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The ablation phenomena in silica glass were investigated using a visible femtosecond laser and
time-resolved pump—probe imaging. A pump pulse with a wavelength of 400 nm was employed. Only
gentle ablation occurred at a peak fluence of 6.88 J/cm?, and gentle ablation and strong ablation oc-
curred at a peak fluence of 8.23 J/cm?. At both peak fluences, reflectivity increased owing to excitation
at a delay time of ~1 ps. At a delay time of ~30 ps, a decrease in reflectivity due to melting was
observed only at the local fluence that generated strong ablation. The ablation that occurred after
melting was considered to correspond to strong ablation. Similar changes in reflectivity were observed

for two values of the local fluence that corresponded to gentle ablation.
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1. Introduction

The laser ablation phenomenon induced by a femtosec-
ond laser should allow for the high-precision processing of
any material with an extremely reduced heat effect [1]. Silica
glass has excellent properties such as high purity, transpar-
ency, and chemical resistance. Femtosecond laser processing
has the potential to solve a problem that it is difficult to
achieve the high-precision processing of silica glass with
mechanical machining or conventional laser processing
(continuous wave lasers and pulsed lasers with pulse dura-
tions of a few nanoseconds or more). To achieve the high-
precision processing with femtosecond lasers, it is necessary
to optimize laser processing parameters (wavelength, pulse
duration, pulse energy, repetition rate, spot size, number of
shots, polarization, etc.) according to the type and shape of
a material. Nevertheless, several studies on the femtosecond
laser processing of silica glass have usually employed wave-
lengths in the near-infrared regime (for example, 800 nm and
1030 nm). Thus, it is important to evaluate the processing
characteristics at other wavelengths and elucidate the mech-
anism to predict processing phenomena.

In a previous study, we have investigated the ablation
threshold of silica glass in the visible femtosecond regime to
achieve high-quality and efficient processing using a wave-
length of 400 nm [2]. Two affected regimes has been con-
firmed in an ablated crater, i.e., “gentle ablation™ and “strong
ablation,”” which have been explained using Coulomb explo-
sion [3,4] and phase explosion [5], respectively. In the
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craters that are formed by these phenomena, the rim of one
of the melting traces created by strong ablation [6] is covered
by a shallow crater created by gentle ablation. The formation
of the rim on the shallow crater suggests that the shallow
crater and rim are formed at different times. This implies that
the two ablations resulting from this crater shape occur in
different time regimes.

Pump-probe imaging has been used to measure laser-in-
duced ablation phenomena, including excitation, melting,
and surface deformation in metals [7-9], semiconductors
[7,8,10], dielectric materials [7,11-16], and polymers [8].
This method has revealed that excitation occurs first, and it
increases reflectivity based on the Drude model
[10,11,15,17]. Then, as excited electrons are trapped as ex-
citon or, energy is transferred to a lattice system and melting
begins. The reflectance of this molten state is lower than that
of the sample surface [8,9]. Subsequently, the material ex-
pands. At this time, signs of Newton's rings and a rarefaction
wave are confirmed [10,14,15]. These measurement results
vary depending on the material and laser parameters [9,17].
However, it is still unknown about dynamics of gentle abla-
tion phenomena. In this study, we investigated the dynamics
of the femtosecond laser ablation phenomena, i.e., gentle ab-
lation and strong ablation, in silica glass using pump-probe
imaging equipment with a femtosecond laser that used a
wavelength of 400 nm for the pump pulse.
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2. Experimental methods
2.1 Pump-probe imaging system

