
applied  
sciences

Article

Measurements of N2, CO2, Ar, O2 and Air Pressure Broadening
Coefficients of the HCl P(5) Line in the 1–0 Band Using an
Interband Cascade Laser

Zhechao Qu * , Javis A. Nwaboh, Gang Li, Olav Werhahn and Volker Ebert *

����������
�������

Citation: Qu, Z.; Nwaboh, J.A.; Li,

G.; Werhahn, O.; Ebert, V.

Measurements of N2, CO2, Ar, O2 and

Air Pressure Broadening Coefficients

of the HCl P(5) Line in the 1–0 Band

Using an Interband Cascade Laser.

Appl. Sci. 2021, 11, 5190. https://

doi.org/10.3390/app11115190

Academic Editor: Bernhard

Wilhelm Roth

Received: 30 April 2021

Accepted: 1 June 2021

Published: 3 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Physikalisch-Technische Bundesanstalt, Bundesallee 100, D-38116 Braunschweig, Germany;
javis.nwaboh@ptb.de (J.A.N.); gang.li@ptb.de (G.L.); Olav.Werhahn@ptb.de (O.W.)
* Correspondence: zhechao.qu@ptb.de (Z.Q.); volker.ebert@ptb.de (V.E.)

Abstract: We determine the CO2, N2, Ar, O2 and air pressure broadening coefficients of the H35Cl
P(5) absorption line at 2775.77 cm−1 in the fundamental (1←0) band using a newly developed direct
tunable diode laser absorption spectroscopy (dTDLAS)-based spectrometer employing a mid-IR
interband cascade laser (ICL). For the first time, a reliable and consistent set of five different foreign
pressure broadening coefficients for the same HCl P(5) line has been measured by a consistent
metrological approach covering pressures from 100 to 600 hPa at temperatures of 294 and 295 K.
The relative uncertainties of the stated CO2, N2, Ar, O2 and Air pressure broadening coefficients are
in 1–3% range. The results are compared to previously available literature data—two broadening
coefficients have been improved in accuracy and two have been determined for the first time in the
sub 1000 hPa pressure range.
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1. Introduction

Hydrogen chloride (HCl) is a harmful gas which is released to the atmosphere, e.g.,
from fossil fuel power plants or waste incinerators. It is also a process gas in many
industries such as the electronic or textile industry. Industrial processes are often large-scale
point sources with gas abatement systems which can be optimized to reduce the emissions.
In the EU, HCl emissions from the industry are covered by Industrial Emissions Directive
2010/75/EU. The HCl emission measurement, as described in EN-standard 1911: 2010,
does not fully extend down to concentration levels consistent with the increasingly stringent
Emission Limit Values (ELVs) that will come into force [1]. The EMPIR project IMPRESS2 [2]
is carrying out technical development work as well as underpinning spectroscopy in
support of improved, and metrology backed monitoring and enforcing of ELVs in future
European legislation for key air pollutants (i.e., HCl) and regulating emissions (i.e., HCl
should be less than 1 µmol/mol).

The chlorine present in the fuels of combustion and gasification plants, appears in
the slag [3] in biomass gasifiers but can also react to gas phase HCl. HCl, as a highly
corrosive gas, influences the choice of the steel quality of the gasifier body material as
well as the subsequent gas cleaning system to increase the plant lifetime, which is leading
to considerable additional costs [4]. The content of HCl in the syngas of the biomass
gasification must remain at ppb (10−9 mol/mol, amount fraction) level in order to avoid
catalyst poisoning [5]. Fast, non-invasive, highly sensitive and accurate HCl monitoring in
the gasification process is important for active process control and optimization [6] and for
ensuring staying below the legal emission values.

