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Abstract
Ultrashort pulse laser processing is garnering significant attention as a method for processing sapphire. However, its pre-
ciseness is an issue owing to severe damage generated around a processed shape. In this study, to clarify the mechanism 
of damage generation and its dependence on pulse durations, an imaging technique combining pump-probe imaging and a 
high-speed camera is utilized. The pump-probe imaging visualizes ultrafast phenomena that occur in the order of picoseconds 
and nanoseconds, such as electron excitation and stress wave propagation, while the high-speed camera captures changes in 
the phenomena as the number of pulses increases in the order of milliseconds. Observations of electron excitations with up 
to 20 pulses show that when the pulse duration exceeds 3 ps, electron-induced damage inside sapphire is significant. High-
speed observations up to 1000 pulses show that stress waves propagate from the tip of the hole and cause stress-induced 
damage. The stress-induced damage is first generated on the tip and then remains around the hole as sidewall damage as 
the number of pulses increases. The sidewall damage expands gradually and finally propagates to the surface, resulting in 
surface damage. Investigations based on varying pulse durations reveal that the stress-induced damage is more prominent 
when the pulse duration is 180 fs because of stronger stress waves. Furthermore, we discovered that the initially generated 
electron-induced damage ablates as the number of pulses increases; as such, more precise processing is achieved when the 
pulse duration is longer. The mechanisms of damage generation will contribute to not only the development of precision 
laser processing technology, but also to the further understanding of basic science.

1 Introduction

Dielectric materials with wide bandgaps, such as glass, 
diamond, silicon carbide, and sapphire, have attracted sig-
nificant interest in recent years owing to their excellent 
mechanical, optical, chemical, and electrical properties [1, 
2]. Sapphire is a typical dielectric material widely used in 
the aviation and space industry owing to its capability of 
withstanding erosion, radiation, high temperature, pres-
sure, and mechanical loads [3–7]. Nevertheless, dielectric 
materials, such as sapphire, are difficult to process owing 
to their excellent mechanical properties [8–11]. Ultrashort 
pulse lasers have attracted significant attention as a method 

to process dielectric materials owing to their extremely high 
intensity, which provides a wide-bandgap material energy 
through multi-photon absorption and tunneling ionization 
[11–14]. However, this method encounters challenges in 
terms of precise processing because of the severe damage 
generated around the processed shape [12, 15]. Different 
strategies such as Bessel beam processing [16, 17] or tran-
sient and selective laser processing [18] have been proposed 
for the precise processing, their applications are limited to 
the processing of high-aspect ratio structures. For the further 
versatile applications, it is important to reveal the mecha-
nisms of damage generation during the conventional ultra-
short pulse laser processing.

Electron excitation and stress wave propagation, occur-
ring during ultrashort pulse laser processing, are consid-
ered the main factors for damage formation [19, 20]. The 
effects of these physical phenomena on damage genera-
tion have been investigated using various experimental 
and numerical methods. Pump-probe imaging is one of the 
high-speed imaging methods that is widely used to visualize 

 * Yusuke Ito 
 y.ito@mfg.t.u-tokyo.ac.jp

1 Department of Mechanical Engineering, School 
of Engineering, The University of Tokyo, 7-3-1 Hongo, 
Bunkyo-ku, Tokyo 113-8656, Japan

http://orcid.org/0000-0002-3383-412X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-022-05686-8&domain=pdf


