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1. Introduction

Detection of carbon disulfide (CS,) has significant importance in at-
mospheric environmental chemistry, medical diagnostics, etc. Although
the concentration of CS, in atmosphere is lower than other common
sulfides, it is the source of 30% carbonyl sulfide and would be oxidized
into sulfide dioxide to form acid rain or haze [1]. It is also one of the typ-
ical odors, which would be absorbed by inhalation and skin and is toxic
to the nerves, cardiovascular, reproductive, gastrointestinal, urinary and
other systems [2]. The advisory permissible exposure limit value of CS,
recommended by the National Institute of Occupational Safety and
Health of the United States is 1 ppm [3], and the Chinese national one
class standard value of CS, at boundary of industrial enterprises is
2 mg/m° [4]. In breath analysis area, CS, is a potential noninvasive
marker of respiratory bacterial colonization in cystic fibrosis, and
would be helpful to diagnose cirrhosis coronary, and artery diseases [5].

Unlike gas chromatography or diethylamine spectrophotometry, the
traditional methods for CS, detection, optical spectroscopy has the ad-
vantage of fast response time and non-contact measurement. Using dif-
ferential optical absorption spectroscopy, Yu et al. [6] and Zhang et al.
[7] detected the CS; for air pollution control and online monitoring SFg
decomposition, respectively. Du et al. [8,9] developed a sensitive CS;
senor based on 4.6 pm mid-infrared wavelength modulation
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spectroscopy. Lendl et al. [10,11] also created a compact CS, sensor
based on 4.6 pm quartz-enhanced photoacoustic spectroscopy.

According to the Pacific Northwest National Laboratory database
[12], there are six main CS, absorption bands in mid-infrared range,
13-v1 band near 11.2 pm, v3 band near 6.7 pm, v1 + v3 band near 4.6
um, 2v2 + v3 band near 4.3 pm, 2v1 4 13 band near 3.5 pm and v1
+ 2v2 + v3 band near 3.36 um. The v3 band near 6.7 pm is the strongest
of them, but would be interfered by water vapor seriously. The v1 + 13
band near 4.6 um, the second strongest band, is within the range of the
mid-infrared atmospheric window. The recent availability of compact
quantum cascade laser in the mid-infrared has led to the development
of highly sensitive and low-interference diagnostics for carbon disulfide
utilizing CS, transitions of v1 4+ v3 band as mentioned before [8-11].
For laser absorption measurements to be accurate and calibration-free,
a comprehensive characterization of the fundamental spectroscopy is
required in the wavelength domain of interest.

Although HITRAN database has not contained the lines parameters
of CS,, several studies on CS, spectroscopy by Blanquet et al. [13-17]
have been reported in the literatures during the past two decades.
They measured the line intensities of CS, v3 band [13], and the collision
broadening coefficients of v3 and v1 + v3 bands caused by kinds of
components, including Np, O, and rare gases [14-16], with TDL spectro-
scopic technique. They also measured the line positions of CS, 2v1 + v3
and v1 + 2v2 + v3 bands with FTIR spectroscopic technique. [17] How-
ever, the spectral parameters measurement for the v1 + v3 band near
4.6 pm, which has applied for CS, detection, is still rare. This motivates
the current high-resolution spectroscopic study of the v1 + v3 band
of CSZ
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Fig. 1. Diagram of the experiment setup for the spectroscopic parameter measurements.
QCL-quantum cascade laser, AO-Analog Output, Al-Analog Input, MCT-mercury
cadmium telluride infrared detector, PC-Personal Computer.

Table 1

Spectroscopic parameters of CS, transitions measured in this work.

In this paper, the spectral parameters of several dozen CS, absorp-
tion lines near 4.6 pm, including wavenumbers, line strengths, self-
and air-broadening coefficients, are measured with quantum cascade
laser absorption spectroscopy for our development of calibrated-free
CS, sensing system. To our best knowledge this is the first relatively
comprehensive experimental study of CS, spectral parameters near
4.6 pm for atmosphere detection.

2. Experimental setup

The diagram of the experimental setup is shown in Fig. 1. The emis-
sion wavenumber of the QCL laser used in this experiment (HAMAMA-
TSU, LEOS09QCL) can be turned from 2179 cm~' to 2182 cm~! by
changing both operating temperature and forward current with the
commercial temperature controller (Wavelength Electronics, TC15

No Position (cm™1) Err (em™ 1) S @25 °C (cm~'/(molec » cm™?2)) Err (%) Yseir @ 25 °C (cm™!/atm) Err (%) Yair @ 25 °C (cm ™ '/atm) Err (%)
1 2179.1576 8E-4 4.2485E-22 0.88 0.1045 2.40 - .

