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ABSTRACT

Thermal analysis related to ultrashort-pulsed lasers has been intensely studied in
science and engineering communities in recent years, because the pulse duration of
ultrashort-pulsed lasers is only the order of sub-picoseconds to femtoseconds, and the
lasers have exclusive capabilities in limiting the undesirable spread of the thermal process
zone in the heated sample. Studying the thermal deformation induced by ultrashort-
pulsed lasers is essential for preventing thermal damage. For the ultrashort-pulsed laser,
the thermal damage is different from that caused by the long pulsed lasers and cracks
occur after heating.

This dissertation presents a new finite difference method for studying thermal
deformation in 3D thin films exposed to ultrashort-pulsed lasers. The method is obtained
based on the parabolic two-step model and implicit finite difference schemes on a
staggered grid. It accounts for the coupling effect between lattice temperature and strain
rate, as well as for the hot electron-blast effect in momentum transfer. In particular, a
fourth-order compact scheme is developed for evaluating those stress derivatives in the
dynamic equations of motion. The method allows us to avoid non-physical oscillation in
the solution.

To test the applicability of the developed numerical scheme, we investigated the

temperature rise and thermal deformation in two physical cases: (1) a 3D single-layered

iil




iv
thin film and (2) a 3D double-layered thin film, where the central part of the top surface
was irradiated by ultrashort-pulsed lasers. Results show no non-physical oscillations in

the solution. Numerical results also show the displacement and stress alterations from

negative value to positive value at the center along the z - direction, and along x and y -

directions, indicating that the central part of the thin film expands during heating.
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CHAPTER 1

INTRODUCTION

1.1 General Overview

Ultrashort-pulsed lasers have been attracting great interest in the past two
decades. Because the pulse duration is only the order of sub-picoseconds to femtoseconds,
Ultrashort-pulsed lasers have exclusive capabilities in limiting the undesirable spread of
the thermal process zone in the heated sample [Tzou 2002]. This unique character has
made ultrashort-pulsed lasers an ideal candidate for precise thermal processing of
functional nanophase materials [Tzou 2002].

The applications of ultrashort-pulsed lasers include structural monitoring of thin
metal films [Mandelis 1992, Opsal 1991], laser micromachining [Knapp 1990] and
patterning [Elliot 1989], structural tailoring of microfilms [Grigoropoulos 1994}, and
laser synthesis and processing in thin-film deposition [Narayan 1991]. Ultrashort-pulsed
lasers have been widely applied recently in many disciplines such as biology, medicine,
physics, chemistry and optical technology [Liu 2000, Shirk 1998].

The three key factors are relative to the success of high energy ultrashort-pulsed

lasers in real applications. First, well characterized pulse width, intensity, and



experimental techniques are required; second, we need to have reliable and accurate
microscale heat transfer models; third, it is very important to prevent thermal damage.

The thermal damage caused by ultrashort-pulsed lasers is much different from that
of traditional long-pulsed and continuous lasers. For the long-pulsed and continuous
lasers, elevated temperatures induce the thermal damage. These high temperatures result
from the continuous pumping of photon energy into the thermal process zone. Normally,
the long-pulsed laser intensity drives the heat spot to the melting temperature. For the
ultrashort-pulsed lasers, the thermal damage occurs after the heating pulse duration. The
thin material layers are shattered without a clear signature of thermal damage by
excessive temperature. The results show that a new driving force, rather than the melting
temperature, brings such ultra fast damage, probably within only a few picoseconds
[Tzou 2002].

The studying of ultrashort-pulsed lasers has been a popular research topic in
science and engineering communities. Up to date, scientists and researchers have
developed a number of models, which focus on heat transfer in the context of ultrashot-
pulsed lasers. However, only a few mathematical models for studying thermal
deformation induced by ultrashort-pulsed lasers have been developed [Chen 2002a, Chen
2003, Lee 2008]. Tzou and his colleagues presented a one-dimensional numerical model
in a double-layered thin film [Tzou 2002], which was solved using a differential-
difference approach. Chen and his colleagues considered a two-dimensional
axisymmetric cylindrical thin film and proposed an explicit finite difference method by

adding an artificial viscosity term to eliminate numerical oscillations [Chen 2002b]. Lee



and Tsai [Lee 2008] studied the effect of interfacial contact conductance on thermal-
elastic response in a 1D two-layered material heated using Laplace transform method.

Recently, my advisor, Dr. Dai, and his colleagues developed a new numerical
method for studying thermal deformation in two-dimension thin films exposed to
ultrashort-pulsed lasers [Wang 2006a, Wang 2006b, Wang 2008]. This method was
developed based on the parabolic two-step heat transport equations and implicit finite
difference schemes on a staggered grid. It accounts for the coupling effect between lattice
temperature and strain rate, as well as for the hot electron-blast effect in momentum
transfer. Numerical results show that there are no numerical oscillations in the solution.
Unfortunately, when applying this method to a 3D thin film case, we found that the non-
physical oscillations appeared again in the normal stress in the thickness direction. This is
probably because a relatively coarse grid was used in the computation. However, a finer
mesh increased dramatically the computational cost.

The motivation of my dissertation is to improve our previous method and extend
our research to 3D single-layered and double-layered thin film cases. Layered metal thin
films are considered in the dissertation because they are widely used in engineering
applications due to the fact that a single metal layer often cannot satisfy all mechanical,

thermal and electronic requirements.

1.2 Research Objectives

The objective of my dissertation is to develop a finite difference method for
studying thermal deformation in 3D thin films exposed to ultrashort-pulsed lasers. This

method is developed based on the parabolic two-step heat transport equations and the



dynamic equations of motion. To achieve this objective, the following steps must be

followed.

1.

Consider a 3D thin film in Cartesian coordinates, and propose the dynamic
equations of motion and energy equations as the governing equations for
describing thermal deformation in the thin films induced by ultrashort-pulsed
lasers.

Introduce three velocity components into the model, and rewrite the dynamic
equations of motion to avoid numerical oscillations.

Design a staggered grid to avoid further numerical oscillations, and develop a
finite difference scheme based on the staggered grid.

Develop a fourth-order compact finite difference scheme for solving stress
derivatives in the dynamic equations of motion in order to eliminate the third

order derivatives in the truncation error.

. Employ the developed finite difference method to obtain electron and lattice

temperatures, normal and shear stresses and strains, and displacements and
velocities in a 3D single-layered metal thin film and a 3D double-layered metal
thin film, respectively.

Test the method, and analyze the solution.

1.3 Organization of the Dissertation

Chapter 1 gives a general overview of the dissertation topic, an introduction of

ultrashort-pulsed lasers, and some reviews of previous researches in relative areas. The

objective of this dissertation is also proposed.



Chapter 2 reviews some background for studying thermal deformation in metal
thin films exposed to ultrashort-pulsed lasers. The process of micro scale heat transfer of
phonon-electron interaction model and the parabolic two-step model for micro thin films,
as well as a review of previous works, are included later.

Chapter 3 proposes the mathematical model for a 3D single-layered metal thin
film in Cartesian coordinates, where the film is exposed to ultrashort-pulsed lasers.
Dynamic equations of motion and parabolic two-step heat conduction equations are
considered to be the governing equations for describing thermal deformation in the 3D
thin films induced by ultrashort-pulsed lasers. To develop a numerical method for solving
the mathematical model, we first introduce three velocity components into the model,
rewrite the dynamic equations of motion, and develop a staggered finite difference
scheme for solving the governing equations and a numerical algorithm for obtaining
temperatures, displacements, stresses, and strains.

Chapter 4 extends the previous mathematical model and numerical method to a
3D double-layered metal thin film case. Interfacial conditions are introduced between two
layers. A numerical algorithm is then developed for obtaining the temperatures,
displacements, stresses, and strains.

Chapter 5 gives the numerical results obtained based on the developed numerical
methods. Two cases are considered in this chapter; one is a 3D single-layered thin film,
and the other is a 3D double-layered thin film exposed to an ultrashort-pulsed laser with
perfectly contacted interface. Three various mesh sizes were chosen in order to test the
convergence of the scheme. Also, electron temperatures, lattice temperatures,

displacements, stresses, and strains are calculated and analyzed in this chapter. Finally,



Chapter 6 gives the conclusions of my dissertation research and suggests future research

work.



CHAPTER 2

BACKGROUND AND PREVIOUS WORK

2.1 Microscale Heat Transfer

2.1.1 Macroscopic Heat Transfer

This section is based on Chapter 2 in Wang’s dissertation [Wang 2007]. Heat is
defined as energy transfer due to temperature gradients or differences in thermodynamics.
At the microscale heat transfer, this view point still works. There are only three heat
transfer modes, which are generally recognized as convection, conduction and radiation.
In our research, heat transfer on a 3D metal thin film exposed to an ultrashort- pulsed
laser ocurred by radiation, whereas heat transfer across the metal thin film ocurred by
conduction.

An important distinction between conduction and radiation is that conduction is
by molecules, since these energy carriers have a shorter mean free path, whereas
radiation is by photons, which are energy carriers that have a long mean free path. These
modes of transfer occur on a molecular scale.

At the microscale heat transfer, the process of heat transfer by phonon-electron

interaction in metallic films and by phonon scattering in dielectric films, conductors, and



semiconductors is considered. Our research will focus our discussion on heat transfer by
phonon-electron interaction in metallic films.

In classical theories of heat transfer, Fourier’s law is the main phenomenological
law subjected to heat conduction [Herwig 2000]. Fourier’s law is a constitutive equation
that depicts the way in which cause varies with effect.

Fourier’s law of heat conduction,

g=-kvT, 2.1
where k is the thermal conductivity of the material that dictates that the heat flux vector
(g) and the temperature gradient (VT ) across a material volume must occur at the same
time .

The energy equation derived from the first law of thermodynamics is

or

-V-G= v

o, (22)

where C, is the volumetric heat capacity and Q) is the heat source. Substituting Equation

(2.1) into Equation (2.2), we can obtain the traditional heat diffusion equation:

C,,-aa—f-=v.(kVT)+Q. (2.3)

Equation (2.3) is often referred to as a parabolic equation, and as a result, any
temperature disturbance will propagate at an infinite speed.

The classical theories established are not expected to be informative enough at the
microscale because they describe macroscopic behavior aggregated over many grains.
Because Fourier’s law does not predict finite wave speeds, the law does not accurately
approximate the heat transfer in certain cases [Tang 1996, Xu 2003]. The assumption of

instantaneous energy transmission fails during a short duration of initial transient, or



when the thermal propagation speed is not high, such as in low temperatures [Barron
1985]. Fourier’s law breaks down at temperatures near absolute zero. They break down
further when the pulsed duration becomes extremely small, even on the order of
picoseconds or femtoseconds. A typical case occurs in the ultrashort-pulsed laser heating
in the thermal processing of materials [Kaba 2004, Kaba 2005]. In this instance, the
quasi-equilibrium assumption established in Fourier’s law does not get along with other
macroscopic behaviors. Specific to microscale heat transfer, Fourier’s law does not
accurately predict the transient temperature during microscale (< 107*2s) laser heating of
thin metal films (< 107" m) [Barron 2005, Barron 2006, Qiu 1993].

2.1.2 Wave Nature of Microscale
Heat Transfer

Heat transfer is defined as energy transfer due to temperature differences. The
principal mode of conduction heat transfer is that of vibrational energy transfer from one
atom to its neighbors. Atoms in solids are constantly at very high frequencies with
relatively small applitudes. A single quantum of vibrational energy is called a phonon.
These vibrations are coordinated in such a way that traveling lattice waves are produced,
which propagates through the lattice at the speed of sound [Tzou 1996]. In this
processing, heat transfer requires an energy carrier. In the metal thin films, electrons and
phonons play the roles as the main energy carriers.

It should be pointed out that the free electron mechanism of heat transfer is much
more efficient than the phonon mechanism in metal. The main reason is that phonons are
more easily scattered than electrons [Touloukian 1970a, 1970b]. Another reason we
should consider those electrons is that they have higher velocities than phonons. From

Tzou and his colleagues’ research, we know that the short mean free path of an electron
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in a bulk material is normally small, say, on the order of 10 to 30 nm at room temperature,
where the electron lattice is dominant. In their research, Tzou introduced that when the
film thickness is on the order of the mean free path, boundary scattering becomes
important. Thin films are manufactured using a number of methods and a wide variety of
conditions [Tzou 1996]. When a metal thin film is heated by ultrashort-pulsed lasers, the
micro structural interaction effect, such as phonon-electron or phonon scattering, makes
the electron system hot, so then scattering can become significant. Thus, the microscopic
energy carriers and the full range of possible scattering mechanisms should be considered
in our microscale heat transfer model [Wang 2007].

2.1.3 Two-Step Heat Transport Equations

For considering the phonon-electron interaction, the conventional model should
be revised to fit the heat transfer theories in microscale. For those electrons with much
smaller heat capacity than metal lattice, the heating system involves excitation of the
electrons and heating of the metal lattice through phonon-electron interaction in short
times [Tzou 1996]. The phonon-electron interaction model was expected to exactly
describe this two primary phases for energy transport. The first phase describes the
deposition of energy on electrons and the second describes the transfer of the energy from
the electrons to the lattice.

The first version of the phonon-electron interaction model, referred to as the two-
step model, was proposed by Kaganov et al. [Kaganov 1957] and Anisimov et al.
[Anisimov 1974], but it seems that they did not hit the target at that time. Tien and Qiu
set up the well-known hyperbolic two-step model on a quantum mechanical and

statistical basis almost 20 years later [Qiu 1993]. By setting the relaxation time of the
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electron gas calculated at the Fermi surface to be zero, this hyperbolic two-step model
can perfectly reduced to the parabolic two-step model, which was originally proposed by
Kaganov et al. [Kaganov 1957] and Anisimov et al. [Anisimov 1974].

The parabolic two-step model can be written as:

€12 = V- (VT -GUT. - T), 2.4)
a(r)Zt =GR, -1, 2.5)

Here, C,(T,) is the electron heat capacity, k is the thermal conductivity, G is the
electron-lattice coupling factor, C,(T;) is the lattice heat capacity, and subscripts e and /
represent the electron and metal lattice, respectively.

Equation (2.4) represents the first step, which describes the deposition of energy
heating on electrons, and Equation (2.5) represents the second step, which involves the
transfer of the energy from electrons to the lattice. Here, the effect of heat conduction
through the metal lattice is not considered at this time.

Tzou and his colleague’s research show that for an electron gas temperature lower
than the Fermi temperature, of the order of 10* K, the electron heat capacity (C,) is
proportional to the electron temperature [Tzou 1996]. According to the above conclusion,
that equation is non-linear for solving.

The electron heat capacity C, can be obtained from Barron’s research [Barron
1985]:

Ce = yeTe > (26)
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where y, is known as the electron specific heat coefficient, and we can obtain it from

experiments.
The phonon-electron coupling factor describes the energy exchange between

phonons and electrons [Kaganov 1957]:

2 2
G=L MY o T 55T, Q.7
6 .,

where m, is the electron mass, #, is the number density of electrons per unit volume, and

v, is the speed of sound. It is obtained below as

1

o _—
=—(67"n,) T, 2.8
vS 2m( ”na) D ( )

where the quantity 4 is Planck’s constant, k£ is the Boltzmann constant, n, is the atomic
number density per unit volume, and 7, represents the Debye temperature. The electron
temperature ( 7,) is much higher than the lattice temperature (7;) in the early time
response. Then the lattice temperature (7;) increases, and as a result, the electron
temperature (7,) discreases due to the electron-lattice effect. The condition 7, >>7; in

Equation (2.6) for the applicability of G is thus valid in the fast-transient process of
electron-phonon dynamics. Within the limits of Wiedemann-Frenz’s law, which states
that for metals at moderate temperatures ( 7; >0487, ), the ratio of the thermal
conductivity to the electrical conductivity is proportional to the temperature, and the
constant of proportionality is independent of particular metal, the electron thermal

conductivity can be expressed as [Kaganov 1957]

w’nk’t,T,
k,=— 7, 2.9

3m,
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or just set m, simply below

7°nk’c,T,
m, =——=—=%,

) 3k

e

(2.10)

We substitute Equation (2.10) into Equation (2.7) for the electron mass yields, and then

we can calculate G as

_ﬂ“(nevks)2
T 18

G @2.11)

This electron-lattice coupling factor is decided by the thermal conductivity (k) and the
number density (n,) of the electron gas. From Tzou’s research, the electron-lattice
coupling factor does not show a strong dependence upon temperature and is not affected
by relaxation time [Tzou 1996].

From Equation (2.10) we can see that the number density (#,) of the electron

gas is a key quantity for estimating the value of G. Qiu and his colleagues’ assumed one
free electron per atom for noble metals and employed the s-band approximation for the
valence electrons in transition metals [Qiu 1992]. Thus, the value for the number density
of the electron gas is chosen as a fraction of the valence electrons. The phonon-electron
coupling factor can be calculated. These experimentally obtained values are listed in
Table 2.1 for comparison. In this dissertation, Equation (2.4) is used for calculating the

unknown electron-gas temperature (7)), and Equation (2.5) is used for calculating the

unknown metal-lattice temperature (7).
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Table 2.1 Phonon-electron coupling factor G, for some noble and transition metals

[Qiu 1992]

Metal Calculated, x 10 W/m3K Measured, x 1016 W/m3K
C 14 4.8 + 0.7 [Brorson 1990]
4 10 [Elsayed-Ali 1987]

Ag 3.1 2.8 [Groeneveld 1990]
Au 2.6 2.8 £ 0.5 [Brorson 1990]
Cr 45 (n,/n, = 0.5) 42 1 5 [Brorson 1990]
w 27 (n,/n, = 1.0) 26 + 3 [Brorson 1990]
\" 648 (n,/n, = 2.0) 523 1 37 [Brorson 1990]
Nb 138 (n,/n, = 2.0) 387 £ 36 [Brorson 1990]
Pb 62 12.4 £ 1.4 [Brorson 1990]
Ti 202 (n,/n, = 1.0) 185 £ 16 [Brorson 1990]

2.2 Previous Work

Up to date, scientists and researchers have developed a number of models, which
focus on heat transfer in the context of ultrashot-pulsed lasers [Tzou 1993, 1994, 1995a,
1995b, 1995¢, 1995d, 1997, 1999, 2000a, 2000b, 2001, 2002] [Ozisik 1994] [Chiffell
1994] [Wang 2000, 2001a, 2001b, 2002] [Antaki 1998, 2000, 2002] [Dai 1999, 2000a,
2000b, 2000c, 2001a, 2001b, 2002, 2004a, 2004b] [Qiu 1992, 1993, 1994a, 1994b] [Joshi
1993] [Chen 1999a, 1999b, 2000a, 2000b, 2001, 2003, 2005] [Al-Nimr 1997a, 1997b,
1999, 2000a, 2000b, 2000c, 2001, 2003] [Tsai 2003] [Falkovsky 1999] [Fushinobu 1999]
[Hoashi 2002] [Lee 2003, 2005]. But only a few mathematical models for studying
thermal deformation induced by ultrashort-pulsed lasers have been developed [Chen
2002c, Chen 2003, Chen 2005, Lee 2008]. Tzou and his colleagues presented a one-
dimensional numerical model in a double-layered thin film [Tzou 2002], a model which

was built using a differential-difference approach. Chen and his colleagues considered a
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two-dimensional axisymmetric cylindrical thin film and proposed an explicit finite
difference method by adding an artificial viscosity term to eliminate numerical
oscillations [Chen 2002, Chen 2003]. Lee and Tsai studied the effect of interfacial
contact conductance on thermal-elastic response in a 1D two-layered material heated
using Laplace transform method [Lee 2008].

2.2.1 Two-Dimensional Parabolic
Two-Step Model

In 2006, Dai and his colleagues [Wang 2006a] developed a finite difference
method for studying thermal deformation in a two-dimension single-layered thin film
exposed to ultrashort-pulsed lasers based on the parabolic two-step heat transport

equations, as shown in Figure 2.1.

Laser Metal Film
.| | W ot
2 Zie
1.0zm
' v

Figure 2.1 Configuration of a metal thin film exposed to ultrashort-pulsed lasers.

The governing equations for studying thermal deformation can be expressed as:

(1) Dynamic Equations of Motion [Brorson 1987, Chen 2002a, Tzou 2002, Wang 2006a]
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2 oo T
p0U 00, 9%y oz e 2.12)

ot ox oy ox

2y 0 0

PRANCEIIIIN 2.13)

o’ Ox oy oy

where

o, =AM, +&,)+2ue, -BA+2ma (T, -Ty), (2.14)
o, =Me, +&,)+2ue, —~(BA+2wa, (T, -T,), (2.15)
O, = HE,, (2.16)
£x=gu—-,e =%,£x =§-u-+ﬂ, 2.17)

ox 7 oy Y oy ox

2

/1=K—§y. (2.18)

(2) Energy Equations [Chen 2002a, Qiu 1992, Tzou 2002,]

Ce(Te) aTe = aﬁx'[ke(Te’Tl) i;x}jl_*-%[ke(Te’];)%{I

ot oy
~G(T,-T)+Q, (2.19)
o7, 0
€ 5L =G, ~T) -G+ 2T, (s, +5,), (2220)
where the heat source is given by
? -2t Y
0=094s " Rexpl - X | 2| 277 AN 2.21)
1,x, X ¥, t,

Here’ Ce (7:3) = CeO[%

0

), and k,(7,,7T,) = k{%). Equation (2.19) and Equation (2.20)

)

are often referred to as parabolic two-step heat transport equations.



The boundary conditions are assumed to be
o, =O,a,y =0,at x=0,L,,
o, =O,crxy =0, at y=0,L,,

A

- , 0.
on on

The initial conditions are assumed to be

T,=T,=T,,u=v=0,u,=v,=0,att=0.
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(2.22)

(2.23)

(2.24)

(2.25)

Layered metal thin films were also considered [Wang 2006b] because they are

widely used in engineering applications because a single metal layer often cannot satisfy

all mechanical, thermal, and electronic requirements [Lor 2000].
The governing equations are written as follows:

(1) Dynamic Equations of Motion [Brorson 1987, Chen 2002a, Tzou 2002}

m (m) (m) (m)
(m) o*u™ - oo, + ao'xy 2A("')T("') oT,
or? ox dy o
- a2y ~ aO'g,") o™ aT (m)

- +—X— 4 QAT
or ox dy 5%

where

O-i”') /1(’")(8(’") + 8("')) + 2#('") (m) (3/1('") + 2#(M))a;"')(Tl('") __TO) ,

y

m _ out™ g("') 3 ™ g("') 3 au(M) av(m)

&= = =—+
* Ox g oy i oy Ox

Here, m = 1, 2, denotes layer 1 and 2, respectively.

(2) Energy Equations [Chen 2002a, Qiu 1992, Tzou 2002]

O.('") ﬂ,(m)(g(m)+£(m))+2ﬂ(m) (m) (3/1(’")+2/1("'))a("')(T,(’")—TO),

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)
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(m)aT_e(M)ZE (m) aTe(M) i (m) aTe(m)
(C(T.) r» ax(ke(Te,T,)) . +ay(ke(Te,T/)) e

-G™ (Te("') —Tl(m))‘l'Q> (2.31)

y 0T\

cm
"

=G(I™ ~T) = BA™ +24™)a™T, g(aﬁ"” +&"), (232

where the heat source is given by

2 2
- t-2t
0=0947 "R expl - X _| 2| —277 2. (2.33)
t,X, x, \y, t,
The boundary conditions are
0 =0,00)=0,at x=0,and c? =0,0 =0,at x=L,,  (2.34)
0"=0,00=0,at y=0,and 0 =0,6% =0,at y=1L,, (2.35)
(m) T(M)
aTi =0,a L =0. (2.36)
on on

The initial conditions are assumed to be
T =T =T, , u™ =y™ =0, 4™ =™ =0,at 1=0. 2.37)

The interfactial conditions are assumed to be, atx = L_/2,

u® =y @ O =, @ (2.38)
o =o®, 0'3) =J§y2), (2.39)
) @
TO =T®, ke(l) 8T_e = k(fz) aT_e (2.40)
Ox Ox
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2.2.2 Two-Dimensional Hyperbolic
Two-Step Model

Recently, my advisor, Dr. Dai, and his colleagues have further developed a
numerical method based on hyperbolic two-step model for studying thermal deformation
in 2D single-layered thin films exposed to ultrashort-pulsed lasers [Niu 2008a, 2008b].
The governing equations for studying thermal deformation in the thin film can be
expressed as:

(1) Dynamic Equations of Motion [Brorson 1987, Chen 2002a, Tzou 2002]

‘u 0 oo orT,
pI ¥ 9% 9% opg e (2.41)

ot ox oy ox

y 0o, Oc oT
pa:’= Y Y 4 OAT, ==, (2.42)

ot ox oy oy

where

o, =Ae, +&,)+2us, ~BA+2wa (T, -T,), (2.43)
o,=A(e, +&,)+2uec, -CGA+2u)a, (T, -T,), (2.44)
ny = ﬂgxy , (2.45)
gx=%,gy=%,gxy=@-+?l, (2.46)

Ox oy oy Ox

2

/1=K—§y. (2.47)

(2) Energy Equations [Chen 2002a, Qiu 1992, Tzou 2002]

oT og* Oqg’
c,Se=-Fe A _Gr -1+, (2.48)
o oax oy

dq* oT.
T2 4 gf =—k —=<, 2.49
e T4 o (2.49)



20

y
T, % +q) =k, I, , (2.50)
ot dy

x y
aT'——ai—aiwa—T,)—(u+2marTo§(a+8y>, @51)

"o ox oy
oq; . oT,
Dy gr = f, S0 2.52
7 ot q, o ( )
7 oT,
z‘,ai+q,’ =—k,—L. (2.53)
ot Ay

These energy equations are referred to as hyperbolic two-step heat transport

equations. The boundary conditions are assumed to be

o,=0,0,=0,at x=0,L,, (2.54)
c,=0,0,=0,at y=0,L,, (2.55)
oT. oT,
< =0,—=0. (2.56)
on on

The initial conditions are assumed to be
T,=T,=T,,u=v=0,u,=v,=0,attr=0. (2.57)
Ifz,, 7, and k, are zeros, the hyperbolic two-step model can be reduced to the

parabolic two-step model.

