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Abstract

Laser-induced acoustic (LIA) underwater detection, as a next-generation sensing paradigm,
combines high spatial resolution, rapid temporal response, and cross-medium detection
capability, positioning it as a strategically significant technology in marine resource explo-
ration, military security, and ocean environmental monitoring. The fundamental principles
underlying LIA technology are systematically examined, together with recent advances
in representative experimental systems and critical enabling techniques. The characteris-
tics of the laser-acoustic transmission channel are comprehensively investigated, and the
mechanisms through which laser parameters modulate the properties of acoustic signals
are rigorously elucidated. Moreover, several challenges hindering practical applications
are underscored, including laser energy attenuation, interference arising from complex
underwater environments, and the comparatively high cost of equipment. Finally, future
research directions are outlined, encompassing the development of high-efficiency laser
sources, multimodal integrated sensing strategies, intelligent signal processing algorithms,
and improved environmental adaptability. These efforts are intended to provide theoreti-
cal underpinnings for the continued advancement and broader application of LIA-based
underwater detection technologies.

Keywords: Laser-Induced Acoustic (LIA); underwater detection; underwater acoustics;
cross-medium propagation; marine exploration

1. Introduction

Conventional underwater detection technologies rely on electromagnetic waves and
mechanical sonar systems [1]. However, electromagnetic waves suffer from strong attenu-
ation in seawater with an attenuation coefficient of approximately 10* dB/km [2], while
sonar systems face limitations such as low transduction efficiency, narrow bandwidth, and
susceptibility to mechanical disturbances. LIA technology generates broadband acoustic
waves through the interaction between high-energy pulsed lasers and water media. By
leveraging an optical-to-acoustic energy conversion mechanism, LIA enables non-contact
acoustic source excitation and circumvents the immersion-related disturbances inherent to
traditional sonar, offering an innovative solution for deep-sea exploration [3-5]. A compar-
ison of the advantages and disadvantages, as well as the detection parameters, of various
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underwater detection technologies is presented in Table 1. Overall, different underwater
sensing technologies present distinct trade-offs across range, resolution, environmental
adaptability, and system cost, among which LIA demonstrates clear advantages in handling
complex sea states, achieving high resolution, and enabling long-range detection. The
core advantages of this technology are reflected in three aspects. First, the integration of
air-optical and water-acoustic dual channels utilizes the low-loss transmission of lasers
in the atmosphere and the low attenuation of acoustics in water, substantially extending
long-range detection. Second, the broadband acoustic source supports high-resolution
target recognition, enabling the detection of millimeter-scale underwater structures. Third,
by tuning laser parameters such as single-pulse energy and pulse duration, the spectral
characteristics of the generated acoustic signals can be tailored to adapt to complex marine
environments. With an underwater transmission range exceeding one hundred meters,
LIA provides technological support for submarine communication, mineral exploration,
and ecological environment monitoring. Moreover, the continued development of this
technology is expected to advance the intelligence of marine equipment and diversify
detection modalities, carrying profound implications for safeguarding maritime interests,
strengthening national defense security, and fostering marine economic growth.

Table 1. Comparison of Underwater Detection Technology.

Representative Performance

Method Typical Platforms Strengths Core Constraints
Detection Depth Resolution
. At 220-260 kHz,
Operational .
1 . Synthetic aperture
. - exposure; high Over 10 km given
Active emission; nerev demand: favorabl sonar (SAS) can
Active Sonar Shore-based; long-range; ehe rig}i’ti eit i ! ui\ d? }iarfn 1 deliver
surface ships; high-resolution [7] SeNSIVILY to sound-c ¢ 3cm x 2cm
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airborne: conditions [8] & g[l 1
unmanned surface . ;
Vehicle (USV) and Limited detection
unmanned Covert operation, range; incomplete
underwater low-power, and information; and In general, the
Passive Sonar Vehicle (UUV) [6] persistent constrained propagation depth is /
surveillance sensitivity to low- within 200 m [15,16]
capability [12,13] acoustic-signature
targets [14]
. . Highly Constrained by .
Airborne ngi)vfer;‘;;’ maneuverable; water turbidity; rTheIZEaiail
Blue-Green Uhmann 5 d ae;ial high-resolution; strongly affected Achieved a detection gen::;lly boe twseen
LiDAR vehicles (UAVSs), ;Vi; tsrt;flgi béigﬁfg;‘fﬁ‘gtﬁl depth of 94 m [21] 10 cm and 12 cm
satellites [17,18] through water [19] cost [20] (£0.2m) [22,23]
Single-point LDV;
Csc)cr?trilr?:lr(l)iggc\a]; High accuracy, High equipment
. LDV (CSLDV); good 111'1ear1ty, fast F(?st'; Drone-mounted LDV LDVs can achieve
aser Doppler F . dynamic response, Sensitivity to . femtometer-scale
. ull-field / 3-D ; . can achieve a depth of 15
vibrometer wide measurement environmental . . (10 m)
LDV; . field of approximately .
(LDV) Fiber-coaxial LDV: ange, non-contact disturbances; 10 m [30] displacement
Mobile-platform ! measurement Laser phase noise resolution.
LSV [24,29-36] [36]
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Table 1. Cont.
. Representative Performance
Method Typical Platforms Strengths Core Constraints
Detection Depth Resolution
Immunity to Limited
electromagnetic low-frequenc
MEDUSA interference; 9 y
. . . . . response; 3000 m (~30 MPa
Fiber-Optic multi-cloud Small size & light . 1 .
. Bandwidth ceiling;  hydrostatic pressure)
Hydrophones demonstrator weight Complex optical [35,36]
[31] Broad bandwidth omp P ”
. . interrogation
& multiplexing [31,33,34]
capability [32,33] ”

Laser-Induced
Acoustics

Shore-based;
surface ships;
airborne [37]

