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Results of analysis of problem of mechanisms of laser-induced destruction in dielectrics, including polariton
models, are discussed. These phenomena may be represented as effects of Relaxed Optics. The influence of dynamic
and kinetic factors on these processes is shown. Some analogy of these mechanisms with microscopic mechanism of
Cherenkov radiation is analyzed too.
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Tpoxumuyk I1. I1. /lo nMTaHHSA MOETIOBAHHSA MEeXaHi3MiB J1a3€PHO-iHIVKOBAHOr0 PYHHYBAHHS JTieJIeKTPH-
KiB_Ta HanmiBnmpoBinHukKiB. HaBeneHo pe3ynbratu aHamisy mpoOjeMu MOAENIOBaHHS MeXaHi3MIB Jla3epHO-1HIYKO-
BAHOT'O PYHHYBaHHS JIiEJIEKTPUKIB, BKIIIOYAIOUYH TOJSPUTOHHI Mozeni. Li siBuia po3ristHyTo 5K eekTH penakcariinol
ontuky. [lokazaHo, Mo mopsiy 3 JUHAMIYHHUMH YMHHUKaMU B IIMX Tpoliecax BUPIIIATBHY POJib MOXKYTh BiflirpaBaTH i
KiHeTH4Hi uuHHMKK. [IpoaHamizoBaHO IIEBHY AaHAJIOTI0 IMX MEXaHI3MIB 3 MIKPOCKOMIYHHM MeEXaHi3MOM
YepeHKOBCHKOTO BUIPOMIHIOBaHHSI.

KuniouoBi cioBa: na3epHo-iHAyKOBaHe PYHHYBaHHS, JICIEKTPUKH, pelakcalliiiHa ONTHKA, Ja3epHe JeryBaHHS,
HOJIIPUTOHHI  Mozieni, YepeHKOBChbKE BHIIPOMIHIOBAHHS, BHUIIPOMIHIOBAJIbHA peJakcallis, Oe3BUIIPOMiHIOBAIbHA
penaxcartisi.

Tpoxumuyk II. TI. K Bompocy Moje/JMpOBaHHMS MEXaHHM3MOB JIa3ePHO-MHAYKTHPYEMOIrO pa3pylieHue
AMYJIEKTPHKOB M NOJYNPOBOAHMKOB. [IpuBeneHsl pe3yiabTaThl aHaiau3a NPoOJIeMbl MOAEITUPOBAHUS MEXaHU3MOB
JIa3epHO-MHIYKTUPYEMOT 0 Pa3pyIIeHHs TJIEKTPUKOB, BKIIIOYas MOIAPUTOHHIC MOAECIH. DTH SBIEHUS PACCMOTPEHEI
Kak 3¢ QeKThl penakcaloHHoH onTuky. IlokasaHo, 4To HapALy ¢ OMHAMUYECKMMH (DaKTOpaMH B 3THX IpOLeccax
pELIAIoNIyI0 PONb MOTYT WrpaTh M KuHeTHueckue Qakropbl. [IpoaHannsmpoBaHa ONpeneNeHHas aHAJOTHS STHX
MEXaHU3MOB C MUKPOCKOITMYECKUM MEXaHU3MOM UepeHKOBCHKOTO U3ITy4EHHUSI.

KnrodeBble ciioBa: Ja3epHO-MHAYLMPYEMOE pa3pyIeHHe, OUAIEKTPUKH, PelaKCalliOHHAas ONTHKa, JIa3epHOe
JIETHPOBaHKE, MOJIAPUTOHHBIE MOAENH, UepeHKOBCKOe H3IydeHHe, M3JydaTenbHas perlakcalus, Oe3n3itydaTerbHast
perakcarys.

Introduction. A problem of modeling of laser-induced destructions in dielectrics is one of significant
problems of modern power laser physics [3, 11-13]. This problem may be resolved with help of modeling
laser induced polariton-plasmon effects [4, 9, 10, 13] and it is very important for the research of the creation
the damages in dielectrics after laser irradiation with hy < << E,. where hy — photon energy of laser, Eg -

a band gap of irradiated dielectrics. This mechanism is basic for the laser destruction of materials with
irradiating with picosecond and femtosecond laser pulses [3, 9, 10, 13].

