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Abstract
Understanding laser induced ultrafast processes with complex three-dimensional (3D)
geometries and extreme property evolution offers a unique opportunity to explore novel physical
phenomena and to overcome the manufacturing limitations. Ultrafast imaging offers exceptional
spatiotemporal resolution and thus has been considered an effective tool. However, in
conventional single-view imaging techniques, 3D information is projected on a two-dimensional
plane, which leads to significant information loss that is detrimental to understanding the full
ultrafast process. Here, we propose a quasi-3D imaging method to describe the ultrafast process
and further analyze spatial asymmetries of laser induced plasma. Orthogonally polarized laser
pulses are adopted to illuminate reflection-transmission views, and binarization techniques are
employed to extract contours, forming the corresponding two-dimensional matrix. By rotating
and multiplying the two-dimensional contour matrices obtained from the dual views, a quasi-3D
image can be reconstructed. This successfully reveals dual-phase transition mechanisms and
elucidates the diffraction phenomena occurring outside the plasma. Furthermore, the quasi-3D
image confirms the spatial asymmetries of the picosecond plasma, which is difficult to achieve
with two-dimensional images. Our findings demonstrate that quasi-3D imaging not only offers a
more comprehensive understanding of plasma dynamics than previous imaging methods, but
also has wide potential in revealing various complex ultrafast phenomena in related fields
including strong-field physics, fluid dynamics, and cutting-edge manufacturing.

Keywords: ultrafast imaging, extraction and reconstruction, quasi-three-dimension,
plasma diffraction
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1. Introduction

Although exploring laser-induced ultrafast processes is crucial
in strong-field physics, fluid dynamics, and advanced man-
ufacturing, ultrafast processes are difficult to understand in
depth because the uneven spatial distribution of a laser field
triggers a variety of non-equilibrium processes when inter-
acting with materials, that result in different optical proper-
ties and a complex morphology of the excited region. The
femtosecond pump-probe technique is widely recognized as
an excellent tool for studying ultrafast dynamics [1, 2]. This
technique enables the observation of rapid changes in electron
density and temperature that occur following the interaction of
an intense femtosecond laser pulse with a surface [3–6]. The
resulting highly nonequilibrium state induces phase explosion
[7, 8], Coulomb explosion [9, 10], and thermoelastic wave
effects [11, 12], ultimately leading to the ablation and fracture
of the target materials [13, 14]. To gain insight into the under-
lying ablation mechanisms, researchers have employed femto-
second pump-probe imaging to investigate transient optical
properties [15, 16]. However, during the signal acquisition
process, these ablation processes have a significant effect
on the optical response of the target materials [17–19]. For
example, when molybdenum disulfide (MoS2) is ablated by
a femtosecond laser [20], the rise in electron density leads to
a reduction in reflectivity when probed by a 400 nm femto-
second laser pulse. The phase explosion maintains the mol-
ten state of MoS2 at a low reflectivity level for an extended
period. Therefore, it becomes challenging to distinguish the
separate influences of these two factors on reflectance based
solely on the acquired reflective images. In addition, in the
case of gallium nitride [21] ablation at relatively low laser
fluences, the transient reflectivity experiences a concomitant
increase due to the Coulomb Explosion. Conversely, higher
fluences result in the formation of an overheated liquid phase,
that has pronounced absorption characteristics. In addition to
the modification of optical signals arising from variations in
material properties, the occurrence of Newton rings [22, 23]
due to thin film interference phenomena introduces periodic
patterns of bright and dark stripes. The superposition of these
ablation characteristics and interference patterns makes it dif-
ficult to accurately determine the actual shape and properties
of the ablation based solely based on the reflective image.
Consequently, this presents challenges for the subsequent ana-
lysis ofablation characteristics.

