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The change of the absorption mechanism from the normal skin effect to the anomalous skin
effect is predicted theoretically and confirmed experimentally in the case of high power cw laser
irradiation of metallic samples.

1. Introduction

The absorption of the laser radiation by a metal can occur under either normal or
anomalous skin-effect conditions [1],

In the case of laser absorption occurring under normal skin-effect conditions,
the role of the metal surface with the current induced in the metal by the
electromagnetic wave is considered. The length / of the electron free path is much
smaller than the depth & of the skin-layer, and therefore the electron collision
frequency v(0) is much higher than the laser radiation frequency .

In case of laser absorption under anomalous skin-effect conditions the length of
conductivity electron free path is much larger than the skin layer depth, thus
resulting in an important influence of the metal surface on the process of
electromagnetic radiation absorption. In this case, the conductivity electron colli-
sion frequency v(0) is much lower than that of the laser radiation at.

2. Theoretical approach

The theoretical description of the process of laser radiation absorption by the
contaminated metal in air must include both the diffusion of impurities from the
surface towards the inner part of metallic target and the process of target
oxidation. The dynamics of metallic surface temperature change is usually descri-
bed by a set of equations comprising: i) the metal thermal conductivity equation in
which the capacity of absorption of the laser radiation, sometimes called absorpti-
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vity A(x), is included, this quantity being calculated by means of the metal surface
impedance Z3(v); ii) the diffusion equation for impurities with boundary and initial
conditions specific to the considered problem, wherefrom by calculating the
impurity concentration N(z, t) we can find the frequency of electron-impurity
collision Vv*; and iii) Maxwell equations which give the metal surface impedance
za The dynamics of change of the temperature T of the in-air irradiated, contami-
nated metal targets is described by the set of equations [2]:
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where m cOand S are the metallic target mass, specific heat and area, respectively;
P and Pp are the power of the incident laser radiation and the power lost by the
metallic target through convection and radiation, respectively; x, €2, n2 and x2 are
respectively the thickness of the oxide deposited on the metal surface, the
permittivity, the refraction index and the metal absorption index; rj, a and dO are
the convective heat exchange constant, the emissivity of the sample surface and the
Stefan-Boltzmann constants, dO and TDare the constants characterizing the natures
of the oxide and the metal related to the oxidation law; vef is the electron-phonon
collision frequency, while a and vF are the impurity electron scattering area and
Fermi surface electron velocity, respectively.

During the laser irradiation the oxide layer thicknes x is increasing and surface
impurities diffuse towards the inner part of target, therefore “cleaning” its surface
[2-5]. Consequently, the length of the electron free path, which at the beginning is
shorter than <& will become larger than & at the end of the laser irradiation.
Initially, the laser beam absorption occurs under normal skin-effect conditions
which after a certain cleaning time ic are changed into the anomalous ones.

In the case of anomalous skin absorption, the condition v(0) <€co is met and
therefore the surface impedance Z3 will have the following simplified form:

In the case of laser absorption under normal skin conditions the condition
v(0) o is satisfied, and the simplified form of the surface impedance is

z'3=éA0m+i). )

The amplitude coefficient of the wave reflected on the metal-air boundary will
accordingly have the following simplified forms;

where r"3 and r*3 denote the coefficients of the wave reflected on the metal-air
boundary in case of normal and the anomalous skin absorption, respectively. The
collision frequency v(0) will be calculated using the average value of <N(z)> of the
solution of the equation of impurities diffusion towards the target inner part, and
will be equal to

v(0) = v«+- ~ avF (5
V1t <
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where

4d T
P= ~/i)r %eXPt~ Too/T{zfl dx, ©

here DO, z0 and TOO are the coefficient characterizing the diffusion, the depth of the
layer homogeneities and the temperature of activation of the diffusion process,
respectively.

