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ABSTRACT ARTICLE HISTORY
Scales in the 100 nm range represent a generic cornerstone Received 24 May 2019

for laser material processing, enabling novel size-dependent Accepted 16 August 2019
functions on surfaces and in the bulk and thus a new range KEYWORDS

of technological applications. On these scales, the processed Ultrafast lasers;

material acquires optical, transport or contact properties non-diffractive beams; laser
that do not only rely on local effects on singular topo- processing; nanotechnology
graphic features but involve increasingly collective beha-
viors. Rapid access to sub-100 nm features with intense
coherent light represents nevertheless a challenge in laser
structuring in view of the optical diffraction limit. Ultrafast
non-diffractive beams with controllable time envelopes can
overcome this limit and achieve super-resolved processing,
a prerequisite for the next generation of flexible and precise
material processing tools. They show a remarkable capacity
of structuring transparent materials with high degree of
accuracy and exceptional aspect ratio. This capacity relies
on triggering fast hydrodynamic and material fracture
effects with characteristic spatial scales in the nm range.
Reviewing the present achievements and technical poten-
tial, we discuss from a dynamic viewpoint the physical
mechanisms enabling structural features beyond diffraction
limit achieved using ultrafast Bessel beams and indicate
applications of high technical relevance.
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Abbreviations: PCM: phase contrast microscopy; SEM: scan-
ning electron microscopy; NBOHC: non-bridging oxygen hole
center

1. Introduction

Material structuring represents today the pillar for a range of rapidly growing
application areas in emerging technologies. Ultrafast laser techniques hold in
this context unique advantages as rapid, flexible, non-contact processing tools,
providing at the same time on-target intensities in the TW/cm? range, sufficient
to structure any material, even the hardest ones. Their employment in techno-
logical processes is fueled by strong developments in terms of average and peak
power, feedthrough, and digital manufacturing capability [1].

The question of resolution is crucial for further industrial insertion and
a lot of interest is devoted to the capacity of reaching the nanoscale [2-4]. The
scale of structuring, the minimal feature size, and the resulting morphologies
and topographies define then the function that can be attached to the struc-
tured material. This function pertains to optical, mechanical, or contact
properties of the processed materials, upgrading the relevant performance;
optical efficiency, mechanical strength, or contact atributes. Achieving high
processing resolution and minimal feature size requires an interdisciplinary
effort in engineering optical and material effects. Rapid access to scales below
100 nm in two and three dimensions would then enable unprecedented design
capabilities for materials and functions, being thus one major thrust of future
developments in laser processing technologies.

A first advantage of ultrashort laser pulses for precise manufacturing lies
in their short duration, below 107!2 s. Thus the modification process
speeds up before significant energy diffuses in the material (diffusion
length being Lui >~ 2/Dyeay with D thermal diffusivity and Tyeqy the
characteristic process time), restricting thus the interaction to its optical
borders. It thus harnesses the benefit of the high on-target intensities. The
optical resolution provided by the performance of beam delivery deter-
mines in principle the processing scale.
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Structuring material using optical beams sufters nevertheless from focusing
restrictions related to diffraction [5]. Inherent to focusing a light wave through
an optical element of finite numerical aperture, optical diffraction imposes
limitations to the minimal achievable size of the focusing spot. For
a uniformly illuminated diffraction-limited optical system giving an Airy spot
at the focus, its radius at the zero intensity point is wy = 0.611/NA, with A
being the wavelength and NA the numerical aperture. Correction factors can be
applied for truncation ratios and pupil illumination patterns. For the typical
laser processing wavelengths in the near-infrared and the usual beam delivery
optics of moderate numerical apertures, the resulting beam spot size lies in the
1 um range. For the highest NAs used to obtain the smallest spots the size
becomes comparable to the half-wavelength, with the beam rapidly diverging
after reaching the focal point. This limitation was early recognized and attempts
to achieve processing resolutions beyond diffraction limit have accompanied
ultrafast laser techniques almost from their first use in material processing.
These attempts were based on engineering the focal spot or on the exploitation
of the propagation behavior.

The development made equally use of several intrinsic features of ultrafast
laser ablation; deterministic character, nonlinear interaction, the use of evanes-
cent coupling, reduced heat diffusion, the existence of a material ablation
threshold, and the process of self-organization. Deterministic interaction with
light implies in this context that in various materials, notably in dielectrics, the
optical radiation generates itself the absorption centers and does not rely on
extrinsic, statistically-distributed factors to deposit energy (e.g. impurities and
pre-existing structural defects). This is more pronounced for wide band-gap
materials where several photons absorbed instantaneously are required to
bridge the energy gap, initiating further absorption on thus-generated free
carriers. Here the high intensity of focused ultrashort beams ensures sufficient
density of photons to achieve direct nonlinear excitation. The nonlinear char-
acter of absorption suggests that a spatially-varying beam profile seen by the
material is a power function of the incident beam profile I(r) and becomes thus
narrower. This pertains particularly to Gaussian spatial distributions of the
electric field e(r) = gy exp(—r*/w?), the standard output of a commercial
ultrafast laser system. Within a multiphoton ionization process, the absorption
profile matches approximately I"(r, t), with N being the number of photons
required to be absorbed by a valence band electron transiting to the conduction
band; the transition probability being proportional to the photon density. These
observations were facilitated by interactions at surfaces using Gaussian beams,
showing material effects depending on the local intensity values. Gentle and
strong ablation phases were observed on dielectric surfaces and explained by the
weight of a nonlinearily narrowed absorption profile at the interface [6].
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Relying on the deterministic character of the ultrafast laser interaction with
gap materials which minimizes fluctuations in energy deposition, Joglekar
et al. [7] used accurate control of the beam energy with respect to
a deterministic material ablation threshold and created the conditions that
just the tip of the Gaussian distribution exceeds the threshold. Ablation occurs
in the restricted zone over the threshold. Thus they demonstrated
a remarkable below 100 nm nanomorphing capacity. A similar fine tune of
energy was used by Korte et al [8]. to achieve nanostructuring of metals,
recognizing through thermionic emission an intensity dependent non-
equilibrium energy deposition even for non-gap materials. Using shorter
wavelengths and interference techniques, Klein-Wiele et al. [9] extrapolated
the threshold-based nanostructuring method to large scale patterning, achiev-
ing large nanopatterned surfaces. The capability to reach sub-wavelength
resolution can further benefit from engineering the far-field optical fields
using advanced designs of the optical elements and irradiation, often inspired
from microscopy [10,11].

