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Abstract: Laser ablation has been extensively studied by researchers due to its high pre-
cision, high efficiency processing capabilities, and wide range of application potentials.
However, in a vacuum environment, due to the complexity of experimental conditions, spe-
cific application scenarios, and interdisciplinary interferences, more in-depth research on
the ablation behavior of high-intensity lasers in vacuum is still insufficient. In response to
such issues, experiments were conducted on titanium alloy perforation using a nanosecond
laser in a vacuum environment. The variations in ablation depth and volume as functions
of pulse energy, pulse number, and defocus were investigated. Both the depth and volume
ablation efficiencies were calculated, and the three-dimensional morphology of the ablation
holes was captured. Additionally, the ablation plume was observed to support the research
conclusions. The results indicate that within the number of high-intensity laser pulses, the
ablation depth per pulse can be increased by more than four times, and the average ablation
volume per pulse can reach 0.97 um3/yJ. The enhanced sputtering of molten material
during the multi-pulse laser ablation process in a vacuum environment is identified as the
primary factor contributing to the increased ablation efficiency. With the advancement of
science and technology and the growing demand for applications, this research is crucial
for the further development of fields such as space exploration and technology, advanced
manufacturing technology, and basic scientific research.
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1. Introduction

Since the invention of Q-switching technology, extensive research has been conducted
on laser drilling technology [1-5]. To achieve higher-quality micropores, studies have
examined the effects of laser parameters (such as pulse width [6], wavelength [7], laser
power [8], and the temporal and spatial distribution of laser energy [9]) and auxiliary param-
eters (including assistive blowing [10], enhanced electromagnetic fields [11], and variations
in environmental pressure) on parameters such as hole depth, surface morphology, and the
depth-to-diameter ratio. The research results indicate that specific laser parameters, such
as pulse width, energy density, and repetition rate, along with environmental conditions,
including vacuum level and heat dissipation, are crucial for achieving high-quality microp-
ores. For instance, shorter pulse widths help minimize the heat-affected zone, resulting in
cleaner hole edges, while higher energy densities promote deeper ablation. Furthermore, a
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vacuum environment reduces plasma shielding effects, thus improving ablation efficiency.
These relationships underscore the importance of carefully selecting laser parameters and
environmental conditions to optimize micropore quality [12].

Recently, research has identified material evaporation and melt injection as the primary
mechanisms responsible for the formation of ablative holes. When the laser irradiates the
material surface, it first induces localized melting, followed by the rapid evaporation
of the material. At the moment of evaporation, the recoil pressure generated by the
evaporating material becomes sufficiently strong to expel the molten material from the
ablation hole [13,14].

Based on the aforementioned mechanism, studies have shown that, in terms of ma-
chining accuracy (which refers to the degree to which the dimensions, shape, position,
and other parameters of the fabricated workpiece conform to the design specifications,
reflecting the precision and consistency of the machining process and serving as a key
indicator of manufacturing quality), the drilling accuracy (which refers to the degree of
conformity between the actual holes produced and the design specifications during the
laser drilling process) of nanosecond lasers is lower than that of femtosecond and picosec-
ond lasers [15]. However, from the perspective of machining efficiency (which refers to the
speed and productivity of completing drilling operations per unit of time), nanosecond
lasers exhibit higher efficiency due to their higher output power. Additionally, because of
the longer duration of nanosecond laser pulses, more molten material is generated during
the ablation process, and granular splashes can be observed around the ablation hole and
heat-affected zone. At this point, some of the ablation products are deposited on the hole
wall, significantly impacting the laser drilling process and the geometric shape [16,17].

The deposition of ablation products is closely related to environmental pres-
sure [18-20]. Additionally, environmental pressure can also influence ablation effi-
ciency and the diameter of the ablation hole [21]. B. Xia et al. conducted a comparative
study on the femtosecond laser drilling process of PMMA materials in vacuum and
atmospheric environments. The study found that a vacuum environment is more
conducive to plasma discharge, thus increasing ablation efficiency [22]. Wang et al.
investigated the effect of an environmental pressure range from 1 Pa to 105 Pa on fem-
tosecond laser ablation of copper, and the results showed that environmental pressure
can alter the ablation morphology by changing the focus position [21]. Mutlu et al.
studied the ablation behavior of alumina ceramics under different environmental pres-
sures and found that the diameter of the ablation hole increases with the increase
in environmental pressure. These findings indicate that a vacuum environment can
significantly influence laser ablation behavior [23].