Laser-generated
acoustic sources

Finite-element
simulations indicate

A laser system

Non-contact; high  cannot propagate that when the pulse (wavelength of
resolution; over long reaches apower 10.6 pum and a
adaptable to distances; the density of pulse Wl.dth ° f
2.8 x 1010 W/cm? 20 ns, delivering
complex marine optical-to-acoustic : ’ ’
environments [33] conversion the acoustic wave can 500 W peak power)
i officiency is propagate to adepth ~ canimagea 1.3 cm
low [25] of up to sphere [41]
. 400 m [40]

Research on LIA technology began in 1962, when White and Prokhorov first reported
the phenomenon of acoustic wave generation by pulsed lasers in condensed media. In
1973, they experimentally revealed the spectral and spatial distribution characteristics of
laser-generated acoustic signals [42]. From 1980 onward, research in this field entered a
stage focused on technical validation and system development. The Hickman team in the
United States made a series of pioneering contributions: in 1980, they achieved underwater
detection at a depth of 20 m using a CO; laser, providing the first experimental verification
of the feasibility of laser-induced underwater detection [43]; in 1981, they developed the
Experimental Laser/Acoustic System (ELAS), which enabled depth sounding in turbid
shallow waters using a CO; laser, and extended the system’s applications to submarine
communication and thermocline detection [44]; in 1987, they demonstrated 1 m ice thickness
measurement using a 6.5 J laser and proposed a linear relationship model between ice
thickness and laser energy [45]; and by 1990, they replaced the CO, laser with a Nd:YAG
laser to enhance the sensitivity of ice-layer detection [44].

With the advancement of technology, increasing attention has been devoted to mul-
tiphysics coupling research in LIA since 2015, accelerating its transition toward practical
applications. In 2016, Bidin et al. established a quantitative relationship between acoustic
velocity /amplitude and hydrocarbon concentration in water based on laser-induced break-
down (LIB) technology, introducing a novel approach to pollutant monitoring [46]. In the
same year, Jukna reported that broadband acoustic signals in the 0.1-10 MHz range gener-
ated by terawatt laser filamentation exhibited spatial distributions constrained by the laser
propagation direction [47]. In 2020, the Fitzpatrick team developed a laser-CMUT (capaci-
tive micromachined ultrasonic transducers) detection system, achieving millimeter-scale
resolution in underwater imaging [41]. In parallel, Baimler et al. revealed the acousto-
chemical coupling mechanism during optical breakdown in a nickel nanoparticle solution,
confirming a strong correlation between the generated acoustic signals and the formation of
molecular gases [48]. In 2021, Yellaiah et al. systematically investigated the time-frequency
characteristics of shock waves induced by nanosecond (ns) pulses. Finite-element simu-
lations demonstrated that interactions between a shock wave and a gas interface cause
forward attenuation in acoustic signals and showed that the spectral features can serve



Water 2025, 17, 3285

40f21

as indicators of energy transfer efficiency at the interface [49]. From early engineering
validation dominated by CO, lasers to recent studies involving ultrafast lasers and multi-
physics coupling, the effective frequency domain of LIA has expanded from the hertz to
the megahertz range, while its application scope has evolved from simple depth sounding
to encompass chemical sensing and high-resolution imaging.

Research on LIA technology in China began in 1986, when Li, R. and Cui, G.’s team
at the 706 Research Institute in Dalian took the lead in exploring laser—acoustic remote
sensing. In 1990, the team successfully achieved ocean depth detection of 17 m and un-
derwater target identification using a single microphone [50,51]. In 1997, they developed
China’s first independently designed laser-acoustic remote sensing system, which enabled
underwater target detection at a depth of 30 m and bathymetric measurement down to
58 m, thereby validating the feasibility of laser-acoustic coupling for underwater detec-
tion [52-54]. Recent key technological breakthroughs in China have focused on acoustic
source optimization, communication applications, and efficient processing of underwa-
ter acoustic signals. In 2009, Zhu, H. et al. experimentally demonstrated a nonlinear
relationship between the amplitude of acoustic signals in saline water and both salinity
and laser energy using pulsed CO; lasers. In 2010, Li, Q. et al. developed an all-fiber
laser—acoustic source system, enabling covert and high-speed underwater acoustic com-
munication; their optical-acoustic coupling model laid the foundation for engineering
applications [55]. In 2019, Wang, W. et al. proposed a frequency-domain energy detec-
tion method to quantitatively analyze the attenuation characteristics of acoustic signals
in the 0.1-10 MHz range [56]. To address the low bandwidth utilization of chaotic sig-
nals, domestic researchers have proposed adaptive modulation algorithms to improve the
transmission efficiency of underwater acoustic channels. In addition, significant progress
has been made in understanding the laser-to-acoustic energy conversion mechanisms and
optimizing the underwater propagation of acoustic signals [57]. The research team led by
Wang, J., designed a high-sensitivity laser-acoustic transducer, achieving a 40% increase
in acoustic signal amplitude. Wang Y. et al. conducted cavitation dynamics experiments
and established a quantitative mapping model linking laser energy, cavitation oscillations,
and acoustic pressure characteristics [58]. Wang, Y. et al. identified the optimal repetition
frequency for LIAs to be in the range of 10-100 Hz through frequency-domain analy-
sis [59]. Li, S. et al. demonstrated that low-frequency acoustic waves (10 kHz) experience
lower transmission loss in complex liquid media. Zong, S. et al. systematically elucidated
the relationship between optical breakdown thresholds and the spectral characteristics
of cavitation oscillations [60,61]. Current research in China is increasingly focused on
enhancing optoacoustic coupling efficiency, characterizing acoustic signal propagation in
complex media, and developing interference-resistant techniques for both high- and low-
frequency regimes, thereby providing theoretical foundations for deep-sea exploration and
covert communication.