Numerical results show that the method in Wang [Wang 2006a, 2006b] and Niu
[Niu 2008a, 2008b] allow us to avoid non-physical oscillations in the solution.
Unfortunately, when applying this method to a 3D thin film case, we found that the non-
physical oscillations appeared again in the normal stress in the thickness direction. This
result probably ocurred because we used a relatively coarse grid in the computation.

However a finer grid increased dramatically the computational cost. Hence, the
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motivation of my dissertation research is to improve their previous methods and extend

the research to 3D single-layered and double-layered thin film cases.



CHAPTER 3

3D SINGLE-LAYERED MATHEMATICAL MODEL
AND FINITE DIFFERENCE SCHEME

In this chapter, we consider a 3D thin film exposed to ultrashort-pulsed lasers.
We will purpose a mathematical model for studying thermal deformation in the 3D thin
film and then develop a numerical method for studying the temperatures, displacements,

stresses, and strains based on the mathematical model.

3.1 Mathematical Model

3.1.1 Governing Equations

We consider a 3D single-layered thin film in Cartesian coordinates, which is
exposed to ultrashort-pulsed lasers, as shown in Figure 3.1.The governing equations for
studying thermal deformation in the thin film induced by ultrashort-pulsed lasers can be
expressed as follows:

(1) Dynamic Equations of Motion [Brorson 1987, Chen 2002, Tzou 2002, Wang 2006a]

2 oo
pa z‘ = oo, +— 00, +2AT, o, , 3.1
ot Ox Oy Oz o

22
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oty Oo oo, 0o oT,

=—2 4 24 X LIAT , 32
P " o oy @ iy (3.2
2 d
52 Y - 905 9% 99 4 ony Ol (3.3)
ot ox oy 0z 0z
o, =/1(£x+£y+gz)+ 2ue, — (34 +2u)a, (T, - T,), (3.4a)
o, =Ale, +e, +e, )+ 2ue, - (3A+2u)e, (T, - T,), (3.4b)
o, =g, +e,+¢, )+ 2ue, -BA+2m), (T, - T,), (3.4¢)
and
O =M y>00 =W r0y = HY s (3.4d)
£x=@,£y—@,gz=9w—, (3.4¢)
ox oy oz
ou v ou ow v ow
Vo= ot e S Yy (34D
dy ox 8z ox &z oy

Here, w is the displacement in the thickness direction (z-direction) and u ,v are the

displacement in the x ,y directions, respectively; ¢,, ¢,, and ¢, are the normal strains in
the x, y and z directions, respectively; y,, is the shear strain in the xy - plane; y,, is the
shear strain in the xz - plane; 7,. is the shear strain in the yz - plane; o, o, and o, are
the normal stresses in the x, y and z directions, respectively; o, is the shear stress in the
xy - plane; o, is the shear strain in the xz - plane; o, is the shear strain in the yz - plane;

T, and T, are electron and lattice temperatures, respectively; 7T, is the initial temperature;

p 1s the density; Ais the electron-blast coefficient; A ( = K ——i— 41 [Reismann 1980]) is
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Lame constant; K is the bulk modulus; # is the shear modulus; and a; is the thermal

expansion coefficient.

Ultrashort-pulsed lasers

Y p
o~ |
L, - L,
/ v
0 X T
L,
Z

Figure 3.1. A 3D thin film with the dimension of 100pm x 100 pm x 0.1pm,
irradiated by ultrashort-pulsed lasers.

(2) Energy Equations [Chen 2002, Qiu 1992, Tzou 2002, Wang 2006a]

.y Ze 2 Ok 0, 1) e 2 k1, 1) e |+ 2 k.1, 1)
ot Ox Ox oy Oy Oz oz 3.5)
-G(T,-T,)+0Q,
oT, 5
€S = G, ~T)+ GA+21a, Ty (e, +5, +£.), (3.6)

where the heat source is considered to be a Gaussian distribution and is given by [Tzou

1997):
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- —x.)? -1 ) t-2t
Q(x,y,z,t)=o.94J1t—5@exp[—§—(x %) +2(y Yo) —2.77(—t—£)2], (3.7)

p s p

T T
Here, C,(T,)=C,, (—]—f—] is the electron heat capacity, k,(T,,T,)= k, (Te] is the thermal

0 {

conductivity, G is the electron-lattice coupling factor, C, is the lattice heat capacity, Q is
the energy absorption rate, J is the laser fluence, R is the surface reflectivity, and ¢, is

the laser pulse duration, & is the optical penetration depth, r, is the spatial profile

parameter. In addition, 0.94 and 2.77 in Eq. (3.7) are given in [Qiu 1992, Tzou 1997,
Chen 2002].

3.1.2 Initial and Boundary Conditions

The boundary conditions are assumed to be stress free and thermally insulated

[Bruno 1997, Chen 2002, Swartz 1989]:

c,=0, o0,=0, 0,=0,at x=0,L, (3.8a)

0,=0, o0,=0,0,=0,aty=0L, (3.8b)

0,=0, o0,=0,0,=0,atz=0,L, (3.8¢)
673 =0, 27;:0. 3.9
on on

where # is the unit outward normal vector on the boundary. It should be pointed out that
insulated boundaries are imposed due to the assumption that no heat is lost from the film

surfaces in the short time response [Tzou 1997].
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The initial conditions are assumed to be

T,=T,=T,, u=v=w=0, u

. =w,=0, att=0. (3.10)
Solving the above mathematical model analytically could be very difficult because of

nonlinearity and three dimensions. Hence, we will seek a numerical method for solving

the mathematical model.

3.2 Finite Difference Scheme

3.2.1 Finite Difference Scheme

Using a similar argument as that in [Wang 2006a, Wang 2006b, Wang 2007], we

first introduce three velocity componentsv,, v,, and v, into the model and re-write the

dynamic equations of motion, Equations (3.1)- (3.4), as follows:

Oou ov ow
—, v2 = e—— , v3 —_———
ot ot ot

vl=

, (3.11)

A e (3.12)

Yy —L A (3.13)

a 2
P%= 99, + % +aaz +AaTe
ot ox oy 0z 0z

, (3.14)

Og, _Ov 05, _dv, 0s, _ v,

=, , =2, (3.152)
o oo a y a o

P 5
Ty OV 0% OF Ov 0% OV Ov, OV, (3.15b)
o0 ox oy o ox oz o oz oy

To develop a finite difference scheme, we then design a staggered grid as shown in

Figure 3.2,
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Figure 3.2. A 3D staggered grid and locations of variables.

where v, is placed at(x ,,y,,2,), v, is placed at (x,,y ,,z), v; is placed at
i+ J

o’
2 2
(x,.,yj,zhl) , ¥y and o, are placed at (x_+l,yl+l,zk) , ¥, and o are placed at
~ U J
2 2 2

(xA l’yj’z l)’ 7yzand O-yza'replaced at (xi’y‘ l’z 1)5While gxa 8y9 82 ,Ux 7O-yro-z5
HE k+§ j+5 k+—

T, and 7, are placed at (x;,¥,,2,). Here,i, j and k are indices with 1<i<N_+1,

1<j<N,+], and 1<k<N, +1, such that N Ax=L,, N,Ay=L, ,and N, Az=L,, where

z >

Ax,Ay and Az are spatial step sizes. We denote (v;)", , (v,)" , and (v;)" | as
ok ik ijk
2 2
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. . 1 P
numerical approximations of (¢ +§)Ax, N, ke, nt),  w(inx, (j +5)Ay, ke, )

and v (ix, jAY, (k+%)&, nit), respectively, where At is the time increment. Similar

notations are used for other variables. Furthermore, we introduce the finite difference

operators, A_,and§,, as follows:

n A n-1
AUy p = Uiju — Ui
n _..n "
Oclhiin = il ik ui-ljk'
- 7

&, and &, are defined similar to &, .
It should be pointed out that the staggered-grid method is often employed in
computational fluid dynamics to prevent the solution from oscillations [Wang 2006a].

For example, if v, and &_in Equation (3.15a) are placed at the same location, employing

a central finite difference scheme may produce a velocity componentv, , a wave solution
implying oscillation.
To avoid non-physical oscillations in the solution, we further employ a fourth-

oo

order compact finite difference scheme for obtaining stress derivatives, % , —a—yﬂ ,
oo . .
—ai and etc. in Equations (3.12)- (3.14).
4
oo
For example, we calculate E" as follows:
aaox;;—l) +h 6(;;(1) v a oo, (i+1) _ o (i+1/2)-0o,( —1/2),
ox Ax (3.16)

2+lSiSN,—l,
2 2
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where a and b are unknown constants. Here, we omit indices j, &, and n for simplicity.

Using the Taylor series expansion, we obtain

Ax 90.,(i) Ax? %o (1)+Ax3 oo (i)
2 o 22 o’ 3 o

o (i+1/2)=0,()+—

.\ Ax4 a4o_x (1) . O(Axs) (3173)
4n* &t ’
2 3 3
o (i-1/2)=0.()- Az" a‘;x(’) ?"'22 9 ;2(’) 3; 9 ;3(1)
(3.17b)

LA B ()

4t ot + 085,

oo (i+1) _0o,() o’c (1) Ax? 8o, (i) _|_Ax3 oo (1)

+ Ax

+0(AxY), (3.17¢)

x ox o’ 2 & 3!
. . 2 A3 3 A4

d0,(i=1) _30,() _, 2 62(1) A 00,) & 00,0, oiaxty.  (3.174)
Fw pe o 2 ' 3 &

Substituting the above equations into Equation (3.16) and comparing the corresponding
terms, we obtain

2a+b=1, a=—, b=1L, (3.18)
24 12

with truncation error of O(Ax*) . It should be pointed out that the dissipative term

has been eliminated from the truncation error. Hence, can be obtained

oo 9o, () oo, (i)
o’ Ox

by solving the following tridiagonal system

1 1
1 80,(i-1) 1180’x(i)+_1_ao-x(i+1)_0}(""5)—0}(1—5)

24 o 12 o 24 ox Ax ’ (3.19)
2+lSi<Nx—l,
2
0 é) do (N, +
"D o0 TNt owian-o) 5,
ox Ax ’ ox Ax ' '
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Using a similar argument, we can evaluate other stress derivatives in Equations
(3.12)-(3.14). Hence, the implicit finite difference schemes for solving Equations (3.12)-

(3.14) can be written as follows:

o) aon) | o) |
i+ .k i+5,j,k +—.J

n+l 2 HEJ,‘ 1 i
A O m T T AT G2D)
n+l n+l n+l
1 n+l oy )i,j+l,k Ao )i.1'+lJf oo ),-,,»,,l,k 1 2yn+l
PEA_x(vz)A = 5 2 = 2 = 2 +A—5 (T )n+ (3 22)
I,_I+5, y
a(a:”)ijlql oo, ])ijk+l Aoy l)i Jk+s 1
—A, )" = 24 2y T2 L A—5,TH™ | (323)
Jt+— oz Ox 6y Az i,j’hi

On the other hand, the finite difference schemes for the rest of the governing

equations can be seen as generalizations of the schemes described in [Wang 2006a] to the

3D case. We summarize these generalizations below:

1 n+ 1 n+
E A_ (e, )i,jfk = Eéx (vl)i,j}k > (3.24a)
1 n+l 1 n+l
;A_, (&)= A—yé, W)k (3.24b)
1 n+l 1 n+l
A_ A-I (gz )i,j,k = Ecsz (v3 )i,j,k s (3240)
n+l n+l 1 n+l
ALy e T ay 5,()"1 [T —5.(m)", KNI (3.25a)
n+l 5 n+l 6 n+l 3.25
_t( xz) j,k+2 ( ) ,’ +% Ax ( 3) %jk _: ( b)
1A (20 s (v )"*‘ +Ls (v)™ (3.25¢)
At G i,j+%,k 5 Az +5,k+% Ay y 73 ,"_,'+l’k+l’ '
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(O'X):"‘;'k = (e, )"*‘k +(g, )"*‘k + (gz)g;}k] +2 ,u(gx);';fk -(GBA+2ma,[(T, )7,}} -T,], (3.26a)

(@) = AENT, +(6,) i + (€)1 + 2ua(e, ), ~ BA+ 2, [T, ~ Ty, (3.26b)

ij.k ijk iJk ij.k ij.k ij.k

(@) = A(ED % + (8, ) +(&)155 1+ 2u(e. )5 = GA+ 20 [T, — T 1, (3.26¢)

i,j.k i,j.k ij.k

(@, )"+1 1, S H, f’“ e (3.27a)
2’ 2’

(o, )"+1 el S H " e (3.27b)
2 20

n+l n+l
(@) 1, ol =M1 0 (3:27¢)
2 2 2

LA =)™ (3.28a)

At il Vil )
2 2

LA =(v,)"™ (3.28b)

At N ".j+%,k 2 i,j+l,k’ :

LA wn+1 - (v )n+1 (3 280)

At kel 3 i,j,k+%’ :

T+ T 1 "
CeO L2 L A-r( e )i,j}k
2T, At

TR (N PR A CORPACO N

+— k), 6.(T), —-(k)", 6(T)
2Ax2 (( e)i+%,j,k x( e )i+%,j,k ( e)i—%,j,k x( e )i—%,j,k)

n+l n+l - n+l n+l
O @ k)™ 5T ) (3:29)
2 2 2
1
+——((k,)" o,(T, — (&, (5 T )"
el COURICACRIIE COPRIC AU
1
+ k n+l 5 T n+l _ k n+l 5 T n+l
2Az2 « e)i,j,k+-;- (T )i,j,k+—;- ( e)i,j,k-% (T, )i,j,k—%)

1
+——((k.)" S5 (T ) (k) Fo) "
2Az? « e)i,j,k+% Z( € )i,j,lué ( e)i,j,k—-;— (L )i,j,k—%)
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T+ @) @5+ ), pel
~G (et TSl iy o,
1 n+l
¢ EA—t (T, )i,j,k
Y +(TY ., ) +T),
=G (( e)l,j,k 2( e )l,j,k _( ) )1,J,k 2( ) )x,],k) (330)

~(32 +2u )%TO(A_,(g,)”f‘ +A (8,7 + AL E)TN).

ijk i,j.k i,j.k

To complete the formulation of our numerical method, we now turn our attention

to the approximation of boundary and initial conditions:

@ x =@y e =0, 1S SN +1, 1SkSN, +], (3.31a)
(G’Y):l,ﬁl,k = (G”);,+l,j+l,k =0, ISj<N,, 1<Sk<N,, (3.31b)
27 2 2772
(6., .1=(.) , ,=0,1<j<N,1<k<N, (3.31¢)
1+5,j,k+5 N o+— jh+—
n = n = < ,< < <
(cryz)l’j%’k% (cryz)le,h% 0, ISj<N,, 1<k<N, (3.31d)
(@)1 = (0w p =0, 1SISN, +1 1SKkSN, +1, (3.32a)
G (a,y):lw o, =0 ISISN,1<k<N,, (3.32b)
202 2772
(0.)" 1  1=(0.), =0, 1<i<N_,1<k<N,, (3.32¢)
1+5,1,k+5 i E’N"’ 5
@) 1,1 =@ 1 =0, 1SISN, 1Sk<N, (3.32d)
22 Y722
(0.0, =), nn=0, 1SISN +1, 1SjSN, +], (3.33a)
(%)'Z%J%,l - (%):%’ﬁ%w, =0, I<isN, I<j<N,, (3.33b)
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(ze):lj \ = (crn):lm 1 =0, 1Si<N,1<j<N,, (3.33¢)
2772 277

A+
2

(O'yz):ﬁ%’l% = (O-yz):jJr%,N,Jr% =0, 1<i<N,,1<j<N,, (3.33d)
Tk =T s ges Ty =T, (3.342)
(T Vg = (T N (T, ):',N,+1,k =(T, ):',N,,k’ (3.34Db)
(T =@y Ty, =)0, (3.34¢)
@ =T s a0 Tk = T D, e (3.353)
Tk =@ s @ i =T Vi s (3.35b)
T ija =T ) T )iy, =T i, s (3.35¢)

where 1<i<N +1,1<j<N +1,1<k<N, +1, for any time level n. The initial

conditions are approximated as

0 _.0 0 _
ui+%,j,k - vi,j+%,k B wi, j,k+% =9, (3-362)
e’ =), =) =0, (3.36b)
1+—2-,j,k 1,]+E,k y,j,k+-2-
@ a =@ =T (3.36¢)
)’ =) | =() =0 (3.36d)
* i+%,j,k Y i,j+%,k z ,',j’k.,.l ’ "
0 _ 0 = 0 _
(O-X)H%,J’,k B (O-y)i,j%,k (O-Z)i,j,k+% 0, (3.36¢)
0 _ 0 _
(O-xy )H%,ﬁ%,k - (7xy)i+l j+l,k - 0, (3.36f)
@0 1=y =0, (3.36g)
2772 272
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©:) 1,a=0)] 1,1=0 (3.36h)
obi] ,

k-
2

where 1<i<N +1,1<j<N +1,1<k<N,_ +1, forany time level n.

3.2.2 General Algorithm

terms 5,((7, )™, )%, &,(T. )jjilk)z and 5,((7, ):;lk
g

It also should be pointed out that Equations (3.21)-(3.23) are nonlinear since the

)* are nonlinear. Also, it can be

1 1
i+—,j.k k=
2/ 2

seen that Equation (3.28) is nonlinear. Therefore, the above scheme must be solved

iteratively. An iterative method for solving the above scheme at time level n + I is

developed as follows:

1.

Set the initial values for (¢,)™, ()™, (&)™, )", @)™  and
(752 )™, solve iteratively Equations (3.33) and (3.34) coupled with the interfacial
conditions, Equations (3.28)-(3.29), for (T, )™ and (7, )"*'.

Solve for (o)™, (o)™, (o)™, (6,)", (0.)™ and (0,)™ using
Equations (3.26)-(3.27).

Solve for the derivatives of (c,)™, (o)™, (o,)™, (o,)™, (0,)" and
(O'yz)""1 using Equations (3.19)-(3.20) or similar equations.

Solve for (v, ™', (v,)™ and (v,)""" using Equations (21)-(23)

Update (£,)™, (¢,)™, (.Y, (r,)™, ()™ and (7)™, using Equations

(3.24)-(3.25).

Given the required accuracy ¢, (for temperature) and &, (for strain), repeat the

above steps until a convergent solution is obtained based on the following criteria.
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n+l(new) n+l(old
T = (@ < &, (3.37a)
1 1(old
DI — (g, )N < €,
(3.37b)
1 1(old
(e, — (e,)0 | < &,
1 1(old
e =)0 < &,
(3.37¢)
1 1(old
()™ = (V0| < &y,
1 1(old
(},xz):':/",l(t"eW) - (7xz ):';,I(to ) S 52)
(3.37d)
1 1(old
(7 = ()| < &,

3.2.3 Algorithm for Calculating Electron
Lattice Temperature

It should be pointed out that (7, )" and (7, )"*' are solved based on Jacobi

iteration. To this end, we solve (7, ):'j‘k from Eq. (3.30) and then substitute it into Eq.

(3.29) so that we obtain an equation only containing (7, )/*',. Thus, Jocobi itrration is

i,j.k"

employed to obtain (7, )*, . Once (7, )], is obtained, (; )7, can be obtained the

same way. Below are the equations for calculating electron temperature and lattice
temperature.

We can obtain the lattice temperature from Equation (3.38):

I, ),-",}fk=—-( Dk + ——((T Yigw =T Diju) +

1+ ) (1+d) ey

I+ d) (3.38)

n+l

1 1
(8 )+ (D)~ (0 + (8, + (200,00}

(1 d)
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where
a=94 (3.39)
2C,
34+2 -T;
ee= O 2 Ty (3.40)
CI
Then we can easily calculate the electron temperature from Equation (3.41).
1
(Te ):’,;fk =
(a+b, +b, +b, +b, +bs + b, + GAr_GAr_d )
2 2 (1+4d)

) (0T + b T+ 0T ) + 0, (T

i-1,j ij+1 i,j-Lk

+ b5 (]’; )n+1 + b6 (Te )n+l

i,J.k+1 ij.k-1

+¢,((T, )x"'+l,j,lz - (T, ):’,j,lt)_((Te )x"’,j,lz —(T, )7-1,/,1;)
+ 63 (T, )] o =) a) =€ (T,)7ju — (T, )7 i)

+c5((T, ):",j,lc+l -(T, )::j,k)—c6 (T, ):",j,lz -7, )Zj,k—l)

GAt d n n
+——((Te )i,j,lt -(T, )i,j,lt)+

@ 1 Ty GAt  ee
2 (1+d)

2 (A+d) T T2 (1+d)

X [((5x ):'J;lk + (ﬂ)f;lk +(g, ):';lk) - (e, ):j,k + (5y)7,j,k + (g, ):',j,k )]
(3.41)
GAt n n n
—T((Te ),',j,k "(Tl )i,j,k)+ Qi,j,kAt + a(Te )i,j,k ),

where the electron heat capacity C, (T, ) can be obtained below [Zhang 2008a, 2008b}:

n+l n

T >, +T], .,
C.(T)H)=C,(>)=C oL Lt 3.42
e( e) eO(TO) e0 2T0 ( )




the thermal conductivity k,(Z},7, ) is calculated based on

T
k(T.,T)=k,(=2),
e(e l) O(TI)

and constants a, b, (1=1,...,6) and ¢, (i=1,...,6) are given as follows:

T+ @),

a =Ce LIk ’
27,
(k )n+1 ((T )7‘;],],15 + (Te ):':/‘}k)
b g T TS A
! 2Ax? 2 2Ax?°
by T T
o GO A
2 2Ax2 2 2Ax%°

Ty, (T
+

- i, j+lk ik

k), e wor )

by =t gy T e T A

"= a7 2 209"
Y RO NI IETS

T TR D T T TV

4= oA 0 2 2097’
(k)™ (‘T USRS

- € i,j,k+% Af = (T ):'jlkq (T; )lek At

R .

2Az? 2 2Az%°

1
(TS, (T

(k)™ (=L LIkl
b6 =L At _.k @ )"»J'Jf 7 )i,f,k—l ) At2 ,
2AZ 2 2Az
(Te )7+ j T'e 7
(k)" ( 7 ,,1”"‘ +(T )"’f”‘)
¢, = H_”‘ Af =k (T, )i+1,j,k (T, )i,_[,k . At

B :zAx2 0 2 2Ax2’
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(3.43)

(3.44)

(3.45)

(3.46)

(3.47)

(3.48)

(3.49)

(3.50)

(3.51)



(Te ):',j,k + (Te )7—1,],1(

(ke)’_,l . ( )

o =20k Aok Tl @)l A
2= 2 o 2’
2Ax 2 2Ax
(k )" ((Te )1"',]+],k + (Te ):,,f,k)
¢ i,j+%,k _ (1, ):',j+l,k [, )r"',j,k At
(;3 = —2 . At _kO ) 22
2Ay 2 2Ay
oy T T Yo,
VSV ¢ D KR ¢ 1D WY
c4 = Q2 N At"‘ko ) 2
2Ay 2 2Ay
n (Te )Zj,k+l (Te );',j,k
k)" oo+ )
1,],k+5 (TI )i,j,k+l (TI )i,j,k At
€ = _—T_'At =k, ) 20
2Az 2 2Az
(k )" ((Te ):',j,k + (Te ):’ij,k—])
_ € i,j,k—li 3 (1, ):,,j,k (1, ):,,j,k-] At
Co =——(F—5 A=k, ) 2
2Az 2 2Az
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(3.52)

(3.53)

(3.54)

(3.55)

(3.56)



CHAPTER 4

3D DOUBLE-LAYERED MATHEMATICAL MODEL
AND FINITE DIFFERENCE SCHEMES

In this chapter, we consider a 3D double-layered thin film exposed to ultrashort-
pulsed lasers. We will purpose a mathematical model for studying thermal deformation in
the 3D thin film and then develop a numerical method for studying the temperatures,

displacements, stresses and strains based on the mathematical model.

4.1 Mathematical Model

4.1.1 Governing Equations

We consider a 3D double-layered thin film in Cartesian coordinates, which is
exposed to an ultrashort-pulsed laser, as shown in Figure 4.1.The governing equations for
studying thermal deformation in the thin film induced by ultrashort-pulsed lasers can be
expressed as follows:

(1) Dynamic Equations of Motion [Chen 2002, Tzou 2002, Wang 2006a, Zhang 2008b]

2, (m) ™ g™ (m) (m)
mZUT 00" (P05 90x 4 ppmrm Ol (4.1)
ot ox dy dz ox

2

39
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2..(m) (m) (m) (m) (m)
(m) 0 vz _ ao-xy + aO'y + aGyz +2A(m)7‘e(m) aTe ) (4.2)
ot Ox oy 0z oy
2.,.(m m  pgtm (m) (m)
P 0 LA 00, 99 00 | QAT o7, , (4.3)
ot ox oy oz 0z

where
o™ =AM (e +eM +£M)+2uMe™ - GA™ + 24" (I -T,),  (4.42)
o =AM +eM +£M)+2u e - GA™ + 24" (L™ ~T;),  (4.4b)

oM =A"E" + & + ey +2uMe™ - GA™ + 242 (T -T;),  (4.4¢)

o.)({;n) =u(”,)}’§;")’ 0',(;") = ﬂ("')},g'),o.;;") = ‘u("')},i;ﬂ), (4.4d)
m au('") o av(r") m aw(M)
e =——, & =—, ¢, = , (4.4¢)
ox dy oz

my _ au('") av('") m au(M) aw(M) m) _ 6v(”') aw(M)
Vs + s Ve = +——,}’yz + .
oy ox oz ox oz oy

(4.4f)

)

Here, m = 1, 2, denotes layer 1 and layer 2, respectively; ™ ,v'™, and w™ are the

(m)

X

(m)

z

displacements in the x, y, z directions, respectively; & ,aﬁ’") , and £, are the normal

(m)

strains in the x, y, and z directions, respectively; y,” is the shear strain in the xy - plane,

m

y& is the shear strain in the xz - plane, ¥ is the shear strain in the yz - plane;

(m)

X

o™ o™  and 0'2’") are the normal stresses in the x, y, and z directions, respectively;

Y

(m)

Oy

is the shear stress in the xy - plane, ™ is the shear stress in the xz - plane, and

Xz

o is the shear stress in the yz - plane; 7™ and T, are electron and lattice

temperatures, respectively; 7, is the initial temperature; p™ is the density; A" is the
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electron-blast coefficient; A™ (=x™ —g 1™ [Reismann 1980]) and ™ are Lame’s

coefficients; and a{™i

;" is the thermal expansion coefficient.

