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ABSTRACT 

 

 

 

Al-Malkawi, Ghadeer H. Ph.D., Purdue University, May 2014. Simulation of Materials 

Erosion and Lifetime under Intense Radiation Heat Sources. Major Professor: Ahmed M. 

Hassanein. 

 

 

 

The purpose of the present study was to investigate the energy transport through 

target materials irradiated by ultrashort laser pulses, which is characterized by the 

extremely high power density. The heat transfer and the ablation of the irradiated target 

were described numerically by the two-dimensional two-temperature model with 

temperature and phase dependent thermophysical properties of the electron and the lattice 

subsystems such as the heat capacity, the thermal conductivity, and the density. Based on 

the characteristics of the ultrashort laser heating two ablation mechanisms were used to 

estimate the ablation depth and the corresponding ablated mass and volume: the normal 

evaporation and phase explosion mechanisms. The impact of the total energy, spot size, 

reflectivity, and the electron- phonon coupling factor on the thermal evolution and the 

crater shape and size was investigated. Different models of temperature dependent 

electron-phonon coupling and electron heat capacity based on the calculation of the 

electronic structure of the density of state and other models based on the electron-electron 

and electron-lattice collision rate of copper irradiated by femtosecond laser pulse were 
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used to investigate the temporal and spatial thermal evolution and the corresponding 

ablation as well.   

Due to the unique properties of the irradiation by ultrashort laser pulse with minimum 

heat-affected zone in target materials which makes it a promise choice for many 

applications, the coating was chosen as one of these applications by studying the double-

layer irradiation by femtosecond laser where the first layer was the gold and the 

substrates were copper and aluminum. The impact of the thermal properties of the 

substrate on the thermal response of the first layer was investigated by analyzing the 

temporal and spatial electron and lattice temperature. Moreover some experiments were 

performed in order to validate the simulation results. In these experiments a set of copper 

target were prepared and irradiated by several energies of femtosecond laser pulses. The 

effect of crater depth on the number of pulses was studied by shooting various number of 

laser pulses at different spots and measuring the produced crater depths. The post 

irradiated samples were evaluated quantitatively and qualitatively by using the Atomic 

Force Microscope and the Scanning Electron Microscope respectively. Finally, a 

comparison between the experimental results and the simulation results was presented.  
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CHAPTER ONE: INTRODUCTION 

 

 

 

Motivation 

The study of laser matter interaction is an important research topics for several 

applications ranging from industrial applications to defense and national security 

applications in which an intense and high power radiation is needed. The presence of 

materials in the environment of the intense irradiation from high intensity lasers may 

cause severe damage to that material; therefore studying the physics of the laser material 

interaction will help to minimize/maximize the damage that may occur in this case 

depending on the application and the required goals. The ablation of the material 

irradiated by laser pulses became the basic process for many applications such as in 

industry, material science, defense, medicine, etc. 

The duration of the laser pulse is a significant parameter that determines the thermal 

and mechanical response of the irradiated material; this was confirmed by studying the 

thermal evolution and the ablation of an irradiated material by short or ultrashort laser 

pulse. Any laser pulse with a duration of few picoseconds or shorter is considered as 

ultrashort laser pulse which is the topic of this study. 

The ultrashort laser pulses have some unique properties such as the very high 

intensities, rapid deposition of the energy into materials, negligible heat-affected zone 
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(HAZ), and precise ablation. Besides that, the ultrafast laser can prevent the effect of the 

shielding of the incoming laser beam from the plasma that formed from the ablation, 

which causes higher absorption of the incoming laser energy. These properties of the 

ultrashort lasers make it a promising option for some special applications especially the 

ones that need high precision such as surface micromachining, pulsed laser precise 

processing of highly sensitive materials, surface alloying, femtosecond laser heating of 

thin films, coating, laser patterning, producing a self-arranged nanostructure,  and various 

medical applications such as brain surgery and removing tumor tissue (Al-Nimr & 

Arpacib, 2000; R. Fang et al., 2008; Furusawa et al., 2000; Gurevich, Kittel, & 

Hergenröder, 2012; Jiang & Tsai, 2007; H. Lee, Jeong, & Chan, 2009; Oraevsky et al., 

1995; Sonntag, Roth, Gaehler, & Trebin, 2009). Computer simulations were performed to 

study the thermal response of the irradiated materials by the ultrashort lasers and many 

experiments were carried out to verify the theoretical models (Colombier, Combis, 

Bonneau, Le Harzic, & Audouard, 2005; Ihtesham, Xianfan, & Andrew, 2003; Kim & 

Na, 2007; Oh, Kim, Kim, & Lee, 2007).  

The aim of this work is to study the thermal response of metals that are irradiated by 

intense radiation of ultrashort laser pulses and the corresponding ablation and crater 

shape. The interaction between femtosecond laser pulse and copper target was studied 

theoretically based on two-dimensional two-temperature model (TTM) with temperature 

dependent thermal properties. Different models were used to study the impact of the 

electron-phonon coupling and the electron heat capacity on the thermal response of the 

irradiated material. In addition, some experiments have been performed in our center for 
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materials under extreme environment (CMUXE) in order to benchmark the simulation 

results. Finally, the simulation of the femtosecond laser interaction with double-layer 

metal films as an application of ultrashort laser pulses has been done. Full literature 

review is presented in the upcoming chapters. 

 

The Physics of Ultrashort Laser Material Interaction 

The thermal evolution in a material due to the interaction with the laser pulse of 

ultrashort duration (femtosecond or picosecond) is different from that irradiated by longer 

pulse width, since the time for the electron and phonon subsystems to reach the 

equilibrium ranges from 4 ps to 10 ps, which is larger than the pulse duration compared 

to nanosecond or millisecond laser pulses.  

In order to explain this effect, the two-temperature model that is proposed by 

Anisimov et al. (1974) was used.  This mathematical model introduces a clear 

explanation of the energy transport by dealing with the target as electrons and lattice 

subsystems. Once the ultrashort irradiation is applied on the material surface the free 

electrons absorb the photons directly by the inverse Bremsstrahlung process causing 

electron excitation. After the equilibrium is achieved between the electrons, rapid 

coupling to that lattice occurs by electron phonon collisions that lead to an increase of the 

lattice temperature until the equilibrium between the electron and the lattice is achieved. 

The mechanism of the non-equilibrium energy transport in any material irradiated by 

ultrashort laser pulse is illustrated in the schematic figure 1.1. The mathematical 
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equations that explain this model are presented in details in chapters 2 which is our 

published paper (Al-Malkawi & Hassanein, 2013).  

 

 

Figure 1.1 Schematic non-equilibrium thermal transport of the ultrashort laser pulse. 

 

In the two-step model originated by Anisimov et al. the lattice heat conduction was 

neglected because of the slow diffusion in the lattice subsystem. After that Qiu and Tien 

(1993) used the Boltzmann heat equation and modified the model to the hyperbolic two-

step radiation heating model and then they simplified it to the parabolic two-step model. 

Chen and Beraun (2001) modified Qiu and Tien model to the dual hyperbolic two-step 
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radiation  model with taking into account the lattice heat conduction which added a 

higher precision to the results. 

In the study of the ultrafast heating of materials by femtosecond and picosecond laser 

pulses we are interested in the three characteristics times (Marla, Bhandarkar, & Joshi, 

2011);  the electron relaxation time, τe,  which represents the time needed for 

thermalization during the electrons subsystem, the other one is the electron-phonon 

thermalization time, τe-p, this represents the time required to reach the equilibrium 

between the electronic and the lattice subsystems, and the last one is the lattice relaxation 

time, τp, which is the time needed for the thermalization of the lattice. The length of these 

times determines the heating process, in the case of our study of ultrashort laser the 

electron-phonon relaxation time is larger than the length of the laser pulse, therefore the 

two-step model is needed to study the heating process and the corresponding ablation and 

crater size.  

 

Material Ablation By Ultrashort Laser Pulse 

When the laser energy is absorbed by the irradiated surface the ejection of the 

particles in different phases (vapor, melt, solid) may occur, this depends on the laser 

parameters such as total energy, pulse duration, spot size, wavelength, and the thermal 

properties of the irradiated target. The main properties that made the femtosecond laser a 

good choice for the applications that need producing of precise and clean holes with wide 

range of materials compared to long pulses are the negligible heat-affected zone, high 
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peak intensity that can be achieved with low pulse energy, and negligible melt region (X. 

Liu, Du, & Mourou, 1997).  

Different mechanisms were proposed in the literature to estimate the ablated depth 

and mass for wide range of materials numerically and experimentally such as the thermal 

evaporation (Jiang & Tsai, 2007), normal boiling, phase explosion (Bulgakovaa & 

Bourakov, 2002; Changrui & Chowdhury, 2004; Kim & Na, 2007), phase separation (Wu 

& Shin, 2007), fragmentation (Lorazo, Lewis, & Meunier, 2003; Nedialkov, Imamova, 

Atanasov, Berger, & Dausinger, 2005), and spallation (Nedialkov, et al., 2005; Zhigilei, 

Lin, & Ivanov, 2009). 

In this work we studied both the heterogeneous and the homogeneous nucleation by 

thermal evaporation and phase explosion respectively. At low energies the ablation 

occurs mainly by the thermal evaporation in which the bubbles are formed at the surface 

of the irradiated target leading to ablation, the ablated mass and the crater size were 

calculated using the governing equations for the thermal evaporation in which the 

recession velocity and the vapor pressure at the surface temperature can be calculated (A. 

M. Hassanein, 1983).  For high energies of ultrashort laser the main mechanism of the 

material ablation is the phase explosion, the ultrafast heating causes sudden increasing in 

the temperature to the value higher than the boiling temperature at given pressure and 

near the critical temperature. Superheated liquid in this region has a large fluctuation in 

density and entropy that leads to the nucleation of bubbles in the bulk of the target, and 

when the bubbles radius reaches a critical size the explosion occurs as a mixture of gas 

and liquid droplets from the bulk. Any point with a temperature of 0.9 of the 
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thermodynamic critical temperature or greater is eliminated. The detailed discussion of 

the ablation mechanisms is presented in chapter 3.  

The simulation of the thermal evolution through the target irradiated by the ultrashort 

laser pulses and the corresponding ablation has been performed by using the finite 

difference techniques in A*THERMAL-2 computer code (A. Hassanein, 1996) which is 

modified to solve the two-dimensional two-temperature model equations for single and 

multi-layer target system with temperature dependent thermal properties. The flow chart 

of the code is shown in figure 1.2 (A. M. Hassanein, 1983). 

As shown in this flow chart, the phase change from solid to liquid and the evaporation 

was considered in the calculations with moving boundaries. The phase and temperature 

dependent thermal properties for several materials are included. The code can be used to 

simulate the thermal response and life time analysis of the target irradiated by different 

types of heat sources. 



8 
 

 
 

 

Figure 1.2 Flow chart of the computer code A*THERMAL-2 (A. M. Hassanein, 1983) 
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Experimental Study of Ultrashort Laser Pulses 

The practical investigations of the femtosecond laser ablation have started during the 

eighties of the last century. At that earlier time people noticed the main characteristic of 

the ultrashort laser ablation mechanism where optimum material removal without molten 

layer with lower ablation threshold has been reported. Many experiments have been done 

in the literature to investigate the ablation behavior during the short and ultrashort laser 

pulses interacting with different materials under different laser conditions and to verify 

the heating and ablation theoretical models. In order to validate the simulation results for 

femtosecond laser ablation of copper target a set of copper samples were mechanically 

polished and irradiated by femtosecond pulses of T:Sapphire laser at 800 nm wavelength. 

The laser produced surface craters were analyzed qualitatively and quantitatively to 

benchmark the simulation results. Detailed discussion of the literature review is presented 

in chapter 6. 
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CHAPTER TWO: NON-EQUILIBRIUM TWO-DIMENSIONAL THERMAL 

EVOLUTIONS IN TARGET MATERIALS IRRADIATED BY FEMTOSECOND 

LASER 

 

 

 

Introduction 

  The study of ultrashort laser pulses (picosecond and femtosecond) is one of the 

important evolving research fields because of its unique advantage of having high 

precision material ablation by extreme high-energy intensities with negligible thermal or 

heat-affected zone. This is because of the very short interacting time period, which is less 

than the time needed to reach the thermal equilibrium. The ultrashort laser pulses 

interacting with materials is used for many applications (Al-Nimr & Arpacib, 2000; R. 

Fang, et al., 2008; Furusawa, et al., 2000; Gurevich, et al., 2012; Jiang & Tsai, 2007; 

Sonntag, et al., 2009) such as drilling, welding, cutting, micromachining, precise 

processing of highly sensitive materials , surface alloying, femtosecond laser heating of 

thin films, laser patterning and various medical applications such as brain surgery and 

removing tumor tissue (H. Lee, et al., 2009; Oraevsky, et al., 1995). The physics of 

ultrashort pulses differs from that of the nanosecond or millisecond range pulses because 

the pulse width is less than the time needed to reach the thermal equilibrium state 

between the electrons and the phonons. During the irradiation of metals by picosecond or 

femtosecond laser pulses the electrons absorb the photon energy and then the heating of 
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the metal lattice occurs by the electron-phonon collisions (Ihtesham, Chowdhury, & 

Xianfan, 2003; Sonntag, et al., 2009; Zhang & Chen, 2007). 

The non-equilibrium heat transfer between the electrons and the lattice can be 

described by the two-temperature model, which was first proposed by Anisimov et al. 

(1974) In this model the heat conduction by the lattice was neglected. After that, Qiu and 

Tien (1993) used the Boltzmann heat equation and developed the hyperbolic two-step 

radiation heating model and was simplified to the parabolic two-step model that has been 

solved numerically and has a reasonable agreement with experimental results. Then Qiu 

and Tien model was modified by Chen and Beraun (2001) dual hyperbolic two-step 

radiation  model in which the heat conduction of the lattice was considered, the electron 

temperature from both models was very close while there was a remarkable  difference in 

the lattice temperature.  

The energy equations that describe the non-equilibrium heat transfer in the two-step 

model are given below (Al-Nimr & Arpacib, 2000; Ihtesham, Chowdhury, et al., 2003; 

Jiang & Tsai, 2007; Zhibin Lin, Zhigilei, & Celli, 2008; Sonntag, et al., 2009; Zhang & 

Chen, 2007):  

𝐶𝑒  
𝜕𝑇𝑒
𝜕𝑡

 =  ∇. (𝐾𝑒∇𝑇𝑒) − 𝐺(𝑇𝑒 − 𝑇𝑙) + 𝑄(𝑟, 𝑡)                                                                     (2.1) 

𝐶𝑙
𝜕𝑇𝑙
𝜕𝑡
 =  ∇. (𝐾𝑙∇𝑇𝑙) + 𝐺(𝑇𝑒 − 𝑇𝑙)                                                                                         (2.2) 

Where T is the temperature, t is the time, C is the volumetric specific heat, K is the 

thermal conductivity, where the subscripts e and l are associated with the electron and 

lattice respectively, G is the coupling factor that describes the interaction between the 
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electrons and the lattice, and Q is the volumetric laser energy deposition rate as a function 

of space and time.  

Equation 2.1 describes the heat absorbed by electrons, the electronic heat conduction, 

the transfer of heat between the electrons and the lattice, and the energy distribution of 

the laser in time and space. The second equation describes the heat transfer through the 

lattice, heat conduction and the coupling heat with the electron system.  

The laser heating source as a function of space and time can be described by the 

following expression:  

𝑄(𝑥, 𝑦, 𝑧, 𝑡) = 𝐼˳(1 − 𝑅)𝐼(𝑡)𝐼(𝑥, 𝑦, 𝑧)                                                                                    (2.3) 

Where 𝐼˳ is the maximum power density, R is the reflectivity, I(t) and I(x,y,z)  are the 

temporal distribution and the spatial distribution of the power density respectively. 

 

Input and Assumptions 

In this work a two-dimensional model for the solution of the transient heat transfer 

equations was developed with temperature and phase change dependent thermal 

properties (density, thermal conductivity, and specific heat) for both the electron and the 

lattice. The heat conduction term in the lattice energy equation was neglected because of 

the slow diffusion in the lattice system during the pulse duration. The Gaussian 

distribution was assumed for both the time (Tan et al., 2009) and the space (A. M. 

