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Abstract 
It is shown that for laser technologies it was necessary to create a new branch 
of physics: Relaxed Optics (synthesis of methods of the physical optics, 
quantum electronics, physical chemistry, physics of irreversible phenomena 
in unitary system). It is allowed to explain complex chain processes of inte-
raction light and matter. Possible applications of Relaxed Optical methods for 
the modeling of the laser-induced processes phenomena, including laser im-
plantation (surface and subsurface processes), laser-induced optical break-
down (volume processes) and laser annealing of radiation and other defects 
in solid, are discussed. Perspectives of using these methods for the creation of 
new laser technologies, including creation new types of optoelectronic devices 
(heterostructures, diffraction lattices, etc.), resolution the problems of metal-
lurgy, material science, painting, architecture and a building, are analyzed. 
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1. Introduction 

Relaxed Optics (RO) is the chapter of modern physics, which is created for the 
description of processes of the second-order relaxation in the first-order optical 
excited states [1]. We show that basic chapters of modern optics, including li-
near and nonlinear may be explained with this point of view, too, as processes of 
radiated relaxation [2] [3]. Second part is the processes of non-radiated relaxa-
tion [1] [2]. These processes are connected with phase transformations of irra-
diated matter [1] [3]. Therefore, RO may be represented as physics of laser 
technology, too [1] [3].  

But RO may be represented as fuller realization of the famous Newtonian 
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phrase: “The transitions of bodies into light and light into bodies obey the laws 
of Nature, which, as it seems, amuses itself with these transformations” [4] [5]. 
Relaxed Optics makes it possible to combine the processes of radiative and non-
radiative relaxation into a single system and thus to consider more complex cas-
cade processes that are characteristic of laser technology [1] [6] [7].  

Roughly speaking RO is synthesis of Linear and Nonlinear Optics, photoche-
mistry, radiation physics of status solid, physics of phase transitions and trans-
formations, physical chemistry in one system. Therefore, the concept of struc-
tural coherence as third concept of RO was created and developed, too [1]. 

Main experimental data (laser-induced generation of surface and volume 
structures, laser annealing of radiation defects) and its explanation as Relaxed 
Optical phenomena are represented. 

These processes are of different nature and various modeling methods are 
used to describe them. For surface processes, a cascade model of excitation of the 
corresponding type of chemical bonds in the saturation mode of radiation excita-
tion was used [1] [7]. In this case, the processes of re-radiation and re-absorption of 
radiation play an important role. The main role in this is played by the intrinsic 
absorption of radiation. 

Bulk processes are represented by laser-induced optical breakdown of the me-
dium and the formation of filaments. Here, the main role is played by the 
processes of transformation of weakly absorbed radiation and the medium (dif-
fraction stratification, generation of Cherenkov radiation and interference of this 
radiation), which ultimately leads to breakdown of the medium [7] [8] [9]. Also, 
for relatively short irradiation modes, the main ones are electromagnetic (ioni-
zation) shock processes, which can be accompanied by the release of heat. 

Some peculiarities of laser technology and using the methods of RO for its 
receiving are discussed, too; Among them are laser annealing of radiation dam-
ages, creation of n-p and p-n junctions, creation of new types of heterostruc-
tures, increasing the resource of the corresponding elements of optoelectronic 
systems, painting, architecture, metallurgy and material science [1] [7].  

Absorption mechanisms (at stable or unstable or metastable centers) play an 
important role in laser technologies. So, for annealing radiation defects, we must 
choose the radiation that is absorbed by these defects; in painting, radiation, 
which allows you to restore the original structure of paints. The temporal 
processes of irradiation do not have a great influence. In laser implantation of 
solids, the processes of saturation of radiation and the irradiation time play an 
important role [1] [8] [9].  

2. Main Experimental Data of Relaxed Optics and Its  
Explanation 

2.1. Surface Processes and Phenomena 

Main experimental data of RO may be caused by the mechanisms of absorption 
(scattering) of light (on stable or unstable centers). In the first case, dynamic sa-
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turation of excitation plays an important role, in the second, the exposure time 
does not play a large role, the main thing is the integral radiation dose [1].  

Therefore, we represent three types of RO experimental data. First is surface 
laser-induced processes [8] [9]. Here we focus on the laser-induced generation 
of cascade structural phase transformations of the irradiated material (the for-
mation of interferograms and hedgehog-like structures). These structures are 
created after laser irradiation germanium and silicon with various regimes of ir-
radiation. In this case, we have light scattering on stable centers. Such structures 
are obtained by irradiation with a series of pulses, both nanosecond and femto-
second. This avoids heating of the irradiated material. 

Among the poorly studied problems in modern physics, the problem of 
self-absorption, especially in the regime of saturation of excitation, stands apart. 
In this case, we must pass from the concepts of the band theory of solids to the 
physical-chemical concepts. Even H. Haken pointed out the analogy between 
nonlinear optical phenomena and the theory of second-order phase transitions 
[10]. If we take into account that chemical reactions can also be attributed to 
phase transformations, then naturally the results of stepwise multiphoton ioni-
zation of chemical bonds in crystals can be attributed to both first-order phase 
transitions and polytropic transformations. The difference from nonlinear opti-
cal phenomena here is the secondary relaxation of primary excitations: for phase 
transformations it must be nonradiative. According M. Lax processes of non-
adiabatic processes for light absorption are beginning for hν > 0.95Eg [11] [12]. 

Detail researches of creation of the surface laser-induced structures are 
represented by A. Medvid’ in [13]. Samples of Ge {111} and Ge {001} i-type sin-
gle crystals are using in experiment. Nd:YAG laser (wavelength 1.064 μm, dura-
tion of pulse 15 ns, pulse rate 12.5 Hz, power P = 1 MW) was used for the irradi-
ation. The AFM picture of Ge surface after Nd laser irradiation is representing in 
Figure 1 [13]. 

The more large height of nanohills is caused of processes the creation new 
phases (hexagonals). Initial structures had cubic (diamond) symmetry [13]. 
Medvid explained these results on the basis Benard phenomena [13]. But these 
results may be explained with cascade model of excitation of proper chemical 
bonds in the regime of saturation the excitation [1] [8] [9].  

Laser-induced phase transformations are possible for silicon, too. 
More large columns (height 20 μm, diameter 2 - 3 μm) were received after ir-

radiation of pulse series the nanosecond eximer KrF-laser (wavelength 248 nm, 
pulse duration 25 ns) (Figure 2(a)) [14]. This figure illustrates the high aspect 
ratio silicon micro-columns that were formed in air after 1000 laser shots at an 
energy density, Ed, between 2.7 and 3.3 J/cm2. The columns are ~20 μm long and 
~2~3 μm in diameter. Moreover, surface-height profilometry performed using a 
Dektak II profiler revealed that most of the length of the microcolumns, 10 - 15 
μm, protrudes above the original Si surface [14]. 

The microcolumn morphology changes if the atmosphere is changed during  
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Figure 1. Three-dimensional AFM image of nanostructures after Nd:YAG laser irradia-
tion with density of power 28 MW/cm2 on Ge surface [13]. 
 

 
Figure 2. (a) SEM images of silicon microcolumns after 1000 laser shots in air at 3 J·cm−2 [14], (b) SEM image showing 
a change in Si microcolumn morphology controlled by the ambient gas composition at Ed 2.7 J·cm−2. The arrows indi-
cate the height achieved after 600 laser pulses in air (N2 – 18% O2); the remainder of the columns was grown by 1200 
laser pulses in N2 – 5% O2 [14]; (c) Walled Si structure produced by 2040 laser pulses at Ed = 1.5 J·cm−2 in 1 atm of SF6 

[15]. 
 
laser irradiation. Figure 2(b) shows several columns in a specimen that was first 
irradiated with 600 pulses in air and 1200 pulses in N2/5%O2 [14].  

The importance of the gas environment was emphasizing, when a plasma etc-
hant, SF6, was using as the ambient gas during laser irradiation of silicon [14] 
[15]. In SF6 extremely long structures are produced that look at first like walls 
surrounding very deep central holes (see Figure 2(c)) [14] [15]. 

Laser-induced silicon nanostructures (λ = 0.8 μm, τi = 100 fs, number of 
pulses 200) with d3 = 90 nm, which was generated after irradiation structures of 
changing polarization with d2 = 120 nm, when orientation of vector E  was 
changed on 90˚ relatively to initial action. Power of laser irradiation was less in 
two time as for initial structure. Generated periodical structures [16] [17] are 
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nanocolumns with height to 400 nm with spatial period 90 nm and orientation 
wave vector ||g E ]. 

Where ğ is beam propagation direction. 
An influence of pulses number on the processes of formation of laser-induced 

periodic nanostructures on titanium plate is observed in [18]. Sapphire laser 
system was used for the irradiation. It had next parameters: wavelength 800 nm, 
repetition rate 1 kHz, pulse length 100 fs, beam diameter 4 mm and density of 
energy of irradiation 0.25; 0.75 and 1.5 J/cm2. Interference structures are gener-
ated for the irradiation with energy density 0.25 J·cm−2 [18]. Evolution of 
creation laser-induced surface structures is represented in Figure 3. 

The period of the parallel periodic microstructures as a function of the num-
ber of laser pulses is shown in Figure 4 [18]. 

As shown in Figure 4, the period was gradually increased in the range of 10 - 
70 pulses and increased in the range of 70 - 110 pulses as the number of pulse 
increased.  

Distance between the microdots along the hill of periodic microstructures as a 
function of the number of laser pulses is shown in Figure 5 [18]. As Figure 5 
shows, the distance was increased in the range of 50 - 110 pulses. But these dis-
tances are correlated with height and width of interferogram bands (Figure 3). 

Phenomenon of doubling of period of laser-induced surface structures is 
represented in Figure 6 [17] [18]. 

For the explanation of experimental data, which are represented in Figures 
1-6, we must estimate all possible mechanisms of relaxation: kinetic and dy-
namical; and possible mechanisms of excitation: hierarchical photo ionization.  
 

 
Figure 3. Microstructures produced on the titanium plate at the laser fluence of 0.75 J/cm2 for (a) 10, (b) 25, (c) 50, (d) 70, (e) 90 
and (f) 110 pulses [18]. 
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Figure 4. Period of parallel periodic microstructures as a function of number of laser 
pulses [18]. 
 

 
Figure 5. Distance between the microdots along the hill of periodic microstructures as a 
function of the number of laser pulses [18]. 
 
In this case we must include respective chain of relaxation times [1]. It is 
necessity for the more full representation and modeling real and possible physi-
cal processes for the respective regimes of interaction.  
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Figure 6. Relief of Ti surface after pulse linear polarized laser irradiation (power density 
1.1 GW/cm2, number of pulses, 100): period of structures, 600 nm, (b) region of transi-
tion from structures with period 600 nm to period 300 nm [17] [18]. 
 

Thus this representation of the modeling dangling bonds, which are created 
with help laser irradiation, is very effective method. It allows including in con-
sideration effects of equilibrium, nonequilibrium and irreversible relaxations [1] 
[9].  

Now we show the using of cascade model for the explanation experimental 
data of laser-induced phase transformations in silicon, germanium, carbon and 
titanium. It was called as case of the structural phases. 

The question about the influence of saturation of excitation on effects of RO 
may be represented as process of transitions between stable and metastable 
phases too. Now we’ll estimate the influence of parameters of irradiation (in-
cluding spectral) on irreversible changes and transformations in Si and Ge. 
Spectral dependences of absorbance of various structural modification of Si are 
represented in [1] [9]. Now we’ll be estimated intensities of eximer, Ruby and 
Neodymium laser irradiation (wavelengths of irradiation are 0.248 μm, 0.69 μm 
and 1.06 μm properly of silicon and germanium, which are necessary for the 
creation of proper irreversible changes in irradiated semiconductor. As shown in 
[1] [9], absorbance of the Neodimium laser radiation in silicon is equaled 60 - 
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100 сm−1, second harmonic of Neodimium laser, 104 сm−1, eximer laser, 106 сm−1. 
Crystal semiconductors Si and Ge have, basically, the structure of diamond. 

Volume atomic density of elementary lattices may estimate according to formula 
[1] [9]  

,A
a

NN
A

ρ
=                             (1) 

where ρ: density of semiconductor, NA: Avogadro number, A: a weight of one 
gram-atom. For Si NaSi = 5 × 1022 cm−3 and for Ge NaGe = 4.4 × 1022 cm−3.  

