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Abstract

We report the results of ab initio investigation of the S and O branches of the
hydrogen molecule perturbed by helium atom. The'calculations, based on close-
coupling scheme, were performed for vibrational bands from v=0 to v=>5, and
rotational levels up to j=5. We provide the pressure broadening and shifting
coefficients and the real and imaginary,parts of Dicke contribution to the Hess
profile. The results are importantafor astrophysical studies, for example as a
reference data for studying the gas giants’ atmospheres.

Keywords: Hs, hydrogény He, helium, line-shape parameters, molecular

collisions, quantumsscattering

1. Introduction

Hydrogen molecule is the most abundant molecule in the universe. Its im-
portancejinastrophysical studies has been thoroughly reviewed in Ref. [1]. Let
us remind that the accurate values of pressure broadening and shifting coeffi-
cients are needed for the spectroscopic studies of the gas giants’ atmospheres
[2, 3]. Moreover, the simplicity of the Ho-He system allows highly accurate ab

initio potential energy surface to be calculated and verified experimentally.
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The goal of this paper is to provide the fully ab initio line-shape parameters
for Hy in helium baths. In a recent paper [4], some of the present authors
reported a new potential energy surface for this system and provided line-shape
parameters for Raman isotropic and anisotropic Q lines. The latter parameters
can be also used for electric quadrupole Q lines. In addition, this PES/[4]
was recently successfully tested on the very first purely rotational Stokes, lines
of Dy in He [5]. Here, we investigated the anisotropic Raman S and)O lines
of Hy in He, for vibrational bands from 0-0 up to 0-5, for retational levels
from j=0 to j=5 for S lines, and from j=2 to j=b5 for O lines. We report the
pressure broadening and shifting coefficients and both real and. imaginary part
of the Dicke parameter. We have calculated them by averaging the generalized
spectroscopic cross sections for 18 temperatures,4anging from 5 to 2000 K. The

generalized spectroscopic cross sections were.caleulated using S-matrix elements

provided by the MOLSCAT [6] code.

2. Quantum scattering calculations

In this section we report the details of ab initio quantum scattering calcula-
tions for the Ho-He system. The potential energy surface (PES) in the examined
system depends on thie distance between the hydrogen molecule and the helium
atom, R, the intramolecular distance, gy, and the angle between these two
axis, 6. We nfade use of the PES which was recently reported in Ref. [4], which
is an extension of the Bakr et al. PES [7]. It has recently been shown [1] that
the PES from Ref. [7] is more accurate than the previous PESs ([8, 9, 10]).
However,yit/was pointed out, that the PES from Ref. [7] does not cover large
enough/vibration amplitude in Hs and therefore should not be used to study
the overtones. Not only does the most recent PES [4] cover the sufficient range
of the interatomic distance, 7, but it also properly describes the asymptotic
behavior of the interaction energy in this system. For more details see [4].

The PES is expanded over Legendre polynomials, Py:

V(R,rum,0) = > Va(R,ru)Px(cos(6)). (1)
A
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Since Hs is a homonuclear molecule, the X\ index takes only even values, and due
to the small anisotropy of the PES, it is sufficient to retain only the first 4 terms
of the expansion. The obtained terms V\(R,rmm) are averaged over rovibra-
tional wavefunctions of the Hy molecule x; (g ), which gives the radial cous

pling terms V) , .+ -+ (R). For transitions between different vibrational states;

4
one can neglect the centrifugal distortion [1], and write the radial coupling terms
as V) , 0./ o(F). Thus for rovibrational transitions we consider 2*4fadial con
pling terms. While considering purely rotational transitions, one should take
into consideration the centrifugal distortion. This phenomenon was firstly stud-
ied by Shafer and Gordon [11], and latter by Dubernet fandsTuckey [12], who
have shown that it has a relatively small effect effect forthesbroadening but a
rather large one for the shift. This is due to thedact, that/the line shift is very
sensitive to the difference in the elastic scatteringrimsthe two different rotational
states. Therefore, in this case, one cannet average the terms Vy(R,rgy) over
rovibrational wavefunctions with j set to 0¢ In’order to obtain proper results,
we have prepared the radial coupling terms. V) ; , , -+ (R) with j up to 15 and 14,
for ortho and para states, respectively." Thus for purely rotational transitions
we have to consider 144 radial eoupling terms.

