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ABSTRACT
We report the observation of 3/2-frequency generation during an Optically-induced failure of silica under femtosecond
laser pulse irradiation. The origin of 3/2-frequency generation is due to a two-plasmon decay instability, which occurs
at the quarter critical density of free charge carriers. We observed this emission during the optical damaging of glasses
by tightly focused (numerical aperture of the objective lens was 0.5-1.35) femtosecond laser pulses. The pulse duration
at the irradiation spot was about 0.35 ps, the energy 25-250 nJ, and the damage was recorded in a single shot event
inside the glass. The emission at about 530 nm was only present in the spectra measured during an optical damage
by 795 nm irradiation with the pulse energy 9 times and more higher than the threshold.
We observed a new phenomenon applicable for microstructuring of glass. The high energy fs pulses (50-200 jtJ)
were focused by a plano-convex lens (focal length 2-10 cm) on the exit surface of a glass plate. The surface was
ablated and the ablation was transferred into a volume of glass by translation of a "plasma spark" . The length of
such a channels can by up to few-cm and with a diameter of tens-of-micrometers. The mechanism and application
of high-fluence fs fabrication in dielectrics is discussed.

Keywords: direct laser writing, dielectric breakdown, two plasmon decay instability, silica, light-induced damage
threshold, microfabrication

1. INTRODUCTION
Microstructuring and microfabrication of materials by ultra-short 100-400 fs (1 fs = 1O_15 s) pulses find new fields
of application, especially, where three-dimensional (3D) freedom of fabrication inside transparent solid1 or liquid2
material is necessary. At the same time, a full understanding of laser light-material interaction is still missing in the
case of fs exposure. 3D microstructuring is elucidated even less than the ablation due to an inherent difficulty to
apply such techniques as mass spectrometry and time-of-flight methods, which have been proven to be essential in
the ablation studies.

Light induced damage threshold (LIDT) for a 3D microstructuring is usually defined as the light intensity (or
fiuence) necessary to generate critical density of electrons, Ncr.3 The maximum free charge carriers concentration
to be reached by optical excitation is defined by the plasmon frequency as Wpl V41iNcre2/(mem*), where e is the
electron charge, m* and m6 are the gravity and effective mass of electron, respectively. When plasmon frequency is
equal to that of laser irradiation, the material reflects the laser light (the reflection coefficient R —* 1). This is true
for the ideal case of homogeneous plasma and at right angle incidence. However, in the case on non-homogeneous
plasma and in the presence of longitudinal light field along its propagation, as it is in the case of oblique incidence of
p-polarization (or at tight focusing), the light energy can be further delivered to the plasma region. In fact, namely
this principle is used in experiments on laser induced nuclear fusion experiments where longitudinal energy transfer
from light to matter is implemented.

Definition of LIDT via Ncr, however, does not describe the nature of the phenomenon of dielectric (optical)
breakdown, which is a total photoionization of focal volume via non-linear absorption processes. Technically LIDT
can be defined as the intensity/fluence at which residual structural modifications of material is introduced. Obviously,
this criterion of LIDT determination is dependent on the measurement technique used to examine the modification.
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Figure 1. Principal setup of fabrication and characterization using a high numerical aperture, NA > 1, objective
lens.

Here we describe an experiment aimed at fs microstructuring by fluencies corresponding to free carrier densities
lower than Ncr. We examined a light emission from the irradiatiOn spot during dielectric breakdown for a charac-
terization of the breakdown. Also, the fabrication by a plasma spark scanned inside the glass is demonstrated. This
technique allowed microstructuring on a mm-to-cm length scale.

2. EXPERIMENTAL
Fs-fabrication was carried out by amplified 150 fs pulses obtained from laser setup, which consists of Ti:sapphire
Tsunami oscillator and regenerative (chirped pulse) amplifier Spitfire, both from Spectra Physics. The output power
was about 500 mW at 1 kllz repetition rate. This radiation was delivered to sample under fabrication by focusing with
(i) piano-convex lens or (ii) microscope (Fig. 1). The pulse energy at irradiation point was calculated and is specified
where it applies. For a optical damaging with two consecutive fs-pulses we used an Mach-Zehnder-type interferometer
setup to split and to combine coaxially two fs-pulses of perpendicular polarizations.4 Microstructuring of transparent
dielectric materials by fs-pulses using simple plano-convex lens focusing requires typically 20 —200 ,uJ/pulse energies,
while the microstructuring in the microscope needs just 10 — 100 nJ/pulse. More details on the setup can be found
elsewhere.' We used silica (purified to have OH and Cl contamination lower than 100 ppm) and borosilicate glass
BK7 for our experiments.

