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Abstract-This work analyzes microscopic radiation-metal interactions in short-pulse laser heating pro- 
cesses and their effects on the material thermaf response. The radiation-metal interactions are treated as a 
coupled two-step process : (1) the absorption of photon energy by electrons and (2) the subsequent heating 
of the metal lattice through electron-phonon collisions. Key parameters, pulse duration to relaxation, 
relaxation to diffusion, and heating intensity, are introduced to classify this two-step heating regime and 
the conventional one-step heating regime. In the two-step heating regime, the microscopic energy transfer 
among photons, electrons and phonons enlarges the size of the heat-affected region and lowers the peak 
metal lattice temperature rise significantly. The predicted transient reflectivity changes agree with sub- 

picosecond laser heating experiments. 

INTRODUCTION 

NEW TECHNOLOGIES based on fast laser heating are 
developing rapidly due to increasing availability of 
high-power short-pulse lasers. Examples in metal pro- 
cessing are laser micro-machining [l], laser patterning 
[2], laser processing of diamond films from carbon 
ion implanted copper substrates [3], and laser surface 
hardening. In these systems, short-pulse energy depo- 
sition reduces heat-affected areas by minimizing heat 
diffusion and realizes ultrafast and temporally-spa- 

tially controlled beating, melting and solidi~~tion. 
In addition, short-pulse laser heating is becoming an 
important tool in studying thin film thermal proper- 
ties. Since the heat diffusion penetration depth is small 
during a short-pulse laser heating, e.g., of the order 
of nanometers during a picosecond pulse, the influ- 
ence ofsubstrate on measurement is negligible [4,5]. A 

better understanding of radiation-metal interactions 
and the associated energy transfer is critical to the 
~rfo~ance evaluation and improvement of these 
technologies. 

Conventional laser heating processes, which involve 
a relatively low energy flux and a long laser pulse, 
have been successfully modeled in metal processing 
[6] and in measuring the thin film thermal diffusivity 
[7]. However, the appropriateness of applying these 
models to short-pulse laser heating is subject to ques- 
tion. Human [S] and Glass et al. [9] applied the hyper- 
bolic heat conduction (HHC) model in fast heating. 
The temperature predicted from the HHC model is 
significantly higher than that predicted from the con- 
ventional parabolic heat conduction model. However, 
the physical basis of the HHC model and its fun- 
damental parameters (i.e., the hear wave velocity) are 
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not clear [lo]. As laser pulse duration approaches the 
microscopic relaxation times among different energy 
carriers, the mechanism of radiation absorption 
becomes important. This is reinforced by the obser- 
vation of a thermal non-equilibrium state between 
electrons and the metal lattice in sub-picosecond laser 
heating experiments [I 1,121. 

The objective of the current work is to analyze the 
microscopic processes in radiation-metal interactions 
and to explore their effects on the spatial and temporal 
responses of the metal lattice temperature to short- 
pulse laser irradiation. Electrons and the metal lattice 
(phonons) in metals are considered as two separate 
systems. Electrons absorb the photon energy and then 
heat up the metal lattice through electron-phonon 
collisions. 

TWO-STEP MODEL FOR RADIATION-METAL 

INTERACTIONS 

Electromagnetic radiation with wavelength ranging 
from UV to near IR interacts with metals through 
electron excitation and electron-phonon interactions. 
Photons excite electrons into higher energy levels, and 
then the excited electrons thermalize rapidly, giving 
rise to a hot free electron gas. The high temperature 
electron gas diffuses inside the metal and then heats 
up the metal lattice through electron-phonon colli- 
sions. At room temperature, the collision time is about 
20 femtoseconds. Due to the large difference between 
electron and phonon momentum, an effective energy 
exchange between electrons and phonons requires sev- 
eral tens of collisions. Therefore, the el~tron-phonon 
thermal relaxation time is of the order of picoseconds. 

When the laser pulse duration is much longer than 
the electron-phonon thermal relaxation time, the hot 
eIectrons have enough time to establish local thermal 
equilibrium with the lattice. Consequently, electrons 
and the lattice have the same temperature T. The 
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heat capacity [J m ’ K ‘1 
heat capacity number. Cc = C,,,/C’, 
first relaxation to diffusion number. 

n, = fcltdl 
second relaxation to diffusion number. 