In the specific context of side-view imaging of femtosecond
laser ablation in aluminum [24], the distinctive processes
involved in a material eruption can be identified through ana-
lysis of the observed shock wave profile. Two discernible phe-
nomena should be noted. The first phenomenon is phase explo-
sion triggered by high temperatures, resulting in the generation
of a high-temperature plasma. The second phenomenon is due
to the thermomechanical effects, in which the lattice rupture
occurs under stress, ultimately leading to material eruption.
However, these transformations are accompanied by a signi-
ficant decrease in reflectivity [6], it is difficult to differentiate
between them solely on the basis of reflective observations.
From a side-view perspective, it is noteworthy that high laser

fluence induces the formation of an air breakdown channel
prior to surface material eruption [25]. Consequently, this
channel gives rise to a longitudinal bulge during subsequent
eruptions [26]. However, due to the high transmission char-
acteristics, the air breakdown channel lies outside the focal
plane of reflective viewing, which brings challenges to dir-
ect observation. Researchers have investigated plasma prop-
erties from dual perspectives. While focusing on acquiring
low fluence induced transient reflectivity images at the pico-
second timescale [27], plasma eruptions during this temporal
range are nearly imperceptible from the side-view perspective
[25]. To observe plasma and shockwaves more effectively, a
longer time delay in the nanosecond range becomes neces-
sary, which allows for the progressive observation of transmis-
sion changes from the side-view perspective. This temporal
discrepancy between the two perspectives presents a signific-
ant challenge in further comprehending the intricate dynamics
of the laser ablation process. Therefore, conducting a compre-
hensive investigation of plasma properties from both perspect-
ives is crucial to gain a more comprehensive understanding of
the laser ablation process.

In this study, a methodology is proposed to overcome the
inherent limitations of conventional ultrafast imaging tech-
niques in studying ultrafast 3D processes. The presented
approach revolutionizes the mutual interference of two per-
spective signals via orthogonally polarized probing pulses,
enabling simultaneous observations of laser induced plasma
dynamics from both the reflective and transmissive perspect-
ives. Using the contrasting information provided by the two
views, this study successfully discerns the Coulomb explosion
and the phase explosion, and elucidates the complex diffrac-
tion phenomena occurring outside of the plasma system. In
addition, a quasi-3D reconstruction method is introduced that
involves contour extraction through binarization techniques
followed by matrix rotation and multiplication. The result-
ing reconstructed images describe the optical characteristics at
any desired location, allowing for a deeper understanding of
plasma properties. Notably, the analysis of the reconstructed
images unveils the presence of asymmetry in the contraction
and divergence of the plasma in the actual 3D space, which
is attributed to the subtle asymmetry induced by Gaussian
pulses. In a meticulous analysis of the reconstructed images,
the observation ability is improved from ultrafast 2D to quasi-
3D, providing clarity and detail regarding the plasma proper-
ties. These findings substantially advance the current under-
standing of plasma dynamics and offer valuable insights into
the complex dynamics involved, as well as facilitating future
research and development in ultrafast imaging and related
disciplines.

2. Experimental setup

The experimental setup and data processing method utilized
in this study are depicted in figure 1. The single view ima-
ging with probe pulse is shown at first. For the side view, the
boundary between sample and air is in themiddle of the field of
view. During the ablation process, the transmittance changes
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Figure 1. Experimental setup and operation scheme of the ultrafast quasi-3D imaging. BS: beam splitter, FL: focal lens, BP: bandpass filter,
CCD: charge-coupled device. The (a) top and (b) side views are combined, as shown in (c), to catch the ablation and eruption dynamics of a
sapphire during laser excitation with certain conditions. The demo is exhibited as indicated by dotted lines. The bottom part exhibits the
image processing steps, including (d) recognition, (e) extraction, (f) rotation and (g) intersection.

when a material ejection occurs. For the top view, the prob-
ing pulse enters the sample surface perpendicularly through
the objective lens. During the ablation process, the material
undergoes ultrafast phase changes, leading to instantaneous
changes in the reflectivity. The side and top views are com-
bined and the pump pulse is introduced, which enables the
simultaneous detection of ultrafast processes from both per-
spectives. Further details are provided below. The pulsed laser
beams are generated using a Ti: sapphire chirped pulse amp-
lification system (Spectra-Physics Spitfire Ace) operating at
a wavelength of 800 nm and a pulse duration of 120 fs. To