Spectral characterization of light emission from the irradiation spot (Fig. 1) observed at fluencies below and above
that of dielectric breakdown was carried out by Oriel spectrometer, which was set to a side port of a microscope. In
such a geometry (Fig. 1), the window for spectral observation was limited by the transmission of a dichroic mirror
in the microscope (spectral profile is given in Fig. 2). Structural modifications of exposed glass were tested by their
response to wet etching in BHF (49%HF with 100%NH4F) water solutions.

. 3. RESULTS AND DISCUSSION
In this section we will, first, explore the possibility of microstructuring of silica at the irradiation intensities, which
correspond to a free carrier plasma density Ncr/4, second, we will compare surface ablation with 3D optical damaging
by the fabricated damage sizes, and, third, we will introduce a novel mechanism of microstructuring of glass by an
ablation front, which was scanned into the bulk of sample, the "plasma spark" method. Fabricated channels were
characterized by optical cross-polarized imaging and wet etching.

3.1. Generation of 3/2-frequency during dielectric breakdown
In order to reduce cost of fs-fabrication the attempts are made to decrease the LIDT of fabrication by, either,
modification of glass by the doping of absorptive agents5 or by quasi-cw exposure to fs pulses as it was demonstrated in
the case of a waveguide recording in silica. The motivation is to avoid the use of regenerative amplifier, which increases
the cost and complexity of microfabrication setup. This prompted us to examine the possibility to microstructure
glass by irradiation, which correspond to the free carrier plasma densities less than Ncr. If such a microstructuring
would be possible, the measurement of light emission spectrum observed during dielectric breakdown (or at a fluence
below it) is expected to be a good tool to evaluate the density of electrons in plasma. Indeed, the presence of, so
called, 3/2w frequency should indicate the free carrier density of just Ncr/4.
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Figure 2. (a) Radiation spectra observed during an optical breakdown of silica by sub-ps pulses at different
fluencies (background subtracted): by one pulse of O.5LIDT (1 ), at damaging by the two pulses separated by 30 Ps
LIDT(2) = 0.7x LIDT+O.2 x LIDT (2), and by one pulse at 1LIDT (3). The transmission spectrum of microscope
is given by a gray profile (right axis). Optical damage was made inside silica, pulse duration at the irradiation point
was 0.35 Ps for one-pulse and 0.45 ps for two-pulses irradiation, the wavelength 795 nm.
(b) Spectra of light emission of optical breakdown from a focal point in silica at different fs-irradiation fluencies at
800 nm wavelength. The emission at 3/2w (around 530 nm) is shown by arrow. Spectral profile of registration path
in microscope is given on the right axis.

Strictly speaking the light emission below and above LIDT should be distinguished. At lower fluencies, below
the LIDT, the emission is called white light continuum (WLC) or super-continuum(ps6'7; fs8'9), while at a dielectric
breakdown the emission is caused by thermal plasma radiation (PR). Phenomenon of WLC can occur in a wide
variety of transparent condensed media8"0 and in gases.9 The general characteristics of the femtosecond continuum
are as follows: its spectral width depends on the medium in which is generated," its spectrum is modulated,6
its polarization is in the same direction as the polarization of the input pulse," and its anti-Stokes frequency
components lag temporally its Stokes components.8"2 The fs-continuum exhibits a smaller beam divergence than
the ps-continuum.9 It is found that its anomalous divergence does not imply the absence of strong self-focusing but
is rather due to a self-guiding mechanism that involves the Kerr effect.

Especially intriguing is the mechanism that determines it's spectral width. Among the various mechanisms that
have been suggested so far, we find self-phase modulation (5PM),6'8"3 ionization-enhanced 5PM,'4 and four-wave
mixing.6"5 j is at present generally believed that the main mechanism in fs-continuum generation is SPM enhanced
by self-steepening of the pulse.7"3 A shortcoming of this model is its prediction of a broader continuum in media
with higher Kerr nonlinearity, a trend that is not observed7 (the bandgap dependence dominates - large bandgap
implies lower Kerr effect).

