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Double-range near-infrared acetylene
detection using a dual spot-ring Herriott cell
(DSR-HC)
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Abstract: Design and fabrication of a dual spot-ring Herriott cell (DSR-HC) were proposed.
The sealed Herriott cell with a dimensional size of 5.5 cm % 9.2 cm % 32.1 cm, possessed two
input/output coupling holes leading to two absorption path lengths of ~20 m and ~6 m,
respectively. An acetylene (C,H;) sensor system with a double-range was developed using the
DSR-HC and wavelength modulation spectroscopy (WMS) technique. A near-infrared
distributed feedback (DFB) laser was employed for targeting a C,H, absorption line at 6521.2
cm™'. C,H, concentration measurements were carried out by modulating the laser at a 5 kHz
frequency and demodulating the detector signal with LabVIEW software. An Allan-Werle
deviation analysis indicated that the limit of detection (LoD) for the two absorption path
lengths of 20 m and 6 m are 7.9 parts-per-million in volume (ppmv) and 4.0 ppmv,
respectively. The DSR-HC concept can be used to fabricate similar cells for single-gas
detection requiring two different detection ranges as well as for dual-gas detection requiring
different absorption path lengths.
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1. Introduction

Acetylene (C,H,) is colorless, inflammable and explosive at ambient temperature and
pressure and is widely used in the industrial field as a fuel and a basic raw material in organic
synthesis. Accurate measurement and monitoring on C,H, in the industrial field is therefore
extremely important for assuring a high quality of raw petrochemical materials and products
[1-4]. Tunable laser absorption spectroscopy (TDLAS) has been widely used in trace gas
detection because of its non-intrusive, sensitive and selective sensing characteristics [5—7].
For example, based on TDLAS technique, both near- and mid-infrared sensor systems were
proposed for C,H, detection using a 76 m long-path absorption cell (AMAC-76, Aerodyne
Research Inc) [8] and a 15 cm gas absorption cell [9].

A multi-pass gas cell [10] and a high-fineness cavity [11] are two kinds of gas absorption
approaches for enhancing sensitivity based on different principles, which are widely used in
TDLAS based gas sensor systems. A multi-pass cell realized by symmetric spherical mirrors
in a Herriott cell configuration is commonly used for trace-gas detection [12—14], in Raman
spectroscopy [15-16] and atmospheric in situ instrumentation [17—19]. There are many types
of ray-trace optical models that can result in multiple reflections such as the Herriott White or
Chernin cell. The Herriott cell was proposed by D.R. Herriott [20-21] in 1964. The cell
consisted of two equal and coaxial mirrors, and the distribution of spots and reentrant
condition were discussed in [20, 21]. In 1981, J. Altmann established that the beam exited a
Herriott cell with a fixed direction regardless of the path length and that the angular alignment
of the mirrors and spacing are not critical [22]. In 1995, McManus [23] reported that the
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distribution of spots using mirrors with different radii with an effective adjustability by
rotating the mirror. In 2007, G.S. Engel derived the design equations for exact solutions to the
Herriott cell problem of approximate dimensions and imperfect patterns [24]. C.G. Tarsitano
presented a four-channel Herriott cell configuration for a specific application as the sample
cell of a tunable laser spectrometer instrument [25]. The current development trend of a
Herriott cell is to change its mode pattern from a single-ring to multi-rings and to change the
structure from a two-dimensional plane to a three-dimensional space.

The detection range and sensitivity are the critical parameters of an infrared spectroscopic
gas sensor. The detection range of a gas sensor with a certain absorption path length is usually
limited to 2-3 orders of magnitude in concentration levels. For example, a ppb level gas
sensor cannot detect a gas concentration level of a few hundred parts-per-million in volume
(ppmv) or higher because of a too strong gas absorption. For a highly-sensitive sensor, a
target gas with a relatively high concentration has to be diluted before measurement, which
limits the application of a gas sensor. In order to address this problem, modeling and a new
design of a dual spot-ring Herriott cell (DSR-HC) is proposed, which has two independent
entrance holes leading to two different absorption path lengths. The Herriott cell was
fabricated and sealed based on the design parameters and C,H, detection experiments were
carried out to validate the DSR-HC performance. The proposed Herriott cell model can also
be used to fabricate similar cells with different dual absorption lengths. Besides the detection
of one single gas species with two different detection ranges, such a gas cell can also be
adopted in dual-gas detection requiring different absorption lengths for a specific sensitivity.

