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Abstract: Main peculiarities of laser-induced cavitation are discussed. Shiort review of corresponding
experimental data is represented. Corresponding models and theories, which are used for the explanation this
phenomenon, are represented. The main focus is on the Rayleigh model and its modifications. The issue of the
nature and conditions of obtaining laser-optical and laser-acoustic cavitation was investigated. The given
models make it possible to explain the corresponding experimental data.
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1. INTRODUCTION

Cavitation, formation of vapour bubbles within a liquid at low-pressure regions that occur in places
where the liquid has been accelerated to high velocities, as in the operation of centrifugal pumps, water
turbines, and marine propellers. Cavitation is undesirable because it produces extensive erosion of the
rotating blades, additional noise from the resultant knocking and vibrations, and a significant reduction
of efficiency because it distorts the flow pattern [1-5]. The cavities form when the pressure of the liquid
has been reduced to its vapour pressure; they expand as the pressure is further reduced along with the
flow and suddenly collapse when they reach regions of higher pressure. The sudden growth and collapse
of these vapour cavities cause the extreme pressures that pit the metal surfaces exposed to the cavitating
liquid [1-5].

Laser-induced cavitation occurs, as a rule, during the optical breakdown of matter and is observed in
liquids and solids. Therefore, corresponding experimental experimental data are represented for liquid
and solid [6-25].

Short analysis of Rayleygh theory of cavitation and its extensions (Rayleigh—Plesset, Gilmore and
Keller—Miksis models) are made [5, 20]. These models are not include the prehistory of these processes.
Therefore, we include cascade theory of laser-induced optical breakdown as theory which include the
prehistory and cavitation.

Main peculiarity of laser-induced optical breakdown it is the transformation initial laser radiation from
long-wave into short-wave, which is effectively absorbed in the near-surface layers, which leads to
optical breakdown and the generation of cavitation bubbles [7-10, 15].

Unlike the plasma and thermal models of laser-induced optical breakdown, where the main problem is
to find seed inhomogeneities in the material that intensively absorb light that is weakly absorbed by the
irradiated material, the cascade model takes into account the cascade of transformations of optical
radiation from impurity (long-wave) to intrinsic (short-wave) radiation. Therefore, for the cascade
model, the inhomogeneity of the irradiated material is unnecessary, as this inhomogeneity is formed by
the cascade of transformations of the output radiation.

The problem of observation the shork directed (ordered quantum) and disordered electromagnetic
processes [6-10, 15] is one of main problems in Nonlinear and Relaxed Optics. First processes have
local short range action coherent nature. They are caused by direct short-term chain processes of
scattering (absorption) of light directly in the coherent zone of interaction. Therefore, these processes
have a clearly defined orientation character and kinetic nature. Second processes have dynamical nature
and do not have such a clearly expressed orientation dependence. First processes are the classical
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nonlinear optical phenomena, including Cherenkov radiation [26, 27] and shock laser-induced optical
breakdown of matter [7-10, 15]. Second processes are represented noneequilibrium and irreversible
plasma and simple to it processes.

This model include chain of next processes: diffraction stratification, surface generation of Cherenkov
radiation on each cone of diffractive stratification, interference of short-wave part of Cherenkov
radiation and optical breakdown in the maximum of this interferogram [7-10, 15]]. Questions related to
the nature and difference of electromagnetic and acoustic impact processes are also discussed.

2. EXPERIMENTAL DATA

Many of the measurement techniques used to characterize filaments rely on the assumption that the
physical phenomena involved in filamentation keep a clear separation between spatial and temporal
effects. Filament are therefore often characterized in terms of pulse duration, beam diameter, peak
intensity, and averaged quantities such as the fluence (time integrated intensity) or the power. When
strong coupling between space and time occurs as in the generation of filaments, many of these
concepts, however, lose their meaning.

Recently, evidence of strong space—time coupling was revealed by use of an imaging spectrometer
allowing a map of the far-field angular spectra of 200-fs optical pulses that have undergone beam
collapse and filamentation in a Kerr solid or liquid [16, 17, 20] . The far-fields exhibit an X-shape and
a strong modulated on-axis emission (Fig. 1a)). This fringe pattern was observed by studying the
evolution of the spectra with increasing input powers, revealing the complexity of the space time
coupled phenomena from angular-spectral characterization. He et al. [20] characterized the conical
emission in Kerr and non-Kerr liquids pumped with ultrashort laser pulses and observed X-shaped
angular spectra. These X-shaped angular spectra were reinterpreted only recently as a manifestation of
the spontaneous dynamics of ultrashort laser pulses undergoing filamentation, which tends to generate
a stationary conical wave [20]. An analysis of the role of nonlinear losses in the filament dynamics was
made in the framework of a monochromatic approach, where the role of chromatic dispersion was
neglected [20]. In this case, a theoretical analysis confirmed the existence of weakly localized conical
stationary solutions to the nonlinear Schrédinger equation in the presence of multiphoton absorption

[20]).

In contrast, nonlinear X waves represent conical stationary solutions to the nonlinear Schrédinger
equation in the presence of chromatic dispersion but when nonlinear losses are neglected; nonlinear X-
waves are expected to be robust against nonlinear losses and the corresponding solutions to an extended
nonlinear Schrédinger model fully accounting for nonlinear losses and chromatic dispersion should play
the role of attractors for the dynamics of filamentation. Paolo Di Trapani of the University of Insubria
in Como, Italy, and his collaborators discovered they could send short, intense laser pulses through a
transparent crystal of lithium triborate without the pulses’ typical spreading [20]. In the Como
experiment, the pulses emerged from the laser aperture with the usual Gaussian profile. But when they
encountered the dispersive medium of the crystal, nonlinear interactions spontaneously transformed
them into a new shape that in longitudinal cross section looks like an X. Fig. 1 a) shows an example.

