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Abstract

The thermal behavior of thin slab as described by the parabolic microscopic heat conduction model with variable thermal properties is
investigated under two types of heating sources. These types are the unit step and the fluctuating harmonic heating sources. The considere
thermal properties are the electron gasand the solid lattic&;, total thermal capacities. It is found that the slab thermal behavior is more
sensitive to the variation i€, as compared to the variation @;. AssumingC, constant may cause an error of magnitude 19% while
assumingC;, constant causes an error of magnitude 5%. The sensitivity of the parabolic microscopic heat conduction model to the variation
in C. is higher under the effect of a fluctuating heating source as compared to a unit step heating source.
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1. Introduction In the second step, the incident radiation absorbed by the
metal film diffuses spatially within the film mainly by the
High-rate heating of thin metal films is a rapidly emerg- electron gas. For typical metals, depending on the degree of
ing area in heat transfer [1-13]. When a thin film is ex- electron—phonon coupling, it takes about 0.1to 1 picosecond
posed to a very rapid heating process such that inducedfor electrons and lattice to reach thermal equilibrium. When
by a short-pulse laser, the typical response time for the the ultrafast heating pulse duration is comparable with or
film is an order of picoseconds, which is comparable to the less than this thermalization time, electrons and lattice are
phonon—electron thermal relaxation time. Under these situ- not in thermal equilibrium. As a result, the thermal behavior
ations, thermal equilibrium between solid lattice and elec- Of the thin film under the effect of the microscopic parabolic
tron gas cannot be assumed and heat transfer in the electroh€at conduction model is describe by [1,3]
gas and the metal lattice needs to be considered separately. aT,
Models describing the non-equilibrium thermal behavior in  Ce(Te) 7
such cases are called the microscopic two-step models. Two ATy
microscopic heat conduction models are available in the lit- CL(TL)W =G(T. - Tp) 2)
erature. The first one is the parabolic two-step model [1-5,
8-10] and the second one is the hyperbolic two-step model

[1,3,7,11]. . i . peraturek, the electron thermal conductivitythe time,V
Ultrafast heatlng.of metals 90n5|sts of two major §teps of the gradient vectors, the heating source within the elec-
energy transfer, which occur simultaneously. In the first step tron gas ands denotes the coupling factor which character-
electrons absorb most of the incident radiation energy andizes the energy exchange between phonons and electrons
the excit_ed eleptron gas transmits its energy to the lattice Egs. (1) and (2) represent the parabolic microscopic heat
through inelastic electron—phonon scattering process [1,3]. ;onquyction model which implies that the electron and lat-
tice temperatures are not in local thermal equilibrium, i.e.,
* Corresponding author. T, # Ty . If electron gas and solid lattice are in local thermal
E-mail address: malnimr@just.edu.jo (M.A. Al-Nimr). equilibrium, i.e., T, = T, then the parabolic microscopic

=V (keVT) = G(Te —Tp) + S, 1)

whereC, denotes the lattice heat capacify, the electron
heat capacityl;, the lattice temperaturd, the electron tem-
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Nomenclature

C heatcapacity .................... 3Kt Greek symbols

G electron—phonon coupling factor . W—3.K~! e amplitude of fluctuation

K thermal ConductiVity ............ W']il'Kil n dimensionless t|me_y-_ ott/Lz

L filmthickness............................ m o dimensionless pulse duratiOﬁ,Olto/Lz

s Laplacian domain )] Laplace transformation of

Se heating source per unit volume, 0 dimensionless temperatuee (T — T;)/ T;
= So(1+ e sin(wt)) 1) dimensionless angular velocity of the fluctuating

