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Abstract The paper describes how mechanical dimensions of a differential open
photoacoustic Helmholtz cell affect its operation. The influence of the diameter and
length of the internal and external ducts and the volume of the acoustic buffers on the
frequency response of the cell, as well as on the attenuation of the external acoustic
noise, was studied. The analysis was performed by means of computer simulations
based on a model in which loss-corrected transmission line duct definitions were used.
The results showed that under proper selection of the cell dimensions, its frequency
response at the frequencies around the main resonance is nearly identical as in the
case of the conventional, closed Helmholtz resonator. The length of the ducts is only
slightly related to the frequency of resonance, and does not noticeably affect the Q-
factor of the cell. A decrease of the duct diameters and an increase of the buffer
volumes improve attenuation of the external acoustic noise. It should be possible
to obtain external acoustic noise rejection as high as 80 dB, which is a substantial
improvement in comparison to the previous designs, which reported this value at the
level of 40 dB to 50 dB.

Keywords Differential detection - External acoustic noise attenuation - Helmholtz
resonator - Resonant photoacoustic cell

1 Introduction

Photoacoustic spectroscopy (PAS) is a technique commonly used for continuous flow
measurements [1-7]. One of the most important components of any PAS setup is the
photoacoustic cell. From the point of view of practical applications, closed photoa-
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coustic cells are not very convenient, because they require gas sampling. In order
to sample the gas, additional mechanical elements (e.g., valves) are needed, which
makes the whole setup much more complex, especially if it is to be used in automated
measurement systems [6]. Open cells presented in the literature [8—11] are suscep-
tible to external acoustic noise penetration, which can seriously limit the sensitivity
of the photoacoustic instrument [5]. Solving this problem may allow for wider use
of this kind of photoacoustic cells in continuous flow measurements [7,12-14]. So
far, the best values of the external acoustic noise suppression obtained in such cells
were reported at a level of approximately 40 dB to 50 dB [15,16]. A new design of an
open Helmholtz cell with differential detection shown in Fig. 1 allows for substantial
improvement of the external acoustic noise rejection [17].

In the proposed cell structure (Fig. 1), both cavities of a conventional Helmholtz
resonator are equipped with microphones and are connected with the exterior via
duct-buffer-duct structures. The length and diameter of the ducts and the volume of
the acoustic buffers are selected in such a way that the acoustic impedance of the
duct-buffer-duct structure observed at both ends at the frequency of light modulation
is relatively high. As a result, pressure changes induced by the photoacoustic phenom-
enon inside the cell are not damped, while penetration of the external acoustic noise
inside the cell is reduced.

Additional rejection of the external acoustic noise is obtained by differential detec-
tion. Differential detection is well known for its strong noise attenuation properties
[13,18,19]. The cell design is symmetrical in order to obtain nearly identical pen-
etration of the external acoustic noise into both cavities. Hence, subtraction of the
signals from both cavities should virtually cancel the external acoustic noise signal
components, while doubling the photoacoustic signal component, as in the Helmholtz
cell working at the resonance frequency, pressure changes in the cavities are in coun-
terphase [13,14,20].

2 Modeling Method

It was assumed that preliminary investigation of the cell properties will be done by
means of computer simulations. First, a model of the cell was created (Fig. 2). The
model was based on acousto-electrical analogies, in which cavities of the cell are
represented by capacitors, while properties of the ducts are described by transmission
lines converted into corresponding T-section impedances. The exterior can be consid-
ered as a cavity of a very high volume; thus, it is also modeled by a capacitance (to
simplify calculations, two capacitances were used: Cap, and CaR). Voltage sources
UL and Uag stand for external acoustic noise sources, while current sources /1 and
1> model light stimulation [14,21-24]. Pressure changes in the microphone cavities
are reflected by voltage signals Uy and Uprz. Similar models were already used in
previous studies, and they were proven to give results very close to the measurements
[2,9,14,23], so they can be considered as a reliable source of information on the real
cell behavior.

