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COHERENT AMPLITUDE MODULATION IN A LASER GAS SENSOR
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The article is devoted to a current topic in science and technology - determining the type and concentration
of gas using a laser. At close values of green laser radiation intensity and bias voltage, interference patterns of
the time series of the photodiode output signal were obtained. The degree of coherence (more than ~0.1) made it
possible to distinguish between the types of gases and their concentrations. Signal coherence was controlled by
Allan deviation values. The novelty of the research method is the choice of the harmonic of the electrical network
as the main modulation frequency. It is shown that the correlation functions and the corresponding power spectra
are sensitive to low-frequency fluctuations of molecules and their clumps. This allows the results and methods of
this work to be used in specific cases instead of large-sized and expensive complexes of optical instruments at
room pressure and temperature.
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1. Introduction

Determining the presence of a target gas and monitoring its concentration is an important task in
technology, medicine, safety, and environmental monitoring. Extensive research is devoted to the choice of
element sensitivity, electrical, and optical circuits of the sensor in order to increase its efficiency. Laser
absorption spectroscopy systems have been created and are used in more than 1000 coal mines in China
[1,2]. In recent years [3,4], the laser absorption spectroscopy method has been significantly advanced by
using a Herriott multiphase cell, which makes it possible to detect a target gas with a concentration of ~10?
parts per million in total over an averaging time of (1 — 102) s. The review [2] indicates a general pattern of
signals from sensors on nanofilms with different chemical compositions — the predominance of low-
frequency noise (LFN). In LFN spectroscopy, the intensity of the noise signal is usually inversely
proportional to frequencies in the range (102 — 10°) Hz.

Note that LFN signals are also present in laser spectroscopy. Laser radiation passing through a gas is
absorbed and scattered not only on individual atoms with a certain resonant frequency, but also on individual
molecules and their clumps. As a result, a fluctuation radiation field is created. At the output of the
photodiode, this field interacts with the bias potential to create a partially coherent interference pattern. The
correlators or power spectra of low-frequency fluctuations depend more noticeably on the gas concentration
than on its atomic structure. An important task of gas sensors is to determine maximum allowable
concentrations (MACs) leading to explosion, poisoning, and technological violations. Critical gas
concentrations are usually determined by chemical analysis. Physical processes that determine the MACs can
be nonlinear conductivity of the photodiode, thickening, and noisy spectral lines. Perhaps for this reason,
there is insufficient data in the literature on the results for concentrations ppm > 103 obtained by physical
methods.

From the listed factors of weakening the sensor response with increasing gas concentration, it follows
that it is necessary to select an intense low-frequency oscillation in the form of amplitude modulation.

In terms of the general principles of amplitude modulation to identify the desired signal in our
approach, the following roles are meant: carrier frequency - laser frequency, fundamental modulation
frequency - harmonics from the power supply network of electrical devices, the influence of the
concentration of the target gas realizes intermodulation distortion (heterodyning). In this case, the result will
separate the effect of changing the electrical resistance of the nanoelements of the sensor from the
concentration effect.

The purpose of the work is to experimentally obtain the time-fluctuating voltage at the output of a
photodiode as the laser passes through a gas layer. Under conditions of the required degree of coherence,
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obtaining correlation spectral patterns. Search for opportunities to establish maximum permissible gas
concentration values without the use of large, expensive optical analysis systems.

2. Measuring principle

The experimental setup diagram is shown in Figure 1. A TLO81CP converter was used to amplify the
output time-fluctuating voltage v(t)from PIN. The distance between the laser source and the photodiode is
5-6 cm. At photodiode offset voltage U = —2.3 V (in the region of stability of the PIN characteristic) and
photon energy Aw =2.3 eV, the beam intensity is IU = 60 mA*2.3V =0.138 J.

Fig.1. Laser gas sensor assemblies: 1 — power supply unit for the laser source “GOPHERT GPS-3205”, 2 — source
of a laser beam with a wavelength of A=532 nm, 3 — vessel (volume 20 ml) of gas for an air+gas mixture, 4 — PIN
photodiode, 5 — measuring instruments current voltage NI ELVIS 11+, Hantex.

Various interference patterns were obtained v(Aw,—U,I), degree of coherence determined by
(Vmin/Vmax)? » Y = 0,1. The intensity of the laser beam has a pronounced maximum current value I~ 60
mA. All measurements were carried out at normal atmospheric pressure and room temperature.

3. Results and Discussion

Figure 2 shows voltage fluctuations v(t) obtained when a laser beam with a wavelength of A=532 nm
passes through air, ammonia, and ethanol. The gas concentration is < 103 ppm. Value intervals v(t) = 1-
1.35 V, observation time t =120 s. The results were obtained at photodiode supply voltage U =2.3 V, laser

beam photon energy in units of electron-volt Aw =2.3 eV. Due to the interaction of low-frequency
fluctuations caused in the medium by the laser and harmonics of instrumental sources, interference patterns
are observed.
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Fig.2. Voltage fluctuations at the photodiode output: 1-air, 2-ammonia, 3-ethanol.
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The degree of coherence of interference fringes is determined by the formula:

_ [1- (Vmin/vmax)z]
re= [1 4+ (Vnin/Vmax)?] 1)

Where Viin, Vmax are the minimum and maximum values of the fluctuation voltage v(t). Formula (1) uses
normalized intensity values.