Further downsizing in processing scales originates from the use of near-
field waves. Albeit a slowdown in process speed, a straightforward method to
overcome diffraction limit was seen in processing using optical evanescent
fields from the tip of an optical fiber [12] or microscope probes [13,14] in
a scanning near-field microscopy approach. The possibility to work in the
near-field was extrapolated to the use of microspheres self-organized on
surfaces [15,16], a way to equally parallelize the interaction.

At the same time, the nonlinearity of interaction is an effective way of
adjusting irradiation profiles. Taking advantage of the nonlinear character
of absorption that squeezes the energy deposition profile, White et al. [17]
demonstrated high aspect ratio nanoscale processing on dielectric surfaces.
The nonlinearity of interaction offers a far wider range of adjusting laser
parameters to achieve energy confinement. A highly efficient way of sur-
face nanostructuring harnessing the physics of interaction was archived
using temporal beam engineering. Employing temporally asymmetric
pulses (e.g. Airy pulses), Englert et al. [18] was able to steer the sequence
of multiphoton and collisional ionization within the spot, generating the
highest ionization efficiency at the apex. This type of excitation spatio-
temporal control triggers nanoscale ablation with record sizes for the
processed features.

The concept can be extrapolated for volume interactions, where nonlinear
propagation takes a leading place in establishing local intensity profiles.
Whenever a dielectric medium is concerned, self-focusing of laser beams
can confine the energy on scales smaller than the standard focusing capability.

In parallel to direct focusing approaches, a different concept emerged
for surface and bulk nanostructuring; the self-organization of periodic
patterns (see for example Ref [19,20]. and the references therein) on
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excited materials. They reflect a capacity of mutual influence between
material and optical landscapes resulting from scattering, the emergence
of surface waves or the self-organization capacity of hydrodynamic
instabilities [19,21]. Even though they were reported half a century ago
[22], the onset of regular topography patterns with coherent light is
a spectacular effect that keeps attracting interest as structured surfaces
and volumes acquire novel properties ranging from biomimetic functions
[23], non-plasmonic coloring [24], or contact characteristics [25], to ani-
sotropic optical functions [26], microfluidic transport properties [27], or
data storage capacity [28]. Strong corrugation renders equally interesting
absorption properties on surfaces based on light trapping [29,30], with
interest in infrared detection and enhanced photovoltaic effects. The inter-
action of coherent radiation with surfaces and volumes presenting extrinsic
or radiation-induced scattering centers (for example roughness) will
develop in-phase scattered waves with evanescent components. Through
interference, wavelength and polarization-dependent standing wave patters
will form, imprinting their fingerprints in the material [31]. The emerging
topographies will enhance and rearrange scattering events in near and far-
field, inducing with each incoming pulse order in the matter organization
process at different periodicities and orientations. Periodic patterns with
subwavelength periodicities will form assisted by the feedback between
light and matter.

All these demonstrations recognized a straightforward physical reality;
the achievable structuring size on the nanoscale should rely on a specific
material response to laser radiation. Being a material reaction, it will
therefore not experience an optical limit, but a material organization
limit which, for a large range of material phenomena, lies one order of
magnitude below. Typical examples are hydrodynamic and fracture effects,
which have a characteristic scale of s = 2cotyrocess With ¢y being the speed of
sound and #jess the characteristic time (i.e. the elapsed time of the
process), usually in the ps and ns range [32]. Achieving extreme size
control in laser material interaction will require beams that can steer and
adapt to material reaction. Concepts of smart beam engineering have
already emerged [33] based on driving with light (and energy deposition
rate) specific thermal and mechanical material reactions.

Recently, a new class of optical beams emerged for processing applications
[34-40] in hard and soft matter; the non-diffractive beams, and, within this
class, notably the zero-order Bessel-Gauss beams (called hereafter Bessel
beams for simplicity) [41-45]. These beams exhibiting a central spot resistant
to diffraction reflect a particular longitudinal geometry of quasi-constant
intensity and with a transverse profile given by a Bessel function J;. The
field can be expressed as &(r,z) = Jo(k,r) exp(ik.z), where k,, k, are the
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Figure 1. (a) Schematic description of zero-order Bessel beams. The figure shows the conical
refraction of the incoming front and the emergence of the interference pattern with the axial
core and the annular features characteristic to Bessel beams. (b) Conceptual image of surface
and bulk processing with Bessel pulses [46]. Left: input surface pattern generated by a singe
shot tightly focused ultrashort (60 fs, 14 uJ) Bessel beam (64,= 22°) on fused silica surface;
scanning electron microscope (SEM) image. The Bessel ring pattern is recognizable. Right:
Back surface (exit surface) nanoscale structure in fused silica induced by a single shot
moderately-focused ps stretched laser pulse (5 ps, 14 pJ, g5 ~ 8°); SEM image. (c)
Example of sub-100 nm structures achieved by tightly focused Bessel beams in volume
glasses [46]. Transverse morphology features involving direct volume focusing of ultrafast
(60 fs) Bessel beams of higher angle (G555 >~ 15°).

longitudinal and radial wavevectors, and  the radius. A schematic representa-
tion of a Bessel beam is given in Figure 1(a) and a processing example
employing this kind of beams is depicted in Figure 1(b,c). Their principal
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characteristic is that they can keep a narrow beam size as they evolve in space
without spreading out, and have the capacity to regenerate as they encounter
obstacles. This review will discuss the mechanisms and the advantages of
using non-diffractive Bessel beams for ultrafast laser material processing.
The advantage of these beams for laser processing applications is
manifold: (1) the high aspect ratio enabling large scale structuring, (2)
their intrinsic nonlinear stability as they don’t propagate longitudinally as
their Gauss counterparts do, (3) the potentially strong energy confine-
ment, and (4) the lateral relaxation flow. A conceptual example of Bessel
beam interaction with a dielectric material is shown in Figure 1(b,c),
where the figure describes surface and bulk interaction. It is to be noted
that the ring pattern is observable on the input surface but not on the
exit part. Figure 1(c) indicates the cross-section of a sub-100 nm feature
achieved by tight focusing of Bessel beams of sub-100 fs duration [46].

