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We theoretically investigate the feasibility of reconstructing the transverse structures of femtosecond laser filaments
in air by photoacoustic tomography. To simulate the emission and transmission of filament-induced ultrasonic signals more
truly, a series of experimentally recorded cross-sectional images are used to simulate the initial pressure rise from multiple
filaments (MFs). The aperture size and sensitivity of the detector was incorporated into the reconstruction algorithm. The
results show that frequency of acoustic signals induced by MFs with maximum volumetric energy density ∼ 100 kJ/m3

is about 2 MHz below. The initial spatial distribution of optical filaments can be clearly reconstructed with the back
projection based algorithm. We recommend a PAT system with transducers of a lower central frequency and a stronger
apodization working at a longer scanning radius can be used in photoacoustic image reconstruction of femtosecond laser
multifilaments. This study demonstrates the feasibility of using photoacoustic tomography to reconstruct femtosecond
multifilament images, which is helpful for studying the complex dynamic processes of multifilament and multifilament
manipulation and is also valuable for the remote applications of laser filaments.

Keywords: femtosecond laser filaments, transverse structures, energy deposition, photoacoustic tomography,
ultrasonic transducer, back projection
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1. Introduction
Laser filamentation is a dynamically self-guided propa-

gation regime for ultrashort laser pulses caused by the com-
bined action of the optical Kerr effect, and defocusing effects
such as diffraction and plasma defocusing.[1] It has been ob-
served experimentally that a plasma filament can persist for
hundreds of meters and up to several kilometers in the am-
bient atmosphere without external focusing elements.[2] Over
the years, this phenomenon in atmosphere or other gas me-
dia has been an active research area not only for its fun-
damental aspects of complex nonlinear physical effects but
also for its very promising broad spectrum of applications,
such as remote sensing,[3] weather modulating,[4] microwave
guiding,[5] guiding of lightning,[6] and fog clearing.[7]

A stable and controllable femtosecond filament is a pre-
requisite for the above applications. However, due to the air
refractive index disturbance caused by atmospheric turbulence
and the random non-uniform distribution of laser pulse energy,
the splitting of the optical filament is often prone to occur,
which is the so-called multiple filaments. The formation of
multiple filaments will limit the propagation distance of the
optical filament, and also reduce the spot quality of the beam,

thereby limiting the application of the optical filament in the
actual atmosphere. Therefore, the study of position arrange-
ment, quantity change and energy exchange mechanism dur-
ing multifilament transmission has become a key issue in the
research of optical filament manipulation, which also brings
an imperative demand for diagnosing the spatiotemporal dy-
namics of filamentation.[8]

Many scholars have recognized that the acquisition of
transverse cross-sectional distribution of optical filaments is
beneficial to the visualization of dynamic processes of fila-
ments. However, it is a challenge to directly detect the cross
section of optical filament due to the extremely high intensity
inside the optical filament, since almost any material inserted
into a high-intensity laser beam will be destroyed.[9] The
cross-sectional intensity patterns at different longitudinal posi-
tions along filament are mainly acquired by inserting any tra-
ditional detector in the channels.[9–11] However, this method
will cause damage to the optical filament transmission. So far,
several indirect methods such as plasma fluorescence,[12] ter-
ahertz radiation,[13] optical interferometry,[14] secondary elec-
trical discharges,[15] and sonographic probing[16] have been
developed to diagnose peculiarities of the plasma. Among
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those methods, the acoustic diagnosis based on observable
photoacoustic effects demonstrates tremendous potential in
measuring long-distance filamentation, with its advantages of
fast, non-contact and high precision.[17,18] Since the amplitude
of the acoustic signal is closely related to the intensity of the
filamentation and the density of free electrons, the filamen-
tation characteristics, such as onset, length, electron density,
and relative intensity, can be rapidly evaluated by moving the
kilohertz-range microphone sensor along the direction of fila-
ment propagation. The microphone array was also built to cap-
ture the dynamic full propagation path of femtosecond laser
pulses in turbulent environments.[19] However, sonographic
probing with a kilohertz-range microphone can only obtain
the laser pulse’s axial characteristics and its spatial resolution
was too low to reveal any data on the spatial parameters of
this channel, which limits the study of the dynamic energy
exchange mechanism between optical filament core and the
energy reservoir.[20,21]