Basic difference between polariton optical phenomena in dielectrics [3, 13] and polariton mechanisms
of creation damages in dielectrics [9, 10, 13] is consisted in various mechanisms of relaxations of first-order
excitations: radiative relaxation for «optical» case and non-radiating relaxation for «destruction» case.

Analogous effects and models are used for the explanation of microscopic nature of Cherenkov
radiation [1, 2, 5, 7, 8].

Therefore the one basic object of this manuscript is investigation of possibility the use the results of
modeling of microscopic nature of Cherenkov radiation for the creation microscopic models of the creation
laser-induced damages in dielectrics.

Basic results and its discussions. The problems of creation the mechanisms of irreversible interactions
light and solid are one of basic problems of Relaxed Optics. Universal polariton model of laser destruction
of materials is based on the multiphoton absorption of laser radiation [9, 10].

This problem is connected with idea of saturation of excitation of proper center of light scattering in
space and time. It follows from theoretical calculations and experiments that due to multiphoton transitions
and avalanche ionization semiconductor undergoes the nonthermal phase transition into the metallic state
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with concentrations of nonequilibrium electrons up to n_=10*cm™ and higher. Plane lays of laser excited

dielectric, which are have metallic properties, are generated for high level of laser intensity for time ~10%s.
If for the boundary plasma layer- semiconductor (refractive index n) the condition:
- 2\-1/2
9 < o, <o, 1+ n’ & =g, (Dp(l"‘n ) = oy, 1)
has place; where o, — a frequency of laser irradiation, 0, —a frequency of surface plasmon, w, ~ plasmic

frequency.
Physical sense of formula (1) is next. Laser frequency must be less as limiting frequency of surface
plasmon polariton (SPP) of border dielectric — plasmic layer (surface active matter). Realization of this case

without dissipation (7, , = 0) is represented in Fig.1. 7, , is frequency of electron-electron collisions.
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Fig. 1. Typical dispersion curve for surface plasmon polaritons of plane boundary surface-active media —
semiconductor with dissipation: 1 — dispersion curve, 2 — asymptotically limited value of dispersion curve
for lossless media and ks — oo, n — refractive index of semiconductor, 3 — ay— frequency of laser radiation,
4 — light line, kg — surface plasmon polariton’s wavenumber at frequency of laser radiation. The strokes line
shows the dispersion curve behavior for high frequency region and loss plasma

2\
Plasmic frequency is determined as ,, — [47znee j ; where m — a mass of nonegilibrium electron, e
p
m

— electron charge, n, —a concentration of nonequilibrium electrons. Nonequilibrium concentration, which is
corresponded of formula (1), was named critical concentration n_. Critical concentration n_ is less of value
of threshold of destruction of irradiated matter and creation surface nanostructures.

Space inhomogeneity of electron concentration near its critical value may be represented as initial
center of transformation of laser irradiation to SPP. In this case resonance condition (1) is transformed to

o=0,=22 )
V2 +n?
Example of its initial center may be local volume with size d < 4, where d is diameter of local volume
of inhomogeneous concentration, 4 — laser wavelength.
The comparison of experimental results with the expression for d in the case d <A shows the
coincidence (and taking into account the dependence on the depth of relief (refractive index) modulation
with the number of pulses). The experimental range of the N =Rer, (Where 7 is permittivity) value changes

is 1< Ren <1,4 or all types of materials including metals. The higher values of Rez the slower is the phase

speed of SPP.

Formation of structures with the period of d on laser irradiated surfaces of condensed matter may be
explained with help of universal polyariton model of lazer-induced destruction of the condensed
environments and conditioned interference of laser radiation with excited them by surface plasmons.

As shown in [9, 10], at the femtosecond pulses action on the crystalline semiconductors surface in the
transparency region results in the three types of periodic structures formation:
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1. Microstructures with d <1 and orientation § || E:
2. Nanostructures with <% and orientation § || E:
- n

3. Nanostructures with 4 < % and orientation g | E, spatially situated along the beam propagation
n

direction € ||IZ’ where k — the wave vector of light.

The formation first type of structures is connected with nonequilibrium phase change and
semiconductor metallization, exciting of surface plasmon polaritons on interface with air (vacuum) and their
interference with incident irradiation. At the same time the period of formed structures d is determined by
relation 4 _ % ~ Here 7 is the normalized complex refractive index of air-plasma interface,

en

_k, where £ @ is dielectric permittivity of plasma layer, >1.
77—%) %Jrl, p yorp yer, Re n >1

The formation of second type nanostructures (small-scale nanostructures) is connected with creation of
nonequilibrium plasma layer near air-semiconductor interface.

