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ABSTRACT 

When employing shorter (sub picosecond) laser pulses, in ablation kinetics the features 

appear which can no longer be described in the context of the conventional thermal model. 

Meanwhile, the ablation of materials with the aid of ultra-short (sub picosecond) laser pulses is 

applied for micromechanical processing.   

Physical mechanisms and theoretical models of laser ablation are discussed. Typical 

associated phenomena are qualitatively regarded and methods for studying them quantitatively 

are considered. Calculated results relevant to ablation kinetics for a number of substances are 

presented and compared with experimental data. Ultra short laser ablation with two-temperature 

model was quantitatively investigated. A two-temperature model for the description of transition 

phenomena in a non-equilibrium electron gas and a lattice under picosecond laser irradiation is 

proposed.  Some characteristics are hard to measure directly at all. That is why the analysis of 

physical mechanisms involved in the ablation process by ultra-short laser pulses has to be 

performed on the basis of a theoretical consideration of `indirect' experimental data.  

For Copper and Nickel metal targets, the two-temperature model calculations explain that 

the temperature of the electron subsystem increased suddenly and approached a peak value at the 

end of laser pulse. In addition, the temperature profile of lattice temperature subsystem evolution 

slowly, and still increasing after the end of laser pulse. A good agreement prevails when a 

comparison between the present results and published results.   

 

Key words: pulsed laser, heat ablation by laser, two-temperature model, plasma plume.  

 

 الالكتزوناث و الشبكت خلال فتزة تكون غيمت البلاسمانمذجت توسيع درجت حزارة 

 علي حمشة علوان الطائي >سئٍظ يهُذعٍٍ

 ششكخ رؼجئخ انغبص

 وصاسح انُفؾ

 خلاصتال

10 )الم يٍ َجؼبد انهٍضس أنمظٍشح اعزخذاو ػُذ
-12

 Sec. ،)ًوطفهب فًخظبئض لا ًٌكٍ  رظهش انززسٌخ حشكٍخ ف 

َجؼبد  ثذػى انًىاد نزا فبٌ رشغٍم انًؼبدٌ انًٍكبٍَكً )ثًمبٌٍظ يبٌكشوٌخ( ٌزى اَدبصِ ثززسٌخ. انزمهٍذٌخ انحشاسٌخ ًُبرجان عٍبق

 .  ثٍكى ثبٍَخ( )الم يٍ انمظش فبئمخ انهٍضس

فً انجحث انحبنً رى يُبلشخ اَنٍبد انفٍضٌبئٍخ وانًُبرج انُظشٌخ نهززسٌخ ثىاعطخ انًظبدس انهٍضسٌخ انًُجؼخ. انظىاهش 

ثطشق كًٍخ. نؼذد يٍ انًىاد, انُزبئح راد انظهخ ثحشكٍخ انززسٌخ رى ػشػهب رى ثحثهب فمخ رؼزجش َىػٍخ و انًُىرخٍخ انًشا

. انززسٌخ ثىاعطخ انًظبدس انهٍضسٌخ انًُجؼخ فبئمخ انمظش عبثمب واظهشد رىافك خٍذ ويمبسَزهب يغ انجٍبَبد انزدشٌجٍخ انًُشىسح

كًً.  نجٍبٌ انظىاهش غٍش انًزىاصَخ و الاَزمبنٍخ نخهٍؾ " غبص هٍم سح وكبٌ انزحرًذ دساعزهب ثبعزخذاو ًَىرج ثُبئً دسخخ انحشا

الاٌىٌ" ثغجت الإشؼبع انغبلؾ يٍ يظبدس نٍضسٌخ يُجؼخ فبئمخ انمظش لذ رى الزشاذ اعزخذاو  انًُىرج ثُبئً دسخخ -الانكزشوَبد

انززسٌخ ثىاعطخ انًظبدس انهٍضسٌخ انًُجؼخ لذ  دساعخ آنٍخ ػًمانحشاسح. ثؼغ انخىاص ٌظؼت لٍبعهب ثشكم يجبشش. نزا فبٌ 

