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Abstract—In the present work, optical properties of electronic Fermi gas of aluminum are considered
at any temperature (7 = gf). The dependences of inductivity are obtained from the solution of the
quantum kinetic equation expressions for temperature and frequency. With the help of Fennel’s for-
mula, the frequency and temperature dependences of the reflectivity of an irradiated surface and vol-
ume factor of absorption are defined.
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INTRODUCTION

Under the influence of concentrated streams of radiation (CSR) on a highly absorbing condensed
medium, part of the flow of energy is reflected from the surface and the remainder is absorbed in a thin
surface layer. Depending on the mode of exposure (exposure duration, wavelength) of the optical and
thermal properties of processed materials, the selection of the energy allocation has a superficial or
volumetric character. The emitted energy is further expended for heating, melting, and evaporation of
the target.

A systematic study of all phenomena that have developed in the impact zone of the CSR is necessary
for the formulation of the basic requirements for sources of CSR and determination of the optimum expo-
sure. Thus, in the laser processing of opaque materials, it is necessary to know optical characteristics such
as surface reflectivity R [%] and related absorptivity A = 1 — R, and if the energy release is voluminous,
then it is necessary to know also the volume absorption coefficient o cm~!. For a broad class of materials,
including metals, there is fairly comprehensive information on the frequency dependence of the optical
characteristics [1—3] measured at a fixed temperature, usually room temperature. The temperature
dependences for most materials, even at low temperatures, are not determined exactly. Thus, for most
metals at temperatures below the melting temperature, it is well known that the temperature dependence
of the absorbance has a linear character A(T) = a + bT, where a and b are coefficients. For temperatures
near the melting point of the substance or exceeding it, we believe that the reflectivity/absorptivity does
not depend on temperature, and estimates of its average or its value mean integral are used over the
required range of temperatures [4].

Such an approach is not useful for mathematical modeling of the impact on metals and super (power)
ultrashort laser pulses. As a result of such influences, the radiation energy is transferred to electrons and
in solids a strongly nonequilibrium region is formed with hot electrons and a cold lattice. Thus, for small
times (f ~ 10712—10~15 s), the warming of the electronic subsystem to the temperature 7, comparable to
the Fermi energy Eor exceeding it is possible. In the case of 7, < Ep, in a hot field, the electrons have the
Fermi distribution with its temperature. When 7, = E”, degeneracy is lifted, and for 7, > E, the electrons
acquire a Maxwellian distribution. Transition through the temperature 7, ~ Eis associated with changes
in the mechanisms of electron-electron and electron-phonon interactions, which leads to qualitative
changes in the optical and thermal characteristics of a solid [5].

In this paper we attempt to calculate the temperature and frequency dependences of the optical char-
acteristics of metals in a wide range of frequencies (A = 0.1—10 eV) and temperatures (7, = 0.024—50 eV).
To achieve the goal, we used the longitudinal dielectric constant €/ = /(w, 7), determined by solving a
quantum kinetic equation.

The main limitation of the proposed approach is the description of processes in the model of free gas.
The electronic excitation of ions and an increase in the number of free electrons, typical for temperatures
T,> Erand photoprocesses characteristic for high irradiance, are not taken into account in this review.
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CALCULATION OF OPTICAL PROPERTIES OF ALUMINUM 715

I. THEORETICAL ANALYSIS

1. Reflectivity and the Volume Absorption Coefficient

All linear (macroscopic) optical properties of plasma, including the material absorption coefficient,
reflectivity R, and the complex refractive index N = n + ik, can be expressed by its dielectric constant [6].
By definition, the complex refractive index N is equal to the value

N =n+ix = &, (1)
where n and k are optical constants that represent the real and imaginary parts of the refractive index, and
¢’is the longitudinal dielectric constant. Given the fact that the dielectric constant is also a complex value,

gl = s[, + ig,/, then, by equating their real and imaginary parts, we obtain the system of equations
811 = nz—Kz, 812 = 2nx. 2)

From the solution of system (2), the expressions for #» and k follow:
12,172 1/2

n=2" el 1) + (6D} 3)

12,172 1/2

2 e+ (e + ()1 (4)

According to the classical Fresnel formulas [7], the reflectivity R and absorption A4 capacity of the irradi-
ated surface of an infinitely thick plasma layer at normal incidence is expressed as

n 2
R:(n;)z-'-]{z, A=1—R=4—”2, (5)
(n+1) +x (n+1)+x

The coefficient of volume absorption o is equal to [6]

c A
where o is the frequency of radiation, A is the wavelength, and c is the speed of light.

