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Abstract: In essence, photoacoustic spectroscopy (PAS) technology is based on the thermal effect of gas infrared absorption
and the acoustic theory of photoacoustic (PA) cell. PAS technology has a good application effect on environmental
monitoring in agriculture. In this study, carbon monoxide and sulfur dioxide were used as examples to explain the potential
application of PAS technology and analyze the influence mechanism of pressure and noise on the PA signal.  The relationship
between PA signal amplitude and the concentration of gas was determined by calibration. The pressure and noise
characteristics were experimentally studied, and the relationship between the PA signal and pressure & noise was obtained.
The theoretical analysis and experimental results not only provided a basis for further correction of the influence of pressure,
noise and other factors on PA signal but also provided technical support for improving the field application of trace gas

non-resonance PA detection device for environmental monitoring in agriculture.
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1 Introduction

Trace gases in livestock and poultry houses are harmful to
animal health and one of the sources of air pollutants. However, it
is difficult to detect trace gases in livestock and poultry houses in
real-time. Although electrochemical sensors can measure
hydrogen sulfide and ammonia, there is still a lack of effective
means for the detection of sulfur oxide and carbon monoxide.

Gas photoacoustic spectroscopy (PAS) is a kind of trace gas
detection technology based on the photoacoustic (PA) effect. As
a new method of spectral detection, PAS has the advantages of high
sensitivity, good stability, no consumption of carrier gas, small
volume, easy to carry and on-line monitoring. At present, it has
become a hot spot in the field of trace gas detection and has a good
application prospect™ 7).

In recent years, a lot of research on PAS has been carried out
in some units at home and abroad. Since 2000, Kelman Company
of the UK has successfully developed a Transfix on-line dissolved
gas analyzer for transformer oil by using no-resonance PAS
technology, which can detect 8 kinds of fault gases and
micro-water content in transformer oil.

In 2011, the State Key Laboratory of Transmission and
Distribution Equipment and System Safety and New Technologies
of Chongging University successfully developed an SFg
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decomposition component detection device based on resonance
PAS technology and the detection sensitivity of SO, gas reached
7.5 ul/L®,

Zhang et al.”! analyzed the effects of PAS on the detection of
trace gases, and determined the central wavelength of the band-pass
filter required for CO, NO and H,S detection, thus realizing the
improvement of gas absorption efficiency and cross-interference
resistance.

Gong et al.' analyzed the interference mechanism of water
vapor in the flue gas on the measurement of nitrogen oxide,
designed the test system of resonance PA detection of nitrogen
oxide in flue gas, quantitatively analyzed the PA signal response
generated by the fluctuation of excitation light source, and
comprehensively analyzed the gas absorption rate and
anti-cross-sensitivity factors.

Du et al.' realized the rapid determination of the NH;
concentration in the top space of the soil by using the mid-infrared
PAS and multiple regression analysis, which was used to study the
volatilization process of soil NH; and its influencing factors and to
provides a new method for the study of the soil nitrogen cycle.

As far as the current research situation is concerned, the PAS
technology has the potential for environmental monitoring in
agriculture, which has basically met the requirements in the
detection sensitivity and detection range. However, in practice,
when the PAS technology is used in the gas monitoring of livestock
and poultry houses, the measurement accuracy of PA spectra is
seriously affected. It is found that the PAS method will be
affected by many environmental factors in practical applications,
such as temperature, humidity, pressure and vibration®>*l.  The
PA detection device for environmental monitoring in agriculture
will inevitably be affected by the above factors.

Carbon monoxide has been used as an example to analyze the
influence mechanism of temperatures and derives the temperature
correction formula using the non-resonant PA detection device
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designed by our team!.  The correction method has provided an
effective way of studying temperature correction in PA detection.
With the PA cell is closed, the changes of pressure in the PA
cell will directly cause the changes in the PA signal™™l. In the
actual experimental process, besides paying attention to the PA
signal produced by the gas to be measured, various types of noise
cannot be ignored™®.  Among them, the sound or vibration signal
with the same frequency as the modulation frequency contained in
related noise and environmental noise should be analyzed
emphatically. Therefore, it is necessary to analyze the influence
mechanism of pressure and noise on PA signal through theoretical
analysis and experimental study, which provides technical support
for the field application of non-resonant PA detection devices for

environmental monitoring in agriculture.

In this study, carbon monoxide and sulfur dioxide were used
as examples to explain the potential application of PAS technology
and analyze the influence mechanism of pressure and noise on the
PA signal.

