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a b s t r a c t 

We investigate collisional line-shape effects that are present in highly accurate experimental spectra of 

the 3-0 S(1) and 2-0 Q(1) molecular hydrogen absorption lines perturbed by helium. We clearly distin- 

guish the influence of six different collisional effects (i.e.: collisional broadening and shift, their speed 

dependencies and the complex Dicke effect) on the shapes of H 2 lines. We demonstrate that only a very 

specific combination of these six contributions, determined from our ab initio calculations, gives unprece- 

dentedly good agreement with experimental spectra. If any of the six contributions is neglected, then the 

experiment-theory comparison deteriorates at least several times. We also analyze the influence of the 

centrifugal distortion on our ab initio calculations and we demonstrate that the inclusion of this effect 

slightly improves the agreement with the experimental spectra. 

© 2021 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

1. Introduction 

Hydrogen molecule, which is the simplest neutral chemically 

bound system, colliding with a helium atom constitutes a bench- 

mark system well suited for testing and validating [1] the ab ini- 

tio quantum chemical calculations of potential energy surfaces 

(PESs) [2,3] . The way the collisional effects are manifested in rovi- 

brational spectra is particularly interesting in the case of the H 2 

molecule. Due to a large rotational constant [4] and the lack 

of low-temperature inelastic channels in H 2 scattering [5] , the 

nontrivial beyond-Voigt collisional line-shape effects are atypi- 

cally strong [6] , which makes it a perfect system for testing the 

collision-induced line-shape effects together with the quantum- 

scattering calculations associated with them. 

Recently, low-temperature experiments with coexpanded super- 

sonic beams allowed to measure rotationally inelastic scattering of 

the HD molecule colliding with D 2 [7,8] and with He [9] . The in- 
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fluence of collisions of H 2 isotopologues or noble gas atoms with 

a hydrogen molecule on the shapes of the H 2 lines was studied in 

a wide temperature range, spanning from 20 to 1200 K [10–17] . 

In particular, the widths and shifts of the H 2 rovibrational lines 

affected by the H 2 -He collisions were subjected to intense theoret- 

ical and experimental studies [3,5,15,18–26] . Recently, the ab ini- 

tio calculations carried out for two rovibrational lines of molecu- 

lar hydrogen achieved a subpercent agreement with experimental 

spectra [1] . 

In this work, we investigate the shapes of two molecular hy- 

drogen absorption lines perturbed by helium. We clearly distin- 

guish the influence of six different collisional effects (i.e.: colli- 

sional broadening and shift, speed dependence of the broadening 

and the shift, and real and imaginary Dicke effect) on the shapes 

of H 2 lines. We demonstrate that only a specific combination of 

these six contributions, as resulting from our ab initio calculations, 

gives unprecedentedly good agreement with experimental spectra 

(0.87% for the 3-0 S(1) line and 0.33% for the 2-0 Q(1) line). Ad- 

ditionally, we extend the previous analysis [1] by introducing into 

our quantum-scattering calculations the impact of the centrifugal 

distortion (CD) on the H 2 -He interaction. We note that the CD is 
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introduced into our quantum-scattering calculations in a twofold 

manner. First, CD influences the calculations of the structure of the 

H 2 molecule, i.e. the energies of the rovibrational levels. This effect 

was already taken into account in all our previous analyses of the 

He-perturbed hydrogen lines [1,3,5,21–23,26] . In fact, we used the 

energy levels of H 2 reported in Ref. [27] . Second, CD influences the 

H 2 -He interaction calculated from the PES for a given rovibrational 

state of H 2 . This is because as the H 2 molecule rotates, its rovibra- 

tional wave function, χν j (r hh ) , is slightly stretched. Thus, the full 

H 2 -He PES should be averaged over wave functions which include 

this stretching (see Section 4 for details). In this paper, while refer- 

ring to CD, we refer to the second meaning of those stated above. 

In the previous works it was pointed out that CD can be crucial for 

purely rotational lines [5] . Here, we demonstrate that while for the 

2-0 Q(1) line, CD does not impact the line-shape parameters signif- 

icantly, it influences the line-shape parameters of the 3-0 S(1) line 

at the 6% level and, hence, cannot be neglected in the interpreta- 

tion of highly accurate experimental spectra. 

Besides its importance for studying molecular interactions and 

collisions, accurate determination of the collisional line-shape pa- 

rameters is important for astrophysical research. Spectroscopic 

studies of the atmospheres of giant planets need an accurate deter- 

mination of pressure broadening and shift for electric-quadrupole 

H 2 lines [28–31] . Higher H 2 overtones are also used to study the 

atmospheres of giant planets [32,33] , where beyond-Voigt line- 

shape parameters were proven to be necessary to interpret the 

measured spectra. 

2. Line shape description 

Our line-shape calculations [1,34–37] are based on the general- 

ized Hess method (GHM) [38–40] . Instead of fitting, we calculate 

the line-shape parameters, namely the speed-dependent pressure 

broadening, �(v ) , and shift, �(v ) [41–43] , along with the com- 

plex Dicke parameter, νopt [3,44–48] , directly from the generalized 

spectroscopic cross sections 

�(v ) + i �(v ) = 

(
n p 

2 πc 

) 2 ̃ v 2 p 
v 
√ 

π
exp 

(
−v 2 / ̃ v 2 p 

)
×

×
∞ ∫ 
0 

x 2 e −x 2 sinh ( 2 v x/ ̃ v p ) σ q 
0 
(x ̃ v p )d x, (1a) 
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(v r ) ×

×
[
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3 

v 2 r 
v 2 r 

σ q 
1 
(v r ) − σ q 

0 
(v r ) 