Usually, at low temperatures, the values R, 4, u, and o are determined by the measurement data, from
which the optical constants » and k are found [6—8].

For the electron plasma of metals, in the general case, n, k, and €’ are functions of the radiation fre-
quency o and temperature 7'

n=nwT), x=x(T), &=ct/T.

Thus, all the macroscopic optical properties of metals and their frequency and temperature depen-
dence can be expressed through a single quantity, the longitudinal dielectric constant &/ = g/(w, 7).

_ 2xo _ 4mk (6)

2. The Permittivity of a Degenerate Electron Plasma Metal e(®, k)

According to the electromagnetic field theory, the permittivity of free electron gas e(®, k) depends on
the frequency o (the so-called time or frequency dispersion) and wave vector k (spatial dispersion). In the
presence of spatial dispersion, i.e., in the presence of the dependence of vector k, permittivity is a tensor
quantity £;(, k) even in an isotropic medium. Tensor g;(®, K) is characterized by two scalar functions, g
and €', dubbed the longitudinal and transverse permittivities, respectively, and that depend on the inde-
pendent variables, frequency » and the absolute magnitude of the wave vector k, &' = g/(w, k), & = g(w,
k). Fork — 0, the selected direction vanishes and the tensor g;(®, k) reduces to the form £(®)d;, where
€(w) is the usual scalar permeability, taking into account only the frequency dispersion. Accordingly, the
limiting values of the functions &/, € are the same and equal &/ = ¢/(w, 0) = &' = g/(®, 0) = (o).

Tensor g;(w, k), in the general case, is a complex function of real variables m and k. The scalar functions
¢'and ¢’ are also complex functions of frequency and magnitude of the wave vector k£

(o, k) = el(o, k) +igy(o, k), €(0,k) = (o, k) +ig(o, k). (7)

The presence of temporal and spatial dispersion in the longitudinal permittivity &/(w, k) allows us to
determine its frequency and temperature dependences, respectively, as well as the similar dependences of
the refractive indices and absorption.
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716 MAZHUKIN, KOROLEVA

When determining the longitudinal permittivity in an arbitrary temperature range, it was assumed that
the transition from the case of strong degeneracy & = 7,/Er << 1 to the Boltzmann degeneracy § = 7,/Ey
> 1 occurs smoothly. For the smooth transition, the temperature dependence of chemical potential was
used [6]:

2 4
M2, T .4
W)= E{1-58+ Zoe') = E,D),
(®)
( .. 4)
D(€) = 1—§E.= +m§ .
At low temperatures, when the value of (7)) is close to E (exact equality p(7,) = Eis achieved at absolute
zero), the collectivized electrons of the metal obey the Fermi-Dirac statistics f(E) = (exp(x — 1) + 1)~!, where
x=E/T,, n=WwT,)/T,, and E is the energy of an electron. The scope of the distribution function f(E),
corresponding to large values of energy E, when x — 1 > 1 is essentially similar to the Boltzmann distri-
bution function f(E) = exp(n — x).
The value of the total longitudinal permittivity is proposed to determine the sum of two components,
ensuring a smooth transition from a degenerate electron gas to the Maxwellian plasma

¢ = &'(0,T) = D(&)eH®, T)+ (1 - D(&))ey(o, T). )

3. Quantum Kinetic Equation
In the general case of arbitrary values of vector k, when a significant role is played by spatial dispersion,
the calculation of the permittivity e(w, k) requires the application of kinetic equation [9], which for a col-
lisionless plasma has the form

0@f) , ,2QN) _ g 2N) (10)

ot or op

where f(p) = f, + of(p) is the electron distribution function in momentum space, f; is the stationary iso-
tropic and spatially uniform distribution function that is unperturbed by the field, and &f’is the change of
the distribution function under the influence of the field.

