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Introduction

More than a decade ago it was shown, that by tightly focusing femtosecond laser
radiation inside the bulk of transparent material, it is possible to induce highly lo-
calized structural changes with modified optical properties [1]. Later it was shown,
that depending on laser pulse intensities these changes can manifest as uniform zones
of modified refractive index [1], lead to birefringent zone formation [2] or void-like
structure creation if intensities are above the material damage threshold [3]. Re-
asons for such material modification are still not well understood. It is known that
the key process of this interaction is nonlinear light absorption that takes place in
transparent materials when laser pulse has high intensity and short duration. Several
absorption mechanisms were identified: multiphoton, tunnel and avalanche ioniza-
tion. Strong light absorption that happens only in a confined volume, deep in the
bulk of the material, creates extreme conditions responsible for changes of material’s
structural composition. Ultrafast heating and rapid cooling under the high stress
initiates resolidification and densification of pulse-affected zones thus forming re-
gions with modified refractive index [4]. Other physical phenomena, like color center
formation [5], participate in the process complicating full understanding of physics
happening during material modification. Even if complete picture of this phenome-
non is yet to be understood, striking applications that employ transparent material
modification emerge day by day. By moving focused laser beam through a material,
various photonic elements and devices were demonstrated: waveguides [1], diffrac-
tive components [6], data storage elements [3], and even, with the aid of chemical
treatment, complicated microchannel networks [7].

However, most of these modification experiments were performed with traditio-
nal ultrashort laser systems based on Ti:sapphire material. These laser systems
are known for the high quality and short duration pulses, however, the nature of
Ti:sapphire material makes laser pumping process quite complicated and not reliab-
le in harsh industrial applications. In recent years a great amount of interest has
grown towards Ybh:KGW laser systems. These lasers are more straightforward, ro-
bust, and are capable to produce intense laser pulses at high repetition rates that
are double-beneficial for industrial world. However, such lasers produce pulses that
differ from these generated with Ti:Sapphire systems in the sense of pulse duration
and wavelength. Thus it is unknown if these pulses can induce similar material
modifications in amorphous material. So the main task of this thesis was to investi-
gate the possibility to induce material modifications that has smooth, nondestructive
refractive index changes in the transparent materials using Yb:KGW laser system.
The research was not only limited to amorphous materials. Modification inducing
was also carried out in crystalline materials. Capability to from various photonic
structures inside the crystals could open new scientific opportunities. Surprisingly,
investigations of crystal modification with laser pulses are very scarce.



Tasks

During thesis preparation period the following tasks were completed:

1.

Fused silica modification experiments using ultrashort, high repetition rate laser
pulses. Writing pulse parameters influence on the optical properties of modified
materials. Determination of optimal pulse parameters required for writing of
nondestructive, stable modifications with altered refractive index changes in
fused silica glass.

Investigation of possibility to write refractive index modifications in nonlinear
crystals, such as lithium niobate and KDP with the ultrashort laser inscription
method.

The use of ultrashort laser pulses for inducing photorefractive modifications in
lithium niobate crystals. The investigation of possibility to use this effect for
data manipulation purposes in photorefractive materials.

The research of the modification influence on the third order nonlinear effects
taking place in the fused silica glass.

Efficient photonic device, such as volume Bragg grating, inscription in transpa-
rent materials using direct laser writing technique.

Novelty

1.

It was demonstrated for the first time, that ultrashort pulses from Yb:KGW
laser system can be used for the formation of permanent modifications with
altered refractive index in fused silica and lithium niobate crystal. It was showed
that accumulation effects fate the homogeneity of created modifications in fused
silica.

. It was identified, that with ultrashort laser pulses it is possible to induce pho-

torefractive modifications in pure and iron-doped lithium niobate crystals. It
was demonstrated for the first time, that femtosecond pulses can induce ano-
maly high refractive index changes in these crystals. Also, completely three-
dimensional data recording and erasing technique using femtosecond laser pulses
was demonstrated, reasons that prevent multiple data rewriting were identified
in these crystals.

For the first time the volume Bragg gratings made with direct laser writing tech-
nique and having record-high diffraction efficiencies for this writing technique
were demonstrated in lithium niobate crystal. These results show that lithium
niobate is suitable material for three-dimensional photonic device recording that
can be used for linear and nonlinear photonic applications.

It was demonstrated experimentally, that modifications induced in fused silica
glass influence third order nonlinear effects happening during the interaction of
intense pulse with the material. It was showed, that supercontinuum spectrum



shrinks and its intensity drops when material modifications start to appear.
Also filament splitting along the beam path was observed in the material. This
effect resulted in inhomogeneous distribution of modified material.

Practical value

Results presented in this thesis are beneficial not only for fundamental understanding
of light and mater interaction, but are also important for industrial applications. It
was shown, that with Yb:KGW laser system Pharos it is possible to create integrated
photonic elements in the bulk of glass or even some crystalline materials, without
effecting the surface of processed material. Also it was demonstrated that such
photonic elements (in our case volume Brag gratings) could have high efficiencies,
making this inscription technique attractive for new device creation. It was shown,
that such high pulse repetition rate system could decrease the time required for
device fabrication by a magnitude if compared to convenient Ti:sapphire systems.
Also, the prospect of lithium niobate crystal as a data storage material where each
information bit can be selectively recorded and erased using ultrashort laser pulses
was revealed.

Statements to defend

1. Using high repetition rate ultrashort pulses, generated with Yb:KGW laser sys-
tem, it is possible to induce refractive index changes in fused silica. Such modi-
fications have birefringent effect and their homogeneity is fated by accumulation
effects that are present in the material.

2. With ultrashort laser pulses it is possible to induce permanent refractive index
changes in lithium niobate crystal. The change in refractive index is caused
by the crystal amorphization. In other hand, no smooth modifications can be
created in KDP crystal due to the crystal decomposition.

3. In pure and iron-doped lithium niobate crystal it is possible to induce photo-
refractive modifications with ultrashort laser pulses. These modifications have
high refractive index changes and can be used for three-dimensional data recor-
ding.

4. Laser-induced modifications weaken the third order nonlinear processes in fused
silica glass. The supercontinuum spectrum shrinks and its intensity decays, also
filament splits along the beam propagation direction due to structural changes
induced in the glass material.

5. The change of refractive index induced by the laser pulses, can be evaluated by
measuring volume Bragg grating diffraction efficiency dependence on the overall
thickness of these gratings.
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10



by the author himself; however, it is important to distinguish the contribution from
these co-authors:

o prof. V. Sirutkaitis supervised the research progress and helped to build
experiments, participated in data analyses and interpretation, helped to present
results to scientific community;

o prof. V. Smilgevicius consulted on various nonlinear processes such as se-
cond harmonics generation happening in lithium niobate crystals;

e dr. V. Kudriasov helped to understand the physics behind transparent
material modification phenomena; consulted on data interpretation, helped to
perform experiments concerned with fused silica modification with ultrashort
pulses;

e dr. V. Mizeikis introduced to photorefractive phenomenon and helped to
perform experiments and analyze data concerning to photorefractive modifica-
tion inducing in lithium niobate crystals;

e dr. M. Malinauskas helped to analyze data and helped during data prepa-
ration process;

o students S.0st, K.Kurselis helped to perform some experiments.

Also valuable suggestions during experimental and data analyses were received from
dr. M.Vengris and dr. A.Melninkaitis, discussions about nonlinear processes ta-
king place in the fused silica were helpful with dr. E. GaiZauskas, dr. G. Valiu-
lis, dokt. V. Jukna; for the introduction to diffraction grating physics I am grateful
to dr. V. Vaicaitis; the importance of nonlinear crystal modifications and its wide
applicability was elucidated by prof. A. P. Piskarskas.

