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MODELLING OF THE DIRECT LASER-INDUCED
OPTICAL BREAKDOWN IN SOLID

The problem of modeling the laser-induced optical breakdown is represented as
creation universal method for all media — from gases to solid. It is the first attempt of
observation this problem in main details in whole. Level of complexity of this problem is
shown. From physical-chemical point of point of view the optical breakdown is the regime of
fool breakage of all chemical bonds in irradiated matter in zone of laser irradiation. In this
case we can determine the threshold of breakdown of irradiated matters with help methods of
Relaxed Optics. This regime may be received with help three ways. First is thermal. In this
case the basic relaxation of first order processes of optical excitation are thermal. Examples
of these process are regimes by continuous and millisecond laser irradiation of matter.
Second is plasma. In this case the main role of the optical breakdown has process of
formation *“collective™ electromagnetic (electron-ionic) process. The examples of this
process are the irradiation in the millisecond or nanosecond regimes of irradiation. In this
case laser-induced plasma radiated continuum optical spectra in all direction (star effect).
Third is directing optical. In this case we have direct multiphotonic ionization and these
processes have oriental nature. The second order irradiation has Cherenkov nature. The
experimental data were received for nanosecond, picosecond and femtosecond regimes of
irradiation. This differentiation is connected with various nature of relaxation of first-order
optical excitations. The comparative analysis of three types modeling is represented. We show
that third direct laser-induced breakdown is companioned by the nonlinear optical
transformation of initial radiation (diffraction stratification, Cherenkov radiation and
interference of its radiation). The chain of corresponding models for various media are
represented and discussed. Thus we show that large value for the laser-induced optical
breakdown has nonlinear optical processes and therefore this process has complex chain
nature this fact must be included for the modeling these processes.

Key words: laser-induced optical breakdown, Relaxed Optics, modeling, chain
processes, Cherenkov radiation

