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Accumulation of thermal energies by highly repeated irradiation of femtosecond laser pulses inside
a glass induces the heat-modification whose volume is much larger than that of the photoexcited
region. It has been proposed that the heat-modification occurs in the region in which the temperature
had overcome a threshold temperature during exposure of laser pulses. In order to understand the
mechanism of the heat-modification, we investigated the temperature distribution during laser
exposure and the threshold temperature by analyzing the volume of the modification based on a
thermal diffusion model. We found that the threshold temperature becomes lower with increasing
laser exposure time. The dependence of the threshold temperature on the laser exposure time was
explained by the deformation mechanism based on the temperature-dependent viscosity and
viscoelastic behavior of a glass under a stress loading by thermal expansion. The deformation
mechanism also could simulate a tear-drop shape of a heat-modification by simultaneous
double-beams’ irradiation and the distribution of birefringence in a heat-modification. The
mechanism proposed in this study means that the temperature-dependence of the viscosity of a glass
should be essential for predicting and controlling the heat-modification. © 2010 American Institute
of Physics. [doi:10.1063/1.3483238]

I. INTRODUCTION focal region in spite of temperature elevation of more than
several thousand degrees at the focus.'”* The localization
Nonlinear photoexcitation by femtosecond (fs) laser has ~ of the structural change is because the thermal energy dif-
been utilized to provide transparent materials, especially  fuses out of the photoexcited region almost completely be-
glasses, with various kinds of functionalities'™'? such as op-
tical waveguides,l_6 diffractive optics,7_9 and three- (@) (b)
dimensional optical data storages.lo_12 Because of low
threshold of nonlinear absorption by an ultarshort pulse, ther-
mal damage can be made minimal in fs laser processing. In ‘ \
4 5

general, thermal energy is regarded as a negative factor for
]
1 2

precise laser processing, because the diffusion of heat en-
larges the modified volume and sometimes induces thermal
damage. Nevertheless, heat-accumulation by fs laser irradia-
tion at a high-repetition rate (>100 kHz) has been recog-
nized as a useful effect for the processing of glasses in recent
§/ears.3_6’]3_18 For example, optical waveguides with sym- (c) (d)
metric guiding cross sections can be formed by isotropic !
thermal diffusion.”® For other examples, heat-accumulation f
inside a glass induces the precipitation of crystals15 or the /é;_
modification of composition distribution around the laser fo- i \’y
cal volume,'®"” which make it possible to control three- \
dimensional properties in glasses.

The modifications with and without heat-accumulation
differ in morphology completely. In the case of laser irradia- 8o 0.1 timg'?ms) 03 04
tion at 1 kHz [Fig. 1(a)], in which heat-accumulation does

not occur, the structural change is localized only in a laser FIG. 1. Optical microscope images of modifications by laser irradiation at
(a) 1 kHz and (c) 250 kHz and simulated temperature change at the focus at
(b) 1 kHz and (d) 250 kHz. The pulse energy was 2.0 wJ in the both cases.
“Electronic mail: msakakura@icc.kyoto-u.ac.jp. The radius of the heat-modification, R, is defined in (c).
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fore the next pulse comes [Fig. 1(b)].2"* On the other hand,
the modification volume is much larger when heat-
accumulation occurs by irradiation at 250 kHz [Fig.
1(c)].3% 172 When fs pulses are focused at a high-
repetition rate, the photoexcitation by the following pulses
occurs before the heat generated by the previous pulses dif-
fuses out of the photoexcited region; as the result, the tem-
perature increases due to cumulate heat and the modification
volume becomes larger because of the temperature elevation
in a larger volume [Fig. 1(d)].

Two circular boundaries are observed in the modification
by photoexcitation at a high-repetition rate [Fig.
1(c)].4 1310182 1y the region inside the inner boundary,
flowing of material is observed during the exposure of laser
pulses. As the result of material flowing, precipitation of
crystals15 and material composition change'é’l7 occur in the
region. In this paper, this region is referred to as an “inner-
modified region.” According to the plastelastic simulation
with a comprehensive photoexcitation model by Mermillod-
Blondin ef al.,** the boundary of the inner-modified region
has been attributed to the generation of stress wave after
photoexcitation. On the other hand, in the ring-shaped region
between the inner and outermost boundaries, any change in
composition or crystal precipitation has not been observed,
although there is a well-defined refractive index variation at
this boundary. In this paper, this ring-shaped structure and
this region are referred to as a “heat-modification” and “heat-
modified region,” respectively.