facilitate the experimental procedure, an 800 nm beam split-
ter is employed initially to split the pulses into two distinct
beams: the pump pulse and the probe pulse. The pump pulse
is responsible for exciting the target materials, whereas the
probe pulse is utilized to investigate the dynamics and optical
property changes resulting from the excitation. To control the
delay time between the pump and probe pulses, a precise delay
line is incorporated. The probe pulses are then frequency-
doubled by passing through a beta barium borate crystal, res-
ulting in the generation of 400 nm femtosecond laser pulses.
These 400 nm pulses are subsequently split into two beams to
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facilitate observation from both the top and side views. From
the top view, the pump pulse is focused onto the target mater-
ial through a specific objective (20×, NA 0.4, Olympus, Inc.),
and the probe pulse is first focused onto the back focal plane
of the same objective first and then propagated through the
same objective. However, the side view observation utilizes
a separate objective lens (50×, NA 0.5, Olympus, Inc.) to
capture the shadowgraph. When the probing pulse arrives at
the sample, scattering occurs in addition to besides reflection
and transmission. The polished sample surface has nanoscale
smoothness which can avoid scattering. Yet during laser irra-
diation, plasma eruption and structural formation enhance the
scattering, leading to the photon scattering from the top to the
side, in addition to signal anomalies. Photons from the side
also enter the top in the same manner. Therefore, a half-wave
plate (1/2 λ) and a polaroid are employed to manipulate the
orthogonal polarization of the side and top view probe pulses,
isolating the photon with different polarization and improv-
ing the signal-to-noise ratio of the images. To ensure precise
synchronization, two delay stages with 10 fs time resolution
are employed to adjust the two probe pulses to the same delay
time. Furthermore, a long optical delay line is utilized to con-
trol the overall pump probe delay. Subsequently, the reflectiv-
ity and transmission shadowgraph of the plasma are imaged by
a charge-coupled device (CCD) camera after passing through
the polaroid and bandpass filters. The sample utilized in this
experiment is a piece of sapphire with the dimensions of
10 × 10 × 1 mm, featuring three polished surfaces. The
obtained reflection and transmission images are indicated by
dashed lines and used for subsequent image processing. The
bottom part of figure 1 illustrates the image processing pro-
cedure. First, the raw images undergo binarization to select the
signal region. Then two contour matrices are established. By
multiplying the contour matrices through rotation, a 3Dmatrix
is formed.

3. Results and discussions

The reflectivity changes, as shown in figure 2(a), illustrate
the irradiation process with a fluence of 90 J cm−2. Initially,
at a delay of 0.15 ps, the central region exhibits an increase
in reflectivity, which manifests as a brighter appearance.
Subsequently, as the delay is extended to 1.5 ps, the bright
region expands, and distinctive bright and dark areas emerge
at the periphery of the central region. This phenomenon stems
from the variations in the energy distribution within the circu-
lar laser beam. In the center of the laser beam, the fluence is
significantly higher compared to in the surrounding regions.
Therefore, various processes, including multi-photon absorp-
tion and tunnel ionization, contribute to a rapid increase in
the free electron density. As a result, the reflectivity under-
goes a rapid increase in this central region. Conversely, the
surrounding area of the laser beam experiences lower fluence,
limiting the occurrence of tunnel ionization. Mechanisms such
as multi-photon ionization and collision ionization become
prominent when increasing the free electron density within

this region. Subsequently, the strong ionization induced by the
laser triggers Coulomb explosion and ablation of the surface
layer [28, 29] This leads to surface fluctuation and the forma-
tion of alternating diffraction rings. At a delay of 40 ps, the
size of the central region remains unchanged, but its relat-
ive reflectivity decreases to a negative value. The decrease in
reflectivity indicates the occurrence of melting and the forma-
tion of a liquid phase, which enhances light absorption.

At 600 ps compared to 40 ps, the melting process contin-
ues due to lattice thermal conduction, causing the central liquid
area to expand. However, the liquid area remains at a high tem-
perature, resulting in essentially unchanged reflectivity. The
sustained high temperature prevents significant changes in the
reflectivity of the liquid, even as the spatial extent of the liquid
area expands. These observations highlight the dynamic evol-
ution of the surface as it undergoes melting and liquid forma-
tion. The time-dependent changes in reflectivity provide valu-
able insights into the thermal and structural transformations
that occur in the material under the influence of the intense
laser pulse. Understanding these processes is crucial for the
optimization of laser-material interactions and the develop-
ment of laser-based applications.