But Si and Ge may be crystallized in lattices of hexagonal, cubic, trigonal and 
monoclinic symmetry. Phase diagram of Si as function of coordination number 
is represented on Figure 7 [19]. 

Coordination number (CN) 8 is corresponded to diamond lattice, CN 6: hex-
agonal lattice, (CN) 4 and (CN) 3: other two lattices. It should be noted that 
melting temperatures of these phases are various. Volume density of CN is 
equaled CN∙Na. For diamond symmetry of lattice this value is 8Na [19]. 

Roughly speaking, transition from one phase to another for regime of satura-
tion of excitation may be modeled as one-time breakage of proper numbers of 
chemical bonds, which are corresponded to the difference of CN of proper 
phases. For example, two bonds breakage is caused the phase transition from 
diamond to hexagonal structure. One bond breakage in the regime of saturation 
is caused to generation of laser radiation. 

 

 
Figure 7. A schematic phase diagram for Si(CN). The coordination numbers (CN) of the 
various phases are indicated. The diagram is based on common features of the phase dia-
grams of column IV elements as described by the references cited in Pistorius’s review (8 
in [15]). Starting from a high temperature > 3 × 103 К and subject to a constraint of aver-
age density ( )4ρ ρ= , a hot micronucleus will tend to bifurcate into the most stable 

phases (highest Tm) which straddle Si(4) in density. These are Si(3) and Si(8), as indicated 
by the diagram [19]. 
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Results of calculation of volume densities of energy, which are necessary for 
breakage of proper number of bonds in regime of saturation of excitation, are 
represented in Table 1 [1] [8] [9].  

It conceded that energies of all chemical bonds for elementary lattice are 
equivalent (Si and Ge are pure homeopolar semiconductors) [1] [9]. For silicon 
energy of covalent bonds Si-Si is equaled 1.2 - 1.8 eV; for germanium energy of 
covalent bonds Ge–Ge are equaled 0.9 - 1.6 eV. Minimal values of these energies 
are corresponded to Pauling estimations. These values are corresponded the 
energy on one CN: according to radiation physics of status solid Zeits energy of 
creation one radiation defect in silicon is equal 12.7 eV for diamond lattice [1] 
[9] [20].  

Mechanisms of creation other laser-induced nanostructures may be explained 
on the basis cascade model of step-by-step excitation of corresponding type and 
number of chemical bonds in the regime of saturation of excitation [1] [8] [9]. 
According to this model decrease of symmetry of irradiated matter is occurred 
with increase of intensity of irradiation (Nd laser irradiation of silicon, germa-
nium and carbon) [1] [9]. 

But in [13] the explanation of creation laser-induced hexagonal phase on 
germanium surface is based on the Thomson-Benard phenomenon: generation 
of hexagonal phases in heated liquid on roaster. In our case heating of irradiated 
matter is generated in opposite direction from surface to deep and we have vo-
lume, but not surface as in Thomson-Benard effect [21] [22] [23], structures. This 
effect is observed for few liquids. Rayleygh-Chandrasekar theory is described this 
process as thermal-diffusive processes [22] [23]. In this case we have transition 
from more low volume symmetry to more high surface symmetry. Chandrasekar 
created the hydromagnetic theory of creation sunspots [23]. Thomson-Benard 
effect may be observed in other regimes of irradiation as in Figure 1. For la-
ser-induced creation volume hexagonal structures on Ge we have inverse transi-
tion: from high volume symmetry (diamond modification) to more volume low 
symmetry (hexagonal symmetry) [21] [22] [23].  

More intensive generation structures of Figure 2 may be explained with more 
intensive light absorption. Roughly speaking the number of disrupting chemical 
bonds (coordination numbers) ndb after absorption one photon may be deter-
mined with help next formula [1] [9] [20] 

2ln ,db
a

hn
E
ν

=                           (2) 

 
Table 1. Volume density of energy Ivi (103 J/cm3), which is necessary for the breakage of 
proper number of chemical bonds in the regime of saturation of excitation in Si and Ge.  

 Iv1 Iv2 Iv4 Iv5 

Si 12.8 - 14.4 25.6 - 28.8 51.2 - 57.6 63 - 72 

Ge 6.3 - 8.4 12.6 - 16.8 25.2 - 33.6 31.5 - 42 
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where hν: photon energy, Ea: the energy of disruption the proper chemical bond 
(coordination number. For case of irradiation the silicon by pulses of eximer la-
ser we have hν = 5 eV, Ea = 1.6 eV, and ndb = 3.2. This estimation shows the in-
fluence the spectra of irradiation on formation laser-induced structures [1] [8] 
[9] [20]. 

Formula (2) is true for ah Eν >  only. For case with irradiation silicon by 
eximer laser with wavelength 248 nm n is equaled from 2 to 3. 

More pure ionizing results were received for the irradiation silicon by femto-
second laser pulses in multipulse regime [9]. One quantum of eximer laser radi-
ation may be ionized 3.2 chemical bonds according to formula (2). Therefore 
multipulse regime of the irradiation is caused the generation silicon structures 
with hexagonal and trigonal symmetry. Density of energy 2.7 J·cm−2 (Figure 
2(b) and 1.5 J·cm−2 (Figure 2(c)) certificated this hypothesis. First regime allows 
receiving more thin and high structures with more low symmetry, which is sti-
pulated more high intensity of irradiation. Second regime may be results of gen-
eration the structures with more low symmetry (no cubic). Atmosphere of ir-
radiation must be having neglected influence on finishing picture. This conclu-
sion is certificated by experimental data of Figure 2 [14] [15].  

For light absorption on unstable centers (amorphous semiconductors) time 
characteristics haven’t large observable influence on formation of irreversible 
changes in semiconductors. Here integral dose of irradiation has general mean-
ing; therefore, in this case photochemical ionizing processes give basic contribu-
tion and processes of radiated relaxation are neglected.  

With including of light reflection data of Table 1 must be increased on 20 - 30 
percents for regimes of irradiation the Nedimium laser (both regimes) and 250 
percents for eximer laser irradiation (reflectance of eximer laser radiation is 
equaled 60 percents) [1] [9].  

In addition, we must remember that Ruby laser radiation for crystalline sili-
con has absorbance on order less as for amorphous, therefore for short regimes 
of irradiation the processes of bonds breakage may give more influence as for 
case of Nd-laser irradiation. Polycrystalline layer may include various crystalline 
phases. We can select condition of irradiation with creation on surface of silicon 
the nanostructures with various its fourth crystallographic modifications. 

The role of irradiated atmosphere on formation of laser-induced surface na-
nostructures is shown in Figure 2(c). An oxidation processes are smooth out the 
surface (Figure 2(a) and Figure 2(b)). The decreasing of oxygen concentration 
is caused the more intensive growth of microcolumns (Figure 2(b) and nano-
columns [16]. 

The cascade model may be used for the explanation of experimental data of 
Figures 3-6. Titanium has two phases: hexagonal and body-centered cubic. But 
after heating the titanium to 882.5˚C it has only cubic phase [9]. According to 
cascade model peaks of proper surface columns must have hexagonal symmetry, 
but its generation is attended with oxidation processes. Therefore the intensities 
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of creation of the surface structures are various for two groups of pulses: for 
second group (70 - 110 pulses) is more intensive process as for first group of 
pulse (10 - 50 pulses). Among these regimes of irradiation may be received the 
doubling of period of interference pattern (Figure 6). 

This method was used for the explanation of the experimental data about la-
ser-induced transformations in various allotropic phases of carbon, included 
diamond, graphite, fullerenes and other [1] [8] [9], too. 

2.2. Volume Processes and Phenomena 

Problem of modelling volume processes of Relaxed Optics (RO) is connected 
with problem of increasing lifetime of basic elements of optoelectronic systems, 
including semiconductors, optical fibers and other. 

In whole this problem [8] [9] [24] [25] [26] [27] is very complex problem. It 
connected with various nature of relaxation of first-order optical excitation. It 
may be simple two-three-stage, cascade, cyclic or more complex relaxation.  

Therefore Relaxed Optical processes may be cause of nonlinear optical processes 
and conversely nonlinear optical processes may be caused of relaxed optical 
processes. Roughly speaking relaxed optical processes are the trace of interaction 
oh the light and matter in matter. Establishing the order of these processes is one 
of the most difficult problems of modeling mixed processes of relaxed optics. We 
must determine time, geometry and chain of proper processes. 

Examples of mixing processes and phenomena of RO are pulse Ruby and 
Neodimium laser implantation of indium antimonite [1] [8] [9]; cascade processes 
of the creation of the laser-induced structures, including processes of laser sub-
limation and ablation [1] [9].  

Basic NLO phenomena are connected with processes of intrinsic light scattering 
(self-absorption) on stable or metastable centers. So, the concentrations these cen-
ters in solid are equaled ~1015 - 1017 cm−3. Therefore we can use adiabatic ap-
proximation and basic formalisms of NLO are perturbation theory and nonli-
near differential and integral equations. 

Primary processes are caused of mechanisms of light scattering and local mi-
croscopic relaxation, secondary, macroscopic relaxation mechanisms. Therefore 
we must include these results for the explanation of real picture of interaction 
light and matter. 

Observation of the volume laser-induced phase transformations processes 
(experimental data) was begin by Hersher [24] and first system researches were 
represented in B. Sharma PhD thesis [24]. 

Therefore methods for modeling of the laser-induced surface and volume 
phase transformations are various. This fact is caused of different conditions of 
radiation: self-absorption for surface and intrinsic absorption for volume. In first 
case we may have processes of one or two photon processes and for second case 
multiphoton processes. The problems of creation of the volume laser-induced 
phase transformations are another as creation the surface laser-induced phase 

https://doi.org/10.4236/opj.2021.117015


P. Trokhimchuck 
 

 

DOI: 10.4236/opj.2021.117015 221 Optics and Photonics Journal 
 

transformations. This is represented on example of experimental data of volume 
laser-induced phase transformations in 4H-SiC [9]. Influences of processes the 
multiphoton absorption and impact ionization are observed, too.  

The problems of volume light scattering on metastable centers are analyzed 
for InSb and InAs magnetic sensors for nuclear reactors [9]. We show that using 
of CO2-laser irradiation is increased the lifetime of these sensors. 

First experimental data of irreversible interaction the laser radiation and vo-
lume of solid were received by Hersher in 1964 [24].  

He observed the surface interferograms after pulse Ruby-laser irradiation of 
germanium, silicon, indium antimonite a.o. [1] [9]. These results are beginning 
of researches of surface laser-induced phase transformations. The volume la-
ser-induced phase transformations systematically were begun by B. S. Sharma 
[24]. He observed laser-induced damages in glasses after pulse Ruby laser irradi-
ation. 

Dependence of 2
crE  from laser wavelength for various values of constant the 

development of avalanche is represented on Figure 8. 
Dependence of threshold the N-pulse breakdown IN (N = 200) in polyme-

thylmethacrylate from concentration of various impurities Cim are represented in 
Figure 9 [25]. 

Dependences of threshold power of surface breakdown Psb from time of irrad-
iation for two types Ruby samples [25] are represented in Figure 10.  

Dependences of threshold intensity of laser-induced breakdown Isb NaCl from 
temperature for various wavelengths of irradiation are represented in Figure 11 
[25]. 

 

 

Figure 8. Dependence of 2
crE  from laser wavelength for various values of constant the 

development of avalanche. 1 – γ0 = 3 × 10−2 (picosecond pulses, τi = 30 ps); 1 – γ0 = 10−5 
(nanosecond pulses, τi = 100 ns) [25]. 
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Figure 9. Dependence of threshold the N-pulse breakdown IN (N = 200) in polymethyl-
methacrylate from concentration of various impurities Cim, 1021 cm−3: 4: cyclohexanol; 5: 
butyronitrile; 6: ethanol; 7: butanol; 8: hexanol [25]. 

 

 
Figure 10. Dependences of threshold power of surface breakdown Psb from time of irrad-
iation for two types Ruby samples [25]. 

 
Now we represent of some experimental data of RO, which will model. We 

select laser-induced surface phase transformations, which are caused the me-
chanisms of self-absorption; and volume phase transformations, which are con-
nected with intrinsic mechanisms of light absorption. It allows observing basic 
peculiarities of proper physical processes and methods of its modeling. 

