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Abstract. We present a mathematical model of linear and nonlinear processes that
occur under the action of femtosecond laser radiation on the cutaneous covering. The
analysis is carried out and the analytical solution of the set of equations describing the
dynamics of the electron and atomic subsystems is obtained. The results of the work can
be used to determine the maximum acceptable energy, generated by femtosecond laser
systems, and to develop Russian laser safety standards for femtosecond laser systems.
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1 Introduction

Femtosecond laser systems (FLSs) are widely used in
science, technical applications and medical technologies
[1, 2]. In spite of the fast development of femtosecond
technologies and their application in biology and
medicine, at present in the Russian Federation there are
no standards of safe energy levels of high-intensity
femtosecond laser radiation. Note that the mechanism of
interaction of intense femtosecond laser radiation with
matter essentially differs from that for the pulses of
longer duration, since the interaction time is smaller
than the time, necessary to excite the phonon subsystem
[3]. Besides, the high power density that arises when
using the FLSs leads to various nonlinear processes,
such as self-focusing, two- and three-photon absorption,
multiphoton and impact ionization, and for the high
energy density to the optical breakdown. [4]. This
process is of particular importance in the case of
femtosecond radiation incident on biological tissues,
since the high-intensity femtosecond radiation may be
essentially dangerous for skin, vision, and other human
organs [5].

In the present work, we consider the linear and
nonlinear interaction of femtosecond laser radiation
with skin and propose a mathematical model
approximately  describing  particular  interaction
processes. In future, the model can be used to determine
the maximal acceptable levels of FLS energy.

2 Interaction mechanism

2.1 Specific features of ultrashort-pulse lasers
and the skin

The human skin is an optically turbid opaque medium
(both the absorption and the scattering are present). At
the same time, the skin is a heterogeneous structure
containing the inclusions of different type and
dimension (blood vessels, hair follicles, etc.), which
essentially complicates the understanding of the
processes that occur under the action of laser radiations
on the cutaneous covering. The main elements of the
skin are water (70%) and proteins (27%), and the main
structure protein is collagen (nearly 70% of dry skin
weight). The water molecules can be divided into two
groups, the free ones and the ones included in protein
compounds (bound state, e.g., the three-fold screw
group of collagen binds nearly 500 water molecules
[6]). Thus, in the first approximation the skin may be
considered as water with protein inclusions close to
dielectric materials in their electrodynamic properties.

| [ i I epidermis

- dermis

subcutaneous fat tissue

Fig. 1 Model of human skin.

Table 1 The mean optical (A=800 nm) and thermal physical parameters used in the skin model for calculating [7].

Tissue pa, 1/mm ps, 1/mm g n C,J/igK k, W/m-K d, mm
Epidermis 0.083 21.37 0.85 15 3.05 0.29 0.03-2
Dermis 0.026 9.67 0.86 15 3.52 0.41 0.5-5
Subcutaneous fat 0.025 12.39 0.86 1.5 2.3 0.2 >10

Here pa is the absorption coefficient, ps is the
scattering coefficient, g is the mean cosine of the
scattering angle, n is the mean refractive index, C is the
heat capacity, k is the heat conduction coefficient, d is
the layer depth.

For estimate, we have chosen the wavelength 800
nm typical for the most widely used titanium-sapphire
FLSs. The pulse duration in such systems can vary from
25 to 550 fs. The irradiation with ultrashort laser pulses
leads to damages that cannot be explained by the
thermal melting mechanism [8] and are due to the
excitation of valence electrons by the laser pulses [9,
10]. The water molecules serve as the transmitting
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element that absorb the laser pulse energy and excite the
vibrational (phonon) modes of collagen with the
relaxation time of the order of 3 ps [11, 12].

2.2 Mathematical model

In the calculations, we used the set of balance equations
that describe the dynamics of electron-atom subsystem.
In the model the atoms interact via the semiempirical
potentials and the electron degrees of freedom are not
taken into account explicitly. The laser radiation
generates non-equilibrium charge carriers described by
the integral concentration [13]. In this case one can
neglect the processes of Auger recombination and
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impact ionization, since for the chosen parameters of
radiation their semiempirical contribution is negligibly
small.

E.B. Yakovlev et al. [11] proposed the idea of
determining the dependence between the potentials of
the atoms and the state of the electronic subsystem, thus
making it possible to simulate the effects of heat
transfer under the action of femtosecond pulses on
dielectric materials. The differential Bouguer-Lambert
law determines the distribution of the laser radiation
intensity J(z,t) inside a solid. The system of heat transfer
equation that describes the dynamics of electron and
atom subsystems in the one-dimensional approximation
has the form:

aT,  0°T, 1 T T)+aehv . 11
ot =, aZZ CeTep e a Ce ]( 'Z) ( . )

T, 0°T, 1

— =0, t++—T. T, 1.2
ot 2% 0272 + CaTep( e a) ( )

where J(t,z) is the intensity distribution in the solid,

2 Kk3N, | .
C, = T is the heat capacity of the electron gas, C,

is the heat capacity of atoms, z,, is the time of electron-
phonon relaxation, T, is the temperature of electrons, T,
is the temperature of atoms, a, and «, is the thermal
diffusivity of electrons and ions; E is the Fermi energy;

K is the Boltzmann constant.