2 Principle of PAS

The gas molecules to be measured in a closed container
generate sound signal after being exposed to modulate light or
pulse light periodically is called the gas PA effect.

The generation and detection of the PA signal are shown in
Figure 1.
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Figure 1 Schematic of the

After absorbing the incident light of a specific wavelength,
some gas molecules in the PA cell transition from the ground state
to the excited state. The molecules in the excited state collide
with the molecules in the ground state, resulting in a non-radiative
transition back to the ground state. The light energy absorbed by
the gas changes into the translational kinetic energy between the
colliding molecules, and the gas temperature increases.

According to the law of gas absorption, the increase of gas
temperature in the closed space leads to an increase in gas pressure.
When the incident light is modulated at a certain frequency (tens of
hertz to thousands of Hertz), the air pressure is modulated at the
same frequency to form a sound wave. This sound wave can be
detected by a microphone installed on the PA cell and converted
into an electrical signal. The generation and detection of PA
signal is an energy conversion process of light, heat, sound and
electricity. After the PA signal is obtained, the gas concentration
can be determined by using the quantitative relationship between
the gas concentration and the PA signal.

The theoretical analysis shows that the amplitude of sound
pressure corresponding to the non-resonant PA detection device
can be expressed by Equation (1):
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where, 7, is the thermal damping time, s, which depends on the
thermal conductivity of the gas to the wall of the PA cell. For a
PA cell with radius R, the relationship between the thermal
damping time 7, and the gas density in the cell p,, heat capacity at
constant pressure Cp and thermal conductivity K is as
17=poCpR%2.5K.

After amplification and transformation of the microphone, the
voltage amplitude of the PA signal can be expressed by Equation
2):

U=SuP-Cen-N-o 2)
where, Spi, is the sensitivity of the microphone, mV/Pa; Py is the
source power, W; Cy is the PA cell constant, Pa €m/W, which
generally relates to the size of PA cell and the physical constants of
carrier gas, etc. N is the total number of molecules per unit
volume, molec/cm®; o is the absorption cross-section of gas,
cm?/molec; the product of which is the absorption coefficient o,

cm™.

PA detection principle

It can be seen from Equation (2) that the PA signal of gas has a
linear relationship with the gas concentration when other
parameters remain unchanged. Therefore, the concentration of the
gas to be measured can be calculated by calibrating the equation
between the PA signal and the concentration.

3 Structure chart of PAS device

The non-resonant PA detection device developed by our team
is shown in Figure 2, which is small in size, easy to carry, and can
realize on-line monitoring.

The device consists of IR source, chopper, filters, PA cell,
microphone, control module, data acquisition and data processing
module. The chopper realizes the intensity modulation of the
infrared light source by rotating at a fixed frequency and steady
speed. A narrow-band infrared light source can be obtained to
excite a specific gas PA signal by using a specific narrow band
filter. By controlling the rotation of the filter wheel with a
stepping motor, the switching between one gas filter and another
gas filter can be realized. After the gas in the PA cell is irradiated
by the modulated narrow-band infrared light, the sound pressure
signal is generated, and the high-sensitivity microphone is used to
convert the generated sound pressure signal into an electrical signal.
The data acquisition module collects the PA signal and sends the
collected PA signal to the data processing module for processing.
Then the gas type and concentration are analyzed. In order to
analyze the influence factors of the PA signal, pressure sensors are
installed on the PA detection device.

The details of PAS device are as Table 1.

IR source

IR source

Temperature
seneor

Chopper | Filters

Microphone

Figure 2 Photograph of the non-resonant PA detection device
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Table 1 Details of PAS device

Device elements

Specific parameters

IR source and intensity Incoherent IR source, 19.5 W

Frequence of chopper 30 Hz

Filter wavelength 4.7 um for CO, 7.37 um for SO,
Sensitivity of microphone 50 mW/Pa
Temperature sensor —-40T-100T

4 Results

4.1 Calibration experiments for CO and SO,

It can be seen from Equation (2) that, when the values of other
parameters are constant, there is a linear relationship between the
PA signal amplitude and concentration of the gas. By preparing
several groups of standard gases with known concentrations to be
measured, the corresponding PA signals are measured, and the
calibration equation between the PA signal amplitude and
concentration is obtained by multiple linear regression.

