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ABSTRACT 

Photoacoustic (PA) microscopy provides high-resolution 
images with optical-selective contrast at greater depths than 
conventional optical techniques by detecting acoustic waves 
generated from the absorption of pulsed light. To increase the 
applicability of the technique, cost-effective, compact laser 
diodes (LDs) have emerged as a promising alternative to 
expensive and bulky solid-state lasers (SSLs). Due to their 
low peak power, widened temporal pulses are generally used 
to obtain more pulse energy and achieve acceptable PA 
signal levels. Additionally, the multimode, low-quality 
beams emitted by LDs hinder the focusing capabilities, 
resulting in larger focal spots, i.e., lower image lateral 
resolutions. The generated signal characteristics will thus 
differ from the well-known broadband photoacoustic waves 
of several MHz produced by SSL-based systems. In this 
work, we conducted an experimental study to analyze the 
impact of the pulse duration, pulse shape, and focal spot size 
on the generated PA signals, using a laser diode-based 
photoacoustic microscope. The analysis shows that the pulse 
durations and focal spot sizes of LDs produce narrowband 
PA signals shifted towards lower frequencies. This is 
important for improving the design of efficient transducers, 
which will eventually allow the implementation of cost- 
effective photoacoustic imaging systems in clinical practice. 
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1. INTRODUCTION 

Biomedical photoacoustic (PA) imaging combines optical 
and ultrasound technologies to offer high-resolution, non- 
invasive images with enhanced penetration and contrast. It 
relies on the photoacoustic effect, where endogenous 
chromophores such as melanin or haemoglobin absorb laser 
pulses, generating ultrasound waves that can be detected and 
used to reconstruct the absorption distribution [1]. 
The generation of PA pressure waves is based on the 
compliance of both stress and thermal confinements. This 
means that the excitation pulse duration must be shorter than 
the time that acoustic waves and heat require to travel 
through the excited volume [2]. Consequently, short pulses 
of a few nanoseconds coming from high-quality solid-state 
lasers (SSLs) are the preferred choice to efficiently generate 
PA signals. Moreover, the emitted acoustic waveform is 
proportional to the first derivative of the laser intensity 
temporal profile [2], [3]. Hence, short pulses generate sharp, 
bipolar pressure waves, allowing for high-contrast and high- 
resolution acoustic imaging [4].  
The utilization of cost-effective laser diodes (LDs) in 
photoacoustic imaging (PAI) is gaining attention due to their 
affordability and compact size, which make them an 
attractive alternative to bulky and costly SSLs [5], [6]. 
However, these low-cost sources typically emit low-energy, 
low-quality laser beams, hindering their use in clinical- 
oriented systems [7]. The current drivers that pulse the LDs 
grant these sources with pulse tuning capabilities. For this 
reason, usually widened pulses are chosen to increase the 
per-pulse energy and, therefore, the image signal-to-noise 
ratio (SNR). However, longer pulses generate narrowband 
PA signals shifted to lower frequencies, which highly affects 
the image resolution [8], [9]. Moreover, stress confinement 
may be violated if the excited absorber is too small, reducing 
the generation efficiency. 
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Here, an experimental study has been carried out to study the 
impact of the pulse duration, pulse shape and source size in 
the generation of PA signals using a low-cost laser. With this 
work, we aim to offer novel and useful information about the 
generated frequency spectrum, which will eventually help 
the optimization of cost-effective PAI systems, aiding its 
implantation in clinical practice. 

 
2. MATERIALS AND METHODS 

2.1 Photoacoustic microscopy system 

In this study, we used a custom photoacoustic microscope 
based on a cost-effective pulsed laser diode 
(905D2S3JT09X, Laser Components, Germany), which 
emits 235 W laser pulses at a PRF of up to 10 kHz in the NIR 
range (905 nm). The low-quality laser beam emitted by the 
PLD is reshaped and homogenized by coupling it into a 
multimode fiber. This fiber-coupled configuration allows to 
vary the focal spot size by simply placing a spatial filter, or 
pinhole, at the fiber output without decreasing the laser 
fluence or working distance. The current pulses are delivered 
by a pulse current driver (LDP-V 80–100, PicoLAS GmbH, 
Germany) controlled by a programmable pulse generator 
(Stemlab 125, RedPitaya). A commercial spherically 
focused sensor (focal length of 64 mm) made of 
polyvinylidene difluoride (PVdF) was aligned with the 
excitation in reflection mode with a 60º angle (Y-107, Sonic 
Concepts, USA), ensuring high sensitivity detection within 
0.01-15 MHz. The detected PA waves are pre-amplified 
(ZFL-500LN, MiniCircuits, USA) and digitalized at a 
sampling rate of 150 MHz (ADQ14, Teledyne SP Devices, 
Sweden). 