]
d v r , (1b) 

where n p is the number density of the perturber, c is the speed 

of light, v p , v and v r are the speed of the perturber with the most 

probable value ˜ v p , the speed of the active molecule and their rel- 

ative speed with mean value v r , respectively, with x = v r / ̃ v p . m p 

and m are the masses of the perturber and the active molecule, 

respectively, and f m 

(v ) is the Maxwell-Boltzmann speed distribu- 

tion. The cross sections, σ q 
ε (v ) , are determined from the S-matrices 

that are obtained, from the binary impact approximation, from the 

quantum-scattering calculations [22] , which are performed on the 

state-of-the-art H 2 -He PES, i.e. extended Bakr, Smith and Patkowski 

potential (BSP3) [2,3] . The q superscript denotes the tensorial rank 

of radiation-matter interaction, which describes the type of a spec- 

troscopic transition. In absorption spectroscopy, q = 1 corresponds 

to electric dipole transitions and q = 2 corresponds to the electric 

quadrupole transitions considered here. In the case of Raman spec- 

troscopy, q = 0 describes isotropic Q lines, while q = 2 corresponds 

to anisotropic transitions. ε denotes the rank of the velocity ten- 

sor. For ε = 0 , the real and imaginary part of σ q 
ε (v ) are referred 

to as the pressure broadening and pressure shift cross sections, re- 

spectively [49–51] , which describe the damping and dephasing of 

the optical coherence. For ε = 1 the σ q 
ε (v ) provides the complex 

Dicke cross section [39,40,52] , the real part of which describes the 

flow of the optical coherence between different velocity classes. 

The imaginary part of σ q 
ε=1 

(v ) describes the phase changing of 
the optical coherence during velocity-changing collisions. We note 

that the cross sections, σ q 
ε (v ) , include the contribution from the 

inelastic scattering of the diatomic molecule and the dephasing 

part, which involves both the reorienting collisions (induced by 

the anisotropic part of the PES) and purely phase-changing colli- 

sions [5] . 

The isolated absorption line can be described in terms of the 

transport-relaxation equation [53] 

1 = −i (ω − ω 0 − k · v ) h (ω, v ) − ˆ S f h (ω, v ) , (2) 

where ω and ω 0 are the laser frequency and the unperturbed line 

position, respectively, k is the wave vector, ˆ S f is the collision op- 

erator, f m 

(v ) is the Maxwell velocity distribution of the active 

molecule velocity, v , and f m 

(v ) h (ω, v ) is a scalar function pro- 

portional to the velocity distribution of the optical coherence. The 

shape of molecular line is calculated as [53] 

I(ω) = 

1 

π
� e 

∫ 
d 3 v f m 

( v ) h (ω, v ) . (3) 

The velocity distribution of the optical coherence arises as an 

interplay between two competing processes. On one hand, the 

laser light induces the optical excitation within some velocity 

classes. On the other, collisions change both the internal state of 

the molecule and its velocity [54–56] . These effects can be incor- 

porated into the collision operator as a sum of the broadening and 

shift and a velocity-changing operator 

ˆ S f = − (�0 + i �0 ) −
(
�SD b γ (v ) + i �SD b δ(v ) 

)
+ 

+ (νr 
opt + iν i 

opt ) ˆ M 

f 
ξ , (4) 

where �0 and �0 are the speed-averaged broadening and shift, 

�SD and �SD are the parameters describing the magnitude of the 

speed-dependence of broadening and shift of the line with b γ
and b δ describing their shape [35] , νr 

opt and ν
i 
opt are the real and 

imaginary part of νopt , respectively. Finally, νopt ˆ M 

f 
ξ
is the velocity- 

changing operator [53,57,58] within a given ξ model of collisions 

νopt ˆ M 

f 
ξh (ω, v ) = 

∫ [
f ξ (v ← v ′ ) − f ξ ( v 

′ ← v ) 
]
h (ω, v ′ )d v ′ , (5) 

where f ξ is the collision kernel. We note here that the complex 

Dicke parameter, νopt , involves correlation between the internal 

and translational degrees of freedom [3,39,40,45] . In the original 

formulation of the GHM, this operator is a simple hard-collision 

(HC) operator [44,59] whose collision kernel depends only on the 

Maxwell velocity distribution [60] 

f HC (v ← v ′ ) = νopt f m 

(v ) . (6) 

In this work, we replace the HC collision kernel with the more 

physically-justified billiard-ball (BB) model [54,57,58] , in which the 

collision kernel takes into account not only the speed after the col- 

lision, v , but also the speed before the collision, v ′ , the angle φ be- 

tween aforementioned velocities and the perturber-absorber mass 

ratio, α. The BB collision kernel can be expressed as 

f BB (v ← v ′ ) = 

= νopt 
1 

v 2 m 

3 

32 π

(1 + α) 5 / 2 

α2 

1 √ 
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×
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Fig. 1. Isotropic part of the BSP3 PES for colliding H 2 -He (red thick solid line) as a 

function of relative distance, R . The hard-sphere potential (black dashed line) was 

constructed so it intersects the ab initio potential curve at the mean collisional en- 

ergy ( ε/k B = 4 4 4 K). Green solid line is the Lennard-Jones potential fitted to the 

isotropic part of the BSP3 PES. Mean collision energy and energy corresponding to 

the temperature T are indicated as the blue (upper) and orange (lower) dot-dashed 

lines respectively. The mean hard-sphere diameter d H 2 −He = 4 . 24 a 0 at 296 K. 

+ 

αv 2 v ′ 2 sin 2 ( φ) 

v 2 m 

(
v 2 − 2 vv ′ cos ( φ) + v ′ 2 

) − (1 + α) 2 

4 α

v 2 

v 2 m 

) 

, (7) 

where v m 

= 

√ 

2 k B T /m is the most probable speed of an active 

molecule of mass m , k B is the Boltzmann constant, and T is the 

temperature. With the BB model of collisions included, we refer to 

the line shape as the speed-dependent billiard-ball profile (SDBBP). 

In this work, we calculate the complex Dicke parameter from 

the ab initio calculations based on the GHM. It is interesting to 

compare it with the frequency of the velocity-changing collisions 

(real number), νdiff , calculated from the diffusion [57,61] 

νdiff = 

v 2 m 

2 D 

, (8) 

where D is the binary diffusion coefficient. The latter can be simply 

calculated using a crude hard-sphere model [34,57] or an effective 

Lennard-Jones (LJ) potential parameters [62] . It can be also deter- 

mined experimentally [63] . We estimate the mean hard-sphere di- 

ameter ( σ in Ref. [34] ) as the intersection of the true isotropic part 

of the PES with the mean collisional energy, see black line in Fig. 1 . 

