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High-precision cavity-enhanced spectroscopy for studying the Hy-Ar
collisions and interactions

INTRODUCTION
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Information about molecular collisions is encoded in the shapes of collision-perturbed molecular resonances.
This connection between molecular interactions and line shapes is most clearly seen in simple systems such
as the molecular hydrogen perturbed by a noble gas atom. We study the Ho-Ar system by means of highly
accurate absorption spectroscopy and ab initio calculations. On the one hand, we use the cavity-ring-down-
spectroscopy technique to record the shapes of the S(1) 3-0 line of molecular hydrogen perturbed by argon. On
the other hand, we simulate the shapes of this line using ab initio quantum-scattering calculations performed
on our accurate Ho-Ar potential energy surface (PES). In order to validate the PES and the methodology of
quantum-scattering calculations separately from the model of velocity-changing collisions, we measured the
spectra in experimental conditions in which the influence of the latter is relatively minor. In these conditions,
our theoretical collision-perturbed line shapes reproduce the raw experimental spectra at the percent level.
However, the collisional shift, dg, differs from the experimental value by 20%. Compared to other line-shape
parameters, collisional shift displays much higher sensitivity to various technical aspects of the computational
methodology. We identify the contributors to this large error and find the inaccuracies of the PES to be
the dominant factor. With regard to the quantum scattering methodology, we demonstrate that treating the
centrifugal distortion in a simple, approximate manner is sufficient to obtain the percent-level accuracy of
collisional spectra.
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Keywords: Suggested keywords

potential-energy surfaces (PES) to the quantum scatter-

ing calculations, velocity-changing collisions models and
712

Molecular hydrogen is a benchmark system for study-
ing non-classical effects due to its large molecular rota-
tional constant. Collisions involving Hy display many
atypical features, since Hy does not provide any inelastic
scattering channels at temperatures up to several hun-
dred K. Due to this fact, collision-induced spectroscopic
effects in the molecular hydrogen spectrum are domi-
nated by velocity-changing collisions®. Thus, the rovi-
brational lines of Hy are strongly affected by the Dicke
narrowing®4. Moreover, the speed dependence of colli-
sional broadening and shift™® as well as their interplay
with the velocity-changing collisions* are unusual in the
spectral lines of molecular hydrogen.

Due to its simplicity, the Hs molecule is accessible
for the calculations from first principles, which, makes
it a perfect system to study the entire methodology
of ab initio line-shape calculations, from intermolecular

a)Electronic mail: NikodemStolarczyk319@gmail.com,
piotr.wcislo@Qumk.pl

spectral line-shape profiles

Experimental measurements of the Ho-Hs interaction,
as well as interactions with noble gas atoms, have been
performed for decades!?'L?, Recently, Perreault et al.
measured rotationally-inelastic scattering of HD with
molecular deuterium®® and with helium atoms? in su-
personic beams at 1 K. Subsequent quantum scatter-
ing calculations? found very good agreement with the
measurements. In this paper, we report an analysis of
a more complex system, i.e., Ho perturbed by argon.
The interaction with a 20-times-heavier perturber ham-
pers the modeling of the velocity-changing collisions. In-
deed, this problem has already been addressed in Refs 4%
and required a separate treatment of speed and velocity-
changing collisions. Here, we adjust the experimental
conditions in order to diminish the importance of the
velocity-changing collision model and focus on the still-
unresolved problem of the difference between the theo-
retical and experimental line shift.

This work analyzes the S(1) 3-0 transition in molecu-
lar hydrogen perturbed by argon. We perform highly ac-
curate cavity ring-down spectroscopy (CRDS) measure-
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ments to collect the collision-induced spectral line shapes.
Simultaneously, we perform fully ab initio quantum scat-
tering calculations on our accurate Hao-Ar PES, to simu-
late the theoretical line profiles.

We consider several different approaches to describ-
ing the theoretical spectral line-shape profiles, gradu-
ally adding subsequent corrections to the model. Start-
ing from the base case, we refine our methodology by:
including the effects of centrifugal distortion in a sim-
plified manner (simple CD), including a more complete
treatment of centrifugal distortion (full CD), and includ-
ing the effects of vibrational coupling (VC). Neglecting
these effects in our calculations results in the 6% error
of the pressure broadening and shift parameters, vy and
d0. (Note that error in other line-shape parameters has
a much smaller impact on the resulting spectral?. Al-
though for molecular hydrogen the effect of the Dicke
parameter is non-negligible, its value is insensitive to CD
and VC corrections.) Both the full CD treatment and
inclusion of the VC significantly increase the complexity
of the calculations. Additionally, for VC the computa-
tional cost is significantly increased relative to simpler
cases. We find that just the inclusion of the simplified
CD already accounts for the majority of the corrections
and reduces the error in the line-shapes parameters from
6% to below 1%. This finding would result in a signif-
icant reduction of the numerical cost of future ab initio
line-shape calculations. One should, however, perform
additional tests prior to generalizing this observation to
other transitions and molecular collisional systems.

