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Femtosecond laser ablation (FLA) has been playing a prominent role in precision fabrication of material because of its
circumvention of thermal effect and extremely high spatial resolution. Molecular dynamics modeling, as a powerful tool to
study the mechanism of femtosecond laser ablation, still lacks the connection between its simulation results and experimental
observations at present. Here we combine a single-shot chirped spectral mapping ultrafast photography (CSMUP) technique in
experiment and a three-dimensional two-temperature model-based molecular dynamics (3D TTM-MD) method in theory to
jointly investigate the FLA process of bulky gold. Our experimental and simulated results show quite high consistency in
time-resolved morphologic dynamics. According to the highly accurate simulations, the FLA process of gold at the high
laser fluence is dominated by the phase explosion, which shows drastic vaporized cluster eruption and pressure dynamics,
while the FLA process at the low laser fluence mainly results from the photomechanical spallation, which shows moderate
temperature and pressure dynamics. This study reveals the ultrafast dynamics of gold with different ablation schemes,

which has a guiding significance for the applications of FLA on various kinds of materials.

1. Introduction

Since the invention of femtosecond solid-state laser in 1991
[1], femtosecond laser ablation (FLA) has become a very
active research area [2-4]. In the laser-material interaction
process, a femtosecond laser pulse with ultrahigh peak power
can deliver its energy to the material in ultrashort time scale
before thermal diffusion occurs, and therefore the heat-
affected zone is very small, which has the ability to fabricate
almost any materials with extremely high precision and min-
imal collateral damage [5]. Moreover, due to the advantages
of no plasma shielding, low ablation threshold and high pro-
cessing efficiency, FLA has been widely used in various fields
of industrial production, such as surface nanostructuring [6],
micromachining [7], surface cleaning [8], welding [9], and
drilling [10].

Gold, as a precious metal, has aroused tremendous inter-
ests of people for thousands of years because of its rare prod-