Hassanein, 1983) for the heating source. Therefore, the energy transport equations 

become: 

𝐶𝑒
𝜕𝑇𝑒
𝜕𝑡

=  
1

𝑟

𝜕

𝜕𝑟
(𝐾𝑒 𝑟

𝜕𝑇𝑒
𝜕𝑟
) + 

𝜕2𝑇𝑒
𝜕𝑧2

− 𝐺(𝑇𝑒 − 𝑇𝑙) + 𝑆(𝑟, 𝑧, 𝑡)                                  (2.4) 
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𝐶𝑙
𝜕𝑇𝑙
𝜕𝑡

=  𝐺(𝑇𝑒 − 𝑇𝑙)                                                                                                                   (2.5) 

Equation 2.4 describes the heat transfer in cylindrical coordinate system where r is the 

radial direction and z is the direction along the depth inside the target, S(r, z, t) is the 

volumetric energy from the laser and it depends on r, z, and t as follows: 

𝑆(𝑟, 𝑧, 𝑡) = 𝐼˳(1 − 𝑅)𝛼 𝐼𝑠𝑢𝑟𝑓  (r)I(t) exp(−𝛼𝑧)                                                                  (2.6)           

𝐼𝑠𝑢𝑟𝑓  (r) =  exp (−
𝑟2

2𝜎2
)                                                                                                           (2.7)             

I(t) = exp(−
(𝑡 − 𝑡𝑝)

2

𝜏2
)                                                                                                         (2.8) 

where 𝛼 is the absorption coefficient, I˳ is the maximal power density, tp is the laser pulse 

width in time, and σ = rb/2 where rb is the spot radius of the laser beam. 

 

Thermo Physical Properties and Temperature Dependence 

In this work the thermal properties of electron and lattice such as thermal 

conductivity, density, and heat capacity were assumed to be dependent on temperature, 

the following equations describe such dependency (A. M. Chen, Jiang, Sui, Ding, et al., 

2011; Huang, Zhang, & Chen, 2009; Ihtesham, Chowdhury, et al., 2003; Zhibin Lin, et 

al., 2008; Ren, Chen, & Zhang, 2011; Zhang & Chen, 2007): 

The thermal conductivity of electron is given by: 

𝑘𝑒 = χ (
(µ𝑒
2 + 0.16)5/4(µ𝑒

2 + 0.44)µ𝑒
2

(µ𝑒2 + 0.092)1/2(µ𝑒2 + 𝜂µ𝑙)
)                                                                              (2.9) 
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where χ and η are material constants, μe = Te/TF, μl = Tl/TF, and TF is the Fermi 

temperature.                 

The specific heat of the electron is usually a linear function of electron temperature, is 

given by 

𝐶𝑒 = 𝐵𝑒 𝑇𝑒                                                                                                                                  (2.10)  

where Be = π2nekB/2TF, ne is the density of the free electrons, and kB is the Boltzmann's 

constant. 

The lattice specific heat is in the form of:    

𝐶𝑙 =  𝑎 + 𝑏 𝑇𝑙 + 𝑐 𝑇𝑙
2 + 𝑑𝑇𝑙

3                                                                                                 (2.11)  

where a, b, c, and d are constants which depend on the material. 

The density of the material have been assumed temperature and phase dependent and it is 

given by  

𝜌 =  𝑐0 + 𝑐1 𝑇𝑙 + 𝑐2 𝑇𝑙
2 + 𝑐3𝑇𝑙

3                                                                                             (2.12)  

where c0, c1, c2, and c3 are constants that depend on the material and it’s phase. Most  of 

the constants in these equations are tabulated in table 2.1 for the copper (Ranran Fang et 

al., 2010; Ren, Chen, & Zhang, 2011; Ren, Chen, Zhang, & Huang, 2011) (A. M. Chen, 

Y. F. Jiang, L. Z. Sui, D. J. Ding, et al., 2011; Huttner, 2009; Zhibin Lin, et al., 2008; 

Tan, et al., 2009)and other constants are taken from A*THERMAL-2 code (A. 

Hassanein, 1996).                       
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Table 2.1 

Thermal and Optical Properties of Copper 

G 

W/cm3K  

R α 

cm-1 

TF 

K 

Be 

J/cm3K2     

χ η Tm 

K 

2.5×1011 0.94 7.1×105 8.12×104 96.6×10-6 3.77 0.14 1356 

 

Initial and Boundary Conditions 

The initial value of the target temperature is assumed to be the ambient temperature 

(300K) as well as the temperature far away from the exposed surface in r direction and 

also very far from the center in z direction. 

T(r, z, t=0) = Tamb = 300 K 

T(r=∞, z, t) = Tamb = 300 K 

T(r, z=∞, t) = Tamb =300 K 

The adiabatic boundary conditions have been assumed for both sides in r and z directions: 

 dT

dr
= 0  , 𝑓𝑜𝑟 𝑧 = 0,∞ 

 dT

dz
= 0   , 𝑓𝑜𝑟 𝑟 = 0,∞  

In this chapter the two-temperature model was used to predict the thermal response of 

copper target with an ambient temperature of 300 K when exposed to ultrashort laser 

pulse of 100 fs, spot size of 40 microns, and with a total laser energy of 3.5 µJ.   For 
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equations 2.6, 2.7, and 2.8 the maximum power density was calculated to be 1.5×1013 

W/cm2 (Al-Malkawi & Hassanein, 2013). 

 

Results and Discussion 

The calculation for our two-dimensional heat transfer equations was implemented 

using non-equilibrium heat transfer equations by modifying the A*THERMAL-2 

computer code developed by Hassanein (1996). The finite difference methods were used 

to calculate both the electron temperature and the lattice temperature.  For the 100 fs laser 

pulse with 40µm spot size the time step was 0.5 fs up to 100 fs and then increased to 5 fs 

to the end of the run time. The mesh size in r-direction was 0.5μm and it was changing in 

z-direction to speed up the calculations but maintain the accuracy. 

The temporal distribution of laser power density is shown in figure 2.1, the black 

solid line describes the incoming laser power density while the red dotted lined describes 

the absorbed power density after the reflection, the total absorbed energy is much lower 

than the input source energy because of high value of reflectivity of copper which is 

about 0.94. It can be seen that the power density has its maximum value: 1.5×1013 W/cm2 

and 9×1011 W/cm2 for the incoming and absorbed power density respectively at 50 fs and 

vanishes at 100 fs the end of the pulse. 
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Figure 2.1 Temporal distribution of the laser beam power density of 100 fs, I0 of 

1.5×1013 W/cm2 and R of 0.94  

 

Figure 2.2 shows the spatial distribution of power density (incoming and absorbed) at 

the surface, the maximum power density is at the center of the laser beam (at r =0) and it 

decreases exponentially according to equation 2.7.  
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Figure 2.2 Spatial distribution of the laser beam power density of 100fs, I0 of 1.5×1013 

W/cm2, R of 0.94 and spot radius of 20 µm at 50 fs   

 

Figure 2.3 shows the temporal temperature distribution at the center of the laser beam 

for both the electron and the lattice, the electron temperature increases very fast within 

few femtoseconds and reaches to about 11700 K while the lattice temperature increases 

very slow.  At this stage the electrons absorb the photons from the laser and their 

temperature remains constant to the end of the pulse duration as shown in the upper part 

of this figure. Then the electrons transfer the absorbed energy to other Electrons as well 

as through the coupling with the phonons, so the temperature of electrons decreases while 

the lattice temperature increases as shown.  
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Figure 2.3 Electron and lattice temperatures of copper target at the center heated by laser 

pulse with pulse width of 100 fs, I0 of 1.5×1013 W/cm2, and spot radius of 20 µm 

 

However, the decreasing in the electron temperature is much faster than the 

increasing in the lattice temperature because the rate of electron-electron interaction is 

higher than the rate of electron phonon interactions (J. B. Lee, Kang, & Lee, 2011). At ~ 

4.8 picoseconds the system reaches thermal equilibrium with temperature ~ 1330 K. The 
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equilibrium distribution of the lattice temperature at the surface as a function of r is 

shown in figure 2.4.  The temperature has its maximum value at the center of the laser 

beam (r =0) since the maximum power density of the laser is at the center and according 

to equation 2.7 the temperature decreases gradually till it reaches 300 K which is the 

assumed initial temperature at ~ 34 µm. 

 
Figure 2.4 Lattice equilibrium temperature at the surface as a function of r heated by 

laser pulse with pulse width of 100 fs, I0 of 1.5×1013 W/cm2, and spot radius of 20 µm 

 

Figures 2.5 and 2.6 show the temporal and spatial distribution of the electron 

temperature at the surface, at fixed location the electron temperature increases until it 

reaches the maximum, and remains constant to the end of pulse width as shown in figure 

2.6.  Then the temperature decreases gradually until reaching the thermal equilibrium. On 
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the other hand, for fixed time the electrons have their maximum value at the center then 

decreases with r due to the Gaussian distribution of the power density.  

 
Figure 2.5 Two-dimensional temporal distribution of the electron temperature at the 

surface as a function of r irradiated by laser pulse with pulse width of 100 fs, I0 of 

1.5×1013 W/cm2, and spot radius of 20 µm 

 



22 
 

 
 

 
Figure 2.6 Two-dimensional temporal distribution of the electron temperature at the 

surface as a function of r irradiated by laser pulse with pulse width of 100 fs, I0 of 

1.5×1013  W/cm2, and spot radius of 20 µm 

 

The temporal and spatial distribution of the lattice temperature at the surface is shown 

in figure 2.7, for fixed location the temperature increases with low rate compared to 

electrons until reaching the thermal equilibrium and for fixed time the temperature 

decreases far away from the center as discussed above. 
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Figure 2.7 Two-dimensional temporal distribution of the lattice temperature at the 

surface as a function of r irradiated by laser pulse with pulse width of 100 fs, I0 of 

1.5×1013 W/cm2, and spot radius of 20 µm 

 

The electron and lattice temperature distribution in z-direction at the center as a 

function of time is shown in figures 2.8 and 2.9. The temperature at the center is the 

maximum and then decreases along with the depth exponentially according to the 

absorption in z-direction as in equation 2.6. The energy needs longer time to be absorbed 

inside the material. The behavior of the temporal distribution for both electron and lattice 

at any point along with depth is the same as discussed before. 
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Figure 2.8 Two-dimensional temporal distribution of the electron temperature at the 

center as a function of z irradiated by laser pulse with pulse width of 100 fs, I0 of 

1.5×1013 W/cm2, and spot radius of 20 µm 
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Figure 2.9 Two-dimensional temporal distribution of the lattice temperature at the center 

as a function of z irradiated by laser pulse with pulse width of 100 fs, I0 of 1.5×1013 

W/cm2, and spot radius of 20 µm 

 

The impact of the spot size of the laser beam on the thermal response of copper target 

is shown in figure 2.10. As the spot size increases the equilibrium temperature decreases 

because at the fixed total energy the smaller spot size causes higher power density and 

more heat is deposited at the surface leading to higher temperature. A 40% reduction in 

the temperature at equilibrium was observed when the spot size increased by 25%.  For 
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the spot size of 40 µm using equations 2.6, 2.7, and 2.8 the maximal power density is 

1.5×1013 W/cm2 and the thermal equilibrium temperature is about 1330K. For spot size of 

50 µm the maximum power density is 8.8×1012 W/cm2 and the equilibrium temperature is 

only 800 K. On the other hand smaller spot size causes less heat dissipated in r-direction. 

 
 

Figure 2.10 Electron and lattice temperatures at the center irradiated by laser pulse with 

pulse width of 100 fs, at different values of spot size 

 

 

Figure 2.11 shows the impact of the electron-phonon coupling factor. When the value 

of the coupling factor is 2.5×1011 W/cm3K the thermal equilibrium between the electron 

and lattice occurs at ~ 4.8 ps, whereas when its value is 5×1011 W/cm3K the equilibrium 

occurs at ~ 2.6 ps. The higher value of coupling factor increases the rate of the electron 



27 
 

 
 

phonon interaction such that the thermal equilibrium occurs earlier. Therefore, doubling 

the coupling factor resulted in reducing the equilibrium time by a factor of 1.8. 

 
Figure 2.11 Electron and lattice temperatures at the center irradiated by laser pulse with 

pulse width of 100 fs, I0 of 1.5×1013 W/cm2, and spot radius of 20 µm at different values 

of electron-phonon coupling factor 

 

The final parameter studied was surface laser reflectivity, which is shown in Figure 

2.12.  For the Cu reflectivity of 0.94, the maximum electron temperature is ~ 11700 and 

the equilibrium lattice temperature is 1330 K. Whereas for a reflectivity of 0.85 the 

maximum electron temperature is ~ 18500 K and the equilibrium temperature is ~ 2700 

K, this is because as the reflectivity increases more photons from the input laser are 

reflected which leads to less laser power deposited on the surface. 
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Figure 2.12 Electron and lattice temperatures at the center irradiated by laser pulse with 

pulse width of 100 fs, I0 of 1.5×1013 W/cm2, and spot radius of 20 µm at different values 

of reflectivity 

 

In this case, a 10% decrease in target surface reflectivity increased the equilibrium 

temperature by a factor of 2. This is in contrast to nanosecond laser pulses where the 

reflected laser light will be absorbed in the evolving plasma of the target materials and 

additionally heating such plasma that can further contribute to erosion of target materials. 

 

Conclusion 

The work presented in this chapter describes a two-step temperature model that was 

developed and used to study the non-equilibrium thermal in two-dimensional heat 
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distribution when copper target is irradiated by femtosecond laser pulse with temperature 

dependent thermal properties. Gaussian temporal and spatial distributions of laser power 

density were assumed in our simulation.  The predicted behavior of the temperature 

distribution of the electron and the lattice as a function of t, r, and z was explained by the 

physics of the heat exchange mechanisms among electrons, photons, and lattice atoms. 

The electrons initially absorb the laser photons and their temperature increases rapidly to 

maximum value then remains constant to the end of the femtosecond pulse. Then the heat 

is transferred to other electrons and phonons, such that the electron temperature decreases 

and the lattice temperature increases till reaching thermal equilibrium. The impact of the 

spot size of the femtosecond laser beam was also studied, and the larger spot size for a 

fixed total energy leads to smaller maximum power density so less heat deposited to the 

material and finally lower equilibrium temperature. The coupling factor has an important 

impact on the rate of interaction between the electrons and the lattice, higher values 

causes higher rate of interaction and faster thermal equilibrium. Finally, the effect of laser 

reflectivity was studied, and that higher value of reflectivity leads to high rate of photons 

reflection and less absorption of the energy in the target.  
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CHAPTER THREE: METAL ABLATION UNDER IRRADIATION BY 

ULTRASHORT LASER PULSES 

 

 

 

Introduction 

The ablation of metals means ejection of the material from the surface or the bulk of 

the metal due to the influence of the intense power deposited in a short period of time that 

may cause melting, evaporation, spallation, etc. The ablation of metals under the 

ultrashort laser pulses (picosecond or femtosecond) may have some significant 

advantages, for example, compared to longer pulse width of nanosecond or millisecond 

pulses because of the minimum heat-affected zone and the precise and clean ablation that 

helps to use in different applications that required high precision such as material science, 

medicine, industry, etc. (Bulgakovaa & Bourakov, 2002; Changrui & Chowdhury, 2004; 

Ho, Shih, Hung, Ma, & Lin, 2012; Ihtesham, Chowdhury, et al., 2003; Ihtesham, 

Xianfan, et al., 2003; Kim & Na, 2007; Oh, et al., 2007; Wu & Shin, 2007; Xu, Cheng, & 

Chowdhury, 2004)   

There are many investigations in which the ablation of materials under the ultrashort 

laser pulses was studied by performing experiments as well as by computer simulations 

(Colombier, et al., 2005; E. Gamaly et al., 2005; Ihtesham, Xianfan, et al., 2003; Kim & 

Na, 2007; Oh, et al., 2007) . In the theoretical studies different ablation models and 

mechanisms were used to estimate the ablation depth by numerically solving the heat 
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conduction equations in the two-temperature model (Bulgakovaa & Bourakov, 2002; 

Changrui & Chowdhury, 2004; Ho, et al., 2012; Ihtesham, Chowdhury, et al., 2003; 

Ihtesham, Xianfan, et al., 2003; Kim & Na, 2007; Oh, et al., 2007; Wu & Shin, 2007; Xu, 

et al., 2004), use of molecular dynamics, and Monte Carlo methods (Hirayama & Obara, 

2005; Lorazo, et al., 2003; Nedialkov, et al., 2005; Xu, et al., 2004; Zhigilei, et al., 2009). 