While we achieve agreement at a level of 1.6% between
theory and measurement in terms of the shape of the line,
the experimental and theoretical values of the shift pa-
rameter, dy, differ by 20%. We consider various factors
both on the theoretical and experimental side, to explain
this discrepancy. We find that the §, parameter is excep-
tionally sensitive to various computational aspects of our
ab initio methodology and that the major contribution
to this difference originates from inaccuracies of the PES.

Il. CAVITY-ENHANCED MEASUREMENTS

We perform the cavity ring-down spectroscopy
(CRDS) measurements of the S(1) 3-0 line of Hy per-
turbed by Ar using the experimental setup presented in
Fig. We use a 1-m long optical cavity with a finesse
equal to 63 000. The reflectivity of the cavity mirrors
is 99.995% and one of the two mirrors is attached to
a piezoelectric servomechanism in order to match the
cavity modes with the probe laser frequency. We use
a Ti:Sapphire laser source (Coherent 899-21) pumped
by a 532-nm solid laser (Verdi-18). A beam from the
probe laser after the acousto-optic modulator (AOM?2)
and the electro-optic modulator (EOM) is locked to a
temperature-stabilized (AT =~ 10 mK at 302 K) ul-
tralow expansion (ULE) etalon with the Pound-Drever-
Hall method?¥. In this way, the probe laser frequency

could be tuned with sub-MHz resolution. The absolute
frequency is calibrated by a wavemeter with an accuracy
better than 10 MHz. The cavity ring-down spectra are
recorded in step-scan mode. A single step usually consists
of 100 ring-down events initiated by chopping the laser
beam with the AOM1. We apply a least squares fitting
procedure to fit the exponential curve to the ring-down
signal to retrieve the absorption coeflicient at a given
point. See Refs. 22 and 23] for the detailed description of
each subsystem of the setup.

The spectra are collected at room temperature for dif-
ferent proportions of the Hy to Ar partial pressures, i.e.,
1:1, 1:2, 1:4, and 1:7, with the Hs pressure being kept
12.4 kPa. The accuracy of the pressure gauge is 1%.

FIG. 1. Cavity ring-down spectrometer in Hefei laboratory.
AOM and EOM are the acousto- and electro-optic modula-
tors, respectively, and Verdi-18 is the laser source used for
Ti:Sapphire laser pumping. The frequency of the laser is sta-
bilized to the ultra-low-expansion (ULE) etalon, allowing us
to reach the stability of 10 MHz.

Ill. AB INITIO LINE-SHAPE CALCULATIONS

This section discusses the theoretical analysis of the
shape of the isolated S(1) 3-0 rovibrational spectral
line of Hy perturbed by Ar. We perform fully ab ini-
tio calculations within the framework of the general-
ized Hess method (GHM2#26, In the following sub-
sections, we provide details of the potential energy sur-
face (PES), quantum scattering calculations, generalized
spectroscopic cross sections, as well as calculations of the
line-shape parameters and line-shape model.

A. Potential energy surface

We use our Ho-Ar potential energy surface (PES) cal-
culated by means of the spin-restricted coupled-cluster
with single, double, and perturbative triple excitations
[CCSD(T)] method employing the large aug-cc-pCVQZ



basis set" =0, This basis was further extended with a
set of 353p2d2f1g1h midbond functions?32 denoted as
332211, with exponents of 0.90, 0.30, and 0.10 for s and
p, 0.60 and 0.20 for d and f, and 0.30 for ¢ and h func-
tions that were placed in the middle of the van der Waals
bond.

The interaction energies corrected for the basis set su-
perposition error using the counterpoise (CP) method®?
were evaluated using the MOLPRO program 2010.134
and 2012.19% versions. In the calculations, all electrons
were correlated.

To accurately reproduce features of the Ho-Ar PES,
the calculations of intermolecular interaction energy were
performed for 2 960 geometries of the system. The in-
termolecular distance R was varied in a range from 1.70
to 20.00 A (37 points in total) covering some part of the
repulsive wall (up to about 20 000 cm~1!), the entire van
der Waals well and long-range (interaction energy slightly
above —5x1072 cm~1) regions. The values of the 6 an-
gle were chosen to correspond to the abscissas of 9-point
Lobatto-Gauss quadrature. In fact, because of the sym-
metry of the system, the calculations were done only for 5
different angles. The H-H bond length rgy was stretched
from 0.30 to 1.8 A in steps of 0.10 A.