We performed closé-coupling calculations for this system using the MOLSCAT
[6] code, obtaining the/S-mafrix elements. We used them to calculate the gen-

eralized spectroscopic cross section [13, 14]:

U()J\(UiajiavajfaEkin) =

D D N PA LR

iy g LU LT
_ ;o giogi 1T
errmE (D l !
X J J
0 0 O 0 0 O ! /
q Jf Ji A
il = T [0y 87 — (wigil |87 (B vigil) (wp gl 1877 (Br)losifl) . (2)

The rovibrational transition is denoted as v;,j; — vy, js, where i and f are

the indexes of the initial and final states, respectively. J is the total angular
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momentum, [ is the relative kinetic momentum, and J = j+1. k is the wavevector
associated with the initial kinetic energy. [z] denotes (2z+1), quantities in
parentheses are Wigner 3j and the quantity in bracket is a Wigner 12j symbol of
the second kind [15]. The total energies associated with each of the rovibrational

energy levels are denoted as Et, = Eyi + Ey,j, and Er, = Egin + E, The

£ise
tensor order of the radiation-matter interaction is denoted as ¢, andAer the
investigated here anisotropic (or equivalently absorption quadrupol€)'§ and ©
lines, ¢=2. Equation (2) is a quite complex formula which involves.a number of
angular momenta and S-matrix elements. The summation over the six angular
momenta reduces to a summation over only four of them forsthe case of A=0.
Moreover, in this case, the total angular momenta are in_a-triangular relation
with ¢, and the Wigner 12j symbol can be transformed into a product of two
Wigner 6j symbols. Thus, for A=0, Eq.(2) redueessto.the standard generalized
spectroscopic cross section of [1, 11, 16317], whese real and imaginary parts
are referred to as the pressure broadeding (PBXS) and pressure shifting (PSXS)
cross sections, respectively. For A=1, Eqi(2) transforms into the complex Dicke
cross section (DXS) of [5, 13, 14318]. Considering the vector nature of the
velocity (a rank-1 tensor), the, velocity-changing collisions induce additional
angular momenta coupling., The summation is still over six angular momenta
and there is no simpleitriangular rule for J;, ¢ and Jy. Thus, Dicke cross sections
are more averaged.quantities than PBXS and PSXS.

We toek advantage of the fact, that the PES does not couple ortho and para
states/of Ho. "While constructing the basis for the calculations, we dealt with
even.and. odd rotational levels separately. The calculations of the cross sections
were performed for 263 kinetic energies, ranging from 0.1 to 9000 cm~!. The
basis included rotational levels up to j=15 and j=14 for ortho and para states
of Hy molecule, respectively. One asymptotically closed level was retained in
the calculations, apart from the kinetic energies larger than 7000 cm~!. The

energy levels of the rovibrational states were taken from Komasa et al. [19].
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3. Line-shape parameters and collisional integrals

In this section we use generalized spectroscopic cross section to calculate the
spectral line-shape parameters: pressure broadening and shifting coefficients, I'g
and Ay, as well as the real and imaginary part of the Dicke coefficient (which

7

is also referred to as the frequency of optical velocity-changing collisions); 1},

and /!

opts Tespectively.

The first step is to calculate ab initio collision integrals wi’slz
w3 (g) = (v) / daz (4226~ 68 (v g Brig =aksT), 3)

where (v) = /8kyT' /7 is the mean relative speed of the particles. The spectro-

scopic line-shape parameters are related to the colliSion integrals in the following

way [4]: "o = Re (nbwgo (q)) G, (4)
60 = —Im (nbwgo (q)) K, (5)

ﬁgpt = Re <nbmb ‘g’w%lw(i)_i_::bgo (q)) K, (6)

i s (P50 D) o

where mgdand m; are the masses of the active molecule and perturber atom
respectively, and n; is the number density of the bath. Those parameters are
rescaled with k coefficient, which stands for the definition of units, such that

these are in the units of cm™!/atm, with

1 To
I{—%X <M>, (8)

where Ty = 273.15 K and pg = 1 atm= 101.325 kPa.
The final line-shape parameters can be obtained in the following way: 'y =

Yop, Ao = 00, Uiy = Uiy Vhpe = Vips, Where p is the helium pressure.
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Figure 1: Comparison of pressure broadéning and shifting cross sections between S, (1) and
O, (3) lines in various vibrational bands at different kinetic energies (solid lines). The index v
denotes the final vibrational quantum number. The inelastic contributions to the PBXS are
presented in the upper{panels (dashed lines). The Maxwell-Boltzmann distributions at 10,
296 and 1000 K are/represented as dashed gray lines in the lower panels.