2. Design of the DSR-HC
2.1. DSR-HC model and simulation

A generic model of a DSR-HC was developed based on MATLAB and shown in Fig. 1(a).
There are two entrance-holes (EH1, EH2) on mirror A and two rays enter and emit the DSR-
HC through the same entrance hole, respectively. In this way, two light paths were obtained.
Generally, the size of a Herriott cell is determined by the actual requirements, including the
distance between the mirrors and the mirror radius. The number of reflections can be
increased to obtain a relative long light path. There are two ways to increase the number of
reflections. Firstly, the size of the exit hole should be small in order to minimize the output of
reflected ray from the cell; Secondly, the distribution of the reflected spots should be close to
the edge of the mirror in order to accommodate more reflected spots. However, more
reflections mean more attenuation of the light intensity due to the limited mirror reflectivity,
which decreases the signal-noise ratio (SNR).

A large number of reflections will increase reflected spots density on the mirrors. When a
reflected spot is near the entrance hole with a relatively large radius, there is a possibility that
part of light leak from the cell through the entrance hole and reach the detector during the
reflections. In this case, the measured light path is equal to the light path corresponding to the
reflection order of the leaked spot, thereby causing an error between the measured light path
and the designed light path. Therefore, the shape of the spots distribution must be adjustable
and the radius of the incident spot has to be limited to avoid light leakage.

As shown in Fig. 1(b), the direction vector of the incident ray was normalized to (1, v, w).
The spot distributions in different colors correspond to different values of v, where w =
0.0379. The elliptical outline of the spots distribution rotates forward as v increases. There is
a special position (marked with red dots) where the short axis of the fitting ellipse is parallel
to the x-axis and the long axis of the fitting ellipse is parallel to the y-axis. As shown in Fig.
1(c), the spot distributions in different colors corresponded to different values of w, where v =
—0.0454. The elliptical outline of the spots distribution stretches along the y-axis as w
increases and there is a special position (marked with red dots) where a round spot
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distribution is obtained. Thus, round spot distributions can be obtained by adjusting the
incident direction vector.
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Fig. 1. (a) A generic model of a dual spot-ring Herriott cell (DSR-HC) with two entrance-holes
(EH1, EH2) on mirror A and two rays enter and emit the DSR-HC through the same entrance
hole, respectively. (b) Spot distributions on mirror A for different values of the parameter v in
the direction vector (1, v, w) of the incident ray. (c) Spot distributions for different values of
the parameter w in the direction vector (1, v, w) of the incident ray.

2.2. Development of a DSR-HC

Figure 2(a) shows the photograph of the fabricated DSR-HC with a size of 5.5 cm % 9.2 cm X
32.1 cm. A tilted window was used to avoid interference fringes. Mirror A and mirror B were
placed facing each other. Two incident rays enter the cell through the coupling holes on
mirror A and exit the cell from the same holes after a certain number of reflections between
the mirrors. A gas inlet and outlet were located in front and in the rear of the cell,
respectively. A sealing ring was placed on top of the cell. Furthermore, the cell could be
sealed when the sealing ring is squeezed to deform as result of the pressure from the lid.

As shown in Fig. 2(b), there are two entrance holes (EH1 & EH2) for the two incident
rays on mirror A. The directions of the two incident rays are set to obtain two round spot
distributions. The number near the reflected dot marks the reflection order. The even numbers
are on mirror A and the odd numbers are on mirror B. For each spot ring, the center of the
incident spot is at the center of the entrance hole and the center of the emitting spot is marked
with ¢ + °. The total reflection number is 50, where the 0™ reflected spot is the incident dot
and the 50™ reflected dot is the emitting spot. The outer spot-ring (marked with red spots)
corresponds to a longer light path, and in this case the radius of the incident spot is adjusted to
be small to ensure that there is no light leakage and emitted light blocking. The long light path
is calculated to be 19.78 m by the following equation

