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Abstract—The absorbed energy release within solid spherical particles, due to laser radiation, can be
substantially inhomogeneous. Under the influence of intense laser radiation heat transfer by conduction
has no time for the equalization of temperature inside a particle, as a result its heating is also strongly
inhomogencous. Using the Mie theory, a theoretical investigation into the distribution of heat source
function within the solid, absorbed particles is carried out. Based on a numerical solution of the heat
conduction equation, taking into account the thermal dependencies of optical and thermophysical proper-
ties of particle material, the temperature distribution inside the particles is investigated in detail. © 1997
Elsevier Science Ltd.

1. INTRODUCTION

Considerable success in the development of laser
irradiance sources and their increasing application for
investigation of hydro- and atmospheres, optical
location and communication, different physico-
chemical and biological investigations and for various
technical objectives, generated a need for an all-round
study of the physics of interaction of laser radiation
with various natural and artificial media. Various
aspects of the problem of interaction of intense laser
radiation with dispersed media evokes great interest.
Among these, for example, are the propagation of
intense radiation in a medium with particles, radi-
ation-produced clearing of clouds, fogs, smoke and
dust formations at the expense of radiation heating,
evaporation and fragmentation of particles, forming
them, optimization of technological processes based
on the application of laser technologies (deposition of
thin films, hardening and others).

Separate attempts to study the interaction of laser
radiation with solid particles were made quite some
time ago. As an example, one can mention ref. [1],
where experimental results on the interaction of SiO,,
clay, NaCl, coal, slag, soot, charcoal and cement dust
particles with COQ,-laser radiation (7 = 130-210 W
cm~?) were discussed. Although the intensities of radi-
ation in these experiments were not so high, it was
clearly shown that combustion, melting, evaporation
and jet motion of particles were possible under the
action of radiation.

A large amount of investigations is available that
are devoted to the interaction of soot and coal par-
ticles in air with laser radiation [2-4]. The range of
the problems solved in this work is peculiar for being
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connected with chemical reactions which occur during
the burning of particles. A discussion of these prob-
lems lies outside the scope of this paper. Investigations
devoted to the optical breakdown of a medium under
the action of laser radiation, as well as investigations
of photophoretic and light jet movement of particles,
do not enter into the scope of the present paper.

The objective of this investigation was to study,
in detail, the absorption of the laser radiation, the
distribution of the absorbed energy inside the
particles, and the transformation of this energy into
thermal energy with subsequent heating of the
material to the phase transition temperature in the
case of non-stationary regimes.

Based on the assumption of uniform and quasi-
stationary heating, the authors of monograph [5]
carried out a general theoretical consideration of
evaporation of solid particles in diffusional and unde-
rexplosive gas kinetic regimes. They discussed the con-
ditions under which not only the boiling temperature
of the particle material, but also that of the start of
violent spontaneous nucleation in the volume of a
particle can be attained, i.e. the occurrence of the
particle in the region of the metastable state of sub-
stance with its subsequent destruction. Some problems
of the interaction of solid aerosol particles with intense
laser radiation are also investigated in ref. [6].

However, the thermal mechanism of the destruction
of particles can arise without the transition of the
particle substance to a metastable state, but rather as
a result of the cracking of particles on attainment of
a certain magnitude of the temperature gradient at
which the originating forces of mechanical stresses
start to exceed the cohesion forces. In another case,
the ‘so-called’ hot spots may arise within the particles
under conditions of nonuniform release of heat inside
its volume. At these hot spots the local melting of the
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NOMENCLATURE
C heat capacity Greek symbols
E,, E, E, celectric field components at a o coefficient of heat exchange between
given point inside a particle the particle and surrounding
E, electric field of incident laser beam medium
I incident radiation intensity € emissivity of a particle at its surface
m complex refractive index of particle temperature
material 0 angular coordinate
my refractive index of surrounding imaginary part of the complex
medium refractive index
n real part of complex refractive index R thermal conductivity
0 power density of heat sources at a A radiation wavelength
given point inside a particle o Stefan—Boltzmann constant
R radius of homogeneous particle 7] angular coordinate
R, radius of core p density.
R, radius of the whole two-layered
particle Subscripts
r radius coordinate m melting
T temperature max maximum
T.  melting temperature of particle min  minimum
t time. s surrounding medium.

material begins with the formation of gas bubbles that
execute convective motion. As several of these bubbles
coalesce and reach the surface of the particle, a local
explosion occurs with the ejection of the material or
particle fragmentation. In either case, the degree of
the nonuniformity of temperature distribution within
the particle plays a decisive role.