The mechanism of the ablation for the ultrashort laser pulses depends on the conditions of 

the pulse: fluence, pulse width duration, and also on the material itself. Different 

mechanisms are proposed in the literature for the ablation such as the thermal evaporation 

(Jiang & Tsai, 2007), normal boiling which is not applicable for the ultrashort laser 

ablation because of this slow process compared to pulse duration, phase explosion 

(Bulgakovaa & Bourakov, 2002; Changrui & Chowdhury, 2004; J. K. Chen & Beraun, 

2003; Jiang & Tsai, 2007; Kelly & Miotello, 1996; Kim & Na, 2007; Lorazo, et al., 2003; 

Nedialkov, et al., 2005; Oh, et al., 2007), phase separation (Wu & Shin, 2007), 

fragmentation (Lewis & Perez, 2009; Lorazo, et al., 2003; Nedialkov, et al., 2005), and 

spallation (Lewis & Perez, 2009; Nedialkov, et al., 2005; Zhigilei, et al., 2009). Next 

paragraph will briefly summarize the work done for the ablation by ultrashort laser.  

Komashko et al. (1999) model was based on the wave propagation and plasma 

hydrodynamics for the ablation, taking into account the beam polarization and the 

incident angle for the ultrashort laser beam at different conditions of pulse duration, 

fluence, and pre-pulses to estimate the absorption and the ablation of aluminum. The 

extended two-temperature model was used by Afanasiev et al. (2000) in which they 

considered the hydrodynamic plasma expansion and the electron degeneracy, they 
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estimated the ablation depth of copper and gold and they have achieved a good agreement 

between their own results and the experimental results. Gamaly et al. (2002) solved the 

heat transfer equations analytically based on some assumptions and introduced a formula 

to calculate the ablation depth as a function of ablation threshold and the optical and heat 

diffusion lengths. Sch¨afer et al. (2002) estimated the ablation rate of copper by using a 

hybrid finite-difference and molecular dynamics. Chen and Beraun (2003) suggested an 

enthalpy model from the two-temperature equations to estimate the superheating and 

ablation of material according to phase explosion mechanism, they verified their work by 

performing a comparison between their results and experimental data. Loranzo et al. 

(2003) studied the transition from phase explosion mechanism to the fragmentation for 

the ablation of silicon using Monte Carlo and molecular dynamic analysis for fluences 

near the threshold. He found that the phase explosion is dominant for the ultrafast heating 

in femtosecond ranges while the main ablation mechanism for slower heating in 

picosecond range is the fragmentation. Critical-point phase separation (CPPS) was used 

as a dominant mechanism for ultrashort high fluence laser in hydrodynamic simulations 

by Vidal et al. (2001) and molecular dynamic simulations by Xu et al. (2004) in which 

they found also that the phase explosion mechanism illustrates the ablation of material at 

low values of fluence. Jiang and Tsai (2007) used thermal evaporation model and the 

coulomb explosion for the wide gap materials. 

In this chapter the parabolic form of the two-temperature model was used to calculate 

the heat evolution through the irradiated material. The thermal evaporation model and the 

phase explosion mechanism were implemented to estimate the ablated mass and the 

crater shape at different conditions. 
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The Heat Absorption Model 

Due to very short pulse of the laser, which is shorter than the time needed to reach the 

equilibrium between the electrons and the phonons, different mechanism was used for the 

energy absorption. Two-step temperature model in parabolic form was suggested by 

Anisimov et al. (1974) in which the material is treated as two systems, i.e., the electronic 

system and the lattice system. The electrons absorb the photons spontaneously which 

causes sudden increase in the electron temperature then it reached a constant value to the 

end of the pulse width at which the equilibrium between electrons is reached, then the 

electrons start to transfer the energy to the lattice system that causes decrease in the 

electron temperature and increase in the lattice temperature till the two temperatures 

reach almost the same value in ~ 4-10 ps of time. Finally, the lattice system reaches the 

equilibrium. The effect of the electron and lattice relaxation times was added to the 

model of Chen et al. (2003) that has the hyperbolic form in the following equations: 

𝐶𝑒(𝑇𝑒)
𝜕𝑇𝑒

𝜕𝑡
 =  ∇. (𝑄𝑒) − 𝐺(𝑇𝑒 − 𝑇𝑙) + 𝑆                                                                                 (3.1)               

𝜏𝑒
𝜕𝑄𝑒

𝜕𝑡
+ 𝑄𝑒  =  −𝐾𝑒∇(𝑇𝑒)                                                                                                        (3.2)                        

𝐶𝑙(𝑇𝑙)
𝜕𝑇𝑙

𝜕𝑡
 =  ∇. (𝑄𝑙) + 𝐺(𝑇𝑒 − 𝑇𝑙)                                                                                         (3.3)  

𝜏𝑙
𝜕𝑄𝑙

𝜕𝑡
+ 𝑄𝑙  =  −𝐾𝑙∇(𝑇𝑙)                                                                                                           (3.4)                             

where τe and τl is the time for the electrons system and the lattice system to reach the 

equilibrium respectively. Again, T is the temperature, t is the time, C is the volumetric 

specific heat, K is the thermal conductivity, where the subscripts e and l are associated 

with the electron and lattice respectively, G is the coupling factor that describes the 
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interaction between the electrons and the lattice, S is the volumetric laser energy 

deposition rate as a function of space and time. The heat diffusion in the lattice was 

assumed to be negligible. Compared to the pulse width duration both τe and τl are very 

short therefore, the hyperbolic form of the two-step model do converge to the parabolic 

form as the following: 

𝐶𝑒(𝑇𝑒)
𝜕𝑇𝑒

𝜕𝑡
 =  ∇. (𝐾∇𝑇𝑒) − 𝐺(𝑇𝑒 − 𝑇𝑙) + 𝑆                                                                           (3.5)      

𝐶𝑙(𝑇𝑙)
𝜕𝑇𝑙

𝜕𝑡
 =  𝐺(𝑇𝑒 − 𝑇𝑙)                                                                                                           (3.6)                         

Several publications (Ihtesham, Chowdhury, et al., 2003; Ihtesham, Xianfan, et al., 2003; 

Kim & Na, 2007; Marla, et al., 2011) have suggested the following form for the temporal 

distribution for the laser source term: 

S(r, z, t) = I˳ × (1 − R) × 0.94 × (exp (−2.77 ∗ (
t − 2tp

tp
) 2 )) × exp (−.5 ∗ (

r2

σ2
))

× exp (−
z

α
)                                                                                                      (3.7) 

where I˳ is the maximum heat flux, tp is the width at the half maximum of the heat flux. 

Again R is the reflectivity, r is the radial direction and z is the direction along the depth, 

and 𝛼 is the absorption coefficient. 
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The Laser Ablation Models (Thermal Evaporation and Phase Explosion) 

In this work two mechanisms were implemented to estimate target ablation and crater 

formation, i.e., the thermal evaporation and the phase explosion mechanisms. The 

following subsections will explain the theory behind these two different mechanisms. 

 

Thermal Evaporation 

Despite of the low contribution of the thermal vaporization during the ultrashort laser 

pulses of the irradiated surface we did include it in our work. The evaporation occurs on 

the outer surface in connection to the vapor pressure of the material at the calculated 

surface temperature. The surface evaporation velocity or ablation rate is given by (A. M. 

Hassanein, 1983) 

𝑣(𝑟, 𝑡) = 5.8 × 10−2 
√𝐴 𝑃𝑣  (𝑇𝑣)

𝜌𝑣  (𝑇𝑣) √𝑇𝑣
                                                                                         (3.8) 

𝑃𝑣 = 𝑃  𝑒 
(
−𝐿𝑣
𝐾𝐵 𝑇𝑣

)
                                                                                                                           (3.9) 

where A is the molar mass of the target, Pv is the vapor pressure that depends on the 

temperature and the latent heat of vaporization Lv, Tv is the temperature at the surface, KB 

is the Boltzmann constant, P˳ is the reference pressure, and ρ is the temperature 

dependent density of the target. The recession velocity was calculated at each time step at 

each point in the radial direction and then the evaporated thickness was calculated using 

the following relation: 

The ablated thickness = Σ (ablation rate * time step)                                                   (3.10) 

And then the ablated volume and the corresponding ablated mass were calculated.  
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Phase Explosion 

The phase explosion was first introduced by Martynyuk (1974) for the electric 

explosion to heat and implode a wire. The phase explosion is considered as the main 

mechanism during the super heating such as that taking place during the interaction 

between the materials and the ultrashort laser pulses. The basic image of the phase 

explosion is the homogeneous bubble nucleation in the bulk of the material which is 

different from the heterogeneous nucleation that takes place at the surface in the case of 

slow heating process by the normal boiling which is not applicable in this case (Kelly & 

Miotello, 1996). The pressure-temperature phase diagram in figure 3.1  can be used to 

describe the ejection due to phase explosion (Kelly & Miotello, 1996; M. M.  Martynyuk, 

1993), in the case of slow heating the thermal equilibrium between the liquid metal and 

saturated vapor is  reached at fixed temperature and pressure where the vapor pressure 

can be calculated  using the Clausius-Clapeyron equation at the surface temperature.  

This process is represented by the binodal line; in this case the evaporation is 

heterogeneous and occurs at the surface of substance. (Bulgakova & Bulgakov, 2001; M. 

M. Martynyuk, 1977; M. M.  Martynyuk, 1993; Xu & Willis, 2002) 
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Figure 3.1 Schematic P-T diagram (Shubhrokallol) 

 

The binodal line can be illustrated by assuming that the Gibbs free energy of liquid 

and vapor are equal (M. M.  Martynyuk, 1993): 

Gl(P, T)= Gv(P, T)                                                                                                        (3.11) 

and also with positive  values of the second derivatives of the Gibbs energy (stability 

coefficients) (M. M.  Martynyuk, 1993) :  

 (
𝜕𝑉

𝜕𝑃
)𝑇 > 0                                                                                                                                  (3.12) 

(
𝜕𝑠

𝜕𝑇
)𝑃 > 0                                                                                                                                   (3.13) 

where T is the temperature, P is the pressure, V is the volume, and s is the entropy. 
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Now, when the heating is super-fast as in the femtosecond or picosecond laser 

interaction with material large amount of energy will be absorbed in very short time that 

causes sudden increase in the temperature.  The liquid metal then reached to a 

temperature greater than the boiling temperature at the same value of surface pressure, 

which means the liquid becomes superheated. Higher heating rate leads to more 

approaching to the spinodal line, which is the boundary of thermodynamic phase 

stability, at which the stability coefficients equal to zero (M. M. Martynyuk, 1977; M. M.  

Martynyuk, 1993; Xu & Willis, 2002). 

(
𝜕𝑃

𝜕𝑉
)
𝑇
= 0                                                                                                                                  (3.14) 

(
𝜕𝑇

𝜕𝑆
)𝑃 = 0                                                                                                                                   (3.15) 

As the system approaches the region near the thermodynamic equilibrium critical 

temperature that causes large fluctuation of density and entropy which leads to 

homogeneous bubbles formation in the bulk of material. The system loose its stability as 

the nucleation increases and when the bubble size equals the critical size the superheated 

liquid explode as a mixture of gas and droplets that eject from the bulk of material "Phase 

explosion" (Bulgakova & Bulgakov, 2001; Kelly & Miotello, 1996; M. M. Martynyuk, 

1977; M. M.  Martynyuk, 1993; Xu & Willis, 2002). 

The ablation depth by the phase explosion mechanism can be calculated by 

considering that at any point with lattice temperature equals to 0.9Tcr is removed. This 

factor was suggested in different publications (Bulgakovaa & Bourakov, 2002; J. K. 

Chen & Beraun, 2003; Kelly & Miotello, 1996; Kim & Na, 2007; Oh, et al., 2007). The 
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total ablated mass is then the sum of the calculated ablated mass from the thermal 

vaporization model and that from the phase explosion mechanism. 

 

Method and Input 

 

Several conditions for the ultrashort laser pulse interacting with copper were used 

(pulse width duration in femtosecond and picosecond ranges, total energy, and spot size). 

Equations 3.5 and 3.6 with two-dimensional cylindrical coordinate form were solved 

numerically using the finite difference method to calculate the electron temperature and 

the lattice temperature at every time step. The physical properties of the material for both 

the electronic and lattice systems are dependent of the temperature as discussed earlier 

except for the reflectivity, which is taken as a phase dependent.  According to Ren et al. 

(2011) the thermal response and the resulting electron and lattice temperatures in the case 

of temperature dependent reflectivity is higher than that for the constant reflectivity at 

room temperature.  They calculated the reflectivity of copper irradiated by ultrashort laser 

as a function of wavelength and temperature (Ren, Chen, & Zhang, 2011). In this study 

the phase dependent reflectivity is used and their values were taken from figure 3 of Ref. 

(Ren, Chen, & Zhang, 2011) at 700 nm.  The maximum heat flux in equation 3.7 for 

fixed value of the total energy of the laser pulse, the spot size, and the pulse duration was 

calculated using the following relation: 

E 𝑡 =  I˳ × (1 − R) × 0.94 × ∫ ∫ 2𝜋𝑟

4𝜎

0

2𝑡𝑝

0

exp(−.5 ∗ (
𝑟2

𝜎2
)) × exp (−2.77

× (
𝑡 − 2𝑡𝑝

𝑡𝑝
)
2

) dr dt                                                                                      (3.16) 
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After calculating the lattice temperature at the surface, the vapor pressure and the 

velocity of the receding surface were calculated using equations 3.8 and 3.9 at each time 

step, and then ablated depth at each point in the radial direction r was calculated 

according to equation 3.10 so the crater size can be estimated. Following that, the ablated 

volume was calculated by the relation given by:  

The ablated depth at r(i) =  xtot(i) 

The ablated volume vol(i) = vol(i-1) +  xtot(i) × ( π r2
(i) – π r2

(i-1))
  

where i is the cell index in the r-direction. 

The ablated mass = density × ablated volume 

According to the phase explosion mechanism any point with lattice temperature of 

0.9Tcr is eliminated and considered as ablation depth and is added to the ablation depth 

from thermal evaporation, where the thermal equilibrium critical temperature of copper is 

7696 K (Hess, 1998).  

 

Results and Discussion 

The temporal distribution of the laser heat flux at the surface is shown in figure 3.2 

for the pulse duration of 50 fs, spot radius of 20 microns and 10-μJ total energy. 

