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Abstract: This work is devoted to the electron temperature variation in metals through interaction
with femtosecond laser pulses. Our study was inspired by the last mathematical breakthroughs
regarding the exact analytical solutions of the heat equation in the case of flash laser-matter interaction.
To this purpose, the classical Anisimov’s two temperature model was extended via the 3D telegraph
Zhukovsky equation. Based upon this new approach, the computational plots of electron thermal
fields during the first laser pulse interaction with a gold surface were inferred. It is shown that
relaxation times and coupling factors over electron thermal conductivities (g/K) govern the interaction
between the laser pulse and metal sample during the first picoseconds. The lower the factor g/K,
the higher the electron temperature becomes. In contrast, the lower the relaxation time, the lower the
electron temperature.
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1. Introduction

During ultrashort laser pulse interaction with metals, the heat transfer proceeds in two steps. First,
energy absorption occurs via photon–electron interactions, followed by the return of excited electrons
to the initial state, lasting for a few femtoseconds. Next, the energy is redistributed from electrons to the
lattice by electron–phonon interactions for a few picoseconds, followed by thermalization (i.e., the heat
is dissipated, and the lattice reaches thermal equilibrium) [1].

The two temperature model (TTM) can predict the electron and lattice temperatures during the
interaction of ultrashort laser pulses (<10 ps) with matter [2]. The model is, however, limited to low
laser fluences [3]. Recently, the Zhukovsky theories were successfully extended to TTM [4] at ns and
fs scales.

We herewith report on the development and application of a modified TTM [5] to describe the
thermal field interaction of femtosecond laser radiation with metals during the first pulse. Standard
TTM was combined with a very powerful and new mathematical concept in order to introduce an
advance mathematical approach of TTM [5–9]. The novelty of this approach is given by the fact that this
is somehow totally the opposite of the existing ones. Up to now, the TTM approached the laser–matter
interaction from quantum or semi-classical points of view, but always based on the classical solving of
heat equation. In our case, we treated the interaction classically and solved the heat equation using
quantic operators.
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2. Theoretical Model

Laser radiation-solid interaction is generally well described by the Maxwell–Schrödinger theory
combined with numerical methods [10,11]. The authors in [12] developed the formalism of TTM
(one for phonons and one for electrons) in laser–metal interaction in detail. For ultrashort pulses,
one has two almost decoupled equations because the electron temperature during the first femtoseconds
is much higher than the lattice temperature. One may write for electron temperature:

∂2Te

∂x2 +
∂2Te

∂y2 +
∂2Te

∂z2 =
1
γ
∂Te

∂t
−

Q
K

+ (g/K)·Te (1)

where Te is the electron temperature depending on x, y, z Cartesian spatial coordinates; t is the time;
γ = K

Ciρ
thermal diffusivity of target; K is the electron thermal conductivity; ci is the specific heat of

the electron; and ρ is the mass density of the metallic target, respectively. Q stands for the “source
term” of the heat equation and g is the electron-phonon coupling factor.

For lattice temperature, in the case of the first laser pulse, one gets:

Tl ≈ 0 (2)

It is worth mentioning that in what follows, T is the relative temperature rather than the
absolute temperature.

The model should be further connected with Zhukovsky mathematical formalism. To this purpose,
the “source term” was introduced, corresponding to temperature at t = 0.

One can further proceed to generalize TTM using the Cattaneo–Vernote equation instead of a
Fourier one. A reasonable question is whether the Fourier equation is “strong” enough for this purpose.
The answer is that the Cattaneo equation takes into account the “relaxation times” and consequently is
appropriate for the characterization of ultrafast thermal behavior. This is precisely not the case of the
Fourier equation, which considers an infinite thermal wave speed that is against the special theory of
relativity [13].

