 1}}$]; (Linstrom & Mallard 2025)).
Figure 1 shows the coordinate system used in this work. R is the distance between the centre of mass of the molecule and the He atom, θ is the angle between the z axis and the vector R, and φ is the corresponding azimuthal angle. In the case of HDCO, the molecule was rotated with respect to H2CO to ensure that the principal axes of inertia coincide with the Cartesian axes. In this deuterated case, the O–C bond forms an angle of 5.27◦ with respect to the z axis. The internal geometry of formaldehyde was fixed using the following values: the C–O bond length was set to 1.205 Å, the C–H bond length to 1.111 Å, the H–C–H bond angle to 116.1◦, and the H–C–O angle to 121.9◦ (Linstrom & Mallard 2025).
An analysis using different ab initio methods and basis sets was performed for the HDCO+He system. Figure 2 shows the interaction energies as a function of R computed at θ = 80◦ and φ = 0◦. In addition, interaction energies at the complete basis set limit (CBSL) were estimated from CCSD(T) calculations with the aug-cc-pVQZ and aug-cc-pV5Z basis sets using the two-point extrapolation formula (Helgaker et al. 1997)
[image: Mathematical equation: ${E_{{\rm{CBSL}}}} = {{{E_m}{m^3} - {E_n}{n^3}} \over {{m^3} - {n^3}}},$]
where Em and En are the interaction energies computed with basis sets of cardinal numbers m and n (with m = 5 and n = 4). Considering the computational cost and proximity to the CBSL energies, the CCSD(T)-F12a method with the aug-cc-pVTZ basis set was selected. The basis set superposition error was corrected using the counterpoise method (Boys & Bernardi 1970).
Two grids of interaction energies were computed, one for the H2CO+He complex and the other for the HDCO+He complex. Each grid includes 24 values of R ranging from 2.2 to 12 Å. The angle θ varies from 0◦ to 180◦ in steps of 10◦. The azimuthal angle φ was sampled from 0◦ to 180◦ in steps of 15◦ for HDCO, and from 0◦ to 90◦ for H2CO.
	[image: Thumbnail: Fig. 1 Refer to the following caption and surrounding text.]	Fig. 1 Coordinate system used for the H2CO+He and HDCO+He complexes. In each case, the molecule lies in the x–z plane, with its centre of mass fixed at the origin.



	[image: Thumbnail: Fig. 2 Refer to the following caption and surrounding text.]	Fig. 2 Interaction energies as a function of R , at θ = 80◦ and φ = 0◦, for the HDCO+He complex computed using CCSD(T) and CCSD(T)-F12 methods with different basis sets. The estimated CBSL energies are also shown for comparison.



2.2 Analytical PES
The two grids of interaction energies were fitted to an analytical function of the form
[image: Mathematical equation: $V(R,\theta ,\varphi ) = \mathop \sum \limits_{l = 0}^{15} \mathop \sum \limits_{m = 0}^{\min \{ l,8\} } {v_{lm}}(R)\bar P_l^m(\cos \theta )\cos (m\varphi ),$](1)
where ***(eq4)***[image: Mathematical equation: $\bar P_l^m$] are the normalized associated Legendre polynomials. For the H2CO+He system, only even values of m were included owing to the C2v symmetry of the molecule.
For a given value of R, the expansion coefficients νlm(R) were determined using singular value decomposition (SVD) (Press et al. 1992). For each pair (l, m), the corresponding radial coefficients were then fitted using a kernel-based method (Ho & Rabitz 1996), such that the radial dependence is written as
[image: Mathematical equation: ${v_{lm}}(R) = \mathop \sum \limits_{j = 1}^{{N_R}} {\alpha _j}{q^{2,5}}\left( {R,{R_j}} \right),$](2)
where NR is the number of radial grid points. The radial kernel is given by
[image: Mathematical equation: ${q^{2,5}}\left( {R,{R_j}} \right) = {2 \over {21R_ > ^6}} - {{{R_ < }} \over {14R_ > ^7}},$](3)
where R> (R<) denotes the larger (smaller) of R and Rj. The coefficients αj were obtained by solving the set of linear equations for each pair (l, m),
[image: Mathematical equation: ${v_{lm}} = Q \cdot {\alpha _{lm}}$]
where Qij = q2,5(Ri, Rj) and Ri and Rj are the i and j radial points of the grid.
The potential energy surface for the D2CO+He complex was obtained by shifting the centre of mass of the H2CO+He surface, following the approach previously adopted for the D2O+Ar system based on the H2O+Ar surface (García-Vázquez et al. 2024).
Table 1 
MOLSCAT parameters used in the scattering calculations.