The calibration experiment is carried out under normal
temperature and pressure. The CO standard gas of different
concentrations is equipped with a mass flow controller (the carrier
gas is SFg) and is successively charged into the PA cell for one
minute. By measuring the PA signals of different concentrations
of CO standard gas, the linear relationship between the PA signals
and the concentration is shown in Equation (3) and Figure 3:

u;=0.00181>c,+2.51719 3)
where, u; is the PA signal voltage, V and c, is the concentration of
CO, uLJ/L.
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Figure 3 Schematic of relationship between concentration and
photoacoustic signal of CO

The relationship between SO, photoacoustic signal and
concentration can be obtained under the same experimental
conditions and steps, as shown in Equation (4) and Figure 4.

u,=0.00023>c,+1.63222 4)
where, u,is the PA signal voltage, V and c, is the concentration of
SO,, uL/L.
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Figure 4 Schematic of relationship between concentration and
photoacoustic signal of SO,

4.2 Stability analysis of PA signal

To meet the needs of the on-line detection of trace gases, the
PA detection device needs to have good stability.

In order to verify the stability of the developed PA detection
device, three groups of high, medium and low concentration gas
mixtures containing CO and SO, components are measured
respectively for 9 consecutive hours. The concentration
composition of each component in these three groups of gas
mixtures is shown in Table 2. The results of continuous
measurement of three groups of mixed gases by PA detection
device are shown in Table 3, Table 4 and Table 5.

Table 2 Concentration composition of two mixed gases

Concentration/uL 4 *

No.
CcO SO,
1 132 145
2 63 80
3 27 37

Table 3 Continuous measurement results of 9h of high
concentration mixture

Measurement Cco Relative error SO, Relative error
time/h fuL L7? 1% ful L7 1%
1 132.6 0.5 145.6 04
2 134.1 1.6 160.6 10.8
3 130.1 15 156.4 7.8
4 139.0 53 141.8 2.2
5 139.2 54 144.1 0.6
6 1335 11 151.4 4.4
7 125.7 4.7 148.4 24
8 130.2 14 150.5 3.8
9 140.7 6.6 1325 8.6

Table 4 Continuous measurement results of 9h of medium
concentration mixture

Measurement co Relative error SO, Relative error
time/h ful L7 1% [l L7 1%
1 65.8 45 96.3 204
2 59.4 5.7 82.3 29
3 64.2 19 95.7 19.0
4 56.2 10.8 83.2 4.1
5 55.1 12.6 75.8 5.2
6 53.2 15.6 67.5 15.7
7 56.0 111 59.5 25.7
8 58.1 7.8 65.5 18.1
9 64.3 21 60.0 25.0

Table 5 Continuous measurement results of 9h of low
concentration mixture

Measurement CcO Relative error SO, Relative error
time/h ful L7 1% L Lt 1%
1 26.0 3.71 48.6 313
2 346 28.23 42.3 14.3
3 325 20.38 40.3 8.9
4 316 17.02 50.2 35.6
5 30.2 11.73 484 30.8
6 28.7 6.46 35.0 5.3
7 27.1 0.15 27.4 26.0
8 284 5.30 30.2 18.3
9 24.0 11.46 28.9 22.0
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The relative errors of measured values corresponding to actual
values are initially used to describe the stability of the system.

From Table 3, it can be seen that the concentration of two
components of high concentration gas mixture is relatively stable
with time, and the relative error for 9 consecutive hours is within
10.8%; from Table 4 and Table 5, it can be seen that for low and
medium concentration gas mixture, the relative error of two
components concentration with time is relatively large.

Next step, the stability of PA signal is further checked.

When comparing the stability of two or more groups of data, if
the unit of measurement and the average are the same, the standard
deviation can be directly used for comparison. If both the unit
and the average are different, instead, the ratio (relative value) of
the standard deviation to the average should be used to compare.

The ratio of the standard deviation to the average is called the
coefficient of variance, which is a relative index to check the
stability and dispersion degree of data. Its function is mainly to
reflect the degree of data dispersion on the unit average and
eliminate the influence of the average on the comparison of the
degree of variation of different groups of data. The coefficient of
variance (CV) is expressed as Equation (5):

CV=alu (5)
where, ¢ is the standard deviation and x is the average.

The values of CV for CO and SO, in Table 3, Table 4 and
Table 5 are shown in Table 6.

Table 6 Comparison of CV with different concentration

Cco SO,
CVin Table 3 0.034994 0.052698
CVin Table 4 0.073016 0.175095
CVin Table 5 0.107800 0.217476

In principle, the smaller the value of CV is, the better the
stability of the PA detection device.

In order to improve the performance of the PA detection
device, it is necessary to deeply analyze the factors that affect the
PA signal, find out the key factors that affect the sensitivity and
stability of the PA signal detection, and further improve the
algorithm.

