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Abstract:

The B-correction to the Hartmann-Tran (HT) profile, recently introduced to model the
spectral shape of a molecular transition strongly affected by the Dicke narrowing effect
(Konefal et al., JQSRT 242 (2020) 106784), the HT profile (Ngo et al., JQSRT 129 (2013)
89), and the speed dependent (complex) hard collision model (SDcHC, in which the velocity
changing collision rate is characterized by a complex number) are tested using spectra of two
rovibrational lines of HCI. The R(5) and R(9) lines of the fundamental band of HCI broadened
by He, Ar and SFs have been recorded with a difference-frequency laser spectrometer for total
pressures ranging from 12 to 930 mbar. These lines, measured in large pressure ranges with
different collision-partners provide a meaningful test of the above-mentioned line-shape
models. The results confirm that non-Voigt effects are significant for HCI broadened by Ar
and SFg and mainly due to the large influence of the Dicke narrowing effect. For HCI-SFg and
HCI-Ar, especially for the R(9) line, using the B-correction together with the HT profile (and
with the speed-dependent hard collision model, SDHC) significantly improves the fit
residuals while it has no effect on (or tends to deteriorate) the quality of the fit for HCI-He
and for the R(5) line of HCI-SFs, for which the influence of velocity changing collisions is
smaller. Except for HCI-He, the SDcHC model leads to better quality of fit compared to the
HT profile. The results also show that numerical correlations between refined line-shape
parameters of the HT profile are important and can lead to ill-determined parameters while
they are more properly determined with the SDcHC model.

Keywords: HCI, line shape, Hartmann-Tran profile, f-correction, complex Dicke narrowing
parameter, difference frequency laser spectrometer
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1. Introduction

The Hartmann-Tran (HT) profile [1] was recommended by IUPAC [2] as the reference
line-shape model for high resolution spectroscopy, replacing the usual Voigt profile [3]. With
its seven line-shape parameters, the HT profile takes into account several physical effects
influencing the shape of an isolated line, i.e. (i) the Doppler broadening (characterized by the
Doppler width T}p); (ii) the speed dependent collisional broadening (through the collisional
line width I, and its quadratic speed dependent component I,); (iii) the speed dependent line
shift (A, and A,); (iv) the collision-induced velocity changes (vy. — the velocity changing
collision frequency parameter); and the correlation between velocity changing collisions and
internal state changing collisions (n). This profile adopted the quadratic speed dependences of
the line broadening and shifting [4,5] and the hard collision assumption [6] to model the
collision-induced velocity changes effect. Contrary to the Voigt profile, the HT profile is
capable to represent the measured line shapes of various molecular systems within a few 0.1%
[1]. Importantly, unlike many other advanced line-shape models, the authors [1,7] showed
that this profile can be expressed as a combination of Voigt functions, and therefore can be
computed at low computer cost and easily used in radiative transfer codes. Since then, the HT
model was successfully used to fit measured spectra of various molecular systems (e.g. [8-
22]). The HITRAN spectroscopic database has been providing line-shape parameters
associated with the HT profile for various molecules since 2016 [23,24], thanks to the new
structure of the database. However, it was shown that for H, absorption spectra, for which the
influence of collision-induced velocity changes effect is exceptionally pronounced [25-27] the
HT model does not satisfactorily reproduce the measured line-shapes [27,28], leading to large
residuals, up to 3% [1,28]. This behavior was attributed to the use of the hard-collision (HC)
model in the HT profile to represent the velocity changes effect. Therefore, a correction to the
HC approximation in the HT profile was proposed for pure H, [28] and then extended for
other Dicke-narrowed molecular systems by Konefal et al. [29]. It was shown that the use of
this so-called B-correction in the HT profile leads to very good agreement with measured
spectra of pure H; for large ranges of pressure, in different bands and at different temperatures
[28]. Note however, that a recent study of Odintsova and co-workers [30] showed that using
this corrected profile for representing spectral shapes of pure N,O gas leads to the same
results in comparison with the speed dependence hard collision model [1]. Another issue with
the HT profile is the nontrivial way of evaluating the velocity changing collision rate and the
correlation parameter for mixtures [1]. In addition, in Ref. [31], it was shown that the use of
the HT profile leads to a singular behaviour of the temperature dependence of v, and n when
the line shift crosses zero. The authors of Ref. [31] suggested to use the speed dependence
(complex) hard collision (SDcHC) model to overcome these issues. This model can be easily
obtained from the HT profile by setting the correlation parameter n to zero and adding an
imaginary part to the velocity changing collision frequency. Line-shape parameters of this
model were obtained from ab initio quantum scattering calculations of generalized
spectroscopic cross-sections for large temperature ranges, for H, and HD perturbed by He
[32,33].

In this paper, the SDcHC, the HT profile and the B-correction are tested for the first
time by comparison with spectra of the R(5) and R(9) lines in the fundamental band of HCI,
broadened by He, Ar and SFs, measured at room temperature and for broad pressure ranges.
Because of its simple structure, large dipole moment and large rotational constant, HCI is of
fundamental interest in the study of intermolecular interactions and a well suited system to
test the different line-shape models for isolated transitions. The large Dicke narrowing effect
on HCI spectra was reported for the first time by Wegdam and Sondag [34] who showed that,
at some pressures, the observed width of the (1-0) P(15) line is significantly smaller than the
Doppler width. Rao and Oka [35] observed similar phenomena for several lines of the (1-0)
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band of HCI diluted in Ar. In Refs. [36,37], asymmetries of the line shape were also observed.
Spectra of HCI lines, having strong Dicke narrowing effect, measured in large pressure ranges
with different collision-partners thus provide a meaningful test of the S -correction as well as
the HT and SDcHC profiles. This paper is organized as follows: the measured spectra are
described in the next section together with the analysis procedure. The obtained results are
presented and discussed in Sec. 3 while the conclusions are drawn in Sec. 4.