Several researchers have proposed the mechanism of the
heat-modification.”®'® Schaffer er al.'> and Miyamoto et
al."® assumed that the heat-modification should be due to
melting of a glass. On the other hand, Eaton et al.>® assumed
that the heat-modification should occur in a region in which
the temperature exceeded softening or working temperatures
of borosilicate glasses (~1000 °C and 1225 °C, respec-
tively). Although the radiuses of the heat-modification under
various irradiation conditions have been explained partially
based on their assumption of the threshold temperatures, they
did not explain why a clear outermost boundary appears at
which the temperature reaches the threshold temperatures. In
other words, they do not have any definite reasons for the
threshold temperatures. It must be taken into consideration
that the softening, working or melting temperatures of a
glass are not the temperatures at which the property of the
glass changes drastically.26 In fact, these temperatures are
defined based on the viscosity. For example, the working
point is defined the temperature at which the viscosity is
equal to 10°> Pas. Therefore, we need to reconsider the
physical meaning of the threshold temperature in order to
understand the mechanism of the heat-modification.

In this paper, we analyzed the morphologies of heat-
modified structures and determined the temperature distribu-
tion inside a glass during laser exposure at 250 kHz and the
threshold temperature (7,,,) at which the outermost bound-
ary of the heat-modified region appears. In our preceding
report,25 we found that the threshold temperature is in the
glass transition range. In this study, we examined the laser
exposure-time dependence of heat-modification and found
that the threshold temperature depended on the exposure
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time. We found that a viscoelastic behavior of a glass26 under
heating can explain the exposure time dependence of the
threshold temperature. Also, we found that the temperature-
dependent viscosity of a glass, which changes in more than
ten orders of magnitude from the glass transition range to
melting point, is important for understanding the clear outer-
most boundary of the heat-modification. Based on the
temperature-dependent viscosity, the viscoelastic deforma-
tion, and a stress distribution of the heat-modified region, we
proposed the mechanism of the heat-modification during the
fs laser exposure at a high-repetition rate. In addition, we
showed that the heat diffusion and viscoelastic deformation
mechanism can explain the morphology of the heat-
modification by simultaneous double-beams’ irradiation, the
strain distribution in the heat-modification, and the clarity of
the structural boundary.

Il. METHOD
A. Experiment

fs laser pulses, which were regeneratively amplified
pulses from a mode-locked Ti:sapphire laser (Coherent;
Mira-RegA9000; 800 nm wavelength) were focused inside a
soda lime glass plate (Schott; B-270 Superwite?’) with a 20
X microscope objective lens (Nikon; LU Plan ELWD 20X,
NA=0.40). The repetition rate of the pulses was 250 kHz
and the pulse duration was 80 fs in all the experiments. The
glass plate was placed on a temperature-controllable stage
(Yonekura; MS-TPS), in which the ambient temperature can
be controlled by heating the container of the glass with an
infrared radiation from a halogen lamp. The ambient tem-
perature was measured with a thermocouple. Because the
glass plate did not contact the thermocouple, the measured
temperature was calibrated by the observations of the fusing
of several metals (Sn, Zn, and Al; melting points are 232 °C,
417 °C, and 648 °C, respectively, they were measured by
the differential scanning calorimetry). In this paper, the am-
bient temperature was denoted by 7,. The energy of laser
pulses was controlled with a neutral density filter. The expo-
sure time of laser pulses (7,,) were controlled by selecting the
number of pulses from RegA9000 by inputting electric trig-
ger pulses into the controller of RegA9000. The irradiation
of a glass with fs laser pulses was performed with different
pulse numbers (250—2.5X 10°%) and energies (1.0-2.0 ulJ)
under different ambient temperatures (25-446 °C).

After the laser irradiation, the modifications inside a
glass were observed with an optical microscope (Olympus,
BX51). The images were obtained from the incident direc-
tion of the excitation laser beam and the radiuses of the heat-
modifications were measured (R, which is shown in Fig. 1).

To examine the strain distribution in the modified region,
we observed the birefringence with a polarization micro-
scope with a liquid crystal (LC) compensator (CRI, Inc. LC-
Polscope). In the microscope, a sample is illuminated by a
nearly monochromatic (wavelength~ 550 nm, band width
~30 nm) circular polarized light and the transmitted light,
which becomes ellipsoidally polarized by birefringence in a
sample, was detected by a CCD camera after passing through
a LC compensator and an analyzer.28 By analyzing the im-
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ages obtained under several setups of the LC compensator,
we can obtain two-dimensional distribution of birefringence;
both the axis of slower polarization (slow axis) and phase
differences between two polarizations of transmitted light in
the slow and fast axes (retardance).

