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SIMULATION OF THE THERMAL FIELD DISTRIBUTION IN SOLIDS UNDER
SHORT LASER PULSESIRRADIATION
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In this paper we have developed an analyticd modd to study the temperature distributions in
IR optical materials heated by laser pulses. Our modd takes into account the two-photon
absorption The calculations are based on athree dimensional modd of heat diffusion in solids
using the integral transform method. We find out the rigorous analytical expression of the
thermal field when one considers both: one and two photon absorption. The model isvalid for
any laser-solid system whose interaction can be described by generalized Beer-Lambert law.
Specific results are presented for an application of the model to InSh sample. We find out that
two-photon absorption can produce detectable temperature variation.
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1. Introduction

Multiphoton absorption (MPA) processes in semiconductors have been the subject of

extensive theoretical and experimental investigations since the advent of the laser over four decades
ago. Nonlinear absorption plays a crucia role in the high-power laser technology, as wel asin many
fundamentd aspects of solid-state physics.
Moreover, inthe last decade the employment of semiconductor components as nonlinear elementsin
optical communication and information processing systems become very extensive, a more precise
and accurate knowl edge of their nonlinear optical propertiesis needed. Thisis why we consider in this
context, the study of two-photon absorption (TPA) coeffidents in crystaline solids can be of an
unambiguous practical importance for awea th of applications.

For example, TPA proved to be a powerful spectroscopic tool; first, it is the only method
available in the cases when one-photon absorption is forbidden by the sdection rules, and second, it
gives complementary material information even in the cases in which the linear absorption is all owed,
because it permits the study of the crystalline volume and not only of its surface. TPA processes can
also give fundamental information about the energy-band structures not easily obtained by using
linear techniques.

During the last ten years advances in laser processing have encouraged the devel opment of
model cal culations of spatial and tempord temperature fiddsin laser heated solids. In recent years the
integral transform method has been successfully applied to the studies of thermd fidds in laser-salid
interaction [1-4]. Elaborated mathematical modds, both andyticd and numerical, have been
developed to describe the heat flow under a large number of simplifying approximations and
assumptions regarding the laser beam and the sample.

The rapid devd opment of the high-power cw and pulsed CO, lasers is limited more and more
by the susceptibility of windows and mirrors to damage. Ideal high-power laser window material
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would have low absorption coefficient at the laser wave ength. In this paper we consider the heating
of a solid sample by laser pulses. In order to understand better the physical absorption process it is
necessary to consider multi-photon processes. We will take into account one and two-photon
absorption coefficients. Three-photon absorption has been relatively less well studied than two-photon
absorption because of the significantly smaller transition probability associated with it. From theory
and experiment we know that the higher-order multiphoton transition probabilities decrease rapidly
with increasing order.

The role of two-photon absorption in semiconductors is of increasing importance as
semi conductors components become employed as nonlinear dements in optica communications and
information processing systems. Two-photon absorption provides a fundamental limitation for all
optical switching in the transparent spectral region of semiconductors. Two-photon absorption has
also potentia applications as a honlinear spectroscopic technique, providing complementary materia
information to one-photon-absorption measurements.

We carry out three-dimensional modd calculations in which full account is taken not only of
the two-photon absorption but also of the time and space characteristic of the laser beam as the
heating source We discuss the influence of the two-photon absorption coefficient in establishing the
thermal profiles. We aso discuss the influence of the heat transfer coefficent.

2. The analytical model

In the present paper, the macroscopic heat equation, is employed to investigate the
temperature fidd in a semiconductor [5-7] exposed to a Gaussian or flat spatial profile and a
rectangular nanosecond pulse. The sample is supposed to be homogeneous and therefore there is no
angular dependence of the temperature variation. The equation describing the heat diffusion inside a
cylindricd IR optica materiad irradiated by a laser beam centered to the probeis fully described by
the partial differential equation:
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where k - the therma conductivity of the sample y - the thermd diffusivity of the sample