In this article, an emerging medical imaging technique
called photoacoustic tomography (PAT) has been introduced
into the diagnosis of optical filament. The feasibility of using
photoacoustic tomography to reconstruct the cross section of
optical filament is verified theoretically. In contrast to previ-
ous reconstruction of single filament, we focus on the reverse
reconstruction of more complex multifilaments. To the best of
our knowledge, no one has done this before. To better assess
the feasibility of the PAT method, a series of experimentally
recorded cross-section images of multifilaments is used to ini-
tiate the ultrasonic propagation simulation. We also investi-
gate the influence of finite aperture size and finite bandwidth
on the reconstruction of cross-section images of filaments. We
hope the research of this paper can provide useful guidance
for diagnosis of filaments’ spatial characteristics and multifil-
ament modulation.

2. Simulation methods
The basic process of photoacoustic tomography involves

excitation of acoustic pressure waves by illuminating an ab-
sorbing medium (e.g., biological tissue) with powerful pulsed
lasers first, and one or more ultrasonic transducers are placed
at a certain distance to collect acoustic signals. The acous-
tic signals recorded by the transducer are later used to map
initial pressure rise or to reconstruct an image of the photoa-
coustic (PA) source distribution with an image reconstruction
algorithm.[22] Here, we first describe the forward simulation
model and backward reconstruction algorithm in detail.

2.1. Forward photoacoustic signal simulation

The forward problem involves finding pressure signals at
a specific distance and time. Basically, the physical mecha-

nism behind sound generation from filamentation involves the
sudden deposition of pulse energy in the propagation medium,
which impulsively drives an outward-propagating cylindrical
pressure and density wave that progressively transform into
acoustic waves.[23] Essentially, a plasma filament mainly de-
posits energy into the propagation medium through optical
field ionization and non-resonant rotational Raman excitation
of the air molecules.[14] This implies that the time scales of
the physical processes involved in the formation of acoustic
signals induced by femtosecond laser filaments vary greatly,
from the duration of the laser pulse (∼ in unit fs) to the gen-
eration of strong shock waves (∼ in unit µs). Therefore, it
is very difficult to simulate the process completely. Here, we
mainly focus on the basic physical processes. The gas dynam-
ics after deposition of energy by an ultrashort optical pulse has
mainly been considered in the forward simulation. Accord-
ing to the transmission characteristics of the optical filament,
PAT with a circular scanning or spherical scanning geometry
is considered to record the filament-induced acoustic signals.
A schematic diagram of a typical PAT scanning geometry is
shown in Fig. 1(a). In practice, several ultrasound transduc-
ers (detectors) are placed at various angular positions on the
circumference of the circle to record the PA signals coming
from the filaments. For simplicity, we have performed all sim-
ulations and reconstructions in two dimensions without loss
of generality. For transducers at the specified position 𝑟, the
received sound pressure signal is described by the following
photoacoustic wave equation in an acoustically lossless fluid
medium:[24]

∂𝑢

∂ t
=− 1

ρ0
∇p, (1)

∂ρ

∂ t
=−ρ0∇ ·𝑢−𝑢 ·∇ρ0, (2)

p = c2
0 (ρ +𝑑 ·∇ρ0−Lρ) , (3)

where 𝑢 is the acoustic particle velocity, p is the acoustic pres-
sure, ρ is the acoustic density, ρ0 is the ambient density (it
stands for air here), and c0 = 330 m/s is the isentropic sound
speed. L is the loss operator, which is defined as

L = τ
∂

∂ t

(
−∇

2)γ/2−1
+η

(
−∇

2)(γ+1)/2−1
. (4)

Here τ and η are absorption and dispersion proportionality co-
efficients, respectively, which can be defined by

τ =−2α0cγ−1
0 , η = 2α0cγ

0 tan(πγ/2) , (5)

where α0 is the power law prefactor in Np (rad/s)−γ ·m−1 and
γ is the power law exponent.
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Fig. 1. Schematic diagram of (a) the measurement system for filament-induced acoustic signals, (b) the division of detection points on the
surface of the transducer, and (c) apodization conditions of transducer with axisymmetric Gaussian form.