So amplitude of volumetric heating source -kv-3 heat source= wL?/o

S dimensionless volumetric heat source, w angular velocity of the fluctuating volumetric
= S,/So heatsource ................couun.. s

t Me . S  Subscripts

1o pulseduration................ ... S . electron

T temperature............ ..o, K lattice

T; initial temperature ... K i initial

heat conduction model reduces to the parabolic macroscopicWhile G is assumed to be constant. Egs. (3) and (4) represent
(Fourier) heat conduction model. the parabolic microscopic heat conduction model which
Using different solving techniques, the microscopic par- implies that the electron and lattice temperatures are not in
abolic heat conduction model has been used numerously tolocal thermal equilibrium, i.e T, # T;.. Also,
describe the thermal behavior of thin metal films under dif-
ferent applications, operating conditions, geometrical para- Ce(T.) =y T, (5)
meters and metal propertie_s. In the previo_us solutions_, of theCL(TL) —a+b-T +c- TL2 +d- TL3 (6)
two-step models the material thermophysical properties are
assumed to be constant which simplify the solution. In this Egs. (5) and (6) are obtained as correlation’s for available
work we take into consideration the material properties de- experimental data for many metals over a wide range of
pendency on temperature and in order to rigorously accounttemperatures and the valuesjofare given by Kittel [14].
for the temperature dependence of material properties theEq. (6) governs the most general behavio€gfwith respect
microscopic parabolic two-step model must be solved nu- to temperature and many special cases may be obtained from
merically. it. As an example, under very low operating temperatures
(a,b and ¢) may be set to zero and as a resul, =
d- TL3, which is the known formula fo€;, of metals at low
2. Analysis temperatures. Egs. (3) and (4) assume the following initial
conditions:

2.1. Variablethermal properties
T.(0)=T.(0 =T, (7)

Consider a thin metal slab of thickneds which is Combining Egs. (7) and (4), two initial conditions in terms
exposed to an incident volumetric radiative heating source. T, are given as

Two types of volumetric heating sources are considered
which are the unit step and the harmonic types. The T, (0)=T;, E(O):o 8)
incident radiation is assumed to be totally absorbed by the ot

electron gas and the slab is assumed thermally insulatedeqs, (3) to (6) are combined to yield the following equations
from both sides during the heating process. Also, the slabn terms of77 :

thermal behavior is assumed to be lumped in which the

slab temperature is independent on the location. Taking into oT 2 T\ 3

consideration the temperature dependence of the thermalFl(T)g + FZ(T)(E) +F3(T)(§)

properties, the parabolic microscopic heat conduction model

Fr 92T aT 32T
is given as FaD) [ — Fe(T)—— =§ 9
+ Fau( )<3t2)+ 5(I) -7 =5 9)
aT,
C.(T,) 5 = —G(T, —TL) + Se (1) (3 where

0T,
cL(TL>a—tL=G(Te—TL) @)  F(T)=a+ b +y)T +cT?+dT3
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aT,
Fo(T) = (%)[(bT+2cT2+3dT3) Co=—r=-G(T.—TL)+S5 (12)
+(a+bT +cT?+dT?)] CL= aaif =-G(T, - Tp) (13)
Fa(T) = (é) [(a+bT +cT? +dT?) LO) =T, =T, (14)
« (b+20T+3dT2)] Eqs._(_13) r_:md (14) may be combined to yield two initial
conditions in terms of; as:
4 2 3 4
Fo(T)=|[ = T+bT T dT aT,
)= (G )lar #5771 ar) no=7 Tto-o (15)
Fs5(T) = (é) [a+0bT + cT?+ dT3]2 Egs. (12) and (13) are combined to yield:
; 3°T aT
whereT = Ty, with the subscriptL” is omitted for the sake +C1— =58, (16)
of convenience. Now, using the dimensionless parameters a2 dt
defined in the Nomenclature, Eq. (9) are rewritten as: with
20 26 90\ oA L D R
F1(0)— + F200)| — )|+ F3(0)| — C.Cr C.Cp
an an an
920 99 520 whereT = T, with the subscript L” is omitted for the
+F4(9) 5+ F5(0) — =5-5 (10) sake of convenience. Egs. (15) and (16) are rewritten in