L=ﬁ:\/|:(xi+l_xi)2+(yi+1_yi)2+(Z,‘+1_Z,-)2] (1)

where (x;, y;, z;) is the coordinate of the reflection point, and N is the total reflection number.
The inner spot-ring (marked with green spots) corresponds to a shorter light path. In this

case, there is an overlap between the 22" reflected spot and the entrance hole (EH2), so

partial light within the 22™ reflected spot will emit from the entrance hole (EH2) and reach
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the detector in advance. The residual light has to complete an additional 28 reflections before
reaching the detector. So the light reaching the detector consists of 2 components including
the leaked light with only 22 reflections and the light with 50 reflections. As the light
intensity in the reflected spot obeys a Gaussian distribution, the intensity of the leaked light is
the integral within the leaked area. The equivalent light path corresponding to the inner spot-
ring is calculated by Eq. (2)

L=- ! In[kexp(-S@PyL)+(1—k)exp(-SpPyL,)] )
-SoPy

where S is the absorption line intensity, ¢ is the line shape function, P is the gas pressure, y is
the test gas volume ratio, & is the ratio between the leaked intensity and the total intensity, and
Ly and L, are the optical light path length corresponding to the 22 and 50 reflections,
respectively. The inner ring possesses a path length of 6.12 m. By using a trace laser, Fig. 2(c)
shows the measured spot distribution on mirror A, which is consistent with the results shown
in Fig. 2(b).
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Fig. 2. (a) Photograph of the fabricated DSR-HC with a dimension size of 5.5 cm % 9.2 cm %
32.1 cm. (b) Simulated spot distribution on mirror A, where two entrance holes (EH1 & EH2)
for the two incident rays were on mirror A. (c) Observed spot distribution on mirror A.

2.3. Absorption path length determination of the DSR-HC

A saw-tooth wave signal with a frequency of 5 Hz was used to modulate the current of the
DFB laser. A C,H, sample with a concentration level of 1000 ppmv was used to rinsing the
cell. As shown in Fig. 3(a), the maximum absorption of the detector’s response occurred at
53.09 ms and the corresponding voltage (¥;) was 1.18 V. The red line was the fitted
background signal. The non-absorption voltage (7>) on the red line was 1.3 V at a time of
53.09 ms. As the detector had an inherent bias voltage (Vogrser) which was equal to 0.65 V,
the absorbance () can be calculated from Eq. (3)

o ==In((V; =Vorrser )| Vi =Vorrser ) Q)

Therefore, the absorbance using the inner spots circle was 0.204, corresponding to a light path
of 6 m as compared to the simulation result on the SpectraPlot website [26]. In Fig. 3(b), the
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outer circle of the reflected spots was used. As the size of the pinhole became smaller, the
amplitude of the signal decreased along with the reduction of the light intensity reaching the
detector. According to Eq. (3), the absorption using the outer spots circle was 0.663, resulting
in a light path of 20 m. Consequently, two light paths of 6 m and 20 m were obtained in one
cell, which were close to the simulated lengths of 6.12 m and 19.78 m.

21 0.74
(a) using the inner circle of the reflected spots (b) using the outer circle of the refelcted spots
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Fig. 3. Measured C,H, absorption signal (black curve) with the reported DSR-HC at a
concentration level of 1000 ppmv, (a) using the inner spot ring, and (b) using the outer spot
ring. The red curve shows the background fitting signal.
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Fig. 4. Double-range C,H, sensor structure using the developed DSR-HC, including an
electrical system, an optical system as well as a gas sampling system.

3. C;H; Sensor design using the DSR-HC

3.1. Sensor configuration

1
L } 1 M,

Trace laser ‘ I

The C,H, sensor structure is depicted in Fig. 4, including the electrical, the optical and a gas
sampling system. The electrical system consists of a laptop, a data acquisition (DAQ) card
(Model USB-6211, National Instrument, USA) and an integrated laser current driver and
temperature controller (LDTC0520, Wavelength, USA). The temperature of the DFB laser
was set to 23.8 °C. A scan and modulation signal (5 Hz triangular-wave plus a 5 kHz sine-
wave) were generated by the LabVIEW controlled DAQ card to drive the DFB laser. The
signals from the two detectors (PDA10, Thorlabs, USA) were sent to the DAQ for data
acquisition triggered by the signal generation module of the DAQ.