Dz = tc/td2 
dimensionless source term 
electron-phonon coupling factor 

tWm ‘Km’1 
Planck constant [J s] 
laser energy flux [J m ‘1 
thermal conductivity [W mm ’ K ‘1 
Boltzmann constant [J Km- ‘1 
film thickness [m] 
dimensionless film thickness 
mass [kg] 
number density [m ‘1 
pulse duration to relaxation number. 

N = t,lt, 
source term [W m ‘1 
metal surface reflectivity 
heating intensity number, 
S = 0.94( 1 - R)J/T&+b 
temperature [K] 
Debyc temperature [K] 

t time [s] 

‘, characteristic electronphonon thermal 
relaxation time , f, = C,,,‘G [s] 

td! first diffusion time, t,, = 6’C,,/K [s] 

‘<I2 second diffusion time. t,,? = L’C,,,/K [s] 

f P 
laser pulse duration [s] 

2’ speed of sound [m s ‘1 
.Y spatial coordinate [ml. 

Greek symbols 

; electron heat capacity constant 
[Jmm3km2] 

6 radiation penetration depth [m ‘1 
Y dimensionless time 

yl dimensionless spatial coordinate 

0 dimensionless temperature 
rJ electrical conductivity [n ’ m ‘1 

r electron mean free time between 

collisions [s]. 

Subscripts 
a atom 
c electron 
I lattice 

0 reference temperature. 

NOMENCLATURE 

effects of microscopic photon-electron and electron- 
phonon interactions arc insignificant, and the laser 
heating can be modeled by the conventional one-step 
process as 

C(T)??; = V.(KVT)+Q. (1) 

where T, is the electron temperature and T, is the 
lattice temperature. The energy transport by phonons 
is neglected, since heat flux is carried mainly by free 
electrons for metals. The electron heat capacity C, is 
proportional to T,, C,(T,) = ;lT,, as long as T, is 
much smaller than the Fermi temperature. which is of 
the order of IO“ K. 

In this one-step heating model, radiation heats up the 
material directly where it is absorbed. 

When the laser-pulse duration is comparable with 
the electron-phonon thermal relaxation time, the elec- 
tron-phonon interaction becomes an important con- 
trolling mechanism in the transfer of radiation energy 
to internal energy of the material. Since the electron 
heat capacity is small, electrons can be heated to a 
very high temperature with a laser of modest intensity 
in a very short time. Electrons and the lattice are then 
no longer in local thermal equilibrium and have to be 
considered as two separate systems. This non-equi- 
librium radiation heating process can be modeled 
phenomenologically as a two-step process : (1) the 
absorption of photon energy by electrons and (2) 
the heating of the lattice through electron-phonon 
coupling [ 131 

The electronphonon coupling factor, G, is the key 
parameter governing the rate of the electron-phonon 
thermal relaxation process and can be calculated from 
free electron theory [ 14,151. If the lattice temperature 
is not much smaller than the Debye temperature T,,. 
the original integral expression of G [14] can be ex- 
pressed approximately as 

c,(T;)% = V.(KVT,)-G(T,-T,)+Q (2a) 

where z(T,) is the electron mean free time between 
collisions at temperature T,. If T, > 0.48T,, the error 
of this approximation is within 6%. For pure metals 
at room temperature, r is dominated by collisions 
between electrons and phonons, and is inversely pro- 
portional to T,. Therefore, G depends weakly on T,. 
Within the limits of applicability of Wiedemann 
Franz’s law. G can be further expressed in thermal 
conductivity as 

C,(T,)$ = G(T,-T,) (2b) (4) 
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Table 1. Electron-phonon coupling factor G (in units of lOI W me3 K- ‘) 

Calculated Measured Calculated Measured 

cu 14 
Ag 3.1 
Au 2.6 
Cr 45 II 
W 278 

4.8 )0.7t (103) 
2.85 
2.8f0.5t 
42*5t 
26&3t 

V 648tt 
Nb 138tt 
Ti 2028 
Pb 62” 

523f37.t 
387*36t 
185+ 16t 

12.4* 1.4t 

t Brorson et al. [16]. 
$ Elsayed-Ali et al. [17]. 
SGroeneveld et al. [18]. 