Structure of the thesis

This thesis is arranged into the four main chapters and also has an introduction in
the beginning and conclusions as well as the reference list supplied at the end. In
the first chapter, general physical processes considering the modification inducing in
transparent materials with ultrashort laser pulses are presented. The electromagne-
tic wave and transparent material interaction phenomena are described in details.
Various possible modification types are classified with examples. Also theoretical
models that explain the origin of material modification are depicted. The second
chapter is devoted to experiments with fused silica. The experimental setup used
for modification purposes and acquired results are described, also the technique for
the measuring of refractive index changes using volume Bragg gratings is explained.
The third chapter describes the investigation of modification creation in nonlinear
crystals. This chapter covers photorefractive and permanent modifications in lithium
niobate crystal as well as tests on KDP crystal modifications. The fourth chapter
focuses on the modification influence on nonlinear processes in the fused silica glass.
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Experiments and results regarding dynamics of supercontinuum spectrum and light
filament are presented.
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1 Modification of fused silica with
Yb:KGW laser pulses

Fused silica is one of the most popular optical materials used in modern optics. It
has outstanding optical and physical properties: has high transmittance in the broad
spectral range (0.180-2,1 um), low thermal expansion, high laser damage threshold.
This material become irreplaceable for manufacturing various elements used for laser
physics, fibers, photolithography, semiconductor physics and various other spheres.

Fused silica (also called fused quartz) is amorphous state of silica crystal consis-
ting of silicon dioxide tetrahedral linked in the ring-like structures. Depending on the
manufacturing conditions several types of fused silica glasses can be manufactured.
The highest quality glass is, usually, produced using flame-fusion technique. Such
glass has very high transmittance in UV range and almost has no excess of metallic
impurities and is widely applicable in optics and laser physics.

A phenomenon of femtosecond pulse modification of fused silica is known for a
decade, however, almost no data is present about the modifications induced with
the Yb:KGW laser pulses. In the following sections will be presented experimental
results on fused silica modifications induced with high pulse repetition rate laser
system Pharos.

1.1 Experimental setup

We used regeneratively amplified Yb:KGW laser (Pharos, made by Light Conversion
Ltd.) as femtosecond laser source. This laser produces high intensity pulses with
1030-nm wavelength, at 300-fs duration and variable frequency up to 300 kHz. The
conventional optical setup used in the experiment is shown in Fig. 1.1. Laser pulses
are first attenuated and then focused into the bulk of fused silica with a 0.42 numerical
aperture (NA) lens, having focal length of 6.24 mm. The sample was mounted on a
3-axis, Aerotech based, nanopositioning system (AltSCA assembled by Altechna Ltd.)
having minimal translation step of 10 nm, total positioning accuracy up to 50 nm
and repeatability reaching 300 nm. The maximum traveling range was 300 mm/s. In
this configuration, the sample position, in respect to the beam focus, could be highly
accurate and easily controlled with automatized software (SCA,Altechna Ltd.. By
selecting the appropriate inscribing algorithm, various kinds of photonic structures
could be fabricated in the bulk of the glass material by the means of direct laser
writing (DLW) technique.

Used lens was capable to focus 3.9 mm diameter laser beam to 3.1 um diameter
spot at the focus. The confocal length of the focus was 11 um. In order to minimize
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1.1 Table: Main optical and physical properties of fused silica used in experiments.

Property LITHOSIL [8]  KV1 [9]
Density (g/cm?) 2.2 2.2
Heat conductivity (W/(mK)) 1.31 1.38
Specific heat (J/(gK)) 0.79 0.70
Maximum working temperature (°C) 980 1150
Softening point (°C) 1600 1730
Refractive index (1 pm) 1.45 1.45
Transparency range (nm) 160-2300 190-2300
Band gap (eV) 7.5 6.5
Metallic contaminates (107) < 0.1 < 30

the influence of spherical aberrations all structures were written no deeper than 300
pm.

The two types of fused silica were investigated: the ultraviolet silica LITHOSIL,
and typical fused quartz made from natural silica KV1. The typical parameters of
these materials are shown in 1.1 table and spectral transparency in Fig. 1.2. It
is clear from these data that both glasses are almost identical, however the level of
metal impurities are much higher in KV1 glass, that reduces the band gap (by 1 eV)
and transparency in short wave spectral region.

1.2 Modifications in fused silica: parametric
analysis
It is assumed, that modification starts to appear in the material when the density

of the free electrons (electrons that were excited to the conduction band) reaches
specific, so called critical density. Ultrashort, high energy pulses can create such free

DIELECTRIC MIRRORS

ATTENUATOR

3D NANOPOSITIONING SYSTEM

1.1 Fig: Optical setup for the glass inscription experiments.
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1.2 Fig: The transparency of LITHOSIL and KV1 glasses

electrons in the dielectric materials due to nonlinear absorption processes: multip-
hoton absorption, tunnel and avalanche ionization. These electrons form spatially
confined plasma that could possess distinctive absorption properties. When plasma’s
density becomes high, this substance could start to absorb the incoming radiation
very efficiently and this leads to the material’s modification or damage. The critical
free electron density could be estimated using Drude-Lorentz theory of the metals,
and equals

w250m*

n —=

: (1.1)

here w is the radiation frequency, g9 - vacuum permittivity, m* - reduced mass of
the electron an e is the electric charge. For the 1030 nm wavelength radiation, the
critical electron density should be 1.05x10?'cm™3.

The probability to excite the electron through multiphoton absorption could be
expressed as [10]

e2

3/2( Eosc "

here ky = AE/hw, and e, is the electron oscillation energy in the field, empirically
evaluated as g,s.[eV]= 9,3 x 10714 I[W /ecm?|\2[um] [11], here A is the laser wavelength.

To evaluate the probability to create the free electron by the means of tunnel ioni-
zation is really hard. However in our experiment condition, the Keldysh parameter,

expressed as:
w [menAFEegg
_ Y 0 1.
7T I ’ (1.3)

(here, ¢ and n represents the speed of light and refractive index of the material, and
I - the intensity of the laser beam), is close to 1. This means that using ionization
theory devised by L. Keldysh [12], the probabilities of multiphoton absorption and
tunnel ionization should be comparable.

The avalanche ionization probability could be expressed as [10]

2
€osc W Ve—ph

2,2
AFE w? + Ve ph

Wigy ~ 2

(1.4)

here v,_py, is electron-phonon momentum exchange rate, that equals 4,3x10'% s™! for
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1.3 Fig: Modifications induced in LITHOSIL and KV1 quartz with pulse energies
close to modification threshold value. Phase contrast images are shown in the top
pictures, while cross-polarized images are presented in the bottom. Pulse repetition
rate — 100 kHz, sample translation speed — 0,1 mm/s, modifications are written
100 um below the surface.

the fused silica [13]. The free electron rate equation could be written as dn./dt =
2Wapng + Wigyne, here n, — density of atoms, so in this case, when pulse with durations
T targets the material, the total electron density will be equal:

2nq _

Wiy

here ng is initial density of free electrons naturally existing in the material (=~
108 cm ™3 [14]).

This equation lets to evaluate theoretical light intensity, required for laser-induced
modifications. For 300 fs pulse duration and 1030 nm wavelength this intensity equals
to 1.13x10" W/em?. Such intensity in LITHOSIL glass is reached in the focus of
0.42 NA lens if the pulse energy is 120 nJ, or 12 mW power if pulse repetition rate
is 100 kHz (in KV1 the energy and power are 80 nJ and 8 mW, respectfully). Self-
focusing peak power for fused silica is 3.3 MW, so filamentation regime is reached
only when pulse energy is > 1 wJ.

Modification experiments were carried out in fused silica by forming separate
lines in the bulk of the material and investing it’s morphology with optical micros-
cope. The average beam power was measured before the lens with Ophir thermal
power sensor (3A). The transmittance of the lens was 83 % and the reflection from
the sample surface accounted for 3 % losses. The microscope used in experiment
was Olympus BX51 equipped with phase contrast and cross-polarization measuring
regimes.

Typical lines formed with pulse energies close to the modification threshold are
shown in Fig. 1.3. Optically detectable modifications in LITHOSIL glass start
to appear when pulse energy reaches 110 nJ (energy density 3.1 J/cm?), while for
KV1 quartz — 100 nJ (2.8 J/cm?). These values are in good match with theoretical
values. The modification threshold dependence on pulse repetition rate (in range
25-300 kHz) was not observed in our experiments.

The morphology of the induced lines starts to change when pulse energy is inc-
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reased. The modification diameter begins logarithmically grow (Fig. 1.4) with the
pulse intensity and the homogeneity tends to worsen. When pulse energy is lower
than 400 nJ, inscribed line diameter becomes smaller than focused beam diameter.
This shows the nonlinear nature of the modification appearance. Microscope images,
made in cross-polarization regime shows that even with smallest energies induced
modifications possess birefringence (Fig. 1.5), so all these are Type II modifications.

