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In the pulsed laser photoacoustic (PA) detection and spectroscopy applications, the fundamental fre-
quency of the PA signal produced, and the sensor resonance frequency should be as close as possible to
each other so that analyzes from the obtained signals can be performed effectively. In order to determine
the fundamental frequency of the PA wave, a theoretical model approach based on the development of
the frequency domain solution of the PA wave equation is presented for use in the PA pressure sensor
designs. For the validation of the theoretical model approach, a PA experimental setup was established,
and measurements were made in distilled water. The theoretical and the experimental PA frequency
spectra were determined to be very compatible with each other. Thus, the theoretical model approach
was experimentally validated. According to the theoretical model approach, fundamental frequency val-
ues obtained from the experimental measurement results were determined with an average accuracy of
T 4.212%. Furthermore, it has been determined that this value has fallen to 30.267% in the measurements.
With the obtained results from the theoretical model approach, we propose that the PA pressure sensors
with the more selective and narrower band can be designed for the more sensitive detection. Moreover,
in this study the effects of different laser parameters such that pulse duration, and laser beam width, on
the spectral content of the obtained PA signal are analyzed. These analyses will shed light on the vision of
acoustic pressure sensor design by helping to select the most optimum parameters for the PA detection.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The pulsed laser PA method has become itself a frequently used
technique in many areas through its simplicity, high sensitivity, and
easy-to-use features. The technique is utilized in a wide range of
research fields, such as underwater acoustic sensing [ 1] to biomed-
ical imaging [2], from trace detection in different materials with
photoacoustic spectroscopy (PAS)[3] to non-destructive inspection
[4]. In this study, we focused on the applications of the pulsed laser
PA method, such as analyte detection, PAS, and material character-
ization due to its high detection sensitivity. The main mechanism
of the PA effect is stretching and relaxation movements caused by
optical absorption following the stimulation of the sample with
low power laser pulses. As a result of these movements, an acous-
tic wave is formed propagating in the sample. The method depends
on the physical parameters of the material such as optical absorp-
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tion, thermal expansion, specific heat, and acoustic speed. If any
of these parameters change, the response of the acoustic pressure
wave will also change. An acoustic sensor design can be performed
when the change in the response is detected and associated with
the parameter causing the change.

The first research, the formation of sound by the absorption of
the laser energy in a liquid has been presented by Askar'yan [5].
Up to this time, many studies of the PA effect have been applied
in many areas experimentally and theoretically. Jackson et al. [6]
reported a spectroscopic theory based on the photothermal deflec-
tion of the laser beam, which can be applied to sensing in solid
materials, liquids, gases, and thin films. Rosencwaig [7] reported
his works on photoacoustic spectroscopy of solids and biologi-
cal materials its theory. Oda et al. [8], using the pulsed laser PA
method, they detected cadmium with a precision of 14 ppt. Tam
presented other interesting applications of photoacoustic detec-
tion in his work [9]. El-Akkad et al. [10] determined the optical
absorption coefficient of Hg).,ZnkTe alloys in the basic absorp-
tion region using the PAS. MacKenzie and co-workers [11-14]
performed many experiments to detect glucose non-invasively.
Camilotti et al. [15] in order to provide specific information about
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the chemical traces of paracetamol in the near-infrared region, a
phase-resolved photoacoustic method was applied. The obtained
information was presented as a new finding in chemical studies
of paracetamol. In the 2000s, this method was also used many
times in gas analysis applications [16-18]. Zeninari et al. [19] have
detected methane in air pressure or reduced pressure with the PA
system developed by using a near-infrared diode laser at 1.65 pum
wavelength. In another study, Choi et al. [20] developed a Doppler
velocity meter using a CO, laser photoacoustic system. With this
system, they detect a Doppler frequency shift that can be as lit-
tle as 50 kHz and a linear relationship between the speed and the
shift. Kosterev et al. [21] for NH3 monitoring, they have designed
a gas sensor with a fiber-coupled distributed feedback diode laser
based on quartz-enhancement photoacoustic detection. Riick et al.
[22] have characterized a photoacoustic NO, trace gas detection
system which is based on the use of low-cost components. An opti-
mized cell design with 3D printing was utilized in the system. Elia
etal.[23] have developed a photoacoustic gas trace sensor for nitric
oxide measurement with a detection limit of 500 ppb. Kumar et al.
[24] have developed an ultrasonic detection system based on laser
photoacoustic spectroscopic technique. In the detection system,
they were used for the first time with a specially designed one side
open photo-acoustic cell. In another application, Chen et al. have
developed a fiber amplifier-resonance the PAS sensor for the detec-
tion of acetylene at the sub-ppb level. They have optimized the PAS
sensor for resonance frequency for detection of acetylene at a wave-
length of 1532.83 nm [25]. Another application area where the PA
method is used is imaging applications [26-29]. In understanding
the above-mentioned applications and all other PAS investigations,
the frequency domain solution of the PA wave equation has an
undeniable importance. Nowadays frequency analysis is becoming
important in the acoustic sensor design, which is sensitive to the
frequency of the acoustic wave generated in the laser-stimulated
medium. The frequency domain analysis is performed by means of
the frequency solution of the PA wave equation. There are different
approaches in the literature for solving this wave equation [30-35].
In addition to the approximate solutions, Erkol et al. [36,37] ana-
lytically obtained Gaussian rectangular and radial form solutions
without using any approach.

