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MAIN PROBLEMS OF MODELING LASER-INDUCED BREAKDOWN OF MATTER

The main problems of modeling the laser-induced breakdown of matter are discussed. We show that this problem must
be represented as resolution of famous Newtonian phrase: “Optics studies the processes associated with the transition
of light into matter and matter into light.” Short analysis of main kinetic and dynamic processes is analyzed. Photoinduced
and photochemical processes are represented kinetic phenomena. Thermal and plasma processes — dynamic phenomena.
Unlike electrical breakdown, which can be superficial, laser-induced breakdown occurs in a medium that is transparent
to the incident radiation. Therefore, we present the main differences between electrical and laser-induced breakdown.
These processes are accompanied of phase transformations of irradiated matter. These processes have saturation nature.
We show that these process have cascade nature. Therefore, basic problem of modeling is find the corresponding chain
of interconnected phenomena, which are generated in the process of interaction the light and matter. Short analysis
of corresponding models, which are used for the explanation of main peculiarities of electrical and laser-induced
breakdown, are represented. These phenomena have threshold nature. Therefore, we selected experimental data of creation
laser-induced optical breakdown for silicon carbide and potassium chloride. The proper cascade model was created. This
model includes next stages: diffraction stratification (modifid model of Rayleygh rings); generation of Cherenkov radiation
on each cone of corresponding diffraction ring (synthesized Golub and Niels and Aage Bohrs models), interference
of short-wave part of Cherenkov radiation; optical breakdown in maximum of this interferograms. At the same time,
the emergence of nanocavities in breakdown channels was explained on the basis of a modified Rayleigh model. It was
also established that this shock process has electromagnetic nature.
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OCHOBHI ITPOBJIEMHA MOJEJIOBAHHS JTASEPHO-IHAYKOBAHOTI'O
OIITUYHOTI'O MTPOBOIO PEYHOBUHHA

062060p1010MbCA OCHOBHI NPOOTIEMU MOOENIOB8AHHA TA3EPHO-IHOYKOBAHO20 PYUHY8AHHS peuosunu. Mu nokasyemo, wo
ysi npobnema noguUHHA 6ymu npeocmasnena K po3e a3anis snamenumoi gpaszu Hotomona: «Onmuxa suguac npoyecu,
108 SI3aHi 3 nepexo0om ceimia 6 mamepiro i mamepii y ceimnoy. [Ipoananizosano Kopomxull auaniz 0CHOGHUX KIHEMUUHUX
i Ounamiunux npoyecig. Pomoindykogani ma Gomoximiuni npoyecu npedcmasieni Kinemuynumu aguwjamu. Tennogi
ma naasmosi npoyecu — ounamiuni asuwa. Ha 6iominy 6i0 enexmpuynoeo npobow, akuil modce OYmu NOBEPXHESUM,
nasepuutl npoditl 8iodysaemvca 8 cepedosuwyi, NPo3opomy 0a nadary020 BUNPOMIHIOBanHA. Tomy Mu npeocmagiiemo
OCHOBHI  GIOMIHHOCII MIJIC eleKmpuyHUM ma Jjazeprum npoboem. Lli npoyecu cynpogoodicyromvcs azosumu
nepemeoperHAMU ONPOMiHeHOol pewogunu. Takooic 60Hu marome xapakmep Hacuyenns. [lokazano, wo yi npoyecu maromo
Kackaonuti xapaxmep. Tomy 0cHOBHOIO 3a0auei0 MOOEN0BAHHS € NOULYK GIONOBIOH020 NAHYI02A B3AEMONO8 A3AHUX
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A6UWY, SIKI 2eHePyIombCsl 8 npoyeci 83aemooii cgimaa ma mamepii. Ilooano kopomxuil aHaniz 8ionogiOHUX Modenel, SKi
BUKOPUCIOBYIOMbCS OJi NOSACHEHHS OCHOGHUX 0CODNUBOCHEl eleKMPUYHO20 MA 1a3epHo20 npoboio. Li seuwya maroms
nopozoguii xapaxmep. Tomy mu 8idibpanu ekchepumenmanbHi OaHi CMeopeHHsL 1a3epHO-iHOYKOBAHO20 ONMUYHO20 NPOOOIO
0715 Kap0idy KpeMHito ma xnopudy Kanito. Byna cmeopera 8ionogiona kackaona modenn. Ll modens skuouae maxi emanu:
ougparyitina cmpamugikayia (Mmoougixosana modens Kiteysv Penes); eeHepayin uepeHKOBCLKO2O BUNPOMIHIOBAHHS HA
KOMCHOMY KOHYCT 8i0n08i0H020 Ouppaxyitinoeo Kinvys (cunmesogana modens Ionyoa ma H. ma O. bopig), inmepghepenyis
KOPOMKOXBUIbOBOI YACUHU YEPEHKOBCLKO20 GUNPOMIHIOBAHHS, ONMUYHUL NPOOILl 6 MakcuMmymi yici inmepgepozpami.
Boonouac nosgy nanonoposcHun y Kananax npoboio 6yno nosicHeHo Ha OcHO8i Moougikoeanoi mooeni Penes. Taxoow
8CMAHOBILEHO, U0 Yell YOAPHULL poYec MA€ eleKmpOMASHIMHY NPUPOOY.

