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Ultrafast subpicosecond laser exposure usually induces negative refractive index changes in optical glasses
with strong thermal expansion such as borosilicate BK7 due to volume expansion and mechanical rarefaction.
We show that temporally shaped laser excitation on picosecond scales and at high repetition rates can invert the
regular material response resulting in a significant refractive index increase. Simulations of pulse propagation
and evolution of heat and strain waves in BK7 glass exposed to different pulse durations were performed to
understand mechanisms of refractive index increase. Narrow spatial distribution of energy for optimized
picosecond pulses determines shock-induced plastic deformations accompanied by partial healing of the lateral
strain due to preferential heat flow. The matter momentum relaxation produces directional on-axis material
compaction.
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I. INTRODUCTION

Achieving control on matter transformations by energetic
beams has beneficial consequences for material processing
applications. Irradiation creates physicochemical material
changes, building up on deviations from charge, thermal, or
mechanical equilibrium. Fast energy deposition is able to
induce unique structural material phases due to extreme pres-
sure and temperature regimes generated inside the
material.1,2 Concerning application fields, consequences have
emerged for three-dimensional structuring of materials. Due
to the particularly strong energy localization, ultrafast laser
radiation was successfully employed for generating photonic
structures in glasses suitable for optical integration.3 Specifi-
cally, ultrashort pulse lasers were employed in waveguide
writing techniques. This is due to positive refractive index
variations that result from structural rearrangements of the
dielectric matrix.4–8 The sudden nonlinear electronic excita-
tion triggers a sequence of transformations defined by the
spatiotemporal character of excitation and by the material
response. Local material modification may be induced in the
form of color centers or reordering of chemical bonds caused
by electronic and thermal effects.9–12 Using laser techniques,
waveguiding objects were created in fused silica �a-SiO2�,
which is one of the commonly used optical materials. Here
the excited material quenches in a densified form involving a
change in the bonding angle.10 However, for multicomponent
or more complex glass structures, the laser action is more
difficult to be deciphered.4,5 Local atomic displacements con-
cur with macroscale phenomena in a complex way to gener-
ating a refractive index change. Generally, the response to
optical excitation depends on the relaxation properties of the
glass and the extrapolation of the waveguide writing tech-
nique to other materials may not be able to demonstrate the
same degree of success as for a-SiO2. In many borosilicate
and phosphate glasses with high expansion coefficients, ul-

trafast laser action results in a dominant negative refractive
index change due to volume expansion. The guiding region
is restricted to stressed material around the exposed low den-
sity region,13,14 being detrimental for symmetric mode guid-
ing. In these conditions, the possibility to reverse this natural
tendency toward rarefaction into a compaction regime carries
both technological and fundamental significances.

Having in mind refractive index modifications and their
potential in optical technologies, we address here the issue of
material transformation under regulated energy feedthrough.
We explore the effects of laser-induced plasticity in estab-
lishing a desired type of refractive index redistribution. The
purpose is identifying, activating, and understanding laser-
induced mechanisms for material compaction. Using tempo-
ral pulse shaping and a comprehensive theoretical analysis
involving nonlinear optical energy deposition, thermody-
namic evolution, and mechanical relaxation, we demonstrate
that the hydrodynamic flow of softened material can be
guided to form an extended region of compressed matter.
This leads, under specific conditions of laser energy delivery,
to a positive refractive index change, which is an inversion
of the regular material response.

We concentrate on a model glass with dominant “thermal”
character, which is defined as such from relaxation
considerations.14 A representative, BK7, a borosilicate crown
glass, is a low cost material with applications in optics and
microfluidics. It is characterized by slow electronic relax-
ation, high thermal expansion, and low softening point.
These properties are characteristic to a large class of glassy
materials. BK7 usually shows a decrease of the refractive
index under ultrafast laser exposure.4,5 The reason is associ-
ated with the formation of a hot region, where, due to rapid
thermal expansion, the material is quenched in a low-density
phase rich in oxygen centers.5 Understanding that this con-
duct, apart from the chemical aspect, depends on the heating
and relaxation rates, we explore the conditions to reverse it
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using adaptive temporal pulse shaping.15 This study indicates
ways of controlling matter response to energetic beam exci-
tation. The formation of positive refractive index or the flex-
ibility in creating local dielectric optical properties has con-
sequences for the design of light-guiding devices.