2.3 Scattering
The computed PESs were incorporated into the MOLSCAT code (Hutson & Le Sueur 2019). As the two hydrogen nuclei in the H2CO molecule are symmetrically equivalent fermions, the H2CO rotational energy levels are split into para (even Ka) and ortho (odd Ka) species (Green et al. 1978). This symmetry allows only para–para and ortho–ortho transitions. In the case of D2CO, the rotational levels are also split into para- and ortho-species. However, since deuterium is a boson with nuclear spin 1, the spin statistics assign para levels to odd Ka values and ortho levels to even Ka values, in contrast to the H2CO case (Turner 1990).
The inelastic cross sections were computed using the close-coupling method and the log-derivative propagator. The molecular rotational constants (A, B, C), centrifugal distortion constants (DJ, DJK, DK), reduced mass (URED), and other MOLSCAT parameters used in the calculations are summarized in Table 1. For all complexes, the scattering calculations employed RMIN = 2 Å, RMAX = 20 Å, and OTOL = 0.001 Å2.
The rotational basis sets were selected based on convergence tests. Convergence of the inelastic cross sections within a few percent was achieved using an energy cutoff of Emax = 400 cm−1 for the para-H2CO+He, para-D2CO+He, and ortho-D2CO+He complexes. For ortho-H2CO+He, convergence for the transitions of interest was already reached at Emax = 200 cm−1. In the case of HDCO+He, where symmetry breaking leads to a higher density of coupled rotational states, an intermediate value of Emax = 300 cm−1 was adopted.
The cross sections for D2CO and HDCO in collision with He were computed for initial rotational levels with energies up to approximately 53 cm−1. For the H2CO+He system, cross sections were computed only up to the first six rotational levels to compare with available data, since collisional rate coefficients for this system are already available in the literature. Calculations for the para and ortho species of H2CO and D2CO were performed independently. The number of initial rotational levels considered in each case is smaller than for HDCO+He. The total energy grids were chosen to ensure a denser sampling in the resonance region. Finally, the state-to-state rate coefficients were obtained by thermal averaging of the cross sections over a Maxwell–Boltzmann distribution of collision energies.
Table 2 
Global minimum of the PES for the H2CO+He complex (in cm−1).

	[image: Thumbnail: Fig. 3 Refer to the following caption and surrounding text.]	Fig. 3 First radial coefficients νlm(R) of the expansion PES for H2CO+He (solid line), HDCO+He (dashed lines), and D2CO+He (dotted line).



	[image: Thumbnail: Fig. 4 Refer to the following caption and surrounding text.]	Fig. 4 Contour plots for the H2CO + He (top panels) and HDCO + He (bottom panels) complexes at selected configurations. Positive energies are shown in red contour lines, while negative energies are shown in blue lines in steps of 3 cm−1.



