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Abstract-Femtosecond thermoreflectivity experiments are performed to investigate energy deposition and 
transport during the very early period of short-pulsed laser heating of gold and chromium multi-layer 
metal films. The chromium layer underneath the top gold layer is found to produce significant effects on 
the laser-energy deposition process. Experimental results show that radiation absorption by free electrons 
and the subsequent heating of the lattice occur not only at different times but also at different locations in 
a multi-layer metal film. The conventional radiation heating model fails to predict these results, and a more 

rigorous two-step model agrees well with the measured data. 

INTRODUCTION than one nanosecond. Nonequilibrium laser heating 

RADIATION deposition of energy in materials is a 
fundamental phenomenon central to laser diagnostics 
and laser processing. It converts radiation energy into 
material’s internal energy, which initiates many ther- 
mal phenomena, such as heat pulse propagation, melt- 
ing, evaporation and ablation. The operation of many 
laser techniques requires an accurate understanding 
and control of the energy deposition and transport 
processes. Examples include laser diagnostics of thin 
films [ 1,2], laser processing of microstructures [3] and 
laser deposition of thin films [4]. Conventionally, the 
energy conversion process is assumed to take place 
instantaneously where radiation energy is absorbed 
[5]. The preceding paper (Part I) shows that this 
assumption may not be valid during short-pulse laser 
heating of multi-layer metals. The purpose of the 
present paper (Part II) is to investigate this assump- 
tion experimentally. 

Recently, radiation deposition and the subsequent 
energy transport in homogeneous metals have been 
investigated with picosecond and femtosecond reso- 
lutions [6-121. Results show that during high-power 
and short-pulse laser heating free electrons can be 
heated to an effective temperature much higher than 
the lattice temperature, which in turn leads to both a 
much faster energy propagation process and a much 
smaller lattice-temperature rise than those predicted 
from conventional radiation heating model. Corkum 
et al. [13] found that this electron-lattice non- 
equilibrium heating mechanism can significantly 
increase the resistance of molybdenum and copper 
mirrors to thermal damage during high-power laser 
irradiation when the laser pulse duration is shorter 
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in multi-layer films, however, has not been studied 
experimentally. 

Clemens et al. [14] studied thermal transport in 
multi-layer metals during picosecond laser heating. 
The measured temperature response in the first twenty 
picoseconds was found to be different from pre- 
dictions of the conventional Fourier model. Due to 
the relatively low temporal resolution of the exper- 
iment (~4 ps), however, it is difficult to determine 
whether this difference is the result of nonequilibrium 
laser heating or from other heat conduction mech- 
anisms, such as non-Fourier heat conduction [15], or 
reflection and refraction of thermal waves at interfaces 
[ 161. Experiments with a higher temporal resolution 
are thus necessary to investigate mechanisms of energy 
deposition and transport in multi-layer metals during 
the very early period of laser heating. 

EXPERIMENTAL SYSTEM 

High-speed temperature measurement techniques 
play a critical role for a better understanding of novel 
phenomena and better control of processing that 
involves rapid temperature changes. Examples include 
rapid melting [ 171, superheating [ 181, femtosecond 
evaporation [19], laser annealing [20] and rapid ther- 
mal processing of thin films [21]. The overall temporal 
resolution of a temperature measurement system is 
often determined by the response time of detectors. 
For example, the response time of a micro thermal 
sensor and a high-speed photodetector is typically 
limited to microseconds [22] and picoseconds [23], 
respectively. When the time period of a thermal pro- 
cess is in the range of picoseconds or shorter, the 
entire measurement of a single thermal event becomes 
intractable, and a repetitive type measurement tech- 

2799 



2800 T. Q. QIU et al. 

NOMENCLATURE 

C heat capacity [J me3 K-‘1 
G electron-lattice coupling factor 

[w m-j K-‘1 
I intensity of laser beam [W mm’] 
L film thickness [m] 
N number of photon-excited electrons 
R surface reflectivity 
S source term [w mm’] 
t time [s] 

t, laser pulse duration [s] 
T temperature [K] 
T, effective electron temperature [K] 
T, effective lattice temperature [K]. 

Greek symbols 
K thermal conductivity yW m-’ Km’] 
z time delay [s]. 

nique, often called the pump-and-probe technique, 
must be used [6, 241. 