According to equation 3.7 the temporal absorbed heat flux at the surface has a Gaussian 

distribution profile with a maximum heat flux of 3.2×1013 W/cm2 and the maximum 

absorbed heat flux of 1.8×1012 W/cm2 where the difference is reflected from the surface. 
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Figure 3.2 Temporal distribution of the absorbed laser heat flux, tp = 50 fs, rb = 20 

μm, Et = 10 μJ 
 

The spatial distribution of the heat flux in the radial direction at 50 fs is shown in 

figure 3.3 where the maximum heat flux is at the center of the laser beam then it 

decreases exponentially with low values around 20μm which the spot radius of the laser 

beam.  
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Figure 3.3 Spatial distribution of the absorbed laser heat flux, tp = 50 fs, rb  = 20 μm, Et  

= 10 μJ  

 

 

Figure 3.4 shows the electron and lattice temperature at the surface as a function of 

time at the same conditions.  The electron system absorbs the photons leading to sudden 

increase in the electron temperature with maximum value of ~ 2.6 eV. The temperature 

becomes constant when the equilibrium between electrons is achieved at the end of the 

pulse duration. At that moment the increase in the lattice temperature is negligible. Then 

the hot electron gas transfers the energy to the cold lattice which causes decrease in the 

electron temperature and increase in the lattice temperature until an equilibrium between 

these two systems is reached, then the lattice temperature after equilibrium approaches ~ 

0.23 eV at the center. 
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Figure 3.4 Electron and lattice temperature temporal distribution at the surface, tp = 

50 fs, rb = 20 μm, Et = 10 μJ 

 

 

The difference between the ablation based on the thermal evaporation model and 

on the phase explosion mechanism can be seen in figure 3.5.  The black line 

illustrates the thermal evaporation and the red line is for both mechanisms. The shape 

of the crater in the case of thermal evaporation is Gaussian and has a much lower 

contribution on the total material ablation ~ 5 nm compared to the ablation based on 

the phase explosion concept ~ 50 nm. 
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Figure 3.5 Comparison between thermal evaporation model and the phase explosion, tp = 

750 fs, rb = 20 μm, Et = 40 μJ   

 

Figure 3.6 shows the crater shape at several values of the total energy for 1 ps laser 

pulse and 20μm spot radius. Larger values of the total energy lead to higher temperature 

and higher ablation. For small values of the total deposited energy the crater is smaller 

and has a smooth shape based on the thermal evaporation model. For the higher total 

pulse energy the crater is larger and it indicates that the phase explosion is the dominant 

in the case of high energy. 
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Figure 3.6 Crater shape as a function of total energy of the laser beam, tp = 1000 fs, rb = 

20 μm 

 

The maximum ablated depth at the center of the laser beam increases significantly as 

the total energy increases for the same conditions of the laser beam profile and 

parameters.  For example, at 30 μJ the ablated depth is 7 nm whereas at 45 μJ it is ~ 50 

nm, as shown in figure 3.7. The corresponding ablated material mass with the same laser 

conditions was calculated for several values of the total laser energy and also is shown in 

figure 3.7.  It is clear that more energy deposition leads to higher ablated mass. 
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Figure 3.7 Maximum ablated mass and depth as a function of total energy of laser beam, 

tp = 1000 fs, rb = 20 μm 

 

 

Finally, the impact of the spot radius on the crater shape was studied for 750 fs and 40 

μJ laser beam with different spot sizes. Figure 3.8 shows that the larger spot size leads to 

lower heat flux that causes less ablation, so that the crater depth is shallower. The ablated 

mass for different values of spot radii was also calculated and shown in Figure 3.9.  For 

spot radius of 20 μm the maximum ablated depth is 48 nm while it is 84nm for the spot 

radius of 15μm as shown in figure 3.8 the corresponding ablated mass for the same 

conditions is shown in figure 3.9. 
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Figure 3.8 Crater shape as a function of spot radius of laser beam, tp = 750 fs, Et = 40 μJ 

 

 

 
Figure 3.9 Ablated mass as a function of spot radius of laser beam, tp = 750 fs, Et = 40 μJ 
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Conclusion 

In this chapter the ablation of copper irradiated by ultrashort laser pulses was studied. 

The parabolic two-dimensional two-temperature model with temperature dependent 

material properties was used to predict material behavior during the ultrashort laser beam. 

The electrons absorb the energy from the photons spontaneously then transfer the energy 

to the lattice system according to electron-phonon coupling mechanism. Thermal 

evaporation and phase explosion mechanisms were used to estimate the crater size and 

the ablated depth and mass. The ablation by the thermal evaporation can be estimated by 

calculating the surface recession velocity, which is a function of surface temperature, 

vapor pressure, and the latent heat of vaporization. The phase explosion mechanism, 

which is considered as the main mechanism for the ultrafast heating was implemented in 

the model. The liquid phase becomes superheated metastable and the temperature 

increases suddenly to the value near the spinodal line. As a result the homogenous bubble 

nucleation starts, which eventually causes explosive ejection of liquid droplets. For this 

mechanism any target material reaches the temperature of 0.9Tcr was eliminated and then 

accounted for the ablation depth. The impact of the total energy and the spot radius on the 

crater size and ablated mass were studied. It was found that when the total energy 

increases the maximum ablated depth increases at different rate depending on energy and 

the mode of ablation that is because higher total energy leads to higher heat absorbed and 

to higher ablation, also as the spot radius increases the absorbed heat flux decreases 

causes decrease in the ablation depth.  
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CHAPTER FOUR: THE IMPACT OF THE MODIFIED ELECTRON-PHONON 

COUPLING FACTOR AND ELECTRON HEAT CAPACITY ON THE THERMAL 

RESPONSE OF THE TARGET IRRADIATED BY FEMTOSECOND LASER. 

 

 

 

Introduction 

The thermal properties of any material of such as heat capacity, thermal conductivity, 

density, melting and evaporation temperature,  latent heat of fusion, and vaporization,… 

etc.,  determine its thermal response when it interacts with a heat source. In addition, it 

was found that the nature of some thermal properties in terms of their dependency on the 

temperature, phase, or composition will have an important impact on the irradiated 

material thermal response. When the material is irradiated by ultrashort laser pulses, non-

equilibrium heat transfer occurs because of the low heating pulse duration (femtosecond 

or picosecond) compared to the thermalization time, which leads to deal with two 

subsystems, electrons and lattice, in the calculations of the thermal evolution through the 

material target which is described by the two-temperature model (s.I Anisimov & 

Rethfeld, 1997; Kaganov, Lifshitz, & Tanatarov, 1957). In this case, the thermal 

properties of electron and lattice subsystems such as thermal conductivity and the heat 

capacity should be distinguished. Moreover the electron-phonon coupling factor which is 

responsible for the heat transfer from the electrons subsystem to the phonons subsystem 

should be selected carefully.  
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Many studies have been done to investigate the impact of the material thermophysical 

properties as material and temperature dependent in different models by comparing the 

results with the case if they were used as constant parameters. Lin et al. (2007; Zhibin 

Lin, et al., 2008; Phipps, Lin, & Zhigilei, 2006) investigated the dependency of electron 

temperature and the electron density of state (DOS) on the electron-phonon coupling and 

electron heat capacity for aluminum, copper, silver, gold, nickel, platinum, tungsten, and 

titanium. Their results differ from the approximations of using constant electron-phonon 

coupling factor and linear temperature dependence of the electron heat capacity. They 

found that the thermal excitation of the electrons depends strongly on the electronic 

structure of the electron density of state, and thus it has large impact on the 

thermophysical properties of the metals irradiated by ultrashort laser pulse. As an 

example, they found that for the noble metals (Au, Cu, and Ag) at very high electron 

temperature the thermal excitation of the d band electrons contribute to the increasing of 

the electron heat capacity and electron-phonon coupling, while the opposite result was 

observed in the case of the transition metal such as Pt. The data of temperature dependent 

electron heat capacity and the electron-phonon coupling factor for several metals based 

on their electron density of states and electron thermal excitation are tabulated in 

("Electron-Phonon Coupling and Electron Heat Capacity in Metals at High Electron 

Temperatures,"), which are calculated using Lin’s model (Ashcroft & Mermin, 1976; Z 

Lin & Zhigilei, 2007; Zhibin Lin, et al., 2008), the temperature dependent electron-

phonon coupling factor and electron heat capacity data for copper were curve fitted by 

Ren et al. (2011). J. K. Chen et al. (2005) proposed a mathematical model in which the 

electron-electron and electron-phonon collision rate determines the electron relaxation. 
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This model connects the electron and lattice temperatures with the electron-phonon 

coupling factor; it was used for the gold film irradiated by ultrashort laser pulse (J. K. 

Chen, et al., 2005). They noticed a decrease in the electron temperature and an increase in 

the lattice temperature when this model is used compared to the use of constant value of 

the electron-phonon coupling factor in the two-temperature model. In addition, there was 

a good agreement between their results and the experimental results for the calculated 

ablation depth as a function of fluence. A full comparison between three different models 

was presented by J. Lee et al. (2011) to calculate the temperature dependent electron-

phonon coupling factor; Chen’s model (J. K. Chen, et al., 2005), Lin’s model (Z Lin & 

Zhigilei, 2007; Zhibin Lin, et al., 2008) and Kaganov’s model (Kaganov, et al., 1957) 

They compared their results with the commonly used constant value of electron-phonon 

coupling factor  for gold. They found a good agreement among all the models at low 

temperature and there was a clear deviation at high temperature. Moreover, it was found 

that Lin’s model is the most acceptable one to predict the electron-phonon coupling in the 

target irradiated by ultrashort laser pulse. 

 

Mathematical Equations 

Electron-Phonon Coupling Factor 

The energy transport from the electrons to the lattice during the non-equilibrium heat 

transfer calculations was introduced by Anisimov et al. (1974) with a relation of the 

electron-phonon coupling factor of: 
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𝐺 =  
𝜋2

6
 
𝑚𝑒 𝑉𝑠

2 𝑛𝑒
𝜏𝑒 (𝑇𝑒) 𝑇𝑒

                                                                                                                      (4.1) 

where, me is the effective electron mass, Vs is the speed of sound, ne is the number 

density of electrons, τe is the electron relaxation time, and Te is the electron temperature. 

Since τe ~ Te
-1 as suggested by Anisimov (1974) the coupling factor in this equation 

becomes independent of the electron temperature. For high electron and lattice 

temperature away from Debye temperature the electron-phonon coupling factor was 

suggested by Kaganov et al. (1957) by assuming the free electron of metals by the Debye 

phonon approximation (Kaganov, et al., 1957; J. B. Lee, et al., 2011): 

𝐺 =  
𝜋2

6
 
𝑚𝑒 𝑉𝑠

2 𝑛𝑒
𝜏𝑙 (𝑇𝑙)𝑇𝑙

                  𝑇𝑙 ≫ 𝑇𝐷 ;  ( 𝑇𝑒 − 𝑇𝑙) ≪ 𝑇𝑙                                                   (4.2) 

𝐺 =  
𝜋2

6
 

𝑚𝑒 𝑉𝑠
2 𝑛𝑒

𝜏𝑒 (𝑇𝑒 ) (𝑇𝑒 −  𝑇𝑙)
               𝑇𝑒 ≫ 𝑇𝐷 ;   𝑇𝑙 ≪ 𝑇𝑒                                                     (4.3) 

where, TD is the Debye temperature and τl is the lattice relaxation time as a function of 

the lattice temperature. Again, it was found that the dependency of the electron or lattice 

temperature on the electron-phonon coupling factor using these equations is negligible (J. 

B. Lee, et al., 2011). 

The theoretical model that is suggested by  J. k. Chen  et al. (2005) for Te and Tl >> 

TD, to calculate the temperature dependent electron-phonon coupling factor is in the 

following form (s.I Anisimov & Rethfeld, 1997; J. K. Chen, et al., 2005): 

𝐺 =  𝐺𝑅𝑇  [ 
𝐴𝑒
𝐵𝑙
 (𝑇𝑒 + 𝑇𝑙 ) + 1]                                                                                                (4.4) 
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𝐺𝑅𝑇 = 𝜋
2  
𝑚𝑒 𝑉𝑠

2 𝑛𝑒 𝐵𝑙
6

                                                                                                             (4.5) 

where, Ae = (ve0Tf 
2)-1 and Bl = (vp0Tf)

-1 with ve0 and vp0 are material constants that are 

related to the electron-electron collision and electron-lattice collision, and TF is the Fermi 

temperature. For copper, Ae and Bl are 1.28 × 107 s-1K-2 and 1.23 × 1011 s-1K-1 

respectively (F. Chen, Du, Yang, Si, & Hou, 2011). At room temperature the coupling 

factor reduced to GRT  (J. K. Chen, et al., 2005).  

The last model was introduced by Lin’s et al. (Z Lin & Zhigilei, 2007; Zhibin Lin, et 

al., 2008) based on the variations of the electronic structure of metals of the electron 

density of state at high electron temperature: 

𝐺 =  
𝜋 ћ 𝐾𝐵 𝜆‹𝜔

2› 

𝑔(𝜀𝐹)
 ∫ 𝑔2

∞

− ∞

(𝜀) ( −
𝜕𝑓

𝜕𝜀
 ) 𝑑𝜀                                                                           (4.6) 

where, ћ is the reduced Planck constant, kB is the Boltzmann constant, ‹𝜔2› is the second 

moment of the phonon spectrum defined by McMillan (McMillan, 1968), 𝜆 is the 

electron-phonon mass enhancement parameter (Grimvall 1976), g(ε) is the electron DOS 

at the energy level ε, and f(ε, 𝜇, Te)  is the Fermi distribution function with 𝜇 being the 

chemical potential (Z Lin & Zhigilei, 2007; Zhibin Lin, et al., 2008). The data of 

electron-phonon coupling as a function of electron temperature from this relation for 

copper were fitted by Ren et al. (2011)  with the following corresponding function, where 

G is in Wm-3K-1:  



54 
 

 
 

𝐺 (𝑇𝑒)

=

{
 
 

 
 0.56 × 1017, 𝑇𝑒 < 2750 𝐾

1.341 × 1017 −  1.407 × 1014𝑇𝑒  +  5.988 × 10
10𝑇𝑒

2  −  7.93 × 106𝑇𝑒
3 

+ 555.2𝑇𝑒
4 − 0.023272𝑇𝑒

5 +  6.041 × 10−7𝑇𝑒
6  −  9.529 × 10−12𝑇𝑒

7

 + 8.377 × 10−17𝑇𝑒
8   −  3.15 × 10−22𝑇𝑒

9, 2750 𝐾 ≤ 𝑇𝑒 ≤ 50 ×  103 𝐾

(4.7)  

 

Electron Heat Capacity 

When dealing with ultrafast heating, the electron and the lattice heat capacity should 

be distinguished. The commonly used relation for the electron heat capacity is the linear 

dependence with the electron temperature (Horng, 1984; J. B. Lee, et al., 2011; J. B. Lee 

& Lee, 2011; Zhibin Lin, et al., 2008; Tien, Majumdar, & Gerner, 1998; Veal & Rayne, 

1962): 

𝐶𝑒 = 𝐵𝑒 𝑇𝑒                                                                                                                                    (4.8)  

where Be = π2neKB
2/2εF, but it was found that this relation is only applicable for low 

electron temperature. Therefore the following equation was suggested to calculate the 

heat capacity at high electron temperature (Ashcroft & Mermin, 1976; Zhibin Lin, et al., 

2008):  

𝐶𝑒 (𝑇𝑒) =  ∫
𝜕𝑓(𝜀, 𝜇, 𝑇𝑒)

𝜕𝜀
𝑔(𝜀)𝜀

∞

−∞

𝑑𝜀                                                                                      (4.9) 

The data of the electron heat capacity in Jm-3K-1 as a function of electron temperature for 

the copper were accurately fitted by Ren et al. in the following function(Ren, Chen, & 

Zhang, 2011): 
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𝐶𝑒(𝑇𝑒)

=

{
 
 

 
 117.47 𝑇𝑒 , 𝑇𝑒 < 2 × 103 𝐾

− 2.049 × 104 −  26.64 𝑇𝑒  +  0.0996 𝑇𝑒
2 −  1.122 × 10−5𝑇𝑒

3 

+ 5.735 × 10−10𝑇𝑒
4  −  1.524 ×  10−14 𝑇𝑒

5  +  2.044 ×  10−19𝑇𝑒
6 

− 1.094 ×  10−24𝑇𝑒
7, 2 × 103 𝐾 ≤ 𝑇𝑒 ≤ 50 ×  10

3 𝐾

                   (4.10)  

In this chapter, different models of temperature dependent electron-phonon coupling 

and electron heat capacity of copper irradiated by femtosecond laser pulse were used to 

investigate the temporal and spatial thermal evolution using the two-temperature model 

with Gaussian distribution of the laser beam heating source in time and space. 

