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Entropy Production During Laser
Picosecond Heating of Copper
Nonequilibrium energy transport taking place in the surface region of the metallic
strate due to laser short-pulse heating results in entropy production in electron and la
systems. The entropy analysis gives insight into the irreversible processes taking pl
this region during the laser short-pulse heating process. In the present study, en
production during laser shortpulse heating of copper is considered. Equations gove
the nonequilibrium energy transport are derived using an electron kinetic theory
proach. The entropy equations due to electron and lattice systems and coupling of
systems are formulated. The governing equations of energy transport and entropy pr
tion are solved numerically. Two pulse shapes, namely step input intensity and expon
intensity, are employed in the analysis. It is found that entropy production due to cou
process attains higher values than those produced due to electron and lattice system
effect of pulse shape on the entropy production inside the substrate material is signifi
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1 Introduction
Laser shortpulse heating of metallic substrates initiates a n

equilibrium thermodynamic process taking place in the region
radiated by a laser beam. As the duration of the heating p
becomes comparable to the thermalization time~ts5G/Ce

;10213 s for most metals!, nonequilibrium energy transport oc
curs during electron lattice site collisions. In this case, phot
reaching the surface of metallic substrates interact with elect
in the conduction band and are absorbed, leaving the elect
with increased energies. The excited electrons make collis
with lattice site and transfer some of their excess energy to la
site through the successive collisions. Since the energy abso
by electrons is higher than energy being transferred to lattice
electron temperature exceeds the lattice site temperature. A
heating progresses within the time domain of the electron therm
ization time, electron temperature well excess of lattice site te
perature is resulted in the surface region of the substrate mate
Consequently, a micro-scale analysis of the heating proces
essential to describe the energy transport process inside the
strate material.

Considerable research studies were carried out to explore
micro-scale energy transport, particularly, during the laser sh
pulse heating process. A transient nonequilibrium temperature
ference between electrons and lattice was investigated
Fujimoto et al.@1# for femtosecond laser interaction with metall
tungsten. They showed that electron-phonon energy relaxa
time of several hundred femtoseconds occurred. Electron-pho
relaxation in copper due to shortpulse heating was studied
Elsayed-Ali et al.@2#. They observed nonequilibrium electron an
lattice temperatures during the heating pulse. The generatio
nonequilibrium electron and lattice temperatures in copper
studied by Eesley@3# through thermoreflectance measuremen
He introduced two-equation heating model to correlate the m
surement results. Femtosecond laser heating of multi-layer m
was analyzed by Qiu and Tien@4#. They showed that multi-laye
metals presented very different thermal response from single-l
metals during the heating process. Electron temperature mea
ment in a highly excited gold target was carried out using a th
mionic emission detection by Wang et al.@5#. They showed that
the thermal conductivity, specific heat and electron-phonon c
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pling are temperature dependent for a highly excited electr
lattice system. A unified field approach for heat conduction fro
macro to micro scales was introduced by Tzou@6#. The universal
form of the energy equation was shown to facilitate from o
mechanism to another such as diffusion or wave to phon
electron interaction. A simplified approach was introduced by
Nimr and Arpaci@7# to describe the thermal behavior of a th
metal film exposed to picosecond thermal pulses. The propo
approach eliminated the coupling between the energy equat
for the conditionGL2/Ke@1, whereG is the coupling factor,L is
the thickness, andKe is the thermal conductivity. Yilbas@8# in-
troduced an electron kinetic theory approach to model the mic
cale heating process. The analysis was based on the energy
port through electron lattice site collisions. Moreover, Yilbas a
Shuja@9# showed that electron kinetic theory, two-equation mod
and the Fourier theory results converged as the heating pe
exceed to nanosecond durations.