Our PES is expanded in the basis of even Leg-
endre polynomials up to the 8th order. To include
the effects of centrifugal distortion (CD) and vibra-
tional coupling (VC), the matrix elements for the col-
lisional coupling between the rovibrational wavefunc-
tions of Ha, (V'§/|VI(R,run)|v”j"), were calculated for
Vv =0,...,5and j',j7 =1,3,...,15, where v and j
stand for the vibrational and rotational quantum num-
bers, while ' and ”/ mark the final and initial states, re-
spectively.

Finally, we have repeated the PES calculations, tak-
ing into account relativistic effects. To do so, the
CCSD(T) calculations were performed using the second-
order Douglas-Kroll-Hess (DKH) Hamiltonian®®"=8 with
the aug-cc-pCVQZ-DK basis set®?. The basis set was also
enhanced with the 332211 midbond functions placed in
the middle of the van der Waals bond. The calculations
were done for all the 2 960 geometries of the system. In
Sec. [[V] we compare the results obtained with these two
versions of PES.

B. Generalized spectroscopic cross sections and spectral
line-shape parameters

The scattering problem was solved at different levels of
approximation to estimate the influence of CD and VC.
In all the cases, S-matrices were obtained by solving the
close coupling equations numerically*®! with the log-
derivative propagator??43 ysing the MOLSCAT code?d.
The equations were propagated starting at either the sep-
aration distance, R set to 1.01 A or 1.7 A, but we found
the differences between these two cases to be negligible.
The maximum propagation distance was set to at least

20 A. To determine whether it needs to be increased we
calculated the position of the furthest classical turning
point in the centrifugal potential, Reent. If 2.5Rcent was
larger than 20 A, then the maximum propagation dis-
tance was set to 2.5Rcent. We verified that increasing
the distance beyond that point (e.g. to 4.0Rcent) re-
sulted in negligible differences. We obtained the values
of (V'j'|Vi(R,run)|v"§") for R > 20 A in two ways. For
v/ =", 1 = 0, the matrix elements were extrapolated
with a simple phenomenological dependence, a/R", fit-
ted in the 15 A < R < 20 A region. In the remaining
cases, the values of the matrix elements for distances ap-
proaching R = 20 A were already negligible, therefore
they were set to zero for R’s beyond that point. The
S-matrices were calculated at kinetic energies up to 2300
cm ™! at 286 points.

In the base case, in which the CD was not accounted
for, the scattering equations were propagated for colli-
sional matrix elements with j° = 7 = 0. Subsequently,
CD was partially included by using the collisional matrix
elements with j* = j” = 1 in the ground vibrational state
and with 5/ = 5 = 3 in the excited vibrational state. Fi-
nally, CD was fully accounted for by using the collisional
matrix elements with 5 and 7" matching the actual rovi-
brational levels included in the basis used to perform the
calculations. In all the preceding cases, the scattering
problem was solved separately in the ground vibrational
manifold (v = v = 0) for the initial radiative state
(v,j) = (0,1) and in the excited vibrational manifold
(v = v = 3) for the final radiative state (v,5) = (3,3).
The full CD calculations were subsequently expanded to
include collisional coupling between different vibrational
levels (VC). This was done by performing a separate set
of calculations for the (0,1) state and the (3,3) state.
The basis for scattering calculations in the former state
included all open channels in the v = 0, 1,2 vibrational
manifolds and one closed channel in the » = 0 mani-
fold. Similarly, the basis for the (3,3) state scattering
calculations included all open channels in the v = 1,2,3
vibrational manifolds and one closed channel in the v = 3
manifold. The v = 0 state was not included because the
matrix elements for the collisional coupling to that state
from the v = 3 state were negligible.

Figure [2] shows the generalized spectroscopic cross
sections, which are calculated directly from the S-
matrices?®4%  The depicted cross sections were calcu-
lated with relativistic corrections of the PES including
relativistic corrections, full CD, and VC (the cross sec-
tions are appended in the Supplementary Material). Un-
less stated otherwise, all the calculations within this work
were performed with these cross sections.

We use these cross sections (of denotes the broaden-
ing and shift cross section, and o] denotes the Dicke
cross section) to calculate the line-shape parameters: the
speed-dependent pressure broadening, v (v), and shift,
d (v), as well as the complex Dicke parameter, Vopy:
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where ¢ is the speed of light in vacuum, v is the ac-
tive molecule speed, vy, is the most probable perturber
speed, (v;) is the mean relative speed of the colliding
partners, kg is the Boltzmann constant, T is the temper-
ature and My = m:rf:;lp , with m and m,, being the masses
of the active and perturbing molecules, respectively.