The detection surface of an ultrasonic transducer used in
the practical photoacoustic tomography measurement system
is usually flat and can reach a few millimeters in size. This is
because such transducers are readily available on the market
and provide a good signal-to-noise ratio. Moreover, the de-
tectors actually used are mostly bandwidth-limited ultrasound
transducers. The spatial resolutions of measurement has been
verified to depend on the finite bandwidth of the ultrasound
detection system and the size of the transducer aperture.[25]

Therefore, both two factors need to be considered in the for-
ward simulation. Here, we divided the recording surface of
the transducer into many point detectors rather than a circular
surface, as shown in Fig. 1(b).

In addition, in most studies, the sensitivity of the detec-
tor surface is assumed to be constant throughout the aperture,
which is not consistent with the actual characteristics of the
transducer. Thus, a gaussian apodization function was used to
describe the sensitivity of transducer surface[25]

W
(
𝑟i

0
)
= exp

(
−
∣∣𝑟i

0−𝑟k
0

∣∣2
2σ2

)
, (6)

where σ is the standard deviation of the Gaussian apodization
function, 𝑟k

0 is the k-th point detector, and 𝑟i
0 is the receiving

position of the i-th transducer. The contribution from differ-
ent elements of the detector surface to the total signal of the
detector is shown in Fig. 1(c). The central part of the sensor
is the most sensitive, and areas away from the center are less
sensitive. The pressure signal recorded at position 𝑟0 can be
expressed as a surface integral over the detector aperture[26]

p′ (𝑟0, t) =
∫∫

p
(
𝑟′0, t

)
W
(
𝑟i

0
)

d2𝑟i
0. (7)

2.2. Reconstruction algorithms

In PAT, we essentially deal with an inverse problem. The
inverse problem of photoacoustic tomography is to reconstruct
the initial pressure rise or deposited energy from the measured
(recorded) acoustic signals. To date, various reconstruction
algorithms have been developed to map the initial pressure

rise distribution inside the absorber, including analytical algo-
rithms and model-based iterative image reconstruction algo-
rithms. The back-projection method is the most widely used
image reconstruction techniques due to its simplicity, robust-
ness and computational efficiency.[27] Xu et al.[28] deduced
a universal back-projection formulas for planar and cylindri-
cal geometry. However, the formula is in the Fourier domain
and involves multiple integrals or series summations, which
makes it complicated to implement. Therefore, a simplified
time domain reconstruction formula known as the universal
back-projection algorithm (UBP) is more used, which calcu-
lates the initial pressure rise in the time domain by means of
backprojection as follows:[29]

p0 (𝑟) =
∫

Ω0

b
(
𝑟0, t =

|𝑟−𝑟0|
c

)
dΩ0

Ω
, (8)

b(𝑟0, t) = 2p(𝑟0, t)−2ct
∂ p(𝑟0, t)

∂ t
, (9)

dΩ0 =
dS0

|𝑟−𝑟0|2

[
𝑛0 ·

(𝑟−𝑟0)

|𝑟−𝑟0|

]
, (10)

where Ω0 is the solid angle subtended by the entire measure-
ment surface. S0 with respect to the reconstruction point 𝑟
inside S0. dΩ0 is the solid angle subtended by detection ele-
ment dS0 with respect to reconstruction point at 𝑟. The term
dΩ0/Ω0 is a factor weighing the contribution to the recon-
struction from the detection element dS0. b(𝑟0, t) is the back-
projection term. Pramani[26] developed a simple delay-and-
sum algorithm to implement this backprojection formula. In
this paper, the delay-and-sum (DAS) algorithm is also used to
reconstruct transverse image of multifilaments, which suit well
for PAT system with circular scanning geometry.[30] To over-
come the image quality reduction associated with the well-
known “finite aperture effect”, the shape and aperture size
of the transducer must be considered in the reconstruction
algorithm.[27] Therefore, both the conventional delay-and-sum
(CDAS) algorithm and the modified delay-and-sum (MDAS)
algorithm are employed to reconstruct the cross-sectional im-
ages of MFs. The difference between these two methods
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mainly lies in how to process the acoustic signal on the sur-
face of the transducer.[14] As for conventional delay-and-sum
reconstruction, the large-aperture detector is treated as a point
located at the center of the detector. The PA signals recorded
by point detectors at the surface of a flat piezoelectric trans-
ducer are spatially averaged first and then are backprojected
from the central point of the transducer surface to form an im-
age. In the modified delay-and-sum reconstruction algorithm,
the entire area of the transducer (in this case a line) is consid-
ered. The line transducer was divided into many small seg-
ments and acoustic signal from each receiving point is back
projected to the imaging area instead of one single point at the
center of the transducer. Then the same process is repeated for
other transducer positions as well. Refer to Fig. 1 of Ref. [25]
for more details.

