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CHAPTER 1
INTRODUCTION

1.1

Introduction
Light Amplification by Stimulated Emission of Radiation (LASER or laser) is

a mechanism for emitting electromagnetic radiation, typically light or visible light, via
the process of stimulated emission. The emitted laser light is (usually) a spatially
coherent, narrow low-divergence beam, which can be manipulated with lenses. A laser
beam of coherent light differentiates it from light sources that emit incoherent light beam,
of random phase varying with time and position. Laser light is generally a narrowwavelength electromagnetic spectrum monochromatic light; yet, there are lasers that emit
a broad spectrum of light, or emit different wavelengths of light simultaneously.
Lasers are used in many things that we come across in our daily lives. Because
lasers have the property of being highly directional and focused, they find many types of
applications. Here are some of the many uses of lasers.
1) Lasers in the Medical Field: Lasers have perhaps found the most beneficial and useful
applications in the field of medicine. These uses include:
•

Laser Eye Surgery

•

Laser Ulcer Removal

•

Lasers to remove Port Wine Stains

2) Lasers and Electronics: Many electronic devices use different types of lasers for their
working. Some of these are:
•

Compact Disk Players
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•

Supermarket Scanners

3) Lasers and Entertainment: Lasers are increasingly being used as a means to entertain
people.
•

Laser Shows: Different sizes, types, and colors of lasers are used in combination
with each other, to create patterns, figures, pictures, and designs that make up
many kinds of laser shows. This form of art is very beautiful and looks almost
magical. Such laser shows are typically held in domes where the laser beam can
be seen most effectively. Class 1 type of laser is typically used as these have no
harmful effects on contact.

4) Other Uses of Lasers: In addition to the above, lasers are used for various other
applications such as:
•

Laser fiber optics used by computers and the internet for transferring information
and data.

•

Cutting, blasting, and welding with the help of intense laser beams. Laser is used
for these purposes as the laser beam is very accurate and precise, as well as being
sharp and intense.

•

Use of lasers for measuring distances
Thought the above applications of lasers are very advantageous over conventional

methods of doing the same, Femtosecond Lasers still have a much better edge on the
“long” pulsed lasers. There are various types of lasers that are available today for
applications in medical, industries, security and research applications. Some of the
Femtosecond Laser categories are:
•

Bulk Lasers
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•

Fiber Lasers

•

Dye Lasers

•

Semiconductor Lasers
Laser metal interaction phenomenon has been studied for years and many

pioneers in this field have proposed different kinds of analytical, computational and
experimental models to get very precise results of heat transport and associated
phenomenon. The phenomenon experienced by the FEMTOSECOND LASERS when
interacts with various materials are very different and has been explained in the
consecutive section.

1.2

Advantages of Femtosecond Pulsed Lasers
Femtosecond lasers have distinct advantages over the nanosecond pulse lasers.

The extremely short pulse width of ultrashort pulse laser makes it easy to achieve very
high peak laser intensity with low pulse energies. For example, the intensity of a
femtosecond laser pulse can be up to 1021W/m2, compared to that of a nanosecond pulse
laser (1012W/m2). Together with the very short material interaction time, the extremely
high laser intensity makes femtosecond pulse lasers possible to cut very hard surface
(including diamond) precisely with minimum collateral thermal damage. What makes the
femtosecond laser different from other lasers is its unique capacity to interact with its
target without transferring heat to the area surrounding it hit the target. The heat affected
zone (HAZ) is therefore very precise as desirable for many applications as compared to
nano-second pulse lasers where the surrounding of the laser target is also affected. The
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intensity of the power achieved in such a short duration of time by not spreading the heat
may have many applications like:
•

Use in surgery to make more precise incisions that heal faster and make much
lesser collateral tissue damage

1.3

•

It can be used to treat tooth decay without harming the rest of the tooth structure

•

Ability to create super clean channels in silicon chips for biomedical applications

•

LASIK surgery

•

No splatter or slag recast

•

No subsurface stress fracture

•

Sub-micron feature sizes

•

No heat affected zone (HAZ)

Femtosecond Laser-Metal Interaction Phenomenon
Femtosecond laser-metal interaction is very different phenomenon from the

phenomenon of “long” pulse lasers (nano/micro second pulse) when interact with metals.
The problems incorporating the ultrafast heat transfer phenomenon may not be solved
using the traditional Fourier’s Law of heat conduction due to various reasons. These are:
1. The characteristic lengths of the various heat carriers are comparable to each other
and also to the characteristic length of the target/film thickness in consideration.
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2. The characteristic times of the various heat carriers are comparable to the
characteristic energy excitation times.
During laser-metal material interaction, the laser energy is first absorbed
by electrons in the subsurface layer and then the following competing processes
occurs [1].
1. The ballistic motion of the excited electrons into deeper parts of the material with
a velocity close to Fermi velocity (≈106 m/s).
2. The other process is collision between the excited electrons and the electrons
close to the Fermi level, leading to a measurable electron temperature when
equilibrium is established among the hot electrons.
3. Phase change of the material lattice due to propagation of the energy. Phase may
change from the solid state to liquid, liquid to vapor or sublimation may also take
place; i.e from solid phase to vapor phase without undergoing immediate
liquidification. The phase change entirely depends on the energy imparted by the
laser and the physical characteristics of the target material like melting
temperature, boiling temperature, thermal conductivity, surface reflectivity, etc.

The electron thermal energy is then diffused into deeper parts of the electron gas
at a speed (<104 m/s) much lower than the Fermi velocity. Meanwhile, the hot electrons
are cooled by transferring their energy to the cold lattice through an electron-phonon
coupling. A nonequilibrium between electrons and lattice has been observed
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experimentally [2, 3] and can be described by the two-temperature model, which
originally was proposed by Anisimov et al. [4] and rigorously derived by Qiu and Tien
[5] from Boltzmann transport equation. They considered heat conduction in the electrons
using hyperbolic model but neglected heat conduction in the lattice. Chen and Beraun [6]
proposed a dual-hyperbolic model for materials in which heat conduction in the lattice
cannot be neglected.
Under ultrafast laser heating at higher laser fluence, the lattice temperature can
rapidly exceed the melting point and melting takes place. The liquid phase will be
resolidified when the lattice is cooled by conducting heat away. The solid-liquid interface
can be heated well above the normal melting point during the rapid melting process, in
which case the solid becomes superheated. Similarly, the solid-liquid interface can be
cooled far below the normal melting point in which case the liquid becomes undercooled. Both superheated solid and under-cooled liquid are thermodynamically
metastable states. Once the phase change is triggered in the superheated solid or undercooled liquid, the solid liquid interface can move at a velocity (≈103 m/s). The rapid
phase change phenomenon is essentially controlled only by nucleation dynamics at the
interface and not by the interfacial energy balance [7].
Many numerical models for melting and solidification in materials have been
developed. The numerical models can be divided in two groups [8], deforming grid
schemes (strong numerical solutions) and fixed grid scheme (weak numerical solutions).
Deforming grid schemes transform solid and liquid phases into fixed regions by using a
coordinate transformation technique. The governing equations and the boundary
conditions are complicated due to the transformation. The disadvantage of deforming grid
-6-

scheme is that it requires significant amount of computational time. On the contrary, the
fixed grid schemes use one set of governing equations for the entire computational
domain including both solid and liquid phases, and solid liquid interface is later
determined from the temperature distribution. This simplicity makes the computation
much faster than the deforming grid schemes, while still providing reasonably accurate
results [9]. Fixed grid schemes further includes two main methods: enthalpy method and
the equivalent heat capacity method. The enthalpy method [10] can solve heat transfer in
mushy zone but has difficulty with temperature oscillation, while the equivalent heat
capacity method [11, 12] requires large enough temperature range in mushy zone to
obtain a converged solution. Cao and Faghri [13] combined the advantages of both
enthalpy and equivalent heat capacity methods and proposed a Temperature
Transforming Model (TTM).

1.4

Dissertation objectives
The primary objective of this work is to develop a model to track the solid-liquid-

vapor interface when irradiated by an ultrashort pulsed laser while considering the
thickness of the metal/material to be significantly large for considering an axisymmetric
heat transport effect. To achieve the above stated task and develop the model, the
following major steps have been taken. Firstly, derive the appropriate mathematical
relations and discretize them so they may be solved using the finite volume method.
Secondly, define the appropriate boundary conditions and reasonable assumptions made
for the computational and programming ease. Third, apply a heat flux equivalent to the
energy transferred by laser. The whole process, including simulation was aided by the
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computational methods. The concept was first converted to a computer code in
(FORTRAN programming language) by appropriate iteration procedure explained in the
consecutive sections. Several steps have been carefully taken in order to verify the
accuracy of the code and results obtained. Some of the measures to check the validity of
the code are to verify the results obtained from the work obtained from previous works in
one and two dimensional problems by either changing the applied flux so as to simulate
the axisymmetric domain as multiple one dimensional problems that have been already
solved and approved. These have been explained in the successive sections.

1.4.1

Axisymmetric Model for Melting and Solidification
Chapter 2 explains how a two dimensional axisymmetric, interfacial tracking

method has been developed to model rapid melting and solidification of a free standing
thick metal film subjected to an ultra-short laser pulse. The step by step iterative solution
procedures along with the boundary conditions and assumptions have been listed in
section 2.3.2 and 2.3.3. Finite volume method was employed to solve the coupled
electron and lattice heat conduction equations together with the equations for ultrafast
solid-liquid phase transformation, to calculate the location of solid-liquid interface and
the temperature distribution in the metal film. The interfacial velocities, both melting and
resolidification, in the ultra-fast phase change process are obtained by considering
interfacial energy balance and the nucleation dynamics. Both the electron and lattice
temperature in the metal film irradiated by Gaussian laser beams are computed and
presented along the cylindrical coordinates. The effect of laser fluences and characteristic
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radii on melting and resolidification are also investigated. The results of the parametric
study is been discussed followed by conclusions of the research.