Up to the present, the problem of inhomogeneous
release of the laser radiation energy absorbed within
the particle and especially the problem of inhomo-
geneous heating of particles by intense laser radiation
were left untouched in the majority of such kinds of
investigations. The estimations of heating, melting,
evaporation (sublimation) of particles are made pro-
ceeding from the assumption of uniform evolution of
heat in the particle volume and of uniform tem-
perature distribution throughout the particle volume
including the surface of the particle.

Just as any physical hypothesis, the above-men-
tioned assumptions about the character of tem-
perature distribution within the particles exposed to
intense laser radiation have their limits of applicability
that in some cases are rather stringent.

In this paper, the results of a number of inves-
tigations are reported for inhomogeneous heating of
particles. We elucidate the conditions in which the
assumptions of uniform heating do not correspond
to the processes occurring in particles. Therefore, we
investigate, in detail, both the specific features of heat
evolution and the regularities of the heating of par-
ticles under the action of intense laser radiation.

To show the necessity of such investigations, the
results of some experiments are discussed below.
These experiments cannot be explained with the help

of the assumption of uniform heat evolution inside
particles exposed to intense laser radiation.

Experimental investigation of the dynamics of laser
heating of tungsten particles with R = 35-100 um [7]
revealed in particular that with radiation intensities
I'=5x10° W cm™? the particle has no time to get
to the boiling temperature, but breaks up into small
pieces.

The interaction of intense ultraviolet laser radiation
(A = 0.248 um) with small spherical particles of alumi-
num, calcium fluoride, glass, silicon carbide, tungsten,
aluminum oxide and polystyrene/divinylbenzene
(DVB) are considered experimentally in ref. [8]. The
materials investigated generally ranged in size from
2.5 to 25 pym in radius with the exception of poly-
styrene/DVB spheres that had R = 115 um. The pres-
sure varied between 0.1 and 10~ torr. The intensities
of laser radiation were from 107 to 2 x 10! W em—2,

The authors isolated a group of more absorbing
materials (aluminum, silicon carbide, tungsten and
polystyrene/DVB) and more transparent (calcium
fluoride and glass) for a given wavelength. Inter-
actions involving aluminum and calcium fluoride are
given here as representatives of the two types. It is
shown, experimentally, that under the action of high
radiation intensities material is ejected from small
aluminum particles in the direction of the laser pulse
propagation. In contrast to aluminum interactions,
transparent calcium fluoride particles ejected material
in a much more symmetric fashion from the region of
interaction. In the case of polystyrene/DVB the jetting
of material occurs from the front surface of the par-
ticle opposite to the beam. There is no jetting in the
shadow region of the particle. One possible explan-
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nation of these dynamics is the size parameter of poly-
styrene/DVB particles that is one order of magnitude
larger than that of any other material studied.

The results of experimental investigations of inter-
actions of intense laser radiation (A = 10.6 ym, I < 10°
W cm~?) with separate spherical solid aerosol particies
(NaCl, SiO,, clay) are reported in ref. [9]. It is noted
that in the range of particle radii R = 5-25 um the heat
evolution inside the particles is essentially nonuniform
and in the region of the main maximum it is con-
siderably larger than in the other regions of the par-
ticle volume. This causes the appearance of a gas phase
in the ‘hot spots’. For pulse CO,-lasers, due to the
small time of interaction of radiation with the
material, the depth of temperature equalization
throughout the SiO), particle volume does not exceed
10 um for the time of a pulse. As a result, not the
whole volume of the particle with R > 20 um melts,
and the ejection of the gas phase is accompanied by a
partial jetting of the particle material.

The explosion and burning of large spherical
aluminum particles with radii R = 100-350 ym, under
the action of a CO,-laser operating in a continuous
generation regime, are investigated experimentally in
ref. [10]. It is found that at the intensities of the order
of 400 W c¢cm~2, all of the particles start to burn.
At the intensities from 10° to 4 x 10° W cm~? larger
particles are ignited, whereas smaller ones undergo
intense fragmentation. At the intensities of (6-8) x 10°
W cm ™2, the particles explode at the time of ignition.
The authors consider that the fragmentation of the
particles is caused by their being heating up to the
boiling aluminum temperature and, as a result, by the
manifestation of the effects of explosive evaporation.

The large numbers of studies do not naturally
exhaust all the works in which the interaction of
intense laser radiation with solid material particles is
studied experimentally or theoretically. Of the great
number of such works we selected experiments in
which the jetting of particle material is fixed, it is often
nonsymmetric, occurs in the direction of an incident
laser beam, or directed opposite to the beam.
However, in all of the known cases the estimations
and calculations of the temperature of particles or of
their surface, as well as the rates of evaporation of
particles are based on the assumption of the uni-
formity of inside heat evolution and central symmetric
heating of particles.

