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The femtosecond laser induced structural modification was studied by the detection of a laser
induced pressure wave using a transient lens �TrL� method. The TrL signals observed at various
excitation pulse energies showed that there were two thresholds of the pulse energy for the
modification. Above the higher threshold, a pressure wave was observed clearly, and the amplitude
of the pressure wave increased with increasing excitation pulse energy. In addition, Raman spectra
at the laser irradiated region showed that the compact silica ring structures increased in the
photoexcited region above the higher threshold, which suggested that the photoexcited glass was
densified by a shock due to a pressure wave generation. In the energy region between the lower and
higher thresholds, a pressure wave was not detected but a temporally constant refractive index
change was observed. From the amplitude of the change, the temperature elevation just after the
photoexcitation in this energy region was estimated to be about 1400 K. We interpreted that fast
cooling from the high temperature is responsible for the modification between the lower and higher
thresholds. The two modifications identified in this study should correspond to two types of damage
inside a silica glass which have been observed previously. This is the first study that elucidated the
difference of two types of modification from the time-resolved observation of the dynamics. © 2011
American Institute of Physics. �doi:10.1063/1.3533431�

I. INTRODUCTION

Structural modifications inside glasses induced by fem-
tosecond �fs� laser irradiation have been investigated by a
number of researchers.1–19 In particular, the modifications ac-
companied with large refractive index change are important,
because they can be applied to the fabrication of various
optical devices, such as waveguides,1,2,8,9,18 gratings,15,16 or
photonic crystals.17 When the induced refractive index
change is positive,1,2,9,18 a line of the refractive index change
works as an optical waveguide.

This laser processing has often been applied to fabrica-
tion of various three-dimensional optical devices inside a
silica glass, because this glass is an important material in the
optical communication because of the low optical loss in a
wavelength range.20 Therefore, there have been number of
investigations on the fs laser induced modification inside a
silica glass.5,8–13,18,19 For example, Chan et al.9 observed the
Raman spectrum from the region of the refractive index
change inside a silica glass and found that the smaller rings
of SiO2 structure had increased. Their results suggested that
densification occurred after the photoexcitation by fs laser
pulses. They speculated that the densification had been in-
duced by fast cooling after the photoexcitation or shock
wave generation.10 Mysyrowicz and co-workers18 found two
types of damages in the fs laser focal region inside a silica
glass. They compared the spatial dynamics of excited elec-

trons with the damages and suggested that the damage with
larger pulse energy �type II damage� should be associated
with avalanche ionization. They also suggested that a molten
phase of SiO2 should be formed due to the high temperature
after the photoexcitation based on a result from the time-
resolved light transmission measurement. In spite of these
efforts, the origin of the refractive index change as well as
the difference in the mechanism between two types of dam-
ages have not been elucidated well.

One of the possible origins of the fs laser induced refrac-
tive index change is a pressure wave, which is generated as a
result of the rapid relaxation of thermoelastic stress.5,6,18 Be-
cause a pressure wave compresses materials, the refractive
index increase in a fs laser focal region might be the result of
the densification by the pressure wave. Another possible ori-
gin is a rapid temperature elevation and rapid cooling.7 A
number of studies showed that rapid cooling of a silica glass
induces a glass structure of a higher fictive temperature,
which has a higher density.21,22 However, there have been
little studies on the relation between the laser induced refrac-
tive index change, pressure wave, and temperature change.

For investigating the relation between the fs laser in-
duced modification and pressure wave, the observation of the
pressure wave is essential. In our previous studies, we
showed that the fs induced pressure wave inside a glass can
be detected with a high sensitivity by the transient lens �TrL�
method, which can detect the laser induced refractive index
change with high sensitivity.5–7 We successfully observed a
pressure wave as a damping oscillation in the TrL signal.6a�Electronic mail: msakakura@saci.kyoto-u.ac.jp.
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Since the amplitude of the oscillation in a TrL signal repre-
sents the amplitude of the pressure wave, this method is suit-
able for detecting the pressure wave in the fs laser process-
ing.

