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Laser energy of femtosecond pulses absorbed by the nonlinear process is utilized as a heat source 

for fusion welding of glass.  A femtosecond fiber laser, IMRA America, FCPA µJewel D-400l, with 
variable repetition rates between 100kHz and 5MHz, was focused with a lens of NA0.65 into borosili-
cate glass (Schott D263) at different pulse energies, repetition rates and traveling velocities for local 
melting.  The temperature distribution was calculated using a thermal conduction model where instan-
taneous heat is periodically deposited in a moving rectangular solid.  The nonlinear absorptivity of the 
femtosecond laser pulses increased significantly as the repetition rate increased by the contribution of 
avalanche ionization caused by the increase in temperature at the laser-irradiation region.  The calcu-
lated values agreed well with the experimental melt dimensions in a velocity range of 0.5~200mm/s, 
when the experimental values of the nonlinear absorptivity and the dimensions of the nonlinear ab-
sorption region were used for temperature calculation.  The fusion welding of glass by femtosecond 
laser provided much higher melting and joining efficiencies than existing laser welding of metals. 

Keywords: Femtosecond laser pulse, nonlinear absorption, thermal conduction, welding, melting, 
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1.  Introduction 
Glass has a lot of potential applications in optics, 

MEMS, electronics, and biomedicals due to its excellent 
optical, mechanical, electrical and chemical properties.   
The disadvantage is, however, that reliable joining tech-
niques for glass are not available, and thus the glass joining 
has relied on the techniques based on adhesive agent or 
interlayer, which causes poor mechanical, thermal and 
chemical durability.   

In recent years, femtosecond laser pulses have been 
used for a variety of internal modifications of transparent 
materials including direct writing of optical waveguides 
[1,2], three-dimensional binary data storage [3], and writ-
ing of optical amplifiers [4].  Welding of fused silica was 
also reported using femtosecond laser pulses [5], but the 
welding speed was as low as 5µm/s due to the low repeti-
tion rate of the laser used.  Recently femtosecond lasers at 
high-repetition rates with reasonably high pulse energies 
became commercially available, enabling modified area 
much larger than the focused volume [6,7].  The enlarged 
modification region was attributed to the heat accumulation 
based on the numerical calculation of the temperature dis-
tribution using a thermal conduction models where the sta-
tionary heat source with spherical or spherical Gaussian 
distribution was assumed [7,8].  They are too simple, how-
ever, to estimate the modified dimensions in the waveguide 
writing as well as fusion welding, since the laser beam is 

actually deposited in the area elongated along the optical 
axis of the laser beam, and moves at a constant velocity.   

In this paper, local melting of glass by femtosecond 
laser pulses is reported, and the spatial and temporal dis-
tributions of the  temperature are calculated by a thermal 
conduction model [9] where the heat is generated in a mov-
ing rectangular solid with the size of the focus diameter and 
the length of the nonlinear absorption along the optical axis.  
The interaction between bulk glass and fs laser pulse is also 
discussed based on the absorption data, the modified fea-
tures and the thermal conduction analysis. 

2.  Experimental procedures 
An amplified Yb-fiber laser with 406fs at 1MHz and 

325fs at 100kHz pulses at 1045nm with a beam quality of 
M2<1.5 was focused by an aspheric lens with NA0.65, 
providing diffraction-limited focusing of approximately 
2µm 1/e2 in diameter.  The laser beam was focused into the 
glass sample moving linearly at velocities between 0.5 and 
200mm/s using computer-controlled motion stages.  

  Table 1  Thermal properties of Schott D263 [10] 
Properties Values 

Density ρ (g/cm3) 2.51 
Specific heat c (J/gK)1) 0.82 
Thermal conductivity K (J/s.cm.K)2) 0.0096 
Thermal diffusivity α=K/cρ (cm2/s) 0.0046 
Melting temperature θm ( )3) 1051 

1)mean value 20~100 , 2)value of Corning 0211, 3)forming temperature 
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As the specimen, borosilicate glass, Schott D263, with 
thicknesses of 1mm and 0.2 mm was used, of which thermal 
properties are shown in Table 1.   

