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Abstract: Inhomogenity of laser-driven technological processes caused by inhomogenity of the laser beam is considered. Inhomogeneous beam
induces the inhomogeneous temperature and the pressure fields on the material surface, thus dividing it into domains of the solid response, liquid
response, and of the vapor/liquid response regime. The set of the gradient pairs & T.i7 A P!} give rise of 16 possible subdomains (basins) everyone
of which is origin of characteristic dynamics. Depending on a dominant gradient pair combination, a number of physical phenomena is derived.
They may simultaneously appear in various basins of the interaction space, generated in the single shot.

Inhomogenost laserski-iniciranih tehnoloskih procesa

Kljuéne besede: procesi tehnoloski laserski, nehomogenost procesov, nehomogenost Zarkov laserskih, temperature nehomogene, polja tlakov,

povriine materialov, nanadanje materialov lasersko, reakcije kemiéne laserske, povrsine kovin, povrsine polprevodnikov, postopkilaserski, lo$&enje
lasersko, Zarki plazemski

Sazetak: Razmatrana je nehomogenost laserski iniciranih tehnoloskih procesa, uzrokovana nehomogeno&éu laserskog snopa. Nehomogenost
snopa indicira nehomogeno polje, pritiska i tamperature na povrsini materiala i tako generira bazene razliéitih responsareZima: reZim solida, tekugina
i reZim karakteristi¢an za prijelaz tekucina/para. Skup gradijentnih parova A T'i; A Ry1 daje 16 mogucih subdomena (bazena) od kojih svaki ima
drukéiju dinamiku. Ovisno o dominantnoj kombinaciji gradijentnih parova, moguce je dobiti niz fizikalnih fenomena. Oni se mogu simultano pojavljivati
u razli¢itim bazenima interakcijskag prostora, generirani jednim jedinim laserskim pulsom.

Introduction determined by the maximal temperature reached in the
L-M interaction. "

This paper deals with very common phenomena appear- Forthe L-M interaction with Ts < Tmeting, i.€. for the "solid
ingin many (if not all) laser-driven technological proces- response regime”, the inhomogenity may appear in the
ses, i.e. the process inhomogenities. They have been form of plastic and superplastic deformations some-
observed in: times accompanied with various kinds of cracks.!”

— laser material deposition

— laserchemicalreactions onthe surface of metals and
semiconductors

Forthe L-M interaction with T = Tinening, i.€. for the "liquid
response regime”, the inhomogenities may appear as
2D turbulent flow, vortices, viscous fingering, 1D and/or
— lasertreatment of metal surfaces 2D supersonic jets, the convection phenomena etc..

— laserglazing,

For the L-M interactions exceeding Tg, i.e. in the
presence of the surface ablation, or in the "vapor/liquid
response regime”, the inhomogenities may appearinthe
form of Rayleigh-Taylor R-T instabilities, various kinds

of cr?ters, transition from planar to nonplanar ablation
(1

on both, thin films and plates. They are important for the
surface processing technology on the microscale but in
the engineering of the surface properties, surface
protection, alloying and cladding on the macro- scale as

well. These inhomogenities originate from laser-material etc.

(L-M) interaction, depending on the wavelength-scale

{(A-scale), on the power- scale (P-scale), and the pulse Here we should mention a very complex case of the
duration (t-scale), i.e. on the "beam related scales". high-power laser-metal interactions in the gaseous at-
Besides, they depend on the experimental conditions mospheres when (in addition to the above types of
like the beam size, and the scan velocity, but also on the response), one finds the surface chemical reactions.
type of the material. Inhomogenities may be charac- The inhomogenity appears in the form of different reac-
terized with respect to "regime” of the surface response, tion rates, different types of reaction and consequently
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of different composition on various places of the interac-
tion space. In the high-power pulsed L-M interactions,
the inhomogenity is observed as a fingerprint of the
surface dynamics frozen in the interaction space. The
pattern is of the compliex nature, consisting of individual
separated basins of the surface response dynamics.

iInhomogenities in the high-power L-M interactions have
been mentioned in the literature many times. Their
origins have been very seldom discussed, and in
general, they are not well understood. Interest for these
interactions was recently wellincreased because of their
importance in the laser-driven technological processes
on one side, and because of purely fundamental
reasons on the other side. Up to now there is no sys-
tematic overview of inhomogeneous L-M interactions,
and of physical phenomena simuitaneously taking place
in the interaction space.