Experiments have shown that the power threshold for continuum generation coincides with the calculated critical
power for self-focusing.9"6 This is not surprising, considering that the onset of catastrophic self-focusing at critical
power leads to a drastic increase in intensity, which can enhance 5PM. This coincidence also suggests an intimate
connection between the WLC and the mechanism that stops catastrophic self-focusing. Such a connection was
first proposed by Bloembergen'4 to explain the ps-continuum. In his model, self-focusing is stopped by avalanche
ionization; the appearance of free electrons enhances SPM and results in the continuum. A similar mechanism can
be envisaged for fs-continuum generation in condensed media. In this case, an important mechanism of free-electron
generation is multiphoton excitation (MPE).'7

Figure 2 shows light emission collected from an irradiation spot inside silica at different fluencies (setup of
experiment is given in Fig. 1). Transmission window of the microscope optics is given in (Fig. 2(a)) and, in fact,
was limiting spectrally the emission, which was extending from UV-to-IR'8 under the direct measurement (not in
microscope). An interesting result was that at the fluence of O.5LIDT the emission band around 470 nm was
present. However, at the lower fluencies no WLC emission was observed in one or two-pulse experiments (for a time
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Figure 3. (a) Geometry of electron-ion collision. The impact distance is b, the right angle scattering length is b90.
(b) Approximate spectral extent of bremsstrahlung vs. free electron temperature for linear (1, 3, 5) and parabolic
(2, 4, 6) electron-ion collisions. The impact distance expressed in Si-O bond length is: b = 1 (1, 2), 0.34 - (8, 4),
and 3 - ( 5, 6) . The line 7 marks the frequency where spectra due to linear collisions is overridden by that from
parabolic ones. The gray region marks the main spectral content of radiation at impact distance b = 1.

separation between pulses 0-20 ps). This implies that microstructuring at fluencies, which correspond to a free carrier
concentration (FCC) below Ncr 5 not possible.

Only at extremely high fluencies over 9LIDT we detected a weak emission of (3/2)w (Fig. 2(b)). Spectra in
Fig. 2(b) were numerically deconvoluted from the transmission profile of microscope transmission (curve 4). This
emission is a signature of parametric instability, known as 3/2-frequency generation or two-plasmon decay (TPD).19
This laser plasma instability occurs at a quarter critical density N =Nec/4, which corresponds to the plasma wave
at a plasmon frequency, w = w/2, where w is the cyclic frequency of laser irradiation. The impulse of the laser
light scattered from such a plasma excitation, k3 , can be matched by two plasma waves. As a result of impulse
matching k8 = k + k, the laser scattered light will possess the frequency component at 3w/2. Also, the higher
harmonic generation at half-harmonic frequencies w = (n+1)w is expected; here n is the integer. It was demonstrated
that (3/2)w emission has a threshold at 1 x iO" W/cm2 in BK7 type glass (K8 in Russian nomenclature) and it

. . . . 3/2 3/220 .
depends on the driving pulse intensity, I, as I(3/2)w ° 1çj T , where Te i5 the electron temperature in plasma.
In our case the 3w/2 emission corresponds to a 530 nm wavelength light, which was submerged into the broad
emission band, the origin of which will be discussed bellow. Threshold intensity for (3/2)w emission in silica we
found at 1.6 x 1014 W/cm2. It is worth to note that the 0.1 PW/cm2 light intensity is corresponding to the electron
quiver (oscillating) energy of 6 eV for a linear polarization at 0.8 m wavelength according to the following scaling
dependence2':

E08[eV} = 9.3(1 + a2) 1O14[/cm21 ([pm})2 (1)

where a = 1 or 0 for the circular and linear polarizations, respectively. Threshold emission at (3/2)w corresponds to
a 9.6 eV quiver energy, which almost perfectly coincides with the bandgap of silica at 9-10 eV.

The possible explanation of spectrally broad radiation can be understood in the frame of a free moving electron
in the Coulomb field of an ion, what is known as the classical bremsstrahlurtg (German word for "braking radiation").
This is the most probable source of light emission since there is a poor compliance of silica luminescence bands with
experimentally observed spectra during optical damage. Spectrally broad XUV-to-infrared radiation is expected
from a free electron passing the ion due to its "braking". The hyperbola path of free electron in spherical coordinates

O is given by formulas:22

_______ Ze2 I (b\2r
b90(1 + f cos 9);

b90 =
4om*v2'

f =
V

1 + , (2)

where b is the impact distance, b90 is the distance at 0 = —ir/2 scattering, v is the velocity of an electron, and is
the eccentricity (Fig. 3(a)). The bremsstrahlurig radiation is a direct consequence of an acceleration (or deceleration)

1 10
Electron temperature (eV)
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of charged particle; the radiated energy, W, per unit angular frequency is given by:22