Nonspreading “X waves” had been created before, but in the lower-power linear regime using special
equipment. In the nonlinear regime, by contrast, the X wave appears to embody a naturally occurring
mode of the light—matter interaction (Fig. 1 b)) [20].
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Figl. a) Nonlinear X waves retain their characteristic profiles when measured in Fourier space. To make this
image, an X wave was sent through a lens and onto a spectrograph. The horizontal axis is angular frequency and
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the vertical axis is wave number [16, 17, 20]; b) Double X 6.8 spectrum of a 527 nm, 3 pJ laser pulse undergoing
filamentation in water. Each X-pattern exhibits a gap in frequency characterizing the velocity of each split pulse.
The reduced visibility of the red tail was attributed to the increased absorption at the wavelengths [20].

By studying the conical emission of a blue femtosecond laser filament in air, it is shown that self-
improvement of the beams' spatial mode quality occurs for a self-guided laser pulse (Fig. 2) [20].

Fig. 3 show conical emission accompanying a self-guided pulse for various regimes of irradiation [28].

Fig2. Conical emission and laser pattern measured after 20 m of propagation in air from a 400 nm laser pulse.
(a) Surrounding conical emissiononly, with the power spectrum close to that of the incident laser pulse removed
by a colour filter. The external diameter of the blue ring is aboutl cm. (b) strongly attenuated total laser beam at
the same distance [20].

a

Fig3. Conical emission accompanying a self-guided pulse. (a) A central white core (the filament) is surrounded
by Newton’s rings having a divergence of the order of the mrad [28]. (b) Conical emission measured at 25 m from
a5mJ, 45 fs, 800 nm pulse [28].

“Two damages region in a crystal with moderately high density of inclusions were received in [12] for
potassium chloride KCI after irradiation by CO2-laser pulses (wavelength 10,6 um, duration of pulse 30
ns). The laser was known to be operating in the lowest-order transverse Gaussian mode. There were
several longitudinal modes, however, which contributed a time structure to the pulse, periodic at the
cavity round-trip time. The phase relationships between the longitudinal modes varied from shot to shot,
changing the details of the time structure and causing the peak of the envelope to fluctuate by +15%
[12]. These results are presented in Fig. 4 [12].

Successive laser shot (1/sec) were focused into bulk single crystals using a 1-inch focal length “Irtran
2 lens. The breakdown was monitored by observing the visible light from the focal region and by
examining the damaged region under the microscope. It was found that most of the crystals suffered
some damage even at relatively low power levels. The threshold of this type of damage varied by an
order magnitude from one position in the crystal to another. At any particular energy level, damage
would occur on the first laser shot or not at all. Fig. 4 (a) shows that spatial inhomogeneities are in fact
inclusions [12]. The damage bubbles occur randomly near, not necessarily in, the tiny focal volume. At
a well-defined power threshold, an elongated pointed bubble forms, its vertex falling at the focus (Fig.
4 (b)). This power level is regarded as the bulk intrinsic breakdown threshold. Its value is reproducible
in crystals from different manufacturers, with inclusions or without. When no inclusion free samples of
a compound were available, the considerations mentioned above were using to determine the dielectric
strength [12].
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Fig4. Two damages region in a crystal KCI with moderately high density of inclusions. The round black objects
are bubbles. The radiation, incident from left to right, was yust at the intrinsic breakdown threshold. In one case
(a) there was damage only at the inclusions. In (b), intrinsic breakdown occurred as evidenced by the pointed
bubble. The straight lines represent cleavage [12]

Experimental data, which are included microscopic structure of optical breakdown, are represented in
Fig. 5. Sectional area of receiving structures was ~ 22 um, the depth of ~ 50 um. As seen from Fig. 5
(c) we have five stages disordered regions, which are located at a distance from 2 to 4 um apart vertically
[18, 19]. Branches themselves in this case have a thickness from 150 to 300 nm. In this case there are
lines in the irradiated nanocavity with spherical diameter of from 10 nm to 20 nm. In this case irradiated
structures have crystallographic symmetry of the initial structure. In this case diffraction processes may
be generated in two stages: 1- formation of diffraction rings of focused beams [7, 8] and second-
formation of diffracting gratings in the time of redistribution of second-order Cherenkov radiation [7,
8] . Second case is analogous to the creation of self-diffraction gratings in NLO, but for Fig. 5 (c) and
Fig. 6 (b) our gratings are limited by much cone of Cherenkov radiation. Roughly speaking only Fig 5
(e) and Fig. 6 are represented “clean” breakdown.
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Fig5. (a) Schematic illustration of the laser irradiated pattern. The light propagation direction (k) and electric
field (E) are shown. (b) Optical micrograph of the mechanically thinned sample to show cross sections of laser-
irradiated lines (200 nJ/pulse). (c) Bright-field TEM image of the cross section of a line written with pulse energy
of 300 nJ/pulse. (d) Schematic illustration of a geometric relationship between the irradiated line and the cross-
sectional micrograph. (e) Magnified image of a rectangular area in (c) [18, 19].

@

Fig6. Laser-modified layers with a spacing of 150 nm are indicated by arrows. (a) Bright-field TEM image of a
portion of the cross section of a line written with a pulse energy of 200 nJ/pulse. (b) Zero-loss image of a same
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area as in (a) with nanovoids appearing as bright areas. Correspondence with (a) is found by noting the
arrowheads in both micrographs. (c) Schematic illustrations of the microstructure of a laser modified line. Light-
propagation direction (k), electric field (E), and scan direction (SD) are shown. Only two groups (groups | and
I1) of the laser-modified microstructure are drawn [18, 19].

Photographic series of a laser produced bubble in water are shown in Fig. 7. The series starts 10us after
optical breakdown, i.e. bubble generation, and proceeds with 10us interframe time. Maximum bubble

radius is about 750 pum [20].
St v ca

Fig7. Photographic series of a laser produced bubble in water. The series starts 10us after optical breakdown,
i.e. bubble generation, and proceeds with 10us interframe time. Maximum bubble radius is about 750um [20].