11 n,/n, = 0.5 
~n,/n, = 1.0. 
tt n&l, = 2.0 

Table 1 presents G for several common metals. The 
measured values are taken from the literature [16-181 
and the calculated values are from equation (4) with 
reported physical constants [19]. The speed of sound 
is evaluated from T, and the atomic number density 

na 11% 

The number of free electrons in noble metals is taken 
as one per atom. For transition metals, since the exact 
number of free electrons contributed from the valence 
electrons in not clear [20], n, is chosen by physical 
reasoning. The valence electrons in transition metals 
are divided between the s-band and the d-band. Due 
to the large effective mass of d-band electrons and the 
strong interaction between the s-band and the d-band 
electrons, the contribution of d-band electrons to the 
number of free electrons is small and only part of s- 
band electrons can be viewed as free electrons. There- 
fore, n, is chosen here as a fraction of the valence 
electrons. 

The calculated values of G generally agree with 
measured values. Metals with higher free electron 
number density and higher T, have larger G values 
and shorter thermal relaxation times. 

SHORT-PULSE LASER HEATING OF A METAL 

FILM 

Short-pulse laser heating of a metal film is analyzed 
on the basis of a one-dimensional model, since the 
beam diameter is typically much larger than the heat 
diffusion penetration depth in a very short time. The 
temporal shape of the laser pulse is assumed to be 
Gaussian with an FWHM (full width at half 
maximum) pulse duration tP, peaking at time zero. 
Because the laser pulse duration is of the order of 
picoseconds, heat losses from the film surfaces are 
negligible. By neglecting the temperature dependence 
of both the thermal conductivity and the lattice heat 
capacity, the dimensionless forms of the two-step 
heating model (2a) and (2b) become 

w 
ai = C,N(O, -6,). (6b) 

Equation (6a) is non-linear because of the linear 
dependence of C, on T,. Dimensionless variables and 
characteristic times are defined as 

0, = TJT,, 0, = T,/T,, [ = tltp, q = x/S (74 

I= L/S, td, = 62C,/K, t,, = L2Ce,jK (7b) 

where tp is the laser-pulse duration and 6 is the radi- 
ation penetration depth. 

The diffusion times t,, and td2 are based on 6 and 
the film thickness, L, respectively. The characteristic 
time for electrons and phonons to reach thermal equi- 
librium, t,, can be derived from equations (6a) and 
(6b) by further neglecting the temperature dependence 
of C, and the transport of electrons, assuming tp to be 
infinitely small, and using the fact that C, >> C,, as 

t, = CJG. (8) 

The initial time is chosen as [ = -2. The relative 
error of the total laser energy fluence caused by this 
choice is within 10m4. The initial and boundary con- 
ditions are 

&(r, -2) = @,(rl, -2) = 1 Pa) 

The source term cannot be properly determined 
because of complex radiation-material interactions. 
As a first approximation, the problem here is sim- 
plified by neglecting the dependence of optical prop- 
erties of metals on : (1) light intensity, (2) the laser 
pulse duration, and (3) temperature. The first assump- 
tion is applicable for modest laser intensities, e.g. 0. l- 
100 MW cme2, since multi-photon absorption is 
negligible in this intensity range [21]. The second 
assumption is tenable if the laser pulse duration is 
much larger than the electron-phonon collision time, 
which is about 0.02 ps at room temperature. 
Currently, most high-power short-pulse lasers operate 
in the wavelength range from 0.2 to 0.7 pm. In this 
range, the temperature dependence of optical prop- 
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Table 2. Physical constants of gold usd in calculations 

Reflectivity (R) 
Radiation penetration depth (6) 
Thermal conductivity (a) 
initial temperature (T,,) 
Lattice heat capacity (C,) 
Electron heat capacity (cl.,,) 
Electrowphonon coupling factor (G) 

i-Typical values for visible light [2.5] 

erties is typically small for most metals before melting. 
For example, the ~xirnui~ temperature coefficient of 
reflectivity for Au, Cu, AI and Ni is of the order of 
IO- ’ K ’ in this wavelength range [S, 22-253. There- 
fore, the third assumption is acceptable. Under these 
assumptions, the dimensionless source term. j’(q, IJ. 
can be expressed as 