2. Bessel-Gauss beams

It is first of interest to briefly indicate the main geometrical features and the
practical concepts for generating Bessel beams. Generated experimentally by
Durnin et al. [41] as beams with a central spot that does not diverge over
a long distance, zero-order Bessel beams develop an extended core of light
surrounded by an ensambles of rings [42]. Various optical setups can be used
for generation (see for a review Ref [47,48]. and references therein). They rely
on conical intersection of wavefronts generated by either a conical phase (via
axicon, spatial light modulator) and subsequent refraction or diffraction, or by
the convergence of annular beams with non-varying polarization. Among
them the use of axicon is most common [43]; an optical element that imposes
a conical phase, as being energetically efficient for creating the non-diffractive
pattern. Particularly the axicon, a conical prism element, was early recognized
for its capability of forming line focus, relaxing the alignement conditions in
imaging optical systems [43]. Upon refraction on the optical cone, a standing
interference pattern is formed along the propagation axis (Figure 1(a)), giving
the elongated profile. The main core and the rings reflect successive inter-
ference orders of the incoming wavefronts. In this conical geometry the
circular rings serve as an energy reservoir for replenishing the core, rendering
a remarkable stability to the beam, for example when encountering obstacles.
Being a projection of the initial beam transverse dimensions and more pre-
cisely the geometrical places where the converging wavefronts cross and
superpose on the propagation axis, the core can extend significantly over
the Rayleigh range of Gaussian beams focused in similar conditions. The
longitudinal extension depends on the convergence angle and the lateral size
of the input beam wg,,s. High aspect ratios can be obtained (>1000). The
longitudinal elongation L and the diameter dgwyy of the core are defined by
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the conical angle 0 (L = Wgauss/ tan(0), drpwnm =~ 2.4/k sin(0), with k being
the wavevector). For 6>20° and a wavelength A= 800 nm, the dgyy goes in
the sub-micrometer range. The axial profile can be controlled using apodizing
techniques [49,50] and uniform distributions can be achieved by spectral
filtering the leakage from non-ideal axicon tips [51]. The as-generated beam
can be demagnified and re-imaged to the workpiece by relay optics [51], with
micron-sized cores and aspect ratios exceeds easily a factor 100 in processing
conditions. Multi-axicon setup was recently used to obtain record aspect
ratios over 10,000 [52].

3. Technological applications of non-diffractive ultrafast bessel-Gauss
laser beams

Known mostly for applications in optical trapping and manipulation, imaging
and nonlinear optics (see Ref [47]. and the references therein), the Bessel beams
have recently developed a specific interest in laser material structuring and
fabrication in view of their particular characteristics, notably geometrical aspect
and non-diffractive feature. They can be first used to manipulate light optical
elements on surfaces, driving optical interactions between the object and the
interfaces. Bessel beam trapping and steering of microspheres near surfaces was
thus used for near-field subwavelength nanopatterning [53]. They can equally
be used for direct write of ablative features in the bulk and on surfaces [54] or
through drilling in transparent materials [55]. To grasp the essential features of
non-diffractive beams in material processing, we will briefly point out several
cases of using Bessel beams for high impact applications [40,56-62], that are
finding now their way into industrial-grade processes. These were recently
reviewed in Ref [63].

The remarkable characteristics of Bessel beams in terms of aspect ratio
have made them attractive for large scale processing applications. Given
the one-dimensional geometry of interaction, the relaxation of energy and
the resulting material constraints occur radially, along the direction of the
highest gradients, creating thus transverse forces of significant strengths.
These features, and the resulting forces and stresses, are of interest when
separation of matter is concerned and are thus becoming essential in large
scale high-speed cutting and cleaving applications [57,58,64]. An example
of glass cleaving operation [57] is given in Figure 2(a), emphasizing the
scale and the quality of material separation. In view of its optical and
mechanical properties glass is a material of strong technical relevance for
displays in consumer electronics or for medical devices, and glass cleaving
and cutting operations have a clear market potential. Non-diffractive
beams are particularly suited for glass (or in general dielectrics) separation
technologies, as they can introduce hidden in-volume modifications
(stealth machining) with large aspect ratios and stress fields orientations
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Figure 2. (a) Examples of glass parts cleaved and cut by non-diffractive Bessel beams. (b)
Images of resulting surface and side walls (courtesy of K. Mishchik, Amplitude Systems [57]).
(c) A Bragg gratings waveguide fabricated by a combination of Gauss and Bessel beam
irradiation [70]. The figure shows the transmitted mode (d). An electron microscopy image
of the nanostructured range is given (e). (f) Resonant Bragg optical transmission spectrum in
the telecom range. (g) Examples of embedded waveguides with Bessel nano-scatterers
sampling electric fields for reconstructing spectral information [71].

that facilitate separation [64]. In addition, creating asymmetries in the
beam profile (e.g. ellipticity, tilted fronts, or specific polarization [40,64]
relative to material crystalline axes for crystalline dielectrics) can orient the
resulting stress field to achieve maximum effect. This weakens the bonding
strength on specific directions and leads to efficient separation with non-
diffractive high aspect ratio beams that present asymmetric elongations
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along the transverse direction. Figure 2(b) shows the example of oriented
fracture lines creating a continuous fracture plane and driving the separa-
tion process with a resulting high quality of the separation wall [58].
Various concepts of non-diffractive asymmetric beam engineering in
forms of ‘optical knives’ and ‘optical shovels’ were recently reviewed by
Orlov et al. [65].

A second feature of interest derives equally from the non-diffractive
character, with a characteristic beam length outpacing the confocal length
of a similarly focused Gauss beam. A high tolerance to focusing with
respect to the workpiece is becoming of interest, particularly for high
precision applications where the use of rapidly diverging tightly focused
Gauss beams becomes difficult. This implies that the energy can be brought
to the point of impact by non-diffractive beams without involving accurate
focusing and positioning, particularly when complex topographies and
non-planar surfaces are involved. A recent example in Ref [60]. demon-
strated joining and welding of glass materials with joining strengths up to
16.5 MPa using Bessel beams as carriers of energy at the interface. Several
laser and equipment producers are integrating now joining and cutting
technologies with non-diffractive beams in industrial processes.

The self-regeneration of Bessel beams as the rings continuously feed the
core with energy is of interest when the processing environments suffer
from the presence of debris and particulates as it is the case in deep-
drilling applications. Being able to penetrate materials and reform in
drilled channels, they may ensure a maximum efficiency in through-
drilling of materials, including non-transparent ones [66,67]. For drilling
applications requiring specific forms, the aspect ratio can be tailored using
phase/amplitude corrections and core-ring contrast can be adjusted on the
expense of the non-diffractive length [50,68].