=
62:0c3 fetdtH (3)

where 'ii is the acceleration of an electron. Spectral content of bremsstrahlung depends on the type of electron-ion
collision. At first, let us consider free-free type encounters, where the incoming electron is not captured into an
available electronic shell of an ion and is free after the collision. There are two types of collisions: the linear ones,
when b << b90 and the parabolic at b >> b90, here b90 is the electron-ion distance at right angle scattering. The short
wavelength edge of spectra for these two types, of collisions is plotted in Fig. 3(b) for the different impact distance
b as a function of electron energy. The value of b is expressed in terms of Si-O bond length (1.62 A) to evaluate
the possible radiation spectrum in silica. The distance of 0.34 x 1.62 A is, for example, the distance traveled by a
free electron during the half of optical cycle at 795 nm wavelength (Fig. 3(b) lines 3,4 ). The 'radiation spectrum at
this value of b could be considered as a light-induced "friction" of an electron with the ion, from which the electron
was freed. At large value of 3 x 1.62 A the electron is moving in the field of an atom from the neighboring Si03
tetrahedron. Figure 3(b) qualitatively shows the extent of spectrum expected in the case of bremsstrahlung. As one
can see the most blue-shifted spectrum is expected from parabolic collisions. The line 7 (Fig. 3(b)) demarks the
spectrum caused by the linear collisions from that of parabolic ones and is given by v/b90 . At the electron energies
larger than 1 eV the bremsstrahlung is expected to be caused mainly by parabolic electron-ion encounters due to the
increased probability of inelastic scattering at the large electron energies.

The model of bremsstrahlung radiation qualitatively well explains the origin of continuum (in which part it is
applicable to WLC and PR is still needs investigation). This is particularly appealing explanation for a continuum
emission observed from the focal point of the size comparable with the wavelength, because in this case the length
of light propagation in the photomodified region is extremely small, on the order of the Rayleigh distance, and there
is no plausible explanation of spectral broadening due to the optical nonlinear effects (e. g. self-phase modulation
(5PM) the longitudinal Kerr effect), which could explain a spectral broadening of spectrum up to UV region for
the laser wavelength if 795 nm.

Light emission during optical breakdown has a number of components, which can be separated by their time decays
and characteristic emission bands. For example, a shock-compressed lime-glass at 110 GPa has an emission peak
at 490 nm, which corresponds to a 5700 K temperature.23 One could expect a contribution of fractoluminescence
(FL)24'25 to a radiation spectrum of optical damage in silica. The emission band at 650 nm in Fig. 2(a) could be
actually caused by the FL as it was observed in similar low-OH-content silica.25 This band is attributable to a non-
bridging oxygen hole center (NBOHC). Typical time scale of FL is from as-to-ms. Finally, a photo-luminescence (PL)
is always present in a recorded spectrum of optical damage and can be distinguished by the corresponding bands.
Usually, a long lasting PL spectrum of glass is spectrally similar to a FL. Apart of FL, which occurs during the crack
formation and propagation as a result of recombination of excited state of defects or atoms (ions, molecules) ,the
sonoluminescence26 (SL) is expected to occur as well. This is a "milder" response of material to the optically driven
shock wave propagating in solid media. The cause of SL is the recombination of separated charges during dislocation
movement. Similar mechanism is applicable to the amorphous material such as silica and is expected to occur during
the dielectric breakdown induced by sub-ps pulses.27 SL might originate on the extended area as compared with
the size of focal point of irradiation. Spectral form-factors of SL and FL are similar, what is caused by their origin
on the recombination of charges separated on the defect sites. Also, the spiking emission from the atomic, ionic, and
molecular species are usually present.

3.2. Power dependence of laser ablation of silica
For a Gaussian pulse/beam the ablation threshold can be determined from the following dependence:

Ath A0 exp(—(D/w)2), (4)

where D is the diameter of crater, w is the diameter of beam at 1/e-level, and Ath with A0 stands respectively for
threshold and amplitude of the incident light expressed in terms of energy, fluence (energy density), or intensity.
Figure 4 shows the data on laser ablation plotted along with predictions calculated by eqn. 4. The diameter of
crater measured by atomic force microscopy (AFM) was found following eqn. 4 in terms of fluence (Fig. 4(b)) much
better than in terms of pulse energy (Fig. 4(a)). It was found that surface ablation took also place at pulse energies
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Figure 4. The dependence of the ablation crater diameter, D, on incident pulse energy (a) and fluence (b) for an
ablation by a single pulse at \ = 400 nm (1 ) and at 800 nm (2). Curves 3 and 4 are plotted by eqn. 4 with w = 1.1A.
Curve 5 depicts an in situ observable LIDT in optical transmission microscope. Curve 3 in (b) was plotted by eqn. 4
with w = O.92A. The values of D were measured by AFM.
(c) Axial (1) and lateral (2) lengths of a voxel (an optical damage site) evaluated from optical microscopy (diffraction
limit subtracted). Line 3 depicts a dependence Length x Energy2 . Curves are plotted to guide the eye.

lower than the detection limit in microscope observation, which is given by line5 in Fig. 4(a). The fact that the
damage fluence for D = 0.1 — 0.4 jm was slightly larger at ) = 400 nm than that at 800 nm can be explained by
the established dependence for surface damage intensity 'damage 0 1/\Sji5Area.28 This dependence describes,
in fact, the importance of diffraction losses in the case of tight focusing into spot size with diameter close to A.
Recently, we reported similar LIDT dependence for an in-volume microstructuring of silica29 found at tight focusing
by NA = 1.35 objective lens, when the wavelength of fs pulses was changed from 400 nm to 800 nm.