B. Simulation of temperature distribution

The temperature distribution inside a glass during laser
exposure is necessary for analysis of the morphology of heat-
modification. The time-dependent temperature distribution

T(t,x,y,z) was calculated by the thermal diffusion
equation29
dT(t,x,y,2) 1 90(t,x,y,2)
nnRy VD,V T(t,x,y,7)] + _—y’
ot pC, ot
(1)

where 7 is the time after the photoexcitation of a glass by the
first pulse, (x,y,z) is the Cartesian coordinates, D,;,, p, and
Cp are the thermal diffusion coefficient, density, and heat
capacity of the photoexcited material. The second term on
the right side, which includes the time derivative of the gen-
erated heat density Q(z,x,y,z), corresponds to the tempera-
ture increase by the photoexcitation. When the glass is pho-
toexcited by laser pulses at the repetition rate of 1/7;, the
heats are generated at the time interval of #;. If we assumed
that the initial distribution of the heat due to one photoexci-
tation can be described by a Gaussian shape as shown Fig.
Z(t;()), the time derivative of the generated heat can be written
by

Q) & [ 2 2 }
Jt _nzonoa(t_mL)eXp T w22 (22

2)

where Q is the maximum heat density at the focus by one-
time photoexcitation, &(¢) is the Dirac delta function in time,
r is the radial distance from the beam axis [=(x2+y?)?7], z is
the coordination along the beam axis, w,, and [, are the width
of the distribution in the radial direction and that in the beam
propagation direction, respectively. It is reasonable that the
temperature increase by the heat generation is expressed by
the delta function [Fig. 2(c)], because the temperature eleva-
tion by an fs laser pulse occurs much faster than thermal
diffusion.**"" The expression of the distribution by a
Gaussian function may seem to be too simple to describe the
real distribution accurately, because a self-focusing and light
scattering by photoinduced plasmas and nonlinear optical ef-
fects could distort the light propagation and distribution of
the generated heat. However, the accurate description of the
initial heat distribution is not so important for the analysis of
the heat-modification, because the time scale in which the
heat-modification occurs (=1 ms) is much longer than the
diffusion time of the initial distribution (~w,,/D,;,). At 1 ms
after photoexcitation, the memory of the initial heat distribu-
tion will disappear in the temperature distribution due to
thermal diffusion. As the result, the effect of the difference in
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FIG. 2. (Color) Expression of the heat generation by fs laser irradiation in
the simulation. (a) Schematic illustration of the heat generation in the laser
focal region (shaded region). The laser beam propagates in the z direction.
The focus of the laser beam is located at O. (b) The spatial distributions of

the density of the total heat (Q) generated by one photoexcitation in the
radial (upper) and axial directions (lower). (c) The generation of the heat
plotted against the time after the first photoexcitation. (d) Temperature dis-
tributions at 1 ms after photoexcitation, which were calculated by two dif-
ferent initial temperature distributions. The left figure shows two initial tem-
perature distributions, and the right one is the temperature distributions at 1
ms and their difference.

O(t,x,y,z) is negligibly small in the region, where heat-
modification occurs. For example, Fig. 2(d) shows that the
normalized temperature distributions at 1 ms by two different
initial heat distributions overlap within the error of <0.01%.
Therefore, it does not affect to our analysis whether or not
the shape of the initial heat distribution is described accu-
rately.

Because Eq. (1) is a linear differential equation, the tem-
perature distribution after Nth irradiation can be obtained by
the sum of that by one photoexcitation. Therefore,

N-1

T(t,x,y,z) = E AT, (t — nAt;,x,y,2) + T,, (3)
n=0

where AT,(z,x,y,z) is the distribution of the temperature
change after only one photoexcitation. AT(¢,x,y,z) can be
obtained easily. The solution®* is
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(1.12)*

AT(t',x,y.2) = AT, (1/2)* +4D 1’
Zz

(Wth/ 2)2
(Ww/2)* +4D,t'

where AT, (=Q,/pC,) is the maximum temperature increase
by one laser irradiation. We simulated the temperature distri-
bution after Nth irradiation by Egs. (3) and (4). In this model,
we assumed that AT, wy,, and [, are constant in all the pho-
toexcitation. In reality, the modification inside a glass by
photoexcitation could affect the initial temperature distribu-
tion. The effect of the time-dependence of these values will
be described in the following section.

lll. RESULTS AND DISCUSSION

A. Analysis method of the heat-modification and
simulation of temperature distribution

In the previous study, we showed that the radius of the
heat-modification becomes larger at higher ambient tempera-
ture 7,. The dependence of the modification radius on 7, can
be explained by assuming that the outermost boundary could
be determined by a threshold temperature 7,,. The mecha-
nism was illustrated in Fig. 3. The temperature distribution at
the ambient temperature of 7, is the sum of a temperature
change due to the heating by photoexcitation AT(¢,x,y,z)
and T,. As the result, the region in which the temperature
overcomes 7,,, becomes larger with elevating 7,. Based on
this mechanism, we will obtain the threshold temperature
T,.. and the distribution of the temperature change. Because
the radius of the heat-modification (R;) was observed in the
laser incident direction, R, is the radius of the modification at
z=0. Therefore, we considered the temperature distribution
at z=0 and expressed it as a function of the radial distance
from the photoexcited center, i.e., AT(r)=AT(t,,,x,y,z=0)

Ta= 25°C
— 50 M

(® ) @

186 °C 343°C

El
S
[
3
,g
-50 0 50 -50 0 50 -50 0 50
Position (um) Position (um) Position (um)

FIG. 3. (Color online) The mechanism of the heat-modification. Upper pic-
tures: the optical microscope images of the heat-modification by the 1 s
exposure of fs laser pulses at 250 kHz under three different ambient tem-
peratures. Lower graphs: the expected temperature distributions (solid
curves) corresponding to the upper images. The horizontal broken lines are
the threshold temperature (7,,,) above which the heat-modification occurs.
The vertical dotted lines indicate the positions of the outermost boundaries
in the heat-modified regions.