2= . .
dan an dimensionless form as:

where 2
a6 a0
F1(9)=(t—>(a+(b+y)T,'(1+9) n n y
0
0(0) =0, —(©0)=0 18
+cTAA+60) +dT3(1+6)%) © oy (18)
y T2 2 with
F2(0) = | =% )[(bT:(1+6) + 2cT?(1 +6)?
G} C1L2 C2L*So
3 3 C3= , Cy= 5
+3dT (1+6)°) a Tia
2 2
+(a+bTi(1+0) + T (1+6) 2.3. Heating sources
+dTE(1+0)%)]
yT»3 The two heating sources, considered in the present work
F3(0) = (GZ 3> [(a +bT:(1+6) + cTA(1+6)° are described as:
+dT3(1+6)%) 2.3.1. Unit step heating source
« (b 42T (1+6) + 3dT,.2(1+ 9)2)] _ The l_Jnlt step volumetric heating source has the following
dimensionless form:
yTi 2 2
Fa(0) = (Gt(;)(aT (146) +bT7(1+6) S = [1— u(y — n0)]
+ CTi3(1 +60)°%+ dTi4(1 + 9)4) whereu(n — no) is the unit step function which is defined as:

2
yT

F5(0) = ( o

0

{u:l forn > no

)( +bTi(146) u=0 forn<no

+cT,.2(1+9)2+dTl-3(1+9)3)2 This implies that the heating source assunses: 1 for
0<n<noandS =0 forn > no.
and the initial conditions become:
2.3.2. Harmonic heating source
In this case, the heating source fluctuates in a harmonic
manner as:

30

0(0)=0, —(©0)=0 (11)
an

2.2. Constant thermal properties (1) = 1+ & sin(en)

In this special case;., C; andG are assumed constant whereg is the fluctuation amplitude anadlis the dimension-
and as a result, the governing equations are given as: less angular velocity.
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2.4. Solution methodology source, two sets of figures are obtained. The first set gives
) .. .. .. acomparison between the slab behavior with variable and
Egs. (10) and (11) are solved numerically using finite dif- - qtant |attice thermal capacity while other properties,
ference scheme. The finite difference method is based on they, .1, asC. and G. are held constant. The second set
e L] .

central and forward discretization in time domain. Egs. (17) gives a comparison between the slab behavior with variable
and (18) are solved using Laplace transformatlontechmque.and constant electron gas thermal capacity while other
Closed form expressions are obtained for the dimensionIesspropemes such a€; and G, are held constant. The

lattice temperature for the two heating sources. The solutionsyeyiation in the lattice temperature is defined as

are given as:
(OL)variable— () constan

- 0
2.4.1. Unit step heating source Percentage deviation (6L )variable x 100%
Inthis case, the dimensionless lattice temperature is given\yhere (4, )variable indicates that the lattice temperature is
as: estimated with one of the thermal propertie3, (or Cr)
0(n) = (h(n) —u(n—no)h(n — ,,0)) (19) is taken variable while the other property is held constant.

On the otherhand{6;)constant indicates that the lattice

with temperature is estimated with both thermal propert@s (
h(n) = _G + 9,7 + ﬂefcsn andCp) are held constant. In both caseésis held constant.
C§ Cs C§ Fig. 1 shows the transient variation in the dimensionless
lattice temperature with variable and constant lattice thermal
2.4.2. Harmonic heating source capacityCy using the unit step heating source whilg and
In this case, the dimensionless lattice temperature is givenG are held constants. It is clear from this figure that the
as: difference between the two cases is insignificant until one
eCy ewCy —Can reaches the end of the pulse signal@t 1.0.
0Gn) =h(n) = T wCz (C3+C3w2)e Fig. 2 shows the percentage deviationdn between
e s £CaC the variable and constanf; cases. It is clear that the
4 : 3C4
— ————sin(wn) — —————coqw 20
Gotod " T (ot on O B : . : .
EE 7Y D [ e SO S
2 | . : .
3. Resultsand discussion g e pTTTTTes rbbbbbbi rbbbbbibi LT
§ 03 A
The plate is made of lead with properties shown in Ta- 8 025 f---------t--- - --f-oooooooo 7= Cluariable f
. . . = ! ! —— Cl constant
ble 1. The following set of figures show the transient ther- = o24--------- P Poseeeee- o oo [
mal behavior of the lumped slab under different operating & ois-------_ L L T ]
conditions and for both types of heating sources. § N . A L [ S S
The concern is focused on the validity of the constant § sl A o L I
thermal propertie<;, andC; , assumption. For each heating A . i ; ; !
0 0.5 1 L5 2 2.5
Table 1 Dimensionless time, 1

