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Abstract: A simultaneous in-situ detection technique to obtain multi-optical parameters
was proposed. The same 403.56 nm, low power, blue diode laser was used to conduct
the cavity ring-down spectroscopy and photoacoustic spectroscopy, which were coupled.
Four photoacoustic spectra were applied to the simultaneous in-situ detection of the cavity
ring-down spectrum, which were systematically compared and analyzed for the first time.
And the main performance of the systems varied with the arrangement of the photoacoustic
pool. The results reveal that the photoacoustic response was optimized by the high re-
flectivity mirror with the pool constant of 1450.64 (P«-cm)/W and the signal sensitivity of
0.2562 uv/ppb. The intensity value of the photoacoustic pool inside the cavity ring down
was superimposed to 48.45% of the initial intensity. The corresponding experimental results
were consistent with the theoretical analysis and shown the coupled cavity could suitable
for simultaneous in-situ measurement of high concentration. The coupled two detection
techniques detected different optical parameters and thus provided a new method for
the simultaneous in-situ detection of the multi-optical parameters of specific atmospheric
components.

Index Terms: Photoacoustic technology, cavity ring-down spectroscopy, blue diode laser,
coupled spectrum, simultaneous in-situ detection.
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1. Introduction

With the development of society and the economy, environmental pollution has seriously threatened
people’s physical and mental health. Thus, it is extremely urgent that we determine the pollution
mechanism in real time [1], especially the impact of the optical parameters of specific components
of the atmosphere on atmospheric oxidation [2], regional transmission [3], [4], disease prevention
and control [5], and pollution sources [6]. Taking atmospheric aerosols as an example, optical
parameters such as extinction, scattering, and absorption coefficients are of vital importance
to the study of the prevention and controlling mechanism of atmospheric pollution [7]. Thus,
laser radar technology [8], filter technology [9], refractive index technology [10], integral sphere
technology [11], tunable semiconductor laser absorption spectroscopy [12], differential absorption
spectroscopy [13], [14], cavity enhanced absorption spectroscopy [15], [16], cavity ring-down
spectroscopy (CRDS) [17], [18], and photoacoustic spectroscopy (PAS) [19]-[21] as well as other
optical detection methods have emerged. However, a single instrument for the measurement of
a single parameter does not guarantee the same measurement standard, and the existing multi-
parameter synchronous detection equipment is more confined to the simultaneous superposition
measurement of different parameters at the same time, such as the detection of the extinction
coefficient and the scattering coefficient of the double integral and ball pool, the integrating sphere
and cavity enhanced, the integrating sphere and cavity ring-down technology, etc. [11], [22], [23]. In
addition, these indirect measurement methods, which are based on extinction and scattering, are
affected by many factors, so they cannot reflect the influence of sampling loss, cavity differences,
detection sources (excitation light source), and other factors. In the field of atmospheric detection,
research into multi-optical parameter integrated synchronous conventional observation technology
is still rare and imperfect. In addition, there is no scientific instrument for the direct simultaneous
in-situ measurement of multi-optical parameters.

Photoacoustic spectroscopy and cavity ring-down spectroscopy are important trace gas detec-
tion techniques, which are widely applied in the field of atmospheric science [23]. In this manuscript,
we develop a cavity detection technique with synchronous in situ detection. The same 403.56 nm,
low power, blue diode laser was used to conduct the ring-down spectroscopy and the photoacoustic
spectroscopy which be coupled. Four photoacoustic spectra were used in the simultaneous in-situ
detection of the cavity ring-down spectrum and were studied using comparative analysis for the first
time. In addition, the pool constant, signal sensitivity, and photoacoustic response were systemati-
cally compared and analyzed. A method for obtaining the extinction and absorption coefficients of
specific components of the atmosphere with synchronous in-situ detection is proposed.