Last but not the least, the feature that will be the base of the following
discussion is the capability of achieving light confinement and structuring on
the nanoscale in bulk materials. Bessel beams are particularly suited for this task
and early applications span a range of fields from polymer processing [38] to
optical transfection of cells [39]. We have indicated above that non-diffractive
beams can potentially determine a material response that can bypass optical
limits and achieve structural features not limited by optical resolution. Figure 1
(c) indicated that record processing resolutions below 100 nm can be attained.
The 100 nm scale represents a cornerstone in laser processing as the processed
functions depend not only on local topographies but on the onset of collective
effects. This feature size is of interest in transport phenomena, affecting for
example phonon scattering on nanostructured surfaces and volumes, laying
down the possibility to control energy exchange. Extrapolated to optical
domains, this is specifically important in applications requiring the definition
of sharp optical resonances and sub-wavelength sampling of optical signals in
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embedded optical systems. If Bessel laser photoinscription of integrated optical
elements was demonstrated in the form of waveguides [35] or gratings [56,69],
hybrid systems combining micro and nanosized features offer extended oppor-
tunities not only for transporting and routing the optical fields but also for
sampling the optical signals, accessing thus the information within. This func-
tion can be achieved with periodic nanoscale modulation of the refractive index
inside an optical waveguide determining a highly efficient Bragg optical reso-
nance [70] or by inserting nanoscale non-perturbative scattering centers that can
sample the field, read it, and reconstruct the spectral information [71,72]. The
example below discusses the possibility of sampling and manipulating optical
fields in integrated optical systems. Figure 2(c—f) shows an example of Bragg
gratings waveguide photoinscribed using non-diffractive beams with a high
Bragg resonance of 4 dB/mm in the transmission spectrum around 1.5 ym in
the telecom band [70]. Similarly, Figure 2(g) gives examples of embedded optical
systems in chalcogenide glasses functioning as infrared spectrometers where
Bessel generated nano-scatterers can efficiently interact with the mode and
sample the electric field, reconstructing thus spectral information [71].

The use of Bessel beams involve not only subtractive approaches but equally
additive techniques. One example refers to two photon polymerization and
three-dimensional generation of micro- and nanosized objects [37]. Altogether,
the use of Bessel beams can be of advantage in specific applications, despite their
higher energetic costs to ensure the same fluence levels as the Gauss beams.

These applications and the accurate processing scales require introspection
and comprehension of the physical mechanisms of excitation, transformation
and structuring of matter using non-diffractive beams. We will discuss in the
following physical aspects and material reactions leading to structuring sizes in
the 100 nm range using infrared ultrafast Bessel laser beams propagating in bulk
transparent materials. Volume interactions in fused silica glass will constitute
the main case of study.

4. Fundamental mechanisms for machining with ultrafast non-
diffractive Bessel-Gauss beams

4.1. Matter reorganization and refractive index modifications

The mechanisms of material transformation upon the incidence of ultra-
fast Bessel beams can be decomposed in two categories. A first class is
represented by generic laser-induced processes, common between Gauss
and Bessel beams, that rely on intensity-driven effects (e.g. ionization,
relaxation of electronic energy). The second class is specific to the geome-
try of interaction for non-diffractive beams and includes nonlinear propa-
gation features and aspect forms of material modification. We will shortly
discuss below several propagation, excitation, and relaxation mechanisms
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that bear the signature of non-diffractive beams. The discussion will start
from the observation that the interaction regime can be classified in two
main types; a gentle interaction that generates structural but not hydro-
dynamic evolution and a strong interaction generating void-like one-
dimensional structures that involve hydrodynamic activity and mass-
displacement. This is best illustrated in Figure 3 in the case of irradiated
fused silica. Here one can define a gentle interaction regime for generating
positive index changes (denoted type I in Figure 3(a)) and a strong
interaction for void-like negative index-change domains (type II, Figure
3(b)). These can take the form of uniform or modulated longitudinal
negative index domains. The discussion below will emphasize the possible
structural evolutions generated by laser irradiation, from ionization and
bond-breaking to heating and hydrodynamic evolutions. These are generic
changes that can describe the evolution of various dielectric materials
under laser light. The resulting structures are mostly presented using
optical phase contrast microscopy (PCM), where dark and bright zones
represent amplitude-converted phase shifts originating from domains of
increased and decreased refractive index respectively. If the examples
pertain mostly to fused silica glass, general features can be extrapolated
to large classes of glasses and crystals, notwithstanding material specifi-
cities in terms of organization of molecular network and thermomechani-
cal properties.

4.2. Nonlinear propagation

The interaction between ultrafast beams and matter has a dominant nonlinear
character, mixing propagation and ionization effects. The non-diftractive Bessel

An>0

An<0

Figure 3. Structuring regimes in bulk fused silica under Bessel ultrafast laser irradiation
illustrated with phase contrast microscopy images. The relative refractive index scale is
given, with black and white color meaning positive and negative index changes respectively,
with respect to the initial refractive index value. (a) regime of positive refractive index change
(type 1) in ultrafast (60 fs) multipulse cumulative regimes for moderate focusing conditions
(Bgiass =~ 8°). (b) regimes of type Il negative index change; uniform and fragmentation modes
in single pulse regimes (8,/4ss ~ 15°) for the achieved structures. To avoid intensity clamping,
tight focusing or dispersion engineering can be used [46,92], employing respectively ultra-
short and short pulses.
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beams are nonlinearly stable [73,74], robust, as the core is continuously supplied
with photons, and less affected by spherical aberrations. This is an essential
difference between Gaussian and Bessel illumination that lies in the nonlinear
propagation regime. While at ablation-level intensities (with corresponding
peak powers above the critical power, typically in the MW range), Gaussian
beams undergo strong Kerr self-focusing and plasma defocusing, resulting in
a complex spatio-temporal reshaping, Bessel beams can sustain a more stable
propagation-invariant regime [75]. This imposes singular stable interaction
conditions where the main nonlinear factors seem well balanced, notably
Kerr nonlinearity, optical diffraction or carrier light defocusing. Stability
means in this context a uniform energy deposition region while preserving
the range of propagation with a constant transverse spread; i.e. constant waist.
We recall that Kerr-induced nonlinear phase distortions cumulate with the
propagation distance. The nonlinear stability is a consequence of transverse
characteristics (dpwmpsind) which remain smaller than the micron-sized non-
linear propagation length 1/kon,I for typical ultrashort exposures, with 7,
being the nonlinear refractive index and I the peak intensity [74].