In nonequilibrium process, the physical parameters are ther
dynamically imbalance resulting in nonequilinrium thermod
namic potential. The coupling of these physical parameters res
in irreversible processes taking place in the thermal system.
irreversible processes produce entropy, which depends on th
thermodynamic potentials~forces! and fluxes generated in th
thermal system. The driving force for entropy production is co
trolled by the coupling of the physical parameters, which inclu
temperature, mass transfer rate, pressure differential, etc. Co
erable research studies were carried out to explore the ent
generation in nonequilibrium thermodynamic systems. The ir
versible extension of the Carnot cycle of maximum mechan
work delivered from a system of finite-resources was investiga
by Sieniutycz@10#. He demonstrated that bounds of the classi
availability should be replaced by stronger bounds obtained
finite time processes. A drying process in a heterogeneous m
phase system based on nonequilibrium thermodynamic model
studied by Menshutine and Darokhov@11#. Linear-nonequilibrium
thermodynamic model for coupled heat and mass transport
cesses was examined by Demirel and Sandler@12#. They ex-
pressed the phenomenological equations with the resistance
ficients that were capable of reflecting the extend of
interactions between heat and mass flows. Yilbas@13# introduced
the entropy number for laser pulse heating process. The ent
analysis was based on the equilibrium thermodynamics, since
heating duration was in the order of nanoseconds~which is greater
than the thermalization time!. In the case of laser short-pulse hea
ing process, nonequilibrium energy transport occurs and this

he
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pends on the degree of coupling between electrons and lattice
during the successive collisions. Consequently, in laser sh
pulse heating process, nonequilibrium thermodynamic anal
should be considered when formulating the entropy produc
during the heating pulse.

The entropy analysis gives insight into the irreversible p
cesses taking place in the thermal system. Moreover, the ent
analysis provides information on the nonequilibrium thermod
namic potentials during the thermal communication of elect
and lattice systems. Consequently, in the present study, the e
sion of the previous work@13# was considered and the entrop
analysis during nonequilibrium energy transport due to la
shortpulse heating is carried out. The governing equations of
tropy production are formulated using the nonequilibrium therm
dynamic aspects. In the analysis variable thermophysical pro
ties are employed.

2 Mathematical Analysis of Heating Process

2.1 Electron Kinetic Theory Approach. The electron ki-
netic theory approach considers the electron-phonon collis
mechanism through which the energy exchange between the
trons and lattice site atoms occur. The mathematical model p
nent to electron kinetic approach is given in the previous study@8#
and @9#, hence, the basics of the analysis are given here.

The number of electrons which have just collided inds during
dt before colliding indx is

NsxAV̄dt
ds

l

dx

l
expS 2

ux2su
l D

where ds/ldx/l exp(2ux2su/l) is the electrons—lattice site at
oms collision probability as described in@8#.

If the temperature of the lattice site atoms indx is Tl(x,t) and
the temperature of the electrons when they arrive atdx is Te(s,t),
then the energy transfer to the lattice site atoms indx from colli-
sions with electrons in which the electrons give up a fractionf’’
of their excess energy is

NsxAV̄dt
ds

l

dx

l
expS 2

ux2su
l D f kB@Te~s,t !2Tl~x,t !#

The fraction of electron excess energy transfer during the t
comparable or greater than the relaxation time (ts) can be written
in terms of the energy balance across the sectiondx in the sub-
strate material; i.e.

f 5
~Electron energy!in2~Electron energy!out

~Electron energy!in2~Phonon Energy!

or

f 5
~Te! in2~Te!out

~Te! in2Tl
(1)

where (Te) in is the temperature of an electron entering the sect
(Te)out temperature of the an electron leaving the section, andTl
is the phonon temperature.f takes the values 0< f <1.

Summing the contribution from all such sections as to the
ergy gives

DE5AdxdtE
2`

` NsxV̄f kB

l2 expS 2
ux2su

l D @Te~s,t !2T~x,t !#ds

(2)

The total amount of energy which is absorbed in an element]j,
areaA in time dt is

2I oAdtdj f 8~j!

since all the beam energy is absorbed in thex direction.
Journal of Energy Resources Technology
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The electron densities may vary throughout the material and
particular, the number traveling fromds to dx may not be the
same as that fromdx to ds. Therefore, the total amount absorbe
by this electron fromdx to ds is

E
x

s

I o

dj f 8~j!

~Nsx1Nxs!V̄
(3)

Equation ~3! gives extra energy obtained by the electron
travelling from ds to dx. Substitution of Eq.~3! into Eq. ~2!
results the expression for the change of energy of the lattice
atoms in the section

DE

Adxdt
5E

2`

` NsxV̄f kB

l2 expS 2
ux2su

l D @Te~s,t !2Tl~x,t !#ds

1E
2`

` I of

l2

Nsx

Nsx1Nxs
expS 2

ux2su
l D E

x

s

f 8~x!djds

(4)

Since the energy which is transferred to the lattice site atom
this collision process results in a change of both potential
vibration energy, then

DE

Adxdt
5

Adx

Adxdt
D@NM~Uo13kBTl~x,t !!#

The energy stored during a infinitely small time intervaldt in the
substrate is

DE

dt
5

E~ t1dt !2E~ t !

dt
(5)

Expanding Eq.~5! using a Taylor series, it yields

DE

dt
5

1

dt FE~ t !1dtE8~ t !1
~dt !2

2!
E9~ t !1 . . . 2E~ t !G

or

DE5E8~ t !1
~dt !

