Founded in 1918

SCINTIFIC NOTES

OF TAURIDA NATIONAL
V.1. VERNADSKY UNIVERSITY

Scientific Journal

Series "Physics and Mathematics Sciences”

Volume 27(66), No. 2

Taurida National V. I. Vernadsky University
Simferopol, 2014






Kypnaia ocHoBan B 1918 r.
Kypnan 3acHoBanuii y 1918 p.

YUYEHBIE 3AINUCKHAU

TABPUYECKOI'O HAIIMOHAJIBHOI'O
YHUBEPCHUTETA umenn B. U. BEPHA/ICKOI'O

BYEHI 3AIIUCKH

TABPIMCBKOI'O HALIIOHAJIBHOI'O
YHUBEPCHUTETY imeni B. I. BEPHAJICBKOI'O

Hayunblii sKypHaa
HayxkoBuii )xypHan

Cepus "®usuko-mamemamu4eckue Hayku"
Cepis "®isuko-mamemamuyHi Hayku"

Tom 27(66), Ne 2

TaBpuyeckuii HANMOHAIBbHBINA yHUBepcuTeT uMeHH B.U. Bepnaackoro
TaBpilicekuii HanioHaNBHUI yHiBepcuTeT iMeHi B.1. BepHaacekoro

Cumdeponon, 2014
Cimopepormons, 2014



ISSN 1606-3716

Certificate of state registration — Series «Physics and Mathematics Sciences»:

KB No. 15717-4188P of 28 September 2009

Professional registration in the Higher Attestation Commission of Ukraine:

Decree 0f 22.12.10 No. 1-05/8

Editorial Board of Journal
“Scientific Notes of Taurida National V. I. Vernadsky University”
Bagrov N.V. —Dr. of Sc. (Geography), Prof., Academician of NASU (Editor in Chief) (rector@crimea.edu)
Shul’gin V.F. — Dr. of Sc. (Chemistry), Prof. (Deputy Chief Editor) (vshul@crimea.edu)
Dzedolik I.V. — Dr. of Sc. (Phys. & Math.), Ass. Prof. (Executive Secretary) (dzedolik@crimea.edu)

Board Members (Editors of Series and Sections)

Berzhansky V.N. — Dr. of Sc. (Phys. & Math.), Prof.
Bogdanovich G.Y. — Dr. of Sc. (Philology), Prof.
Vakhrushev B.A. — Dr. of Sc. (Geography), Prof.
Grishkovets V.I. — Dr. of Sc. (Chemistry), Prof.
Kazarin V.P. — Dr. of Sc. (Philology), Prof.
Klimchuk S.V. - Dr. of Sc. (Economy), Ass. Prof.

Kopachevskiy N.D. — Dr. of Sc. (Phys. & Math.), Prof.
Podsolonko V.A. — Dr. of Sc. (Economy), Prof.
Rotan V.G. — Dr. of Sc. (Law), Prof.

Temuryants N.A. — Dr. of Sc. (Biology), Prof.
Shorkin A.D. — Dr. of Sc. (Philosophy), Prof.
Yurchenko S.V. — Dr. of Sc. (Political Science), Prof.

Editorial Board of Series «Physics and Mathematics Sciences»

Section “Physics”

Alexeyev C.N. — Dr. of Sc. (Phys. & Math.), Prof.
Berzhansky V.N. — Dr. of Sc. (Phys. & Math.),

Prof., (Editor of Series, Section “Physics”),
(v.n.berzhansky@gmail.com)

Volyar A.V. — Dr. of Sc. (Phys. & Math.), Prof.
Glumova M.V. — Ph.D. (Phys. & Math.), Ass. Prof.
Dzedolik I.V. — Dr. of Sc. (Phys. & Math.), Ass. Prof.
Desyatnikov A.S. — Ph.D. (Phys. & Math.)

Polulyakh S.N. — Dr. of Sc. (Phys. & Math.), Ass. Prof.
Ponomarenko V.I. — Dr. of Sc. (Phys. & Math.), Prof.
Slavin A.N. — Ph.D. (Phys. & Math.), Prof.
Strugatsky M.B. — Dr. of Sc. (Phys. & Math.), Ass. Prof.
Fridman Yu.A. — Dr. of Sc. (Phys. & Math.), Prof.
Yatsenko A.V. —Dr. of Sc. (Phys. & Math.), Ass. Prof.
Mikhailova T.V. (Deputy Editor of Section “Physics”),

(taciamikh@gmail.com)

Section “Mathematics”

Anashkin O.V. — Dr. of Sc. (Phys. & Math.), Prof.
Belan E.P. — Dr. of Sc. (Phys. & Math.), Prof.
Donskoy V.I. — Dr. of Sc. (Phys. & Math.), Prof.
Kopachevskiy N.D. — Dr. of Sc. (Phys. & Math.), Prof.
(Editor of Section “Mathematics”)
(kopachevsky@list.ru)

Muratov M.A. — Dr. of Sc. (Phys. & Math.), Prof.
Orlov L.V. — Dr. of Sc. (Phys. & Math.), Prof.
Rudnitsky O.I. — Ph.D (Phys. & Math.), Ass. Prof.
Samoilenko Y.S. — Dr. of Sc. (Phys. & Math.), Prof,,
Corr. member NASU

Starkov P.A. — Ph.D. (Phys. & Math.), Ass. Prof.
(Deputy Editor of Section “Mathematics™)

Chekhov V.N. — Dr. of Sc. (Phys. & Math.), Prof.

Published by the decision of the Scientific Council of the Taurida National V. 1. Vernadsky University,
the protocol No. 10 from 14.11.2014.

Signed in print 14.11.2014. Format 70x100/16.
10,3 conventional quires. 5,96 publisher's signature. 200 reprints. Order No. 67.

«Scientific Notes of Taurida National V. 1. Vernadsky University»
Scientific Journal. Volume 27(66), No. 2. Physics and Mathematics Sciences.
Simferopol, Taurida National V. I. Vernadsky University, 2014. Journal founded in 1918.
Address of Editorial Board: Taurida National V. I. Vernadsky University, 4 Vernadsky Ave., Simferopol 95007, Crimea
Published in Information and Publishing Department of Taurida National V. I. Vernadsky University
http://sn-physmat.crimea.edu/eng/index.html

© Taurida National V. I. Vernadsky University, 2014

© TaBpuueckuii HAMOHAIBHBINA yHUBepcuTeT uMenu B.U. Bepuaackoro, 2014 1.
© Taspiiicbkuii HanioHaabLHMIA yHiBepcuTeT imeHi B.I. Bepuaacbkoro, 2014 p.


mailto:rector@crimea.edu
mailto:vshul@crimea.edu
mailto:dzedolik@crimea.edu
mailto:v.n.berzhansky@gmail.com
mailto:taciamikh@gmail.com
mailto:kopachevsky@list.ru
http://sn-physmat.crimea.edu/eng/index.html

Scientific Notes of Taurida National V. I. Vernadsky University
Series : Physics and Mathematics Sciences. Volume 27 (66). 2014. No. 2. P. 5-13

UDK 535.1
LOCALIZATION OF FUNDAMENTAL MODES ON A TWIST DEFECT IN A

TWISTED ANISOTROPIC FIBER

Alexeyev C. N1, Lapin B. P2 Yavorsky M. Al

"Taurida National V. I. Vernadsky University, 4 Vernadsky Ave., Simferopol 295007, Crimea, Russia
2Crimean Agrotechnological University, Agrarnoe, Simferopol 295492, Crimea, Russia
E-mail: lapinboris@gmail.com

In this paper we have studied the influence of a twist defect on propagation of a circularly polarized Gaussian
mode in a Bragg twisted weakly guiding fiber with a uniaxial material anisotropy. It has been shown that right
circularly polarized Gaussian mode in a narrow spectral range inside of forbidden band almost completely
passes the fiber. This process is accompanied by generation of a localized on the defect fundamental modes.
Keywords: twisted anisotropic fiber, twist defect, fundamental mode.

PACS: 42.81.G
INTRODUCTION

Interest in optical features of a non-guiding medium with a rotating axis of linear
anisotropy have appeared long ago. As early as 1944 V. L. Ginzburg studied propagation
of electromagnetic field in a gyrotropic medium and found out that in the general case the
field in this media has elliptical polarization in coordinate system that traces local
orientation of linear anisotropy’s axis. Later on a mathematical formalism for description
of twisted anisotropic fibers was developed for both regular and irregular twist [1-7]. As a
result of those studies it has been established that twisting the anisotropic fiber allows one
to reduce polarization mode dispersion (PMD) for nonsingular beams. In recent papers it
has been shown that an analogous effect takes place also for singular beams [8-10].
Nevertheless, the question of propagation of electromagnetic field in such fibers with a
twist defect is still open. In some cases violation of fiber’s rotational symmetry with a
special transverse profile can lead to conversion of fundamental mode to an optical vortex
[11]. In the present paper we will show that the violation of rotational symmetry, which
manifests in breaking the twist periodicity of the anisotropic fiber, can lead to undamped
passage of an incoming regular beam in a narrow spectral range within the forbidden
spectral band and generation of the defect mode localized on the twist defect.

1. MODEL AND BASIC EQUATION

Consider twisted anisotropic fiber (TAF) (Fig. 1), in which the transverse part of the
tensor of refractive index in a cross-section with coordinate z is described as

» . R ) 0 e—Ziqz
n; (z):n (1—2Af)1+An i N (1)
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where 71° = (nf +n ) /2,An* = (ne2 -n ) /2, n, - extraordinary and ordinary

refractive indexes, A — optical contrast between fiber’s cladding and core, f — profile

e,0

function, ¢ =27/ H , H — twist pitch of the anisotropic fiber.

Fig. 1. The model of twisted anisotropic fiber with a twist defect. The defect is
characterized by the angle 6 between the initial direction of anisotropy (solid arrows) axis

and the one of anisotropy axis at length d,. The total length of the fiber is d,,
(X Y, Z ) — laboratory coordinate system.

Upon substitution of expression (1) into the Maxwell equations it turns out that
spatial-temporal evolution of transverse component of electromagnetic field essentially
depends on longitudinal component of the field [8]. Nevertheless, at condition

An*[] AJ 1 one can neglect the influence of the longitudinal component on the
transverse component and write down the equation in transverse components in the basis
of circular polarization as:

2, 12=2 1.,, 50 e
V +k'n (x,y)+5k An i |1//>=O. )

where k =27/ — wavenumber, A is wavelength in vacuum, |l//>=col(E+,E_),

E, =(E . FiE))/ J2 . It should be noted that in Eq. (2) the influence of the spin-orbit

interaction is neglected.
An important feature of Eq. (2) is the absence of translation invariance along the

fiber’s axis. To restore it one has to make standard substitution £ , = E.e"” and replace
variables ¥ =7', z=z', ¢—qz =¢', where cylindrical polar coordinates (r, (D,Z) are
implied. After these substitutions Eq. (2) takes the form [8]:
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. A 1 .. _
{HO ~q°6,+2q36, +§k2An201}|1//> =B |l//> , 3)
where |y7) = COI(E“EZ), H,=V*+7i’ (1—2Af)i.
2./=0 MODES OF A TWISTED ANISOTROPIC FIBER

To solve Eq. (3) one can use perturbation theory. As the spectrum of H o 1s twofold
degenerate, it is necessary to use perturbation theory with degeneracy. After a little
algebra one can obtain a 2x2 perturbation matrix in an H o -representation for /=0,
where / is the azimuthal number:

_ B —(B-q) 0
0 B-(B+q)

where O = O.S(kAn)2 and ,BO — the scalar propagation constant. It should be noted that

H “)

matrix (4) depends on its eigenvalues. Far from the point a(qO,O), where g, = ﬁo, one

can neglect the coupling between the orthogonally polarized fields and assume that the
modes of TAF is represented by four fundamental modes:

‘1/71,2> :|i> exp(i,éoz), '/73,4> :|i> eXP(_iﬁoZ)a (5)

1
where ket-vector |i> in the basis of linear polarizations (L) has the form [+ j . It should
*i),
be noted that here the functions describing the radial distribution of the modes are omitted.
Near the point a the elements of (4) on the main diagonal tend to zero and the fields

|l/71> undergo a strong hybridization. Using the substitution ¢ =g, +¢&, f=0, where

£,00] Bo, one can the linearize matrix elements in Eq. (4). It is straightforward to obtain
the expression for H :
S-¢ Q/2
H = - Q125 ) ©)
0/28, -5-¢
The eigenvalues of (6) have the form:

8, = +\e? — 4 =+R, (7)

where A=0Q/ Z,BO. The fiber’s modes corresponding to (7) can be written in the

laboratory frame as
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R —iqz iqz iz B
R e S AR

Obviously, the fields (8) are not normalized. The other two modes remain not
hybridized.

R | +> e—iqz + | _> eiqz }eizR ) (8)

)=t =l o
Making the substitution |i> —>|i> exp(?i@) allows one to obtain the expressions

for the modes in the laboratory frame in the second part of the fiber (that is beyond the
defect), which is rotated through an angle € with respect to the first one.

3. GENERATION OF LOCALIZED STATES IN A TWISTED ANISOTROPIC FIBER

To study the evolution of the Gaussian beam with a left circular polarization in a
TAF with the twist defect one has to expand the incoming field in the eigenmodes of the
fiber. Then the incoming Gaussian beam with a left circular polarization, which can be

approximated as |—> , on the left of the fiber (Z < O) can be written as
|F,,) =|-)exp(ikz)+( X, |+) + X, | ) )exp(—ikz). (10)

In this expression one takes into account that in the reflected light there may appear
the fields with orthogonal polarizations. Within the TAF one can write

|Fl> :X3|1//1>+X4|1//2>+X5|+>exp(iﬁoz)+X6|—>exp(—iﬁoz) (11)
at z E[O,dl], and
|£) =20 Wi+ X, |wi) + X, [+)exp(iByz) + X, [ ) exp(~ifz)  (12)

at z e[dl,dz].
On the right of the fiber the field is described as

F;m>=(XH|+>+X12|—>)exp(z’k(z—d2)). (13)

It is necessary to take into account that the expressions for |(//l,'> in the second part

can be derived with a help of the substitution |i> - | i) exp(?i@) in |l//l.> . The unknown

coefficients X, can be found from the system obtained through matching the expressions

for fields and their derivatives at the boundaries.
Consider the case where the defect is maximal (9 =/ 2) and is located right at the

middle of the TAF (d, =0.5d,). Numerical solution of equations in the unknown

coefficients X, allows one to establish the presence of the crossover event for the
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reflected fundamental mode |+> and the transmitted fundamental mode |—> (Fig.2). The
crossover takes place at d =d_, =13967H ~ 0.005894 m .

Before the crossover (d <dm) a significant part of the energy of the incoming
fundamental mode |—> in a narrow spectral range within the forbidden band, which

boundaries can be found from the equation ‘82 — AQ‘ =0, passes through the TAF with a

twist defect (Fig. 3, b). Simultaneously, on the graph for the reflection coefficient of the
fundamental mode |+> a narrow dip appears (Fig. 3, a). As the length of the fiber
increases, the behavior of the transmission/reflection coefficients changes. After the
crossover (at d =2d_,) a sharp peak in the transmission curve for |—> field and a dip in

the reflection curve for |+> field disappear (Fig. 4).

Fig. 2. Dependence of reflection coefficient for |+> (|X1|2) and transmission

coefficient for |—> (|X12|2) on the reduced length d/H. Fiber parameters:

n, =1.5, A:lO_z,Anz =10_3’ A :ﬂo’ 10 =632.8 nm, A :]()/'10,
H=421985-10" m, @=r/2. The incoming field is |—).

Appearance of a sharp pick in the middle of the forbidden band (/1 =632.8 nm) for

the fundamental mode |—> at d =d_, is accompanied by the appearance of a localized



ALEXEYEYV C. N., LAPIN B. P., YAVORSKY M. A.

defect state. To illustrate this let us plot a graph for intensity within the TAF (Fig. 5) at
d =d_, for the fields

) = |:X3 E+R exp(—iRz):| exp(—igz )+ X exp(iﬁoz) ,

|-), = [X3 exp(iRz)+ X, exp(—iRz):I exp(igz )+ X, exp(—iﬁoz) (14)
at z € [0,0.de], and

c—R

exp(iRz)+ X,

|+>,m _ {X7 g;R exp(iRz) + X, £—R exp(—iRz)} exp(—i(9+qz))+)(9 exp(i,éoz),
|—>'m =[ X; exp(iRz)+ X, exp(—iRz) Jexp (i (0 +qz)) + X, exp(—i[?oz), (15)
at ze[0.5d,,.d,,].

(a) (b)

Fig. 3. Dependence of reflection coefficient for |+> (a) and transmission coefficient
for |—> (b) on the wavelength of the incoming |—> field. Fiber parameters:
n,=15 A=107, An> =107, A=A, Ay =632.8 nm, ry =104,
H=421985-10" m,d=04d,,, 0=xr/2.

From Fig. 5 one can see that the amplitude of the fields |+> and |—> at d=d,

significantly exceed the amplitude of the fields outside the TAF. As the length increases,
the field’s intensity within the fiber decreases and at d =2d_, the localization of the
fundamental modes disappears (Fig. 6).

10
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(a) (b)

Fig. 4. Dependence of reflection coefficient for |+> (a) and transmission coefficient
for |—> (b) on the wavelength of the incoming field |—> Fiber parameters:
n, =15 A=107, An* =107, A=y, A, =632.8 nm, r, =104,
H=421985-10" m,d=2d,, 6=x/2.

co?’

(a) (b)
Fig. 5. Dependence of intensity for the fields |+> (a) and |—> (b) within the fiber on
z at the incoming  fundamental = mode | —> . Fiber = parameters:
n,=15A=107,An* =10, 5, =104,, A,=632.8 nm, H=4.21985-10" m,
d=d,_,0=x/2.

co?

11
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(a) (b)
Fig. 6. Dependence of intensity for fields |+> (a) and |—> (b) within the fiber on z at

incoming fundamental mode |—> Fiber parameters: n, =1.5,A=107,An’* =107,

r,=104,, A, =632.8 nm, H=4.21985-10" m,d=2d_,, 6=x/2.

co?

CONCLUSION

In this paper we have established that the passage of the fundamental mode |—>

through the twisted anisotropic fiber with a twist defect in a narrow spectral range within
the forbidden band can be accompanied by the appearance of the localized states |+> and

|—> within the fiber. The amplitude of the localized state is maximal right at the twist
defect.
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Aunexcees K. M. Jlokamizaniss ¢yHaaMeHTaJbHMX MOA Ha JedeKTi CKPYTKH B CKpPY4YeHOMY
aHizorponHomy BoJokHi / K.M. Anekcees, b.II. Jlamin, M. A. SBopcbkuii // Bueni 3ammcku
TaBpiiicbkoro HaioHaJbHOTO yHiBepcuTeTy iMeHi B. I. Bepnaacekoro. Cepis : @i3uko-mMareMaTudHi HayKH.
—2014.—T. 27 (66), Ne 2. — C. 5-13.

V nawiii ctaTTi BUBYEHO BIUIMB Ae(EKTy CKPYTKH Ha MOLIMPEHHS UPKYISIPHO TOJSIPU30BAHOI rayCOBOi MOAN
B OperriBcbkoMy ciIaOKOCIPSIMOBYIOUEMY CKPYUYEHOMY BOJIOKHI 3 OJHOOCHOBOI MaTepialbHOi aHi30TPOMI€IO.
Byno noxasano, 1mo raycoBa Mojia 3 MpaBoi KpyroBOIO MOJISIPU3ALI€I0 Y By3bKOMY CIEKTpalbHOMY Aiala3oHi B
Mekax 3a00pOHEHOI 30HHM Maike MOBHICTIO MPOXOOUTH Kpi3b BOJIOKHO. [laHUWil mpoliec CympOBOMKYETHCS
MOSIBOIO JIOKANTi30BaHUX Ha JeeKTi pyHIaMEeHTaIbHUX MO/,

Knrouogi cnosa: cxkpydeHe aHI30TPOITHE BOJIOKHO, 1epeKT CKPyTKH, GyHIaMeHTaJIbHA MOJIA.

Anexcees K.H. Jloxkanmszanus ¢yHIaMeHTaJbHBIX MOJ Ha Jedekre CKPYTKH B CKPY4YeHHOM
anuzorponHom BoJokHe / K. H. Aaexcees, b.Il. Jlanun, M. A. SIBopckmii // YueHble 3anucku
TaBpuueckoro HanMoHaIbHOTO yHUBepcuTeTa uMeHu B. M. Bepuaackoro. Cepus : @u3nko-MaTeMaTuyeckue
Hayku. — 2014. — T. 27 (66), Ne 2. — C. 5-13.

B nmanHO# craThe M3ydeHO BIMSHHE AedeKTa CKPYTKH Ha PaclpoCTpaHEeHHWe IUPKYISIPHO MOJSIPU30BaHHON
rayccoBOM MOABI B OP3ITOBCKOM CKPYYEHHOM CJIabOHAIPABIIIONIEM BOJIOKHE C OZHOOCHOH MaTepHAILHOH
aHu3oTponued. bbulo mMoka3zaHO, 4YTO TrayccoBa MoOJa C IPaBOM KpyroBOW MOJApU3alUE B Y3KOM
CHEKTPaJIbHOM JHMAaNa30He BHYTPH 3aNPEIEHHON 30HBI IIOYTH MOJIHOCTBIO MIPOXOIUT Yepe3 BOJOKHO. JlaHHBIN
MPOLECC COMPOBOKAAETCS MOSBICHHEM JIOKAIM30BAHHBIX Ha AeekTe pyHIaMEHTATbHBIX MO,

Kniouesvie cnoga: ckpydeHHOE aHU30TPOITHOE BOJIOKHA, Ae(EKT CKPYTKH, PyHAAMEHTaIbHAs MOJIA.
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ALGEBRA OF OPTICAL QUARKS

Egorov Yu. A., Konovalenko V. L., Volyar A. V.

Taurida National V. 1. Vernadsky University, 4 Vernadsky Ave., Simferopol 295007, Crimea, Russia
E-mail: yuriy.crimea@gmail.com

We have considered a new type of singular beams called as optical quarks. They have fractional topological
charges being equal to half an integer and they possess rather unique properties. There are four types of optical
quarks, even and odd ones, which reveal the opposite signs of topological charges. The sums or differences of
the even and odd quarks form standard vortex or non-vortex beams with the topological charges of integer
order. All the quarks in the same beam annihilate and the beam vanishes. We conducted an analysis of all
possible combinations of even and odd optical quarks with different charges. What provided an opportunity to
explore what interactions correspond to their “sum” and “difference”.
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INTRODUCTION

As far back as in the beginning of 1990s, Soskin et al. [1] have wondered at a
'strange' behaviour of the simplest singular beams with fractional topological charges. It
turns out that the inherent property of such beams is that the initial field distribution is not
recovered during propagation along any beam length, while the optical vortex with a
fractional topological charge is not nucleated at any beam cross section. Indeed, a broken
axial symmetry of the beam does not permit reconstructing the propagating field. The
immediate inference is that the vortex beams with the fractional topological charges
cannot exist in principle. Although such a simple statement does not need a strong
confirmation at all, the work by Berry [2] has ignited a heated discussion. Berry has
considered the process of diffraction for a Gaussian (G) beam by a spiral phase plate with
the fractional phase step. The evolution of the diffracted beam manifests itself in the form
of beam fracture, with chains of singly charged optical vortices. However, the major point
has been that the beam could carry over a fractional orbital angular momentum (OAM).

An avalanche of subsequent studies has surpassed all imagination [4]. The detailed
analysis has shown that the fractional optical vortex splits into an infinite series of integer-
order vortices, while the OAM of the beam is defined by contributions of integer-order
optical vortices. Although it seems at the first sight that fractionalising the OAM of the
beam contradicts the foundations of quantum mechanics, the authors of the work [7] have
shown the mixed stated of photons to be able to carry over the fractional OAMs. At the
same time, according to the results [2], the fractional-vortex beam must inevitably be
destroyed while propagating, because of different phase velocities of partial elementary
beams involved. Nevertheless, the recent studies [3,6] have demonstrated availability of
spatially invariant beams with fractional OAMs and, in particular, with fractional optical
vortices [3,6] (so-called Erf-G beams).
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Such unusual properties of the fractional-vortex beams compel to peer more
attentively into the structure of spatially invariant fractional-vortex beams. The aim of the
present article is to analyse the interaction features of elementary fractional-vortex beams
in the free space.

1. THEORY

We have shown in the study [3,6] that the error function-Gaussian beams (Erf-G
beams) bearing optical vortices with the topological charges / =+1/2 (Fig.1) belong to the
strong solutions of the vector paraxial wave equation and refer to a set of so-called
standard paraxial beams (Hermite-Gaussian (HG), Laguerre-Gaussian (LG), Bessel-
Gaussian (BG), etc.), with a complex argument.

(a) (b)

Fig. 1. Intensity (a) and phase (b) distributions for erf- beams with wy =35 um in the
initial plane z =0 (a) m™" and (b) m™".

In contrast to the usual standard beams (e.g., HG, Laguerre (L), G or BG ones), the
erf-G beams have a non-factorising form, i.e. their azimuthal (p) and radial (r) variables
are not separated. The scalar erf-G beam may be written in the form

ZS¢ _RZ RZ
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N =exp (4—0] o=1-iz/z, and z=—kw] /2. Here wy is the radius of the beam
c
waist at z =0, k the wavenumber, s = =1, and the free parameter K can acquire arbitrary
values, including complex ones. The field distribution given by Eq. (1) depends on the
free parameter K.
Near the beam axis where Kr is very small (Kr << 1), the wave function of the erf-G
beam given by Eq. (1) may be presented as
isp -R’ R’
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Notice that the two terms in Eq. (2) have much to do with the forms of the fractional-
vortex beams suggested by Soskin et al. in the work [1]. Let us write out a generalised
form of such wave constructions at the initial plane z = 0 and outline their basic
properties:

0 - cos(%jemzwm o
0," = —cos[?je_ lZmF(r), 5)
o= —isin(%)e_ i;wF(r), 6)

where F (r) is the radial envelope of the standard paraxial beam and m = 2m'+1 is an odd
number.
An arbitrary non-vortex beam can be presented as a superposition of the wave
elements given by Egs. (3)-(6):
F()=0."+0y" or Fr)=—0."+0,") @

Correspondingly, the beams with the edge dislocations may be written as
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Frkos(mp)=10:" - 051 -0, +0,7'| ®)
F(r)oos(mp) =10 = 0 + 03" - 057§ ©)
However, since the vortex beams of high orders are unstable with respect to slight
perturbations, later on we will focus our attention only on the simplest vortex beams with
m==l.
Another basic property is that the sum all the wave constructions given by Egs. (3)-
(6) vanishes:

0. +0,4" +O." +0,;" =0. (10)

In analogy with the Gell-Mann quark model of hadrons, we will call such wave
constructions as optical quarks. In this way the wave constructions 0, and On" may
be treated as anti-quarks. Eqs. (7) and (8) can be read such that a superposition of two
even and odd quarks or anti-quarks forms a non-vortex beam, while their difference

represents a vortex-beam. At the same time, the occurrence of all the quarks and anti-
quarks results in their total annihilation (see Eq. (10)).

2. GENERATION OF ERF-G BEAMS

Generation of optical quarks is possible due to the use of computer-generated
holograms [1] shown in Fig. 2.

Fig. 2. Computer generated hologram.

For the generation of optical quarks and their analysis was assembled Mach-Zehnder
interferometer (Fig. 3). For the light source we used a He-Ne laser LGN-207A. After the
laser light propagated by splitting cube, where the second beam was directed into the
support arm of the interferometer. The main beam spread and entered to polarizer. There
he converted into a linearly polarized, and then fell by a quarter wave plate, and converted
into a circularly polarized. After that, the beam was diffracted by the hologram (Fig. 3(6)).
On the phase transporant generated a spectrum of beams (Fig. 4). Central order is a beam
of zero charge, each next beam differs from the preceding one by /= 1/2 in dependence of
order. Thus for the experiment, we are only suitable —1 and +1 order.
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Fig. 3. The experimental setup for the generation of fractional topological charges:
1 — He-Ne laser; 2 — polarizer; 3 — quarter wave plate; 4, 8 — splitting cube; 5 — hologram;
6 — diaphragm; 7, 9 — mirror; 10 — camera.

Fig. 4. The spectrum of beams carrying fractional charge.

(a) (b)
Fig. 5. Intensity (a) and phase (b) distributions for erf- beams with / = 1/2.
From the spectrum of the hologram we chose the needed optical quarks (+1 and —1

order) Fig. 5. Final beam interfered with the reference beam (Fig. 5, b). Overall picture of
falling on the CCD camera.
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3. THE ALGEBRA OF FRACTIONAL CHARGES

To study the interaction of fractional charges has been assembled experimental set-up
(Fig. 6). For the light source used laser LGN-207B (1), a power of 0.5 mW,
A =632 microns. When linearly polarized light passes through the quarter-wave plate (3),
the beam is converted into a circularly polarized, and placed in a Mach-Zehnder
interferometer. Consisting of splitting the cubes (4, 8) and mirrors (7). Each of the arms in
the direction of propagation of the beam was placed computer synthesized hologram (5).

After output generates eddies fractional charges with different combinations of
(=172, 1=+1/2), I=+172, I=-1/2), (I=-1/2, [=-1/2), (I=—1/2, [=+1/2). We took
one of these combinations. Both vortices were combined by splitting cube (5), after which
there was the result of their interaction. The result of the experiment were recorded by
CCD camera (9) and displayed on the monitor.

Fig. 6. The experimental set-up for the “addition” and “subtraction” fractional
topological charges: 1 — HeNe laser; 2 — polarizer; 3 — quarter wave plate; 4, 8 — splitting
cubes; 5, 9 — hologram; 6, 10 — diaphragm; 7, 11 — mirror; 12 — camera.

Since there are four combinations of addition of beam intensity, we need to choose
the most interesting. As shown by theoretical calculations combination (/= 1/2, [ =—1/2)
and the combination of (/=-1/2, [=+1/2) lead to the same type of addition of beam
intensity. A combination of (/=1/2, /=+1/2) and (/=-1/2, [=-1/2) are identical but
opposite topological charges.

4. THE ADDITION OF OPTICAL VORTICES WITH FRACTIONAL CHARGE

During the experiment it was shown that when placed in the assembled installation
scheme of hologram (/ = 1/2, [ = +1/2) is generated at the output of the interference pattern
(Fig. 7) is the sum formed by the addition of the intensity of the beams.
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(a) (b) (c)

Fig. 7. The addition of optical vortices with fractional charge: (a) optical vortex of
charge / = 1/2; (b) optical vortex of charge / = 1/2; (c) the resulting interference pattern.

But since each of these beams has its own topological charge /= 1/2, the result of
addition of these beams is formed interference pattern displayed on it with the topological
sum of two optical vortices. As can be seen from the interference pattern of the resulting
beam is equal to the topological charge / = 1. Thus is explained the law of conservation of
topological charges.

5. SUBTRACTION OF OPTICAL VORTICES WITH FRACTIONAL CHARGE

During the experiment it was shown that when placed in the assembled installation
scheme hologram (/= 1/2, [ =-1/2), the output interference pattern generated, which is
the sum formed by adding the intensities of the beams (Fig. 8). But since each of these
beams has its own topological charge /=1/2, the result of addition of these beams is
formed interference pattern displayed on it with the topological sum of two optical
vortices.

(a) (b) (c)

Fig. 8. The subtraction of optical vortices with fractional charge: (a) optical vortex of
charge /= 1/2; (b) optical vortex of charge / = —1/2; (c) the resulting interference pattern.

As can be seen from the resulting interference pattern has a beam topological charge
equal to /=0 (Fig. 8, c¢). Thus is explained the law of conservation of topological charges.

CONCLUSION

So, a new type of singular beams called as optical quarks was considered. They have
fractional topological charges being equal to half an integer and they possess rather unique
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properties. There are four types of optical quarks, even and odd ones, which reveal the
opposite signs of topological charges. The sums or differences of the even and odd quarks
form standard vortex or non-vortex beams with the topological charges of integer order.
All the quarks in the same beam annihilate and the beam vanishes. All possible
combinations of even and odd optical quarks with different charges were analized. What
provided an opportunity to explore what interactions correspond to their “sum” and
“difference”.
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Eropos 10. O. Anredpa ontuueckux kBapkos / FO. O. Eropos, B. JI. Konosaienko, O. B. Boasp //
Bueni 3amuckm Tapificbkoro HamioHanepHOTO yHiBepcuteTy imeHi B. I. Bepnancekoro. Cepis : ®i3uko-
MareMatuyHi Hayku. — 2014. — T. 27 (66), Ne 2. — C. 14-22.

Bys0 po3risiHYyTO HOBHMil THUII CHHI'YJSPHHUX IY4KiB, TaK 3BaHMX ONTHYHHX KBapKiB. JlaHi CHHTYJIAPHI IMy4YKH
BOJIOJIIOTH TOTIOJIOTIYHUM 3apA0M PIBHUM IOJIOBHHI IIJIOTO YKCIA, a TAKOK BOHH MAlOTh JOCUTH YHIKaJIbHI
ONITHYHI BJIACTMBOCTH. BCHOTO iCHye YOTHpH THITM ONTHYHUX KBApKiB: IApHi 1 HemapHi, 10 MAalOTh pi3HI
3HAKM TONOJIOTIYHMX 3apsaiB. [lomaBaHHS i BiJHIMaHHS MApHUX | HEMAPHUX ONTHYHHUX KBapKiB IPH3BOJIHUTH
JI0 CTBOPCHHSI CTAQHJAPTHOTO ITyYKa 3 TOMOJIOTIYHHMM 3apsioM piBHOMY IiloMy umciy. ByB mpoBenenuit
aHaJi3 BCIiX MOXKJIMBHAX KOMOIHAIliil MApHHUX 1 HEMapHUX ONTUYHUX KBApKIB 3 Pi3HUMH 3apsaaMu, IO Jaio
MOXIIUBICTB IOCTI/DKYBAaTH B3a€EMO/Iii ONTHYHMUX KBAPKiB K IPH MiJCYMOBYBaHHi, TaK 1 BiJHIMaHHI.

Knruogi cnosa: ontuaHMA BUXOP, APOOOBHUI TOMIOJIOTIIHAHN 3apsi.

Eropos 0. A. Aareopa ontuueckux kBapkoB / 0. A. Eropos, B. JI. KonoBanenko, A. B. Boasip //
VYuyensle 3anucku TaBpuueckoro HalpoHalbHOTO YHUBepcuTeTa nMeHu B. U. Bepuaackoro. Cepus : @usmko-
MaTemarudeckue Hayku. — 2014. — T. 27 (66), Ne 2. — C. 14-22.

Bb1 paccMOTpeH HOBBIM THUI CHHTYJSIPHBIX ITYYKOB, Ha3bIBACMBIX «ONTHYCCKHE KBapKu». JlaHHBIC
CHUHTYJISIPHBIC My4YKH OOJaJar0T TOMOJIOTHYESCKUM 3apsIOM PaBHBIM IOJIOBHHE IIEJIOTO YHCNA, TaKKE OHHU
00TamaloT JIOCTAaTOYHO YHUKAIGHBIMH ONTHYECKMMH CBOHCTBaMH. Bcero cymiecTByeT dYeTblpe THIa
ONITUYECKHUX KBApPKOB: YETHBIC M HEUETHBIE, MMEIOIINE Pa3HbIE 3HAKU TOMOJOTHYEeCKnX 3apsaaoB. CloxXeHne U
BBUNTAHHE YETHHIX W HEYETHBIX ONTHYECKUX KBAPKOB TPHUBOAWT K CO3JAHMIO CTAaHJAPTHOTO IydYKa C
TOTIOJIOTHYECKUM 3apsiIOM PaBHOMY IeJIOMYy 4YHCTy. BbUT mpoBeneH aHanmn3 BceX BO3MOYKHBIX KOMOWHANWI
YETHBIX U HEUETHBIX ONTHYECKHUX KBAPKOB C PAa3HBIMH 3apsjiaMH, YTO JAJI0 BO3MOXHOCTH HCCIIEOBATh
B3aUMOJICHCTBHS ONITHYCCKUX KBAPKOB MIPH CYMMHPOBAHUH U MPH UX BHIYATAHUH.

Knrouesvle cnosa: ontuyecKuii BUXpb, ApOOHBIH TOMOJIOTUYECKUIT 3apsia.
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GENERATION OF AN ARRAY OF VECTOR BOTTLE BEAMS
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In present work an experimental method of formation of an bottle beam array by focusing an array of N
uniformly-polarized Gaussian beams passed uniaxial crystal is considered.
Keywords: uniaxial crystal, array of bottle beams.

PACS: 42.25
INTRODUCTION

The possibility of manipulation of micro particles with the help of light [1] is one of
the most topical researches in modern optics. Optical tweezers manipulate colloidal
microscopic particles, life cells, nano- and microparticles, single molecules and atoms,
which find wide applications in modern microbiology and micro engineering. For creating
an optical potential well and achieve fully three dimensional trapping, the so-called
optical bottle beam have been proposed, i.e. beams with a finite axial region of low
intensity surrounded in all dimensions by area of high light intensity [2, 3]. In works [4, 5]
it was shown, that the speckle pattern of a coherent beam from the surface of diffuser
could be used for trapping of a great number of micron sized particles in air. However this
type of multi tweezers is sensible to any shift of the diffuse screen, so it’s not possible to
realize changes of trapped particles position.

In present work the method of generating an array of bottle beams using an uniaxial
crystal is demonstrated.

1. FORMATION OF SINGLE BOTTLE BEAM BY UNIAXIAL CRYSTAL

The main feature of bottle beams is closed 3D area of low intensity inside light focus.
An uniaxial crystal could serve as basic element for realization of practical generation of
such beams [6, 7, 8]. In works of Chiatonni, prof. Volyar, prof. Fadeyeva, prof. Shvedov it
has been shown theoretically and experimentally that the propagation of circularly
polarized beam along the axis of an uniaxial crystal in an orthogonal with respect to the
initial circularly polarized component optical vortex is born, its topological charge differs
from the charge of the initial beam in two units. In the basis of the formation of an optical
vortex in this case is the law of conservation of the projection of the total flux of angular
momentum of the beam to the optical axis of the crystal [9].

Consider the case when initial beam on crystal is the circular polarized Gaussian
beam. Circularly polarized Gaussian beam in crystal could be described as superposition
of ordinary and extraordinary beams, which have different beam waists [6, §].
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As the result of focusing of the beam exit uniaxial crystal there are clearly observed
two focuses with different polarization distributions separated by the region of low
intensity, i.e. bottle beam [8]. Computer modulation of longitudinal and transverse
intensity distributions is shown in Fig. 1 (a, b). The distance between two waists in such

beam is defined as: 26 =d(n —n’)/(n.n), where n, and n. are ordinary and
extraordinary refractive indices, d is the thickness of the crystal. Thus the distance
between beam waists depends not only on birefringence properties of the crystal but and

on its thickness. L.e., it is possible to change the properties of the formed bottle beam by
changing geometrical parameters of optical system for its generation.

y ez mm oo >
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Fig. 1. Theoretical calculation (a), (b) of longitudinal and transverse intensity
distributions in bottle beam. On (b) are presented pictures of polarization distribution in
the areas of the beam waists.