Temperature dependent of the electron thermal conductivity and the lattice density and 

heat capacity were taken into account. For all of the simulations in this chapter the 

reflectivity of 50% and laser spot size of 40 𝜇m were used. The constant value for the 

electron-phonon coupling factor was chosen to be 0.56×1011 Wcm-3K-1 in this chapter. 

 

Results and Discussion 

Figure 4.1 shows the dependency of the electron-phonon coupling factor on the 

electron temperature by using Chen’s model in the equation 4.4 which is represented by 

solid line, and Lin’s model by using the data fitted function in equation 4.7 (the dashed 

line), to compare these two models with the using of constant value for the electron-

phonon coupling factor. As can be seen in this figure at low electron temperature the 

values of the coupling factor are very close in the three cases, but the deviation started 

with increasing the electron temperate. Lin’s model shows the highest value which means 
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the strength of the heat coupling between the electrons and the lattice is high when we 

take into account the calculations of the density of state. Next to it the Chen’s model 

which shows also high values of the coupling factor compared to the constant value.  

 

Figure 4.1 Electron-phonon coupling factor of the copper as a function of electron 

temperature in Chen’s model (the solid line), Lin’s model (the dashed line), and constant 

G with a value of 0.56×1011 Wcm-3K-1 (the dotted line) 

 

The temporal distribution of the surface electron and lattice temperature at the center 

of the laser beam with pulse duration of 50 fs and fluence of 0.05 J /cm2 for the three 

models are presented in figure 4.2, where the top left is for the Lin’s model, the top right 

is for the Chen’s model, and the bottom of the figure is for the constant coupling model. 

As can be seen in this figure the maximum electron temperatures have the same value of 

1.27×104 K for all of these three cases. It is clear from this figure that the thermalization 

time which is defined as the time needed for the electron and lattice subsystems to reach 

the equilibrium is different between the models, for example the lowest thermalization 
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time was for the Chen’s model with the above mentioned laser conditions was ~3.6 ps 

while it was ~5 ps and ~6 ps for the Lin’s model and constant G model respectively.  The 

same results for the comparison between these two model and the constant G for the gold 

target was achieved by Lee et al. (J. B. Lee, et al., 2011). 

 

 

Figure 4.2 Temporal evolution of the surface electron and lattice temperatures of the 

irradiated copper at the center of laser beam with pulse duration of 50 fs and fluence of 

0.05 J/cm2. Lin’s DOS model, Chen’s model, and constant electron-phonon coupling 

factor of 0.56×1011 Wcm-3K-1  

Figure 4.3 shows the two-dimensional representation of the lattice temperature 

evolution at the end of the run time with the same laser pulse conditions for Lin’s model 

(top left), Chen’s model (top right), and with constant coupling factor (bottom). The 



58 
 

 
 

temperature at the surface has the highest values then it decreases along the depth. It can 

be noticed in this figure that the highest lattice temperature can be achieved if Lin’s 

model is used then Chen’s model comes after that, and that is because of the high 

coupling strength as the electron temperature increases compared by using constant value 

of the coupling factor. As an example, the maximum lattice temperature at the center of 

the laser beam was 835 K in the case of Lin’s model while it was 676 K and 520 K for 

Chen’s model and constant coupling respectively. 

 

 

Figure 4.3 Two-dimensional evolution of the lattice temperature of the copper irradiated 

by laser beam with pulse duration of 50 fs and fluence of 0.05 J/cm2 at 20 ps, for Lin’s 

model, Chen’s model, and constant G factor of 0.56×1011 Wcm-3K-1 

The relationship between the fluence and the thermalization time is presented in 

figure 4.4 for laser pulse duration of 200 fs. As can be seen in this figure the 

thermalization time increases slightly with the fluence in the case of Chen’s model and 



59 
 

 
 

Lin’s model till it becomes independent of the fluence and reaches ~5 ps. While when 

constant value of electron-phonon coupling factor is used the thermalization time keeps 

increasing as the fluence increase and this result was reported also in (J. B. Lee, et al., 

2011) for the gold target.  

 

Figure 4.4 Thermalization time versus fluence for the copper irradiated by 200 fs lase 

pulse using different electron-phonon coupling models 

 

Figure 4.5 shows the maximum ablated depth of the copper irradiated by 200 fs laser 

beam with various values of fluence. Lin’s model gave the highest ablation depth with 

the minimum ablation threshold of 0.4 J/cm2 while using the Chen’s model increases the 

ablation threshold to the value of 0.5 J/cm2 which are in agreement with experimental and 

analytical result of the ablation threshold of copper (E. G. Gamaly, et al., 2002). It can be 
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noticed that the very low constant value of electron-phonon coupling factor of 0.56×1011 

Wcm-3K-1 shows no ablation even at high fluence. 

 

Figure 4.5 The maximum ablated depth of copper at the center of the laser beam with 

pulse duration of 200 fs at different values of fluence for Lin’s model, Chin’s model, and 

constant G of 0.56×1011 Wcm-3K-1 

 

Since the large scale may prevent showing the very low ablation in the case of 

constant G-factor, the ablation crater at the fluence of 1 J/cm2 for each model was 

presented in figures 4.6 and 4.7. As can be seen in figure 4.4 the crater formed when the 

Lin’s model was used was larger with the maximum ablated depth of 31.9 nm while it is 

26.1 nm for the Chen’s model. The crater formed when the constant G was used was 

shown in figure 4.7 with different depth scale; in this case the ablation was negligible. 
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Figure 4.6 The crater profile performed after the ablation of the copper irradiated by laser 

of pulse duration of 200 fs and fluence of 1 J/cm2 for Chen’s models and Lin’s model 

 

Figure 4.7 The crater profile performed after the ablation of the copper irradiated by laser 

of pulse duration of 200 fs and fluence of 1 J/cm2 for temperature independent electron-

phonon coupling factor of 0.56×1011 Wcm-3K-1 

The final objective of this chapter is to investigate the impact of using the temperature 

dependent electron heat capacity that resulted from the calculation of the DOS (Lin’s 
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model) versus the commonly used linear relation. The comparison between the two 

mentioned models of the electron heat capacity is presented in figure 4.2. The red line is 

the Lin’s model data fitted by Ren et al. (2011). As can be seen in this figure the Lin’s 

model electron heat capacity was ~ 40% higher than that was calculated using the linear 

relationship with the electron temperature (the black line). 

 

Figure 4.8 Electron heat capacity as a function of electron temperature from using the 

Lin’s DOS model (the red line) and the linear relationship Ce= BeTe  (the black line) 

 

In order to study the impact of the modified model of electron heat capacity, the 

temporal evolution of the surface lattice and electron temperature at the center of the laser 

beam with pulse duration of 200 fs and 0.2 J/cm2 for Lin’s model and linear relation of 

the electron heat capacity and Chen’s model of electron-phonon coupling for both are 
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presented in figure 4.9. As shown in this figure the, the electron temperature that is 

achieved by Lin’s model had lower value compared to the linear relationship, that refers 

to the higher electron heat capacity for Lin’s model as presented in figure 4.8 which 

causes to have lower thermal response when the same power is absorbed. 

 On the other hand is was noted that the thermalization time in the case of using the 

linear relation for the electron heat capacity is lower than that for the Lin’s model, this is 

caused by the higher electron temperature which increases the electron-phonon coupling 

factor as shown in figure 4.1 and strengthen the heat coupling process by increasing the 

coupling rate or in other words decreasing the thermalization time. 
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Figure 4.9 The temporal evolution of the surface electron and lattice temperature of 

copper irradiated by laser beam with pulse duration of 200 fs and 0.2 J/cm2 using Lin’s 

model and linear relation for the electron heat capacity 

 

Conclusion 

In this chapter we investigated the impact of the electron-phonon coupling factor 

and the electron heat capacity for the copper irradiated by the femtosecond laser pulses. 
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Two models of the electron phonon coupling was used, the Lin’s models in which the 

excitation of the d band electrons and their contribution to the coupling of the heat 

between electrons and phonons at high electron temperature was taken into account, the 

second models was the Chen’s model  in which the electron-electron collisions and 

electron-lattice collision calculations were considered. These two models were compared 

to the commonly used constant values for the electron-phonon coupling factor. It was 

found that faster coupling, higher lattice temperature, and higher ablation can be achieved 

by using the Lin’s and Chin’s models compared to use of the temperature independent 

value for the electron-phonon coupling factor. The relationship between the fluence and 

the thermalization was studied as well, it was found that at high fluence the 

thermalization converges to fixed value regardless of the fluence in the case of Chen’s 

and Lin’s models while it continues to increase with the fluence when constant value of 

the coupling factor is used as reported by lee et al. (2011). The comparison between the 

Lin’s model of the electron heat capacity based on the density of state calculation and the 

linear relationship between the electron heat capacity and the electron temperature was 

presented. It was found that the higher electron heat capacity of the Lin’s model leads to 

lower the electron temperature and eventually decreases the rate of the coupling of 

energy between the electrons and the lattice. Finally, it can be concluded that the 

temperature dependent electron-phonon coupling and electron heat capacity and the 

calculations of the electrons excitation and scattering must be taken into account when a 

target is irradiated by ultrashort laser pulses. 
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CHAPTER FIVE: THERMAL EVOLUTION IN THE DOUBLE-LAYER METAL 

TARGET INTERACTION WITH FEMTOSECOND LASER PULSE 

 

 

 

Introduction 

Multi-layer films or coating-substrate assemblies under the influence of the intense 

irradiation are widely used for many applications in material science and technology 

especially for microelectronic devises and metal mirror coatings that desire specific 

properties (A. M. Chen, Jiang, Sui, Liu, et al., 2011; F. Chen, et al., 2011; Gao, Song, & 

Lin, 2011; Karakas, Tunc, & Camdali, 2010; K.-C. Liu, 2007; Margetic, Bolshov, 

Stockhaus, Niemax, & Hergenrder, 2001; T. Q QIU & TIEN, 1994; Sitnikov & 

Ovchinnikov, 2011). The femtosecond laser pulse is considered as high power radiation 

because of very short pulse duration that leads to extremely high power density absorbed 

by the target material with minimum heat-affected zone (Hwang, Chimmalgi, & 

Grigoropoulos, 2006). When the target is coated by a material with high value of 

reflectivity such as gold a small portion of the laser energy will be absorbed and diffused 

through the target and this will minimize the damage that may occur. On the other hand, 

we can use the double-layer assembly to enhance the thermal response of the first layer 

by changing the padding layer type with suitable thermal properties mainly the lattice 

heat capacity and the electron phonon coupling factor (Ibrahim, Elsayed-Ali, Shinn, & 

Bonner, 2003), or by choosing a minimum thickness of the film leads to the reduction in 
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the damage caused by the high power density of the laser pulse (A. M. Chen, Y. F. Jiang, 

L. Z. Sui, H. Liu, et al., 2011; A. M. Chen et al., 2010; Ibrahim, et al., 2003).  

Many studies have been performed to investigate the thermal evolution through the 

multi-layer assemblies. For example, Qiu and Tien (1994) studied the gold-chromium 

assembly irradiated by femtosecond laser pulse and they investigated the impact of 

having the chromium as a substrate to reduce the lattice temperature of the gold layer and 

minimize the thermal damage compared to single gold layer target. They confirmed their 

simulation results from the two-temperature model by performing femtosecond thermo-

reflectivity experiments (Q. QIU, JUHASZ, SUAREZ, W, & TIEN, 1994). Ibrahim et al. 

(2003) studied the damage threshold of the single gold layer versus multi-layer systems 

of gold-vanadium and gold-titanium systems. They defined the damage threshold as the 

fluence needed to cause melting, and they found that the damage threshold for the multi-

layer films is higher than that for the single-layer. Karkas et al. (2010) derived a non-

Fourier three dimensional transient heat transfer model, HTS model, using the Boltzmann 

equation to study the heat transfer in gold-chromium multi-layer films irradiated by 

femtosecond laser. They found that the lattice temperature of the gold layer decreases as 

a result of depositing more energy in the chromium layer. F. Chen et al. (2011) studied 

different configurations of double and three-layers assemblies of gold, silver, copper, and 

aluminum material target under the irradiation by femtosecond laser pulses. They 

investigated the effect of thermal properties of substrate layer on the thermal response of 

the first layer numerically by introducing the time dependent electron and lattice 

temperature distribution. They showed that the electron-phonon coupling factor and the 
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lattice heat capacity of the substrate have huge impact on the temperature evolution in the 

first layer. Also, they found that the temperature dependent thermal properties must be 

taken into account for the ultrashort laser pulse interacting with multi-layer assemblies. 

A. M. Chen et al. (A. M. Chen, Y. F. Jiang, L. Z. Sui, H. Liu, et al., 2011; 2010) studied 

the improvement to the damage threshold of gold surface in the case of gold coated 

chrome using the two-temperature model, they found that higher electron-phonon 

coupling factor leads to improve the damage threshold, they selected chrome as a 

substrate metal layer with high melting temperature in order to increase the damage 

threshold. Finally they reached the highest damage threshold by finding an optimal 

proportion of thickness of gold and chrome. 

In this chapter the thermal response of double-layer target irradiated by femtosecond 

laser pulse was studied. The temporal electron and lattice evolution of single gold layer, 

100 nm of gold coated copper, and 100 nm of gold coated aluminum substrates were 

investigated by using the two-temperature model. The two-dimensional temporal 

temperature distributions for each case have been shown. The effect of thermal properties 

of the substrate material and the comparison between constant electron phonon coupling 

factor and temperature dependent one was investigated. 

 

Theoretical Model 

For the irradiation by femtosecond laser pulse, the two-temperature model (s.I 

Anisimov & Rethfeld, 1997; Kaganov, et al., 1957) must be used in which the electrons 

subsystem absorb the laser energy directly and then transfer the heat to the lattice 
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subsystem by the electron phonon coupling.  Figure 5.1 shows a schematic drawing of the 

laser pulse interaction with double-layer metal films, where l is the thickness of the top-

layer and L is the thickness of the two layers. 

 

                                                           LASER 

 

                                             

                                         L                                             l 

 

 

 

 

Figure 5.1 Schematic drawing of double-layer films irradiated by femtosecond laser 

pulse at the top 

 

Temperature and phase dependent thermal properties in two-dimensional cylindrical 

coordinate and two-temperature model is used for both layers as following (A. M. Chen, 

Y. F. Jiang, L. Z. Sui, H. Liu, et al., 2011; A. M. Chen, et al., 2010; F. Chen, et al., 2011; 

Gao, et al., 2011; K.-C. Liu, 2007; T. Q QIU & TIEN, 1994; Tzou, Chen, & Beraun, 

2002; Wang, Dai, & Melnik, 2006): 

𝐶𝑒
ǀ 𝜕𝑇𝑒

∣

𝜕𝑡
=  

1

𝑟

𝜕

𝜕𝑟
(𝐾𝑒

∣  𝑟
𝜕𝑇𝑒

∣

𝜕𝑟
) +  

𝜕2𝑇𝑒
∣

𝜕𝑧2
− 𝐺∣(𝑇𝑒

∣ − 𝑇𝑙
∣) + 𝑆∣(𝑟, 𝑧, 𝑡)                                             (5.1)                                        

 𝐶𝑙
ǀ 𝜕𝑇𝑙

∣

𝜕𝑡
=  𝐺∣(𝑇𝑒

∣ − 𝑇𝑙
∣)                                                                                                                  (5.2)                                                                                                                   

𝐶𝑒
∥ 𝜕𝑇𝑒

∥

𝜕𝑡
=  

1

𝑟

𝜕

𝜕𝑟
(𝐾𝑒

∥ 𝑟
𝜕𝑇𝑒

∥

𝜕𝑟
) +  

𝜕2𝑇𝑒
∥

𝜕𝑧2
− 𝐺∥(𝑇𝑒

∥ − 𝑇𝑙
∥)                                                                 (5.3)                                                                       

∣ 

∥ 



70 
 

 
 

𝐶𝑙
∥ 𝜕𝑇𝑙

∥

𝜕𝑡
=  𝐺∣(𝑇𝑒

∥ − 𝑇𝑙
∥)                                                                                                                (5.4)                                                                                                                 

Again, Ce, Cl, Ke and G are electron and lattice heat capacity, electronic heat conductivity 

and electron-phonon coupling factor respectively for each layer. All of these thermal 

properties are material, phase and temperature dependent. The electron-phonon coupling 

factor, G, is calculated from Chen’s model with the following equation which was 

presented in chapter 4 (F. Chen, et al., 2011; J. K. Chen, et al., 2005; Hopkins & Norris, 

2007): 

𝐺(𝑇𝑒 , 𝑇𝑙) =  𝐺𝑅𝑇 [ 
𝐴𝑒

𝐵𝑙
(𝑇𝑒 + 𝑇𝑙) + 1]                                                                                        (5.5)                                                                                               

The equations for other thermal properties and the definition of the constants in these 

equations were discussed in chapters 2 and 3 in details.  

