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The equivalent four-pole network model is used to simulate one-dimension longitudinal acoustic resonator with different
buffer diameters and lengths, aiming to reach a theoretic model which is able to estimate the optimal buffer geometry. In
experiments, the buffer volumes are decreased gradually by filling a set of aluminum rings with different inner diameters
and lengths into the buffers to get the desired dimensions. The experimental results show that the average deviation of
1.1% is obtained between the experimental results and the theoretical simulation at the buffer length of 30 mm.
Experiments show that the minimum background signal occurs when the buffer length is equal to a quarter of the
acoustic wavelength (1/4). The amplitude of the photoacoustic signal is barely influenced when d,,7>3d,.;. Considering
that oversize of photoacoustic cell needs more measuring gas and more material, the buffer diameter can be deduced to
dpuf¥3d,es. Therefore, smaller photoacoustic cell is desirable.
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Photoacoustic spectroscopy (PAS) for trace gas detection
technique finds applications in many fields, including
environmental pollutants monitoring'"!, medicine diagno-
stics'?, electrical power system!®* and so on. Based on the
generation of an acoustic wave in the gas excited by a
modulated diode laser with a wavelength corresponding
to an absorption line of the gas species'”), and detecting
with a highly sensitive microphone fixed on the photo-
acoustic cell'®, PAS has a very high sensitivity up to part
per trillion (ppt) in trace gas detection!”.

The photoacoustic signal depends considerably on the
geometry of the photoacoustic cell. Acoustical resonan-
ces enable highly sensitive analyses with low detection
limits, thus most published papers used a resonant cell to
conduct the PAS experiment. An optimum design of
photoacoustic cell plays a vital role in achieving high
photoacoustic response. As an important part of the
photoacoustic cell, buffer has significant influence on the
sensitivity and signal-to-noise ratio. Although the per-
formances of different geometric photoacoustic cells have
been compared in the past, discussions are rarely found on
the optimization of the buffer. L. C. Aamodt™® presented
their works majorly on the size consideration of the
resonant cell rather than the buffers. Simona Cris-tescu!”
emphasized the influence of different buffer radii on the

sensitivity, but the experimental results were not enough
to support the theoretical results. To obtain the optimal
size of the buffer volume, F. G. C. Bijnen"'” tried to
modify the dimension of one of the buffers to reach an
optimal conclusion. Mohammed A. Gondal'" tested diffe-
rent geometries of the photoacoustic cell, buffer and bu-
ffer gas to achieve low detection concentration of NO, but
no quantitative estimation model on buffer geometry was
given. M. Wolff!'"¥ proposed an “hourglass cell” with an
irregular buffer geometry, to achieve a stable signal
increasing from 32% to 36% compared with the well-
established H cell, which is too hard to be put into mass
production.

In this paper, we work to reach a theoretic model which
is able to estimate the optimal buffer geometry using
electric circuit analogy called equivalent four-pole network
model. We design an adjustable photoacoustic cell whose
buffer dimensions can be modified, and demonstrate the
validity of the simulation results. The experimental results
and the deviation between the experimental and simulation
results are given. Discussion and conclusion of the optimum
buffer volume to realize a high sensitivity and signal-to-
noise ratio of the photoacoustic cell are presented.

During the photoacoustic signal generation in the gas
cell, several types of energy transformations occur, such
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as photon energy transforming to heat and kinetic energy.
These photoacoustic processes and parameters can be
described by a series of discrete complex acoustic impe-
dances and admittances of every element of the gas cell'"*!.
A simple electric circuit model, transmission line model'"*!
has been set up to simplify the calculation, where electric
elements, such as resistances, capacitances, inductances,
conductance, and current or voltage sources, are used as
analogy concepts of the photoacoustic processes in an
electric system. For example, resistance R, inductance L
and capacitance C mean the viscous losses, stored kinetic
energy and potential energy, respectively, and the source
means the absorbed light power always described by a
current or voltage source. Bernegger S. and Sigrist M.
W.1" reported an equivalent four-pole network model
based on distributed analog impedances and sources, which
has a better modification of the one-dimensional photo-
acoustic cell.

According to the principle of electric circuit, the summa-
tion of the resistance R and the product of'i (i = J-1 ) and
inductance wL can be defined as the impedance Z; per unit
length in units of kg/m4s, i.e., Z= R, + iwL,, and i times of
capacitance wC,can be defined as the admittance Z, per
unit length in units of m4s/kg, ie., 1/Z, =iwC,.