At both 40 ps and 600 ps delays, alternating ring-shaped
structures persist outside the central region. These structures
result from the formation of a gasor gasliquid mixture during
the expansion and compression of the air by the shock wave.
The presence of the gas leads to diffraction of the probe pulse
because the gas has a higher transmission rate and refract-
ive index compared to air, causing alterations in the light
field distribution. The subsequent material transition process
primarily involves lattice thermal conduction, which contin-
ues the melting process. As the liquid cools during thermal
conduction, its light absorption capability diminishes, mak-
ing it transparent. This phenomenon can be observed in the
central region at the 1200 ps delay. In figure 2(b), a two-
dimensional sectional image is presented, illustrating the ultra-
fast reflective response with different excitation fluences. At
3 ps, the reflectivity change shifts from positive to negative
for both fluences, indicating the onset of melting. This melt-
ing process represents the time required for the lattice to trans-
ition from an ordered state to oscillation until it becomes dis-
ordered. Among the observed materials, sapphire exhibits the
fastest lattice disruption, occurring at approximately 3 ps. As
the delay time increases, the material’s reflectivity first contin-
ues to decrease from 3 ps to 10 ps, and it then starts to increase
again around 1 ns as the molten liquid phase cools. When
subjected to 90 J cm−2 irradiation, the reflectivity rises more
rapidly and reaches higher extremes before the subsequent
increase. However, the radius of the signal region remains con-
sistent at 1.5 µm for both irradiation fluences. Further radial
expansion of the melt region only occurs 30 ps later when
radial heat conduction takes place.

The extracted central reflectivity in figure 2(c) is divided
into three distinct stages. In Stage 1, the high fluence leads to
a rapid increase in the relative reflectivity above zero, indic-
ating the occurrence of Coulomb explosion. Stage 2 is char-
acterized by a decrease in relative reflectivity below zero,
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Figure 2. Ultrafast reflectivity dynamics after laser excitation with various fluences. (a) 2D mapping of the transient reflectivity at delay
times from 0.15 ps to 1200 ps with irradiation with fluences of 45 J cm−2 and 90 J cm−2. (b) Spatial reflectivity distribution extracted from
the diameter axis of the focal area of 45 J cm−2 and 90 J cm−2. (c) Time-resolved central reflectivity extracted from the 2D mappings.

signifying a phase explosion induced by high temperature.
During this stage, the melting phase exhibits strong light
absorption capability. In Stage 3, the melting phase begins to
cool, resulting in an increase in reflectivity of approximately
1 ns. The maximum reflectivity values differ between the two
induced cases, at approximately 0.4 for the 45 J cm−2 case
and 0.8 for the 90 J cm−2 case. Figure 2 provides valuable
insights into the material’s phase transition process based on
the reflectivity evolution. However, it is important to note that
the observed phenomena primarily represent projections near
the focal plane of the reflectance view. This limitation restricts
the comprehensive description of the plasma properties.

To enhance understanding of plasma dynamics and provide
a more comprehensive view of the ablation process, the sim-
ultaneous side-view images of the ablation process are cap-
tured, as shown in figure 3. Figure 3 presents images from a
side perspective, offering valuable insight into the dynamics
of plasma evolution and enabling a deeper understanding
of plasma generation, expansion, and cooling. In both the
45 J cm−2 and 90 J cm−2 cases, distinct features are observed
at the air-sample interface at 5 ps, with the presence of a black
region and a bright region. At 2 ps, only air disruption is
observed. By excluding the influences of diffraction, interfer-
ence, and other phenomena, and considering the conclusions
drawn from figure 2, it can be inferred that the bright region
corresponds to a low-density plasma formed by Coulomb

explosion, which is distinct from the melting liquid phase and
air plasma. Conversely, the dark region represents the form-
ation of a liquid induced by phase explosion, as indicated in
figure 2. As the delay time increases, both the bright and dark
regions expand outward. As shown in figure 3(b), the trans-
mittance of the bright region gradually decreases and reaches
the same level as the background region. Further, increasing
the delay to 300 ps results in a more pronounced boundary
between the bright and dark regions, forming a distinct two-
layer ejection contour.