We imaged the voxel (an optical damage site) in an optical microscope and the axial and lateral sizes were found
not obeying eqn. 4 (Fig. 4(c)), as it was in the case of surface ablation (Fig. 4(a-b)). Instead, the axial length
was found following o Energy2 dependence for the voxels fabricated by an objective lens with NA = 1.35 till the
cracking point marked by a boxed region in Fig. 4(c). The lateral size was not considerably changing with the pulse
energy. Figure 4(c) shows data presented in the form comparable with the surface ablation given in Fig. 4(a-b).
This observation can be explained by the focal intensity distribution of a Gaussian pulse, which decays laterally as
exp(—radius), while axially as z2, where z is the distance from the focus. This eventually defines a focal region as
a cylinder, what was observed experimentally examining voxels.

This shows that the spatial intensity distribution of the pulse are defining the feature sizes in both surface ablation
and 3D microstructuring.

3.3. 3D fabrication by ablation: the "plasma spark" method
Here we introduce a new method of microstructuring of transparent solid materials by fs pulses. Fs-pulses are focused
on the exit plane of the sample using piano-convex lens of focal length f =20 —100 mm. The amplitude of the electric
field, E, on the exit plane is larger by a factor 2n/(n + 1) as that on the entrance plane, here n is the refractive index
of sample. If we disregard the absorption and reflection of the sample, which is low for transparent dielectrics in
visible-to-near-infra-red spectral region, the enhancement up to 20% can be obtained for typical glasses (silica-based
or polymers) with n = 1.5. The nature of enhancement is in the phase of reflected light, which undergà a phase shift
of rr for the entrance plane, since the light travels from the lower into the higher refractive index material. At the
exit plane, there is no phase shift. This causes the total E-field at the entrance surface to be, usually, lower than
that on the exit. When the intensity of ablation at the rear plane is reached, the ablation plume is visible (Fig. 5).
The ablation front was scanned slowly, typically at 5-20 jim/s inside the sample. This fabrication could be called
microstructuring by "plasma spark".

This method is different from microstructuring by self-focusing,3° where the waist of the beam is at the entrance
surface. Moreover, self-focusing would not allow to make microstructuring just a the surface, since a close presence

Proc. SPIE Vol. 4637164

Downloaded from SPIE Digital Library on 01 Mar 2012 to 136.186.72.84. Terms of Use:  http://spiedl.org/terms



Figure 5. (a) Series of images (1-7) during "plasma spark" scanning throughout a 1.8 cm thick BK7 glass sample.
Image 1 correspond to a focus location (pointed to by an arrow) just beneath the exit plane (a starting point for
fabrication); 2 - at the exit and entrance planes, respectively. (b) Fabricated channel was imaged in the scattering
light of introduced laser beam at 532 nm. (c) Image of the coloration of glass along the fabricated channel. (d)
Close-up look at the coloration region of channel.

of the boundary disturbs the necessary conditions for self-focusing as we found in our experiments.

We applied this principle for a large-scale (101 iO' pm) 3D microfabrication of borosilicate glass, technical
grade of BK7. The fabrication of a channel was photographed and is shown in Fig. 5(a). Series 1 —+ 7 of images
shows the translation of a "plasma spark" , which location is pointed to by an arrow. The bluish light emission at
D 365 nm observed to the left of an arrow (Fig. 5(a)) is caused by photoluminescence (PL) of L-centers, which defines
an absorption edge of silicate glasses at 213 nm (5.8 eV).31 This type of PL emission is only present for an intrinsic
absorption of glass. Orange light seen to the right of arrows (Fig. 5(a)) is a signature of the light, caused by a "plasma
spark" , which was scattered on the walls of the just fabricated micro-channel. Similar results of microfabrication
were obtained in the case of plastic acrylic glass.

An post-fabrication observation showed that a channel of 80 — 100 tm in diameter was fabricated throughout
almost 2 cm length of glass as shown in Fig. 5(b). Coloration of BK7 glass along the channel was clearly seen
(Fig. 5(c-d)). This type of color center formation with absorption bands centered at 310 nm (4.0 eV), 440 nm
(2.82 eV), and 640 nm (1.94 eV) is known to appear only at exposures to a light corresponding to the bandgap or
shorter wavelengths absorption (including ionizing 'y-/ and X-rays), also, to the absorption of high energy particles
(electrons, neutrons, cr-particles) . These color centers can be annealed at 100 — 2000C (a coloration disappears).

