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Abstract

Non-impact effects in the absorption spectra of HCl in various collision-partners are
investigated both experimentally and theoretically. Fourier transform spectra of HCI broadened
by COg, air and He have been recorded in the 2-0 band region at room temperature and for a
wide pressure range, from 1 to up to 11.5 bars. Comparisons between measurements and
calculations using Voigt profiles show strong super-Lorentzian absorptions in the troughs
between successive lines in the P and R branches for HCI in CO2. Weaker effect is observed for
HCI in air while for HCl in He, Lorentzian wings are in very good agreement with
measurements. In addition, the line intensities retrieved by fitting the Voigt profile on the
measured spectra decrease with the density of the perturber. This perturber-density dependence
decreases with the rotational quantum number. For HCI in COz, the decrease of the retrieved
line intensity can reach 2.5% per amagat for the first rotational quantum numbers. This number
is about 0.8% per amagat for HCI in air while for HCI in He, no density dependence of the
retrieved line intensity is observed. Requantized classical molecular dynamics simulations have
been performed for HCI-CO2 and HCI-He in order to simulate the absorption spectra for various
perturber-density conditions. The density dependence of the intensities retrieved from the
calculated spectra as well as the predicted super-Lorentzian behavior in the troughs between
lines are in very good agreement with experimental determinations for both HCI-CO2 and HCI-
He. Our analysis shows that these effects are due to incomplete or ongoing collisions, which
govern the dipole auto-correlation function at very short times. The effects of these ongoing
collisions strongly depend on the details of the intermolecular potential: they are negligible for
HCI-He but significant for HCI-CO2 for which a line-shape model beyond the impact
approximation will be needed to correctly model the absorption spectra from the center to the
far wings.

1. Introduction

The impact approximation, assuming that collision duration is significantly shorter than the
interval between successive collisions, is widely used in the modelling of molecular gaseous
absorption spectra'~. Within this approximation, absorption in the wings of an isolated line (i.e.
no line mixing?®) is described by a Lorentzian profile. Recall that in the region near the resonance
frequency, various line-shape models (see Refs. [4,5] and references therein) taking into
account different collisional effects such as the collisional line broadening, line position
shifting, their speed dependences, collision-induced velocity changes, were proposed to model

1



the spectral shape. The associated line-shape parameters of these “impact” models, usually
obtained from fits of laboratory-measured spectra, are stored in spectroscopic databases (e.g.
Ref. [6]) together with the line position and integrated line intensity. The latter is mostly
obtained from fits of experimental spectra using a line-shape model. These spectroscopic
parameters are needed in the forward calculations of the absorption (or emission) spectra for
various applications such as in atmospheric remote sensing. While it is widely accepted by the
community that some sophisticated line-shape models are capable of accurately describing
measured line shapes in the region near the line center for most molecular systems, the question
for the region of the far line wings is still open. Indeed, experimental and theoretical studies on
hydrogen halides’!! showed that measured absorptions in the line wing can significantly
deviate from absorptions modelled by impact line-shape models. Furthermore, the integrated
line intensity retrieved from measured spectra using these models decreases with increasing
pressure of the collision-partner, up to 3% per atm for pure HCL,!' 1% for HCI in Ar'? and 2%
for HF in Xe'?, for instance. Note that this quantity corresponds to the integrated fitted line
shape, which is the pressure-normalized area obtained from the analysis of measured spectra
assuming a line-shape model, to be distinguished from the theoretical intensity which is
proportional to the square of the dipole moment matrix element. Therefore, any deviation
between the assumed and true line profiles can result in a difference between the experimentally
retrieved line intensity and the theoretical one. The pressure dependence of the experimentally
determined line intensities for CO diluted in N2 was recently observed for the first time'# thanks
to extremely precise and accurate measurements. It was demonstrated that the integrated line
shape of CO obtained by fitting a standard profile to spectra in the core region of an absorption
line decreases with the gas density. At atmospheric pressure, this effect reduces the retrieved
line intensity by about 0.3% for the first few rotational lines of CO diluted in N2. These findings
were well supported by molecular dynamics simulations which enabled their attribution to the
breakdown of the impact approximation and showed that the collisions ongoing at time zero
transfer a fraction of the intensity from the core region of the line to a broad and weak
continuum, and thus reduce its area. In this same study,'* measured spectra of the R(1) line of
CO diluted in He were also investigated. However, no effect was observed, the retrieved line
intensity of CO being constant with the density of He. This result, also confirmed by the
predictions using molecular dynamics simulations was explained by the negligible number of
ongoing CO-He collisions at time zero.

