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General Introduction

    The reactions between light and glass materials have been well

studied in photochromi6, photosensitive, and polychromatic glasses [1-3].

There have also been considerable researches on the writing of Bragg

gratings inside optical fibers and on photochemical hole buming [4-6].

The reactions between light and glasses have been put to practical use in

phase-change-type memories using a heat-mode scheme [7]. Such

reactions are usually produced by exciting an absorption area on the

glass to attain various types of light'induced structural changes. Actually,

continuous-wave lasers and pulse lasers having pulse widths of

nanosecond or longer order are used as light sources, and the laser

wavelengths are mostly used in the ultraviolet regions. As a consequence,

light'induced reactions are more active on the surface layer of the glass;

it is difficult to achieve light-induced effects only in selective internal

areas of the glass, since these light are absorbed in glasses.

    In general, it is difficult to produce an interaction e,ffect between

glasses and light by one photon process when the excitation wavelength

does not agree with the wavelength of absorption region of glasses.

However, various types of interactions with glasses can be produced by

using an ultrashort-pulse laser operating at the nonresonance
wavelength with pulse widths 'of femtosecond order [8,9]. Ordinally,

ultrashort laserLpulses are used mainly for high-time resolution

observation and evaluation of the dynamics of the phenomena that occur

within materials on time scales ranging from picoseconds to
femtoseconds. Such phenomena include a direct interaction between

light and atoms or molecules, a saturation process associated with the
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coherent state of materials, and an elementary process of chemical

reactions. By using a short pulse width of femtosecond laser an

extremely high peak power can be also obtained. so high intensity light

(up to 10i4 W/cm2) can easily be achieved by focusing the laser beam.

From a practical point of view, this high laser intensity offers new

challenges and provides new phenomena.

      When the absorption mechanisms described above give sufficient

energy into the matenial, permanent dam'age is produced. For pulse

durations longer than a few tens of picoseconds, energy is transfered

from the laser-excited electrons to the lattice on the time scale of the

pulse duration. This energy is then carried out of the focal volume by

thermal diffusion. Damage occurs when the temperature of the material

in the irradiated region becomes high enough for the material to melt or

fracture [10]. For pulses shorter than a few picoseconds, the mechanism

for optical damage is simpler than the longer laser pulses. Absorption

occurs on a time scale that is shorter compared to the time scale for

energy transfer to the lattice, decoupling the absorption and lattice

heating processes [11]. Electrons in the conduction band are heated by

the laser pulse much faster than the cooling by electron-phononcoupling

emissions. The electron density grows through avalanche ionization

until the plasma frequency approaches the frequency of the incident

laser radiation [11]. This high density plasma strongly absorbs laser

energy by free'carrier absorption. This shock-like deposition of energy,

on a time scale much shorter than the thermal diffusion time, leads to

the ablation of materials on the surface or permanent structural change

in the bulk glasses.

      The availability of laser pulses with femtosecond duration allows

materials to be subjected to a higher laser intensity than ever before,

opening the door to the study of lightlglass interactions in a new regime.

Therefore, the development of high-energy-density femtosecond-pulse

lasers has prompted us to investigate the unexplored potential for
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inducing multiphoton photochemical reactions. .We have used a

femtosecond laser with an ultrahigh-strength electric field as one of our

tools to make microscopic modifications in glasses and to realize the

novel function of glasses. The fabrication process involves focusing

near-infrared femtosecond laser pulses inside a bulk glass to induced

microscopic modification at the focal point of the laser beam. When the

glass is translated with respect to focal point, complex three'dimensional

microscopic modificati6ns can be fabricated inside the bulk glass

substrate. There is therefore considerable interest in using femtosecond

lasers to generate various types of microscopic which are of scientific and

practical interest.

      We found that refractive index changes of the order from 10-2 to

10'3 can be induced within various types of glass by irradiating the glass

with focused femtosecond laser pulses [12]. By using a femtosecond laser

with a high repetition rate, permanent optical waveguides can be

successfu11y written in various glasses, where refractive index changes

are continuously induced along a path traversed by focal point [13,14].

      We have also attempted the effect of laser irradiation in

rare-earth ions doped glasses by femtosecond laser pulses. It was

discovered that the long-lasting phosphorescence phenomenon which can

be observed with human eye even for 10 hours after th,e stop of the

exiting [15]. Photo"reductions of rare earth ions in a few glasses could

also be produced by the irradiation of femtosecond laser pulses. Up to

now, to our knowledge, no creation of permanent photo-reduction in the

glass have been reported with the laser, although several investigations

have been conducted on the transient creation of the divalent rare earth

ions in solutions- and halide crystals by laser irradiation [16,17]. In

addition, by using the valence state change of samarium ions to make a

"bit", it was proved that data can be read out as fluorescence information

and erased by the irradiation with a CW laser. This technique will be

usefu1 in fabricating next"generation 3D optical memory devices with an
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ultrahigh storage density. .
      Various nonlinear optical effects such as multiphoton ionization

and plasma vibration were induced in the focused area of the laser beam,

resulting in a dramatic rise in the temperature and internal pressure in

the region of focus. In taking advantage of this phenomenon, we could

form spherical melting regions at arbitrary sites within a bulk glass by

using a femtosecond laser with a high repetition rate, and for the first

time to our knowledge' , we have succeeded in growing a crystal with

single-crystal-like structure inside glasses.

      In the present study, several effects and mechanisms of

microscopic modifications in glasses induced by 800 nm femtosecond

pulse laser are investigated. It is confirmed that a variety of microscopic

modifications which are permanent or metastable at room temperature

can be made only in the laser focusing area inside transparent glasses by

using femtosecond laser pulses.

      In Chapter 1, mechanisms and applications of the laser-induced

refractive index change of the glass are presented. Here, the structural

change in the silica glasses before and after the laser irradiation is also

discussed. Electron spin resonance (ESR) measurement and confocal

microscopic Raman spectroscopy was used to investigate for the

photo-induced refractive index change found in Si02 glass,and to reveal

the mechanism on this phenomenon. The preparation and optical
characterization of photo-written optical waveguides formed in various

glasses are also described.

      In Chapter 2, studies regarding the generation of induced

structures using rare-earth ions are presented, including longdlasting

phosphorescence4and permanent photoreduction in glasses. Here, a

three'dimensional long-lasting phosphorescence phenomenon in calcium

alumino-silicate glasses doped with Ce3', Tb3', and Pr3' induced with a

femtosecond laser is presented. The space selective photo-reduction of

Sm3+ to Sm2+ inside sodium aluminoborate glasses is presented. The
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possibility of achieving three-dimensional optical.data storage with

rewritable and ultrahigh density by using permanently photoreduction

of samarium ions induced with a femtosecond laser is examined.

      In chapter 3, space-selective growth of econd-harmonic-generation

BBO (B'BaB204) crystals inside BaO-A1203-B203 glass samples at the

focal point of 800-nm femtosecond laser beam is presented. A spherical

heated region was formed during the focused laser irradiation through

observation with an optical microscope. The generation of a fiber BBO

single crystal continuously inside the glass is attempted by moving the

spherical melting zone.

1
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Chapter 1

Mechanisms and applications of laser"induced
refractive index change of glasses by femtosecond
laser irraduation

1.1 Photo-refractive index changes with femtosecond laser (fs)

    pulses

1.1.1 Introduction

     Since the 1970's, many investigations of the effects of UV radiation

damage in high-silica glasses (especially Ge-doped silica glass) have been

performed with the objective of producing optical devices (e.g., Bragg

gratings) in fibers and thin films [1]. In contrast, laser damage by visible

and IR laser light has received little attention owing to the low photon

energy at these wavelengths. The development of high-energy-density

femtosecond pulse lasers, however, has prompted us to investigate the

unexplored potential for inducing multiphoton photochemical reactions

and optical devices in glass by use pf Iasers of sub-UV photon energy.
                                                  E     In this section, it was presented results that visible laser damage

and photoinduced refractive-index changes can be achieved with a red

visible femtosecond laser.

1.1.2 Experimental procedure

     By using the apparatus shown in Fig. 1.1, the irradiation sources

employed were a regeneratively amplified 800-nm Ti:sapphire laser that

emitted lkHz or 200"kHz, mode'locked pulses. The average power of the

laser beam at the sample location was controlled between approximately
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40 and 800 mW by neutral-density filters that were inserted between the

laser and the microscope objective. The 5-mm-diameter beam was

focused through 5'20Å~ microscope objectives and injected into polished

plates of dry and wet silica, Ge-doped silica, borate, soda Iime silicate,

and fluorozirconate (ZBIAN) glasses. With the help of an XYZ stage, the

samples were translated at rates of 100-10,OOO pmi/s either parallel or

perpendicular to the incident laser beam, thus creating visible damage

lines inside the glasses.