The laser heat flux in equation 5.1 has the Gaussian temporal and spatial distribution 

as discussed previously: 

 𝑆∣(𝑟, 𝑧, 𝑡)  =  𝐼° × (1 − 𝑅
∣) × 0.94 × (exp (−2.77 ∗ (

𝑡 − 2𝑡𝑝

𝑡𝑝
)
2

))

×  exp(−.5 ∗ (
𝑟2

𝜎2
)) × exp (−

𝑧

𝛼
)                                                             (5.6) 

Where, R∣
 is the reflectivity of the top-layer which is 0.95 for the gold, tp is the pulse 

duration; σ is spatial profile parameter and α is the absorption coefficient of gold 15.3 nm 

(Karakas, et al., 2010). The constants used to calculate thermal properties for gold, 

copper and aluminum are tabulated in table 5.1 (A. M. Chen, Y. F. Jiang, L. Z. Sui, H. 
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Liu, et al., 2011; A. M. Chen, et al., 2010; F. Chen, et al., 2011; Gragossian, Tavassoli, & 

Shokri, 2009; Hu et al., 2011; Sonntag, et al., 2009; Yilbas, 2002).   

Table 5.1 

Thermal Properties and Constants for Au, Cu and Al 

 Be 

Jcm-3k-2  
𝜒 𝜼 GRT 

Wcm-3k-1  

Ae 

s-1k-2 

×107 

Bl 

s-1k-1 

×1011 

TF 

K  

×104 

Tm 

K 

Au 68×10-6 3.53 0.16 2.1 × 1010 1.18 1.25 6.4 1336 

Cu 96.6×10-6 3.77 0.14 1 × 1011 1.28 1.23 8.12 1356 

Al 135×10-6 2.29 0.14 2.45×1011 0.376 3.9 13.5 933 

 

Initial and Boundary Conditions 

The initial conditions are assumed to be 300 K of electron and lattice temperature at 

any r and z for both layers: 

𝑇𝑒
∣(𝑡 = 0, 𝑟, 𝑧) = 𝑇𝑒

∥(𝑡 = 0, 𝑟, 𝑧) = 𝑇𝑙
∣(𝑡 = 0, 𝑟, 𝑧) =  𝑇𝑙

∥(𝑡 = 0, 𝑟, 𝑧) =   300 𝐾         (5.7)                      

It was assumed that no heat losses across the boundaries for both electron and lattice, 

and also we assumed perfect thermal contact at the interface (z = l) (A. M. Chen, Y. F. 

Jiang, L. Z. Sui, H. Liu, et al., 2011; A. M. Chen, et al., 2010; Gao, et al., 2011; Karakas, 

et al., 2010; Wang, et al., 2006): 

𝛻. 𝑇𝑒
 ∣(𝑡, 𝑟, 𝑧 = 0,∞) =  𝛻. 𝑇𝑒

∥(𝑡, 𝑟, 𝑧 = 0,∞) = 0                                                                (5.8)                                                                      
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𝛻. 𝑇𝑙
 ∣(𝑡, 𝑟 = 0,∞, 𝑧) =  𝛻. 𝑇𝑙

∥(𝑡, 𝑟 = 0,∞, 𝑧) = 0                                                                (5.9)                                                                      

𝑇𝑒
∣(𝑡, 𝑟, 𝑧 = 𝑙) = 𝑇𝑒

∥(𝑡, 𝑟, 𝑧 = 𝑙)                                                                                              (5.10)                                                                                                 

𝑇𝑙
∣(𝑡, 𝑟, 𝑧 = 𝑙) =  𝑇𝑙

∥(𝑡, 𝑟, 𝑧 = 𝑙)                                                                                             (5.11)                                                                                                

𝛻. 𝑇𝑒
 ∣(𝑡, 𝑟, 𝑧 = 𝑙) =  𝛻. 𝑇𝑒

∥(𝑡, 𝑟, 𝑧 = 𝑙)                                                                                   (5.12)                                                                                       

𝛻. 𝑇𝑙
 ∣(𝑡, 𝑟, 𝑧 = 𝑙) =  𝛻. 𝑇𝑙

∥(𝑡, 𝑟, 𝑧 = 𝑙)                                                                                   (5.13)                                                                                       

The two-temperature model equations system for the double-layer metal films was 

solved numerically using the finite difference in A*THERMAL-2 code (A. Hassanein, 

1996) with some modifications by taking into account the temperature and phase 

dependent thermal properties. The calculations were carried out for the laser fluence of 

0.2 J/cm2 with pulse duration of 100 fs and spot size of 50 𝜇m. Two different double-

layer compositions were studied: 100 nm of gold film on copper substrate and 100 nm of 

gold film on aluminum substrate.  

 

Results and Discussion 

The temporal distribution of surface electron and lattice temperature at the center of 

the laser beam and the spatial lattice temperature distribution at 5 ps of pure single metals 

of gold, copper, and aluminum are presented in figures 5.2, 5.3 and 5.4 respectively. This 

is just to show the thermal response for each metal under irradiation of the femtosecond 

laser pulse of 100 fs and 0.2 J/cm2 and how each material acts as a single-layer and when 
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it will be coupled with other metal layer. The maximum electron temperatures for Au, Cu 

and Al are 8916 K, 8118 K and 15220 K respectively. As can be seen in these figures the 

copper and aluminum electron and lattice subsystems reached the equilibrium earlier than 

gold because of the higher value of electron-phonon coupling factor. The equilibrium 

value of the lattice temperatures for Au, Cu and Al are 393 K, 467 K and 1375 K 

respectively. Higher value of aluminum lattice temperature refers to its low lattice heat 

capacity. 
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Figure 5.2 Temporal distribution of electron and lattice temperatures of Au surface at the 

center of the laser beam of 100 fs and 0.2 J/cm2, R=0.95 (at the left), spatial distribution 

of the lattice temperature at 5 ps (at the right) 
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Figure 5.3 Temporal distribution of electron and lattice temperatures of Cu surface at 

the center of the laser beam of 100 fs and 0.2 J/cm2, R=0.7 (at the left), spatial 

distribution of the lattice temperature at 5 ps (at the right) 
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Figure 5.4 Temporal distribution of electron and lattice temperatures of Al surface at the 

center of the laser beam of 100 fs and 0.2 J/cm2 (at the left), spatial distribution of the 

lattice temperature at 5 ps (at the right) 

 

Figure 5.5 shows the temporal distribution of surface electron temperature at the 

center of the laser pulse of 100 fs and 0.2 J/cm2 for three different target configurations: 

single-layer of gold, double-layer of gold/copper films and double-layer of 
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gold/aluminum films. It is clear that up to 1 picosecond the temporal distribution of the 

electron temperature for all three cases have the same behavior and they reach the 

maximum temperature of 8916 K, after that the temperature distribution for the double-

layer films shows some deviation from the single pure gold film. For example, in the case 

of the gold-copper assembly which is represented by dotted line, the temperature goes 

down faster that means the equilibrium occurs earlier because of the high value of 

electron phonon coupling factor of copper. But in the case of gold-aluminum assembly 

that is represented by the dashed line, the temperature at the end of the run time is higher 

compared to single gold because of the low value of lattice specific heat of aluminum. 

 

Figure 5.5 Temporal distribution of the surface electron temperature at the center of the 

laser beam of 100 fs and 0.2 J/cm2, for single gold layer, double-layer of gold/copper 

films and double-layer of gold/aluminum films 
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The temporal evolution of the surface lattice temperature at the center of the same 

laser beam for Au, Au/Cu and Au/Al is shown in figure 5.6, same temperature 

distribution for the three cases up to 2 ps then the temperature distribution becomes 

different. The lattice temperature at the end of run time of 7 ps for the single Au is 393 K 

while it is 360 K and 395 K in the case of Au/Cu and Au/Al respectively. It is clear that 

for Au and Au/Cu the system reaches the equilibrium as the lattice temperature becomes 

constant with time with a noticeable reduction of the temperature at the surface of Au/Cu 

that refers to the high value of electron phonon coupling factor of copper so the copper 

substrate acts as a heat sink where the temperature in the copper layer film increases  as a 

result of preferential coupling  of the heat at the interface and that causes a reduction in 

the temperature at the surface of gold as expected and reported in (F. Chen, et al., 2011). 

While the surface lattice temperature of Au/Al  keeps increasing with time due to very 

low specific heat of aluminum layer (F. Chen, et al., 2011). 

 

Figure 5.6 Temporal distribution of the surface lattice temperature at the center of the 

laser beam of 100 fs and 0.2 J/cm2, for single gold layer, double-layer of gold/copper 

films and double-layer of gold/aluminum films 
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Figures 5.7 and 5.8 show the electron and lattice temperature spatial distribution 

respectively in the single Au film after irradiation by the laser pulse of 100 fs and 0.2 

J/cm2 at different times. It can be seen that once the surface electrons absorb the photon 

energy from the laser beam the temperature increase suddenly to its maximum value of 

8916 K in a very short time and then the energy transfers to other electrons, and the heat 

diffuses inside the target with time, at this time the lattice temperature remains at room 

temperature. After the steady state between the electrons is achieved the coupling of the 

heat from electrons to the phonons in the system starts, which leads to the reduction in 

the electron temperature and increasing in the lattice temperature with the time until the 

equilibrium between the electron and lattice system is achieved. It should be mentioned 

that the diffusion of the heat for both electrons and phonon subsystems are from the 

surface to the bulk of the target.    

For the double-layer Au/Al films irradiated by the laser pulse at the same conditions, 

the lattice and electron spatial distribution with time can be seen in figures 5.9 and 5.10, 

the electron temperature distribution has almost the same behavior as that in the case of 

single Au layer but in this case the surface electrons of the top-layer absorb the photon 

energy and the heat diffuses to the bulk of this layer which caused by the electronic 

thermal conduction, then at the interface (z = 100 nm) the electrons transfer the heat to 

the electrons of the second layer which leads to the increasing in the electron temperature 

and causes heat diffusion spatially. In the case of the lattice temperature spatial 

distribution, since the electron-phonon coupling factor of Al is very high compared to Au 

preferential coupling of the heat between the electrons and the phonons of Al layer (F. 



78 
 

 
 

Chen, et al., 2011) leads to the increasing in the lattice temperature at the interface which 

diffuses through the bulk of the second layer, after that the electron phonon coupling 

occurs at the surface of the first layer which causes increasing in the lattice temperature 

and decreasing in the electron temperature as can be seen. It is clear that the temperature 

at the interface is higher than that at the surface of the Au and also the heat diffusion rate 

at the interface is higher as well. 
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Figure 5.7 Two-dimensional electron temperature distribution at different times for 

single Au film, 100 fs and 0.2 J/cm2 
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Figure 5.8 Two-dimensional lattice temperature distribution at different times for single 

Au film, 100 fs and 0.2 J/cm2 
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Figure 5.9 Two-dimensional electron temperature distribution at different times for 

double-layer films of Au/Al, 100 fs and 0.2 J/cm2 
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Figure 5.10 Two-dimensional lattice temperature distribution at different times for 

double-layer films of Au/Al, 100 fs and 0.2 J/cm2 
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The lattice and electron temperature spatial distribution of Au/Cu at different times 

are presented in figures 5.11 and 5.12 respectively. The electron temperature evolution in 

time and space is almost similar to that in the case of single Au layer target, but again the 

lattice temperature evolution shows different behavior similar to the Au/Al assembly 

where the high electron-phonon coupling factor of the copper let this layer act as a heat 

sink (Ibrahim, et al., 2003), that lowers the temperature in the first layer. It is noted that 

the temperature rise at the interface is less than that for Au/Al because the specific heat of 

Al is very small, so little bit of the energy absorbed causes high increase in the 

temperature. 
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Figure. 5.11 Two-dimensional electron temperature distribution at different times for 

double-layer films of Au/Cu , 100 fs and 0.2 J/cm2 
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Figure 5.12 Two-dimensional lattice temperature distribution at different times for 

double-layer films of Au/Cu, 100 fs and 0.2 J/cm2 
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Figure 5.13 shows the temporal distribution of electron temperature for the double-

layer of Au/Al films at the center of laser beam of 100 fs and 0.2 J/cm2 at different 

depths. The solid line represents the temperature at the surface which has the highest 

values because these electrons absorb the photon energy directly, then the energy diffuse 

along the depth where the temperature starts to decrease. For example, the maximum 

temperatures at the surface, at 60 nm, at the interface (100 nm) and at 200 nm are 8916 

K, 2803 K, 1952 K, and 829 K respectively. In addition, the temperature distributions 

lines that represent deeper depths also have different shapes without steep increasing at 

the beginning as can be seen in the figure. 

 

Figure 5.13 Temporal distribution of surface electron temperature of double-layer films 

of Au/Al at the center of the laser beam, 100 fs and 0.2 J/cm2, at different depths 
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The temporal distribution of the lattice temperature of Au/Al at the center of the laser 

beam of the same conditions with different depths is shown in figure 5. 14. It is clear that 

the interface temperature (the dashed-dotted line) shows the highest values. Again this 

refers to the higher value of electron-phonon coupling factor of Al, next to it the 

temperatures at 200 nm then the surface temperature (solid line) and finally the lowest 

temperature distribution is at 60 nm, which is within the top-layer. For example at 2 ps 

the temperature at the surface was 369 K while it was 338 K, 774 K and 672 K at 60 nm, 

interface and 200 nm respectively. 

 

Figure 5.14 Temporal distribution of surface lattice temperature of double-layer films of 

Au/Al at the center of the laser beam, 100 fs and 0.2 J/cm2, at different depths 
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The temporal distribution of electron temperature of Au/Cu at the center of the laser 

pulse for different depth can be seen in figure 5. 15. It is clear that the temperature has the 

highest values with time at the surface that is represented by the solid line then the 

temperature goes down along the depth. For example the maximum electron temperature 

at the surface was 8916 K and it was 2775 K, 1801 K, and 1125 K at 60 nm, 100 nm 

(interface) and 200 nm respectively. 

 

Figure 5.15 Temporal distribution of surface electron temperature of double-layer films 

of Au/Cu at the center of the laser beam, 100 fs and 0.2 J/cm2, at different depths 

 

Figure 5.16 shows the temporal distribution of the lattice temperature for Au/Cu at 

the center of the laser pulse, as can be seen in this figure the temperature has its 

maximum at the surface (solid line) at the beginning then the maximum lattice 
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temperature was at the interface (dash-dotted line) where the coupling factor is higher. 

For example the temperatures at 2 ps were 368 K, 336 K, 379 K, and 340 K at the 

surface, 60 nm, interface and 200 nm respectively. 

 

 

Figure 5.16 Temporal distribution of surface lattice temperature of double-layer films of 

Au/Cu at the center of the laser beam, 100 fs and 0.2 J/cm2, at different depths 

 

Figure 5.17 shows the spatial distribution of electron temperature of Au/Cu assembly 

at the center of the laser beam at different times. At all values of times the electron 

temperature had the maximum value at the center, then it decreases gradually along the 

depth. As can be seen in this figure the surface electron temperature decreases with time 

after 100 fs because of the heat coupling with the lattice subsystem, in addition, the heat 
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diffuses more inside the assembly where the electron temperature increases along the 

depth with time as can be seen in the  lines of 500 fs and 1 ps where the heat diffuses 

more along z direction compared to the line of 100 fs but the electron temperature 

decreases eventually until the equilibrium with the lattice subsystem is achieved. 