From the perspective of improving ablation efficiency, one of the mainstream ap-
proaches is the combined pulse drilling method. This method involves using a continuous
laser to create a molten pool on the material surface, followed by the application of a short-
pulse laser to ablate the molten pool area. Finally, the molten pool is expelled using the
recoil pressure generated by the short-pulse laser from the plasma. Jia et al. demonstrated
that the combination of millisecond and nanosecond laser ablation not only improves the
roundness of the ablation hole but also reduces the energy required for drilling by an order
of magnitude [24]. Another method involves using two sets of nanosecond lasers for hole
ablation. Wang et al. investigated the ablation efficiency of dual-nanosecond pulse lasers
and found that, in air, the drilling rate of dual-pulse lasers is an order of magnitude higher
than that of a single-pulse laser, exceeding 2 um/pulse. The increased drilling efficiency
of the dual-pulse method is attributed to the reduction in environmental pressure caused
by the second laser beam [25]. However, Noll et al. conducted a detailed analysis of the
underlying mechanism, suggesting that the spherical shock wave generated by the first
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pulse may expel the atmosphere near the interaction area, leading to a decrease in particle
density near the ablation point and the formation of a brief vacuum effect. This, in turn,
enhances the interaction between the second laser beam and the target material [26]. In
summary, whether by directly altering the environmental pressure or using specific ablation
methods to modify it, it is clear that the vacuum environment plays a crucial role in the
ablation process of pulse lasers.

Although high-intensity laser technology has found widespread applications in ma-
terials processing and scientific research, systematic studies on its ablation behavior in a
vacuum environment remain relatively scarce. The existing literature primarily focuses on
the interaction between lasers and matter under conventional atmospheric conditions or
specific gas environments. However, under vacuum conditions, this interaction mechanism
may exhibit distinct characteristics and patterns. Therefore, an in-depth exploration of
the ablation behavior of high-intensity lasers in a vacuum environment holds significant
theoretical importance and practical application value. The ablative behavior of mate-
rials during continuous ablation by nanosecond pulsed lasers has not been thoroughly
investigated. This study uses titanium alloy, a typical material, as the research subject and
explores the relationship between the ablation depth and volume of titanium alloy under
nanosecond laser ablation in a vacuum environment, considering factors such as pulse
energy, pulse number, and defocusing distance. The average single-pulse ablation depth
and average volume ablation efficiency are measured. Additionally, the three-dimensional
morphology of the ablation holes is analyzed, and the ablation plume is captured to support
the research findings. The research on the interaction between high-intensity lasers and
matter holds significant application value in the fields of materials science, plasma physics,
and laser processing technology.

2. Experimental Setup

The schematic diagram of the experimental setup is shown in Figure 1. A Nimma-900
laser (Beamtech Optronics Co., Ltd., Beijing, China) was used in the experiment. The
maximum single-pulse energy was 900 mJ, with a wavelength of 1064 nm, pulse width of
8ns, and a repetition rate of 10 Hz. The beam diameter is controlled to 5 mm by an aperture
after the laser exits the device. The laser then passes through a 1:9 beam splitter, which
reflects 10% of the energy into an energy meter for monitoring, while the remaining 90% is
focused on the target using a 300 mm focal length lens; the focal spot of the focusing lens is
300 mm. The beam spot size before the focusing lens is approximately 5 mm in diameter.
At the focal point, the beam is focused to a spot size of approximately 300 pm. The target
is mounted on a two-dimensional displacement table with a maximum travel distance of
50 mm. The focusing lens is installed on a one-dimensional displacement table that moves
along the laser axis to adjust the distance between the lens and the target material. The
displacement tables are housed inside a vacuum chamber, which is connected to external
control systems. The movement of the tables is precisely controlled by a computer. The
vacuum chamber maintains a minimum stable pressure of 1 x 103 Pa environment, and
all experiments were conducted at this pressure.