In this work, we further investigate the influences of different collision-partners on the super-
Lorentzian effects and the pressure dependence of the experimentally determined line intensity
using HCI spectra. For this purpose, Fourier-transform spectra were recorded in the 2-0 band
region of HCI perturbed by COz, by air and by He at room temperature and for large ranges of
pressure (from 1 to up to 11.5 bars). The spectra were fitted with the Voigt profile in order to
determine the pressure dependence of the retrieved line intensity. Super-Lorentzian effects in
the troughs between successive lines were quantified as well. In parallel, theoretical predictions
were made using classical molecular dynamics simulations (CMDS). The latter were performed
for HCl in CO2 and in He. The large differences between the potential interactions for these two
systems enable a meaningful study of the collision-partner effect and test of the CMDS. This
paper is organized as follows: the measured spectra and the simulations are described in Sec. 2
while their analysis is reported in Sec. 3. The obtained results are presented and discussed in
Sec. 4 and the conclusion and perspective of this study are drawn in section 5.

2. Spectra measurements and simulations



2.1 Experimental spectra

The experimental setup has been described in detail previously for related measurements of
pure HCL,'> HCI in CO/CO2,'¢ HCI1 in H2/CH4'” and HCl in He'®. In brief, HCI gas was generated
in a glass generator by the reaction of sulfuric acid (H2SO4) with sodium chloride (NaCl). HCI
gas was then condensed in a liquid nitrogen (LN2) cooled trap until enough solid HC] was
formed. The generation and storage equipment were kept in a venting chemical fume hood as
well as a 24.5+0.1 cm path length aluminium gas cell for spectroscopic measurements. The gas
cell, gas manifolds, and the LN> trap were evacuated for 10 minutes to remove water vapor and
semi-volatile compounds stuck on the wall. After pumping, the trap was baked three times
above 100 °C and vaporized HCIl gas was introduced into the gas cell to about 150 mbar,
followed by the addition of the respective perturber (air, He, or COz) of a total pressure up to
11.5 bar. For consecutive measurements, the cell pressure was reduced at a step of 0.5 bar to a
final pressure of 1 bar. Table 1 summarizes the sampling conditions (P&T) for each HCI
mixture. Note that due to possible adsorption and desorption from the cell wall, the partial
pressures of HCl for each measured spectrum cannot be determined with high precision
manometrically.

Table 1: Sampling conditions of the FTIR measurements of HCI-X mixture. (X = air, He, or
CO2). The stability of temperature is accounted for the period of one spectrum consisting of 10
scans.

Initial total End total Pressure step Temperature Temperature
pressure pressure (bar) (bar) °O) stability (°C)
(bar)
HCl-air 7.67 0.91 0.5 21.9 0.05
HCI-He 9.55 0.98 0.5 21.8 0.05
HCI-CO2  11.45 1.90 0.5 21.5 0.05

To avoid fringes in the FTIR spectra, the gas cell was sealed with wedged (1°1”) sapphire
windows on both sides. The aluminium cell has a natural Al2O3 layer which is inert to HCI at
room temperature. To take the FTIR spectra, the recombined light after the KBr beamsplitter of
the FTIR spectrometer (Bruker Optics, Vertex 80) was coupled into the fume hood with a multi-
mode optical fiber. The guided light beam then openly passed through the gas cell and was
directed onto a standalone InGaAs NIR detector. The ADC signal of the detector was sent back
to the spectrometer’s electronic board to record the interferogram. OPUS software supplied by
Bruker Optics was used to control the spectrometer for scanning and data recording.