Lead thermophysical properties

Fig. 1. Dimensionless lattice temperature versus dimensionless time using

Properties at 300 K ’ ; .
unit step heating source whetg is constant §g = 1.0).

Melting point [K] 601
o [kg-m~3] 11340 7 . . : :
Cp kg 1KY 129 ! ! : |
K [W-m~1K-Y 35.3 < T T T T VT
o [m2.s71 24x 1076 < 5] ! + 4
Ce [3m3.K-4 2.1x 10 s | ; |
€L [Im—3K 15x 108 47
G W-m—3.K™ 12.4 x 1016 5
g

Property Temperature [K] § ]

100 200 400 600 &~ 1
K [W-m~1K1) 39.7 36.7 34.0 314 0 ; , . !
Cp [Ikg~ 1KY 118 125 132 142 0 05 1 15 2 25

Dimensionless time, n

a b c d y [Im=3.K=?] _ _ S _
1205035.0 167427 _3.74587 0.00348 70 Fig. 2. Effect of C; on the transient deviation in the lattice temperature

using unit step heating sourcgp(= 1.0).
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slab thermal behavior is not sensitive to the constant fixed value. From this figure we can see that the dimension-
assumption since the maximum deviatio®inbetween the less electron temperature is higher than the dimensionless
two cases does not exceed 5%. Itis clear from this figure thatlattice temperature. This is predicted since the electron gas
there is a sudden increase in the percentage deviatién in  temperature varies over a wider temperature range as com-
which appears at the end of the unit step heating duration. Inpared to the variation in the lattice temperature. The electron
fact, this increase is not a large one and its maximum value gas has smaller thermal capacity and it absorbs the incident
does not exceed 5%. The reason why this sudden increase imadiative heat totally and directly and as a result, it attains
the deviation appears at the end of the heating durai®s:( much higher temperature as compared to the solid lattice.
1.0) is due to the fact that as the heating process proceeds, Fig. 5 shows the percentage deviationdn between
the lattice temperature increase then the error in assumingthe variable and constadi, cases. It is clear that the slab
C1 constant increases and accumulates to appear at the enthermal behavior is very sensitive to the constant electron
of the heating process and to maintain a fixed value after that.gas thermal capacity since the deviationép between

Fig. 3 shows the transient variation in the dimensionless the two cases is about 16%. It may be concluded that
lattice temperature with variable and constant electron gasthe parabolic microscopic heat conduction model is more
thermal capacity’, using the unit step heating source while sensitive to the variation i, as compared to the variation
Cp and G are held constants. It is clear that the deviation in C.. This is predicted since the electron gas temperature
between the two temperatures increases linearly until onevaries over a wider temperature range as compared to the
reach the end of the pulse signal and then the deviationvariation in the lattice temperature. The electron gas has
attains a fixed value. smaller thermal capacity and it absorbs the incident radiative

Fig. 4 shows the transient variation in the dimensionless heat totally and directly and as a result, it attains much higher
electron temperature with variable and constant electron gastemperature as compared to the solid lattice.
thermal capacity’, using the unit step heating source while Fig. 6 show the variation in the lattice temperature for
C andG are held constants. It is clear that the deviation be- a harmonic fluctuating heating source and for different
tween the two temperatures increases linearly until one reach