In this study, we observed the TrL signals from the fs
laser focused area in a silica glass at various excitation laser
pulse energies, and investigated the relation between the la-
ser induced modification and the pressure wave generation.
We found that there are two thresholds of the pulse energy
for the structural modifications. In an excitation energy re-
gion above the higher threshold, a compact silica network,
which was detected with micro-Raman spectroscopy, ap-
peared and the amplitude of the pressure wave increased
with increasing laser pulse energy.

In the excitation energy region between the lower and
higher thresholds, a pressure wave was too small to be de-
tected and a smooth refractive index line can be drawn.
Based on the temperature increase and pressure increase,
which were evaluated from the TrL signals, we discussed the
mechanism responsible for two types of structural modifica-
tions.

II. PRINCIPLE

A. Detection of laser induced pressure wave by a TrL
method

The TrL method is one of the methods to observe the
dynamics of the photoinduced refractive index
change.5–7,23–26 Because a laser induced pressure wave alters
refractive index distribution around the photoexcited region,
it can be observed by the TrL method. The principle of the
TrL method is shown schematically in Fig. 1�a�. When a
probe beam passes through the photoexcited region, the
wavefront is deformed by the refractive index distribution,
which is induced by the photoexcitation. The wavefront de-
formation results in the modulation of the spatial intensity
distribution at the far field due to the diffraction.27 Because
the modulation of the intensity distribution comes from the
refractive index distribution, the refractive index dynamics
can be observed by detecting the temporal evolution of the
intensity distribution. In the TrL method, the light intensity at
the center of the probe beam is detected. The temporal evo-
lution of the intensity is called a “TrL signal.”

A variety of dynamics accompanied with refractive in-
dex change can be observed by the TrL method, for example,
optical Kerr effect, plasma formation, change of chemical
species, density change, and so on.7,23–26 In particular, the fs
laser induced pressure wave generates a characteristic TrL
signal.5,6 The typical TrL signals of a fs-laser induced pres-
sure wave are shown in Figs. 1�b� and 1�c�, which were
obtained by an experiment and calculation, respectively. In
both the experimental and calculated TrL signals, the damp-
ing oscillation appears. In the previous paper, we showed
that the damping oscillation comes from the propagation of a
fs-laser induced pressure wave inside a glass.6 We called this
oscillation “TrL oscillation.” The TrL oscillation is a good
indicator of the generation of a pressure wave, because the
amplitude of the TrL oscillation increases as that of the pres-
sure wave becomes larger6 and this method has a high sen-

sitivity. In this study, we measured the amplitude of the TrL
as a function of excitation pulse energy, and investigated the
relation between the amplitude and the structural change.

B. Focal mismatch and the sign of a TrL signal

The focal mismatch between the excitation and probe
beams, which is denoted by d, is important for analyzing TrL
signals, because the TrL signal depends on this value.5 In this
study, we defined that d is positive when the probe beam is
focused before passing through the photoexcited region. For
example, d is negative in the case of Fig. 1�a�, because the
photoexcited region is before the focal position of the probe
beam. The sign of d determines whether the TrL signal in-
creases or decreases. For example, we consider the TrL with
a positive Gaussian shaped-refractive index distribution �Fig.
1�d��. This TrL works as a convex lens. As shown in Fig.
1�d�, the convex TrL at negative d moves the focal position
of the probe beam backward. This movement results in the
expansion of the probe beam at the far field. Therefore, the
TrL signal intensity decreases in this case. On the other hand,
a convex TrL at a positive d contracts the probe beam, which
results in the increase in TrL signal. Therefore, we can de-
termine the sign of the refractive index change from the TrL

FIG. 1. �Color online� �a� Principle of the TrL method. �b� A typical TrL
signal when a pressure wave was generated after photoexcitation inside a
glass by fs laser pulse. �c� A TrL signal which was simulated by a phase
distribution modulated by a pressure wave propagation. �d� Probe beam
propagations after passing a convex TrL at positive �upper� or negative
�below� focal mismatch �d�. The broken and solid lines indicate the beam
propagation with and without the TrL, respectively.
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signal if d is known. In addition, we can determine whether
the signal intensity change comes from refractive index
change or light absorption by observing TrL signals at dif-
ferent d, because light absorption decreases the signal inten-
sity at any d.