Bubble asymmetry, induced by the nonspherical shape of the laser plasma, is minimized, when the
bubble is generated at the beginning of the positive pressure cycle of the sound wave. The bubble is
then compressed first and stays small for some time, so that the higher surface tension pressure for
smaller bubble radii can act longer in conjunction with dissipation to form a spherical bubble. Fig. 8
shows this result. A small spherical bubble as obtained without sound (Fig. 8, left frame [20]) is
expanded to larger and larger radii with increasing sound pressure amplitude thereby staying highly

spherical.

Fig8. Laser induced bubble in a sound field of 43.68 kHz photographed at maximum expansion with increased
sound pressure amplitudes (from left to right): no sound (0 bar), 1.76, 2.28, 3.12, 4.65 bar. The static pressure is
psat = 1 bar. The image width is 454 um. Bubble generation with a femtosecond laser pulse is effected at the
beginning of the positive pressure cycle of the sound wave [20].

3. MODELING AND DISCUSSIONS
The main extensions of Rayleigh's theory are Rayleigh—Plesset, Gilmore; and Keller—Miksis models.’

The creation of this theory is connected with Besant problem, which is formulated as "An infinite mass
of homogeneous incompressible fluid acted upon by no forces is at rest, and a spherical portion of the
fluid is suddenly annihilated; it is required to find the instantaneous alteration of pressure at any point
of the mass, and the time in which the cavity will be filled up, the pressure at an infinite distance being
supposed to remain constant" [5].

According to Raylegh the time of bubble collapse is determined as [5]

T= \/g%z(;/z) = 0.91468R, \/g 1)

where I' — Eulers gamma functions, p — density of liquid, P is the pressure at infinity and Ry the initial
value of bubble radius R [].

The basic model is the Rayleigh model [20]:
PRR +2pR? = p; —p,, (2
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where an overdot means differentiation with respect to time. The difference in pressure, p; — p,, drives
the bubble motion. The form of the inertial terms on the left-hand side is due to the spherical three-
dimensional geometry that is transformed to one radial dimension in the differential equation. Both, pi
and pe, become functions of radius R and time t, when gas and vapour fill the bubble, and when surface
tension o, liquid viscosity p and a sound field, p(t), are taken into account. With these inclusions, the
Rayleigh model takes the form [20]

o3 R\ ¥ 2 4y
PRR +>pR? = pyp (;) +pi—pe —p(t) == ——R, ®)
with
2
Pgn = é + Dstat — D (4)

Pgn being the gas pressure inside the bubble at rest, pstat the static pressure and p,, the (here constant)
vapour pressure. The pressure p(t)is an external pressure applied at the bubble wall. In the case of a
single frequency ultrasonic excitation of the bubble, it can be written in the form

p(t) =— pasin (2vat), (5)

varying sinusoidally with frequency va and having a pressure amplitude pa. The ‘—’ sign is convenient
for starting the oscillation at t = 0 with an expansion of the bubble at rest. This model and some variants
are called Rayleigh—Plesset models [20].

A more advanced model is the Gilmore model [20] that incorporates sound radiation into the liquid
from the oscillating bubble, whose surface acts like the membrane of a spherical loudspeaker. For strong
oscillations, i.e. strong compression of the contents inside the bubble, the model is further augmented
by a van der Waals hard-core law to account for a noncompressible volume of the inert gas inside the
bubble [20]. This bubble model reads as:

B . 3 R\ - R R R dH
(1-grRE+3(1-5) k2= (1-9)H+5(1-2)RG (6)
where
_ (br=rdp(p)
H= [l )
_ (2" _
p(p)=4(£)" -B. ®)
20\ (RE-bR3\" 20  4u .
Pr=r = (pstat + E) (Rg_bR%) R ?R . (9)
Proow = Pstat + p(t). (10)
C =+/c¢ + (ny + DH. (11)

The additional parameters and variables in this model are the sound velocity in the liquid at normal
conditions, co, the sound velocity at the wall of the bubble, C, the enthalpy, H, the parameters of the
equation of state, where the Tait equation (8) is chosen with its parameters A, B, nr and the van der
Waals constant, b. A vapour pressure may be introduced in (9) as in (3) and (4).

A further model is the Keller—Miksis model [20] that also incorporates sound radiation from the
oscillating bubble, but features a retarded time t — R/c in the equations. A model equivalent to this model
to first order in 1/c, ¢ being the sound velocity in the liquid, and dispensing with the retarded time reads

R .3 R\ 52 _ R\ p1 R dp,
(1-2)RE+3(1-1)R _(1+;)7+;?, (12)
with
26\ (Rn\3* 2 4u -
pP1 = (pstat + é) (?) - ?G — Pstat — p(t) - ?HR: (133-)
p(t) =— pasin (2avat). (13b)

Here, too, a van der Waals law may be introduced as in (9) for the gas inside the bubble or a vapour
pressure as in (3) and (4). The connection between the different bubble models has been explored by
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Prosperetti and Lezzi [20]. Typical values of the parameters for gas bubbles in water, as used in the
calculations with the Keller—Miksis model, are psa = 100 kPa, py = 2.33 kPa, 0 = 0.0725 Nm?, x =
1.67 (noble gas), u = 0.001 Pa's, ¢ = 1500 m s * and p = 998 kg m™>. The radius of the bubble at rest,
Ry, covers the range from below a micrometre (nanobubbles, microbubbles) to several millimetre, but
may reach large values in underwater explosions, either by underwater sparks or with explosives. The
driving frequency, va, typically takes values from a few hertz to a few megahertz, but may extend into
the gigahertz range. The driving pressure amplitude, pa, may vary between zero pascal (no sound field)
and several megapascal. Theory will not be stretched beyond the three basic bubble models (Rayleigh—
Plesset; Gilmore; Keller—Miksis), as they give an astonishing precise description of most experiments
on spherical bubble oscillation [20].

These theories are using for all sources of excitation of shock waves in liquids without exception. It can
be both acoustic and light stimuli.