J. Appl. Phys. 108, 073533 (2010)

1/2 2 2
] exp[ 3 : 4)

(w22 44Dyt (1/2)*+4Dyt |

and r=vx’>+y?. Under the assumption that AT(r) does not
depend on T, the temperature distribution at 7, can be ex-
pressed by

T(r,T,) =AT(r) + T,. (5)

According to the mechanism, the temperature at the outer-
most boundary (r=R;) is equal to T,,,. Therefore,

T(r=R,,T,)=AT(R,) +T,=T,,,. (6)

Because this equation gives the relation between R, and T,
we can obtain T, if the AT(r) can be expressed by a func-
tion with some fitting parameters.

To find the function, we simulated the temperature dis-
tribution during laser exposure by Eq. (3). Figure 4(a) shows
the simulated temporal evolutions of temperature at various
positions from the focus during fs laser exposure at 250 kHz.
The calculation parameters were D,,=0.46 um? us™' of a
soda lime glass, AT,=1000 K, wy=1.1 um, and [,
=9.0 um, which were determined by the diffraction limit in
this experiment. The temperature at the center (r=0 um) is
elevated by photoexcitation and decayed by thermal diffu-
sion repeatedly. The temperature oscillation becomes smaller
further apart from the center. Since the oscillation is negligi-
bly small at the position in which heat-modification occurs
(r=4 um), the oscillation needs not to be taken into con-
sideration in the analysis of the heat-modification.

Figure 4(b) shows the temperature distributions just after
the stop of laser exposure, which were calculated by different
N, wy,, and [,. As shown in this figure, we found that all the
distributions simulated by various N, w,,, and [, can be fitted
by the same function

A

A= Ry 4B

(7
where A, R, and B are the constant values, which depend on
pulse energy and pulse number.

When AT(z,,,r) in Eq. (5) is expressed by Eq. (7), R,
can be expressed by the function of 7,

1/2
e .

This is the function for analyzing the relation between R, and
T

a

Ry(T,) =Ry+| ———
h( a) 0 |:Touz_Ta

In actuality, AT, wy,, and [, are time-dependent, because
the heat generation can be affected by the modified structure
during the laser exposure. Therefore, we have to estimate the
effect of the time-dependence. As described in Sec. II B, dif-
ferent initial temperature distributions affects on only the
maximum temperature change after 1 ms [Fig. 2(d)]. It
means that only the time-dependence of AT, needs to be
considered. Figure 4(c) shows the normalized temperature
distribution after 2.5 X 10°th irradiation (z,,=1 s at 250 kHz)
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FIG. 4. (a) Calculated temporal evolutions of the temperature at various radial positions on the focal plane (z=0 um). The calculation parameters were
wy=1.1 um,.=9.0 um, and D,;,=0.46 um. (b) Calculated temperature distributions (symbols) and fitting curves by Eq. (5) (solid lines). The parameters for
the calculation were listed in Table L. (c) The temperature distributions simulated with different time-dependent AT,. The amplitudes were normalized by the

temperature at the center. In the inset, the time-dependences of AT|, are shown.

with different time-dependence of AT, The time-
dependences of AT, are shown in the inset of Fig. 4(c). All
the normalized distributions are overlapped and can be fitted
by Eq. (7). Therefore, we can use Eq. (7) to express the
temperature distribution, whether the initial temperature dis-
tribution is time-dependent or not.

B. Radius of the heat-modified region

Figures 5 are optical microscope images of modifica-
tions inside a soda lime glass after laser exposures with dif-
ferent pulse energies, exposure times and ambient tempera-
tures. The radius of the modification became larger with
increasing pulse energy, exposure time and ambient tempera-
ture (7,). The dependences of the radius on the pulse energy
and exposure time can be understood by considering that
more electrons are photoexcited by a stronger laser field and
that more thermal energy is accumulated with longer laser
exposure, respectively.