ucts and unique luster. Meanwhile, based on good electrical
and thermal conductivity, chemical resistance, strong ductil-
ity, and biocompatibility, gold has also played an important
role in scientific research and technical applications. In addi-
tion, the rapid development of ultrashort laser technique pro-
vides an opportunity for further functionalization of gold
surface. For example, gold nanoparticles prepared by FLA
can be applied to molecular detection [11, 12], nanomedicine
[13, 14], and biosensors [15]. Transmission and reflection
gratings can be generated by ablating the gold surface via fem-
tosecond laser interferometry [16, 17]. It is necessary to com-
prehensively understand the fundamental knowledge in the
laser-material interaction in order to improve the controllabil-
ity of the FLA process for various related applications. To this
end, a large number of experiments and theories have been
conducted to explore FLA of gold. In experiment, a pump-
probe technique with high temporal resolution and long tem-
poral range has become the main methods to observe FLA of
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gold [18-21]. For example, Wortmann et al. conducted a
pump-probe experiment to observe the formation of nano-
bumps and nanojets on thin gold film by single femtosecond
laser pulse irradiation [18]. Carrasco-Garcia et al. used a
pump-probe femtosecond microscopy to observe the forma-
tion of dynamic Newton’s rings on the gold surface during
the FLA process and quantified the radial expansion velocity
of molten material [19]. Pflug et al. employed a pump-probe
reflectometry and ellipsometry to measure the temporal mod-
ification of complex refractive index and relative reflectance of
gold after the irradiation with a femtosecond laser pulse [20].
Cheng et al. investigated the ultrafast dynamics of periodic
ripples on the surface of a gold film with a prefabricated nano-
groove irradiated by single femtosecond laser pulse based on a
collinear pump-probe imaging method [21]. In theory, two-
temperature model (TTM), hydrodynamic model (HDM),
molecular dynamics (MD), and even hybrid models have been
developed to illustrate the laser-metal interaction process
[22-26]. Jia et al. investigated the ablation depth, threshold
fluence, residual thermal energy, and melting layer thickness
of aluminum, copper, and gold under different laser parame-
ters based on an improved TTM [22]. Zhao et al. used a two-
dimensional (2D) HDM to study the ablation of aluminum
by a femtosecond laser pulse, and the ablation rates in vacuum
and air were compared over a wide range of laser fluences [23].
Lorazo et al. investigated the mechanisms of laser ablation on
silicon with the laser energy being close to the ablation thresh-
old for femtosecond and picosecond laser pulses via MD sim-
ulations [24]. Furthermore, to simulate the electronic
excitation under the ultrashort laser irradiation at the atomic
level, a TTM-based MD (TTM-MD) method was developed
for studying the FLA process [25, 26]. Generally, TTM can
only describe the electron and lattice temperatures of mate-
rials. Compared with HDM, MD simulations are more realis-
tic, which can track the movement of each molecule or atom,
and therefore the detailed ablation and phase transition after
the femtosecond laser pulse irradiation can be well revealed.
On the one hand, the pump-probe technique has been
widely used to observe and understand the materials ablated
by the ultrafast laser, but it requires multiple measurements
to obtain the spatiotemporal information. The substantial
shot-to-shot variations of laser pulses and the nonunifor-
mity of material compositions greatly degrade the detection
accuracy. In response, many snapshot ultrafast optical
imaging (UOI) techniques have been developed, including
sequentially timed all-optical mapping photography (STAMP)
[27, 28] or ultrafast framing cameras [29] for direct imaging
and compressed ultrafast photography (CUP) [30] for recon-
struction imaging. Generally, direct imaging techniques have
high spatial resolution but limited sequence depth (ie., the
number of frames per exposure), while reconstruction imag-
ing techniques such as CUP have large sequence depth but
suffer from low spatial resolution. It is worth noting that the
sequence depth of the STAMP-series techniques has increased
from 6 to 25 with the aid of spectral filtering (SF) [31], and
SE-STAMP has manifested itself in real-time recording of
femtosecond laser induced plasma and shockwave generations
in material [32]. Therefore, snapshot UOI techniques have
shown indispensable potential in FLA observation. On the
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other hand, MD simulations generally ignore any effects
related to the lateral variation of laser energy deposition and
only study the evolution of atomic configurations at different
depths along the laser incidence direction [33, 34]. Currently,
the three-dimensional (3D) MD simulations of a system with
more than ten million atoms are still very challenging.
Although there have been some large-scale MD simulations,
these simulations have less connection to the experiments
[35, 36]. In general, the majority of studies on the same target
focus on either experimental observations or theoretical simu-
lations, there still lacks a joint exploration of the FLA process
under coincident conditions. To overcome these shortcom-
ings, here we conduct a single-shot chirped spectral mapping
ultrafast photography (CSMUP) to record the transient
images of single-pulse FLA on a bulky gold with a temporal
range covering about 100 ps. The principle of CSMUP can
be found in our previous work [37]. CSMUP utilizes a broad-
band laser pulse with temporally positive chirp to illuminate
the ablation area and employs a hyperspectral camera as an
image receiver. Based on the temporal-spectral distribution
of the chirped laser pulse, the spatiotemporal dynamics infor-
mation of the FLA process can be extracted from the collected
hyperspectral image data. At present, CSMUP can obtain 25
frames of images in a single exposure, and each frame has an
image size of 217 x 409, which is a technique that is suitable
for studying the FLA process of materials. Meanwhile, the
FLA process of gold in accordance with the experimental con-
ditions is investigated through theoretical simulations. Here,
we develop a 3D TTM-MD method for simulation. In our
model, a simulated box larger than the pump laser impacted
region is studied, and the time-resolved atomic motions as
well as the thermodynamical fields of gold can be observed
from 3D view. The simulated results are analyzed in detail
and compared with the experimental observations. A compre-
hensive picture of FLA on gold is established in this work,
which can provide guidance for the applications of FLA on
various kinds of materials.