The effective LJ potential was obtained by fitting its parameters to 

the true isotropic part on the interacting pair in the ground state, 

see green line in Fig. 1 . 

Note that while this work focuses on describing the line shape 

in a physically justified model, we also provide a comprehen- 

sive dataset of the line-shape parameters for this system for the 

quadratic speed-dependent hard-collision profile in a wide temper- 

ature range in Ref. [17] . 

3. Signatures of different collisional line-shape effects in 

experimental spectra 

In this section, we use the experimental spectra reported in 

Ref. [1] . The He-perturbed 2-0 Q(1) H 2 line was measured in the 

Grenoble laboratory at temperature 294.2 K and at nine pressures 

from 0.07 to 1.05 atm and the He-perturbed 3-0 S(1) H 2 line was 

measured in the Hefei laboratory at temperature 296.6 K and at 

four pressures from 0.36 to 1.35 atm. The H 2 -He mixing ratio is 

different for both experiments and for the 2-0 Q(1) line has a 

constant value of 4.9(1)% while for the 3-0 S(1) line spans be- 

tween 10% and 33%. We perform fully quantum calculations of the 

line-shape parameters on the newly-developed BIGOS code [64] , 

see Ref. [3,22] for detailed description of the methodology. Com- 

paring to our previous work [1] we perform additional quantum- 

scattering calculations to check the influence of the CD (which 

Fig. 2. The raw experimental spectra reported in Ref. [1] (black points) in compar- 

ison with the simulated line profiles (red lines). Linear background is subtracted 

from the spectra. The absorption axis is normalized to the spectral line area, A . 

The red lines under the line profiles show the differences between the experiment 

and theory enlarged twenty times. Relative root-mean-square error, rRMSE, values 

in the plots describe the errors relative to the profile amplitude calculated within 

±FWHM (Full-Width at Half Maximum) from the line maximum. Vertical gray lines 

correspond to the theoretical unperturbed line position, ω 0 . Deviation of the line 

maximum from ω 0 highlights that H 2 has atypically large pressure shift. 

is usually neglected) on the shapes of molecular resonances, see 

Section 4 for more details. In our spectra analysis, we fit the line 

position, ω 0 , line intensity, S, and linear baseline. The fit of the line 

position was performed by means of multispectrum fitting tech- 

nique [65] , while the line area was fitted separately for every pres- 

sure. Line-shape parameters are not fitted, but fixed to calculated 

ab initio values. The results for two chosen pressures are presented 

in Fig. 2 . We have already demonstrated, in Ref. [1] , that the con- 

sistency between our theoretical line-shape calculations and ex- 

perimental data reaches subpercent accuracy for the He-perturbed 

H 2 lines. Here we demonstrate that taking into account more so- 

phisticated line-shape parameters is crucial to achieve this agree- 

ment. In a typical case the collisional effects in molecular ab- 

sorption spectra are dominated by the speed-averaged broaden- 

ing, �0 , and shift, �0 , and hence the Voigt Profile (VP) suffices 

to describe the collision-perturbed shapes of the molecular lines 

[66,67] . However, the atypical properties of the hydrogen molecule 

give us an opportunity to experimentally study more subtle line- 

shape effects that our collision operator, Eq. (4) , takes into account. 

In Sections 3.1 –3.3 we demonstrate on the experimental data that 

none of these collisional effects can be neglected. Indeed, the ex- 

cellent agreement between theory and experimental spectra, see 

Fig. 2 , is achieved only when the contributions from all six colli- 

sional line-shape parameters are taken into account at the same 

time, see Fig. 3 . 

3.1. Speed-averaged line broadening and shift 

The simplest description of the line shape is based on the 

speed-averaged broadening and shift in conjunction with the 

Doppler effect. In the absence of any other collisional line-shape 

effects, this results in the formation of a simple VP. To quantify 

the impact of these collisional effects on the overall shape of the 

3 
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Fig. 3. Influence of different collisional effects on the shapes of the rovibrational transitions in H 2 . Black dots are the experimental data reported in Ref. [1] and the red lines 

are the ab initio line shapes. Panels (a-c) and (d-f) correspond to the He-perturbed 3-0 S(1) and 2-0 Q(1) H 2 line, respectively. Panels (a) and (d) present the line shapes 

in which the speed-averaged line broadening and shift is neglected, i.e. �0 = 0 (yellow line) and �0 = 0 (blue line). In panels (b) and (e) the speed dependence of the line 

broadening, �SD = 0 (yellow line) and shift, �SD = 0 (blue line) is neglected. In panels (c) and (f) we neglect the complex Dicke parameter; its real, νr 
opt = 0 (yellow line), and 

imaginary, ν i 
opt = 0 (blue line), parts. These panels also present the effect of replacing νr 

opt with νdiff originating from the diffusion model calculated with the hard-sphere 

approach (green line). 

4 
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measured H 2 absorption lines, we set the �0 (see yellow lines in 

Fig. 3 a and d) and �0 (see blue lines in Fig. 3 a and d) parameters 

to zero in our ab initio profiles and directly superimpose them on 

the raw experimental data. The resulting large differences show, as 

expected, that both of these parameters are crucial for a proper 

description of the spectral profile. 

3.2. Speed dependence of the line broadening and shift 

For the present molecular system the simple VP is fairly in- 

sufficient [43,68,69] . The beyond-Voigt line-shape effects are par- 

ticularly pronounced for the case of the rovibrational transitions 

in molecular hydrogen, see Fig. 2 e–f in Ref. [1] . The depen- 

dence of the collisional width and shift on the speed of the 

molecules [41] has to be included to increase the agreement 

with experimental data. To examine its influence, we set the 

�SD (see yellow lines in Fig. 3 b and e) and �SD (see blue lines in 

Fig. 3 b and e) parameters to zero in our ab initio profiles and di- 

rectly superimpose them on the raw experimental data. The speed 

dependence of the line width reduces the effective width of the 

line via the speed class exchanges, while the speed dependence 

of the shift manifests as inhomogeneous broadening and asym- 

metry of the line [70,71] . This is clearly confirmed by our experi- 

mental data, for �SD = 0 (see aforementioned yellow line) the line- 

shape profile is broader, i.e., the peak of the line is lower, while for 

�SD = 0 (blue line) the line is narrower, i.e. the line peak is higher, 

and the residuals are clearly asymmetric. 