2. STATE-OF-THE-ART

Based on the experience gained in the investigations
of thermal explosion of water droplets [11], one can
say straightaway that the boundaries of the validity
of such an approximate consideration depends on the
optical properties of the material at a given wave-
length 4, its thermal diffusivity, particle radii and inci-
dent laser radiation intensity. It is possible to assume
that in the case of slow heating, when the time of
heating is much larger than the characteristic time

to ~ R*/(A)/cp), the nonuniformity of internal heat
evolution can be neglected. However, when the inten-
sity of radiation is sufficiently high and the melting
temperature can be achieved for the times of order or
smaller than ¢, in such cases temperature distribution
inside a particle can be very nonuniform. It follows,
from the above, that to receive the correct data on the
heating of particles under the action of high intense
laser radiation, it is necessary to have sufficient details
and extensive information about the distribution of
heat sources throughout the particle volumes, and
also the correlation between the time of temperature
relaxation and the time of the particle heating up to
the temperature of phase transition or the appearance
of the critical temperature gradient inside them.

This fact was taken into consideration in refs [12,
13], where investigations of the cracking of spherical
ice particles under the action of the 10.6 um radiation
were made. It was assumed that the intensity of radi-
ation was sufficiently high so that the temperature
gradients that caused the appearance of destructive
mechanical particle strains developed earlier than the
melting temperature is reached at any point within the
particle.

Calculations showed that heat evolution inside ice
particles with the radius R < 5 um was practically
uniform, and that for larger particles the main part of
the absorbed energy is transformed into heat in the
illuminated region at the end of the main diameter of
the particle. The main diameter is the particle diam-
eter, which coincides with the propagation of incident
radiation.

To obtain the temperature distribution inside a par-
ticle, we solve the following heat conduction equation
in spherical coordinates with the origin at the particle
centre subject to corresponding initial and boundary
conditions :

oT(r, 6, 10 d
e TR ;E(almﬂa—f)

12 <A,(T) sin0%%>+ 00,0,6, Ty (1)

r?sing 06

where 0 < r < R, 0 < 8 < 7. The temperature within
the particle depends only on two coordinates r and 0,
because the radiation is not polarized and the third
coordinate ¢ is absent.

Q = IB(4nny/m, ) )
B =(E*E,+ E}E,+ E*E )E; . 3)

The values of the electric field components inside
the particle E,, E,, E, are calculated from formulas
(1.2.1)—(1.2.3) of ref. [11].

On the particle surface and at the center of the
particle, the following conditions should be satisfied :

0
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From additional premises specified in ref. [12], it
follows that in the range of 210273 K the limiting
value of the local temperature gradient leading to the
cracking of an ice sphere may be taken as AT = 10 K.

The solution of the problem is possible only by
numerical methods using a spatial-temporal grid and
an iterative scheme. The specific method of the solu-
tion is described in refs [11-13]). The computations
performed showed that maximum temperature drop
is observed between the points in the illuminated and
shadow hemispheres of the ice particle. For each size
of particle there is some threshold value of the inten-
sity and some threshold value of the absorbed energy
at which a particle is destroyed not reaching melting.

It is noted that near the threshold intensities the
amount of the absorbed energy before cracking is
proportional to the volume of the particle, while at
higher intensities the energy expenditures for the par-
ticle destruction are proportional to the cross-section
of the particle.

The heating of aluminum oxide and carbon par-
ticles up to the melting temperature in vacuum under
the action of intense laser radiation of different wave-
lengths was considered in refs [14, 15]. Instead of the
boundary conditions (4) the following equation was
used

oT
—ll(T)E = geT*. @)

r=R

Calculations showed that just as in the case of water
droplets, even with inhomogeneous heat evolution the
heating of particles up to the melting temperature can
be practically uniform if the intensity of irradiation is
not very high and the time of reaching the melting
temperature exceeds the characteristic relaxation time.
At high intensities the time of attaining the melting
temperature is small compared to the characteristic
relaxation time and the heating is nonuniform. In
carbon particles the melting begins on the illuminated
surface, whereas in weakly absorbing aluminum oxide
particles for radiation with 4 = 0.69 um the region of
maximum temperatures appears in the shadow hemi-
sphere of the particle.

The consideration of the heating of even small, but
highly absorbing carbon particles at irradiation with
A = 10.6 um [16} showed once again that in the case
of highly absorbing particles it is very important to
known the peculiarities of the distribution of absorbed
energy within them for obtaining a correct solution of
this problem. This is especially important for the study
of interaction of intense laser radiation with metallic
particles having, in a number of cases, high values of
the real and imaginary parts of the complex refractive
index (m = n—iy).
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3. NUMERICAL RESULTS AND DISCUSSION

A characteristic feature of metallic particles exposed
to the radiation at A = 10.6 um is the fact that due to
high values of optical properties heat evolves in a very
thin surface layer within which the absorbed energy
decreases exponentially [17]. The main maximum of
heat evolution is located on the illuminated surface of
the particle at the point nearest to the source of radi-
ation and the second maximum on the shadow
surface. The appearance of the second surface heat
evolution maximum on the shadow surface of highly
absorbing particles has not yet found a simple explan-
ation. Evidently, here occurs something that reminds
the ‘slide’ of some portion of the energy that pen-
etrated inside the skin-layer (due to the so-called sur-
face waves).