This paper, on the phenomenological basis, and in a
scatchy way, connects a number of these phenomena
with their source in the laser beam.

Origins of inhomogeneity in the L-M interactions

Inhomogeneity in the L-M interaction may be caused by
two type of sources: those (i) beam related, and those
(i) material related.

The beam-related sources are:

(i)  laser beaminhomogenity ¢ %%

(i)  inhomogeneous beam-plasma interaction
above the material surface, while the material

-related sources are:
(i) ablation instability®

(iv) structural /compositional surtace disorder.

In this paper we consider the beam-related-sources.
(i) Laser beam inhomogeneity

Laser beam inhomogenity appears in the surface muiti-
mode processing {laser transformation hardening, laser
glazing, laser alloying...). Multimode processing is
strongly recommended because of the "top hat" profile
and optimal surface covering.®® In such a case the first
few modes are dominant, and the beam structure (in the
transversal cross-section) is approximately homoge-
neous and constant in time.

However, in the multimode, high repstition pulsing, the
laser operation may become unstable. Multimode oscil-
lations change the beam structure and cause the inten-
sity space-time oscillations. These phenomena belong
to the class of nonlinear optics and bring the analogy
with the nonequilibrium phase transitions.®3
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Spontaneous mode-mode transitions are common in
nonlinear optical systems (variously called self-focus-
ing, fillamentation or profile instability) and lead to the
formation of complex spatial structures, whenever the
2
Fresnel number F, F=£E, is small, (po= mirror radius, L
= laser cavity length, A = wavelength). It may be under-
stood as the ratio between the geometric angle po/L of
view of one mirrorfromthe other, and the difractive angle

Mpo.?

The new features leading to increasing complexity of
multimode spatial patterns appear when nonaxially sym-
metric modes are present. They can be described as a
number (and dynamical motion) of defects in the pat-
terns (where the intensity is zero, about which the
electric field phasors!” circulate and through which the
electric field changes sign.(3) Defect in the optical field
can appear for only a two modes present (for example
with the combination of two Hermitte-Gaussian modes
of indices n, m and m, n with a phase shift of n/2).
Complex patterns can appear when the number of active
modes is as many as five.®

The study of these problems was recently intensified
from a few standpoints. Theoretically, one can look for
the numerical solutions of the full set of Maxwell-Bloch
equations describing the multimode laser operation and
analyze the results in terms of the appearance and
motion of defects in the intensity patterns.®

Alternatively, one can start from defects in the intensity
field, and make the analogy with defect-mediated tur-
bulence, by the study of influence of the singularities on
the correlation of intensity fluctuations at spatially
separated points and on the existence of different tem-
poral and length scales in the system.® Here we con-
centrate onthe time scales of fluctuations equal or larger
than the pulse duration, so that the instantaneous mode
pattern is the actual (pulse) pattern structure.

D'Angelo at al.”® have shown that for small values of
gain, C, and small Fresnel numbers (C = 1.1, a= 0.1) the
intensity patterns are radially symmetric and the total
intensity is time independent.

(Parameter a is related to the Fresnel number through:
4-8

T
mirror radius)

tan™ [—L’-F-ZJ where T = oscillation period and po =
4npo

More than 1 mode are present in the cavity, but the
intensity is stationary in time - representing the coopera-
tive frequency looking.

Upon increasing C(C = 1.2, a = 0.1) periodic pulsations
in the laser intensity appear.®¥

Further increase of C leads to the appearance of com-
plex spatio-temporal structures, each bifurcation invol-
ves the simultaneous appearance of a new frequency in
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Pattern a single defect of periodically pulsating
intensity with for C = 2.5 and a = 0.1. Isophase
and brightness plot the instantaneous intensity
distribution. Darker shading corresponds to
higher intensity. In this graph crossed (dotted)
lines in the x-y space are the locus where the
real (imaginary) part of the field vanishes. The
point marked in the fixture is a topological
defect. The solid circle marks the nominal
boundary of the laser. p = po (where the losses
rapidly increase) while the solid line is an aid to
identifying the center of the patternp = 0. From
ref. 3.