In the optical system, the light from the DFB laser is collimated by lens 1 (L), and
combined with the light from the trace laser on a beam splitter (BS). Pinholes (PH,, PH,)
were used to adjust the size of each incident spot. Beam 1 was reflected by mirror 2 (M,) and
beam 2 was reflected by mirrors 1 (M) and mirror 3 (M;). The two beams were injected into
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the DSR-HC through two entrance holes on mirror A. The exit beams from the cell were
reflected by mirror 4 and 5 (M,, Ms), and focused on two detectors (D;, D,) through lens 2, 3
(L, L3), respectively.

In the gas sampling system, nitrogen (N,) was used as the carrier gas to mix with C;H, to
obtain gas samples with different concentration levels through a gas mixing system (Series

4000, Environics, USA).
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Fig. 5. HITRAN based absorption spectra of C;H, (10 ppmv) and H,O (2%) in a narrow
spectral range from 6520.4 cm™ to 6522 cm™ at a pressure of 760 Torr and an absorption path
length of 100 cm. C,H, and H,O lines are shown in black and blue, respectively. The red
number is the driving current required to obtain a corresponding wavenumber marked by
round dot.

3.2. CoH, line selection

The selection of the optimum target C,H, absorption line was carried out by a comprehensive
survey of the HITRAN database. The C,H, molecule has an overtone vibrational band near
1.53 pm. Figure 5 shows that the transmission spectra of 10 ppmv C,H, and 2% water vapor
(H,0) in the spectral region from 6520.4 to 6522 cm™'. The simulated emission conditions
were at a gas pressure of 760 Torr, a temperature of 300 K and an optical path length of 100
cm. The C,H, absorption at 6521.2 cm™ is found to be free from H,O interference due to a
small water vapor absorption. When the temperature of the DFB laser was set to 23.8 °C, the
driving currents corresponding to the wavenumbers are marked by round dots on the
absorption curve, which was measured with a Fourier Transform Infrared Spectrometer
(FTIR, Thermo Fisher Scientific, model Nicolet Is50 FT-IR).The scan range of the driving
current was set to 38—96 mA, corresponding to a wavenumber range of 6520.4—6522 cm™".

3.3. Modulation depth optimization

In order to optimize the detection sensitivity of the C,H, sensor system, an appropriate choice
of the modulation amplitude was required to maximize the 2f signal amplitude. The optimum
modulation depth is 2.2 times of the half width at half maximum (HWHM) of the absorption
line [27], which was ~0.187 cm™. This requires an amplitude of the modulation current of 7.8
mA according to the relationship between the laser driving current and the laser emission
wavenumber (0.024 cm™'/mA). Then the theoretical amplitude of the modulation signal was
calculated to be 31 mV based on the I/V relation of the laser driver (3.977 mA/V). The
amplitudes of the C,H, 2f-signals were recorded for different modulation amplitudes as
plotted in Fig. 6, where the C,H, concentration level was 1000 ppmv. The 2f signal amplitude
continues to increase with the modulation amplitude without finding the maximum value.
Considering the allowed maximum laser driving current and the maximum modulation
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current (should be smaller than the scan current), a modulation amplitude of 40 mV was

selected.

0.0200 0.40
P
- COad

0.0175 F Modulation 1035 —
; | Amplitude 1 ‘E
€ g.0150 - e e 1002
o O Theoretical - 1 <
'g L Amplitude /@)/l/ —40.25 %
£ o.0125} Ermv) = 1 =
£ _m 40.20 2
< i o, B
S 0.0100 - | 3
g 40.15 8
2 . =
% 0.0075 | 40.10

0.0050 Lt L ’ — 0.05

1 1 1
15 20 25 30 35 40 45 50
Modulation Amplitude (mV)

Fig. 6. Modulation depth and the C,H, 2f-signal amplitude as a function of the modulation
amplitude of the sinewave signal.