The time-averaged laser power passing through the 
specimen was measured by a power meter to determine the 
laser power deposited in the glass specimen by the nonlin-
ear absorption, as shown in Fig. 1.  Since the glass speci-
men used is transparent to the laser wavelength, the absorp-
tion is considered to be due to the nonlinear process.  Ne-
glecting the scattering and the reflection of the laser beam 
at the focus, the nonlinear absorptivity of the laser beam A 
is given by 

 
 

 
 

 

 

 

 

 

 

 

 
 

(1) 
 

where W0 is the incident laser power to the work piece, Wt 
the transmitted laser power and R the reflectivity of the 
laser beam at the glass surface.  Laser-irradiated specimens 
were observed by an optical microscope. 
 

3.  Results and discussions  
3.1 Melting characteristics  

Ultrashort laser pulses with femtosecond duration were 
focused into borosilicate glass (Schott D263) at different 
traveling velocities.  Figure 2 shows the cross sections of 
the laser-irradiated specimen made at a pulse repetition rate 
of 1MHz at 0.5µJ per pulse, and a 100kHz at 2.2µJ per 
pulse. 

No cracks are seen in the modified region and the sur-
rounding area in Fig. 2.  This is rather surprising from the 
common sense that cracks are normally developed in local 
melting of glass with pulse duration longer than ns except 
for glass having low thermal expansion coefficient like 
fused silica [11].  This is because the tensile stress in local 
melting of brittle material exceeds the material strength 
during heating period in the surrounding area of the heating 
spot or during cooling period in the melted region by the 
shrinkage of the melted region [12].  Stress wave can also 
cause cracks in fused silica, since it propagates faster than 
thermal diffusion [13].  There are, however, some possibil-
ities to suppress the crack propagation.  The propagation of 
the cracks with very small size can be suppressed, because 
the stress intensity factor is proportional to the square root 

of the cracks [14].  The other possibility to suppress the 
cracking is the contribution of the ballistic electrons; the 
electrons produced in the nonlinear absorption process can 
reach very high velocities to suppress the cracking by 
changing the surrounding area from brittle to ductile condi-
tion, since they move much faster than the stress wave.  
There is, however, a puzzling phenomenon reported by 
Vanagas et al. [15], where crack-free melting was realized 
utilizing the two-photon absorption with 12ns–laser pulse 
at 355nm for 3D recording application in borosilicate glass.  
Further study is needed to understand the mechanisms of 
the crack propagation and suppression in glass melting by 
ultrashort laser pulses. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The modified region consists of the inner region with 

teardrop-shape extended along the optical axis and the sur-
rounding outer elliptical region.  At 1MHz, the shape of the 
inner region is similar to that of the modified region pro-
duced by the irradiation of single laser pulses [16], indicat-
ing that the inner region is produced by the direct effect of 
the laser pulse to provide high temperature and high pres-
sure [17].  In the outer region, the glass is heated by the 
conduction of the heat transferred from the laser-excited 
electrons to the lattice, so that the outer region expands to 
the area much larger than the size of focused volume.  The 
outer region is heated above the melting temperature of the 
glass to enable fusion welding [9,18].   The pressure of the 
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Fig.1  Schematic illustration experimental set up.  Averaged 
laser power passing through the glass sample was measured 
to determine the nonlinear absorptivity. 

Fig.2  Cross sections of  laser-irradiated borosilicate glass 
(Schott D263) with femtosecond pulses at different traveling 
velocities at (a) 1MHz-0.5µJ and  (b) 100kHz-2.2µJ. 