Cell pressure was monitored with a piezoresistive pressure transmitter (Omega® PAA33X-V-
30, 0-3MPa, 0.15% uncertainty, manufacture calibration). The relative pressure stability inside
the cell was found to be 0.02%. Based on previous experience, we estimated a 0.3 % combined
relative uncertainty (k=2, 95% confidence level) of our pressure measurement to account for
zero drifting over time. Room temperature was regulated with a central air conditioning unit to
20+0.5 degrees Celsius. Gas cell temperature was monitored with a Type-K thermocouple
attached to the outside. Within the recording time for one spectrum of about 100 seconds, the
cell temperature was stable at 0.05 degrees. The path length of the gas cell was determined by
subtracting the thickness of the sapphire windows from the total length measured with a calliper.

3



sl |

The estimated combined uncertainty of our length measurement is 1 mm (k=2, 95% confidence
level).

Table 2 summarizes the FT spectrometer (FTS) configuration for our measurements. The
Vertex 80 FTS was configured with a Globar source, a KBr beam splitter and remotely
connected InGaAs inside the fume hood. For each pressure step separated by 0.5 bar, ten
interferograms were recorded and coadded at a spectral resolution of 0.075 cm™ (defined as
0.9/MOPD, MOPD denotes the maximum optical path difference). The Fourier transform
algorithm built-in Bruker’s OPUS software was applied to the measured interferograms to
derive the sample intensity signal (Isample). Transmittance spectra were calculated by dividing
the sample signal with the background signal (Ibackground), i.6. T = Isample/Ibackground. The
background was measured with an empty cell before HCI filling. A Boxcar apodization function
and Mertz phase correction were applied during the finite Fourier transform.

Table 2: Configuration of the Bruker Optics Vertex 80 FTIR spectrometer.

Measurement parameter

Detector InGaAs

Beam Splitter KBr

Spectral resolution 0.075 cm’!

Recording time 100s /spectrum (10 co-added scans)

Beam aperture diameter 0.5 mm

Apodization function Boxcar

Phase correction Mertz

Cell windows Sapphire (wedged, 1°1”)

Pressure gauge Omega® PAA33X-V-30

Thermometry Type K Thermocouple from Thermocoax®
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The FTS Instrumental line shape (ILS) function was derived from a spectrum of pure HCI
measured at 50 mbar using LINEFIT14.5 software!®?. The spectral resolution and the aperture
size were kept unchanged during the HCl-foreign gas measurements.

2.2 Spectra predicted by requantized molecular dynamics simulations

Classical molecular dynamics simulations (CMDS) were performed for HCI-CO2 and HCI-He
mixtures with 50% of HCI. Since detailed descriptions of these calculations can be found in
Refs. [10,11,21,22], only the main principle of the CMDS is given here. In the CMDS, each
molecule is considered as a rigid rotor and characterized by its center-of-mass position and
velocity as well as by a unit vector along the molecular axis and its angular velocity vector. For
each calculation, about 3 X 108 molecules were considered. These molecules, placed in 15 000
cubic boxes with periodic boundary conditions were initialized as follows: their position, the
orientations of their translational and angular velocities as well as the molecular axis direction



were random while Maxwell-Boltzmann distributions were used for the modulus of the
translational and angular velocities. From the intermolecular potential interaction, we computed
the total force (and torque) applied to each molecule which enables to compute the acceleration
of the center-of-mass and then the translational velocity which is then used to compute the new
position of the particle. The angular velocity and the molecular orientation are also incremented.
The requantization procedure described in Refs. [10,22] was used for the rotation of the HCI
molecules. The auto-correlation function (ACF) of the dipole moment, carried by the molecular
axis, was computed for each time step, from t = 0 to ¢,,4,. The Fourier-Laplace transform of
the ACF directly yields the corresponding absorption spectrum. Requantized CMDS (rCMDS)
were carried out at room temperature and for various pressures for each perturber, i.e. Pco, =

1,2, 3 and 5 atm for HCI in COz and Py, = 2,3, 5 and 8 atm for HCI-He. Similar to Ref. [11],
we considered only H**Cl in our calculations. For HCI-CO, the intermolecular interaction is
represented by a site-site potential with Columbic and atom-atom contributions. The site
positions and charges for HCI and CO: are from Ref. [23] and Ref. [24], respectively. The atom-
atom contribution is a Lennard-Jones potential with parameters deduced from those for CO:-
CO2** and HCI-HCI (Ref. [22] and references therein) using combination rules for binary
mixtures. For HCI-He, a site-site functional form obtained from the fit of the ab initio potential
of Ref. [25] was used.