From the experimental point of view, several strategies
were put forward for waveguide writing. Low repetition rates
�kilohertz� were often used, building up on the effect of in-
dividual pulses.13,16 High repetition rates �megahertz� were
more recently involved, taking advantage on thermal cumu-
lative effects.17–19 The intermediate region �100 kHz� was
equally explored for generating waveguiding structures in
several materials.3,4,20 We concentrate our discussion on this
regime, which corresponds to the time scale of mechanical
relaxation and discuss the role of macroscopic stress in gen-
erating spatial patterns of refractive index variations, in ad-
dition to potential changes at atomic level.12 While static
mechanical effects are always present, contributing among
other factors to glass densification, acting on the mechanical
relaxation time scale may induce particular stress patterns.
Stress actions may be used in writing guiding structures in
complex materials.21 The 100 kHz pulse repetition rate is
then particularly interesting since it provides the prerequi-
sites �in terms of temporal window� of controlling both heat
and stress actions12 during multipulse exposure.

The paper is organized as follows. The experimental sec-
tions provide an overview of the irradiation setup and the
adaptive loop, together with a demonstration of index flip-
ping. The modeling section gives insights into the simulation
tools, coupling together nonlinear pulse propagation and
thermomechanical material response. Section IV concen-
trates the discussion on several issues. First it describes
qualitatively the aspect of laser-induced structures in view of
possible nonlinearities and the follow-up relaxation. It shows
how a pulse temporal form may trigger a transition from
negative to positive index variation, which gradually extends
under rapid multipulse excitation. The role of stress relax-
ation and heat dynamics in relation to material compaction is
indicated, in particular, irradiation conditions involving pico-
second pulses. This, in turn, allows waveguide writing in
optimal conditions. A possible thermomechanical scenario is
discussed.

II. EXPERIMENTAL SECTION

A. Experimental setup

BK7 parallelepipedic samples were irradiated with 150 fs
pulses from an 800 nm Ti:sapphire ultrafast laser system at a
rate of 100 kHz. The exposure time was controlled by an
electromechanical shutter. The laser beam was focused inside
at a depth of 200 �m by a microscope objective �numerical
aperture, 0.45� to a waist of approximately 0.9 �m. At this
depth, optical aberrations play a negligible role.22 In this re-
gime of relatively tight focusing, linear and nonlinear propa-
gation effects are equally observable, allowing a good ex-
ploitation of the temporal features of the pulse.

Detection of the relaxed structures is realized in real time
by Zernike-type positive optical phase-contrast microscopy
�PCM�. A charge-coupled device camera delivers a side im-

age of the spatially resolved relative changes in the refractive
index induced by irradiation. The phase-based microscopy
arrangement allows detection from a submicrometer thick
layer located at the center of the structure. It thus provides a
qualitative picture of the refractive index change. Positive or
negative optical phase changes relative to the background
can be evaluated based on the image gray-value shift. Cor-
respondingly, dark regions denote positive index changes,
while the light zones indicate a negative refractive index
variation or the presence of light scattering centers.

The laser system incorporates a programmable liquid-
crystal pulse-shaping apparatus, which realizes temporal
pulse tailoring using spectral phase filtering.15 This device
has the role to disperse, manipulate, and recollimate the
spectral frequency components of the pulse, allowing for
spectral phase modulation and subsequent pulse temporal de-
sign. A feedback loop connects the microscopy detection and
the pulse control unit, being guided by an adaptive optimi-
zation algorithm �evolutionary strategy�.23 The pulse tailor-
ing unit performs the variation of the incoming temporal
intensity and the detection of the refractive index delivers the
quantitative evaluation of the laser action. The laser pulse
envelope is iteratively changed with the purpose of generat-
ing a desired index pattern. The loop involves recording the
two-dimensional �2D� map of the photoinscribed phase ob-
ject and the comparison to a designer target profile. The
evaluation is made along a median line, which sections axi-
ally �along the laser direction� the detected phase map. An
axial index profile is thus obtained. The target mask is de-
fined by an extended axial region of positive index change
with a high contrast. In our case, a target profile with a
Gaussian form was used and compared with the laser-
induced axial index profile, as will be described in the fol-
lowing section. The accuracy of the profiles is defined by the
microscope resolution. The adaptation of the detected axial
profile to the target profile defines the success of the irradia-
tion sequence. A set of arbitrary phase patterns is initially
applied on the optical modulator and evolves through genetic
propagators. Results are ranked according to the degree of
similarity between the detected phase object and the desired
target. Next, the algorithm suggests an improved collection
of excitation envelopes. The solution space is thus explored
iteratively in an evolutionary manner.24 The optimization re-
sult is an intensity shape that has produced index patterns
close to the desired target. Having noticed that ultrafast laser
irradiation produced a negative index change in BK7, we
have applied the adaptive loop to create a dominant region of
positive refractive index variation.