4. Results

In‘this'section we report the results of our calculations of the pressure broad-
ening, shifting cross sections along with the Dicke cross sections, as well as the
obtained line-shape parameters. Our calculations produced a large quantity of
data, and we only present some representative examples here. The full set of

results can be found in the supplementary materials [20].

4.1. Generalized spectroscopic cross-sections

The goal of the following discussion is to give a brief look into the rotational

and vibrational dependences of the cross sections, as well as the similarities
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Figure 2: Comparison of real and imaginary parts of Dicke cross sections between S, (1) and
0O, (3) lines in various vibrational bands at different kinetic energies. The index v denotes the

final vibrational quantum number.

between S and @ lines.In’general, the calculated cross sections have a similar
behavior. We chose.S, (1) and O,(3) lines to provide a graphical comparison
of the crossysection between different vibrational bands (Figs. 1,2), and the
fundamental\band to give an example of the dependency of the cross sections
on the rotational number j (Figs. 3,4). The rest of the data can be found in
the supplementary materials for this paper [20].

Figure 1 shows the pressure broadening and shifting cross sections as a func-
tion of the kinetic energy for various vibrational bands for the S, (1) and O, (3)
lines, as well as the contributions to the broadening from the inelastic cross
sections (see Eqs. (A.2) and (A.3) in Ref. [1]).

Overall, it can be seen, that

the behavior of the cross sections for S and O lines is quite similar. First, let us
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Figure 3: Comparison of pressure broadening and shifting cross sections between S and O
lines in the fundamental bandsat various kinetic energies. The inelastic contributions to the
PBXS for the S1(0-3) and O1(2-5) lines are presented in the upper panels (dashed lines). The
Maxwell-Boltzmann distributions at 10, 296 and 1000 K are represented as dashed gray lines

in the lower right panel.

consider the purely rotational Sp(1) and Og(3) lines. As expected, the pressure
broadening cross sections are identical, while the pressure shifting cross sections
have.opposite sign. This phenomenon was observed for all investigated purely
rotational lines during this investigation, and was previously noticed in earlier
studies [5, 16]. The values of the PBXS and PSXS are small, comparing to
the other vibrational bands, due to the fact, that there is no vibrational phase
shift. Moreover, the dephasing between j=1 and j=3 may be small. For kinetic
energies in range from 0.1 cm ™! to 10 — 20 cm ™!, values of the PBXS decrease,
before growing up. At the minimum, a change of the sign of the PSXS is ob-

served. A tentative explanation is the following: the very low kinetic energies
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Figure 4: Comparison of real and imaginary part of Dicke cross sections between S and O

lines in the fundamental band/at various kinetic energies.

sample the long range attractive part of the potential, and as the kinetic energy
increases, the repulsive part of the potential plays a more important role (recall
that the overall PESiwell depth is about 10 cm™!). Thus, it is possible that the
shift, which résult from the difference of scattering phase shifts (see Eq. (A.4) in
Retf.”[1])¢may change its sign while passing from the very low kinetic energies to
higher ones. Note also, that analogously to vibrational transitions (see below)
thendifference V 0,5,.0,5, (R) — Vo,j,,0,5, (R) changes its sign while passing from
the long to the short range part of the potential. As the kinetic energy increases,
the role of the inelastic collisions increases and the values of the PBXS increase
(see the inelastic cross sections in the Fig. 1). Ultimately, the purely rotational
phase shift should tend to 0.

A similar discussion has already been reported around Figs. 13 and 14 of

10
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Ref. [1] for the pressure broadening and shifting cross sections of the So(1) line.
In addition, the role of the isotropic components of the PES was discussed for
both cross sections.

