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Very thin conductive fibers, whose diameter is much smaller than the wavelength, strongly absorb and scatter electromagnetic radiation.
The efficiency factors of absorption, scattering and radiation pressure of metal fibers with a diameter of several micrometers in the
centimeter wavelength range reach several thousand. The absorption of electromagnetic radiation in two-layer fibers has been studied.
In fibers with a metal core and a lossless dielectric cladding, the absorption is the same as in solid metal fibers. In lossy cladding fibers,
strong absorption occurs when the fiber diameter is several nanometers. Fibers with a dielectric core and a metal cladding strongly
absorb radiation when the thickness of the cladding is comparable to the thickness of the skin layer.
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1. INTRODUCTION

The problem of diffraction of electromagnetic radiation on a cylinder is one of the most famous in electrodynamics.
The results of its solution are presented in classic monographs [1-3] and numerous articles. Technical applications make
it possible to obtain information about the cross-sectional size of the cylinder, its shape, and optical parameters [4-6].

The effect of the wave on the cylinder depends on the relationship between the wavelength and the diameter of the
cylinder. It is usually strongest when the diameter of the cylinder is comparable to the wavelength. Then resonances arise,
at which the interaction of the wave with the cylinder intensifies [7, 8]. Objects that are small compared to the wavelength
are usually “not noticed” by it. But in works [9-12] it was shown that very thin metal wires, semiconductor and graphite
fibers, the diameter of which is hundreds of times smaller than the wavelength, strongly absorb and scatter electromagnetic
radiation [13].

This effect can be used to solve problems in physics and technology when it is necessary to transfer the energy of
laser or microwave radiation to small objects: a spherical target in laser thermonuclear fusion installations, an active
element in the form of a thin thread in fiber lasers, etc. In this case, focusing the radiation beam is not necessary. The
transverse dimensions of the beam can be thousands of times larger than the size of the target.

Figure 1 shows graphs of the dependence of the absorption efficiency factor of a platinum wire on its diameter for
several wavelengths with E- polarization of the wave (the electric vector is parallel to the axis of the wire). At certain
ratios of the D/ value, an absorption maximum is observed. For A =8 mm Qups max = 962, for A =10 cm - Qups max = 2615,
for A =1 m - Qups max = 7928. The maximum is obtained with very small wire diameters; 4.1 pm at a wavelength of 1 m,
1.5 um at a wavelength of 10 cm, 0.3 um at a wavelength of § mm.

In the case of the H-wave there is no effect.
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Figure 1. Dependence of the platinum wire absorption efficiency factor on its diameter

The technology also uses two-layer fibers - metal microwires in a glass shell and glass fibers with a metal coating.
Therefore, there are works in which the diffraction interaction of an electromagnetic wave with such objects was studied
[14-16]. It has been shown that resonances arise in the dielectric coating of a metal fiber, enhancing or weakening the
interaction of the wave with it [15]. The work [16] shows the results of calculations on the interaction of microwave
radiation with thin double-layer fibers.
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Further in this work, the results of studies of the interaction of an electromagnetic wave with two types of two-layer
fibers will be presented - a conductor in a dielectric shell and a dielectric fiber with a metal coating.

A cross section of the fiber is shown in Fig. 2. It consists of two layers - an outer shell with a diameter D; with
refractive index m; and core diameter D, and refractive index m,. Both refractive indices can be complex, meaning both
the core and the cladding can absorb radiation.

The wave vector of the incident radiation is perpendicular to the fiber axis. The electric vector of the wave is parallel
to the fiber axis.

Figure 2. Problem geometry

Attenuation effectiveness factors Q, scattering Oy, and absorption factor Q. can be calculated using formulas that
are superficially similar to the formulas for a solid cylinder [2, 10]:
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Here p=7x D1 / A, A - radiation wavelength, ¢ = D,/D; or a metal conductor in a dielectric shell, ¢ = 1 for a

dielectric fiber in a conductive shell.
The coefficients b; are described by the following equations:
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J / (z) — Bessel function, Hl(z)(z) — Hankel function of the 2nd kind, the “prime” sign at the top of the function
designation means differentiation over the entire argument.

The determinant of A; is obtained by replacing in the first column of the determinant of A the functions HZ(Z) (»)

and Hl(z),(p) the functions J / (p)ulJ Z,(p) respectively.