For modelling the impact of the femtosecond laser
radiation on the skin we used the following boundary
conditions:

Tel t=0 = Tel t=0 = To (2.1)
aT, aT, aT, aT,
a—Ze z=0 = 6—ze z=L = a—Za z=0 — a—Za 2= =0 (22)

Since the pulse duration is negligibly small

2 2
(@e € = aq < =, where x is the spatial representation
of the pulse, and the heat diffusivity for a tissue
a, = 1.54 x 102 cm?’s [15], and @, < a,), we can
2T, 2T,

- h
assume a, 2% a, 2% = 0, and the function “=*- J(t, z)

9z2 Ce

can be replaced with the function rs(z — vt), describing
the heat source caused by the fast absorption of the
radiation in the medium. The solution can be derived in
the form:

To(t) = Te(0) = f§ (A+ (1 - A)exp(=A(t —t)))-

ré(z —vt")dte' (3.1)
Ta(6) = Ta(0) = ——f; (1= exp(=2(t = t))-
ré(z —vtdt' (3.2)
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where 4 = 5 +——,
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2.3 Results

By means of Monte Carlo numerical simulation of
propagation of radiation through the skin tissues, we
obtained the intensity distributions over the tissue depth
(Fig. 2). The calculation approximated the solution of
the radiation transfer equation by modelling all possible
photon trajectories passing through the skin tissue
model. The steady-state form of the radiation transfer
equation in a homogeneous medium can be written as
the integral equation [16, 17]:

L(r,s) =
S exP(=terR) s [, p(s, s )L(r — Rs,s)d Q' dR +
+ o exp(—pe-R)Q(r — Rs, s)dR (4)

where L is the luminance at the point r in the direction s,
considered for both the light source and for the radiation
scattered towards the direction s; R is the path length, Q
is the light emitted in the direction s by the source at the
point r — Rs. The parameter exp(u.-R) determines the
radiation transfer from the point r — Rs to the point r.
Thus, the first term in the equation characterises the
light scattered at the point r — Rs, from any direction s’
to the direction s, reaching the point r, and the second
term describes the light emitted from the point r — Rs in
the direction s.

o I/Imax,
‘ rel. units

Fig. 2 Dependence of the radiation intensity upon the
penetration depth (for A = 800 nm).

From Fig. 2 one can see that at the depth of 0.3 mm
the radiation intensity is less than 30% of the initial
level. It is known that the probability of multiphoton
processes is directly proportional the second, the third
and higher powers of the laser intensity. Thus, the main
nonlinear processes will take place in the upper skin
layer, the epidermis.

The dynamics of the electron system can be
described by the energy distribution. Figure 3 presents
the energy distribution of electrons depending on the
time passed after the pulse impact. The state of the
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electron subsystem is shown immediately after the
impact (a), after 1 ps, when a part of electrons has
transferred their energy to the atom subsystem as a
result of relaxation (b), and after more than 3 ps, when
the most part of the electrons has transferred their
energy to the atom subsystem, and the entire system
tends to thermal equilibrium (c).

. N/Npay, rel.
units

Fig. 3 Distribution of electrons over the energy levels
depending upon time: 1 — the energy transfer to the
electron subsystem, 2 and 3 — partial relaxation of
electrons and transfer of the energy to the atomic
subsystem.

! TiTmax.
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Fig. 4 Thermodynamics of the system. The laser pulse,
dynamics of the electron gas temperature T, and the
crystal lattice temperature T,.
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The absorption of light quanta by nonequilibrium
electrons of the dielectric increases their kinetic energy.
This leads to the growth of electron temperature during
the light pulse, whereas the lattice remains practically
cold. Therefore, one can divide the process of the action
of the femtosecond laser radiation on the skin into three
stages. At the first stage during the femtosecond pulse
the multiphoton excitation of water molecules occurs.
The energy of ionisation in this process amounts to 6.5
eV, so that to ionise one water molecule nearly 5
photons (800 nm) are necessary, which is a cause for the
reduction of the quantum efficiency (m < 20%).
Simultaneously the process of impact ionisation takes
place. As a result, before the end of the laser pulse
action Ny =~ ME/hw (E being the pulse energy)
electrons will be excited to the upper ionised states of
the water molecules with the energy above U; = 6.5 eV.
The second stage occurs after the action of the
femtosecond pulse and lasts until the complete transfer
of the energy from the electrons to the phonon
subsystem. The electron gas is cooled and the collagen
molecules are heated (tens of picoseconds). The third
stage is the distribution of heat over the bulk sample (a
few microseconds).

3 Conclusion

We presented a mathematical model of the propagation
of femtosecond radiation through the cutaneous
covering. Using the Mote Carlo numerical simulation,
we determined the dependence of the radiation intensity
upon the penetration depth. By the aid of the analytical
solution of the system of equations describing the
energy balance between the electron subsystem and the
atomic one, we considered the mechanism of the effect
of femtosecond radiation on the skin and estimated the
temporal processes that occur in the course of the
femtosecond radiation acting on the skin.
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