Let us now consider rovibrational transitions. In these cases, at least at low.
kinetic energies, a large contribution to the pressure broadening and shifting
cross sections comes from the vibrational dephasing, which arises from.the dif=
ference in the isotropic components of the PES in v = 0 and in v(See Fig. 4
of Ref. [4]): AVH(R) = Vo0,0(R) — Vo,u,0(R). This difference in€reases for 0-v
transitions with v. Since this difference varies with R, its contribution to the
pressure broadening and sifting cross sections varies with the kinetic energy.
Moreover, as the kinetic energy increases, the contribution<from the inelastic
cross section increases. The inelastic cross sectiofis increase with v because the
spacing between the rotational energy level§tinmangiven vibrational state de-
creases with v. One should also realize,that theyinelastic contribution to the
PBXS, presented in Fig. 1 is the sanie for\So(7) and Og(j + 2) lines, while for
rovibrational S, (j) and O, (j +2) lines, this contribution is different. This is due
to the slight differences between the radial terms of the potential in v = 0 and
in v (as v increases, so does thelinteraction energy) and a strong variation of the
energy spacing between theirotational levels with v. For example the difference
between the rotational’levels F,—o(j = 3) — Ey,—o(j = 1) is about 587 cm™!,
while the differenee between E,_5(j = 3) — E,—5(j = 1) is about 444 cm~1.
These considerations explain why the absolute values of the pressure broaden-
ing and shifting cross sections increase with v. As the energy increases (above
abéut 600 cm~!) the inelastic cross sections increase abruptly, and the mag-
nitude of the PSXS decreases. Finally, a sign change of the PSXS is observed
around 20 cm ™!, that may come from a sign change of the difference between
the isotropic parts of the PES in v = 0 and in v, AV,(R). Such analysis was
performed for isotropic and anisotropic Q,(2) lines in Figs. 5 and 7 of Ref. [4],
in terms of the vibrational dephasing, full dephasing and inelastic contributions.

Figure 2 shows an analogous comparison but for the real and imaginary

parts of Dicke cross sections (DXS). It can be seen, that the values of the

11
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Re(DXS) are equal for the Sg(1) and Og(3) lines, while their imaginary parts
have opposite sign [5]. Similar to the Q,(2) lines, discussed in Ref. [4] (see Fig.
9 therein), the real part of the Dicke cross sections are nearly indistinguishable
for kinetic energies lower than about 600 cm~!. Above this value, the values of
the Re(DXS) split for different vibrational transitions. This may be due to/the
greater influence of the inelastic transitions. The influence of the vibrational
quantum number (and of the vibrational dephasing) is more clearly seen for the
imaginary parts of the Dicke cross sections, whose absolute valuestincrease with
v. Similar to the PSXS, a sign change occurs, but for larger kineti¢ energies
(beween 260 and 375 cm™1), which should be related to_thesvariation of the
inelastic cross sections. Once again, such behavior is similar<e’the one noticed
in Fig. 11 of Ref [4] for Q,(2) lines.

Fig. 3 presents the comparison of various®StandsQ. lines in the fundamental
band in order to show the rotational dependenceyof the cross sections with j.
Generally speaking, the PBXS for low j aresensitive to both the long and short
range parts of the PES, while for high jiwalues the PBXS are mostly sensitive
only to the short range part. Thus, the PBXS are expected to decrease with
increasing j. The inelasti¢ contribution is also expected to be more important
for low j values, because for a given vibrational state, the rotational energy
spacing increasesswith”j. However, this is not that simple!, because of the
ortho/para separation and because the inelastic contribution depends on the
kinetic enérgy. If the kinetic energy is too small, a molecule in j=0 or in
j=1 cdnnot relax or reach an excited level (see the increase of the inelastic
contributions to the S;(0) and O;(2) pressure broadening cross sections around
350 cm !, associated with the opening of the v =0, j =2andv =1, j = 2
levels, respectively). Clearly, the contribution of the inelastic collisions increases

for kinetic energies larger than a few hundreds of wavenumbers for all the lines

1See Table V of Ref. [21], which provides thermally averaged values of the cross sections
at various temperatures for Q lines of the fundamental band and Fig. 13 of Ref. [4], which

provides values for isotropic and anisotropic Raman Q lines at room temperature.

12



195

200

205

210

215

220

considered. The dephasing contribution to the PBXS (Eq. (A4) of [1]) must be
considered too. If we assume that it does not depend on j (which is the case for a
purely vibrational dephasing, coming from the differences of the isotropic parts
of the PES in v=0 and in v=1), then its contribution would be the same for,
S1(j) lines (or O1(j) lines). This is roughly observed for kinetic energies larger
than about 1000 cm~!. At the lowest kinetic energies (except below Hem™Y)
the main contribution to the PBXS comes from the dephasing centribution:
Since it slightly depends on j [1, 4], this is mainly a vibrational*contribution.
Concerning the PSXS, the values for the O and S lines, all together, do not
differ very much for a very wide range of kinetic energies? (between about 1 and
1000 ecm~1) because they mainly originate from the vibrational phase shift. In
the highest energy domain, above 1000 cm ™!, wedbsetve a/splitting of the Sy (j)
and O (j) shifts, due to the competition betweensthe. inelastic transitions and
the elastic ones (see Fig. 11 of Ref. [1]).

