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The electric and magnetic cross-sections of light absorption by
spherical metal particles, whose nanometer dimensions can be
smaller than the electron free path, have been calculated. The
approach is based on solving the kinetic equation with diffuse
boundary conditions describing the reflectance of an electron from
the interior side of the particle’s walls. Analytical expressions,
which allow the value of the cross-section to be determined
in terms of the particle’s radius and the frequency of incident
electromagnetic radiation, have been obtained in the case, where
the skin-layer is thicker than the characteristic size of the particle.

1. Introduction

The properties of small metallic particles (SMPs)
substantially differ from those of a metal ingot. The
reasons for that include not only the probable influence
of quantum-mechanical finite-size effects — important
by themselves [1,2] — but may have the merely classical
aspects as well. The classical Mie theory of interaction
between electromagnetic (EM) radiation and spherical
metal particles [3], which is based on the local equations
of macroscopic electrodynamics, cannot be applied in the
cases where the mean free path of electron [ becomes
either equal to or larger than the particle’s size a. In this
case, the collisions of electrons with the particle’s surface
essentially affect the response of the particle to the
external field, so that the kinetic theory of conduction
electrons in metal should be applied to calculate the
character of interaction between light and the particle
[4].

Usually, the particle’s size is considered to be
much smaller than the length of the EM wave.
Under such conditions (see, e.g., work [5]), both the
electric (electric absorption) and magnetic (magnetic
absorption) components of the EM waves are known
to contribute to the absorption by non-magnetic
materials. A many papers on this topic have been
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published, and the principal aspects of the problem
have been elucidated. The cases of electric and
magnetic absorption by a spherical particle with
a > [ have been studied especially well [6-10]. An
analytical expression for magnetic absorption in the
opposite case, where a < [, has been derived as
well [11-15]. The results of those researches were
summarized in monographies [4,5, 16, 17]. The natural
question arises: what is the use of one more paper
on such a well studied subject? The answer is as
follows.

First, in this work we derived analytical expressions
for electric and magnetic absorption, which all the
limiting cases obtained in others works are resulted
from. Second, the resonance oscillations of the optical
conductivity, which are caused by coming closer
the frequency of the EM-wave and that of electron
oscillations between particle’s walls, were studied only
in a few papers (see, e.g., works [12-14]). The
electric oscillations were dealt with in work [12], while
the magnetic ones in works [13, 14]. Nevertheless,
explicit analytical expressions for oscillatory terms were
obtained in none of them. The only analytical result has
been derived, in the framework of the kinetic approach,
for magnetic absorption, but the collision frequency
was not taken into account at that [13, 14]. However,
the explicit expressions for the electron scattering
cross-section, which would take simultaneously into
account the contributions of the electric and magnetic
components of the EM wave, as well as the bulk
and the surface electron scattering, were not written
down. Nevertheless, they can be obtained for a spherical
particle even if the collision frequency is made allowance
for.

The purpose of this work was just to fill this blank, to
derive exact analytical expressions for the cross-sections
of electric and magnetic absorption by a spherical SMP
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in the framework of the kinetic method, and to carry out
their comprehensive analysis.

2. Fundamentals

Let an EM wave with the components E and H of the
electric and magnetic fields, respectively, fall onto an
SMP with the radius R. Let A\, w, and k be the length,
frequency, and wave vector, respectively, of this EM
wave, while r and ¢ describe the spatial coordinate and
time. We assume that a < . It allows us to consider the
particle as such, which is embedded into the spatially
uniform but oscillating in time E and H fields. The
electric component of the wave induces a local electric
field inside the SMP, which can be expressed in terms
of the dielectric permittivity of the particle medium
e(w): Ein = 3Ep/[2+¢e(w)] [18]. The magnetic wave
component is responsible for the appearance of an eddy
electric field Eqq. If the skin-layer is thick (0 > R), the
field Hy can be regarded as uniform and constant one.
Then, the Maxwell equations for the field Eqq look like

ot Eeq = i~Hy, divEe =0 (1)
C

and the boundary condition on the particle’s surface
is Eqqng = 0, where ng is the normal to the surface
of the sphere S. In this case, the contribution of eddy
currents to absorption is maximal. Having found Egq
and knowing the current j,,,(r) as well as E;, with the
corresponding current j., one can calculate the absorbed
power by the formula