In the pump-and-probe technique, an intense light 
pulse (pump pulse) is used to heat the material, and 
then a second pulse (probe pulse) with a preset time 
delay is used to detect the signal. During a thermal 
process, only one data point is collected and its tem- 
poral position is determined by the time delay between 
the pump and probe pulses. By repeating the measure- 
ment with different delay times in many identical ther- 
mal processes, a statistical picture of the transient 
process can be constructed. 

is 100 fs (100 x lO_” s) pulses with 80 mW of power 
(1.1 nJ per pulse), and has a wavelength around 630 
nm. 

Figure 2 is a schematic diagram of the experimental 
system. The laser pulses from the femtosecond laser 
system are separated into two beams with an intensity 
ratio of 9 : 1 by a beam splitter. The intense beam 
(pump beam) is used to heat the sample. It passes 
through a light modulator, which modulates the beam 
intensity at 1.2 MHz, and is then focused onto the 
sample surface by a microscope lens. The focal spot 
diameter is 5 pm and the laser pulse energy is 0.27 nJ. 

In this work, a femtosecond laser is used to con- The weak beam (probe beam) is used to measure 
struct a pump-and-probe measurement system. Figure reflectivity changes. Its intensity is about one-tenth of 
1 shows the femtosecond laser system [25]. It contains the pump beam so that it does not disturb the thermal 
a solid-state laser and a dye laser. A continuously process. The probe beam is reflected by a mirror 
pumped, actively mode-locked Nd : YAG laser is used mounted on a variable optical delay stage. A change 
as the master oscillator that delivers pulses of about of the mirror position varies the difference of the 
100 ps (lo-” s) duration at 1.06 pm wavelength with optical path length between the pump beam and the 
a 76 MHz repetition rate. After frequency doubling probe beam, which in turn varies the time delay 
by a nonlinear optical crystal, the laser pulse wave- between the pump pulse and probe pulse [26]. For 
length is 532 nm at a power of 1 W (13 nJ per pulse). example, a 300 pm difference in the optical path length 
The 532 nm laser pulses are then used to synchron- generates a one picosecond (lo-l2 s) time delay. The 
ously pump a linear-cavity dye laser which generates mirror is driven by a computer controlled stepping 
femtosecond pulses [25]. The output of the dye laser motor. Every motor step moves the mirror by 5 pm, 
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FIG. 1. Schematic diagram of the femtosecond laser system. 

loafs 
0.63 Km * 
8OmW 



Femtosecond laser heating-II 

- MOWN0 

DETECTOR POLARIZER 
I 
I 

- LASER BEAMS 
______) ELEClRlCAL SIGNALS 

FIG. 2. Schematic diagram of the experimental system. 
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which varies the time delay by 33 fs. The polarization 
of the probe beam is rotated to be orthogonal to the 
pump beam by a half-wavelength plate so that the 
scattered pump beam can be blocked by a linear 
polarizer in front of the detector. Table 1 summarizes 
the experimental conditions. 

MEASUREMENTS OF REFLECTIVITY CHANGES 

Figure 3 shows a schematic diagram for the 
measurement principle of reflectivity changes during 
femtosecond laser pulse heating. The pump beam is 
modulated at a 1.2 MHz repetition rate, creating 
about 0.4 ps long heating pulse trains. Each heating 
train contains 32 individual 100 fs heating pulses sep- 
arated by 13 ns (Fig. 3a). Each 100 fs heating pulse 

produces a femtosecond heating event. Since the time 
interval between two successive heating processes (13 
ns) is much longer than the heating and heat relax- 
ation periods, the two heating processes are inde- 
pendent events (Fig. 3b). Each heating process causes 
a transient variation of reflectivity from its reference 
value, R. (Fig. 3~). Following the heating train is a 
period (417 ns) without heating pulses. The probe 
pulses have a short time delay (z = O-5 ps) related 
to the heating pulses (Fig. 3d). A train of the probe 
pulses is reflected by the sample at a reflectivity R(z), 
and the subsequent train is reflected at the reference 
reflectivity I&, resulting a periodic signal that has the 
same frequency and phase as the light modulator (Fig. 
3e). The reflected probe beam is detected by a high- 
speed photodiode. Since the rise and fall time of the 

Table 1. Experimental conditions 

Device/laser beam 

Laser 

Beam modulator 
Heating beam 

Probe beam 

Stepping motor 

Detector 

Lock-in amplifier 

Parameter 

Wavelength 
Pulse duration 
Pulse repetition rate 
Modulation frequency 
Power 
Pulse energy 
Focal spot diameter 
Power 
Pulse energy 
Focal spot diameter 
Range of time delay 
Resolution of time delay 
Type 
Response time 
Equivalent power of noise 
Minimum detectable AR/R 
Time constant 
Frequency 