In the PA sensing and spectroscopy applications, the funda-
mental frequency and the sensor resonance frequency of the PA
signal generated for the detection must be as close to each other as
possible. Therefore, the fundamental frequency detection is very
important. Through the theoretic model approach that we pro-
pose, it is possible to design the more narrowband sensors. In this
study, a theoretical model approach is presented by improving the
frequency domain solution of the PA wave equation previously pre-
sented by Erkol et al [36,37]. Thanks to this, results of time and
frequency solutions of the PA wave equation are obtained. Then,
a PA detection experimental setup was established, and experi-
mental results were obtained with the same parameter values used
in the theoretical calculations. Experimentally obtained and theo-
retically calculated the PA frequency spectra were determined to
be very compatible with each other. By this means, our theoreti-
cal model approach has been validated. In addition, different laser
parameters such as the pulse duration and the beam width were
analyzed and the effects of these parameters on the spectral con-
tent of the PA wave propagated in the medium were investigated.
It is considered that the investigations will help to select the most
suitable parameter for the PA pressure sensor designs.

2. Theory of PA pressure sensing

The main mechanism of the pulsed laser PA method is to apply
low energy level laser pulses to an absorbing medium. All or a part
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Fig. 1. The SO heated by a laser that is thought to exist in the solutions of PA wave
equations in the literature [39].

of the laser pulse energy absorbed by a member of the sample is
dispersed in heat form as non-radial relaxation. These periodic heat
fluctuations in the sample form an acoustic pressure wave and are
detected using suitable pressure detectors. The shape and prop-
erties of the PA wave are specified by physical parameters such
as the absorption constant of the medium, the thermal expansion
constant, the specific heat and the sound velocity of the material.
The energy density absorbed in the sample is proportional to the
amplitude of the acoustic wave while laser parameters and bound-
ary conditions determine the shape of the wave [38]. The general
PA wave equation is given by Eq. (1) [34],

, 19 B FT(r,0)
(V _1;28t2>p(r’t)_mﬂat2 (1)

Where p(r, t) stands for the PA wave pressure in time t and position
r. 3 is the thermal volumetric expansion constant, k is the isother-
mal compressibility, v is the speed of sound, and T(r,t) represents
the temperature change in time t and position r. The left side of the
equation expresses the acoustic wave emitted in the sample while
the right side expresses the source of the acoustic wave [35]. The
acoustic source also consists of two parts: the temporal and radial
parts, respectively. The temporal part includes the laser parame-
ters which are the heat source, the radial part contains the acoustic
wave parameters.