2. Materials and Methods

In this experiment, a CSMUP system is used to detect the
FLA process of gold, and the experimental arrangement is
shown in Figure 1(a) (experimental details are in Supple-
mentary Note 1 and Figures S1-S3). A Tiisapphire laser
amplifier provides the femtosecond laser with central
wavelength of 800nm, pulse width of about 50fs, and
repetition rate of 100 Hz. An electronic shutter is used to
obtain a single pulse. The output laser is frequency-
doubled via a [3-BBO crystal to generate 400nm laser;
then, a 567 nm long-pass dichroic mirror (DM1) separates
400 nm laser from 800 nm laser, and a 450 nm short-pass
filter (FL1) is utilized to remove the residual 800 nm laser.
The 400 nm laser, which is used as the pump laser with the
pulse width of about 100fs, irradiates the gold surface to
induce the ablation. The 800 nm laser is used to generate
the probe laser and is first focused by a lens (L1) into
water to produce a broadband laser with the wavelength
range of about 400-950nm. The spatial quality of the
broadband laser generated by nonlinear effects has been
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Ficure 1: Configuration of CSMUP. (a) Experimental device of CSMUP. (b) Imaging a 1951 USAF resolution test target with a 20x

objective. (c) Imaging a grating of 1200 lp/mm with a 50x objective.

characterized in detail in Ref. [38]. Then the broadband laser
is collimated with the glass rods with the total length of
60 cm to produce a positively chirped probe laser. Finally,
the pump and probe lasers are collinearly combined by a
beam splitter (BS) and another 567 nm long-pass dichroic
mirror (DM2), and an objective (20x, NA 0.45) is used to
focus the pump laser onto the gold surface. The probe
laser reflected from the gold surface is collected by a
hyperspectral camera (Ximea, MQO022HG-IM-SM5x5-
NIR), which can obtain 25 spectrally resolved images with
the wavelength range from 659 to 949nm. A 660 nm long-
pass filter (FL2) is placed in front of the hyperspectral
camera to narrow the spectral range of the probe laser and
block the scattered light from the pump laser. A delay
device is used to precisely control the time delay between
the pump and probe lasers. To avoid the influence of rear
side boundary of gold on the ablation process, a 2mm
thick bulky gold (purity 99.99%) is selected as the
measured sample; such a thickness is much larger than the
optical and thermal penetration depth.

The spatial and temporal resolutions are two key param-
eters of CSMUP. Firstly, a 1951 USAF resolution test target
is imaged to characterize the spatial resolution of CSMUP
with a 20x objective. One of the 25 spectral images is
selected and shown in Figure 1(b); here, the groups 7-5
and 7-6 are given, in which 7-6 is corresponding to the spa-
tial resolution of 228 Ip/mm. Obviously, these horizontal or
vertical stripes can be clearly observed. In addition, a gold
grating of 1200lp/mm is also imaged by a 50x objective
(NA 0.8) with the same method, as shown in Figure 1(c).
Similarly, these stripes are also clearly displayed, which
shows high imaging quality with the spatial scale being up
to 833 nm. Secondly, the temporal resolution of CSMUP is
characterized by measuring the temporal-spectral distribu-
tion of the chirped probe pulse with a streak camera, which
has been described in our previous work [37]. The probe
laser pulse duration is about 100 ps; thus, the frame rate is
about 250 billion frames per second; that is, the average
frame interval is 4 ps.

In the theoretical simulation, a 3D TTM-MD model is
used to simulate the FLA process of gold, which combines
the continuum-level description of the laser excitation of
conduction band electrons followed by electron-phonon
equilibration with the MD simulation techniques (details
in Supplementary Note 2). The simulations are performed
using the large-scale atomic/molecular massively parallel
simulator (LAMMPS) platform [39]. Meanwhile, the 3D
TTM-MD simulations are based on the embedded-atom
method (EAM) potential developed by Norman et al. [40].
This potential takes into account the change in the physical
properties of ion subsystem caused by the heating of the
electron subsystem, and therefore it can ensure an adequate
description of forces acting upon gold ions in a two-
temperature state of the system. The initial orientation for
the gold crystal is [1 0 0], [0 1 0], and [0 0 1] in the x-, y-,
and z-directions. To simulate a free gold target irradiated
by the femtosecond laser in the experimental environment
and control the system pressure, the periodic boundary con-
ditions are applied along the x- and y-directions; a free
boundary is used at the gold sample surface, and a Langevin
nonreflecting boundary (LNRB) condition [41] is employed
to absorb the laser-induced pressure wave and undermine its
reflective propagation. The region beyond LNRB boundary
is modeled by the original TTM formulation, mimicking
the heat transfer into the deeper bulk part of the gold sam-
ple. The dimensions of the 3D simulation system are 73.4
nm X 73.4nm x 118 nm. The crystalline gold sample has a
thickness of 40.8 nm, containing 13,024,800 atoms, and the
spatial range along the z-direction is from z =-40.8 nm to
Onm. After the laser irradiation, the ablated clusters or
atoms in vapor phase approaching the top region of the sim-
ulation cell (i.e., z>75nm) are manually deleted in order to
avoid these clusters crossing the top boundary and causing
unreasonable impacts on the bottom of the gold sample.
The number of atoms in each coarse-grained electronic tem-
perature grid is around 350. The diameter of the laser spot is
d =40 nm. A thickness of three monoatomic layers is used as
the LNRB layer.
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3. Results and Discussion