Let us answer the question, is it possible to form an array of bottle beams in the
following manner.

2. GENERATION OF AN ARRAY OF 3-DIMENSION BOTTLE BEAMS

The computer generated diffraction element, constituted screen with N regularly
arranged pinholes, allows to split initial laser coherent beam into N Gaussian beams.

An equation for the general wave function of an array in free space can be presented
in the following way:

v=) v, (1)

where N — number of the local beams in array, n — index of each beam.
As it was shown in [10] the incline of the paraxial beam axis at a small angle is
equivalent to the shift of the y-axis of the beam to the imaginary part on the distance iaz, .
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Thus the wave function of the n-th inclined beam in an array could be written as the
following expression:
2 2 : 2
1 a’z Xy +(yy +10zg) .
¥, =—exp(-k——)exp(———5 )exp(—ikz) @)
oy 2 e

Coordinates of n-the beam are written the following way:
{xnr =X, CosQ, +y,sing, +1,

Yn =Yn COSQP, —X; sin(on

€)

where @, =2¥ﬂn, Z =kp2/2, k=2z/A is wave number, A is wave length,

c=1-i2.
20

We work in paraxial regime, so we consider sina = «, & is the inclination angle of
the beam axis to the optical axis of the hole system.

Let’s consider propagation of an array of Gaussian beams (1) in crystal. In work [10]
it was shown, that for a given crystal length there is an optimal inclination angle & when
the output beam contains an isolated single charge vortex on its axis as in the case of on-
axis propagation of circularly polarized Gaussian beam. So for small inclination angle the
ordinary and extraordinary polarized beam components propagate together along the
optical axis of the inclined beam, and the conservation law is done. Thus for a small
inclination angle of each beam in an array the focusing of the crystal-propagating beam
array can shape an array of isolated “bottle beams”.

For experimental study of the beam array evolution and formation of bottle beam
array we have used an experimental setup shown in Fig. 2.

p
D P, o L2 CCD

; —

Fig. 2. Experimental set-up: laser with the wave length 41=634nm; D — amplitude
screen; P — polarizer; A/4 — quarter wave plate; Cr — uniaxial crystal; L1, L2 — focusing lenses.
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The polarization filter, consisting the polarizer and quarter wave plate transforms
initial Gaussian beam array after amplitude screen (with N pinholes) into circularly
polarized. The circularly polarized array is focused by the lens L1 into the uniaxial crystal,
and the propagation axis of the whole array of Gaussian beams coincides with the optical
axis of the crystal.

As in previous case each circularly polarized Gaussian beam of an emerged array
after crystal could be described as superposition of ordinary and extraordinary beams,
which focuses are situated in different distances from the focusing lens L2. Experimental
results are shown in Fig. 3 (transverse intensity distributions of an array of bottle beams)
are presented in Fig. 3.

(a)

(b)

(c)

Fig. 3. Experimental transverse intensity distribution of array with N = 2 bottle beams
(a), array with N = 3 bottle beams (b) and array with N =5 bottle beams (c).

As it could be seen the result of focusing of Gaussian beam array exit uniaxial crystal
is the formation of an array of bottle beams.

CONCLUSION

In this work is suggested an experimental method of generation bottle beam array by
using uniaxial crystal. Such structures of the vector beams could be used in various
applications of optical trapping and manipulation of microparticles. This method could be
used both with coherent and temporarily coherent laser beams.
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Y poOOTi mpeACTaBICHO EKCIEPHUMEHTANBHUI MeTo] (OPMYBaHHS MACHBIB IUISIIKOBHX MYYKiB B XOIi
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Tlono0HI CTPYyKTYypH BEKTOPHHMX ITy4KiB MOXXYThb OyTH BHKOPHCTaHI B Pi3HOMAHITHHX cdepax ONTHYHOTO
3aXOILTIOBAHHS Ta MaHIIYJIIOBaHHS YacTKaMH MiKPOHHOTO po3Mipy. OCHOBHa OCOOJHMBICTD MPEACTABICHOTO
METOJy € Te, IO BiH MOXKe OYTH 3aCTOCOBAHHWH SIK JJIsI KOTEPEHTHOTO TaK i JJIS 4aCTKOBO-KOTEPEHTHOTO
JIa3ePHOTO BUIPOMIHIOBaHHS.

Knruosi cnosa: 0THOBICHHN KPUCTAN, MACHB IUIALIKOBUX ITY4YKiB.

Iloctka H. B. I'enepanusi MaccuBa BeKTOPHBIX O0yThLI04HbIX MyuykoB / H. B. Illoctka, B. W. IllocTka,
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B pabote mperncraBieH SKCIEpUMEHTAIBHBIH MeTOx ()OPMHUPOBAHUS MAcCHBa OYTBIIOYHBIX ITyYKOB IIPH
¢okycupoBke MaccuBa N ['aycCOBBIX MyYKOB, IMPOIISIIINX OJHOOCHBIH KPUCTAJUI BJOJNH €r0 ONTHYECKOH
ocu. IlomoOHBIE CTPYKTYpHI BEKTOPHHX ITy4KOB MOTYT 0aTh WCIIOJB30BaHBI B pA3IMUHBIX  cdepax
ONITHYECKOTO 3aXBaTa M MAaHUITYJHPOBAHUS YacTHIAMU MIKPOHHOTO pa3mepa. OCHOBHOII OCOOEHHOCTBIO
MPEICTaBICHHOTO METOMA SBISETCS TO, YTO OH MOXET 0aTh MPMEHEH KaK IJIsI KOTEPEHTHOTO TaK M YaCTHHO-
KOTEPEHTHOTO JIA3€PHOT0 U3ITyIEHHS.
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TlpuBeneH psi TEOPETMYECKUX M OSKCIICPUMEHTAIBHBIX pE3yJbTaTOB, OIMCHIBAIOIIMX IpeoOpa3oBaHKe
MHTEHCHUBHOCTH M (ha3bl MOJNeH NapakCHaidbHBIX ONTHYECKUX IYYKOB, NMPOIISIIIMX OJHOOCHBIH KpHCTAILI
CTPOT0 OPTOTOHAIBHO ONTHYecKol ocu. McciaenoBana quHaMuka GOopMHpOBaHUS (Ha30BBIX CHHTYILSIPHOCTEI! B
npolecce ABYITy4YEHPEIOMIICHHS BO BPAIIAIOIIEHCS CHCTEME ONTHYECKHMH ITy4OK-KPHCTAILI, PacCMOTPEHO
BO3JICHCTBUE AaHM30TPOIHOW MU(PAKINMU Ha IOJOKEHHWE BHEOCEBOTO ONTHYECKOro BHXps. [IpeacTaBieHbI
pelIeHHs] BEKTOPHOT'O TapaKCHAIBHOTO YPaBHEHUS 1 OOBIKHOBEHHOTO M HEOOBIKHOBEHHOTO ITy4YKOB B BHJIE
napamMeTpU4ecKuXx IHonel.

Knroueswie cnosa: GhazoBas CHHI'YISIPHOCTb, ONTHYECKHI BUXPb, JBYIyYEHIPEIOMICHHE, AHU30TPOIIUSL.

PACS: 42.25.Lc
BBEJIEHUE

Ocoboe MecTo B CHHTYJISIPHOH OINTHKE MPEACTABISIOT MCCICIOBAaHUS, CBSI3aHHBIE C
pacrpocTpaHeHHEM CBETOBBIX IIyYKOB W TPeo0Opa3oBaHWEM HX CTPYKTYphl B
aHU3OTPOIHBIX CpeJax — OJHOOCHBIX Kpuctamnax [1-4]. Ilpexme Bcero, aHM30TpOITHAsS
cpena Mmo3BoJiseT (QOpMHUpOBAaTh B Mosie Iydka (aszoBbie [3, 5] ¥ moJspU3alMOHHBIC
CHUHTYJSIDHOCTH, a TaKKe YIpaBisaTh HX (OpMOW M B3aMMHBIM TIOJIOKEHHEM Ha
TUIOCKOCTH, YTO HaXOJUT IHPOKOE MPUMEHEHUE B YCTPOMCTBAX MOYJISIINH, ONTHIECKAX
MUHIIETaX ¥ MUKPOCKOTHH [6].

B paborax, kacaromiecss OpTOroHaJIbHOTO paclpOCTPaHEHUs IydKa B aHU30TPOIHBIX
cpenax [7], aBTOpaMH TMOKa3aHO, YTO IMYYKH B KPHCTAJUIE HCIBITHIBAIOT €CTECTBEHHYIO
ATUNTHYECKYID  NehOpMaIli0 B TIONEPEYHOM  CEYEHWH, BEIUYHHA KOTOPOM
NPOMOPIMOHAIEHA PAa3HOCTH TIOKa3aTellell MpeNoMJIeHUsT it OOBIKHOBEHHOI'O U
HEOOBIKHOBEHHOTO TMYYKOB B KpUCTAJIe, OJHAKO BONPOC 00 OCOOCHHOCTSX
MPOCTPAaHCTBEHHON (Pa30BOM CTPYKTYyphl PACKPHIT HE TMOIHOCTHIO. B dYacTHOCTH,
(dopMHpOBaHNE CHHTYJSIDHBIMH IyYKaMH KOHOCKOITMYECKUX KapTUH 3aciy)KHBaeT
OTJIENTFHOTO paccMOTpeHus Onaronapsi boratoMy pa3sHooOpasnio 3((eKTOB, BHI3ZBAaHHBIX
nHTephepeHnrell OOBIKHOBEHHOT'O U HEOOBIKHOBEHHOTO TTYYKOB.

Panee wm3yuyennrple (puzmueckne MeXaHW3MBl (OPMHPOBAHUS CIIOKHBIX BEKTOPHBIX
noJiel B KpUCTaJIax Mperoiaraal TPaHCISIHIO OJHOPOJHO TOISPU30BaHHBIX ITyYKOB
BJIOJIb ONITUYECKON OCH KPHUCTAJUIa WIIH TOJl HEOONBIIUM YIIIOM K Hell [4]. B HameMm xe
clly4ae, BpallleHWe KpHCTallla BOKPYT TEpIEHAUKYISpa K ONTUYECKOW OCH TO3BOJSET
3ajaBaTh TpeOyeMble KOH(QHTYpallMd BEKTOPHBIX CHHTYISIPHOCTEH B TIOJie TIOCIHE
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kpuctayuia. Takum o0pa3oM, Bompoc (OPMHPOBAHMS W YIPABJICHUS ONTHUYCCKUMHU
BUXPSMH SBISIETCS aKTyalIbHOU TIPOOJIEMON COBPEMEHHOM OTITHKH.

1. PEHIEHUE BOJIHOBOI'O ITAPAKCHUAJIBHOI'O YPABHEHUA  [JIsA
CUHI'YJISAPHOI'O ITYYKA B OJJHOOCHOM KPUCTAJLJIE

[Tockonbky ~ KpHCTaILT npeacTaBisier  coboi OJIHOOCHYIO OJTHOPOJHYIO,
HEOTPAHWYCHHYIO Cpelly, TJIaBHBIE KpPUCTAJLIOTpadruecKre OCH KOTOPOH MpPHUBA3AHBI K
1ab0paTOPHBIM OCSIM KOOPAMHAT, TEH30D JUAIEKTPHYECKON MTPOHNUIIAEMOCTH MTPUMET BUI:

g 0 0
e=|0 ¢ O (1
0 0 ¢

OnTHnueckas ock Kpuctauia C HaIlpaBlieHa BJIOJb OCH ), HEPIEHAUKYISIPHO OCH Z,
BJIOJIb KOTOPOW pacmpocTpaHsieTcs MydyoK. KOMIOHEHTH! Iyyka MpH paclpOoCTpaHEHUU
OpPTOTOHATFHO ONTHYECKOW OCH SIBIITFOTCA MOJAaMU COOCTBEHHOW JTMHEWHOM MOISIpU3aIlii
U B 3TOM cily4ae He MHTep(epupyroT Apyr ¢ IpyroM. B mapakcuanbHOM HpUOIMKECHUN
KOMIIOHCHTHI ITy4YKa NpeaACTaBUM B BUAC MOJICH:

E =E (x,y,z)e ™" )
E = Ey (x,y,z)e" 3)

Torma nist KakAod M3 MONEPEYHO MOJIAPU30BAHHBIX KOMIIOHEHT MOXKHO 3aIlUCaTh
ypaBHeHus [1]:

OE +0E, —2ik0.E, =0 4
OE, + %aiéy ~2ik,d.E,=0 (5)
1

ek =k = ko, w k,=k"") =kp,. TlosBONMM KpWCTAWTy BpalThCS, BBEIA

TNCPEMECHHBIC Y — Yrojl npeueccur, B TO BpEMsS KaK @ SBJILACTCA YITIOM BHYTPEHHETO

BpAILEHUSI ONITHYECKOTr0 BUXPsI OTHOCUTENBHO OCH ITy4ka. OrpaHUuMMCs HanOoJiee MpOCThIM
CIly4aeM ITyuyKa C KPYTOBbIM IOIEPEYHBIM CEYEHHEM B IUIOCKOCTHM z =0 M paguycoMm

HEPETSLKKH W, , W, . PellieHne BOTHOBBIX ypaBHEHHUI (4), (5) IpeacTaBuM B BUJE:

E. :{X_—l‘fy_ae’f("’w)jxexp[—()(z +Y2)/wjao]/an (6)
WOO-O
= i [ x Y e x> v
E, = —ig———ae """ xexp| -———-—— (7
Jo.o,\wo. Two, wo, wo,

. _ 2 _ 2 _ 22 2 _ .
Beenem obosnavenws: z, =kw, /2, z. =kw, /2, z, =kw,n /2n;, 0,=1-iz/z,,

o,=l-iz/z,, o,=1-iz/z,, X =xcosy—ysiny, {==%l. [lomydennpie BEIpaKEeHNUS
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OMHUCHIBAIOT TOBEJCHUE CHUHTYISIPHOTO IIydka B CHUCTEME KOOpIMHAT, CBS3aHHOM C
MOJBM>KHOM CUCTEMOM, ITPH YEM IIY4OK pacpOCTPaHIETCsl CTPOr0 OPTOrOHAIBHO ONTHYECKOM
ocu kpuctaywia (Puc. 1). Beipaxennsx (6) u (74) mapamMerp a OTBeYaeT 3a CMEIICHHE BUXPS
OTHOCHTEIILHO OCH ITyuka. O4eBUIHO, JUIi OOBIKHOBEHHOTO W HEOOBIKHOBEHHOI'O ITyYKOB,
BCIIE/ICTBHE AHW3OTPOIMH KpHUCTAJUIA, JUTMHA Pajes OynmeT pasimudHa, 9TO TPHBEAET K
HEO/IMHAKOBOMY CMELUCHHIO BUXPS B IIONICPEYHOM CEYCHNU KaX/I0M 13 KOMIoHeHT E, u E

u, Kak CJIC/ICTBHE, B LUPKYJISIPHO HOJISIPU30BaHHbIX KOMIIOHEHTax
E =E —iE ,E =E +iE . ®a30Bblii mopTpeT Ha PuC. 1 CBUAETENBCTBYET O HAIMYMH

CHUHTYJIIPHOCTH B TyYKe, a HAIlPaBJICHHE CIHUPAIM YKa3blBacT Ha 3HAK TOIOJOTUYECKOIrO
3apsna. Cosur ¢a3sl Ha Tiepudepun Mydka yKa3bIBaeT Ha MOCTOSHHYIO PAa3HOCTD (pa3 MexIy
OOBIKHOBEHHBIM U HEOOBIKHOBCHHBIM ITyYKaAMH.

w

?/

y=1 mnm;

\\

(a) (6) (8)
Puc. 1. Pactipenienienrie  MHTEHCMBHOCTH B IMPKYJSIPHO  TOJIIPU30BaHHBIX
KOMIIOHeHTax: (a) E , (6) E, u ¢as3bl mydka (B) Ul ITydKa ¢ LEHTPUPOBAHHBIM BHUXPEM

npu a=0, 0, =20mxm u z=20mm, E=-1, n,=1,54, n,=1,55, y =0,4r.

N ¢

Z,

I
(2) ©) (8)

Puc. 2. PacipeieneHrie = MHTEHCHBHOCTH B LHPKYJIAPHO  MOJSPU30BAHHBIX
KoMIoHeHTax: (a) £ , (0) E, u da3bl myuka (B) AJs MyYKa CO CMEIEHHBIM BUXPEM IpH
a=0,50,=10mxm u z=20mm, &=-1, n =1,54,n,=155. TIpsSIMOYroJIbHHKOM
OTMe4eHa 00J1aCTh TOMOJIOTHUECKON PeaKIHH.
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Kak mokazano na Puc. 2, npu CMCHICHHUU OT OCHU ONTHUYCECKOI'O BUXPA B UCXOJHOM
ITy4YKE Ha paCCTOSAHHUC PAaBHOC IMOJIOBUHE paauycCa IMCPETKKU a = 0.5 @, , CABUI' BUXPs B

OOBIKHOBEHHOM IIyYK€ IIOCJi€ JBYJIYYECTIPEIOMIICHUSI COOTBETCTBYET TAaKOBOMY B
HCXOIHOM, B TO BpeMs IJIT HEOOBIKHOBEHHOTO ITydKa M3-32 DIUTUITHYECKON aedopMartuit
MOJIO’KEHUE BUXPSI HE COOTBETCTBYET MIEPBOHAYATILHOMY.

WupiMu cioBamu, simuntudeckas nedopmanus (BeI3BaHHAsS aHU30TPOIUEH Cpebl)
YCHIINBAET CMEIEHNE CHHTYIIPHOCTH B HEOOBIKHOBEHHOM ITyUKe, BBI3BIBASI PACXOXKICHIE
BUXpeH B IUPKYJSPHO TMIOJIAPU30OBAHHBIX KOMIIOHEHTax. YeM Ooubllle BeTHMYUHA
CMEIIEHUsI MCXOJHOTO BHUXPS OTHOCHTENIBHO OCH TrayccoBa IIydyka, TEM sBHee
pacxoxJieHue.

2. IAHAMUKA DA30BBIX CUHTYJISPHOCTEMR B OUPKYJIAPHO
HOJISIPU30BAHHBIX KOMIIOHEHTAX  ITAPAKCHAJIBHOI'O IIYYKA B
OJHOOCHOM KPUCTAJLJIE

JlononHuTenbHOE MCKaXXEHUE B (pasy BHOCHT TOHKAs CTPYKTypa KOHOCKOIMYECKOH
KapTHHBI, Pa3HOCTh (a3 MKy JIMHUSIMU CEMEHCTBA M30KITHH KOTOPON MMEET TIOCTOSHHYIO
BEITMYKHY, KPATHYIO T, TIPH 5TOM HAIWYHE BHEOCEBOTO BHXPSI B OKPECTHOCTH JIMHUIA BHOCHT
JIOTIOJTHATENBHBIA CIBUT ()a3bl B CTPYKType KOHOCKONMYECKOW KapTUHBI M TPUBOIUT K
(hopmupoBaHuIo TOTIONOrHUeckoro aumnons (Puc. 3, a).

77 3 V=
D ¥

7 R
7

X
7

2

y
\
‘Q

7

e}

7

(a) (6)
Puc. 3. OBomonius (ha3pl Mydka HUPKYJISIPHO MOJSPU30BAHHOW KOMIIOHEHTHI E_ B
00JacTH CUHTYJIAPHOCTH: (a) (ha30BbIe MOPTPETHI BHEOCEBOI'O ONTUYECKOI'O BUXPS IMPH
Pa3IMYHBIX MOJSAPHBIX yriiax ¢; (0) Tpaekropus (Ha30BbIX CHHTYJISPHOCTEH B Mpolecce
MOBOPOTA BUXPS OTHOCUTEIBHO OCHU MyuKa: OeJIbie OKPYKHOCTH COOTBETCTBYIOT 00JacTh
POXJICHUSI CHHTYJISIPHOCTH, OKPYXXHOCTH C IOJOBHHYATOW 3aJMBKOM YyKa3bIBaIOT Ha
POXJICHHE BHUXpPS C IPOTHBOIOJIOXKHBIM 3HAKOM W AHHMTHIIALHIO €r0 C HCXOJIHBIM B
OKPECTHOCTH IeHTpa my4ka. CIUIOIIHBIE JTMHUHA CO CTPEIIKAMH YKAa3bIBAIOT HAIPaBICHUE
ABKeHUs cuHryIsipHocteil; a =0,5, @, =10mxm u z=20mm.

32



IPEOBPA3OBAHUE ®A30BOM CTPYKTYPHI CHHTYJISIPHOTO IIYYKA ...

IIpocTpaHCTBEHHOE  IOJIOKEHHE  KOHOCKOIMYECKOM KAapTUHBI W B3auUMHas
OpHEHTAllMA ONTHYECKOrO0 BHUXPS MNPUBOIUT K pAAY TONOJIOTHYECKHX peaknud H
JIOKaJbHOMY (pa30BOMYy aH(OIIMHTY. YIpaBiICHUE IOJIOKCHUEM ONTHYECKOTO BHXpS B
CCUEHMHM TIIy4Ka MOXET OCYIIECTBIATbCS paAMyc-BEKTOPOM (mapamerp a) H
a3MMyTalbHBIM YIIIOM ¢. B ciydae oceBOro BUXps, 3HAYUTEIBHOIO WCKAKECHUS B
CTpYKType (pa3bl KOHOCKOIHMYECKOW KapTHUHBI HE IPOUCXOIUT, OJHAKO HEOOJBILIOE
CMEILEHHE BHUXPS OT OCH Iy4Ka COMPOBOXKAACTCS HANOXKEHHEM (pa3oBOTO MpOoGuILst
CUHTYJSIDHOCTM M  KOHOCKONIMYECKOM KapTuHbl. IlocnenoBarenbHoe HM3MEHEHUE
MIOJIOKEHUSI ONTHYECKOTO BUXPS B JAHHOM CIy4yae HPUBOIAUT DALYy AHHUTWIALHANA H
POXKJIEHUIO TOIIOJIOTHYECKUX JAUIIOIEH.

B nunHamuke JaHHBINA IpoLiecc MOXKHO MPEACTaBUTH B BUiae Tpaekropuu (Puc. 3, 0).
HcxonHplli ONTHYECKUH BUXPh ACHUMITOTHYECKH MPUOMMKAETCS K OCH IIydKa, TAe
IPOMCXOAUT AHHUTMILIIKS C BUXPEM 00OPaTHOI'O TOIOJIOTHYECKOTO 3apsiia, B TO )K€ BPEMs
Ha nepudepun GOpMUPYETCsI BUXPh CO 3HAKOM TOIOJIOTHYECKOTO 3apsia, COBIAAAIONINM
C MCXOAHOM CHHTYJISIPHOCTBIO, TAKUM 00pa3oM (hopMHUpYyETCsl TOMOJIOTUUECKUH IHUIIOIb
OJIHA YacThb KOTOPOTO PACIOJIaraeTcsi B OKPECTHOCTH OCH ITy4YKa, a BTOpas MPUXOAHT C
0ECKOHEUHOCTH, 3aMellasi HCXOAHbIH BUXpb. [Ipy nanpHEHIIeM MOBOPOTEe BUXPS B MyUKe
(Ipu W3MEHEHUH yria ¢ W a = const), mpouecc moBropsieTcs. CTOUT OTMETHTH YTO
JBIDKEHHE BUXPEH MPOUCXOAMT BIOJb JWHHHU, PA3TPAaHHUYMBAIOIIECH CEMENCTBA M30KIIUH,
pasHocTh (a3 MexIy KOTOPHIMH HCIIBITBIBAET CKayOK, KpaTHbIA 7. briaromapst Hamu4mio
UCXOIHOU (a30BOM CHHTYJISIPHOCTH, BBOAUMOW B MYYOK, B KpUCTasuie GOpMHUPYETCs PsiT
BUXpeH B 00acTH TMHUH pa3zaena cemercTs (Puc. 4).

Puc. 4. PactipeniesieHrie MHTEHCHBHOCTH B OKPECTHOCTH LIEHTpPA Iy4YKa LUPKYISIPHO
MOJISIPU30BAHHONM KOMIIOHEHTHI E_ IS pa3auuHbIX yrioB ¢ npu a = 0,5, wo =10 mxm, u

z=20mm, §=-1, n,=1,54, n, =1,55.

B  oproroHanmbHOW  IUPKYJISPHO  IOJSPHU30BAHHOM  KOMIIOHEHTE  IpOLEcC
TOTIOJIOTHYECKUX PEaKIUi MPOUCXOAUT WJIEHTHYHO 32 MCKIIOYEHHWEM JIOKAJIbHBIX
TPACKTOPHI TOIMOJOTUYECKUX JUIOJIEH, KOTOPHIE 3aBHCAT OT MPOJOJIBHOTO CMEIIEHUS
BUXPSI OT OCH ITy4Ka.

Tononoruyeckue peakuuu B KOMIIOHEHTe £, 00pa3yroTcs, IIaBHBIM 00pa3zoM, 3a
CYeT B3aUMOJCHCTBHUS HCXOJHOIO BHXpSA C JIMHHUAMH H30KJIHMH, PE3yJIbTaTOM Yero
SBJISIETCSl paclIeIUICHUE JIMHUK 110 MHTEHCHBHOCTH U MCKaKeHHe (a3oBOro MopTpera, B
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KOTOPOM  TIPHCYTCTBYIOT  XapaKTCpHBIC «BHJIKW», COOTBETCTBYIOIIHE  (Da30BBIM
CUHTYJISIPHOCTSIM W TOTIOJIOTHYECKUM qumoiisiM (Puc. 5, a). I3MeHeHue yriia ¢ IpUBOANT K
MOCJIEIOBATEIFHOMY — PACHICIUICHUIO JIUHHWM, HAaXOJSIIUXCS B  HEMOCPEICTBEHHON
0JIN30CTH K TPACKTOPHUHM BHEOCEBOTO BUXPs. B 30HE TOMOJOTMYECKON PEaKIMU BHXPH
TUTIONBHOW Tapbl CXOMATCS, TOoABeprasch (a3oBoMy aH(GOIAUHTY (CTIIaKUBAHUIO
(ha30BOI TTOBEPXHOCTH) B 0OJIACTU KPHUBBIX JIMHUI M30KJIHMH, TIOCIIE Y€r0 UCXOTHBIN BUXPb
NpOJOJDKAaeT CBOE JBWKeHHe. TakuMm oOpa3oM, (azoBas CHHIYJISIPHOCTH BHOCHT
BO30YXJICHUE B CTPYKTYPY KOHOCKOIMYECKOW KApTHUHBI, BBI3bIBAS PEAKIMIO CPEIIbI
MOCPeCTBOM (hOpPMHPOBAHUS Toroorndeckux map (Puc. 5, 6).

E

(a) i
2T

(6) ) H
& . %;’%\m 7. 0

Puc. 5. OBomonuss  (a30BBIX CHHTYJISIPHOCTEH B MOJE€ Iy4yka KOMIIOHEHTHI
LUUPKYJSAPHOW Honspu3anuu £, JUId pa3sau4HBIX a3MMYTalIbHBIX YIJIOB ¢ OPHUEHTallUU
HUCXOJHOTO BHEOCEBOIO BHXpS: (a) HMHTESHCHMBHOCTH T0Js, (0) ha3oBelii mpoduis.
[Mapamerpsl myuka: a =0,8, @, =16mxm u z=20mm, E=-1, n, =1,54, n, =1,55.

3AK/IIOYEHHUE

IIpoBeneHHBId  pacyeT W MOJEIMPOBAHHE  IIPOLIECCOB  PACHPOCTPAHEHHUS
NapaKkCUaAbHBIX MyYKOB, IEPEHOCAIINX ONTHYESCKUHA BUXPh — (a30BYI0 CHHIYJISIPHOCTh B
OJTHOOCHOM KpHUCTAaJIe, TO3BOJMI BBISBUTH CJIOKHBIA MPOLECC B3aUMOJCHCTBHS
AHM30TPOITHOM CpeJlbl CO CBETOBBIMH MOJISIMU. Kitaccrueckasi KOHOCKOIMUECKasi KapTHHA,
chopmupoBanHas wuHTepdepeHireld OOBIKHOBEHHOTO W HEOOBIKHOBEHHOI'O ITYYKOB
o0aaeT BBICOKOW YYBCTBUTEIBHOCTBIO K (Da30BBIM HCKKCHHSM, B KaYeCTBE KOTOPBIX
MOTYT BBICTYIAaTh ONTHYECKHE BUXPH, KPaeBbIe IUCIOKAIINHI, HHBIE HEOTHOPOAHOCTH.

[TokazaHo, 4YTO CMeIIEHHE ONTUYECKOT0 BUXPSl OTHOCHTEIBHO OCH ITy4YKa BBI3BIBAET
(opmupoBanue (Ha30BBIX CHHTYJISPHOCTEH, KOTOpPbIC B3aMMOJCHCTBYIOT C HCXOJHBIM
BUXpEM, BJIHSS Ha TPACKTOPUIO €ro JBIOKeHHs. [JaBHBIM 00pa3oM 3TO CB3aHO C
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MPOCTPAHCTBEHHONW PACXOAMMOCTBIO TOYCK CHHTYJISPHOCTEH B OOBIKHOBEHHOM U
HEOOBIKHOBEHHOM ITyYKaXx.

OO0pa3zoBaHue TOIMOJOTUYECKUX TMAp, HX aHHUTWIIIHS ¥ TPOCTPAaHCTBEHHAS
OpUEHTAIlMS YyKa3blBaeT HA OTKIUK Cpelbl M, CJICIOBATEIbHO, YTO MOXET OBITh
WCIIOJIb30BaHO B KaUeCTBE JAaTYMKOB, (Da30BBIX MOIYJSATOPOB M aHATH3ATOPOB CBETOBBIX
TOJIeH.
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SCALAR FIELD POTENTIAL DISTRIBUTION FOR TWO A “THICK” NULL
STRING MOVING ALONG THE AXIS-Z
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Taurida National V. 1. Vernadsky University, 4 Vernadsky Ave., Simferopol 295007, Crimea, Russia
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The general form of the scalar field potential distribution for two a “thick” null string moving along the axis-Z
and completely lying in a plane orthogonal to this axis at every time moment is proposed. The conditions,
under which a contraction of the field to a one-dimensional object results asymptotic coincidence of
components of the energy-momentum tensor in the limit of compression components energy-momentum
tensor of a scalar field for a system of two noninteracting null strings moving on the same trajectories are
found.

Keywords: null string, scalar field, cosmology.

PACS: 98.80. £ k
INTRODUCTION

String theories show the steady progress during several recent decades. In spite of
problems inevitable for any developing theory, they arouse admiration both due to the
results already obtained and their great possibilities in the future. On the one hand, the
interest in cosmic strings and other topological solutions is initiated by the role possibly
played by topological defects in the process of evolution of the Universe (string
mechanisms of generation of primary inhomogeneities of the matter density in the early
Universe or ideas of the topological inflation). On the other hand, it is due to the physical
properties of these objects significantly differing from those of common matter.

Besides studying of string theory allows us to understand the deepest moments of the
birth of the Universe in order to understand why it occurred, and what lies ahead of her?
But it is impossible to imagine studying the evolution of the Universe without studying the
properties of its components. That's why this article is a studying of null strings, which are
an integral part of both the string theory and the universe in general.

Objective of article:

e Construct the general view of distribution of potential scalar field for a system
consisting of two "thick" null string moving without interaction along the axis in
the same direction.

e Find conditions on scalar field potential at which, within the limit of the
compression component of the energy-momentum tensor of the scalar field
asymptotically coincide with the components of the energy-momentum tensor for
a system of two null strings moving on the same trajectory.
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The components of the energy-momentum tensor for an isolated null strings have the
following form:

T |-g = yjdrdaxjxﬁé"‘ (xl —x' (z‘,a)), (1)

where the indicesm, n,l take the values 0,1,2,3, functions x” = x" (z', O') determine the
trajectory of a null string, 7 and o are the parameters on the light surface of the null

, &,, 18 the metric tensor of the environment, and

strings x” =ox" /07, g=|g,,
¥ =const .
In the cylindrical system of coordinates: x° =t, x' = £, x’=0 , X = z, the

function x” (T,G), that determine the trajectory of the two closed string with constant

(time-invariant) radius R , moving along in the negative direction the axis z completely
lying in a plane orthogonal to this axis at every time moment have the following form:

t=1, p=R=const., 0=0, z=a—r, @)
t:T, ,OZRICOI/ISL, 0:(7, z=—a—1, (3)

where the positive constanta determines the distance, to the variable z , between the two
null strings (equal 2a).
For trajectories (2), (3), all directions on the hypersurfaces z = const are equivalent;

therefore, the metric functions g, =g, (¢ p,z), using the invariance of the quadratic

form with respect to the inversion of 8 to —6 we obtain gpr = g1 = g3 =0. One can

also see that the space-time quadratic form must be invariant with respect to the
simultaneous inversion ¢t — —¢, z —> —z. Hence,

gmn(t’pﬂz):gmn(_t7p3_z)5 (4)
which yields
8n =8 =0. ®))

Finally, using the free choice of the systems of coordinates in the general relativity
theory, we partially fix it by the requirement

23 =0. (6)
Thus, the quadratic form for the problem to be solved can be presented as
ds? = &2 (dt)? — A(d p)? — B(d6)? —*H (d)2, )
where v, 1, A, B depend on the variables ¢, p, z .

The components of the energy-momentum tensor for a system of two non-interacting
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null strings moving along the trajectories of (2) and (3) have the following form:
Tm}’l — 7‘1'7'171 +];mn , (8)

where 7" and 7, components of energy-momentum tensor for an isolated null string

moving along a path (2) and (3) respectively. For massless components of the energy-
momentum must satisfy the equation

7 =0. 9)
Hence, to (1), (2), (3), (7), (8), Eq. (9) takes the form:

T +T3 = 2—7{ev-ﬂ —e* " HS(q+a)+5(qg-a}d(p-R)=0, (10)

J4B

whence
V=0, (11)

The non-zero components of the energy-momentum tensor (1), to (1) — (3), (7), (11),
are as follows:

Ty =T, =1y =7m5(p—R)(5(q+a)+5(q—a)) (12)

Analyzing the system of Einstein equations and using conditions for (7), (11), (12)
the dependence of functions of the quadratic form (7) can be redefined as

A=A(q,p), B=B(g,p), v=v(g.p), (13)

where g =t+z.
In this case, the Einstein system itself is reduced to the equations

A B 1((4Y (B,Y 4, B
LA ) e o

2
> B 1(B B, A 14, B
v +2(v +22 | Ly | 22— 22— (15
7 (’p) B 2[3} ’p[B AJ2AB (1)
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B

B 4 1B, (4
P 9y _y —4 4 —— | L4 2 =0. 18
B ar ’pLA j 2 B (A J (18)

Supplement the system (14) - (18) the motion of a null string in the pseudo-
Riemannian space

v, +3(v )— Ajzo (17)

xo, +I7 x0x] =0, (19)
gmn m ” O gmn :0’ (2’0)

where qu are the Christoffel symbols. It can be shown on that the trajectory (2), (3),

equation of motion (19), (20) are performed identically, i.e. the trajectory of (2), (3) are
actually realized and do not change the gravitational field itself null strings.

Eq. (12) implies that, beyond the two strings, i.e. at g # *a, p # R, all components
of its energy-momentum tensor are equal to zero, while the non-zero ones (tending to
infinity) appear directly at the string, this allows one to investigate the system of Einstein
equations (14) - (18) in two directions:

1. By restricting oneself to the analysis of "external" problem in the region

q #*a, p+# R,where the components of the energy-momentum tensor (right-
hand sides of the Einstein equations (14) - (18)) are equal to zero.

2. By considering the components of the energy-momentum tensor of a string as a

limit of some "thick" distribution and analyzing the Einstein equations for this
"thick" distribution.

Can be shown, the analysis of the "external" problem results in a large number of
vacuum solutions of Einstein equations (14) - (18) that satisfy the problem symmetry,
however, the criteria allowing one to choose those describing the gravitational field of a
null string from this totality of solutions remain unclear. For example, it is easy to check
that the function

e’ =A=1, B=p’, (21)

defining the Minkowski space-time, or function

=(8@), B=(B@)p), (22)

c=const., [(q) arbitrary function, there are external solutions (i.e. in the region
q # *a, p# R) of Einstein equations (14) - (18).
When trying to consider the components of the tensor (12) of the string as a limit of

some “thick” distribution (simply replacing the delta functions in the tensor (12) by the
corresponding delta-function sequences), some errors can arise due to the indeterminacy
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of considering the possible appearance of terms (multipliers) tending to zero (constant)
under the contraction of this"thick" distribution into a one-dimensional object. That is why
it is more suitable to start from some "well- determined" "thick" distribution, such as a
real massless scalar field (as we consider a scalar null object) and then to contract it to a
string of the required configuration provided that the components of the tensor (12) of the
scalar field asymptotically coincide with those of the components of the tensor (12).

1. SYSTEM OF EINSTEIN EQUATIONS FOR THE "THICK" PROBLEM

The components of the energy-momentum tensor for a real massles scalar field have
the form:

1
T = - L, 23
op =%a? 8" 2%ap )

where L = gwﬂ”(o P Py 8(p/ x% | ¢ is the scalar field potential, and this

indices a, 5, w, A take on the values 0,1,2,3.