Two neodymium magnets and an aperture are installed in front of the target material,
with the aperture size carefully selected to allow the laser to pass through. This setup
ensures that the focusing lens is not significantly damaged during prolonged ablation. The
LEXT OLS5100 laser confocal microscope (Olympus Corporation, Tokyo, Japan) was used
as the measurement equipment, which can capture the three-dimensional morphology
of ablation holes and measure the depth and volume data. Its measurement accuracy
is 0.15 + L/100 pm (where L is the measurement depth). The target material used in
the experiment was a 2 mm thick TC-4 titanium sheet. Before ablation, the material was
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polished with sandpaper up to 600 grit and then wiped with alcohol-soaked cotton to
ensure a consistent surface condition throughout the ablation process.
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Figure 1. Schematic diagram of experimental setup.

All experiments were performed in triplicate, and the average value was calculated to
ensure the reliability of the results.

In the experiment, it was observed that when the focusing lens is near the focal
position, the titanium alloy target material with a thickness of 2 mm is easily broken down.
Therefore, three titanium alloy targets were polished smooth and secured with fixtures to
create a target material with a thickness of 6 mm. This setup was designed to use a thicker
layered target to prevent full penetration during ablation, enabling accurate measurement
of the ablation depth in the unpenetrated section of the material.

The defocusing distance primarily affects the laser fluence, and the ability of the laser
to pierce the target depends on the location where the laser fluence is lowest. When the
laser focus is within the target material, the laser fluence remains high across the upper
and lower surfaces of the target. In practical experiments, a defocusing distance range of
up to 30 mm was achieved, which exceeds the depth of focus (DOF). Based on this, the
experiment was designed with a positive defocusing distance, meaning that the focal point
is positioned above the target material.

Even if the lens position remains unchanged during the experiment, the diameter
of the ablation hole varies due to the non-uniform intensity distribution of the Gaussian
beam and the continuous temperature rise during ongoing ablation. The diameter of the
ablation hole increases with laser fluence and pulse number [27]. This paper does not
address the ablation threshold. The above factors can lead to a discrepancy between the
actual ablation hole diameter and the initial laser irradiation area. Using the ablation hole
diameter to calculate the energy density may introduce additional errors and complexities.
Therefore, to ensure accuracy, we use the spot diameter rather than the ablation hole
diameter when calculating the laser energy density to account for the spatial intensity
distribution. However, the method for measuring the ablation hole diameter in this study
involves assessing the three-dimensional morphology of the hole. The internal diameter
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Diameter 800 -

of the ablation hole is defined as the hole diameter, with the material surface serving as
the base plane, as shown in Figure 2a. The hole diameter is measured uniformly after
100 pulses, as shown in Figure 2b. Each data point represents an average of multiple
measurements in Figure 2b, and the variation between these measurements was minimal.
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Figure 2. (a) Schematic diagram of ablation hole diameter; (b) the change in spot diameter with
laser energy.

3. Results and Discussion
3.1. Ablation Depth

Firstly, we maintain constant single-pulse energy and vary the defocusing distance by
adjusting the lens position, which changes the spot size. This allows us to study the effects
of different defocusing distances and pulse numbers on the ablation depth, as shown in
Figure 3a.
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Figure 3. (a) Effect of different defocusing amounts on ablation depth; (b) effect of different defocusing
amounts on average remove per pulse. The pulse energy used is 660 m]. The different curves
correspond to different distances of lens—target defocusing as indicated.

The defocusing distance primarily affects the diameter of the ablation hole and the
distribution of laser energy. As observed in Figure 3a, the ablation depth gradually increases
with the number of pulses. However, the ablation depth increases rapidly when the laser
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is focused, exceeding 4600 um at 500 pulses. We calculated the average material removal
per pulse by dividing the ablation depth by the number of pulses, as shown in Figure 3b.
It was found that when the defocusing distance exceeds the focal depth, the average
material removal per pulse did not exceed 1 um/pulse. When the laser was focused, our
results indicated that the average removal depth increased progressively with the number
of pulses, from 2.24 pm/pulse (50 pulses) to 9.26 um/pulse (500 pulses), an increase of
approximately 4.13 times. This shows that the average removal per pulse is influenced by
both the defocusing distance and the pulse number.