We conducted time-resolved reflective imaging using
pump—probe microscopy. Fig. 1 shows the schematic of the
experimental setup. The femtosecond laser source was a
Ti:sapphire regenerative amplifier based on chirped pulse
amplification. This source delivered femtosecond laser
pulses at a center wavelength of 800 nm with a Gaussian
beam. The pulse duration was set as 400 fs by varying the
diffraction grating distance to generate two affected regimes,
i.e., gentle ablation and strong ablation (the details of the la-
ser parameters are provided in Section 4.2). The femtosec-
ond laser pulse was divided into pump and probe pulses by
utilizing the combination of a half-wave plate (HWP1) and
a thin-film polarizer (TFP1). The wavelength of the pump
pulse was converted to 400 nm using a barium borate (BBO)
crystal, and its energy was adjusted using a combination of
a half-wave plate (HWP2) and a thin-film polarizer (TFP2)
before the BBO crystal. The pump pulse was focused by a
plano-convex lens (CL1) with a focal length of 75 mm and
irradiated on the sample surface of silica glass at an incident
angle of 55° with s-polarization. The beam shape and abla-
tion crater became elliptical because of the oblique irradia-
tion. The beam waist radii (1/e?) were obtained as wx = 11
um and wy = 4.6 um using the Liu plot [18], and the ellipti-
city was 0.42.

The probe pulse divided by TFP1 was used for the mi-
croscopic observation of the ablation dynamics generated by
the pump pulse with a wavelength of 400 nm. The probe
beam profile was converted to the Gaussian profile by elim-
inating the high-order mode using a spatial filter consisting
of a tungsten pinhole (50 um diameter) and two convex
lenses. The time delay between the pump and probe pulses
could be adjusted up to 1.2 ns by an optical delay line be-
tween 200 mm with a minimum step size of 2 um. The mi-
croscopic observation was performed using a microscope
objective lens (50x, N.A. =0.42, W.D. = 17.0 mm). A plano-
convex lens (CL2) placed behind the microscope objective
lens focused the probe beam to provide collimated illumina-
tion on the sample surface. The reflected light from the sam-
ple passed through the objective lens again and was guided
to the imaging system by a thin-film polarizer (TFP3) and
quarter-wave plate (QWP1). In the imaging system, a band-
pass filter (center wavelength of 800 nm) eliminated the
pump light with a wavelength of 400 nm and the plasma
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emission generated during the ablation. The image was fo-
cused using a tube lens (TL, f = 200 mm) and captured by a
12-bit complementary metal-oxide—semiconductor camera.

The time zero between the pump and probe at the delay
time was determined using the optical Kerr effect. This
method has been generally used in pump—probe experiments
on transparent dielectric materials such as silica glass and
sapphire [17]. Fig.2 depicts the system used for measuring
the optical Kerr effect signal. The probe pulse transmitted
from the sample was measured using a photodetector (PD)
placed after the polarizer of a Glan laser prism (GLP). The
probe light was linearly polarized by a quarter-wave plate
(QWP2), and the polarizer was arranged in a crossed-Nicol
state. The angle of polarization between the pump and probe
light was £45°. A quarter-wave plate (QWP3) was placed
before the barium borate (BBO) crystal to compensate for
the delay caused by QWP2. When the delay time was varied,
the peak light intensity detected by the photodetector was
defined as the time zero. This time zero represented the time
at which the peaks of the pump pulse and probe pulse over-
lapped.
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Fig. 2 System used for measuring the optical Kerr effect sig-
nal. Abbreviations: GLP—Gran laser prism, PD—photo de-
tector.

2.2 Sample and laser processing parameters

The sample was used to silica glass (23 mm x 23 mm x
1 mm, double-sided mirror surface, AGC: Synthetic Fused
Silica Glass AQ) and placed on a 3-axis stage. Single-shot
pump pulse irradiation was used to eliminate the influence
of the incubation effect.