ILIT. TPOXUMUYK

CXiZHOEBPOIICHCHKII HAIlIOHANEHUH YHiBepcuTeT iMeHi Jleci Ykpainku

MOJAEJIOBAHHA ITPAMOI'O JIABEPHO-IHIYKOBAHOI'O
OIITUYHOI'O ITPOBOIO B TBEPIUX TIIAX

3aoaua mooenoeants 1a3epHo-iHOYKOBAHO2O0 ONMUYHO20 NPOOOIO0 NPEOCMABIAEMbC
K CMBOPEHHs YHIBePCAabHO20 Memody O/l 6CIX cepedosuny — 8i0 2azie 00 meepdo2o miua.
Lle nepwa cnpoba demanvroco OocniodxcenHs yiei npooaemu 6 yinomy. Ilokazanuii pigeHs
cknaonocmi yiei npodnemu. 3 Qizuko-ximiunoi mouku 30py onmuyHul Npooiu € percumom
HOBHO20 PO3PUBY BCIX XIMIYHUX 38'S3KI6 8 ONPOMIHIOEMbCA PEeHosUHi 8 001aAcmi 1a3epHO20
onpomineHHA. YV ybomy GUNAOKY MU MONMCEMO GUIHAYUMU NOpIe PYUHYBAHHSA ONPOMIHEHUX
Ppeuosun 3a O00NOMO2010 Memodié penakcayiunoi onmuxu. Pedxcum onmuunozo npoboro
MOJHCHA OMPUMAmu 3a 00NOMo2010 mpbox cnocodie. llepwiuii - mennoguti. Y ybomy unaoxy
OCHOBHA penaxkcayis NepeuHHUX Npoyecie onmu4Ho2o 30y0ixcenHs € menaosa. Ilpuxknaoamu
Yb0o20 npoyecy MoxHCyms Oymu iMnyibCcHe MiliceKyHOHe ma HenepepeHe 1a3epHe ONPOMIHeHHs
peyosunu. Jpyeuil — naazmosuti. B ybomy 6unaoky ocnosHy ponb 6 OnmuyHoMy npoboi mae
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POpMYBaHH  «KOJEKMUBHO20»  eNeKMPOMAZHIMHo20  (eneKmpoHHO-IOHH020) — npoyecy.
Ilpuxknadamu yvoco npoyecy € JnazepHe ONPOMIHEHHS IMNYAbCAMU MINICEKYHOHOI abo
HaHoceKyHOHOi mpuganocmi. Ilpu yvomy na3epHo-iHOYKOBAHA NAASMA  BUNPOMIHIOE
HenepepeHe 8UNPOMIHIOBaHHs Y 6cix Hanpsamkax (epexm sipku). Tpemitl — npsmuil OnmudHu.
YV yvomy eunaoky mu maemo npamy bazamogomouny iouizayiio, i yi npoyecu HOCAMb
opienmayitnuil  xapakmep. Bmopunne eunpominwoeanns (nepesunpominwCceants) ye
YepeHKOBCbKe BGUNPOMIHIOBAHHA 3 ONMUYHUM 30y0xcenHsam. Lleti ¢haxm niomeepdoiceruti
eKCnepuMeHmMaIbHUMU OAHUMU OISl HAHOCEKYHOHO20, NIKOCEKYHOH020 Mai (heMmoceKyHOHO20
pexcumie onpomineHus. Lle giominHicmb nog'azana 3 pi3HOIO NpUpPoOoIo  penakcayii
NePBUHHUX ONMUYHUX 30Yy0xcensb. [Ipedcmasneno NoOpisHANbHUU aHANI3 MOOEN08AHHA YUX
mpvox munie npoyecis. Iloxazano, wo mpemill npoyec, npamuil JjaazepHuil npooii,
CYNPOBOOIHCYEMBCA  HENIHIUHO-ONMUYHUMU NEPEeMBOPEHHAMU BUXIOHO20 BUNPOMIHIOBAHHS
(Ougppakyitina cmpamugikayis, wepeHKo8cbKe SUNPOMIHIOBAHHA ma IHmMepghepeHyis Yboco
sunpomintoganis). Ilpedcmasieno ma 062080peHO NAHYIONCOK GIONOBIOHUX MoOenel O
pizHux cepedosuwy. Takum yuHom, NOKA3AHO, WO GeluKe 3HAYeHHs OJisl 1A3ePHO20 ONMUYHO20
npoboio maromv HeniHiuHo-onmuyHi npoyecu., Lli npoyecu maiomev CKIAOHY JAHYIO208Y
npupoody i ye HeoOXIOHO 8PAX08Y8aMU NPU IX MOOETIOBAHHI.

Knwouosi crosa: nazepHo-indykoeanuil onmudnuii npooill, penaxkcayilina onmuxa,
MOOeN08aHHS, IAHYIO208] NPOYecU, 4epeHKOBCbKe GUNPOMIHIOBAHHS.