In this case the excitation of surface plasmon polaritons (SPP) is possible. So their mutual interference
and surface plasmon interference with incident laser radiation produces the structures with following

periods:
d1 ARe n' dz Ann' ( )

Special interest excites the formation nanostructures of third type, for that d =d,, but observed

orthogonal orientation. Note, that in this case structures localized along the for high intensities of laser
radiation the formation of metallized cylindrical plasma channel allows the possibility of cylindrical surface
plasmon polariton (CSPP) propagation. Mutual interference of counterpropagating along the laser beam
track laser has typical diameter 100-200 nm. According to the model developed in [9, 10], cylindrical
surface plasmons polaritons creates the conditions of laser track nanostructuring (Fig. 2).

H "

(b)
Fig. 2. (a) Schematic illustration of the geometric relationship between the irradiated line

and cross-sectional micrograph. (b) Bright field TEM image of the cross section of a line written with pulse
energy of 300 nJ/pulse

At the same time it is considered that intensity of radiation is enough for formation in laser pulse the
cylindrical plasma channel, that maintain propagation of CSPP (Fig. 2, a). It is clear, that formation of
nanostructures occur for series of radiation pulses. Back wave, that go toward the laser radiation and is
needed for interference, is created due to reflection by system of formed temporary and remnant regular
nanostructures. Since plasma channel is surrounded by semiconductor matter, the period of resulting
nanostructure is

2r 7 A

=" <« = == ~150nm,
0 ‘st‘ kn 27
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that is in good agreement with experimental data [9, 10]. The value k depends on excess nonequilibrium

electrons concentration on the critical one and on refractive index of semiconductor. As for less often
observed structures with d =~ 2d, = 300 nm, that their appearance may be connected with nonlinear dynamic
of structures in the framework of nonlinear model based on one-dimensional logistic map and Feigenbaum
universality [9].

According to the known universal polyariton model of destruction surface of the condensed
environments, intensity total interference field at influence of the linear polarized laser radiation on a normal
to the surface of metal in the conditions of excitation of superficial plasmons it is possible to present in the
following kind, taking into account that superficial plasmons spread in direction = x (directions of their
primary distribution):

%

Here I(x) is intensity of the absorptive laser radiation, | x is depending from a coordinates intensity

Ix =1 x + 11, 72sin gx+o + I, -1, 7sin gx+y - (4)

of absorption of the excited superficial plasmons; indexes of 1=1,2 is conformed to directions of
distribution of superficial plasmons in mutually opposite directions of propagation, | is total intensity of
absorption of superficial plasmons, which is propagated in opposite directions (look also the chart of
influence of laser radiation on a Fig. 3, a). Wavevector of basic lattice of g, = Esl :4252, forming of which
is conditioned interference of falling radiation and superficial plasmon (see Fig. 3, b), in this case equal to
the wavevectors of superficial plasmons, spreading in opposite directions and resulting in forming of double
degenerate lattice; wavevector of this lattice @, =k, +k_, is conditioned reciprocal interference of
superficial plasmons with opposite directions of propagation (Fig. 3, b); @, — phase angles between the

proper waves. It is assumed in expression (4), that superficial plasmons spread in directions + X, i.e. in the
first approaching ignored the waves of superficial plasmons, spreading in near directions.
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Fig. 3. (a) is a chart of excitation of superficial plasmons Kk, ,k,, at co-operation of the linear polarized

laser radiation, directed on a normal to the surface, with a metal; (b) is the circular vectorial graph,
illustrating the conservation law of quasiimpulse and creation of grates of nanorelief on surface of metal
due to interference of falling wave with superficial plasmons (grate g;) and due to mutual interference of
superficial plasmons (grate 29;)

First term in (4) gives the permanent constituent | x in summary intensity of electromagnetic field

J x . At comparatively low intensities of laser radiation (and smalls of heights of grates of resonance

nanorelief) a basic contribution to formation of periodic structures gives interference of falling radiation
with the superficial plasmons excited them (the second element is in right part of Eq. (4)). Since small
values of height of resonance nanorelief (h) size of the electric field of superficial plasmon of
E, =£hE [9], on the initial stages of forming of regular surface nanostructure the second term prevails in

modulation part of expression (4). Here E is amplitude of the electric field of falling wave, & it is a