3. Results and discussion
3.1. Characteristics of multifilaments induced acoustic sig-

nals

Theoretically, by solving the forward problem, the PA
pressure at a field point can be estimated if the spatial dis-
tribution of the initial pressure rises in the plasma region is
known. Thus, the open-source acoustics toolbox k-wave is
used to numerically resolved the above forward model in time-
domain.[31] The k-space pseudospectral method is used in the
toolbox to effectively reduce the memory and number of steps
required for accurate simulations. For simplicity, we per-
formed all simulations and reconstructions in two dimensions
without loss of generality. To perform photoacoustic simula-
tion, the spatial profile of initial pressure rise from multifil-
aments needs to be known first. The formation of pressure
pulse is closely related to local nonstationary medium heating,
which take place at a ns timescale.[32] Thus, the relationship
between the initial pressure distribution and the heat source
can be approximated as p0 (𝑟) = βc2

0Q(𝑟)/Cv, where Q(𝑟)

is the absorbed energy density distribution, β is volumetric
thermal expansion coefficient, and Cv is specific heat capac-
ity at constant volume. In the existing literature, in order to
simplify the numerical solution of the forward equations, the
initial pressure distribution is often assumed to be of Gaussian
form.[20] This simplification is reasonable for the study of sin-
gle filament, but not suitable for the study of multi-filaments
with complex structures. In this paper, the initial pressure rise
from laser filaments is simulated by a series of experimen-
tally recorded multifilament cross-section images as shown
in Fig. 2. These figures characterize propagation of Teramo-
bile laser beam (220 mJ, 600 fs) in cloudy atmosphere, which
are quoted from Ref. [33]. We processed the pictures as fol-
lows: firstly, after loading the picture in Matlab, we get its gray
value; Secondly, when the gray value of a pixel in the picture

is less than the specified value, the gray value of the corre-
sponding pixel is set to 0. Other gray values greater than the
specified value remain unchanged. That is, outside the targets
there is no initial pressure rise. Finally, a moving average filter
function is used to smooth the image. Figure 2(a) shows the
spatial distribution of the smoothed multifilament cross sec-
tion. As shown in the processed image, such treatment can
clearly show a structure of a high intensity “core” region and
a surrounding photon bath as revealed by some experimental
measurements.[34]

Planar transducers with 3-mm active area diameter were
employed to record the time-dependent pressure signal at dis-
tances of 5 mm from scanning center. The whole circular
scanning system consists of 64 planar transducers arranged
uniformly. We have used a 1.0-MHz center frequency with
70% nominal bandwidth detectors. During the simulation, sur-
face of a transducer is divided into 51 line segments as set in
Ref. [26]. To simulate the signal received by the large detector,
the pressure waves at several grid points (falling on the detec-
tor surface, in our case the detector line) are recorded. For the
convenience of post-processing, 51 time-dependent pressure
fields are stored in a file as signals received by the same trans-
ducer. The sample interval was 10 ns, and the PA pressure
values at 6048 time points were saved for each point detector.
The corresponding image domain is 12 mm in both x and y
directions. The computational grid of 2064×2064 pixels with
a perfectly matched boundary layer (2 mm in width) was used
for the generation of acoustic pressure waves at the grid points
in k-wave. The imaging region is restricted to 1024×1024 grid
points with a square of size 4 mm×4 mm, which is placed at
the center of the computational domain. In all the simulations,
the sound speed in the air is assumed to be 330 m/s. In or-
der to consider the attenuation of the acoustic signal in the
air, an exponential decay relationship with power law prefac-
tor α = 0.185 [in units of dB/(MHz2·cm)] and power law ex-
ponent γ = 2.0 (dimensionless parameter) is used.[35] All the
simulations and reconstructions were executed on a personal
workstation with two i7 Intel 64-bit processors and a total of
64-GB RAM.