III. EXPERIMENTAL

A. TrL method

The experimental setup for the TrL detection has been
described in other articles �Fig. 2�.5,6 In short, near-IR fs
laser pulse �Coherent Inc.; Mira9000-Legend, the repetition
rate was 1 kHz, the center of the wavelength was 800 nm,
and the pulse duration was 120 fs� was focused inside a silica
glass plate �ShinEtsu QUARTS; VIOSIL-SQ� with an optical
microscope objective �20�, NA=0.45�, and the photoexcita-
tion was induced in the laser focal region. The focal position
of the excitation pulse was about 300 �m depth from the
glass surface. The probe laser pulse ��probe=400 nm, 120 fs�,
which was frequency doubled replica of the excitation pulse
by a � -BaB2O4 �BBO� crystal and then optically delayed,
passed through the photoexcited region coaxially with the
excitation beam. After the probe beam transmitted through
the photoexcited region, the intensity distribution at about 30
mm apart from the photoexcited region was imaged on an
intensified charge coupled device camera �HAMAMATSU;
C10054-03�. Before the detection, the excitation beam was
attenuated by a blue filter and eliminated completely from
the probe beam by a prism. The TrL signal was obtained by
plotting the intensities at the center of the probe beams
against the delay times of the probe pulses. The pulse energy
was controlled by an optical neutral density filter. The glass
plate was translated at about 10 mm/s during the data acqui-
sition to avoid multiexcitation at the same area. The focal
mismatch �d� was controlled by changing the divergence of
the probe beam with a telescope of two lenses �L1 and L2�.

B. Analysis of refractive index lines

The optical setup for writing refractive index lines by
focusing fs laser pulses inside a silica glass was the same as
that of the TrL method without a probe beam. In writing

refractive index lines, the glass plate was translated at
100 �m /s, at which the adjacent laser induced structures
were overlapped. The morphologies of the refractive index
lines were observed with an optical microscope with a 50�
objective lens �NIKON; LU Plan�. The Raman spectra in the
refractive index lines were measured with a confocal laser
scanning microscope �Tokyo Instruments, Nanofinder 30�.
The excitation laser beam from a laser diode-pumped
Nd:YAG laser with a wavelength of 532 nm was focused in
the refractive index line with a 40� objective lens and the
spectra of the Raman scattering were analyzed with a spec-
trometer.

IV. RESULTS

A. Excitation pulse energy dependence of TrL signals

The TrL signals at various excitation pulse energies �Iex�
at d=−0.06 mm are shown in Fig. 3�a�. In all the TrL sig-
nals, spike shaped signals at the delay time of 0 ps were
observed as the decrease of the probe light intensity. This
spike signal should be attributed to an optical Kerr effect and
plasma formation, which has been reported by other
researchers.5,6,23,28 After this signal, the TrL oscillations were
clearly observed at the strong excitation pulse energy. The
amplitude of the TrL oscillation became larger with increas-
ing the energy. Previously, we showed that this oscillation
represents the pressure wave generated by the excitation
pulse.6 This oscillation disappeared at Iex�90 nJ. This
means that the amplitude of a pressure wave is negligibly
small at Iex�90 nJ. To obtain the energy threshold of the
generation of a pressure wave, the oscillation amplitudes
were plotted against Iex in Fig. 3�b�. From this plot, we de-
termined the energy threshold of the pressure wave genera-
tion to be 90 nJ.

Figure 4�a� shows the excitation energy dependence of
the TrL signal below the energy threshold of a pressure wave
generation �Iex= �90 nJ= Ith-H�. It is interesting to note that
the TrL signal after the first spike did not recover to the
baseline �light intensity before the photoexcitation� and a
temporally constant negative component was observed. This

FIG. 2. �Color online� Experimental setup for the TrL method.