It is noteworthy that the aspect ratios of the two-layer
contour differ, with their longitudinal expansion rates being
similar. However, the radial expansion rate of the outer layer
contour is significantly higher compared to that of the inner
layer contour. This discrepancy arises due to the expansion
of the outer plasma under with the influence of air break-
down. As the plasma expands, it compresses the surrounding
air, creating a low-pressure area that reduces resistance. This
reduced resistance facilitates the subsequent ejection of the
liquid phase. The internal morphology of with liquid exhibits
similarities to plasma ejections in near-vacuum atmospheres.
Thus, the radial expansion distance approximately matches
the measured dynamic melting diameter at the interface
[29–33]. These observations further contribute to under-
standing of plasma dynamics and the associated physical
phenomena.
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Figure 3. Ultrafast transmission dynamics after laser excitation with various fluences. (a) Transient relative transmissivity evolution∆T/T
of sapphire excited with 45 J cm−2 and 90 J cm−2. (b) The relative transmittance of the front edge of the ablation plume. (c) The width of
the shockwave at the ablation boundary.

To overcome certain limitations in the individual images
and enhance the interpretation of the experimental results, cla-
rifying annotations and alignment are introduced in figure 4.
These improvements aid in visualizing the characteristic
parameters and provide a more accurate representation of the
shockwave boundary and the nature of the alternating rings
observed in the reflective image. Specifically, in figure 4(a),
yellow arrows are used as annotations to mark the key
boundary at the interface. One side of the boundary represents
the width of the liquid phase, and the other side represents
the width of the shockwave edge. This annotation scheme
offers a clearer visualization of the characteristic parameters,
which allows for a better comparison of the two perspectives.
Furthermore, the dotted line in figure 4(b) corresponds to the
characteristic images from two perspective views. This align-
ment enhances the accuracy of the comparison between the
reflective and transmission images, facilitating a more pre-
cise interpretation of the experimental results. By providing an
accurate representation of the shockwave boundary and clari-
fying that the alternating rings observed in the reflective image
are surface diffraction rings, figure 4 addresses a long-standing
misunderstanding that these rings may be related to Newton’s
rings. This correction ensures a more reliable understanding of
the phenomenon and ensures an accurate interpretation of the
experimental findings. Overall, the improvements introduced
in figure 4 contribute to a more comprehensive and accurate

analysis of the plasma dynamics, overcoming previous limit-
ations and providing valuable insights into the experimental
results.

Different from that true 3D images originate from exper-
imental measurements. The quasi-3D image is based on
integrated projections of a real object from two orthogonal
views. By rotating andmultiplying the matrices corresponding
to the two views, the reconstructed image exhibits 3D
characteristics. However, the reconstructed image does not
have the exact details as real objects, it is referred to as
quasi-3D. The construction algorithms involve several import-
ant factors and implementation steps to ensure accurate and
comprehensive results [34, 35]. The first step is image pro-
cessing which involves preprocessing top view and side view
images to enhance their clarity and remove any noise or
artifacts. This ensures that the images are ready for fur-
ther analysis and fusion. The next step is matrix trans-
formation, in which the 2D images are transformed into
matrices that represent the intensity values of each pixel.
These matrices serve as the basis for subsequent calculations
and manipulations.

Matrix multiplication is then performed to combine the
information from the top view and side view matrices. This
multiplication process allows for the extraction of 3D coordin-
ate points that represent the spatial distribution of the plasma.
To account for the different viewing perspectives, rotation
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Figure 4. Feature position marking and alignment of two perspective images. (a) The arrows mark key boundaris in the two perspective
images. (b) The dashed lines correspond to characteristic regions in two perspective images. The image obtained at a 200 ps delay for
90 J cm−2 irradiation is chosed as the example in (a) and (b).

matrices are constructed based on the geometric relationship
between the two views. These rotation matrices enable the
transformation of the 3D coordinate points to align with the
desired viewing perspective. The rotated 3D image is then
formed by applying the image rotation function to the 3D
coordinate points. This process ensures that the reconstruc-
ted image accurately represents the spatial distribution of
the plasma from multiple perspectives. Finally, the rotated
images from multiple perspectives are synthesized into a
single image by taking the intersection of the pixel values. This
merging process creates a comprehensive quasi-3D image that
combines the information from both the top view and side
view, providing a more complete understanding of the plasma
dynamics.

These steps and algorithms are applied to the images
obtained at 200 ps delay under 90 J cm−2 irradiation, allow-
ing for the reconstruction of a quasi-3D image that accurately
represents the properties and distribution of the plasma at spe-
cific time point. By employing these extraction-reconstruction
algorithms, we can overcome the limitations of individual
views and obtain a more comprehensive understanding of
plasma dynamics in three dimensions [36–40]. This approach
enhances our ability to analyze and interpret the experimental
results, leading to valuable insights and advancements in the
field.