2. Mechanisms of LIAs

When a high-intensity pulsed laser is focused at the gas-liquid interface, strong absorp-
tion of the liquid medium at specific wavelengths results in significant energy deposition.
Within a timescale ranging from ns to microseconds (us), the deposited laser energy se-
quentially triggers three distinct mechanisms for acoustic wave generation: thermoelastic
expansion, phase-change vaporization, and LIB plasma. Each of these mechanisms is
associated with a specific laser energy threshold. As shown in Figure 1, the linear photoa-
coustic conversion mechanism dominated by thermoelastic expansion differs significantly
from the nonlinear mechanism governed by phase-change vaporization. While the lat-
ter exhibits higher energy conversion efficiency, its controllability is considerably lower
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due to the strongly unsteady nature of bubble dynamics during the vaporization pro-
cess. Overcoming the challenge of controllable modulation of nonlinear acoustic sources
has become a key scientific problem that urgently needs to be addressed in the field of
photoacoustic conversion.

Thermal expansion Cusiliexiion machnubans Photobreakdown
mechanism ™ mechanism
>2.3 kJ/em? — >10 J/em? .
Air Air % \ Air
Water Water A - Water « '

Figure 1. A schematic diagram of three mechanisms of LIA.

2.1. Thermoelastic Mechanism

When the laser energy density is below the vaporization threshold of the liquid, ther-
moelastic photoacoustic waves are generated. Upon laser irradiation of the liquid surface or
within the liquid, the medium rapidly absorbs the incident energy, producing non-uniform
heating in the irradiated region and leading to an inhomogeneous temperature field. Under
thermal coupling, local thermal expansion induces thermoelastic pressure, which in turn
generates acoustic waves propagating outward from the heat-absorbing region. These
waves are referred to as thermoelastic photoacoustic waves [62]. The thermoelastic mech-
anism produces acoustic waves with high repeatability and avoids phase transitions in
the liquid, thereby preserving its intrinsic physical properties. Consequently, it is widely
employed in nondestructive testing applications. However, the photoacoustic conversion
efficiency of thermoelastic waves is typically below 0.1%, resulting in relatively weak
acoustic amplitudes. This limitation imposes stringent sensitivity requirements on acoustic
signal receivers [63].

Assuming a laser beam with a characteristic radius r and an absorption coefficient
u for water, the optical extinction depth ! is defined as the distance at which the laser
energy attenuates to 1/e of its initial value. As illustrated in Figure 2, the shaded region
represents the energy deposition zone within the liquid medium, which can be classified
into two regimes: strong absorption and weak absorption. When ru <<1 the condition
corresponds to weak absorption; conversely, ru >>1 represents strong absorption. In water,
laser wavelengths with high absorption coefficients, combined with large beam divergence
angles, are favorable for generating stronger LIA signals. On the other hand, if the laser
wavelength falls outside the absorption band, the beam can propagate longer distances
through water with minimal attenuation [64].

Laser beam Laser beam

2r
Air ILll
=

Water j | /_l_

Energy precipitation region
<+ ”—1 — Acoustic wavefront

Acoustic wavefront

(a) Weak absorption (b)Strong absorption

Figure 2. The energy distribution after irradiation of water by a laser.
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Table 2 summarizes the relationship between the optical extinction length in water
and commonly used laser wavelengths, where A denotes the laser wavelength and
represents the absorption coefficient. The extinction lengths corresponding to CO, and
Nd:YAG lasers differ significantly, as water exhibits much stronger absorption at the CO,
laser wavelength compared to that of the Nd:YAG laser. Therefore, laser sources with
appropriate wavelengths can be selected according to specific experimental objectives [65].

Table 2. Absorption coefficient of water for different wavelengths of laser [65].

Laser Source A (um) i (cm™1)
Ruby laser 0.6943 53 x 1073

Nd:YAG laser 1.06 1.4 x 1073
CO, laser 10.6 8.7 x 1073

Er: YAG laser 2.94 132 x 1073

2.2. Phase-Change Vaporization Mechanism

In the photoacoustic energy conversion process within liquid media, vaporization-
induced recoil effects can generate mechanical forces, thereby producing characteristic
acoustic pulse signals. The laser energy density threshold required for vaporization-
induced acoustic generation is approximately 2.3 J/cm? [66]. Two typical vaporization
modes are generally observed: A steady-state surface vaporization process occurring
at the gas-liquid interface, and a transient explosive boiling process occurring in the
subsurface region. The transition between these dominant modes is primarily governed by
thermophysical parameters of the liquid, such as specific heat capacity and latent heat of
vaporization. The photoacoustic conversion efficiency of vaporization processes can reach
up to 1%, with the transient explosive boiling mode exhibiting superior acoustic generation
efficiency compared to the steady-state surface vaporization mode [67,68].

Fletcher Blackmon et al. performed experiments under laboratory freshwater condi-
tions using a pulsed laser with a 1 kHz repetition rate. In addition to inducing surface
vaporization of the water medium, the results revealed the possibility of nonlinear inter-
action mechanisms. This nonlinear effect originates from the expansion and collapse of
cavitation bubbles within the laser focal volume, giving rise to explosive boiling phenom-
ena. The experiments demonstrated that the underwater sound pressure level (SPL) could
reach up to 185 dB, and, for the first time, introduced the concept of nonlinear photoacoustic
conversion [5].

2.3. Laser-Induced Optical Breakdown Mechanism

When the laser energy density exceeds the optical breakdown threshold of the liquid
(107 W/cm?) [69], plasma is generated within the medium. This plasma continues to ab-
sorb optical energy, triggering an explosive expansion that produces outward-propagating
shock waves. Approximately 65-85% of the shock wave energy is dissipated in water and
eventually attenuates into acoustic waves. Compared to thermoelastic and vaporization
mechanisms, the optical breakdown mechanism offers significantly higher photoacoustic
conversion efficiency, ranging from 7 to 30% and thus serves as the dominant mecha-
nism for high-power pulsed LIA generation. Table 3 presents the reported thresholds for
optical breakdown.
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Table 3. Optical breakdown threshold [70].
Pulse Duration Wavelength Convergence Focused Spot P Threshold Threshold Energy
S . ower/(1010 W- -
/(ns) /(um) Angle/ Diameter/(um) cm?) /(J-ecm—2)