Ultrashort-pulsed lasers

Y

Z

Figure 4.1 A 3D double-layered thin film with the dimension of 100pm x 100 pm x
0.1pm, irradiated by ultrashort-pulsed lasers.

(2) Energy Equations [Chen 2002, Qiu 1992,Tzou 2002,Wang 2006b]

T
C"™ (T )—=—
e () ot
. (m) o 6T(m) . 6T(m)
LarayZy s Lal @)Ly Lal @yl @S)
ox ox dy dy oz oz
—GI” -T")+ 0,
(m) aTI(M) (m) (m) (m) (m) (m) (m) a (m) (m) (m)
C| ——5t——=G T =T,y - BA™ +2u")al Toa(g, +e e, (4.6)

where the heat source introduced by [Chen 2002] is extended for a Gaussian laser beam

focusing at (x,, y,) on the top surface as

2
- -x,)? ~y.)? t—2t
0x,7,2,1)=0.947 R exp( 2 X2 X0) * O/ o) -2.77[—P) @)
tpzs Z: r t

s p
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m)
(m)

m m T(M) 3 1 L
Here, ¢ )(Te)=C£0)(}—) is the electron heat capacity, k.”(T,,T,) =k, (

0

) is the

m)

T(
TI(
thermal conductivity, G'™is the electron-lattice coupling factor, C{™ is the lattice heat

capacity, Q is the energy absorption rate, J is the laser fluence, R is the surface

reflectivity, ¢  is the laser pulse duration, z_ is the optical penetration depth, and r, is

P
the spatial profile parameter. In addition, 0.94 and 2.77 in Equation (4.7) are given in
[Qiu 1992, Tzou 1997]. Equations (4.5) and (4.6) are often referred to as parabolic two-

step heat transport equations [Qiu 1994]. It should be pointed out that the term
GA™ +2u™)al™T, %(8,‘,’"’ + & +£{)is added in Eq. (4.6) to consider the coupling

effect between lattice temperature and strain rate. However, from our experience the
strain rate effect is insignificant.

4.1.2 Initial, Boundary and
Interfacial Conditions

The boundary conditions are assumed to be stress free [Chen 2002, Tzou 2002,

Lor 1999] and no heat is lost from the surface in the short time response [Tzou 1997]:

Gim) =O, o‘i;") = O, O'g') =0, at x= O,Lx, (483)
G;»M) = O’ O'E;") = O, O';") = 0, at y= O,Ly, (48b)
" =0, 0" =0, 6" =0, at z=0,L,, (4.8¢)
e_. = O, l_) = 0 (48d)

on On

where # is the unit outward normal vector on the boundary.
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L

The interfacial conditions are assumed to be perfect thermal contact at z = 2 (the
continuity of temperature and heat flux across the interface),
u® = 4@ YO = y@ M @ (4.92)
o =c?,0V = aﬁf),ag) = ag), (4.9b)
) @)
70— g0 e _ o 0L (4.9c)
e e * e aZ e az
The initial conditions at ¢ = Qare assumed to be
T =T™ =T, 4™ =v™ = ™ =0,
(4.10)

2™ — ™ L m _ g
! t ! *
It should be pointed out that the laser beam is applied on the top surface (z=0) at
t =0 and the peak intensity occurs when ¢ =2, . Solving the above mathematical model

analytically could be very difficult because of nonlinearity and three dimensions. Hence,

we seek a numerical method for solving the mathematical model.

4.2 Finite Difference Scheme

4.2.1 Finite Difference Scheme

Following the approach in [Wang 2006a, Wang 2006b, Wang 2008, Zhang
2008b], we first introduce three velocity componentsv,, v,, andv, into the model, and

then re-write the dynamic equations of motion, Equations (4.1)- (4.4), as follows:

(m) (m) (m)
(my _ OU m _ OV (my _ OW

, Ly Ly , 411
‘ a 2 a7’ ot @i
(m) ™ jo™ (m) (m)

™ o™ _0do, L% 90, +2AMT™ ai_, (4.12)
ot & &y & ox
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m (m) (m) (m) m
m " 90y 00," 00y +2AmTm Pe oL (4.13)
o ox Oy Oz oy
(m) m  joim (m) (m)
p(M) av?a — aO-xz + O-yz + aO-z 2A(”')T(”') aT , (4.14)
ot Ox Oy 0z oz
(m) m pgtm (m) (m) (m)
oe, _ ov; 2y ov, , oe, _ ov, ’ (4.152)
ot ox ot oy Ot 0z
a},(M) _ 6v1(m) 6v(m) a},('") avl(rrl) . avgno
ot ox ot 0z o
%» (4.15b)
57('") 8v('") Bytm
=2 4+ 2
ot oz oy

To develop a finite difference scheme, we then design a staggered grid as shown

in Figure 4.2, where v{™ is placed at (x Y ,2,), v is placed at (x,,y o ,2,), V™ is
2 2

placed at (x,,yj,z 1) ys) and ol are placed at (x |,y ,z,),7> and o are
= 4=

2 2
placed at (x YViZ, ,) Y and o' are placed at (x,,y I 1), while g, e,
" 2 j+2 +2
™, 0™ 6 o™ T\ and T\ are at (x,,y,,z,). Here,i, j, and kare indices with

I<i<N +1, 1£j<N +1, and 1<k<N,+1, such that NAx=L, N,Ay=L and
N,Az=L,, where Ax,Ay and Az are spatial step sizes. We denote

(vl(’")):'+1 T (vz"')) E and (W{™)" as numerical approximations of
ey

iJ k+—
2

W (G 4—)&, Ak, ), W (it (j -i—)Ay ke, nl¥) and vi™ (it jiy, k +%)Az, nA), respectively,

where At is the time increment. Similar notations are used for other variables.
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Figure 4.2 A 3D staggered grid for a thin film and locations of variables.
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Furthermore, we introduce the finite difference operators, A_ andé_, as follows:

n n n-1
AUy =Uin ~Uijio
Su',, =u" -u”

Mije =U 1
i+—, j .k i-—, .k
2/ 2!

Finally, 6, and &, are defined similar to &, .

To avoid non-physical oscillations in the solution, we further follow the approach

in [Wang 2006a, Wang 2000b, Wang 2007, Zhang 2008a] and employ a fourth-order

. . . . . (o}
compact finite difference scheme for obtaining stress derivatives, ax" , 2 % and

X

0
etc. in Equations (4.12)-(4.14). For example, ;

can be obtained by solving the

following tridiagonal linear system (indices j and & are omitted).

(G.EM))_ 1 _(O-:(cM))_ 1
i+— i—

2 2

b

1) 1AM, 1 3O _

24 ox 12 ox 24 Ox Ax (4.16)
2+—<i< Nx—l,
2 2
where
6(0'(’"))E &™) (m) (m)
=3 _(@™), =), wel (@™), -0,
= , = : : (4.17)

As such, the implicit finite difference schemes for solving Equations (4.11)-(4.14)

coupled with Equations (4.4a)-(4.4f) can be written as follows:

o)y o) o)™
1 i+—, .k i+—,J.k i+, J .k
p(m) A v(m))m-l _ 2 + 2 2
-t\"1 N
At gk ox oy Oz (4.18)

+ A(m) i 5x ((Te(m) )n+1 )2 ,

1
i+—, f .k
2 J



(m)yn+l (m)n+l (m)yn+l
a(o.y )i,_[+1,k a(o- i‘+l,k a(o-yz )i,j+l,k

1
(m) (m)\n+l _ 2 2
prU—=A,("), = + +
AT ik oy Ox oz

1
+A(m) _5 T(m) n+l 2’
@)

oo™ | Ao | o)™
1,],k+5 1,],k+5 i), k+—

1
(m) —A v(m) n+l - + +
P AT )1,1,k+% oz Ox oy
1
+ A(m) —6 T(m) n+l 2 ,
AZ z(( e )i,j,k+%)
LA (g(m))n+1 _ _1_5 (v(m))n+l
At -t\®x i,jk Ax x\"1 i jk?
'I—A ( (m))n+l 5 (v(m))n+l
At ~t i,jk = y y\"2 i,j.k>
1 m)\n+ 1 m)\n+
'A_t'A-t(gi ))i,j}k =E5z(v§ ))i,j}k’
) ( (m))n+l = __5 ( (m))n+1 +—6 ( (m))n+1 ,
' bregr Ay ke T O
_l_A ( (m))n+1 ____1__ ( (m))n+l +___5 ( m))n+1
At -t j,k+% Az :—jk2 —_[k%’
iA (7(m))n+1 =_5 ( m))n+l +L5 ( m))n+l
At e i,j+%,k+-li Az ,J+—,l¢+l A Y 5k+—;—’

1 1 1 1
@) = AV + PV + )+ 20 )

- GA™ +2u™)a ()7 T,

1 1 1 1
@5k = AV + ) + A+ 2 ),

= GA" + 24P [T - T,

n+l

1 1
(@) = APUEI + (&) + €)1+ 26 (M),

= GA™ + 24"l (T, - T, 1
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(4.19)

(4.20)

(4.21a)

(4.21b)

@.21c)

(4.222)

(4.22b)

(4.22c)

(4.23a)

(4.23b)

(4.23¢)
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Gm A TR A TR A TR (e TN
- ( > > )+ 0 b
cm LA @y
I At -t \%] i,J.k
(m)\n+l (m) (m)\n+l (m)
=G(m)((Te )I,jk +(T )ljk _(]1] )I,jk +(T )ljk) (4.27)

2 2
(m)
—(Ba™ + 2p<m>) To(AL (&) 1k + AL (&) )k + AL (&) 0)-

The interfacial conditions for the velocity components v{™ , v\ | and v{™ are

obtained based on Equation (9a):

(D41 (2)\n+1
Oy =0
(4.282)
(1) \n+l _ (2)\n+1
v =(v ,
( 2 )i,j+%,N+1 ( 2 )i,j+%,1
)™ =), (4.28b)
i,f,N+= I,j,-z-
and from Equations (4.9b) and (4.9¢)
(0'9) )Z;,INH (0'(2) )7;11 s (4.28¢)
(o_(l))n+1 = (0_(2))n+11 3
"
(4.28d)
(O'Sz))’_'fl 1y = (0'(2))“1 135
Wy +2 A
(1 \n+l (Hyn+l 2)yr+l  _ (2)\n+1
(k(l)),”_] (Te )i,j,N+1 —(Te )i,j,N =(ke(2))n+13 (Te )i,j,2 (Te )iJJ , (4286)
i ~+_ Az e Az

TN = TN (4.28f)

i.j.1
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4.2.2 General Algorithm

It should be pointed out that Equations (4.18)-(4.20) are nonlinear since the

terms &, ((T""’)"+1 | ) , 6, ((Tf””)’_'*_‘lk)z and &, ((Tf"”)'_’*_‘k \)? are nonlinear. Also, it
2 , l,_]+5, L1, +5

can be seen that Equation (4.26) is nonlinear. Therefore, the above scheme must be

solved iteratively. An iterative method for solving the above scheme at time level n + 1 is

developed as follows:

1.

Set the initial values for (™)™, (8;"'))"*], (gmym, (}’("'))"”, ey
and (7("'))"”. Solve iteratively Equations (4.26) and (4.27) coupled with the
interfacial conditions, Equations (4.28¢)-(4.28f), for (7™)™' and (T,")"".

Solve for (c{™)™, (a™)™, (™)™, ()™, (¢, and (o)™

using Equations (4.23)-(4.24).

Solve for the derivatives of (¢(™)"™!, (Gﬁ"'))"“, (™™, (e5)™, (edhH™,
and (o;")"™" using Equations (4.16)-(4.17) or similar equations.

Solve for (v\™)™, (v{™)™ and (v{")™ using Equations (4.18)-(4.20).

. Update (gim))ml, (£§:M))"+l’ (ggm))ml (7(m))n+1 (7(m))n+1’ and (7;::))n+1’ using

Equations (4.21)-(4.22).

Given the required accuracy ¢, (for temperature) and &, (for strain), repeat the

above steps until a convergent solution is obtained based on the following criteria.

1 Id
P — (Y| < &, (4.292)
’(SiM)):;fzim) _ (Eim));v;%old)l < 52, (Ei”'))z"’,;}inm) _ (E;M)):-;TI((OI‘])' < 52, (429b)
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m)\ n+l(new m)\n+l(oid}) (m)\n+1(n w) (m) n l( ld ')
ey = @ < Gl e SRl (429¢)
1(old id
(G = Y < S| G| < & (4.29d)

Using a similar argument, a numerical method can be obtained for studying

thermal deformation in a double-layered micro sphere induced by an ultrashort-pulsed

laser.



CHAPTERSS

NUMERICAL EXAMPLES

In this chapter, we will discuss two example cases and analyze the results to test

the developed numerical scheme.

5.1 Three-Dimension Single-Layered Case

5.1.1 Example Description

To test the applicability of the developed numerical scheme, we investigated the
temperature rise and thermal deformation in a 3D single-layered thin film with the
dimensions 100 pum %100 pm x0.1um, as shown in Figure 5. 1.

Three meshes of 20x20x40, 20x20x80, 20x20x100 were chosen in order to test
the convergence of the scheme. The time increment was chosen to be 0.005 ps and 7,
was set to be 300 K. Two different values of laser fluences (J = 500 J/m?, 2000 J/ m?)
were chosen to study the hot electron blast force. The convergence criteria were chosen

to be & = 107® for temperature and &, = 107'° for deformation. The thermophysical

properties for gold are listed in Table 5.1 [Chen 2002, Kaye 1973, Tzou 2002].

52
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Ultrashort-pulsed lasers

Y
/\/ ”
100 pm | 0.1pm
0
X
100 pm
Z

Figure 5.1 A 3D thin film with the dimension of 100pm x 100 pm x 0.1pm, irradiated
by ultrashort-pulsed lasers.

5.1.2 Results and Analysis

The first scenario is that the laser was focused on the center of the film surface.

Figure 5.3a shows the change in electron temperature ( AT, /(AT,),. ) at the center
Xpopier =50 pm , y_, . =50zm, and z=0um)with laser fluences J = 500 J/ m* The
maximum temperature rise of 7, (i.e., (A7,)_. ) is about 3755.7 K, which is close to
around 3800 K obtained in [Qiu 1994]. Figure 5.3b shows the displacement (w)at the

center (x 0) versus time. It can be seen from both figures that mesh size

center?® y center?

has no significant effect on the solution and hence the solution is convergent.



Table 5.1 Thermal properties of gold [Chen 2002, Kaye 1973, Tzou 2002]

Properties | Unit Gold

p kg/m’ 19300

A J/(m’K?) | 70

A Pa 199.0x10°

H Pa 27.0x10°

ar /K 142x10°°

C., J(mK) | 2.1x10°

C J(@K) | 2.5x10°

G W/(m’K) | 2.6x10"

k, W/(mK) | 315

R 0.93

!, s 0.1x107"

z,,6 m 153x107°

7, m 1.0x107°
T/m?> 500, 1000,

2000

Figure 5.4 shows electron temperature along z direction at (x

center > y cemer)

54

with

two different laser fluences (J = 500 J/m? and 2000 J/m?) at different times (a) t = 0.25 ps,
(b)t=0.5ps, (c)t=1ps, (d) t=10 ps, and (e) t = 20 ps, respectively. A same scale plot
is displayed in Figure 5.5. Figure 5.6 shows lattice temperature along z direction at
(X ooniers Veomer) With two different laser fluences (J = 500 J/m® and 2000 J/m?) at different
times (a) t = 0.25 ps, (b)) t =05 ps, (c)t =1 ps, (d) t = 10 ps, and (e) t = 20 ps,
respectively. It can be seen from those figures that the electron temperature rises to its
maximum at the beginning and then decreases, while the lattice temperature rises

gradually with time.

Figure 5.7 shows normal stress 6z along z at (x ) at different times (a) t

center y center

=1ps,(b)t=5ps, (c)t=10 ps, and (d) t = 15 ps with a mesh of 20x20x80 and two
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different laser fluences (J = 500 J/m* and 2000 J/m®). Usually, numerical oscillations
appear near the peaks of the curve, as shown in Figure 5.2 (see Figure 5.3 in [Wang
2007]). Figure 5.7 (particularly, Figure 5.7b-Figure 5.7d) indicates that the normal stress
o, does not show non-physical oscillations near the peak of the curve. Figures 5.8-5.15

were plotted based on the results obtained in a mesh of 40x40x100 with a laser fluence of

J =500 J/m>.

=01 1 i 4 & ¢ ¢ ¢ 1+ 3 1 1 & ¢ ¢ 1343
-0.7

0 0.025 0.05 0075 0.1
X (pm)

Figure 5.2 Numerical oscillations appearing near the peaks of the curve [Wang 2007].

Figures 5.8 and 5.9 show contours of electron temperature profile and lattice
temperature profile in the cross section of y = ycenter at different times (a) t = 0.25 ps, (b) t
=0.5ps,(c)t=1ps,(d) t=10ps, and (e) t = 20 ps, respectively. It can be seen from both
figures that the heat is mainly transferred along the z direction. This resuit illustrates the
fact that the femtosecond lasers are an ideal candidate for precise thermal processing of

functional nanophase materials.
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Figure 5.3 Change in electron temperature and displacement (w) at the center of top
surface versus time for various grids (20x20x 40, 20x 20x 80, 20x 20x 100) and laser
fluence J of 500 J/m’.
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Figure 5.6 Lattice temperature profiles along z at (Xcenter, Yeenter) at different times (a) t
=0.25 ps, (b)t=0.5ps, (c)t=1 ps, (d) t =10 ps and (e) t = 20 ps with a mesh of
20x20x 80 and two different laser fluences J of 500 J/m® and J of 2000 J/m?.
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Figure 5.7 Normal stress (o) profiles along z at (Xcenter, Yeenter) at different times (a) t = 1
ps, (b) t=5ps, (c) t =10 ps, and (d) t = 15 ps with a mesh of 20x20x 80 and two
different laser fluences J of 500 J/m” and 2000 J/m?.
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Figure 5.8 Contours of electron temperature profiles in the cross section of y = 50 pm at
different times (a) t =0.25 ps, (b) t =0.5 ps, (c) t =1 ps, (d) t = 10 ps, and (e) t =20 ps

with a2 mesh of 20x20x 80 and laser fluence J of 500 J/m>.
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Figure 5.9 Contours of lattice temperature profiles in the cross section of y = 50 um at
different times (a) t = 0.25 ps, (b) t = 0.5 ps, (¢) t =1 ps, (d) t = 10 ps, and (e) t =20 ps
with a mesh of 20 x 20x 80 and laser fluence J of 500 J/m?.
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Figures 5.10-5.15 show contours of displacements (u, v, w) and normal stresses
(o,,0,,0,) in the cross section of y = y,,,,, at different times (a) t =5 ps, (b) t =10 ps, (¢)

t=15 ps, and (d) t =20 ps, respectively.
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Figure 5.10 Contours of displacement (w) profiles in the cross section of y = 0.5 mm at
different times (a) t =5 ps, (b) t =10 ps, (¢) t = 15 ps, and (d) t = 20 ps with a mesh of
20x20x 80 and laser fluence J of 500 J/m*.
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Figures 5.10-5.12 indicate that the central part of the film is expanding because

of displacement changes from negative to positive along the center line in the z direction,

and along x and y directions, respectively.
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Figure 5.11 Contours of displacement (u) profiles in the cross section of y = 0.5 mm at
different times (a) t =5 ps, (b) t =10 ps, (¢) t = 15 ps, and (d) t = 20 ps with a mesh of
20x20x 80 and laser fluence J of 500 J/m?.
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Figure.5.12 Contours of displacement (v) profiles in the cross section of x = 0.5 mm at
different times (a) t =5 ps, (b) t = 10 ps, (c) t = 15 ps, and (d) t = 20 ps with a mesh of
20x20x 80 and laser fluence J of 500 J/m’.
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Similar stress alterations can be observed from Figures 5.13-5.15. Numerical
results show the displacement and stress alterations at the center along the z direction,

and along x and y directions, which reveal that the central part of thin film expands.
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Figure 5.13 Contours of normal stress ( o, ) profiles in the cross section of y = 50 pm at
different times (a) t =5 ps, (b) t = 10 ps, (c) t =15 ps, and (d) t = 20 ps with a mesh of
20 x 20x 80 and laser fluence J of 500 J/m>.
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Figure 5.14 Contours of normal stress ( &, ) profiles in the cross section of y = 0.5 mm at

different times (a) t =5 ps, (b) t =10 ps, (c) t = 15 ps, and (d) t = 20 ps with a mesh of
20%20x 80 and laser fluence J of 500 J/m™.
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Figure 5.15 Contours of normal stress (o, ) profiles in the cross section of x = 0.5 mm at

different times (a) t =5 ps, (b) t =10 ps, (¢) t = 15 ps, and (d) t = 20 ps with a mesh of
20x20x 80 and laser fluence J of 500 J/m’.
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The second scenario is to consider that the laser irradiates circulatively around the
center of the top surface. Figure 5.16 shows contours of electron temperature profiles at
the top surface of z = 0 um with a mesh of 20x20x 80 and laser fluence J of 500 J/m? at
different times (a) t = 2.25 ps, (b) t =4.25 ps, (c) t =6.25 ps, (d) t = 8.25 ps, (e) t = 10.25
ps, (f) t=12.25 ps, (g) t = 14.25 ps, and (h) t = 16.25 ps, respectively.

As the laser irradiates circulatively around the center of the top surface, it can be
seen from those figures that the electron temperature rises to its maximum in every turn
att=225ps,t=425ps,t=6.25ps, t=825ps, t=1025ps, t=12.25ps, t=14.25
ps, and t = 16.25 ps, respectively. The maximum temperature of 7, is about 3845.29 K.
The peak of the electron temperature also makes a circle around the center in the surface

within 18 ps.
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Figure 5.16 Contours of electron temperature profiles at the top surface of z=0 um at
different times (a) t = 2.25 ps, (b) t =4.25 ps, (c) t = 6.25 ps, (d) t =8.25 ps, (e) t = 10.25
ps, () t=12.25 ps, (g) t = 14.25 ps, and (h) t = 16.25 ps with a mesh of 20x20x 80 and

laser fluence J of 500 J/m?>.
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Figures 5.17 and 5.18 show contours of electron temperature and lattice
temperature profiles at the top surface of z =0 pm at different times (a)t =4 ps, (b) t =6
ps, (€)t=8ps,(d)t=10ps,(e)t=12ps,(f)t =14 ps, (g) t = 16 ps, and (h) t = 18 ps
with a mesh of 20x20x 80 and a laser fluence J of 500 J/m®. Results show that the
electron temperature rises to its maximum at the beginning and then decreases within

every 2 ps while the lattice temperature rises gradually with time.
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Figure 5.17 Contours of electron temperature profiles at the top surface of z=0 pm at
different times (a)t=4ps, (b)t=6ps, (c)t=8 ps, (d)t=10ps, (e)t=12 ps, () t=14

ps, (g) t=16 ps, and (h) t = 18 ps with a me
J/m”,
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different times (a) t=4 ps,(b)t=6ps, (c)t=8 ps,(d)t=10ps, (e)t=12 ps, ()t =14
ps, (g) t=16 ps, and (h) t = 18 ps with a mesh of 20x 20 x 80 and laser fluence J of 500

J/m?.
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5.2 Three-Dimension Double-Layered Case

5.2.1 Example Description

To test the applicability of the developed numerical scheme for double-layered
thin film case, we investigated the temperature rises and thermal deformations in a 3D
double-layered thin film consisting of a gold layer on a chromium padding layer with
dimensions 100umx100xmx0.1zm , as shown in Figure 5. 19. The thermophysical
properties for gold and chromium are listed in Table 5.2 [Touloukian 1970a, b, Chen

2002, Kaye 1973, Tzou 2002].