Specification 

630 nm 
100 fs 
76 MHz 
1.2 MHz 
20mW, 
0.266 nJ pulse-’ 
-5pm 
3.5 mW 
0.046 nJ pulse-’ 
-5fim 
- 100 ps to 100 ps 
33 fs step-’ 
PIN-type 
-Ions 
5.8 x 1O-9 W 
1.7 x 10-b 
0.1 s 
1.2 MHz 
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(a) Heating pulse 

(b) Sample 
temperature 

(c) Sample 
reflectivity 

(d) Probe beam 
(before reflected) 

(f) Photocurrent 
signal 

(h) Measurement 
result 

FIG. 3. Measurement principles for reflectivity changes 

photodiode ( - 10 ns) is much longer than the duration 
of laser pulses (100 fs), the photodetector functions 
like an integrating detector, producing a prolonged 
photo-current response after the arrival of each probe 
pulse. On the other hand, the photodiode’s response 
time (- 10 ns) is much shorter than the modulation 
period (0.83 ps) ; thus it can still resolve the modulated 
signal (Fig. 3f). Figure 3g shows the AC signal after 
the photo-current has passed through a narrow-band 
filter. The amplitude of the AC signal is proportional 
to the averaged reflectivity change, AR(z) = 
R(r) - I?,,. After calibrating the correlation between 
AR and the AC signal amplitude, the reflectivity 
change at a specific delay time, t, during laser heat- 
ing can be deduced (Fig. 3h). By varying the delay 
time, 2, and repeating the same measurement 

procedure, the entire reflectivity response during a 
laser heating process can be constructed. 

RESULTS AND DISCUSSION 

Laser pulse duration 
The laser pulse duration varies on a day-to-day 

basis due to the aging of the laser dyes. Figure 4 shows 
a schematic diagram of the experimental system for 
the pulse duration measurement. It uses the laser pulse 
to measure itself [26]. A laser pulse is separated into 
two pulses that undergo different optical paths. When 
they are focused on a nonlinear frequency-doubling 
crystal, a time delay, z, exists between them. The inten- 
sity of the frequency doubled light is 
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FIG. 4. Experimental system for the measurement of pulse auto-correlation. 

Z,(t,r) = c*z(t)-z(t+T) (1) 

where Z(f) and Z(t+ 7) are the transient intensities of 
the two incident pulses and C is a crystal constant. 
Since the detector’s response time is much larger than 
the laser pulse duration, the measured light intensity 
Z, is the auto-correlation of the laser pulse, 

s 

+m 
Is(T) = c Z(t)Z(t+7) dt. (2) 

--m 

The temporal intensity distribution of femtosecond 
laser pulses is often assumed to be a hyperbolic-secant- 
squared pulse shape [25], which is very close to the 
Gaussian shape [26]. In this work, laser pulse shape is 
approximated by the Gaussian profile because of its 
simplicity, i.e. 

Z(r) =Z,exp(-41n2*(t/Q2). 

Then the normalized detected signal is 

(3) 

Z, (7) ~ = exp(-21n2*(t/t,)2) 
r, (0) 

where t, is the full-width-at-half-maximum (FWHM) 
pulse duration. 

Figure 5 presents the measured auto-correlation of 
the laser pulse as well as the calculated results with 
different t,. The comparison shows that the center of 
the pulse is Gaussian but the leading and trailing edges 
of the pulse are no longer Gaussian. The best fit of 
the Gaussian part gives a pulse duration t, = 100 fs. 
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FIG. 5. Auto-correlation of laser pulses. 

Reflectivity-temperature correlation 
In general, reflectivity changes of metals are the 

results of the variations of electron distributions and 
are related to the parameters that characterize the 
electron system. In the present experiment, the initial 
laser heating results in a change in the occupation 
number of the electrons near the Fermi level, which is 
probed through measuring the transient reflectivity of 
the samples [6]. Fann et al. [lo, 111 measured the 
electron distribution functions during femtosecond 
laser heating. The results show that, after a few hun- 
dred femtoseconds of the initial laser heating, elec- 
trons follow thermal equilibrium distributions and the 
electron system can thus be described by an effective 
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electron temperature, T,. In the first few hundred 
femtoseconds, T, is an approximated temperature ; 
and, after this initial period, T, represents a real elec- 
tron temperature, which is not in general equal to the 
effective lattice temperature, T,. The measured reflect- 
ivity change, AR, is related to the variation of the 
effective electron temperature, AT,. 