3. Analysis of the measured and calculated spectra

We first fit each line of each measured spectrum with the Voigt profile taking into account the
weak line-mixing effect using the first-order approximation®®. The influence of the apparatus
function, I;; 5, was accounted for by convolving the calculated spectrum with /;; ¢ deduced from
spectra of HCI measured at 50 mbar. The computed transmission at the current wavenumber o
is expressed as:

Teaic(0) = exp [_ 2iAi(P)Dyiim(o,00; + 84, Tp ), T, Yi)]®11LS(U) (1)

with A4; the integrated line area (including the total path length), i the index of the absorption
line of resonance wavenumber gy ;, P the total pressure of the mixture, @y, the line profile.
I'p; 1s the Doppler line width, fixed to its theoretical value computed using the temperature of
the measurements. [, A; and Y; are the collisional line width, the pressure shift and the first-
order line mixing parameters. A spectral range of about 20 cm™! including two transitions of the
same rotational quantum number of two isotopologues H**Cl and H¥'Cl was considered for each
fit. Absorptions by neighbouring lines (whose center is not situated in the considered spectral
region) is also taken into account. Note that tests were performed in which we increased the
spectral range in the fit to up to 100 cm™!, the obtained results showed negligible influence on
the retrieved area. Parameters [the position of the peak absorption (gy; + 4;), I3, Y; and A;] for
both isotopologues were adjusted. A linear base-line was also adjusted for each considered
spectral range. Figure 1 displays some examples of the obtained fits and residuals, showing very
good agreements between the measured and adjusted spectra. Due to the limited signal-to-noise
ratio, we were not able to fit all the measured spectra with a more refined line-shape model (see
Ref. [4] and references therein). As can be observed in Fig. 1, the spectral residuals obtained
with the Voigt profile are already within the experimental noises.
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Figure 1: Spectra of the R(5) (left panel), R(3) (middle panel) and P(3) (right panel) lines of HCI in
CO., air and He, respectively, measured (dots) at room temperature, for various pressures and their fits
(full line) using the Voigt profile with first-order line mixing. The corresponding fit residuals, multiplied
by 100, are displayed in the bottom panels.

Since the Doppler effect was omitted in the calculations, the rCMDS-computed spectra were
also fitted but with the Lorentz line-shape model, with first-order line mixing accounted for.
Tests were made in which rCMDS-computed spectra with the Doppler effect taken into
account? were fit with the Voigt+LM profile. Results showed that line areas obtained in the
two cases are very close to each other, their difference is smaller than 0.1%. We can therefore
safely compare the evolution with the pressure of the rCMDS-deduced areas and the measured
ones. The impact of the limited value of t,,,,, leading to truncated ACFs, was taken into
account by convolving the calculated spectrum with a sinus cardinal function of argument
2mcoty,q,- The integrated line areas and thus line intensities obtained from fits of the measured
and calculated spectra will be presented in the following section.

4. Results and discussion

Since the partial pressures of HCI at various total pressures for the three considered mixtures
are not known with high accuracy (see Sec. 2.1), absolute intensities cannot be determined.
Therefore, we investigated the ratio of the measured intensities of two HCI lines. Following
results obtained for pure HCI'! as well as for HCI in Ar,'? the pressure dependence of the
measured line intensity decreases with the rotational quantum number. We thus considered the
ratios of the measured area of a given line to that of the P(7) line. The pressure dependence
effect for the P(7) line, if exists, should be weaker than that of lines with smaller rotational
quantum numbers. In addition, this line is quite isolated and measured with a good signal-to-
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noise ratio, so that its line area can be retrieved properly. Figure 2 shows some examples of the
obtained ratios, A;/Ap(7), for the measured area (or intensity since the line intensity, S, is

determined as S = A/ny; with ny; the number density of HCI. For a given perturber and a
given pressure condition, all lines of the 2-0 band of HCI being simultaneously measured by
the spectrometer, the value of ny; is the same for all lines). Results obtained for the P(1) and
P(4) lines are displayed in Fig. 2 for the three considered perturbers, versus the total density
number n;,;. The latter was computed from the measured temperature and pressure taking into
account the second virial coefficient.