To further investigate this phenomenon, the laser drilling capability near the focal
point was examined. By fixing the focusing lens and varying the single-pulse energy of
the laser, the variation in ablation depth near the focal point with respect to the number of
pulses and single-pulse energy was obtained, as shown in Figure 4a. It can be observed that
the ablation depth increases with the number of pulses, and the slope gradually increases.
When the single-pulse energy of the laser is 150 m] (energy density is 4.13 J/cm?), there is
almost no nonlinear increase in ablation depth. However, when the single-pulse energy
reaches 310 m] (energy density is 8.54 ] /cm?), a clear nonlinear increase in ablation depth
is evident. The nonlinear increase in ablation depth becomes more pronounced with
increasing energy density.
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Figure 4. (a) Effect of different single-pulse energies on ablation depth; (b) effect of different single-
pulse energies on average removed per pulse. The different curves correspond to different single-
pulse energy as indicated.

The average material removal per pulse was calculated, as shown in Figure 4b. It
can be seen that at the focal position, when the laser energy is below 150 m], the average
material removal per pulse hardly increases with the number of pulses. However, when
the laser energy exceeds 310 m]J, the average material removal per pulse increases with the
number of pulses.

3.2. Ablation Volume and Efficiency

The ablation depth can reflect the longitudinal development process of the ablation
holes, but it does not accurately represent the true ablative efficiency. Therefore, we further
measured the volume ablation parameters of the ablation holes. As shown in Figure 5,
when the single pulse energy is 660 m], the total ablation volume at various defocusing
distances is obtained by adjusting the position of the lens.
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Figure 5. Relationship between the ablation volume and the number of pulses; the laser energy
remains constant at 660 mJ. The different curves correspond to different distances of lens—target
defocusing as indicated.

It can be observed that when the pulse energy is less than 500 pulses, the ablation
volume remains almost unchanged with the defocusing amount. As the defocusing distance
decreases, the ablation area becomes smaller, but the power density increases, resulting in
an increase in ablation depth. This factor compensates for the effect of the reduced ablation
area. Therefore, we speculate that the primary material removal mechanism in this case is
gasification. We believe that the gasification observed during the laser ablation of the metal
surface is evaporation rather than boiling. This is because, in the laser ablation process,
laser energy is rapidly focused onto a small area of the metal surface, causing a sharp
rise in temperature. Due to the extremely rapid heating, atoms on the metal surface gain
sufficient energy to transition directly from solid or liquid to gas, which is characteristic
of evaporation. This differs from conventional boiling, which typically occurs when the
entire liquid reaches its boiling point, accompanied by bubble formation and growth. Thus,
the high energy density and rapid heating in laser ablation result in a direct phase change,
more consistent with evaporation. In this case, the ablation volume is primarily determined
by the single-pulse energy. When the number of laser pulses reaches 1000, the ablation
volumes at different defocusing distances begin to diverge. We speculate that this is due
to the more concentrated heat deposition during the laser ablation process as the ablation
area decreases, leading to higher temperatures and an increase in laser absorption [28].

Subsequently, the lens was adjusted to a position near the focal point, and the effect of
single-pulse energy on the average removal volume was measured, as shown in Figure 6a.
The “average removal volume” is defined as the ablation volume divided by the number of
pulses, while the “average removal efficiency” is calculated by dividing the average single-
pulse ablation volume by the single-pulse energy. Due to limitations of the measurement
equipment, ablation holes with a depth-to-diameter ratio greater than 4 could not be
measured. Therefore, the number of pulses was reduced, and the average single-pulse
ablation volume was measured as a function of energy density and pulse number, ranging
from 50 to 250 pulses.
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Figure 6. (a) Effect of single-pulse energy on average single pulse-ablation volume; (b) effect of single-
pulse energy on average volume ablation efficiency. The different curves correspond to different
single-pulse energies as indicated.