In view of the many studies in the literature, the solutions are
implemented on an imaginary spherical object (SO) heated by the
laser as shown in Fig. 1. Furthermore, there is a relationship among
the sensor position r, the radius R of the heated SO, the speed of
sound v, and the wave propagation time ¢, as in Eq. (2).

r—R r+R

<t< (2)

There are many approaches in the literature for solving the PA
wave equation [30-35]. We focus the solution of Erkol et al. given
in Eq. (5) because they carried out the time domain solution of the
PA wave equation by taking the Gaussian function in both parts of
the source function. [36,37].

First of all, Erkol et al. [36,37] carried out the frequency domain
solution of PA wave equation given in Eq. (3) (r>R) by taking
the Gaussian function for the temporal part of the source func-
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tion and the Heaviside function for the spatial part of the source
function.

exp ( B2 +i‘”)
v T2 v w w (W
p(r,w)= ipo 2 {;Rcos <;R) — sin (;Rﬂ 3)

Where 1, is the pulse duration of the laser, py is the initial pres-
sure.

Then, Erkol et al. obtained a partial PA wave frequency domain
solution given in Eq. (4) by applying the Gaussian function for both
parts of the source function to the frequency domain solution of the
PA wave equation given by Eq. (3). In this way, they thought that
they would reach a more realistic PA wave equation time domain
solution. The main distinction between Eqgs. (3) and (4) is that it is
the frequency domain solutions of the PA wave equation obtained
by using different source functions. Since their aim was to realize
the time domain solution of the PA wave equation, they passed to
the time domain solution without realizing the exact solution of
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For the validation of Eq. (6), experiments were carried out in the
distilled water. For this purpose, Eq. (6) is arranged according to the
constant parameters during the experiments and Eq. (7) is obtained.
Values of constant parameters in the experiments are v=1480 m/s,
r=2Rmm, R =0.74 mm.
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where 6 is the Heaviside function. Since Erkol et al. did not solve
the integral part of Eq. (4), the complete solution of this equation
could not be obtained. In order to obtain the complete solution, we
solved the integral part of Eq. (4) by applying several mathematical
operations. The complex conjugate exponential functions in square
brackets on the right side of Eq. (4) is extracted using the definition
of the erfi (z) function (imaginary error function [45]). This makes
it easier to extract the remaining part of the integral. In this case,
the other part remaining in the integral has been extracted easier
out of the integral by expanding to the Taylor series. This integra-
tion is presented earlier in our work [39]. The obtained solution of
the integral is added to the other part of the equation, and Eq. (6),
which is our improved theoretical model approach in this study is
obtained at resulting of simplifications and mathematical arrange-
ments. Because of these operations, the equation has been made
more compact and suitable for the validation.

3. Experimental setup for validation

The experimental setup is depicted schematically in Fig. 2. Dis-
tilled water was chosen for the validation because it is frequently
used in applications and a homogeneous medium that has physi-
cal parameters known. The theoric model to be validated involves
strong absorption state. The strong absorption expresses states in
which the radius of the laser beam (a) much larger than or com-
parable to the penetration depth (1/«) [44,46]. The laser diode
wavelength was determined 1550 nm because of the existence of
the strong absorption peak of distilled water (approximate o« >10
cm~1[47]) at 1550 nm. A laser diode (LPSC-1550-FC Pigtailed Laser
Diode, Max Power 100 mW, Thorlabs Inc.) operating at a wave-
length of 1550 nm was used as the light source. The laser diode used
in the pigtail, FPL1055 T Fabry-Perot Laser Diode with the Gaussian
shaped has 300 mW output power when used as pulsed. The out-
put power of the laser drops to 100 mW with losses during the
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Fig. 2. Block diagram of the experimental setup for the validation.