As can be observed, the ratio Sp)/Sp(7) (With m = 1 or 4) varies significantly with the total
density for HCI-CO2 and HCl-air while for HCI-He it is almost constant. The linear fits with
the density of these intensity ratios are also displayed in Fig. 2. The intercept at n;,; = 0
enables the determination of the “true” measured ratio Sp()/Sp(7)- [Note that we implicitly
assumed here that HCI-HCI collisions have the same effect as that of HCl-perturber collisions,
which is acceptable since the partial pressure of HCI is small (less than 2%, see Sec. 2.1)].
These values are in quite good agreement with those computed from the intensities provided by
the HITRAN database®. The relative differences between the HITRAN values and the zero-
density measured values are below 1.8%, and hence within the uncertainty of the linear fits and
the stated uncertainty of HITRAN values (between 2 and 5% for the line intensity). Figure 2
shows that if the intensity of the P(1) line was obtained from the fit of a spectrum measured at
5 amagat for HCI in CO2 (HClI in air), this intensity will be at least 13% (4%) smaller than the
true intensity. Note that tests were performed in which some HCI-COx spectra were fit with the
speed-dependent Voigt (SDV) profile showing that the retrieved line intensity linearly
decreases with density as well. Thus, using a more refined line-shape model to fit the measured
spectra does not change the conclusion of this exercise.
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Figure 2: Ratio of the measured areas of the P(1) (a) and P(4) (b) to that of the P(7) line (or intensity
ratio, see text) versus the total density. These areas were retrieved by fitting the usual Voigt profile with
first-order line mixing on the measured spectra. In black, blue and pink are values obtained from spectra
of HCI in CO,, air and He, respectively. The red lines show the values of the corresponding ratio,
computed from the integrated line intensities provided by the HITRAN database®.

The density dependence of the line intensities obtained from fits of the rCMDS-calculated
spectra for HCI-CO2 and HCI-He were then investigated. Results obtained for the P(1), P(3)
and P(6) lines are displayed in Fig. 3. In the left side of this figure, we plot the deduced line
intensity normalized to its value at n,ey = 0 (Npepe 18 the density of CO2 or He), i.e.

SrCMDS(npert)/SrCMDS(npert = 0) =1-ASX Npert- SrCMDS(npert = 0) is obtained as the
intercept at nyer, = 0 of the linear fit of S;.cyps(Mpere). These results indicate large decreases
in the retrieved intensities with increasing density for HC1-COaz. For the P(1) line, this decrease
is 4.33(20.45) % amagat™ while it is 1.74(+0.24) % amagat™ for the P(6) line. For HCI in He,
the rCMDS-predicted results show very weak density dependence, below 0.16%. These results
are thus qualitatively consistent with the experimental ones. The values of Sycyps(Mpert)/
SrcMDs (npert = 0) are then normalized to that obtained for the P(7) line and plotted on the

right side of Fig. 3. Linear fits of these ratios enable the determination of their density
dependence and can be quantitatively compared to the measured results.
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Figure 3: (a): Line intensity, S,cymps, retrieved from the rCMDS-calculated spectra vs the perturber
density for the P(1), P(3) and P(6) lines of HCI in CO, (full symbols) and in He (open symbols) and
the corresponding linear fits. S,¢pps were normalized to values at zero density Sy.cpps(Mpere = 0) (see

text). (b): The same as for the left panel but normalized to the retrieved intensity of the P(7) line.

Figure 4 shows the values of the density dependence of the ratio S;/Sp(7 for all considered
lines i of HCl in CO2 and in He, obtained from measured and rCMDS-computed spectra, AS,