 H. Sun et al.

1 3

  547  Page 2 of 11

picosecond-to-nanosecond-scale phenomena. Electron exci-
tations in fused silica and sapphire have been studied by 
observing its filamentary propagation and numerically cal-
culating the electron density [21–24], and their effects on 
damage generation are discussed. Furthermore, the effect of 
stress waves on the damage generation was also evaluated 
both experimentally and numerically [25–30]. The studies 
on stress wave propagation in glass and SiC during ultrashort 
pulse laser drilling demonstrated that a large area of damage 
on the sidewall of the hole can be attributed to the tensile 
stress distributed during the propagation of the stress waves 
[29, 30]. However, most of these studies focused on the phe-
nomena occurring after single-pulse irradiation. Although 
Bessel beam processing can produce high-aspect ratio struc-
ture with diameters of 1 µm or less and a high speed by a 
single pulse irradiation, for the space applications such as 
optical filters on space telescopes, large scale processing is 
required. To create those large-scale shapes, such as moth-
eye structures, groove shapes or hole shapes larger than the 
diameter of 10 µm, hundreds or thousands of laser pulses are 
irradiated [6]. With each pulse irradiation, high-speed phe-
nomena such as electron excitation and stress wave propa-
gation occur, and these phenomena are expected to change 
upon the creation of the shape. Therefore, to understand the 
damage mechanism in processing, it is necessary not only to 
observe the high-speed phenomena after single pulse dura-
tion, but also to clarify the change in the high-speed phe-
nomena during multiple pulse irradiations.

In this study, we used a combined imaging technique of 
pump-probe imaging and a high-speed camera. Pump-probe 
imaging enables the observation of picosecond to nanosec-
ond phenomena, such as electron excitation and stress wave 
propagation, while the high-speed camera captures rela-
tively slow phenomena on the time scale of milliseconds; 
that is, the time change of high-speed phenomena as the 
shape is created. In addition, we investigated the pulse-dura-
tion dependence of these phenomena. Using our proposed 
method, the damage generation mechanism during the ultra-
short pulse laser drilling of sapphire can be clarified.

2  Method

A schematic of the optical setup is shown in Fig. 1. Ultra-
short laser pulses were generated using a Yb:KGW laser 
system with a central wavelength of 1030 nm and a repeti-
tion rate of 1 kHz. The laser pulses were split into pump 
pulses, which were used to drill holes, and probe pulses, 
which were used for illumination, by a polarizing beam split-
ter. The pump pulses were focused on the surface of the sap-
phire sample using an objective lens (Mitutoyo; M Plan Apo 
NIR 10 ×) with a focal length of 20 mm. The probe pulses 
were wavelength-halved to 515 nm by passing through a 

beta barium borate (BBO) crystal which then illuminated 
the sample perpendicularly to the pump pulses with a delay 
time. The delay time between the pump and probe pulses 
was realized by increasing the optical path length of the 
probe pulses to delay their arrival at the sample compared 
with the arrival of pump pulses. The optical delay line using 
a motorized stage and two mirrors enabled delay time on 
a timescale ranging from picoseconds to nanoseconds. A 
band-pass filter (BPF) on the path of the probe pulse was 
used to reduce the effects of plasma emission and exclude 
the 1030 nm pulses for better imaging quality. The trans-
mitted probe pulses were collected using another objective 
lens (Mitutoyo; M Plan Apo NIR 50 ×) with a focal length 
of 4 mm. Subsequently, the images were magnified using a 
tube lens (Thorlabs; TTL200). An image intensifier (Hama-
matsu; C10880-03C) with a spectral response ranging from 
200 to 800 nm was used to intensify the weak probe beam. 
Finally, the images were passed through two relay lenses 
and recorded on a complementary metal–oxide–semicon-
ductor sensor (CMOS) of a high-speed camera (Keyence; 
VW-9000). The camera was synchronized with the laser sys-
tem at 1 kHz by controlling the signals delivered from the 
laser; thus, each probe pulse could capture the high-speed 
phenomena induced by each pump pulse.