Light induced bubbles come with a shock wave upon generation as the material of the fluid is strongly
heated [20] and develops a high pressure that is radiated into the liquid. The bubble expansion follows
on a slower time scale. These bubbles have various lifetime. Their lifetime is determined by the formula.

T. = 0.915R,,, /pm’z_pv. (14)

Equation (14) is modified Rayleygh equation (1).

These models do not include the background history of bubbles and possible channels of conversion of
incident radiation. Despite this, it satisfactorily explains the experimental results on the emergence and
evolution of bubbles in liquids.

The first thing that comes to mind is that the focused radiation should form diffraction circles, which
leads to diffraction delamination of the incident laser beam (Fig. 1 — Fig. 3). In other words, thin layers
of intense interaction of initial radiation with matter are formed.

Since the initial radiation is focused, it causes the occurrence of heterogeneous polarization of the
medium, which in turn is the source of generation of a whole range of non-linear optical effects, which
leads to a continuous spectrum. However, since the cone of initial radiation is transformed into a set of
diffractionally stratified cones of heterogeneous polarization of the medium. Then the radiation occurs
inside the cones, the generators of which are perpendicular to the generator cones of polarization. And
this, according to A. Bohr [26] hyperboloid, is Cherenkov radiation.

The first laser-induced filaments were received in the liquid. Later researches shown that analogous
phenomena are generated in solid and gas matter too. Therefore, first models were created for the
nonlinear Kerr media and were used for all types of irradiated matter [7, 8]. Strongly speaking, these
filaments are sparks of optical breakdown. More universal concept is physical-chemical.

However, Kerr media are represented liquids basically. For solid state basic phenomena are laser-
induced electrostriction [22]. In the gas case we can have other nonlinear optical phenomena. Therefore,
we must select more universal concept for the determination Pe. It may be physical-chemical method.
In this case, we must have concentration of proper centers of scattering (absorption) of laser radiation,
which are generated proper nonlinear optical phenomenon, and its activation energy. The self-focusing
is nonlinear optical process therefore, P, or the critical value of energy may be determined in next way.
Volume density of energy of the creation self-focusing process may be determined with help next
formula W01 [7, 8]

Wcruol = EaNncv (15)
where E, — energy of activation proper “nonlinear” centers; Nnc — their concentration.

Surface density for optical thin may be determined as [7, 8]

Wersur = WCWOL/ a (16)
where a — absorbance index. Integral value of energy may be determined as [7, 8]
Werin = Wersur * S, (17)

where S — the square of irradiation.
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In this case [7, 8]
W...
Crm/Tir’ (18)

where ;. is duration of laser irradiation.

By =

The determination the concentration of scattering centers must be determined with conditions of proper
experiment. It is determined by the conditions of observation the proper phenomena.

Next step of determination the density of energy in our cascade is condition of diffraction stratification.
This condition may be determined with help of sizes the diffraction rings. We can estimate density of
energy in plane of creation the diffraction stratification for n=5.

The explanation of creation the laser-induced filaments have various interpretation. Firstly [7, 8] is the
creation wave-guide zones after point of collapse. In this case filaments have little life-time.

Conic part of filament radiation has continuum spectrum: from ultraviolet to infrared. At first this effect
was called superbroadening. Therefore, it may be interpreted as laser-induced Cherenkov radiation [7,
8]. The angle 26 in the vertex of an angle of Fig. 5 (e) is double Cherenkov angle. In this case we have
frozen picture of laser-induced destruction of 4H-SiC with help Cherenkov radiation [7, 8].

The Cherenkov radiation is characterized by two peculiarities [7, 8]: 1) creation of heterogeneous shock
polarization of matter and, 2) radiation of this polarization. The methods of receiving shock polarization
may be various: irradiation by electrons, y-radiation, ions and excitation with help pulse fields. The
stratification of this radiation on other type’s radiation (volume, pseudo-Cherenkov a.0.) has relative
character and may be represented as laser-induced Cherenkov radiation. Therefore in future we‘ll be
represent conical part of filament radiation as Cherenkov.

This fact may be certified with macroscopic and microscopic ways [7, 8].

First, macroscopic way may be represented according to [27]. The similarity between charge particle
and light-induced Cherenkov radiation one can invoke the analogy between Snell’s law and Cherenkov
radiation [27]. This natural since both effects can be derived in the same way from the Huygens
interference principle. In [27] the point of intersection of a light pulse impinging at an angle ¢ on a
boundary between two media moves with velocity V = €/, ,cosg- This relation with Snell’s law, gives

the Cherenkov relation (Golub formula)[27].
—C
cosf = /n2 ()" (29)

This formula allows explain the angle differences for various type of Cherenkov radiation. In this case
V may be represented as velocity of generation the optical-induced polarization too [7, 8].

The microscopic mechanism of laser-induced Cherenkov radiation is expansion and application of Aage
Bohrs microscopic theory of Cherenkov radiation as part of deceleration radiation on optical case [7, 8,
26]. For optical case the Bohrs hyperboloid must be changed on Gaussian distribution of light for mode
TEMqo or distribution for focused light of laser beam [7, 8]. In this case Cherenkov angle may be
determined from next formula

Ocn + air = T[/Z orfcp = 7T/2 - Qir, (20)
where a;,— angle between tangent line and direction of laser beam.

Angle a;, was determined from next formula [7, 8]

d
tana;, = b/lf’ (21)
where d;, — diameter of laser beam, (7 mm), I — length of focusing or self-focusing. In our case a;,. is
angle of focusing or self-focusing.
This formula is approximate for average angle ;..

The Golub formula (19) was used for the determination product n, (w)Vyper [7, 8]. Self—focusing and

Cherenkov angles and product n, (w)V were estimated for LiF, CaF,, fused silica, water and glass BK-
7in[7].
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Thereby microscopic modified A. Bohr theory and macroscopic Golub model are mutually
complementary methods [7, 8].