[as exemplified in Fig. 3b, i.e. = (Npere) = — (Mpere = 0) X (1 = ASy X Npere)] (AS, will
Sp(7) SP(7)



be from now on called the intensity correction parameter). The experimentally determined
values for HCl-air are also reported. As can be observed, AS, is the largest for HCI in COs,
followed by HCl in air and it becomes negligible for all considered lines for HCI in He. This
observation is consistent with results obtained for CO'* where no effect was observed for CO
in He while a density dependence of the measured line intensity was unambiguously observed
for CO in N2. The second remark is for the rotational dependence of AS,.. In contrast to the case
of HCI-Ar!? or HF-Xe!? where the effect is significant only for the first rotational quantum
numbers, we observe here a smaller rotational dependence. The rotational dependence of AS,
for HCI in CO2 and in air is weaker than for HCl in Ar but stronger than for pure HCI (see Fig.
8 of Ref. 11). Finally, for both HCI-CO2 and HCI-He, we observe a good agreement between
the measured values of AS,. and the theoretically-predicted results, for both the magnitude of
the effect and its rotational dependence. Given the fact that no adjustable parameter was used
and the only input needed is the intermolecular potential, this agreement, although not perfect,
demonstrates the quality of the theoretical predictions.
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Figure 4: The intensity correction parameters (or the density dependence of measured line intensity),
AS,., determined from measured spectra for the three considered perturbers and comparison with that
deduced from the rCMDS-computed spectra for HCI in CO, and He.

Super-Lorentzian effects in between consecutive lines are then quantified by dividing the
measured (or the rCMDS-calculated) absorption spectra by those computed with the Voigt (or
the Lorentz) profile. Simulations with the Voigt profile were performed for the exact pressure
and temperature conditions of the measurements. For that, we used spectroscopic line
parameters (position, intensity and the energy of the lower level) from the HITRAN2020
database® while CO»-, air- and He-broadening coefficients of HCI lines were directly taken from
our fits of the measured spectra (see Sec. 3). Since the density dependence of the measured
intensity of the P(7) line is small (for HCI-COz2) or negligible (for HCI-air and HCI-He), we
used the measured area of this line to determine the number density of HCI for each considered
mixture and pressure condition. Specifically, nyq; was determined as the ratio between the area
of the P(7) line, retrieved from each measured spectrum and its integrated intensity provided by
the HITRAN database®. Similarly, Lorentz calculations, corresponding to the rCMDS-
computed spectra were also made. The positions, line intensities at zero pressure, and the line-
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shape parameters retrieved from the rCMDS spectra as described before were used. Examples
of the deduced ratio @peqs/Avoige (and Qrcyps/®Lorent) for the three (two) considered
perturbers are presented in Fig. 5.
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Figure 5: Bottom panel: measured absorption and the corresponding Voigt calculation (see text) in the
2-0 band of HCI diluted in CO; at room temperature and 4.7 amagat (amg). The three top panels show
the ratios of the measured absorptions to the Voigt calculations for HCI-CO,, HCl-air and HCI-He for
different densities. The ratios @ cyps/®rorentz Obtained for HCI-CO, and HCI-He, both at 4.6 atm are
also displayed.

As can be observed in Fig. 5, absorption between successive lines in the P and R branches of
HCl in COz is strongly super-Lorentzian Since @neqs/®yoige is there significantly larger than
unity. This is consistent with the results previously obtained for HCI-CO2,® HCI-Ar'® and pure
HCI'!. For HCI-He, the effect should be negligible since the noise-averaged values of
Ameas/ Avoige 18 very close to 1 while for HCl-air it is slightly larger than unity for the region
in between successive lines. Higher signal-to-noise ratio and/or higher-pressure measurements
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are needed for a clear determination of the super-Lorentzian effect in the troughs between lines
for HCI in air. For both HCI-CO2 and HCI-He, rCMDS predictions are consistent with the
measured results: a strong super-Lorentzian behavior for HCI in CO2 and no effect for HCI in
He. The rCMDS reproduce relatively well the magnitude and the rotational dependence of the
observed super-Lorentzian behavior in the troughs between lines. These results, together with
those for HCl in Ar,'” pure HCI!! and CO in N2 and in He'* confirm that rCMDS is capable of
accurately predicting super-Lorentzian effects in the absorption spectra of various molecular
systems.