2. Measuring Principles
2.1 Principle of Coupled Spectroscopy Measurement

Based on the photoacoustic effect, photoacoustic spectroscopy technology aims to form a heat
source to inspire the sound source of the perturbed gas through the absorption of a certain power
Ry of light. The absorption coefficient a5 0f a specific gas can be obtained through the detection
of the sound source [24], [25]. If the photoacoustic signal Sps is detected by microphone (sensitivity
Sm). The absorption coefficient a5 Of a specific measured gas, which is based on the photoacoustic
spectrum, can be expressed as

Spa
abs Cce/IPOSm (1)
Cavity ring-down spectroscopy is mainly based on the Lambert Beer's Law. The attenuation
signal of the optical intensity of the optical resonator (with a high mirror at both ends) is fitted
exponentially. The relationship between the ring-down time of the light intensity and the measured
object can be established based on the length d of the optical resonator, the operating length Lg
of the measured object, the ring-down time t, etc. The extinction coefficient agy Of the specific
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Fig. 1. Superposition analysis of the light intensity based on a high reflection mirror.

measured gas, which is based on the cavity ring-down spectrum, can be expressed as [26]

The main structure of the coupled system is based on the cavity ring-down system, which
adopts the same light source, light path, gas path and main cavity. The main difference lies in the
modification of the intermediate cavity into the resonant cavity required by the photoacoustic cavity.
Microphones and other detectors are arranged in the cavity to realize photoacoustic detection.
Thus, based on equations (1) and (2), the scattering coefficient ascqt 0f the specific measured gas,
which is based on the coupled system, can be expressed as

Qscat = Qext — Uabs (3)

2.2 Superposition Analysis of the Light Intensity Based on the High Reflection Mirror

The two ends of the traditional photoacoustic cavity are mostly sealed with a quartz window
[27]-[29]. If a concave mirror with a higher reflectivity R (a high reflectivity mirror) is used to replace
the quartz window, the light intensity characteristics of the areas internal and external to the cavity
will be altered, as shown in Fig. 1. The light emitted by the specific laser is reflected Iy x R before
entering the cavity, and the remaining transmitted light i1 = Ih(1 — R) is reflected back and forth n
times in the cavity. Thus, the superimposed laser light intensity S, is

b (1—R)(1—R")

Sn= T = b (1—R") (4)

Where |y is the initial light intensity of the inlet cavity, R is the reflectivity of the high reflectivity
mirror, and n is the number of laser reflections between the high reflectivity mirrors. S, is propor-
tional to n for a certain R. Therefore, in order to obtain the relationship between the light intensity
and something, it is necessary to calibrate and test the reflectivity R of the high reflector and
the reflection number n of the laser between the high reflectivity mirrors. NO, gas with a known
concentration (0.204 ppm) was used as the standard gas. The length of the cavity in this system
was 780 mm, and the length of the sample was 695 mm. The corresponding coefficient « was
calculated to be 2.982 x 10-6 ¢m~", and the ring down time t was determined to be 4.2 us from a
laboratory test. Thus, the reflectivity of the high reflectivity mirror (R =1 + aLs — %) was 99.959%,
and the number of reflections (n = %f) was 1616. Based on the formula (4), the superimposed laser
intensity S, is 48.45% of the initial intensity.

If the photoacoustic pool is arranged inside and outside the ring down cavity, it will have different
response characteristics. 1) For external-cavity detection, the two ends of the photoacoustic pool
are still sealed with quartz window plates. The cavity arranged between the laser and the high
mirror will receive both the laser light intensity and the high mirror reflected light intensity k) x R.
The light intensity value is nearly doubled, and the photoacoustic response characteristics are
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Fig. 2. Cross sections of the NO2, H>O and the diode laser spectrum.

improved. This type of photoacoustic pool is called a high reflective acoustic cavity. 2) For intra-
cavity detection, the unsealed photoacoustic pools at both ends are connected in series between
the high reflectivity mirror and are sealed by a high reflectivity mirror. The synchronous detection
of the photoacoustic signal and the ring-down signal in the same cavity is performed. This type of
photoacoustic pool is called a coupled photoacoustic cavity.

2.3 Laser Selection

The absorption cross section o is very important to obtaining the correlation coefficient. For
different gases, the absorption cross section varies with wavelength and is accompanied by a
disturbance gas. Therefore, it is necessary to comprehensively consider the selection of the laser.
In order to facilitate the study of the coupling detection technology with the cavity ring-down and
photoacoustic spectra, NO, was introduced as a test gas. The absorption cross section of NO-
is between 390 nm and 420 nm (Bogumil, 2003, 293 K) [30], as shown in Fig. 2. The absorption
cross section of NO, near 403 nm has a strong absorption peak, and the influence of water vapor
and interfering gases is relatively small. Therefore, a blue diode laser with a central wavelength of
403.56 nm and a power of 120 nW was selected as the light source.

