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The article presents the results of the numerical solution of the nonlinear prob- 
lem of heating a medium by optical radiation. 

The question of the destruction threshold of transparent solid materials by optical radi- 
ation has been studied in great detail. It is generally agreed that in most cases of prac- 
tical interest, damage is caused by heating of the medium near absorbing microinclusions 
(metal p~rticles) or other inhomogeneities of the material [1-5]. Depending on the pulse 
duration of the radiation and its intensity, a certain type of inhomogeneity proves to be de- 
cisive in the process of destruction. In the case of absorption of light near metal inclu- 
sions of 1 ~m in size to sizes visible to the naked eye, a modification of the dimensional 
effect (which is also meant everywhere in the present article) takes place which manifests 
itself in the fact that for each intensity and duration of the radiation pulse there is a 
critical size contributing decisively to the process of destruction of the material. 

Microinclusions and inhomogeneities of the medium smaller than tenths of a micrometer 
are difficult to check, and their properties in actual systems have been insufficiently 
studied. It is assumed that when the number of such inhomogeneities is large, their contri- 
bution may lead to uniform heating of the medium as a whole; i.e., a certain change of the 
mean absorption coefficient of the material, caused by the inhomogeneities, occurs. This 
type of inhomogeneity is determined by the production technology of the material, and in ac- 
tual media there are always such inhomogeneities. They may be admixtures of a heterogeneous 
substance with molecular dimensions. It may be assumed that there is a certain mean concen- 
tration of such admixture particles, and that the concentration fluctuates relative to a mean 
value, this fluctuation leading to fluctuations of the mean absorption coefficient within the 
material. 

Assuming that the inhomogeneities are an admixture of molecular dimensions of fairly 
high concentration, we may take it that the mean distance between particles of the admixture 
is much smaller than the characteristic dimensions of the irradiated zone, and that the con- 
centration of admixture is a practically continuous function of the coordinates. Under these 
conditions, fluctuations of concentration manifest themselves as homogeneous formations whose 
dimensions are much larger than molecular. Calculation of the heating of the medium in the 
range of this type of fluctuation of the absorption coefficient~ taking into account the 
nonlinear dependence of the absorption coefficient on the temperature (pressure), shows that 
it is possible that the temperature increases intensely (exponentially) [6]. How do the di- 
mensions of the fluctuation manifest themselves under these conditions? To answer this ques- 
tion, we must proceed from a certain model of the change of the properties of the medium 
when the corresponding dimensions change. 

The existence of a mean concentration of admixture particles that is relatively constant 
in respect to volume leads to the requirement that the full number of admixture particles in 
the characteristic volume be constant. If we examine a constant volume a~D inside which there 
arises fluctuation of the absorption coefficient, and if we assume that there is an exponen- 
tial dependence of the concentration of the admixture particles in transition from one level 
to another n(r) = n~e(a--r), we arrive at the requirement of a correlation between the dimen- 
sions of the fluctuation a and the concentration of the admixture n~ inside the zone with 
increased absorption coefficient. The total number N of admixtures within the volume a~ is 
equal to 4~a3n~/3~ therefore n: = 3N/(4~aS). Taking into account that the absorption coeffi- 
cient contains a component that is proportional to the concentration of the admixtures, we 

Voroshilovgrad Engineering Institute. Translated from Inzhenerno-Fizicheskii Zhurnal, 
Vol. 45, No. i, pp. 127-131, July, 1983. Original article submitted February 22, 1982. 

0022-9841/83/4501-0813507.50 �9 1983 Plenum Publishing Corporation 813 



arrive at a correlation between the absorption coefficient h I in the volume of the fluctuation 
and the dimensions of the volume. In reality the corresponding dependence is not strictly 
inversely proportional to the third power of the dimension, because it is possible that an 
admixture is present in the surrounding depleted layer. Transition in space from the periph- 
ery of fluctuation to the center need not lead to a jumplike change in concentration. How- 
ever, taking into account the complexity of the structure of materials such as glass, the 
difference in solubility of the admixture in different phases, etc., we may assume that the 
examined model corresponds qualitatively to reality. Other cases are possible, too, and they 
will also be examined. In particular, a calculation was carried out for changing dimension 
but with constant concentration of the admixtures, and also for constant dimension but chang- 
ing concentration. 

