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Abstract:
In this thesis the effects of absorptivity and diffusivity on the displacement of the back surface of a
specimen, when its front surface is irradiated with a high energy laser whose temporal pulse shape is
represented by a Dirac-delta function, are analyzed for the one-dimensional case. When the specimen is
irradiated with laser energy thermoelastic waves are generated inside the specimen. These waves travel
from the front to the back surface of the specimen and cause displacement of that surface. Governing
differential equations and corresponding boundary conditions approximating this phenomenon are set
up. These equations are then solved by Laplace transform method to obtain expressions for temperature
distribution inside the specimen and displacment of its back surface.

A sharp spike in displacement-time graph is observed which agrees with the experimentally obtained
data. It is also observed that at low absorptivity diffusivity has negligible effect on the
displacement-time characteristic. But in the case of high absorptivity, displacement increases
significantly with increase in absorptivity. Again for very small diffusivity, peak displacement
decreases with increase in absorptivity while for other values of diffusivity peak displacement increases
with increase in absorptivity. Also peak displacement does not increase much with increase in
diffusivity when the diffusivity is already high.

All of these observations can be explained by considering the heat distribution inside the specimen as a
series of discrete point heat sources. The resultant displacement in this case is then the summation of
all the displacements due to each individual point heat source.

Using this solution as a Green’s function, the author can obtain displacement of the back surface of the
specimen for any arbitrary laser pulse shape. Again this formulation helps to determine the relative
effects of absorptivity and diffusivity on the displacement characteristic. 



THE EFFECTS OF THERMAL DIFFUSIO N A N D  OPTICAL  

A BSO R PTIO N  ON LASER GENERATED ULTRASONIC

WAVES IN  A SOLID

by

Amitava Roy

A thesis submitted in partial fulfillment 
of the requirements for the degree

of

Master of Science 

in

Mechanical Engineering

MONTANA STATE UNIVERSITY 
Bozeman, Montana

July 1989



ii

APPROVAL

of a thesis subm itted  by 

Amitava Roy

This thesis has been read by each m ember of the thesis com m ittee and has 
been found to  be satisfactory regarding content, English usage, form at, citations, 
bibliographic style, and consistency, and is ready for submission to the College of 
G raduate Studies.

ihoki
Date

L  ___
C hairperson /G raduate  Committee

Approved for the M ajor D epartm ent

D ate Head, M ajor D epartm ent

Approved for the College of G raduate Studies

Date
^  7  /  ? f-  ?

Z
G raduate Dean



iii

STATEM ENT OF PERM ISSIO N TO U SE

In presenting this thesis in partial fulfillment of the requirements for a mas

ter’s degree at Montana State University, I agree that the Library shall make it 

available to borrowers under rules of the Library. Brief quotations from this thesis 

are allowable without special permission, provided that accurate acknowledgment 

of source is made.

Permission for extensive quotation from or reproduction of this thesis may be 

granted by my major professor, or in his absence, by the Dean of Libraries when, 

in the opinion of either, the proposed use of the material is for scholarly purposes. 

Any copying or use of the material in this thesis for financial gain shall not be 

allowed without my written permission.

Signature

Date



iv

ACKNOW LEDGEM ENTS

I would like to thank Dr. R. Jay Conant for his guidance and the many useful 

discussions concerning the project.

This work was supported by the Department of Interior s Bureau of Mines 

under Contract No. J0134035 through Department of Energy. Contract No. DE- 

AC07-76ID01570. I would like to thank Idaho National Engineering Laboratory 

for this and in particular Dr. K.L. Telschow for his assistance in this project.



V

TABLE OF CO NTENTS

Page

A PPR O V A L ............................................................................................................

STATEMENT OF PERMISSION TO USE ............................................................ iii

ACKNOWLEDGEMENTS...........................  iv

TABLE OF CONTENTS ..............................................................  v

LIST OF T A B L E S ............................................................................ ................... vii

LIST OF FIG U R E S..................................................................................................viii

A B S T R A C T ........................ x

1. IN TRO D U CTIO N ........................ ........................................................ ■ 1

Mechanism of Wave G eneration....................................................................  2
Literature R eview ...................................................................     ^
O b je c t iv e ........................ .......................... - ........................................  ®
Experimental Set Up ........................................ ' i......................................... P

2. FORMULATION OF THE PR O B LEM ........................................................  9

3. SOLUTION OF THE E Q U A T IO N S ................................................................17

Solution of Heat Conduction E q u atio n ...................................   17
Solution of Wave Equation . ............................................................................ 19



vi

TABLE OF CONTENTS-Continued

Page

4. RESULTS AND ANALYSIS ................................ ....................................; . 35

Specialization of the Solution to Heat Conduction Equation
for Different Particular C ases....................................................................35

Evaluation of the Temperature Distribution when the
Laser Pulse Shape is Represented by a Dirac-Delta Function . . .  39 

Specialization of the Solution to Displacement Equation
for Different Particular C ases.................... 44

Evaluation of Displacement of the Back Surface of the 
Specimen when the Laser Pulse Shape is
Represented by Dirac-DeIta F u n c t io n ....................................................47

C onclusion................................................................................................. ...  . 56

REFERENCES C I T E D ....................................................................  58

A P P E N D IC E S ............................   60

Appendix A — Program Name: D IS P V A X .E X E ........................................61
Appendix B — Program Name: D ISPM O D .E X E ............................   71
Appendix C — Program Name: T E M P .E X E ................................................80



vii

LIST OF TABLES

Table Page

I. Combinations of absorptivity and diffusivity used for
. obtaining temperature d is tr ib u t io n ...........................................................39



Viii

LIST OF FIGURES

Figure Page

1. Schematic of the a p p a ra tu s ............................................................................ 7

2. (a) Temperature distribution and (b) wave generation 
along the depth of the specimen due to
sudden temperature rise at point P ............................................................  7

3. Experimentally obtained displacement variation with t i m e ...................... 8

4. Assumed uniform and non-uniform spatial distribution
of laser p u ls e ....................................................................................................... 10

5. Temperature distribution for high diffusivity and
high a b so rp tiv ity ............................................................................................... 40

6. Temperature distribution for low diffusivity and
high absorptivity .  41

7. Temperature distribution for high diffusivity and
low absorptivity ...................................................................................   42

8. Temperature distribution for low diffusivity and
low absorptivity ............................................................................................... 43

9. Displacement as a function of time for high a b so rp tiv ity ........................... 48

10. Displacement as a function of time for low absorptivity ............................49

11. Peak displacement as a function of diffusivity for
different absorptivities....................................................................................... 50

12. Visualization of the optically penetrating laser source 
as a collection of point heat sources, along with
the waveforms produced from sources P and Q ............................................. 52

13. Generation and propagation of wave through the specimen
over a period of time for low absorptivity and low d iffu siv ity ................54

14. Generation and propagation of wave through the specimen
over a period of time for high absorptivity and high diffusivity . . . .  56

15. Format for data entry files for program D ISPV A X .E X E ............................62



LIST OF FIGURES-Contiimed

Figure Page

16. Program to calculate displacement of the
back surface of a specim en ................................................................................63

17. Format for data entry files for program D ISPM O D .EX E........................ 72

18. Program to calculate maximum displacement
of the back surface of a sp e c im e n ................................................................ 73

19. Format for data entry files for program T E M P.E X E................................ 81

20. Program to calculate the temperature
along the depth of a s p e c im e n ........................................................................82

ix



X

ABSTR A C T

In this thesis the effects of absorptivity and diffusivity on the displacement 
of the back surface of a specimen, when its front surface is irradiated with a high 
energy laser whose temporal pulse shape is represented by a Dirac-delta function, 
are analyzed for the one-dimensional case. When the specimen is irradiated with 
laser energy thermoelastic waves are generated inside the specimen. These waves 
travel from the front to the back surface of the specimen and cause displacement of 
that surface. Governing differential equations and corresponding boundary condi
tions approximating this phenomenon are set up. These equations are then solved 
by Laplace transform method to obtain expressions for temperature distribution 
inside the specimen and displacmfent of its back surface.

A sharp spike in displacement-time graph is observed which agrees with the 
experimentally obtained data. It is also observed that at low absorptivity diffusiv
ity has negligible effect on the displacement-time characteristic. But in the case of 
high absorptivity, displacement increases significantly with increase in absorptiv
ity. Again for very small diffusivity, peak displacement decreases with increase in 
absorptivity while for other values of diffusivity peak displacement increases with 
increase in absorptivity. Also peak displacement does not increase much with 
increase in diffusivity when the diffusivity is already high.

All of these observations can be explained by considering the heat distribu
tion inside the specimen as a series of discrete point heat sources. The resultant 
displacement in this case is then the summation of all the displacements due to 
each individual point heat source.

Using this solution as a Green’s function, the author can obtain displacement 
of the back surface of the specimen for any arbitrary laser pulse shape. Again this 
formulation helps to determine the relative effects of absorptivity and diffusivity 
on the displacement characteristic.
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CH APTER I  

INTRO DUCTIO N

A laser is a special type of high power light source. The main properties of 

interest that are different in laser radiation as compared to radiation from con

ventional light sources are the intensity, direction, monochromaticity, coherence, 

brightness and high power availability. With a simple system it is easily possible 

to generate short duration pulses of red and infrared laser light with powers of the 

order of millions of watts. Several billions to trillions of watts have been obtained 

in a pulse in a more sophisticated system. Moreover, directionality and focusing 

properties of laser beams make it possible to deliver high irradiation to a small 

spot.

When a laser beam strikes the surface of a material, some of the beam’s en

ergy is absorbed and some energy is reflected from the surface. If absorption of 

laser energy is high, intense heating is produced which may lead to melting or 

vaporization of the target. Whenever the surface of a body is subjected to rapid 

transient heating and the temperature is not sufficiently high to cause melting or 

vaporization of the material, thermoelastic waves are produced inside the speci

men. These waves propagate through the body and can be detected by a suitable 

device within the body. Cracks or voids in the material can alter the form and 

characteristics of the travelling wave if their dimensions are large compared to the 

wavelength of the travelling wave. By detecting and analyzing the altered wave 

pattern, the location, size and shape of the irregularity in the material can be 

determined. Laser pulses of very short duration and low intensity can produce
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thermoelastic waves of sufficiently short wavelength to detect fine micro-cracks, 

previously undetected by ultrasonic testing methods.

Mechanism of Wave Generation

Light is absorbed in opaque materials by interaction with electrons. A quan

tum of light energy is absorbed by an electron which is raised to a high energy 

state. The excited electron will collide with neighboring electrons and other parti

cles in its vicinity and give up energy. In this process energy transfer occurs from 

one particle to another in the material. This is the same collision process which 

governs the conduction heat transfer phenomenon in a material. When a laser 

beam strikes the surface of an opaque material, it is absorbed in the same fashion 

as light. In a good conductor the mean free time between collisions for electrons 

is of the order of IO- 13 to IO-14 seconds [l]. Thus during the time in which a 

laser pulse strikes the surface (in this case ICT9-IO-7 seconds), an excited electron 

will make many collisions with other electrons and lattice particles. Therefore it 

can be said that when a laser beam is absorbed, optical energy is instantaneously 

converted to heat energy within a volume in which the laser energy is absorbed. 

The production and distribution of heat energy is so rapid, compared to the laser 

pulse duration, that the laws of conservation of energy can be applied in the small 

volume in which energy is absorbed. Therefore it can be said that the concept 

of temperature and other usual equations of heat flow are all valid in this case 

and the use of the continuum mechanics approach is justified. When the laser 

pulse duration is very short (in the order of pico-seconds) then there is no time 

for an excited electron to distribute its energy amongst its neighboring particles 

through the collision process. Hence it cannot be said that heat conduction has 

taken place during that time interval. Thus if the time of interest is very small,
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the continuum approach cannot be employed and this case will require a different 

treatment. In this case the laser-pulse duration and the time of interest are long 

enough to allow application of the usual laws of heat conduction.

There are several ways by which thermoelastic waves can be generated in a 

solid with the help of laser, utilizing different laser systems and/or modification 

of the specimen surface on which the laser beam is incident. The simplest among 

them is the laser irradiation of a clean specimen surface without any chemical 

coating on it by a laser pulse which strikes the metal surface normally. The 

intensity of the laser pulse must not be high enough to cause melting or damage 

of the surface. The amount of energy absorbed depends on the material’s optical 

absorption coefficient. The reciprocal of the optical absorption coefficient is the 

depth at which the laser intensity drops to 1/e  of its original intensity where 

e denotes the exponential term. For metals optical absorption coefficient varies 

between IO5/cm. to IO6/cm., which is very large. Thus for a metal specimen the 

absorption of laser energy as it travels through the specimen is extremely high. 

Therefore in each consecutive layer of the specimen, less and less energy is available 

for absorption and this results in the production of a steep spatial temperature 

gradient within the solid. This temperature gradient, in turn, produces a strain 

field (thermoelastic effect). Again the rise of temperature is extremely rapid, as 

the laser pulse has a steep temporal gradient and it is of very short duration, which 

causes the total laser energy to be absorbed in a very short period of time. The 

steep temporal gradient of the temperature produces a rapidly changing strain 

field. Due to the rapid change in strain with respect to time, an elastic wave is 

generated. Thus when there is no melting and/or vaporization of the material 

due to absorption of laser energy, the wave generation in the solid is principally 

associated with thermoelastic effects.
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In this thesis the effect of absorptivity and diffusivity of a material on the 

temperature distribution in the specimen and displacement of its back surface, 

caused by the generated thermoelastic waves, are investigated.