B. Optimization results

We review below the results of irradiation at 100 kHz
pulse repetition rate. Figures 1�a� and 1�b� show the static
laser multipulse modification traces for two experimental
conditions: short pulse �SP� �150 fs� and optimal pulse �OP�.
The OP is the laser pulse provided by the adaptive loop when
attempting to maximize positive refractive index changes ac-
cording to a user profile target. Irradiation dose corresponds
to 5�104 laser pulses at 0.17 �J per pulse. The SP morphol-
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ogy is defined by a negative index change region extending
all over the irradiated zone. This region appears white in the
PCM image, with a strip of positive index material surround-
ing laterally the modified region. The OP trace shows the
onset of a significant black region at the tip of the trace,
corresponding to a positive refractive index change. The final
profile shows a good match to the target mask �dotted line in
Fig. 1� in the relevant region of positive index change. Nev-
ertheless, despite the compaction effect, a wide white region
remains, suggesting a tradeoff in mass redistribution.

The arguments explaining the optimal pulse result on the
material are extracted from a dual analysis: temporal charac-
terization of the optimal pulse and simulation of the excita-
tion traces. The OP temporal profile �inset in Fig. 1�b��
shows a noisy but recognizable picosecond envelope. Appar-
ently, in spite of the presence of femtosecond spikes, the
material follows the behavior induced by a picosecond pulse
since the slower electronic relaxation convolutes all the fast
actions into a slower varying temporal envelope. The result
was confirmed using chirped pulses generated by the spatial
light modulator. Results of multipulse irradiation at 100 kHz
repetition rate and at various pulse durations are given in Fig.
2. A transition between a region of dominant negative index
change and positive index variation is noted around 1 ps.
This suggests the apparition of physical circumstances able
to trigger factors of material compaction. It will be shown in
the next sections that these circumstances are related to the

picosecond envelope and to the high repetition rate. No in-
fluence of the chirp sign is noted, suggesting that the pulse
envelope is the driving factor rather than the frequency dis-
tribution in the pulse.

It is worth noticing here that picosecond results are not
uncommon for quality structuring of bulk glasses. Due to the
stronger localization of energy, they show in several occa-
sions benefits with respect to femtosecond irradiation and
they were successfully applied in three-dimensional glass
processing or interface melting.25,26

III. SIMULATION APPROACH

Once the generating pulse profiles were determined, a
fundamental issue relates to the spatial aspect of the excited
region in different irradiation conditions. The interaction in-
volves a complex sequence of processes, from nonlinear en-
ergy deposition to relaxation toward a final structural con-
figuration. As a first step, we performed simulations of a
Gaussian pulse propagation inside the transparent material
by solving the nonlinear Schrödinger equation.27,28 The pur-
pose is to identify the characteristics of femtosecond and
picosecond excitation behaviors. The solution takes into ac-
count key features of photoionization, plasma defocusing,
and self-focusing, as detailed in Ref. 28. Further effects in-
clude diffraction, multiphoton and avalanche ionization,
group-velocity dispersion, space-time coupling, and energy
losses on the free electrons. The parameters are the same as
in Ref. 28, except for characteristic material properties
�group velocity dispersion k�=446 fs2 /cm, nonlinear refrac-
tive index n2=3.45�10−16 cm2 /W, energy gap Eg0=4.2 eV,
and reduced effective mass m=me�. The damping factor of
the electron plasma was chosen to be �0�c=3, implying elec-
tronic dephasing on the femtosecond scale. The electron den-
sity is described by a rate equation, which takes into account
three-photon ionization accompanied by collisional
multiplication.27 We have used an experimentally determined
three-photon absorption coefficient �=7�1017 cm−3 ps−1