Airborne molecular contamination (AMC) is a kind of chemical contamination in form
of gases, vapors or aerosols that has adverse effects on products, processes or instruments
in clean room manufacturing environments. The International Technology Roadmap for
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Semiconductors (ITRS) has made efforts to tighten specification for AMCs [7]. For ex-
ample, the requirement of Cl− concentration in the wafer environment should be below
0.24 nmol/mol of gas phase Cl− concentration, as the acid gas HCl creates metal corro-
sion problems throughout fabrication [8] and can be critical to later damage the normal
functionality of integrated circuits. AMC monitoring, and therefore reduction, has a direct
financial benefit, through higher product yields and better process reproducibility from
site to site. Within the EMPIR MetAMC2 project [9], optical techniques will be developed
for trace level HCl detection in cleanrooms.

Chemical reactions involving halogen radical species, such as chlorine, significantly
influence the composition of the Earth’s atmosphere. These species also play important
roles in many atmospheric processes including the formation and destruction of ozone [10].
Chlorine also mainly comes from chlorofluorocarbons (CFC) and other refrigerants which
are inert in the lower atmosphere and are then broken up and converted in to HCl in the
upper atmosphere by the UV radiation. HCl is one of the important reservoir species for
active halogens and the dominant gas phase contributor to the overall chlorine inventory in
the lower atmosphere, as shown in the study of composite chlorine emissions [11]. Typical
HCl concentrations are in the range of hundreds of ppt in remote marine environments,
increasing to several ppb in coastal urban areas [11–13]. There is a strong need for highly
sensitive measurement techniques for HCl due to estimations of HCl production varying
considerably and challenging existing measurement methods.

The knowledge of accurate spectral line parameters (such as pressure broadening
coefficients) of HCl [14–16] is important and required for HCl measurements in atmospheric
remote sensing, biomass gasification process, semiconductor manufactory cleanroom and
precision industrial emission monitoring application. Recently, advances in solid-state
laser technologies have provided alternative Mid-IR light sources and enabled access to the
strongest HCl transitions in the fundamental band [17], which are about 50 times stronger
than at the 1.7 µm HCl first overtone band which we have previously studied [18,19].
As such, we were motivated to develop an optimized Mid-IR absorption diagnostic for
HCl [20]. This study focuses on the HCl P(5) transition line in the 1–0 band, which is
optimal for HCl measurements in hot flue gases, as it is spectrally well isolated from water
and CO2. Our measurements provide a reliable, consistent and thus unique set of five
pressure broadening coefficients for the major air or flue gas constituents (HCl-CO2, N2,
Ar, O2 and Air) which are all obtained using the same setup and data evaluation method.

2. Methods and Experiment
2.1. Methodology

In order to accurately quantify the foreign pressure broadening coefficients of the
HCl transition line in Mid-IR range, the widely used technique, direct tunable diode laser
absorption spectroscopy (dTDLAS) [21,22], has been employed. For dTDLAS, the intensity
of a monochromatic continuously tunable laser source transmitted through a gaseous
sample is given by the “extended” Beer–Lambert law [23]:

I(λ) = E(t) + I0(λ)·T(t)·exp[−S(T)·g(λ− λ0)·n·L] (1)

with the background emission E(t) at time t, initial laser intensity I0(λ), and the spectrally
broadband transmission losses T(t) which are synchronously derived from the individ-
ual raw signals and absorption profiles. The exponential term embraces the absorption
line strength S(T) at gas temperature T, the area normalized (integrated area = 1) line
shape function g(λ − λ0) (centered at the wavelength λ0), the absorber number density
n and the optical path length L. The absorbance spectrum can be computed using the
following equation:

α(λ, t) = − ln
(

I(λ)− E(t)
I0(λ)·T(t)

)
= S(T)·g(λ− λ0)·n·L (2)
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The Voigt function can be used to model the lineshape of the absorbance spectrum in
Equation (2), which considers the combined effects of Doppler and collisional broadening
on the spectral line. These effects are characterized by the Doppler broadening full width
at half maximum (FWHM), ∆vD, and the collisional-broadening FWHM, ∆vL, given by

