Paniodizuka i pamioactpoHomis, 2021, T. 26, Ne 3, c. 250—255

PAJIOPIZNYHI ABUIIIA
B TBEPAOMY TLJII I ITJIA3MI

DOIL: https://doi.org/10.15407/rpra26.03.250

S. Y. KARELIN, V. G. KORENEYV, V. B. KRASOVITSKY,
A.N. LEBEDENKO, I. . MAGDA, V. S. MUKHIN,
V. G. SINITSIN, and N. V. VOLOVENKO

Institute for Plasma Electronics and New Acceleration Methods,

National Science Center “KIPT”, National Academy of Sciences of Ukraine,
1, Akademichna St., Kharkiv, 61108, Ukraine

E-mail: magda@kipt.kharkov.ua

PULSED POWER TO MICROWAVES CONVERSION
IN NONLINEAR TRANSMISSION LINES

Purpose: Experimental results and numerical simulations are presented, concerning effects of microwave generation in coaxial
transmission lines which are fed with unipolar, high voltage electric pulses. The work is aimed at clarifying the relative impor-
tance of several mechanisms that could be responsible for the appearance of microwave-frequency oscillations in the course of
pulse propagation through the guiding structure.

Design/methodology/approach: Dispersive and filtering properties of coaxial waveguides that involve three structural sections
are discussed. These latter follow one another along the axis of symmetry. Two identical sections at the input and output are filled
with an isotropic liquid dielectric, while the middle part may, in addition, be either partially or fully filled with a non-conductive
gyrotropic material. The inserted core represents a set of ferrite rings showing a nonlinear response to the initial high voltage,

pulsed excitation. Throughout the series of measurements, the diameters of the inner conductor and of the ferrite core were kept
constant. The outer conductor s diameter was varied to permit analysis of the effect of that size proper and of the degree to which

the cross-section is filled with ferrite. The gyrotropic properties of the ferrimagnetic material were realized through application

of a magnetic bias field from an external coil. The measurements were made for a variety of pulsed voltage magnitudes from the
range of hundreds of kilovolts, and magnetic bias fields of tens kiloamperes per meter.

Findings: As observed in our experiments, as well as in papers by other writers, a unipolar pulse coming from the radially uni-
form front-end section, further on gives rise to quasi-monochromatic voltage oscillations. These appear as soon as the pulse has
advanced a sufficient distance into the radially nonuniform portion of the guide. The oscillations may consist of a small number
of quasi-periods, which suggests a large spectral line width. However, by properly selecting geometric parameters of the wave
guiding line and the characteristics of the initial pulsed waveform it proves possible to obtain output frequencies of about units
of gigahertz and pulse powers at subgigawatt levels.

Conclusions: The frequencies and amplitudes of the appearing oscillations, as well as their spectral widths, are governed by
the complex of dispersive and non-linear properties of the guiding structure. The diameters of the inner and outer coaxial con-
ductors in the line, diameter of the ferrimagnetic insert and its intrinsic linear dispersion determine the set of waveguide modes
capable of propagating through the line. An oscillating part of the waveform may appear and get separated from the main body
of the pulse if it has originated at a higher frequency than the cut-off value for a different mode than the initial TEM.
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1. Introduction

The effects of direct conversion of electric pulses of
short duration into radio frequency oscillations, ob-
served in transmission lines with nonlinear proper-
ties, have been studied quite intensely for more than
a decade [1-4, 7, 8]. A critically essential feature of
this technology is the employment of such transmis-
sion lines whose topology allows propagation of uni-
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polar (roughly speaking, d.c.) voltage pulses. Falling
into this category are planar strip lines and coaxial
cables (along with lumped parameter, discrete cell
circuits that will not be discussed here) [3, 6]. Qua-
si-periodic temporal variations in the values picked
up by voltage sensors are observed, in particular,
in coaxial cables whose cross-sections are partial-
ly filled with a magnetically saturated ferrimagnet.
To start the oscillations, it is necessary to apply a
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high enough pulsed voltage, thus inducing a magne-
tic field vector transverse with respect to the magne-
tization vector at saturation [3, 4, 6]. As a result, the
magnetization vector demonstrates precession about
the direction of the external magnetic bias, which ef-
fect is often considered to be the one and only reason
for the appearance of oscillations in voltage and cur-
rent in the line (i.e., in the electric and magnetic field
strengths). Meanwhile, by appealing to the magne-
tic precession alone one does not seem to be able
to interpret some essential dependences shown by
the oscillations [6, 7, 9], like frequency versus the
outer conductor diameter, or size of the ferrite insert.
This paper is yet another attempt at clarifying the
physics that underlies appearance of quasi-periodic
field strength variations in the course of propagation
of unipolar pulses through a transmission line of
nonuniform cross-section, showing a nonlinear re-
sponse to an external excitation.