2. Experimental data and spectra analysis
2.1 Experimental setup and conditions

Absorption spectra of the R(5) and R(9) in the fundamental band of HCI diluted in He,
SFs and Ar were recorded with the difference-frequency laser spectrometer (DFLS) [38]. We
used the same experimental setup as in Ref. [39], devoted to the measurements of Ar-
broadened HCI spectra, where a detailed description can be found. The linewidth of the
source is ~2 MHz, about 50 times smaller than the smallest apparent linewidth considered in
this work. HCI gas was supplied by Praxair and the perturbers (He, Ar and SFg) by Air
Liquide. Since all considered gases had 99.9995% purity, they were used without further
purification. Each mixture was prepared in a steel cylinder at least one day before experiments
in order to get a homogeneous mixing. The mole fraction of HCI in each studied mixture was
approximately 0.5%. Three cells with different absorption pathlengths were used in order to
account for the about ten-time magnitude difference in intensity between the R(5) and R(9)
transitions (see Table 1). The temperature of the cells wall was measured with a calibrated
thermistor (£0.1 K) while the pressure was measured using two heated capacitance
manometers with 1000 and 100 Torr full scale values, and accuracies + 0.12% and + 0.5% of
the reading, respectively. The control unit resolution is 0.1 and 0.01 Torr, respectively.

For each collision-partner, absorption spectra of each transition were recorded at 10
different pressures (from 12.9 to 927.0 mbar) at room temperature (that ranged from 25 to
27°C but was constant within 0.1°C for each line, see Table 1). These pressures were chosen
to cover from the Doppler regime to the collision-dominant range in order to involve
contributions of different refined collisional effects on the spectral shape of HCI lines. Details
of the experimental conditions for all measurements are presented in Table 1.



Table 1. Experimental conditions of the measured spectra. Uncertainties in pathlength and temperature are +3c estimations. The line positions and intensities

were taken from the HITRAN database [24]. The spectra of HCI in Ar were selected from those of Ref. [39].

Line Frequency Intensity Perturber  Path length  Temperature Total pressure I'p Puai/P
oo (cm™  (cm™/(molec.cm™)) L (cm) T (K) P (mbar) (%)
40+£05 299 +1 684.4, 397.0, 251.1, 128.0, 79.6;
He 0.07-3.87 0.497
10.0+£ 0.5 300+1 66.8, 52.9, 40.0, 26.5, 13.1
R(5) 2998.046426 2.806 10"
SFe 10.0+£ 0.5 300+1 653.0, 400.5, 250.7, 129.2, 79.6, 66.9, 52.6, 40.0, 27.1, 13.0 0.17-8.72 0.530
Ar 10.0+£ 0.5 298+ 1 662.2, 399.8, 268.0, 134.5, 81.3, 66.7, 53.7, 40.4, 26.8, 13.5 0.09-4.37 0.444
He 242105 300+1 795.8, 535.2, 399.8, 264.3, 200.2, 159.2, 119.3, 80.5, 40.1, 12.9  0.06 - 3.48 0.497
R(9) 3059.316238 2.070 10% SFs 242105 300+1 651.8, 400.1, 250.1, 200.4, 150.5, 120.4, 90.5, 75.3, 59.8, 25.3 0.18-4.56 0.500
Ar 242105 298 +1 927.0, 533.6, 400.0, 267.6, 199.6, 159.3, 119.6, 80.7,53.4, 26.7  0.06 - 2.23  0.444

Table 2: Values of the B-correction function parameters for the considered molecular systems, determined using Egs. (7a-d) of Ref. [29].

System o A, B, Cq D,

HCI-He 0.111182 0.204148 1.945589 -0.047283 0.795852
HCI-Ar 1.110376 0.149460 1.833564 0.005016 0.850540
HCI-SFg 4.059816 0.078801 1.875646 0.032268 0.921199




2.2 Spectra analysis

To analyse the measured spectra, we used the Hartmann-Tran (HT) profile [1,2], the B-
corrected HT (BHT) [28,29] and the speed dependent (complex) hard-collision model
(SDcHC) [31-33] as well as some more simplified ones. For a given relative wavenumber Ao,
the HT is function of seven line-shape parameters, ¢y = f(Ip, [y, Ty, A, Ay, Vyc, ) Where
I is the Doppler line width, Ty, A, and I, A, are respectively the speed-averaged collision-
induced line broadening and shifting and their speed dependence components, vyc is the
velocity-changing frequency and n is the correlation parameter. A detailed description of the
profile can be found in Ref. [1]. The functional form of the BHT profile can be obtained by
replacing vyc in the HT by B, () vyc [28,29], i.e.:

q)BHT = f(FD' FO' FZ! AO! AZ' Ba(X)VVC' T]), (1)
with B, (x) the B-correction. The latter was determined in order to make the HT profile as
close as possible to the speed-dependent billiard-ball (SDBB) profile [40] in which the
velocity-changing collisions are described by the billiard-ball (BB) model [40-42] since it was
shown that the BB model led to a better description of collision-induced velocity changes than
the HC model for H, [27]. This correction depends on the perturber-to-absorber mass ratio
o = my,/m, and the x = vy¢/I} ratio by the following expression [29]:

Ba(X) = A(x tanh(Ba 10810X + Ca) + Dou (2)
where Ay, By, Co and D, are analytical a-dependent parameters given respectively by Egs.
(7a-7d) of Ref. [29]. The values of these parameters for the considered molecular systems are
listed in Table 2.

The SDcHC model has the same number of parameters as the HT profile. Recall that in
addition of 4 parameters describing the speed dependent line width and shift (i.e. I, A, and
I, A,) the HT profile assumes a partial correlation between velocity changing and internal
state changing collisions (through the correlation parameter n) while the Dicke narrowing
effect is characterized by a real-valued parameter (vyc). In the SDcHC model, there is no
correlation parameter but the Dicke narrowing effect is described by a complex number
(vwe = Vie + ivie) with two collisional parameters viy. and vi,.. The functional form of the
SDcHC model can thus be easily derived by setting the correlation parameter n to zero and
replacing the velocity-changing frequency vy by its complex form vi,. + ivi, in that of the
HT profile, i.e.:

dsperc = (T, To, Tz, Ag, Az, Vi + iV, 0). (3)
Note that when there is no correlation in the HT profile and when the complex component of
the Dicke narrowing parameter is set to zero in the SDcHC model, these two models are
identical and become the SDHC model.

