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Abstract

An inexpensive resonant photoacoustic spectrometer based on a low-power distributed feedback diode laser and wavelength modulation
spectroscopy is developed. This sensor has been applied to the detection of acetylene (C,H,) using a properly designed photoacoustic cell
operating on its second longitudinal mode. The minimum detectable limit of about 10 parts-per-million volume (signal to noise ratio=1)
is achieved at atmospheric pressure, and the pressure and laser power linear dependence of the photoacoustic signal is also investigated.
Moreover, in this paper we also describe some basic theory of gas photoacoustic spectroscopy.
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1. Introduction

Laser photoacoustic spectroscopy (LPAS) has been used
as a very sensitive spectroscopic technique in trace gas
detection and analysis, such as environmental monitoring,
industrial process control, automotive exhaust analysis, agri-
cultural monitoring and medical diagnostics [1]. Since the
photoacoustic signal is proportional to the power of the
laser light through the PA cell, early photoacoustic spectra
researches use high intense CO and CO, lasers in the mid-
infrared [2-5] as light sources. However, these light sources
are only line tunable, thus the laser and measured molecu-
lar absorption lines must coincide with each other for good
sensitivity. Lately, transportable PA spectrometers based on
cw-ICLs and cw-OPOs have been developed. Both laser
systems are sensitive and selective, but expensive and com-
paratively complicated in setup [6,7]. Recently, with tunable
diode laser developing, room operating diode lasers, have
fast respond and wavelength modulation, are used in pho-
toacoustic spectroscopy [8,9]. As it is known, often window
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and wall background PA signals limit the sensitivity of the
PA detection system. In wavelength modulation spectroscopy
the laser frequency is modulated with f; but the PA signals
are analyzed at the frequency 2f. This can reduce the effect of
these background noises on the detection sensitivity [10-12].

Acetylene is a well-known industrial gas. It is the low-
est molecular weight analog of the class of neutral organic,
acetylenic compounds. This substance is also known as
ethyne. Acetylene is a gas that forms highly explosive mix-
tures in air across a broad range of concentrations. The lower
explosive limit is 2.5% in air (National Fire Protection Asso-
ciation, 1997). Moreover, as a characteristic gas, acetylene is
usually analyzed in dissolved gas-in-oil analysis to diagnose
the potential inner faults of power transformers [13]. Owing
to its flammability and explosivity, the monitoring and analy-
sis of acetylene at low concentration has become an essential
environmental and industrial issue.

In this paper, a portable, low cost, simple, highly sen-
sitive photoacoustic spectrometer based on diode laser
modulation spectroscopy was developed. A near-infrared
distributed-feedback (DFB) laser diode at 1511.51 nm
is used in order to excite the R25 rotational line
of the 101000+u<—000000+g vibrational CyH;
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transition (absorption line v=6608.5124 cm™! and intensity
S§=1.414E—21 cm~!/(molecule cm~2)), which was selected
for the experiment on the basis of laser availability. The real-
ization of our system is described and experimental results
are presented.

2. Theory of laser PAS

PAS is a calorimetric spectroscopy technique based on
the photoacoustic effect, and has gradually matured in utility
since its discovery by Bell in 1880 [14,15] with significant
performance improvements in light sources and modulators,
in wavelength tunability, and in photoacoustic signal trans-
ducers. The generation and detection of the PA signal in a
gaseous sample consists of four main steps [16]:

e Molecular absorption of electromagnetic radiation, result-
ing in an excitation of the absorbing molecules to a high
energy level (electronic, vibrational or rotational quantum
state).

e Nonradiative relaxation of the excited state (collosional
relaxation), the optical energy previously absorbed is com-
pletely or partly released as heat in the sample, thus, giving
rise to the temperature increase of the gas due to the energy
transfer to translation, resulting in an increase of the gas
pressure.

e When the laser intensity is modulated at an acoustic fre-
quency, the temperature changes periodically, and so does
the pressure, which can be observed as an acoustic signal.

e Detection of the acoustic signal using a sensitive micro-
phone.