3.3. Velocity-changing collisions 

The influence of the velocity-changing collisions is incredibly 

pronounced for the H 2 molecule. It is clearly visible while compar- 

ing the velocity-changing collisions frequency derived directly from 

the diffusion coefficient, νdiff , to the speed-averaged width, �0 (for 

the values refer to the Table 1 ). Therefore, even if the state/phase- 

and velocity-changing collisions are correlated, i.e. some fraction 

of the excited molecules undergoing the change of the velocity are 

damped, the effective rate of velocity-changing collisions, νopt , is 

Table 1 

Line-shape parameters for the 3-0 S(1) and 2-0 Q(1) H 2 lines, de- 

termined with our ab initio quantum-scattering calculations that 

include centrifugal distortion. The calculations are done 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. As a reference, we calculated also νdiff from Eq. (8) for 

the hard-sphere and LJ potentials (see Fig. 1 ). For the hard-sphere 

potential, νdiff = 43 . 38 and 43.19 for T = 296 . 6 K and 294.2 K, re- 

spectively. For the LJ potential, νdiff = 38 . 67 and 38.43 for these two 

temperatures, respectively. For the experimentally determined dif- 

fusion coefficient [63] , νdiff = 40 . 9 and 41.15 for T = 296 . 6 K and 

294.2 K, respectively. All the parameters are given in 10 −3 cm 

−1 

and are calculated for n p = 1 amg. Abbreviations of the PESs are 

given in the text. 

PES �0 �0 �SD �SD νr 
opt ν i 

opt 

3-0 S(1) Line 

mMR 6.51 23.38 2.87 8.92 40.99 −13.03 

SK 14.59 33.03 7.01 14.25 36.53 −19.28 

BSP 12.79 31.52 5.91 12.99 37.32 −18.29 

BSP2 12.36 31.15 5.70 12.67 37.57 −17.94 

BSP3 12.38 31.14 5.71 12.69 37.56 −17.96 

2-0 Q(1) Line 

mMR 3.45 14.28 1.59 5.53 42.63 −7.98 

SK 7.04 21.89 3.35 9.25 41.25 −12.62 

BSP 5.85 19.58 2.73 8.15 41.59 −11.51 

BSP2 5.74 19.36 2.68 7.99 41.66 −11.33 

BSP3 5.75 19.36 2.68 8.00 41.65 −11.35 

still much larger than all the other collisional line-shape parame- 

ters, see Table 1 . We bring this to the fore this in Fig. 3 c and f; 

the yellow lines show the case when the real part of the complex 

Dicke parameter, νr 
opt , is neglected. 

For the considered lines, the real part of the complex Dicke pa- 

rameter, νr 
opt , is close to the one calculated from diffusion coeffi- 

cient either using a hard-sphere model or LJ potential parameters 

(see the Appendix B of Ref. [3] ), see Eq. (8) , Fig. 1 and Table 1 . The 

green lines in Fig. 3 c and f correspond to the case when the ab ini- 

tio calculated νr 
opt was replaced with νdiff . Using ν

r 
opt we achieved 

lower residuals than with this approach, but the differences on the 

figure scale is almost negligible. 

In this analysis we clearly observe in experimental spectra the 

contribution of the imaginary part of the complex Dicke parameter, 

ν i 
opt . It has to be emphasized that here we do not phenomenolog- 

ically fit the ν i 
opt parameter to the experimental data (which was 

done before many times [43,69,72–75] ), but we set it to the value 

determined from our fully ab initio calculations and make a direct 

comparison with the raw experimental spectra, see the red lines 

in Fig. 3 . To see the contribution from the ν i 
opt parameter we set it 

to zero and compare with experimental spectra, see the blue lines 

in Fig. 3 c and f. It can be clearly seen that when the contribu- 

tion of ν i 
opt is neglected, then the discrepancy between theory and 

experiment is a few times larger. 

3.4. Other collisional line-shape effects 

In this section, we discuss several other collisional line-shape 

effects which we do not observe in our spectra. We argue that 

these effects have negligible influence in the cases considered here. 

3.4.1. Non-impact (collision duration) effects 

To estimate the influence of the collision-duration effect, we 

use the results obtained for the Ar-perturbed HF lines [76] . The 

asymmetry parameter, b, for this system is at the level of 3 ×
10 −3 amg −1 . At our highest pressure this would correspond to 

0 . 15% rRMSE, which is smaller than the rRMSE of the comparison 

between experiment and theory reported in this work. This esti- 

mation is conservative since the range of the H 2 -He interaction is 

smaller than for HF-Ar and the corresponding collision-duration ef- 

fects for H 2 -He are expected to be smaller as well. 

3.4.2. Line mixing 

To estimate the influence of the line-mixing effect, we use 

the results obtained for the selfperturbed HD lines [77] . The 

line-mixing coefficient, y , for HD-HD is at the level of 2 ×
10 −3 amg −1 [77] . At our highest pressure this would correspond to 

0 . 1% rRMSE. Also this estimation is conservative since the separa- 

tion between the Q lines is much larger for H 2 compared to the 

HD lines from Ref. [77] . 

4. Improved accuracy of the ab initio calculations 

The analysis presented in the previous sections is based on the 

most recent ab initio PES (BSP3) [3] . In Section 3 , we demonstrated 

that the ab initio line-shape calculations based on the BSP3 PES 

agree well with the experimental data. In this section, we use 

our quantum-scattering and line-shape calculations to validate the 

PESs available in the literature [2,3,78–80] as well as to quantify 

the influence of the CD, which is usually neglected in the scatter- 

ing calculations for rovibrational transitions. The calculations that 

include CD are performed on the most accurate BSP3 PES using the 

newly developed BIGOS code [64] . 