Fig. 2:

Pattern of quasiperiodically pulsating intensity
with two defects for C=3.5and a=0.1. From
ref. 3.

the intensity power spectrum and a spontaneous sym-
metry breaking of the spatial structure.®

Increasing the gain (C = 2.5, a = 0.1) the intensity
becomes time dependent but the pattern at any par-
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Pattern with on average of 9 moving defects.
Instantaneous equiphase lines showing the
presence of mine defects. From ref. 3.

Fig. 3:

ticular time has an asymmetric profile. Oscillations of the
intensity in time at each point of the pattern are periodic
and are locked to the ratio 1;19.%) The equiphase lines
corresponding to this pattern show the existence of a
point near the center where both real and imaginary
parts of the field are zero simultaneously. This point is
called "defect” in the beam structure.® Fig. 1. This
defect can also be viewed as a phase vortex as the
electric field phases have a net circulation around this
point which when measured in mitts of 2x is called its
topological charge. In this case the defect has a topologi-
cal charge +1. Analysis of equiphase lines shows that
the location of the defect is rotating around the center of
the beam. This motionis in the form of a traveling wave
of the type cos (I¢ - ut).®

Increasing the gain further on (C = 3.5, a=0.1) a more
complex pattern appears. It contains two "defects"
present in the beam, rotating around the center of the
beam at different speeds.® Fig. 2.

Even more complicated patterns are obtained for C =
3.5, a = 0.4, in which many "defects” are present. In fact
we get locally chaotic behaviour of intensity. Fig. 3. This
pattern has (in average) nine defects of various topologi-
cal charge. The number of defects is not constant, as
pairs of opposite topological charge can annihilate and
pairs can be also created.”® These phenomena were
recently discussed by Arecchi®®. The transverse (x, y)
intensity pattern and its autocorrelation function (right)
are shown. Fig. 4a. For low F (F = 5) one single mode
at the time oscillates and the wavefront is wholly corre-
lated, and the correlation length & is of the some order
or the cross lie D of the beam.(2) Fig. 4b. For high F (F
= 70) many modes oscillates simultaneously yielding a
speckle-like pattern (C), whose correlation length £ is
very small. Fig. 4¢.
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Fig. 4:
=20,8D =025 (c) F=70,8D=0.1. Fromref. 2.

The low-limit F, corresponds to a periodic alternation of
afew modes of the diffraction limit propagation followed
by a dark period.® Technically, transition to the unstable
multimode laser operation is sensitive on a number of
operating parameters and conditions. It is sensitive on
the variation of the laser pump profile (which adds
spontaneous emission noise) and affects the beam in-
tensity structure.

Itis sensitive on the variation on the cavity loses (which
may be important for the larger cavity radius). It is
sensitive on the environmental influence on laser opera-

15

Intensity distribution on the wavefront (left) and space autocorrelation function (right) for increasing Fresnel number.
(a) F = 5, one single mode at a time is present, ratio between coherence length £ and frame size D is &¢D=1.(b) F

tion through the temperature oscillations, vibrations etc.
which may influence the resonator parameters.

Itis sensitive on the gain variation, which may appear if
the processing conditions put the requirement for the
high power at high pulse representation rate, etc.

Finally, it is sensitive on the back reflection of the beam
from the metal surface. Radiation traveling in opposite
direction enters resonator under small angle - and chan-
ges population emission. (The effect is equivalent to the
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variation of the Fresnel number F and appearance of the
asymmetric gain in the cavity.)

Whenever we have multimode laser operation every
mode is a Hermitte- Gaussian (HG) or Laguerr-Gaus-
sian (LG) function. The set of all these functions repre-
sent the topological, muitidimensional space X, i.e.