W= %Re / dr [ (1) Biq(r) + jo (r)Bin ()] 2)
Vv

We consider the case, where the characteristic
dimensions of the particle can be smaller than
the electron free path. Then, the wave energy is
absorbed mainly owing to the collisions of conduction
electrons with the interior surface of the particle. The
corresponding calculations of the current must be carried
out in the framework of the microscopic approach,
according to which electrons follow the statistics of
almost ideal degenerate Fermi-gas, and

i =2 (575) [[[ v re.v) o), Q

where f(r,v) is the electron distribution function in
the coordinate and velocity space, e the charge of
the electron, and m its mass. The fields E.q and
E;, are responsible for the deviation of the electron

922

distribution from the equilibrium Fermi one. Therefore,
the total distribution function f(r,v) is tried as the
sum of an equilibrium part fo(e), which depends on
the electron’s kinetic energy only, and a nonequilibrium
addend fi(r, v), the linear approximation of which in the
external field is determined from the Boltzmann kinetic
equation

(vy —iw) fi(r,v) + v%+
+e (B + Eed)va@f) =0, (4)

where the collision integral is presented in the relaxation
time approximation, and vy is the electron collision
frequency in the particle’s bulk. For the function f(r,v)
to be determined unambiguously, one has to specify
the corresponding boundary conditions on the particle’s
surface. As such, we choose the conditions of diffuse
electron reflection from the interior surface of the
particle [15-17]: fi(r,v)|s = 0 and v, < 0, where v,
is the normal component of the electron velocity with
respect to the surface S. In order to solve the partial
differential equation, the method of characteristics is
used as a rule. In this case, the general expression for
the solution fi(r,v) looks like [15]

fi(r,v) = —e%

3
vE;, + E QU5 | X
68 J J

ij=1

1— e—(uv—iw)t
—_— 5
. ( vy —iw ) ’ (5)

where, in contrast to work [15], the item connected
with the particle asymmetry is omitted, v; is the j-th
component of the velocity vector, 1 = x, x2 = y, and
x3 = z. The parameter ¢ means the time of electron
“motion” with the velocity v along the trajectory r =
vt + R from the particle’s surface to the point r and is
determined by the formula

t =[rv 4+ /(rv)2 + (RZ — r2)v2| /v (6)

The radius-vector R specifies the coordinates of the
surface, from which the electron starts to move (at
t = 0). The augend in Eq. (5) is responsible for the
absorption of the electric component of the EM wave,
while the addend for the absorption of the magnetic
one. The matrix members «;; are the corresponding
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coefficients in the linear expansion of the eddy field and
are determined from Egs. (1) and the relevant boundary
conditions. For a spherical particle, a;; = FisH ,EO).
The subscripts i # j # k vary as 1,2, and 3, which
corresponds to the z-, -, and z-projections, respectively.
The matrix « is antisymmetric.

Expressions (5) and (6), together with the diffuse
reflection conditions for electrons, completely define the
solution of Eq. (4). The distribution function to be found
allows, in its turn, current (3) and the average absorbed
power (2) to be calculated.

3. Cross-Section of the EM-Wave Electric
Absorption

The cross-section of absorption of the external electric
field energy is defined as the ratio between the average
dissipated power (2) and the average energy flux in the
incident wave cE2/(87). Making use of expression (5) for
the distribution function, as well as expressions (2) and
(3), we find the following expression for the absorption
cross-section:

Sp = LQmS i><
B r2h3c B2
1 _
xRe |:V /// dr // dv|VE[*0(s — p) (1 — e_l/t)}
(7)
where 7 = vy — iw, and the approximate equality

0fo/0e ~ —0(¢ — ) was supposed. After integrating
in Eq. (7) over all coordinates, we obtain
21

s3ne

<wel 1 [[[ av VB Po) se -], ®)

where vp = (2u/m)'/? is the electron’s velocity on the
Fermi surface, p is the Fermi energy, n is the electron
concentration, and

n 403 _ 402 (1+ ) ) 6_¥9
(Rv)®  (2Rp)? 2Rp '
(9)
Now, let us introduce the collision frequency of the
electron with the SMP’s surface:
UF
=55

4 v

¢(U):§—ﬁ

Vs (10)
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For example, for a particle with R = 150 A, provided
that vy ~ 1 x 103 s7 and vp ~ 0.8 x 10® cm/s,
the frequency vg ~ 2.67 x 10" s7! is almost three
times higher than the collision frequency in the particle’s
bulk. Analogous estimations show that the frequencies
of electron collisions with the surface and in the bulk
become comparable (vg = vy) only for particles with
R~ 400 A.