1.4.2

Axisymmetric Model for Vaporization
Chapter 3 shows the development of a numerical procedure to analyze the

axisymmetric effect of ultrashort laser pulse (of the order of 10-15 s) when interacts with a
metal. Liquid-vapor interface phenomenon has been tracked, modeled and analyzed. The
temperature dependent thermal characteristics as well as electron-lattice coupling factor
have been considered. An iterative procedure based on energy balance and gas kinetics
law is implied to track the axisymmetric liquid-vapor, which in turn is utilized to obtain
the material removal rate. The results of the developed model show that higher laser
fluence and shorter pulse width leads to a higher temperature distribution, higher
interfacial temperature, increased melting and deeper ablation depths. The results of the
parametric study is been discussed followed by conclusions of the research.
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CHAPTER 2
AXISYMMETRIC MODEL FOR TRACKING MELTING AND
SOLIDIFICATION IN A METAL WHEN IMPINGED BY AN
ULTRASHORT LASER PULSE

As the manufacturing technology as well as the bio-medical applications of laser
is proceeding towards the nanoscale era, laser spot sizes of nanometers are expected.
Most existing two-temperature models dealt with the case of pure conduction [14, 15] or
for one-dimensional (1-D) phase change problem only [16]. The 1-D models for rapid
melting and solidification [16, 17] are accurate as long as the laser spot size is much
larger than the target thickness or the metal film thickness is comparable to mean free
path of electrons, as in this case the heat transport and consequently the phase change
could be easily neglected in the lateral direction; i.e. the direction perpendicular to the
laser beam. But when the laser spot size is much smaller or comparable to that of target
thickness, which is a more likely case in almost every practical situation, a 2-D or 3-D
model is necessary to determine the Heat Affected Zone (HAZ) accurately for more
precision controllability during laser material interaction. This could be particularly true
for the ultrashort laser induced phase change with a beam diameter in nanometers. To the
best of the authors’ knowledge, a multi-dimensional, ultrafast phase change model has
not been reported yet.
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2.1

Physical Model
The physical problem is a gold film with a thickness of L, let the radius of the

axisymmetric domain be M and an initial temperature of Ti subjected to a Gaussian laser
pulse with a FWHM (Full Width at Half Maximum) pulse width of tp and a fluence of Jo.
Let the center of the incident laser beam coincide with the center (r = z = 0) of the top
surface of the metal film. The radius of the laser beam is much smaller than the metal
film thickness; consequently the heat transport in all the three dimensions will be
significant. Due to the nature of the Gaussian beam, the axisymmetric model is
considered here. This problem is a more practical solution than the previous work [16,
18] in which the heat transport was approximated to one dimension only, i.e. the heat
transport was assumed in the axial direction only and it was assumed that there is no heat
transport in the radial direction. The schematic of the model is shown in Fig. 2-1.

Fig. 2-1 Physical Model
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2.2

Governing Equations
The governing equations for the two dimensional axisymmetric energy equations

of the free electrons and lattice are:

Ce (Te )

∂Te 1 ∂
∂T
∂T
∂
=[
(ke r e ) + (ke e )] − G (Te − Tl ) + S (r , z, t )
∂t
r ∂r
∂r
∂z
∂z

(2-1)

Cl (Tl )

∂Tl 1 ∂
∂T
∂T
∂
=[
(kl r l ) + (kl l )] + G (Te − Tl )
∂t
r ∂r
∂r
∂z
∂z

(2-2)

Equation (2-1) is valid in the entire computational domain, while Eq. (2-2) is valid for
both solid and liquid phases but not at the solid liquid interface.
The volumetric laser heat source “S” in Eq. (2-1) is extended for an Gaussian laser
beam from the one that was used in 1-D model with the ballistic range introduced by
Wellershoff et al. [19] and Hohlfeld et al. [1],

β
S (r , z, t ) =
π

  2 
r
z
exp  −   − 
−L
  rs   δ + δb
z +z
t p (δ + δb )[1 − e ( s b ) ]


(1 − R) J o

 t − 2t p

 − β 

 tp






2






(2-3)

in which R is the surface reflectivity, δ and δb are the optical penetration depth and the
ballistic range respectively, rs is the spot characteristic radius of a Gaussian beam defined
−L

(z +z ) 
at e position, and β = 4ln(2). The factor 1 − e s b  is to correct the film thickness


-1

effect.
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The heat capacity of the electrons used in most of the previous works [5, 17, 18, and
20 for example] is linearly proportional to the electron temperature:

Ce = BeTe

(2-4)

Equation (2-4) is valid only for Te < 0.1TF. When the electron temperature is greater than
the Fermi temperature (6.42 × 104K for gold), the electron heat capacity can be obtained
by the ideal gas model, i.e. Ce = 3NkB/2, where N is the number density of atoms and kB is
the Boltzmann constant. Jiang and Tsai [21] obtained the electron heat capacity by
numerically integrating the relation:
∂ ε
 ∂Te


Ce (Te ) = ne 




V

(2-5)

where ne is the number density of free electrons, ‹ ε › is the average kinetic energy per
electron, and V is the volume. Chen et al. [22] analyzed the results of [21] and suggested
that the electron heat capacity can be approximated by:

 BeTe ,

2 B T / 3 + Ce′ / 3,
Ce =  e e
 Nk B + Ce′ / 3,
3Nk / 2,
B


Te < TF / π2 ,
TF / π2 ≤ Te < 3TF / π2 ,
3TF / π2 ≤ Te < TF ,
Te ≥ TF ,

(2-6)

with

C ′ = BeTF / π2 +

3Nk B / 2 − BeTF / π2
Te − TF / π2 )
(
2
TF − TF / π

(2-7)

The bulk thermal conductivity of pure metals measured at equilibrium, keq, is the sum
of electron thermal conductivity, ke, and the lattice thermal conductivity, kl. Since the
main mechanism for heat conduction in a pure metal is diffusion of free electrons, ke is
- 13 -

usually dominating. For gold, ke is 99% of keq, while kl only contributes to 1% of keq [23].
At equilibrium condition, thermal conductivity of the electrons depends on the
temperature of electrons and lattice and is usually expressed by [20]

 Te 

 Tl 

ke = keq 

(2-8)

Equation (2-8) is valid only when the electron temperature is much lower than TF. A
more general form of electron thermal conductivity is given by [24]:

ke = χ

(ζ e2 + 0.16)5/4 (ζ e2 + 0.44)ζ e
(ζ e2 + 0.092)1/2 (ζ e2 + ηζ l )

(2-9)

where ζe = Te/TF and ζl = Tl/TF. The two constants in eq. (2-9) are χ = 353 W/m-K and η
= 0.16 for gold. For higher electron temperature, ζe >> 1, eq. (2-9) results in the well
known dependence ke ≈ (Te)5/2, that is the characteristics of low density plasma. On the
other hand eq. (2-6) will reduce to eq. (2-4) under low temperature limit, ζe << 1. The
electron-lattice coupling factor (G) for liquid is 20% higher than that of solid, because
electrons collide more frequently with liquid atoms than with the atoms in the solid
crystals [20].
The lattice thermal conductivity, kl, is taken as 1% of the thermal conductivity of the
equilibrium thermal conductivity for gold [20, 23],

kl = 0.01keq

(2-10)

As it will become evident later, large lattice temperature gradients in the solid and liquid
phases exist near the solid-liquid interface during ultrashort pulse laser induced melting
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and resolidification. Thus, lattice conduction is included in this work to obtain more
accurate results.
If the shape of the solid-liquid interface can be expressed as z = s(r,t), then, energy
balance at the interface may be given by [25]:

[1 + (

∂Tl q
∂T
∂s 2
) ][ks s − kl q
] = ρl q hmus
∂r
∂z
∂z

(2-11)

The interfacial velocity us is due to the density change during melting and solidification.
The velocity of solid-liquid interface may be obtained from the energy balance specified
by eq. (2-11) if the melting process is conventional. However, velocity obtained by eq.
(2-11) is not the case for rapid melting and solidification processes. For a rapid solidliquid phase change is dominated by nucleation dynamics, the velocity of the solid-liquid
interface is described as [20]:


us = Vo 1 − exp(−


hm Tl .I − Tm 
)
RgTm Tl , I


(2-12)

where V0 is the maximum interfacial velocity, Rg is the gas constant for the metal, and Tl,I
is the interfacial temperature. The interfacial temperature, Tl,I, is higher than the normal
melting point during melting, and lower than the normal melting point during the
solidification.

2.3

Numerical Solution
The above problem is solved using finite volume method. Due to the nature and

complexity of the coupled electron and lattice heat conduction equations together with
the equations for ultrafast solid-liquid phase transformation, to calculate the location of
solid-liquid interface and the temperature distribution in the metal film, computational
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method has been employed to solve the set of equations and run the iterative procedure
until the stable and desired results have been attained under the specified conditions
explained later in consecutive sections. Interfacial energy balance and the nucleation
dynamics have been considered to obtain the interfacial velocities, tracking the melting
and resolidification in the film during the ultra-fast phase change process.

2.3.1

Initial and Boundary Conditions
The time t = -2tp is defined as the time when the laser pulse reaches the film

surface. Therefore the initial conditions of the problem are:

Te (r , z, −2t p ) = Tl (r , z, −2t p ) = Ti

(2-13)

The boundary conditions of the problem can be specified by assuming that the heat loss
from the film surface can be neglected, i.e.

∂Te
∂z
∂Tl
∂z

=
z =0

z =0

2.3.2

∂Te
∂z

∂T
= l
∂z

=
z=L

z=L

∂Te
∂r

∂T
= l
∂r

=
r =0

r =0

∂Te
∂r

∂T
= l
∂r

=0
r =M

(2-14)

=0
r =M

Discretization of Equations and Interfacial Tracking
The two-dimensional governing equations are discretized by applying a finite

volume method [26], in which conservation laws are applied over finite sized control
volumes around grid points and the governing equations are then integrated over the
control volume. Staggered grid arrangement is used in discretization of the computational
domain in momentum equations. A power law scheme is used to discretize
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convection/diffusion terms in momentum and energy equations. The main algebraic
equation resulting from this control volume approach is in the form of

a p φ p = ∑ anb φnb + b

(2-15)

where φ p represents the value of variable φ (U, V or T) at the grid point P, φnp are the
values of the variable at P's neighbor grid points, and ap, anp and b are corresponding
coefficients and terms derived from original governing equations. The numerical
simulation is accomplished by using SIMPLE algorithm [26]. The velocity-correction
equations for corrected U and V in the algorithm are

U e = U e0 + de ( PP' − PE' )

(2-16)

Vn = Vn0 + d n ( PP' − PN' )

(2-17)

where according to the staggered grid arrangement e and n respectively represent the
control volume faces between grid P and its east neighbor E and grid P and its north
neighbor N. The source term S in governing equations is linearized into the form

S = SC + S P φ P

(2-18)

in a control volume, and by discretization SP and SC are then respectively included in aP
and b in eq. (2-18). In general, the continuum calculation domain has been discretized. It
is this systematic discretization of space and of the dependent variables that makes it
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possible to replace the governing differential equations with simple algebraic equations
and hence can be solved more easily by aid of computer software.