      For the silica and the Ge'doped silica glasses, we made cross

sections of the damage lines by cutting the samples and polishing the

exposed surfaces. Refractive-index profiles of the cross sections were

measured with a optiprove. For UV and electron spin resonance (ESR)

spectroscopic measurements, we took scans before and after we wrote

identical damage line patterns in glass plates by using a 10Å~ microscope

objective and translating the samples perpendicular to the incident light

at a rate of 100 pmils. For these samples, the average laser power at the

sample was N470mW. Assuming a square-wave pulse, a uniform beam

intensity, and a diameter of the laser focal point that is equal to the

thickness of the observed damage lines (N6 pmi), we found that the

samples experienced 12,OOO pulseslspot, and each spot wasltsubjected to a

dose of 100 MJ/cm2 during a single pass of the laser.
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1.1.3 Results and Discussion

1.1.3.1 Photo-induced refractive index change with fs laser pulses

      The damage caused by focusing 50-ptJ, 150-fs 1-kHz mode-locked

pulses on the surface of the fluoride glass samples is shown in Fig. 1.2 (a),

and the damage caused by focusing pulses in the interior of the samples

is shown in Fig. 1.2 (b).'Each sample received 2000 pulses/spot through a

10X microscope objective. When the laser was focused on the near

surface, ablation or cracking due to thermal shock occurred. But when

the laser was focused in the interior of the glass, no cracking was

detected and the only visible damage resulting from the refractive-index

change was observed at the focal points. In this case, the spot size

decreased with the number of irradiations and with the peak power of

the pulses. Figure 1.3 shows an array of the refractive index changes

inside silica glass induced by a single pulse for each, where peak power

was 109 W/cm2. These spots have diameters of roughly 400 nm, as

measured with a confocal laser scanning microscope. This was

significantly smaller than the focal-beam size and the wavelength of the

laser (800 nm). This may be due.to the self-focusing of the laser and
                                                     ftnon-linear effect of the glass, which resulted from the interaction

between the laser and the glass.

      In general, it is difficult to produce an interaction between glass

and a laser when the pulse energy is not absorbed by a one photon

absorption process. However, an ultrashort'pulse Iaser can produce

various types of' interactions in various types of glass through the

non-linear optical process. In practice, white'light generation due to the

self-phase modulation and second-harmonic generation were observed

from the focal point of the laser beam inside the glass.
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     TYpical emission spectra of fluoride glass and Ge-doped silica

glass during irradiation from an ultrashort-pulse laser are shown in Fig.

1.4; the laser wavelength and average power were 800 nm and 200 mW

at 200 kHz, respectively. Thus various nonlinear processes occur at a

focal point. By using the photosensitivity attributed to the nonlinear

optical process, we were able to induce refractive'index changes in only

the focus region because nonlinearity occurs only in regions where the

optical intensity is above the damage threshold.

Fig. 1.2. Damages caused by focusing a femtosecond
laser (a) on the surface of the fluoride glass samples,
and (b) in the interior of the samples.
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Fig.1.3. Refractiveindexchangesinsidesilica
glass induced by a single pulse for each. These

spots have diameters of roughly 400 nm, as
measured with a confocal laser scanning
mlcroscope.

1
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1.1.3.2 Magnitude ofthe refractive index change

      For all translation speeds and directions, structural changes were

induced along the path traversed by the focal point of the laser, and

colorless, transparent linear damage marks were produced inside every

glass that was probed. These damage lines and their cross sections are

visible when transmitted light optical microscopy is used and were stable

at room temperature. ' For the high'silica' glasses, the damage lines

produced when the samples were translated parallel to the axis of the

laser beam were roughly cylindrical, with diameters of approximately 12

to 5 ,Ltm for the 5-20Å~ microscope objectives. The cross sections of the

lines created when the samples were translated perpendicular to the

laser axis were elliptical because of the depths of focus of the Ienses, and

the long dimension of the cross sections ranged from approximately 275

to 100 pm for the 5-20Å~ lenses. For the high`silica glasses, the size of the

damage was fairly constant with changing translation speeds. For the

soda lime silicate, ZBLAN, and borate glasses, however, the dimensions

of the damage area changed significantly with translation speed, and

when these glasses were held motionless in the laser beam the damage

spread radially from the focal point of the laser with time as if the glass

                                                     ,
were being slowly melted.

      Because of the potential telecommunications applications for the

pure and the Ge-doped silica glasses, the properties of the damage in

these glasses were examined first. Using a microellipsometer, we

measured refractive-index profi1'es across the cross sections of damage

lines that were formed perpendicular to the laser beam. For the pure and

the Ge-doped silica glasses, a single pass of the laser produced

refractive-index increases of approximately Q.O15 and O.Ol, respectively,

at the center of the damage region (Fig. 1.5). After 10 passes of the laser,

15



the refractive index at the center of the damage was N O.035 higher

than that of the surrounding glass in the Ge-doped silica. The refractive

indices of the as-received glasses vary by less than Å}O.OO05 across the

probed region according to the manufacturers' specifications, and the

error in the ellipsometer measurements is less than Å}O.Ol. Thus the

refractive"index increase in curve (A) of Fig. 1.5, at Ieast, is

unquestionably real.

1
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Fig. 1.5. Refractive-index mappings across the cross sections
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laser along an identical route, (B) 3Ge02 97Si02 after a sing}e
pass of the laser, and (C) pure silica after a single pass of the
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1.1.3.3 Formation of several defects after laser irradiation

      According to ESR measurements (Fig. 1.6), the pure and the

Ge-doped silica glasses showed increases in the concentrations of Si E'

and Ge E'centers, respectively, and the formation of peroxy radicals and

nonbridging oxygen hole centers was observed in both glasses. The UV

difference spectra (Fig. 1.7) are in agreement with these assignments [2 -

4] but also show a' possible decrease' in the concentration of

neutral-oxygen monovacancies (NOMV's) in the Ge-doped glass[5]. In

addition, unidentified broad absorption bands running from 320 to 700

nm are formed in both glasses.

      The creation of defects in the high"silica glasses by 810-nm

radiation suggests that the damage mechanism involves a multiphoton

process. To our knowledge, such damage at this wavelength has not been

reported, and it is suspected that the high pulse energy of the

femtosecond laser is responsible for the effect. The photo-induced

refractive-index increase in pure-silica glass also appears to be a new

observation.

      'I}raditionally it has been suggested that the refractive-index

increase resulting from UV irradiation of Ge-doped silica glasses arises
                                                     afrom the bleaching of the NOMV band at 5.06 eV (245 nm) owing to the

reaction of these sites to form Ge E'centers. More recently, however, it

was shown that this bleaching mechanism can account for only a small

portion of the refractive-index changes,[6] and a model based on

densification and strain in the glass has been proposed [7]. The observed

refractive-index increases in both Ge-doped and pure'silica glasses

support the idea that the changes are not caused primarily by the NOMV

bleaching mechanism, as no NOMV's are found in the UV spectrum of

the pure silica. From microscopic obse!vation of the damage region

18



during irradiation, the structural changes appear similar to what might

be expected for localized melting, and it is suspected that the local

structural rearrangement is significant. However, we do not yet have

direct evidence of densification. It is also not known whether true

melting and rapid quenching are occurring, whether the glass is

experiencing a combination of defect formation and structural relaxation

toward metastable equilibrium, or whether the structural changes are of

a different nature. In addition, it is unclear what effect the unidentified

absorption bands in Fig. 1.7 have on the refractive index. The

refractive-index increases observed here for the high-silica glasses are

large enough for the creation of optical devices and waveguides in bulk

glasses, and the ability to restrict the refractive-index changes to the

region scanned by the focal point of the laser allows one to write complex,

three'dimensional patterns in the glass. Writing damage lines

perpendicular to the incident light beam provides the most flexibility for

writing planar patterns and allows one to create multiple pattern layers

by simply changing the focus depth of the beam. Although the lines

written perpendicular to the laser are elliptical, it should be possible for

one to produce cylindrical damage lines that can serve as light conduits

by varying parameters such as the aperture of the microscope lens, the

laser wavelength, and the sample thermal history.
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    The ability to create photoinduced refractive-index changes in glass

by focused, femtosecond laser irradiation at subdUV wavelengths has

been demonstrated. This is important because it is easy to design optical

systems that can manipulate this low-photon-energy light without

causing laser damage except at the desired focal point of the beam.

Moreover, it was possible to create visible but transparent laser damage

without cracks in every glass examined. With improvements in the shape

of the damage, damage lines formed by this process may one day be used

as waveguides in optical circuits.

1
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1.2 Mechamisms of photo-refractive index. changes with
     femtosecond laser pulses

1.2.1 Introduction

      The phenomenon of the refractive index change in Si02 glass due

to ultraviolet (UV) light irradiation has receptly gained great interest

among glass researcheics. It is well-known that Bragg grating writing

onto a Ge02-doped silica optical fiber using refractive index change is

induced by UV light irradiation and so on[8,9]. Recently, it has become

clear that this refractive index change can also be induced by focusing an

ultra-short pulse laser beam [10,11] at a wavelength that cannot be

absorbed in one photon process. This is done through a microscope

objective and it has become evident that a permanent refractive index

change can be induced on 10'2--10"3 order on the inside of the Si02 glass.

With the ultraviolet irradiation, it is difficult to selectively make a high

refractive index of only the glass inside. This is because the

5eV'absorption band, which originates from the oxygen defect in the

glass, is directly excited by the one'photon process. Furthermore, it has

also been confirmed that an increase in the refractive index can be
                                                     ftinduced in 10'2 order in both the Ge-doped and pure Si02 glass. However,

the mechanism of whether the refractive index change is induced by the

ultra-short pulse laser is still unknown. The reason it is difficult to

measure this phenomenon is that the refractive index change is limited

to the microscopic region.

      Confocal Microscopic Raman spectroscopy is a powerfu1 tool in

this case, because it has a high space resolution and sensitivity to

structural change. The purpose of this paper is to investigate the

confocal microscopic Raman scattering for the photo-induced refractive

                                23



index change found in Si02 glass and to reveal the. mechanism behind

this phenomenon.

1.2.2 Experimentalprocedure

      An experimental apparatus for inducing a high refractive index

region in glass has been described elsewhere (see Fig. 1.1). The

apparatus used i20fs Iaser pulses, 800nm in wavelength and 200kHz,

that were generated by a laser system comprising a mode-locked

Ti:sapphire laser and a regenerative amplifier. A specimen of pure Si02

glass with a thickness of about lmm was translated through irradiating

a laser that was focused by a 10X-microscope objective. The refractive

index changes were induced along the path traversed by the focal point,

and the damege lines were induced inside the Si02 glass.