 رى اَدبصهب ثًشاػبح الاػزجبساد انُظشٌخ غٍش انًجبششح انزً رى انحظىل ػهٍهب يٍ ردبسة ػًهٍخ عبثمخ. 
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انحغبثبد انُظشٌخ ثبعزخذاو ًَىرج ثُبئً دسخخ انحشاسح ثٍُذ اٌ دسخخ حشاسح الانكزشوَبد رضداد ثشكم عشٌغ و 

دسخخ حشاسح انشجكخ فً رضداد ًٍخ ػُذ َهبٌخ َجؼخ انهٍضس ػُذ اعزخذاو انُحبط او انٍُكم كًؼذٌ هذف. يفشؽ ورظم لالظى ل

ورغزًش ثبنزُبيً ثؼذ اَزهبء انُجؼخ. لًٍخ دسخخ حشاسح انشجكخ دائًب الم يٍ دسخخ حشاسح الانكزشوَبد.  ,َهبٌخ صيٍ َجؼخ انهٍضس

 اَخفبع يؼذل انززسٌخ خلال صيٍ َجؼخ انهٍضس.  ػؼف انزشاثؾ ثٍٍ الانكزشوَبد و انشجكخ ٌؤدي انى

 

 بنهٍضس, ًَىرج ثُبئً دسخخ انحشاسح, غًٍخ انجلاصيب.ثنٍضس يُجغ, رزسٌخ  يسيت:ئالكلماث الز

                               

1. INTRODUCTION  

Ablation occurred when solid surface exposure to an intense laser irradiation. 

As a result atoms or clusters may emit from the target surface. For the ultra-short laser 

pulse duration, there is a variation in the temperature between electrons and lattice 

sub-systems. Two temperature model one of the approaches can be applied to 

investigate the temperature profiles throughout the laser target. 

Schäfer, et al., 2002, investigated picosecond laser ablation of metals by 

using a hybrid simulation scheme. Laser energy input into the electron system and 

heat conduction within it are modeled using a finite-difference scheme for solving the 

heat conduction equation. Energy transfer between the electronic and atomic 

subsystems due to electron-phonon coupling is taken into account. Zhigilei, et al., 

2002,discussed two computational schemes developed for simulation of laser 

coupling to organic materials and metals and present a multi-scale model for laser 

ablation and cluster deposition of nano-structured materials. For metals, the two 

temperature model coupled to the atomistic (molecular dynamics) MD model 

provides an adequate description of the laser energy absorption into the electronic 

system and fast electron heat conduction. Korte, et al., 2000, investigated the 

production sub-diffraction limited structures in thin metal films and bulk dielectric 

materials using femtosecond laser pulses. The physics of ultrashort pulse laser 

ablation of solids is outlined. They reported the results on the fabrication of sub-

micrometer structures in 100-200 nm chrome-coated surfaces by direct ablation.     

Anisimov, et al., 1996,  performed the ablation of Cu and Al targets with 170 fs laser 

pulses in the intensity range of 1012-1014 W/cm
2
. They compare the measured 

removal depth with 1D hydrodynamic simulations. The electron-ion temperature 

decoupling is taken into account using the standard two-temperature model.   

Bulgakova, et al., 2007,  presented a number of numerical models, which have been 

developed to describe the processes taking place at different time and length scales in 

different classes of materials under the irradiation by ultra-short laser pulses. The two-

temperature model is used to follow heating dynamics of irradiated matter and to 

analyze its phase transformations on the basis of thermodynamic concepts.  

Chimmalgi, et al., 2005, simulated a numerical calculations insight into the spatial 

distribution of the enhanced field intensity underneath the tip and associated physical 

phenomena. Calculate the temperature distribution in the microprobe tip and possible 

tip expansion. Hermann, et al., 2005, investigated micromachining of CuInSe2 

(CIS)-based photovoltaic devices with short and ultra-short laser pulses. Therefore, 

ablation thresholds and ablation rates of ZnO, Mo and CuInSe2 thin films have been 

measured for irradiation with nanosecond laser pulses of ultraviolet and visible light 

and sub-picosecond laser pulses of a Ti:sapphire laser. The experimental results were 

compared to the theoretical evaluation of the samples heat regime. 

