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Abishev M.", Toktarbay S., Khassanov M., Abylayeva A.

Al-Farabi Kazakh National University,
Kazakhstan, Almaty,"e-mail: abishevme@mail.ru

PROPAGATION OF A ELECTROMAGNETIC RADIATION IN THE STRONG
MAGNETIC QUADRUPOLE AND GRAVITATIONAL FIELD

In the work, the nonlinear effect of the magnetic quadrupole field on the propagation of
electromagnetic waves in the eikonal approximation of the parametrized post-Maxwell electrodynamics
of the vacuum is calculated. Equations of motion for electromagnetic pulses transmitted in a strong
magnetic field by two normal modes with mutually orthogonal polarization are constructed. The
difference in propagation times of normal waves from the common source of electromagnetic radiation
to the receiver is calculated. It is shown that the front and back parts of any hard radiation pulse due to
the nonlinear electromagnetic influence of the magnetic quadrupole field turn out to be linearly polarized
in mutually perpendicular planes, and the remaining part of the pulse must have elliptical polarization.

Key words: magnetic field, nonlinear electrodynamics, general relativity, polarization, quadrupole,
electromagnetic radiation.
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KywuTi MarHMTTiK KBAAPYNOAb YK9HEe rPaBMTAAMSIAbIK, epicTepAeri
3AEKTPOMArHMUTTIK COYAEHIH, TapaAybl

KyMbicTa BakyyMAaFbl GeMCbI3bIK, NMapaMeTpAeHreH MOCTMAKCBEAAADIK, IAEKTPOANHAMMKACBIHbIH,
3MKOHAAABI XKYbIKTayblHAQFbl SAEKTPOMArHUTTIK TOAKbIHAAPABIH, TapaAyblHa KBAAPYMOAbAiI MarHWUT
epiciHiH acepi ecenteareH. KywwTi MarHUT epiciHAe ©3apa OpPTOroHaAAbl MOASIPM3AUMSCHI 6ap €Ki
HOPMaAAbl  MOAAAapMeH  GepiAreH  3AEKTPOMArHWUTTIK  MMMYAbCTEPAIH  KO3FaAbIC TEeHAEyAepi
TYPFbI3bIAAbL. DAEKTPOMArHUTTIK COYAEAEHYAIH >KaAMbl KO3iHEeH KaObIAAAFbILIKA AEMiHri KaAbIMNTbl
TOAKBIHAQPAbIH, TapaAy YakbITbIHbIH aiblpMaLLbIAbIFbl ecenTeAai. Ke3 keAreH kaTaH, cayAe UMMYAbCIHIH
AAABIHFbI XK8He apTKbl 6OAIKTEPi MarHUTTIK KBAAPYMOAbAIH CbI3bIKTbl EMEC SAEKTPOMArHUTTIK 8CepiHeH
@3apa MNeprneHAMKYASPAbI XKa3bIKTbIKTAPAQ CbI3bIKTbl TYPAE TMOASIPU3ALMSIAAHFAH, aA MMMYAbCTIH
KAAFaH OOAIrT SAAMNCTIK NMoAgpur3aumsiFa e 60AaTbiHbl KOPCETIATEH.

TyHiH ce3aep: MarHuT epici, Cbi3blIKTbl e€MeC 3AeKTPOAMHAMMKA, >KaAMbl CAAbICTbIPMAABIK,
TEOPUSICbI, NMOASPU3aLMS, KBAAPYMOAb, SAEKTPOMArHUTTIK COYAEAEHY.

Abuwes M.", TokTtap6an C., XacaHoB M., AbBbiraeBa A.

Ka3axckuit HaUMOHAABHBIA YHUBEPCUTET MMeHN aab-(Papabm,
KasaxcraH, r. AAmaTbl, “e-mail: abishevme@gmail.com

PaCﬂpOCTpaHEHMe IAEKTPOMArHUTHOIO U3AyYE€HUS
B CUAbHOM MArHUTHOM KBAaAPYNOAbHOM U TrPABUTALMOHHOM MOAAX

B pabote paccumTaH HeAuHerHbld  3(PMEKT  MaArHUTHOrO  KBAAPYMOABHOrO MOASl  Ha
pacnpocTpaHeHne 3AEKTPOMAarHWUTHbIX BOAH B 3MKOHAAbHOM MPUOAMXKEHWUU MNApaMeTPU30BAHHOM
NMOCTMAKCBEAAOBCKOM 3AEKTPOAMHAMMKM Bakyyma. [1ocTpoeHbl ypaBHEHUSI ABMXKEHWUSI 3AeKTpomar-
HUTHBIX WUMIYAbCOB, NMEpPeAaBaemMblX B CUABHOM MArHUTHOM TMOAE ABYM$SI HOPMAAbHbIMM MOAAMM C
B3aMMHO OPTOTrOHAAbHOM MnoAsipu3aumenn. PaccumMTaHa pasHOCTb BpeMeHW PacrnpoCTpaHeHMst
HOPMaAbHbIX BOAH OT 00LLIEro MCTOYHMKA SAEKTPOMArHUTHOIrO M3AYyYEHMs A0 MpuMemMHuMKa. [okasaHo,
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Abishev M. et al.

4YTO nepeaHne 1 3aAHME 4YacCTu AIOOOro  >KecTkoro MMNYAbCa W3AYYEHUA WN3-3a HEeAUHENHOoro
IAEKTPOMarHnTHOro BO3AENCTBUY  MarHMTHOr O KBAAPYMOAbHOIoO MOA4 OKa3blBalOTCA AMHENHO
MOASPN30BAHHBbIMM BO B3aMMHO MEPNEHAMKYASAPHbIX MAOCKOCTAX, a OCTaBWasgACda 4aCTb MMITYAbCa

AOAKHA UMETb SAAUMNMTUYECKYIO MOAAPKU3alUIO.
KAloueBble cAOBa: MarHmMTHoOe MOAe,

HeAMHenHas

DAEKTPOAMHAMMKA, 0bOwas Teopusi

OTHOCUTEAbHOCTMU, NMOAGPM3aLlna, KBAAPYNOAb, SAEKTPOMarHMTHoe n3AyyeHume.

1. Introduction

According to the ideas of modern theoretical
astrophysics [1-2], neutron stars have magnetic
dipole fields, which on their surface reach values
comparable with quantum electrodynamic induction
B,= 4.41 - 10" Gs. In such fields, the nonlinearity
of electrodynamics in a vacuum must appear,
leading to the appearance of various physical effects
[3-8]. Theoretical studies of such nonlinear
electrodynamic processes use the post-Maxwellian
approximation [9]. In this approximation, the
Lagrangian of the nonlinear electrodynamics of
vacuum is written in the parametrized form:

— ﬁ{yz +&[(m -2m,) 2 +4n,0, ]} ‘%ij'" ;

where J, =F, F"and J, =F,F"F F" are

invariants of the electromagnetic field tensor £

nos

2
=1/ Bq , Th.are postmaxwellian parameters

whose magnitude is different in different theoretical
models of nonlinear electrodynamics of vacuum.

2. The equations of the electromagnetic field

In the Heisenberg-Euler theory, which is a
consequence of quantum electrodynamics, the
numerical values for the parameters n;and 7n, differ
n, = e2/(45mhc) =5.1-107°, N, =
7 e2/(180mhc) = 9.0 - 10>, while in the nonlinear
Born-Infeld electrodynamics they are equal to each
other.

The equations of the electromagnetic field with
have the form:

0
ﬁ{[l + &My — 2n) )L IF™ + 4§ﬂ2kakaFpn}
h=-—2m (1)

c

The second pair of equations of the
electromagnetic  field coincides  with the
corresponding equations of Maxwell's theory:

ISSN 1563-0315

aFkn aElm aka _

dx™m = dxk = o0x" 0.

When studying the laws of propagation for weak
electromagnetic waves in a strong external field F;,
the eikonal equation was used. Calculations have
shown that the propagation of a weak
electromagnetic wave according to the laws of
nonlinear electrodynamics (1) in space-time with a
metric tensor gyand in the presence of an external
electromagnetic field occurs by geodesic of some
effective pseudo-Riemannian space-time. The
metric tensor of this space-time G, depends on the
metric tensor g, the quadratic combination of the
electromagnetic field tensor F,;g"™F,and at n; #
7, it is different for waves of different polarization
(nonlinear electrodynamic birefringence). While for
the first normal wave the tensor G, has the form

1 .
Grfk) = Gnk — MM1§Fnig"" Fonks )

for the second normal wave, having orthogonal
polarization to the polarization of the first wave, the
tensor differs by the second term coefficient:

2 .
Grfk) = Onk — 4n2§Fniglmka' (3)

According to the Lagrange-Charpy theorem, this
means that in order to find the trajectories along
which the momentum of a weak electromagnetic
wave propagates in the external field and determine
the laws of its motion along these trajectories, we
need to solve the equations of isotropic geodesic

motion in the effective space-time with the metric

12).
tensor Gnk :

o+ LLK™KP = 0,GGPK K™ =0, (4)

where I}, are Christoffel symbols of the space-time
with a metric tensor Glfli)or Glflf), depending on j[he
mode being studied, Xis affine parameter, K' =

dx* /dZ is a four-vector tangent to the corresponding
isotropic geodesic.

Recent Contributions to Physics. Ne3 (66). 2018 5



Propagation of a electromagnetic radiation in the strong magnetic quadrupole and gravitational field

3. Quadrupolar magnetic field components

We place the beginning of the Cartesian
coordinate system at the point where the magnetic

B, =

quadrupole is located. Then, the components of the
magnetic induction vector B of this quadrupole in a
spherical coordinate system r,0,¢ will have the
form:

4
—B%{[%\E(l + 300526)] Cosy, — [S\E sinZGcosqb] siny;cosy, +

[3 \Esmcosw] Sin)(lsin)(z}, - [3 \Esinzecosqb] siny1c0sy; + [3\Esin29cos2¢] sinxlsinm}.
5. 1 .
By = i §s1n29 cosy; + /10 %coszecoyb siny;cosy, —

5
- \EsinZBcode) siny;sinys ¢,

BR4

where R is the neutron star radius, B is the magnetic
field at the stellar surface, y1[0,z] and y»[0,27] are
two angles specifying the particular geometry of the
quadrupole magnetic field.

However, for further calculations it is more
convenient for us to use a rectangular Cartesian
coordinate system. Re-designating the constants B,
i and y» in accordance with relations

’ 2 /10
=T 5 Tscos@sinq')sin)(lcosxz — ?sinesinzcj)sin)(lsin)(z ,

By = By/1 + 2co0s?y;,

\/§COSX1
J1+ ZCOSZ)(l'

sinyq

J1+2cos2y,’

cosé =

siné =

we obtain:

Bx:\/EBO {x[r? = 52%]f; + 2z[5x* — r?]f, + x[52% — 3r* + 10y?]f3},

5ByR*y
By—\/; °T {[r? — 522]f; + 10xzf, +

5B, R
B, = ﬂo

where to abbreviate the notation:
f1 = cosé, f, = sinfcosy,, f3 = sinsiny,, at that
ff+RF+f=1

Suppose that an electromagnetic pulse is emitted
from a certain point r = ry= {x,Vs2z} at time ¢ = f.
We assume that at the point r = rs= {x4,)4za4} there is
an electromagnetic radiation detector. We orient the
axes of the Cartesian coordinate system so that the
source and the electromagnetic radiation detector lie

+ [372 — 10x% — 522113},

{z[3r? — 52%]f; + 2x[52% — r?]f, — 5z[x* — y*1f3},

in the XOZ plane, and the Z axis is directed so that the
following conditions are fulfilled: x,= x4 ys=ys=0.
Then ry= {x,,0,z:}, and ra= {x:,0,z4}. As in [19], we
will consider the propagation of pulses of only X-ray
and gamma frequencies, for which the influence of
the magnetosphere of a pulsar and a magnetar can be
neglected.

Let us find out by which rays the electro-
magnetic pulses will propagate from the point r,to

6 Xabapuisl. @usuka cepusicel. Ne3 (66). 2018



Abishev M. et al.

the point ry, and also determine the laws of motion

of electromagnetic pulses along these rays.
We find the components of metric tensors G& 2)
of the effective pseudo-Riemannian space-time (3) -

(4) for the problem under consideration:

12) _ 1,2) _
Gy =1 'GaB =

= =81 + 4112 EBZ(1)] + 411 26Bo (1) By (7).

The vector B of the magnetic quadrupole
entering into these expressions must be taken with
the Maxwellian accuracy.

The equations of geodesics in space-time (2) -
(3), can be written by differentiating not with respect
to the parameter X, but in the coordinate z in
accordance with expression d/dX = K3 d /dz.

4. Calculation of the delay time

Our equations are nonlinear, for which the usual
methods of integration are not applicable. However,
they contain a small parameter & B3. Therefore, we
represent expressions x = x1,(z),y = y1,(z)and
t = t1,(2) in the form of expansions with respect to
this small parameter:

t12(2) = to(2) + 1128BG[t(2) — t(25)],

x12(2) = %0(2) + 11268 [X(2) — X(z,) +

¥1,2(2) = y0(2) +1128B§ [Y(Z) —Y(z,) +

Since the electromagnetic pulse at time ¢ =, was
at the point r = ry, and the ray must pass through the
points r =r,u r = ry, we obtain:

x0(2s) = x0(z4) = x5, ¥0(25) =
= yo(2q4) = 0,t9(z5) = ts.

Then in the Maxwellian approximation we will
have:

dt(z) 2
dz ¢

5R8 (25x2
{BZ + B} =§{ -

20x3
+ S

(z—2z5) [X(zs) _X(Zd)]]
(za—2s) ’

(z —z5) [Y(z) - Y(Za)]]

(Zd - Zs)

d?*to(z) _ d*xo(2) _ d*y,(2)
c = = =0

dz? dz* dz? '
2
2 (dto(2)>2 _ (de<z))2 (@) _ |
dz dz dz
From these equations it follows that:
Z—Zg
to(z) = ts + c ,%0(2) = X5,¥0(2) = 0

We have:

puve [42,(fy — f3) + xs(1 — 2fafs — 5f)] +

Af7

EuEN [z£,(3fs — 5f1) + xs(ff + 9f + 3fifs — 2)] + —8 +

4xg
+m[22f2(2f1 — f3) + xs(4 — 4f1f3 — 15fF = 3fD)1}

where in the approximation under consideration

r= /zz + x2.

ISSN 1563-0315

Integrating this find the

dependence of t(z):

equation, Wwe

Recent Contributions to Physics. Ne3 (66). 2018 7



Propagation of a electromagnetic radiation in the strong magnetic quadrupole and gravitational field

t2) =L 2% (5 - £) ~ L+ B (5, - 36) + 2 £(2f — 4f) +

25xs xtz
o2 (1 =5f7 = 2fifs) — 12 — 01— 4815 — 157f; — 34f1f3) +

1= |at (Z)+ZXS+2ZX§+8ZX§+16ZXZ [35 — 182f,f5 + 1932 + 336/2]
s12a7 |41 3r4 " 156 ' 3578 fifs + 1934, f3

For the functions X (z) and Y (z) we obtain the following equations:

d?X(z) 1750R8x$

dz? = 316 {4Zf2(f1_f3)+xs(f12_2f1f3 —4f22+f32)}+
100R8x} , , ,
g (83 10IEDF, % G2Afy = + 1364 = 2570)
100R8

BET > {z(43f; — 13f2)f2 + x5, (2517 — 28f1f3 — T6fF + 5fF)} +

40R
+m{xs(f32 +5fifs — 14f7 + 21fF) — 2(6f1 + f3)f2},
d?Y (z) _
%

Integrating these equations, we find:

8

X(2) =
@) = 30728

{z(1274f,f; — 1596f7 — 245f2 — 2597f2) —

82
t— 10 o (162(13f1 = 7f3)f> + x5 (83f7 — 118f1 f5 — 284f7 + 35f)} +

=6, (fy + 13f3) fodatan (2) + S 4y - f)f, -

36112

8

+ si}gr—s {xs(145F7 + 524fF + 46f1f3 — 287f7) — 1922(fy + 2f3)fo} +

8

5
tToyze UGS+ 228fF — I82fif5 + 37U — 642(fy + 13f5)f} +
S

8
t 084 {xs (2452 — 1274f, f5 + 1596 + 2597f2) — 320z(f, + 13f5)f>} +
S

25R8
+—921 2 {xs (2452 — 1274f, f5 + 1596fF + 2597f2) — 192z(f, + 13£:)f>},
S

Y(z) =0.

Xabapuisl. @usuka cepusicel. Ne3 (66). 2018
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Let us consider the effects of the nonlinear
electrodynamic action of the magnetic quadrupole
field on the electromagnetic wave.

Estimates show that when By~ 10" G the angle
[ can reach several angular seconds. However,
because of the large distance between pulsars and
the Earth, compared with the radii of pulsars, the
angles of non-linear electrodynamic curvature of
rays from the solar system can not be measured.

Further, for n; # 1, because of the nonlinear-
electrodynamic birefringence, each electromagnetic
pulse emitted at the point ro= {g,0,z0}, splits into
two pulses, one of which is carried by the first
normal wave and the other by the second normal
wave having orthogonal polarization. These pulses
move to the receiver along different beams,
spending on this way different time.

We calculate the delay time of the
electromagnetic pulse carried by the first normal
wave, in comparison with the propagation of the
momentum carried by the second normal wave.

At = Bma=nz) §B§R®
3072x7c

x [35 — 182f; f5 + 193f7 + 336f7]

The presence of a non-zero value of Af leads to
the appearance of unusual polarization properties for
an electromagnetic pulse. These properties are a
consequence of the different magnitude of the
propagation velocity of two modes in an external
magnetic field. Indeed, suppose that a pulse of an
arbitrarily polarized hard radiation of finite duration
T. Because of the birefringence of the vacuum, it
splits into two modes, polarized in mutually
perpendicular planes, with the leading edges of these
modes coinciding at the initial instant of time. The
leading edge of the faster mode will arrive at the
hard radiation detector earlier than the leading edge
of the slow mode, which for some time is equal to
At. Therefore, during the time A¢, only the faster
normal pulse mode will pass through the detector
and the detector will detect the linear polarization of
this part of the momentum.

After the time At, the front of the momentum
transferred by another normal mode, the phase of
which differs from the phase of the faster mode on

ISSN 1563-0315

wAt, where o is the frequency of the wave. The
addition of these orthogonally polarized normal
modes in the subsequent time will create in the
detector radiation with elliptical polarization that
will pass through the detector for a time 7 — At.

Quite analogously, the trailing edge of the
faster momentum mode will leave the detector
before the trailing edge of the slow mode.
Therefore, at the back of the hard radiation
momentum duration Az, the polarization will also
be linear, but orthogonal to the linear polarization
of the front of the momentum.

Thus, the detection of the above-mentioned
polarization properties of hard pulses coming from
pulsars makes it possible not only to assert the
manifestation of nonlinear electrodynamics of
vacuum, but also to estimate the magnitude of the
induction of the magnetic field on the surface of the
pulsar from the value of Az,

5. Conclusion

The calculation showed that, according to the
equations of nonlinear electrodynamics of vacuum,
the magnetic quadrupole field bends the rays of
electromagnetic waves and the magnitude of the
angle of this curvature depends on the orientation of
the quadrupole moment with respect to the direction
of propagation of the electromagnetic wave.

The propagation velocities of electromagnetic
pulses at 17y # 1, depend on the polarization of the
electromagnetic wave. If a short pulse is emitted
from the electromagnetic radiation source, then in
the general case it will propagate in the magnetic
quadrupole field in the form of two normal waves
having mutually perpendicular polarization.

In the receiver of electromagnetic radiation,
these pulses will arrive along different beams and at
different instants, as a result of which the recorded
total pulse will have an unusual polarization: the
front and back parts of each pulse of length cA¢ will
be linearly polarized in mutually perpendicular
planes, and the part momentum will be elliptically
polarized. A simple analysis shows that at x;~ R ~
10 km and By~ 10" G the value Az with a favorable
orientation of the quadrupole relative to the z axis of
the Cartesian coordinate system chosen by us, can
reach several tens of nanoseconds.

Recent Contributions to Physics. Ne3 (66). 2018 9
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THICK BRANE PELUEHUS
B MOANDOULIMPOBAHHDbIX TEOPUAX TPABUTALIMA

B coBpemeHHOM TeopeTnueckon (pU3MKE aKTMBHO Pa3BMBAETCH LEAbIA psA  HaNpaBAEHWH,
NnpeAAaraiolmx on1ucaHne KOCMOAOTMUYECKOM SBOAIOLMM B PpaMKax PACLUMPEHHbIX TEOPUIA rPaBUTaLLMN.
B Hactosiiee Bpemsi ofliee COCTOSIHUME WMCCAEAOBAHWMIA TAaKOBO, UTO Ha AAHHbIA MOMEHT TPYAHO
BbIAEAUTb TPEANOYTUTEAbHbIE HAMpPaBAEHUS, a KOHKPETHble MOAXOAbl WMEIOT pasHble CTeneHu
paspaboTtaHHocT 1 ycnexa. OAHMM M3 OOLIMPHBIX HaNpaBAEHUI B COBPEMEHHOM TEOPETMUECKOM
(pU3MKe ABASETCS M3yHeHUE MOAMMDULIMPOBAHHBIX TEOPUIA TPABUTALMM. MIX LEABIO SIBASIETCS BbISICHEHME
TOro, Kak MO>HO OMMCaTh FPaBUTALMIO B PaMKax MOAMMULMPOBAHHOM TEOPUM Tak, YTOObI HE BOMTU B
NMPOTUBOPEUME C UMEIOLMMUCS SKCTIEPUMEHTAABHBIMM AQHHBIMU, M MPEAAOXKUTL AYULIEE OMUCAHME
LUMPOKOrO KPyra SBAEHUI B KOCMOAOTMM. [10A06HYI0 MPOrpamMmMy MOXKHO MPOBOAMTD B 5KM3Hb M C TOUKM
3peHus NPOOGAEM KBAaHTOBaHUSI TEOPMM FPABUTALMOHHOIO B3aMMOAENCTBUS.

B s1oin paboTe paccmartpuBaetcs moaeab thick brane B 5-mepHbix MoandmumposaHHbix f(R)~R™
rpaBuTaLMsX. PeryaspHble acMMNTOTUUECKM aHTU-Ae Sitter’ 0BCKMe pelleHns COAepXKaTCs B HEKOTOPOM
AMarnasoHe 3HaueHus napametrpa n. [AaBHasi 0COGEHHOCTb 3TOM MOAEAM 3aKAIOUAETCsl B CyLlec-
TBOBaHWM 0CO6BOM TOUKM B (Da30BOM MPOCTPAHCTBE, FAE HAUMHAIOTCS BCE peLleHus, B KOTOPON Haxo-
anTcs 6para. CyuiectBoBaHMe 0COGOM TOUKM MO3BOASET M36eratb TOHKOM MOACTPONKM MOAEAbHbIX
MapamMeTpoB AASl IOAYUEHMSI MCCAEAYEMBIX PELLIEHW.

KatoueBble croBa: MOAMDMUMPOBaHHbIE Teopun rpasuTaumm, thick brane.

Dzhunushaliev V.7, Kim Sung-Won?, Nurtayeva G.K."",
Protsenko N.A.", Idrissov A.'

'I[ETP, Al-Farabi Kazakh National University, Kazakhstan, Almaty
2Ewha Womans University, Korea, Seoul,
*e-mail: nurtayevagalyia2017@gmail.com

Thick brane solutions in modified theories of gravity

In modern theoretical physics, a number of trends are actively developing, offering a description of
cosmological evolution within the framework of extended theories of gravity. Currently, the general state
of research is such that it is currently difficult to identify globally preferred areas, and specific approaches
have different degrees of development and success. One of their vast areas of modern theoretical physics
is the study of modified theories of gravity. Its goal is to find out how gravity can be described within
the framework of a modified theory so as not to contradict existing experimental data and offer a better
description of a wide range of phenomena in cosmology. Such a program can be implemented from the
point of view of problems of quantization of the theory of gravitational interaction.

In this article, the thick brane model is considered in the 5-dimensional modified f(R)~R™ gravity.
It is present regular asymptotically anti-de Sitter solutions contain in some range of value of the parameter
n. The main feature of this model consists in existence of a fixed point in phase space where all solutions
start and in which is place the brane. Existence of the fixed point allows to avoid thin fine tuning of
model parameters for obtaining the studied decisions.

Key words: modified theories of gravity, thick brane.
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MoaucmkaumsaaHFaH rpaBUTaLLMSIAbIK, TEOPUSIAAPAAFbI OPaHADBIK, LUeLLIiMAEep

3amaHayn TeopusiAbIK, (p13MKa CaAaCbiHAQ IPaBUTALMSIAbIK, ©63apa SPEKETTECY TEOPUSCHI LieHbe-
PIHAE KOCMOCTbIK, 3BOAIOLMSIHbI CUMATTANTbIH SPTYPAI BarbITTap KapKbIHAbI AamMyAd. Kasipri yakbiTTa
aAeMre aMriAi 6ip FaHa GarbITTbl pEKLLEAEY KMbIHAQY, KepICiHLIE KaHAAMAQ Bip TOCIAAEP BPTYPAI Aamy
AeHreiiHe >xaHe TabbicKa >keTyae. Kasipri 3amMaHaym TeopusiAbiK, (hM3MKaHbIH KeH ayMakTbl OafbiT-
TapblHbIH, 6ipi — MoAMMUKALMAAAHFAH rPaBUTaLMSI TeopusCbiH 3epTTey. OHbIH, MaKcaTbl — rpaBuTa-
UMSHbI MOAMCMKALMSIAGHFAH Teopus LWeHOepiHAE, KOAAQHBICTaFbl TOXIPUOEAIK AepekTepre Kawllibl
KEAMENTIHAEN cunaTTay XoHe KOCMOAOTMSAAAFbI KEH ayKbIMAbI KYObIAbICTApAbIH CMMATTAMAChIH YCbIHY.
MyHaai 6ar AapAamaHbl FpaBUTALMSIAbIK ©3apa 9PEKETTECYAl KBAHTTay TEOPUSChI TYPFbIChIHAH >Ky3ere
acbipyra 60AaAbl.

ByA xymbicTa 5-eAwieMai MoandmKaumsAaHFaH f(R)~R™ rpaBUTaUMSACbIHAAFbI KaAbIH 6paH MOAEAI
KapacTbipblAaAbl. TypakTbl aCUMMTOTUKAABIK, aHTU-Ae Sitter wewiMaepi n napameTpiHiH, 6eAriai 6ip
MBHAEPIHIH AManasoHbIH KaMTUAbL. BYA MOAEAbAIH Heri3ri epekLueAiri, 6apAbik, Wwellimaep 6actaraTbiH
(pasanblk, KeHicTikTe epekiie 6ip HykTeHiH 6ap GOAYbIHAQ, OCbl apaAbikTa 6paHa aa 6oAaabl. Epekiue
HYKTEeHIH 6ap OOAYbl 3epTTEAIHETIH LWeWiMAEPAT aAy YLIIH MOAEAbAIK MapameTpAepAi asaan

bIHFaMAQYAQH KYTbIAYFa MYMKIHAIK 6epeai.

TyHiH ce3aep: MOAMMDMKALMSAAAHFAH FPABUTALMS TEOPUSIChI, KAAbIH GpaHa.

BBenenune

Ucnonp3zoBanue oOmEell TEOpHUH OTHOCHUTEIb-
HOCTH DWHINITEHHA B KOCMOJIOTHYIECKUX MacITabax
MO3BOJISIET, C OJIHOM CTOPOHBI, MONYYHUTh Pabo-
TaIOMIYI0 CTAHAAPTHYIO KOCMOJIOTHYECKYIO MOJIETIb,
HO C JpPYyrod CTOPOHBI MBI BHIHY>KICHBI BBOJUTH
3araJIouHble TEMHBIE CEKTOPa B TEOPUIO — TEMHYIO
MaTepuio, TEMHYIO SHEPTHIO, a TaKXKe U3ydaTh (Qe-
HOMEHOJIOTUYECKHE MOJeNu MHQIAIUU 03 MOHH-
MaHus QyHIaMEHTATBHON TPUPOAB! HH(pIATOHA.

g mocnenoBaTenbHOrO OMMCAHUS HACTOAIIEH
Bcenennoit TpebyeTcs co3maHue YHUDUIUPOBAH-
HOM T€OpUH INEMEHTAPHBIX YaCTUIl U KOCMOJIOTHH.
B nacrosiiee BpeMst OTHUM U3 aKTyaJbHBIX HCCIIe-
JIOBaHWU SIBIIIETCS] pacCMOTpeHue Mojienu Beenen-
HOI B MHOTOMEPHON TEOpUH, B KOTOPOM Hall MUP
MPEJICTaBISACT CO00M OpaHy B MCKPUBJICHHOM S5-TH
MEpHOM MPOCTPaHCTBE — BpeMeHu. 1lpu aTom oxgHa
KOOpJIMHATa SIBJIIETCS BpPEMEHHOH, a YeThlpe —
MIPOCTPaHCTBEHHBIMU. BriepBrie criocod oObemuHe-
HUS OOIIe TEeOpHH OTHOCHUTEIHHOCTH U TEOPHH
3JIEKTPOMAarHUTHOTO moyisi MakcBensia Ha OCHOBE
TUIOTE3l O MHOTOMEPHOCTH HAIlleTo MHpa ObLI
npeiokeH B padorax Kamyisr u Kieitna B 1920
rogax [1,2]. CmycTst HeKoTOpoe BpeMsi, ToI00HBIe
uaeu OBUTH WCIIONB30BaHBI B YHUMDHUIIMPOBAHHBIX
OTHCAaHUSIX B YETBIPEX WU3BECTHBIX (YHIAMCHTAIIb-
HBIX B3aUMOJICHCTBHAX B paMKaxX TEOPHUH CYIIep-
CTPYH C HECKOJBKHMHU JOTOJHUTEIBHBIMU pa3zMe-
paMu IpocTpaHcTBa. B Teopuu cynepcTpyH, Kak U B
ciaydae Teopun Kanyiel u Knelina, npejnosnaraercs
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YTO HAaIlle YEeTBIPEXMEPHOE MPOCTPAHCTBO-BpEeMs
MOSIBIISIETCS TIOCJIE CTIOHTAHHOW KOMITaKTU(UKAIINT
MHOTOMEpPHOI'0 TPOCTpaHCTBAa. B To ke Bpews,
Mozaenn BceleHHON ¢ HEKOMITAKTHBIMH (M JaXke
0ECKOHEYHBIMHU) JIOTIOJIHUTENBHBIMU PAa3MEPHOCTSI-
MH OBLTH paccMOTpPeHBI B paboTax [3-6]. CoriracHo
3TOW TEOpHUM NpeArojaraeTcs, 4YTo MbI JKUBEM Ha
TOHKOW OpaHe, KOTOpas BCTpPOEHa B HEKOTOPOE
MHOTOMEpHOE MPOCTPAHCTBAX M MaTepus Tak WIN
WHaue JoKan3oBaHa Ha OpaHe [4]. CyiecTBoBaHue
JIOTIOJTHUTENbHBIX W3MEPEHWH TO3BOJISIOT paspe-
IIUTh HEKOTOpHIE NMpOoOIeMbl B (hH3MKE BBHICOKON
SHEPIHH, TaKUe MPOOJIeMbI KaK CTaOMIIBHOCTH TPO-
TOHA, UepapXus MacChl U Jp.

Bpanbl MoryT ObITh pa3felieHbl HAa TOHKHE U
ToJICTBIE OpaHbl. ToHkHe OpaHBl UMEIOT JAeTbTa-TI0-
MOoOHYI0 JOoKaNM3aIuio Matepun Ha Opane [3,4]. C
peaIMCTUYECKON TOYKHM 3peHHs, OpaHa IOJDKHA
UMETh HEKOTOpyIo TonmmuHy. [lonsaTre "TommuHa"
OpaHbl JaeT HOBbIE BO3MOJKHOCTH M HOBBIE
npobsiemsr [7]. Takas OpaHa JOJKHA yHOBJIETBO-
pATH ABYM TJIaBHBIM TpeOoBaHUsAM: 1) pemieHus
JIOJDKHBI OBITh PETYNSAPHBIMH M aCUMIITOTHYECCKH
mrockumu, wiu de Sitter (aatu — de Sitter); 2) 00bI4-
Hasi MaTepHst JOJDKHA OBITH JIOKAIM30BaHa K OpaHe.

BonpmmHCTBO MOzeneit TOHKUX OpaH MCTONb-
3YIOT CKaJspHBIE TONS B paMKax TEOPHUU TpaBH-
taruu OiHInTelRHa [7]. OnHAaK0, MOXHO OBbLIO OBI
OXKUIATh CYIIECTBOBaHHME OpaHO-TIONOOHBIX perie-
HUH TakXe JUIS HEKOTOPHIX BUIOB MOAUDUIMPO-
BAaHHBIX TEOPHUIl I'paBUTALIUNA, Ha3bIBAEMBIX TCOPUS-
MU TpPaBUTAllMA C BBICIIMMH IPOU3BOAHBIMU. B
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TaKUX TEOpUSAX JAEHCTBUE TPaBUTALMOHHOTO Jar-
pamxuaHa DWHIITEHHa — XWibepra JOIOIHASTCS
JONIOJHUTENIbHBIMU WIEHAMHU, KOTOPBIE SIBJISFOTCS
WHBapuaHTaMu KpuBH3HH [8]. Takue mMomuduka-
UM OCHOBAHBI Ha 3 PeKTe B3aUMOACHCTBHS TOIEH
KBaHTOBOW MaTEpHH C KJIaCCUYECKUM I'paBUTAIIMOH-
HBIM TOJEeM. DTO MO3BOJISIET U30eXaTh HadyaIbHOU
KOCMOJIOTHYECKOM OCOOCHHOCTH U ITOCTPOUTH PETy-
JISIpHBIE KOCMOJIOTHYECKHE MOJIeNn paHHel Beenen-
Ho#t [9-11]. Tlo3xe OBUTIO MOKa3aHO, YTO B TaKOTO
pola MOJENniaxX MOXeT CyIIeCTBOBAaTh 3I0Xa
uHpsmn [13].

B Hacrosimee Bpemst 3Ta BO3MOXKHOCTh IIUPOKO
UCTIOJIB3YETCA IS ONMUCAHHWS HACTOAIIETO YCKO-
peHHoro pacumpenust Becenennoit. 91o yckopenue
MOYXHO OOBSICHUTh HaJIMYHUEM HEKOTOPOTrO aHTH-
IPaBUTAI[MOHHOTO BEIIECTBA TaK Ha3bIBAEMOM TeM-
HOU 3Hepruu. OnucaHue TEMHOM SHEPruu TaKkKe
MOJKET OBITh pealn30BaHo B pamkax teopuut f(R),
rae f (R) — HekoTopas MPOU3BOJIbHAS (PYHKIIHS CKa-
nspHoi kpuBM3HBI R. Beioupas f(R)~R™, MOXHO
MOKa3aTh, YTO TAKKE MOJEIH HaXOAATCS B XOPOIIEM
COTJIaCHHM C HAOJIIOMAaTeTLHBIMHM JaHHBIMU [14-16,
23-26]. C nopyroit cTOpOHBI, TaKHU€ TEOPHUH MOTYT
OBITh YCHEIIHO MWCIHOJb30BAHBl JUIS ONUCAHUS
TeMHOH Matepuu [27]. B HacTosmee BpemMs Takke
paccMaTpUBAIOTCS TEOPHM TIpaBUTalMU ¢ Oojee
CJIO)KHBIMH KOMOMHALMSIMM MHBAPHAHTOB KPUBHU3-
HBL. B 9acTHOCTH, B HU3KOHEPTETHYECKOM Tpeesie
M-teopun nosiBiserca uHBapuaHT ['aycca-bonHd,
KOTOPBIH MOXKET ObITh MCIIOIb30BaH B JIATPAHKHUAHE
TEOPHHU TPaBUTALIN

G = R? — 4R, R* + R,y ps R*VP7,

rae R — ckansipHas KpuBHU3HA; R, — TeH30p Puayn;
Ryyps — T€H30p KpuBU3HBI Pumana. D10 mokasbl-
BaeT, YTO TaKWE MOJIENH C OJHON CTOPOHBI HE TPO-
THBOpeYaT HaOIIOAEHUSIM B COTHEUHOM CUCTEME U C
Ipyroil CTOPOHBI YCHEIIHO OMKCHIBAIOT MPHUCYT-
CTBYIOIIIEE YCKOPEHHOE paclirpeHne BceneHHoi
[28,29]. DT Monenu MOTYT OBITH UCIIOJIL30BaHbI B
omucaHu 3(PQPEKTUBHBIX ypaBHEHUH COCTOSIHHN
Kak 11 3O PEeKTUBHON KOCMOJIOTHUECKON TTOCTOSH-
HOW Tak, ® AN AWHAMHYECKOTO  Ciydas
(quintessence, GaHTOM YEepHOU PHEPTHH), a TaKKe
JUIs  ONHUCaHWs Tepexoja C OJHOTO THUIMa
(quintessence) TeMHOW »HEprHH B JPYroil BHUI
(panTomuble TONST). Takke CyHIECTBYIOT TEOPHH,
KOTOpbIE HCHOJB3YIOT 00e Teopuun f(R) u uHBa-
puant Taycca-boHH? qyi1 omuMcaHUs TEMHOMU
suepruu [30].

Hpyroe wucnonb30BaHne MOAM(PHIIMPOBAHHON
TEOPUU TPABUTALUH COJIEPIKUT PACCMOTPEHUE KOC-
MOJIOTHYECKUX W acTpoH3MYeckux Mopeneid. B
4acTHOCTH, B cTaThe [31] onmuceIBaeTcs Teopus, Ko-
TOpasl ONHKCHIBACT OpaHHbIE MaTEPUH U MOJIENHU
YEPHOU ABIPHI

S = f dx.[—g [aRZ + bR, R* + CRyyy e R*VP?

1
+ﬁR_A+Lm]J

rae L,, — narpamxuan Matepuu; a, b, ¢ — mpous-
BOJIbHBIE KOHCTaHTHL. [lomyueHHBIE pe3yabTaThl
MIO3BOJISIIOT OLIEHUTh CBOMCTBA MOJENIEH B paMKax
MOIU(HULIUPOBAHHOW TEOPUU TIPAaBUTALUU C BHIC-
LIMMU IIPOU3BOAHBIMU. bosee Toro, HeKoTOphIE pe-
3yJIBTaThl ONMUCHIBAIOT IPUMEHEHNUE TEOPHH TPaBH-
TallMy C BBICUIMMHU NPOU3BOIHBIMHU VIS CO3JAHUS
Mozaenu Opanel mupa [32-35]. B uactHOCTH, B
ctatbe [36] Obula paccMoTpeHa Mojenb OpaHbl B
teopun f(R) = R + aR?. Vcnonbsys KoHpOPM-
HYIO 9KBHUBAJIEHTHOCTh TaKOW MOJENH IpaBUTALUU
W TpaBUTaUMI0 OifHIITElWHa-XWidepTa co cKa-
JSIPHBIM MCTOYHHKOM TIOJISI, aBTOPHI MEpenrcain
f(R) ypaBHeHus B ¢popMy ypaBHeHHUH DWHIITEIHA
C HEKOTOPHIMU HMCTOYHHMKAMHU CKAJSIPHOTO IIOJIA.
OHM MoKa3any, 4YTO B TAKUX MOJEIIAX COIEPKATCS
OpaHom0100HEIE pemieHus. 3/1eCh He00X0MMO 00-
paTuTh BHUMaHHUE HA TO, YTO HCIIOJIH30BaHUE KOH-
¢dopmHOrO TpeoOpa3zoBaHus, T.€. IEPEXo] OT CHC-
Tembl JXKopJilaHa K cucteMe DWHINTEHA He Bceria
BO3MOKHO. Hampumep, ecinm TaM comepikaTcs Jo-
Oble Apyrue MoJsl MaTepuH, TO CTPYKTypHBIE
MpeoOpazoBaHysl B TEOPUH CO CKAJISIPHBIMH TOJIIMHU
MOTYT MpPHUBECTH K HeoaHOo3HauHoCTH [37]. Crneno-
BaTeNbHO, MBI NPEANIOYUTAaEM H3ydaTb MOJIEIH
TOJICTBIX OpaH 0e3 WCIOJIb30BaHUS ITHUX Mpeodpa-
3oBaHuii. B paborax M.Parry [36] paccMoTpeHBI
TOHKHE OpaHBbl, B 3TOH CTAaThe MBI U3y4aeM TOJICThIE
Opanbl B Takux f(R) Teopusix, 4TOOBI YBHJAETH,
MPUBOJNAT JIM 3TO K HOBBIM W (U3WUYCSCKH OoJjiee
MPUEMJIIEMBIM PE3yJIbTaTaM.

VYpasuenus u pemenust B f(R)~R™ Teopun
Mgl Gynem pabotath B 5-TH MEPHOM IIPOCT-
panctBe-BpeMeHd. COOTBETCTBYIOIIEE TPaBUTa-

IIUOHHOE JECHCTBHE MOXKET OBITh MPEICTABICHO B
caenytromeit hopme

S =[d5xV=G -2+ f(R)). (1)

14 Becthuk. Cepus ¢pusuueckas. Ne3 (66). 2018
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rne f(R) mnpousBoibHas QYHKIHS CKaJIspHOH
KpuBU3HBI R. Bapuanus neiicTBus Mo METpUKE TE€H-
30pa Gup NPUBOAUT K IPaBUTALMOHHOMY YpaB-
HEHHUIO:

1
Ri —64R =T}, )

rae A, B,=0,1,2,3,5n

a 1 0
mp = —{(&L)rE 30k + @Fg™ — sk (Z) 1 0

onpeaensier 3PPEKTUBHBIA TCOMETPUYCCKUI HC-
TOYHHMK MaTE€PUU C HETPUBHUAIBHOW 3aBUCHMOCTBIO
OT KpWBHU3HEL. YpaBHeHHE (2) UMEET CTPYKTYpY,
KOTOpasi COBMAJIAET CO CTAHAAPTHHIMU YPaBHEHHUSI-
MU OOLIEH TEOpHUH OTHOCHUTEIBHOCTH, TAE HUCTOY-
HUKOM TPaBUTALMOHHOTO MOJs sBisieTcs 3ddek-
TUBHBIA TEH30p 3HEpPruu — umiyibca (3). MoxHo
IIPOBEPUTH, YTO 3aKOH COXPAHEHUsI MOMEHTA 3HEP-
THH yJIOBJIETBOPSIET YCIOBUAM B paborax [9-12].

Msr Oynem paccmarpuBath f(R) B crenuaib-
HOM (hopme

f(R) = —aR"™, (4)

rie @ > 0 u n — nocrosaasle. B [14-16] Obuto
MOKAa3aHO YTO, MOKHO TOJYyYHUTh COBPEMEHHOE
YCKOPEHHOE pacliupeHue BceneHHoil, HE NMpOTH-
BOpeualee HabIro1aeMbIM KOCMOJIOTHYECKAM JJaH-
HBIM C N1 B HEKOTOPOM Juana3one. CienoBaTensHO,
B 3TOM CTaTbe MBI MOXKEM PACCMOTPETh HEKOTOPHIE
3HAYEHUs 71 17151 MOZENH OpaHsbl.

PaccMOTpHM  IIIOCKYIO MOJENb OpaHbl C
METPUKOH
ds? = e Dy pdx®dxP — dz?, (5)

rae a, 8 = 0,1,2,3; dpynkuus y(z) 3aBUCUT TOJBKO
OT MATOW KOOpPAWHATHI z W MeTpuka MHHKOB-
CKOTO Nqp = {1,—1,—-1,—1}. TloacraBusist 3Ty
METPUKY B ypaBHeHHs (2) u (3) moimyyaem ypas-
HEHMS MOIU(DULIUPOBAHHON TEOPUH IPABUTALIUH

d?p  (dp\’
—+(—) +5
pdy2+(dy) +op

ap(Z+p)fa—2f-6p?]
[ (dy 2

dp _
dy B
_ 1

T 32p%fRp

d
T7ic BBOIUTCS HOBas QYHKIHSA p = d—jz/ , MHIEKC R

0003HaYaeT MPOU3ZBOJHYIO MO OTHOIICHUIO K CKa-
nspHOU KpuBm3He R. YpaHenue (6) 310 mudde-
PEHIMAILHOE ypaBHEHHE TPEThEro MOpsaKa IO
OTHOIICHUIO K METpUKe (QYHKIIMK Y, & OCTAIbHbIE

ISSN 1563-0315

KOMITOHEHTBl YpaBHEHHH YETBEPTOTO MOPSIKA.
Ucnonezys Beipaxkenue ans f(R) u3 (4) MOXHO
3ammcaTh ypaBHEHHE 11 Y B (hopme

1 "2 7_n —
nr y 2 I,
[ _I_ —_— —
ny' nn—1) yy
5
_ E n— 3 _ 12y’ " E 2 2-n
2 n(n—l)y - a8™n(n—1) (y + Zy ) ’ (7)

rae mTpux oO0O3HAa4YaeT MPOU3BOAHYIO IO Z.
3aMeTHM, YTO BBEICHHE HOBBIX MEPEMEHHBIX Z =
1

@z u @ = a20-", IPUBOAUT K TOMY, YTO yPaBHEHUE
(7) craHoBUTCS He3aBUCUMBIM OT «. Bce npyrue
peLIeHHUs TIOTydeHbl IIyTeM MaclITaOUPOBaHHUS.

Mo>HO Takxe YBUAETh U3 ypaBHeHHS (7), 4TO
nepBasi MPOM3BOJHAs Y’ MOXKET OBITh HYyJIEBOIt
TOJIBKO, €CJTM OJHOBPEMEHHO B 3TOM ke Touke y'' =
0. Kak Oynet moka3aHO HIDKE, CYIIECTBYET ocolast
TOYKa B pa30BOM IIIOCKOCTH, TA€ OTHOBPEMEHHO Y’
uy' pasusi 0.