      A schematic of an experimental setup for measuring confocal

microscopic Raman spectra is shown in Fig. 1.8. To probe the Raman

scattering, a sample with a high refractive index region was attached to

a holder that could move precisely. The cw laser (Uniphase p-green laser,

532nm, 50mW) was focused through the spatial filter (pinhole) to make a

sample with a 20X microscope objective. In order to measure the Raman
                                                     s
spectra, the scattered light focused using the same objective was led by

the beam splitter to the entrance slit of the single polychromator (Spex

270M). This was done with a holographic notch filter that could reject

strong Rayleigh scattering light and was detected using an intensified

charge coupled detector (Princetbn ICCD). In order to remove light from

the non-focal position of the scattered light, a spatial filter was put on

the confocal position.

    For a Ge-doped silica glass, to obtain information about the

densification with structural change in laser irradiation region, we
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observed a non-polishing surface of a core end on a. waveguide with an

AFM (atomic force microscope). On the surface of the glass used in this

observation, it was confirmed that the ablation by laser irradiation was

not occurred, in advance.

POLYCHROMATOR

532nm 50rnMf
       -I
              l

              P

P

S/VVIPLE

BS MICROSCOPE
OBJECTIVE

e

Fig. 1.8. Schematic
splitter; P: pinhole.

of the experimental setup. BS: beam
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      First, it was necessary to confirm whether the space resolution of

the equipment was sufficient. For this purpose, a sample described some

waveguides in the 25 pm interval was prepared. Then, the Raman

spectra were measured for two cases: both focused and non-focused on

the waveguide. The results are shown in Fig 1.9. There are a lot of

noises in this measureMent since the exposuice time is too short, but from

these results, it is clear that we can obtain a Raman spectrum that is in

proportion to the existing reproducible waveguide. Thus in place of the

waveguide, the features emphasizing the 490-cm'i Di band were

reproduced. Using these results, the Raman spectra were measured by

exposing the features for hours.

      Figure 1.10 shows the Raman scattering spectra of the
unirradiated region (a) and the waveguide region (b) in Si02 glass. In

order to evaluate the toi band center value, we show the reduced Raman

scattering spectra according to reference 6. The reduced Raman spectra,

Ired are calculated from the direct spectra I(toL, cDs) according to

                             I(to,,cOs) cD
                      Ired(to) !! (coL - cD)4 n(to) + 1

                                           '
                                                     fi
where tuL is the frequency of the incident laser light, and tos =' toL-to is

the frequency of the scattered light. Thus, a) is the phonon frequency,

while -to is the Raman shift for the Stokes spectrum. Here,

                                   1                        n(to) mE
                             exp(nto 1 k. T) - 1

is the Bose-Einstein occupation number for the sample temperature. In

both spectra in Fig.1.10, the features of the pure Si02 glass spectrum are

evident, including a shoulder near the 490-cm'i Di band. The broad band

around 430cm'i is attributed to Vs (Si-O-Si), the symmetrical stretching
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vibration mode, and is called the toi band. It is clear. that the toi band of

the high refractive index region has shifted to the high-energy side and

narrowed. In contrast, the intensity of the Di line has increased slightly.

The Di line has been interpreted by Galeener [Galeenar 1983] to

correspond to the symmetric stretching vibration of oxygen in a

tetrasiloxane ring structure. Thus, it is evident that the fourfold planner

ring defect increased by the ultrashort laser pulse irradiation.

'
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Fig. 1.9. Confocal microscopic Raman spectra in Si02 glass
described some damage lines in the 25 pm interval induced by
ultra-short pulse laser.
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Fig. 1.10. Confocal microscopic reduced Raman scattering
spectra of unirradiated region (a) and waveguide regiori (b) in

Si02 glass. .
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      First, the ener{ry shift of the tui band is discussed. In this study,

the shift quantity of the toi band in the high refractive index region was

found to be 3--5cm'i. In order to show the relationship between the

density and the Raman spectrum of Si02 glass, the Raman spectrum of

the densified Si02 glass was measured. By applying hydrostatic pressure,

we found its density is 100/o greater than ordinary glass. The results are

shown in Fig 1.11. These results proved that the toi band shifts to the

high energy side when densifyied and that the energy position of the Di

band does not shift. Previously, Devine defined the frequency data for the

lattice vibrations for the Si02 glass [12] that has various densities. From

those results, it was found that the toi band of the Si02 glass shifts in

proportion to the density. Thus the shift of about 40/o in the cDi band

seems to correspond to the increase in density of about 10/o.

      The relationship between density and the refractive index of the

material is known as the Lorentz-Lorenz formula [13] such that:

                      n2+1M 4zNa
                      n2 +2p 3 '

where Mis the molecular weight and IVa is the molar polarizability. The
                                                     arefractive index increment of about O.30/o of the Si02 glass is corresponds

to the density increment of 10/o. Though on the sample used in this study,

a detailed refractive index was not done, previous measurement results

show it is equivalent to the expected refractive index increment, when

the laser irradiation condition is considered. This fact indicates the

refractive index generates the densification through ultra'short pulse

laser irradiation and that a high refractive index occurs.

      Fig. 1.12 shows the AFM (atomic force microscope) image of the

surface of a core end on silica glass. The shrinkage of the surface
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gradually increases from outside the core towards the center and it

reaches a maximum at 45 nm. This suggests that densification of a glass

occurs in the laser irradiated region. Their research showed that volume

increases in the region that generated the refractive index increment,

which is consistent with the result of Raman spectra. Although in a

photo'induced, high-refractive index region a defect that can not be

detected by Raman scattering may also be formed, there is also some

possibility of a refractive index change in the local electronic

polarizability. Furthermore, this can be seen in the shape of the toi

Raman band. The tui band is width originates from the variation of the

bond angle between the Si-Os, and is caused by the reflecting features of

the amorphous.

      According to the simplified central force model, the relation of toi

and the bond angle eof Si'O is established such thatof =(a/m,)(1+cose) .

The toi band spectrum of Fig. 1.11(b) shows that the low-energy side is

low'lying compared to the non-laser irradiation region and that the bond

angle between Si and O makes this fact into a narrow angle in the laser

irradiation region.

      Next, we discuss the increase in the intensity of the Di line. The

Di line is a vibration that originates from the symmetricale motion of the

oxygen that is localized in the fourfold ring structure. This is clear based

on the results of the Raman spectrum found by using the isotope

substitution of Galeener et al. [14]. These rings are illustrated in Fig.

1.13. Recently, through using ab initio approach to study cluster

calculation Uchipo et al [15]. found that when silica glass is cooled

rapidly from a thermal excitation condition, a three- and four-fold ring

structure (which is a local stable structure) is formed. Furthermore, they

also suggested that the formation of such a 16cal structure prevents atom

rearrangement in the cooperative crystallization process. It is possible
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that ultra-short pulse laser irradiation can also used. to reconstitute an

atomic arrangement and that the local stable structure remains like that

of a quenching cycle. Actually, a detailed research of the femtosecond

time-resolved spectroscopy using laser irradiation is necessary by to

determine whether high densification arises. Although there is no proof

yet ,atomic rearrangement may occur because of the electronic excitation

andlor thermal excitation that causes the Si:O bond angle to narrow and

the ring defects to freeze.
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Fig. 1.11.
and (b) densi

Raman scattering
fieÅq Si02 glass.

spectra (a) in ordinary Si02 glass
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(a) (b)

Fig. 1.13 Planar ring structures: (a) threefoId ring and (b)
fourfold ring. Open circles is oxygen and closed circle is silicon

1.2.5 Conclusions

      The confocal microscopic Raman scattering and AFM on the

photo-induced refractive index chapge in Si02 glass with an ultra-short

                                                       Gpulse laser were measured. We proved that the increase in refractive index

caused by the ultra-short pulse laser could be related to the local

densification in the glasses. It is also clear that laser irradiation gives the

reconstruct ion inside the glass structure.
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1.3 Laser-written permanent waveguides in various glasses

1.3.1 Introduction

      In section 1.2, it was described that round-elliptical damage

lines were written inside various types of glass with femtosecond laser

pulses and large increases (År10'2) in refractive index were observed in

laser-damaged areas ihduced in germanosilicate glass [10]. Based on

these results, we attempted the fabrication of optical waveguides written

by a focused ultra-short pulse laser in the femtosecond region. Because of

similarities with optical fibers in terms of light guiding and confinement,

waveguide structures are very promising in the development of compact,

all-solid-state lasers and amplifiers. Most previous methods to fabricate

optical glass-waveguides were confined to physical vapor deposition [16]

or ionic exchange techniques [17]. Although the waveguides of

two-dimensional pattems can be fabricated by these techniques, it is

difficult to fabricate three"dimensional waveguides such as those with a

spiral structure. To our knowledge, there have been no attempts to form

optical glass-waveguides by using photo'induced refractive index change

with femtosecond laser pulses. It may be possible to form
                                                     s
three'dimensional optical circuits in bulk glasses with such a

laserwriting technique.

      In this section, the photo-written optical waveguides formed in

bulk glasses by a novel method using the focused femtosecond laser were

introduced.
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1.3.2 Experimentalprocedure el
      By using the apparatus shown in Fig. 1, we tightly focused

femtosecond laser pulses inside a bulk glass to create localized refractive

index changes. Ultra"short pulses (200 kHz, 800 nm) in the Gaussian

mode produced by a regeneratively amplified Ti:sapphire laser were

utilized to form photo-written waveguides. The pulse width of the laser

was continuously adjusted from 110 to 250 fs by changing the dispersive

path length of a pair of prisms. The peak energy of the laser pulse at the

sample location was approximately controlled between 10 nJ and 5 pW

by neutral-density filters that were inserted between the laser and the

prism compressor. The laser beam was focused at a diameter of 10 pm or

less through microscope objectives and injected into polished samples

which included fused and synthetic silica, Ge'doped silica, borosilicate,

borate, phosphate, fluorophosphate, fluoride, and chalcogenide glasses.