Literature Review

The generation of acoustic pulses in a solid by laser irradiation of its surface 

was first suggested by White [2], in 1963. White showed experimentally that high 

frequency elastic waves are produced in the solid by pulses of electromagnetic 

energy and light, upon their absorption at the surfaces of elastic solids and fluids. 

In another paper [3] White has analyzed the process of elastic wave production 

and its propagation through a solid which is subjected to transient heating with a 

laser, with particular emphasis on the case of the input flux varying harmonically 

with respect to time. He related the elastic wave amplitude to the characteristics 

of the heat input flux and the thermal and elastic properties of the body. In the 

process he showed the proportionality of the stress wave amplitude and absorbed 

power density. In this paper he assumed that all the heat is absorbed at the 

surface of the body.

Carome, Clark and Moller [4] have described the exposure of a liquid with 

high optical absorptivity, to a Q-spoiled ruby laser and the resulting development 

of stress waves. After them Penner and Sharma [5] have investigated theoretically 

the thermal stress development in partially transparent rods of infinite length for 

a one-dimensional geometry prior to ablation and thermal equilibrium. For this 

they assumed a particular simplified temperature profile along the material depth. 

J.F. Ready [l] described methods by which one can calculate the temperature 

distribution for any arbitrary laser pulse shape when the laser energy absorbed 

drops off exponentially along the specimen depth.
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Much later, in 1980, Scruby et. al. [6] performed quantitative experimental 

measurements in the generation of elastic waves by laser radiation. They found 

that the thermoelastic source generated both longitudinal (L) and shear (S) waves, 

but the latter predominates at the epicenter. They recorded the displacement 

of the surface opposite to the surface on which the laser strikes and observed 

a sharp spike is present in the displacement, signalling the arrival of the first 

longitudinal wave. Subsequently, the displacement became negative, i.e. in the 

direction opposite to the laser propagation.

Telschow and Conant [7] have observed that the spike in the displacement can 

be explained through the use of one-dimensional models that account for optical 

penetration and thermal diffusion into the material. They considered a single 

point source buried at the depth “H” below the surface and they showed that 

a positive precursor signal is produced. Next, optical penetration is taken into 

account by distributing point sources with an exponentially decaying magnitude 

with depth into the material. This model also produced a precursor signal whose 

shape reflects the temperature profile with depth. Finally the effects of thermal 

diffusion on the precursor signal were considered. In, this case they, assumed that 

all the laser energy is absorbed at the surface.

Objective

In this thesis an idealization is made about how the laser-pulse is absorbed 

by a specimen along its thickness when one surface of it is irradiated by a high 

energy laser-pulse so that the energy intensity absorbed at any particular depth of 

the specimen is known. It is assumed that laser energy absorbed in the material 

decays exponentially along the depth of the specimen. Based on this assumption, 

a closed form solution of temperature distribution along the specimen depth is
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•obtained. Then, the displacement of one surface of the specimen is calculated for 

this temperature distribution and for the one-dimensional-case when both diffusiv- 

ity and absorptivity in the material are present. After that the influence of optical 

absorption and diffusivity of the material on the temperature distribution in the 

material and more importantly, on the elastic waveform generated, is determined.

Experimental Set Up

A laser beam, properly aligned so that it strikes the material surface normally, 

is incident on one surface of the specimen (Figure I). The laser pulse is absorbed 

all along the material depth as it travels across the specimen and causes the 

temperature to rise throughout the specimen depth, though temperature falls off 

rapidly from the front to the back surface of the specimen, as noted previously and 

as shown in Figure 2a. Due to the temperature rise, elastic waves are generated 

at each point P along the depth of the specimen (Figure 2b). The energy carried 

by each of the waves generated throughout the specimen will decrease at a high 

spatial rate from the front to the back surface due to less temperature rise from 

one surface to the other. Each.of these waves generated at point P travels toward 

both surfaces of the specimen as shown in Figure 2b and causes displacement 

of the surfaces when it arrives. After being reflected at the two surfaces the 

waves travel in the opposite directions. The displacement of one surface at any 

particular instant would be due to the sum of the effects of all the waves, both 

original and reflected, reaching that surface at that instant. Also due to diffusion, 

the temperature profile through the thickness of the material will change with 

time. This will modify the different characteristics of the waves generated at 

each point of the specimen as time proceeds. This phenomenon also affects the 

displacement of any surface with time. A transducer placed at one surface of the
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specimen (Figure I) measures the movement of that surface. The transducer is 

maintained axial with respect to the laser beam, i.e. at the epicenter with respect 

to the acoustic source. Instead of the transducer, any other device (e.g. laser 

beam) may also be used for measuring the displacement of that surface.

A B

Focusing
SpecimenLens

Laser
Source Target

Variable
Aperture

Capacitive
Transducer

Figure I. Schematic of the apparatus.

Laser
Source

Temperature
vs

Depth

*-z ■z

( b )

Figure 2. (a) Temperature distribution and (b) wave generation along the 
depth of the specimen due to sudden temperature rise at point P.
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Many experiments like the one described above have been reported previously 

[1,6]. Typically in most of the cases Q-switched laser pulses were used. Peak 

pulses were of the order of IO7-IO8 watts and power densities were less than IO7 

watts/cm 2 to avoid melting or damage of the specimen surface. The total energy 

carried by each pulse was about 60 mj. The duration of laser pulses were several 

tens of nano-seconds. The resulting characteristic displacement obtained in many 

of these experiments is shown in Figure 3, which is taken from [6].

( • )  WUl Tl MOOe  ( t m m  A F C f t T u A E  )

)1 -J CNCftCr
TIME /̂ s- 100

Figure 3. Experimentally obtained displacement variation with time.
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CH APTER 2

FORMULATION OF THE PROBLEM

In this chapter several assumptions regarding heat conduction and wave prop

agation through the specimen, appropriate to the experimental set up, are made 

and the governing differential equations together with the corresponding bound

ary conditions, representing an idealization of the real physical phenomenon, are 

established. In formulating the problem it must be noted that interest focuses on 

knowing the temperature distribution within the material and the displacement of 

one surface of the specimen (shown in Figure I as surface B) for only a very short 

period of time, i.e. the time required for the generated elastic wave to travel not 

more than three times the depth of the specimen. This is because after this time, 

there would be repetition of result as the original waves would keep bouncing back 

and forth from both the surfaces and as time progresses, the new waves produced 

would have negligibly small amplitude to contribute to the net displacement of 

the specimen surface, due to a slow drop in temperature with respect to time 

throughout the specimen after some time. For example, longitudinal wave speed 

through copper is 4.66 X IO+5 cm/sec. In this case, specimen depth is approxi

mately 2.5 cm. so that the author is interested in the time it takes for the wave 

to travel 7.5 cm., which can be calculated to be 1.6 X IO+4 ns. The assumptions 

made in formulating the problem are as follows:

i) The laser-pulse strikes over a large area of the specimen compared to the 

specimen depth through which heat flow occurs in this short time of observation, 

which is of the order of IO+4 ns. The depth of penetration of heat through a
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material in time t is given approximately by the equation:

D = V U t (2.1)

where D is the depth through which heat flows, k is thermal diffusivity, and t 

is time of interest. For example, in copper (which has a diffusivity of 1.1234 

cm2/sec.), heat penetrates up to a depth of .0085 cm. in the time of interest 

which was calculated before to be 1.6 x 10+< ns. for copper. From reference [l] it 

can be said that for a Q-switched laser pulse a minimum spot diameter of 0.05 cm. 

is expected, so that the area affected would be much wider than deep. Therefore 

heat flow through the target can be treated as one-dimensional, from which it is 

concluded that there is no variation of temperature in the direction perpendicular 

to laser axis.

Gaussian radial  heating 
(more accurate)

.Uniform heating 
( less accurate)

Optical Penetration 
Depth

Figure 4. Assumed uniform and non-uniform spatial distribution of laser pulse.
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ii) The laser is assumed to be of uniform power density in the transverse 

direction. This assumption is not good because an actual laser shows considerable 

spatial non-uniformity (Figure 4). One can idealize the variation of laser intensity 

in the transverse direction as a Gaussian profile. However this assumption will 

make the problem two-dimensional. For this case the one-dimensional model 

would give results of the same order.

Using these two assumptions and the fact that the generated elastic wave is 

plane, one non-vanishing displacement component in the direction of laser propa

gation is left. Therefore it can be said that the problem is one-dimensional. Hence, 

all components of stress and strain tensor, apart from the normal component act

ing on the plane, perpendicular to laser direction, vanish.

iii) The material is isotropic and homogeneous.

iv) In order to remain in the realm of linear-thermoelasticity, it is assumed 

that the increment of the material temperature as compared to the reference 

temperature of the material is small [8, page 99].

v) The material properties do not change with temperature. While this is 

not strictly true, most changes in the properties of metal tend to be small over 

fairly wide temperature ranges. For a more complete treatment the temperature 

variation of the thermal properties must be taken into account.

vi) The thermoelastic coupling between the heat-conduction and the displace

ment equation for thermoelasticity is ignored by suppressing the term of mechan

ical origin in the heat-conduction equation. This can be done a for short time of 

observation [8, page 138], as is the case here.

' With these assumptions the governing equations of heat-conduction and dis

placement can be written as follows:

d29 I <90
k d i

A
K (2.2)
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and
^ d 2U E a  dO d2uCt  -------- -- ----- :----— —  =  ------

L d z2 (I — 2u)p dz dt2 (2.3)

where Q is temperature difference with the reference temperature,, z is the coor

dinate representing depth of the specimen (see Figure 2a), t is time, k is thermal 

diffusivity of the material, K  is thermal conductivity of the material, A is heat 

generated per unit time per unit volume of the specimen (it is a function of both 

time and depth of the specimen), Cl is longitudinal wave speed through the ma

terial, u is non-vanishing displacement component in the z direction, E  is Young’s 

modulus of the material, a is the coefficient of linear thermal expansion of the 

material, I/ is Poisson’s ratio, and p is mass density.

In order to specify the form of A in Equation (2.2) it is assumed [9, page 72] 

that: i) the amount of laser energy absorbed by the material (i.e. converted into 

heat) decreases exponentially along the depth of the specimen; ii) the duration 

of the laser-pulse shape is infinitely small compared to the time of observation

i.e. the time taken by the generated thermoelastic wave to traverse three times 

the depth of the specimen. Thus the temporal pulse shape of the laser can be 

represented by a Dirac-delta function. Therefore

where b is the absorption coefficient of the material and 5(t) is the Dirac-delta 

function. The factor b comes in the exponential argument because it determines 

the amount of heat absorption by the specimen along its depth as laser energy 

passes through it. After integrating the expression for A, with respect to time and 

depth, between the limits 0 and oo, the total energy absorbed by the specimen 

should be obtained. In this case, the total energy absorbed is assumed to be unity. 

Therefore to get unity after integration of the expression for A, the expression must

A(z,t) «  66(f) e x p (-6z) (2.4)
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be multiplied by the factor 6. Thus it can be said that in this case b acts as a 

normalization factor.

Now the initial and boundary conditions are set, after making appropriate 

assumptions, of Equations (2.2) and (2.3).

Initial condition of heat conduction equation:

There is only one initial condition for Equation (2.2). It is assumed that ini

tially the specimen is at the reference temperature. Therefore the initial condition 

of the heat-conduction equation is given by

0(2, 0) =  0 .

Boundary conditions of heat conduction equation:

In order to formulate the two boundary conditions of Equation (2.2), the 

physics of the problem must be considered. For short laser pulses heat is confined 

to a small area and heat losses from the area are generally small compared to 

the radiation flux incident on the area. While laser flux densities of interest 

are of the order of IO+6 watts /cm 2 or greater, even at elevated temperature, 

thermal radiation amounts to be of the order of IO+3 watts/cm2 for solid materials. 

Moreover, the author is interested in a small interval of time. Therefore during 

that time the total loss of heat from the material surface will be negligibly small. 

In that case the external surface at which the laser strikes the specimen can be 

treated as insulated and

<9z(*=o)

For a majority of materials, thermal diffusivity is quite low and the rate at 

which heat is propagated through the solid is considerably less than the rate at 

which the elastic wave travels. For example, in the case of copper, as shown 

before, during the time the elastic wave travels three times the depth of the

(2.5)
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specimen (which is calculated to be 1.6 X IO+4 ns.), heat penetrates up to a depth 

of .0085 cm., which is negligibly small compared to the 2.5 cm. depth of the 

specimen. Thus in the time of observation, the surface which is opposite to the 

one on which the laser beam is incident will have no information about the heat 

that propagates through it. Therefore the specimen can be considered a half

space with respect to heat conduction. The limitation of this assumption is the 

neglect of heat conduction from the region which is very near to the transducer. 

But in case of metal, absorptivity being very high, almost all the laser energy is 

absorbed very near to the surface on which the laser beam is incident. As such 

the assumption will introduce negligible error. Moreover, as the depth in this 

half-space goes to infinity, the temperature should be bounded, i.e.

In solving the wave equation, the finite depth of the specimen is taken into 

consideration.

Initial conditions of wave equation:

As the wave equation (2.3) is second order in time, there will be two initial 

conditions. It is assumed that there is no displacement of the specimen initially. 