It should be noted that with a decrease in the size
of metallic particles the energy distribution in them
becomes more uniform, especially when their size
approaches the depth of radiation penetration
I, = A/(4nny). However, in this case too the electric
field strength on the surface of the particle and at its
center differs 10-fold [18].

Up to recent times, the commonest opinion in the
literature was that the highest maximum of heat evol-
ution is always observed on the main diameter of the
particle (the diameter parallel to the propagation of
incident laser radiation). We determined that this is
correct only when the real part of the refractive index
of the particle material » exceeds 1 (n > 1).

Our investigations show that in particles withn < 1,
for example, in aluminum oxide particles the dis-
tribution of heat sources for 2 = 10.6 ym has a clearly
expressed specific [19], namely, in a definite range of
the size of particles the highest values of heat evolution
are located not on the main diameter of the particle,
but on the surface of a certain circular zone, with its
position, described by the angular coordinate 0, being
dependent on the size and the optical constants of the
particle material (Fig. 1, Tables 1 and 2). As the radius
of the particle increases, the maximum values of the
energy density increase, while the location of the ring
maximum first shifts to the side of larger angles and
then to the opposite direction. At these maxima the
energy density is substantially higher than on the main
diameter of the particle. For larger particles a marked
second maximum appears, which is located on the
main diameter in the shadow hemisphere. Its height

Table 1. Maximum values of the quantity B and their angular
coordinates for aluminum oxide particles of different radii

R(um)  Brax Omex (deg) R (um)  Buax  Onax (deg)
4 188 40 25 2.80 51
6 201 52 30 2.94 50
8 208 56 35 3.05 49
10 216 53 40 315 49
16 246 53 45 3.24 48

20 2.64 52 — — —
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Fig. 1. Distribution of relative energy density over the section

plane of a large circle of an aluminum oxide particle with

R = 25 um under the action of radiation with 4 = 10.6 um.
The numbers at the curves are the values of B.

competes with the height of the maxima in the circular
region depending on the relationship of the par-
ameters n, %, R and A. The shift of the energy density
maximum within weakly absorbing particles with
n < 1 to the surface of the ring layer located at the
angle 6 can probably be explained by the existence of
the so-called ‘critical’ range of scattering noted in refs
[20, 21], in which the scattering of light by air bubbles
in water was considered (the relative refractive index
for visible light is n = 3/4).

To make it clear whether such peculiarity in the
evolution of heat is preserved in highly absorbing
particles with the real part of the refractive index
n < 1, the present authors investigated [22] the dis-
tribution of the absorbed energy density of radiation
with A = 0.53 um inside and on the surface of small
(003 <R<2 pum) silver and gold particles
(mag = 0.053—73.1 and m,, = 0.52—i2.2) [23].

Calculations showed that the distribution of
absorbed energy inside the particles of intermediate
regions (0.08 < R <0.0905 pm for silver and
0.06 < R < 0.08 um for gold) is of greatest interest.
As follows from ref. [22], as the particie size increases,
the maximum of absorbed energy first shifts smoothly

Table 2. Maximum values of the quantity B and their angular
coordinates for A = 10.6 ym, R = 10 um and variations of
optical constants of particle material

n=0.52 x = 0.063
000 236 59 030 290 42
001 233 57 070 1.65 60
0.05 220 54 0.80 135 62
0.10  2.05 50 085 123 51
0.50 1.58 11 090 114 45
1.00 128 0 095 1.06 43
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from the illuminated end of the main diameter to the
surface of the circular zone with the angular coor-
dinate 6 # 0 and then again returns to the main diam-
eter of the particle, but now already in the shadow
hemisphere. It seems that in large absorbing particles
the effect of the ‘critical’ range of scattering is simply
suppressed by high absorption. It is also interesting
to note the fact that for the above-mentioned ranges
of the sizes of particles, a peculiar diffraction picture
in their neighboring field is observed. The highest
maxima of this field, in which the energy density can
be greater by an order of magnitude than that in the
incident beam, are situated in the range of angles
0 = 100 + 140°.

Such distribution of electrical energy density inside
and near small particles with n < 1 seems also to be
connected with the existence of the above-mentioned
‘critical’ range of scattering [20, 21], which for absorb-
ing particles appears in a strictly definite range of sizes
depending on specific values of # and y of the particle
material. The present authors were the first to discover
this effect, which has not as yet been comprehensively
investigated and explained. These investigations are
being continued.

