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VACUUM HEATING OF SPHERICAL ALUMINA
PARTICLES

G. P. Ledneva UDC 536.422:535.211

Heating of spherical alumina particles by high-intensity laser radiation under vacuum conditions to the
melting temperature is investigated with account for the nonuniform distribution of energy sources with
respect to the particle volume.

The problems associated with propagation of laser radiation stimulate interest in the influence of the latter
on solid disperse particles. Vacuum heating of microparticles with high absorption is investigated in [1—-3]. How-
ever, in the stratosphere along with strongly absorbing particles weakly absorbing particles may exist, including
those of anthropological origin.

The present work is devoted to investigation of vacuum heating of spherical alumina particles exposed to
laser radiation up to the melting point with account for the nonuniform distribution of energy sources with respect
to the particle volume and the temperature dependences of thermophysical properties of the substance.

The melting temperature of alumina is 2327 K. The initial heating temperature is taken equal to 293 K.
According to [4, 5], the complex refractive index m = 1.79—i- 1077 changes weakly with temperature at the
wavelengths 0.69 and 1.06 um. For the temperature-dependent specific heat and thermal conductivity the following
approximate relations are obtained based on the numerical data reported in [6, 71

¢(T)=00981nT - 0.37 (293 <7 <800 K),
c(T)=385-107°T+025 (800<T <2327 K),
Ay (T) = exp [~ 278107 % (T = 273) — 2.35] (293 < T = 400 K),

A (T) = 2.19-10 3 (T - 273)° = 5.69-107° (T — 273) + 0.05
(400 < T < 2327 K).

In heating the substance the density is assumed to depend weakly on temperature and to equal p = 3.72 g/ cm’.
A distinctive property of weakly absorbing particles is the focusing of radiation inside them until the effects
of superfine optical resonances develop; here the radiation density in the particles increases by several orders of
magnitude (see, e.g., [8].
The change of the temperature with time inside a spherical particle of radius ryp exposed to radiation at the
wavelength A is described by the heat conduction equation in a spherical coordinate system:

cmpZ=L 2L+ e |+, 0. 1)
ot r or or ¥ sinf 06 36

Assuming that in vacuum heating of a solid particle, heat is transferred only by radiation in accordance with the
Stefan-Boltzmann law, we may write the following boundary and initial conditions:
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Fig. 1. Distribution of the heat release Q/I (ym"l) along the principal axis
of an alumina particle with the radius ry = 0.15 gm at A = 0.69 yum, m =
1.79-i-107".

Fig. 2. Heating temperature 7/ Ty, of an alumina particle vs time ¢/7; (i =1,
2,3,4) forrg=0.15um; A = 0.69 um, m = 1.79—i-10"7; 1) 7 = 109 W/cm?,
= 1077 sec; 2) I = 108 W/cmz, £ =107 sec; 3) I = 107 W/cmz, 13 =
107% sec; 4) 1 = 10® W/cm?, Iy = 1073 sec.
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Here

O, 0, ¢) = 573—”’“13, B = (E,E, + EgFy + E,E,)/ | Eg|”.
By analogy with [9], in order to solve approximately the above system of equations we construct, on a computer,
an absolutely stable local one-dimensional iteration scheme on a space-time grid, put the initial problem into
correspondence with the difference one, and then solve the obtained system of equations by the factorization method
[10—12]. The boundary-value problem has a solution and it is unique.

A spherical particle is illuminated by a parallel beam of unpolarized light, and therefore, the temperature
distribution inside the particle is symmetric relative to the diameter that coincides with the direction of beam
propagation (the major axis). Therefore the temperature distribution is considered in the plane of the cross section
of a great circle of the particle. To investigate the distribution dynamics of the temperature field, we calculate
temperatures in the plane of the cross section of a great circle of the particle upon attaining the temperatures Tier/ 4,
Tmet/ 2y 3T e/ 4, and Ty inside the particle.