4.3. lonization and energy deposition

Consequences of the interplay between nonlinear propagation and ionization
are readily observed in the interaction with the transparent matter. The swift
excitation via field ionization, multiphoton absorption, and collisional ioniza-
tion creates a carrier plasma in the material. Primary excitation relies on
multiphoton, tunnel, and above-gap field ionization processes depending on
local intensity and wavelength [76,77]. If the dielectric material is normally
transparent at low intensities for the usual laser processing wavelengths in the
near-infrared, the ionization efficiencies at high intensities reflect sufficient
photon densities to initiate simultaneous absorption of multiple quanta or
optical field strengths comparable to molecular fields, capable of directly
promoting electrons from the valence to the conduction bands. The material
becomes absorptive. Via third body collisions, the liberated electron will gain
energy in the laser field. Free carriers accumulate then energy comparable to
the gap and multiply by collisional field acceleration and secondary ionization
processes. The energy stored in the electronic systems will relax to the
dielectric matrix, breaking the molecular bonds and promoting structural
and hydrodynamic changes [78]. The interaction with the matrix can take
multiple energy exchange forms. These are driven either by charge redistribu-
tion on molecular orbitals (for example defects or polarizability changes) or by
heating in the vicinity or above the glass transition, respectively phase transi-
tion points, followed by fast cooling. After reforming the bonds under new
constraints, a new structural arrangement showing a change of the optical
properties (i.e. density, optical indices) with respect to the pristine material
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emerges. This redefinition of optical properties involves local densification
effects, structural arrangements corresponding to higher fictive temperature
states, defects, or crystalline-amorphous transitions. They reflect local struc-
tural non-equilibrium states frozen quasi-permanently in the matrix. These
changes were recognized as bearing optical functions (deductible through e.g.
a Clausius-Mossotti relation). They can serve either for guiding light (positive
index changes) [79] or for storing information in negative index scattering
centers [80]. If excitation processes are driven by local intensities, the relaxa-
tion becomes both material and geometry dependent, influencing for example
pressure release or cooling efficiency, and particular structures can be formed
for non-diffractive beams.

4.3.1. Positive index changes

In low and moderate focusing conditions (for < 15° in the transparent
material) of ultrashort pulses (< 100 fs) a carrier plasma at subcritical
densities (10" — 10%° cm™?) is created from the early stages of the laser
pulse. This plasma can be treated as a low density Drude carrier gas with
collision times below 1 fs [46] and far away from optical resonance.

The dominant process for carrier generation in these laser fabrication
conditions (short pulses, moderate energies, cumulative doses) is an inten-
sity-driven multiphoton process, with a yield being a power function of the
local intensity IN. Carrier oscillations in the field will promote a negative
lens effect, scattering the energy away from the interaction region. The
dynamic interplay between ionization and defocusing creates a self-
regulating regime, limiting the amount excitation. The intensity is then
defined by the balance between focusing and carrier scattering, restricting
its peak value (intensity clamping). This self-resistance makes that in the
end the excitation yield follows only a weak dependence on the input
energy and stabilizes over a large range of incoming energies, conferring
robustness to the laser writing process. Using time-resolved multicolor
microscopy techniques, Velpula et al. [46] measured subcritical carrier
densities (10" — 10 cm™?) giving upon relaxation soft positive index
(type I) structures. A subcritical plasma density implies an excitation and
relaxation path which is less perturbative to the structure and occurs
essentially in the solid phase. The follow-up processes are then material
dependent. For dielectrics with strong electron-phonon coupling and
molecular polarizability, the presence of free carrier will polarize the
matrix and will induce carrier self-trapping [81] in deformation potentials.
The electron relaxation via self-trapping creates bond distortions and, on
a longer term, structural rearrangements (e.g. defects), however part of
energy is delivered as heat. The resulting structure depends on whether the
defect or heat-driven channels are dominant. A model material for the
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strongly coupled material is fused silica, equally a glass of extensive use for
the fabrication of optical elements. In this glass, carrier trapping occurs on
fast time scales of about 100 fs [82]. The consequence is the breaking of the
Si-O bond with the formation of a specific class of defects; the non-
bridging oxygen hole centers (NBOHC) [83], with their E’ pair. Thus
bond breaking will have a dual, often correlated aspect; the formation of
NBOHC and the rebonding and the reorganization of the Si-O bonds in
annular structures of smaller sizes (three- and four-membered rings) [84].
The consequence is a local densification process contributing to an
increase of the refractive index. A recent comprehensive report of electro-
nic and structural processes in fused silica was given in Ref [85]. In
principle, heat can also be a factor of structural reorganization provided
that conditions of a sufficiently intense and long thermal cycle are
achieved. The preponderance of each structural reorganization channel
depends on material characteristics.