5 Influence of pressure and noise

5.1 Influence of Pressure on PA Signals

The PA cell is closed, the changes of pressure in the PA cell
will directly cause the changes in PA signal®*l.  Pressure affects
PA signal mainly by changing the absorption cross-section of gas
molecules.

In the PA detection of trace gas, the central wavelength of CO
filter of target gas is 4.7 um, so when analyzing the influence of
pressure on CO gas absorption cross-section, the band of 4.45 um
to 4.95 um containing this central wavelength is selected for analysis.

The absorption cross-sections of a single CO molecule at
different pressures of 0.1 MPa, 0.4 MPa, 0.8 MPa and 2.8 MPa (a
temperature of 296 K) are calculated using the line-by-line method
combining the HITRAN2004 database, as shown in Figure 5.

It can be seen from Figure 5 that when the pressure is
increased, the line width of the absorption line will be increased so
that the separated absorption lines will be combined and the
cross-response between different gases will be aggravated.

The dependence of total molecular absorption cross-section oy
and total absorption coefficient az=Nos on pressure for CO gas in
the range of 4.45-4.95 um wavelength is also calculated, as shown
in Figure 6.

It can be seen from Figure 6 and Equation (2) that when the PA
signal is measured, increasing the pressure is beneficial to increase
the PA signal.

As can be seen from Figure 6, the relationship between total
absorption coefficient oz and pressure of CO gas in the range of
4.45-4.95 um can be divided into three stages: 1) When the gas
pressure varies from 0 to 10 MPa, the total absorption coefficient of
the gas molecule shows a sharp upward trend and approximately
obeys linear growth; 2) When the gas pressure varies from 10 MPa
to 30 MPa, the total absorption coefficient of gas molecules
increases slowly; 3) When the pressure is greater than 30 MPa, the
total absorption coefficient of the molecule is stable and basically
remains unchanged. The reason for this phenomenon is that the
broadening mechanism of the absorption spectra of gas molecules
is different in different pressure ranges.
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The influence of pressure on the PA signal is studied
experimentally with 100 xL/L CO gas. In the experiment, the PA
detection device is put into a constant temperature and humidity
chamber, and the temperature is approximately 25<C. A 100 uL/L
mixture of carbon monoxide (SFg as carrier gas) is filled into the
PA cell and the air inflation process lasted for two minutes and the
inlet and outlet valves are closed in turn after charging. The air
intake device is equipped with a pressure sensor (measuring
accuracy is 100 Pa). In PA measurement, the pressure of the gas
intake device from the gas tank is about 0.7 MPa. According to
the requirements, the gas intake device needs four return journeys,
so that the pressure entering the PA detection device is 0.1 MPa
(the fluctuation is not more than 1%). The pressure of the gas
intake device fluctuates up and down each time, so the pressure of
the gas entering the PA cell also fluctuates. The integration time
is setto 1 s, and the PA signal and pressure signal corresponding to
the CO filter are collected at the same time. In order to improve
the measurement precision, the gross errors of measurement results
are removed using Grubbs’ criterion and the testing values of
repeated measurements are averaged. The PA signals of 100 xL/L
CO gas corresponding to different pressures are obtained, as shown
in Figure 7.
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Figure 7 Schematic of variation of PA signal with pressures

As can be seen from Figure 7, the PA signal shows an upward
trend with the increase of pressure, but at the same time, it can be
seen that under the same pressure, there are several corresponding
PA signal values.
One is that the pressure sensor in the intake device measures the
pressure of the intake port, which does not fully represent the
change of the pressure in the PA cell; the other is the influence of
other factors besides the pressure. Although the PA detection
device is placed in the constant temperature and humidity box, its
temperature is not absolutely constant, and the constant temperature
and humidity box will produce greater vibration when working and
the vibration noise may also have an impact on the PA signal.

5.2 Influence of noise on PA signals

In the actual experimental process, besides paying attention to
the PA signal produced by the gas to be measured, various types of
noise cannot be ignored®. Noise sources in gas PA detection
devices mainly include environmental noise, chopper noise,
electrical noise generated by the electronic detection system,
thermal fluctuation noise generated by gas Brown motion and
background noise generated by window and pool wall absorbing
modulated light energy, etc.’®??  The background signal caused
by chopper noise and window pool wall absorbing modulated light
energy belongs to correlated noise, while environmental noise,
thermal fluctuation noise of gas Brown motion and electrical noise
belong to uncorrelated noise. Uncorrelated noise can be generally
eliminated by phase-locked amplification technology, however, the
correlated noise and environmental noise contain the same
frequency sound signal or vibration as the modulation frequency
cannot be eliminated by the same method.