Now, let us consider in more detail the specific
features of heating homogeneous and two-layered
particles with high absorptivity under the action of
intense laser radiation.

Investigations of the heating of homogeneous
titanium and aluminum particles by highly intense
laser radiation with 4 = 10.6 um was considered in
detail in refs [24, 25]. As noted in ref. [17], in not very
small metallic particles heat evolution, and, therefore,
direct heating, is realized in a thin surface layer. The
internal regions of particles are heated only at the
expense of the thermal conductivity of the metal.
Therefore, in the case of low intensities of radiation
(slow heating regime) the temperature distribution
can be practically uniform throughout the particle
volume due to a long influence of radiation. Precisely
this assumption is usually used by many authors for
evaluating the effectiveness of heating metallic par-
ticles by laser radiation.

As already noted above, in the investigations of the
present authors on the contrary fast heating regimes
are discussed when the intensity of incident radiation
is high enough for the temperature of phase transition
(melting) to be reached at first only at separate ‘hot’
points of the particle volume.

For investigating the problem of laser heating of
particles, which in a general case is formulated with
the help of a system of equations (1)—(8), use is made,
as already mentioned, of locally one-dimensional
implicit scheme solved by the pivot method. Since the
range of temperatures is sufficiently large, i.e. from
room temperature 7' = 293 K to titanium melting tem-
perature T, = 2000 K and aluminum melting tem-
perature 7T, =933 K, the temperature-dependent
values of thermal conductivity, heat capacity and den-
sity of the above-mentioned metals were introduced
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in accordance with the local values of temperature at
each node of the grid on each temporal step with the
help of approximating formulae. The values of the
heat source functions were recalculated for the tem-
perature-dependent values of # and y with a certain
optimum step over the volumetric average particle
temperature. The conditions of the computations
allowed us to obtain the error of the temperature
values not exceeding 15-20%.

As a result of the investigations carried out, it is
shown that the heating of particles along their main
diameter has a substantially nonuniform character,
with the inhomogeneities being higher, the higher the
intensities of incident radiation and the larger the size
of particles (at the same intensities). The time of
attaining the first regions of melting inside particles
with a fixed radius is approximately characterized by
the dependence of the kind ¢ = a/~°. For small par-
ticles the time of their heating before the beginning of
melting (Z,) increases with their radii. This effect is
particularly evident in the range of sizes ] < R <7
pum. For R > 7 um the indicated dependence is ex-
pressed more weakly, whereas in the region R > 15 um
the function 7.,(R) is close to the asymptotic one [25].

For example, for titanium particles with different
radii and with different incident radiation intensities
it was shown in ref. [24] that it is possible, in principle
to determine the regions of the values of R and [
that correspond to homogeneous and inhomogeneous
heating of particles before melting. Moreover, the
approximate 10-fold excess of the time before the
beginning of melting over the characteristic relaxation
time is a criterion for defining the region of uniform
heating.

Of particular interest are the results on the inves-
tigations of the heating of aluminum particles from
the room temperature to the melting temperature
T = 933 K by intense radiation with 4 = 0.53 um [26],
since for this wavelength the real part of the refractive
index »n < 1, and the imaginary part is rather great
(m =0.7-i5.1).

As expected, when heating particles by highly
intense radiation, the maximum temperature is
attained on the surface of the circular region ; more-
over, the higher the intensity, the closer the position
of the maximum temperature to the maximum of heat
evolution. With a decrease in the intensity, this tem-
perature maximum smears and shifts to the side of
smaller angles 6 ; it can even return to the illuminated
end of the main diameter at intensities smaller than a
certain value for each size of particle.

For small particles ( < 0.3 um), the shift of the
maximum temperature to the region § = 0°.occurs at
higher incident radiation intensities. A clear idea
about the temperature distribution on the particle sur-
face and about the degree of the inhomogeneity of its
heating is given by the dependencies presented in Fig.
2.

The distribution of temperature along the main
diameter of such particles is qualitatively similar to
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Fig. 2. Distribution of temperature over the aluminum par-

ticle surface under the action of radiation with A = 0.53 um,

I'=10°* W cm~? up to the time of the beginning of melting
at R=10.1(1),0.3(2), 1 (3) um.

that obtained in refs [24, 25]. At not very high radi-
ation intensities (I < 5 x 10° W cm™?) the dependence
of the time before the beginning of melting has the
character mentioned above (f, = al~®). At higher
intensities this regularity is violated, the time 1,
decreases more and more rapidly with an increase in
L

As is known, the majority of metals and, conse-
quently, metallic particles are oxidized when in air.
Depending on specific physical conditions (tem-
perature, humidity, etc.) and time, the thickness of
the oxide layer formed can differ. For example, on
aluminum particles at room temperature, the thick-
ness of the oxidic film is 0.005-0.01 um and at melting
temperature it is of about 0.2 um [27]. Since at the
present time the powdery metals are finding an
increasing use in the new technology (and often in
active and corrosive media), it is of interest to inves-
tigate the regularities in heat evolution and heating of
metallic particles with oxide films under the action of
intense laser radiation of different wavelengths.