In the discussed model, the frequency response of the cell with differential detec-
tion is expressed by the amplitude of the differential signal (Um; — Umz) versus

@ Springer



Int J Thermophys (2014) 35:2269-2278 2271

/%

(a)

\
N

/
\\L\Z\\\\\\N\\\\

\

~ External ducts
(W/4)

=< Acoustic buffers
(high-volume cavities)

QUL
/

N\

—— Internal ducts

(WD)

7 ;//////

— Helmholtz resonator
cavities

N

/§MH duct

Microphones

Light sources
(b) %
Windows

% Y

7
N 77 7

/
Main duct
\ Modulated

light beams

|/
|

7
I — Helmholtz resonator
/) _ cavities

/

Fig. 1 Open photoacoustic Helmholtz cell with differential detection: (a) horizontal cross section and
(b) vertical cross section

frequency. For the purpose of comparison with a corresponding closed Helmholtz cell
and previous photoacoustic open Helmholtz cell designs [9,11], which do not use
differential detection, just one of the microphone signals can be used (e.g., Unmy ver-
sus frequency—under the assumption that the photoacoustic signal is induced in the
other cavity). Taking into consideration that differential detection should theoretically
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Fig. 2 Model used for determination of the properties of the differential open photoacoustic Helmholtz
cell
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Fig. 3 Comparison of the frequency responses of different designs of the open photoacoustic Helmholtz
cells and corresponding closed Helmholtz cell [9,11,17]

reduce external noise to zero, the noise characteristics studied in the paper describe
inherent noise suppression properties of the cell, without differential detection (i.e.,
the plots show the relative amplitude of the external acoustic noise which would be
measured with a single microphone placed in only one of the cavities). Hence, the
external acoustic noise penetration level is equal to the Upny/ UaL ratio (where Uy
is calculated as a superposition of the noise signals coming from the two mentioned
noise voltage sources, Uar, = UaR).

Preliminary results of the simulations showing the frequency response of the cell
(Fig. 3), and its noise suppression (Fig. 4) were very promising. It is clearly visible
that the resonance properties of the cell are similar to the previous open Helmholtz
cell designs, while its noise rejection properties are much better.

3 Results and Discussion

Obviously, the geometry of the cell strongly affects its frequency response and external
noise infiltration inside the cell. The aim of this research was to determine the influence
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Fig. 4 Comparison of the external acoustic noise infiltration in the open photoacoustic Helmholtz cells
[9,11,17]

of the dimensions of the cell (lengths and diameters of the ducts and volumes of the
buffers) on the frequency response and external acoustic noise suppression. Searching
for optimal dimensions of the cell components was performed by means of computer
simulations. At each iteration, only one dimension was changed and the frequency
response and noise attenuation properties were examined. The remaining parameters
were the same as in the reference cell (cavity volumes—1.5 cm?, buffer volumes—
100 cm?, internal and external ducts were 50 mm long and 2 mm in diameter). The
results are discussed below.

A change of the internal duct length influences the frequency response of the cell
(Fig. 5a). In the case of the shortest considered duct (25 mm), the resonant peak occurs
at about 830 Hz, while for the longest analyzed duct (150 mm)—at about 700 Hz. The
Q-factor of the cell seems not to be noticeably affected by a change of the inter-
nal duct length. The resonant peak closest to the one of the closed cell is reached
with the internal duct of 100 mm. Disturbances of the frequency response visible at
the frequencies above resonance should not affect acoustic amplification of the pho-
toacoustic signal, as they are too far away from the resonance. However, they may
seriously affect external acoustic noise suppression, which is clearly visible for the
internal ducts longer than 100 mm. There exists an optimal value for which further
elongation of the duct does not result in an improvement of the noise attenuation and
even makes it weaker (Fig. 5b). The internal duct diameter has a relatively weak influ-
ence on the frequency response in the frequency range around the main resonance of
the cell (Fig. 6a). An increase of the diameter of the internal ducts causes the resonance
peak to shift slightly to the direction of higher frequencies. It results also in stronger
peaking of the frequency response at the harmonics of the resonance frequency, but
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Fig. 5 Influence of the length of internal ducts on (a) frequency response and (b) external acoustic noise
infiltration of the cell