To provide the self-consistency of the Einstein equations constructed for (14) - (18)
for the tensor (23), we demand that:

Taﬂ =Taﬂ(q,p)—>¢=¢(q,p)- (24)

System Einstein equation for (7), (11) (13) (24) (24) can be represented as follows
2 2

1 A B A B 1 A B 2
L /AN /A IV AN U & B2 B B :Z((p),
21 A4 B 4| A B 4 A B »q
(25)
2
2 B B
2v +2(v j + PP e +
> PP > P B 2| B
B A B
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2 Ap Py 2
v +3(v j —v 2 =——(§0 j , (28)
> PP > P P A 2 P
qup 1 Aq Bq pr Aq Bq
——=—v  +—V = [+ == 4+ = |= . (29
28 Vap el A T B Ta B A TR T P

Let us consider system (25) - (29) for the distribution of the scalar field already
concentrated inside a “thin” ring, with the variables ¢ and p taking values in the

interval:
qe (—a—Aq,—a+Aq)u(a—Aq,a+Aq), pPE (R—Ap, R+Ap), (30)
where Aq and Ap are small positive constants, determine the "thickness" of the rings,
Ag <<1, Ap<<1, 31
with a further contraction of this "thin" rings into one-dimensional objects (null string)
Ag—>0, Ap =0, (32)

the space, where two such "thick" null strings moves and for which the variables g and
o ake on values in the interval

g €(—0,+0), pe [0, +0), (33)

can be conditionally divided into three regions:
- region I, for which

qe< (—oo,—a—Aq)u(—a+Aq,a—Aq)u(a+Aq,+oo),p € [0,+oo),
(34)
- region II, for which
ge(—a—Aq,—a+Aq)I(a—Ag,a+Aq), pe< [0, R—Ap)u(RJrAp, +oo)
(35)
- region III, for which
qgel-a—Aq,—a+Aq)U(a—Aq,a+Aq], pe [R—Ap, R+Ap], (36)

Since the contraction of the scalar field into a string mast result in the asymptotic
coincidence of system (24) — (28) with the system for a closed null string (14) — (18) we
obtain for the regions I, 11

— 0, —0, — 0, 37
Q (P’p (/’,q (37)
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for the region III, in the general case,

@ @
o a0 “q)
L _, L _, LI _

o Ty Gy
11 @ @
P 41

where @; ; are values of the scalar field potential in the regions I, II, ¢;; are values of

(38)

the scalar field potential in the region III (inside the “thin” ring), equality is realized on the
boundary, i.e. at

qgel-a—Agq,—a+Aq)U(a—Aq,a+Aq], p—> REAp, (39)
pe[R-Ap, R+Ap], g >FatAq. (40)

Comparing the system of Einstein equations for a closed null strings (14) - (18) t with
system (24) - (28) we may conclude that, under the contraction of the scalar field into a

string of the required configuration, i.e., at Ag — 0, Ap —0

2 2
—0,
((o,p) (w,q)
q

In the region I, for any fixed value of the variable
q=q, € (—oo, —a —Aq) U(—a+Aq,a—Aq) u(a +Aq, + oo) and for all values of the

-0, (4D

— %, ((/’ o

g ’p)‘ T
q->Fa,p>R —>Fa,p>R g>¥a.p R

variable p € [O, +OO) , the potential of the scalar field:

(P(qup) _)Oa (42)

according to (37), the scalar field potential in region I at any fixed value of
q=q, €(—a—Aq,—a+Aq)U(a—Aq,a+Aq) (region II and III), in the case where the

variable p € [0, R— Ap) U (R +Ap, + oo) (region IT), must be performed:
¢(q09p) _)Oa (43)
whereas, for p (R —-Ap, R+ Ap) (region III):

(p(qO:vp)II] >1

(44)
?(do> P)
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2. SCALAR FIELD POTENTIAL DISTRIBUTION FOR A «THICK» NULL STRING

For the conditions (42) - (44) it is suitable to present the scalar field potential

distribution in the form:

1
,p)=1 , 45
#a-p) n(a(qw(q)f(p)j @

where the function (g) and A(q) are symmetric with respect to the inversion of ¢ on

a(q) = a(=q), Aq)=A=q), (46)
the function a(q) + A(q) f () is bounded:
0<a(g)+Mg)f(p) <1, (47)

and the scalar field potential specified by (45) in accordance with (46) can assume values
from

@ — 0,under a(q)+A(q) f(p) —>1, (48)
to
@ — oo,under a(q)+ A(q) f(p) > 0. (49)
In region I, in accordance with (42),(47)
a(q) —>1, Aq)—0, (50)

According to (43) the potential of the scalar field in region II tends to zero, whereas
in ge(—a—Agq,—a+Aq)(a—Aq,a+Aq) and any fixed value of the variable

pP=p, € [O, R— Ap) U (R +Ap, + oo) , must be performed
a(q)+Mq) f(py) = 1. 1)
In region III, for the same values g € (—a—Ag,—a+Aq)(a—Aq,a+Aq) and at
p=p, €(R—Ap, R+Ap)
0<al(g)+Aq)f(p) <l (52)
Egs. (50) and (51) it follows that for all pe[0, R—Ap)U(R+Ap, +) the

values of the function f() tends to constant:

f(p)

= const. (53)

pe[0, R-Ap)U(R+Ap, +) - f;)
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Moreover f,, # 0, while the functions &(q) and A(q) are interconnected:

A(q) =fi<1—a<q)>. (54)

0

Substituting (54) into (52), we obtain for region I1I

M<1
I )

0

0<a(q)+(1-a(q)) (55)

this together with (49), (55) mean that, at ¢ — oo

a(q) >0, f(p)—>0. (56)

Thus, the function a(q) and f(p) in the expression for the scalar field potential
(45) are bounded and, for any ¢q € (—oo, + oo) and p e [0, +oo), take on values in the

intervals:

O<al(g)<l, 0<f(p)< fy, (57)

moreover, according to (50):

a(q) —1, (58)

ge(—o,—a—Aq)U(—a+Aq,a—Aq)I(a+Aq, +»)

in region I, whereas conditions (56) with regard for the symmetry of the function a(q)
(equality (46)) yield:

lim a(g) > 0. (59)
g—>*ta

The distribution for the function f(p) at pe [0, R - Ap) ) (R +Ap, + oo) is
determined by (53), according to (56)

fp)| . —0. (60)

pP—R

It can be shown that in region III, atqg — *a, p — R, with (59), (60), the function

@ and @  we obtain:

LTI (61)

Q s ) >
T alg) T f(p)
according to (41), at Ag >0, Ao —> 0
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%y

a(q)

5

f(p)

As an example, the functions a(q) and f (), satisfying the found conditions can be

fp a,q x f,/?

a(q) f(p)

—0. (62)

q—*a, p—>R

b

q—ta PR

chosen as follows:

1 1
AD= exp{_[el TE@r) et Ga—qr )} (©

—1
= —ul1—
r(p) =1, exp[ u[ exp[ c(p—R)) DJ (64)

where the constants &,&, and ¢ determine the size ("thickness") of the rings with the

scalar field concentrated inside with respect to the variables g and p, respectively, and
positive constants & =&,and g provide the conditions (59), (60), (62), with
q—*a, p >R, Ag >0, Ap — 0, namely, at

Ag <<, g <<1, g, <<1,

(65)
Ap <<1, u>>1,

With a further contraction into a one-dimensional object (null string), i.e., at
Ag—0, Ap—>0

g —0, & >0, u—>ow. (66)

On Fig. 1 presents the distribution of the function a(q)+ (1— a(q))( f(p)/ 1, ), in

the region a =35, g € [—10,10] ,PE [0,10] , for the functions a(q), f(p), specified by
Egs. (63), (64). One can see from these figures that, with increasing values of the
constants &;,&,,6 the region of the non-unity function a(q)+(l—a(q))( f(p)/ fo)

(i.e., the region, where the scalar field is concentrated, and the scalar field potential isn’t
tend to zero) contracts, which corresponds to a decrease of the “thickness” of the rings
with the scalar field concentrated inside.

On Fig. 2, show the distribution of the scalar field potential specified by (45), (63),

(64) with respect to the variable p(pe [0,10]) at
R=5,a=5 & =¢ =1, u=4, £=¢,=001 and ¢=5.01 with the following
constants ¢: a)g =0.5,6)¢ =0.7, ¢) ¢ =1. Here, black color shows an area in which

@ — 0. One can see that, with increasing constant ¢, the region of the non-zero scalar
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field potential contracts, which corresponds to a decrease of the “thickness” of the rings
with the scalar field concentrated inside with respect to p .

On Fig. 3 one can see the distribution of the scalar field potential specified by (45) on
the surface @=const., q €[-10,10]. It is obvious that an increase of the constantsg,

&,&, results in the contraction of the region with the non-zero scalar field potential. In
other words, the “thickness” of the rings, where the scalar field is concentrated, decreases.

(a) (b)
Fig. 1. Distribution of the function «a(gq)+(1— a(q))( f! 1, ) , Wwhere
q€[-10,10], p€[0,10]at R=5, & = &,=0.01: a) u=& =& =2,b) u=¢& =&, =4.

a) b) c)

Fig. 2. Scalar field potential distribution specified by (45), (63), (64) with respect to
the variable p(p € [O,IO]) at R=5,a=5 ¢ =56 =1, u=4, §=5=0.01 and
q=5.01 with the following constants ¢: a)g=0.5, 6)¢=0.7, ¢) ¢=1I.
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a) b) ©)

Fig. 3. Scalar field potential distribution specified by (45) on the surface €= const.,
q €[-10,10] p €[0,10], which are correspond to the selection of constant values that:

a) & :6‘2:0,01; 51 :(:2:0’5; ﬂ:l,gzo’s, RZS, a=5
b)& =6,=0,01; & =& =0,7; u=1;{=0,5 R=5,
0)g =5=0,0% §=¢& =2 p=1;{=2 R=5.

CONCLUSIONS

In this article, we have received, general view of distribution of potential scalar field
for a system consisting of two "thick" null string moving without interaction along the
axis in the same direction. Conditions on scalar field potential at which, within the limit
of the compression component of the energy-momentum tensor of the scalar field
asymptotically coincide with the components of the energy-momentum tensor for a
system of two null strings moving on the same trajectory are found. The example of the
potential distribution of a scalar field, corresponds to the conditions obtained.
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The dynamics of a test null string moving in the gravitational field of a closed “thick” null string radially
expanding or collapsing in the plane is considered, provided that the former string does not rotate initially.
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INTRODUCTION

The idea of that the researches of multidimensional objects, including strings, may
form a basis for our understanding of the Nature has already been expressed rather neatly
in modern physics. One of the directions of those researches in the string theory deals with
the role of such objects in cosmology. The gauge theories of Grand Unification, which are
based on the idea of a spontaneous symmetry breaking, predict a possibility of the
formation of one-dimensional topological defects in the course of phase transitions in the
early Universe. Those objects were called space strings [1-7].

In work [8], it was shown that the presence of such objects in the Universe does not
contradict the existence of the observed microwave relic radiation. Null strings realize the
zero-tension limit in the string theory [5, 7]. Therefore, since the tension is measured in
units of the Plank mass, M , scale, the zero-tension limit corresponds, from the physical
viewpoint, to the asymptotically large energy scale, £ >> M. From this viewpoint, the
null strings, which realize a high-temperature phase of strings, could arise at the Big Bang
moment and, hence, affect the observed structure of the Universe. In particular, in work
[9], it was demonstrated that, by considering the gas of null strings as a dominant source
of the gravitation in D-dimensional Friedman Robertson Walker spaces with £ =0, one
can describe the inflation mechanism typical of those spaces.

In a number of works, the gas of relic null strings is considered as one of the probable
candidates for the role of a carrier of the so-called “dark” matter, the existence of which in
the Universe can be regarded as an proved fact. Although, the object of research in the
quoted examples is not a separate null string, but a gas of null strings, the properties of
this gas still remain unclear. In our opinion, the first step to understanding the properties
of the gas of null strings may consist in the solution of the problems concerning the
gravitational field generated by a null string moving along different trajectories, as well as
the dynamics of a test null string in such gravitational fields.

For instance, let the equations of motion for a test null string have solutions that can
be interpreted as moving test null strings with time-independent shapes determined by
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initial conditions. At the same time, the trajectory of this null string is similar to that of the
null string generating the gravitational field. Then, we may say that there exist a state (a
phase) of the ideal gas consisting of identical null strings. The existence of such a gas may
form a basis for the formulation of various multistring problems.

In this work, the dynamics of a test null string in a gravitational field generated by a
closed “thick” null string that radially expanding or collapsing in the plane z=0 is
considered. In this research, we are interested first of all in the presence of solutions for
the equations of motion that would give rise to the possibility of the existence of a state (a
phase) of the ideal gas consisting of identical null strings in this gravitational field. We are
also interested in the features of the interaction between the test null string and the string
generating the gravitational field.

1. EQUATION OF MOTION FOR A NULL STRING

The quadratic form describing the gravitational field of a closed “thick™ null string
radially expanding or collapsing in the plane z =0 can be presented as follows [10, 11]:

ds? = ((dt)* = (dp)’ )~ B(dO) —e (dz)’. (1)
Here,
-2y
sl [ateamre)] o
(AL ()™
A ~
B(n.z)= a(n)+ (1/’7(1){)(2) ’ 3)
(2(n))
A o
) - (1) a(n)+ (1/’7(1){) (2) , )
(2(n))
n=t+p. 5
The functions /1(77) and 0{(77) are coupled by the relation
/1(77)=(1—05(77))/f0, f, = const, (6)
A, = d/;(n)’ 1. :dfd_(z)’ x =87G , the functions 0{(77) and f(Z) are finite and, at
, - . -

every 1] € (—OO; +OO) and z € (—OO; +00) , acquire values within the intervals
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0<a(n)<l, 0< f(z)<f,. (7)
The limiting cases are [10, 11]

1
A (77) |I]E(—OO;—A7])U(+A77;+00)—> 0 ’ A (77) |17_>0_) 7 5 (8)
0

f(Z) |z€(wo;—Az)u(+Az;+w)_) ﬂ) > f(Z) |z—>0 —0 > 9)

where A7 and Az are small positive constants that determine the “thickness” of the
“thick” null string generating the gravitational field (An7[] 1,Az[] 1). In the limiting

case of the contraction into a one-dimensional object (a null string), the following
conditions (at A77 — 0 and Az — 0) have also to be satisfied:
>17

/- a, [
1 S5, : -0, | —Lx—_ —0. (10)
a(n) n—0 [f(z)l—m (a(n) f(Z)Jn—)Qz—w

As an example, the following functions [10, 11] satisfy conditions (10):

o

=X —; zZ)= €X — —E€Xpy — ! .
ctn)=o0 sl ()=l el Lo

Here, the constants £ and ¢ determine the size (the “thickness”) of the “thick” null
string that generates the gravitational field (depending on 77 and z, respectively), and the

positive constant & and g provide the satisfaction of conditions (10) at A7 — 0 and
Az — 0, namly,
E S, >0, £—>0. (12)

The dynamics of a null string in the pseudo-Riemannian space is governed by the
following system of equations:

m

X+ (X)xIx? =0, (13)
gmn‘x,r:x,r; :0’ gmn‘x,r‘fx,lz'r :0’ (14)

where g, and I'?? are the metric tensor and the Cristoffel symbols, respectively, of the
external space; x”, =0x" /Ot and X", =0x" /0o , the indices m, n, p and ¢ take integer

values from 0 to 3; the functions x" (Z’, J) determine the trajectory of motion of the null

string; 7 and o are parameters on the world surface of the null string; o is the space-
like parameter that marks the points on the null string, and 7 is time-like parameter. In the
cylindrical coordinate system,
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x=¢, x' =p, x2=60,x'=z,
and the functions x" (Z', O') , which determine the trajectories of motion for the null string

generating the gravitational field and are considered in this work, have the following form:
t=1, p=—1,0=0,z=0, 7e(—0,0], o €[0,27]. (15)

From Egs. (15), it follows that the null string that generates gravitational field is in
the plane z =0 and has an infinitely large radius at the initial time moment. As the time ¢
grows, the null string, remaining in the same plane z = 0, only decreases its radius, i.e. it
radially collapses in the plane z =0.

Ner + 2V,r77,z' =0, (16)
_ 2 2 11— 2
Qrr+2V 4,2, +e 2VB’,7 (‘91) e V)u’,] (Z’T) =0, (17)
—2u
2(v— e 2 2
Z. te (v #)V,zn,rq,r + 2/”,7777,12,1 _TB’Z (49’1.) U (Z,r) =0, (18)
0..+259 ~0
+—6,.=0, 19
TT B T (19)
2v 2 2u 2
*n.q,-B(0,) - (z,) =0, (20)
1 » 2
¢ Y190 +4.105)—BOO s -2,z 5 =0, 1)
where
g=t-p. (22)
When integrating Eq. (16), the following two cases have to be considered:
n:=0, > n=n(o), (23)
n.#0, > n=n(r,0). (24)

2. SOLUTION OF THE EQUATIONS OF MOTION FOR THE TEST NULL STRING
IN THE CASE N = 0

In case (23), Eq. (20) looks like
2 2
B(QT) +e?H (Z,T) =0. (25)

2,u(77,z)

Since the functions B =8B (77,2) and e are positive at every 77 € (—oo; +oo) and

z € (—o0;+00), it follows from Eq. (20) that
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ZT=O,—)Z=Z(U), (26)

>

0,=0,-»60=0(c). 27)

Under conditions (23), (26), and (27), Egs. (16), (18), and (19) are satisfied
identically, and Egs. (17) and (21) take the forms

9. =0, (28)
9:Ms=0, (29)

respectively. Integrating Eq. (28), we obtain
q’T:Pq(J),—)g(r,a):qo(a)Jqu(a)z', (30)

where ¢ ((7) and Pq (O' ) are integration “constants”. One should pay attention that

F, (0)7&0, (€29)

because, otherwise, we have ¢ =g (G) The latter together with Egs. (23), (26), and

(27) means the realization of a static solution for the null string, which is impossible.
Under conditions (23) and (30), Eq. (29) takes the form

nsF(0)=0. (32)
From whence, taking Egs. (5) and (31) into account, we have
Ne=0,>n=t+p=const. (33)

The solution described by Egs. (26), (27), (30), and (33) means that, under condition (23),
the closed test null string moves in the same direction as the null string generating the
gravitational field, i.e. it collapses. At every fixed time moment ¢, all points of the closed test
null string are equidistant from the axes z. Moreover, as follows from equality (26), the test
null string is not localized in the single plane z in the general case. In other words, the obtained
solution describes a closed test null string that, at every fixed time moment, is completely

localized between two planes, z =z =const and z =z, =const, where z, = minz(a)
and z, :maXZ(O'), where o € [0; 27{], on the surface of a cylinder with the radius

p =—t+const. At the same time, if we fix Z(G)=ZO =const in Eq. (27), this case

describes the radial collapse of the test null string completely remaining in the plane z =z, at
every time moment and preserving the circular shape.

Hence, it follows from the obtained solution that there may exist a state for the gas of null
strings, in which closed circular null strings located in parallel planes z =const (the
polarization effect) collapse simultaneously preserving their shape, i.e. without interaction (the
phase of ideal gas of null strings).
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3. SOLUTION OF THE EQUATIONS OF MOTION FOR A TEST NULL STRING IN
THE CASE 77, # 0

Integrating Eq. (19), we obtain
0(r,0)=6, (G)+PQ(0)J.(BY1 dr, (34)

where the functions 6, (O') and P, ( G) (the integration “constants”) determine, with the

respect to the variable @, the positions and the velocities, respectively, of null string
points at the initial time moment. From equality (34), it follows that, in the case where

P, (0) =0 at the initial time moment, i.e. the closed test null string does not rotate, its

further dynamics will also evolve without rotation, so that
0=0(c). (35)

In this work, we have found a solution of the equations of motion for the closed test
null string in case (24) and under the condition that its rotation is absent at the initial time
moment, i.e. provided that

n=n(r,o), 6=60(0). (36)

In this case, the variable 7 depends on the parameter z (it changes in time). Therefore,

Eq. (36) describes the motion of the test null string “toward” the null string that generates
the gravitational field. However, the polar angle corresponding to every point of the test
null string does not vary in time.

If the test null string moves “toward” the null string that generates the gravitational
field, the 7 - value only increases. Therefore,

n:>0. (37)

The case 77, <0 describes the motion of a test null string in the same direction as the

null string generating the gravitational field, but at a higher velocity, i.e. at a velocity
higher than the speed of light, which is imposible.
Under conditions (36), Eq. (20) looks like

g = (2, ). (38)

From whence, taking Eq. (37) and the positive definiteness of metric functions into
account, it follows that

q,20. (39)

>

In the case

q.,=0,>g9=¢q,(0), (40)
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where ¢, (o) is the integration “constant”, Eq. (38) gives rise to
z,=0,>z=2z(0), (41)

where z, (0') is the integration “constant”. Under conditions (36), (40) and (41), the

equations of motion (17)-(20) for the test null string are satisfied identically, and Eq. (21)
takes the form

N:95=0. (42)
From whence, taking Egs. (22), (37) and (40) into account, we have
q=t—p=gq,=const. (43)

To summarize, Egs. (36) and (40) describe the motion of a closed test null string with
arbitrary shape “toward” the null string generating the gravitational field. At every fixed
time moment ¢, all points of closed test null string are equidistant from the axes z, and the

shape of the test null string given by the functions z,(c’) and 6, (o) remains invariant. If
the test null string is completely located in the plane z =z, =const at the initial time

moment, its further dynamics evolves in this plane. The only possible shape for it is the
circle. The radius of this circle can only increase in time (the closed test null string
radially expands in the plane z = z).

Hence, requirement (40) brings about a solution testifying to the possibility for the
gas of null strings to exists in a state composed of two non-interacting subsystems. In each
subsystem, the closed circular null strings are located in parallel planes z=const (the
polarization effect). The null  strings radially expand in one subsystem and,
simultaneously, radially collapse in another one without changing their shape, i.e. without
interaction.

Under conditions (36) and (37), the first integral of Eq. (16) looks like

n.=R(o)e”, (44)
where
B(o)>0 (45)
is the integration “constant”. One can show that, for the case
q9.>0, (46)
and taking Eq. (38) into account, the first integrals of Egs. (17) and (18) take the form
@A)
 R(©) (A(n)

f:ZZ,T 2 77,1' s (47)
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_(B(o)) |4
q, (3(0)] (/1(77))277’” (48)

where the function P, (U) (the integration “constant”) determines the z-velocities of test
null string points at the initial time moment; and, as follows from Egs. (37), (45) and (47)

P, (G) >0. (49)
From Eqgs. (47) and (48), it follows that, in the case of (36) and (46), the variables 7,

q and z, which determine the position of the test null string at every fixed time moment,

are no more independent, but interrelated.
From Eqgs. (8) and (9), it follows that, for Egs. (47) and (48), the whole region of
variation for the variables 7 and z can be divided into four domains depending on the

sign of derivatives of the functions /1(77) and f (z) :
(D 1 €(—0;0) and z €(0;+00), in which £, >0 and 4, >0;
(ID) 1 €(—0;0) and z €(—o0;0), in which £, <0 and 4, >0;
()  77e€(0;+00) and z € (0;400), in which £, >0 and 4, <0; and
(V) ne€(0;40) and z e(—o0;0), in which £, <0 and 1, <0.

Integrating Eq. (48) firstly at 7<0 (regions I and II; 4, >0) and then at 77 >0

(regions IIT and IV; 4, <0), and matching the obtained solutions across the boundary

n=0 (using A(7)],.=(/; )71 ), we have:
in regions I and II (77 <0),

q =qo(0)+21%(2(03 I —(g(a)Jz(ﬂ(n))la (50)

in regions Il and IV (77 >0),

Q9

o
2

q=qo(0)+( P](G)jz(ﬂ(ﬂ))_l, (51)

where ¢, (o) is the integration “constant”.

In each region, two possible directions of motion of the test null string along the axis
z can be realized, z, >0 and z, <0. Therefore, the solution of Eq. (47) in each region can

be presented in the form
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fi=U(o)+7, (2(m) " (52)

where the subscript L takes values I to IV and corresponds to the number of the region, in
which the found solution is realized; the superscript i takes values 0 (the case z_ >0, the

test null string moves in the positive direction of the axis z); the constants y; equal
0 1 1 0 1 0 0 1
Vi=Vu=Ym=Yw ="V, vi=ry=vYu=ry=1 (53)

the functions U, (O'), in view of the continuity of the obtained solution across the

boundary 7 =0, look like

(o),

U =F (o). Ul =F(c). U)=F(o). Ul=

U;)H: ( ) 2f, b :), U}H ( )+2f0 (54)

£(o)
o)’
o)

o
U?VZF;(G)—FZfO—, U;V z( ) fo

R(o)

and the functions £ (6) , F ((7) , F,(o) and E, (o) are integration “constants”.

From equality (52), it follows that the size, i.e. the radius, of the moving test null
string is strictly related to its position with respect to the null string generating the
gravitational field; i.e. it depends on the variable 7. Analogously, since the function

f (Z) on the left-hand side of equality (52) is finite and the function /1(77) in the
denominator of the right-hand side of this equality, in accordance with Eq. (8), tends to
zero for 1 e(—0;—An)U(+An;+0), any choice of integration “constants” is always
associated with a certain confined region symmetric in 7 , where equality (52) is satisfied.
However, in this case, since there are no restrictions on the test null string coordinates z
and ¢ (in the general case, 77 € (—OO; +OO) ), only those test null string that are located in this

narrow region (the “interaction zone”) are “visible”, i.e they interact with the null string
generating the gravitational field. The same test null string located at this moment beyond
this zone, in accordance with Eq. (52), remain “invisible” for the null string that generates
the gravitational field. Here, we cannot say that they do not interact, because, in the
framework of the general theory of relativity, the absence of interaction manifests itself in
the null string preservation without changing the trajectory of its motion. Whereas, in our
case, it is impossible to say anything about the trajectory of motion of the test null string
beyond this region. However, one cannot exclude that, at a certain time moment, such an
“invisible” null string will enter this region, and its subsequent dynamics will be
determined, at least until the time moment, when the test null string leaves it. In other
words, the test null string, when entering this narrow “interaction zone”, already has a
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prehistory, and its dynamics in this zone depends on the size, location, and direction of its
motion along the axis z (it moves in the positive or negative direction of the axis z, i.e.
z, >0 or z_ <0), being determined by equality (52).

Under conditions (44) and (50)-(52), Eq. (21) takes the following form in each region
determined by the subscript L:

q0(0)+2f0[P2(0-)j J +2MF;(0)’6:0. (55)

R (o) R (o)

Here, the indices i and L have the same interpretation and accept the same values as in
Eq. (52), and the functions F} (O') are

F)=F, =-F(o), F/ =F;, =F(o), F)=Fy =F/(c), F,=F, =—F(0c). (56)

The functions B, (0) , k=1,2, determine the initial momenta of the test null string
points. As follows from equalities (52), the requirement

P,C(O'),F;C(O'),]*:;C(O')=COHS1, k=12, (57)

describes the case where the test null string shape is not changed (remains to be a circle)
in the course of motion, and the variations of the radius of the test null string and its

position on the axis z are determined by the form of the functions f (Z) and 2(77) .
Note that, under condition (57), Eq. (55) is reduced to a single requirement,

9 (G),a =0,—gq, (0') =q, =const . (58)

From Egs. (50) and (51), it follows that the constant g, defines the surface, on which the

test null string and the null string generating the gravitational field “meet”, while moving
“toward” each other.
Using Eq. (2), let us express Eq. (44) in the form

[l(@(m)+ 2(n) s (2))
(/1(77))2+(2-M)/(1-1)

=P (o), (59)

since the function O<a(n)+A(n)f(z)<1 at any n and z, and the constant
x=8rGll 1, so that the difference 2—/4—2y ~0, Eq. (59) can be presented in the

form
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Integrating this equation, we obtain the following relations between the variable 7
and the parameters ¢ and o on the world surface of the test null string:

in regions T and I (77 <0),

(201)" =m(0) =R (o)t (60)
in regions [l and IV (77 >0),

(201)" =7y (o) +R(o)r. (61)

Here, the integration “constant” 77, (0') and 7, (0') determine the value of parameter

7, at which the test null string moving “toward” the null string generating the
gravitational field meets the latter on the same surface. For instance, under condition (57),
by fixing

(o) =1, (c) = f, =const (62)

in Egs. (60) and (61), we obtain that, at 7 =0, the parameter 7 =0. Moreover,

in regions I and I (7 <0) at 77 €(—o0;0), the parameter 7 €(—0;0);

in regions Il and IV (77> 0) at 77 € (0;+00), the parameter 7 € (0;+0).

Under conditions (57), (58) and (62), the variables 1 and q determined by equalities
(50), (51), (60) and (61) depend only on the parameter 7 by means of the relations

n=A(f,¥Br), (63)
(RO, (BO)
i 55 e “

where the choice of the sign in Eq. (63) is related to the region of the test null string
location (the sign “— at 7<0 and “+” at 7>0), and the function A(fOJ_rEz') is

determined by the explicit form of the function /1(77) ; for example, for expression (11),

Note that equality (52) put restrictions on the values of parameter 7, i.e. they
determine the boundaries of the region, in which the moving test null string becomes
“visible” for the null string generating the gravitational field and interacts with it.
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4. EXAMPLES OF TEST NULL STRING MOTION

In the case z, >0, the solutions of the equations of motion for the test null string in
regions | and III look like

O R

t+p—+§\/ln [1 foiplfJ g, (65)
_ (o)) . (Blo))

o300 0
F(2)=F -2 7Rl (67)

In equalities (65) and (69), the upper sign is selected for region I (7 € (—oo;O) ), and

the lower one for region III (Z'E(O;—I—OO) ). The interaction zone boundaries in those
regions determine the minimum possible value of the right-hand side in equality (67) in
region I, which equals zero and is reached at |c|=F(B)" - f, (B)" >0 (the leftmost

boundary of the interaction zone), and the maximum possible value of the right-hand side
in equality (67) in region III, which equals £, and is reached at

T f, ((P2 ) +(R)" ) —F,(B)" >0 (the rightmost boundary of interaction zone).

Fig. 1. Plots of the functions t(z’), p(z’) and Z(T) in region I in the case z_ >0 at
f, =100, P=1, P=f", E={=u=5, ¢=10", q,=-10 and for various F, =100
(z (r)), 90 (z, (7)), and 50 ( z, (r) ).
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Fig. 2. Plots of the functions t(z’), p(r) and z(z’) in region III in the case z, >0 at
f, =100, R=1, P=f;', £E={=pu=5, £=10", q,=—-10 and for various F, =100 (
z (T) ), 90 (z, (r) ), and 50 ( z, (r) ).

In Figs. 1 (for region I) and 2 (for region III), the functions t(z’), p(r) and z(r) are
plotted for the case z, >0, at the certain fixed values of constants F and P,, and for

three different values of constant F;. The figures demonstrate that the test null string,

when approaching the right boundary of the interaction zone (Fig. 2), becomes always
pushed out by the gravitational field (the variable z) to the infinity within a very short time
interval.

From the given examples of the test null string motion, it follows that, in the case
where the initial momenta of the test null string points along the axis z differ from zero

(P ( 0') #0), every test null string in the “interaction zone” is always either pushed out to

the infinity (Fig.2) or attracted to the plane, where the null string generating the
gravitational field is located, irrespective of how far it is, by the gravitational field (the
variable z) within a very short time interval. The specific scenario depends on the test null
string position with respect to the plane, in which the null string generating the
gravitational field is located, and the direction of the test null string motion along the axis
z. In our opinion, the presence of trajectory sections with this anomalous behavior for
every test null string in the “interaction zone” may indirectly testify that the ability to
inflate can be an internal property of the gas of null strings. However, this statement
requires an additional research.

CONCLUSIONS

By analyzing the results of this work, we may suppose that, since separate regions in
the gas of null strings are causally independent at the initial time moment, there may
appear a domain structure in this gas. In other words, there may exist a large number of
separated regions, in which the null strings radially collapse in parallel planes (i.e. they are
strictly polarized). The spatial orientation of those planes is random in every domain,
without any correlation between neighbor domains. The conditions for such domains to
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emerge and exist, as well as the physical processes in the interdomain regions, can be a
subject of further researches of the gas of null strings.
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JleasxoB O.II. Junamika mpoOHOI HYJIL-CTPYHM B rpaBiTaniiiHoMy moji 3aMKHEHOI «po3Ma3aHoi»
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VY po6orti po3risHyTa AMHaMiKa MPoOHOT HyJIb-CTPYHH B IPaBITAlliHHOMY IOJIi 3aMKHEHOI «pOo3Ma3aHo1» HyJIb-
CTPYHH, IO PafialbHO PO3IIMPIOETHECS a00 PajialIbHO KOJAICye B IUIONIMHI , 33 YMOBH, IO IIOYaTKOBE
obepTaHHs POoOHOT HYNIB-CTPYHH OYJIO BiJICyTHE.

Knrwwuosi cnosa: «po3mazanay Hylb-CTpYHa, TpaBiTalliifHe MoOJIe.

JleaskoB A.Il. [IuHamMuka mNpPoOHO HYJb-CTPYHbI B TIPABUTAMOHHOM MOJe 3aMKHYTO
«pa3Ma3aHHOW» HYJb-CTPYHbI ABIGKywIelics B miaockoctu / A.Il. JleaskoB, A.C. Kapnenko,
P.-I. A. babamkan / Ydenple 3amuckd  TaBpHUYECKOrO0  HAMOHAJNBHOTO  YHUBEPCHTETa  MMEHHU
B. U. Bepraackoro. Cepus : ®usnko-maremarndeckue Hayku. — 2014, — T. 27 (66), Ne 2. — C. 50-64.

B pabGore paccmoTpeHa aMHaMHKa TPOOHOW HyIb-CTPYHBI B TPABUTAI[MOHHOM TIOJi€ 3aMKHYTON
«pa3Ma3aHHON) HYJIb-CTPYHBI PAJUANbHO PACIIMPSIONIENHCS M paJualbHO KOJUIATNICUPYIOIIEH B IIOCKOCTH,
IIPU YCJIOBUH, YTO Ha4aJIbHOE BpallleHHe IPOOHOI HyIb-CTPYHBI OTCYTCTBYET.
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THREE-PULSE NMR ECHO IN CoCl*6H,0
Ryabushkin D. S., Sapiga A. V., Solovyev A. V.

Taurida National V. I. Vernadsky University, 4 Vernadsky Ave., Simferopol 95007, Crimea, Russia
E-mail: druabushkin@crimea.edu, sapiga_av@mail.ru

The features of three-pulse echo formed by series 90;, — t; — 903, — t, — 90, — t are investigated — shape of
the signal, dependence of the response amplitude on time, the time of the echo maximum formation, the
temperature dependence of the echo. It is shown good agreement of theoretical and experimental results for
hydrogen containing systems with dipole-dipole interaction and internal molecular mobility. Crystals of
CoClz2-6H20 were chosen as the experimental sample.

Keywords: nuclear magnetic resonance, three-pulse echo, temperature dependence.

PACS: 75.30. £m

INTRODUCTION

Three-pulse series 90, —t; — 905 — t, — 90, — t is used in practice of nuclear
magnetic resonance (NMR) for restoration of the initial part of free induction decay (FID)
hidden by “dead time”. As is known just this part of FID defines moments of NMR line
shape. Up to present properties of the three-pulse echo itself were not investigated.

In given paper the system was considered to have Gaussian distribution for
description the random fields on resonating nuclei and Markov’s model of mobility. Such
a model hasn’t universal character but allows to cover a lot of samples. In given case tiny
pink crystals of CoCl,-6H>O were chosen for experiment.

1. THEORY
The series 90, — t; — 905 —t, — 90, — t is represented at Fig. 1. Time intervals

between the first and the second pulses is ¢ , between the second and the third ones is #.
Time after the last pulse is indicated as ¢. The pulses act like rotation operators.

90°x 90°, 90°,

Fig. 1. Formation of echo in series 905 — t; — 90, — t, — 90, — t.
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For evaluation the echo shape the theoretical method based on formalism of density
matrix was used [1-4]. In accordance with that the signal of the echo is written as

Tr(p(t)-1,)

V(=
2
Tr(]y )

; (1)

where p(t) is the operator of density matrix at the moment ¢, /, is the operator of y-
component of the sample’s spin in rotating system of axes.

The action of each 90°, pulse has the result of exchange the components of total spin
accordingly the rule: Ix — I, I, — — L., I. — I,. The operator of density matrix is
evaluated from Liouville equation:

aa_ft’ —ilp, H], @)

where 7H is the Hamiltonian of dipole-dipole interaction that depends on time because of
internal molecular mobility.

Choosing Gaussian distribution for description the random fields on resonating nuclei
and Markov’s model of mobility, have

t' _ f”

<a)(t’)a)(t”)> =M, +AM, -exp(— ). 3)

c

Here M. , 1s the second moment of a NMR line narrowed by mobility, AM, is the

difference of the second moments of absorption lines in rigid and fast-moving systems, z.
is the time of correlation (average time of standing in given lattice configuration).
Evaluations give the next final result:

t+t, +t t
TR Siexp(——)+
T

c c

V(t) = exp{—%ﬂz (t—, —tl))2}~exp(—AM2rf(

xp(~5) + exp(—2) + (exp(~ ) —exp(— ) - (exp () + )
1-2-exp(—1)) + (exp(- 2 — exp(—1)) - (exp (1) ~ 1))
T, T, T, T
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2. EXPERIMENT

Signals of the echo formed in CoCl,-6H,O are shown Fig. 2. Easy to see good

agreement of the experiment and theory.

Amplitude, r.u.

Experiment (#1=15 ps, £,=20 ps)

Theory

t, us

Amplitude, r.u.

Experiment (#1=15 us, £=35 us)

Theory

t, us

Fig. 2. Signals of the echo formed in CoCl,-6H-O.
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Temperature dependence of the echo amplitude is shown at Fig. 3.

Amplitude, r.u.

1.0

0.8

0.6

0.4

0.2

0 | |
0 10 20 t/te

Fig. 3. Temperature dependence of the echo amplitude. AM, 7.2=0.5,1.0, 3.0 for
lines a), b), ¢) correspondingly, ¢ = ¢ = t,/2.

The shape of temperature dependence of the echo amplitude is typical for various
pulse sequences and may be explained by the next way.

While the lattice is rigid any magnetic moment is bound to a definite point with given
local magnetic field. As a result, synchronism in moving of the moments is kept during
action of pulses and between applied pulses. In such case conditions for forming the echo
are the most favorable. As soon as the sample is being heated, the moments begin to visit
points with different local fields, synchronism breaks and amplitude of the echo decreases.
At enough high temperature the amplitude begins to grow again because movements of
the magnetic moments are so intensive that they don’t have time to react for changing the
position in the lattice. All the moments feel averaged field and it means that conditions for
forming the echo appear again.

CONCLUSIONS
The formula (4) for the series 90, —t; — 905 — t, — 90, — t allows to describe

responses of many particle systems with Gaussian distribution of the random fields on
nuclei and Markov’s process of mobility. Good quantitative accordance of theory and
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experiment is observed for time dependence of the echo. The temperature dependence of
the echo contains typical minimum.
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JlocTikeHo 0COOMMBOCTI TPEXiMITYJILCHOTO JTyHa-CHTHANY chopmoBaHOro cepicto 90y — t; — 90y — t, —
90, — t — hopMa CHTHANTY, 3QJIEXKHICTh aMIUTITYH BiIryKy Bifl 4acy, MOMEHT (hOpMYBaHHS MAKCUMyMy TyHa-
CUTHAITy, TeMIIepaTypHa 3aJeKHICTh TyHa-curHaiy. [lokazaHo qo0pa siKicHA 1 KiJbKiCHA 3ro/ia TEOPETHYHHX 1
eKCIIePIMEHTAJIBHUX ~PE3YNIbTATIB U1 BOJHEBOMICHHUX CHCTEM 3 JWIOJb-JHUIIONBHOIO B3aEMOJIEI0 1
BHYTPIIIHBOI MOJIEKYJSIPDHOI PYyXJIMBICTIO. B SIKOCTI eKCHepHMEHTAJIbHOTO 3pa3ka o0paHi KpHCTaIn
CoCl2'6H-0.

Knrouogi cnosa: spepHuii MarHITHUN pe30HaHC, TPEXIMITYJIbCHHH JIyHA-CHTHAJI, TEMIIEPaTypHa 3aJIKHICTb.

Psabymxun [.C. TpexumnyiabcHoe 3x0 SIMP B CoCL-6H:0 / . C.Padymkun, A.B.Canura,
A. B. CosioBbeB // VYueHble 3amucku TaBpHYecKOro HaIMOHAJIBHOTO YHHBEpcuTeTa HUMeHH B. .
Bepnaznckoro. Cepus : dusnko-marematinyeckue Hayku. — 2014. — T. 27 (66), Ne 2. — C. 65-69.

