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                              ABSTRACT            

In this study , we derived an equation following the main procedure by Wilson[1], and Chapman & Cowling[7] for heat flux.  The original idea originally proposed by Cattaneo[12] and subsequently worked on and generalized by Qiu & Tien[3], Majumdar[9], Maurer[5], Anisimov at al[13], and Joseph & Preziosi[14].  When the transport equation of electrical current derived by using the Boltzmann equation, we arrive at the same equation derived by the above mentioned scientists.  If we do not use the electrical current equation the final form of the transport equation for the heat flux has another source term.  

The derivation for the transport equation for the heat flux is based on the Boltzmann equation.  The manipulation of the scattering term gives different forms of the heat flux transport equation.  The most general form of the heat flux equation is an integro-differential equation.  In this study, we used the relaxation time assumption and followed the methodology of Wilson, Chapman & Cowling to arrive at the transport equation for the heat flux.  We also used the conservations equations of electrons, and lattice developed by Qiu & Tien.

The numerical application shows a good agreement between the full equation for the heat flux together with the lattice and electron energy equations.

NOMENCLATURE
a:  The minimum value of the wavelenght

c:  Speed of light, ms-1
C2:  Transient matrix element

e:  Electron charge, C

E:  Electron energy, J

f :  Distribution function of electrons

G:  Electron –Phonon coupling factor, Wm-3K-1
H:  Maghetic field intensity,Vm-1

H:  Planck’s constant, Js

J:  Electrical current, amp.

Js:  Total energy carried by  a laser pulse divided by laser spot cross section,Jm-2

k:  Electron wave vector, m-1
kB :  Boltzmann constant, J/K 

m*:  Efective mass of electrons, kg

M:   Atomic mass, kg

N  :  Distribution function of phonons

Q:  Heat flux, Wm-2

q:  Phonon wave vector, m-1
r:  Position vector, m

R:  Surface reflectivity

S:  Source term, Wm-3

TP:  Laser pulse duratıon, s

T:  Temperature,K

t:  time, s

v:  Speed of electrons,ms-1
x:  spatial coordinate

(:  Radiation penetration depth,m 

(:  A function defined in equation-14

(:  Delta function defined in equation-6

(:  Electrical field intensity, Vm-1

(:  Electron mean free time between collisions,s

(:  Phonon frequency,s-1
(:  Temperature,K

(:  Thermal conductivity,Wm-1K-1
(: Volume of the unit cell, m3

Subscripts

e:  Electron

l :  Lattice

F:  Fermi surface

eq:  equilibrium
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Let f(k-,r-)   be the distribution function where k_ is the wave vector describing the state of electrons.The number of electrons per unit volume where wave vector lie in the interval dk-=(dk1,dk2,dk3 ) is f(k,r)dk-/4(3 [1].The rate of change of distribution function  is governed by Bolzmann equation(Ziman),
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 EMBED Equation.3  [image: image3.wmf] 
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In the equation (1), the change in k~ due to the electic and magnetic field is
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(2)
where E- and H are electric and magnetic fields respectively [2].The  term on the right hand side of the Boltzmann equation is the rate of change of f due to the interactions with the phonons. This interaction term can written in terms of W(k,k’ ), transition probability. W(k,k’ ) is the transition probability per unit time that an electron make a transition  from the state k to the state k.’  The rate of interaction between two states is governed by both intrinsic  transition probability W(k,k’ ) from k- known  to be  to full  to k’  known to be empty, but also by the factor f(k) for the chance that there really is  an electron in k- originally and the factor (1-f(k) ) for the final state not being occupied initially and can be written as  follows [2], 


[image: image6.wmf]

 EMBED Equation.3  [image: image7.wmf](

)

k

d

k

f

k

f

k

k

W

¢

¢

-

)

(

1

)(

(

,

'

                                                       
(3) 

For the inverse process, a similar relation  can be written as 
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(4)

If we combine two relations and integrate over all k’ range, we will have
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where we have used  f(k)=fk respectıvely.

