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Abstract

The signal-to-noise ratio is a measure used in engineering and science that compares the level of
a desired signal to the level of background noise. This parameter is one of the main features of
the spectrometer devices. In this experimental study, a homemade photoacoustic layout used to
detect chloroform vapour in the presence of krypton buffer gas. The system limit of detection for
detecting chloroform was measured 475ppb at the 0.49W carbon dioxide laser power, 605Hz resonant
frequency and in the presence of Ibar krypton gas. Also the system signal-to-noise ratio variations
for 690 mTorr chloroform vapours in the presence of three buffer gases (krypton, N2 and He) at
the various laser power and barometric pressure was measured. Results show that signal-to-noise
ratio increase, when the carbon dioxide laser power increases. Also when He used as buffer gas,
signal-to-noise ratio is the lowest.

AHHOTaUUA

OTHOLLEeHMEe CUTHaN/MTYM SAB/SAETCA MEPOW, MCMOosb3yemMoli B TEXHUKE U Hayke, KOTOpas CPaBHU-
BaeT ypOBeHb MOJIE3HOr0 CUrHasia ¢ YpoBHEM (DOHOBOro MTyma. OTOT MnapameTp SBNSETCA OAHOM
13 OCHOBHbIX 0CO6EHHOCTEN MPMOOPOB CHEKTPOMETPa. B 3TOM 3KcnepyMeHTasIbHOM McC/ef0BaHUA
ucrnosib3oBasiacb camofesibHasa (poToaKycTuyeckas cxema, UcCronb3yemas A/ 06Hapy>KeHUsi napos
xnopocgopma B NpUCYTCTBUM 6ychepHOro rasa kpuntoHa. CUCTEMHbIV npegen obHapy>XeHus A/is
obHapy>xeHMs xnopodopma 6bi1 n3mepeH B 475 yacTeld Ha MuIMaps NpyY MOLLHOCTM Nnasepa Ha
YIIEKUC/IOM Fa3e MowHocTeio 0,49 BT, pe3oHaHCcHol vacTtoTe 605 'y 1 B npucyTcTBUM 1 6ap Kpun-
TOHOBOrO rasa. Takxe ObUIM U3MEPEHbl U3MEHEHUS OTHOLUEHUA CUTHa/I/MTYM CUCTEMbI O/1 MapoB
xnopocopma 690 MTopp B NpUCYTCTBUN Tpex BydepHbIX ra3oB (KPUNTOH, asoT W renuin) npu pas-
JINYHOM MOLLHOCTY fla3epa 1 6apoOMeTPUYECKOM AaBfieHUU. Pe3ynbTaTbl MokasbliBatoT, YTO OTHOLUe-
HVe CUrHaul/MTYM YBE/IMUMBAETCH, KOrga yBesinyMBaeTCd MOLLHOCTb Jla3epa Tra YrneKucrioMm rase.
Taroke, Korga renuii Ucrnonb3yeTcs B KadecTBe Oy(epHOro rasa, OTHOLLEHWE CUTHaN/MTYM siBNseTcs
cambIM HU3KUM.
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dioxide laser power.
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KntoueBble crioBa: J1azepHblii (DOTOAKYCTUYECKNIA METOA, OTHOLLUEHUE CUTHaN/MTYM, KPUMTOH-Tras,
X/10pOhOPM, MOLLHOCTb Jla3epa Ha YrneKuc/iom rase.