HccnenoBansl 0COOEHHOCTH TPEXUMITYIECHOTO 3Xa, (hopMupyemoro cepueii 90, — t; — 90, — t, — 905 — t —
(dopma curHaia, 3aBUCUMOCTh aMIUIMTYZbI OTKIMKA OT BPEMEHH, MOMEHT (pOPMHPOBAaHMS MaKCUMyMa 9Xa,
TeMIlepaTypHasi 3aBHCHMOCTb 5Xa. I[IOKa3aHO Xopollee KauecTBEHHOE M KOJMYCCTBEHHOE COIJIAcHe
TCOPETHYECKHX M OKCHEPHMEHTAJBHBIX PpEe3YyJIbTaTOB U1 BOJOPOJOCOAEPIKAIIMX CHCTEM C JAUIOJb-
IUIOJBHBIM  B3aWMOJCHCTBMEM M BHYTPEHHEH  MOJIEKYJSIDHOM  IOABIDKHOCTBIO. B kadecTse
JKCIIepUMEHTAIBHOTO 00pasa Beiopans! kpucTtamisl CoCla-6H20.

Kniouesnie cnosa: snepHblii MAarHUTHBINA PE30HAHC, TPEXUMITYJIBCHOE DXO0, TEMIICPATypHAas 3aBUCHMOCTb.
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The temperature dependences of NMR and MAS NMR spectra of 2’Na nuclei in Al-natrolite
(Na2AlLSi3010 -2H20) and Ga-natrolite (Na2GazSi3O10 -2H20) have been studied. It has been shown that the
diffusion of the sodium ions at 77< 400 K is absent in Al- and Ga- natrolites. The temperature dependences of
the spin-lattice relaxation times 71 in Al- and Ga- natrolite have been studied. The influence of the water
molecular mobility in the nanochannels of natrolites on the spin-lattice relaxation times of 2*Na has been
discussed.

Keywords: NMR, magnetic relaxation, zeolite, natrolite, water mobility.
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INTRODUCTION

The Al-natrolite (Na,AlSi3010 -2H>0) and Ga-natrolite (Na>Ga,Si301¢ -2H,0) are the
typical channel-type compound with porous structure [1]. The natrolite framework consist
of the chains AlO4 and SiOj4 tetrahedra linked together via common oxygen atoms. The
natrolite structure contains channels running both perpendicular and parallel to the c-axis.
The water molecules and ions Na+ are located in the small nanochannels of natrolite in the
form of zig-zag chains [1, 2] Each sodium ion is coordinated by two framework’s oxygen
atoms and by two water molecules. The sodium cations in the channels of natrolite, as
well as water molecules, can possess the certain mobility. However unlike molecules of
water they cannot be removed from a crystal if only to not resort by an ionic exchange [2].

The dynamics of water molecule in Al-natrolite have been studied by NMR in [2-4].
From temperature measurements of the spin-relaxation times (71 u 71,) of 'H nuclei in Al-
natrolite it was concluded that in an temperature interval 330 K + 450 K takes place the
reorientation of water molecules around of their pseudo-axes of second order symmetry
(180° flip motion), and in an interval 450 K + 540 K it has been assumed availability
reorientation of water molecules around of the one hydrogen bonds [3]. In the subsequent
it has been established, that this second type of water molecules mobility is connected
with diffusion of water molecules in the channels of natrolite and the 180° flip motion take
place simultaneously with diffusion along the c-axis [2, 4].

The powerful method for the study of zeolites is the NMR of quadrupole nuclei. The
NMR of the quadrupole nuclei *Na in a single crystal of Al-natrolite have been
investigated at room temperature in [5, 6]. The obtained quadrupole coupling constant
(QCC) and asymmetry parameter of the electric field gradient (EFG) tensor were
determined to be: eqQ/h = 1759 kHz; 1 = 0,6427. From results represented in [4] it
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follows that the QCC of »Na nuclei do not depend on the temperature at 7 < 500 K.
However at 7> 500 K the QCC are decreased and the observed decreasing of the QCC of
2Na nuclei is connected with diffusion of water molecules in the natrolite channels. From
the observed temperature independent of NMR spectra of **Na in Al-natrolite single
crystal it was concluded that the translation diffusion of Na ions is absent in the natrolite
cannels [4].

In the present paper we represent the results of the study of Al- and Ga-natrolites by
the 2Na NMR. We investigate the temperature dependences of the *Na NMR spectra in
static and rotated (MAS) samples with and without 'H decoupling as well as the
temperature dependences of the spin-lattice relaxation times of the »Na nuclei in Al- and
Ga-natrolites.

1. EXPERIMENTAL PART

The polycrystalline samples of natural Al-natrolite from Khibiny deposit (Kola
Peninsula, Russia) were used in this study. The gallium form of natrolite was
hydrothermaly synthesized as described in [7]. The »*Na NMR spectra were measured at
vo = 105.842 MHz frequency in 9.4 T magnetic field using a Bruker Avance-400 NMR
spectrometer. The Na MAS NMR spectra were measured using the 4 mm diameter
zirconia (ZrO;) rotor cells equipped with powdered sample rotated under magic angle with
10 kHz frequency. Classical direct acquisitions by single pulse excitations (free induction
decay - FID) were used. The **Na has 7 = 3/2 nuclear spin, and for selective excitation of
the central (m; = +1/2 <> -1/2) transition the optimal pulse duration equals to the duration
of a non-selective 7/2 pulse divided by / + 1/2 = 2 [8]. In our experiments the
radiofrequency (RF) puls n/4 = 1.0 ps was used. The NMR spectra were obtained by

Fourier transformation of FID signals. The spin-lattice relaxation time 7; for **Na nuclei
was measured by saturation-recovery method.

The Dmfit program [9] was used to simulate the *Na spectra to extract the isotropic
chemical shifts (i), quadrupolar coupling constants and the asymmetry parameters (no).
The Dmfit model of MAS NMR spectrum includes an apodisation of the theoretical
lineshape by Lorentzian or Gaussian curves with the broadening parameters Av, Avy or
Avg, that indicate a distribution of slightly distinct environment of nuclei.

2. OBTAINED RESULTS AND DISCUSSION

The sodium neighbours in Al- and Ga-natrolites have a configuration of a distorted
tetrahedron. In the tetrahedron corners there are two oxygen atoms belonging to a
framework and two oxygen atoms of water molecules at an average distances of 2.37 A.
Furthermore there are two oxygen atoms of a framework at an average distances of 2.5 A,
four protons at an average distances of 2.8 A and atoms of silicon and aluminum at an
average distances of 3.0 A.
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The experimental Na MAS NMR spectrum of Al-natrolite is shown in Fig. 1, a. The
rotation of sample at magic angle (MAS NMR) leads to fully average of dipolar
interaction of magnetic moments of *Na with magnetic moments of other nuclei in
natrolite 'H, Si, Al. In this case the shape of NMR spectra is determined only by the
second-order quadrupolar shift of the central transition [8]. Using program DMFit [9] we
calculated the shape of MAS NMR spectrum of »*Na in polycrystalline natrolite. The
result of theoretical calculations are shown in Fig. 1, b. The obtained theoretical values of
the quadrupolar frequency vq and the asymmetry parameter m well coincide with
experimental values obtained in [5].

In Fig.2 is presented the *Na MAS NMR spectra obtained in Al-natrolite at
T=300K and T = 380 K. These spectra were obtained using the method of 'H
decoupling. NMR 'H decoupling is a special method used in NMR which allow to
eliminate fully the effect of magnetic dipolar coupling between resonance nuclei (*Na in
our case) and 'H nuclei. From the comparison of the Na NMR spectra, shown in Fig. 2,
it appears that the >Na NMR spectra have the same shape at 7= 300 K and 7 = 380 K.
The NMR shape of **Na is determined by magnetic dipolar interactions with other
magnetic nuclei and by electric quadrupolar interaction with the electric field gradient
(EFG) on the »*Na sites. The interaction with magnetic moment of 'H nuclei give the main
contribution to the magnetic dipolar interaction of *Na nuclei. However the 'H
decoupling, which was used at recording the NMR spectra of 2*Na NMR (Fig. 2), leads to
averaging of the dipolar interactions between the magnetic moments of 'H and **Na nuclei
and so, from Fig. 2, it follows that in the temperature region 7 < 380 K the electric field
gradient (EFG) at the »*Na sites does not depend on the temperature.

Fig. 1. Na MAS NMR spectra of Al-natrolite at Qo = 10 kHz: (a) experimental
spectrum at 7 = 300 K; (b) theoretical spectrum with parameters Cq = 1759,2 kHz,
1N = 0,64, dcsa= 8,19 ppm, AVGauss= 73,11 Hz.
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Fig. 2. Na NMR spectra with 'H-decoupling in Al-natrolite at 7 = 300 K and
T=380K.

In natrolite there are two structurally nonequivalent *Na and well-resolved fine
structure of NMR spectra caused by the second-order qudrupolar effects is observed at some
orientations of crystal in external magnetic field [6]. The experimental temperature
dependencies of the quadrupolar second-order shift of the central NMR lines of the two
structurally nonequivalent *Na nuclei, for the case when the vector of the magnetic field By
is parallel to [110] direction, are shown in Fig. 3 [4]. This result was obtained using the CW
NMR spectrometer at a frequency of the of 11 MHz on Al-natrolite single crystals [4].
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Fig. 3. The temperature dependencies of the second-order quadrupolar shifts and the
linewidth (8v) of Na NMR spectra for the two structurally nonequivalent **Na ions in the
natrolite single crystal. Inset: the central part of NMR spectrum of *Na in single crystal.
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The intensive diffusion of »Na cations in natrolite pores should lead to the averaging of
the second-order quadrupolar shifts of the two structurally nonequivalent *Na nuclei. In
reality, such effect is not observed (Fig. 3). So, from this result it follows that the diffusion of
the sodium ions is absent in natrolite channels in the temperature region 7'< 500 K [4].

The EFG at the ?*Na sites in the natrolite structure is determined by the electric charges of
the ions of whole lattice and by the electric dipolar moments of the water molecules.
According with '"H NMR data of Al-natrolite the water molecules at 7' < 380 K rotate about
their quasi 2-fold axis [3] and the 180° flip motion take place simultaneously with diffusion
along the c-axis [2]. These motions of the water molecules must lead to the averaging of the
contributions of the electric dipolar moments of the water molecules to EFG at the *Na sites.
If contribution from the electric dipolar moments of water molecules to the EFG tensor at the
BNa sites is considerable the averaging of this contribution must be observable in the
temperature dependence of >Na NMR spectra. From our experimental temperature
dependences of *Na MAS NMR and NMR spectra represented in Fig. 2 and Fig. 3 it follows
that this effect is not observed. From this fact we may conclude that the contributions of the
electric dipolar moments of the water molecules to EFG at the *Na sites are very small.

Fig. 4. shows the 2Na NMR spectra obtained without 'H decoupling at 7= 300 K and
T = 380 K. The difference between the NMR spectra represented in Fig. 2 and Fig. 4 are
related to the dipolar interactions between the magnetic moments of "H and **Na nuclei. The
shape of these NMR spectra is determined not only by the second-order quadrupolar shift of
the central transition but also by the dipolar interaction between magnetic moment of »*Na
and 'H nuclei. From Fig. 4 it follows that increasing of the sample temperature leads to
thermal averaging of dipolar interactions between the magnetic moments of 'H and **Na
nuclei. Because from NMR data it follows that the 180° flip motion of water molecules take
place simultaneously with diffusion along the c-axis [2] we may conclude that the averaging
of dipolar interaction of magnetic moments of the >*Na with magnetic moments of protons is
connected with the rotations of water molecules about their quasi 2-fold axis and with
diffusion of water molecules across canals in natrolites [4].

Fig. 4. Na NMR spectra without 'H-decoupling in Al-natrolite at 7 = 300 K and
T=380K.
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The temperature dependence of the spin-lattice relaxation times 7; of **Na in Ga-
natrolite is shown in Fig. 5. The similar temperature dependence is observed in Al-
natrolite.

In order to identify the main causes of the measured *Na relaxation times in natrolite,
we consider the theoretical calculations of 71 on the basis of different dynamical model.
The physical mechanisms which could be induce the longitudinal relaxation of the **Na
nuclei are [10]:

(i) spin-phonon interactions — interactions of the quadrupolar electric moment of the
2 Na nuclei with the crystal electric field gradient modulated by lattice vibrations;

(ii) dipolar interaction with paramagnetic impurities (for example with Fe*);

(ii1) magnetic dipolar interaction with absorbed ions or molecules and with magnetic
moments of ’Al ("'Ga, ®Ga), ¥’Si, 'H and other *Na nuclei of natrolite structure;

(iv) electric quadrupolar interactions with the crystal electric field gradients
modulated by motion of charge cations or water molecules [10]. These motions are the
“hopping” motions, i.e. the atoms or water molecules spend most of their time in potential
well corresponding to equilibrium positions, and only a very small fraction move between
these potential wells.

The phonon-based relaxation mechanism could not be the cause of spin-lattice
relaxation of the quadrupolar nuclei in natrolites. From obtained estimations it follows that
if relaxation were to proceed by this mechanism the values of 7) for quadrupolar nuclei in
zeolites at room temperature should be 4-5 orders of magnitude larger than the
experimental values [10]. The spin-lattice via paramagnetic impurities may be significant
only at very low temperature [10]. The magnetic dipolar interaction could not be also the
cause of the spin-lattice relaxation of the »Na nuclei in natrolite. From our estimations we
obtain that the dipolar interactions of the **Na with magnetic moments of the proton
magnetic moment give the minimal value of the spin-relaxation time 7imin €quals ~ 5 s,
which much larger than experimental values 0,04 s (Fig. 5). So only one mechanism (iv)
need to be considered.

It is known that the relaxation of the quadrupolar nuclei may be multiexponential
[11, 12]. However, for selective saturation of the central transition [8], the relaxation is
well described by single exponential [13]. In our case the translational and reorientationa
jumps of water molecules modulate only the part of EFG tensor concerned with electric
dipolar moments of water molecules. The remaining part of the EFG tensor given by the
electric charges of the ions of whole lattice is not changed. So the quadrupolar relaxation
concerned with modulation of the part of EFG at the site of the quadrupolar nuclei as a
result of the activated translational and reorientational jumps of electric dipoles of water
molecules may be described (/ = 3/2) by equation [10, 12, 13]

2
7ol 1+ |ac2 | 2
e [ 3} 1+ i’ @

where ay is the Larmor frequency of the quadrupole nucleus; 1 — asymmetry parameter of
EFG tensor and
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Fig. 5. The temperature dependences of the spin-lattice relaxation time of the *Na
nuclei in Ga — natrolite.

2
e"A
AC, = qu .
Here eAq describes the part of EFG at the site of the 2 Na nuclei connected with the
electric dipoles of water molecules.
From Eq. (2) it follows that minimal value of T7io for selective saturation and
detection of the central transition is observed at anz. = 1 and is equal

)

- 4rv, 4
3347 )ACS

For the *Na nuclei in the natrolite Timn = 0.04 s. Using n = 0,64 and
vo = 105,542 MHz we obtain from Eq. (4)

AC, ~ 5693 kHz. (5)

The full constant of quadrupolar interaction Cq = 1759,3 kHz and so from our result
it follows that the contributions of the electric dipolar moments of the water molecules to
full EFG at the **Na sites are 3.2% only.
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CONCLUSION

From analysis of the temperature dependencies of NMR and MAS NMR spectra of

*Na nuclei (with and without 1H-decoupling) it follows that the diffusion of the sodium
ions at 7' < 400 K absents in Al- and Ga- natrolites. From analysis of NMR spectra of
ZNa nuclei (with and without '"H-decoupling) it follows that in Al- and Ga-natrolites the

180° flip motion of water molecules take place simultaneously with diffusion of the water
along the Schottky defects. The obtained from *Na MAS NMR spectrum theoretical
values of the quadrupolar frequency v, and the asymmetry parameter n well coincide with

experimental values obtained early. The spin-lattice relaxation of the **Na is governed by
the electric quadrupole interaction with the crystal electric field gradients modulated by
translational motion of H,O molecules in the natrolite pores. The dipolar interactions with
paramagnetic impurities become significant as a relaxation mechanism of the *Na nuclei
only at low temperature (< 270 K).
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Maysa M. SIMP »Na B marpoaiti / M. ITausa, O.O. Canura, M. Oubmescku, M. A. Ceprees,
O. B. Camira // Bueni 3amucku TaBpiiicekoro HamioHajgbHOTO yHiBepcuTeTy imeHi B. 1. Beprancbkoro.
Cepis : disuko-mMaremarnuni Hayku. — 2014. — T. 27 (66), Ne 2. — C. 70-78.

B Al-narpomiti (Na2Al2Si3010 - 2H20) ta Ga-natpomnite (NaxGaxSizO10 - 2H20) BuBYeHI TemmeparypHi
sanexnocti crektpis SIMP 1 MAS SIMP sinep 2*Na. Bysio nokasano, mo B Al-uarpositi Ta Ga-HaTposiTi npu
T <400 K BiacytHs audy3is ioHiB Harpito. OTpuMaHO TeMIepaTypHi 3aJeXHOCTI 4acy CHiH-IPaTKOBHX
penakcanii 71 B Al-nHatpomiti i Ga-HatpomniTi. OOroBOpPIOETECA BIUIMB MOJIEKYJISIPHOI PyXJIMBOCTI BOAM B
HAHOKaHAJaX CTPYKTyPH HATPOJIiTa HA CIIMH-TPATKOBY pelakcanio ionis *Na.

Knrwowuoei cnosa: SIMP, maraitHa penakcaitisi, [EONITH, PyXJIUBICTh BOJIU, HATPOJIT.
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IMausa M. SIMP **Na B marpoaute / M. Ilausa, A.A.Canura, M. Oabmescku, H. A. Ceprees,
A. B. Canura // Yuensle 3amicku TaBpu4ecKoro HaIl[MOHAIBHOIO yHUBepcUTeTa uMeHu B. Y. Bepuaackoro.
Cepus : dusuko-maremarnueckue Hayku. — 2014. — T. 27 (66), Ne 2. — C. 70-78.

B Al-natponute (Na2AlSizO10 © 2H20) n Ga-Harponute (Na2GazSizO10 - 2H20 u3ydeHsl TemmepaTypHble
3aucumocTu criektpos SIMP u MAS SIMP sinep 2*Na. Bouto mokasano, uto B Al-aarposure 1 Ga-HaTpoJure
npu T < 400 K otcyrcrByer muddysns mono Hatpus. [lomydeHs! TemrepaTypHble 3aBHCHUMOCTH BPEMEHU
CIIMH-PEIIeTOYHOH penakcanmu BpemeHH 71 B Al-Hatpormte u Ga-Hatpomute. OOCyXmaeTcsi BIHMSHHE
MOJICKYJIIDHOH TOABIJKHOCTH BOIBI B HAaHOKaHAIAX CTPYKTYpHl HATpOJMTa Ha CHHH-PENICTOYHYIO
penakcanuro HoHoB >*Na.

Kniouesvie cnosa: SIMP, marHuTHast penakcariys, LEOIUThI, TOJBHXHOCTb BOJbI, HATPOIUT.
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Electrical and optical properties of the LiNbOs3 single crystals which were annealed in saturated H20 and D20
vapor were investigated. It is found that the activation energy of the electrical conductivity for these samples is
close this value of LN samples, reduced in hydrogen atmosphere. It is shown too, that the annealing of
LiNbOs in saturated H20 vapor also leads to a strong increasing of the optical absorption of the samples in
visible area. The nature of this phenomenon is discussed.

Keywords: LiNbOs, annealing, electrical conductivity.

PACS: 78.20. £ e, 72.80. £ r

INTRODUCTION

Ferroelectric lithium niobate (LN) LiNbOs is technologically important material with
wide applications in nonlinear optics and electro-acoustic devices. It is well-known that
the high temperature annealing in reducing environments containing hydrogen strongly
influenced the electrical and optical properties of LN crystals [1-6]. It is established, that
heating LN wafers in benzoic acid vapor causes formation of protons enriched surface
layers with few pm thickness in them [4]. At the same time the investigation of
interrelated changes of the electrical properties and IR optical spectra for LN treated in
H>O vapor or H,, do not provide definitive answers on the entry of H' into LN structure.
For example in [2, 3] was not observed any changes of electrical and optical properties of
LN annealed in H>O vapor flow.

On the other hand, changes of electrical properties and increasing of absorption in
OH™ and OD™ bands after annealing in ampoules with H,O vapor at P = 10...30 bar were
observed in [2, 3] earlier. But comparison of the changes of LN electrical properties their
optical properties in visible and IR range after annealing in H,O, D>O vapor and H,
atmosphere is not performed in a single study. The aim of the present paper is to obtain
the additional information through the investigation of electrical and optical properties of
LN crystals, annealed in H», H,O and D,O saturated vapor.

1. EXPERIMENTAL DETAILS

For our experiments we use the samples which were cut from the same boules of
congruent LN grown at SRC “Carat” [7]. Samples Nel and Ne2 were annealed at 600 °C
for 1 h in the H, atmosphere in separate ampoules. Sample Ne3 was annealed at 500°C for
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5 h in saturated H,O vapor and samples Ne4-5 were annealed at 500°C for 5 h in saturated
D,O wvapor. All samples were carefully polished to obtain a good optical quality.
Annealing was held in ampoules at a pressure P =1 bar.

The measuring of the optical absorption coefficient a. in a visible part of spectra were
realized at room temperature for three fixed wavelength (A=625, 525 and 465 nm) when
the wave vector k is coincide to the polar axis z of a crystal by using a simple home-made
device. Optical absorption coefficient were calculate according to Beer-Lambert law:

a=d" -ln(l o/ ), where I, and [ are the intensity of incident light and transmitted light

and d is a sample thickness.

Electrical properties of the samples were studied with a specially designed device,
which can realize the measurements of electric impedance (frequency range 103...10° Hz)
and dc conductivity of the crystals [8].

2. RESULTS AND DISCUSSION

First of all the measurements of optical absorption of all annealed samples were
realized and these data are presented in the Table. Optical measurements revealed no
significant differences in the values of the absorption coefficients of the crystals which
were annealed in saturated H.O and D,O vapor. Moreover the obtained values of optical
absorption for the crystals, treated in pure hydrogen and in H,O (or D,O) vapor are
perfectly comparable — taking into account the difference of treatment temperature.

Table 1

Optical absorption coefficients and activation energy of electric conductivity for all
annealed samples

sample Ol625 uw, M Ols25 uw, M 0465 1w, €Y Eq, eV
Nel 5.6+0.1 5.8+0.1 5.8+0.1 0.67 £0.01
No2 59+0.1 6.3+0.1 6.5+0.1 0.68 £0.01
No3 1.55+0.05 1.82 £0.05 1.95 £+ 0.05 0.70 £ 0.01
N4 1.91 £0.05 2.30£0.05 242 +0.05 0.70 £ 0.01
No5 2,26+ 0.05 2,68+ 0.05 2,68+ 0.05 0.70 £ 0.01

Temperature dependences of the specific electrical conductivity (o) of three
investigated samples along z axis in a temperature range 294...370 K obtained by two-
terminal method and usual dc technique are presented in Fig. 1. They are fully described
by simple Arrhenius law with the similar activation energy £, (indicates in a Table 1).
Additional experiments were preformed using three-terminal method for excluding the
surface conductivity and these results are in good agreement with those, shown in Fig. 1.

These results are unexpected, because predicted increasing of OH™ or OD™ groups
volume concentration in the annealed samples must lead to the increasing of the ionic
contribution to electrical conductivity of the samples and the respective activation energy
must be equal to 1,00...1.12 eV. [1, 6]. Increasing of OH™ volume concentration in the
crystal can not strongly affect its electrical conductivity at room temperature. But specific
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electrical conductivity of non-annealed LN crystals at room temperature is equal to
(101...10'%) (Q:cm)! and this value is by some orders smaller that for reduced LN
crystals. Moreover, in accordance with the data obtained earlier [9] conductivity of LN
annealed in H>O vapor flow is close to the value for non-annealed sample.

107 3
10° E
F 1
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G w0 2
o
3
10—10 L
1 1 N 1 1
2,8 3,0 3,2 3,4
1000/7, K

Fig. 1. Temperature dependence of the specific electric conductivity of annealed LN
samples: (1) — sample Ne2; (2) — sample Ne3; (3) — sample Ne4.

Measuring the electrical conductivity of the sample Ne4 showed the presence of small
quantities of conductivity anisotropy along the polar and non-polar axis (as in the case of
the sample annealed in a hydrogen atmosphere). Since all investigated samples, annealed
in ampoules are characterized by the similar value of activation energy, one can conclude
that the nature of the main contribution to their electrical conductivity is identical.

It was demonstrates earlier [10] that non-controlled heating of LN samples, which
were early reduced in hydrogen, up to 430...450 K leads to significant decreasing of
sample electric conductivity along polar axis (more then twice at 7= 300 K). This effect
was explained as a result of the possible diffusion of atmospheric oxygen into a near-
surface layers of reduced sample. It may lead to the destruction of bipolarons in these
layers and a sharp increasing of these layers resistance.

For the testing of this assumption we investigate the temperature dependence of
electrical conductivity of the sample Ne4 by impedance spectroscopy - before and after
additional heat treatment in dry air at 573 K during 3 h. It is estimated that Nyquist
diagrams of the sample Ne4 before additional heat treatment can be described by
practically ideal semicircle in a temperature range (300...390) K. It is a serious argument
to believe the uniformity of electric properties of the sample.
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In accordance to our prediction, the additional heat treatment in dry air at 573 K
strongly influenced the electrical properties of LN sample Ne4. Typical Nyquist diagram
obtained in this series of experiments is shown in Fig. 2. Nevertheless, the optical
absorption coefficient after additional heating was not change in the limits of experimental
errors.

6x10° H
5x10° A

4x10°

-Im(Z)

3x10% H

2x10° ~

1x10°

-— 60Hz

0,0 2,0x10° 4,0x10° 6,0x10° 8,0x10° 1,0x10° 1,2x10°
Re(Z)

Fig. 2. Nyquist diagram of the sample Ne4 after additional heating in dry air, obtained
at T=356 K. Equivalent electrical circuit of the sample is shown in inset.

The data which are illustrate by Fig. 2 demonstrates that equivalent electrical circuit
of the crystal can be presented as a consecutive connection of two parallel RC chains, one
of which simulate the crystal’s internal volume and described by capacity C, and
resistance R; and the second one simulate the capacity C and resistance R, of near-surface
layers. Respective circuit is shown in the inset of Fig. 2.

Due to analysis of impedance spectra according to this simple model, we determined
the temperature dependences of electric conductivities S, and Ss in the temperature range
(300...450) K. These data illustrates by Fig. 3. It is concluded too, that the ratio of
capacities C,/C, is temperature independent in a limits of experimental errors and is
equal to (50 + 7).

In a process of investigation of LN crystals reduced in hydrogen it was estimate, that
this annealing do not affects the components of the tensor of dielectric permittivity €11 and
€33 in analyzed here temperature range [10]. So we can try to evaluate the depth of the
near-surface layers in which diffusion of atmospheric oxygen results in a destroying of the
majority of bipolarons, which are responsible for the electric conductivity of “black” LN
crystals.

According to the equivalent circuit of the crystal, which is illustrates by Fig. 2, the
total depth of electrically modified near-surface layers (d;) approximately will be equal to
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C

N

= d.
C,+C,

1

d,

where d. is a thickness of the crystal. In a result we obtain that d; = (69 + 7) um. It is clear
that the varying of additional heat treatment conditions gives a possibility to investigate
the dynamics of the oxygen diffusion into a “black” LN crystal.

10°® 3
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H'C} 107 3

S, S,

10-10 .

10—11 .

2,6 2,8 3,0 3,2
1000/7, K

Fig. 3. Temperature dependences of Sy (open circles) and Ss (dash circles) for the
sample Ne4 after additional heating in dry air. Mean values of activation energy are
pointed too.

CONCLUSIONS

So the annealing of LN crystals in saturated H>O or D,O vapor (at negligible oxygen
partial pressure) and a pure H, probably affects the electrical properties by the same way.
The annealing in these media leads to the oxygen loss in the crystal and forming of
oxygen vacancies and bipolarons.

Taking into account the data obtained by us, we can conclude that the annealing of
congruently grown LN crystals in saturated pure H>O or D,O vapor in ampoules at 500 °C
and P ~ 1 bar leads to changes of LN optical properties in visible range as well as
electrophysical properties similar as those that occur after reducing treatment in H»
atmosphere. Thus it can be assumed that the main reason for the increasing of the LN
conductivity after annealing in ampoules with H>O or D,O is formed bipolarons.

It has been established, that the additional heat treatment in dry air of the “black” LN
samples leads to the electric modification of its near-surface layers. Investigations of the
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oxygen diffusion, which is responsible to this phenomenon, will be the goal of the next
experiments.
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JlocnimkeHo eleKTpUYHI Ta ONTHYHI BIaCTHBOCTI MOHOKpHCTamiB LiNbO3, mo npodnum BiAmamtoBaHHA y
HacuueHiit mapi H20 ta D20. BetanoBneHo, mo eHepris akTuBamii e1eKTpUYHOI MPOBIAHOCTI B TAKUX 3pa3kax
€ ONM3BKOIO /10 3HAYCHHS, IO CHocTepiraeThes Wi 3paskiB HJI, mo npoimum BignagroBaHHs y BoaHI. Takox
BCTAHOBJICHO, 1[0 BiAMATIOBaHHA Y HACHYEHIM BOJSMHIN Mapi MPU3BOAMUTH A0 CHIBHOTO 30UIBIIEHHS ONTHYHOT
TYCTHHH 3pa3ka y BUIUMii 00sacTi. OGroBOPIOETHCS MPUPOIA IIUX CPEKTIB.

Knrwwuoei cnosa: LiNbOs, ,BiINaTOBaHHS,, CICKTPUYHI BIACTUBOCTI.

IIputyaenko A. C. Moaudukanusi 3JeKTpHYecKHX cBoiicTB MOHOkpucTanioB LiNbO3 orkurom B
HachllleHHbIX mapax Boasl / A. C. IIputyiaenko, A.B. Sluenko, /. 1O. Cyrak, HU. M. Coabckuii //
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MareMarndeckue Hayku. — 2014. — T. 27 (66), Ne 2. — C. 79-85.

HccnenoBaHsl AIIEKTPUYECKHE W ONTHYECKHWE CBOIcTBA MOHOKpUCTaioB LiNbQOs3, mpomenmux OTKHAT B
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In experimental EPR studies of single crystals, the question of intensities of different resonance lines is
usually considered as secondary. Meanwhile, in studying the EPR of Ni-doped GaBO3; we have observed a
drastic change in intensity of several lines when the microwave magnetic field was rotated with respect of the
crystal axes. A theoretical consideration of the corresponding perturbation operator allows to adequately
account for this phenomenon.

Keywords: EPR transition intensity, gallium borate.

PACS: 76.30.Fc
INTRODUCTION

The electron paramagnetic resonance (EPR) is observed in the conditions where the
ground state of a paramagnetic ion is split by an applied magnetizing field B, and the
energy difference between different split levels is matched by energy quanta of the

microwave field B,. Usually, B is much stronger than B,, therefore the latter does not

affect the positions of different spectral lines but it is directly responsible for their
intensities. Meanwhile, in the analysis of single crystal EPR spectra, the issue of relative
intensities of different features is usually considered as secondary in comparison with that
of the resonance fields.

Recently, we have studied the EPR of GaBOs single crystals doped with iron and
nickel [1]. In the latter case, we have found a striking dependence in intensity of certain
lines; almost disappearing at some orientations. Is has seemed interesting to provide a
theoretical analysis of this dependence and compare it with the experimental findings.

THEORY

Electronic transitions between the energy levels corresponding to different
projections of the effective electron spin S are induced by the magnetic component of the
electromagnetic wave interacting with the electron magnetic moment whose components
are:

(ﬂgS),;ﬁZgiSw i=x,y,z (1)
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where x,yandz are local symmetry axes (coinciding in our case with main
crystallographic directions x_,V,,z.), [ is the Bohr magneton and g, are components of
the electron g tensor g supposed to be diagonal. The transition intensity W, between a

couple of levels p and g 1is proportional to the square of modulus of the matrix
element [2]

M, =PB(p|B,-g-S|q). )
Usually, in EPR conditions B, L B, so, we choose B and B, respective directions

along z, and y, axes of the laboratory frame X;,),,z,. The relation between the
laboratory and the crystallographic frame is described by the following rotation matrix [3]:

—cosy cosdcosp—sinysing —siny cosdcos@+cosysing sinFcos @
A

|, =| —cosy cosdsingp+sinycosp —siny cos Isingp—cosycose sinIsing |(3)

cosy sin sin iy sin 3 cos 3

Where §,¢,7—y are Euler angles, see Fig. 1. One can see that in the x_,,,Zz,

frame $and ¢ are spherical angles of B, and y describes the orientation of B, in the
plane perpendicular to B .

Fig. 1. Definition of Euler angles between the crystallographic frame and the
laboratory frame.
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The unit vectors of B and B, in the crystallographic frame are given, respectively,

by the third and the second columns of the A4, matrix, viz.:

sin $cos ¢ —siny cosFcos @+ cosy sin @
[=|sin%sing | and [ =| —siny cosIsin@p—cosy cose |. €))
cos Y siny sin 4

Thus, the matrix element (2) can be expressed as follows:
t,, = BB (p|l (% 0.v) -9 S|q). (5)
with I, defined in Eq. (4).

EXPERIMENTS AND DISCUSSION

Nickel-doped GaBOs crystals were prepared in the Crystal Growth Laboratory of the
Taurida National University (Simferopol) [4]. They have rhombohedral calcite structure

with the space group ng [5]. The crystals having the shape of thin hexagonal plates,

have been studied by EPR with an X-band spectrometer in the Institut de Chimie de la
Matiére Condensée de Bordeaux (Pessac, France). The spectra have been measured in two
different configurations (i) and (ii), see Fig. 2. In both configurations, B was in the basal

plane ($=90°) and B, was either parallel (i), ¥ =0° or perpendicular (ii), ¥ =90° to
this plane.

Q) (ii)
A BI A B[

AL,

B B
Fig. 2. Two different orientations of the crystals: (i) B, L C; and (ii) B,PC;. In
both cases, B L B, and B L C,.

Fig. 3 compares the EPR spectra for both configurations. In the context of the present
study, most interesting are two features — closely spaced doublets — at ca. 0.04 and 0.23 T.
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One can see that the intensities of these features in the cases (i) and (ii) are strikingly
different.

Fig. 3. EPR spectra for B, parallel, 7 =0° (i) and perpendicular,  =90° (ii) to the
basal plane of the crystal.

The exact values of the resonance fields for these features, respectively, 0.0396 and
0.0406 T for the low-field one and 0.2259 and 0.2286 T for the medium-field one, have
been determined by diagonalizing the general spin Hamiltonian matrix for trigonal
symmetry [6, 7]. The corresponding resonance intensities have been calculated as
follows [8]:

qu o V2:B2Blz ‘<p|llx (g S)x +lly (g ' S)y +l]2 (g S)Z

where v is the frequency of microwave field and /|

q) (©)

[, and [, are direction cosines of

X%
B,, see expression (4).

Fig. 4 shows calculated relative intensities of the resonance features in question. The
transitions (a) and (b) occur between non-adjacent levels 13 and 1«4, respectively, and
one can see that their intensities are much weaker that the intensities of transitions (c)
and (d) between adjacent levels, 152 and 23, respectively. The intensities of (a) and (b)
transitions become particularly low in the vicinity of ¥ =90°, resulting in

“disappearance” of these features, in good accordance with the experimental results shown
in Fig. 3.
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Fig. 4. Transition intensities for low-field, 0.0406 (a) and 0.0396 T (b), and medium-
field, 0.2286 (c) and 0.2259 T (d) resonance features vs. the angle i .

CONCLUSIONS

We have observed an unusually pronounced dependence on the orientation of the
microwave field B,, of intensities of certain EPR lines of Ni** in gallium borate single

crystals. The results of the theoretical analysis of this dependence are in good agreement
with the experimental observations and clearly show the importance of using correct
expressions of intensities of the resonance transitions interpreting the experimental EPR
spectra.
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B excniepumMenTanpaux nocinimkeHHsx ETIP MoHOKpHCTaNiB MMTaHHS PO IHTEHCHBHOCTI PI3HUX PEe30HAHCHUX
JiHIN, SK MpaBUio, BBakaeTbcss BTopuHHHUM. [Ipote, mpu EIIP-mocnimkennsx GaBOs, neroBanoro Ni, mu
CHOCTEpIiraJid pi3Ky 3MiHY IHTEHCHUBHOCTI Psiiy JiHIM mpH oOepTaHHI MiKPOXBHUJIBOBOI'O MAarHiTHOTO IIOJIS
BITHOCHO KpHCTaJIiYHUX oceil. TeopeTHdHuil po3riasa BiAMOBIZHOTO omeparopa 30ypeHHS 03BOJISE
a/IeKBAaTHO MOSCHUTH II€ SIBUILIE.

Knrouogi cnoea: intencusHicts niniit EITP, 6opar rasmiro.

Cene3neBa K. YruoBas 3aBucumocTs uHTeHcuBHocTed JuHuii JOIIP B GaBO3, nerupoBanHoM
HukejeM / K. CenesneBa, M. Crpyraukuii, C. SIrynos, $I. KisiBa // Yuensle 3anmcku TaBpuueckoro
HalMoHaNbHOTO yHUBepcutera mMmeHH B. M. Bepragckoro. Cepusi : Pu3nMko-mMareMaTHUeCKHUE HAYKH. —
2014.—T. 27 (66), Ne 2. — C. 86-91.

B skcnepumenrtansHbIX uccnegoBaHmsx OIIP MoHOKpuCTamnoB Bompoc 00 HHTEHCHBHOCTSX Pa3IHYHBIX
PE30HAHCHBIX JIMHUIA, KaK MPaBUJIO, cYUTaeTCs BTOpuuHBIM. TeM He Menee, mpu DI1P-uccnenosanusax GaBO3,
nerupoBaHHOro Ni, Mbl HaOJIIOJAIM pe3KOe HM3MEHEHHe HHTCHCHBHOCTH psia JIMHMH TPH BpalleHHU
MHKpPOBOJIHOBOI'O MarHUTHOTO TI0JII OTHOCHUTENIBHO KpUCTaIIMYECKUX ocel. TeopeTuyeckoe paccMOTpEHUE
COOTBETCTBYIOIIETO OIIEPaTOPa BO3MYILECHHS IT03BOJIACT aeKBATHO OOBACHUTH 3TO SIBICHHUE.

Knrouesvie cnosa: vatencuBHocTh tuHuit DI1P, Gopar rammms.
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USING INDICATORY SURFACES FOR THE STADY OF ANISOTROPY OF
THERMAL CRYSTAL EXPANSION
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For the graphic image of thermal expansion anisotropy the three-dimensional revolving models of
indicatory surfaces were constructed. The form and orientation of these surfaces depends on the
crystal symmetry in accordance with the principle of Neumann.

Keywords: indicatory surfaces, thermal expansion, anisotropy.

PACS: 61.50.Ah
INTRODUCTION

Materials generally change their size when subjected to a temperature change while
the pressure is held constant. Common engineering solids usually have coefficients of
thermal expansion that do not vary significantly over the range of temperatures where they
are designed to be used, so where extremely high accuracy is not required, practical
calculations can be based on a constant, average, value of the coefficient of expansion.