2!
E9~ t !1 . . . (6)

whereDE is the energy content. The energy content of the s
strate in a sectiondx apart can also be written as

DE5AdxrCpT~x,t ! (7)

Therefore, substitution of Eq.~7! into Eq. ~6! gives

DE

dt
5AdxF ]

]t
~rCpTl~x,t !!1

~dt !

2!

]2

]t2 ~rCpTl~x,t !!1 . . . G
(8)

For per unit area and distance, and when the time step
proaches and becomes greater than the thermal relaxation
Eq. ~8! reduces to

DE

Adxdt
'

]

]t
~rCpTl~x,t !!1ts

]2

]t2 ~rCpTl~x,t !! (9)

wherets is the thermal relaxation time. Therefore, the comple
equation for the electron—lattice site atom collision process i
SEPTEMBER 2002, Vol. 124 Õ 205
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]

]t F ~rCpTl~x,t !!1ts

]

]t
~rCpTl~x,t !!G

5E
2`

` NsxV̄f kB

l2 expS 2
ux2su

l DTe~s,t !ds

2E
2`

` NsxV̄f kB

l2 expS 2
ux2su

l DTl~x,t !ds

1E
2`

` I of

l2

Nsx

Nsx1Nxs
expS 2

ux2su
l D E

x

s

f 8~x!djds (10)

The final temperature of the electrons indx after the collision
process can be readily found from the conservation of energy;
total electron energy after collision5total electron energy in dur-
ing dt2change of lattice site energy. Total electron energy afte
collision

E
2`

` NsxV̄~12 f !kB

l2 expS 2
ux2su

l DTe~s,t !ds (11)

Total electron energy carried intodx during dt is

E
2`

` NsxV̄kB

l2 expS 2
ux2su

l D u~s,t !ds1E
2`

` I of

l2

Nsx

Nsx1Nxs

3expS 2
ux2su

l D E
x

s

f 8~x!djds (12)

and the change of lattice site atom energy is

]

]t FrCpTl~x,t !1tsrCp
]

]t
~Tl~x,t !!G

as given by Eq.~9!. Consequently, substituting the Eqs.~10!–~12!
into the requirement of the conservation of energy gives

E
2`

` NsxV̄kB

l2 expS 2
ux2su

l D @Te~s,t !2 f Tl~x,t !#ds

5E
2`

` NsxV̄kB

l2 expS 2
ux2su

l D ~12 f !u~s,t !ds

1E
2`

`

~12 f !
Nsx

Nsx1Nxs
expS 2

ux2su
l D E

x

s

f 8~x!djds

(13)

Equations~10! and~13! have been kept, in general; however,
may be useful to consider a particular case where electrons ca
escape through the surface~which may equally apply when a
steady-state space charge exists!. In this case, the assumption th
all directions of travel are equally probable gives

Nsx5Nxs5
N

3

whereN is the number of free electrons per unit volume. In th
case, Eqs.~10! and ~13! yield
206 Õ Vol. 124, SEPTEMBER 2002

: https://energyresources.asmedigitalcollection.asme.org on 06/28/2019 Terms o
i.e.,

it
nnot

t

is

]

]t FrCpTl~x,t !1ts

]

]t
~rCpTl~x,t !!G

5E
2`

` f

l3 expS 2
ux2su

l DTe~s,t !ds

2E
2`

` f k

l3 expS 2
ux2su

l DTl~x,t !ds

1E
2`

` I of

l2 expS 2
ux2su

l D E
x

s

f 8~x!djds (14)

which makes use of the simple kinetic theory result for t
thermal conductivity

k5
NV̄kBl

3

and

F E
2`

` k

l3 expS 2
ux2su

l D @Te~s,t !2 f Tl~x,t !#dsG
5E

2`

` k

l3 expS 2
ux2su

l D ~12 f !Te~s,t !ds

1E
2`

`

~12 f !expS 2
ux2su

l D E
x

s

f 8~x!djds (15)

Equations~14! and ~15! are the equations of interest for las
short-pulse heating process. The method of solution to be use
the following analysis is the transformation of the simultaneo
differential—integral equations~14! and ~15! using the Fourier
integral transformation, with respect tox @14#. Since the math-
ematical arrangements of the Fourier transformation are give
the previous study, the resulting equation is given here; i.e.