The pump laser fluence is a critical factor to affect the abla-
tion process of gold, and therefore the ablation threshold of
the gold is first determined as @, =0.13J/cm? using a D?
method (details in Supplementary Note 3 and Figure S4).
Two pump lasers with the high fluence of 2.80]/cm”
(21.5®0,,) and low fluence of 0.45]/cm” (3.5®,,) are used
to irradiate the gold; both fluences are above the ablation
threshold. The transient images at different delay times
captured by CSMUP are shown in Figures 2(a) and 2(c),
where only 12 representative images are selected to display
for each laser fluence. Due to the nonlinear chirp of the
probe laser pulse caused by the high order dispersion of
the glass rod and the nonequidistant distribution of the
response bands in the hyperspectral camera, the temporal
frame intervals are not exactly the same. For the high
fluence, as shown in Figure 2(a), low-reflectivity region
(LRR) with a decrease in the reflectivity is first induced
on the material surface at 5.3ps. Then, a dark region
with strongly decreased reflectivity appears in the center
of the LRR at 15.8ps. Subsequently, the dark region
gradually enlarges and finally, almost covers the whole
LRR at 943ps. For the low fluence, as shown in
Figure 2(c), the FLA process is similar to that in the
high fluence. That is, an LRR is first created, and then, a
dark region forms in the center of the LRR. However,
the appearance of the dark region is obviously later at
29.1 ps. Moreover, the sizes of the two regions are much
smaller, and their boundaries are blurry, which is due to
the peripheral fluence of the laser spot falling below the
ablation threshold.

To explain the morphological evolution of the gold dur-
ing FLA processes observed in Figures 2(a) and 2(c), the 3D
TTM-MD model is used to simulate the time-resolved
atomic motions and matter removal process of the gold after
the irradiation of a femtosecond laser pulse, and the simu-
lated results in an aerial view are shown in Figures 2(b)
and 2(d). Here, the laser pulse width is set to 100fs, and
the average absorbed fluences are set to 2.80 J/em? and
0.45 J/cm®, respectively; the parameters are the same as those
in experiment. In our simulations, the temporal interval is
set to 5ps, and the atoms are labelled with different colors
according to their positions along the z-direction. The gold
surface is defined as the depth of 0nm. To compare with
the experimentally observed transient morphology more
clearly, we remove the ejected clusters in Figures 2(b) and
2(d) that are completely detached from the gold due to the
laser pulse irradiation (see Video 1 for the complete visual
comparison). For the high fluence, as shown in Figure 2(b),
the gold has been melted within the first 10 ps, and the average
height of the atoms near the surface increases due to the ther-
mal expansion. At 15 ps, an ablation crater at negative height
can be faintly seen under the center of the expanding surface
material, and the crater gradually becomes larger after 20 ps.
For the low fluence, as shown in Figure 2(d), the appearance
of the crater is postponed to 30 ps, which is later than 15 ps
compared with that for the high fluence. In addition, the crater
size is significantly reduced. By comparing the experimental
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and simulation results, it can be found that the evolutions of
the dark region in Figures 2(a) and 2(c) are very consistent
with the evolutions of the ablation crater in Figures 2(b) and
2(d), respectively. The consistency is mainly reflected in the
following three aspects: first, the occurrence time of the abla-
tion crater predicted in simulation is consistent with that of
the dark region observed in experiment. For the high fluence,
the experimental result in Figure 2(a) shows that the dark
region starts to appear on the gold surface obviously at
15.8ps, and correspondingly, the simulation result in
Figure 2(b) shows that the crater can be observed since
15 ps. Similarly, for the low fluence, the experimental result
in Figure 2(c) shows that the dark region starts to appear on
the gold surface obviously at 29.1 ps, and the simulation result
in Figure 2(d) shows that the crater can be observed since
30 ps. Second, the size evolution of the ablation crater pre-
dicted by the simulation is consistent with that of the dark
region observed experimentally. In experiments, the size of
the dark region has gradually increased since its appearance,
and the size of the dark region formed under high-fluence
laser irradiation is larger than that under the low-fluence laser
irradiation. Similarly, the evolutions of the ablation craters
predicted from the simulations have the same characteristics.
Third, the size ratio of the ablation crater at 95ps predicted
by the simulation is consistent with that of the dark region
observed experimentally. Here, the diameter of the dark
region in experiments (or simulations) is d1 =40.8 ym (or
d2=27.5nm) for the high fluence and d3=25.6um (or
d4=17.0nm) for the low fluence. Obviously, the two size
ratios of d1/d3 and d2/d4 show a close agreement. In gen-
eral, the ultrafast morphological dynamics in the aerial
view obtained through theoretical simulations are well con-
sistent with the ultrafast reflectivity dynamics obtained
through experimental measurements. It is worth noting
that there exists a gap between the sizes of the laser spot
in experiments and simulations. To verify the validity of
our simulations, three pump lasers with different spot sizes
are employed to irradiate the gold, and all the calculation
results show a high consistency in the size ratio between
the dark region and ablation carter (details in Supplemen-
tary Note 4 and Figure S5).