The research of extensive measurements of damage thresholds for fused silica 
and calcium fluoride at 1053 and 526 nm for pulse durations τ ranging from 270 
fs to 1 ns [26] is represented in Figure 12.  
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Figure 11. Dependences of threshold intensity of laser breakdown Isb NaCl from temper-
ature for various wavelengths of irradiation λ, μm: 0.53 (1); 0.69 (2); 1.06 (3); 10.6 (4); 
2.76 (5) [20]. 

 

 
Figure 12. Observed values of damage threshold at 1053 nm for fused silica  and cal-
cium fluoride . Solid lines are 1 2τ  fits to long pulse results. Estimated uncertainty in 
the absolute fluence is 15% [26]. 

 
The explanation of experimental results of Figure 12, which is represented in 

[26], is next. In the long-pulse regime (τ > 20 ps), the data fit well by a τ1/2 de-
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pendence, characteristic of the transfer of electron kinetic energy to the lattice 
and diffusion during the laser pulse. The damage is thermal in nature and cha-
racterized by the melting and boiling of the surface (Figure 13(a)). The damage 
occurs over the entire area irradiated. For long pulses, heating of the lattice and 
subsequent thermal damage can occur without significant collision ionization. 
For pulses shorter than 20 ps, the damage fluence no longer follows τ1/2 depen-
dence and exhibits morphology dramatically different from that observed with 
long pulses. The damage appears as a shallow fractured and pitted crater charac-
teristic of thin layers of material removed by ablation (Figure 13(b)).  

Furthermore, short-pulse damage is confined to a small region at the peak of 
Gaussian irradiance distribution, where the intensity is sufficient to produce 
multiphoton ionization. With insufficient time for lattice coupling, there no is 
collateral damage. As a result, it can be many orders of magnitude smaller with 
short (τ < 10 ps) pulses than with long pulses. For the case of fused silica shown 
in Figure 14, the damages area produced by the 500 fs pulse was two orders of 
magnitude smaller than that produced by the 900 ps pulse. 

Pulse width dependence of threshold damage fluence for fused silica is 
represented in Figure 14 [26]. 

Measured and calculated (solid line) damage fluence for fused silica for 1053 
and 526 nm are represented in Figure 15 [26]. The behavior of curves shows its 
correlation with absorption index. The more low damage fluence is corresponded 
to more large absorption index and shorter regime of irradiation is corresponded 
to faster regime of saturation. 

Analogous pulse width dependence of threshold damage fluence was received 
for calcium fluoride (Figure 16 [26]). 

Basic mechanisms of creation laser-induced damages in transparent materials 
are based on multiphotonic absorption of light. Few models and theories of these  
 

 
Figure 13. Scanning electron micrograth of front-surface damage of fused silica produced 
by 1053 nm pulses of duration (a) 900 ps, showing melting, and (b) 500 fs, showing abla-
tion and fracture [26]. 
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Figure 14. Pulse width dependence of threshold damage fluence for fused silica [26]. 

 

 
Figure 15. Measured and calculated (solid line) damage fluence for fused silica for 1053 
and 526 nm. Dashed line indicates calculated damage limit, due multiphoton ionization 
alone [26]. 
 
processes are represented. First system research of this problem was represented 
in B. S. Sharma Ph. D. thesis [24]. Therefore we use his work as basis in the ex-
planation of respective experimental data. 
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Figure 16. Pulse width dependence of threshold damage fluence for calcium fluoride 
[26]. 
 

Basic mechanical mechanisms of laser-induced breakdown according by B. S. 
Sharma [24]. 

The three basic breakdown mechanism of Ruby-laser breakdown in glasses 
are: 

1) electrostriction; 
2) acoustic wave generation by stimulated Brillouin scattering; 
3) multiphoton ionization and plazma formation. 
1) Electrostriction [24] 
Stresses caused by the direct action of the light on dielectrics are due to: 
a) Direct light pressure. This phenomenon is consistent with the concept of 

the momentum of electromagnetic waves. If electromagnetic waves falls on an 
absorbing material and isn’t reflected, then its momentum is transmitted to the 
material in accordance with the conservation law of linear momentum. The rate 
of transfer of this momentum will be the force experienced by the body and is 
termed the light pressure. This rate of transfer in the case of totally absorbing 
body will be the momentum density of the radiation, which is equal to the ener-
gy density divided by speed of light. Thus the maximum light pressure will be 

.Ip
c

=                                (3) 

For the energy flux I = 5 × 109 W·cm−2 this pressure is equaled p = 1.7 × 105 
N·m−2. For picosecond laser: I = 5 × 1012 W·cm−2, p = 1.7 × 108 N·m−2; and for I = 
5 × 1015 W·cm−2, p = 1.7 × 1011 N·m−2. For Ruby-laser is very small value. 

b) Electrostriction pressure. In this case deformation produced by electric 
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stresses. Deformation of a dielectric in an electric field is determined partly by 
the Maxwell stresses and partly by a dependence of a dielectric constant upon 
the strain. In a electric field, a dielectric tends to assume a configuration such to 
reduce the total energy to the minimum. If, as is usually for glasses, the dielectric 
constant increases as the density increases, then Maxwell stresses and the vary-
ing dielectric constant conspire to make the density increased then the field is 
applied. In some substances the dielectric constant decreases with increasing 
density. In such a case the state of minimum energy may be accompanied by a 
decrease in density. 

These deformations and the resulting electrostriction pressure are propor-
tional to the square of electric field and are independent of its direction. The 
electrostriction pressure can be evaluated by equating the work done on the di-
electric to compress it to the change in the electrical energy. 

Consider a condenser of volume V immersed in a compressible fluid. The 
changes of electrical energy when the fluid contracts by an amount ΔV are 

2 d
4 d
E V V

V
ε ∆ π  

                            (4) 

where dε is the change in the dielectric constant due to compression. 
Equating this energy to the amount of work done on the fluid pelΔV  

2 d
4 del
Ep V V V

V
ερ  ∆ = ∆ π  

.                      (5) 

Since 

 ,V
V

ρ
ρ
∆ ∆

= −                             (6) 

where ρ is the mass density, we get 

 
2 d

4 del
Ep ερ

ρ
 

=  π  
,                         (7) 

where  

d
d
εγ ρ
ρ

 
=  

 
                           (8) 

is a constant having a value from 0.6 to 1 for glasses. 
Maximum electrostriction pressure for an incident beam of intensity I = 5 × 

109 W·cm−2 will be (for γ = 1) equal to: 
6 21.6 10 N melP −= × ⋅ ,                       (9) 

which is again very small when compared with the strength of the glasses. 
2) Stimulated Brillouin scattering [24] 
In the normal Brillouin scattering (Figure 17) an incident light beam is scat-

tered by thermally excited acoustic waves. Scattered light is shifted in wavelength 
and the energy difference is taken up by the acoustic wave. A consideration of 
the energy and the phase vector conservation leads to the relations 
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Figure 17. Rough schema of Brillouin scattering [24]. 

 

 1 ,sω ω ω= ±                           (10) 

1 ,s= ±k k k                           (11) 

where ,ω k  are the frequency and the phase vector of the incident light; 1 1,ω k  
for the scattered light and ,s sω k  for the acoustic wave. 

The well-known Brillouin expression for the frequency shirt is: 

1
2

sin ,
2

s
s n

c
ϑ θω ω ω ω− = ± ≅                    (12) 

where sϑ , c/n are the acoustic and optical phase velocities in the medium, n is 
the index of refraction, which will be essentially the same for the incident and 
scattered light rays in isotropic media, and θ is their angular separation. 

These relations imply that acoustic waves can either be generated or annihi-
lated in the scattering process. When acoustic waves are generated, enhancement 
in light scattering can occur. With a weak exciting source enhancement is neg-
ligible but with a Q-switched laser pulse, the effect is profound. The process 
leads to a marked regenerative behavior i.e. amplification on the scattered light. 
A brief sketch of the dynamics of the stimulated Brillouin scattering following 
Chiao et al. [24] [25] is present below. 

Coupling of the light waves with the sound waves is due to the electrostriction, 
the compression or expansion of the material by the electric fields of the light 
wave. Consider two beams of light at slightly different frequencies in the me-
dium 

( ) ( )0, cost tω ϕ= ⋅ − +E r E k r                   (13) 

and 

( ) ( )0 1, cost tω ϕ= ⋅ − +E r E k r .                 (14) 

Let the sound wave be described by 

( ) ( )0, cos s sP t P tω ϕ= ⋅ − +r k r .                 (15) 

The process of the electrostriction causes a local compression Vδ , which in 
the presence of a local pressure P due to the sound wave does work by an 
amount 

( ) ( ), , .W P r t V r tδ δ=
                      (16) 

The average power transferred to the sound wave per unit volume is: 
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( ) ( )
23

0 2

d d d , , ,
d

T
s

T

u tP t V t
t V T t−

∂
= −

∂∫ ∫
r r r                (17)) 

where us is the energy density of the sound wave, 

( ) ( ) ( ) ( )1
0

, 1 , 2 , , ,
8el

V t
P t t t

V B B
δ γδ δ= = ⋅  π

r
r E r E r          (18) 

where B is the bulk modulus of material. Considering only the resonant term 
equation (17) can be written as 

( )0 0 1
d

, ,
d 16

s
s

u
P

t B
γ ω=
π

E E                    (19) 

where we have used 1 s= +k k k , 1 sω ω ω= +  and 12 sϕ ϕ ϕπ
= + + . 

The polarization produced by the sound wave gives rise to a dipole moment 
δµ , which in the presence of the local electric field 1E , leads to an energy 
transfer of: 

( ) ( )1 , , .W t tδ δ= ⋅E r rµ                      (20) 

Thus the average power transferred to the scattered wave at frequency ω⊥  is 

( ) ( )23
1

0 2

,d d d , ,
d

T

T

tu t t
t V T t−

∂
=

∂∫ ∫
P rr E r                  (21) 

where ( ), tP r , the induced polarization is given by 

( ) ( ) ( ) ( ), , , , .
4 4

t t t t
B

ε γδ δ∆
= = ⋅  π π

P r E r P r E r            (22) 

Again considering the resonant terms only we get 

( )1
0 10 1

d
.

d 4
u P
t B

γ ω= ⋅
π

E E                     (23) 

If the plane of polarization of the E  be perpendicular to the plane of the scat-
tering of 1E , we can write: 

0 0 10
d
d 16

s s

gain

u
P

t B
γω  =  π 

E E                     (24) 

and 

1 1
0 0 10

d
.

d 16gain

u P
t B

γω  =  π 
E E                     (25) 

The energy density of the sound wave 
2

0

2s
P

u
B

=  will decrease due to the losses 

according to 

 
d
d

s s

sloss

u u
t τ

  = − 
 

.                        (26) 

Similarly the energy density of the scattered wave 
2

1 0
1 8

E
u

ε
=

π
 will decrease as 
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1 1

1

d
d loss

u u
t τ

  = − 
 

.                        (27) 

For the build up of the sound wave and the scattered wave gain must exceed the 
losses that are 

2
0

0 0 10
1

16 2
s

s

P
P

B B
γω

τ
≥

π
E E                      (28) 

and  
2

1 101
0 0 10

1 .
16 8s

E
P

B
εγω

τ
≥

π π
E E                     (29) 

Multiplying (28) and (29) we get the threshold condition for gain as  
2
0 1

2
1 1

21 .
8 s s

E Bε
ω τ ω τ γ

≥
π

                      (30) 

Thus in order to have a catastrophic build up of sound and the Brillouin scat-
tered wave, the incident intensity must be large enough to overcome the losses. 
For the case of fused quartz various constants are: 

9 9 12 2
10.6; 3 10 s; 5 10 s; 10 dynes cm ;s Bγ τ τ− − −= = × = × = ⋅  

2
15 1 10 1 20

1 110 s ; 10 s ; 100 MW cm .
8s
cE

ω ω ε− − −= = ≥ ⋅
π

 

ε1 is roughly 2.3, so the threshold energy density for the stimulated Brillouin 
scattering is 230 MW·cm−2. Kroll in 1965 [27] considered the problem of pho-
toelectric instability in quartz and sapphire under illumination by an intense la-
ser pulse. He solved the phenomenological equations, describing the photoelastic 
coupling between the electromagnetic and the elastic waves by a Lagrangian 
density 

1 ,
8

k
int ijkl i j

l

u
L p D D

x
∂

= −
π ∂

                    (31) 

where uk refers to the displacements; Di, the electric displacement vector and pijkl 
is the Pockel’s elasto-optic constant. Results of his calculation show that the 
growth of a photoelastic excitation is governed primarily by an exponential fac-
tor of the form ( 1 2 1 21.25 l sW x tϑ α− ), where Wl is the laser energy in J·cm−2, x is 
the interaction length, ϑs is the sound velocity, α the attenuation at sound wave-
length, and t is the laser pulse duration. The backward instability is well devel-
oped when this exponent is of the order of ten or more. Kroll gives the following 
relation for the power carried by the elastic wave in terms of the power carried 
by the Stokes shifted wave, 

1
s s

s
t

P P
x

ω ϑ
ω

=                          (32) 

where ωs is the elastic wave frequency, ω the incident laser frequency, Ps is the 
acoustic power and P1 the power in the Stokes shifted wave. The build up of P1, 
is limited by the failure of the linear approximation and in particular by the 
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reaction back upon the incident laser power. Budin et al. [9] measured the 
Stokes light power for various incident laser energies for a silicate glass. From 
their data, for a focused Ruby laser energy of 0.07 J or 210 J/cm2 the Stokes 
shifted is P1 = 2000 W. Using Kroll’s criterion for the instability [9] [27] we can 
calculate x: 

 1 2 1 21.25 10l sW x tϑ α− =                        (33) 

Substituting all the values we get x = 0.3 cm or the Ps = 2 × 10−4 W. These yield 
an acoustic wave intensity of approximately 6 W/cm2. Even if we assume that all 
this acoustic power is absorbed in the focal volume, the maximum value of the 
effective absorption due to this mechanism is ξ = 0.1, which is very much smaller 
than the minimum effective absorption needed for mechanical breakdown as 
deduced from energy considerations. 