With the help of an XYZ stage controlled by a computer, waveguides were

written by translating the sample parallel or perpendicular to the axis of

the laser beam (see Fig. i.14).

      For several waveguides written in fluoride glasses, we observed

near-field and far-field patterns at several wavelengths ranging from 633
                                                     Enm to 810 nm. The lights for observation focused via a 50X microscope

objective lens were coupled on one end of the core and the intensity

distributions for the transmitted lights were measured with a CCD

camera. The effects were examined of the average power, the pulse

width, and the number of laser passes on the refractive index and on the

core size of the oPtical waveguides.
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Laser Beam

Microscope
Objective Waveguide

Refractive
index change

Fig. 1.14. Schematic of optical waveguide writing with high
repetition laser pulses.

     Using a femtosecond laser with high repetition rate, it is possible

to write waveguides, where laser damage spots are continuously induced

along a path traversed by the focal point. Waveguides could be written

inside various glasses such as fused and synthetic silica, Ge-doped silica,

borosilicate, borate, phosphate, fluorophosphate, fluoride, and

chalcogenide glasses. Figure 1.15 shows typical photo'written

waveguides formed inside synthetic silica, borosilicate, fluoride and

chalcogenide glasses with 800 nm, 120 fs, 200 kHz mode"locked pulses

36



focused through 10X microscope objective. All glass samples were

translated at a rate of 20-pm/s. These waveguides were stable at room

temperature.

      A cross-section of a waveguide written by translating the sample

parallel to the axis of the laser beam is shown in Fig. 1.16 (a); that

written by translating the sample perpendicular to the axis of the laser

beam is shown in Fig. 1.16 (b). Both cross-sections are almost circular.

By using the apparatus shown in Fig. 1.17, we observed near-field

patterns of damage lines. The lights for observation focused via a

microscope objective lens were coupled on one end of the damage line and

the intensity distributions of near-field pattern for guided light were

measured by a charge coupled device (CCD) camera with the help of a

computer. For the damage line in Fig. 1.16 (b), the intensity distributions

of a guided light were shown in Fig. 1.18. This result indicated that the

damage line function as optical waveguide. When the samples were

translated parallel to the laser beam, the shapes of the cross-sections

remained unchanged despite changes in the average laser power or the

magnification of the objective, with diameters of approximately 7 to 30

pm. The core of the waveguides produced when the samples were

translated perpendicular to the las'er beam became more e}liptical as the

numerical aperture was decreased because of the self-focussing.

Therefore, a high-numerical-aperture objective should be used to form

waveguides with a circular core.

      Writing waveguides perpendicular to the incident laser beam

provides the most flexibility for writing planer patterns and allows one to

create multiple-pattern layers by simply changing the focus depth of the

beam (see Fig. 1.19). Figure 1.20 shows the relationship between the

pulse width (before through the objective) and internal loss at 1.55 pm

for fused silica glass waveguides (straight type) formed perpendicular to
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the laser beam, where the core diameters and waveguide length are 8 pm

and 50 mm, respectively. The lowest loss was attained when the pulse

width of the incident laser pulses is 600fs. A internal Ioss spectrum

measured by cut-back method of the laser induced waveguide which

could obtain the lowest loss is shown in Fig. 1.21. The waveguide was

formed at a pulse energy of O.6 ".tJ, scanning rate of 500 pm/s, repetition

rate of 250-kHz and a pulse width of 600fs. Minimum internal loss is O.1

dB/m or less at near 1.4 pm.

Silica glass  Threshold
(average power)

70mW

30 mW

    t

100 mW
Chalcogenide glass

1mW

Fig. 1.15. Microscope photograph and writing threshold of
photowritten optical waveguides in various glasses.
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Fig. 1.16. Cross-section of a waveguide written by
(a) translating the sample parallel to the axis of the

laser beam, and (b) translating the sample
perpendicular to the axis of the laser beam.

Microscope
Objective
  (40 Å~)

White light

Microscope
Objective
  (10 Å~)

Damage region

CCD

Fig. 1.17. Experimental setup for the
distribution measurement of guided light.

mtenslty
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Fig. 1.18. Field intensity distribution of the near-field
pattern for guided light. The sample was the same as that
observed in Fig. 1.16(b).
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                                   100 pm

Fig. 1.19. Photo'written waveguides in fluoride
glass formed using 800-nm 200-kHz mode-locked
pulses. The waveguides were written by translating
the sample (a) parallel or (b) perpendicular to the

axis of the laser beam at a rate of 20 pm/s and
focusing the laser pulses through a 10X or 50X
microscope objective, respectively.
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Fig. 1.20. The relationship between the pulse width
before through the objective and internal loss at 1.55
ptm for fused silica glass waveguides (straight type)

formed perpendicular to the laser beam, where the core
diameters and waveguide length are 8 pm and 50 mm,
respectively.
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waveguide was formed at a pulse energy of O.6 pJ, scanning rate
of 500 pm/s, repetition rate of 250-kHz and a pulse width (before
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     We examined the effects of the average power, the pulse width, and

the number of laser passes on the refractive index and core size of optical

waveguides. The relationship between the diameter of a core formed by

translating the sample parallel to the axis of the laser beam and the

average power of the laser is shown in Fig. 1.22. The core diameter

increased with the aver'age laser power at a constant pulse width. The

intensity profiles of the guided light for waveguides produced at different

pulse widths are shown in Fig. 1.23. The peak intensity increased as the

pulse width decreased at a constant average power. This shows that the

change in the refractive index increases as the pulse width is decreased.

That is, the refractive-index change increases with the peak power,

which is equal to the average power over the pulse width. Note that the

core diameters decreased as the peak power was increased.

      As shown in Fig. 1.24, the intensity profiles of the guided light

varied with the number of laser passes over the same area. The core

diameters remained unchanged despite the number of passes, although

increasing the number of passes increased the guided-light intensity due

to increasing the refractive index of the core area. These results indicate

                                                      sthat the refractive-index difference and the core diameter can be

controlled by adjusting the writing conditions.

      We observed the field-intensity distributions of the guided light in

waveguides written in fluoride glass at different average powers by using

a charge coupled device camera: The intensity distributions of the far

field at 800 nm for 15-mm-long fluoride-glass waveguides are shown in

 Figs. 1.25 (a) and (b), where the core diameters were 8 and 27 pm,

 respectively. At a core diameter of 8 pm, it was possible to propagate only

 a fundamental mode that was nearly Gaussian, while a complicated
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intensity distribution resulting from the overlap oC several modes was

observed at a core diameter of 27 pm. The cut'off wavelength of the

waveguide in Fig. 1.23 (a) was found to be around 800 nm by examining

the wavelength dependence of the mode profiles at several wavelengths

ranging from 633 nm to 1 pm.
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Fig. 1.22. Relationship between the diameter ofa core formed
by translating the sample parallel to the axis of the laser beam
and the average power of the laser. The error bars correspond to
the scatter in measured values. Pulse width ofthe laser was l20
fs.
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Fig. 1.24. Intensity profiles of the guided light varied
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     For the waveguide in Fig. 1.23 (a), on the a.ssumption that the

refractive index of the core decreases in proportion to the square of the

distance from the center, the result of Hermite'Gaussian fitting for the

intensity distributions of the near field is shown in Fig. 1.24. The calculated

result is in good agreement with the experimental data, indicating that this

waveguide is a graded-index one with a quadratic refractive-index

distribution. The refractive indices of the {ore center and base glass

calculated from the result of the fitting were 1.502 and 1.499, respectively.
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Fig. 1.26. Result of Hermite"Gaussian fitting for the
intensity distributions of the near field. The sample was
the same as that observed in Fig. 8 (a).

49



    We have shown that optical waveguides can be written in fiuoride glass

by using a femtosecond laser with a repetition rate of 200 kHz. Examination

of the effects of the writing conditions on the refractive index and core size

of optical waveguides showed that

e

e

e

the diameter and refractive index of the core increase with the average

laser power at a constant pulse width,

the refractive index of the core increases and the core diameter

decreases as the pulse width is decreased at a constant average laser

power, and

the refractive index of the core increases with the number of laser

passes, while the core diameter remains unchanged.

These results mean that the properties of waveguides can be controlled by

adjusting the writing conditions.

  Our knowledge of the mechanisms behind the permanent change in the

refractive index in various glasses is still insufficient. They show that it

may be possible to form three-dimensional optical integrated circuits in the

interior of same glass compositions by using laser writing.

s
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Chapter 2

Mechanisms and
rare-earth ions
irradiation

di

applications of induced structures in

doped glasses by femtosecond laser

2.1 Longdlasting phosphorescence by the irradiation of
     femtosecond laser pulses

2.1.1 Introduction

     Glass is homogeneous, transparent and can be easily fabricated to

various forms such as a flat plate in large size and a fiber. Moreover, a

high level of rare earth ions can be "stuffed" into the glass. Therefore,

glass is an excellent matrix for rare earth ions• to realize various optical

functions. So far, the optical properties of glasses doped with trivalent

rare earth ions have been investigated intensively, and these glasses

have been used as materials for lasers, optical amplifiers and so on [1-3].