Ultrashort-pulsed lasers

Y
N -l—Lz
L l F 2
y
A le
\ 2
0 "X

Z

Figure 5.19 A 3D double-layered thin film with the dimension of 100 pm x 100 um x
0.1 pm, irradiated by ultrashort-pulsed lasers.
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Table 5.2 Thermophysical properties of gold and chromium [Touloukian 1970a, b,

Chen 2002, Kaye 1973, Tzou 2002]

Properties | Unit Gold Chromium | Others

P kg/m’ 19300 7190

A J/(m’K? 70 1933

A Pa 199.0x10° | 83.3x10°

H Pa 27.0x10° | 115.0x10°

a; /K 14.2x107° | 4.9x107

C., J/(m’K) 2.1x10* | 5.8x10*

C, J/(m’K) 2.5x10° | 3.3x10°

G W/(m’K) | 2.6x10° | 42x10'

k, W/(mK) 315 94

R 0.93

t, s 0.1x107?

z,,¢ m 15.3x107°

" m 1.0x10°¢

J J/m? 500, 1000,
2000

5.2.2 Results and Analysis

We assumed that the laser was focused on the center of the top surface of the thin
film. Three different values of laser fluences (J =500 J/m?, 1000 J/m? and 2000 J/m?)
chosen to electron blast force. Three meshes of

were study the hot

20x20x 60, 20x20x 80, 20x20x 100, for each layer in (x,y,z) for the thin film were
chosen in order to test the convergence of the scheme. The time increment was chosen to

be 0.005ps and T, was set to be 300K . The convergence criteria were chosen to be

& =10" for temperature and & =107 for deformation. We investigated the

temperature rises and thermal deformations in a 3D double-layered thin film consisting of

a gold layer on a chromium padding layer.
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Figure 5.20a shows the changes in electron temperature ( AT, /(AT,),. ) at
the center (x_,,, =50 pm , y_,. =50um and z=0um)of the thin film with a laser

fluence of J =500 J/m’. The maximum temperature rise of Te (i.e., (AT,),.. ) is about

3765 K, which is close to the 3727 K obtained by Tzou et al. [Tzou 2002]. This is
probably because of the different geometries. It can be seen from Figure 5.20a that the

mesh size 20x20x60, 20x20x80, 20x20x100 had no significant effect on the

solution and hence the solution is convergent.

From Figure 5.20b, the negative value of displacement (w)indicates that the

thin film at the center (x 0) is expanding along the negative z direction. It also

center > Y center »
can be seen from Figure 5.20b that the mesh size has no significant effect on the solution;
hence, the solution is convergent.

Figures 5.21 shows electron temperature of the double-layered thin film along :
direction at (x,,,,, ... ) With three different laser fluences (J =500 J/m?, 1000 J/m? and
2000 J/m?) at different times (@)t=0.25ps, (b)t=0.5ps, (c) t =10 ps, and (d) t = 20ps,
respectively. Similarly, Figures 5.22 shows lattice temperature of the double-layered thin
film along z direction at (x,,,,, ... ) With three different laser fluences (J =500 J/m?
1000 J/m? and 2000 J/m?) at different times (a)t=025ps, (b)t=0.5ps, (c)t=10 ps,
and (d) t = 20ps, respectively. It can be seen from Figure.5.21 that the electron
temperature is in maximum at t = 0.25 ps, but then it decays, with time and it is almost

uniform at t = 20 ps along the thickness direction.
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Figure 5.20 (a) Change in electron temperature and (b) displacements at the center of top
surface of thin versus time with a laser fluence (J) of 500 J/m”. The w is the displacement
at (Xcenters Ycenter, 0) of thin film.
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Figure 5.21. Electron temperature profiles along z at (Xcenter, Ycenter) at different times (a)

t =0.25ps, (b) t =0.5ps,(c) t =10 ps, and (d) ¢ =20 ps with a mesh of 20 x 20 x 80

and three different laser fluences (J) of 500 J/m?, 1000 J/m? and 2000 J/m®.
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Figure 5.22 Lattice temperature profiles along z at (Xeenter> Yecenter) at different times (a) ¢
=0.25ps, (b) t =0.5 ps, (c) t =10 ps, and (d) ¢ =20 ps with a mesh of 20x 20x 80 and
three different laser fluences (J) of 500 J/m?, 1000 J/m? and 2000 J/m”>.
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On the other hand, Figure 5.22 shows that the lattice temperature increases
gradually with time in both gold and chromium layers, due to constant heating of acoustic
phonons by electrons. Since the heat is transferred from the gold layer to the chromium
layer and the conductivity of chromium is smaller than that of gold, the lattice
temperature increases drastically across the interface. A clear discontinuity of the
temperature gradient at the interface can be seen in Figure 5.22, which is the same
prediction as was obtained in [Qiu 1992, Tzou 2002]. The difference of electron and
lattice temperatures in Figures 5.21 and 5.22 gives a strong flavor of non-equilibrium
heating during the picosecond transient. It also can be seen from Figure 5.21 and Figure
5.22 that the electron temperature rises to its maximum at the beginning and then
decreases while the lattice temperature rises gradually with time.

Figure 523 shows the displacement (w) of the thin film along :z at
(X cemter » Yeemier ) @t different times ()t =5 ps, (b)t =10 ps, (c)t =15 ps, and (d) t = 20 ps
with a mesh of 20x20x80and three different laser fluences (J =500 J/m?, 1000 J/m? and
2000 J/m®). It can been seen that the displacement w, particularly at t = 20 ps, changes
from negative to positive for each layer along the thickness direction. The negative value
indicates that the displacement moves in the negative z direction, while the positive
value implies that it moves in the positive z direction. From this figure, one may see that
the film is expanding. At t = 10 ps and 20 ps, the displacement shows a clear alteration
across the interface, implying that both layers push each other and the bond between

these two layers could be damaged under high intensity laser irradiation.
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Figure 5.23 Displacement (w) profiles along z at (Xcenter, Ycenter) at different times (a) t =
5ps,(b) t =10 ps, (c) t =15 ps, and (d) ¢ = 20 ps with a mesh of 20 x 20 x 80 and three
different laser fluences (J) of 500 J/m?, 1000 J/m* and 2000 J/m*.
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Figure 5.24 shows the normal stress o, along z at (x...e»Veener) &t different
times (@) t = 5 ps, (b) t = 10 ps, (c) t = 15 ps, and (d) t = 20 ps with a mesh of
20x20x80and three different laser fluences (J =500 J/m?, 1000 J/m?* and 2000 J/m?). In
our experience, the conventional finite difference method produces local oscillations in
the normal stress o, (see Figure 5.2). Figure 5.24 indicates that the curve of o, is smooth
and does not appear to have local oscillations, implying that our method prevents the
appearance of non-physical oscillations in the solution.

Figures 5.25-5.29 were plotted based on the results obtained with a mesh of
20x20x 80and with a laser fluence of.J =1000J/m? . Figures 5.25 and 5.26 show contours
of the electron temperature distribution and the lattice temperature distribution in the
cross section of y=y,,,,., atdifferenttimes(a)t=0.25ps,(b)t=0.5ps,(c)t=1ps,(d)t
=10 ps, and (e) t = 20 ps, respectively.

Both figures reveal that the heat is mainly transferred along the z direction. This
result confirms the fact that the femtosecond lasers are an ideal candidate for precise
thermal processing of functional nanophase materials. Figure 5.26 also shows that there is
a clear difference between the lattice temperatures in these two layers, because of the
different conductivities.

Figures 5.27-5.29 show contours of displacements (u,v,w)in the cross section of
¥ = Yeemer at different times (a) t = 5 ps, (b) t =10 ps, (c) t = 15 ps, and (d) t = 20 ps,
respectively. According to Figures 5.27-5.29, the central part of the film is expanding
because displacements change from negative to positive along the center line in the

z direction, and along the x and y directions, respectively.
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Figure 5.24 Normal stress (o, ) profiles along z at (Xcenter> Yeenter) at different times (a) ¢
=5ps,(b) t =10ps, (c) t =15 ps, and (d) ¢ =20 ps with a mesh of 20x20x 80 and three

different laser fluences (J) of 500 J/m?, 1000 J/m? and 2000 J/m?.
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Figure 5.25 Contours of electron temperature distributions in the cross section of y =50

pm at different times (a) t =0.25 ps, (b) t =0.5 ps, (c) ¢t =1 ps, (d) ¢ =10 ps, and (e) ¢
=20 ps with a mesh of 20x20x 80 and a laser fluence (J) of 1000 J/m?.
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Figure 5.26 Contours of lattice temperature distributions in the cross section of y =50

pm at different times (a) ¢ =0.25 ps, (b) t =0.5ps,(c) t =1 ps,(d) t =10 ps, and (e) ¢
=20 ps with a mesh of 20x20x 80 and a laser fluence (J) of 1000 J/m’.
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Figure 5.27 Contours of displacement (w) distributions in the cross section of y =50 pm
at different times (a) t =5 ps, (b) ¢+ =10 ps, (¢) ¢t =15 ps, and (d) ¢ =20 ps with a mesh
of 20% 20x 80 and a laser fluence (J) of 1000 J/m™.
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Figure 5.28 Contours of displacement (u) distributions in the cross section of y =50 pm
at different times (a) t =5 ps, (b) t =10 ps, (c) t = 15 ps, and (d) ¢ =20 ps with a mesh
of 20x 20x 80 and a laser fluence (J) of 1000 J/m®.
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Figure 5.29 Contours of displacement (v) distributions in the cross section of x =50 pm
at different times (a) t =5 ps, (b) t =10 ps, (¢) ¢t =15 ps, and (d) ¢ =20 ps with a mesh
of 20x 20 80 and a laser fluence (J) of 1000 J/m”.



CHAPTER 6

CONCLUSION AND FUTURE WORK

In this dissertation, we consider a 3D single-layered thin film and a 3D double-
layered thin film exposed to ultrashort-pulsed lasers. A mathematical model for
describing the thermal deformation in 3D thin films is proposed. This model, based on
the parabolic two-step heat transport equations, accounts for the coupling effect between
lattice temperature and strain rate, as well as for the hot-electron blast effect in
momentum transfer. For the 3D double-layered thin film case, perfect thermal contract at
the interface was considered. Furthermore, stress free and thermal insulated conditions
were considered for the boundary. Because solving the mathematical model analytically
is very difficult due to nonlinearity and three dimensions, we developed a new finite
difference scheme for studying thermal deformation in 3D thin films exposed to
ultrashort-pulsed lasers, based on the proposed mathematical model. To avoid numerical
oscillations, we first introduced velocity components into the dynamic equation of motion
and replaced the displacement components. We then designed a triggered grid where the
unknown variables are placed at different locations so that the checker-board solution
could be eliminated. We further employed a fourth-order compact scheme to calculate

stresses derivatives in the dynamic equations of motion so that the third-order derivatives
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of stresses did not appear in the truncation error. To test the applicability of the developed
numerical method, we considered a 3D single-layered gold thin film and a 3D double-
layered gold and chromium thin film exposed to ultrashort-pulsed lasers, respectively.
The numerical method was tested to be grid independent, implying that the solution is
convergent. The normal stress along the z - direction was checked, and result showed that
there were no numerical oscillations. Further, electron and lattice temperatures,
displacements, stresses, and strains were obtained based on the developed finite
difference schemes. Results indicate that the central part of thin films expands during
heating. In the 3D double-layered case, numerical results also show that the
displacements at the thickness direction at the interface move against each other,
implying that the bond between two layers of gold and chromium could be damaged
under high intensity laser irradiation.

Further research will focus on 3D double-layered case where the interface could
be imperfect thermal contact. This condition will introduce an extra nonlinear behavior at
the interface. Furthermore, pulse duration that is smaller than the electron relaxation time
may be considered. For this case, the parabolic two-step model may not be appropriate

and the hyperbolic two-step model needs to be considered.



APPENDIX A

SOURCE CODE FOR 3D
SINGLE-LAYERED CASE
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C Main program
C Set all variable

implicit double precision (a-h,l,0-z)

dimension t(4001),t1(4001),x(51),y(51),z(221)
dimension TEo(41,41,101),TEold(41,41,101),
$ TLo(41,41,101),TLold(41,41,101),

$ TEm(4001),TLm(4001),

$ ulm(4001),u2m(4001),u3m(4001),

$ vim(4001),v2m(4001),v3m(4001),

C Ex, Ey, Ez normal strain and shear strain

$ epxo(41,41,101),epyo(41,41,101),epzo(41,41,101),

$ epxyo(41,41,101),epxzo(41,41,101),epyzo(41,41,101),
$ xsa00(41,41,101),ysa00(41,41,101),zsaoo(41,41,101),
$ ssaooxy(41,41,101),ssa00xz(41,41,101),

$ ssaooyz(41,41,101),

$ epxn(41,41,101),epyn(41,41,101),epzn(41,41,101),

$ epxyn(41,41,101),epxzn(41,41,101),epyzn(41,41,101),

C Normal stress and shear stress

$ saxo(41,41,101),sayo(41,41,101),sazo(41,41,101),

$ saxyo(41,41,101),saxzo(41,41,101),sayzo(41,41,101),
$ saxn(41,41,101),sayn(41,41,101),sazn(41,41,101),

$ saxyn(41,41,101),saxzn(41,41,101),sayzn(41,41,101),

C Velocity displacement

$ vxo(41,41,101),vyo(41,41,101),vzo(41,41,101),
$ vxn(41,41,101),vyn(41,41,101),vzn(41,41,101),
$ uxo(41,41,101),uyo(41,41,101),uzo(41,41,101),
$ uxn(41,41,101),uyn(41,41,101),uzn(41,41,101),

C Stress derivatives

$ d(41,41,101),b(221),c(221),a(221),beta(221),

$ gama(41,41,101),

$ difx(41,41,101),dify(41,41,101),difz(41,41,101),
$ difxyx(41,41,101),difxyy(41,41,101),

$ difxzx(41,41,101),

$ difxzz(41,41,101),difyzy(41,41,101),

$ difyzz(41,41,101),

C Additional set
$ ul(41,41,101),u2(41,41,101),u3(41,41,101),
$ u4(41,41,101),
$ u5(41,41,101),u6(41,41,101),u7(41,41,101),
$ u8(41,41,101),
$ u9(41,41,101)

C Data

C Lame constant
clemta=199.0d+9

C Shear modulus
cmiu=27.0d+9

C Thermal expansion coefficient
alpha=14.2d-6
open(unit=8, file="etm.txt')
open(unit=7, file="um.txt')

C Dimension
1x=1.0D-4
ly=1.0D-4
1z=1.0D-7

C Grid

nx=20
ny=20
nz=80
dx=Ix/nx
dy=ly/ny
dz=lz/nz

C Time increment

nt=4000
dt=0.005d-12

icounter=0
x(1)=0
y(1)=0
z(1=0

do i=2,nx+1

x(iy=x(i-1y+dx

enddo

do j=2,ny+1

y@r=y(-1)y+dy
enddo

do k=2,nz+1
z(k)y=z(k-1)+dz

enddo

theta=0.5

C Initial conditions

do i=1,nx+1
do j=1,ny+1
do k=1,nz+1

TEo(i,j,k)=300.0
TLo(i,j,k)=300.0
TEold(i,j,k)=300.0
TLold(i,j,k)=300.0

epxo(i,j,k)=0.0
epyo(i,j,k)y=0.0
epzo(i,j,k)=0.0
saxo(i,j,k)=0.0
sayo(i,j,k)=0.0
sazo(i,j,k)=0.0
x5a00(i,j,k)=0.0
ysaoo(i,j,k)=0.0
zsa00(1,j,k)=0.0
ssaooxy(i,j,k)=0.0
ssa0oxz(i,j,k)=0.0
ssa00yz(i,j,k)=0.0

difi(i,j,k)=0.0
dify(ij,k)=0.0
difz(i,j,k)=0.0
difxyx(ij,k)=0.0
difkyy(i,j,k)=0.0
difxzx(i,j,k)=0.0
difxzz(i,j,k)=0.0
difyzy(ij,k)=0.0
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difyzz(i,j,k)=0.0 TLm(n)=0.0

enddo
enddo big=0.0
enddo
write(*,*) 'start’
do i=1,nx
do j=1,ny+1 do 1 n=1,nt
do k=1,nz+1 t(n)=n*dt
uxo(i,j,k)=0.0 tl(n)=(n-1)*dt+dt/2.0
vxo(1,),k)y=0.0
enddo C Guess normal and shear strain Ex, Ey, Ez, Exy,
enddo Eyz, Exz Values
enddo
do i=1,nx+1
do i=1,nx+1 do j=1,ny+1
do j=L.ny do k=1,nz+1
do k=1,nz+1 epxn(i,j,k)=epxo(i,j,k)
uyo(i,j,k)=0.0 epyn(i,j,ky=epyo(i,j.k)
vyo(i,j,k)=0.0 epzn(i,j,k)=epzo(i,j,k)
enddo epxyn(i,j,k)=epxyo(i,j,k)
enddo epyzn(i,j,k)=epyzo(i,j,k)
enddo epxzn(i,j,k)=epxzo(i,j,k)
enddo
do i=1,nx+1 enddo
do j=1,ny+1 enddo
do k=1,nz
uzo(i,j,k)=0.0 C Iteration
vzo(i,j,k)=0.0
enddo tol=1d-16
enddo detuvmax=tol+1d-5
enddo do while (detuvmax.gt.tol)
detuvmax=0.0
do i=1,nx detimax=0.0
do j=l,ny det2max=0.0
do k=2,nz det3max=0.0
epxyo(i,j,k)=0.0 det4max=0.0
saxyo(i,j,k)=0.0 detSmax=0.0
enddo detébmax=0.0
enddo
enddo C Call subroutine calculate temperature
do i=1,nx Call temp(nx,ny,nz,dx,dy,dz,x,y,z,t1(n),dt,
do j=2,ny $ TLo,TLold, TEo,TEold,
do k=1,nz $ €pXn,epyn,epzn,epxo0,epyo,epzo)
epxzo(i,j,k)=0.0
saxzo(i,j,k)y=0.0 C Compute normal stress
enddo
enddo do j=1,ny+1
enddo do k=1,nz+1
saxn(1,j,k)=0.0
do i=2,nx saxn(nx+1,j,k)=0.0
do j=1,ny end do
do k=1,nz end do
epyzo(i,j,k)=0.0
sayzo(i,j,k)=0.0 do i=1,nx+1
enddo do k=1,nz+1
enddo sayn(i,1,k)=0.0
enddo sayn(i,ny+1,k)=0.0
end do
n=1 end do
TEm(n)=0.0 do j=1,ny+1



do i=1,nx+1
sazn(i,j,1)=0.0
sazn(i,j,nz+1)=0.0
end do

end do

do i=2,nx
do j=2,ny
do k=2,nz

saxn(i,j,k)=(clemta+2.0*cmiu)*epxn(i,j,k)
+clemta*epyn(i,j,k)
+clemta*epzn(i,j,k)(3.0*clemta+2.0*cmiu)*alpha
*(TLold(i,j,k)-300.0)

X R

sayn(i,j,k)=clemta*epxn(i,j,k)+(clemta+2.0*cmiu)
*epyn(i,j.k)
+clemta*epzn(i,j,k)(3.0*clemta+2.0*cmiu)
*alpha*(TLold(i,j,k)-300.0)

LR R

sazn(i,j,k)=clemta*epxn(i,j,k)+(clemta+2.0*cmiu)
*epzn(i,j.k)
+clemta*epyn(i,j,k)(3.0*clemta+2.0*cmiu)
*alpha*(TLold(i,j,k)-300.0)

end do

end do

end do

R R

C Calculate shear stress

do j=1,ny

do k=2,nz
saxyn(1,j,k)=0.0
saxyn(nx,j,k)=0.0
end do

end do

do i=1,nx

do k=2,nz
saxyn(i, 1,k)=0.0
saxyn(i,ny,k)=0.0
end do

end do

do k=2,nz

do j=2,ny-1

do i=2,nx-1
saxyn(i,j,ky=cmiu*epxyn(i,j,k)
end do

end do

end do

do j=2,ny

do k=1,nz
saxzn(1,j,k)=0.0
saxzn(nx,j,k)=0.0
end do

end do

do i=1,nx
do j=2,ny
saxzn(i,j,1)=0.0
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saxzn(i,j,nz)=0.0
end do
end do

do k=2,nz-1

do j=2,ny

do i=2,nx-1
saxzn(i,j,k)=cmiu*epxzn(i,j,k)
end do

end do

end do

do i=2,nx

do k=1,nz
sayzn(i,1,k)=0.0
sayzn(i,ny,k)=0.0
end do

end do

do i=2,nx

do j=1,ny
sayzn(i,j,1)=0.0
sayzn(i,j,nz)=0.0
end do

end do

do k=2,nz-1

do j=2,ny-1

do i=2,nx
sayzn(i,j,k)=cmiu*sayzn(i,j,k)
end do

end do

end do

C Calculate derivative of stress difx

do k=2,nz

do j=2,ny
difx(1,j,k)=(saxn(2,j,k)-saxn(1,j,k))/dx
difx(nx,j,k)=(saxn(nx+1,j,k)-saxn(nx,j,k))/dx
end do

end do

b(2)=0.0
a(2)=11.0/12.0
¢(2)=-1.0/24.0

do k=2,nz

do j=2,ny
d(2,j,k)=(saxn(3,j,k)-saxn(2,j,k))/dx
-1.0/24.0*difx(1,j,k)

end do

end do

do i=3,nx-2

b(i)=-1.0/24.0

a(iy=11.0/12.0

c(iy=-1.0/24.0

do j=2,ny

do k=2,nz
d(i,j,k)y=(saxn(i+1,j,k)-saxn(i,j,k)/dx
end do



end do
end do

b(nx-1)=-1.0/24.0
a(nx-1)=11.0/12.0
c(nx-1)=0.0

do k=2,nz

do j=2,ny

d(nx-1,j,k)=(saxn(nx,j,k)-saxn(nx-1,j,k))/dx
$ -1.0/24.0*difx(nx,j,k)

end do

end do

beta(nx)=0.0

do k=2,nz

do j=2,ny
gama(nx,j,k)=0.0
end do

end do

do m=2,nx-1

i=nx-m+1

beta(i)=b(i)/(a(i)-c(i)*beta(i+1))

do j=2,ny

do k=2,nz

gama(i,j,k)=(d(i,j,k)+c(i)* gama(i+ 1j,K)V(a(i)
$ -c(i)*beta(i+1))

end do

end do

end do

do j=2,ny

do k=2,nz
ul(1,j,k)=0.0
end do

end do

do i=2,nx-1

do j=2,ny

do k=2,nz
ul(i,j,k)y=beta(i)*ul(i-1,j,k)+gama(i,j,k)
dife(i,jk)=ul(i,j.k)

end do

end do

end do

do i=1,nx
a(i)=0
b(i)=0
c(iy=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress dify

95

do k=2,nz

do i=2,nx

dify(i, 1,k)=(sayn(i,2,k)-sayn(i, 1.k))/dy
dify(i,ny,k)=(sayn(i,ny+1,k)-sayn(i,ny,k))/dy
end do

end do

b(2)=0.0
a(2)=11.0/12.0
c(2)=-1.0/24.0

do k=2,nz

do i=2,nx
d(i,2,k)=(sayn(i,3,k)-sayn(i,2,k))/dy
-1.0/24.0*dify(i,1,k)

end do

end do

do j=3,ny-2

b(j)=-1.0/24.0

a(j=11.0/12.0

c(j=-1.0/24.0

do i=2,nx

do k=2,nz
d(ij.k)y=(sayn(ij+1,k)-sayn(i,j,k))/dy
end do

end do

end do

b(ny-1)=-1.0/24.0
a(ny-1=11.0/12.0
c(ny-1)=0.0

do i=2,nx

do k=2,nz
d(i,ny-1,k)=(sayn(i,ny,k)-sayn(i,ny-1,k))/dy
-1.0/24.0*dify(i,ny,k)

end do

end do

beta(ny)=0.0

do i=2,nx

do k=2,nz
gama(i,ny,k)=0.0
end do

end do

do m=2,ny-1

j=ny-m+l

beta(j)=b(j)/(a(j)-c(j)*beta(j+1))

do i=2,nx

do k=2,nz

gama(i,j,k)=(d(ij.k)*+c(j)* gama(i,j+1.k))/(a()
-c(j)*beta(j+1))

end do

end do

end do

do i=2,nx

do k=2,nz
u2(i, 1,k)=0.0
end do



end do

do j=2,ny-1

do i=2,nx

do k=2,nz
u2(i,j,k)=beta(j)*u2(i,j-1,k)+gama(i,j,k)
dify(i,j,k)=u2(i,j,k)

end do

end do

end do

do i=1,nx
a(i=0
b(i)=0
c(i=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difz

$

do i=2,nx

do j=2,ny

difz(i,j,1)=(sazn(i,j,2)-sazn(i,j, 1))/dz
difz(i,j,nz)y=(sazn(i,j,nz+1)-sazn(i,j,nz))/dz
end do

end do

b(2)=0.0
a(2)=11.0/12.0
(2)=-1.0/24.0

do i=2,nx

do j=2,ny
d(i,j,2)=(sazn(i,j,3)-sazn(i,j,2))/dz-1.0/24.0*difz(i,j,1)
end do

end do

do k=3,nz-2

b(k)=-1.0/24.0

a(k)=11.0/12.0

c(k)=-1.0/24.0

do j=2,ny

do i=2,nx
d(i,j,k)=(sazn(i,j,k+1)-sazn(i,j,k))/dz
end do

end do

end do

b(nz-1)=-1.0/24.0
a(nz-1)=11.0/12.0
c(nz-1)=0.0

do i=2,nx

do j=2,ny
d(i,j,nz-1)=(sazn(i,j,nz)-sazn(i,j,nz-1))/dz
-1.0/24.0*difz(i,j,nz)
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end do
end do

beta(nz)=0.0

do i=2,nx

do j=2,ny
gama(i,j,nz)=0.0
end do

end do

do m=2,nz-1

k=nz-m+1

beta(k)=b(k)/(a(k)-c(k)*beta(k+1))

do j=2,ny

do i=2,nx

gama(i,j,k)=(d(i,j,k)+c(k) *gama(i,j,k+1))/(a(k)
-c(k)*beta(k+1))

end do

end do

end do

do i=2,nx
do j=2,ny
u3(i,j,1)=0.0
end do

end do

do i=2,nx

do j=2,ny

do k=2,nz-1
u3(i,j,k)y=beta(k)*u3(i,j,k-1)+gama(i,j,k)
difz(i,j,k)=u3(ij,k)

end do

end do

end do

do i=1,nx
a(i=0
b(i)=0
c(i=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do
end do