Thermal expansion of crystals is described by nine coefficients, which form a
symmetric tensor of the second order. For the evident graphic image of anisotropy of
thermal expansion, it is convenient to use indicatory surfaces. Radius-vector of this
surface is proportional to the size of the relative lengthening of crystal in this direction at
heating.

1. METHODS OF INVESTIGATION

To a first approximation, the change in length measurements of an object (“linear
dimension” as opposed to, e.g., volumetric dimension) due to thermal expansion is related
to temperature change by a “linear expansion coefficient”. It is the fractional change in
length per degree of temperature change. Assuming negligible effect of pressure, we may
write:

Al/l

AT )
Where [ is a particular length measurement and A/// is the rate of change of that
linear dimension per unit change in temperature.
For a definite choice of the coordinate system (the choice is determined by
installation rules and associated to the elements of the symmetry of the crystal) amount of
independent coefficients a, decreases [1], Table 1.

On
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Coefficient of thermal expansion in any direction, [2]:
On=) Qij* Ni*nj . ()
Where o; are coefficients of thermal expansion of crystals, formative the second-

order tensor; n;, nj are components of the vector of unit length determining in some
direction in the crystal.

Table 1
The equations of indicatory surfaces of thermal expansion
Category View of the tensor of The number The equations
thermal expansion of indicatory surfaces
independent
parameters
Higher ayx 0 0 1 =0y
0 ayx O >
0 0 oy

Middle 2 a=tyy (NE+n3) +

2
Uz7 N3

Lowest gy O O UW=0yy ME+ @y, i+
0 ay O 3 a,, n?
0 0 oay

U=Clyy Mg + Ay NG +

oy . N -
R A A SN N

U=Clyy Mg T Ay NG +

Uyx Qyy Qyz 6 Ayy M3+ 2:0yy My
Ozx  Ozy Ozz + 2y, My Myt
2:ay, ny'n,
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For the construction of three-dimensional revolving models of indicatory surfaces
would be convenient to use application package MathCad. Great mathematical capabilities
of this package make it a convenient tool for physical research [3, 4].

Within this package the program was created, that allows to construct of indicatory
surfaces of thermal expansion. Analysis of the received indicatory surfaces allows
defining the symmetry and the anisotropy of the properties, and, if necessary, establishing
the directions of its extreme value.

2. RESULTS AND DISCUSSION

Thermal expansion of crystals of the highest category symmetry (cubic crystal
system) is described by a single coefficient. a. For any other cubic crystal, indicatory
surface has a form of a sphere. Thus, the crystals of higher category evenly broaden on all
directions, saving the primary form.

Fig. 1. The indicatory surface of thermal expansion of the cubic crystal and its
projection on the plane (XOY).

For the crystals of middle category (crystals of this category have an third, fourth or
sixth order axis of rotation, the axis Z is directed along its) let us consider number of
interesting cases:

a) All the coefficients of thermal expansion more than zero, at that a,, < a,,. For
example, for a crystal of zinc: a. = 14-10°, °C!, ar,,= 55-10° °C!, [5], Fig. 2.

Fig. 2. The indicatory surface of thermal expansion of zink and its projection on the
plane (XOY).
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For a crystal of zinc indicatory surface is elongated along the axis Z. This axis
coincides with the axis of the sixfold. With a uniform heating of zinc in this direction
crystal pull stronger than in the perpendicular direction.

b) All the coefficients of thermal expansion more than zero, and a,, < ayy. As, for
example, for a crystal a-quartz: a,,=14-10° °C"!, a,,= 9-10°°C.

Fig. 3. The indicatory surface of thermal expansion of a-quartz and its projection on
the plane (XOY).

It is seen, that surface of thermal expansion in this case is the ellipsoid flattened along
the axis of Z. This direction of minimum increase of crystal of quartz at heating. And
maximally — in perpendicular direction.

c¢) We will especially distinguish a case, when one of coefficients of thermal
expansion less zero. As an example, the indicatory surface of thermal expansion of a
crystal calcite CaCOs, which is widely used in an optical instrument production. Its
coefficients of thermal expansion: a,,= -5,2:10° °C!, a,,= 22,6:10° °C". The indicatory
surface of thermal expansion of a crystal calcite is multi-cavity surface with positive and
negative areas of thermal expansion, Figure 4. It is seen, that along the axis of Z thermal
expansion of calcite is maximal. Perpendicular to this axis is the region of negative
thermal expansion (compression). Thus, at heating, calcite broadens in one direction, and
in other — compressed. Also near the axis of Z there is a cone of directions with half-angle
75°56°, along which the expansion (compression) is zero. In these directions at heating, a
crystal does not change.

Fig. 4. The indicatory surface of thermal expansion of calcite and its projection on the
plane (XOY).
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Thus, indicatory surfaces of thermal expansion of crystals middle category are
spheroids. The axis of rotation is the main axis of symmetry (Z).

For crystals of the lowest category, depending on the symmetry and, accordingly, the
number of independent coefficients of thermal expansion, there are also a number of
cases:

a) Three independent coefficients of thermal expansion, as, for example, for the
orthorhombic crystal system.

For example, for a crystal of aragonite in this category ay,= 35-10¢ °C,
ayy= 17-10° °C"', @,,=10-10° °C"', characterized by the presence of three mutually
perpendicular twofold axes of symmetry. The indicatory surface of thermal expansion of
aragonite is shown in Fig. 5.

Fig. 5. The indicatory surface of thermal expansion of aragonite and its projection on
the planes (XOY), (XOZ) u (ZOY).

It is seen that all the projections are ellipses. Indicatory surface of such crystals is a
triaxial ellipsoid with axes coinciding with the coordinate axes, which coincide with the
twofold axis of symmetry.

b) In less symmetrical crystals this category (the monoclinic crystal system)
indicatory surface is described by four thermal coefficients. For example, for a crystal of
potassium  tartrate:  ay,=12-10°  °C', ayy=44,8:10°C",  a,,=32:10° °C",
Ay,= — 12:10° °C"'. The indicatory surface of such crystals in projection has one ellipse
only — perpendicular to the axis of Y, that coincides with the only axis of symmetry in
these crystals, Fig. 6.

96



USING INDICATORY SURFACES FOR THE STADY OF ANISOTROPY ...

Fig. 6. The indicatory surface of thermal expansion of potassium tartrate and its
projection on the plane (XOZ).

CONCLUSION

The anisotropy of thermal expansion of single crystals in some way connected with
their symmetry, according to Neumann’s principle:

1. Thermal expansion of crystals of the highest category is isotropic.

2. When heated, the crystals of middle and lower category can expand in all
directions or in certain directions to shrink and expand in other ones.

3. An indicatory surface of thermal expansion of such crystals is spheroids if all
aij — positive or surface with several (positive and negative) parts, if some ajj — negative.

4. There are determined directions in a crystal in last case along which thermal
expansion is equal to zero.
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II0 BHU3HAYa€ BIACTHBICTh, NMpHUHMae MakcuMajibHe abo MiHiManbHe 3Ha4yeHHA. CHMeTpis yKazaTenbHOI
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IToka3aHa BO3MOXKHOCTb HCCJIEAOBAaHMS AHU30TPONMHU TEIUIOBOTO DACHIMPEHMS] KPUCTAIIOB C ITOMOIIBIO
rpaM4YecKUX IOBEPXHOCTCH, pPaJlyc-BEKTOPbl KOTOPBIX XapaKTEPU3YIOT OTHOCHTEIbHBIC BEIHMYHUHBEI
cBoifcTBa B 3aJaHHOM HamnpaBieHuH. [To Gpopme ykasaTenpHON MOBEPXHOCTH MOXKHO BBISIBUTH SKCTPEMalbHbIE
HalpaBlICHUs, B KOTOPHIX BEIMYMHA, OIpEAENSAIoNias CBOWCTBO, MPUHUMAET MaKCHMAaJIbHOE WIIH
MHUHUMAaJIbHOE 3HaueHrne. CHMMeTpusl yKka3aTeJIbHOH IIOBEPXHOCTH JIOJDKHA COJepiKaTh B ceOe BCe 3IEMEHTHI
CUMMETPUH KpHCTa/lla B COOTBETCTBHHU C puHIunoM Helimana.
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PETROGRAPHY OF IRON METEORITES ON THE CASE STUDY OF THE
SIKHOTE-ALIN METEORITE FRAGMENTS
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Was studied the mineral composition of fragments of the Sikhote-Alin meteorite. The presence of five major
crystalline phases: kamacite, iron sulfides, iron phosphides and silicates. It is shown that the investigated
fragments are a group of iron meteorites, a subgroup of hexahedrites. By its chemical composition belong to
chemical group IIAB.

Keywords: meteorite, kamacit, X-ray diffraction, energy dispersive microanalysis.

PACS: 61.10.-i, 61.66.-f
INTRODUCTION

Today it is known that all comets consisting of a mixture of frozen gases and solids.
With the passage of the perihelion and sublimated gases, escaping to, entrain the solid
refractory particles with velocities of the order of several tens of meters per second. Due
to the small initial velocity of these particles move almost in the same orbit as the comet.
They are called meteoroids. If the orbit of a comet passes close enough to the Earth's orbit
meteoroids can invade earth's atmosphere, and the passage in its upper layers, we can
observe the phenomenon of a meteor.

With a small initial velocity and a considerable mass of the meteoroid, not having to
evaporate completely loses its escape velocity and falls to the surface of the Earth as a
meteorite. Despite the rapid development of space research, meteorites are the only source
of information about the early processes of the evolution of matter in the solar system.
And the study of any meteorite expands our knowledge about the formation of the
crystalline structure of matter in extraterrestrial environments.

Meteorites are classified into three main groups because of their particular mineral
compositions: irons, stony-irons, and stones. Mineralogically, meteorites consist of
varying amounts of nickel-iron alloys, silicates, sulfides, and several other minor phases.
Classification is then made on the basis of the ratio of metal to silicate present in the
various compositions. No two meteorites are completely alike, and specific compositional
and structural features give a particular meteorite its unique identity.

1. CLASSIFICATION OF IRON METEORITES

Iron meteorites are characterized by the presence of two nickel-iron alloy metals:
kamacite and taenite. These, combined with minor amounts of non-metallic phases and
sulfide minerals, form the three basic subdivisions of irons. Depending upon the
percentage of nickel to iron, these subdivisions are classified as:
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v" hexahedrites are the irons with the lowest nickel content (4-6 % by weight). They
consist of large crystals of kamacite and contain no taenite. Kamacite and taenite are both
Fe-Ni alloys, but they differ by the relative amounts of iron and nickel, and (consequently)
have a different crystal structure; kamacite forms a body-centered cubic lattice whereas
taenite forms a face-centered one. Because of the virtual absence of taenite in
hexahedrites, polished surfaces of these meteorites are featureless except for the
occasional presence of fine striations known as Neumann lines. Neumann lines are formed
by shock deformation of the metallic kamacite crystals during violent impacts;

v’ octahedrites are characterized by an intermediate nickel content (6-17 % by
weight) and contain both kamacite and taenite. These two metallic minerals occur in a
distinctive arrangement of bands intersecting in two, three or four directions, which results
in the characteristic Widmanstatten pattern. This beautiful pattern appears conspicuously
when a section of an octahedrite is polished and etched in weak acid (usually nitric acid).
The larger bands in a Widmanstatten pattern consist of kamacite.

v/ ataxites have the highest nickel content among iron meteorites (more than 16 %
by weight). They consist almost entirely of taenite, with only microscopic plates of
kamacite, [1].

2. SUBJECT OF THE STUDY

We studied the fragments belong Sikhote-Alin meteorite, which fell at 10:38 local
time on 12 February 1947 in the Far East in the vicinity of the Sikhote-Alin. Called them a
dazzling fireball observed in Khabarovsk and other places within a radius of 400 km. At
the crash site immediately sent an expedition of the Academy of Sciences of the USSR
under the guidance of Academician. V.G. Fesenkov and E.L. Krinov — known researchers
meteorites and small bodies of the solar system. It turned out that the meteorite is still in
the air and fell collapsed as the «iron rain» with the ellipse of dispersion 12 to 4 km. All
found the wreckage of 3500 consisted of iron with small inclusions of silicates. The total
mass of all substances found was about 27 tons.

All samples found Sikhote-Alin meteorite fall into two types: individual and
fragmentation [2]. The first sample is individual type of meteorites. He strongly marked
form of melting on the surface — regmaglypts, rounded edges, Fig. 1 (a). This is an
example of primary crushing of the main body of the meteorite formed during intense
rotation in the atmosphere. The sample Ne 2 is an example of the second-stage crushing,
Fig. 1 (b). It is separated from the meteoroid at a lower height. These samples have
regmaglipts relief and fusion crust due time to a significant atmospheric processing. They
are characterized by clastic shape resulting from the destruction of atmospheric meteoroid.
The third sample are a fragmentation type of meteorites, they are characterized by shape
with ragged edges, girder structure on the surface, Fig. 1 (c). This pattern of fragments
generated near the Earth's surface in the final stage of crushing. They are no visible traces
of atmospheric processing. Often they lack the fusion crust and regmaglipts relief. Such
fragments are easily covered by a layer of rust.
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a) b) ¢)
Fig. 1. Samples of meteorite: a) sample Ne 1 (3x5 cm); b) sample Ne 2 (10x9 cm);
c¢) sample Ne 3 (10x15 cm).

3. RESULTS AND DISCUSSION

3.1. X-ray analysis

Investigation of the structure of the fragment of meteorites produced by X-ray
diffraction (XRD) on diffractometer DRON-3 with a copper X-ray tube by powders
method. As an external standard was used polycrystalline rock salt.

In Fig. 2, Fig. 3 and Fig. 4 shows bar charts obtained from powder diffractograms,
where the abscissa — the angular position and the vertical axis — the intensity of the
interference peak.

Fig. 2. XRD (Cu Ka) pattern of sample Ne 1.

Fig. 3. XRD (Cu Ka) pattern of sample Ne 2.
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Fig. 4. XRD (Cu Ka) pattern of sample Ne 3.

Explanation of diffractograms performed using the basic equation of X-ray analysis —
Bragg equation:
d A
n_ 2-sin@’ (0
where: d — interplanar distances in the crystal; 0 — angle of the peak interference (Bragg
angle); n — order of reflection; A — wavelength of X-ray radiation.
The error in determining d can be obtained by differentiating (1):
Ad AA
q - —ctge-A9+7. (2)
Phase analysis shown presence of bcc — Fe(Ni,Co) solid solution as the main phase in
all samples [3]. All samples also contain the following minerals: troilite, schreibersite,
olivine and cristobalite, [3]. Table 1 shows the main characteristics of the minerals which

present in the samples.

Table 1
Main characteristics of minerals
Mineral Formula Color Hardness ]()gil(:rsrllg

Kamacite Fe (Ni,Co) Gray 4 8
Olivine (Fe, Mn, Mg),Si0; | Bluish-green 6 3,87-4,12
Troilite FeS Bronze-yellow | 458 484 3,5-4
Schreibersite (Fe,Ni);P Silver-white 6,5-7 7-7,8
Cristobalite Si0, Milky white 6-7 233

3.2. Energy-microanalysis

The study sample Ne 1 were carried out on a scanning electron microscope SEM-106.
Get about 100 shots, some of them are shown in Fig. 5.

Review of current literature [4, 5], and the analysis of the symmetry of the crystals
allowed us to identify some of crystal structures.
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20.00kV _ x250

20.00kV__ x1.50k 20,

Fig. 4. Crystal structure of sample Ne 1: a) kamacite; b) olivine; c) rhabdite;
d) troilite; e) iron «bubblesy.
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Continuation of Fig. 4.

Fig. 5 (a) is a photo which shows the plate crystals, having a lamellar arrangement.
Such an arrangement is typical for crystals of kamacite.

We also managed to detect splices orthorhombic crystals, probably — is the single
crystals of olivine, Fig. 5 (b). Olivine crystals belong to the orthorhombic system, and this
form is typical for them. Fig. 5 (c), we see a rod-shaped crystals — rhabdite. Mineral
rhabdite is morphological subspecies of mineral schreibersite.

Fig. 5 (d) we are observed ingrown crystalline hexagonal plates. It is single crystals
of troilite, having hexagonal system. These crystals were grown into the meteorite in a
regular position: on the plane of the cube of the original crystal of iron. When moving
through the atmosphere, meteorite strongly heated. After cooling on the surface remain
marks resembling the burst of the bubble, Fig. 5 (e).

Also been investigated the chemical composition of the samples of meteorites [6],
quantity of Ni atoms in a-Fe(Ni,Co) is 4,9% Ni to 6, 15 %. The ratio of iron, nickel and
cobalt composition correspond to the group of iron meteorites — hexahedrites, containing
up to 7% nickel. In chemical composition studied meteorites belong to chemical group
IIAB iron meteorites.

CONCLUSIONS

Investigation of the structure of extraterrestrial matter is extremely useful for gaining
new knowledge about the processes of the evolution of matter in the solar system, as well
as for modeling and finding ways to create a terrestrial conditions for growth of different
crystals, with similar properties of cosmic counterparts.

As a result of studies of the structure of the samples revealed the presence of
meteorites five main crystalline phases:

* kamacite a-Fe (Ni, Co) wits Ni concentration from 4.9% to 6.15% and Co
concentration from 0.4% to 0.68%, and lattice parameters for the sample Ne 1 —
2,848+0,006 A; sample Ne 2 — 2,875+0,001 A; sample Ne 3 — 2,862+0,001 A;

» troilite FeS;

* phosphides (Fe,Ni);P;

* olivine (Fe,Mn,Mg),Si04;
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* cristobalite SiO».
The samples studied belong to the group of iron meteorites, hexahedrites subgroup,
ITAB chemical group of iron meteorites.
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Bueni 3anmcku TaBpificekoro HarioHanesHOTo yHiBepcutery iMeHi B. 1. Bepnaxcwekoro. Cepis : ®i3uko-
MareMatuuHi Hayku. — 2014. — T. 27 (66), Ne 2. — C. 99-106.

Meronamu peHTIreHiBChbKOI JudpakToMeTpii 1 pacTpoBoi eNEKTPOHHOI MiKpockomii OyB JOCIHiKEeHHI
MiHepaJbHUHN CKIIaJl TPHOX OCKONKiB Cix0Te-ANHBECKOTO MeTeoprTa. BCTaHOBICHO, 110 KPUCTAIIYHA MATPHLT
BCIX 3pa3KiB CKJIagaeThbcid 3 KamachTa (CaMOpPOJHOTO HHKEIUCTOTO 3ali3a KOCMIYHOTO ITOXOIDKEHHS) 3
BKJIFOUCHHAMH Cynbdiny i ¢ocdini 3amiza, a TakoXk HEBEIHMKOI KUTBKOCTI cmitikaTiB. Takuid MiHepanbHHUI
CKJIaJ] XapaKTEepHUI U1 XiMIYHOT miATpYyH 3a1i3HUX MeTeopuTiB IIAB, cTpyKTypHOTO THITY - TeKCaeAPiTH.
Knrouogi cnosa: MeTeopuT, KaMacHT, peHTT€HIBChbKa TH(YPAKTOMETPIs, CHEPTOAiCIICPIOHHIIA MIKpOaHAITi3.

Maxkcumona E. M. Ilerporpadus xejie3HbIX METCOPUTOB HA NpUMepe u3y4eHHus: pparMeHToB CHXOTI-
Anunbckoro mereopura. / E. M. MakcumoBa, U. A. Hayxankuii, C. C. I'onnosa, E. T. Muiokosa //
Vyensle 3anucku TaBpuyeckoro HallMOHaNBHOrO yHUBepcuTeTa uMeHu B. 1. Bepuanckoro. Cepus : ®dusuko-
MareMarudeckue Hayku. —2014. — T. 27 (66), Ne 2. — C. 99-106.

Metomamu PEHTTCHOBCKON TU(PPAKTOMETPHH M PACTPOBOIl BIIEKTPOHHOW MUKPOCKOMHUH OBUT HCCIENOBaH
MHHEPaJbHBII COCTaB TPeX OCKOIKOB CHXOT3-ANMHBCKOTO METEOPHTA. Y CTAHOBICHO, YTO KPUCTAJUTIECKast
MaTpuIa BceX O0pa3loB COCTOMT M3 KaMmachTa (CaMOpOJHOTO HHUKEIHUCTOTO XKele3a KOCMHYECKOTO
MNPOUCXOXKCHHS) C BKIIOYEHUSIMH Cynbhuaa u (GocumoB kemesa, a TakkKe HEOONBLIIOrO0 KOJIWYECTBA
cUIMKaToB. Takoll MuHepalbHBIN cOCTaB XapaKTepeH IJIsi XUMHYECKOM MOJTrPYIIbI XKeJIe3HbIX METEOPUTOB
IIAB, cTpyKTypHOIO THIIa - T€KCa3PUTBHI.

Kntouesvle cnosa: MereopuT, KaMacuT, PEHTIEHOBCKas IU(PPAKTOMETPHs, OIHEProAUCIICPHOHHBII
MHKPOAHAIIH3.
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[ToxazaHbl MEPCHEKTUBBI CO3aHUSI HAHOCTPYKTYPUPOBAHHBIX KOMIIO3UTOB HAa OCHOBE HAHOKPUCTAJUIMYECKOTO
kpemHuus. [IpenctaBineHbl MUKpodoTorpaduu o0pas3ioB HAHOKPUCTAJUTMYECKOTO KPEMHUS, MOJYYCHHBIC C
HCIOJIL30BAaHUEM DJIEKTPOHHOTO MHUKpockomna. [IpuBeneHbl TeMmrepaTypHble 3aBUCUMOCTH IMPOBOJAMMOCTU
HaHOIIOPOILIKOBOTO KPEMHHUSI ¢ y4ETOM JaBJICHHsI Ha TIOPOLIOK U €r0 BOJBT-aMIIEPHBIE XapaKTEPUCTHKH.
Kniouesvie cnosa: HaHOKpUCTANTNYECKUN KPEMHUHN, IJIA3MOXUMHUUECKUN METO, HAHOYACTHUIIBI.

PACS: 71.20.Nr, 71.80.Cw, 73.63.Bd

BBEJIEHUE

Hcnonb3oBaHne NOPOLIKOBBIX TEXHOJIIOTHI B COBPEMEHHOM MUKPO- U HAHOIJIEKTPOHUKE
MMEET Psi MPEUMYILIECTB, TO3BOJIFOLIMX IPH OTHOCUTENIBLHO JICIIEBON TEXHOIOTUH HOYYNTh
MIPAKTHYECKH OECKOHEYHOE KOIMYECTBO HAHOOOBEKTOB [1]. XOTs, CIpaBemIMBOCTH PajH,
HY>KHO 3aMETHTh, YTO MOKA HET YETKUX METOIUK UX CENapUpOBaHuUs U JIOKanu3auu. pyrum
NPEUMYILECTBOM IIOYYCHUS] HAaHOCTPYKTYPUPOBAaHHBIX MAaTpul] IOJYHPOBOAHHKOBBIX
MaTepuaoB SIBIACTCS] BO3MOKHOCTh 00beIMHEHNS (PU3MIECKUX CBOWCTB MOHOKPHCTAIUIOB C
THOKOCTBIO W IINUPOTOH CBOMCTB TIONUKPUCTAIUIOB W amopdHBIX MarepuanoB [2]. B
JIOTIONTHEHHE K 3TOMY, KOMOWHHMPOBaHHME C YIJIEPOJHBIMH HAHOOOBEKTAMH OTKPHIBACT
BO3MOYKHOCTh CO3/IaHHSl YHHUKAJIBHBIX NPUOOPOB, HAPUMEp, CETKU B3aUMOIPOHUKAFOIINX
JIOHOPHBIX U aKIIENTOPHBIX OPraHMYECKUX MaTeprualioB — 00beMHOT0 TeTeporiepexona [3, 4].

K Tomy ke, KpeMHHEBbIE HAHOpa3MEepHBIE CTPYKTYPBI 3 MOCIIETHHAE ECATUIICTUS TAKKE
caciiaji 3HAYUTEIBHLIN IIar B IIPOMBIIIJICHHOM pPa3BUTHUU. I[BYMepHBIe TOHKOIIVICHOYHBIC
COJTHEYHBIE AJIEMEHTHI TPH IUIOMAAAX 0ojee OJHOrO KBaJIpaTHOro Mmerpa [5, 6], cBoiicTBa
KOTOpBIX MOXHO MOZ[I/I(I)I/IHI/IPOBaTB TpaaAuIIMOHHBIMHA (1)I/I3I/I‘IGCKI/IMI/I TEXHOJIOI'USAIMHU
MHKPOIJIEKTPOHUKH [ 7], CYIIECTBEHHO PACILUPSIIOT BO3MOKHOCTH KPEMHHEBBIX CTPYKTYP Kak
NEPCHEKTUBHBIX JIEMEHTOB IEKTPOHUKH CJIEIYIOIIEro MOKoJIeH s [8].

OnHako KpeMHHEBasi HHTErpajIbHAsl TEXHOJIOTHS 3HAYUTENIBHO YCTYNAET YIIepOIHOM 110
HAJIMYMIO HAHOCTPYKTYPHBIX OOBEKTOB M, YTO CaMOE€ Ba)KHOE, 10 HX CEOECTOMMOCTH.
ITosTomMy 1enbio Hameld padoThl SIBISUICS aHAINW3 KPEMHHUEBBIX CTPYKTYD, MOJTYYEHHBIX IO
YIIIEPOAHOI HOPOIIKOBOM TEXHOJIOTHH.
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1. METO/JbI IOJYYEHUA U ®POPMUPOBAHUE HAHOIIOPOIIKOB

Hanokpucramnmdecknii KpeMHHH, WMes IIMPUHY 3alpemeHHond 30HBI 1,12 3B, B
taugeme c¢ £-Si (1,1-1,3 3B) m «-Si:H (1,5-2,0 3B) [5, 9] mo3BomsieT co3maBath
MHOTO(a3HbIE ITUPOKOIONIOCHBIE KBAaHTOBHIE NPUEMHHUKH, B KOTOPBIX HAHOKPEMHHI
noryomaer cBoi aumamazoH [10]. OmHako BeIIIENpPUBEAEHHBIE TPHUMEPH HCIOIB3YIOT
CTaHJAPTHYIO TUIEHOYHYIO TEXHOJIOTHIO MOJyYSHHsI aKTUBHBIX CIIOEB, KOTOPask MO3BOJISIET
¢opmupoBats aBymepHble Matpuiel [11]. IlomydeHwe OTHENbHBIX HaHOYACTHII
SMUTAKCHAIBHBIM, XHAKO(PA3HBIM W APYTUMH METOJaMU OCAXACHHSA IUIEHOK HE JaeT
BO3MOXHOCTb OTJIENIbHOTO (hopMHUpoBaHusl HaHodacTul. [logoOHOrO MOXXKHO IOOUTHCH,
WCTIOJIB3Ys IOPOIITKOBBIE METOIUKH, XOPOIIIO YXKe anpoOrupoBaHHbIe I GyiuiepeHoB. U3
paccMaTpUBaeMbIX HaMU METOAMK MbI OOpaTHJIM BHUMaHHE Ha METOA XKUIKOW XUMHH,
JUCCOLMAIMIO CUIIaHa, TUIa3MOXUMHUYECKUN CHHTE3, IPEUMYIIECTBOM KOTOPBIX SBISIETCS
YIPOIIEHNE TEXHOJIOTHH 33 CYET OTCYTCTBUS BAKYYMHBIX TPeOOBaHUI.

Hcnonb3oBaHue MeTo/a KUIKOH XUMHUH C TOUYKU 3pEHHS OTCYTCTBHS Bakyyma, 1a W
B0OOIEe O00BEMHONM Ta30BOW cpenabl, Hambosiee mpuemiemo. [Ipu Takoi TeXHOIOTHH
MUKPOKPUCTATNIMYECKUNA MOPOUIOK, HAIPUMEDP, KPEMHUM, TPABUTCSI CMECHIO IJIaBUKOBOM
Y a30THOU KUCIOT. [IpoTpaBieH bl MOPOIIOK cOOMpaeTCsl B BHJIE TICHBI U BBICYILIUBACTCS
Ha BO3/yXe IIpHU KOMHaTHOH Temneparype [12].

Hpyras, HanOonee O1u3Kasi K CYIIECTBYIOIINM UHTETPAILHBIM METOAAM TEXHOJOTHS
MOJYYEHUsS] CTPYKTYP B TPOMBIIUICHHOCTH, OCHOBaHAa Ha HWCIOJB30BAaHUH CHIAHOBOTO
Metona. Jucconuanus Mojekya cuiana (SiH4) ocyriecTBiasieTcsl OCPEICTBOM Harpesa
CTpYH Ta3a B W3IyYEeHUH MOIIHOTO HEMPEepPhIBHOIO YTIEKUCIOTHOTO nasepa [13].
[Mopomku GOpMHUPYIOTCSI B MPOTOYHOM Ta30AMHAMHYECKOM PEAaKTOpEe MpPU BIyCKaHWUU
BHYTPb HETO CHJaHAa W aproHa, IOCIEAHMWH BBIMOJHIET pONb OydepHOro rasa.
Mopudurkanus 3TOro Merona MO3BOJSET WCIOIB30BaTh TAlIOTEHUABI KPEMHHUS BMECTO
B3phIBOOMacHOro cwiada [11, 14], 49ro 3HAYUTENBHO YIPOIIAET MPOMBIIUICHHOES
MPOMU3BOJICTBO JICIEBBIX HAHOCTPYKTYP.

MeTon MmIa3MOXMMHYECKOTO CHHTE3a HaMH paccMOTpeH Ooiee MOapoOHO
BCJIEJICTBHE TOTO, YTO 3Ta METOJMKA XOPOIIO OTpadOTaHa JyIs MOMyYeHUs (yIIePEHOBBIX
MOJIU(UKALNH, a TAaKKe JTaeT BO3MOXKHOCTh CO3/[aHUs KaK YACTOTO HAHOKPEMHUS B BUJIC
MOPOIIIKA, TaK W KOMITO3UTHBIX MaTEepHAIIOB Ha OCHOBE (yJUIEPEHOB, HAHOKPEMHHUS H
dyuepeHcoepKalMX MaTepuajioB. B KauecTBE MCXOJHOrO JJIeMEHTa ObUT B3SIT
MOHOKPUCTAJUTMYECKUI KPEMHUH, KOTOPBIA TMEpBOHAYANbHO ObUI HM3MENbU€H B
MUKPOKPUCTAINIMYECKUNA MOPOIIOK [15].

MHUKpPO- ¥ MaKpOYacTHIbI, CPETHUIA pa3Mep KOTOPBIX COCTABIISET JIECSITKH MUKPOH,
MOIAIOTCS B IJIa3My, Te OHH HcHapsroTcs mpu temmeparype 8000-12000 °C [1, 16]. Ilpu
BBIXOJ/I€ W3 TUIa3Mbl aTOMBI MCXOIHOTO MaTepHualla TOJBEpraroTcs ObICTpOW 3aKallke Ha
BCTPEYHBIX Ta30BBIX MOTOKax. CenmapupoBaHWE HAHOYACTHI] BHE pabouell Kamepbl
BO3MOJKHO TIOCPEJICTBOM a3pPOCETIEKIINH M UCTIONh30BAHUS KPYITHBIX M MENKUX (PHIBTPOB.
[locmeparM 3TamoM MPOW3BOJICTBA HAHOIOPOIIKOB SBIISIETCS 3arpy3ka KOHTEHHEPOB

(puc. 1).
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Puc. 1. CxeMa yCTaHOBKHM IJIa3MOXUMHYECKOTO CHUHTE3a HAHOCTPYKTYPUPOBAHHBIX
MIOPOIIKOB.

B Hamem 53KcriepuMEHTEe KOHEYHBIM pe3yJIbTaTOM IUIa3MOXMMHYECKOH peaKIiu
SBIIAETCSA KaK Ha0Op Makpo- M MHKPOYACTHI], HMMEIOIIMX HENpaBWIbHYIO (opMy
(Puc. 2, a), Tak 1 KosloHuatkle (TpyOuaTsie) CTpykTypsl (Puc. 2, b).

Puc. 2. MakpodacTtuipl (a) U KOJOHYATBIE CTPYKTYpHI (b) HaHOKPHUCTAIITUYIECKOTO
HOPOIIIKA.

st onpeneneHust CTPYKTYphI MIOPOLIKa ObUIN PacCMOTPEHBI pa3IniHbIe (parMeHTsl
MOJYYEHHOI'0 MaTepHhaja C HCIHOJIb30BAHMEM METOAOB OJJIEKTPOHHON MMKPOCKOIHMU
(Puc. 2) mpu mocienoBatensHOM yBennueHun Maciutaba (Puc. 3). JluHeiinslii paszmep
HaHOYACTHIL CTPYKTYP, NOTY4aeMbIX TaKOH TEXHOJIOTMEH, HAaXOAUTCS B IpeAeiax oT § 10
200 manometpos (Puc. 3, a) nmpu cpexneM pasmepe ocHOBHOro uucia gactui] 20-40 HM.
Hanuuue xpucrauinyeckoi (a3bl B HUX MOATBEPKIAIOT AjekTpoHorpammel (Puc. 3, b).
Takast yacTuma ob1aaeT pa3BUTON IIIONIA/IBIO TIOBEPXHOCTH, KOTOPask MOKET JOCTUTATH
600-700 M? 17151 OJTHOTO rpamMma BEIIEeCTBa.
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Puc. 3. Crpykrypa MakpoyacTHLl HAaHOKPHUCTAJJIMUYECKOTO KPEMHHUS: a) 3JIEMEHTHI
YBEJIMYEHBl /0 HAaHOMETPOBOTO paspeuleHus:: b) 3JIeKTpoHOrpaMMa HCCIeILyeMOro
MaTepuraia.

B03MOXHOCTh UCITOJIB30BAHUS MMOJYUYEHHBIX MAaTEPUATIOB B KQUECTBE aKTHUBHBIX CPEJl
ANIEKTPOHHBIX TPUOOPOB OBUTA TIPOBEPEHA TIPHU HCCICNOBAHWHM TeMIIEpaTypHOR
3aBUCHMOCTH TPOBOJMMOCTH W BOJIBT-aMIIEPHBIX XapaKTEepPHUCTUK. B kauecTBe 00pasmoB
UCIOJB30BAIUCh  METAUI-NOAYNPOBOAHUK-MeTaT  (MIIM)  cTpyKTyphl, KOTOpBIC
(hOpMHUPOBAIKCH TTOCPEACTBOM MPHIIOKEHHOTO JIaBJICHUS.

Puc. 4. YcraHoBka A CHATHS TEMIEPATYypHBIX 3aBUCUMOCTEN MPOBOJUMOCTH H
BAX NOpOIIKOBBIX  HAHOMOJYNPOBOIHUKOBBIX  MarepuanoB (a). 3aBUCHUMOCTb
ANIEKTPOIPOBOAHOCTH OT TEMIIEPaTyphl Ipu pazHoM aaieHuu (P> P>> P3, b).

I[J'IH I/ICCJ'ICZ[OBaHI/Iﬁ BJIMSAHUA HABJICHHUA Ha JJICKTPUYCCKUC IMApaMCTPbl MaTCpuUaia

Obula M3rOTOBJICHA YCTaHOBKA, KOTOpas cOCTOsUIa U3 CTEKISIHHOIO KOHTelHepa,
KOHTakTHOW rpynmbl U 3axuma (Puc. 4, a). Hanomartepuan momerrancss B TpyOKy H
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3KUMAJICS C JIBYX CTOPOH KOHTaKTaMH, KOTOPBIE MOTJIH MEPEMEIIAThCs BIOJIb CTEHOK
KOHTeHepa, TUIOTHO COTIPUKACAIUCH C HUMU, HE AaBast MOPOIIKY POCOYUTHCS.

TemnepaTtypHast 3aBUCHMOCTH TPOBOAMMOCTH TOJIYIIPOBOJHUKOBOTO HAHOKPEMHUS
MoKa3ana akTUBaMOHHBINA xapakrep (Puc. 4, b u Puc. 5, a), nmpupona koroporo ckopee
BCEro OOyCJIOBJieHAa HAJMYUEM TMPBDKKOBOW MPOBOIMMOCTA TIO JAe(eKTaM TpaHUI]
HAaHOKPHUCTAJIOB. Y BeIMUCHUE TOKA MpH Oonbmux gaBineHmsx (Puc. 4, b, Py> P,> P3;> Py)
MOATBEPKIAACT JaHHOE TmpeAmnofiokenue. OJHAKO HENb3s HE  YYUTHIBATH U
aKTUBAIlMOHHBIM TMPOIECC YBEIMYCHHUS KOHIICHTpAIlMH CBOOOJHBIX HOCUTENEH B
MOJIYIIPOBOJHUKOBOM 4YacTH, KOTOPBIM CXOX, IO HAalleMy MHEHHI0, ¢ aKTHBALlMOHHOMN
MPUPOJION TUICHOYHBIX CTPYKTYP, TOJYYCHHBIX MArHeTPOHHBIM pacmbuicHueM [17], Tme
SIBHOE HAJIUYKE 3€PEH OTCYTCTBYET.

BonbsT-amnepnrsie xapaktepuctuku (BAX) mokaszany JIMHEHWHOCTh CBOMCTB JTaHHBIX
MaTepuanoB. 3aMephl 3aBHCHMOCTEH TPOBOIIIMCH Ha H3MEPUTENE XapaKTePUCTHK
MOJTYTIPOBOJHUKOBBIX MPHOOPOB — XapakTtepuorpade JI2-56 B pexxuMax orpaHUUCHUS
TOKa WiIn HanpsbkeHna. Kak w B cioydae BBIIENPHBEICHHBIX TEMIIEPATYPHBIX
3aBUcHUMOCTe, BAX CTpyKTyp MeTauI-MOIyIPOBOJAHAK-METAIT MOKA3ald CXOXee
MOBEJICHWE  aHAIOTMYHO IUwieHouyHbIM MIIM  ofpasuam  a-Si:H, momydeHHBIM
MarHeTpOHHBIM MeTOoI0M [18].

Puc. 5. (a) OuHeprum akTUBallMM TPOBOJUMOCTH, IIOJyUYE€HHBIE TEeMIIEpaTyPHBIM
METO0M, B 3aBUCHMOCTH OT MpHIOXKEHHOro nasieHus; (b) Bosnpramnepnsie
XapaKTepUCTUKH 00pa3lla HAaHOMOPOIIKOBOTO KPEMHHS B 3aBHCHMOCTH OT JaBJICHHUA,
MpUKIagpIBaeMoro Kk konraktam: P, = 28,7 MPa, P, = 17,8 MPa, P; = 9,3 MPa, P4 — ne
NPUKJIAIbIBATIOCh.