The voltage V(x) and current /(x) in the transmission
line equation can be used to describe the pressure ampli-
tude and the flux of fluid of the photoacoustic cell, respec-
tively. Hence, the voltage source of the equivalent four-
pole network model, which describes the absorbed light
source per unit length by measured gas, can be described
as!':

U(x)=Z,{I° - flAexp(Bx /1)~
Bexp(~fx/ D]} . (1)

where the current source is I° = (y—1)Pa/(pc*) I/,
and the propagation constant is =(Z;/Z,)"*. A and B can
be derived from Uj(x) which can be obtained by iteration
in computer. Finally propagation matrix of the result can
be used to represent the photoacoustic process and pro-
perties of the whole photoacoustic system.

For the case of trace gas detection, the constants of ace-
tylene at room temperature and atmospheric pressure are
given in Tab.1, which shows the values of the parameters
considered in the simulation for the photoacoustic cell by
using equivalent four-pole network model. /s represents
the resonant length, di. is the resonant diameter, /¢ is the
buffer length, and dj,¢ is the buffer diameter. c is the ve-
locity of sound, p is the density of the gas, C,, is the gas
specific heat capacity at constant pressure per unit mass,
y=C,/C, is the ratio of specific heat capacity at constant
pressure and volume, y is the viscosity of the gas, and « is
the thermal conductivity of the gas. By substituting these
values into the MATLAB program, the photoacoustic
responses versus resonance frequency and axial position
of the photoacoustic cell are shown in Fig.1.
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Tab.1 Simulation parameters
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Fig.1 Photoacoustic signals at different frequencies
and axial positions of the photoacoustic cell

Fig.1 shows that the maximum amplitude of the photo-
acoustic signal is obtained at the center which is the best
position to locate a microphone. The absorption of acety-
lene (C,H,) increases at both ends due to the heating
effects resulting from the laser beam passing through
input and output windows.

Fig.2 shows that the photoacoustic signal is high at long
length and wide diameter of the buffer. When the diameter
of buffer decreases, the standing wave stretches out into
the buffer cavities, which lowers the received photacous-
tic signal due to the position of the microphone is far.
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Fig.2 Photoacoustic amplitudes at different buffer leng-
ths and diameters

Fig.3 shows the effects of buffer diameter and length on
the photoacoustic signal and resonance frequency. We can
observe from Fig.3(a) that an intersection occurs at the
buffer length of about 25 mm. It can be noticed that before
the length of diameter 25 mm, the resonance frequency
increases with the decrease of the buffer diameter. In-
versely, the frequency resonance decreases when buffer
length is bigger than 25 mm. Due to the end correction
Al = 0.6r (for open end), f=c/(I+AD!"”), small diameter
with short length of buffer produces high resonance fre-
quency. The variation of resonance frequency is very



CAletal

small with the buffer length of 25 mm. That is to say the
buffer length of 25 mm has the minimum impact on
resonance frequency.

Fig.3(b) shows that the PA signal is high at long length
and wide diameter of the buffers. The optimal buffer
length is at 25 mm, which is equal to a quarter of the
acoustic wavelength (1/4), i.e., lLes=2lpur(Les >> dies). In that
case optimal background signal suppression is achieved.
It is shown that the resonance frequency changes are
almost constant and the amplitude of the photoacoustic
signal is barely influenced when dir >3d,.s. Considering
that oversize of photoacoustic cell needs more measuring
gas and more material, the buffer diameter can be deduced
to dbufz?’dres-
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Fig.3 Effects of buffer diameter and length of the pho-
toacoustic cell on (a) resonance frequency and (b)
photoacoustic signal

The schematic diagram of experimental system for trace
gas detection is illustrated in Fig.4. A single-mode dis-
tributed feedback (DFB) tunable diode laser (LC96AH74,
Accelink Technology) operating at a wavelength of 1533
nm is used as the light source. Better sensitivity of
photoacoustic detection is realized when the modulation
frequency coincides with the acoustic resonant frequency
depending on the resonator size. A temperature controller
(TED200C, ThorsLabs) and a laser diode current con-
troller (LDC250, ThorsLabs) are used to maintain output
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stability and control the modulation frequency of the laser.
The photoacoustic cell made from stainless steel is used in
the experiment with dumb-bell shape. A resonator con-
nected between two buffers (made from aluminum) is
served as the acoustic filter. Laser with input power of 10
mW is launched into a fiber collimator, and propagates
along the axis of the photoacoustic cell which is with
C,H, concentration of 100 ppm. An electret microphone
(WP-23502, Knowles Inc) is placed at the center of the
cell to collect the acoustic signal which is then converted
to voltage. The voltage is collected by a data acquisition
system (DAQ), and finally is sent to a personal computer
(PC) for analysis.
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|

