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Article history: High precision pump-probe experiments can provide a valuable information about material states out

Available online 8 July 2011 of equilibrium. A wide-range numerical model is used for the description of material response on ultra-
short laser action. The model is developed on the basis of two-temperature hydrodynamics with heat

Keywords: transport, ionization, plasma expansion, electron-ion collisions and two-temperature equation of state

Laser-metal interaction for an irradiated substance. Comparison of experimental findings with the results of simulation is used

Pump-probe experiment
Phase shift
Transport properties

both for the numerical model verification and for calculation of plasma thermodynamic parameters that
cannot be measured directly in experiment. An aluminum target is heated by an intense 400 nm (2w)
pump laser pulse that is incident normal to the planar target. Weak S- and P-polarized probe pulses with
wavelength 800 nm (1w) are used for diagnostics of the plasma. Both probe pulses illuminate the target
at a 45° angle. Calculation of the reflectivity and phase shift of probe pulses with both polarizations are
in good agreement with experiment.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction one-velocity two-temperature 1D Lagrangian form as fol-
lows
Intense subpicosecond laser heating of solid metal targets pro-
duces states with high temperatures (tens of eV) and near-normal 3l _ ﬁ _ (1)
densities. Such plasma conditions were studied experimentally ot om ’

with a femtosecond optical probe technique [1,2]. The time evo- u . 3P, + Pe)

lution of reflectivity showed the material response on laser action — =0, (2)
and fast changes of optical properties. The phase shift measure- o om

ments can also be useful for the determination of optical properties dee Ju 3 T,

at short delays after the material heating and plasma motion for a5 + Pe% =—YeilTe —T))V+QLV + m (Kaz> , (3)
long enough delays. In general, for adequate description of laser-

irradiated target and the temporal evolution of its characteristic Je: u

features, wide-range models of optical, transport and thermody- a—t‘ + i3 = Vei(Te — Ty)V. (4)
namic properties of matter are necessary. The role of modeling in

this case is particularly important, since the strong inhomogeneity Here V is the material specific volume; m is the mass coordi-
of the produced plasma and its fast evolution do not permit direct nate; t is the time; z is the space coordinate; u is the velocity;
measurements of plasma properties. Pe and P; are the pressures of electrons and ions, respectively; ee

and e; are the specific energies of electrons and ions, respectively.
The electron-phonon/ion energy coupling is described by the coef-
ficient y¢;. The laser energy absorption by the conduction band
electrons is taken into account by the term Q. Electron thermal
conductivity coefficient « is used for the description of heat trans-
port in Fourier form. The temperatures of electrons and ions are Te
and T;, respectively. Similar model in Eulerian form is discussed in
detail in our previous paper [3]. Below we show that one-velocity

* Corresponding author. two-temperature hydrodynamic approach, although approximate,

E-mail address: povar@ihed.ras.ru (M.E. Povarnitsyn). gives reasonable agreement with experimental data.

2. Governing equations

Equations for conservation of mass, momentum and
energy for electron and ion subsystems can be written in
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3. Equation of state

We use the two-temperature multi-phase equation of state
(EOS) for Al with special treatment of metastable states [4,5]. The
peculiarity of this work is in the Thomas-Fermi expression for the
thermal contribution of electrons [6] instead of the ideal Fermi-
gas one. This is essential for the correct description of laser energy
absorption.

4. Transport properties

The material response to the laser action is based on the oscil-
lation of electrons in the laser field. In metals, the conduction band
electrons are considered as fluid. The properties of matter in this
case may be described by the Drude model for temperatures below
the Fermi one T¢. In some metals band-to-band contribution &y, to
permittivity may be dominant [7]. In the present model the metal-
lic part emet is the sum of the band-to-band contribution and the
intraband Drude-like term,

Ne
Ner(1 + iVeff,p/wL) ’

emet(wr, o, Tj, Te) = epp + 1 — (5)
where ne and n¢; are the electron concentration and the critical one,
respectively, and wy is the laser frequency. The effective frequency
of collisions is Veffp = min (Vmet,p, Vmax,p)-

The frequency of collisions in metal state is a sum of
electron-phonon and electron-electron collisions

AlkpT;

B AbkpT?
Vmetp = f

(Tgh)

(6)

The maximal frequency of collisions corresponds to electron
free-path between ions (interatomic distance rg) so that

p 2
Vmax,p = & LkBTe’ (7)
" To me
where vf is the Fermi speed of electrons.
For hot states Te > > Tg the plasma model is relevant as follows

eplon pTe) = 1= 3 [Ky(8) - (L—"L‘) Ka(6)] - (8)

Here functions K1 (&), K;(§) with & = 3./mvy, /(4w ) are described
in Ref. [8]. Expression for plasma frequency has a form

4
vpl — é‘/ZT[LI\?’Z (9)
3 Ue(kgTe)?

with mean charge of ions Z and Coulomb logarithm A.