2. Experimental

The wave guiding structure used in our experiments
involved two coaxial lines with linear response func-
tions (lines TL,, and TL_, at the structure’s front
end and at the output, respectively), and the line NL
(nonlinear) containing a ferrite core, placed in be-
tween. The latter represented a set of ferrite rings,
fitted tightly on the central conductor and closely
adjacent to one another along the longitudinal axis.
The TL,, and TL_, lines were fully filled with a
liquid dielectric (transformer oil with the dielectric
constant € =2.25 and scalar magnetic permeability
p=1), whereas in the NL case, the filling medium
occupied two layers. The outer one, , <p <R, (see
the notation in Table 1), contained the same isotro-
pic dielectric as the TL,, and TL ,, lines, while the
space 1 <p<r, accommodated the cylindrical fer-
romagnetic core (Ni—Zn ferrite of grade 200 VNP.
The entire NLTL structure was placed in a d.c. mag-

netic field (up to 100 kA/m) provided by an external
solenoid.

The diameters of the coax inner conductor and
of the ferrite core nominally remained the same
throughout the series of measurements, while the
outer conductor’s diameter, 2R,, was varied to per-
mit analysis of the direct effect of that size proper
and of the degree to which the cross-section was
ferrite-loaded. Altogether, three different structures,
designated NLTL1, NLTL2, and NLTL3, were con-
sidered, naturally described in a cylindrical frame of
reference (z, p, @), where z is the coordinate along
the line’s axis; p theradial, and ¢ the angular coordi-
nate. Their geometrical parameters and values of the
dimensionless filling ratio K, = (r; —71") / (R; —R})
are shown in Fig. 1 and listed in Table 1. Unlike
many other studies, this series of experiments also
included measurements for a fully filled coaxial
cross-section, i.e. K, =1.

The coaxial line was fed with voltage pulses of
short duration (7 to 15 ns), arriving from a high vol-
tage pulse generator which operated in a 30 kV to
320 kV range of amplitudes. The pulsed signals at
the input and output of each NLTL were measured
with capacitive (differentiating) sensors placed in
the linear sections of the line closely before and af-
ter the nonlinear section. Such sensors responded
to variations in the radial electric field component,
E, (actually, to its time derivative). The line impe-
dances for the lowest order (TEM) linear mode were
practically matched in all the three sections, since a
similar impedance (about 38 Ohm) could be also ex-
pected for the nonlinear section when the magnetic
bias field H, were at its maximum. At lower mag-
nitudes of the bias field H,, the matching was vio-
lated as operation conditions were different at those
parts of the B=B(H) curve (B being the magne-
tic induction). The oscillograms taken at the output
from a NLTL were used to estimate the oscillation
frequency, f, and the time delay At shown by the

Table 1. Geometrical parameters of the coax lines and values of the dimensionless filling ratio K,

Coaxial line R, mm R,, mm 7, mm 7y, mm L, mm K,
NLTL1 6 25.5 6 10 800 0.1
NLTL2 6 13 6 10 800 0.5
NLTL3 6 10 6 10 800 1.0

Note: R; —radius of inner conductor; R, — inner radius of outer conductor; 7 — inner radius of ferrite core;
r, — outer radius of ferrite core; L — total length of ferrite core
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Fig. 1. Cross-sectional structure of the coaxial guide:
1 — outer conductor of inner radius R,; 2 — isotropic dielec-
tric; 3 — ferrite rings, outer radii 7,; 4 — inner conductor of
radius #

pulse’s front edge. Both magnitudes were evaluat-
ed in dependence on the z-directed (“longitudinal”)
bias field e_f, and on the azimuthal magnetic field
component, /.