(Vzﬁ); C -the heat capacity of the sample o - the mass density of the sample Here
A(r, z,t) represents the heat rate (per unit volume and time) produced by the laser in the sample. The

temperature T is a function of (r, z,t) and is defined here as a temperature variation rather than an
absolute temperature: T(r,z t)=T; -T,,, whereT; andT,, are the fina and the initia absolute

temperature of the sample If we consider a linear heat transfer at the sample surface (the “radiation”
boundary condition), we have:

kT2 HiT(b, z, 1) =0,
k28] hT(r, 0, 1) =0, &)
k2| HiT(r, &, 1)=0

where :h - heat transfer coefficient of the sample surface a, b - thickness and respectively the

radius of the sample. In the presence of both one- and two-photon absorption, described by
coefficients o and B respectivdy, the change in the intensity of the light as it passes through the

— 2
sampleis given by generdized Beer-Lambert law [8]: %IZ =—al - BU"when free carrier absorption
is negligible. Two-photon absorption coefficient can be cal culated in second-order perturbation theory
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in terms of transition probabilities W,: B =4W,hw/1?. The transition probability from an initial
valence band to afinal conduction band, accompani ed by the simultaneous absorption of two photons,
each of frequency @ can be calculate as:
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In above equation lﬂi is the Bloch function of the crystalline dectrons in band i whaose energy is

E; and H isthe interaction Hamiltonian. The cal cul ation of numerica values for two-photon transition
probability is extremely difficult. The straightforward sol ution to the Beer-Lambert equation is[8, 9]:

| — (1-R)?exp(-a2)
K T 1+80,A-R)[1-exp(-az)]/a ' 4

where R is the reflectivity at the wavelength of the incident radiation and z is the thickness of the
sample

In order to takeinto account the two photon absorption, the heat rate per unit volume and time
will be determined by the laser intensity, according to Beer-Lambert’s law:

A, z,t) = (a0 (r,2) + Bl 5(r, 2) [h(t) —h(t —t,)) , (5)

wheret, isthe pulse duration and h(t) is the step function.
The solution of the heat equation is (Appendix A):

Top(r,z2t) = ZZ[ﬁ [, 5 (1, A - = (1= ) Bt -ty)]
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XKF (/'Ilar) DKz(/]]aZ) (6)
where: 67 = y(u? + A7) and

ab
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00

The coefficients C; and C;are normalizing coefficients. The eigenvalues 4 and A
correspond to the eigenfunctions K, (r,4) and K,(z,4;). The integral operators corresponding to the

ggenfundions K, (r,4)=J,(u @ and KZ(ZM“):COS(/‘;Z)'*/]]%Sin(/‘j [Z) are normalized by the
following coefficients:
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The eigenvalues y, and A ; are determined from the boundary conditions by the following
equations [1]:
B Io(Hb) ~ 431 (40) =0 and

AR
2[00t(A @) ==— _AThm (10)

3. Results and discussion

In the previous section the heat diffusion equation was anayticaly solved in order to
determine the temperature fied inside a semiconductor sample. One cylindrica sample made of InSb
was considered and its dimensions are the radius b=10 mm and the thickness a=4 mm. The sample
was supposed to beirradiated by a 250 ns TEMg, CO, laser beam with the power 100 W and 2 mm
width.

The InSb sample has the following characteristics: mass density: o =5.78g/cc; thermd

conductivity k = 16 W/m K; specific heat ¢ = 0.144 Jg°C ; absorption coefficient a =0.64 mm’™;
two-photon absorption coefficient 8 = 15 cmMW™[5,6,7,9]. The temperature fieds plotted in

Figs. 1-4, correspond to z=0, h =6x107 Wmm*K and anull surface absorption.

A typical temperature distribution versus time and radial coordinate for 250 ns TEMy CO,
laser beamis shownin Fig. 1. The temperature distribution reaches its maximum in the sample center,
at the point where the power density has its maxi mum.

The same temperature fidd is presented in Fig. 2, but for a0.2 ms TEMg, CO; lasear beam
with 50 W power. As we expected the general shape of the thermd fields are very similar but the
pulse duration of the laser beam determines the temporal evolution of the temperature field. One can
easily notice that in Fig. 1 the cooling processis faster in comparison with the onein Fig. 2.