We will limit ourselves to the case of the E-wave, when the effect of strong absorption of electromagnetic radiation
is observed in very thin fibers.
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2. CONDUCTOR IN DIELECTRIC SHELL
Micron-diameter conductors in a glass shell are used in technology. They are used as thermistors, bolometric
receivers of electromagnetic radiation, etc.
Figure 3 shows the dependence of absorption in a copper conductor in a glass shell with a refractive index n = 1.5.
The diameter of the conductor in the sheath is 30 microns. Radiation wavelength 8 mm. Conductor diameter D, varies
from zero to 1000 nm. The maximum absorption efficiency factor reaches 2000. The position of the maximum is
determined by the formula [12]:

D=0.1%, (6)

where ]’i =A/n — wavelength of radiation in metal, n — real part of the complex refractive index of a metal

ol

4 (1-i), o — conductivity, ¢ — speed of light, & — dielectric constant of free space. For copper n = 3757 at a
TTCE,
0

m=

wavelength in free space of 8 mm, so A; = 2.12 pum, and the maximum is located at D, = 200nm . In the graph, the
maximum is located at D, = 154 nm, which is in satisfactory agreement with the theory [9].

2000

EREVAN
[\

"N
/ S~—

0 200 400 600 800 1000
D2, nm

Figure 3. Absorption in glass-clad copper wire (A =8 mm, n = 1.5)

The refractive index of the shell does not affect the position of the maximum. It is determined only by the properties
of the core metal. But the magnitude of the maximum depends on the shell material. So, for the refractive index of the
shell n = 1.5 — absorption at maximum is Qas = 1865, for n = 4 — Qs = 1879, for n =9 — Qaps = 1948. Apparently, the
shell focuses the radiation onto the core.

If the shell absorbs radiation, the picture changes. Figure 4a shows the dependence of the absorption efficiency factor
of a copper wire in a cladding with a complex refractive index m = 1.5 — 1i (colored absorbing glass) on the core diameter.
The general picture is the same as in the previous case, the maximum is in the same place, it is the same in size. But at
very small wire diameters, absorption increases. The region of strong absorption is very narrow. Its width, determined by
the minimum on the graph, is 9 nm.

Absorption increases with increasing both the real and imaginary parts of the refractive index of the shell. The
position of the minimum shifts towards increasing diameter. The minimum value increases. Figure 4b shows a graph for
m =5 — 5i (semiconductor in the microwave range). The minimum is located at 41 nm and is close in value to the
absorption maximum. At high refractive indices, the maximum disappears, and the Qans(D2) curve decreases
monotonically as D, increases.
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Figure 4. Absorption in copper wire with absorbent sheatha—m=1.5-1i,b—m =5 -5i

It is clear from the graphs that the effect of strong absorption is observed when the diameter of the conductive core
is very small - no more than several hundred nanometers.
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3. DIELECTRIC IN A METAL SHELL
Such an object can be a glass fiber coated with a thin layer of metal or other electrically conductive material
(graphite, semiconductor).
Figures 5a and 5b show the results of interaction of a 10 cm long electromagnetic wave with a nickel-coated glass
fiber. Fiber diameter 30 microns. It is shown how the absorption efficiency factor changes with a change in the diameter
of the glass core.
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Figure 5a. Absorption in nickel-clad glass fiber Figure 5b. Absorption in glass fiber with a nickel shell

(maximum region)

Figure Sa shows that when the core is thin and the cladding thickness is much greater than the skin thickness, the
absorption in the fiber is the same as in a solid metal cylinder with a diameter of 30 pum (Qabs = 5.38). When the thickness
of the shell becomes comparable to the thickness of the skin layer (in nickel at a wavelength of 10 cm it is 3.25 pm),
absorption increases and reaches a maximum at a shell thickness of 54 nm - Qabs = 187.8 (Fig. 5b). This is 35 times more
than for solid nickel fiber with a diameter of 30 microns. For nickel fiber to have an absorption factor of 187.8, its diameter
must be 1 micron, that is, it must be very thin.

Therefore, thicker two-layer dielectric fibers with a thin metal shell are much more convenient to use than solid
homogeneous metal fibers.

Calculations show that the maximum absorption value does not depend on the conductivity of the shell material.
The thickness of the shell at which maximum absorption is observed depends on the conductivity. It is proportional to the
resistivity of the material. This is true for a very wide range of resistance values (Fig. 6). There, such a dependence is
plotted on a logarithmic scale. The dots indicate resistivity values for several materials.