Knrouogi cnosa: rasep, onmuynuii npo0iti, penakcayilina Onmuxa, KackaoHi npoyect, YOapHi npoyecu, MoOen08aHHsL.

INTRODUCTION

Problems of the observation the laser-induced
optical breakdown and shock processes in matter
as Nonlinear (NLO) and Relaxed (RO) Optical
processes are connected with acoustic (thermal)
and electromagnetic (plasma and Nonlinear opti-
cal) nature (Shen, 2003; Trokhimchuck, 2020;
Trokhimchuck, 2022). 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) (Trokh-
imchuck, 2020; Trokhimchuck, 2022).

The first models were created similar to the elec-
tric breakdown of matter (Lehr, 2017). Unlike laser
breakdown, electrical breakdown can be both bulk
and surface (current lacing in semiconductors).
The main problems of these models were to find
the mechanisms of electron avalanche generation.
Then thermal and plasma models were developed.

For laser-induced optiical breakdown of the
medium, the problem of electron generation must
be associated with photochemical excitation and
reactions that lead, as a rule, to phase transitions
of the irradiated substance. Therefore, we must
find possible channels of transformation initial
laser radiation to ended irradiation or other action,
which is generated the breakdown.

These phenomena are having the threshold and
saturation nature and full process is complex cas-
cade with few stages of various phenomena.

Therefore, main problem of this paper is selec-
tion the most significant concentrations and pro-
cesses that give the greatest contribution to the
final effect.

EXPERIMENTAL DATA

A good review of experimental results on the
electrical breakdown of the medium is given in
(Okada, 2009; Okada, 2012; Yablonovich, 1971).

A number of typical destructions of real trans-
parent media have been experimentally revealed
(Okada, 2009; Okada, 2012):
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— destruction of the surface of glass or quartz
structural parts (plates, prisms, lenses) with the
appearance of opaque macroscopic local forma-
tions;

— destruction of thin-film metal and dielectric
mirror coatings in the presence of an opaque defect
in the coating or the appearance on the surface of
dust or other opaque macroscopic local formations;

— destruction inside the glass, crystals, active
elements that occur on macroscopic local impuri-
ties or defects that are inside this environment.

More complex experimental data, which are
included optical breakdown, were received in
(Okada, 2009; Okada, 2012) (Fig. 1).

Sectional area of receiving structures was ~ 22
um, the depth of ~ 50 um. As seen from Fig. 1 (¢)
we have five stages disordered regions, which are
located at a distance from 2 to 4 um apart vertically
(Okada, 2009; Okada, 2012). Branches themselves
in this case have a thickness from 150 to 300 nm.
In this case there are lines in the irradiated nano-
cavity spherical diameter of from 10 nm to 20 nm.
In this case irradiated structures have crystallo-
graphic symmetry of the initial structure.

In this case diffraction processes may be gen-
erated in two stages: 1 — formation of diffraction
rings of focused beams (Trokhimchuck, 2020) and
second — formation of diffracting gratings in the
time of redistribution of second-order Cherenkov
radiation (Trokhimchuck, 2020). Second case is
analogous to the creation of self-diffraction grat-
ings in NLO, but for Fig. 1 (c) and Fig. 1 (e) our
gratings are limited by Much cone of Cherenkov
radiation. Roughly speaking only Fig. 1 (e) — (g)
are represented “clean” breakdown.

Two damages region in a crystal with moder-
ately high density of inclusions were received in
(Yablonovich, 1971) for KCI after irradiation by
CO,-lase pulses (wavelength 10,6 pm, duration of
pulse 30 ns). The laser was known to be operat-
ing in the lowest-order transverse Gaussian mode.
There were several longitudional modes, however,
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Fig 1. (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). (¢) 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 (Okada, 2009; Okada, 2012)

which contributed a time structure to the pulse,
periodic at the cavity round-trip time. The phase
relationships between the longiotudional modes
varied from shot to shot, changing the details of the
time structure and causing the peak of the envelope
to fluctuate by £15% (Yablonovich, 1971). These
results are presented in Fig. 2 (Yablonovich, 1971).

Successive laser shot (1/sec) were focused into
bulk single crystals using a 1-inch focal length
“Irtran 2” lens. The breakdown was monitored by
observing the visible light from the focal region
and by examining the damaged region under the
microscope. It was found that most of the crys-
tals suffered some damage even at relatively low
power levels. The threshold of this type of damage
varied by an order magnitude from one position
in the crystal to another. At any particular energy
level, damage would occur on the first laser shot
or not at all.

