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The possibility of measuring surface hydrodynamics at picosecond and nanometer scales by using

a time resolved optical interfero-polarimeter is demonstrated. This method is applied to observe the

surface position of aluminum target heated by ultrashort laser pulse. Numerical simulations of the

surface relaxation during a few tens of picoseconds after irradiation are in very good agreement

with the measurements. Results show the important contribution of oxide layer in the surface

dynamic evolution and the great accuracy of our experimental method. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807144]

Subpicosecond laser heating of solid matter is the field

of active theoretical and experimental researches.1–13 In this

regime, the laser energy is first absorbed by electrons and

transferred to the lattice after the end of laser irradiation. The

matter is out of equilibrium with different electron and ion

temperatures during the electron-lattice coupling process

(3�50 ps), and evolves from solid to warm dense matter

(WDM). The study of this ultrafast dynamic associated with

the system relaxation has brought a new set of fundamental

questions regarding the time evolution of material

properties.

Studying the surface motion of a metal sample during

and after a subpicosecond laser irradiation presents a great

interest to understand the material structural evolution along

with the phase transition dynamics.14,15 An accurate descrip-

tion of the surface relaxation is essential to know the condi-

tions of sample probed by an experimental tool or even by

an ab-initio simulation. However, due to the fast transition to

WDM state and relaxation, a picosecond or shorter time re-

solution is needed. In this time scale, the surface motion is in

nanometer range, and the commonly used techniques

(VISAR, shadowgraph, or radiography) are inadequate. Only

optical interferometry of a probe laser beam reflecting on

sample surface allows to reach these spatial and temporal

resolutions.

Polarization resolved optical interferometry has proved

its capability to deduce the local gradient length near the crit-

ical density of an expanding plasma with a subpicosecond

time resolution, for gradient length larger than 10 nm.16 The

plasma expansion is deduced from the comparison between

the phase shifts of S and P components of a reflecting probe

beam. Resonance absorption occurs only for P-polarized

light, and phase shift difference between both polarization

depends only on the gradient length around the critical den-

sity. However, for very steep gradients with a scale length

lower than one hundredth of the probe wavelength, phase

shifts are also sensitive to the modification of the material

optical index in the over-critical region. The position of a

heated reflecting surface has also been inferred by optical

interferometry,17 but the modification of the sample optical

properties limited the accuracy to 10 nm. Until now, there

was no possibility to separate the contribution of hydrody-

namics from the variation of the material optical properties.

Here, we present a way to fulfill this challenge. It is

based on polarization resolved measurement of both phase

shift and reflectivity. It allows us to distinguish an over dense
expansion—i.e., a global motion of the surface, with a null

gradient length at the critical density (Fig. 1(a))—from a

plasma-type expansion with a finite gradient length around

the critical density (Fig. 1(b)). This technique is applied to

measure the temporal surface evolution of an aluminum sam-

ple irradiated by a subpicosecond laser pulse. Our experi-

mental results are compared to numerical simulations to

explain the surface relaxation.

Let us first consider a sharp interface separating two ho-

mogeneous media of different optical indexes. We note

R�s;p ¼ rs;pei/s;p the complex reflection coefficients for the S
and P components of a probe beam reflecting on the surface.

For an incidence angle of 45�, the Fresnel equations18 give

R�p ¼ ðR�s Þ
2
, and

rp=rs
2 ¼ 1 and 2/s � /p ¼ 0: (1)

We stress that relations 1 are independent of the refractive

index of the material. They are thus still valid even if mate-

rial optical properties are modified, for instance, by heating,

as long as the interface remains steep. For this reason, if the

sharp surface moves to a distance d (see Fig. 1(a)), rp=r2
s ¼ 1

is obviously still verified whatever the modification of the

matter optical properties. However, a Doppler phase shift in-

dependent of the field polarization is then induced by the dif-

ferent propagation length of the light

/ðDÞ ¼ 4pcosðhÞd
k

; (2)

where k is the probe beam wavelength. In this case,

/s;p ¼ /ðFrÞ
s;p þ /ðDÞ, where /ðFrÞ

s;p are the phase shift associ-

ated to the Fresnel equations—i.e., only to the matter opticala)Electronic mail: fourment@celia.u-bordeaux1.fr
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properties. Since 2/ðFrÞ
s � /ðFrÞ

p ¼ 0, we get 2/s � /p

¼ /ðDÞ, which is proportional to the surface motion accord-

ing to Eq. (2).