76 0.75 20 20.1 2.3 1760

6 1.06 33 5.5 6.6 399

6 1.06 21 7.7 4.7 285

6 1.06 54 14.5 11 650

0.03 1.06 27 4.6 46 13.7

0.03 1.06 8.5 9.7 45 135

0.03 1.06 4 19.6 37 11.1

0.06 0.53 13 5.5 28 16.9
3x1073 0.58 16 5.0 85 2.6
3x 1074 0.58 16 5.1 476 1.4
1074 0.58 16 44 1111 1.1

In cross-medium LIA processes, the spatial distribution of the optical breakdown
threshold is influenced by multiple factors, including laser focal spot size, aerosol concen-
tration, and beam incidence angle. These factors lead to spatial variability in the breakdown
location. For example, using a CO; laser with a wavelength of 10.6 um and a focal spot
diameter of 0.3 mm, three typical optical breakdown modes at the air-water interface have
been experimentally observed. When a high-energy laser beam (15 J/cm?) is incident,
optical breakdown occurs preferentially in the air region above the interface, as illustrated
in Figure 3a. Due to plasma shielding effects, the trailing edge of the laser pulse is truncated,
resulting in the generation of bipolar acoustic pulses with thermoelastic characteristics
and peak pressures on the order of megapascals. The accompanying air shock wave, upon
crossing the air-liquid interface, experiences a pressure amplitude jump caused by the
abrupt acoustic impedance mismatch between the two media. This phenomenon follows
the shock wave transmission behavior described by the Rankine-Hugoniot equations. Un-
der low-divergence laser irradiation, a multi-focal breakdown structure is formed near the
interface, as shown in Figure 3b. The shock waves generated by independently evolving
plasma clusters exhibit nonlinear superposition during propagation, leading to a complex
transient pressure field distribution. When the energy density decreases to approximately
10-15 ] /cm?, optical breakdown occurs only at the surface layer of the water, as illustrated
in Figure 3c. At this stage, a prominent surface flash is observed, accompanied by the
simultaneous generation of shock waves in both the air and liquid phases. Notably, in
laser acoustic remote sensing for underwater detection, the air shock wave and the acoustic
pulse in water jointly form a composite acoustic source. The coupling characteristics of
their propagation play a critical role in determining the detection sensitivity [69].

The dynamic behavior of cavitation bubbles and their acoustic radiation characteristics
constitute an important research direction in LIAs. The generation and collapse of cavitation
bubbles can induce high-intensity acoustic pulses, with their dynamics strongly influenced
by boundary conditions and medium properties. In 2004, Chen, X. et al. [71] conducted
foundational theoretical and experimental studies on bubble dynamics, characterizing
bubble wall expansion, maximum and minimum diameters, and mechanical shock features
during late-stage collapse. In 2007, Zhao, R. et al. [72] improved the experimental system
to investigate the influencing factors of bubble generation and collapse and analyzed the
acoustic signatures of cavitation near solid boundaries. In 2010, Zong, S. et al. [73] focused
on cavitation erosion effects triggered by near-wall bubble collapse. In complex media,
Li, S. et al. [74] in 2012 found that the dissolved gas content in liquids significantly modu-
lates the frequency spectrum of cavitation-induced acoustic signals. Subsequent studies [75]
revealed that double-bubble systems produce higher acoustic pressure amplitudes than
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single-bubble systems, while maintaining similar dominant frequency characteristics. In
2015, Li. further demonstrated through controlled pressure field experiments that pressure
gradients can induce asymmetric bubble collapse, resulting in characteristic waveform dis-
tortions in the emitted acoustic pulses [76]. These findings provide a theoretical foundation
for optimizing underwater acoustic sources and mitigating cavitation-induced damage.

N\

iy

\V4

=

P

[—

(a) (b) (©)

Figure 3. Dielectric breakdown caused by different laser beam structures: (a) air breakdown above
the interface; (b) multiple air breakdowns above the interface; (c) water breakdown on the water
surface. 1—Laser spark; 2—Shockwave in air; 3—Thermoelastic photoacoustic waves; 4—Shockwave
entering water from air; 5—Shockwave in water.

2.4. Cross-Medium Propagation Characteristics of LIA Waves

In the atmosphere, laser propagation is influenced by the composition of the air.
Table 4 lists the major atmospheric components, with those of higher concentration having
a greater impact on laser transmission. A large number of gas molecules and aerosol
particles of various sizes in the air cause scattering of the laser beam, primarily through
Rayleigh scattering and Mie scattering mechanisms [64]. These scattering processes lead
to attenuation of the laser beam during propagation. The extent of scattering depends
on the laser wavelength, particle size distribution, and the concentration of atmospheric

constituents. These factors collectively affect the transmission efficiency of laser systems
under different atmospheric conditions.

Table 4. Low atmospheric composition [64].

Constant Component Varying Component
Name Volume Percentage Name Volume Percentage

N 78.084 H 0.5 x 1074

@) 20.948 N,O 0.27 x 1074

Ar 0.934 co 0.19 x 10~*
water vapor 0~0.04 Xe 0.089 x 1074

CO 0.033 NH; 0.004 x 10~*

Ne 18.18 x 104 SO, 0.001 x 10*

O3 0-13 x 1074 NO, 0.001 x 10~

He 5.24 x 10~* NO 0.0005 x 10~*

CH, 1.5 x 10~* H,S 0.00005 x 10~*
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Secondly, the directivity of the acoustic source has a notable influence on the SPL. Let
r denote the distance from the measurement point to the acoustic source, and 6 represent
the angle between the normal direction of the acoustic source and the line connecting the
source to the detector. K = w/c; denotes the wavenumber, where c; is the speed of sound
in water, and A is the amplitude constant of the acoustic wave with angular frequency. The
acoustic pressure with an angular frequency w at a propagation distance r, generated by
the laser-induced acoustic wave in water, can be expressed as

_ Ac080 itkr—wr)
T

(1)

Due to the expansion of the acoustic wavefront, its effect on the SPL can be described
by Equation (2):
L;, = 20lgr — 201g(cos 6) ()

Based on the quantitative relationship between acoustic source directivity and SPL, the
acoustic field distribution can be divided into two characteristic regions. For angles § < 50°,
the SPL exhibits low sensitivity to the radiation direction, which is primarily attributed to
the coherent superposition effect along the axial acoustic field. In contrast, for 8 > 50°, the
SPL shows significant directional dependence, mainly due to the coupling between edge
diffraction effects and acoustic wave interference [69].