Fig.3  Vertical size of the inner region V2 vs. traveling veloc-
ity at 1MHz at 0.5µJ. 
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inner region is sustained by the solid glass.  It is seen, how-
ever, that when the melt region reaches the surface of the 
specimen at 0.5mm/s, the interface between the inner and 
outer regions is broken at the top edge by the pressure of 
the inner region, so that the pressurized hot melt is ejected 
into the outer region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 shows the vertical length V2 of the inner re-

gion plotted vs. traveling velocity.  The value V2 decreases 
exponentially with increasing the traveling velocity.  The 
horizontal and vertical sizes of the outer region, H1 and V1, 
are plotted in Fig. 4.    

It is noted that the cross-sectional area of the outer re-
gions in 100kHz is much smaller than in 1MHz even taking 
into consideration of 2.3 times difference in the average 
laser power; at 0.5mm/s, for instance, the cross-sectional 
area of the outer region in the 100kHz is 7~8 times smaller 
than that in the 1MHz.  This is attributed to the lower non-
linear absorptivity of the laser energy at lower pulse repeti-
tion rate as described bellow. 

3.2 Thermal conduction model 
A thermal conduction model was developed to calcu-

late the transient temperature distributions in fusion weld-
ing by ultrashort laser pulses where instantaneous heat 
pulse are delivered periodically in a rectangular solid mov-
ing at a constant velocity v in an infinite solid [9].  In this 

model, an analytical equation was derived by a spatial and 
temporal integration of the solution of the instantaneous 
point heat source in an infinite solid with zero temperature 
[19], assuming that the thermal properties are independent 
of the temperature.   

 
Assuming that the latest laser pulse is irradiated when 

the center of the rectangular solid moving at a velocity v 
along the x-axis (y=z=0) locates at the origin of the coordi-
nate at time t=0, as shown in the inset of Fig. 5, the tem-
perature rise θ at time t at location (x,y,z) in quasi steady 
state is given by 

 
 
 
 
 
 
 

(2) 
 
 
 
Here Q is pulse energy, A nonlinear absorptivity, f repeti-
tion rate of laser pulse (T=1/f),  2a focus diameter of  the 
laser beam, 2h length of the rectangular solid, c the specific 
heat of the material and ρ density of the material.  In this 

Fig.4  Calculated and experimental melt width H1  and 
height V1 plotted as a function of traveling velocity at 
1MHz-0.5µJ for different values of thermal diffusivity α 
for Schott D263.   

Fig.5  Transient temperature distributions along x-axis (y=z=0) 
at different time t after the latest pulse irradiation calculated by 
Eq(2) (v=100mm/s, average power=200mW, a=1µm, h=10µm). 
Light blue: t=0, red:  t=0.3T, yellow: t=0.6T and  green: 
t=0.999T.   (a) 100kHz-2µJ, (b) 1MHz-0.2µJ  
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equation, the following non-dimensional parameters are 
used (r3=a2h). 
 
 
 

(3) 
 

 
Figure 5 shows the quasi-steady temperature distribu-

tions calculated along the x-axis at different time after the 
laser pulse irradiation, assuming that an average laser pow-
er of 0.2W (1MHz-0.2µJ and 100kHz-2µJ) is deposited in 
the glass.  At 100kHz-2µJ, the temperature just before the 
pulse arrival (green line) is much lower than that at 1MHz-
0.2µJ due to longer cooling time, although the temperature 
at the moment of the pulse arrival is much higher due to its 
higher pulse energy.   