In addition to the HT, BHT and the SDcHC we also used some limiting cases of these
profiles in the spectra analysis, i.e. the speed dependent hard collision profile, SDHC, the
SDHC profile together with the B-correction (the BSDHC) (by setting n = 0 in the HT and
BHT, respectively); the hard collision profile, HC (setting n =T, = A, = 0 in the HT), the
speed dependent Voigt, SDV (with n = vyc = 0 in the HT) and the Voigt profile, V (setting
n=1_I,=A, =vyc = 0inthe HT).

We used a multi-spectrum fitting procedure to analyse the measured spectra, i.e.
measurements at various pressures were simultaneously adjusted. For each studied transition,
the broadening coefficient yo (I'o/P with P the pressure) and its speed dependent component y;
(T2/P), the speed dependent component &, (A,/P) of the line shifting, the real g, (vy/P) and
the imaginary B; (vi./P) parts of the velocity-changing collision frequency, and the
correlation parameter n were constrained to be the same for all pressures. The position of the
line maximum (including the non-perturbed position and the pressure shift Ag) was fit in each
spectrum. Because of possible adsorption/desorption of HCI in the cell and cylinder walls, the
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partial pressure of HCI in each sample cannot be determined with precision, and thus the line
integrated area was fit for each pressure. In addition, a linear base line was also adjusted for
each considered spectrum.

3. Results and discussions

Figure 1 presents the apparent half-width at half-maxima (HWHM) of the considered
spectra of HCI in He, SFg and Ar versus pressure. As already pointed out in [39] for HCI-Ar
and observed in this figure for HCI-He and HCI-SFg, the Dicke narrowing effect is strong for
all considered situations and more pronounced for the R(9) line. The influence of this effect
on the HCI spectral shapes increases from He to SFs and it is more conspicuous for Ar. The
same situation was reported for HCI diluted in Ne, Xe and Ar [35] which was explained by
the fact that an equal-mass perturber is most effective in changing the velocity through
collisions [35]. It is clear that a precise modeling of the Dicke narrowing effect is needed to
correctly represent the measured spectra of HCI, especially for HCI diluted in Ar. The results
obtained with the use of the HT, BHT and SDcHC profiles to fit the measured spectra are
presented in the next sections.

| I | M ‘. 1 30 | s 1 L 1 " 1 " | I NI ST T
12 4 a) HCI-He: / ’/ B {b) HCI-SF ’/ | 14 4 ¢) HCI-Ar: ,‘ n
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Figure 1. The apparent HWHM of the measured absorption spectra of the (1-0) R(5) and R(9) lines of
HCI broadened by He, SFsand Ar vs pressure. The dash-straight lines show the linear fits of the values
of the HWHM at the two highest pressures.

3.1 Fit residuals

For each collision-partner and each line, the HCI spectra measured at various pressures
were first normalized by their maximum absorptions and then simultaneously adjusted using
the above-mentioned profiles (Sec. 2.2). A multi-spectrum fitting procedure reduces the
numerical correlations between line-shape parameters. Spectral ranges of about thirty times
the corresponding apparent HWHM were used in the fits in order to have the same ratio of the
HWHM to the total spectral range for each considered pressure. Note that in [39], the
measured spectra of the R(5) and R(9) lines of HCI-Ar were analysed but with a single
spectrum fitting procedure and only the obtained values of the pressure shift and width were
reported, there is therefore no repetition in the following results of this work.

Figures 2-4 present the residuals obtained from fits of the measured spectra with the different
line-shape profiles. Comparison between the obtained fit residuals can be obtained by
considering the quality of the fit (QF), defined as the ratio of the maximum absorption to the
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root mean square of the fit [9]. The QF is thus equivalent to the signal-to-noise ratio in the
case of a fit with perfectly adapted line shape. As can be observed in Figs. 2-4, for each
considered collisional-partners and each line-shape model, the QF obtained for the R(5) line is
always higher than that for the R(9), especially for HCI-Ar. This is due to a higher signal-to-
noise ratio of the measured spectra of the R(5) line as well as a better representation of this
line by the models. For all considered transitions and collision-partners, the V leads to large
deviation with respect to the measured profile, with fit residuals as large as 6%, 5%, 2% and
14%, 10%, 3% for R(5) and R(9) transitions of HCI diluted in Ar, SFs and He, respectively.
Non-Voigt effects are thus stronger for R(9) than R(5) and for HCI-Ar and HCI-SFg than for
HCI-He. This result is consistent with Fig. 1.
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Figure 2: Measured absorption spectra of the HCI (1-0) R(5) (left) and R(9) (right) transitions
broadened by He, normalized by the maximum absorption and the corresponding residuals obtained
from fits of these spectra with various profiles.



Note that for all considered lines and perturbers, considering only the Dicke narrowing effect
(by using the HC model) leads to significantly better fits of measured spectra than the SDV
profile (residuals not shown in Figs. 2-4 for clarity). This result is due to the strong velocity
changing effect affecting the shape of the considered lines. Note that this situation is in
opposite with what usually observed for many other molecular systems (e.g. self-broadened
C,H, [43], self-broadened CO, [13], air-broadened CO, [9], N.-broadened O, [16], H,O
perturbed by N, and SFg [12] and CH, perturbed by N, [18]) for which the SDV profile leads
to much better agreement with measurements than models taking only the Dicke narrowing
effect into account. Asymmetric features are clearly observed for the R(9) line (see Figs. 2-4),
especially at low pressures while they are much weaker for the R(5) line. This characteristic
was also reported for several high rotational quantum number lines (J = 6) of HF and HCI
diluted in N, and air [36] and for the P(14) line of HCI broadened by Xe [37].

As can be observed in Fig. 2, Dicke narrowing plays a rather important role in the observed
non-Voigt effects for HCI-He, since using the HC model significantly improves the fit
residuals and the QF with respect to results obtained with the Voigt profile. The results are
slightly improved when adding the speed dependence effect using the SDHC model. For both
lines, adding the B correction to the SDHC or the HT models does not change the results. This
shows that the hard collision model is sufficient to model Dicke narrowing effect for He
broadened HCI lines. For the R(5) line, using the HT model leads to the best fit residuals and
QF while for the R(9) line, the HT and SDcHC give similar fit residuals and QFs. For the
R(5) line, using the SDcHC model with the complex Dicke narrowing parameter leads to
similar results than those obtained with the SDHC, adding the imaginary part to the Dicke
narrowing parameter therefore has no effect on the spectra.