Xi = Amn mn=20,12
and X o {x1, X2, Xi...}, (1)

where Amn stays for the HG or LG functions. Projection
of the space X into the physical space, represents the
optical intensity tield I(x,y), for which we can simply write

I(x, y) e Zmn Amn (X.Y) (2)

(ii) Inhomogeneous beam-plasma interaction

At the high laser-power densities exceeding 10° W/em?
applied for the laser shock hardening or similar proces-
ses, generation of the vapor/plasma cloud above the
material surface is the basic phenomenon. The plasma
cloud is created by the leading edge of the pulse, while
the rest of the pulse is partially absorbed in the cloud,
and partially transmitted to the metal surface. Plasma
density oscillations (as observed for the high power
Nd:YAG and CQz lasers) are the common processes. In
addition, arise of the plasma turbulence, in-
homogeneous pair recombination etc., may cause the
inhomogeneous beam scattering, absorption, or other
complex photonic phenomena. Consequently, the sur-
face will be (inhomogeneously) irradiated as to be
stochastically screened. It receives less energy below
the highly absorption regions of the plasma cloud, and
more energy below the nonabsorptive regions.

in short, the homogeneous single mode laser beam,
passing through the inhomogeneous material (plasma)
cloud becomes inhomogeneous, just before it reaches
the material surface. inthis case the scattering functions
amn also give rise of multidimensional space X, whose
projection into the real space gives the beam intensity

Hx.y)-
Generation of the Stochastic fields

The L-M interaction represents the mapping of the vec-
tor space X (beam related space) into the vector spaces
Y and Z {material related spaces):

4o X e Y
lp: X =-> Z. (3)

Supposing that the L-M interaction occurs in very short
time so that dissipation processes are not significant,
both imaging processes |1 and |2 represent nearly
isomorphous mapping of X into Y and Z spaces. It
means that the vector fields may be expressed by the
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Fig. 5.

Mapping process which transforms the
stochastic optical intensity field into the
stochastic temperature intensity field.
(Schematically).

a) inhomogeneous optical intensity

b) inhomogeneous temperature intensity on the
surface Dark lines are convolutes of the
domains D(T < Tm), Di(T > Ti) and Dg(T > Tp)
c) Definition of subdomains (dashed lines)
inside domains Ds, Ds and Dg.
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representing solution of diffussion equation (Bessel
functions). Projection of the X space into the physical
space represents the optical intensity, while the projec-
tions of Y and Z spaces, represent the temperature
intensity and the pressure intensity, respectively (in-
duced by the laser on the material surface). In this
interaction the maps of the temperature and the pres-
sure fields are similar to map of the optical field. (This,
in fact, is well known for the lowest order mode TEMgo).
Forthe long pulses, and for the significant role of thermal
diffusivity, convection, etc. the mappsinY and Z are very
different from the mapps in X becouse of dissipation
processes. The mapping process representing the L-M
interaction is schematically givenin Fig. 5. The stochas-
tic optical intensity field is given in Fig. 5a. Nearly
isomorphous mapp of the temperature field is given in
Fig. 5b. The temperature field is obviously the stochastic
field in which contours (Fig. 5b) represent the isotherms.

Further analysis of L-M interaction requires some char-
acterization of this field to be introduced.

In the next step one can make the convolution of the
isothermal curves by taking the convolute equal to Twm
(melting temperature of the system), and Tg (boiling
temperature). Thus, all these isothermal curves will be
convoluted into 3 groups; one, which convolutes all
isothermal curves Ts > Tg, one which convolutes all the
curves Tm < Ts < Tg, and the third one in which stay all
the isotherms outside the above two, i.e. those for which
Ts < Twm. Fig. 5b.

Therefore, comparing the temperature intensity with the
system transformation temperatures the three response
regimes can be identified: the solid one (Ts < Twm), the
liquid one (Ts > Twm) and the boiling one (Ts < Tg) or the
vapor/liquid. The region inside any of the above con-
volutes is called a domain D. The interaction space
therefore, consists of domains which may be of the solid,
fiquid or the vapor/liquid type. Further characterization
of domains is based on the directional first-derivative
operators. The directional operation yield a good
localization of the intensity changes.