 

 Figure 5.17 Spatial distribution of the electron temperature of double-layer films of 

Au/Cu at the center of the laser beam, 100 fs and 0.2 J/cm2, at different times 

 

The lattice temperature along z direction for Au/Cu assembly at the center of the laser 

beam of 100 fs and 0.2 J/cm2 at different times is shown in figure 5.18. The solid line 

represents the lattice temperature at 100 fs it shows that the maximum temperature was at 

the surface then it decreases gradually along the depth. After that the interface (at 100 

nm) between the two layers shows a jump in the value of temperature and then it 
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decreases spatially again. Finally the interface temperature had a value higher than that at 

the surface. For example at 5 ps the lattice temperature at the surface was 378 K while it 

was 401 K at the interface. 

 

Figure 5.18 Spatial distribution of the lattice temperature of double-layer films of Au/Cu 

at the center of the laser beam, 100 fs and 0.2 J/cm2, at different times 

 

Figure 5.19 shows the temporal distribution of the surface electron temperature at the 

center of laser beam for Au/Cu, using both constant value of electron-phonon coupling 

factor (black line) and Chen’s model (J. K. Chen, et al., 2005) (red line) in order to make 

a comparison between these two cases. As can be seen in this figure there is a little 

change in the electron temperature where using Chen’s model leads to have higher value 

of electron temperature compared to the constant coupling factor. 
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Figure 5.19 Temporal distribution of the surface electron temperature of Au/Cu at the 

center of the laser beam of 100 fs and 0.2 J/cm2 in the case of constant and Chen model 

electron-phonon coupling factor 

 

The temporal distribution of the surface lattice temperature at the center of the laser 

beam for Au/Cu is represented in figure 5.20 using both constant electron-phonon 

coupling factor and Chen’s model. As can be seen there is a noticeable difference 

between the two cases, where Chen’s model gives higher lattice temperature with time. 
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Figure 5.20 Temporal distribution of the surface lattice temperature of Au/Cu at the 

center of the laser beam of 100 fs and 0.2 J/cm2 in the case of constant and Chen model 

electron-phonon coupling factor 

 

The same results was found by F. Chen et al. (2011) This leads to conclude that the 

temperature dependent thermal properties must be taken into account in the case of 

ultrashort laser pulse irradiation (F. Chen, et al., 2011) 

 

Conclusion 

In this chapter the spatial and temporal thermal evolution through double-layer metal 

films irradiated by femtosecond laser pulse was studied using two-dimensional form of 
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the two-temperature model with temperature dependent thermal properties. Coating of 

100 nm of gold was used as the top-layer of the assembly and both copper and aluminum 

were selected as substrates. The laser pulse duration of 100 fs with a fluence of 0.2 J/cm2 

and spot size of 50 𝜇m was used. It was found that the thermal properties of the second 

layer play an important role in determining the thermal response of the first layer. Higher 

value of electron-phonon coupling factor of the substrate causes a remarkable reduction 

in the lattice temperature of the first layer compared to the single-layer target by acting as 

a heat sink as a result of the preferential coupling of the heat at the interface between the 

two layers, which can be noticed by a clear jump in the lattice temperature at the 

interface. It was found also that there is a negligible difference in the temporal and spatial 

distribution of the electron temperature between single gold film and double-layer films 

of both Au/Al and Au/Cu. Finally, the temperature dependent thermal properties must be 

taken into account for femtosecond laser heating for example using the temperature 

dependent coupling factor that is represented by Chen’s model increases the thermal 

response of the target compared to using constant value.  
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CHAPTER SIX: EXPERIMENTAL INVESTIGATION OF FEMTOSECOND 

LASER ABLATION OF COPPER TARGET 

 

 

 

Introduction 

Femtosecond laser ablation has gained lots of attention over the last three decades as 

a technique for precise machining (Shirk & Molian, 1998). The ability of femtosecond 

laser for material removal with a minimal heat-affected zone gives this technique an 

advantage compared to the longer laser pulse ablation such as nanosecond laser (Pronko 

et al., 1994; Shirk & Molian, 1998). Moreover, the fact that the femtosecond laser 

interacts with materials in fast manner that even the laser produced plasma that comes at 

later time has no chance to interrupt the laser pulse (Shirk & Molian, 1998). Therefore, 

the laser pulse energy going to be deposited entirely in the exposed surface and the 

ablation is expected to be effective and optimum. 

In the previous chapters of this thesis we reviewed the theoretical base of the 

femtosecond laser ablation mechanisms in general, and we have tried to develop a 

computer code to simulate the behavior of surface exposed to an ultrashort laser pulse. 

The results presented in these chapters include a parametric study that shows thermal 

response of copper exposed to an ultrashort laser pulses at various parameters. Some of 

these parameters that we tried to simulate were the effect of the laser pulse spot size and 

total pulse energy (fluence), reflectivity, and the thermal properties. The main goal of this 
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investigation is to perform a practical parametric study to benchmark our simulation 

results. 

The practical investigations of the femtosecond laser ablation have started during the 

eighties of the last century. At that earlier time people noticed the main characteristic of 

the ultrashort laser ablation mechanism where optimum material removal without molten 

layer with lower ablation threshold has been reported. Kuper and Stuke (1987) 

investigated the ablation behavior of polymer exposed to femtosecond and nanosecond 

Excimer laser pulses at a wavelength of 248nm. Their main observation was the 

occurrence of laser induced ablation by femtosecond laser pulse at low fluence as five 

times lower than the ablation threshold of nanosecond laser pulse (Kiiper & Stuke, 1987). 

Also they noticed the advantage of the femtosecond laser pulses to create a smooth and 

well defined crater edges (Kiiper & Stuke, 1987). Similar study was also conducted by 

Ihlemann et al. (1991) who performed an experiment to compare the ablation behavior of 

fused silica exposed to femtosecond and nanosecond laser pulses at various wavelengths. 

The main observations were the impact of the laser wavelength on the ablation rate 

(Ihlemann, et al., 1991). In the comparison between the femtosecond and the nanosecond 

laser at the same wavelength, the nanosecond laser pulses exhibit higher ablation rate 

(Ihlemann, et al., 1991). Another important observation was the femtosecond laser 

created a smoother shaped holes in comparison with the nanosecond laser pulses 

(Ihlemann, et al., 1991). Perhaps due to the nature of the fused silica as a highly 

transparent and non-crystalline dielectric material, the superiority of the femtosecond 

laser pulses in ablation rate was not noticeable.  
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Several years later P. P. Pronko et al. (1994) showed the trend of increasing of 

ablation threshold with the pulse width. In their study they compared the ablation 

threshold of silicon samples ablated by different Ti:sapphire laser pulses that varies in 

width from 200 fs to 7 ns. (Pronko, et al., 1994). Despite the strong dependency of the 

ablation threshold on the laser pulse width, the ablation threshold did not show any 

increase within a range that extended from the femtosecond range to 1 ps (Pronko, et al., 

1994). Thus, emphasize that in this range the mechanism of ablation is identical. On the 

other hand when the laser pulse is longer more contribution to heat conduction is 

expected, which helps to dissipate more heat deep under the surface and contribute to a 

relatively larger heat-affected zone, thicker molten layer and less ablated atoms. Also 

they highlighted the tendency of femtosecond laser to produce small crater size (Pronko, 

et al., 1994).  

Then, Chicbkov et al. (1996) have reported a stunning scanning electron microscope 

(SEM) images for femtosecond laser ablation of several metallic targets. In their work, 

they compared the crater shape of drilled 100 𝜇m thick steel target irradiated by multiple 

laser pulses (104) at various pulse width regimes (Chicbkov, et al., 1996). The effect of 

the molten layer formation and their evolution during the laser irradiation plays the most 

significant role in shaping the crater (Chicbkov, et al., 1996). In the nanosecond laser 

case the molten layer forms within the border of the crater flows vertically by the aid of 

the recoil vapor pressure and solidifies to end up as a solid columnar structure lining the 

side wall of the crater forming a “corona” structure (Chicbkov, et al., 1996). In the other 

case of shorter pulses such as 80ps, the molten layer forms and flows vertically with the 
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aid of the recoil vapor pressure and solidifies in place without moving to the side of the 

crater walls (Chicbkov, et al., 1996). On the other extreme, the case of ultrashort laser 

pulses at 100 fs, no molten layer is tend to be formed and metallic target expected to be 

drilled smoothly and precisely (Chicbkov, et al., 1996). 

These early observations of the femtosecond laser ablation in the low fluence regime, 

and its advantages over the nanosecond laser pulses as a precise ablation technique 

encourage many other research groups around the world to do more studies in depth. S. 

Preuss et al. (1995) performed an experiment to measure the ablation threshold and the 

ablation rate of various metallic targets irradiated by 500 fs, 248 nm Excimer laser pulses 

(Preuss, et al., 1995). In their study, they tried to develop a simple model to estimate the 

ablation threshold and the ablation rate of various metals based on the thermal and optical 

properties of the irradiated surface (Preuss, et al., 1995). In their hypothesis they assumed 

the time is not enough for heat conduction in the case of ultrashort pulses exposure, so 

that all of the energy absorbed will be used for the ablation, the optical properties of the 

surface were used to determine the amounts of the energy absorbed and reflected during 

the interaction (Preuss, et al., 1995). The main contributor for the ablation threshold for 

certain materials after considering the optical properties was the latent heat of 

evaporation of that material at 298K. Their main assumption was the ablation will only 

occur once the total volume energy stored in the irradiated sample reach or exceed the 

evaporation enthalpy of that material (Preuss, et al., 1995). Their calculated value of 

ablation threshold has found to be underestimated for all of the tested elements. The 

degree of disagreement between the calculated and the measured value of ablation 
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threshold fluence were solely dependent on the material (Preuss, et al., 1995). Several 

studies (X. Liu, et al., 1997; Nolte et al., 1997; Preuss, et al., 1995) were also conducted 

by other groups and confirmed the primarily noticed characteristics of ultrashort pulse 

laser ablation in the near ablation threshold regime.                          

In 1996, Luft et al (1996) decided to test these advantages of ultrashort pulses in 

different way. They argued, since the main advantage of using ultrashort pulses is a high 

precision micromachining; let’s test these advantages in a condition that is similar to a 

micromachining system by using very high fluence (to boost the productivity) and 

applying the irradiation in Air (not in vacuum system). They compared 700 J/cm2 fluence 

each for copper vapor laser (50 fs pulse width) and Ti:sapphire laser (200 fs). Also they 

wanted to look at and compare the heat-affected zone produced by each laser and how far 

they are going to penetrate in the matrix around the laser pulse produced crater or hole 

(Luft, et al., 1996). In order to see the heat-affected zone, they have to use a heat sensitive 

material. They used a cold rolled copper samples, these samples were heat sensitive 

enough as any spike of heat within the metal matrix could trigger a recrystallization 

response (Luft, et al., 1996). A recrystallized region within a cold worked microstructure 

could be observed easily by examining a sectioned sample surface using optical or 

electronic microscope. In their results, they showed that at higher laser pulse fluence, the 

basic differences between the femtosecond and nanosecond ablation are not valid any 

more (Luft, et al., 1996). Femtosecond laser ablation was also noticed to exhibit thick 

molten layer formation and deep heat-affected zone (Luft, et al., 1996). After that, 

Sokolowski-Tinten et al. (1998) studied the transient nature of the material response after 
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irradiation by 120 fs laser pulse. In this study, they used ultrafast time resolved optical 

spectroscopy to generate micrographs of several metallic surfaces being exposed to 

ultrashort laser pulses (Sokolowski-Tinten, et al., 1998).      

In a continuation to the theoretical studies of the ultrashort laser pulse interaction with 

metal, Perez and Lewis (2002), reported a result of molecular dynamic simulation for 

ultrashort pulse interaction with metals. According to their results, the mechanical 

fragmentation is a third possible mechanism for ablation. This mechanism is explained by 

the significant amount of stresses that can be stored in the irradiated surface during the 

laser pulse interaction(Perez & Lewis, 2002). Bukuk Oh et al. (2007) had compared a 2-

D theoretical model of femtosecond laser ablation based on phase explosion with 

experimental results. Their results show a good agreement in terms of crater depth 

between their model and actual crater created by 150 fs laser pulses of Cu and Ni sample 

(Oh, et al., 2007). Their results emphasize that the phase explosion mechanism is the 

main contributor for the femtosecond laser ablation of metallic sample in the medium 

fluence regime (Oh, et al., 2007). Another interesting study for materials ablation by 

quadruple femtosecond laser pulses at various delay time between pulses was reported by 

Ihtesham et al. (2003) this study showed the advantage of quadruple of femtosecond laser 

pulses separated by 1 ns delay time between pulses in producing deeper crater in stainless 

steel, silicon and glass compared to the same fluence of laser pulses separated by 1 ms of 

delay (Ihtesham, Xianfan, et al., 2003).         

Femtosecond and nanosecond laser ablation at ultraviolet wavelength had been 

compared by Zeng et al. (2004) in this investigation a third harmonic generator has been 
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used convert both the nanosecond and femtosecond laser wavelength from their 

fundamental wavelengths to 266nm. The results of this study show the superiority of the 

femtosecond laser pulse to induce deeper crater compared to nanosecond laser at the 

same fluence (Zeng, et al., 2004) of around (11 J/cm2). The plasma expansion due to laser 

irradiation in atmospheric pressure was also studied (Zeng, et al., 2004). The results show 

that the plasma expansion due to femtosecond laser irradiation was noticed to be directed 

in one direction while the plasma expansion due to nanosecond laser pulses was observed 

to be isotropic (Zeng, et al., 2004). Another interesting results for a comparison between 

femtosecond and nanosecond laser pulses ablation of thin film was reported by Meunier 

et al. (2009) in their studies they compared the surface modification induced by single 

laser pulse irradiation of Aluminum nitride film coted on sapphire substrate (Meunier, et 

al., 2009). Also they studied the effect of surface oxygen content on the ablation 

threshold. Their results showed the influence of nanosecond laser pulse in producing 

large heat-affected zone. This zone was denoted by a large radius of film color changes 

around the laser induced crater (Meunier, et al., 2009). On the other hand the 

femtosecond laser shows a gentle ablation without film color changes around the ablated 

crater. Also the laser ablation threshold was found to be independent on the surface 

oxygen content in the case of femtosecond laser irradiation (Meunier, et al., 2009). The 

opposite trend was noticed in the case of ns laser pulse irradiation where the surface 

oxygen content influenced the nanosecond laser ablation threshold (Meunier, et al., 

2009). This influence was connected with the shift of the band gab of the AlN created by 

film oxygen content (Meunier, et al., 2009). This phenomenon shed the light on the 

importance of the ionization process in the ns laser ablation mechanism. 
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As descried in details in chapter 2 through 5 in this thesis, a two-dimensional 

numerical code to solve the heat transfer equation based on the two-temperature model 

has been developed. This model was also used to evaluate the temperature distribution 

and the ablated depth of various materials irradiated by ultrashort lase pulse. The main 

goal of using the TTM is due to its ability to deal with the ultrafast heat transfer scenario 

related to ultrafast laser pulse irradiation of surfaces by considering the calculation of 

electron and phonon temperatures and the energy transport between the electrons and the 

lattice subsystems. It is found that the time required for reaching the equilibrium between 

the electron and lattice temperatures depend on both the materials thermal properties and 

the irradiation conditions. In general, the time required for reaching the equilibrium for 

most of the materials is in the order of several picoseconds. Coupling our simulation 

results to experimental investigation is so vital to validate our modeling approach. In this 

chapter reported the experimental investigations that have been performed to study 

femtosecond laser ablation of copper target.  

 

 Experimental Setup 

This investigation was conducted in our will equipped facility at the Center for 

Materials Under eXtreme Environment (CMUXE) at Purdue University. The main laser 

facilities intended to be used is the femtosecond laser facility in the High Energy Density 

Physics laboratory (HEDP Lab). This lab is equipped with a Ti:Sapphire femtosecond 

laser system which produces a minimum of 40 fs laser pulses at 800 nm wavelength. The 

femtosecond laser system uses a mode-locked Ti:Sapphire oscillator (Synergy, 
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Femtolase, Inc.) and a chirped pulse amplifier (Amplitude Technology, Inc.) to produce a 

laser pulses that can be varied in width up to hundreds of picoseconds.  