It was found that the optically damaged regions in borosilicate glass BK7 are etched much slower in BHF solution.
This is, most probably, caused by the densification of glass around the channel. Even a presence of the defects, which
had caused the coloration of glass, was not in favor of faster etching. However in pure silica, the etching contrast of
optically damaged and fresh silica was such, that the 3D-channel fabrication was possible as we reported earlier.32
The difference could be explained by the internal stress distribution around the damaged spots as presented in Fig. 6
by cross-polarized imaging along the channel. The stress was found highly localized around the channel in pure
silica and was distributed much wider in the case of borosilicate glass. Further studies are planned to elucidate this
mechanism.

Presence of densification under optical damaging with fs-pulses was also infered from Raman scattering data. To
assess the structural modifications of silica the Rarnan spectrum was measured from a sample optically damaged by
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Figure 6. Cross-polarized and transmission images of optically damaged channels in silica (Sumitomo) and borosil-
icate slide glass (Matsunami). Focusing was made on the exit plane using a plano-convex lens with focal length of
f = 25 mm. Then, the ablation plasma was transferred into the sample by translation along the beam propagation
with approximate velocity of 0.2 mm/s. Laser power was 280 mW at 1 kllz repetition rate. The wavelength was
800 nm.
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Figure 7. Raman spectra of silica before (1 for VH and 2 for VV polarization) and after (3 VH-pol.) optical
damaging. Fluorescence background subtracted.

a single shot irradiation per voxel. Four layers of voxels with an average inter-voxel distance of 3 ,im was recorded
in a 150 am-thick silica plate on the area of 4 x 4 mm2. The spectra from damaged and fresh material are plotted
in Fig. 7 (VV and VII denotes vertical-vertical and vertical-horizontal polarizations of illumination-detection setup,
respectively). The band D1 at 495 cm1 is related to the regular puckered 4-ring structure vibrations and the D2
band at 606 cm1 is due to planar 3-ring vibrations, and 800 cm1 band is due to collective, network, vibrations.33
One can see, that the 4-ring structure vibrations have been decreased in intensity by a factor of 1.47 in comparison

Cross-polarized image

200 p.m
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Proc. SPIE Vol. 4637166

Downloaded from SPIE Digital Library on 01 Mar 2012 to 136.186.72.84. Terms of Use:  http://spiedl.org/terms



with those of 3-membered rings, while the network vibrations were left almost unchanged. This points out that the
bond breaking was taking place during optical damaging in favor of more dense 3-membered ring structures.

In the case of silica, the LIDT energy for 3D microstructuring was 24 nJ at a 50 jm depth. We can evaluate the
corresponding total Si-O bond energy stored in the irradiated volume. Si-O bond energy is 432 kJ/mol and mass
density of silica is 2.2 g/cm2 . The volume of focus can be approximated by the volume of cylinder, which height is
twice the Rayleigh length, 2z0, and the radius of a base is the waist of the beam w0 . This gives the energy stored in
Si-O bonding in the focal region to be 7.6 nJ. It means, when the chemical bonding energy comprises 29% of that
in the light field, the LIDT is reached in silica. This is just a bit larger than the Lindeman melting criterion, x. For
the most of materials 0.20 < x < 0.25, what means that the melting starts when the time average deviation of an
atom's position in respect to its equilibrium state comprises a value x of the interatomic distance.

4. CONCLUSIONS
We found that emission of 3/2w radiation was observed in silica at irradiation intensity higher than 1.6 x 1014 W/cm2.
Spectrally broad band emission observed at fluencies around optical breakdown can be qualitatively explained by
classical bremsstrahlung. Large scale mm-to-cm 3D microstructuring of transparent materials can be achieved by
using a novel, "plasma spark" method, which was successefully applied for microstructuring of silica, borosilicate,
and acrylic glasses.

ACKNOWLEDGMENTS
This work was in part supported by the Satellite Venture Business Laboratory of the University of Tokushima. The
authors are grateful for BK7 glass samples to Dr. 0. Efimov. The discussions with Dr. A. Rode, Dr. M. Richardson
and Dr. D. Ashkenasi are highly appreciated. We would like to acknowledge a collaboration with Dr. N. Novomlintsev
for the Raman scattering measurements.