The time profiles and amplitude of acoustic waves in-
duced by filaments are mainly determined by the energy of the
laser pulse and its focusing conditions.[35] Therefore, we first
studied the characteristics of acoustic signal induced by op-
tical filaments with different volumetric energy density. The
absorbed energy density distribution is assumed to be Q(𝑟) =

H0×H(𝑟), where H0 is the maximum volumetric energy den-
sity and H(𝑟) is the normalized initial intensity distribution
of MFs as shown in Fig. 2(a). During the simulation, the
maximum volumetric energy density H0 is set to be 10 kJ/m3,
50 kJ/m3,100 kJ/m3, and 300 kJ/m3, which is consistent with
typical plasma density of∼ 2×1016 cm−3 and rotational heat-

094209-4



Chin. Phys. B 34, 094209 (2025)

ing of 4 meV/molecule.[20] As shown in Fig. 2(b), the inten-
sity of sound pressure increases with the increase of maximum
volumetric energy density. The pressure signal generated by
multifilaments has the typical characteristic of piezoelectric
signal, corresponding to a steep positive pressure peak fol-
lowed by a negative pressure region.[36] Unlike the clear N-
shape structure of single filament, the multifilaments induced
pressure pulse exhibit a distinct multiple peaks structure in the
positive pressure peak, which happens to be associated with
multifilament hotspots at different distances from the trans-
ducer. The amplitude and pulse duration of the acoustic signal
increases with the increase of the maximum volumetric en-
ergy density H0. The typical acoustic pulse duration is roughly
20 µs, which is consistent with the measurement results of
microphone.[37] The frequency features of the acoustic emis-
sion provide relevant information on the conversion of laser
energy to acoustic energy.[8] As can be seen from Fig. 2(c),
the frequency spectra of the pressure generated by multifila-
ments with different volumetric energy density H0 are mostly
below 2 MHz when propagated up to 5 mm away from the cen-
ter through attenuation. The acoustic spectrum range is of a
similar magnitude to the experimental measurements.[38] The
spectral bandwidth of the acoustic pulse emitted from the opti-

cal filament is considered as an indicator of the filament inten-
sity distribution, which is positively correlated with the laser
filament intensity.[8] Uryupina[20] found the maximum of the
spectrum of theoretical acoustic signal from a single filament
is at the frequency of 1.16 MHz. The value seems to be larger
than our results, which may relate to their closer recording dis-
tance (4 mm). The maximum acoustic bandwidth of acoustic
signal induced by a femtosecond laser pulse at a given laser
energy is experimentally found to increases from 0.7 MHz to
1.65 MHz as the focal lengths increase from 5 cm to 5 m,[37]

which is consistent with our simulation results and also in-
directly illustrate the reliability of our simulation model. In
short, a transducer operating in the megahertz frequency is the-
oretically sufficient for the measurement of filaments’ acous-
tic signals. Moreover, from the comparison of three multi-
filament simulation results, it is obvious that the number and
arrangement of optical filaments have an effect on the change
of sound pressure signal and spectrum. The number of multi-
ple peaks increases with the number and arrangement of opti-
cal filaments. The difference of the sound pressure signal or
spectrum includes the information of the spatial structure of
the optical filament, and also provides the possibility to recon-
struct distribution image of the optical filament.[39]
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Fig. 2. The initial cross-section distribution conditions of multiple filaments (MFs). (a) The three smoothed initial intensity distributions of MFs
(hereafter referred to as MFs-01, MFs-02, and MFs-03), (b) the simulated acoustic signals, and (c) the frequency spectrum for MFs different
maximum volumetric energy densities at a distance of 5 mm from scanning center.

3.2. Influences of PAT reconstruction algorithms

The reconstructed images of three types of multifilament
cross sections using CDAS and MDAS algorithms for a flat

sensor are shown in Fig. 3. The reconstructed PAT images

from conventional delay-and-sum (CDAS) algorithm with an

ideal point detector (BPAD for short) are also presented in the
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first column of Fig. 3. A 40-dB noise level was added. The
width of the Gaussian function σ is set to 1.0 mm.