Larger non-Voigt effects are observed for HCI-SFs (Fig. 3). The use of the SDHC model
significantly reduces the fit residuals with respect to the Voigt profile. Adding the correlation
parameter by the use of the HT profile improves significantly the quality of the fit with
respect to the use of the SDHC. The B correction does not change the fit residuals for the R(5)
line, it deteriorates the quality of the fit with the HT profile. However, this B correction does
have a great influence for the R(9) line for which the Dicke narrowing effect is strong (see
Fig. 1). It shows that the B correction is indeed relevant for systems heavily affected by the
Dicke narrowing effect. For the two considered lines, the SDcHC model does a better job than
the HT profile.

For HCI-Ar (Fig. 4), using the B correction with the SDHC profile leads to the best fits of the
measured spectra for both the R(5) and R(9) lines. This is consistent with the large Dicke
narrowing effect observed in Fig. 1 for HCI-Ar. The SDHC and the HT give similar results
showing that adding the correlation parameter is not necessary for this system. Compared
with the SDHC profile, its complex version SDcHC leads to similar fit residual and QF for the
R(5) line but to better results for the R(9) line.

In order to go further, we used the B correction along with the SDcHC model to fit all
considered spectra (the B correction is applied to the real component of the complex Dicke
narrowing). The obtained results demonstrate that this BSDcHC model leads to the same
quality of fits, fit residuals and retrieved line parameters as the SDcHC model for the cases of
the R(5) line broadened by He, SFs and Ar and of the R(9) line of HCI in He. For the R(9) line
of HCI in SFg and in Ar for which the Dicke narrowing is the most important, as expected,
using the BSDcHC model leads to better fit residuals and QFs (see Fig. 5).
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Figure 5: Measured absorption spectra of the R(9) line of HCI broadened by SF¢ (left) and Ar (right)
and the corresponding residuals obtained from fits of these spectra with the BSDcHC model.

3.2 Fit parameters

The various line-shape parameters and their uncertainties obtained from fits of the
measured spectra with all the considered models are given in Tables 3-5, for HCI-He, HCI-
SFe and HCI-Ar, respectively. Since the partial pressures of HCI are not known with high
precision, the values of the absolute line intensity are not reported here. The quoted
uncertainties in Tables 3-5 correspond to the combined uncertainties which include
uncertainties due to those of pressures, temperatures and statistical uncertainties of the

corresponding parameters obtained from the fits.
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Table 3: Line-shape parameters for the HCI (1-0) R(5) and R(9) lines broadened by He obtained from fits of the measured spectra with different line-shape
models. All parameters (Jy, Vo, V2, 8 and B, ;) are given in 10° cmatm™. Parameters obtained with the Galatry profile (soft collision model, SC [44]) are
also reported. The quoted uncertainties (between parentheses) are in the same units of the last digit of the corresponding values.

Line Models % o Yo )/ézef V2 5, Br prer Bi U]
Vv 1.63(7) 2.0 17.77(3)  22.5™)
SDV 1.64(7) 18.23(2) 1.41(1) -0.22(1)
HC 1.63(7) 18.03(3) 2.90(4) 6.1(1)1%7, 5.4B7*
SC 1.63(7) 18.08(3) 3.82(7) 7.6(1)B"
R(5) SDHC 1.64(7) 18.23(3) 1.40(1) -0.22(1) 0.03(5)
BSDHC 1.63(7) 18.23(3) 1.40(2) -0.23(3) 0.05(9)
HT 1.63(7) 18.38(2) -4.20(4) -0.23(3) 20.77(5) 0.634(2)
BHT 1.64(7) 18.13(2) -1.43(2) -0.41(3) 6.24(9) -0.123(3)
SDcHC 1.64(7) 18.23(3) 1.40(1) -0.26(1) 0.02(5) 0.10(4)
Vv 3.21(4) 33" 1395(1)  17.01%
SDV 3.35(5) 14.43(2) 1.29(1) 0.36(1)
HC 3.21(4) 14.25(2) 2.86(4) 6.1(1)%", 5.4B7*
sc 3.21(4) 14.31(2) 3.89(4) 7.6(1)%"
R(9) SDHC 3.35(5) 14.35(2) 0.91(1) 0.39(1) 0.90(4)
BSDHC 3.20(5) 14.29(1) -0.73(2) 0.61(2) 6.99(5)
HT 3.30(5) 14.38(1) -0.37(2) 1.67(3) 25.76(4) 1.580(3)
BHT 3.20(5) 14.35(2) -0.33(3) 0.78(3) 13.41(7) 0.425(4)
SDcHC 3.20(5) 14.37(1) 1.11(2) -0.47(2) 0.40(4) 2.42(3)

Note: “*” means a calculated value.
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Table 4: Line-shape parameters for the HCI (1-0) R(5) and R(9) lines of HCI broadened by SF¢, obtained from fits of the measured spectra with different line-
shape models. All parameters (&, Vo, V2, 8, and B, B;) are given in 10° cm™atm™. The quoted uncertainties (between parentheses) are in the same units of

the last digit of the corresponding values.

Line Model o Yo Y2 8, Br prer Bi n
Y 718.16(6) 41.94(5)
SDV -18.66(5) 44.86(5) 8.65(2) -1.21(3)
HC -18.16(6) 42.87(5) 25.35(10) 54.6*
sC -18.16(6) 42.99(5) 32.22(11)
SF,  SDHC  -18.52(5) 43.39(5) 4502)  -155(2)  15.40(9)
BSDHC -18.46(6) 43.39(5) 4.47(2) -1.55(2) 17.94(9)
HT -18.88(5) 4307(5)  -332(2)  -427(2) 117.00(15) 2.142(2)
BHT -18.46(6) 43.39(5) 4.50(4) -1.57(3) 18.90(69) 0.020(2)
SDcHC  -18.66(5) 43.27(5) 4632)  -279(2)  15.13(8) 4.96(7)
v 22.77(6) 22.34(4)
sDV -22.23(7) 27.00(4) 8.86(3) 1.04(3)
HC -22.77(6) 24.12(3) 31.44(13)
sC -22.77(6) 24.29(3) 38.71(15)
SFs  SDHC  -22.72(6) 23.75(3) 0.34(2) 371(2)  29.64(9)  54.6*
BSDHC -22.85(5) 23.73(3) -0.35(2) 4.01(2) 34.26(9)
HT -22.67(5) 24.26(3) 13.32(4) 5.33(4) 36.49(9) 0.978(1)
BHT -22.67(5) 2427(3)  11.21(5) 6.00(4)  43.09(11) 0.971(1)
SDcHC  -22.85(5) 24.82(3) 4.42(1) 0.52(1)  20.62(7) 9.29(6)
BSDCHC  -22.85(5) 2047(3)  -338(2)  -0.41(2)  41.89(4) 12.18(7)