In order to shed light on the principal features of the processes on material being I, 
heated by optical radiation, calculations analogous to [6] were carried out. We study the 
case of spherically symmetrical fluctuation of the absorption coefficient engendered by non- 
uniform distribution of the admixtures. We take into account the temperature redistribution 
as a result of the relatively slow-acting mechanism of heat conduction and the development 
of considerable thermoelastic stresses accompanying the change in the temperature field; 
here the lag of the change of the stress field upon change of temperature is assumed to be 
negligibly small. This enables us to consider the problem of calculating thermoelastic 
stresses to be quasi-steady-state, and to write and solve the equation of heat conduction for 
the temperature, taking into account the heating by optical radiation and the dependence of 
the parameters of the medium on the developing rather large thermoelastic stresses. We assume 
that the medium is a dielectric for which the absorption coefficient depends exponentially 
on the ratio of the characteristic energy to the temperature [4]. The characteristic energy 
may be taken to be equal to the width of the forbidden band, but then some correction must be 
envisaged. According to experimental data, the width of the forbidden band depends on the 
pressure, and within a certain pressure range this dependence may be approximated by a linear 
one. Several authors [7, 8] showed that if a dependence of the kind of [4] is to be used 
for the absorption coefficient nf the medium, the nonlinear dependence of E on the temperature 
has to be taken into account. In particular, Morichev et al. [7, 8] showed that for differ- 
ent ranges of T, E has to be different, and the deviation of E from the width of the forbidden 
band toward lower values has to be taken into account. In the present work we assume that 
two sections of the T scale (T< 6To, T> 6To) exist for which Eo/(2kTo) = 5, Eo/(2kTo) = 60. 
When T= 6To, both dependences are joined; when T = To, the value of ~ corresponds to typical 
media at normal conditions. 

Calculation of the thermoelastic stresses for the case of spherical symmetry can be 
carried out by known methods developed for the steady-state temperature field [9]. In the 
equation of heat conduction, the absorption coefficient is assumed to consist of two com- 
ponents, one of which relates to the medium, and the other to the admixtures. In view of 
this, the latter is proportional to the concentration of the admixture. We write the equa- 
tion of heat conduction 

. P c - - - - -  r z + I x ( r ,  T). 
at r z Or (1 )  

The absorption coefficient in (i) is adopted in the form 

r 

• t ) = •215215  ~ E~ 3 ( l - - a )  r 3 o 

The first component in • T) is determined by absorption by the admixtures, the second 
one by absorption by the medium; moreover, as was noted before, the second component depends 
additionally on the temperature. 

The function • has the form •215 where ~(a--r) is a step function. The 
last term in the exponent takes into account the narrowing of the forbidden band because of 
thermoelastic stresses, and B is the corresponding proportionality factor. 

Equation (i) does not take into account the dependence of X on the temperature, since it 
is of the same origin as the dependence ~(T). In calculations the zones in which the tem- 
perature is sufficiently high for the dependence of • on T to manifest itself substantially 
have small dimensions, and the result is that the dependence • has little effect on the 
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Fig. i. Dependence of V, on a (a), (b) and on 
~i/• (c): a) • i) T, = 2To; 2) 2.5; 3) 
2.75; 4) 3; 5) T, = 3.25 To (a, 10 -6 m); b) ~ = 
const: i) T, = 2.5 To; 2) 3; 3) 4; c) a = 10 -6 

m: i) 2.5 To; 2) 3; 3) 4 To. 
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Fig. 2. Distribution of T/To 
in the medium for the case a = 
10 -6 m, • = 103 • i) t = 

0.06.10 -6 sec; 2) t = 0.3.10 -6 

sec; 3) t = 0.6.10 -6 sec; 4) 
t = 1.2.10 -6 sec. 

general behavior of the solution of Eq. (I). Therefore, to avoid complications of the calcu- 
lations, X was assumed to be constant. 