Remaining integration in the velocity space, owing
to the presence of the d-function, does not bring about
any difficulty. Therefore, we write down the final result

wQ

R d(w)x

s 1vg —w? n 5 (V3 —w?)? — wiw?
3vs  2v2 fw? P (v +w?)?

w v
COs (7) e s
Vs

R ETaE

[uv (V3 —3w?)+

. w _vy
sin (—) e Vs
vs

2 +w?)?

yz—w22—41/2w2
oo it

Vs
2 2
vy, +w

X [w(?ﬂ/‘% —w?) +us (11)

2 2
vy +w

dvyw (V2 — wQ)} }

where the notations

s¢ =R (), (12)
)= g T @+ @) "
) =1 3::32)2 =

elw) = u:u; (vv :—V3j53;2§£i w?’ (14)
were introduced, ¢'(w) and en(w) are the real

and imaginary parts, respectively, of the dielectric

permittivity, and w, = +/4wne?/m is the plasma
oscillation frequency. The quantity vy in Eq. (14) was

923



N.I. GRIGORCHUK, P.M. TOMCHUK

0.12
w, 0.08
v
LJ
n
0.04
0
0 4 8 12 16 20
q2
Fig. 1. Dependences of the cross-section ratio for electron

absorption, stimulated by the electric component of the EM-wave,
in a spherical SMP (R = 150 A) on the frequency ratio g2 = w/vg.
The contributions of merely bulk (at vy = 1013 s~ 1) and merely
surface (at vy, = 0) electron collisions are depicted by curves 1 and
2, respectively. Curve 3 corresponds to the contribution of surface
electron collisions with a correction for the influence of electron

collisions in the bulk, and curve 4 to the contribution sum

formally substituted by vy + 3vg/2 [11] in order to
ensure the correct limiting transition to the case of small
Vy.

Formula (11) is a general analytical expression for
electron diffuse scattering in an electric field inside a
spherical metal particle. It takes into account merely
bulk electron collisions and collisions of electrons with
the surface, as well as their interference. The part that is
responsible for merely bulk collisions (the Drude classical
case) can be singled out by taking a > [ or, in terms of
the frequency, vy > vg in Eq. (11). In so doing, only
the first summand in the braces evidently remains:

cl w g
Sp(w, R) = VEE (w)d(w), (15)
where V is the particle’s volume. Expression (15)
corresponds to the well-known classical result for
electron scattering cross-section in an electric field [18].
It can also be obtained immediately from formula (8),
by putting ¥ (v) &~ 4/3 and carrying out integration.

Provided that the frequency of bulk collisions vy —
0, the classical cross-section S%l — 0.

The sum of all the terms, but the first, in expression
(11) describes the contribution of diffuse scattering of
electrons from the interior surface of the particle, taking

into account the influence of electron collisions in the
particle’s bulk that are caused by the EM-wave electric
field inside the particle. These summands dominate if
the mean free path of the electron exceeds the particle’s
dimensions.

In the case, where — formally — the frequency of bulk
collisions vy — 0, we obtain, from Eq. (11), the final
dependence, which differs from the classical formula:

vy —0 E wIQJ
SE 7 (w,R) =S d(w)ﬁx
2
e () (1m0 (2)) -2 2 (2) ]
w Vg w Vg

This expression is attributed to merely surface collisions,
without any influence of electron collisions in the bulk.
In the limiting cases of high (w > vg) and low (w < vg)
frequencies, Eq. (16), making allowance for Eq. (12),
brings about

ne? vg

0
SEVH (W,R)|w>>ys ~ GWV%“}Q

d(w),

3 ne? 1

~ SV I —d(w).

0
SEVA (w, B)|w<vs me vg

(17)
Expressions (17) coincide with the result that was
obtained earlier in work [15] for W,, if one takes into
account that W, = cE2 Sg/(8md(w)).

The bulk scattering depends as R? on the particle’s
radius, whereas the surface one contains summands that
depend on R or R2, or are independent of R altogether.

To carry out calculations, the following values of the
key parameters were chosen: vy = 1 x 10! s71, w, =
5x 10 s71 vp = 0.8 x 10® ecm/s, and n = 10?2 cm 3.
This set results, in particular, in [ = vp /vy = 800 A.