To explore the case of plasma-type expansion (Fig.

1(b)), numerical simulations are performed to estimate the

reflexion of a probe beam in a transfer matrix formalism.19

We computed the reflexion of each polarization at 45� inci-

dence on a plasma gradient of length L, where both electron

density and collision frequency increase exponentially up to

the values of the sample bulk. As soon as L=k < 10�4, the

calculated complex reflectivities are very close to the ones

given by the Fresnel equations (rp=r2
s ¼ 1 and 2/s � /p

¼ 0) and the surface can be considered as a sharp interface.

For higher L, rp=r2
s decreases while 2/s � /p becomes

greater than zero. For L=k > 10�3, the ratio rp=r2
s < 0:97

and 2/s � /p > 50 mrad. These values are measurable by

interferometry technique, so as one can deduce very small

gradient length. Note that our simulations show that rp=r2
s

and 2/s � /p do not depend strongly on the electron density

and collisionality in the bulk, but only on the plasma density

gradient length.

Thanks to these properties, the surface dynamics of an

aluminum sample irradiated by a femtosecond laser pulse

was measured. Aluminum is a well documented material

allowing accurate hydrodynamic simulations and is therefore

a valuable test case for our diagnostic. An experiment was

realized at CELIA (University of Bordeaux, France) using

the Aurore Ti:sapphire laser (800 nm, 30 fs, up to 6 mJ at

1 kHz repetition rate). The laser beam was split into two

beams. The pump beam was focused in S-polarization at 5�

incidence angle within a 48 lm FWHM spot size on a

300 nm thick aluminum layer deposited on optical quality

glass. Thanks to a rotating target holder, the sample was

refreshed for kHz operation. The probe beam was used to set

up a Frequency Domain Interferometry (FDI)20 diagnostic.

The probe beam was duplicated by passing through a

Michelson interferometer, and a delay of 24 ps was set

between each pulses. The beam was then focused at 45� inci-

dence on the sample in a �200 lm focal spot. The reflected

light of the probe beam was collected by an f/5 aperture

aplanatic lens, which imaged the target surface on the en-

trance of a one meter focal length Fastie-Ebert imaging spec-

trometer. In the FDI absolute mode, the first probe pulse (the

reference pulse) is reflected on the target before the pump

interaction whereas the second one (the measuring pulse) is

reflected after. Both probe pulses spectrally interfere in the

spectrometer. A Fourier transform based algorithm is used to

calculate the phase-shift and the reflectivity variation with

respect to the unheated sample. In the relative mode,20 the

reference pulse is set to correspond to the measuring pulse of

a previous measurement. This allows to probe the evolution

at times larger than the two probe pulses delay of 24 ps. A

Wollaston cube was placed before the spectrometer CCD to

make simultaneous measurements in both S and P polariza-

tions. Accumulating 1000 shots for each delay and using a

cooled 16-bits CCD allowed us to keep a low enough energy

of the probe beam (1 lJ typical) to avoid nonlinear effects in

the optics and to get high signal to noise ratio. This allowed

us to measure reflectivity and phase shift with 1% and

10 mrad accuracy, respectively.

It is well known that nanometer oxide layer can be pres-

ent at aluminum target surface. On our sample, a 7� 10 nm

layer of aluminum oxide was measured by ellipsometry tech-

nique. We stress that even at the maximum intensity of the

pump beam in our experiment (3� 1013 W � cm�2), the den-

sity of free electron in Al2O3 is 2�3 orders of magnitude

lower than the critical density for the probe,21 leading to neg-

ligible absorption. As a consequence, the modification of the

optical properties of the oxide layer by the pump beam is

negligible.