2 2179.2124 8E-4 1.1235E-21 0.26 0.0885 0.92 0.0915 1.10
3 2179.2644 8E-4 8.7596E-21 0.27 0.0907 1.52 0.0979 1.12
4 2179.3067 8E-4 4.2485E-22 0.88 0.1022 3.33 0.1192 4.06
5 2179.3322 7E-4 1.0869E-21 0.48 0.0877 1.48 0.0946 1.69
6 2179.4019 7E-4 6.6683E-22 0.60 0.0987 134 0.1122 3.45
7 2179.4539 6E-4 3.9821E-22 0.47 0.0895 1.21 0.1024 3.33
8 2179.4989 5E-4 1.0408E-21 0.40 0.0851 1.65 0.0948 2.75
9 2179.5992 5E-4 4.5390E-22 1.28 0.0991 1.24 - -
10 2179.6132 4E-4 1.0215E-21 0.39 0.0801 1.31 0.1054 3.64
11 2179.7432 2E-4 4.1005E-22 0.94 - - - -
12 2179.7558 2E-4 7.8467E-22 1.98 - - 0.1031 1.83
13 2179.7784 2E-4 9.4566E-21 0.47 0.0900 4.26 0.0974 137
14 2179.8873 1E-4 1.4009E-21 0.49 0.0803 147 0.0905 155
15 2180.0266 1E-4 4.1096E-22 0.72 0.0965 3.28 0.1152 496
16 2180.0525 1E-4 9.4380E-22 0.35 0.0825 1.23 0.0941 3.20
17 2180.1038 1E-4 7.3232E-22 0.66 0.0964 2.92 0.0905 1.89
18 2180.1572 4E-4 8.6628E-22 1.12 0.0787 4.80 0.0860 1.79
19 2180.1662 5E-4 3.8152E-22 1.38 0.0841 5.11 0.0863 4.45
20 2180.2869 5E-4 7.9765E-21 1.09 0.0877 4.90 0.0952 1.63
21 2180.3034 4E-4 4.0744E-22 3.89 - - 0.0925 4.79
22 2180.3200 4E-4 8.7391E-22 1.21 - - 0.0825 2.69
23 2180.4184 4E-4 8.8042E-22 0.68 0.0845 3.00 0.0878 2.16
24 2180.4389 4E-4 4.0050E-22 1.75 0.0971 6.44 0.0845 5.57
25 2180.4450 4E-4 7.0344E-22 1.50 0.0902 498 0.1007 2.76
26 2180.5727 4E-4 3.8301E-22 2.24 - - 0.0848 3.74
27 2180.5799 4E-4 8.2976E-22 1.21 0.0715 3.21 0.0821 5.35
28 2180.6731 GE-4 7.3614E-22 0.92 0.0745 4.87 0.0813 4.60
29 2180.7049 6E-4 3.1124E-22 1.34 0.0738 441 0.0919 5.08
30 2180.7788 5E-4 7.0863E-22 1.63 - - 0.0758 2.86
31 2180.7873 5E-4 7.5782E-21 0.75 0.0928 2.49 0.0953 1.42
32 2180.8339 5E-4 1.1176E-21 0.63 0.0784 2.19 0.0846 3.10
33 2180.9209 7E-4 7.5277E-22 0.32 0.0776 143 0.0899 4.07
34 2180.9640 7E-4 3.7731E-22 1.03 0.0934 3.02 0.0980 5.25
35 2181.0147 5E-4 3.7731E-22 1.03 - - - -
36 2181.0802 5E-4 7.2750E-22 043 0.0821 2.46 0.0812 3.62
37 2181.0911 5E-4 3.4006E-22 0.86 0.0855 1.95 0.0786 2.08
38 2181.1055 6E-4 7.4843E-22 0.51 0.0888 2.10 0.0782 2.73
39 2181.1621 5E-4 6.7459E-22 0.41 0.0773 1.58 0.0966 3.97
40 2181.2165 5E-4 3.2561E-22 1.24 0.0913 291 0.0787 3.22
41 2181.2805 5E-4 7.1782E-21 0.41 0.0918 1.95 0.0937 1.81
42 2181.3203 5E-4 6.3148E-22 0.53 0.0781 2.56 0.0863 4.02
43 2181.3402 6E-4 3.0495E-22 0.96 0.0805 2.78 0.0821 5.37
44 2181.3966 5E-4 6.7870E-22 0.45 0.0800 0.87 0.0909 242
45 2181.4255 5E-4 7.4804E-22 0.53 0.0854 1.68 0.0898 2.99
46 2181.4621 5E-4 3.1649E-22 1.06 0.0853 3.01 - -
47 2181.5537 5E-4 5.9689E-22 0.54 0.0791 1.60 0.0756 3.07
48 2181.5824 6E-4 3.1099E-22 1.12 0.0597 5.75 - -
49 2181.6243 5E-4 5.9881E-22 1.21 0.0837 4.50 - -
50 2181.7011 6E-4 3.4717E-22 3.92 - - -