FIG. 3. �a� TrL signals at d=−0.06 mm with various excitation energy. The
signals are offset for clarity and the baselines of the signals are drawn by
broken lines. �b� Plot of the oscillation amplitude against the excitation
energy �opened circles�. The inset shows the definition of the oscillation
amplitude, which is defined by the difference between the signal intensity at
the first positive peak and that at the second negative peak.
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signal clearly indicated that a structural modification was
induced even by this weak photoexcitation in which a pres-
sure wave was too small to be observed. There are two pos-
sibilities for the origin of the temporally constant negative
component; one is light absorption by photoexcited material
and the other is a refractive index lens effect. To identify the
origin, the TrL signals were measured at negative and posi-
tive focal mismatches �d�. The TrL signals of Iex=85 nJ at
d=+0.06 and �0.06 mm are shown in Fig. 4�b�. The tempo-
rally constant component was negative at a negative d while
it was positive at a positive d. This d-dependence means that
a convex lens was created in the photoexcited region just
after the photoexcitation, i.e., the refractive index increased
�Fig. 1�d� case�. Figure 4�c� shows the plot of the signal
intensity �Iconst� against Iex. At the pulse energies in Iex

� Ith-H, the signs of the temporally constant signals at d=
+0.06 mm and �0.06 mm were positive and negative, re-
spectively. According to the above explanation on the
d-dependence, this means that the refractive index increased
by the photoexcitation in this energy range. The temporally
constant signal intensity became the largest at Iex=85 nJ and
undetectable below 65 nJ �=Ith-L�.

From the TrL oscillation at stronger excitation and the
temporally constant signal at weaker excitation in the TrL
signals, there should be two thresholds, Ith-H and Ith-L; above
Ith-H, the amplitude of the pressure wave is sensitive to the
change in excitation pulse energy, and between Ith-H and Ith-L,
the pressure wave is undetectable but the refractive index in
the photoexcited region increases after the photoexcitation.

B. Morphologies of the refractive index lines

Figure 5 shows the refractive index lines which were
written inside a silica glass by focusing fs-laser pulses with a
20� objective lens. At the excitation pulse energy above
Ith-H, the refractive index lines were not smooth. On the other
hand, the refractive index lines look smooth and continuous

below Ith-H. This difference suggests that the strain due to the
pressure wave generation could have some influence to writ-
ing a refractive index line in a silica glass.

The cross sections of the refractive index lines are
shown in Figs. 5�b� and 5�c�. The longitudinal lengths of the
modifications were about 30 �m for Iex=300 nJ and 8 �m
for Iex=85 nJ. The length for Iex=85 nJ was nearly as short
as the Rayleigh length while that for Iex=300 nJ was about
three times longer than the Rayleigh length. This elongation
should be attributed to the filamentation of the laser pulse
due to higher energy, which is the result of the refractive
index distribution induced by plasma formation, optical Kerr
effect, and other nonlinear optical effects11,12,18,19,28,29

C. Raman spectra of laser focused region

The Raman spectra from the center of the refractive in-
dex lines with various pulse energies are shown in Fig. 6�a�.

FIG. 4. �a� TrL signals below the energy threshold of a pressure wave generation. �b� TrL signals of the excitation pulse energy of 85 nJ at d=0.06 and �0.06
mm. �c� The intensity of the temporally constant signal �Iconst� at different ds plotted against the pulse energies.

FIG. 5. �a� Optical microscope images of the refractive index lines written
by fs laser irradiation inside a silica glass. ��b� and �c�� The cross section of
the refractive index lines of the pulse energies of 300 nJ and 85 nJ,
respectively.
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For clarity, all the Raman spectra after subtracting a lumines-
cence from laser induced defects around 650 nm,30 and then
corrected for temperature and frequency dependence31 of Ra-
man scattering are shown. All the Raman bands observed in
Fig. 6�a� have been assigned.32,33 For example, the dominant
broadband around 450 cm−1 has been attributed to symmet-
ric oxygen vibration of the bent Si–O–Si linkages. The sharp
bands at �490 cm−1 �D1 band� and �600 cm−1 �D2 band�
have been attributed to the oxygen breathing modes in four-
and three-membered rings of SiO4 tetrahedra, respectively.
These bands are important for obtaining the structural infor-
mation in the laser induced modification inside a silica glass,
because these bands come from the compaction of silica
networks.32 Here, we focused the intensity change in the D2
band, because this band can be separated more easily from
the other bands. The intensity of the D2 band increased with
increasing laser pulse energy. The peak intensities of this
band were plotted against the laser pulse energies in Fig.
6�b�. The peak intensity of this band started to increase at
about 90 nJ. From the comparison of the pulse energy de-
pendences of the TrL oscillation and a D2 band �Figs. 3�b�
and 6�b��, the threshold of a pressure wave �Ith-H� is nearly
equal to the threshold of an increase in three-membered rings
of SiO4 tetrahedra. This suggests that the three-membered
ring structure in silica networks should be induced by a pres-
sure wave generation. The excitation energy dependence of
the D1 band, another indicator of compact structure in silica
networks, was much smaller. This point will be discussed
later.