In this experiment, a single-crystal sapphire sample with 
dimensions of (20 × 50 × 0.3)  mm3 was used. It was mounted 
on a three-dimensional moving stage; hence, the incidence 
positions were adjustable. The pump pulses were focused on 
the ( 1120 ) plane, whereas the probe pulses passed through 
the (0001) plane and illuminated the sample. The experi-
mental parameters used in the subsequent sections are listed 
in Table 1. The energy of the pump pulse was 100 μJ, and 
the theoretical beam diameter was 5.7 µm when the pump 
pulse was focused on the sample surface using the objec-
tive lens, therefore the fluence of the pump pulse can be 

Fig. 1  Schematic of the optical setup. PBS polarizing beam splitter, 
OL objective lens, RL relay lens, TL tube lens, SPF shortpass filter, 
BPF band-pass filter
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calculated as 392 J/cm2, which was significantly higher than 
the ablation threshold of sapphire (1.6 J/cm2) [31]. With 
pulse durations ranging from 180 fs to 15 ps, the intensity 
was listed in Table 2. The probe pulse energy at the sample 
position was fixed at 0.1 µJ with a fluence of 6 ×  10–7 J/cm2.

3  Results and discussion

3.1  Observation of electron‑induced damage

To investigate the effect of electron excitation on damage 
generation, we observed high-speed phenomena for up to 
20 pump-pulse irradiations. Figure 2 shows the shape of the 

electron excitation area and drilling phenomena at a delay 
time of 10 ps observed with different pulse durations rang-
ing from 180 fs to 15 ps. Figure 2(a1) shows the phenom-
ena induced with a pulse duration of 180 fs. Strong electron 
excitation was observed inside the material after the first 
pulse irradiation. Laser-induced filamentation is formed by 
a balance between Kerr self-focusing and electronic plasma 
defocusing during the propagation of the laser pulse [22]. 
Filamentation was observed in the first 10 pulses and weak-
ened as the number of pulses increased. The sample surface 
acted more like a concave lens after surface ablation, leading 
to a break in the balance between focusing and defocusing, 
and therefore the filament ceased. As shown in Fig. 2(a6) 
and (a7), the black shadow was not observed inside the sap-
phire for a pulse duration of 180 fs, indicating that the black 
shadow was not a permanent damage (electron-induced 
damage) but a transient excitation. However, as the pulse 
duration increased, the filamentary region was observed 
even when the number of pump pulses was increased up to 
20 (Fig. 2(d7) and (e7)). In addition, the filamentary black 
shadows appeared to be stronger with an increase in pulse 
duration. The results indicate that the electron-induced dam-
age may have been generated when the pulse duration was 

Table 1  Experimental parameters

Section Number of pulses Pulse duration Delay time

3.1 1 to 20 180 fs to 15 ps 10 ps, 7 ns
3.2 1 to 1000 180 fs, 4 ps, and 

15 ps
10 ps, 1 ns, and 7 ns

3.3 1000 180 fs to 15 ps 7 ns

Table 2  Pulse durations and 
intensities Pulse duration (ps) 0.18 0.8 1 2 3 4 5 7 9 11 13 15

Intensity (×  1013 W/cm2) 218 49.0 39.2 19.6 13.1 9.8 7.8 5.6 4.4 3.6 3.0 2.6

Fig. 2  Shadowgraphs captured at a delay time of 10 ps under pulse durations of a 180 fs, b 3 ps, c 4 ps, d 7 ps, and e 15 ps in the first 20 pulses. 
The dotted line denotes the interference between air and the sample. F filament (electron excitation)
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longer. Although both the electron excitation and electron-
induced damage can be observed as a black shadow, their 
effects can be separated by increasing the delay time owing 
to the decay of excited electrons.

