NONSTATIONARY ABSORPTION WAVE IN A SOLID TRANSPARENT DIELECTRIC
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Numerical methods are used to exaniine the process of formation and development of a laser
radiation absorption wave in a solid medium. Radiation propagation within the material is de-
scribed in the geometric optics approximation.

Thermal ejection of electrons from the valent zone into the conduction band of a solid medium under the
action of laser radiation leads to the development of thermal avalanche breakdown, As a result, within the
initially transparent dielectric an opaque zone is formed, and an absorption wave which absorbs the incident
radiation develops.

A laser thermal breakdown mechanism has been proposed to explain experiments with brief laser pulses,
but direct experimental proof of the existence of this mechanism has been obtained for millisecond pulses act~
ing on silicate glasses [1, 2].

The main parameters of the absorption wave are its velocity v and the temperature behind the absorp-
tion front Tmax; also of interest is the width of the absorption wave front. In [{3-5] analytical expressions
were obtained for v and Tpgx as functions of the material parameters (forbidden zone width Eg, electron col-
lision frequency, phonon thermal conductivity coefficient, etc.) and the incident radiation intensity. The
numerical computation of [6] obtained profiles of temperature and incident radiation intensity on the wave front
and the dependences of front width and velocity of stationary absorption wave motion on incident radiation inten-
sity for fused quartz,

All these theoretical studies considered the steady state one-dimensional motion of an absorption wave
in the final stage of thermal instability development, independent of the cause of the instability — local absorb~
ing inhomogeneities or heating of the matrix, Moreover, the above studies assumed that the thermal conductiv-
ity of the dielectric had a negligible temperature dependence, so that heat transfer was completely determined
by the phonon mechanism, In fact, even at temperatures of ~4000°C the electron thermal conductivity of glass
is comparable to the phonon component, while at temperatures of ~8000°C the electron component is the dom~-
inant one,

In connection with this, it is of interest to study an absorption wave within the volume of a solid medium
with consideration of electronic thermal conductivity, and also to study the dynamics of absorption wave de-
velopment over time and the effect of experimental geometry on absorption wave characteristics. For this pur-
pose a numerical solution was sought to describe the nonsteady-state motion of an absorption wave with con-
sideration of electronic thermal conductivity.

Fundamental Equations. The fundamental equations of the problem are the thermal conductivity equation
with temperature dependent thermal conductivity coefficient and heat source function, and the equation for the
radiation field, Since, as was shown by preliminary calculations, the width of the absorption wave front is
greater than the wavelength of the incident radiation (A = 1,06 pum), we may use the geometric optics approxi-
mation, The system of equations then takes on the form
G_T___div(u(T) VT) . &(T) 0 dg

—=Ek(T)g.
ot C (o dx (Na A

In correspondence with the semiconductor model, the temperature dependence of the absorption coeffi-
cient can be represented as

k(T) = ky+ kyexp(— E,/2T), (2)

where E, is the forbidden zone width, defined for media with unordered structures as the energy gap between
the edges of valent zone mobility and the conduction zone; kj is the linear absorption coefficient, determined,

Nuclear Physics Institute, Moscow State University, Translated from Inzhenerno-Fizicheskii Zhurnal,
Vol. 42, No, 4, pp. 633-639, April, 1982, Original article submitted January 15, 1981.

440 0022-0841/82/ 4204-0440 $07.50 © 1982 Plenum Publishing Corporation



for example, by impurities and defects, and is assumed temperature independent. For the majority of semicon-
ductors we have Eg(T) = Eg(O) — yT, where vy is a constant of the material, and consideration of the tempera-
ture dependence of Eg in the case Eg(T) > he/A leads only to a reevaluation of the constant k.

The thermal conductivity coefficient, with consideration of both phonon and electron mechanisms, has the
form

x(T) = ne, -+ %, T exp(— El2T). (3)

The electronic thermal conductivity can be determined from the dec conductivity using the Wiedemann—TFranz
formula. For solids [7], the conductivity due to free electrons obeys the law o (T) =0, exp (—Eg/2T), whence
follows Eq. (3).

System (1) was solved for both one- and two-dimensional cases, (The solutions of the two-dimensional
problem are sufficient for consideration of actual experimental geometry [2], since the lens system usually
forms an axisymmetric radiation flux within the material with a caustic whose length is 7-10 times that of the
focus spot.)

The initial and boundary conditions have the form
Tin -

T O ="

q (xbound) = 4o (4)
for the one-dimensional problem and

Tin exp(— r¥a?)

14 x3/Lr q (Xbound) = gyexp (— r¥a?) (5)

T(x, r, O)=

for the two-dimensional case.