If we neglect the influence of the thermal and the viscous
interaction of the gas, the wave equation of the acoustic pres-
sure changes p is [17]:
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where c is the speed of sound in the given gas, H(7, t) rep-
resents the heat sources produced by the absorption of the
laser light and 7 is the ratio of the specific heats Cp/Cy
of the studied gas at constant pressure and constant vol-
ume. In the case of small absorptions (¢ < 1), the deposited
heat energy H(r, 1) is directly proportional to the molecu-
lar absorption coefficient o and to the laser beam intensity
I(r, t) = Io(r, t) el

H@r, t) = al(r, 1) (2)

The solution of the inhomogeneous wave Eq. (1) is described
by the eigenfunction series:

PG =Y _Aj(t)p;(P) explio;t) 3)
J

where Pj(?) are the eigensolutions and A;(f) describes the
time-dependent amplitudes of the different modes. The eigen-

Table 1
Numerical values of the parameters o, for the first derivative of cylindrical
Bessel functions

A n

m 0 1 2 3

0 0 1.21976 2.23326 3.23817

1 0.58601 1.69691 2.71709 3.72645

2 0.97212 2.13459 3.17323 4.19214

3 1.33722 2.55125 3.61154 4.64287
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m—

;- . m'l'ﬂm

=
L =

m=0,12....

]

k=0,12.. n=0,1.2..

Fig. 1. Resonant acoustic modes of a cylindrical closed chamber; the fun-
damental longitudinal, azimuthal and radial modes.

solutions for a cell with the shape of cylinder with radius
R and length L in cylindrical coordinates [ = (r, @, 7)] are
described by

- TTmn km sin
i) = I ( - r) cos (Lz) [Cos(m(p)] (4)

where J,,, are the Bessel functions of the series m, and oy, is
the nth zero of the first derivative of the mth Bessel function
divided by 7, whose first values are given in Table 1. Every
mode j is characterized by three numbers j = (n,m,k), Ref. to
Fig. 1, corresponding to radial, azimuthal and longitudinal
contributions to the given mode, respectively. The frequency
of the jth eigenmode can be determined from the relationship:

o _wj ¢ O \ 2 k\?
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The resonance frequency is directly proportional to the sound
velocity, which can be described as [18]:

RT
=\ ©

where R=8.314 J(mol K)~! is the constant of perfect gases,
M the molar mass of the gas, and T is the temperature. Some
physical constants are usually different between different
buffer gases. The values of this parameters are listed in Table 2
for N, gas.

Table 2

Physical constants of N; buffer gas at 20 °C and 1 atm

Substance y M (kgmol ') ¢ (m/s)
N, 1.401 0.028 349
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In addition, these modes are orthogonal and can be nor-
malized by the condition:

/Pipj dv = Vs (M

where the integration is carried out across the entire volume
of the photoacoustic cell, V = 7R2L is the cell volume and
d;j is the Dirac delta function.

Combination of relationships upwards, The amplitude of
mode j is given by

iow ol(y — D/ Vel Jv, p51dv
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where Q;is the quality factor of the resonance, usually defined
as the ratio between the resonance and the frequency band-
width at 1/ /2 of the maximum, that takes into account the
losses in the acoustic wave. The integral in the numerator
of the expression of the mode amplitude Aj(w) represents
the coupling between the laser beam profile and the acoustic
mode. Therefore, effective coupling between the laser beam
distribution and the acoustic mode results in an efficient exci-
tation of the maximize PA signal.

3. PAS sensing system

Our PA measuring system is shown schematically in
Fig. 2. The room-temperature single mode distributed feed-
back (DFB) diode laser is fibre-coupled and the optical fibre
ends with a beam collimator, and the laser beam is aligned
on the cylindrical sample cell axis. The stainless steel PA
cell consists of two buffer volumes (about half the length
of the resonator) sealed with Brewster-angled windows and a
central cylindrical resonator (L =15 cm, R=1.5 cm) designed
to be operated in its second longitudinal mode. The Brew-
ster windows are made of SiO, with a thickness of 3 mm.
The miniature electret microphone (Institute of Acoustics,
The Chinese Academy of Sciences, Mode MA211, sensitiv-
ity 50 mV/Pa) was placed in the centre (on the wall) of the
resonator.