The longitudinal part of the permittivity &/(», k) of collisionless plasma is determined by solving kinetic
Eq. (10) and has the form [9]

0

/ 47132 8f(p) dap
Ky =1- k . 11
e(o. ) K’ I op kv—-w-i0 (1

—00

is

This expression has a singular point (pole) in the lower half of the complex variable. Peculiarity ”
V-
usually [9, 10] considered as m ; i.e., the value o is represented as the value o + /0, which has
v—(0+1i
an infinitesimal positive imaginary part. After renaming the variable of integration, integral (11) can be
written as

IMdz, 4> 0.
z7—1i0

In this integral the path of integration in the complex plane z passes under the point z = i3, which at
0 — 0 is equivalent to integration along the real axis around the pole z = 0 along an infinitesimal semi-
circle below. The contribution to the integral of this bypass is determined by the semiresidue of integrand

I&dz = J'flz)dzﬂnf(o)- 12
z—1i0 Z

The integral on the right side of Eq. (12) represents the limiting value of the Cauchy type integral.
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CALCULATION OF OPTICAL PROPERTIES OF ALUMINUM 717

To describe the electromagnetic properties of the quantum plasma, to which the electron plasma of
metals is related, the quantum analogue of the classical kinetic equation is used [10]. The equation for the
quantum distribution function f(p), depending on the kinematic momentum p, for a small deviation from
the equilibrium homogeneous state f(p, r, ) = f,(p) + &f(p, r, £)[10] has the form

o) , 0, w0f) _ e ifiw-ngn)[00s ht
o T o T 5 (2n)3ﬁje “”{[arﬁr ofr+ 2)

N (p(r _ %Tﬂ _ %[(ﬁrg—[:") _A(r + %’) 4 A(r - %‘H }drdp'.

where f;, is the stationary isotropic and spatially homogeneous electron distribution function in momen-
tum that is unperturbed by the field and &f'is its change under the influence of the field; E, @, and A are
the electric field intensity vector, the scalar potential, and the vector potential, respectively; and T = p~'.

(13)

In the classical limit # — 0, Eq. (13) transforms into kinetic Eq. (10).

For a degenerate electron gas function, f(p) is the Fermi distribution function, equal to

fip) = 20@)
(2nh)

2d’p
2nh)’
of spin projections, and #(p) is the number of filled quantum states of electrons with specific values of

momentum and spin projections. In the case of complete degeneracy (7= 0) and n(p) = 1, and the distri-
bution function takes the form

where is the number of states attributable to an element of momentum space d°p with two values

2 p<pr= 3n) AN,
fe(p) = { (2nh) (14)

0, p>pp

The formula for the longitudinal permittivity €/(®, k) of a completely degenerate electron gas with dis-
tribution function (14) was obtained in [11] from the solution of quantum kinetic Eq. (13):

o) o]

kv - (o +i0) (2nh)3'

(oK) = 1_47¢ f (15)

i’

A more general expression for the dielectric constant of the degenerate plasma is obtained at 7+ 0. The
simple, though cumbersome, integration of Eq. (15) leads to [12]

o |1+ exp(n(é) - (—H- - _f}_k_)‘)

Sl((D, k) =1- 4TEm€2Ne In Pre 2pTe dp , (16)
hkz[’re}’ﬂl/z(é)_cO 1+ exp(n(a) _ (L + ﬁ)z) kp/m— (o +i0)
Pre 2pTe

where 34, and p, are, respectively, the average thermal velocity and momentum of the electrons and £ is
the average absolute value of wave vector k.

1
kv — (o0 +i0)
value of the Cauchy type integral. Integration is performed in the complex plane (® + i0) along the real
axis, with a bypass of point p = mw/k from below.