laser beams are being coupled with optical fiber. When the laser
coupled to the optic fiber (SMF-28-]9, core diameter 9 um, Thor-
labs Inc.), the correspondence of the laser beam width is regarded
as the mode field diameter which is 10.4 wm in this work. The
aspheric fiber collimators (CFS2-1550, CFS5-1550, Thorlabs Inc.)
were used at the Pigtail Laser diode output. Since the input mode
field diameter of the aspheric fiber collimator is the same as the
output mode field diameter of the fiber, the collimator and fiber are
compatible. According to the catalog information of the aspherical
collimator (CFS2-1550), the effective focal length is 2.03 mm and
the diameter of 1/e2 is 0.38 mm. In other words, the beam diam-
eter of the laser which strikes from the height of 2.03 mm to the
water surface the will be 0.7714 mm due to multiply the product
of the two values given in the previous line. It is also the diame-
ter of the spherical object. The diameter of the SO with the given
calculation is compatible with the diameter the SO calculated by
the PA method to be mentioned in the below section. A driver
module (Picolas LDP-V 50-100V3.3) was used to drive the laser
diode. The pulsed signal generated by the arbitrary/function gen-
erator (AFG3021B, Tektronix) is applied to the trigger pulse input
of this module. In this way, Pulse Width Modulation (PWM) signals
with the high signal to noise ratio (SNR) were applied. The theo-
retical approach presented includes free boundary conditions. The
experiment medium can be regarded as the free boundary con-
dition due to the wavelength of the acoustic signal much bigger
than the absorption coefficient of the medium [44]. The experi-
ment was carried out in a cylindrical measuring cup of 20cm in
diameter and height. The presented theoric model also focuses
on exploring the fineness of an exact solution to the PA equation
for the spherical symmetric wave propagation. The time-domain
bipolar waveforms of the experimentally derived PA signals are
consistent with the free boundary, the spherical waveforms pre-
sented by Sigrist in his study [46]. Therefore, it is seen that the
experimental setup is very suitable for Eq. (7) to be verified. As an
acoustic transducer, A membrane hydrophone (HMA-0200, Onda
Inc.) is placed at 2 mm below from the surface of a transparent
container filled with distilled water. The HM Series membrane
hydrophones are designed to measure ultrasonic signals. It has a
flat frequency response and the bandwidth is in the range of 0.5
to 45 MHz. Nominal Sensitivity of the hydrophone is 100 nV/Pa.
Because the amplitude of the detected signal from the detector is at
KV levels, the signal is firstly amplified using a 40 dB preamplifier
(Boteg Inc.). In this preamplifier design architecture, AD817 oper-
ational amplifiers (50 MHz Unity Gain Bandwidth, 350 V/ms Slew
Rate, Analog Devices Inc.) are used. This ensures that the bandwidth
of the generated PA signal and the preamplifier match each other.
In addition, the high output current differential line driver AD815
(low harmonic distortion of -66 dB@1 MHz into 200 €2, 120 MHz
bandwidth, Analog Devices Inc.) used in the preamplifier has the

ability to drive unlimited capacitive loads while maintaining excel-
lent signal integrity. Then, for the obtaining the acoustic signal with
the high SNR used the ultralow noise voltage-controlled amplifier
AD8331-EVAL module as a final amplifier (Ultralow noise: Volt-
age noise 0.74nV/,/Hz, Current noise 2.5 pA/./Hz, 3 dB bandwidth
120 MHz, Analog Devices Inc.). When the HI (high gain) mode of
this module is activated, the signal gain can be increased to 55.5 dB.
After the amplification process, the received signals were measured
with Picoscope (3206MSO, 200 MHz analog bandwidth, 1 GS/s real-
time sampling, 512 MS buffer memory) as both an oscilloscope and
also a data logger. Picoscope has also features a spectrum analyzer
and the frequency domain measurement. The spectrum analyzer in
this instrument is of the Fast Fourier Transform (FFT) type, which,
unlike a conventional sweep spectrum analyzer, can display the
spectrum of a single nonrepeatable waveform. The experimental
data obtained from the pc oscilloscope is then processed by Mat-
lab software and rendered graphical. The average values for the
FFT spectrum were obtained by taking 32764 samples from the
Hamming window at a sampling rate of 62.5 MSa/s.