P
DFB Laser H Moe\?’grrl

Diode- Microphone
Control-Unit
- Preamp-
lifier
adde
& h 4
sine Cock in
Amplifier
yd’d L
requency PC
sawtooth Generator

Fig. 2. Experimental arrangement for the photoacoustic measurements.

The added signals of sawtooth-wave from function gen-
erator (GW, Model GFG-8019G) and sine-wave from digital
lock-in amplifier (Stanford Research Systems, Mode SR830)
by home-made adder were used to modulate current of the
diode laser by the commercial diode laser controller (ILX
Lightwave LDX-3724, current stability 0.005%, temperature
stability ~0.01%). The microphone signal, amplified by a
factor of 100 (EG&G, Model 5113) with a bandpass filter
set at 30 Hz—30kHz, was sent to lock-in amplifier, with a
time constant usually set to 1ms, and ultimately acquired
by the LabWindows/CVI-controlled data gathering and pro-
cessing system with a sampling frequency and total number
of samples of 20kHz and 8192, respectively. By setting
a center current of 70mA and an operational temperature
of 44.1°C, the laser was wavelength modualated to scan
over the R25 absorption line of CoHj by tuning the cur-
rent of the laser from 50 to 90 mA with sawtooth-wave
(amplitude: 1V, frequency: 0.8 Hz) and sine-wave (ampli-
tude: 114 mV, frequency: 1.05 kHz). This results in a mode-
hop free scan from 6608.0 to 6609.0 cm™!. The modulation
depth (0.15cm™!) was chosen to be one time the absorp-
tion line width (FWHM) at 1atm pressure. A maximum
laser output power of 20mW at 25.01 °C was certified by
the manufacturer. However, for the temperature setting used
in these experiments (44.1°C) and fibre-coupled wastage,
the mean unmodulated output power measured behind the
PA cell by an optical power meter (Newport, Model 1830-
C) was 3.5mW. Dividing the PA signal by the laser power
results in a normalized PA signal, which is a measure
for the concentration of the absorbing trace gas in the air
sample.

4. Results and discussion

4.1. Frequency characteristics and sensitivity of
detection

For the resonance PA cell, the resonance frequency (typi-
cally 1-4 kHz) mainly depends on two important factors, the
cell geometry and the gas mixture inside the cell. For the
second longitudinal mode, the resonance frequency is cal-
culated to be about equal to 2.3kHz for a sound velocity
co =349 m/s. However the experimental value of the reso-
nance frequency is 2.1 kHz with a quality factor of O =22.
The discrepancy between theoretical and experimental value
may be caused by drifts of the gas temperature. In addi-
tion, the surface and volume effects are also not avoided.
Main surface losses are thermal and viscous losses of the
sound wave at the resonator surface, microphone losses and
acoustic wave scattering losses at obstacles in the cell. Vol-
umetric losses are not as important as surface losses and
mainly due to free space viscous and thermal losses and V-
V, V-R, V-T relaxation losses of ployatomic gas [19]. As
we all know, the laser current modulation will cause small
modulation of amplitude synchronously. Both wavelength
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Fig. 3. Measured 2f PA spectrum of 0.1% C,H, buffered with N, at atmo-
spheric pressure, modulation frequency 1.05 kHz, and fitting according to
Ref. [21].

and power changes will influence the PA signal, however,
the two effects cannot be separated in the lock-in output
signal. If the gas temperature is monitored simultaneously
and used to proofread the modulation frequency, the PA sig-
nal will be improved. All the measurements performed were
at rest, the PA cell was filled with the measured gas, and
sealed with valves. Fig. 3 gives an example of the mea-
sured PA 2f spectrum and the result of fitting. Corresponding
to Ref. [20], the calculated signal to noise ratio (SNR) is
approximately 100, this SNR indicates that the noise-limited
minimal detection limit for this sensor is about 10 ppm V of
acetylene.