Figure 4 shows the comparison begween Dicke cross sections for different lines
of the fundamental band. The real part of these XSs are almost identical for the
whole examined kinetic energy range, and there is no clear j dependence. Similar
situation occurs while diseussing the imaginary part of these cross sections. The
main differences between S'and O lines can be observed for kinetic energies lower
than 1 cm™!.

The behavior‘of the cross sections for kinetic energies below 1 cm™! is dif-
ficult to imterpret. At first sight, these calculations are expected to be more
simple! In fact, this is not the case because the wavelength of the scattered
wavefunetion strongly varies from infinity to the small R distance. Moreover,
the results are very sensitive to the input parameters of the propagator. How-
ever, it can be seen from Figs. 1 and 2, where the probability density function of
1

the Maxwell-Boltzmann distribution is presented, that the results below 1 cm™

do not influence the final line-shape parameters for temperatures larger than

2See Table II of Ref. [21] for Q1 (j) lines and Fig. 14 of Ref. [4], which provide thermally

averaged values of the cross sections at room temperature.

13
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Figure 5: Comparison of pressure broadening, vo, and pressure shift, do, coefficients at 296 K

as a fuiction of the final vibrational state for the 0— v bands.

422. Line-shape parameters

In this subsection we present the dependence of the line-shape parameters
on the final vibrational number v of the transition. We chose to present in
graphical form the results at the temperature of 296 K. The coefficients at
different temperatures can be found in the supplementary materials [20]. The

pressure broadening coefficients, shown in the Fig. 5, increase with v for both S

14
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Figure 6: Comparison of real and imaginary parts of Dicke parameter, Dopt, at 296 K as a

function of the final vibrational state for the 0— v bands.

and O, lines. \However, in case of O lines, the difference between the rotational
numbers ofthe initial states, 7, is more significant. We have no clear explanation
for.that. However, we note here, that the inelastic contribution to the pressure
broadening cross sections for S(j) and O(j+2) lines are quite different. This
could cause the difference in the dependence of vy on j for the S and O lines.
The pressure shift coefficients follow similar trend, increasing with v in case of
both lines, as predicted. Figure 6 provides comparison for the real and imaginary

parts of the Dicke parameter. The real part clearly depends on v, and for O

15
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Figure 7: Pressure broadening, 7o, and ‘pressure shift, dp, coefficients, real and imaginary

parts of the Dicke parameter, Zop¢, for the S, (1) lines as a function of temperature.

lines, as the vibratienal ‘quantum number v increases, the dependence on the
rotational quantum number is quite significant. For the imaginary part, the
dependence”on the vibrational quantum number is very similar for both S and
O linesywithia quite small j dependence for a given vibrational band.

The line-shape parameters were calculated at 18 temperatures between 5 and
2000 K., Figure 7 presents the temperature dependence of all the four reported
coefficients of the S, (1) line in various vibrational bands. The behavior of the
pressure broadening and shift coefficients is similar to the one observed for Q
lines [4]. The strong dependence on T and v can also be observed for the real and
imaginary parts of the Dicke parameter, with a slight decrease of the absolute

i

values of 7,

for higher vibrational bands in temperatures above 500 K.
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Table 1: Half width at half maximum (HWHM) for the Sp(j) lines in 1073 cm~! amg~!.
Besides the typical Lorentzian contribution, ~p, we present the effective half width at half
maximum, v, taking into account all the line-shape effects (both the velocity-changing colli-
sions and speed-dependent effects). The inhomogeneous component of the broadening due to
the speed-dependence of the line shift (see Eq. (9)) is denoted as 5. The values in parenthesis

indicate the 1o standard uncertainty.