Accordingly, Equation (1) is generalized to the following Cattaneo–Vernote type equation:(
τ∂2

t + ∂t
)

T(x, y, z, t) = (γ ∇2 +
g
K
) T(x, y, z, t) (3)

The “source term” is, in this case:

f (x, y, z) = T(x, y, z, 0) ∝ I(x, y, z, t) , when t→ 0 (4)

where τ is the relaxation time for laser–metal interaction, and I is the laser intensity. Equation (4)
associates the two models. From a mathematical point of view, the “source term” in the “classical”
heat equation is replaced by the initial condition in Equation (4) to describe a single interaction of an
ultra-short pulse. The solution of Equations (3) and (4) is [6]:

T(x, y, z, t) = e−
t

2τ
t

4
√
π

∫
∞

0

dξ
ξ
√
ξ
·e−

t2
16ξ−ξ (1/τ2+4g/K) ŜxŜyŜz T(x, y, z) (5)

where Ŝx, Ŝy, Ŝz are heat operators [6].
One has:
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∑

m

∑
n

1−R
δ+ δb

×F×

Hm

( √
2 x

wx

)
Hn

 √2 y
wx

2

× exp

− x2

w2
x
+

y2

w2
y

2

× exp
[
−

z− zS
δ+ δb

]
(6)



Metals 2020, 10, 606 3 of 9

where Hm

( √
2 x

wx

)
; Hn

( √
2 y

wx

)
are Hermite polynomials of order m and n, respectively; R is the target

reflectivity; δ is the optical penetration depth into the target; δb is the ballistic length; F is the laser
fluence; and w is the 1/e radius of the laser spot, while zS is the maximum penetration length after one
laser pulse.

We can rewrite Equation (6) for one single transverse mode, as follows
(for simplicity, it is assumed that wx = wy = w):

T(x, y, z) =
(1−R)×F
δ+δb

×

[
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( √
2 x
w

)]2
× exp

[
−

(
x2
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)]2
×
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( √
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(7)

By consequence:

T(x, y, z) =
∑

m

∑
n

1−R
δ+ δb

× F× f1(x) × f2(y) × f3(z) (8)

where

f1(x) ≡
[
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(10)

f3(z) ≡ exp
[
−

z− zS
δ+ δb

]
(11)

One may easily calculate the electron temperature using as input Equation (5) and
Equations (8)–(11). Based upon ŜxŜyŜzT(x, y, z) from the Zhukovsky definition of heat operators [2],
one further gets:

Ŝi = e−4∝ξ∂2
i f (i), i = x, y, z (12)

with α = γ/τ.

3. Simulations

Our simulations describe the interaction of a top-hat fs pulse generated by a Ti–sapphire laser
source (λ = 760 nm, tp = 100 fs) with an Au target (δ = 20 nm, δb = 100 nm), K = 315 W/mK,
ci = 2.1 × 104 J/(m3K), and g = 2.1 × 1016 W/m3K. The laser beam was focused in a spot with a 2 µm
diameter. The electron temperature was estimated based upon the solution of Equation (5):

T(x, y, z, t) =
1−R

(δ+ δb)
e−

t
2τ

t
4
√
π

∫
∞

0

dξ
ξ
√
ξ
·e−

t2
16ξ−ξ (1/τ2+4g/K)

∫ +∞

−∞

e−v2
e−2(z+2iv·Sqrt[ξ]) dv (13)

where τ = 1 ps is the laser–Au relaxation time, while ξ and v are real variables; i = Sqrt[−1]. It
follows from Equation (13) that the relaxation time and g/K factor play a major role in determining
the thermal fields at the femtosecond scale. The thermal field is represented in Figure 1 in the case
of an incident fluence of F = 1 J/cm2 when tp = 100 fs and τ = 1 ps for 10 ns (Figure 1a) and 2 fs
(Figure 1b) of simulation time, respectively. An exponential increment of the temperature intensity can
be observed (Figure 1b) when the simulation time was reduced from 10 ns to 2 fs.
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The thermal field of electrons from Figure 1 is plotted in Figure 2, but as the density. 

Figure 1. Spatial-temporal electron temperature distribution generated by a 100 fs laser pulse in an Au
target for τ = 1 ps relaxation time and (a) 10 ns or (b) 2 fs simulation time, respectively.

The electrons’ temperature in Figure 1 was normalized to unity and given in a.u., which are
systematically used in sequel. To our estimation, 1 a.u. ≈ 6000 K. The penetration depth in Au was
close to 4 µm, and from the temporal point of view, the maximum temperature was preserved until
10 ns.