�cm2 /TW�3 for borosilicate glasses.29,30

The numerical solution that describes laser excitation al-
lows insights into several dominant processes. First we men-
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FIG. 1. �Color online� �a� PCM observation of the accumulated
effect of 5�104 short pulses in BK7 at 150 fs, 0.17 �J, and 100
kHz and the corresponding axial gray-level cross section. White
color indicates a negative index change or, in certain cases, the
presence of light scattering centers. The laser pulse is incident from
the left. The best focus is located at z=90 �m. The inset shows the
incident pulse temporal shape. �b� Observation of the cumulative
effect of 5�104 optimal pulses in BK7 irradiated by the same
energy as in �a� and the corresponding axial cross section. The black
color corresponds to a positive index change. The target profile is
also represented �dotted line�. The inset shows the incident pulse
temporal shape.
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FIG. 2. PCM observation of the accumulated effect of 5�104

laser pulses in BK7 at 0.17 �J, 100 kHz, and different pulse dura-
tions. The black and white colors correspond, respectively, to a
positive refractive index change and to an index decrease.
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tion that the average power threshold corresponding to a vis-
ible modification under the present experimental conditions
corresponds approximately to 5 mW �0.06 �J�. This low
value rests roughly six times below the critical power for
self-focusing �for BK7 the critical peak power is 1.96 MW,
corresponding to 30 mW of average power�. A main conse-
quence emerges. Under tighter focusing conditions, efficient
generation of plasma occurs in the early stages of the pulse,
well before the activation of the self-focusing mechanisms.
Insights into the incident irradiation features and the subse-
quently generated electron plasma density in case of a single
150 fs short pulse and a 4.5 ps long pulse in BK7 are given
in Fig. 3. Two main qualitative differences may be noted
between the short and the long pulse regimes. The axial size
of the irradiated zones is not the same. The reason is related
to the plasma formation and its dynamics in the two cases.
Strong ionization in the prefocal region �z�90 �m� for the
femtosecond pulse causes significant energy defocusing by
the emerging plasma. Scattering of the light pulse redistrib-
utes laser energy on a wider region around the focal zone. If
in both cases �femtosecond and picosecond� the plasma den-
sity stays subcritical, it has a slightly higher peak for the
picosecond case. The plasma density peak is delayed in the
picosecond case toward the end of the pulse. Self-focusing
also depletes the focal region energetically due to an axial
back spreading of energy, an effect which is more important
for the femtosecond pulse.

However, the most important quantity in our case is re-
lated to energy absorption. This reflects the spatial redistri-
bution of energy removed from the laser pulse by multipho-
ton and bremsstrahlung absorption. This quantity, once
relaxed to the glass matrix, determines the spatial character-
istic of the modification trace as the region where the energy
concentration stays above a certain threshold. Figure 4�a�
shows the absorbed energy distribution as temperature
achieved in the glass matrix for single pulse exposure using
short �left� and long �right� pulses. The total absorption rate
is 60% in the SP case. The OP shows an overall lower ab-
sorption rate of 35%. As mentioned above, the laser-induced
electronic plasma attains significant densities later in the la-

ser pulse and causes less light defocusing. The energy
feedthrough is not obturated and the maximum absorbed en-
ergy density is higher for the picosecond case, forming a
narrow structure with a strong z-axis temperature gradient.
The energy is allowed to concentrate in the focal region lead-
ing to higher temperatures. In the narrow axial region, the
softening point is surpassed. The maximum temperature
�1600 K� is approximately 2.5 times higher than the femto-
second counterpart but less than the decomposition tempera-
ture of 2000 K.