However, only a few studies have been performed on the reduced rare

earth ions-doped glasses, although glasses containing reduced rare earth
                                                     gions exhibit various (usefu1 optical properties such as a large Faraday

effect, photostimulated luminescence, spectral hole burning memory,

etc.[4,5]. The main reason may be that reduced rare earth ions-doped

glass must be fabricated under a strong reducing atmosphere. Compared

to glasses doped with other reduced rare earth ions, Eu2"doped glasses

are easier to fabricate. Some interesting phenomena in Eu2'-doped

glasses have been observed during the past few decades [6,7].

   In this part, We introduce three-dimensional long-lasting

phosphorescence phenomenon was induced for calcium aluminosilicate
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glasses doped with Ce3', Tb3', and Pr3' induce.d, by an 800 nm

femtosecond pulsed laser. The focused part of the laser in the glasses

emits bright and long'lasting phosphorescence able to be clearly seen

with the naked eye in the dark even one hour after the removal of the

activating laser. By selecting appropriate glass compositions and species

of rare earth ions, optional three-dimensional image patterns emitting

long-lasting phosphore$cence in various colors, including blue, green,

and red, can be formed within glass samples by moving the focal point of

the laser. The mechanism of the long-lasting phosphorescence is

discussed based on absorption spectra of the glasses before and after the

femtosecond laser irradiation.

2.1.2 Experimentalprocedure

     The compositions of the glass samples prepared were 40CaO " 30A12

03'30Si02'O.05Ln203 (Ln=Ce, Tb, Pr, Nd, Sm, Eu, Dy, Ho, Er, Tm, and

Yb) (mol O/o). Reagent-grade CaC03, A1203,Si02,and rare earth oxides

were used as the starting materials. Approximately 30 g batches were

                                            o.mixed and then melted in Pt crucibles at 1550 C for 60 mm under an

ambient atmosphere. The crucibles containing the melts were then taken

out of the furnace, and cooled to room temperature. For the Tb 3' -doped

glass sample, a part of the obtained glass was pulverized into pieces, put

into a glassy carbon crucible, and remelted under an Ar+H2 (5 vol O/o)

atmosphere at 1550 OC for 60 min. The melt was then quenched to room

temperature. All of the obtained glasses were transparent. The glass

samples were cutj polished, and subjected to optical measurement. The

absorption spectra of the samples were measured by a
spectrophotometer (JASCO V-570). The normal fluorescence spectra of

the samples were measured by a fluorescence spectrophotometer
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(Hitachi 850) using 250 nm UV light from a xenon lamp as the excitation

source.

  A regeneratively amplified 800 nm Ti:sapphire laser was used for our

study to emit 120 fs, 200 kHz, mode-Iocked pulses. The laser beam, with

an average power of 400 mW, was focused by a 100 mm focal-length lens

on the interior of the glass samples with the help of an XYZ stage. For

the phosphorescence spectra and decay curves, the glass samples were

first irradiated by the focused laser. All of the measurements were

carried out at room temperature.

2.1.3 ResultsandDiscussion

     After irradiation by the focused laser, no apparent
phosphorescence was observed for the Nd 3' -, Sm 3+ -, Eu 3+ -, Dy 3+ -, Ho

3+ - , Er 3+ -, Tm 3' -, and Yb3' -doped glass samples, while visible, bright,

and long-Iasting phosphorescence from the focused area was observed for

the Ce 3+ -, Tb 3' -, and Pr3' -doped glass samples in the dark after the

removal of the femtosecond laser. As shown in Fig. 2.1, the emission

spectrum of the phosphorescence in the Tb 3' -doped glass sample has

the same appearance as the photoluminescence spectrum excited by the
                                                      a
250 nm UV light. The emission peaks in the wavelength region from 350

to 600 nm can be ascribed to the 5DJ -År 7FJ• (J=3, 4, J'=1"6) transitions of

the Tb 3' ions. From Fig. 2.1, it is clear that the intensity of the

phosphorescence decreases with time, while the appearance of the

phosphorescence spectrum remaihs unchanged.

   Figure 2.2 shov(Xs the decay curve of the phosphorescence at 437 nm in

the glass sample doped with Tb 3" ions. The time dependence of the

inverse of the intensity of the phosphorescence is also shown in Fig. 2.2.

The intensity of the phosphorescence decreases in inverse proportion to
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the time, indicating the phosphorescence may be a decay process due to

heat-helped tunneling effect.

      Figure 2.3 shows a photograph of the emission states of

phosphorescence in Ce3' (blue)-, Tb3' (green)-, and Pr3' (red)-doped

glasses. The insides of the glass samples were scanned randomly by a

focused laser beam moving at a rate of 1000 pm/s. It is surprising that

the phosphorescence can still be clearly seen in the dark even one hour

after the removal of the activating laser.

      The absorption spectra of the Tb3+ 'doped glass sample before and

after laser irradiation were measured and are shown in Fig.2.4. A broad

absorption band can be observed peaking at 400 nm in the wavelength

region from 280 to 750 nm after the laser irradiation. The band can be

ascribed to, for instance, the absorption of aluminum-oxygen hole centers,

has been observed for an UV irradiated CaO-Al203 'based glass sample [8].

The band fading at room temperature shown in Fig. 2.4 agrees with the

decay in the phosphorescence. Moreover, the phosphorescence can only be

observed in the laser focused area, where color centers were formed after

the laser irradiation through observation under a microscope. Therefore, we

consider that the disappearance of defects at room temperature is related to

the decay of the phosphorescence. The time constant ofthe phosphorescence

was estimated to differ from that of the decay of the absorbance due to

laser-induced defect centers. Consequently, phosphorescence and

absorption may not be simply related; other factors should be considered.
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Fig. 2.1. Photoluminescence, phosphorescence, and excitation
spectra of a Tb3' -doped calcium aluminosilicate glass. Fo,r the

measurement of the excitation spectrum, the luminescence at
437 nm was monitored. (aÅr and (b) are phosphorescence
spectra of the glass 350 and 1000 s after the laser irradiation,

respectively.
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Fig. 2.3. Photograph of the emission states of
phosphorescence in glass samples 5 min after the removal

of the exciting Iaser. The Ce3' -doped calcium
aluminosilicate glass sample shows blue light emission.
The Tb3' "doped calcium aluminosilicate glass sample
shows green light emission. The Pr3' -doped calcium
aluminosilicate glass sample shows red light emission.
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Fig. 2.4. Absorption spectra of a Tb3' -doped calcium
                                             aaluminosilicate glass before and after the
irradiation of a femtosecond laser. (a) Before the
laser irradiation. (b) Upon the removal of the
femtosecond laser. (c) 30 min after the removal of
the femtosecond laser.

60



      Long-lasting phosphorescence phenomenon in the Ce3+ -, Tb3+ -,

and Pr3' 'doped glass samples was observed. However, we did not

observe the same phenomenon in the other rare earth ion doped glass

samples. We therefore suggest that the mechanism of the long-lasting

phosphorescence in the glass samples is as follows: Ce, Tb, and Pr are

elements that lead to the easy formation of Ln 4+ (Ln=rare earth) [9].

Since all of the glasses.were fabricated und,er an ambient atmosphere,

Ce, Tb, and Pr may have already existed as mixed states of Ln 3' and

Ln4+. Ln3' can possibly act as hole trapping centers while Ln 4' is known

to act as electron trapping centers.

      The long-lasting phosphorescence phenomenon was observed in

the Tb3+ -doped glass sample fabricated under a strong reducing

atmosphere . This eliminated the possibility of Ln4' acting as electron

trapping centers in the present case. After the irradiation by the focused

femtosecond pulsed laser, free electrons and holes were formed in the

glass samples through multiphoton ionization, Joule heating, and

collisional ionization processes [10]. The holes or electrons were trapped

by defect centers, released by heat

at room temperature, and recombined with electrons or holes trapped by

other defect centers. The released energy, due to the recoimbination of

holes and electrons, was transferred to the rare earth ions and excited

the electrons at the ground state to an excited state, leading to the

characteristic rare earth ion emissions.

      The probability of energy transfer between defects and rare earth

ions is proportiop. al to the folded area of absorption, due to the

transitions of the ground state and excitation state of the defects and

rare earth ions, and is inverse proportion to the distance between the

defects and rare earth ions [11]. The released'energy may just be in good

agreement with the energy level of the rare earth ions in Ce3+-, Tb3+-,
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and Pr3+ "doped glass samples since the 5d-4ftransition of Ce3', Tb3+,

and Pr3' has a lower energy than those of other rare earth ions. Moreover,

the hole or electron trap depth is broadly distributed and shallow,

resulting in the occurrence of the long-lasting phosphorescence at room

temperature. The detailed mechanism should be investigated further.

2.1.4 Conclusion

     In conclusion, we have observed femtosecond infrared
laser'induced long"lasting phosphorescence in Ce3', Tb3', and Pr3+ doped

calcium aluminosilicate glasses. The long-lasting phosphorescence is

considered to be due to the thermal stimulated recombination of holes

and electrons at traps induced by the laser irradiation, which Ieave holes

or electrons in a metastable excited state at room temperature. We

suggest that it may be possible to selectively induce defects by using

lasers with different wavelengths, pulse widths, and repetition rates.

The energy due to the recombination of holes and electrons in various

defects may be different and selectively excite the electrons in the

ground state to an excited state of rare earth ions, e.g., Pr3',leading to

the occurrence of phosphorescence in various colors in a glass. We think
                                                     a
that it may also be possible to induce defects that are stable at room

temperature by using an ultra-fast pulse laser and that are able to be

released by another laser.

 This wil1 be very important in the fabrication of rewritable

three-dimensional optical memory devices with both an ultrahigh

recording speed ahd an ultrahigh storage density.