j  Temperature (K) Y Y5 ~f Experiment
45 0.067(1)  0.00027(1)  0.067(1)  0.11(1)*
100 0.179(3)  0.00106(2) 0.179(3)  0.16(1)*
150 0.321(5)  0.00253(4) 0.322(5)  0.34(2)*
296 0.97(2) 0.0131(3) 0.98(2) 1.00(1)®
0 311 1.06(2)  0.0146(3)  1.06(2) 1.12(4)%
600 3.18(3) 0.052(2) 3.13(5) 3.07(15)>
795 495(7T)  0.075(2)  4.82(7)  46(26)°
995 6.95(11)  0.092(2)  6.66(10),  6.29(33)"
26.7 0.027(1)  0.00045(2)  0:027(1) ,0.09(1)
45 0.050(10)  0.00092(3)--0.051(10).  0.11(2)
100 0.153(3)  0.00282(5) N0.155(3)  0.16(1)*
150 0.275(4)  0.0051(2) 0.279(4)  0.31(1)
1 296 0.75(1) , 0.0149(3) 10:75(1) 0.78(3)"
311 0.80(2) %, 0.0162(3)  0.81(2) 0.86(4)*
600 2.18(4) 0:051(2) 2.19(4) 2.14(3)®
795 3.36(5) ) 0.080(2)  3.34(5)  3.30(14)"
995 472(7)  0.109(2)  4.65(7)  4.66(15)"
200 0.339(6)  0.0088(2)  0.344(5) 0.32(2)*
292 0.57(1) 0.0150(3) 0.58(1) 0.61(3)*
296 0.58(1) 0.0153(3) 0.60(1) 0.60(6)®
2 311 0.63(1) 0.0165(3) 0.64(1) 0.62(4)*
600 1.62(3)  0.045(2)  1.64(3) 1.56(6)"
795 248(4)  0.071(2)  2.49(4) 2.39(6)"
995 3.48(5)  0.097(2)  3.48(5)  3.48(11)"
296 0.352(6)  0.0194(3)  0.370(6)  0.39(1)
600 1.06(2)  0.048(2)  1.10(2) 1.10(5)"
3 795 167(3)  0071(2)  1.71(3)  1.82(11)°
995 240(4)  0.112(2)  2.44(4) 2.54(5)"
296 0.221(4)  0.0274(4)  0.247(4)  0.31(5)
600 0.69(2)  0.061(2)  0.74(1) 0.81(5)"
4 795 1.10(2)  0.085(2)  1.17(2) 1.31(8)"
995 1.62(3) 0.112(2) 1.70(3) 1.86(4)"

“Experimental values from Ref. [22].

PExperimental values from Ref. [23].
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Table 2: Pressure shift coefficients of the So(5) lines in 1073 cm~! amg~!. Besides the typical
Lorentzian contribution, 8o, we present the effective shift of the spectral line, §t, taking into
account all the line-shape effects (both the velocity-changing collisions and speed-dependent

effects). The values in parenthesis indicate the 1o standard uncertainty.

j  Temperature (K) do of Experiment
23.3 -0.063(2)  -0.063(2)  -0.07(13)*
45 0.0107(3)  0.0105(2)  -0.01(10)*
81.5 0.138(3)  0.137(2) 0.11(10)*
119 0.284(4)  0.282(4) 0.35(8)*
0 199 0.64(1) 0.64(1) 0.51(8)*
292 1.10(2) 1.08(2) 1.01(10)*
296 1.12(2) 1.10(2) 1.07(3)"
600 2.54(4) 2.43(4) 2.30(24)%
795 3.30(6) 3.00(5) 3.03(30)"
995 3.94(6) 3.65(6) 3.58(35)"
23.3 -0.050(2)  -0.050(10)¢ -0.02(15)*
45 0.082(2)  0.082(2) 0.04(13)®
81.5 0.285(5)  0284(6) 0.29(8)*
119 0.48(1) 0.48(1) 0.47(10)*
! 199 0.90(2) 0:89(2) 0.89(10)*
292 137(3) 1.35(2) 1.40(10)*
296 1.39(3) 1.37(2) 1.30(8)"
600 2.88(5) 2.80(4) 2.65(10)"
795 3.74(6) 3.59(6) 3.45(15)®
995 1.54(7) 4.31(7) 3.95(19)®
199 0.87(2) 0.86(2) 0.84(10)*
296 1.35(2) 1.34(2) 1.32(4)"
5 600 2.79(4) 2.73(4) 2.66(8)P
795 3.65(6) 3.55(6) 3.40(8)®
995 4.49(7) 4.32(7) 3.95(7)P
296 1.53(3) 1.52(3) 1.50(5)"
600 3.00(4) 2.96(5) 2.79(13)®
3 795 3.87(6) 3.79(6) 3.65(5)"
995 4.71(7) 4.59(7) 4.24(11)P
296 1.84(3) 1.83(3) 1.51(9)"
600 3.48(6) 3.45(5) 3.33(6)P
4 795 4.41(7) 4.35(7) 4.21(16)P
995 5.29(8) 5.20(8) 4.96(12)"

@Experimental values from Ref. [22].

b Experimental values from Ref. [23].
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4.8. Comparison with the experimental data

We compared the values of the pressure broadening and shift coefficients
presented here with the available experimental data for So(j = 0 — 4) lines,
reported by Hermans et al. [22] and Michaut et al. [23]. The data are gathered
in the Tables 1 and 2. Due to the fact that some of the experimental data
were reported for temperatures outside of our grid, we performed additional
calculations for them.