3. Experimental Setup

In order to compare and analyze the response characteristics of the coupled photoacoustic cavity
and the high-reflective photoacoustic cavity, a cavity ring-down and photoacoustic spectra syn-
chronization test experimental system was constructed, as shown in Fig. 3. The system consists
of a 403 nm diode laser (Shanghai xi long, China, DL-405), a photoacoustic cavity (independently
designed, cylindrical cavity, L, of 120 mm, R; of 8 mm, a ring-down cavity (independently designed,
780 mm long), a reflector (Thorlabs),a detector, a signal processing module and a gas-path module.
The blue laser produces a laser beam with a specific frequency and duty cycle using square wave
modulation.

The laser passed through the highly reflective acoustic cavity, the plane reflector and the cavity
successively. The system mainly depended on adjusting the ring down time of the ring down cavity
system and observing the laser spots on the mirror to ensure the consistency of the light path of
the series mode. The measured gas was absorbed and excited and produced the photoacoustic
signal of the high reflection cavity, the photoacoustic signal of the coupled cavity, and the optical
intensity signal of the ring-down cavity. The photoacoustic signals of the highly reflective cavity
and the coupled cavity were detected using 2 microphones (I and Il) (Beijing prestige, China,
MP201), the signals of which were collected by the double-channel phase-locked amplifier (Sine
Scientific Instrument, China, OE1022D). The optical intensity signal of the ring-down cavity was
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detected using a photomultiplier tube (H10721-210, Japan, Hamamatsu Photonics), the signals
of which was collected by the LabVIEW software. The gas-path system used a vacuum pump
(NMP860KNE, KNF) at the back of the gas-path to extract the air. The measured gas entered the
two cavities through a three-way pipe, and the flow rate was controlled by the mass flow-meter
(Seven star Huachuang, China, CS200).

In addition, in order to more effectively carry out the comparative study of the response charac-
teristics of different photoacoustic cavities, a dual photoacoustic spectral system without a high
reflectivity mirror based on the same type of light source was built, as shown in Fig. 4. The
blue-diode laser passed through the traditional photoacoustic systems B and A. The difference in
this system was the collimation control, the quartz window plate control and the cavity’s fineness.
The alignment of photoacoustic system A can be adjusted by two planar mirrors.

4. Results and Discussion
4.1 Performance Analysis of the Coupled Ring-Down Cavity

The length of the ring-down cavity was 780 mm, the length of the sample was 695 mm, and
their ratio R, was 1.122. The ring-down time t with 2.5 M sampling frequency was 11.43639 us +
0.034199 us, i.e., 19 = 11.43639 us and o(79) = 0.034199 us. Thus, the minimum detection limit
was

R (TO — T)min ~ ﬂﬁa (TO)

o 2 2
Co 'L’O Co ‘L'O

[Alin = = 0.9335ppb (5)
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The concentration gradient of the ring-down cavity was tested and is shown in Fig. 5. The
standard NO, gas was injected into the cavity with volume fractions of 41.36 ppb, 90.18 ppb,
141.07 ppb and 192.25 ppb. The corresponding concentration fluctuations were 0.63 ppb, 0.62 ppb,
0.85 ppb and 0.99 ppb, respectively. The linear gradient was good, and the R? was close to 1.

4.2 Performance Analysis of the Traditional Photoacoustic Cavity

One of the characteristics of photoacoustic spectroscopy is that the response is proportional to the
excitation laser’s power. Therefore, based on the optical path loss, the power distribution of the
blue diode laser at different positions on the optical path is shown in Fig. 6. The output power of
the blue diode laser was 120 mW. The output power was modulated to 60 mW after the square
wave modulation with a duty cycle of 50%. The power of the laser was reduced to 58.5 mW after
passing through the first quartz glass window of the first photoacoustic cavity. Then, the laser
passed through the second surface of the first photoacoustic cavity, the first surface planar mirror,
and the second surface planar mirror. The corresponding powers were 56.2 mW, 48.8 mW and
42.6 mW, respectively. Finally, if the cavity was a photoacoustic cavity, the power after passing
through the quartz glass was 41.1 mW. While if it was a cavity ring-down, the cumulative power
P,—y_coupiing in the coupling cavity was 20.6 mW.