3. Results and discussion

As can be seen from the results of our measurements
(as well as from the data presented in quite a num-
ber of other experimental papers, e.g. [2, 4, 6, 9],
the oscillation frequencies observed in the NLTLs
partially filled with a ferrimagnetic material clear-
ly demonstrate dependences on sizes of the line’s
constituent parts. As it occurs in practice, the outer-
to-inner diameter ratio of the standard ferrite rings
is close to 1.6 or 1.7. Normally, the ferrite rings
occupy about one half of the radial span between
the central and the outer conductors, which allows
introducing kind of a unification parameter for
different guiding structures, ranging in the diame-
ter 2R, from 3 mm to 80 mm [1, 2, 4]. Such a sca-
ling factor k, defined as R, =R, /k=R/ =R, /k can
be applied to input voltage magnitudes U'=U, /k
to effectively equate the azimuthal magnetic fields
existing in the lines under comparison. Despite this
practical identity of magnetic conditions, the fre-
quency versus scaling factor £ dependence (Fig. 2)
shows a well pronounced tendency toward higher
frequencies in lines of smaller diameter. Many ex-
perimental results relating to a variety of outer line
diameters 2R, and magnetic properties of the fer-
rites used, fit the formula f ~R; ', where f'is the
oscillation frequency observed. Thus, Dolan [1], in
his pioneering experiments, operated with coaxial
lines of very small diameters (2R, ~3 mm) and ob-
tained oscillations at /=6 GHz. Gubanov etal. [2]
experimented with lines about 80 mm in dia-
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Fig. 2. Calculated and measured (referenced circles) oscil-
lation frequencies, f, and relative amplitudes, a, for several
values of the scaling factor, k&

meter and observed oscillations at lower frequen-
cies, specifically 0.8 GHz to 2 GHz. To interpret
these results in respect to wave field propagation
through a transmission line, we appeal to an analy-
sis of the pulse’s modal content and its transforma-
tion in different parts of the line.

Initially, a d.c. magnetic bias field from an exter-
nal solenoid brings the ferrite core to a magnetic state
close to saturation, the corresponding static magne-
tization vector being M, =e M , where M  is a
parameter of the material (in the case of 200 VNP,
M, =300 kA/m). Next, the front line TL, receives
a unipolar voltage surge U(¢) from an external
source, which gives rise to a set of TEM waves tra-
veling toward the ferrite core. The frequency con-
tent of the set is determined by the pulsed waveform
as fed-in from the source, while the spatial compo-
nents in the TEM are only two, namely £, =0U /0p
and H,=J/2np, where J=U/{ is the current
through the line and { the line’s impedance. Within a
TEM mode, all the frequency components of a pulse
travel at the same phase velocity. The incoming
frequency spectrum extends from “almostd.c.” to 1/,
where ¢, is the pulse’s rise time. The highest frequency
in the set determines the “‘sharpness’ of the waveform
edge. The lowest, of amplitude about U, /(2(R, - R)))
carries the major part of the pulse’s energy (U, is the
peak voltage of the pulsed waveform).

Upon entering the ferrite-loaded part of the line
the signal acquires, owing to diffraction at the dielec-
tric—ferrite boundary, spatial field components E.
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and H_, which the initial £, and H,, are coupled to
through the Maxwell equations. With the appearance
of E_ and H, none of the modes capable of propa-
gating through the coaxial line can be regarded as a
pure TEM, not even those with 9/0p =is =0. The
modes with the angular dependence exp(is¢p) and
|s| >1 may involve more (up to all six) spatial field
components, posing as hybrid £FH or HE modes.
In addition, the frequency content of the pulse that
travels through the layered (TL+ NL) portion of the
structure is constantly being modified owing to the
nonlinear response of the ferrite insert. This stage of
pulse transformation is harder to describe analytical-
ly because the former linear solutions to the wave
equation, i.e. eigenmodes are strongly coupled here.
Contrary to that, the ferromagnetic core in a state
close to magnetic saturation suggests a nearly linear
magnetic response B=B(H) [5] (B=p,(H+M),
where p, is the magnetic permeability of vacuum
and M the magnetization vector). The dynamics of
variations in M is described in terms of the Landau—
Lifschitz (L-L) equation. The frequency representa-
tion of that takes the form

ioM(w) =
—yuojdw’dm" [M(0")x H(0")]3(0— o —0") -
(otype /M, )” do'do"dw” x

[M((D,) % [M(O\)”) % H((D”’)]:| 6(03 _ 0)/ _ 0)// _ (,l)’”)