Similar to what was done for pure HCI'! and for CO,'* we computed the time evolution of the
relative number of molecules which are at the rotational quantum level J at time zero and remain
at this level at time t, p;(t)/p;(t = 0). The obtained results, exemplified in Fig. 6 show that,
for HCI-He, p,;(t)/p;(t = 0) varies as a single exponential decay function over the entire time
interval. On the opposite, for HCI-COz, this occurs only after about 0.5 ps while at earlier times,
p;(t)/p;(t = 0) varies significantly faster. The time evolution of these relative populations at
short times is directly related to the influence of collisions at time zero (or of ongoing
collisions)'%!14 Figure 6 shows that the effect of ongoing collisions on HCI-He is completely
negligible while ongoing collisions do influence the populations and thus on the dipole auto-
correlation function of HCI-COsz. This demonstrates that collision duration for HCI-COz cannot
be assumed as infinitesimal, as assumed by the impact approximation'=.

0.1 5

Fulative population

D.01 ]
W HCICD, S=7 ]
& HORGO, J=7 ]
3 HOKHe, J= T 1
1E-3 G HGkHe, /=1 0.82 b

r —
0 al g 1%L 200 2400 30D o0 0.3 ] 0.4 1.2 1.5 1.8
fime (ps) time {ps)

Figure 6: Relative populations for HCI in CO; (full symbols) and HCI in He (open symbols), computed
by rCMDS at 296 K and for n,,.,, = 1 amagat, for two rotational quantum numbers / = 1 and /] = 7 at

different time scales. The rCMDS results are in symbols while the dashed lines are their fits using a
single exponential decay function for times larger than 1 ps [see Eq. (2)].

The rCMDS-computed populations were then fitted with a sum of two exponentials, as done in
Ref. [11],1.e.:

p](t)/p](t = O) = (1 - nperta])e_npertt/‘[;o + nperta]e_t/rj)- (2)
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The first term of this equation is related to the long-time scale evolution of p;(t)/p;(t = 0)
while the second one is for the times close to zero. Results obtained for various densities
confirm the density dependence of each term as written in Eq. (2). For HCI-COz2, both terms
contribute to the total populations while for HCI-He, only the first term is sufficient to describe
the computed populations. If we neglect the influence of line mixing and the contribution of
dephasing collisions to the decay of the dipole auto-correlation function, the normalized
spectrum of the line J can be directly obtained from the Fourier transform of p;(t)/p;(t = 0)°.
In this case, one can easily show that the corresponding spectrum will contain two contributions.
The first one, associated with the Fourier transform of the first term in Eq. (2), is a narrow and

strong Lorentzian shape, of area (1 — n,,.a;) and of half-width at half-maximum (HWHM)

FjLore”tZ = Nyere/(21cT;°). This contribution is carried by a much weaker and broader

Lorentzian [of HWHM, Fjsuper_wrentz = 1/(2mct}) and of area nye,.a;], which is directly the

Fourier transform of the second term of Eq. (2). This second term explains the super-Lorentzian
behavior observed in the troughs between lines. Since the second term is negligible for HCI-
He, no super-Lorentzian effect can be observed for this system. The values of a;, 7;° and ‘L'jo for
HCI-COg, obtained from fits of the relative population for each value of J are presented in Fig.
7.

110 .20 =
2,074 S 1 i
» iJ'J, Tr ."rn;I:-F.':"I.‘ (ps) o1l = L) (ps)
0.034 - ' 100 .
N ]
n
0.032 - . a4 0.18 )
n
0.030 + - . 0.14 - n
i &
ShiE sy . ] n 0.12 - .
(L0236 70 - ]
. . . .10 - .
0.024 4 ] .
. . &0 0.08 4 "
0.022- I R .
(100 = alq m 008 < ]
0.018 - [a) 1 (BY | goa d (c)
. T T 40 | N N ; T T T T T T T
o012 34 5 7T 8 9 01234854678 8 01234587 850

T
A

J J J

Figure 7: The magnitude a; (a) and the relaxation time constants 7;° (b) and T]0 (c) obtained from fits,
using Eq. (2) of the relative populations for HCI-CO, computed at 1 amagat.

As can be observed in Fig. 7b, the values of 7;° vary from 49 ps to 100 ps for ] = 1 to 9. The
corresponding HWHM of the narrow and strong Lorentzian contribution thus ranges from 0.057
to 0.117 cm!/amagat, respectively. These values are indeed of the same order of magnitude as
the measured broadening coefficients for HCI by CO>'°. The relaxation time constant 7} (Fig.