The pulse duration of the pump pulse was set as 400 fs.
Additionally, the peak fluence was set as 6.88 J/cm? and 8.23
Jlem? to measure gentle ablation and strong ablation,
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Fig. 1 Experimental setup of pump—probe imaging. Abbreviations: HWP—half-wave plate, TFP—thin-film polarizer,
CL—convex lens, QWP—quarter-wave plate, TL—tube lens, MO—microscope objective, BPF—band-pass filter.
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respectively. Here, peak fluence represents the pump pulse
focused just before the surface of the silica glass sample. Fig.
3 (a, ¢) shows the crater irradiated by a 400-fs pulse with a
peak fluence of 6.88 J/cm?; the crater is approximately 3.4
um wide and 50 nm deep. This corresponds to only gentle
ablation [2]. Fig. 3 (b, d) shows the crater irradiated with a
peak fluence of 8.23 J/cm?. This crater shows two affected
regimes: a regime that is approximately 3.8 um wide and 130
nm deep on the inside and a shallow regime that is approxi-
mately 4.9 um wide and 30 nm deep on the outside. These
correspond to strong ablation and gentle ablation [2]. Under
the conditions of these pump pulses, time-resolved measure-
ments were conducted using the pump-probe imaging sys-
tem shown in Fig. 1.
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Fig. 3 Craters irradiated by a 400-fs pulse with peak fluence
of (a, ¢) 6.88 J/em?and (b, d) 8.23 J/cm? measured using a la-
ser confocal microscope. Cross sections of these craters along

y-axis at x = 0. The white bar represents 5 pm.

3. Results and discussion

Fig. 4 shows the time-resolved reflection images on sil-
ica glass for various delay times. The peak fluence for the
images in the top and bottom rows is 6.88 J/cm? and 8.23
Jiem?, respectively. The reflectivity increases at ~1 ps,
which indicates free electron generation by excitation [17].
Then, the reflectivity decreases after ~ 1ps. However, it is
not less than the reflectivity of the nonirradiated surface of
the sample for a peak fluence of 6.88 J/cm?. In contrast, it is
less than the reflectivity of the nonirradiated surface of the
sample for a peak fluence of 8.23 J/cm?. This has been re-
ported to be an indication of melting [8,9].

Fig. 5 shows a plot of the reflectivity vs. the delay time
at three positions in the time-resolved reflection images

F o02=6.88 Jicm?

shown in Fig. 4. The first position, (A), is the center of the
image at a peak fluence 6.88 J/cm?. The second position, (B),
is the center of the image at a peak fluence of 8.23 J/lcm?.
The third position, (C), is located at a distance of y = -2.0 um
from the center at a peak fluence 8.23 J/cm?. The change in
reflectivity is defined as

AR R(D-R,

Ro Ro
where Ro and R(t) are the reflectivities of the nonirradiated
and irradiated surfaces, respectively. (C) corresponds to the
location of gentle ablation in Fig. 3 (b, d). The local fluence
at this position is 5.64 JJcm?, which is lower than the strong
ablation threshold (Fw = 7.80 J/cm?) obtained using the Liu
plot. The reflectivity increases at a delay time of ~1.5 ps,
which indicates the generation of free electrons by laser-in-
duced excitation: AR/Ry = 5.92, 7.77, and 4.69 at (A), (B),
and (C), respectively. The decrease in reflectivity to less
than that of the nonirradiated surface at approximately 30 ps
is an indication of melting. This decrease is only confirmed
in the region where strong ablation occurs at (B), with AR/R
~ -0.5. Therefore, the ablation that occurs after melting is
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Fig. 5 Changes in reflectivity (AR/Ro) with delay time at three
positions on time-resolved reflection images. (A) is on the
crater generated by pulse with peak fluence of 6.88 J/cm?. Lo-
cal fluence at (A) is 6.88 J/cm?. (B) and (C) are on the crater
generated by pulse with peak fluence of 8.23 J/cm?2. Local flu-
ence at (B) and (C) is 8.23 J/cm?and 5.64 J/cm?, respectively.
The error bars represent the corrected standard deviations cal-
culated from three reflection images under the same experi-
mental conditions.
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Fig. 4 Time-resolved reflection images of silica glass after the pump-pulse irradiation at various delay times.
(a—e) Top and (f-j) bottom rows are for a peak fluence of 6.88 J/cm? and 8.23 J/cm?, respectively. The white bar represents 5 um.
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considered as strong ablation. The reflectivities, AR/Rg, of
the final state, which was obtained at a delay time of oo, was
-0.196, -0.354, and -0.216 at (A), (B), and (C), respectively.