(δz)w

(δz)e

N
n
W

w

(δr)n

e

P

∆r
s

E
(δr)s

S
∆z

Fig. 2-2: Uniformly spaced grids in r and z co-ordinate directions
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Fig. 2-3: Solid-liquid interfacial location at a given time and corresponding liquid
fraction

The computational domain is divided in uniformly spaced two dimensional grids
as shown in Fig. 2-2. For uniformly spaced grids, δrw = δre = δzn = δzs and ∆r = ∆z. More
closely spaced grids near the surface that gradually increases in size as it goes away from
the HAZ are used in non-uniformly spaced grid mesh. The implicit finite difference
equations are obtained by integrating eq. (2-1) and (2-2) in each control volume and time
step [27]. On integrating Eq. (2-1) in the control volume gives:

Ce (Te, p − Te,op )∆V
∆t
+{ke,n rn (

Te, S − Te, P
(δz ) s

= [{ke,e re (

Te, E − Te, P

)∆r − ke, s rs (

(δr )e

)∆z − ke, w rw (

Te, P − Te, N
(δz ) n

Te, P − Te,W
(δr ) w

)∆z}

)∆r} − G (Te, p − Tl , p )∆V + ( S )∆V ]
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(2-19)

which on simplification yields:

ae, pTe, p = ae, ETe, E + ae,W Te,W + ae, N Te, N + ae,S Te,S + be

(2-20)

where Te,P, Te,E, Te,W, Te,N and Te,S are respectively, electron temperatures at grid P, E, W,
N and S at the current time step.
The coefficients in Eq. (2-20) are defined as:

ae, E = ke,e rp

∆z
;
(δr )e

ae,W = ke,w rp

ae,S = ke,s rs

∆r
;
(δz ) s

ae, p = ae, E + ae,W + ae, N + ae, S + ae,op + (G )∆V ;

be = ae,opTe,op + (GTl , p + S p )∆V ;

∆z
∆r
; ae, N = ke,n rn
;
(δr ) w
(δz )n

ae,op =

(2-21)

Ce
∆V ;
∆t

with

∆V = ∆r * ∆z *0.5( zn + zs )

(2-22)

where ke,e, ke,w, ke,n and ke,s are electron conductivities at the faces of control volume e, w,
n and s respectively. These are obtained by harmonically averaging the thermal
conductivities at the two adjacent control volumes [27]. Te0, p is the electron temperature
at grid point P for the previous time step, Tl,p is the lattice temperature at grid point P for
the current time step, and Sp is the heat source intensity at grid point P.
For the control volumes that contain only one phase, the lattice temperature can be
obtained by integrating Eq. (2-2) in the control volume, which gives:
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Cl (Tl , p − Tl ,op )∆V
∆t
+{kl , s rs (

Tl , S − Tl , P
(δz ) s

= [{kl ,e re (

Tl , E − Tl , P

)∆r − kl ,n rn (

(δr )e

)∆z − kl , w rw (

Tl , P − Tl , N
(δz ) n

Tl , P − Tl ,W
(δr ) w

)∆z}
(2-23)

)∆r} + G (Te, p − Tl , p )∆V ]

on simplification, the above equation yields:

al , pTl , p = al , ETl , E + al ,W Tl ,W + al , N Tl , N + al ,S Tl , S + bl

(2-24)

where Tl,P, Tl,E, Tl,W, Tl,N and Tl,S are respectively, lattice temperatures at grid P, E, W, N
and S at the current time step. The coefficients in Eq. (2-24) are defined as:

al , E = kl ,e rp

∆z
;
(δr )e

al ,W = kl ,w rp

al ,S = kl ,s rs

∆r
;
(δz ) s

al , p = al , E + al ,W + al , N + al ,S + al ,op + (G )∆V ;

bl = al ,opTl ,op + G∆VTe, p ;

∆z
∆r
; al , N = kl ,n rn
;
(δr ) w
(δz )n

al ,op =

(2-25)

Cl
∆V
∆t

where kl,e, kl,w, kl,n and kl,s are lattice conductivities at the faces of control volume e, w, n
and s respectively. They are obtained by harmonically averaging the thermal
conductivities at the two adjacent control volumes [27]. Tl0,p is the lattice temperature at
grid point P for the previous time step.
For the control volume that contains solid liquid interface, the lattice temperature, Tl,p
in Eq. (2-24), is numerically set as interfacial temperature, Tl,I, by letting:

al , p = 1020 and bl = Tl , I ×1020

(2-26)
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This treatment will yield accurate result when the solid liquid interface is exactly at the
grid point P. When the interfacial location is not at the grid point P (Fig. 2-3), a modified
thermal conductivity at the face of control volume, n, is introduced by equating the actual
heat flux across the face of control volume based on the position and temperature of solid
liquid interface, to the heat flux at face n based on the position and temperature of main
grid point P, i.e.,

kl ,n (Tl , N − Tl , I )
(δz ) n − (0.5 − f p )(∆z ) p

=

kˆl ,n (Tl , N − Tl , p )

(2-27)

(δz ) n

where kˆl ,n is the modified thermal conductivity for the face n. Considering Tl,p = Tl,I, Eq.
(2-27) becomes

kˆl ,n =

(δz )n
kl ,n
(δz )n − (0.5 − f p )(∆z ) p

(2-28)

Similarly, a modified thermal conductivity for faces s, w, and e, of the control volume
can be obtained as:
kˆl , s =

(δz ) s
kl , s
(δz ) s + (0.5 − f p )(∆z ) p

(2-29)

The modified thermal conductivities defined by Eqs. (2-28) and (2-29) are used to obtain
the coefficients for grid points in axial direction, which allows the temperature at the
main grid P, to be used in the computation regardless the interfacial location within the
control volume. To determine the interfacial location and the interfacial temperature, the
energy balance at the interface, Eq. (2-11), and the nucleation dynamics, Eq. (2-12), must
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be employed. The solid-liquid interfacial velocity can be obtained from the energy
equation for the control volume that contains the solid liquid interface and from the
volumetric enthalpy as:


kl ,n (Tl , N − Tl , I )
kl , s (Tl , I − Tl , S )
−
+

 (δz ) n − (0.5 − f p )(∆z ) p (δz ) s − (0.5 − f p )(∆z ) p
  s − s 0 2 
0 ( ∆x) p  
G (Te, p − Tl , p )(∆x) p − Cl ,s (Tl , I )(Tl , I − Tl , I )
 
 1+ 
∆t    δr  



us =

1
ρl hm

(2-30)

where Tl0,I is the solid-liquid interfacial temperature at the previous time step. The third
and the fourth terms in the bracket at the right hand side of Eq. (2-30) represent the effect
of electron-lattice interaction and change of the interfacial temperature. The last term in
the equation incorporates the effect of lateral direction on the velocity given by Eq. (211). Equation (2-30) can be rewritten in a more compact form by considering Eqs. (2-28)
and (2-29) to get:

us =

1
ρl hm

 kˆl ,n (Tl , N − Tl , p ) kˆl , s (Tl , p − Tl , S )

−
+
(δz )n
(δz ) s


  s − s 0 2 
0 ( ∆x) p  
G (Te, p − Tl , p )(∆x) p − Cl ,s (Tl , I )(Tl , I − Tl , I )
 
 1+ 
∆t    δr  


(2-31)



Equation (2-31) will be used together with Eq. (2-12) to determine the solid liquid
interfacial velocity and the temperature. The interfacial location is then determined using:

s = s 0 + us ∆t

(2-32)

and the liquid fraction in the control volume (considering axial direction) containing
interface is:
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f =

s + x p − (∆x p ) / 2
(∆x p )

(2-33)

The liquid fraction for the entire computational domain is computed considering the axial
direction which together gives a very close approximation of the actual interfacial profile.
The profile obtained gets more accurate as the size of the grid reduces.

2.3.3

Iterative Procedure
The numerical solution starts from time t = -2tp, and the initial temperatures of the

electrons and lattice are given by Eq. (2-13). Before the onset of melting, the electrons
and lattice temperatures are obtained by solving eqs. (2-20) and (2-24) simultaneously.
Once the lattice temperature at the first control volume (r = z = 0) exceeds the melting
point, the lattice temperature for this control volume is set equal to the melting point
using Eq. (2-26) and phase change will then be modeled. Since the rapid melting and
resolidification are controlled by nucleation dynamics, the interfacial temperature, Tl,I, is
unknown and is related to the interfacial velocity by Eq. (2-10). Once the melting is
initiated, an iterative procedure is employed to solve the interfacial temperature and the
interfacial location at each time step. The iterative procedure solves the whole
computational domain in a layer by layer pattern, i.e. first row of grids is solved,
following the second and so on until the last one. The process follows as:
1. The solid-liquid interfacial temperature, Tl,I, is assumed and Eq. (2-31) is used to
determine the solid-liquid interfacial velocity. The location and liquid fraction in
the first control volume is determined using Eqs. (2-32) and (2-33) respectively.
2. Nucleation dynamics, Eq. (2-12) gives an interfacial velocity which is then
compared with the interfacial velocity obtained from (Step 1) Eq. (2-31).
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Depending on whether the interfacial velocity obtained from Eq. (2-31) is higher
or lesser than that obtained from Eq. (2-12), the interfacial temperature will be
increased or decreased by an appropriate value respectively.
3. Equations (2-20) and (2-24) are solved simultaneously to obtain the electron and
lattice temperature in the whole domain. Equation (2-26) is used to alter al,p and bl
for the control volume containing the interface.
4. Step 1 to step 3 are repeated until the difference between the interfacial velocities
obtained from Eqs. (2-31) and (2-12) are less than 10-3 m/s.
5. The interfacial location for the second layer is obtained using the step 1 to step 4.
The process repeats until the last layer is solved.

2.4

Results and discussions
A thorough parametric study has been done to explore the effect of many

parameters of the ultrashort laser impinging on the metal sample and its properties. The
results obtained from the present model has been tested with other models, usually either
1-D model or axisymmetric model for pure conduction to validate the results obtained
from simulation and the validity of the computer program developed to achieve the
simulation. The results obtained from the present model were first compared with two
previous works. One was done in melting and solidification in 1-D model [16], and the
other was done in axisymmetric pure conduction [14]. In order to compare the present
with the 1-D model, a uniform flux was applied on the whole top surface of the present
axisymmetric model. Apart from this, the thermophysical properties of gold used for
comparison were exactly same as those used in Ref. [16]. The thermophysical properties
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for the gold listed in Table 1 are for solid gold below the melting point and liquid gold
above the melting point only. Properties for the superheated solid and under-cooled liquid
are taken as those at the melting point due to the lack of properties available for these
nonequilibrium states.

