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Abstract: A cylinder shape photoacoustic (PA) cell has been designed and fabricated for mid-infrared laser photoacoustic

spectroscopy ( MIR-PAS) gas sensing application. A complete modeling of the acoustic signal transmission and detection in

the PA cell using FEM have been performed to simulate its characteristics and compared systemtically with the measured
data. Results show that the second longitudinal mode of the PA cell has the highest resonance amplitude around 4.2 KHz

with moderate Q value, so this mode is quite suitable for MIR-PAS gas sensing purpose.
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Introduction

The photoacoustic detection is based on photoa-
coustic effect discovered by Bell in the 1880s''*/. The
energy of incident light absorbed by the molecules of
gases energy of light absorbed molecules is essentially
transferred into kinetic energy of the surrounding mole-
cules via collisions. This induces a local pressure
change in the absorbing gas. If the light source is mod-
ulated, an acoustic wave is generated that can be de-

tected by a sensitive acoustic sensor such as micro-

phone. Usually the oscillation is in the sound frequen-
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cy range, so this method is called photoacoustic spec-
troscopy (PAS). Figure 1 shows the principle of PAS,
and Fig. 2 shows the schematic of a PAS gas sensor.

It is known that dominant absorption lines of the
gases are in infrared, especially the mid-infrared
(MIR) band of 2 ~25um, corresponding to the fre-
quencies of molecular vibrations of the gases. Therefore

3731 accelerates

the progresses in mid-infrared lasers
the development of MIR-PAS so rapidly, which is a
powerful technique for trace-level gas sensing because
ruggedness

it combines high sensitivity and the

required for field deployable instrumentation and have
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Fig. 1 Principle of PAS
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Fig.2  Schematic of a PAS gas sensor
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already found many applications in the field of trace
gas sensing °“*'. The MIR-PAS has attracted much of
our interest which can help us achieve new detection
limits with the base of MIR laser spectroscopy trace gas

sensing these years o

2 Acoustic theory of PA cells

It has been demonstrated that using a cavity as an
acoustic amplifier of the sound signal was very impor-
tant in PAS. Also, the cavity has eigenmodes with cer-
tain resonance frequencies at which the stronger sound
signal could be observed effectively. So the acoustic
parameters are greatly concerned.

The sensitivity of a photoacoustic sensor strongly
depends on the geometry of the photoacoustic cell. It
can be considerably improved by taking the advantage
of acoustical cell resonances, i.e. , the laser radiation
is modulated at a frequency match to one of the reso-
nance frequencies. Cavities of cylindrical shape as
photoacoustic cells have been well investigated; many

kinds of PAS cells with unconventional shapes have

been designed and developed in recent years /. In
order to design a PAS system, it is important to under-
stand the pressure distribution in the PAS cell precise-
ly. Therefore, a systematically acoustics analysis of the
PA cell should be performed with simulation and exper-
iment, respectively, and the resonance frequencies can
be obtained. The pressure amplitudes at the position of
microphone can also be obtained which are proportional
to the PA signal.

In a photoacoustic cell, the Helmholtz equation

can be derived for the sound pressure ;

L7 0)

V(7 w) +Kp(70) = iol5 L (1)

CZ
where k = w/c, ¢ is the sound velocity of the gas, y
denotes the ratio of the specific heat at constant pres-
sure ¢, to the specific heat at constant volume ¢, , and
H is the heat density absorbed by the gas from light
which can be calculated from the relation H = al where
I is the intensity of the electromagnetic field and a is
the absorption coefficient' "’ .

Assuming that the walls of the PA cell are sound
hard which leads to the boundary condition dp/dn =0
(here n is normal direction ), the acoustic eigenfre-
quencies of a closed cavity are the solutions of the wave
equation

V>2p +kp =0 (2)

By solving the equation above, the dimensionless
eigenmode distribution function of a cylindrical resona-
tor could be given as

p(r) = p,(r,@,z)

= J,(ma;,)cos(me)cos(qmz/L)

(3)

Where L is the length of the cylinder, the jmq indices
refer to the eigenvalues of the radial, azimuthal, and
longitudinal modes respectively, and «;, is the jth zero
of the derivative of the m,, Bessel function divided by
.

More detailed theories about optimum design of

PA cells can be found in ref [ 14].

3 Design and fabrication of a MIR-PAS
cell

To make a cell for MIR-PAS, its shape and size

should be carefully considered. First, for a convention-
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al cylinder cell, the ratio L/R of cavity length L over
radius R should be high enough for effective acoustic
resonance. Second, a compact cell should be more
favorable for its small sample volume, at the same time
a moderate resonance frequency is expected. Further-
more, an overall tradeoff is often needed for the feasi-
bility of fabrication and compatibility to other cell com-
ponents such as windows, acoustic sensor, gas inlet
and outlet, and so on. Based on above considerations,
a cylinder shape MIR-PAS cell with cavity length of L
=80mm and radius R =9mm is designed as shown in
Fig. 3. The sample volume of this cell is about 20cm’.
A real cell with the same size is fabricated with brass.
A low-cost electret microphone with 6mm in diameter is
used as the acoustic sensor installed on the position
shown in Fig.3 with a 4mm opening to the cavity. The
ends of the cavity are enclosed by two IR optical win-
dows (one for laser entrance and the other is optional
for light monitor) made of KRS-5 crystals, which are
sealed by O rings. The KRS-5 is a well known nondel-
iquescent optical window material transparent from 0.5
to 40pum, covering both the NIR and MIR bands, quite
suitable for MIR-PAS applications. Other two small
openings 2mm in diameter located asymmetrically on
the cavity wall, which are connected to two valves,

were used as sample gas inlet and outlet.
4 Evaluation of the PA cell and discussions