This gives

The material is initially at rest, that is, the velocity of any material particle 

is zero at the initial instant. Therefore

Iim 0(z,t) is bounded . (2.7)

u(z ,0) =  0 . (2 . 8)

(2.9)
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Boundary conditions of wave equation:

The boundary conditions for the wave equation are derived from the fact that 

two boundaries are stress free. Hence

(Jzz(Oi I )=Q  (2.10)

and

aZz{D,t) = 0 ( 2 . 11)

where D is depth of the specimen and <tzz is non-vanishing stress-component.

Also, from the Duhamel-Neumann equation for isotropic material and one

dimensional case,

czz — (2fi +  A)ezz —
(I -  21/)

0 (2 . 12)

where

H =

X —

2(1 +  i/)

Eu
(l +  i/)(l -2 i /)  ’

ezz is non-vanishing strain component and /i and A are the well known Lame 

constants. Applying Equation (2.12) to the first boundary condition (Equation 

(2.10)),

£zz(z=:0) (I — 2i/)(2/i +  A) 0{2=o)

0,

Therefore, since

«(1 + u)
( i —u) "f-=01

du

(2,13)

du _  a ( l  +  u) 
dz (z = o) (I — u) ( z  =  0)

(2.14)

(2.15)

the result is
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Similarly, from the second boundary condition (Equation (2.11)),

du _  o: (I +  i/) ■
~dz [z = D) ( l - i / )  ff{z = D) ' (2.16)

This completes the formulation of the problem.
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CH APTER 3

SOLUTION OF THE EQUATIONS

In Chapter 2 the problem was formulated. Now both the heat conduction 

and wave-propagation equations (Equations (2.2) and (2.3) respectively) can be 

solved. The Laplace transform method is used in solving these equations.

Solution of Heat-Conduction Equation

Taking Laplace transform of Equation (2.2) and applying the initial condition 

(Equation (2:5)),

e x p H ,z )  (3;1)

where
poo

6 = 9{z,s)=  / 0(z,t)e~1,1 dt
J o

The complete solution of Equation (3.1) is given by

S(z, s) = C1 („) exp *) +  C2 w  exp ( - y ^  z )  -  ^ (3.2)

Applying the boundary condition given by Equation (2.7) to Equation (3.2),

Ci ( s ) =0 . (3.3)

Applying the boundary condition given by Equation (2.6) to Equation (3.2),

C3<s) =  Pc( W ^ 5)VS • (3-4)

Therefore the solution of Equation (3.1) is given by

b f Vkexp  ( - v T  z)
6(Z,5)™ pc(M = -c) I  V5

exp(—62) (3.5)
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and after differentiation,

dd(z,s)
dz pc (3.6)

Inverse Laplace Transform:

In order to take the inverse Laplace transform of Equation (3.5) it is rear

ranged, using partial fractions as follows:

The inverses of these transforms can be found in [10]. After taking inverse Laplace 

transform of Equation (3.7) and after simplifying,

This is the complete solution of the heat-conduction equation and it gives the dis

tribution of temperature along the depth of the specimen for a laser-pulse which 

has the form of Dirac-delta function with respect to time. This solution is valid 

for any material with both thermal-conductivity and diffusivity, i.e. this solution 

is of the most general type as far as material properties are concerned. Now this 

solution can be used as a Green’s function to calculate the temperature distri

bution due to a laser of. any arbitrary temporal pulse shape using the following 

expression:

(3.8)

where /(f) is the temporal pulse shape of the laser and 0(z, t — r) is obtained from 

Equation (3.8).
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Solution of Wave Equation

Taking the Laplace transform of the differential equation (2.3) and applying 

both the initial conditions (Equations (2.8) and (2.9)), after simplification using 

Equation (3.6),

d2u{z, s) 
dz2 4 Z>5) =

Eab2 j exp (—y/% z) exp(-bz)  
P2CC2l (I — 2u) I [kb2. -  s) {kb2 -  s)

Again

C2 —  ̂ _  E [I — v)
L p p(l + v)(l — 21/)

Substituting this value of Cl in Equation (3.9),

(3.9)

The complete solution to Equation (3.10) is given by:

u{z, s) =  A1 (s) cosh ^ +  A2 (s) sinh ^ z ĵ

_ Cib2 (I + u) f exP (—\/F g)

^ (1  -  W [ (B 2 - s )  U - £ - )  C3-11)

( - M

(*62 -  «) ( i3 -  Z r)

where the particular solution is readily obtained using the method of undetermined 

coefficient. Now the two boundary conditions are applied to determine the two 

constants A 1 (s) and A2 (s) in Equation (3.11). Applying boundary condition given
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by Equation (2.15),

b2
pc(kb2 - s )  I ^  j  

+  5(0, s)

(3.12)

Similarly applying boundary condition given by Equation (2.16),

= ab2 (I +  I/)Cl f  y/^ exp (~\/]~ D) 
pc{l -  v)s(A:62 -  s) I  A ( t - -

+

+

6exp(—6D)

F r ^T I stoĥ i5)
CLa{l  +  v)6{D,s)

A2 (s) cosh ( ^ -  D sJ
(3.13)

sinh

■ ( l - z / ) a s i n h ^  p )

Substituting in the two constants, after simplification and rearranging terms Equa

tion (3.11) can be written as follows:

u(z, s) =  W1 (z, s) +  W2 (z, s) +  W3 (z, s) +  Wi (z, s) .+ W3 (z, s) +  W6 (z, s) (3.14) 

where

W ^ z iS) = - C L6T0b(Ul (a))
cosh ( * s)
sinh ( ° r s)

(3.15)

W2{z, s) = - C l 6(U2{s))
cosh

sinh ( * • )  ’
(3.16)

W3{z,s) = - C L6T0b2(U3{s))
cosh

sinh s)
(3.17)
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CL STpb
Vk

cosh (% r s) 

sinh (^r  s)
j

W5{ z , s ) = - 6 T 0b(U5{z,s))  ,

and

5

U1(S)
exp bexp( -bD)

Vks  (kb2 -  s) . s(kb2 -  s) (b2 -

U2 (s) = *(0, a)
s J

U3(s) =
>(kb2 -  s) (b2 -

Ui (s) =

exp ( ~ V ^  z)  j  exp (-6z)

( W 5 t ) -  s) ( V  -  5y)

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

5 (3.25)
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CZ6 (5) =  , (3.26)

g (l +  u)
(I -  v)

and
L

T0 — . (3.28)pc

Now there is a solution of the wave-equation in the transform space. To get 

the solution in the z-t space, Equation (3.14) must be inverted.

Inverse Laplace Transform:

Inversion of the wave equation requires the inversion of the terms U1 (s), 

U2(s), U3(s), Ui (s), IT5 (z,s), CZ6(s) (Equations (3.21)-(3.26)) together with the 

appropriate hyperbolic coefficients accompanying them in the expressions for the 

Wi(z,s),  i =  l  — 6 (Equations (3.15)-(3.20)). First consider the effects of the 

hyperbolic coefficients on the inverse Laplace transform of Equations (3.15) to 

(3.20). There are two types of hyperbolic terms in the Laplace transforms of 

the wave equation. From Equations (3.15) and (3.20) the following hyperbolic 

coefficient is obtained after expansion and using binomial theorem:
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cosh

sinh ( * • )
^ ( j - ^ exp ( - ^ s exp (I- {

- 1
exp I - —  s

exp [ - ^ sJ + exP 5 exp [ s

, ZD \  (  5D  ,
+ exp ( s i +  exp I -  —  s ) +. • ■

:: exp
Z - D

Cl

+  • • •

s )  ̂ I +  exp ^  +  exP

+  e x p ( _ ^ s) { e x p ( - | - S)

(-Es)+exp( 'E 5) +"'}, 3B \+  exp I ——  s I +  exp

(3.29)

Based on the shifting property of exp (—so) the terms inside the first bracket 

in the above equation represent waves originating at the back surface (z =  D) 

at different times and travelling towards the front surface. For example, the 

first term represents a wave originating at the back surface at time t =  0, the 

second term represents a wave originating at the back surface at time t = 2D f  Cl 

and the third term represents a wave originating at the same surface at time 

t =  ADf  Cl . The terms inside the second bracket in Equation (3.29) represent 

waves originating at the front surface (z =  0) at different times and travelling 

towards the back surface. For example, the first term inside the second bracket 

represents a wave originating at the front surface at time t =  D j  Cl and going 

towards the back surface. Similarly the second and the third term inside the second 

bracket represent waves originating at the front surface at time t =  ZD/Cl and 

t = 5D /C l respectively and propagating towards the back surface. Actually the
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first term inside the second bracket represents the reflection from the front surface 

of the tissve originated at the back surface at time f =  0. Similarly, the second 

term inside the first bracket represents the same wave after it reaches the back 

surface and is reflected toward the front surface at t =  2D /Cz, . Therefore it can 

be said that different waves are reflections of a single original wave at the two 

surfaces of the specimen. From the hyperbolic term common to Equation (3.16), 

(3.17) and (3.18),

cosh

sinh ( 5 7  *)
GXP V Cl S 1 + CXP

+ exp

(-E')
) +  . . }

, )  {exp { - § -  , )

3 0  ) + e X P ( - ^ S)

+ exp { s I +

/ z - D
+ exp [ —%—  s

+

(3.30)

}
In this case the first, the second and third terms inside the first bracket represent 

waves originating at the front surface at times t — 0, t — 2D /C i , t = AD/Cl 

respectively and going towards the back surface. Similarly the first, second and 

third terms inside the second bracket represent waves originating at the back sur

face at time t =  D /C L , t =  ZD/Cl and t =  ZD jC L respectively and propagating 

towards the front surface. Here also the different waves are reflections of the wave 

originated at time t =  0 at the front surface of the specimen.

Therefore the effect of the hyperbolic terms on the inverse Laplace transform 

of the W i(z , 3 ), i =  l  — 6 (Equations (3.15)-(3.20)) is to shift the time in each 

term of the inverse Laplace transform of the Wi (z, s) by subtracting from it the 

arguments of the corresponding exponential term which multiply it and then mul

tiplying each of the terms by the Heaviside’s function having the shifted time as
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its argument. Hence the inverse Laplace transform of U1 (s), U2 (s), U3 (s), CT4 (3), 

CT6 (z, s) and CT6 (s) only must be found.

As the time of observation is the time taken by the elastic wave to travel 

three times the depth of the specimen (i.e. t < 3D/CL), focus is restricted to only 

six expansion terms in Equation (3.29) and Equation (3.30). These terms are as 

follows:

exp | s

z - Dexp I —- —  s

z - 2 Dexp I — --- s z + 2Dexp I — --- s

z + D \  , ( z - Z D
exp I ---- ——  s ) and exp ( —----- s

f z - Z D  \
( s r v  •

For computational ease the Wi (2, s) (t' =  1 — 6) are again rearranged. The 

following new functions are defined:

IF1 (s) =
(s - V 2 k) (s — ^

F 2 W  =  . ( « - » > * )

and

j-, f  ̂ 1 _ 1
_ ( 3 — br2/c)(s2 - V 2C D  ~  ( s - l P k ) { s + : b C L ){s — b C L )

Therefore the Ui(z,s) (1 =  1 — 6) can be rewritten as follows:

exP ( ~ \ / f  D) Fi [s) _  exp(-bD)bF3 (3) |
U1(S) =  Cl

y/les J

(3.31)

(3.32)

(3.33)

(3.34)

U2 (s) = - T 0
bVk

33/2 (s — kb2) 3(3 — Jcti2)
(3.35)

U 3 (s)
C l F 3 (S)

(3.36)
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Ui (s) = C j F l (S)

V~s
J

U5(z,s) =  Cl  I  exp f - y  ^  A  Fi {s) ~ exp(-bz)F3 (s) I

and

U6(S) = - T 0
y/k 6exp ( ~ y / f  D) 

s3/2( s - k b 2)
exp(-bD)  
s(s — kb2)

Now F1, F2, F3 can be rewritten using partial fractions as follows:

Fi(s) - J - I l  + _ _ _ _ I_ _ _ _ _ _ _ _ _ _ £_ _ _ _ l
V C l  to2 -1 )(*  -  W )  _  !) ( s - ^ - )

and

F M
_ I f I _  r)bCL + s i 

b2Cl  (r/2 — I) \  s — b2k S2 - P C 2 I

F3(s) =  I f I I r}(ris + bCL) I
s P k C l X s  + (Tj2 - I ) ( S - P k )  (rj2 - i ) ( s 2 - P C l ) j

where

From now on:

n bk_
Cl

Vifct
D

X l  

= Y l
Vifct

b2 kt = X2

5

5

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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Fc21
\ ~ k ~  = X S  • (3.48)

From [11] and [12], the inverse transforms of the following terms are obtained:

r - ,  f f i W )  I i „ . [ t  , e M X 2 ) er t tV X 2 )
I J P C I I V  Jr („» _ i)6Vife(t?2 — l)by/k

Tj2y/k exp(X32)erf (X3) \
(r/2 -  1)CL J ’

(3.49)

L  1 I j f 1 (a) exp = vki{erfc(Xl)
+  2 (^ 1-  I) IeXp(™k  +  X2)

er/c(-V X 2 + X l) 

exp(6z +  X2)erfc(y/X2 + X l)j+

2(t/2 -  I)
exp

k
+ X S2

erf  c(— + X I)

+ exp + -^32

erfc(XS + XI)

(3.50)
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FL (s) exp ( - D)

{ ^ (s)}

i f f l f r n  • 1 
I * J

_  rI 
TJ2 - I

p l ,  2 ^ e x p ( - m

Vk
rfc(Yl)