[LIT. TPOXUMUYK

BocTouHoeBponeiickuil HallMOHAIBHBINA YHUBEPCUTET UMEHU Jlecu YkpauHku

MOAEJIMPOBAHMUE NMPAMOI'O JIABEPHO-UHAYIHUPOBAHHOI'O
OIITUYECKOI'O ITPOBOSA B TBEPABIX TEJIAX

3aoaua  moldenuposanusi - 1a3epHO-UHOYYUPOBAHHO20  ONMUYECKO20  Npobos
npeocmasifiemcs KaK co30aHue YHUBepCalbHO20 mMemooda Ol 8cex cped — Om 2a308 00
meepoo2o mead. Imo nepeas NONvlMKa 0emaibHO20 UCCIe008aHUs IMOU NPOOIEMbL 8 YeTOM.
Ilokazan yposenv cnosicnocmu smotl npoonemvl. C DUUKO-XUMUYECKOU MOYKU 3PEHUs]
onmuueckuil npooOol SAGNAEMC DEHCUMOM NOTHO20 PA3PLIBA 6CeX XUMUYECKUX C8sA3ell 6
obnyuaemom Gewjecmee 8 30He JA3EPHO20 00yueHus. B smom ciyuae mwul Mmodicem
onpedenums  NOpoO2  pa3pyuwleHusi  OONYYEeHHLIX  Bewecms ¢  NOMOWDbIO  Memooos
PEeNaKcayuoHHOU ONMuKU. DMom pexcum MONCHO NOIYHUUMbL C NOMOWbIO mpex Cnocodos.
Ilepsvii — mennogou. B smom ciyyae OCHOGHAS penakcayus MNepeUUHbIX NPOYeccos
ONMUYEeCK020 NO2IowjeHuss — menniosas. B kauecmee npumepos makux npoyecco8 mMocym
CYHCUMb UMNYTbCHOE MUNIUCEKYHOHOE U HenpepuleHoe JNd3epHoe usiydeHue. Bmopoi —
NAAsMeHHbIL. B omom  ciyuae OCHOBHYIO poib  Npu  ONMUYECKOM Npoboe ucpaem
Gopmuposarue «KOMNEKMUBHO20» INEKMPOMACHUMHO20 (9NEeKMPOHHO-UOHHO20) npoyecca.
Ipumepvr 5moeo npoyecca — n1azepHoe 0OIYyUeHUe Beuecmsa UMNYIbCAMU MULTUCEKYHOHOU
UMY HAHOCEKYHOHOU OaumenbHocmu. B smom cnyuae nazepno-unoyyuposamnas niasma
uznyuaem HenpepvleHoe uziyueHue 60 écex Hanpaenenusx (agppexm 36e30u1). Tpemuii —
npAMOU onmuyeckuti. B amom ciyyae mvi umeem NpAMYI0 MHO20Q)OMOHHYIO UOHUZAYUIO U
MU NPOYECCyl UMEIOM OPUCHMAYUOHKBIL Xapakmep. Bmopuunoe usnyuenue (nepeusnyuenue)
9MO  UEPEeHKOBCKOe U3NyueHue ¢ onmudeckum 8030yicoenuem. Iloomeepacoarowue
IKCNEePUMEHMATIbHble  OaHHble NOAYYEeHbl  Olsl  HAHOCEKYHOHO020, NUKOCEKYHOHO20 U
GemmocexkyHOH020 pedcumos 00y yeHus. Imo paziuuue 01 mpex Npoyeccos8 CE;A3aHO C
PA3MUYHOU NPUPOOOll PelaKcayuy NepeutHbiX onmuueckux 6030yocoenuti. [Ipedcmaesnen
CPABHUMENbHBIU AHAIU3 MOOETUPOBAHUS dIMUX npoyeccos. Ilokazano, umo mpemui npoyecc
CONPOBONCOAEMCSL  HENUHEUHO-ONMUYECKUM — Npeobpa306anuem  UCXOOHO20 — U3IYYEeHUs
(Oughpakyuonnas cmpamupurayus, yYepeHKOBCKoe usiyueHue u uHmepgepeHyus 3mozo
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usnyyenusl). Ilpedcmaenena u o00cyxicoeHa yenouka Ccoomeemcmeyrwux mooenei 0l
pazauunblx  cped. Taxum obpazom nokazamo, umo 601bwoe 3naueHue Ol Ja3epHoO-
UHOYYUPOBAHHO2O ONMUYECKO20 NpOo0O0s UMel0 HeIUHeUHO-ONmu4ecKue npoyeccoyl, U,
cie0osamenvHo, dMOmM NpoYecc umeem CIONCHYIO yenHylo npupooy. Ilosmomy smo
HeoOX00UMO yHUmuvleamy NPU MOOEIUPOBAHUU MAKUX NPOYECCO8.

Kniouegvle  cnosa: nazepno-onmuyeckuii  npo6ol,  penaKcayuoHHas — Onmukd,
MOOenuposaHue, YenHvle nPoYecchl, YePEeHKOBCKOe U3NyUeHUe.

Problem Statement

Problems of the observation the laser-induced optical breakdown and shock processes
in matter as Nonlinear (NLO) and Relaxed (RO) Optical processes are connected with
acoustic (thermal) and electromagnetic (plasma and Nonlinear optical) nature [1-4]. These
processes may be connected with diffractive stratification of laser beam, self-focusing, self-
trapping, generation of supercontinuum radiation (ordered — Cherenkov radiation [3-4], and
disorder — plasma radiation) [1-2].