. T . 2i
the end of the pulse signal and then the deviation attains a 0 ; : . :

. . s s ' ;
[es) , . ' . °\° ' ' ' '
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Fig. 5. Effect of C, on the transient deviation in the lattice temperature

Fig. 3. Dimensionless lattice temperature versus dimensionless time using ~ ) .
using unit step heating sourcgg(= 1.0).
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ing harmonic heating source at different values of amplitugie-(L00000.

fluctuation amplitudes. This figure obtained with variable

Cp andC, andG is held constants. Table 2

Fig. 7 shows the deviation ifi, between the two cases Maximum percentage deviation é,
and at different fluctuating amplitudes It is clear that Type of heat source
the deviation is very small since it does not exceed 1%. Unit step Harmonic
One may conclude that the slab behavior is not sensitive ¢, constant 16.71% 19.10%
to the constanC; assumption especially under harmonic ¢; constant 5.15% 1.11%

fluctuating heating source. In the unit step heating source,
this maximum deviation is found to be 5%.

Figs. 8 and 9 show the variation in the lattice temperature constant or variable, and C; and for the two heating
for a harmonic fluctuating heating source and for different Sources. This maximum deviation may appear at any time.

fluctuation amplitudes. Fig. 8 is obtained with constar, In case of unit step heating this maximum deviation appears
while Fig. 9 is obtained with variabl€, and in both figures ~ at almosty ~ 7o and after that maintains a fixed value. For
C,; andG are held constants. harmonic heating this maximum deviation appearsatno.

Fig. 10 shows the deviation &y, between the two cases This implies that, it is not fair to compare between the
and at different fluctuations amplitudes It is clear from  instantaneous deviation . since such a comparison give

this figure that the deviation is significant and may reach a Wrong indication. In general, if one interested in tracing the
value of 19%. This implies that the slab is very sensitive to instantaneous deviation, then he has to return to the Figs. 2,
the variation in the electron gas thermal capadity The 4,7, and 10.
sensitivity of the slab thermal behavior for the variation in
C. under fluctuating heating source is higher than that under
unit step heating source. Table 2 summarize these results fod. Concluding remarks
both cases.

It worth mentioning here, that Table 2 compares among  The validity of assuming constant total thermal capacity
the maximum deviation i, based on the assumption of propertiesC, and C; in the parabolic microscopic heat
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conduction model is examined for two types of volumetric  [4] S.L. Anisimov, B.L. Kapeliovich, T.L. Perelman, Electron emission
heating sources. These types are the unit step and the from metal surfaces exposed to ultra-short laser pulses, Soviet Phys.
harmonic fluctuating heating sources. For each heating type,  JETP 39 (1974) 375-377.

two cases are considered. The first case ass@meariable [5] J.G. Fujimoto, J.M. Liu, E.P. Ippen, Femtosecond laser interaction
while C, and G are held constants and the second case g::‘atrreﬁgﬁ;: ngz\tftggdsgcgggx;'Ii%gl;ﬂgfg.tmn and lattice tem-
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a basic case, which assumés, C,, andG constants. The [7] M.A. Al-Nimr, V.S. Arpaci, The thermal behavior of thin metal films
deviations between the results of each case and that of the in the hyperbolic two-step model, Internat. J. Heat Mass Transfer 43
basic case are estimated. Table 2 summarizes these results (2000) 2021-2028.

by focusing on the maximum deviation. It is concluded that [8] MA Al-Nimr, V.S. Arpaci, Picosecond thermal pulses in thin metal
the slab thermal behavior is more sensitive to the variationin __ MMS: J- APPL. Phys. 85 (5) (1999) 2517-2521. _
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h hi . di is higher in the h . films, J. Heat Transfer 119 (1997) 188-190.
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based on practical values used in the literature. 1257-1268.
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