In atmospheric channels, the wavelength of 1.06 pm is a typical “atmospheric window,”
characterized by high transmittance and low propagation attenuation. In practical LIA
experiments, most of the laser energy at this wavelength can be effectively utilized. Under
low-visibility conditions, the laser is capable of maintaining short-range propagation,
whereas under high-visibility conditions, it exhibits significantly higher transmittance [64].

When a laser crosses the air-water interface, energy loss occurs due to reflection at
the boundary, and the corresponding loss in SPL is dependent on the laser incidence angle
at the water surface. The acoustic energy loss across the air-water interface exhibits a
nonlinear increase with the incident angle. For incidence angles between 0° and 80°, the
interface-induced loss remains below 45 dB and increases gradually. However, when the
incidence angle exceeds 80°, the loss rises exponentially, reaching values as high as 110 dB.
Even under normal incidence, each laser crossing of the interface results in a SPL loss of
approximately 65 dB [69].

The acoustic waves generated by laser incidence propagate in water through energy
transfer mechanisms that rely on vibrational coupling between adjacent water molecules.
During propagation, part of the acoustic energy is gradually converted into thermal energy,
leading to attenuation of the acoustic signal. This energy loss is primarily attributed to
viscous absorption and molecular relaxation processes. W.H. Thorp provided an empirical
formula for calculating the acoustic attenuation coefficient in seawater. This formula is
applicable only to acoustic waves with frequencies greater than 5 kHz [77]:

44£2 +0.11f2
4100 + f2 1+ f?

w3 x 10742+ (3)

In the equation, « denotes the acoustic attenuation coefficient in seawater (dB/km),
and f represents the acoustic frequency (kHz). f 2 represents viscous absorption in water;
442 /4100 + f? represents relaxation absorption due to borate ions; 0.11f2/(1 + f?) repre-
sents relaxation effects caused by magnesium sulfate ions below 100 kHz. The acoustic
attenuation coefficients in freshwater and seawater vary with frequency, and at the same
acoustic frequency, the attenuation in seawater is consistently higher than that in freshwa-
ter. In freshwater, the absorption coefficient increases approximately linearly with rising
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acoustic frequency, whereas in seawater, the increase follows a nonlinear trend [64]. This
indicates that the low-frequency components of LIA signals experience less attenuation
in water, particularly in cross-air-water propagation scenarios, making the low-frequency
band more favorable for underwater information transmission.

The time—frequency and propagation characteristics of typical laser-induced acoustic
signals were analyzed by our team. A laser system with a wavelength of 1064 nm, a pulse
repetition rate of 1-10 Hz, a pulse width of 6-8 ns, and a single-pulse energy of 260 mJ] was
employed. The time-frequency characteristics of the acoustic signal generated at a depth of
20 cm below the lake surface are presented in Figure 4. The laser-induced acoustic wave-
form exhibits a characteristic bipolar profile with a pulse duration of approximately 125 ps
and a frequency range spanning 0-500 kHz. The signal energy is primarily distributed
within the 0-50 kHz band, with a dominant peak at 24 kHz. The variations in SPL and
signal-to-noise ratio (SNR) with depth were investigated. Both SPL and SNR decrease
progressively with increasing depth, and a nonlinear fitting yielded an excellent correla-
tion (R? = 0.99968), indicating that the model provides an accurate representation of the
observed trend. This finding is consistent with the theoretical framework of acoustic wave
propagation in stratified media, suggesting that depth induces a nonlinear attenuation
effect on the acoustic signal. The result provides a theoretical basis for evaluating SPL
behavior at varying depths [37].

0.3

() 1007

Voltage values / v
Intensity / (a.u.)

. . . . . . ‘ , : -0.01
0 20 40 60 80 100 120 0 100 200 300 400 500

Time / us Frequency / kHz

Figure 4. Laser acoustic source signal and its spectrogram. (a) Time-domain plot; (b) spectral plot [37].

3. Influence of Laser Parameters on Acoustic Signal Characteristics
3.1. Selection of Laser Wavelength

In underwater acoustic detection systems, impedance mismatches at medium inter-
faces can induce complex wave field coupling phenomena. As illustrated in Figure 5, the
abrupt mechanical property transition at the air-water interface causes significant reflection
of incident acoustic waves. These reflected waves vectorially superimpose with the direct
acoustic waves generated by the laser source, and the resulting interference pattern is
influenced by the selected laser wavelength.

When a laser with a strongly absorbing wavelength is used, the reflected wave tends
to destructively interfere with the original downward-propagating wave, leading to a pro-
nounced cancellation effect. Conversely, for weakly absorbing wavelengths, the reflected
wave can remain in phase with the downward acoustic wave, resulting in constructive in-
terference and an enhanced net acoustic pressure field [78,79]. However, weakly absorbing
wavelengths exhibit lower optical-to-acoustic energy conversion efficiency, which limits
the amplitude of the initial acoustic signal [41].
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Figure 5. The influence of the air-water interface on the incident sound wave: (a) photoacoustic-
generated waves due to thermal volumetric expansion; (b) reflected acoustic wave off a mechanical
discontinuity; (c) net acoustic wave which is the coherent sum of the generated and reflected acoustic
waves; (d) role of optical absorption in the superposition of the reflected wave with the downward
propagating wave [41].