The relations between R, and T, were analyzed by Eq.
(8) and the distribution of temperature change and T,,, were
obtained. Figure 6(a) shows the relations between R, and T,
of different pulse energies. All the relations could be fitted by
Eq. (8). From the result of the fitting, we obtained T,,,
=560(*20)°C, which were the same for three pulse energy
within the experimental error. The temperature distributions
also can be obtained by substituting the obtained values of
the fitting parameters A, B, and R, into Eq. (5). The obtained
temperature distributions are shown in Fig. 6(b). The tem-
perature increases as the pulse energy becomes larger. The
temperature in the inner-modified region (r<<10 um) ex-
ceeds the forming temperature region of a soda lime glass
(>800 °C), at which glass structure is easily deformed be-
cause of low viscosity (<10° Pas). Such high temperature

increase is not so surprising, because the modification of
element distributions,m’17 welding of glasses18 and flow of
materials have been observed in the inner-modified region.
On the other hand, the temperature at the outermost bound-
ary is close to the glass transformation temperature (7,
~533 °C). This temperature is much lower than the melting
point of this glass (7,,> 1000 °C). Therefore, the structural
change in the heat-modified region is completely different
from that in the inner-modified region. As shown in the next
section, 7,,, depends on the laser exposure time. The physi-
cal meaning of 7, will be explained based on the exposure
time-dependence in Sec. III C.

The thermal energy generated by one pulse can be esti-
mated by the estimated temperature distribution. In this esti-
mation, we need the assumption on the value of /.. When we
assumed /,=30 wm, which have been reported previously,24
the thermal energy was about 50% of the pulse energy. On
the other hand, the absorption coefficient simulated based on
a comprehensive photoexcitation model by Mermillod-
Blondin ef al.** was 35%-60%, which depended on the pulse
shape. Because the estimated thermal energy was in this
range, our result is consistent with that of their model. The
estimation of the thermal energy is now under investigation
and will be reported elsewhere.

C. Dependence on the exposure time

The radiuses of heat-modifications by 2 uJ fs laser
pulses with different exposure times [Fig. 5(b)] were ana-
lyzed by the same procedure as in the preceding subsection.
Figure 7(a) shows the relations between the radiuses of the
heat-modifications and the ambient temperatures at different
exposure times. All the relations between R, and T, could be
fitted by Eq. (8). The obtained temperature distributions were

TABLE I. Parameters for the calculation of the temperature distributions shown in Fig. 4(b). In all the simu-
lations, D,;,=0.46 um? us™' and AT,=1000 K were used.

No. 1 No. 2 No. 3 No. 4 No. 5
N 25 000 25 000 250 000 250 000 250 000
Wi 1.0 2.0 1.0 2.0 2.0
I 10.0 20.0 40.0 40.0 60.0
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FIG. 5. Optical microscope images of modification area after the exposure
of fs laser pulses. In (a), the exposure times were the same (1 s) but the
pulse energies were different. In (b), the pulse energies were the same
(2.0 wJ) but the exposure times were different. The temperatures on the left
side of the images are the ambient temperature.

shown in Fig. 7(b). The temperature distributions at different
exposure times, AT(z,,,r), reflect the temporal evolution of
the temperature distribution during laser exposure. The width
of the temperature distribution becomes larger as the expo-
sure time increases. This temporal evolution indicates that
the thermal energies were accumulated around the laser focal
region. The remarkable point is that the radius of the heat-
modification of 10 s laser exposure is about 1.2 times larger
than that of 1 s laser exposure, although the temperature
distributions at 1 s and 10 s were almost same. The differ-
ence in R, between 7,,=1 s and 10 s is attributed to that 7,
depends on the laser exposure time. Table II shows T,,, of
each exposure time; T,,, becomes lower as the exposure time
increases. This dependence of T,,, on exposure time means
that the longer heating should make a glass possible to de-
form at lower temperature. This fact means that the phase
transition such as melting cannot explain the heat-
modification, because the temperature of phase transition
does not depend on heating time.

D. Mechanism of heat-modification based on T,

In Sec. III C, we found that T,, becomes lower with
increasing laser exposure time. This behavior is the same as
the viscoelastic deformation of glasses, which depends on
time and is facilitated by temperature increase. The vis-
coelastic behavior of glasses under high temperature is im-

(@ (b)

2000,

~1500
N

H £ 1000
o 2
5

¥ 500

% 100 200 300 400 500 %

Ta(°C) r (um)
FIG. 6. (a) The radius of the heat-modified regions (R,) plotted as a function
of ambient temperatures (7,) for different pulse energies. The solid curves
are the fitting curves to the data by Eq. (8). (b) Temperature distributions
just after the laser exposure is stopped, which were obtained by substituting
the values of fitting parameters of the data in (a) into Eq. (5).
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FIG. 7. (a) R, plotted as a function of T, for different exposure time. The
solid curves are the fits to the data by Eq. (8). (b) Temperature distributions
just after the stop of laser exposure at different times.

portant for understanding the time scale of the structural re-
laxation, because the viscosity of glasses increases by more
than eight orders from glass transition range to the melting
point. In this section we will show that the dependence of
T,. on t,. can be explained based on a viscoelastic model
and the temperature-dependent viscosity of a glass.