As the delay time increased to 7 ns (Fig. 3), the electron 
excitation in the shadowgraphs faded; thus, the dark area can 
be recognized as the electron-induced damage. Although it 
is difficult to distinguish strictly from shadowgraphs whether 
electrons directly cause damage or phonons cause damage 
as a result of electron–phonon interactions. However, dam-
age caused by phonons also originates from the energy in 
electrons (more strictly, electron–phonon interactions). 
Therefore, in this study, damage caused by the interaction 
of light and electrons is collectively referred to as electron-
induced damage. No electron-induced damage was observed 
in either 180 fs or 3 ps (Fig. 3(a6) and (b6)); however, with 
a pulse duration of 4 ps or longer, electron-induced damage 
was observed (Fig. 3(c3), (d2), and (e2)). Under the condi-
tions when the damage was observed, the darker shadow was 
observed in Fig. 2, indicating that damage can be more eas-
ily generated when the electron density was higher. In addi-
tion, with a longer pulse duration, the longer interaction time 
between the laser pulse and excited electrons may increase 
the thermal effect as well, resulting in larger damage. As 
shown in Fig. 3c–e, the electron-induced damage inside the 
material expanded further with an increase in the number of 
pulses. This is presumably because the thermal effect after 
electron relaxation may have changed the composition of the 

sapphire and increased its absorption rate [32]. However, the 
amount of newly formed electron-induced damage was neg-
ligible after ten pulses (Fig. 3(d6)–(d7) and (e6)–(e7)). This 
was because the crater generated by the initial ten pulses on 
the surface defocused the subsequent pulses.

A quantitative analysis of the length and position of the 
electron-induced damage observed after the 10th pulse at 
a delay time of 7 ns is shown in Fig. 4. Electron-induced 
damage exhibited discontinuous segments, as illustrated in 
Fig. 4. The segments close to the surface (black in Fig. 4) 
were longer than the two subsequent segments (red and 
blue in Fig. 4), indicating attenuation of the pump pulse 
intensity along with laser propagation. In addition, the red 
and blue segments grew and connected with each other as 
the pulse duration increased. No electron-induced dam-
age was observed when the pulse duration was 3 ps or 
shorter. As the pulse duration increased, electron-induced 
damage emerged at 4 ps and became increasingly longer 
owing to the larger thermal effect. The diameter of the 
electron-induced damage was also measured at a depth of 
z = 35 μm, as shown in Fig. 5. The results indicate that the 
area of electron-induced damage increased in the direc-
tion of the diameter as the pulse duration increased. In 
summary, when the pulse duration was 180 fs, a strong 
excitation was observed, but this did not cause permanent 
damage to the material. However, as the pulse duration 
increased, electron-induced damage occurred inside the 
material.

Fig. 3  Shadowgraphs captured at a delay time of 7 ns under pulse durations of a 180 fs, b 3 ps, c 4 ps, d 7 ps, and e 15 ps in the first 20 pulses. 
The dotted line denotes the interference between air and the sample. SS stress wave in sapphire
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3.2  Observation of stress‑induced damage

Pressure waves generated during drilling are also thought to 
contribute to damage generation. To evaluate the effect of 
pressure waves on damage generation, the drilling process 
with an increasing number of pump pulses was investigated 
for different delay times and pulse durations. The results are 
shown in Fig. 6. Comparison of the propagation distance 
of the pressure wave at delay times of 1 ns (Fig. 6(b2) and 