Overall, the agreement between our calculations and the experimental results
is quite well. For the pressure broadening coefficient, a slight \disagreément be-
tween theory and experiment can be observed in two cases:isfor temperatures
below 50 K and for temperatures above 600 K. The disagreement in the low-
temperature range was already reported in Ref.4[1],for the Sp(1) line and we
still have no explanation for that. In the high=temperature case, the discrep-
ancy is reduced if the contributions from the inhomogeneous broadening due to
the speed dependence of the collisional shift and narrowing due to the speed
dependence of the collisional broadening [24] are taken into account (see Tables
1, 3 and 5 of Ref. [1]). The values of the line broadening and shift corrected for
these line-shape effects, ¥ andid', are shown in Tables 1 and 2. The detailed
discussion on how tosCalculate the speed dependence of collisional broadening
and shift from the genéralized spectroscopic cross section is given in Ref. [25],
see Eq. (23) therein. Apart from the temperatures below 50 K, the largest dis-
agreement(between 4 and the experimental results is 1.80 combined standard
uncertainty.

In case of the pressure shift coefficient, for low temperatures the uncertainty
of the experimental data is quite large, and our results lie within the error bars.
For larger temperatures we observe a slight disagreement with the experimental
data, that was also noticed for the So(1) line in Ref. [1]. The shift calculated
after taking into account the speed-dependent effects has reduced this disagree-
ment, and the largest discrepancy is 2.30.

In Ref. [23] the authors state that the inhomogeneous broadening could

be neglected for the Sy lines in the He-perturbed Hy. The results, presented
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in Table 1 contradict this statement. In order to more explicitly present the
influence of the inhomogeneous broadening and the speed dependence of the line-
shape parameters, let us recall that if the speed dependence is approximated by
the simple quadratic function and the velocity-changing collisions by the hard-

collisions model, then the above mentioned inhomogeneous broadening is [26]:

_ 3.3

=-_2,
21/Opt

Vs )

where J- is a parameter quantifying the magnitude of the spegd dependence of
the collisional shift within the quadratic approximation. Equation (9) is true
for v, > 42, which is well obeyed for molecular hydrogen:“Additionally, if this
condition is satisfied, the shape of the inhomogeneous component is Lorentzian,
and can be simply added to 9. We present the values of+y; in Table 1. If there
would not be any narrowing due to the speed dependerice of the pressure broad-
ening coefficient then the difference betweenad and ~y would exactly match 5.
For some lines this difference is almostyas large as s (for instance for the So(4)
line at 995 K), which means thatathe ‘speed dependence of the collisional shift
is considerably larger than the speed,dependence of the collisional broadening
(which is not explicitly presented here). For other cases, the speed dependence
of the broadening deminatesyéffectively resulting in narrowing of the spectral

line, and thus v//< .

5. Accuracy of the calculations

Therclose-coupling scheme is the most accurate method of obtaining the
line-shape parameters. However, there are several factors that could influence
the“accuracy of the results presented in this paper. The most important one
is/the accuracy of the potential energy surface used in the calculations. We
made use of the most accurate PES available for the Ho-He system [4], which
is an extension of the previous one [7]. Very conservative estimations of the
accuracy of the used PES indicate the uncertainties of the interaction energies,

for instance, near the minimum are not larger than 1%. We repeated calculations
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for the Sg(1) and S;(1) lines to check how such slight change of the isotropic

radial terms V\_ , + (R) (multiplication by 1.01) could influence the final

g’
line-shape parameters. For the purely rotational line, for temperatures above
50 K, the relative differences between the parameters obtained with modified
and correct radial terms were below 0.4%. For the remaining temperatures”(5,
10, 25 and 50 K), the differences were 2%. For the S;(1) line, the felative
differences were below 1% for all temperatures. However, as stated/previously,
the estimates of the uncertainty of the PES were quite conservative.