During the laser exposure, a stress is generated by ther-
mal expansion of the glass in the inner-modified region,
where the temperature exceeds 1000 °C [Figs. 6(b) and
7(b)]. There are at least two origins of the stress in the inner-
modified region; one is a pressure wave and the other is
stress due to thermal expansion of heated material.' #2024
While pressure waves generated at every photoexcitation
make the stress dynamics pulsating, the stress by thermal
expansion changes much more slowly. We ignored the effect
of the pressure wave because of the following reasons. One
reason is that the stress change by a pressure wave occurs in
as short as 300 ps (=radius of the photoexcited region/sound
velocity), which is much shorter than the laser exposure
time. The second reason that the stress change by a pressure
wave is smaller than that due to thermal expansion.20 A
simple calculation based on a thermoelastic model shows
that it is about seven times smaller than that due to thermal
expansion.zo Therefore, we assumed that the stress comes
from only thermal expansion and remains nearly constant
during the laser exposure for simplicity.

We adopted the Voigt—Kelvin element to simulate the
deformation in the heat-modified region inside a glass under
the stress loading from the central region.26 The element is
the simplest model to simulate the behavior of viscoelastic
solid under a stress [Fig. 8(a)], in which the spring and dash-
pot simulate the Hookean elastic spring and the Newton

TABLE II. Threshold temperatures of heat-modification for different expo-
sure times.

texp Tout
(s) 4]
0.001 768
0.01 676
0.1 605
1.0 576
10.0 500
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FIG. 8. (a) Voigt-Kelvin model to calculate P, under a stress loading. (b)
Temperature-dependence of the viscosity of the glass sample (Table IIT). The
open circles are the values from Ref. 27 and the solid line is interpolation
using Fulcher’s equation (Ref. 32). (c) P,y plotted against the temperature
just after the stop of laser exposure. (d) Correlation between the measured
T, (open circles) and the transition temperature range (shaded squares).

fluid, respectively. After the application of a constant stress
S, the temporal evolution of strain £(r) can be described by

e(t) = (S12G)[1 — exp(- Gt/ n)], 9)

where G and 7 are the shear modulus and viscosity of the
glass. Because the viscosity of a glass varies drastically in
the temperature range from the glass transformation tempera-
ture to the softening temperature (from 10'? to 107 Pa's) as
shown in Fig. 8(b), which was calculated based on Table III
and Fulcher’s law,32 the response time to the stress [7
=7(T)/G] is sensitive to the temperature change in this
range. Taking the temporal evolution of the temperature into
consideration, the relaxation ratio [P=&(t,.)/e()],
which indicates the degree of deformation, during the laser
exposure (7,,) was evaluated by

Prow=1- exp(— J (G, r)]}dz), (10)
0

where T(¢,r) is the time-dependent temperature and G is a
bulk modulus of a glass. We assumed that G is constant
(=29.3 GPa), because the temperature-dependence is much
smaller than that of 7.

Figure 8(c) shows the calculated P,,, plotted against
T(t,. R;), which is the temperature just after the stop of laser

TABLE III. Viscosities and corresponding temperatures of the glass sample
(Ref. 27).

Temperature Viscosity
(°C) (Pas)
511 10143
541 10130
724 1076
827 1069
915 1030
1033 10*0

J. Appl. Phys. 108, 073533 (2010)

exposure. P, changes from 1% to 99% in the temperature
change of 100-150 K for all the exposure times. We referred
to the temperature range in which P, changes from 1% to
99% as “transition temperature range.” Figure 8(d) shows the
plots of T, and the transition temperature ranges against the
laser exposure time. Both 7, and the transition temperature
range become lower as the exposure time becomes longer
and T,,, falls within the transition temperature range within
the accuracy of the analysis. This result means that the vis-
coelastic deformation occurs almost completely in the range
r<R,, in which the temperature exceeds 7, during the laser
exposure. On the other hand, in the range » > R, viscoelastic
deformation is too small (<1%) to observe. As the result of
large difference in P, a stress is generated between non-
relaxed and relaxed materials and the refractive index change
due to the stress produces a clear outermost boundary at r
=R,.

The viscoelastic deformation also can explain the results
by other researchers, which have not been explained. Schaf-
fer et al.” interpreted the relation between the radius of
modification and the pulse number by assuming that the de-
formation occurs in the region in which temperature over-
comes the melting temperature. Although their simulation
fitted their experimental data of the smaller number of
pulses, it underestimated the radius in the larger pulse num-
ber. The underestimation by their model can be corrected by
considering that the threshold temperature becomes lower as
the pulse number increases based on our model.

