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Abstract
In this study, we investigated the variation of the femtosecond pulse duration of the threshold fluence of fused silica by a sin-
gle-shot irradiation at a wavelength of 400 nm. The single-shot threshold fluence was obtained from the relationship between 
the crater area based on the crater shape and the irradiation fluence. The crater shape was divided into two affected regimes 
depending on the pulse duration and the laser fluence. The crater depth and each threshold fluence for the corresponding 
two affected regimes were also measured. We have found that shorter pulse duration provides more energy-efficient results.
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1  Introduction

The ablation phenomenon induced by ultrashort laser pulses 
has attractive properties and is an important research area 
both scientifically and industrially [1, 2]. Compared to con-
ventional laser processing by the heat melting process, the 
main advantage of the ablation phenomenon is high-pre-
cision and high-quality processing caused by a significant 
reduction in the heat-affected zone [1, 2].

Fused silica is a dielectric material, for which high-
quality processing is expected by the ultrashort laser pulse. 
Several studies on the ablation phenomenon mechanism of 

dielectrics containing fused silica by ultrashort laser pulses 
were conducted [3–6]. The ultrashort laser ablation of the 
dielectric can be classified into two types [7–15]: (1) a ‘gen-
tle’ ablation phase, where the ablation efficiency is low, and 
(2) a ‘strong’ ablation phase, where the ablation efficiency 
is high, and the melting traces (e.g. droplets) are confirmed. 
The gentle ablation is caused by the Coulomb explosion [8, 
9, 11, 12] or material densification [13], whilst the strong 
ablation is caused by phase explosion [16, 17].

The threshold fluence is used in a manner similar to the 
critical points for a laser-induced breakdown of optical com-
ponents, application to micromachining, and quantitative 
comparisons with a theoretical model. However, the thresh-
old fluence in the ultrashort pulse region is mainly measured 
in the near-infrared wavelength region [3, 6, 18–21], and 
only a few studies performed measurements in the shorter 
wavelength region [18, 22]. The present study determined 
the single-shot threshold fluence of fused silica in the 
100–700 fs range at 400 nm wavelength. The ablated crater 
by the single-shot irradiation was divided into two affected 
regimes. The thresholds of the two affected regimes were 
measured from the relationship between the laser fluence 
and the affected area of the crater. Each single-shot threshold 
fluence and the pulse duration dependence were obtained.
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2 � Experimental

2.1 � Experimental arrangements

The laser source used in this experiment was a Ti:sapphire 
laser amplifier based on chirped pulse amplification, which 
delivered 1 kHz and 3.0 mJ pulses at 800 nm. The funda-
mental wave of 800 nm was converted into a harmonic 
wave of 400 nm in a lithium triborate crystal. The pulse 
duration could be controlled by varying the diffraction 
grating distance in the 100–700 fs range. The pulse dura-
tion was measured using an autocorrelation method. The 
laser was linearly polarised, and the energy was varied 
using a half-wave plate. A thin-film polariser was used 
at the Brewster angle. The energy per pulse of the laser 
beam was measured based on the reflected light from 
the thin-film polariser. The energy distribution was a 
Gaussian beam. After focusing on the sample’s surface 
using a plano-convex lens with 100 mm focal length, the 
beam waist radii (1/e2) were obtained as approximately 
ωx = 4.2 μm and ωy = 3.9 μm through the Liu plot [23] for 
each pulse duration.

Synthetic fused silica (10  mm × 10  mm × 0.5  mm, 
double-sided mirror surface), which is a widely studied 
transparent dielectric material, was used as the sample. 
The sample was positioned on a 3-axis motorised stage 
controlled with ≤ 50 nm accuracy. All irradiations were 
performed using a single shot in the air to eliminate the 
influence of the incubation effect. The crater areas used in 
the Liu plot were measured using a laser confocal micro-
scope (KEYENCE, VK-X250). The crater shapes with 
more details were observed using atomic force microscopy 
(AFM, Park Systems, NX10).