+ : [exp ( - W  + X2)
(rj2 — i ) 2bVk

er f c (—V  X2  +  Y  I)

-  exp(W  +  X 2 ) e r f c { V X 2  +  Yl)] (3.51)

lV k exp (-S'{V2 -  l)2Ci

e r/c (-X 3  +  y i )  

Cl D

+  XS5

exp +  X3^

er/c(X3 + Y \ )

exp(X2)
V C l  (r?3 -  I) I

77sinh(6CL<) -  cosh(6CLt)  ̂ ,

(3.52)

i  +  ^ - ^ T - h ( 6c Ll,

sinh(6Ci f) > ,

(3.53)
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L  1 {U2 (s)} = T0I —by/k (kb2) 3^2 exp(kb2t ) e r f (b V k t )— 2 V i
kb2yfx

I — exp(fc62t)
fci2

and

i -1 {^a W J =  -T 0^ -
- 4 V i e x p ( - ^ )   ̂ 2 P e r / c ( ^ T) 

by/nk

+ +*62t)er/c (î g "6VS)
exp(D6 +  b2kt)erfc (  - —?= +  6Vfci

D
V 2 Vfci

+
exp(—6D)(l — exp(fc62f)) I

f c 6 2

(3.54)

(3.55)

Substituting for the various inverse transforms in the expressions for Ui (s), 

U3 (s), U4t (s) and U5 (z, s) and knowing the inverse transforms of U2 (s) and U6 (s), 

the inverse transforms of all.the U{(z,s) (t =  I — 6) are known. Now looking at 

the expressions of the Wi(z,s), i =  I — 6 (Equations (3.15)-(3.20)) it is seen that 

W1 (z, s) and W6 (z, s) have the same hyperbolic coefficient. Similarly W2(z,s), 

W3(ZjS) and W4(z,s) also have the same hyperbolic coefficient whereas W5(z ,s) 

does not have any hyperbolic coefficient. Therefore it is possible to combine 

inverse Laplaee transforms of U1 (s) and U6 (s) together and those of U2 (s), U6 (s) 

and Ui (s) together for simplification. Thus after simplification the following terms 

are obtained:

A 1 (t) =  -T o iL -1^ i ( S ) ) +  L -^Z J6(S)) , (3.56)

A2 (i) =  - -  6*L-  >{£7, (s)} +  A  £ - 1 { y 4 (3.57)
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and

A3(M ) =  - L  1 {Ub{z,s)}

where all the terms on the right hand side of the expressions are known, 

simplification,

T0 k
Ai (t) - 2(k2b2 -  Cl) jexp(—£)& +  b2kt)erfc (^bVkt — ^

+  exp (.Db.+ b2kt)erfc ^bVkt + ^ ^ |

+  W j - I t

C2Lt , DCl

CU DCr

— exp +k k 

T0 exp(-bD)

)"*(;

D Cl y/i 
2y/ki y/k

D Cl y/i

b{k2b2 -  Cl)

2 V H  V k

{CL smb.(bCLt) + kbcosh(CLbt)} ,

A2 00 =
q>(kb2t)erfc(bVki)k  exp ( “£“ ) erf c (  vT )

(&=&= -  <%) c L{k2b2 - C l )

+ 6(^62 -  Cl) {kbcosh(bCLt) +  Cl Sihh(Z)C1,t)}

(3.58)

After

(3.59)

(3.60)

and
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M z ,*) erf  b2 +  ^ * a^ _ C 3) j e x p ( - t e  +  t fk t)

e r fc ( b \ / k t ----- ~ = \
V 2y/kiJ

-  exp(bz +  b2 l e t )  erf  c (by/kt +  — |

+  2(kn= -  c=) (exp ( H T  + ^ t\  z
)  er f  c ______ Ci V i

\2 y /k i  y/k

(3.61)

_  exp(-bz)CL
b2 {k2b2 -  C l)  L cos -̂(c Lbt) +  M sinh(Cxit)) .

Therefore the complete solution to the wave equation for the time of interest 
can be written as follows:

u{z,t) = Cl S Al(2’t+tcr)H(t+z-dr)
) .

+  A . f z . i + f ^  H ( t + * - ™

+ Ai [ z , t  —

Cl 

z + D

+ Cl ST0 A 1 - ± )  H  ( t - ^ (3.62)

+ A , { z , t + Z- ^  H ( t + Z - 2D

"f" ^2 I Z , t  —

Cl

z + 2D
' )

e ' - ' - i r )

f o < ? < D+  ST0 bA 3 (z,t)
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Specializing this case for the surface f? (z =  D) in Figure I,

u(D,t)  - C l S {D, t) +  2Ai ^D, t — ^ H  —

+ Cl STl 2A, ( o , t  -  H  ( t  -

+ ^Tq 6A3 (Z), t)

2 D \
Cl ) .

(3.63)

In Equations (3.62) and (3.63) the H  terms are the Heaviside’s function.

In order to generate a computer program to calculate the displacement of the 

back surface, Equation (3.63) is rearranged. The following terms are defined:

0 _  <3L6bk
(3.64)

pc{k*b?-Cl)  ’

D  —
Sb2Ic2

(3.65)-  X f P - C f )  '

z? — Cl S
(3.66)

pc(k2b2 — Cl)  ’

ti = t 2D
Cl ’

. (3.67)

~  t D
Cl ’

(3.68)

E 1 = exp Hs) ■
(3.69)

S u  =  exp
( - £ )  -

(3.70)

E 12 = exp
( - £ )  •

(3.71)

H 1 = H ^
■ - ” )  •

(3.72)

H2 = H ^ (3.73)

X 1 = b V k t------7= ,
2 V E

(3.74)
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D Cl \ / i
X* ~  2 -/B  Vk '

(3.75)

CLs/i D
Xs~  Vk  2  V S  ’

(3.76)

y' = ln / iS + W B  -
(3.77)

D  , CLy/i
2 V S  ’

(3.78)

111 = 6 v ^  2 V J B 7  ’
(3.79)

D Cl y /ti
1=1 “  2 V ® 7  V k ’

. - - (3.80)

= b^  j r ^ v m
(3.81)

D  , Cl x AT
2/21 2 V E T  V t  '

(3.82)

Substituting these terms in Equation (3.63) and after simplification, the ex

pression for the displacement of the back surface of the specimen can be written 

as follows:

u[z,t) = JVf11 +  JVf12 +  JW2I +  JVfsi +  JVf32 +  IidH (3.83)

where
R

JVf11 = -£- (E1) Iexp(X21)Crfc(X1) +  e x p ^ ^ e r / c ^ ) }

+  -Ri (E11) { e x v ix l ^ e r fC(X11) + e x p iy l J e r f ^ y 11)] (H1)
(3.84)

JVf12

' I 2- (E1) {exp(z=)Crfc(Z2)

-  exp(t/=)er/c(t/2)} (for t <

< (E1) {exp(z2)cr/c(z3) +  exp(y2)er/c(y2)}
+ E 2(E11) {exp(z^)cr/c(z21)

-  exp(y21)er/c(y21)} (H1) (for t > ,

(3.85)
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Mzi =  —2R1exp{kb2t2)erfc(b\/ktl ){H2)

+ 2 R 2 exp c f c . y f )  (JT2)
(3.86)

M31 =  -  ̂  erf  c +  rY  {exp(i=)er/c(z1)

-  exp(t/=)er/c(y i)} ,
(3.87)

and

M32

' I 2" ) {exp(x2)er/c(z2)

+  exp(z/2)er/c(t/2)} (for t < 

- ê  (S1) {exp(x2)er/c(z3)

; -  exp(y2)er/c(t/2)} (for t >

M H

- R 3(Cl + kb) exp(CLbt2) (for t < ^

—Rz{Cl — kb) exp(—C^fti2) (for < t <  

—J?3 (Cl +  fcft) exp ( c l 6 (f — |

(for S  S ‘ <  S )  •

(3.88)

(3.89)

This completes the solution of the wave equation. This is the complete so

lution to the wave equation, for the time of interest and for a laser which has a 

temporal pulse shape of Dirac-delta function. Therefore this solution can be used 

as a Green’s function to calculate the displacement of surface B in Figure I for 

any arbitrary laser-pulse shape as follows:

W(z, t) =  f  / ( r )u (z ,t  -  r)dr 
J o

where f ( t )  represents the temporal pulse shape of the laser and u(z, t  — r) is 

obtained from Equation (3.83).
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CH APTER 4

RESULTS A N D  ANALYSIS

Obtained in Chapter 3 were expressions for the temperature distribution in 

the specimen (Equation (3.8)) and displacement of the back surface of the speci

men (Equation (3.83)) when the temporal pulse shape of the laser is represented 

by the Dirac-delta. function. In this chapter the temperature solution (Equation 

(3.8)) and the displacement solution (Equation (3.83)) are specialized to different 

particular cases in order to analyze their charateristics in detail. Computer pro

grams were written (presented in Appendix A and B) to calculate temperature 

distribution along the specimen depth and displacement of the back surface of 

the specimen for any material properties. A third computer program (presented 

in Appendix C) calculates the peak displacement for different diffusivities and 

absorptivities. Since the author’s objective is to observe and analyze the effect of 

diffusivity and absorptivity of a material on the temperature distribution along 

the specimen depth and displacement of its back surface, when it is irradiated 

with high energy laser, diffusivity and absorptivity are varied independently in 

the input to the computer program. Apart from diffusivity and absorptivity, all 

other input material properties are that of copper.

Specialization of the Solution to Heat-Conduction Equation 
for Different Particular Cases

The solution to the heat-conduction equation (Equation (3.8)) is now spe

cialized to different particular cases.
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Case I: Temperature at the surface of the specimen for any time.

Taking the limit of Equation (3.8) when z tends to zero,

9{z=o) —— exp(kb2t)erf c(bVict) . (4.1)pc

Substituting t =  0 in the above equation, in order to obtain the temperature at 

the specimen surface at the initial instant and for unit input energy density,

0(z = o,t=o) =  —  • (4-2)pc

This is the expression for maximum temperature attained in the specimen during 

the whole process, as in the very first instant and at the surface the maximum 

temperature should be obtained. From now on the maximum temperature will be 

denoted as T0.

Case 2: Temperature distribution when the diffusivity of the material is zero.

This means that A= =  Oin Equation (3.8). Since diffusivity is equal to zero, it 

can be said that conductivity is zero as density and specific heat of the material 

remain constant. Taking the limit of temperature, as k tends to zero and applying 

the relation er fc ( -x )  = 2 — erfc(x) [10],

9 = exp(6z)er/c +  exp(-6z) ^2 -  erfc ^
2Vh ) } .

(4.3)

Again,

• e r / c t e ) " °  (fro™
‘ [10]) (4.4)

and

k / K  = l/(pc) (4.5)

Substituting these values in Equation (4.3),
£

9 — — exp(—6z) 
pc

= T0 exp(-frz) .
(4.6)
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Therefore it can be said that when diffusivity in the material is absent, (tem

perature distribution) =  (spatial heat distribution) X (a constant factor). This 

specialization agrees with the actual physical phenomenon because in the absence 

of diffusion, heat cannot propagate through the material. Hence the temperature 

rise at any particular depth should be proportional to the heat absorbed by the 

material at that place and if there is no temporal variation of heat absorption, 

temperature would not also vary with time.

Case S: Temperature distribution when time tends to zero.

As time tends to zero the same result is obtained as in Case 2, because k 

and t always occur together in the solution to heat-conduction equation. This 

case also agrees with the actual physical situation since in the very initial instant, 

there is no time for diffusion of heat through the material, even if the diffusion in 

the material is present.

Case 4- Temperature distribution when the absorptivity of the material is infinitely 

large.

This implies that b tends to infinity in Equation (3.8). Assume that in Equa

tion (3.8),

b\/kt-\----- -J= = X (4.7)
2 Vfct

and

6 Vfct----- 7=  =  y . (4.8)
2Vfct

Therefore as b tends to infinity both x  and y go to infinity. Substituting for these 

values in Equation (3.8), it can be written as
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\ xexp(z2)er/c(z) +  t/exp(y2)er/c(t/)

z
2\/ki

exp(z2)er/c (i) (4.9)

Now as z goes to infinity (zexp(z2)er/c(z)) tends to one and (exp(z2)er/c(x)) 

tends to zero [10]. Taking the limiting cases as both z and y go to infinity,

exp (-Z 2 /4kt) 
(\^7rkt )pc

(4.10)

Equation (4.10) is the same equation as obtained in reference [7] for the thermal 

diffusion model when all the energy is absorbed at the surface of the material. 

Again if the temperature at the surface of the specimen is calculated for this 

special case,

6 (4.11)
{pc)y%kt

Now if k or Z go to zero, infinite temperature at the surface of the material is 

obtained. This is perfectly logical from practical considerations, because with 

zero diffusivity the total energy which is absorbed at the material surface remains 

confined to the surface-layer having zero thickness. Therefore the energy density 

at the surface becomes infinitely large which causes the temperature to rise to 

infinity. With time going to zero the temperature goes to infinity at the surface 

because the assumption is that the energy is deposited in the form of a Dirac-delta 

function, i.e. the amount of energy deposited at the initial moment is infinitely 

large. With other values of z (i.e. at different depths other than the specimen 

surface) and with k or t going to zero, temperature is obtained as zero. This is due 

to the fact that with no diffusion, when all the energy is absorbed at the surface,
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no heat can propagate through the material and hence the temperature remains 

zero along the depth. Similarly when time goes to zero, there is no time for the 

energy absorbed at the surface to propagate through the material. This causes 

the temperature to be zero along the material at the initial time.