Next, we further explain the transient reflectivity evolu-
tion of the gold observed in experimental results of
Figures 2(a) and 2(c) by side views of the simulated atomic
configuration results, as shown in Figure 3. For the high flu-
ence in Figure 3(a), the material close to the surface
undergoes rapid thermal expansion along the laser incidence
direction for the first 10 ps. The thermal expansion will cause
a fast decrease in the material density below the surface,
which leads to a decrease of free electron density. The
decrease of free electron density will induce the reduction
of the plasma frequency [42], and, finally, change the dielec-
tric function of the material. It is just the change of the
dielectric function that reduces the reflectivity of the mate-
rial to the probe laser, which results in the emergence of
the LRR within 9.0 ps in Figure 2(a) [43, 44]. Then, the sur-
face layer in the center of the expanded material starts to
eject at 15 ps, and the cluster ejection will lead to the gradual
formation of the ablation crater. In addition, the ejected
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FiGURrk 2: Experimental and theoretical simulation results. Representative recorded images of bulky gold target by CSMUP with the laser
fluences of 2.80 (a) and 0.45J/cm? (c), and simulated aerial-view snapshots of atomic configurations by 3D TTM-MD simulations with
the absorbed fluences of 2.80 (b) and 0.45 J/cm? (d). Here, the solid and dashed circles denote the estimated boundaries for experiments
and simulations.
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clusters can absorb and scatter the probe photons, leading to
a further decrease in reflectivity. Considering the limitations
of the spatial resolution of the CSMUP system and the nor-
mal incidence of the probe laser, the clusters cannot be cap-
tured experimentally, only a strong decrease of the transient
reflectivity caused by the cluster ejection and the ablation
crater formation is observed at 15.8 ps from Figure 2(a),
i.e., a dark region starts to appear in the center of the LRR.
Subsequently, the increase in ejected material induces the
expansion of the dark region, and the dense ejected clusters
cannot be penetrated by most of the probe laser. Even if a
small fraction of the probe photons can pass through the
dense clusters, they are also scattered by the crater beneath
the clusters. These effects lead to the pump laser irradiation
region evolving into an almost black, nonreflective region in
Figure 2(a). For the low fluence, as shown in Figure 3(b), the
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expansion rate of material near the surface in the first 20 ps
is significantly lower than that of the high fluence in
Figure 3(a), so the decrease of transient reflectivity in the ini-
tial stage in Figure 2(c) is much smaller than that of the high
fluence in Figure 2(a). Then, the cluster ejection begins at
30 ps, which is highly consistent with the earliest appearance
of the dark region at 29.1 ps in Figure 2(c). After 30 ps, fewer
clusters are ejected; the size of the dark region and the
decrease in the reflectivity are smaller in experiment.