Similar processes occur under Bessel beam illumination, a situation recently
illustrated in Ref [46]. for fused silica. Figure 4 resumes the sequence of processes
showing for a single pulse induced positive index type I modification (phase
contrast image given in Figure 4(a)): the dynamic imaging of the excitation area
(Figure 4(b)) in a sequence of time-resolved phase contrast microscopy images,
the fast decay of the electron gas (Figure 4(c)), the photoluminescence of the
irradiated zone with the dominant signal of NBOHC (Figure 4(d)), and the
typical type I Raman signature of the laser-modified volume indicating reorga-
nization of bonds in denser packed structures (Figure 4(e)). The figure describes
from a dynamic perspective the advancement of the electron front with an
apparent superluminal speed as the Bessel pattern is formed (the white, low
index region in Figure 4(b)) followed up by a rapidly generated tail of contrasted
positive index change preceding the permanent soft index change (dark region).
The refractive index transient may derive from several contributions: the onset
of bound states in the forbidden gap, states that will generate an optical
contribution to the increase of the refractive index change if the absorption
frequencies exceed the probing frequencies [46], the onset of transient structural
disorder (with bond-breaking and reorganization in more compact units) or the
fast heating of the matrix. With a positive thermo-optical coefficient of 107>
°C™! this generates a positive transient contribution to the refractive index. The
thermally induced index contribution could in principle become long-living if
the magnitude and the duration of the heating cycle allows for structural
reorganization [86]. This situation seems improbable in many glasses as it
requires heating above the glass transition temperatures, while the low levels
of energy deposition in type I regimes ensure only moderate heating [46].
Summing up all photo- and thermo-induced bond-softening contributions,
the transient index change will relax to a weak permanent index change (that
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Figure 4. (a) Single shot Bessel-induced positive index changes in bulk fused silica with
ultrashort pulses in conditions of moderate focusing (B4ass >~ 8°). The typical index contrast
lies here below 107, (b) Time-resolved sequence of phase contrast images of the excitation
area showing the carrier evolution and relaxation. Carrier presence at the front is signaled by
light colors (negative index change, due to electronic contribution to the dielectric function)
while the subsequent positive index change following structural and electronic relaxation
emerges rapidly in the wake of the electrons (dark colors). (c) Ultrafast carrier decay
corresponding to type | photoinscription in fused silica. (d) Photoluminescence of NBOHC
centers characteristic to type | change. (e) Typical Raman spectrum of type | densified regions
in fused silica with representations of structural units for the D1 and D2 features. Data from
Ref [46,85].
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can be annealed at T = 400°C) with characteristic spectral and structural
signatures. The presence of defects, the relatively low yield of heating below
the softening temperature, the rapid ns-scale cooling allow us to indicate in fused
silica a dominant densification path relying on laser bond-breaking and struc-
tural reorganization [85]. These effects are generic for ultrafast laser excitation of
many glasses in low and moderate focusing regimes and do not depend sig-
nificantly on the shape of the excitation domain. They are generally determined
by intensity clamping and the self-regulation effect of the incipient carrier
plasma via the associated light defocusing effect. Upon multipulse irradiation,
the refractive index changes cumulate to achieve material-dependent values in
the 1072 range. These relay on defect accumulation with each incoming pulse. If
heat could also be accumulated on repeated cycles, i.e. on pulse repetition
periods exceeding the heat diffusion time (us) [87], the temperature elevation
could be as well a drive of molecular reorganization, with a characteristic process
time [86] 74 = v(T)/G(T), with v(T) being viscosity and G(T) the shear
modulus. Temperatures above the melting point are necessary to bring the
time of molecular mobility in the ns range, or, alternatively, the heating cycle
should be respectively long. This will lead to molecular diffusion, changes in
composition or in fictive temperature [86,88]. To summarize, depending on
local excitation conditions and materials, the generation of defects, structural
reorganization and thermomechanical changes of density contribute to refrac-
tive index changes, with relaxation paths being in part dependent on the beam
geometry. The amount of excitation, controllable and optimizable via the
exploitation of nonlinear propagation effects, can determine the type of subse-
quent material modification, with transitions above a certain level between
densification and rarefaction effects.

4.3.2. Negative index changes and void-like structures

In tighter focusing conditions (for example 6>15°) for the incoming Bessel
beam, where material damage occurs before the onset of strong nonlinearities
arresting the beam collapse, the energy deposition efficiency becomes signifi-
cant. As plasma defocusing cannot counteract the incoming energy concentra-
tion, the level of excitation becomes significant, with quasi-supercritical plasmas
being generated in the interaction region. The carrier density comes close or
even exceeds now the critical density and goes in the 10?! cm™ range. The real
part of the dielectric function becomes negative, the imaginary part increases
and the state become metal-like and absorptive. The associated temperature and
pressure increase creates a plethora of processes within the excited domain;
from micro-explosion shock and rarefaction, generation of low viscosity or
liquid phases, hydrodynamic evolution, to fracture, cavitation and generation of
voids. Regular bulk high aspect nanostructures in the range of 200-800 nm were
demonstrated in form of voids [54], indicating the high level of energy
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confinement. The major issue here is that even if energy deposition remains
diffraction limited, the generation of a rupture phenomenon in the material
under strong gradients enables structuring on much smaller scales than the
diffraction limit, with potential feature sizes of less than 100 nm. A characteristic
of Bessel beam irradiation is the radial relaxation, which generates nanoscale
sections but preserves the axial elongation of the beam. The pressure is released
radially, triggering rarefaction within the same symmetry [89], a process that
can be reinforced by the use of pulse sequences [90]. High aspect ratio structures
are created. This behavior can be extended for a larger focusing range as long as
careful control of nonlinearities can be achieved via the temporal design of the
pulse envelope in the same focusing conditions. It was shown in the previous
section that ultrashort pulses (~100 fs range) in moderate focusing conditions
determine a gentle material response, being unable to deposit a large amount of
energy density. The effect was related to the light-diffusing properties of
carriers. This resistance to accumulate energy is bypassed by temporal stretch-
ing of the pulse. Similarly to tighter focusing, stretching of pulses and control-
ling the defocusing yield by an adjustable timing of plasma generation results in
strong negative index contrast up to the formation of a void [91]. The procedure
is highly effective even for very light carrier optical masses, which favor light
scattering. The energy deposition rate and its spatial gradients become critically
dependent on the balance between focusing and defocusing. Both focusing
geometries and pulse time envelope can increase the amount of energy deposi-
tion beyond the material rupture level. The rarefaction effect, potentially fol-
lowed by rupture, is either the consequence of pressure release or gas-phase
nucleation. Local pressure values depend on the temperature rise, mechanical
modulus and expansion coefficient, strongly material dependent. The rigidity of
the molecular structure determines the expansion or the fracture of the material.
Various structural arrangements occur in and around the excitation region
corresponding to the cooling cycle (e.g. amorphisation) or mass conservation
(densified edges). The achievable low index structures are shown in Figure 3 (b)
in terms of uniform and modulated index regions. A careful analysis of the zone
reveals that uniform voids with sections in the 100 nm regions can be generated,
bearing a high-aspect-ratio. This is essentially related to the specific geometry of
thermomechanical relaxation transverse to the axis.