Because of the presence of peculiarities , the integral in Eq. (16) represents a limiting
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718 MAZHUKIN, KOROLEVA

4. The Imaginary Part of the Longitudinal Permittivity 812 (o, k)

The imaginary part of 8[2 (o, k) of the longitudinal permittivity £/(», K) is defined in (16) by the semi-
residue at the point p = mw/k. Separating it with the help of formula (12), we obtain

L+ exp(n(e) - (£ - ik )7)

2 2
2
312(03, k) = 4? e mN, In Pre  2PT6 (17)
hk'prFip(E) |1 4 CXD(H(E) _ (L + ﬁ)?
P e 2pTe

The imaginary part of permittivity 812’ r(m, k) in the case of a degenerate electron Fermi gas, taking into

account the expressions for the main variables p = mw/k, ky=pp/h, pr=mor= 2mep) "%, vp= 2e/m)'/?,
has the form

L+ oxp(n(@) - (-2 - A )

Te(the)zln kFUTe szTe (18)

(ho)’ 1+exp(n(§)—( = +__7ﬂ<£_)2) |

kpor, 2mug,

ag,F(m, k) = 3m

4ne’N) "’ T, \. . .
where o;, = Ore _ (27€ X ,d,= < is the plasma, or Langmuir, frequency and Debye radius
d m 4me’N,

e e

k+1/2
for electrons, respectively, and Fj , ;,, = fO X

0 exp(x—m)+1
value 1 (&) are approximated by the expressions [5]

dx is the Fermi integral. Integral F;/, and the
4/37"?
§3/2 + 4/371:]/2.

For a Maxwellian plasma, taking into account k5, = pp,/h = A-'2mT,)"?, py, = mog, = 2mT,)"/?, §,, =

2 _ _
Fp=ie™, mE) =g +n

(2T,/m)"2, the imaginary part of permittivity 8[2, (0, k) has the form

1+ oxp () - (2 - e )

kTeUTe 2mUTe

T(hoL)’
(o) 1+ exp(n(e) - (=2 + L1 )

kp,07, 2mvuy,

e

er (@, k) = 21

(19)

In the two limiting cases of low 7, — 0 and high T, > g¢,temperatures, expressions (18) and (19) tran-
sit to two well-known relations. At 7, — 0, expression (18) transits to the formula obtained in [13] for

the imaginary part of permittivity of 812 (m, k) of the degenerate electron Fermi gas:

2
31 ©p®

slz,F(co, k) = s at o] <k

kvp)

In the other limiting case of high temperatures £ > 1, it is sufficient to remove the degeneracy, and
h —= 0; relation (19) coincides with the well-known expression for 812, w (0, k) of the classical electron

plasma [9]:
12 2
ot = (9" ()
3
2 (kvy,) 2 kv 7,
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Finally, the imaginary part of permittivity of the degenerate electron gas 812, r(®, k) and Maxwell

plasma 812’ w (0, k) can be represented as a frequency and temperature dependence

E
5 1+exp(n(§)——F(h—m—l)j
1 (ho.,) AT\ Er
82) F((D, Te) = 3TCTe 11’1

(o)’ |4 exp(n(i) - ‘%(%: * 1)2) |

L+ exp(n(e) - (22 1))

e

, (ho)’
&y u(w, T,) = 2nT, In
(h(o)3 1+ exp(n(é) - ‘_l‘(ﬁ_co + 1)2)

Finally, the expression for the total imaginary part of permittivity 812 according to (9) is represented as
a ratio explicitly depending on the radiation frequency o and the electron temperature 7,:

(0, T,) = D(&)eL (0, T,)+ (1= D(E)EL u(o, T,) = [CT“—“’)}
(ho)
1+CXP(T1(E.=)—‘%§(}Z—®—I)3 1+ exp(n(i)—é(h%’)—l)z) (20)
x4 D(E)In 1 hF +(1-D(E))In 1 ﬁe ,
1+6XP(71(§)—‘E(FC:+1)3 1+exp(n(§)—éE<T°j+1)Z)

2 4
where D(§) = (1 - %éz + %i“) , C = C(hw) is a value that is slowly varying by frequency, and C = 1-2n

in the frequency range fio = 0.1—100 eV.