.f(g, 5) = exp ( - FJ -2.77i’). (IO) 

The two step-radiation heating process is governed 
by five parameters, the pulse-duration to relaxation 
number N, the first relaxation to diffusion number D ,, 
the second relaxation to diffusion number Dz, the heat 
capacity number C, and the heating intensity number 
S, defined as 

N = fp/lc. L), = &ii&, Dz = f,/fdz (I la) 

C, = C,,JC,, S = 0.94(1- R).I/T,C,,& (I I b) 

The number N measures the relative importan~c of 
microscopic relaxation processes during laser heating. 
If N is much larger than one, the two-step radiation 
heating model reduces to the conventional one-step 
heating model. The numbers D , and i?z characterize 
the effect of electron transport and the effect of the film 
size on the two-step heating respectively. If D, << 1. 
electrons and phonons reach thermal equilibrium 
before electrons can carry energy out of the radiat~otl 
absorption region ; therefore, the effect of electron 
transport on the two-step heating is small. Similarly, 
if D, cc 1, the effect of the film thickness is also insig- 
nificant. The number S. the ratio of the absorbed laser 
energy to the energy required to raise the temperature 
of electrons in the radiation penetration depth to a 
characteristic value, reveals the relative strength of 
laser heating. 

The transient electron and lattice temperatures 
are solved numerically using the Crank-Nicholson 
scheme. Since the radiation intensity decays exponen- 
tially within the radiation penetration depth, a non- 
unifo~ grid system is used, The electron and lattice 
temperatures are iterated for each time step until 
convergence criteria (A& < tO- 4 and A@, EC 10 “) 
are satisfied. The global energy balance, based on 
the total increase of internal energy and the total 
absorbed radiation energy determined from the laser 
energy flux, is also checked during the computa- 
tion. The material used in the simulation is gold. Its 
physical constants used in calculations are listed in 
Table 2. 

0.93t 
15.3 nrnt 
315 w m ’ ti ’ [zrj 
300 K 
?.Sx IO’J m ’ K ’ [25] 
2.1xIOJJn~-‘K” ‘[I91 
2.6 x IO” W rn. ’ K ’ (Table I ) 

RESULTS AND DISCUSSlON 

S~l~~rt-p~i~s~ i?~atir~g of u ~0~~i~I~~ 

Figure I shows the lattice temperature profiles in a 
0.5 pm gold slab during the heating of a 10 picosecond 
laser pulse. The temperature profiles predicted from 
the two-step model and the conventional one-step 
model are distinctly different. The absorbed radiation 
energy calculated from the one-step model is confined 
mostly within the radiation penetration depth during 
the laser pulse, while the two-step model predicts a 
much larger heat diffusion region. As a consequence, 
the peak lattice temperature rise from the two-step 
model is only half of that from the one-step model. 
These differences could be very important in processes 
in which the temperature and the size of heated area 
need to be precisely controlled, such as laser sputtering 
I261 and laser chemical processing 1271. The surface 
temperature also responds to the heating pulse diff- 
erently. The surface temperature predicted from the 
one-step model begins to fall at f = 5 ps, which is near 
the end of the laser pulse. However, the temperature 
predicted from the two-step model is still increasing at 
this instant, because the microscopic photon-electron 
and electron-phonon interactions delay the lattice 
response to the heating pulse. 

The electron temperature profiles are plotted in Fig. 
2. The peak electron temperature rise is one order of 
magnitude larger than the peak lattice temperature 
rise (see Fig. I), and electrons and phonons are 
strongly out of thermal equilibrium. These results 
show that there exists strong non-equilibrium heating 
effects even when t, is two orders of magnitude larger 
than the electron mean free time between collisions. 

It is also interesting to compare the two-step radi- 
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FIG. I. Lattice temperature profiles during a IO ps laser pulse. 