Table 1: Thermo-physical properties for gold [16]
Properties
Coefficient for electron heat
capacity (J/m3K)
Electron-lattice coupling factor at
room temperature (W/m3-K)
Density (kg/m3)
Specific heat (J/kg-K)

Thermal conductivity at
equilibrium (W/m-K)
Reflectivity
Optical penetration depth (nm)
Melting point (K)
Fermi Temperature (K)
Latent heat of fusion (J/kg)
Limit velocity (m/s)
Gas constant (J/kg-K)

Solid Phase

Liquid Phase
70 [5]

2.2 x 1016 [19]

2.6 x 1016

19.30 x 103
17.28 x 103
105.1 + 0.291Tl - 8.713 x
10-4Tl2 + 1.187 x 10-6Tl3 163.205
-10 4
7.051 x 10 Tl + 1.538
x 10-13Tl5 [6]
37.72 + 0.0711Tl - 1.721
320.973 - 0.0111Tl x 10-5Tl2 + 1.064 x 102.747 x 10-5Tl2 -4.048 x
9 3
Tl
10-9Tl3 [22]
0.6
20.6 [6]
1336
6.42 x 104
6.373 x 104
1300 [6]
42.21

The 2-D model was first simulated as a 1-D model to compare the results obtained by
applying a uniform flux on the whole top surface. This treatment would yield the results
as many one dimensional cases placed adjacent to each other and without transferring any
heat in the radial direction. To achieve this, a constant flux on the top surface as shown in
Fig 2-4 has been applied. For this case, the number of grids used in the current model was
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250×250 (L1×M1) and the data through all the grid layers in radial direction were found
to be same (variation of the order of 10-8-10-9). The numbers of grids in radial direction
were then changed to different random numbers varying from 3 to 1000 to validate
whether the results were independent of radial direction under constant flux on the whole
top surface. Again, the results were found to be the same in all the combination of grids.
Therefore the following graphs are based on a random position from the centre and
compared axially with the 1-D model.

Fig. 2-4: Application of uniform flux on the top surface of the metal sample
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(a) Surface electron temperature, t = 100 fs and 20 ps

(b) Surface electron temperature, t = 5 ps and 0.2 ns

Fig. 2-5: Comparisons of electron temperatures between the present axisymmetric model
and the existing 1-D model. (a) Surface electron temperature, t = 100 fs and 20 ps. (b)
Surface electron temperature, t = 5 ps and 0.2 ns.
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(a) Surface lattice temperature, t = 100 fs and 20 ps

(b) Surface lattice temperature, t = 5 ps and 0.2 ns

Fig. 2-6: Comparisons of lattice temperatures between the present axisymmetric model
and the existing 1-D model. (a) Surface lattice temperature, t = 100 fs and 20 ps. (b)
Surface lattice temperature, t = 5 ps and 0.2 ns.
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Figure 2-5 and fig. 2-6 shows the comparisons for the electron and lattice
temperatures at the irradiated surface obtained from the present axisymmetric model and
the 1-D model [16] for a 1-µm gold film. Four pulse widths of 0.2 ns, 20 ps, 5 ps and 100
fs with the same laser fluence of 0.3 J/cm2 are applied. The time step varies from 0.5 fs to
2 ps depending on the pulse widths. The peak electron temperatures obtained from the
current axisymmetric model are 1791 K, 6266 K, 11290 K and 16812 K respectively, in
agreements with 1777 K, 6267 K, 11249 K and 16812 K obtained from the 1-D model.
The peak electron temperatures though vary quite little; the peaks are attained at the same
time for all the pulse widths for both models. The peaks for lattice temperatures obtained
in the current axisymmetric model are 1394 K, 1619 K, 1788 K and 1888 K, and the
corresponding peak surface lattice temperatures for the four different pulses were 1387
K, 1629 K, 1791 K and 1908 K respectively. Again, the difference is negligible between
them. The delay from the times at which the peak electron surface temperatures occur to
the times at which the peak surface lattice temperatures occur behave in the same way for
both the cases.
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(a) Interfacial locations at different times

(b) Interfacial temperature at different times

Fig. 2-7: Comparisons between the present axisymmetric model and the existing 1-D
model. (a): Interfacial locations at different times. (b): Interfacial temperature at different
times.
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The results of the interfacial locations, solid-liquid interfacial temperatures, and
interfacial velocities for the case of laser fluence 0.3 J/cm2 are compared in Fig. 2-7. It
can be seen that both the maximum melting depth and the duration of the phase change
increase with decreasing pulse width in both axisymmetric and 1-D model. The
maximum melting depths for the four different pulse widths for the 1-D model obtained
were 5.2 nm, 17.3 nm, 26.9 nm, and 33.3 nm, respectively, and those for the
axisymmetric model are obtained as 5.9 nm, 16.3 nm, 25.8 nm and 30.8 nm. The
maximum interfacial temperatures in the melting stage for 1-D model were 1378 K, 1585
K, 1718 K, and 1808 K, respectively, and those for the axisymmetric model are obtained
as 1382 K, 1574 K, 1702.6 K and 1774 K. The corresponding peak interfacial velocities
are 44 m/s, 211 m/s, 289 m/s, and 332 m/s, respectively and those for the axisymmetric
model are obtained as 47 m/s, 204 m/s, 281 m/s and 317 m/s. For a laser pulse of tp = 1
ns on both the cases, no melting takes place because the peak surface lattice temperature
was only 1080 K in 1-D and 1082 K in the axisymmetric model.
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Fig. 2-8: Axial thermal depth profile variations for the current model and pure conduction
model [14] for gold film.

Figure 2-8 shows the comparison with an axisymmetric, pure conduction in a 10 µm
thick gold film [14]. The pulse width of the Gaussian beam is 250 ns with characteristic
radii of 50 µm. The parameters and thermo-physical properties of gold used are given in
Table 2 and Table 3.

Table 2: Properties for gold [14]
Properties
Reflectivity
Absorption Coefficient (cm-1)
Thermal Diffusivity (cm2 s-1)
Thermal Conductivity (W cm-1 K-1)
Beam Intensity (MW cm-2)

Values
1-(0.365ξ1/2-0.066 ξ+0.0006 ξ3/2)
3.774 x 104 x (30/ ξ)1/2β
aAuexp(bAuT)
cAuexp(dAuT)
30
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Table 3: Constants for gold [14]
Constants
Ξ
G
H
aAu
bAu
cAu
dAu

Values
g{1+h(T-Ti)}
2.283 x 10-2
3.6 x 10-3
1.445
-3.83 x 10-4
3.419
-2.21 x 10-4

The axial thermal depth profiles are compared at t = 450 ns, i.e. 1.8tp which was
originally used in [14] to study the axial thermal depth for gold for the given pulse width,
fluence and time. The results obtained with the four grid systems of 100×100, 150×150,
200×200 and 250×250 uniform grids are examined to test whether the model is
independent of number of grids. The maximum lattice temperature difference between
100×100 and 250×250 grids is less than 0.5%.
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(a) Surface electron temperature at J0 = 0.3 J/cm2

(b) Surface electron temperature at J0 = 0.45 J/cm2

Fig. 2-9: Surface electron temperature distribution for a gold film of 2 µm x 2 µm at t =
300 fs.
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Fig. 2-10: Comparisons between electron temperature axially for laser fluence of 0.3
J/cm2 and 0.45 J/cm2 at t = 100 fs, 200 fs and 300 fs.

Figure 2-9 plots the 3D surface electron temperature distributions at t = 300 fs for a
gold film of 2 µm x 2 µm heated by a 100 fs laser pulse at fluence 0.3 J/cm2 and 0.45
J/cm2, respectively. The beam radius is 250 nm. The electron temperature distributions in
the axial (z) direction at r = 0 are plotted in fig. 2-10 for t = 100 fs, 200 fs and 300 fs. The
peak electronic temperatures occur at the center of the top surface and are 16,392 K at t =
300 fs for 0.3 J/cm2 and 20,839 K at 300 fs for 0.45 J/cm2. The 3D surface lattice
temperature distributions at t = 1.5 ps and t = 22.1 ps are presented in fig. 2-11 and fig. 212.
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(a) Surface lattice temperature at J0 = 0.3 J/cm2, t = 1.5 ps

(b) Surface lattice temperature at J0 = 0.3 J/cm2, t = 22.1 ps

Fig. 2-11: Surface lattice temperature for a gold film of 2 µm x 2 µm for laser fluence of
0.3 J/cm2 at t = 1.5 ps and 22.1 ps
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(a) Surface lattice temperature at J0 = 0.45 J/cm2, t = 1.5 ps

(b) Surface lattice temperature at J0 = 0.45 J/cm2, t = 22.1 ps

Fig. 2-12: Surface lattice temperature for a gold film of 2 µm x 2 µm for laser fluence of
0.45 J/cm2 at t = 1.5 ps and 22.1 ps.
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(a) Melting depth at J0 = 0.3 J/cm2, t = 1.81 ns

(b) Melting depth at J0 = 0.3 J/cm2, t = 3.81 ns

Fig. 2-13: Solid-liquid interfacial locations for laser fluence of 0.3 J/cm2 at t = 1.81 ns
and 3.81 ns.
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(a) Melting depth at J0 = 0.45 J/cm2, t = 1.81 ns