(I) The grayscale images of the top and side views are
imported and subsequently binarized by applying a
threshold. The resulting binarized matrices, Matrix-Top
and Matrix-Side, are obtained by inverting the col-
ors, as shown in figures 5(a) and (b). In the figures,
zero represents the background and one represents
the signal region in the images. The corresponding

original images and recognized contours are shown in
figures 5(c) and (d).

(II) The dimensions of Matrix-Top and Matrix-Side are
determined by calculating the number of rows and
columns for each matrix. The maximum values of Row-
Length-Top, Column-Length-Top, Row-Length-Side, and
Column-Length-Side are then taken to obtain the final
dimensions, Row-Length and Column-Length.

(III) To ensure equal dimensions between Matrix-Top
and Matrix-Side, an all-ones matrix of size Row-
Length × Column-Length, named One-Total-Length-
Matrix, is constructed. Additional all-ones matrices are
vertically appended to Matrix-Side, aligning it with
Matrix-Top.

(IV) By defining a as zero and b as one, the inverse
matrices of zero and one are obtained by repla-
cing their respective values in MatrixSidever2 and
MatrixTopver2. This allows for the creation of the
rotation matrix, ThreeDimensionDataVer1. The three-
dimensional coordinate points are then obtained by mul-
tiplying each row in MatrixTopver2 with each column in
MatrixSidever2.

(V) A set of 36 rotation matrices, spanning a range of 360◦,
are constructed as shown in figure 6(a). The 3D images are
rotated using these matrices to form a list, Image3DLists,
containing the rotated 3D images [41]. The different per-
spectives of the 3D graphics are intersected to generate
a single image representing three complete 3D graphics.
Notably, during the rotation process, the gray value of the
transmission viewing perspective is assigned to the recon-
structed 3D matrix. The reconstructed contour images and
quasi-3D plasma images are exhibited in figure 6(b) with
three views.
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Figure 5. The boundary segmentation images. The boundary segmentation images obtained from binarization in the (a) reflection and
(b) transmission perspectives, (c) and (d) are the recognized images corresponding to (a) and (b), and the blue dot represents the recognized
contour.

The reconstructed quasi-3D images and the section images
at the delay times of 100 ps and 200 ps are shown in
figure 7. Through this type of such reconstruction, the
contours and optical properties of any cross-section can
be extracted at any section of the quasi-3D images, lead-
ing to a clearer understanding of the plasma dynamics in
3D space.

When relying solely on the reflective perspective, the
central region is typically presumed to represent surface
reflectivity. However, the true condition can only be unveiled
by combining it with the other image perspectives, and
describing the three-dimensional dynamics purely through
two-dimensional images can be challenging. Nevertheless,
the reconstructed quasi 3D image in figure 7(a) provides a
direct and systematic understanding of the optical proper-
ties. In this image, yellow denotes low transmittance, while
white represents high transmittance. By examining this quasi-
3D representation, a more comprehensive comprehension of
the optical properties can be achieved. The two distinct con-
tours described in figure 3 can be directly distinguished.
When light propagates within the plasma, the outer con-
tour exhibits high transmittance, while the inner contour
displays low transmittance. Taking the inner contour as an
example, the transmittance gradually decreases from the erupt-
ive front to the surface. As the light reaches the surface,

it is mostly absorbed, resulting in a relative reflectivity at
the center below −0.9 (see figure 2). However, the high
transmittance observed in the outer contour indicates the prob-
ing light transmitted to the surface annular region is greater
than the average light intensity of the background region. This
leads to an increase in the relative reflectivity after the com-
pletion of the 200 ps electron relaxation, forming a bright
ring. This capability allows the complex three-dimensional
characteristics of the plasma to be assessed based on a
single image.