2.3. Laser-Induced Optical Breakdown 

Problems of the observation the laser-induced optical breakdown and shock 
processes in matter as Nonlinear Optical (NLO) and Relaxed Optical (RO) 
processes are connected with acoustic (thermal) and electromagnetic (plasma 
and Nonlinear optical) nature [2] [7] [8] [9] [28]-[33]. These processes may be 
connected with diffractive stratification of laser beam, self-focusing, self-trapping, 
generation of supercontinuum radiation (ordered: Cherenkov radiation, and 
disorder: plasma radiation) [7] [8] [34] [35] [36].  

We present this problem from one point of view for all media from gases to 
solid [2] [3] [7] [8] [28]-[33]. Unfortunately, the first attempt of observation this 
problem in main detail in whole are represented in [7] [8] only.  

According to [2] [4] [7] [8], optical breakdown is understood as catastrophic 
damage caused by strong laser radiation. The cause of optical breakdown is ava-
lanche ionization [2] [4] [7] [8]. This process is differed from heat breakdown, 
which is result of laser-induced heat of irradiated matter, to direct optical mul-
tiphoton ionization. Roughly speaking the optical breakdown is result of rapid 
introducing energy to matter with laser help. Optical breakdown determines a 
limit laser intensity of laser radiation, which irradiated matter can absorb.  

In whole this problem [2] [4] [7] [8], 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 
[7] [8]. In this case we can determine the threshold of breakdown of irradiated 
matters with help methods of RO (cascade model of excitation the proper chem-
ical bonds in the regime of saturation the excitation) [6] [7] [8] [9]. This regime 
may be received with help three ways. First is thermal. In this case the basic re-
laxation of first order processes of optical excitation is thermal [2] [4]. As 
example of this process may be continuous laser irradiation of matter in 
self-absorption range of absorption spectrum [2] [4]. Second is plasma. In this 
case the main role of the optical breakdown has process of formation “collective” 
electromagnetic (electron-ionic) process [2] [4]. The examples of this process are 
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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 [7] [8]. In this case we have di-
rect multiphoton ionization and these processes have oriental nature [4] [7] [8]. 
The second order irradiation has Cherenkov nature [7] [8] [34]. The experi-
mental data were received for picosecond and femtosecond regimes of irradia-
tion [7] [8] [28]-[33]. This differentiation is connected with various nature of 
relaxation of first-order optical excitation. Thus we have three ways for the re-
ceiving of laser-induced breakdown.  

The process of laser-induced optical breakdown is closely related to the phe-
nomena of self-focusing and the appearance of laser-induced filaments [9] [37]. 

Firstly, theory of these processes (types 1 and 2) was made for the gases [2] [4] 
[27]. Later this theory was adapted to solid [2] [4] [24]. Theories of third type 
processes were created and developed in [7] [8].  

Basic ways of possible applications of laser-induced optical breakdown processes 
for the creation of new multifunctional elements of modern optoelectronics and 
new laser technologies are discussed, too. 

Here are the experimental results that show the cascade nature of these processes. 
Refractive index map for two times, which was measured in [28], is represented 

on Figure 18. This picture shows the process of the development optical break-
down in water. 

More complex experimental data, which are included optical breakdown, were 
received in [29] [30] (Figure 19).  

Sectional area of receiving structures was ~22 μm, the depth of ~50 μm. As 
seen from Figure 19(c) we have five stages disordered regions, which are located 
at a distance from 2 to 4 μm apart vertically [29] [30]. 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. 

 

 
Figure 18. (a) and (b) Refractive index map of the filament taken at two different times 
and showing the formation of the plasma channel. Horizontal scale: propagation axis 
ranging from 9.41 mm (left) to 9.68 mm (right) from the input window [28]. 
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Figure 19. (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). Laser-modified layers with a spacing of 150 nm are indicated by arrows. (f) Bright-field TEM image of a portion of the cross 
section of a line written with a pulse energy of 200 nJ/pulse. (g) Zero-loss image of a same area as in (f) with nanovoids appearing 
as bright areas. Correspondence with (f) is found by noting the arrowheads in both micrographs. (h) 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 I and II) of the laser-modified microstructure are drawn [29] [30]. 
 

In this case diffraction processes may be generated in two stages: 1, formation 
of diffraction rings of focused beams [7] [8] [9] and second, formation of dif-
fracting gratings in the time of redistribution of second-order Cherenkov radia-
tion [7] [8] [9]. Second case is analogous to the creation of self-diffraction grat-
ings in NLO, but for Figure 19(c) and Figure 19(g) our gratings are limited by 
Much cone of Cherenkov radiation. Roughly speaking only Figures 19(e)-(g) 
are represented “clean” breakdown. 

Two damages region in a crystal with moderately high density of inclusions 
were received in [22] for KCl after irradiation by CO2-laser pulses (wavelength 
10.6 μm, 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% [26]. These results are presented in 
Figure 20 [31].  

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 un-
der the microscope. It was found that most of the crystals suffered some damage  
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Figure 20. Two damages regions in a crystal KCl with moderately high density of inclu-
sions. 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 [31].  
 
even at relatively low power levels. The thresholds of this type of damages are 
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.  

Figure 20(a) shows that spatial inhomogeneities are in fact inclusions [31]. 
The damage bubbles occur randomly near, not necessarily in, the tiny focal vo-
lume. At a well-defined power threshold, an elongated pointed bubble forms, its 
vertex falling at the focus (Figure 20(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 used to determine the dielectric strength [31]. 

A ring-shape zone supports major spots initiated by the highest intense de-
fects of the initial beam (depth z = 30 m). These “hot” spots self-focus more and 
more over several meters, while they excite secondary smaller-scaled filaments in 
their vicinity (z = 35 m) [32]. Evacuation of power excess undergone by the pri-
mary filaments finally allows transfer of power to the central zone of the beam, 
which serves as an energy reservoir for exciting new sequences of small spots (z 
= 50 m) (Figure 21). Numerical data were represented for duration of pulse 85 
fs and power few terawatt [33]. From these results specific geometrical zones in 
the beam pattern were selected [32].  
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Figure 21. Filamentation pattern of the 700 Pcr beam delivered by Teramobile laser. La-
bels 1 - 3 spot specific beam zones commented on in the text [32].  

 
Characteristics examples are indicated by labels 1 - 3 [32]:  
1) points to a couple of hot couples surviving at further distances; 
2) indicates in active region of the beam, where intense filaments decay into 

cell of lesser intensity; 
3) identifies an area including a cross-wise structure that keeps some filaments 

robust over 5 m. 
Condition of receiving self-focusing is next: self-focusing must be more as 

diffraction [2] [7] [8] [9] [37]. Roughly speaking maxima of diffraction pattern 
may be represented as traces of optical breakdown.  

Other experimental data about laser-induced optical breakdown in matter are 
represented in [2] [7] [8] [9]. 

Thermal and plasma models of laser-induced optical breakdown are analyzed 
in [2] [4]. 

Now we are presenting direct cascade models of laser-induced optical break-
down according to [7] [8] [9]. 

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 [4] [5]. Strongly speaking, these filaments are 
sparks of optical breakdown. More universal concept is physical-chemical. 

But Kerr media are represented liquids basically. For solid state basic pheno-
mena are laser-induced electrostriction [1] [2] [7] [8] [9]. In the gas case we can 
have other nonlinear optical phenomena. Therefore, we must select more uni-
versal concept for the determination Pcr. 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 
Pcr or the critical value of energy may be determined in next way. Volume densi-
ty of energy of the creation self-focusing process may be determined with help 
next formula crvolW  [7] [8] [9] 

crvol a ncW E N= ,                        (34) 

where Ea: energy of activation proper “nonlinear” centers; Nnc: their concentra-
tion. 

Surface density for optical thin may be determined as [7] [8] [9] 
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,crvol
crsur

W
W

α
=                           (35) 

where α: absorbance index. Integral value of energy may be determined as [7] [8] 
[9] 

,crin crsurW W S= ⋅                          (36) 

where S: the square of irradiation.  
In this case [7] [8] [9] 

,crin
cr

ir

W
P

τ
=                           (37) 

where irτ  is duration of laser irradiation. 
The determination the concentration of scattering centers must be determined 

with conditions of proper experiment. It is determined by the conditions of ob-
servation 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 dif-
fractive stratification for n = 5. 

The explanation of creation the laser-induced filaments have various inter-
pretation. Firstly [7] [8] [9] is the creation wave-guide zones after point of col-
lapse. 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 in-
terpreted as laser-induced Cherenkov radiation [7] [8] [9]. The angle 2θ in the 
vertex of an angle of Figure 19(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] [9]. 

The Cherenkov radiation is characterized by two peculiarities [7] [8] [9] [34] 
[35] [36]: 1) creation of heterogeneous shock polarization of matter and, 2) radi-
ation of this polarization. The methods of receiving shock polarization may be 
various: irradiation by electrons, γ-radiation, ions and excitation with help pulse 
fields. The stratification of this radiation on other type’s radiation (volume, pseu-
do-Cherenkov a.o.) has relative character and may be represented as laser-induced 
Cherenkov radiation. Therefore in future we’ll be represented conical part of fila-
ment radiation as Cherenkov. 

This fact may be certified with macroscopic and microscopic ways. 
First, macroscopic may be represented according to [34]. The similarity be-

tween charge particle and light-induced Cherenkov radiation one can invoke the 
analogy between Snell’s law and Cherenkov radiation Figure 22) [34].  

This natural since both effects can be derived in the same way from the Huy-
gens interference principle. In [34] the point of intersection of a light pulse im-
pinging at an angle ϕ  on a boundary between two media moves with velocity  

1 cos
CV

n ϕ
= . This relation with Snell’s law, gives the Cherenkov ratio [34].  
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Figure 22. (a) Analogy between Snell’s law and Cherenkov radiation. The point of inter-
section of a light pulse impinging upon a boundary two media moves with velocity V = 
C/cosφ Combining this relation with Snell’s law one obtains the Cherenkov relation, cosθ 
= C/n2V. (b) The Cherenkov angle relation can be obtained from the conservation of the 
longitudinal component of a linear momentum at a boundary between media along 
which a nonlinear polarization is propagated [34]. 
 

( )2

cos C
n V

θ
ω

= .                       (38) 

This formula allows explaining the angle differences for various types of Che-
renkov radiation. In this case V may be represented as velocity of generation of 
the optical-induced polarization too [3] [5]. 