(b) Melting depth at J0 = 0.45 J/cm2, t = 3.81 ns

Fig. 2-14: Solid-liquid interfacial locations for laser fluence of 0.45 J/cm2 at t = 1.81 ns
and 3.81 ns.
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Figure 2-13 and fig. 2-14 depicts the 3D solid-liquid interfacial locations at t = 1.81
ns and 3.81 ns for the fluences of 0.3 J/cm2 and 0.45 J/cm2. It can be observed from Fig.
2-13 and fig. 2-14 that by keeping all the parameters same, the larger the laser fluence,
the more is the melting depth obtained at a given time. The effects of laser fluence on the
interfacial locations, solid-liquid interfacial temperatures, and interfacial velocities at
different times are shown in fig. 2-15, fig. 2-16 and fig 2-17. Figure 2-15 (a) is the profile
of the melting depth at t = 310 ps, 810 ps, 1.31 ns and 1.81 ns for Jo = 0.3 J/cm2 and 0.45
J/cm2, respectively. Figure 2-15 (b) compares the time histories of interfacial velocity at
different radial locations r = 0 and 60 nm. The interfacial velocities at r = 0 and 60 nm
reached to its peak at very early stage of phase change, 362 m/s and 385 m/s (at t = 17.1
ps) respectively for the fluence 0.3 J/cm2 and 580 m/s and 567 m/s (at t = 19 ps)
respectively for 0.45 J/cm2. Figures 2-16 (a) and 2-16 (b) show how the solid liquid
interface at different radial locations varies with time. It can be seen in these two figures
that after the maximum melting depths are achieved, resolidification starts and will
eventually solidify completely. Both the maximum melting depth and the solidification
completion time decrease as the radial distance increase. For example, the maximum
melting depth is 19.7 nm occurring at 214 ps and the solidification completes at 555 ps
for the location r = 100 nm; the maximum melting depth is 8.5 nm occurring at 126 ps
and the solidification completes at 317 ps for the location r = 140 nm; the maximum
melting depth is only 0.92 nm occurring at 37 ps and the solidification completes at 80 ps
for the location r = 180 nm. Figures 2-17 (a) and (b) compares the time histories of
interfacial temperatures at r = 0 nm, 60 nm, 100 nm and 140 nm for the fluence of 0.3
J/cm2 and 0.45 J/cm2, respectively. The melting point of bulk gold is 1337 K. Figures 2-
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17 (a) and (b) show the strong superheating in the melting stage and under cooling in the
solidification stage which are in accordance to the results obtained in 1-D model [16] and
[20].
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(a) Interfacial locations at J0 = 0.3 J/cm2 and J0 = 0.45 J/cm2

(b) Interfacial velocity at J0 = 0.3 J/cm2 and J0 = 0.45 J/cm2

Fig. 2-15: Axisymmetric effect of laser fluence on solid-liquid interfacial location,
interfacial velocity and interfacial temperature at different time. (a) Comparison of
interfacial locations at different times for J0=0.3 J/cm2 and J0=0.45 J/cm2. (b) Comparison
of solid-liquid interfacial velocity at different time for J0 = 0.3 J/cm2 and J0 = 0.45 J/cm2
at the centre (r = 0) of the film and at r = 60 nm.
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(a) Solid-liquid interfacial location at J0 = 0.3 J/cm2

(b) Solid-liquid interfacial location at J0 = 0.45 J/cm2
Fig. 2-16: Axisymmetric effect of laser fluence on solid-liquid interfacial location,
interfacial velocity and interfacial temperature at different time. (a) and (b) Melting and
solidification at different radial locations w.r.t. time.
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(a) Interfacial temperature at J0 = 0.3 J/cm2

(b) Interfacial temperature at J0 = 0.45 J/cm2
Fig. 2-17: Axisymmetric effect of laser fluence on solid-liquid interfacial location,
interfacial velocity and interfacial temperature at different time. (a) and (b) Interfacial
temperature of solid-liquid interface w.r.t. time.
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Fig. 2-18: Comparison of surface electron temperature for characteristic radii of 250 nm
and 333 nm of the laser beam, J0 = 0.3 J/cm2.

Figure 2-18 presents the surface electron temperature distributions in the radial
direction for different characteristic radii (rs) with the same peak fluence of 0.3 J/cm2. It
can be seen from fig. 2-18 that the temperature profiles are different, as expected.
However, the peak surface electron temperature values are same at the early times of 100
fs, 200 fs and 300 fs respectively, as the change in characteristic radii only by keeping the
same peak laser fluence.
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2.4

Conclusions

An axisymmetric interfacial tracking method is developed to model an ultrashort laser
melting and resolidification of a metal film. The solid-liquid interfacial velocity and the
interfacial temperature are computed and compared for different parameters. The electron
thermal conductivity for the electron was computed through the relation in eq. (2-9). The
electron and the lattice temperature distributions, melting and resolidification profiles
considering the liquid fraction in each grid, is presented in a three dimensional domain
for different laser fluence at different times. The axisymmetric model shows consistent
results with the 1-D model [16] when the whole three dimensional computational domain
was applied by a constant heat flux to simulate the conditions of one dimensional heating.
The axisymmetric model without considering the electron ballistic motion and the same
parameters as in [14] have shown very close results with the work done by Neto and
Lima. The maximum melting depth, peak solid-liquid interfacial temperature and velocity
during the melting stage is found to be significantly impacted by the change in laser
fluence.
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CHAPTER 3
AXISYMMETRIC MODEL FOR VAPORIZATION OF METAL
WHEN IMPINGED BY AN ULTRASHORT LASER PULSE

This chapter presents an axisymmetric model of ultrashort pulsed laser-metal
interaction incorporating preheating, melting, vaporization, removal of vaporized
material and re-solidification. The model proposed will be formulated based on a finite
volume method. The solid-liquid and liquid-vapor interfaces will be tracked and studied
under different parameters affecting them. The vapor generated at the surface is assumed
to be immediately removed upon formation so that the computational domain includes
only solid and liquid phases. Temperature and velocity of the liquid vapor interface will
be controlled by energy balance and gas kinetics law, which will be solved
simultaneously through an iterative computational procedure. The temperature dependent
thermophysical properties are incorporated for more accurate prediction of thermal
transport behavior in the electron and lattice over the time history.

3.1 The Need
Most of the tracking models previously proposed for ultrafast solid-liquid and
liquid-vapor phase changes dealt with the case of pure conduction [14, 15], lattice
temperature well below the melting point or for the case of one-dimensional (1-D)
melting or vapor phase change problems only [16, 28]. Under higher laser fluence and/or
short pulse, the lattice temperature can exceed the melting point and melting may take

- 48 -

place followed by solidification upon cooling back again. This rapid phase change
phenomenon induced by ultrashort pulsed lasers, are controlled by the nucleation
dynamics at the interface and not by the interfacial energy balance [29]. Zhang and Chen
[30] proposed an implicit, fixed grid interfacial tracking method to solve kinetics
controlled rapid melting and resolidification in a free-standing metal film when impinged
by an ultrashort pulse laser. Zhang and Chen [16] included the nonlinear electron heat
capacity obtained by Jiang and Tsai [21] and the temperature dependent electron-lattice
coupling factor based on phenomenological model [31] into the interfacial tracking
method. If the laser pulse width is in the order of femtosecond or the fluence is
significantly high enough, the liquid surface temperature may exceed the saturation
temperature and vaporization may take place. Shi et al. [32] analytically investigated
solid-liquid-vapor phase changes of the metal particle when impinged by nanosecond
pulsed laser. Chowdhury and Xu [17] proposed a numerical model to simulate the
melting-vaporization-resolidification process during femtosecond laser-metal interaction
assuming a fixed velocity of liquid-vapor interface and neglecting the ablation depth.
The 1-D models for solid-liquid-vapor phase change [28] are valid only if the
laser spot size is much larger than the target thickness. If the above condition is not met, a
2-D or 3-D model is required to accurately model the heat transfer and eventually the
melting, vaporization and re-solidification during the ultrashort pulsed laser interaction
with a thin metal film.
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3.1.1 Solid-vapor phase change
Phase change between solid and liquid occurs when the system pressure is above
the triple point pressure. But sublimation may take place if the system pressure is below
the triple point pressure, i.e. the phase change from solid phase to the vapor phase occurs
without undergoing through the liquid phase. When heat is applied to the solid with the
pressure below the triple point pressure, the vibrational energy of the molecules will be
increased and the temperature of the solid will be raised. When the temperature of the
solid reaches the sublimation temperature, continued heating increases the vibrational
energy of the molecules to a level that overcomes the intermolecular attractive force and
breaks bonds between molecules. At this point the solid is vaporized. When a vapor with
pressure below the triple point pressure is cooled, decreasing the vapor temperature
results in decreasing molecular kinetic energy and decreasing the distance between
molecules. When the vapor reaches a certain temperature, further cooling significantly
reduces the intermolecular distance to a level at which the molecules are bonded together
and held in a fixed pattern. The process whereby a vapor phase turns to solid is referred
to as deposition, which is the opposite process of sublimation. The deposition process
discussed above involves physical processes only. There is also a deposition process
involving chemical reaction, which is referred to as chemical vapor deposition. When the
gaseous precursors are absorbed by a heated substrate – where a chemical reaction takes
place – the nucleation and lattice incorporation leads to formation of a solid film.
Chemical vapor deposition finds applications in coating as well as laser-assisted
manufacturing processes.
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3.2 Physical Model
Physically the problem under consideration consists of a sample: a cylindrical
gold sample of length L and radius M impinged by a Gaussian beam of characteristic
radius of r0, much smaller than the radius of the sample’s top surface, M. The laser beam
is considered to be irradiated at the center of the top surface (r = z = 0). The heating
effect caused due to the laser beam will be axisymmetric in nature and therefore all the
effects in θ dimension will be the same. Considering the cylindrical coordinates r, z and

θ, the computations will be done only in the r and z directionsto save computational time.
The physical model of the problem is schematically shown in Fig 2-1.
The two dimensional axisymmetric energy equations of the free electrons and lattice
are:
Ce (Te )

∂Te
∂T
∂T
1 ∂
∂
=[
(ke r e ) + (ke e )] − G (Te − Tl ) + S (r , z , t )
r ∂r
∂t
∂r
∂z
∂z

(3-1)

Cl (Tl )

∂Tl
∂T
∂T
1 ∂
∂
=[
(kl r l ) + (kl l )] + G (Te − Tl )
∂t
r ∂r
∂r
∂z
∂z

(3-2)

Equation (3.1) and eq. (3.2) are the same as eqs. (2.1) and (2.2) respectively.
The initial temperature of the metal sample (electron and lattice) is taken to be 300 K
(Ti) and is given by:

Te (r , z , −2t p ) = Tl (r , z , −2t p ) = Ti
∂Te
∂z
∂Tl
∂z

=
z =0

z =0

∂Te
∂z

∂T
= l
∂z

=
z=L

z=L

∂Te
∂r

∂T
= l
∂r

=
r =0

r =0

∂Te
∂r

∂T
= l
∂r

(3-3)
=0
r =M

(3-4)
=0

r =M
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The time t = 0 is defined as the time when the pulse energy reaches its peak value
and the numerical solution starts from t = -2tp. The walls of the entire sample are
considered to be adiabatic in nature and no heat loss in any form will take place from the
boundaries. This assumption is justifiable as the size of the sample is big enough as
compared to the laser spot radii. Boundary conditions for the problem could be given by
the eq. (3-4). The heat loss due to the radiation from the top surface is ignored [28].
Therefore the sole heating source will be the laser energy deposited acting as an internal
heating source, which is given by:

β
S (r , z, t ) =
π

  r 2  z
exp  −   − 
−L
  r0   δ + δb
( δ+δb )
]
t p (δ + δb )[1 − e

(1 − R) J o

  t − 2t p
 − β 
  tp





2






(3-5)

The above expression is extended for a Gaussian laser beam from 1-D model to
axisymmetric effect with ballistic range included. Here, r0 is the spot characteristic radius
−L

δ+δ 
of a Gaussian beam defined at e-1 position, and β = 4ln(2) and the factor 1 − e ( b )  is



to correct the film thickness effect.
Electron-lattice coupling factor denoted by G in eq. (3-1) and (3-2) will be
considered temperature dependent as proposed by [17].