A set of copper target were prepared (mechanically polished) and irradiated by 

multiple 40 fs laser pulses at various pulse energy. At each energy the same target spot 

was irradiated by 10 pulses of laser to increase the depth of laser-produced crater. This 

approach of multiple laser pulses was used to create a crater that is deeper than the 

surface morphology fluctuation due to surface roughness. The laser pulse spot size was 

fixed at 30 μm for all cases. For some selected pulse energies, the effect of crater depth 

versus number of pulses were studied by shooting various number laser pulses at 

different spots and measuring the produced crater depths.          

The post irradiated samples were evaluated quantitatively and qualitatively by using 

the Atomic Force Microscope (AFM) and the Scanning Electron Microscope (SEM) 

respectively. An example of the use of these microscopy techniques is presented in figure 

6.1 the SEM image shown in figure 6.1-a shows the surface modification caused by 10 

laser pulses. Although SEM image is very good in showing the modified surface features, 

this technique cannot provide a precise measurement of the crater depth. AFM can 

provide a 3-D presentation of the modified surface with a very precise height 

measurement capability (fractions of nm). AFM image of a surface modified by 10 pulses 

of laser is shown in figure 6.1-b. a two-dimensional crater profiles sections can be 

extracted from the AFM images as shown in figure 6.1-c. this section is very useful and it 

can be directly compared with our simulation results. 
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Figure 6.1 An example for the qualitative and the quantitative evaluation of the laser 

produced crater used in this study  

 

Results and Discussion 

 Pure copper sample were mechanically polished and irradiated by ultrashort (40 fs) 

pulses of T:Sapphire laser at 800 nm wavelength. Each spot was shot by 10 pulses. The 

experiment was repeated by varying the total pulse energy for each spot. The laser pulses 

were focused to 30 μm spot size on the sample surface. The selected pulse energies 

designed to span a laser fluence range from 8.2 J/cm2 to 0.14 J/cm2.  Figure 6.2 shows 

SEM images of the irradiated Cu targets. As it can be seen in this figure, the laser 
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irradiation caused a noticeable spots on the target surface. We also have noticed a shrink 

in the size of the laser produced surface spots as the laser pulse energy decrease. 58 μJ 

pulses caused around 20 μm surface spots (crater), while 5 μJ pulses caused a surface 

spot that is less than 10 μm in size. The reason behind this variation in laser produced 

spot size is the Gaussian nature of the spatial profile of the laser pulse. At high pulse 

energy bigger part of the laser pulse will have enough fluence to cause ablation or surface 

modification and that will result in a bigger crater diameter. We also have noticed what it 

appears to be melting and re-solidification of part of the surface is it can be clearly seen 

in the higher energy pulses.        
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Figure 6.2 SEM images of the surface craters produced by irradiating 10 pulses of (40 fs) 

T:sapphire (800 nm) laser on Cu target, laser spot size was fixed at 30μm. Images from 

(a) to (h) shows the effect of different laser pulse energies  

 

 The laser produced surface craters shown in figure 6.2 were reanalyzed by AFM. A 

two-dimensional craters profile was extracted from the AFM images. Figure 6.3 shows 4 

different profiles for craters produced by different pulse energies. Figure 6.3-a shows the 

profile of the target surface that was shot by 10 pulses of 1 μJ of fs laser (0.14 J/cm2). In 



107 
 

 
 

this case of pulse energy, no material removal was seen. Increasing the laser pulse energy 

to 10 μJ result in noticeable ablation as shown in figure 6.3-b. the amount of ablated 

materials was further increased by increasing the laser pulse energy to 20 μJ and 58 μJ as 

shown in figure 6.3-c and d respectively. 

 

Figure 6.3 Surface craters profiles extracted from AFM images of craters produced by 

irradiating 10 pulses of (40 fs) T:sapphire (800 nm) laser on Cu target, laser spot size was 

fixed at 30μm. Images from (a) to (d) shows the effect of different laser pulse energies  

 

The areas under the crater profiles shown in figure 6.3 can be used as a good 

indication of the ablated volume or mass. Plotting these ablated areas versus the laser 

fluence will be useful in determination the minimum laser fluence that can cause material 
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ablation (ablation threshold) indicate. The areas under the laser produced craters profiles 

were measured for all 8 cases of different laser pulse energies shown in figure 6.2. The 

plot of these values versus the corresponding laser fluence of each case is presented in 

figure 6.4-a. as can be seen in this figure, a sudden jump in the trend of ablated volume 

versus fluence was found at a laser fluence value between (2.1 and 2.8) J/cm2. Below and 

above this sudden increase the ablated mass was found to be linearly proportional to laser 

fluence. A one reason might be valid in explaining this sudden change is the difference in 

the dominant ablation mechanisms in these two fluence regimes. A new ablation 

mechanism such as phase expulsion might be dominant at ablation fluence above 2 J/cm2, 

which can cause a jump in the ablated mass above certain fluence. The linear trend of 

ablated volume versus fluence below (2.2 J/cm2) was used to predict the ablation 

threshold. Figure 6.4-b shows the linear trend of this fluence range. Extrapolating the 

linear function that fits the data gives an ablation threshold at (0.45 J/cm2). This value of 

the ablation threshold of copper found to be in a good agreement with our simulation 

results (Chapter 4). 
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Figure 6.4 Plot of the ablated volume vs. average laser pulse fluence, the data was 

extracted AFM images of craters produced by irradiating 10 pulses of (40 fs) T:sapphire 

(800 nm) laser on Cu target, laser spot size was fixed at 30μm. The general trend is 

shown in (a) and the linear trend of ablated volume vs. low fluence laser pulses shown in 

(b) 
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The next step is to directly compare the crater profile produced by the femtosecond 

laser pulse ablation as predicted by the simulation results and the crater profiles obtained 

by the experiments. It is worthwhile to mention that the craters obtained experimentally 

were obtained from 10 pulses irradiation while the simulation result predicted the crater 

after one pulse irradiation. For the sake of direct comparison between the experimental 

and simulation results, the effect of multiple laser shots on the crater depth and shape was 

studied. For this purpose, a series of surface craters were produced by irradiating 

different regions of Cu target by various number of laser pulses, all at the same pulse 

energy (20 μJ). Figure 6.5 shows SEM images of the craters produced by varying the 

number of laser pluses. Two main observations were noticed in the shape of the craters at 

large number of pulses. The first observation is disappearance of the re-solidified 

materials at higher number of pulses. Also at higher number of pulses, the craters walls 

appears to be clean and much smother compared to what have seen earlier in the case of 

10 pulses irradiation. The second observation is the formation of a nanostructure 

surrounding the edges of the crater appears in the case where high number of pulses was 

applied. 
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Figure 6.5 SEM images of the surface craters produced by irradiating various number of 

pulses of (40 fs) T:sapphire (800 nm) and (20μJ/pulse) laser on Cu target, laser spot size 

was fixed at 30 μm 

 

AFM was used to examine the craters shown in figure 6.5 due to the fact that the 

AFM has a very limited depth measurement range, AFM was not able to show the images 

of the craters produced by large number pulses (200 pulses and above). So that we relied 

on the craters produced by (1, 10, 20, 50, and 100 pulses) to study the effect of number of 
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laser pulses on the crater depth. Figure 6.7 shows some of the AFM extracted crater 

profiles produced by varying the number of laser pulses   

 

 

Figure 6.6 Surface craters profiles extracted from AFM images of craters produced by 

irradiating various number of pulses of (40 fs) T:sapphire (800 nm) and (20μJ/pulse) laser 

on Cu target, at a laser spot size of 30 μm 

 

The maximum depth of the craters shown in figure 6.5 (a) through (e) were plotted 

versus number of laser pulses and presented in figure 6.7. As can be seen in this figure, 

the maximum craters depth shows a linear trend of increase in response to the increase in 
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number of laser pulses. It was found that the crater depth increased approximately by 

factor of three when the number of laser pulses increased from 1 pulse to 10 pulses.  

 

Figure 6.7 Plot of the maximum crater depth vs number of laser pulses, the data was 

extracted from AFM images of craters produced by irradiating various pulses of (40 fs) 

T:sapphire (800 nm) and (20 μJ/pulse) laser on Cu target, laser spot size was fixed at 30 

μm  

 

The craters profiles produced experimentally by 10 pulses of laser were divided by 3 

(i.e., 10 pulses to 1 pulse correction) and compared with our simulation result. Figure 6.8 

presents a direct comparison between the simulation and the experimental results for 

three different pulse energies. As can be seen in figure 6.8-a and b, our simulation results 

have reasonable agreement with the experimental data in terms of crater depth and 

diameter. There is an obvious discrepancy between the experimental and the simulation 

results in crater shape. In the case of low pulse energy (Fig. 6.8-c) both simulation and 

experimental results shows no ablation. 
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Figure 6.8 A direct comparison between the simulation and the experimental results for 

three different pulse energies with R=0.7 

 

Conclusion 

In an attempt to validate the simulation results for femtosecond laser ablation of 

copper target, a pure copper sample were mechanically polished and irradiated by 

ultrashort (40 fs) pulses of T:Sapphire laser at 800 nm wavelength. The laser produced 

surface craters were reanalyzed by SEM and AFM microscopy. A two-dimensional crater 

profiles extracted from the AFM images were used to evaluate the ablated volume in 

response to the laser irradiation. The linear trend of ablated volume versus fluence below 
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(2.2 J/cm2) was used to predict the ablation threshold. The ablation threshold for Cu by 

40fs laser was found to be (0.45 J/cm2). This value of the ablation threshold of copper 

found to be in a good agreement with the simulation results (Chapter 4). This value was 

obtained by extrapolating the linear function that fit the data of the ablated volume versus 

laser fluence.  The effect of multiple laser shots on the crater depth and shape were 

studied. At large number of laser pulses irradiation, the re-solidified materials that was 

noticed in the case of 10 pulses irradiation was found to be disappeared and the craters 

walls appears to be clean and much smother. Formation of a nanostructure surrounding 

the edges of the crater appears in the case where high numbers of pulses were applied. It 

was found that the crater depth increased approximately by factor of three when the 

number of laser pulses increased from 1 pulse to 10 pulses. Our simulation results show a 

reasonable agreement with experimental data in terms of prediction the crater depth and 

diameter. There is an obvious discrepancy between the experimental and the simulation 

results in crater shape. In the case of low pulse energy (below 0.4 J/cm2), both simulation 

and experimental results shows no ablation. 
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CHAPTER SEVEN: SUMMARY AND CONCULUSIONS 

   

 

 

In this work the parabolic form of the two-step temperature model was developed and 

used to study the non- thermal equilibrium two-dimensional heat distribution when metal 

targets are irradiated by femtosecond laser pulse with temperature and phase dependent 

thermal properties. Gaussian temporal and spatial distributions of laser power density 

were chosen. The behavior of the calculated temporal and spatial temperature distribution 

of the electron and the lattice was explained by the physics of the heat exchange 

mechanisms among electrons, photons, and lattice atoms. The electrons absorb the energy 

from the photons spontaneously then transfer the energy to the lattice system according to 

electron-phonon coupling mechanism. The impact of the spot size of the femtosecond 

laser beam was studied, and it was found that larger spot size for a fixed total energy 

leads to smaller maximum power density so less heat deposited to the material and finally 

lower equilibrium temperature. It was found that rate of interaction between the electrons 

and the lattice is influenced by the electron-phonon coupling factor, as the coupling factor 

increase the thermal equilibrium can be achieved earlier. The impact of the reflectivity 

was studied and that higher value of reflectivity leads to high rate of photons reflection 

and less absorption of the energy in the target. 

After that the ablation of copper target irradiated by ultrashort laser pulses was 

studied by estimating the crater shape and size and the ablated mass using thermal 
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evaporation and phase explosion mechanisms. The ablation by the thermal evaporation 

can be estimated by calculating the surface recession velocity, which is a function of 

surface temperature, vapor pressure, and the latent heat of vaporization. The phase 

explosion mechanism is characterized by the sudden explosive ejection of gas and 

superheated liquid droplets as a result of extremely high power density absorbed in 

ultrashort time, this mechanism is considered as the main mechanism of the ablation by 

the ultrashort laser pulse interaction with material target. For this mechanism any target 

material reaches the temperature of 90% of thermodynamic critical temperature was 

eliminated and then accounted for the ablation depth. The impact of the total energy and 

the spot radius on the ablation was studied. It was found that when the ablation increases 

as the total energy increases because the heat that is deposited and absorbed increases, 

also as the spot size increases the absorbed heat flux decreases and that lowers ablated 

material.  

The impact of the electron temperature dependent electron-phonon coupling factor 

and the electron heat capacity on the thermal evolution of the copper target irradiated by 

the femtosecond laser pulses was studied. The first model that is used for the electron-

phonon coupling is the Lin’s models, in this model the calculations of the electronic 

structure of the density of state have been done at high electron temperature and the 

excitation of the d band electrons and their contribution to the coupling of the heat 

between electrons and phonons was taken into account. The second model was the 

Chen’s model, in which the electron-electron collisions and electron-lattice collision rates 

calculations were performed. The two models were compared to the commonly used 

constant values for the electron-phonon coupling factor. It was found that the rate of 
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coupling of the heat from electrons to the lattice subsystems increases when these models 

are used, this because the electron-phonon coupling factor increases as the electron 

temperature increases leading to fasten the coupling rate. It was observed also that at high 

fluence the thermalization time when these models were used approaches to the fixed 

value regardless of the fluence while it kept increasing with the fluence when constant 

value of the coupling factor was used as reported by lee et al. (2011), and this is another 

reason that lead us to conclude that temperature dependent electron-phonon coupling 

must be taken into account. The comparison between the Lin’s model of the electron heat 

capacity based on the density of state calculation and the well-known linear relationship 

between the electron heat capacity and the electron temperature was presented. It was 

found that the electron heat capacity that is calculated from the Lin’s model is higher than 

that is calculated by using the linear formula, that caused a noticeable decrease in the 

electron temperature when the Lin’s model was used hence the thermalization time 

increases.  

The ultrashort laser interaction with double-layer metal films was studied numerically 

using the two-temperature model for both layers. 100 nm of gold was used as a top-layer 

of the assembly and both copper and aluminum were selected to use as substrates. It was 

found that the thermal properties of the substrate determine the thermal response of the 

first layer. For example, the higher value of electron-phonon coupling factor of the 

substrate leads to the reduction in the lattice temperature of the first layer compared to the 

single-layer target because of the preferential coupling of the heat that occurs at the 
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interface between the two layers which was observed from the results of high values of 

the lattice temperature at the interface.  

 In order to validate the simulation results of the thermal response and the 

corresponding ablation of the copper target irradiated by femtosecond laser some 

experiments have been done. In this practical study a set of copper samples was irradiated 

by femtosecond laser pulses of T:Sapphire laser at 800 nm wavelength. The laser 

produced surface craters were reanalyzed by SEM and AFM microscopy. The ablation 

threshold for Copper by 40fs laser was found to be 0.45 J/cm2. This value of the ablation 

threshold of copper found to be in a good agreement with the simulation results. The 

relationship between the number of pulses and the ablation depth was investigated. It was 

found that the crater depth increased by a factor of three when the number of laser pulses 

increased from 1 pulse to 10 pulses. The experimental data of the ablated depth and the 

crater shape show almost a reasonable agreement with the simulation results. 

 Finally, it is recommended to study in more details the impact of the reflectivity as a 

function of target temperature, phase, and the wavelength of the laser beam. It is also 

recommended to study other possible ablation models and compare with this work and 

with experimental results. Special experiments can also be designed with various short 

pulse lengths to investigate the transition and domination of specific ablation 

mechanisms. In addition, it will be useful if several types of material targets can be 

studied, for example dielectric versus semiconductor material, noble metals versus 

transition metals, heavy metals versus light metals…etc. 
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