Rosei et al. [27-301 developed a quantum-mech- 
anical model to characterize the temperature depen- 
dence of optical proprieties of noble metals. Figure 6 
shows spectrally dependent reflectivity changes in a 
0.1 pm thick gold film during 65 fs laser pulse heating. 
The theoretical results are calculated using Rosei et 
al.‘s reflectivity model [27-301 and Anisimov et al’s 
parabolic two-step laser heating model [31], which 
was also referred to as the two-temperature diffusion 
model [9, 131. The experimental data are from Schoen- 
lein et al. [32]. The model predicts qualitatively 
correct spectral dependence. At short laser wave- 
lengths, an increase in the electron temperature results 
in an increase in the reflectivity. On the other hand, 
at long laser wavelengths, the temperature dependence 
is reversed. The predicted magnitude of reflectivity 
changes, however, is much larger than that measured, 
which might be due to the uncertainty of model par- 
ameters [33] and neglect of many important factors in 
the model, such as voids and lattice defects in the 
samples [34]. 

Figure 7 presents the predicted change of reflectivity 
as a function of the electron temperature by using 
Rosei et al.‘s reflectivity model [27-301. The reference 
temperature is 300 K. It shows that, in the regime 
300 K < T, < 700 K, AR is approximately pro- 
portional to AT,, which is consistent with Juhasz et 
al.‘s results [9] that at relatively high temperatures (e.g. 
room temperature) AR is proportional to AT,. Since 
the maximum electron temperature in this experiment 
is less than 700 K, the measured reflectivity-change 
can be assumed to be proportional to the electron- 
temperature change. Furthermore, the maximum 

0.4) - . . . _ * - . . . . , 

WAvElmGTH (pm) 

EUXlRON IEMPERA’IURE (K) 

FIG. 7. Predicted correlation between reflectivity changes and 
temperature variations for gold. 

reflectivity change (AR),,X is observed to be pro- 
portional to the laser fluence [7, 8, 321. Likewise, the 
maximum electron-temperature change (AT,),,, is 
roughly proportional to laser fluence in the energy 
range of the experimental observations (Fig. 8), as 
predicted from the parabolic two-step radiation heat- 
ing model [3 1, 351. Therefore, (AR),,, is also roughly 
proportional to (AT,),,,. As a result, the normalized 

8 “: 

300 . . ..“...I..“..‘...‘... 
0 10 20 30 40 50 

LASER FLUENCZ. I (I/m-+ 

FIG. 8. Peak electron temperatures at various laser fluence. 
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FIG. 6. Spectrally dependent reflectivity change during femtosecond laser heating of a gold film (L = 0. I 
pm, J = 40 J m-*, and t, = 65 fs). 
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(a) KMIOAAU (b) moA~umoAa (c) MO A Ad330 A crmo A Au 

- gold B chromium 
FIG. 9. Schematic diagram of multi-layer samples. 

electron-temperature change can be deduced from the 
measured reflectivity-change as 

Laser heating of multi-layer metals 
The samples are single-layer, double-layer and 

triple-layer gold and chromium thin films deposited 
on sapphire substrates (Fig. 9). The samples were 
processed in the UC. Berkeley Microfabrication Lab- 
oratory by thermal evaporation. The film deposition 
pressure is 24x 10m6 torr and the growth rate is 
around 5 A s-‘. The thickness is measured sim- 
ultaneously during the film deposition process by a 
crystal monitor to an accuracy of 10 A. The double- 
layer samples contain a 500 A thick gold layer on the 
top of a 500 8, thick chromium layer. The triple layer 
samples have a sandwich structure with 340 8, gold on 
top, 330 A gold at the bottom, and 330 A chromium in 
between. The deposition temperature is below 300°C ; 
thus gold and chromium do not form an alloy at their 
interface during the film deposition process. 