Following this idea we concentrate on the first-direction-
al derivatives of stochastic temperature and pressure
fields, AT and AP, inside the domain D. A part of domain
in which AT and AP change only slightly from a given
value (in module and direction), is called a subdomain
D. A domain space D is supposed to consists of sub-
domains represented by the pair of AT, AP gradients.
Assuming that subdomain has the coordinate R, the
local gradients will be denoted by AT(R), AP(R). Fig. 5d.
Therefore, any point in the interaction space satisfies:
(x,y) € D < D, with

[At (R), AP(R)] € D. (4)
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Local gradient field classification

Representation of subdomains can be made more
precise by decomposing the thermal gradient field with
respect to the surface, into two components:

AT(R) = ATL(R) + ATu(R) (5)

as well as the pressure gradient field:

AP(R) = APL(R) + APu(R). (6)
Considering the subdomain with the solid surface
response, all the possible cases characterizing any sub-
domain may be represented by the combination of
gradient pairs: AT (R) APL(R); ATiu(R) API(R); ATL(R)
AP1(R) and ATi(R) AP (R).

The situation is more complex for the subdomain with
the liquid response regime. However, the most complex
and most general case occurs for the subdomain with
the surface ablation, i.e. for the vapor/liquid interface
dynamics. In the case of ablative interaction, one should
take into account the fact that vertical temperature and
pressure gradients AT1(R) and APL(R), have either (+)
or (-) sign.

The (+) sign will be attributed to the case when the
temperature is the highest on the surface and decreases
toward the metal interior. The negative (-) sign will be
attributed to the case when the highest temperature is
below the surface and the lowest on the surface.

The negative vertical temperature gradients AT (R)
may appear because of subsurface superheating in the
evaporation of the target. The surface is being cooled by
the latent heat of evaporation, while the finite amount of
faser energy is deposited within a certain depth from the
surface of the target. This depth is characterized by the
inverse of the absorption coefficient of the target for the
incident laserbeam. In contrast to the surface latent heat
cooling mechanism, the only cooling mechanism inside
the target is the conduction of heat into the bulk.(8) This
results in internal temperatures being higher than the
evaporating surface temperature, thus generating nega-
tive temperature gradient, AT, (R).

The degree of superheating or | AT,| moduleis depend-
ent on the puise duration Tt and was observed on the
nanosec. time scale. As a pulse duration is decreased
to about 10 ns, the degree of superheating shows almost
linear increase®. As the pulse duration increase for
example above 120 ns, the superheating effects vanish,
thus meaning that AT, is transferred into the positive
one, i.e. AT,". This is a direct influence of the beam
parameters (P, 1) onthe structure of the thermal gradient
fields.

The pressure field in the above case especially AP (R)
component is also reversed. Namely, the inverse ther-
malgradient AT, (R) causes (because of the subsurface
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Fig. 6: Schematic illustration of the inhomogeneous L-M interaction:
a) in the case of inhomogeneous solid-solid phase transformation on the surface of composite materials (alloys).

b) in the case of inhomogeneous appearance of plastic and superplastic basins, accompanied by different types of
cracks

c) in the case of inhomogeneous appearance of subsurface superheating and glazing

d) in the case of inhomogeneous appearance of glazing and thermal convection

e) in the case of inhomogeneous appearance of 2D turbulence and glazing

f) in the case of inhomogeneous surface chemical reaction (in alloying/cladding) accompanied by thermal

convection and glazing. (See text.)
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gas phase nucleation) a strong, inverse AP, (R) gradient
component.

Thus, both gradients AT (R) and AP1(R) may, in general,
have (+) or {-) sign. For the reason of completeness one
should allow (+) and (-) signs for the horizontal gradients
of ATi(R) and APii(R), too. (As a matter of fact the two
neighbour subdomains with either AT, "(R) or AT, (R) of
different modules automatically induce the horizontal
AT|I'(R) or AT|1*(R) gradients). The reference point for
‘the (+) or (-) ort orientation of horizontal components is
the center of the particular subdomain. In this respect
(+) sign of APi(R)and AT (R) will relate to the ort orien-
tation from the center of the subdomain toward its
periphery, and vice versa for the (-) components sign.

Onthe basis of the above gradient field notation one can
realize the mathematical construction as a repre-
sentation of all possible cases of the local gradient
field(s} configuration, given in the TAB. 1.

This representation gives a 16 subdomains with specific
configuration of the process-driving fields capable to
generate a number of physical phenomena in the inter-
action space and in the single shot.