We suppose that the metal-plasma transition occurs in the
vicinity of the Fermi temperature and thus we can interpolate
between these two states to obtain the wide-range model of per-
mittivity e(wy, p, T;, Te) which can be written as

p
€ =¢&p + (Emet — spl)e’A4T5/TF. (10)

In Fig. 1 the permittivity (10) is presented for two laser wave-
lengths, 0.8 and 0.4 pm. The coefficients used in the permittivity
model are adjusted to meet the room temperature conditions
for aluminum [13] (A‘1J =4.41) and describe experiments on self-
reflectivity [14] (A = 0.8 and A} = 0.7, A} = 0.2).

The electron thermal conductivity in metal is calculated accord-
ing to the Drude formalism as follows

w2k2ne
.. .. 1e
3meveff,l‘

(11)

Kmet =

200 T T T T T
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Fig. 1. Interpolation formula (10) for real and imaginary parts of permittivity for
normal density of aluminum and two wavelengths 0.8 and 0.4 pum, T; =293 K.
and the hot plasma limit is

16+/2kg(kgTe)*/?
Kol =~ 373708 oA
m3/4Ze% /Me
An interpolation between (11) and (12) gives us a wide-range
expression for thermal conductivity,

(12)

_at
K = Kp) + (Kmet — kepyJe 44T/ TF, (13)

where Afl = 1.2. The corresponding effective frequency has a form
Vefft =MiN (Vmet,t, Vmax,)- The expressions for vmets and vmax, are
similar to (6) and (7), respectively, with corresponding coefficients
A} =2.95,A5 = 0.5and A} = 0.16. In Fig. 2, we compare the results
of the interpolation (13) with the theoretical data [9-11] for normal
and 0.1 of normal density.

Finally, for the coupling parameter we use the following equa-
tion
Vei = %ﬁlinevefﬂgs (14)

1
where Vefrg =min (Vmetg, Vmaxg, Vpl) iS given by expressions (6), (7)
and (9) with material coefficients AS = 50.0, A5 = 20.0, AS = 0.25.
The coupling factor (14) and results of first-principle calculations
[12] are presented in Fig. 3.

5. Laser energy absorption and reflection

In general, laser light absorption and reflection can be calcu-
lated for an arbitrary profile of high-frequency permittivity. As was

F O VASP data ;
10° £ © Inogamov py

E ¢ Apfelbaum p,

[ A Apfelbaum 0.1pg
10 B — this work pg

E = this work 0.1p

Fig. 2. Comparison of interpolation formula (13) with available theoretical data of
VASP [9], Inogamov et al. [10], Apfelbaum [11] for thermal conductivity in cases of
normal and 0.1 of normal densities of aluminum, T; = Te.
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Fig. 3. Wide-range model for energy exchange coefficient according to formula (14)
and theoretical results of Lin et al. [12] for normal density of aluminum.

shown in the previous section, the permittivity is a function of ther-
modynamic parameters, which in turn can be calculated with the
space resolution used in the hydrodynamic part of the model. Then,
the laser interaction is governed by several characteristic scales
such as wavelength, skin layer, and also resonance absorption layer
for P-polarized beam.

Let us suppose that permittivity depends on z coordinate only
e=¢(z) and &(z— — o0)=1. Then, for S-polarization, we can write
E = Re{E exp(—iw,t + ikox sin®)), E={0, Ey, 0}, ko =(w/c){sin 6, O,
cos 6}. For the single component of electric laser field envelope E(z,
t)=Ey(z, t) slowly changing in time one can write

9%E .
7t k3[&(z) — sin? ]E = 0. (15)
In the case of P-polarization the single component of magnetic
field envelope B(z, t)=By(z, t), B={0, By, 0}, obeys the following
equation,
9°B .2 Ing(z) 0B
P k3[e(z) — sin® 0]B — = 0
By using the transfer-matrix method [15] one can find the space
distribution of electromagnetic field. This distribution determines
the laser energy deposition Q; into the target in electron energy Eq.

(3):

(16)

1)

Qu(2) = g Imie(2)) [E(2)P, 17)
T

where
|Ey|%2, ifS-polarized,

=0 7 b . . (18)
|Ex|2 + |E,|2, ifP-polarized.