Evaluation of the Temperature Distribution when the Laser 
Pulse Shape is Represented by a Dirac-Delta Function

The computer program in Appendix A evaluates the temperature distribution 

when the laser-pulse is represented by a Dirac-delta function. Figure 5-Figure 

8 represent the temperature distribution along the depth of the specimen for 

different time and for different combinations of absorptivity and diffusivity as 

shown in Table I, where the units of b are cm.-1 and those of k are cm.2/sec.

High Low
Absorptivity Absorptivity

High b = 100,000 b =  100
Diffusivity k =  1.2 k =  1.2

Low b =  100,000 b =  100
Diffusivity k =  .001 k = .001

Table I. Combinations of absorptivity and diffusivity used for 
obtaining temperature distribution.
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Figure 5. Temperature distribution for high diffusivity and high absorptivity.
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Figure 6. Temperature distribution for low diffusivity and high absorptivity.
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Figure 7. Temperature distribution for high diffusivity and low absorptivity.
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Figure 8. Temperature distribution for low diffusivity and low absorptivity.
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The following observations can be made regarding the temperature distribution 

inside the specimen.

1) In Figure 5 (both diffusivity and absorptivity high) the initial drop in tem

perature is high. High absorptivity causes high temperature differences between 

successive layers of the solid, which again, due to high thermal diffusivity produces 

rapid heat transfer between the layers. This produces rapid drop in temperature 

initially. After some time, due to diffusion, the temperature difference between 

different layers decreases and the temperature drop with respect to time at any 

point of the material becomes slow.

2) In Figure 6 (low diffusivity, high absorptivity) temperature does not de

crease with respect to time as rapidly as in case I. This is because of the fact that 

due to low diffusivity heat flow across the specimen is very slow.

3) In Figure 7 and in Figure 8, temperature rise is small due to low absorp

tivity. Also temperature drop with respect to time is negligibly small regardless 

of the value of diffusivity. This is due to very low temperature difference between 

consecutive layers of the solid, caused by low absorptivity of the material.

Specialization of the Solution to Displacement Equation 
for Different Particular Cases

In this section the displacement solution (Equation (3.83)) will be specialized 

to two different cases.

Case I: Displacement variation with respect to time when diffusivity of the mate

rial is zero.

As k tends to zero,

Il O (from Equation (3.64)) , (4.12)

OIl0? (from Equation (3.65)) , (4.13)
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and

R b.
6

p c  CL
(from Equation (3.66)) (4.14)

t/i —> oo (from Equation(3.77)) . (4.15)

Since each term in the right-hand side of Equation (3.83) is bounded for any value 

of k, substituting the values from Equation (4.12) to Equation (4.15) in Equation 

(3.83) it can be written, as k tends to zero, as follows:

t) — i 4" JVj? (4.16)

where

and

JV31 = -----erf c
_  W c exp ( ~ w i )

[2 e x p K ) -e x p (x n = r /C( ^ ) }

JVff =  <

Kp(CLbt2) (for t < -§^j 

i  exp(-C i 6t2) (for 57 < * < 5 7 )

i  exP {C^ 6 ( * ~ I t )} ,  ( for 57 -  ( < 5 7 )

Taking limit of JV31, as k tends to zero,

JV32 —-----exp(—6D)pc

(4.17)

(4.18)

(4.19)

Therefore the solution to the displacement equation as k tends to zero is given as,

u(z,t) =  JV32 +  JVff (4.20)

where JV32 is given by Equation (4.19) and Nh is given by Equation (4.18).
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Case 2: Displacement variation with respect to time when absorptivity of the ma

terial is infinity.

As b tends to infinity,

-R1 =  0 (from Equation (3.64)) , (4.21)
% H

% 
1=

»'
(from Equation (3.65)) , (4.22)

5° Il O (from Equation (3.66)) , (4.23)

X1 —y OO (from Equation (3.74)) (4.24)

8T9> (from Equation (3.77)) (4.25)

Similarly X1! and t/i i tend to infinity when b tends to infinity. Putting the above 

mentioned values in Equation (3.83) the displacement is obtained as,

u(z,t)  =  N 12 +  N2I +  N33 +  N 34 (4.26)

where

N 12

' 577 (j^i) {exp(x=)er/c(x2)

-  exp(y2)er/c(y2)} (for * <

< (S 1) {exp(x2)er/c(x3) +exp(y2)er/c(y2)}

+ “  (S 11) {exp(x^)er/c(x21)

-  exp(yf1)er/c(y21)} (H1) (for t > ,

exp(^) cr/c (^ r ) |Fz) ’
N,s = erfc( 7̂ s)

(4.27)

(4.28)

(4.29)
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and

N 34

' TTc ) {exp(x2)er/c(x2)

+ exp(t/^)er/c(t/2)} (for f < 

- i f e  (S1) {exp{x23)erfc(x3)

-  exp(y|)er/c(y2)} (for t >

(4.30)

Evaluation of Displacement of the Back Surface of the 
Specimen when the Laser Pulse Shape is Represented 

by Dirac-Delta Function

The computer program in Appendix B evaluates the displacement of the back 

surface of the specimen. Two plots are generated with two different values of ab

sorptivity, one for high absorptivity (IO5/cm.) and the other for low absorptivity 

(IO2/cm.). In each case, the displacement is calculated for five different values 

of diffusivity, from very low to high (.001, .35, .7, 1.1234 and 1.2 cm.2/sec.). As 

mentioned earlier all other properties of the material are that of copper. Figure 

9 and Figure 10 represent the displacement-time curves for these two cases. Also 

plotted (Figure 11) are peak values of displacement against diffusivity for different 

absorptivities, in order to analyze the combined effect of diffusivity and absorp

tivity on the peak displacement of the metal surface. The following observations 

can be made from the graphs generated.

1. A positive precursor signal is produced in all the cases.

2. The peak displacement at the back surface occurs when the wave generated 

at the front surface reaches the back surface.

3. If diffusivity or absorptivity is low then the variation of displacement with re

spect to time is almost symmetric about the time at which peak displacement

occurs.
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Figure 9. Displacement as a function of time for high absorptivity.



WSP. (non dknmmmhxwl)

E-Oe 5-2300 E—06 3 J0 0 0  E-06 SJSOO E -06  5.4000 E-06 5.4500 E-06

Figure 10. Displacement as a function of time for low absorptivity.
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Figure 11. Peak displacement as a function of diffusivity for different absorptivities.
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4. This symmetry disappears gradually with increase in both absorptivity and 

difFusivity and the spike becomes sharper.

5. For lower values of absorptivity, difFusivity has negligibly small effect on the 

magnitude of peak displacement. Also the displacement-time graph remains 

the same for wide variations in difFusivity in case of lower absorptivity.

6. From Figure 11 it can be said that, for very low values of difFusivity, the peak 

displacement decreases with increase in absorptivity. But for higher values of 

difFusivity peak displacement increases with increase in absorptivity.

7. It can also be seen from Figure 11 that for high absorptivity, peak displace

ment increases significantly with increase in difFusivity.

In order to analyze the characteristics of the displacement-time curve it can 

be said from reference [7] that any point heat, source, below the specimen surface, 

will produce a positive spike and in this case the temperature distribution can be 

assumed to be consisting of a series of point heat sources having gradually varying 

intensity (Figure 12). From each point, inside the specimen, due to rapid variation 

in temperature with time, two waves are generated at the same initial instant and 

one starts travelling towards the back surface while the other starts travelling 

towards the front surface (Figure 12). The wave which starts travelling towards 

the back surface will reach that surface first and produces a displacement of that 

surface. But due to the different distances the waves have to travel, depending 

on their points of origin, in order to reach the back surface, they start arriving at 

the back surface one after the other. The displacement of the back surface due 

to each individual wave adds up and the displacement of that surface increases 

gradually. The peak value of displacement occurs when the wave, generated at 

the front surface of the specimen, arrives at the back surface. After this, the 

waves which started travelling towards the front surface, start arriving at the back
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surface, after getting reflected from the front surface. These waves contribute 

negative displacement and cause the total displacement to decrease. Thus the 

displacement, at first, increases up to a certain time and then starts decreasing. 

This explains the spike in the displacement-time curve as due to a heat source 

inside the specimen.

Laser
Source

\  P

Temperature
VS

Depth

-z

Figure 12. Visualization of the optically penetrating laser source as a 
collection of point heat sources, along with the waveforms 
produced from sources P and Q.

When diffusivity is low, the temperature profile along the material depth re

mains almost the same with respect to time, as explained earlier. Again waves 

are produced at any point inside the material only due to rapid change in tem

perature at that point. Therefore in case of low diffusivity, the spike is due to the 

waves generated at the initial instant only because after that no wave of signifi

cant amplitude is produced as temperature varies very slowly with time after the 

initial instant. Consider a wave generated at the initial instant at a point buried 

at a depth H below the front surface of the specimen. The wave going toward 

the front surface produces a displacement in the negative-z-direction. Even after 

its reflection from the front surface it produces a negative displacement due to
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the fact that the front surface is a free surface. The wave going toward the back 

surface produces a displacement in the positive-z-direction. Let these two waves 

be called F wave and B wave respectively. Referring to Figure 13, it can be said 

that the time taken by F wave to reach the back surface is

4 D + H  
Cl '

Similarly the time taken by the B wave to reach the back surface is

t D - H
Cl

D/C l is the time taken by the wave generated at the front surface to reach 

the back surface and peak displacement occurs at that time as explained earlier. 

Therefore B wave reaches the back surface HjCij unit of time before the peak 

displacement occurs and increases the displacement of the back surface by a fixed 

amount. In the same way, due to reflection, the F wave reaches the back surface 

H jC l units of time after the peak displacement occurs and decreases the displace

ment of the back surface by the same amount. The net displacement caused by 

the two waves is the same because they are produced by a single heat source at 

the same instant and at the same point. As mentioned earlier no new waves are 

produced at a later time. Therefore the spike, caused by the waves produced at 

the first instant only in the case of low diffusivity, is symmetric.
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— I F
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Figure 13. Generation and propagation of wave through the specimen over a 
period of time for low absorptivity and low diffusivity.

When the absorptivity of the material is low, less heat transfer between dif

ferent layers of the specimen occurs irrespective of the value of diffusivity, as 

explained earlier. Therefore the spike is again due to the waves generated at 

the initial instant and the same argument as above explains the symmetry of the 

spike about the time at which the peak displacement occurs. Also due to low heat 

transfer between different layers of the specimen, the temperature profile along 

the depth of the specimen changes very slowly with respect to time, and so the 

change of temperature with time does not produce any wave. Thus the displace

ment curve is not only symmetric but it stays the same whatever be the values of 

diffusivity.

This does not hold true when both absorptivity and diffusivity are large 

because in that case from many points inside the specimen more than one wave 

of significant amplitude is generated even after the initial instant due to rapid 

change in temperature at that point. To explain this, the waves generated at a
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differential distance below the front surface (shown in Figure 14a as point Q) at 

the initial instant and the waves generated at a point H below (shown in Figure 

14a as point P) the front surface at some later time are considered. Let the wave 

generated at Q and producing positive displacement be called F l and the wave 

generated at Q but producing negative displacement be denoted by Bi. In Figure 

14a the amplitude of BI is shown to be double that of F l due to the fact that 

this diagram represents F l and BI after some time of their origin at point Q and 

due to reflection of BI from the front surface, its amplitude is double that of F I. 

In. the same way as above the wave generated at point P and causing positive 

displacement is called F2 and the wave generated at the same point and causing 

negative displacement is called B2. As seen from Figure 14b, when F l passes 

the point P its amplitude increases by an amount equal to the amplitude of the 

F2 wave. Since both the waves are moving in the same direction F l retains this 

increased amplitude and when it reaches the back surface it causes an increase in 

the displacement of the back surface. Therefore the peak displacement increases. 

Since B i and B2 travel in the opposite direction, after BI crosses the point P its 

negative amplitude does not increase. Thus when it reaches the back surface it 

causes the displacement to decrease by a smaller amount than it was increased 

by the F l wave when it reached the back surface as shown in Figure 14c. Again 

F l and BI are equally spaced in time about the time at which peak displacement 

occurs, because peak displacement occurs when the F l wave arrives at the back 

surface. Therefore the displacement becomes unsymmetric.

In the case of very low diffusivity, if the absorptivity is high, most of the 

energy is absorbed at the surface of the material. Again due to very low diffusivity 

heat cannot penetrate inside the specimen. Due to absence of significant amount 

of internal heat source the spike becomes shorter. Keeping diffusivity the same
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as before (i.e. very low) if absorptivity is now decreased more heat will be able 

to penetrate inside the specimen as less heat is absorbed at the surface of the 

specimen. Due to this increase in internal heat source the spike height increases. 

This explains the increase in the value of peak displacement when absorptivity is 

decreased, for very low diffusivity. In fact when the peak displacement is calculated 

for zero diffusivity from Equation (4.21) it is found that the peak displacement 

decreases with increase in absorptivity, as expected.

H D - H

F l

P
F 2

P _________
Q U=

_ !  b :
B I

P

---------------- p— Z

(a) (b) (c)

Figure 14. Generation and propagation of wave through the specimen over a 
period of time for high absorptivity and high diffusivity.