1000
A, nm sraphite
100
10
> N
=
. “ICu
<8 <7 <6 <5
10 10 10 p, Ohm.m 10

Pi
Figure 6. Dependence of the optimal thickness of the metal shell on the resistivity of the material

Figure 7 shows how the optimal cladding thickness depends on the wavelength of the radiation that is incident on
the fiber (line 1). The graph is plotted for glass fiber with a diameter of 10 microns with a copper sheath. This is also a
linear relationship over a very wide range (in the graph - from 8§ mm to 10 m). The same figure shows the dependence of
the absorption efficiency factor on the wavelength (line 2). This is also a linear relationship. It differs from the same
dependence for a continuous fiber, where absorption is proportional VA [12].

It was indicated above that absorption in the shell becomes strong when its thickness is comparable to the thickness
of the skin layer in it. The identical nature of the dependence of the optimal shell thickness on resistivity and wavelength
also indicates that it is related to the thickness of the skin layer:
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ety

where A - wavelength, p - resistivity, ¢ — speed of light in free space, | - relative magnetic permeability of the shell
material, [1o - magnetic permeability of free space.
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Figure 7. Dependence of the optimal thickness of the metal shell on the radiation wavelength
1 — shell thickness, nm, 2 — absorption efficiency factor

Figure 8 shows that the optimal shell thickness is proportional to the square of the skin layer thickness, which means,
as can be seen from expression (4), it should be proportional to the wavelength and resistivity, which is confirmed by the
graphs in Figures 6 and 7.

The proportionality coefficient in these relationships depends on the electrical properties of the core and shell and
can be found from the analysis of expressions (1) — (3), (7).
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Figure 8. Dependence of the optimal thickness of the metal shell on the thickness of the skin layer

CONCLUSION
1. Absorption of electromagnetic radiation in a thin fiber (D << A) with a metal core and a lossless dielectric shell
is the same as in a homogeneous metal cylinder with a diameter the same as the core diameter. The absorption maximum
in the microwave range is at D = O.1/'Li , where A; — wavelength of radiation in a metal. In the microwave range D =

100...300 nm. In a fiber with a high refractive index of the cladding, absorption increases somewhat due to the focusing
of radiation by the cladding onto the core.

2. Ifthere is energy loss in the shell, strong absorption occurs in the metal core of nanometer diameter.

3. Dielectric fibers with a metal sheath strongly absorb electromagnetic radiation when the diameter of the sheath
is comparable to the thickness of the skin layer.

4.  For the same absorption, metal-coated dielectric fibers have a significantly larger diameter than solid metal
fibers. This creates significant convenience in their technical applications.

ORCID
Mykola G. Kokodii, https://orcid.org/0000-0003-1325-4563; ©Denys O. Protektor, https://orcid.org/0000-0003-3323-7058
Darya V. Gurina, https://orcid.org/0000-0001-7357-1275; ©®Mykela M. Dybinin, https://orcid.org/0000-0002-7723-9592

REFERENCES
[1] H.C. van de Hulst, Light scattering by small particles, (Wiley, New York, 1981).
[21 M. Kerker, The scattering of light and other electromagnetic radiation, (Academic Press, New York, London, 1969).
[31 C.F.Bohren, and D.R. Huffman, Absorbing and scattering of light by small particles, (Wiley, New York, 1983).



452

EEJP. 1 (2024) Mykola G. Kokodii, et al.

R. Zhang, and E.M. Fedorov, Measurement of thing fiber diameter by the diffraction method, Conference TPU, 2, 153-158
(2018).

M. Kokodii, A. Natarova, I. Priz, and O. Biesova, “Express method of measurement of the refractive index of transparent fibers,”
Ukrainian metrological journal, 3, 43-48 (2022). https://doi.org/10.24027/2306-7039.3.2022.269771

M. Kokodii, I. Zhovtonizhko, M. Barannik, and A. Natarova, “Computer method of measurement of the optical and color
parameters of man hair,” Medical informatics and ingenery, 4, 30-38 (2022). (in Ukrainian).

W.M. Irvine, “Light scattering by spherical particles: radiation pressure, asymmetry factor, and extinction cross section,” Journal
of the Optical Society of America, 55(1), 16-21 (1965). https://doi.org/10.1364/JOSA.55.000016

N.G. Kokodii, “Nature of resonances in a thick refracting cylinder during of an electromagnetic wave,” Optics and Spectroscopy,
72(2), 249-251 (1992).

V.M. Kuz’michev, N.G. Kokodii, B.V. Safronov, and V.P. Balkashin, “Values of the absorption efficiency factor of a thin metal
cylinder in the microwave band,” Journal of Communications Technology and Electronics, 48(11), 1240-1242 (2003).