As a quantitative analysis, the temporal evolution of
normalized reflectivity change, ie, AR/R;(AR=R-R;),
is extracted from Figures 2(a) and 2(c), where R and R,
represent the reflectivity with and without the pump laser
irradiation, respectively. The extracted results in the high
and low fluences are shown in Figure 4(a). It can be seen
that, after the femtosecond laser irradiation, the reflectivity
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F1GURE 3: The side views of the simulated atomic configuration results. Representative simulated side views of atomic configurations by 3D
TTM-MD simulations with the absorbed fluences of 2.80 (a) and 0.45J/cm? (b).
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F1GURE 4: The temporal evolution of normalized reflectivity change and size distributions of the ejected clusters. (a) Temporal evolutions of
normalized reflectivity changes AR/R, extracted from the experimental results. (b) Cluster size distributions in the ablation plume extracted
from the simulated results.

of the gold surface has a slight increase within a few pico-  process, and, finally, it only reaches -0.50. Therefore, it
seconds, which is due to the thermal excitation of the d  can be speculated that the FLA processes of gold in the
-band electrons of gold induced by the 400 nm pump laser ~ high and low fluences should result from different physical
[45, 46]. Subsequently, AR/R, shows an obvious decrease, mechanisms. In addition, the size distributions of the
but the evolution behavior is different for the high and  ejected clusters in the high and low fluences are also calcu-
low fluences. For the high fluence, AR/R, first undergoes  lated from Figure 3. The cluster size distribution in the
a rapid decrease to -0.71 within 21ps. After 21ps, the  period of 65-95ps after the laser irradiation is shown in
decrease of AR/R, slows down, which reaches -091 at  Figure 4(b), where the horizontal axis is the cluster size,
94.3 ps. For the low fluence, AR/R, maintains a monotoni-  defined as the number of gold atoms contained in the
cal decrease with a low slope throughout the evolution  cluster, and the vertical axis is the average ejection yield,
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FIGURE 5: Spatiotemporal evolutions of lattice temperature. Representative simulated snapshots of lattice temperature by 3D TTM-MD
simulations in the absorbed fluences of 2.80 (a) and 0.45]J/cm? (b). Contour plots of lattice temperature predicted in 3D TTM-MD
simulations in the absorbed fluences of 2.80 (c) and 0.45J/cm? (d). Temporal evolutions of average temperatures in the center of the
molten pool (e). Here, the white and olive dashed lines denote the liquid-crystal interface and thermodynamical critical temperature T.

defined as the average number of clusters. Here, the yield
is normalized to the number of minimum clusters. In
double-logarithmic scale, the cluster size distribution can
be better described by the power law Y(N)~N"". For
the high fluence of 2.80]J/cm? the exponent of the low-
mass cluster (atomic number < 20) 7 =3 is larger than that
of the high-mass cluster (atomic number >20) 7=2,
which means that the decay of the probability is much
slower in the high-mass region of the distribution. In con-
trast, for the low fluence of 0.45J/cm? the exponent 7 for
the region capable of producing a statistically significant
number of clusters is kept at 2. Considering that there is
a top absorption layer at the height of 78 nm, the atoms
approaching this absorption layer are deleted in simula-
tions. For the high fluence, a total of about 22,430 atoms
are deleted. Compared to such a large base of approximate
10° atoms, it is believed that the atomic deletion does not
affect the size distribution of the clusters. Referring to the
detailed analysis in previous theoretical studies [47, 48],

here the FLA process in the high fluence probably con-
tains a rather drastic ultrafast dynamics compared to that
in the low fluence.