The computations of energy distribution inside such
two-layered particles were first made in ref. [28]. They
are based on the electromagnetic wave diffraction the-
ory for a multilayered sphere [29, 30].

A highly characteristic situation with the absorbed
energy distribution appears in the case of aluminum
particles with an oxide film irradiated at A = 10.6 um.
The optical properties of aluminum and aluminum
oxide differ greatly (m, = 30.6—i64.8 [31], m, 0, =
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0.78 —i0.049 [32]). The appearance of an oxide film on
the surface of aluminum particles leads to a noticeable
increase in the effectiveness of energy absorption of
such two-layered particles.

In the core of such a particle the heat evolution has
the same character as in a homogeneous particle of
aluminum with the maximum energy in the illumi-
nated hemisphere, exponential decrease of energy in
the thin surface layer and a lowered (compared to a
homogeneous particle) heat evolution in the shadow
hemisphere (Fig. 3). Just as in the case of homo-
geneous aluminum oxide particles, heat evolution
inside the oxide layer is characterized by the presence
of energy maximum shifted from the main diameter
to the surface of the circular region with the angular
coordinate depending on the particle size and the
thickness of the layer. For example, for the same thick-
ness of the layer AR = 0.1 um in the case of R, =3
um the heat evolution maximum lies in the region of
the angles 8 = 125-135° (in the shadow hemisphere),
whereas for R, = [0 um the heat evolution maximum
shifts to the angular region 6 ~ 75-80° (in the illumi-
nated hemisphere, Fig. 3). The second in magnitude,
but more narrow energy maximum that increases with
an increase in temperature is observed in the shadow
hemisphere in the region 6 ~ 160-165°. It should be
noted that the distributions of absorbed energy over
the core and oxide film surfaces differ substantially.
Moreover, on increase in temperature the non-
uniformity of heat evolution over the core surface

90
160°

170°

175°

178°
178.5°

179°
179.5°_J

180°

—

0.99 1

" 1 ) Nl
-1 099 098" C0.98

T
Fig. 3. Distribution of absorbed energy along the main diam-
eter of aluminum with oxide shell particles at R, = 9.9 um,
R, = 10 um, A = 10.6 um. The numbers at the curves are the
values of the angle 6. Vertical lines are the boundaries
between the core and the shell.
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increases, whereas that over the layer surface some-
what decreases (as compared with the room tem-
perature), in spite of the small relative thickness of the
layer (AR/R ~ 1%). '

The method of solving the problem of heating two-
layered particles by light radiation was developed in
ref. [33]. In the case of metallic particles with oxide
film it is necessary to take into account the presence
of absorption in the particle shell, as well as the change
in the thermophysical properties of the core and the
shell and their optical constants with an increase in
temperature. According to the data of ref. [31], for
aluminum we received approximate formulae of the
kind n; = 1.5x 10°T~'5; y, = 3.9x 10*°T~"'*. For
aluminum oxide such formulae were borrowed from
ref. [32]: n, =0.78+1.47x 107*T and 7y, = 1.94x
10724+ 1.02x 10~*T. It is easy to see that with the
change in the particle temperature from the room to
the melting temperature (7 = 933 K) the absorption
index of aluminum decreases by almost a factor of
2.5, while the absorption index of the aluminum oxide
increases by a factor of 2.3. As a result, for particles
with R, = 9.9 um, R, = 10 um the quantity of energy
absorbed in the core decreases by a factor of 1.3-1.4
and in the shell increases by a factor of about 1.5.

For the considered range of the size of particles
(R, = 1-30 um) their heating by highly intense radi-
ation (I > 10° W cm™?) is very nonuniform, with the
nonuniformity increasing with an increase in 1. For
example, for particles with R, = 9.9 ym, R, = 10 pm
the maximum temperature drop AT = Tpo— T
with 7= 1.5x10° W cm~? is approximately 250 K,
for I = 10" W cm~2 it is near 500 K and for 7 = 108
W cm~? it approaches 900 K. The explanation is as
follows. For high-intensity radiation the time for
attaining the beginning of aluminum melting in a
small part of the core volume of a particle is small
and the heat conduction mechanism has no time to
equalize the temperature throughout the particle
volume.