The big drawback of DLW technique used for transparent material processing
is the slow fabrication speed. Using conventional 1 kHz laser system, the sample
could not be translated faster than 1 mm/s, as otherwise modified regions could not
overlap. As single-pulse induced modifications do not possess good characteristics,
multipulse treatment are required for the uniform remelting of affected. So in prac-
tice, the optimal scanning speed is lower and reaches only tenths or even hundredths
of millimeters per second.

The influence of scanning speed on the modification morphology is demonstrated
in Fig. 1.6. It is clear that, besides high repetition rate (in this case 100 kHz),
fast sample translation speeds completely destroys line homogeneity. Only when
scanning speed is less than 1 mm /s smooth structures can be fabricated. This clearly
demonstrates the accumulation effect: knowing that single-pulse modified zone is
1 um in diameter, the minimum number of pulses required to affect processed zone
should be no less than 100 in order to get continuously modified lines. This ratio does
not depend on the pulse repetition rate at least up to 300 kHz. At 5 kHz the maximum
scanning speed was found to be 50 um/s, while at 300 kHz it was 3 mm/s. This
suggests that accumulation effect is not linked with cumulative heating at the focal
position, as time scale is too long and during pulse-to-pulse arrival time, material is
capable to dissipate all acquired heat.

This accumulation effect is closely linked to the formation of nanoperiodic gra-
tings in the bulk of the glass. When the sample translation speed increases, the bi-
refringent effect of the inscribed structures decreases and becomes non-regular. This
suggests that when exposition time (number of pulses) is too short, nanogratings
formation is no even.

Optical microscopy is not capable to observe nanometric size objects. If the
structures are formed on the surface of the glass, it is possible to observe these na-
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1.4 Fig: Modification diameter dependence on the writing pulse energy. LITHOSIL
glass, sample translation speed — 0,1 mm/s, pulse repetition rate — 100 kHz.
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1.5 Fig: Modifications induced in fused silica at various pulse energies. Sample
translation speed is 0.1 mm/s, focusing lens — 0.42 NA, repetition rate — 100 kHz,
polarization — parallel to scanning direction. Line groups in the left are separated by
10 um, in the middle by 5 um, in the right 2 um. Samples were written 200 um below
the surface. Top images made in phase contrast regime, bottom in cross-polarized
regime.

nogratings with the help of electron microscope. Such nanogratings are shown in
the Fig. 1.7. It is important to stress, that in order to observe these structures,
microscope has to work in back scattering electron (BSE) regime. No gratings can
be observed in laser affected zone when using more common secondary electron (SE)
regime. SE regime is used only for surface morphology studies, while BSE regime
could identify material’s density fluctuations, so black stripes observed in Fig. 1.7
are not nano-cracks, but areas with varied density. Grating orientation is always per-
pendicular to the polarization of the writing beam and the periodicity is sustained
at the distances far longer than focused beam diameter. Grating period when pola-
rization is parallel to the sample translation direction is 260 nm, and the diameter
of single strip is < 60 nm. When polarization is perpendicular, the period is slightly
greater — 340 nm. Such periods are comparable to ones reported by Bhardwaj et
al. [15], however, this group used Ti:sapphire laser system (800 nm wavelength and
50 fs duration laser pulses) as a light source. These results doubt the observation of
previous mentioned group that nanograting period could be linked to the radiation
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1.6 Fig: Modifications induced in LITHOSIL fused silica at different scanning speeds.
Writing pulse energy — 200 nJ, repetition rate — 100 kHz, focused with 0.42 NA lens.
Samples were written 200 pm below surface. Top images made in transmittance
regime, bottom in cross-polarized regime.

wavelength as \/2. Also Richter et al. showed that similar period can be achieved
with 515 nm wavelength and 450 fs laser pulses [16]. So the grating formation theory
based on light and plasma interference effect, suggested by Shimotsuma et al. [17]
are doubtful. The explanation of nanograting formation through the plasmonic ef-
fects could be more reliable [15], however additional study is still required in order
to achieve better understanding about the phenomenon of nanograting formation in
the bulk of the fused silica material.

1.3 Measuring of the refractive index change:
volume Bragg gratings

Measuring of the refractive index changes in micrometer size structures, written
in the bulk of the transparent material is not a trivial task. It is possible to use
non direct measuring techniques and evaluate refracting index changes from various
photonic devices such as waveguides [18] or simple diffraction gratings [19]. However,
both these methods are quite imprecise as such photonic elements tend to have low
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1.7 Fig: Nanogratings made on the surface of LITHOSIL glass. Sample transla-
tion speed —10 mm/s, repetition rate — 100 kHz. Pulse polarization in respect to
translation direction is: a) parallel and b) perpendicular.

efficiency.

The measuring accuracy can be increased if the photonic element under investi-
gation could have high and from the refractive index dependent efficiency. One type
of such elements are volume Bragg gratings (VBG).

Traditionally, commercial VBGs with high diffraction efficiencies are fabricated
using holographic technique. The pattern generated by two beam interference process
is recorder in photosensitive material. The most popular material used today for
such devices is dichromated gelatin (DCG), which has a very high refractive index
modulation property (An up to 0.1), while retaining good transparency in a broad
spectral range. With this technology it is possible to form large area gratings with
spatial frequencies up to 6000 mm~'. After the exposure, the gelatin is chemically
treated and sandwiched between glass plates for better robustness and handling [20].
A new and very promising material for VBG fabrication is PTR (Photo-Thermo-
Refractive) glass. It is a silicate based glass with silver, cerium and fluorine doping.
After UV illumination and thermal treatment, it can exhibit a refractive index change
of up to 1073. That change is reasonably smaller than for DCG, but it is more stable
and frequencies up to 10000 mm~" can be reached [21].

Several attempts to manufacture VBGs in pure fused silica by means of femto-
second laser radiation were reported during the last decade [22,23]. However the
efficiencies of these devices hardly reached 30%. The main problem that researchers
encounter is hardly predictable refractive index modification level as the real causes
of its appearance are still not clearly identified. This parameter is crucial for the
devise efficiency. To our knowledge, the VBGs made in pure fused silica and having
highest efficiencies (74.8%) were manufactured by Yamada at al. [23]. These gratings
were fabricated by modifying thick regions of the sample using filamentation process.
However such technique does not have flexibility to control the modified zone size
thus preventing the optimization of fabricating device. Another drawback of this
technique is slow fabrication speed — to form a complete, sub-millimeter size grating
requires up to six hours or more.

The holographic method for VBG fabrication in pure fused silica glass is quite
limited as high laser intensities are required to reach the refractive index modifica-
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1.8 Fig: Schematics of transparent volume phase grating. The equally spaced black
stripes represent the region of sinusoidally modulated refractive index.

tion regime; however, point by point Direct Laser Writing (DLW) technique can be
successfully applied for such device fabrication. This technique has advantages over
the holographic method as any desired three-dimensional pattern can be fabricated.
However, the manufacturing speed yet could not compete with holographic method.

1.4 The diffraction efficiency of VBG

VBGs with high diffraction efficiencies have become an important tool in optical
systems, especially in those where spectral and angular selectivity is essential. In
contrast with amplitude or profile gratings, diffraction in phase gratings is produced
from periodic modulation of the refractive index, created in the bulk of transparent
material. The VBGs theory is usually described using a coupled wave model devised
by Kogelnik [24].

The transmitting grating formed in the bulk of the sample is shown in Fig 1.8.
The modulation magnitude is An, the period of the grating — d and the thickness —
t. An incident beam I;,., enters the grating at angle a;,.. The diffraction condition
for this grating is the same as in ordinary surface grating:

7;:—;\ = Sin Qjne — sin ag;y, (1.6)
here m is an integer, corresponding to the order of diffraction, \ is wavelength, ng,
is the refractive index of the material and ag;s is the angle of diffracted beam. In
contrast with ordinary grating, VBG have additional dimension of thickness with
which it is possible to control the efficiency of diffracted beam (Iz). The VBG
diffraction efficiency, described as ratio between diffracted and incident beams, is

given by:
7 = sin® ( mAnt ) (1.7)
A

Vi ()

This equation is only valid for angles that are in so called Bragg condition (where

21



' L B . 1

120

g

100

oh
o
T

80+

i+

E

40

20+

Diffraction efficiency, %
Grating thickness, pm

e

i X! i i ] i L i
20 40 il 80 100 0 0,005 0,010 0.015 0.020
Grating thickness, pm Refractive index change
a) by

- =
=
1
1
\
[
-
1
-
V-
\
II.