Fig. 2(a) shows that spatial inhomogeneities are
in fact inclusions ((Yablonovich, 1971). The dam-
age bubbles occur randomly near, not necessarily
in, the tiny focal volume. At a well-defined power
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threshold, an elongated pointed bubble forms, its
vertex falling at the focus (Fig. 2(b)). This power
level is regarded ass the bulk intrinsic break-
down threshold. Its value is reproducible in crys-
tals from different manufacturers, with inclusions
or without. When no inclusion-free samples of a
compound were available, the considerations men-
tioned above were used to determine the dielectric
strength ((Yablonovich, 1971).

MODELING AND DISCUSSIONS

Main characteristioc of electrical breakdown
is critical value of voltage, which is necessary for
realization of this process (Lehr, 2017; Frohlich,
1946; Wang, 2012). Depending on the conditions
of the experiment, a plasma or thermal breakdown
mechanism can be realized there. These theories
were transferred to the problem of laser-induced
optical breakdown [Shen, 2003; Trokhimchuck,
2020). But with the help of these theories, it is dif-
ficult to explain the experimental results shown in
Fig. I and Fig. 2.

For the optical breakdown of a solid body, each
atom needs to be given Seitz energy (the sum of the
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Fig. 2. Two damages region in a crystal KC/ with moderately high density of inclusions. The round
black objects are bubbles. The radiation, incident from left to right, was yust at the intrinsic breakdown
threshold. In one case (a) there was damage only at the inclusions. In (b), intrinsic breakdown occurred

as evidenced by the pointed bubble. The straight lines represent cleavage (Yablonovich, 1971)

energies of the chemical bonds of our atom with its
nearest neighbors) (Trokhimchuck, 2020). But for
this, we must "organize" the irradiation process in
such a way that this mechanism is implemented. It
is here that we must remember Newtonian phrase:
“Optics studies the processes associated with the
transition of light into matter and matter into light.”

Based on this, we chose the following chain
of processes: diffraction stratification, Cherenkov
radiation by each diffraction cone (the components
of the Mach cone of this radiation are perpendic-
ular to the components of the diffraction cone);
interference of the short-wave part of this radia-
tion; optical breakdown occurs in the maxima of
the interference pattern.

In addition, an adapted Rayleigh model was
created to simulate the size and shape of the
nanovoids formed in the breakdown channels
(Fig. 1 h)).

Diffraction stratification was modeled with help
Rayleygh rings. Diameter of corresponding ring
is equaled (Trokhimchuck, 2020; Trokhimchuck,
2022)

d

ndif

- (1)

where n — number of ring, A — wavelength of
initial laser irradiation.
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The number of diffraction rings may be deter-
mined from experimental data (five for Fig. 1 c)
and ~ 7 for Fig. 2. This number may be determined
theoretically with Durbin model (Trokhimchuck,
2020).

This leads to a local refractive-index change
An(p,z) in the medium seen by the laser and a
corresponding phase shift Ay of the beam travers-
ing the medium of thickness d:

2

where p is transverse position in the beam.
For this geometry An(p,z) and Ay(p) also cor-
respond, respectively, to the induced local bire-
fringence and overall phase retardation between
ordinary and extraordinary rays. For a single
transverse-mode laser, and supposing the elastic
response of the liquid crystal to be isotropic, we
expect that Ay(p) is cylindrically symmetric in
the form of a bump peaked at p = 0. We assume,
for simplicity, that (Trokhimchuck, 2020)

swlp)=swexn( -2/ ) )

with a being a constant. Then, as is seen in
Fig. 2.4, for each point, say p,, on the Ay(p) func-
tion, there always exists another point p, with the
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dA%p =k, the radiation fields

from the regions around p, and p, have the same
wave vector and can interfere. Maximum con-
structive or destructive interference occurs when
Ay(p,)—Ay(p,)=mn, m being an even or odd
integer, respectively, with the resulting appearance
of diffraction rings. Thus, if Ay, >>2n, multiple
diffraction rings are expected, and the total number
of rings N can be estimated from the relation

N= A"’%ﬁ. &)

The outermost ring should come from radiation
from the region p around the inflection point on the
Ay(p) curve, and its half-cone angle 6, can be
calculated from (Trokhimchuck, 2020)

dA\y

same slope. Since

)

/)

For modeling conic Cherenkov radiation we
used synthesis microscopin Niels and Aage Bohrs
and macroscopic Golub models (Trokhimchuck,
2020). This models allow to unite geometry char-
acteristics and changed of lasser-induced nonlin-
ear characteristics matter in one formula. In this
case the Cherenkov radiation is result of nonlinear
polarization of medium.