V. DISCUSSION

We found that there should be two types of structural
modification; one above the higher threshold is accompanied
with a pressure wave generation and the other between the
lower and higher thresholds without a pressure wave genera-
tion. First, we discuss the modification accompanied with a
pressure wave generation. According to the simulation of
elastic deformation, the pressure wave is generated as the
result of the stress relaxation in the photoexcited region.5,34

After the photoexcitation, the temperature in the photoex-
cited region is elevated due to the energy transfer from the
photoexcited electrons to the lattice in a glass,5,18,19,28,29,34,35

and the temperature elevation induces thermoelastic stress in
the photoexcited region. Because the temperature elevation
by fs laser irradiation occurs much faster than the elastic
deformation of the material,28 the thermoelastic stress
reaches the maximum just after the photoexcitation. The sub-
sequent stress relaxation induces the generation of a pressure
wave. Because this study showed that the threshold of a pres-
sure wave was nearly equal to that the increase in the D2
band in the Raman spectrum, which reflects a compact struc-
ture in a silica glass,32 the densification could be generated
by the shock due to the instantly generated thermoelastic
stress in the photoexcitation.

The amplitude of the shock �i.e., pressure� due to the
pressure wave can be estimated from the TrL signal. First,
the TrL signal was fitted by the phase distribution which was
calculated based on the simulated pressure wave. The fitted
TrL signal at Iex=300 nJ and the time-dependent phase dis-
tributions are shown in Figs. 7�a� and 7�b�, respectively. In
the process of fitting the TrL signal, the phase change and the
width of the pressure wave were changed as parameters to
reproduce the observed TrL signal. From the phase distribu-
tions shown in Fig. 7�b�, the largest phase shift due to the
pressure wave was �	=0.4 rad. Next, the refractive index
change was obtained using �	=0.4 rad. The relation be-
tween the refractive index change �n and the phase shift �	
is given by

�	 = 2

�nl

�probe
, �1�

where l is the longitudinal length of the photoexcited region.
According to the cross section of the refractive index line at
Iex=300 nJ �Fig. 5�b��, the longitudinal length was assumed
to be l=30 �m. Therefore, the refractive index change due
to the pressure wave was �n=8.5�10−4. The refractive in-
dex change in a condensed matter is related to the density
change by the Lorenz–Lorentz relation,36

�n� =
n0

4 − 1

4n0
���

�0
� , �2�

where �0 and n0 are, respectively, the density and refractive
index of a silica glass before the densification. The combina-

FIG. 6. �a� Raman spectra at the center of the refractive index lines written
with various pulse energies. �b� The peak intensities of the D2 bands plotted
against the pulse energies. The intensities were normalized by that from the
nonirradiated area.

FIG. 7. �a� TrL signal of a silica glass at Iex=300 nJ �open circles� and the
fitting line �a solid line�, which was calculated using a time-dependent phase
distribution of a probe beam shown in �b�. �b� The phase distributions at
450, 900, and 1500 ps, which were used to simulate the fitting line in �a�.
The phase distributions include the contributions from a laser induced pres-
sure wave and the refractive index change in the central region.
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tion of Eqs. �1� and �2� gives the following relation between
the density change and phase shift:

��

�0
= �	

�probe

2
l

4n0

n0
4 − 1

. �3�

Using the refractive index of a silica glass at �probe

=400 nm �n0=1.47�, the density change to induce �	
=0.4 rad was calculated to be about 0.14%. Because the
stress due to density change is given by37