Leitz, et al., 2011, presented contribution a comparative study of the ablation 

of metal with micro-, nano-, pico and femtosecond laser pulses. In ultra-short pulse 
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laser ablation extreme pressures, densities and temperatures build up and accelerate 

the ionized material to enormous velocities. Due to the short interaction time the 

material cannot evaporate continuously but is transferred into a state of overheated 

liquid. This merges into a high pressure mixture of liquid droplets and vapor 

expanding rapidly. 

Ultra-short laser pulses provide unique possibilities for high-precision material 

processing. Due to rapid energy delivery, localized heat-affected zone, and minimal 

residual damage. As a result, numbers of numerical models are presented which have 

been developed to describe the processes taking place at different time and length 

scales in different classes of materials under the irradiation by ultra-short laser pulses.  

Pulsed laser ablation is the process of material removal, after the target 

irradiated by intensive laser pulses. The short pulse duration confines heat diffusion, 

which leads to high-quality machining. Sharp-edged, clean and highly reproducible 

machining results have obtained using a femtosecond laser.  

When the laser irradiation strike the metal targets. There are three energy 

transfer stages during femtosecond laser ablation, Harrach, 1977. These stages are: 

1. The free electrons absorb the energy from the laser. This stage characterized by a 

lack of thermal equilibrium among the electrons.  

2. The electrons reach thermal equilibrium and the density of states can now 

represented by the Fermi distribution. However, electrons and the lattice are still at 

two different temperatures. 

3. Electron and lattice reach thermal equilibrium and thermal diffusion carries the 

energy into the bulk.  

This mechanism can be represented geometrically by a large block of material 

subjected to short pulse of laser beam radiation. The power of the laser beam is 

incidents on the surface of the material, over a circular area (   
  ). Then the material 

absorbs the energy. The absorbed energy will interacts with the material as above. 

Where, the energy diffuses through the material in all dimensions. Through the 

material, the temperature profile rises from the room temperature to a very high value. 

A phase transition process will occurred.    

The effects of the absorbed laser energy by material were represented by a 

source term in the energy equation analysis, Schäfer, et al., 2002. Fig. 1.b, showed 

the cylindrical coordinates system for semi-infinite medium.  

In the present study the two-temperature model with nonlinear change in 

physical properties is modeled. A comparison study is carried out. This study explain 

the effect of every physical quantity "property" in the performance of temperature 

evolution for every sub-system "free electron and lattice".           

2. MATHEMATICAL MODEL   

Laser ablation cannot be described within a single computational model 

Zhigilei, et al., 2002. The two-temperature models used to predict the non-

equilibrium. Anisimov, et al., 1996. and, Qiu, and Tien, 1993. First described the 

temperature distribution between electrons and, lattice during femtosecond laser 

irradiation of metals. The two-temperature model looks at the heating mechanism as; 

initially due to inverse- Bremsstrahlung the laser energy is absorbed by free electrons. 

The absorption followed by a fast energy relaxation within the electronic subsystem, 

thermal diffusion and an energy transfer to the lattice due to electron-phonon 

coupling. Under the following assumptions:     
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1. When the laser beam incident vertically on the material surface i.e. axi-symmetric 

the material will be isotropic 
 

  
   , Al-moosawy, 2002. As indicated in Fig. 1.a.      

2. Neglecting the material thermal expansion completely and declaring that one needs 

a definite amount of energy to initiate ablation, Alan, and David, 1973.    

3. The present investigation achieved per pulse. 

4. The time scale is less than the time for energy transfer from the electrons to the 

lattice, Schäfer, et al., 2002. Therefore there is a temperature shift between electron 

and lattice sub-systems.     

5. For calculation, the laser beam is considered as uniform in space with temporal 

Gaussian distribution, Cheng, and Xu, 2005.    

6. Near the critical point, the temperature dependent properties nor available always, 

therefore some of the material properties is considered as not temperature dependent. 

Moreover, the uncertainties in the properties will not affect this study since the focus 

is on the mechanism of laser ablation. 