F f S 11ts

]Tl

]t D2
l2]2

]x2 GrCp
]Tl

]t
5k f

]2Tl

dx2 1I od f exp~2duxu!

(16)

If the termsl2/ f ]2/]x2(rCp]Tl /]t) and f ts]/]t(rCp]Tl /]t)
are neglected for allf values, Eq.~16! becomes

rCp
]Tl

]t
5k

]2Tl

dx2 1I od exp~2duxu!

which is the same as a Fourier heat conduction equation. Equa
~16! can be rewritten as

rCp
]Tl

]t
5k

]2Tl

dx2 1 f
l2]2

]x2 S rCp
]Tl

]t D2rCpts

]2Tl

]t2

1I od exp~2duxu! (17)

When Eq.~17! is decomposed into two equations, the resulti
differential equations can be written as

A
]Te

]t
5B

]2Te

dx2 2C@Te2Tl #1I od exp~2duxu!
(18)

D
]Tl

]t
5C@Te2Tl #

To find the values ofA, B, C, andD, the following procedure is
adopted; i.e.:

D
]2Tl

]t2 5CF]Te

]t
2

]Tl

]t G
or
Transactions of the ASME
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]Te

]t
5

D

C

]2Tl

]t2 1
]Tl

]t
(19)

Similarly

D
]2

]x2 S ]Tl

]t D5CF]2Te

]x2 2
]2Tl

]x2 G
or

]2Te

]x2 5
D

C

]2

]x2 S ]Tl

]t D1
]2Tl

]x2 (20)

Substitution of Eqs.~19! and ~20! into Eq. ~17! yields

~D1A!
]Tl

]t
5

BD

C

d2

]x2 S ]Tl

]t D1B
]2Tl

]x2 2
AD

C

]2Tl

]t2

1I od exp~2duxu! (21)

After equation Eqs.~21! and~17!, the coefficientsA, B, C, andD
can be calculated; i.e.

A5
f kts

l2

B5k

C5
f k

l2 S 12
kts

rCpl2D
D5rCp2

f kts

l2

Equation ~19! is identical to equations given in the two
equation model, since the governing equations in two-equa
model is@3#

Ce

]Te~s,t !

]t
5¹~kTe~s,t !!2G@Te~s,t !2Tl~x,t !#1S

and

Cl

]Tl~x,t !

]t
5G@Te~s,t !2Tl~x,t !# (22)

Te(s,t) andTl(x,t) are the electron and lattice site temperatur
S is the laser source term (I od exp(2dx)), andCe andCl are the
electron and lattice heat capacities, respectively.G is the electron-
phonon coupling factor, given by

G5
p2meNV̄2

6tpTe~s,t !

whereme , N, V̄, andtp are electron mass, electron number de
sity, electron drift velocity and the electron mean free time b
tween electron-phonon coupling respectively. Consequently,
ting the coefficients of Eqs.~19! and ~22!, it yields

f kts

l2 5Ce

f k

l2 S 12
kts

rCpl2D5G

rCp2
f kts

l2 5Cl

wherets5G/Ce ~Fujimoto! and Ce5gTe @1,15#. Moreover, the
electron phonon coupling factor is electron temperature dep
dent, which can be written as@3#

G5
p2mNV̄2

6tsTl
S Te

Tl
D 4E

0

Te /Td x4

ex21
dx (23)
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Using the relationf kts /l25Ce, the electron mean free pat
becomes

l5Af kts

Ce
(24)

SinceCe5gTe ~whereg is constant andg569.9 J/m3K2 for cop-
per @3#!.

2.2 Entropy Analysis. The nonequilibrium energy transpo
process results in different temperatures of electron and lattice
in the substrate material. In this case, substrate material ca
considered as consisting of two systems with two different te
peratures, provided that the two systems are thermally in con
Consequently, in the present study the entropy analysis is b
on the two systems having different temperatures and thermal
contact.