In addition to affecting the detection sensitivity of the system,
the sound or vibration signal with the same frequency as the
modulation frequency contained in the correlated noise and
environmental noise will also affect the stability of the PA signal.
Next, the influence of this part of the noise on the stability of the
PA signal is analyzed in depth. Among them, chopper noise,
environmental noise, gas Brown motion noise and electrical noise
are independent of the power of the light source, while the
background noise caused by the absorption of the pool wall and the
window is related to the power of the light source!?*?2,  When the
power of the light source is constant, the background noise
absorbed by the pool wall and window will not change with time.
Here we focus on the analysis of source-independent noise.

Relevant experiments are carried out. High purity N, is filled
into the PA cell and the light source is turned off. At this time,
the total of chopper noise, environmental noise, gas flow noise and
electrical noise are measured. After the chopper is turned off, the
total of environmental noise, gas flow noise and electrical noise is
measured. The experimental results are shown in Figure 8.
When the chopper is turned on, the mean value of equivalent PA
signal caused by chopper noise, environmental noise, gas flow
noise and electrical noise is 0.01398 V, and the standard deviation
is 8.1681x107* V. After turning off the chopper, the mean value
of the equivalent PA signal becomes 0.01376 V and the standard
deviation is 6.1961x10™* V. It can be seen that the noise of the
chopper only accounts for a small part of the source-independent
noise, while the environmental noise, gas flow noise and electrical
noise are the main parts of the source-independent noise.

There may be two reasons for this phenomenon.
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In order to analyze whether environmental noise, gas flow
noise and electrical noise will affect the stability of the PA signal,
relevant experiments are carried out. In the experiment, high
purity N, is filled into the PA cell, the light source and the chopper
are turned off, and the data are collected. The experimental time
lasts from 10:00 a.m. to the next day at 8:00 a.m. and PAS signals
are measured every 20 min.  The specific experimental results are
shown in Figure 9.
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Figure 9 Schematic of variation of environmental noise, gas flow
noise and electrical noise with times

From Figure 9, it can be seen that the amplitude of the
equivalent PA signal caused by environmental noise, etc. will
change with the measurement time. Because the noise of gas flow
and electric noise will not change so obviously with time, the
environmental noise should change with the time of measurement.
From 10:00 am. to 2:00 p.m. on the 20th day, the mean and
standard deviation of equivalent PA signal caused by
environmental noise are 0.02246 VV and 0.01591 V, respectively;
from 2:00 p.m. to 6:00 p.m., the amplitudes of equivalent PA signal
caused by environmental noise are 0.03311 V and 0.02026 V; from
6:00 p.m. to 7:40 a.m. on the 21st day, the mean and standard
deviation of equivalent PA signal caused by environmental noise
are 0.01473 V and 3.4832x10™V, respectively; After 8:00 a.m. on
21st day, the amplitude of equivalent PA signal caused by
environmental noise began to rise again, basically restore to the
level of 20th morning. The reason may be that there are sound
signals with the same frequency as the modulation frequency of the
light source around the laboratory during the day or the vibration
propagates through the air to interfere with the measurement of the
PA system. This interference is the same frequency as the useful
signal and cannot be removed by the phase-locked method. And
this kind of interference signal is stronger in the afternoon than in
the morning and weakest in the evening. According to the above
analysis, this kind of environmental noise with the same frequency

as the modulation frequency will affect the stability of PA detection,

but because it is a noise signal with the same frequency as the
modulation frequency of the light source, it cannot be eliminated
by the signal detection technology such as lock-in amplification,
and the influence of environmental noise can be minimized by
installing sound insulation and muffler.

6 Conclusions

Carbon monoxide and sulfur dioxide were used as examples to
explain the potential application of PAS technology and analyze
the influence mechanism of pressure and noise on the PA signal.
Theoretical analysis and experimental studies showed that both

pressure and noise had an impact on the stability of the PA signal.
Among them, the CO gas PA signal was proportional to the
pressure in the PA cell, and environmental noise with the same
frequency of the PA signal was the main noise factor affecting the
stability of the PA signal. The analysis showed that the influence
of pressure on the PA signal could be corrected by the correction
algorithm, and the environmental noise of the same frequency with
the PA signal could be eliminated as far as possible by installing
sound insulation and silencing devices. In the next step, based on
the analysis of the influencing factors, further research will be
carried out on the correction algorithm of the pressure and other
factors of the PA signal, so as to improve the stability of the PA
signal.
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