The decreasing of Cherenkov angle and product n,(w)V for increasing of laser radiation intensity are
corresponded to increasing of nonlinear refractive index and decreasing of velocity of polarization
(multiphotonic and multiwave processes) [7, 8].

In completely microscopic mechanism of laser-induced Cherenkov radiation may be represented as
nonequilibrium spectrum of all possible Nonlinear Optical phenomena in the local points of propagation
the laser beam [7, 8, 20]. It may be Raman and Brillouin scattering, up- and down-conversion,
generation of harmonics and various interference of these processes and phenomena, which are
generated the continuous spectrum from ultraviolet to infrared regions [7, 8].

The estimation of sizes the cascade of volume destructions of Fig. 5 ¢) may be explains in next way [7,
8]. The sizes (diameters) of proper stages d,,;,- of cascade are proportionally to corresponding diffraction
diameters dy,q; ¢

dnir =k dndif' (22)
where K is the proportionality constant.

The diffraction diameters d,4;ymay be determined with help condition of diffraction-pattern lobes
(modified Rayleygh ratio)

dnais = nA. (23)
The estimations of first five diffraction diameters d ;¢ for A = 800 nm were represented in [7, 8].

The distance between diffraction spots and proper moving foci may be determined with help next
formula [7, 8]

__ dnair
lnf -y A (24)

These distances for ¢1 = 20° and @2 = 30° were represented in [7]. In general case the angle ¢ is
depended from homogeneity of irradiated matter or intensity of irradiation.

Qualitative explanation of development of cascade the destructions may be next. The focus of each
diffraction zone (spot) is the founder proper shock optical breakdown. But foci with more high number
may placed in the “zone” of influence of previous foci. Therefore, only first stage of Fig. 5 (c) is
represented pure shock mechanism (Mach cone). Mach cones are characterized the second and third
stages of Fig. 5 (c). But its maximums are displaced from center. It may be result if interaction second
and third shock waves with previous shock waves: first — for second wave and first and second for third
wave. The chock mechanism of destruction certifies a linear direction of optical breakdown. This
direction is parallel to direction of shock wave and radiated spectrum is continuum as for Cherenkov
radiation and as for observed laser-induced filaments in water and air [4, 8]. Thus, basic creator of
optical breakdown traces is secondary Cherenkov radiation and shock waves. This radiation is absorbed
more effectively as laser radiation and therefore the creation of optical breakdown traces is more
effectively as for beginning laser radiation. Cherenkov radiation is laid in self-absorption range of 4H-
SiC, but 800 nm radiation — in intrinsic range. For the testing of this hypothesis we must measure the
spectrum of secondary radiation. In this case we can use physical-chemical cascade model of excitation
the proper chemical bonds of irradiated matter in the regime of saturation the excitation [7, 8].

The conclusion about diffractive stratification of focused radiation may be certified by experimental
data of Fig. 5 (c).

We can rough estimate basic peculiarities of energy distribution in Mach cone may be used next formula
[7. 8]

2
Eiop = % (Z?:1 nizav liav)TZNasicEZth- (25)

where nia— average visible number of filaments in proper group of cascade, li2,=1000 hm — average
length of filaments in proper group of cascade, r = 10 nm — average radius of filament, N, — atom
density of 4H-SiC.
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The atom density of 4H-SiC may be determined with help next formula [30]

N, = "PA”A, (26)

where p — density of semiconductor, N, — Avogadro number, A — a weight of one gram-molecule, n —
number of atoms in molecule. For 4H-SiC N, g;c = 9.4 - 102 cm ™3,

For further estimation we use next approximation Niay = N2ay = N3ay = Naay = Nsay = 100, (see Fig. 5 (¢) ).

Energy, which is necessary for the optical breakdown our nanotubes may be determined in next way.
Zeitz threshold energy for 4H-SiC is equaled Ezn~ 25 eV [31]. Let this value is corresponded to energy
of optical breakdown. Therefore, summary energy E, 5, is equaled

Eiop = Nasnt * Ezen = 23.2 1. (27)

This value is equaled of ~ 8% from pulse energy or ~ 30% from the effective absorbed energy of pulse.
In this case we have more high efficiency of transformation initial radiation to “irreversible” part of
Cherenkov radiation. It is result of more intensive excitation comparatively with classical methods of
receiving the Cherenkov radiation. In this case we have pure photochemical processes. The
experimental data for intrinsic absorption (Fig. 4 — Fig.6) show that for short pulse regime of irradiation
(femtosecond regime) basic processes of destruction the fused silica and calcium fluoride are
photochemical (multiphoton absorption in the regime of saturation the excitation). Nevertheless, basic
peculiarity of experimental data Fig. 5 and Fig. 6 is transformation the initial laser radiation (wavelength
800 nm) to continuum Cherenkov radiation. From length of optical breakdown in 4H-SIiC we can
determine average absorption index of Cherenkov radiation. It is ~ 10* cm™. This value is corresponded
to violet-blue range of absorption spectrum of 4H-SiC [7, 8].

The difference between generations of surface continuum radiation [8] and optical-induced Cherenkov
radiation is next. At first time we have collective electromagnetic processes, which are may be
represented as processes with velocity less as phase speed of light in media. Mainly, it is wave
processes. In the case of Cherenkov radiation, we have directed quantum optical processes, which can
have represented as processes with velocity more as phase speed of light in matter. Roughly speaking
last processes may be having velocity less as phase speed of light in media but it must be local (quantum)
[7, 8]. But in this case we must determine the new phase speed of light as speed of collectivization of
electromagnetic oscillations for corresponding frequency in irradiated media because we have
continuum spectrum of irradiation. In this case, the summary speed of interaction light and matter is
determined the summary time of corresponding chain of direct optical processes.

Cherenkov radiation may be represented as back process of Nonlinear Optics too. Roughly speaking
Nonlinear Optics is optics of nonlinear polarization. However, intense laser irradiation is generated
nonlinear polarization and Cherenkov radiation [7, 8]. Therefore, these processes have identical nature

[8]

We can estimate chain of critical value of energy for the 4H-SiC from physical-chemical point of view
too.