1.9 Fig: a) Diffraction efficiency dependence on grating thickness at various refractive
index modulation levels; b) dependence of minimal thickness of volume grating that
produces 100 % efficiency on refractive index modulation level.

Ainc = Qdif )

The VBG period (d) and the wavelength (\) only determine the angle at which
Bragg condition is satisfied, while refractive index modulation level (An) and thick-
ness (t) decide the efficiency of the element. It is obvious that by choosing optimal
design parameters it is theoretically possible to achieve diffraction efficiency equal to
100%. Using this equation it is possible to evaluate the refractive index modulation
level when grating thickness is known. For the diffraction efficiency evaluation, we
have measured intensity of the diffracted beam and compared it to the reference
beam. For the reference, we slightly shifted crystal position moving the grating out
of the beam and measured the intensity of the transmitted light. In this way losses
due to reflections and crystal absorption were eliminated. For measurements we used
HeNe (633 nm) laser beam falling at Bragg angle with polarization perpendicular to
the grooves.

As efficiency is a pure sinusoidal function periodic in the product Ant (Fig. 1.9, a),
for a given An value, only gratings with specific thickness could operate with high
diffraction efficiency (Fig. 1.9, b). That thickness could range from several microns
for high refractive index modulation level (An > 0.1) up to several hundred microns
for low level (An < 0.001). If the modulation level of the refractive index is unknown,
the thickness of the VBG has to be found experimentally.

The VBG fabrication scheme is shown in Fig. 1.10. The period of the grating was
chosen to be 2 um as in such configuration each line would slightly overlap, achieving
more close-to-sinusoidal refractive index modulation pattern. Sufficient thickness of
the VBG is created by fabricating several layers of gratings on top of each other with
some spacing (in our case the spacing was chosen to be 4.5 pm which guaranteed
that each layer slightly overlaps). Gratings were recorded with average pulse energies
from 150 nJ to 250 nJ and sample translating speed was set to 3 mm/s at 300 kHz
pulse repetition rate. The first grating layer was formed 400 um below the sample’s
surface.

As precise magnitude of refractive index modulation was unknown, several 1 mm
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1030 nm,
300 fs

1.10 Fig: Schematic layout of fabricated volume Bragg grating.

x 1 mm gratings with different thicknesses were fabricated. Their diffraction efficien-
cies are shown in Fig. 1.11, a). The efficiency was measured with 633-nm wavelength
at angles satisfying Bragg condition thus giving the highest efficiency value. The
measured Bragg angle was 6.2°and it perfectly coincides with theoretical value. The
detuning from this condition results in rapid drop of the efficiency (Fig. 1.11, b).
The maximum diffraction efficiency of 57 % was observed in a grating with 70-pm
thickness produced with 0.20-uJ laser writing energy.

By increasing (or decreasing) grating thickness the drop in efficiency is observed.
It suggests that 70- micro m thickness is an optimal thickness which produces highest
diffraction for given refractive index modulation level. By referring to Fig. 1.9, b, it is
possible to evaluate the refractive index modulation level, which is 0.00454+0.0007. By
increasing writing power up to 0.25 wJ the overall efficiency slightly drops; however,
maximum efficiency is observed at the same thickness. This suggests that by rising
intensity no higher levels of uniform refractive index modification can be achieved as
material damage starts to appear, increasing scattering level. When writing energy
is lower, the modulation level is also smaller, so for 0.15 wJ the optimal thickness has
to be higher and was not evaluated in this experiment. The manufacturing time of
the VBG depends on the number of grating layers; a single 1 mm x 1 mm layer is
fabricated in less than 3 minutes, though 70-um-thickness gratings are fabricated in
less than 45 minutes.

There are two main reasons that prevent higher diffraction efficiencies of fabri-
cated VBGs. First is a scattering of the incident beam from fabricated structure,
caused by uniformity and scattering centers such as microdamages. The second cause
is non-sinusoidally modulation of the refractive index change induced in the material.
Theoretical models of VBG describe the sinusoidally modulated refractive index, ho-
wever it is hard to achieve such distribution using direct laser writing technique as
the modification profile after single shot is rather complicated, which means that

23



60 60
o 0,25 ud hd

sol| ® 0204
o 045

50 -

40

30 |
30 -

N
o
T

20

Diffraction efficiency, %

Diffraction efficiency, %

10 5
0t [ 1o, I I | I I I L | I I I
0 10 20 30 40 50 60 70 80 90 30 20 10 0 10 20 30
Grating thickness, pm Deviation from Bragg angle, mrad
a) b)

1.11 Fig: Diffraction efficiency dependence: a) on the grating thickness written with
different pulse energies; b) on the detuning from the Bragg angle. All curves are
fitted to the experiment data.

optimal writing conditions should be found experimentally. This suggests that even
higher performance of the grating could be achieved by parameter optimization.
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2 Modifications of refractive index
in crystalline materials

Common types of glasses such as fused silica or borosilicate glass were mostly in-
vestigated for laser induced microstructuring. However, it was demonstrated that
such structures can be created also in crystalline materials like lithium niobate [25].
Lithium niobate (LiNbOs3) is one of the most important crystals used in nonline-
ar optics, and the ability to form embedded photonic elements in it could create
new promising applications. Conventionally, the near-surface waveguides in LiNbOj3
are created by ion diffusion techniques [26], but recently it was demonstrated that
ultrafast laser pulses can also induce a sufficient refractive index change for wavegui-
ding. It was reported that two types of refractive index modification can be induced
in LiNbOg, one of which is erasable after thermal annealing, while other remains
permanent [27,28]. Both these types can be utilized in practical applications, for
example as erasable 3D data storage devices [29], or permanent waveguides [27].
The origin of these modifications is still under discussion: amorphization, crystalline
structure destruction, and induced stresses around the modified zones are likable
causes of the permanent variations of refractive index, whereas localized defect ge-
neration, and photorefractive effects at lower laser fluencies account for reversible
modification [28,30].

2.1 Photorefractive modifications in LiNbO;
crystal

LiNbOj3 crystal has strong photorefractive effect first discovered in 1966 by Ashkin et
al. [31]. When crystal is illuminated with strong radiation, electron excitation from
valance (or defect) band to conductive band will start to appear. If illumination is
inhomogeneous the charge gradient would build up and free-carrier migration would
start forced by drift, diffusion and photovoltaic effects. These currents build an
appreciable charge separation in the material that, naturally, creates electric space-
charge field. This field induces refractive index changes due to the Pockels effect.
For a space-charge field (E) that is aligned along the optical axis of the material,
refractive index change can be evaluated as

1
Ang e = —§n27€r13733E, (2.1)

here n,. is ordinary or extraordinary refractive index, and ri333 is electrooptical
coefficients that for LiNbOj3 crystal are 11 pm/V and 34 pm/V [32].
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The charge separation in ferroelectric
material is also inhomogeneous, because Olympus IX-71 microscope

such crystals possess natural polarizabili- Condenser
ty. Due to this effect in one crystal di-
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efficient. This direction is usually cal- (—m
led ¢ axis, and in LiNbOs this axis mat- ;/

ches crystals optical axis. So the stron-

gest charge separation and highest elect-
ric space-charge field appears along the ¢ -
axis.

|

The magnitude of the electric-space |
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carrier density. It was discovered earlier oo
that doped crystals possess much stron-
ger photorefractive effect. The extrinsic
centers, created by dopants (usually tran-
sition metal dopants are used for this task with most popular one being iron (Fe))
enrich the total amount of free carriers and makes the photorefractive effect stronger.
Pure LiNbOg crystal is rarely used in photorefractive recordings.

Photorefractivity, induced with ultrashort laser pulses, was very scarcely inves-
tigated. It was only demonstrated, that it is possible to from three dimensional
photorefractive structures in LiNbO3:Fe crystals [29], also possibility to generate free
carriers with IR wavelengths was also reported [33].