The same occurs with an increase in the size of the
particles. Thus, on exposure of particles with R, = 1,
3 and 10 um (for the same oxide film thickness
AR = 0.1 ym) to radiation with /= 5x 10" W cm™?
the maximum temperature drop AT attains approxi-
mately 500, 650 and 750 K, respectively. This is due
to the fact that in large particles the internal regions
are less heated. Least heated is the region inside the
particle, which is situated close to the main diameter
near its center (Fig. 4). The maximum heating is
attained on the external surface of the particle. The
angular localization of the region of maximum heating
depends on the particle size and shell thickness. In the
case of small particles (R, = 1 um) the region of the
maximum heating lies on the circular layer surface
along the direction perpendicular to the main diam-
eter (8 = 90-270°). With an increase in the size of
particles to R, = 3 um the region of maximum heating
shifts to the shadow hemisphere (6 ~ 130°). A further
increase in the particle radii are accompanied by a shift
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Fig. 4. Distribution of temperature along the main diameter
of aluminum particles with oxide shells at R, = 9.9 um,
R, = 10 ym, I = 5x 107 W cm~2 up to the time of the begin-
ning of melting of Al

of the region of maximum heating to the illuminated
hemisphere in the angular interval 8 ~ 70-80° (Fig.
5).

Since the melting temperature of aluminum oxide
T,, = 2300 K is considerably higher than that for the
metal (T, = 933 K), the first centers of melting appear
in the region of the maximum heating on the surface
of the core of two-layered particles. The time for the
attainment of the beginning of the aluminum melting
depends in a complicated manner on the core and the
shell size and on the incident radiation intensity.

For particles with R, > 5 pum the distribution of
absorbed energy within the core and shell changes
inconsiderably. Therefore, for a constant shell thick-
ness the time of the particle heating up to the begin-
ning of melting increases due to a decrease in the
fraction of the shell volume in the entire volume of
particles of growing sizes.

At fixed dimensions of the core and shell the time
up to the beginning of aluminum core melting is
approximately inversely proportional to the incident
radiation intensity.

As follows from the afore-mentioned, the heating
of aluminum particles with oxide films differs sub-
stantially from the heating of homogeneous aluminum

1000

500

T [K]

A 1 1 1 L

0 40 80

120 160
0 [°]
Fig. 5. Distribution of temperature on the surface of alumi-
num with oxide shell particles with R, = 10 um at 7 = 5 x 107
W cm~2 and at different core radii (shown near the curves)
up to the moment of the beginning of aluminum melting.
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particles in both the character of temperature dis-
tribution within the particles and the time of heating
them up to the beginning of aluminum melting.

In nature [34, 35], as well as in different tech-
nological processes [36, 37] all kinds of hollow and
two-layered particles are often encountered. The spec-
ific features of the absorption of radiation by hollow
metallic and two-layered particles with metallic shells
and also the optical fields within such particles are
discussed in ref. [38]. To make investigation more
specific, aluminum was selected as the metal, and the
material of the type of polyethylene with n, = 1.52
and yx, = 0 [39], was selected as the core of a two-
layered particle. It is assumed that the particle is
exposed to radiation with the wavelength 1 = 10.6
pm.

The investigations showed that with an increase
of the external radius R, the absorption of particles
increases to a certain maximum. The value of this
maximum depends on the thickness and optical
properties of the shell. More intense absorption cor-
responds to thinner metallic shells. For example, for
hollow particles with R, = 3 ym and R, = 10 um, the
decrease in the shell thickness by a factor of 10 leads
to an increase in the radiation absorption efficiency
factor by a factor of 25 and 10, respectively. For
R,/R, < 0.995 the radiation absorption by two-lay-
ered particles is still independent of the core material,
but if R,/R, > 0.995, the presence of the polymer core
decreases the absorption of the two-layered particle
as compared with the hollow particle in the radius
range R, < 2 ym.

Such a change in the absorptive properties of hollow
and two-layered particles on decrease in the metallic
shell thickness seems to be connected with the fol-
lowing facts. Obviously, in the case of thick shells
radiation is mainly reflected by the metal surface and is
absorbed very little. In the case of thin shells, radiation
begins to penetrate inside the particle and its greater
part is absorbed in the shell due to multiple passage
of beams in it. To confirm such an explanation, the
energy distribution within hollow aluminum particles
and two-layered metallized particles was considered.
It was shown, in particular, that the absorption of the
two-layered particles with R, = 10 um is practically
equal at the ratios R,/R, = 0.99 and R,/R, = 0.995,
since the main part of the energy is evolved in a thin
metal layer near the shell surface. In the case of two-
layered particles with very thin shells (R;/R, < 0.999)
the energy density in the shell increases substantially,
as a result of which the total absorption of such a
particle increases (at a constant external radius R,).