For the purpose of scattering calculations, the PES for the 

H 2 -He system, V (R, r hh , θ ) is expanded over Legendre polynomi- 
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als [3,5,22] 

V (R, r hh , θ ) = 

∑ 

λ=0 , 2 , 4 , 6 

V λ(R, r hh ) P λ( cos θ ) , (9) 

where R is the separation between the helium atom and the cen- 

ter of mass of H 2 , r hh is the distance between hydrogen atoms, 

and θ denotes the angle between R and r hh . Radial coupling terms, 

which enter the coupled equations, are obtained from the rovibra- 

tional average of the V λ(R, r hh ) terms over the wave functions of 

the unperturbed H 2 molecule, χv j (r hh ) , 

V λ, v j, v ′ j ′ (R ) = 

∫ 
d r hh χv j (r hh ) V λ(R, r hh ) χv ′ j ′ (r hh ) , (10) 

where v and j denote vibrational and rotational quantum num- 

bers, respectively. In this work we neglect the vibrational cou- 

pling between molecular states, which means that we use only ra- 

dial coupling terms with v ′ = v in the scattering calculations. The 
non-diagonal vibrational couplings would be too expensive to in- 

clude. Disregarding the CD, in turn, means that in each vibrational 

state the coupling terms can be approximated as V λ, v j, v j ′ (R ) ≈
V λ, v 0 , v 0 (R ) . 

4.1. H 2 -He potential energy surfaces 

We consider five different PESs: the PES of Schaefer and Köhler 

(SK PES) [78] , the modified Muchnick-Russek PES (mMR) [79,80] , 

the PES reported by Bakr, Smith and Patkowski (BSP) [2] and its 

two extensions: BSP2 and BSP3 [3] . 

The original PES of Schaefer and Köhler was based on the 

ab initio points reported in Ref. [81] with the configuration inter- 

action techniques. The SK PES covered a relatively large range of 

absorber-perturber distance R , (1.6 – 11 a 0 ) and was calculated for 

five intramolecular distances r hh between 0.9 and 2 a 0 , with three 

of them (1.28, 1.449, 1.618 a 0 ) determined at a higher level of ac- 

curacy [78] . The SK PES was originally presented in the form of 

V λ(R, r hh ) values. We made use of the form published in Ref. [80] . 

The mMR PES was published as a modification of the ab ini- 

tio potential of Muchnick and Russek [79] . The original MR PES 

covered a narrow range of r hh near 1.4 a 0 , but the analytic fit was 

expected to behave reasonably even up to 4 a 0 . The modification 

of this PES (mMR) [80] was performed to fit to the more accurate 

ab initio values reported in Ref. [82] , which were calculated with 

the complete fourth-order Møller-Plesset approximation. 

The BSP PES (and its further extensions) was obtained us- 

ing the coupled-cluster method with single, double and pertur- 

bative triple (CCSD(T)) excitations, taking also into account the 

contributions from the higher coupled-cluster excitations [2] . This 

PES was determined for ten values of r hh in the range of r hh ∈ 

[1 . 1 , 1 . 75] a 0 , which turned out to be insufficient for the accu- 

rate studies of processes involving vibrationally excited H 2 (see 

Section 2 of Ref. [5] for details). This problem was solved in the 

second version of this PES, BSP2, which extended the ab initio data 

points range to r hh ∈ [0 . 65 , 3 . 75] a 0 . In the final extension of this 

potential, BSP3, an improved asymptotic behavior for the large val- 

ues of R was introduced (for details see Section 2 of Ref. [3] ). This 

PES (denoted as BSP3) was used in Ref. [1] . 

In Table 1 , we report the ab initio values of the line-shape pa- 

rameters for all the considered PESs. There are no fitted line-shape 

parameters because for the molecular hydrogen they can consider- 

ably deviate from the real ones due to a strong numerical corre- 

lation. For this reason, we adopt a methodology that is more ade- 

quate to study the collisional effects in H 2 , i.e., instead of compar- 

ing the fitted values of the collisional line-shape parameters with 

theory, we directly compare the ab initio line shapes with exper- 

imental spectra and the RMSE of their difference gives us infor- 

mation about the agreement between the theory and experiment. 

Fig. 4. Differences between experimental data and modelled spectra with central 

frequency fitted by means of the multispectrum fitting technique and line inten- 

sity fixed to the theoretical value [83] . Green, blue, gray and black lines are the 

residuals for the mMR, SK, BSP and BSP3 potentials, respectively. Vertical gray lines 

correspond to the unperturbed line position [83] . 

This way we can also check separately an individual influence of 

any of the six collisional line-shape parameters, see Fig. 3 . 

In Fig. 4 we show a comparison between the experiment and 

theory for different PESs. Contrary to the analysis from Figs. 2 

and 3 , here the line intensity is not adjusted but settled to the 

fixed theoretical value [83] (this is why the black residuals from 

Fig. 4 are slightly larger than the red ones from Figs. 2 and 3 ) to 

get a clear comparison and to not artificially compensate inaccu- 

rate values of some of the line-shape parameters by the line-fitting 

procedure. 

The smallest residuals are for the most recent BSP3 PES, see the 

black lines in Fig. 4 . The residuals for the BSP2 PES are hardly dis- 

tinguishable from the ones for BSP3 (hence, we do not show them 

in Fig. 4 ). Physically, this means that any inaccuracies of the BSP2 

potential at large separations between H 2 and He are minor rela- 

tive to the sensitivity of the line-shape parameters to the asymp- 

totic behavior of the PES, at this level of accuracy. This is consistent 

with the expectation that at room-temperature energies the gener- 

alized spectroscopic cross sections are hardly sensitive to the long- 

range part of the PESs (see Appendix C of Ref. [3] ). The asymptotic 

behavior influences the values of the line-shape parameters at the 

subpercent level, see the BSP2 and BSP3 rows in Table 1 . 

The residuals for the BSP PES are shown in Fig. 4 as gray lines. 