As shown in the first column of Fig. 3, the cross-sectional
image of multiple filaments is well reconstructed by BPAD
method with the ideal point detectors and there is no tangen-
tial blur, which is considered as a standard for subsequent
comparisons. The second and third columns of Fig. 3 show
the reconstructed images with a 3-mm active area transducer
with traditional reconstruction and with modified reconstruc-
tion, respectively. The size of the core and the energy reservoir
(the halo around the core) is basically distinguishable from the
reconstructed pressure distribution. The negative visible blue
areas around filament core are believed to relate to the filter-
ing of low frequency components of the acoustic signals as all
the detectors considered here are band limited.[36] There are
some differences in the structure of the reconstructed images
using the two methods. For CDAS algorithm, we find there

is an elongation of the outside filaments in the tangential di-
rection as indicated by red dotted box in Fig. 3(a), blue dotted
box in Fig. 3(b), and purple dotted box in Fig. 3(c). The far-
ther away from the scanning center, the larger the elongation
(or the poorer tangential resolution). The arched elongated
artifacts are typical for back-projection algorithm due to the
limited number of receivers.[35] Due to the attenuation of the
high-frequency components of the pressure pulse in air, peak
value of the reconstructed pressure is smaller than its initial
value. As shown in the third column of reconstructed im-
ages, the elongation along the tangential direction has been
reduced with modified reconstruction. The MDAS algorithm
preserves the shape of “hot spots” in the filaments very close
to the ideal reconstruction, albeit with more negative areas. In
all, the modified reconstruction is able to delineate the struc-
tures better than with traditional reconstruction and it is well
suited for the reconstruction of multifilament’s cross section.
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Fig. 3. The reconstructed images with different reconstruction algorithms for (a) MFs-01, (b) MFs-02, and (c) MFs-03.

3.3. Influences of PAT system parameters

In this section, PAT system parameters including central
frequency fc, aperture size L, and apodization condition of
transducer σ are varied to examine their effect on image recon-
struction. We also repeat the simulations for different scanning
radius considered for data collection just to see if that has any
effect on reconstruction results. For the convenience of ex-
pression, we only select MFs-01 for analysis. In fact, we have
also analyzed the other two cases, but the conclusions are ba-
sically similar, so we will not analyze them too much here.

Figures 4(a) and 4(b) present the reconstructed images

of MFs-01 from acoustic signals recorded by transducer with
central frequency fc based on CDAS algorithm and MDAS al-
gorithm, respectively. It is shown that the tangential blur gen-
erally gets server as the central frequency gets higher for both
algorithms. For CDAS algorithm, the filament, far from the
center of the scan, is visibly elongated in a ring shape. The
peak values of pressure in the filament hot spots decrease sig-
nificantly with the increase of center frequency. Therefore, in
photoacoustic tomography, transducers with appropriate cen-
ter frequencies need to be selected according to the frequency
range of the acoustic signal.
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Fig. 4. Comparisons of reconstructed image with different [(a) and (b)] central frequency fc, (c) and (d) apertures size L, and (e) and (f)
apodization condition σ , where panels (a), (c), and (e) are images reconstructed by CDAS algorithm and panels (b), (d), and (f) are reconstructed
by MDAS algorithm.

Figures 4(c) and 4(d) show the reconstructed images of
MFs-01 with transducers of different aperture size L. For
CDAS algorithm, the reconstructed image with L = 1.0 mm
can reproduce the structural distribution of multifilaments
well. However, the tangential resolution becomes worse as
the aperture size of the transducer increases. This may be
related to the fact that a smaller size of the transducer can
accept signals from wider angles. However, the small-sized
transducers have weaker sensitivity due to the high thermal
noise.[25] Therefore, many researchers have tried to improve

tangential resolution from the perspective of the reconstruc-
tion algorithms. As shown in the reconstructed images with
MDAS algorithm (see Fig. 4(d)), the shape of the filament can
be well retained for transducers with different apertures. Par-
ticularly, the distribution of multifilaments can still be clearly
identified for transducers with a larger aperture size. More-
over, the initial pressure peaks reconstructed using the MDAS
algorithm seem to be larger.

Figures 4(e) and 4(f) show the reconstructed images of
MFs-01 with transducers of different apodization condition σ .
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The reconstructed cross sectional images of multiple filaments
preserve its shape for both algorithms when apodization pa-
rameter σ increases from 0.6 mm to 5.0 mm. As seen from
the recovered initial pressure values, it seems that a larger σ

is beneficial to improve the reconstruction effect. The larger
apodization parameter σ means that the sensitivity of the de-
tection points on the surface of the transducer is more homo-
geneous and therefore the reconstruction is better.