(c2)) and 7 ns (Fig. 6(b3) and (c3)) showed that the propaga-
tion speed of the wave was 11 km/s, which corresponds to 
the acoustic speed in sapphire (11 km/s). Thus, the wave is 
considered as a stress wave. Although the shock wave and 
amorphization may occur before 1 ns and affect the initial 
stage of crack formation near the surface area of sapphire, 
their effect may not be dominant for the crack generation 
because the thickness of the amorphous layer is much 
smaller (< 1 μm) compared to the crack length [33]. The 
shadowgraphs with a pulse duration of 180 fs are shown in 
Fig. 6, with a clear view of the stress waves and process of 
damage generation. After the first pump pulse, electronically 
excited regions were observed with a delay time of 10 ps, 
as shown in Fig. 6(a1). With an increase in the delay time 
up to 1 ns, a shock wave in the air and a stress wave in the 
sapphire were observed, and the filament faded, as shown 
in Fig. 6(b1). With a further increase in the delay time, the 
stress wave and shock wave both propagated and expanded, 
as shown in Fig. 6(c1). The stress wave in the sapphire was 
generated as a consequence of the recoil force of ablation 
[32]. The stress wave propagated from the tip of the hole 
(Fig. 6(b2)–(b5)) whenever the laser pulse was delivered. 
To study the evolution of damage generation, shadowgraphs 
with the number of pulses ranging from 1 to 200 at a certain 
delay time were observed, as shown in Fig. 6. The newly 
formed damage on the sidewall was mainly in the vicinity 
of the tip of the hole. As the number of pulses increased, no 
prominent change in the shape of the damage, which was 
previously generated with the smaller number of pulses, was 
observed, as shown in Fig. 6(a3)–(a5). This result suggests 
that damage to the sidewall was caused by the propagation 
of stress waves from the tip of the hole. Moreover, it can be 
observed that trapezoidal surface damages were generated as 
the number of pump pulses increased. The evolution of the 
damage on the surface is shown in Fig. 7, with the number of 
pulses ranging from 10 to 500. Cracks (stress-induced dam-
age) generated before the 10th pulse (Fig. 7(a)) intensified at 
the 15th pulse (Fig. 7(b)). With an increase in the number of 
pulses, the cracks on the sidewall of the hole extended and 
finally connected to the surface, resulting in large surface 
damage, as shown in Fig. 7d–g.

Figures 8 and 9 show the phenomena caused by pump 
pulses with pulse durations of 4 and 15 ps, respectively. 
The images were captured at different delay times with 
an increasing number of pulses. When the pulse duration 
was longer, because the momentum of the removed mate-
rial was smaller, the recoil force applied to the material was 
smaller, resulting in a smaller stress wave and less dam-
age, as shown in Figs. 8(c5) and 9(c5). Moreover, from the 
images in Fig. 9(c2)–(c5), the electron-induced damage was 
gradually covered by the extended hole because the diameter 
of the electron-induced damage area was smaller than the 
hole diameter.

Fig. 4  The position and length of the electron-induced damage after 
the 10th pulse under different pulse durations at a delay time of 7 ns. 
The area of damage closest to the surface was marked with a black 
line, the second closest was marked with a red line, and the third clos-
est was marked with a blue line

Fig. 5  The diameter at position A of the electron-induced damage 
after the 10th pulse under different pulse durations observed at a 
delay time of 7 ns
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The depth of the machined hole with an increasing number 
of pulses is shown in Fig. 10. A shorter pulse duration results 
in a larger removal volume. The results indicate that the larger 
removal volume (therefore, larger momentum) with the shorter 
pulse duration caused the larger recoil force, resulting in the 
larger stress-induced damage. Figure 10 shows that saturation 
of the processing with a pulse duration of 180 fs occurred at 
approximately 400 pulses. After the saturation, no prominent 
damage was newly formed, which supports the idea that the 
damage was caused by the intense recoil force. In addition, 
the dependence of the surface damage diameters on the pulse 
duration observed at a delay time of 10 ps is shown in Fig. 11. 

The surface damage was the largest with a pulse duration 
of 180 fs for all pulses, indicating that the larger stress was 
applied due to the larger removal volume. In summary, with 
short pulse durations, the removal volumes were larger and 
stronger stress waves were generated; thus, larger cracks were 
created on the sidewall as well as on the surface.

3.3  Investigation of the overall damage 
surrounding the hole

To investigate the effects of both electron excitation and 
stress waves on damage generation, the processed shape 

Fig. 6  Shadowgraphs captured with a pulse duration of 180 fs at delay times of a 10 ps, b 1 ns, and c 7 ns after the 1st, 10th, 50th, 100th, and 
200th pulse. F filament (electron excitation), SA shock wave in the air; SS stress wave in sapphire, SD sidewall damage

Fig. 7  The generation of the surface damage with a pulse duration of 180 fs after the a 10th, b 15th, c 20th, d 30th, e 40th, f 100th, and g 500th 
pulse at a delay time of 10 ps. C crack
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Fig. 8  Shadowgraphs captured with a pulse duration of 4 ps at delay times of a 10 ps, b 1 ns, and c 7 ns after the 1st, 10th, 50th, 100th, and 
200th pulse. F filament (electron excitation), SA stress wave in the air, SS stress wave in sapphire, ID electron-induced damage