The thermoelastic part of the problem also yields values of displacement of the points 
of the medium upon development of stresses in the form 

r 

1+~ 1 [r~(T(r~)--To)dr~, 
u ( r ) = a  3 ( 1 - - o )  r 2 (3) 

where To is the temperature of the medium at infinity. We carried out the numerical solution 
of Eqs. (i), (2) for a number of values of the dimension of fluctuation and concentration of 
admixture particles. The graphs of three of the above-noted cases are shown in the figures. 

In the calculations we assumed the following values of the parameters of the sys- 
tem: p = 3" 103 kg/m 3, c = 1.3- i03 J/kg �9 ~ ~o = 0.i m -I, ~ = 1.3 W/mo.~ a = 0.008/To, 

o = 0.22. 8 = 0.0001.2kTo/po, El = 7.105 Po, Po = 105 Pa, To = 300~ The intensity was 
taken equal to i0 ~ W/m 2. The dimensions of inhomogeneity lie within the interval of values 
0.75.10 -6 to 1.25.10 -6 m. The concentration of the admixture with constant a then changes in 

the interval of values that corresponds to the change of xl within the limits (750-1370) xo. 

Figure 1 shows the behavior of the volume V, within *hich the temperature in the medium e~, 
ceeds some value T,. Different values of T, may correspond to the thresholds of different 
physical changes in the medium. The duration of the examined pulse T was taken equal to 
0.6-10 -6 sec. 

In the case of Fig. la. the concentration n~ is such that with a = 10-G m, • =103 Zo. 
The value of a changes within the interval 0.75.10-6-1.25.10 -6 m; an increase of V, is ob- 
served. For a lower value of T, the curve V, in the given interval of a increases monotoni- 
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cally. For higher temperatures T, we find that the curve passes through its maximum, and 
then V, drops. For T, = 3.25 To the curve at the boundary of the interval drops almost to 
zero. Such a course of the curves indicates that there possibly exists a critical dimension 
of the fluctuations in relation to the threshold of destruction of the material, 

In the case of Fig. ib we find monotonic increase of the curves with increasing a. The 
dependence is nonlinear, and for the temperature T, = 4To the initial value of V, is prac- 
tically equal to zero. This indicates that there exists a minimum dimension of the fluctua- 
tion leading to the destruction of the material at the given intensity and duration of the 
pulse. 

In the case of Fig. Ic, the curves increase monotonically but the rate of increase be- 
comes smaller with increasing concentration; this indicates the possibility of saturation. 
For T, = 4To the initial value of the curve is practically equal to zero; this indicates the 
existence of a minimum concentration at which destruction of the material occurs. 

Figure 2 illustrates the dynamics of temperature increase in the medium. At the initial 
instants, the temperature distribution copies fairly accurately the distribution of admixture 
concentration in the medium. This circumstance may be made use of for determining experi- 
mentally the distribution of the admixture concentration, With sufficiently sensitive meth- 
ods of finding the temperature distribution in transparent material, heating with fairly 
weak, short pulses makes the distribution of the admixture visible. The quantitative com- 
parison of concentration and temperature may be assisted by calculations of the type carried 
out above. At the later instants (Fig. 2) the temperature distribution differs considerably 
from the distribution of the concentration. 

The calculations that were carried out indicate that it is possible to compare the tem- 
perature distribution in a medium upon irradiation by fluxes whose intensity lies substantial- 
ly below the threshold value, with the distribution of the concentration. The data presented 
in Figs. I, 2 characterize the possible dependences of the volume of the zone in which the 
parameters attain critical values on the dimensions and amplitude of the fluctuations of the 
admixture concentration. The corresponding regularities are important in determining the 
threshold of destruction of material by optical radiation from the known initial distribution 
of the concentration of absorbing admixtures. The values of the parameters used in the cal- 
culations were close to the experimental ones. 