Short-pulse laser heating on metals 723 

J=10 ml/cm’ 
L.5W nnl 

B 
P 15aI' 
E 

lp=65 fs 

La3.1 ptn 

9 
g 1200- 

e 

p 9w 

t; 
!I 600’ 
Y 

2 
L 3w ....‘.‘..’ ...“‘. ‘. .. 

0 10 20 30 40 50 

DEPTH (nm) LASER FLUENCE (J/mV 

FIG. 2. Electron temperature profiles during a 10 ps laser FIG. 4. Peak electron temperature as a function of laser 
pulse. fluence. 

ation heating model and the HHC model in short- 
pulse laser heating. The two-step model predicts a 
much lower lattice temperature rise and a larger heat- 
affected area compared to the one-step model ; on the 
contrary, the HHC model indicates a significantly 
higher temperature rise and a smaller heat-affected 
area [8,9,28]. These differences may be caused by the 
fact that the HHC model totally neglects the micro- 
scopic processes of energy transfer among different 
energy carriers. 

Figure 3 presents the temperature profiles in a 1 pm 
gold film during the heating of a one nanosecond laser 
pulse. The lattice and electron temperatures predicted 
from the two-step model converge to the temperatures 
from the one-step model, indicating that the effects of 
the microscopic radiation-metal interactions become 
less important for laser pulse durations of the order 
of nanoseconds. 

Comparison with experiments 
Different laser heating models can be tested by 

short-pulse laser heating experiments [29,30]. In these 
experiments, a pump laser beam heats gold films, and 
a probe laser beam measures the transient reflectivity 
change AR. The probe laser photons excite the elec- 
trons in the completely filled valance d-band to the 
half-filled conduction band near the Fermi level. The 
electron and lattice temperatures affect the reflectivity 
by modifying (1) the electron number density in the 

final state of the excitation and (2) the band structure. 
Theoretically, optical properties of gold can be cal- 
culated from the band structure and the electron num- 
ber density distribution [3 1,321; however, due to the 
uncertainties in the band parameters, the calculated 
optical properties do not agree with experimental data 
quantitatively [32,33]. Therefore, in this study, the 
relation between AR and temperature changes is 
established by physical reasoning and experimental 
observation. 

At the early stage of a short-pulse laser heating, due 
to the delay of the lattice temperature rise compared 
with the electron temperature rise AT,, the lattice tem- 
perature rise is small ; therefore, AR is mainly caused 
by AT,. The maximum reflectivity change (AR),,, 
varies linearly with laser fluence [29,30] ; in addition, 
the peak electron temperature rise (AT,),,,, predicted 
from the two-step radiation heating model, varies 
almost linearly with laser fluence (Fig. 4). Therefore, 
AR can be assumed to be proportional to AT,, and 

ARKAR),,, = ATJ(AT,),,,. (12) 

Figures 5 and 6 present the comparison of predicted 

ARI(AR),,, from equation (12) with that from 
sub-picosecond laser heating experiments [29]. AT,/ 

(AT,),,, is evaluated from the one-step and the two- 
step radiation heating models respectively. The results 
from the two-step model agree with experiments, but 
the one-step model fails to predict the fast energy 

3rm 
0.0 0.2 0.4 0.8 0.8 1.0 

DEPTH (pm) 

FIG. 3. Temperature profiles during a 1 ns laser pulse. 

TIME DELAY @es, 

FIG. 5. Transient reflectivity changes at the front surface 
(tp = 96 fs, J = 1 mJ cm-‘). 
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FIG. 6. Transient reflectivity changes at the rear surface 
(fP = 96 fs, J = I mJ cm-‘). 

transport process and the rapid electron-phonon 
relaxation process at the rear surface of the film. 

At the front surface, both the electron transport 
process and the electron-phonon relaxation process 
remove the energy from the electrons within the radi- 
ation penetration depth, which in turn decreases the 
surface electron temperature. Increasing the film 

thickness enhances the transport process ; thus, the 
drop of the surface electron temperature becomes 
more rapid. At the rear surface, T, rises with the 
arrival of the heat wave transported by electrons, and 
then decreases due to the electron-phonon relaxation. 
The time for AT, to reach maximum reduces with 
decreasing film thickness. 

Regime map,fbr one-step and two-step radiation heating 
The short-pulse laser heating process is char- 

acterized by six parameters : N, D ,, D,, C,, I, and S. 
The typical ranges of these parameters are 0.01-100 
for D,, &5 for D,, I-1000 for 1, and l-1000 for S. 
Since the heat capacity number C, varies only slightly 
for different materials, C, is taken as 8.5 x 10.. ’ in this 
study. 