(1
(involving Gilbert’s relaxation term), where H (®)
and M(w) can be conveniently written as
H=e Hp(®)+h(w) and M(w)=eM d(w)+
M(w). The linear in A solutions to (1) are

1 .
M, =(w,, —Dh, —ipn,h, and

)
1 .
M, =(w,, —Dh, +ipn,h,,
where pn, =1-o,, [(00(1 +a’)+ iomo] X
, 2 2 .
[(co—zoc(oo) —oaOJ , with o, =yu,H,,
)

-1
and p, ZOJMCO|:(0)—i(X(J)O)2 —coé] , with

®, =YHeM,.

ISSN 1027-9636. Padioghizuka i padioacmpornomis. T. 26, Ne 3, 2021

Here y=2.8-10" Hz/T is the gyromagnetic ratio,
M the saturated level of magnetization in a field
H,=e H,, and o the relaxation constant in the
L-L-G equation. (In our simulations o was va-
ried, with the most frequently adopted magnitude
o =0.1). As can be seen from (2), the magnetization
vector M acquires spatial components oriented along
the p- and ¢- directions, varying with non-zero fre-
quencies. The variations of M and A/, with time
represent the precession motion of M around the
direction of M. The frequency dependent func-
tions u, and p, are, respectively, the diagonal and
the off-diagonal terms of the magnetic permeabi-
lity tensor. For an electromagnetic wave traveling
through a guiding structure of importance is the com-
bination of the tensor components which contributes
into an effective refractivity index in the z-direction
(along with the size of the guiding channel and the
relevant boundary conditions). That combination
may figure in the wave equation for a specific field
component as

(/< Jony

[1—(ua/um)2 —p‘2(1+s2um (1—(ua/um)2))—Bf}
4)

where 3, denotes the propagation constant along
z for a mode with azimuthal index s. Upon setting
B, =0 and equating (4) to zero we can use it as
an imitation dispersion equation and investigate for
the presence of cut-off frequencies. The estimates
obtainable for our parameters of the line and the
materials (see Table 1; also H,=30 kA/m and
M, =300 kA/m) offer cut-offs about 0.3 GHz to 1
GHz even for the modes with s =0, like E,,. This
is in agreement with the analysis in [10] of guiding
properties of a dielectric layer placed on a metal
substrate. Apparently this mode plays an impor-
tant part in our case, too. Assuming that waveguide
modes other than the TEM may be excited in struc-
tures like our NLTL, we have to conclude that the
appearing frequencies are not determined by the
outer conductor’s diameter but rather by the size of
the R, — R, gap and, probably, the size of R, —#.
The higher oscillation frequencies pertinent to ca-
bles of smaller diameter are natural within that
scheme. These considerations can be checked now
against measurements.
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Fig. 3 shows the oscillation frequencies f mea-
sured in transmission lines NLTL1, NLTL2, and
NLTL3 in dependence on the quasi-static azimuthal
magnetic field H . The measured f(H,) depen-
dences obtained for the NLTL1, and NLTL2 with
H, =30 kA/m can be approximated to by linear
graphs (curves 1 and 2 in the Figure). The insert to
Fig. 3 shows the measured f(H,) dependences ob-
tained for NLTL2 with a variety of bias fields H,,,
specifically H, =30, 45, 60, and 75 kA/m. These
can be equally represented as nearly linear laws.
The measurements at NLTL3 resulted in a sin-
gle point to be presented, namely an asterisk at
H,=17.5 kA/m, with H; =40 kA/m. As can be
seen, equal frequency values are observed in wave-
guides of different diameters for different magni-
tudes of the azimuthal field # .

