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Abstract. Earth’s atmosphere is a mixture of many gases which include pollutants such as SO-,
NO;, NO, and O3 that have absorption in the ultraviolet (UV) wavelength region. Therefore,
the development of broadband UV laser sources that are useful in a differential absorption spec-
troscopy (DOAS) system for environmental research is necessary. In this research, we present the
DOAS system using the Ce:LiCAF laser for determining SO, gas concentration in the atmosphere.
The Ce:LiCAF laser has a full width at half maximum of 2 nm with a wavelength range from 286
to 291 nm and a peak wavelength of 288.5 nm. The results show that the DOAS system accurately
determines the gas concentration with a measurement error of 6%. This result can serve as the
basis for developing practical DOAS systems with the ability to monitor a wide range of gasses
and survey many other types of pollutants.
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1. Introduction

Earth’s atmosphere is a layer of gases, which is composed of about 78% nitrogen and 21%
oxygen. Although ozone (O3), carbon dioxide (CO,), nitrous oxide (NO), chlorofluorocarbon
(CFC), and sulfur dioxide (SO») only account for a small proportion of the atmospheric composi-
tion, the presence of these gases are concerning because their distribution, properties, and fluctua-
tions greatly impact life on earth. Among these gases, SO; is a pollutant gas and a major threat to
the health of humans and animals. SO; irritates the skin, eye membranes, nose, and throat. This
gas can also combine with other substances and can change into small particles that go deep into
the lungs and cause respiratory diseases. The natural source of SO, emissions is volcanic activity,
but 99% of the SO, in the atmosphere comes from human activities such as burning coal, oil, and
gas to make electricity and heat [1-4].

Research on SO, gas in the atmosphere can utilize differential absorption spectroscopy
(DOAS), which is an advanced remote sensing technique that allows the identification and deter-
mination of the concentration of gases by measuring the narrowband absorption [5]. The DOAS
technique has been demonstrated to study many atmospheric gases with large survey distances
of up to 15 km, ppb-level accuracy, and low cost [4,6-8]. A DOAS system is composed of a
broadband radiation source and a spectrometer, and also includes optical devices responsible for
transmitting and receiving radiation after passing through the atmosphere. The choice of radiation
source depends on the absorption characteristics of the gas, sunlight, scattered light from the sun
or xenon lamps with a wide emission spectrum.

Recently, the development of ultraviolet laser sources for DOAS systems has been carried
out. By frequency conversion of dye lasers emitting in the visible region, ultraviolet laser radiation
operating in the wavelength range of 224-229 nm has been used to determine NO gas concentration
[9]. Meanwhile, a lidar system using wavelengths of 282.9 nm and 286.4 have been used to
determine the structure in the vertical direction of ozone [10]. However, the small output energy
and dependence on the nonlinear crystal limits the scope of the investigation. DOAS systems
that apply sources from the sunlight or xenon lamps for research on SO, gas have also been
implemented. However, these light sources have limitations such as low power or high divergence
[11,12].

Figure 1 shows the characteristic absorption spectrum of SO, gas. SO, gas strongly ab-
sorbs in the wavelength range of 280 to 320 nm with spectral peaks located close to each other.
Therefore, developing UV laser sources with a wavelength range of 280 to 300 nm for DOAS
systems is necessary to investigate SO, gas in the atmosphere [5,13]. Recent work has shown that
Ce3*:LiCaAlFs (Ce:LiCAF) laser is a UV solid-state laser source with many advantages such as
broad emission bandwidth from 280 to 320 nm [14—16] and high conversion efficiency (up to 46%)
when pumped by the fourth harmonics of a Nd:YAG (266 nm) or Nd:YLF (262 nm) laser [17].
The application of this Ce:LiCAF laser to study the distribution and density of O3 in the atmo-
sphere has also been carried out [18]. In Vietnam, a Ce:LiCAF laser emits UV and broadband
radiation by using the Fabry-Perot resonator configuration has developed [19]. However, the low
output laser energy has limited the application of the source.

In this report, a differential absorption spectroscopy (DOAS) system has been presented
using the Ce:LiCAF ultraviolet laser. We developed an ultraviolet broadband amplifier using
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Ce:LiCAF crystal. Furthermore, this amplified Ce:LiCAF laser radiation has been applied to the
DOAS system to determine the SO, gas concentration.
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Fig. 1. Absorption cross section of SO, gas in the ultraviolet region [5].

2. The 4-pass amplifier system of UV laser pulses using Ce:LiCAF crystal

The 4-pass amplifier of broadband UV laser pulses using Ce:LiCAF crystal is shown in
Fig. 2. A seed pulse having power of 7 mW, 3 ns pulse duration and full width at half maximum
(FWHM) of 2 nm with a peak spectrum at 288.5 nm. The pumping source is the fourth harmonics
(266 nm) of a Q-switched Nd:YAG laser operating at 10 Hz repetition rate and 7 ns pulse duration
and a pump laser power of 160 mW.