The metal absorption coefficient AO(t), in which the impurity diffusion pheno-
menon is taken into account, is

AoU) = AOL+(AR—AON(I + () 12 @)

where ,40L is the pure metal absorption capacity, AOL is the contaminated metal
absorptivity.
The time of metallic surface cleaning will be calculated considering that the
impurities are diffused along a depth equal to that of the skin layer
o
=260 \exp(-TDT)clt. )
6

Assuming that within this range the temperature is a linear function of time,
we can write

KL= tlomc” (T /T Oexp(_ TJT).
rAo

The linear dependence of the temperature in the first heating state is justified
by small heat losses when the temperature T is low. We shall therefore assume
PAO

T-TO t. (10
me.

The time for cleaning the metallic target will be equal to

mer

t PAo 32n2d0me0 TD (1D
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3. Results and discussion

We have solved numerically the set of equations (1) in case of cw C02 laser
irradiation (P ~ 30 W) of a non-polished copper sample having a rather high laser
absorptivity A0~ 0.1, according to the field where both the impurities diffusion
and surface oxidation phenomena are present during in-air irradiation. We have
assumed that the laser irradiation occurs under normal skin conditions, and used
therefore the expression (4) of the reflection coefficient r13. The theoretical diagram
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of the absorption coefficient A = A{t) departs at a certain moment from the
experimentally established diagram. Supposingly, this temporal moment corres-
ponds to the experimental cleaning time (Fig. 1).

The cleaning time dhoor determined theoretically from the formula (11) fits well
to the experimental one. t€v- 10.7 s. Our experimental arrangement will not be

Fig. 1 Theoretical (1) and experimental (2) time-
variations of a copper sample surface absorptivity
during cw C 02-laser irradiation in-air

described in details, since such a description can be found in literature [6-8]. We
shall only mention that we have used 5 x5 x0.5 mm3 copper samples, which after
mechanical polishing were kept in vacuum, their surfaces being cleaned with
alcohol before laser irradiation. The heating curves under the action of the power-
stabilized cw C 02 laser source (P ~ 30 W) were obtained with the aid of chromel-
alumel thermocouples, and then the absorptivity variation was derived according

Fig. 2. Time-variation of the temperature rea-

ched on the copper sample surface during cw

C 02 laser irradiation in-air. Calculations per-

formed respectively within anomalous (1), nor-

mal (2), and normal (3) skin effect approxima-

tions, for t < fc, and anomalous skin effect for thickness of the oxide layer; .v corresponds
t ~ fc (here tc stands for the starting moment to the anomalous (1) and normal (2) skin
of the laser cleaning process) approximations
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to the procedure described in paper [9]. Postirradiation investigations were
performed by optical and/or electron microscopy, X-ray diffraction, etc.

We have developed a computational program which was meant to integrate
numerically the set of first order differential equations, consisting of the equations
(1a) and (1j) and of the derivative equation (6).

The coefficient r13, up to the time i < 11s, was determined from the expression
(4a), and for r™ 11s the expression (4b) was used (Fig. 2).

A better agreement of the absorption coefficient A with experiments was found.

We have also obtained the dependence x = x(t), Fig. 3.

It can be seen that the growth rate of the oxide layer deposition on the metal
surface, as well as that of the temperature in the case of anomalous skin
absorption are higher than under conditions of normal skin absorption.
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H3MeHeme MexamoMa noBepxnocTHOH a6copbuHH bo epeivisi o6jiy*iemiii MeTaji-
joiHecKMX 06pa3UB nyHKOM Jiynen C02 jiaZpa
TeopeTHHecKH npejiycMOTpeHO H3MeHeHHe MexaHH3Ma a6cop6itHH ¢ HopMalibHoro noBepxHOCTHoro

3(jK))eKTa Ha aHOMajibHbiii noBepxHocTHbrii otIxJieKT, a TaK*e oho no"TBepacaeHO 3KcnepHMeHTalibHO b
cjiynae o6jiyHeHHH MeTajuiHHecKHx 06pa3UOB jia3epoM bwcokoh moiuhocth h HenpepbiBHOH pa6oThi.