Optical inspection of our sample after irradiation at dif-

ferent fluences showed that the damage threshold lay

between 0.32 and 0:5 J � cm�2, and the ablation threshold

was between 0.5 and 0:7 J � cm�2. The damage threshold

fluence of metal layers deposited on dielectric substrates

irradiated by a femtosecond laser depends on the film thick-

ness and the heated depth.22 In our case, the film thickness

is large enough for the target to be considered as a bulk

sample. Indeed, the simulation presented below shows that

significant heating (leading to the melting of the target)

occurs only in the first 150 nm beyond the sample surface.

Furthermore, a mechanical wave traveling at the sound

speed in the sample cannot reach the sample surface after

reflection at the film–substrate interface during the time of

our study.

Figure 2 presents the temporal evolution of surface

reflectivity (normalized to the ones of the cold sample) in

P and S polarizations for aluminum target illuminated at

0:5 J � cm�2 and 1 J � cm�2, i.e., between the damage and

ablation thresholds and above the ablation threshold, respec-

tively. The reflectivities increase during the first picoseconds

after the beginning of irradiation. At 0:5 J � cm�2 laser pump,

they stay higher than the cold reflectivity, while they become

lower for 1 J � cm�2 after 3 ps. This can be explained as fol-

lows: Absorption of 800 nm radiation in cold solid aluminum

is dominated by interband transition.23 Electrons and pho-

nons heating leads to a decrease of this transition and an

increase of the reflection.24 Moreover, for these laser fluen-

ces, a solid-liquid phase transition occurs at the picosecond

time scale.9 After this phase transition, the matter relaxation

induces a decrease of reflectivity, which is more important

for 1 J � cm�2 laser pump as the surface expansion may be

greater than for 0:5 J � cm�2 laser pulse. Our measurements

are in good qualitative agreement with those of Kandyla and

co-workers in similar conditions.9 We notice however that

Kandyla and co-workers attributed their results only to the

temperature dependence during the solid-liquid phase transi-

tion and neglected the influence of a possible material den-

sity decrease induced by the surface relaxation, which also

leads to an increase of the optical resistivity1 and a decrease

of the reflectivity. The technique we propose allows to get

rid of such approximations.

FIG. 1. Sketch of over-dense (a) and plasma-type (b) expansion.
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The ratio rp=rs
2 is plotted in Fig. 2(c). In both cases, it

remains close to unity over the 40 ps of the scan, in spite of

the evolution of the optical properties of the material

described here above. This shows unambiguously that the

sample undergoes an over dense expansion where the

Fresnel relations are relevant (Eq. (1)). Calculating 2/s � /p

from the measured phase shifts, the surface motion can be

deduced directly by using Eq. (2). The results are shown in

Fig. 3 (experimental points) where three different steps can

be identified in the measured aluminum surface motion.

During the first 5 ps, the Al-oxide interface moves toward

vacuum with a velocity of 0:6 nm=ps and 1 nm=ps for

0:5J �cm�2 and 1J �cm�2, respectively. After, one can observe

a slowing down of the surface expansion during 10 ps for

0:5J �cm�2, and 5ps for 1J �cm�2. Next, the surface moves

with a constant velocity, which depends on the pump fluence

(0:1nm=ps for 0:5J �cm�2, and 0:4nm=ps for 1J �cm�2).

Interestingly, the surface velocity tends to vanish at

0:5J �cm�2, in agreement with the fact that no aluminum

ejection was detected on post-irradiation inspection. The ini-

tial values of the surface velocities are in qualitative agree-

ment with the velocities of heavy nanoparticles measured in

similar conditions,7 but performed on a laser cleaned sample

(where the oxide layer was likely to be removed) and with a

5ns time resolution. This suggests that the expanding liquid

layer at the surface may decompose into nanoparticles, but

in our experiment, this decomposition did not occur during

the first 40ps in the few tens of nanometers beyond the sur-

face probed by our diagnostic.

Simulations were performed with 1D Lagrangian hydro-

dynamic code ESTHER.25 The Helmholtz wave equation is

solved to determine the electromagnetic field through the

region illuminated by the laser, and the deposited energy is

deduced using the Joule-Lenz law. In the calculation, the

sample was composed of a 300 nm aluminum target over-

coated by a 10 nm thick oxide film. The oxide layer is trans-

parent at 800 nm light with a constant optical index of 1.76.