In the simulation the cell is supposed to fulfill
with air under atmospheric conditions (7 =300K, p =
latm). The speed of sound ¢ is 343m/s. The micro-
phone used to detect the acoustic signal is supposed to
be installed on the middle of the cell wall. Finite ele-
ment method (FEM) is used to calculate the eigen-
modes and the contribution of sound pressure in the PA
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Fig.3  Schematic of the IR-PAS cavity
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Fig. 4  The results of eigenmodes in the condition of second
boundary
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cell. The first four longitudinal modes (f <10kHz) are
calculated as shown in Fig. 4, the mode frequencies
are listed in Table 1. Notice that in the calculation sec-
ond boundary condition (dp/dn =0) is used based on
the practical configurations. These eigenmodes ( as
shown in Fig. 4) are different from those with first
boundary condition (p =0 at ends).

Based on the calculated eigenmodes, resonate re-
sponse is simulated under hard wall assumption. In the
simulation a specified point in the cell is set as a sound
source to excite more eigenmode, the sound pressure at
microphone position is recorded as shown in Fig. 5
(b). The simulated resonance frequencies are consist-
ent with the eigenmodes precisely. From Fig. 5(b) a
sharp resonance with very high () value could be ob-
served, while in practice the sound media with bulk
viscosity in conjunction with other loss effects influ-

Table 1 Simulated and measured resonate frequencies of

longitudinal modes of the PA cavity
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Frequency Simulation Measurement
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ences the transmission of sound and depress the Q) val-
ues notably, so the damping effects should be consid-
ered. Therefore a damping coefficient, which is given
by the complex wave number and the complex impe-
dance, was introduced into resonate response simula-
tion as shown in Fig. 5(c). It can be seen that, the
profile becomes flat with much lower peak values, the
resonance frequencies keeps almost the same whereas
the halfwidth values of the resonance profile increase
notably, that makes the Q) values decrease dramatically.

If transmission line theory, four-terminal network
or other methods can be introduced to the simulation,
they may provide the more accurate simulation results,
which would be a great help for our further experiment.

To evaluate the real cell experimentally, acoustic
measurements was performed. In the measurements one
KRS-5 window is replaced by a mini loudspeaker to ex-
cite sound waves in the cell. The loudspeaker is driven
by a sine wave generator. The sound signal detected by
the electret micrphone are feed into a SR830 lock-in
amplifier. In the experiments all the instruments and
frequency scan are controlled via GPIB by a computer.
The frequency properties of the loudspeaker and micro-

phone were calibrated before the experiments.
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Fig.5 Simulated and measured characteristics of the PA cavity
(a) Measured frequency dependent amplification coefficient of
the PA cell (b) and (c¢) Simulated resonance response for the
cell without and with damping coefficient
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The measured resonate response of the cell is
shown in Fig. 5 (a). This response curve shows the
amplification effect of the PA cell at different frequen-
cies, and four resonance frequencies, which are almost
in accordance with the simulation results, could be ob-
served. The resonance frequencies and educed Q val-
ues from Fig.5 (a) are also listed in Table 1. A small
offset between the measured response peak and the
simulated resonance frequencies could be found, which
may come from the errors of the size dimension, simu-
lation parameters as well as the influence of small
openings on the cavity wall. Notice that the FEM simu-
lations are performed under ideal conditions, a small
shift of the measured resonance frequency with the sim-
ulation is reasonable.

As shown in Fig. 4, the current position of micro-
phone is less suitable for the detection of odd eigen-
modes such as 001 and 003 than the even eigenmodes,
and much lower amplitude could be observed in those
modes from the measured results. In practice the loud-
speaker could be considered as a plane acoustic
source, so in this plane many exciting points could be
found which can excite the odd longitudinal modes al-
though their amplitude is limited. This phenomenon
has been confirmed by simulation as shown in Fig. 6.

From the simulated and measured results it could
be inferred that, for the PA cell in this configuration
the 002 even longitudinal mode has the highest reso-
nance amplitude with moderate Q value, also the reso-
nance {requency around 4.2 KHz is quite suitable for
using conventional microphone as the acoustic sensor.
Also at this modulation frequency range the electronics
and signal processing becomes easier. Furthermore,
when IR laser beam was used to excite the sound wave
in the PA cell along the longitudinal axis, this mode
should also be the most effective one; therefore this
mode should be most favorable for PAS gas sensing ap-

plications.
5 Conclusion

In conclusion, a cylinder shape PA cell with a-
bout 20 ¢m® sample volume has been designed and fab-

ricated, complete modeling of the acoustic signal trans-
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Fig.6 The simulated odd harmonic response of the PA cavity
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mission and detection in the PA cell using FEM have
been performed to simulate its features and compared
with the measured data. Results show that the second
longitudinal mode of the PA cell has the highest reso-
nance amplitude around 4.2 KHz with moderate Q val-
ue, so this mode is quite suitable for MIR-PAS gas

sensing purpose.
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