W3-3a HenuHeltHOCTH ypaBHEeHUs (7) MBI He
MOKEM HAWTH aHAIUTHYECKOE pEIIEHHE JTOr0
ypaBHEHHSI, TO3TOMY MBI Oy/IeM HCKaTh YHCICHHBIE
pewenust ypasuenust (7). Ho mpexne Bcero mbl
WCCIIeyeM Ka4yeCTBEHHOE TIIOBEACHNE DEIICHHH
ypaBHeHus (7). Hus 3Tod menu, Mbl TEPEmnUIeM
ypaBHeHue (7) kak muddepeHmaiprHOoe ypaBHEHHE
TPETHEro MopsiKa

1472 n
y 2
mo_ Z - '
y y' nn—1) 4
5
5 n—- 13 12y’ m 5 12 Z-n
Zn(n—l)y +a8nn(n—1) (y +2y ) - (8)

Oco0ast TouKka 3TO TOYKa, B KOTOPOH

yl — O,y” — O,y”’ — 0- (9)

Recent Contributions to Physics. Ne3 (66). 2018 15



Thick brane pemenns B MOIU(UIIIPOBAHHBIX TEOPHSX TPABUTALIUHI

Jns aHanuza moBeAeHHs] peUIeHWH B 0co0oii
TOYKE, MBI OyJIeM UCKaTh PEIICHUE 0COOO0M TOUKHU B
CIIeyIOIEeM BHUJIE

y=Yrpt y(z— pr)ﬁ' (10)

VBB -1 -2) =-yB(B 1)

5
5 n—

5" 3p3(,_, VPP, 12
+2n(n—1)yﬁ(z pr) +

a8"n(n-1)

Tak kak [ TOJOXUTENbHOE, TOrJa BTOPOH U
TPETUM YJIEHBI C MPaBOM CTOPOHBI cTpemsTcsa K 0
IpU Z = Zgp. UeTBepTHIN WieH OyAeT CTPEMUTCS K
0 ecm

B2 —n)+2(n—1) > 0. (12)

Ecnu »tu ycnoBusi OyIoyT BBIIIOJHEHBI, TOTAA
npeHedperast 4jieHaM{ MPOMOPLUHUOHATBHOCTH CO
CTENeHAMU (Z - pr), MBI oryuuM u3 (11)

B-2==(B—1),
Ortkyna
p =2 (13)

Hcnone3ys 3T BeIpaykeHUs, Mbl nMeeM u3 (12)
9YTO N JOJDKHO OBITH mosiokuTenbHoe. CoriiacHO
yciIoBUlO0 3 > 3, MBI NOJyyaeM H3 IOCJIETHETO
BBIpPaXXEHUS YTO

1<n<2. (14)
Taxum oOpazoM, ypaBHeHHE (8) MMeEET pery-
JISIPHBIC PEUICHUsI TOJBKO MPH HAIWYMH 0CO00i
toukn A (9), B xoTopoii ypaBHeHue (8) uUMeeT
0COOEHHOCTH THIIA % . OTH pelIeHnsl CyIeCTBYIOT
TOJIBKO TPH BEIMONHEHUH ycnmoBuit (13) u (14).
UucnenHo pemas ypaBHeHue (8), MOXKHO

MTOJIYIUTh (ha30BBIM TOPTpeT ypaBHEHUs (8) s
mozenu ¢ n = 7/4 (pucyHok 1).

B (B = 1>z - z5p)

rae [5,Y HEKOTOpble KOHCTaHTHI U MECTO I0JIO-
JKEHHST 0COOOH TOYKM 0003HAYNM Z = Zgp. B nmanb-
HEWIIEM MBI TIONIOKUM Zgp, = 0. UT0ObI 06ecrieunTh
KOHEYHOCTh BCEX AITHX BBIPAKECHUU MBI JIOJDKHBI
B3ATh § > 3. [lomcTaBiisas 5TH BEIPAKEHUS B TPETHE
ypaBHeHue U3 (8), Mbl HAX0AUM

m

_ 2> |2p2¢p _, \

B(2—n)+2(n-1)

(11

=y

=

Pucynok 1 — ®@asosbiii noprper npu n = 7 /4, a = 1.

AcumnroTndeckas (GopMa perieHus s Mpou3-
BOJIBHOTO 1 AAa€TCs BBIPAXKEHUEM

1
12 2(n-1)

Yoo = kplzl, ky = W

(15)

Mo3xHO BUIETb, UTO CYILECTBYET BEpXHsA Ipa-
HHIIa I mapamerpa h, n < 7/4, xorma 3To
ACUMITOTHYECKOE pEIIeHUE SBISETCS NEHCTBH-
TENbHBIM.

CymiectBoBaHHe 0C000M TOYKM TO3BOJISIET
pacIonoXuTh OpaHy HEMOCPEICTBEHHO Ha 3TOH
touke. Ha camom nene, xorga wumercsd MoOJENb
TOJICTON OpaHbl 3HAUYEHUE METPHUECKOW (YHKITHH
y 00br4HO BeIOMpaercsi 0 Ha Opane. Takoil BBIOOD
MPOU3BOJHONM TIO3BOJISIET HAWUTH CHUMMETPUUYHBIE
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pewenuss Z, [39]. B wHamem ciywae, mnepBas
npowu3BoAHas paBHa (0 TOJIBKO IJIT 0COOOH TOUKH B
JMara3oHe mapameTpa 1 ynoMsHyThIH BbIe B (14).
OpHaxko, pemeHus Z, He OyAyT CUMMETPUYHBIMU.
OTO MOXHO YBWJIECTh W3 TOBEJCHUS pPEIICHUN
BOMM3M  OCOOOH  TOYKHM, KOTOpHIE  JAlOTCS
BeipaxkeHrneM (10). Ilockonmbky ypaBHeHue (7) He
3aBHUCHUT OT KOOPJAWHAT Z, TOT/Ia BCETAa BO3MOXKEH
C/BUT TO3MLHUHM 0CO0OW TOUKU (paccMaTpUBaeMOM
Ha OpaHe) B TOUKE Zr, = 0 pu COOTBETCTBYIOIIEM
peoOpa3oBaHUK KOOPIHHATHI Z.

Takum oOpazoM, kak BuaHO U3 (10) 3HaueHHs
(YHKIUHU Y U ee IPOU3BOIHBIX OyAyT 3aBUCETH OT
TOrO, IZI€ Mbl HaxoOuMcs, CIpaBa WM CleBa OT
oco0oii Touku Opansbl. [Ipon3BobHAS TOCTOSTHHAS Y
B (10) onpezensieT moBeAeHNE OKOJIO 0CO00H TOUKH
1 OmpenenseT rpaHUYHbIE YCIOBUS 0COOOM TOUKH
i ypaBHenusi (7). Ilockombky MBI HIIEM
pEryJsipHBbIE PELICHUs, TO Ul 3TOr0 HE0OXOIUMO
c/enaTh COOTBETCTBYIOIIMH BbIOOp Y mia [,
ompenensiemoe u3 ypapaeHnus (14). Eciu  getHoe
YHUCIO0, TO pelleHre OyJeT CUMMETPUYHBIM TI0
otHomeHue k Z = 0 (Z, — cummerpuyHoe). B aTom
cllydae Y IOJDKHO OBITH IOJOXKHTEIBHOE ¢ 00enx
CTOPOH OpaHBl KOTOPOE IAaeT PEryJIsIpHOE peleHHe.
C npyro#i cTOpoHBI, eciii [§ HEUYETHOE YHCIIO, TO Y
JOJDKHA MMETh pas3jInuHble 3HAYEHUS C JICBOH U ¢
npaBoii CTOPOoHBI OpaHsl (TUTIoc npu z > 0 1 MUHYC
npu z < 0). Jlemasg Tompko Takoil BHIOOP 3HAKOB,
pelieHnsT JOJDKHBI OBITH peryJsipHble ¢ 00eux
CTOpOH OpaHbl. B 3TOM ciiyyae O4eBHAHO TO, YTO
pemenuss Z, yxe He OYIyT CHMMETPHUYHBIMHU.
Takum o00pa3oM, uMMeeTcs 2 pa3IMYHBIX MPOCT-
paHCTBa ¢ 00eHMX CTOPOH OpaHBI, CKJICEHHBIX Ha
Opane B ocoboii Touke. Ho, B IpOTHBOIOIOKHOCTH
TOHKOH OpaHe, I7ie UIMEeT MECTO pa3phIB, B HaIIeM
cIydyae, TIpH paccMaTpHBAcMOM TOJICTOW OpaHe,
METpUKa W €€ MPOU3BOJHAS OCTAIOTCS TJIAJAKON
(dhyHkmei (pucyHok 2, 3).

PucyHnok 2 — Pemenuss ipu n = 7/4,a = 1.

ISSN 1563-0315

Pucynox 3 — Pemennsa ynpuy = 1,y = 5,y = 10.

3akioueHmne

Ms1 paccMOTpenn MoOJenb 5-MEPHOM TOJICTOMU
opanbl B f(R)~R"™ teopuu. Hame BHuMaH#e ObLIO
00palieHo Ha PeryJsipHbIe pelIeHHst 0COO0H TOUYKH
A (ypaBHenue 9). OTo cieqyeT U3 aHATUTUIECKOTO
aHaju3a MOBEJACHUS PEIIEHUN B OKPECTHOCTH ITOU
TOYKH, TaK KaK, Takas TOYKa CYLIECTBYET TOJBKO
IIPY OTIpeIeJIeHHBIX 3HaYeHUsX apamerpa n u3 (14)
T.el<n<2. B »3rom ciydae mepBble TpHU
MPOU3BOJHBIE METpHUECKOW QyHKIMH ) paBHBI 0,
9TO [O3BOJIAET IOMECTUTh OpaHy HENOCPEICTBEHHO
Ha 0CO00H TOUKE Z = Zgy,.

WnTepecHol O0OCOOEHHOCTBIO ATOH  MOJIENH
SBIISIETCSL TO, YTO CYLIECTBOBAHHE OCOOOW TOUKHU
obecrieunBaeT HaIM4ue 00enx Z, — CHMMETPUYHBIX
W HECUMMETPUYHBIX pelleHuil. DTO 3aBHUCHUT OT
3HAa4YeHUI napameTpoB n. B paccmaTpuBaeMoM city-
Yae, BCE PEIICHUS] HAYMHAIOTCS C OKPECTHOCTH OT-
TaJIKUBAIOIIEH 0CO00M TOUKM A W CTpeMmsTcs K
ACHMIITOTHYECKOMY 3HAYCHHIO. JTO IMO3BOJISIET HE
HaJlaraTh HUKaKhe 0coObIe yCIOBUS Ha MapaMeTphl
Mozaenu (ycJIOBHS TOHKOW HACTPOWKH), KOTOpBIE
O0OBITHO HEOOXOIUMBI I APYTHX MOJEIEH OpaHbI
[39].

VYpaBuenue (7) AomycKaeT peryJsipHble perie-
HUS JJIA Cilydasi, KOrJa N JIeKUT BHE Juara3oHa
1<n<2. B 4YacTHOCTH, TakHue pETYJSIpPHbIC
pemeHus 6e3 0c000M TOYKU CYIIECTBYIOT B CIydae
n=2 . DTOT ciay4aii B pamkax f(R) Teopun
UCHONB30BaJICA  IJii  TOHKOH  Opansl. B
OKPECTHOCTH OpaHbI (PacIoI0KEeHHOH B TOUKE Z =
0) HaiiieHo aHAJOTUYHOE MOBECHHE
Metpudeckoil pynkiuu y(z)~z3 (1o cpaBHeHHIO ¢
(10) mpm B =3), omHako, BCTpEYaeTCs MpH
HEKOTOPOM KOHEYHOM 3HAYeHUM Z. Takum
o0pa3zoM, MOIeTh TOHKOW OpaHBl CHUIBHO OTJIH-
qaeTcs OT MOJENM TOJCTOH OpaHbl, paccMaTpH-
BaeMoi B 3TOH crarbe. JlalbHEHIINM HHTEPECHBIM
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HCCIIeI0BaHUEM ObLIIO OBl PACCMOTPEHME BOIIPOCA
0 CyIIECTBOBAHUU TOJICTON OpaHBI B IPOCTPAHCTBE
— BpeMeHHu aHTu-1e CuTTepa ¢ 4yepHOH IpIpoil. B
paborax [40,41] Obuta paccMOoTpeHa MOJIENb
TOHKOW Opansl Ha ¢oHe AdS depHOil HIBIPHI B
paMmkax 5-tu MepHoi I'aycca-BoHH? rpaBuTanuu.

roe A — kocmomorudeckass mocrosHHas. CooT-
BETCTBYIOIIUE YPABHEHHS UMEIOT TOYHBIC PEIICHUS
AdS ¢ gepnoii mpipoit. B ciyuae b = 0 310 MOXKET
COOTBETCTBOBaTh AdS MPOCTPaHCTBY — BPEMEHHU C
4epHOil bIpoii 6e3 Opanbl B R? rpaBUTALUM TUTIOC
A — cnaraemoe. BceraBka TOJICTON OpaHBl B 3TO

Mogenb TOHKO# OpaHbl, paccMOTpeHHas B paboTe
[42], omuchIBaeTCs JarpaHKMaHOM C BBICIIMMHU
MIPOU3BOAHBIMH, COJIEPIKALIUM CJIaraeMble

IIPOCTPAHCTBO-BpeMs. M HU3MeHeHMe R? Ha
R™ NOHKHO TPUBOAUTH K CHUCTEME ypaBHEHHH C
YAaCTHBIMH MPOU3BOJHBIMU B ClIydae KOCMOJIOTHUH
Ha Opane. [lomyueHHOe pemieHHe TOJCTOW OpaHBI
MOXET CTaTh WHTEPECHOW MOJENbIO JJIsI KOCMO-
JIOTHYECKHX HUCCIICOBaHUH.

L~aR?® 4+ bR, R* — A,
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®AYKTYALUMU HAYAABHDBIX YCAOBUM
APO-SIAEPHOTO B3BAMMOAENCTBMS U UX BAUSIHUE
HA PACTPEAEAEHME BTOPUYHbBIX YACTUL]

AMHaMMKa NPOLLECCOB B3aMMOAEMCTBUS SAEP OMPEAEASdeTCs He TOAbKO 3Heprueir M maccamm
B3aMMOAENCTBYIOLUMX SAEP, HO U reoMeTpuelr CTOAKHOBEHUS sAep. YUeT BAMSIHMS (DAYKTyaLMi
HaYaAbHbIX YCAOBUIA B OTAEAbHbIX B3aMMOAENCTBUSIX MO3BOASIET UCCAEAOBATb MCTUHHbIE AMHAaMWYeCKue
KOPPEASILIMN KOHEUHbIX COCTOSIHMI BO B3aMMOAENCTBUSX, BO36OY K AEHHbIX aAPOHHbIX crcTem. HauaabHoe
COCTOSIHME, O KOTOPOM OObIYHO OYeHb MAAO MPSAMON 3KCMEPUMEHTAAbHOM MH(OPMALIMK, MPUBOAUT K
CYLLECTBEHHbIM OCOBEHHOCTSM B pacripeAeAeH (hparMeHTOB M MHOXXECTBEHHOCTM AMBHEBbIX YacTuLl,
MCCAEAOBaHME KOTOPbIX MO3BOASIET AQTb (DU3NYECKYIO MHTEPMPEeTaLLMIO Pe3YALTATOB HA OCHOBE Pa3AMYUi
B HAYaAbHbIX YCAOBMSX COyAapeHun. MccaepaoBaHue 0COBGEHHOCTEN B pacrpeAeAeHUsiX BTOPUUHbIX
yacTul, M (PparMeHTOB B COYAQPEHMSIX TSXKEAbIX MOHOB C SApamMu (hOTOIMYAbCUMM B 3aBMCMMOCTU
OT CTEeneHu LEHTPAAbHOCTM WM CTerneHn aCMMMETPUM B3aMMOAEMCTBYIOLMX SAEP NMPOBOAMAOCH Ha
OCHOBE 3KCMEepPUMMEHTAAbHbIX AAHHbIX, BKAlOUaloWMX B3anmoaencTteust 'Au 10.7 AlBB ¢ gapamum
doToamyabcun Em. TpeacTaBAeHbl napamMeTpbl parMeHTaumMy B3aMMOAEMCTBYIOWMX SAEP AAS
LIeHTPAAbHbIX U Nepudepryeckmx COObITUIN PA3AMYHON CTENEHM LIEHTPAaAbHOCTH (nepudepnyuHocTm). B
KauecTBe 3KCMEPUMEHTAAbHBIX KDUTEPUEB AAS OTAEAEHMS COOBITUI C AMHAMUYECKMMM (PAYKTYALMSIMMU,
XapakTepuayioLime 0CO6EHHOCTM MPOLECCa B3aMMOAENCTBUS, M COObITUI C (OAYKTYaLMSAMM, CBS3aHHBIMU
C (PAYKTYaLMSIMM HAYAAbHbIX YCAOBUI M 3aBUCALLMX OT CTEMEHU LIeHTPAAbHOCTU (nepudepryuHoCTm)
B3aMMOAENCTBUS ObIAM UCMOAb30BaHbl NAPAMETPbI KOPPEASLIMOHHOM 3aBUCUMOCTU MHOXKECTBEHHOCTH
AMBHEBBIX YaCTWLL M 4YMCAQ (DPArMEHTOB SiApa MULLEHW. [1py 3TOM TakKe HEOOXOAMMO YUMTbIBATb
KOAMYECTBO MHOro3apsaHbIX (hparMeHTOB dApa-CHapsAa M pacripeAeAeHMe CyMMapHOro 3apsAa
(bparMeHTOB HaAETAIoOWLEro SAPA, XapakTepM3ytoLero YMCAO MPOB3aUMOAENCTBOBABLUMX MPOTOHOB
gApa-CHapsiaa.

KAroueBble cAOBa: KBApK-TAIOOHHasi MAa3Ma, TreoMeTpusl CTOAKHOBEHWMSI  SAEp, MEeToA
(HOTOIMMYABCUM, DparMeHTaums sapa.

Fedosimova A.l.
Institute of Physics and Technology, Satbaev University
Al-Farabi Kazakh National University,
Kazakhstan, Almaty, e-mail: ananastasia@list.ru

Fluctuations of the initial conditions of the nucleus-nucleus interaction
and their influence on the distribution of secondary particles

The dynamics of processes nucleus-nucleus interaction is determined not only by the energy and
masses of the interacting nuclei, but also by the geometry of the nucleus-nucleus collision. Therefore,
investigation of true dynamic correlations of the final states in the interactions of excited hadronic sys-
tems is impossible without an analysis of fluctuations of the initial states in individual interactions. The
initial state, which is usually very little direct experimental information, leads to significant changes in
the distribution of fragments and multiplicity of shower particles. A study of distribution of secondary
particles and fragments allows us to give a physical interpretation of the results on the basis of differences
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in the initial conditions of collisions. A study of the features in the distributions of secondary particles
and fragments in collisions of heavy ions with emulsion nuclei, depending on the degree of centrality
and the degree of asymmetry of the interacting nuclei, was carried out on the basis of experimental data
including the interactions of '7Au 10.7 AGeV with emulsion nuclei Em. Parameters of fragmentation of
interacting nuclei for central and peripheral events of different degrees of centrality (periphery) are pre-
sented. Parameters of the correlation dependence of the multiplicity of shower particles and the number
of fragments of the target nucleus were used as experimental criteria for separating events with dynamic
fluctuations, characterizing the features of the interaction process, and events with fluctuations associ-
ated with fluctuations in the initial conditions and depending on the degree of centrality (periphery) of
the interaction. It is also necessary to take into account the number of multicharged fragments of the
projectile nucleus and the distribution of the total charge of the fragments of the incident nucleus, which
characterizes the number of interacted protons of the projectile nucleus.

Key words: quark-gluon plasma, geometry of nucleus-nucleus collision, photoemulsion method,
fragmentation of nuclei.

depocnmona A.M.

DusunKa-TeXHUKAAbIK, UHCTUTYTbl, CoaT6aeB yHMBepcuTeTi,
OA-Dapabu aTbiHAaFbl Kasak, YATTbIK, yHUBEPCUTETI,
KasakcraH, AAMarhl K., e-mail: ananastasia@list.ru

SIAPO-SIAPOADBIK, 9PEKeTTeCTIKTiH, 6acTankbl LIAPTTaPbIHbIH, (PAYKTYyaLMsIAQPbI
)KOHe eKiHLUi peTTiK 6eALLeKTepAiH YAeCTipiAiMiHe OAapAbIH, acepi

SIAPOABIK, @peKeTTeCTIKTEPAIH MNpOLecTepiHiH AMHAMMKacbl TeK opeKeTTeceTiH SAPOAAPAbIH,
SHEPrusicbl MeH Maccacbl FaHa eMecC, COHbIMEeH KaTap SAPOAAPABIH COKTBIFbICY FeOMeTPUSICbIMEH
aHblKTanaabl. XKeke opekeTTecTikTepae 6acTankbl WAPTTApPAbIH  (PAYKTYAUMSChIHBIH, - bIKMAAbIH
ecKepy KO3FaH aAPOHABIK >KYMEAEepPAiH 8peKeTTeCcTiriHAe TYMKi KYMAEPAIH, LWbIHAMbl AMHAMMKAABIK,
KOPPEASLMSCbIH 3epTTeyre MyMKiHAIK Oepeai. TikeAen ToxipubeAik aknapartbl eTe TomeH 6aAaTtbiH
GacTaHKkbl Kyhi (DpaHMEHTTEPAIH YAECTIpIMIHAE >koHe Hecep OOALIeKTePAIH KOmnTiriHAe eAeyAi
epeKLIeAIKTEPre 9KEAEAT, OAAPAbI3EPTTEY COK ThIFbICYAbIH 6ACTaNK bl LIAPTTAPbIHbIH AMbIPMALLIbIAIFbIHBIH
HEri3iHAE HOTMXXEAEPAIH (PU3MKAABIK, MarblHACbIH TYCIHAIPYre MyMKiHAIK 6epeai. Ayblp MOHAAPAbIH
(POTOIMYABCUSHBIH IAPOAAPbIMEH COKTbIFbICTAPbIHAA EKiHLLI PETTiK OeALIEeKTePAIH YAICTEPIMIHAETI
epeKLIeAIKTEPAI 9peKeTTeceTiH SAPOAAPAbIH OPTAABbIKTBIK, ADPEXKECiHE >KaHe aCCUMETPUS ABpeXKeciHe
TOYEAAIAIKTI 3epTTey Gacrtankbl sHeprusicbl 10.7 AlBB '7Au SAPOCBIHbIH (POTO3MYABCUS SAPOCHIMEH
OPEKETTECTIr KipeTiH ToXXipuOeAik AepeKTEPAiH HerisiHae Xyprisiaai. OpTtaablk, (neprdepusiabIK)
ASpeXeci apTYpAi OpTaAblK, >kaHe MnepudepuUsiAbIK, OKUFAAP YLUIH SpeKeTTeceTiH SAPOAAPAbIH
parMeHTTEHY NapameTpAepi 6epiAAi. DpekeTTecy NPOLECiHiH epeKLLeAeriH CUnaTTanbiH AMHaAMMKAABIK,
haykTyaumscol 6ap okMFaAapAbl xeHe 6acTankbl WapTTapAblH, (DAYKTyaums MeH GaiAaHbICTbI XKoHe
SPEKETTECTIKTIH OPTAAbIKTbIK, ADPEXECIHE TOYEeAAIOKUFAAapPAbl BOAIMN aAy yiIiH HECcep GOALIEKTEPAIH
KONTIrHIH HblCaHa SAPOCHIHbIH (bparMeHTTepPIHIH, CaHblHA KOPPEASLUMSIAbIK TOYEAAIAIK MapameTAepi
KOAAQHBIAABL. MYHAQ, COHbIMEH KaTap, SAPO-CHAPSATbIH Ker 3apsiATbl (pparMeHTTepiHiH, MeALlepiH
KOHE SIAPOOCHAPSIATbIH, 8PEKeTTECKEH MPOTOHAAPbIHbIH CaHblH CMMATTANTbIH GacTankbl SAPOHbIH,
bparMeHTTepiHiH KOCbIHAbI 3aPSIAbIHBIH YAICTIPIAIMIH eckepy KakeT.

TyiiiH ce3aep: KBapK-TAOOHABIK, MAA3Ma, SAPOAAPABIH COKTbIFbICY FeOMEeTPUSIChI, (DOTOIMYAbCUS
BAICI, IAPOHbIH (DparMeHTTeYi.

BBenenue

JIuHAMKKa TPOIIECCOB B3aUMOJICHCTBHS sIiEp
OTIpEeJIeIISIeTCS. He TOJILKO YHEPTUei U MaccaMu B3a-
UMOJICHCTBYIOIIUX sJIEP, HO U TECOMETPUEH CTOJI-
KHOBEHUS sijiep. YderT BIusSHusS (PIyKTyanuid Ha-
YallbHBIX YCIOBUI B OT/IEIBHBIX B3aHMMOJCHCTBUIX
IIO3BOJIICT HCCIICAO0BAaTh UCTHHHBIC JUHAMHWYCCKUC
KOPPEJSAIUN KOHEYHBIX COCTOSIHUI BO B3aMMOJICH-
CTBUSAX BO30Y)KICHHBIX apOHHBIX cucTeM [1-4].

[Ipu tieHTpaIbHOM CTOJIKHOBEHUH YHUCIIO 00pa-
3YIOIIUXCS] BTOPHYHBIX YACTHIl MaKCUManbHO. Ecin
CTOJIKHOBEHHUE HEICHTPAJIbHOE, TO TEPEKPHITHE

sJiep MOJy4YaeTcsl HEMOJIHBIM M KBAapK-TIIOOHHYIO
I1a3My TOPOXKIAIOT TOJIBKO YacTh IPOTOHOB U HEM-
TPOHOB U3 KaKI0TO smpa. [TosToMy oOpasyromuiics
(aiipOo pacHmMpsieTcsi BO BCE CTOPOHBI HECUMME-
TpuyHO [5-9].

B cruronieHHOM HampaBi€HUM ASTOT Iepenaj
JaBiieHHUS OOJIbILE, YeM B BBITSIHYTOM, IIOOTOMY BO3-
HUKA€T HECUMMETPUYHBIN TOTOK B KBAPK-TIIFOOHHON
ma3Me — AUIMOTUYECKUN MOTOK PA3NETAROIIMXCS
YacTHUIl U3 O0JACTH CTOJKHOBEHHS TSDKEINBIX sIep
[10-15].

HauanpHOE cocTostHEE, O KOTOPOM OOBIYHO
OYEeHb MaJIO MPSIMOI AKCIIEPUMEHTAIbHON UHPOP-
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MaIiH, TaK KaK JI0 YPOBHs HAOIIOICHHS POUCKO-
JIIT JIOCTATOYHO OOJIBIIOE KOJIMYECTBO B3aUMOJICH-
CTBI/Iﬁ, MMPUBOAUT K CYHICCTBECHHBIM 0COOEHHOCTIM
B pacnpeieNicHHH (pparMeHTOB M MHOXKECTBEHHO-
CTH JTMBHEBBIX YaCTHII, UCCIICIOBAHHE KOTOPBIX TMO-
3BOJISIET IaTh (DU3NYECKYIO HHTEPIIPETAIHIO PE3yIlb-
TaTOB Ha OCHOBE Pa3JIMUMi B HA4aJbHBIX YCIOBUIX
coynapenwii [16-20].

IMapameTpbl OLEHKH CTeNEeHM LEHTPAJIbHO-
CTH B3aNMOJeHCTBHSA

WccnenoBanne ocobeHHOCTEW B pacmpeserne-
HUSX BTOPUYHBIX YACTHIl U (ParMEeHTOB B COyZa-
PEHUSIX TSXKEJIBIX MOHOB C siipamMu (HOTOIMYJILCHH
B 3aBUCUMOCTH OT CTCHCHH LIEHTPAJIbHOCTH U CTE-
MIEHN aCHMMETPUH B3aUMOACHCTBYIONIUX SI7ep TPO-
BOJIMJIOCH HA OCHOBE DKCIIEPUMECHTAIBHBIX TAHHBIX,

BKJIIOUaromuXx B3aumonenctsus 7Au 10,7 A-I»B ¢
sinpamu hotoamynscuu Em [21-25].

Ha pucyHke 1 mpeacTaBlieHO CXEMaTHUECKOE
MIPEJICTABIICHUE B3aWMOJICHCTBHS sIIEP Pa3THIHON
CTETIeH! IEHTPAILHOCTH M aCHMMETPUYHOCTH. bo-
Jiee TEMHBIM [IBETOM O0O3HAYEHbI HYKJIOHBI 00Ja-
CTH B3aUMOJICHCTBUSI (MCXOMs M3 T€OMETPUYCCKUX
nipenicTaBiieHuil). CBeTIIBIME MTPEICTABICHBI HYKIIO-
HbI, 00pa3yrolue GpparMeHThl Apa cHapsIa U sapa
mutnieHd. [Ipu 3ToM U3 CpaBHEHUS PUCYHKOB la u
10 chemyert, 4TO, MCXOMS U3 TEOMETPHUECKHUX TIPEI-
CTaBJICHUH, BEPOSTHOCTD MOSBJICHUS COOBITHH C OI-
HUM (ParMEeHTOM Sipa CHApsiAa HUXKE JJISl CHIILHO
IIEHTPaIbHBIX B3amMoaeicTBui (10) W BEIIIE s
cinabo nenrpanbHbiX (1a). B nepudepnueckux B3a-
nmozaencTBuAX (1B) Takxke 0ojee BEPOSITHBIM SIBIISI-
€TCs TIOSIBJICHNE COOBITHH C OTHUM MHOTO3apSTHBIM
(bparMeHTOM.

a) — ciabo HeHTpaIbHOe B3aUMOJICHCTBHE CI1a00 aCHMMETPUYHBIX sJIep;
0) — CHIIbHO IICHTPAIIbHOE B3aMMOJICHCTBHE Cl1a00 aCHMMETPHYHBIX SIJIEP;
B) — niepudepuIeckoe B3auMOICHCTBIE;

') — CWJIBHO LIEHTPAJIbHOE B3aMMOICHCTBHE CHIIBHO aCHMMETPHYHBIX sIAep

PI/ICyHOK 1 — Cxemarnueckoe peaACTaBJIICHUC B3aHMOJICHCTBHS AAep
pa3ﬂH‘lH0171 CTCIICHU HEHTPAJIBbHOCTU U aCUMMETPUIHOCTHU

W3 cpaBHeHus pucyHkoB It u 16 ciemyert, 4to
JUTst GoJiee aCHMMETPUYHBIX B3auMonencTBuil (1r),
TO €CTh KOIJIa HaJIeTaloUlee SAPO CYLIECTBEHHO
OorpIe siApa MUIIEHH CyMMAapHBIA 3apsia Qpar-
MEHTOB HaJIETAIOIETO sIpa JOJDKEH OBITH OOJIBIIIE,
M0 CPaBHEHHIO C MEHEE ACHMMETPUYHBIM B3aUMO-

ISSN 1563-0315

nericteueM (10). BeposATHOCTH TIOSIBIICHHS COOBI-
TUH MOJIHOTO pa3pylIeHUs sijipa cHapsjaa (TO €CTh
KOIJla OTCYTCTBYKOT MHOTO3apsiHble (h)ParMEeHTHI)
TaKKe BBIMIE I COOBITHH 10 THITA, TTO CPaBHEHHIO
C IpyruMu TuliaMu, NpeacTaBICHHBIMU Ha PUCYH-
ke 1. AHanu3 ¢parMeHTanuu sipa cHapsja rmo3Bo-
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JISET OLEHUTHh CTENEHb IIEHTPAILHOCTH B3aMMO-
neuctBus. Ilpu 3TOM, pe3yapTaTbl OUEHKH JODKHbI
YUMTBIBATh [APAMETPbl ACUMMETPUHU B3aUMOJIEH-
CTBYIOULIUX SIAEP.

OnHrM w3 HamOonee ONTHUMAIbHBIX IapaMe-
TPOB JId OUCHKHU CTCIICHW HCHTPAaJIbHOCTU B3au-
MOJICHCTBYSI M OT/ACICHUS COOBITHIA C JISTKUMH H
TSOKETIBIMU SiApaMU (POTOIMYITBCHU SIBIISIETCS 3aBH-
CHUMOCTH 4YHCJIia q)paI‘MeHTOB AApa-MHUIICHA 1 MHO-
JKECTBEHHOCTH 71 4aCTHIl. JTa KOPPENSAIMOHHAS 32~
BHCHUMOCTH TIPEJICTaBIIEHA Ha PUCYHKE 2.

Kax cnenyer u3 pucynka 2, coObITHS B3a-
umonelictBust ¢ JerkumMu  (CNO)M  TsHKETbIMH
(AgBr) sapamMu (HOTOAIMYITHCUH JTOBOJIBLHO XOPOIIO
OTJIEISIOTCS.

[Ipu 3TOM B3aMMOJCHCTBUS C JIETKUMU SIIPAMH
(hoTOOMYIBCUY B JAHHOM CITydae OTpaHUYEHBI JIBY-
Msl YCIOBUSMU. BO-epBbIX, MAKCUMAJIIBHOE YUCIIO
(bparMeHTOB sJipa MUIIICHU HE MOXET IMPEBBIIIATH
8, 9TO COOTBETCTBYET 3apsy CaMOro OOJBIIOrO
U3 JIETKHX si7iep (GOTOIMYIBCUH — siIpa KUCIIOPOJA.
Bo-BTophIX, MakcMMaibHas MHOKECTBEHHOCTD 71, BO
B3aMMOJICHCTBUSAX C JIETKUMH siApaMu (OTOIMYITb-

CHM 3HAYUTEJILHO HUKE 10 CPaBHEHHUIO C B3aWMO-
JEHCTBUSIMU C TSDKETIBIMU sIIpaMu (POTOIMYIIBCHH.
Hcnonb3oBanue 3TOro (akra MO3BOJSET OTHENATH
Au+AgBr coObITHSI ¢ OONBIIMMH MHOYKECTBEHHO-
CTSIMU U YUCIIOM (PParMEHTOB sIpa MUIIEHU MEHb-
e 8, oT Au+CNO coOBITHH.

Jns ananusa nepuepudHOCTH CTOIKHOBEHHS
CpeAHNE 3HAYCHUSI KOPPEISIHMOHHON 3aBUCHMOCTHU
N, oT n_Ha pucyHKe 2 JUist TPYIIIbI B3aUMOICHCTBUN
C TSDKEJIBIMHU U JISTKHMU siipaMH (POTOIMYIIBCHH TIO
OINMCAHHBIM BBIIIE KPUTEPHUSIM IPEICTABICHBI OT-
JIeNBHO.

Cpennee pacnpenenenue it Au+AgBr coObl-
THI JEMOHCTPUPYET POCT J10 ypoBHs n =110. J10T
YpOBEHb OTACIseT NepuepruuecKue U LEHTPAJb-
HbIE B3auMozeicTBus. Yem Oosee nmepudepruaHbIM
SBJSIETCS. B3aMMOJCWCTBHE, TEM MEHbIIE YaCTHIL
siipa MUIIEHM Y4acTBYeT BO B3aUMOJEHCTBUM H,
CJIEIOBATEIIbHO, TEM OOJIbILE KOTMYECTBO (pparMen-
TOB MUILEHH. IIpy CHIIBHO LEHTPaIbHOM CTOJIKHO-
BCHUU YHCIIO 06p33y10HII/IXC$I JIUBHEBBIX YaCTHIL
MaKCHMaJIbHO, a KOJIMYECTBO (PAarMEHTOB Sapa MH-
LIEH! MUHUMAJIbHO.
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Pucynox 2 — KoppensuonHas 3aBHCHMOCTb CYMMapHOTO YKCIIa pparMeHTOB
sIpa MULIEHU (Nh=nb+ng) 1 YMCJIA JIMBHEBBIX YaCTHIL N
JUTSL B3aUMOJICHCTBUSI TSHKEIBIX siziep 30710Ta '’ Au ¢ sueprueii 10,7 A-THB
¢ TsoxensiMu (AgBr) u nerkumu (CNO) ssapamu GOTOIMYITBCHI

[ToBenenue cpegHero pacmpeneiacHue st
Au+CNO 1ogo6HO cpelHEMY pacIpeeIeHHI0 s
Au+AgB B3auMOJICHCTBHIA, HO CIBUHYTO B 00J1aCTh

MaJIbIX 3HAYECHHUH 7. YPOBeHb pasjena nepudepu-
YECKHX W ICHTPaJbHBIX COOBITUH COOTBETCTBYET
n =55.
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denocumona A. 1.

AHa/u3 (pparMeHTOB HAJIETAIOLIEro siApa

J1st cOOBITHI pa3IUYHBIX KJIACCOB IO BBINE-
JICHHBIM XapaKTEePHBIM TapameTpam (pparMeHTaI|uu
sqIpa CHapsiia ObLI OCYIIECTBJICH IMOUCK Pa3IHYHid
B pacripeneneHny GparMeHTOB HAJIETAIOIIETO SApa.

Ha pucynke 3 mpencraBieHo pacrpeefieHHs
M0 BEIMYMHE CYMMapHOro 3apsjua (parMeHTOB
sanpa-cHapsaaa Q st coOBITHI ¢ pa3IMIHBIM YHC-
JIOM MHOTO3apsIAHBIX (parMeHToB N, s Aut+AgBr
B3aMMOJICHCTBUH C Yy4YeTOM pa3/Ie]IiCHHs] Ha IEpH-
(epryeckue M IEHTPAIbHBIE B3aUMOJICHCTBHS TIO
yposio n. =110.

Kax BumHO W3 pucyHKa 3 pacrpelerneHue Jist
COOBITHH, B KOTOPBIX OTCYTCTBYIOT MHOTO3apsITHBIC
(bparMeHTHI siapa cHapsiaa N =0, CKOHIIEHTPHPOBa-
HO B 00sacTu Maueix 3HaueHu Q. CpeaHee 3HaUe-
are Q=15.9£7.0. Takue COOBITHS COOTBETCTBYET
LECHTPAIBHBIM B3aUMOJICHCTBUSIM C OOJIBIIIMM YHC-
JIOM TIPOB3aUMO/ICHCTBOBABIINX HYKJIOHOB HaJeTa-

romiero sapa. [Ipu 3ToM MpakTH4ecKu Bce COOBITHS
UMEIOT BBICOKYIO MHOKECTBEHHOCTD 12 =1 10.

B coObITHSIX C OZHMM MHOTO3apsiAHBIM (par-
MeHTOM N = 1 [OIHOe pacipeeneHne HMeeT 4eT-
KO€ pa3JielieHre Ha J[Ba Kjacca COOBITHH 1O Tpe-
craBieHHOMy Kputepuio n. =110. TlepBbiii Kmacc
COOBITHI TIpeACTaBIsCT COOON B3aMMOJACHCTBHS C
n < 110, B KOTOPBIX OOJBUIMHCTBO COOBITHH HAXO-
JIITCSL B 00JIaCTH OOJIBIIMX 3HAYCHHU Q, OJU3KOMY
K ToJHOMY 3apsiay siapa 3omota (Q=79). Cpennue
3HaYeHHE CyMMapHOTO 3apsia (pparMeHTOB Hale-
tatoriero sapa Q=68.3+10.3. Takue COOBITHI CO-
OTBETCTBYET NMepU()EePUICCKUM B3aUMOICHCTBHUSIM C
HEOOJBIIUM KOJMYECTBOM IPOB3aNMO/ICHCTBOBAB-
IIMX HYKJIOHOB sipa-cHapsia. Bropoii kmacc co-
OBITHH IPEICTABIAET COOOM B3aUMOIEHCTBYS C 11 >
110 co cpenaum 3HaueHreM Q=31.348.8. Takue co-
OBITHSI OTHOCSTCS K LICHTPAJIbHBIM BSaHMOIIefICTBH-
sIM HU3KOH CTENEeHM LEHTPaIbHOCTH, PEACTaBIICH-
HbIE Ha pUCYHKE la.

n =110 n <110 All
ZM?H S 9% . e
T 15.9% Wiean w200 F W5
15 &= | 0TS e 00 15 F T4%
0 05 - 10 E
5 f o35 | z
0 1 1 1 | 1 1 0 1 1 1 I 1 1 F 1 1 | 1 1
ﬂ) 0 50 0 30 L) S0
Q Q Q
= Fro | = F wi] = Fo 101
FEntries 5t F Entries FEntries 1
10 [Mem 1A X - hoan ﬁ' 3 vieam Sug
] BRI - rvis 1 [-movrs 20
C X = P L
Sr 10 E 0 E
0 1 | - | - 0 _I | Il_l | | 0 :
b) 0 50 0 50 L
Q Q
= o | = F w| = fo 101
o - e = -
RIS 2T [ rvis [ wovrs &
i M E LIL wF
10 E 5
C LI 0 |
0 1 - | 0 3 L1 1 1 I 1 1 0 F 1 L1 | L1
(‘.’) 0 50 0 50 O 50
Q Q Q

a)-N=0;b)-Nr=1;¢)-Nr=2

Pucynok 3 — Pacnipenenienre cyMMapHOTo 3apsiia pparMeHToB sapa cHapsaa
B 3aBHCHMOCTH OT MHOXECTBEHHOCTH 71 ISl B3aUMOAeHCTBUA Au+AgBr
B COOBITUAX C PasIM4YHbIM YHCIOM MHOTO3aPSAHBIX PparMeHToB N,
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(bJIyKTyaHI/II/I Ha4daJIbHbBIX yCIIOBI/Iﬁ AAPO-SIACPHOTO B3aMMOJICHCTBHS U UX BIUSHHC Ha pacnopeneiiceHue BTOPUIHBIX YaCTUIL

CoOpITHS C N,> 1 3aHAMAIOT NPOMEKYTOUHYIO
MO3UIMI0 CO cpenHuM 3HadeHuem Q = 53.4+12.9.
Takue coObITHS OTHOCSTCA K LEHTPaJIbHBIM B3a-
NMOJCHCTBUSIM HH3KOH CTENEHHM LEHTPaJbHOCTH,
Mpe/cTaBieHHble Ha pucyHkax 10 m 1r. Takum
00pa3zoM, pe3ysbTaTbl aHanu3a (-pacnpeacieHust
MOATBEPKIAIOT I0OBOABL, OCHOBAaHHbIC HA T€OMETPH-
YECKHUX MPEICTABICHNUAX B3aNMOICHCTBUS C yIETOM
KOpPEeIsSIIMOHHON 3aBUCUMOCTH CYMMapHOT'0 YHcia
(parmMeHTOB Aapa MUIIEHH N, 1 MHOXKECTBEHHOCTH
JIUBHEBBIX YACTHII NS.

3akaouyeHne

[IpencraBnensl mapameTpsl  (parMeHTauuu
B3aMMOJACHCTBYIOIINX SAEp A LEHTPAIbHBIX U
nepuepruuecKUX COOBITUH PA3IMUYHON CTEICHH
LeHTpalbHOCTH (TepudepuyHocTH). PesynbraThl

aHanu3a (-pacupeieseHus] MOATBEPKIAIOT TOBO-
IIbl, OCHOBaHHbIE Ha T€OMETPUUECKUX MPEACTABIIE-
HHUSIX B3auMOJEHCTBHS. B KauecTBe HKCIEpUMEH-
TaJbHBIX KPUTEPUEB ISl OTIEICHUS COOBITHH ¢
JUHAMMUYECKUMHU (QIIyKTyalusIMU, XapaKTepH3yIo-
e 0COOEHHOCTH Tpoliecca B3aUMOJICHCTBUSA, U
cOOBITHH ¢ (IIyKTyauusMu, CBI3aHHBIMU C (IIyK-
TyauMsMH HadajbHBIX YCIOBUHM M 3aBUCALIMX OT
CTETICHH [IEHTPAIBHOCTH (TIEpUPEPUIHOCTH ) B3aH-
MOJICHCTBHUSL MOTYT OBITh HMCIOJIB30BaHBI Mapame-
TPBI KOPPEJIALNOHHON 3aBUCUMOCTH MHOKECTBEH-
HOCTH JIMBHEBBIX YaCTHI[ M YHWCIa (ParMeHTOB
aapa MulieHu. [Ipu 5ToM Takxke He0OX0UMO YUH-
THIBaTh KOJIMYECTBO MHOI'03apsAAHBIX ()parMeHTOB
spa-cHapsA/a M pacrpeneseHue CyMMapHOTro 3a-
psina pparMeHTOB HAJIETAIOMIETO SAPA, XapaKTepH-
3YIOLIEr0 YHCJIO MPOB3aUMOJEHCTBOBABLIMX IMPO-
TOHOB SApa-cHapsIa.
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MPHTU 29.27.47

Kyp6anos ®@., laBieros A.E., ‘Myxamerkapumos E.C.

Kazaxckuii HallMoHaIbHBIN yHUBEpCUTET UMeHH anb-Papabu, HUNOTO,
Kazaxcran, r. AJMartsl,
"e-mail: yerzhan. mukhametkarimov@kaznu.kz

XUMHNYECKASl MOAEADb
TPEXKOMITOHEHTHOM INbIAEBOU INMAA3MbI

B paboTe pasBmBaeTcs XMMmMYeckass MOAEAb TPEXKOMITOHEHTHOM MbIAEBOW MAA3Mbl, COCTOSILLEN 13
3AEKTPOHOB, MPOTOHOB M MbIAEBbIX YacTuL,. KOHUEHTpauus NpOTOHOB cuMTaeTCs (DMKCMPOBAHHOM, a
MOrAOLEHME SAEKTPOHOB MbIAMHKAMM PACCMaTPUBAETCA KaK CBS3aHHble COCTOSHMS, OMpeAeAsemble
paboToi BbIXOAQ IAEKTPOHOB. [MOAyUEHO Bbipa’keHue AAS CBOOOAHOW 3HEPrum CUCTEMbl, KOTopast
BKAIOYAET B Cebs MAEAAbHYIO U HEMAEAAbHYIO 4acTu. BkAaa B3aMMOAENCTBUMIM MEXAY YacTvLammu
paccMaTpmBaeTCs B pamMkax 0606LEHHOrO MHTErpo-AuddepeHLMacbHOro ypaBHeHust boabumana -
[NyaccoHa, MOAYYEHHOro W3 UErnoYkM YypaBHeHuit boroaio6oBa AAS PaBHOBECHbIX  (DYHKLMIA
pacrpeAeAeHusl B NPUOAMMKEHUM TMAPHBbIX KOPPeAsiuMin. AaHHOEe ypaBHEHWE AErko pelaeTcss u
TPaHCOPMUPYETCS B CUCTEMY aArebpanmyeckmx ypaBHeHUI npu nepexose B Oypbe-NMpocTpaHCTBO M
UCMOAb30BaHUS CBOMCTB AeAbTa (hYHKUMU. AAS MPOBEAEHUS YMCAEHHbIX PAcYeToB OblAM BblOpaHbI
noteHuman KyAoHa B KauecTBe B3aMMOAENCTBUSI SAEKTPOHOB 1 NMPOTOHOB MeXAY CO60i B OTCYTCTBUM
NMAQ3MEHHOM CpeAbl, W WAEHTUYHbIM MOTEHUMaA C MOMpPaBKOM Ha KOHEUYHOCTb Pa3MepoOB AA4
B3aMMOAENCTBUSI MbIAEBbIX YacTuL. YMCAEHHbI pacyeT MoKasblBaeT, UTO CBOOOAHAs 3Heprus
TPEXKOMMOHEHTHOM MbIAEBOM MAA3Mbl ABASETCS (PyHKUMEN EAMHCTBEHHOrO napameTpa v MMeeT 9pKo
BbIPKEHHbIA MUHUMYM, UTO MOXET ObITb MCMOAb30BAHO AASI OMPEAEAEHUS SAEKTPUUYECKOro 3apsaa
MbIAMHOK, HAXOASILLMXCS B OydDEPHON MAasme.