Note: “*” means a calculated value

13



Table 5: Line-shape parameters for the HCI (1-0) R(5) and R(9) lines of HCI broadened by Ar, obtained from fits of the measured spectra with different line-
shape models. All parameters (&, Yo, Y2, 82 and B, B;) are given in 10° cm™atm™. The quoted uncertainties (between parentheses) are in the same units of
the last digit of the corresponding values.

Ref

Line Model o o Yo Yo Y2 8, Br prer U]
Vv -11.15(9)  -12.9"1 20.70(3) 24,51
-12.10, 20.71¢),
-11.187 21.811
-13.018, 24,21
-11.158 21.038
SDV  -11.09(10) 23.55(3) 6.14(2)  0.07(2)
HC -11.15(9) 21.72(3) 16.12(5) 13.7(5) ¥, 23.4(20) %),
R(S) 232[37],*
sC -11.15(9) 21.88(3) 21.57(7) 16.2(3) ¥, 24.5(2) 13"
SDHC  -11.09(10) 22.27(3) 21745 3.28(1) 0.17(2) 9.44(4)
BSDHC  -11.09(10) 22.22(3) 3.01(1)  0.21(1) 13.49(5)
HT -11.09(10) 22.27(3) 3.25(1)  0.17(1) 9.10(12) -0.016(7)
BHT -11.09(10) 22.21(2) 3.15(1)  0.23(1) 16.75(21) 0.118(9)
SDCHC ~ -11.27(10) 22.28(3) 3.32(1) -0.27(1) 9.33(4)
Vv -12.78(3)  -15.2%1 7.64(3) 11.0%1
15.018) 11.18 8.8,
13.078% 8.47%
SDV -12.57(4) 11.66(2) 5.48(2)  0.31(2)
HC -12.78(3) 9.24(1) 19.49(8) 13.7(5) 4, 23.4(20) *°!,
23.2[37],*
R(9) SC -12.78(3) 9.40(1) 24.91(8) 16.2(3) ¥ 24.5(2) ¥"]
SDHC  -12.49(4) 10.03(1) 9.68!% 351(1)  0.88(2) 12.58(5)
BSDHC  -12.51(4) 9.92(1) 3.23(1)  1.01(1) 16.36(6)
HT -12.49(4) 10.04(1) 3.33(1)  0.84(1) 11.40(6) -0.123(4)
BHT -12.49(4) 9.83(1) 420(1)  1.35(1) 21.59(5) 0.517(2)
SDcHC  -12.77(5) 10.14(2) 3.64(1)  0.35(1) 12.17(5)
BSDCHC  -12.77(5) 10.09(1) 355(1)  0.40(1) 15.52(6)

Note: “*” means a calculated value
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Comparisons between the values of various line-shape parameter (8o, Yo, Y2, 62 and £3,.)
obtained from fits with different models shown in Figure 6. For clarity, these parameters have
been divided by the corresponding values obtained with the SDcHC model. As can be
observed in Fig. 6a, as well as in Tables 3-5, the pressure shift coefficients &, are rather
independent of the used line-shape models. The values of the broadening coefficients (Fig. 6b
and Tables 3-5) obtained with all line-shape models which take into account both the Dicke
narrowing and the speed dependence effects (i.e. the BHT, HT, BSDHC, SDHC and SDcHC)
are almost identical and they are larger than those obtained with the HC. The SDV leads to
the largest values of y, while those obtained with the V are significantly smaller (up to about
20%). The obtained values &, and y, of this work are in rather good agreement with data from
other studies for HCI lines in Ar (see Table 4) but for HCI lines in He (Table 3) they differ up
to 26.6% from those measured by Rank et al [45]. To the best of our knowledge, there is no
available data in the literature for HCI perturbed by SFe.

For the other line-shape parameters (of higher order), much larger differences are observed
for different line-shape models used. The largest difference between the SDcHC model and
the others is observed for the speed-dependent components of the line-shift &,. This parameter
is quite small for the R(5) line but it becomes significantly larger for the R(9) transition,
corresponding to the larger asymmetric features of the R(9) line. As can be seen in Tables 3-
5, the Dicke narrowing coefficients obtained from fits with the HC (£%¢) and SC ( 55¢)
depend not only on the buffer gas but also on the considered line. For all perturbers, 85¢ is
always larger than ¢ with the ratios f5¢/BH¢ varying from 1.23 to 1.36. This observation
is consistent with the measured values of Hurtmans et al. [37] for HCI in Xe, He and N, and
also with the theoretical prediction of Wojtewicz et al. [50] in which it was shown that, from

low to high pressure limits, f5¢ /B¢ ratios vary from %(n —2) to 1. For HCI diluted in Ar,

the obtained values of g#¢and B5¢ are in good agreements with those of other studies realized
for other lines as well as with the calculated value of the HCI-Ar diffusion coefficient g2/
(Table 5). For HCI in He, our Bf¢and B5¢ values of the considered lines are nearly two times
smaller than the corresponding parameter determined from the diffusion coefficient and are
2.6 times smaller than measured values of the P(14) line in [37]. Figs. 6d-e respectively show
the comparisons for y, and .. The difference between line parameters obtained from
simplified models (i.e. SDV, HC and SC) and those retrieved with more sophisticated ones
(i.e. SDHC, BSDHC, HT, BHT and SDcHC) is due to the fact that the first ones are only
considering either the speed-dependence effect or the Dicke narrowing one. However, it is
worth noting that for many situations, the obtained values for these refined line-shape
parameters are only effective, because of the strong numerical correlation between them. For
instance, with both the SDHC and BSDHC, the correlation factor between 3 and vy, for the
R(5) transition of HCI in He is 0.88, very close to 100% correlation.