5. The Real Part of The Longitudinal Permittivity 811 (o, k)
Determination of the real part of permittivity sl, = sﬁ (o, K) using Eq. (16) analytically is possible only
for two limiting cases [12]: for high ®/kv 4, > 1 and low-frequency o/kv 4, < 1.

5.1. High-frequency approximation of sll’h (m, k). At high frequencies the ®/kvy, > 1 integrand of (16)
can be expanded in powers of k/® and after integration obtain the approximation to the real part of per-

mittivity sll’h (o, k):

2 o 2+ 1
Lh 4dne"N, 1 ko \?
e (0, k) = 1- ¢ [( ) F, } 21
(0, k) Ko (DFW,;) 5 (2 +1))2 (21

Retaining the first three terms in the expansion in (21), we obtain

2
0, Ty = 1 Ok l((kore) +(kUTe)zf§_/_2+(l_€_9_@)sf§-/—2+ )
kvr,o\\ © o/ F ® 7 Fp

For the Fermi component

. 2 2 4
s, Ty = 1=(2) (1o (Ke2) oz (k) B )
) o / F), o /7 F),
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720 MAZHUKIN, KOROLEVA

Taking into account the values of the Fermi integrals F , |, and the average electron energy (E) =

F . . Lh . .
T,—2 | the approximation for €] r IS written as

1/2
Y _(ﬁ(DLe)z
ILF P

| AEKE) | (AE)’(E) } 2
(ho)'  (ho)’

For Maxwellian plasma & > 1

2 krv 2 kv
Sll’hM(@v T,)=1- (ﬁLLe) (1 + ( T, Te) +( T, Te)")
’ ho ® P
2 2{2 2.4
:1_(ﬁ(DLe) (1+(2T6) +(2Te))‘
5.2 Low-frequency approximation ;. For low frequencies o/kv, < 1 in integral (16), it is necessary

to change the variables y = x + ®/kv, expand the integrand into a series of ®/kv,, and after integration
over x to obtain

e = 1o 4me’N, m_ F Z( 1y-2 27 )t 2+J( 2(’+')J'f(’)(x)_dx (24)
' 2 (2j+ D!+ kv N
0

(23)

kae

where fY(x) is the jth derivative of the Fermi distribution function. Keeping the first two terms of expan-
sionj =0, 1, in (24), we write

2
(0, k) = 1_4ne Ne_m ( 12t ) jf( )(X)dx 2 ) J‘f(l)(X)dxj
pt, Fip £y kv

For € < 1, for the Fermi distribution we obtain

2 2 4
Slf,sF((D, k)~ 1 _4n2e 2N F_l/z[l + 4( @ ) + 2( © ) }
F kgL kp0

kFPT
wf(o)(x) y xdx 28
Taking into account I ——dx = I ——————— =F | ,and Fip _ ] , the low-frequency
Jx : exp(x—m)+1 Fip (§2+(2/3)2)/

approximation for the Fermi component takes the form

81])’31:(0), k) ~ 1 . (ﬁ@;e)z 2 : 2(1 " (ﬁ())) 1 (ﬁ@) J (25)
Er (& +@#9)) "\ ET. 86,1

For the Maxwellian component & > 1, the corresponding component has the form

e (o, k)~ 1 - E(ﬁ%e) [1 + (%‘”)2 + :.g(ﬁ?“’) 4}. (26)

Taking into account expressions (22) and (25), the real part of permittivity for a degenerate electron

gas 8/1, » can be represented in the form of matching the high-frequency s/{,hF(m, T,) and low-frequency
Ls . .
¢ (o, T,) approximations.
The high-frequency approximation 81{”}(03, T,), satisfying the condition w/kvq, > 1, is used at low
temperatures, and the low-frequency sll’fF (w, T,), satisfying the condition ®/kv 4, <€ 1 is used for high tem-

peratures. Stitching is carried out at the point of the intersection of curves s/{f} (o, T,) and sll’fF (o, T,). At
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Fig. 1. Frequency dependence of the real and imaginary parts of IEJl (o) of the longitudinal permittivity at a temperature
of T=290 K.

this point, at the movement on the temperature scale a transition from the curve sllhp (o, T,) to the curve
e’r (o, T,) occurs.