2.2 Experimental set-up 

In optical-resolution photoacoustic microscopy, a tightly 
focused laser spot is used as the excitation beam, thus 
generating point-like acoustic sources. In this study, a USAF 
resolution target (R3L3S1P, Thorlabs, USA) made of a 120 
nm-thin chromium film was used as absorber. To analyze the 
impact of the acoustic source size on the generated PA 
spectrum, tests were made without and with a 50 μm pinhole, 
having two focal spots of 150 and 50 μm, respectively. For 
each case, PA signals were acquired using laser pulse widths 
of 15, 35, 60, 80 and 100 ns, measured at their Full Width at 
Half Maximum. It is worth noting that low-cost pulse drivers 
usually generate asymmetric pulses with long rise times, 
which can affect the generated signals. To compensate for 
the poor SNR with shortened pulses, 5000 averages were 
done for fair comparison between cases. 

 

 

 
3. RESULTS 

The results are depicted in Figure 1. First (Fig. 1a), the larger 
source generates PA frequency spectra concentrated below 
10 MHz, centered between 4-5 MHz depending on the pulse 
width. As expected, longer pulse widths result in less high 
frequency content in comparison with the shorter pulse, 
indicated by the 18 and 10 dB difference between the 10-15 
MHz range and the main lobe, respectively. Similarly, for the 
smaller source of 50 μm (Fig. 1b), longer pulses generate PA 
signals with a reduced frequency content than the shorter 
ones. However, the small source size critically contributes to 
enlarging the bandwidth. While the 100 ns pulse generates 
PA signals with differences of around 10 dB in the 10-15 
MHz range with respect to the main lobe, the 15 ns pulse 
generates a wideband signal, with differences below 6 dB in 
the 1-16 MHz range. In this case, the amplitude decrease 
beyond 15 MHz can also be influenced by the limited 
detection bandwidth of the ultrasound detector. 

 

 
Figure 1. Comparison of the generated PA signal spectrum using 
pulse widths of 15 and 100 ns, for both (a) 150 μm and (b) 50 μm 
laser focal spots. Amplitude is normalized for each source size. 
 
A more exhaustive analysis for all the laser pulse widths is 
shown in Figure 2. For the larger source of 150 μm (Fig. 
2(a)), the generated PA amplitude increases with optical 
energy, which is proportional to the pulse width.  
However, for the smaller source of 50 μm (Fig. 2(b)), 
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that trend is not observed.  This discrepancy is explained 
by considering the confinement time, estimated to be 
around 33 ns for the latter. In this way, shorter pulses (60 
ns) produce higher amplitude signals than wider ones (100 
ns), despite having 55% less optical energy. Hence, within 
this range, the effects of higher PA conversion efficiency 
and optical energy deposition are combined. 
It is noteworthy how the asymmetric laser pulse, due to the 
slow rise time of the low-cost current driver, induces a 
different PA signal morphology compared with the well- 
known N-shaped waveform generated with a short laser 
pulse with fast and symmetric flanks. In this case, the slow 
rise time generates a short positive lobe, followed by a sharp 
negative lobe coming from the fast-falling edge of the laser 
pulse, which highlights the influence of the selected pulse 
driver and the excitation pulse shape. 
Regarding the generated spectrum, center frequency and 
bandwidth at -6 dB was calculated for each case (Fig. 2 (a, 
b)). As observed, both source sizes show a similar tendency, 
reducing the bandwidth and center frequency as the pulse 
size increases. However, it is visible how these variations are 
more noticeable for the smaller source, which shows a 
clearly broader spectrum for the shorter pulses. 

4. CONCLUSION 

An experimental study to evaluate the impact of the 
spatiotemporal excitation parameters (pulse width, shape, 
and source size) on the generated photoacoustic spectrum has 
been carried out. By varying the pulse width from 15 to 100 
ns, with two different excitation source sizes of 150 and 50 
μm, we showed that the pulse width is highly correlated with 
the generated PA spectrum, and that this impact is also 
strongly dependent on the excited absorber size, i.e., the laser 
spot size in an optical-resolution photoacoustic microscopy 
system as the one used in this study. The experimental 
spectra show how typical LD excitation generates narrower 
bandwidths, shifted to central frequencies around 5 to 10 
MHz, which highly differs from the PA signals generated 
with high-quality SSLs. Moreover, we have provided 
experimental evidence of the stress confinement time 
violation, indicated by the reduced amplitude of PA signals 
generated with longer pulse widths that, despite having more 
energy, result in a less efficient conversion. These results 
show the relevance of considering both the source size and 
the pulse width for selecting an appropriate detection 
bandwidth. Also, they highlight the necessary compromise 
between optical pulse energy and conversion efficiency in 
LD-based photoacoustic microscopy systems, associated 
with a plausible violation of the stress confinement time.  

 
 

 
 

Figure 2. Experimental PA signals and their frequency content spread (center frequency and bandwidth 
at -6 dB) using laser pulse widths from 15 to 100 ns, for laser spots of 150 μm (a,c) and 50 μm (b,d). 
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We believe that these findings can provide useful 
insights to develop optimized PAI systems using low-cost 
components, thereby facilitating their integration into 
clinical practice. 
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