In long-pulse laser heating, the one-step model is 
valid ; in short-pulse laser heating, the two-step radi- 
ation heating model should be applied. A critical num- 
ber N,, is defined to separate these two regimes quan- 
titatively. It is defined as the number N at which the 
prediction of surface temperature from the one-step 
radiation model causes a 20% error compared with 
the two-step radiation heating model. 

Figure 7 shows the regime map for one-step and 
two-step radiation heating based on these parameters. 
N,, is affected by the transport of electrons, the heating 
intensity, and the size of the film. As D, approaches 
zero, the effect of transport becomes small; thus N,, 
approaches one. As D, increases, the transport 
process, which competes with the electron-phonon 
relaxation process, becomes important, as a result, N,, 

increases. 
The number D, is related to D , by D, = D , .I 2, and 

the position of D, = 1 is marked on the curves. When 
D, is much smaller than one, the size effect on N,, is 
small since electrons cannot carry energy far enough 

ONE-STEP RADIATION HEAT’WF 

10’ 

RADlAl,ON “EATING 

. * .. I ..-I 
10 * 10.’ 100 10’ 102 

DIFUSION NUMBER U, 

FIG. 7. Regime map for one-step and two-step radiation 
heating. 

to feel the existence of the other side of the film during 
the electron-phonon relaxation period. In the regime 
D, > 1 and Dz < 1, N,, is nearly constant. The size 
effect on N,, begins near the point D2 = 1. With the 
further increase of D,, hot electrons can reach the 
rear surface of the film at the very beginning of the 
electron-phonon relaxation process ; thus, the trans- 
port effects on N,, are eliminated. and N,, decreases. 

When the transport effect is small (0, < 0.1) N,, 
increases with the number S due to the non-linear 
dependence of T, on S. When the transport effect is 
large (0, > l), the effects of S on N,, become less 
important because the electron transport process does 
not depend on the heating intensity. Since the number 
1 only affects the transport process, it can be expected 
that increasing 1 enhances the effects of the two-step 
radiation heating in the region D, > 1 and has neg- 
ligible effects in the region D, < 0.1. 

Given the material properties and laser pulse 
duration, this regime map suggests the appropriate 
radiation heating model. Similarly, a laser pulse dur- 
ation can be predicted to achieve or avoid non-equi- 
librium heating. 

CONCLUSIONS 

The effects of microscopic radiation-metal inter- 
actions on fast laser heating have been studied by 
using a two-step radiation heating model. In a fast 
heating regime (pulse duration of the order of pico- 
seconds or shorter), the microscopic energy transfer 
among photons, electrons and phonons becomes very 
important. It enlarges the heat-affected region and 
lowers the peak temperature rise of the metal lattice 
significantly. The conventional one-step radiation 
heating model overpredicts the peak surface tem- 
perature and underpredicts the heat-affected region. 
In a slow heating regime (pulse duration of the order 
of nanoseconds), the two-step radiation heating 
model reduces to the conventional radiation heating 
model. The transient reflectivity changes predicted 
from the two-step model agree with sub-picosecond 
laser heating experiments. Key parameters, pulse dur- 
ation to relaxation, relaxation to diffusion, and laser 
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heating intensity, are introduced to characterize short- 14. 

pulse laser heating processes. A general regime map, 
based on these numbers, is constructed to dem- l5 
onstrate the validity of the one-step and two-step radi- ’ 
ation heating models. 16. 
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CHAUFFAGE DES METAUX PAR LASER A BREVE PULSATION 

R&snm&Gn analyse les interactions microscopiques rayonnement-metal pendant le chat&age par laser a 
breve pulsation et leurs effets sur la reponse thermique du metal. Ces interactions sont trait&es comme un 
mecanisme couple a deux &apes: (1) l’absorption de l’bnergie des photons par les electrons et (2) le 
chauffage du reseau du metal par les collisions electron-phonon. Les parametres actifs, la dur&e de la 
pulsation et la relaxation, de la relaxation a la diffusion, l’intensite du chauffage, sont introduits pour 
traiter ce regime de chauffage a deux &apes et le regime conventionnel de chauffage a une seule btape. 
Dans le regime de chauffage a deux &tapes, le transfert microscopique d’energie parmi les photons, les 
electrons et les phonons augmente la dimension de la region affect&e par le chat&age et diminue sensiblement 
le pit de temperature du metal. Les changements prMits de reflectivitt variable s’accordent avec les 

experiences de chaulTage laser sub-picroseconde. 
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ERWARMUNG VON METALLEN MITTELS KURZER LASERPULSE 