Critical value of energy, which is necessary for the beginning of self-focusing, may be determined in
next way. Volume density of energy of the creation self-focusing process may be determined with help
formula (15). In further we made next approximation [7]: E, = hv = 1.5 eV. Then we have for SiC
Wervor = 24+ (1075 = 1077/ "ForSiCa=0,1cm™. And Wiy = 24+ (107 = 102)//__,.
Integral value of energy may be determined according by formula (9). For Fig. 5.6(c) for r =2 um, S =
1,256-107 cm? Therefore Wi, = 3.0- (107t —107°%)J. For r = 1 mm we have W,,;,, = 1.9
(1076 —107%) J.

These estimations are corresponded to estimations, which are received with help formulas for Kerr
media. Roughly speaking they are equaled [7, 8]. For the gases this method allows to estimate the energy
of its optical breakdown.

Next step of determination the density of energy in our cascade is condition of diffractive stratification.
This condition may be determined with help of sizes the diffractive rings. We can estimate density of
energy in plane of creation the diffractive stratification for n = 5.
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Maximum diameter of diffractive pattern is determined for fifth diffractive ring. For this case average
density of energy in plane of diffractive rings is equaled.

We can estimate corresponding correlation between energies for the next processes: laser irradiation,
diffractive stratification, Cherenkov radiation and optical breakdown [7, 8].

A density of laser irradiation is equaled

E
Wavar = /. (28)

Where E, — energy of laser pulse. For E, = 200 nJ and E, = 300 nJ and S =1,256-10"" cm? we have next
value of W4, 1,6 J/cm? and 2,4 J/cm?. If we multiple these value of the absorbance index of SiC « =
0,1 cm® then we are receiving the volume density of energy W, 4rv0; 0,16 J/cm?® and 0,24 J/cm?®. Really
value is 0,4 from represented data (reflectance is 0,6) and are 0,064 and 0,096 J/cm® [7].

W,
Correlation avdrvol/W

Crvo

l for real values for SiC is equaled from 27 to 2700 [7].

Density of energy of optical breakdown W, for SiC is equaled 18800 J/cm?®. Therefore, correlation
Wb/, s equaled 78333and 117500 [7].

avdrvo

Concept of diffractive stratification allows explaining the surface character of Cherenkov radiation.
This radiation is generated in the region of corresponding focused diffractive ring [7, 8].

In our case (Fig. 6 (c)) sizes of our nanovoids are equaled 15 — 20 nm. Therefore, we must change
“sound” mechanism of creation cavitations bubbles on electromagnetic. Roughly speaking, this
problem was resolved with help change speed of sound or speed of light.

The sizes of nanovoids (Fig. 6 (c)) may be determined with help modified Rayleygh model [7-10, 15]
and its form — the help methods of continuum mechanics [1-5] in next way.

Nanovoids may be represented as results of the laser-induced laser-induce breakdown and creation of
cavitations bubbles [7] too. The light pressure may be determined with help of next formula [22]

_ Eir
Po = 7icS'’

(29)
where E — energy of irradiation, z; — pulse duration, S — area of irradiation zone, ¢ — speed of light. For
circle symmetry

S =mnr?, (30)
where r — radius of laser spot.

For the estimations of maximal radius of nanovoids we must use modified Rayleygh formula [7-10, 15]

2R Eir
Rpax = 0.915r (31)

nTirCE’

where T, — the time of creation the nanovoid (bubble), R is radius of nanovoid, r — radius of irradiated
zone, E — Young module, E;,.— energy of one pulse. 7;, — duration of pulse [7-10, 15].

If we substitute r = 250 nm, R = 10 nm, E = 600 GPa [7-10, 15], Ei=300 nJ, zir = 130 ps, ¢=3-10° m/s,
than have Rmax=11 nm.

The speed of shock waves for femtosecond regime of irradiation is less as speed of sound. However,
we have two speeds of sound in elastic body: longitudinal v, and transversal v, [7-10, 15]. Its values
are determined with next formulas

_ E(1-v) _ E
Vs = [ paaeva—zw 19V = oo (32)

where v — Poisson’s ratio [7-10, 15]. The ratio between of these two speeds is equaled

q =Y = |02 (33)

vis 2(1-v)’
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However, this ratio must be true for shock waves too. Therefore, for silicon carbide for v = 0,45 [7-10,
15] a = 0,33. Roughly speaking last ratio is determined the step of ellipsoidal forms of our nanovoids

(Fig. 6 (c)).
In [7-10, 15] allow estimating maximal longitudinal and transversal R,,,q,;, i € (,t). These values are
6 nm and 19 nm properly.

In this case, we represented 4H-SiC as isotropic plastic body. For real picture, we must represent
hexagonal structure. However, for the qualitative explanation of experimental data of Fig. 6 this
modified Rayleygh model allow explaining and estimating the sizes and forms of receiving nanovoids
[7. 8].