�P = K���

�0
� , �4�

where K is the bulk modulus of a silica glass �=37 GPa at
293 K�, the maximum stress due to the pressure wave was 50
MPa at Iex=300 nJ. According to the thermoelastic simula-
tion, the initial stress in the photoexcited region which in-
duces a pressure wave of 50 MPa must be 520 MPa, which is
generated by the thermal expansion of 1.4%. It has been
reported that the shock pressure which induces the apparent
increase in D2 band must be higher than several gigapascals
�GPa�.33 The estimated stress due to fs laser irradiation, 520
MPa, is lower than the reported value. This suggests that not
only pressure increase but also temperature elevation should
be necessary for the densification of a silica glass after fs-
laser irradiation. The temperature elevation was estimated to
be 23 000 K, based on the estimated density change and the
thermal expansion coefficient of a silica glass �=0.62
�10−6�.38 This temperature elevation must be overestimated,
because this estimation is based on the assumption that the
thermal expansion coefficient is independent of temperature.
In spite of the overestimation, we can expect that the tem-
perature after the photoexcitation should be much higher
than the melting point of a �-cristobalite ��1730 °C�.39

Therefore, not only the high pressure but also the tempera-
ture beyond the melting point should play an important role
in the fs-laser induced densification of a silica glass. The
Raman spectra in this study showed that only the intensity of
the D2 band was sensitive to the excitation energy. This
means that the three-membered ring of silica network in-
creased by high pressure under high temperature. On the
other hand, it has been reported that both the intensities of
the D1 and D2 bands increase in a silica glass densified by
shock wave or high pressure above several GPa. This differ-
ence suggests that the mechanism of the densification in a
silica glass by fs-laser irradiation should be completely dif-
ferent from those of shock induced densification and densi-
fication under high pressure.

Next, the modification between Ith-H and Ith-L is dis-
cussed. In this energy range, a temporally constant compo-
nent was observed until 2 ns in a TrL signal. This component
means that the refractive index increased just after the pho-
toexcitation. There are four possible origins of the refractive
index change.25,28,29 The refractive index after photoexcita-
tion can be described by

�n = � �n

�T
�

�

dT + � �n

��
�

T

d� + �nplasma + �ntrap, �5�

where the first term is the refractive index change due to
temperature change, the second one is that due to density
change, the third one is that due to photoinduced plasma, and
the forth one is that of the photoinduced defect. The photo-
induced plasma cannot explain the positive refractive index
change, since it contributes negatively to the refractive
index.28,29 In addition, the contribution by the density change
is negligible, since a pressure wave generation �TrL oscilla-
tion� was not detected below Ith-H. On the other hand, the
refractive index increases with increasing temperature at
constant density,38,40 and the refractive index change due to
photoinduced defect is positive if the frequency of the light
absorption by the defect is higher than that of the probe
beam. Therefore, we can conclude that the temporally con-
stant refractive index change below Ith-H comes from tem-
perature elevation or photoinduced defect.

The maximum value of possible temperature change can
be estimated by neglecting the contribution by the photoin-
duced defect and the temperature coefficient of the refractive
index of a silica glass. The temporally constant component in
the TrL signal at Iex=85 nJ was �0.12 �=�ITrL� at d=
−0.06 mm. We simulated the TrL signal intensity by the
Gaussian shaped refractive index change. In this simulation,
we assumed that the width of the refractive index distribution
was 1.2 �m �the inset of Fig. 8�a��, which is the same as the
width of the refractive index line at Iex=85 nJ �Fig. 5�. The
relation between the signal intensity change �ITrL and the
phase shift of the probe beam at the center ��	center� was
shown in Fig. 8�a�. From this relation, the phase shift at the
center was determined to be �	center�1.5 rad. The relation
between the phase shift and the refractive index was obtained
based on the model shown in Fig. 8�b�. �	center can be ob-
tained by integrating the refractive index along the beam
axis:

FIG. 8. �Color online� �a� The relation between the phase shift at the center
and the TrL signal change, which was obtained by simulating a TrL signal
by the Gaussian shaped phase distribution whose width is 1.2 �m. The
phase shift at the center is defined in the inset. �b� Simplified refractive
index distribution just after the photoexcitation in the photoexcited region.
Because the probe beam propagates along the z axis, the phase shift can be
obtained by integrating the refractive index along the z axis.
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�	center = 2
	