We present this problem from one point of view for all media — from gases to solid [1-
4]. Unfortunately the first attempt of observation this problem in main detail in whole are
represented in [4] only.

Analysis of Recent Researches and Publications

According to [1-4], optical breakdown is understood as catastrophic damage caused by
strong laser radiation. The cause of optical breakdown is avalanche ionization [1-2]. This
process is differed from heat breakdown, which is result of laser-induced heat of irradiated
matter, to directoptical multiphotonic ionization. Roughly speaking the optical breakdown is
result of rapid introducing energy to matter with laser help. Optical breakdown determine a
limit laser intensity of laser radiation, which irradiated matter can absorb.

In whole this problem [1-4] is very complex problem. From physical-chemical point
of view the optical breakdown is the regime of fool breakage of all chemical bonds in
irradiated matter in zone of laser irradiation [3—4]. In this case we can determine the threshold
of breakdown of irradiated matters with help methods of RO (cascade model of excitation the
proper chemical bonds in the regime of saturation the excitation) [3—4]. This regime may be
received with help three ways. First is thermal. In this case the basic relaxation of first order
processes of optical excitation are thermal [2-3]. As example of this process may be
continuous laser irradiation of matter in self-absorption range of absorption spectrum. [3—4].
Second is plasma. In this case the main role of the optical breakdown has process of formation
“collective” electromagnetic (electron-ionic) process [2—3]. The examples of this process are
the irradiation in the millisecond or nanosecond regimes of irradiation [2—3]. In this case laser-
induced plasma radiated continuum optical spectra in all direction (star effect) [2]. Third is
direct optical [4]. In this case we have direct multiphotonic ionization and these processes
have oriental nature [3—4]. The second order irradiation has Cherenkov nature [3—4]. The
experimental data were received for nanosecond, picosecond and femtosecond regimes of
irradiation [3—4]. This differentiation is connected with various nature of relaxation the first-
order optical excitations. Thus we have three ways for the receiving of laser-induced
breakdown.

Purpose of the Study
The comparative analysis of three types modeling is represented. We show that third
direct laser-induced breakdown is companioned by the nonlinear optical transformation of
initial radiation (diffraction stratification, Cherenkov radiation and interference of its
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radiation). The chain of corresponding models for various media (solid, liquid and gas) are
represented and discussed [3-4].

Thus we show that large value for the laser-induced optical breakdown has nonlinear
optical processes and therefore this process has complex chain nature this fact must be
included for the modeling these processes [3—4].

Description of Main Material of Research
Experimental data

For modeling we select experimental data of complex laser-induced optical breakdown
in hexagonal silicon carbide 4H-SiC after irradiation of femtosecond pulses with pulse
duration 130 fs and wavelength 800 nm [5, 6] and in cubic crystals of potassium chloride after
irradiation of nanosecond pulses of CO,-laser with pulse duration 30 ns and wavelength 10,6
nm [7, 8].

Irradiation of silicon carbide crystals had next conditions [5, 6]. Light-penetration

direction k was perpendicular to electric field E of light wave. Samples of 4H-SiC irradiated
with help microscope. Focused radiation was incident on a periodic epoxy glue mask with
period 20 um [5], which applied to the sample.
Five stages of cascade destruction the irradiated silicon carbide were received [5]. Sectional
area of receiving structures was ~ 22 um and the depth of ~ 50 wum. Samples of silicon carbide
were irradiating with two values of energy: 200 nJ/pulse and 300 nJ/pulse [5, 6]. Optical
micrograph of the mechanically thinned sample, which show cross sections of laser-irradiated
lines (200 nJ/pulse), was representing. Bright-field TEM image of the cross section of a line
written with pulse energy of 300 nJ/pulse was receiving [5]. These five stages disordered
regions were located at a distance from 2 to 4 um apart vertically [5]. Each stage have conic
form. Slight misalignment of the tops of the cones observed [5]. Vertical breakdown regions
with widths from 150 nm to 500 nm generated inside these cones [5]. In this case, there are
lines in the irradiated nanocavity spherical and ellipsoidal forms with sizes from 10 nm to 20
nm. Bright-field TEM image of a portion of the cross section of a line was written with a
pulse energy of 200 nJ/pulse too [6]. Schematic illustrations of the microstructure of a laser
modified line and light-propagation direction (k), electric field (E), and scan direction (SD)
are showing. Only two groups (groups | and Il) of the laser-modified microstructure are
selected and drawn [5, 6].