The range of processes at work can be visualized in a dynamic manner using
time-resolved imaging of the interaction region over the whole relaxation cycle.
Using speckle-free microscopy based on random laser illumination, Bhuyan
et al. [92] observed the entire relaxation range for Bessel beam structuring in
bulk fused silica upon ultrashort pulse illumination. Figure 5(a) shows the phase
contrast image of a single shot low index region as the permanent result of laser
irradiation. The inset, showing the image of the inner part of the low index
domain in scanning electron microscopy, reveals a void structure. The sequence
of relaxation processes concurring to this effect (given in Figure 5(b))
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Figure 5. Dynamics of void generation under Bessel illumination. (a) Single shot ultrashort (50
fs) Bessel-induced negative index changes in bulk fused silica in tight focusing conditions
(Bgiass =~ 15°). The inset shows the interior of the structure in scanning electron microscopy.
(b) Time-resolved sequence of phase contrast images of the excitation area over the entire
relaxation cycle. The domain marked in (a) is chosen to reveal the time history by concatenat-
ing domain images at different time moments. Negative and positive phase shifts indicate:
a long-living carrier plasma phase (1), a subsequent high index phase (2), heat diffusion (3),
and the opening of the void (4). Time is indicated on a logarithmic scale. The inset shows
optical transmission images with the absorptive signature of the carrier plasma. (c) The final
transverse section of the void is given. (d) Photoluminescence (Bremsstrahlung) of the plasma
in the visible range, suggesting an excited hot phase on tens of ns. Data from Ref [92].

underlines the presence of a long living plasma (tens of ns), a transient compac-
tion phase (hundreds of ns) and an opening of a void like structure on hundreds
of ns. The resulting void has a section in the 100-200 nm range. This scenario is
consistent first with the achievement of an excited liquid phase not capable of
trapping carriers anymore (as the average strength of the molecular deforma-
tion potential decreases) and second, with a cavitation phenomenon in the
liquid phase. This observation raises the question of which is the mechanism
responsible for the material rupture. The relevant mechanism is potentially
related to the initial temperature and pressure conditions, the spatial gradient
and the momentary viscosity of the material. Pioneering experiments [93,94] on
pulse nanostructuring in bulk dielectric materials emphasized the potential
achievement of extreme high temperature high pressure phases as the birth
place of new structural phases. Examples refer to observed bcc Al in sapphire
(AL,O3) and tetragonal potentially superconductive Si phases in bulk silicon
[93,94] in a process that resembles an embedded explosion on a small sub-
micron scale [80]. The timescale associated with the process of and rarefaction
is considered to be sub-ns, owing to an initial high TPa pressure source [95,96].

The nanoscale opening in bulk dielectric originates in the material
fracture. However, the difference in the timescale for nanoscale damage
observed in high Young modulus dielectrics (sub-ns [95]) and strongly
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coupled glasses (tens-hundreds of ns [92]) indicates a potential balance
between two processes; fracture in the solid phase and cavitation in the
liquid phase. This balance is driven by the competition between mechan-
ical relaxation and material heating.

4.3.3. Nanocavitation

The theoretical spallation criterion in a solid [32] requires that the elastic energy
exceeds the cohesive energy (e.g. approximately 20 eV for fused silica [97]). In
other words, the resulting pressure should overcome the mechanical resistance
(in the range of tens of GPa). This criterion can be relaxed when considering
a realistic material structure with intrinsic flaws and defects. For a brittle solid
this requires that elastic energy becomes higher than the fracture surface energy.
The fragment size is given by the process development at the speed of sound
and acquires, as mentioned before, a characteristic size s = 2cotprocess With ¢o
being the speed of sound and £p,css being the development time of the process.
If strain rates exceed for example 10° s~! with dynamic tensile stress of several
GPa, the spall time becomes comparable to or even shorter than the electron
phonon coupling time (tens of ps for collisional vibrational activation) and spall
occurs in a non-equilibrium pressurized solid. For a 10 ps process, the void size
becomes in these conditions (cy ~ 6000 m/s) s = 120 nm. These dimensions
are comparable to the stopping distance of shock waves emerging from the
interaction region. Such conditions would eventually require fast achievement
of warm dense matter (WDM) states [95] and rapid energy transfer to the ions.
The scenario of mechanical spallation is often identified as the micro-explosion
path [80,95]. It was noted [98] based on scaling hydrodynamics laws that this
kind of micro-explosion is the nanoscale emulation of a macroscopic explosion
event, with similar physical processes occurring in the same way on space and
time domains varying a billion times, but employing in this case a infinitesimal
fraction of the required energy.

The mechanical spall conditions can be relaxed if the solid undergoes fast
transitions to the soft or the liquid phase before the mechanical spall. If energy
transfer softens the matrix almost on the time of the laser pulse as expected for
strongly coupled solids (and the case of fused silica is compelling for fast
trapping and energy coupling in 100 fs) cavitation occurs in the liquid phase.
Based on viscoelastic energy conservation, the Grady criterion [32] requires
that that the sum of both elastic and kinetic energies should be greater than
the surface energy required to fracture the liquid into nanocavities of size R,
plus the local viscous dissipation during void growth and coalescence in the
cavitation process. Stress should be sufficient in order to overcome viscous
forces. For a lower level of strain rates and low viscosity of the liquid phase, the
process time increases. Once initiated, the process becomes frozen by cooling
and the cavity growth stops. The minimum characteristic time for void
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formation and its minimum size are limited mostly by surface tension, as the
viscosity sharply decreases for T> 2800 K but the surface tension still remains
significant. Time values in the ns range are required to form structures of
10-100 nm.

For typical laser processing such conditions may be difficult to achieve via
thermal gradients in ultrashort laser irradiation without overcoming the
melting temperature. Fused silica has moreover a small thermal expansion
coefficient of § = 5.5 x 107 K~!. Before the electron-ion thermal equili-
brium, the pressure wave can be initiated by electron pressure gradients.
Electronic pressure in excess of several GPa, as expected in WDM states,
can overcome the mechanical resistance of viscosity forces.

The extreme case appears when the heating rate is becoming substantially
high. According to the classical homogeneous nucleation theory, the rate at
which nucleation occurs is limited by the free energy of the critical nucleus W.
The nucleation time is proportional to exp(W /kgT)/N, with T being the
temperature achieved and N the number of nucleation sites. At the critical
temperature for fused silica T, = 5400 K [99], this time is approximately 50
ps. Taking into account potential local pressures [99-101], the nucleation
process is faster than the cavitation process only for temperatures T > 4000
K and occurs on t = 100 ps scale.