∆vD = v0

√
8kBT ln 2

Mc2 (3)

∆vL = 2·p·γself·x + 2·p·γforeign·(1− x) (4)

where, M is the molecular mass of the absorbing species, c is the speed of light, kB is
Boltzmann constant, p is the total pressure, x is the HCl amount fraction, the coefficients
γself and γforeign are the self and foreign broadening coefficients, which are dependent
also on the gas temperature T. Normally, Doppler broadening is calculated directly using
Equation (3), and thus, does not have to be fitted, as the gas temperature is measured
in the experiment. Note that the broadening coefficients (γself, γforeign) calculated using
Equation (4) from the measurements are the corresponding values at an experimental
temperature T, and have not been converted to the reference temperature T0 = 296 K,
which is used in HITRAN [24]. For converting the broadening coefficients to a certain
temperature, the self- and foreign-temperature dependence coefficients (nself and nforeign)
are needed, which are often determined with relatively high uncertainties in the 10 to 20%
range. Typical values for nself and nforeign are between 0.4 and 0.9.

2.2. Experimental Details

The experimental setup of the spectrometer for the determination of the HCl pressure
broadening coefficients is shown in Figure 1. A similar setup was used in our previous ther-
mal boundary layer effects study [20]. A 3.6 µm interband cascade laser (ICL) (Nanoplus
GmbH) is used to scan across the P5 HCl absorption line in the HCl 1–0 fundamental
band. In order to perform spectrometric measurements, the wavelength of the laser was
swept at 138.9 Hz across the transition line by means of a linear saw-tooth-shaped current
ramp which was generated by a function generator (Agilent, 33220A). The laser injection
current is supplied by a low-noise laser current driver (Thorlabs, LDC8002), while the
laser temperature is stabilized by a Peltier-element operated by a Peltier driver (Thorlabs
TEC8020). The laser beam was directed through a 77.4 cm long single pass gas cell which
was made of stainless steel and was equipped with Brewster-angled plane-parallel sap-
phire windows and then focused onto a photovoltaic photodetector (VIGO, PVI-4TE-5).
The inner surface of the gas cell was passivated by a commercial SilcoNert 2000 coating
(Silcotek Corporation). The detector signal was sampled with 18 bit resolution at 600 kHz
by a DAQ (National Instruments, PXI-6289). For gas pressure measurements, a pressure
sensor (MKS Baratron) was used. A Pt100 resistor inserted into the gas cell measured the
gas temperature. Measured pressures and temperatures were traceable to the SI via PTB’s
national pressure and temperature standards.

The measurements used high-quality premade HCl/CO2 (110 ± 5 µmol/mol HCl in
CO2, HCl purity 5.5, CO2 purity 5.3, Linde GmbH) and HCl/N2 (500 ± 30 µmol/mol HCl
in N2, HCl purity 5.5, N2 purity 6.0, Linde GmbH) gas mixtures for HCl-CO2 and HCl-N2
pressure broadening coefficients, respectively. All other pressure broadening coefficients
(HCl-Ar, HCl-O2 and HCl-Air) were measured by first “coating“ the cell walls with HCl by
filling it with premix HCl gas mixture, then quickly replacing the premix gas with pure
matrix gases Ar (purity 5.0, Linde GmbH), O2 (purity 5.0, Linde GmbH), or synthetic air
(N2:O2 = 80:20, 1% uncertainty of the ratio, O2 purity 5.0, N2 purity 5.0, Linde GmbH) and
taking advantage of the delayed HCl desorption from the gas cell inner walls into the pure
matrix gas.
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Figure 1. Experimental setup of the spectrometer for measuring the pressure broadening coefficients,
P-sensor: pressure sensor; PD: photodetector; FG: function generator; DAQ: data acquisition card.