Figure [3] presents the speed dependences of the pres-
sure broadening and shift obtained from the quantum-
scattering calculations. The solid black curves present
the ab initio speed-dependent pressure broadening and
shift for the S(1) 3-0 transition in Hs perturbed by Ar.
The dashed lines mark the pressure broadening and shift
parameters averaged over the Maxwell-Boltzmann speed
distribution, i.e.,

1 1
e T )

/da: ze ol(vi, iy vf, Jf; Exin = 2ksT).  (3)
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To describe the Ho-Hs collisions we make use of the
line-shape parameters derived experimentally in Ref13
(see Table 2(f) therein). The parameters were reported
within the quadratic approximation, i.e.,
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with v, being the most probable absorber speed. The
red curves in Fig. [3| present the speed-dependent pressure
broadening and shift for the self-perturbed Hy S(1) 3-0
line, with the corresponding dashed lines marking ~y and
0o for this system.
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FIG. 2. Generalized spectroscopic cross sections for the S(1)
3-0 transition in Hy perturbed by Ar are shown with red
curves. (a) Pressure broadening cross-section, PBXS. (b)
Pressure shift cross-section, PSXS. (c) Real part of the Dicke
cross-section, RDXS. (d) Imaginary part of the Dicke cross-
section, IDXS. The depicted cross sections are the results of
the fully ab intio quantum scattering calculations with the
relativistic PES, and the full CD and VC effects taken into
account (the row (e) in Table [I). To quantify the statis-
tical contributions of different collision energies, we present
the Maxwell-Boltzmann distribution of the relative absorber-
perturber speed at T' = 296.65 K (gray thin curves). We
include the cross sections in numerical form in the Supple-
mentary Material.
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FIG. 3. Speed dependences of v and § for the S(1) 3-0 line
in Hy perturbed by Ar (black solid curves). We evaluate the
exact speed dependence based on our fully ab initio quantum
scattering calculations (the row (e) in Table . For compar-
ison, we plot the speed dependence of v and ¢ for the self-
perturbed H2 (continuous red curves), based on Table 2 (f)
of Ref®®. Dashed lines mark the speed-averaged values (i.e.,
~o and do, respectively) with the same color notation. With
gray curves, we mark the Maxwell-Boltzmann distribution of
molecule speed. The data is presented for T' = 296.65K.

It is seen from Figure 3that the Ho-Ar system displays
a much stronger speed-dependence than Hs-Hs. Even
though the speed-averaged broadening parameters are
similar, their speed dependences vary significantly. The
speed-dependent shift parameter is roughly ten times
greater in the Ho-Ar system than in Ho-Hs.

Despite using the fully ab initio speed dependence of
~ and § for the Hy-Ar system, we also calculate the pa-
rameters of the quadratic approximation (y2 and d3) to
quantitatively express the magnitudes of the speed de-
pendences. The quadratic parameters are determined
by the slope of the speed-dependent parameters at the
most probable speed, Eq. . While the speed depen-
dence of the shift is described well enough by the slope
at this single point, this is not the case for the broad-
ening. The speed-dependent broadening has a minimum
near v = vy, see Fig. [3| hence the 7> parameter is close
to zero, which does not reflect the actual strong speed
dependence of v(v).

In Table [, we report the values of the six collisional
line-shape parameters, i.e., the pressure broadening and
shift, 7o and dg, their speed dependences, vo and d5, and

the real and imaginary parts of the Dicke parameter, 1J

and 7} ;. Rows (a)-(e) present the Hy-Ar parameters
obtained with our fully ab initio calculations described

in this section. Each subsequent row includes additional

effects taken into account, i.e., the simplified and full CD,
(b) and (c), relativistic PES corrections (rel), (d) and VC,
(e). Row (f) presents the same parameters as row (e),
however, §, was adjusted to the experimental data, see
Sec. [[VB] The last row presents the Hy-Hy parameters
taken from Ref1,