Note that using the SDcHC model leads to exactly the same retrieved parameters as with the
SDcHC profile except for the R(9) line in SFg and Ar for which the corresponding line
parameters are reported in Tables 4 and 5. While these parameters seem to be properly
determined for the case of the R(9) line of HCI in Ar, using the BSDcHC to fit the measured
spectra of the R(9) line of HCI in SFg leads to a negative hence unphysical value of y, (see
Table 4).
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Figure 6. Relative differences between the obtained values of the line parameters (i.e., do, Yo, Y2, 02 OF
B,) from fits of the measured spectra with the different line-shape models (V, SDV, HC, SDHC,
BSDHC, HT and BHT) and those from fit with the SDcHC for R(5) and R(9) transitions of HCI
perturbed by He, SF¢ and Ar (black solid- and open- squares, red solid- and open- circles and blue
solid- and open- triangles, respectively).

As shown in the previous section, the HT and the SDcHC profiles lead to similar QFs which
are better than the simplified models as HC and SDHC, except in situations where the Dicke
narrowing effect is significant for which the use of the B-correction can greatly improve the
quality of the fit. While the values of the broadening and shifting coefficients obtained with
these two profiles are very close to each other, the refined line-shape parameters show large
differences. In particular, with the HT profile, for some sets of the measured spectra, the fitted
value of n can be negative or larger than 1 and the values of y, are sometimes negative, which
have no physical meaning. That is due to the strong correlation between n, vy, and S, in the
HT profile [1]. In order to go further, in Table 6 we show the correlation factors [f,,,(X,Y)]
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between the various line-shape parameters obtained from fits with the HT and the SDcHC
models, for all considered lines and perturbers. As can be observed in this table, with the HT
profile, the values of f.,,-(n, B,) for the R(5) and R(9) lines of HCI-He are respectively 0.95
and 0.99 while it is 0.98 for the R(5) line of HCI in SFs and HCI in Ar. These situations
indeed correspond to those where the value of n is negative or larger than 1. In addition, the
correlations between n and y, and between g, and y, are also important. With the SDcHC
model, the obtained f.,,-(X,Y) factors are much smaller, namely for the case of HCI-SFs and
HCI-Ar. For HCI-He, the value of f,,,-(B,,v,) obtained with the SDcHC model is larger than
that obtained with the HT profile which is consistent with the fact that the HT profile gives
better quality of fit then the SDcHC model in this case. However, in overall, the use of the
SDcHC model leads to better correlation factors and thus enables to more properly determine
the line-shape parameters.

HT SDcHC
Pars. Yo 12 6, Br ] Pars. Yo V2 6, Br Bi
Yo 1.00| -032| -0.75| -062 | 055 | vy, 1.00| -0.74| -0.18 | -051 | -0.02
Y, | 025| 100| 000| 050 -045| y, | 074 1.00| 000| 090| -0.09
HCl-He 8, -0.04 0.00 1.00 044 -039 | g, -0.05 0.00 1.00 0.08 0.90
Br -0.49 0.66 0.02 1.00 | -0.99 | B, -0.44 0.88 0.04 1.00 0.00
n 0.70 | -0.36 | -0.01| -094 | 1.00| p; 0.02 | -0.04 0.88 0.00 1.00
Pars. |y, Y2 5, B n Pars. | vy, V2 8, Br Bi
Yo 1.00 | -0.66 0.05| -050 | 0.76 | v, 1.00| -0.89| -0.08 | -0.38 | -0.13
12 -0.58 1.00 0.00 091 | -0.71 | vy, -0.78 1.00 0.00 0.69 0.10
HCI-SFs 8, 0.70 0.00 1.00 | -0.24| -031| &, -0.32 0.00 1.00 | -0.10 0.69
By -0.44 0.26 | -0.22 1.00 | -0.45 | B, -0.31 0.62 0.19 1.00 0.00
n 0.40 | -0.35 0.07 | -0.98 | 1.00 | p; 0.10 | -0.19 0.62 0.00 1.00
Pars. Yo Y2 8, Br n Pars. | v, Y2 82 Br Bi
Yo 1.00 | -0.93 012 | -031| 0.70 | v, 100 | -094| -0.04| -0.28 | -0.10
12 -0.84 1.00 0.00 0.50 | -0.87 | vy, -0.84 1.00 0.00 0.50 0.09
HCl-Ar =1 002 | 000 1.00| 020 -001| &, | -0.06| 000] 1.00| -009| 050
By -0.35 0.72 | -0.02 1.00 | -0.85 | B, -0.35 0.71 0.02 1.00 0.00
n 0.49 | -0.83 0.01| -0.98 | 1.00| p; 0.01 | -0.02 0.71 0.00 1.00

Table 6. Numerical correlation factors between various line-shape parameters obtained from fits with
the HT and SDcHC profiles of the measured spectra of the R(5) (grey) and R(9) (yellow) lines of HCI
diluted in He, SFg and Avr.

4. Conclusion

Spectra of the HCI (1-0) R(5) and R(9) lines broadened by He and SFg as well as Ar
measured with a difference frequency laser spectrometer at room temperature and for large
pressure ranges were used to test different refined line-shape models, including the Hartmann-
Tran profile, the speed dependent complex hard collision model and the [-correction
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proposed for systems heavily affected by the Dicke narrowing effect. We showed that for all
considered lines and perturbers, both the confinement narrowing and the speed dependences
of the line broadening and shifting must be considered in order to correctly simulate the
measured spectra. Using the B-correction together with the HT profile significantly improves
the fit residuals except for HCI-He and for the R(5) line of HCI-SFg, for which the influence
of velocity changing collisions is smaller. The SDcHC model in which the Dicke narrowing
coefficient is a complex number and thus characterized by two parameters (i.e. its real and
imaginary components) leads to better quality of fit compared to the Hartmann-Tran profile,
except for HCI-He. The results also show that numerical correlations between refined line-
shape parameters of the HT profile are important and can lead to ill-determined parameters
while they are more properly determined with the SDcHC model. Note that the latter can be
easily obtained from the HT profile by adding an imaginary part to the Dicke narrowing
coefficient and setting the correlation parameter to zero thus preserving all the advantages of
the HT profile such as its low computer cost. This work thus confirms that the use of SDcHC
for high resolution spectroscopy is more relevant than the HT profile.