Conclusion

The one-dimensional theory and the mathematical model developed in the 

previous chapters predict the displacement of back surface of a specimen when 

it is irradiated by a high energy laser pulse whose temporal pulse shape is rep

resented by a Dirac-delta function. Using the solution for this case as a Green’s
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function, displacement can be obtained for any arbitrary temporal laser pulse 

shape also. This model is valid for the most general type of material property 

and in the process it takes into account the effects of both diffusivity and ab- 

sortivity of a material. This helps to determine the relative influence of these two 

properties on the displacement. The results obtained in the previous sections of 

this chapter agree with those presented in reference [7], Again as shown before, 

specialization of the solution to different particular cases yields results obtained 

before in reference [7] and other papers. Thus the solution obtained in this thesis 

is the most general solution possible for the one-dimensional case and uncoupled 

theory of thermoelasticity.
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PRO GRAM  NAM E: DISPVAX.EXE
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Figure 15. Format for data entry files for program DISPVAX.EXE.

Input files:

I) INPUT.DAT

This file contains the material properties.

Input variables: CLEXP, POISSON, DEN, SPHEAT, CABSORP, WSPEED, 
QO, DEPTH.

2) CONTROL.DAT

This file contains the controlling parameters of the program.

Input variables: RINTTIME, CHANGE1STEP, CHANGE2STEP, 
CHANGE3STEP, EXTRA.

3) DIF.DAT

This file contains different diffusivities for which displacement is to be 
calculated.

CIexp: Coefficient of linear expansion.
Poisson: Poisson’s ratio.
Den: Density.
Spheat: Specific heat.
Cabsorp: Absorptivity.
Wspeed: Wave speed.
QO: Heat input (in this case it is unity).
Depth: Specimen thickness.

Rinttime: Time at which displacement is 
calculated initially.

Changelstep:
Change2step:
ChangeSstep:
Extra:

Change in time. 
Change in time. 
Change in time. 
Change in time.

Input variables: DIFl, DIF2, DIF3, DIF4, DIF5. 

All variables are different values of diffusivity.



63 ,

Figure 16. Program to calculate displacement of the 
back surface of a specimen.

************* ** * * * * * **************************************** 
*** PROGRAMME TO CALCULATE THE DISPLACEMENT OF THE BACK 
*** SURFACE OF A SPECIMEN WHEN ITS FRONT SURFACE IS IRRADIATED 
*** BY A HIGH ENERGY LASER PULSE WHOSE TEMPORAL SHAPE IS 
*** REPRESENTED REPRESENTED BY A DIRAC-DELTA FUNCTION. THE 
*** PROGRAM GENERATES DISPLACEMENT VS. TIME DATA FOR DIFFRENT 
*** VALUES OF DIFFUSIVITY AND FOR A SINGLE VALUE OF 
*** ABSORPTIVITY OF THE MATERIAL. ************************************************* * * *********

IMPLICIT REAL*8 (A-HfO-Z)
* -------------- :----------------------------------------------------------------------------------------------------------------
C PARAMETERS:
C .FT = FINAL TIME OF OBSERVATION 
C T =  TIME
* ------------------------------------------------------- ------------------------ -------------------------------------------------------------------------------
C DATA INPUT

OPEN(2,FILE='INPUT.DAT',STATUS='OLD').
OPEN(3,FILE='OUTPUT.DAT',STATUS='NEW')
OPEN(4,FILE='CONTROL.DAT',STATUS='OLD')
OPEN(5,FILE='DIF.DAT 1,STATUS='OLD')
READ(2,*)CLEXP,POISSON,DENfSPHEAT,

+ CABSORP,WSPEEDf QO,DEPTH
READ(4,*)RINTTIME,CHANGE!STEP,CHANGE2 STEP,

+ CHANGESSTEP,EXTRA
'READ(5,*)DIFl,DIF2,DIF3,DIF4,DIF5 
CLOSE(2)
CLOSE (4)
CLOSE(S)

* ------------------- ’------------------------------------------------------------------------------------------------------------
C STARTING "DO" LOOP FOR CALCULATION OF DISPLACEMENT FOR 
C DIFFERENT DIFFUSIVITIES.

DO 20 M = 1,5
IF(M.EQ.I)DIF=DIFl 
IF(M.EQ.2)DIF=DIF2 
IF(M.EQ.3)DIF=DIF3 
IF(M.EQ.4)DIF=DIF4 
IF(M.EQ.S)DIF=DIFS 
WRITE(*,41)'DIFFUSIVITY=1,DIF 
WRITE(3,41)'DIFFUSTVITY=',DIF 

41 FORMAT(' ',A,5X,F16.8)
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Figure 16. (Continued)

C CALCULATING VARIOUS CONSTANTS
CQNSl = (DIF*CABSORP)**2.D0-WSPEED**2.DO 
DELTA = CLEXP*(I.DO+POISSON)/(I.DO-POISSON)
Rl = WS PEE D * DE LTA* CABS ORP * DIF/DEN/SPHEAT/CONSI 
R2 = DELTA*(CABSORP*DIF)**2.DO/DEN/SPHEAT/CONS1 
R3 = WSPEED * DE LTA/DEN/SPHEAT/CONSI 
DIMEN = DE LTA/DEN/S PHEAT

C CALCULATING FINAL TIME OF INTEREST 
FT = 3.DO*DEPTH/WSPEED

C CALCULATING THE APPROXIMATE TIME WHEN PEAK DISPLACEMENT 
C OCCURS '

PEAKTIME = DEPTH/WSPEED
C WRITING INPUT DATA

WRITE(3,10)'COEEF OF LINEAR EXPANSION = CLEXP,
+ 'DENSITY =',DEN

WRITE(3,10)lPOISSbNuS RATIO=',POISSON,'SPECIFIC 
+ HEAT=',SPHEAT

WRITE(3,10)'ABSORPTION COEFFICIENT=',CABSORP,'HEAT 
+ INPUT=',QO

WRITE(3,10)'WAVE SPEED=',WSPEED,'DIFFUSIVITY=',DIF 
WRITE(3,10)'SPECIMEN THICKNESS=',DEPTH,'FINAL

+

+

+

+

TIME=',FT
CLEXP,WRITE(*,10)'COEEF OF LINEAR EXPANSION =

'DENSITY=',DEN
WRITE(*,10)'POISSONuS RATIO=',POISSON,'SPECIFIC 

HEAT=',SPHEAT
WRITE(*,10)'ABSORPTION COEFFICIENT=',CABSORP,'HEAT 

INPUT=',QO
WRITE(*,10)'DIFFUSIVITY=',DIF,'WAVE SPEED=',WSPEED 
WRITE(*,10)'SPECIMEN THICKNESS=',DEPTH,'FINAL 

TIME=',FT
FORMAT(' ',A,2X,E13.5,5X,A,E13.5)

C-------------------------- — ----------------------------------
C STARTING "DO" LOOP FOR CALCULATING DISPALCEMENT AT A FIXED 
C TIME AT THE SPECIMEN BACK SURFACE (Z=DEPTH).

N = FT/CHANGE1STEP + I
WRITE(*,*)'MAXIMUM NO. OF TIME STEPS=',N 
T=RINTTIME■
DUMMY=O.DO 
RESULT=O.DO

C SETTING COUNTER INITIALLY TO ZERO IN ORDER TO CALCULATE THE 
C NUMBER OF TIMES DISPLACEMENT IS EVALUATED.

NCOUNT = 0  
NFLAGl = 0 
DO 2000 1=1,N
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IF(I .EQ.N)THEN
WRITE(*,*)'MAXIMUM ITERATION IN THE MAIN PROGRAMME 

+ EXCEEDED'
PAUSE

ENDIF
C-------------------------------------- --------------------------
C FIXING TIME INCREMENT. DIFFERENT TIME REGIONS IN THIS 
C SECTION MAY BE ADJUSTED, DEPENDING UPON THE RELATIVE VALUES 
C OF ABSORPTIVITY AND DIFFUSIVITY, TO GET A DISPLACEMENT-TIME 
C GRAPH OF DESIRED SMOOTHNESS.

IF ( DIF.LT..I) THEN
IF( (RESULT.LT.DUMMY).AND.(RESULT.LT.5.9D-2).AND. 

+ (T.LT.0.53 665D-5) ) THEN
T=T+CHANG3STEP 

ELSE
IF( (T.GE.0.5364805D-5).AND.,

+ (T.LE.0.5364808D-5) ) THEN
T = T+CHANGE1STEP 

ELSE
IF( T .GE.0.53646500D-5 )THEN 

T = T+CHANGE2STEP 
ELSE

T = T+EXTRA 
ENDIF •

ENDIF
ENDIF

ELSE
IF( (RESULT.LT.DUMMY).AND.(RESULT.LT.I.D-2) )THEN

T=T+EXTRA 
ELSE

IF( (T.GE.0.5364805D-5).AND.
+ (T.LE.0.5364808D-5) ) THEN

T = T+CHANGE1STEP 
ELSE

IF ( (T. GE . 0.53 64700D-5).. AND.
+ (T.LE.0.53 64829D-5) ) THEN

T = T+CHANGE2STEP 
ELSE

IF( (T.GE.0.53 63 000D-5) .AND.
+ (T.LE.0.5364999D-5)) THEN

T =' T+CHANGE3STEP 
ELSE
T = T+EXTRA 

ENDIF :
ENDIF

ENDIF
ENDIF

ENDIF
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IF(T.GE.3.DO*DEPTH/WSPEED) GO TO 25
IF( (RESULT.LT.DUMMY).AND.(RESULT.LT.3.D-2) ) G O T O  

+ 25
C CALCULATING THE ARGUMENTS OF HEAVISIDE FUNCTION 

Tl = T-DEPTH/WSPEED 
T2 = T-2.DO*DEPTH/WSPEED

C CHECKING THE VALUE OF ARGUMENTS OF HEAVISIDE'S FUNCTIONS. 
C IF ANY ARGUMENT TURNS OUT TO BE ZERO THEN TIME IS INCREASED 
C BY A SMALL AMOUNT SO THAT ARGUMENT IS POSITIVE.

IF (T.EQ.O.DO) THEN 
■ WRITE(*,*)'TIME EQUAL TO ZERO'

PAUSE
ENDIF
IF (Tl.EQ.0.DO) THEN

WRITE(*,*)'ARGUMENT OF FIRST HEAVISIDEnS FUNCTION 
+ IS ZERO'

WRITE(3,*)'ARGUMENT OF FIRST HEAVISIDEnS FUNCTION 
+ IS ZERO'

Tl = Tl + I.D—14 
ENDIF
IF (T2.EQ.0.D0) THEN

WRITE (*,*) 1 ARGUMENT OF SECOND HEAVISIDEnS FUNCTION 
+ IS ZERO'

WRITE (3 , *) ' ARGUMENT OF SECOND HEAVISIDEnS FUNCTION 
+ IS ZERO'

T2 = T2 + l.D-14 
ENDIF

C SETTING VALUES OF HEAVISIDE FUNCTION ACCORDING TO ITS 
C ARGUMENT

NHl = 0 
NH 2 = 0
IF(Tl.GT.0.DO) NHl = 1  
IF(T2.GT.0.DO) NH2 = I

C CALCULATING ARGUMENTS OF DIFFERENT ERROR FUNCTIONS IN THE 
C DISPLACEMENT SOLUTION. FOR THIS APPROPRIATE FUNCTIONS ARE 
C CALLED.

