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ABSTRACT

A compact optical alignment structure and a novel beam-tracing method were proposed for tunable laser absorption
spectroscopy (TLAS) based gas measurements, in order to minimize sensor size and ease beam alignment procedure. A
near-infrared carbon dioxide (CO,) sensor system was developed based on the alignment structure. A distributed
feedback (DFB) laser centered at 6361.3 cm™ and a multi-pass gas cell (MPGC) with an effective optical path length of
29.8 m were employed. The sensor system was integrated as standalone equipment by customizing an aluminum
baseplate for a stable field operation. A series of experiments were carried out to assess the performance of the sensor
system. A limit of detection (LoD) of ~ 7.1 parts-per-million in volume (ppmv) at a 0.4 s averaging time was obtained,
and the LoD was reduced to ~ 277 parts-per-billion in volume (ppbv) at an optimum averaging time of 153.6 s.
Considering gas mixing times, the rise and fall time were measured to be ~ 290 s and ~ 200 s, respectively.
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1. INTRODUCTION

Natural gas hydrates, regarded as a new type of energy material with great application potentials in the 21th century,
have been explored on the worldwide seafloor” % In recent years, two methods, including marine deep-tow seismic
technique® and spectroscopy-based geochemical detection* were employed to measure gas species escaping from the
seabed for the content analysis of natural gas hydrates. However, these reported techniques cannot achieve both high
accuracy and in situ measurement as required. In addition, the existing techniques usually need large-size and
complicated facilities, increasing the difficulty in gas detection under water. An infrared laser absorption spectroscopy
(LAS) based gas sensing method® is widely used in atmospheric and environmental monitoring, which has a high
accuracy up to the level of parts-per-billion by volume (ppbv) and a non-contact in situ detection performance. A
compact LAS sensor system aiming at new resource exploration is required for the detection of the gas species from a
deep-sea gas-liquid separator using this technique.

Tunable laser absorption spectroscopy (TLAS) in the infrared band®® was widely used for trace gas detection and
has been applied in sensitive gas measurements in a variety of fields, such as, in environmental monitoring®'' and
industrial applications'>"?. A TLAS based gas sensor system'* '* consists of a light source targeting an absorption line of
a specific gas, a gas cell for the interaction between gas molecule and infrared light, and a detector for the transformation
from a lightwave to an electrical signal. Optimum beam alignment structure related to these three components is
important for improving sensor performance. Furthermore sensor size and design complexity are other factors that are
important in establishing the optical path. A near-infrared source produces a laser beam via a pigtail fiber, which can be
connected directly to a cell through a fiber connector. However, for a mid-infrared laser, optical components and a
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proper alignment method are required. Generally, the reported optical structure ™" used a dichroic mirror to combine the

invisible infrared light with a visible laser beam for alignment.

In order to minimize sensor size and facilitate the beam alignment procedure (required for some special application,
e.g. deep-sea gas measurement), a more simple and compact optical structure for TLAS-based in situ gas detection was
proposed and functionally verified. In comparison with the reported structure in'®, the dichroic mirror and the focusing
lens were removed in order to reduce the sensor size and a new near-infrared CO, sensor system was developed. A
distributed feedback (DFB) laser centered at 6361.3 cm™ and a multi-pass gas cell (MPGC)" with an effective optical
path length of 29.8 m were employed. Moreover, the sensor system was integrated as a standalone equipment by
adopting a custom aluminum baseplate for a convenient deployment and stable operation of the sensor. A series of
experiments were carried out to assess the performance of the sensor system, which provides the basis for the further
development of a mid-infrared CO, sensor system with a limit of detection (LoD) of ppbv via the use of a mid-infrared
tunable laser.

2. CO; SENSOR SYSTEM CONFIGURATION

2.1 Folded optical alignment structure

In order to enhance the mechanical stability, an aluminum plate was used to mount the optical sub-system, which
consists of a light source, a gas cell, a photoelectric detector and three reflectors. The MPGC, with a special dense spot
pattern, provides a sealed environment for the interaction between gas molecules and the infrared light. The cell offers a
29.8 m effective optical path length after 215 reflections with a physical size of 20x16x5 cm’. A near-infrared DFB laser
was used as the optical source and two three-dimensionally adjustable mirrors (M1 and M2) were employed to guide the
infrared beam into the MPGC. The output beam was focused onto an In-Ga-As (IGA) detector (Thorlabs, model
PDA10D-EC) using a parabolic mirror (PM, d = 25.4 mm, /= 50.8 mm).