Local field characteristics and arise of physical
phenomena

Dominant components of the local gradient field initiate
a specific kind of phenomena in the particular sub-
domain.

Since the term subdomain is more familiar with mathe-
matical consideration, we shall use the term "basin”
which is more familiar with the physical description of
dynamical processes. The list of physical phenomena
(which is not complete) characteristic for various basins
is given in TAB. 11

In the complex pattern of inhomogeneous L-M interac-
tion, various basins are, firstidentified in the micrograph.
Then, they are classified according to physical
phenomena on the basis of TAB. II. Finally, local field
configuration is identified. This procedure should be
repeated for every basin in the micrograph.

Table Ii:

Local field representation and arrise of physical phenomena

A few characteristic examples appearing on refractory
metals (Ti, Ta, Mo, W), are described below, and
schematically illustrated in Fig. 6.

The "solid type response” represents the case appear-
ing in the laser- transformation hardening of composite
materials. These materials may have a complex phase
diagrams with transitions of solid-solid type. The L-M
interaction which establishes the inhomogeneous
temperature distribution may cause inhomogeneous
transformation, or appearance of the small zones of
phase {3 (ory) inside the matrix of the o phase. Schemati-
cally, this phenomena is illustrated in Fig. 6a.

Another example of the "solid type response” was ob-
servedin the Q-switched Nd:YAG high power multipulse
treatment of refractory metals, (Ti, Ta, Mo, WZ with the
high degree of beam focusing (2o = 90 um). Fig. 6b.
All the basins are of the solid type response. Different
types of the surface breakdown (cracking) appearing
above the critical power density - were obtained in every
basin. Different crack growth mechanisms and the crack
organization are obtained by the specific stress field
configuration and by the symmetry of defects which

TAB. |: Representation of th local gradient fields

Symbolic notation Local field configuration
1. ATi*(R)APLY(R)
2. ATLY(R) APL(R)
3. ATL(R) APL'(R)

4. AT, (R) APL(R)

5. ATL(R) AP|I*(R)
6. ATL*(R)AP||(R)
7. AT (R) AP{*(R)
8. ATL(R) APII(R)

9. ATII*(R) APL*(R)

10. AT}}*(R) AP (R)
1. AT|'(R)APL* (R)
12. AT|I'(R) APL(R)

13.AT|1*(R) AP|1*(R)
14. AT|["(R) APII(R)
15. ATI(R) AP{[*(R)

FERT BLELE PRKFE Beske

16. AT||'(R) AP|[(R)

local field represent.

The set of material parameters taking place in physical phenomena:

APLT(R) e {&&EkD.}

AP
AT Y (R) AP (R)

- Spallation of metal grain

& = strain amplitude, € = strain rate, E = Young module, k = thermal conductivity, D = vacancy diffussion coef.

- plastic behaviour controlled by €< 2; AP, * component is origin of the strong shear waves which travel in all directions
because of reverberations from the sample boundaries.

~ generation of vacancies and cavitation at grain boundaries (GB); {

9.10)
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~ cavity aggregation at GB junctions of "triple junction” type (Y-type) generating the "wedge crack” equilateral triangular
crack and "isoscales triangular” crack.(10) The other cavity aggregation centers are "twin boundary", "ledge" and the
"cusp", every one generating different type of crack,

~ "the bull eye" structure, osberved on the surface of Cu, Al and Tal" 1), not well understand.

ATL*(R) APH¥(R)

- Superplastic behaviour controlled by € < 2 AP 1™ components generate the shear waves which deposite the stress o
on the Y-sites (triple junction sites). Assymetric loading of 3 GB of the Y-site - one compressive, one tensile and one
sliding-leads to the grain rotation with cleavage appearing on the tensile GB.""? (Paidar and Takeuchi model)
symmetric loading of 3 GB of the Y-site leads to the grain rotation with uncompensed tension at the center of the Y-
site, thus generating the triangular crack in the center.!'? {The model of Beere). The other types of the grain rotation
seems to be also present,

TAB. II: (continued)

LIQUID RESPONSE REGIME

local field represent.