Introduction

The photoacoustic effect was discovered by A. G. Bell in 1880 [Bell. 1880]. Bell focused
intensity-modulated light (by chopped sunlight) falling on an optically absorbing solid sub-
stance produced an audible acoustic [Dumitras et.al.. 2007]. Then in 1881, light absorption
was detected with its acoustic effect in gases, solids and liquids by A. G. Bell [Bell. 1881]
and other researchers such as J. Tyndall [Tyndall, 1881], W. C. Rontgen [Rontgen, 1881],
and W. H. Preece [Preece, 1881]. After these scientists, a wide range of scientists studied the
various aspects of this method [Kaiser, 1881; Dibaee et. al. 2015; Ivreuzer, 1971; Xiong et.
ah, 2018; Mohebbifar et. ah, 2014, Dewey et. ah, 1973, Bruce and Pinnick, 1977; Terhune
and Anderson, 1977]. The high selectivity and sensitivity, high accuracy and precision, large
dynamic range, good temporal resolution, ease of use, versatility, reliability, robustness, and
multicomponent capability are the most important features for a gas sensor. Gas chroma-
tographs are neither fast enough nor sensitive. Although there is no ideal instrument that
would fulfill all the requirements mentioned above, a spectroscopic method and particularly
the simple setup of LPAS provide several unique advantages, notably the multicomponent
capability, high sensitivity and selectivity, immunity to electromagnetic interferences, wide
dynamic range, convenient real time data analysis, relative portability, operational simplicity,
easy calibration, relatively low cost per unit, and generally no need for sample preparation.
LPAS is primarily a calorimetric technique and, as such, differs completely from other-
previous techniques, as the absorbed energy can be determined directly, instead of via
measurement of the intensity of the transmitted or backscattered radiation. This method
has a ppb (parts per billion)-grade or even ppt (parts per trillion)-grade sensitivity. For
this reason, this technique is used to detect partial leakage in various industries, especially
advanced industries. One of the most important features of a spectrometer is the signal-
to-noise ratio. The signal-to-noise ratio is a measure used in engineering and science that
compares the level of a desired signal to the level of background noise. Signal-to-noise ratio
is defined as the ratio of signal power to the noise power, often expressed in decibels. The
ability of the spectrometer to make accurate measurements depends on the quality of the
signal obtained from the detector and the subsequent electrical circuits. The signal-to-noise
ratio provides a measure of the signal quality. The signal-to-noise ratio compares the average
power available in the signal to the average power contained in the noise, which includes
any signal from sources other than the target signal source. Chloroform is one of the most
serious pollutants in the environment. Prolonged exposure to chloroform vapors could cause
severe health effects such as headache, eyesight disturbance, kidney damage, lung congestion,
cancer, and so on. Therefore, accurate and sensitive detection of chloroform is very important
in different environments. One of the most sensitive methods to detect chloroform vapors
is laser photoacoustic spectroscopy method [Mohebbifar , 2014]. In this paper the system
limit of detection for detecting chloroform was measured. Then the system signal-to-noise
ratio variations for chloroform vapours in the presence krypton, N2 and He as buffer gas at
the various carbon dioxide laser powers at atmospheric pressure and room temperature was
measured.
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Theory

The photoacoustic process is mainly the consequences of the modulated light interaction
with gas species to generate acoustic signal. A molecule that absorbs laser radiation is
excited to a higher quantum state (electronic, vibrational or rotational state). The excited
state loses its energy by radiation processes, such as spontaneous emission or stimulated
emission, and by collisional relaxation, in which energy is converted into translational energy.
In this technique, radiative emission and chemical reactions do not play an important role
in the case of vibrational excitation, because the radiative lifetimes of the vibrational levels
are long compared with the time needed for collisional deactivation at pressures used in
photoacoustics, and the photon energy is too small to induce chemical reactions. Thus, in
practice the absorbed energy is completely released via either fluorescence or collisions. The
latter give rise to a gas temperature increase due to energy transfer to translation as heat,
appearing as translational energy of the gas molecules. The deposited heat power density is
proportional to the absorption coefficient and incident light intensity. As shows in the figure
(1) the modulated laser beam leads to produce acoustic waves which in turn can be detected
by a sensitive microphone in the center of photoacoustic cell. It gives us a measure of gas
concentration.

Fig. 1. A common block diagram of the laser photoacoustic spectrometer

In the laser photoacoustic spectroscopy method, the heat generation rate in the gas
sample which irradiated by modulated laser, is given by Equation (1) [Dibaee et. ah. 2015]:

dN/dt = ap(M - N) - N/T. (1)

Where in the two levels atomic model, N, a, dand Tare the atomic energy density of
atomic level, cross section, incident flux and relaxation time of atomic levels respectively.
After modulation of incident flux dois given by Equation (2) and finally the heat generation
rate will be as Equation (3):
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= do[l + exp(iut)], 2)

dN/dt = MadO[1 + exp(iut)] —N/T 3

In the resonance spectroscopic systems, the laser is modulated by a chopper at the
resonance frequency of acoustic resonator, and a phase-sensitive amplifier is locked at the
chopper frequency and finally pressure changes (acoustic wave) measured by a sensitive
microphone. This signal is called photoacoustic signal (Equation (4)) [Mohebbifar et. ah.
2014]:

S = [aCj (uj)POF exp(iwt)]/[\/(1 + ul2712)]. 4

Where Cj (uj) is the cell constant in the resonant frequency of acoustic resonator, is the
microphone responsivity, is laser power and is the absorption coefficient.