C Calculate derivative of stress difxyx

do k=2,nz

do j=1,ny
difxyx(2,j,k)=(saxyn(2,j,k)-saxyn(1,j,k))/dx
difxyx(nx,j,k)=(saxyn(nx,j,k)-saxyn(nx-1,j,k))/dx
end do

end do

b(3)=0.0
a(3)=11.0/12.0
¢(3)=-1.0/24.0



do k=2,nz

do j=1,ny
d(3,j,k)=(saxyn(3,j,k)-saxyn(2,j.k))/dx
-1.0/24.0*difxyx(2,j,k)

end do

end do

do i=4,nx-2

b(i)=-1.0/24.0

a(i)=11.0/12.0

c(i)=-1.0/24.0

do j=1,ny

do k=2,nz
d(i,j,k)=(saxyn(i,j,k)-saxyn(i-1,j,k))/dx
end do

end do

end do

b(nx-1)=-1.0/24.0
a(nx-1)=11.0/12.0
c(nx-1)=0.0

do k=2,nz

do j=1,ny
d(nx-1,j,k)=(saxyn(nx-1,j,k)-saxyn(nx-2,j,k)/dx
-1.0/24.0*difxyx(nx,j,k)

end do

end do

beta(nx)=0.0

do k=2,nz

do j=1,ny
gama(nx,j,k)=0.0
end do

end do

do m=3,nx-1

i=nx-m+2

beta(i)=b(i)/(a(i)-c(i)*beta(i+1))

do j=1,ny

do k=2,nz
gama(i,j,k)=(d(i,j,k)+c(i)*gama(i+1,j,k))/(a(i)
-c(i)*beta(i+1))

end do

end do

end do

do j=1,ny

do k=2,nz
u4(2,j,k)=0.0

end do

end do

do i=3,nx-1

do j=1,ny

do k=2,nz
ud(i,j,k)=beta(i)*ud(i-1,j,k)+gama(i,j,k)
difxyx(i,j,k)y=ud(i,j,k)
end do

end do

end do

do i=1,nx

a(i=0
b(1)=0
c(i)=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difxyy

do k=2,nz

do i=1,nx

difxyy(i,2,k)=(saxyn(i,2,k)-saxyn(i, 1,k))/dy
difxyy(i,ny,k)=(saxyn(i,ny,k)-saxyn(i,ny-1,k))/dy
end do

end do

b(3)=0.0
a(3)=11.0/12.0
c(3)=-1.0/24.0

do k=2,nz
do i=1,nx
d(i,3,k)y=(saxyn(i,3,k)-saxyn(i,2,k))/dy

$ -1.0/24.0*difxyy(i,2,k)

end do
end do

do j=4,ny-2

b(j)=-1.0/24.0

a(j11.0/12.0

c(j=1.0/24.0

do i=1,nx

do k=2,nz
d(ij,k)y=(saxyn(i,j,k)-saxyn(i,j-1,k)y/dy
end do

end do

end do

b(ny-1)=-1.0/24.0
a(ny-1)=11.0/12.0
c(ny-1)=0.0

do k=2,nz

do i=1,nx
d(i,ny-1,k)=(saxyn(i,ny-1,k)-saxyn(i,ny-2,k))/dy
-1.0/24.0*difxyy(i,ny.k)

end do

end do

beta(ny)=0.0

do k=2,nz

do i=1,nx
gama(i,ny,k)=0.0
end do

end do
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do m=3,ny-1

jeny-m+2

beta(j)=b(j)/(a(j)-c(j)*beta(j+1))

do i=1,nx

do k=2,nz

gama(i,j,k)y=(d(i,j,k)+c(j)* gama(i,j+1,k))(a()
-c(i)*beta(j+1))

end do

end do

end do

do i=1,nx

do k=2,nz
u5(i,2,k)=0.0

end do

end do

do i=1,nx

do j=3.ny-1

do k=2,nz
u5(i,j,k)=beta(j)*u5(i,j-1,k)y+gama(i,j,k)
difxyy(i,j,k)=u5(i,j.k)
end do

end do

end do

do i=1,nx
a(iy=0
b(i)=0
c(iy=0
beta(i)=0
do j=1,ny
dok=1,nz
gama(i,j,k)=0.0
d(ij,k)=0.0
end do

end do

end do

C Calculate derivative of stress difxzx

do k=1,nz

do j=2,ny
difxzx(2,j,k)=(saxzn(2,j,k)-saxzn(1,j,k))/dx
difxzx(nx,j,k)=(saxzn(nx,j,k)-saxzn(nx-1,j,k))/dx
end do

end do

b(3)=0.0
a(3)=11.0/12.0
¢(3)=-1.0/24.0

do k=1,nz

do j=2,ny
d(3,j,k)=(saxzn(3,j,k)-saxzn(2,j,k))/dx
-1.0/24.0*difxzx(2,j,k)

end do

end do

do i=4,nx-2
b(i)=-1.0/24.0
a(i)=11.0/12.0

c(i)=-1.024.0

do j=2,ny

do k=1,nz
d(ij,k)=(saxzn(i,j,k)-saxzn(i-1,j,k))/dx
end do

end do

end do

b(nx-1)=-1.0/24.0
a(nx-1y=11.0/12.0
¢(nx-1)=0.0

do k=1,nz

do j=2,ny
d(nx-1,j,k)~(saxzn(nx-1,j,k)-saxzn(nx-2,j,k))/dx
-1.0/24.0*difxzx(nx,j,k)

end do

end do

beta(nx)=0.0

do k=1,nz

do j=2,ny
gama(nx,j,k)=0.0
end do

end do

do m=3,nx-1

i=nx-m+2

beta(i)=b(i)/(a(i)-c(i)*beta(i+1))

do j=2,ny

do k=1,nz

gama(i,j,k)=(d(i,j,k)+c(i)* gama(i+1,,k))/(a(i)
-c(i)*beta(i+1))

end do

end do

end do

do j=1,ny

do k=2,nz
u6(2,j,k)=0.0

end do

end do

do i=3,nx-1

do j=2,ny

do k=1,nz
u6(i,),k)=beta(i)*ub(i-1,j,k)+gama(i,j,k)
difxzx(i,j,k)=u6(i,j,k)
end do

end do

end do

do i=1,nx
a(iy=0
b(i)=0
c(i)y=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(ij,k)=0.0
end do

end do



end do

C Calculate derivative of stress difxzz
do i=1,nx
do j=2,ny

difxzz(i,j,2)=(saxzn(i,j,2)-saxzn(i,j,1))/dz
difxzz(i,j,nz)=(saxzn(i,j,nz)-saxzn(i,j,nz-1))/dz

end do
end do

b(3)=0.0
a(3)=11.0/12.0
¢(3)=-1.0/24.0

do i=1,nx

do j=2,ny

d(i,j,3)=(saxzn(i,j,3)-saxzn(i,j,2))/dz
$ -1.0/24.0*difxzz(i,},2)

end do

end do

do k=4,nz-2

b(k)=-1.0/24.0

a(k)=11.0/12.0

c(k)=-1.0/24.0

do j=2,ny

do i=1,nx
d(i,j,ky=(saxzn(i,j,k)-saxzn(i,j,k-1))/dz
end do

end do

end do

b(nz-1)=-1.0/24.0
a(nz-1)=11.0/12.0
¢(nz-1)=0.0

do i=1,nx
do j=2,ny

d(i,j,nz-1)=(saxzn(i,j,nz-1)-saxzn(i,j,nz-2))/dz

$ -1.0/24.0*difxzz(i,},nz)
end do
end do

beta(nz)=0.0

do i=1,nx

do j=2,ny
gama(i,j,nz)=0.0
end do

end do

do m=3,nz-1

k=nz-m+2
beta(k)=b(k)/(a(k)-c(k)*beta(k+1))
doj=2,ny

do i=1,nx

gama(i,j,k)=(d(i.j,kytc(k)*gama(i,j,k+1))/(ak)

$ -c(k)*beta(k+1))
end do
end do
end do

do i=1,nx

do j=2,ny
u7(i,j,2)=0.0

end do

end do

do i=1,nx

do j=2,ny

do k=3,nz-1
u7(i,j,k)=beta(k)*u7(i,j,k-1)+gama(i,j,k)
difxzz(i,j,k)=u7(ij.k)
end do

end do

end do

do i=1,nx
a(iy=0
b(i)=0
c(i)=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difyzy

do k=1,nz
do i=2,nx

difyzy(i,2,k)=(sayzn(i,2,k)-sayzn(i,1,k))/dy
difyzy(i,ny.k)=(sayzn(i,nyk)-sayzn(i,ny-1,k))/dy

end do
end do

b(3)=0.0
a(3)=11.0/12.0
¢(3)=-1.0/24.0

do k=1,nz

do i=2,nx
d(i,3,k)=(sayzn(i,3,k)-sayzn(i,2,k))/dy
-1.0/24.0*difyzy(i,2 k)

end do

end do

do j=4,ny-2

b(j)=-1.0/24.0

a(j=11.0/12.0

c(j)=1.0/24.0

do i=2,nx

do k=1,nz
d(i,j.k)=(sayzn(i,j,k)-sayzn(i,j-1,k))/dy
end do

end do

end do

b(ny-1)=-1.0/24.0
a(ny-1)=11.0/12.0
c(ny-1)=0.0

do k=1,nz

99



do i=2,nx

d(i,ny-1,k)=(sayzn(i,ny-1,k)-sayzn(i,ny-2,k))/dy
$ -1.0/24.0*difyzy(i,ny,k)

end do

end do

beta(ny)=0

do k=1,nz

do i=2,nx
gama(i,ny,k)=0
end do

end do

do m=3,ny-1

j=ny-m+2

beta(j)y=b(j)/(a(j)-c()*beta(j+1))

do i=2,nx

do k=1,nz

gama(i,j,k)=(d(ij.k)+c()*gama(i,j+1,k))/(a()
$ -c(j)*beta(j+1))

end do

end do

end do

do i=2,nx

do k=1,nz
u8(i,2,k)=0.0

end do

end do

do i=2,nx

do j=3,ny-1

do k=1,nz
u8(i,j,k)=beta(j)*u8(i,j-1,k)+gama(i,j,k)
difyzy(i,j,k)=u8(ij,k)
end do

end do

end do

do i=1,nx
a(iy=0
b(i)=0
c(i)=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difyzz

do i=2,nx

do j=1,ny
difyzz(i,j,2)=(sayzn(i,j,2)-sayzn(i,j,1))/dz
difyzz(i,j,nz)=(sayzn(i,j,nz)-sayzn(i,j,nz-1))/dz
end do

end do

b(3)=0.0
a(3)=11.0/12.0

c(3)=-1.0/24.0

do i=2,nx

do j=1,ny
d(i,j,3)=(sayzn(i,j,3)-sayzn(i,j,2))/dz
-1.0/24.0*difyzz(i,j,2)

end do

end do

do k=4,nz-2

b(k)=-1.0/24.0

a(k)=11.0/12.0

c(k)=-1.0/24.0

do j=1,ny

do i=2,nx
d(i,j,k)=(sayzn(i,j,k)-sayzn(i,j,k-1))/dz
end do

end do

end do

b(nz-1)=-1.0/24.0
a(nz-1=11.0/12.0
¢(nz-1=0.0

do i=2,nx

do j=1,ny
d(i,j,nz-1)=(sayzn(i,j,nz-1)-sayzn(i,j,nz-2))/dz
-1.0/24.0*difyzz(i,j,nz)

end do

end do

beta(nz)=0.0

do i=2,nx

do j=1,ny
gama(i,j,nz)=0.0
end do

end do

do m=3,nz-1

k=nz-m+2

beta(k)=b(k)/(a(k)-c(k)*beta(k+1))

do j=1,ny

do i=2,nx
gama(i,j,k}=(d(i,j,k)+c(k)*gama(i,j,k+1))/(a(k)
-c(k)*beta(k+1))

end do

end do

end do

do i=2,nx

do =1,ny
u9(i,j,2)=0.0

end do

end do

do i=2,nx

do j=1,ny

do k=3,nz-1
u9(i,j,k)=beta(k)*u9(i,j,k-1)+gamaf(i,j,k)
difyzz(i,j,k)=u9(i,j,k)
end do

end do

end do
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do i=1,nx
a(i=0
b(iy=0
c(i)=0
beta(i)=0
do j=1,ny
dok=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate velocity

Call velocity(nx,ny,nz,dx,dy,dz,dt,TEo,TEold,saxo,
$ sayo,sazo,saxyo,saxzo,sayzo,

$ saxn,sayn,sazn,saxyn,saxzn,sayzn,vxo,

$ vyo,vzo,vxn,vyn,vzn,

$ uxo,uyo,uzo,uxn,uyn,uzn,difx dify,

$ difz difxyy,difxzz,difxyx,difyzz difxzx difyzy)

C Calculate strain

do k=2,nz

do j=2,ny

do =2,nx
epxn(i,j,k)=(theta*(vxn(i,j,k)-vxn(i-1,j,k))
+(1.0-theta)*(vxo(i.j,k)-vxo(i-1,j,k))) *dt/dx
+epxo(i,j,k)

A o

epyn(i,j,k)=(theta*(vyn(i,j,k)-vyn(ij-1,k))
$ +(1.0-theta)*(vyo(i,j,k)-vyo(i,j-1,k))) *dt/dy
$ +epyo(i,j.k)

epzn(i,j,k)=(theta*(vzn(i,j,k)-vzn(i,j,k-1))
$ +(1.0-theta)*(vzo(i,j,k)-vzo(i,j,k-1)))*dt/dz
$ +epzo(ij.k)

end do

end do

end do

C calculate Shear strain

do k=2,nz

do j=2,ny-1

do i=2,nx-1
epxyn(i,j,k)y=(theta*(vxn(i,j+1,k)-vxn(i,j,k))
+(1.0-theta)*(vxo(i,j+1,k)-vxo(i,j,k))) *dt/dy
+(theta*(vyn(i+1,j,k)-vyn(ij,k))
+(1.0-theta)*(vyo(i+1,j,k)-vyo(i,j,k)))*dt/dx
+epxyo(i,j, k)

end do

end do

end do

A APHA

do k=2,nz-1

do j=2,ny

do i=2,nx-1

epxzn(i,),k)=(theta*(vxn(i,j,k+1)-vxn(i,j,k))
$ +(1.0-theta)*(vxo(i,j,k+1)-vxo(i,j,k)))*dt/dz

@A

R

+(theta*(vzn(i+1,j,k)-vzn(i,j,k))
+(1.0-theta)*(vzo(i+1.j,k)-vzo(i,j,k)))*dt/dx
+epxzo(i,j,k)

end do

end do

end do

do k=2,nz-1

do j=2,ny-1

do i=2,nx
epyzn(i,j,k)=(theta*(vyn(i,j,k+1)-vyn(i,j,k))
+(1.0-theta)*(vyo(i,j,k+1)-vyo(i,j,k)))*dt/dz
+(theta*(vzn(i,j+1,k)-vzn(i,j,k))
+(1.0-theta)*(vzo(i,j+1,k)-vzo(i,j,k)))*dt/dy
+epyzo(i,j,k)

end do

end do

end do

C Check convergence

C

do k=1,nz+1

do j=1,ny+1

do i=1,nx+1
det1=epxn(i,j,k)-xsa00(i,j,k)
det2=epyn(i,j,k)-ysaoo(i,j,k)
det3=epzn(i,j,k)-zsaoo(i,j,k)
detd=epxyn(i,j,k)-ssaooxy(i,j,k)
det5=epxzn(i,j,k)-ssaooxz(i,j,k)
det6=epyzn(i,),k)-ssaooyz(i,j,k)
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det=max(abs(det1),abs(det2),abs(det3),abs(det4),

abs(det5),abs(det6))

if{ abs(det).gt.detuvmax) detuvmax=abs(det)
if{ abs(det]).gt.detlmax) detlmax=abs(det1)
if{ abs(det2).gt.det2max) det2max=abs(det2)
if( abs(det3).gt.det3max) det3max=abs(det3)
if( abs(det4).gt.detdmax) det4max=abs(det4)
if( abs(det5).gt.detSmax) detSmax=abs(det5)
if{ abs(det6).gt.detbmax) detémax=abs(det6)
end do

end do

end do

do k=1,nz+1

do j=1,ny+1

do i=1,nx+1
xsa00(i,j,k)y=epxn(i,j,k)
ysaoo(i,j,k)=epyn(i,j,k)
zsaoo(i,j,ky=epzn(i,j,k)
ssa00xy(i,j,k)y=epxyn(i,j,k)
ssao0xz(i,j,.ky=epxzn(i,j,k)
ssao0yz(i,j,k)=epyzn(i,j,k)
end do

end do

end do

write(*,*) 'detuvmax=', detuvmax
End do with detmax

enddo



C End the current time step
C

do k=1,nz+1

do j=1,ny+1

do i=1,nx+1
TEo(i,j,k)=TEold(i,j,k)
TLo(i,j,k)=TLold(i,j,k)
epxo(ij,k)=epxn(i,j,k)
epyo(ij.k)=epyn(i,j.k)
epzo(i,j,k)y=epzn(i,),k)
epxyo(ij,ky=epxyn(i,j,k)
epxzo(i,j,k)=epxzn(i,j,k)
epyzo(i,j,ky=epyzn(i,j,k)
saxo(i,j,k)=saxn(i,j,k)
sayo(i,j,k)=sayn(i,j,k)
sazo(i,j,k)=sazn(i,j,k)
saxyo(i,j,k)y=saxyn(i,j,k)
saxzo(i,j,k)=saxzn(i,j,k)
sayzo(i,),k)=sayzn(i,j,k)
vxo(i,j,k)=vxn(i,j,k)
vyo(i,j,k)=vyn(ij.k)
vzo(i,j,k)=vzn(i.j,k)
uxo(i,j,k)=uxn(i,j.k)
uyo(i,j,ky=uyn(i,jk)
uzo(i,j,k)=uzn(i,j,k)

end do

end do

end do

if (big.1t.(TEold(11,11,1)-300.0)) then
big=TEold(11,11,1)-300.0
end if

TEm(n)=TEold(11,11,1)
TLm(n)<TLold(11,11,1)
ulm(n)=uxn(11,11,2)
u2m(n)=uyn(11,11,2)
u3m(n)=uzn(11,11,1)
vim(n)=vxn(11,11,2)
v2m(n)=vyn(11,11,2)
vim(n)=vzn(11,11,1)

icounter=icounter+1
write(*,*) icounter

C Output

write(8,1020) t(n), TEm(n),TLm(n)
write(7,1020) t(n),ulm(n),u2m(n),u3m(n)

C Output intermediate result

if (n.eq.50) then

C The result at time t=0.25ps

C Electron temp
open(unit=10,file="ctexz025ps.txt’)
do k=1,nz+1
write(10,1010) (TEold(i,11,k),i=1,nx+1)
enddo

open(unit=11,file="te025ps.txt")
do k=1,nz+1
write(11,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=12,file="ctlxz025ps.txt')
do k=1,nz+1
write(12,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=13,file="t1025ps.txt")
do k=1,nz+1
write(13,1020) TLold(11,11,k)
enddo
end if

if (n.eq.100) then

C The result at time t=0.5ps

C Electron temp
open(unit=14,file="ctexz05ps.txt")
do k=1,nz+1
write(14,1010) (TEold(i,11,k),i=1,nx+1)
enddo
open(unit=15,file="te05ps.txt’)
do k=1,nz+1
write(15,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=16,file="ctlxz05ps.txt")
do k=1,nz+1
write(16,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=17,file="tl05ps.txt")
do k=1,nz+1
write(17,1020) TLold(11,11,k)
enddo
end if

if (n.eq.200) then

C The result at time t=1ps

C Electron temp
open(unit=18,file="ctexz1 ps.txt')
do k=1,nz+1
write(18,1010) (TEold(i,11,k),i=1,nx+1)
enddo
open(unit=19,file="te1 ps.txt)
do k=1,nz+1
write(19,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=20,file="ctlxz1ps.txt")
do k=1,nz+1
write(20,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=21,file="tl1ps.txt")
do k=1,nz+1
write(21,1020) TLold(11,11,k)
enddo

C Stress
open(unit=22,file="saz1ps.txt)
do k=1,nz+1
write(22,1020) sazn(11,11.,k)
enddo
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end if

if (n.eq.1000) then

C The result at time t=5ps
C Displacement un

open(unit=23, file="uxnxz5ps.txt')
do k=2,nz

write(23,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=24,file="uznxz5ps.txt')
do k=1,nz

write(24,1010) (uzn(i,11,k),i=1,nx)
enddo
open(unit=25.file="uynyz5ps.txt')
dok=2,nz

write(25,1010) (uyn(11,j,k),j=1,ny)
enddo

C Stress

open(unit=26,file='saxxz5ps.txt')

do k=2,nz

write(26,1010) (saxn(i,11,k),i=1,nx+1)
enddo

open(unit=27 file='sazxz5ps. txt')

do k=1,nz+1

write(27,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=28,file="sayyzS5ps.txt')

do k=2,nz

write(28,1010) (sayn(11,j,k),j=1,ny+1)
enddo

open(unit=29,file='saz5ps.txt")

do k=1,nz+1

write(29,1020) sazn(11,11,k)

enddo

end if

if (n.eq.2000) then

C The result at time t=10ps

open(unit=30,file='ctexz10ps.txt")

do k=1,nz+1

write(30,1010) (TEold(i,11,k),i=1,nx+1)
enddo

open(unit=31,file="te10ps.txt')

do k=1,nz+1

write(31,1020) TEold(11,11,k)

enddo

C Lattice temp

open(unit=32, file='ctlxz10ps.txt")

do k=1,nz+1

write(32,1010) (TLold(i,11,k),i=1,nx+1)
enddo

open(unit=63,file="t110ps.txt")

do k=1,nz+1

write(63,1020) TLold(11,11,k)

enddo

C Displacement un

open(unit=33,file="uxnxz1 Ops.txt')
do k=2,nz

write(33,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=34,file='uznxz10ps.txt')
do k=1,nz

write(34,1010) (uzn(i,11,k),i=1,nx)
enddo

open(unit=335 file="uynyz10ps.txt')
do k=2,nz

write(35,1010) (uyn(11,j,k),j=1,ny)
enddo

C Stress

open(unit=36,file="saxxz10ps.txt")

do k=2,nz

write(36,1010) (saxn(i,11,k),i=1,nx+1)
enddo
open(unit=37,file='sazxz10ps.txt')

do k=1,nz+1

write(37,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=38,file="sayyz10ps.txt')
dok=2,nz

write(38,1010) (sayn(11,j,k),j=1,ny+1)
enddo
open(unit=39,file="saz10ps.txt')

do k=1,nz+1

write(39,1020) sazn(11,11,k)

enddo

end if
if (n.eq.3000) then

C The result at time t=15ps
C Displacement un

open(unit=40,file="uxnxz15ps.txt")
do k=2,nz

write(40,1010) (uxn(i,11,k),i=1,nx)
enddo

open(unit=41_ file="uznxz1 Sps.txt’)
do k=1,nz

write(41,1010) (uzn(i,11,k),i=1,nx)
enddo

open(unit=42 file="uynyzl 5ps.txt')
do k=2,nz

write(42,1010) (uyn(11,j,k),j=1,ny)
enddo

C Stress

open(unit=43 file="saxxz15ps.txt')

do k=2,nz

write(43,1010) (saxn(i,11.k),i=1,nx+1)
enddo

open(unit=44 file="sazxz15ps.txt")

do k=1,nz+1

write(44,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=45,file="sayyz15ps.txt')

do k=2,nz

write(45,1010) (sayn(11,j,k),j=1,ny+1)
enddo

open(unit=46, file="saz15ps.txt')

do k=1,nz+1

write(46,1020) sazn(11,11,k)

enddo
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end if
if (n.eq.3400) then

C The result at time t=17ps

open(unit=58, file="saz17ps.txt')
do k=1,nz+1

write(58,1020) sazn(11,11,k)
enddo

end if
if (n.eq.4000) then

C The result at time t=20ps

open(unit=47 file="ctexz20ps.txt)

do k=1,nz+1

write(47,1010) (TEold(, 11,k),i=1,nx+1)
enddo

open(unit=48, file="te20ps.txt")

do k=1,nz+1

write(48,1020) TEold(11,11,k)

enddo

C Lattice temp

open(unit=49, file='ctixz20ps.txt")

do k=1,nz+1

write(49,1010) (TLold(i,11,k),i=1,nx+1)
enddo

open(unit=50,file='t120ps.txt')

do k=1,nz+1

write(50,1020) TLold(11,11,k)

enddo

C Displacement un

open(unit=51,file='uxnxz20ps.txt')
dok=2,nz

write(51,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=52,file='uznxz20ps.txt')
do k=1,nz

write(52,1010) (uzn(i,11,k),i=1,nx)
enddo
open(unit=53,file='uynyz20ps.txt')
dok=2,nz

write(53,1010) (uyn(11,j,k),j=1,ny)
enddo

C Stress

open(unit=54, file='saxxz20ps.txt")

do k=2,nz

write(54,1010) (saxn(i,11,k),i=1,nx+1)
enddo
open(unit=55,file='sazxz20ps.txt')

do k=1,nz+1

write(55,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=56,file='sayyz20ps.txt')

do k=2,nz

write(56,1010) (sayn(11,j,k),j=1,ny+1)
enddo

open(unit=57,file="saz20ps.txt')

do k=1,nz+1

write(57,1020) sazn(11,11,k)

enddo

end if

C Complete the whole period
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1 enddo

print *, big

open(unit=59,file="Te10(x,y=0).dat")

do k=1,nz+1

write(59,1010) (z(k)*1.0D+6), TEold(11,11,k)
enddo

open(unit=60,file="T110(x,y=0).dat")

do k=1,nz+1

write(60,1010) (z(k)*1.0D+6), TLold(11,11,k)
enddo

open(unit=61,file="Tem224.dat")

do n=1,nt

write(61,1020) (t(n)*1.0D+12),((TEm(n)-300.0)/big)
enddo

open(unit=62,file='um224.dat)

do n=1,nt

write(62,1020) (t(n)*1.0D+12),(u3m(n)*1.0D+9)
enddo

open(unit=6,file="sigmaz10(x,y=0).dat")
print *, "zonezsel"
do k=1,nz+1
print *, (z(k)*1.0D+6), (sazn(11,11,k)*1.0D-9)
enddo

1010 format(401¢15.6)
1020 format(e15.6,3¢15.6)
end

C End main program

C Subroutines

C Calculate temperature

Subroutine
temp(nx,ny,nz,dx,dy,dzx,y,zt,dt,TLo,TLold,TEo,TEold,

$

LR R I

€pXn,epyn,epzn,epxo,epyo,epzo)

implicit double precision (a-h,l,0-z)

dimension x(51),y(51),z(221)

dimension TEo(41,41,101),TEold(41,41,101),
TLo(41,41,101),TLold(41,41,101),
TEnew(41,41,101),TLnew(41,41,101),
epxn(41,41,101),epyn(41,41,101),epzn(41,41,101),
epxo(41,41,101),epyo(41,41,101),epzo(41,41,101),
dTE(41,41,101),dTL(41,41,101)

integer iteration,flagE, flagl.