The average volume ablation efficiency of the target material was calculated as a
function of single-pulse energy, as shown in Figure 6b. When the single-pulse energy
ranged from 30 to 150 m]J, the average volume ablation efficiency increased slowly. With
an increasing number of pulses, the ablation data exceed the volume ablation efficiency
observed in the nanosecond laser ablation of titanium alloys under atmospheric condi-
tions [29]. In Figure 6, it can be observed that both the average removal volume and average
removal efficiency continue to rise with the number of pulses. This trend may initially seem
inconsistent with the results shown in Figure 3a, where the ablation depth starts to plateau
at higher pulse numbers. The discrepancy can be attributed to the experimental setup in
Figure 6, where the lens is positioned near the focal point, ensuring a higher energy density
in the laser-irradiated area. At this focal position, the increased laser energy density likely
leads to a more efficient material removal process. Furthermore, the vacuum environment
in which these experiments were conducted may contribute to this trend by facilitating
localized heat accumulation and reducing plasma shielding effects due to the absence of
convective cooling. These conditions promote sustained high temperatures and greater
energy absorption over successive pulses. Previous studies have shown that repeated laser
irradiation can induce surface microstructural changes, reducing reflectivity and thereby en-
hancing laser energy absorption efficiency [30]. This phenomenon is particularly significant
at high pulse energies and may explain why the ablation efficiency observed in Figure 6
does not decrease as rapidly with increasing pulse numbers, as would be expected under
atmospheric conditions. Taken together, these factors—the high energy density near the
focal point, the vacuum environment’s effect on heat accumulation and plasma dissipation,
and the reduced reflectivity due to surface changes—contribute to the differences observed
in Figure 6.

3.3. Ablation Plume

Several factors contribute to the nonlinear increase in laser ablation depth. First,
when the laser interacts with the target material, the temperature of the material rises.
For metals, the laser absorption rate typically increases with temperature due to changes
in the behavior of free electrons and surface properties, which enhance the efficiency of
laser energy absorption [28]. Second, the vacuum environment minimizes atmospheric
interactions, enabling more efficient energy transfer to the material surface [31]. Third, as
the depth of the ablation hole increases, laser reflection within the irradiation area leads to
multiple reflections on the walls of the ablation hole, eventually refocusing at the bottom,
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which results in an increased absorption of laser energy [32]. Additionally, in atmospheric
environments, heat dissipation during nanosecond laser drilling occurs primarily through
convection. In contrast, in vacuum environments, convection is absent, and heat dissipation
occurs solely through thermal radiation and thermal diffusion.

To investigate the underlying causes of the observed phenomenon, a series of experi-
ments were conducted to capture ablation plumes under varying conditions, as shown in
Figure 7. The integration time, aperture, and distance used for plume image capture were
set to 0.5 s, 35 cm, and 6.4, respectively. A laser energy of 100 mJ was used throughout
the ablation plume experiments, and the target material was positioned at the focal point.
Figure 7a presents the initial plasma image generated upon the laser’s first irradiation of
the target. Next, a hole was drilled into the target, allowed to cool, and then irradiated
with the plasma inside the hole, as depicted in Figure 7c. A comparison between these
two images reveals that when the laser is focused inside the hole, a slightly higher amount
of plasma is generated, indicating that the hole enhances the laser absorption rate. After
approximately 210 pulses of repeated irradiation with a 1 Hz laser, the plasma image,
shown in Figure 7b, displayed a significantly larger amount of plasma, suggesting an
increased laser absorption rate during this phase. Furthermore, when a 10 Hz laser was
used for continuous ablation of the target, as shown in Figure 7d, bright linear streaks
were observed, which may indicate the presence of ejected molten material. These features
resemble patterns typically associated with molten particles during laser ablation. Given
that the vaporization latent heat of titanium alloy greatly exceeds its melting latent heat,
the emergence of molten splashing material is undoubtedly the primary factor contributing
to the sharp increase in ablation efficiency. As seen in Figure 7d, due to the excessively
high intensity of the plasma, it was not possible to clearly distinguish the ejected material.
Therefore, a neutral density filter was added in the areas with higher plasma intensity,
which reduces the light intensity by 100 times. This effectively prevented CMOS saturation,
allowing the ejected material to be distinguished.