Sectional area of receiving structures was ~ 22 um, the depth of ~ 50 um. As seen from
Fig. 1 (c) we have five stages disordered regions, which are located at a distance from 2 to 4
wm apart vertically [5, 6]. Branches themselves in this case have a thickness from 150 to 300
nm. In this case there are lines in the irradiated nanocavity 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 [3, 4] and second — formation of diffracting gratings in the
time of redistribution of second-order Cherenkov radiation [3, 4]. Second case is analogous to
the creation of self-diffraction gratings in NLO, but for Fig. 1 (c) and Fig. 1 (g) our gratings
are limited by Much cone of Cherenkov radiation. Roughly speaking only Fig 1 (e) — (g) are
represented “clean” breakdown.

Two damages region in a crystal with moderately high density of inclusions were
received in [7] for crystals KCI after irradiation by CO,-lase 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
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causing the peak of the envelope to fluctuate by +15% [7]. Energy of irradiation had value 2
J/pulse [8].

Successive laser shot (1/sec) was focusing into bulk single crystals using a 1-inch focal
length “Irtran 2” lens [7].

According to [7] these results show that spatial laser-induced heterogeneities are result
of influence inclusions. 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. 2(b)]. This power level is regarded ass 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 [7].

Modeling and discussions
The first laser-induced filaments were received in the liquid [1, 3]. Later researches
shown that analogous phenomena are characterized the solid and gas too [1, 3, 4]. Strongly
speaking, these filaments are sparks of optical breakdown.
More universal concept is physical-chemical [3, 4]. According to this concept the
critical value of power P for the self-focusing may be determined in next way. Volume
density of energy of the creation self-focusing process may be determined with help next

formula W__ _ [1, 3, 4]

crvol

Wcrvol = EaNnc’ (1)
where E, — energy of activation corresponding “nonlinear” centers; Nnc — their concentration.

Surface density for optical thin may be determined as [3, 4]

—Wcrvo
Wcrsur - % ’ (2)

where « — absorbance index. Integral value of energy may be determined as [3—4]

W =W__ .S, (3)

crin crsur
where S — the square of irradiation.

In this case [3—4]
Wcrin
Tir ’

Fer = (4)

where 7. is duration of laser irradiation.

The determination the concentration of scattering centers must be determined with
conditions of corresponding 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
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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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 [3, 4]. The angle 20 in the vertex of an angle [3-5]. is double
Cherenkov angle. In this case we have frozen picture of laser-induced destruction of 4H-SiC
with help Cherenkov radiation [3, 4].

For the modeling of the Cherenkov radiation we used two models: Golub macroscopic
model and modified Niels and Aage Bohrs microscopic model [3, 4].

First, macroscopic may be represented according by Golub [3, 4]. The similarity
between charge particle and light-induced Cherenkov radiation one can invoke the analogy
between Snell’s law and Cherenkov radiation [3, 4]. This natural since both effects can be
derived in the same way from the Huygens interference principle. In [3, 4] the point of
intersection of a light pulse impinging at an angle ¢ on a boundary between two media moves

with velocity V =% c0s " As Golub shown that this relation, which can be obtained from
1

Snell’s law, gives the Cherenkov relation [3-4].

cosf = %2 (@) )

where n, (@) — the nonlinear refraction rate [3-4].

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 [3, 4].

The microscopic mechanism of laser-induced Cherenkov radiation is expansion and
application of Niels and Aage Bohrs microscopic theory of Cherenkov radiation as part of
deceleration radiation on optical case [3, 4]. For optical case the Bohrs hyperboloid must be
changed on Gaussian distribution of light for mode TEM or distribution for focused light of
laser beam [3, 4]. In this case Cherenkov angle may be determined from next formula

O + &, =% or b, =%_air’ (6)

where ¢, —angle between tangent line and direction of laser beam.