KAloueBble cAOBa: TbiA€Bas MAa3Ma, CaMOCOrAQCOBaHHAs XMMMYECKasi MOAEAb, CBOOGOAHas
3Heprug.

Kurbanov F., Davletov A.E., "Mukhametkarimov Ye.S.

Al-Faraby Kazakh National University, Institute of Experimental and Theoretical Physics,
Kazakhstan, Almaty,
“e-mail: yerzhan.mukhametkarimov@kaznu.kz

A chemical model of a three-component dusty plasma

A chemical model of a three-component dusty plasma consisting of electrons, protons, and dust
particles is developed. The number density of protons is assumed to be fixed, and the absorption of
electrons by dust particles is considered as bound states, determined by the work function of the
electrons. An expression is obtained for the free energy of the system, which includes the ideal and
excess parts. The contribution of interactions between particles is considered in the framework of the
generalized Poisson-Boltzmann integro-differential equation obtained from the Bogolyubov chain of
equations for the equilibrium distribution functions in the pair correlation approximation. This equation
is easily solved and transformed into a system of algebraic equations by using Fourier transformation and
delta function properties. For perform numerical calculations, the Coulomb potential was chosen as the
interaction of electrons and protons with each other in the absence of a plasma medium, and an identical
potential for the interaction of dust particles, corrected for finite size. Numerical calculation show that
the free energy of a three-component dusty plasma is a function of a single parameter and has a
pronounced minimum, which can be used to evaluate the electric charge of dust particles immersed into
a buffer plasma.

Key words: dusty plasma, self-consistent chemical model, free energy.
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Y1l KOMMOHEHTTI TO3aHAbI MAA3MaHbIH, XUMMUSIABIK, MOAEAI

DAEKTPOHAQP, MPOTOHAAP >koHEe To3aH, GeAlleKTepiHeH TypaTbiH Yl KOMMOHEHTTI MAasmaHblH
XMMMSIAbIK, MOAEAI AAMbITbIAYAQ. [1POTOHAAPABIH KOHUEHTPAUMSICHI GEAMIAEHTEH, aA SAEKTPOHAAPADIH
TO3aH GOALLEKTEPIMEH >KYTbIAYbI SAEKTPOHAAPAbIH, LbIFY XKYMbICbIMEH aHbIKTaAaTbIH 6aNAaHbICKAH Ky
PETIHAE KapacTbipblAaAbl. MAeaA >koHe MAeaA eMeC KypayllblAapAaH TypaTbiH >KYMeHiH 60c
3HEPrusCbiHbIH OPHEri aAbIHAbI. BeALLEKTEPAIH BcepAecyiHiH acepi, XXYNTbIK 8CEPAECY XKYbIKTayblHAQ
Tene-TeHAI TapaAay (QyHKUMSCHI YWiH BOroAlo60B TeHAEyAep >KYMeAepiHeH LWbIKKAH >KaAMbIAQHFaH
boabumaH - TyaccoH mHTerpo-anddepeHUmassbik, TEHAEYAEpPi KeMeriMeH eckepinai. bya TeHaey
dypbe-KeHicTiriHe Kkewin, AeAbTa (YHKUMSACbIHbIH KaCMeTTepiH MnalAaAaHCcAa OHal  LeLliAin,
aArebpanbik, TEHAEYAEp XXyreciHe aybicaabl. CaHAbIK, €CEenTeyAep XKYPrisy YiliH NAasMaAbikK, OpTa >KOK,
Ke3AEri dAeKTPOHAAP MEH MPOTOHAAPAbIH, apacbiHAAFbl 8cepAecy peTiHae KyAoH moTeHuMaAbl, XXeHe
TO3aH OBeALIeKTEPIHIH, BCepPAECYiHAE LWEKTIK OALIEMAI eCcKepeTiH YKCAcC MOTEHUMAA TaHAAAbIHAbI.
CaHAbIK ecenTey Yyl KOMIMOHEHTTi TO3aHAbI NMAasMaHbiH 60C 3Hepruschbl 6ip napameTpAiH MYHKUMSCbI
MEH MMHUMYMbI 6ap eKeHiH >koHe OydepAik naazmaaarbl To3aH GOALIEKTEPIHIH DAEKTP 3apsiATapbiH

aHbIKTay YLLUiH NanAaAaHbIAYbl MYMKiH GOATbIHbIH KOPCETEA|.
Ty¥iin ce3aep: TO3aHAbI NMAA3Ma, ©3apa KEAICIATEH XMMUSIAbIK, MOAEAb, 6OC 3HEprus.

BBenenue

Ha ceromssamHuii 1eHb OONBIIOW HAyYHBIH
MHTEPEC UCCIEN0BATENCH BbI3bIBACT HEJIMHENWHASA U
MHOTOKOMITOHEHTHAS Cpe/ia — Mia3Ma C MbUICBEIMU
yacTuiiamu TBepaoro tena [1]. Takas cpena BcTpe-
YaeTCs B Pa3UYHBIX IJIA3MEHHBIX YCTaHOBKaX [2],
a Takke B KOCMHMYECKOM MHpocTpaHcTBe [3].
Haubomnee 3HaYMMBIMU SBISIOTCS HWCCIENOBAHUS
MBIJIEBBIX YAacTHUIl B YCTAaHOBKaX TEPMOSAEPHOIO
CHHTE32a C MArHHTHBIM yJAep)KaHHWEM, KOTOpHIE
BO3HHUKAIOT 32 CUET B3aMMOJAEWUCTBUS IJIa3MEHHOTO
paspsna co cTeHKaMHu [4] U CyIIECTBEHHO BIHSIOT
Ha paboOTy TEPMOSAEPHOTO PEaKTOpa.

N3BecTHO, 4TO YacTULBl TBEpAOTO Tena (IIbI-
JIEBBIC YaCTUIIBI), MTOMEIIEHHBIE B OOJIACTh ILIa3-
MEHHOTO pa3psia, MPUOOPETAIOT OONBIION 3IIEK-
TPUUECKUH 3apsf, CBSI3aHHBIA C TOTJIOIEHUEM
3apsHKEHHBIX 9aCTHI] TUIA3MBL: 3JIEKTPOHOB M HOHOB
[5,6]. [TockONBbKY SIEKTPOHBI JIETYE W TOJBIKHEE
4YeM WOHBI, 3apsj IBUICBBIX YacTHI[ B OOBIYHBIX
YCIOBUSIX OTPULIATENBHBIA M JTOCTUTAET JECSITKOB
THICSIY B €JMHMIIAX 3apsiia 3JEKTPOHA. DTO B CBOIO
oduepens BeAeT K BOSHUKHOBEHUIO CHIIHLHOTO DJIEK-
TPOCTAaTHUECKOTO B3aUMOJEUCTBUS MEXJy YacTH-
LIaMH TBEP/IOTO Teja U K U3MEHEHUIO CBOMCTB IUIa3-
MBI BONMHM3W WX TOBepXHOCTH [5-7]. IloaTomy
MHOTHE COBPEMEHHBIC PabOThI chOKyCHpPOBAHBI HA
HaXO0XKJIEHUH JIEKTPUYECKOTO 3aps/ia WK TUIaBaro-
IIETO MOTeHITHAIa (PAaBHOBECHBIM TOTCHIINAM) TIBI-
TuHOK B miasme. [loa «miaBaromumy) NOHUMAETCA
MMOTEHIIHA, TIPU KOTOPOM YPaBHOBEUIEHBI ITOTOKH
3JIEKTPOHOB ¥ MOHOB Ha TIOBEPXHOCTD YaCTHUIHI [8].
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Jns ompeneneHus 3apsna M IUIABAIOMIETO I10-
TEHIMaJIa MTBJIEBOH YaCTHUIIBI B TUTa3Me HEOOXOIMMO
JIETATLHO MCCIIEIOBATh IMIOTOK 3JIEKTPOHOB M HOHOB
Ha MOBEPXHOCTh MBUTMHKH B HEOTHOPOIHOM IT0JIE
BOKPYT 4YacTullpl. O0nMacTh NEHCTBUS TPUIIOBEPX-
HOCTHOTO TIOJISI Ha3BIBAIOT IJIa3MEHHBIM cjoeM. B
OONBIIMHCTBE CIy4YaeB MPEAINOaracTcs, YTO IIU-
pUHA 3TOTO CJIOS BOJHM3M MBUIEBOI YaCTHUIIEI MEHbB-
IIe, 9eM JUTHHA CBOOOJHOTO Ipodera 3JIeKTPOHHO-
HEUTPAIILHOTO WM HOHH-HEHTPaJbHOTO B3aMMO-
JIEUCTBUA. DTO MO3BOJIAET 3aKIIOUYHUTh, YTO IEPEHOC
3apsHKCHHBIX YaCTHI] SBIISCTCS OCCCTOIKHOBHUTEb-
HeIM. Ecnu ipeneOpeds 3¢ (heKToM OTHENbHBIX KY-
JIOHOBCKMX CTOJIKHOBEHWH IO CpPaBHEHHWIO C KOJ-
JIEKTUBHBIMU SIBJICHUSIMH, TO 3a/adya CBOAHUTCS K
PEIIEHUI0 CaMOCOTIACOBAHHOTO KHHETHYECKOTO
ypaBHeHUs BracoBa ansi 3apspkeHHBIX dacTHil [9,
10, 11,12.], koTopoe MOXKeT OBITH PEUICHO Kak
(heromeHomorndecku [13], Tak ¥ ¢ UCMOJIE30BAHHEM
KOMITBIOTEPHOTO MOJEIUPOBAHUS C MIOMOIIBIO Me-
TozAa yacTull B siueiike [14, 16]. Jns aToro B pamkax
KHHETHYECKOTO OIMHUCAaHUs 00JIacTh BOMM3H TI0-
BEPXHOCTH YACTHIIBI DPA3AENACTCA Ha HECKOJIBKO
cioeB. B mima3zMeHHOM clioe BIIEKTPOHBI M WOHEI,
HaJICTAIOIINEe HAa MOBEPXHOCTH MBUICBOM YACTHIIBI,
HE B3aUMOJICHCTBYIOT MEXAy cOo0OH, a BHe 000-
JIOYKH pacCMaTPUBAETCSl HEBO3MYIIIEHHAS TIa3Ma ¢
MakcBemmoBckoi (hyHKITUEH pacipeieiICHuUS.

Ha cerogusmauii neHs mMpoaenaHo MHOTO IT0-
MBITOK HAXOXKIEHUS 3apsa NBUICBBIX YacTHI] B
miasme [17-30]. Ilockonbky mpouecc 3apsaku
MbUIEBOM YaCTUIIBI CXOXK C 3aPS KON TUarHOCTUYEC-
KOT'0 30H/a, TTIOMEIIEHHOTO B pa3psia, HCTOPUIECCKU
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nepBoil paboOTOM MPHUHATO CUMUTATH TPyAbl MoTTa-
Cwmuta u Jlearmiopa [17]. Ilo3nHee Obutn mpen-
JIO)KEHBl ~ pa3JIMYHble MOJENH, OIHCHIBAIOIINE
HaKOIUIEHUE 3apsifa IbUIeBOM yactuueil. Hampu-
Mep, MOJENb MOHOAUCIIEPCHBIX HOHOB [ 18], Teopus
OTPaHUYECHHOT'0 OPOUTATLHOTO NBIKeHU [19-21] 1
MOJEIb XOJOIHBIX HOHOB [22].

CraHAgapTHBIM M JOBOJIBHO MPOCTHIM ITOAX0IOM
AHAIMTUYECKOTO OMMCAHMS 3apsala MPUHATO CUU-
TaTh TEOPHUIO OTPAHUYEHHOTO OPOUTAIBLHOTO JBH-
KEHHsS, OCHOBAaHHOIO Ha 3aKOHaX COXpaHEHHA
SHEPruy U MOMeHTa umityibca [23]. B mpocreiiem
ClIy4yae OHAa YYWUTBHIBAET IIOTOKM JJIEKTPOHOB U
HMOHOB HA MBUICBYIO YaCTHITY, KOTOPEIC HE SBIITIOTCS
CAUHCTBCHHBIM MEXaHU3MOM 3apsiIKU MBUIEBBIX
gacTull. B Tiporiecc 3apsakyd TBUIEBBIX YaCTHIL
MOTYT MOBIHTH 3((EKTH, CBI3aHHBIC C IMUCCHEH
BTOPUYHBIX 3JIEKTPOHOB, (POTOIIEKTPOHOB U Tep-
MODJICKTPOHOB [24-25]. Dmmccusi 3JIEKTPOHOB OT
MMOBEPXHOCTH MBUIMHKU MOXET MPUBECTU K YMEHb-
IIEHUIO OTPHULATENIEHOTO 3apsiia, M3MEHSS 3apsij
BILUIOJb JIO TOJIOKWTENBHBIX 3HaueHWi [26,27]. B
pabote [28] paccMOTpeHa TEpMOHMOHHASI YMHUCCHS C
MaKCUMyMOM B MTOTCHITUAIBHON YHEPTHUH.

Pacuer, ocHOBaHHBII Ha KIACCHUYECKOM IMOA-
XO0Jle OTPaHHYEHHOTO OpPOWTAIBHOTO JBH)XCHHS,
JTaeT MAaKCUMAaJlbHO BO3MOXKHOE 3HAauY€HHUE 3apsaa
NBUIEBOM YacTULBl. B pealbHBIX 3KCHEPUMEHTax
W3MEPEHHBIN 3aps] 3HAYUTENbHO HUXKE, YTO
CBSI3aHO C HEKOTOPHIMHU OCOOCHHOCTSIMH TIpOLiecca
3apsAKA TMBUIEBOM YacTHUIBl U OTPaHUYCHUSIMU
camoro Meroza. Jleno B TOM, YTO TEOpPHUS OTpPaHU-
YEHHOTO OPOWTAIBLHOTO MABW)KCHHS MPUMEHHMA
JIUIG JIJIS CITydas, KOT/Ia pa3Mepsl YaCTHIl MEHBIIe
AJIEKTPOHHOU /1e0aeBCKOW JUIMHBI YKPAaHUPOBAHUS
[29]. Kpome aToro mpeamnojaraercs, 4YTo NbLIeBas
YyacTHIla N30JUPOBAaHA B TOM CMBICIE, YTO APYyTHE
MBUICBBIC YACTHUIBl HE BIUSAIOT HAa JBIKCHUS
HaJIETAIOMINX JIEKTPOHOB W MOHOB, UTO AJIS IJIOT-
HOM IJIa3Mbl €CTECTBEHHBIM 00pa30M HapyIIaeTCs.
Ecnau ydectb, UTO NBUIEBBIE YAaCTHLBI B IJIa3Me
MOTYT 00pa30BaTh IUIA3MEHHBIN KPUCTAILI C OIpe-
JIETIEHHOU IJIOTHOCTBIO YIAKOBKHU, TO CTAHOBUTHCS
SICHO, 4YTO 3aps] TbUICBBIX YacTUI[ OyIeT
HECKOJIbKO MEHBIIE, 4YeM s yeAUHEHHOH
gactunsl [30-31].

[Ipu BBICOKMX MABICHUSIX IIa3MbI JUIMHA CBO-
0omgHOTO mMpoOera 3IeKTPOHOB W HOHOB CTaHO-
BHUTHCSI MCHBIIIE YEM XapPaKTCPHBIM pa3Mep IbLIe-
BBIX YaCTHIl, U PACTET BEPOATHOCTH PACCESHUS
HOHOB Ha HEUTPAJIbHBIX aToOMax. DTO MPUBOIUT K
YBEJIMYEHUIO WOHHOTO TOTOKAa Ha TBUIEBYIO dac-
THILY U, CIIEOBATEIbHO, K YMEHBIIEHUIO €r0 3apsiaa

[32, 33]. C opyroiif CTOPOHBI, B MOJICIIH OTPaHUYICH-
HOTO OpOWTaNbHOTO JBIDKEHHS HE paccMarpH-
BaeTCs IUIA3MECHHBIH CJOW BOJU3W ITOBEPXHOCTH
OTPULATEIBHO 3apsHKEHHOM TMBUIEBOM YacTHULBI,
KOTOPBIH aKTHBHO TMOTJIOMIAET HU3KOIHEPTHUYHBIC
HMOHBL. B nurepatype 3TOT C0i Ha3BIBAIOT TOTJIO-
[IAIONIUM CJIOEM W OINHUCHIBAIOT HAIMYUEM MAaKCH-
MyMa Ha KpuBOH 3(P(EKTHBHOW IOTCHIMAILHOMN
SHEPrUM B3aWMOJCWUCTBUS MbUIEBOW YAaCTULBI C
3apsbKeHHBIME MoHamu [34]. U3 cka3aHHOro cie-
IyeT, 9TO HE BCE HWOHBI MOTYT JOJIETETH 1O
MMOBEPXHOCTH TMBUIEBON YACTUIIBI, YTO MOBJIMSIET Ha
MIPOIIECC 3aPSIKH TTHUIEBOM YaCTHIIBI.

Taxum 006pazom, SICHO, UTO OIMCAHKE MPOIIecca
3apsAKH TBIICBOW YaCTHIBI B paMKaX TEOPHH
OTPAaHUYCHHOTO OPOUTATHHOTO JIBIYKEHUE SBIISETCS
HE MPOCTON 3aJayell M CYIIECTBYET MHOXKECTBO
paboT, B KOTOPBIX YUUTHIBAIOTCSA U Apyrue 3P dex-
Tel. Hampumep, i HaxOXICHHUS MOTCHITHAIA
OOJIBIIUX TBIICBBIX YACTHI TOCTPOSHBI MOTUDUIIH-
pPOBaHHBIC MOJICTH TBUICBBIX YACTHI] B TJICIOIIEM
paspsae, a Opd pacueTax Mpearnoyiaraioch, 4To
AJIEKTPOHBI UMEIOT HEMAaKCBEIUIOBCKYIO (PYHKIIHIO
pacnpenencHusi, HarpuMep, (YHKIHMIO pachpese-
nenus JproBecteitna [35].

B nanHOit paboTe ObUTH TPOU3BEACHBI TEOPETH-
YECKUE PacyeThl TEPMOJUHAMUYECKOTO COCTOSIHUS
MBUIEBOM IIIa3Mbl HA OCHOBE CaMOCOTJIACOBAHHOM
XUMUYIECKON MOJEIH, KOTOpasi 9aCTO MCIIOIB3YETCS
JUTSL OTIMCaHWsl CBOWCTB YaCTUYHO WOHH30BAaHHOM
miasMel [36]. B pamkax mpemaracMoi MOIENTH
paccMaTpHUBAECTCs MOJTHOCTHIO HOHU30BAHHASL BOJIO-
poIiHas IIa3Ma C IBUIEBBIMH OTPHIIATEIBHO 3apsi-
JKeHHBIMH YacTtunamu [37].

Be3pa3mepHbie napaMeTpbl

B nanpHeiiiem mpenmonaraeTcs, 4TO MbLIEBAsI
IJ1a3mMa COJIEP>KUT TPU COPTa YACTUIL: DJIEKTPOHOB C
KOHIIEHTpPaUUenl He., MACCOM M, U DIEKTPUUECKUM
3apsI0M —e; IPOTOHOB C KOHLICHTpalueH 71,, Maccoi
my, U 3apsiioM e, a TaKKe MBUIEBBIX YaCTHI] C KOH-
LEHTpalue ng, Maccoil mg u 3apagoMm Ze.
CyIecTBeHHO, YTO B IEJIOM IUIa3Ma MIpeIIoJia-
raercsi JIOKaJIbHO KBa3MHEUTpanbHOM Tak, YTO
BBITIOJIHSAETCS YCIIOBHE:

no=n, +2Zn,, (1)

WM B 6e3pa3MepHOM BUJIE

a=1+Zy, 2)
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Kyp6anos ®. u np.

e a=n,/n,uy=n,/n,.

Jus omucanms cocTosHUS Oy(epHON IUIa3MBbl
yA0OOHO BBECTH IIapaMETp CBS3H, KOTOPBIi
BEIpaXXaeT CTENeHb €€  HEWACATbHOCTH U
MIPEICTaBIIsIeT COOOH OTHOIIICHNUE CPEaHEH YHEPTHI
KYJIOHOBCKOI'O B3aUMOJICHCTBHS MPOTOHOB K UX
SHEPTHH TETUIOBOTO JBUYKCHUS:

2
e

a,k,T )

rae k, — rmocTosHHas bomenMana, 7 — TeMiiepaTtypa

cpensl, a, = 33/ 47n, — cpeiHee paccTOSHHE

MEKAY NPpOTOHAMMU.

Yucio IIPOTOHOB B CANHULIC o0Bema
XapPaKTCPpU3yCTCA 663pa3MepHLIM napameTpom
IIJIOTHOCTH

a
r,=—, 4)
aB

2 2 o .
rae a, =h" / m,e” —nepBblii G0poBcKuii paauyc, a

hi — mocrosiuuas [Tnanka.

ITputeBast KOMIIOHEHTA NIl POCTOTHI MPETIO-
JaraeTcsi MOHOAMCIIEPCHOM, TO €CTh BCE TBLIEBhIE
YaCTHIbI TPEACTABIAIOTCS TBEPAbIMU chepamu
paauycoM R, a MaTepual XapaKTEpHU3yeTCs HEKO-
TOpoii paboToi BBIXOma d3JeKTpoHOB W. Koneu-
HOCTH pPa3MEpOB IMBUICBBIX YACTHUI[ OMPEIETICTCS
mapaMeTpoM

d=-L, (5)

a, =3/3/4xn, — cpenHee paccTosHIEe MEKLY

IbIJIMHKAaMU B IIJIa3M€E.
HNneanbHas yacTh CBOOOJHOI 3Heprun

U3 kypca cratuctudeckodl (GHU3MKU CHCTEM,
COCTOSIHIITUX W3 MHOTHX YaCTHII, U3BECTHO, YTO B
MPHOIKESHUHN HJICATEHOTO Ta3a BEIPAXKCHUE IS
CBOOOTHOM PHEPTHU TPEXKOMITOHEHTHOM IBIIECBOI
IJIa3MbI HIMEET BHI:

VT

V
F=— E nn D O +—
exc 2 m a b(oab( ) 167[3/(3
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F, =-nVk,Tln| 25 |-
ne e
. (6)
—n Vk,Tn| —— |~ n,Vk,T'In| =<
pp d’™d

rie V— obvem cuctemsl, A, = (2zh* /mk,T)"* —

TEIUIOBasl AJIMHA BOJIHEI e bpoiinsg yactun copra a,
a CTaTUCTHYCCKa CyMMa Ed OITNCHIBACT CBA3AaHHBIC
COCTOSIHUS MBUITMHKYU U 3JIEKTPOHOB.

Jns onpeneneHus: X, UCMOIB3YETCS MPEICTaB-
JICHUEC O TOM, 4YTO NbBIJIMHKA IPEACTABIIACT CO6OI>'I
MOTEHIIUANILHYIO SIMY JUIA JJIGKTPOHOB, TIyOHHA
KOTOpOH ompenensercss padoroil Beixoma. IlycTh
NBUIMHKA MOTJ0TUiA Z »JIEKTPOHOB, TOTAA HUX
SHeprus cBsi3u Oyaer paBHa ZA, rme A — pabota
BbIXOAa. KpOMe 3TOI'0, MOIJIOUICHHBIC 3JICKTPOHBI
OyAyT co3maBaTh B OKpPY’KAIOIIEM MPOCTPAHCTBE
JNEKTPUYECKOE TI0JIe, IHEPTHs KOTOPOTO JIETKO
BBIUMCIIETCS M paBHa Z°¢” / 2R, a 3HAYUT CTATHCTH-
YyecKasi CyMMa IIPUMET CIAEAYIOIIUMA BUI:

) A

T T (7)
k,T 2Rk,T

X, =exp

B Hamel moenu neljIeBast YacTHIIA MOXKET, Kak
MOTJIONIATh, TaK M HMCIYCKaTh SJCKTPOHBI BCIE-
CTBHUE DJIEKTPOHHOMN dMHUccHH, HO dopmyna (7) mpu
3TOM COXPAaHSIET CBOM BHU/I.

HeuneanbHasi 4acTb CBOOOHOM dHEPTUHU

Bripakenne a1 cBoOoaHON 3HEprHH (6) crpa-
BEUTMBO TIPY MTOJIHOM NMPEHEOPEKEHNH B3aUMOEH-
CTBUEM B CHCTEME, UTO HE BCETr/a CIIPABEAJIUBO, TaK
Kak 3aps] NObUIEBBIX YACTHUILl MOXET JOCTHraTh
3HAQUUTEIbHBIX BEIUYMH. JlI1 ydera Koppensuui
BOCHOJIB3yeMcs pa3paboTaHHOH paHee camocoria-
COBAaHHOM XMMHUYECKON MOJAEIBIO, KOTOpas yCHell-
HO OINHCHIBAET MOHU3ALMOHHOE PABHOBECHE B YacC-
TUYHO HOHM30BaHHOM BOJOpOJHOM miazme. Heu-
JeabHasl YacTh CBOOOTHON SHEPTUU B CIIyYae TPeX-
KOMIIOHEHTHOM MBUIEBOM IUTa3MBbl, COCTOSLICH H3
3JIEKTPOHOB, IPOTOHOB U MBLTMHOK MPHUHUMAET BU/T;

> nm, [ dkdp,, (k) [dT LA (8)

3
a,b T
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B dopmyne (8) ¢dypbe-00pa3bl MHKpPOIOTEH-  MBUICBOH IIa3Mbl ONPENCTSIOTCS C  MOMOIIBIO
[IUAJIOB B3aWMOJACHCTBUS MEXIY KOMIIOHEHTaMH  BBIPQKEHHI

~ - - 4re’
wee (k) = ¢pp (k) = _¢ep (k) = k2 (9)
- y 4nZe’ AnZe'R| .. . 1 ,
G0 (k) ==, (k) = ”kf _aree |:Cl(kR) Sin(KR) +— cos(kR)( 2 Sl(kR)):|, (10)
~ 4x7’¢® 8rZ’e’R| .. . 1 .
@,(k)= PER Ci(2kR)sin(2kR) + > cos(2kR)( —2Si(2kR)) |, (11)
dypbe-00pa3bl  MaKpOIMOTEHI[HAIOB  B3aUMO-
. © COSt _ Xding JCHCTBHSL OINPENEISIFOTCS W3 PEIICHUS I[ICTIOYKH
roe Ci(x) = —J dt m Si(x)= I_df —  ypaBHeHMi boronro0oBa B NpUOIMKEHHH MapHBIX
x ! o ! KOppEJSIUiA U UMEIOT BUT

WHTETPATbHBIA KOCHHYC M CHHYC COOTBETCTBEHHO.

d)ab(k):i((bab(k)"' Z Ac[@cc(k)(bab(k)_éac(k)(ébc(k)]-’_

c=e,i,n

tO, D, Ad, [@c<k>¢ad<k>¢cd<k>+¢aa(k)¢cc2<k>¢dd<k>_

c,d=e,i,n

(12)

00, () + ¢, ()@, (k) + §,, ()@, (k) D
> ,

A=1+ Y 4,6, (0+ 3 4,4, 5, ()G, (k) ~ G, (k) |+ 4,4,4, x

a=e,i,n a,b

[@b (6. (06, (0) _ ., (05,000 (K) _ 5, (03, () + 3, (), () + 6, (1), (K)’ } (13)

3 6 6
3nece A =n /k,T, a &8, — cumpon KOTOpas, IIpH (bMKCUpOBaHHOW KOHIICHTPALUU
c c a.
IObUICBBIX YaCTU IIPOTOHOB U TEMIIEpATYypEC
Kponekepa. L 1P patype,

3aBHCHUT OT €JMHCTBEHHOrO MapaMeTpa, HallpuMep,
OT 4YHCIIa DJIEKTPOHOB B IUIa3Me WIM 3apsja
MIBIJIEBBIX YACTHII.

Ha pucynkax 1 u 2 mpexacraBieHbl rpaduku
3aBHCHMOCTH CBOOOJTHOW JHEPTUH TPEXKOMIIO-
HEHTHOW NbUIEBOW IJ1a3Mbl OT napamerpa « . Kak
BUJHO W3 KPUBBIX, CBOOOJHAs DHEPrHus paccMmat-
pUBAacMON CHCTEMBI UMEET JOKAJIbHBIH MHUHHMYM,
COOTBETCBYIOIIIMA yCTOWYUBOMY TE€PMOJIWHAMHU-

Pe3yabTaTthl u 00cy:KIeHUs
CBoOoHast 3HEprus BCeH MBUICBOW ILIa3Mbl

MpeNCTaBIsAeT co00il cymMMmy wuzaeanbHOH (6) H
HeuaeadbHOH (8) yacteit

F:Ed+F'exc’ (14)
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YECKOMY PaBHOBECHIO JIJIsl aHCaMOJIsl, U MOXKET MPH-
HUMATh KaK OTPHUIIATENIbHbBIE, TAK U MTOJOKHUTEIbHBIE
3HaueHus. C yBeJIMYEHUEM KOHLEHTPALUHN OCTPOTa
MUHUMYMa CHIDKAETCS, TaK KakK MPH ITOM IalaeT
3apsii TBUIEBBIX YaCTHI] U, COOTBETCTBEHHO, YMEHb-
maeTcs MX BKJIaJ B CBOOOAHYIO SHEPTUIO Bce
cucteMbl. BrionHe aHamormyHas KapTHHa HaOIFO-
JaeTcsl ¢ POCTOM Mapamerpa pasmepa d, yBeJH-
YeHHe KOTOPOro (paKTUYEeCKH MPUBOAWT K YMEHbB-
HICHUIO KOHIICHTPAIMH MBIJICBBIX YACTHII B IJIa3Me.

0.0 05 10 1.5 2.0

Pucynok 1 — 3aBucumocts cBoO0IHOI dHeprunt F/NpksT,
rze Np — ONHOE YHCIIO0 IPOTOHOB B CUCTEME, OT
napamertpa o ipu rs = 3000, I' = 0.01, d = 50, W = 3 3B.
Crmnomnas nunust — y = 0.0001; myHKTHpHAS IUHYA - § =
0.0003, Toyeunas nunss —y = 0.0005.

80,;_,,,,,,,4,,,,,,,,4,,,,,,,,‘, ,,,,,,,,,

60

Pucynok 2 — 3aBucumocts cBoOOaHOM sHeprun F/NpksT,
riae Np — IOJIHOE YHCIIO IPOTOHOB B CUCTEME,
oT napamerpa o npu rs = 3000, I' =0.01, W =3 3B,
y=10.0001. Crutoutnas nunus —d = 25;
nyHktupHas — d = 50; ToueuHast tuHus — d = 75

Ha pucynksx 3 u 4 mpeacTaBieHO CpaBHEHHE
WIeabHOW M IOJIHOW CBOOOJHOW SHEPTHH TpEeX-
KOMITOHEHTHO! TIBUIEBOH TUIa3MBI MPH PA3INIHBIX
3HaYeHMSIX Oe3pa3MepHbIX napameTpoB. U3 pucys-
Ka 3aMETHO, YTO BKIaJ MEXYaCTHYHBIX B3aHMO-
JeWCTBUI B CBOOOIHYIO SHEPTHIO MPAKTUUECKH HE
3aMeTeH npu & = |, Tak kak B cooTBEeTCTBHU C (2)
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MbUIEBBIE YACTULBI OKa3bIBAIOTCSI MPAKTUYECKU HE
3apsuKeHHBIMHA. Hao00poT, Mpu CyIIECTBEHHOM OT-
KJIOHEHUHM IapaMeTpa (& OT €AVHMIbI, IbUIEBHIE
YacTUIBl TMPHUOOPETAIOT CYIIECTBEHHBIN AIIEKTPH-
YeCKHI 3apsifi, 4TO NPUBOAMUT K CHUIBHOMY OTKIIO-
HEHUIO BEIMYUHBI MTOJTHOW CBOOOAHON 3HEPTUU OT
HJICAIBHOM.

W3 aHanu3a KpUBBIX TaKXKE MOKHO C/EJaTh BbI-
BOJI O TOM, 9TO IIpY OOJIBIINX 3HAYSHHSX [TapaMeTpa
cBs3u I, koppemsiunonHbie 3G GEeKTH MeHee 3Hauu-
TEJIBHO BIUSIOT HAa MOJIOKEHUS MHUHHMYMa CBO-
0oaHoM sHeprun. C GpU3nUecKoil TOUKH 3pEHUS 3TO
CBA3aHO C TEM, YTO C YBEJIMUCHUEM apaMeTpa CBs-
31 YMEHBUIAETCS TEMIIEPATypa CUCTEMBI, a 3TO IPHU-
BOAMT K CHIDKEHHUIO TEPMOXJIEKTPOHHONW SMHUCCHUH
OT MBUIEBBIX YaCTUL[ B IUIa3My M CHIKEHUIO UX
3apsa.

Pucynok 3 — 3aBucumocts cBOOOIHOIT sHeprun F/NyksT,
riae Np — IOJHOE YHCIIO IPOTOHOB B CUCTEME,
oT mapameTpa a 1pu rs = 3000, I = 0.0001, d = 50,

W =353B, y=0.0001. CrorrHas TiuHUS —
OJTHAst CBOOO/HAS SHEPTHS C YIETOM B3aHMOICHCTBYS;
IIYHKTHUPHAasA JIMHUA — UAc€ajibHasd 4acTb
cBOOOHOI SHEPTUHI
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Pucynok 4 — 3aBucumocts cB0OOHOIT sHeprun F/NpksT,
rae Ny — IOJHOE YHCIIO IPOTOHOB B CUCTEME,
ot mapamerpa oo ipu s = 3000, ' = 0.01, d = 50,

W =35B, y=0.0001. CrutomHas JIMHUSI — TIOJHAs
CBOOOJTHASI SHEPTHS C yYETOM B3aUMOJICHCTBUS;
MYHKTHPHAs JIMHUA — UJICJIbHAs 4acTh
cBOOOIHOM SHEpruu
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3akjaouenmne

B nmannoii paboTe Ha OCHOBE CamMOCOTIIACoO-
BAHHOM XUMHUYECKON MOJENU MPOAHATU3UPOBAHA
3aBHCUMOCTh CBOOOJHOHN JHEPTHH OT Pa3IMIHBIX
MapaMeTPOB TPEXKOMIIOHEHTHOM MbIJIEBOM IJ1a3MBbl.
[Tormomenre uiIM HCIYyCKAHUE 3JICKTPOHOB IIbI-
JIEBOM YacTULIEW paccMaTpUBAETCS KaK €€ CBS3aH-
HbI€ COCTOSIHUSA, YTO MO3BOJIMIO OMPEAETUTh BHYT-
PEHHIOI CTaTHCTUYECKYI0 CYMMY 3apsDKEHHOU
MBUTUHKY, KOTOpasi TaKXKe BKIIOYAeT B ceOs dHep-
THIO CO3/1aBa€MOI0 KyJIOHOBCKOTO IMOJIS.

CBoOomHast PHEPTHUS MBUICBON IUIA3MBI BHIUHUC-
JAeTCsl KaK CyMMa WACaIbHOM M HeuJeaJbHOU
yacTedl. B mocnenHell KOpPpEKTHO YYTEHBI B3au-
MOJENUCTBUS MEXIAY KOMIIOHEHTAMH MbUIEBOM MJ1a3-
MBI 0€3 IPEATOI0KECHUS O UX HE3aBUCMOM BKJIAJIE,
9TO OCOOEHHO TIPOCTO OCYIIIECTBUMO B paMKax
peuieHust 0000IICHHOTO ypaBHeHUS bolbliMaHa-

Ilyaccona, MOJTy4eHHOTO M3 LENOYKH YpaBHEHHUH
Boromnro6oBa B mpuOIMKEHNH MTAPHBIX KOPPEIISIHIA.

UncneHHple pacyeThl MOKa3alld, YTO B3aMMO-
JIEHCTBHE MEXKIY YaCTULAMU CYILECTBEHHO BIIUSET
Ha TEPMOJMHAMHUYECKOE PABHOBECUE NPU MAJICHb-
KX 3HAUYEHUSX TapaMeTpa CBsi3u I, Korja aMuccus
3JIEKTPOHOB C OBEPXHOCTH MBUIEBBIX YACTUIL PE3KO
BO3pAcTaeT W yBEIMIUBAETCS UX 3aps/l. JTO B CBOIO
ouepelb CHUIBHO MEHSIET BKJIAJ MEKYaCTUUHBIX
B3aMMO/ICUCTBUI B CBOOOIHYIO SHEPTHIO TPEXKOM-
IMOHEHTHOU MbIJIEBOM IJIa3MBI.

Crnenyer OTMETHUTb, YTO CYIICCTBOBAaHHUE JIO-
KaJTbHOTO MHHAMYyMa CBOOOTHOM YHEPTUH JAeT BO3-
MOJKHOCTb ~ ONPEIENUTh CTAlMOHAPHBIA  3apsij
MBUIEBBIX YACTHUIl MYTEM €€ MHHHMMH3aLUUU IpU
MTOCTOSTHHON KOHIIEHTPAIIMH MPOTOHOB.

Paboma evinonnena no npoepamme epanmogozo
¢unancuposanus Komumema Hayxu MOH PK,
HUPH npoexma AP05132677
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Turekhanova K.M.", Kaliyeva D.S.

Al-Farabi Kazakh National University, Kazakhstan, Almaty,
“e-mail: kunduz@physics.kz

COLLISION FREQUENCY AND FREE LENGTH PATH
OF ELECTRONS OF SEMICLASSICAL DENSE PLASMA

Nowadays the study of collision processes of dense semiclassical plasma is of considerable interest
in many experimental facilities. The paper studies the collision processes of dense semiclassical plasma
taking into account the quantum mechanical effects of diffraction and symmetry at small distances and
the effects of screening of charge’s field at large distances. The collision characteristics of dense
semiclassical plasma are obtained numerically such as the dependences of the electron collision
frequency on the parameter of nonideality and the free length path of electrons on the parameter of
nonideality are determined. It has shown that taking into account the screening effect and quantum-
mechanical effects of diffraction and symmetry in dense semiclassical plasma leads to a maximum on
the electron collision frequency’s curve at certain values of the nonideality parameter. The free length
path of electrons has a minimum in some values of the nonideality parameter.

Key words: dense plasma, semiclassical plasma, collision processes, collision frequency of electrons,
free length path of electrons.
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TypexaHoBa K.M.", KaaueBa A.C.
Kasaxckuii HauMOHaAbHbIN YHMBepcUTET UM. aab-PDapabu, KasaxcTtaH, r. AAmartsl,
‘e-mail: kunduz@physics.kz

YacTtora CTOAKHOBEHHI M AAMHA CBOOOAHOIO npobera
3AEKTPOHOB MAOTHOM KBa3UMKAACCHMYECKOM MAA3Mbl

B HacTosilee Bpems nccaep0BaHME CTOAKHOBUTEAbHBIX MPOLIECCOB MAOTHOM KBa3MKAACCUUYECKOM
MA@3Mbl, PEAAU3YIOLLIMECS BO MHOTMX YCTPOMCTBAX, MPEACTaBASET 3HAUMTEAbHbI MHTepec. B paboTte
NCCAEAOBaHbI CTOAKHOBUTEABHbIE MPOLLECChI MTAOTHOM KBa3MKAACCUUYECKOM MAA3Mbl C YHETOM KBAaHTOBO-
MexaHn4eckmx 3pekToB AncpakLmMm 1 CUMMETPMU Ha MAAbIX PACCTOSIHUSX 1 3 EKTbl SIKPaHUPOBKM
MoAs 3apsia0B  Ha  GOAbWIMX  paccTosiHMsX. CTOAKHOBUTEAbHbIE — XapakTEPUCTMKM  MAOTHOM
KBa3MKAACCMYECKON MAa3Mbl MOAYYEHbl YMCAEHHO, HampuMep, OMPEAEAeHbl 3aBUCUMOCTU YacTOTbl
CTOAKHOBEHWIN SAEKTPOHOB OT MapamMeTpa HeMAEAAbHOCTM U AAMHbI CBOGOAHOTO Npobera 3AeKTPOHOB
OT napameTpa HeMAEaAbHOCTM M MAOTHOCTM MAasmbl. [MokasaHo, uto yueT adhdhekTa 3KpaHUPOBKU U
KBaHTOBO-MeXaHWYecKnX 3ppeKkToB AMpakLmm 1 CUMMETPUM B NMAOTHOM KBAa3MKAACCMYECKON MAasMe
Npyu OMpeAeAeHHbIX 3HAUYEeHUsIX MapameTpa HeMAEAAbHOCTU MPMBOAMT K MOSIBAEHWMIO MakKCMMyMa Ha
KPUBOM 4acTOTbl CTOAKHOBEHWI 3AEKTPOHOB. A AAMHA CBOGOAHOroO npobera 3AeKTPOHOB MMeeT
MMHUMYM B HEKOTOPbIX 3HAUEHMSIX NMapameTpa HEMAEAABHOCTHU.

KAloueBble cAoBa: MAOTHAg MAasma, KBasmKAaccMueckas MAasma, CTOAKHOBWTEAbHbIE MPOLLEeCChI,
YyacToTa CTOAKHOBEHMI SIAEKTPOHOB, AAMHA CBOOBOAHOTO Npobera 3SAeKTPOHOB.

© 2018 Al-Farabi Kazakh National University



Collision frequency and free length path of electrons of semiclassical dense plasma
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TbifbI3 KBa3MKAACCUKAADIK, MAA3MaAaFbl IAEKTPOHAAPADIH,
COKTBIFbICY XXHIAITi MeH epKiH XXYPY YOAbI

KenTtereH KypblAFblAapAa Manaa 6GOAATbIH TbiFbl3 KBAa3MKAACCMKAAbIK, MAA3MaHblH, COKTbIFbICY
KYObIABICTapbIH 3epTTey OYriHri TaHAQ alTapAbIKTaM Kbi3bIFYLLbIAbIK, TaHbITaAbl. ByA XKyMbICTa TbiFbi3
KBa3MKAACCUKAABIK, MAa3MaHblH COKTbIFbICY MPOLECTEpPi WWaFblH KAlbIKTbIKTAaPAAFbl KBAaHT-MeXaHW-
KaAbIK, ANPPAKLMS XKOHE CUMMETPMS KYObIABICBI MEH ©PIC 3apSIATAPbIHbIH, YAKEH KALUbIKTbIKTapAaFbl
3KpaHAAAy KyObIAbICbI eCKepiAe OTbIpbin  3epTTeAreH. KBasmKAACCMKaAbIK, Tbifbl3  MAa3maAarbl
COKTbIFbICY KYObIAbICTapbl BOALLEKTEPAIH BCEpPAECYiHiH 3DMEKTUBTI NOTEHUMaAbI HEri3iHAE CaHAbIK,
TYPAE €CenTeAreH, MblCaAbl SAEKTPOHAAPAbIH COKTbIFbICY XKMIAIMHIH, MA€aA eMeC MapameTpiHe >KaHe
€pKiH XYPY >XOABIHbIH, MA€AA eMeC NnapamMeTpiHe TAYEAAIAIKTEPI aAblHFAH. TbiFbl3 KBa3MKAAQCCUKAABIK,
nAasMaAarbl 3KPAHAAAY XK8He KBaHTTbIK, KyObIAbICTApblH eCKepeTiH 60ACaK, MAEAA EMEC MapaMeTPAIH
Kenbip MOHAEPI YLLiH SAEKTPOHAAPAbIH, COKTbIFbICY XXMIAITHIH KUCbIFbIHAQ MAaKCUMYMHbIH TYbIHAQYbIHA

OKeAEeTiHi

KepceTi/\reH. AA SAEKTPOHAAPAbIH epKiH KYPY O2KOAbIHbIH,  Y3bIHAbIFbl MNAE€aA emec

napamMeTpAiH Kenbip MOHIHAE MUHUMYMFa Me GOAaAbI.

TyidiH ce3aep: Tbifbi3 MAasMa,

KBa3MKAACCUKAADBIK

MAasMa, COKTbIFbICY — MpoLecTepi,

SAEKTPOHAAPAbIH, COKTbIFBICY >KMIAITi, IAEKTPOHAAPADIH, €PKiH XYPY >KOAbI.

Introduction

Modern theoretical studies of plasma physics
suggest comparing the results with a very highly
developed experiment, this is true in relation to both
laboratory and space plasma. Most of the simplest
effects are known, so it is relevant to consider rather
complex collision processes of dense semiclassical
plasma [1-4]. To date, investigation of the collision
processes such as the collision frequency and the
free length path of electrons of dense semiclassical
plasma are an actual problem, as such plasma is
realized in many experimental devices: in the
implementation of the idea of controlled
thermonuclear fusion, in the collision with a rigid
barrier of metal liners, in MHD generators, rocket
movements with gaseous nuclear reactors, with a
powerful electric discharge in liquid, with an electric
explosion of conductors, with optical and
microwave discharges in gas and etc [5-9]. For the
collision frequency of electrons, the most notable
feature is the non-monotonic nature of its
dependence on the nonideality parameter of the
plasma, which has a maximum in the case of dense
plasma containing once charged ions under the
nonideality parameter [10-19]. The calculation of
the collision coefficients remains one of the most
urgent problems of the physical kinetics of the
semiclassical plasma. The great interest represents
the research, allowed to obtain reliable information
on the collisional properties of dense semiclassical
plasma. When studying the physical properties of
such the plasma located in an external electric field,

it is necessary to take into account the effects of
screening and quantum mechanical effects of
diffraction and symmetry.

of the collision coefficients remains one of the
most urgent problems of the physical kinetics of the
semiclassical plasma. The great interest represents
the research, allowed to obtain reliable information
on the collisional properties of dense semiclassical
plasma. When studying the physical properties of
such the plasma located in an external electric field,
it is necessary to take into account the effects of
screening and quantum mechanical effects of
diffraction and symmetry.

Calculation and discussion

The study used dimensionless parameters
characterizing the system: nonideal parameter

y=e€ [ (rpk,T) ; density parameter 7y =7, /a,,
where 7,),
the Bor.

As the description of interaction of charged
particles in a classical plasma is used the
pseudopotential, which takes into account the

correlation effects of higher order at large distances
[20-21]:

a, — the Debye radius and the radius of

L4y f(R)
OR)=Le R 2
R 1+c(y)
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FR) =V —1)1-e*) /5,

2 3

c(y) = — 0.008617 +0.455861 » —0.108389 y~ +0.009377 »°,

where ¢() — is the correction factor for different y

nonideal parameters obtained on the basis of cubic
interpolation.