The set of material paramelers taking place in physical phenomena:

AP1"(R)

AT Y RIAPIF(R)

ATYR)
APY(R)

ATL'(R) (AP1T)

ATLY(R)

ATLHR)APIH(R)

AT'RAPI*(R)

Do € {v,y.k Ra, P,N..}

v = kinematic viscosity, y= surface tension, k = thermal difussivity, Ra = Raynolds number, P = Prandtl number, N =
Nusselt number.

~ hydrodynamic 2D flow

— shear flow in the micron size regions or larger. Appearance of regular structures (regular solutions), and very irregular
ones {transition to turbulence). In the high power laser-metal intreractions turbulent structures are dominant.

- viscous fingering {equivalent to directional solidification), caused by the horizontal thermal gradient.

— convection instability appearing for R, =V‘Td 2 10%, (v is temperature induced vertical fluid motion, d = fayer thickness).

They appear as: a) regular roll structures (Benard structures for steady conditions) of circular symmetry taking form of
rings. b) irregular, disturbed rings, and ¢) chaotic, or turbulent patterns. In many cases, especially on Ta, the
convection waves were observed."">'¥ The other (mixed type, structures found on Ti seems to indicate the
nonvariational principle i.e. the non- potential nature of the problem.(15

~ Benard-Marangoni convection in the presence of surface tension v.

~ 1D andfor 2D supersonic jels of liquid metal traversing one or more liquid basins. {AP| |* induces the strong vii
component).

TAB. Il: (continued)

VAPOR/LIQUID RESPONSE REGIME
local field represent. The set of material parameters taking place in physical phenomena:
pe {v,v,Ra,P,N,p,A.}
v,v, Ra, P, N = as defined before, A = Atwood number, p = density.
APHHR) — viscous fingering
AT HRIAP L (R) ~ Rayleigh-Taylor instability: vertical temperature gradient AT, " induces strong Ap.* density gradient, this generating
the two layer structure with prigH and prow. For the laser-induced R-T instability, the ratio A:%:{—p%’ called the
Atwood number = 1. The two types of bubles, appearing in (+) and (-) pairs as smal! 2D structures, or large 3D ones
were found. These structures are the scale selected."®
AT (R)AP L (R) — subsurface superheating: vertical temperature gradient causes subsurface boiliing, and the buble generation on the
surface. The exploded bubbles leave the craters on the surface. (Gas phase expelled). In some cases, the hot liquid
metal comes to the surface, where APi1 causes its 2D flow. This flow is irregular, organized into the structure of
"dragon” (spiral) type, which can only be obtained by mathematical construction called the Barnsley collage. {Liquid
phase expelled). For the subsurface superheating which ocurs in time shorter than time for the void formation, the
small metal grains or their parts are expelled from the metal interior. Very irregular craters sometimes accompanied by
melting are generated. (solid phase expelled),
play the role of the organizing centers. Surface break- In another case relating to the "liquid type response”
down structures were separately treated and their sys- obtained by the Q- switched Nd-YAP laser (P =
tematization was given with respect to the level of their Perovskite) again on the surface of refractory metals

topological complexity."

(especially on Ta plates), a different kind of in-
homogeneous response was observed. The interaction
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space consists of basins showing the superheating ef-
fects in the form of craters (regular), or of hillocks (still
unexploded), and of basins showing pure glazed
zones " Fig. 6c.

Examples of inhomogeneous "liquid type response”
may appear in the laser solidification hardening based
either on the

— grain size strengthened alloys
- dispersion strengthened alloys
metastable substitutional alloys
— amorphous, or glassy alloys,

where different new phases may appear inside the
matrix of the old one, in the form of localized basins.

Another class of effects appear in the pulsed CO2 laser
treatment of Ti and Ta plates in the gaseous atmos-
pheres of N2 or Oz under pressure. By changing the
number of pulses, power density ... various kinds of
phenomena appear in the basins of the inhomogeneous
response.(”) Fig. 6d, e, f. Inhomogeneous interaction on
the above figures contains two or three types of physical
phenomena, located in separate basins. Every of these
phenomena is established under specific conditions, or
the field gradient representation which can be identified
on the basis of TAB. Il