7. The laser beam is incident vertically on the surface of the target material. In other 

words, the angle of incident equals zero.     

Through the cylindrical coordinates system; the following three-dimensional 

equations are described spatial and temporal evolution of the electron and lattice 

temperature in a material. They treat electrons and lattice as two separate sub-systems 

with different temperatures.    

1. For electron sub-system:  
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2. For lattice sub-system:  
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The last term into Eq. (1.a) represents the laser energy absorbed by the material 

target. The second term in the right hand side (R.H.S) of Eq. (1) represents the rate at 

which energy exchanges between the two subsystems. The above governing equations 

are right only with ultrashort laser pulses. Where, in the case of material processing 

with long laser pulses the electronic and atomic subsystems are in equilibrium i.e. 

     .   

2. 1. Further Calculations  

1. Fermi temperature is function of material i.e. different for each material. It is 

calculated as:     
  

  
                                                                                              (2)  

where the Fermi energy equals*   
 

 
   
 + see Korte, et al., 2002.   

2. The thermal conductivity of the electron and lattice is temperature dependent. 

Colombier, et al., 2006. Schäfer, et al., 2002. and, Anisimov, et al., 1997. the 

electron thermal conductivity commonly expressed as:  
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                                                                                   (3)  
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where, θe and, θl are electron and ion temperature normalized to Fermi 

temperature (θe=Te/TF, θl=Tl/TF). α and, β are material dependent parameters. When 

(kBTe) remains smaller than the Fermi energy, another equation used to evaluate 

electronic thermal conductivity Ashcroft, and Mermin, 1976.  as:   

  

   
 

 
    
           

 
                                                                                                   (4)  

 

Moreover, the lattice thermal conductivity is dependent on electron and, lattice 

temperature as follows:    

 

                                                                                                                   (5)  

 

3. The electronic heat capacity is much less than the lattice heat capacity. Therefore, 

the electrons can heat to very high transient temperatures. Many equations used to 

calculate the electronic heat capacity. Mannion, et al., 2002, considered it as a 

function of electron number density: *   
 

 
    + .Colombier, et al., 2006. ,and 

Korte, et al., 2000  used another equation considers it as a function of electronic 

temperature and, number density: *   
  

 
(
    

  
)     + The condition to use this 

relation is as the condition for use Eq. (5). In the present study, take the electronic 

heat capacity as a material property. 

4. At high fluences and short pulse width, rapid solid-vapor phase change controlled 

by nucleation dynamics rather than by heat transfer at the phase change interface 

Xianfan, 2004. At the solid-vapor interface, i.e. “superheating/under cooling “ , the 

interface velocity (   ) can represent as:    
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[        (     )]
                                                                                               (6) 

 

5. The ablated crater diameter is related to the peak fluence, Mannion et al., 2001, 

as: 
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)                                                                                           (7) 

 

where,    
    

    
            

   

 
     

6. The laser-heating source S: This term in Eq. (1.a) represents the laser energy 

deposition into the electron subsystem, “heat generation term in the governing 

equation”. Several equations suggested evaluating this effect Zhigilei, et al., 2002. , 

Alan, and David, 1973. , Cheng, and Xu, 2005. , Xianfan, 2004. , and Mannion et 

al., 2001. In the present study, one of them selected. This selected equation has the 

largest number of the parameters affects the incident laser beam. The standard form 

for the laser pulse with a Gaussian temporal and, spatial distribution , Alan, and 

David, 1973. , Cheng, and Xu, 2005. and Xianfan, 2004. In the present work the 

source term equation is:    
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As indicated before, Alan, and David, 1973, showed that when the cylinder is 

solid rather than hollow. The third term in the R.H.S of Eq. (1) becomes:   
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Therefore, Eq. (1) can be written as:  
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Where z  is measured along the axis of ejection of the plasma and r  radial 

outwards from the axis. A special consideration must be given to the central node at

0r . At 0r  the first term in the R.H.S of Eq. (10),(
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) is indeterminate. This 

term can be evaluated by suing L'Hopital's rule.    
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Thus the governing Eq. (10) can be re-formulated as:   
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2. 2. Initial and Boundary conditions     

Applying initial and boundary conditions to solves Eq. (12). The electron and 

lattice initial temperature of the material target equal the ambient temperature. Yet 

there is no laser beam incident on the material surface Schäfer, et al., 2002.  