The steady temperature distribution due to CW (con-
tinuous wave) heat source model [9] was also calculated, 
where continuous laser power of W= fQ is delivered uni-
formly in the rectangular solid, and is given by 
 

 (4) 
 
 
 
 
 

In Fig. 5, temperature distribution due to CW model is 
also plotted in a blue line.  It is seen that the temperature 
rise due to the pulsed model can be approximated by CW 
model at locations several µm apart from the heat source.  
Thus the molten sizes are estimated using the simpler equa-
tion given by Eq(4) in the following section.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

As seen in Fig. 5(a), the temperature distribution is flat-
top at time t=0 reflecting of the uniform intensity in the 
rectangular solid.  However, the peak temperature at the 
heat source center calculated by the model is accurate, if 
the uniform intensity is equal to the center of the heat 
source for any distributions, since the heat is liberated 
instantaneously.  It should be also noted that the 
temperature distribution depends not only on the distribu-
tion but also on the size of the heat source, which are 

the size of the heat source, which are difficult to know ex-
actly due to many effects including the refractive index 
distribution, the aberration, the self-focusing and so on.  So 
the temperature change was calculated at different values 
of d using Eq(2).  Figure 6 shows the temperature change 
calculated at the center of the heat source for different val-
ues of d.  Little dependence of the minimum temperature is 
seen on d, although the maximum temperature rise per 
pulse is proportional to 1/d2.  This means that the model 
provides the accurate temperature at the moment just be-
fore the incidence of the laser pulse, even if the estimation 
of the focus spot size has some error. 

 

3.3  Melting characteristics of glass with femtosecond 
laser pulses 

The temperature distributions corresponding to Fig. 
2(a) were calculated using Eq(4).   For the calculation, it is 
necessary to determine the dimensions of the rectangular 
solid (a and h) and the nonlinear absorptivity A.  As the 
value of 2a, the focus diameter of 2µm was used.  It was 
assumed 2h is equal to be γ V2 (γ<1) instead of V2, to take 
the effect of the thermal conduction into consideration to 
some extent.  In this study, we adopted γ=0.9 arbitrarily.  
As to the absorptivity, the experimental values measured 
from Eq(1) were used, which will be shown in Fig. 8. 
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Fig.7  Temperature distribution calculated for 1MHz-0.5µJ 
(v=200 mm/s, a=1µm, h=15.5µm).  The absorptivity of 0.6 ex-
trapolated in Fig.8 is used.  
(a) Steady temperature along the x-axis for different y (z=0).        
(b) Maximum temperature distribution along y- and z-axes. 

(a) 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

(b) 

Fig.6  Temperature change calculated at the center of station-
ary rectangular solid with heat source sizes of d=1, d=1.5 and 
d=2µm (1MHz-0.5µJ, 2 h=20µm).   
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Figure 7(a) shows the steady temperature distributions 
calculated along the x-axis at different values of y at z=0 at 
a traveling velocity 200mm/s at 1MHz-0.5µJ.  Each curve 
shows a temperature cycle, of which maximum cycle tem-
perature is reached behind the heat source.  Figure 7(b) 
shows the distributions of the maximum cycle temperature 
in the xy- and the xz-planes. One can find the horizontal 
and vertical melt dimensions, H1 and V1, from the melting 
temperature of the glass, θm=1051 .   

The melt dimensions of H1 and V1 thus calculated are 
plotted as a function of the traveling velocity at 1MHz-
0.5µJ in Fig. 4.  At higher traveling velocities, the calculat-
ed values of H1 and V1 agree well with the experimental 
values with the thermal diffusivity α=0.005cm2/s, which is 
nearly equal to the value at room temperature, α=K/cρ= 
0.0046cm2/s using K=0.009 J/s.cm.K given in Table 1.  As 
the traveling velocity decreases, however, the calculated 
melt dimensions tend to saturate at v<5mm/s, whereas the 
experimental values still continue to increase.  Thus the 
calculated values agree with the experimental values with 
lower thermal diffusivities of α=0.004cm2/s at around 
10mm/s, and α=0.003cm2/s around 1mm/s.  This is thought 
to be because the effective thermal diffusivity decreases 
with increasing temperature.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

3.4  Characteristics of nonlinear absorptivity 
The nonlinear absorptivity vs. pulse energy at 100kHz 

with static exposure (v=0) is shown in Fig. 8.  The absorp-
tivity increases with increasing pulse energy due to the 
increased photoionization rate [20].   