Also to describe the interaction of charged
particles in semiclassical dense plasma used the
effective potential that takes into account the effect
of screening and quantum effects [22]:

2 -Br —Ar
q)aﬂ (I") = Z"‘Zﬂe (e - c j’ (2)
J1-4

2 2
A 15\ T r

A =

= 2;2 (1+1/1—/Ijﬁ/r;),
1
B = S (1—1/1—13/5/1”;),

/2
Ty =(kBT/(47reZanZ_IZ.D — the Debye
J

radius, Z,e,Zze — the electric charges of a and

particles, 4., =h/\/27zm, k,T —the length of the
de-Broglie, m,, =m,m, /(m, +m,)— the reduced

mass of the o and [ particles.
The free path length of electrons:

2.4
m U
A, =— 3)
© A4rne*A(A)
The electron collision frequency:
4rne
v =——A(A). 4
e m503 ( ) ( )

The collisions frequency of electrons and the
free length path of electrons are computed using the
Coulomb logarithm [23]:

1 b L0
/I(A)z—2 (j) sin (?)p dp, (5)

Py

ISSN 1563-0315

where p| = ee/ 2 is the impact parameter,
Y7y

The integral (5) was solved numerically by
Euler's method and Simpson. Solving the scattering
angle of the particles, it is possible to obtain the
collisional characteristics of dense plasma, such as
scattering cross-section, the free length and
frequency of the particles based on the effective
pseudopotential models.

Figure 1 shows the dependence of the electron
collision frequency on the parameter of the
nonideality of dense semiclassical plasma on the
basis of different pseudopotentials.

It is shown that the collision frequency curve
based on the effective potential (2) is lower than in
the case of pseudopotential (1). It is seen that the
account of the screening effect and quantum-
mechanical effects leads to a decrease in the
frequency of electron collisions with an increase in
the non-ideal parameter. Figure 2 shows the results
of the electron collision frequency calculated using
the Coulomb logarithm on the nonideality parameter
based on the effective potential (2) of dense
semiclassical plasma at different rs values. It is seen
that as the density parameter increases, the
frequency of electron collisions also increases [24,
25]. The results of the calculations are presented in
figure 3 in dependence of the mean free length path
of the electrons on the parameter of the nonideality
of dense semiclassical plasma where it is seen that
the mean free length path of electrons for the
pseudopotential model (1) lies higher than the
corresponding data for the effective potential, which
taking into account quantum-mechanical effects of
diffraction and the effect of screening (2). Figure 4
shows the dependence of the free length path of
electrons at different values of the density parameter
[26]. The mean free length path of the electrons
obtained on the Dbasis of the -effective
pseudopotential of the interaction of the particles
increases with the increase of the density parameter
when accounting for the effect of screening and
quantum effects. This all effects may be due to the
increasing role of quantum effects, which leads to a
decrease in the scattering cross section of the
particles.
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Figure 1 — The dependence of the electron collision
frequency on the nonideal parameter based on the (1) and (2)
potentials of dense plasma.
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Figure 3 — The dependence of the free length path of
electrons on the nonideal parameter based on the (1) and (2)
potentials of dense plasma.

Conclusion

The collision processes of dense semiclassical
plasma are studied taking into account the quantum-
mechanical effects of diffraction and symmetry and
the screening effect. Thus, the dependences of the
electron collision frequency and electron free path
length on the nonideality parameter of dense
semiclassical plasma are obtained on the basis of the

—15 = 61p/ag
—1s=4rp/ap

Figure 2 — The dependence of the electron collision
frequency on the nonideal parameter based on the effective
potential of dense semiclassical plasma.

______ —1; =4rp/ap
............. —15 = 2rp/ag

Figure 4 — The dependence of the free length path of
electrons on the nonideal parameter based on the effective
potential of dense semiclassical plasma.

effective interaction potential of particles. When we
take into account the screening effect and quantum
effects of diffraction and symmetry, the collision
frequency of electrons has a maximum in some
values of the nonideality parameter and the free
length path curve of electrons has a minimum at
certain values of the nonideality parameter, which is
associated with the formation of some ordered
structures in dense semiclassical plasma.
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HOBbIE MOAYITPOBOAHMKOBbDIE
HMU3KOPA3SMEPHDIE TETEPOCTPYKTYPbl: ®OPMHUPOBAHME,
KPUCTAAANYECKOE CTPOEHUE U SHEPTETUYECKUW CIIEKTP

B paboTte 06Cy>KAQlOTCS MOAYNPOBOAHMKOBbIE HM3KOpasmepHble A3-B5 retepocTpykTypbl C
SHepreTMyecKnm CneKTPOM HOBOIO THMa — MEPBOro POAQ C HEMPSIMOW 3anpeLLEéHHON 30HON. PazaereHne
HOCcUTeAeln 3apsAa B MPOCTPAHCTBE KBA3MMMIYAbCOB B TakKMX CTPYKTYpax BEAET K YBEAMYEHMIO
BPEMEHM >KM3HM AOKAAM30BaHHbIX 3KCUTOHOB BMAOTb AO COTEH MUKPOCEKYHA,. ITO AEAAET BO3MOXHbIM
NCCAEAOBaHME MPOLLECCOB, M3yYeHMe KOTOPbIX B MPSMO30HHbBIX CUCTEMAX C MAAbIM BPEMEHEM >KM3HM
(~ 1 HC) 3aTpyAHEHO, HanpuUMep CMIMHOBOM peAaKcalMn 3KCUTOHOB B KBaHTOBbIX Toukax (KT). letepo-
CTPYKTYPbl BbIPALLMBAANCH METOAOM MOAEKYASPHO-AYYEBOM 3nuTakcun. Kpuctasamueckoe cTpoeHmne
reTepoCTPyKTYP MCCAEAOBAHO C MOMOLLBIO METOAQ MPOCBEYMBAIOLLEN IAEKTPOHHOM MMKPOCKOMUM.
JHepreTnyeckoe CTpoeHue CTPYKTYP M3yUYeHO NP MOMOLLM CMEKTPOCKONMUM CTALMOHAPHOM M Bpemst
paspeLléHHOn  (POTOAIOMMHECLIEHLMN. DKCMEPUMEHTAAbHbIE AAHHble AOMOAHEHbl pacyétamu. B
pe3yAbTaTe ObIAO MOKa3aHO, SHEPreTMUYECKMii CekTP NePBOro POAA M HEMPSIMOM 3arpeLtéHHON 30HOM
peaansyetcs B cTpykTypax ¢ GaAs/GaP n GaSb/GaP KT, mexaHuyeckue HanpsikeHwin B KOTOPbIX
MOAHOCTbIO PEAAKCMPOBAAM, & TakXKe C NCeBAOMOPMHO Hanpsi>kéHHbIMM II1-Sb/AlAs KBaHTOBbIMM iMamM.

KAtoueBble cA0Ba: KBaHTOBble TOUKM, KBAHTOBbIE SIMbl, SHEPreTUYEeCKoe CTPOeHWe NepBOro PoAQ,
Henpsamas 3anpeLléHHas 30Ha, 3KCUTOH, CMIMHOBAs peAakcaums, AAMTEAbHOE BPEMS XKM3HM.

Abramkin D.S.”, Bakarov A.K., Petrushkov M.O., Emelyanov E.A.,
Putyato M.A., Preobrazhensky V.V., Semyagin B.R., Yesin M.Yu.,
Kozhukhov A.S., Gutakovskii A.K., Shamirzaev T.S.

A.V. Rzhanov Institute of semiconductor physics of Siberian Branch of Russian Academy of Science,
Russia, Novosibirsk, “e-mail: dalamber.07@mail.ru

Novel semiconductor low-dimensional heterostructures:
formation, crystal structure and energy spectrum

Semiconductor low-dimensional IlI-V heterostructures with novel energy spectrum of type-l and
indirect bandgap are discussed in the paper. Charge carriers separation in reciprocal space for these
structures results in localized exciton lifetime rising up to hundreds of microseconds. This is allow to
investigate processes which are hard to study in direct bandgap systems with fast lifetime (~ 1 ns), for
example ecxiton spin relaxation in quantum dots (QDs). The heterostructures were grown by molecular-
beam epitaxy technique. Crystal structure was investigated by transmission electron microscopy. Energy
spectrum was studied by steady-state and time-resolved photoluminescence spectroscopy. The experi-
mental data supplied by calculations. It was shown, that energy spectrum of type-I and indirect band-
gap forms in structures with fully relaxed GaAs/GaP and GaSh/GaP QDs and with pseudomorphically
strained IlI-Sb/AlAs quantum wells.

Key words: quantum dots, quantum wells, band alignment of type-I, indirect bandgap, exciton, spin
relaxation, long lifetime.
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PFA Cb A.B. P>caHOB aTbiHAQFbl XKapTblAal eTKi3riw hm3mnka MHCTUTYTbI,
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JKaHa xapTblAai eTKi3ril rerTepoCcTpyKTypasap:
KAAbINTACTbIPY, KPUCTAAABIK KYPbIAbIM YK9HE SHepPreTMKaAbIK, CrieKTp

Makanaaa 6ipiHwWi TYpAi »aHama TbiMbIM CaAbIHFAH >KOAaFbl 6ap >aHa TUNTI SHEPreTUKAAbIK,
crieKTpre Me >kapTblAait ©TKi3rilwTi A3-B5 reTepocTpyKkTypachl TaAKblAaHFaH. MyHAAM KypbIAbIMAPAA
KBA3WUMIYAbCTAp  KEHICTIMHAE  3apsiA  TaCbiIMAAAQYLUbIAQPAbIH — OGOAIHYI  AOKaAM3auUMSAAHFaH
3KCUTOHAQPAbBIH KY3AEreH MMKPOCEKYHAKA AEWMIHTi eMip Cypy Mep3iMiHiH Y3apTbIAyblHA SKEAEeAl.
ByA kpbicka Mep3imMae (~ 1 HC) TypasoHABIK, >KYMeAepAl UrepyiH KubiH GOAATbIH YPAICTEPAI 3epTTeyre
MYMKIHAIK 6epeAi, MbICaAbl, KBaHTTbIK, HykTeaepaeri (KH) aKCUTOHAQpPAbIH, CMMH peAaKCaLMSChIH.
[eTepoCTpyKTypAap MOAEKYASIPABIK, COYAEHIH 3MMUTaKCUi apKbIAbl OCIpiAAil. [eTePOKYPbIABIMAAPADIH
KPUCTAAABIK, TYPi TPAHCMUCCHSIABIK, SAEKTPOHABI MUKPOCKOMUS SAICIMeH 3epTTeAai. KypblAbIMAQPAbIH
3HepreTUKaAbIK KYPbIAbIMbI CTALIMOHAPABIK, CMEKTPOCKOTMMS XKOHE YaKbIT yaKiAeTTi (DOTOAIOMUHECLIEHLIMS
BAICTEPIMEH 3epTTEAAI. DKCMEPUMEHTTIK AepeKkTep ecenTeyAepMeH TOAbIKTbIPbIAAbL. HeTuxeciHae,
GipiHLLI PeTTiK 3HEePreTUKaAbIK, CEKTPi XoHe >KaHama ThirbiM cabitFaH Ton GaAs/GaP seHe GaSb/
GaP KH KypbIAbIMAQPbIHAQ, OAApPA@ MEXAHWMKAAbIK, KEpHEeyAep TOAbIFbIMEH 6OLUIeTiH, COHAAM-ak,

nceeaoMopdTbl TypAe IlI-Sb/AlAs KBaHTTbIK, yHFbIMaAapbl 6ap >Ky3ere acblpbIAFaHbIH KOPCETTIAAI.
TyHiH ce3aep: KBaHTTbIK, HYKTEAEp, KBAHTTbIK, KYAbIKTap, O6ipiHWi TypAeri aHepreTukaAbik,
KYPbIABIM, >KaHaMa TbIMbIM CaAbIHFaH XKOAaK, SKCUTOH, CMIMH peAakcaLmschl, y3ak, eMip.

BBenenue

B HacTosiimee Bpemsi Iporpecc MUKPOAJIEKTPO-
HUKHU OIIpeNeNsieTCs UCCIeOBaHUEeM W BHEIPEHH-
€M HOBBIX MOJIYIIPOBOJAHUKOBBIX HHU3KOpPA3MEPHBIX
rerepocTpykryp. llosiBneHHe HH3KOpa3MEpPHBIX
MOJTYTIPOBOJHUKOBBIX T€TEPOCTPYKTYpP HE TOJBKO
OTKPBLIO BO3MOYKHOCTH JIJIsl CO3/IaHHSI HOBBIX ITOJTY-
MIPOBOIHUKOBBIX MTPUOOPOB, HO M TIO3BOJIHIIO TIPO-
BOJIUTH UCCIIEIOBAHNS HOBBIX (PH3MUECKUX SBICHUN
¢dynnamenraipHOoro xapakrepa [1,2]. Bmaromaps
s¢dexraM pa3MEepHOro KBAHTOBAaHUS dHEpPreTHYC-
CKHUH CIIEKTp HOCUTEJICH 3apsija B HU3KOPa3MEPHbBIX
reTepoCTpyKTypax — KBaHTOBBIX AMax (KS1) u kBan-
ToBBIX Toukax (KT), cymecTBeHHO MOaudHUIIUPYET-
Cs1 TI0 CPAaBHEHHIO CO CIIEKTPOM HOCHUTENEH 3apsia B
00BEMHOM TIOTYTIPOBOTHHKE.

o Tumy SHEpPreTHUECKOTro CIEKTPa MOIyIPOBO-
JTHUKOBBIE TETEPOCTPYKTYPHI MOYKHO TTOIPA3ACTUTh
Ha CTPYKTYpHI IEPBOTO POJia, B KOTOPBHIX HOCHTEIN
3apsga 000X 3HAKOB JIOKAJTM30BAaHBI B OJHOH 00-
JacTu mpocTtpancTa (puc. 1 (a)), 1 Ha CTPYKTYPHI
BTOPOTO poOJia, B KOTOPHIX HOCHTENH 3apsiia OIHO-
TO THIIA JIOKAJIU30BaHbl BHYTPH I'€TEPOCTPYKTYPHI ,
a Ipyroro — B MaTpuIle BOJIU3H CTPYKTYpPHI (puc. 1
(b)). Kpome Toro, snekrponsl B AMBY retepoctpyk-
Typax, MOTY JIe)aTh Kak B IIEHTpadbHOU [ momuHe
30HBI bproyumaHa, Tak 1 B 00K0BBIX X Wi L momm-
Hax, B TO BpeMsl KaK JIbIPKU BCET/Ia JIOKAIM30BaHbI B
neHTpe 30861 bprommana [1] (puc. 1 (c)). CooTBeT-
CTBEHHO, TeTePOCTPYKTYPbI, B KOTOPBIX HOCHUTEIN
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3apsiyia 000MX 3HAKOB MPUHAIUIEKAT IEHTPATBHON
I' nonune 30HbI bproyumaHa Ha3bIBAIOT MPSMO30H-
HBIMH, a CTPYKTYPBI C pa3/elIeHueM HOCHUTENeH 3a-
psna B IPOCTPAHCTBE KBA3MUMITYJIBCOB — HETIPSIMO-
30HHBIMH. TakuM 00pa3oM, MO>KHO BBIJICITUTH BCETO
4 Tuma MOIyITPOBOJHIUKOBBIX HU3KOPa3MEPHBIX Te-
TEPOCTPYKTYP: TIEPBOTO/BTOPOTO POJIA U MPSIMO30H-
HBIE/HETIPSIMO30HHBIE.

B nmanHbBIN MOMEHT, HanOOJIE€ HCCIIET0OBAHHBIMU
reTepOCTPYKTYPaMH SIBISTIOTCS IPsIMO30HHBIE GaAs/
AlGaAs K4 [3] u (In,Ga)As/GaAs KT [4] nepsoro
pona, npsimozonnable GaSb/GaAs K u KT BToporo
pona [5,6], a Tak ke Henpsimo3oHHbIe GaAs/AlAs KA
[3,7] u Ge(Si1)/Si KT [8] Broporo pona. B To ke Bpe-
Ms1, TE€TEPOCTPYKTYPHI C SHEPTETUYECKUM CTPOCHH-
€M TIEPBOrO poJia U HEMPSMOMU 3arpeni€HHOW 30HOMN
OCTAIOTCsI 3HAYUTENILHO MEHEE M3YUEHHBIM KIIaCCOM
TTOJTYTIPOBOJHUKOBBIX CHUCTEM. MeXIy Tem, pasnie-
JIeHUe HOCUTEJeH 3aps/ia B IPOCTPAHCTBE KBA3UUM-
MyJbCOB HajlaraeT 3HAYUTEIbHBbIE OrPaHUYCHHUS Ha
MIPOIIECC M3MYYaTeIbHOW PEKOMOMHAIIMNA SKCUTOHOB
13-32 HEOOXOAMMOCTH BBIITOJTHEHHUS 3aKOHA COXpaHe-
HUSI KBQ3UUMITYJIbCa. DTO IPUBOAUT K CYIIECTBEHHO-
My YBEJIHUYCHHIO BPEMEHHU JKU3HU SKCUTOHA JI0 COTEH
MHUKpPOCEKYH/I [9], UTO MOUTH Ha 5 TOPSIKOB BEJH-
YUHBI OOJIBIIE, YeM B HPSIMO30OHHBIX chcTemax (~1
He [10]). CoueTtanue IUTENTFHOTO BPEMEHH KU3HH
SKCHUTOHA U CUJIBHOH JIOKAJIM3alMd HOCUTENIEH 3apsi-
Jla B CHCTEMax C YHEPreTHUECKUM CIIEKTPOM I1EPBOTO
pola nenaer Takue TeTepOCTPYKTYpPHI MEepPCIIEKTHB-
HBIMH OOBEKTAMH JUIT UCCIICAOBAHUA (1)I/I3I/I‘IGCKI/IX
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MIPOLIECCOB, U3YUYECHHE KOTOPBIX B APYTHX OOBEKTaX
3aTpy/IHEHO, B YaCTHOCTH CIIMHOBOW peTaKCaIliH
JIOKAJIN30BaHHBIX 9KkcuTOHOB [11-13]. Kpome Toro,
TEOPETHYECKH IpeAcKa3zaHHoe B padoTax [14] u akc-
MMePUMEHTAIBHO TPOJAeMOHCTpUpoBaHHOe [11] mmm-
TEJIFHOE BpeMs CIIMHOBOM pelakcallii 3KCHUTOHA,

@F ] .

Ey

(b) H,e (c)
EC
h EV Ew

nokanuzoBanHoro B KT ¢ sHepreTnyeckum CTpoeHU-
€M IIepBOT0 poJia U HEMPSIMOM 3arperi€éHHON 30HOH,
JIeNIaeT TOJ00HBIC CTPYKTYPbI MEPCIICKTUBHBIMU C
TOYKH 3PCHUS CO3JAHUS SUEEK JJIsl IPOBECHUS BbI-
YHUCIICHUHA C WCITOIL30BAHUEM CIIMHOBOM CTCIICHU
CBOOO/IBI.

Energy

f

X-valley M-volley

{-valley

<i>_

Wave vector

Light hates

Split-off band

Pucynok 1 — Cxemarnueckoe n300payKeHUE 30HHBIX TUArPaMM IeTePOCTPYKTYP C SHEPTETUIECKUM CIIEKTPOM (@) MEPBOTO U
(b) Broporo poxa. (¢) Cxemarnueckoe n300pakeHne 30861 bprommna GaAs.
CUHIMHU TOYKaMu 0003HAYEHBI JICKTPOHBI MPHHAAIeKamue (caea Ha npaBo) X, I' u L noamHam 30HBI TPOBOAUMOCTH.
KpacHoii Toukoii o060o3HaueHa apIpka B [ qonnHe BaleHTHOM 30HBI

IToxany¥i, caMoil XOpOILIO W3y4EHHOW Mapoi
MaTepUaoB, NI KOTOPBIX PEANN3YIOTCS TeTepo-
CTPYKTYpPHI TIEPBOTO POAA C HEMPSMOH 3arpemeH-
HO¥1 30HOM, sBysiercs InAs/AlAs [9, 15,16]. Teope-
Tryeckue pacy€Tsl [ 17,18], BBITOIHEHHBIE C YUETOM
BIUSTHUS yIPYTHX ehopMaIiii Ha TOJI0KEHHS Kpa-
€B DHEPreTUYeCKUX 30H, YKa3bIBaIOT HA JAPYTHX TO-
TEHIMATBFHBIX TPEACTaBUTENEH ATOr0 HOBOTO KJlac-
ca ToynpoBOAHUKOBEIX cucTeM: (1) AlAs, InAs,
GaSb u InSb B marpuue AlIP; (2) InAs, GaAs, AISb,
GaSb u InSb B maTpurie GaP; (3) InSb, GaSb u AISb
B Matpure AlAs u (4) InSb B matpumax GaAs, InP u
AlSDb. K coxanennto, qaHHbIE pacu&Thl HE IPHUHUMA-
0T BO BHUMaHHE TakuX (DaKTOPOB, KaK YaCTUYHAS
b0 TONHAs TIACTHYECKas peJaKcalys YIpyTrux
nedopmaliuii 3a CYET BBEJCHHSI CETKU JTUCIOKAIHUIA
HECOOTBETCTBHS, U (JOPMHUPOBAHHE TETEPOCTPYKTYP
W3 TPOWHBIX W/WJIHM YE€TBEPHBIX TBEP/BIX PACTBOPOB
BCJIE/ICTBUE MepeMelnBaHus MarepuanoB. Kpowme
TOT0, UMEET MECTO 3aMeTHas HEOIPe/IeIEHHOCTh
HEKOTOPBIX TapaMeTpOB MaTepHalioB, TaKWX Kak
BEJIMYMHA pa3pbIBa BAJEHTHBIX 30H Ha TeTeporpa-
Huue [19] u 3HaueHus UpPUHbBI 3aMPEIEHHON 30HbI
IUTST HETIpSIMBIX onnH [16]. Be€ aTo ykaswiBaeT Ha
HEOOXOUMOCTh IKCIEPUMEHTAIBHBIX HCCIeN0Ba-
HUH TIPOIECCOB (POPMHUPOBAHHS, KPUCTAITHYECKO-
rO CTPOEHUS W SHEPTETHYECKOTO CIEKTpa JaHHBIX
TeTepOCTPYKTYP.

B cBoeii paboTe MBI COCPEJOTOUHMIINCH HA TeTe-
pocTpykTypax, (OPMUPYEMBIX B MIMPOKO30HHBIX
Matpunax AlAs n GaP Ha momToxkax opueHTaITnH
(100). B nurepaType BCTpEUarOTCS] YIMOMHHAHUS
JUIIb O TIONy4YeHWH W wuccienoBaHuu InAs/GaP
ctpyktyp ¢ KT [20,21], B TO Bpems Kak OCTaJIbHBIE
reTeporapbl 0CTaBaINCh MPAKTUYCCKH HE HCCIIEIO0-
BaHHBIMA. CTOUT OTMETHTb, YTO IOIyYEHUE STUX
TeTePOCHUCTEM OCIIOKHEHO TaKUMH (pakTopaMu Kak
3HAYHUTENILHOE PAacCOTJIACOBAaHKE 110 apamMeTpy pe-
méTkn (HaumHas oT 3.5% mna GaAs/GaP u koHuas
15.9% st InSb/GaP [22]) u cyniecTBEeHHBIMH OT-
JIMYUSMUA B OINTUMAJIbHBIX YCIIOBHUSIX POCTa y3KO-
30HHBIX M ITUPOKO30HHBIX MaTepPHAIIOB (HAIIpUMED,
wi€Hkn AlAs 1 GaP HamnydImero KpucTauImgecKo-
IO COBEPIICHCTBA (POPMUPYIOTCS MPH TEMIIEPaType
noasioxkku okoso 600-620°C [23], B TO BpeMs Kak
s pocta InSb mI€HOK ONTHMANBHON SBIISIETCS
temmnepatypa 350-400°C [24]).

Metoabl ¢opMUpPOBaHUS W HCCIETOBAHUS
reTepocTPyKTYp

I'eTepocTpyKTypbl BBIPALMBAINCH METOJOM
MOJIEKYJIApHO-ITy4eBoi anuTakcuu (MJID) Ha noa-
noxkax GaAs u GaP opuerTarum (100). Ha 6ydep-
HoM cioe GaAs (GaP) BeipamuBancs cioir AlAs
(GaP) rtommmuoit 50-100 HM mpu Temmeparype
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A6pamvkun J1.C. u ap.

nojutoxkku 600-620°C. 3arem pocT mpekpamaics
W TemIiepaTypa IMOJIOKKHA CHI)Kalach 10 HEOOXO-
JTUMOH 1St POPMHUPOBAHHUS TETEPOCTPYKTYP (420 —
600°C B 3aBUCHMOCTH OT TeTepocucTeMsbl). Popmu-
poanue KT/KS mpoBoamiioch mMyTéM OCaKICHUS
1-3 monocnoés (MC) GaAs, GaSb, InSb, u AlSb
KaK B PEXHME aTOMHO-CIOEBOIO OCaKACHHUS (I0-
ouepénaHoe ocaxxaenne marepuanos Il u V rpymm),
Tak U B TpaaumuoHHoM MJID pexxume ogHOBpE-
MEHHOTO ocaxJeHus marepuanoB. [locie dopmu-
poBanus cioir KT/KS 3apammuBancs 50 am AlAs
(GaP) npu Temneparype pocra KT/K. Crnoit AlAs
3aIIMIIAICT OT OKUcIeHUs ciaoeM GaAs TOMIMHON
20 mm. IlompoOGHocTH mporecca (GOPMUPOBAHHS
reTepOCTPYKTYP MOKHO HAWTH B Hammx padoTax
[19,25-33].

Kpucramnmaeckoe cTpoeHHe IMONyYeHHBIX Te-
TEPOCTPYKTYp HCCIEIOBATIOCH C TIOMOIIBIO METO-
Jla TPOCBEUMBAIOIICH 3JCKTPOHHOH MHKPOCKOIIHH
(ITOM). AHanu3 MmIaHapHBIX U300paXKECHUH U H30-
OpaxeHMH TIONIEPEYHBIX CPE30B T'EeTePOCTPYKTYP
MO3BOJIICT TOJNYYUTh HHPOpMaLuio o ¢GopMme Hu
pasmepax KT/KS. IlomHas wnm gacTwdHas peliak-
canusl Mexanudeckux HanpsbkeHuit B KT onpene-
JSUIACh MO0 HAIMYMI0 MHUKPOCKOIMHMYECKOTO Myapa
Ha TIOJy4eHHBIX MeTo1oM [IOM m300pakeHusIX Tre-
TEPOCTPYKTYp. AHAIN3 Mepruoaa Myapa MO3BOJISET
OTIPENICNINTh CTENEeHb pellaKCallud MEXaHHMYECKHX
HanpspkeHud [26,34,35]. XuMudeckoe KapTHPOBa-
HUE TeTepOCTPYKTYP MPOBOAUIIOCH C TIOMOIIBIO Me-
TO/Ia YHEPTOAUCIIEPCHOHHON PEHTTEHOBCKOW CIEK-
tpockormm (EDX).

OHepreTMueckoe CTPOCHHE TeTepOCTPYKTYP
OBUIO MCCIIEOBAHO METOJOM CIIEKTPOCKONHUHU CTa-
[IMOHAPHOH U BpeMs-pa3permEHHon (hOTOTIOMUHEC-
neniun (OJI). Jlns ompeneneHust TUma dHEPTETH-
YEeCKOro CTpOeHUs (TIepBOTO/BTOPOrO poja) HAMHU
Obl1a pa3paboTaHa METOAWKA, OCHOBAaHHAS Ha M3-
MEpPEHHH 3aBHCUMOCTH HHTETPAIbHON HHTEHCUBHO-
CTH M TIOJIOKCHHS MaKCUMyMa T0JIOCHI CTalluoOHap-
HOi DJI OT TUIOTHOCTH MOITHOCTH BO30YXKICHUS
(P_) [32]. B pamMkax METOJMKH CMEUIEHUE MAKCH-
Myma nosocsl ®DJI uccienyeMoil reTepocTpykTy-
pbl onuceiBaeTcs BhipaxkenueM U-In(P )+b-P_'" B
Juarna3oHe JMHEHHOW 3aBUCHUMOCTH MHTETPaJIbHOM
uHTeHcHBHOCTH DJI oT P, . B 3TOM BBIpaXeHHH
cmemienue, ~ P17 cBazaHo ¢ 3¢ dexTom HCKpHBIIe-
HUS DHEPreTHYECKUX 30H M BBI3BAHHOTO UM CMellle-
HUSI yPOBHEH pa3MepHOro KBaHTOBAHHUS B CUCTEMax
C DHEPIeTHYECKUM CTPOCHHEM BTOPOTO poja [5,6],
a CMEIICHUE, OITMChIBAEMOE JIOTapu(PMUIECKUM
YJICHOM, OOYCJIOBJICHO 3allOJHEHHEM «XBOCTOBY»
TUTOTHOCTH DJIEKTPOHHBIX COCTOSTHUN M HE 3aBUCHT
OT pOJia SHEPTETHUYECKOTO CIIEKTPa reTePOCTPYKTY-
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pel. Paznenenue Hocuteneil 3apsija B MPOCTPAHCTBE
KBa3WUMITYJIHCOB OIIPEIEISIIOCHh 1T0 HATHYHUIO JIJTH-
TenbHOH (BIUIOTH 10 100 MKC) IMHAMUKY 3aTyXaHUS
@JI rerepoctpykTyp. Kak yke ynmomuHaiocs BbILIE,
Takas JIUTENbHas JUHAMHKA PEKOMOWHAINU 00-
YCIIOBJIEHA OTpaHUYEHUEM, HallaraéMbIM 3aKOHOM
COXpaHEHHUS! KBAa3MUMITyJIbCca Ha H3JIy4aTeIbHYIO
PEKOMOWHAITMIO B HEMTPSIMO30HHBIX CTPYKTypax [9].

Hannpie ®JI ObIIM JOMOTHEHBI TEOPETHUECKU-
MU pacuéTaMH 3HEPTeTUYECKOIo CIEKTpa Hccieny-
eMBIX TeTepocTpyKTyp. IIpu pacuérax yunTsiBagoch
BJIMSIHUE TIEPEMEIIMBAHUS MATEPHAIOB U YIPYTHX
nedopManuii Ha TOJIOKEHHE YHEPTETHYECKUX 30H.
Pacuérer pacmpenenenusi ynpyrux aedopmariuii
MIPOBEICHBI B MPUOIMKEHUH CIUIOIIHOM cpeapl [36].
[lonoxeHnne ypoBHEW pa3MEpHOTO KBaHTOBAaHHS B
TeTepOCTPYKTYpax PaCCUUTHIBAIIOCH B OJTHO30HHOM
npubmkeHnd. Jleranu pacu€ToB NOAPOOHO omKca-
HBI B paboTax [15,18,29].

IHosyyeHHble pe3yabTaThl

GaAs/GaP eemepocmpyxkmypbi

JlaHHas reTepocucTeMa XapaKkTepu3yeTcs pacco-
[JIaCOBaHMEM NapaMeTpoB peméTku 3.7% [22], uto
OKa3bIBACTCsl CPABHUMBIM C PACCOIJIACOBAHUEM IS
X0poIIo u3ydeHHoit rereponapsl Ge/Si. [IpoBenén-
Hble uccienoBanus [19,25] nmokazanu, 4To B 3aBUCU-
MOCTH OT TEMIIEPATYPhl OAJIOKKH IIPH OCAKICHUN
3-x MoHocsioéB GaAs BO3MOXKHO (hopMHpOBaHUE:
(1) nceBnomop¢Ho Hampsxénnoit GaAs/GaP KA
npu 420°C; (2) KT GaAs/GaP, mexaHudeckue Ha-
NPSDKCHUST B KOTOPBIX MOITHOCTBIO PEIaKCHPOBAIIH,
npu 550°C u (3) mceBOOMOpQHO HANPsHKEHHBIX
GaAsP/GaP KT npu 600°C. i3meHeHus B KpucTai-
JIMYECKOM CTPOCHUH TeTEPOCTPYKTYP 00YCIOBICHBI
3aBUCUMOCTBIO JUIMHBI AU (y3UH a1aTOMOB 10 PO-
CTOBOW MOBEPXHOCTH OT TEMIIEPATYPhl HOJIOKKH.
[TockonbKy KOJTMYECTBO a]aTOMOB, (POPMUPYIOIIUX
kputndeckuit 3apoasii KT B 3amanHOM MecTe po-
CTOBOW IIOBEPXHOCTH, HPOIOPLUOHAIBHO JUIMHE
NOBEPXHOCTHOH auddys3un, npu Hu3koit (420°C)
Temneparype Manas aiauHa auddysun He obecre-
guBaeT GopmupoBanre KT u unér poct GaAs/GaP
K41, YBennuenune temnepatypsl 10 550°C, a ¢ Heit
U AnuHbl 1uddy3un, TPUBOIUT K (GOPMUPOBAHUIO
GaAs KT. YpoBeHb MEXaHUYECKUX HAIPSIKEHUM B
KT npeBocXoauT KpUTHUYECKUH M MPOUCXOJUT HUX
IUTaCTHYECKasl peslakcays MyTéM BBEACHUS CETKU
JIOMEPOBCKHX JUCIIOKAIUil B rereporpanumy KT/
Mmatpuna. OTIENbHO CTOMT OTMETHTD, YTO BBEJICHHE
JUCIIOKAM B T'€TEPOCTPYKTYPY HE MPHUBOAUT K
najgeHuto uHTeHcuBHOCTH DJI 32 cuét yBennyeHus
Temra 0e3bI3y4YaTebHON PEKOMOMHAINH, TOTOMY
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YTO SAPO JJOMEPOBCKOW JMCIOKAIMHA HE COIAEPKUT
000pBaHHBIX aTOMHBIX cBsizer [37]. JlampHeimee
yBenuueHne temrepaTtypsl 10 600°C mpuBoguT K
aKTUBAIlUU TIpoIlecca IEepPeMEelIUBaHKUs MaTepHua-
710B TI03TOMY HIET hopmupoBanus KT u3 TBEpmoro
pactBopa GaAsP. BrBanHOE mepeMenInBaHUEM
CHIDKEHHE DPACCOIIAcOBAHUS MapaMeTpOB PELIET-
ku Mmatepuana KT u GaP marpuubl nmpenorspa-
[aeT IMIACTUYECKYI0 PENIaKCalUio HANMpsKEHUH U
criocoOcTByeT (hopmupoBanuto HanpspkEéHHbIX KT.
UccnenoBanns MeTonoM KOMOWHAIIMOHHOTO pac-
CesHUs MoKa3au, 4To cogepkanue GaP B TBEpmoM
pacTBOpe coCTaBIsAeT OKOMIO 32%.

HccnenoBanns 3HEPTeTHIECKOTO CTPOSHUS T10-
ny4deHHbIX GaAs/GaP reTepocTpyKTyp MoKazai,
yro GaAs/GaP K5l nmerot sHepreTHuecKuii CeKTp
BTOPOTO POZia C OCHOBHBIM 3JIEKTPOHHBIM COCTO-
STHUEM, NpUHAJIeKAIIUM HenpsaMoll X J0JuHE
30HBI TpoBoauMoctu GaP. IlomHOCTBIO penakcu-
poBannbsle GaAs/GaP KT xapakrepusyrorcs sHEp-
TeTUYECKUM CTPOCHHEM MIEPBOTO POAA C OCHOBHBIM
SJEKTPOHHBIM COCTOSIHUEM, MPUHAIJICKAIINM He-
npsamoit L nonuHe 30HbI ipoBoguMoct GaAs. B
ciryuae Hanpsok€HHBIX GaAsP/GaP KT peanuzyercs
SHEPreTHYECKOE CTPOEHHE BTOPOIrO pojJa C OCHOB-
HBIM JIGKTPOHHBIM COCTOSTHHEM, TPHUHA/IJISKAIIIM
X, noasone 30ubI posogumocTu GaP. Paciierre-
Hue 30HbI npoBoaumocth GaP na X, n X, BOIM-
3u KT BbI3BaHO HEOJHOPOIHBIM pPaCIpPEICIICHUEM
yIPYTrux JepopMaIuii.

GaSb/GaP eemepocmpyxmypul

Jns maHHOM TeTEepOCUCTEMBI XapaKTEpPHO Cy-
IIECTBEHHOE pAacCOIVIaCOBaHHWE IapaMeTpoB pe-
wétku 10.5% [22], 4TO co31a10 3HAYUTENbHbIC
poOsieMbl IpA  POPMHUPOBAHUH TETEPOCTPYKTYP.
UccnenoBanus, pe3yiabTaThl KOTOPBIX MpeACTaBie-
HBI B paboTax [26,28,29], mokasanu, 4To Ocaxe-
Hue yxe 1 moHocmos GaSb Ha moBepxHocTh GaP
B nuana3one temneparyp 420-470°C Benér x dop-
MHUPOBAHUIO MAacCHBa ICEBAOMOP(HO HAMPSKEH-
Hbix KT, pacnonoxeHHbIX Ha yJbTpa-ToHKOH KSI,
HazpiBaemori cmaumBaromieM cioeM (CC). Ilepe-
MenuBanue marepuanoB U (opmupoBanue KT wu
CC u3 tBEépHoro pactBopa GaSbP mpemorBpamaet
IJTACTUYECKYIO PEeNIaKCalliio MEXaHUYECKUX HaIpsi-
XKEHUH U crocoOcTByeT pocty HampsukEéHHbIX KT.
Conocrapnenue jgaHHbix @JI u pacu€ToB sHepre-
tryeckoro crpoenus KT u KA no3Bonunu oneHuTs
cocraB TBEporo pactBopa GaSbP u3 xotoporo co-
croiaT KT u CC: B 3aBUCUMOCTH OT TeMIIEpaTypbl
ocaxnenus GaSb nons P B TBEpmOM pacTBOpe MoO-
xKeT u3MeHsaTees ot 0.5 mo 0.9. beumu npoBeaeHbl
JOTIOTHUTENIbHBIE HccaenoBanus [26,29], B xome
KOTOpBbIX u3y4anock QopmupoBanne KT na GaP

MOBEPXHOCTH C Pa3BUTHIM penbedoM, KoTopas 3a-
TPYIHSET TMOBEPXHOCTHYIO AU(PPYy3Ur0 agaTomMoB
P. Pa3Buthlii penbed) MOBEPXHOCTH CO3JaBalcs 3a
cuér pocta GaP cnos Ha paccormacoBanHoi GaAs
noyioxke [29]. ObHapyx eHo, 4To, AEHCTBUTENBHO,
ONOKMPOBKA MOBEPXHOCTHOM NUPPy3un agaToMoB
P Benér x ¢opmuposanuto KT u3 uncroro GaSb.
['mranTckoe paccoriacoBaHue MMapaMeTpoOB PEMIET-
KM MaTepHajoB MPUBOJIUT K MOJHON MIACTHYECKON
penakcanuyu MeXxaHW4ecKux HanpspkeHui. Kak u B
ciayqae ¢ GaAs/GaP KT, penakcarusi mpoxoauT 3a
CUET BBENIEHUS CETKU JIOMEPOBCKHX JIUCIOKAIUH,
3aJIeraroluX B IJIOCKOCTH rereporpanuisl KT/ma-
Tpula U He nepecekaromux 00béM KT. Kak u s
GaAs/GaP KT penakcaiusi He yBETUYMBACT TEMIT
0e3bI3TyuaTeIbHONH PeKOMOMHAIIMK HOCUTENEeH 3a-
psana B KT.

HccnenoBanns 3IHEPreTUYECKOTO  CTPOEHHUS
KT u CC mnoka3anu, 4To HE3aBHCHMO OT COCTaBa
TBEPIOTO pacTBOpa IMCEBAOMOP(HO HAMpsHKEHHAS
GaSbP/GaP KA u KT uMeroT sHepreTHIecKoe CTpo-
€HHE MEPBOr0 M BTOPOTO POAA, COOTBETCTBEHHO.
OcHoBHOe 371eKTpoHHOE cocTosiHue K5 mpuHame-
KUT HENPSIMOMH XXY TOJI30HE 30HBI ITPOBOJUMOCTH
GaSbP, a KT — X, noazone 30HbI MPOBOJMMOCTH
GaP. Pacmennenne 3oub1 npoogumoctn GaP na X,
u X, Bosm3u KT BeI3BaHO HEOHOPOIHBIM pactipe-
JeneHreM ynpyrux aedopmanuii. B ciyuae GaSb/
GaP KT c nmonHo# penakcanueir MEXaHUIECKHX Ha-
MIPSDKEHUN peasin3yeTcsl SHEPreTUYeCcKoe CTPOeHHe
MEPBOTrO POJia C OCHOBHBIM 3JIEKTPOHHBIM COCTOSI-
HUEM, TPUHAJISKAIIUM HenpaMou L 1ojiMHe 30HbI
npoBoaumMoctu GaSb.

1I1-Sb/AlAs cemepocmpykmypbl

I'eTepomaper anTumonnoB In, Ga n Al ¢ AlAs
XapaKTepu3yloTCsl 3HAYUTENBHBIM paccoriacoBa-
HUEeM napaMmeTpoB peméTok 12.6%, 7.0% u 7.6%,
COOTBETCTBEHHO. Pe3ynbTaTsl Hccie0BaHus Mpo-
1eccoB (pOpMHPOBAHMUS, KPUCTAIUTMYECKOTO CTPO-
€HHUS M YHEPreTUYECKOIo CIEeKTpa TaKUX TeTepo-
CTPYKTYp TpeacTaBieHbl B pabortax [27,30-33].
Bonbmoii aromHblii paaumyc Sb M 3HAYUTEITHHO
Oounee crmabbie MexxaToMHBIE ¢Bsi3U In-Sb, Ga-Sb u
Al-Sb o cpaBHeHHUIO ¢ In-As, Ga-As u Al-As [38]
MPHUBOJINT K CHIBHOU cerperanuu Sb mpu 3apamim-
BaHUU C(HOPMUPOBAHHBIX T'eTEPOCTPYKTYp AlAs.
B mensx momaBiieHHs cerperanuu Obuta TpHMe-
HEHa METOJIMKA MOMOHOCIOWHOTO OCAXKICHHUS Ma-
Tepuaiga (aTOMHO-CJIOEBasi SMUTAKCHUsS) MPH TEM-
nepatypax 450-500°C. B pesynbraTe nIpoHU301LIO0
o0Opa3oBaHHe KPYIHBIX JeQEKTHBIX KJIACTEPOB,
OKpYKEHHBIX MaccuBoM Hampspk€HHBIX [1I-Sb/
AlAs KT [31], paconoxennsix Ha CC. CriekTpo-
CKOIMYECKHUE HCCIIEIOBAaHUS TOKa3ajid, 4YTO OC-
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HOBHOM curHan DJI TakuX reTepoCTPyKTYp CBSI3aH
umenHo ¢ CC, a @JI ot KT nabmonats He ympaéres.
[ToaTOMy MBI NEpEILId Ha POCT B TPATUIUOHHOM
peXUME OJIHOBPEMEHHOTO OCaXICHHS MaTepua-
noB. ITokazaHo, 4TO TIpU OcakaeHUH | MOHOCIOs
IT1-Sb npu Temnepatypax 450-500°C npoucxoaut
dbopMupoBaHUe ICEeBIOMOP(HO HAMPSIKEHHBIX
K41, cocrosmux u3 TBEpABIX pacTBopoB IIIAISbAS.
Cerperanus Sb u In mpuBOIUT K CHUIEHOMY pas-
MbITHIO TeTeporpannil K. B nanpHeiimem rianm-
pyercs uccnenoBanne hopmupoBanus [11-Sb/AlAs
TeTePOCTPYKTYP MpH 00Jiee HU3KUX TeMIIepaTypax
(300-370°C) [39], 11es1bE0 KOTOPBIX OYIIET MOJTy4e-
Hue ctpykryp c [1I-Sb KT.

WccnenoBanuss  SHEPreTUYECKOTO  CTPOCHHS
nonmyueHHbIX 1II-Sb/AlAs rerepoctpykryp ¢ KA
MOKa3aJId, 9TO B 3aBUCHMOCTH OT COCTaBa TBEPIIO-
ro pacTBopa, U3 KoToporo coctost K5, onu moryt
UMETh PHEPTeTUYECKHI CIIEKTP KaK MEPBOTo, TaK U
BTOporo poxa [27,30]. OCHOBHOE 3JIEKTPOHHOE CO-
crosiuue Takux K npunamiexur X J0JIMHE 30HbI
MPOBOIUMOCTH TBEPIIOTO pacTBopa, b0 AlAs ma-
TpHIBI (B 3aBUCHMOCTH OT POJIa SHEPTEeTHYECKOTO
criektpa KA). [TokazaHno, 9To pa3MbITHE TETEPOTpa-
HUIIBI BCJICJICTBHE CETperaiii MaTepUaoB IPUBO-
TUT K (OPMHPOBAHHUIO TPOTSKEHHBIX «XBOCTOB)
TUIOTHOCTH JIOKAJTU30BAHHBIX 3JICKTPOHHBIX COCTOSI-
Huil. [losiBIIeHUE STUX «XBOCTOBY BBI3BAHO (IYKTY-
anusMu pasMepa u coctaBa K5I [40].

B rerepoctpykrypax ¢ InAlSbAs/AlAs KA 06-
HapyKEHO SIBIICHHE CIIMHOJAIBHOTO pacmaia TBEP-
JIOTO pacTBopa, 3aKirouaronneecs B pacnaae K na
CETMEHTHI C JIaTepalIbHBIMU pa3MepaMu 5-7 HM, Xa-
PaKTEepHU3YIOIIHECs Pa3INIHBIM COCTABOM TBEPIOTO
pactBopa [33]. JltoMHHECHIEHTHBIE HCCIICIOBAHUS
MTOKA3aJIM, YTO TAaKOM pacmaji MPUBOJUT K COCYIIe-
CTBOBAHHIO DYHEPreTHUECKUX CIIEKTPOB TIEPBOIO U
BTOPOT'O pPoja, MpUYEM OCHOBHOE AJIEKTPOHHOE CO-
CTOSIHUE B MOCHCTEME TIEPBOTO POJIa MPUHAIIICKHUT
Xy Tom30He 30HBI MpoBoAMMOCTH InAISbAs, a B
TIOJICHCTEME BTOPOTO pojia — X, MOI30HE 30HbI MPO-
BoauMOCTH AlAs.