Similarly, the high-frequency 811}}4 (o, T,) and low-frequency sll’,SM (o, T,) approximation of Maxwell’s
plasma are merged and the real part of permittivity 8115 w (o, T,) is determined.

Using these expressions for 811, r and 811’ w (o, T,), the real part of permittivity 811’ " (m, k) in its final form
can be represented as

ei(o, T) = D(&)e) (o, T)+(1-D(&))e; (o, T). 27)

II. CALCULATION OF THE REFLECTIVITY R(2, T,)
AND THE VOLUME ABSORPTION COEFFICIENT A(Q, 7,) OF ALUMINUM

The results of the above theoretical analysis can be used to determine the frequency and the tempera-
ture dependences of the volume absorption coefficient a(w, 7,) and surface reflectance R(w, 7,) of metal
targets. In the present work, aluminum, which is a trivalent metal and is characterized by the following
parameters, was considered as a metal target [14]:

52
2m

N, = zﬁ/[ = 1.806 x 10® cm™, E, ’N,)" = 11.637 eV,

ho,, = (4ne*N,)"” = 15780 eV,

where z is valence, A is atomic weight, and M is the atomic mass unit.

As already noted, there is extensive information in the literature on the frequency dependence of the
optical properties of metals [2, 3, 15], measured usually at room temperature. Thus, at first, in order to
compare the calculated data with the background data using relations (20) and (27), the frequency depen-
dences on the imaginary 812 (®) and the real s[, (o) parts of the permittivity were calculated at a fixed tem-
perature (7, = 293 K) (see Fig. 1). The calculations shown in Fig. 1 indicate that the features of the fre-

quency dependences 811 () and 812 () comply with generally accepted notions about the behavior of the

permittivity of the electron plasma. Thus, the real and imaginary parts of the frequency increase, showing
an asymptotic tendency to unity and zero, respectively; see Fig. 1. In addition, when passing through the

MATHEMATICAL MODELS AND COMPUTER SIMULATIONS  Vol. 2 No. 6 2010
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Fig. 2. Frequency dependence of (a) the volume absorption coefficient a(®), and (b) the surface reflectivity coefficient
R(w) at a temperature of 7= 290 K. The solid lines are the calculated curves and dotted lines are the reference data.
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Fig. 3. Temperature dependences of (a) the volume absorption coefficient and (b) the reflexivity capacity of the surface at
fixed frequencies: 1. im =0.117eV (A =10.6 pum); 2. iv = 1.17eV (A = 1.06 pm); 3. ho = 1.55eV (A = 0.8 pum); 4. fi =
1.79eV (A =0.694 um); 5. iw =2.43eV (A =0.51 um); 6. ico =3.68 eV (L =0.337 um); 7. iw =4.025eV (A =0.308 um);
8. hw =4.999¢V (A =0.248 um); 9. id = 6.42 eV (A = 0.193 um); 10. i = 12.4eV (A = 0.1 um).

point iw = fiw, ,, the real part 811 (o) changes sign, as noted in Fig. 1 by the intersection of two perpendic-
ular dotted lines.

The obtained dependence sll (o) and 812 (®) were used to determine the dispersion of the real » and
imaginary k parts of refractive index N, with which the frequency dependences of the volume absorption
coefficient o(w) and reflectance ability of the surface R(w) were calculated according to Egs. (5) and (6)
(see Fig. 2). Comparison of the dependences obtained o.(®w) and R(®) (solid line) with reference data [3]
(dashed lines) (Fig. 2) showed fairly good quantitative agreement in the laser range of frequencies Ai® €
[0.1—10] eV. At high frequencies Zm > 10 eV and radiation intensities G > 10'3 W/cm?, the contribution of
the tunneling and photo effects becomes significant, which is not taken into account in this approach. In
these areas, the volume absorption coefficient must be presented as the sum of the coefficients

Oy = o+ Qph

where o, coefficient of photoabsorption.
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CALCULATION OF OPTICAL PROPERTIES OF ALUMINUM 723

Temperature dependence a(w, 7,) and R(w, T,) were calculated for several fixed frequencies correspond-
ing to the radiation wavelengths of the most commonly used lasers. In the laser range A € (0.1—10.6) um,
ranging from infrared to ultraviolet, both characteristics (Fig. 3) tend to decrease with an increase of the
temperature of the electron gas.