3 Results
3.1 PES
The quality of the fitting of the PES was assessed through the root-mean-square deviation (RMSD) between the ab initio interaction energies and those obtained from the analytical representation given in Eq. (1). For the energy grid employed in the construction of the HDCO+He PES, the RMSD was 2.9 × 10−2 cm−1 for negative energies and 7.5 cm−1 for energies from 0 to 5000 cm−1. In addition, 432 off-grid ab initio points were selected to validate the analytical surface. For these points, the RMSD was 3.3 × 10−2 cm−1 in the attractive region (219 points) and 36.4 cm−1 in the repulsive region, where the energies extend up to 104 cm−1.
For the H2CO+He PES, the RMSD was 1.8 × 10−2 cm−1 for E < 0, while for energies between 0 and 5000 cm−1 it increases to 25.6 cm−1. For this system, several PESs are available in the literature. The global minimum obtained in the present work (−53.0 cm−1) is compared with previous results in Table 2. The agreement in the geometry of the global minimum is good. However, noticeable discrepancies are observed among the reported well depths.
The difference with the early work of Garrison & Lester Jr (1975) is not unexpected, given the substantially lower level of electronic structure theory employed in that study. However, the discrepancy with more recent PESs requires closer analysis. Wheeler & Ellis (2003) reported a global minimum of −59.5 cm−1 for the H2CO+He interaction, based on a PES fitted to CCSD(T) interaction energies extrapolated to the complete basis set limit (CBS) using aug-cc-pVDZ and aug-cc-pVTZ basis sets. In the same work, one-dimensional cuts computed at the CCSD(T)/aug-cc-pVQZ level show a noticeably shallower well. To understand such a difference, we computed the ab initio interaction energy at the geometry of the minimum reported by Wheeler & Ellis (2003). Using the standard two-point extrapolation formula, we obtain a value of −50.4 cm−1, in close agreement with our PES. However, applying the extrapolation expression (Eq. (1)) of Wheeler & Ellis (2003) yields a significantly deeper value of −57.7 cm−1. It is worth noting that this extrapolated value is considerably deeper than the interaction energy obtained directly with the aug-cc-pV5Z basis set (−49.22 cm−1). This behaviour suggests that the CBS extrapolation scheme employed, which includes two empirical parameters, may overestimate the interaction energy in the well region.
In the case of the PES reported by Naumkin et al. (2019), the difference with our results can be attributed to a combination of two factors. First, as shown in Fig. 2, the CCSD(T)-F12a/cc-pVQZ-F12 level underestimates the magnitude of the interaction energy for this system. Second, the fitting strategy adopted in that work relies on a relatively limited number of ab initio energy configurations, which may introduce additional smoothing of the potential near the global minimum.
The first radial coefficients of the expansion of the PESs are shown in Figure 3. There is an agreement between the coefficients of H2CO+He and D2CO+He, as expected, because the second PES is obtained from the first one simply by shifting the centre of mass by 0.07 Å. Furthermore, similarities are found between the νl,m terms for HDCO+He and H2CO+He for the even values of m. However, additional νl,m terms appear for HDCO+He (odd values of m), which are zero for H2CO+He and D2CO+He.
Figure 4 shows the contour plot for the HDCO+He and H2CO+He complexes. The D2CO+He plots are not shown because the difference with those of H2CO+He is so slight that it cannot be identified from a figure. The global minimum of both complexes is in the coplanar configuration, φ = 0◦, where for HDCO+He it is −53.0 at R = 3.18 Å and θ = 77.3◦, very close to the values of H2CO+He. The other minima also exhibit a slight displacement between the two systems.
The differences in the PESs of HDCO+He and H2CO+He are shown in more detail in Figure 5. In this figure, R was relaxed in the [2.5, 5.0] Å interval, and highlights the angular anisotropy of the PESs. The global minimum in both complexes is centred around θ ≈ 90◦ and ϕ ≈ 0◦, corresponding to a near T-shaped, coplanar configuration with He close to the O atom. Shallower minima are also observed for axial approaches towards the H–H side (θ ≳ 150◦) and the O end (θ ≲ 30◦). The interaction becomes less attractive as ϕ leaves the coplanar geometry. Furthermore, the dashed red line at φ = 90◦ highlights the breaking of the angular symmetry of the mass distribution in the HDCO+He complex.
	[image: Thumbnail: Fig. 5 Refer to the following caption and surrounding text.]	Fig. 5 Contour plots of the potential energy surface for the H2CO+He (top panel) and HDCO+He (bottom panel) complexes with R relaxed in the [2.5, 5.0] Å interval. The contour lines are in steps of 2 cm−1.



	[image: Thumbnail: Fig. 6 Refer to the following caption and surrounding text.]	Fig. 6 Rotational de-excitation cross sections as a function of the collision energy for transitions from the 30,3 state. Top panel: para-H2CO+He (solid lines) and ortho-D2CO+He (dotted lines). Bottom panel: HDCO+He.