3ak/ouyeHnune

B pesyaprare mNpoOBENEHHBIX HCCIEIOBAHUI
OBLIO MOKAa3aHO, YTO TTOMHUMO XOPOIIO U3yYEHHBIX
InAs/AlAs KT u K4, sHeprerndyeckoe CTpocHHE
IepBOTo pojia ¢ HEMPSIMOH 3aNpeEHHON 30HON MO-
xeT ObITh peanu3zoBano B GaAs/GaP u GaSb/GaP
KT c nmonmHo# penakcanueil MeXaHMYECKUX Harps-
JKEHHH, a TaKkXKe B TICEBIOMOP(HO HANPDHKEHHBIX
111-Sb/AlAs KS1. B panpHelimem miIaHUPYIOTCS pa-
00THI IO TOTy4eHuIo 1 nccienoBanuio 111-Sb/AlAs
rerepocTpykryp ¢ KT.

Bnacooaprocmu. PaboThl BBITOTHEHBI TIPH MO
nepkke mpoekToB PODU Ne 16-32-60015 u Ne 16-
02-00242.
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BAUSAHUE TEMMEPATYPbI, CTATUMECKOM HATPY3KU U
SAEKTPOHHOTO ObAYYEHMUS
HA AEOOPMALNIO AMUHEUHDBIX MOAUMEPHDbIX NMAEHOK

[NpoBeaAeHbl 3KCMEepUMMEHTaAbHble WCCAEAOBAHUS MO BAMSIHMIO TemrepaTtypbl, CTaTMYeCKOM
Harpy3kuM 1 3AEKTPOHHOTO 0OAYUEHMS Ha Aedopmaumio noamTeTpadTopatnaeHa. Ao 35 °C Bosaen-
CTBME Harpy3ku u TemrnepaTypbl NMPUBOAUT K PE3KOMY YAAMHEHMIO 06Pa3LIOB, YTO BbI3BAHO BbIMNPSM-
AEHMEM 3aKpPYUEHHbIX KOMMAEKCOB MakKpPOMOAEKYA M XECTKO CBsI3aHHbIX Lenen. KaTacTpoduueckoe
paspylueHne cAabbiX LEenen, B TOM YMCAE CBA3aHHbIX C HaAMUYMEM (Pa30BbIX NEPEXOAOB, MPOUCXOAMT
npu pocte TemnepaTtypbl A0 45 °C. KpuBag &(t) uMeeT TeHAEHUMIO NMOCTENEeHHOro BbIXOAQ Ha HacCbl-
weHme npu t > 40 °C, 4TO CBA3aHO C Pa3pPbIBOM XECTKMX, 6oAee MPoYHbIX Lener. MakcmaabHas
aedopmaums 500 % aocturaetca npu t = 85 °C o = 13 MIlla. MccaepoBaHbl 3aBUCMMOCTM BO3-
BpaTHOM AedopMaummn OT BPEMEHM MPU PA3AMYUHBIX 3HAUEHUSX CTaTMUYECKOM Harpy3ke M KOMHATHOM
Temneparype. C pocToM A03bl 0O6AYyUEHUS BO3BpATHas AepopMaLmsl YMEHbLLIAETCS, a NMPeAeA MpoY-
HOCTM MOAMMEPA MPUHMMAET 3HauyeHWe paBHoe 6 — 9 MITa. DAeKTPOHHOe BO3AENCTBME Ha MOAUTET-
papTOPITUAEH MPUBOAUT K YMEHbLUEHMIO NMAQCTUYHOCTU U K CYLLLECTBEHHOMY YMEHbLLEHWIO BO3BpaT-
HOM AedopmMaumm, UYTO CBS3aHO C AECTPYKUMEN NMOoAMMEpPA. Y AOBAETBOPUTEABHOE COrAacue 3KCnepu-
MEHTaAbHbIX AAQHHbIX C PacYeTOM MOKa3biBAlOT KPUBbIE, OMUCHIBAIOLIMECS B pamKax 3KCMOHEHLMAAb-
HOM MOAEAU.

KAtoueBble caoBa: TemnepaTypa, AecopmMaums, NPOYHOCTb, AMHENHbIE MOAMMEpDI, CTaTMyeckas
Harpyska, 00AyYeHMe, NMOrAOLLIEHHAs A03a, MaTeMaTUYECKast MOAEAD.

Kupchishin A.L.", Niyazov M.N., Taipova B.G., Khodarina N.N.,
Shakhanov K.S., Tronin B.A.

Abay Kazakh National Pedagogical University,
Kazakhstan, Almaty, “e-mail: ankupchishin@mail.ru

The effect of temperature, static load, and electron irradiation
on the deformation of linear polymeric films

Experimental studies on the effect of temperature, static load and electron irradiation on the de-
formation of polytetrafluoroethylene were carried out. Up to 35 °C the influence of load and tempera-
ture leads to a sharp elongation of the samples, which is caused by the rectification of swirling com-
plexes of macromolecules and rigidly connected chains. A catastrophic failure of weak circuits, includ-
ing those associated with the presence of phase transitions occurs with increasing temperature to 45
°C. Curve (t) has a trend of a gradual recovery in the saturation at t > 40 °C, which is associated with
rupture of the hard, more durable chains. The maximum deformation of 500 % is achieved at t = 85
°C and o = 13 MPa. Dependences of the return deformation on time at static load and room tempera-
ture are investigated. With increasing radiation dose, the return deformation decreases, and the
strength limit of the polymer takes the value equal to 6 — 9 MPa. Electronic effects on literature the
leads to a decrease in ductility and a significant decrease in recurrent strain that is associated with the
destruction of the polymer. The curves described in the exponential model show satisfactory agree-
ment of the experimental data with the calculation.
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Key words: temperature, deformation, strength, linear polymers, static load, irradiation, absorbed
dose, mathematical model.

Kynunwmd A.N.", Huasos M.H., Taunosa b.T., XoaapuHa H.H.,
LLlaxaHoB K.LL., TpoHuH B.A.

Abait aTbiHAAFbI Ka3ak, YATTbIK, MeAarormkablK, yHUBEPCUTETI,
KasakcraH, AAMathl K., “e-mail: ankupchishin@mail.ru

TemnepaTtypaHblH, CTaTUKAABIK, )KYKTEMEHiH, )XOHEe SIAEKTPOHAbI COYAEAECHYAH,
CbI3bIKTbIK, MTOAMMEPAI MAEHKaAAPAbIH, AedhopmaumscbiHa acepi

[NoAnTeTpapTOP3TUAEHHIH, AedopMalMsiCbiHA — TeMrnepaTtypa, CTaTMKaAbIK, >KYKTEME >KaHe
SAEKTPOHAbBI COYAEAEHYAIH ocepi GOMbIHLIA 3KCMEPUMEHTTIK 3epTTeyAep >KYPrisiaai. 35 rpaaycka
AEMIHTI  >KYKTeMe MeH TemnepaTypaHblH 8cep eTyi MaKpOMOAEKYAAAAPAbIH >KOHE KaTaH,
6aAQHbICTBIPbIAFAH Ti30EKTEPAIH alfHaAMaAbl KOMMAEKCTEPIHIH TY3iAyiHEH TyblHAAFaH YATIAEPAIH
y3apyblHa 9KeAeAl. OACI3 Ti30eKTepAiH anaTtTblk, Oy3biAybl, COHbIH illiHAE (Da3aAblK, ©TYAEPAIH
GOAYbI, TemrepatypaHbiH, 45 rpapycka AeniH KeTepiAyiHe 6aiAaHbiCTbl. (t) KucbiFbl t > 40 °C
6oAFaHAQ, KaTaH 8pi KywTi TizbekTepaiH Y3iAyiHe OaiiAaHbICTbl, 6ipTe-6ipTe KaHbIKTbipa aAaAbl.
Makcumanabl aecbopmauus t = 85 “C xxeHe o = 13 MIla 6oaraHaa, 500% >xeteai. KanrtaraHaTtbiH
AebopMaLMaHbIH 8P TYPAI MOHAEPIHAE CTaTMCTUKAABIK, KYKTemeci MeH GeAMe TemrepartypacbiHa
ToayeAAIAri 3epTTenai. CoyAeAeHreH AO03aHbl >KOFapbIAATy Ke3iHAe KalTaAaHaTbiH Aedopmaums
asasiAbl, aA NMOAMMEPAIH OepikTiAiri 6-9 MIlla-Fa TeH 60Aaabl. [TOAMTETPATOPITUAEHTE SAEKTPOHADI
aCep MAACTMKAHbIH TOMEHAEYIHE XOHE MOAMMEPAIH, >KOMbIAYbIHA BaMAaHbICTbI KEpi AeopMaLMsIHbIH
afTaApPAbIKTAl TOMEHAEYIHE OKeAeAi. IJKCMEPUMEHTTIK AEpeKTepAi ecenTeyMeH KaHaFaTTaHapAbIK,

KEAICiM 3KCMOHEHTAAbIK, MOAEAbAE CUMATTAAFaH KMCbIKTApAbl KOPCETEA.
Tyiin ce3aep: TemnepaTypa, Aedopmaums, 6GepikTiK, CbI3bIKTbl MOAMMEPAEP, CTATUKAAbIK,
JKYKTEME, COYAEAEHY, CiHipIAETIH A03a, MaTEMAaTUKAAbIK, MOAEAD.

BBenenune

[Mporpeccupyromiee NpUMEHEHHE MOTMMEPHBIX
MaTepUANOB U KOMIIO3UTOB Ha WX OCHOBE B pa3-
JUYHBIX OTPACIsIX HAYKA M TEXHUKH OOBICHIETCS
HAIMYUEM Yy HHX ONPEACICHHOTO KOMIUIEKCa
CBOWCTB, KOTOPHIMH HE 00JamaeT 3HAYUTENbHAs
4acTh TPAAMIMOHHBIX MaTepuainoB [1-5]. OcobeH-
HOW XapaKTEPUCTHKOW IPH 3TOM SBISICTCS MeXa-
HUYECKast MPOYHOCTh MPY BHEIIHUX BO3JECHCTBHUSIX
[6, 7]. OTMeTUM, YTO HCTIOTH30BAHUE MTOJIUMEPOB B
MIPOMBIIIUIGHHOCTA ~ CHOCOOCTBYET  BEISBJICHHUIO
[POTUBOPEYMM MEXIY LIEHOH M CBOWCTBAMM, TaK
KaK KOHKYPEHIIUS IO TIPOU3BOJICTBY KaY€CTBEHHOM
MIPOMYKIIMA JOCTaTOYHO BBIcOoKas [8-10]. Ilocme
TOr0, KaK MEXaHWKa KOMIIO3UHTBIX MaTepHaJIOB
Hallla MIMPOKOe MPHMEHEHHEe W Hadana OypHoe
pa3BHUTHE, €€ OCHOBHOM IEJbI0 CTajla MOIu(UKa-
1Sl MAaTEPHAJIOB M YIIyYIICHUE MX MEXaHHYCECKUX
cBoricTB [11-13]. JKecTkue mpoMBIILIEHHbIE YCIIO-
BHs MCIIOJI30BAHUS IMOJUMEPOB (OIHOBPEMEHHOE
M3MEHEHUE MEXaHWYEeCKOW HArpy3Kd M TeMIIepary-
pel) TpeOyeT OT HHX HEOOXOIUMOTO KOMILIEKCa
TePMOMEXaHUYECKUX XapakTtepuctuk [14, 15]. Ilo-
TUTETPaPTOPITUICH 00Ja/laeT AOBOJIEHO XOPOIIH-
MH CBOHCTBAaMH CpeIu OOJBIIOTO pPa3zHOOOpa3ms
MaTepUaNoB, HalpUMep, BBICOKYIO TOYKY ILIaBIIE-
HUS, a IUIOTHO YIAaKOBaHHbBIE JTMHEWHBIE TN MPH-

JIAIOT €My >KeCTKOCTh IpH MOBBILIEHHBIX TEMIIepa-
Typax [16-20].

B pabote mpoBeneHsl SKCIEpUMEHTAIILHBIE HIC-
CJIeIOBaHMS MO BIUSHUIO TEMIIEPATyphl, CTaTHYe-
CKOM Harpy3Kd U 3JEKTPOHHOIO OOJXydeHHs Ha Je-
¢dopmaruio noaurerpadropsTiiicHa. Mcenenoransl
3aBUCHMMOCTH BO3BpaTHOH Aedopmanmu oT Bpeme-
HU IIpU CTATUYECKOW HArpy3Ke M KOMHATHOM TeM-
neparype.

IKcnepruMeHTAJIbHAN YaCTh

Ha pucynke 1 mpexacraBiena cxema paspabo-
TaHHOW 3KCIEPUMEHTAIBHONW YCTAHOBKH Ui IpO-
BEJICHHS JKCIIEPUMEHTOB, COCTOSIIEH U3 CIENYIO-
mmx OJIOKOB: CTOWKA, OCHOBaHHE, 3KCIIEPUMEH-
TanbHasg KaMmepa, JepXaTeld, 3aKUMBI, UCCIeaye-
MBI oOpa3zell, TEePMODIJICKTPOHHEIN HarpeBaTeilb
(TOH), paTumk TeMmmepaTrypbl, CTATHCTHYECKAs
Harpyska, OAaT4MK W3MEpPEeHus UIMHBI oO0pasna.
Harpesatens — 310 Y-00pa3Has TpyOka u3 HepiKa-
BEIOILIEH CTalM C MaJoW TEIIOEMKOCTBIO, BHYTPH
KOTOpPOH PAaCIOJIOKEHAa IPOBOJNIOYHAA CIUpalb C
OosibIIMM yAeIbHBIM conpotuBieHuem. TOH ort-
JIeJIeH OT KapKaca TEIJIOM30JSTOPOM, a WIojbya-
TBII 3JIEKTPOHHBIA TEPMOMETP NpPEJHA3HAYEH IS
n3MepeHus temneparypsl (¢). CneunanbHbeId Jat-
YUK TIEPEMEIICHNS Tela, pa3paboTaHHBIA (GUPMOH
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Science Cube, wucmomp30Bajics I HU3MEPCHHS
JUIMHBL 00pasia. Bce SKCIepuMEHTH 3alHchiBa-
JIUCh Ha BUJEOKAMeEpY.

Hccnenyemslit MaTepuan — 3TO IPOMBIILIEH-
HBIH monuteTpadTopITHICH ToMuMHONH 100 MKM.
[Inenodnbie 00pa3mpl Hape3aMCh C IIOMOIIBIO
crieruansHOro ycrporcTBa. Pabouas mimnHa oOpas-
na cocraBmsna 5 cm, mupuna 0,5 cMm. Jannas
IUIGHKa TOJBEPrajiach OJHOOCHOMY PpacTSDKEHHUIO
MIpU [TOCTOSTHHON CTaTUCTHUYECKOI Harpy3ke.

C MOMOIIBIO CTIEIUABHBIX TPY30B IPEIBAPH-
TETbHO ONpEIeNach IpelenbHas pa3phIBHAS
Harpy3Ka UCIBITYeMOTO MoJuMepa, KOTopasi CocTa-
Bmia 21 Mlla mig uccneayeMbIx o0pasIoB. 3aTeM
paccuuThIBajach cTaTudeckass Harpys3ka B 3aBUCH-
MOCTH OT TIPEAETHHOTO HANpPSKEHUS. 3aKperuieH-
HBII 0o0Opasell co CTaTUYeCKON Harpy3Koul IoMme-
majcs B KaMepy M BKIIIOYAJICS TEPMODJIEKTPOHHBIN
HarpeBaTens. Jlanee onpenensiuch Bce HEOOXOIH-
Mble napaMmeTpsl. Ha pucyHke 2 mpezacraBieHa 3a-
BHCHUMOCTSH t OT BpeMeHH (T). BumHo, uto ipu > 5
CEeK — 3Ta 3aBUCHMOCTb MTPAKTHYECKH JIMHEHHAs.

8
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1 BN /
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/l' //"
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1 — Croiika; 2 — OcHoBaHue; 3 — DKcliepUMEHTallbHas KaMepa;
4 — Jlepxatenu; 5 — 3axkumel;, 6 — Mccnenyemslii obpasetr;
7 — HarpeBatens; 8§ — JlaTunk TemmepaTypsbl;
9 — CraTucTHuecKas Harpy3Ka;
10 — JlaTunk u3MepeHus IJIUHEI 00pasna

Pucynok 1 — DkcniepuMeHTanbHas yCTaHOBKA

OO6yuenune o06pas3IoB MPOBOIUINCH HA JTUHEH-
HOM yCKopHTese 3JeKTpoHoB DJIY-6 ¢ sneprueit 2
M>5B B BoznymiHo# cpene. [{o3a cocrasnsina S u 10
K[ 'p. [Inenounsie 00pasipl 00IyYaIUCh B TCUCHUE
TpeX MHUHYT Ha paccTossHUM 40 ¢M OT BBIXOAHOTO
OKHa yckopurens. Beicora 3akperuieHus: o0pas3mnos
BO BpeMsi OOJydeHHUs COBNAaAaja C LEHTPOM BBI-
XOJIHOTO OKHa W paBHssach 30 cMm. B HauanbHbIN
MOMEHT NpH TPOBEICHUHU PadOT TeMIiiepaTypa o00-

ISSN 1563-0315

pasnoB pasrstack 23 °C, a OTHOCHTENbHAS BIIAXK-
HOCTB — 55 %.

t.°C
40 |
30 o
20 |
10 | |
0 10 20 30 1.10%

Pucynok 2 — TemnepaTypHHO-BpeMeHHasl 3aBUCUMOCTb
B 3KCIIEPUMEHTAJIbHOI Kamepe

Pe3yJ’lLTaTbl u oﬁcymeﬂne

UccnenoBanbl 3aBHCUMOCTH JeQOpMaIid OT
TEMIEPaTyphl TPU PA3IAYHBIX 3HAYCHUSX HAIps-
xeHust: 61 = 9; 62 = 11 u o3 = 13 MIla npu temne-
patypax B unTepBane 23 — 120 °C.

OO0Hapy»keHo, uTo (hToporacT BeAeT ceds mo-
pa3HOMY Ha pasHBIX 3Tanax HarpeBaHus (PucyHok
3). [Ipu OonbIIMX HAMPSDKEHUSX MPOUCXOJAT CTa-
JUIHBIE pa3pyIAIOIIfe POIECCH:

L mpu T = 23 °C — BEIIpAMIEHHE O] HATPY3-
KO CBOOOHBIX MTOJIMMEPHBIX IETIeH;

IL. mpu T = 23 — 35°C — BHINpsAMIIEHHE CBA3AH-
HBIX IICTICH;

II. mpu T = 35 — 45 °C — kxaracTpoduueckoe
pa3pylieHue;

IV. npu T = 45 — 120 °C — paspymenue neneit
C CHJIBHBIMU CBSI3SIMU.

IIpu BO3meWCTBUM HArpy3Ku MU TEMIIEPATypbl
MPOUCXOUT Pe3K0e YUIMHEHHE HCCIeIyeMbIX 00-
pasIoB, YTO BHI3BAHO BBHINPSAMICHHEM MaKpOMoJie-
KyJ, KOTOpbIe TIPEJCTABIISIOT COOON 3aKpy4YEeHHBIE
KOMIIIeKCHL. IIpu pocte Temmeparypsl o 35 C
TaKke HaOMoAaercss HeOOJbIIOE yBETUUYEHHE OT-
HOCHTEJIBHOTO Y/UIMHEHUS, CBSI3aHHOTO C BBITPSIM-
JICHHEM JKECTKO CBsi3aHHBIX Henei. Ilpu nanbHei-
ureM pocTe TemmepaTyphbl g0 45 ‘C HpoMCXOauT
KaTacTpopUIECKOe pa3pylIeHHe CIa0bIX Ierei, B
TOM YHCJIE CBSI3aHHBIX ¢ HaMM4YueM (pa3oBBIX Tepe-
xonoB. KpuBas ¢ (f) uMeeT TCHACHIIUIO TOCTEIICH-
HOTO BBEIXOJa Ha HackImenue mpu t > 40 °C, uro
00yCIIOBIIGHO C Pa3pbIBOM JKECTKHUX, Ooiee Mpod-
HeIX nerneil. MakcumansHas aedopmarmst 500 %
JIOCTUTaeTcs mpu t = 85 °C 1o =13 MIla.
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/T

20 40 80 120 ¢.°C

1-0=9;2-06=11;3-0=13 MIla

Pucynok 3 — TepmomexaHmyecKre
KpHBBIE TOJIUTETPAGTOPITHIICHA
IIPU pa3IUYHbIX CTATHYECKUX HArpy3Kax

Ha pucynke 4 mokazaHa 3KcCIIepUMEHTAaJIbHAS
3aBHCHMOCTb € OT G JUI1 HEOOMyueHHOro (KpuBas
1), oOmyuenHoro (kpuBas 2) gropormiacra 1030i 5
kI'p u puBeneHa pacyeTHas KpUBas B paMKax Kac-
KaJIHO-BEPOSATHOCTHOU Mojenu [14], HalineHHas mo
dopmyme: £ =exp(o/o)—1. Jlna neobmyuenno-
ro oo = 28 Mlla, a s o6iry4eHHOTO (hTOpOIUIaCcTa
oo = 20 MIla. BunHo, 4yTo ¢ pocToM HampsHKEHUS
nedopmalysi CHayala MEIJIEHHO YBEIHYHBACTCS
mo o ~ 18 Mlla, a 3atem pe3Ko pacTeT MO IKCIIO-
HEHIMATbHOMY 3akoHy. OOmyuenue no3oit 5 kl'p
MPUBOJUT K YMEHBIICHUIO TUIACTUYHOCTU B 7 pa3
M0 CPaBHEHHWIO C HEOOJIy4YeHHBIM MaTepHajoM, a
MIPOYHOCTH MIPU 3TOM HE MpeTepreBaeT 3HAUUTEb-
HBIX W3MEHEHWH. 3aBUCHMOCTH aedopManuu ot
TEMIEpaTyphl sl HojauTeTpadTopITHIIeHa, 00IIy-
YEHHOro 10304 5 KI'p, IpU pa3iauyHBIX CTaTH4Ye-
CKMX Harpy3Kax Ipe/CcTaBlIeHa Ha PUCYHKE 5.

Bugno, uro npu cratuueckoil Harpy3ke 5 Mlla
xapakrtep 3aBUCUMOCTH £(t) muHeiHbIH, mpu 7 Mlla
MO-CTaJUUHBIA B 2 3Tana: 1| — MCHOBEHHOE YIJIU-
HEHUE MpPHU TOJABCIIMBAHUU HArpy3KH, a 3aTeM
Ha0IIOgaeTCs MOHOTOHHBIA JTMHEWHBIN POCT C YBe-
JMYEHUEeM TeMIIEpaTyphl. YBEJIWYeHHE CTaThye-
CKOH Harpy3Ku OOJIy4EHHOTO TMOIHTETPa(TOPITH-
JIeHa TPUBOJIUT K POCTY OTHOCHUTEIHHOTO YIJTHHE-
Hug Ha 40% OT MCXOMHOTO 3HAYECHMS MPU TEMIIC-
patype Harpea 53 °C.

IIpu nosze 10 k['p oOpaser paspyuiaercs 0e3
yamuHeHns. Kak cnemyeT W3 MONy4YeHHBIX Pe3yiib-
TaTOB, DJIEKTPOHHOE OOIy4YeHHE 3HAYUTEIHHO W3-
MeHseT €. 3aBUCHUMOCTh MapaMeTpoB & U top oT D
npuBeneHa B Tabnume 1. C yBemmuenuem D g u to
yOBIBaeT.

0 3 5 8 10 13 15 185 Mlla
0, I I I I I I I
& % 6%
2504 1 r12s
200+ 100
150 s L
) 75
100+ . 50
50 25
0 T T T T T T T 0
0 5 10 15 20 25 30 35¢,Mlla

1 — HeOOyYeHHBIH, JIeBast M HIDKHSISI OCh;
2 —00JTy4YeHHBIH, ITpaBasi ¥ BEPXHASA OCh

Pucynok 4 — 3aBucuMocTh feopMauy OT HAIPSHKEHHUS
JULSL HOUTETPa(TOPITUIICHOBOTO MaTepuasa

&%
80

60
40

204

o :
0 45 6

75 1,°C

l-06=5;2—-0=7MlIlla

Pucynok S — JlebpopmanuoHo-TeMneparypHast
3aBUCcHMOCTS oOirydennoro (D = 5 xI'p) monmter-
padTOpITHIICHA TTPU Pa3IMYHBIX OCTOSHHBIX Harpy3Kax

Tabauua 1 — 3aBUCHMOCTS TAPaMETPOB €0 U to OT O3B 00Ty~
YeHHUS

D, xI'p 0 5 10
€0, % 28 25 17
to, € 10 9 7

Jlasiee poOBECHBI UCCIICAOBAHUS 3aBUCUMOCTH
BO3BpaTHOH JedopMarii OT BPEMEHHU JUIsl HEO0O-
JYYEHHOTO- W OOJy4eHHOTO MaTepuana (PUCYHKH
6, 7).

BosBparHoii HasbiBaeTcst aehopmarius, COCTaB-
JIAOIIAsl HEKOTOPYH0 YacTh OT OTHOCHUTEIIBHOTO
YJIMHEHHS, KOTOpas TOSBISETCS TOCJIE IMpeKpa-
IICHUS BO3JICHCTBHUS CUITbI M BEJICT K YMCHBIIICHUIO
JUIiHbL oOpa3na. Jlanueid Bua aedopmanuu ya-
CTUYHO HCYE3aeT IOCJIC MPEKPAIICHUs BO3/CH-
ctBusa. OmnHa paccuuThiBaeTcs 10 (opmydie:
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g, =(Al,/Al)-100%, rne Al, — BossparHoe
yanuHeHue. M3 pucyHka 6 ciemyer, 4To ¢ pOCTOM
JI036I OOJTyUeHHS BO3BpaTHas AehopManus YMEHb-
HraeTcs, a mpejaen NPOYHOCTH TNOJHMEpa TPHHU-

e, %

10 20 30 40 50 T.¢

1,2,3,4 —pacuersi mpu 6 =9, 11, 13, 15 MIla
(TOYKH — IKCHIEPUMEHT)

Pucynok 6 — 3aBUcHMOCTb BO3BpaTHOI nedopMauu
OT BPEMEHH JUIsl HEOOIYYEHHOTO MTOJIUTETPAQTOPITHIEHA
IIPY pa3HBIX CTATHYECKHUX Harpyskax

OO0pa3upl, obmyuenHsie no3amu 5 u 10 xI'p
CYIIECTBEHHO TEPSIOT IUIACTUYHOCTh M pPa3pblBa-
IOTCS TIPU MEHBIINX HANPSKEHHUSIX, YeM 10 00ITy-
yenns. HaOmtogaercss yMeHbIIEHUE TIpeiesa mpod-
HOCTH B Y€THIpE pa3a Mo CPaBHEHHUIO C HEOOIyUeH-
HBIM MaTEpUaJIOM, YTO OOBSACHIETCS paaualioH-
HOW HECTOHWKOCTBIO monuTeTpadTopaTHieHa. Te-
(bJIIOHOBBIE TUICHKH XapaKTepU3YIOTCS OINpeesIeH-
HOM, 4aCTUYHO OOpPAaTUMOMW YIPYTOCThIO, CBSI3aH-
HOH C peryjsipHO PACMOJOKEHHBIMH IOJSPHBIMU
rpynnamu, (yHKIMEH KOTOPBIX SBJISETCSA YyCHIIC-
HUE MEXMOJICKYJSIPHBIX B3aUMOJCHCTBUI u (op-
MHpPOBaHHE KECTKOCTH MaTepuayia. Pe3ynbraTs
9KCIEPUMEHTANIBHBIX UCCIIEIOBaHUN YJIOBIETBOPH-
TEJIbHO ONMCHIBAIOTCS B paMKax JMHEHMHOU M HKC-
MMOHEHITHAIBHOW Moxened [15].  YMeHbmieHuE
MIPOYHOCTH MaTepHualla 1 OTHOCUTEIBHOTO YIJINHE-
HUS TOBOPUT O CYIIECTBEHHOM BJIHMSHHUU PaUalli-
OHHBIX JIe(PEKTOB Ha CTPYKTYpPY U MEXaHHYECKHE
cBoiicTBa I[ITDD.

3akiouenmne
1. IlpoBeaeHBl J3KCHEpPUMEHTAIbHBIE UC-

CIEJOBaHMUS IO KOMIUIEKCHOMY BO3IEHCTBUIO
TeMIIepaTypbl, CTATUYECKOM HArpy3KH M 3JEK-
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MaeT MEHBINOE 3Ha4YeHune, paBHoe 6 — 9 Mlla. Y ao-
BJICTBOPUTEIBHOE COTJACHE DKCIEPUMEHTATBHBIX
JAHHBIX C PacueTOM IOKA3bIBAIOT KPHBBIC, MOINY-
YCHHBIC B paMKax E)KCHOHCHIII/I&HI)HOI\/'I MOACIIN.

g, %
304

254 2
204 -

154
104

—_—

10 20 30 40 50 t,c
1-D=10;2-D =5 «Ip; 3 — HeoOIyueHHBII 0Opa3zerr;
TOYKH — SKCIIEPUMEHT; CIUIONIHAS — PacueT

Pucynok 7 — 3aBHCHMOCTH BO3BPaTHOI Jedopmannu
OT BpPEMEHH JUIsl 00TyUeHHOT0 MonuTeTpadTopITHIIeHa
Ipu cTaTH4Yeckoil Harpyske ¢ = 9 MIla

TpOHHOrO OOJydYeHHss Ha JIepopMalHi0 IMOJH-
terpadropaTunena. OOHapyXeHO, 4TO (TOpPO-
MJacT BeAeT ceds mo-pa3HOMY Ha Pa3HBIX dTa-
rax HarpeBaHUs.

2. O6nywyenne no3oit 5 xI'p mpuBoguT X
YMEHBIICHUIO TUIACTUYHOCTH, T.€. HaOiromaercs
YMEHBIIIEHNE OTHOCUTEIEHOTO Y/UIMHEHUS B 7 pa3
[0 CpaBHEHUIO C HEOOIYYEHHBIM MAaTEepHAIIOM.
[Ipu sTOM TPOYHOCTH HE TpPETEPIEBACT 3HAUU-
TENBHBIX U3MEHEHHIA.

3. HccnenmoBanue 3aBHCUMOCTH AcdopMarun
OT BPEMEHU NPU PA3JIMYHBIX 3HAYCHUSX J103 00ITy-
gerus (5, 10 kI'p) u cTaTHdecKoro HANPsHKCHUS (G|
=9; 11; 13; 15 Mlla) noka3anio, 4yTo Aeopmanus
MaTeprana CHJIBHO 3aBHCHUT OT BPEMEHH U CTaTH-
YECKOW Harpy3KHu.

4. Tlomy4eHo, YTO 3JIGKTPOHHOE OOIyuYeHHE
obOpasnoB IIT®D mpuBOAUT K CYIIECTBEHHOMY
YMCHBILICHUIO BO3BpaTHOW jaedopmanuu (Oosee
yeMm Ha 10 % 1Mo cpaBHEHHIO C HEOOIYIEHHBIM Ma-
TEpHUajoM), YTO CBSI3aHO C JECTPYKIMEH BcCeX Iie-
ey nonumMepa.

5. DkcnepuMeHTaldbHasg 3aBUCUMOCTb € OT t
JUIS HEOOJYYCHHOTO M OOJIy4eHHOrOo MaTepuaa
YIOBIETBOPUTEIHHO OMUCHIBAIOTCS B paMKaxX dKC-
NOHEHIMAJILHON 1 JTUHEWHON MOIECIIEN.
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SYNTHESIS OF CU/CUO NANOSTRUCTURES

Among the variety of synthesized nanostructures, a special place is occupied by Cu nanotubes,
due to their physical-chemical and electrical properties, and also because of potential applications in
microelectronics. In this paper, we present the results of studies of copper nanostructures synthesis in
the form of hollow nanotubes obtained by electrochemical deposition in pores of template matrices
based on polymer matrices at polyethylene terephthalate. Electrochemical synthesis in tracks of the
template was carried out in potentiostatic mode at a voltage of 0.5 to 1.5 V. By controlling the
deposition time, the difference in the applied potentials, the electrolyte temperature, we can change
the geometric parameters of synthesized nanostructures. The electrolyte temperature was 25 - 50 °C.
Morphology, crystal structure, element and phase composition of nanostructures were studied using
the methods of scanning electron microscopy, energy dispersive and X-ray phase analysis.
Dependences of the change in structural and conductive properties of synthesized nanostructures from
the synthesis conditions are established. Optimal conditions for the synthesis of Cu/CuO
nanostructures of various geometries (nanowires and nanotubes) that have potential applications in
microelectronics are determined.

Key words: nanostructures, nanotubes, template synthesis, conductive properties, crystal structure.
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Cunre3 Cu/CuO HaHOCTPYKTYp

Cpean pazHoo6pasust CUHTE3MPOBAHHbBIX HAHOCTPYKTYP 0CO60E MECTO 3aHMMAIOT HaHOTPY6Kku Cu
M3-3a MX (PU3MKO-XMMUYECKMX U 3IAEKTPUUYECKMX CBOMCTB, a TakXKe W3-32 MOTEHLMAAbHbIX
NMPUMEHEHUI B MMKPOSAEKTPOHMKE. B HacTosiwen pabote npeACTaBAeHbl Pe3yAbTaTbl MCCAEAOBAHMI
CUHTE3a MEAHbIX HAHOCTPYKTYp B BMAE MOAbIX HAHOTPYOOK, MOAYYEHHbIX 3AEKTPOXUMUYECKUM
OCaXXAEHMEM B MNopax TeMmnAaTHbIX  MaTpul, Ha  OCHOBE  MOAMMEPHbLIX  MAEHOK M3
NMOAMITUAEHTEpedTaAaTa. IJAEKTPOXMMUYECKMA CUHTE3 B TPEKM TEMIAATOB MPOBOAMACS B
MOTEHUMOCTAaTUUECKOM pexkmme npu HanpsikeHnn ot 0,5 Ao 1,5 B. KOHTpoAnpys Bpems oca>kAeHus,
pasHMLy MPUAOXEHHbIX MOTEHLMAAOB, TemrnepaTypy 3AEKTPOAMTA, Mbl MOXEM M3MEHUTb
reoMeTpuyeckme napameTpbl CUMHTE3MPOBAHHbBIX HAHOCTPYKTYP. MopdoAoruns, KpucTasanyeckas
CTPYKTYPQ, 3AEMEHTHbIM M (pa30Bblii COCTaB HAHOCTPYKTYP OblAM M3yuYeHbl C MCMOAb30BaHUEM
METOAOB CKaHWMPYIOLEN SAEKTPOHHOM MUKPOCKOMWM, SHEPrOAMCNEPCMOHHOIO M PEHTreHoda3oBoro
aHaAM3a. YCTaHOBAEHbl  3aBUMCMMOCTM  M3MEHEHWMS  CTPYKTYPHbIX W TMPOBOASLUMX  CBOWMCTB
CMHTE3MPOBAHHbIX HAHOCTPYKTYpP OT YCAOBMIA cuHTe3a. OrnpeAeAeHbl OMNTMMAAbHbIE YCAOBUS AAS
cunTesa Cu/CuO HaHOCTPYKTYP Pa3AMYHON reoMeTpum (HaHOMPOBOAOKM M HAHOTPY6KM), KOTOpble
MMEIOT MOTEHLIMAAbHbIE MPUMEHEHNS B MUKPOSAEKTPOHMKE.

KAtoueBble CAOBa: HAHOCTPYKTYpPbl, HAHOTPYOKM, MaTPUUHbIA CUHTE3, DAEKTPOMNPOBOASILLME
CBOWCTBA, KPUCTAAAMYECKas CTPYKTYypa.
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Cu/CuO HaHOKYPbIAbIMAAPADIH, CUHTE3I

CUHTe3AeATeH HAHOKYPbIABIMAAPABIH aAyaH TYPAEpPiHiH apacbiHAQ (DU3MKA-XMMUSIABIK, KOHe
IAEKTP KACUETTEpPiHE, COHAAM-AK, MUKPOIAEKTPOHMKAAAFbI BAEYETTI KOChIMLaAapFa 6arAaHbicTbl Cu
HaHOTYTiKILIeAepi epekile oOpbiH araAbl. Ocbl Makarapa 6i3 MOAMBTMAEHTepedTaAaT >KacaAfaH
MOAMMEPAIK TNMAEHKaAap Heri3iHAe MaTpuLaAapAbl YATIAEYAE SAEKTPOXMMMAABIK TYHAbIPY apKblAbl
AAbIHFaH KYbICTbIK, HAHOTYTiKLLUEAEp TYPIHAEri MbIC HAHOKYPbIAbIMAAPbIHbIH, CUHTE3IH 3epTTey HaTu-
>KeAepiH YCblHaMbI3. TemMrnAaTTapAblH, TPEKTEPIHAET T SAEKTPOXUMUSABIK, CUHTE3 MOTEHLMOCTAaTUKAADIK,
pexumae 0,5 - 1,5 B kepHeyae Xypri3iaai. TYHAbIPY yakbITbiH, KOAAQHbBIAATbIH MOTEHLMAAAAPAAFI
anbIPMaLLIbIALIKTbI, SAEKTPOAUTTIH TEMMNEePaTypachiH 6aKbIAQy apKbiAbl CUHTE3AEATEH HAHOKYPbIAbIM-
AAPAbIH, FeOMEeTPUSAbIK, MapaMeTpAepiH e3repTe aAambl3. HaHOKYpbIAbIMAAPABIH, MOPMOAOrUSChI,
KPUCTaAAbl KYPbIAbIMbI, DAEMEHTI >XoHe pa3aAblk, Kypambl CKaHEepAeH OTeTiH 3IAeKTPOHAbl MUKPO-
CKOMUS, SHEProAMCMEPCTi >KOHe PEeHTreHAIK (ha3aAblk, TaAAdy apKbiAbl 3epTTeAreH. CuHTe3AeAreH
HaHOKYPbIAbBIMAQPADBIH  KYPbIABIMABIK, >KOHe OTKi3rill KacueTTepiHAeri CUHTe3 >KarAalblHAQ e3re-
PICTEPAIH TOYEAAIAIr aHbIKTaAAbl. MUKPOSAEKTPOHMKAAAFbI SAEYETTI KOCbIMLLAAAPbl 6ap 8pTYpPAI
reoMeTpPUsIHbIH, (HaHOCbIMAAP >keHe HaHoTyTikweAep) Cu/CuO HaHOKYPbIALIMAAPbIH CUHTE3AEYAIH

OHTaMAbI LLIAPTTAPbl aHbIKTAAADI.

TyiiHAI ce3Aep: HAHOKYPbIABIMAAP, HAHOTYTIKLIEAEP, MATPULIAAbIK, CMHTE3, IAEKTP OTKI3riL

KacueTTepi, KPUCTAAAbI KYPbIAbIM.

Introduction

Among  the variety of  synthesized
nanostructures, a special place is occupied by Cu
nanotubes, due to their physical-chemical and
electrical properties, and also because of potential
applications in microelectronics [1-5]. The method
of electrochemical deposition for synthesizing
nanostructures is distinguished. That makes it
possible to control the morphology and structural
properties of synthesized nanostructures. The use
of porous matrices possesses high thermal and
chemical stability enable to easily control the
geometry of deposited nanostructures over large
areas. Varying the synthesis conditions such as the
electrolyte temperature or the potential difference
leads to a change in the structural and conductive
properties of nanostructures, this directly affects
their potential application in the future [6-11].

In this paper, we present the results of studies
of copper nanostructures synthesis in the form of
hollow nanotubes obtained by electrochemical
deposition in pores of template matrices based on
polymer matrices at polyethylene terephthalate.
Dependences of the influence of the difference
between the deposition potentials and the
temperature of the electrolyte solution on structural
and conductive properties, the elemental
composition, and the degree of crystallinity are
presented.

ISSN 1563-0315

Experimental

Track membranes were obtained of
polyethylene terephthalate of «Hostaphan®y brand
manufactured by Mitsubishi Polyester Film
(Germany). The films were irradiated at DC-60
accelerator of heavy ions (Kazakhstan) with
accelerated krypton ions with an energy of 1.75
MeV/nucleon and a fluence of 4x107 ion/cm?”. The
membranes were etched according to the standard
double-sided etching technique in a solution of 2.2
M NaOH at 85 = 1 °C. The pore size according to
gas porosimetry, and SEM was 380 = 10 nm, the
track length was 12 um.

Electrochemical synthesis in tracks of the
template was carried out in potentiostatic mode at a
voltage of 0.5 to 1.5 V. The electrolyte temperature
was 25 - 50 °C. The composition of the electrolyte
solution: CuSO4-5H,0 (238g/1), H,SO4 (21g/1). The
yield of copper by current from the sulfuric acid
solutions of electrolytes is 100%. The growth of
nanostructures ~ was monitored by  the
chronoamperometry method with the "Agilent
34410A" multimeter. Since the template PET
matrices are dielectric, a layer of gold with a
thickness of no more than 10 nm, which is further a
working electrode (cathode) during electrochemical
deposition, was deposited to create a conductive
layer by magnetron sputtering in a vacuum. By
controlling the deposition time, the difference in
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Synthesis of Cu/CuO nanostructures

the applied potentials, the electrolyte temperature,
we can change the geometric parameters of
synthesized nanostructures. All possible reactions
associated with the synthesis process are listed
below.

CuSO;— Cu™ + 80,47

Cu?+2e — Cu(s) |

Copper sulfate dissociates into Cu** and SO,
ions in the first stage of electrolysis. Then Cu'?
ions are reduced near the cathode to Cu(s), and a
layer is formed behind the wall layer of the
nanostructures in pores, repeating the template
geometry. Because of the change in concentration
of H" ions during the synthesis, the pH of the
solution can vary, which leads to uneven filling of
the pores. To control pH of the solution, sulfuric
acid H,SO4 was used, acting as a buffer to maintain
the pH.

Investigation of structural characteristics and
elemental composition of nanostructures obtained
before and after irradiation was carried out using a
scanning electron microscope "Hitachi TM3030"
with a microanalysis system "Bruker XFlash MIN
SVE" at an accelerating voltage of 15 kV. X-ray
diffraction analysis (XRD) was performed on a D8
ADVANCE ECO  diffractometer  (Bruker,
Germany) using CuKa radiation. The software
BrukerAXSDIFFRAC.EVAv.4.2 and the
international ICDD PDF-2 database were used to
identify the phases and study the crystal structure.

Results and Discussion

Figure 1 shows SEM images of synthesized
nanostructures  under  different  synthesis
conditions.

Analysis of electronic images of synthesized
samples showed that the synthesized nanostructures
are hollow nanotubes whose height coincides with
the thickness of the template matrix of 12 um. The
diameter of nanotubes corresponds to pore
diameters of 380 £ 10 nm. It is seen that at a
potential difference of 0.5 V, formation of
continuous nanostructures in the form of nanowires
is observed according to SEM images. In this case,

an increase in the temperature of the electrolyte
leads to the formation of cavities and loose areas in
nanostructures. This can be caused by a non-
uniform  deposition  process. At  potential
differences of 1.0 and 1.5 V, the formation of
hollow nanostructures in the form of nanotubes is
observed. While an increase in the temperature of
the electrolyte leads to a decrease in the wall
thickness and growth height heterogeneity at an
electrolyte temperature of 50 © C for a potential
difference of 1.0 V. For a potential difference of
1.5 V, increase of electrolyte temperature leads to
the formation of loose hollow nanotubes consisting
of large nanoparticles. As can be seen from SEM
images presented, an important is the difference in
the process of forming the wall thickness is the
applied potential difference and the electrolyte
temperature. They directly depend on the rate of
formation of metal ions and the rate of their
diffusion in solution. The change in the difference
between the applied potentials and electrolyte
temperature  affects the growth rate of
nanostructures. A decrease in the wall thickness is
observed during the growth process for large
potential differences and electrolyte temperatures.
This may be due to the rapid formation of nuclei of
crystallites, from which nanostructures are formed.
However, this process is accompanied by negative
factors. With increasing current density due to the
increase in the potential difference at electrodes
during the growth of nanostructures, adsorption of
hydrogen impurities, anions of salts, and also
hydroxides is observed. Some of them deposited on
the surface of template matrix, but some of the
precipitate formed is included in the crystal
structure of nanostructures growing in pores.

X-ray phase and energy dispersive analysis
methods were used to assess the effect of
deposition conditions on the elemental composition
and crystal structure. Table 1 presents the data of
the elemental composition of synthesized samples.
The reliability of the results was confirmed by
taking spectra from five points along the surface of
investigated sample, as well as obtaining the
distribution maps of elements in the structure using
the mapping method.
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25°C

1.0V 15V

Figure 1 — SEM images of synthesized nanostructures under different synthesis conditions

Table 1 — Elemental analysis of synthesized samples

nanostructures are single-component structures
consisting of copper without impurities of oxide

compounds. An increase in the temperature of the
electrolyte to 50 °C leads to the formation of

copper structures with oxide impurities in the

structure. The presence of oxide compounds in the

uv ToC 25 50
0.5 Cu920s
1.0 Cuioo Cu74026
1.5 Cue2038

structure of nanotubes can be due to the rapid

release of oxygen and hydrogen during the

As can be seen from the presented results at an  synthesis, while the oxide compounds can lead to
electrolyte temperature of 25 °C, the synthesized  partial amorphization of nanostructures.
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Figure 2 — XRD diffractograms of investigated samples of Cu nanostructures:
1)0.5V;2)1.0V;3) 1.5V
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Figure 2 shows X-ray diffraction patterns of
investigated samples. The diffraction patterns of
investigated samples are characteristic for X-ray
diffraction on polycrystalline nanoscale structures
(broadened low-intensity peaks). The deviation of
peaks of investigated samples from the
symmetrical shape is observed with a change in the
synthesis conditions, which indicates the presence
in the structure of microarrays and deformation
arising during the synthesis. Analysis of samples
diffractograms made it possible to establish that the
Cu nanostructures studied possess a polycrystalline
structure with a fcc phase.

The wunit cell parameters for investigated
samples were determined in processing the
obtained X-ray diffractograms. The crystal lattice
parameter was calculated using the Nelson-Taylor
extrapolation function (4) [27]:

1{cos’@ cos*6

=f]— +
a=f 2\ sin@ o ’ @

The value and error in determining a parameter
are obtained by linear extrapolation of this function
to the zero value of the argument (6 = 90 °). The
average size of crystallites was determined by the
Scherer equation. The results of the change in the
main characteristics of the crystal structure for
investigated samples are shown in Table 2

Table 2 — Data on changes in characteristics of the crystal
structure

U,V a A Crystallinity, L. nm
) v )

,°C 25 50 25 50 25 50
0.5 3.6052 3.6178 89 78 15.7 256
1.0 3.6131 3.6215 84 67 183 294
1.5 3.6141 3.6314 81 54 19.6 415

The change in FWHM of the main diffraction
line (111) on X-ray diffraction patterns indicates a
change in the degree of crystallinity of synthesized
samples. When the lines on the diffractogram were
approximated by the necessary number of
symmetric pseudo-Voigt functions, the width of the
registered FWHM lines was determined. It made it
possible to characterize the perfection of the crystal
structure and to assess the degree of crystallinity.