As a second step of the simulation, the absorbed energy
maps were connected to a dynamic thermal elastoplastic La-
grangian model for deformations inside laser-irradiated
glasses. The absorbed energy ��E�, which is equivalent to an
instantaneous temperature field, evolves in time according to
the material thermomechanic properties. This assumption is
justified as long as the energy transfer to the glass matrix
occurs on a picosecond scale, much shorter than the me-
chanical response. Due to the fast relaxation, the material
follows a quasi-isochoric path to the hot state, which subse-
quently cools by diffusion. The temperature rise is calculated
as 	T=�E / ��c�, where ��2.5 g /cm3 is the material density
and c=0.878 J /g K is the specific heat. In calculating the
induced stress,31 the approach based on the finite element
method combines standard equations of dynamic elasticity
�equation of motion and Hook’s law� with the von Mises
yield criterion for plastic yielding32 and allows us to model
structural deformations of the heated material. Stress tensor
components are calculated assuming cylindrical symmetry. A
detailed presentation of the model and its assumptions can be
found in Ref. 33. We mention that the model takes into ac-
count phenomena such as heat transfer, dynamic elasticity,
and material deformations with plastic yielding. It iteratively
follows the changes in temperature and the subsequent varia-
tions in the stress and density fields in the assumption that
glass viscosity is large enough and cooling takes place with-
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FIG. 3. �Color online� �a� Incident fluence and �b� electron den-
sity distributions at the end of the laser pulse in the case of a single
short pulse �left� and a 4.5 ps long pulse �right� in BK7 at 0.5 �J.
The focal point is at z=90 �m.
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material. �c� Density map obtained after a significantly longer time
�200 �s�.
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out strong elastic waves. In view of the complexity of the
approach and the present knowledge of material parameters,
the model gives a qualitative indication of material behavior
trends under laser excitation.

IV. RESULTS AND DISCUSSION

Based on the simulations, the following sequential sce-
nario emerges for the specified exposure energy domain. The
laser pulse creates a hot pressurized region. The initial pres-
sures are 0.2 GPa for the SP and 0.7 GPa for the OP. Ther-
mal expansion commences and, in the first nanoseconds, an
elastoplastic wave �EPW� is launched.34 The amplitude of
the EPW depends on the initial temperature increase and on
the material mechanical properties, notably on the expansion
coefficient. The compression wave propagates away from the
hottest zone, generating plastic deformation as an extended
envelope around a rarefied core.35,36 The main factor is a
particularly strong thermal expansion coefficient, which is
approximately 15 times higher than for a-SiO2, in the con-
ditions where a-SiO2 has a higher mechanical resistance and
an elevated softening point. As the compressed shell is
formed, the plastic zone is defined by the tangential stress
reaching the yield value �7 MPa�. Outside of the plastified
shell, the material is in an elastically compressed state and
hoop stress develops. The heat wave follows on a microsec-
ond scale. Due to the elongated shape of the heat source,
elastoplastic and heat waves dissipate faster on axis as com-
pared to the radial direction. The last stage is the relaxation
of the elastically compressed outer region upon cooling fol-
lowed by mass redistribution. The positive value of the hoop
stress favors inward relaxation. If this is a common scenario
for both femtosecond and picosecond pulses, we will focus
below on specific differences able to trigger different ther-
momechanical behaviors.

We recall that the femtosecond induced heat source has a
large size and the temperature is below the softening point. A
quasicylindrical geometry of heat diffusion occurs. We have
verified the state of the distorted matter at 10 �s �Fig. 4�b�,
left�, which corresponds to the temporal distance between
two consecutive laser pulses and as well on a longer time of
200 �s �Fig. 4�c�, left�, which is representative for a perma-
nent modification. The dense regions formed by the EPW
3 �m away from the axis stay below the softening tempera-
ture and cool down in several microseconds without further
density change. A steady state appears, with no material mo-
tion occurring between 10 and 200 �s. The nonrelaxed plas-
tic shell acts as a barrier preventing backward extension of
the elastically compressed outer region. In this time, the
hoop stress relaxes from 1 to 0.8 MPa. Subsequent pulses
will preserve the lateral deformation due to repeated EPWs,
which are too weak to induce axial densification.

Concerning the picosecond sequence, the density maps
after cooling indicate that the axial extension of the com-
pressed zone occurs �Figs. 4�b� and 4�c�, right�. A dense
region appears closer to the core due to the EPW advance
and remains until the arrival of the heat wave. Since the
picosecond heat source is narrower with a significantly
higher temperature, it favors a stronger radial heat wave.