Relativistic corrections to the PES as well as the CD
and VC effects have a small impact on the line-shape
parameters, see Table [ CD influences the line-shape
parameters at the 2-6% level, except for Vgopts Which is
hardly influenced at all. Interestingly, the simplified form
of CD is a good approximation to the full CD; the larger
influence on v2 (3% change) is due to the atypical behav-
ior of y(v), see the discussion regarding Fig.[3l The rela-
tivistic correction to the PES has a small impact (below
2%) on the values of the line-shape parameters (again, o
does not well reflect v(v) due to its atypical speed depen-
dence, see Fig. 3| and the large relative change in v, has
a small influence on the line shape). Similarly, VC has
a very small (sub-percent) impact on the line-shape pa-
rameters. An important conclusion from the discussion
on the theoretical results from Table[l| from the perspec-
tive of quantum scattering calculations, is that it suffices
to include only the simple CD (which does not add any
numerical cost) to reduce the systematic theoretical error
in the line-shape parameters from 6% to below 1% (here,
we focus on g and g as they have the largest influence
on the line shape; in the case of Ha 17 has also a large
influence on the line shape, but 17, is almost completely
insensitive to the CD and VC corrections). This conclu-
sion is crucial from the perspective of the optimization
of the computational methodology since the inclusion of
the VC increases the calculation time by a factor of ~50.

C. Line-shape model

Our ab initio calculations allow us to simulate a com-
plete line profile from first principles, with no collisional
parameters fitted to the experiment. We fix all the Ar-
induced collisional line-shape parameters at the values
obtained from our quantum-scattering calculations, see
row (e) in Table

To simulate the theoretical profiles, we make use of the
billiard ball profile?®47, Within this model, the descrip-
tion of velocity-changing collisions is based on a hard-
sphere approximation of the interaction potential. The
billiard ball profile is superior to the commonly used
hard- and soft-collision profiles as it allows one to take
into account the mass ratio, a, between the collisional
partnerst’, which is especially important for the consid-
ered Ha-Ar system with o =~ 20. In the case of such
a large mass ratio, the relaxation of the velocity vec-
tor is described by two different rates?. The decays of
its magnitude and direction are independent and require
using two different time constants?. The hard- and soft-
collision models fail in this case as they are both de-
scribed by a single-parameter decay. We use the fully



TABLE 1. Spectral line-shape parameters for the S(1) 3-0 line in Hy (all the line-shape values are expressed in the units of
10~ 3cm™tatm™"). The fully ab initio speed dependence of v and § for the Ha-Ar system was employed. We also list the 2
and J2, defined by Eq. , to quantitatively express the magnitude of speed dependence. The Doppler width at T' = 296.5 K

is wp = 64.0 x 107 3cm™'. Each row presents the parameters calculated with different effects taken into account: simple CD,
full CD, relativistic effects in PES (rel), and VC. Letters (a)-(f) correspond to the annotations in Fig.
Y o 2 §a  Ubpe bt

(a) without CD, rel, VC 10.5 -24.7 0.415 17.6 72.8 -15.6

(b) simple CD 11.2 -25.8 0.405 18.2 723 -16.2

(c) full CD 11.2 -259 0.390 18.2 723 -16.1

(d) full CD + rel 11.2 -26.5 0.259 18.1 72.3 -15.8

(e) full CD + rel + VC 11.3 -26.4 0.347 17.8 72.1 -16.1

(f)  Ho-Ar adjusted o  11.3 -33.0 0.347 17.8 72.1 -16.1
H,-H,, experimental™® 7.2 -34 07 1.7 413 0.0




ab initio speed dependences of v and ¢ (see Eq. 1'
for the Ar-perturbation contribution, while for the self-
perturbation contribution we use the quadratic approxi-
mations taken from Ref13 (see Eq. ) These two con-
tributions are proportional to the partial pressures of the
two gases.

Since our experimental setup is not equipped with the
absolute frequency reference, we fit the central frequency
(the same value for all four pressures). We also fit the
baseline, slope, and area of each of the four lines (separate
values for each pressure). Since the lowest pressure of
the experiment is below the applicability range of the
direct diagonalization approach to the billiard ball profile
calculations™, we implemented the iterative approach?®
for the lowest pressure.

IV. EXPERIMENTAL VALIDATION OF THE
THEORETICAL RESULTS

Figure [4] shows a direct comparison of our experimen-
tal and theoretical results. The top panel in the figure
contains the measured points (black dots) and the the-
oretical spectral lines (red curves) calculated with the
parameters from the row (e) in Table [l Panels (a)-(g) in
Fig. [] present the absolute residuals between the cal-
culated and measured profiles, as well as the relative
root-mean-square error (rRMSE), calculated within +full
width at half maximum (FWHM) from the line center.

A. Experimental validation of the fully ab initio model

Panels (a)-(e) in Fig. [4 show the residuals of the fully
ab initio profile described in Sec.[[T]] The theoretical line-
shape model entirely originates from the first principles
and no line-shape parameter was adjusted in this com-
parison.