7c), associated with the molecules which are interacting with another one at time ¢ = 0, is about
two orders of magnitude smaller than T]°°, which means that the second Lorentzian contribution

is about two orders of magnitude larger than the narrow contribution. Finally, the amplitude a,

of the short-time contribution, within the approximations mentioned above (i.e. no influence of
line mixing and no contribution of dephasing collisions), is directly related to the intensity
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correction parameter AS. As can be observed in Fig. 7a, a; is relatively close to AS which was
determined directly from fits of the rCMDS-computed spectra (see Fig. 3a).

These results can be explained by the contribution of collisions that are ongoing at t = 0.
Examples of the used interaction potentials for HCI-CO2 and HCI-He are displayed in Fig. 8
versus the intermolecular distance, R, for about two hundred random molecular orientations.
The relative number of molecules experiencing a collision at ¢ = 0 corresponds to those having

a collisional partner between the two spheres of radii R,,;, and Ry, With R, the

intermolecular distance at the repulsive front of the potential [where e.g. @ = 300 K in which
B

kg is the Boltzmann constant] and R,,,, the distance at which the attractive part of the potential

@ = —20 K]. For HCI-COz, R,;,, varies from 2.9 to 4.2 A while R,
B

from 6 to 7.2 A. For HCI-He, R,,;, and R 4, vary from 2.7 to 3 A and 4.2 to 4.7 A, respectively.
For HCI-COz at atmospheric density conditions corresponding to 296 K and 101.3 kPa, the
relative number of molecules having a collision at t = 0 varies from 0.021 to 0.033, which is
much higher than for HCI-He for which this number is from 0.006 to 0.008 only. The magnitude
of these numbers is thus also consistent with the values of AS. In addition, with mean relative
speeds v, = 560 m/s for HCI-CO:z and 1319 m/s for HCI-He, the effects of these collisions are
typically, (R;qx — Rmin)/Vr, about 0.55 ps and 0.11 ps for HCI-CO2 and HCI-He, respectively.
These numbers explain why incomplete collision effects are observed at early times for HCI-
CO2 but not for HCI-He.

vanishes [where e.g.

B0 8400
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Figure 8: Interaction potentials for HCI-CO, (a) and HCI-He (b) versus the intermolecular distance for
two hundred random molecular orientations, computed from the site-site potentials used in the rCMDS.

5. Conclusions
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Highly accurate intensities and spectral shapes are required in various applications such as the
detection of greenhouses gases sinks and sources from space observations (e.g. Refs. [27,28]).
Line intensities are usually obtained from the fit of laboratory-measured spectra with a line-
shape model. The majority of these models are based on the impact approximation assuming a
negligible influence of collision durations. While these models can accurately represent the
measured spectral shape near the line center, they can lead to large difference with measured
absorption in the wings. In this work, we used spectra of the HCI 2-0 band perturbed by CO2,
air and He measured for pressures ranging from 1 to up to 11.5 bars to show that measured
absorption in the troughs between lines for HCI in CO2 are significantly larger than that
computed using the Voigt profile. This super-Lorentzian behavior is consistent with previous
observations for HCI in Ar and pure HCI. In contrast, no such behavior is observed for HCI in
He. Furthermore, we observed that line intensities retrieved from fits of measured spectra can
decrease with the density of the perturber. The relative decrease is the largest for HCI-CO2, with
up to 2.5%/amagat for the first rotational quantum numbers, it is up to 0.8%/amagat for HCI-
air while we found no decrease for HCI-He. These observations are well predicted by
requantized molecular dynamic simulations (rCMDS) which show that these effects are due to
the behavior of the auto-correlation function at time zero or to incomplete collisions. This is in
contradiction with the impact approximation. We deduce that ongoing collisions transfer
intensity from the core region of the line and reduce the line area in the core by shifting a
fraction of the latter into a broad and weak continuum, which leads to super-Lorentzian
absorption in the line wings. Fitting measured spectra with a standard Lorentzian-wings line
shape model hence leads to a reduced line area, which causes non-negligible errors in the
measured line intensities. The magnitude of these effects strongly depends on the details of the
intermolecular potential and hence on the collision-partner: they are negligible for HCI-He but
significant for HCI-COz for which a line-shape model beyond the impact approximation will be
needed to correctly model the absorption spectra from the center to the far wings.
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