A

G = GRT  e (Te + Tl ) + 1
 Bl


(3-6)

which is taken 20% higher in liquids than that in solids as the electrons are more likely to
collide in liquid phase [20]. Chen et al. [22] analyzed the results of [21] and suggested
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that the electron heat capacity can be approximated to:

 BeTe ,

2 B T / 3 + Ce′ / 3,
Ce =  e e
 Nk B + Ce′ / 3,
3Nk / 2,
B


Te < TF / π2 ,
TF / π2 ≤ Te < 3TF / π2 ,
3TF / π2 ≤ Te < TF ,

(3-7)

Te ≥ TF ,

where C΄ is defined as:
C ′ = BeTF / π2 +

3 Nk B / 2 − BeTF / π2
Te − TF / π2
TF − TF / π2

(

)

(3-8)

The thermal conductivities in Eq. (3-1) and (3-2) are temperature dependent and
different for different phases. Although, most of the conduction in metals (about 99% for
gold) is due to the electrons and the rest of the one percent is contributed by the lattice at
equilibrium [23], lattice conduction is included in this work to obtain more accurate
results. At low electron temperatures, thermal conductivity of the electrons depends on
the temperature of electrons and lattice [20] by the relation:

T 
ke = keq  e 
 Tl 

which

(3-9)

is valid only when the electron temperature is much lower than the Fermi

temperature, TF. A more general form of electron thermal conductivity is given by [24]:
ke = χ

(ζ e2 + 0.16)5/4 (ζ e2 + 0.44)ζ e
(ζ e2 + 0.092)1/2 (ζ e2 + ηζ l )

(3-10)
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where ζe = Te/TF and ζℓ = Tl/TF. The two constants in eq. (3-10) are χ = 353 W/m-K and η
= 0.16 for gold. For higher electron temperature, ζe >> 1, eq. (3-10) results in the well
known dependence ke ≈ (Te)5/2, that is the characteristics of low density plasma. On the
other hand eq. (3-10) will reduce to eq. (3-9) under low temperature limit, ζe << 1.
If the shape of the solid-liquid interface can be expressed as z = s(r,t), energy balance
at the interface may be given by [25]:
[1 + (

∂Tl q
∂T
∂s 2
) ][k s s − kl q
] = ρl q hmus
∂r
∂z
∂z

(3-11)

where the additional interfacial velocity due to the density change during melting and
solidification has been considered.
The velocity of solid-liquid interface is governed by the energy balance specified by
eq. (3-11) if the melting process is conventional. For a rapid solid-liquid phase change is
dominated by nucleation dynamics, the velocity of the solid-liquid interface is described
as [20]:
us = Vo [1 − exp(−

hm Tl , I − Tm
)]
Rg Tm Tl , I

(3-12)

where V0 is the maximum interfacial velocity, Rg is the gas constant for the metal, and Tl,I
is the interfacial temperature. The interfacial temperature, Tl,I, is higher than the normal
melting point during melting, and lower during the solidification.
For the liquid vapor interface, energy balance at the interface and the vaporization
rules derived from kinetics laws will be applied to find its temperature, velocity and the
location. The energy balance at the liquid-vapor interface is:
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[1 + (

∂Tl q
∂sv 2
) ][−kl q
] = ρhlν ulν
∂r
∂z

(3-13)

where, hℓν is the latent heat of evaporation for gold, uℓν is the liquid-vapor interfacial
velocity, and Tℓν for the liquid-vapor interfacial temperature. With a known liquid-vapor
interfacial velocity, (3-13) may be used to obtain the liquid-vapor interfacial temperature
Tℓν. To characterize the vaporization process, Clausius-Clapeyron equation may be used
to describe the slope of saturation pressure-temperature curve assuming a thermal
equilibrium and ideal gas conditions:
ph (T )
dp
= lν 2lν
dTlν
RuTlν

(3-14)

here the latent heat of vaporization hℓν is related to the Tℓν through:
1/2

  T 2 
hlν (Tlν ) = hlν 0 1 −  lν  
  Tc  

(3-15)

where, hℓν0 is the latent heat of vaporization at absolute zero and Tc is the critical
temperature [33]. By integrating eq. (3-14), the relationship between the interfacial
temperature and pressure can be obtained as:


 ρL
p = p0 exp − l 0
 Ru


−

ρl L0
RuTc

2
2

 1 1 −  Tlν  − 1 1 −  Tb  
 Tlν
 Tc  Tb
 Tc  



 −1  Tlν
sin 

 Tc


−1  Tb
 − sin 

 Tc
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(3-16)

The molar evaporation flux, jℓν, at the surface can be calculated by the Hertz-KnudsenLangmuir equation derived from the kinetic theory of gases [34]:
jν =

Ap
2π M RuTlν

(3-17)

where “A” is an accommodation coefficient that shows which portion of vapor molecules
striking the liquid-vapor surface is absorbed by this surface [35]. Xu et al. [33]
recommended a value of 0.82 for this coefficient. The liquid vapor interfacial velocity
can be obtained from jℓν from the relation:

ul ν =

M jν
AM p
=
ρl
ρl 2π M RuTlν

(3-18)

3.3 Numerical Solution
The five stages of heat transportation included and modeled in this work are as
follow: 1) pure conduction in the preheating stage with an internal heat source given by
Eq. (5). 2) The formation of liquid gold near the heating surface as the melting starts,
leading to a solid-liquid interface. 3) If the laser fluence is sufficiently high, as the case in
this work, then the temperature keeps on rising until the liquid metal starts evaporating.
The vaporized metal is considered to be removed from the metal surface immediately and
eventually from the computational domain. At this stage the solid-liquid and the liquidvapor interfaces have to be tracked simultaneously. 4) After the liquid-vapor interfacial
temperature reaches its peak, its temperature starts decreasing until it reaches the
saturation temperature at ambient pressure. After this point, the evaporation ceases but
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the melting will continue to take place. The melting process gradually slows down after it
reaches its maximum melting depth. 5) Finally the liquid metal starts cooling leading to
resolidification. During the liquid-vapor phase change, once the interface moves over a
grid point, the respective grid point will be considered under the vapor phase. This grid
point (Fig. 3-1) will be treated with a block-off method [27], i.e. to make the ke and kl in
the vapor zones equal to zero. Depending on whether the vapor phase in a control volume
is on the right side or on the left side of a grid point, the control volume will be changed
accordingly. When the liquid-vapor interface is on the right side of the grid point, the
remaining liquid part of this control volume will be attached to the adjacent (right side)
control volume as show in Fig 3-1.

Fig. 3-1: Discretization of computational domain

The temperature varies only in the r and z directions. The computational domain is
divided in uniformly spaced two dimensional grids. The implicit finite volume equations
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are obtained by integrating eq. (3-1) and (3-2) in each control volume and time step [27].
On discretizing and simplification eq. (3-1) over the control volume gives:
ae , pTe , p = ae, ETe, E + ae,W Te ,W + ae, N Te , N + ae, S Te , S + be

(3-19)

where Te,P, Te,E, Te,W, Te,N and Te,S are respectively, electron temperatures at grid P, E, W,
N and S at the current time step. The coefficients in eq. (3-19) are defined as:




∆z

o
ae ,W = ke , w rp
; ae, p = ae , E + ae,W + ae , N + ae, S + ae p + (G )∆V ;

(δr ) w


C
ae , op = e ∆V ; be = ae, opTe,op + (GTl , p + S p )∆V ; ∆V = ∆r * ∆z *0.5( zn + zs ) 
∆t

ae , N = ke ,n rn

∆r
∆r
∆z
; ae , S = ke, s rs
; ae, E = ke ,e rp
;
(δz ) n
(δz ) s
(δr )e

(3-20)

where Sp is the heat source intensity at grid point P, Tl,p and Tl,e are the lattice and
electron temperatures at grid point P for the current time step and Te0,p represents the
electron temperature at grid point P for the previous time step. ke,e, ke,w, ke,n and ke,s are
the electron thermal conductivities at the faces of control volume e, w, n and s
respectively and are obtained by harmonically averaging the thermal conductivities at the
two adjacent control volumes [27].
Similarly, eq. (3-2) on discretization yields the following:

al , pTl , p = al , ETl , E + al ,W Tl ,W + al , N Tl , N + al , S Tl , S + bl
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(3-21)




∆z

o
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(δz ) n
(δz ) s
(δr )e

(3-22)

where Tl,P, Tl,E, Tl,W, Tl,N and Tl,S are respectively, lattice temperatures at grid P, E, W, N
and S at the current time step and Tl 0,p is the lattice temperature at grid point P for the
previous time step.
The solid-liquid interfacial velocity can be obtained from the energy equation for the
control volume that contains the solid liquid interface and from the volumetric enthalpy
[16]:


kl ,n (Tl , N − Tl , I )
kl , s (Tl , I − Tl , S )
−
+

 (δz ) n − (0.5 − f p )(∆z ) p (δz ) s − (0.5 − f p )( ∆z ) p
2
(∆x) p    s − s 0  
0
G (Te, p − Tl , p )(∆x) p − Cl , s (Tl , I )(Tl , I − Tl , I )
 
 1 + 
∆t    δr  


us =

1
ρl hm

(3-23)

where Tl0,I is the solid-liquid interfacial temperature at the previous time step. The third
and the fourth terms in the bracket at the right hand side of eq. (3-23) represent the effect
of electron-lattice interaction and change of the interfacial temperature. The last term in
the equation incorporates the effect of lateral direction on the velocity given by eq. (311). Equation (3-23) can be rewritten in a more compact form by:
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us =

1  kˆl ,n (Tl , N − Tl , p ) kˆl , s (Tl , p − Tl , S )
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(3-24)

Equation (3-24) will be used together with Eq. (3-12) to determine the solid liquid
interfacial velocity and the temperature. The interfacial location is then determined using:
s = s 0 + us ∆t

(3-25)

and the liquid fraction in the control volume (considering axial direction) that contains
interface is:
f =

s + x p − (∆x p ) / 2

(3-26)

(∆x p )

To determine the liquid-vapor interfacial location, the following relation has been
used:
slν = sl0ν + ulν ∆t