	[image: Thumbnail: Fig. 7 Refer to the following caption and surrounding text.]	Fig. 7 Rotational de-excitation rate coefficients (solid lines) as a function of temperature for rotational transitions of para-H2CO (top panel) and ortho-H2CO (bottom panel). Data from Green (1991) (dash–dotted lines), and the mass-scaled data of Wiesenfeld & Faure (2013) (dashed lines) are also included.



3.2 Scattering
The developed surfaces were incorporated into the MOLSCAT code to study the scattering of these systems. Figure 6 shows the rotational de-excitation cross sections as a function of the collision energy (Ecol) for H2CO, D2CO, and HDCO colliding with He. The typical shape and Feshbach resonances of this type of system are shown in this figure. These resonances are due to the temporary trapping of the collision complex behind centrifugal barriers associated with the van der Waals interaction, and to the coupling between open scattering channels and closed channels associated with rotationally excited levels of the formaldehyde isotopologues.
Furthermore, from the top panel of Figure 6, and as expected, it can be seen that the differences between transitions for H2CO and D2CO by collision with He are small. However, and as shown in the bottom panel, the 30,3 → 11,1, 30,3 → 11,0, 30,3 → 21,2, and 30,3 → 21,1 transitions do not appear for the H2CO–He and D2CO–He complexes but, are possible for the HDCO. This is because, in these formaldehyde molecules, transitions between para and ortho (and vice versa) are forbidden. In contrast, this symmetry restriction is lifted in the HDCO case, allowing these transitions.
Figure 7 shows selected de-excitation rate coefficients for the collision of H2CO with He. This figure includes the rate coefficients reported by Green (1991) (from the BASECOL database). For some transitions (e.g. 30,3 → 20,2, and 21,1 → 11,1 the agreement between (Green 1991) and the present work is excellent. However, in general, the differences between the rates are larger at low temperatures and decrease as T increases. This behaviour is not surprising, given the discrepancies in the PES employed by Green (1991), which was based on the surface of Garrison & Lester Jr (1975). Furthermore, the mass-scaled (Schöier et al. 2005) rate coefficients from the H2CO–H2 collisions of Wiesenfeld & Faure (2013), as available in the EMAA database, are also included in Figure 7. In this case, the rate coefficients are generally higher than our values, and a simple mass-scaling law appears inadequate for this system.
Rotational de-excitation rate coefficients for the collision of HDCO and D2CO with He are shown in Figure 8. For transitions allowed in D2CO+He, the rate coefficients for HDCO+He show a similar behaviour and magnitude. However, some transitions not allowed for H2CO+He and D2CO+He are permitted for HDCO+He; therefore, these transitions cannot be predicted simply from the corresponding data for H2CO+He and D2CO+He, making quantum calculations for this system necessary. The data computed for the first 25 rotational levels of HDCO and the first 16 rotational levels of para- and ortho-D2CO in collisions with He, up to 40 K, will be made available through the BASECOL database(Dubernet et al. 2024).
	[image: Thumbnail: Fig. 8 Refer to the following caption and surrounding text.]	Fig. 8 Rotational de-excitation rate coefficients from the initial state 30,3, for all the allowed rotational transitions of D2CO (dashed line) and HDCO (solid line) induced by collisions with He, plotted as a function of the temperature.



4 Summary
The collisions of H2CO and its isotopologues, D2CO and HDCO, with He were studied in this work. New potential energy surfaces were developed from high-level ab initio calculations. For the H2CO+He system, for which previous studies are available, differences with earlier surfaces were found, mainly due to the level of theory employed in the electronic structure calculations. The PES for D2CO+He was obtained from that of H2CO+He by applying a correction to the centre of mass; therefore, the differences between these two surfaces are minor. In contrast, for the HDCO+He system, radial coefficients of the PES expansion that vanish for the symmetric isotopologues become significant.
The potential energy surfaces were employed in close-coupling scattering calculations, and five new sets of rotational de-excitation rate coefficients were computed, separating para and ortho species for H2CO and D2CO. The rate coefficients for transitions allowed in H2CO+He can be safely used in non-LTE calculations for D2CO+He collisions. However, for HDCO+He, additional rotational transitions are allowed that cannot be estimated from the symmetric isotopologues, confirming that rate coefficients must be computed independently for isotopologues lacking symmetry.