In order to verify above speculation for the FLA pro-
cesses with different physical mechanisms in the high and
low fluences, the spatiotemporal evolutions of lattice tem-
perature, stress, and pressure are analyzed based on 3D
TTM-MD simulations (see Video 2 for the complete tempo-
ral evolutions), where the ‘lattice temperature’ extends to the
temperature of the out-of-equilibrium ionic subsystem.
Besides, the details for calculating the ‘stress’ and ‘pressure’
can be found in Supplementary Note 5. Figures 5(a) and
5(b) show the representative snapshots of the lattice temper-
ature and atomic motion trajectories for a sliced layer with a
thickness of 2 nm along the y-direction in the high and low
fluences, respectively. The excited atoms go through signifi-
cant eruption that depends on the absorbed fluence, and the
temperature of these atoms will rapidly rise to thousands of
K and even higher. Moreover, the temperature distribution
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FIGURE 6: Spatiotemporal evolutions of stress and pressure. Simulated snapshots of stress (top row) and pressure (bottom row) in the early
35 ps by 3D TTM-MD simulations with the absorbed fluences of 2.80 (a, ¢), and 0.45 J/cm? (b, d) (Video 2, MP4, 2.4 MB).

shows an ascent gradient with the increase of the height
above the surface of gold target throughout 100 ps, which
indicates that the earlier erupted material obtains the higher
kinetic energy. For the high fluence, as shown in Figure 5(a),
lens-like-shaped molten pool in liquid phase has been estab-
lished in the first 5 ps, where a white dotted curve indicates
the liquid-crystal interface in each snapshot. Then, the mol-
ten pool expands due to the faster increase of the tempera-
ture within 25 ps. Meanwhile, a material eruption occurs,
and the superficial atoms in the molten pool starts to sepa-
rate from the gold target within 15 ps. Subsequently, the melt
undergoes violent explosive decomposition with a large
number of particles and clusters spewing out. For the low
fluence, as shown in Figure 5(b), the size of the molten pool
is significantly reduced due to the slower increase of the tem-
perature, and the continuous unbroken liquid surface leads
to the expansion of the molten pool in the form of a bubble
(or a liquid film covering) with a time span of about 20 ps
(from 5 to 25ps). In addition, the subsequent melt decom-
position and atomic eruption processes are milder, where
fewer particles and clusters are ejected and a thinner plume
is formed. Figures 5(c) and 5(d) present the contour plots
of spatiotemporal evolution of lattice temperature in the
high and low fluences, respectively. Here, a region with a
width of 10 nm (red dotted box) in the center of the molten
pool along the x-direction is selected and divided into
0.5nm thick layers along the z-direction to calculate the
average temperature for layers, as shown in Figures 5(a)

and 5(b). In both the high and low fluences, the gold target
undergoes rapid melting within the first 30ps, and the
liquid-crystal interface (white dotted line) rapidly moves
downward. After that, the melting and interface movement
almost keep unchanged, which can be considered as the
slower component. Compared with the low fluence, the
melting front moves faster and the melting depth is deeper
in the high fluence. Generally, the faster component of the
melting results from the homogeneous nucleation and
growth of multiple liquid regions inside the superheated
crystal, while the slower component refers to the propaga-
tion of the liquid-crystal interface deeper into the gold target
[49]. For further quantitative analysis, the temporal evolu-
tion of the average temperature within the height of -5nm
to 5nm, corresponding to the core ablated region, is
extracted from the contour plots in Figures 5(c) and 5(d),
and the results are shown in Figure 5(e). In the high fluence,
the temperature of this region rapidly rises within 30 ps and
reaches a maximum of 7790 K, which exceeds the thermody-
namic critical temperature of gold (i.e., T. =7670K as indi-
cated by the olive dotted line) [50]. In addition, the FLA
process is accompanied by violent explosive eruption, and
therefore we believe that the phase explosion is the most
likely ablation mechanism. However, for the low fluence,
the temperature in the center of the molten pool only
reaches the peak value of 5268 K at 35 ps, which is far below
the threshold temperature for phase explosion of 0.9 T', [51].
Therefore, the time-resolved stress and pressure evolutions
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are worth being studied to further explore the ablation
mechanism.