When the thermal wave reaches the lateral periphery �less
than 1 �s�, the densified envelope softens. At this moment,
the hoop stress in the elastic region amounts to a value of
12 MPa. Stress release occurs from the elastic region, re-
moving the deformation. The passing of the heat wave pro-
vides an unloading factor toward the central rarefied region.
The release of the lateral plastified shell allows the inward
expansion of the outer elastically compressed region. The
hoop stress decays further from a value of 3 MPa at
10 �s to 2 MPa at 200 �s creating a compressional effort
toward the axis. As seen in Figs. 4�b� and 4�c�, at 10 �s, the
material has not yet reached the steady state. The hoop stress
is stronger in the radial directions of the plastically com-
pressed zone as compared to the axial zones so its release
occurs nearly cylindrical. This determines the partial healing
of the periphery parts of the plastic shell due to material
redistribution toward the structure axis. The core of the struc-
ture is still fairly hot, counteracting to the radial material
flow and thus redirecting it axially. Thus, during the central
action of the hoop stress, matter is pressed out sidewise and
redistribution in the axial direction occurs. This is assisted by
the conical aspect of the structure. The larger sized prefocal
region �Fig. 4�a�� cools slower. The high temperature is pre-
served longer, providing a conical pressure profile. Material
is shifted to the conoid tip, gaining a preferential axial direc-
tion of densification at the borders of the focal region. Ag-
glomeration follows a matter momentum gain supported by
the back action of the outer elastic region. Matter undergoes
quasidirectional flow and moves away from a dynamics gov-
erned mainly by thermal expansion. As a summary of the
above discussion, a schematic overview of the processes tak-
ing place in the case of picosecond irradiation is given in
Figs. 5�a�–5�c�, showing the formation of the plastic shell
due to the EPW, the subsequent softening due to the heat
wave, and the release of stress from the elastically com-
pressed region with density redistribution. It has to be noted
that, as compared to femtosecond pulses, picosecond pulses
couple energy more efficiently only above a certain input
threshold, which corresponds to an appreciable electronic
density. In the vicinity of the observable modification thresh-
old, the ultrashort pulses excite the material more efficiently.
This topic is currently under investigation.

The simulations are performed for single pulses �which
explain the higher energy compared to the experiment� and
deviations from the experimental results should be expected.
The compression effect induced axially by a single pulse is
dimensionally small with respect to the rarefaction zone. The
relative density axial increase is also reduced, being approxi-
mately 10−4. However, for this processing window, indica-
tions on material behavior can be extracted. The question
then refers to the relevance of the single pulse higher energy
simulation as compared to multipulse excitation at lower en-
ergies. Even though the incubation effects are reduced for
BK7 especially at low repetition rates,37 they nevertheless
exist and their understanding requires detailed investigations
on the microscale. Their effect intensifies for picosecond
pulses due to a reduced nonlinearity of absorption. The con-
sequence is that the absorption cross section increases under
multipulse excitation, gradually providing a better coupling
for the picosecond pulses, so that higher energy results may
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become relevant. Returning to the simulation results, some
of the consequences are readily recognizable: axial compres-
sion and lateral stress release due to strong heat wave. Based
on the higher energy results, the qualitative view can partly
be extended to a multipulse sequence under optimal condi-
tions. Already after the first pulse, the residual temperature at
10 �s shows an excess of 70 K. This implies that, for the
present heat source sizes, there may be a slow and gradual
temperature increase with the number of pulses17 which may
further assist in lateral stress healing. Also, as was already
mentioned, the lateral hoop stress has an enhanced value
before the arrival of the next pulse and it is also slowly
accumulated with the number of pulses, creating a stronger
effort toward the material compaction for pulses arriving on
the microsecond time scale. This constitutes an additional
mechanical memory of excitation, which is a familiar phe-
nomenon in excited dielectrics.37 A qualitative indication of
this process is given in Fig. 5�d�. When a subsequent pico-
second pulse arrives at 10 �s time delay and generates a new
elastoplastic wave, the latter produces a new plastic shell on

the background of the previous structure remains and the
process is repeated. In approximately 1 �s after this second
pulse, the thermal wave covers the plastic shell and the latter
is softened. The released hoop stress pushes the material to-
ward the axis but the counteraction of the hot zone leads to
the considerable on-axis compaction of the material at the
structure tip. Due to a conical geometry of the structure,
matter is shifted preferentially in the direction of the laser
pulse propagation. Compaction of the material takes place on
a wider on-axis zone as compared to the initial structure.
When subsequent pulses arrive, the thermal waves generated
by them do not cover completely the on-axis compaction
zones and they cause further on-axis agglomeration of the
material. The material is compressed with each heating cycle
in the direction of the laser pulse, creating extended on-axis
region of pressurized material. This was verified with calcu-
lations for double, triple, and quadruple pulse exposures at
high repetition rates where a gradual density increase of few
percent per pulse was observed, with a higher rate as com-
pared to the low repetition rate case. An example is depicted
in Fig. 6 for a sequence of four pulses. At low repetition
rates, the single and the multipulse structures are remarkably
similar, showing the low significance of long-living incuba-
tive effects. Experimentally as well, the increase of the com-
paction zone was noted after several hundreds of pulses at a
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N=50000
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N=50000
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ττττ=2.8ps
N=50000 10µµµµm

