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Abstract: Photoacoustic spectroscopy is the most sensitive approach of trace gas analysis reaching part per trillion

by volume level and available for engineering practice, but not sufficiently satisfy the measurement demand of gases

with weak absorption in near infrared zone. This paper presents a simple interrogation method using a dual-wave-

length schema to switch effectively between the absorption and unabsorption lines of the gas to be measured, which

takes good advantage of the current modulation characteristic of laser diode. Measurement results of methane dem-

onstrate the feasibility and a relatively simple way to reach resolution of 0.46 ppm of the dual-wavelength method

when the laser power is 2. 1 mW.
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Introduction

Photoacoustic spectroscopy ( PAS) is characterized
by fast response, over-all high selectivity and sensitivity.
It is the most versatile method for trace gas analysis''?’ .
Since photoacoustic (PA) cell is only in resonance with
the incident light pulse at a specific frequency that mat-
ches the length of the resonant cell, the modulation
method of the light source has great influence on the ca-
pability of the PAS based sensing system. Laser diode
(LD) has considerable merit of direct current modula-
tion. High power LDs push the concentration sensitivity
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of PA gas detection into part per trillion by volume ( ppt)
level or even below'** which has promoted the industri-
alization of photoacoustic devices.

In recent years, in order to improve the signal-to-
noise ratio (SNR) of the PAS system, major researches
have focused on novel designs of PA cell and acoustic
signal processing technology. The optimizations of PA
cells have been presented in two main categories: (1) u-
sing highly sensitive acoustic sensors, such as quartz-en-
hanced PAS"! and cantilever-enhanced PAS'® | (2) u-
sing high performance PA cell for trace gas analysis and
detection!”®'. Compared with electronic microphone,
quartz tuning fork and cantilever microphone show obvi-
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ous advantages in sensitivity and dynamic range, while
making the PA cell more complicated. High-performance
PA cells which could offer high cell constant of more than
3000 Pa - em/W, high magnification of 100 times or low
external noise, require ideal materials and exquisite tech-
nique which are even harder to realize. Efforts to opti-
mize signal processing technologies have also been pres-
ented in two categories: (1) using reference PA cell to
suppress background signal, (2) using various digital
signal processing methods to extract the effective signal
from noise "', Reference PA cell complicates and in-
creases the system cost for the additional measurement u-
nit or mechanical adapters. On the other hand, digital
signal processing methods such as wavelet analysis or
duffing oscillator may not effectively improve the SNR of
the PAS system based on poor original signal. Neither a
complex PA cell nor a signal processing system is condu-
cive to the popularity of PAS.

In this paper, a new dual-wavelength interrogation
method is proposed to improve the SNR of PAS sensing
system by taking advantage of the convenient wavelength
modulation of LDs. Measurement results of methane
(CH,) demonstrate the feasibility and improvement of
SNR of the dual wavelength interrogation method.

1 Dual-wavelength interrogation for pho-
toacoustic spectroscopy

PA signal only generates when the central wave-
length of light source matches the absorption line of the
gas to be measured in the PA cell, where light is ab-
sorbed and transmitted into gas molecular movement.
When the light source is periodically modulated at the
resonance frequency of the PA cell, the amplified acous-
tic wave is easily picked up by a sensitive microphone.
The linewidth of the gas absorption peak is about 0. 1 nm
in the near infrared zone, 10 times of that of distributed
feedback LD ( DFB-LD). The operating wavelength of
DFB-LD is conveniently shifted +0.5 nm away from the
setting working point at specific temperature by directly
changing the driving current, which means we might
measure the PA signals at two different wavelengths by
simply applying a frequency modulation signal to the
driving current of the DFB-LD. If the modulation depth
is deep enough, the central wavelength of DFB-LD swit-
ches between the absorption peak of the measured gas
and more than 0. Inm away from the absorption peak,
which is very similar to on-off states of gas absorption and
named as dual-wavelength interrogation ( DWI) method.

2 Experiments and discussion

The main parts of our complete photoacoustic system
are shown schematically in Fig. 1. The excited sound
wave was detected by a condenser microphone
(Knowles, WP-23502) with a responsivity of 25 mV/
Pa. The output signal of microphone passed the filter am-
plifier circuit with 10* times amplification and was finally
processed by a processor. The PA cell consists of a cen-
tral cylindrical acoustic resonator ( diameter = 4.5 mm,
length = 60 mm) and two buffer volumes ( diameter =
17 mm, length = 30 mm). Figure 2 shows the frequen-