The nonlinear absorptivity at 1MHz-0.5µJ determined 
at v<20mm/s is also plotted in the figure, and was ap-
proximately 4 times higher than that at 100kHz at 0.5µJ, 
indicating that the nonlinear absorptivity is strongly influ-
enced by the pulse repetition rate in sub-picosecond dura-
tion.  The temperature at the laser-irradiating region just 
before the pulse arrival (t=0.999T), θB, at Q=0.5µJ was 
calculated at 1MHz and 100kHz.  The temperature θB at 
1MHz was approximately 8500 , whereas θB at 100kHz 
was approximately as low as 100 .  This indicates that the 
higher nonlinear absorptivity at 1MHz is caused by the 
larger number of the thermally excited electrons in the 
conduction band from the valence band.   

The absorptivity measured at 100kHz-2.2µJ and 1MHz-
0.5µJ is plotted vs. traveling velocity in Fig. 9, correspond-
ing to Fig. 2.  The absorptivity at 1MHz is higher than 
100kHz again in spite that the pulse energy of 1MHz is ap-
proximatley 4 times less than 100kHz. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The depth of the tip of the teardrop D was measured 

from the surface at different traveling velocities.  Special 
attention was paid to keep the focal position constant from 

Fig.8  Nonlinear absprptivity of Schott D263 determined 
as a function of pulse energy Q.  

Fig.9  Nonlinear absorptivity of Schott D263 determined as func-
tion of traveling velocity v. 

Fig.10  Depth of the tip of the teardrop-shaped inner 
region D measured as a function of traveling velocity  
at 1MHz-0.5µJ.   

Fig.11 Temperature θB calculated at the center of the rectan-
gular solid heat source at time t=0.999T vs. traveling velocity.   
Cross sections are shown in Fig. 2. 
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the surface.  Only the depth D of 1MHz-0.5µJ is plotted vs. 
traveling velocity in Fig. 10, since the melt patterns of 
100kHz-2.2µJ were not so clear to measure D precisely.  
Although D was almost constant at velocities v<20mm/s, it 
began to increase at velocities faster than 20mm/s in accor-
dance with the decrease in the absorptivity shown in Fig. 9. 

In order to understand the process, the temperature at 
the center of the laser irradiation zone just before the pulse 
arrival (t=0.9999T), θB, was calculated as a function of 
traveling velocity.  Figure 11 shows thus calculated tem-
perature θB for 100kHz-2.2µJ and 1MHz-0.5µJ where 
measured absoroptivity and heat source size were used.   
The temperatures θB at 1MHz-0.5µJ in a range v<20mm/s 
was as high as θB =8500 , which provides approximately 
0.4% of electrons thermally excited to the conduction band, 
assuming that the band gap of the material is 4eV.  It is also 
expected to increase the seed electrons from the impurity 
and defect states.  On the other hand, 100kHz-2.2µJ result-
ed in θB=1200 , of which the number of the thermally 
excited electrons are negligible.  Thus the seed electrons 
for avalanche ionization during the rest of the laser pulse 
depend solely on photoionization in the leading edge of the 
pulse [20,21].  Our results indicate that thermally excited 
electrons from the valence band to the conduction band can 
play an important role in increasing the number of the seed 
electrons for the avalanche ionization in sub-picosecond 
pulses at higher repetition rates.  

We found that three independent results, the nonlinear 
absorptivity, the depth of the teardrop tip, the temperature, 
closely link together as mentioned above.  The effect of the 
pulse repetition rate on the nonlinear absorption can be 
interpreted as follows.   