Thus the refraction law a light at the boundary between two media is the same 
as the condition for Cherenkov emission by a source moving along the boun-
dary. In nonlinear medium the emitted frequencies may be differed from the ex-
citation frequency. The Cherenkov relation is still valid since the constructive 
interference occurs at a given Cherenkov angle for each Fourier frequency com-
ponent of the light-induced nonlinear polarization. In a sense, one can speak 
about a nonlinear Snell-Cherenkov effect [34]. 

The microscopic mechanism of laser-induced Cherenkov radiation is 
expansion and application of Niels and Aage Bohrs microscopic theory of Che-
renkov radiation as part of deceleration radiation on optical case [7] [8] [9] [36]. 
For optical case the Bohrs hyperboloid must be changed on Gaussian distribu-
tion of light for mode TEM00 or distribution for focused light of laser beam [7] 
[8] [9]. In this case Cherenkov angle may be determined from next formula 

2Ch irθ α π
+ =  or 

2Ch irθ απ
= − ,                    (39) 

where irα  angle between tangent line and direction of laser beam.  
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Angle irα  was determined from next formula [7] [8] [9]  

 tan ,b
ir

sf

d
l

α =                            (40) 

where db diameter of laser beam, (7 mm), lsf length of self-focusing. In our case 

irα  is angle of self-focusing. 
This formula is approximate for average angle irα . 
The Golub formula (11) was used for the determination product ( )2 nl poln Vω  

[7] [8] [9]. Self–focusing and Cherenkov angles and product ( )2 nl poln Vω  were 
estimated for LiF, CaF2, fused silica, water and glass BK-7 in [9]. 

Thereby microscopic modified Bohrs theory and macroscopic Golub model 
are mutually complementary methods [7] [8] [9]. 

The decreasing of Cherenkov angle and product ( )2n Vω  for increasing of 
laser radiation intensity are corresponded to increasing of nonlinear refractive 
index and decreasing of velocity of polarization (multiphoton and multiwave 
processes) [7] [8] [9]. 

In whole microscopic mechanism of laser-induced Cherenkov radiation may be 
represented as nonequilibrium spectrum of all possible Nonlinear Optical pheno-
mena in the local points of propagation of the laser beam. It may be Raman and 
Brillouin scattering, up- and down-conversion, generation of harmonics and vari-
ous interference of these processes and phenomena, which are generated the con-
tinuous spectrum from ultraviolet to infrared regions [2] [7] [8] [9] [34].  

The estimation of sizes of the cascade of volume destructions of Figure 19(c) 
may be explained in next way [7] [8] [9]. The sizes (diameters) of proper stages 

nird  of cascade are proportionally to corresponding diffraction diameters ndifd  

nir ndifd kd= ,                          (41) 

where k is the proportionality constant. 
The diffraction diameters ndifd  may be determined with help condition of 

diffraction-pattern lobes (modified Rayleygh ratio) 

.ndifd nλ=                           (42) 

The estimations of first five diffraction diameters ndifd  for λ = 800 nm were 
represented in [7] [8] [9]. 

The distance between diffraction spots and proper moving foci may be deter-
mined with help next formula 

.
2 tan

2

ndif
nf

d
l

ϕ
=                         (43) 

These distances for φ1 = 20˚ and φ2 = 30˚ were represented in [7] [8] [9]. In 
general case the angle φ 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 opti-
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cal breakdown. But foci with more high number may place in the “zone” of in-
fluence of previous foci. Therefore, only first stage of Figure 19(c) is represented 
pure shock mechanism (Mach cone). Mach cones are characterized the second 
and third stages of Figure 19(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 break-
down. This direction is parallel to direction of shock wave and radiated spec-
trum is continuum as for Cherenkov radiation and as for observed laser-induced 
filaments in water and air [7] [8] [9]. Thus basic creator of optical breakdown 
traces is secondary Cherenkov radiation and shock waves. This radiation is ab-
sorbed 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 sa-
turation the excitation.  

The conclusion about diffractive stratification of focused radiation may be 
certified by experimental data of Figure 19(c) [7] [8] [9].  

These results are corresponded to Lugovoy-Prokhorov theory [37] too: dis-
tance between contiguous elements is smaller as distance between microscopy 
ocular and first stage of cascade (correlation of this distance is proportional to 
λ/d) but distance between contiguous elements of cascade is equal and propor-
tional to half wavelength [7] [8] [9]. 

Cherenkov radiation has next peculiarity. We know fact that induced radia-
tors give possibility to receive two coherent light sources. This fact is used for the 
standard interference [34] [35] [36]. Analogous phenomenon must be observed 
for Cherenkov radiation too [7] [8] [9] [35]. If we transmit light beam through 
two little volumes of similar matter, then we receive two coherent sources. This 
property is characterized for any wavelength of continuous Cherenkov spectrum 
[35]. Therefore, interference for Cherenkov radiation have broad spectral region 
[35]. 

Qualitative explanation of development of cascade the destructions (Figure 
19(c)) may be next [7] [8] [9]. 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 
Figure 19(c) is represented pure shock mechanism (Mach cone). Mach cones 
are characterized the second and third stages of Figure 19(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 ra-
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diated spectrum is continuum as for Cherenkov radiation and as for observed 
laser-induced filaments in water and air [7] [8] [9]. 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 crea-
tion of optical breakdown traces is more effectively as for beginning laser radi-
ation. Cherenkov radiation is laid in self-absorption range of 4H-SiC, but 800 
nm radiation in intrinsic range [7] [8] [9]. 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 ir-
radiated matter in the regime of saturation the excitation.  

We can rough estimate basic peculiarities of energy distribution in Mach cone 
may be used next formula [7] [8] [9] 

2 5
2 2

1
1

,
4ob iav iav aSiC Zth

i
E n l r N E

=

π  =  
 
∑                  (44) 

where niav: average visible number of filaments in proper group of cascade, liav = 
1000 nm, average length of filaments in proper group of cascade, r = 10 nm, av-
erage radius of filament, Na: atom density of 4H-SiC.  

The atom density of 4H-SiC may be determined with help next formula [7] 
[8] [9]. 

,A
a

n NN
A
ρ

=                          (45) 

where ρ: density of semiconductor, NA: Avogadro number, A: a weight of one 
gram-molecule, n : number of atoms in molecule. For 4H-SiC  

21 3
SiC 9.4 10 cmaN −= × . 

For further estimation we use next approximation  

1 2 3 4 5 100av av av av avn n n n n= = = = = , (see Figure 19(c)). 
Energy, which is necessary for the optical breakdown our nanotubes may be 

determined in next way. Zeitz threshold energy for 4H-SiC is equaled EZth ~25 
eV [7] [8] [9] [20]. Let this value is corresponded to energy of optical break-
down. Therefore summary energy 1obE  is equaled 

1 23.2 nJ.ob asnt ZthE N E= ⋅ =                    (46) 

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 transfor-
mation 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 (Figure 19) 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 Figure 5 is transformation of the initial laser radiation (wavelength 800 
nm) to continuum Cherenkov radiation. From length of optical breakdown in 
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4H-SiC we can determine average absorption index of Cherenkov radiation. It is 
~104 cm−1. This value is corresponded to violet-blue range of absorption spec-
trum of 4H-SiC [7] [8] [9]. 

The difference between generations of surface continuum radiation [7] [8] [9] 
and optical-induced Cherenkov radiation is next. At first time we have collective 
electromagnetic processes, which are may be represented as processes with ve-
locity 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 represent as processes with velocity more as phase speed of light in matter. 
Roughly speaking last processes may be had velocity less as phase speed of light 
in media but it must be local (quantum) [34]. But in this case we must determine 
the new phase speed of light as speed of collectivization of electromagnetic os-
cillations for corresponding frequency in irradiated media because we have 
continuum spectrum of irradiation. In this case the summary speed of interac-
tion 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. But 
intense laser irradiation is generated nonlinear polarization and Cherenkov rad-
iation [7] [8] [9] [34]. Therefore these processes have identical nature [7] [8] [9] 
[34]. 

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 (19). In further we 
made next approximation [7] [8] [9]: 1.5 eVaE hν= = ; ( )14 16 310 -10 cmncN −= . 
Then we have for SiC ( )5 3 32.4 10 -10 J cmcrvolW − − −= × ⋅ . For SiC α = 0.1 cm−1. 
And ( )54 2 22.4 10 -10 J cmcrsurW − − −= × ⋅ . 

Integral value of energy may be determined according by formula (36). For 
Figure 19(c) for r = 2 μm, S = 1.256 × 10−7 cm2. Therefore  

( )11 93 10 -10 JcrinW − −= × . For r = 1 mm we have ( )6 41.9 10 -10 JcrinW − −= × .  
These estimations are corresponded to estimations, which are received with 

help formulas for Kerr media. Roughly speaking they are equivalence [7] [8] [9]. 
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 dif-
fractive stratification for n = 5. 

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 
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processes: laser irradiation, diffractive stratification, Cherenkov radiation and 
optical breakdown [7] [8] [9]. 

A density of laser irradiation is equaled 

.p
avdr

E
W

S
=                         (47) 

where Ep: energy of laser pulse. For Ep = 200 nJ and Ep = 300 nJ and S = 1.256 × 
10−7 cm2 we have next value of avdrW  1.6 J/cm2 and 2.4 J/cm2. If we multiple 
these value of the absorbance index of SiC α = 0.1 cm−1 then we are receiving the 
volume density of energy avdrvolW  0.16 J/cm3 and 0.24 J/cm3. Really value is 0.4 
from represented data (reflectance is 0.6) and are 0.064 and 0.096 J/cm3 [7] [8] 
[9]. 

Correlation avdrvol crvolW W  for real values for SiC is equaled from 27 to 2700. 
Density of energy of optical breakdown Wob for SiC is equaled 18,800 J/cm3. 

Therefore correlation avdrvol crvolW W  is equaled 78,333 and 117,500 [7] [8] [9]. 
The analogous chain processes may be mage for other media (LiF, water, hard 

water, CaF2, NaCl, CS2, CCl4, C2HCl3 and fused silica) [9].  
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] [9]. 

Rayleygh model is resolution of Besant problem [38], which is formulated in 
next form “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 fill up, the pressure at a infinite 
distance being supposed to remain constant.” 

Rayleygh received resolution this problem for the sound shock processes for 
liquid. In this case cavitations’ bubbles have sizes from a few millimeters to a few 
centimeters [7] [8] [9] [38] [39]. 

In our case (Figure 19(h)) sizes of our nanovoids are equaled 15 - 20 nm. 
Therefore we must change “sound” mechanism of creation cavitations bubbles 
on electromagnetic. This problem was resolved with help change speed of sound 
or speed of light. 

The sizes of nanovoids (Figure 19(h)) may be determined with help modified 
Rayleygh model [7] [8] [9] and its form, the help methods of continuum me-
chanics. [7] [8] [9] in next way. 

Nanovoids may be represented as results of the laser-induced laser-induce 
breakdown and creation of cavitations bubbles [7] [8] [9] too. The light pressure 
may be determined with help of next formula [24] 

0
ir

i

E
p

cSτ
= ,                         (48) 

where E: energy of irradiation, τi: pulse duration, S: area of irradiation zone, c: 
speed of light. For circle symmetry 
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2 ,S r= π                           (49) 

where r: radius of laser spot. 
For the estimations of maximal radius of nanovoids we must use modified 

Rayleygh formula [7] [8] [9] 

max
2 .

0.915
ir

i

ERR
r cEτ

=
π

                   (50) 

where Tc: the time of creation the nanovoid (bubble), R is radius of nanovoid, r: 
radius of irradiated zone, E: Young module, Eir: energy of one pulse. τi: duration 
of pulse [7] [8] [9]. 

If we substitute r = 250 nm, R = 10 nm, E = 600 GPa [4] [6], Eir = 300 nJ, τi = 
130 ps, c = 3 × 108 m/s, than have Rmax = 11 nm. 

The speed of shock waves for femtosecond regime of irradiation is less as 
speed of sound. But we have two speeds of sound in elastic body: longitudinal 

lsϑ  and transversal tsϑ  [3]. Its values are determined with next formulas 

( )
( )( )

1
,

1 1 2ls
o

E ν
ϑ

ρ ν ν
−

=
+ −

 and 
( )

,
2 1ts

o

Eϑ
ρ ν

=
+

        (51) 

where ν: Poisson’s ratio [7] [8] [9]. The ratio between of these two speeds is 
equaled  

( )
( )

1 2
.