  

At                         (     )                                                                           (13.a)  

        

                                 (     )                                                                            (13.b)  

 

The mechanism for machining with femtosecond laser pulse is very different 

from the conventional laser machining. Where the pulse duration small and, there is 

no enough time for convection and radiation losses. In other words, no heat will 

release from the upper boundary of the target, see Fig. 1.a.    
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Select the origin point of the domain into, the center of the upper surface of 

the target, from symmetry of the cylindrical geometry. The boundary conditions 

obtained as follows:      

 

At                        
   (     )

  
|
   
                                                                    (15.a)  

 

                                 
   (     )

  
|
   
    

 

                                                               (15.b) 

 

The nature of the femtosecond laser ablation is different. Therefore, diffusion 

effect is very little in comparison with the conventional mechanisms. As a result, that 

the bottom surface of the material target considered insulated Alan, and David, 1973. 

These words also right for the distance far in the radial direction.  
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3. NUMERICAL SOLUTION  

A numerical solution of Eq. (12) depends upon the explicit finite difference 

technique to calculate the electron and lattice temperature distribution of plume 

through r and z axes. The scripts T and F used for the electron and lattice 

temperatures respectively, then the indices i and j will be used for indicating the 

points along the r and z directions respectively, and the index n will be used for 

indicating the points over the time layers. We shall use the approximation of the first 

order of accuracy for time, and of the second order of accuracy for space. The 

distances between the points in the established grid are tandzr  ,, .The grid is 

represented by Fig. 1.c. The finite difference form of Eq.(12) with explicit 

formulation, Anderson, et al., 1984. :  

For electron subsystem: 
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For lattice subsystem 
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The Eq. (18) is so-called explicit formulation of Eq. (12). Then after 

applying the boundary conditions, the governing equation for every zone in the 

solution domain is: 

1. At 0r  and 0z . 
n
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ji TT ,1,1     and  
n

ji

n

ji FF ,1,1    and 
n

ji

n

ji TT 1,1,     and  

n

ji

n

ji FF 1,1,    Eq. (18) can be re-written in the central difference form as:  
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2. At Lr0  and 0z . 
n
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n

ji TT 1,1,     and  
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n

ji FF 1,1,    Eqns. (18) can be re-written 

in the central difference form as:  
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3. At 0r and Lz0 . 
n
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n

ji TT ,1,1     and  
n
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n

ji FF ,1,1    Eq. (18) can be re-written in 

the central difference form as:   
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4. Apply Eqns. (18) when 

                .    
 

(  
     

     
 
   

  
) Is the convergence term as described by references, Alan, 

and David, 1973. , and Anderson, et al., 1984. Where the convergence criteria 

mentioned that the value of the convergence term must be greater than or equal zero, 

to avoid solution fluctuation: 

The electron and lattice temperature distribution through r-z plane, where 

2r  to 1L  and 2z  to 1L  is represented as shown in Fig. 1.b. A special 
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consideration is carried out for the exterior nods, with aid of factious points to mesh. 

The computer program was built in Visual FORTRAN language and run on pentium4 

PC, using operating system Microsoft XP. Run time of about several minutes was 

needed to achieve the required convergence.  

        

4. REULTES AND DISCUSSION  

Figs. 2 to 5 explain the electron and lattice subsystem reduced temperature 

temporal distribution through the time with respect to laser pulse duration. Form these 

figures can be conclude that the temperature of the electron subsystem raised rapidly 

and approached to peak value at the end of laser pulse duration because of that the 

electron heat capacity is less than the lattice heat capacity. Electrons absorb the laser 

energy i.e., where the free electrons absorb the incident energy of the laser pulse due 

to invers-Bremsstrahlnug Grojo, et al., 2003  and Zeng, and Xianzhong, 2004. In 

addition the electron heat capacity is low in comparison with the lattice-subsystem 

heat capacity, Mannion, et al., 2001. At the end of the pulse duration the temperature 

of the electron subsystem will decrease rapidly sometimes suddenly due to the 

electron-phonon (lattice) coupling and energy transfer to the lattice subsystem, as 

shown in Figs. 4 and 5.   