When two thermal systems with different temperatures~TA and
TA! are in contact and nonequilibrium energy transport takes p
between the systems, then the entropy production can be wr
as @16#

DSAB5
dQA

TA
1

dQB

TB
1dQABS 1

TA
1

1

TB
D (25)

whereA andB correspond to first and second systems in conta
respectively.dQA , dQB , anddQAB are the heat transfer to sys
tems A and B, and heat transfer occurring inside the combin
systemA and B, respectively. The first two terms in Eq.~25!
represent entropy change, due to the equilibrium conditions,
the systemsA and B, while the third term (dQAB(1/TA11/TB))
represents the irreversible entropy generation inside the sys
boundary due to coupling of the systems. Therefore, for elec
and lattice systems, entropy production rate can be written as
sum of entropy production due to electron and lattice systems,
the entropy production due to contribution of electron and latt
system coupling. In this case, entropy production rate during
nonequilibrium energy transport process can be written as

ṡt5 ṡe1 ṡl1 ṡel (26)

and

ṡel5xJq

whereṡt ,ṡe ,ṡl ,ṡl(xJq) are total entropy production rate, electro
system entropy production rate, lattice system entropy produc
rate, and coupling process~coupling between electron and lattic
system! entropy production rate, respectively.x andJq represent
the thermodynamic potential~driving potential energy underlying
entropy production! and flux components in the coupling proce
@16#. It should be noted that the entropy production rate due
coupling process~last term in Eq.~25!! is modeled using the
thermodynamic potential and flux components in the coupl
process. The contribution ofxJq is due to the irreversibility asso
ciated with the nonequilibrium thermodynamic process tak
place in electron lattice coupled system. The entropy produc
in the electronic and lattice systems can be formulated thro
statistical thermodynamics analysis. The entropy of the oscilla
in the thermal system can be written as

sent5kB ln W

wherekB is the Boltzmann’s constant andW is the summation of
the overall microscopic distribution of the oscillators. Using t
Stirling formula, the logarithmic form of the distribution can b
written as@16#

ln W5(
i

NjFkBS g j

Nj
D11G

where N and gj are the number of oscillators and number
quantum states, respectively. From the most probable distribu
SEPTEMBER 2002, Vol. 124 Õ 207
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gj

Nj
5

Z

N
e2e i /kBT

whereZ is a partion function, which is

Z5(
j

gje
2e i /kBT

Therefore

ln W5 ln
Z

N (
j

Nj1
1

kBT (
j

Nje j1(
j

Nj

or

ln W5N ln
Z

N
1

u

kBT
1N

Using Stirling’s formula, the entropy production becomes

sent5kB ln Zn1
u

T
(27)

where

Zn5
ZN

N!

Therefore, the entropy production rate per oscillator becomes

ṡent5
d

dt FkB ln Zn1
u

TG (28)

The entropy production rate forN oscillator can be written as

ṡent5
d

dt FNS kB ln Zn1
u

TD G
However, the entropy production at time intervalDt during the
heating pulse can be written as:

sent5E
0

Dt

ṡentdt (29)

Equation~29! is used to determine the entropy production due
electron and lattice systems.

In the case of a coupling process, nonequilibrium contribut
of the entropy production needs to be formulated in terms of th
modynamic potential~potential energy! and flux relation@16#. The
driving potential energy underlying entropy production, due
nonequilibrium energy transport, during the irreversible proc
can be written as@16#

x5DS 1

TD (30)

The energy flux through the collisional process per unit volu
and per unit time can be written as

DE

Adxdt
5

d

dt
@NkB~Te2Tl !#

The energy flux per unit time is

Jq5
DE

Adxdt

or

Jq5
d

dt
@NkB~Te2Tl !# (31)

Therefore, the entropy production rate due to coupling proces

ṡel5DS 1

TD d

dt
@NkB~Te2Tl !#Adx (32)
208 Õ Vol. 124, SEPTEMBER 2002
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The entropy production due to coupling process at time inter
Dt during the heating pulse can be written as

sel5E
0

Dt

ṡeldt (33)

Equation~33! is used to determine entropy production due to co
pling process. The spatially integrated entropy production at t
interval Dt during the heating pulse can be written as

(sent!Integ5E
0

`

seldx (34)

2.3 Numerical Solution. The numerical method employe
uses a finite difference scheme, which is well established in
literature@17#. In order to obtain accurate results, the convergen
criteria should be met. The stability criteria for the heating mo
is as follows:

1>ABSF f rCp

Dt
12l2rCpF 1

Dt~Dx!2G22k fF 1

~Dx!2G G
1ABSF k f

~Dx!22
2l2rCp

Dt~Dx!2G1ABSF 2l2rCp

Dt~Dx!2G
2ABSH f rCp

Dt
12l2rCpF 1

Dt~Dx!2G J
whereDx is spatial increments in thex axis whileDt is the time
increment.