4. C,H, sensor performances with a DSR-HC
4.1. Experimental details

For targeting the C,H, absorption line at 6521.2 c¢m™', the DFB laser drive current and
temperature were set to 67 mA and 23.8 °C, respectively. The scan signal was a triangular
signal with a frequency of 5 Hz and a peak-to-peak amplitude of 0.26 V. The sine-wave
modulation signal possessed a frequency of 5 kHz and a peak-to-peak amplitude of 40 mV.
The sampling rate of the ADC module in the DAQ card was set to 100 kHz, resulting in
20,000 data points per triangular period. Sync sampling was realized by using the scan signal
of the laser as a trigger signal. Data sampling and processing were realized on a LabVIEW
based platform.

4.2. Sensor performances with the 20 m cell configuration
4.2.1 Calibration and data-fitting

The outer spot ring corresponding to a long light path (20 m) was used for the calibration of
low-concentration C,H, measurements. The C,H, gas samples in the range of 10 to100 ppmv
in steps of 10 ppmv concentration levels were prepared using the gas mixing system. The 2f
signal was acquired, by means of a lock-in amplifier program based on LabVIEW. The 2f
amplitude was recorded for ~5 min for each C,H,concentration level, as shown in Fig. 7(a).
The measured amplitude for each concentration was averaged and plotted as a function of
C,H, concentration, as shown in Fig. 7(b). A linear relation was observed between the 2f
amplitude (2f~amp) and the concentration (C), given by:

C =0.6382x2f —amp—12319 4

The fitting curve indicates a linear relationship (R-square value: 98.87%) between the 2f
amplitude and C,H, concentration.
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Fig. 7. (a) Measured 2f signal amplitude versus calibration time ¢ for different C,H,
concentration levels ranging from 10 to 100 ppmv. (b) Experimental data dots and fitting curve
of C,H, concentration versus the 2f'signal amplitude.

4.2.2 Sensor stability

The noise level of the C,H, sensor system was determined by passing pure N, into the gas cell
and the subsequent monitoring of the 2f signal. The absorbance was transformed to C,H,
concentration levels based on their relationship shown in Eq. (4). Measurements of the C,H,
sample with zero concentration were performed over a time period of ~2 hours with a
sampling interval of 2 s as shown in Fig. 8. In Fig. 8(a), the total variation range of the
measured concentration is ~—8 to —18 ppmv for a 2 hours’ observation time. In Fig. 8(b), the
Allan deviation was plotted on a log-log scale versus the averaging time, . The plot indicates
a measurement precision of ~4.0 ppmv with a ~2 s averaging time. A measurement precision
of ~0.5 ppmv with a ~100 s averaging time was obtained. The variation trend of the Allan
plot indicates a White—Gaussian noise dominated sensor operation.
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Fig. 8. (a) C,H, concentration measurements of the sample with zero concentration for a time
period of ~2 hours using the long light path. (b) Allan deviation plot of the C,H, sensor with a
sampling interval of 2 s based on the data shown in Fig. 8(a).

4.3. Sensor performances with a 6 m cell configuration
4.3.1 Calibration and data-fitting

The inner spot ring corresponding to a short light path (6 m) was used in the calibration
experiment for high-concentration C,H, measurements. The C,H, gas samples in the range of
100 to1000 ppmv with concentration levels in steps of 100 ppmv were prepared. Taking the
same sampling and data processing procedures used in Section 4.2, the measured 2f amplitude
versus calibration time for different C,H, concentration levels within the 100-1000 ppmv
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range is shown in Fig. 9(a). The averaged measured 2/ amplitude for each concentration is
plotted in Fig. 9(b) with a linear relation given by:

C =104.062x2 f —amp — 24.452 )

The fitting curve indicates a good linear relationship (R-square value: 99.85%) between the 2f
amplitude and the C,H, concentration levels.
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Fig. 9. (a) Measured 2f amplitude versus calibration time t for different C,H, concentration
levels within 100-1000 ppmv. (b) Experimental data dots and fitting curve of C,H,
concentration versus the 2f'signal amplitude.
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Fig. 10. (a) C,H, concentration measurements of the sample with zero concentration over a
time period of ~2 hours using the short light path. (b) Allan deviation plot of the C,H, sensor
with a sampling interval of 2 s based on the data shown in Fig. 10 (b).