In previous studies, the eruption rate and pressure has been
measured when analyzing the transmissive perspective. The
introduction of quasi 3D reconstruction makes it impossible
to analyze the transmissive cross-sections at any desired loc-
ation. As illustrated in figures 7(b) and (c), the transmissive
cross-sections at 1/3 and 2/3 of the radius, respectively, are
extracted from the X and Y axes at a delay of 200 ps. This
advancement enables a more comprehensive analysis of the
laser ablation process from different cross-sectional perspect-
ives, providing valuable insights into the dynamic behavior
of the plasma. Overall, the properties of the cross-sections
in both directions are generally similar. When approach-
ing the center (R = 1/3), the bottom of the cross-section
exhibits a molten liquid phase, representing a low transmit-
tance rate, whereas the top contour of the cross-section is
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Figure 6. The reconstruction process and reconstructed images. (a) The process involves the matching and reconstructing of the 3D contour
images from 18 different angles. (b) Views ofthe 3D plot from the bottom, top and side.

relatively smooth. When moving towards the edge (R = 2/3),
the entire cross-section is located within the outer contour,
and a decreasing transmittance rate from top to bottom can
be observed, with a sharper top contour. Importantly, based
on the cross-sectional images from different positions, the
early asymmetrical eruption of the plasma can be detected.
As shown in figure 7(b), at the −1/3 R and 1/3 R positions
along the same axis, the opaque region representing the phase
explosion is asymmetric, with a converging front at −1/3 R
and a diverging front at 1/3 R. Furthermore, in figures 7(b)
and (c), at the same cross-sectional position, the contraction
and divergence of the opaque region are also different. To
better demonstrate the advantages of quasi-3D imaging over
2D imaging, partial cross-sectional images from figures 7(b)
and (c) are compared with the corresponding cross-sectional
image at 100 ps in figure 7(d). It can be observed that for the
central cross-section at different delays, the size of the plasma
morphology in the dark region remains consistent, with dif-
ferences only in contraction (X-axis) and divergence (Y-axis).
At the 1/3 R cross-section along the Y-axis, significant differ-
ences are observed at different delays. At 200 ps, the plasma
exhibits symmetry between the left and right ends, whereas

at the earlier delay of 100 ps, the intensity of the plasma
ejection is much lower on the left side than on the right side.
It can be inferred that the spatial asymmetry of the plasma
is stronger at 100 ps. Plasma ejection becomes more uniform
after 200 ps, and then transforms into an asymmetrical shape
again during subsequent structural formation processes (see
figures 2, 1200 ps). The explanation can be provided as fol-
lows: The inability of the Gaussian beam profile to achieve
perfect circularity leads to variations in the ionization intensity
across different regions during the induction of air ionization.
Specifically, when the transmittance perspective aligns with
the axis of symmetry of the imaging plane, while the other pos-
itions remain asymmetric, early onset of plasma asymmetry is
observed in this particularly region. This is difficult to discern
from the individual perspectives of two-dimensional imaging
in figures 2 and 3. Exploring information from other planes
using 2D imaging can lead to blurriness and greater informa-
tion loss due to defocusing. However, quasi-3D imaging is not
constrained by these limitations, and fully utilizes the inform-
ation of each point in 3D space. This contributes significantly
to the advancement of comprehension regarding the 3D char-
acteristics of plasma.
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Figure 7. The cross-section images extracted from the reconstructed image. (a) The cross-sectional view images extract from the direction
perpendicular to the X-axis. The cross-section images are exhibited as 3D shapes. Yellow represents low transmittance and white represents
high transmittance. A cross-sectional view from the direction perpendicular to the (b) X-axis and (c) Y-axis. The cross-section images are
exhibited as 2D images. Black represents low transmittance and white represents high transmittance. (d) Comparison of partial
cross-sectional images with delays of 100 ps and 200 ps.

4. Conclusion

This study presents a novel quasi-3D imaging technique that
overcomes the limitations of traditional imaging methods,
enabling a more comprehensive analysis of the ultrafast pro-
cess. By utilizing orthogonal polarization probe laser pulses,
signal interference during the dual-perspective imaging of sap-
phire plasma is successfully eliminated, yielding high-quality
reflectance-transmittance images. Through a meticulous com-
parison of the two perspectives, Coulomb explosion and phase
explosion mechanisms were confirmed, and diffraction phe-
nomena outside the plasma are discerned. A binary contour
extraction and matrix rotation multiplication method is pro-
posed to reconstruct a quasi-3D image, allowing the analysis
of optical properties along any desired cross-section of the
ultrafast process. The reconstructed plasma image reveals the
presence of asymmetry in the contraction and expansion mor-
phology of the plasma in 3D space. The quasi-3D imaging
method not only augments our understanding of material abla-
tion mechanisms, but also enhances the analytical dimension
of ultrafast processes, which has widespread potential in many
ultrafast fields.
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