Figure 10 shows the comparison of experimental 
results with predicted electron-temperature changes at 

i? t 
-, .&_____“_ _____-----. 

o~P-,~JI,,,,I~~~ ‘~~~~‘fi~~~’ -1 0 1 2 3 4 
W(ps) 

FIG. 10. Comparison of experimental results with predicted 
transient electron-temperature changes. 

the front surface of a single-layer 200 8, thick gold 
film during 100 fs laser pulse heating. Two models 
considered in the comparison are the parabolic one- 
step radiation heating model (POS), 

C$= V.(KVT)+s (6) 

and the parabolic two-step radiation heating model 
(PTS), 

Ce(Tc)% = V. ~I(VT~ -G(T,-T,)+S 
( > 

(7) 
I 

C,$= G(T,-T,) (8) 

where T, is the lattice temperature, C, and C, are the 
electron and the lattice heat capacities, respectively, S 
is the laser heating source term, and G is the electron- 
lattice coupling factor. The POS model is based on 
the empirical Fourier heat conduction law and the 
assumption that radiation energy is deposited directly 
into the lattice where it is absorbed. The PTS model 
considers a microscopic two-step radiation heating 
process: radiation absorption by electrons and the 
subsequent energy redistribution between electrons 
and the metal lattice. The ratio of the electron tem- 
perature to the lattice temperature in the PTS model 
accounts for the effect of electron-lattice non- 
equilibrium heating on the electron thermal con- 
ductivity [36]. Detailed discussion about different 
radiation heating models and material properties used 
in the model predictions has been presented in the 
preceding paper (Part I). Predictions from the PTS 
model, which involve no fitting parameters, agree well 
with the experimental results, revealing a rapid elec- 
tron heating process and a subsequent slow electron- 
lattice thermalization process. The POS model fails to 
predict the thermalization process. 

Figure 11 shows effects of film thickness on the 
transient electron-temperature response at the front 
surface of single-layer gold films during 100 fs laser 
pulse heating. Since the radiation penetration depth 
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Il. Effects of film thickness on the transient electron- 
temperature response. 

in gold at 630 mn wavelength is around 150 A, the 
laser energy deposits itself in the 150 A thick film 
volumetrically, resulting in a quite uniform tem- 
perature distribution. Therefore, there is a very limited 
transport effect in the 200 A film. On the other hand, 
for the 1000 A thick film, since the radiation pene- 
tration depth is much smaller than the film thickness, 
electrons can carry the absorbed energy away from 
the radiation absorption region rapidly, resulting in a 
more rapid surface temperature drop. This is con- 
sistent with previously reported experimental results 
[7,8,37]. The predictions of the PTS model agree well 
with the measurements. 

Figure 12 presents the comparison of the exper- 
imental results with the predicted electron-tem- 
perature response at the front surface of multi-layer 
films from the conventional POS model during 100 fs 
laser pulse heating. In the POS model, the laser energy 
is deposited directly into the gold lattice and then the 
absorbed energy propagates slowly away from the 
radiation absorption region. For example, the thermal 
diffusivity of gold is 1.2 x 10m4 mz s-’ ; thus it takes 
about 6 ps for a heat pulse to diffuse a 300 A distance. 
During the femtosecond laser heating process, the 

~o,s~ On - g ‘-““‘,b”’ ““““““““““““““j 

0 

A J+?ooo_ YGa--j 

-0.5 0 0.5 1 1.5 2 2.5 3 

=@r) 

FIG. 12. Comparison of measured results with predictions 
from the conventional POS model. 

heat pulse does not travel far enough to reach the 
gold-chromium interface and feel the existence of the 
other layers. Therefore the POS model predicts the 
same thermal response in films with different struc- 
tures. This prediction does not agree with the exper- 
imental observation, which clearly shows the film- 
structure-dependent responses. 

Figure 13 shows the comparison of measured results 
with predictions from the PTS model during 100 fs 
laser pulse heating of multi-layer films. Predictions 
from the PTS model agree with experimental results. 
Unlike the conventional POS model, which fails to 
predict the structure-dependent radiation deposition 
process, the PTS model shows that the laser heating 
process is very sensitive to the existence of the chro- 
mium layer underneath the top gold coating layer. In 
the PTS model the laser energy is initially deposited 
into the free electrons in the top gold layer. Before 
electrons transfer the absorbed energy to the lattice, 
they can move very rapidly away from the radiation 
absorption region. Since the heat capacity of free elec- 
trons is two orders of magnitude smaller than that of 
the lattice, the heat diffusion process by pure electrons 
is much faster than that by the thermal equilibrium 
electrons and the lattice. For example, the thermal 
diffusivity of electrons in gold is 1.5 x 10e2 m2 SC’ 
(Part I). It takes only about one hundred fem- 
toseconds for the heat pulse to propagate across the 
top gold layer and reach the underlying chromium 
layer. Since chromium has different material proper- 
ties from gold, the chromium layer is expected to affect 
the thermal response of the top gold coating. 