REFERENCES
1. M. Watanabe, H. Sun, S. Juodkazis, T. Takahashi, S. Matsuo, Y. Suzuki, J. Nishii, and H. Misawa, "Three-dimensional

optical data storage in vitreous silica," Jpn. J. Appi. Phys. 37(12B), pp. L1527—L1530, 1998.
2. M. Miwa, S. Juodkazis, T. Kawakami, S. Matsuo, and H. Misawa, "Femtosecond two-photon stereo-lithography," Appi.

Phys. A 73, pp. 561—566, 2001.
3. C. Quoix, G. Grillon, A. Antonetti, J.-P. Geindre, P. Audeberet, and J.-C. Gauthier, "Time-resolved studies of short

pulse laser-produced plasmas in silicon dioxide near breakdown threshold," Eur. Phys. J. AP 5, pp. 163—169, 1999.
4. 5. Juodkazis, A. Marcinkevicius, M. Watanabe, V. Mizeikis, S. Matsuo, and H. Misawa, "Sub-picosecond optical damaging

of silica: time resolved measurements of light induced damage threshold," in Proc. SPIE vol. 434 7, Laser-induced damage
in optical materials: 2000, G. J. Exarhos, A. H. Guenther, M. R. Kozlowski, K. L. Lewis, and M. J. Soileau, eds.,
pp. 212—222, 2001.

5. K. Yamasaki, S. Juodkazis, T. Lippert, M. Watanabe, S. Matsuo, and H. Misawa, "Dielectric breakdown of rubber
materials by femtosecond irradiation," Appl. Phys. A , 2002. (In press).

6. R. R. Alfano and S. L. Shapiro, "Emission in the region 4000 to 7000 âvia four-photon coupling in glass," Phys. Rev.
Lett. 24, p. 584, 1970.

7. R. R. Alfano, The Supercontinuum laser source, Springer-Verlag, New York, (1989).
8. R. L. Fork, C. V. Shank, C. Hirlimann, R. Yen, and W. J. Tomlinson, "Femtosecond white-light continuum pulses," Opt.

Lett. 8, p. 1, 1983.
9. P. B. Corkum, C. Rolland, and T. Srinivasan-Rao, "Supercontinuum generation in gasses," Phys.Rev. Lett. 57(18),

pp. 2268—2271, 1986.
10. A. Brodeur, F. A. Ilkov, and S. L. Chin, "Beam filamentation and the white light continuum divergence," Opt. Comm.

129, p. 193, 1996.
11. Q. Z. Wang, p• P. Ho, and R. R. Alfano in ref. 6, pp. 39—90.
12. Q. X. Li, T. Jimbo, p P. Ho, and R. R. Alfano, "Temporal distribution of picosecond super-continuum generated in a

liquid measured by a streak camera," Appl. Opt. 25, p. 1869, 1986.
13. G. Y. Yang and Y. R. Shen, "Spectral broadening of ultrashort pulses in a nonlinear medium," Opt. Lett. 9(11), p. 510,

1984.
14. N. Bloembergen, "Influence of electron plasma formation on superbroadening in light filaments," Opt. Comm. 8(4),p. 285,

1973.

15. A. Penzkofer, "Parametrically generated spectra and optical breakdown in H20 and NaCl," Opt Comm. 11(3), p. 275,
1974.

Proc. SPIE Vol. 4637 167

Downloaded from SPIE Digital Library on 01 Mar 2012 to 136.186.72.84. Terms of Use:  http://spiedl.org/terms



66T '69T—L9cT dd '(T)' u w •Sfltlc[ 'soss ipoq%?ro xy U! S3IUIUJp UJ 'flo!IIcEI T }i pu 'ZUflLtJA 'JOUOO " J 'O1J 'T J .Too '6L—LLg dd '() •37 id0 'us Ui posss 
-JosI puoDsovuoJ,, r pu 'wsij H 'onsj,s g 'iyj j,s i"i 'szjpon •s 'Sfl!!Ao)U!rnJA y • TOOg '9—8M dd 
'.sp 'noI!oS T •J'\T PU 'sMorI rj •N 'i)SMOZO) •J •}\J 'JotIwonD II •V 'soqJ%x r •D 'OOO :s7vivw vdo u fiv?JLvp p2dflpUi-JdSIYJ r6r ¶IcfS •°4I U! 'SOSSI O3fflS Jo UOIZIUOI pui uodioSq%? 'Aoqojj -j j S66T 

'TTT?T—T?TT dd '(gT)L 7 •SfltIcI 7ddy 'siom uaidsuii jo uinpnisoim ioj sosind 
sd jo usnzoj-s Jo uo!!Iddy,, 'IJoqw3 [ pu 'uuftuJiH ç 'ZuOH S 'Pi°'°i y 'iiA H 'SUO)qSy Q O (ssoid UI) 'V$9fl?:1 uPfhJl 'TOO Uflf 9 - g 'Uoo v77i) sn5ooutpj uoiznuiofu vi puv isv'j uo fuo 