The results of evaluation are presented in Table 2.
As can be seen from the presented data, samples
obtained at room temperature have the highest
degree of crystallinity. When nanowires are
formed, the crystallinity is the highest and is 8§9%.
In turn, at a temperature of 50 °C and an increase in
the potential difference from 1.0 to 1.5 V, a sharp
decrease in the degree of crystallinity is observed,
which is due to amorphous inclusions in the
structure. In this case, the change in the intensity
and shape of diffraction peaks can be caused by the
imperfection of the crystal structure, as well as to
the defects formed during the synthesis of
nanotubes. The presence of first-order defects
(point defects, dislocation loops, particles of a new
phase) in the structure leads to a shift in the
diffraction maxima, but they do not affect the
broadening of the diffraction lines. Defects of the
second kind (dislocations, accumulation of defects)
cause broadening of the diffraction lines.

The change in the intensities of diffraction
peaks can be due to the change in the texture planes
and the reorientation of crystallites. The texture
coefficients were calculated according to the Harris
formula (1) [12]:

1(hkl 1(hkl
TC(hki) = 10((hkl)) / Dy ((hkl)) W)

where I(hkl) is the experimentally obtained relative
intensity; Io(hkl) is the relative intensity
corresponding to a given plane according to the
JCPDS base; n is the number of planes. The results
are shown in Table 3. The texture coefficients
greater than one point to the predominant
orientation of the array of nanotubes along the
corresponding  directions, which implies an
increase in the number of grains along these
directions. The number of reflections (n)
corresponds to the maximum value of texture
coefficients.

As can be seen from the presented data, a
change in the deposition conditions results in a
change in the texture coefficients and a
reorientation of texture planes in nanostructures. In
this case, an increase in the potential difference at
an electrolyte temperature of 25 °C leads to the
appearance of a distinguished texture direction in
(111) plane. While at a temperature of 50 °C, an
increase in the potential difference leads to a
decrease in the texture coefficients and the absence
of a specified texture direction.
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Table 3 — Results of calculations of texture coefficients

hkl TC(hk])
T,°C 25 50
UAY
0.5 1.0 1.5 0.5 1.0 1.5
111 11351 | 1.6411 | 1.8965 | 1.6737 | 1.3622 | 0.9853
200 11211 | 1.0872 | 05517 | 0.8636 | 0.7639 | 0.5311
220 0.5414 | 04673 | 03131 | 04316 | 02415 | 0.1135
311 04341 | 03461 - 0.2351 - -

properties, phase and elemental composition

Conclusion was studied. Dependences of the change in

structural and conductive properties of

As a result of the study, Cu/CuO  synthesized nanostructures on the synthesis

nanostructures with a diameter of 380 nm were  conditions are established. Optimal conditions

synthesized using the electrochemical synthesis  for the synthesis of Cu/CuO nanostructures of

method. The influence of the potential various geometries (nanowires and nanotubes)

difference and the electrolyte temperature on  that have potential applications in
the change in structural and conductive microelectronics are determined.
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"HaumoHanpHas HAHOTEXHOJIOTHYECKast TaDOPaTOPHs OTKPBITOTO THIIA,
Kazaxckuil HallMOHaNIbHBIN yHUBEpcUTeT uMeHH anb-DPapabu, Kasaxcran, . AaMarsl,
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PA3PABOTKA CUCTEMbI USMEPEHUS
B HAHOAUAINA3OHE

PaboTta nocesiieHa M3MepeHMIo AMHENHbBIX CMELLLIEHUIA B HAHOAMArNA30He, aHaAM3y 0COOEeHHOCTeN
Takoro poaa pabot, obecrneveHmnio eAMHCTBA U3MEPEHNIA U CTAOUMABHOCTU M3MEPSIEMON (HN3MUYECKO
BEAMUMHbI, AOCTOBEPHOCTM PE3YABTATOB MUXNPUBA3KM K [0CaITaAOHaM. PaccMOTpeHbIKpUTepum, KOTOPbIM
AOAXHbI COOTBETCTBOBATb METOAbI M CPEACTBA MPELM3MOHHbBIX M3MEPEHUI B HAHOAMAMA30HE, A TakXKe
METOAbI M CPEACTBA Cbema M NMpeACcTaBAeHMs 06paboTkM noAyvaemoint uHdopmaumm. CaeaaH aHaAm3
OCHOBHbIX MCTOYHMKOB MOrPeLHOCTen. Pe3yAbTaTbl 3TUX MCCAEAOBAHMIA NMPEACTaBAEHbI B paboTe [1].
PaccmMoTpeHbl 0CO6EHHOCTM NMOCTPOEHUSI UBMEPUTEABHBIX KOMIMAEKCOB, a Tak>Ke BOMpPOChl KaAMOPOBKM
ha3oBbIX M3MepeHUit B onTuke.PaccMOTpeHbl BOMPOCh MPUKAAAHOIO XapakTepa: M3MepeHue peaAbHbIX
nepemeLleHnin 06beKTOB B HAHOAMAMA30HE, ONPEAEAEHMS MX CKOPOCTM M YCKOPEHUS, @ Tak)Ke BOMPOCh!
BHEApPeHWsl pazpaboTaHHbIX METOAOB B 06AACTb NMPaKTUUYECKOro npumeHeHust. [puBeAeHb! pe3yAbTaThl,
MOAYY€EHHbIE MPU PeLLeHNN SKCMEePUMEHTAAbHbBIX M MPUKAQAHBIX 3aAayd C MCMOAb30BAHMEM METOAQ U
CPEACTB UMCAEHHOI O reTepoAMHMPOBaHMs. PazpaboTaHHas M3MepUTeAbHas C1CTEMA «MHTepdepPoOMETP-
hasomeTp», MO3BOASIET MCCAEAOBATb, B PEAAbHOM MaclUTabe BPEMEHU, CAOXKHbIE Mbe30Kepammnieckme
CTPYKTYPbl MCMOAb3YEMbIX B PA3AMYHbIX YCTPOMCTBAX B KaUeCTBe aKTI0aTOPOB.

KAloueBble cAOBa: Aasep, AMHelHOe MepemelleHre, HaHoAMarnasoH, WMHTepgepoMeTp, Yroa
asoBoro capura (YDC).
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Gabdullin M.T."2, Erlanuly E."?", Batryshev D.G."?
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Development of a nanoscale measurement system

The work is devoted to measuring linear displacements in the nanoscale, analyzing the features of
this kind of work, ensuring the unity of measurements and stability of the measured physical quantity, the
reliability of the results and their linkage to the State Standard. The criteria that must be met by methods
and means of precision measurements in the nanoscale, as well as methods and means for acquiring and
presenting the information obtained. The analysis of the main sources of errors is made and the results of
these studies are presented in [1]. The features of the construction of measuring systems, as well as the
problems of calibration of phase measurements in optics, are considered. The problems of an applied
nature are considered: the measurement of real displacement of objects in the nanoscale, their speed and
acceleration, as well as the introduction of the developed methods into the field of practical application.
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Pa3pa60TKa CHUCTEMBI UBMEPCHUA B HAHOAUAIIa30HE

The results obtained in solving experimental and applied problems using methods and means of numeri-
cal heterodyning are presented. The developed “interferometer-phase meter” measuring system allows
online investigating of complex piezoceramic structures used in various devices as actuators.

Key words: laser, linear displacement, nanoscale, interferometry, phase shift angle (PSA).
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HaHomaamanasoHAafbl ©ALLIey XKYHeCiH a3ipAey

2KyMbiC HaHOAMaMa30HAQ CbI3bIKTbIK, OPbIH aybICTbIPYAAPAbI OALLEYTe aPHAAFAH, OCbIHAAM XKYMbICTAp
TAaAAQYAAPbIHbIH, epeKLLeAIKTepPi OALLeYy TYTaCTblFbl MEH OALLEHeTiH (DM3MKAABIK, OALLEM TYPAKTbIAbIFbI
SKOHE HOTMXKEAEP HAKTbIAbIFbl MEH OAapAbIH MeMAeKeTTiK 3TaAOHFa GalAaHbICbIH KaMTamachi3 eTy.
HaHoamanasoHaa npeum3MoHAbI BALIEMAEP TOCIAI MEH eAiCTepiHe, COHAAM-aK, OpbIM TOCiAi MeH
8AiCTepiHe carKkec GOAYbI XKOHE aAbIHATbIH aK MapaTThiH OHAEAYIHE YCbIHbIAY LIAPTTAPbl KAPACTbIPbIAFAH.
Heri3ri kaTeAik ke3aepiHe Taapay XKacaAblHABL. ByA 3epTTeyaep HoTuxKeAepi [1] dKyMbICTa KeATipiAreH.
OALLeyAep KeleHAEPIHIH KYPbIAY epeKLIeAiKTepi, COHbIMEH KaTap OMNTMKaAaFbl (ha3aAblk ©ALLEYAEPA|
KaAnbpAey cypakTapbl KapacTbipbiAAbl. KOAAQHOAABI CHMATbIHbIH, CYPAKTapbl: HAHOAMAMA30HAQ HAKThI
06bEKTIAEPAIH OPbIH aybICTbIPYbIH OALLEY, OAAPAbIH, KbIAAAMAbIFbI MEH YAEYIH aHbIKTay, COHbIMEH KOCa
NMPakTMKAAbIK, KOAAAHbBIAY aliMaFblHAQ KYPAaCTbIPbIAFAH SAICTEPAI €Hri3y MaceAeAepikapacTblpbIAAbI.
CaHABIK, TeTepOAMHMPAAY KYPaAbl MEH SAICIH KOAAAHY apKbiAbl Toxipnbeaik >koHe KoAAaHbaAbl
ecenTepai llewy Ke3iHAe aAblHFAH HeTMXKeAep KeATipiareH. KypacTblpbiAFaH «MHTepgepomeTp-
hazomeTp» Kyieci yakbITTblH HaKTbl MacluTabblHAQ akTOATOp ecebiHAe 8PTYPAI KOHAbIPFbIAAPAQ

NanAaAaHbIAATbIHKYPAEAI Mbe30KePaMMKaAbIK, KYPbIAbIMbIH 3epTTeyre MyMKiHAIK Gepeai.
TyiiiH ce3aep: Aasep, CbI3bIKTbIK, OPbIH aybICTbIPY, HAaHOAMAMa3oH, MHTepcepomeTp, hasanblk,

SKbIAXKY Oypbitbl (DXKB).

BBenenue

Pa3zBuTHEe HAayKOEMKHX TEXHOJIOTHH HEMBICIH-
MO 0€3 CO31aHHsI BEBICOKOUYBCTBUTEIBHBIX METOOB
1 BBICOKOTOYHBIX CPEJICTB MU3MEPEHUI JIMHEHHBIX
pasMepoB M KOHTPOJIS NMPEIHM3MOHHBIX IMepeMelie-
HUI 00BbEKTOB B HaHoAMana3zoHe. [Ipu 3Tom 1omxK-
HBI OBITh JIOCTUTHYTHI MPEJIEIbHO BO3MOKHBIE CTE-
MEHH TOYHOCTH M OOECIeYeH COOTBETCTBYIOLIMN
METPOJIOTHYECKUN YPOBEHb.

[Ipenu3noHHOe M3MEpEHHE CBEpXMAaJIbIX Iepe-
MeIleHNH HeoO0XO0AWMO Ui MpoBeAeHUs (QyH7Ia-
MEHTaJIbHBIX paboT, CBSI3aHHBIX C CO3AaHHUEM HO-
BOTO TIOKOJICHHsI B3aMMOCBSI3aHHBIX OJTAJIOHOB B
00JIaCTH MEXaHWYECKUX U aKyCTUYECKHUX BEJINYHH,
IIPU MCCIICAOBAaHUH KBaHTOBO-pa3MepHBIX 3(ddek-
TOB, BBICOKOCTAOWJILHBIX HMCTOYHHKOB KOTEPEHT-
HOTO M3ITyYCHUS, KATMOPOBKH aKTIOATOPOB MHUKPO
1 HAaHOAMAINA30HA U KOHTPOJISI TEXHOTEHHO — OIac-
HBIX OOBEKTOB C IIEJBI0 OOECTIedYeHHs KOJOrnye-
CKOTO 0ajaHca OKpy>Kalollel cpeibl.

OntumaneHbBIM peIIEHHEM 3TUX IpobieM, B
JIOJITOBPEMEHHON TEpCIIEKTHBE, MOXKET CTaTh BHE-
JpeHHe B IPAKTUKY JTUHEHHBIX U3MEPEHUH METOHIO0B
W CPEJICTB ONTHYECKOH (J1azepHOI) MHTEphEepome-

TpuH-(azoMeTpun (HAHOMETPUH), OIHUPAIOIIUXCS
Ha (yHIaMEHTaJbHbIC KOHCTAHTBl U DTANOHBI (QH-
3UYECKHUX BeJMuuH [1, 2, 3].

®dazoBpic (MHTEPHEPEHITMOHHBIE) METOILI B
ONTHKE UCMONB3YIOTCA IS MU3MEPEHUH MpOoCTpaH-
CTBEHHO-BPEMEHHBIX HM3MEHEHHH BEJIMYMHBI pa3-
HoCcTH (ha3 — yria ¢dazoBoro capura (Y®C) B uH-
TephepeHIIIOHHOM T0JIe MEXKIY H3MEPHTEIbHBIM
1 OIIOPHBIM ITyYKaMH, OOYCIIOBJICHHBIX YaCTOTHOH,
MPOCTPAHCTBEHHOM WM TOJISIPU3ALMOHHON JTUC-
nepcuei u3nydeHus B pazoBom o0bexTe [3-8].

OnTuueckass (nasepHas) uHTepdepoMeTpus
— ¢azomeTrpust (HAHOMETPHS), COBMECTHO C BBICO-
KOpa3BUTOW TEXHMKOH (azomeTpuu paamoauana-
30Ha, JaeT BO3MOXKHOCTH CO3J1aTh BBICOKOTOUHBIE
M3MEPHUTEIbHBIE CUCTEMBI U 3AJI0)KUTh OCHOBBI IS
oOecrieyeHUs] €AWHCTBA JTMHEHHBIX HM3MEpPEHUH B
MHKPOMETPOBOM M HAaHOMETPOBOM [HAaINa3oHax, a
Tak)ke B PaJfo ¥ ONTHYECKOM JTHATIa30HAX

OT0 Aano BO3MOKHOCTh CO3/1aTh, HOBBIN KJlacc
N3MEPUTENBHBIX CPEICTB U METOJOB, OTBEYAIOLINX
BBICOKMM METPOJOTHYECKUM TPEOOBAHUAM HAHO-
TEXHOJIOTHH W 00JIAAAIOUINX IIUPOKUMH BO3MOXK-
HOCTSIMM JJISl y/IOBJIETBOPEHUS 3alIpOCOB HAYKH U
TEXHHUKH B 00JIaCTH BBICOKOTOYHBIX H3MEPEHHI, T.€.
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COOTBETCTBOBATh IIMPOKOMY CIEKTPY TpeOOBaHMIA
HAyYKOEMKHX TEXHOJIOTHi, B TOM YHCIIe HAHOTEXHO-
JIOTUH.

B nanHoii pabore pa3paboTaHa CTpyKTypa H
¢yHKIIMOHAIBHAs cxeMa (a30M3MEepUTEIbHON CH-
CTeMbl B HaHojuana3oHe. [IpoBeaeHO H3MepeHHe
peaNTbHBIX MIEPEeMeICHU 00bEKTOB B HAHOIHAIIA30-
HE W PacCMOTPEHBI BOIIPOCHI MPAKTUIECKOTO IPH-
MEHEHUS pa3padOTaHHBIX METOOB.

JKcnepuMeHTATbHAsl YCTAHOBKA

Ha ocHoBe anayin3a u 00Cysx/IeHIH ObLIa pa3pa-
Ootana smHeiiHas cuctema usmepenuit JIMC-01M.
JlaHHas cuctema BKIIIOYAET B ce0s:

— CTa0WJIM3UPOBAHHBIM re’aui-HEOHOBBIN
nasep;

— uHTepPEePEHINOHHBIA ONITHYECKHUHA TIpeodpa-
30BaTeb;

— (oronpuémuoe ycrpoiictso (PITY);

— JJIEKTPOHHO-(Pa30METPHUECKYIO
(30C);

CUCTEMY

— Omok
(BUI'b);

— uHTEpdeiic CBsI3M;

— MEPCOHANBHBIA KOMITBIOTED;

— TpOTrpaMMHOE OOeCIICUCHHE.

JINC obecrnieunBaeT paboOTy B PeKUME U3MEpE-
HUI nepeMmenieHnidi 4XB peallbHOM MaciTadbe Bpe-
MeHHU ImyTeM cueTta (a3oBbixX 1ukioB (DL) n nodas-
JICHHOTO K HMM TaK Ha3blBaeMoro yria asoBoro
casura (YOC) Ag:

BBICOKOYaCTOTHBIX TreHepaToOpoOB

N4 AP 4 (1),

rie N— dasosbie ukisl (N=0,1,2,3...,N), Ap — yron
(hazoBoro caBura.

Ontuueckas cuctema JIMCopencrapnser co-
0011 IBYTy4eBOi MOIM(PUIMPOBAHHBIH HHTEPPEPO-
meTp Maiikenbcona. @yHkimoHanbHas cxema JIMC
MpecTaBieHa Ha pUCYHKE 1.

13
{—
©_ @ 12
9 OTC

1 —mazep JIT'H 302; 2, 3- AOM,; 4, 5 —3epkana; 6, 7 — CBETOACTUTEIBHBIC JIEMEHTHI;
8 — oOpaser ¢ HaHECEHHBIM OTPaKAIOIIUM MOKpBITHEM; 9 — octmnorpad; 10 — horonpuémMHuK;
11 — mornorutens uHepabdouero myuka; 12 — DDC; 13 — TIK u/unu HOyTOyK

Pucynox 1 — CtpykrypHo-¢pyHkuuonansHas cxema JIMC-01M
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JINC obGnagaer nuana3oHOM H3MEpPEHUH JIMHEH-
HeIx mepemernernii 10°-102M, ¢ OUCKPETHOCTHIO
orcuéra 0,1 HM u ObICTpOJEHicTBHEM 00YCIOBJICH-
HOW BBIOpPAHHOW Pa3HOCTHOH 4acToToil. J{nama3oH
A0COJTIOTHOHM TTOTPENTHOCTH M3MEPCHUH, B 3aBHUCH-
MOCTH OT IMAaIa30Ha, YKJIaIbIBAETCS B IPOMEKYTOK
ot 0,5 1o 3 um. Takue TeXHUYECKUE XapaKTEPUCTU-
KM JAaI0T BO3MOXXHOCTh pellaTh IIUPOKUH CIEKTP
3a/1a4.

JKCcnepuMeHT U 00CyKIeHue

OnTuyeckuil My4yok, ¢ 4acTOTOH @ (HyJIeBOM
ITy4YO0K),IPOXO/IST 4Yepe3 TEpPBBIA MOAYISTOpP IO/
yriom bparra, mudparupyer Ha Geryiieii ¢ 4yacto-
TOH Q MM(pPaKIMOHHON pEINETKE, pasfienaach Ha
J1Ba Iy4Ka C 9aCTOTaMM 1 o+ Q (III0C TIEPBBIK
my4oK). Jlajsiee HyIeBOM ITyYOK MIPOXOIUT Yepe3 BTO-
poii MOYJIATOP € YacToToM L, o yrioM bparra n

Pa3sJIENACTCA ONAThH Ha JIBA Iy4Ka C 4aCTOTAMHU O
u o, Q, (MuHyc neppeii my4ok) Takum oGpasom,

CMEIEHHE. HM
160

150
140—

130—

10—
100—

40—

Ha Beixojie AOM MBI moiydaeM Tpu TMydKa: HyJe-
BOH, IUTIOC MEPBBII U MUHYC NEepBbIA.OIUH U3 MOy~
YEeHHBIX Iy4KOB (HaIllpuMep, TUIIOC MEPBBIi), aaas
Ha oOpasel U oTpaxasich, MOIy4aeT HHPOPMALIUIO
0 TIepeMenieHnsax o0beKTa B Buae Habera yria ga-
30BOro cusura A¢@ (MHQOPMAIMOHHBIA MYYOK);
JIpYyroil My4OK MPOXOJUT CBOH ONTHYECKUH ITyTb,
HE COIpPHUKAacasch C 00pa3moM (OMOPHEIN ITyYOK).
HyneBoli my4oxk mnorioumaercs JIOMOJIHUTEIbHBIM
ycrpoicTBoM (cM. puc. 2). [anee undopmManuoH-
HBII U OTIOPHBIN ITyYKH UHTEPPEPUPYIOT, TTagast Ha
¢doronpuemuoe ycrpoiictso (PITY). [Tocnenyroriee
BbIJIeJIeHHE MH(OPMALMOHHOTO CUTHANA MPOUCXO-
JUT Ha PasHOCTHOM vactore [ — Q| B DIIY. O6-
paboTka Mmoay4eHHOW WHPOPMAIUH TPOU3BOIUTCS
B CHEHUAIN3UPOBAHHOM 3IEKTPOHHO-(azomeTpu-
geckoit cucteme (DPC). DDOC mogkiIoUueH K mep-
coHanbHOMY KomIipioTepy. [IporpamMHuoe obecrie-
YECHHUE MO3BOJIAET B PEXKUME JIAJIOra OCYLIECTBIATh
cOOp M3MEPUTENBHBIX MAHHBIX, UX 00pabOTKy H
npejcTaBIeHUe B BUE, YI0OHOM IS TTOJIb30BAHUSI.

| ! | ! | ! |
34 35 36 37

BPEMA, MC

Pucynok 2 — I'paduik cMmerieHns: cBOOOTHOTO KOHIIA ITbE30CTONIONKA
IIpu nojiade cuHycounanbHoro koedanus (f ~ 1 x['m; U= 6 B)
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AxanoBa H.E. u np.

CHMEWEHHE, HM

100—

100 —

-200—

-300—

-400 —

600 —

-B00—

700—

1 U 1 |
1000 2000 3000

1 U 1 1 U 1
4000 5000 E000 7000
BPEMA. MC

|
8000

Pucynok 3 — I'paduk cmenieHust cBOOOIHOTO KOHIIA TbE30CTOIONKA
pu nojaye HanpspkeHus mwarom 10BB auanasone ot 0 1o S0B

Hwxe npuBeneHsl naHHbBIC, TOTYYEHHBIE C UC-
M0JIb30BaHUEM T'E€TEPOJIMHHOTO METOJa U3MEPEHUI
CMEIICHWIT B HaHOAWama3oHe. B wacTHOCTH, U3-
MEpeHHEe KOJIe0aTebHOTO CMEUICHHUS CBOOOHOTO
KOHIIA IThe30CTOIONKA TIPH TI01ade Ha HETO MOTYJTH-
PYIOILIEr0 CHrHAJIa PAa3JIMYHON YaCTOThI U (POPMBI.

BriBoj

Takum oOpa3oM, pa3paboTaH Ja3epHBbIA LHU}-
poBOi hazoMeTp, PabOTAIONINI B MIUPOKOM CITEK-
TpaJbHOM JMania3oHe, MpelHa3HauYCHHbIC IS Ka-
TMOPOBKM M aTTECTALMH Ja3epHBIX H3MepHUTeeH

JMHEHHBIX MEepEeMEIleHH, a TaKXKe ISl H3MEPEHHUS
aMIUTUTY/T KOJIEOATETBHOTO IBIKEHHS TTOBEPXHO-
CTH TBEPJOro Tena U, 00eCIeunBaOIINe eAUHCTBO
HM3MEpEeHU B HAHOMETPOBOM Juarna3one. Pazpabo-
TaHHAst N3MEPHUTENIbHAS CHCTEMa «HHTEp(epoMeTp-
(da3omeTp», MO3BOJSET HCCIIEA0BATh, B PEAbHOM
MaciTade BpeMEHH, CI0KHBIC ITbe30KepaMUYECKHE
CTPYKTYpBI HCIIONB3YEMbIX B Pa3JIMYHBIX YCTPOH-
CTBaX B KaYEeCTBE aKTIOATOPOB.

bnacooaprnocme.  Jlannas pabora BBIIOJIHE-
Ha TIpU Tojiepkke MuHHCTepcTBa 00pa3oBaHUS
u Hayku PecnyOnmuku Kazaxcran B pamkax rpanra
AP05133211.
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FACE DETECTION OF INTEGRAL IMAGE BY VIOLA-JONES METHOD

Research is devoted to investigate on human face detection by Viola-Jones method, the fastest and
effective methods of face detection. two Haar like features have been used to determine the area of the
eye, because it reduces the number of possible false positives in detecting these functions and increases
the accuracy of face detection. One of them measures the difference in intensity between the eye and
upper cheek area. The second function compares the intensity in the eye with intensity through the nose
bridge. It is shown that these two functions can determine the facial features with different sizes pattern.

Key words: Viola-Jones method, integral image, Haar cascade, face detection, MatLab.
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Buoaa-AXXoHC aaicimeH
MHTErpaAAbl CypeT apKbiAbl OeTTi aHbIKTay

KyMbIC GeTTi aHbIKTayAblH XXbIAAAM XXOHE TUIMAI dAiCTepiHiH 6ipi 60AbIN TabbiAaTbiH Broaa-
A>KOHC 8AiCi KemerimeH apam BeTiH AeTekTpAey 6oiblHLLA 3epTTeyre apHaAraH. Kes alfiMarbiH aHbIKTay
yLWiH eki Xaap byHKUMSCbI NansaaHbiAAbl, cebebi AeTekTpaey Ke3XiHae OYA yHKUMSAAAPADIH XKaAFaH
iCKe KOCbIAY CaHbl a3asiAbl XKaHe 6eTTepAi aHbIKTay ABAAIT apTaabl. OAapAblH Gipeyi ko3 ariMarbl MeH
6eTTiH, >KOFapFbl OOAIri apacbiHAAFbl KAPKbIHABIABbIKTbIH aibIpMaLLbIAbIFbIH OALLENAI. EKiHWI yHKums
K&3  aMaFblHAAFbl  KAPKbIHABIABIKTbI ~ MYPbIH  Kemipi  KAapKbIHAbIAbIFbIMEH  CAAbICTbIPAABI.
KepcetiareHaei, OyA eki (pyHKUMSHbIH KemeriMeH urypaHbiH apTYpPAi eAlleMAi cypetTeri 6er
KECKiHiH aHbIKTayFa 60AaAbI.

Ty#in ce3aep: Broaa-A>KOHC 8AiCi, MHTErpaAAbl cypeT, Xaap KackaAbl, 6eTTi aHbikTay, MatlLab.
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MUuTerpasbHoe M3obpakeHne
A€ETEeKTUPOBaHUU AULL MeTOAOM Buoabi-AxkoHca

PaboTa nocesieHa MCCAEAOBAHMIO MO AETEKTUPOBAHMIO YEAOBEYECKOrO AMLIA C MOMOLLIbIO METOAQ
BHOAbI-A>KOHCA, KOTOPbINA IBASETCS OAHUM M3 ObICTPbIX M 3DMEKTUBHBIX METOAOB OBHAPY XKEHUS AWML,
BbIAM MCMOAb30BaHbI ABe Xaap MOAOOHbLIX (PYHKUMU AAS OMpeAeAeHMst 06AacTM raas, Tak Kak
YMEHbLLAETCS KOAMYECTBO BO3MOXKHbIX AOXKHbIX CpabaTbiBaHMM 3TUX (DYHKLMM NPU AETEKTUPOBAHMM 1
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YBEAUYMBAETCS TOYHOCTb OnpeAeAeHns AL, OAHA M3 HUX M3MepSieT Pa3HULLY B MHTEHCUBHOCTU MEXAY
00AACTbIO TAA3 M BEpXHEN Lieku. BTopas yHKUMS CPAaBHMBAET MHTEHCMBHOCTU B OOAACTM rAa3 C
MHTEHCMBHOCTbIO Yepe3 MOCT Hoca. [lokazaHo, UTO C MOMOLBIO 3TUX ABYX (PYHKLMM MOXHO
OMNpeAeAnTb YepTbl AMLA C Pa3HbIMM pasMepamm PUCYHKa.

KAloueBble cAoBa:
ob6Hapy>eHue auu, MatLab.

Introduction

Face detection and recognition is an important
task of machine and computer vision. There are
many face detection algorithms [1-5]. One of the
fastest and effective methods of face detection is a
Viola-Jones method [6, 7]. This method is most
clearly different from previous approaches by its
ability to detect faces very quickly. The Viola-Jones
algorithm of a certain threshold value provides fast
detection and high accuracy. Average detection
accuracy is 97.41% as described in research [8]. A
large number of persons present in the image does
not affect the calculation time, as well as detection
speed. Calculation time increases when the image
has a big size and high density.

Viola-Jones method consists of three basic
object detection algorithms. The first is a new image
representation in the form of an integral image that
allows to evaluate objects very quickly. This
algorithm does not work directly with the intensity
of the image compared with the research [9]. But
like these authors a set of features are applied that
are reminiscent of the Haar basic functions. The
integral image can be calculated through applying
the multiple operations per pixel. Thereafter, Haar
like function can be calculated at any scale or
location in real time.

The second algorithm - a method of
constructing the classifier by selecting a small
number of important features applying AdaBoost
[10]. In any image subband total number of Haar-
like objects is very large, much larger than the
number of pixels. To provide fast classification, the
learning process should exclude the vast majority of
the available functions and focus on a small set of

MeTop  Buroabl-ArKoHca,

MHTErpaAbHoe M300pakeHne, Xaap Kackaa,

critical functions. As a result each stage acceleration
process that chooses a new class of weak, can be
considered as feature selection process. AdaBoost
learning algorithm provides an efficient and
powerful assessment generalizations efficiency.
The third important algorithm is a method of
combining successively more complex classifiers
into the cascade structure that rapidly increases the
speed detector, focusing on advanced areas of the
image. The concept of the focus of attention is that
often you can quickly determine where the object
may occur in the image [11-13]. A more complex
treatment is reserved only for these advanced areas.
research

Theoretical and

backgrounds

experimental

Viola-Jones method applies Haar like features to
identify the facial features. In order to reduce the
calculation time of these functions the integral
image representation is applied [6, 7, 14, 15].
Integral image representation — is the matrix, the
same size of the original image. Each matrix element
comprises sum of the intensities of all pixels located
to the left of and above the element. For integral
image matrix elements calculation the following
formula is applied:

i<x,j<y

Lxn)=

i=0,7=0

I1(i,]) (1)

where [ (i, _]) — the brightness of the source image

pixel. Figure 1 shows matrix of the starting and
integral image.

0 0 0 0 40 0 10 | 30 | 60 | 100

0 60 0 80 90 50 | 120 | 210 | 320 | 450

145 | — | 151 | 333 | 546 | 790 | 1065

156 | 167 | 178 | 189 | 200 307 | 656 |[1047 | 1480 | 1955
211 | 222 | 233 | 244 | 255 518 11089 1713 2390|3120

Figure 1 — Integral image
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By applying the integral images any rectangular
amount can be calculated in four references to the
array (Figure 2). It is clear that the difference
between the two rectangular sums can be calculated
in the eight references. Since the functions described
above with two rectangles connected with adjacent
rectangular sums, they can be calculated in six
references to arrays.

A B'

C D'

Figure 2 — Calculation of field D total intensity

The field D total intensity is calculated by the
following formula:
D=D'+4—-(B'+C") )

According to this formula we will calculate a
dark zone of integral image (Figure 3).

0 10 30 60 100
50 120 210 320 450
151 333 546 790 1065
A B
307 656 1047 1480 1955
518 1089 1713 2390 3120
C D

Figure 3 — Calculation of the integral image
total intensity

In this figure the area A consists of six (pixels),
respectively equal to the sum of the intensity field
333 (A'=333). Other areas are: B’ = 1065. C' =

1089 and D' = 3120. The total intensity of the field

D=D"+4-(B'+C')=3120+333-1065—1089=

1299. We check the correctness of the formula
applying the original image (Figure 4):

0 [ 10|20 | 30 | 40
50 | 60 | 70 | 80 | 90
101 | 112 | 123 | 134 | 145
156 | 167 | 178 | 189 | 200
211|222 233 | 244 | 255

Figure 4 — Original image

D =178+189+200+233+244+255=1299
that proves the correctness of the formula (2).

Face detection based Haar-like features (Figure
5). To find the location of a human face the eyes
need to calculate the function shown in Figure 5 (B).
This function measures the difference in intensity
between the eyes and the through upper cheek area,
because the eye area is often darker in comparison
with the cheeks.

Figure 5 — Haar Features

Scan all Haar primitives for one picture can be
time consuming. Therefore, through applying the
AdaBoost classifier, you can select the needed
primitives (Figure 6) [6, 7].
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Figure 6 — The first and second functions are selected by applying AdaBoost

Classifiers cascade algorithm provides
improved detection efficiency and significantly
reduces the calculation time. The critical
understanding is that they can be built smaller
and therefore more effective, increasing
classifiers rejecting many of the negative
auxiliary window when it detects almost all
positive specimens.

Simpler classifiers are applied to reject most of
the sub-window, before more complex classifiers

( All Sub-windows )
~\ up=win OWS//

are designed to achieve low levels of false positives.
The detection process general form is a process of
degeneration of the decision tree, that called
«cascading» (Figure 7). A first classifier positive
result starts the evaluation of a second classifier that
has also been adjusted to achieve very high detection
rates. Second classifier positive result from the
second classifier triggers the third classifier, etc. A
negative result at any point leads to the immediate
window rejection.

=T

T ;/ I%rther \‘,‘
N 4

Figure 7 — Schematic drawing of the detection cascade

Research result

We applied two Haar like features to define
facial features (Figure 8). Because the first function
measures the difference in intensity between the
area of the eyes and the upper cheek area, as the eye

ISSN 1563-0315

area is often darker in comparison with the cheeks.
The second function compares the intensity of the
eye areas with intensity through the bridge of the
nose.

These two features can define the scope of the
human eye. Applying one of them can not accurately
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determine the area of the face. Therefore, to increase ~ Figure 9 shows the determination result of human
the accuracy of the two functions were applied. face by applying Haar like functions.

|
(b)

Figure 8 — The first (a) and second (b) Haar like function to detect faces

(2)

Figure 9 — Human face detection
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The size and action threshold of these functions
were the same for the three faces as shown in Figure
9. In this case, the resolution between the eyes were
chosen identical. If the size of a human face is
different (smaller or larger), the size of Haar like
features to be changed. Here is an example of
different sizes of the same human face (Figure 10).

For the pattern of a size of 153 x 153 The first
function was used to size 57 x 36 and the second
function with the size 54 x 18. Figures with the size
230 x 230 and 307 x 307 for the detection of
persons using the first function to the size 85 x 54
and 113 x 72 respectively, and the second function
of the size of 81 x 27 and 108 x 36.

Figure 10 — Human faces detection in different Haar function sizes

Experimental results were obtained using
MatLab software environment.

Conclusions
The obtained results prove that the Viola-

Jones method provides face detection and the
image processing to obtain high processing

speed. By applying two Haar like functions
human face area can be detected. The use of two
or more Haar function increases the detection
accuracy. By varying the size of the Haar
function can detect faces of different sizes
pattern. Integral image reduces the processing
time upon detection of the face, because the size
of Haar like features more than 2 x 2.
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MCCAEAOBAHUE ABUXEHWNA NMPOBHbLIX YACTHUL],
B TPABUTALULMOHHOM NMOAE AKCMAABHO CUMMETPHUYHOT O
LEHTPAAbHOIO TEAA B KAACCUYECKOWN ®U3UKE

B ctaTbe paccmMaTpuBaeTCsl akCMAaAbHO CUMMETPUYHOE TEAO M MCCAEAYETCS ero BHYTpeHHee U
BHeLLHee TIpaBUTALMOHHOE TMOAE€ B paMKax KAACCMYecKon Teopun TaroteHus. B kauecTBe
Ae(POPMMPOBAHHOTO 06bEKTa MCMOAb3yeTcs cdepoma MakaopeHa Kak npumep OObEeKTOB C
OAHOPOAHOWM MAOTHOCTBIO M TBEPAOTEABHbIM BPALLEHNEM, CAEAOBATEABHO, aKCMAABHO CUMMETPUUHBIX
TeA. [paBUTALMOHHDBIN MOTEHLMAA BbIBOAUTBLCS M3 ypaBHEHUS [lyaccoHa AAS BHELLUHEro 1 BHYTPEHHEro
MOASI, YAOBAETBOPSIS TPaHUYHbIM YCAOBUSIM B LIEHTPE, Ha MOBEPXHOCTM TeAa U Ha BECKOHEUYHOCTH.
YpaBHeHue [TyaccoHa peLuaeTcs aHAAUTUUECKM M TOYHO, MPUMEHSS PYHKUMIO [pUHA M pasAOXKeHns Ha
chepryeckme rapMoHMKK (lwapoBble yHKUMM). [ToMMMO 3TOro, B KayecTBe npumepa NpUBOAMTCH
CLUMBaHMe peLlleHnin Ha MOBEPXHOCTM TeAa AAS MaAblx aecbopmaumii. B AONoAHeHMM paccmaTpuBaeTcs
KBAAPYMOAbHbIA MOMEHT A(POPMUPOBAHHOIO LIEHTPAABHOIO 0ObEKTA U MCCAEAYETCS €ro BAUSIHME Ha
ABVKeHME NMPOOHbIX TEA (YacTuL) B NMOAE AQHHOTO OObEKTa, T.e. pellaeTcs KBa3uKenAepoBa 3aAava B
uncaeHHOM Buae B nporpamme Wolfram Mathematica. BblAO Moka3aHo, UYTO UMCAEHHbIE PacUETbl
COOTBETCTBYIOT aHAaAMTUYUYECKOMY peLLeHUIO KBA3MKENAEPOBOM 3aAauM B 3KBAaTOPMAABHOM MAOCKOCTU
opbuThl. Takke OGblAM NMPOAHAAM3MPOBAHbI CMELLLEHUS! NEPUTreAMEB MAAHET COAHEUYHOM CUCTEMBI.

CraTbd npecAeAyeT Hay4YHO-METOAMYECKME W aKaAeMMUYeCcKMe LeAM W MpeAHa3HaueHa AA4
LUIMPOKOM ayAUTOPUM CTYAEHTOB, MarMCTpPaHTOB M AOKTOPAHTOB MO CMELMAAbHOCTIM hu3mka,
MeXaHMKa 1 aCTPOHOMMS.

KAroueBble cAoBa: rpaBMTaLMOHHBINA MOTeHUMaA, ypaBHeHue [lyaccoHa, cdepoma MakaopeHa,
KBa3nKernAepoBa 3apayua, KBAAPYMOAbHbIA MOMEHT, CMELLEHWNE MepUreAms.

Boshkayev K. A., Baiseitov K.", Brisheva Zh. N., Tlemisov A.

NNLOT, Al-Farabi Kazakh national university,
Kazakhstan, Almaty, "e-mail: b.kasymkhan@mail.ru

Investigation of the motion of test particles in the gravitational field
of axially symmetric central body in classical physics

The article deals with an axially symmetric body and examines its internal and external gravitational
field within the framework of classical theory of gravity. The Maclaurin spheroid is used as a deformed
body to represent objects with homogeneous density and rigid rotation, hence, axially symmetric bodies.
The gravitational potential is derived from the Poisson equation for the external and internal fields,
satisfying the boundary conditions at the center, on the surface of the body, and at infinity. The Poisson
equation is solved analytically and exactly, applying the Green's function and the expansion into
spherical harmonics (spherical functions). Moreover, the matching on the surface of the body for small
deformations is shown as an example. In addition, the quadrupole moment of a deformed central object
is considered and its influence on the motion of test bodies (particles) in the field of a given object is
investigated. The quasi-Kepler problem is solved numerically in the Wolfram Mathematica program. It
was shown that numerical calculations correspond to the analytical solution of the quasi-Kepler problem
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in the equatorial plane of the orbit. The perihelion shift of the planets of the solar system were also
analyzed.

The article pursues scientific, methodological and academic goals and is intended for a wide
audience of students, graduates and doctoral students in the specialties of physics, mechanics and
astronomy.

Key words: Gravitational potential, Poisson equation, Maclaurin spheroid, quasicleple problem,
guadrupole moment, perihelion displacement.
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ATYH3, oa-Dapabu at. Kasak, yATTbIK, yHUBEPCUTETI,
KasakcraH, AAMartbl K., “e-mail: b.kasymkhan@mail.ru

AKCHaAbAbl CHMMETPUSIAbI OPTaAABIK, A€HEHIH IPaBUTALLMSABIK, OPiCiHAEri
CblHAK, 66ALLIEeKTePiHIH, KO3FaAbICbIH KAACCHMKaAbIK, (DU3MKaAa 3epTTey

Makanaaa akCcMaAAbl CUMMETPUSIAbI AEHE KapacTbIPpbIAAAbl, COHbIMEH 6ipre OHbIH ilUKi >XoHe
CbIPTKbl FPaBMTALMSIAbIK, ©PICi KAACCUKaAbIK, hm3mKa LieHbepiHae 3epTTeAeai. AedopMalmsiAaHFaH
00bEKTI peTiHAE TbIFbI3AbIFbI OIPTEKTI >XOHE KaTTblAEHEAIK aiHaAybl 6ap MakaopeH cdeponabl
narAaAaHblA@Abl, OCbIAAMLLIA aKCMAAAbl CUMMETPUSAbI  AEHE KApacTbipblAaAbl. [paBUTALMSIABIK,
NMOTEHUMAA CbIPTKbI XK8He ilKi epicTep yiliH [1yacCoH TeHAEYIHEH LWbIFapblAaAbl, COHAQM-aK, AEHEHIH,
LeHTpiHAe, BeTiHAE >KOHEe LIEKCI3AIKTEri WeKTiK WwapTTap KaHaraTTaHAbipaabl. [yaccoH TeHaeyi [puH
PYHKUMACBIH >XeHe cdepanblk, rapMoOHMKaAapAbl (cdepanblk, (DYHKUMAAAPABI) KOAAAHY apKblAbl
QHAAUTUKAABIK, TYpAe AdA wellineai. COHbIMEH KaTap, MbICaA peTiHAe a3 AedopmaumsAap YLliH
AEHEHIH GeTiHAE iLIKi XKOHE CbIPTKbI WeWiMAEP XbIMAACTbIPbIAaAbI. byaaH 6acka, AedopMaumsAaHFaH
OPTaAbIK, AGHEHIH KBAAPYMOAbAbIK, MOMEHTI KapacCTbIpblAaAbl XXHE OCbl 0ObEKTIHIH BpiCiHAEr CbIHAK,
GOALLEKTEPAIH KO3FaAbICbiHA 9cepi 3epTTeAeai, sFHM KkBasukenaep ece6i Wolfram Mathematica
GarAapAamMacbiHAA CaHABIK, Typae wwellireai. CaHABIK ecenTeyAep KBasuKernAep eceliHiH, opOUTaHbIH
3KBATOPAbIK, >Ka3bIKTbIFbIHAQFbl AHAAMTUKAABIK, LIELLIMiHE COMKEeC KeAeTiHAIT kepceTiaai. CoHaamm-ak,

KYH >KYMECIHAEr MAaHeTaAapAbIH NMEPUTreAnii bIFbICY ©PHEriHe capanTamMma >KacaAAbl.
Makana FbIAbIMM, BAICTEMEAIK >KOHE aKaAEeMMSIAbIK, MakKcaTTapAbl Ke3AenAi >KeHe uU3mka,

MeEXaHMKa J>KoHe aCTpPOHOMMKS
AOKTOPaHTTapfa apHaAfaH.

MaMaHADbIKTapbl

GOMbIHILA CTYAEHTTep, MaruMcTpaHTTap MeH

Ty¥iiH ce3aep: rpaBUTaUMSIABIK MOoTeHUMaA, [yaccoH TeHaeyi, MakaaypuH cdepounabl, KBasmkaea

MaCeA€eCi, KBAAPYMOAb COTi, MEpPUreAMMAIH aybICybl.

BBeaenue

Kak HaMm wu3BecTHO, Teopusi TIpaBUTALUH,
chopmynupoBanHas HploToHam chpaBeqMBa B
ciiyyae cnaboB3aMMOJICHCTBYIOIINX I'PaBUTALIMOH-
HBIX IIOJIEH W MajblX, OTHOCHUTEIBHO CKOPOCTH
cBeTa, ckopocteil. Cpenn aabTepHATUBHBIX TEOPU

1
TOJIBKO JUIsl rpaBuTani Hetotona (n =2, —=—)
roor

BO3MOXHBI JIBWKCHUSI TaKHe, KaK MPOCThIE KPy-
TOBBIE, UIUIITHYECKUE, Tapa0dOoIMIecKnue U THIIep-
Oonunueckue (OpMBI OpOUT U HAOJIFOAaEMBIX
HeOECHBIX TeJ, PELIeHUs Ul KOTOPBIX, B paMKax
JAHHOW TEOpHH, Pa3NUYaeTCcsl B HAYaJbHBIX YCIIO-
BUSIX, TO €CTh B CKOPOCTSIX U KOOPIUHATAX MMPOOHBIX
TeJd. MOXHO YIIOMSHYTH 00 €Ie OJHOM 3HAaYCHUH
(n = -1,r), xoTopoe cOOTBETCTBYeT 3aKoHY ['yka,
YTO OIMCHIBACT M3MEHEHUS HATSKEHHE MPY>KUHBI.
B cnyuae n = 3 B cucteMe OTCYyTCTBYET YCTOM-
YUBOCTB: IPOOHOE TEJIO WM yAaJsieTcs OT LEeHTpa
Ha OECKOHEYHOCTh, WM MPOCTO, MPHUTATHBASICH,
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nazgaer B ueHTp. HecMoTps Ha 310 yxke B XIX Beke
TOYHOCTh ACTPOHOMUYECKUX M3MEPEHUH yBEIHYH-
J1ach HACTOJIBKO, YTO OOHApY’KMIJIOCH, YTO KJIACCH-
geckas Teopus rpasutanuu (KTI') HeroToHa Bce-
TaK¥ HE CTHIKyETCs ¢ HaOmoaeHusmMu [1].