FIG. 7. Comparison between single and multipulse regimes at
different pulse durations and 0.2 �J input energy. The compaction
is becoming significant in the picosecond multipulse regime.

FIG. 5. Qualitative description of thermomechanical processes
induced by picosecond laser irradiation. The picture emphasizes
matter redistribution stages for single pulse irradiation: �a� the for-
mation of the plastic layer as a result of the EPW, �b� softening of
the plastic region upon heating, and �c� stress release and density
redistribution. �d� The potential effect of a subsequent pulse arriv-
ing on approximately 10 �s is represented as well.
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FIG. 6. �Color online� Multipulse structures �N=4� induced at
different repetition rates: 100 kHz �left� and 5 kHz �right� for
0.5 �J picosecond pulses. The density map is observed at 200 �s
after the last pulse in the sequence. The index increase rate per
pulse is higher in the high repetition rate case as compared to the
low repetition rate regime.
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high repetition rate. The difference between the single pulse
and multipulse regime is marked in Fig. 7, showing the vis-
ible axial densification at the tip of the picosecond multipulse
sequence.

It should be noted that if instructive indications are gath-
ered with respect to the tendency of material behavior, not all
the observed features are fully explained. The model should
be further corroborated with changes on the microscopic
scales.

The refractive index flip has consequences for waveguid-
ing applications. The translation of the SP index profile
�negative index change� is unlikely to produce a waveguide
in the absence of a hydrodynamic motion that compresses
material on axis. Increasing the SP energy may achieve a
certain axial compression. This is depicted in Fig. 8, which
gives the high energy �1.1 �J� multipulse irradiation result in
BK7 for 150 fs laser pulses at different repetition rates. A
compression shell surrounding a rarefied core appears for the
high energy 100 kHz structure, which prolongates on the
axis. The 166 Hz structure has a more damaged appearance
that deviates from the smoothness of the high repetition rate
structure. The smooth appearance for the high frequency
structure can be put in relation to a decrease in the material
brittleness due to the unfinished dynamics.

From an application perspective, the radial extent of ex-
citation makes the high energy pulse less desirable for trans-
versal writing. We have therefore applied a higher energy
pulse �1.1 �J� for a longitudinal scan and we have obtained
a smooth high refractive index structure �Fig. 9�a�� in con-
trast to the low-energy scan where the index variation is
negative �Fig. 9�b��. As mentioned, the transverse scan of the
short pulse trace has produced a dominantly negative index
variation �Fig. 9�c��. In the OP case, the appearance of a
positive index variation implies the possibility of obtaining a
light-guiding structure by lateral scanning of this structure.

The transversal scan of the optimal pulse trace at 1.1 �J
indicates the appearance of two main regions of high-
contrast positive refractive index, which are labeled as A and
B in Fig. 9�d�. If zone A was already anticipated due to the
material agglomeration at the tip of the exposed region, re-
gion B appears as a compression zone between two moving
heat sources, which are already visible as structures in the
optimal pulse trace.

V. CONCLUSION

In conclusion, we showed that extended regions of posi-
tive refractive index changes can be formed in optical mate-
rials with strong volume expansion. Premises for photoin-
scription of waveguiding structures are created at pulse
repetition rates on the time scales of mechanical relaxation.
Spatiotemporal design of ultrafast heat sources enforces key
control factors for refractive index change: size, geometry,
and temperature level of the heat source. A laser-triggered
transition from radial thermal expansion to quasidirectional
hydrodynamic flow was observed under optimal irradiation
conditions, which is accompanied by refractive index flip.
Creating positive refractive index changes in materials which
do not allow it in standard irradiation conditions is beneficial
for applications in the photonic technologies, enabling as
well a fundamental perspective into the mechanisms of ma-
terial changes on microscales.
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