The thermal field of electrons from Figure 1 is plotted in Figure 2, but as the density.Metals 2020, 10, x FOR PEER REVIEW 5 of 9 
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Figure 2. Electron temperature density evolution in time and space in the case of one laser pulse of
100 fs irradiation of an Au surface for τ = 1 ps relaxation time.
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The spatial-temporal distribution of the electrons’ thermal field produced by one laser pulse on an
Au surface, when t = 100 fs and τ = 1 ps versus time (1 ps), is presented in Figure 3. It was obvious
that the thermal field was constant and had a penetration depth in Au of about 2.5 µm. One may also
observe from Figure 3 that in the first 200 fs, the electrons’ temperature increased linearly with time.
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Figure 3. Spatial-temporal distribution of the electrons’ thermal field generated by one laser pulse on
an Au surface, when t = 100 fs and τ = 1 ps versus time (1 ps).
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Figure 4. Electron temperature density evolution in time and space in the case of one laser pulse of
100 fs irradiation of an Au surface for τ = 1 ps relaxation time vs. time (1 ps).
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The same plot in Figure 1 is presented in Figure 5, but in this case for a Ag target (K = 429 W/mK,
g = 2.3× 1016 W/m3K). For silver, g/K is slightly smaller than for Au. The simulated electron temperature
increased with about 0.3 a.u.
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Figure 5. Spatial-temporal distribution of electron temperature density in the case of one laser pulse of
100 fs irradiation of an Ag surface for τ = 1 ps relaxation time vs. time (10 ns).

In Figure 6, we plotted the same situation as in Figure 1, with the only difference that τ = 0.5 ps.
We observed a decrease in temperature close to 0.2 a.u.
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Figure 6. Spatial-temporal distribution of electron temperature density evolution in the case of one
laser pulse of 100 fs application onto an Au surface for τ = 0.5 ps relaxation time (10 ns).

When comparing Figures 1 and 6, one can observe that the lower the relaxation time (0.5 ps vs.
1 ps), the lower the electron temperature (1200 K vs. 6000 K). In Figure 7, we plotted the spatial-temporal
distribution of electron temperature density evolution (similar to Figure 6 with the only difference
that the laser pulse was 20 fs). A drastic increment in temperature amplitude was observed for a very
short time.
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Figure 7. Spatial-temporal distribution of electron temperature density evolution in the case of one
laser pulse of 20 fs application onto an Au surface for τ = 0.5 ps relaxation time (10 ns).

Figure 8 shows the variation of the g/K value on temperature intensity and time when considering
the following parameters: g = 1.05 × 1016 W/m3K, K = 315 W/mK, and laser pulse duration of 100 fs.
The results demonstrate that as the g value is reduced down to one-half, the temperature intensity
increased drastically, but preserved the shape of the 3D-heat field. A direct relationship was accordingly
observed between relaxation time and temperature intensity. One important mention is that the
temperature profile was identical to the 3D-heat field.
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4. Conclusions

The main conclusion of this study is that using state-of-the-art mathematics, TTM still can provide
pertinent thermal information in ultra-short laser pulse–metal interaction [14]. This is due to the
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analytical description of the spatial-temporal behavior of a fs laser pulse interaction with matter, which
is, in fact, the interaction of photons with atoms [15].

Some other conclusions are:

(1) The computation time for the current model (using core i7 8th generation, 16.0 GB RAM)
is equivalent to 1.5 min. This is much less than the numerical modeling of heat transfer in
laser–metal interaction.

(2) The lower the g/K factor, the higher the electron temperature. A lower g/K factor implies a reduced
heat transfer from electrons to the lattice.

(3) The lower the relaxation time, the lower the electron temperature. A lower relaxation time means

a higher value of thermal speed (vth =
√
γ
τ ) and a quick heat transfer between the electrons and

the lattice.
(4) Last, but not least, this model is based on the solution given by heat operators and therefore,

is highly performing. On the other hand, it can be easily used by the researcher as the laser–metal
interaction is treated in a classical way.
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