Angle a;, was determined from next formula [3-4]

tang, = d, [ (7)
sf
where d, — diameter of laser beam, (7 mm), I, — length of focusing or self-focusing. In our
case ¢, is angle of focusing or self-focusing.

This formula is approximate for average angle «;, .
The Golub formula (5) was used for the determination product n, (@)V,, ., [3, 4]. Self
—focusing and Cherenkov angles and product nz(a))v were estimated for LiF, CaF,, fused

silica, water and glass BK-7 in [4]. Thereby microscopic modified Bohrs theory and
macroscopic Golub model are mutually complementary methods [3, 4].
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The decreasing of Cherenkov angle and product nz(a))V for increasing of laser

radiation intensity are corresponded to increasing of nonlinear refractive index and decreasing
the speed of polarization (multiphotonic and multiwave processes) [3, 4].

In whole, 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 [3, 4].

The estimation of sizes the cascade of volume destructions in [5] was explained with
help modified models of Rayleygh rings [3, 4].

The distance between diffraction spots and proper moving foci was determined with
help next formula [3—4]:

(8)

Qualitative explanation of development of cascade the destructions was next. The
focus of each diffraction zone (spot) is the founder proper shock optical breakdown. But foci
with more high number are placed in the “zone” of influence of previous foci. Therefore only
first stage from fives [5] is represented pure shock mechanism (Mach cone). Mach cones are
characterized the second and third stages from five [5]. 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 waves. 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 [3, 4]. 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 initial laser radiation. Cherenkov radiation is laid in self-
absorption range of 4H-SiC, but 800 nm radiation — in intrinsic range [3, 4]. 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.

The conclusion about diffractive stratification of focused radiation may be certified by
experimental data, which are represented in [5 - 7].

We can rough estimate basic peculiarities of energy distribution in Mach cone in five
stages of laser-induced destruction of cascade through next formula [3, 4]

72_2 5
E1ob = T[Z niélvI iav) r2 NaSiC EZth ! (9)
i=1

where nj,— average visible number of filaments in proper group of cascade, 1i;,=1000 nm —
average length of filaments in proper group of cascade, r = 10 nm - average radius of

filament, N, — atom density of 4H-SiC, N =9,4-10* cm™ — the atomic density of 4H-SiC.
For further estimation we use next approximation n,, =n,, =n,,, =n
[3, 4].
Energy, which is necessary for the optical breakdown our nanotubes may be
determined in next way. Zeitz threshold energy for 4H-SiC is equaled Ez, ~ 25 eV [3, 4]. Let

3av fav — n5av :lOO’
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this value is corresponded to energy of optical breakdown. Therefore, summary energy E,, is
equaled

E,, =N, -E,, =232nJ. (10)

asnt ’

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. 5)
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). But basic peculiarity of experimental data Fig. 5 is
transformation the initial laser radiation (wavelength 800 nm) to continuum Cherenkov
radiation. From length of optical breakdown in 4H-SiC 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 [3, 4].

Correlation between energy of optical breakdown and threshold energy of self-
focusing for 4H-SiC is equaled 78333 and 117500 [3, 4].

Concept of diffractive stratification allows explaining the surface character of
Cherenkov radiation. This radiation is generated in the region of corresponding focused
diffractive ring [3, 4].

For the estimations the sizes and forms of nanovoid we used modified Raylegh model
[3-4]. Maximal radius of nanovoids is determined as

Ry = o S, (1)
0,915r \| zz,cE

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. z; — duration of pulse, ¢ —

speed of light [3—4].

If we substitute r = 250 nm, R = 10 nm, E=600 GPa [3-4], E;i=130 nJ, zj = 130 ps,
¢=3-10% m/s, than have Ryax=11 nm. Experimental values for 4H-SiC 8 — 10 nm [3-4].
Form of nanovoids was determined as ratio « between longitudinal 8, and

transversal 4, speed of sound [3-4]

% o . (12)

Where v — Poisson’s ratio [4].

But this ratio must be true for shock waves too. Therefore for silicon carbide for v =
0,45 [3, 4] a = 0,33. Roughly speaking last ratio is determined the step of ellipsoidal forms of
our nanovoids [6].