Results and discussion

In order to design an optimum acoustic resonator, the resonant frequency and the cell
dimensions were well chosen at first [Mohebbifar. 2019]. After simulation and optimization.
160mm for resonator length and 3mm for resonator radius was found as optimal acoustic
resonator size and eventually home-made acoustic cell was fabricated. This resonator was
made of stainless steel such that a couple of ZuSe windows were located at the both ends
of the buffer volumes in order to suppress noise, coupled with the acoustic resonator. The
resonator is connected to the buffer volumes to suppress the noise. The experimental setup
including a continues wave carbon dioxide laser at the wave length of 10.6~m and different
power from 0.05 to 1 watt. Knowles EK-3024 microphone, mechanical chopper with frequency
up to 10 kHz. continues wave power meter and rotary pump. The photoacoustic signal is
measured in time and frequency domain by TDS3034 Tektronix oscilloscope and the SR850
Stanford Research Systems Company lock-in amplifier [Mohebbifar. 2019]. As the first step,
system limit of detection to detect chloroform was measured by using Equation (5):

Cmin = C/signal —to —noise —ratio. (5)

Where C is the concentration of incoming gas sample and signal-to-noise ratio is given
by Equation (6):

signal —to —noise —ratio = Photoacoustic —signal/Noise —signal. (6)

The system limit of detection for detecting chloroform was measured 475ppb at 0.49W
carbon dioxide laser power with 10.6"m wavelength, 605Hz resonant frequency of mechanical
chopper and 1 bar krypton as buffer gas. All measurements were performed at room tem-
perature. In the next step of experiments; the system signal-to-noise ratio variations for
chloroform vapour in terms of carbon dioxide laser power were performed. For this purpose
system signal-to-noise ratio variations for 690 mTorr chloroform vapours in the presence of
Ibar pressure of three buffer gases (krypton, N2 and He) at the carbon dioxide laser power
from 0.05W to 1W was measured (figures 2-4). The carbon dioxide laser output power was
continuously measured by continues wave power meter (EPM300 model-Cohereut Company).
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Fig. 2. Variation of the Signal-to-noise ratio of Chloroform | krypton in terms of various carbon
dioxide laser powers

Fig. 3. Variation of the Signal-to-noise ratio of Chloroform + N2 in terms of various carbon
dioxide laser powers
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Carbon dioxide laser power (YV)

Fig. 4. Variation of the Signal-to-noise ratio of Chloroform + He in terms of various carbon
dioxide laser powers

These results show? that signal-to-noise ratio increases, when the carbon dioxide laser
power increases. These experimental data were in agreement with the theory of laser photo-
acoustic spectroscopy method. Actually increasing laser power leads to an increase collisional
non-radiative processes, and thus increase photo-acoustic signal and signal-to-noise ratio.
Moreover results show7that when He used as buffer gas, signal-to-noise ratio of chloroform
is the lowest. The different behaviour of He is because, firstly Molar mass of He is less than
other buffer gases and secondly thermal diffusion of He is much faster than the other buffer-
gases.

Conclusion

This experimental study describes an experimental setup to detect chloroform vapor. For-
0.49 watts of carbon dioxide laser poweér, 605Hz resonant frequency and in the presence of
Ibar krypton as buffer gas system limit of detection to detect chloroform vapor was measured
475ppb. Also the system signal-to-noise ratio variations for 690 mTorr chloroform vapors in
the presence of krypton, N2 and He buffer gases at the various carbon dioxide laser power
and barometric pressure was measured. Results show? that signal-to-noise ratio increase,
wdien the carbon dioxide laser pow#r increases. Furthermore, increasing laser pow#er leads
to an increase collision non-radiative processes, and thus increase photo-acoustic signal and
signal-to-noise ratio. Also wdien He used as buffer gas, signal-to-noise ratio is the knvest. The
different behaviour of He is because, firstly Molar mass of He is less than other buffer gases
and secondly thermal diffusion of He is much faster than the other buffer gases.
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