To achieve effective excitation of high-amplitude acoustic waves underwater, it is
essential to systematically consider the coupling mechanisms between laser parameters and
medium properties. In the process of selecting the laser wavelength, three key factors must
be jointly optimized: destructive interference effects, photoacoustic conversion efficiency,
and compatibility with commercially available laser sources. The extinction lengths of CO,
and Nd:YAG lasers in water differ by several orders of magnitude, which directly reflects
the fact that water molecules exhibit absorption coefficients in the mid-infrared range
that are approximately three orders of magnitude higher than those in the near-infrared
range. Based on the aforementioned differences in extinction characteristics, engineering
applications must optimize laser parameters according to specific operational scenarios.
For near-field acoustic pressure enhancement, strongly absorbing CO; lasers are preferred
due to their high transient thermal deposition efficiency. In contrast, for long-range acoustic
propagation, Nd:YAG lasers are more suitable owing to their lower attenuation in the
medium, which helps maintain acoustic intensity over extended distances. This wavelength
selection strategy enables effective control over spatial energy deposition during laser—
fluid interactions, thereby optimizing the spatiotemporal evolution of the underwater
acoustic field.

3.2. Influence of Laser Pulse Duration and Single-Pulse Energy

Laser pulse duration and single-pulse energy are decisive factors in determining laser
intensity and are also critical to the effectiveness of cross-medium acoustic generation.
As shown in Table 5, ns lasers generally exhibit higher energy conversion efficiency than
picosecond (ps) pulsed lasers. With increasing incident laser energy, the energy conversion
efficiency of ns pulses tends to decrease, whereas that of ps pulses remains relatively
stable. In terms of photoacoustic energy conversion performance, ns laser outperforms ps
laser [49].

The quantitative mapping model between the acoustic signal characteristics and the
laser energy parameters is systematically analyzed. With increasing input laser energy, the
energy deposition and photon absorption efficiency are enhanced, leading to a prolonged
acoustic pulse duration. Simultaneously, the peak-to-peak overpressure of the direct,
reflected, and transmitted signals increases, while the arrival times of the reflected and
transmitted signals are shortened. The acoustic pulse energy exhibits a linear increase
with rising laser input energy, and the energy conversion efficiencies of both reflected
and transmitted waves at the air-water interface also increase approximately linearly.



Water 2025, 17, 3285

12 of 21

In addition, the peak frequencies of the direct and reflected signals shift toward lower
frequencies, which is attributed to the extended duration of optical radiation and thermal
emission effects. The low-frequency components of the signals experience less attenuation
in air and can propagate over longer distances. Furthermore, the spectral bandwidths of
the direct and reflected signals are reduced, whereas the bandwidth of the transmitted
signal remains unchanged [49].

Table 5. Under different laser pulses, the incident laser energy, the laser energy absorbed by water,
the sound energy generated, and the efficiency of laser energy conversion into sound energy [49].

ns ps
Incident Absorbed Acoustic CoEnI‘l/eel;-gs)i,on Incident Absorbed Acoustic Coir:fil;gs}i,on
Energy Energy Energy Efficienc Energy Energy Energy Efficienc
/m] /m] u] /o y /mJ /m] u] /o y
25 20 128 0.64 10 6 1.7 0.03
50 41 140 0.34 15 9.5 1.8 0.02
75 64 143 0.22 20 13 3 0.023
100 85 148 0.17 25 15 4.6 0.03

4. LIA Detection Systems

In 1981, the Hickman team developed a modular laser-acoustic underwater detection
system [44]. The system consists of four core modules: A Lumonics TEA-103-2 small-
aperture CO, laser capable of delivering adjustable pulse energies ranging from 1 to 15]
at a wavelength of 10.6 um; an acoustic receiving array based on a parabolic reflector; a
multi-channel signal acquisition and analysis unit; and a mobile deployment platform.
Laboratory calibration and field testing confirmed the system’s adaptability across multiple
application scenarios. It has been successfully employed in shallow and turbid water depth
sounding, underwater target detection, and soil moisture measurement. Since the system
is not hardwired to any specific transmitter or sensor, it can also be adapted for navigation
and communication purposes.

In 2016, the Bidin team developed a Laser-Induced Acoustic spectroscopy (LIAS) based
system for detecting waterborne pollutants [46]. The pulsed excitation module employs a Q-
switched Nd:YAG laser with a wavelength of 1064 nm and a pulse energy of 40 m] to induce
laser breakdown in the solution. The optical detection module includes a wavelength-
tunable dye laser used as the light source for schlieren imaging. The synchronization
control module utilizes a photodiode to monitor the laser pulse in real time, with timing
coordination achieved via a delay generator. The high-speed imaging module incorporates
a CCD camera to capture the dynamics of acoustic wave propagation. Experimental
results revealed a correlation between the acoustic characteristics of LIA in water and
the concentration of hydrocarbons. Specifically, the propagation velocity of the acoustic
signal was found to be proportional to the hydrocarbon concentration, and the signal
amplitude increased linearly with rising hydrocarbon levels. It has been confirmed that
LIAS technology offers significant advantages for real-time, in situ monitoring, turbid-
water detection, and pollution source localization. These findings provide crucial technical
support for the development of next-generation water environment monitoring systems.

In 2020, the Fitzpatrick research team developed an airborne acoustic imaging system
based on CMUT [41]. Its innovative architecture is illustrated in Figure 6. A key distin-
guishing feature of this system lies in its use of air-coupled CMUT, which addresses the
issues of acoustic impedance mismatch and transmission loss associated with airborne
echoes [80-82]. Additionally, due to the limited bandwidth of CMUT, a sufficient number
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of oscillation cycles at the resonant frequency is required to achieve the high sensitivity that
sets them apart from other non-contact sensing devices [83].

Air

US Transducers <~ (5) Detection of acoustic
Laser waves by airborne US

................................ transducers

(4) Propagation of

acoustic waves in air

(3) Acoustic transmission
through interface

(1) Acoustic waves generated
through photoacoustic effect

4-.?—7-‘_-__%
=y

(2) Acoustic waves
Targets - scatter off targets
Water

Figure 6. Fitzpatrick’s conceptual experimental system diagram [41].