In accordance with the different in the heat capacities of electron and lattice 

subsystems, the lattice temperature subsystem not much increase in compared with 

the electron subsystem. Briefly the behavior of electron and lattice can be expressed 

as the electron temperature will be increased rapidly until the end of laser pulse, then 

decreased rapidly. Moreover for the lattice subsystem, the temperature profile 

increased slowly form the beginning of laser pulse and remain increased after the end 

of pulse duration (for several pulse duration times), due to large heat capacity for the 

lattice subsystem, Cheng, and Xu, 2005.    

The electron temperature reaches peak value at the end of laser pulse. It can 

also be seen that till this time the lattice remains virtually cold. Subsequently, the 

initial laser energy is totally absorbed by the electrons within the optical penetration 

depth. These energetic electrons move at very high speeds on the order of ~ 106 m/s. 

Subsequently, the electrons reach thermal equilibrium and diffuse deeper into the 

material at reduced speeds. It is only at a much longer time scale that energy transfer 

to the lattice occurs. Thereafter, both the electrons and the lattice reach the same 

temperature, and at long time scales > 40 ps they behave as a single system. Beyond 

this time, heat transfer occurs by conduction at much lower speeds, Chimmalgi, et 

al., 2005. Therefore, it can be stated that the calculations consistence with the 

published results.      

In comparison between Figs. 2, 3 for nickel and Figs. 4, 5 for copper, it can be 

noticed that the reduced temperature profile for electron subsystem of copper metal is 

suddenly decreased after pulse duration due to electron-phonon relaxation coupling.  

Figs. 6 and 7 show the electron and lattice subsystems reduced temperature 

profiles (T/TC) versus the reduced radius (r/R) at time (1 tp), "the end of laser pulse". 

These figures indicate that the electron and lattice temperatures reach the peak value 

at the center of the laser crater because of Gaussian distribution of the laser beam. In 

addition, the value of the electron temperature is much higher than the lattice 

temperature for the same reasons as in Figs. 2 to 5.  

Figs. 8 and 9 explain the electron and lattice subsystems reduced temperature 

(T/TC) versus the reduced depth (z/R) at the end of pulse. These figures show that in 

spite of that the free electrons in the surface layer of target metal absorbs the laser 

beam energy, that the free electrons in the depth of metal target are also absorbs the 
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energy of the transmitted part of the irradiated beam. Finally, the energy of the 

electron subsystem is transferred to lattice subsystem; after several times of pulse 

duration. In addition, that the reduced temperature profile will be decreased gradually 

with depth. Finally the temperature profile for the electron and lattice subsystems will 

be approached the same value at the distance far from the surface of the metal target.   

At different pulse duration times, Figs. 10 and 12 indicate the spatial 

temperature distribution for electron subsystem. The temperature curve for every 

figure show that the temperature increased with time and reached the maximum value 

at time equals 1 tp, and then the temperature will be decreased rapidly and approached 

initial value after several tp. It can be noticed that the temperature profile in the radial 

and depth direction approximately the same. 

Figs. 11 and 13 show the distribution of reduced lattice temperature spatially 

for different pulse duration times in the radial and depth directions. From these 

figures, it can be noticed that the reduced temperature levels is less than the reduced 

temperature values in Figs. 10 and 12 respectively, where the heat capacity of lattice 

subsystem is greater than that of electron subsystem, Qiu, & Tien, 1993. The reduced 

lattice temperature approaches the peak value at time equals 5 tp. In comparison with 

Figs. 10 and 12,  it can be concluded that the lattice subsystem gain the heat slowly, 

but the free electrons absorb heat rapidly and radiant it at high rate.     

Figs. 14 and 15 plot the isothermal contour map for reduced electron and 

lattice temperature in the rz-plane for copper. These two figures indicate the big 

difference in the temperature levels between the free electron and lattice subsystem, 

for the same conditions.   