Shown in Fig. 4 are results of measurements in
NLTL1, NLTL2, and NLTL3 where nearly equal
oscillation frequencies, close to 1.7 or 1.8 GHz,
were obtained for greatly differing values of H,
namely H,=64 kA/m (with U,=252 kV and
H,=30 kA/m), H,=25 kA/m (U,=77 kV,
H, =30 kA/m),and H, =17.5 kA/m (U, =25 kV,
H,=40 kA/m). Note that a linear extrapolation
toward H, <10 kA/m of the f(H ) dependences
measured in the NLTL1 and NLTL2 (dotted lines 1
and 2 in Fig. 3) tends to a limiting frequency about
f =0.5 GHz. In the authors’ view, this is evidence
for the existence of a cut-off frequency lying below
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Fig. 3. Measured f(H,) dependences with H, =30 kA/m:
triangles for NLTL1, (straight line); round points for NLTL2
and an asterisk for NLTL3. In the insert: NLTL2 with
H, =30, 45, 60, and 75 kA/m (from top to bottom)
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Fig. 4. Oscillation records at the output from NLTL1: curve 1
for U, =252 kVand H;, =30 kA/m; curve 2 for U, =77 kV
and H, =30 kA/m; curve 3 for U, =25 kV, H, =40 kA/m

1 GHz, and hence for the appearance in the line of
higher-order modes than the “quasi-TEM”.

4. Conclusions

The frequencies and amplitudes of the appearing os-
cillations are governed by a complex of dispersive
and non-linear properties of the guiding structure.
The diameters of the inner and outer coaxial con-
ductors in the line, diameter of the ferromagnetic
insert and its intrinsic linear dispersion properties
determine the set of waveguide modes capable of
propagating through the line. An oscillating part of
the waveform may appear and get separated from the
main body of the pulse if it has originated at a higher
frequency than the cut-off one for a different mode
than the initial TEM.
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[HCTUTYT IUIa3MOBOI €IEKTPOHIKU

1 HOBUX METO[IiB PUCKOPEHHSI,

Hanionansunii Hayxouii nentp “XOTI” HAH VYkpainn,
Byl1. Akanemiuna, 1, M. XapkiB, 61108, Ykpaina