The components of the electric field for P-polarization
case can be calculated from the equations E;=-—Bysin0/e,
Ex=—1i/(gko)(3By[0z).

6. Results and discussion

Series of simulations are performed for the experiment of Ref.
[1] by using the model described above. In the experiment the
bulk aluminum target was heated by normal incident laser pulse
with intensity 10'* W/cm?, laser wavelength 400 nm and full width
at half maximum (FWHM) 120fs. Two probe pulses with FWHM
110fs, 800 nm wavelength and angle of incidence 45° were used
for aluminum plasma diagnostics. The intensity of probe pulses did
not disturb the target parameters. For the pump pulse as well as
for the probe ones we solve the equations of electromagnetic field
(15) and (16) with the permittivity profile that is a function of time
and space dependent thermodynamic parameters determined by

10— 77— T T T "~ T " T
0.9
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Fig. 4. Experimental reflectivity dynamics for the S- (blue triangles) and the
P-polarized (red squares) probe pulses. Corresponding simulation results are pre-
sented by the blue and red solid lines, respectively. Dash-and-dot lines show the
reflectivity changes for “frozen motion” regime. The pump pulse profile is also pre-
sented. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

equations (1)-(4). The results of the solution to Egs. (15) and (16)
are the electromagnetic field distribution as well as the reflectivity
and phase shift evolution for S- and P-polarized probe pulses.

A comparison of the simulation results with the experimentally
measured reflectivity is presented in Fig. 4. One can see in the Fig-
ure that the reflectivity drops during the pump pulse action. After
that, the rarefaction of near-surface material layers starts leading
to a subsequent decay in reflectivity both for S- and P-polarized
probe pulse. The role of the target material motion is illustrated by
comparison of the solid curves with the dash-and-dot ones that are
obtained in the regime of “frozen motion” (u=0).

The phase shift is presented in Fig. 5. During the pump pulse,
the phase shift takes place due to the transport property changes
in the bulk of the target. Then, the phase changes occur mainly
because of the material motion. Under discussed conditions the
absorption of the P-polarized probe takes place in the vicinity of
the critical concentration n¢; (resonance absorption), whereas the
S-polarized pulse is absorbed mainly at the position corresponding
to the electron concentration of n¢-cos 26. The difference in these
S and P-polarized phase shifts can be explained by the growing
distance between the locations of these two concentrations and by
the decay in the electron concentration gradient.

An increase of the laser absorption (the drop of reflectivity) in
the real case of the material motion is caused mainly by the rar-
efaction and increasing of the characteristic density scale length

2vol'l'l'l'l'l'l'l'ﬂ

S-polarized A

1.0

Phase shift, (rad)

P-polarized

Fig. 5. Experimental phase-shift dynamics, denotations as in Fig. 4.
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Fig. 6. Temperature of electrons and ions for different moments, 0 ps corresponds
to the peak intensity of the pump pulse. Pulses travel from the left, initial target
surface position at z=0.

at the critical electron plasma density. For S-polarized probe pulse
the increase in absorption is a consequence of the growth of the
absorption region, and so is more pronounced at the longer time
delay. For the P-polarized probe, the appearance of the finite den-
sity gradient leads to switching on the resonant absorption, and so
to earlier and stronger drop in the reflection.

The temperature of electrons and ions for different time
moments is shown in Fig. 6 demonstrating strong inhomogeneity
of parameters in the target. One can clearly see that the trans-
port properties are governed mainly by electron excitation at 0 ps
(maximum of the pump pulse). At that time, electron temperature
reaches 20eV, while the temperature of ions is still small. After
that, the temperature of ions increases due to the electron-ion cou-
pling effect and the ion temperature maximum moves into the bulk
passing from z =25 nm position at 1 ps moment to z=50 nm for 3 ps
delay. We note here that the discrepancy in the phase shift can be
attributed to the target surface untidiness (oxide films etc.) and
uncertainty in the measurement of laser pulse intensity in experi-
ment. Both these facts may result in phase shift changes. Additional
investigations and comparison with similar experimental data can
give a valid answer to this question.

7. Conclusions

In summary, we have developed a wide-range model for realistic
simulations of pump-probe experiments with metals. The model is
capable to predict both reflectivity and the phase shift measured
in typical experiments. The calculation results show the impor-
tance of the material motion in the model. In fact, it is crucial to
account for the target material motion both during and after the
pump pulse. In particular, the difference in phase shift obtained
for S- and P-polarized probes can be used for the estimation of the
electron concentration and its time-evolution.
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