Data availability
The collisional rate coefficients for D2CO+He and HDCO+He will be available in the BASECOL database (Dubernet et al. 2024).
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        [image: Fig. 1 Refer to the following caption and surrounding text.]
      

      
        Coordinate system used for the H2CO+He and HDCO+He complexes. In each case, the molecule lies in the x–z plane, with its centre of mass fixed at the origin.

      

    

  
    
      Fig. 2 
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        Interaction energies as a function of R , at θ = 80◦ and φ = 0◦, for the HDCO+He complex computed using CCSD(T) and CCSD(T)-F12 methods with different basis sets. The estimated CBSL energies are also shown for comparison.

      

    

  
    
      Table 1 

      MOLSCAT parameters used in the scattering calculations.

      
        


	Complex
	URED
	DR
	A
	B
	C
	DJ
	DJK
	DK
	Emax





	HDCO+He
	3.545
	0.10
	1.164b
	0.986b
	6.610b
	1.94 × 10−6c,b
	2.54 × 10−5b
	3.69 × 10−4b
	300



	D2CO+Hea
	3.558
	0.05
	1.077b
	0.873b
	4.725b
	1.53 × 10−6b
	2.21 × 10−5b
	1.48 × 10−4b
	400



	H2CO+Heb
	3.532
	0.05
	1.295c
	1.134c
	9.406c
	2.51 × 10−6c
	4.31 × 10−5c
	6.48 × 10−4c
	400d





      

      
Notes. The reduced mass (URED) is given in a.m.u., the radial step size of the intermolecular coordinate R used in the propagation (DR) in Å, and A, B, C, DJ, DJK, DK, and Emax in cm−1. a Parameters for both, the para-D2CO+He and ortho-D2CO+He complexes. b Taken from (Zakharenko et al. 2015). c Taken from Müller et al. (2005). d EMAX was taken as 400 for para-H2CO+He, meanwhile EMAX was taken as 200 for ortho-H2CO+He.




    

  
    
      Table 2 

      Global minimum of the PES for the H2CO+He complex (in cm−1).

      
        


	Method
	(R, θ, φ)
	De





	CCSD(T)-F12a/aug-cc-pVTZ
	3.15, 83, 0
	–53.0



	CCSD(T)/CBSLa
	3.08, 83.4, 0
	–59.5



	CCSD(T)-F12a/cc-pvqz-F12b
	3.27, 91, 0
	–44.0



	HF+CI contributionc
	3.97, −−, 0
	–27.8





      

      
Notes. Available data from the literature is also included, where R is in Å, angles in degrees: a From Wheeler & Ellis (2003). b From Naumkin et al. (2019). c From Garrison & Lester Jr (1975).
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        First radial coefficients νlm(R) of the expansion PES for H2CO+He (solid line), HDCO+He (dashed lines), and D2CO+He (dotted line).
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        Contour plots for the H2CO + He (top panels) and HDCO + He (bottom panels) complexes at selected configurations. Positive energies are shown in red contour lines, while negative energies are shown in blue lines in steps of 3 cm−1.

      

    

  
    
      Fig. 5 

      
        [image: Fig. 5 Refer to the following caption and surrounding text.]
      

      
        Contour plots of the potential energy surface for the H2CO+He (top panel) and HDCO+He (bottom panel) complexes with R relaxed in the [2.5, 5.0] Å interval. The contour lines are in steps of 2 cm−1.

      

    

  
    
      Fig. 6 
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        Rotational de-excitation cross sections as a function of the collision energy for transitions from the 30,3 state. Top panel: para-H2CO+He (solid lines) and ortho-D2CO+He (dotted lines). Bottom panel: HDCO+He.

      

    

  
    
      Fig. 7 
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        Rotational de-excitation rate coefficients (solid lines) as a function of temperature for rotational transitions of para-H2CO (top panel) and ortho-H2CO (bottom panel). Data from Green (1991) (dash–dotted lines), and the mass-scaled data of Wiesenfeld & Faure (2013) (dashed lines) are also included.

      

    

  
    
      Fig. 8 
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        Rotational de-excitation rate coefficients from the initial state 30,3, for all the allowed rotational transitions of D2CO (dashed line) and HDCO (solid line) induced by collisions with He, plotted as a function of the temperature.
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