4.3.2 Sensor stability

Similarly, C,H, concentration measurements of the sample with zero concentration were
performed over a time period of ~2 hours with a sampling interval of 2 s. As shown in Fig.
10(a), the total variation range of the measured concentration is ~—40-39 ppmv. As shown by
the Allan deviation plot in Fig. 10(b), the result indicates a measurement precision of ~7.9
ppmv with a ~2 s averaging time and a measurement precision of ~0.7 ppmv with a ~300 s
averaging time.

4.4 Comparison

The simulated absorbance is shown in Table 1 based on the HITRAN database, according to
the experimental conditions, i.e., a temperature of 300 K and a pressure of 760 Torr. Using
the outer spots circle with a 20 m light path length, the achieved absorbance is 0.0026 when
the 1o limit of detection (LoD) is 4.0 ppmv. Using the inner spots circle with a 6 m light path
length, the absorbance is 0.0016 when the 1o LoD is 7.9 ppmv. As the theoretical detection
limit of the absorbance based on the tunable diode laser absorption spectroscopy (TDLAS)
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technology is ~0.001, the measured absorbance is close to the theoretical limit which
illustrates good performance of the C,H, sensor system.

Table 1. Simulated absorbance corresponding to 20 m and 6 m absorption path length
when the temperature is set to 300K and the pressure is set to 760 Torr.

Absorption path length (m) 1o LoD (ppmv) Absorbance
20 4.0 0.0026
6 7.9 0.0016

If a long absorption path is required, more reflections are required in the cell, which
causes a greater loss of the received light intensity due to the limited reflectivity of the mirror
compared with the case using a short absorption path. The quantization noise cannot be
ignored when the detector signal is in pV level range, which is close to the ADC resolution of
the DAQ card when a 20 m light path was used. As the detector signal is at the mV level
when a 6 m light path was used, the signal-to-noise ratio (SNR) with a short light path is
higher than that with a long light path, which will make the absorbance with a 6 m light path
(0.0016) closer to the theoretical limit (0.001) than that with a 20 m path length (0.0026).
Furthermore, although the absorption path length is three times longer, the 16 LoD for a 20 m
path length is not three times smaller than that for the LoD of a 6 m optical path length.

4.5 Disadvantages of the DSR-HC

The design of the proposed DSR-HC requires a careful calculation and simulation of the two
rings and each spot size, which differs from a traditional Herriott cell with only one spot-ring.
Furthermore, the DSR-HC has two entrance holes for light injection. So there is a need for
more optics to inject two light beams into the cell and also to reflect the two exit beams into
detectors. This increases the overall complexity of the optical platform. Besides, a careful
adjust on the two mirror positions as well as the direction of the two incident beams is
required for beam alignment, which is also complicated due to more steps for aligning the two
beams.

5. Conclusions

Modeling and fabrication of a novel DSR-HC were presented, which improves the utilization
efficiency of the Herriott mirror by generating more reflected spots on the surface. A C,H,
sensor system was developed using the DSR-HC with two absorption lengths of ~20 m and
~6 m, respectively, by dividing the laser beam into two parts and injecting the two beams
simultaneously into the DSR-HC. Experiments were carried out to validate the operation of
the DSR-HC and derive the performances of the sensor system using diluted C,H, samples.
An Allan-Werle deviation analysis was carried out for the sensor system using the two
absorption lengths, respectively. Though the design, fabrication and alignment of the DSR-
HC are complicated compared to a traditional Herriott cell with one spot-ring, the DSR-HC is
capable of single-gas detection with two different measurement ranges and also dual-gas
detection with different absorption lengths. Therefore, the proposed DSR-HC expands the
application of a Herriott cell in the field of gas sensing based on infrared absorption
spectroscopy.
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