As we see, for laser-induced breakdown we must include self-focusing processes too. The problem of
creation initial inoculating concentration of electrons is one of main problems Nonlinear Optics too.
Therefore, we must include in the problem of optical breakdown the heterogeneity materials and
heterogeneity of interaction light and matter, including diffraction stratification, generation of
continuum radiation (including Cherenkov radiation), interference Cherenkov radiation and direct
optical breakdown. These addition factors allow explaining basic peculiarities of interaction laser
irradiation and matter, including gases [7, 8]. However, for more long time of irradiation we have
second-order processes of disorder radiation, including reradiation and reabsorption [7, 8]. In this case
we may be having processes of heating and creation of plasma clouds [7, 8, 12-14, 23]. For shorter
regime irradiation a probability of cascade step-by-step laser-induced direct multiphotonic excitation is
increased and therefore we have third scenario of these processes [7, 8]. Thus, methods of Relaxed
Optics allow integrating processes of radiated and non-radiated relaxation (Nonlinear and Relaxed
Optics) of first-order optical excitation in one system and allow explaining processes of laserinduced
optical breakdown and shock processes with one point of view. For qualitative explanation of
corresponding experimental data we must add using methods by physical-chemical models and methods
of diffraction stratification and laser-induced Cherenkov radiation [7, 8]. Laser-induced shock processes
have specific peculiarities. In general case we have electromagnetic and acoustic shock processes [7,
8]. Formally, these processes have similar nature. Speed of electromagnetic shock processes (speed of
polarization the media in the result of corresponding interaction) must be more as phase speed of light
in media. In this case phase speed of light in media has next physical nature: it is speeding of
collectivization the electromagnetic oscillations for proper frequency. Roughly speaking it is
electromagnetic characteristic of media, which is corresponded to its electron and ion subsystems.
Example of this type process is Cherenkov radiation. In this case, we have radiated reaction of media
on heterogeneity excitation of media in shock regimes of interactions. Speed of acoustic shock
processes (speed of motion proper object in media) must more as speed of sound in media [7, 8]. But
speed of sound is media is average heat speed of media, which is connected with atomic structure of
media. Examples of these processes are: flight of airplane or rocket in with supersonic speed; various
explosions. Roughly speaking, explosions may be characterized as chemical process with speed more
as sound speed in media. Mach number is characterized in this case the macroscopic “detonation” of
corresponding process. Both processes (electromagnetic and acoustic) are characterized by Much cone,
which is created by proper vectors of speed processes or object and speed characteristic of media
(polarization or sound) [7, 8]. Laser-induced shock processes may be represented as analogous to
acoustic explosions. However, this process is realized with electromagnetic speed. In this case we must
have “electromagnetic” explosion as Cherenkov radiation [7, 8]. Due to the similarity of
electromagnetic and acoustic processes of kinetic processes, we can use both to estimate the parameters
of impact processes, to determine the size of nanovoids, using the electromagnetic modified Rayleigh
model (formula (31)) and to determine the shape of nanovoids, acoustic formula (33). The formation
the laser-induced shock processes may be explained with help concept of coherent structures of Relaxed
Optics [6]. In this case generation of proper shock process may be represented as chain of coherent
processes of interaction light and matter with electromagnetic speed. In this case summary speed of
chain process must be less as phase speed of light in media but speed of each term of this chain must
be more as phase speed of light in media. It is basic peculiarity of formation laser-induced shock
processes comparatively with other electromagnetic processes. From point of view the kinetic concept
of Relaxed Optics [6] we must have multiphotonic process in the regime of saturation the excitation [7,
8]. In whole the nonequilibrium and irreversible shock processes may be having electromagnetic and
acoustic nature [7, 8]. Nature of laser-induced breakdown is determined by speed of energy transfer
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from laser irradiation to matter. For impurity mechanisms of absorption, the laser radiation may be
realized next scenario [7, 8]:

1) Multiphotonic absorption is comparatively low intensity but time of irradiation is long-run. In
this case, we have heating of matter in the region of the absorption of laser radiation and thermal
mechanism of optical breakdown. Other words absorptive energy may be represented as heat, which is
cause the heating of media and its thermal breakdown. These process is characterized the speed of sound
in matter and time of creation the heating of irradiated material is equaled ~ (102 -10°)z; for millisecond
and nanosecond regimes of irradiation [7, 8].

2) Multiphoton absorption is higher, but it may be source of other collective physical phenomena-
generation of plasma, which may be used for the breakdown of irradiated matter. It is plasma
mechanism of optical breakdown. Time of formation the plasma in irradiate matter is lesser and roughly
speaking it determine by the speed of light. In whole, the speed of this process is lesser as phase speed
of light in irradiated matter. However, this time is depending from intensity of irradiation too.

3) Multiphotonic absorption is higher as in case 2 and may be source of direct optical breakdown.
However, this process must have speed more as phase speed of light in media. The dimensions of the
cavities that are formed during electromagnetic and acoustic breakdown are proportional to the square
root of the corresponding velocity (formula (31). Taking this into account, the sizes of acoustic voids
in silicon microbead will be on the order of a centimeter. The cone of Cherenkov radiation in the optical
case is determined by a cascade of successive light scattering and the corresponding nonlinear
polarization of the medium. Therefore, the angle of the Cherenkov radiation is perpendicular to the
propagation front of the nonlinear polarization. If the system tends to thermodynamic equilibrium, this
trend disappears. This is confirming by the fact that there is no big difference between nanosecond (Fig.
4) and femtosecond (Fig. 5 and Fig. 6) irradiation modes. The efficiency of radiation conversion into
breakdown energy is on the order of 10-15 percent. In general, this is determine by the integral photon
efficiency of the corresponding cascade process. A. Bohr's model can be applying to relaxation-optical
processes, since in this case the displacement of atoms is directly proportional to the intensity of
excitation. However, in the case of laser irradiation, we have one irradiation cone and a certain number
of diffraction cones. Each diffraction cone is a source of Cherenkov radiation defined by a Mach cone,
the characteristics of which are determine by the laser-generated nonlinear characteristics of the
irradiated medium. The spectrum of Cherenkov radiation in the case of A. Bohr is determined by a set
of hyperboloids, i.e. electromagnetic traces of tracks of incoming particles, and with uniform irradiation
it will be more or less uniform. In the case of optically induced Cherenkov radiation, the short-
wavelength region, as can be seen from Fig. 5 and Fig. 6, will be concentrated near the optical axis.
There is formally no difference between acoustic and electromagnetic shock wave processes. However,
when forming nanovoids, we are not dealing with wave but quantum multiphoton processes, which
ultimately determine the formation of nanovoids.

Laser-induced shock processes have specific peculiarities. In general case we have electromagnetic and
acoustic shock processes [7, 8]. Formally, these processes have similar nature.