The pump laser energy is absorbed by the aluminum elec-

trons behind the Al-oxide interface. The deposited laser

energy is transferred to the aluminum lattice after the end of

pump irradiation. A two-temperature equation of state25

based on the multiphase equilibrium equation of state

Bushman, Lomonosov and Fortov26 is used for aluminum,

and aluminum oxide is described by the SESAME table

7411. To include the oxide mechanical resistance in our 1D

simulation, the oxide layer is assimilated to a membrane—

i.e., a thin plate subject to large external stretching forces

applied at its circumference. By assuming the extension of

this membrane similar in all directions, the mechanical re-

sistance pressure can be written as27 Pr ¼ TrDrn, where r is

the radial coordinate, Tr the absolute magnitude of the

stretching force, and n the surface position. By taking

n ¼ dðR2 � r2Þ=R2 in cylindrical coordinates, with d the cal-

culated surface position in ESTHER and R¼ 40 lm the mem-

brane radius, Pr ¼ �4d Tr=R2.

First, the simulation show over dense expansions for

1 J � cm�2 laser fluence only when the oxide layer is present.

In this case, the aluminum boundary stays sharp due to the

oxide mass in front of it. The calculated Al–Al2O3 interface

motion are presented in Fig. 3. When an oxide layer without

mechanical resistance is considered (dotted-dashed line), the

calculated surface position coincides with the experimental

measures only during the first five picoseconds but at higher

delays, the surface velocity keeps a high value. With a con-

stant stretching force (dashed line), the mechanical resistance

is too high after 10 ps, leading to a surface contraction. We

conclude that the stretching force decreases as the time

increases since the oxide layer breaks slowly under the effect

of aluminum expansion. To include this effect, Tr ¼
T0expð�t=tiÞ in the resistance pressure expression (full line).

In our simulation T0 ¼ 4 GPa�lm, and the characteristic

breaking time ti depends on the laser fluence: ti ¼ 18 ps for

0:5 J � cm�2 and 13 ps for 1 J � cm�2. Finally, we stress that

no spall layer is observed in the few tens of nanometer

probed beyond the surface. Such a layer has been predicted

by hydrodynamic simulations,14 due to a negative pressure

zone accompanying a free surface relaxation. Our simula-

tions showed however that this negative pressure is inhibited

by the presence of the oxide, which is denser than aluminum.

In summary, measuring both reflectivity and phase shift

in S and P polarisations allows to discriminate between

under dense and over dense expansion. Up to the maximum

fluence of our experiment (1 J � cm�2), neither under dense

expansion nor liquid-vapor dissociation occurs in the probed

thickness of the sample, during the first 40 ps after heating.

FIG. 2. Surface reflectivity evolution measured at 800 nm of Al sample irra-

diated by 0:5 J � cm�2 (a) and 1 J � cm�2 (b) laser pulses. The evolution of

the ratio rp=rs
2 is also presented (c).

FIG. 3. Measured and calculated Al surface position of an aluminum sample

overcoated by a 10 nm oxide layer, irradiated by 0:5 J � cm�2 (blue triangles

and corresponding line) and 1 J � cm�2 (red squares and corresponding line)

laser pulses. The results obtained without mechanical resistance (dotted-

dashed line), and with constant stretching force (dashed line), are also pre-

sented for the 1 J � cm�2 case.

194104-3 Deneuville et al. Appl. Phys. Lett. 102, 194104 (2013)



Simulations show that this is partly due to the �10 nm oxide

layer at the Al sample surface. In addition, the position

evolution of the aluminum surface is measured with an un-

precedented 1 nm accuracy, 5 lm lateral resolution, and sub-

100 fs temporal resolution. We showed that the oxide layer

restrains the aluminum expansion and slows down the sur-

face motion during the first ten picoseconds after laser irradi-

ation. We believe that the experimental method presented in

this paper is a fantastic tool to study surface dynamic

features during phase transitions, including nanobumps for-

mation or spallation,28 electron sheath, and coulombic explo-

sion.2 Furthermore, the technique presented in this work

should be useful to correct for eventual hydrodynamic con-

tribution to reflectivity or phase shift measurement of heated

matter aiming at the determination of dielectric function.
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