2.2 � Threshold fluence measurement method

The threshold fluence was measured using the Liu plot 
[23–25]. The measurement method was based on the 
dependence of the crater area on the laser pulse fluence. 
The fluence spatial distribution of the Gaussian beam at 
the focal position can be expressed as

where the peak laser fluence is Fpeak = 2Epulse∕�
2
0
 ; Epulse is 

the pulse energy; r is the position from the centre of the 
beam; and �0 is the beam waist radius. The fluence F(r) 
is the threshold fluence if in the distribution, where dam-
age is observed, no damage is found at a given r from the 
centre ( r = 0 ) for the first time. The interaction between the 

(1)F(r) = Fpeak exp

(

−
2r2

�
2
0

)

,

laser pulse and the sample is described as follows: the crater 
diameter, D, is logarithmically proportional with the laser 
pulse fluence function F(r) given as

where Fth is the peak fluence threshold. The fluence at which 
the linear approximation is D2 = 0 is defined as the thresh-
old fluence Fth by numerical regression. The shape of the 
processing mark in this work (Fig. 1) was slightly elliptical 
(ellipticity ~ 0.9); thus, the beam shape was slightly ellipti-
cal. The beam shape was assumed to be a circle. The thresh-
old was determined from the Liu plot by substituting DxDy 
in D2 in Eq. (2). The Liu plot results showed approximately 
ω0 = 4.0 μm for each pulse duration.

3 � Results and discussion

Figure  1a–c shows the shapes of the single-shot crater 
measured by AFM. Figure 1d–f depicts the cross section 
at the major axis. The crater irradiated by a 100-fs pulse at 
6.71 J/cm2 (Fig. 1a, d) was approximately 4.4 μm wide and 
200 nm deep and has distinct rim structures at the edge. In 
contrast, the crater irradiated by a 600-fs pulse at 6.00 J/cm2 
(Fig. 1b, e) was approximately 3.3 μm wide and 40 nm deep. 
It had no rim and had a shallow depression shape. Even with 
nearly the same energy, the crater shape noticeably varied 
depending on the pulse duration. Figure 1c, f shows a crater 
formed when only the fluence was increased from 6.00 J/cm2 
(Fig. 1b, e) to 11.8 J/cm2 with the 600-fs pulse. As shown 
in Fig. 1f, this crater has a rim at x = ± 2 μm, and outside of 
the rim is the affected area.

The single-shot threshold fluences were determined using 
the Liu plot in the pulse duration region of 100–700 fs at 
every 100 fs. The major and minor axes of the crater used 
in the Liu plot were distinguished by two affected areas. If 
the edge of the crater has a rim structure, the major Dx1

 and 
the minor Dy1

 axes of the affected zone are defined as the 
distance between the highest points of the rim. If no rim 
structure exists at the edge of the crater, the major Dx2

 and 
minor Dy2

 axes of the affected zone are defined as the dis-
tance between the points where the sample surface clearly 
starts to be depressed. Figure 1d–f shows the definitions of 
Dx1

 , Dy1
 , Dx2

 , and Dy2
 . The crater shape applied in the Liu 

plot was measured using a laser confocal microscope. The 
two craters in Fig. 1c–f were measured using a laser confo-
cal microscope like those of the AFM measurement, which 
confirmed that the results were nearly the same as those of 
AFM.

Figure 2 presents examples of the results by plotting the 
crater area DxDy as a function of the laser fluence for each 

(2)D2 = 2�2
0
ln

(

Fpeak

Fth

)

,
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pulse duration with a fluence range of approximately 5–25 J/
cm2. In pulse durations of 100 fs (Fig. 2a), 200 fs, and 300 fs, 
the affected area with the rim structure was confirmed, but 
different affected zones outside the rim structure could not 
be clearly identified. In the pulse durations of 400 fs, 500 fs, 
600 fs (Fig. 2b), and 700 fs, two affected areas were con-
firmed by the fluence. Each plot was fitted using Eq. (2). The 
solid line fittings show the crater shape of Dx1