Speed of electromagnetic shock processes (speed of polarization the media in the result of
corresponding interaction) must be more as phase speed of light in media. In this case, phase speed of
light in media has next physical nature: it is speeding of collectivization the electromagnetic oscillations
for proper frequency. Roughly speaking it is electromagnetic characteristic of media, which is
corresponded to its electron and ion subsystems. Example of this type process is Cherenkov radiation.
In this case, we have radiated reaction of media on heterogeneity excitation of media in shock regimes
of interactions.

Speed of acoustic shock processes (speed of motion proper object in media) must more as speed of
sound in media [7, 8, 20]. However, speed of sound is media is average heat speed of media, which is
connecting with atomic structure of media. Examples of these processes are: flight of airplaine or rocket
in with supersonic speed; various explosions. Roughly speaking, explosions may be characterize as
chemical process with speed more as sound speed in media. Mach number is characterize in this case
the macroscopic “detonation” of corresponding process.
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Both processes (electromagnetic and acoustic) are characterized by Much cone, which is created by
proper vectors of speed processes or object and speed characteristic of media (polarization or sound)
[7, 8].

Laser-induced shock processes may be represented as analogous to acoustic explosions. But this process
is realized with electromagnetic speed. In this case we must have “electromagnetic” explosion as
Cherenkov radiation [7, 8].

In whole the nonequilibrium and irreversible shock, processes may be having electromagnetic and
acoustic nature [7, 8].

Now we used physical-chemical method of estimation for the modeling experimental data for KCI (Fig.
4). Density of atoms of KCI was determined with help formula (5.68) and it equal 3.1-10%2cm™*3
Zeits energy for KCI has value ~ 30 eV [31].

Results of modeling are represented in [7, 8].

We used next approximations. Photography of Fig. 4 gives a blurry image compared to the bright-field
TEM image of Fig. 5. Therefore, we can’t see the microstructure of optical breakdown. And we use
rough average approximations for diameter davrage and length | of cascade laser-induced optical
breakdown of Fig. 4 [7, 8]. Volume of cascade was determined as cylinder volume.

Fig. 4 is similar to Fig. 5 c). However, regimes of irradiation of Fig. 4 are similar to mode TEMo.
Therefore, we have two channels of generation the cascade of laser-induced optical breakdown.

The distances between bubbles of Fig. 4 (b) are more as between regions of destruction of Fig. 4(c).
However, conditions of focusing the radiation in these both cases are equivalence. Therefore, the
distances between neighboring bubbles I, of Fig. 4(b) and neighboring regions of destruction I, of Fig.
5 (c) are connecting by next formula [8]

L= dndifztan((pl/z) _ /’lztan((pl/z)
2= dndifltan((pz/z) 1= Altan((pz/z) Lt

In whole, the correlation of this distasnces is depended from wavelength of irradiation and focusing
angles, including intensity of irradiation. Which is determined the step o f homogeneity of irradiated
matter. If we substitute in formula (34) 4, = 10.6um and 2; = 0.8um and ¢, = ¢, then we’ll receive

lz = 13.25l1. (34 a)

Energy characteristics of irradiation weren’t represented in [12] but were reference on [32]. Therefore,
we select value 2 J/pulse from [7, 8]. In this case we have effective using energy. Methods of estimations
of energy characteristics of Table 4.1 are rougher as for 4H-SiC. But we must suppose that focused laser
irradiation has diffraction stratification, generation of Cherenkov radiation and interference of this
Cherenkov radiation. On Fig. 4 (b) 5-7 steps of cascade optical breakdown we see. Sources of
Cherenkov radiation id diffraction stratified cones.

(34)

If this scenario is true, we have as for 4H-SiC effective transformation the energy of laser radiation to
cascade of laser-induced breakdown for KCI too. This value is 11,6 — 17,4 percents [7, 8].

We can estimate sizes and forms of possible nanovoids for potassium chloride too. Let's take the ratio
of the radius of the irradiation zone to the radius of the nanowire as 50. The energy of irradiation is 2 J.
The duration of irradiation is 50 ns. Young's modulus 29.67 GPa, Poisson's ratio 0.216.

After substitution, these data to formula (31) we have R,,,qxkci = 62.5nm. Ellipticity of KCI nanovoids
may be determined from (33) ak; = 0.6.

Let us now estimate the maximum bubble radii for the acoustic case. For this, in formula (5.73), you
need to change the speed of light to the speed of sound (31 a).

2R E;
R = L 3la
max - 0.915r | nti-csE’ ( )

where c; is speed of sound.

As a result, we get R7 = 1.7um and R ke = 28um. The shape of the voids does not change,

maxSiC —

they just increase in size by 2-3 orders of magnitude.
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If we take the ratio of the acoustic formula (31 a) and the optical formula (31), then for the same
irradiation modes we have the ratio

Rinax = & (34)
Rmax cs

However, a comparison with the experimental results (Fig. 5) shows those electromagnetic rather than
acoustic processes play the main role in the formation of nanovoids. This is explaining by the fact that
in this case a chain of close-range coherent processes of transformation of both optical radiation into
the excitation of the medium and the corresponding relaxation of the medium is implemented, in other
words, there is a chain of interconnected coherent transformations.

Experimental data of Fig. 7 and Fig.8 are corresponding to acoustic case and therefore, we can use the
Rayleygh and its modified hydrodynamical models for its explanation.

4. CONCLUSIONS

1. Main concepts of modeling the laser-induced cavity in Nonlinear and Relaxes Optics are
observed.

2. Short review of corresponding experimental data is represented.

3. Short analysis of Rayleygh theory of cavitation and its extensions (Rayleigh—Plesset, Gilmore;
and Keller—Miksis models) are discussed.

4. Necessary of transition to chain methods of modeling the shock processes of Nonlinear and
Relaxed Optical processes as including of prehistory the cavitation is formulating.

5. Cascade model as variant of this prehistory is analysed.

6. The difference between acoustic and electromagnetic shock processes shown on the example

the generation laser-induced nanovoids in silicon carbide and potassium chloride.

7. Comparative analysis of other properties of acoustic and electromagnetic chock processes is
representing too.
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