(3-27)

The liquid fraction for the entire computational domain is computed considering the
axial direction which together gives a very close approximation of the actual interfacial
profile. The profile obtained gets more accurate as the size of the grid reduces.
The numerical solution starts from time t = -2tp, and the initial temperatures of the
electrons and lattice are given by Eq. (3-3). Before the onset of melting and vaporization,
the electrons and lattice temperatures are obtained by solving eq. (3-19) and (3-21)
- 60 -

simultaneously using alternating direction implicit method algorithm. For the solid-liquid
interface, once the lattice temperature at the first control volume (r = z = 0) exceeds the
melting point, the lattice temperature for this control volume is set equal to the melting
point by letting al , P =1020 and bl = Tl , I x1020 [16] and phase change will then be modeled.
Since the rapid melting and re-solidification are controlled by nucleation dynamics, the
interfacial temperature, Tl,I, is unknown and is related to the interfacial velocity by Eq. (310). Once the melting is initiated, an iterative procedure is employed to solve the
interfacial temperature and the interfacial location at each time step. The iterative
procedure solves the whole computational domain in a layer by layer pattern,
incorporating the heat flow in both the directions, i.e. first row of grids is solved,
following the second and so on until the last one. The process follows as:
1. The solid-liquid interfacial temperature, Tl,I, is assumed and Eq. (3-24) is used to
determine the solid-liquid interfacial velocity. The location and liquid fraction in
the first control volume is determined using eq. (3-25) and (3-26), respectively.
2. Nucleation dynamics, Eq. (3-12) gives an interfacial velocity which is then
compared with the interfacial velocity obtained from (Step 1) Eq. (3-24).
Depending on whether the interfacial velocity obtained from Eq. (3-24) is higher
or lesser than that obtained from Eq. (3-12), the interfacial temperature will be
increased or decreased by an appropriate value.
3. Equations (3-19) and (3-21) are solved simultaneously to obtain the electron and
lattice temperatures in the whole domain. Assigning al , P =1020 and bl = Tl , I x1020
treatment is used to alter al,p and bl for the control volume containing the
interface.
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4. Step 1 to step 3 are repeated until the differences between the two consecutive
interfacial velocities obtained from eq. (3-24) and (3-12) are less than 10-3 m/s.
5. The interfacial location for the second layer is obtained using the step 1 to step 4.
The process repeats until the last layer is solved.

3.3.1 Iterative Procedure to track Liquid-Vapor Phase
For the liquid-vapor interface, as the lattice temperature exceeds the saturation
temperature, the lattice temperature for this control volume is set equal to the saturation
temperature and liquid-vapor phase change will then be modeled. The iterative procedure
applied solves the whole computational domain in a layer by layer pattern, incorporating
the heat flow in both the directions:
1. Assume an interfacial velocity ul∗,ν using the velocity of the last time step ul0,ν as
the initial value.
2. Using eq. (3-27), determine the new interfacial location.
3. Solve the energy balance eq. (3-13) to obtain an interfacial temperature Tℓν.
4. Obtain a new interfacial velocity using eqs. (3-16), (3-17) and (3-18) as ul∗∗,ν .
Using the relation:
∗
∗∗
∗
ul∗∗∗
ν = ulν + α lν ( ulν − ulν )

(3-28)

here, αℓν is the appropriate under relaxation factor used to get an converged
solution.
5. Use ul∗∗∗
,ν again in step 2 as the new velocity and repeat the iteration from step 2 to
step 5 until the difference between the interfacial velocities obtained from the
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consecutive iteration is less than a predefined precision value, 10-5 m/s in this
case.

3.4 Results and Discussions
The results obtained from the present model were first compared with that from a
1-D model by Huang et al. [28]. A gold sample of 0.55µm x 0.55µm was considered
under the computational domain and the initial temperature of the sample was taken to be
300K. In order to compare the present work with the 1-D model, a uniform flux was
applied on the entire top surface of the present axisymmetric model. Apart from this, the
thermophysical properties of gold used for comparison are listed in Table 1 and were
exactly same as that used in [28]. Properties for the superheated solid and under-cooled
liquid are taken as those at the melting point due to the lack of properties available for
these non-equilibrium states. Effect of heat loss due to radiation at the surface has been
neglected in this work while that in Ref. [28] has been taken into consideration. The
effect of considering the heat loss from the surface due to radiation was explained in [28],
which was negligible.
For this uniform heat flux case, the number of uniform grids used in the current
model was 250 × 250 (L1 × M1). By applying a constant heat flux on the whole top
surface, the heat transport should behave as a one dimensional model. The lattice
temperature, liquid-vapor interfacial velocity, liquid-vapor interfacial temperature and
solid-liquid interfacial temperatures were found to be exactly same at various radial
locations under constant flux on the whole top surface. The numbers of grids in radial
direction were then changed to 200 × 200, 500 × 500 and 2500 × 250 to validate whether
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the results were independent of radial direction under constant flux on the whole top
surface. Again, the differences were not noticeable in all the combination of uniform
grids.
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a). Liquid-vapor interfacial velocity

b). Liquid-vapor interfacial temperature

Fig. 3-2: Comparisons between the current model with constant flux on the top surface
and the 1-D model for various pulse widths and laser fluence (tp =100 fs). (a) Liquidvapor interfacial velocity, (b) Liquid-vapor interfacial temperature.
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Fig. 3-3: Comparisons between the current model with constant flux on the top surface
and the 1-D model for various pulse widths and laser fluence (tp =100 fs) for liquid-vapor
ablation depth.

Figure 3-2 (a)-(b) shows the comparisons for the liquid-vapor interfacial temperature,
velocity and location with different laser fluence while the laser pulse width was kept at
tp = 100 fs. The liquid vapor interfacial temperature reaches a peak value of 4888 K at
23.8 ps in 1-D model, while it reaches the peak value of 4861 K at 23.8 ps in the current
axisymmetric model for a fluence of 0.7 J/cm2. The small difference in the liquid-vapor
interfacial temperature is explicable considering the heat loss due to radiation was
considered in Ref. [28] but neglected in this work. Figure 3-2 (a)-(b) shows the interfacial
velocities also reach their peak values in the same time frame. For a laser fluence of 0.7
J/cm2, the peak value of the liquid-vapor interface reaches a value of 0.220 m/s in 23.7 ps
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for the 1-D model and a value of 0.218 m/s in 23.7 ps for the axisymmetric model. The
influence of the laser fluence on the liquid-vapor interfacial velocity shows the same
tendency as shown by the interfacial temperature; i.e. lower the laser fluence, lower is the
velocity attained for the same pulse width. Figure 3-3 shows the ablation depth with
respect to time for 1-D and the current axixymmetric model. The vaporization process,
i.e. the ablation takes place gradually and reaches to its peak value. It shows a constant
depth after its peak value showing the removal of the vaporized metal from the
computational domain as explained previously in this paper. The final ablation depth at
0.7 J/cm2 for 1-D model is 0.0121 nm at approximately 191 ps and 0.012 nm while the
ablation depth was 0.0118 nm at 191 ps for the current model. The ablation depth in both
the cases is very low as compared to the thickness of the film.
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a). Liquid-vapor interfacial temperature

b). Liquid-vapor interfacial velocity

Fig. 3-4: Comparisons between the current model with constant flux on the top surface
and the 1-D model for various pulse widths, J = 0.7 J/cm2, (a) Liquid-vapor interfacial
temperature, (b) Liquid-vapor interfacial velocity
- 68 -

The pulse width (tp) is also an important parameter to influence the ultrafast phase
change processes. Keeping the laser fluence same for all the results shown in Fig. 3-4 (a)(b), the study for different laser pulse width have been compared with the results from the
previous 1-D work [28]. All the figures clearly show that by keeping rest of the
parameters same, with shorter pulse width, greater ablation depth, higher interfacial
temperature and velocities are obtained. Figure 3-4 (a) shows the comparisons for the
liquid-vapor interfacial temperature for tp = 100 fs and tp = 2.5 ps for a fluence of 0.7
J/cm2. The liquid-vapor interfacial temperature reaches a peak value of 4888 K at 23.8 ps
and 4709 K at 23.7 ps for tp =100 fs and 2.5 ps respectively in the 1-D model. On the
other hand, it reaches the peak value of 4861 K at 23.8 ps and 4696 K in 23.8 ps, tp=100
fs and 2.5 ps, respectively, in the current axisymmetric model. The liquid-vapor
interfacial velocity reaches a peak value of 0.22 m/s in 23.7 ps and 0.185 m/s at 23.6 ps
for tp =100 fs and 2.5 ps, respectively, in the 1-D model; and 0.218 m/s at 23.7 ps and
0.183 m/s at 23.7 ps in the current model as demonstrated in Fig. 3-4 (b).
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a). 0.65 J/cm2, tp = 100 fs

b). 0.75 J/cm2, tp = 100 fs

c). 0.60 J/cm2, tp = 5 ps

d). 0.70 J/cm2, tp = 5 ps

Fig. 3-5: Lattice temperature contours at maximum temperature for different laser
fluences and pulse widths - (a) 0.65 J/cm2, tp = 100 fs, (b) 0.75 J/cm2, tp = 100 fs, (c) 0.60
J/cm2, tp = 5 ps and (d) 0.70 J/cm2, tp = 5 ps
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a) Lattice temperature at t = 2 ps

b) Lattice temperature at t = 5 ps

c) Lattice temperature at t = 10 ps
Fig. 3-6: Axial variations in lattice temperatures at different times for different laser
fluences and different pulse widths - (a) t = 2 ps, (b) t = 5 ps and (c) t = 10 ps

Figure 3-5 shows the lattice temperature contours in the r and z directions. The
contours shows the lattice temperature distributions when the lattice temperature was at
its maximum value. The parametric study shows the maximum temperature for tp =100 fs
attained at fluence = 0.65 J/cm2 was 4473 K at 25.5 ps and that for fluence = 0.75 J/cm2
was 5169 K at 26 ps. For tp = 5 ps, the peak lattice temperature at fluence = 0.60 J/cm2
was 3956 K and for a fluence = 0.70 J/cm2 was recorded to be 4642 K. Fig. 3-6 (a)-(c) on
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the other hand is showing the variation of the centerline lattice temperature (r = 0) as the
depth increases. The three figures show the decreasing lattice temperature as the film
depth increases at three different times, 2 ps, 5 ps and 10 ps for different fluence and
pulse widths. Fig. 3-7 shows the effect of pulse width on the surface lattice temperature
distributions. The temperature of the surface was recorded at time t = 2 ps for the fluence
of 0.65 J/cm2 and 0.75 J/cm2 for two different pulse widths of 100 fs and 1 ps. The lattice
temperature for the femtosecond pulse width has a far more heating effect than that of the
picosecond pulse width at the same time. The surface lattice temperature attained at time
t = 2 ps for a pulse width of 1 ps was 442K for 0.65 J/cm2 and 461K for 0.75 J/cm2 as
shown in Fig. 3-7 (a), while that for a pulse width of 100 fs generated a surface lattice
temperature of 1360K for 0.65 J/cm2 and 1512K for 0.75 J/cm2 as in Fig. 3-7 (b).
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a) Surface lattice temperature at tp = 1 ps

b) Surface lattice temperature at tp = 100 fs

Fig 3-7: Surface lattice temperatures comparisons at t = 2 ps, for fluence equal to 0.65
J/cm2 and 0.75 J/cm2 and different tp equal to 1 ps and 100 fs.