We present several different approaches to describe the
theoretical spectral line shape profiles, gradually adding
subsequent corrections to the model. At each level of
theory improvement, we obtain slightly different values
of the spectral line-shape parameters, see Table [l While
the parameters are modified by up to several percent, the
corresponding differences in the line shapes (reflected by
the rRMSE values) are well below a percent. The reason
is twofold. On the one hand, the differences in the line-
shape parameters are partially compensated by fitting
the area and line position. On the other hand, the way
the changes in line-shape parameters propagate on the
spectra is not straightforward, this topic is covered in
Appendix A of Ref. [T0l

Similarly to the discussion on the line-shape parame-
ters, see Sec. [[ITB] and Table ] the most significant im-
provement to the resulting line shapes is caused by tak-
ing into account the simple CD. Relativistic corrections
to the PES, as well as including the full CD (in addition
to the simple CD) and VC effects have almost no effect

on the rRMSE. Again, the important conclusion is that
reaching the sub-percent accuracy does not require tak-
ing into account the very computationally-expensive full
CD and VC. Our most advanced fully ab initio model is
in 2.65% agreement with experimental data, see panel (e)

in Fig. [

B. Ab initio model with adjusted shift

The asymmetric shapes of the residuals in Fig[d] (a)-(e)
indicate that the mismatch between the experimental
and theoretical spectra is mainly caused by the incor-
rect value of the calculated pressure shift parameter, dg.
Indeed, adjusting dp in a multispectrum fitting procedure
decreases the mean rRMSE to 1.58% and results in much
smaller residuals, see panel (f) in Fig.[4l The experimen-
tal §p parameter is 20% larger than the calculated value,
see Table [l We analyze this discrepancy in Sec. [V] The
conclusion is that our fully ab initio calculations result in
a 20% discrepancy in the §y parameter compared to ex-
perimental spectra, but the collision-perturbed shapes of
the experimental line are reconstructed at the 1%-level.

C. The role of the velocity-changing collision model

In this section, we benefit from having accurate ex-
perimental spectra and ab inito line-shape parameters to
test the role of a velocity-changing collision model. In
our ultimate ab initio simulation, Fig. [4] (e), we use an
advanced, realistic line-shape model, i.e., the billiard ball
profile*®*7, In this section, we substitute the billiard-ball
model with a simpler and widely-used hard-collision*”
profile that is much less computationally expensive, see
Fig. 4| (g) (in panel (g) we use exactly the same values of
the line-shape parameters and the full speed dependences
as in (e) and only change the velocity-changing collisions
model). It is clearly seen that this modification deteri-
orates the agreement with the experimental spectra, as
quantified by the rRMSE increase from 2.65% to 3.7%.

It should be noted that in this work the theory-
experiment comparison is done in the pressure range, in
which the sensitivity to the velocity-changing collisions
model is relatively small. At higher pressures, above the
Dicke minimum, the velocity-changing collision model
has a much larger influence. We discuss this issue in
Appendix [A] see also Fig. [f] and Ref. 4l

V. ANALYSIS OF THE DISCREPANCY IN PRESSURE
SHIFT PARAMETER

We showed in Sec. [V B| that, although our theoret-
ical ab initio line-shape model accurately reproduces
the shape of the experimental spectra, the calculated
collision-induced line shift, dg, deviates from the exper-
imental one by 20%. This section aims at providing an
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FIG. 4. The spectral line shapes of the S(1) 3-0 transition in Hy perturbed by Ar. The top panel shows a direct comparison
between the experimental (black dots) and fully ab initio (red curves) spectra. Panels (a)-(g) show the absolute residuals
accompanied by the relative root-mean-square errors (rRMSE) calculated within + FWHM of the line. The rightmost column
contains the mean rRMSE of all pressures for a given model. Panels (a)-(f) correspond to the (a)-(f) rows of Table[[|and the
spectra were calculated with the respective parameters. Panel (a) shows the residuals from the fully ab initio model without
CD, VC, and relativistic PES corrections (rel). Subsequently, we include simple (b) and full (¢) CD, vibrational coupling VC
(d), and relativistic corrections to PES (e). In panel (f), we adjust the pressure shift parameter, do, with a multi-spectrum
fitting procedure. Panel (g) shows exactly the same comparison as panel (e), but the billiard-ball velocity-changing collision
model is replaced with the hard-collision model.



explanation for this discrepancy. In Section [VA] we es-
timate the uncertainty of the experimental §y, which is
dominated by uncertainties of the ab initio line-shape
model used in spectrum fits. In Section[VB]| we estimate
the uncertainty of the calculated dg.