In order to account for the exponential pulse shape, a m
ematical function resembling the exponential pulse shape is in
duced; i.e.

I 5I o@exp~2bt !2exp~2gt !#

Figure 1 shows the exponential and step input pulse intensi
while thermophysical properties of copper and laser pulse pro
ties used in the computations are given in Tables 1 and 2.

3 Results and Discussion
Entropy production in copper during a laser shortpulse hea

process is considered. The substrate material is assumed as
posing of two thermal systems, namely electron and lattice s
tems, with different temperatures after the initiation of noneq
librium energy transport process. The assumption enables
introduce the entropy production of individual system as well
the entropy production due to energy coupling between elec

Fig. 1 Normalized pulse intensity for two pulse shapes
Transactions of the ASME
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Table 1 Thermal properties of copper at 100 and 300 K †3‡
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and lattice systems. Consequently, entropy production due to
dividual system as well as the contribution of the coupling proc
are discussed here.

In order to compare the coefficients~A, B, C, andD! in Eq. ~18!
with the coefficients of differential equations in two equati
model ~Eq. ~22!!, Table 3 is developed for electron temperatu
300 K. The values of coefficients corresponding to the tw
equation model agree well with the computed values ofA, B, C,
and D. Consequently, Eqs.~18! and ~22! should predict similar
temperature profiles.

Figure 2 shows the entropy production of the electron sys
inside the substrate material at different heating periods. The
tropy production increases and reaches a maximum in the su
vicinity of the substrate material. This is more pronounced in
heating period. This occurs because of the electron energy
from the irradiated field, which can also be seen from elect
temperature distribution inside the substrate material as show
Fig. 3. In this case, electron temperature in the surface vici
attains high values provided that electron temperature grad
variation (]Te /]x) is small in this region. Moreover, next to th
surface vicinity (;0.231028 m), electron temperature reduce
sharply. Consequently, energy exchange in the region betwee
surface vicinity and next to it becomes considerable, which in t
increases the entropy production in this region. As the dista
increases further from the surface towards the solid bulk, entr
production reduces. This is because of the excess energy ga
the electron system, which reduces in this region. When com
ing Figs. 2~a! and~b!, the entropy contours corresponding to st
input intensity profile differs than those corresponding to ex
nential pulse profile. In this case, electrons gain considerable
ergy from the irradiated field in the early heating period and tra
fer only a small fraction of their excess energy to the lattice s

Table 2 The values of coefficients used in the simulations and
laser pulse properties
Journal of Energy Resources Technology
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through collisional process. Consequently, excess energy ga
the electron system increases at a higher rate for the step inte
pulse case as compared to its counterpart corresponding to
exponential pulse. The decay of entropy production curve al
the depth from the surface of the substrate material change
different heating periods. This is because of the energy absorp
and transfer processes in the electron system.

Figure 4 shows the entropy production in the lattice system
different heating periods, and for two pulse intensity profiles.

Fig. 2 Electron system entropy production inside the sub-
strate material at different heating periods— „a… for exponential
pulse shape, „b… for step input pulse shape
Table 3 The coefficients A , B , C, and D and corresponding values in the two-equation model
SEPTEMBER 2002, Vol. 124 Õ 209
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entropy production increases and reaches a maximum in the
face vicinity of the substrate material as similar to the case
electron system. In this case, lattice site temperature increas
the surface vicinity, as seen from Fig. 5. The electron excess
ergy transfers to lattice site at a higher rate in the surface vici
as compared to that at some depth below the surface, since
electron excess energy is high in the surface region. Conseque
energy gain of the lattice system is higher in the surface vicin
as compared to that at some depth below the surface. This
hances the entropy production in this region of the lattice syst
The trend of the entropy production decay along the depth be
the surface does not vary considerably for different heating p
ods. This is because of the small temperature rise in the la
system during the short heating duration, as evident from Fig
The effect of pulse profile on the entropy production is not co
siderable provided that the amount of entropy production is hig
for the step input pulse as compared that corresponding to e
nential pulse shape.