The spatiotemporal evolutions of stress and pressure
fields in the early 35ps under the high and low fluences
are shown in Figure 6, which are corresponding to the
period of lattice temperature elevation. For the high fluence,
as shown in Figures 6(a) and 6(c), the size of the lens-like-
shaped molten pool increases in the initial 15 ps, accompa-
nied by the melting and vaporization phase transitions,
which have been demonstrated in the temperature evolution
of Figure 5(a). Both of the phase transitions require a larger
spatial volume to reduce the particle number densities. The
liquid-crystal interface expands downward, while the vapor-
ized clusters eject upward, which result in extreme variations
in the local mechanical conditions. It is noticed that intense
negative stress is built in the curved region beneath the mol-
ten ablation crater, suggesting that the liquid-crystal inter-
face is in a state of lateral tension. Moreover, a dipole
structure in the stress field is formed in the crystal region
close to the liquid-crystal interface after 15 ps, which indi-
cates that a positive stress or compressive state is built in this
region. In contrast to the stress field, the evolution of the
pressure field in the lens-like-shaped molten pool shows
more complicated changes, where the pressure field experi-
ences significant descent to negative value for twice at 10
and 25 ps, respectively. Owing to the rapid temperature ele-
vation, the first significant pressure descent occurs at 10 ps
before obvious eruption occurs, despite the negative pressure
is maintained for a rather short time. Then, during the initial
eruption in 15-20 ps, a slightly positive pressure appears in
the center of the molten pool, which may be related to the
intense liquid-gas phase transition near the critical tempera-
ture. Furthermore, when a large number of vaporized clus-
ters (or atoms) are ejected from the molten pool, the
traction effect due to the collective eruption should be
responsible for the abrupt pressure descent in this region,
as can be observed from the snapshot of 25ps in
Figure 6(c). For the low fluence, as shown in Figures 6(b)
and 6(d), the evolution of the mechanical field is more moder-
ate compared with that for the high fluence. The liquid-vapor
surface layer of the molten pool holds its integrity up to 20-
25ps without breaking, and the atoms in the lens-like-
shaped molten pool (or bubble) suffer from negative pressure
during this period. At 30ps, the surface liquid layer breaks
under the negative pressure environment, which indicates that
the eruption takes over the competition as the temperature
continuously rises. Similarly, an abrupt pressure descent can
also be observed at 35 ps, indicating that the traction effect still
plays an important role in the low fluence. By combining the
temperature evolution in Figure 5(b), we infer that the photo-
mechanical spallation mechanism mainly dominates the FLA
process in the low fluence.

4. Conclusions

In summary, we have conducted a CSMUP technique to
measure the single-pulse FLA process on a bulky gold in
experiment, which solved the problem of multiple measure-
ments for the pump-probe technique. Meanwhile, we have

developed a 3D TTM-MD method to jointly investigate the
FLA process of gold in accordance with the experimental
conditions in theory, which could observe the time-
resolved atomic motions as well as the thermodynamical
fields of gold from 3D view. Our experimental and simulated
results showed a fairly high agreement in the time-resolved
morphologic dynamics, which confirmed the reliability of
our experimental and theoretical methods. In addition, the
spatiotemporal evolution of thermodynamical fields pre-
dicted by 3D TTM-MD simulations showed that the FLA
process is due to the phase explosion at the high laser fluence
while the photomechanical spallation at the low laser flu-
ence. This work not only provides a technical basis for mon-
itoring the ultrafast laser fabrication in real time but also is
helpful for fully understanding the physical mechanism of
the interaction between intense ultrafast laser and materials.
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Supplementary 1. Supplemented sections: Supplementary
Note 1 describes the experimental details. Figure S1 shows
the spectrum of the broadband laser produced by focusing
an intense femtosecond laser pulse with a central wavelength
of 800 nm in water. Figure S2 shows the physical view of the
glass rods used in the CSMUP system and the spectral-
temporal distribution of the chirped probe pulse. Figure S3
shows the response curves of 25 spectral bands in the
hyperspectral camera. Supplementary Note 2 describes the
calculation method of TTM-MD model. Table S1 lists the
specific calculation parameters. Supplementary Note 3
describes a method for measuring ablation threshold fluence
of the gold target. Figure S4 shows the ablation area versus
the single pulse energy. Supplementary Note 4 describes
the effect of spot size on the TTM-MD simulation results.
Figure S5 visualizes the simulation results under different
size spot irradiation. Supplementary Note 5 describes the
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calculation method of pressure and stress in TTM-MD sim-
ulations. The supplementary materials contain the addi-
tional references [52-62]. Supplementary 2. Supplemented
animation: the supplemented MP4-file shows a sequence of
Figure 2. Supplementary 3. Supplemented animation: the
supplemented MP4-file shows a sequence of Figures 5 and
6, respectively. (Supplementary Materials)
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