3. Results and Discussion
3.1. CO2 Broadening Coefficient

In order to derive the HCl-CO2 broadening coefficient, a customized Linde HCl/CO2
gas mixture (110 ± 5 µmol/mol HCl in CO2) was employed. The gas pressure in the cell
was regulated by the gas cell outlet valve and the exhaust pump. The previously evacuated
cell was filled with the HCl/CO2 gas mixture at a steady flow rate of 200 sccm set via a
mass flow controller.

Figure 2a shows a subset of the measured line profiles for the HCl/CO2 gas mixture
at different pressures. The measured laser intensity was averaged over 10 scans and fitted
with a third order polynomial for the baseline and the Voigt model using a non-linear
Levenberg–Marquart algorithm for the absorption profile. Note that, within the spectral
fitting window, we analyzed HCl neighboring lines effects on this P5 line at 700 mbar,
the overall contribution of HCl neighboring lines is around 0.01% as P5 line center, and
up to 0.2% at the edges of the fitting window with the absorbance of about 5 × 10−5, so
that in this paper, only one HCl line was used to fit the measured spectra. CO2 (pure,
100%) lines absorption (OD, optical density) within the fitting range is less than 5 × 10−5.
The residual between measured and fitted data shown below in Figure 2a is depicted for
pressure of 943.5 mbar. Typical average residuals were around (1σ) 5× 10−4 optical density,
which corresponds to a good signal-to-noise-ratio (SNR) of 509. To clearly discriminate
the pressure-broadening effect, the Gaussian width was calculated in all our experiments
using the measured temperature in the gas cell according to Equation (3). The line width
progression at different pressures was used to extract the pressure broadening coefficient
γforeign. The pressure measurements were associated with an 0.1–0.15 mbar uncertainty
(k = 1) according to PTB’s national pressure standard. The pressure uncertainty was taken
into account for the linear regression in Figure 2b. The standard deviation (1σ) of the
line width results (more than 200 measurements) at each pressure point together with the
wavenumber scale (laser tuning) uncertainty was used as the y- error bar. The respective
Lorentzian widths shows very good linearity with pressures as required by Equation (4)
(second term only, as the self-broadening contribution is less than 0.04%) with an intercept
of (1.71 ± 6.19) × 10−4 cm−1. Thus, we determined a HCl-CO2 broadening coefficient of
γCO2 = 76.42(83) × 10−3 cm−1/atm at 295 K.
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Figure 2. (a) Measured CO2-broadened HCl absorption spectra at different pressures. The fitting residual is depicted for the
spectrum at 943.5 mbar; (b) Measured CO2 induced pressure broadening with a linear fitting model. The residual between
fit and data is shown below.

3.2. N2 Broadening Coefficient

In a similar way to the previous experiment, an HCl/N2 gas mixture with
500 ± 30 µmol/mol HCl in N2 was employed to determine the N2 broadening coeffi-
cient. The HCl-N2 broadening measurements were performed in a flow mode, the cell
was filled with the HCl/N2 gas mixture at a steady flow rate of 200 sccm. As example,
Figure 3a shows a measured absorption spectrum at the pressure of 173 mbar. The mea-
sured spectrum was averaged for 10 scans and fitted by the Voigt profile. Typical average
residuals were around (1σ) 1 × 10−3 optical density, which corresponds to a SNR of 744.
Comparing to other foreign broadening measurements, here the HCl-N2 broadening coeffi-
cient was interfered with the self-broadening contribution in Equation (4) (first term) which
was subtracted due to the relative high concentration of HCl. Using the self-broadening
coefficient of 0.223 cm−1/atm from HITRAN [20]. The respective Lorentzian widths show
very good linearity with pressures with an intercept of (2.73 ± 3.99) × 10−4 cm−1. The
measured HCl-N2 broadening coefficient is γN2 = 60.92 (63) × 10−3 cm−1/atm at 294 K.
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Figure 3. (a) Measured N2-broadened HCl absorption spectra at 173.3 mbar, and the fitting residual; (b) Measured N2

induced pressure broadening with a linear fitting model. The residual between fit and data is shown below.
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3.3. Ar Broadening Coefficient

The HCl gas molecule is not only reactive but also very sticky, similar as NH3. As
we have shown in our previous study [20], the system equilibrium condition can only be
reached after passivation. Actually, during this passivation process, HCl molecules stick to
the inner surface of the system, while those molecules came into the gas flow again during
the evacuation process. We made use of this property of the HCl molecule for foreign
broadening coefficients’ measurements.