The photoacoustic response varies with the modulation frequency of the laser, and is maximized
at the resonant frequency of the cavity. Theoretically, the resonant frequency is determined by
v/2Ly. Considering the influencing environmental factors, the end response, and the process, there
are certain differences in the resonant frequencies of the different arrangements. The resonance
frequency of the laser was calibrated using a square wave with a specific amplitude. Through fitting,
the resonance frequency of the high anti-cavity was 1.29 kHz, as shown in Fig. 7(a). Similarly,
the resonant frequencies of cavity A and cavity B were 1.39 kHz and 1.35 kHz respectively.
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ALLAN variance analysis was conducted to detect the limit analysis of the traditional photoacoustic
cavity, as shown in Fig. 7(b).

The lower limit of the measurement was 0.01968 wv (60 s) as can be seen from the figure.
According to the system calibration gradient slope [22], the corresponding volume fraction is
1.22 ppb. The detection limit of the independently arranged optical sound cavity was 3.67 ppb
(3o principle), which meets the measurement requirements of the ambient atmosphere.

4.3 Comparative Analysis of the Different Photoacoustic Cavities

The gas concentrations are increased from low to high, and the responses of the photoacoustic
systems are repeated for 6 times, and the average values are taken. For example, the data of
coupled cavity can be seen in Fig. 8, and the other cavities are similar. The figure shows the
repeatability of coupled cavity is very good and the measurement scheme proposed in this paper
is reliable.

Since the scattering coefficient of NO, due to the laser is extremely small, the measured coef-
ficients of the ring-down cavity spectrum and the photoacoustic spectrum should theoretically be
consistent. For the coupled photoacoustic cavity, the background was 0.91 uv, and the sensitivity
of the microphone Sy coypies Was 52.5 mv/P,. When the NO, with a volume fraction of 0.14107 ppm
was passed into the coupled cavity, the photoacoustic response Sps coypied n Was 0.32 pv.
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The following relationships were determined:

P(mgm) = 245
o
Aconcentration = (%ge

a=0 XA

Qyolume X MNOQ

SPAcoup/ed A

2.062 x 10~ %cm™!

= 0.26487 mg/m®

) x 1073 x Ny = 3.47 x 10" mole/cm®

Ccel/_coupled =

A yolume_coupled

coupled A

Sm_coup/eda P v—uv_coupled
4.4 x 10%Sp,

= 143.5R, - cm/W

(10)

In order to evaluate the performance of the system in terms of accuracy and linearity, four differ-
ent concentration levels of NO, gas mixtures (41.36 ppb, 90.18 ppb, 141.07 ppb and 192.25 ppb)
were fed into the system. The resultant signal amplitudes from the system were 0.13 nv, 0.25 v,
0.32 v, and 0.40 v, respectively, as shown in Fig. 9(a). Some conclusions about linear fitting were
reached. (1) The linearity of the experimental test data is very good, and R? reaches to 0.99008.
(2) The fitting slope is 0.00198, which is consistent with the theoretical model slope of 0.002268,
and the slope error is less than 15%. (3) The results are consistent with the theory, and the error in
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TABLE 1
Comparative Analysis of Photoacoustic Cavities With Different Arrangements

Parameter Photoacoustic  Photoacoustic ~ Photoacoustic cavity =~ Photoacoustic
cavity A cavity B with high reflectivity  coupled cavity
Sm (mv/Py) 58.5 52.5 53.7 52.5
a(x 107cm™1) 1.4909 1.4909 2.982 2.06193
P,_,(mW) 41.1 58.5 112.4 41.1
Spa(uv) 422 4.25 26.11 0.32
Ceen(Py - cm/W)  1177.243 928.18 1450.64 71.9242
Fitting R? 0.9974 0.9993 0.9986 0.9901
Fitted slope 0.0402 0.0386 0.2562 0.002
Theoretical slope 0.0414 0.0417 0.2560 0.0023
Slope error < 6% < 8% <1% <15%
Data error <5% <10% <5% <10%

the model data is less than 10%. Because of the influencing factors, e.g., the laser loss, the cavity
fineness difference, the mirror interference, different photoacoustic responses were obtained for
the photoacoustic cavities with different layouts. The different photoacoustic responses are shown
in Fig. 9(b)—(d).