C Data

C Lame constant

clemta=199.0d+9

C Shear modulus

cmiu=27.0d+9



C Thermal expansion coefficient
alpha=14.2d-6

C Electron heat capacity
ce0=2.1d+4

C Lattic heat capacity
cl=2.5d+6

C Electron - lattic coupling factor
g=2.6d+16

C Electron thermal conducitivity
cke0=3.15d+2

C Laser fluence
flu=500.0

C Laser pulse duration
tp=0.1d-12

C Optical penetration depth
delta=15.3d-9

C Surface reflectivity
sur=0.93

C Spatial profile parameters
2s=1.0d-6

iteration=0

rx=dt/(4.0*dx*dx)

ry=dt/(4.0*dy*dy)

rz=dt/(4.0*dz*dz)

dO=g*dv/(2.0*cl)

deterror=1.0d-3
ee=(3.0*clemta+2.0*cmiu)*alpha*300.0/cl

C Iteration starts

C flagE and flagl. indicate whether TE and TL are

precise enough

C keep on iterating as long as flagE or flagl. equals to 1

2 dok=2,nz
do j=2,ny
do i=2,nx

C Heat source

aa=-z(k)/delta-((x(i)}-10.0*dx)*(x(i)-10.0*dx)

$  +(y(§)-10.0*dy)*(y(j)-10.0*dy))/(zs*zs)
$  -2.77%(t-2.0%tp)*(t-2.0*tp)/(tp*tp)
q=0.94*flu*(1.0-sur)*exp(aa)/(tp*delta)

a0=ce0*(TEo(i,j,k)*+ TEold(ij,k))/(2.0*300.0)

bl=cke0*(TEold(i+1,j,k)/TLold(i+1,j,k)
$ +TEold(ij,k)/TLold(i,j,k))*rx
b2=cke0*(TEold(ij,k¥TLold(ij,k)
$ +TEold(i-1,j,k)/TLold(i-1,j,K))*rx
b3=cke0*(TEold(i,j+1,k)/TLold(i,j+1,k)
+TEold(i,j,k)/TLold(i,j,k))*ry
bd=cke0*(TEold(ij,k)/TLold(i,j,k)
+TEold(i,j-1,k)/TLold(ij-1,k))*ry
bS=cke0*(TEold(ij,k+1)/TLold(i,j,k+1)
+TEold(i,j,k)/TLold(i,j,k))*rz
b6=cke0*(TEold(i,j,k)/TLold(ij,k)
+TEold(i,j,k-1)/TLold(i,j,k-1))*rz
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cl=cke0*(TEo(i+1,j,k)/TLo(i+1,j,k)+
TEo(ij,k)/TLo(i.j.k))*rx
c2=cke0*(TEo(i,j,k)/TLo(i,j.,k)
+TEof(i-1,j,k)/TLo(i-1,j,k))*rx
¢3=cke0*(TEo(i,j+1,k)/TLo(i,j+1,k)
+TEo(i,j,k)/TLo(ij,k))*ry
c4=cke0*(TEo(i,j,k)/TLo(i,j,k)
+TEo(i,j-1,kVTLo(ij-1,k))*ry
c5=cke0*(TEo(ij,k+1)/TLo(i,j,k+1)
+TEo(i,j,k)/TLo(i,j,k))*rz
c6=cke0*(TEo(i,j,k)/TLo(i,j,k)
+TEo(i,j,k-1)/TLo(i,j,k-1))*rz

dd=a0+b1+b2+b3+bd+b5+b6+g*dt/(2.0%(1.0+d0))
TEnew(ij,k)=(b1*TEold(i+1,j,ky+b2*TEold(i-1,j,k)
+b3*TEold(i,j+1,k)+b4*TEold(ij-1,k)
+bS*TEold(i,j.k+1)+b6*TEold(i,j,k-1)
-g*dt*(TEo(i,j,k)-TLo(i,j,k))/(2.0%(1.0+d0))
+g*dt*TLo(i,j,k)/(2.0%(1.0+d0))+a0* TEo(ij,k)
-g*dt*ee*((epxn(i,j,k)+epyn(i,j,k)y+epzn(ij.k))
~(epxo(i,j,k)+epyo(i,j,k)+epzo(i,.k)))
/(2.0%(1.0+d0))
+c1#%(TEo(i+1,,k)-TEo(ij,k))}-c2*(TEo(i,j,k)
-TEo(i-1,j,k)}+c3*(TEo(i,j+1,k)-TEo(ij,k))
-c4*(TEo(i,j,k)-TEo(ij-1,k))
+c5*(TEo(i,j,k+1)-TEo(ij,k))
-c6*(TEo(i,j,k)}-TEo(ij,k-1))

+q*dt)/dd

TLnew(i,j,k)=d0*TEnew(i,j,k)/(1.0+d0)
+d0*(TEo(i,j,k)-TLo(i,j,k))/(1.0+d0)
+TLo(i,j,k)/(1.0+d0)

-ee/(1.0+d0)
*((epxn(ij.k)y+epyn(i,j.k)+epzn(ij.k))
-(epxo(iy,k)
+epyo(i,j,k)+epzo(i,j,k)))

end do
end do
end do

C Boundary Conditions

do k=2,nz

do j=2,ny
TEnew(1,j,k)=TEnew(2,j,k)
TEnew(nx+1,j,k)=TEnew(nx,j,k)
TLnew(1,j,k)=TLnew(2,j,k)
TLnew(nx+1,j,k)=TLnew(nx,j,k)
end do

end do

do k=2.nz

do i=2,nx
TEnew(i,1,k)=TEnew(i,2,k)
TEnew(i,ny+1,k)=TEnew(i,ny,k)
TLnew(i,1,k)=TLnew(i,2,k)
TLnew(i,ny+1,k)=TLnew(i,ny,k)
end do

end do

do j=2,ny
do i=2,nx



TEnew(i,j,1 =TEnew(i,),2)
TEnew(i,j,nz+1)=TEnew(i,j,nz)
TLnew(i,j,1)=TLnew(i,j,2)
TLnew(i,j,nz+1)=TLnew(i,j,nz)
end do

end do

C Test for convergence

detmax=0.0

do i=2,nx

do j=2,ny

do k=2,nz
det1=abs(TEnew(i,j,k)-TEold(i,j,k))
if (detl.gt.detmax) detmax=det1
det2=abs(TLnew(i,j,k)-TLold(i,j,k))
if (det2.gt.detmax) detmax=det2
enddo

enddo

enddo

if (detmax.le.deterror) goto 3
do i=1,nx+1

do j=1,ny+1

do k=1,nz+1
TEold(i,),k)=TEnew(i,j,k)
TLold(i,j,k)=TLnew(i,j,k)
enddo

enddo

enddo
iteration=iteration+1

goto 2

C Update all the TEold, TLold with TEnew and TLnew

3  doj=l,ny+l
do i=1,nx+1
do k=1,nz+1
TEold(i,j,k)=TEnew(i,j,k)
TLold(i,j,k)=TLnew(i,j,k)

enddo
enddo
enddo
write (*,*) "iteration=", iteration
C Iterations Done---=-==-mmmmmumu
END

C End of subroutine temp()
C Calculate velocity

Subroutine
velocity(nx,ny,nz,dx,dy,dz,dt, TEo, TEold,saxo,sayo,
$ sazo, saxyo,saxzo,sayzo,

$ saxn,sayn,sazn,saxyn,saxzn,sayzn,

$ vxo,vyo,vzo,vxn,vyn,vzn,uxo,uyo,uzo,

$ uxn,uyn,uzn,difx,dify,

$ difz, difxyy,difxzz, difxyx,difyzz,difxzx,difyzy)

implicit double precision (a-h,l,0-z)

dimension TEo(41,41,101),TEold(41,41,101),
$ saxo(41,41,101),sayo(41,41,101),sazo(41,41,101),
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saxyo(41,41,101),saxzo(41,41,101),sayzo(41,41,101),
saxn(41,41,101),sayn(41,41,101),sazn(41,41,101),
saxyn(41,41,101),saxzn(41,41,101),sayzn(41,41,101),
vxo(41,41,101),vyo(41,41,101),vz0(41,41,101),
vxn(41,41,101),vyn(41,41,101),vzn(41,41,101),
uxo(41,41,101),uyo(41,41,101),uzo(41,41,101),

Lo R

uxn(41,41,101),uyn(41,41,101),uzn(41,41,101),
difx(41,41,101),dify(41,41,101),difz(41,41,101),
difxyy(41,41,101),
difxzz(41,41,101),difxyx(41,41,101),
difyzz(41,41,101),

difxzx(41,41,101),

difyzy(41,41,101)

APPSR A

C Density
lou=1.93d+4

C Electron - biast coefficient
tri=70
theta=0.5

do k=2,nz
do j=2,ny
do i=1,nx

vxn(i,j,K)=(difx(ij,k)
$ +difxyy(i,j,k)difxzz(ij,k)
$ -+tri*theta*(TEold(i+1,j,k)*TEold(i+1,j.k)-TEold(ij,k)
$ *TEold(i,j,k))/dx
$ -+tri*(1.0-theta)*(TEo(i+1.j,K)*TEo(i+1,j,k)-TEo(ij,k)
$ *TEo(i,j,k))/dx)*dt/lou+vxo(i,,k)

uxn(i,j,k)=(theta*vxn(i,j,k)
$ +(1.0-theta)*vxo(i,j,k))*dt+uxo(i,j,k)
end do
end do
end do

dok=2,nz

do i=2,nx

do j=1,ny

vyn(i,j,K)=(difxyx(i,j,k)
$ +dify(i,j,k)+difyzz(i,j,k)
$ +tri*theta*(TEold(i,j+1,k)*TEold(i,j+1,k)-TEold(i,j,k)
$ *TEold(i,j,k))/(dy)
$ +tri*(1.0-theta)*(TEo(i,j+1,k)*TEo(i,j+1,k)-TEo(i,j,k)
$ *TEo(i,j,k))/(dy))*dt/lout+vyo(i,j,k)

uyn(i,j,k)=(theta*vyn(i,j,k)+(1.0
$ -theta)*vyo(i,j,k))*dt+uyo(i,j,k)

end do

end do

end do

do i=2,nx

do j=2,ny

do k=1,nz

vzn(i,j,k)=(difxzx(i,j,k)
$ +difyzy(i,j,k)+difz(i,j, k)
$ +tri*theta*(TEold(i,j,k+1)*TEold(i,j,k+1)-TEold(i,j,k)
$ *TEold(i,j,k))/(dz)



107

$ +tri*(1.0-theta)*(TEo(i,j,k+1)*TEo(i,j,k+1)-TEo(i,j,k) end do
$ *TEo(i,,k))/(dz))*dt/lou+vzo(i,j,k)
return
uzn(i,j,k)=(theta*vzn(i,j,k)+(1.0 end

$ -theta)*vzo(i,j,k))*dt+uzo(i,j,k)
end do
end do



APPENDIX B

SOURCE CODE FOR 3D
DOUBLE-LAYERED CASE
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C Main program
C Set all variable

implicit double precision (a-h,l,0-z)
dimension t(4001),t1(4001),x(51),y(51),2(221)
dimension TEo(41,41,101),TEold(41,41,101),
$ TLo(41,41,101),TLold(41,41,101),
$ TEm(4001),TLm(4001),
$ ulm(4001),u2m(4001),u3m(4001),
$ vim(4001),v2m(4001),v3m(4001),

C Ex, Ey, Ez normal strain and shear strain

$ epxo(41,41,101),epyo(41,41,101),epzo(41,41,101),

$ epxyo(41,41,101),epxzo(41,41,101),epyzo(41,41,101),
$ xsaoo(41,41,101),ysa00(41,41,101),zsa00(41,41,101),
$ ssaooxy(41,41,101),ssa00xz(41,41,101),

$ ssaooyz(41,41,101),

$ epxn(41,41,101),epyn(41,41,101),epzn(41,41,101),

$ epxyn(41,41,101),epxzn(41,41,101),epyzn(41,41,101),

C Normal stress and shear stress

$ saxo(41,41,101),sayo(41,41,101),sazo(41,41,101),

$ saxyo(41,41,101),saxzo(41,41,101),sayzo(41,41,101),
$ saxn(41,41,101),sayn(41,41,101),sazn(41,41,101),

$ saxyn(41,41,101),saxzn(41,41,101),sayzn(41,41,101),

C Velocity and displacement

$ wvxo(41,41,101),vyo(41,41,101),vzo(41,41,101),
$ vxn(41,41,101),vyn(41,41,101),vzn(41,41,101),
$ uxo(41,41,101),uyo(41,41,101),uz0(41,41,101),
$ uxn(41,41,101),uyn(41,41,101),uzn(41,41,101),

C Stress derivative

$ d(41,41,101),b(221),c(221),a(221),beta(221),

$ gama(41,41,101),

$ difx(41,41,101),dify(41,41,101),difz(41,41,101),
$ difkyx(41,41,101),difkyy(41,41,101),

$ difxzx(41,41,101),

$ difxzz(41,41,101),difyzy(41,41,101),

$ difyzz(41,41,101),

C Additional set

$ ul(41,41,101),u2(41,41,101),u3(41,41,101),
$ u4(41,41,101),

$ u5(41,41,101),u6(41,41,101),

$ u7(41,41,101),u8(41,41,101),

$ u9(41,41,101)

C Data

C Lame constant
clemtal=199.0d+9
clemta2=83.3d+9

C Shear modulus
cmiul=27.0d+9
cmiu2=115.0d+9

C Thermal expansion coefficient
alphal=14.2d-6
alpha2=4 9d-6
open(unit=3, file="etm.txt)
open(unit=7, file="um.txt')

C dimension

Ix=1.0D-4
Iy=1.0D-4
1z=1.0D-7

C grid

nx=20
ny=20
nz=80
nz2=41
dx=Ix/nx
dy=ly/ny
dz=lz/nz

C Time increment

nt=4000
dt=0.005d-12

icounter=0
x(1)=0
y(1)=0
z(1)y=0

do i=2,nx+1

x()=x(i-1y+dx

enddo

do j=2,ny+1
y(@)y=yG-1y+dy

enddo

do k=2,nz+1
z(kyz(k-1y+dz

enddo

theta=0.5

C Initial conditions

do i=1,nx+1

do j=1,ny+1

do k=1,nz+1
TEo(i,j,k)=300.0
TLo(i,j,k)=300.0
TEold(i,j,k)=300.0
TLold(i,j,k)=300.0

epxo(i,j,k)=0.0
epyo(i,j,k)=0.0
epzoi,j,k)=0.0
saxo(i,j,k)=0.0
sayo(i,j,k)=0.0
sazo(i,j,k)=0.0
xsa00(i,),k)=0.0
ysaoo(i,j,k)=0.0
25200(i,j,k)=0.0

ssaooxy(i,j,k)=0.0
ssaooxz(i,j,k)=0.0
ssaooyz(i,},k)=0.0
difx(i,j,k)=0.0
dify(i,j,k)=0.0
difz(i,),k)=0.0
difxyx(i,j,k)=0.0
difxyy(i,j,k)=0.0
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difxzx(1,j,k)=0.0
difxzz(i,j,k)=0.0
difyzy(i,j,k)=0.0
difyzz(i,),k)=0.0
enddo
enddo
enddo

do i=1,nx

do j=1,ny+1
do k=1,nz+1
uxo(i,j,k)=0.0
vxo(i,},k)=0.0
enddo

enddo

enddo

do i=1,nx+1
do j=1,ny

do k=1,nz+1
uyo(i,j,k)=0.0
vyo(ij.k)=0.0
enddo

enddo

enddo

do i=1,nx+1
do j=1,ny+1
dok=1,nz
uzo(i,j,k)=0.0
vzo(iy,k)=0.0
enddo

enddo

enddo

do i=1,nx

do j=l,ny

do k=2,nz
epxyo(i,j,k)=0.0
saxyo(i,),k)=0.0
enddo

enddo

enddo

do i=1,nx

do j=2,ny

do k=1,nz
epxzo(i,j,k)=0.0
saxzo(i,j,k)=0.0
enddo

enddo

enddo

do i=2,nx

do j=1,ny

do k=1,nz
epyzo(i,j,k)=0.0
sayzo(i,j,k)=0.0
enddo

enddo

enddo

n=1

TEm(n)=0.0
TLm(n)=0.0

big=0.0
write(*,*) 'start’

do 1 n=1,nt
t(n)=n*dt

t1(n)=(n-1)*dt+dt/2.0

C Guess normal and shear strain Ex, Ey, Ez, Exy,

Eyz, Exz Values

do i=1,nx+1
do j=1,ny+1
do k=1,nz+1

epxn(i,j,k)=epxo(i,j,k)
epyn(iyj,k)=epyo(i,j,k)
epzn(i,j,k)y=epzo(i,j,k)
epxyn(iij,ky=epxyo(i,j.k)
epyzn(i,j,k)=epyzo(i,j,k)
epxzn(i,j,k)=epxzo(i,j,k)

enddo
enddo
enddo

C Iteration

tol=1d-17
detuvmax=tol+1d-5

do while (detuvmax.gt.tol)

detuvmax=0.0
detlmax=0.0
det2max=0.0
det3max=0.0
detdmax=0.0
detSmax=0.0
detbmax=0.0

C Call subroutine calculate temperature

Call temp(nx,ny,nz,nz2,dx,dy,dz,x,y,z,t1(n),dt,TLo,
$ TLold,TEo,TEold,epxn,epyn,epzn,epXo,epyo,epzo}

C Compute normal stress

do j=1,ny+1

do k=I,nz+1
saxn(1,j,k)=0.0
saxn(nx+1,j,k)=0.0
end do

end do

do i=1,nx+1

do k=1,nz+1
sayn(i, 1,k)=0.0
sayn(i,ny+1,k)=0.0
end do

end do
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do j=1,ny+1

do i=1,nx+1
sazn(i,j,1)=0.0
sazn(i,j,nz+1)=0.0
end do

end do

do i=2,nx
do j=2,ny

C gold

© o LR K]

o &

clemta=clemtal

cmiu=cmiul

alpha=alphal

do k=2,nz2-1
saxn(i,j,k)=(clemta+2.0*cmiu)*epxn(i,j,k)
+clemta*epyn(i,},k)

+clemta*epzn(i,j,k)
-(3.0*clemta+2.0*cmiu)*alpha*(TLold(i,j,k)-300.0)

sayn(i,j,k)=clemta*epxn(i,j,k)
+(clemta+2.0*cmiu)*epyn(i,j,k)
+clemta*epzn(i,j,k)
-(3.0*clemta+2.0*cmiu)*alpha*(TLold(i,j,k)-300.0)

sazn(i,j,k)=clemta*epxn(i,j,k)
+(clemta+2.0*cmiu)*epzn(i,j,k)
+clemta*epyn(i,j,k)
-(3.0*clemta+2.0*cmiu)*alpha*(TLold(i,j,k)-300.0)
end do

C Chromium

LR R ¥ H o

[ R ]

clemta=clemta2

cmiu=cmiu2

alpha=alpha2

do k=nz2+1,nz
saxn(i,j,k)=(clemta+2.0*cmiu)*epxn(i,j,k)
+clemta*epyn(i,j,k)

+clemta*epzn(i,j,k)
-(3.0*clemta+2.0*cmiu)*alpha*(TLold(i,j,k)-300.0)

sayn(i,j,k)=clemta*epxn(i,j,k)
+(clemta+2.0*cmiu)*epyn(i,j, k)
+clemta*epzn(i,j,k)
-(3.0*clemta+2.0*cmiu)*alpha*(TLold(i,j,k)-300.0)

sazn(i,j,k)=clemta*epxn(i,j,k)
+Hclemta+2.0*cmiu)*epzn(i,j,k)
+clemta*epyn(i,j,k)
-(3.0*clemta+2.0*cmiu)*alpha*(TLold(i,j,k)-300.0)
end do

k=nz2
saxn(i,j,k)=(saxn(i,j,k+1)}+saxn(i,j,k-1))/2
sayn(i,j,k)=(sayn(i,j,k+1)+sayn(i,j,k-1))/2
sazn(i,j,k)=(sazn(i,j,k+ 1 )+sazn(i,j,k-1))/2
end do
end do

C Calculate shear stress

do j=l,ny

do k=2,1n1z
saxyn(1,j,k)=0.0
saxyn(nx,j,k)=0.0
end do

end do

do i=1,nx

do k=2,nz
saxyn(i, 1,k)=0.0
saxyn(i,ny,k)=0.0
end do

end do

do j=2,ny-1

do i=2,nx-1

clemta=clemtal

cmiv=cmiul

alpha=alphal

do k=2,nz2-1
saxyn(i,j,k)=cmiu*epxyn(i,j,k)
end do

clemta=clemta2

cmiv=cmiu2

alpha=alpha2

do k=nz2+1,nz
saxyn(i,j,k)=cmiu*epxyn(i,j,k)
end do

k=nz2
saxyn(i,j,k)=(saxyn(i,j,k+1)+saxyn(i,j,k-1))/2
end do

end do

do j=2,ny

do k=1,nz
saxzn(1,j,k)=0.0
saxzn(nx,j,k)=0.0
end do

end do

do i=1,nx

do j=2,ny
saxzn(i,j,1)=0.0
saxzn(i,j,nz)=0.0
end do

end do

do j=2,ny

do i=2,nx-1

clemta=clemtal

cmiu=cmiul

alpha=alphal

do k=2,nz2-1
saxzn(i,j,k)y=cmiu*epxzn(i,j,k)
end do

clemta=clemta2

cmiu=cmiu2

alpha=alpha2

do k=nz2,nz-1
saxzn(i,j,k)=cmiu*epxzn(i,j,k)
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end do end do
end do end do
end do end do
do i=2,nx b(nx-1)=-1.0/24.0
dok=1,nz a(nx-1=11.0/12.0
sayzn(i, 1 ,k)=0.0 ¢(nx-1)=0.0
sayzn(i,ny,k)=0.0
end do do k=2,nz
end do do j=2,ny
d(nx-1,j,k)=(saxn(nx,j,k)-saxn(nx-1,j,k))/dx
do i=2,nx $ -1.0/24.0*difx(nx,j,k)
do j=1,ny end do
sayzn(i,j,1)=0.0 end do
sayzn(i,j,nz)=0.0
end do beta(nx)=0.0
end do do k=2,nz
do j=2,ny
do j=2,ny-1 gama(nx,j,k)=0.0
do i=2,nx end do
clemta=clemtal end do
cmiu=cmiul
alpha=alphal do m=2,nx-1
do k=2,n22-1 =nx-m+1
sayzn(i,j,k)=cmiu*sayzn(i,j,k) beta(i)=b(i)/(a(i)-c(i)*beta(i+1))
end do do j=2,ny
clemta=clemta2 do k=2,nz
cmiu=cmiu2 gama(i,j,k)=(d(i,j,k)+c(i)*gama(i+1,j,k))/(a(i)
alpha=alpha2 $ -c(i)*beta(i+1))
do k=nz2,nz-1 end do
sayzn(i,j,k)=cmiu*sayzn(i,j,k) end do
end do end do
end do
end do do j=2,ny
do k=2,nz
C Calculate derivative of stress difx ul(1,3,k)=0.0
end do
do k=2,nz end do
do j=2,ny
difx(1,j,k)=(saxn(2,j,k)-saxn(1,j,k))/dx do i=2,nx-1
difx(nx,j,k)=(saxn(nx+1,j,k)-saxn(nx,j,k))/dx do j=2,ny
end do do k=2,nz
end do ul(i,j,k)=beta(i)*ul(i-1,j,k)+gama(i,j,k)
difx(i,j,k)y=ul(ij,k)
b(2)=0.0 end do
a(2)=11.0/12.0 end do
c(2)=-1.0124.0 end do
do k=2,nz do i=1,nx
do j=2,ny a(i0
d(2,j,k)=(saxn(3,j,k)-saxn(2,j,k))/dx b(iy=0
$ -1.0/24.0%difx(1,j,k) c(i)=0
end do beta(i)=0
end do do j=1,ny
do k=1,nz
do i=3,nx-2 gama(i,j,k)=0.0
b(i)=-1.0/24.0 d(i,j,k)=0.0
a(i)=11.0/12.0 end do
c(i)=-1.0/24.0 end do
do j=2,ny end do
do k=2,nz

d(i,j,k)=(saxn(i+1,j,k)-saxn(i,j,k))/dx C Calculate derivative of stress dify



do k=2,nz

do i=2,nx

dify(i,1,k)=(sayn(i,2 k)-sayn(i, 1,k))/dy
dify(i,ny k)=(sayn(i,ny+1,k)-sayn(i,ny,k))/dy
end do

end do

b(2)=0.0
a(2)=11.0/12.0
¢(2)=-1.0124.0

do k=2,nz

do i=2,nx
d(i,2,k)y=(sayn(i,3,k)-sayn(i,2,k))/dy
-1.0/24.0*dify(i,1,k)

end do

end do

do j=3,ny-2

b(j)=-1.0/24.0

a(j)=11.0/12.0

c(j=-1.0/24.0

do i=2,nx

do k=2,nz
d(ij,k)=(sayn(i,j+1,k)-sayn(i,j,k))/dy
end do

end do

end do

b(ny-1)=1.0/24.0
a(ny-1)=11.0/12.0
c(ny-1)=0.0

do i=2,nx

do k=2,nz
d(i,ny-1,k)y=(sayn(i,ny,k)-sayn(i,ny-1,k))/dy
-1.0/24.0*dify(i,ny,k)

end do

end do

beta(ny)=0.0

do i=2,nx

do k=2,nz
gama(i,ny,k)=0.0
end do

end do

do m=2,ny-1

Jj=ny-m+1

beta(j)=b(j)/(a(j)-c(j)*beta(j+1))

do i=2,nx

do k=2,nz

gama(i,j,k)=(d(i,j,k)+c(j)* gama(i,j+1,k))/(a(j)
-¢(j)*beta(j+1))

end do

end do

end do

do i=2,nx
do k=2,nz
u2(i, 1,k)=0.0
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end do
end do

do j=2,ny-1

do i=2,nx

do k=2,nz
u2(i,j,k)=beta(j)*u2(i,j-1,k)+gama(i,j,k)
dify(i,j,k)y=u2(i,j.k)

end do

end do

end do

do i=1,nx
a(iy=0
b(i)y=0
c(i)=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do
end do