Dy1
 . The dotted 

line fittings depict the crater shape of Dx2
Dy2

.
Figure 3 shows the dependence of the single-shot ablation 

threshold on the pulse duration. The ablation threshold was 
distinguished from Fth1

 and Fth2
 by the affected areas. Fth1

 
was measured at every pulse duration. Fth1

 is a value in the 
range of 4–7 J/cm2, which strongly depended on the pulse 
duration and decreased from 7 to 4 J/cm2 as the pulse dura-
tion decreased. Fth2

 was measured only at the pulse durations 

Fig. 1   AFM images of the craters generated on the fused silica for 
single pulse of different pulse durations τ and fluence Fpeak values: 
a τ = 100  fs, Fpeak = 6.71  J/cm2, b τ = 600  fs, Fpeak = 6.00  J/cm2, and 

c τ = 600 fs, Fpeak = 11.8 J/cm2. Cross sections d–f in the major axis 
direction correspond to the images in panels a–c, respectively. The 
white bar represents 2 μm

Fig. 2   Crater area DxDy as a 
function of the laser fluence 
Fpeak at each pulse duration: τ: a 
τ = 100 fs and b τ = 600 fs. The 
filled and empty circles repre-
sent the affected areas of Dx1

Dy1
 

and Dx2
Dy2

 , respectively

Fig. 3   Dependence of the single-shot threshold fluence on the pulse 
duration at the 400 nm wavelength. The red and blue triangles indi-
cate Fth1

 and Fth2
 , respectively
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in the 400–700 fs range. Fth2
 had a nearly constant value of 

~ 4 J/cm2 for any pulse duration.
The obtained thresholds are discussed with only the data 

of the affected area of the crater. Therefore, we measured 
the crater depth. The crater depth measurements were made 
with a laser confocal microscope, which confirmed that 
the results were nearly the same as those of AFM. Figure 4 
shows the results of the ablation depth d and ablation effi-
ciency d∕Fpeak . In the figure, the measured threshold fluence 
is shown by a vertical straight line. The maximum ablation 
efficiencies of 100 fs and 600 fs were achieved at approxi-
mately 6  J/cm2 and 10 J/cm2, respectively. Both results 
showed the maximum ablation efficiencies at the fluences in 
this range just above the threshold fluence of Fth1

 . Moreover, 
the maximum ablation efficiency was higher at 100 fs than 
at 600 fs, and the fluence achieved was lower. This result 
indicates that the shorter pulse duration is more efficient for 
the ablation depth in this energy range.

The significance of the two threshold fluences obtained 
herein must be discussed. The ablation efficiency increased 
at fluences above Fth1

 . The ablation depth saturated above 
the maximum ablation efficiency. This result is similar to 
the multi-shot ablation phenomenon, where the ablation 
efficiency increases when a certain number of shots are 
exceeded [7, 8], and suggests that Fth1

 is the strong ablation 
threshold fluence caused by the phase explosion. The pres-
ence of the rim used to define the threshold fluence Fth1

 is 
one reason for the phase change indicating the presence of 
a molten layer [26, 27]. Conversely, Fth2

 , which was located 
in the area with a lower fluence than Fth1

 , was considered the 
gentle ablation threshold fluence. Several studies reported 
that the surface becomes rougher as the number of shots 
increases, and strong ablation occurs [8]; however, this study 
found that the surface of the crater bottom in the fluence 
region above Fth1

 was relatively smooth. The surface rough-
ness trend is different from the multi-shot ablation, and fur-
ther investigation is required.

4 � Conclusions

We determined the single-shot threshold fluence of fused 
silica in the femtosecond pulse duration range at 400 nm 
wavelength. Two affected areas of the crater were meas-
ured using single-shot irradiation depending on the pulse 
duration and fluence. The dependence of the two abla-
tion thresholds ( Fth1

 , Fth2
 ) on the pulse duration was also 

determined. The pulse duration dependences of the two 
ablation thresholds ( Fth1

 , Fth2
 ) showed a different trend. In 

addition, the crater depth by the single-shot irradiation was 
measured. The depth of the ablated craters showed that the 
shorter pulse duration was more efficient.
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