After flushing the cell with HCl/N2 gas mixture for about an hour to passivate the
system, the cell was evacuated using a chemistry vacuum pump to the lowest possible
pressure to minimize the HCl self-and N2-broadening effects. Due to the degassing effect,
HCl molecules were released from the inner surface. After the evacuation process, pure Ar
was filled into the gas cell to a certain pressure. Therefore, in the cell, there were trace HCl
(tens of ppm level, but sufficient to measure) and buffer gas Ar.

The HCl-Ar broadening measurements were carried out after those processes. The
spectrum treatment was the same as for CO2 and N2 broadening measurements in
Sections 3.1 and 3.2. Figure 4a shows the measured HCl absorption spectrum in Ar
(160.5 mbar, 22 ◦C), the fitting residuals were around (1σ) 4.5 × 10−4 (optical density),
which corresponds to a SNR of 351 for the spectrum of 27.3 ppm HCl in Ar. The measured
Lorentzian widths under different pressures are shown in Figure 4b, the linear fit has an
intercept of (1.31 ± 6.29) × 10−4 cm−1. The measured HCl-Ar broadening coefficient from
the linear fit slope is γAr = 26.23(78) × 10−3 cm−1/atm at 295 K.
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Figure 4. (a) Measured Ar-broadened HCl absorption spectra at 160.5 mbar and the fitting residual; (b) Measured Ar
induced pressure broadening with a linear fitting model. The residual between fit and data is shown below.

3.4. O2 Broadening Coefficient

The HCl-O2 broadening measurement procedure was the same as for the HCl-Ar
broadening experiment, the buffer gas used here was pure O2. As an example, Figure 5a
shows a measured absorption spectrum of HCl in O2 at the total pressure of 101.3 mbar.
The measured spectrum was averaged for 10 scans and fitted by the Voigt profile. Typ-
ical average residuals (optical density) were around (1σ) 5 × 10−4, which corresponds
to a SNR = 110 for the spectrum of 13.4 µmol/mol HCl. The measured HCl-O2 broad-
ening coefficient is γO2 = 34.50(73) × 10−3 cm−1/atm at 294 K according to the slope
of the linear regression of the Lorentzian widths versus pressures, with an intercept of
(6.58 ± 5.34) × 10−4 cm−1.
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Figure 5. (a) Measured O2-broadened HCl absorption spectra in O2 at 101.3 mbar and the fitting residual; (b) Measured O2

induced pressure broadening with a linear fitting model. The residual between fit and data is shown below.

3.5. Air Broadening Coefficien

For the measurement of HCl-Air broadening coefficients, the same procedure as
for the HCl-Ar and HCl-O2 broadening coefficient determinations was employed by us-
ing the HCl desorption effect from cell inner surface after evacuation. Synthetic Air
(N2:O2 = 80:20, 1% uncertainty of the ratio) was filled into the vacuum cell for HCl-Air
broadening measurements.

Figure 6a shows the measured HCl absorption spectrum at a pressure of 100 mbar.
The measured spectrum was averaged for 10 scans and fitted by the Voigt profile. For this
15.1 µmol/mol HCl spectrum, the SNR is 102 as the residuals were around (1σ) 4 × 10−4

(optical density). The respective Lorentzian widths show very good linearity with pressures
with an intercept of (2.30 ± 6.41) × 10−4 cm−1. The experiments yielded a HCl-Air
broadening coefficient γN2 = 55.26(99) × 10−3 cm−1/atm at 294 K.
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Figure 6. (a) Measured HCl absorption spectra in O2 at 101.3 mbar and the fitting residual; (b) Measured O2 induced
pressure broadening with a linear fitting model. The residual between fit and data is shown below.