For the numerical calculations, the following values were chosen for the constants entering into the equa-
tions and initial and boundary conditions (ZhS12 silicate glass): C = 3.1 J/cm®- °K; Eg=3.8eV=44,000K [2];
ky = 0.25 cm b wp = 1.5- 1072 W/em *°K; Tjp = 2500°K; L = 0,12 em; @ = 0,02 em; Xpound = 0.15 em.

Calculations were performed for various values of incident radiation power density q, over the range
10°-3-107 W/em?, 1In addition, k, values were varied from 2.5-10%to 10% cm™ and we from 2.9-107%t0 2,9-
107 W/cem - deg?.

Main Results, Temperature profiles were calculated for various durations of laser action at several
values of the parameters qg, kj, ne. The calculations revealed that steady~-state motion of a two-dimensional
absorption wave along the x axis occurs with the same velocity and the absorption front has the same maximum
temperature as in the one-dimensional case, This is true because on the axis the radius of curvature (Reurv?
1072 cm) of the absorption wave front greatly exceeds the thickness of the front (dfy, ~ 5-10" % cm). At the same
time, because of two-dimensional diffusion, the temperature profiles behind the front differ significantly.

Figure 1 shows isotherms of the absorption wave for various times for an incident radiation intensity
gy = 10° W/cm?. A typical pattern of the change in temperature profiles with time is shown for the one-dimen-
sional case in Fig, 2.

Since the main parameters of the absorption wave front (Tymax and v) coincide for the one- and two-
dimenisonal cases, development of the wave can be studied in the one-dimensional case.

One can clearly see three stages in the development of thermal instability, In the first stage there is a
sharp decrease in radiation absorption length l,, with a related asymmetricincrease in temperature profile.
Up to the beginning of this stage at T S 2500°K the length I, is of the order of or greater than the focal length,
and specimen heating due to radiation absorption occurs practically symmetrically with respect to the center
of the caustic. At the end of this stage the temperature reaches a value of 3000-4500°K, 1, ~ (0.1-0.01) L, and
the temperature profile is significantly asymmetric, The maximum of the temperature profile shifts toward the
incident radiation, and the speed of this shift increases with passage of time,

In the second stage there is a further increase in the steepness of the asymmetric temperature profile,
and a nonsteady-state absorption wave is formed. The maximum temperature then increases, and in accord-
ance with the expression [8]

Co(Tmazs—T ;) =G (6)

the velocity of temperature profile front motion falls. Equation (6) is applicable in the second stage because
the incident radiation is absorbed mainly in the front of the wave. The width of the absorption wave front in the
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Fig. 1. Absorption wave isotherm structure for various
times (k, =5+ 104 em™, e = 2.9° 1074 W/em - deg? num-
bers along curves denote temperature in 10°K); a) t=
256; b) 512; c) 768; d) 1024 usec. 1, X, pm.

:
-
N

0 a5 X a / 2 7o
Fig, 2 Fig. 3

Fig. 2. Temperature profiles for one-dimensional case (q, =
108 W/om? ne = 1.45- 10° W/em-degh k, = 10° cm™): 1-5)

times 0, 100, 200, 400, 600 usec, respectively. T, 10%°K; x,
mm,

Fig, 3. Velocity of steady-state absorption wave motion
versus incident radiation intensity: 1, k, =5+ 10 em™ e =
2.9+ 1074 W/em- deg% 2) 10% and 1.45- 105 points, experi-
ment [2]. v, m/sec; g4 107 W/em?.

course of the second stage decreases significantly (from several hundred pm to several um at the end).

In the third stage of thermal instability development the temperature and velocity achieve a steady-state
regime and a purely thermal conductivity regime of absorption wave propagation is realized.

The velocity of the steady-state absorption wave motion is shown as a function of incident radiation in-
tensity for various values of the coefficients ne and k, in Fig. 3. Also shown are experimental points for
ZhS12 glass [2]. The experimental data are described best by the values k; = 105 cm L, ne=1.45" 10-*W/em -
deg?,

We note that because of improper consideration of the geometric factor (nonrectangular temperature pro-
file) in [2], the value of the preexponential factor for ZhS12 glass is an order of magnitude too low. (We are in-
debted to D. B. Chopornyak for calling this fact to our attention,) Due to experimental uncertainty the electrical
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Fig, 4. Satellite absorption wave at q, = 3,2+ 10° W/em? a) t = 256;
b) 342; ¢) 432 usec.