76



PO3JLII II. Teopernuna ¢izuxa. 3, 2012

coefficient of proportion. In these conditions the second term appears proportional | %2 . It leads, with

the increase of number of impulses of laser radiation N (at the normal falling of radiation), to forming of
resonance remaining nanograte of relief with the period of 4 - 4/ Here A is a central wavelength falling
n

laser radiation, ,, —| €
=%,

plasmons, ¢ o is an permittivity of metal, @ — is central frequency of laser radiation.

At the normal falling of light on the formed grate of g; the process of resonance excitation of
superficial plasmons, spreading in mutually opposite directions goes simultaneously, with a positive feed-
back on amplitude of grate of h. With growth of amount of impulses of radiation of N, amplitudes of
remaining resonance nanorelief and intensity of the excited superficial plasmons (Is > I) the third term
begins to play a basic role in right part of expression (4). This term is represented an interference of
superficial plasmons, spreading in mutually opposite directions. Their mutual interference [9, 10], and also
interference of the second spatial harmonics of superficial plasmon (wavevector of ky = kg + gi,
o, =0, i=12), with a falling radiation [9, 10, 13] result in forming of degenerate structures with the

1]% is an index of refraction of border of section of metal-vacuum for superficial

period of d = %77 and to more effective transformation of energy of falling radiation to the superficial

plasmons (SP) (in right part of expression (4) the second term appears small as compared to the third). Here
ko is a wavevector of superficial plasmon for the flat border of section of metal-air, @, is frequency of the

second spatial harmonic of superficial plasmon. We will mark that a transition in expression (4) to quadratic
dependence on amplitude of relief is possible and in the second term, at large amplitudes of grate of
nanorelief [9, 10, 13].

Physical views about the mechanisms of forming of resonance nanostructures (polyariton model) allow

- - - - - - - 2’ 2’ 2’ - -
to predict forming of nanorelief with spatial periods, multiple 2 ,1444 , including due to

interference of spatial accordions of superficial plasmons [9, 10, 13]. These periods are corresponded to
generation 2n-multiply harmonics with point of view of nonlinear optics [12, 13]. It is caused of the second-
order nonlinear optical reirradiated effects, which are basic for the formation of proper frozen interference
patterns [13].

A mathematical model, explaining forming of structures with multiple periods, is a model of logistic
reflection. As a variable quantity of x in a logistic reflection, designing the probed physical process, will
examine a root square from rationed on eaten up intensity of falling radiation of size of intensity of

absorption of superficial plasmons, x~(|%)%~E%. Intensity of absorption of falling radiation | at

multiimpulsive influence increases with growth of N. In the first approaching will suppose, that
J x =Nl N=1. Because of linearness of dependence of the electric field of superficial plasmon of E;

from E at small h [9], Es ~ N. Therefore as a managing (bifurcational) parameter [9] in logistic
transformation will enter the size of x ~ yN. Here [,y are permanent quantities, not depending from N

and amplitudes of the electric field of E. In this case unidimensional logistic reflection, designing the probed
physical process, the simple looks like:
f X4 =pux1-x, xe 01, ue w,u, . (5)
It appears that the complex non-periodic conduct of the unidimensional dynamic system is unconnected
with originality of logistic transformation /13.5/ and takes place for all unimodal transformations, i. e.
transformations f, having the unique extremum on the defined interval.
According to Feygenbaum [9], will build bifurcational diagram cascade of doublings of period for the
reflection of type (5) (Fig. 4). Here maximum correlation of
lim Ao _, ©)
n—>o d,
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and, determines one of so-called universal Feygenbaum constant and, the exact meaning of which is equal
and o = 2.50290785 [9, 13]. Universal constant ¢ determines scaling of variable value x in
transformation f(x,y). Second variable value £/ determines scaling of type

My — i, ~ 0" (7)
Here 0 = 4.6692016... is other universal Feygenbaum constant, z, is a maximum value of parameter
M, atn—oo,