3.6. Comparison with Literature Values

We summarize our results in Table 1 together with the literature values of the HCl
(1←0) P5 line from various published papers. The tabulated broadening coefficients were
also shown in Figure 7, together with the relative difference to this study comparing foreign
broadening coefficients. Note that the term uncertainty is interpreted very differently
between different literature data and the definitions are not explained in some papers;
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thus, the uncertainty quoted from the literature data have only a limited comparability.
The column (to the right) in Table 1 shows the scaled results at 296 K for both this work
and the literature data using the P5 line temperature dependance coefficients: nair = 0.46,
nCO2 = 0.75 from HITRAN, while for the other three (nN2, nO2, nAr) the default value
n = 0.5 were used.
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For HCl-CO2 broadening coefficient, the relative difference of the value shown in
Ref. [25] to this study is 2.4% as shown in Figure 7. However, our present study still
agrees with the literature value within the measurement uncertainty but with improved
uncertainty. The measured HCl-N2 broadening coefficient shows a very good agreement
with the literature value in Ref [26].

For the HCl-Ar broadening coefficient there is a significant deviation of about 12%
compared to the measured results in Ref [27]. Possible reasons might be the different
pressure range of the experiment, a high pressure range (10–50 bar) was used in their
experiments, while in comparison with the calculated value in Ref [27], the deviation is
2.4%, which shows an agreement with our result within the measurement uncertainty. The
“room temperature” mentioned in the publication was not specified, so it might not be
294 K.

For the O2 induced pressure broadening coefficient, the relative difference is 7.5% to
Ref [28], and 3.2% to Ref [29] in which the uncertainty was not mentioned. While in those
two references, the measurement temperature wase 298 K, which was 4 K higher than
our measurement. Additionally, the pressure ranges were higher than ours—2–11 atm in
Ref [28], up to 5 atm in Ref [29].

The deviation of HCl-Air broadening coefficient is 1.8% between our result and Ref [26]
with 1K temperature difference. Comparing with the measured value in Ref [28] (2–11 atm,
298 K), the deviation is about 5.2%. If using the HCl-N2 broadening coefficient in Ref [30]
and HCl-O2 broadening coefficient in Ref [28], as those two broadening coefficients were
measured by same authors, based on N2:O2 = 80:20 (as mentioned in Ref [28]) the calculated
HCl-Air broadening coefficient at 298 K is 53.74 cm−1/atm which is about 2.6% relative
difference to their measured result in Ref [28], while, in our study, the calculated HCl-Air
broadening coefficient based our measured HCl-O2 and HCl-N2 results (N2:O2 = 80:20) is
55.64 ± 0.30 cm−1/atm which agrees very well (0.7% deviation) with the measured value
within the measurement uncertainty.

The literature data for foreign broadening coefficients of HCl in Table 1 are conve-
niently divided into two groups according to experimental pressures, i.e., group I for low
pressure (<1 atm) and group II for high pressure (1–12 atm). Interestingly, our results agree
well with the literature values from the same group I [24,25], but differ from values in
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group II [26–30] beyond experimental uncertainties. More precisely, for O2 and air-induced
broadenings, the percentage differences plotted in Figure 7 are roughly proportional to the
highest pressure adopted in the linear regression analysis.

Table 1. Comparison of our results with data from the literature for the foreign broadening coefficients of HCl P(5) (1←0)
absorption line with CO2, N2, Ar, O2 and Air.