Acknowledgements

The authors from Hanoi National University of Education is pleased to acknowledge the
financial support of this research from the Vietnam National Foundation for Science and Technology
Development (NAFOSTED) under grant number 103.03-2018.341. J.L.D. acknowledges the support
from the MCIU project PID2020-113084GB-100/AEI/10.13039/501100011033.

References

[1] Ngo NH, Lisak D, Tran H, Hartmann JM. An isolated line-shape model to go beyond the Voigt
profile in spectroscopic databases and radiative transfer codes. J Quant Spectrosc Radiat Transf
2013;129:89-100.

[2] Tennyson J, Bernath PF, Campargue A, Csaszar AG, Daumont L, Gamache RR, et al.
Recommended isolated-line profile representing high-resolution spectroscopic transitions. Pure
Appl Chem 2014;86:1931-1943.

[3] Armstrong BH. Spectrum line profiles: The Voigt function. J Quant Spectrosc Radiat Transf
1967;7:61-88.

[4] Rohart F, Mader H, Nicolaisen H-W. Speed dependence of rotational relaxation induced by foreign
gas collisions: Studies on CHsF by millimeter wave coherent transients. J Chem Phys
1994;101:6475-6486.

[5] Rohart F, Ellendt A, Kaghat F, Mader H. Self and Polar Foreign Gas Line Broadening and
Frequency Shifting of CHjF: Effect of the Speed Dependence Observed by Milimeter-Wave
Coherent Transients. J Chem Phys 1997;185:222-233.

[6] Nelkin M, Ghatak A. Simple binary collision model for Van Hove's Gs(r, t). Phys Rev
1964;135:A4-9.

[7] Tran H, Ngo NH, Hartmann JM. Efficient computation of some speed-dependent isolated line
profiles. J Quant Spectrosc Radiat Transf 2013;129:199-203.

[8] De Vizia MD, Castrillo A, Fasci E, Amodio P, Moretti L, Gianfrani L. Experimental test of the
guadratic approximation in the partially correlated speed-dependent hard-collision profile.
Physical Review A 2014;90:022503.

[9] Bui TQ, Long DA, Cygan A, Sironneau VT, Hogan DW, Rupasinghe PM, Ciurylo R, Lisak D,
Okumura M. Observations of Dicke narrowing and speed dependence in air-broadened CO,
lineshapes near 2.06 um. J Chem Phys 2014;141:174301.

[10] Sironneau V, Hodges JT. Line shapes, positions and intensities of water transitions near 1.28 pm.
J Quant Spectrosc Radiat Transf 2015;152:1-15.

18



[11] Goldenstein CS, Hanson RK. Diode-laser measurements of linestrength and temperature-
dependent lineshape parameters for H,O transitions near 1.4 pum using Voigt, Rautian,
Galatry, and speed-dependent Voigt profiles. J Quant Spectrosc Radiat Transf 2015;152:127-
139.

[12] Lisak D, Cygan A, Bermejo D, Domenech JL, Hodges JT, Tran H. Application of the Hartmann-

Tran profile to analysis of H,O spectra. J Quant Spectrosc Radiat Transf 2015;164:221-230.

[13] Larcher G, Landsheere X, Schwell M, Tran H. Spectral shape parameters of pure CO, transitions
near 1.6 um by tunable laser spectroscopy. J Quant Spectrosc Radiat Transf 2015;164:82-88.

[14] Long DA, Wojtewicz S, Miller CE, Hodges JT. Frequency-agile, rapid scanning cavity ring-down
spectroscopy (FARS-CRDS) measurements of the (30012) «— (00001) near-infrared carbon
dioxide band. J Quant Spectrosc Radiat Transf 2015;161:35-40.

[15] Loos J, Birk M, Wagner G. Pressure broadening, -shift, speed dependence and line mixing in the
vz rovibrational band of N,O. J Quant Spectrosc Radiat Transf 2015;151:300-3009.

[16] Wojtewicz S, Maslowski P, Cygan A, Wecislo P, Zaborowski M, Piwinski M, Ciurylo R, Lisak D.
Speed-dependent effects and Dicke narrowing in nitrogen-broadened oxygen. J Quant
Spectrosc Radiat Transf 2015;165:68-75.

[17] Seleznev AF, Fedoseev GV, Koshelev MA, Tretyakov MY. Shape of collision-broadened lines of
carbon monoxide. J Quant Spectrosc Radiat Transf 2015;1611:171-179.

[18] Le T, Fissiaux L, Lepere M, Tran H. Isolated line shape of methane with various collision
partners. J Quant Spectrosc Radiat Transf 2016;185:27-36.

[19] Domyslawska J, Wojtewicz S, Maslowski P, Cygan A, Bielska K, Trawinski RS, Ciurylo R,
Lisak D. A new approach to spectral line shapes of the weak oxygen transitions for
atmospheric applications. J Quant Spectrosc Radiat Transf 2016;169:111-121.

[20] Ngo NH, Lin H, Hodges JT, Tran H. Spectral shapes of rovibrational lines of CO broadened by
He, Ar, Kr and SF¢: A test case of the Hartmann-Tran profile. J Quant Spectrosc Radiat Transf
2017;203:325-333.

[21] Konefal M, Kassi S, Mondelain D, Campargue A. High sensitivity spectroscopy of the O, band at
1.27 um: (1) pure O, line parameters above 7920 cm™. J Quant Spectrosc Radiat Transf
2020;241:106653.

[22] Li D, Guo R, Dong H. Spectral line-shape analysis of CO, transition using Hartmann-Tran profile
and its asymptotic limits. J Mol Spectrosc 2021; 379: 111480.

[23] Gordon IE et al. The HITRAN2016 molecular spectroscopic database. J Quant Spectrosc Radiat
Transf 2017;203:3-69.

[24] Gordon IE et al. The HITRAN2020 molecular spectroscopic database. J Quant Spectrosc Radiat

Transf 2022;277:107949.

[25] Ciurylo R, Lisak D, Szudy J. Role of velocity- and speed-changing collisions on speed-dependent
line shapes of H,. Phys Rev A 2002;66:032701.