As illustrated in Figure 7a, the imaging mechanism of this system involves three
key physical processes: LIA waves propagate through the underwater medium and are
reflected by the target; the reflected acoustic waves cross the air-water interface, with a
phase compensation layer enhancing transmission; the CMUT array receives the acoustic
signals on the air side, and time—frequency analysis is used to reconstruct the target [84].
Theoretical modeling indicates that conventional 10.6 pm lasers suffer from destructive
interference caused by surface reflections, leading to a SPL attenuation of up to 46 dB. To
address this, the system employs an optimized multi-peak laser source with a wavelength
of 1070 nm, a peak power of 500 W, and a pulse width of 20 ns, resulting in a significant
improvement in acoustic energy transmission efficiency. The experimental setup is shown
in Figure 7b. Imaging tests were conducted on standard targets placed at water depths
of 6 cm, 9 cm, and 13 cm, with a detection height of 10 cm. The corresponding acoustic
feature analysis is presented in Figure 7c. While the test height was set to 10 cm, it can be
proportionally scaled up in real-world system demonstrations, with operational altitudes
reaching several meters. Figure 7d shows the laser-acoustic imaging result obtained
using this system. The feasibility of airborne laser-acoustic remote sensing imaging has
been demonstrated.

In 2021, the Yellaiah team established an integrated experimental-simulation platform
to investigate the acoustic coupling characteristics at the water—air interface [40]. Based
on experimental observations, finite element analysis was performed to successfully vi-
sualize the propagation and interaction of underwater acoustic pulses at the interface.
The analysis revealed that shock waves attenuate in the forward direction during prop-
agation and transform into acoustic pulses, whose signal characteristics can be used to
characterize both the shock wave propagation behavior and interface interactions. The
experiments employed a Nd:YAG laser with a wavelength of 532 nm, a pulse duration
of 10 ns, and an energy range of 40-100 mJ. Underwater acoustic signals generated via
LIB were captured using a needle-type hydrophone, while a polarized microphone placed
above the water surface was used to record the transmitted and reflected acoustic signals
in air. The attenuation and frequency shift in acoustic waves during propagation from
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water into air were analyzed, providing important insights into acoustic interactions across
different media.
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Figure 7. (a) Schematic diagram of Fitzpatrick proof-of-concept system; (b) experimental design
drawings; (c) time domain analysis diagram of acoustic features; (d) laser—acoustic imaging [41].

In 2008, Zong, S. et al. conducted a systematic study on the acoustic radiation mecha-
nisms of laser-induced cavitation dynamics [85]. The experiments employed a Q-switched
Nd:YAG laser with a wavelength of 1064 nm, a pulse duration of 8 ns, and an adjustable
energy range of 100-800 mJ. Particular emphasis was placed on evaluating the acoustic
characteristics under single-pulse energy of 500 mJ and a repetition rate of 5 Hz. The
hydrophone was positioned 80 mm from the optical breakdown point, and the expansion
and collapse phases of the cavitation bubble were analyzed based on the peak position
and amplitude of the received acoustic signals. Experimental results showed that, under
the optical breakdown regime, the acoustic signal generated during bubble collapse ex-
hibited higher intensity than that generated during bubble expansion [86,87]. When the
hydrophone was placed 1 m from the breakdown point, the acoustic signal reached a SPL of
200.6 dB, meeting the requirements for underwater detection [88]. It was found that the SPL
of the underwater acoustic signal increased proportionally with the incident laser energy.
However, when the laser energy reached 500 m], the SPL exhibited nonlinear behavior.

In 2009, Zhao, A. et al. made a breakthrough by developing a full-condition laser—
acoustic detection system [89]. Under non-anechoic water tank conditions, the acoustic
waves received by the array elements of the system’s base array were concentrated within
a conical region with a half-apex angle of approximately 130°. To effectively capture the
acoustic signals, the array needed to be positioned at a considerable distance from the laser—
water interaction point. Given that the speed of sound in water is significantly higher than
that in air, this configuration allows for effective temporal and spatial separation between
the LIA echoes and ambient noise, thereby improving signal-to-noise discrimination.

In 2010, Zong, S. et al. designed a laser-acoustic radiation measurement system [90],
with its core innovation being the construction of a quasi-free-field testing environment. By
installing ATF-1 sulfur-free rubber sound-absorbing materials on the walls, bottom, and
surface of the water tank, the setup effectively simulated free-field acoustic propagation
conditions similar to those in the ocean. This configuration enabled accurate measurement
of both the direct acoustic wave generated by the laser and the echo signals reflected from
underwater targets. Experimental results showed that the LIA signal had a peak pressure
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pulse width of 15 us, with dominant frequencies at 15 kHz, 69 kHz, 166 kHz, and 365 kHz.
The research team derived a far-field acoustic radiation model for laser-induced sound, as
shown in Equations (4) and (5). Assuming the cavitation bubble is spherical, r represents
the radius of the plasma cavity, t is time, and p(r,t) denotes the sound pressure at position r
and time t. | Al /7 is the pressure amplitude, k = w/c is the acoustic wave number, and
1 is the vibration amplitude at the surface of the spherical source. It can be seen that the
sound pressure amplitude depends not only on the vibration amplitude of the spherical
source but also on the radius of the cavitation bubble.

p(r,t) = —'1:}' explj(wt — kr +0)] 4)
pocokrotio

Al=|————— 5

| ‘ 1+ (k?’o)z ©)

In 2012, Liu, T. et al. developed a laser—acoustic directional detection system based
on wavefront reconstruction [91], with its innovative architecture illustrated in Figure 8b
Experimental results demonstrated that a strong pulsed laser focused into a liquid medium
can generate an explosive spherical acoustic source, and the detector is capable of convert-
ing the spherical acoustic wave into a highly directional plane wave signal. In the system,
wall A guides the laser pulse through a beam-expansion and focusing module, focusing
it onto point O. Simultaneously, multiple laser pulses delivered via optical fibers are also
focused at point O, where they induce acoustic waves through water surface breakdown.
These acoustic waves are reflected by the acoustic reflector wall A and emitted into the
water through the acoustic vibration surface B. Upon encountering a target, the reflected
acoustic echoes are received by a hydrophone and processed by a signal processing unit to
complete the underwater detection task.

Receive signal data line Hydrophne

laser energy measure

} signal analysis

focusing lens § ' air
system laser-induced water

%] acoustic signal

Optical fiber
(b)

Figure 8. (a) The experimental system used by Zong, S. et al. in 2010 [90]; (b) Structure diagram of
laser acoustic underwater target detector [92].