Xl = VALUEI (CABSORP,DIF,T ,DEPTH,-I)
Yl = VALUEl(CABSORP,DIF,T,DEPTH,I)
X2 = VALUE2(WSPEED,DIF,T,DEPTH,-I)
Y2 = VALUE2(WSPEED,DIF,T,DEPTH,I)
X3 = VALUES(WSPEED,DIF,T,DEPTH,-I)
IF (NH2.EQ.1) THEN

XHl = VALUE!(CABSORP,DIF,T2,DEPTH,-I)
YHl = VALUEl(CABSORP,DIF,T2,DEPTH,I)
XH2 = VALUE2(WSPEED,DIF,T2,DEPTH,-I)
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YH2 = VALUE2 (WSPEED,'DIF,T2 , DEPTH, I)
ENDIF

C CALCULATING DIFFERENT CONSTANTS
DUMMYl = -DEPTH*DEPTH/4.DO/DIF/T
IF ( NH2.EQ.1 ) DUMMY2 = -DEPTH*DEPTH/4.D0/DIF/T2 

CALCULATING DIFFERENT TERMS IN .THE DISPLACEMENT SOLUTION.
PRTll = R1/2.D0/DIMEN*VALUE(XI,Yl,IzDUMMYl)
IF (NH2.EQ.1) THEN

PRTHll = R1/DIMEN*VALUE(XHlzYHl,I,DUMMY2) 
• ELSE

.PRTHll = 0.DO 
ENDIF
RESll = PRTll + PRTHll
IF (NH1.EQ.0) THEN

RES12 = R2/2.D0/DIMEN*VALUE(X2ZY2,-IzDUMMYl) 
ELSE

PRTI2 = -R2/2.D0/DIMEN*VALUE(X3ZY2ZIzDUMMYl) 
IF (NH2.EQ.1) THEN

PRTHI2 = R2/DIMEN*VALUE(XH2,YH2,—I,DUMMY2) 
ELSE

PRTHI2 = 0.DO 
ENDIF
RES12 = PRTI2 + PRTHI2

ENDIF
V

RESl = RESll + RES 12
C

IF ( NHl.EQ.I ) THEN
CONS21=CABSORP*DSQRT(DIF*T1) 
CONS22=WSPEED*DSQRT(Tl/DIF) 
CONS23=CABSORP*WSPEED*Tl 
IF (DABS(CONS21).LE.8.5D0) THEN 

PRT2I = -2.D0/DIMEN*R1*
+ DEXP(CONS21*CONS21)*ERFCC(CONS21)

ELSE
PRT2I = -2.D0/DIMEN*R1*ASYM(CONS21)

ENDIF
IF (DABS(CONS22).LE.B.5D0) THEN 

PRT22 = 2.D0*R2/DIMEN*
+ DEXP(CONS22*CONS22)*ERFCC(CONS22)

ELSE
PRT22 = 2.D0*R2/DIMEN*ASYM(CONS22)

ENDIF 
RES 2 = PRT21 + PRT22
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ELSE
RES2 = 0.DO 

ENDIF
PRT31 = -DELTA/DEN/S PHEAT/DIMEN*

+ ERFCC(DEPTH/2.DO/DSQRT(DIF*T))
PRT32 = R3 *WSPEED/2.DO/DIMEN*VALUE(XI,Yl,-I,DUMMY1) 
IF (NH1.EQ.0) THEN

PRT33 = R2/2.DO/DIMEN*VALUE(X2,Y2,I,DUMMYl)
ELSE
PRT33 = -R2/2.DO/DIMEN*VALUE(X3,Y2,-I,DUMMYl) 

ENDIF
RES3 = PRT3I + PRT32 + PRT33

CALCULATING THE HYPERBOLIC TERMS 
HYCONl =. WSPEED*CABS0RP*T1
HYC0N2 = WSPEED*CABSORP*(T-3.DO*DEPTH/WSPEED) 
HYCON3 = DIF*CABSORP
IF( (NH1.EQ.0).AND.(NH2.EQ.0) ) THEN

HYPER = -R3/DIMEN*( WSPEED*DEXP(HYCONl)

+ + HYC0N3*DEXP(HYCONl) )
ENDIF
IF( (NH1.EQ.1).AND.(NH2.EQ.0) ) THEN

HYPER = -R3/DIMEN*( WSPEED*DEXP(-HYC0N1) - 
+ HYC0N3 *DEXP(-HYCONl) )

ENDIF
IF( (NH1.EQ.1).AND.(NH2.EQ.1) ) THEN

HYPER = -R3/DIMEN* ( WSPEED*"DEXP (HY.C0N2) +
+ HYC0N3 *DEXP(HYC0N2) )

ENDIF
C-----------------------------------------------------------

DUMMY = RESULT
RESULT= RESl + RES2 + RES3 + HYPER 
IF((RESULT.NE.O.DO).AND.(NFLAG1.EQ.0) ) THEN

WRITE(3,3 O)T ,RESULT 
NFLAGl=I
NCOUNT = NCOUNT+I

ENDIF
IF(RESULT.GT.I.D-2) THEN 

WRITE(3,30) T ,RESULT 
NCOUNT = NCOUNT+I

ENDIF
2000 CONTINUE
25 WRITE(3,*)'NO. OF POINTS = 1,NCOUNT
20 CONTINUE 

CLOSE(3)



69

Figure 16. (Continued)

30 FORMAT(' ',E25.16,5X,E25.16)
STOP
ENDC** * ******************************* ********************* * * * *
REAL*8 FUNCTION VALUEl(B,RK,T ,D,N)
IMPLICIT REAL*8 (A-HzO-Z)
VALUEl = B*DSQRT(RK*T) + N*D/2.DO/DSQRT(RK*T)
RETURN
END

C * * * * * * * * *  * • *  * * * * * * * * * * * * *  * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

REAL*8 FUNCTION. VALUE2(CTO,RKzT zD,N)
IMPLICIT REAL*8 (A-HzO-Z)
VALUE2 = N*CTO*DSQRT(T/RK) + D/2.DO/DSQRT(RK*T)
RETURN
ENDC************************ * **********************************
REAL*8 FUNCTION VALUES(CTOzRKzT ,DzN)
IMPLICIT REAL*8 (A-HzO-Z)
VALUE3 = CTO*DSQRT(T/RK) + N*D/2.DO/DSQRT(RK*T)
RETURN 
END ■C***********************************************************
REAL*8 FUNCTION VALUE(XzY zN zCOEF)
IMPLICIT REAL*8 (A-HzO-Z)
IF ( X .GE.O.DO. ) THEN 
IF ( (X*X+COEF) .LT. 80.DO ) THEN 

PARTX = DEXP(X*X+COEF) * ERFCC(X)
ELSE
PARTX = DEXP(COEF) * ASYM(X)

ENDIF
ELSE
PARTX-= AERFCC(XzCOEF)

ENDIF
IF( (Y*Y+COEF) .LT. 80.DO ) THEN 

PARTY = DEXP(Y*Y+COEF) * ERFCC(Y)
ELSE
PARTY = DEXP(COEF) * ASYM(Y)

ENDIF
VALUE = PARTX + N*PARTY
RETURN
ENDC***********************************************************

. REAL*8 FUNCTION ASYM(A)
IMPLICIT REAL*8 (A-HzO-Z)
PI=DACOS(-I.DO)
SUM=I.DO.
DO 10 1=1,100

IF(I .EQ.100) THEN



70

Figure 16. (Continued)

WRITE(*,*)'MAXIMUM NO. OF ITERATION EXCEEDED IN' 
WRITE(*,*)'FUNCTION "ASYM"'
PAUSE

ENDIF
DEL = (-I.DO)**I*(2.DO*1-1.DO)/(2.D0*A*A)**I 
SUM = SUM + DEL
IF (DABS(DEL).LT.l.D-20) GO TO 20 

10 CONTINUE
20 ASYM = SUM/DSQRT(PI)/A 

RETURN 
END

C*********************************************************** 
REAL*8 FUNCTION AERFCC(XfCOEF)
IMPLICIT REAL*8 (A-HfO-Z)
IF ( (X.GT.O.DO) .OR. (COEF.GT. 0 ..DO) ) THEN

WRITE(*,*)'THIS ARGUMENT IN FUNCTION AERFCC CANNOT 
+ BE POSITIVE '

IF(X.GT.0.DO) WRITE(*,*)'X'
IF(COEF.GT.0.DO)WRITE(*,*)'COEF'
PAUSE 

ENDIF 
Z=DABS(X)
T=I.DO/(I.DO+O.5D0*Z)
AERFCC = T*DEXP(COEF - I.26551223D0+T*(I.00002368D0+T* 

+(.37409196D0+T*(.09678418D0+T*(-.18628806D0+T*
+(.27886807D0+T*(-1.13520398D0+T*(I.48851587D0+T*
+(-.82215223D0+T*.17087277D0)))))))))
IF (X.LT.O.DO) AERFCC=2.D0*DEXP(COEF+Z*Z)-AERFCC
RETURN
END

C*********************************************************** 
REAL*8 FUNCTION ERFCC(X)
IMPLICIT REAL*8 (A-HfO-Z)
Z=DABS(X)
T=I.DO/(I.DO+O.5D0*Z)
ERFCC=T*DEXP(-Z*Z-1.26551223D0+T*(I.00002368D0+T* 

+(.37409196D0+T*(.09678418D0+T*(-.18628806D0+T*
+(.27886807D0+T*(-1.13520398D0+T*(I.48851587D0+T*
+(-.82215223D0+T*.17087277D0)))))))))
IF(X.LT.O .DO)ERFCC=2.DO-ERFCC
RETURN
END

C***********************************************************
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PRO GRAM  NAME: D ISPM O D.EX E
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Figure 17. Form at for da ta  entry files for program  DISPM OD.EXE.

Input files:

1) PR IN PT.D A T

This file contains the m aterial properties.

Inpu t variables: CLEXP, POISSON, DEN, SPHEAT, W SPEED, 
. QO, D EPTH .

Clexp: Coefficient of linear expansion.
Poisson: Poisson’s ratio.
Den: Density.
S pheat: Specific heat.
Wspeed: Wave speed.
QO: Heat input (in this case it is unity).
Depth: Specimen thickness.

2) PKCNTRL.DAT

This file contains the controlling param eters of the program . 

In p u t variables: R IN TTIM E, DELTIME.

Rinttim e: Time at which displacement is calculated initially.
Deitime: . Change in time.

3) ABSORP.DAT

This file contains different absorptivities for which displacem ent is to be 
calculated.

Inpu t variables: C A B SO R Pl, CABSORP2, CABSORP3, CABSORP4, 
CABSORP5, CABSORP6, CABSORP7.

All variables are different values of absorptivity.
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. Figure 18. Program to calculate maximum displacement of 
the back surface of a specimen

************************************************************ 
** PROGRAMME TO CALCULATE THE PEAK DISPLACEMENT OF THE BACK 
** SURFACE OF A SPECIMEN WHEN IT IS IRRADIATED WITH A HIGH 
** ENERGY LASER WHOSE TEMPORAL PULSE SHAPE IS REPRESENTED BY 
** A DIRAC-DELTA FUNCTION. THE PROGRAMME CALCULATES THE PEAK 
** DISPLACEMENT FOR DIFFERENT DIFFUSIVITIES WHEN ABSORPTIVITY 
** IS. HELD CONSTANT.************************************************************ 

IMPLICIT REAL*8 (A-HzO-Z)
* ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

C PARAMETERS:
C FT = FINAL TIME OF OBSERVATION
C T =  TIME '
* ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

OPEN(2,FILE='PKINPT.DAT',STATUS='OLD',FORM='FORMATTED') 
OPEN(3,FILE='OUTPUT.DAT',STATUS=1NEW',FORM=1 FORMATTED') 
OPEN(4,FILE='PKCNTRL.DAT',STATUS='OLD1,FORM='FORMATTED') 
OPEN(5,FILE='ABSORP.DAT1,STATUS='OLD',FORM='FORMATTED') 
READ(2,*)CLEXP,POISSON,DEN,SPHEAT,WSPEED,QO,DEPTH 
READ(4,*)RINTTIME,DELTIME
READ(5,*)CABSORPl,CABS0RP2,CABS0RP3,CABS0RP4 
READ(5,*)CABS0RP5,CABSORP6,CABS0RP7 
CLOSE(2)
CLOSE(4)
CLOSE(S)

C STARTING "DO" LOOP FOR CALCULATING DISPLACEMENT FOR VARIOUS 
C VALUES OF DIFFUSIVITY.

DO 20 M = 1,7
IF(M.EQ.l)CABS0RP=CABS0RP1
IF(M.EQ.2)CABS0RP=CABS0RP2
IF(M.EQ.3)CABSORP=CABS0RP3
IF(M.EQ.4)CABS0RP=CABS0RP4
IF(M.EQ.5)CABS0RP=CABS0RP5
IF(M.EQ.6)CABSORP=CABSORPG
IF(M.EQ.7)CABS0RP=CABS0RP7
WRITE(*,*)'ABSORPTIVITY=',CABSORP
WRITE(3,*)'ABSORPTIVITY=',CABSORP
DIF=O.DO

C SETTING COUNTER TO CALCULATE THE NUMBER OF POINTS.
NCOUNT = O

C STARTING OF "DO" LOOP TO CHANGE DIFFUSIVITY BY A SMALL 
C AMOUNT.

DO 35 NNN=IzIOOOO
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C CLACULATION FOR DIFFUSIVITY .EQ. ZERO.
IF (DIF.EQ.O.DO) THEN 
DIF = DIF + l.D-14
DELTA = CLEXP*(I .DO+POISSON)/(I.DO-POISSON)
R3 = -DELTA/DEN/S PHEAT/WS PEED 
T = RINTTIME 
BIG = O.DO 
RESULT = O.DO 
DIMEN = DELTA*DEN/SPHEAT 
DO 29 IJ = 1,2000 
IF(RESULT.LT.BIG) GO TO 25.
T = T +  DELTIME

- IF(T.GE.3.DO*DEPTH/WSPEED) GO TO 25 
IF(IJ.EQ.2000)THEN

WRITE (*,*) 'MAXIMUM ITERATION FOR "K=O" EXCEEDED 1 
PAUSE 

ENDIF
Tl = WSPEED*CABSORP*( T-DEPTH/WSPEED )
T2 = WSPEED*CABSORP*( T-3.DO*DEPTH/WSPEED )
RESl = R3 *WSPEED*DEXP(-CABSORP*DEPTH)
IF(T.LT.DEPTH/WSPEED) THEN 

RES2 = -R3 *WSPEED*DEXP(Tl)
ELSE
IF(T.LT.2.DO*DEPTH/WSPEED) THEN 

RES2 = -R3 *WSPEED*DEXP(-Tl)
ELSE
RES2 = -R3*WSPEED*DEXP(T2)

ENDIF
ENDIF
RESULT = (RESI + RES2)/DIMEN 
IF(RESULT.GT.BIG) BIG=RESULT 

29 CONTINUE
ELSE
IF(DIF.LE..02D0)THEN 

DIF=DIF+.001 
ELSE

IF(DIF.LE..35D0)THEN 
DIF=DIF+,01 

ELSE
DIF=DIF+.05 

ENDIF 
ENDIF
IF(DIF.GTiI.2D0)GO TO 37

C CALCULATING VARIOUS CONSTANTS
CONSl = (DIF*CABSORP) .**2 . D0-WSPEED**2 . DO 
DELTA = CLEXP*(I.DO+POISSON)/(I.DO-POISSON)
Rl = WSPEED*DELTA*CABSORP*DIF/DEN/SPHEAT/CONSl
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JR2 = DELTA*(CABSORP*DIF)**2.DO/DEN/SPHEAT/CONS1 
R3 = WSPEED*DELTA/DEN/SPHEAT/CONSl 
DIMEN = DELTA/DEN/SPHEAT

C CALCULATING FINAL TIME OF INTEREST 
FT = 3.DO*DEPTH/WSPEED

C------------------------------------------------------:---------
C STARTING OF TIME DO LOOP.DISPALCEMENT IS CALCULATED FOR A 
C FIXED TIME AT THE BOUNDARY (Z=DEPTH) OF THE SPECIMEN.