In [3-4] we are estimated maximal longitudinal and transversal R,,;,ie(l,t). These
values are 6 nm and 19 nm properly.
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In this case we represented 4H-SiC as isotropic plastic body. For real picture we must
represent hexagonal structure. But for the qualitative explanation of experimental data of [5,
6] this modified Rayleygh model allow explaining and estimating the sizes and forms of
receiving nanovoids [3-4].

Now we used physical-chemical method of estimation for the modeling experimental
data for KCI [7]. Density of atoms of KCI is equaled 3,1-10% cm™. Zeits energy for KCI has

value ~ 30 eV [3].
Results of this modeling are represented in Table 1.

Table 1
Basic characteristics for laser-induced optical breakdown for KCI [7]
Figure | daverage, m | 1, mm | Vgp, 107 cm™ [ Ny, 10° | Excion, 107 J
Fig. 2(a) 0,5 2 1,57 4,87 2,32
Fig. 2(b) 0,5 3 2,36 7,31 3,48

We used next approximations. Photography, which used in [7], gives a blurry image
compared to the bright-field TEM image, which are used in [5, 6]. Therefore, we can’t see the
microstructure of optical breakdown for KCI. In this case we use rough average
approximations for diameter daverage and length | of cascade laser-induced optical breakdown
for results [7]. Volume of cascade may be determined as cylinder volume.

Experimental data of [7] are similar to experimental data of [5, 6]. But regimes of
irradiation of [7] are similar to mode TEMy;. Therefore, we have two channels of generation
the cascade of laser-induced optical breakdown.

The distances between neighboring bubbles of [7] are more as between regions of
destruction in [5]. But conditions of focusing the radiation in these both cases are equivalence.
Therefore, the distances between neighboring bubbles I, ([7])and neighboring regions of
destruction I ([5]) are connected by next formula, which is received with help formula (8)

. d,]d”ztan(w%)I . ﬂ?tan(‘/’%)l
. doir» tan((p%) b 2, tan((P%) i

In whole, the correlation of these distances 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 (13) 4,=10,6 um and

A, =0,8um and ¢, = ¢, then we’ll receive

(13)

l, =13,251,. (14 a)

Energy characteristics of irradiation weren’t represented in [7] but were reference on
[8]. Therefore, we select value 2 J/pulse from [8]. In this case we have effective using energy.
Methods of estimations of energy characteristics of Table 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 second regime of
irradiation in [7] we see 5-7 steps of cascade optical breakdown. Sources of Cherenkov
radiation are diffraction-stratified cones.
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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.

Experimental data, which are represented in [5, 6] and [7], are similar to bead lightning
[3] and resembles a frozen picture in a travelling wave lamp. But for the formation these
processes we must have two electrodes and modulated external field. For the case of laser-
induced breakdown, we have only laser field, its nonlinear transformation, including
diffractive stratification of laser beam, a generation of Cherenkov radiation and its
interference, and multiphotonic absorption. In this case, we have internal nonlinear and
relaxed optical processes.

As we see basic mechanism the heterogeneities cascade damages of laser-induced
optical breakdown is nonlinear optical transformation of initial radiation. Inclusions in 4H-SiC
and KCI are distributed homogenously and therefore one can’t be the source of laser-induced
heterogeneities. Potassium chloride crystals are obtained from an aqueous solution, and this
method allows you to obtain the most pure crystals in comparison with other methods
(Kyropoulos, Bridgman-Stockbarger, zone melting, etc.).

Conclusions

1. Comparative analysis of basic three types models of laser-induced optical
breakdown in matter is representing.

2. Basic peculiarities of modeling the direct laser-induced optical breakdown are
discussing.

3. The experimental data of laser-induced breakdown in 4H-SiC and KCI are
analyzed.

4. Complex cascade model for explanation the direct laser-induced optical breakdown
is representing.

5. The influences of diffraction stratification, Cherenkov radiation and interference of
its Cherenkov radiation on laser-induced optical breakdown are showing.

6. Basic cause of receiving laser-induced heterogeneities is nonlinear and relaxed
optical transformations of laser radiation.
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