Fig. 9  Shadowgraphs captured with a pulse duration of 15 ps at delay times of a 10 ps, b 1 ns, and c 7 ns after the 1st, 10th, 50th, 100th, and 
200th pulse. F filament (electron excitation), SA stress wave in the air, SS stress wave in sapphire, ID electron-induced damage
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after 1000 pulses with varying pulse durations ranging 
from 180 fs to 15 ps was observed. Figure 12 shows the 
pulse duration dependence of the hole shape and damage 
surrounding the hole observed at a delay time of 7 ns. Side-
wall and surface damages showed a strong relationship with 
pulse duration; that is, a longer pulse duration turned out 
to be a less severe damage area, especially for pulse dura-
tions larger than 3 ps. However, electron-induced damage 
was observed as tail damage (marked as TD in Fig. 12(f)) 
when the pulse duration was 4 ps or longer. According to 
Fig. 3(c6), (d6), (e6), and Fig. 4, the damage was originally 
generated as a long line starting close to the surface; how-
ever, most of the part was covered by the generated hole; 

thus, only the tail region remained. As illustrated in Fig. 13, 
with pulse durations shorter than 1 ps, the hole depth was 
almost the same while using the same pulse energy, because 
the ablation threshold depends more on the fluence rather 
than intensity [34]. The depth decreased sharply with a 
pulse duration of 3 ps subsequently, followed by a continu-
ous decrease until 15 ps. A longer pulse duration resulted 
in a lower drilling speed because multiphoton absorption 
was less likely to occur, which corresponds to the results in 
Fig. 10. However, the generated plume can absorb the tail 

Fig. 10  Dependence of depth of holes on the number of pulses with 
pulse durations of 180 fs, 4 ps, and 15 ps

Fig. 11  Dependence of surface damage diameters on the number of 
pulses with pulse durations of 180 fs, 4 ps, and 15 ps

Fig. 12  Shadowgraphs taken at a delay time of 7 ns after 1000 pulses 
with pulse durations of a 180 fs, b 800 fs, c 1 ps, d 2 ps, e 3 ps, f 4 ps, 
g 5 ps, h 7 ps, i 9 ps, j 11 ps, k 13 ps, and l 15 ps. SD sidewall dam-
age, TD tail damage, SR sidewall damage radius. The distance from 
the centerline of the hole to the tip of the damage was defined as the 
radius of the sidewall damage

Fig. 13  Dependence of depth of holes on pulse durations at a delay 
time of 7 ns after 1000 pulses
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part of the laser pulse by single photon absorption, and cause 
material evaporation by transferring heat to the surrounding 
area of the hole. When the pulse duration was 2 ps, the two 
phenomena (multiphoton absorption and heat transfer from 
the plume) both contributed to the material removal, and 
thus, the hole depth with a pulse duration of 2 ps was the 
largest. The shape change of the holes was also noticeable, 
as shown in Fig. 12. When the pulse duration was longer, the 
hole radius was larger, and the tip of the hole was circular 
compared with the distinct sharper bottom. Because the heat 
transfer from the plume is isotropic, part of the material in 
the radial direction of the hole was removed by the evapora-
tion, while the tip of the hole became circular.

Furthermore, the relationship between the radius of the 
hole and that of the damage region, which was measured 
from the centerline of the drilled hole to the tip of the cracks, 
was analyzed to evaluate the size of the damage remaining 
around the hole (Figs. 14, 15). The measurements of the 
radius of the hole at z = 35 μm are shown in Fig. 14. The 
hole radius was small and almost unchanged when the pulse 
duration was 1 ps or smaller; however, with an increase in 
pulse duration up to 5 ps, the radius increased and became 
approximately constant when the pulse duration was larger 
than 7 ps.