In Fig. 1, the dependence of the relative cross-section
of electron scattering in the electric field in a spherical
SMP with R = 150 A on the EM-wave frequency
is depicted. ! Individual contributions, connected with
bulk (curve 1) and surface (curve 2) scattering, are
shown, as well as the influence of bulk electron collisions
on the electron scattering by the surface (curve 3). The
total cross-section (1 + 3) is illustrated by curve 4.

From Fig. 1, one can see that the contribution
of the electric field to the cross-section of electron

IThe estimations show that, even at the collision frequency when the skin-layer thickness is minimal, the latter is almost eight times
larger than the value selected for R; therefore, the condition dz > R is satisfied.
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scattering appreciably grows as the frequency of the
EM-wave increases. In so doing, electron scattering by
the particle’s surface plays the dominating role and is
responsible for the frequency oscillations of the relative
scattering cross-section, which, as we can assert, arise
only if kinetic effects are made allowance for, being
connected with the conditions of electron reflection from
the particle’s surface.

4. Cross-Section of the EM-Wave Magnetic
Absorption

Taking expressions (2), (3), and the second term in the
square brackets of Eq. (5) into account, we find the
following expression for the cross-section of magnetic
absorption:

- 8re2m3 1

s = el 3 [[[ae [ v st

3
X g a;‘jalkvixjlek (1 — e_”) }

ijlk

(18)

The calculation scheme is similar to that used above
for the case of electron scattering in the electric
field. Making use of Egs. (1)—(3) and integrating over
coordinates, we obtain the expression for the cross-
section of electron absorption in the circuital magnetic
field, which, following the work [15], can be presented in
the form

3 ne?
Sy = —TR?——— X
M 27r CU%H%

3
1
e |3 [ [[avote )y Jass B2 ] (19
ij
where
Qﬁ(v)_ﬁ* v n 403 241)5+
"WTU15 7 2Ry T (2Rp)® (2R0)°
8v3 3v 302 2Ry
1 - 2
MOTE ( Tors T (2Rﬁ)2> ¢ (20)

Formula (19) determines the magnetic absorption cross-
section and includes both the terms that are responsible
for merely bulk electron scattering (owing to electron
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collisions with phonons, lattice defects, and so on) and
the terms associated with merely surface scattering of
electrons. It also takes into account the interference
between the electron collisions in the bulk and on the
surface of the particle. In the case of a homogeneous
spherical particle, the sum in Eq. (19) is equal to

3
2 2p2 2 o (W% o
Z |vij| vy R} = 3Hgv (27c> R*.

i,7=1

(21)

Further integration over the velocities, owing to the
presence of the §-function, can be carried out in the most
general case. Although the expression obtained looks
rather cumbersome, we write it down below, because it is
the exact result obtained in the framework of the kinetic
approach:

w? 8 vy
S Ry=M_~ "V _
M(wv ) 0 V‘2/+w2{15ys

_I/‘z/ - wz L4l (v — (,22)2 —243V‘2/w2 B
vy +w (vy +w?)

2 2
—24 l/gM (Vi —w?)? — 1280 |+
(v +w?)®

3030 - L]

(Vg +w?)?
—sin (w/vs) |4 vywvi — w?)+

(8 — ) + 4R (v} — 2°)

+3 w rg I/‘Q/ T2 +
33 —w?)? —4vdw?
+6 vyw V3 L4 2 +o2)2 b ) (22)
where
SM = (rR*)?ne’vp /(2mc?).
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1.6
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Fig. 2. The same as in Fig. 1, but for the magnetic component of
the EM-wave

The specific mechanisms of electron scattering are taken
into account in the frequency ratio vg/vy. For example,
if vy > vg, electron scattering in the SMP’s bulk plays
the leading role in the absorption of wave energy, as it
did in the previous case. On the contrary, if vy < vg,
electron scattering by the particle’s surface, influenced
by bulk collisions, dominates. One can easily verify that,
while considering the first case, the first summand in the
braces in Eq. (22) prevails, and we obtain the classical
result [18]
2wl

SSh(w, R) = 1f57r1~20076"(w). (23)

The identical expression can also be obtained from
Eq. (19), if one takes Eq. (20) into consideration and
puts Re{¢1(v)/P} =~ R/3v or ¢; =~ 8/15. The sum
of all the rest summands in formula (22) describes the
contribution of kinetic effects related to the influence
of the circuital magnetic field on the diffuse reflection
of the electron from the interior SMP’s surface. They
correspond to the case vy < vg,i.e.l > a, where surface
electron scattering dominates.