In our experiment, we used 800 nm wavelength and 150 fs duration radiation,
generated from Ti:sapphire laser oscillator ("MaiTai”, Spectra Physics). Impulse
repetition rate was 80 MHz. The experiment scheme is depicted in Fig. 2.1. The
sample was put on the three axis piezo nanopositioning stage (P-628, PI), having
800 um traveling range in XY direction, and 250 um in Z. The nanopositioning stage
was combined with Olympus IX-71 microscope, and laser beam was focused with the
microscope objective. The real time monitoring of writing process was carried out
with CCD camera. Before entering the microscope, laser beam was attenuated using
atomized attenuator. Exposition was controlled with mechanical shutter.

Modifications were inscribed in Fe doped (0.05 %) and pure LiNbOj crystals.
Both crystals were Y-cut, and laser beam was perpendicular to crystal ¢ axis. If
the beam is translated perpendicular to the ¢ azis the resulted refractive index mo-
dification will be clear, however, if the direction is parallel, modified zone becomes
obscure. This effect is clearly illustrated in Fig. 2.2, b. When the sample translation
direction is parallel to ¢ azis, the previously recorded formations are modified. Emp-
loying this effect it is possible to use photorefractive material for three-dimensional
data storage, were each information bit could be recorded and erased separately.

To test the possibility to selectively erase information from the volume of the ma-
terial, thick grating was created in the bulk of the crystal (with the same technique
used for VBG inscription in fused silica) and afterwards the middle layer was erased
by changing sample translation direction. The results are shown in Fig. 2.3. These
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2.1 Fig: Experimental scheme.
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a) b)

2.2 Fig: a) The main directions in LiNbOj3 crystal; b) microscope picture of modifi-
cations recorded in LiNbOg :Fe crystal with different translation directions and laser
powers. Translation speed — 20 um/s, objective — 0,3 NA| laser polarization — o.

Original 1,5 mW 3mW 5,5 mW 7 mW Wm

2.3 Fig: Three dimensional data erasure in LiNbOgs:Fe crystal. Thick gratings were
recorded perpendicular to ¢ azis (pulse average power — 7 mW, speed — 20 pum/s),
and middle layer was erased by changing the writing direction to parallel to ¢ axis
(using 40 um/s translation speed using different laser powers). Objective — 1,35 NA
with immersion oil.

results demonstrate that it is really possible to erase the selected layer, while other
layers remain intact. After erasure, information could be rewritten, however it was
find out that the contrast of newly written information decreases, especially when the
erasure procedure was repeated many times. The decrease of modification contrast
after many erasure procedures are shown in Fig. 2.4. In order to understand the re-
asons, why such saturation effect is present in the crystal, it is important to analyze
the topographical refractive index distribution in the crystal after the erasure pro-
cedure. In order to do that, the interferometer capable to measure refractive index
changes and its distribution in the material was constructed, according to the sche-
ma shown in Fig. 2.5. The sample with recorded photorefractive modifications was
illuminated with 635-nm wavelength cw laser, and the light, collected with objective
(10x, 20x) was guided to the Michelson interferometer. A mirror in the one of the
interferometer’s arms was slightly misaligned in order to form clear interferometric
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fringes in the output that was captured with CCD camera. By measuring the fringe
deflection, it is possible to evaluate the refractive index change of the material: if
the thickness of modified zone (Az) is known (measured with ordinary microscope),
then An = A®/Az, where ® is the deflection of fringes normalized to 2.

While inspecting the refractive index change distribution after erasure procedu-
re, it was find out that erasure does not restore the original charge distribution, but
only redistributes it to different geometry. After many erasure-writing repetitions,
the maximum possible refractive index change build up in the material and no ad-
ditional modification becomes possible. This phenomenon accounts for the previous
mentioned saturation effect.

The induced refractive index change depends on the average pulse power, sample
translation speed, focusing conditions and etc. When pulse repetition rate is high it
is more convenient to use exposition dose expression:

p- Kkl (2.2)
mro
here P is average pulse power, v - translation speed, r — radius of modified structure.
In order to increase exposition dose, it is possible to repeat the writing procedure
several times in the same crystal area. The repetition number is denoted by & ( if
not mentioned otherwise, k = 1).

The refractive index variations on the exposition dose are shown in Fig. 2.6. Al-
so in Fig. 2.6, a) there is shown the results of evaluation of refractive index change
using volume Bragg grating diffraction, as described in previous chapter. The highest
diffraction efficiency was achieved in 350-pum thickness grating and had 72 %. This
corresponds to 0.0006 refractive index modulation level. This level is three times
lower, if the incident beam polarization is not extraordinary — this proves that modi-
fication rally have photorefractive origin, as electro-optic coefficient for o polarization
is three times lower than e polarization. The refractive index change logarithmically
grows with increasing exposition dose and starts to saturate when doses are high. The
maximum refractive index change (in single modified line) was 0.0045 for LiNbOsFe
crystal. It is interesting, that in pure LiNbOs crystal it is also possible to create
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2.4 Fig: Repetitive information recoding in LiNbOgs:Fe. The number shown in the
picture shows how many times the rewriting procedure was repeated. Writing para-
meters: average power — 40 mW, translation speed — 20 um/s; erasure parameters:
average power — 75 mW, translation speed — 60 pm/s. Objective — 0,3 NA.
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2.5 Fig: The schema of Michelson interferometer used for refractive index change
monitoring in the crystal. CCD camera takes images of interference fringes (inset
shows the sample of two zones: a) when erasure was performed parallel to the ¢ axis,
b) when erasure was performed perpendicularly to ¢ azis)

photorefractive index changes, however the maximum level is lower — 0.0015.

Such big refractive index changes are not common in photorefractive modifica-
tions, induced with cw or long pulses. The reason that could explain such increase is
the efficient generation of polarons in the crystal after ultrafast pulse exposure. It is
known that polarons can enchant the photovoltaic effect and contribute to stronger
charge separation in the crystal [34]. Also high laser repetition rates can efficiently
heat the crystal and induce piroelectric effects involve in enchanting greater charge
separation.

However, photorefractive modifications are not stable and can be completely era-
sed using homogeneous UV light irradiation.

2.1.1 Permanent modifications induced in LiNbOs;

Photorefractive modifications become useless in applications orientated to high in-
tensity pulses. Recorded structures, such as holograms, will be erased during read
out procedure with intense radiation. Creation of permanent modifications in the
crystals could solve these problems.

We have investigated the possibility to form stable modifications in LiNbOg
crystal, with Yb:KGW laser system. The experimental setup used for crystal mo-
dification was identical to the one used in glass modification experiments (refer to
Fig. 1.1). We used pure congruent LiNbOj3 crystal samples at z-cut orientation (mo-
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2.6 Fig: a) Diffraction efficiency of Bragg grating dependence on grating thicknesses
and reading beam polarization. Gratings were recorded in LiNbOsFe crystal with
2x10% J/em? exposition dose, period was 6 um. Continuous curves show theoretical
values calculated using coupled wave theory. b) Refractive index change on exposition
dose measured in pure LiNbOs and LiNbOgs:Fe. Dose was varied by changing writing
power (P), translation speed (v) or repeating writing algorithm (k).

difications were written with the direction of propagation of the laser beam parallel
to crystal’s optical axis (6 = 0°)).

It is important to find the pulse energy window in which permanent index mo-
difications can be created without increased scattering or absorption. For this task
separate lines were formed in the bulk of the LiNbOgs crystal, 200 pm below the
surface. The visible modifications were observed with laser pulse energies as low as
200 nJ, but modifications, that did not disappear after thermal annealing (1 hour
in 150°C) were created with pulse energies higher than 1.2 wJ (corresponding to
33 J/cm? energy density). It is important to note that in LiNbOj3 the critical power
for self-focusing is ~0.5 MW for 1030 nm, (150 nJ at 300 fs) [35], meaning that
modification recording in our experiment was affected by filamentation processes.
Modifications were highly elliptical and axial length varied on focusing depth due
to filamantation and spherical aberrations, and could reach sizes from 8 pym close to
surface up to 20 um at depths of 500 um; focus splitting after repetitive self-focusing
was also observed. The lateral width of induced modifications was ~ 1.5 um.

The optimal sample translation speed was found to be 5 mm/s and this value
was used in all experiments described below; slower speeds did not improve visible
structure quality and at very low speeds (0.1 mm/s) the structure morphology even
tended to decrease due to overexposure.