The positions (A) and (C) correspond to the affected ar-
eas where only gentle ablation occurred. The changes in the
reflectivities at these positions were similar. The reflectivity
increased at ~1.5 ps and then decreased. However, this de-
crease in the reflectivity was not less than that of the nonir-
radiated surface, at approximately 30 ps. Thus, the changes
in reflectivity corresponding to the gentle and strong abla-
tions were different. Fig. 6 shows the normalized reflectivi-
ties—(R-Rmin)/(Rmax-Rmin) (i.€., normalized by the maximum
and minimum intensities shown in Fig. 5). For a delay time
of 10-40 ps, the trend in reflectivity reduction corresponding
to gentle ablation ((A) and (C)) was different than that cor-
responding to the strong ablation ((B)). We can consider that
the different reflectivity decay trends caused the irradiated
sample to separate into two layers with different refractive
indices. Based on this consideration, we can state that under
gentle ablation, the sample surface separated into two lay-
ers—a high-reflection region, which resulted from excita-
tion, and the unablated surface regions. Reflection was de-
tected from both the layers (the inset of Fig. 6), indicating
that the reflectivity decreased gradually. Bases on this anal-
ysis, the ring-shaped decrease in the reflectivity observed in
Fig. 4 (h) can also be explained by the separation of the sam-
ple surface into two layers, viz. a high-reflection region in-
duced by excitation and a low-reflection region generated by
the melting [8,9].

As a transient change in reflectivity, it has been reported
to change the material state by the rarefaction wave
[10,14,15]. There is a difference between the change in re-
flectivity observed in this study and the changes in reflectiv-
ity as a result of the rarefaction wave. At a delay time of the
rarefaction wave to reach the boundary between the ablation
layer and the substrate, owing to the discontinuity between
the rarefaction wave and the substrate, a temporary increase
in reflectivity is observed [10]. In our experiments, this tem-
porary increase in reflectivity was not observed. The reason
why it was not observed is considered that the gentle
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Fig. 6 Normalized reflectivity in Fig. 5. The inset shows the
schematic of the irradiated sample separated into two layers
with different refractive indices; nir is the high-reflection re-
gion created by excitation and ngss is the unablated silica
glass sample.
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ablation occurred without heating and melting and did not
lead to the production of the rarefaction wave.

It has not been investigated these two ablations occurred
at a wavelength of 400 nm also occur at other laser pro-
cessing parameters (wavelength, spot size, etc.), and further
investigation is still required to understand the dynamics of
these ablation phenomena.

4. Conclusions

We investigated the temporal evolution of the laser-in-
duced ablation phenomenon in silica glass using a femtosec-
ond laser with a wavelength of 400 nm and time-resolved
pump-probe imaging spectroscopy. Only gentle ablation oc-
curred at a peak fluence of 6.88 J/cm?. The change in reflec-
tivity was evaluated at position (A) with a local fluence of
6.88 J/lcm2. Gentle and strong ablation occurred at a peak
fluence of 8.23 J/cm?. In this case, the change in reflectivity
was evaluated at positions (B) and (C) with a local fluence
of 8.23 JJem? and 5.64 J/cm?, respectively. The values of the
local fluence corresponded to the affected regimes where
gentle ablation and strong ablation occurred. At all three po-
sitions, reflectivity increased owing to free electron genera-
tion at delay time of ~1.5 ps: AR/Ry =5.92, 7.77, and 4.69 at
(A), (B), and (C), respectively. Then, at (B), reflectivity de-
creased to less than that of the nonirradiated surface (AR/Rg
~ -0.5) at a delay time of ~30 ps. It was considered that the
ablation generated after melting corresponded to strong ab-
lation. The changes in reflectivity were similar at (A) and
(C), which corresponded to gentle ablation. The temporary
decay trend changed around 20 ps at (A) and (C) because
reflection was detected from the high-reflection region due
to excitation and the unablated region of the sample.
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