A 635 nm visible laser was used for beam alignment and a novel beam-tracing method was employed. Fig. 1 shows
the optical alignment structure and the red and gray lines represent the infrared and visible beam, respectively. The
MPGC, which is regarded to be the key unit of the optical sub-system, was initially fixed on an aluminum baseplate. The
visible light from the alignment laser entered the MPGC according to a specific position and angle to obtain a mode
pattern shown in the inset by carefully adjusting M2 and the output beam was focused on the IGA by the PM. Once a
correct light path was achieved based on the visible beam, the next step is to align the infrared beam with the visible
beam. For this purpose, the mirror M1 was installed on a 90° flip mount (Thorlabs, model FM90/M), which can
repetitively switch the incident beam between the alignment laser and the DFB laser. Plane mirror (M3) was placed
between M1 and M2 to reflect the incident beam to the direction opposite to the optical sub-system for alignment
observation. Along the reflected optical path by M3, two stably-fixed paperboards were used to mark the spot positions
(S1, S2) by painting two dots which can be considered as a description of the light path of the visible beam. After the
marking process of the visible beam path, the DFB laser was powered on and a thermo-sensitive laser viewing card was
used to observe the spot of the infrared light. In this procedure, the position and reflection angle of M1 were carefully
adjusted to make sure that the infrared spots on M1, M3, S1 and S2 coincide with the visible spots, respectively. By
adjusting M1, the spot positions of these two beams can be observed with high accuracy. A simultaneous monitor on the
IGA output and a slight adjustment of M1 are also needed to obtain a final optical path as described by the red lines in
Fig. 1.

IGA

PM

Figure 1. Diagram of the optical path alignment process employing a novel beam-tracing method.
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2.2 Sensor design

A wavelength modulation spectroscopy (WMS)**? based CO, sensor system was developed based on the compact
folded optical structure. As depicted in Fig. 2(a), the system consists of an electrical and an optical sub-system. In the
electrical part, a laser drive module (Wavelength Electronics, model LDTC0520) including a temperature controller and
a current driver were employed for stabilizing the laser temperature and supplying a laser current. A dual-channel lock-in
module was used to generate a saw-tooth scan signal superimposed by a sinusoid modulation signal for the current driver
and also to extract the 2fsignal from the IGA output signal. Another saw-tooth signal synchronized with the scan signal
generated by the lock-in module was converted to a square-wave signal in order to trigger data sampling. A digital signal
processor (DSP, Texas Instruments, model TMS320F28335) based data acquisition module was used for 2f signal
acquisition. The DSP also delivered the 2f signal, 2f-amplitude and concentration to a laptop for data-record and post
analysis. Furthermore, a compact power supply module with a direct current supply voltage of 24 V was developed for
the whole sensor system. Fig. 2(b) shows the assembled equipment with a physical size of 52x30x27 cm’ including the
optical sub-system on the baseplate and the electrical sub-system. Fig. 2(c) is the top view of the optical path structure
described in Sect. 2.1.

o

Lock-in module

|

|

: Power [ 2f Lock-in ”
1 { supply DSP28335 [% amplifier
= based Trig

[ DAQ ¢ Signal

: o’ generator

! 14\

: E] Temperature| Current

1 controller driver

Figure 2. (a) Schematic of the CO, sensor system including an electrical and an optical sub-system. DFB: distributed
feedback; IGA: InGaAs detector; M: plane mirror; PM: parabolic mirror. (b)Photograph of the integrated sensor system. (c)
Top view of the optical structure.

2.3 Modulation depth optimization of the laser

For CO, concentration measurement, the 6359.96 cm™ absorption line?* ?* was selected and a near-infrared DFB laser

centered at 6361.3 cm™ was used as the light source. To obtain the optimum sensing performance, a gas mixing system
(Environics, series 4000) was used to generate a CO, sample of 4000 parts-per-million by volume (ppmv) by diluting a
standard 1% CO, with pure nitrogen (N,) for modulation depth optimization of the laser. The experiment was conducted
at a pressure of 1 atm. By applying a sinusoidal modulation signal of 5 kHz with different modulation amplitudes, the
obtained 2f signal and its amplitude were recorded. The maximum 2f signal amplitude was achieved when the
modulation depth was 0.31 cm™', corresponding to a modulation amplitude of 0.45 V, as depicted in Fig. 3.
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Figure 3. The 2f signal amplitude and modulation depth as a function of the modulation amplitude for a 4000 ppmv CO,
sample.

3. EXPERIMENT AND RESULTS

3.1 Sensor calibration

A saw-tooth signal with a voltage range of 2 — 3.8 V and a frequency of 10 Hz superimposed by a 5 kHz sinusoidal
modulation signal with an amplitude of 0.45 V was applied on the DFB laser. A gas mixing system was used to generate
six CO, samples with a concentration range of 0 — 5000 ppmv. At each concentration level, the measured 2f signal
amplitude were recorded for 5 minutes’ intervals, as shown in Fig. 4(a). Then, the 2f-amplitude of each concentration
were averaged and plotted as a function of the theoretical concentration value. As depicted in Fig. 4(b), by a linear data-
fitting, an equation between the 2f-amplitude (i.e. max(2/)) and the gas concentration (C) was obtained

C =1520.41196 max(2/)-14.03115 (D
Using the measured 2f~amplitude, the CO, concentration can be determined based on Eq. (1).
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Figure 4. (a) Measured curves of the 2f/~amplitudes versus calibration time for the 0, 1000, 2000, 3000, 4000, 5000 ppmv
CO, samples. (b) Measured data dots and fitting curve of the CO, concentration versus 2f~amplitude.