Provided that the collision frequency vy — 0,
Eq. (22) leads to

2
SY=0(w, R) = 55”{1 +4 (%S) +

() 0 (2[5 (2))

This result coincides with the solution found earlier in
works [13,14].

We can also obtain the low- (LF) and high-frequency
(HF) limits of expression (24), which are defined by the
relationship between the frequencies w and vg. In the
high- (w > vg) and low-frequency (w < vg) cases, the
corresponding asymptotes are

3 2
SWF(R) ~ TV w32% vg = SM,
2 2

2 ne? w?

SLF () R) ~ %WR (25)

me3 vg'

which coincide with the results obtained by us earlier
[19].

Figure 2 exhibits the frequency dependences of
the relative absorption cross-sections for a merely
magnetic component of the EM-wave, associated with
the electron collisions both in the bulk (curve 1)
and with the particle’s surface (curve 2), as well
as with their interference (curve &). The relevant
calculations were carried out by formula (22), making
use of the same parameter values, as for the electric
field. The contribution of the magnetic field to the
electron scattering cross-section reaches the maximal
value Syp/S} ~ 1.42 at the frequency w =~ 6vg
and starts to oscillate, with some damping, about the
value Sy;/SM ~ 1.21 with the period of about 7vg.
The oscillations become indistinguishable at frequencies
w > 20vg. For particles with R = 150 A, the quantity
S ~ 1.87 x 10716 c¢m?. The diffuse scattering of
electrons on the SMP’s surface, similarly to the case
with the electric field, starts to dominate over the
bulk one as the frequency of the incident EM-wave
grows (in the magnetic field case, at w £ 1.65vg)
and becomes more than five times larger already at
w > 4vg. Curve 2 in Fig. 2 corresponds to merely
surface collisions. The behavior of curve & allows us
to draw a conclusion that expression (24) describes
well electron magnetic absorption (both in the bulk
and on the surface) in the frequency range w <
51/5.

The total cross-section of EM-wave scattering is the
sum
S(R,w) = Sg(R,w) + Sy (R, w), (26)
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(SE - SM)/SE

Fig. 3. Dependences of the ratio between electric and magnetic
light absorption cross-sections in a spherical SMP (R = 150 A) on
the frequency ratio g2 = w/vg. The contributions of the particle’s
bulk (at vy = 10'3 s~1) and surface (at vy = 0) are exhibited by
curves 1 and 4, respectively. Curves 2 and & correspond to the
contributions of only electric or magnetic component of the EM-
wave, respectively. Curve 5 corresponds to the surface electron
collisions with a correction for the influence of electron collisions
in the bulk, and curve 6 to the sum of the (volume + surface)

contributions

where Sg(R,w) and Sy (R,w) are defined by expressions
(11) and (22), respectively.

In Fig. 3, the summed up frequency dependences
of the electric and magnetic absorption cross-sections
are plotted. As is seen from the figure, the (bulk +
surface) contribution of the electric EM-wave component
(curve 2) to total (electric + magnetic) absorption starts
to dominate over the (bulk + surface) contribution
of the magnetic component (curve &) at frequencies
w > 5.5vg and, afterwards, substantially grows as the
EM-wave frequency increases. In so doing, the (electric
+ magnetic) contribution of surface electron scattering
(curve /) remains dominating over the (electric +
magnetic) contribution of bulk electron scattering (curve
1). The total cross-section of (electric + magnetic and
volume + surface) scattering (curve 6) can also be
described well by sum (26), where the summands are
expressions (16) and (24) at frequencies w < 5vg (see
curve 5). However, at frequencies w > 5vg, the sum
of these expressions describes well only the contribution
of the total (electric + magnetic) surface scattering of
electrons.
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Sw /Se

Frequency X 10" s"

Fig. 4. Frequency dependences of the ratio between the cross-
sections of magnetic and electric light absorption in SMPs with
various radii R =50 (1), 75 (2), 100 (3), and 150 A (4)