The angle 20 in the vertex of an angle of Fig. 1
(e) is double Cherenkov angle.

Macroscopic relation with Snell’s law, gives
the Cherenkov relation (Golub formula) (Trokhim-

chuck, 2020).
= cC
cos0 Az( )V (6)

Where ¢ — light velocity, n,(w) — nonlinear
refraction undex, V' — velocity of nonlinear polar-
izaion of natter.

The microscopic mechanism of laser-induced
Cherenkov radiation is expansion and applica-
tion of Niels and Aage Bohrs microscopic theory
of Cherenkov radiation as part of deceleration
radiation on optical case (Trokhimchuck, 2020).
For optical case the Bohrs hyperboloid must be
changed on Gaussian distribution of light for mode
TEM,, or distribution for focused light of laser
beam (Trokhimchuck, 2020). In this case Cheren-
kov angle may be determined from next formula

eCh + air = % or eCh = % - a’ir ’ (7)
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where o, — angle between tangent line and
direction of laser beam.

Angle o, was determined from next formula
(Trokhimchuck, 2020)

tano, = 67 , (8)

where d, — diameter of laser beam, (7 mm),
I, — length of self-focusing. In our case o, is
angle of self-focusing.
This formula is approximate for average angle
o, .
The Golub formula (6) was used for the deter-
mination product n,(®)V,,,,. Thereby micro-
scopic modified Bohrs theory and macroscopic
Golub model are mutually complementary meth-
ods (Trokhimchuck, 2020).
The distance between diffraction spots and
proper moving foci may be determined with help

next formula (Trokhimchuck, 2020)
d

ndtf

= 2tan(y

The influence of multi-photon absorption on the
dielectric breakdown threshold was noted as early
as in the Frohlich (Frohlich, 1946; Wang, 2012).

For the estimation basic peculiarities of energy
distribution in Mach cone of Fig. 1 ¢) may be used
next formula [2]

B, = [Z Mil ) (10)

where n, — average visible number of filaments
in proper group of cascade, /, =1000 nm — average
length of filaments in proper group of cascade, r
= 10 nm — average radius of filament, N — atom
density of 4H-SiC.

Therefore, summary energy of breakdown E, ,
for silicon carbide is equaled 23.3 nJ or ~ 8% from
pulse energy or ~ 30% from the effective absorbed
energy of pulse. In this case we have more high
efficiency of transformation initial radiation to
“irreversible” part of Cherenkov radiation. For
potassium chloride from 24.2 mJ (Fig. 2a)) to 34.8
mJ (Fig. 2 b)) or from 11,6 to 17,4 percents from
initial irradiation [2]. This is due to the dependence
of the sizes of diffraction cones and other geomet-
rical dimensions on the wavelength of irradiation
(formulas (1) and (9)).

For the determination sizes and forms of nano-
voids (Fig. 1 h)) we used the Rayleygh model,

)

N . .E

aSiC~Zth>
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which was adapted for electromagnetic case
(Trokhimchuck, 2020).

For the estimations of maximal radius of nano-
voids we must use modified Rayleygh formula
(Trokhimchuck, 2020)

. _ 2R [E
09157\ nt, cE

where T — the time of creation the nanovoid
(bubble), R is radius of nanovoid, » — radius of
irradiated zone, £ — Young module, E, — energy of
one pulse. t, — duration of pulse (Trokhimchuck,
2020).

If we substitute » = 250 nm, R = 10 nm, E=600
GPa [176, 212, 273], E, =130 nJ, t, = 130 ps,
c=3-10° m/s, than have R__ =11 nm.

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

(11)

longitudinal 8, and transversal 9, (Trokhim-
chuck, 2020). Its values are determined with next
formulas

E(1-v) E

9, = |—— " _and g =

= ) - = (12)
C e, (1+v)(1-2v) * o\ 2p,(1+V)

where v — Poisson’s ratio (Trokhimchuck,
2020). The ratio between of these two speeds is
equaled

(13)

|

s \2(1-v)

But this ratio must be true for shock waves
too. Therefore, for silicon carbide for v = 0,45 [2]
a =0,33. Roughly speaking last ratio is determined
the step of ellipsoidal forms of our nanovoids

(Fig. 1 (h)).

CONCLUSIONS

1. A comparative analysis of electric and laser-induced breakdown of solids (experimental data and modelling) was

carried out.

2. It is shown that the laser-induced optical breakdown of matter has a cascade nature.
3. The presented cascade model, which includes diffraction stratification, generation of Cherenkov radiation,
interference of the short-wavelength region of this radiation, and actual optical breakdown, allows to explain the main

features of this process.

4. It is shown that the formation of nanocavities is caused by electromagnetic shock processes.
5. In general, the laser-induced optical breakdown itself from a microscopic point of view is caused by multiphoton
absorption and the saturation effect of the excitation of the irradiated region.
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