The amplifier has an output power of up to 54 mW, corresponding to an amplification factor
of 8. The output spectrum has a FWHM of 2 nm, a wavelength range from 286 to 291 nm, and
a peak of 288.5 nm (Fig. 3a). The output pulse duration is 3.1 ns as shown in Fig. 3b. This laser
amplifier is applied for a DOAS system to determine the concentration of pollutant gases, which
have absorption spectrum in the range of 286 to 291 nm.
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Fig. 2. (a) Schematic diagram and (b) experimental system of the 4-pass amplifier using

a Ce:LiCAF crystal.
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Fig. 3. (a) Pulse and (b) spectrum of output laser.

3. Measurement of SO, gas density using differential optical absorption spectroscopy

Before developing the DOAS system and researching gases in the atmosphere, it is nec-
essary to evaluate the performance of DOAS at a laboratory scale. Therefore, the DOAS us-
ing Ce:LiCAF laser has been developed, the DOAS schematic diagram and experimental system
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shown in Fig. 4. The structure of the DOAS can be divided into three main parts, namely: (1)
excitation laser, (2) air chambers, and (3) signal reception and data processing system.
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Fig. 4. (a) DOAS schematic diagram and (b) experimental system for measuring actual
SO, gas concentration.

Excitation laser: The laser system has been developed and reported in Sec. 2 [20]. To in-
crease the absorption of SO, gas, the laser beam will be guided through the chambers twice by
aluminum-plated mirrors R; and R, with a high reflection coefficient of over 90% in the wave-
length range 280 to 320 nm.
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Air chambers: The air chambers have a length of 0.5 m and diameter 0.06 m. Two windows
made of quartz allow UV radiation to pass through. Two pump valves (S{, S») and two exhaust
valves (S3, S4) are responsible for continuously pumping and releasing gas in the chambers.

Signal reception and data processing system: Laser signals via fiber optic cable are guided
to a spectrometer (Avaspec-HSC 1024 x 5S§TEC-EVO) with an operating wavelength range from
200 nm to 385 nm and a resolution of 0.6 nm. After that, the spectral data is processed on the
computer using Q-DOAS software and gives results on the density of the gas contained in the
chambers.

To evaluate the performance of the DOAS, the standard SO, gas with a concentration of 100
ppm £2% (supplied by Messer Co., Ltd-Ha) was introduced into the chamber. The gas flow rate is
kept constant at 3 L/min to maintain the gas concentration at 100 ppm. The spectral characteristics
of the Ce:LiCAF laser when passing through the air chamber will be recorded by the spectrometer
two times. The first time, the air chamber does not contain SO, gas. The second time, the air
chamber is filled with SO, gas, then the laser beam will be partially absorbed by SO, gas. The
laser spectrum characteristics of the two recordings are shown in Fig. 5.
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Fig. 5. Laser spectra were obtained in two cases when the chamber without SO, gas and
the chamber contain SO, gas.

The experiment was performed 10 times, the spectral data were processed with Q-DOAS
software. The measured gas concentration result is 100 ppm with a measurement error of 6%,
which includes a error of DOAS system and standard gas. Besides, the SO, gas concentration is
also calculated using the Beer-Lambda equation [21]:

Tout(A) = In(A).exp (—Guvs (A)NL)
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where, Iin, I,y are the spectral intensity before and after passing through the air chambers, respec-
tively. oOyps 1s absorption cross section of SO;, N is the SO, gas concentration, L is a distance
traveled by the laser beam in SO, gas. Survey results at the wavelength of 288.5 nm show that
the gas concentration determined by the Beer-Lambda law is 101 ppm with an error of 2%. This
result shows good agreement between data processing using Q-DOAS software and Beer-Lambla
law. The achieved results demonstrate the possibility to apply the DOAS using a Ce:LiCAF laser
for investigating SO, gas concentrations. This is also a contribution to build a practical DOAS for
large-scale observations and surveys of many different types of polluted gases.

4. Conclusions

A DOAS using Ce:LiCAF laser has been developed on a laboratory scale to determine SO,
gas concentration. The Ce:LiCAF laser has output power up to 54 mW, the full-width at half
maximum of 2 nm, and the wavelength peak of 288.5 nm. The results of measuring standard SO,
gas concentration show that the DOAS is capable of accurately measuring SO, with an error of
6%. The achieved results have opened up research on applying Ce:LiCAF UV lasers to DOAS
systems to research and identify or determine the concentration of gases in the atmosphere.
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