conductivity was determined to within a factor of two, and within the limits of this uncertainty the value of ¢
and the experimental ¢ quantitatively satisfy the Wiedemann-Franz law. The time required to establish the
steady-state regime depends significantly on the intensity of the incident radiation. This dependence is approxi-
mated well by a power function, and at the values ky = 5- 10 em™, g = 2.9+ 107 W/cm - deg? has the form t =
1.4* 10%q,%?, where q, is measured in W/em? and t in sec. Calculations show that increase in the absorption
coefficient changes the parameters of the absorption wave insignificantly. Thus, increase in k, by a factor of
two leads to an increase in velocity and decrease in temperature by less than 10% for q, = 10 W/em?; at g, =
10’ W/em? the corresponding changes in the absorption wave parameters are about 15%. Variation of Eg by
20% changes the wave velocity by 6%, The dependence of the absorption wave parameters on the value of the
electronic thermal conductivity coefficient is also quite weak. Thus, for an increase in e by an order of
magnitude, the absorption wave velocity increases by 37%, while the time for establishment of the steady-state
regime and maximum temperature in the absorption wave decrease by 20%. A more marked dependence upon
He is shown by the absorption front width dfy, which is defined as the distance in which the laser radiation in-
tensity changes from 0.9 to 0.1 q,, With increase in e by an order of magnitude, dfy increases by a factor

of approximately two.

'Satellite’ Absorption Wave. At some ratio of the medium's parameters (see below) during the process
of absorption wave development there appears a unique ''satellite’ absorption wave on the periphery of the op-
tical discharge. It begins to form from a projection on the isotherm (0.3-0.4) - 10*°K (Fig.4a). The absorption
length produced by the reverse breaking effect at a temperature of 0,3+ 10%°K, I; ~ 100 um, and at 0.4 10%°K,

Iz ~ 10um, i.e., as is evident from Fig. 4a, the laser radiation penetrates to the projection on the 0.4- 10%°K
isotherm and is totally absorbed there. As a result, the front of the projection becomes sharper and a detached
absorption wave develops (Fig. 4b, ¢), To form this projection, a change in the form ofthe isotherms during ab-
sorption wave motion is necessary.

In the initial stage of the motion the temperature field has isotherms close in form to paraboloids of
revolution (see Fig. 1a, b), while the final form of the isotherms in the last stage is close to pear-shaped (Fig.
le, d). There also exists a time in the process when in the interval (x4, X,) the values of the isotherm x-co-
cordinates have a cylindrical form, The temperature field at x < x; (where the isotherms are part of a parab-
oloid) formsa projection, and the portion of the temperature field at x > X4, expanding over coordinate r dur-
ingmotion, encourages effective '"repulsion' of the satellite wave formed, The latter can be seen clearly by
comparing Fig, 4b and c. In order that the developing projection not disappear due to thermal diffusion and that
the satellite wave form itself before the expansion of the main part of the discharge, it is necessary that cer-
tain relationships exist between the intensity-dependent absorption and thermal conductvity coefficients. The
range of material parameters over which the peripheral wave would be observed at various intensities was not
determined; we note only that this effect is observed at g, = 3.2 106 Wem?-atk, =510 cm™!, and ue = 2.9-
10”4 W/cm + deg?, When these parameters are increased or decreased by a factor of two, the peripheral wave
does not develop, Modulation of the laser radiation (~30-40%) leads to formation of several satellite waves on
the periphery of the optical discharge.

The main peculiarities of absorption wave development in glass are described well by the semiconductor
model even though the model is not completely adequate. Thus, thermal dissipation of the medium [9] was not
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considered in the calculations, nor was thermal expansion of the discharge region and surrounding liquid glass
volume, nor the dependence of electron collision frequency, heat capacity, and ionization potential upon tem-
perature,

The theoretical and experimental dependences of velocity on intensity show good qualitative agreement,
and there is satisfactory agreement (with consideration of expansion) between the values of absorption wave
velocity. )

The location of the most strongly heated region (with T > 4- 10%°K) at the caustic of the focusing lens
also agrees with experimental data. In the process of thermal instability development the further (with respect
to the incident radiation) boundary of this region is located at some distance from the caustic in the direction
toward the lens, and remains practically unchanged with time [ 10].

The two-dimensional absorption wave calculated has a form close to a paraboloid of revolution in the
initial stage of steady-state motion (which agrees with the experiments of[1]) but changes to a pear-shaped
form as motion continues, Such a transition has not been observed in experiment, and so the fine structure of
the surface layer [1] cannot be explained on the basis of a satellite absorption wave.

The effect of dissociation requires additional consideration, although on the basis of the above we may
conclude that thermodissociation processes apparently do not play the dominant role in initiation, development,
and motion of the absorption wave, at least in the case considered here, ZhS-12 glass. Since in the experiments
clear signs of thermal decomposition of the medium were observed after laser action [1, 2], such as change in
the index of refraction and coloration, it can be proposed that dissociation takes place behind the absorption
front and the time for establishment of dissociation equilibrium is not less than the characteristic time of wave
motion tx = x/v?~ 107 sec.

NOTATION

T, absolute temperature; q, laser radiation intensity; C, volume heat capacity of medium; % (T), thermal
conductivity coefficient of medium; k(T), radiation absorption coefficient; L, length of focal region of focusing
system; a, caustic spot radius; x, thermal diffusivity coefficient; h, Planck's constant; ¢, speed of light,
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