InFig. 3 is presented the same temperature fiedd asin Fig. 1 but for h =3x107 Wmm?K . One
can easily observe the general increase in temperature but the shape of the fied temperature remains
the same. The explanation is that h is the key factor which determines the energy losses by radiation
and convection through the surface, and therefore

Fig. 1. Computed temperature field inside InSb probe exposed 250 nsto a100 W TEMy, CO,
laser beam.
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CO, laser beam.

Fig. 3. Computed temperature field inside InSh probe with h=3x10" Wmm ?K , exposed
for 250 nsto a100 W TEMg, CO; laser beam.

Fig. 4. Computed temperature field inside InSb probe exposed for 250 nsto a 100 W TEM g
CO, laser beam, when a =0 and thetwo - photon absorption coefficient 8 = 15 cmMW™.
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establish the steady state regime where there is an equilibrium between the energy absorbed from the
laser and the energy | osses.

We present in Fig. 4 the temperature fidd produced only by the two-photon absorption
coefficient (@ =0). One can notice that the temperature field is less than five percent from the
maximum temperature field produced in the case a 20 (Fig. 1).

4. Summary

The model applied in this paper is one which assumes that the laser beam interacts with the
sample via one- and two-photon absorption coefficient. Our study cond udes that for solid materials,
the heat equation has a rigorous anaytica expression, and the two-photon absorption produce a
detectabl e temperature fidld in comparison with the fidd produced by the one-photon absorption.

The temperature profile modd could be applied to any other semiconductor introducing the
specific constants of the material.

Appendix A

The heat egquation inside the sample (Eg. (1)) is solved using the integral operators method.
To diminate differentiation with respect tor, weset: D, =a/dr® +(1/r)(d/0r) .
Theauxiliary function K, (£ ,r) must satisfy the equation:

°K, | 1 0K, 20 _
ar2 +T ar tU Kr =0 (A1)

and from the first equation representi ng the boundary conditions

(Eq@): k=520 4K (b, 2,1)=0 (A2)

The solutions of Eq. (A.1) are K, (r, 1) = Jo(14r1) where J, (x) is the Bessd function.

b
Wehave: K, (r,4)=J,(4r) @ [/ C) Here: G =IrKr2(r,M)dr = 231_2 (% +47) 3§ (1) |
O 1

The eigenvalues (4 corresponding to the e genfunctions K, are ca culated by solving the next

equation that comes from the border conditions (Eg. A.2): E Jo(4b) — 143, (140) =0,
Aplying K, (r, ) Eq. (1)becomes:

2 07T 10T — _ A,z
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Here T(4,21) =éjT(r, z,t) 0t Lo (441)dr gng AL,z t) :éfA(f, z,t) 0t Lo (g41)dr
0 0

.-
To diminate differentiation with respect to z, we set: D,T =21,

0z
Theauxiliary function K, (4;,2z) must satisfy the equation:

0°K,

2 —
e +A°K, =0 (A.4)
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a
and the boundary conditions (from Eq(2)) : [k(a:;) -hK, ], =0and [k( aKz 2)+hK,],-, =0

Wehave: K,(z,4;) = 0os(;2) + s sin(; (2) and K, (2.4)) = & K (2.)

a _AR 4
Here: C; = [KZ(z 4;)dz. From the boundary conditions we obtained: 2@1()']3) _JT_ATM-
0
Applying K, (z.4)) = 2K, (2.4;) Eq. (A 3) becomes
2 | a2vE L 19T _ AlA)
(U + AT+ 50 === (A.5)
_ ab
where: T (44 ,4;.t) :Tlcj“T(r,z,t)Dl K, (44,1) K, (4}, 2)drdz and
00
_ ab
Al A 1) =Tlcj“A(r,z,t)m K, (4.1) K, (4;,2)drdz (A.6)
00

Taking into account Eq. (5) and using the direct and inversion Laplace transform technique
one can solve (A.6) and the solution (6) givenin this articlewill be obtained.
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