62



2.2 Permanent photo'reduction of Sm3' to Sm.2+ inside glasses

2.2.1 Introduction

      Reduced rare-earth ion doped glasses exhibit a large Faraday

effect, longdlasting phosphorescence, photo-stimulated luminescence,

photochemical spectral hole burning memory, and other important

properties [12-15]. They are expected to be 'promising materials in the

optoelectronic field.

      To obtain a glass doped with reduced rare-earth ions, e.g., Sm2+

and Eu2', the glass must be fabricated under a strong reducing

atmoshere [12-15]. Moreover, it is difficult to prepare a glass samples, so

that rare-earth ions exist in a reduced state in some small micrometer

dimensions inside the glass sample by using an atmosphere-controlling

process.

      Rare-earth ions in solutions show broad absorption bands and

sharp absorption peal in the UV and near'UV to near'IR wavelength

regions [16]. The broadband are due to the charge transfer state (CTS) or

5d-4ftransitions of rare-earth ions. The sharp peaks are due to the 4f-4f

inner shell transitions of rare-earth ions. Recently, it was found that
                                                     fi
direct excitation of the CTS and 5d-4ftransition bands can induced

photo-reduction in some rare-earth ions [17,18]. However, such studies

concentrated on the photo'reduction of rare-earth ions in solutions.

     In this section, the observation of the permanent photo-reduction in

some rare-earth ions of Sm3' to 'Sm2' in a sodium aluminoborate glass by

800 nm femtosecdnd laser pulses. The mechanism of the phenomenon is

also discusses based on the absorption and electron spin resonance (ESR)

spectra of the glasses before and after the laser irradiation.
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2.2.2 Experimentalprocedure u
      The composition of a Sm3' "doped glass sample used in this study

was O.05Sm203' 10Na20' 5A1203'85B203 (molO/o). Reagent grade Sm203,

Na2C03, A1203, and B203 were used as starting materials. A mixed 30 g

batch was melted in a Pt crucible at 1250 OC for 30 min, under an

ambient atmosphere. The melt was then poured on a stainless-steel plate,

and a transparent arid colorless glass sample was obtained. For

comparison, Sm2' -doped glass samples with compositions of

O.5Sm202'10Na20'5AI203'85B203 and
O.05SmF2 ' 53HfF4 ' 20BaF2 ' 4LaF3 ' 3AIF3 ' 20NaF (molO/o) were prepared

by melting the batches in glassy carbon crucibles under an Ar+H2 (5

molO/o) atmosphere at 1250 OC for 60 min, in a horizontal carbon furnace

and quenching the melts to room temperature. Ibeansparent, orange

glass samples were obtained. After annealing the glass samples at the

respective glass transition temperature (Tg ) for 1 h, they were cut,

polished, and then subjected to optical property measurements.

  A regeneratively amplified 800 nm Ti:sapphire laser that emits 120 fs,

200 kHz, mode-locked pulses was used for our study. A laser beam with

400 mW average power was focused using a 10Å~ objective lens with a
                                                    f
numerical aperture of O.30 on the interior of the glass samples with an

XYZstage.

  Absorption spectra of the glass samples were measured by a

spectrophotometer (JASCO V-570). Photoluminescence spectra of the

glass samples were measured by a fluorescence spectrophotometer

(SPEX 270M) using 514.5 nm light from an Ar" laser as the excitation

source. ESR spectra of the glass samples were measured by an ESR

spectrophotometer (JEOL-FE3X). All of the experiments were carried

out at room temperature.
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2.2.3 ResultsandDiscussion "
    After irradiation by the femtosecond laser, the focused area in the

glass sample was orange as observed in an optical microscope. Figure 2.5

shows the absorption spectra of the Sm3" -doped glass sample before (a)

and after (b) the femtosecond laser irradiation. Small peaks at 340, 350,

375, 400, and 415 nm and a strong band at 210 nm can be ascribed to the

4f-4ftransitions and CTS of Sm3" [5,9,19].' Absorption in the 200-600

nm region increased after the laser irradiation.

  Figure 2.6 shows the differential spectrum (a) between the absorption

of the Sm3' -doped glass sample after and before the laser irradiation.

For comparison, the absorption spectra of the Sm2' -doped fluorohafnate

glass sample (b) and the Sm2' -doped sodium aluminoborate glass

sample (c) are also shown. A broadband peaking at approximately 320

nm can be observed in the differential spectrum of absorption. Compared

with the absorption spectra of the Sm2' -doped glass samples fabricated

under a reducing atmosphere, the broadband in the glass sample after

the laser irradiation can be mainly ascribed to the absorptien due to the

5d-4ftransitions of Sm2' [5,19].

  Figure 2.7 shows the photoluminescence spectra of the Sm3"doped
                                                     s
glass sample before (a) and after (b) the laser irradiation. The emissions

at 560, 600, 645, and 705 nm in the unirradiated glass sample can be

attributed to the 4f-4ftransitions of Sm3". The four new peaks at 683,

700, 724, and 760 nm observed in the photoluminescence spectrum of the

laser-irradiated glass sample can be attributed to the 4f-4ftransitions

of Sm2'. Similair to the results of the absorption spectra, the

photoluminescence spectra showed that a part of Sm3" was converted to

Sm2' after the laser irradiation. At present, we cannot calculate the

exact quantum yield of the reaction due to space resolution limitations in
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our photoluminescence measurement system. A precise analysis is being

performed.

    What exactly is the mechanism of the photoreduction of Sm3' to

Sm2" after the femtosecond Iaser irradiation? The Sm3' -doped glass

sample has no absorption in the 700-900 nm region, so the

photoreduction of Sm3+ to Sm2' should be a multiphoton reduction

process. Figure 2.8 shows the ESR spectra of the Sm3' -doped glass

sample before (a) and after (b) the laser irradiation. No apparent signals

can be observed in the spectrum of a laser-unirradiated glass sample,

while strong signals at approximately g-r2.0 can be observed in the

spectrum of the laser-irradiated glass sample. The signals can be

assigned to the defect centers of holes trapped by nonbridging oxygen

ions and tetrahedral coordinated boron atoms, and electrons trapped by

the quasi-Fcenters as in 7ray-irradiated sodium borate glasses [20].

s

66



    6

 S'4
NS!S•

g
fi

 8  82
e

    e      200 400 600 800 1000
              Wavelength /nm

Fig. 2.5. Absorption spectra of Sm3' -doped
sodium aluminoborate glass before (a) and after
(b) femtosecond laser irradiation.
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   Although the mechanism is not fu11y clear at present, we believe the

mechanism of photoreduction is as follows. Following the irradiation of

the focused femtosecond laser, active electrons and holes were created in

the glass through multiphoton ionization, Joule heating, and collisional

ionization processes [21]. Holes were trapped by nonbridging oxygen ions

as well as by tetrahedral coordinated boron atoms, while some of the

electrons were trapped by the Sm3', which led to the formation of Sm2+ .

The reactions are expressed as (I) and (II) in Fig. 2.9.

The trap levels of defect centers may be deep, resulting in stable Sm2+ at

room temperature. We have examined the thermal stability of the

photoreduction product, Sm2'. The results showed that Sm2' was stable

at room temperature. When the temperature exceeded Tg, Sm2+ was

reconverted to Sm3', indicating that reverse reactions of I and II

occurred at a temperature above Tg.

••l'/it'3'i••, -•o-EO . •--. •el'/iifiI5'•'••Åq=: ••i'/;ab';'i`•i e) +Na'+-o-K( .)

                                             s
 ,.3A.....-is)N.-fs'-"Es`t"-,-.. "gkt+Na-+-o•-•i/il-L•o-B'(/f,.

Fig. 2.9. Mechanism
Sm3" -doped sodium
laser irradiation.

 of photoreduction of Sm3' to Sm2' in
aluminoborate glass after femtosecond
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      Permanent photoreduction of Sm3' to Sm2"by a focused infrared

femtosecond pulsed laser was observed. The results demonstrate the

possibility of selectively inducing a change of valence state of Sm3' ions

on the micrometer scale inside a glass sample by use of a focused

nonresonant femtosecond pulsed laser. Whereas a three-dimensional

optical memory has apProximately 10i3 bitSlcm3 storage density, which

means that data information can be stored in the form of a change in

refractive index in a spot.

      An optical memory using a valence-state change of rare-earth ions

in a spot may have the same storage density and may allow one to read

out data in the form of luminescence, thus providing the advantage of a

high signal-to-noise ratio. Therefore, the present technique wil1 be usefu1

in the fabrication of three-dimensional optical memory devices with high

storage density.

1
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2.3 Three-dimensional optical memory with. rewriteable and

      ultrahigh density using valence state change of samarium

      ions

2.3.1 Introduction

      Materials processing technology by using femtosecond laser

irradiation has attracted tremendous interest from both the scientific

and technological communities. In particular, the use of femtosecond

laser processing to write three-dimensional (3D) structures in

transparent materials is technologically attractive for applications such

as multi-layer optical memories[22,23] and optical waveguides(in section

1.3) . 3D optical memories have generated considerable interest in recent

years for their potential application to high-density optical data

storage[24,25]. Previous researches on 3D optical memories using

irradiation with a focused femtosecond laser have demonstrated the use

of refractive index changes or void creation in transparent materials

[26,27].

      In section 2.2, it was found that samarium ions in glass can be

space'selectively photoreduced with an infrared femtosecond laser. In
                                                     fi
this section, we examine the possibility of achieving 3D optical data

storage inside glass by using a focused femtosecond laser to permanently

photoreduce of Sm3+ to Sm2+.