The distribution of heat sources within polyethylene
particles covered with an aluminum shell is rather
peculiar. First of all it should be noted that heat evol-
ution differs from zero only in the bounds of metallic
shells. The absorbed energy maximum is located on
the illuminated surface of the particle (Fig. 6). Further
from the surface, to the particle center, the quantity
of the absorbed energy decreases both in the illumi-
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Fig. 6. Distribution of absorbed energy inside of the shell of

metallized particles at R, = 5 um. The numbers at the curves

are shell thickness in um. The vertical lines are the boundaries
between the cores and shells.

nated and in the shadow part of the shell, but the
character of the decrease differs essentially from the
case of a homogeneous particle or a metallic core (Fig.
3). The maximum inhomogeneity in heat evolution is
usually observed along the main particle diameter.

The specific value of heat evolution within an alumi-
num shell depends on its thickness. As the shell thick-
ness decreases from AR = 0.05 ym to AR = 0.02 ym
for R, =5 um the maximum value of the absorbed
energy increases by a factor of 2.3. Beginning from a
certain shell thickness the absorbed energy dis-
tribution inside it changes weakly after its further
increase. This shell thickness depends on the value of
the external particle radius. In the case of R, =1 um
this value is equal to A0.05 ym; for R, =5 um the
corresponding value is AR = 0.1 um

The heating of the above-mentioned two-layered
particles by intense laser radiation is discussed within
the range of the particle radii 1 > R, > 15 um for the
shell thickness from 0.05 to 0.4 ym in the temperature
range from the room to the melting temperature of
polyethylene 7 =411 K. It was taken into con-
sideration that as polyethylene core does not prac-
tically absorb radiation with the wavelength A = 10.6
um, its heating takes place solely at the expense of
heat transfer from the intensely absorbing metallic
shell.

It is established that the region of maximum heating
is located on the illuminated surface of the particle in
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the small angular range near § = 0°. Further from the
particle surface to its center the heating temperature
decreases and then increases again on approach to the
shadow surface of the particle (the angular region
near § = 180°). The nonuniformity of heating small
particles with R, <5 um decreases noticeably on
increase in the shell thickness. For particles of large
radii (R, =5 um, Fig. 7) by the beginning of core
melting the heating inhomogeneity depends weakly
on the shell thickness and is approximately equal to
AT = 110-125 K for different values of AR. For par-
ticles with R, > 10 um the quantity AT increases with
the growth of the shell thickness at the expense of a
weak change of the heating temperature at the center
of the particle and noticeable increase of it on the
surface with an increase of AR.

The heating time of the core of particles from room
to melting temperature of polyethylene for the par-
ticles of middle sizes (R, = 5 um) depends strongly
on the shell thickness up to the value AR = 0.1 um,
beginning from which the heat evolution in the shell
depends weakly on its thickness. With a further
increase of AR, the time of the attainment of T,
increases inconsiderably. As gconcerns the effect of the
incident radiation intensity, then with an increase of /
by an order of magnitude (from 7 = 10’ W cm~?) the
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Fig. 7. Distribution of temperature inside metallized particles
with different shell thickness up to the time of the beginning
of melting : (a) along the main diameter (8 = 0-180°), (b) on
the particle surface at R, = 5 ym, I = 5x 10’ W cm ™2, The
numbers at the curves are the values of shell thickness in yum.



498

time of core heating up to T, decreases by more than
an order of magnitude.

Comparison of the behavior of curves in Figs 6 and
5 shows that the character of the heating of two kinds
of two-layered particles under the action of intense
laser radiation differs noticeably. The basic reason of
this difference is the circumstance that the particle
shells of aluminum oxide for a given wavelength are
characterized by the real part of the refractive index
n<l.

It follows from the results of the investigations con-
sidered that under the action of highly intense laser
radiation on solid absorbing particles their heating
is usually strongly inhomogeneous. In this case the
appearance of specific physical situations that mani-
fest themselves in the thermal destruction of particles,
partial (directed) ejection of their mass, noticeable
decrease of threshold conditions of optical break-
down, formation of plasma and other nonlinear effects
is possible. All of these effects are typical for the ‘so-
called’ fast heating regimes when the nonuniformity
of temperature distribution within the particles is pre-
served during the entire period of radiation action.
These specific effects should be taken into account
when studying the propagation of intense laser radi-
ation in a medium with solid particles, photoablation
of semiconducting materials, creation and deposition
of thin films, industrial production of powder
materials, laser machining of composites, metal
matrix materials, and so on.

Unfortunately, up to the present time the boundary
between the ‘fast’ and ‘slow’ regimes of the action
of intense laser radiation on separate particles and
systems of such particles remains uncertain. Only one
work is known [40], in which an attempt is made
to determine quantitatively this boundary for water
aerosol droplets. The question of determining an anal-
ogous criterion for other disperse particles (metals,
oxides, etc.) remains open. The authors consider the
investigations described in this work as a necessary
step on the way to determining such a criterion. At
the same time, separate results of this work can surely
be taken into account in a number of practical appli-
cations of the modern laser technology (some of them
are enumerated above).
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