51 2181.7388 4E-4 7.5864E-22 4.22 - - -

Note: The Error of Position corresponds to one standard deviation (1 o) of line positions measured with pure standard CS; gas in different pressure. The Errors of S @ 25 °C, ser @ 25 °Cand
Yair @ 25 °C correspond to relative one standard deviation (1 o) obtained from the linear fit.
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Fig. 2. The Fabry-Pérot (F-P) etalon signal with the wavelength turning of the QCL laser at
40 °C operation temperature.

LAB) and current driver (Wavelength Electronics, QCL1500 LAB). The
laser beam is divided by the splitter into two paths, the measurement
path and the reference path. The measurement path is addressed to
the 10 cm gas cell and the transmitted laser beam is detected by a
MCT detector (Vigo, PVI-4TE-10.6-20M). The reference path passes
through the homemade germanium Fabry-Pérot (F-P) etalon, the de-
signed free spectral range (FSR) of which is 0.025 cm™", and detected
by another MCT detector with the same model. The detected signals
are acquired by the multifunction I/O device (NI Corporation, USB-
6361) with 250 kS/s sample rate for post-processing analysis.

The stated concentration nitrous oxide (3988 ppm) is used for laser
absolute wavenumber calibration. In the lines' positions, intensities and
self-broadening coefficients experiments, the spectrums of the com-
mercial pure CS, gas sample (better than 99.95%) under different pres-
sures are attained. And in the lines' air-broadening coefficients
experiments, the spectrums of manually mix gas, which contains
about 1% pure CS, and 99% pure dry air, are measured under several
pressures. The pressure in the gas cell is monitoring by a high precision
vacuum gauge (Pfeiffer, CMR361) with 0.2% uncertainty. The limited
vacuum and vacuum leak rate of the gas cell are 15 Pa and 10~° Pa
» m>/s. All measurements are done at room temperature (approxi-
mately 25 4+ 1 °C).

921" 3998 ppm N,O under 12975 Pa
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Fig. 4. The absolute wavenumber tuning of the laser and the six calibration nitrous oxide
absorption line position.

3. Data retrieval method

The method used for TDLAS signal processing has been described in
detail in [18]. Hereafter, we recapitulate the main points. According to
the Beer-Lambert Law, the transmitted laser intensity I(v) can be
expressed as

1) = Io(v) exp(—a(V)L) = Io(v) exp(—SNe(V)L). (1)

Here Ip(V) is the incident laser intensity at wavenumber v, and ab-
sorption coefficient «(v’) can be expressed as the product of the line
strength S, the number density N and the line-shape function ¢(v). L
is the length of the medium.

Based on the ideal gas equation, the number density N at certain
pressure P and temperature T can be calculated by

_ PToy 2)

N=5T

Here Ny (2.6875 x 10'® molec/cm?) is the number density of ideal
gas at standard pressure Po (1 atm) and temperature Ty (273.15 K).
The line-shape function is a normalized function. Therefore, the inte-
grated absorbance area A can be described as

+oo +eo
A= [ SNew)Ldv=SNL | @)dv = SNL. (3)
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Fig. 3. The nitrous oxide absorption signal and the absorption simulation under the same
condition.
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Fig. 5. Absorbance of 99.95% CS, in 10 cm gas cell at 25 °C and different pressure.
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Fig. 6. An example of the recorded absorption spectrum (dots) and the Voigt fitting (line)
for the CS, spectra lines under different pressures (upper panel). Lower panel shows the
observed minus calculated residual.