3AKIIOYEHHUE

Takum o0pazoM, NpPOBeAEHHBIE HAMH HCCICIOBAHUS IOKAa3aIlM BO3MOKHOCTh
CO3MaHMSA HAHOCTPYKTYPHUPOBAHHOTO KPEMHHS, IIOIy4aeMOTO IUIa3MOXHUMHYECKUM
METOAO0M. AKTHBAIIMOHHBIN XapakTep NpOBOAMMOCTH, Jiexauuil B npenenax 0,05 — 0,15
9B cBUAETENBCTBYET O HATMYNK KaK MUHUMYM JIBYX MEXaHU3MOB. 3aBUCUMOCTH DHEPTUHU
aKTHUBAIllMU ¥ BOJBTAMIIEPHBIX XapPaKTEPUCTHK OT IMPHUIOKEHHOTO JABJIICHUS CBSA3aHBI C
YBEJIMYEHHEM BEPOATHOCTA TMPBDKKOB HOCUTENEH Ha TpaHWUIAX HAHOYACTHIl U
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CBHUJICTENLCTBYIOT O MPBDKKOBOW MPOBOAWMOCTH. A HalW4Me KPUCTAJUIM4ecKon (asbl B
Marepuaige oOyCIaBIMBacT TEMIEPATypHYIO T€HEPAlMi0 CBOOOMHBIX HOCHTEICH,
YBEIMYHBAIOIINX ITPOBOIUMOCTb.

B wmenom, mpu W3MEpeHHMH TeMIEpaTYPHBIX 3aBUCHMOCTEH mpoBoanMocTd u BAX
MTOPOIIIKOBOTO MaTrepHania HEOOXOTUMO OTMETHTHh OOJBINONW pa3dpoc TIapaMmeTpoB,
OOBSACHSIEMBIN BBICOKOW IMOPUCTOCTHIO 00pasmoB. Ilocnemanee oOyciaBIMBaeT CHIBHYIO
a0CcOpOLMOHHOCTh, KOTOpasi M AaeT BBICOKYIO YYBCTBHTEIBHOCTH K HEKOHTPOJIHPYEMBIM
BHEIIHUM (haKTOpam.

Cnucok auTeparypsl

1. Cropoxenko II. A. Hanomopomku — TtexHomorus ceroansimaero ausi / II. A. Cropoxenko //
Poccuiickue nHanorexHoaoruu. — 2009. — T. 4, Ne 1-2. — C. 10-15.

2. Optimization and simplification of polymer-fullerene solar cells through polymer and active layer
design / P. P. Khlyabich, B. Burkhart, A. E. Rudenko, B. C. Thompson // Polymer. — 2013. — Vol. 54. —
P. 5267-5298.

3. Onrtrveckasi CIIEKTPOCKOIUSI KOMIIO3UTHBIX TOHKUX MIeHOK Ce0:CdS / 1. B. 3axaposa, B. M. 3uMuHOB,
A. B. Hamekus [u gp.] // ®TII. —2008. - T. 37, Bpm. 1. — C. 107-111.

4. Carbon nanotube transparent conductive layers for solar cells applications / M. Sibinski,
M. Jakubowska, K. Znajdek [et al.] / Optica Applicata. —2011. — Vol. XLI, No 2. — P. 375-381.

5. Ouenka 3¢dexTuBHOCTH MpeoOpa3oBaHUs TOHKOIUICHOYHBIX OIJHONEPEXOAHBIX a-Si:H u TtaHmema pc-
Si:H + a-Si:H cosHeYHBIX 3JIEMEHTOB U3 aHAHM3a SKCIEPHUMEHTAIbHBIX TEMHOBBIX H HArpy304HBIX [—V-
xapakTepucTuk / A. A. Augpees, B. M. Aunpees, B. C. Kanunosckuii [u ap.] // @TII. — 2012. — T. 46,
Bol. 7. — C. 952-959.

6.  HccrnemoBaHue CBOWCTB COJHEYHBIX OJJIEMEHTOB Ha OCHOBe a-Si:H-p-i-n-cTpykTyp ¢ momonipio
cnekrpockonuu mosHoN mpooaumoctn / A.C. I'ymosckux A.C.A6pamoB, A.B.boOwute [u ap.] //
OTII. —2013. - T. 47, Bemm. 8. — C. 1094-1101.

7.  Anisotropic crystallite size analysis of textured nanocrystalline silicon thin films probed by X-ray
diffraction / M. Morales, Y. Leconte, R. Rizk [et al.] // Thin Solid Films. — 2004. — P. 216-221.

8. Khalafalla M. A. H. Coherent states in a coupled quantum dot nanocrystalline silicon transistor /
M. A. H. Khalafalla, Z. A. K. Durrani, H. Mizuta // Applied Physics Letters. — 2004. — Vol. 85, No 12. —
P. 2262-2264.

9.  BumsHune ycnoBuii NONTy4YeHUs IUIEHOK HOJMMOP(HOTO KPEMHHUS Ha HX CTPYKTYPHBIE, JICKTPHIECKUE U
onrtuueckue cBoiictBa / M.B. XenkuH, A. B. EmenssnoB, A. I'. Kasauckuii [u np.] / ®TII. — 2013. —
T. 47, e 9. — C. 1283-1287.

10. Mazinov A. Quantum interactions of optical radiation with the defect centres in the tails of the forbidden
band of amorphous materials / A. Mazinov, A. Shevchenko, V. Bahov // Optica Applicata. — 2014. —
Vol. 44, No 2. — P. 327-335.

11. TlomyyeHue clOEB HAHOKPUCTAJUIMYECKOTO KPEMHHUS IUIA3MOXMMHYECKHMM OCaXKJCHHEM W3 Ta30BOH
(aser TetpadTopuna kpemuus / I1. I'. Cennukos, C. B. 'ony6es, B. . [lamkun [u ap.] / ®TIL —
2009. —T. 43, Beim. 7. — C. 1002-1006.

12. BuusiHMEe AMHAMHYECKOTO PeXHMa aJCcopOLMM Ha HMMIIEAaHC KOMIIO3HTHBIX CTPYKTYP C IOPHCTBIM
kpemuueM / A. 10. Kapnam, I'. B. Ky3nenos, C. B. JlurBunenko [u ap.] // ®TII. — 2010. — T. 44,
Bom. 10. — C. 1387-1393.

13.  Onruyeckue N SMEKTPUYECKHE CBOMCTBA TOHKHUX IIIACTUH, W3TOTOBIEHHBIX M3 HAHOKPHCTAJUTHYECKUX
noporkoB kpemaus / H. H. Kononos, I'. I1. Kysemun, A. H. Opnos [u ap.] // ®TIL. — 2005. — T. 39,
Bol. 7. — C. 868-873.

14. Tlateatr P® Ne 2415079, Croco® momydeHUs CTaOMIM3MPOBAHHBIX KIACTEPOB KpeMHHS /
JI. A. Acnanog, B. H. 3axapos, M. A. 3axapos, A. B. Suenko. —2011.

15. HaHOCTpyKTypHBIC MOPOIIKH HA OCHOBE MOPOIIKOBOU TexHosioruu / A. C. Masunos, A. U. llleBuenko,
B. M. Bockpecenckuii, A. U. Kyponatkus // 24-1 MexnyHnaponHas Kpeimckas koHpepernus «CBU-

112



HAHOCTPYKTYPUPOBAHHBIE ITIOJIYIIPOBOJHUKMU ...

TEXHHKA M TelleKoMMyHHKaiuonHbsle TexHonoruu (KpeitMuKo’2014)». Marepuansl koHbepeHIA. —
CeBactonoins. —2014. — C. 740-741.

16. bormanoB A. A. IlepcrieKTHUBBI Pa3BUTHsSI MPOMBIIUICHHBIX METOJOB MPOU3BOACTBA (YIIepeHOB /
A. A. bornanos, /1. Haiinunrep, I'. A. Troxes // XKT®. — 2000. — T. 70, Boim. 5. — C. 1-7.

17. BimsgHHE CTPYKTypHOH HEOZHOPOAHOCTH Ha IIPOBOAMMOCTH IOJIYIPOBOJHHUKOBEIX MAaTEpPHAIIOB /
B. A. baxos, A. C. Ma3unos, E. A. Hasnépkun, JI. /. [Tucapenko// Dnekrponuka u cBsizb — 2011. —
T. 4(63).— C. 11-14.

18.  HccrnemoBanue TEMHOBBIX XapaKTepHUCTUK (hOTOIIEKTPUIECKIX npeobpasoBareneit /
A. C. MazunoB, A. U. Llesuyenko, B. A. baxoB [u nap.] / COopHuk HayuHbIX TpyHaoB VI
MexayHapoaHoil HaydHOU KoH(pepeHIUH «DyHKUMOHANBHAs 0a3a HAHOINEKTPOHHUKM». — XapbKOB —
Kpemm. —2013. — C. 282-285.

MasinoB A.C. HaHocTpykTypoBaHi HANiBHPOBiIHMKH, OTPHMAHi IOPOIIKOBMM MeTOAOM /
A. C.Masinop, O.I. IlleBuenko, B.M. Bockpecencobkuii, B.C. TI'ypuenko, M.I. Kypomarkin,
€. 1. Tepykos, B. II. AdanacbeB // Bueni 3anmcku TaBpiiCHKOTO HaIliOHAJBHOTO YHIBEPCHTETY iMeEHi
B. I. Bepnancekoro. Cepis : ®izuko-matemMaTnyti Hayku. — 2014. — T. 27 (66), Ne 2. — C. 107-114.
IIpoananizoBaHO MNEPCHEKTHBH BHUKOPUCTAHHSA HAHOKPUCTANIYHOTO KPEMHII0 B COHAYHIA EHEpreTHI.
TIpeacrasneni Mikpodororpadii 3pa3kiB HaHOKPHUCTATIYHOTO KPEMHIIO, OTPHMaHi 3 BHKOPHCTaHHIM
€JIEKTPOHHOTO Mikpockomy. [lokazaHi TemmepaTypHi 3aJIe)KHOCTI MIPOBIAHOCTI HAHOMOPOIIKOBOTO KPEMHIIO 3
ypaxyBaHHSIM THCKYy Ha mopomok. ONHCaHO BOJBT-aMIIEpHI XapaKTepUCTHKU I HAHOKPHCTAIIYHOTO
KPEMHIIO.

Knrwwuoei cnosa: HaHOKPUCTATIYHUNA KPEMHIMN, MIa3MOXIMIYHUI METOJI, HAHOYACTKA.

Mazinov A.S. Nanostructured semiconductors obtained by the powder method / A.S.Mazinov,
A. 1. Shevchenko, V. M. Voskresensky, V. S. Gurchenko, A. V. Kuropatkin, E. L. Terukov,
V. P. Afanasyev // Scientific Notes of Taurida National V. I. Vernadsky University. — Series: Physics and
Mathematics Sciences. — 2014. — Vol. 27 (66), No 2. — P. 107-114.

The prospects for using nanocrystalline silicon in solar energy have been analysed. The method of
plasmochemical synthesis has been taken as the primary technique because it is well-developed for the
preparation of fullerene modifications and allows us to create pure powder nanosilicon, as well as composite
materials based on fullerenes and fullerene-containing materials. As the original element the monocrystalline
silicon has been taken, that was originally milled to the microcrystalline powder. After grinding micro- and
macroparticles, with the average size of tens of microns, have been placed in the plasma, where they have
been evaporated at the temperature of 8000-12000 °C. The final result has been obtained by plasma chemical
reaction as the set of macro- and micro-particles having irregular shapes (Fig. 2, a) and columnar (tubular)
structure (Fig. 2, b). The photomicrographs of nanocrystalline silicon samples, obtained using an electron
microscope, have been presented. The possibility of using of the materials as active layers of nonlinear
electronic devices has been tested on the current and temperature dependences. As the samples, the metal-
semiconductor-metal structures that were formed by the compression have been used. For the convenience in
measurements the installation has been made which has consisted the glass tube, contact group and clamping
(Fig. 4). The nanomaterial has been placed in a tube and clamped on both sides of contacts with the ability to
adjust the pressing force on the material (Fig. 4). The temperature dependence of the conductivity of silicon
nanopowder has been shown taking into account the pressure on the powder. The current-voltage
characteristics for nanocrystalline silicon have been described.
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B cratbe mpennoxkeHa MaTeMaTuueckas MOJENIb TPEXMEPHOIO KBAa3UCTAllMOHAPHOTO 3JIEKTPOMArHUTHOTO
OIS, BO3HHUKAIOIETO BOIM3M MOBEPXHOCTH MPOBOJSIIET0 0OBEKTa KOHTPOIIS P aHAIM3€ ero Ae(eKTHOCTH
METO/IOM BHXPETOKOBOW MarHMToomTH4eckod pedexrtockomuu. MccnemoBana Teopermueckas 3D-
3aBUCHMOCTh PAacrpe/ieleHHss MarHUTHOTO TOJI y TPaHHUIl o0pasla OT ero TOJIIUHEIL, pabodueil 4acTOTH U
(a3l perucTpanuy IMHAMHYECKOW JOMEHHOH CTPYKTYpbl MAarHMTOONTHYECKOTO CeHcopa. Pe3ynbTaThl
MPOBEIEHHOIO0 MarHUTOONTHYECKOrO 3KCIEPUMEHTa HaXOJATCA B XOpPOLIEM COOTBETCTBHU C MOJAEIBHBIMU
pacyéramu.

Knioueevie cnosa: BUXpeBBIE TOKH, CHCTEMa HHTErpo-IuddepeHnanbHbIX ypaBHEHNH, BUXPETOKOBBII
neeKTOCKOI.

PACS: 98.80. + k
BBEJEHUE

Marnuroontuyeckas (MO) BuxperokoBas (BT) nmedexrockomus —siBisiercs
OTHOCUTENIFHO  HOBBIM  METOJIOM  OmpefeNicHuss  JAe()EeKTHOCTH  METaTHUECKUX
KOHCTPYKLIMM M €€ BO3MOXXHOCTH H3y4YCHbl JajJeKO HE MOJHOCTbI0. OCHOBHBIM
npenmymectBoM MOBT nedekTockonmmu sIBISIETCS HEMOCPEACTBEHHAS BHU3yaTH3aIlis
JIe(QEeKTOB B PEeXKHME PEaTbHOTO BPEMEHH, Majble rabapuThl U OTHOCUTEIbHAS MPOCTOTA
M3TOTOBJICHUS! OCHOBHBIX JeTanel 1e(eKToCKomna.

IMpunmun paborst MO BHXpETOKOBOTO HMHTPOCKONIA OCHOBAaH Ha PpeaklHu
JUHAMHYECKON JoMeHHOW cTpykTypsl (JJIC) MarHMTOONTHYECKOTO CceHcopa Ha
pacnpeneneHle MarHUTHBIX TOJIEH, CO3/1aBaeMbIX BHUXPEBBIMH TOKaMH B HCCIIEIyEeMOM
oOpa3nie w3 mpoBojsmiero wmarepuana [1,2]. Bo3Oyxnenne BT ocymectBusercs
WHAYKTOPOM TNEPEMEHHOI0 MAarHUTHOTO Mouyd. Busyanmuzanus JOMEHHOM CTPYKTYpHI B
MarHUTOOIITHYECKOM CEHCOpPE OCYIIECTBIsieTCsl ¢ moMolnbio dddexta Dapanes. Hanname
nedekToB (TpelrH, MUKPOIIOp, BHEJAPEHUS BTOPOU ¢a3bl M JAp.) B 00BEKTE KOHTPOISL
NPUBOJIUT K U3MEHEHHIO TPAEKTOPUI BUXPEBBIX TOKOB U COOTBETCTBYIOILIEMY U3MEHEHUIO
KOHQHTYpallui IOPOXKJaeMbIX HWMH MarHuTHBIX molei. JDddexktuBHOoCTE MO
BU3yaJIH3aluu 1e(EeKTOB 3aBUCUT KaK OT BHJA IE(EKTOB, TaK U OT HMapamMeTpoB padOTHI
nedexrockona (tuma MO ceHcopa, aMIUIMTYABl M 4YacTOTHl TEPEMEHHOTO TOKa
WHAYKTOpa, MOMeHTa BpemeHH peructpanuu JJIC, BeTUYMHBI MOAMArHMYUBAIOLIETO
noJisi). YacTHUHO HKCHEPUMEHTAIbHBI TOUCK ONTHUMAJIbHBIX YCIOBHH PETHCTPaLUU
MOBT na npumepe neeKToB B BUJI€ THHEWHBIX IIeiel mpoBoauics B [3].
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[IpencraBnsier uHTEpeC pacyeT TOMOJOTUU CO3/aBAEMOTO BHUXPEBBIMH TOKAMHU
MarHATHOTO TIOJISL TIPY €T0 pacCcestHNA Ha JedeKTax pPasInIHOTO Pojaa U MOAEITUPOBaHHE
BpEMEHHO# 3aBHCHMOCTH pactpeneneHus BT, kotopas sSBiaseTcs pemammuM GakTopoM
npu peructparmu JJIC crpobockonumyeckum MetonoM. [IpocTefimuM BHIOM TakKoro
nedekTa SBISETCS TpaHuIla IIOCKOTo o0pasiia.

Uenpto  mHacrosimedt  paboOTBI  SBISIETCS  TPOBENEHHE  MaTEeMaTHYECKOTO
MOJICJIMPOBAHMST MarHUTHBIX TIOJICH, CO3J]aBaCMbIX BUXPEBBIMU TOKaMHU B 00bEMax U Ha
TPaHUIAX  TECTOBBIX  OOBEKTOB, W  CpaBHEHHE MOJCIU C  pe3yabTaTaMu
MarHATOOINTHYIECKOTO SKCIIEPUMEHTA.

1.IOCTAHOBKA 3AJIAYA #U BbIBOP METOJA TEOPETUYECKHX
HCCJEJOBAHUM

PaccMoTpuM  3NIEKTPOMArHMTHYIO CHUCTEMY, KOTOpas COCTOMT HW3 HMHIYKTOpa
MEpEMEHHOT0 TOKa [ © TpOBOJsIEro HedeppoOMarHUTHOro Tena B Qopme
napamienenunena (twractuasl) 2 (Puc. 1).

(a) (6)

Puc. 1. DnekTpoMarHuTHas CUCTEMa: a — OCEBOE CEUCHHE; O — BUJ] «CBEPXY».

CepieyHNK WHAYKTOpPA M3TOTOBJIEH M3 CTEKIOTeKcToNrTa. OOMOTKA BEITIONHEHA W3
MEIHOTO MpoBoja cedeHueM 1,5 Mmm u comepkut 41 BuTok. IlepeMeHHBIN TOK B 0OMOTKE
HMHJYKTOpa MEHIETCS BO BPEMEHH IO 33JIaHHOMY, B OOIIIEM CiTydae HECHHYCOUATHHOMY,
3aKOHY. Martepruan TIUIACTUHBI CYUTACTCS OJHOPOJHBIM C W3BECTHOM yAENbHOMN
3NIEKTpUYEecKol mpoBoaumocThio Y. Ha Puc. 1 ykazaHsl reomerpuueckue pasmepsl

MHIYKTOpAa U OCU CHUCTEMBI KOOPAMHAT, OTHOCHUTEIBHO KOTOPOH 3aIAaETCs IIOJOXKEHUE
3JIEKTPOMAarHUTHOM cucTeMbl. Pa3mepsl 1utacTuHbl Ha Puc. 1 He yka3aHbl, MOCKOJBKY
pacuyéT W OSKCIEPUMEHTANBHBIE HWCCIECAOBAHUSA TPOBOAMINCH I IUIACTHH Pa3HBIX
pasMepoB. Bo3aymiHbIil 3a30p MEX Ty HHIYKTOPOM U IUIacTUHOM cocTaBiseT 0,1 mm.

[Ton nmeficTBHEM MEpPEeMEHHOTO MOJisi B 00bEME IIACTHHBI WHAYIHPYIOTCS BUXPEBBIE
TOKH. JJI1 MaTeMaTHYECKOrO ONUCAaHUs PACIPENEIECHUS 3TUX TOKOB U CO3aBa€MOr0 HMHU
NoJIst 3a7auy NpUXoauTcs GOpMYJIMpoBaTh B TPEXMEPHOH moctaHoBKe. Perienne ganHon
3aJ]auil aHAIUTHYECKH, 03 BBEJCHHS JOMOJIHUTENBHBIX YIPOIICHUH, HEBO3MOXKHO. B TO
K€ BpeMs CYLIECTBYET JOCTaTOYHO OOJbLIOE MHOrooOpasue YMCIEHHBIX METOJIOB,
MO3BOJISIIOIIMX OCYHIECTBHTh AHAJIN3 paccMaTpuBaeMmoro mnpouecca. Hmxke npusenén
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KpaTkuii 0030p Hay4dHBIX HCCIEIOBaHUM B 00JAaCTH BUXPETOKOBOH Ae(EKTOCKONUH, B
KOTOPBIX ISl MOJAETUPOBAHMS  KBa3WCTAIIMOHAPHOTO  OJIEKTPOMATHUTHOTO  TIOJS
MPUMEHSIINCHh pa3jiNdHbIe YHCIEHHBbIE MeToabl. JlaHa cpaBHUTENbHAs OLEHKA JTHX
METO/IOB.

B [4] mnsa pacuéra moJs paccemBaHUS, CO31aBacMOI0 CBAPHBIM IIBOM B CTabHOU
TpyOe, MPUMEHEH METOJl KOHEYHBIX AJIEMEHTOB, MPAKTHUECKas pearu3aIusi KOTOPOTo
OCYIIIECTBJICHA B KoMMepueckoMm mporpaMmmHoM makere ANSYS. CyiecTBeHHbIM
HEIOCTATKOM JTAHHOTO METOJa ABJSETCS HEOOXOIUMOCTh OCTPOCHUS JUCKPETHOW CETKU
BO Bcell pacu€THON o00nacTH, BKIIOYAs OKPY)KAMOIMIEE 3JIEKTPOMATHUTHYIO CHCTEMY
MPOCTPAHCTBO (BOOOIIE TOBOPS, HEOTPAaHWYECHHOE) M BO3AYIIHBIE 3a30pbl, KOTOpPHIE B
3ajayax JAe(EKTOCKONUU 4YacTO COCTAaBISIOT HECKOJIbKO MHKpOH. Ilpu mombITKe
MOCTPOCHUSI CETKA B TaKMX OOJIACTSAX BO3HHKAET MOTPEOHOCTH B BEChMa 3HAYUTEIHHBIX
00Bpémax (Gu3MUecKol mamsaTH KommbioTepa. C IeNbi0 YCOBEPIIEHCTBOBAHHUS METOIa
KOHEYHBIX JJIEMEHTOB OBUI pa3paboTaH KOMOWHUPOBAHHBIA METOJ KOHEYHBIX U
TPaHUYHBIX AJIEMEHTOB [5], OTHAKO OH XapaKTEePHU3YyeTCs YCIOKHEHHOW MaTeMaTHIEeCKON
MOJIEJIBI0, 3aTPYAHSIONIEH ero MPaKTHIEeCKYI0 peann3alnio. B cBs3u ¢ 3THM psii aBTOPOB
[6,7] oTmaroT mpeamoYTEeHHE METONY WHTETPAbHBIX YpaBHEHMH, KOTOPBIH JHIIEH
HEAOCTATKOB BBIIIC OIIMCAHHbIX METOA0B.

B cooTBeTCTBMHM C W3IIOKEHHBIM, B HACTOAIIEH CTaThe M MOZICITHPOBAHUS
QJICKTPOMAruuTHOI'O IMOJIA O6’I)CKTOB KOHTPOJIA 6YILCT HCIIOJIb30BaH MCTOJ MHTCIPAIbHBIX
YpaBHEHUH.

2. BBIBOJI CUCTEMbI UHTETPO-IU®PEPEHIIMAJIBHBIX YPABHEHUM IS
INIOTHOCTHU BUXPEBBIX TOKOB U DJIEKTPUYECKHUX 3APAI0OB

3amuieM 3aKOH IMOJIHOTO TOKa B Aud¢epeHnHansHol GopMe U BBIpa3HM BEKTOP
HANPSOKEHHOCTH JIEKTPHIECKOro Moyt £ depes 31eKTpoAnHaMHIeCKHe TTOTeHIHAbl A
HQ:

0A(M, 1)

S(M,t):yE(M,t):—y —ygrad(p(M,t), (1)

rac 0 — MICHOBEHHOE 3HAUEHHE BCKTOpa MJIOTHOCTU BUXPEBBIX TOKOB B TOYKE M (X, v, Z)

o0Bvéma V' mpoBOTHUKA.

BekTopubiii  moteHuman A TpeNCcTaBisSET COOOM CYIEPNO3MIMI0 BEKTOPHOIO
MOTCHIAIA TIEPBUYHBIX TOKOB ;10 U BEKTOPHOIO IOTEHIHaNa, CO34aBAaEMOro
BUXPCBBIMU TOKAMM:

E(M,t)zﬁo(M,t)JrZ—ofMdVN . 2)
Ty Tun
[Moacrassist (2) B (1), moydnm clieayromiee ypaBHEHHE:
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S (M) uovIGS(Nf) dVy

ot "N

S(M,t):— —ygrad(p(M,t). (3)
JIts OTBICKaHHsl CKAISIPHOTO JJIEKTPUYECKOTO MOTCHIMAA (p(M , t) HE0OXO0IMMO

COCTaBUTDH U PCIIUTH KPacBYlO 3aJa4dy, T'PaHUYHBIC YCJIOBUA JIA KOTOpOﬁ BBITCKAIOT M3
TpC6OBaHI/Iﬂ PaBCHCTBA HYJIIO HOpMaﬂLHOP'I KOMITIOHCHTBI BEKTOpa IMJIIOTHOCTH BUXPEBBIX

TOKOB: O, (Q,t) =0 (QeS; S —nosepxHocts mpoBoaHUKa). Mcmombdys (1),

HoJTydaeM:
op(Q.1)  0A(Qut)
g a @ @
Takum 00pazom, UMeeM:

A(p(M,t)=O, MeV,

op(0,t)  04(0.1) .. (5)
=— S.
ong o e OF

Pemenune kpaeBod 3amaum (5) uWIIEeM B BHIE MOTEHIHAJIa IPOCTOTO CIIOS
3NIEKTPUIECKUX 3aPsiI0B:

(p(M,!)z

1 goP s, pes.
ane, 5 hyp (6)

Bocnone3yemcs npeaenbHbIMA CBOMCTBAMU HOPMAJIbHOM NPOU3BOAHON MOTEHIMAIIA
IIPOCTOTO CJIOSA

op(0.1) _ o(Q1) 1 o(P, f)wds
8nQ 2¢g, 4“% s !

'ro (7

Torma, noacrasnsist (7) B (4), momydyuM HHTETpo-AuddepeHIInaNbHOe YpaBHEHHE,
CBSI3BIBAOIIIEE TDIOTHOCTH AIIEKTPHUYECKOTO 3apsi/ia U BUXPEBBIX TOKOB!

5(0.1)- <f>0'(P :)( PQ}:Q )dS

"0 v, -2, aa (4o (.1),7ig ). (®)

__Mg& O J'S(N )7
2 Oty oy

Ucxons u3 (6) momydnm BBIpaKEeHHE IJIST —Y gmd(p(M ,t) , BXOZALIEE B ypaBHEHHUE

3):
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Y Jo(P.r) M ds,

—ygrado(M,t)
TEEO s Yoy

YuuteBas mocieHee  BbIpakeHWe, u3 (3) BTOpoe TOIYYUM  HHTETPO-
muddhepeHInanbHOE YpaBHEHHUE, TOTIONHSIOIIEE YPaBHEHUE (&) 110 MOJTHOW CUCTEMBI:

S(M.0)+ MdyJ68(Aft)dV’

v

=L fo(p) B as, — P00,
4ng, s Ypm ot )
OTMeTuM, 4TO MOJIyYeHHAs 3[€Ch CUCTEMa UHTETrpo-auddepeHnaIbHbIX YPaBHEHUH
corjacyercs C pe3yiJbTaTaMH TEOPETUYECKUX HCCIENOBaHUM, MpOBEAEHHBIX B [8] mis
HETOABWXHBIX (EPPOMAarHETUKOB, B TIOJNE€ KOTOPBIX JBWXKETCS HepeppoOMarHUTHBIN
MIPOBOIHUK, HAXOAIIUICS B XKUAKOU (aze.

3. PACYET MATHUTHOT' O I10JII U METO/I PEIIEHUSI CUCTEMBI (8,9)

MarnuTHOoEe MOJIe, CO3AABAEMOE MCCIECAYEMOU 3JIEKTPOMATHUTHOM CHUCTEMOH U
neiictByromee Ha MO ceHCOp, MOXET OBITh HAlIEHO KaK CYTEPIIO3WIHUs TOJIeH TOKa
HHAYKTOpPA U BUXPEBBIX TOKOB IIJIACTHUHBI:

1 [B(N.) Ry

H(M,t)= fl(Alt)+Z— ——————————JdV&. (10)

Ty rMN

JIns BeIYUCIIEHUS Ho (M N ), Bxoiiei B (10), u 20 (M N ), Bxozsmiero B (8,9),

MOYKHO BOCIIONIB30BATHCSl HM3BECTHBIMU pE3yJIbTaTaMH JUIsl TIOJII KOJIbLIA C TOKOM,
Hanpumep u3 [9].

B neiictByromem MakeTe 1e(EKTOCKONa TOK HHIYKTOPa U3MEHSETCS BO BPEMEHH IO
KycouHO-IInHeitHOMY 3akoHy (Puc. 2, a). [IpousBogHast oT 3ToH (yHKIIMH TpPEACTaBIsSET
€000l KyCOYHO-IIOCTOSIHHYI0 QyHKIMi0 — meannp (Puc. 2, 6, rpaduk, moctpoeHHBIN
CILIONITHOM JIMHUEH ).

B mpaBbIx 4acTsaX ypaBHEHHH cUCTEMBI (8,9) cTOAT BENMYMHBI, IPOIIOPIMOHAIbHbIE
MPOM3BOJHOM TOKAa MHIYKTOpa MO BPEMEHH, HMEIONICH pa3phbiBBI MIEPBOTO POJjia B TOYKAX
t=+T/4 (Puc.2, 6). Hanmume 5THX paspblBOB 3aTPYIHSET MPOLECC YUCIECHHOIO
pewenns cuctemsl (8,9). Bo uzdbexanne 3Toro uenecoodpasHo NPUMEHSATh HENIPEPHIBHYIO

anmnpoxkcuManuio Gpysxuuu di (t ) / dt:

161 i)' =n
t)= 1 1 — -, 11
g (1) TarcgU ; an
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rae O — IMOJOXKUTENbHOE YETHOE TIeNI0e YuCo; 7 — Mmepruoa KojaeOaHwmil TOKa; ImapaMmeTp

v =T/4 — cooTBeTCTBYET TOUKaM pa3pbiBa GyHKIMU di (Z) / dt . Yem BbIlIEe mapameTp oL

, TEM BBIIIC KPHUBHU3HA g(t) B COOTBETCTBYIOIIMX TOYKaX MW MCEHBLIIC IOI'PEIIHOCTH

armmpokcumarmm.  Tak, mpu o=1000 (ucmomp3yercss mamee B pacuérax)
CpeIHEeKBapaTU4HAs MOTPEITHOCTh ammpoKcumanuu cocrariser 2,5%. Ha Puc. 2 (0)

MIPHUBEICHBI TPUMEPH! QYHKIINNA & (t) TIPH Pa3IMYHBIX 3HAUEHIX TTapaMeTpa Ol .

(a) (6)
Puc. 2. 3aBucuMOCTh TOKa WHAYKTOpAa OT BpeMeHH (a) W amnmpoKCHMAIUs ero
NPOU3BOAHOM (0) GyHKIIUEH g(t) (11D).

Takum  oOpa3om, B pacuéraXx II€JIeCOOOpa3HO  TOJB30BAThCS  3aMEHOMU
04, (M ,t ) / ot = g(t )c_io (M ) (rme d, (M ) — BEKTOPHBIN MOTEHIUAN TIEPBUYHOIO TIOJIS
TIpH TOKE, paBHOM | A).

Cuctema ypaBHeHu# (8,9) pemasach METOIOM IOCIEIOBATENbHBIX NPUOIMKEHUN

Py KYCOYHO-ITOCTOSIHHON anmpoKCUMaluK (yHKLIUH 8(M N ) " G(Q,t). B xauectse

HAYQILHOTO  TPUOIMKEHHS NPUHUMATIOCh  CIIEAYIOIIEE: 3(©) =—y 5;10 / ot. Tlpu

BBIOPaHHOH aIlMpPOKCHUMALMHA UCKOMBIX (DYHKLIUH [MOBEPXHOCTHBIE WHTETPAIbI, BXOASIINE
B (8,9), 3aMeHsINCh HA MHTErpajbl MO 3JeMEHTaM pa30MeHUs] MOBEPXHOCTH IUIACTHHBEI,
npu 5ToM Touka () (UKCHpOBaach B [IEHTPE COOTBETCTBYOIIETO deMeHTa. OObEMHbIE

WHTETpasbl, BXoadmme B (8,9), 3aMEHIIMCh WHTETpallaMU IO JJIEMEHTaM pa3OUeHWs
00B€Ma TIacTuHBI, Touka M (QUKCHUpOBaNach B IIEHTPE COOTBETCTBYIOIIETO 3JIEMEHTA.
OTMeTUM, 4YTO MOBEPXHOCTHBIE MHTETPaJbl BBIUUCISUINCH KaK JBYKpaTHBIE 110
aHanmutuueckuM  popmynam. OOBEMHBIC  WHTErpajibl, COOTBETCTBEHHO,  — Kak
TPEXKpPATHBIE, OAUH U3 KOTOPBIX BBIUNCIIICA AaHAIUTHYECKH, OCTAIIbHBIE — YHACIIEHHO.
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ITeprox konmeGanmit 7 pasouBasicst Ha N, paBHBIX HHTEpBaIOB BpeMeHH. Jliis

YHCIeHHOTo Au(depeHInpoBaHus QyHKINU S(N R t) npumensiack popmyna Pynre [10].

4. TIPUMEPBI MOJEJIMPOBAHUA U AHAJIN3 ITIOJTYYEHHBIX PE3YJIbTATOB

Pacu€r npoBommics ass MBYX IUIACTHH, M3TOTOBICHHBIX U3 3JCKTPOTEXHUYECCKOH

. . 7 .

MeI¥ C YACTBHOU AIIEKTPHUYECKOi mpoBoauMocThio ¥ =5,8-10° Cm/M. Pazmepsl nepBoii
TUTACTUHBI BJIOJIb OCEM X, ) W Z COOTBETCTBEHHO cocTaBwiId 14 MM, 6 MM 1 0,05 mm.

Pasmepsl  BTOpOM  MIACTUHBI  OTJAMYAINCh  TOJIBKO  TOJIIMHOM,  KOTOpas
cocraBmia d = 0,3 MM. AMIDINTY/Ia TOKa HHAYKTOpa paBHa 1,5 A.

[Ipu ymciaeHHOM pemeHHH CUCTEeMBI (8,9) MOBEPXHOCTHh IJIACTUH pa3OuBajiach Ha
1840 mpAMOYTOIBHBIX JIIEMEHTOB, O0BEMBI TuIacTHH —Ha 7200 >7MEeMEHTOB B BHIE
napauienenunenos. Lllar pazouenns neproaa MeHsIcs B mHTEpBaie ot 0,5 MKC 10 2 MKC
B 3aBUCHMOCTH OT XapaKkTepa U3MEHEHHsI BUXPEBOTO TOKa BO BPEMEHH.

IInacmuna monwunoii 0,05 mm. IlpakTUyeckuil UHTEpEC  MIPEICTABISET
pacrpeneneHie HOpMaJIbHOH KOMIIOHEHTHI HaNpPsDKEHHOCTH MAarHUTHOTO IOJISL B 00JacTu
HaJ IUTACTHHOW B 3aBUCUMOCTH OT HadaibHOW (asel Toka. Ha Puc.3 mnpueneno
pacripeneneHue BIOIb OCH ) HOPMaJIbHBIX KOMIIOHEHT I10JI1 MHIYKTOPA, I0JI1 BUXPEBBIX

TOKOB W PE3YJIBTUPYIOIIETO OIS, KOTOPOE JEHCTBYeT Ha MarHUTOONITHYECKHUI CEHCOP, B
3aBUCHMOCTH OT ()a3bl TOKa HHAYKTOPA Ha IBYX pa3nu4Hbix yactoTax 20 u 60 xIm.

Kak BunHo u3 Puc. 3, mone, co3zgaBaeMoe 3JeKTpoMarHuTHod cucremoii MOBT
nedeKToCcKoIa, o0IagaeT BEIPaKEHHONH MPOCTPAHCTBEHHON HEOTHOPOIHOCTHIO, MPUIEM
3Ta HEOJHOPOJHOCTh OOCCIICUUBACTCS TJIABHBIM OOPa30M BIIMSHHUEM BHXPEBBIX TOKOB.
Takxe BHIHO, 9YTO C M3MEHEHHEM YacTOTHl TOKa M3MEHSIETCS XapakTep pacrhpeiesieHUs
MAarHHTHOTO MOJjsA. Pacy€Thl moKkas3aau, 4To BIOJL OCU X IIOJIC MEHSAETCS He3HAUHUTEILHO,
mo3toMy 1o rpadukam Puc. 3 MOXHO BIIONIHE CyIWTh O BEIMYHMHE IIOJSA BO BCeH
MHTepecyolei 001acTH.

Ha Puc. 4 moka3zaHpl TOMOTrpaMMEbI pe3yJIbTUPYIOIIETO MArHUTHOTO TIOJISI IPH YacTOTe
Toka uHIyKTopa 60 K['1, IEHCTBYIONIEr0 HA MarHUTOONTHYECKU ceHcop. TEmHbIE TOHA
Ha TOMOTPpaMMax 03HAYAIOT MUHUMYM II0JIsI, CBETJIbIe TOHA — MakcuMyM. Ha Puc. 4 BumHbI
y€TKUE OYepTaHUs TPAHMUI] TUTACTHHBI, TJIe MAarHUTHOE TI0JIE BUXPEBBIX TOKOB MEHSET CBOE
HampaBJieHHE Ha IPOTHBOIIOIOXKHOE.

U3 PucyHKOB 3 ¥ 4 BUIHO, Y4TO KAPTHHBI 110JIs1, Xapaktepusie 1t Gpaz —T/4 u T/4,
abCOMIOTHO MHBEPCHBI ApyT apyry. Onnako st dpas —7/8 u T/8 nomobHoi uHBepcun
He HaOJIOIAeTCsl, TO €CTh 3aBUCHUMOCTh TOKAa OT BPEMEHH B MPOMEXKYTKE (—T /4;T/ 4)

HECUMMETPpHUYHA OTHOCHUTEIILHO OCH OpAWHAT.
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(a) (6)

(B) (r) (1)

Puc. 3. Pacnpenenenure z —KOMIOHEHTBl HANPSHKEHHOCTHM MArHUTHOrO IIOJIA Haj
NOBepXHOCThIO TtacTuHBl d = (0,05 MM pu x =(0 B 3aBUCHMMOCTH OT Ha4albHOW (ha3bl

Toka ummaykropa: —I'/4 (a), —T/8 (6), =0(8), T/8 (r) u T/4 (n), ( f; =20 xI,
f, =60 kI'w). 3nech: MyHKTUP — [OJIE UHAYKTOPA; IyHKTUP ¢ TOUKOH — M0JIe BUXPEBBIX

TOKOB; CIIJIOLITHAS IUHUS — Pe3yJIbTUPYIOLIEe MOJIE.
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a §) B T I

Puc. 4. TonorpaMMbl  pe3yJbTUPYIOIMIETO MArHUTHOTO TOJISE BOJH3H TIOBEPXHOCTH
ractuHbl d = 0,05 MM ipur x = 0 B 3aBUCHMOCTH OT HadajdbHOW (a3l TOKa HHIYKTOpA:

—T/4 (a), =T/8 (6),1=0(8), T/8 (r)u T/4 (n).( f, =60 xIm).