2 1
ts

ls

νϑ
α

ϑ ν
−

= =
−

                      (52) 

But this ratio must be true for shock waves too. Therefore, for silicon carbide 
for ν = 0.45 [7] [8] [9] α = 0.33. Roughly speaking last ratio is determined the 
step of ellipsoidal forms of our nanovoids (Figure 19(h)).  

In [7] [8] [9] allow estimating maximal longitudinal and transversal  
( )max , ,iR i l 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. But for the qualitative explanation of 
experimental data of Figure 19(h) this modified Rayleygh model allows ex-
plaining and estimating the sizes and forms of receiving nanovoids [7] [8] [9]. 

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 prob-
lem of optical breakdown the heterogeneity materials and heterogeneity of inte-
raction light and matter, including diffraction stratification, generation of con-
tinuum radiation (including Cherenkov radiation), interference Cherenkov rad-
iation and direct optical breakdown. These addition factors allow explaining ba-
sic peculiarities of interaction laser irradiation and matter, including gases 
(Figure 21), liquid (Figure 18) and solid (Figure 19 and Figure 20).  

But for more long time of irradiation we have second-order processes of dis-
order radiation, including reradiation and reabsorption [3]. In this case we may 
be having processes of heating and creation of plasma clouds [2] [4]. Foe shorter 
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regime irradiation a probability of cascade step-by-step laser-induced direct 
multiphoton excitation is increased and therefore we have third scenario of these 
processes [7] [8] [9]. 

Thus, methods of Relaxed Optics allow integrating processes of radiated and 
nonradiated relaxation (Nonlinear and Relaxed Optics) of first-order optical ex-
citation in one system and allow explaining processes of laser-induced optical 
breakdown and shock processes with one point of view. For qualitative explana-
tion of corresponding experimental data, we must add using methods by physi-
cal-chemical models and methods of diffraction stratification and laser-induced 
Cherenkov radiation [7] [8] [9]. 

Laser-induced shock processes have specific peculiarities. In general case we 
have electromagnetic and acoustic shock processes [7] [8] [9]. 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 
speed of collectivization the electromagnetic oscillations for proper frequency. 
Roughly speaking it is electromagnetic characteristic of media, which is corres-
ponded to its electron and ion subsystems. Example of this type process is Che-
renkov radiation. In this case we have radiated reaction of media on heterogene-
ity 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] [9]. 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 airplanes 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] [9]. 

Laser-induced shock processes may be represented as analogous to acoustic 
explosions. But this processes is realized with electromagnetic speed. In this case 
we must have “electromagnetic” explosion as Cherenkov radiation [7] [8] [9]. 

The formation of the laser-induced shock processes may be explained with 
help concept of coherent structures of Relaxed Optics [1]. 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 [1] we must have multiphoton process in the regime of saturation the ex-
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citation. 
In whole the nonequilibrium and irreversible shock processes may be had 

electromagnetic and acoustic nature [7] [8] [9]. 
Nature of laser-induced breakdown is determined by speed of energy transfer 

from laser irradiation to matter. For impurity mechanisms of absorption the la-
ser radiation may be realized next scenario [7] [8] [9]: 

1) Multiphoton absorption is comparatively low intensity but time of irradia-
tion is long-run. In this case we have heating of matter in the region of the ab-
sorption of laser radiation and thermal mechanism of optical breakdown. Other 
words absorptive energy may be represented as heat, which is caused the heating 
of media and its thermal breakdown. The process is characterized the speed of 
sound in matter and time of creation the heating of irradiated material is 
equaled ~(102 - 103)τi for millisecond and nanosecond regimes of irradiation [7] 
[8] [9].  

2) Multiphoton absorption is higher as in first case, 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 determines the speed of light. In whole the speed of this 
process is lesser as phase speed of light in irradiated matter. But this time is de-
pending from intensity of irradiation too [7] [8] [9]. 

3) Multiphoton absorption is higher as in case 2 and may be source of direct 
optical breakdown. But this process must have speed more as phase speed of 
light in media [7] [8] [9].  

But laser-induced optical breakdown is possible only in volume of irradiated 
matter. On surface we will be had ablation for thermal and plasma mechanisms 
of laser-induced optical breakdown and sublimation for plasma and direct me-
chanisms of optical breakdown.  

Now we used physical-chemical method of estimation for the modeling expe-
rimental data for KCl (Figure 20). Density of atoms of KCl was determined with 
help formula (1) and it equals 3.1 × 1022 cm−3. Zeits energy for KCl has value ~30 
eV [20]. 

We used next approximations. Photography of Figure 20 gives a blurry image 
compared to the bright-field TEM image of Figure 19. Therefore, we can’t see 
the microstructure of optical breakdown. But we use rough average approxima-
tions for diameter daverage and length l of cascade laser-induced optical break-
down of Figure 6. Volume of cascade was determined as cylinder volume. 

Figure 20 is similar to Figure 19(c). But regimes of irradiation of Figure 20 
are similar to mode TEM01. Therefore, we have two channels of generation the 
cascade of laser-induced optical breakdown [7]. 

The distances between bubbles of Figure 20(b) are more as between regions 
of destruction of Figure 19(c). But conditions of focusing the radiation in these 
both cases are equivalence. Therefore, the distances between neighboring bub-
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bles l2 of Figure 20(b) and neighboring regions of destruction l1 of Figure 19(c) 
are connected by next formula 

1 1
2 2

2 1 1
2 2

2 2

tan tan
2 2 .

tan tan
2 2

ndif

ndif

d
l l l

d

ϕ ϕλ

ϕ ϕλ

   
   
   = =
   
   
   

               (53) 

In whole the correlation of this distance is depended from wavelength of ir-
radiation and focusing angles, including intensity of irradiation? Which is de-
termined the step of homogeneity of irradiated matter. If we substitute in for-
mula (53) λ2 = 10.6 μm and λ1 = 0.8 μm and 1 2ϕ ϕ=  then we’ll receive  

2 113.25 .l l=                          (53a) 

Energy characteristics of irradiation weren’t represented in [31]. Therefore we 
select value 2 J/pulse from [7]. In this case we have effective using energy. Me-
thods of estimations of energy characteristics for KCl 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 Figure 20(b) 5 - 7 steps of cascade optical breakdown we see. Sources of 
Cherenkov radiation id diffraction stratified cones [7]. 

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 KCl too. 
This value is 11.6 - 17.4 percents. 

Experimental data, which are represented in Figure 19 and Figure 20, are 
similar to bead lightning [7] and resemble a frozen picture in a travelling wave 
lamp [7]. 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 mul-
tiphoton absorption. In this case we have inner nonlinear and relaxed optical 
processes. 

As we see basic mechanism the inhomogeneities cascade damages of la-
ser-induced optical breakdown is nonlinear optical transformation of initial 
radiation. Inclusions in 4H-SiC and KCl are distributed homogenously and 
therefore one can’t be the source of laser-induced inhomogeneities.  

3. Some Technological Applications 
3.1. Annealing of Radiation Damages  

Now we’ll show applications of laser radiation for the annealing the damages of 
ion implantation [1] [6] and nuclear reactor neutron radiation [9].  

The results of the positive resolution the problem of laser annealing of 
ion-implanted InSb and InAs were represented. The conclusion of previous 
chapter may be next: the laser annealing of these semiconductors the ruby laser 
is impossible. For more precision research of this hypothesis the ruby laser (du-
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ration of pulse 20 ns, wavelength 0.6943 μm) and CO2-laser (pulsing with 
duration of pulse 10 μs, and stationary, wavelength 10.6 μm) irradiation the 
Mg+/InSb (Mg ion energy 100 keV, dose of implanation 6 × 1014 cm−2), 
Mg2+/InSb (Mg ion energy 50 keV, dose of implanation 6 × 1014 cm−2) and 
S+/InAs (S ion energy 40 keV, dose of implanation × 1015 cm−2) were provided. 
For observation method of measurement Hall concentration of charge with 
layer-by-layer etching and method of Rutherford backscattering ions of He with 
energy of 1.8 Mev and protons with energy 500 keV were used. The results of 
integral researches are represented in Figure 23 [1] [6]. 

The residual defectiveness χD of ion-implanted layers is determined as follows 

,i o
D

r o

N N
N N

χ
−

=
−

                         (54) 

where Ni, Nr and No: the number of counts of the recording equipment, which 
corresponds to the number of backscattered helium ions or protons for an 
ion-implanted sample, an unimplanted sample in random mode and in channe-
ling mode, respectively. 

The curves 1, 2 and 3 in Figure 23 are correlated. It is explained as fact of the 
addition optical damages to radiation defects for intensity of irradiation 0.04 ÷ 
0.1 J⋅cm−2. Further increasing the intensity to provide to the interaction with 
optical and radiation damages, but in this case the more important role has 
heating phenomena. For more small intensity of the irradiation (I0 < 0.04 J⋅cm−2)  
 

 

Figure 23. Laser effects in InSb and Mg2+/InSb: 1: the energetic dependence of the crea-
tion the donor centers in InSb (points are experimental data); 2: χD = f (I0) in InSb; 3, 4: 
χD = f (I0) in Mg++/InSb after ruby laser (3) and CO2-laser (4) irradiation [1] [6]. 
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the level of the defective state isn’t increased. The comparative analysis these da-
ta with results of Ruby and Nd lasers irradiation show why laser annealing is 
impossible for these cases. In this case the full activation the implanted impurity 
isn’t existed for all possible regimes of the irradiation. 

For the application for laser annealing CO2-laser (Ea ≤ hν ≤ Eg) the activation 
of implanted impurity was attained. The radiation defects are annealed for all 
regimes of the irradiation (stationary and impulsive). The results of the applica-
tion of the impulse CO2-laser for annealing Mg2+/InSb are represented on curve 
4 Figure 23. The increasing of the level of the defective state as for curve 3 is ab-
sented. Analogous results were received in for HgxCd1−xTe and PbxSn1−xTe [1] 
[6]. The correlation between thresholds the melting and the heat destruction of 
the InSb for Ruby-laser and CO2-laser irradiation were 1:10 and 1:3 respectively. 
The explanation of this fact is next. For Ruby-laser (hν > Eg) process is provided 
on succession the creation of optical damages, heating, including reconstruction 
and annealing primary damages and creation secondary heating defects, melting 
- destruction. For CO2-laser this succession is more shortly: heating - melting - 
destruction. Coefficient of the creation damages of two-photon absorption is 
small. In the case of laser annealing of ion-implanted layers, the index of the ab-
sorption of ion-implanted layer is 104 cm−1 thus as for pure materials one is 10 
cm−1. For comparison, index of the own absorption for ruby laser is 2 × 105 
cm−1. Thus for CO2-laser annealing the process has next succession photosti-
mulated and thermal annealing. Both processes (quantum and temperature) 
have one direction. It is corresponded the independence of this experimental 
data of time irradiation for this process. In our researches the processes of the 
melting after CO2-laser irradiation are not observed. The electrophysical 
properties of laser annealed layers (Volt-Ampere characteristics) are shown 
the activation of the implanted admixture. For increasing the intensity of the 
irradiation of stationary laser in 3 - 4 order than for annealing samples are 
heated to red color and sublimated. In general case the laser irradiation with 
hν > Eg may be used for laser annealing for more long time of irradiation 
(~10−3 s and more). For any intensity of the irradiation process of the anneal-
ing may be more intensive than processes of the optical and temperature crea-
tion of the damages. For this time of the irradiation the concentration of the 
thermodefects, implanted impurities and optical defects may be correlated for 
various regimes of the irradiation. 

The renewal structure and full activation of the impurity in Mg+-implanted 
layers InSb is possible only for the CO2-laser irradiation with density of energy 
flow I0 = 10 J·cm−2 [1] [6]. This effect is integral and isn’t depended from the re-
gime of irradiation (impulse or stationary). The renewal of structure is happen 
after impulse Ruby irradiation with I0 = 0.1 J·cm−2 in measurement Rutherford 
backscattering spectra ion H+ with energy 500 keV and He+ with energy 1.8 
MeV. But activation of the impurity isn’t happening [1] [6]. 

The renewal structure and full activation of the impurity in Mg+-implanted 
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layers InSb (ion energy 100 keV, dose 6 × 1014 cm−2) is possible only for the 
CO2-laser irradiation with density of energy flow I0 = 10 J·cm−2 [1] [6]. Analog-
ous process renewal structure and full activation of the impurity in S+-implanted 
layers InAs (ion energy 40 keV, dose 1014 cm−2) is possible for the CO2-laser ir-
radiation with density of energy flow I0 = 12 J·cm−2 [1]. 