The clear boundary in the fs laser induced-modification
inside a glass has been discussed by Mermillod-Blondin et
al* They simulated laser-induced structural change inside a
BK7 based on a comprehensive model, which includes non-
linear ionization process, scattering of light by nonlinear op-
tical effects and plastelastic deformation. In the density map-
ping by their simulation, a compressed shell structure
appears after photoexcitation, which is similar to the bound-
ary in the heat-modification. They attributed the shell struc-
ture to the plastic deformation of a glass due to a stress wave.
As mentioned in the introduction, the plastic shell in their
simulation could be the same as the inner boundary, because
it is only 3 um apart from the center while the outermost
boundary is more than 10 um. In addition, the plastic shell
appears after 10 us in their simulation, while the outermost
boundary becomes apparent after as long as 1 ms (Fig. 5).
Therefore, the outermost boundary we discuss here is com-
pletely different from that in their study and our model does
not conflict with their model.

E. Structural change by double-beam irradiation

To confirm the validity of the obtained AT(r) and the
mechanism based on viscoelastic model, we simulated more
complicated shape of a heat-modification, which was created
by focusing double laser beams simultaneously at the spa-
tially separated points inside a glass [Fig. 9(a)]. Figure 9(b)
shows the optical microscope image of the structural change
by irradiation with double fs laser beams at the 40 um sepa-
rated points inside a soda lime glass. The pulse energy was
0.75 wJ and the exposure time by laser pulses at 250 kHz
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FIG. 9. (Color online) (a) Simultaneous double-beams’ irradiation inside a
glass. (b) Optical microscope images of the modification after the double-
beams’ irradiation. (c) Spatial distribution of P, calculated by the tem-
perature distribution.

was 1 s. The heat-modifications by the simultaneous double-
beams’ irradiation had tear-drop shapes and the outermost
boundary in the region between the two spots is less clear
than that in other regions.

The tear-drop shape should be the result of the mutual
affection by the heats from the other irradiated point. Be-
cause there are two heat sources in the double-beams’ irra-
diation, the resulting temperature distribution can be calcu-
lated by summing two separated temperature distributions

Tsim(r) = ATbeaml(|r - I.ll) + ATbeam2(|r - I'2|) + Ta? (1 1)

where r is the position in a glass, r; and r, are the position of
the focal points of two laser beams, respectively. In this case,
T, is equal to the room temperature (25 °C). The two distri-
butions of temperature change, AT,eum(Jr—r4]) and
ATpeama([r=T15]), were obtained independently by the same
procedure as that described in the Sec. III B. After obtaining
T;,(r), the relaxation ratio was calculated by

Prelax(r) =1- exp{(— Gtex/ﬂ[Tsim(r)])}, (12)

which is the same as Eq. (10) if the time-dependence of
temperature is ignored. In fact, we found that the effect of
the temporal evolution of the temperature was negligible at
tx=0.1 s. Figure 9(c) depicts the simulated P, g,(r)
mapped on the focal plane (z=0). The darker color means
that larger deformation had occurred by the end of the laser
exposure. The shape of dark region almost corresponds to
that of the heat-modification shown in Fig. 9(b). In addition,
the smaller gradient of Py, in the middle region corre-
sponds to the fuzzy boundary in the region between the two
irradiated spots in Fig. 9(b). This fuzzy boundary should be
attributed to the smaller gradient of temperature in this re-
gion than that in the other regions. The consistency between
the experiment and the simulation in the double-beams’ irra-
diation supports the validity of the obtained temperature dis-
tributions and the modification mechanism based on a vis-
coelastic model.

As elucidated by several researches, a pressure wave
plays an important role in the structural change by fs laser
irradiation. In the case of the double-beam irradiation, two
pressure waves are generated at the two irradiation points
and collide with each other at the middle point between two
modified regions. Therefore, the origin of the fuzzy boundary

J. Appl. Phys. 108, 073533 (2010)
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FIG. 10. [(a)—(c)] Optical microscope image of the modification: (a) trans-
mission image, (b) distribution of retardance, and (c) distribution of slow
axis. In (c), the directions of the white arrows correspond to the directions of
slow axes at their positions. (d) The solid line is the retardance along the
broken line in (b). Opened circles are the sum of strain ratio along the light
propagation axis.

may be the material compression due to the collision of two
pressure wave. However, we believe that the collision of the
pressure waves cannot explain the observed structure be-
cause of the following reason. If the modification between
the two modified regions is the result of the material com-
paction due to the collision of the pressure waves, the width
of the compacted structure is less than 2 um, which is com-
parable to the width of the pressure wave. However, such
structure is not observed in the modification in Fig. 9. There-
fore, we should exclude the possibility that the outermost
boundary should be attributed to material compaction due to
a pressure wave.