Three-dimensional gratings were inscribed in the crystal by translating the sample
in respect to the incident laser beam. Several layers of gratings with slight separation
were created on top of each other in order to create sufficient VBG thickness required
for high diffraction efficiency (as shown in Fig. 1.10). In order to measure grating
thicknesses, gratings were formed close to the crystal end-facets and inspected with
transmission microscope.
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2.7 Fig: a) Fabricated VBG(top); side view of the sample gratings with different
layer number: A) 20; B) 10; C) 5; D) 3; (bottom). Incident pulse energy — 3 pJ,
translation speed — 5 mm/s, pulse repetition rate — 100 kHz. b) Diffraction efficiency
dependence on the grating thickness. Gratings were written with 3 wJ pulse energy
and 5 mm/s sample translation speed at 100 kHz pulse repetition rate. Inset shows
the diffraction patterns for 0° and Bragg angle diffraction.

VBG’s with 1-mm width and 1-mm length, 5-um period and different thicknesses
were manufactured in the LiNbOjs crystal. The grating’s first layer was created
320 um below the surface, with all other layers were formed on top of each other with
7-um separation. This separation was found to be optimal as it allowed complete
overlapping of separate layers, thus axial elongation of the structures was beneficial
in our case. Fabricated gratings are shown in Fig. 2.7, a). These gratings had
thicknesses from 15 um (one layer) up to 150 pm (20 layers).

The measured diffraction efficiency versus grating thickness is shown in Fig. 2.7,
b). The grating with 150-um thickness showed highest diffraction efficiency of 87 %
for the first order, 2.5 % remained in the zero order, 7.5 % of diffracted intensities
went to all higher orders, and 3 % was attributed to scattering losses. The evaluated
refractive index modulation level was 0.002. By decreasing writing pulse energy
down to 1.5 wJ, the maximum efficiency dropped to 56 %, suggesting the decrease
of refractive index modulation level to 0.001. Similar refractive index modulations
were reported by [28], induced with a 800-nm laser at fluencies comparable to these
used in our experiment.

It was demonstrated by other groups [28], that refractive index modulation mag-
nitude differs for ordinary (o) and extraordinary (e) beams in the crystal. This
difference would make the diffraction efficiency of a grating polarization dependent.
We could not observe this phenomenon in our experiment as diffraction efficiencies
measured with parallel-to-the grooves polarized (o) light showed near identical (dif-
ference ~3 %) efficiencies as in the case of perpendicular (e) polarization.

The grating’s impact on crystal’s transmittance is shown in Fig. 2.8,a). Naturally,
the grating induces scattering and diffraction losses in the crystal, reducing overall
transmittance. A significant initial increase of the absorption can be seen in the
visible region, peaking at 490 nm. However, this absorption band disappeared after
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2.8 Fig: a) Transmittance versus wavelength for LiNbOj crystal, before and after
inscription of the grating as well as after thermal annealing. Grating thickness was
15 um (recorded with 3-pJ pulses, using 5 mm/s translation speed at 100 kHz pulse
repetition rate). b) Raman spectra taken from laser-modified zones.

thermal annealing for 1 hour at 150°C. This peak is linked to the electron-trapped-
in-oxygen-vacancy defect and is often observed in LiNbOg3 samples reduced at high
temperature [36] or after exposure by high energy particles [37]. In the latter work
the elimination of this coloration with thermal annealing, while keeping the refractive
index modulation level relatively high was also reported. In our experiment the
annealing also did not show great impact on the grating diffraction efficiencies; it
decreased no more than 10 % for both polarizations, however, additional studies
are required in order to test the stability behavior of the formed structures. Similar
behavior occurs in the crystal after laser processing and ion exposure. This suggests a
common cause of refractive index variations, which is mainly linked to the destruction
of the lattice and partial amorphization at the laser processed zone. This theory is
supported by the Raman spectra, taken from the laser-modified zones (Fig. 2.8, b).
The intensity of Raman peaks decreases when crystal is affected by higher intensity
pulses.

2.1.2 Modifications induced in KDP crystals

Identical experiments were performed with KDP crystal (crystal was cut at angle
6 = 58°.). The laser pulse energy window for visual modification appearance was
found to be from 250 nJ to 700 nJ (correspondingly from 7 J/cm? to 20 J/cm? ).
For lower intensities no visible structures were detected, whereas for higher intensi-
ty macrocracks, reaching 1 mm and more, start to appear in all processed regions.
Crystal coloration was also observed at the crack zones. This coloration disappeared
after several days. The critical self-focusing energy for KDP crystal was estimated
to be 550 nJ. [35]. Filamentation effects were, therefore, minimal. The modification
lateral width was ~ 3 um, and the axial length was ~ 9 um. Thermal annealing era-
sed or considerably decreased structure morphology; the inhomogeneous lines acting
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2.9 Fig: Modifications induced in a KDP crystal at various pulse energies. Modifi-
cations after thermal annealing are shown at the right for individual pulse energies
(translation speed in all samples was 5 mm/s and pulse repetition rate - 100 kHz).
The diffraction pattern from 20 pm thick grating made with 600 nJ pulses is shown
below.

as scattering centers are shown in Fig. 2.9. We were unable to create smooth regions
of modified refractive index change, and Bragg diffraction was not observed in KDP
crystal. Only amplitude gratings were formed with low diffraction efficiencies (26 %
for all diffraction orders at 0° incident angle).

Despite a wide band gap and a high laser induced damage threshold (LIDT), mic-
roscopic fractures are formed in KDP as soon as laser intensity reaches the threshold
for index of refraction modifications. In contrast LiNbOj3, which has a smaller band
gap and lower LIDT, can withstand energy densities two orders of magnitude greater
than the threshold of index modification. For comparison, the LIDT of KDP it is
estimated to be 5.5 J/cm? by the analysis of critical electron density [10] whereas
that of LiNbOj is 0.7 J/cm?, and the band gap of KDP is 7 €V compared to 3.8 ¢V
for LiNbOg. It is known, however, that KDP crystal decomposes to water vapor and
KPOj salt at 250°C [38]. Such temperatures are easily reached at the laser focus. We
speculate internal pressure caused by water vapor and repetitive laser heating could
break the lattice structure and form both microscopic cracks and larger fractures.
LiNbO3 does not have such a phase transition and the melted state is reached at
1796°C.

In conclusion, we have investigated the modifications induced in nonlinear crystals
using high-repetition-rate, 300-fs-duration laser pulses. We have successfully fabrica-
ted high-efficiency volume Bragg gratings in LiNbOg3 that remained permanent after
at least one hour of thermal annealing in 150°C. It was not possible to create VBG’s
in KDP crystal due to inhomogeneous damage formation in the processed zone.
The results with lithium niobate, in other hand, show potential for femtosecond-
microprocessing of photonic devices, and considering the excellent nonlinear proper-
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ties of LiNbOj3, opportunities for new applications. Additional studies, however, are
required with different laser processing parameters as well as research on annealing
behavior of induced structures.
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3 Fused silica modification with
light filaments, and the influence
of modified material on glass
nonlinearities

Sharp focusing is capable to produce highly localized modifications in the bulk glass,
having micrometer or sub-micrometer sizes. In other hand, small structures are not
beneficial in this case when designed photonic element is big in size — the inscrip-
tion procedure becomes too long. One favorable solution would be to use lens that
has lower numerical aperture, capable to modify greater volumes of the material.
However, weaker focusing requires higher laser power. High pulse power is cable to
initialize the nonlinear processes in the material: filamentation, spectral broadening,
supercontinuum generation and etc. The effects are determined not only by the la-
ser power, but also by material properties, which as we know by now, are changing
during modification process. Thus observation of nonlinear process and their dyna-
mics during modification developing are essential for better understanding of physics,
happening in the material.

3.1 Experimental

The setup used for modification induction and nonlinear process investigation is
shown in Fig. 3.1. The previous mentioned Pharos laser system was used, so the
laser wavelength was 1030 nm with pulse duration — 300 fs. The focusing distance
of the lens used in the experiment was 200 mm. The laser beam diameter before
the lens was 3.9 mm. The modification induction was performed in LITHOSIL glass
that had 5 mm thickness. The confocal parameter of this lens was ~ 8 mm so the
focus could cover the full glass thickness, however, the sample was positioned at the
place where the longest filament is formed (in that case geometrical focus was around
4 mm bellow the sample surface).