D10 BUAHO U3 PHc. 5, HA KOTOPOM MOKA3aHBI 3aBUCHMMOCTU CHIIBI MHIYLHPYEMOTO
TOKa I, (l‘) or BpeMeHH i aByx ciydaes: mpu f; =20 x['m u npu f, =60 &l

Benynuuna i, (l‘) BBIYUCIISIIACH TIO (hopMyIIe:
i, (1)=[3(N,¢)dS, (12)
s

rac S — IJIomfaaKa, paBHas IOJOBHMHE MONCPEUYHOro CCUCHUA IUIACTHHBI M JICKallas B
IIJIOCKOCTH OTOr'0 CCUYCHUA.

Puc. 5. 3aBUCUMOCTb CHIIBI HMHIyLMPYEMOIO TOKA OT BPEMEHH JUISl IIJIACTHHBI
tonuusoi 0,05 mm ( f; =20 k', f, =60 kl'w).

W3 pucyHka BUAHO, YTO B TpejeNax TIMOJyNepruoja CHiia TOKa H3MEHSETCS BO
BpPEMEHH 110 3KCIIOHEHIIMaIbHOMY 3aKoHY. [Ipu uactore 20 k'l TOK OBICTPO BO3pacTaeT B
untepBane (—7/4;—1/8), a 3aTeM NMPUHUMAET MPAKTUYECKH IMMOCTOSHHOE 3HaueHue. [Ipu
gactote 60 kI'I1 TOK BO3pacTaeT Ha MPOTHKEHUH BCETO MOIyIEpHOa.

Habnronmaemple 4acTOTHBIE OTJIMYHMS CBSI3aHBI C SIBJICHHEM CAMOMHIYKIWHU. B
ypaBHeHUHU (9) MHTErpajbHBIM 4YJI€H, CTOSIIMHA B JICBOM YacTH, SBISIETCS CIEICTBHEM
3aKOHa JIEKTPOMAarHUTHOW MHIYKIMHU. DTOT WICH COJEPKUT NPOU3BOAHYIO OT IJIOTHOCTU
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BUXPCBOTO TOKa II0 BpPCMCHHU. Uem HIXKE qacTtoTa, TEM MCHBIIC BCJIMYHMHA 3TOM
HpOHSBOI{HOﬁ, M, KaK CJICIACTBUC, TEM MCHBIIC BIWAHHUEC HHTCIPAIBHOIO 4YJIC€HA Ha

IIJIOTHOCTH BUXPEBBIX TOKOB 6 (M, t) .B MMpeaACIbHOM Cliy4ac, Koraa I/IHTGI‘paJ'II)HI:Jﬁ YJICH

MPEHEeOPEeKNMO MaJ, TUIOTHOCTH BHXPEBOTO TOKAa W JIIEKTPHUYECKOTO 3apsaa OymyT
MEHATHCSI BO BPEMEHU IO MPSMOYTOJIbHOMY 3aKOHY.

B cnyuyae BBICOKON 4acTOTHI TOKA MHAYKTOpA BIUSHUE CAMOUHIYKIIUU CTaHOBUTCS
OTIPEAETSIONINM, TIOCKOIBKY BKJaJ WHTETPAJHHOTO HWICHAa CTAHOBUTCS 3HAYUTEIHHBIM.
IIpu 3TOM MHIYIHMPYEMBI TOK MEHAETCS BO BPEMEHH I10 JTMHeHHOMY 3akoHy. Cirydaun, K
KOTOPBIM OTHOCSITCSL 3aBUCHUMOCTH, TpuBeACHHBIE Ha Puc.5 Haxomarcs Mexay
ONHUCAHHBIMU MPEACIBHBIMU CITyYasiMHU.

XapakTepHBIMH TOYKaMH Ha Trpadukax Puc.5 SBISIOTCA TOYKH IepeceUCHHMA

byHKUMi I, (t) C OCbl0 BpeMeHH. Benuunna i (t) , cornacHo ¢opmyiie (12), MoxKeT ObITh

paBHa HYJIIO B TOM Cllydae, KOT/Ia TOK MEHSCT CBOE HANpaBJICHUE B TpEJeiiaX MOJOBUHBI
CCYCHUS IJIACTHHBI. TO €CTh B MOMEHTHI BPEMEHH, COOTBETCTBYIOIINE JaHHBIM TOYKaM,
BUXpPEBOH TOK B IUIACTUHE TPOTEKAeT CIOXKHBIM obpasom. IlpencraBneHune o
pacrpenelcHUd TOKa B paccMaTpUBacMble MOMEHTHI BPEMEHH MOXHO TIONYYUTh W3
Puc. 3 (0): mosne 3a mpexenamu IUIaCTHHBI Bel€T ceOs Tak, Kak OyATO TOK B HEH
MOJIOXKHTEIICH, & B Mepe/ieliaX TUIACTHHBI, COOTBETCTBEHHO, KaK OyJITO TOK OTPHIIATEIICH.
To ecTh Mo MepUMETPY TUIACTHHBI BUXPEBOH TOK MPOTEKACT B OJHOM HATPABJICHHUH, a B
FJIY6PIHC IJIACTUHBI — B IPOTHUBOIIOJIOKHOM.

HarnsgHoe mpejpcraBieHHe O XapakTepe 3aMbIKaHHWS TOKa B O0BEME IUIACTHHBI
MOXKHO TIOJYYUTh M3 PHc. 6, Ha KOTOpPOM IMOKa3aHbl rpad)uKu pacrpeNeNieHus] BEeKTopa
IIJIOTHOCTH BHUXPEBOI'0 TOKA, COOTBCTCTBYIOUIWEC IMATH Ha4aJIbHBIM (1)3321M (OCL X 31eChb
HaIpaBJIeHa BBEPX, OCb )} — BIPABO).

(a) (6) (8) (r) ()

Puc. 6. Pacipenenenue BeKTOpa IUIOTHOCTH BHXPEBOTO TOKAa B OOBEME IUIACTHHBI
tomuuHOK 0,05 MM B 3aBUCHMOCTH OT HavajbHOH (ha3bl Toka nHAYyKTOpa. OO03HAUCHHSA

Te %e, uro 1 Ha Puc. 4 ( f, =60 klu).
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IInacmuna monwunoii d=0,3mm. Ha Puc.7 npuBeneHsl 3aBUCUMOCTH
HOPMaJIbHOM KOMIIOHEHTHl HANpsDKEHHOCTH MArHUTHOTO TIONST OT KOOPAWHATHL ),

IMOJIY4YCHHBIC JIA BTOpOI‘/JI IUIACTUHBI. 3aBUCHMOCTH COOTBCTCTBYIOT TCM K€ Ha4YaJIbHBIM
(ba?)aM TOKa, KOTOPLIC paCCMATPUBAJIUCH B IMPEABLAYIIEM IIPHUMEPE. Pacuéthl IMPOBOAUIIUCH

wist wacror f; =20 k['uu f, =60 xlu.

(a) (6)

(®) (r) ()

Puc. 7. Pacnipenenenre z —KOMIIOHEHThI HANPsHDKEHHOCTH MAarHUTHOTO TIOJSL Haj
MOBEPXHOCTHIO I1acTHHbI d= 0,3 MM nipu x = 0. OGo3HaueHus Te ke, uTo U Ha Puc. 3.

HI/I)KG, Ha Puc. 8, MMPUBEACHBI TOIIOIPAMMbI MAarHuTHOI'O II0JISI, COOTBCTCTBYIOLIUC

paccMaTpuBaeMoMy cirydaro npu yactore f, =60 k.
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(a) (6) (8) (r) (m)
Puc. 8. TonorpaMMbl pe3yJbTUPYIOIIETO MArHUTHOTO TIOJIE B O0OBEME IUIACTHHBI
d = 0,3 MM 1 BOH3H ee rpanuubl. O603HaYeHNUS Te Ke, uTo u Ha Puc 4. ( f, =60 kI'm).

W3 Puc. 8 BUaHO, YTO HamboJiee «KOHTPACTHBICY» KAPTHUHBI MOJS MOJTYYAOTCS MPU
HauanbHbIX (aszax Toka +7/4 (Puc.8, a u 8, ). DTO CBI3aHO C TEM, YTO B JAHHBIX

Cilydasix I0JIe Haj IJIACTUHON B LIEHTPaJbHOM 30HE, 3aHuUMaromeil oxkono 60% ot eé
MIUPUHBL, OJIM3KO K OJHOPOAHOMY M OBICTPO BO3PACTAET 11O MOJYIIO IPH MPUOIMKEHUH K

kpato (popma xpusoit H_ crpemutcs K «upsiMoyroiabHoi» (cM. Puc. 8, a u 8, n)).

JuanazoH W3MEHEHHs TOJisi BUXPEBBIX TOKOB MpH 3ToM coctaBiser 2800 A/m. Ilpu
HavanpHOU (asze Toka +7/8 (Puc. 8, r) MMana3’oH M3MEHEHHsS TONsS BUXPEBBIX TOKOB

HIKE 1 cocTaBisieT okoiio 2000 A/M. OHaKO CKOPOCTh YOBIBAHHS TOJIS Y Kpast TNIACTUHBI
B O9TOM ciydae Bbimie. JlaHHOEe OOCTOATENBCTBO MPUBOIUT K TMOSIBICHHIO Ha
COOTBETCTBYIOILIEH TOMOrpaMMe y3KHX TEMHOMH ITOJIOC, OYEePUYHBAIOIINX Kpasi IUIACTHUHBEIL.
W3 mpuBen€HHOTO aHalM3a MOXXHO CHAENaTh CIEIYIOIUA MPaKTUYEeCKUH BBIBOA: €CIU
paspelaromas CiocCOOHOCTh ONTHYECKOM CHCTEMBI JIE(EKTOCKONA JOCTaTOYHO BBICOKA,
TO ONTUMaTBHON (asoil ast peructpanuu obpasa seistercst +77/8 , TOCKONBKY TIPH 3TOM

OyZIeT JOCTUrHYTO Oosiee TOYHOE MO3ULHOHMPOBAHUE IPAHMIBI UCCIEAYEMOro o0pasia;
€CIM  JKe  paspeliaromias CrocoOHOCTh — ONTHYECKOM  CHUCTEMbl  HEJOCTAaTO4YHA,
3a(h)MKCHPOBATH Y3KYIO MOJIOCY OyaeT TPYIHO, MOATOMY B JAHHOM CIIy4ae peKOMEHIYeTCs
ocymecTBIATL peructpanmio MO o6pasa npu dazax Toxa +77/4.

Ha Puc.9 mnpuBeneHbl 3aBUCUMOCTH CHJIBI WHAYIHPYEMOT'O TOKa OT BpEMEHH,
MOJTy4EHHBIE JUIsl BTOPOM IUIACTUHBI. BUIHO, 4TO BUXPEBOM TOK B IUIACTHHE MPU YaCTOTE

fz = 60 KFLI MCHACTCA BO BPEMCHU MPAKTUYCCKU T10 J'IHHeﬁHOMy 3aKOHY U HAaXOJUTCS B

nporuBodasze ¢ TokoM mHAyKTopa (cMm. Puc. 2, a). Kak nokazanu pacu€rel, nanpHeliee
YBEIMYCHUE TOJIIMHBI IUIACTUHBI MpU YacTtore Toka 60 k[l HE TPUBOAUT K
KaueCTBEHHOMY M3MEHEHHUIO XapaKTEepUCTUKU TOKa. MarHurHoe Ioje, CO3[JaBacMoe
BHUXPEBBIM TOKOM, KaK BUAHO U3 Puc. 7, B 3HaYNTENbHOU CTENEHH KOMIIEHCUPYET MOJIE
MHIYKTOpa B 00J1aCTH HaJ| TUIACTUHOM (0c0OeHHO 3TO BHIHO Ha Puc. 7, a, 7, T u 7, 1), 4TO
obecrieunBaeT CHUJIBHBIA TPaJUEHT CYMMApHOTO IOJISA TpU NPUOIMKEHHH K TPaHUIE
miacTUHbl. [[03TOMY MpaKTHUYECKUI MHTEpEeC NPEICTaBISET ONpPENEICHUE PacuETHBIM
myTéM TaKUX MHUHUMAIBHBIX TOJIIMH IUIACTUHBI, COOTBETCTBYIONMX yacTtoraM 20 u
60 k', mpu KOTOPHIX (GopMa HHIYIHPYEMOrO TOKA CTAHOBUTCS KYCOYHO-JIMHEHHOM.
Bru10 ycTaHOBIEHO, YTO 3TU TONILMHBI AJIA IJIACTUH M3 MEAM IJsl YKa3aHHBIX YacTOT
co0TBeTCTBeHHO paBHEI 0,6 MM 1 0,2 MM.
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Puc. 9. 3aBHCHMOCTh CHMIIbI HMHIYLHUPYEMOTO TOKA OT BpPEMEHH JUIs IIACTHHBI
tonuusoit 0,3 M ( f; =20 Ty, £, =60 ).

Huske mpuBeeHbl pacmpeelieHusi BEKTOpa [UIOTHOCTH BUXPEBOTO TOKA B IUIACTHHE
npu wacrore f, =60 k['u. Puc. 10 (6) ¢uxcupyer MOMEHT BpEeMEHH, B KOTODBIi

HaOronaeTcsl yObIBaHWE TOKA, 3aMBIKAIOIIECTOCS MO BHEUIHEMY Kparo IUIACTHHBI, a TOK,
JUHAM KOTOpOro OoJiee ymajeHbl OT Kpas, COXpaHseT CBOK BenuuuHy. llpum stom
TOTMOrpaMMa IIOJIs, COOTBETCTBYIOIIAs JaHHOMY MoMeHTy BpemeHu (Puc.8, 0)
oTtoOpaxkaeT NCKaXKEHHBIN 00pa3 B BUJE TEMHOM MOJIOCHI, IIMPHHA KOTOPOI MEHBIIE, YeM
peaNbHBI pa3Mep TUIACTHHEI. B mocnemyrommii MOMEHT BpeMeHU Nepru(epHifHbIA TOK
W3MEHHUT CBOE HAIpaBlieHHE, a TOK, 3aMBIKAIOIINICS B TITyOnHEe 00BhEMa, BCE emé OynmeT
MPOTEKATh MPEKHUM 00pa3oM. DTO BBIPA3UTCS B ONMCAHHOM BbIIIe 3 (exTe MUPKYISAIIU
TOKa B 00bEMe 00pa3iia BO BCTPEUHBIX HAIPABJICHUSIX.

(a) (6) (8) (r) ()

Puc. 10. 'paduku pacnpeneneHusi BEKTOpa MJIOTHOCTH BHXPEBOI'O TOKa B 00BEME
maacTHHBL d = 0,3 MM.
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5. CPABHEHHMUE PE3YJIbTATOB MOJEJUPOBAHUSA C DKCIIEPUMEHTOM

Jns mpoBEepKH pe3yibTaTOB MOIEIUPOBaHMA ObUI NPOBEAEH SKCHEPUMEHT Ha
BUXPETOKOBOM JIe(PeKTOCKOIE C MCIOIb30BAaHIEM OMMCAHHBIX BBIIE TECTOBBIX 00OPa3IloB
¥ MHAYKTOpa HOPMaJIbHOTO I1OJIS.

BuxpetokoBsii 1e(h)eKTOCKON COCTOWT W3 JBYX OCHOBHBIX YacTei: AJIEKTPOHHOTO
Omoka ympaBieHUss M OJOKa MarHMUTOONTHYECKOH perucTpauuu. DIEKTPOHHBIA 00K
dbopMupyeT HanpsOKeHHUS M TOKM i paboThl HMHAYKTOpa IEPEMEHHOro 0,
CBETOAMOIHOIO M3JIydaTeNs M KaTyIIKHA ITOCTOSIHHOTO moiisi. KOHTposb 4acTOThI M TOKa
MHIYKTOpa OCYILECTBISETCS YacTOTOMEPOM U LU(POBBIM BoibTMETpoM. OmpeneneHue
MarHUTOOII THYECKOTO BUXPETOKOBOT'O oOpaza 00BeKTa OCYILECTBIISIETCS
cTpobockonmyeckuM crnocobom. [lomoskeHne ¢as3pl BKIIOYCHUS HMIYJIbCA 3aCBETKU
OTHOCUTENBHO (ha3pl TOKa WHAYKTOpa ompenensercs (asomerpoM. Tok B HMHIYKTOpE
M3MEHSETCS 110 TpeyroasHOMY 3akoHy (Puc. 2, a).

MarHuToONTHYECKH CEHCOp — MOHOKPHUCTAJUIMYECKasi TJIeHKa (eppura rpaHara
TONIIMHOH 5 MKM pa3MelaeTcsi HEMOCPEACTBEHHO TOA HMHAYKTOPOM Ha MEIHOU
wiactuHe.  CBETOOMOIHBIM  W3TydaTellb  OCBEIACT  HCCIeAyeMyr  00jacThb
IMOJIAPHU30BaHHBIM O€eJIBIM CBETOM. OTpa)KaHCI) OT 3CpKaJjia, HAalIbUICHHOI'0O Ha HWXHIOKO
IMOBEPXHOCTh MAarHuTOONTHUYECKOI'O HpeO6pa3OBaTCHH, CBC€T JABaXX/Jbl IMPOXOAUT CKBO3b
AaKTUBHYIO 00JacTe (EeppUT-rpaHATOBON IUIGHKM W MEHSET Yroj MOJSIpU3alud B
3aBUCUMOCTH OT COCTOSIHMS €€ JUHAMUYECKON JTOMEHHOU CTPYKTYphl. Ilocie orpaxenus
CBET IMPOXOJUT aHAIM3aTOp, JIMH30BYI0 cucreMy u mnomagaeT Ha [I13C mpuémHUK.
[TpuéMHMK MOIKIIOUYEH K IMEPCOHAJIBHOMY KOMIIBIOTEPY, YTO IIO3BOJIIET HAOII0AATh
MarHUTOOINITHUECKH 00pa3 00bEeKTa HMCCIeNOBaHUS B PEKUME PEaTbHOrO BpPEMEHH W
(huKcHupoBaTh Mpoucxo/iiiee B hopMaTax IUppoBoii hoTorpaduu win GuiibMa.

Ha Puc. 11 cneBa npencrasners! GoTorpadiyi MarHHTOONTHYECKUX 00pa30B MEITHOM
nonoce! 0,3 MM nipu nosioskennu crpoda —7/4 (a), —T/8(6), =0 (8), T/8(r) u T/4 (n).
Ha wuzo0OpaxkeHHsX crpaBa TpeAcTaBIE€Ha TOMOJOTHS PEe3yIbTHPYIOMIETO0 MAarHUTHOTO
TOJIs1, TIOYYEHHAsI B pe3yibTare peuieHns cuctembl ypaBHenui (8) — (9). Kak BumnHO u3
PHCYHKa, SKCHEPUMEHT XOpOIIO COIJacyercsi C MOAEIbHbIMH pacuetamu. Poro,
cootBercTBytomue (azam —7/8 u —T/4, oToOpakaloT IMJIACTUHY TEMHBIM CBETOM CO
CBETJIBIMH I10JIOCAMH Ha TPAHULAX, & OCTAIbHBIE — CBETIIBIM C TEMHBIMH II0JIOCAMHU Ha €€
rpanune. Tak jKe XOpOLIO MpPOCIEKUBAECTCA, KaK B OKCIEPUMEHTE, TaK M IMpH
MOJICIMPOBAHNHN, 4YTO HanOoJiee «KOHTPACTHBIC» KApTHUHBI MOJsI TOJXYYalTCs TpU

HavanbHbIX (asax Toka +77/4.
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(a) (6)

(B) (r)

()

Puc. 11. Marautoontuueckuii  00pa3 BHXPEBOTO MAarHUTHOTO TONA B oObeMe
racTulbl d = 0,3 MM 1 BONTU3M ee rpaHuibl (GoTo ciieBa) U pe3ynbTaThl MOJACITUPOBAHUS

(ctipaBa). O6o3HaveHus (a-1) Te ke, 9to U Ha Puc. 4. ( f, = 60 kI'w).

BbIBO/IbI

1. IIpennoxkeHa  TeopeTHYecKas  MOJENb, OMNKCHIBAIOIIAS  MPOCTPAHCTBEHHO
HEOJTHOPOJTHOE pAacIpe/ie]IeHne MarHWTHOTO TOJs BOJM3M TOBEPXHOCTH MPOBOJALIETO
00BEKTa MarHUTOONITHYECKOTO KOHTPOJISI CJIOXKHOM reoMeTpun. Mozenb crpaBeainBa 1is
M000T0 TIEPUOJMUYECKOTO 3aKOHa M3MEHEHHsI TOKa MHAyKTOpa Bo BpeMeHH. C Ienbio
TIOBBIIIICHNUS YCTOWYMBOCTH YHCIIEHHOTO PEIICHUS MOJyYeHHBIX B TEOPETHYECKOM MOJETH
uHTErpo-AuHepeHNaIbHbIX ypaBHEHUH A Cilydas HEPHOAMYECKOI0 KyCOUYHO-
JMHEHHOI0 3aKOHA, KOTOPBI peann3yeTcs B KOHKPETHOM YCTPOWCTBE, HpeAsIokKeHa
HeTpepbIBHAS anpOKCUMaIyst (PyHKIIUU MPOU3BOIHON TAKOTO TOKA.

3. AnexkBaTHOCTb pa3pabOTaHHOM TEOPETHUECKOW Monaend U 3PQPEeKTHBHOCTD
NPEJIOKEHHOTO YHCICHHOTO METO/1a MOATBEPKACHBI JOCTATOUYHO XOPOIEi Koppensuuen
pe3yabTaTOB MOJAETUPOBAHMS C 3KCIIEPUMEHTAIBHBIMIH MarHUTOONTHYECKUMH JTaHHBIMU,
MOJy4eHHBIMH Ha TECTOBOM 00pasiie crieuaibHON (GopMBlL.
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4. JlaHbl MPaKTHYECKUE PECKOMEHJAIIMH 110 BHEIOOPY ONTUMAIBHOHN (ha3bl TOKA M €ro
YacCTOTBl TMPH PErucTpPallid MAarHATOONTHYECKOTO o0pa3a B 3aBUCHMOCTH  OT
TEOMETPHUYECKUX MTapaMeTPOB MCCIeayeMoro oopasia.

5. PazpaboTaHHass TeopeTHYeCKas MOJCNIb MOXET OBITh TaKXKe NpUMEHEHa s
peleHust 3a7a4 ONTHMU3AINK ITapaMeTpoB HHIyKTopa aedexTockomna. B mampHeimem
TUTAHAPYETCSl TPOBEACHHE TEOPETHYECKUX MW HKCIEPUMEHTAIBHBIX HWCCIEIOBaHWUN Ha
00BEKTaX KOHTPOJIA, COJCpXkAIMUX MeeKThl Pa3IMYHOr0 THUIMA, MPH HCIOJIb30BAHUH
WHIYKTOPOB KaK HOPMAJILHOTO, TaK M IJIAHAPHOTO MAarHUTHBIX MOJICH.
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VY craTTi 3anponOHOBaHO MaTEMAaTHYHY MOJIENb TPUBUMIPHOTO KBa3iCTAI[iOHAPHOTO €JIeKTPOMArHiTHOTO TIOJIs,
[I0 BUHHKAE TOONHM3Y MOBEPXHI MPOBITHOTO 00'€KTa KOHTPOIIO MpH aHajdi3i Horo maedeKTHOCTI METOmIOM
BUXPOCTPYMOBOI MarHiToonTH4HOi aedexTockormii. JocmimkeHo teopetnyHa 3D-3aleXHICTh PO3MOALTY
MAarHiTHOTO NoJIA 011 KOPAOHIB 3pa3Kka BiJf HOrO TOBIIMHH, pOOOYO0I YacTOTH i (a3 peecTparii TUHaMITHOT
JIOMEHHOT CTPYKTYpPH MarHiTOONTHYHOTO CEHCOPA.

Kntouogi cnoea: BUXpOBI CTPyMH, CHCTEMa IHTErpO-AU(EpeHUiAIbHUX PIBHSIHb, BHXPOCTPYMOBHI
Je)eKTOCKOTI.
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Filippov D. M. Modeling of quasi-stationary electromagnetic field near the conductive body for
problems of eddy current magneto-optical testing / D. M. Filippov, N. V. Lugovskoy, V. N. Berzhansky,
F. N. Pankov // Scientific Notes of Taurida National V. I. Vernadsky University. — Series: Physics and
Mathematics Sciences. — 2014. — Vol. 27 (66), No 2. — P. 115-131.

Magneto-optical (MO) eddy current (EC) inspection is a relatively new method of determining defectiveness
metal structures and its capabilities are very poorly studied. The main advantage MOEC method is immediate
inspection of defects visualization in real time, small size and relative ease of manufacture of main parts of the
flaw detector. Represented the interest to calculate the topology of magnetic field, generated by the eddy
currents, when it is scattered by defects various kinds and modeling of time-dependent distribution of EC,
which is a decisive factor in the DDS registration of stroboscopic method. The simplest form of such a defect
is the boundary of a flat sample. The aim of this work is to conduct mathematical modeling of magnetic fields
generated by the eddy currents in the volume and on the borders of test objects, and compare the model with
results of the magneto-optical experiments.

The paper proposes a mathematical model of three-dimensional quasi-stationary electromagnetic field
produced near the surface of a conductive test object when analyzing its defectiveness by eddy-current
magneto-optical inspection. Elaborated a system of integrodifferential equations for the density of eddy
currents and electrical charges. The article shows examples simulation of eddy currents in the form of
topograms the resultant magnetic field near the surface of the plate, distribution z-component of the magnetic
field over the surface of plate and allocation of the eddy current density vector in the volume of the plates.
Investigated the theoretical 3D-dependence of the magnetic field distribution at the boundaries of the sample
from its thickness, the operating frequency and phase of the registration of the dynamic domain structure of
the magneto-optical sensor. For comparison the simulation results with the practice experiments were
conducted to obtain images of the plate corresponding to the magneto-optical model calculations. Results from
the magneto-optical experiments are in good agreement with model calculations.

Keywords: eddy current, system integrodifferential equations, eddy current flaw detector.
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Taspuueckuii nauyuonanvuulii ynueepcumem umenu B .H. Bepunaockozo, npocnekm akademuka
Bepnaockozo 4, Cumgpepononv 295007, Pecnyonuka Kpovim, Poccus
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B pabote paccmaTpuBaeTCsi BOSMOXKHOCTb IPUMEHEHHS KOAKCHAJIBHOTO PE30HATOPHOTO HM3MEPUTENBHOTO
npeoOpaszoBaTesisi € YKOPAuMBAIOLICH EMKOCTbIO JUISI AMACHOCTHKH IOJNYHPOBOJHHMKOBBIX MAaTEpHaJoB.
IIpoBoAMTCS aHANIU3 OCHOBHBIX F€OMETPUUYECKHX NAPaMETPOB, ONPEACIIONX XapaKTEPUCTHKH 30Ha U €ro
YYBCTBHUTEIILHOCTD.

Knroueswie cnosa: CBY, pezonarop, 100pOTHOCTh, YyBCTBUTENHEHOCTD, HOIYHPOBOTHHUK.

PACS: 07.07.Vx
BBEJIEHUE

Becpma mepcneKTHBHOW OTpPACIbI0 DHEPTeTUKU SIBISICTCS TEXHOJIOTHS TOYyYSHHUS
SHEpruHM W3 COJMHedHoro cBera. OHa He TpeOdyeT pacxona MOJIE3HBIX HCKOMAEMBIX B
nporecce dkcrutyarauuu [1]. Hambonee BocTpeOOBaHHOW CUMTAaETCSA 3JICKTpUYECKast
9HEprusl, Kak HanboJiee yHUBEpcalbHas sl JalbHEUIIUX MpeoOpa3oBaHH.

Jusa  modydeHHs ODIEKTPUYECKOM JHEPTMH W3 COJNIHEYHOTO CBETa IITHUPOKO
UCTIIONB3YIOTCS (DOTOANEKTpUIeckne npeoOpa3osarenn. Jlydmme coBpeMeHHbIE 0Opa3Iibl
takux ycrporcTB umeroT KIIJI mo 40%. DTo BechMa ClIOKHbIE MHOTONEPEXOIHBIE
CTPYKTYPHI Ha OCHOBE TOJYIPOBOJHUKOBBIX HAHOTETEPOCTPYKTYp [2]. OHU cOCTOAT W3
HECKOJIbKHX CyOdJIEeMEHTOB C pP-n TEpexoJaMu W OapbepHBIMU CIOSMH Pa3THIHBIX
MaTepHajoB, PACIIOIOKEHHBIX 110 YOBIBAHUIO IIMPUHBI 3aNPEIICeHHON 30HBI, COETMHCHHBIE
BCTPEYHOBKJIIOUCHHBIMH TYHHENBHBIMU JauosiamMu. Kaxnpiii cyOsnemMeHT mpeoOpasyer B
AIIEKTPUYECTBO DHEPTHI0 KOPOTKOBOJHOBOW YACTH TAJAIOIIETr0 CHEKTPa M IPOITYCKAET
JUTMHHOBOJTHOBYIO YacTh CHEKTpa B MOCIEAYIONUi cyOaneMenT. OCHOBHBIM HEJIOCTATKOM
TaKUX 3JIEMEHTOB SIBJISIETCS BEICOKasi c€0ECTOMMOCTh MTPOU3BO/ICTBA.

Bonpmme mnomanu (hoTodmeKTpUUecKUX Tpeodpa3oBareneil MO3BOISIOT MOIYYUTh
3HAYUTENFHYID MOIIMHOCTh Ha BBIXOAE. MHOTOCIIOINHAS KOHCTPYKIMS IO3BOJISET
YBEJIMYUTH CHEeKTp mnorjomienus, noseimas KIIJ [1]. B To ke Bpems, 310 Tpebyer
BBICOKOH TEXHOJIOTUYHOCTH TPOM3BOJICTBA U HAKJIA/BIBAECT OIMpPEEIICHHBIC OTPaHIYSHUS
Ha OKCIUTyaTalldOHHBIE PEeXHMBI  QorompeoOpa3oBarens. Tak, MeXaHHYEeCKOe
MOBPEXKJCHNUE B KaKOH-THOO TOUYKE IJIACTHHBI (POTOIEKTPHUYECKOTO MpeodpazoBaTes,
MOYET HapYUIUTh CTPYKTYPY KOHCTPYKIMH, BHOCS JIOTOJHUTEIbHBIC TIOTEPU U CHIDKAsS
KIT[. Ilo pesympraTaMm MpPOW3BOACTBEHHOTO TECTHPOBAHHs Takas IUIAaCTHHA
(OTORIEKTPUUECKOTO TIPeoOpa3oBaTeisi MOXKET HE BIHMCHIBATHCS B YCTaHOBJICHHBIC
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HOpMBI U oOTOpakoBbiBaeTcs. llpeacraBiseTcs 1enecooOpa3HbIM — OCYHIECTBIATH
JIOTIOTHATENBHYIO TUarHOCTHKY TaKUX CTPYKTYpP, HE KaK TOTOBOTO MPUOOPA, a TIOKAITBHO —
B K&XJIOM TOYKE IS MOWCKA Je()EKTHBIX Y9aCTKOB. JTO MO3BOJSET MOBBICHTH IPOIEHT
BBIXOJ]a TOJHBIX W3JCTHH, CHIXas HUTOTOBYIO cebecTomMocTb. Kpome Toro, Hamuune
WHCTPYMEHTa Ui JIOKalbHOW JTWArHOCTHKH TapaMeTpPOB  IMOIYIIPOBOTHUKOBBIX
(OTORNIEMEHTOB  ITO3BOJIUT TONY4YaTh 3HAYEHHWS MOJBHKHOCTH, BpPEMEHH  >KH3HH
HOCHUTENIeH 3apsifa U Jp., CBSI3aHHBIE C 3JCKTPO(U3NUESCKUMH TapaMeTpaMu MaTepuana:
OTHOCHUTENIbHOW JUAJIEKTPUUYECKON MPOHMIAEMOCTHI0O M TAHI€HCOM YIJa MOTeph. JTO
JTOTIOJTHATENBHO PACIIUPSET BOZMOXKHOCTH JUATHOCTUKH TOTOBBIX M3MIEIHHA U OTKPHIBAET
HOBBIE TOPU30HTHI MHOT'OIIAPaMETPUUYECKOTO aHAIN3a.

CeropHsl paInOBOJIHOBBIE METOJIBI TMArHOCTHUKH MaTEPUaNoOB U OOBEKTOB BBHIIUIMA HA
stan npuMeHeHNs CBY pe30HaHCHBIX H3MEPHUTEILHBIX MTPeoOpa3oBaTeei, B 9aCTHOCTH C
KOaKCHaNbHON wu3MepuTenbHON ameprypoil [3]. IlpemMymectBa WX MNpHUMEHEHUS
00yCJIOBIEHBI HEPA3pyILIaeMOCTbI0 00BEKTa UCCIEIOBaHUS U OECKOHTAaKTHOCTHIO. Oco60
TpeOyeTcs OTMETHTh, YTO B OTIMYME OT ONTHYEeCKHX MeTonoB, CBY 30HABI MO3BOISIOT
HCCIIEIOBATh HE TOJBKO MOBEPXHOCTHBIE TapaMeTphl o0pas3lia, HO W Ha HEKOTOPOi
rnyOuHe, KoTopas OOyCIOBIieHa KOHCTPYKUHMEH 30HIA M TOJIIMHOW CKUH-COs [4].
Ilenecoobpa3Ho uccieaoBaTh BO3MOKHOCTH MPUMEHEHHs] pe30HAHCHBIX W3MEPUTENbHBIX
npeoOpazoBaTeneH, TUTS JUATHOCTHKH rapaMeTpoB MOJTYTIPOBOJHUKOBBIX
(hOTORIEKTPUUCSCKUX MTPeoOpa3oBaTeicii.

Henpto paboOTBHl SBIISIETCS aHATU3 OCOOCHHOCTEH MPHUMEHEHUS PE30HAHCHBIX
M3MEPHUTETHHBIX MPeo0pa3oBaTeNieil Al TMAarHOCTHKH MOIYIPOBOTHUKOBBIX CTPYKTYP.

OCOBEHHOCTU MPUMEHEHUSI PE3OHAHCHBIX W3MEPUTEJBHBIX
IMPEOBPA3OBATEJIENA

[IpenBapuTenbHblii TEOPETUYECKUA aHAIHU3 TO3BOJWI YCTAHOBUTH OTCYTCTBHUE
OIyTUMOTO BIMSHUS MaJIO MOIIHOCTH OJJIGKTPOMAarHUTHOTO TOJNsS 30HAAa Ha
TECTUpYEeMbIli oOpasen. Tak, mpu MOUIHOCTH 3yeKTpoMarHutHoro moiyis B 100 mBrT,
IJIOTHOCTH MOTOKA coctapisieT 100 MBT/cM?, a HANPSHKEHHOCTD 3JIEKTPUYECKOTO OIS HE
npesbimaet 3Hadenus 102 B/M, cornmacHo [5], 4To Ha 4 — 5 MOPAAKOB MEHBIIE 3HAYEHUIM
HANPSsHKEHHOCTH TOJICH, CYIIECTBEHHO BIIMSIONIMX Ha JIPE(OBYHO CKOPOCTh HOCHTENCH
3apsiia B MOJIYIPOBOJHUKAX [6].

HaunOonee  mepcrneKTUBHBIMH  SIBIISIIOTCSL  PE30HAHCHBIE WU3MEpUTEIIbHbBIE
npeobpazoBatenn  (PUII) ameprypHOro THIa, B YacTHOCTH C KOaKCHAIBHOMN
M3MEpUTEIHHON amepTypoil [4]. OmHako BO3MOXXHOCTH TakuxX mpeobpaszoBarerneil emé
HEJ0CTaTOYHO U3YUEHBI.

U3 obmmx ¢usnyeckux mpejpcTaBieHHi, MOHATHO, YTO BBIOOPOM KOHCTPYKTHBHBIX
MapaMeTpoB MOXKHO H3MEHATh JOOPOTHOCTh W YYBCTBUTENBHOCTH PE30HAHCHOTO
U3MEPUTENHHOTO Ipeodpa3oBaTes.

KoucTpykmueit, paccmatpuBaeMoii B paboTe, SBISETCS KOAKCHAIBHBIN pe30HAHCHBIH
M3MEpHUTENBHBINA TTpeodpa3oBarenb ¢ yKopaduBaromei eMkocThio (puc. 1). Konctpyxkius
BKIIIOYAET KOAKCHAJIbHBIH BOJHOBOJ, JUIMHOH [ , 00pa3yromuii HaKOMUTEIbHYIO 4acTh
PUII, oTpe3ok KOaKCHAJILHOTO BOJIHOBOJA, JUIMHOM /i, OOpa3yrol[uii KOaKCHAIbHYIO
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U3MEPUTENBHYIO amlepTypy, oOpasel, TONIMHON /,, MMEIOIUH 3IeKTPOPH3HYECKUE
napameTpsl &,; 180, .

Jlnst mpoBeleHUs] MPAKTUYCCKUX W3MEPEHHH BaXKHO, YTOOBI DIEKTpO(PH3HUYECKHE
nmapaMeTpbl 00paslla OKa3blBAJIM KAaK MOXKHO OOJbIee BIMSHUE HAa HArpyXCHHYHO
nobporHocTs PUIL Ilpu 3TOM HarpyxeHHast JOOPOTHOCTh HE JOKHA ObITh MeHbie 100
[5]. U3 Teopum KOAaKCHANBHBIX JWHUN Tepemad [5] H3BECTHO, YTO MUHHUMAJILHBIA
KOO(PQGUIIMEHT 3aTyXaHUs B KOAKCHAIBHON JIMHUU JOCTUTAETCS TP OTHOIIECHUU
pagnycoB: R, /R, =0,28. OueBunHO, MakcUMalbHasi JOOPOTHOCTh YETBEPTHBOIHOBOTO

pe3oHaTopa 6yI[eT TAKXKE NOCTUT'aThCA IPU JaHHOM OTHOLIICHUMH.

T
b 7 ?}// 7Z
7 BO3OYX [ 7
7 77 Z
Z R, 7 Z
4 Z
Z %% Z
H 7 Ry 7 7
iy o
7 57 .
7 97 7
7 7
7 Ry ] .8
77 pd W77

%%fﬁw gg%“%g

PI/IC 1. Monens PUII.