From the same point of view, the positive results on laser annealing of silicon 
with neodymium laser radiation are explained. The absorption coefficient of this 
radiation by a pure material is 60 cm−1, ion-implanted 104 cm−1 [40]. When irra-
diated with pulses of a ruby laser or radiation of the second harmonic of a neo-
dymium laser, the results are similar to the case of irradiation of ion-implanted lay-
ers of indium antimonite and indium arsenide with ruby laser radiation [1] [6] 
[40]. 

But the creation of new donor centers in InSb, InAs and Si after pulse laser ir-
radiation with hν > Eg allows to receive n-p junctions. n–layers were stable for 
the I0 = 0.1 J·cm−2 for InSb and I0 = 0.16 J·cm−2 for InAs. Corresponding 
Volt–Ampere characteristics are curve 2 (InSb) and curve 3 (InAs) on Figure 24. 
These characteristics have more “bad” character as characteristics of curve 1. 

This difference may be explained in the following way. The CO2-laser an-
nealed ion-implanted layers (LAIIL) are the more stable centers as Ruby laser 
induced donor layers (LIDL). The depth of LAIIL is 0.2 - 0.4 μm, the depth of 
LIDL 0.6 - 6 μm. The edge of ion-implanted layer is more abrupt as 
laser-induced layers. It is basic cause of the best electrophysical properties LAIIL 
as LIDL. 

The difference between physical properties of the LAIIL and LIDL supplement 
 

 
Figure 24. Volt-Ampere characteristics p-n and n-p junctions: LAIIL, curve 1: Mg2+/InSb 
[1] [6], curve 4: S+/InAs [1]; LIDL, curve 2: InSb [1] [6], curve 3: InAs [1] [6]. 
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the explanation of the conclusion about impossibility of the laser annealing 
ion-implanted layers with irradiation in regime hν > Eg, where Eg band gap of 
semiconductor [1] [6]. The index of absorption in pure p-InSb of the CO2-laser 
irradiation is 10 cm−1, Ruby laser 2 × 105 cm−1. The index of absorption in 
Mg2+/InSb layers of the CO2-laser irradiation is 104 cm−1. Therefore in the first 
regime (curve 1, Figure 24) of the irradiation we have one process light scatter-
ing on metastable centers and this effect isn’t depended from the time of the ir-
radiation. The heat effects (for impulse regime of the irradiation) have the same 
direction as photoinduced phenomena.  

The proper concentration profiles of distribution of donor centers are selected 
for “stable” regimes of the irradiation for InSb (curve 2 of Figure 24) and InAs 
(curve 4 of Figure 24). 

The difference of absorption indexes for Ruby and CO2-laser irradiation is 
caused of the impossibility of laser annealing and activation implanted impurity 
with the help of the laser irradiation with regimes hν > Eg. For the laser anneal-
ing of ion-implanted layers must be used the irradiation with hν < Eg. The irrad-
iation with hν > Eg is the processes of light scattering on stable centers (covalent 
bonds for InSb and InAs [1] [6]. This process is caused of the generation high 
concentration of donor centers. Defects of ion implantation have n type of the 
conductivity, too. The thermal defects in InSb have p-type of conductivity [1] 
[6]. Therefore, the contradiction in the explanation of the cause, the creation 
and annealing damages and activation impurity in InSb is founded on various 
charge states laser induced damages and thermal defects. 

Laser irradiation may be used for the annealing the neutron-induced radiation 
defects in InSb and InAs magnetic sensors of nuclear reactors [9]. Unlike ion 
implantation and laser surface doping, these are volumetric effects. 

Periodic illumination of magnetic sensors with CO2-laser radiation can prac-
tically increase the service life of the sensors until the time of accumulation of 
decay products of the initial material up to a concentration of 1017 - 1018 cm−3 [9]. 
For the bulk blistering we must have proton dose 1020 - 1021 cm−3 [9]. The time to 
take such doses is changed from 3.2 to 3200 years [9]. The main difficulty is the 
supply of laser radiation to the sensors in the working area of the reactor [9]. 

The application methods of Relaxed Optics for the receiving stable n-p junc-
tions is expanded the technologic methods of modern optoelectronics. These 
methods may be applied for the other semiconductors, including Si, Ge, GaAs, 
CdS, CdTe, ZnSe, Hgx Cd1−xTe and Pbx Sn1−xTe. 

Methods of RO may be used for the creation surface nanostructures, various 
volumetric devices and for the increasing of the resource of the existing optoe-
lectronic devices, including semiconductor and solid laser, photodiodes, optical 
fibers, heterostructures and other. 

3.2. Processes of Reabsorption and Reirradiation and Its Possible  
Applications 

Simple examples of RO processes are the photochemical phenomena. The con-
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ditions of effectively of these processes may be divided on two groups [9].  
First grope is including the case of light scattering on unstable or metastable 

centers. For this case basic role have the integral flux of radiation. These 
processes may be single-photon and cascade multiphoton. The CO2-laser an-
nealing of ion-implanted layers Mg2+/InSb in pulse regime (duration of pulse 0.1 
μs) and stationary regime (duration of irradiation 2 s) result to identical results: 
we have full crystallization of ion-implanted layer and activation of impurity. 
This process is example of processes of first group.  

Second group processes are the processes of light scattering on stable centers. 
For this case basic role have intensity and time of irradiation. Laser implantation 
of InSb with help Ruby-laser irradiation is example of phenomena of second 
group.  

Basic peculiarities of Relaxed optical phenomena may be analyzed with pro-
files of laser-induced subsurface donor centers in InSb (Figure 25 and Figure 
26) [1] [6] [9] [41]. 

The profiles of the distribution the photostimulated donor centers in subsur-
face layers InSb are represented in Figure 26 [41]. The samples of p-type con-
ductivity are irradiated by pulses of Ruby laser (wavelength λ = 0.69 μm, dura-
tion of pulse τi = 20 ns). For intensity of irradiation I0 > 0.001 J·cm−2 for InSb the 
n-layers on p-type materials are created. For intensity of irradiation I0 < 0.1 
J·cm−2 for InSb the profiles of the distribution of donor centers are represented 
the Buger-Lambert law (law of absorption the light in homogeneous media). For 
further increasing the irradiated intensity the profiles of the concentration donor 
centers have diffusion nature. The visible destruction of the irradiated semicon-
ductor (melting, the change of the surface colour) had place for I0 > 0.3 J·cm−2 
for InSb. For explanation of results of Figure 25 modified model of photoeffect  
 

 
Figure 25. The profiles of the distribution the layer concentration of the donor centers in 
inverse layers InSb after Ruby laser irradiation with various density of energy (monoimpulse 
regime): 0.07 (1); 0.1 (2); 0.16 (3) J·сm−2 [1] [6] [9]. 
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Figure 26. Profiles of the volume distribution electrons after laser irradiation. 1, 2: Ruby 
laser; 3: YAG:Nd laser. Energy density in pulse, J/cm2: 1 - 5; 2 - 40 [41]. 
 
for irreversible case was created [1]. Curves 1, 2 are corresponded to kinetic ap-
proximation of this model [1], curve 3 is corresponded to dynamic approxima-
tion of this model [1]. Microscopic mechanisms of these results was observed 
with help model of cascade step-by-step excitation of proper numbers and types 
of chemical bonds in the regime of saturation the excitation [1]. For indium 
antimonite two-dimensional lattice of sphalerite was used [1]. According to this 
model, curves 1, 2 of Figure 25 are corresponded to breakage two from three 
chemical bonds [1]. This case is corresponded of two-photonic absorption and 
may be represented as irreversible generation of second harmonic, observation 
of second harmonic for self-absorption range with help of optical and NLO me-
thods is impossible [1].  

The dependence of the creation donor centers in subsurface layers of InSb af-
ter Nd:YAG and Ruby laser irradiation is represented in Figure 26 [41]. The 
profiles were researched by V. Bogatyryov and G. Kachurin [41]. An irradiation 
was created with help Ruby laser (λ = 0.69 μm, τi = 5 - 6 ms) and series of pulses 
Nd:YAG-laser (λ = 1.06 μm, τi = 10 ns, frequency of repetition of pulses was 12.5 
Hz). A value of threshold the energy of creation n-layers is equaled ~5 J/cm2. A 
tendency of the saturation of the layer concentration had place for the energy 
density ~40 J·cm−2 [41]. These donor centers and proper damages are stable to 
temperature 400˚C [40]. The melting of surface has place for this value of the ir-
radiation [41]. 

Form of curves 2 and 3 of Figure 26 showing an influence two- and multi-
photon processes on formation of resulting profile of distribution of donor cen-
ters. Subsurface region (~0.5 μm) is corresponded to two-photonic self-absorption 
as for curves 1, 2 of Figure 25. Middle parts of curves 2 and 3 of Figure 26 are 
corresponded of multiphoton absorption with photon energy 0.18 eV (band gap 
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of InSb). Basic processes for this case are processes of photon fracturing and 
further reirradiation of bulk semiconductor [9]. Number of reradiations may be 
400 - 500 [9]. Therefore “quantum yield” of creation donor centers for millise-
cond regime of irradiation is substantially smaller as for nanosecond regime. 

Processes of very large laser pumping can cause suppression of oscillation and 
appearance of chaotization of laser radiation (Haken phenomenon) [1] [10].  

All these processes were explained with one physical-chemical point of view, 
with using elementary energetic estimations [9]. The basic idea of this method is 
the successive saturation of excitation of proper chemical bonds of irradiated 
materials [9]. This method allows eliminating differences in the explanation of 
proper experimental data. 

For the short regimes of irradiation, when irradiated time is less as relaxation 
time, the basic processes of irreversible changes in irradiated materials in the re-
gime of saturation of excitations are straight processes of photoinization, in-
cluding multiphoton processes of absorption. For indium antimonite most 
probable nonlinear processes for the regime of pulse Ruby-laser irradiation are 
the photon fragmentation and up-conversion absorption. First effect is basic for 
the excitation of first chemical bond (one photon break off ~4 - 5 bonds). This 
fact is caused grand relaxation time ~10−7 s. Up-conversion absorption is the re-
sult of the scattering Ruby-laser photons on excited electrons of first bond. This 
effect is caused break off second and third chemical bonds of InSb [1] [9]. For 
the irradiating time less as first relaxation time ~10−7 s the processes of irradiated 
relaxation are negligible. But for the regimes of irradiation with time ~10−3 s the 
processes of reirradiation have grand value on the processes of the formation 
irreversible changes in irradiated materials.  

Higher concentration of donor centers for more short regimes of irradiation 
(Figure 26) is caused of processes of reradiation. For the regimes of irradiation 
with 1i rτ τ  we have two types of irradiation: first order, basic, Ruby-laser ir-
radiation with hν = 1.78 eV, and second order reradiation with hν = Eg = 0.18 eV 
for InSb [9].  

Rough estimation of effects of reemission may be made with help next formu-
las. The first part of reemission is equaled  

1
1 0e xr

r
i

I I ατ
τ

−= .                       (55) 

Let this part of absorbed radiation is reemitted. In the next time the absorbed 
irradiation may be represented in the next form  

1 21 1 1 1
2 0 0 01 e 1 e e ,x xxr r r r

r
i i i i

I I I Iα αατ τ τ τ
τ τ τ τ

− −−   
= − + −   

   
       (56) 

where 1α : absorption factor of radiation with gh Eν =  (laser effect) and 2α : 
absorption factor of “blooming” radiation. 

Second term in (56) is represented up-conversed absorption, which is caused 
irreversible changes in semiconductor. Second and third relaxation times are 
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considerably greater as time of irradiation. Therefore second term in (56) may 
be represented as “irreversible” term. For the receiving number of reemissions n 
we must multiply second term of formula (56) on n and equate to intensity of 
saturation of excitation Isat. Then 

01

i sat

r
r

i

I
n

I

τ
ττ
τ

=
 
− 

 

.                       (57) 

After substitution proper value of Isat from [9] and I0 from Figure 26 we have 
10 500n ≅ ÷ . 

It is very rough estimations. But experimental data of Figure 26 are certifi-
cated this hypothesis. Surface and volume concentrations donor centers in InSb 
after irradiation of nanosecond Ruby-laser pulses (Figure 25) is more in 3 - 4 
orders as after millisecond irradiation (Figure 26).  