CONCLUSIONS

The impact of super (power) ultrashort laser pulses is accompanied by strongly nonequilibrium regions
in a solid with hot electrons and a cold lattice. The electronic subsystem can thus be warmed up to tem-
peratures comparable to the Fermi energy or exceeding them. The implementation of computational
experiments to study the impact of such regimes requires the determination of the optical, thermal, and
other characteristics of the irradiated targets in wide temperature and frequency ranges. In this paper,
through the example of calculating the volume absorption coefficient and reflectivity of the aluminum
surface, an approach to determine the optical properties of metals at arbitrary temperatures and frequen-
cies is proposed.

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation for Basic Research, project nos. 09-01-12110-ofi-m
and 09-07-00225.

REFERENCES

1. W. W. Duley, Laser Processing and Analysis of Materials (Plenum Press, New York, 1983; Mir, Moscow, 1986).

2. V. N. Zolotarev, V. 1. Morozov, and E. V. Smirnova, Optical Constants of Nature and Technical Mediums. Hand-
book (Khimiya, Leningrad, 1984) [in Russian].

3. Handbook of Optical Constants of Solid 11, Ed. by E. D. Palik (Acad. Press, Boston, San Diego, New York, 1991).

4. N.N. Rykalin, A. A. Uglov, . V. Zuev, and A. N. Kokora, Laser and Electron-Beam Processing for Metals (Mash-
inostroenie, Moscow, 1985) [in Russian].

5. Yu. V. Martynenko and Yu. N. Yavlinskii, “Cooling of the Metal’s Electron Gas under High Temperature,”
Dokl. Akad. Nauk SSSR, Ser. Fiz. 270, No. 1, 88—91 (1983).

6. J. M. Ziman, Principles of the Theory of Solids (Cambridge Univ, Press, 1964; Mir, Moscow, 1966) [in Russian].
7. M. Born and E. Wolf, Principles of Optics (Pergamon, Oxford, 1969; Nauka, Moscow 1973).

8. Handbook of Optical Constants of Solid 11, Ed. by E. D. Palik (Acad. Press, Boston, San Diego, New York, 1991),
p. 1086.

9. E. M. Lifshits and L. P. Pitaevskii, Physical Kinetics (Nauka, GRFML, Moscow, 1979) [in Russian].

10. V. P. Silin and A. A. Rukhadze, Electromagnetic Properties of the Plasma and Plasma- Like Mediums (Gosatomiz-
dat, Moscow, 1961) [in Russian].

11. Yu. L. Klimontovich and V. P. Silin, “On the Spectra of Interacting Particles Systems,” Zh. Eksp. Teor. Fiz. 23,
151 (1952).

12. Yu. V. Martynenko and Yu. N. Yavlinskii, “Electronic Fermi Gas under Arbitrary Temperature,” Preprint
no. 3773/1, IAE (1. V. Kurchatov Institute of Atomic Energy, 1983).

13. J. Lindhard, “On the Properties of Gas of Charged Particles,” Det Kongelige Danske Videnskabernes Selskab.
Matemalisk-fysiske Meddelelser 28 (8), 1—57 (1954).

14. C. Kittel, Introduction to Solid State Physics (Wiley, New York, 1976; GRFMLI “Nauka,” Moscow, 1978).
15. C. W. Allen, Astrophysical Quantities (University of London, 1973; Mir, Moscow, 1977).

MATHEMATICAL MODELS AND COMPUTER SIMULATIONS  Vol. 2 No. 6 2010




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