The transition from  k~ to k’~  of an electron and the simultaneous transition  from Nq  to Nq(1  of the q~ th  lattice mode can only occur  if   k~-k’~(q=0The transition probabilities  can be given as 
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where
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At  equilibrium Nq will be replaced by its average  value as shown in eq-9. 
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(9)

The value Nq  will be used  for the average  value  in subsequent sections.The change in the distribution function  due to scattering  can be given by [1] 
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The term 
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 acts as a kind of  (  function and  it is zero only when 
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Under this condition 
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In the equilibrium state
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and we also assume that  Nq  and N-q  both have the same equlibrium values  given in equation (9).  Now the first order expansion  of  f in terms of fo is assumed in the following form.
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and multiply the equation (10) by  
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  and integrate over  q~(where 
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 is the volume of the unit cell).
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we obtain                                                              
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where   (  is an angle between k( and q( .Choosing the polar coordinates  q, (,(   in the  q( space.  By taking E=(k2 , (q =u0 q/2(  and also assuming  ((k()=k1c(E)  , one can obtain the following relation
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where   (=(E-Ef )/kT  , z=h(q /kT 
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If it is assumed that ((/T)2  is smaller than  1, then the time of relaxation  can be defined  for the scattering  of the electrons by phonons
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where
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As it is seen ,the time of relaxation can be defined  in a unique way.  Under these conditions Bolzmann Equations can be written as follows ,
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We assume that  the deviation from the equilibrium is small   f can be written as follows
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Where we used 
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The electric and heat currents can be  written as follows
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If we muıtiply  equation-21  by  -(v--dk-- /4(3   and integrate over dk- we can obtain an equation for electrical  current (J).In the same way , if the eq.-21 is multipled  by  v-Edk- /4(3  and integrated over all k—than the equation for Q can be obtained. The equation  for heat current (flux) can be written as follows,

                                                                                                                     (25)
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In  deriving the equatio   for Q ,,we have applied the same assumptions of taking both  J and  dJ/dt  zero ,which were explicitly used by Tien(1993)[3,4] and imlicitly by Maurer (1969)[5].If we do not apply the assumptions of  J=0 and dJ/dt=0,then we have an equatıon for Q with a source  term ,

[image: image45.wmf]T

K

K

K

1

3

1

2

2

÷

÷

ø

ö

ç

ç

è

æ

-

=

k

[image: image46.wmf]0

1

3

2

=

+

¶

¶

+

¶

¶

+

¶

¶

Q

x

T

T

K

T

E

x

T

K

t

Q

F

t























(27)

Numerical Applications 

The heat flux  eq.(25) togetger with the conservation  of energy  for both  electrons and phonons[4]  can be written  as follows
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The boundry and initials conditions are

Te(x,-2tp )=T0                 ;  Tl(x,-2tp ) =To
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After solving equations (30), (31), (32) with the initial and boundary conditions (33), the following figures are obtained about the  variation of Te versus time (t) and position (x).

In the following figure1 and figure2 depicted values for both electron and phonon temperature variation are in a good agreement  with the results of Qiu and Tien[[6]

In the Figure-1,  the temperature profile is given as a function of both time and spatial dimension.  İt depicts the temperature variation  in gold-chromium two layer film.  As it can be seen from the figure-1,  the thermalization process in chromium  is more rapid than in gold due to the larger electron-lattice coupling factor of chromium.

The following physical  properties of gold  , chromium and  laser heating are  taken as follows[6]:

 tp :0.1 x10-12 , (=15.3x10-9 ,R=0.93,G=2.6x1016 , (Au=315,Ce=2.1x104,Cl=2.5x106,J=500, (Cr=94
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Figure1:The temprrature variation versus time and spatial dimension in gold-cromium two layer film.(500 A0 gold , 500 A0 chromium)

Figure2  represents the temperature variation versus spatial dimension in a 1000 A0 gold film for 0.1ps laser pulse heating.In the present model  the lattice temperature increase is not very high. This effect is due to the interaction between electrons and phonons.The interaction between electrons and phonons  prevents the sudden increase in the lattice temperature. Under the  influence of the heating pulse.
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Figure 2a:Lattice temperature variation versus spatial dimension in a 1000 A0  gold film during 0.1ps laser pulse heating.
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Figure2b. Electron  temperature variation versus spatial dimension in a 1000 A0  gold film during 0.1ps laser pulse heating.
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