3.2 Stability

The stability of the sensor system was tested by injecting N2 into the MPGC to eliminate the influence of the fluctuation
of the gas concentration brought by the gas mixing system. An experiment lasting ~ 30 min was performed and the
measured CO, concentration with a data sampling period of 0.4 s was recorded. An Allan deviation analysis was
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employed to characterize the stability and the limit of detection (LoD). Fig. 5 exhibits the time series of the measured
concentration levels and the Allan deviation versus the averaging time 7. An LoD of ~ 7.1 ppmv for a 0.4 s averaging
time was achieved and an optimum averaging time of 153.6 s corresponding to a LoD of ~ 277 ppbv was observed. The
red line proportional to 1/sqrt(z) expresses the theoretical performance of a system impacted by White-Gaussian noise
only.
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Figure 5. Measured concentration of a 0 ppmv CO, sample and the Allan deviation analysis of the sensor system.
3.3 Response time

A continuous dynamic measurement was performed for ~ 25 min to determine the response behavior of the sensor
system. The gas mixing system was used to produce three CO, samples whose concentration levels were 1300, 4000,
2200 ppmv, respectively. Fig. 6 shows the measured concentration results when the concentration level was increased
from 1300 to 4000 ppmv and then was decreased to 2200 ppmv. Every gas sample was measured for ~ 5 min after the
sensor reading was stable. During the test, the total flow rate of the sensor system was 130 mL/min. The MPGC has a
volume of ~ 340 mL and was connected with the outlet of the gas mixing system by a pipe line with a volume of ~ 80
mL. Hence, the gas flow time was ~ 3 min. In addition, the gas preparation time of the mixing system to obtain a stable
concentration should also be considered. According to the experimental results in Fig. 6, the rise time was measured to
be ~ 290 s and fall time was ~ 200 s without excluding the gas mixing time.
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Figure 6. Response time measurements by switching gas samples with different concentration levels using the gas mixing
system.
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3.4 Deployment of the sensor system

Another four gas cylinders with a standard CO2 concentration level of 1500, 2500, 3500, 4500 ppmv were used to verify
the detection performance and the linearity of the sensor system. Each gas sample was measured for ~ 5 min. For each
group of measurement data, the averaged value was plotted versus the actual concentration of the sample with error bar
as depicted in Fig. 7(a). The red line in the Fig. 7 (a) represented by y = x indicates that the detection results of these gas
samples had a good linearity.

A detection of human breath gas analysis was performed to observe the sensor behavior. An oil-free vacuum pump
(KNF Neuberger Inc., Model N816.3KN.18) was employed to pump the human breath from the inlet of the MPGC. The
response of the sensor system was recorded and exhibited in Fig. 7(b). Each peak represents a human breath. The two
blue dash lines represent the maximum CO2 concentration and the minimum concentration, respectively. The CO2
concentration in the indoor atmosphere was ~ 400 ppmv according to the baseline of the data. The concentration of the
breath CO2 gas was ~ 5.9%. Also, by analyzing the detailed data recorded during a concentration change, the rise and
fall time were determined to be ~ 10 s excluding the gas mixing time.
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Figure 7. Deployment of the CO, sensor system. (a) Measured CO, concentration of four gas samples versus the theoretical
concentration of 1500, 2500, 3500, 4500 ppmv. (b) Measured CO, concentration by pumping human breath gas into the cell.

4. CONCLUSIONS

We reported the development of a compact folded optical alignment structure, which can be employed in both near and
mid-infrared gas detection based on TLAS. The established optical path is suitable for a sensor system using an MPGC
without a fiber coupler for light injection. Based on this structure, a CO, sensor system consisting of a DFB laser, an
IGA detector and a MPGC with a 29.8 m optical path length was developed. All the components of both the optical sub-
system and the electrical sub-system were assembled into a standalone system for deployment. The DFB laser was
operated to target a CO, absorption line located at 6359.96 cm™. Sensor calibration within a concentration range of 0 —
5000 ppmv was performed and a series of experiments were carried out to assess the performance of the system. Based
on an Allan deviation analysis, a LoD of ~7.1 ppmv at a 0.4 s averaging time was obtained and at an optimum averaging
time of 153.6 s, the LoD was reduced to ~ 277 ppbv. The rise and fall time at a dynamic operation were measured to be ~
290 s and ~ 200 s, respectively, including the gas preparation time of the gas mixing system.
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