The results obtained by Bessel beam irradiation in fused silica seem to
obey the liquid-phase based scenario. Increasing input energy generates
hydrodynamic instabilities and fragmentation of the liquid column [92].
This can be observed in the bottom part of Figure 3(b) where modulated
index domain appears, with micron-sized periodicities. The formation of
fragmented voids seems to be partly the consequence of a Rayleigh-Plateau
hydrodynamic instability in the liquid column that triggers the fragmenta-
tion of the liquid cylinder. Lateral stresses generated during cooling can
equally contribute. Assuming the first scenario, the characteristic time scale
of Rayleigh-Plateau instability of a liquid cylinder [92,102] depends on the
surface tension and spans in the 100 ns range. The temperatures estimated
for type II changes of about 4000 K [46,92] indicates processes at the limit
between liquid cavitation and gas-phase nucleation. Rapp et al. [103] have
created embedded voids in sapphire using single pulse Bessel illumination
of fs and ps durations. The results are shown in Figure 6. Fs pulses create
smooth interfaces between the void and the material while ps pulses
generate a droplet-rich topography, suggesting a possible nucleation of
liquid and gas-phases, matter fragmentation and cooling.

It is of interest to note a specific phenomenon of Bessel beams interac-
tion with materials in strong excitation regimes. The high intensity on the
axis generates carrier populations on the front of the laser pulse. The onset
of carrier plasma along the core creates transient phase shifts for the
conical wavelets and variations in the optical path, destabilizing the
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Figure 6. Left: (a) Embedded void structures induced in sapphire by fs pulse Bessel illumina-
tion. (b,c,d) Scannlng electron microscopy views on selected potions. Smooth void borders are
seen, compatible with a spallation process. (¢) Embedded void structures induced in sapphire
by ps pulse Bessel illumination. (f,g,h) Scanning electron microscopy views on selected
potions. A topography consistent with nucleation and cooling is seen. Courtesy of
F. Courvoisier, FEMTO-ST. Data from Ref [103].
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Figure 7. Patterns of nonlinear light distributions during Bessel beam structuring modeled
using nonlinear Schrédinger equation. (a) Bessel beam peak intensity in vacuum. (b) Bessel
beam peak intensity in bulk fused silica in the presence of electronic excitation. A pulse of 3
ps and 7 uJ is used in a moderate focusing configuration (6 = 7.5°). A distortion of the rings
in the presence of transient electronic excitation is to be noted.

interference conditions for the annular ring A® = IA. This can be seen in
Figure 7(a,b) which compares the peak intensities of Bessel beams focused
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in vacuum (Figure 7(a)) and Bessel beam focused inside a transparent
material (Figure 7(b)) at intensities high enough to generate electronic
excitation and material structuring. The model takes into account non-
linear propagation based on nonlinear Schrodinger equation accounting
for basic processes occurring in the presence of an intense laser field such
as photoionization, free-carrier absorption, and collisional multiplication,
as well as self-induced effects such as self-phase modulation, self-focusing,
and plasma defocusing [46]. Thus the interference condition determines
bending and transient displacements in space of the position of the rings
during the front of the laser pulse. The as-induced displacement matches
the optical path variation generated by the electronic density achieved on
the axis, smearing thus the average intensity on the rings. The consequence
is a higher contrast between axis and rings and an actual filtering mechan-
isms producing structures only along the core in the material bulk for
a wide range of input energies (see Figure 1(b,c)).

4.3.4. Periodic nanoscale arrangements

A final example linking nanocavitation and light arrangement in periodic
patterns refers to the onset of periodic arrangements of narrow sheets of void
planes with transverse dimensions of few tens of nm and spaced at approxi-
mately A/2n, i.e. pattern periods in the range of 200-250 nm. These types of
arrangements were first observed by Shimotsuma et al. [20] and various
hypotheses were in debate to account for their formation, including plasma
waves [20] or field-assisted deformation of nanoplasmas [27]. Rudenko et al.
[104] explained the phenomenon by a light scattering mechanism on laser-
induced microscopic scattering centers in near and far-fields, the coherent
overlap of scattered wavelets and the onset of periodic standing waves. These
scattering centers can originate from laser thermal and mechanical effects,
including nanocracks and the nucleation of molecular decomposition centers
[105]. These nanocavities (sizes of 10 nm) can seed nanoplasmas in intense
laser fields oriented according to the polarization, generate anisotropic scat-
tering and create by interference periodic light plane patterns with sufficient
carrier densities to generate opening of nanovoids [106].

Albeit the different propagative character with respect to Gauss pulses, the
nanogratings were equally observed under the incidence of Bessel beam [107].
The interest here is that this phenomenon shows extreme light localization by
coupling near-field waves and nanocavitation. An example is given in Figure 8
(a,b), showing experimental realization and numerical simulation of nanograt-
ings. These are related to scattering and interference-driven modulation of light
imprinting periodic patterns of electronic excitation as planes of dense carrier
plasmas. Nanocavitation occurs at these sites creating the appearance of nano-
gratings, ordered nanocracks in the material. The anisotropic arrangements
with directional scattering allows to define polarization functions.
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Figure 8. (a) Nanogratings formed in fused silica under ultrafast multipulse Bessel irradiation.
(b) Electromagnetic calculus of planes of electronic excitation suggesting the arrangement in
nanoplanes under Bessel illumination. Data from Ref [107].

5. Conclusion

In conclusion we have shown that non-diffractive Bessel beams can gen-
erate material structuring of matter on scales smaller than the optical limit
and with aspect ratios that enable a new range of laser-based machining
applications. The feature size originates in material responses with char-
acteristic scales given by hydrodynamic instabilities, favored by the specific
one-dimensional geometry. The scale is ultimately defined by nanocavita-
tion in solid or liquid phases and can achieve record values. While
reviewing the excitation and relaxation paths, the process was discussed
from a dynamic viewpoint. Controllability of the structural modification
was shown, driven by the amount of excitation. The achievable scale opens
interesting opportunities for material processing at the nanoscale, with in
view structuring beyond the 100 nm benchmark in both direct focusing
and self-organization regimes. The strong energy confinement alongside
the high aspect ratio represent main features of the Bessel-Gauss beams.
The structuring potential concerns applications requiring large scale inter-
actions as well as high resolutions; from dicing to hybrid micro-
nanophotonics. The potential of these beams to generate structures in
two and three dimensions is being extrapolated to 2D materials [108],
hard matter [109] and towards the use exotic profiles with extended
flexibility [110].
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