The nonlinear absorption starts at the tip of the teardrop 
when the leading edge of the laser pulse has energy corre-
sponding to the intensity threshold for the breakdown at the 
location upstream of the laser focus.  Increase in the repeti-
tion rate increases the nonlinear absorptivity due to in-
creased thermally excited electrons in conduction band.  
When the number of the thermally excited electrons de-
creases at higher traveling velocities, higher laser intensity 
is required for breakdown, so that the starting point of the 
breakdown approaches to the focus point having higher 
laser intensity.  The shape of the teardrop is considered to 
be the result of different temporal slices of the energy 
above the threshold.  Subsequent time slices of the pulse 
have energy to produce breakdown upstream from the tip, 
and breakdown proceeds further upstream having larger 
laser beam diameter, leading to the formation of the tear-
drop.  In this discussion, the effect of the refractive index 
change was neglected.   

It has been reported that the melt dimensions in 1MHz 
is much larger than those in 100kHz in borosilicate glass 
with fs second pulses, and this was accounted for by the 
increased heat accumulation at higher pulse repetition rates 
[7]. The present study showed that the increase in the melt 
dimensions at 1MHz is caused not only by the heat accu-
mulation, but also by the increase in the nonlinear absorp-
tivity due to the increased number of the thermally excited 
electrons to the conduction band. 

 

3.5 Welding performance with ultrashort laser pulses 

Welding performance of glass using ultrashort pulse 
lasers was estimated by the melting efficiency η and the 
joining efficiency R.  The melting efficiency η [22] is de-
fined by the ratio of the power required for elevating the 
temperature of the volume of the weld bead up to the melt-
ing temperature θm to the incident laser power W0, and is 
given by 

 
(8) 

 
where S is the cross sectional area given by πH1V1/4.  As is 
seen in Fig.11(a), η increases with increasing traveling 
velocity, reaching approximately 22% at 100mm/s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The joining efficiency R [22] is defined by the joint 
area at the interface per unit laser energy, and is given by 
 

(9) 
 
The joining efficiency increases with increasing traveling 
velocity, and reaches as high as 5.3mm2/J, as shown in Fig. 
11(b).  It should be noted that this value is much larger 
than the largest value attained in the past in metal welding, 
2.5mm2/J, which was obtained by single-mode fiber laser 
[23,24], indicating that the fusion welding of glass by fem-
tosecond laser pulses is extremely efficient.  This is be-
cause laser energy is delivered instantaneously to the glass 
by the nonlinear process.  Higher efficiency is expected at 
higher welding velocities using higher average power. 
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Fig.12  Efficiencies estimated in glass welding of Schott 
D263 at 1MHz-0.5µJ.  Cross sections are shown in Fig. 2(a). 
(a)Melting efficiency, (b) joining efficiency 
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4. Conclusions  
Femtosecond laser pulses were used as a heat source 

for local melting glass and applied to fusion welding of 
glass plates.  The welding process was discussed based on 
the thermal conduction model developed to calculate the 
spatial and temporal distribution of temperature where ul-
trashort laser pulses are deposited periodically into a mov-
ing rectangular solid, determined by the nonlinear absorp-
tion process.  The model provides useful information for 
optimization of ultrafast laser processing such as fusion 
welding and optical waveguide writing.  The results ob-
tained in this study is summarize as follows: 
 
(1) Femtosecond lasers with high pulse-repetition rates 

provide an efficient fusion welding, which melts 
selectively the joining interface at welding speeds faster 
than 100mm/s.  

(2) The molten dimensions calculated by the thermal con-
duction model agree well with the experimental melt 
size taking into consideration that the thermal diffusiv-
ity decreases with increasing the temperature. 

(3) The nonlinear absorptvity of the femtosecond laser 
pulses is strongly affected by the repetition rate of the 
laser pulses.  This is because the temperature just before 
the pulse arrival increases with increasing the repetition 
rate so that the contribution of thermally excited elec-
trons to conduction band increases to enhance the ava-
lanche ionization. 

(4) Fusion welding of glass by femtosecond laser pulses 
provides extremely high joining efficiency, which has 
never attained in fusion welding of metal. 
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