NOTATION 

ao, a, characteristic dimensions; n(r), n:, concentration of admixture; @ , step function; 
r, r~, radial coordinate; N, number of admixtures; T, T,, To, temperature; E, Eo, characteris- 
tic energy; • • • absorption coefficient; k, Boltzmann constant; p, density of the medium; 
c, specific heat capacity of the medium; t, time; X, thermal conductivity of the medium; I, 
intensity of the luminous flux; E:, Young's modulus; a, coefficient of volume expansion; a, 
Poisson ratio; u(r), displacement of the points of the medium; V,, characteristic volume; ~, 
pulse duration. 
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TEMPERATURE DEPENDENCE OF THE ELECTRICAL RESISTIVITY AND NORMAL 

INTEGRAL COEFFICIENT OF RADIATION OF METALS 

L. N~ Aksyutov and E. N. Maleev UDC 537.311.3:536.45 

On the basis of an analysis of the values of the normal integral coefficient of ra- 
diation (radiative capacity) and dc resistivity of metals, we obtain formulas de- 
scribing the temperature dependence of these quantities and their interrelation- 
ship over a wide range of temperatures. 

A great deal of information has already been accumulated concerning the temperature de- 
pendence of the electrical and radiative properties of metals. However, in a number of cases 
the experimental data found in different literature sources are not in good agreement. Con- 
sequently, the available information must be generalized in a way that will make it possible 
to establish the degree of reliability required for the correct solution of practical prob- 
lems and will provide a method for its adequate theoretical interpretation. 

The purpose of the present article is to determine-- on the basis of a generalization of 
the results of an experimental investigation of the electrical resistivity (p~) and the inte- 
gral normal coefficient of radiation (Ctn) of metals -- the characteristics of the temperature- 
dependent variation of these quantities at temperatures below the melting point. 

We carried out an analysis of the experimental data for Stn and p~ taken from various 
literature sources [1-5, 12-14], as well as the values of etn calculated from the results of 
an investigation of the optical constants of metals [6] and from the integral hemispherical 
radiative capacity (eth) by means of the formulas [7]: 

st~ -- 1 4- exp [-- (5.2e~ 4- i. 16)], et~ < 0.2; (i) 
8th 

~t,~ -- 7.37- 10 -2 4- exp [ - -  (0.11 In 8t~ 4- O. 14)], s~,~ ~ 0.2. (2)  
8th 

In Fig. i, where the values of p~ and etn for a number of the metals we considered are 
plotted against temperature, it can be seen that a change in the temperature dependence of 
these quantities in some metals, e.g., in nickel (see Fig. ic), takes place at the same tem- 

perature. In other metals, in particular in tungsten (Fig. la), therelation etn = f(T) 
changes at a temperature that lies in the interval 1800-1900~ while the function p~= ~(T) 
remains unchanged over the entire temperature range represented in the figure. This fact 
contradicts the conclusion drawn in [8] to the effect that the variation of p~(T) for metals 
as the temperature varies is similar to that of Stn(T). 

For most metals the experimental values of p~ and gtn were obtained at temperatures lower 
than the melting point T*, which, as is known, is a characteristic quantity for each specific 
metal. Obviously, p~* and StUn, corresponding to the solid phase of the metal at the melting 
point, can be characteristic quantities of the same kind. 

Since the temperature dependence of the electrical resistivity of metals, as of all 
crystalline solids, remains unchanged in the range of high temperatures up to the melting 

for each metal can be determined from the high-tempera- point [9], the numerical value of p~ 
ture segment nf curves of the type represented in Fig. 1 by extrapolating them to T = T*. 
The numerical value of e[n is determined in the same way. 

We found that the electrical resistivity, referred to the appropriate absolute tempera- 
ture and expressed in terms of its characteristic quantity and the melting point, is a power 
function of the relative temperature: 
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