Jlnist HarsigHOTO TpUMepa BhibepeM MepKypHid,
ommwkaiimyro k CoJHIly MIaHeTy, KOTopasl IBUXKET-
C DJUIMNTHYECKOH OpOuTe €O 3HAYUTEITHHBIM
3KCLUEHTPUCUTETOM, YTO MOKHO 3aMETUTh ITOBOPOT
OCH JJOCTATOYHO JIerK0. BuaHo 13 HaOII0 1eHUH, YTO
nepurenuii opouTel MepKypHs 3a OHY COTHIO JIET
cMmermaercs (moBopaduBaeTcs) Ha 574 yriIoBEIX ce-
KyHI B Ty K€ CTOPOHY, YTO U HAIpPaBICHUE ABU-
xeHus riaHeTsl. [loBopot Ha 531 yrioBbIX CeKyH-
Ibl 32 cTojieTue OblT JoKaszaH JlaBepbem, 4To naH-
HO€ CMEIIEHHE SBIISIETCS CIEACTBHEM BO3MYIICHHUS
(BNHSAHUMS) NIPYTUMH ILIAHETaMU, TJIaBHBIM 00pa3oM
3emiu, Benepsl u FOnutepa. MokeT nokasartbcs,
yTO ocTaBuvecs 43 yrioBble CEKyHABI B OJHY
COTHIO JIET 3TO MaJIeHbKas BEJIMYMHA, HO OHa He
JaBayia TIOKOosi acTpoHOMaM. CYHTanoCh, 9TO 3TO
pasHuila BHOJMHE Moryia Obl OBITh OOBSCHEHA
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npennonoxenueMm, uro ConHie He ecTh cdepa, a
cepous ¢ aKCHAIbHOW CHMMeETpHel (IIUIUIICOM
Bpartenus). Takol BEIBOJ CIEAYET U3 HaOII0qeHUI
3a TOJSPHBIM M SKBAaTOPUAIBHBIM BpaLICHUEM
Comnnna. Ctano U3BECTHO, UTO CKOPOCTh BpaLlCHUS
Ha TIOJII0CaX MeJJIeHHee, YeM Ha 3KBaTope, 4TO U
MPUBOANT K CIUTIONIEHHOW (opme CoiHIA, 4TO U
SIBJIIETCS IPUYUHOMN TOMOJHUTENBHBIX COCTAaBIISIO-
nx B HeroTroHoBckoM moteHnuane [2]. Ho, maxke
yuér nepopmanmu CoJHIIA HE CMOT MOIHOCTHIO
pemuTs podaemy 43 yTIOBBIX CEKYH[] B CTOJIETHE.
TonbKO ¢ MOSBIEHWEM HOBOHM TEOpUU TPaBUTAIIUH
OBUIO BO3MOXKHO OOBSICHHTH HAOIOJATEeNbHBIC
aHOMAJINH B CMEIIEHUH niepurenus Mepkypus [3].

Ha ceropnsmamii neHs Oonee OOIIEPUHSATOM,
HAJSKHOW M OJHOBPEMEHHO JKCIEPHUMEHTAIHEHO
IIPOBEPEHHON TEOpPUEH TpPABUTALUU  SIBISETCS
obmas teopus orHocurenasHocTH (OTO) AnpbepTa
OiHmTelHa, KOTOpas Obuia chopMmyiMpoBaHa B
1916 rony. B nmureparype OTO takxe u3BecTHa Kak
penaruBuctckas Teopust rpasurauuu (PTT). Ilo
cnoBam Jlaungay JI.JI. [4] «Ona siBisieTcs, moxany#,
caMOW KpacWBOW M3 CYIIECTBYIOMIHNX (PU3NIECKHIX
Teopuil». I'maBHBIE OTIMYMSA TEOPUM TpaBUTALUU
HrproToHa 1 DHHIITEHA COCTOST B CIEAYIOLIEM:

1. B KTT' Tp€xmepHoe MpOCTpaHCTBO U OJIHO-
MepHOE BpeMs a0COIIIOTHBI, 1 OHH HE 3aBUCST JPYyT
ot npyra, a B PTI" mpoctpaHcTBO 1 BpeMst 00pazyioT
OIHO LEeN0€ — YETBIPEXMEPHBIH IMPOCTPAHCTBO-
BPEMEHHOUI KOHTHUHYYM.

2. B KTT mpocTtpaHCTBO M BpeMs BOJM3U Mac-
CHUBHBIX T€J €BKJIMAOBOE, Toraa kak B PTIT mpoct-
PaHCTBO-BPEMs UICKPUBJICHHOE.

3. B KTI' B3aumopeiicTBre Tiepenaercss MrHo-
BEHHO, T.€. CKOPOCTh paclpoCTpaHeHus] OECKOHEeU-
Ha (Tak Ha3pBaeMoe nanbHOAcicTBHE), a B PTI
MaKCHUMaJlbHasi CKOpPOCTh B3aUMOJCHCTBUS HE
MPEBBILIAET CKOPOCTH CBETA B BAKyyMe.

4. KTT' sBnsercs npenenbHbIM cinydaeM PTI
JUTSL MAJTBIX CKOPOCTEH M CIaObIX TPaBUTAIMOHHBIX
nonei, T.e. KTT He MOXKeT NpaBUIbHO ONTUCATD IBU-
JKEHHSI TEJI, CKOPOCTh KOTOPBIX OJIM3KA K CKOPOCTH
cBeTa. JTO UCXOJUT KaK CIEeICTBUE TOTO (DaKTa, 4To
ypaBHEHUS NBIKeHHS HbIOTOHAa HE WHBapUAHTHEI
10 OTHOIICHUIO K MpeoOpa3oBanusiM JlopeHia.

5. KTT Takxe He MOXET NMPaBUIBLHO XapakTe-
pY30BaTh CHUJILHBIC TPABUTAIMOHHBIC IIOJISI KOM-
MaKTHBIX OOBEKTOB, TAKUX KaK HEHTPOHHEIC 3BE3-
JIbI, 9EPHBIC IBIPHI U T.J. B CICACTBUH ITyHKTOB 2 U
4 [5].

6. B KTT Tena B3auMoJIeiCTBYIOT TOCPEICTBOM
Maccbl, a B PTI' mocpencTBoM 3Hepruy, T.€. 31eCh

TOXKJIECTBEHHOCTh  MAaCChI
3yMEBAIOTCS 110 YMOIYAHHMIO.

7. B PTI" rpaBUTaniuOHHOE T0JI€ BpaIIAIOIIEro
TeNa OTAMYAeTCs OT KJIACCHYECKOro aHajora, Tak
KaK BpallleHHE TeHEPUPYET AOTOIHUTEIbHOE TPaBU-
TAI[MOHHOE TI0JIe 3a CYET IHEepruu BpamieHus. [lan-
HBIH 9 ¢eKkT B nuTeparype u3BecTeH Kak dddekt
Jlenze-Tuppunra wnm 3¢pGHeKT yBIedeHHE CHCTEMbI
oTuéTa [6].

8. B KTI' oTcyTcTByeT NHOHATHE 3aMEIJICHUS
BPEMEHH B CHIIy MyHKTa 1, T.e. Bpems Be3ze mpo-
TEKaeT OJJMHAKOBO, a B PTI" nanubIi 3QdexT nposB-
JsieTcsl HE TOJBKO MEXKAY IBMKYIIUMCS U CTaTH-
YecKMM HaOmogaTeneM, HO U B MPHUCYTCTBHHU
IPaBUTALIIOHHOTO MOJIS.

9. Bce xmaccuueckue 3¢pdexts OTO, BO3HUK-
mue B pesynbrare obobmenuss KTI: cmemenue
nepureiaus MepKypus, OTKIOHEHHMSA Jydya CBeETa
BOym3u CoJslHIIa U TPaBUTALIMOHHOE KPacHOE CMe-
meHue (TPaBUTALMOHHOE 3aMeIJICHHE BPEMEHH)
OBUTH IKCIIEPUMEHTAIFHO MOITBEPKICHBI aCTPOHO-
MaMH U acTpOPHU3UKAMU.

[Tostomy OTO siBisieTcst HauboJee MOTHOHM Teo-
pueit rpaButanud. B 100aBOK CleayeT OTMETHUTh,
gyro B OTO cymecTByloT 0OBEKTBI Kak 4EpHBIC
IBIPbI, TPaBUTALIMOHHBIE BOJHBI U Oojee HK30TH-
4yeckne OOBEKTHI, aHanoroB KoTtopeix Her B KTT
Hrrotona [2, 12 rmaBa, 7-9]. Tem He MeHee, st
JOCTH)KEHUS LIEIHM CTAaThU JOCTATOYHO HCIOJIB30-
Batb KTI' HrloTOHa B BUIY CIOXHOCTU U HENHU-
HelHOCTH ypaBHeHnd Ovmmreiina [10, 11]. Ilos-
TOMY BC€ BBIKIaAKH OyIyT TNPOU3BOAUTHCA B
pamkax KTT.

CraTbst OpraHu30BaHa CIeAYIOINUM 00pa3oM: B
NepBOM pazfene pemaercsi ypaBHeHue Ilyaccona
ne(OpMUPOBAHHOTO TENa U HAXOAUTCS BHYTPEHHUIH
MOTEHIMaJl TPaBUTAIIOHHOTO Tela, BO BTOPOM
paszerne Takxke pemaercs: ypasHenue [lyaccona Bae
Terna. B TperbeM paszzene, B KauecTBE MpHMepa
MPUBOJUTCA METOJUKA CIIMBAaHUS BHYTPEHHETO U
BHEILIHETO PEIICHH, B YaCTHOM CIJIydae, KOT/1a y4u-
ThIBaeTCs TOJBKO Macca U KBAAPYMOIbHBIII MOMEHT
TeJa, a MOMEHTBI 00JIee BEICOKOTO MOPsIIKAa MaJIoc-
TH TpeHeOperatorcsa. B ueTBépToM pazaene KBasu-
KeIjiepoBa 3ajiadya paccMaTpUBaeTCsl YUCICHHO A
MPOM3BOJIBHOTO IMPOOHOrO Tejla M PE3yIbTaThl
MpeNCTaBIAI0TCA Tpadudeckn. YucieHHsle pacyé-
TBHI COTIOCTABIISIOTCS] C aHATUTHYECKOH (OpPMYIION.
B msaToM pasnene mpou3BoAnTCS aHATN3 (OPMYIIBI
CMEIIEHUS TEPUreNNs TIaHET COTHEUHOM CCTEMBI.
B 3axit04eHnu NpUBOISATCS OCHOBHBIE PE3YJIBTAThI
WICCIIEZIOBAHUS U TIOABOJUTCS UTOT.

W DOHEprum Tmojpa-
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BuyTpeHHee peleHHe ypaBHEHHSl I'PaBHTAa-
LHHOHHOI'O MOJIsI

YpasHenue rpasutaimonHoro nosst (Iyaccona)
B KTT 3amaé€rcs B cnemytomem Buze 5]

Ap=4nGp, (1)

rie A — oneparop Jlamnaca, ¢ = ¢(x,y,z) — rpa-
BUTALMOHHBIN moTeHiuan, G — rpaBHTALMOHHAS
nocrosiuHas, P = pP(X,y,z) — IIOTHOCTb pacrpe-

neneHus macc. ClemyeT 3aMeTHTh, 9TO YpaBHCHUE
[lyaccona sBnsercs NpeAeNbHBIM CIydaeM YpaB-
HEHUU rpaBUTAUMOHHOrO nojs DiHmreHa B OTO
JUTS. MaJIbIX CKOpOCTel u ciaObix mosiell. Meromnka
pelieHus ypaBHeHWH OWHINITEHHa Tpedyer TIiiy-
OOKOTO 3HAHUS B TEH30PHBIX HCYHCICHUAX |
muddepeHnnanbHoll reoMeTpun. Bce wu3BecTHBIC
TOYHBIE PEIICHUs] YPaBHEHUH OIS TIEPEUHCIICHBI B
MoHorpacduu Stephani et al [12] u B Tpynax [13-17].

Paccmorpum pemienune ypaBHenus Ilyaccona
JUTSI aKCHAITbHO-CUMMETPHYHOTO Tena. M3BecTHO,
YTO B IPOU3BOJIBHON TOUKE {x, ¥, Z} BHYTPH OJTHO-

pomHoro cdepoupa (dumMNCOWAA), T.e. JUIA
£ = COnSt , TpaBUTALIMOHHBIN TOTCHIIUA ABJISCTCS
KBaJgpaTHYHOH (YHKLUMEH KOOpAWHAT U oOIuee
pemenue ypaBHeHHS [lyaccoHa MOXXHO HCKaTh B
cnemytomeM Buge [18-19]:

@ =-1Gp(dy — AX* = 4,y" — 42°), (2)

IJIe TOCTOSHHbIE A 3aBHCAT TOJBKO OT (HOPMBI

SIUTIICOUA, U ZAI. =2, KOTOpHIH CIEAyeT W3
=
ypasueHus (1).

1 1

UToOBl yNpPOCTUTH CIIOKHBIE MaTEMaTUYCCKUE
BBIYHCIICHUS i1 ypaBHEeHHs (1) MOKHO 3amucaTh
obmee pemrenue. [lyiss ATOro BBEIEM CUCTEMY
KOOpPIMHAT C HAYaJllOM B TPOU3BOJILHON TOYKE
BHYTpH cHcTeMbl. [I0TeHIIMAI TOJIsA, CO3/1aBaeMOro
BCEMH TelaMM B TOYKE C DaJdyC-BEKTOPOM 7 ,

paBeH:
m
J— a
p=-GYy ——, 3)
|7 =7, |
rae ma, f'a — Macca U paanyC-BCKTOP YaCTHULBI C

HOMEpaM ( COOTBETCTBEHHO.

MO’KHO 3aMEHUTh CYMMHPOBaHHE HWHTETPUPO-
BaHHEM M0 00BEMYy, €ClIM Macca pacHpeaesicHa
HENpEepbIBHO U OrpaHuyeHa B oobeme V'

Gpj 4)

Ir—

rae HepeMeHHaﬁ
3
d’x'=dV' =
WHuTerpan B chepuveckux KOOPIHMHATAX UMEET
BUO.

UHTETPUPOBAHUS
dx'dy'dz" ectw anement o6bema.

y Rrz2r 42 1 1
r drs1n9d9d
I =[] Lo
|7 =7 99 |F =7
e 0<7r'<R,0<0'<7,0<¢'<27 , B CBOW

ouepenb R =R(l9') OIpesieNisieTCss Yepe3 ypaBHe-
HHSl TIOBEPXHOCTH O3JUIMIICOMAA BpamieHus (CM.
nanee ypasuenue (10)) [5, 18].

3HaMeHaTellb NPEbIIYINEro BBIPAKEHUS pac-

KJIJbIBAETCS MO0 OPTOTOHAIBHBIM (PYHKIHAM Kak
[20]:

15 ngeon-

= = = =
|7 =7 \/1”2—2rr'cos;/+r'2 » P S =
r1=2[ — |cosy +| —
r

V=0

=_z(] (cos8) B (cos8') + m;%ﬁ”(cos0)P,”’(cos@')cos(m(go—(o')), (;«j,

T7ie BCE KOOPAUHATHI (pasinyc BEKTOpa U YTJIbI) IPUBEICHBI HAa PUCYHKE 1.
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AZ

B

1 1 1 1

|7—7’|_ 2 =2rr cosy +r'? - S e
\/ 4 1- 2( )cosy+[r)
-

- L3 () nesoyn(eoso) +zz(’ (o (st 7 (ss)eos(m(o=g). [21).

\‘|,_

1=0 m——l

rne  B(cosf) - mommmomsl Jlexamnpa, a [TockonbKy HaC HHTEPECYIOT TOJILKO aKCHAILHO
CUMMETPUYHBIC pEIICHHUs, TO aBTOMATHYECKU
MOJKHO TIPeHEOpeYb YWICHAMH, 3aBUCSAIIMMH OT YIJia
@ . Torna snamenarens (5) 6yzer B Buze [20]:

Bm(cosﬁ) —  TIPUCOEAUHEHHBIE  MOJMHOMBI
Jlexannpa [21, 22].

1 0 l
] =ZF,MP(COSG)P(COSH) npu (r<r'), (6)
=0
|r i Z B(cosH)P,(cosﬁ'),npn (r>r". (7
=0t

IToacrasisist B ypaBHeHHE (4) M MUCTIONB3YS ChepUIeCKUe KOOPAMHATHI, TIOTydacM:

=_GpZP(cose)j “dp| P(coso)] [ ,:dr'+jR”r” (8)

7

Crnemyer 3aMeTMTh, 4YTO BHYTpM  Teja
0<r,r< R(H') , TIOOTOMY TIPM MHTETPHPOBAHUH
HEOOXOMMO OBUIO Pa3/euTh HWHTErPAT Ha JIBE

yactu ¢ mpegenamu 0 <7 <r u r<r'< R(E") )

3ateM, HPOUHTErPUPOBAB BBHIPAXKEHHE II0 ¢ U
2

YMHOXHB CKOOKH Ha 7'~ IIOJIyqHM:

p=-21GpY B(cost)[ B(cost)] [ Md [ ”M dr' ' sin @' do) ©)
=0
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3,[[601) CJICOYyCT y4eCTh, qTo
i
B(cosh) = +d—l(cos2 0-1) .
2''d(cos8)

3aMeTHM, YTO BCE YWIEHBI C HEYETHBIM / BbINa-
JAI0T, Tak Kak P, sBisercs HedeTHOM (yHKuueit

cos®’, B To Bpems kak R(O') — uétHas yHKIHMSL.
Cpenut HHTErpaIoB OTIMYHBI OT HYJISI TOJBKO T.€., B
kotopeix [ =0 wma [ =2 . B 3T0OM MOXHO
yOemuThCs, paccMoTpeB Bbipaxenue s R(6') ,

KOTOpO€ HAaxXOIUTCS W3 yPaBHCHHS IMOBEPXHOCTH
AJUIUATICOU A BpalieHus 5]

x2 + y2 Z2

+—=1,
a2 02

(10)

rae a u ¢ OoJbluas ¥ Majiasi OIyOCH dIUIUIICOUA,
KOTOpbIE IIOKa3aHbl Ha pucyHke 2 (a). C nmepexogom
B c(heprdeckre KOOpIUHATEI

x=R(6)sin @ cosg,

y=R(#)sin&'sin g,
z=R(0)cos ¥,

(11)

YPaBHEHUE NOBEPXHOCTH NPUHUMAET CIENYIOIUN
BH/L:

sin’ @' N cos’0' 1

@ (12)

P

S . . A

TTTES

(©)

Pucynok 2 — (a) crutiocHyThIi cheporn d > C, (6) npomonrosartsiii chepoun d < C

COOTBETCTBEHHO M3-3a DTOW 3aBHCHMOCTH, T.€.
M3-3a COOTHOIIEHUS OPTOTOHAIBLHOCTH, BCE YJICHBI B

cymme ¢ [ >4 crenenu cos@' obpamarorcs B
HYJIb [IPU HHTErpHpOBaHuu. VITak, MbI HMeeM:

r M ] r]/"2 1 R(B') 1 1 1
¢=-27Gp jo sin@ IOTdr +J’r r'dr'bde'+

(13)
300520—1 T 2 o rr'4 ) R(g')l"z o , ,
J{T]jo (3cos’ @'-1) jo —dr +L —dr'tsin@'do
HuTerpupys no *' nomydaem:
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2
7

¢p=-"2rGpy——

2
r 2 L
T 6‘—1).[_1(3t ~1)| 1+5mn

roe t=-—cos@' Torma mociie HEKOTOPBIX
HECJIOKHBIX MaTEeMaTUYECKUX BBIYMCIICHAN
2 2 2 2

a‘Al-e

I[anee, nepexonda K ,I[eKapTOBOﬁ CUCTEMC

z
3aMCHAA  OJIA  3TOro cosfd=— u
r

KOOpAWHAT,

rr=x"+ y2 +z° , U cpaBHUBas ¢ (2), HaxoauM
kod(pummenTs! [23]

4= 2a°1-¢*

l—e . l1-e
———arcsine————
e e

arcsine ,

A =4 =

2 2
b=—nGp 2a°\1-e

[ToBenenne ko3P PUIHIEHTOB A s manoit
2
nedopmarym ~ e :

2
4, =247 1-5|;
2
A=a =212,
2
A3z§ 1+2% : (18)

+_
3 2

arcsine + %(3 cos’d—-1)

arcsin e — — arcsin e —

NIy

J-l dt
11+(1—12jl‘2

(14)

I
| —
+
TN
ol —
|
| —
~
N
~
(i8]
S

UHTETpall NPUMET OKOHYATCNbHBIA  BUA B
cthepudeckoit cucreme koopauHar [23]:

3 arcsie — 2

e

_ 2 _ 2
34l—e 3—-¢ (15)
e

2
Ay =2——-2———arcsine ,
e e

IJIe DKCICHTPUCUTET JJUIUIICOMJA BpAIICHUS, IO
OIIPE/ICIICHHIO, PABEH:

e =1-— (16)

[oxacrasmsst xodddunmenTtsl B (2) modydaem
OKOHYATENIHBIM BHJ BHYTPEHHETO MOTEHIHANa B
JEKapTOBOM cUCTEME KOOpAWHAT

\/1—62 1—62 ( 2
e

arcsine |z°

OTU BhIpaXeHUs OyIyT HEOOXOIUMBI B Jalib-
HEeHIeM i1 TMPOBEPKH YCIOBUSA CITHBAEMOCTH
BHYTPEHHEr0 IIOTEHI[MaJa C BHEIIHMM IIOTCH-
uuaioMm [23].

BHeminee pemeHue ypaBHeHHsI TpaBHTa-
IHOHHOTO MOJS

Brruncnenne BHEIIHEro MOTEHIMAIa aHAJIOT Y-
HO BHYTpPEHHEMY NOTeHUHany. s 3TOoro Hy»XHO

NpHHATH Bo BHMMaHue ycinopue 0 <7’ < R(@') <r
, TorJa uHTEerpa (9) 3anuimeTcst Kak
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(DI—ZﬂGpZP(COSH)I P(cosH‘)I rr

1+2

—dr'sin@'d¢’

(19)

!
OueBUIHO, YTO HHTETPUPOBAHKUE TI0 7' HE COCTABUT 0c0OO0T0 Tpyaa

27GP &

¢:_

Onnako uWHTErpupoBanue mo cos@' me Ttax
TPUBHAIILHO M PellieHHe OyIET IIPECTaBIATh COOOM
CXOISLIUICS Psil

(ozégﬁpa cZP(cosﬁ)%[ j 21

[+1)1+3

rae [ Teneps NPMHHMMAET TOJNBKO YETHBIE YHCIIA.
Crnemyer MOMUYEPKHYTH, YTO 3/€Ch, TPEKIE UYEM
MPOMHTETPUPOBATh, CHAYada HYXXHO OTKPHITH
CyMMy XOTSI OBl JJIsl TIEPBBIX JECATH ClIaraeMbIX,
YTOOBI YCTAHOBUTH OOIIYO TeHACHIUIO ((hopmyty).

—MiJ,( jP(cos@)——— 1-

ITokaxem, uto ¢opmyrna (24) SKBHBaJEHTHA
bopmyie BHEIIIHETO [OTEHIIHaNa UL
nepopmupoBanHoro Tena w3  Jlammay JL.,
Jluprun E.M. [4] npu [ =2 . Torna kodddurment

J, ¥ moTeHnman ¢ npuMyT BUJ

1
J2=gez,
GM(. 1 ?
px——|1——¢ (EJ P(cosO) | . (25
r 5 r

3anumieM Teneps MPUOMMHKEHHBIA TOTEHITHAI
u3 Jlannay JI.JI., Jlupmm E.M. (Tom 2 §41 u §99)
(4]

, (26)
—— P,(cos Q)J

ISSN 1563-0315

1 -1
P(cos@)———| P(cos@")R"(0")d cosO'
/Z_o: ’(cos )(l+3)rl jl ’(cos ") (6@")d cos

(20)

Tonpko TOCHE 3TOro HEOOXOAUMO TPOHMHTET-
PHPOBATh KAXKIYIO ClIaraeéMyro MO OT/IEIBHOCTH U
CHOBa coOpaTh B €AMHYIO CYMMY.

3Has MOTHYI0 Maccy dJuTrIiconaa [S]

M= 4Tﬂpazc, (22)
Y BBeXI HOBYIO BETTMUHMHY Kak [23]
!
3(—1 ?—1
(R )

J o=\
N ()

BHEIIHUY MMOTSHIIAAT OYET MMETh CJICIYOIIUNA BHT

24

iJ,( j B(cos0)

1=2

raie D — KBaapynojbHbIi MOMEHT 3JUIHIICOMIA
BpalllEHUs, OIPEEIICHHBIN

D=D_=-2D_= —2Dyy , (27)

KakK KOMIIOHEHTAa TEH30pa KBaJApYIIOJbHOI'O
MOMEHTa

D, = [ pGxx, —r*8,)dv (28)

CyMMa JWaroHaJIbHBIX 3JIEMEHTOB KOTOPOI'O paBHa

D,=0,rme i,k=1,23.u x,=x,x,=y,x,=z.
CrnenoBarelbHO
D=D_= j P32 —r*)dV =
(29)
= pj (22° = x* = y*)dxdydz

BriOupaem ocu KOOpIAMHAT BAOIH OCEH AIITHUII-
coufia ¢ HayajoM B ero uentpe. [IpeodpazoBanuem
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x=xa, y=ya, z=Zc (30)

UHTETPUPOBAaHUE IO O00BEMY OSJUIMIICOMIA, T/
ypaBHEHHE MOBEPXHOCTH MO-TIPEXKHEMY
onpeaensiercs yepes (10)

1—x?—y2 [y
2
D=pac J. I
1wy [1_y2 -1

JaHHBI MHTErpan Takke MOXHO JIETKO BBI-
YUCIUTh B c(EpUUecKOr cucTeMe KoopauHat. B
M000M Cilydae MOJTYYHUTCS] OJMHAKOBBIN pe3yabTaT

[4]

D=8—”pazc(c2 —az) =
15 (33)

2
=—-=Ma’e’ =-2Ma’J,
5

Ortcrofia BUIHO, YTO JJISI CILTIOCHYTOTO DJUIHII-
comta c<a , D<0 wu mig npoxoiroBaroro

2
¢z—3Gj2V[ 20| 1-S 2
4a‘c 3 3

2
2 c
TJIe Io-TpexHeMy e~ =1——-.

a
Urak, 3Has mnpuONMKEHHOE pelleHHe BHYT-
PEHHETO TMOTCHIMAla, €r0 MOXHO CHIMTH (CpaB-
HUTH) C BHEUTHUM pEIICHWEM B JIFOOOW TOYKE Ha
MOBepXHOCTH cepouaa. Jlias MpocToThl paccMoT-
PHM TOYKH, KOTJA PAJNyC-BEKTOP MPUHUMACT OJTHO

1
J‘(chZQ _ a2x!2 _ aZyrZ)dxldyle!

l—é (x2+y2)—§ 1+2% 22|,

X+ y2 + z _1
a’ c? ’
CBOJIUTCSl K WHTETPHPOBAHHUIO TI0 00BEMY cepsl
pammyca 1
x!2 +y12 + Z!2 :1

€2))

TOTIa

(32)

smaniconaa ¢ >a , D >0 . ToxcraBuB KBaapy-
MOJBHBI MOMEHT B YypaBHeHHE (26), MOXHO
YBUIIETb, YTO PELICHUS SKBUBATICHTHBI.

CumBaHMe  BHYTPEHHEro
BHEIIIHUM pelieHHeM

peuieHust ¢

[Ipubnmxk€nHoe pelieHne A BHYTPEHHETO
HNOTEHIMANA JJUIMICOUAA IPU MalblX € ObUIo
[IOKAa3aHO B MEPBOM paszzerne. OKBUBAJICHTHAas
3aIMCh B IEKAPTOBOM CHCTEME KOOPUHAT:

34
5 (34)

U3 cleayrmoummx 3Hauenuit r(x,y,z)=r(a,0,0) ,
r(x,y,z)=r(0,a,0) wmm r(x,y,z)=r(0,0,c). B
olmieM ciydae MOXXHO BBIOpaTh JIOOYIO MpOM3-
BOJILHYI0 TOYKY Ha TIOBEPXHOCTU JJUTUIICOUA,
3amanHoi ypaBHeHueM (10). s HarmsimHOTO TIpH-
Mepa BBIOMpaeM TMOCHCIHUA BapuaHT r(x,y,z)=

=r(0,0,c) B 3TOM ClIy4ae BHyTPEHHUI TOTEHIIMAI

3GM e 1, 2 GM [, &
pr——7 | l—— || 1+ — | |m ——| 1 —— |, (35)
4a-c 3 3 5 c 5
GM(. 1 1
COOTBETCTBEHHO MPHUOJNMKCHHBIA  BHEIITHHUN pr— l—ge2 [ﬁj 5(300826’—1) ~
noteHiman (25) B paccMaTpuBaeMoOd TOYKE C ¢ (36)

z
yuérom cosf = — =1 Oyner paBeH
r

92
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Otcrona crnenyer, 4YTo BHyTPEHHUNA M BHEIIHUN
MOTEHIIUABI Ha TOBEPXHOCTH JJLTUIICOWAA CIIH-
BaIOTCS IPU MAJIBIX € , T.€. MPUOIMKEHHO. DTO CBsI-
3aHO C TeM, YTO PEIICHUE Il BHyTPEHHETO MOTEH-
[[MaJia 3alKChIBACTCS C MOMOIIBIO 3JIEMEHTaPHBIX
(YHKIMIA, TOTJa KaK JUisi MyCTOTO IPOCTPaHCTBA
OHO MMEET BUJ CXOMASAIIETOcss OECKOHEYHOrO Psija,
TOYHOCTH KOTOPOTO OIPEIENISICTCS KOJIHMYSCTBOM
MOCTIEAYIONINX CJIaraeMbIX B CyMMe, T.€. 4eM OO0JIb-
e CclaaraeMbIX, TEM BBIIIE TOYHOCTH. K coxa-
JICHUIO, BHEIITHUH TIOTSHIIMAJ HUKAK HE BBIPAXKaeTCs
yepe3 dJieMeHTapHbie (QyHKOuH. [lostomy mpu
CIIMBAaHUHU PEUICHUN TPUXOJUTCS 3alaBaTh (Tpe-
00BaTh) ONpe/IeIIEHHOE TPUOIIKEHIE.

KBa3I/IKeHJ'Iep0Ba 3agavya

B sTOM pazzmerne paccMOTpHM KBa3HKEIIEPOBY
3amauy B KTI'. Ecnu keriepoBa 3amada (viv 3aqa4da
Kemnepa) — 3710 3agaya nBM>KeHMs MPOOHOTO TeNa B
TPaBUTAIIIOHHOM Ti0Jie [24]

GM

p=——
r

(37

TO, KBQ3UKETIEPOBa 3a1a4a — 3TO 3aja4a JBHIKCHUS
poOHOTO Tena B mmoite [24-25]

GM

pr—+0p (38)

r

npuuéM 0P << @ u

1
op~— (39)

r
KemnepoBa 3amada ONHCBHIBAET JBH)KECHHE

OTJIENIbHOM T1aHeThl BOKpYT COJIHIIA, U €€ pellieHue
SIBIIIETCS. TEOPETUYECKUM OOOCHOBAaHUSM H3BECT-
HbeIXx 3akoHOB Kemiepa B actponomuu. Cremyer
3aMETUTh, 4YTO pEIICHUE KeIUICpOBOW 3ajadu
MPHUBEIEHO BO MHOTHX yueOHMKax BKitoyas Jlanaay
JI ., JIudpumn E. M. [24]. TToaTomy 31€Ch MBI HE
OymeM paccMaTpuBaTh aHAIUTHYECKHA  BBIBOJ
peuenus. KacarenbHO KBa3MKEIJIEPOBOM 3a7auu B
JUTEpaType COBCEM HEMHOTO CBEJCHHIA, XOTA
BBIBOJ pelIeHUH Takke mMmeercs [24-26]. Cneno-
BaT€JIbHO, MbI 6YZ[CM paccMaTpuBaTh KBA3UKEILIC-
POBY 3a/1ady YMCIEHHO W HWCIOJb30BaTh OKOHYA-
TEIBHYIO aHAJTUTHUYCCKYIO (POpMysly Ui aHanuza
pe3yJIbTaTOB 3aJ[avH.

[Tockonmpky, TO oOmpeAeNeHHIo, TOMpaBKa K
MOTCHIHAITy 3aBUCHUT TOJILKO OT MOJIYJIS paauyca

ISSN 1563-0315

BEKTOpa OQ = 5(0(r), TO COOTBETCTBEHHO KBa3HKe-

TUIEPOBY 3a/1a4y JOCTATOYHO OyJEeT pacCMOTPETH B
JIBYMEPHOM IPOCTPAHCTBE, T.€. B IUIOCKOCTH Op-
OouThl IpoOHOTO Tena. LleHTpansHBIM TeTOM OyaeT
Conune. s 4ncineHHBIX PacyéToB HEOOXOIMMO
Oyzer 3HaTh Maccy, paauyc U KBaIpyTNOJbHBIHI
MomeHT Conaua. [IpoOHBIM Tenom OynmeT o0oi
00BEKT, pPa3MEpOM M Maccoi KOTOPOTO MOXKHO
npenedpeds. COOTBETCTBEHHO OpOMTAIBHBIE Mapa-
MeTphl (HayalbHBIE KOOPAMHATHI M CKOPOCTH)
MpOoOHOTO Tena OyAyT BRIOPaHbI TaK, YTOOBI MOYKHO
OBUIO TIPOJIEMOHCTPUPOBATH BIHMSIHUE KBAJPYIIOJIb-
Horo MomeHnTta CoJHIA Ha JIBUKEHUS U CMELICHUE
nepurenus npooHoro tena. OOBIYHO ISl HCCIe0-
BaHMs JBIKEHHS IUIAHET BMECTO KBAAPYIOJILHOTO
MOMEHTa HCHOJB3YIOT KBaAPYIOJBHBIA MapamMerTp
(cm ypaBHenue (33)), KOTOpBIH HEMOCPEICTBEHHO
n3MepseTcs Ipy NPOBEACHUH HAOIIOACHUH

D
J=—,
2 2Ma*

(40)
rne M =M —wmaccau a =R — paguyc Connua.
UucrioBble 3HAUCHUS KBaJPYMOJIHHOTO TMapaMmerpa
Comnnna nepeunciensl B Tabmuile 1. [Tockonabky Bee

J, mouTH OIMHAKOBBIE, TO MOXKHO BBIOpATH JTH000€E
3HAUYCHUE.

Ta6uuna 1 — yncnoBble 3HaueHKs mapaMeTpa J2 i ConHna

J2 Jlutepatypa
(2.18+0.06)-1077 Pijpers (1998) [27]
(1.6£0.04)-1077 Godier and Rozelot (1999) [28]

(2.240.1)-107 Will (2014) [29]
(2.3£0.25)-1077 Fienga et al. (2015) [30]
(2.25+0.09)-1077 Park et al. (2017). [31]

BeibepeM T1IIOCKOCTH OpOMTHI Xy . 3HAYHT
V4
HEOOXOMMO TIOJIOKUTh 9:5 dopmyne (26).

Torga mnoreHuuan moist sl KBa3HKEIUIEPOBOM
3ama4n OyJieT UMETh CIIeIyIOIINN BU:

_GM  GD

+
r 43

P= (41)

Bropoil uneH cyMMsbl, 3aBUCAINUN OT TPETbEH
CTEEeHU MOJYJIA paJuyC-BEKTOpa — €CTh IIONpPaBKa
Ha KBaJPYNOJIbHBIA MOMEHT UCTOYHMKA MO, st
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IIPOCTOTHI HPCAIIOJTIOKUM, UYTO HCHTPAJIBbHOC TCJIO HC
ABUIKCTCA U HAXOAUTCA B Ha4aji€ KOOpJAUHAT.

I[J'ISI YHCJICHHOI'O aHaJIn3a KBa3HKeHJ’I6pOBOI>i 3a-
Jadyu 3allmieM CUJ1y I'paBUTAIIMOHHOI'O IIOJIA KakK

rje m — Macca npoOHoro tena. Jlanee, 3anumem 2-
3akoH Herotona

F,=mr (43)

MacCa OBMXKYIIETOCA TEjla, YMHOXCHHasA Ha
IPajiMelT MOTEHIUANA HpI/IpaBHI/IBaﬂ CHJIbl, MOJYYUM HCO6XOI[I/IMI:IG
_ G Mm - 3 G Dm R YpaBHCHUA ABUXKCHHSA 10 KOMIIOHCHTAM
F,=-mgradp=————r+——-—r, (42)
r 4 r
. GM 3 GD
X(f):— gx(t)—i—_ EX(Z‘),
EORSR0); EORS0): @)
. GM 3 GD
(1) =~ Fy(O+7 5 ().
(@ +y 0P (o +y o)

UToOb! YHCIEHHO PEIINTh CUCTEMY ypaBHEHHI
HY>KHO, BO-TIEPBBIX, 3a]aTh YHCIOBBIE 3HAYCHUS
BCceX (HM3MUECKWX BENWYHMH, BKIIOYAs Maccy
ConHila, TPaBUTALMOHHYIO MOCTOSHHYIO, CpeIHEe
paccrosHre Mexay CONHIEM W MPOOHBIM TEIIOM.
J1st HarTHOCTH TAHHOE PACCTOSHUE BRIOEPEM KaK
15 paguycos Comniia. [lepuon BpaiieHus mpoOHOTO
Tena BOKpyr CoNHIIAa MOXXHO JIETKO BBIYMCIHUTH,
MpHUpaBHUBAS I[EHTPOOCKHYIO CHIly K CHIIC
npUTsDKeHHs. TakuM ke 00pa3oM MOKHO TTOTYIHUTh
OpOUTANBHYIO CKOPOCTh MPOOHOTO Tena. Besae Mbl
OyJeM JenaTh pacueThl B MEXKTYHAPOTHOU CUCTEME
equaun] SI. Bo-BTOpBIX, HEOOXOIWMO BBECTH
HaYaJIbHBIE YCIIOBUSA, T.€. HAYAJILHBIE KOOPINHATHI 1
HavaJbHBIE CKOPOCTH NpoOHOTO Tena. Hanpumep,

x(0)=15- 6.9551-10°,
(45)
y(0)=0, x(0)=0, 3(0)=45122.
UuncreHHOe pelleHre MOXHO TIONYyYdTh C
nomonipio nmporpammel Wolfram Mathematica [32]
U TIOKa3aTh B BUJIC TPACKTOPUU JIBHKEHUS TPOOHON
yacTUIBl B MJOcKkocTH Xy . Ha pucynke 3

TpaeKTOpHs JIBWKCHHs Oblla paccyuTaHa Ha
HECKOJIbKO 000poToB Bokpyr Comnima. Kak BumHO
U3 PUCYHKA, 33 3TO BpEeMs TPACKTOPHs MPOOHOrO
Tela TpakTHYecKH He u3MeHmnack. @dopma u
IIJIOCKOCTH Op6I/ITLI OCTAalTCA HCU3MCHHBIMU.

Jns monmydenus 3ametHoro 3¢ddekra Hy)HO
UCKYCCTBCHHO TMPEYBEIMYUTh 3HAYCHHS KBaJIPY-
MOJILHOTO MOMEHTa. [IpocToii aHanmu3 3KCICHTPH-

cuteta € = 4/5J, NpuBOMMT K 3HaYeHHIO ~ 107 st

JI00BIX J> MOKa3aHHBIX B TaOmuie 1, T.e. B 3TOM

CIIly4ae MO>KHO CUMTaTh, 4T0 COJIHIIE TOYTH HAeaTb-
Hast cdepa. [[o3ToMy HET HUKaKOTo CyIECTBEHHOTO
U3MECHEHUS] B TPACKTOpUHU IBHKEHUS NPOOHOTO
Tena. YToObl SBHO MPOMJUIIOCTPUPOBATH BIIMSIHUE
KBaJpyMOJLHOIO MOMEHTA MOKHO B Kau€CTBE MpU-
Mepa BbIOpaTh COOTHOILIEHHE MOJISIPHOTO pajyca K

SKBaTOPUATLHOMY  PajuyCy  IPUOIU3HTENLHO
c
—=~0.9 , rorma okcueHTpucuTeT  OygeTr
a

2
l—c—2 ~0.436 u COOTBETCTBEHHO HYKHO
a

YBEIUYNTh 3HAUYEHHE KBAIPYIOJBLHOTO ITapaMeTpa
Jo» (umu momenrta D) mourm B 170 000 pa3! Ha
pucyHke 4 TOKa3aHO ABHKEHHE MPOOHOTO Tea
BOKPYT' HCKYCCTBEHHO crutiocHyToro ConHIma ¢
NpeyBETMYCHHBIM KBaJPYMOIbHBIM MOMEHTOM.

¥ (Ro)
4
2!

- X (Ry)

Pucynok 3 — Tpaekropus qBHXKEHHS IPOOHOTO TeIa BOKPYT
ConHna. Pa3zmeps! opOUTHI OKa3aHbl B €IMHMIIAX Paanyca
Connxua. HauanbHble 1aHHbIE IPOOHOTO Tella 3aJaHbI

B (45). Ksagpynonbustit napamerp Contua J> =2.25-107

Kak BugHo u3 pucyHka 4, TpaeKTOpus IBH-
KeHusl ObUIa paccuuTaHa Ha HECKOJIBKO 00OPOTOB
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BOKpYT ciuirocHyToro Connua. 3a 310 BpeMs Gopma
opbutel He u3MeHminacb. OJHAKO IUIOCKOCTh
OpOUTHI MOBOPAYMBAETCS MIPOTHB YaCOBOU CTPEIKH,
T.€. B CTOPOHY HalpaBJICHUs HAa4aJbHOH CKOPOCTH.
B oTcyTcTBHE KBampymoJbHOTO MOMEHTa, Bpallle-
HUSL IUIOCKOCTH OpOWTBI M, CJEJOBaTeNbHO,
CMELICHUE IEpUreNusl IUIaHEeT HCue3aeT, O 4éM
CBUJICTENBCTBYET (hopMyIia

oy =- 37D (46)

2MP’
rae O — yron CMelieHHs Imepurenus u P —
mapamMeTp OpOMTEI TpoOHOro Tena. JlaHHas

dopMysia SBISETCS AHAJIMTHYCCKUM PCHICHUEM
KBa3MKEIUIEpEBOH 3a1auu U NpuBencHa B [24], 1 Tak
e ObliIa BOCTIPOM3BEICHA IPYTUMHU METOIaMu [26].
[Mapamerp opOWUTHI BBEIpaXKaeTcs uepe3 OpOou-
TaTBLHBIA MOMEHT UMITYyJIbca L ¥ Maccy MpoOHOTO
TEena m
2
L
P=—F (47)
Gm M
rie L =m(x(t)j(t) — y(t)%(t)) = const  coxpa-
HSIOMIAsICSl BENMYMHA, KOTOPYI0 MOXHO HaWTH
yepe3 HavanbHble ychoBus [24]. CriemoBaTenbHO,
WCTIOJb3YS HadalbHEIE YCIOBUS PUCYHKA 4, MOYXHO
[MOCYHTATH, YTO YTOJI CMEIICHIS ITEPUTEITUS 33 OIINH

TIOJHBII 060poT 6yneT Sy ~ 6.3-107 paguan niu

B rpagycax 3.6°. JlaHHBIH Yroia MOXHO TaKKe
MOCYNUTATh YHCIEHHO. M 3Toro HeoOXoauMo
BBIYHCIIATE JTHOO PACCTOSHUS MEXIy IByMs ade-
musiMd U 1o HuX oT CoinnHna (okyca aiimica),
00 aHaJOTHUYHO TOJBKO JIJIS IEPUTeNns. 3Has OTH
paccTosHUs, YroJl MOXHO HAlTH yepe3 TeopeMy
KOCHHYCOB. B pesynbTare YHCICHHOrO aHamu3a
nonyunnock Oy ~ 6.4-107° paguan u B rpamycax
3.7°. HeOonbiioe pacxoxaeHHE CBS3aHO C Hapy-
IIeHHeM YCIoBUS O@ << () B HENOCPEICTBEHHOM
omm3octr k ConHiry. Uem manbpiire HaXOgUTCS TTepH-
reJuid OpOUTHI, TEM MEHBIIEC pa3HHULA MEXKAY aHa-
JUTHYECKOHN (POPMYIION 1 YUCIEHHBIM PacYéTOM.

HNHuTtepecHO cpaBHUTH NMOJIYUYEHHBIN PE3YJIbTAT C
PENSATUBUCTCKON (POPMYIION CMEIICHHUS TIEPUTENHs
MJIaHEeT, KOTOpYI OWHIITEHH paccuuTan U MpH-
MeHw1 1 Mepkypus [2-4, 7-11, 33-34]

62GM

oV =
¥ Pc?

(48)

ISSN 1563-0315

rg€ ¢ — CKOpPOCTbH CB€Ta B BaKyyMe€. Torna
3HAUYCHUC YyTIjla CMCLICHUA IJIs HpO6HOI‘O TCIa B

none Conuua 6ymer Sy =1.67-107 paguan 3a

0JIvH 000pOT. DTO 3HAYCHHE HA TPH MOPSIKA MCHbB-
me, 9eM Ui KBa3UKEIUIEPOBOHM 3allaud C HCKYC-
ctBeHHO crurtocHyTeIM ConanieMm. Ecmm Comaile
CUHMTaTh CQEepoil, TO PEIITUBUCTCKUE TMOIPABKU
OymyT wurpath KioueByto ponb. Ecmu Comaie
CUMTATh OJJUIUIICOMJOM BpAIICHUS, TO HYKHO
AKKypaTHO MOCYUTATh YTOJl CMEIICHUs ¥ CPABHUTH
C PEIATHBUCTCKON (hOPMYIION, TOJBKO TOTMa OyaeT
SICHO KaKo# 3(PeKT JOMUHHUPYET.

Pucynok 4 — Tpaekropust ABIKCHHUS IPOOHOTO TeNla BOKPYT
Connra. Pa3meps! opOnTHI OKa3aHbI B €AMHHIAX PaInyca
Comnnia. HavasnbHble 1aHHBIC TPOOHOTO Tea 3aaaHbl B (45).
[IpeyBennueHHbIN KBaAPYNOIbHBIA TAPAMETP UCKYCCTBEHHO

crumocuyToro Conuna J> =3.825-1072

Ananus CMCIICHUE NMepure/ingd njaaHeT

B »s31tOoM pasgene mnposBeaeM aHald3  YIJIOB
cMellleHusl nepureiaueB Mepkypus, BeHepbl u
3emin. ©opmyna DiHmTelHa (48) ObLTa TakKe
BOCIIPOU3BEACHA MJIs1 aKCHAIbHO-CUMMETPUYHOTO
00BeKTa ¢ KBAAPYIOJIEHBEIM MOMEHTOM [26].

152GD
4P c?