[NEPETBOPEHHS IMITYJILCHOI EHEPT'Ii
B MIKPOXBWJII B HEJIIHIMHUX JITHISIX [IEPEJIAUL

IIpeomem i mema pobomu: HaBeneHo eKkcnepHUMEHTANIbHI
pe3ynbTaté i JaHi YHCIOBOTO MOIEIOBAHHS CTOCOBHO e(ek-
TiB 30yAXKEHHS MIKPOXBMJIb B KOAKClalbHUX JTiHISX Iepenadi,
B KOTpI TOJAIOTHCS OIHOIOJISAPHI BUCOKOBOJIBTHI €JICKTPHYHI
iMmynbed. MeToo po0GoTH € 3’sICyBaHHS BiIHOCHOI BaXKiIU-
BOCTI KUTBKOX MEXaHIi3MiB, IO MOXYTH BIiIIOBiIaTH 3a BH-
HUKHEHHS MIKpOXBWJICBHX KOJMBAHB IIijl 4aC MPOXOIKEHHS
IMITYJIbCY KPi3b XBUJIEBOIHY CTPYKTYPY.
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Memoou i memoodonoeis: Po3risamaloTecs IuUCHepCiiHi Ta
(bUTBTPYBaIbHI BIACTUBOCTI KOAKCIATBHUX XBHIICBOMIB 3 TPHO-
Ma CEKIisSIMH, IO € PO3TAIIOBAHIMH OJIHA 33 OJHOIO B3TOBXK
oci cumetpii cTpykTypH. J[Bi iIeHTUYHI CeKIlii — Ha BXOJI i Ha
BUXOJIi XBUJICBO/IA — 3aIIOBHEHI 130TPOIHUM PiJIKUM JTieNeK-
TPHUKOM, B TOH 4ac SIK CepeIHs CEKIisl J10aTKOBO 3aII0BHIOETh-
cs1 — a00 YacTKOBO, 00 MOBHICTIO — HEIIPOBITHIM MaTepiaioM
3 TIpOTPOITHMMH BIACTHBOCTSAMH. BcraBiene sapo ckia-
IaeThes 13 Habopy (PEPUTOBUX KiNEIb, 1[0 XapaKTePU3YOTHCS
HENiHIHHUM BiITYKOM Ha TEPBUHHE BUCOKOBOJBTHE IMITYJIb-
cHe 30y/mkeHHs. Y mpolecci BUMIpIOBaHb diaMeTpH BHYTpIll-
HBOTO HPOBiIHMKA Ta (PEPUTOBOI BCTABKM 3AJIUILIAIKCS I10-
cTiltHnMH. JliaMeTp 30BHIIIHBOTO NPOBITHHMKA 3MiHIOBaBCH,
abu MpoaHali3yBaTH BIUIMB SIK BJIACHE LIOTO PO3MIpy, TaK i
CTYIEHIO 3arOBHEHHs Tmepepisy ¢eputoM. iporpomHi Bia-
CTHBOCTI ()epOMArHITHOTO MaTepiay peai3yBaucs 3aBIsKU
HaKJIQJIAHHIO TIOJISl MArHITHOTO 3MIIICHHS BiJl 30BHIIIHBOTO
coneHoina. BumiptoBanHs Oynu MpOBEAEHI IS Pi3HUX 3HA-
YeHb IMITYJICHOI HANPYyTH B Jliana30Hi COTEHb KIIOBOJBT MPH
MarHiTHHX MOJISX 3MIIIEHHS B JIECATKH KiJloaMIep Ha MeTp.
Pesynomamu: B Hammx eKcliepUMEHTax, sK 1 B poborax iH-
LIMX aBTOPIB, CIIOCTEPIranocs, 10 OAHONOISAPHUH IMITYIIbC,
IO 3aXOQWTh B JIHIIO i3 pajiajJbHO OJHOPIAHOI MEepPEeIHBOT
CeKlii, fani NMPU3BOIUTH 10 BUHUKHEHHS KBa3iMOHOXpOMa-
TUYHHUX KOJIUBaHb HANPYrd. BOHU BHHUKAIOTh, SIK TIJIBKH iM-
IYJIBC NPOM/IE TOCTATHIO UCTAHIIIO B paliaJIbHO HEOIXHOPI-
Hiif yacTuHI XBUIeBona. Taki OCHMJISILIT MOXYTh BKIIFOYATH
HEBEIIUKY KUIBbKICTh KBa3iMepioiB, TOOTO MaTW 3HAYHY IIH-
puHYy BinnoBigHOi crekTpaibHOI JiHii. 1IIIgxoM HaneKHOTO
BHOOPY T'€OMETPUYHUX IapaMeTpiB XBHJIEBOJHOI CTPYKTYpH
Ta XapaKTePHCTHK MEPBHHHOTO IMITYIECY MOXKIIMBO OACPKY-
BaTW Ha BHUXOJl KOJIMBAaHHS 3 YacTOTOI y JEKiJIbKa rirarepi
1 cyOriraBaTHUM PiBHEM IMITYJIBCHOT ITOTYXHOCTI.

Bucnoexu: YactoTy ¥ aMILTITYIW OCHWIALIHN, 110 BUHHKA-
I0Th, @ TAKOXK iX CHEKTPaJbHI ITUPHHNA 00YMOBIJICHI KOMILICK-
COM JTUCTICPCIHHUX 1 HeTIHIMHUX BIACTUBOCTEH XBHUJICBOIHOL
cTpyktypu. Habip XBHIEBOAHUX MO/, 1[0 MOXYTb IOLIHPIO-
BaTHCS B JIiHI1, 3aJIS)KUTH BiJl AiaMEeTPiB BHYTPILIHHOTO 1 30B-
HIITHBOTO TPOBIJHUKIB KOAKCialbHOI JIiHIT i Hiamerpa depo-
MAarHiTHOTO BKJIIOYEHHS 3 HOTO BIACHUMH JAUCIEPCIHUMH
BIacTUBOCTIMU. OCHMIATOpPHA YacTHHA (GOPMH IMITYJIbCY
MOXKE BHHUKATH ¥ BIJIOKPEMIIIOBATHCS BiJ| TiJIa IMITYJbCY,
SIKIIO BOHA HAPODKYETHCS HA YaCTOTI, IO € BUIIOO 32 9acTo-
Ty BiJICIUKHU JJIs iHIIOT MOZIH, HiXk TiepBuHHA TEM.

Kniouosi crosa: OmHONONAPHUN IMITYIIbC, KOAKCiaJIbHA JIiHIS
nepeadi, MiKpOXBHJIEBI KOJMUBAHHS, 3aKOHH JAHMCIEPCii, XBH-
JIeBOZIHI MOIH

Received 10.08.2021
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