The main difference between BSP and BSP3 is that BSP does not 

cover as large a range of intramolecular separations in H 2 , see 

Fig. 1 in Ref. [5] . For the second overtone, at higher pressures, 

the residuals for BSP (blue line in the top panel in Fig. 4 ) are 

larger than for BSP3 (red line). It is consistent with our expecta- 

tions but at the present level of accuracy the difference is not yet 

large enough to unambiguously conclude that we experimentally 

validate the highly-stretched regions of the PESs. 

The residuals for the SK and mMR PESs are shown in Fig. 4 as 

blue and green lines, respectively. For these two cases, the residu- 

als are much larger (especially for the mMR PES) than for the three 

versions of the BSP PES. This confirms the preliminary analysis of 

Ref. [5] . 

4.2. Centrifugal distortion (CD) 

We performed additional scattering calculations on the 

BSP3 PES to determine the influence of the CD on the accu- 

racy of theoretically modelled spectral line shapes. Figure 5 

presents CD of the wave functions of H 2 in the three vibrational 

states considered in the experiment. The difference between the 
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Fig. 5. Rovibrational wave functions of ortho-H 2 , χv j (r hh ) ( j = 1 to j = 15 ) con- 

sidered in our scattering calculations. For small j numbers the wave functions are 

overlapped. 

purely vibrational state, χv 0 (r hh ) , and the true wave function, 

χv j (r hh ) , increases with both j and v . Due to the fact that H 2 has 

a remarkably large rotational constant ( B = 60 . 853 cm 

−1 [4] ), this 

effect should be pronounced in the rovibrational spectra of this 

molecule. The influence of the CD on the pressure broadening and 

shift coefficients was studied by Green [84] in the He-perturbed 

Q lines of D 2 from the fundamental band and by Shafer and 

Gordon [49] and Dubernet and Tuckey [85] in the He-perturbed 

isotropic Raman Q lines of the fundamental band and S purely 

rotational lines of H 2 . These studies concluded that CD has a rela- 

tively small effect on both the pressure broadening and shift in the 

fundamental band (about 1–3%), but can significantly modify the 

pressure shift of the purely rotational lines, which is very sensitive 

to the difference in the elastic scattering in two rotational states. 

The majority of recent theoretical investigations [3,5,21–23] took 

this effect into account for purely rotational lines, but neglected it 

for rovibrational transitions. It was suggested [5] that in the latter 

case, CD might be masked due to the large contribution from the 

vibrational dephasing. 

Here, we report values of the six line-shape parameters calcu- 

lated with and without CD, see Table 2 . In Fig. 6 we show the com- 

Fig. 6. The influence of centrifugal distortion (CD) on the theory-to-experiment 

consistency. We present differences between experimental data and modeled spec- 

tra with central frequency fitted by means of multispectrum fitting technique and 

line intensity fitted individually for each pressure. Black and red lines correspond 

to the cases when the CD was and was not taken into account, respectively. CD has 

a negligible effect on the Q line, therefore the lines are overlapping. Vertical gray 

lines correspond to the theoretical unperturbed line position. 

parison between the experimental spectra and the theoretical line 

shape calculated with and without including the CD. 

For the 3-0 S(1) line, CD modifies the �0 and �SD by over 

5%. The rest of the parameters, in particular, the pressure shift 

�0 , are modified by over 2.5%. CD leads to lower differences be- 

tween theoretical and experimental spectra, and reduces the mean 

rRMSE calculated for ±FWHM from 0.99% to 0.89%. In the case of 

the 2-0 Q(1) line, CD has almost no effect on the calculated line- 

shape parameters and the spectra calculated with and without it 

overlap. This result agrees with the observation of Dubernet and 

Tuckey [85] , who reported that the influence of CD on the Q( j) 

lines is significantly smaller than on the S( j) lines. 

The fact that the collisional broadening for the two rovibra- 

tional lines which differ only in the final spectroscopic state differs 

by a factor of two might be surprising. As it turns out, collisional 

widths of rovibrational lines in H 2 (both He- and self-perturbed) 

exhibit an unusually strong dependence on the vibrational quan- 

tum number (see, for example Fig. 6 in Ref. [17] or Fig. 4 in 

Ref. [6] ). This is caused by a large contribution to the line broaden- 

ing from the vibrational dephasing, which mainly originates from 

the difference between the isotropic parts of the PES in initial and 

final vibrational states. As discussed in Refs. [3,5,22] , this difference 

increases for 0- v transitions with v . Apart from the dephasing part, 

there is also a significant difference in the inelastic contribution to 

the collisional broadening between the Q v (1) and S v (1) lines. The 

former have significantly smaller inelastic contribution to �0 , due 

to the fact that the first inelastic transition from either initial or 

final spectroscopic state is possible once the first inelastic chan- 

nel becomes accessible (here, for E kin ≈ 500 cm 

−1 ). On the other 

hand, for the S v (1) line the inelastic contribution from the scat- 

tering in the final spectroscopic state ( v , J = 3 ) is non-zero even at 

very low kinetic energies. Moreover, the inelastic contribution in- 

creases with v because the spacing between the rotational energy 

levels in a given vibrational state decreases with v . 

4.3. Propagation of the uncertainties of the line-shape parameters on 

the residuals 

In the previous section, we demonstrate that an almost-6% 

change on the line-shape parameters can be introduced with the 

addition of the CD for the case of the 3-0 S(1) line, see Table 2 . At 

the same time, in Fig. 2 we show that adding the CD improves the 

mean rRMSE for the 3-0 S(1) line by approximately 0.38% for the 

highest pressure (from 1.24% in Ref. [1] down to 0.86% in Fig. 2 ). 

In this section we explain this apparent inconsistency by analysing 

how the changes of the line-shape parameters propagate to the 

magnitude of the residuals. To do it, we directly simulate the line- 

shape profile for the original and corrected values of the line-shape 

parameters (the first and middle columns in Table 2 , respectively) 

and we calculate rRMSE of the difference. All of the following dis- 

cussion is made for the case of the 3-0 S(1) hydrogen line since CD, 

at this level of accuracy, has insignificant impact on the Q-branch 

lines [85] . 