The pulse duration dependence of the radius of the side-
wall damage is plotted in Fig. 15. The radius of the damaged 
area was measured by calculating the average length of the 
three longest sidewall damages. A longer sidewall damage 
length was observed for short pulse durations. A compari-
son of the radii between Figs. 14 and 15 offers comprehen-
sion of the effect of sidewall damage on processing. When 
the pulse duration was short, the hole radius was signifi-
cantly smaller than the sidewall damage radius, resulting in 

a severely damaged area, as shown in Fig. 12a–e. As the 
pulse duration increased, the radius of the sidewall decreased 
and became more stable. The trend of the sidewall damage 
length opposed that of the hole radius. That is, this result 
indicates that the damage spread outside the hole radius 
when the pulse duration was short.

The results of the size of the surface damage are shown 
in Fig. 16. This indicates that the surface damage was larger 
when the pulse duration was shorter, which was similar to 
the sidewall damage. This supports the mechanism of the 
surface damage generation; that is, the cracks on the side-
wall were expanded by the intense stress waves and finally 
connected to the surface, as illustrated in Sect. 3.2 (Fig. 7). 
In summary, with shorter pulse durations, a larger area of 
stress-induced damage was observed at a high drilling speed, 
whereas longer pulse durations led to the emergence of tail 
damage with fewer cracks on the sidewall and surface.

4  Conclusion

We investigated high-speed phenomena during the ultra-
short pulse laser processing of sapphire to clarify the dam-
age generation mechanism using a method that combines 
pump-probe imaging and a high-speed camera. With the 
pump-probe imaging method, high-speed phenomena such 
as electron excitation and stress wave propagation in the 
picosecond and nanosecond order were observed. Mean-
while, the high-speed camera captured images on the order 
of milliseconds, such that the change in high-speed phenom-
ena with each pulse irradiation was observed. Moreover, the 

Fig. 14  Dependence of hole radius at z = 35  µm on pulse durations 
after 1000 pulses

Fig. 15  Dependence of the radius of sidewall damage on pulse dura-
tions after 1000 pulses. The distance from the centerline of the hole 
to the tip of the damage was defined as the radius of the sidewall 
damage



 H. Sun et al.

1 3

  547  Page 10 of 11

dependence of the damage generation mechanism on pulse 
duration was investigated.

Based on observation of electron excitation with up to 20 
pulses, when the pulse duration was short, strong electron 
excitation occurred; however, electron-induced damage was 
not observed inside the sapphire. Conversely, when the pulse 
duration was long, electron-induced damage was formed 
inside the sapphire and expanded through the direct absorp-
tion of the laser pulse in the damaged region. High-speed 
observations with up to 1000 pulses indicated that stress 
waves propagated from the tip of the hole and stress-induced 
damage was generated. When the pulse duration was short, 
the stress wave was more significant, and the damage was 
large, indicating that stress waves created damage at the tip 
of the hole. As the number of pulses increased, the damage 
at the tip remained sidewall damage. Furthermore, sidewall 
damage led to surface damage as the cracks connected to 
the surface. Based on an investigation of the overall damage 
around the hole generated by 1000 pulses with varying pulse 
durations, when the pulse duration was short, the process-
ing speed was high; however, sidewall and surface damages 
were significant. Meanwhile, when the pulse duration was 
long, the processing speed was slow, whereas precision pro-
cessing was achieved. Although electron-induced damage 
was formed with long pulse duration, most of the damage 
was eventually removed by ablation, such that the side-
wall damage was small and only the tail damage remained. 
Therefore, it is important to select a pulse duration suitable 
for the application because it is difficult to simultaneously 
achieve good processing quality and efficiency.

The revealed mechanisms of damage generation result-
ing from electron excitation and stress wave propagation 
are expected to contribute not only to the development of 

precision laser processing technology in the industry but 
also to foster the understanding of basic sciences.
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