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Table 1 Relevant parameter definitions
Variable symbol
Parameter e - syn-1 © Value
and its unit
Center fre'que'ncy of f./MHz 1
ultrasonic signal
Period of signal ty/s 10°¢
Laser spot radius R /m 10"
Laser pulse rise time t/s 1078
Peak position of »
< p. T /m 10 z
Gaussian pulse
Laser energy density F./(Wem %) 1.59X10"
Velocity in water ¢ /(mes ") 1480
Time step T./s 3X107°
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Table 2 Water property details

Variable symbol

Parameter and its anit Value
Dynamic viscosity 7 /(Pass) 1.01x10*
Kinematic viscosity v /(m*es ") 1.01x10 °
Heat of evaporation Q /Ukg ) 2.26X10°
Specific heat capacity  C,/(Jokg 'K ') 4.2X10°
Density o /(kgem®) 1.0Xx10°
Heat conductivity K /(Wem '".K™ ") 0.598
Thermal expansivity a /K 2.08x107"
Prandtl number P, 7.02

4.4 FEEZR

&l 8 it 7 Ay 0O 78 WS v U 0 RS AR S &
SAFT RE 51 H oA 18, a] LLA HY - 75 7 Bk fE
A SR e AR B MG SR . ek H AR AL BRI ROCR
P& B R B3 0 75 AR 5 AT AP B 2 B . AT BR
JUBE I BBk O E T A 6 B B B A
DA $ BCHA BR B 0T PR B A A2 Ak DT X SR O 49
A Z RO SAFT 4 J5 Bk 4 19 fig 5 7 1 i3
A7 %5 b g B AV AIE

B8 WK EOCBE DT E . () BB (D R R (o bR &

Fig. 8 Laser-induced acoustic simulation in liquid. (a) Single laser source; (b) deflection focus; (c) center focus
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Abstract

Objective Effective detection of the underwater target is essential for the premise and key to understanding the
ocean. Meanwhile, the ocean plays a significant role in national defense. The detection technology of a crossing air-
water medium provides a new way to detect and communicate between air-based and underwater-based platforms,
which is a hot research issue globally. Aiming at the limitation of the high loss for detecting signals caused by the
physical interface between air and water, this study combines the synthetic aperture focusing technique (SAFT) and
laser-induced acoustic (LIA) for the imaging detection of crossing air-water medium. The simulation calculation,
numerical simulation, and experimental research on air-water cross medium detection of photoacoustic signal
conversion between a nanosecond pulse laser and a hydrophone were conducted. The LIA-SAFT based on the phase
shift migration (PSM) algorithm has the following advantages to realize photoacoustic underwater target detection:
1) Laser and acoustic signals can be transmitted remotely in air and water, respectively. 2) High source-level sound
waves can be generated by increasing the pulse energy. 3) Sound signal has characteristics of pulse narrow, wide
spectrum, high temporal and spatial resolution. 4) As a post-processing method of acoustic signals, SAFT can solve
the problems of poor imaging effect and low resolution. 5) PSM algorithm can be effectively used to improve the
image resolution and quality.

Methods This paper investigates LIA-SAFT imaging based on the PSM algorithm. Finite element simulation models
of SAFT for center and deflection focusing were established (Fig. 8). Then, the simulation of LIA-SAFT was
conducted. The influence of water-surface disturbance on amplitude of LIA signal was analyzed for the cases of no
disturbance, micro disturbance, and large disturbance of water-surface, respectively. The PSM algorithm was used
to reconstruct the detection image of LIA-SAFT (Fig. 12). The main procedures of LIA-PSM detection are as
follows. First, data analysis software was used to process the simulation signal, the process of focusing imaging was
simulated and analyzed, and PSM algorithm was used to de-noise the image. Then, the mean square error (MSE)
and peak signal-to-noise ratio (PSNR) were calculated to evaluate the imaging quality. LIA testing system was set up
for the experiment of crossing air-water medium (Fig. 13). The average loss rate of energy caused by acoustic
diffraction was determined by comparing the energy before and after the sound diffraction at steel ball (Fig. 15).
The delay superposition beamforming method with synthetic aperture achieved convergence and enhancement of LIA
signals from the target (Fig. 16).
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Results and Discussions The LIA-PSM method under the nonlinear mechanism is proposed to detect targets
across air-underwater. The combination of experiment and numerical simulation verifies the feasibility and
effectiveness of the LIA detection in a long distance. The air-water medium of the LIA-SAFT detection imaging
model is established (Fig. 8). When the external environment and laser source are the same for boundary conditions
and parameters, it can be seen from the amplitude of sound pressure that the acoustic energy convergence effect of
laser SAFT scanning is enhanced compared with that under the excitation of a single laser source (Fig. 9). The
energy convergence effect for the central focus way is the best, which is about 3. 46 times of the energy of laser
acoustic signal under the single light source. The PSM imaging algorithm is proposed to improve the quality of SAFT
time-lapse focusing imaging. Then, the basis for quantitative evaluation of imaging quality and accuracy is given.
The MSE and PSNR values of the image are calculated using the data analysis software. They are MSE of 306.49 and
PSNR of 23.27 dB. After SAFT processing, the image has little distortion, but the focusing effect is not affected.
The LIA signal obtained in the experiment is processed and analyzed using post-processing and focusing methods
(Fig. 16). These methods can enhance the convergence of energy at the target to provide a new way of improving
the imaging accuracy and effect of underwater target detection.

Conclusions The propagation and focusing of sound waves in liquid are simulated using finite element software.
We find that delayed focusing can effectively reduce the echo time difference generated by different excitation
sources. Additionally, the phase delay offset can effectively reduce the side-lobe amplitude of the focused beam. The
increase in the laser excitation sources makes the beam directivity range narrowed to increase the energy amplitude
at the focus; thereby, improving the imaging resolution and quality. Compared with a single laser source, the signal
amplitude of eight laser source arrays can be improved by 3.46 times. Using post-processing focusing, multiple weak
diffraction LIA signals are delayed and superimposed. The energy convergence is enhanced to realize higher precision
detection at the target. The combination of the LIA-SAFT imaging method and PSM algorithm has good ability for
acoustic beam synthesis, imaging resolution, and imaging quality. This study provides a new idea for LIA-SAFT
imaging and shows a potential way of detecting underwater targets.

Key words remote sensing; laser-induced sound; synthetic aperture focusing technique; phase shift migration
algorithm; finite element simulation
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