this may be considered as negligible when it is assumed that the cell will be operated
at the fundamental resonance frequency. As it was easy to predict, the best rejection
of the external noise infiltration (Fig. 6b) is obtained when the smallest value (1 mm)
of the duct diameter is employed. Change of the internal duct diameter from 3 mm
down to 1 mm increases the external acoustic noise rejection by approximately 20 dB
to the value of about 75 dB. It should be noticed that this value substantially drops at
the harmonics of the resonance frequency, resulting in a much worse signal-to-noise
ratio at these frequencies.

From Fig. 7a it is clearly visible that no matter what the external duct length is,
the frequency response around the resonant peak and at higher frequencies remains
unchanged. The only noticeable changes of the frequency response occur at the fre-
quencies approximately ten times lower than the main resonance frequency of the cell.
On the other hand, the length of the external ducts noticeably affects external acoustic
noise infiltration (Fig. 7b). Its elongation helps to reject the external noise. However,
similarly as in the case of the internal duct, there is an optimal value for which further
elongation causes the attenuation to weaken. It seems that the best results should be
obtained with an external duct of 85 mm to 100 mm in length.

Likewise in the case of the internal duct length, the frequency response of the
investigated cell is nearly not affected by the changes of the diameter of the external
ducts (Fig. 8a). However, this dimension has a strong impact on the external noise
attenuation (Fig. 8b). A reduction of the internal duct diameter from 3 mm to 1 mm
improves the attenuation by about 20 dB.
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Fig. 6 Influence of the diameter of internal ducts on (a) frequency response and (b) external acoustic noise
infiltration of the cell
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Fig. 7 Influence of the length of external ducts on (a) frequency response and (b) external acoustic noise
infiltration of the cell

A change of the buffer volumes affects noticeably the frequency response only in
the range of relatively low frequencies (Fig. 9a). More important is its influence on
the external noise attenuation, which can be substantially improved by increasing the
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Fig. 8 Influence of the diameter of external ducts on (a) frequency response and (b) external acoustic noise
infiltration of the cell
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Fig.9 Influence of the buffer volumes on (a) frequency response and (b) external acoustic noise infiltration

of the cell

volume of the buffers (Fig. 9b). The size of the buffers is limited only by practical
conditions, as they contribute to the total size of the cell, which usually should be kept
rather small.
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4 Conclusions

The presented parametric analysis showed that the frequency response of the investi-
gated open photoacoustic Helmholtz cell structure is relatively insensitive to adjust-
ment of the selected cell dimensions (length and diameter of internal and external
ducts, volume of the buffer cavities). A noticeable shift of the resonance frequency fy
can be observed only in the case of internal duct length or diameter changes. None of
the investigated dimension changes seems to seriously affect the Q-factor of the cell.
Use of differential detection results in efficient rejection of the signals for which the
frequencies are away from the main resonance of the cell. At one octave from fj, the
attenuation is at the level of approximately 30 dB.

External acoustic noise suppression can be improved by a few tens of decibels by
proper selection of the cell dimensions. In the case of both internal and external ducts,
smaller diameters help to prevent infiltration of the external acoustic noise into the cell.
Similarly, an increase of the buffer volumes improves attenuation of the noise. Finding
the optimal lengths of the internal and external ducts is not straightforward. In both
cases the most efficient noise rejection is obtained at some intermediate length values.
Under an optimal choice of the cell dimensions, it should be possible to get external
acoustic noise rejection as high as 70 dB to 80 dB, which is a substantial improvement
over previous open Helmholtz cell designs, which reported this value at the level
of 40 dB to 50 dB. The above value describes the inherent external acoustic noise
suppression properties of the cell. Use of differential detection should still improve
the noise rejection.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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