F. Strain distribution and effect of cooling process

It is important to elucidate the stress or strain distribu-
tions in the modified region for understanding the mecha-
nism of the heat-modification, because stress plays an impor-
tant role in viscoelastic deformation. We observed the stress
distribution around the photoexcited region with a polariza-
tion microscope. Figure 10(a) is an optical microscope image
of modification by 1.0 s exposure of 2.0 wJ laser pulses at
250 kHz, and the corresponding distribution of birefringence
is shown in Fig. 10(b) (retardance) and Figs. 10(c) (slow
axis). The retardance along the cross section of the modifi-
cation [along the broken line in Figs. 10(b)] was plotted in
Fig. 10(d). Larger birefringence appeared in the heat-
modified region than in the inner-modified region and in the
nonmodified region. This birefringence should be attributed
mainly to the strain inside the glass, because there was no
change in the glass composition in the heat-modified
region.'®!” The direction of the slow axis [Fig. 10(c)] indi-
cates that the strain was directed in the radial direction from
the center. It means that the material in the heat-modified
region had been compressed due to the thermal expansion of
the material in the inner-modified region during the exposure
by laser pulses.
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We simulated the strain distribution based on a vis-
coelastic model. In this case, we have to consider the struc-
tural relaxation after the stop of the laser irradiation, because
the strain should be attributed to the freeze of the viscoelastic
deformation due to rapid cooling. The viscoelastic deforma-
tion during the laser exposure was evaluated by the relax-
ation ratio given by Eq. (10). On the other hand, the freeze of
the viscoelastic deformation due to rapid cooling was evalu-
ated by l—PEZIt;r), in which Pi:lf;ir)(r) is the relaxation ratio
after the stop of laser irradiation, because the nonrelaxed
material is the result of the freeze of the deformation. There-
fore, the strain was evaluated by

Pyrain(r) = PO (p)*[ 1 = PE ()], (13)

relax relax
where Pizf’:;’re)(r) is the relaxation ratio before the stop of
laser exposure. To compare the estimated strain with the ob-
served birefringence, the sum of the strain along the light
axis, [Pgin(r)dz, was calculated and plotted in Fig. 10(d).
The estimated strain reproduced the observed birefringence
well in the heat-modified region. Therefore, we can conclude
that the rapid cooling after the stop of the laser exposure also
plays an important role in producing the heat-modification.
Based on the above results, we propose the mechanism
of the heat-modification as the following sequence of events.
(i) When fs laser pulses are focused inside a glass, thermal
energies are generated in the photoexcited region every time
of focusing of the pulses. (ii) Since the time interval of the
photoexcitation, 4 us, is comparable to the time scale on
that the thermal energies escape from the photoexcited re-
gion (~10° s7!), the thermal energies are accumulated
around the laser focal region. (iii) At each photoexcitation, a
pressure wave is generated as the result of rapid temperature
elevation and thermal expansion of the photoexcited mate-
rial. The pressure wave could produce the inner boundary of
the modification according to the simulation by Mermillod-
Blondin et al. On the other hand, the accumulated thermal
energies elevates the temperature in the surrounding region
much more slowly. The temperature elevation induces ther-
mal expansion and a decrease in viscosity of the glass. (v)
The thermal expansion of the heated material produces a
compressive stress in the surrounding material, and the com-
pressive stress and decrease in viscosity of the heated glass
induce a viscoelastic deformation. The less viscous glass in
the higher temperature region deforms faster, because the
viscoelastic deformation occurs faster under lower viscosity.
Because the difference in viscosity of the glass from the
glass transition to the melting point is more than ten orders
of magnitude, the time scale of the viscoelastic deformation
depends on the position from the photoexcited region
strongly due to the temperature distribution. The strong de-
pendence of the deformation time on the position should
cause the production of the outermost boundary of the heat-
modification. (vi) After the stop of laser exposure, the com-
pressive stress decreases as the material is cooled and the
deformed glass goes to the original state. However, the rapid
cooling prevents the materials from going completely to the
original state. As the results, the strain is frozen in the rapidly
cooled region.

J. Appl. Phys. 108, 073533 (2010)

IV. SUMMARY AND CONCLUSION

We elucidated the temperature distribution and the
mechanism of the heat-modification induced inside a soda
lime glass by focusing fs laser pulses at 250 kHz. The analy-
sis of the relation between the ambient temperatures and the
radius of heat-modification determined the temporal evolu-
tion of the temperature distribution and the threshold tem-
perature of heat-modification. The threshold temperature de-
pended on laser exposure time. The dependence can be
explained by the model based on a viscoelastic deformation
of a glass, and the model was supported by the simulation of
the tear-drop-shape of the heat-modification by double
beams’ irradiation. The observation of the birefringence in
the heat-modified region showed that a compressive stress
had been loaded in a heat-modified region. The viscoelastic
model also simulated the strain distribution and showed that
the strain should be the result of rapid cooling after the stop
of the laser exposure.

The important conclusions on the mechanism are (i)
heat-modification is the result of a viscoelastic deformation
of a glass under high temperature and compressive stress, (ii)
the compressive stress comes from the thermal expansion of
the central region, and (iii) the strain in the heat-modified
region is the result of the freeze of the viscoelastic deforma-
tion due to the fast cooling after the stop of laser irradiation.
The knowledge in this study will give us important clues to
find how to control the structural changes in glasses by high-
repetition rate fs laser.
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