ﬁl‘l
: d
i
0.5 Eel
(Ifz
-
| u |ll | p | >
0 15} Ha M3 u u

Fig. 4. Bifurcational diagram of reverse Feygenbaum cascade
From the bifurcational diagram of Fig. 4 it is necessary that a size of d, is distance between the values

of x = 1/2 and t the nearest to this point elements of circle with period of 2" sz = 2, where L is a value of
parameter £, which proper to the supercycle of period of 2". This nearest element is 2" iteration of point

of x = 1/2, therefore
_ 2n71 % _
d, =f %,,un %

Unlike the known models and examples of doubling of Feygenbaum period the reverse doubling of
period of dissipative nanostructures, by means of which the nonequilibrium system passes to the complex
non-periodic state, will be realized in our case. Unfortunately, the terms of experiment did not allow
discovering followings, more small periods of nanostructures. The result of such transition is the expressed
fractal character that we continue to name the surface of metal.

Experimental data of doubling of period of diffractive patterns on laser-irradiated materials is
corresponded to the interference of waves of second harmonic. Practically we observed this nonlinear effect
in frozen state.

We will consider an important question about the dimension (irregular) of attractor of unimodal
transformation (5), which gives birth at completion of cascade of Feygenbaum bifurcations (Feygenbaum
attractor) [9, 10]. As Feygenbaum attractor is Cantor accomplished nowhere compact set, the use of fractal
dimension is most acceptable in this case [238]. Feygenbaum attractor of a point unimodal unidimensional

d.=In2 =0,543.
v,
transformation is a fractal and has a fractional dimension of a+l

For the case of irradiation the dielectrics by laser wih hv > E4 the creation of damages in volume in
irradiated material has oriental character. This problem is analogous to microscopic mechanism of
Cherenkov radiation.

The excitation of the irradiated media may be represented as generation of nonequilibrium electrical
dipoles (Fig.5) [7].
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Fig. 5. Polarization, which is generated in dielectric after propagation of charge particle:
a — with low velocity; b — with large velocity

For the low velocity of particle the polarization of generated dipoles in media has random nature (case
a of Fig. 5). For the large velocity of particle the polarization of generated dipoles in media has ordered
nature (case b of Fig. 5).

For the laser irradiation these pictures have place for the short intensive regime of irradiation (case b of
Fig. 5, creation of inverse excitation) and for the more long intensive regime of irradiation (case a of Fig. 5,
linear or sublinear regime of the irradiation).

These two regimes of irradiation may be having two ways of relaxation: radiant (adiabatic) and
nonoadiabatic. For adiabatic relaxation of particles excitation we have next types of irradiation: transient
radiation for case a of Fig. 5 and Cherenkov radiation for case b of Fig. 5. For the laser irradiation radiant
relaxation is or reirradiation (case a of Fig. 5) or lasing generation (case b of Fig. 5). Nonadiabatic
relaxation is caused the structural changes in irradiated materials. These changes may be having quantum
(photoinduced) nature (for the intensive short irradiation of stable structures (crystals) and intensive
irradiation of metastable structures (glasses)) and wave nature (thermal, plasmic). The last effects are
possible for the intensive regimes of irradiation which are caused high heat, melting and evaporating of
irradiated material.

Nonadiabatic relaxation for laser irradiation must be connected with the regime of saturation of
excitation. It may be multiphoton absorptive processes. Only in this case we may receive required
characteristics of irradiated materials (macroscopic characteristics must be similar to microscopic). Thus,
roughly speaking, for nonadiabatic relaxation we can determine cone of creation the damages analogous to

Cherenkov radiation with help of next correlation g — arccos % , Where 24 is angle near vertex of cone, n

is refractive index of irradiated material. It allow to explain experimental data of Fig. 2(b). This
approximation is true for kinetic and plasmic mechanisms only. For thermal dynamical case it isn’t true for
all cases.

Conclusions: 1. A problem of creation of laser-induced damages in dielectrics and semiconductors is
discussed.

2. Polariton-plasmon model of creation the damages on a surface of irradiated materials is analyzed.

3. Makins Faygenbaum model of nonequilibrium dynamics was used for the explanation of the
doubling of period of interference pattern on surface of irradiated materials.

4. Was shown, that methods, which are analogous to methods of microscopic mechanism of Cherenkov
radiation, may be used for the explanation of the processes of creation laser-induced damages in volume of
irradiated dielectrics on macroscopic level.

5. Represented models are added and expanded the possibilities of Relaxed Optics.
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