4.2. Dependence of PA signal on laser power and C2H;
concentration

The PA signal is described mathematically:
S = SmPCNtotCmG (9)

where the microphone sensitivity, S, is in units of milli-
volts per Pascal (mV/Pa); the laser optical power, P is in
watts (W), the PA cell response constant, C, has units of
Pasacl per inverse centimeters per watt (Pa/cm™! W), Ny is
the total number density of molecules (molecule/cm?), and
cm and o are the concentration and absorption cross section
of the analyte, respectively. The PA signal is therefore pro-
portional to the incident laser power and the concentration
of the absorbing molecule. Thus, PA detection of trace gases
derives sensitivity benefit from the use of as much laser power
as is available. Fig. 4 shows the dependence of PA signal on
laser power. A linear dependence of PA signal on the DFB
laser power was found in the range from 0.5 to 4 mW at con-
stant 1% C>H; concentration. Linear regression leads to an
equation of y=0.29671x — 0.02449 with a regression coeffi-
cient of R =0.99878 for n =9 samples. The dependence of the
PA signal on CoH; concentration between 0.5 and 10.5 Torr
buffered with N> at 760 Torr pressure is also shown in Fig. 5.
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Fig. 4. Dependence of PA signal on the DFB laser power at constant 1%
C;,H; concentration buffered in N».

The linear equation is y=0.18251x — 0.00746 with a regres-
sion coefficient of R=0.9966 for n=5 sample points. The
results proved that our measurements are consistent with the
theoretical results in substance.

While it is not the purpose of this paper to review previ-
ous results, some comparison of our system with theirs may
be insightful. In Ref. [22], the detection limit of 300 ppm V
for CoH, is reported at a pressure of 120 Torr (largest
response) with almost the same other experimental conditions
except the resonator. In contrast to the results (the min-
imum detectable absorption coefficient oy ~ 10~° cm’l)
presented in Ref. [23] it should be mentioned that they com-
bine the photoacoustic with a multipass configuration (num-
ber of reflections: N=50), NaCl-OH™ colour centre laser
at 1.5 pm power is 250 mW, and the results obtained are
also in the optimal pressure region, not at the atmospheric
pressure. The outstanding performance of our PA sensing sys-
tem is satisfying from comparative results for a low-power
near-IR diode laser. However, the sensitivity needs to be fur-
ther improved for practical applications and other needs. The
noises in our system are mainly ambient noise and electrical
noise, e.g., circuit noise and intrinsic noise of the microphone
and preamplifier. So, if we can eliminate these noises further-
more, the sensitivity will be achieved in the range of several
ppb or sub-ppb.
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Fig. 5. Concentration dependence of PA signal intensity in 2f for CoHj.
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5. Conclusions

A simple, portable, low cost resonant photoacoustic spec-
trometer based on near-IR diode laser is reported. Combina-
tion of wavelength modulation and PA detection completely
eliminates background drifts and fluctuations. The achieved
sensitivity is 10 ppm V for acetylene at atmosperic pressure
(SNR =1). The system performances are below expectation
for the moment, as a result of some high noise level, but also
to the weak optical power launched into the PA cell. It seems
likely that further increases in sensitivity could be achieved
by protecting the PA cell from outside acoustic and electric
interferences. Other ways of achieving high sensitivity are
the combination of the photoacoustic with a multipass config-
uration and differential Helmholtz resonantor [24-28]. The
sensitivity can also be improved by increasing the laser power
using a high-powered fiber amplifier in the near infrared
for low-power DFB diode laser. These improvements should
allow to increase appreciably the system performances. These
methods will all be considered for improving the sensitivity
of our PA system in our future work.
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