Similar to the surface lattice temperature, the maximum ablation depths attained for
femtosecond laser pulse width is about three folds greater than the maximum ablation
- 73 -

depths attained for 1 ps pulse width keeping the other parameters same (see fig. 3-8 and
fig. 3-9). The maximum ablation depth found for a pulse width of 1 ps was 0.0073 nm for
0.65 J/cm2 and 0.0077 nm for 0.75 J/cm2 while that for a pulse width of 100 fs removed
the metal to a depth of 0.019 nm for 0.65 J/cm2 and 0.021 nm for 0.75 J/cm2,
respectively. Similarly the difference in ablation depth captured at time = 26 ps for two
different pulse widths and fluence may be seen in Fig. 3-10. The figure shows an obvious
difference in the ablation depths, i.e. more ablation depths are attained for higher fluence
and short pulse. Ablation depths recorded were 0.0034 nm for 0.75 J/cm2 at 100 fs,
0.0028 nm for 0.65 J/cm2 at 100 fs, 0.0016 nm for 0.75 J/cm2 at 1 ps and 0.0012 nm for
0.65 J/cm2 at 1 ps.
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a) J = 0.65 J/cm2, tp = 1 ps

b) J = 0.65 J/cm2, tp = 100 fs

Fig. 3-8: Comparison of ablation depths at time = 2 ps and J = 0.65 J/cm2 for different
pulse widths – (a) tp = 1 ps, (b) tp = 100 fs
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a) J = 0.75 J/cm2, tp = 1 ps

b) J = 0.75 J/cm2, tp = 100 fs

Fig. 3-9: Comparison of ablation depths at time = 2 ps and J = 0.75 J/cm2 for different
pulse widths – (a) tp = 1 ps, (b) tp = 100 fs
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Ablation depths at time = 26 ps for different parameters

Fig. 3-10: Comparisons of ablation depths attained at fluence = 0.65 J/cm2 with tp = 100
fs and tp = 1 ps and at fluence = 0.75 J/cm2 with tp = 100 fs and tp = 1 ps at time = 26 ps

Figure 3-11 shows the solid-liquid interfacial locations, i.e., the melting and
resolidification of the metal with time. It is apparent from Fig. 3-11 that after reaching its
peak melting depth starts to resolidify. For laser fluence 0.50 J/cm2 and 0.30 J/cm2, it can
be seen that the metal fully resolidifies approximately at 833 ps and 2.716 ns
respectively. Figure 3-12 tracks the solid-liquid interfacial velocity and the interfacial
temperatures of the axisymmetric model when irradiated by a femtosecond pulsed laser.
The maximum lattice temperature in the case of 0.50 J/cm2 and 0.30 J/cm2 were below
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the saturation temperature and hence no vaporization took place, while vaporization
occurred in the case of 0.65 J/cm2 and 0.75 J/cm2. The solid-liquid interfacial temperature
can reach as high as 4700 K for 0.75 J/cm2 as shown in Fig. 3-12 (a). Note that the
interfacial temperature and the interfacial velocity reach a maximum value in a short
period of time, approximately 30 ps, which is consistent with the results found in Ref.
[16, 28]. Figure 3-12 (b) shows the change in solid-liquid interfacial velocity which rises
in a short period of time and then gradually decreases.

Liquid-vapor interfacial location

Fig. 3-11: Effect of laser fluence on solid-liquid interfacial locations varying with
time (tp = 100 fs)
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a) Liquid-vapor interfacial temperature

b) Liquid-vapor interfacial temperature

Fig. 3-12: Effect of laser fluence on solid-liquid interfacial temperature and velocity
varying with time (tp = 100 fs) - (a) Liquid-vapor interfacial temperature, (b) Liquidvapor interfacial temperature
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a) Melting depth for tp = 1 ps

b) Ablation depth for tp = 1 ps

Fig. 3-13: Effects of fluence and pulse width on melting depth and ablation depths – (a)
Melting depth for tp = 1 ps, (b) Ablation depth for tp = 1 ps
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a) Liquid-vapor interfacial temperature (tp = 100 fs)

b) Liquid-vapor interfacial velocity (tp = 100 fs)

Fig. 3-14: Effects of fluence and pulse width on liquid-vapor interfacial temperature and
liquid-vapor interfacial velocity – (a) Liquid-vapor interfacial temperature (tp = 100 fs)
and (b) Liquid-vapor interfacial velocity (tp = 100 fs)
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Liquid-vapor interfacial location, interfacial temperatures and velocities at different
distances from the centre of the film surface are compared in fig. 3-13 and fig. 3-14 for a
Gaussian laser pulse. Fig. 3-13 (a) shows the start of the melting and its rapid increase of
melting depth with respect to time. It compares different laser fluence at different radial
locations from the centre. As can be seen from the figure, the melting depths attained at t
= 1 ns for a fluence of 0.75 J/cm2 is 0.4 nm, and that for 0.65 J/cm2 is 0.32 nm. The
figure also shows that heat affected zones considerably decreases as we go farther from
the centre of the target in radial direction. The melting depths for 0.75 J/cm2 at the centre
(r = 0) and at r = 100 nm at t = 1.2 ns were recorded to be 0.42 nm and 0.37 nm
respectively. Similarly, Fig. 3-13 (b) reveals the same effect, but for ablation depths. The
maximum ablation depth for 0.75 J/cm2 at the centre recorded was 0.021 nm which
reaches at 336 ps, while the maximum ablation depth for the same fluence at r = 143 nm
was only 0.002 nm at 100 ps. Figures 3-14 (a)-(b) shows the effect on liquid-vapor
interfacial temperature and liquid-vapor interfacial velocity for different laser fluence and
compares the effect of radial distances on these two variables with respect to time. The
above four figures clearly reveals the ultrafast heat transport phenomenon encountered in
metals when impinged by femtosecond lasers and that the HAZ are considerably changes
as we go farther from the target position radially.
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3.5 Conclusions
An axisymmetric interfacial tracking method for solid-liquid and liquid-vapor
phase is developed to model melting, vaporization and resolidification in a thin metal
film irradiated by pico- to femtosecond Gaussian laser beams. The thickness of the metal
is considered to be comparable or larger than the characteristic radii of the laser beam to
incorporate the two dimensional heating effect. Energy balance and gas kinetics law have
been used iteratively to track the liquid-vapor interface. Vaporized (ablated) material is
considered to be removed from the computational domain as soon as vaporization takes
place by employing block-off method. To validate the accuracy of the model, the
axisymmetric model has been compared with the previous works and results presented on
1-D pico- to femtosecond pulsed laser effects on a thin metal film on irradiation. Higher
laser fluence and shorter pulse width lead to deeper ablation depths, higher liquid-vapor
interfacial temperature and greater interfacial velocities for both solid-liquid and liquidvapor interface. Solid-liquid interface has also been tracked and compared to the liquidvapor interfacial factors. It has been found that the ablation depths are lower than that of
melting depths for the same parameters and the solid-liquid interfacial velocities higher
than liquid-vapor interfacial velocities.
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CHAPTER 4: SUMMARY

The objective of this dissertation has been fulfilled in two major parts. The former
part states and gives a methodical approach to track the solid liquid interfacial
phenomenon and parameters axisymmetrically at different locations, with respect to time
and the effect of changing the parameters and/or characteristics on the melting,
solidification, resolidification and solving for HAZ. The later part goes in more depth to
capture a more practical case of sublimation and material removal in case when the
energy imparted by the laser fluence equals or crosses the energy required to reach
saturation temperature of the metal under study.
The two models developed above are for pure gold and pico – femtosecond
pulsed lasers. Remember, by changing the parameters of the metal or material in the
model, the above two models have a versatile use to track the heating-meltingresolidification-sublimation phenomenon for a wide variety of metals. This can be
accomplished by changing the values of parameters and appropriate relations, like
thermal conductivities, etc, in the computer code followed by simulation. Also the above
models are constructed for one pulse only. To get more depths in melting and material
removal, multiple pulses has to be considered.
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4.1 Axisymmetric Model for Melting and Solidification
As stated earlier, one-dimensional (1-D) phase change problem only for rapid
melting and solidification are accurate as long as the laser spot size is much larger than
the target thickness or the metal film thickness is comparable to mean free path of
electrons, as in this case the heat transport and consequently the phase change could be
easily neglected in the lateral direction, but this is not true as the thickness of the metal
increases or the radius of the laser beam decreases as compared to metal film thickness.
As a result, this axisymmetric model has been generated to address these situations.
Finite volume method was employed to solve the coupled electron and lattice heat
conduction equations together with the equations for ultrafast solid-liquid phase
transformation, to calculate the location of solid-liquid interface and the temperature
distribution in the metal film. The interfacial velocities, both melting and resolidification,
in the ultra-fast phase change process are obtained by considering interfacial energy
balance and the nucleation dynamics. Both the electron and lattice temperature in the
metal film irradiated by Gaussian laser beams are computed and presented along the
cylindrical coordinates.

4.2 Axisymmetric Model for Vaporization
This model shows the development of a numerical procedure to analyze the

axisymmetric effect of ultrashort laser pulse when interacts with a metal. Liquid-vapor
interface phenomenon has been tracked, modeled and analyzed. The temperature
dependent thermal characteristics as well as electron-lattice coupling factor have been
considered. An iterative procedure based on energy balance and gas kinetics law is
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implied to track the axisymmetric liquid-vapor, which in turn is utilized to obtain the
material removal rate. The results of the developed model show that higher laser fluence
and shorter pulse width leads to a higher temperature distribution, higher interfacial
temperature, increased melting and deeper ablation depths. The results of the parametric
study is been discussed followed by conclusions of the research.
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