C Calculate derivative of stress difz

do i=2,nx

do j=2,ny

difz(i,j, 1)y=(sazn(i,j,2)~sazn(i,j,1))/dz
difz(i,j,nzy=(sazn(i,j,nz+1)-sazn(i,j,nz))/dz
end do

end do

b(2)=0.0
a(2)=11.0/12.0
c(2)=-1.0/24.0

do i=2,nx

do j=2,ny
d(i,j,2)=(sazn(i,j,3)-sazn(i,j,2))/dz-1.0/24.0*difz(i,j, 1)
end do

end do

do k=3,nz-2

b(k)=-1.0/24.0

a(k=11.0/12.0

c(k)=-1.0/24.0

do j=2,ny

do i=2,nx
d(i,j,k)=(sazn(i,j,k+1)-sazn(i,j,k))/dz
end do

end do

end do

b(nz-1)=-1.0/24.0
a(nz-1)=11.0/12.0
c(nz-1)=0.0

do i=2,nx
do j=2,ny
d(i,),nz-1)=(sazn(i,),nz)-sazn(i,j,nz-1))/dz



$

-1.0/24.0*difz(i,j,nz)
end do
end do

beta(nz)=0.0

do i=2,nx

do j=2,ny
gama(i,j,nz)=0.0
end do

end do

do m=2,nz-1

k=nz-m+1

beta(k)=b(k)/(a(k)-c(k)*beta(k+1))

do j=2,ny

do i=2,nx
gama(i,j,k)=(d(i,j. k)y+c(k)* gama(i,j.k+1))(a(k)
-c(k)*beta(k+1))

end do

end do

end do

do i=2,nx
do j=2,ny
u3(i,j,1)=0.0
end do

end do

do i=2,nx

do j=2,ny

do k=2,nz-1
u3(i,j,k)=beta(k)*u3(i,j,k-1)+gama(i,j,k)
difz(i,j,k)=u3(i,j,k)

end do

end do

end do

do i=1,nx
a(i)=0
b(i)=0
c(i)=0
beta(iy=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difxyx

do k=2,nz

do j=1,ny
difxyx(2,j,k)=(saxyn(2,j,k)-saxyn(1,j,k))/dx
difxyx(nx,j,k)=(saxyn(nx,j,k)-saxyn(nx-1,j,k))/dx
end do

end do

b(3)=0.0
a(3)=11.0/12.0
c(3)=-1.0/24.0

dok=2nz

do j=1,ny
d(3.j,k)=(saxyn(3,},k)-saxyn(2,j,k)y/dx
-1.0/24.0*difxyx(2,),k)

end do

end do

do i=4,nx-2

b(i)=-1.0/24.0

a(i)=11.0/12.0

c(i)=-1.0/24.0

do j=1,ny

do k=2,nz
d(i,j,k)y=(saxyn(i,j,k)-saxyn(i-1,j,k))/dx
end do

end do

end do

b(nx-1)=-1.0/24.0
a(nx-1=11.0/12.0
c(nx-1)=0.0

do k=2,nz

do j=1,ny
d(nx-1,j,k)=(saxyn(nx-1,j,k)-saxyn(nx-2,j,k))/dx
-1.0/24.0*difxyx(nx,j,k)

end do
end do

beta(nx)=0.0

do k=2,nz

do j=l,ny
gama(nx,j,k)=0.0
end do

end do

do m=3,nx-1

i=nx-m+2

beta(i}=b(i)/(a(i)-c(i)*beta(i+1))

do j=1,ny

do k=2,nz
gama(i,j,k)=(d(i,j,k)+c(i)*gama(i+1,j,k))/(a(i)
-c(i)*beta(i+1))

end do

end do

end do

do j=l,ny

do k=2,nz
u4(2,),k)=0.0

end do

end do

do i=3,nx-1

do j=1,ny

do k=2,nz
ud(i,j,k)=beta(i)*ud(i-1,j,k)+gama(i,j,k)
difxyx(i,j,k)=ud(i,j,k)
end do

end do

end do



do i=1,nx
a(i)=0
b(i)=0
c(i=0
beta(iy=0
do j=1,ny
dok=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difxyy

do k=2,nz

do i=1,nx
difxyy(i,2,k)=(saxyn(i,2,k)-saxyn(i, 1,k))/dy
difxyy(i,ny,k)y=(saxyn(i,ny,k)-saxyn(i,ny-1,k))/dy
end do

end do

b(3)=0.0
a(3)=11.0/12.0
¢(3)=-1.0/24.0

do k=2,nz
do i=1,nx
d(i,3,k)y=(saxyn(i,3,k)-saxyn(i,2,k))/dy

$ -1.0/24.0*difxyy(i,2,k)

end do
end do

do j=4,ny-2

b(j=1.0/24.0

a(=11.0/12.0

c(j)=-1.0/24.0

do i=1,nx

do k=2,nz
d(i,j.k)y=(saxyn(i,j,k)-saxyn(i,j-1,k))/dy
end do

end do

end do

b(ny-1)=-1.0/24.0
a(ny-1)=11.0/12.0
c(ny-1=0.0

do k=2,nz

do i=1,nx
d(i,ny-1,k)y=(saxyn(i,ny-1,k)-saxyn(i,ny-2,k))/dy
-1.0/24.0*difxyy(i,ny,k)

end do

end do

beta(ny)=0.0

do k=2,nz

do i=1,nx
gama(i,ny,k)=0.0
end do

end do
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do m=3,ny-1

j=ny-m+2

beta(j)=b(j)/(a(j)-c()*beta(i+1))

do i=1,nx

do k=2,nz

gama(i,j,k)y=(d(i,,k)+c(j)* gama(i,j+1,k))/(aG)
-¢(j)*beta(j+1))

end do

end do

end do

do i=1,nx

do k=2,nz
u5(1,2,k)=0.0

end do

end do

do i=1,nx

do j=3,ny-1

do k=2,nz
u5(i,j,ky=beta(j)*u5(i,j-1,k)y+gama(i,j,k)
difxyy(i,j,ky=u5(i,j,k)
end do

end do

end do

do i=1,nx
a(iy=0
b(i)=0
c(i)=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difxzx

do k=1,nz

do j=2,ny
difxzx(2,j,k)=(saxzn(2,j,k)-saxzn(1,j,k))/dx
difxzx(nx,j,k)y=(saxzn(nx,j,k)-saxzn(nx-1,j,k))/dx
end do

end do

b(3)=0.0
a(3)=11.0/12.0
c(3)=-1.024.0

do k=1,nz

do j=2,ny
d(3.j,k)=(saxzn(3,j,k)-saxzn(2,j,k))/dx
-1.0/24.0*difxzx(2,j,k)

end do

end do

do i=4,nx-2
b(i)=-1.0/24.0
a(i)=11.0/12.0



c(i)=-1.0/24.0

do j=2,ny

do k=1,nz
d(i,j,k)=(saxzn(i,j,k)-saxzn(i-1,j,k))/dx
end do

end do

end do

b(nx-1)=-1.0/24.0
a(nx-1y=11.0/12.0
c(nx-1)=0.0

do k=1,nz

do j=2,ny
d(nx-1,j,k)=(saxzn(nx-1,j,k)-saxzn(nx-2,j,k))/dx
-1.0/24.0 *difxzx(nx,j,k)

end do

end do

beta(nx)=0.0

do k=1,nz

do j=2,ny
gama(nx,j,k)=0.0
end do

end do

do m=3,nx-1

i=nx-m+2

beta(i)=b(i)/(a(i)-c(i)*beta(i+1))

do j=2,ny

do k=1,nz

gama(i,j,Ky=(d(i,j,k)+c(i)* gama(i+1,j,k))/(a(i)
-c(i)*beta(i+1))

end do

end do

end do

do j=1,ny

do k=2,nz
u6(2,j,k)=0.0

end do

end do

do i=3,nx-1

do j=2.ny

do k=1,nz
u6(i,j,k)=beta(i)*u6(i-1,j,k)+gama(i,j,k)
difxzx(i,),k)=u6(i,j,k)
end do

end do

end do

do i=1,nx
a(i)y=0
b(i)=0
c(iy=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difxzz

do i=1,nx

do j=2,ny
difxzz(i,j,2)=(saxzn(i,j,2)-saxzn(i,j,1))/dz
difxzz(i,j,nz)=(saxzn(i,j,nz)-saxzn(i,j,nz-1))/dz
end do

end do

b(3)=0.0
a(3)=11.0/12.0
c(3)=-1.0/24.0

do i=1,nx

do j=2,ny
d(ij,3)=(saxzn(i,j,3)-saxzn(i,j,2))/dz
-1.0/24.0*difxzz(i,),2)

end do

end do

do k=4,nz-2

b(k)=-1.0/24.0

a(k)=11.0/12.0

c(k)y=-1.0/24.0

do j=2,ny

do i=1,nx
d(i,j,k)=(saxzn(i,j,k)-saxzn(i,j,k-1))/dz
end do

end do

end do

b(nz-1)=-1.0/24.0
a(nz-1y=11.0/12.0
¢(nz-1)=0.0

do i=1,nx

do j=2,ny
d(i,j,nz-1)=(saxzn(i,j,nz-1)-saxzn(i,j,nz-2))/dz
-1.0/24.0*difxzz(i,j,nz)

end do

end do

beta(nz)=0.0

do i=1,nx

do j=2,ny
gama(i,j,nz)=0.0
end do

end do

do m=3,nz-1

k=nz-m+2

beta(k)=b(k)/(a(k)-c(k)*beta(k+1))

do j=2,ny

do i=1,nx
gama(i,j,ky=(d(i,j.k)y+c(k)*gama(i,j,k+1))/(a(k)
-c(k)*beta(k+1))

end do

end do

end do



do i=1,nx
do j=2,ny
u7(i,),2)=0.0
end do

end do

do i=1,nx
do j=2,ny
do k=3,nz-1

u7(i,j,k)=beta(k)*u7(i,j,k-1+gama(ij,k)

difxzz(i,j,k)=u7(i,j,k)
end do
end do
end do

do i=1,nx
a(i)=0
b(i)=0
c(iy=0
beta(i)=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difyzy

dok=1,nz
do i=2,nx

difyzy(i,2,k)=(sayzn(i,2,k)-sayzn(i, 1,k))/dy
difyzy(i’ny’k)z(sayzn(i’nYak)'Sayzn(i,n)I' 1 ’k))/dy

end do
end do

b(3)=0.0
a(3)=11.0/12.0
c(3)=-1.0/24.0

do k=1,nz

do i=2,nx

d(i,3,k)=(sayzn(i,3,k)-sayzn(i,2,k))/dy
$ -1.0/24.0*difyzy(i,2,k)

end do

end do

do j=4,ny-2

b(j)=-1.0/24.0

a(j=11.0/12.0

c(j)=-1.0/24.0

do i=2,nx

do k=1,nz
d(i,j,k)=(sayzn(i,j,k)-sayzn(i,j-1,k))/dy
end do

end do

end do

b(ny-1)=-1.0/24.0
a(ny-1)=11.0/12.0
c(ny-1)=0.0

do k=1,nz
do i=2,nx

d(i,ny-1,k)=(sayzn(i,ny-1,k)-sayzn(i,ny-2,k))/dy
$ -1.0/24.0*difyzy(i,nyk)

end do
end do

beta(ny)=0

do k=1,nz

do i=2,nx
gama(i,ny,k)=0
end do

end do

do m=3,ny-1

j=ny-m+2

beta(j}=b(j)/(a()-c(j)*beta(j+1))
do i=2,nx
dok=1,nz

gama(i,j,k)=(d(ij,k)+c(j)* gama(i,j+1,k))(aG)

-c(j)*beta(j+1))
end do
end do
end do

do i=2,nx

do k=1,nz
u8(i,2,k)=0.0

end do

end do

do i=2,nx

do j=3,ny-1

do k=1,nz
u8(i,j,k)=beta(j)*u8(i,j-1,k)+gama(i,j,k)
difyzy(i.j,K)=u8(i,j.k)
end do

end do

end do

do i=1,nx
a(iy=0
b(i)=0
c(i)=0
beta(iy=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate derivative of stress difyzz

do i=2,nx
do j=1,ny
difyzz(i,j,2)=(sayzn(i,j,2)-sayzn(i,j,1))/dz

difyzz(i,j,nz)=(sayzn(i,j,nz)-sayzn(i,j,nz-1))/dz

end do
end do
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b(3)=0.0
a(3)=11.0/12.0
c(3)=-1.0/24.0

do i=2,nx

do j=1,ny
d(i,,3)=(sayzn(i,j,3)-sayzn(i,j,2))/dz
-1.0/24.0*difyzz(i,j,2)

end do

end do

do k=4,nz-2

b(k)=-1.0/24.0

a(k)=11.0/12.0

c(k)=1.0/24.0

do j=1,ny

do i=2,nx
d(i,j,k)y=(sayzn(i,j,k)-sayzn(i,j,k-1))/dz
end do

end do

end do

b(nz-1)=1.0/24.0
a(nz-1)=11.0/12.0
¢(nz-1)=0.0

do i=2,nx

do j=1,ny
d(i,j,nz-1)=(sayzn(i,j,nz-1)-sayzn(i,j,nz-2))/dz
-1.0/24.0 *difyzz(i,j,nz)

end do

end do

beta(nz)=0.0

do i=2,nx

do j=1,ny
gama(i,j,nz)=0.0
end do

end do

do m=3,nz-1

k=nz-m+2
beta(k)=b(k)/(a(k)-c(k)*beta(k+1))
do j=1,ny

do i=2,nx

gama(i,j,k)y=(d(i,j,k)+c(k)*gama(i,j,k+1))/(a(k)

-c(k)*beta(k+1))
end do
end do
end do

do i=2,nx

do j=1,ny
u9(1,j,2)=0.0

end do

end do

do i=2,nx

do j=l,ny

do k=3,nz-1
u9(i,j,k)=beta(k)*u9(i,j,k-1)+gama(i,j,k)
difyzz(i,j,k)=u9(i,j.k)
end do
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end do
end do

do i=1,nx
a(iy=0
b(i)=0
c(iy=0
beta(iy=0
do j=1,ny
do k=1,nz
gama(i,j,k)=0.0
d(i,j,k)=0.0
end do

end do

end do

C Calculate velocity

call velocity(nx,ny,nznz2,dx,dy,dz,dt, TEo,TEold,
$ saxo,sayo,5az0,5axyo,5axz0,sayz0,
$ saxn,sayn,sazn,saxyn,saxzn,sayzn,vxo,
$ vyo,vzo,vxn,vyn,vzn,
$ uxo,uyo,uzo,uxn,uyn,uzn,difx,dify,
$ difzdifxyy,difxzz, difxyx,difyzz difxzx,difyzy)

C Calculate strain

do k=2,nz

do j=2,ny

do i=2,nx

epxn(i,j,k)y=(theta*(vxn(i,j,k)-vxn(i-1,j,k))
$ +(1.0-theta)*(vxo(i,j,k)-vxo(i-1,j,k))) *dv/dx
$ +epxo(i,j,k)

epyn(i,j,k)=(theta*(vyn(i,j,k)-vyn(ij-1,k))
$ +(1.0-theta)*(vyo(i,j,k)-vyo(i,j-1,k)))*dv/dy
$ +epyo(ij.k)

epzn(i,j,k)=(theta*(vzn(i,j,k)-ven(i,j,k-1))
$ +(1.0-theta)*(vzo(i,j,k)-vzo(i,j,k-1)))*dt/dz
$ +epzo(i,j.k)

end do

end do

end do

C Calculate Shear strain

do k=2nz

do j=2,ny-1

do i=2,nx-1

epxyn(i,j,k)=(theta*(vxn(i,j+1,k)-vxn(i,j,k))
$ +(1.0-theta)*(vxo(i,j+1.k)-vxo(i,j,k)))*dvdy
$ +(theta*(vyn(i+1,j,k)-vyn(i,j,k))
$ +(1.0-theta)*(vyo(i+1,j,k)-vyo(i,j,k)))*d/dx
$ +epxyo(i,j,k)

end do

end do

end do

do k=2 nz-1
do j=2,ny
do i=2,nx-1



epxzn(i,j,k)=(theta*(vxn(i,j,k+1)-vxn(i,j,k))
$ +(1.0-theta)*(vxo(i,j,k+1)-vxo(ij.k)))*dt/dz
$ +H(theta*(vzn(i+1,j,k)-vzn(i,j,k))
$ +(1.0-theta)*(vzo(i+1,j,k)-vzo(i,j,k))) *dt/dx
$ +epxzo(i,j,k)

end do

end do

end do

do k=2,nz-1

do j=2,ny-1

do i=2,nx

epyzn(ij K)=(theta*(vyn(ij k+1)-vyn(ij,k)
$ +(1.0-theta)*(vyo(i,),k+1)-vyo(i,j,k)))*dt/dz
$ +(theta*(vzn(i,j+1,k)}-vzn(i,j,k))
$ +(1.0-theta)*(vzo(i,j+1,k)-vzo(i,j,k)))*dt/dy
$ +epyzo(i,j,k)

end do

end do

end do

C Check convergence

do k=1,nz+1
do j=1,ny+1
do i=1,nx+1
det1=epxn(i,j,k)-xsa00(i,j,k)
det2=epyn(i,j,k)-ysaoo(i,j,k)
det3=epzn(i,j,k)-zsaoo(i,j,k)
detd=epxyn(i,j,k)-ssaooxy(i,j.k)
det5=epxzn(i,j,k)-ssaooxz(i,j,k)
det6=epyzn(i,j,k)-ssaocoyz(i,j,k)
det=max(abs(det1),abs(det2),abs(det3),abs(det4),
$ abs(det5),abs(det6))

if{ abs(det).gt.detuvmax) detuvmax=abs(det)
if{ abs(det1).gt.detlmax) detlmax=abs(det1)
if( abs(det2).gt.det2max) det2max=abs(det2)
if{ abs(det3).gt.det3max) det3max=abs(det3)
if( abs(det4).gt.det4max) det4max=abs(det4)
if{ abs(detS).gt.detSmax) detSmax=abs(det5)
if{ abs(det6).gt.detbmax) detbmax=abs(det6)
end do

end do

end do

do k=1,nz+1

do j=1,ny+1

do i=1,nx+1
xsa00(i,j,k)y=epxn(i,j,k)
ysaoo(i,j,k)=epyn(i,j,k)
zsa00(i,j,ky=epzn(i,j,k)
ssa00xXY(i,j,.k)=epxyn(i,j,k)
ssao0xz(i,j,ky=epxzn(i,j,k)
ssaooyz(i,j,k)=epyzn(i,j,k)
end do

end do

end do

write(*,*) 'detuvmax=', detuvmax

C End do with detmax
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enddo

C End the current time step

C

do k=1,nz+1

do j=1,ny+1

do i=1,nx+1
TEo(i,j,k)=TEold(i,j,k)
TLo(i,j,k)=TLold(i,j,k)
epxo(i,j,k)y=epxn(i,j.k)
epyo(i.j,k)=epyn(i,j.k)
epzo(i,j,k)=epzn(i,j,k)
epxyo(i,j,ky=epxyn(i,j,k)
epxzo(i,j,ky=epxzn(i,j,k)
epyzo(i,j,ky=epyzn(i,j,k)
saxo(i,j,k)=saxn(i,j,k)
sayo(i,j,k)=sayn(i,j,k)
sazo(i,j,k)=sazn(i,j,k)
saxyo(i,j,k)=saxyn(i,j,k)
saxzo(i,j,k)=saxzn(i,j,k)
sayzo(i,j,k)=sayzn(i,j,k)
vxo(iJ,k)=vxn(i,j,k)
vyo(i,j,k)y=vyn(i,j,k)
vzo(i,j,k)=vzn(i,j,k)
uxo(i,j,k)y=uxn(i,j,k)
uyo(i,J,k}=uyn(i,j,k)
uzo(i,j,k)y=uzn(i,j,k)

end do

end do

end do

if (big.1t.(TEold(11,11,1)-300.0)) then
big=TEold(11,11,1)-300.0
end if

TEm(n)=TEold(11,11,1)
TLm(n)=TLold(11,11,1)
ulm(n)=uxn(11,11,2)
u2m(n)=uyn(11,11,2)
u3m(n)=uzn(11,11,1)
vim(n)=vxn(11,11,2)
v2m(n)=vyn(11,11,2)
v3m(n)=vzn(11,11,1)

icounter=icounter+1
write(*,*) icounter

C Output

write(8,1020) t(n), TEm(n),TLm(n)
write(7,1020) t(n),ulm(n),u2m(n),u3m(n)

C Output intermediate result

if (n.eq.50) then

C The result at time t=0.25ps
C Electron temp

open(unit=10,file="ctexz025ps.txt')
do k=1,nz+1



write(10,1010) (TEold(i,11,k),i=1,nx+1)
enddo
open(unit=11,file="te025ps.txt')
do k=1,nz+1
write(11,1020) TEold(11,11,k)
enddo
C Lattice temp
open(unit=12,file='ctlxz025ps.txt)
do k=1,nz+1
write(12,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=13,file="t1025ps.txt")
do k=1,nz+1
write(13,1020) TLold(11,11,k)
enddo
end if

if (n.eq.100) then

C The result at time t=0.5ps

C Electron temp
open(unit=14,file="ctexz05ps.txt')
do k=1,nz+1
write(14,1010) (TEold(i,11,k),i=1,nx+1)
enddo
open(unit=15,file="te05ps.txt’)
do k=1,nz+1
write(15,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=16,file="ctlxz05ps.txt')
do k=1,nz+1
write(16,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=17 file="tl05ps.txt")
do k=1,nz+1
write(17,1020) TLold(11,11,k)
enddo
end if

if (n.eq.200) then

C The result at time t=1ps

C Electron temp
open(unit=18,file='"ctexz1ps.txt’)
do k=1,nz+1
write(18,1010) (TEold(i, 11,k),i=1,nx+1)
enddo
open(unit=19,file="te1ps.txt')
do k=1,nz+1
write(19,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=20,file="ctlxz1ps.txt')
do k=1,nz+1
write(20,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=21,file="tl1ps.txt')
do k=1,nz+1
write(21,1020) TLold(11,11,k)
enddo

C Stress
open(unit=22 file='saz1ps.txt')
do k=1,nz+1

write(22,1020) sazn(11,11,k)
enddo
open(unit=76,file="sax1ps.txt')
dok=2,nz

write(76,1020) saxn(11,11,k)
enddo
open(unit=77,file='say1ps.txt')
do k=2,nz

write(77,1020) sayn(11,11,k)
enddo

end if

if (n.eq.1000) then
C The result at time t=5ps

C Displacement un
open(unit=23, file="uxnxz5ps.txt')
do k=2,nz
write(23,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=24,file="uznxz5ps.txt’)
dok=1,nz
write(24,1010) (uzn(i,11,k),i=1,nx)
enddo
open(unit=25,file="uynyz5ps.txt’)
do k=2,nz
write(25,1010) (uyn(11,j,k),j=1,ny)
enddo
open(unit=64, file="uxn5ps.txt’)
do k=2,nz
write(64,1020) uxn(11,11,k)
enddo
open(unit=65,file="uyn5ps.txt’)
dok=2,nz
write(65,1020) uyn(11,11,k)
enddo
open(unit=66,file="uzn5ps.txt')
do k=1,nz
write(66,1020) uzn(11,11,k)
enddo

C Stress
open(unit=26,file='saxxz5ps.txt’)
do k=2,nz
write(26,1010) (saxn(i,11,k),i=1,nx+1)
enddo
open(unit=27 file='sazxz5ps.txt')
do k=1,nz+1
write(27,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=28, file="sayyz5ps.txt')
do k=2,nz
write(28,1010) (sayn(11,j,k),j=1,ny+1)
enddo
open(unit=29 file='saz5ps.txt')
do k=1,nz+1
write(29,1020) sazn(11,11,k)
enddo
open(unit=78,file="sax5ps.txt")
dok=2.nz
write(78,1020) saxn(11,11,k)
enddo
open(unit=79,file='say5ps.txt')
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do k=2,nz

write(79,1020) sayn(11,11,k)
enddo

end if

if (n.eq.2000) then
C The result at time t=10ps

open(unit=30,file='"ctexz10ps.txt')
do k=1,nz+1
write(30,1010) (TEold(i,11,k),i=1,nx+1)
enddo
open(unit=31,file="te10ps.txt')
do k=1,nz+1
write(31,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=32,file="ctlxz10ps.txt')
do k=1,nz+1
write(32,1010) (TLold(i,11,k),i=1,nx+1)
enddo
open(unit=63,file="t|10ps.txt')
do k=1,nz+1
write(63,1020) TLold(11,11,k)
enddo