[26] Tran H, Hartmann J-M, Chausard F, Gupta M. An isolated line-shape model based on the
Keilson-Stoner function for velocity changes. Il. Molecular dynamics simulations and the
Q(1) lines for pure H,. J Chem Phys 2009;131:154303.

[27] Wecislo P, Tran H, Kassi S, Campargue A, Thibault F, Ciurylo R. Velocity-changing collision in
pure H, and H,-Ar mixture. J Chem Phys 2014;141:074301.

[28] Wecislo P, Gordon IE, Tran H, Tan Y, Hu S-M, Campargue A, Kassi S, Romanini D, Hill C,
Kochanov RV, Rothman LS. The implementation of non-Voigt line profiles in the HITRAN
database: H, case study. J Quant Spectrosc Radiat Transf 2016;177:75-91.

[29] Konefal M, Slowinski M, Zaborowsi M, Ciurylo R, Lisak D, Wcislo P. Analytical-function
correction to the Hartmann-Tran profile for more reliable representation of the Dicke-narrowed
molecular spectra. J Quant Spectrosc Radiat Transf 2020;242:106784.

[30] Odintsova T.A, Fasci E, Gravina S, Gianfrani L, Castrillo A. Optical feedback laser absorption

spectroscopy of N,O at 2 um. J Quant Spectrosc Radiat Transf 2020;254:107190.

19



[31] Stolarczyk N, Thibault F, Cybulski H, Jozwiak H, Kowzan G, Vispoel B, Gordon I.E, Rothman
L.S, Gamache R.R, Wecislo P. Evaluation of different parameterizations of temperature
dependences of the line-shape parameters based on ab initio calculations: Case study for the
HITRAN database. J Quant Spectrosc Radiat Transf 2020;240:106676.

[32] Stankiewicz K, Stolarczyk N, Jozwiak H, Thibault F, Wcislo P. Accurate calculations of beyond-
Voigt line-shape parameters from first principles for the He-perturbed HD rovibrational Ilines:
A comprehensive dataset in the HITRAN DPL format. J Quant Spectrosc Radiat Transf
2021;276:107911.

[33] Wecislo P, Thibault F, Stolarczyk N, Jozwiak H, Slowinski , Gancewski M, Stankiewicz K,
Konefal M, Kassi S, Campargue A, Tan Y, Wang J, Patkowski K, Ciurylo R, Lisak D,
Kochanov R, Rothman L.S, Gordon I.E. The first comprehensive dataset of beyond-Voigt line-
shape parameters from ab initio quantum scattering calculations for the HITRAN database: He-
perturbed H, case study. J Quant Spectrosc Radiat Transf 2021;260:107477.

[34] Wegdam GH, Sondag AHM. Dicke narrowing in HCI. The possible dependence of velocity and
angular momentum changing collisions. Chem Phys Lett 1984;111:360-65.

[35] Rao DR, Oka T. Dicke narrowing and pressure broadening in the infrared fundamental band of
HCI perturbed by Ar. J Mol Spectrosc 1987;122:16-27.

[36] Pine AS, Looney JP. N, and air broadening in the fundamental bands of HF and HCI. J Mol
Spectrosc 1987;122:41-55.

[37] Hurtmans D, Henry A, Valentin A, Boulet. Narrowing broadening and shifting parameters for
R(2) and P(14) lines in the HCI fundamental band perturbed by N, and rare gases from tunable
diode laser spectroscopy. J Mol Spectrosc 2009; 254:126-36.

[38] Domenech JL, Bermejo D, Santos J, Bouanich J-P, Boulet C. Lineshape parameters of He- and

Kr-broadened HF lines in the fundamental band. J. Mol. Spectrosc 1995;169:211-23

[39] Tran H, Domenech JL. Spectral shapes of Ar-broadened HCI lines in the fundamental band by
classical molecular dynamics simulations and comparison with experiments. J Chem Phys
2014;141:064313.

[40] Ciurylo R, Shapiro D, Drummond JR, May A. Solving the line-shape problem with speed-
dependent broadening and shifting and with Dicke narrowing. Il. Application. Phys Rev A
2002;65:12502.

[41] Blackmore R. A modified Boltzmann kinetic equation for line shape functions. J Chem Phys
1987;87:791-800.

[42] Lindenfeld M. Self-structure factor of hard-sphere gases for arbitrary ratio of bath to test particle
masses. J Chem Phys 1979;73:5817-29.

[43] Cich MJ, McRaven CP, Lopez GV, Sears TJ, Hurtman D, Mantz AW. Temperature-dependent
pressure broadened line shape measurements of self- and nitrogen-broadening in the vy + v3
band of acetylene. Appl Phys B 2012;109:373-84.

[44] Galatry L. Simultaneous effect of Doppler and foreign gas broadening on spectral lines. Phys Rev
1961;122:1218.

[45] Rank DH, Eastman DP, Rao BS, Wiggins TA. Breadths and shifts of molecular band lines due to
perturbation by foreign gases. J Mol Spectrosc 1963;10:34-50.

[46] Levy A, Piollet-Mariel E, Boulet C. Noble-gas broadening of vibration-rotation lines belonging to
diatomic molecules. 1. Experimental results for HCI lineshifts and widths. J Quant Spectrosc
Radiat Transf 1973;13:673-82.

[47] Houdeau JP, Larvor M, Haeusler C. Widths and shifts of H*CI lines in the fundamental band
induced by argon and xenon at low temperatures. J Quant Spectrosc Radiat Transf 1976;16:457-
65.

[48] Boulet C, Flaud PM, Hartmann JM. Infrared line collisional parameters of HCI in argon, beyond
the impact approximation: Measurements and classical path calculations. J Chem Phys
2004;120:23.

[49] Morino I, Yamada KMT. Absorption profiles of HCI for the J = 1 - 0 rotational transition:

Foreign-gas effects measured for N, O,, and Ar. J Mol Spectrosc 2005;233:77-85.

20



[50] Wojtewicz S, Cygan A, Maslowski P, Domyslawska J, Lisak D, Trawinski RS, Ciurylo R.
Spectral line shapes of self-broadened P-branch transitions of oxygen B band. J Quant Spectrosc
Radiat Transf 2014;144:36-48.

21