DFB-LD
Optical fiber

Microphone
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LDC: laser diode current controller; TED: temperature controller;
DAQ: data acquisition system; PA: photoacoustic

Fig.4 Schematic diagram of the experimental system

Fig.5 shows the structure of the whole photoacoustic
cell which is on an adjustable dovetail guide rail and
supports the resonator cavity at the center. The buffer
volumes are changed by using various inner diameters of
aluminum ring. Each end of the resonant cell is fixed with
an aluminum piston. By adjusting the relative location of
the pistons, the buffer volume can be changed by in-
creasing its length from 15 mm to 35 mm with step of 5
mm, while the diameters are varied by 2 mm from 8§ mm
to 16 mm. In the experiments, better photoacoustic re-
sponse is achieved when the laser beam completely passes
through the photoacoustic cell along the axis and the
buffer must be sealed up with piston for air tightness.

Microphone

Gas in e
_’___f\\—| \ | _— Gas out
Buffer| - Buffer|

/]

— Longitudinal resonator |

Input ]
collimator

Output
window

Fig.5 Structure of the photoacoustic cell

Buffers at both ends are varied in length by putting the
piston lid slide along the length axis. From Fig.6, the
minimum background signal appears when buffer length
equals a quarter of acoustic wavelength (1/4) of 25 mm,
which is the optimal length for destructive interference of
pressure amplitudes into the buffer. However in this case,
the resonance frequency is not affected by the buffer
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length too much.
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Fig.6 Experimental results of the photoacoustic signal
and background signal for various buffer lengths with
dres=5 mm, les=50 mm and dyus =16 mm

Fig.7 shows that the buffer diameter ranging from 8§
mm to 12 mm increases the resonance frequency. At a
certain diameter, buffers are close to the size of the reso-
nator which is a longer one. Based on f=c/2l, the fre-
quency is inversely proportional to the resonator length.
Thus, the small buffer diameter has low resonance fre-
quency. However, when the buffer diameter is larger than
14 mm, the resonance frequency is almost constant, as can
be seen in the inset of Fig.7. It shows that the biggest
deviation between experimental resonance frequency and
simulation result appearing at the buffer diameter of 16
mm is 1.8%, while the smallest deviation is 0.46% at
buffer diameter of 10 mm, thus the average deviation is
1.1%.
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Fig.7 Experimental and simulation results of the
resonance frequency with several buffer diameters
under dres=5 mm, /s=50 mm and /pys= 30 mm

According to Fig.8, the background signal is decreased
when larger buffer diameter is applied whereas the pho-
toacoustic signal is increased at the same time. In this case,
the larger buffer diameter can obtain the higher photo-
acoustic signal which is good for the improvement of
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sensitivity. However, the oversize of photoacoustic cell
needs more gas for measuring and more time to inflate, so
the optimal size is practical for trace gas detection.
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Fig.8 Effects of buffer diameter on the photoacoustic
signal and background signal with dres=5 mm, /s=50
mm and ;=30 mm

Fig.9 depicts the experiment results which can match
with the simulation analyses. The average deviation be-
tween experimental and simulation results is 1.1% with
the buffer length of 30 mm, 0.46% with the buffer length
of 25 mm, and 0.96% with the buffer length of 20 mm,
respectively, due to imperfect seal of photoacoustic cell.
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Fig.9 Comparison between experimental and simula-
tion results for resonance frequency with different
buffer diameters and lengths

A theoretic model is carried out to estimate the optimal
buffer geometry. Based on the theoretic model analyses
and the experiment results for buffer geometry of the
photoacoustic cell, we can obviously see the influence of
the buffer length and diameter on the photoacoustic signal,
background signal and resonance frequency. Further
investigation should be carried out to bring in the EDFA
and the improvement of the circuit to test the minimum
concentration of the gas.
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