A. Uncertainty of the experimental &

The measurement uncertainties that can affect the fit-
ted &g, such as the inaccuracies of the frequency mea-
surement or statistical uncertainties, are negligible in our
case. The dominant contribution to the experimental
uncertainty of dg comes from the uncertainty of the fit-
ted line-shape model. By distorting the line-shape model
within the estimated confidence range, we estimate the
corresponding uncertainty of Jg.

To determine the experimental value of the §; parame-
ter, we simulate the fully ab initio billiard ball profile and
fit 0o, see row (f) in Table[|and panel (f) Fig.[4} To deter-
mine the uncertainty of the fitted dy, we repeated the fit
with the line-shape parameters distorted within their es-
timated confidence range. We include the influence of the
three line-shape effects: the model of velocity-changing
collisions, the narrowing and asymmetries related to the
Dicke effect described by the complex Dicke parameter,
Uopt, and the speed dependence of the pressure shift, d,
(the role of the speed dependence of the pressure broad-
ening, -9, is negligible).

To estimate the uncertainties originating from the
velocity-changing collision model, we substitute the
kinetic-based billiard ball model with the phenomenolog-
ical hard-collision model. Then we generate an ab initio
profile with this simplified model and repeat the fit of
0p. We obtain a 6% smaller value of the adjusted dy in
this way. The estimation of this uncertainty is conser-
vative since the difference between the hard-collision and
billiard-ball collision kernels is much smaller than the dif-
ference between the billiard-ball collision kernel and the
actual one, see panels (c) and (d) in Fig. 2 in Ref. [0l

In the line-shape model, the operator of the velocity-
changing collisions is scaled by the Dicke parameter. To
estimate the uncertainty originating from the Dicke pa-
rameter uncertainty, we repeat the &g fit with modified
(within their uncertainty range) real and imaginary parts
of the Dicke parameter. We obtained a 3% change in dg.

Similarly, to estimate the uncertainty originating from
the uncertainty of the speed dependence of the pressure
shift, d2, we repeat the fit with its value altered (within its
uncertainty range), obtaining a 1% change in the fitted
9.

A minor role is played by the uncertainties of the
measurement devices. The inaccuracy of the pressure
gauge of 1% adds 1% uncertainty to the §y parameter
since Jq is obtained by dividing the actual shift by pres-
sure. Additionally, the stability of the laser is 10 MHz
~ 0.33356 x 107 3cm~'. The accuracy of the pressure
shift parameter is directly connected to the frequency

TABLE II. The budget of the experimental and theoretical
uncertainties of the dy parameter

Uncertainty contribution u(do)
Uncertainty of the experimental
velocity-changing collisions model 6%
Vopt uncertainty 3%
d2 uncertainty 1%
pressure measurement uncertainty 1%
laser maximum instability 1%

combined experimental uncertainty 12%
8o = (—33.044.0)x 10 3cm ™ *atm ™!

Uncertainty of the theoretical do
PES inaccuracy 21%
CC calculation convergence 1%
22%

combined theoretical uncertainty
8o = (—26.445.6)x10 *cm ™ tatm ™"

read, thus the maximum inaccuracy of §y due to laser
instability is 1%.

Table [[ presents the full uncertainty budget. The top
panel summarizes the uncertainty of the experimental .
The uncertainty originating from the velocity-changing
collisions model is dominant (6%) and the total combined
uncertainty is 12%.

B. Uncertainty of the theoretical §,

Theoretical values of the line-shape parameters are ob-
tained by performing quantum scattering calculations on
our PES, as we described in Sec. [[TI] The corresponding
uncertainties of the quantum scattering calculations and
the PES propagate to the uncertainty of the calculated
do-

To estimate the uncertainties originating from the
close-coupling quantum scattering calculations, we re-
peat the calculations varying the numerical steps and
other convergence parameters. The uncertainty of d; es-
timated this way turns out to be smaller than 1%.

To estimate the uncertainty of §y originating from the
PES uncertainty, in the first step, we estimate the maxi-
mum inaccuracy of the PES. The inaccuracy of the PES
can be estimated by the relative difference between the
non-relativistic PES value and its best extrapolation to
the complete basis set. The highest discrepancy turns
out to be at the bottom of the PES well, where the dif-
ference between the PES (—54.39 cm™!) and the extrap-
olated value is —0.72 cm™!, which is 1.3%. We treat
this value as the maximum inaccuracy of the PES. In the
second step, we modify the PES by scaling the isotropic
part of the potential in the upper rovibrational state by
1.3%. We find that such distortion of the PES results in



a 21% change of the theoretical §g therefore we treat this
value as our estimate of the uncertainty due to the PES
inaccuracy, see Table [[I}

C. Combined uncertainties

The uncertainty budget of both theoretical and ex-
perimental values of the §; parameter is summarized in
Table [[]] Considering the uncertainties, we obtained the
experimental 6y = (—33.044.0)x10 3cm~tatm~!, and
the theoretical 6y = (—26.445.6)x 10 3cm~tatm~!. The
dominant contribution to the uncertainty budget results
from the inaccuracies of the PES.