At first we shall consider heating of a small alumina particle exposed to laser radiation at A = 0.69 um.
Despite a small absorption coefficient the nonuniformity in heat release distribution is insignificant, i.e., the
focusing of radiation inside small particles is insignificant, which is illustrated by the heat release distribution
shown in Fig. 1 for particles of radius 0.15 um. In this case the relative degree of nonuniformity of heat release,
which is determined, according to [9], by the expression 6Q = (Qmax — Omin)/Om (Qm = 31k,/4rg is the density
of the absorbed energy averaged over the particle volume), is dQ = 1.5. The region of highest values of Q/I is
located in the shadow hemisphere. Figure 2 shows the time dependences of the heating temperature in the region
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TABLE 1. Time ¢-10? (u#sec) Required for an Alumina Particle Exposed to Radiation with I = 10° W/cm? and A =
1.06 um to Attain the Temperatures Tmet/ 4, Tmet/2, 3T mel/ 4, and Tpe;

r, pm Tmel/ 4 Tmel/ 2 3Tmel/ 4 Tel
h) 7.57 45 108 201
7 2.67 11 22 37
9 1.77 6.68 13 20
12 1.05 3.93 7.3 11
15 1.09 3.7 6.8 10.3
17 0.8 ; i 2.7 4.9 6.9

of maximum heat release of the alumina particle for different intensities of incident radiation. As is seen, for
incident radiation intensities up to / = 107 W/cm? the temperature in the alumina particle increases nonlinearly
with time, unlike the linear increase in the case of a strongly absorbing soot particle of the same size {2]. For the
incident radiation intensity 7 = 105 W/cm? heating of an alumina particle of radius rg = 0.15 um (carve 4) is
hardly probable, unlike a strongly absorbing soot particle, with only ¢ = 1.3-1078 sec required to heat it 10 Tye-
This dependence becomes linear for an alumina particle only for an intensity of incident radiation 7 = 10® W/cm?.
Already for the intensity [ = 108 W/cm? of incident radiation the melting temperature Tpyey 1S attained in the
particle in the time = 3.6- 10™* sec. However, this time exceeds substantially the times of temperature relaxation
P = r%c(T)p/A(T). Actually, the temperature relaxation times are equal for the initial temperature, i(l) =17-107°
sec, and at the melting temperature, tg =0.3-1071° sec. Consequently, in the case under consideration the
temperature field distribution is practically uniform [9].

With a tenfold increase in the particle radius, the absolute value of maximum heat release increases by
approximately two orders of magnitude, and the distribution nonuniformity of heat sources increases as well. To
calculate the time required to attain Tye in the case under consideration, the following approximate formula is
obtained:

t=201-10" 1719, %)
The calculation error does not exceed 13%,. According to (§), for J = 10® W/cm? the time for attaining Tpe for a
particle of radius 1.5 ym is ¢ = 9.3~ 1073 sec, which is approximately one-fourth of the time required for a particle
with rg = 0.15 #m and is larger than the temperature relaxation time. A comparison reveals that 9.5 1074 sec is
required to heat an alumina particle of the considered radius by radiation with the intensity = 107 W/cm?, which
is longer by approximately a factor of 10® than for a soot particle. It is noteworthy that the absorption index of
alumina is almost seven orders of magnitude lower than for soot. The discussed heating conditions for a spherical
alumina particle pertain to the situation where the heating time is also longer than the time of temperature
relaxation. In such heating, the nonuniformity of the temperature field distribution in a particle does not exceed,
as calculations show, 109 for intensities up to [ = 108 W/cm?.