A. Akhmeteli, N.G. Kokodiy, B.V. Safronov, V.P. Balkashin, [.A. Priz, and A. Tarasevitch, “Efficient non-resonant absorption
in thin cylindrical targets: experimental evidence for longitudinal geometry,” https://doi.org/10.48550/arXiv.1208.0066

A. Akhmeteli, N. Kokodii, B. Safronov, V. Balkashin, 1. Priz, and A. Tarasevich, “Efficient non-resonant absorption of
electromagnetic radiation in thin cylindrical targets: experimental evidence,” in: Proc. SPIE 9097, Cyber Sensing 2014, 90970H.
https://doi.org/10.1117/12.2053482

N.G. Kokodii, A.O. Natarova, A.V. Genzarovskiy, and I.A. Priz, “Interaction between thin conductive fibers and microwave
radiation,” Optical and Quantum Electronics, 55, 256 (2023). https://doi.org/10.1007/s11082-022-04389-x.

M. Kokodii, S. Berdnik, V. Katrich, M. Nesterenko, I. Priz, A. Natarova, V. Maslov, and K. Muntian, “Measurement of
microwave radiation pressure on thin metal fibers,” Ukrainian Metrological Journal, 4, 45-50 (2021). (in Ukrainian).
https://doi.org/10.24027/2306-7039.3.2020.216802

M. Kerker, and E. Matijevic, “Scattering of electromagnetic wave from concentric infinite cylinder,” Journal of the Optical
Society of America, 51(5), 506-508 (1961). https://doi.org/10.1364/JOSA.51.000506

E.A. Velichko, and A.P. Nikolaenko, “Influence of a dielectric coating on the scattering of an electromagnetic wave by a metal
cylinder,” Radiophysics and Radioastronomy, 18(1), 65-74 (2013). http://rpra-journal.org.ua/index.php/ra/article/view/1121/759
N.G. Kokodii, “Microwave radiation absorption in an ultrathin double-layer cylinder,” Journal of Communications Technology
and Electronics, 51(2), 175-178 (2006). https://doi.org/10.1134/S1064226906020069

B3AEMOIA AYXKE TOHKUX JBOITAPOBUX BOJIOKOH
3 EJIEKTPOMATHITHUM BUITPOMIHIOBAHHSM. 1. YUCEJIBHE MOJEJIIOBAHHSI
MuxoJa I'. Koxoniii, lenuc O. IIporexTtop, lap’sa B. I'ypina, Mukosa M. Jly0inin
Xapxiecvruil Hayionanvhuil yHisepcumem im. B.H. Kapasuna, Xapxie, m. Ceéoboou, 4, 61022, Yrpaina

Jy>xe TOHKI MPOBiHI BOJOKHA, JiaMeTp SIKUX HabaraTo MEHIIE JOBXHWHH XBUIIi, CAJIBHO MOTJIMHAIOTH 1 PO3CIIOIOTH SIEKTPOMArHiTHe
BUMpOMiHIOBaHHs. PakTop ePEeKTHBHOCTI MOTIMHAHHS, PO3CIIOBAaHHS Ta THCKY BHUIIPOMIHIOBAHHS METAaJEeBUX BOJIOKOH JiaMETPOM
KiJJbka MIKpOMETpIB y CaHTHMETPOBOMY [iala3oHi OBKHH XBWIIb [OCSTAlOTh KiIbKOX THCSY. JIOCIIKEHO MOTJIMHAHHSI
CJICKTPOMATHITHOTO BMIPOMIHIOBaHHS Yy JBOIIAPOBHX BOJIOKHAX. Y BOJIOKHAX 3 METAJEBOIO CEPLEBHHOI0 Ta MAiCICKTPHYHOIO
0007I0HKOFO 0€3 BTpAT MOTJIMHAHHS TaKe XK, SIK Y CyIUTPHUX METAIEBUX BOJIOKHAX. Y BOJOKHAX 3 0OOJOHKOIO 3 BTPAaTaAMH 3'SIBISIETHCS
CHJIbHE MOMJIMHAHHS, SKIIO JiaMeTp BOJOKHA [OPIBHIOE NCKIIHbKOM HaHOMETpaM. BOJIOKHA 3 JieJeKTPHYHOK CEpLEBHHOK i
METaJIEBO0 000JIOHKOI CHIIBHO MOTJIHHAIOTH BUIIPOMIHIOBAHHSI, KOJIM TOBIIMHA 00OJIOHKH MOPIBHSHHA 3 TOBIHHOIO CKiH-IIapy.
KutrouoBi citoBa: 0soutapose 6010KHO; NOGIUHAHNA, PO3CIIOBANHS, OCIAONEHHSA, eleKmPOMAsHimHe GUNPOMIHIOBAHHS