The structural similarity (SSIM) index is then used to
quantitatively determine the performance of the reconstruction
algorithms under PAT system parameters. The basic SSIM In-
dex is a full-reference (FR) picture quality model defined be-
tween two luminance images of size M×N, I1 (i, j) and I2 (i, j)
as a multiplicative combination of three terms: luminance sim-
ilarity l (i, j), contrast similarity c(i, j), and structure similar-
ity s(i, j)[40]

Q(i, j) = l (i, j) · c(i, j) · s(i, j) , (11)

SSIM(I1, I2) =
1

MN

M

∑
i=1

N

∑
j=1

Q(i, j). (12)

The SSIM is a perceptual metric according to visible struc-
tures in the image. The higher the value of SSIM, the better
the reconstruction.

Figure 5 presents the SSIM of the reconstructed images
varies with PAT system parameters including the scanning ra-
dius Dr, central frequency fc, aperture size L, and apodization
condition σ . Both figures show that the SSIM increases as

the target distance Dr increases, which means a larger scan-
ning radius is beneficial to the increases of image quality.[27]

As shown in Figs. 5(a) and 5(d), the center frequency af-
fects the similarity of images obviously. The SSIM decreases
as the center frequency of the transducer increases, which is
possibly caused by the smaller size of a limited high-quality
imaging region (HQIR) with a higher central frequency.[27]

The apodization condition of transducer also affects the recon-
structed images. As shown in Fig. 5(b), the SSIM declines as
the apodization condition increases for CDAS algorithm. The
conventional algorithm works best when σ is small, which has
been also demonstrated in Ref. [25]. However, the apodization
condition has less effect on the reconstructed images by the
MDAS algorithm as shown in Fig. 5(e). This demonstrates the
robustness of MDAS algorithm. The effect of aperture size of
transducer on the result of reconstruction is shown in Figs. 5(c)
and 5(f). For the CDAS algorithm, the regularity of SSIM
variation with aperture size L is less pronounced. The SSIM
for cross section reconstructed by MDAS tends to be lager for
transducer with small-active-area. The smaller transducer size
means wider angles to accept signals. However, the small-
sized transducers have weaker sensitivity due to high thermal
noise.[25] Overall, a PAT system with transducers of a lower
central frequency (0.5 MHz–1.0 MHz) and a stronger apodiza-
tion (< 1.0) working at a longer scanning radius (∼ 3 mm) is
recommended to be used in femtosecond laser multifilaments
reconstruction.
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Fig. 5. Plots of SSIM as a function of distance of the source to the imaging center for flat transducer with different central frequency fc [(a) and
(d)], apodization condition σ [(b) and (e)], and aperture size L [(c) and (f)], where panels (a)–(c) are images reconstructed by CDAS algorithm and
panels (d)–(f) are reconstructed by MDAS algorithm.

4. Conclusion and perspectives

We demonstrated that by using photoacoustic tomogra-
phy (PAT), an emerging medical imaging technique, the trans-

verse structures of femtosecond laser multifilaments can be

properly reconstructed. A typical circular PAT system with

finite-sized transducers is modelled to record the filament-
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induced acoustic signals. Three types of measured cross-
sectional images of multiple filaments (MFs) are used as in-
put conditions for the forward propagation model. We find
the frequency range of acoustic signal induced by MFs with
maximum volumetric energy density ∼ 100 kJ/m3 is below
2 MHz when propagated up to 5 mm away from the center
through attenuation. By using the modified DAS (MDAS) al-
gorithm modeling the transducer as a collection of small point
detectors, the shape of “hot spots” in the filaments can still be
appropriately reconstructed even with detectors of large aper-
ture size and apodization. Thus, higher SNR reconstructed
images are expected in practice. Such shape reconstruction is
important for diagnosing the spatiotemporal dynamics of fila-
mentation. A PAT system with transducers of a lower central
frequency and a stronger apodization working at a longer scan-
ning radius is recommended to be used in femtosecond laser
multifilaments reconstruction. Additionally, since the recon-
structed initial pressure distribution contains information of
the energy deposition into the medium, which makes photoa-
coustic tomography a promising diagnostic method for laser-
matter interactions. However, the back-projection (BP) based
image reconstruction algorithm mainly obtains structural in-
formation instead of quantitative images. To obtain more
quantitative imaging information on filaments, iterative image
reconstructions or system matrix-based image reconstructions
can be considered in the future.
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