The perturbations of �0 and �0 (by 5.65% and 2.06%, respec- 

tively) have the largest impact and change the profile by almost 

2% for each of the two parameters in the high-pressure limit, see 

the top panel in Fig. 7 . Curves overlapping with each other are a 

coincidence. For the case of our experiment, perturbations intro- 

duce an approximately 0.2% profile change (rRMSE) for the low- 

est and approximately 0.8% for the highest pressure. This is over 

7 times less than the magnitude of the �0 correction. As a refer- 

ence for the numerical tests, we derive a simple analytical formula 

that describes propagation of the �0 and �0 uncertainties on the 

residuals for the case of the Lorentz Profile (LP), see Appendix A. 

The analytical values, which are valid in the high-pressure limit in 

which the profile is close to the LP, are shown in the top panel in 
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Fig. 7. Propagation of the uncertainties of the line-shape parameters on the resid- 

uals for the case of the He-perturbed 3-0 S(1) H 2 line. The vertical axis is rRMSE of 

the difference between the SDBBP generated for the uncorrected and centrifugal- 

distortion corrected values of the line-shape parameters (see Table 2 ). The first 

three panels show the results for the case when only one line-shape parameter 

is changed (see the labels in the plots). It is a coincidence that the two lines in the 

top panel overlap. The bottom panel shows the overall difference when all six line- 

shape parameters are changed. The dashed lines in the top panel are the analytical 

reference values (the same color notation as for solid lines), see Appendix A. The 

gray vertical lines correspond to the experimental pressures covered in this paper. 

Table 2 

Line-shape parameters for the 3-0 S(1) and 2-0 Q(1) H 2 lines, determined with 

our ab initio quantum-scattering calculations, using the BSP3 PES. Columns 

show the impact of the centrifugal distortion (CD) included in the calculations, 

showing both the line-shape parameter values and differences respective to the 

ones reported in Ref [1] . The calculations are done 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 with the corresponding 

Doppler frequency equal to ω D = 64 . 01 × 10 −3 cm 

−1 and 41 . 96 × 10 −3 cm 

−1 , re- 

spectively. All the parameters are given in 10 −3 cm 

−1 and are calculated for 

n p = 1 amg. 

Ref. [1] Ref. [1] + CD � [%] 

3-0 

S(1) Line 

�0 11 .72 12 .38 5 .65 

�0 30 .51 31 .14 2 .06 

�SD 5 .40 5 .71 5 .61 

�SD 12 .42 12 .69 2 .15 

νr 
opt 37 .96 37 .56 −1 .06 

ν i 
opt −17 .45 −17 .96 2 .91 

2-0 

Q(1) Line 

�0 5 .74 5 .75 0 .17 

�0 19 .51 19 .36 −0 .77 

�SD 2 .68 2 .68 0 .00 

�SD 8 .06 8 .00 −0 .74 

νr 
opt 41 .64 41 .65 0 .02 

ν i 
opt −11 .31 −11 .35 0 .35 

Fig. 7 as the dashed horizontal lines (black for �0 and red for �0 ). 

The full numerical values (solid lines in the top panel in Fig. 7 ) 

in the high-pressure limit are close to the analytical values. The 

slight difference is caused by the influence of the speed-dependent 

effects, the velocity-changing collisions, and the competition be- 

tween them [70] that are present in our full line-shape model. 

The perturbations of �SD and �SD have an approximately four- 

times smaller impact on the profile than the speed-averaged ones, 

with a maximum change of approximately 0.5% in the high- 

pressure limit and changes approximately 0.07% and 0.3% for low- 

est and highest experimental pressure, respectively, see the second 

panel in Fig. 7 . The corrections of both νr 
opt and ν

i 
opt change the 

rRMSE by approximately 0.1% in the high-pressure limit and by 

approximately 0.05% and 0.1% for the low and high experimental 

pressures, respectively, see the third panel in Fig. 7 . It is worth 

mentioning that for the differences introduced by the complex 

Dicke narrowing changes, the rRMSE curve has a different shape 

and has a maximum around 1.5 atm instead of an infinite pres- 

sure. 

Introducing all corrections at once leads to an approximately 2% 

rRMSE change in the high-pressure limit, see the bottom panel in 

Fig. 7 . For the case of our experiment, the changes are approxi- 

mately 0.3% and 1% for the lowest and highest experimental pres- 

sure, which are impressively low taking into account the almost-6% 

magnitude of perturbations. The actual difference between resid- 

uals (from the theory-experiment comparison) for the cases with 

and without CD is even smaller than 0.3% and 1% for the lowest 

and highest experimental pressures. This is caused by the fact that 

the line intensity and linear baseline were fitted to the experimen- 

tal data. 

4.4. Relation of the present results with the previous works 

It is true that the standard phenomenological models, taking 

into account the speed-dependent broadening and shift and com- 

plex Dicke-narrowing, with fitted parameters can provide a bet- 

ter representation of the data. Let us recall some recent works for 

the H 2 isotopologues. In Ref. [35] for a self-broadened D 2 line, it 

was shown that the SDBBP is able to fit experimental data within 

the experimental noise when all the parameters are adjusted. Fit- 

ting all the parameters leads to a significant improvement of the 

quality of the fit, however, some discrepancy between the param- 

eters obtained from the fit and those from ab initio calculations 

was observed. In the case of the pressure broadening parameter it 

leads to a 14% deviation, while in the case of the parameter char- 

acterizing the speed dependence of the collisional width and shift, 

the deviation can even exceed an order of magnitude. Several D 2 

lines from the same band were analyzed in Ref. [86] using the 

speed-dependent Nelkin-Ghatak profile (SDNGP) with a quadratic 

speed dependence of collisional broadening and shift. This pro- 

file was also able to fit the experimental data within the exper- 

imental noise when all the line-shape parameters were fitted. It 

should be pointed out, however, that the narrowing parameter ob- 

tained from the SDNGP fit differs by a factor of about 3 from the 

SDBBP fit. Also, SDNGP with a quadratic speed dependence of col- 

lisional broadening and shifting was applied to the H 2 lines in 

Ref. [35] and was able to fit experimental data within the experi- 

mental noise. The narrowing parameter obtained from this fit dif- 

fers by a factor of 2 from the expected value and the speed de- 

pendence was overestimated ( �SD was larger than 2/3 �0 , which 

is unphysical). These examples as well as older works in literature 

considering H 2 lines clearly show that the phenomenological mod- 

els can fit experimental data well, however, the physical meaning 

of the parameters is problematic. Therefore, in this work we are 

focused on a direct comparison of ab initio calculations and exper- 
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imental data rather than on fitting some phenomenological line- 

shape profiles. 