4.4 Discussion

In order to evaluate the performance of the photoacoustic cavities with different arrangements, the
test analysis results shown in Table 1 were compared. Compared to photoacoustic cavity A, which
has a pool constant of 1177.243 B, - cm/W, the pool constant of photoacoustic coupled cavity in the
same position was 69.39164 P, - cm/W. Theoretically, the photoacoustic signal in the coupled cavity
can only reach 5.894% of the response of photoacoustic cavity A. However, the actual test revealed
that when the absorption coefficients of NO, were 1.4909 x 10~8 cm~! and 2.06193 x 1076 cm',
the corresponding photoacoustic values were 4.22 uv and 0.32 pv, respectively. The photoacoustic
signal in the coupled cavity was 5.483% of the photoacoustic signal in photoacoustic cavity A. The
actual test was consistent with the theoretical analysis, and the error was less than 7%, which
verifies the theoretical analysis results of the coupled cavity.

Several further conclusions were reached: (1) The pool constants of the photoacoustic cavities
are different, with the constants of the coupled cavity, cavity B, cavity A, and the cavity with high
reflectivity in descending order. The pool constant is optimized to 1450.64 P, - cm/W by the high
reflectivity mirror. (2) The linearity of the four photoacoustic cavities with different arrangements is
very good, i.e., R? is greater than 0.99. (3) The fitted slope of the photoacoustic cavity with high
reflectivity is the largest. This indicates that the signal sensitivity is maximized to 0.2562 uv/ppb
by the high reflectivity mirror. (4) The fitted slope is close to the slope of the theoretical analysis.
However, the errors in the slope and data are small and different. (5) The coupled cavity has the
advantage of the application of simultaneous in-situ detection. While the photoacoustic coupled
cavity is suitable for measurement of high concentrations. This will be of great application value for
the coal mine dust detection and other occasions. (6) Compared with the detection of individual
cavity, the coupling cavity system can ensure the consistency of the interference factors in the
measurement of different parameters, so as to improve the reference value of different parameters.
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(7) When multiple optical parameters need to be detected, taking aerosol detection as an example,
the coupling cavity system will improve the correlation between the extinction coefficient and the
absorption coefficient detection of aerosol, so as to obtain the single scattering albedo, aerosol
refractive index, visibility and other optical properties. However, it can be predicted that if the
measured gas is gas or low-concentration aerosol, the advantage is smaller because the extinction
coefficient and absorption coefficient are close to each other. (8) Compared with photoacoustic
cavity A and cavity B, the photoacoustic cavity with high reflectivity has a superior slope error, data
error and pool constant. However, it should be noted that the photoacoustic cavity needs a high
reflection mirror for power superposition, which has a higher cost.

5. Conclusion

In this manuscript, we developed a cavity detection technique with simultaneous in situ detection.
The same 403.56 nm, low power, blue diode laser was used to conduct the cavity ring-down
spectroscopy and photoacoustic spectroscopy, which were coupled to detect multi-optical pa-
rameters. Four photoacoustic spectra were applied to the simultaneous in-situ detection of the
cavity ring-down spectrum, which were systematically compared and analyzed for the first time.
And the main performance of the systems varied with the arrangement of the photoacoustic
pool. The results reveal that the photoacoustic response was optimized by the high reflectivity
mirror. The corresponding experimental results were consistent with the theoretical analysis and
shown the coupled cavity could suitable for simultaneous in-situ measurement of high concentra-
tion. The coupled two detection techniques detected different optical parameters and thus provided
a new method for the simultaneous in-situ detection of the multi-optical parameters of specific
atmospheric components.
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