2.3.2 Experimental procedure

      The composition of the glass samples doped with samarium ions

used in this study was 35AIF3-10BaF2-10SrF2-20CaF2-10MgF2-14.5YF3

-O.5SmF3 (molO/o). Samarium was present in 'the glass in the Sm3' ionic

state. As a recording source we employed a regeneratively amplified

          '
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800-nm Ti:sapphire laser emitting 20-Hz or 250"kHz mode-locked pulses.

We tightly focused femtosecond laser pulses inside the bulk glass to

locally photoreduce Sm3' to Sm2'. A 3D recording was made by laser

irradiation through a water-immersion objective• (63X magnification,

NA=1.2) in the interior of the glass samples with an XYZ stage.

Photoluminescence images were obtained with a three-dimensional

nanometer'scanning spectroscopic microscope ('nanofinder TII) using

488-nm light from an Ar' laser as the readout (excitation) source. All

experiments were carried out at room temperature.

2.3.3 ResultsandDiscussion

      Figure 2.10 shows photoluminescence spectra obtained by

excitation at 488 nm for a laser-irradiated area (a) and non-irradiated

area (b) in the interior of the glass. Comparing (a) to (b) shows that the

emission in the 650-775-nm region differed appreciably. The broad bands

observed around 560, 600, and 645 nm can be attributed to the 4Gsi2-År

6Hsi2,7i2,gi2 transitions, respectively, of the Sm3' ions. On the other

hand, the emissions at 680, 700, and 725 nm are attributed to the 5Do-År

7Fo,i,2 transitions, respectively, of the Sm2' ions. This means that
                                                      slaser-irradiated areas (photoreduced areas) recorded inside glass can be

detected only by emissions at 680, 700, or 725 nm. Although the

mechanism is not fuIIy clear at present, we suggest the mechanism of the

photoreduction is as follows. Active electrons and holes were created in

the glass through multiphoton process. Holes were trapped in the active

sites in the glass:matrix while some of electrons were trapped by the

Sm3', leading to the formation of hole trapped defect centers and Sm2'.

      By using the photoreduction of Sm3' to Sm2', alphabetical

characters were recorded in the form of sub-micron size bits in a
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three-dimensional (layered) manner in a glass samples. Here, one

recorded character consisted of 300 to 500 photoreduction bits recorded

with 5000 laser shots per bit with a repetition rate of 250 kHz. The

spacing between alphabetical characters was 2 pm. The bits had a

diameter of 400 nm, which was significantly smaller than the focal-beam

size and the wavelength of the recording laser. Figure 2.11 shows

photoluminescence images of alphabetical characters recorded on

different layers, which were observed by using a 40X objective lens and

the 680-nm emission from Sm2' with confocal detection implemented. We

confirmed that the spacing of 2 pm between alphabetical character

planes was sufficient to prevent cross-talk in the photoluminescence

images. Although the 3D memory bits (photoreduced areas) was recorded

with a femtosecond laser, they could be read with a CW laser at O.5 mW.

a
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Fig. 2.11. Photoluminescence images of
alphabetical characters recorded on
different layers, which were observed by
using a 40X objective lens and the 680-nm
emission from Sm2' with confocal detection
implemented (excitation at 488 nm, 1-mW
Ar' laser).
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      Recording and readout in a three-dimensJ'onal memory are

possible without any influence from bits in upper or lower layers

recorded previously. Although obtaining a multilayer of several hundred

layers has been difficult in a conventional 3D memory, it can be achieved

by applying phetoreduction bits to current optical memory technology. In

addition, as shown in Fig.2.12, photoreduction bits with a 200-nm

diameter could also be read out clearly by det.ecting the fluorescence as a

signal. Since photoreduction bits can be spaced 150 nm apart on a layer

in glass, a memory capacity of as high as 1 Tbit could be achieved for a

glass piece with dimensions of 10mm x 10mm x 1 mm.

      Another outstanding characteristic of the photoreduction of Sm3+

to Sm2' is that stable Sm2' at room temperature can be changed to Sm3'

by photooxidation with a CW laser, such as an argon ion laser or a

semiconductor laser. An example of a photoreduction bit erased by

irradiation with an Ar' laser (10-mW at 514.5 nm) is shown in Fig.2.13.

Figure 2.14 shows the contrast achieved in readout of bits (I, II) in

Fig.2.13. These results indicate the possibility of 4chieving a

three-dimensional optical memory with rewritable capability.

s
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Fig. 2.12. Signal read out by detecting the fluorescence
for photoreduction bits with a 200-nm diameter.

79



Fig. 2.13. An example of erasion and
rewriting by irradiation with an Ar+ laser
(5-mW at 514.5 nm) and a femtosecond
laser. (a) Photoluminescence image before
the erasure. (b) Image after an Ar' laser
irradiation to photoreduction bit I. (c)

Moreover, image after an Ar' laser
irradiation to bit II. (d) Image after a
femtosecond laser irradiation to areas I
and II.
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fluorescence (680 rrm) for bits ofI and II in
Fig. 4 (a), (b), (c) and (d).
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      By using the valence state change of samarium ions to represent

a bit, data can be read out as fluorescence information and erased by

irradiation with a CW laser. The ratio of the fiuorescence intensity at

680 nm after and before irradiation with the femtosecond laser is

limitless, so a high signal-to-noise ratio can be achieved. Moreover, it is

possible to create a multilayer record of data over several hundred layers,

because the recording, readout and erasure processes for the data are not

affected by layers recorded nearby. Therefore, this technique will be

usefu1 in fabricating next-generation 3D optical memory devices with an

ultrahigh storage density.
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Chapter 3
"

Mechanisms and applications of space-selective
growth of frequency-conversion crystals in various
glasses by femtosecond laser irradiation

3.1 Introduction

      So far ultrashort laser pulses are usefu1 for observing and

evaluating at a very high time resolution the dynamics of phenomena

that occur within materials at speeds ranging from picoseconds to

femtoseconds [1-3]. Such phenomena include direct interaction between

light and atoms or molecules, the saturation process associated with the

coherent state of materials, and the elementaiy process of chemical

reactions. On the other hand a short pulse width gives an extremely high

intensity power up to 10i4 W/cm2 at a focal point of the laser. Therefore,

the development of high-energy'density femtosecond pulse lasers would

prompt us to investigate the unexplored potential for inducing

multiphoton photochemical reactions. That means there is considerable

interest in using femtosecond lasers to generate various kinds of

interactions with many types of materials, especially in metastable

      In Chapter 1 and 2, it was observed that a variety of

photo-induced structure changes that are permanent at room
temperature can be produced only near the beam focusing area inside

bulk glasses with femtosecond laser pulses. When we irradiate the

interior of the material with an ultrashort pulse (femtosecond order),

energy is accumulated at a minute area for a very short time. This might

be caused by such effects as ionization and plasma vibration, which are

presumed to produce a dramatic rise in the temperature and internal

pressure in the region of focus [4]. In taking advantage of this
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phenomenon, we could form spherical melting regiops at arbitrary sites

within a bulk glass, and for the first time succeed in growing single

crystals with special components from the melt. This letter describes

how we succeeded to grow BBO (B'BaB200 with excellent characteristics

inside a bulk glass by a novel method using a nonresonant ultrashort

pulse laser. This BBO (B-BaB200 exhibits excellent performance when

applied to frequency conversion devices, especially in the UV region.

3.2 Experimentalprocedure

      The glass used in this study was prepared with components of

BaO, Ti02 and B203. We tightly focus femtosecond laser pulses inside a

bulk glass to create localized nonlinear optical crystals of BBO. The

irradiation sources employed were a regeneratively amplified 800-nm

Ti:sapphire laser that emitted 4pJ, 130 fs, 200-kHz mode-locked pulses.

A microscope system was used to tightly focus the laser pulses inside the

glass sample to grow localized frequency conversion crystals.

3.3 ResultsandDiscussion

    When the laser beam was focused in the interior of the samples,

however, no cracking was detected and the only atomic ,scale damage

observed was that resulting from various phenomena such as the
formation of color centers or lattice defects (a), local densification (b) or

melting of a very small (c) area (see Fig. 3.1). (If we use a nanosecond

laser instead of a femtosecond laser, cracking due to thermal shock

occurs at a focal point of a nanosecond'order laser pulse in the interior of

the glass samples.) After the short period irradiation, frequency

conversion crystals can be generated near the focal point of a laser beam

under irradiation conditions such as those shown in Fig. 3.1(c). By using

the photosensitivity attributed to the nonlinear optical process, visible

laser damage was formed only inside the focused region, because
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nonlinearity occurs only in regions with high optical intensity above the

damage threshold. Figure 3.2 shows microscopic photographs taken near

the focal point directly after focused irradiation of (a) O minutes, (b) 20

minutes and (c) 30 minutes after irradiation of the laser (wavelength:

800 nm, repetition frequency: 200 kHz, average output: 600 mW) in

BaO-Ti02-B203 glass via an 50Å~ objective lens. From the
measurement of X-ray diffraction patterns, it was confirmed that only

BBO crystals were groWn in the laser focuSed area [see Fig. 3.3]. In a

similar way, we confirmed that it is possible to generate other frequency

conversion crystals of LiNb03 crystal from Li20-K20-Nb20s-Si02 glass

using a femtosecond laser.

      Figure 3.4 shows the variation of emission spectra obtained from

moving the laser focal point that accompanies growth of frequency

conversion crystals. Although only broadening of 800 nm femtosecond

laser pulses due to self'phase modulation was observed immediately

after laser irradiation, with the passage of time, it was confirmed that

the intensity of second harmonic generation increases with the growth of

frequency conversion crystals. In addition, after frequency conversion

crystals are created by femtosecond laser irradiation, second harmonic

generation of blue laser can also be observed by the incidence of an

infrared nanosecond'order pulse laser. A spectrum of secQnd harmonic

generation from frequency conversion crystals observed by the incidence

of 800 nm nanosecond laser pulses is shown in Fig. 3.5.
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Fig. 3.1. Damages caused by focusing a
femtosecond laser in the interior of the glass.