The spectral broadening effects were investigated with the fiber spectrometer
(“AvaSpec2048”, Avantes). Before the input, infrared filter was used in order to
attenuate the intensity of fundamental wavelength. Also the additional lens and
diffusive plate was used in order to integrate the spatial spectra. During the spatial
spectra measuring experiments filter, lens and diffusive plate were removed, and
radiation from the filament was directly guided to spatial spectrometer (“Positive
light”, Spectra Physics, gratings - 142 grooves/mm). Also filament formation in the
glass was observed with microscope in real time.
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3.1 Fig: Experiment setup for filament formation and supercontinuum generation in
fused silica with Pharos laser system.

Filament formation experiment was carried out using different pulse repetition
rates and pulse energies. The threshold energy for filament appearance (as well as
supercontnuum) was 3.5 wJ, at 100 kHz. Similar energy was obtained with different
pulse repetition rates. The critical peak power for filament formation is 4.1 MW in
fused silica, and this correspond to 1.2 micro J energy (at 100 kHz). So in our exper-
iment the observable supercontinuum started to appear when P = 2,9P,,.. When
peak power reaches P = 7P, homogeneous supercontinnum image decreases and
interferometric patterns, caused by multiple filament formation, starts to appear.
Most stable supercontinnum was achieved using peak powers 56 times greater than
critical value.

3.2 Modification influence on supercontinuum
spectra

When laser pulses expose the one singular area of the material, supercontinuum
spectrum starts to change. These changes are linked with the appearance of modi-
fications in the glass. The intensity of the supercontinuum starts to decrease, also
the short-wavelength edge start to move to longer wavelengths. Typical spectral be-
havior is shown in Fig. 3.2. It is clear, that when pulse repetition rate is 100 kHz,
modifications “shift” the supercontinuum edge from 400 nm to 550 nm in less than
40 s. This time is even shorter, with lower pulse energies. When exposition time is
long enough, supercontinuum completely fades out and becomes undetectable. Re-
sults show, that modification indeed plays an important role in nonlinear processes
happening in the material.

How induced modifications effect the supercontinuum? It is hardly possible to
answer this question unambiguous, as the physics of supercontinuum formation is still
unclear and negotiable. However, by analyzing supercontinuum generation theories
it is possible to identify the processes that can be influenced by material modification.

Using the theory devised by Faccio er al. the blue-shifted supercontinuum, comp-
letely isolated from the pump wavelength is caused by the self-generated X-wave that
forms during temporal pulse splitting [39]. Such X-wave travels in the material with
group velocity that is considerably lower than velocity governed only by material dis-
persion. Such circumstance creates phase matching conditions and supercontinuum
can be generated far from the pump wavelength. If we analyze supercontinuum’s
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3.2 Fig: The dynamics of supercontinuum spectra during the exposition with 100 kHz
laser pulses. Pulse peak powers are: a) 5P, and b) 4P,.

spatial spectrum, shown in Fig. 3.3, we will see that, indeed, X-shaped spectrum at
the beginning of laser exposition is formed. However, such spectral formation disap-
pears after sufficient exposition. It is known, that refractive index tend to increases in
laser modified areas in fused silica, thus light filament is capable to create permanent
waveguide. This waveguide can prevent the formation of X-wave packet, as it will
trap the light and limit the conical radiation, essential for X-wave formation. So su-
ch behavior could explain the changes observed during in supercontinuum spectrum:
decaying X-wave destroys the phase matching condition required for supercontinuum
generation.

Also modification appearance in the glass could explain spectral shifts by using
more traditional continuum generation models. It is commonly accepted, that the
maximum supercontinuum broadening is determined by the intensity clamping. Maxi-
mum light intensity is limited in the core of the filament by nonlinear absorption.
Also this clamping intensity is material property and can be expressed through non-
linear refractive index change. Blomer et. al. showed, that nonlinear refractive index
in laser-modified fused silica decreases fivefold [40]. This automatically reduces clam-
ping intensity and narrows the supercontinuum spectrum.

Also supercontinuum intensity tends to decrease after continuous exposition. The
speed of attenuation is closely linked to the pulse repetition rate. When the rate
is rather low (< 150 kHz), attenuation speed is not well-defined and could vary
from several seconds to minutes. Such behavior could be linked to the fluctuating
laser power and not uniform distribution of defects in the material. However, when
repetition rate is higher the attenuation speed is well defined. These results are
shown in Fig. 3.4.

[t is clear from the graph, that supercontinuum starts to generate instantly (at lo-
wer repetition, supercontinuum intensity growth was observed during the first 200 ms,
however this growth was relatively small), and then fallows continuous exponential
attenuation with exposition time. At 160 kHz continuum generation stops after 3.5 s
(measured at 1/e? level), while for 200 kHz it takes 850 ms, for 250 kHz — 250 ms
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3.3 Fig: The change of spatial spectrum at various exposition times. Pulse peak
power — 7P, pulse repetition rate — 100 kHz.

and for 300 kHz — 150 ms. These numbers show, that minimum number of pulses,
required to affect the material and prevent the continuum generation decreases with
increasing repetition rate. This shows the presence of accumulation effects, possible
caused by shorty-lived defects in the material. It is known, that self-trapped excitons
can efficiently form in the fused silica. The lifespan of such defect is shorter than
1 ms, and it is proven, that absorption properties of the material are influenced by
these excitons [41,42]. These defects can increase modification formation rates when
modifying with high repetition rate pulses.

3.2.1 Filaments and material modifications

Visual filament also splits into several parts along the pulse propagation direction, as
can be seen from Fig. 3.5. The splitting has statistical behavior and is not always the
same in identical conditions; however, main tendencies are always the same: visible
observable purplish filament splits into two, three or more parts depending on the
focusing conditions or used pulse powers.

Also this splitting appears only during single filament formation regime. When
pulse power is higher than 9P, no such splitting is observed. It is important to
stress that filament splitting forms during the first 2 s of exposition and later did
not change. It is observed even when supercontinuum generation is already fading
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3.4 Fig: The supercontinuum intensity dependence on exposition time at various
pulse repetition rates. Pulse peak power —5Py,.

out. So the purplish glow of the filament is caused mainly by luminescence effect
(non-bridged oxygen deficiency center fluoresces at 650 nm).

What causes filament splitting? It was discovered earlier, that intense filament
core is surrounded with lower energy zone that acts like energy reservoir for su-
staining the filament propagation [43]. Also Dubietis et al. showed, that if central
filament part is blocked, filament tend to reconstruct itself after some propagation
distance. However, if the reservoir is blocked, filament propagation is completely
destroyed [44]. Modifications or material damage, that forms in the filament path
could act as obstacles, disturbing filament propagation. Resulted modifications for-
med by filament, created with 5P, peak power pulses and 100 kHz repetition rate
are shown in Fig. 3.6 (microscope image taken in face contrast regime). The resulted
modifications are not homogeneous along the filament propagation path and actually
duplicate the original splitting of the filament. By close inspection it can be seen,
that these modifications are located not precisely on the beam propagation path,
but are slightly shifted in respect to each other. This suggests, that filament was de-
constructed and later underwent reformation at some (or several) particular places.
No obvious obstacle (as material damage) can be identified along the beam propa-
gation path, however, in experiments with higher beam powers the material damage
at places where filament breaks could be identified (such damages were observed and
analyzed in detail by [45]). In other hand, just slight material modification, change
of linear and nonlinear refractive index, could be sufficient for such filament breakage.

Also we can observe that modification length and their distribution are not iden-
tical even in the same recording conditions. This can cause problems when high
modification placement accuracy is required. This could be a big drawback for some
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3.5 Fig: Splitting of the filament in the fused silica. Pulse peak power — 5P,.. Laser
is incident from the left.

photonic devices fabrication. However, when accuracy is not the issue, modifications
written with filaments could be beneficial, as it is possible to create various modifi-
cation types with the filament [46], also some technical tasks can be simplified with
filamentary recording, as in the case of precise positioning of modifications in the
fiber core [47].