-

Target Target

"l

Filter

Target

(c) (d)

Figure 7. Ablation plume. (a) The plasma image generated upon the laser’s initial irradiation on
the target; (b) the plume image produced by repeated ablation of about 210 times with a 1 Hz laser;
(c) the ablation plume produced by irradiating a laser through a small hole; (d) the plume image
produced by repeated ablation with a 10 Hz laser.
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Since the experiment was conducted in a vacuum environment, heat dissipation
primarily occurred through radiation and conduction, rather than convection. As a result,
localized heat accumulation may have occurred in the laser-irradiated area. Previous
studies have shown that repeated laser irradiation can induce microstructural changes on
the material surface, which reduce its reflectivity and consequently increase the absorption
of laser energy [30]. This enhanced absorption may enable subsequent laser pulses to
heat the area more effectively, thereby improving ablation efficiency. This observation is
consistent with our experimental results, where the ablation efficiency of laser-induced
craters is significantly higher in the vacuum environment, likely due to the combined
effects of localized heat accumulation and increased absorption. This mechanism is similar
to the enhancement observed in multi-pulse laser ablation [33].

3.4. Ablation Morphology

Finally, the ablation morphology of titanium alloy under different parameters was
photographed to observe the deposition of ablation products on the target material surface
during laser drilling in a vacuum environment.

Two typical morphology images were selected. Figure 8a shows the ablation morphol-
ogy with a single-pulse energy laser of 660 mJ, a defocusing distance of 16 mm (hole size of
1020 um), and a pulse number of 500. A regular recast layer surrounding the ablation pit is
observed. Figure 8b shows the ablation morphology with a single-pulse energy laser of
660 m]J, a pulse number of 250, and a defocusing distance of 0 mm. Obvious recast layers
were observed in both experimental conditions. When the defocusing distance was 16 mm,
the bottom of the ablation hole was very smooth, and the recast layer was very uniform.
Based on the previously mentioned average single-pulse ablation depth of 0.31 um/pulse,
it can be concluded that the material removal mode under these conditions was primarily
vaporization. When the single-pulse energy was 660 mJ, and the target was positioned at
the focal point, clear signs of titanium alloy melting were observed around the ablation
hole. A large amount of recast layer surrounded the hole, and the shape of the ablation
hole was conical. A smaller aperture facilitated the generation of higher recoil pressure,
which, in turn, made it easier to expel the melt. This was also one of the reasons for the
nonlinear increase in ablation depth.

(b)

Figure 8. Ablation morphology under different nanosecond pulse laser parameters: (a) pulse energy
660 mJ, hole diameter 1020 pm, number of shots 500; (b) pulse energy 660 m], hole diameter 375 um,
number of shots 250.
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4. Conclusions

The researchers conducted repeated ablation experiments using high-intensity lasers
in a vacuum environment for high-efficiency laser drilling. The variation in ablation
depth and volume with power density, pulse number, and defocus was investigated,
and the average single-pulse ablation depth and average volume ablation efficiency were
calculated. The results indicate that, in a vacuum environment, the absence of convective
heat dissipation significantly reduces heat loss at the bottom of the ablation hole. When
continuous ablation is performed at a repetition rate of 10 Hz, the titanium alloy exhibits an
enhanced ablation mechanism, similar to the effect observed in pulsed laser drilling. The
high repetition rate generates a continuous liquid surface at the bottom of the ablation hole,
which is ejected under the scouring action of the plasma. This mechanism increases the
average single-pulse ablation depth of the nanosecond laser by more than four times. The
measured average single-pulse ablation volume reached 0.97 um3/yJ. The combination of
the vacuum environment and multi-pulse nanosecond laser significantly improves both
ablation efficiency and hole quality.

The study of the interaction between high-intensity lasers and matter holds significant
application value in the fields of materials science, plasma physics, and laser processing
technology. However, current research on the ablation behavior of high-intensity lasers
in a vacuum environment remains limited. Delving deeper into this field not only aids in
understanding the fundamental mechanisms of laser-matter interactions but also propels
the advancement of related technologies. For instance, grasping the ablation characteris-
tics of high-intensity lasers in vacuum conditions will significantly propel technological
progress in areas such as spacecraft surface treatment, precision manufacturing, and the
development of novel materials. Therefore, conducting a systematic study on this topic not
only bears great theoretical significance but also exerts a profound influence on practical
engineering applications.
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