On the other hand, considering the effects of both Doppler and colli-
sion broadening, the line-shape function is standard Voigt model,

u oo et
w=c(® / ST 4
@y(& 1) <n i ) )
_/Im2 1 . Avp V—1q
where C = m,gf anA—VD,yf Vv In2 Avp

Here, vy is the center number of the transition, Avp and Av; are the
half-width at half maximum (HWHM) of the Doppler and collision
broadening respectively.

Avp is the function of temperature T, molecular weight M and center
number of the transition v,

_ T
Avp =3.58 x 107 vy /. (5)
M
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Fig. 7. Example of calculation of line intensity for CS, spectra lines.
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Fig. 8. Example of calculation of self-broadening coefficient for CS, spectra lines.

And, in the air, Av; is the sum of air collision broadening and self-
collision broadening, which can be written as

TO Ngjr TO Nself
Avp = Yair (Ptoml_Pself) (T) + yselfpself (T) (6)

with the sample total pressure Py, and the absorbing species partial
pressure Py at the temperature T. g and Y are named as air-
broadening coefficient and self-broadening coefficient respectively.
ngir is the coefficient of temperature dependence of air-broadened
half-width, and n; the coefficient of temperature dependence of self-
broadened half-width, equals to 0.5 for hard sphere assumption.

The absolute wavenumber of the laser is determined by the etalon
and the known nitrous oxide spectral line positions in the HITRAN
[19] to measure the line positions of CS,. A homemade fitting program
based on Levenberg-Marquardt nonlinear least-squares fitting algo-
rithm [18] is used to derive the integrated absorbance area A and the
collision broadening Av;. By measuring and fitting the absorption lines
of pure standard CS; gas in different pressure, line intensity S and self-
broadening coefficient 7ys.r would be linearly regressed based on
Egs. (3) and (6). Then the absorption lines of 1% dry air mixed CS,
gases with different pressures are measured and fitted to calculate air-
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Fig. 9. Another example of the recorded absorption spectrum (dots) and the Voigt fitting
(line) for the relatively weak spectra lines of CS, under different pressures (upper panel).
Lower panel shows the observed minus calculated residual
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broadening coefficient vy, based on Eq. (6), ignoring the deviation
caused by self-collision broadening..

4. Results and discussion

The line positions, intensities, self- and air-broadening coefficients of
CS, fifty-one spectral transitions were studied between 2179 and
2182 cm™ . Theses transitions are listed in Table 1. For line intensity cal-
culation, the spectrums under sixteen pressures from 300 to 3000 Pa are
measured. Eight of them with high pressures are used to calculate self-
broadening coefficients. To determine the air-broadening coefficients of
these lines, another eight spectrums are measured under the pressures
from 900 to 8000 Pa. To the best of our knowledge, the present study is
the first to provide parameters for these CS, lines.

4.1. Laser absolute wavenumber calibration

The relative wavenumber of the QCL laser is easily derived from the
peak and valley positions of the F-P etalon signal, as shown in Fig. 2.
However, besides the lack of absolute wavenumber calibration, the ac-
tual FSR of the etalon also has deviation from designed value,
0.025 cm™ !, because of the divergence between the etalon's optical
axis and the incident beam.

Therefore, by measurement 3998 ppm nitrous oxide absorption
spectrum under 12,975 Pa, six nitrous oxide absorption lines in this
range, which is marked with “O” in Fig. 3, are used for calibrate the ab-
solute wavenumber and the actual FSR in the measurement. The abso-
lute wavenumber of laser at the sample of the fourth absorption line
is calibrated to be 2180.41585 cm ™', which is simulated with HITRAN12
[20] as shown in the inset of Fig. 3. The actual FSR is calibrated to be
0.0242 cm™ ! by minimizing the residuals of the other five line positions,
all of which are less than 0.001 cm™ ™.