.1uI Jo ¶IcIS •O4f U! JosI UOOSOUJJ cq sI%!Jm UOredSUJ jo 
-oios,, 'iWS!Ji%J H PU 'onsgIAI s 'SPIIOzHAI A 'SflIIAO)UIaflJAJ •y 'oqu •j,\j 'MH/\T •J/ST 'U1%tJOH •Ji\J 's!z)Iponf •s 6 666T 'qI°p!°H 'Ullioll 'iouudg '5uuôu sv vs-pog 'JouTpoo) M 

TOO 'T7TT—LOT dd ' z fiqj ddy ios posind 'q pozrnpU! OAAt osjoouuqj,, 'x x pu U?M x 
666T '9T—T dd '(T)TI dj Ij 'SOJJOUi P!I0 PU SPIIOS UI UOWOUqd 

jD!do UAU IcIIDTsno PU 03U03S0U!UJflIOUOS,, 'SS!mm!JD 3 H pu 'oo j 'OfUOq3OiO y 0 '!PISA01SO A 1 9 966T 
'9L6—TL6 dd ' g •fl? •Sfl?Icf 'SSI !I! u upods O3USOUtWflODiJ O o3UopUdop UoUoD-Ho,, 'i A 

g66T 'g6—Tg6 dd ' •sf1?/c:I 'oioqdsom uoiu pU WflflflA u ss jo J3ods pOAIOSOi-OTU!J,, 'NflM A T 
866T 'TLT—TTLT dd '() sf1j lddV •f 'os p!nb!I pssoidmo3-poqs s U! UI!I-pos Jo siniodmo 'nq A b PU 'wzpj 'AOUAd A 0 'OUPIOS J 'qsAqo j LS6T ')JOA "N 'SSOJd A1SiOAIUfl opJq!U%3 'iiSOUôViG Jo duj 'UOSUq4fl II 1 ? . (ssoid UI) oo ' svm$vlcI •Sflt/c[ pue sjom ioj spoqsoiq Uoq pu uIsUqDom 

Uoq :siosg1 pUO3OSOUJJ ícq spos JO UOflqy,, 'SOA%u-iOqWJ j pU ')flq3UOq)j 1 A '0p03J A V 'I-'-'D 3 I T 
66T 'LL—T7L dd '(T)r iidsfl -iSiqj 

'U!Sfl3OJ UOD!X13 w s1owInsTI! tIO UOE%Tp1 1I pUoSOtUJ iiqns Jo unJu! n ;o uo!flsAu! 
[eWOm!10dX3,, 'AOUZq •y •ci pu 'AoudoS N v 'AOJS V 'O)UOpA%Ud 1 >1 'AIOS!N TAT V 'UqJ y o 9S6T 'IPUfl0D qDJso1I TUOEN pU SO3iflOSOJ 'SO!jJAJ 'SOUO!S 

ID!SId UO UOTSSImUJO3 pu AmOUOJSy UO piO[ pu OOflUJUTO3 AOAJflS s3s'q sP!nkl U%? JO 
SDSiq OtJ UO TOUd •3 Q 'UOUqS 'SSOId 1t10PV IU0!N 'O66T Oq qflOJTj S3!SAJd :sJos 'pfliñ PUD SVU2SV7 6T 

(ssoid UJ) OOg 'uoivutonv UO dmflg VSflUVdVf OO Z?04[ U 'Uo JqJoJDTu 
UO3OSOUIJ JO sUmOc4iOqS UU SO uUApy,, 'Sfl!D!AO)IUTDiJAJ y UU 'SDpOZTJ,%4 A 'onsJAJ •S 's!zpOnf S ''!IAT H ST 

L66T 'LgT d '() UOO7 UflcLUVflb f ¶riiI 
'sosjnd ios ioqsin posnoj icq po3npu uMoppoJq Jo jo pjoqsoiq oq UO UoiInwis pu £xooq,, 'UosduxoqJ 

J 3 UU ' P°'H V 1 'JOIUUIUH X 'ApOUUO N d 'oo3 N i 'uoN 3 y 'Aouoop A ç 'uoj 
866T 'T59 d 'wi 

zo'j id0 's O3 u uMoppoiq-UDfldo SUSJOA UOUJOUO wnnUEuo3Jodn5,, 'uq3 pUU 'UAO)IJ{ S rJ 'AO)flI V I •9T 

Proc. SPIE Vol. 4637168

Downloaded from SPIE Digital Library on 01 Mar 2012 to 136.186.72.84. Terms of Use:  http://spiedl.org/terms