At last, let us analyze the ratio between the magnetic
and the electric electron scattering cross-section in the
SMP. In Fig. 4, the frequency dependences of the
quantity Sy;/Sg are depicted for SMPs with various
radii. For numerical calculations, the basic expressions
(11) and (22) were used. Such particle’s dimensions
were selected, for which the dependences concerned
would clearly illustrate the frequencies, at which the
contribution of the magnetic component of the EM-
wave to absorption becomes comparable with that of
the electric component. These frequencies are of about
4 x 10" s71 for 50-A particles, about 6 x 10 s~!
for 100-A particles, and about 8.1 x 103 s~ for 150-
A ones. For example, the contributions of the electric
and magnetic components to absorption at a frequency
of about 4 x 10" s~! are approximately identical for
a particle with the radius of 50 A. At the same time,
for a 75-A particle, the contribution of the magnetic
component is twice, for a 100-A particle, four times,
and for a 150-A particle, ten times as large as the
contribution of the electric one. (The trend of the curves
is not so smooth, as is shown in Fig. 4, for particles
with larger radii and at higher frequencies, when the
oscillatory terms in expressions (11) and (22) start to
make appreciable contributions.)

The cross-section ratio can be roughly estimated in
the case of merely surface scattering (v = 0), in the
high- and low-frequency limits of EM-wave absorption.
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With the help of relationships (17) and (25), we obtain
SM 1 (w

—|uFr = ——
Sk

8d(w) - 1 (ERY'

2
oR) S | T T2d(w) e
(27)

The factor d(w) couples the internal and external electric
fields (see Eq. (12)). Provided that the frequency is
fixed, the ratio between the magnetic and the electric
absorption cross-section grows as R2.

5. Conclusions

Exact analytical expressions have been derived in the
framework of the kinetic approach for the cross-section
of light absorption, under the action of either an electric
or a magnetic field, in a spherical SMP, whose radius
is much smaller than the wavelength of the incident
EM-wave and the skin-layer thickness. The contribution
of the electric component has been demonstrated to
become dominating as the EM-wave frequency grows.
The contributions of electron collisions in the particle’s
bulk and with the particle’s surface to the electron
scattering inside the SMP have been singled out.
The resonance oscillations of the optical conductivity,
caused by approaching the EM-wave frequency and the
frequency of electron oscillations between the particle’s
walls each other, have been studied, and the explicit
analytical expressions for oscillatory terms have been
obtained. The contributions of magnetic and electric
absorption have been confronted at various frequencies
and for various SMP’s radii. The EM-wave frequencies
have been found, at which the total (bulk + surface)
magnetic and electric absorption become equal. The
frequency intervals, where magnetic absorption is either
higher or lower than electric one, have been indicated.
An inflection point has been found in the dependence
of the magnetic electron scattering cross-section on the
EM-wave frequency, which is located at the frequency
of electron oscillations between the particle’s walls.

One of the authors (P.M. Tomchuk) is grateful for
the support of this work, which was carried on in
the framework of the Program of the NAS of Ukraine
“Nanophysics and Nanoelectronics”(Project No. M-229).
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I[IEPEPI3 EJIEKTPIYHOI'O TA MATHITHOI'O
IIOTJIMHAHHS CBITJIA COEPTYHUMU
METAJIEBUMU YACTUHKAMU
HAHOMETPOBUX PO3MIPIB.

TOYHUU KIHETUYHUN

PO3B’ 430K

M.I. I'pueopuyx, I1.M. Tomwyx
PesowMme

ITpoBesieHo 06YNC/IEHHS €IEKTPUIHOTO i MAarHiTHOTO Iepepi3iB mo-
[VIMHAHHS CBITJIa METAJIEBIMU YacTHHKaMU cdepudHol GpopMu Ha-
HOMETPOBHX PO3MIpIiB, sIKi MOXKYTb OyTH MEHIIUMH BiJ[ JOBXKUHUA
BimbHOrO HpOGIry emexrpona. Ilinxin 6a3yernpcst Ha BUKOpHUCTAHHI
KIHETUYIHOI'O PiBHSHHS 3 JU(Y3HUMU YMOBAMU BiJIOUTTS €JIEKTPO-
Ha Bif BHyTpimHix cTiHOK YacTuHKHU. [[yist BUaaKy, KOJIX TOBIIUHA
CKiH-IIIapy € BEJIMKOIO y IOPIiBHSHHI 3 XapaKTEPHUMH PO3Mipamu
YaCTUHKHU, OTPUMAHO TOYHI aHAJITUIHI BUPA3H, IO JTO3BOJISIOTH
BU3HAYUTH BEJIMYMHY IIepepi3y B 3aJIe?KHOCTI BiJ pajiyca gacTuH-
KM Ta 4acTOTH Iajatodoro ejgexkrpomarsiraoro (EM) sunpominio-
BaHHSI.
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