cy spectrum of the PA cell in a range of 2400 Hz to 3300
Hz under an acoustic pressure of 0. 1 Pa. A dominant
resonance peak at about 2840 Hz is clearly shown.
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Fig.1 (a) Photoacoustic gas detection system, (b) photo of
the system
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Fig.2 The responding spectrum of the CH, measure-
ment system
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The A, was set to 1 653.72 nm, and the variation
range of A was from 1653.72 nm to 1653.25 nm, larger
than the full width half maximum (FWHM) of the CH,
absorption curve of 0. 04 nm. The PA signals were meas-
ured with 2010 ppm CH, with N, as the accompanying
gas only. As A shifts to shorter wavelength, the wave-
length difference increases while the corresponding ab-
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sorption coefficient of CH, decreases. The responding PA
signal climbs up dramatically before the turning point
when A moves completely outside of the FWHM of A,
then it becomes flatten. The downwards trend in Fig. 3
is caused by capacitors in the control circuit of the laser,
whose charge-discharge characteristics always cause in-
terrogation waveform distortion. The greater the modula-
tion depth is, the longer the current interrogation lasts,
and the more serious the waveform distortion is.
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Fig.3 Relationship between the |A-A,| and the PA signal
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The response of the PA signal amplitude to CH,
concentration was measured and plotted in Fig. 4. Spe-
cific values are shown in Table 1. A linearity of 0. 99 has
been obtained in the concentration range from 10 to 2010
ppm. We applied three typical waveforms, 1i. e.,
square, triangle and sine wave to the driving current of
the DFB-LD with a modulation depth of 10% , which set
A to 1 653. 6 nm. The output signal modulated with
square wave was proved to gain the best response, about
1.1 and 2. 1 times of the signal amplitude modulated
with sine wave and triangle wave, respectively. Similar-
ly, the slope of the square wave modulation was the grea-
test, which indicated that the square wave modulation
DWI-PA system has the best sensitivity.

Table 1 The PA signal response to the CH, concentration

(LD output power at 2. ImW, A, and A as 1653.72

nm and 1653.6 nm, respectively)

F1 AEAREMEHAXERES: LEHHIIER 2.1 mW,
A, FI NS B E S 1653.72 nm #0 1653. 6 nmConcen-
tration

Concentration/ppm Square wave/mV  Sine wave/mV  Triangle wave/mV

10.6 8.1 2.6 1.2
57.3 14.5 7.4 6.4
335 62 41.2 29.1
502 100. 1 57.2 40.5
1005 183.4 119.9 89.3
2010 377.8 228.5 180.2

The detection limit of the system is written as
c

Cmiu = SNR ’ (1>

where C ; and ¢ are the minimum detection limit of the

Fig.4 Calibration curve for CH,
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system and the gas concentration. The system sensitivity
is obtained by calibrating using standard gases. As con-
centration and corresponding SNR are already known,
the sensitivity of the system was obtained directly using
Eq. (1). The minimum detection limit of the DWI-PA
system can be deduced using the data in Table 2 with
concentration of 10. 6 ppm. The detection limits for CH,
gas were 0.46, 1.43, and 3.09 ppm with square, trian-
gle and sine wave modulation, respectively. There are
several possibilities to lower the detection limit. A reduc-
tion of noise can be achieved by using sound insulation
outside the device. Further improvements can be made
by optimizing the PA cell dimensions for the source in or-
der to minimize the background signals from the walls
and windows.

Table 2 Mean values of signal and noise (LD output power
at 2.1 mW, 10.6 ppm of CH, with N, as the back-
ground )

x2 RAEGESEREESHESEELREHHINER 2.1

mW,N, AEZ54,CH, iREX 10.6 ppm

Modulating waveforms ~ Square wave Sine wave Triangle wave
PA signal/mV 8.1 2.6 1.2
Noise/mV 0.35
Cin/ PPM 0.46 1.43 3.09

Figure 5 shows the interrogation signals of different
waveforms in the CH, measurement system. In a com-
plete cycle, the effective area of square wave in the gas
absorption spectrum is greater than that of the sine wave.
The gas in the PA cell absorbs more light, and the pres-
sure difference after the release of heat is greater. Simi-
larly, the PA signal interrogates with sine wave is larger
than that with triangular wave. Thus, under the same ex-
perimental conditions, the PA signal interrogates with
square wave is larger than that with the sine wave and the
triangle wave. When the wavelength A deviates from A,
the corresponding absorption coefficient decreases rapid-
ly, then it becomes flat. The pressure difference caused
by light absorbing and heat releasing in the PA cell grad-
ually increases. Thus, the PA signal interrogating with
square wave increases rapidly before becoming flat. On
the other hand, the effective area of the sine wave or tri-
angular wave within the absorption spectrum increases in
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the first half period then decreases in the second half.
Thus, the PA signal interrogates with sine wave or trian-
gle wave increases first then decreases with the energy
variation. The results of different modulation waveforms
are shown in Fig. 6, where theoretical parameters of P,
C..i, and S, are applied, and ¢ is set to 10 ppm.
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Fig.5 Interrogation waveforms
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Fig.6 The response of PA signal to the [A-A, |
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3 Conclusion

This paper presents a simple interrogation method

using a dual-wavelength schema, which takes good ad-
vantage of the current interrogation characteristic of laser
diode. The appropriate dual-wavelength setting can effec-
tively increase the amplitude of the PA signal and im-
prove the SNR. Compared with sine wave and triangle
wave, square wave interrogation produces greater PA sig-
nals. Measurement results of CH, demonstrate the feasi-
bility and simplicity of the dual-wavelength method which
could reach resolution of 0.46 ppm when the laser power

is 2.1 mW.
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