We would like to emphasize that in the present work we per- 

formed an advanced analysis of the H 2 spectra that has not been 

done before. Our analysis provides a deep physical understanding 

of the collisional effects imprinted in the shapes of the H 2 lines. 

The key result of the present work is shown in Fig. 3 . In contrast to 

the previous works, here we analyze step-by-step the contribution 

of each of the six collisional line-shape effects. For instance, the 

blue line in Fig. 3 b shows that the very strong speed dependence 

of the collisional shift is essential for an accurate description of 

the spectra. Furthermore, in Fig. 3 we demonstrate the importance 

of the contribution of the imaginary part of the Dicke parameter. 

We show that if we set the imaginary part of the Dicke param- 

eter to zero, then the agreement between theory and experiment 

is a few times worse. In Fig. 3 , we also demonstrate that all of 

these six collisional contributions have to be taken into account to 

reach this high agreement with experiment. This is a very interest- 

ing case in molecular spectroscopy. For most molecular species, the 

line shape is greatly dominated by one, two, or sometimes three 

contributions, and others are either completely negligible or have 

a small impact. Here, we were able to properly interpret all the 

collisional contributions in the case when all six effects play an 

important role. 

5. Conclusion 

In this work, we used the highly accurate experimental spec- 

tra of the 3-0 S(1) and 2-0 Q(1) molecular hydrogen absorption 

lines perturbed by helium to study collisional line-shape effects. 

We clearly distinguished the influence of six different collisional 

effects (i.e.: collisional broadening and shift, their speed dependen- 

cies, and the complex Dicke effect) on the shapes of the H 2 lines. 

We showed that only the specific combination of these six con- 

tributions, obtained from our ab initio calculations, gives unprece- 

dentedly good agreement with experimental spectra. If any one of 

the six contributions is neglected, then the agreement between the 

experiment and theory worsens at least several times. We also in- 

cluded the centrifugal distortion in our ab initio calculations, which 

further improved the agreement with the experimental spectra. 
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Appendix A 

In this Appendix we derive analytical formulas representing the 

relative root-mean-square error (rRMSE) for the small perturbation 

of the broadening and shift parameters. By this analysis one can 

quantify how an error on the line-shape parameters propagates on 

the final spectral line-shape-profile accuracy. We utilize a simple 

example of the normalized Lorentz profile 

L ( ω;�, �) = 

1 

π

�

�2 + ( ω − �) 
2 
. (A.1) 

Perturbation of the broadening parameter 

We analyze a small change of the broadening parameter � → 

� + ε�. The relative difference caused by the perturbance of the 

profile is 

D �(ω ; ε�) = 

L ( ω ;� + ε�, �) − L ( ω ;�, �) 

L ( 0 ;�, �) 
. (A.2) 

To quantify the error on the final line-shape profile, we utilize 

rRMSE at ± FWHM of the line center, which can be expressed as 

rRMSE(ε�) = 

√ 

1 

4�

∫ 2�
−2�

[ D �(ω; ε�) ] 
2 
dω . (A.3) 

Because L ( 0 ;�, �) is independent on ω, one can calculate typical 

RMSE and divide it by L ( 0 ;�, �) to determine rRMSE as well. 

Since our goal is only to quantify the errors, the actual position 

of the line is irrelevant and the vertical axis can be adjusted so 

that � = 0 , which simplifies the further formulas. The integration 

in Eq. (A.3) can be analytically performed and, since we consider 

small perturbations of the line-shape parameters, expanded into a 

series, the linear term of which is 

rRMSE(ε�) ≈
√ 

73 
15 

+ 

25 atan 2 
2 

10 

ε�

�
≈ 0 . 433 

ε�

�
. (A.4) 

The above formula allows to estimate the rRMSE caused by the 

change ε� of broadening line-shape parameter, �. 

Perturbation of the shift parameter 

We repeat above discussion for the case of a small change of 

the shift parameter � → � + ε�. The relative difference caused by 

the perturbance of the profile is 

D �(ω ; ε�) = 

L ( ω ;�, � + ε�) − L ( ω ;�, �) 

L ( 0 ;�, �) 
. (A.5) 
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Fig. A1. The numerical validation of the analytical formulas for the relative root 

mean square errors (see text for more details). The black curves represent the nu- 

merical values and the red ones stand for analytical ones. Dashed and plain black 

curves of left panel corresponds to the negative and positive values of ε�/ �, re- 

spectively. 

The same reason as mentioned before allows us to exclude � pa- 

rameter and focus only on its distortion, i.e., ε�. Again, we quan- 

tify the error by calculating rRMSE at ±FWHM, which is 

rRMSE(ε�) = 

√ 

1 

4�

∫ 2�
−2�

[ D �(ω; ε�) ] 
2 
dω . (A.6) 

Similarly, rRMSE can be determined by dividing typically calculated 

RMSE by L ( 0 ;�, �) . The integral can be analytically performed, 

expanded into series and since we consider small perturbations 

again, approximated by linear term which is 

rRMSE(ε�) ≈
√ 

77 
15 

+ 

25 atan 2 
2 

10 

ε�

�
≈ 0 . 436 

ε�

�
. (A.7) 

The above formula allows to estimate the rRMSE caused by the 

change ε� of shift line-shape parameter, �. 

The direct comparison of the numerical results with 

Eqs. (A.4) and (A.7) is presented in Fig. A.1 . 
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