N = FT/DELTIME + I 
T=RINTTIME■
RESULT=O.DO 
'BIG=O.DO 
NCOUNT = NCOUNT+I 
DO 2000 1=1,(N+1000)

IF(I.EQ.(N+1000))THEN
WRITE(*,*)'MAXIMUM ITERATION IN MAIN PROGRAMME 

+ EXCEEDED'
PAUSE

ENDIF
IF (RESULT.LT.BIG) GO TO 25 
T = T+DELTIME
IF (T.GE.3.DO*DEPTH/WSPEED) GO TO 25

C CALCULATING THE ARGUMENTS OF HEAVISIDE FUNCTION 
Tl = T-DEPTH/WSPEED 
T2 = T-2.DO*DEPTH/WSPEED

C CHECKING THE VALUE OF ARGUMENTS OF HEAVISIDE'S FUNCTIONS. 
C IF ANY ARGUMENT TURNS OUT TO BE ZERO THEN.TIME IS INCREASED 
C BY A SMALL AMOUNT SO THAT ARGUMENT IS POSITIVE.

IF (T.EQ.O.DO) THEN 
WRITE(*,*)'TIME EQUAL TO ZERO'
PAUSE

ENDIF
IF (Tl.EQ.0.DO) THEN
WRITE (*,*) 'ARGUMENT OF FIRST HEAVISIDE"S FUNCTION 

+ IS. ZERO'
Tl = Tl + l.D-14 

ENDIF
IF (T2.EQ.0.D0) THEN
WRITE(*,*)'ARGUMENT OF SECOND HEAVISIDE"S 

+ FUNCTION IS ZERO'
T2 = T2 + l.D-14 

ENDIF
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C SETTING VALUES OF HEAVISIDE FUNCTION ACCORDING TO ITS 
C ARGUMENT

NHl = 0 
NH 2 = 0
IF(Tl.GT.0.DO) NHl = 1  
IF(T2.GT.0.DO) NH2 = I

C CALCULATING ARGUMENTS OF DIFFERENT ERROR FUNCTIONS IN THE 
C DISPLACEMENT SOLUTION. FOR THIS APPROPRIATE FUNCTIONS ARE 
C CALLED.

Xl = VALUEl(CABSORP,DIF,T,DEPTH,-I)
Yl = VALUEl(CABSORP,DIF,T,DEPTH,I)
X2 = VALUE2(WSPEED,DIF,T,DEPTH,-I)
Y2 = VALUE2(WSPEED,DIF,T,DEPTH,I)
X3 = VALUES(WSPEED,DIF,T,DEPTH,-I)
IF (NH2.EQ.1) THEN

XHl = VALUEl(CABSORP,DIF,T2,DEPTH,-I)
YHl = VALUEl(CABSORP,DIF,T2,DEPTH,I)
XH2 = VALUE2(WSPEED,DIF,T2,DEPTH,-I)
YH2 = VALUE2 (WSPEED,DIF,T2,DEPTH,I)

ENDIF
C CALCULATING DIFFERENT CONSTANTS

■ DUMMYl = -DEPTH*DEPTH/4.DO/DIF/T 
IF ( NH2.EQ.1 ) DUMMY2 = -DEPTH*DEPTH/4.D0/DIF/T2

CALCULATING DIFFERENT TERMS IN THE DISPLACEMENT SOLUTION.
PRTll = Rl/2.DO/DIMEN*VALUE(XI,Yl,I,DUMMY1) 
IF (NH2.EQ.1) THEN
PRTHll = Rl/DIMEN*VALUE(XH1,YHl,I,DUMMY2) 

ELSE
PRTHll = O.DO 

ENDIF
RESll = PRTll + PRTHll
IF (NH1.EQ.0) THEN
RES12 = R2/2.DO/DIMEN*VALUE(X2,Y2,-I,DUMMYl) 

ELSE
PRTI2 = -R2/2.DO/DIMEN*VALUE(X3,Y2,I,DUMMYl) 
IF (NH2.EQ.1) THEN

PRTHI2 = R2/DIMEN*VALUE(XH2,YH2,-I,DUMMY2) 
ELSE
PRTHI2 = O.DO 

ENDIF
RES12 = PRTI2 + PRTHI2 

ENDIF .
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Figure 18. (Continued)

C
RESl = RESll + RES12

CALCULATION OF THE TERMS (3+4+5+64-7+8)
IF ( NHl.EQ.I ) THEN

C0NS21=CABS0RP*DSQRT(DIF*T1) . 
CONS22=WSPEED*DSQRT(Tl/DIF) 
CONS23=CABSORP*WSPEED*Tl 
PRT2I = 2.D0/DIMEN*R1*

+ ' AERFCC(C0NS21,CONS21*CONS21)
PRT22 = 2.D0*R2/DIMEN*

+ AERFCC(CONS 2 2,CONS 2 2 * CONS 2 2)
RES2 = PRT21 + PRT22 

ELSE
RES2 = O.DO 

ENDIF
CALCULATING TERMS (9,10)

PRT31 = -DELTA/DEN/S PHEAT/DIMEN*
+ ERFCC(DEPTH/2.DO/DSQRT(DIF*T))

PRT32 =R3*WSPEED/2.DO/DIMEN*
+ VALUE(XI,Yl,-I,DUMMYl)

IF (NH1.EQ.0) THEN
PRT33 = R2/2.DO/DIMEN*VALUE(X2,Y2,I,DUMMYI) 

ELSE
PRT33 = -R2/2.DO/DIMEN*VALUE(X3,Y2,-I,DUMMY1) 

ENDIF
RES 3 = PRT 31 + PRT 3 2 + PRT 3 3

CALCULATING THE HYPERBOLIC TERMS
HYCONl = WSPEED*CABS0RP*T1
HYC0N2 = WSPEED*CABSORP* (T-3.DO*DEPTH/WSPEED)
HYCON3 = DIF* CABSORP
IF( (NH1.EQ.0).AND.(NH2.EQ.0) ) THEN

HYPER = -R3/DIMEN*( WSPEED*DEXP(HYCONl)
+ + HYC0N3*DEXP(HYCONl) )

ENDIF
' IF( (NH1.EQ.1) .AND. (NH2.EQ.0) ) THEN

HYPER = -R3/DIMEN*( WSPEED*DEXP(-HYCONl) - 
+ HYC0N3 *DEXP(-HYCONl) )

ENDIF
IF ( (NH1. EQ. I).. AND. (NH2.EQ.1) ) THEN

HYPER = -R3/DIMEN*( WSPEED*DEXP(HYC0N2) +
+ HYCON3*DEXP(HYC0N2) )

ENDIF
C
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RESULT= RESl + RES2 + RES3 + HYPER 
IF(RESULT.GT.BIG)THEN 

BIG=RESULT 
ENDIF

2000 CONTINUE
ENDIF

25 T=T-DELTIMe
WRITE(3,39)DIF,BIG,T 

35 CONTINUE
37 CONTINUE

WRITE(3,*)'NO. OF POINTS=',NCOUNT 
20 CONTINUE
39 FORMAT(' ',3(E20.12,2X))

CLOSE(3)
STOP
ENDC***********************************************************
REAL*8 FUNCTION VALUEl(B,RK,T,D,N)
IMPLICIT REAL*8 (A-HzO-Z)
VALUEl = B*DSQRT(RK*T) + N*D/2.DO/DSQRT(RK*T)
RETURN
END

C*********************************************************** 
REAL*8 FUNCTION VALUE2(CTO,RK,T,D,N)
IMPLICIT REAL*8 (A-HzO-Z)
VALUE2 = N*CTO*DSQRT(T/RK) + D/2.DO/DSQRT(RK*T) '
RETURN
END

C*********************************************************** 
REAL*8 FUNCTION VALUE3(CTO,RK,T,D,N)
IMPLICIT REAL*8 (A-HzO-Z)
VALUE3 = CTO*DSQRT(T/RK) + N*D/2.DO/DSQRT(RK*T)
RETURN
END

C*********************************************************** 
REAL*8 FUNCTION VALUE(X,Y ,N,COEF)

IMPLICIT REAL*8 (A-HzO-Z)
PARTX = AERFCC(XzCOEF)
PARTY = AERFCC(YzCOEF)
VALUE = PARTX + N*PARTY
RETURN
END

C*********************************************************** 
REAL*8 FUNCTION AERFCC(XzCOEF)
IMPLICIT REAL*8 (A-HzO-Z)
Z=DABS(X)
T=I.DO/(I.DO+O.5D0*Z)
AERFCC = T*DEXP(COEF - 1.26551223D0+T*(1.00002368D0+T*
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Figure 18. (Continued)

+ (.37409196D0+T*(.09678418D0+T*(-.18628806D0+T*
+ (.27886807D0+T*(-1.13520398D0+T*(I.48851587D0+T*
+ (-.82215223D0+T*.17087277D0)))))))))

,IF (X.LT.O.DO) AERFCC=2.DO*DEXP(COEF+Z*Z)-AERFCC 
RETURN 
END

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

REAL*8 FUNCTION ERFCC(X)
IMPLICIT REAL*8 (A-HfO-Z)
Z=DABS(X)'
T=I.DO/(I.DO+O.5D0*Z)
ERFCC=T*DEXP(-Z*Z-1.26551223D0+T*(I.00002368D0+T*

+ (:37409196D0+T*(.09678418D0+T*(-.18628806D0+T*
+ (.27886807D0+T*(-1.13520398D0+T*(1.48851587D0+T*
+ (-.82215223D0+T*.17087277D0)))))))))

IF(X.LT.O.DO)ERFCC=2.DO-ERFCC
RETURN
END

C***********************************************************
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Figure 19. Format for data entry files for program TEMP.EXE.

Input files:

I) TEMPIN.DAT

This file contains the material properties and controlling parameters. 

Input variables: CABSORP, DEN, SPHEAT, MAXIT, DELZl, DELZ2.

Cabsorp: Absorptivity.
Den:
Spheat:
Maxit:
Delzl:
Delz2:

Density.
Specific heat.
Maximum number of iterations allowed. 
Increment in the value of z.
Increment in the value of z.

2) TIMEDIF.DAT

This file contains different values of time and diffusivity for which 
displacement is to be calculated.

Time and diffusivity and read in arrays.
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Figure 20. Program to calculate the temperature along 
the depth of a specimen.

************************************************************ 
** PROGRAMME TO CALCULATE VARIATION OF TEMPERATURE WITH DEPTH 
** FOR DIFFERENT TIME AND DIFFUSIVITY WHEN LASER-PULSE SHAPE 
** IS REPRESENTED BY A DIRAC-DELTA FUNCTION ************************************************************

IMPLICIT REAL*8 (A-HfO-Z)
DIMENSION TIME(IO),DIFFUSIVITY(10)
OPEN(2,FILE='TIMEDIF.DAT',STATUS='OLD')
OPEN(3,FILE='TEMPIN.DAT',STATUS='OLD')
OPEN(4,FILE='TEMPOUT.DAT',STATUS='NEW')

C READING DIFFERENT TIMES AND DIFFUSIVTTY AT WHICH TEMPERATURE 
C IS TO BE CALCULATED 

DO 10 1=1,5
READ(2,*) TlME(I)fDIFFUSIVITY(I)

10 CONTINUE
C READING OTHER INPUT DATA ( MATERIAL PROPERTIES Sc INCREMENT 
C IN "Z")

READ(3,*) CABSORP,DEN,SPHEAT,MAXIT,DELZI,DELZ 2 
»CLOSE(2)
CLOSE(3)
WRITE(*,*)'ABSORPTIVITY= ',CABSORP
WRITE(4,*)'ABSORPTIVITY= ',CABSORP

C STARTING OF "DO" LOOP FOR DIFFERENT DIFFUSIVITIES 
DO 20 ND=I,2 
DIF = DIFFUSIVTTY(ND)
WRITE (4,*) 1 *******,****************DIFFUSIVITY= 1 , DIF 
WRITE(* f *) 1***********************DIFFUSIVITY=1,DIF 

C STARTING OF "DO" LOOP FOR DIFFERENT TIMES 
DO 30 NT=IfS 

T=TIME(NT)
WRITE(4,*)'TIME='fT 
WRITE(*,*)'TIME=',T 
IF(DIF.LE.I.D-I) THEN 

Z=-DELZl 
ELSE 
Z=-DELZ2 
ENDIF 
NCOUNT=O

C STARTING OF "DO" LOOP FOR DIFFERENT DEPTH.
DO 40 NZ=IfMAXIT

IF(DIF.LE.I.D-I) THEN 
Z=Z+DELZ1 

ELSE
Z=Z+DELZ2

ENDIF

k ? V
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