With a further size increase for the alumina particle, the focusing of radiation in the shadow hemisphere
becomes even more pronounced. The density of the electric intensity increases by several orders of magnitude (see,
e.g., [13]. As a consequence, heat release in the particle increases, which creates favorable conditions for rapidly
attaining the melting temperature. Table 1 presents calculation results for the heating of melted alumina particles
of different radii by irradiating them with the intensity / = 10° W/cm? at the wavelength A = 1.06 ym. In almost
the all cases of heating (with the exception of particles with ry = 5 um) given in the table, the time for attaining
Tmel is less than that of temperature relaxation. It is seen that with an increase of the radius of the alumina particle
the time for attaining the melting temperature decreases, unlike the highly absorbing soot particles, where the
analogous dependence fye1 (r) is of opposite nature [2]. The temperature field distribution in such particles is rather
nonuniform and is largely characterized by the distribution of the heat sources. For instance, in heating a particle
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Fig. 3. Topographical projection of the temperature distribution in the main
cross section of a spherical alumina particle with rg = 15 ug, I = 10° W/ cmz,
A=1.06pum, m = 1.79-i- 1077 at the moment ¢ = 1.03-1077 sec.

of radius rg = 15 um to the melting temperature the degree of heat release nonuniformity is close to 909%; i.e.,
upon attaining Tpne in the shadow hemisphere, the particle remains almost "cold" in the illuminated hemisphere.
This is illustrated in Fig. 3 by the topographical projection of the temperature distribution in the plane of the cross
section of a great circle of an alumina particle. The center of the sphere coincides with the center of the coordinate
plane xz, and the incident light propagates in the negative direction of the z axis. The value of T/ Ty is counted
off perpendicularly to the xz plane. As is seen the region, where the melting temperature is attained is small and
amounts to 4%, of the total area of the circle, which coincides with the zone of maximum heat release. In the cases
under consideration, for evaluation of the heating time of a particle we may neglect the first two terms on the
right-hand side of Eq. (1). Then the formula for the time for attaining the melting temperature acquires the form

lnel = 72 (Tmel - To) A/ 4xnklB , (6)

where for simplicity ¢(T) is replaced by its mean value ¢. Calculations show that in this case the time for attaining
the melting temperature is determined with an error of no more than 50%,. Using this expression for #y, and the
formula for the temperature relaxation time, we may write a criterion that must be satisfied by the optical and
thermophysical characteristics of a particle and the intensity of incident radiation in order to attain the melting
temperature rapidly:

2
drnkrolB o> 1 (7
Tl = T4y

mel

It is worth noting that these expressions may also be used for calculation of the heating time of particles
when superfine optical resonances are realized in the latter. The heating time of such particles to Ty, may decrease
by two-three orders of magnitude compared to the heating of a nonresonant particle for a given intensity of the
incident radiation as a consequence of an increas3 in the maximum heat release in resonant particles by the same
value.

To sum up, we have revealed that with an increase in the size of alumina particles the time for attaining
the melting temperature decreases, unlike soot particles. A relationship is found between the particle parameters
and the intensity of incident radiation that allows determination of the nature of the heating regime of a weakly
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absorbing alumina particle to the melting temperature under vacuum conditions. In the case of rapid attainment of
the melting temperature an expression is given for evaluation of the time for it.

The author thanks L. G. Astaf’eva for fruitful discussions, A. P. Prishivalko for constant interest to the
work, and S. T. Leiko for computer-aided calculations. This work is partially supported by a grant by the Meyer
Fund established by the American Physical Society.

NOTATION

T, temperature, K; ¢, time, sec; Ty, initial heating temperature; Ty, melting temperature of alumina; to,
time of temperature relaxation; tpye, time for attaining the melting temperature; r, 6, ¢, coordinates of a point inside
a particle; rq, particle radius; ¢(T) and A;(T), temperature-dependent specific heat and thermal conductivity of
alumina; ¢, mean specific heat; p, substance density; Ey, electric intensity in an incident wave; A, wavelength of
incident radiation; I, intensity of incident radiation; E,, Eg, E,, components of the electric intensity inside a
particle; m = n — ik, complex refractive index of the particle substance: o, Stefan—Boltzmann constant; e, emissivity
factor; 8Q, relative degree of heat release nonuniformity; Qp, particle volume-averaged density of the absorbed
energy; k,, absorption coefficient of a particle.
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