C Displacement un
open(unit=33,file='uxnxz10ps.txt')
do k=2,nz
write(33,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=34 file="uznxz10ps.txt’)
do k=1,nz
write(34,1010) (uzn(i,11,k),i=1,nx)
enddo
open(unit=35,file="uynyz10ps.txt')
do k=2,nz
write(35,1010) (uyn(11,j,k),j=1,ny)
enddo
open(unit=67,file="uxn10ps.txt')
do k=2,nz
write(67,1020) uxn(11,11,k)
enddo
open(unit=68,file="uyn10ps.txt')
do k=2,nz
write(68,1020) uyn(11,11,k)
enddo
open(unit=69,file="uzn10ps.txt')
do k=1,nz
write(69,1020) uzn(11,11,k)
enddo

C Stress
open(unit=36,file="saxxz10ps.txt')
do k=2,nz
write(36,1010) (saxn(i,11,k),i=1,nx+1)
enddo
open(unit=37 file="sazxz10ps.txt")
do k=1,nz+1
write(37,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=38,file='sayyz10ps.txt')
do k=2,nz
write(38,1010) (sayn(11,j,k),j=1,ny+1)

enddo
open(unit=39,file='saz1 0ps.txt")
do k=1,nz+1
write(39,1020) sazn(11,11,k)
enddo
open(unit=80,file="sax 10ps.txt’)
do k=2,nz
write(80,1020) saxn(11,11,k)
enddo
open(unit=81,file="say10ps.txt')
do k=2,nz
write(81,1020) sayn(11,11,k)
enddo
end if
if (n.eq.3000) then

C The result at time t=15ps

C Displacement un
open(unit=40,file="uxnxz15ps.txt")
do k=2,nz
write(40,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=41,file="uznxz15ps.txt')
do k=1,nz
write(41,1010) (uzn(i,11,k),i=1,nx)
enddo
open(unit=42, file="uynyz15ps.txt')
dok=2,nz
write(42,1010) (uyn(11,j,k),j=1,ny)
enddo
open(unit=70,file="uxn15ps.txt’)
do k=2,nz
write(70,1020) uxn(11,11,k)
enddo
open(unit=71,file="uyn15ps.txt’)
do k=2,nz
write(71,1020) uyn(11,11,k)
enddo
open(unit=72,file="uzn15ps.txt")
do k=1,nz
write(72,1020) uzn(11,11,k)
enddo

C Stress
open(unit=43 file="saxxz15ps.txt")
dok=2,nz
write(43,1010) (saxn(i,11,k),i=1,nx+1)
enddo
open(unit=44 file='sazxz15ps.txt')
do k=1,nz+1
write(44,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=435, file='sayyz15ps.txt’)
do k=2,nz
write(45,1010) (sayn(11,,k),j=1,ny+1)
enddo
open(unit=46,file='saz15ps.txt’)
do k=1,nz+1
write(46,1020) sazn(11,11,k)
enddo
open(unit=82,file="sax15ps.txt")
do k=2,nz
write(82,1020) saxn(11,11,k)
enddo
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open(unit=83,file='say15ps.txt')
do k=2,nz
write(83,1020) sayn(11,11,k)
enddo
end if
if (n.eq.3400) then

C The result at time t=17ps
open(unit=58 file="saz17ps.txt')
do k=1,nz+1
write(58,1020) sazn(11,11,k)
enddo

end if
if (n.eq.4000) then
C The result at time t=20ps

open(unit=47,file='ctexz20ps.txt')
do k=1,nz+1

write(47,1010) (TEold(i, 11,k),i=1,nx+1)

enddo
open(unit=48.file="te20ps.txt')
do k=1,nz+1
write(48,1020) TEold(11,11,k)
enddo

C Lattice temp
open(unit=49,file='ctIxz20ps.txt")
do k=1,nz+1

write(49,1010) (TLold(i,11,k),i=1,nx+1)

enddo
open(unit=50,file="t120ps.txt")
do k=1,nz+1
write(50,1020) TLold(11,11,k)
enddo

C Displacement un
open(unit=51,file="uxnxz20ps.txt")
dok=2,nz
write(51,1010) (uxn(i,11,k),i=1,nx)
enddo
open(unit=52. file="uznxz20ps.txt")
do k=1,nz
write(52,1010) (uzn(i,11,k),i=1,nx)
enddo
open(unit=53,file="uynyz20ps.txt')
dok=2,nz
write(53,1010) (uyn(11,j,k),j=1,ny)
enddo
open(unit=73,file="uxn20ps.txt")
do k=2,nz
write(73,1020) uxn(11,11,k)
enddo
open(unit=74 file="uyn20ps.txt’)
do k=2,nz
write(74,1020) uyn(11,11,k)
enddo
open(unit=75,file="'uzn20ps.txt')
do k=1,nz
write(75,1020) uzn(11,11,k)
enddo

C Stress
open(unit=54,file="saxxz20ps.txt")
do k=2,nz
write(54,1010) (saxn(i,11,k),i=1,nx+1)
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enddo
open(unit=55,file='sazxz20ps.txt")
do k=1,nz+1

write(55,1010) (sazn(i,11,k),i=1,nx+1)
enddo
open(unit=56,file='sayyz20ps.txt")
do k=2,nz

write(56,1010) (sayn(11,j,k),j=1,ny+1)
enddo

open(unit=57, file="saz20ps.txt’)
do k=1,nz+1

write(57,1020) sazn(11,11,k)
enddo
open(unit=84,file="sax20ps.txt")
do k=2,nz

write(84,1020) saxn(11,11,k)
enddo

open(unit=85, file="say20ps.txt")
dok=2nz

write(85,1020) sayn(11,11,k)
enddo

end if

C Complete the whole period
1 enddo

print *, big

open(unit=59.file="Te10(x,y=0).dat")

do k=1,nz+1

write(59,1010) (z(k)*1.0D+6), TEold(11,11,k)
enddo

open(unit=60,file="T110(x,y=0).dat")

do k=1,nz+1

write(60,1010) (z(k)*1.0D+6), TLold(11,11,k)
enddo

open(unit=61,file="Tem224.dat")
do n=1,nt

write(61,1020) (t(n)*1.0D+12),((TEm(n)-300.0)/big)

enddo

open(unit=62,file="um224.dat')

do n=1,nt

write(62,1020) (t(n)*1.0D+12),(u3m(n)*1.0D+9)
enddo

open(unit=6,file='sigmaz10(x,y=0).dat")

print *, "zonezse1"

do k=1,nz+1

print ¥, (z(k)*1.0D+6), (sazn(11,11,k)*1.0D-9)
enddo

1010 format(401e15.6)
1020 format(el15.6,3¢15.6)
end

C End main program

C Subroutines



C Calculate temperature

subroutine temp(nx,ny,nz,nz2,
$ dx,dy,dz,x,y,zt,dt,TLo,TLold,TEo,TEold,
$ epxn,epyn,epzn,epxo,epyo,epzo)

implicit double precision (a-h,l,0-z)

dimension x(51),y(51),z(221)

dimension TEo(41,41,101),TEold(41,41,101),
TLo(41,41,101),TLold(41,41,101),
TEnew(41,41,101), TLnew(41,41,101),
epxn(41,41,101),epyn(41,41,101),epzn(41,41,101),
epxo(41,41,101),epyo(41,41,101),epzo(41,41,101),
dTE(41,41,101),dTL(41,41,101)
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integer iteration,flagE, flagl.
C data

C Lame constant
clemtal=199.0d+9
clemta2=83.3d+9

C Shear modulus
cmiu{=27.0d+9
cmiu2=115.0d+9

C Thermal expansion coefficient
alphal=14.2d-6
alpha2=4.9d-6

C Electron heat capacity
ce01=2.1d+4
ce02=5.8d+4

C Lattic heat capacity
cl1=2.5d+6
cl2=3.3d+6

C Electron - lattic coupling factor
gl=2.6d+16
22=42.0d+16

C Electron thermal conducitivity
cke01=315.0
cke02=94.0

C Laser fluence
flu=1000.0

C Laser pulse duration
tp=0.1d-12

C Optical penetration depth
delta=15.3d-9

C Surface reflectivity
sur=0.93

C Spatial profile parameters
2s=1.0d-6

iteration=0

rx=dt/(4.0*dx*dx)
ry=dt/(4.0*dy*dy)
rz=dt/(4.0*dz*dz)
C  dO=g*dt/(2.0%cl)
deterror=1.0d-3

C {teration starts
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C flagE and flaglL indicate whether TE and TL are

precise enough

C keep on iterating as long as flagE or flagl equals to 1

2

do j=2,ny

do i=2,nx
clemta=clemtal
cmiu=cmiul
alpha=alphal
ceQ=ce01

cl=cll

g=zl
ckeO=cke01
dO=g*dt/(2.0*cl)
ee=(3.0*clemta+2.0*cmiu)*alpha*300.0/cl
do k=2,nz2-1

C Heat source

$
$
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=-z(k)/delta-((x(i)-10.0*dx)*(x(i)-10.0*dx)
+(y(5)-10.0*dy)*(y(j)-10.0*dy))/(zs*zs)
2.7T4(t-2.0*tp)*(1-2.0*tp)/(tp*tp)

q=0.94*flu*(1.0-sur)*exp(aa)/(tp*delta)

a0=ce0*(TEo(i,j,k}+ TEold(i,j,k))/(2.0+300.0)
bl=cke0*(TEold(i+1,j,k)/TLold(i+1,j,k)
+TEold(i,j,k)/TLold(i,j,k))*rx
b2=cke0*(TEold(i,j,kyTLold(i,j,k)
+TEold(i-1,j,k)/TLold(i-1,j,k))*rx
b3=cke0*(TEold(i,j+1,k)/TLold(i,j+1,k)
+TEold(i,j,k)/TLold(ij,k))*ry
bd=cke0*(TEold(i,j,k)/TLold(i,j,k)
+TEold(i,j-1,k)/TLold(ij-1,k))*ry
b5=cke0*(TEold(i,j,k+1)/TLold(ij,k+1)
+TEold(i,j,k)TLold(i,j,k))*rz
b6=cke0*(TEold(i,j,k)/TLold(i,j,k)
+TEold(i,j,k-1)/TLold(i,j,k-1))*rz

cl=cke0*(TEo(i+1,j,k)/TLo(i+1,j,k)
+TEo(i,j,k)/TLo(i,j,k))*rx
c2=cke0*(TEo(i,j,k)/TLo(i,j,k)
+TEo(i-1,j,k)/TLo(i-1,j,k))*rx
c3=cke0*(TEo(i,j+1,k)/TLo(ij+1,k)
+TEo(i,j,k)/TLo(i,j,k))*ry
cd=cke0*(TEo(ij,k)/TLo(ij,k)
+TEo(i,j-1,k)/TLo(i,j-1,k))*ry
c5=cke0*(TEo(i,j,k+1)/TLo(i,j,k+1)
+TEo(ij,k)/TLo(i,j,k))*rz
c6=cke0*(TEo(i,j,k¥TLo(i,j,k)
+TEo(i,j,k-1)TLo(i,j,k-1))*rz

dd=a0+b1+b2+b3+b4d+b5+b6+g*dt/(2.0%(1.0+d0))
TEnew(i,j,k)=(b1 *TEold(i+1,j,k)+b2*TEold(i-1,,k)
+b3*TEold(i,j+1,k)+b4* TEold(i,j-1,k)
+b5*TEold(i,j,k+1)+b6*TEold(i,j,k-1)
-g*dt*(TEo(ij,k)-TLo(i,j,k))/(2.0*(1.0+d0))
+g*dt*TLo(i,j,k)/(2.0%(1.0+d0))+a0*TEo(i,j,k)
g*dt*ee*((epxn(ij k)+epyn(ij.kyepzn(ik))
-(epxo(i,j,k)+epyo(i,j,k)+epzo(ij,k)))
/(2.0%(1.0+d0))
+c1*(TEo(i+1,},k)-TEo(i,j,k))
-c2*(TEo(i,j,k)-TEo(i-1,j,k))
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+c3*(TEo(i,j+1,k)-TEo(i,j.k))
-cA*(TEo(i,j.k)-TEo(ij-1,k))
+c5%(TEo(i,j,k+1)-TEo(i,k))
-c6*(TEo(i,j,k)-TEo(ij,k-1))
+q*dt)/dd

TLnew(i,j,k)=d0* TEnew(i,j,k)/(1.0+d0)

+d0*(TEo(i,j,k)-TLo(i,j,k))/(1.0+d0)
+TLo(i,j,k)/(1.0+d0)
-ee/(1.0+d0)
*((epxa(i,j,k)+epyn(i,j,k)+epzn(i,jk))
-(epxo(ij k)
+epyo(i.j,kyrepzo(i.k)))

end do

clemta=clemta2

cmiu=cmiu2

alpha=alpha2

ce0=ce02

cl=cl2

g=g2

ckeO=cke02

do=g*dv/(2.0*cl)

ee=(3.0*clemta+2.0*cmiu)*alpha*300.0/cl

do k=nz2+1,nz

aa=-z(k)/delta-((x(i1)-10.0*dx)*(x(i)-10.0*dx)

+(y(3)-10.0*dy)*(y()-10.0*dy))/(zs*zs)

-2.77*(t-2.0*tp)*(t-2.0*tp)/(tp*tp)

q=0.94*flu*(1.0-sur)*exp(aa)/(tp*delta)

a0=ce0*(TEo(i,j,k)+TEold(i,j,k))/(2.0*300.0)
bl=cke0*(TEold(i+1,j,k)TLold(i+1,j,k)
+TEold(i,j,k)/TLold(i,j,k))*rx
b2=cke0*(TEold(i,j,k)/TLold(i,j,k)
+TEold(i-1,j,k)/TLold(i-1,j,k)y*rx
b3=cke0*(TEold(i,j+1,k}TLold(i,j+1,k)
+TEold(i,j,k)/TLold(i,j,k)) *ry
bd=cke0*(TEold(i,j,k)/TLold(ij,k)
+TEold(i,j-1,k)/TLold(ij-1,k))*ry
b5=cke0*(TEold(i,j,k+1)/TLold(i.j,k+1)
+TEold(i,j,k)/TLold(i,j,k))*rz
bé=cke0*(TEold(i,j,k)/TLold(i,j,k)
+TEold(i,j,k-1yTLold(i,j,k-1))*rz

cl=cke0*(TEo(i+1,j,k)/TLo(i+1,j,k)
+TEo(i,j,k)/TLo(ij,k))*rx
¢2=cke0*(TEo(i,j,k)/TLo(i,j,k)
+TEo(i-1,j,k)/TLo(i-1,j,k))*rx
c3=cke0*(TEo(i,j+1,k)TLo(i,j+1,k)
+TEo(i),k)/TLo(i,j,k))*ry
=cke0*(TEo(i,j,k)/TLo(i,j,k)
+TEo(i,j-1,k)/TLo(i,j-1,k))*ry
¢5=ckeO*(TEo(i,j,k+1)/TLo(ij.k+1)
+TEo(i,j,k)/TLo(i,j,k))*rz
c6=cke0*(TEo(i,j,k)/TLo(i,j,k)
+TEo(i,j,k-1)/TLo(i.j.k-1))*rz

dd=a0+b1+b2+b3+b4+b5+b6+g*dt/(2.0*(1.0+d0))
TEnew(i,j,k)=(b1*TEold(i+1,j,k)+b2*TEold(i-1,j,k)

+b3*TEold(i,j+1,ky+b4*TEold(i,j-1,k)
+b5S*TEold(i,j,k+1)+b6*TEold(i,j,k-1)
-g*dt*(TEo(i,j,k)-TLo(i,j,k))/(2.0%(1.0+d0))
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+g*dt*TLo(i,j,k)/(2.0*(1.0+d0))+a0*TEo(i,j.k)
-g*dt*ee*((epxn(i,j,k)+epyn(i.j,k)+epzn(i,j,k))
-(epxo(ij,k)+epyo(i.j,k)y+epzo(i,j.k)))
/(2.0%(1.0+d0))

+c1*%(TEo(i+1,j,k)-TEo(i,j,k))
-c2¥(TEo(i,,k)-TEo(i-1,j,k))
+c3*(TEo(i,j+1,k)-TEo(i,j,k))
-cA*(TE0(ij,k)-TEo(i.j-1,k))
+c5%(TEo(i,j,k+1)-TEo(i,j,K))
-c6*(TEo(i,j,k)-TEo(ij,k-1))

+q*dt)/dd

TLnew(i,j,k)=d0*TEnew(i,j,k)/(1.0+d0)
+d0*(TEo(i,j,k)-TLo(i,j,k))/(1.0+d0)
+TLo(i,j,k)/(1.0+d0)
-ee/(1.0+d0)
*((epxn(ij,k)+epyn(i,j,k)y+epzn(iy.k))
-(epxo(i,j k)
+epyo(i,j.k)+epzo(i,j.k)))
end do
k=nz2
TEnew(i,j,k)=(cke02*TEnew(i,j,k+1)
+cke01*TEnew(i,j,k-1))
KckeOl+cke02)
TLnew(i,j,k)=(cke02*TLnew(i,j,k+1)
+cke01*TLnew(i,j,k-1))
/(cke01+cke02)
end do
end do

C Boundary Conditions

do k=2,nz

do j=2,ny
TEnew(1,j,k)=TEnew(2,j,k)
TEnew(nx+1,j,k)=TEnew(nx,j,k)
TLnew(1,j,k)=TLnew(2,j,k)
TLnew(nx+1,j,k)=TLnew(nx,j,k)
end do

end do

do k=2,nz

do 1i=2,nx
TEnew(i,1,k)=TEnew(i,2,k)
TEnew(i,ny+1,k=TEnew(i,ny,k)
TLnew(i,1,k)=TLnew(i,2,k)
TLnew(i,ny+1,k)=TLnew(i,ny,k)
end do

end do

do j=2,ny

do i=2,nx
TEnew(i,j,1)=TEnew(i,j,2)
TEnew(i,j,nz+1)=TEnew(i,j,nz)
TLnew(i,j,1)=TLnew(i,},2)
TLnew(i,j,nz+1)=TLnew(i,j,nz)
end do

end do

Test for convergence
detmax=0.0

do i=2 nx

do j=2,ny

dok=2,nz



det1=abs(TEnew(i,j,k)-TEold(i,j,k))
if (detl.gt.detmax) detmax=det1
det2=abs(TLnew(i,j,k)-TLold(i,j,k))
if (det2.gt.detmax) detmax=det2
enddo

enddo

enddo

if (detmax.le.deterror) goto 3
do i=1,nx+1

do j=1,ny+1

do k=1,nz+1
TEold(i,j,k)=TEnew(i,j,k)
TLold(ij,k)=TLnew(i,j,k)
enddo

enddo

enddo
iteration=iteration+1

goto 2

C Update all the TEold, TLold with TEnew and TLnew

3  doj=1,ny+l
do i=1,nx+1
do k=1,nz+1
TEold(i,j,k)=TEnew(i,j,k)
TLold(i,j,k)=TLnew(i,j,k)
enddo
enddo
enddo

write (*,*) "iteration=", iteration

C Iterations Dong-----===eme=en---

END
C End of subroutine temp()
C Calculate velocity

Subroutine
velocity(nx,ny,nz,nz2,dx,dy,dz,dt, TEo,TEold,

$ saxo,sayo,sazo,saxyo,saxzo,sayzo,

$ saxn,sayn,sazn,saxyn,saxzn,sayzn,

$ wxo,vyo,vzo,vxn,vyn,vzn,uxo,uyo,uzo,

$ uxn,uyn,uzn,difx,dify,

$ difz difxyy,difxzz,difxyx,difyzz difxzx,difyzy)

implicit double precision (a-h,1,0-z)

dimension TEo(41,41,101), TEold(41,41,101),
$ saxo(41,41,101),sayo(41,41,101),saz0(41,41,101),

$ saxyo(41,41,101),saxzo(41,41,101),sayzo(41,41,101),

$ saxn(41,41,101),sayn(41,41,101),sazn(41,41,101),

$ saxyn(41,41,101),saxzn(41,41,101),sayzn(41,41,101),

$ vxo(41,41,101),vyo(41,41,101),vz0(41,41,101),
$ vxn(41,41,101),vyn(41,41,101),vzn(41,41,101),
$ uxo(41,41,101),uyo(41,41,101),uzo(41,41,101),
$ uxn(41,41,101),uyn(41,41,101),uzn(41,41,101),
$ difx(41,41,101),dify(41,41,101),difz(41,41,101),
$ difxyy(41,41,101),

$ difxzz(41,41,101),difxkyx(41,41,101),

$ difyzz(41,41,101),

$ difxzx(41,41,101),difyzy(41,41,101)

125

C Density
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lou1=1.93d+4
lou2=7190.0

Electron - blast coefficient
tri1=70.0

tri2=193.3

theta=0.5

do j=2,ny

do i=1,nx
lou=loul
tri=tril

do k=2,nz2-1

vxn(ij,k)=(difx(ij,k)
+difiyy(i,j kyrdifxzz(ij,k)
+tri*theta*(TEold(i+1,j,k)
*TEold(i+1.j,k)-TEold(i,j,k)* TEold(i,j.k))/dx
+tri*(1.0-theta)*(TEo(i+1,j,k)
*TEo(i+1.j,k)-TEo(ij,k)*TEo(i.j,k))
/dx)*d¥lou+vxo(i,j,k)

uxn(i,j,k)=(theta*vxn(i,j,k)
+(1.0-theta)*vxo(i,j,k))*dt+uxo(i,j,k)
end do

lou=lou2

tri=tri2

do k=nz2+1,nz

vxn(ij,k)=(difx(ij,k)
+difxyy(i,j,k)+difxzz(i,j,k)
+tri*theta*(TEold(i+1,j,k)
*TEold(i+1,j,k)-TEold(i,j,k)*TEold(i,j,k))/dx
+tri*(1.0-theta)*(TEo(i+1,j,k)
*TEo(i+1,j,k)-TEo(i,j,k)*TEo(i,},k))
/dx)*dt/lou+vxo(i,j,k)

uxn(i,j,k)=(theta* vxn(i,j,k)
+(1.0-theta)*vxo(i,j,k))*dt+uxo(i,j,k)
end do

k=nz2
vxn(i,ky=(vxn(i,j,k+1)+vxn(i,j.k-1))2
uxn(i,j,k)y=(uxn(ij,k+1)+uxn(i,j,k-1))/2
end do

end do

do i=2,nx
do j=1,ny

lou=loul

tri=tril

do k=2,nz2-1

vyn(i,j,K)=(difxyx(i,j.k)
+dify(i,j,k)+difyzz(i,j,k)
+tri*theta*(TEold(i,j+1,k)
*TEold(i,j+1,k)-TEold(i,j,k)* TEold(i,j,k))/(dy)
+tri*(1.0-theta)*(TEo(i,j+1,k)
*TEo(i,j+1,k)-TEo(i,j,k)

*TEo(i,.k)) /(dy))*dtlout+vyo(i,j,k)

uyn(i,j,k)=(theta* vyn(i,j,k)
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+(1.0-theta)*vyo(i,j.k))*dt+uyo(i,j,k)
end do

lou=lou2

tri=tri2

do k=nz2+1,nz
vyn(i,j,k)y=(difxyx(i,j,k)
+dify(i,j,k)+difyzz(i,j,k)
+tri*theta*(TEold(i,j+1,k)

*TEold(i,j+1,k)-TEold(i,j,k)* TEold(i,j,k))/(dy)

+tri*(1.0-theta)*(TEo(i,j+1,k)
*TEo(i,j+1,k)-TEo(i,j,k)* TEo(i,j,k))
/(dy))*dt/loutvyo(i,j,k)

uyn(i,j,k)=(theta*vyn(i,j,k)
+(1.0-theta)*vyo(i,j,k))*dt+uyo(i,j,k)
end do

k=nz2
vyn(i,j,K)=(vyn(i,j,k+1y+vyn(i,j k-1))/2
uyn(i,j,k)=(uyn(i,j,k+1)y+uyn(ij.k-1))/2
end do

end do

do i=2,nx

do j=2,ny
lou=loul
tri=tril

do k=1,nz2-1

van(i,j k)=(difxzx(ij,k)

+difyzy(ij, K)+difz(i,j,k)
+ri*theta*(TEold(ijk+1)
*TEold(i,j,k+1)-TEold(i,j.k)
*TEold(i,j,k))/(dz)
+ri*(1.0-theta)*(TEo(i,j,k+1)
*TEo(i,j,k+1)-TEo(i,j,k)* TEo(i,j,k))
/(dz)y*dt/lou+vzo(ij,k)

uzn(i,j.k)=(theta*vzn(ij,k)
+(1.0-theta)*vzo(ij,k))*dt+uzo(i,j,k)

end do

lou=lou2

tri=tri2

do k=nz2,nz
vzn(i,j,k)=(difxzx(i,j,k)
+difyzy(i,j, k)y+difz(i,j,k)
+tri*theta*(TEold(i,j,k+1)

*TEold(i,j,k+1)-TEold(ij,k)* TEold(i,j,k))/(dz)

+tri*(1.0-theta)*(TEo(i,j.k+1)
*TEo(i,j,k+1)-TEo(i,j,k)
*TEo(i,j.X))/(dz))*d/lou+vzo(i,j,k)

uzn(i,j,k)=(theta*vzn(i,j,k)
+(1.0-theta)*vzo(i,j,k))*dt+uzo(i,j,k)

end do
end do
end do

return
end
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