Since electrons have a lower thermal diffusivity in 
chromium, 1.6 x 1O-3 mz s-’ (Part I), than that in gold 
(1.5 x 10m2 m2 s-r), the chromium layer slows down 
the thermal diffusion process. On the other hand, 
chromium has a much larger electron-lattice coupling 
factor than gold [35, 381. Therefore, electrons can 
transfer energy to the lattice much more rapidly in 
chromium than in gold. The chromium layer acts like 
an electron heat sink, removing energy from the elec- 
tron system in the top gold layer to the lattice system 
in the underlying chromium layer. As a result, the 
surface electron temperature drops more rapidly in 

FIG. 13. Comparison of measured results with predictions 
from the PTS model. 
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the multi-layer films than in the single-layer film. 
Consequently, electrons transfer the majority of the 
absorbed laser energy to the underlying chromium 
lattice instead of to the top layer gold lattice, reducing 
the rise of the peak lattice temperature of the gold 
coating layer. This mechanism could be utilized to 
optimize temperature distributions in mirror coatings 
to enhance their resistant to thermal damage in high- 
power laser applications. The surface electron-tem- 
perature response of gold-chromium double-layer 
films and the gold~hromium-gold triple-layer films 
are very close, indicating that the additional layer in 
the triple-layer sample does not strongly affect the 
energy deposition and transport process. 

Experimental uncertainty 

The noise in the photon detecting process deter- 
mines the smallest detectable reflectivity-change. The 
equivalent radiation power of the detector’s noise is 
5.8 x 10e9 W at 630 mn wavelength and 76 MHz band 
width [39]. Since the probe beam power is 3.5 mW, 
the minimum detectable reflectivity-change is 
(AR/R)ti0 = 5.8 x 10F9 W/3.5 mW = 1.7 x 10m6 for 
this measurement system. 

The ultimate limit of the detectable reflectivity 
change is set by the quantum shot noise caused by the 
fluctuation in the number of photon-excited electrons 
in the detector. In this experiment, the signal pro- 
cessing time (i.e. the time constant of the lock-in 
amplifier) is 0.1 s, and the number of photons received 
by the detector in this time period is in the order of 
7 x 10”. The detector can convert 42% photons to 
photo-electrons [39] ; thus the number of photon- 
excited electrons is N = 3 x 1013. The RMS fluctuation 
of the electron number is N’/’ = (3 x 10’3)1/2 = 
5.5 x 106. This fluctuation sets the fundamental limit 
on the minimum detectable reflectivity-change as 
N”*/N = 5.5 x 106/3x lOI = 1.8 x 10-7. The reflect- 
ivity-change in the experiment is in the range of 10e3 
to 10e5, and thus it can be well detected. 

At the very early period of laser heating, the signal 
is noisy. Groeneveld [12] suggested that the noise is 
due to the interference between the pump laser pulse 
and the probe laser pulse, and a smoother sample 
surface could reduce the noise level. Substrates with 
different surface roughness have been used in the cur- 
rent experiments, including sapphire disks and stan- 
dard silicon wafers. The silicon wafers have smoother 
surfaces than the sapphire disks ; however, the noise 
level observed from the samples deposited on the sili- 
con wafers is much higher than that observed from 
the samples deposited on the sapphire disks, in- 
dicating there might be other substrate-dependent 
sources of noise. 

coNcLusloNs 

Time-resolved experiments on the femtosecond 
scale have been conducted to investigate energy depo- 
sition and transport during short-pulse laser heating 

of gold and chromium multi-layer metals. The tem- 
poral resolution of the measurement system is 100 fs, 
which provides the capability to investigate the initial 
energy transport process in multi-layer metals. Pre- 
dictions from the two-step radiation heating model 
agree well with experimental data, but the con- 
ventional one-step model fails to even predict the cor- 
rect trend of the thermal responses, suggesting that 
microscopic radiation deposition processes and elec- 
tron-lattice interactions must be considered for short- 
pulse laser applications. Both the experimental results 
and the two-step model predictions show a strong 
dependence of thermal response of thin metal films on 
their structures. The chromium layer beneath the top 
gold layer can enhance the rate of energy removal 
from free electrons of the top gold coating to the 
lattice of the underlying chromium layer, which in 
turn reduces the lattice temperature rise of the coating 
layer. This mechanism could be utilized to increase 
the resistance of mirror coatings to thermal damage 
in high-power laser applications. 
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