In this study, four different experiments have been carried out to
investigate the effect of the proposed theoretical model approach,
as well as the effects of the laser parameters on the frequency
response of the generated PA signal. In these experiments, the
laser pulse width and the beam widths are changed. In Table 2,
the laser parameters used in these experiments are given in detail.
In all experiments except for Experiment 3, laser beam widths were
taken as 0.7714 pm, whereas in Experiment 3 this value was taken
as 0.8791 pm. And laser pulse widths were taken as 30ns, 60 ns,
200ns and, 200ns according to the experimental order (#1, #2,
#3, #4). In addition, the laser pulse repetition frequency (PRF) was
50kHz in all experiments. The results of these experiments are
discussed in the next section.

4. Results and discussions

Erkol et al. solved the time-domain of the PA wave equation
by applying the Gaussian function to the temporal and the spatial
parts of the source function [36,37]. For this reason, we think that it
is a more realistic solution than similar solutions in the literature.
All experimental measurements were made in the distilled water
to verify the theoretical model approach. The theoretical equations
used for comparison in experimental verification are respectively
Eq. (5) for time domain and Eq. (7) for frequency domain. In Fig. 3
the theoretical results obtained from Eq. (5) and the graphs of the
measured values are plotted overlaid. The PA wave parameter val-
ues for the time domain theoretical calculation are given in Table 1.
The PRF is applied at 50 kHz. In the measured time-domain values,
when the laser pulse duration values increased, indicating that the
amplitude of the obtained PA signal dropped. Since the PA wave
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time domain analysis does not constitute the main work of this
study, we focused on the frequency domain solutions. However,
extensive analysis of this issue has been reported in our previous
work [39]. We used the time domain measurements in the calcula-
tion of the SO diameter, which will be mentioned in the following
discussions.

Fig. 4. The time response of the PA signal for the different pulse duration values
with 0.7714 beam width.

For the spectral analysis, the diameter of the SO has been
investigated primarily for use in the theoretical calculations. The
SO diameter is one of the critical parameters that determine the
frequency content of the produced PA signal. It is very difficult
to accurately measure the diameter of objects buried in a liquid
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medium with micron accuracy using an optical microscope. For this
reason, the object diameter is calculated by using ultrasonic and the
PA methods [40]. In this study, we determined the diameter of the
SO by making measurements from the time-domain image of the
PA wave. When the medium is heated by an optical source, a SO
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absorbs optical energy, and then a forward-moving pressure wave
occurs due to the thermoelastic process that takes place. Positive
and negative pressure peaks form a standard N-shaped PA wave in
the time domain. The time difference between these peak values
is used to measure the diameter of the SO [41]. By measuring the
time difference between these peak values, it is substituted in Eq.
(8) and the diameter of the SO is calculated.

d=v(th —tp) (8)

Where t, is the positive pressure peak time and t, is the nega-
tive pressure peak time. In Fig. 3.(a), the t; - t, value is measured
approximately 0.5 ws. When this value is multiplied by the sound
speed of the distilled water, we can calculate the diameter of the
SO as 0.74 mm. The parameters used in the frequency domain mea-
surements in the figures are given in Table 2 and the PRF is applied
at 50kHz.

In Fig. 4, the measured values of Fig. 3(b) and (c) are superim-
posed on each other in the time domain.