This Work References Scaled to 296 K
(This Work/References)

γCO2/103 cm−1/atm 76.42 ± 0.83 74.2 ± 2.2 [25]

76.23/74.2 [24]Pressure/atm 0.1–0.6 0.2–0.93
Temperature/K 295 296

Relative uncertainty 1.09% 3%

γN2/103 cm−1/atm 60.92 ± 0.63 60.9 ± 0.5 [26] 59.2 ± 0.3 [30]

60.71/60.8 [25], 59.4 [26]Pressure/atm 0.1–0.6 0.026–0.27 ≤11
Temperature/K 294 295 298

Relative uncertainty 1.03% 0.8% 0.5%

γAr/103 cm−1/atm 26.23 ± 0.78 29.4 ± 2 (meas.)
25.6 (cal.) [27] 27.8 [31]

26.19/27.89 [28]Pressure/atm 0.1–0.6 10–50 3–5
Temperature /K 295 Room T 298

Relative uncertainty 2.97% 6.8% –

γO2/103 cm−1/atm 34.50 ± 0.73 31.9 ± 0.3 [28] 33.4 [29]

34.38/32.01 [29], 33.51 [30]Pressure/atm 0.1–0.6 2–11 ≤5
Temperature/K 294 298 298

Relative uncertainty 2.12% 0.9% –

γAir/103 cm−1/atm 55.26 ± 0.99 52.4 ± 0.5 [28] 54.1 ± 0.3 [26]

55.09/52.56 [29], 54.02 [25]Pressure/atm 0.1–0.6 2–11 0.026–0.27
Temperature/K 294 298 295

Relative uncertainty 1.79% 1% 0.6%

A recent study by Tran et al. [18] revealed a so-called super-Lorentzian line shape
for HCl diluted in high density argon gas matrices. Such super-Lorentzian effects cause
the Lorentzian widths of Ar-broadened HCl transitions to increase with the distance to
line center. The authors explained the origin of this non-conventional line shape at the
far wings using classical molecular dynamics simulations (CMDS) based on an ab initio
intermolecular potential surface of the HCl-Ar system. Their simulated spectra using
CDMS resemble high pressure experimental spectra at the far wings of the spectral lines.

It is easily understood that without anticipating the proper line shape model suggested
by Tran et al. which involves three Lorentzian function with different time constant and
amplitude, one would deduce the broadening coefficients that differ from the true value
at such high-pressure regimes. The clear discrepancy between the group I and group II
results shown in Figure 7 coincide with the theory of Tran et al. Yet, more experimental
and theoretical studies (e.g., ab initio intermolecular potential surfaces of the HCl-O2 and
HCl-N2 systems) are needed to underpin our observations.

4. Conclusions

We report CO2, N2, Ar, O2 and air-induced pressure broadening coefficients of the
HCl P(5) line of the 1←0 band at 2775.7 cm−1 measured with a newly developed, highly
sensitive Mid-IR ICL-based dTDLAS spectrometer. The measurements were performed in
the pressure range of 100–600 mbar which is important for analytical instruments with a
reduced measurement pressure to enhance chemical selectivity. Based on well-established
TDLAS system in our group, and traceably calibrated pressure and temperature sensors,
our results provide a new reliable and fully consistent set of experimental broadening
parameters for the HCl P(5) (1←0) line for five matrix gases obtained within the same
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instrument and evaluation process. Compared to the existing literature data several
discrepancies were found and discussed. The relative accuracy of pressure broadening
coefficients have been improved for HCl-CO2 and HCl-Ar in comparison with the data from
the literature. The newly measured HCl-O2 and HCl-Air broadening coefficients have better
consistency than the literature values. For HCl-Ar and HCl-O2 broadening coefficients,
data were only available from measured high pressures; this work’s “low pressure” data
is new. HCl-Ar, HCl-O2 and HCl-Air broadening coefficients reveal systematic effects
of super Lorentzian behavior for coefficients determined at higher pressures. Our novel
results are therefore important for the development of analytical HCl instrumentation in
all industrial and energy gas applications particularly in combustion emission monitoring,
and will be very useful spectroscopic measurements where absorption line has to be fitted.
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