For the analysis, results with y = 0,1 were used, which corresponds to the recommendations accepted
in optics for choosing the contrast of interference patterns. Fluctuations are stationary, but nonequilibrium.
The average values (v(t)) are shifted: for air (low beam absorption), the maximum for the rest is lower. A
universal characteristic of complex processes is correlation functions that consider the time delay of the
count. For fluctuation processes, it is customary to call this function abbreviated as correlators, which are

determined from discrete reports of fluctuations (8v;, §v;):
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Correlators can distinguish quantitatively different gases relative to air at a fixed concentration. Figure 3
shows autocorrelation functions depending on time t and its displacement t.
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Fig.3. Autocorrelation function of fluctuation v(t):1-air, 2-ammonia, 3-methane.

A change in the laser sensor signal depending on the concentration (C) of the target gas is also observed
in the power spectrum. Let us introduce the notation K/, the ratio of the correlators of gas (g) and air (a).

Then the expression In < v, 6v; >/, describes the difference K, from K, more accurately than their
direct difference Ky — K. Figure 4 shows the power spectra obtained from the correlators at the observed

intense harmonic with a frequency of f = 200 Hz. As the concentration of NH3 increases, the intensity of
the lines decreases. At C = 103ppm (parts per million), this trend is ambiguous.

As noted, with increasing irradiation intensity and gas concentration current, the signal from the sensor
can become saturated in a nonlinear manner. In this case, the role of an individual factor is unknown in
advance. The given example at fixed frequencies clearly separates the effect of concentration.

The proposed approach to coherent amplitude modulation sensing is a variation of various radio
engineering, solid-state methods. Low-frequency noise, kilohertz, megahertz ranges are used; there are
names of wave modulation, frequency modulation, and nanoparticle spectroscopy [5-8].

In recent years [8-10], Allan deviation has been widely used in gas sensors, which is found by
considering the average values of fluctuations of successively divided windows of time samples. In our
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approach, the standard deviation (6 > o,;,) has a stable value (Figure 5) due to coherence, while in the
above works it increases after a minimum.

Different stable values of o correspond to different concentrations. The a,,,;,, values were determined
by repeated measurements. This result indicates an average accuracy of 0.5% of the present experiment on
the fluctuation signals. The measurement accuracy of survey work is +0.5 Hz (2.5%) at frequency. From
Figure 4 the same order of deviation from the fundamental frequency of various additional modulations
follows.

( 300 ppm 300 ppm
04 \ 1 —— 600 ppm 600 ppm
“ t“ — 1200 ppm 1200 ppm
A — 15
0 \ 1500 ppm - 1500 ppm
—— 1800 ppm 1800 ppm
A
2 P /\\ K‘J/ﬁ\\ ‘/ A N 2100 ppm 2100 ppm
\ \/ R &j’ T\ ool 2400 ppm
7/\\ // N« ““ / / N 2700 ppm | 2700 ppm
- v \ “j‘ J 3000 ppm 3000 ppm
0.4
1994  199.6 1998 200.0 200.2 2004  200.6 3955 396.0 396.5 3970 397.5 3980 3985  399.0
f,Hz f,Hz
a b

Fig.4. Ammonia power spectra: a) Main modulation frequency f, = 200 Hz;
b) Main modulation frequency f, = 397 Hz.
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Fig.5. Allan deviation for NH3 (ppm value: 10% + 103).
4. Conclusion

The possibility of determining the type and concentration of gas in the air with a laser sensor by
analyzing low-frequency fluctuation signals was experimentally demonstrated. The difference from existing
optical sensors is the use of an interference pattern of interaction between harmonics of measuring
instruments and fluctuation modes of absorption and laser scattering. From the results of the experiment,
conclusions were drawn for the first time about the possibility of using a method for describing and
predicting maximum permissible gas concentrations without knowledge of atomic and molecular spectral
lines. The proposed laser gas sensor technology opens the possibility of creating a software package, since
harmonic frequencies, spectrum expansion parameters (diffusion coefficient, sizes of Brownian
nanoparticles, their mean free path) are known experimentally and there are tables for various gases. These
parameters are determined much more accurately in comparison with quantum optical and dispersion
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characteristics, since at high optical frequencies these characteristics will be nonlinear and ambiguous. The
work was performed using the simplest equipment. The main result is the detection of saturation of the gas
sensor response with increasing gas concentration through low-frequency modulation of the fluctuation
signal. The work may find various applications by improving, if necessary, experimental techniques.
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