In conclusion we can state that with high pulse repetition rate Yb:KGW laser
pulses it is possible to form modifications in fused silica using light filament. Modi-
fications influence nonlinear processes, happening in the fused silica material. The
supercontinuum spectrum rapidly changes when continuously exposing material, also
filament splitting along the beam propagation is also present that fate the uneven
distribution of formed modifications.

—
100 pm

Laser incidence direction

3.6 Fig: Modifications in fused silica written with laser filament. Average pulse power
— 5Py, repetition rate — 100 kHz.
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Conclusions

1. Modifications induced in fused silica glass with high repetition rate (100-300 kHz),
300 fs duration laser pulses, having wavelength of 1030 nm and energy densities
over 3 J/cm? possess birefringent effect caused by the nanograting (with period
~ 260 nm) formation in the laser-affected areas. Lower energy densities cannot
create any permanent material modifications.

2. The regularity of modifications is fated by cumulating effects: nanograting ho-
mogeneity and repeatability depends on the number of pulses that targets the
same material area which is determined by the pulse repetition rate and sample
translation speed. In order to achieve homogeneous structure, each area should
be targeted by at least 100 pulses (with energy densities in the range of 3 J/cm?
and 5.6 J/cm?). By increasing energy density the non-regular material damage
is observed in material that increases overall scattering level. Effective refractive
index change in the modified zones resulted from nanostructures was measured
to be equal to 0.0045+0.0007 (for 633 nm wavelength).

3. In lithium niobate crystal it is possible to induce permanent, homogeneous mo-
difications that have varied refractive index with ultrashort laser pulses. Mo-
dification window where smooth homogeneous modifications appear is between
33 J/em? and 140 J/ecm?. Modification threshold in lithium niobate crystal is
one magnitude higher than that in fused silica due to the fact, that nonlinear
refractive index is five times higher for niobate crystal that causes highly effici-
ent filamentation process, disturbing the energy distribution at the focus. The
cause of the refractive index change is local crystal amorphisation and values
up to 0.002 can be reached.

4. In KDP crystal no homogeneous modifications can be created due to non-regular
crystal decomposition into water vapor and KPOjs salt as soon as crystal damage
threshold is reached at 4 J/cm? energy density. Only amplitude gratings were
recorded in this material.

5. Permanent volume Bragg gratings, that do not bear photorefractive character,
and have record high diffraction efficiencies up to 78 % written in lithium niobate
crystal using direct laser writing technique with Yb:KGW laser pulses (energy
density 85 J/cm?) were demonstrated for the first time. In fused silica Bragg
gratings had maximum diffraction efficiency of 57 % (written with 5.6 J/cm?).

6. The new method of laser-induced refractive index change evaluation is presen-
ted. This technique takes in advantage the fact that diffraction efficiency of
Bragg grating is dependable on the grating thickness. When several gratings
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with varied thicknesses are recorded with the same writing conditions, varia-
tion of diffraction efficiency on the thicknesses give clues about the magnitude
of the refractive index change in the material. This method is simple and more
precise than refractive index measurements from single fibers or thin diffraction
gratings.

. In the bulk of iron doped and pure lithium niobate crystals it is possible to
induce photorefractive modifications with ultrashort, high repetition rate laser
pulses, made with Ti:sapphire oscillator (wavelength - 800 nm, pulse duration
- 150 fs, repetition rate - 80 MHz). Such unstable modifications can be cre-
ated with energy densities as low as 1 mJ/cm?. It was demonstrated for the
first time, that in these crystals it is possible to selectively record and erase
three-dimensional data using the same ultrashort laser system. The key pro-
cess is nonlinear absorption that can be implemented for photorefractive data
manipulation. The axial size of the written (and erased) bit depends on the
total exposition dose and can vary from 5 um (exposition dose - 10* J/cm? and
tight focusing (1.35 NA)) to 70 um (10° J/cm? and loose focusing (0.3 NA))
The erasure of the recorded information is achieved by continuously increasing
refractive index modulation level which with ultrashort pulses can reach up to
40 % higher values, than those obtained with longer pulse irradiation.

. Light supercontinuum generated in fused silica with Yb:KGW laser pulses has
blue-shifted spectrum (400-850 nm for 35 mm glass thickness, when using pulse
powers where single filamentation regime is present) that is completely isolated
from the pump pulse wavelength. Material modifications reduce the intensity
of supercontinuum generation, and modifications cause the shift of shortwave
supercontinuum edge towards longer wavelengths (from 400 nm up to 750 nm),
that results in the shrinking spectrum of the supercontinuum. Experimentally
evaluated spatial distribution of supercontinuum spectrum may suggest that
changes in the spectrum can be caused by the decaying X-wave which becomes
entrapped in the waveguide formed by the same light filament. The rate at
which waveguide is formed depends on the laser repetition rate: supercontinu-
um generation stops after 150 ms since the begging of exposition when pulse
repetition rate is 300 kHz, and for 160 kHz this value is equal to 3,5 s.

. Light filament-induced permanent modifications in fused silica are not homo-
geneously distributed along the filament path due to modulations that appear
in the filament. Material modifications change pulse propagation conditions in
the filament in such a way that filament is destroyed and should recreated itself
after some distance. This causes uneven energy distribution along filament path
that is also influenced by laser pulse parameters, such as laser pulse power and
repetition rate.
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SANTRAUKA

LUZIO RODIKLIO MODIFIKAVIMAS STIKLUOSE IR KRISTALUOSE
VEIKIANT ULTRATRUMPAISIAIS LAZERIO IMPULSAIS

Intensyviy sSviesos impulsy saveika su skaidriomis terpémis iS esmes skiriasi nuo
silpnos elektromagnetinés spinduliuotés saveikos. Ultratrumpieji impulsai skaidrioje
medziagoje gali buti sugeriami, o sugertos energijos pakanka, kad medziagoje jvykty
strukturiniai pokyciai. Tokiu budu pakinta ir medziagos optinés bei fizikinés sa-
vybés. Selektyvus luzio rodiklio modifikavimas leidzia integruoti jvairius fotoninius
elementus j skaidriosios terpés turj. Tokia technologija yra itin svarbi fotonikos moks-
lo vystymuisi. Sioje disertacijoje ir nagrinéjama galimybé formuoti pakitusio luzio
rodiklio darinius lydyto kvarco stikle ir netiesiniuose kristaluose, tokiuose kaip li¢io
niobatas ar KDP.

Darbe pristatomi eksperimentiniai bei teoriniai rezultatai, susije su skaidriyjy
terpiy luzio rodiklio pokycio indukavimu. Parodoma, kad lydyta kvarca veikiant
Yb:KGV lazerine sistema generuojamais impulsais, jame galima sukurti modifikuoto
luzio rodiklio sritis. Sios sritys pasizymi dvejopu sviesos luzimu, atsirandanéiu dél me-
dziagos turyje besiformuojanciy nanogardeliy. Parodoma, kad modifikuoty sriciy vie-
nalytiSkumas priklauso nuo akumuliaciniy efekty. Pakitusio luzio rodiklio sritis taip
pat galima jrasSyti ir licio niobato kristale. Priklausomai nuo spinduliuotés paramet-
ry, Siame kristale galima jrasyti stabilius, modifikuoto luzio rodiklio darinius, o taip
pat ir nestabilias modifikacijas, atsirandancias dél fotorefrakcinio reiskinio. Pasta-
rajj efekta galima panaudoti daugkartiniam informacijos jrasymui. Pademonstruoti
efektyvus fotoniniai elementai, turinés Brego gardeleés, jrasSytos tiek lydyto kvarco,
tiek licio niobato turyje. Pateikiama metodika, skirta lazerio indukuoto luzio rodik-
lio poky¢iui nustatyti matuojant Brego gardeliy difrakcinius efektyvumus. Taip pat
tyrinéjama kaip modifikuoti dariniai lemia superkontinuumo ir Sviesos gijos forma-
vimosi reiskinius lydytame kvarce. Parodoma, kad besiformuojancios modifikacijos
keic¢ia superkontinuumo spektro parametrus: superkontinuumo spektras siauréja, jo
intensyvumas silpsta, be to, silpimas spartéja didéjant impulsy pasikartojimo daz-
niui. Taip pat vyksta trumpabangés superkontinuumo spektro ribos slinkimas link

ilgesniyjy bangy. Stebimas Sviesos gijos skilimas iSilgai impulso sklidimo krypties.
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