−�

� �ncenter

�probe
exp
− � z

lz/2
�2�dz

= 
3/2�ncenter

�probe
lz, �6�

where lz is the longitudinal length of the temperature distri-
bution. If lz is estimated from the cross section of the refrac-
tive index line shown in Fig. 5�c�, i.e., lz�8.0 �m, the cal-
culated refractive index change at the center is �ncenter=1.3
�10−2. Using the temperature coefficient of the refractive
index �dn /dT=9.5�10−6 K−1 at 400 nm�,40 the temperature
elevation at the center was calculated to be about 1400 K,
i.e., the temperature at the center just after the photoexcita-
tion was 1425 °C. This estimation suggests that the glass in
the photoexcited region was heated above the glass transition
range �1150–1300 °C�, at which the glass network can be
relaxed to the stable structure under high temperature.41 Af-
ter the relaxation of the glass network, the subsequent
quenching could freeze the equilibrium structure at high tem-
perature, which results in the refractive index change. At the
estimated temperature at the center �1425 °C�, the viscosity
of a silica glass should be �108.6 Pa s.42 Because the vis-
coelastic relaxation time43 is given by  /G, where G is bulk
modulus �G=30–60 GPa at 0–2000 °C and under 0–5
GPa�,44 the time needed for the glass to return the original
structure is about 10 ms, On the other hand, the cooling time
after the fs laser focusing inside a glass is faster than 10 �s
according to our previous study.7 This cooling time is fast
enough for the structure at high temperature to be fixed dur-
ing the cooling process. Therefore, we conclude that the
modification of the lower threshold should be generated by
the fast quenching from the temperature near glass transition
range.

Other researchers also found two types of structural
change inside a silica glass after fs laser irradiation; type I
appears for excitation pulse energies between lower and
higher thresholds, and type II, above higher one.9,18 Mysyr-
owicz and co-workers interpreted that avalanche ionization
occurred in type II damage while not in type I one based on
the simulation of photoexcitation of electrons. In the ava-
lanche ionization, multiplication of photoexcited electrons by
electromagnetic field of a laser pulse generates high density
plasma and the plasma absorbs light energy strongly; there-
fore, the light absorption is sensitive to the excitation pulse
energy at which avalanche ionization occurs. Our present
measurement revealed that the amplitude of a pressure wave
was sensitive to the laser intensity in the structural change
above Ith-H while it was not sensitive in that between lower
and higher thresholds. This suggests that the modification
above Ith-H should correspond to the type II damage. In ad-
dition, Mysyrowicz and co-workers found that type I damage
disappeared by heating a sample above 900 °C. This fact
indicates that the type I damage should be the result of fast
quenching of a silica glass from the non-equilibrium state
above the glass transition range. As discussed above, we con-
cluded that the modification below Ith-H should be generated
by fast quenching. Therefore, the modification below Ith-H

should correspond to the type I damage. Because a pressure

wave was not detected in the modification below Ith-H, we
can interpret that a strong pressure wave in the type II dam-
age should generate irreversible structural change and pre-
vent the photoexcited material from returning the original
state by heating.

VI. CONCLUSION

In conclusion, we found two thresholds of the fs laser
induced modification inside a silica glass based on the obser-
vation of refractive index dynamics by the TrL method. The
modification above the higher threshold was accompanied
with the generation of a pressure wave after the photoexci-
tation. We consider that the pressure wave is the main origin
of the structural change in the glass. On the other hand, be-
low the lower threshold, a pressure wave was too small to be
observed, although there was a temporally constant compo-
nent in the TrL signal. Regardless of undetectable pressure
wave, the temperature at the photoexcited region, which was
estimated from the TrL signal intensity, was above the glass
transition range. Considering both the temperature and the
fast cooling rate, we interpreted that the fast cooling from the
structure under high temperature should be responsible to the
modification between the lower and higher thresholds. Two
types of modification have also been observed by other re-
searchers. This study clarified the two types of modification
from the observation of the dynamics for the first time.
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