Other factors that could influence the accuracy of the calculations ¢ome from
the numerical methods of solving the close-coupling equations. Let us remind
that we used MOLSCAT code for that purpose [6]. Firstlysthere are several
parameters of the used propagator that could slightlyimodify the output of the
program. We made use of the hybrid modified-log=derivative Airy propagator
of Manolopoulos and Alexander (setting INTFLG=8 in the MOLSCAT code),
which uses the diabatic modified log#derivative’ method for intermolecular dis-
tances R between RMIN and RMID,‘and, the Airy propagator between RMID
and RMAX (when the propagator,reaches R = RMAX, the calculations are
terminated), where RMIN; RMID and RMAX are parameters that are set man-
ually. In all calculationis the,values of these three parameters where set to 1 aq,
20 ag and 100 agperespéctively. The change of the RMAX parameter could po-
tentially influencesthe values of the cross sections for small kinetic energies, as
the long range interactions are mostly important in that region (see Sec. 4.1
or Appendix C,of Ref. [4]). However, increasing this parameter to 200 ag has
rather small/influence on the output cross sections in that case, and the line-
shape parameters for the So(1) and S;(1) lines obtained this way differ from the
ones reported in this work only by less than 0.02%. Thus, we can safely state
that the error coming from this parameter is negligible.

The start point of the propagation, controlled by RMIN, should be placed
deep in the potential wall, and the value of 1 aq satisfies this condition. Ad-
ditional tests were performed for several kinetic energies for the S;(1) line, to

determine if increasing the range of the propagation (by setting RMIN = 0.5 ag)
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could influence the outcoming results. No significant difference was observed for
any of the final line-shape parameters. Thus we believe that there is no signif-
icant error coming from this parameter. Note that MOLSCAT allows RMIN
and RMAX not to be fixed but to be determined internally for each new total
angular momentum. No significant changes were obtained.

Another factor influencing the results comes from the step size of the‘chosen
propagator, which, in the MOLSCAT code, can be controlled by variables STEP
or DR. STEPS is the number of steps per half-wavelength for the*open channel
of the highest kinetic energy in the asymptotic region [6]. Through the DR
variable the user can declare the initial step size explicitly. Aswrong step could
strongly modify the results, especially for kinetic energies below 1 cm~!. We
note here that both pressure shifting cross section and imaginary part of the
Dicke cross section are very sensitive to the/changes.of these parameters. We
performed tests using different step sizes,for several lines from 0-5 band and
we could determine the error associated with this factor: 0.5% for the pressure
broadening coefficient and the real part of the Dicke parameter and 1% for the
pressure shift coefficient and the imaginary part of the Dicke parameter.

The number of closed’levels, used in the calculations could also contribute
to the uncertainty of/the results. For all investigated lines we kept one closed
level, but we made additional calculations with two closed levels to check how
this could influenge the final line-shape parameters. The relative differences
between tHese results where about 0.5%. Moreover, we checked how truncating
the badis in the.calculations for highest kinetic energies (above 8000 cm~1) could
meodify the results. We found that such truncation could influence the line-shape
parameters only for T = 2000 K. This error is 0.5% large.

Taking into consideration the most significant factors: the accuracy of the
PES, the error coming from the step size of the propagator and from the number
of closed levels, we can conservatively estimate the accuracy of the line-shape
parameters presented here. The uncertainties for temperatures above 50 K and
below 2000 K are 2.5% large. We stress here, that the accuracy of the calcu-
lations deteriorates at 2000 K, due to the fact, that the Maxwell-Boltzmann
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distribution at this temperature is still significant for kinetic energies about
9000 cm™!, and calculations should be performed for even larger kinetic ener-
gies. Therefore, we estimate that the uncertainty for T = 2000 K is 3% large.
For temperatures below 50 K, the uncertainties of the line-shape parameters are
3.5% large. All the error bars reported in this work are 1o standard uncertdin-

ties.

6. Conclusion

We provided a set of line-shape parameters for S and~-O-branches of Hs in
He for 18 temperatures between 5 and 2000 K. We investigated 60 transitions
in total, for vibrational bands ranging from 0-0 mp, to 0-5 and for rotational
levels from j=0 to j=5 for S lines, and from j=2 to j=b for O lines. We used the
most accurate available PES for this system [4] and performed close-coupling
calculations using the MOLSCAT code [6). The,generalized spectroscopic cross
sections were obtained from the S-mattix elements, for kinetic energies ranging
from 0.1 up to 9000 cm ™. The finalline-shape parameters reported here are the
standard pressure broadening and shifting coefficients and the real and imagi-
nary parts of Dicke parameters.|All these quantities, along with the generalized
cross sections, can be found in the supplementary materials [20]. The results
of this investigation provide a reference data for astrophysical and planetary
studies. Thespresent. work completes the previously reported calculations on
the Q-brancheés [4] and together with Ref. [4] provide data that will be used
in our forthéoming article [27] to generate the first comprehensive dataset of

line-shape parameters for the HITRAN database [28].
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