 

5. CONCLUSION 

The time evolution for temperature of electron subsystem is faster than the 

temperature of lattice subsystem. Where, the heat capacity of the lattice was higher 

than the heat capacity of the free electrons. The metal target treated as two 

subsystems, in the ultra-short pulsed laser irradiation. The plasma plume existence in 

the ultra-short pulsed laser where, the temperatures of the electron and lattice 

subsystems exceed the critical temperature.  

The weaker non-equilibrium between the electron and lattice (phonon) during 

the laser pulse reduce the ablation rate, and vies versa especially for Nickel. Nickel 

has a shorter lattice response time than for the copper. As explained in Figs. 2 to 5.  

As a rule, the models employed in the theory of laser ablation are reliant on 

complex nonlinear systems of partial differential equations whose solution calls for 

the use of numerical methods.  
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Figure 1. Type of fixed boundary conditions for electron and 

lattice temperature distributions. 
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Figure(2) Reduced lattice & electron temp. vs.
   the pulse duration time for tp=0.5E-12 sec
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Figure(3) Reduced lattice & electron temp. vs.

  the pulse duration time for tp=0.5E-12 sec
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Figure(5) Reduced lattice & electron temp.vs.

  the pulse duration time for tp=0.5E-12 sec
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Figure(4) Reduced lattice & electron temp.vs.

  the pulse duration time for tp=0.5E-12 sec
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Figure(6) Reduced electron & lattice temp. vs.

  reduced radial distance for tp=0.5E-12 sec

             Jf=0.27 J/cm  metal:Nickel
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Figure(7) Reduced electron & lattice temp. vs.

  reduced radial distance for tp=0.5E-12 sec

         Jf=0.3529 J/cm  metal:Copper
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Figure(8) Reduced electron & lattice temp.vs.

 reduced depth distance for tp=0.5E-12 sec

            Jf=0.27 J/cm  metal:Nickel
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Figure(9) Reduced electron & lattice temp.vs.

 reduced depth distance for tp=0.5E-12 sec

         Jf=0.3529 J/cm  metal:Copper
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Figure(10) Reduced electron temp. for differet pulse

          duration times vs.  reduced raduis for

     tp=0.5E-12 sec Jf=1.0   J/cm  metal:Nickel
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Figure(12) Reduced electron temp. for different pulse

            duration times vs. reduced depth for

       tp=0.5E-12 sec Jf=1.0   J/cm  metal:Nickel
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Figure(13) Reduced lattice temp. for different pulse

           duration times vs. reduced depth for

      tp=0.5E-12 sec Jf=1.0   J/cm  metal:Nickel
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NOMENCLATURES  

 

 

Sample Description Unite 

   specific heat of electron subsystem  J/m3.K 
   specific heat of  lattice subsystem  J/m3.K 
   electron diffusion coefficient   m2/S 
  energy transferred   J 
   fermi energy   J 
  subscript denotes the electron subsystem  -- 
  subscript denotes the lattice subsystem  -- 
  laser power intensity  W/cm2 
    The indexes increase along the r, z  -- 

   incident laser fluence  W/m2 
   electron thermal conductivity coefficient   W/m.K 
   lattice thermal conductivity coefficient  W/m.K 
   Boltzmann constant   
    enthalpy of sublimation per atom J/kg 
  electron mass  kg 
   electron density m-3 
  index increases along the time -- 
  material reflectivity  -- 
  radial distance  m 
    radius of ablation crater  m 
    source in the governing equation  S 
  time S 
   laser pulse duration time S 
    electron temperature  K 
    
  electron temperature in numerical form  K 
   lattice temperature K 
    
  lattice temperature in numerical form K 
   Fermi temperature  K 
   ambient temperature   K 
   boiling  temperature  K 
   critical temperature  K 
    solid-vapor interface velocity  m/S 
  material dependent parameter --

 

  material density Kg/m3 
  electron relaxation time which is determined by electron-

electron and electron-phonon collisions.  
S 

  coefficient  of electron-lattice relaxation rate  W/m3.K 
   electron velocity m/S 
    absorption ablation depth m 
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