For this case we can propose next simple model. The part of absorbed irradia-
tion with including process of n-reirradiation may be represented as 

01 1 1 e .xr r r r
n

i i i i

I I ατ τ τ τ
τ τ τ τ

−
   

= − − −        
              (58) 

After using of formula for geometrical progression this relation may be 
represented in next form [9]: 
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with help formula (59) we can receive ratio for r

i

τ
τ

 for curves 2 and 3 of Figure 

26. In this case we can approximate In as average value for tails of this curve and 

0e xI α−  as average value for their subsurface parts. For this case we have 

0.05 - 0.1r

i

τ
τ

≈ . For Ruby laser irradiation (curve 2 of Figure 26) we can determine  

relaxation time ( ) ( )0.05 - 0.1 0.25 - 0.5 msr iτ τ≈ ≈ . This time is equal zero for 
curve 1 of Figure 26 because processes of second-order reirradiation have not 
influence on the irreversible processes. 

We can compare the efficiency of generation donor centers for the nanose-
cond (curve 2 of Figure 26) and millisecond (curve 2 of Figure 26) regimes of 
irradiation. Curve 2 of Figure 25 is represented pure irreversible process. 
Therefore, the comparative efficiency of using millisecond laser irradiation for 
creation of irreversible changes in irradiated matter may be determined with 
help next formula.  

.
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This value is equaled 2.5 × 10−6 for subsurface part of curve 2 of Figure 26 and 
2.5 × 10−7 for tail part of curve 2 of Figure 26. For curve 1 of Figure 26 this effi-
ciency is equaled 2 × 10−6. Therefore, processes of reirradiation may be used for 
the formation more deep parts of irradiated matter [9]. 

Forms of profiles of distribution of donor centers are various too. The maxi-
mum of distribution is displaced in volume for nanosecond regime of irradia-
tion. It is effect isn’t characterized for millisecond regime of irradiation (Figure 
26). Multipulse regime of irradiation of nanosecond Nd:YAG laser is analogous 
to Ruby-laser in millisecond regime, but for this case we have more discrete 
process of irradiation. The reemission is caused the decreasing concentrations of 
donor centers and increasing the depth of donor layers.  

Effect of reirradiation in RO is analogous to famous G. Gamov Urca-process 
[9] and therefore may be called as optical Urca-process: more part of absorptive 
and reabsorptive energy is radiated and reradiated and cause not the phase 
transformations in irradiated matter. 

The honeycomb model of laser annealing [19] may be realized in this case too.  
These processes were named laser implantation [1] [9]. It may be used for 

creation off new technologies of optical and electronic devices. The problems of 
a creation of the three-dimensional periodical electronic structures are very im-
portant and may be having good future.  

With help of these processes we can correct proper properties of materials 
and devices. High thermal stability of receiving donor centers on indium an-
timonite (350˚C - 400˚C) may be allowed to refine the basic characteristics 
photoelectronic infrared devices. But for this we must select correct regime of 
irradiation.  

This method allows receiving materials with properties, which can’t be re-
ceived with help other methods. Therefore, using of this method is expanded 
fundamental and applied aspects of modern laser physics and optoelectronics. 

So, layers of Figure 26 may be used for the receiving n+-n-p junctions, layers 
of Figure 25 for the creation n-p junctions (curves 2 and 3 of Figure 24) [1] [9]. 

3.3. Other Applications 

Surface periodical structures may be used as diffractive lattices [9]. It was basic 
cause of research A. Bonch-Bruevich and his colleague’s [4]. 

Multistructural nanohills (Figure 1) and microcolumns (Figure 2) may be 
used for the creation new elements of optoelectronics, including nanoelectronics 
(diodes matrixes, filter matrixes etc.).  

Laser technology may be used for the selection various crystal structures of 
metals on the example of titanium (Figures 3-5). After laser irradiation hex-
agonal titanium is localized in subsurface regions, cubic in volume of irradiated 
material. 

Possible applications of phenomena and processes of laser-induced break-
down of matter may be distributed on two groups: positive and negative. 
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Negative processes are connected with laser-induced destruction of corres-
ponding elements of optoelectronic systems and decreasing of its lifetime. 
Therefore, in this case we must use only low intensity irradiation and unfocused 
irradiation. These procedures must be included in work regimes of fiber optic 
communication lines and other devices of modern photonics.  

Positive application may be next. Well known the using laser irradiation for 
the laser-annealing of ion-implanted layers of semiconductors [1] [6] and for the 
increasing the lifetime of magnetic sensors and other elements of nuclear reac-
tors [9]. In this case we have low intensity of irradiation of light scattering on 
unstable or metastable centers, basically photochemical processes. 

Next stage of possible applications laser-induced, including optical break-
down, processes is next. Focused laser irradiation may be used as source of dif-
fraction stratification of initial laser irradiation, a generation of Cherenkov radi-
ation, interference of this Cherenkov radiation and the creation cascade of de-
struction, which can use as volume diffractive lattices or other elements of con-
trolling the laser irradiation and as elements of multifunctional heterostructures 
(Figure 19 and Figure 20). These multifunctional structures may be used as 
passive and active elements with various system values. Roughly speaking it may 
be semireproducing devices. 

The laser-induced optical breakdown of matter may be used for the change 
functional properties of optoelectronic devices and elements and for the creation 
new systems. 

In more general case the methods of Relaxed and Nonlinear Optics may be 
used for the creation new elements of optoelectronic systems with nonequili-
brium and irreversible properties [1] [6] [9].  

It may be used for the creation new circle elements and devices and expan-
sions of functional activity of existing devices. 

The laser-induced optical breakdown of air may be used for energy transmis-
sion over long distances [4] [7] [37]. 

The problem of the irreversible interaction light and matter have large influ-
ence on the life time the objectives of art (painting, buildings, monuments and 
other) [1]. 

Two aspects of this problem are represented. First, natural: in this case the 
light is the source of the aging and the destruction. Second, creational: the light 
is the source of the creation and the renewal. The union of the both approaches 
may be used for the decoding the ancient objectives of the culture. 

These ways of the application the relaxed optical phenomena are discussed. 
The problem of the aging the objectives of the art is very ancient. The basic 

objectives of art and archaeology are meant in time. The light is one of the basic 
causes of this meaning at the direct and derivative applications. The wind, water, 
temperature and light are the basic parameters of the destruction, renewal and 
creation in the art, archaeology and architecture.  

The one of the more ancient the cultural monuments are created in stones, 
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ceramics, papers and metals. Its lived the thousands years. The other monu-
ments (which is built on other materials: tree, loam, sand, reed, paint) have more 
short time of the life (same centuries and less). Two problems must be resolved 
in this region of human activity. First, the creation the monuments of art with 
long time of the life, and second, the decoding and renewal the ancient exem-
plars of art and culture. 

First are the problem of the present and the future of the culture and second is 
the problem of the past of the culture. But both these problems may be united in 
one more general. The ways of the resolution this problem as whole is next: first, 
the theoretical researches in the modeling new methods of the representation 
and the creation of the cultural objects; second, the theoretical and physi-
cal-chemical researches in the region of the decoding and renewal of the ancient 
cultural objects. The first direction is more rich and intensive than second be-
cause one is used the basic achievement of the modern science and technology. 

Laser-induced micro-holes have a broad application in different manufacturing 
sectors, such as microelectronics, aeronautics, electric engineering, medicine and 
many others. Creation of micro-holes with given parameters simplifies application 
of new generation of microelectronic components, microsensors, filters, surgical 
instruments etc. Therefore, micro-hole drilling in a wide range of materials, such 
as steel, copper, aluminum, etc., has received much attention [42] [43] [44] [45]. 

The demands for high precise micro-holes are increasing with the increasing 
of application range, therefore traditional mechanical drilling is slightly applica-
ble. On the other hand, laser drilling using continuous-wave lasers is accompa-
nied with the formation of melting layer and due to its uncontrolled redeposi-
tion recast layer. The best way of overcoming main laser drilling disadvantages is 
laser pulse shortening, so that only material ablation by nonlinear absorption 
takes place [42]. Such material ablation could be achieved by using of picose-
cond or even femtosecond laser sources because ablation of pulsed laser radia-
tion depends on the length of the respective pulse. Different pulse lengths have 
different etching mechanisms during removal of the material, and the shape of 
the material surface will be different after the removal process. 

As shown in Figure 27(a) [45], the long-pulse ablation area is much larger 
than the laser focused spot, which can easily lead to material melting, and the 
debris of microcracks and splattering processing will pollute the processing area.  

Other adverse effects include the damage to nearby structures and the area 
around the ablated area becomes wrinkled. As shown in Figure 27(b) [45], 
compared with the long-pulse laser, the ultrashort pulse laser has the advantages 
of very short pulse duration, high pulse peak power, thermal effects and shock 
wave can be avoided, accurate targeting focused positioning and so on. Struc-
tures manufactured by femtosecond laser have extremely sharp edges compared 
to long pulses. 

Although studies on micro-hole drilling by short pulsed lasers have received 
much attention, drilling of high precise micro-holes with minimal or no thermal 
damage still remains a major challenge [42] [43] [44] [45]. 
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In work [42] micro-hole drilling was processed using TRUMPF TruMicro 
5000 picosecond laser. The wavelength of the laser was 515 nm with a pulse 
width of 10 ps at 400 kHz pulse repetition frequency. The power density was 
5.72 × 105 W·cm−2, and equivalence laser fluence was 1.43 J·cm−2. Micro-holes 
were received in steel SAE-304 (Figure 28) [42] 

Line profiles of drilled micro-holes for different amounts of shots are represented 
on Figure 29 [42]. 

Depth of the hole drilled using picosecond laser for different numbers of 
pulses was researched too (Figure 30) [42]. 

As seen from Figure 30 the dependence of the depth of holes tends to satu-
rate. This is obviously due to the increase in light reflection compared to pre-
vious pulses. 

In order to avoid dross (Figure 28), it is advisable to choose the modes of la-
ser irradiation such that the main processes are sublimation of the irradiated 
material. This mode is easy to choose, since the binding energy of near-surface 
atoms is 1.2 - 2 times less than that of bulk atoms, while we will have la-
ser-induced sputtering with a solid rather than a liquid phase. 

 

 
Figure 27. Physical phenomena of irradiation by short laser pulse (a), ultrashort laser pulse (b). 
 

 
(a)                                   (b) 

Figure 28. Micro-holes drilled in stainless steel using picosecond laser: (a) 30 shots, 2D 
view; (b) 190 shots, 3D view. 
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Figure 29. Line profiles of drilled micro-holes for different amounts of shots [42]. 

 

 
Figure 30. Depth of the hole drilled using picosecond laser for different numbers of 
pulses [42]. 

 
The edges of the holes will be smoother and by adjusting the irradiation time, 

we can get holes in a wider range of sizes. For these purposes, longer irradiation 
regimes can be used. 

An interchange of Relaxed and Nonlinear optical processes may be used for 
the creation new devices for the work in aggressive and hard-to-reach media, in-
cluding chemical and nuclear industries, cosmos, and ocean and for the creation 
new chapters of laser technologies [4] [6]. 
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4. Conclusions 

1) The question of the need to create relaxation optics designed to explain the 
phenomena that arise in laser technologies is analyzed. 

2) Surface phenomena of Relaxed Optics are considered. At the same time, at-
tention is focused on photostimulated phase transformations in laser-irradiated 
materials. Cascade model of step-by-step of proper chemical bonds in the regime 
of saturation of excitation is used. 

3) Short review of volume processes of RO is represented, too. Role of few 
Nonlinear Optical processes (electrostriction, Brillouin scattering a.o.) in the 
formation of proper irreversible changes is shown. 

4) Processes of creation of laser-induced filaments and optical breakdown are 
explained with unitary point of view. Complex cascade model (focusing, diffrac-
tive stratification, generation of the surface optical-induced Cherenkov radia-
tion, interference of this Cherenkov radiation and generation of electromagnetic 
shock processes) allow to explain main experimental data. 

5) Applications of laser radiation for the annealing surface damages of 
ion-implantation and volume damages after neutron irradiation are discussed. 

6) New area of processes of the reabsorption and reirradiation as technologi-
cal methods of modern optoelectronics are represented. 

7) Possible applications of method of RO in painting, architecture and build-
ing are analysed. 

8) Some questions of using laser irradiation in metallurgy and material science 
are discussed, too. 
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