(a) Damage in the interior caused by 1-pJ
pulses focused through a lens of 100-mm
focal length. (b) Damage in the interior
caused by 1-pJ pulses focused through a 10X
objective lens. (c) Damage in the interior
caused by 4 'pJ pulses focused through a 50X
objective lens. Each sample received 200,OOO
pulses/spot through a microscope objective.
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Fig. 3.2. Microscopic photographs taken
near the focal point directly after focused
irradiation (a), 20 minutes (b) and 30
minutes (c) after irradiation. Wavelength,

average power and pulse width of the laser
were 800 nm, 600 mW and 130 fs at 200
kHz, respectively.
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Fig. 3.3. X'ray diffra' ction pattern for crysta}s created

by the irradiation of focused laser beam with 50X
microscope objective, an average power 800 mW, and a
irradiation time of 40 minutes.

90



65
cci

N,.V

h•=
ca
=O•l-)
qN

1O,Åq,IcEilliL.,cÅrT:s

20
40aseQ

50400450500550600650700750

Wavelength (nm)

Fig. 3.4. Variation of emission spectra obtained from the
laser focal point that accompanies growth of frequency
conversion crystals for various irradiation times.
Wavelength, average. power and pulse width of the
irradiation laser were 800 nm, 450 mW and 130 fs at 200
kHz, respectively.
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Fig. 3.5. Spectrum of second harmonic generatiop
frequency conversion crystals observed by the inci
of 800 nm nanosecond laser pulses.

from
dence

92



      Moving the focal point of a laser beam relatiye to the position of

the glass sample enables the melting region to move freely. We

attempted to generate frequency conversion crystals continuously inside

the glass by moving the melting zone. Polarizing microscope photographs

of the side (a), (b) and cross'sectional (c) views of the crystal were shown

in Fig. 3.6. In this figure, (a) and (b) show polarizing-microscope

photographs taken in extinction and diagonal positions, respectively.

Region A in cross-sectidn photo (a) shows a crystal grown while moving

the melting zone at a speed of 100 pmls, while region B shows a crystal

grown when this speed is 10 pm/s. The melting zone was moved
continuously from region A to region B. The glass layer situated at the

periphery of the grown crystal constitutes an area whose structure has

changed due to the crystallization of specific components in the glass.

The crystal of region A is clearly a polycrystal due to the existence of

grain boundaries revealed by a change in interference color. Surprisingly

on the other hand, the crystal of region B exhibits hardly any grain

boundaries indicating a crystal having a fixed orientation. The above

phenomenon indicates that by decreasing the movement speed of the

fusion zone, a stable structure having an accommodation layer is formed

at the solid"liquid interface between a part of the polycrystal in region A

and the fusion zone. It means that this technique gives the growth ofa

single crystal or a crystal with a single'crystal'1ike structure. By using

seed-crystals in the phase matching direction, it is possible to grow

crystals adequate for use in frequency conversion devices.
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Fig. 3.6. Polarizing microscope photographs
of the side (a), (b) and cross-sectional (c)

views of the crystal. (a) and (b) show
polarizing-microscope photographs taken in
extinction and diagonal positions,
respectively. Region A in cross-section photo
(a) shows a crystal grown while moving the
melting zone at a speed of 100 pm/s and
region B shows a crystal grown when this
speed is 10 pmls.
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      In an attempt to grow three-dimensional frequency conversion

crystals in any direction in bulk glasses, we have investigated various

photo-induced phenomenon created by focusing an femtosecond laser

having a ultra-short laser pulse through a microscope objective, and

demonstrated that frequency conversion of single-crystals could

successfu11y be grown in the glass through our new novel method. Our

results demonstrated the possibility of forming frequency conversion

crystals three-dimensionally in glass by using a nonresonant
femtosecond'order laser. This development opens new possibilities in the

field of compact short wavelength coherent light sources. Further,

forming frequency conversion crystal continuously in glass should enable

an optical confinement effect to be achieved that makes use of the

difference in the refractive indices of the glass and the crystals, which

may make it possible to achieve new waveguide nonlinear-optic

frequency conversion devices.
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Summary

     In the present study, the various microscopic modifications in

glasses by ultra-short pulses were investigated. It was confirmed that

permanent refractive index changes, the phenomenon of long-lasting

phosphorescence, photo-reduction of samarium ions, and the creation of

frequency conversion crystal can be produced with a femtosecond pulse

laser only in selective internal areas in glasses. By using a femtosecond

laser with a high repetition rate, permanent optical waveguides can be

successfu11y written in various glasses, where refractive index changes

are continuously induced along a path traversed by the focal point. The

possibility of achieving 3D optical data storage inside glass by using a

focused femtosecond laser to permanently photoreduce of Sm3+ to Sm2+

was also examined. The results of the respective Chapter are

summarized as follows.

     In Chapter 1, with the goal of being able to create optical devices

for the telecommunications industry, the effects of the femtosecond laser

irradiation inside various glasses. Microellipsometer measurements of

the laser irradiation region in pure and Ge-doped silica glasses showed a

O.Ol-O.035 refractive index increase, depending on the radiation dose.

The formation of several defects, including Si E' and Ge E' centers,

non-bridging oxygen hole centers, and peroxy radicals, was also detected.

These results suggest that multiphoton interactions occur in the glasses.

     The confocal microscopic Raman scattering and AFM on the

photo-induced refractive index change in Si02 glass with an ultra-short

pulse laser were ,measured. We proved that the increase in refractive

index caused by the ultra-short pulse Iaser could be related to the local

densification in the glasses. It is also clear that laser irradiation

reconstructs the glass structure.

     In an attempt to write optical waveguides in bulk glasses,
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photo-induced refractive index changes were continuously created by

focusing an ultra-short pulse laser through a microscope objective and

translating the sample parallel to the axis of the laser beam. The

resulting, linear refractive index changes were written inside the bulk

glasses along the path traversed by the focal point of the laser. From field

intensity distributions in the output of guided light for these waveguides,

we demonstrated that permanent optical waveguides could be
successfu11y formed in various types of glass. In addition, through

analyzing the near-field pattern with a CCD camera, we confirmed that

single mode waveguides of the graded index type could be formed by a

writing technique using an ultra-short pulse laser. These facts open new

possibilities in the field of integrated optics and three-dimensional

optical circuits, especially for the conception of compact, all-solid-state

lasers, amplifiers, and optical switches.

     In Chapter 2, two novel phenomena in the glasses doped with

rare-earth ions were reported as follows.

     Femtosecond infrared laser-induced long-lasting phosphorescence

in Ce3+-, Tb3+-, and Pr3" 'doped calcium aluminosilicate glasses was

observed. The long-lasting phosphorescence is considered to be due to the

thermal stimulated recombination of holes and electrons at traps

induced by the laser irradiation, which leave holes or qlectrons in a

metastable excited state at room temperature. We suggest that it may be

possible to selectively induce defects by using lasers with different

wavelengths, pulse widths, and repetition rates. The energy due to the

recombination of holes and electrons in various defects may be different

and selectively excite the electrons in the ground state to an excited state

of rare earth ionss e.g., Pr3+, leading to the occurrence ofphosphorescence

in various colors in a glass.

     The permanent photo-reduction in Sm3' to Sm2" in a sodium

aluminoborate glass by 800 nm femtosecond laser pulses was observed.

Absorption and photoluminescence spectra showed ,that a part of Sm3+
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was reduced to Sm2' after the laser irradiation.

     The recording, readout and erasure of a three-dimensional optical

memory using the valence'state change of samarium ions to represent a

bit was also reported. A photoreduction bit of 200 nm diameters can be

recorded with a femtosecond laser and readout clearly by detecting the

fluorescence as a signal (excitation at 488 nm, O.5-mW Ar" laser). A

photoreduction bit that is stable at room temperature can be erased by

photooxidation with a' CW laser (514.5 nm, 10m-W Ar' laser). Since

photoreduction bits can be spaced 150 nm apart in a layer within glass, a

multilayer structure with several hundred layers could be used to record

data. A memory capacity of as high as 1 Tbit could thus be achieved in a

glass piece with dimensions of 10 mm x 10 mm xl mm. The ratio of the

fluorescence intensity at 680 nm after and before irradiation with the

femtosecond laser is limitless, so a high signal-to'noise ratio can be

achieved. This technique will be usefu1 in fabricating next-generation 3D

optical memory devices with an ultrahigh storage density.

     In Chapter 3, at the focal point of an 800-nm femtosecond laser

beam, the space-selective growth of second-harmonic-generation

B-BaB204 (BBO) crystal inside a BaO-A1203-B203 glass sample was

reported. A spherical heated region was formed during the focused laser

irradiation through observation with an optical microscope. We moved

the heated region by changing the position of the focal point of the laser

beam relative to the glass sample. We grew BBO crystal continuously in

the glass sample by adjusting the moving speed of the heated zone. Our

results demonstrate the possibility of forming frequency-conversion

crystals three dimensionally in glass by use of a nonresonant
femtosecond-ordetr laser. This development opens new possibilities in the

field of compact short-wavelength coherent light sources. Further, the

forming of a continuous frequencyconversion crystal in glass should

permit an optical confinement effect to be achieved that makes use of the

difference in the refractive indices of the glass and the crystals, which
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may make it possible to achieve new

frequency-conversion devices.
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