V. SUMMARY

In this work, we focused on the S(1) 3-0 transition in
molecular hydrogen perturbed by argon. We collected
the experimental collision-induced spectral line shapes
with the highly accurate cavity ring-down spectrometer
of the Hefei laboratory. We also simulated the theoret-
ical line profiles based on the fully ab initio quantum
scattering calculations on our accurate Ha-Ar PES.

We verified the accuracy of several different approaches
to model the theoretical line shapes, gradually adding
subsequent corrections to our methodology. We consid-
ered the following effects: simplified centrifugal distor-
tion (CD), full CD, and vibrational coupling (VC). We
have found that neglecting these effects in our calcula-
tions resulted in a 6% error in the pressure broadening
and shift parameters. Our numerical calculation revealed
that the inclusion of the full CD and VC increased the
calculation time by a factor of ~50. We have shown that
the simplified CD already accounts for the majority of
the corrections and allows us to achieve a sub-percent
error of the line-shape parameters.

While the theoretical and experimental spectra agreed
within 1.58%, the measured and calculated shift param-
eters, dp, differed by 20%. We analyzed this discrepancy,
from both the theoretical and experimental perspective,
to find that the §p parameter is exceptionally sensitive
to some computational aspects of our ab initio method-
ology; we found that the major contribution to this dis-
crepancy originated from the inaccuracies of the PES.

Vil. SUPPLEMENTARY MATERIAL

The Supplementary Material to this work includes the
generalized spectroscopic cross sections of the S(0) 3-0
transition of Hy perturbed by argon, which was used in
our analysis.
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FIG. 5. Pressure dependence of the half width at half maxi-
mum (HWHM) of a spectral line. We consider two velocity-
changing collision models: the ab initio billiard-ball model
(BB ab initio) and the ab initio hard-collision model (HC ab
initio). The gray zone marks the partial pressure range of
Ar covered in our experiments. It is seen that in the range
considered by us, the HWHM of the two line-shape models is
almost the same.
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Appendix A: The role of the velocity-changing collisions

The line width of the Hy molecule interacting with
a heavier perturber strongly depends on the velocity-
changing collision model 2850153 gee Fig, To accu-
rately reproduce the shape of a line, the velocity-changing
model needs to include the absorber-to-perturber mass
ratio.

A proper modeling of the velocity-changing collisions is
of critical importance above the Dicke minimum (around
1.2 atm in the case of the S(1) 3-0 line considered in this


( http://wcss.pl )

paper, see Fig. . In this regime, the direction of the ve-
locity vector of an active molecule (here Hy) thermalizes
much faster than its magnitude (speed).**. Hence, above
the Dicke minimum, the Doppler broadening is elimi-
nated and the main role is played by the speed-dependent
effects, in particular, the inhomogeneous broadening due
to the speed-dependence of collisional shift .2

Table 1 of Ref. O shows that the thermalization rate
of speed strongly depends on the absorber-to-perturber
mass ratio. In the case of velocity thermalization, this
dependence is much weaker. Therefore, to model the
velocity-changing collisions properly, one needs to take
into account two different time constants, describing the
speed and velocity decays independently, and including
the dependence on the mass ratio.

The present paper, however, does not aim at studying
the velocity-changing collisions (which was thoroughly
covered in Refs. [9land [4]). Within this research, we focus
on explaining the difference between experimental and
theoretical dg. Hence, our goal is to reduce any additional
uncertainties and inaccuracies coming from the velocity-
changing collision model. Therefore we study the regime
below the Dicke minimum, see the grayed area in Fig. [5]
where the impact of the velocity-changing collision model
is the least pronounced. The half-width at half max-
imum (HWHM) of the billiard-ball profile (that takes
into account the mass ratio and the two different relax-
ation rates) and hard-collision profile is almost equal at
the considered pressure range. The divergence of the two
curves becomes clearly visible at higher pressures, above
the Dicke minimum. Figure [ reveals relatively small
inaccuracy arising from a simplification of the velocity-
changing model (compare the performance of the fully ab
initio billiard-ball profile*®4 (e) and the hard-collision

profile?? (g)).
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