Fig. 5 shows both the theoretical and the experimental mea-
surement results in the frequency domain of the two signals in
Fig. 4 for the different pulse duration values with 0.7714 mm beam
width. The difference in these two measurements is the pulse dura-
tion values. The Pulse duration is 30ns for measurements with
high amplitude and 60 ns for low amplitude measurements. Fig. 5
shows that our theoretical approach model and the experimen-
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Fig. 6. The frequency domain of the PA signal: Theoretical and the experimental results of the measurements made according to the pulse duration with the different laser
parameters in Table 2. (a) The pulse duration with 20 ns. (b) The pulse duration with 30 ns. (c) The pulse duration with 60 ns.
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tal measurement values are very consistent. For example, while
the theoretical fundamental peak frequency of Experiment 1 was
2.783 MHz, this value was measured to be 2.683 MHz. With the the-
oretical approach, the fundamental peak value was found with an
accuracy of  3.592%. Furthermore, the effect of the pulse duration
on the spectral content and the spectral amplitude is clearly seen
in Fig. 5. When the laser pulse energy is constant, high amplitude
PA signals occur at small pulse durations [42]. For this reason, the
shorter pulse durations together with a distortion in-depth reso-
lution result in the larger wave amplitudes [37]. Also, the PA wave
spectral content changes by the changing the pulse duration value
and as the pulse duration increases, the resonance frequency shifts
towards lower values. These are illustrated in Fig. 5. The disap-
pearance of the high frequency content of the PA is undesirable in
imaging applications, because the sample size to be displayed is
directly proportional to the acoustic wave frequency [43].

Fig. 6 shows the theoretical and the experimental results of
the measurements with the pulse duration with the different laser
parameters. Compatibility of graphics clearly shows that the exper-
imental results validate our theoretical model approach. Also, in the
graphs, the fundamental frequency has shifted to lower values as
the pulse duration increases.

Another laser parameter, which has a big effect on the PA sig-
nal, is the laser beam width. In Fig. 7, both the theoretical and the
experimental measurement results of two signals are drawn with
the different beam widths. Excitation of the medium by a laser pulse
with the higher beam width causes a large part of the energy to be
absorbed by absorbers in the medium. The result of this, the ampli-
tude of the PA signal increases. As the beam width decreases, the
temporal profile of the PA signal sharpens and transform into an
n-shaped wave. In this case, the Gaussian spatial profile behaves
like a Dirac delta and on the resulting signal and the effect of the
laser parameters is destroyed. There are also differences in the spec-
tral content of the PA signal. In contrast to the pulse duration, as
the beam width increases, the resonance frequency of the signal
approaches lower values. As can be seen in the graphs obtained
in Fig. 7, our theoretical model approach has been confirmed to
be very consistent with the measurements. While the theoreti-
cal fundamental peak frequency of Experiment 4 was 1.842 MHz,
this value was measured to be 1.823 MHz. With the theoretical
approach, the fundamental peak value was found with an accuracy
of + 1.042%. Table 3 shows the fundamental frequency values of the
theoretical and experimental PA signals. According to the theoret-
ical model approach, the fundamental frequency values obtained
from the experimental measurement results were determined with
an average accuracy of ¥ 4.212%.

Table 3
The fundamental frequency values of the PA signal, theoretical and experimental.

Figure No Theoretical (MHz) Experimental (MHz) Variation (+%)
Experiment 1 2.683 2.783 3.592
Experiment 2 1.862 1.867 0.267
Experiment 3 1.562 1.774 11.950
Experiment 4 1.842 1.823 1.042

5. Conclusions

The theoretical model approach based on the development of
the frequency domain solution of the PA wave equation for use in
the PA pressure sensor designs to determine the fundamental fre-
quency of the PA wave is presented. To verify the theoretical model
approach, the PA test setup is established, and measurements are
made in distilled water. The theoretical model approach shows that
the PA frequency spectra obtained by experimentally and theoret-
ically are compatible with each other. With these experimental
measurements, we reported the correctness of our theoretical
model approach. In the pulsed laser PA detection and spectroscopy
applications, the fundamental frequency and the acoustic sensor
resonance frequency of the PA signal produced must be as close
as possible to each other so that the sensor frequency selectivity is
increased and analyzes from the obtained signals can be performed
effectively. With the theoretical model approach, the fundamen-
tal frequency values obtained from the experimental measurement
results are determined with an average accuracy of +£4.212%. It is
measured that this value decreased to +0.267%. With the help of the
theoretical model approach, we propose that more narrowband PA
pressure sensors can be designed, and hence more precise detection
can be possible. Furthermore, in this study, the effects of different
laser parameters (pulse duration, laser beam width) on the spectral
content of the obtained PA signal are analyzed.
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