Zusammenfassung-In der vorhegenden Arbeit wird die mikroskopische Wechselwirkung zwischen Strah- 
lung und Metallen wlhrend einer Erwarmung mittels kurzer Laserpulse und deren EinfluR auf das ther- 
mische Verhalten des Materials untersucht. Die Wechsclwirkung zwischen Strahlung und Metal1 wird als 
gekoppelter zweistufiger Prozeg behandelt : (1) Absorption von Photonenergie durch Elektronen und (2) 
die nachfolgende Aufheizung des Metallgitters durch Kollisionen zwischen Elektronen und Phononen. 
Schliisselparameter, wie das Verhhltnis der Pulsdauer zur Relaxation, der Relaxation zur Diffusion und 
der Intensitat der Erwarmung, werden zur Klassifizierung dieses zweistufigen Erwarmungsbereichs und des 
herkommlichen einstufigen Erwarmungsbereichs eingefiihrt. Im zweistufigen Bereich vergr6Bert dte 
mikroskopische Energieiibertragung zwischen Photonen, Elektronen und Phononen die GriiRe des warmc- 
beaufschlagten Bereichs, wahrend die Temperaturspitze im Metallgitter spiirbar kleiner wird. Die 
berechneten transienten Veranderungen des Reflexionsvermijgens stimmen gut mit Lasercxpcrimenten 

unterhalb des Picosekundenbereichs iiberein. 

KOPOTKOHMfIYlIbCHbIti JIA3EPHbIn HAI-PEB METAJIJIOB 

AllHOTaIUU-AHaJIU3UpyroTcn MIiKpOCKOUWIeCKHe EI3aEiMOAei+ZTBIiff MeXCAy II3Ay9eIiUeM 5% MeTaJIJIOM B 

"pOUeCCaX KOpOTKOHMnyJIbCHOrO ,Ia3epHOrO HarpeBa H HX BJIHRHHe Ha TeIIAOBbIe XapaKTepIICTEIKH 

MaTepeana.kiccAeAyeMbIe e3aahfoAeiicTBan paccMaTpweaIoTcn KaK B3auhiocen3aHHbG IIpOUecc,cOCToa- 

IUG Ii3 Aeyx 3TanoB: 1) UornoI4emie 3Heprew +OTOHOB 3neKTpoHaMB II 2) nocneAyIcwwfi Harpee 

MeTa,IJIHIeCKO& l.WUeTKEI IIpH COyAapeHHaX 3JIeKTpOHOB II I#IOHOHOB. &III KAaCCIV&KaUHH AByXCTyIIeIi- 

gaTor0 pexulrta Harpeea Ii pemabfa 06bIrHoro oA~ocTynewIaTor0 Harpesa BBOlUlTCa TaKIie napaMeTpbl 

KBK OTHOIIIeHHe AJIIITeAbHOCTB EIMUyJIbCa K BpeMeHH peAaKCaUHH, BpeMeHll ~JIaKCaUIIH K XapaKTep- 

HOMy BpeMeHH AH@4y3HH H UHTeHCUBHOCTb HarpeBa.npFI AByXCTyIIeHqaTOM pe~IIMe HarpeBa MHKpOC- 

KOUllYeCKHii UepeHoc 3HeprIill MemAy +OTOHaMH, WIeKTpOHaMIi If f$JOHOHaMII UpRBOWT K 

cyrue.crBemioMy yBenwIeHm0 pashfepa Harpesaehtoro yvacTKa u cHmiceHUH3 MaKcxihfanbHoi4 TeMnepa- 

Typbr K~HCT~_WWWCKO~~ pemeTKkI MeTanna. TeOpeTHWZKHe pacYeTbI Ii3MeHeHHii HecrauHoHapHoro 

KO!#&IUEieHTa OTpaxeHIia COrJIaCyIOTCa C 3KCIIepUMeHTaAbHbIMEI AaHHbIMH AJIa Cy6IIHKOWyHAHbIX 

nasepoa. 