Plastic behaviour with cavitation cracking is estab-
lished inthe basin with Ts < Tmin particular with Ts < 0.3
Tm-0.4 Ty, and € < 2. The component AT, " establishes
the layer of the above temperature of the thickness d (=
to the grain size), while AT defines the size of the
basin on the surface in which the effects take place. The
driving field represent the AP1™ components which es-
tablish the "shear waves" and cause the cavitation
based "plasticity". The cavities aggregate on the point
defects like triple junctions (Y-sites) giving rise of the
wedge crack, isosceles triangular and equilateral trian-
gular crack, depending on the aggregation symmetry.!'®

Superplastic behaviouris establishedinthe basin with
Ts < Twm, in particular with 0.7 Tm < Ts - 0.9 Twm, and with
£ = 2. The component AT, " establishes the layer of the
above temperature, and AT:" establishes the (surface
size) of the basin. The components AP:* induce the
shear waves, which on the Y-sites generate the super-
plastic behaviour of the grain- rolling type.!'?

Subsurface superheating is established in the basin
with dominant AT, in the presence of ablation, as men-
tioned previously. Various kinds of craters, bubbles or
irregular flow which is combination of v; motion of sub-
surface liquid to the surface, and vu i.e. flow on the
surface may also be observed.®

Surface glazing is established in the basins in which
maximal temperature Ts > Tm. A very fast quenching to
the room temperature, associated with the strong sur-
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face tension v, makes the frozen surface smooth, and of
the amorphous structure.

2D turbulent flow is established in the basins Ts > Tum

with dominant ATy and AP components, which induce
the vii shear flow, with the Rayleigh number Ra:v'—iij (d
= basin size, v = kinematic viscosity) which can take a
large scale of the Ra values. Various kinds of turbulent
patterns are generated on 10 ns t-scale on Ta surface
with Nd:YAP laser-spanning the range of purely periodic
vortex-type patterns, to the merged-vortex pairs of «
type, elongated and finally purely chaotic ones. At the
basimt)mundaries they show tenderadency to stratifica-
tion.

Thermal convection instability is established in the
basin with Ts > Tm. Dominant role has the thermal
gradient component AT,* which generates vertical con-
vection velocity vi. The convection appears for the

Rayleigh number Ra =4 (d = surface layer thickness)

v

equal or higher than 10°.

Rayleigh-Taylor instability is established in the basin
with Ts > Tg. Dominant role has the thermal gradient
component AT1" which induces a vertical gradient den-
sity Api. It is responsible for appearance of two layer
system of low density pi and the high density pn. Vertical
pressure gradient component AP, * pushes the low den-
sity layerinto the lower high density one, thus generating
the R-Tinstability, which appears forthe Atwood number
_DHEPL o (18)
pL+ PH

The arise of various phenomenais derived from various
configurations of the first-directional derivation of the T
and P stochastic fields. In the second approximation
every basin may be distinguished with respect to the
dominant component of the material parameters, and
consequently with respect to the symmetry of related
kinetic coefficients. This would lead to the basin division
into subbasins. Obviously, this division would not give a
new classes of phenomena, but the pattern structure
(geometric and topological characteristic) as a different
subclasses of the same phenomena (different pattern
symmetries).

This is a necessary step to study of dynamics on the
basis of various models (linear and nonlinear) in the
particular basin.

Conclusion

We considered inhomogeneity in the L-M interaction
which manifests as a number of localized physicai
processes (phenomena), simultaneously taking place in
the interaction space. The concept of inhomogeneity
discussed here is based on the beam related reasons.
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The stochastic optical field establishes the stochastic
field in the interaction space, which initiate various kinds
of (stochastic) processes. The interaction space is
devided in to the isolated domains and subdomains
(basins) of the characteristic, localized response.
Various classes of dissipative, dynamics processes may
simultaneously appear in these basins existing in the
close vicinity.

This problem is of a complex nature; it has a few
complexity levels represented by the hierarchical tree
introduced previously."” The concept of domains and
subdomains (basins) represented by different combina-
tions of AT and AP gradient components is a valuable
one, since it includes a great deal of phenomena really
observed in the experiments or in the technological
processes. On this basis a number of inhomogeneous
patterns observed in laser technological applications
may be understood, classified, or possibly modified
according to the requirements. Further development of
the concept requires a more basic treatment and the
exact mathematical approach, which to our knowledge
was not yet done.
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