Laser focusing lens system

In 2015, Ye, J. et al. proposed a method for underwater target estimation using
LIAs. By measuring the echo signal attenuation of different materials and calculating the
frequency spacing between extrema in the reflected comb-like spectrum, the target size can
be estimated [92]. Under the boundary conditions of continuity of normal particle velocity
and acoustic pressure at the two interfaces in front of and behind the target, the reflection
coefficient R for underwater acoustic-solid coupling is given by

Z2(Z3 — Z1) cos(kaL cos 0) + j(Z3 — Z1Z3) sin(ky L cos 0)

R = 6
Z5(Z5 + Zy) cos(kaL cos 0) + j(Z3 + Z1Z3) sin(ky L cos 0) ©)

Z; is the acoustic impedance of the water medium, and Z; = Z3 is the acoustic
impedance of the underwater target material, L denotes the thickness of the reflecting
medium, 6 is the incident angle of the acoustic signal, and k, = f/c is the acoustic wave



Water 2025, 17, 3285

16 of 21

number in the target material. It can be seen that the reflection coefficient R is a function of
frequency. By taking the logarithm of the reflection coefficient and analyzing the frequency
spacing between adjacent extrema in the comb-like spectrum of log(R), the thickness d of
the reflecting medium can be estimated.

_ 2rme

- Af

Here, c represents the speed of sound in water for the LIA signal, and Af is the

d (7)

frequency spacing between adjacent extrema in the comb-like spectrum. Using this method,
the size of the underwater target can be effectively estimated [92].

In 2022, Zhao, Y. et al. applied the LIA Synthetic Aperture Focusing Technique (SAFT)
to enhance target detection. By constructing a laser source array to concentrate optical
energy, the system achieved focused and intensified acoustic energy delivery to underwater
targets, thereby improving lateral resolution and overall imaging accuracy [93]. Finite
element simulations were conducted to analyze the impact of surface water disturbances
on LIA signals, as illustrated in Figure 9a—d. The results show that surface perturbations
significantly affect the signal: greater disturbance amplitudes lead to lower acoustic signal
amplitudes and reduced signal-to-noise ratios (SNR). Figure 9e compares acoustic signals
under different laser focusing configurations. The detection effectiveness of a central-
focusing eight-source laser array was approximately 3.46 times greater than that of a single-
source array, demonstrating that integrating LIAs with SAFT is beneficial for improving
underwater target detection performance.
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Figure 9. Finite element numerical simulation results: (a) the distribution of sound pressure on
the ocean surface; (b) sound pressure distribution on a 15° inclined plane; (c) wave surface sound
pressure distribution; (d) comparison of sound pressure signals at the same position under different
water surfaces; (e) comparison of Time-Domain Signal of Acoustic Pressure after SAFT Scanning with
Single Laser and Multi-Source Lasers [93].
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5. Discussion

As an emerging approach for underwater detection, LIA technology still encounters
several critical technical challenges in practical applications. The primary difficulties
involve achieving efficient conversion of laser energy into acoustic energy, maintaining
long-range propagation of acoustic waves in underwater environments, and enhancing
the anti-interference capability of optical focusing systems under real sea-surface wave
conditions [94,95].

Currently, the energy conversion efficiency of LIA technology is constrained by seawa-
ter absorption and scattering, as well as by laser parameters such as wavelength and pulse
width. Future efforts should focus on optimizing laser wavelength selection, pulse energy,
and focusing strategies to enhance laser-to-acoustic conversion efficiency. Report the con-
version efficiency from energy to SPL and SNR under specified turbidity and dissolved-gas
conditions, including laser fluence, focal spot, laser-to-acoustic efficiency bandwidth, and
the stability of peak sound pressure. Explore pulse-train shaping to raise thermoelastic
yield without damaging breakdown. Regarding underwater acoustic propagation, viscous
absorption, molecular relaxation, and scattering significantly degrade signal strength and
fidelity [96]. To extend detection range and improve resolution, advanced compensation
algorithms for acoustic attenuation are required. Moreover, multi-frequency signal fusion
techniques hold considerable potential for suppressing ambient noise and improving the
SNR. Given the inherently weak acoustic signals generated by LIA, high-sensitivity acoustic
sensors are indispensable [97]. Among them, fiber-optic hydrophones and piezoelectric
composite sensors have emerged as key research directions owing to their high sensitivity
and strong anti-interference capabilities [98]. Future development should aim to broaden
their frequency response and expand their dynamic range to better adapt to complex un-
derwater environments. Additionally, integrating LIA systems with optical imaging and
magnetic sensing promises to enable the development of multimodal detection platforms.
Leveraging deep learning algorithms to fuse and interpret multi-source data can further
enhance target recognition accuracy and improve environmental perception. Finally, break-
throughs in real-time data processing and transmission will be critical for achieving the
operational viability of LIA-based underwater sensing systems.

6. Conclusions

With the miniaturization of lasers, acoustic sensors, and signal processing modules,
LIA systems are expected to evolve toward portable and highly integrated configurations,
enabling deployment on autonomous underwater vehicles and unmanned platforms. By
optimizing laser parameters and acoustic signal processing algorithms, future LIA tech-
nologies are poised to achieve higher spatial resolution and longer-range underwater
target detection, providing strong support for ocean resource exploration and military
applications. To address the challenges posed by turbid waters, high-pressure deep-sea
environments, and other complex marine conditions, the development of real-time environ-
mental calibration techniques and highly stable LIA systems with enhanced adaptability
becomes a critical priority. Coupled with interface-aware focusing, uncertainty-calibrated
multimodal fusion, and rigorous safety /compliance reporting, these measurable milestones
provide a practical path to transition LIA from promise to practice in complex marine en-
vironments. In summary, LIA technology demonstrates broad application prospects in
underwater sensing. With continuous breakthroughs in key enabling technologies, LIA
systems are expected to play a pivotal role in defense, marine environmental monitoring,
and disaster early-warning systems.
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