OmHOMOIOBBIN PEXUM KOAKCHAIFHOW JTMHUM 00ECIeUunBaeTCs B JHMAINa30HE YacTOT

[5]:

c
< )]

(R +R)
IJIe ¢ — CKOpOCTh CBETa B BakyyMme; R, — paJuyC LIEHTPAJIbHOIO IIPOBOAHUKA; R, —

BHYTPEHHHH painyc KOAKCHAIbHOTO BOJTHOBOAA (110 puc. 1).
Pe3onaHcHas yacToTa HMIEaTbHOTO YETBEPTHBOJIHOBOTO pPE30HATOpa HAXOAUTCS U3

BBIpaKeHHUs [5]:
o c(2n-1)
" aH
[lpencTaBieHHbI  BBINIE  NPEIBAPUTENBHBIA  aHANM3  ITO3BOJSIET  BBIOpATh
reomeTpudeckue pasmepsl Mojemu: H/A=1,25; R, /A=0,17; h/ H=5,6-10"; z=c0
("4eTBepTHBOHOBBIN Pe30HATOP HArpyKEH Ha CBOOOJHOE MPOCTPAHCTBO); MPOBOAMMOCTh
CTEHOK pe30HaTopa MpHHATa paBHOH o =5,8-10° (c memblo ydera BIMSHHS

2

mepoxoBaTOCTH CTGHOK).
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Hns teopermueckoro uccnenoBanus naHHoro CBY 3oHaa pemaroTcs cienyronime
BOJTHOBBIC YPaBHEHUSI METOZIOM KOHEUHBIX AJIEMEHTOB [7]:

Vx(u'V=E)-kKeE=0, 3)
Vx(u'VxH)-keH=0, 4)

rne E — BEKTOp HAIIPsSXKCHHOCTH S3JICKTPHYCCKOI'O ITOJIA; k — KOMIUIEKCHOE BOJIHOBOE
YHCIIO, & — KOMIUICKCHAsA JUIJICKTPUYCCKas IPOHHIACMOCTb, K — OTHOCHUTCIIbHasd

MarHuTHas nponunaeMoctb; H — BeKTOp Hanmps>KeHHOCTH MarHUTHOTO TIOJIS.
I'panuunble ycnoBus UMEOT BUA [7]:

E,=Z (nxH,), &)

rac E7 . HT — TaHTCHIMAJIbHAss KOMIIOHCHTBI BEKTOPA HAMPSKCHHOCTH 3JICKTPUUCCKOI'0 U

MAarHMTHOIO TIOJIEH, COOTBETCTBEHHO; Z. [IOBEPXHOCTHOE CONPOTHUBIICHUE; N —
€AMHUYHBIA BEKTOP HOPMAJIH K IOBEPXHOCTH.
Jo6poTHOCTH onpeensercs o gpopmyie [7]:
i
0= : (6)
2Im(k)
Ha puc. 2 npuBeneHs! 3aBUCUMOCTH TOOPOTHOCTH M pe3oHaHCHOU dacToTel PUII ot
BEJIMUUHBI R, , paCCUNTaHHBIE IPU OTCYTCTBUU OOBEKTA UCCIECTOBAHMUS.

Kax BuaHO U3 rpaMKOB Ha pUC. 2, yMEHblIEHHE R, CHUKAeT MOTepH Ha M3TydeHHe

B cBOOOJHOE NpocTpaHcTBO. HeoOXoauMocTh yueTa H3lydaTedbHbIX MOTeph Hamboiee
SBHO JIEMOHCTPHPYETCsl Ha 3aBUCHMOCTH H0OpoTHOCTH OT R, (puc.2,a). Jlaxke npu

MajioM pasMepe R, JOOPOTHOCTb IIPH y4eTe U3IIydeHus U 0e3 ydeTa OTIMYAl0TCs OYTH B

2 paza. Tpebyercst otmetuth, 4uto mobporHocts PUIl ymenpmaercs B 1,5 paza, mo
cpaBHeHut0 ¢ PUII, B KOTOpOM BBIAEPKAHO ONTUMAIBHOE COOTHOLICHHE paauycoB. M3
rpa¢puka Ha puc.2,0 BUAHO, YTO Yy4YET H3IYyUCHHS MNPAKTUUECKH HE BIHUSIET HA
PE30HAHCHYIO YaCTOTY.

Ha puc. 3 npuBeneHbl 3aBUCUMOCTH JJOOPOTHOCTH W pe3oHaHCHOH yactorsl PUII ot
NPOIOJIFHOTO pa3Mepa anepTypHO-QpOpMUpPYIOIIEH YacTH Koakchaia /A, NpH Pa3HbIX
3HAQUEHMSAX BEJIMUUHBI R, U IUAIEKTPUYECKON NPOHUIAEMOCTH KPEMHHUs, KaKk Hauboiee

pacrpoCTpaHeHHOTO MaTeprala JJisl H3TOTOBICHHS MOTYIPOBOAHUKOBBIX (POTORIEMEHTOB
[1], u3amensromeiicsa ot 4 (oxcua kpeMHus ) 10 12 (YUCTBIN KpeMHUi).

XapakTtep u3MeHeHus1 100poTHOCTH (puc. 3, a) HOCUT pe30HAaHCHBIHN XapakTep. bojee
OCTpBII PE30HAHCHBIN MUK COOTBETCTBYET MEHbIIEMY R,, YTO COINIACyercsl ¢ OOLIMMHU
(GU3NUECKUMH TPEACTaBICHUSIMU. YMEHbBIICHHE PE30HAHCHOM dYacToTel (puc. 3, 0)
00yCJI0BIMBAETCS POCTOM EMKOCTH aIlepTyphbl, IPU YBEIMUYEHUU €€ IIPOI0JIHOIO pa3Mepa
anepTypHO-GOPMHUPYIOIIEH YacTH KOAKCHaIa.
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(a)

(©)

Puc. 2. 3aBucumocts (a) 10OpoTHOCTH U (0) 4aCTOTHI OT BEIUUYUHBI R, .
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(a)

9.2 e 4o s
\/RUI_R;OA R/R =028 1:53=1: tg5=0
a0y 2:55= 33 tg 6=0,01

| 3:55=7; tg5=0,01
88 ‘\ 415,=12:tg 60,01

f Ty

(6)

Puc. 3. 3aBucumocTts (a) 100poTHOCTH, (0) PE30HAHCHOM YaCTOTHI OT Pa3MEPOB aANEPTYPHI.

Kak BumHO U3 rpaduka (puc. 3, a) mooporaocts PUII npu nccnenosarnnu o6pasma ¢
napameTrpamu &, =3; 1g0, =0,01 ocraercs 10BOIBHO BBICOKOW Jake NPH PACKpPbIBAX

aneptypsl R,/ R, >0,3. OT4eTnMBO BHIHO 3HAYUTEIBHOE HM3MEHEHHE NOOPOTHOCTH C
obpastiom, npu h/H~=0,4 (ato coorBerctByer h/A=0,5), OTHOCHTEIBHO
JOOPOTHOCTH, PACCYNTAHHOM TIPH HArpy3ke Ha CBOOOJHOE IMPOCTPaHCTBO (pHc. 3, a).
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Jlanublii (hakT CBHICTENLCTBYET 00 aJeKBATHOCTH YHCICHHOW Mojend. Bmecre ¢ Tem,
naxe npu h/ H = 0,4, usmenenne nodporaocta PUII B 2 pasa MeHbIie, yeM pu 4 —> 0.

DTO CBS3aHO CO 3HAYMTEIBHBIM TIPOBHCAHWEM IIONS W3 amepTypbl. M3 rpaduka Ha
puc. 3,a clIeayeT BeChbMa BaKHBIH BBIBOJ: HAWOOJbIEE HM3MEHEHHE JTOOPOTHOCTH
obecnieunBaercs ipu i/ H <0,05.

JanpHelnre pacdyeTsl IMPOBEAEHBI IS Moaenu ¢ mapamerpamm: H/A=1,25;
R,/A=0,17; z=0; h,=0; h,/A1=0,14; h/H=0,01; npoBOIMMOCTb CTEHOK
0=58-10° 1=3 cm, Ipy M3MEHEHHM BEIMYMHBI anepTtypsl R, /R, or 0,29 no 1.
I'padukn 3aBucumoctn uysctBUTensHOcTH PUIl 6O/ (Q oT Benmumubl R, ameprypsl
npuBeAeHbI Ha puc. 4. UyBCTBUTEIBHOCTh BBIUMCIIANACH UCXO/S U3 M3MEHEHHS TaHTCHCA
yriia IU3IeKTPHIECKHX 1oTeph Atgd, = 0,01, nmpu 3Hauennn tgdy, =0,01 u mocTosHHOI
OTHOCHUTEIILHOU JMAICKTPUICCKON POHUIIAEMOCTH.

Puc. 4. 3aBucumocts 6Q /() OT BETHMYUHBI AllEPTYPHl ¥ IApaMEeTPOB 00pasa.

YyBCTBUTENIBHOCTh JaTuuKa (pHC.4) yBeIM4MBaeTCs INPHU yYMEHbLIeHHMH R,/R,

OKa3bIBasICh ~ HEAOCTAaTOYHOM  Juii  00pa3sloB C  BBICOKOW  JAMANIEKTPHUYECKON
IIPOHUIIAEMOCTBI0. [I03TOMY ONTUMU3MPOBATH TAaKONW PE30HAHCHBIM W3MEPUTENIbHBIN
npeoOpa3oBaTeib CIEAYET OTAENbHO Al OOBbEKTOB C HU3KHM M BBICOKHMM 3HAUYCHHEM
JUIIEKTPUYECKON ITPOHUIIAEMOCTH.

BbIBO/IbI

BreimonmHeHHBIE pacueThl CBHIIETENLCTBYIOT O TOM, YTO TIPA TIPOBEIECHUU
TEOPETHIECKOTO OTIMICAHUS XapaKTEPUCTHK PE30HaHCHBIX M3MEPUTETHHBIX
mpeoOpa3oBaTeiel ¢ KOAKCHAIBHOW amepTypod MpU HCCICIOBAHUU COOCTBEHHBIX
MOJTYTIPOBOJHUKOB C MAJILIMHA TIOTEPSIMH HEOOXOAMMO YYUTHIBATH MOTEPH HA M3ITyYCHUE.
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B paGote ycTaHOBICHBI KOJMYECTBEHHBIC OCOOCHHOCTH BIUSHYSI TEOMETPHH anlepTyphl Ha
JOOpPOTHOCTh W YYBCTBUTENBHOCTh B IIUPOKOM  JHANa3oHe  HM3MCHCHHUS
AMEKTPOYU3NICCKUX TIapaMEeTPOB OOBEKTOB, UYTO TIO3BOJIIET O0O3HAYNTH OCHOBHEIC
HAmNpaBJICHUS  ONTUMU3AIUM  YYBCTBUTCIHLHOCTH  PE30HAHCHBIX  HM3MEPHUTEIBHBIX
npeoOpaszoBaTesci sl HCCIIE0OBAaHHS TApaMETPOB MONYTIPOBOTHUKOBBIX CTPYKTYP.
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IToneraes /1. O. Oco0auBOCTI 3aCTOCYBAHHS PE30HAHCHUX BHMIpPIOBAJIbHUX HEPeTBOPIOBAYIB s
AiarHocTMKU HamiBmpoBinHukoBux MatepianiB / . O. IloneraeB // Bueni 3amucku TaBpiilicekoro
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T. 27 (66), Ne 2. — C. 132-140.

B po6oti posrismaeTscst 0coOIMBOCTI 3aCTOCYBaHHS PE30HAHCHHX BUMIPIOBAIRHUX IEPETBOPIOBAYIB IS
JIarHOCTHKU HaIliBIPOBIIHMKOBHX MaTepianiB. [IpoBOIMTHCS aHANi3 OCHOBHHUX I'€OMETPHYHUX HapaMerpiB,
II0 BU3HAYAIOTh XapaKTEPHUCTUKH 30H/A i HOro 4yTiMBicTh. BUKOHAHI pO3paxyHKH CBiT4aTh HpO Te, IO MPH
NPOBE/ICHHI TEOPETHYHOIO OIMCY XapaKTePUCTHK PE3OHAHCHHX BHMIPIOBAJIBHUX IIEPETBOPIOBAYIB 3
KOAKCIaJIbHOI arepTyporo MpH JOCIiKEHHI HAMBIIPOBIJHUKIB 3 MaJIMMH BTpaTaMH HEOOXiJHO BPaxOBYBaTH
BTPATH Ha BUIIPOMIHIOBAHHS.

Knruoei cnosa: HBY, pe3onarop, 10OpOTHICTE, Yy TIANBICTh, HAIBIPOBIAHUK.

Poletaev D. A. Features of the Resonator Converter's Application for Semiconductor Materials
Diagnostics / D. A. Poletaev // Scientific Notes of Taurida National V. I. Vernadsky University. — Series:
Physics and Mathematics Sciences. —2014. — Vol. 27 (66), No 2. — P. 132-140.

This paper considers the possibility of using a microwave coaxial resonator converter for diagnostics of
semiconductor materials. Very promising energy industry is the technology of obtaining energy from sunlight.
It does not require fuel minerals during operation. Indeed, for every square meter on average falls about 1 kW
of power. For generating electrical energy from sunlight photoelectric converters are widely used. This is a
very complex structure based on multijunction semiconductor nanoheterostructures. It seems appropriate to
carry out additional diagnostics such structures, not as a finished device, and locally — at each point to search a
defective places. Today radiowave methods of diagnostics of materials and objects are in the process of
applying the microwave resonator converter, in particular with coaxial measuring aperture. The main
advantages of their use are indestructible object of research and contactless, the possibility of studying the
sample at some depth. The purpose of work is to analyze the specific application of the microwave resonator
converter for diagnostics of semiconductor solar cells. Analyzes the basic geometric parameters that determine
the characteristics of the probe and its sensitivity. Calculations show that during the theoretical description of
the characteristics of the resonant transducers with a coaxial aperture in the study of semiconductors with
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small losses must be taken into account radiation losses. In the quantified characteristics influence the
geometry of the aperture on the quality factor and sensitivity in a wide range of electro-physical parameters of
objects, allowing to identify the main directions of it optimization by the sensitivity.

Keywords: microwave, resonator, quality factor, sensitivity, semiconductor.
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ABTOMATH3UPOBAHHBIA MATHUTOONITUYECKUI
CIEKTPONOJIIPUMETPUUYECKUN KOMILJIEKC JJ151 UCCJIEJOBAHUSA
CBOMCTB TOHKUX MATHUTHBIX ILTEHOK
Jawko C. /., JTawxo /. A.

Taspuueckuii nayuonanvuvlii ynueepcumem umenu B .H. Bepunaockozo, npocnekm akademuka
Bepnaockozo 4, Cumgpepononv 295007, Pecnyonuka Kpovim, Poccus

E-mail: roton@crimea.edu

B pabore ommcaH aBTOMaTH3HPOBAHHBIM MAarHTOONTHYECKUH CHEKTPONMOSIPUMETPHUYECKUN KOMILIEKC,
KOTOPBI MO3BOJIACT MPOU3BOJAUTH HMCCIEAOBAHUS ONTHYECKHX M MAarHUTOONTHYECKUX CBOWUCTB TOHKHX
MarHUTHBIX IUIEHOK B onThdeckoM auamnazoHe 400-750 HM (1)1 ONTHYECKUX HCCeqoBaHui — 10 950 HM) B
MarHuTHOM mosie 1o S5 KD. OnucaHHOE YCTPOMCTBO MOXET OBITh HCIOJB30BAHO ISl HCCIEIOBAHUS
MarHUTOONTHYCCKUX MApaMETPOB TOHKMX MArHUTHBIX IUICHOK, MarHHTO()OTOHHBIX, MarHHUTOILIA3MOHHBIX
KPHCTAJUIOB U T.II.

Knrwuesvie crosa: 3dpdexr Papanes, mukpokonrposuiep (MK), onepanmonnstit ycunurens (OY), aHAI0ToBO-
uudpoBoii mpeobdpazosarens (ALIT).

PACS: 84.30. £ r; 89.20.Bb; 42.25 Bs; 42.25. Lc
BBEJIEHUE

WHTepec K WCCIeNOBaHWUIO TOHKMX MArHUTHBIX TUIEHOK OOYCIIOBIIEH —Kak
0COOCHHOCTSIMH WX CTPYKTYpbl W (U3MYECKUX CBOHCTB, TaK M MEPCIEKTHBAMHU
MPUMEHEHUS WX B Pa3IuIHON TexHuke. OcoObIil MHTEpeC B HACTOSIIEE BPEMS BBHI3BIBAIOT
UCCIIeIOBaHUs MarHUTO(MOTOHHBIX [1, 2] ¥ MarHUTOIIa3MOHHBIX [1, 3, 4] KpUCTAILIOB,
coJepKalux (QeppUT-TPaHATOBBIE CIIOM W HMMEIOUIIMX OCOOCHHOCTH B MPOSIBICHUU
MarHUTOONTHIECKUX CBOUCTB (3dexTsr Papames um Keppa), B pasmuUYHBIX ydacTKax
CIEKTPAIHHOTO AWAIa30Ha.

Hnst obecrieueHus: yno0cTBa WCCIENOBaHUS TOAOOHBIX CTPYKTYp HEOOXOAHM
CIIELMAJIU3UPOBAHHBIA ABTOMATU3UPOBAHHBIM MATHUTONOJSPUMETP C Pa3BEPTKOM IO
JUIMHE BOJHBI, W PAa3BEePTKOH [0 MarHWTHOMY TIONIO B 3aJaHHOM CHEKTPaJIbHOM
nuana3oHe. TakuxX yCTpPOMCTB Ha PBIHKE MPEICTABIECHO Majo, a IIeHa MX, KaK MpPaBUJIO,
JIOCTaTOYHO BBICOKA.

Hdus  pemeHust HAy4YHO-MCCIIEOBATENbCKUX  3a/1a4 Obul  pa3paboraH
aBTOMATHU3UPOBAHHBI MAarHUTOONTUYECKUA CIEKTPOIOJIIPUMETPHUECKANH KOMILIEKC,
MMEIOIINH CIEeTyIOIINe ITapaMeTphl:

1. Cnextpanpnbiii auamazoH 400-750 HM (A7 ONTHYECKHUX HWCCIEAOBAaHUN — [0
950 M) ¢ marom mopsaka 1 HM;

2. Tounocts onmpeneneHus yria ppamieaust @apanes 0.1 rpagyc;

3. Jlnama3oH U3MEHEHUS MOCTOSTHHOTO MarHuTHOTO 110715 0-5 k09;

4. B0O3MOXHOCTh KaK PYYHOTO, TaK ¥ aBTOMAaTU3WPOBAHHOTO PEXUMa YIPABICHUS C
I1K.
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JISIIIKO C. JI., JISIIIKO 1. A.

1. OIMCAHUE ITPUBOPA

birok-cxema pa3paboTaHHOTO NCTOYHHKA MpeAcTaBicHa Ha Puc. 1.

+12V " i ; Electro- Photo- [ Photo-
Power onochromator Magnet diode | s diode
L — Stepper
Stepper Sensor | | l l
+24\ | | | | Stepper
Controller
Power Stepper Magnet ™I
Supply ContrO“er ADC Power
Supply
TWI
PC ]
Microcontroller

Puc. 1. brnok-cxema MarHUTOONTHYECKOTO CIIEKTPONOJISIPUMETPA.

Hns m3mepenus: BennuuHbl dpdexta Dapanes mpuUMeHsETCS KOMICHCAIIMOHHBIH
Metoa. [ist 3Toro npuMeHsieTcsl CICAYIOIMMA aaropuTM:

Ilepen HayamoM pabOTHI MOJSAPU3ATOP U AHAIM3ATOP BBICTABISIIOTCS B CKPELICHHOE
COCTOSIHHE.

Uccnenyemblii oOpaseny momemiaercsi B JAep)KaTelb M Pa3MEIIAaeTCsl BHYTPH
JIEKTPOMAarHuTa. B KaTynIKu 3J€KTpOMarHuTa Noaaércs TOK.

Bnaronapst a¢dexry Dapanmes nuHEHHO TONAPU3OBAHHBIA CBET, MPOXOJS Uepes3
HaMarHMYCHHBIA HCCIIEAYEeMBbIii oOpasell, MOBOpPauyMBaeT BEKTOp MOJSPU3AIMUA U depe3
aHaJIM3aTop MoMaaaeT Ha POTOPEruCTPUpPYIOILEee YCTPOHCTBO.

ITocpencTBOM BpaleHUs] aHaIU3aTopa IO YPOBHIO CHUTHama ¢ (OTONPHEMHUKA
OIIpEeEIeTCS. HOBOE TOJN0XKEHHE CKPEIEHHOrO COCTOSAHUS. PazHuna B rpagycax Mexay
CKPELICHHBIMU COCTOSIHUSIMM JABYX H3MEpEHHMH, Oa€T HMCKOMBIH yron QapalaeeBcKoro
BpallCHusl.

IIpy KaXOOM NOCHENYIOIIEM INare ¢ IOMOIIBIO MOHOXPOMATOpa IPOU3BOLUTCS
WU3MEHEHHUE JUIMHBI BOJIHBI MAJAIOLIEr0 M3IY4YEHHsS U ONPENENsAeTCsl COOTBETCTBYIOLIAS
eMy Belu4rHa (apaneeBCKOro BpaIIeHUs. OJTH TOYKM 3aBUCHMOCTH (apalieeBCKOIro
BpaIlleHUs OT JJIUHBI BOJHBI U 1al0T UCKOMBIH CIIEKT.

HcTouyHNKOM MOHOXPOMHOTO H3JIyY€HHUS B YCTAHOBKE SBISIETCS MOHOXPOMAaTop,
NEPBUYHBIM M3JIyyaTeleM B KOTOPOM SBIISETCS BOJb(PAMOBO-TAJIOTCHHAS JaMIla C
OpHUEHTALIUEN CIIUPAIIX BJIOJIb BXOJHOM 1€ MOHOXPOMATOpa.

B kadecTBe monspu3alMOHHBIX (WIBTPOB MPHUMEHEHBI TUIEHOYHBIC MOJSPU3ATOPEI,
OIIMH W3 KOTOPBIX HEMOJBM)KHO 3aKpEIUIEH Ha BBIXOAE MOHOXPOMAaTopa, a BTOpPOH

142



ABTOMATH3UPOBAHHBII MATHUTOONITUYECKHWM ...

pasmenién nepe GOTOIUOAOM Ha IIECTEPHE YEPBIYHOIO PEAYKTOpa U MOXKET BpallaThbes
0e3 orpaHudeHUS B 00€ CTOPOHEL.

Pa3Béprka mo jummHEe BONMHBI M yriay DapaZeeBCKOTO BpaIlleHUS IPOU3BOIUTCS C
TTOMOIIIBEO OMITOJISIPHBIX IIIATOBBIX JBHUTaTelNel, paOOTAIONUX B MOIYIIATOBOM pexume. B
KadecTBe KOHTPOJUIEPOB IIATOBBIX JIBUTATENEH MPUMEHEHbI MUKpocxeMbl ¢pupmel Allegro
A2917SEB, kak XopoIro 3apeKOMEHI0BABIIHE ¢e0s IS dTUX TeJIeH U IPUMEHSIONTHECS B
pa3MuYHBIX YCTPOWCTBaX. B CBSI3U C BBIJCIICHUEM JOCTATOYHO OOJIBIIOIO KOJUYECTBA
TEIUIOBOM 3HEPryu, OHU OBUIN 3aKPEIUICHBI Ha aTFOMUHHUEBBIX PaJHaToOpax ¢ JOCTATOYHON
TETUTIOEMKOCTHIO U TUIOIIABI0 PaCCEUBAHMSL.

Jis muTaHWs 1ened  CHeKTPOMAarHWUTOIONISIPUMETpPa M IIArOBBIX JIBHTATENCH
MPEeIyCMOTPEH WCTOYHHUK HamnpspkeHUs +24 B, coOpaHHBIM 1O KIIACCHYECKON cXeme
OJTHOTAKTHOTO MMITYJIbCHOTO MPE00Pa30BaTels [0 cXeMe OJIOKHHT-TeHepaTopa.

Jig  mWTaHWUS  TaMIbl  PEAYCMOTPEH OTHENBHBIA  WMITYyJIBCHBIH  HMCTOYHHK
HanpsbkeHus +12 B.

1.1. YcuniieHue BbIXOAHOI0 CUTHAJIA

CymectByer 1Ba crmocoba TONy4YeHHs CHTHala oOT (OTOIMONA: H3MEpPEeHHe
HampsDKEHUST M u3MepeHue Toka. JlJis M3MEepeHHs] HaNpsOKEHHUS CXeMa JIOJDKHA UMETh
BBICOKHI MMIIEIAaHC, YTOOBI TOK, TEKYIIHU Yepe3 e€ BXoia, OblJI MHHUMAIBHBIM. B Takux
YCIIOBUSIX M3MEpPEHUE HANpPsKEHUS OyJeT HeMHEHHBIM, OTHOIIIEHHE BXOIHOW CBETOBON
SHEPruM K  BBIXOJAHOMY  HANpPsDKCHUIO OynmeT  Jiorapu)MUYECKHM, TaK Kak
YyBCTBUTEIILHOCTh (POTOAMOMIA M3MEHSETCS B 3aBUCUMOCTH OT IPHIOKCHHOTO K HEMY
mpsiMOTO HampspkeHus. [losToMy, Anst moirydeHUs JTHHEWHOW 3aBUCUMOCTH BBIXOIHOTO
CHUTHajJia OT CBETOBOM DHEPTHU IEIecO00pa3HO HCIONBh30BaTh HM3MEpPEHHE TOKa, a He
HampspkeHusl. Kak moka3zaHo B cTaThe [5] M3MepuTENbh TOKa TOJDKEH UMETh HYJIEBOM
BXOJHOW WMITEJ]aHC, YTOOBI TMAaJeHWe HANPSDKCHUS Ha TUOJE TaKke OBUIO HYJIEBBIM.
HyneBoit mMmmenanc oOecriednBaeT OINEPAIMOHHBIA yCHIUTENh, OJaromapsi OOJBIIOMY
YCUJICHHIO KOTOPOro oOOpaTHas CBSA3b yCTAHABIMBACT HYJEBYHO Pa3HOCTh HAIIPSDKCHUS
MEXIy BXojamMu. TOK MpakTUYeCKH HE TEUET 4epe3 BXOJl ONEPAIMOHHOTO YCHIIUTENS,
[EIMKOM HAmpaBisisICh B PE3UCTOp 0OpaTHOW cBs3u. Jlns MonydeHHs Kak MOXKHO
Oosbirero kod(duiMeHTa npeoOpa3oBaHMs TOKA B HANPSIKESHHE CONPOTHBICHHUE
00paTHOHM CBSI3W JIEJAIOT HACTOJIbKO OOJIBIINM, HACKOJIBKO IMO3BOJISIOT CYIIECTBYIOIIUE
orpaanueHus. [ yBenmdeHus 3¢ (EeKTUBHOCTH MPeoOpa3oBaTes IPUMEHSIOT CXEMY C
muddepernmanpHpM BxogoM Ha OVY. Tak kak QoTomuon reHepupyeT TOKOBBIA CHUTHAI,
OH JIOCTYNIEH Ha OOOMX BBIBOJAX JTOTO JATYMKA M MOXET MOIKIIOUATHCS  MEXKIY
WHBEPTUPYIONIUM ¥ HEWHBepTHpYyRImUM Bxojamu OV, TeM caMbIM cO3/1aBas BTOpOE
HamnpsOKEHHE CHTHaNa, KOTOPOE€ W YBEIMYMBAET YCWIICHHE CXEeMBl. 3]IeCh TaKXkKe
OTCYTCTBYET IIOCTOSIHHOE HamlpsbkeHHEe Ha (OTOAMOAE, TaK KaK OH BKIIIOUEH MEXKITY
BXOJIaMH OTIEPAIIMOHHOTO YCHIUTENsS. A Tak Kak HalpshHKeHHE MEXAY BXOJaMu
MPaKTHYECKd pPaBHO HYIO, TO OTCYTCTBYeT M TOK yTeukw ¢oroauona [5].
B ycranoBke mnpumeHEH KpemHeBbIl (otommon DJI-28806, mias ycuieHUs CUTHaA
koToporo Obutn mpumeneHsl OY OP07, xopomro 3apekoMeHAoBaBIIne ceOs HU3KUM
ypoBHeM IrymoB. OOpaTHasi CBs3p MOAOWpANach C pacdyéToM, YTOOBI MaKCHMabHBIN
BBIXO/IHOHM curHan Obut paBeH 2,5 B. Jlns Oonee TOYHOTO NETEKTHUPOBAHWS CHTHANA B
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KOPOTKOBOJTHOBOH 4YacTH ONTHYECKOTO CIICKTpa, a TaKKe YBEJIMYCHUS TOYHOCTH
ompeJnesicHUsT yraa ¢apaieeBCKOro BpamleHHsT ObUIM TPUMEHEHBI JIOTIOTHHUTEIHHBIC
Macmrabupymomue HenHBepTupytomme ycmwiutenun Ha OY OP07 ¢ koaddunmenramu
ycunenus 5, 10 u 40.

Oo6mas cxema ycunutens poToauoaa npeacrasiena Ha Puc. 2.
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Puc. 2. Cxema ycutunens poroanosa.

HAns muTaHus uUened ycuiauTeneld ObUIM TPUMEHEHBI CXEMBI TOHIKAIOIIETO
WHBEPTHPYIOLIETO CTA0MIM3aTOpOB Ha MuKpocxeme 34063, BBHINONHEHHBIX —TI0
KJIacCH4ecKoi cxeme. il JONMOMHUTENPHON cTaOMIN3aluy NUTaHHUs ObLIM HMPUMEHEHBI
crabunmutponsl ZD1 u ZD2.

Jnst 6aJaHCUPOBKH YCHIIMTENS IOCTOSIHHOTO TOKa (YCTAaHOBKHM Ha €ro BBIXOJIE
HYJIEBOTO HANPSKEHUS MPU MEPEKPHITOM CBETOBOM INOTOKE) MPETYCMOTPEH MEPEMEHHBIH
pesucrop R8, BeIBeieHHBIN Ha 3aIHIOI0 CTEHKY (oTOMETpA.

Jnst  perucrpaiyl  BBIXOJHOTO CHTHaja ObUT TPUMEHEH MHUKPOKOHTPOJUIED
AtXMega32A4, ¢GyHKIMIA U BBIBOJOB KOTOPOro OBLIO JOCTATOYHO JIJIsi BBIMOJHEHUS
JmaHHOW 3amaun. 4 kaHama 12-paspsmHoro ALl MK Oputn moakiroueHBI K BBIXOJAM
MacIITaOUPYIOLINX yCHIINTENEH, nepexioueHne KodduimenTa ycuneHus mpon3BoUTCs
nporpaMmmMHBIM BEIOOpOoM Bxoja ALIIT MK. B kadecTBe HCTOUHHKA OTIOPHOTO HATIPSIKEHUS
Opta mnpuMeHeHa MHKpocxema ADI1582 ¢ wHanpskenwmeM crabmmmzanuu 2,5 B,
napaMeTpoB KOTOPOH ObLIO TocTaTouHO Auist puMeHeHus BMecte ¢ AT MK.

J11st CBSI3M ¢ OCHOBHBIM MHKPOKOHTPOJIIEpOM OblIa mpruMeHeHa mmHa TWI.

1.2. YnpaBiaeHue 31eKTPOMarHuTOM H H3MepPeHHe MATHUTHOTO 0JIA
Jis  uM3MepeHusi MarHUTOONTHUYECKMX IapaMETPOB TOHKUX IUIEHOK HEO0OXOIUM
WCTOYHUK MAarHuTHOro moJigs. B 1anHOW ycTaHOBKE mJisi 3TOW UENM NPUMEHEH
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3JIEKTPOMArHUT C KperuieHHueM Jijisi o0pasia B LEeHTpe 3a30pa. s MpoxoxaeHus cBeTa
CKBO3b DIIEKTPOMATHHT B €r0 KEPHAX CIAENaHBI CTIeNUANbHbIE OTBepCTHs. s n3MepeHus
TETUTOBOM 3aBHCHMOCTH MarHUTOONITHYECKHX MMapaMeTPOB Ha JeprkaTeie MpeayCMOTPEHO
KpEIUICHUE HarpeBaTeIbHOTO 3JIEMEHTA JIs 00pasiia.

g ynpaBieHns 3IeKTPOMarHUTOM OBUT TPUMEHEH aBTOMATH3NPOBAHHBIA UCTOYHHUK
MOCTOSTHHOTO TOKa U3 [7], coopannsnii Ha MK AtXMega32A4, MmonuduinpoBaHHBIN 15
yrpasiieHuss o muHe TWI u COBMELIEHHBIM CO CXEMOW H3MEPEHUS HANPKEHHOCTH
MarHUTHOTO TOJS.

Jiis m3MepeHusT BEeNTWYHHBI HANpsHKEHHOCTH MAarHATHOTO TOJNS OBLI TPUMEHEH
nmatank Xosa JIXK-0,5a, pacnionoxkeHHbIH B 3a30pe JIEKTPOMArHUTa PSJIOM ¢ 00pa3IoM.
B kauecTBe UCTOYHMKA OMOPHOTO TOKA JUIS NaTYMKa ObUT MPUMEHEH UCTOYHHUK OTIOPHOTO
HanpsokeHnsT MAX6250, TOK OT KOTOPOTO OTpaHUYCH TOYHBIM pe3rcTopoM 1o 3 MA. s
M3MEpEeHHs HAIPSHDKEHHOCTH MarHUTHOTO TIONS CHTHAJ € JaTdhKa XOJUla YCHIIUBAETCS C
MOMOIIBIO  MPEHU3UOHHOTO HHCTpyMeHTanbHOro ycuiautene INA118, a 3atem
omudpossBactes ¢ moMompio AIIl MK ATXMEGA32A4. Jlnsg cBsI3W C OCHOBHBIM
KOHTPOJIJIEpOM ObLja Takke nmpuMeHena mmaa TWI.

1.3. YnpaBJjienne pa6oToii cieKTponoJisipumMeTpa

B kadecTBe OCHOBHOTO YHPaBIISIONIETO DIIEMEHTA CIIEKTPOMArHUTOIIONSIpUMETpa ObLT
MPUMEHEH ILIUPOKO H3BECTHBIM MUKpOKOHTpoiiep AtMega32, ero komMmyTrauus c
JpYrMMHU  y3JlaMH YCTAHOBKM IIpousBoamiack 1o wmuHe TWI, a ynpasieHue
KOHTPOJIJICpAaMU IIIarOBBIX JBUTATEICH — MO MapajuieabHOMYy HHTepdeiicy. Jlns pydHoro
pexknMa paboTel mpemxycMoTpeH cuMBONBHBEI KK-3kpan 2 ctpokm 16 cuMBOIIOB, Ha
KOTOPBIN BBIBOASTCS TEKYILME 3HAYCHUSI CUTHaIA ¢ (POTOANOA, IVIMHBI BOJTHBI M3IyIECHUS
W MarHUTHOTO TOJII B 3JeKTpoMarHute. Jjis ympaBiieHHs LIaroBbIMU JIBUTATENIsIMU B
pydyHOM pexmMme mnpuMeHeHbl 4  kHomku, momkimodenHele kK - Al Bxomy
MHUKPOKOHTPOJIIIEPA.

s mucrannmonHoro ympasienus ¢ [1K Obut ucnonbs3oBan untepdeiic UART MK
Ha ckopocTH 115200 6ox, 1 cTapToBbIli OMT, 8§ OUT MaHHBIX, O€3 KOHTPOIIST YETHOCTH. Tak
Kak B OompmmHCTBE KOMIBIOTEpOB COM-MOPT  OTCYTCTBYET, B  KauecTBe
KOMMYTHpYIOIIeH MHUKpOcXeMbl Oblia BbelOpaHa cxema Ha FT232RL B cBs3u c eé
npoctotoii M Han&xHocthio. s ympasienuss ¢ [IK Obima HammcaHa mnporpamma,
MO3BOJISIIOIIAs.  TPOM3BOIUTH  ABTOMATHUYECKYHO  pa3BEPTKY  3aBHUCHUMOCTEM  yria
(apaseeBcKOro BpameHus: OT JAJUHBI BOJHBI M1 OT MarHUTHOTO moJisi. Bo3MoXkeH Taxxke
pexuM paboTHl KOMIUIEKCAa B KadecTBe (OTOMETpa NMpH H3MEPEHHUH KOd(D(HUIMEHTOB
OINITUYECKOr0 HPOITycKaHusi 00pa3noB. B 3ToM ciyuyae mossipu3aTopbl BBICTABISIIOTCS B
MapauIeIbHOM COCTOSIHUM M TPOM3BOJUTCS HM3MEPEHHE 3aBHCUMOCTH aMIUIMTY B
curHasna (Goroxuoga OT JUIMHBI BOJIHBL [Ifisi TMONYYeHUs CHEeKTpa MpPOIyCKaHUs
HEOOXOIMMO CHayajia CHATh 3aBUCHMOCTh aMILTUTYIbI OT JUTMHBI BOJIHBI Oe3 oOpasia, a
3aTeM — C HccieayeMbIM 00pa3noM. CeKTp NpoIyCKaHUs HCCIIEAYeMOro o0pa3sia MO>KHO
MOJYYHTh, Pa3/IeiB KPUBYIO 00pa3iia Ha KPUBYIO YCTAHOBKH.

Jiist kamOpOBKH O JJIMHE BOJHBI TPEOYETCsl MOJYYHUTh JIBE TOYKH COOTBETCTBHUS
JUIMHBI BOJIHBI KOJMYECTBY IIaroB IIAroBOrO ABHUraTeNs M 3allMCaTh MX B HACTPONKHU
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nmporpaMmsbl, IIOCJI€ Y€TO nepecqéT maroB B €IWHHIBI JJIWHBI BOJIHBI IIPOMU3BOJUTCA
aBTOMAaTH4YCCKH.

BbIBO/JbI

B pabore mpeacraBieHO ~ ONHMCaHWE ~ CO3JAaHHOTO  aBTOMAaTH3WPOBAHHOTO
CIEKTPOMArHUTOIIOIAPUMETPA, HEOOXOIUMOTO ISl MPOBEACHHUS WCCIEIOBAHUA TOHKHX
MarHUTHBIX TUIEHOK, MAarHUTOMOTOHHBIX ¥ MarHUTOILIA3MOHHBIX KPUCTAJUIOB M IDYTUX
HAayV4YHBIX  HccnenoBanusx. [Ipy  uchbiTaHusAX  mpUOOD  TOKa3all  XOPOIIWE
AKCIUTYaTAIIMOHHBIE XapaKTePUCTHKHU. Pe3yIbpTaThl, MOTydeHHBIE C TIOMOIIBI0 OITICAHHOTO
npubopa MOMOTYT B Pa3pabOTKe MarHUTO(MOTOHHBIX M MarHUTOILJIA3MOHHBIX KPHCTAJLIOB
JUTSL TIPIMEHEHUS MX B PA3IIMYHBIX yCTPOHCTBAX.
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The article describes an automated magneto-optical spectropolarimetric complex, which allows the study of
the optical and magneto-optical properties of thin magnetic films in the optical range of 400-750 nm (for
optical research - up to 950 nm) in a magnetic field up to SkE. The described device can be used to study
parameters magneto magnetic thin films magnetophotonic, magnetoplasmonic crystals, etc.

Keywords: Faraday effect, the microcontroller (MC), an operational amplifier (op amp), analog-to-digital

converter (ADC).
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