The absolute wavenumber of the laser at 40 °C operation tempera-
ture is shown in Fig. 4 by spline interpolating the calibrated F-P etalon
result. The processes of the laser absolute wavenumber calibration for
other operation temperatures are similar.
intensities,

4.2. Line positions, and self-broadening coefficients

measurement

The absorption-free baseline is piecewise fitted with the lowest
pressure absorption spectrum, and subtracted to obtain the absorbance
spectrum under sixteen different pressures. As shown in Fig. 5, there are
four main absorptions in the laser wavenumber tuning range, the absor-
bance of them decrease with the increase of wavenumber. As the signal-

Q T T T T T T
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Fig. 10. An example of the recorded absorption spectrum (dots) and the Voigt fitting (line)
for the normalized 1% CS, mixed sample spectra lines under different pressures (upper
panel). Lower panel shows the observed minus calculated residual.

to-noise ratio increases with the laser's power, the noise of the absor-
bance is much larger near 2181.8 cm™!, the beginning of the laser
tuning range, which causes the impression of absorbance.

All of the absorbance spectrums in Fig. 5 are divided into thirteen
pieces and fitted with Voigt profit under the fixed Doppler broadening,
which is calculated by Eq. (5) assuming the temperature of sample gas
maintain 25 °C, to obtain the line position, integrated absorbance area
and HWHM of collision broadening. Fig. 6 presents representative mea-
sured and fitted absorption spectrums near 2181.3 cm ™" and the resid-
uals between them in eight typical pressures. The positions of three
absorption lines are determined by averaging those sixteen times fitting
results, equal to 2181.2805 cm~!, 2181.3203 cm™! and
2181.3402 cm™'. As shown in Fig. 7, the linear correlation coefficients
between the integrated absorbance areas and the products of the mo-
lecular density and the optical path length are all better than 0.999,
and the line intensities are obtained by regression statistics to be
7.1782 x 102" cm~'/(molec » cm~2) for line at 2181.2805 cm ™!, and
6.3148 x 10722 cm™~!/(molec » cm™2) for line at 2181.3203 cm™ ! and
3.0495 x 10722 cm™!/(molec » cm™2) for line at 2181.3402 cm ™. Sim-
ilarly, the linear correlation coefficients between the gas pressure, from
1318 Pa to 2820 Pa, and the HWHM of collision broadening are also bet-
ter than 0.99 as demonstrated in Fig. 8. The self-broadening coefficients
are 0.0918 cm™~!/atm for line at 2181.2805 cm !, 0.0781 cm ™~ !/atm for
line at 2181.3203 cm~' and 0.0805 cm~'/atm for line at
2181.3402 cm~ . Another example of representative measured and
fitted absorption spectrums is shown in Fig. 9. For the relatively weak
spectral lines of CS,, the residuals between them are less than 0.02. In
an analogous procedure, the line intensities and self-broadening coeffi-
cients of 51 lines from 2179 cm™' to 2182 cm™ ' are measured and sum-
marized in Table 1. The linear correlation coefficients for line strength
and self-broadening summarized in the table are better than 0.995
and 0.99 respectively.

4.3. Air-broadening coefficients measurement

For air-broadening coefficients measurement, the spectrums of
mixed CS, gas (about 1%) are obtained, divided into several pieces and
normalized. By fixing the line strength and Doppler broadening, the
spectrums are fitted with Voigt profit to attain the HWHM of collision
broadening. The measured and fitted spectrums and the residual be-
tween them under eight different pressures near 2181.3 cm™! are pre-
sented in Fig. 10. As the contribution of self-collision broadening is only
1% of the whole collision broadening, the different between the self- and
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Fig. 11. Example of calculation of air-broadening coefficient for CS, spectra lines.
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air-broadening coefficients are neglected. The linear correlation coeffi-
cients between the gas pressure and the HWHM of collision broadening
of the lines in the air are better than 0.99 as demonstrated in Fig. 11. The
air-broadening coefficients are 0.0937 cm™!/atm for line at
2181.2805 cm ™!, 0.0863 cm ™ !/atm for line at 2181.3203 cm ™! and
0.0821 for line at 2181.3402 cm ™. The linear correlation coefficients
of the air-broadening coefficients listed in Table 1 are all better than
0.99.

5. Conclusions

In this work, the positions, intensities, air- and self-broadening coef-
ficients of 51 CS, absorption lines between 2179 and 2182 cm ™! are
carefully investigated based on the quantum cascade laser absorption
spectroscopy. The linear correlation coefficients of the fitting results
are better than 0.995 for line intensities and 0.99 for air- and self-
broadening coefficients. These spectral parameters of the new absorp-
tion lines, which are not yet established in HITRAN, would be useful
for our developing the calibration-free CS, sensor in the near future.
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