Figure 6 shows the entropy production inside the substrate
terial due to coupling process~coupling of electron and lattice
systems! for different heating periods. As the heating progres
(t>2.5310212 s), the entropy production attains high values
the surface vicinity and decays gradually as the distance from
surface extends towards the solid bulk of the substrate mate
This is because of the sharp change in the potential energy c
ponent~x! and the flux term (Jn) along the depth, i.e., electron
absorb less energy from the irradiated field as the depth from

Fig. 3 Electron temperature inside the substrate material at
different heating periods— „a… for exponential pulse shape, „b…
for step input pulse shape
210 Õ Vol. 124, SEPTEMBER 2002
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surface increases~Lambert’s law!. Consequently, excess energ
transfer from electrons to lattice site through collisional proc
becomes less as the depth increases. This results in less e
transferring~energy flux! from electron system to lattice system
Since the amount of energy gain by electrons from the irradia
field is less as well as energy transferred to lattice system is
less as depth increases. Consequently, the rise of temperatu
electrons as well as lattice system become less at some d
below the surface. However, entropy production reduces sha
with depth in the early heating period (t,2.5310212 s). This
occurs because of the potential energy component (D(1/T)
5DT/TeTi), which attains very high values in the early heatin
period. Temperature difference between electrons and lattice
is small in the early heating period and their multiplication is a
small. This in turn results in relatively large values of potent
energy component than those corresponding to the later hea
periods. The energy flux from electron system to lattice syst
increases for later heating periods, the potential energy compo
in the entropy production term becomes smaller as compared t
counterpart corresponding to early heating periods. Conseque
the amount of entropy production for the later heating period
comes lesser than that corresponding to the early heating pe
The effect of pulse shape on the entropy production is signific
In this case, entropy production attains smaller values for s
input intensity pulse than that corresponding to the exponen
pulse. This is because of the potential energy component in
entropy production term such that it attains large values for
exponential pulse profile. It should be noted that step input pu

Fig. 4 Lattice system entropy production inside the substrate
material at different heating periods— „a… for exponential pulse
shape, „b… for step input pulse shape
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results in high electron and lattice temperature, but the po
tial energy term (D(1/T)) becomes small inside the substra
material.

Figure 7 shows the temporal variation of spatially integra
entropy production due to electron, lattice systems, and cou
process for two pulse shapes. The entropy production incre
rapidly in the early heating period (t<0.75310212 s) and the rate
of entropy rise reduces as the heating period progresses. Th
particularly true for the coupled process. The rapid rise of
entropy production rate is because of the rapid rise of electron
slow rise of lattice site temperatures. In this case, the poten
energy component in the entropy production term increases in
early heating period. When comparing the entropy production
to electron and lattice systems with coupling process, the ma
tude of the entropy production due to coupling process well
ceeds the entropy production corresponding to electron and la
systems. This is more pronounced as the heating progresses
effect of pulse shape on the temporal behavior of the entr
production is very significant. In this case, the entropy product
curve shows almost the same trend with the exponential p
shape as shown in Fig. 1; i.e., entropy increases reaching a m
mum and decays as the heating period progresses. However
input pulse shape results in a paraboliclike behavior of the entr
production with time.

4 Conclusions
Entropy production during laser shortpulse heating of coppe

considered. Since the nonequilibrium energy transport tak

Fig. 5 Lattice site temperature inside the substrate material at
different heating periods— „a… for exponential pulse shape, „b…
for step input pulse shape
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place in the surface region of the substrate material results
different electron and lattice site temperatures, the substrate
terial is considered composed of electron and lattice systems t
mally in contact. In this case, entropy contribution of the coupli
process between electron and lattice systems is also consid
Consequently, the governing equations of entropy production
to electron, lattice, and coupling processes are formulated for
cosecond laser heating of copper. It is found that entropy prod
tion due to coupling process well exceeds its counterparts du
electron and lattice systems. The reason behind the large ent
production is the potential energy component and energy flux
the entropy production term, which attain considerably high v
ues. The specific conclusions derived from the present study
listed as follows:

1. The entropy production due to electron system increase
reach maximum in the surface vicinity before it decays
the distance from the surface increases. This is more p
nounced as the heating period increases (t>2.5310212 s).
This occurs because of the amount of excess energy gai
the electrons and electron temperature distribution inside
substrate material. In this case, excess energy gain by
electrons due to irradiation field is considerably high in t
longer heating duration and electron temperature dec
sharply in the region next to the surface vicinity (x.2
31028 m). The effect of pulse shape on the entropy produ
tion is more pronounced for short heating durationst
<10212 s). The maximum entropy produced inside the su

Fig. 6 Coupling process entropy production inside the sub-
strate material at different heating periods— „a… for exponential
pulse shape, „b… for step input pulse shape
SEPTEMBER 2002, Vol. 124 Õ 211
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strate material due to exponential pulse is slightly high
than its counterpart corresponding to step input pulse sh

2. The entropy production due to lattice system is similar
that produced due to electron system, provided that
amount of entropy produced is less. The entropy produc
occurs mainly in the surface region of the substrate mate
This is due to lattice site temperature distribution below
surface. In this case, energy transfer by the electrons to
lattice site through collisional process is less during the
cosecond heating duration. Consequently, temperature
crease in the lattice site is small. The effect of pulse shape
the entropy production is significant; i.e., in the early heat
period, entropy production corresponding to exponen
pulse shape is more than that corresponding to step in
pulse. This reverses as the heating period progresses fu
(t>5310212 s).

3. The entropy production due to coupling process attains c
siderably larger values as compared to electron and la
systems. The behavior of entropy curves is similar to that
electron system. The attainment of high entropy product
is because of the potential energy and flux components in
energy production term, which increases with increas
heating period; i.e., electron temperature rises rapidly w
increasing heating period, while rise in lattice site tempe
ture is gradual. This results in large temperature differe
between the electron and the lattice systems as the he
progresses. This enhances the potential energy and
terms in the entropy equation. The effect of pulse shape
the entropy production is considerable. The amount of

Fig. 7 Integrated entropy production inside the substrate
material— „a… for exponential pulse, „b… for step input pulse
212 Õ Vol. 124, SEPTEMBER 2002
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tropy production increases in the case of exponential pu
shape and the trend of the entropy curves inside the subs
material differs for different pulse shapes; i.e., step inp
pulse profile results in gradual decrease in entropy curve

4. The integrated entropy production~integrated over the depth
for a given time! increases rapidly in the early heating p
riod, and it reduces as the heating period progresses in
ponential pulse case, while it increases gradually in the s
input pulse case. This indicates that integrated entropy p
file almost follows the exponential pulse profile. The rap
rise of the integrated entropy production in the early heat
period is because of the potential energy component in
entropy equation, which attains high values in the early he
ing period.
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Nomenclature

A 5 area where electrons flux~m2!
ABS 5 absolute value

Ce 5 electron heat capacity~J/m3K!
Cl 5 lattice heat capacity~J/m3K!

Cp 5 specific heat of lattice site~J/kg.K!
DE 5 energy transferred to lattice site~J!

f 5 fraction of excess energy exchange
G 5 electron phonon coupling factor~W/m3K!
gj 5 no. of quantum states
I o 5 laser peak power intensity~W/m2!
Jq 5 flux term ~W/m3!
k 5 thermal conductivity~W/m.K!

kB 5 Boltzmann’s constant (1.38310223 J/K)
me 5 electron mass~kg!
N 5 electron no. density~1/m3!
r f 5 reflection coefficient
S 5 source term
s 5 spatial coordinates corresponding to electron

movement~m!
sent 5 entropy production~J/m3K!
ṡe 5 entropy generation rate due to electron system

~W/m3K!
ṡl 5 entropy generation rate due to lattice system

~W/m3K!
ṡel 5 entropy generation rate due to coupling process

~W/m3K!
Tl 5 lattice site temperature~K!
Te 5 electron temperature~K!
Td 5 debye temperature~K!

t 5 time ~s!
Dt 5 time increment~s!

u 5 internal energy~J!
V̄ 5 electron mean velocity~m/s!
x 5 spatial coordinates corresponding tox-axis for

phonon~m!
Dx 5 spatial increment~m!

a 5 thermal diffusivity ~m2/s!
b 5 pulse parameter~1/s!
d 5 absorption coefficient~1/m!
x 5 force term~1/K!
l 5 mean free path of electrons~m!
r 5 density~kg/m3!

tp 5 electron-phonon relaxation time~s!
ts 5 electron thermal relaxation time~s!
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