_6aGM 37D
Pc*  2MP?

Swr (1+£%) @9

T7Ie & — OKCIEHTPUCUTET OPOUTHI TUTAaHET, MEePBBIN
YjeH — 3TO SWHINTEHHOBCKas MOMNpaBKa 3a CYET
VCKPUBIIEHUSI  IIPOCTPAHCTBA-BPEMEHHU, BTOPOM
YJleH — 9TO KIAcCHYecKas TIOMpaBKa 3a CYET
nedopmalvu Tejga U TPETHH YIeH — 3TO COBMECT-
HBI BKJAJ PENSTUBUCTCKUX U KIACCUYECKUX
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a¢dexToB. N TUIAHET CONHEYHON CHCTEMBI
TPETBUM YJIEHOM MOXHO IIpeHeOpedb B CUILY
HUYTOKHOW Manoctu nompasku. Ilpu D —0 |
MOJIyYHM KJIacCHYeCKylo GopMmyiy OHHIITeHHa
(48), a mpu ¢ —> oo, MOMYYUM peElIeHNEe KBa3HKeTl-
nepeBod 3amaum (46). B Tabmmme 2 mpuBEICHBI
opbutanpHble TapaMeTpbl Mepkypus, Benepsl u
3eMiM, a TaKXKe BBIYMCICHBI KaXKAble COCTaB-
nsttorme hopmyitet (49) 3a 100 3emubIx et [3, 7].
Tax, st 3emum nonyqum 0,0384" 3a oaun 060-
port, T. €. 3a rox. Murade rosops, 3,84" B cronerue.
st Mepkypusi CMELIEHUE TIEpUTeIIns 32 CTOJIETHE
TIOJTy4aeTCsl 3HAYUTENbHO Ooublne (a2 uMeHHO 43"),
BO-TIEPBBIX, IOTOMY, YTO OH HAXOJWUTCS 3HAUUTEIb-
Ho Ommke kK ConHiy (paguyc ero opOUTBI cOCTaB-
astet 0,39 paguyca opOUTHI 3eMiM) U, BO-BTODBIX,
MIOTOMY, UTO OH oOpamiaercs ObicTpee (3a CToNeTHe
OH YCIEBAeT COBEPIUUTH OKOIO 415 oOparieHuii).
AHanoruyHas cuTyauus ¢ Benepoii — 3a cronerue
OHa yCIIEBaeT COBEPIIUTH OKOJIO0 162 obparieHuit
Bokpyr Conama. Kak BumHO W3 Tabnwmbl 2, s
IJIAHET COJIHEYHOW CHUCTEMBI SUHIITEHHOBCKAS
MOTpaBKa MPEBOCXOAWT B pa3bl IOMPaBKYy C
KBaIpyIoisHeIM MoMeHTOM CorHia [7].

Ta6muma 2 — OpOuranbHble apaMeTpsl W YITIBI CMENIeHHS
nepurenueB Mepkypusi, Beneps! u 3emnu 3a cronerue [35-37]

IInaners! Mepxkypuit Benepa 3emist
Bonbmias 57909082 | 108208600 | 149597870
II0JIyOCh OPOUTHI
A (km)
OKCLEHTPUCUTET 0.2056 0.0068 0.0167
OpOUTHI €
ITapametp 55460308 | 108203681 | 149556105
opOUTHI
P=4(1-¢")
Cunepuyeckuit 87.968 224.695 365.242
HepuoL
oOpareHus
6xGM 43" 8.63" 3.84"
Pc’
32D 0.03" 0.003" 0.001"
Comp
Habmomenust | (43.11+0.45)" | (8.4+4.8)" | (5.0£1.2)"

B nenom, npu cpaBHEHHM TEOPHM C ONBITOM
HE00XOJMMO TIOMHUTH, YTO JBIDKEHHUE IMEPHUTEIHS
IIPOUCXOJUT HE TOJBKO B CHIIy 3HHIITEHHOBCKOTO
a¢dexTa, HO U B CHIY BO3MYIIAIOUIETO BIHMSIHUS
JIpYTHX TUTAaHET, OTKIIOHEHHS uX (POpMBI OT ce-
puueckoi u T. 1. Kak Ob110 yHOMSTHYTO BO BBEIEHHH

CTaTb¥, OTU IIONPABKU MPEBBILAOT UHINTEH-
HOBCKYIO BO MHOTO pa3. Kpome Toro, HykHO UMETb
B BUJLy, UTO IIOJIO’KEHHE IIEpUTeNnsl HAaOMI0AAaTh TEM
TpyJHEe, YeM MEHbIIEe 3KCIEHTPUCUTET, T. €. 4eM
Ommke opbuta K Kpyry; npu & — 0 monoxenue
HepUreNus nepecTaeT ObITh onpeaeneHHbM. Tem He
MeHee, aCTPOHOMHYECKHE CpEICTBA HAOJIIOJEHUS
HACTOJIBKO TOYHBI M BBIYUCIUTENFHBIE BO3MOXK-
HOCTH HEOECHOM MEXaHUKHU HACTOJILKO BEJTUKH, YTO,
B cirydae Mepkypusi, HeOObSICHEHHBIN HPIOTOHOBOM
TEOpUEH OCTaTOK B JBM)KEHHUU IEPUTENUs OIlpe-
JIENAETC ¢ TOYHOCTBIO IO CEKYHIBI B CTOJIETHE.
DTOT OCTaTOK COCTABIISICT MPUOTU3UTENHHO 42,6", B
MIpEKpacHOM coryiacuu ¢ teopueil. s 3emnn oct-
aTOK OIpeneNnsieTcss ¢ HECKONBKO MEHBIIEW Tod-
HOCTBIO U COCTAaBIIACT OKOJIO 4", UTO TaK)Ke BIIOJIHE
corjacyercs ¢ SHHIITEHHOBCKUM 3HaUeHueM [1, 7].

3akiIouyeHne

B nmanHO#l craThe OBUIM TMOKa3aHBl AHAIUTH-
YecKHe BBIYHMCICHHS BHYTPEHHETO W BHEIIHETO
[OTEHIMAJIOB TPABUTALMOHHOIO IIONS UL  aK-
CHAJIbHO-CUMMETPHYHBIX ne(GOpMUpPOBaHHBIX
O00BEKTOB B KIIACCHYECKOW TEOPUH T'PaBUTAIINH.
Metonuka BbIBOAAa ObLIa H3JIOKEHa BO BCeX
TOAPOOHOCTSX.

[IponemoHcTpupoBaHa mpolenypa CIIMBaHUSA
BHYTPEHHETO M BHEIIHEro pELIeHUH YypaBHEHUS
[lyaccoHa Ha TOBEPXHOCTH JUIMIICOH/IA BPALIICHHUS.

Bb110 HccnenoBaHo ABMKEHUE IIPOOHOTO TEja B
IPaBUTALMOHHOM I10JIe 1€(OPMHUPOBAHHOTO OOBEK-
ta. Tak e ObUIO MOKA3aHO BIMSHUE KBaAPYIOJb-
HOTO MOMEHTa Ha TPAeKTOPHIO JBWKEHHUS U CMe-
LIEHUs IEPUTENHs IPOOHOTO Tena.

Qdopmyrna DiHmTEHHA OBIa TPOAHAIU3UPO-
BaHa JUJIsl BHYyTPEHHUX IJIAHET COTHEUHOU CHCTEMBI.
bruto moKazaHo, 4YTO KBaJpyMHOJbHBIA MOMEHT
ConHIa BHOCHT HE3HAUMTEIbHBIM BKJIag B JIBU-
KEHHE IJIaHeT. Bce aHamuTHUeCKue W YUCIICHHBIC
pacuéthbl ObLIHM MpOBeleHBl B mporpamme Wolfram
Mathematica.

Bbb11o 6B MHTEPECHO NPOAHAIN3UPOBATH IBH-
KEHHUsI MPOOHOTrO Tena 1Mo opoOuTe OTIIMYAIOLIEHCS
OT DKBATOPUAIBHOM INIOCKOCTH. Tak-Kak yka3zaHHas
3a/1a4a BBIXOJHT 3a PaMKH IMPEIOCTaBICHHOH CTa-
TBH, B IJIaHAX PACCMOTPETH ee B Oy IyLIuxX padoTax.

bnacooaprocmye. Pabota Oblia BBIIONHEHA TIPH
MOJIICPKKE TporpaMMbl  «DyHAaMEHTAIbHBIE U
IIPUKJIAIHBIE HCCIICNOBAHUS B CMEXKHBIX 00IaCTIX
(U3MKN 3eMHBIX, OKOJIO3EMHBIX M aTMOC(HEPHBIX
MPOIIECCOB M HX TPAKTUUYECKOE IPHUMEHEHUE,
NPH: BR05236494.
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UCMNOAb30OBAHUE HOBbIX TEXHOAOTUI
B NMPEMOAABAHNUN ®PU3IUKA

B HacTosiee Bpems B 06pazoBaHum Bce 6oAee MomnyAspHO AMCTaHUMOHHOEe obpa3oBaHue. OAHAKO
B CMAY MPEAMETHON OCOOGEHHOCTM ECTECTBEHHbIE HAyKM OTHOCUTEAbHO OTCTAIOT B MCMOAb30BaHUM
HOBbIX WMH(OPMALMOHHBIX TEXHOAOTMIA M TEXHOAOTMYECKMX MOAXOAOB. [1pMumMHaA COCTOUT B TOM,
UYTO AQHHbIE AMCUMMAMHBI TPEOYIOT BbIMOAHEHWS AAGOpaTOpHbIX PaboOT, KOTOpble HEOOGXOAMMDI
AAS 3DDEKTUBHOrO npuobpeTeHusl MNpakTMUYeckMx HaBbIKOB npu pabote ¢ 06OpyAOBaHWEM U
YMEHMS MOAyYaTb M aHAAM3MPOBATH IKCTMEPUMEHTAAbHbIE AaHHblE. AaHHble AaGopaTopHble paboTbl
HEOOXOAMMO BbIMOAHSTh B CMieLMaAbHO 060PYAOBAHHbBIX AAGOPATOPUSIX, KOTOPbIE HE BCErAQ MOAHOCTbIO
YKOMIAEKTOBaHbI B CPEAHMX yUeOHbIX 3aBeaeHusx. Ha noMollb nMpuxoAST HOBble TEXHOAOTUM B BUAE
KOMIMbIOTEPHOM rparKn, AOMOAHEHHOW PEAAbHOCTU, BbIYMCAMTEABHOM AMHAMWKM M BUPTYAAbHbIX
MWPOB. B cTaTbe pacCMOTPEHO MpPUMEHEHME HOBbIX TEXHOAOIMIA B 0Opa3oBaHMM. AQeTcs aHaAu3
BHEAPEHMS PA3AMUHbBIX MHHOBALMOHHBIX Pa3paboTok BO MHOTMX chepax COBPEMEHHOM >U3HWU. bbian
pPacCMOTPEHb! MPEUMYLLLIECTBA M BO3MOXHOCTU TMPUMEHEHMS Pa3AMUHbBIX O0ydalolmMx MNporpamm B
006pa3oBaHMM 1, B YACTHOCTU, AAS M3yueHus pusmku. [1peacTaBAeHbl COBCTBEHHbIE MPOrpamMMHble
NMPOAYKTbl AAS M3yYeHMs (PU3MKM C MCMOAb30BAHMEM TEXHOAOIMI AOMOAHEHHOW W BUPTYyaAbHOM
peaAbHOCTEN. AaHHbIE TEXHOAOT MM MO3BOASIOT 3HAUMTEALHO 060raTUTh NMOAL30BATEALCKMI MHTEPENC.
BupTyaabHas AabopaTopusi COCTOUT 13 manueckor AabopaTtopum 1 NpakTUUeckmnx 3apad. B kauecrse
naatopmbl pas3paboTkm ObiA BbibpaH Microsoft XNA, Unity 3D Engine. OcHOBHOM (PyHKLMOHAA
6bIA HanucaH Ha CH#(.NET). [pacuueckne Moaean cozaaBaamch npu nomoum 3DX MAX. PaccmoTtpeH
(PYHKUMOHAA, TMOAb30BATEALCKMIA MHTEPGENC U  UCMOAb3yeMOe MporpammHoe  obecriedeHue.
[TpoBeA€eHHbINM aHaAM3 PACCMOTPEHHBIX MPOrPaMMHbIX MPOAYKTOB MO3BOAMAM HaM OMPEAEAUTb PAA
NPeMMyLLECTB MCMOAb30BaHMS HOBbIX TEXHOAOTMI B MpenoAaBaHMn (PU3MKM HaA TPaAMLIMOHHbIM
npenoaasaHvem usmku. [1okasaHo, YTO MCMOAb30BaHME HOBbIX TEXHOAOIMIA B y4eOGHOM Mnpouecce
00AQAQET YHMBEPCAABHOCTbIO B MPUMEHEHMU K (PU3MKE U MPEAAAraeT OrPOMHbIE MepPCreKkTUBbI AAS
LUIMPOKOrO BHEAPEHMS HA pasHbIX 3Tarnax o0yuyeHusl B PasAMUHbIX 06Pa30BaTEAbHbIX OpraHM3aLMsIX.
Takow NoAXOA Tak>Ke NMO3BOASIET CAEAATb 06pa3oBaHue 6oAee AOCTYIHbIM, GE30MACHBIM U MHTEPECHBIM.
Pe3yAbTaTOM NPOBEAEHHOM PabOoTbl SIBASETCS HE TOAbKO CO3AAHHOE MPOrpamMmHoe obecredeHune, Ho 1
NpPUOBPETEHHbBIN OMbIT, KOTOPbINA BYAET MCMOAL30BATHCS AAS AAABHENLLIErO Pa3BUTUS M MCCAEAOBAHWIA.

KAroueBble croBa: AONOAHEHHAs peaAbHOCTb, BUPTYyaAbHas PEaAbHOCTb, BUPTYyaAbHas chn3nyeckas
Aabopartopus, msmka.
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The use of new technologies in the teaching of physics

Currently, distance education is becoming more popular in education. However, due to the sub-
jective feature, the natural sciences are lagging behind in the use of new information technologies and
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technological approaches. The reason is that these disciplines require the performance of laboratory
work that is necessary to effectively acquire practical skills when working with equipment and the abil-
ity to obtain and analyze experimental data. These laboratory works must be performed in specially
equipped laboratories, which are not always fully staffed in secondary schools. New technologies come
to the rescue in the form of computer graphics, augmented reality, computational dynamics and virtual
worlds. The article considers the application of new technologies in education. An analysis is given of
the introduction of various innovative developments in many areas of modern life. The advantages and
possibilities of using various training programs in education and, in particular, for studying physics were
considered. The own software products for studying physics using the technology of augmented and
virtual realities are presented in the paper. These technologies can significantly enrich the user interface.
The virtual laboratory consists of a physical laboratory and practical tasks. As a development platforms,
Microsoft XNA, Unity 3D Engine were chosen. The main functionality was written in C # (.NET). Graphic
models were created using 3DX MAX and Blander. The functional, the user interface and the software
used are considered. The analysis of the software products allowed us to determine a number of advan-
tages of using new technologies in teaching physics over the traditional teaching of physics. It is shown
that the use of new technologies in the educational process is universal in its application to physics and
offers great prospects for widespread adoption at different stages of education in various educational
organizations. This approach also makes education more accessible, safe and interesting. The result of
this work is not only the created software, but also the acquired experience, which will be used for further
development and research.
Key words: Augmented reality, virtual reality, virtual physical laboratory, physics.
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®u3nKaHbl OKbITYAQ XXaHA TEXHOAOIUAAAPADbI KOAAQHY

Kasipri TaHaa 6iAiM 6epy caracbiHAQ KalbIKTbIKTaH GiAiM 6epy KeH TapaAypa. AAaraa MOHAIK
epeKLIeAiKTepiHe opai, >apaTbIAbICTaHY FbIABIMAAPbI >KaHa aKMapaTTblK, TEXHOAOTMSAAP MeH
TEXHOAOTMSIABIK, TOCIAAEPAT KOAAAHY GOMbIHLLIA apTTa KaAbIM KeAeAi. MyHbIH ce6ebi — aTaaFaH NaHAEep
KYPbIAFBIAADMEH >KYMbIC >Kacay 6apbiCbiHAQ TOXIpUOEAIK AafAblAapFa TUMIMAI KOA >KeTKi3y YLUiH
JKOHe IKCMEePUMEHTTIK MBAIMETTEPAI aAy MeH TaAAanl BiAy YLLiH KaXKeTTi 3epTXaHaAbIK, >KYMbICTapAbI
OpPbIHAQYAbBI TaAan eTeAil. ATaAFaH 3epTXaHaAbIK, XYMbICTapAbl apHaibl >KabAbIKTaAFaH 3epTXxaHaAapAa
XKY3€re acblpy KaXkeT, aranaa opta Giaim 6epy opbIHAAPbIHAA MYHARI TOAbIKTal KAMCbI3AQHABIPbIAFAH
3epTxaHarap >keTkiAikcid. Ocbl opaiiaa KOMMbIOTEPAI rpauka, KOCbIMIIA LIbIHABIK, ecenTeyill
AVMHAMMKA MEH BUPTYaAAbl 9AEM CeKiAAl >KaHa TeXHOAOTMsAap Kemekke KeAeai. Makarapa 6iAim
GepyAe KaHa TEXHOAOTUSIAAPAbIH, KOAAQHbIAYbl KApacCTbIPbIAFAH. 3aMaHayM OMmipAiH KerTereH
caAaAapblHa TYPAI MIHHOBALMSABIK OHIMAEPAI €HTi3yre TaAAay XKypridiAreH. biaim 6epy caracblHAQ, aTan
aMTKAHAQ, (hM3MKaHbl OKbITYAQ TYPAI OKbITY GaraapAaMasapbiH KOAAQHYAbBIH apTbIKLLbIAbIKTapbl MEH
MYMKIHAIKTEpi KapacTbipblAFaH. KocbiMLLA YeHe BUPTYaAAb! LWbIHABIKTbI KOAAQHY apKblAbl (hM3MKaHbI
OKbITY YLWiH Giperen GaraapAaManblk, OHIMAED YCbIHbIAFAH. ATaAFaH TEXHOAOIMSIAAD KOAAQHYLLbIABIK,
MHTEpENCTi anTapAbiKTan GarbiTyFa MyMKIHAIK Gepeai. BUpTyaaAbl 3epTxaHa hM3MKaAbIK, 3epTxaHa
MeH Taxxipnbeaik ecentepaeH Typaabl. XKaHa eHim naatgopmackl petinae Microsoft XNA, Unity 3Den-
gine TaHAan aAbiHFaH. Herisri dpyHkumoHaa C#(.NET) apkbiAbl >kadbiaraH. [padmkanbik yariaep 3DX MAX
apKbIAbl >KacaAblHFaH. JKymbicTa (PYHKUMOHAA, KOAAQHbIAYLIbI MHTepdenc neH 6GaraapAaManbk,
KamTamachI3 eTy KapacTblpblAFaH. ATaAFaH OaraapAaMaAbiK, OHIMAEPAT TaaAdy HBTUXKeAepi (h13MKaHbl
ASCTYPAI OKbITYFa KaparaHAa >KaHa TEXHOAOTUSIAAPAbI KOAAQHY apKbIAbl OKbITYAbIH apTbIKLWbIAbIKTAPbIH
aHbIKTayFa MYMKIHAIK 6epeai. 3epTTey HOTMXKECiHe cail, OKbITY YPAICIHAE >KaHa TEXHOAOTMSAAPAbI
KOAA@HY bM3MKara KaTbICTbl GipererairiMeH epekiueseHai »eHe TypAi 6iAiM Oepy yiibiIMAApbIHAQ
OKbITYAbIH, 8PTYPAI AeHrermAepiHAE KeHiHEH eHri3yAiH nepcrnekTMBaAapbiH YCblHaAbl. MyHAQi TaciA
6inim GepyAi 0AaH 8pi KOAXKETIMAI, Kayinci3 >KeHe KbI3bIKTbl eTyre MyMKiHAIK 6epeai. XKyprisiareH
3epTTeyAiH HOTUXeCH peTiHAE XKacaaFaH GarAapAaMaAbIK, KaMTaMachl3 eTyAi FaHa eMec, COHbIMEH KaTtap
6oAaLLaKTarbl 3epTTEYAEPAE KOAAAHYFA BOAATbIH XKMHAKTAAFaH TaxXipnbeHi anTyra 60AaAbl.

Ty#iH ce3Aep: TOABIKTbIPbIAFAH LbIHABIK, BUPTYaAAbI WbIHABIK, BUPTYaAAbl (DM3MKAABIK, 3epTXaHa,
dm3mka.

Becrauk. Cepust pusmueckas. Ne3 (66). 2018



JHaitnexo E.A. u ap.

BBenenue

BHeapenue HOBBIX TEXHOJOTHM, HApsAly C KOM-
MBIOTEpU3aNell Y4eOHBIX 3aBEICHUN U WHHOBAIIH-
OHHOH JeSATeNFHOCTHIO MPO(heccopCKo-Tpernoana-
TEJIBCKOTO COCTaBa BBICUIMX yUEOHBIX 3aBe/lEHUIl,
SIBIISTFOTCS OCHOBHBIMH HAITPABICHUSIMA KOMILIEKC-
HOW MOZAEepHHU3AIK 00pa30BaHusl, KOTOPBIM YJIEsi-
eTcst ocoboe BHMMaHHe He Toibko B Kazaxcrawe,
HO W BO BceM mupe [1, 2, 3, 4]. Ilpumepom TOMy
SIBIIIETCSI Mporpamma pa3sutus «lludposoit Kazax-
CTaHy», pa3paboTaHHON MPaBUTEIBCTBOM PECITYOIH-
ku. OJHOM U3 LENbI0 TaHHOHN NPOrPaMMBI SIBISICTCS
MOBBIIIICHHE TU(GPOBON TPAMOTHOCTH HaCeIeHWUs,
B TOM YHCJI€ B CPEIHEM, TCXHHUYSCKOM U mpodec-
CHOHAJIbHOM, BBICIIIEM OOpPa30BaHUM, MOATOTOBKA
W TIEPEroArOTOBKa KaJpoB. MmupoBas TEHACHIWS
— unpyctpust 4.0, MaccoBoe BHeApeHHE KHOephu-
3MYECKHUX CHUCTEM, TaKUX KaK MCKYCCTBCHHBIN WH-
TEJUIEKT, BUPTYaIbHAsI U JIOTIOJHEHHAS PEabHOCTb,
KBAaHTOBBIC BBIYMCJIICHHA, 3D nmeyarb, aBTOHOMHBIC
pOOOTHI B TIPOU3BOJICTBO U IMOBCEIHEBHYIO KH3Hb,
BKJIFOUAst 1 0Opa3oBaHUE.

B ycnoBusix coBpeMeHHOH cucTeMbl 00pa3oBa-
HUSl TPaJUIUOHHBIC (OPMBI OOYUYCHHS JIOTIONHS-
IOTCS. BHPTYQJIBHBIMH OOYYalOIIUMH CPEICTBAMHU
Ha 0a3e HOBBIX COBPEMEHHBIX TexHoiorui. Cpenu
HUX CTOWUT BBIJICIUTH TEXHOJIOTUH JIOTIOJTHEHHOW U
BUPTYaJIbHOU peanbHOCTU. Takue TEXHOIOTHH CIIO-
COOHBI M3MEHHTH XapakTep 00yyarolero mpoiecca,
MOTHUBUPOBaTh 00y4aeMOro, TOBBICHTH Ka4eCTBO
o0Opa3oBaHus, TOTPY3UTh OOy4aeMoro B HH()OP-
MaIlMOHHO-00pa3oBarelibHyt0 cpeay. Hampumep, B
[5] paccmoTpeHO HCIONB30BAHUE TEXHOJIOTHH MO-
OMIIbHOM JOTIOTHEHHOHN PeallbHOCTH I OOY4YEHUS
¢usuku. [lonyyeHHble pe3ysbTaThl MOKazaiud 3¢-
(DEKTUBHOCTH HCITOJIL30BAHUSI JJAHHOW TEXHOJIOTHU
npernoaBarensiMu ¢pusznkn. Kpome toro, ato mauo
BO3MOXHOCTbL pa3BUTh HaBBIKHU, HeO6XO)Z[I/IMLIe JUISL
MIPEeTIoJIaBaHMsl €CTeCTBEHHBIX HAayK B OOIIECTBE CO-
BPEMEHHBIX ITU(POBBIX TEXHOJIIOTHA. B [6] aBTOpPHI
U3ydYajM TaKyro MpolsieMy Kak CIUSHHE COOCTBCH-
HBIX YCTPOWMCTB M TEXHOJIOTHH JIOTIOJTHEHHOW peaib-
HocTH Tipu oOydeHun. [lokazaHo, 4TO, WCMONB3Ys
JaHHYIO WHTCrpaluro 1npu O6y‘IeHI/II/I IIKOJIBHUKOB
CTapIINX KJIacCOB, CTYACHTOB, JICTeH B Pa3IMYHBIX
00pa30BaTeNbHBIX KPYXKKaX, MOKHO TIOBBICHTH Ka-
YCCTBO MPCOAaBaHUA Ha pa3HbIX dTalax 06y‘-IeHI/I$I.
B [7] paccMoTpeHO HCTTOB30BaHUE TEXHOJIOTHUH JI0-
MOJTHEHHOHN PearbHOCTH TPH M3YYCHUH MaTeMaTH-
K{, & UMEHHO IIpU M3YYEHHUM BpaIllEHUS TBEPIBIX
Ten. Pemenwst o peanuzanuy KOHIICTIIIUU, OCHO-
BaHHOU Ha BUJCHUU JUHAMUYECKON BU3YyaJU3alllU,
MO/IJIEPKUBAOTCA UAEEN CO3/IaHMs BIEUATICHUS OT
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norpyeHusi. COBEpIICHHO OYEBUIHO, YTO B OyImy-
IIeM HCIIONIb30BaHUE ITOW TEXHOIOTUHU OyIET TOJb-
KO YBCJIIMYMBATHCS, TNpEAiaras IOJOKUTEIbHbIC
W3MEHEHUS JUIS Pa3BUTHS HABBIKOB IIPOCTPAHCTBCH-
HOM BU3yanm3alu. ABTOpPHI CTaThU yOEXKIEHBI B
MPEUMYIIECTBaX, KOTOPbIE 3TO MPEICTABISACT IS
0o0y4YeHHsT MaTEeMaTUKHU TEXHOJIOTUS JIOTIOJIHEHHOW
pPeaTbHOCTH W HaMEPEHBI UCTIONB30BaTh €€ IS T0-
HUMaHHs pacueTa o0beMa TBEPABIX TEJ BpAIICHUS
U APYTUX 33j1a4.

BuptyanbHas peanbHOCTh OTKpPBHIBAET HOBBIC
BO3MOXXHOCTH B 0Opa30BaHUU MPH HU3YUYCHUH TEO-
puu 1 npakTUKy. Hanpumep, ¢ TOMOIIBIO TPUITOXKE-
Hust Chemistry VR [8] 100011 momp30BaTens MOKET
DIyO)Ke M3yYdTh XUMHIO U MPOBECTU XUMHUYECKHE
AKCIEPUMEHTHI. A B M3yUEHUH YEIOBEUYCCKOTO Tea
Y CTPOSHUH MUKPOOPTaHU3MOB TTOMOKET ITPHIIOMKE-
nue The Body VR [9].

Takum 00pa3oM, KIHOYEBBHIMH MOMEHTAMHU B
MIPIMEHEHWH HOBBIX TEXHOJOTHH B 0Opa3oBaHUH
SIBJIICTCSl IPAKTUYHOCTh, HHTEPAKTUBHOCTh, MOTH-
Balus, 0€30MaCHOCTb.

Jannas craThs MOCBAIIEHa 0030py COOCTBEH-
HBIX Pa3pa0OTaHHBIX MPUIOKEHUH C HMCIOJIb30Ba-
HHUEM TEXHOJOTUU MOMOJHEHHOW M BUPTyaJbHOU
peanbHOCTEH TSt n3ydeHus! (PUHKH.

BupryanbHas nadoparopus mo pusuke

MesKayHapOoAHbI YHUBEPCUTET HHPOPMAIOH-
HBIX TE€XHOJIOTUH MMEET OMNBIT ucronab3oBanus UT
B yueOHOM mporecce. Hampumep, o aucuuminge
«®Du3uKa» 3aHATHSA BELyTCs C IPUMEHEHHUEM TEXHO-
JIOTHH TOMOTHEHHOM U BUPTyallbHOM peaabHOCTEN.
TakuMu BBICTYHAIOT BUPTYyajbHbIE JIaOOpAaTOpHBIE
pa6otel, 3D aHuMaiuu, oOydaroiiye MOOUIbHBIC
MPUJIOKEHHS, pa3pabOTaHHbBIE MPENoJaBaTeNIsIMH 1
CTYyACHTAaMH YHUBEPCHUTETA.

Bce Gounblnyto monysipHOCTb CpeAr HOBBIX 00-
yUalOIUX CPENCTB HAaOMpAIOT BUPTyalbHbIEC Ja00-
paropun [10, 11]. D10 0OBSACHSETCS CIETYIOIINM.
Bo-nepBhIX, He Bcerna By3bl B COCTOSIHUM 000pyI10-
BaTh peasibHbIC 1JA00PATOPUH [T TPOBEICHHS yueo-
HBIX 9KCIIEPUMEHTOB 110 PA3JIMYHBIM JUCLUIUINHAM.
370 cBA3aHO ¢ (PUHAHCOBBIMH BONPOCAaMH, a TaK-
e ¢ Bompocamu Oe3omacHocTH ywammxcs. Kpome
TOT0, HE BCE SKCIEPUMEHTbI BO3MOXHO IIOCTaBUTh
Ha 0a3ze y4eOHOI mabopatopuu. B Takux cimydasx
MIPUMEHEHUE BUPTYaJIbHBIX JIAOOPATOPHUIl SBISIFOTCS
OTJIMYHBIM BBIXOZOM U3 IaHHOH cuTyauuu. OHM 1o-
3BOJISIFOT CTaBUTh IKCIIEPUMEHTHI MHOXKECTBO pa3 ¢
MUHHMAJIbHBIMU 3aTpaTaMu M a0COMOTHO Oe3omac-
HO Ul OKPYXaloLMX. A C pa3BuUTHEM HH(popMma-
IIUOHHBIX TEXHOJIOTHI TpPUMEHEHHE BHPTYaIbHbIX
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naboparopuii B 00pa30BaTeIbHOM IPOLIECCEe CTaHO-
BHTCS Bce Oosiee MOCTYMHBIM. BO-BTOpBIX, TI0H00-
HbIe 00y4JaroUIre CpeACcTBa HE3aMEHUMBI B CITydasx
HEBO3MOXXHOCTH JAOCTYIA K pealbHBIM YCTaHOBKAM,
HalnpuMep, Ipu AUCTAaHIHOHHOM 00Opa3oBaHUHU, KO-
Topoe Takxe ¢ pazsutiuem KT cranosurcs Bce 00-
Jiee pacpOCTPaHECHHBIM.

Pa3paborannas Ha kadenpe KOMIBIOTEPHON HH-
JKCHEpUU U TeJIeKOMMYHI/IKaHI/Iﬁ BUpTYyaJibHasd Jia-

VIRTUAL LABORATORY

Ooparopus s u3ydeHHus (PU3MKHM Ha TPEX S3bIKax
(kKa3axcKOM, pyCCKOM U aHTITUICKOM) C DJIeMEHTaMU
3D KOMIIBIOTEPHOTO MOJENHUPOBAHUS BHEIpPEHA B
y4eOHBIi nporecc.

Bupryansnas naboparopus (pucyHok 1) cocro-
UT U3 Ja00OpaTopHBIX pabOT MO TaKUM paszzieiam,
KaK MEXaHHKa, TUHAMHKA, TEPMOJIMHAMUKA, THIPO-
JIMHAMUKA, DJICKTPUYCCTBO M MArHETH3M, OIITHKA,
aTOMHasl ¥ KBaHTOBas (hU3HKA.

ATWOOD MACHINE

Description

ATWOOD MACHINE

Acquisition of skills of research of the kinematic equations

of rectilinear uniform and uniformly accelerated movement

firm body.

Extra

and main equation of a material point and progress of a

Pucynoxk 1 — I'TaBHOE MEHIO BUPTyalIbHOU J1aOOPAaTOPHH 1O (HU3UKE

BJI mo ¢usnke comepkUT HHCTPYKIIMA U METO-
JMUYECKUE YKa3aHUs K BBIIOJIHEHHUIO paldoT, MOCTpo-
€HHBIX eIMHOO00PA3HO, 0 IPUMEPHOH Popme:

— TIeNb paboTHI,

— TEOPETUYECKUI Marepua,

— DKCIEPUMEHTAaJIbHAsl YCTAHOBKA,

— TIOPSAZIOK BBHITTOTHEHHS PaOOTHI,

— OTYeT.

Ha pucynke 2 mpencraBieHO MOOHIBHOE IMPH-
JIO)KEHUE C MCHOJIb30BAHUEM TEXHOJIOTMH JOMOJ-
HEHHOM peasbHOCTH ¢ HaOOpOM TPAKTHYECKUX
3a/lad ¥ HKCIEPUMEHTOB 1o Qusuke. J[aHHas Tex-
HOJIOTHSI OKAa3bIBACT IOJIOKUTEIBHOE BIIMSHHUE Ha
MOTHBALIUIO, BHUMAHUE, KOHIEHTPALUIO U JUCIU-
wiuHy. [IpunoxeHue no3BossieT MEHSITh apaMeTphbl
3a/laqu, YTO MO3BOJIAET HAOIIOMATh 38 N3MEHEHHEM
npouecca Mnpy pa3JInyHbIX yCIOBUAX. Takoi moaxo.
JIeJaeT MOIb30BaTENsl aKTUBHBIM YYAaCTHUKOM 3a/1a-

HUS, MaTepual CTAHOBHUTCA OOiee AOCTYIHBIM IS
MMOHMMAaHUS 3a CYET HAIMIAIHOW JEMOHCTpAIUH H3-
y4aeMbIX IPOLECCOB.

Pa3zpaboTanHoe TpPHUIOKEHHWE C HWCIOIH30Ba-
HUEM TEXHOJIOTUH BUpPTyalbHOW peanmbHOCTH (PH-
CYHOK 3) TO3BOJISET IIOJB30BATEISIM TPOBOAMTH
AKCIIEPUMEHTHI TI0 (PU3HUKE B BUPTYaITbHOU J1abopa-
TOpPUH, KaK €cJIi Obl OHW HAaXOJMWJINCh B HACTOAIIEH
naboparopun. [IpuiioskeHre padoTaeT ¢ MpOBOAHBIM
nargukoM JBrkeHus: Leap Motion, mpeHasHaueH-
HOTO JJISi pPyYHOTO OTCJIEKUBAHUS B BUPTyaJbHOU
PEaIbHOCTH.

[Ipunoxenne COAEPKAT BHUPTyalbHBIE 1a00-
paropHble pabOThl M3 pPa3AesioB AIIEKTPUYECTBO H
MarHeTu3M, BOJIHOBasE U F€OMETPUYECKas OITHUKA.
Jlannast pa3paboTka SBISIETCA XOpPOIINM TpHUMe-
POM HUCTOJIB30BaHUSI HOBBIX TEXHOJIOTHIA B y4eOHOM
mpoiecce.
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Pucynok 2 — IpumMep MOGHIBHOTO NPUIOKEHHUSI C UCIIOIb30BAHUEM TEXHOJIOTHHU JIOTIOHEHHOM
peanbHOCTH

[ab

Refraction Coef.

1,507

Cab
Incidence Angle

5663

Pucynok 3 — CKpUHIIOT NPUIOKEHHS C UCTIONb30BaHUEM TEXHOIOTHU BUPTYalbHON PEaTbHOCTH

3akiroueHue

TakuMm 00pa3oMm, COBpeMeHHbIE WHPOPMAIHOH-
HbIE TEXHOJIOTHH MO3BOJISIFOT OCYIIECTBIISTD JTI00BIE
dopmbl 00pa30BaTENBFHON JEATEIBHOCTH, OTKPBI-
BalOT HIMPOKHE TIEPCIICKTUBBI B CO3JJaHUU OPUTH-
HaJIBHBIX, a MOPOH W MPUHLIWIHAILHO HOBBIX 00Y-
qaromux nporpamm. [lonaraem, 9ro pazpadboraHHas
HaMH BHPTyajbHas J1a00paTropHs IO JUCIHILIHHE
«®DuzuKka» A CTYIEHTOB BBICIIMX Y4YeOHBIX 3a-
BCJICHUI €CTECTBCHHO-HAYYHBIX U TEXHHYECKHX

ISSN 1563-0315

CHEHMATBHOCTEH, SBISIETCS COBPEMEHHBIM NHHOBA-
LMOHHBIM BOIUIOLIEHHEM KOMIIBIOTEPU3UPOBAHHBIX
cucTeM oOy4eHHs HOBOTO MOKoyIeHus. B HacTosmiee
BpeMs aBTOpaMH BeJIETCsl MOCTOsIHHAs padoTa 1o
pa3paboTKe HOBBIX BUPTYaJIbHBIX J1a0OPaTOPHBIX
paboT 1 WX UHTETpaIMy B COCTAB J1a00PATOPHH.

Paboma evinonnena npu @uuancosol noo-
oepocke KH MOH PK no npoepamme 2panmogoeo
Qunancuposanus HayuHvIX ucciedoganul Ha 2018-
2020 22, epanm NeAP05135692.
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BUPTYAAUSALINA OBPA3SOBATEAbHOIO NMPOCTPAHCTBA
KAK OAVH 13 MOAXOAOB UHTEHCUOUKALINU
YYEBHOI O INMPOLUECCA

OAHMM M3 MPUOPUTETHBIX HaMpPaBAEHUI Pa3BUTUSI MMPOBOrO 06Pa30BaTEAbHOrO MPOCTPAHCTBA,
SBASIETCS, UM(PPOBasi PEBOAIOLMS B 00YUEHMM, ONPEAEASIOLLAs MCTOAb30BaHWE LIMPOBbIX TEXHOAOTMIA,
KaK MHCTPYMEHTOB AAS paclumpeHuns u npeobpasoBaHusi 06pa30oBaTEAbHON CpPEAbl, MO3TOMY B
HacTosILIee BPEMSI MOXHO TOBOPUTb O MOSIBAEHUM (DeHOMEeHa BMPTyaAm3aumu oOpa3oBaTEAbHOW
cpeabl. KOHTaKT CTyaeHTa 1 npenoaaBaTeAst MMeeT GOAbLLOEe 3HaUYeHne Npu 06yyeHnn, B 0CO6eHHOCTH
AASL YCUAEHUS MOTMBALMK M YTAYOAEHMS MO3HaBaTeAbHOro npouecca. MoAKpenAeHHOe BUPTYaAbHOM
006pasoBaTeAbHOM CPEAON, TaKOe B3aMMOAENCTBME MOXKET OblTb MOLLHEALINM (DAaKTOPOM MOBbILLEHMS!
KauecTBa M 3(PEKTUBHOCTU 00yuyeHus. McrnoAb3yemble MpuM 3TOM BUPTYaAbHble WUHCTPYMEHTbI U
MPOrpamMMHble MPOAYKTbl — BaXKHEMLLME MHTEPaKTUBHbIE SAEMEHTbI SAEKTPOHHOrO 06pa30BaTEAbHOMO
npotecca, 0COGEHHO MPU U3YUYEHMU eCTECTBEHHOHAYUHbIX AMCUMMIAMH. OObEKTOM MCCAEAOBaHMS
B CTaTb€ $BASIETCS AMHAMUMYHOE B3AUMOAEMCTBME YYACTHMKOB Y4yebHOI AeSITeAbHOCTU W
CcpOPMMPOBAHHOIO BMPTYAAbHOrO 06PA30BATEALHOIrO MPOCTPAHCTBA, MPEACTaBAsiolLEero cobon
6bICTPOPA3BMBAIOLLLYIOCS, MHOIFOYPOBHEBYIO M MHOMO(YHKLMOHAABHYIO CUCTEMY, OObBEAMHSIOLLYIO
METOAMKO-NIeAArormyeckme TEXHOAOrMK, MH(POPMALIMOHHBIE PECYpPCbl U COBPEMEHHbIE MPOrPaMMHble
CpeACTBa. bbIA cAeAaH BbIBOA, UTO BUPTYaAbHas CpeAQ MO3BOASIET MHAMBMAYAAM3MPOBATH 0OyUeHue He
TOABKO MO TEMMY M3YUYEHWUS MaTePMAAQ, HO M MO AOTUKE M TUMY BOCIPUSTMS yyalmxcs. BupTtyaamnsaums
006pa3oBaTeAbHOrO MPOCTPAHCTBA MPEAOCTABASIET CTYAEHTaM BO3MOXHOCTb CaMOCTOSITEAbHOIO
MCCAEAOBATEABCKOIO MOMCKA MATepManoB, onyOAMKOBaHHbIX B Internete, mpeAOCTaBASIET MOMOLLb B
MOMCKax OTBETOB Ha NPOOAEMHbIE BOMPOCHI.

KatoueBble caoBa: MHMOPMALMOHHO-KOMMYHMKALMOHHbIE TEXHOAOTMM, BUPTyaAbHAs CpeAQ,
JAEKTPOHHOE 00YyUeHMEe, MyABTUMEAMIIHAS TEXHOAOTMSI, UHTEPAKTUBHOE 00Yy4YeHume.

Abeldina Zh.K.”, Moldoudarova Zh K., Molmudarova Zh.E., Abeldina R.K.

S. Seifullin Kazakh Agrotechnical University,
Kazakhstan, Astana, “e-mail: abel-09@yandex.kz

Virtualization of the educational space as one
of the intensification approaches of the educational process

One of the priority directions of the development of the world educational space is the digital
revolution in teaching, which determines the use of digital technologies as tools for expanding and
transforming the educational environment, so now we can talk about the phenomenon of virtualization
of the educational environment. The relationship between the student and teacher is of great importance
in training, especially to strengthen the motivation and deepen the cognitive process. The interaction
reinforced by the virtual educational environment can be a powerful factor in improving the quality and
effectiveness of training. The virtual instruments and software used at the same time are the most impor-
tant interactive elements of the electronic educational process, especially when studying natural science
disciplines. The target of research in the article is the dynamic interaction of participants in educational
activities and the formed virtual educational space, which is a rapidly developing, multilevel and mul-
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tifunctional system that combines methodological and pedagogical technologies, information resources
and modern software. It was found that the virtual environment makes it possible to individualize learn-
ing not only by the pace of studying the material, but also by the logic and type of perception of students.
Virtualization of the educational space gives students the opportunity to independently research the
materials published in the Internet, offers assistance in finding answers to problematic issues.

Key words: Information and communication technologies, virtual environment, e-learning, multi-
media technology, interactive training.
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OKy npoueccii KapkbIHAATYAbIH, 6ip TOCiAl peTiHAe
6iAiM Gepy KeHiCTiriH BUpTyaAA@HAbIPY

OAEMAIK BiAiM Bepy KeHICTIiriHiH 6acbiM GarbITTapbiHbIH, Oipi- LM(PABIK, OKbITY PEBOAIOLIMSIChIHBIH,
Aamybl 60AbIN Tabbiraabl. CaHAbIK, PEBOAIOLLUS OKbITYAbl alKbIHAQNTbIH LIU(DPABIK, TEXHOAOTUSIAQPADI
KOAA@HbIM, BGiAiM 6epy opTachiHAAFbl KYPaAAAPAbl KEHENTYre >KeHe TYPAEHAIPYre aAbil KeAeAi.
CoHAbIKTaH Kasipri yakbiTTa 6iAim 6epy opTacbiHAa BUPTYyaAM3aLms (peHOMEHI naiaa 6OAFaHbIH anTyFa
60onaabl. OKy ypAiciHAe 6iAIM aAyLibl MEH OKbITYLLbI apacbiHAAFbl ©3apa GaiAaHbIC MaHbI3AbI, acipece
TaHbIM CarnacblH TEPEHAETIN KYLIENTY, bIHTAAQHABIPY YLLiH. MbIKTbl BUPTYaAAbl GiAim 6epy opTacbimeH
GipAECKEH iC-opeKkeT 0Ky carnachbl MEH TUIMAIAITIH apTTbIpyAaFbl MaHbI3Ab! (hbakTopAbIH Gipi. bya petTe
NnanAaAaHbIAATbIH BUPTYaAAbl KYPaAAAp MeH GafrAapAAMAAbIK, BHIMAED — SAEKTPOHABIK, Giim Bepyaeri
MaHbI3Abl MHTEPAKTUBTI 3AEMEHTTEp, 8Cipece >KapaTbIAbICTaHY FbIAbIMU MOHAEPAI OKbITYAA MaHbI3ABI.
Makanaaarbl 3epTTey HbiCaHbl GiAIM aAyLLbIAAPAbIH, OKY KbI3METI MEH KAABINTACTbIPbIAFAH BUPTYaAAbI
GiniM Gepy KEHICTIriHiH AMHaMMKaAbIK, ©3apa 0aiAaHbIChbl, >KbIAAAM JKETIAAIPIATEH, KOMAEHrenAi
OKY >K8He KOrMyHKLUMOHAAABI KYMeHi GipIiKTIpeTiH 8AiCTEMEAIK-TIeAArOrmMKaAbIK, TEXHOAOTMSAAP,
aKnapaTTblK, Pecypcrap MeH Kasipri 3amaHfbl OGafaapAamanbik, Kypaasap. BupTyaaabl opta 6iAim
AAYLLBIHBIH OKYyAQ >Keke MaTepuaAAbl OKYy, MeHrepy KapKbliHbIH faHa emMeC MaTepuaAAbl 3epAeAey
>koHe KabbIAAAy TUMTEPIH AapAaHAbIPYFa MYMKIHAIK OepeAi AereH KOpbITbIHABI XKacaaAbl. biaim Gepy
KEHICTIriH BMpPTyaAAaHAbIPY GiAiM aAylibiAapAbIH Internete >keaiciHeH 3epTTey marepuasAapbiH 63

GeTiHLLe i3aeyre, NPOOAEMaAbIK, CypakTapra >kayan Tabyra KOMeKKe >KYriHyre MyMKiHAIK 6epeai.
TyiiiH ce3aep: AKNapaTTbiK-KOMMYHUKALMSABIK, TEXHOAOTMSIAAP, BUPTYaAAbl OPTa, SAEKTPOHADIK,
OKbITY, MYABTUMEAMSIAbIK, TEXHOAOTUSI, MHTEPAKTUBTI OKbITY.

BBenenue

OnHa W3 OCHOBHBIX T'OCYAApPCTBEHHBIX 3ajad
— MOJIepHM3aIHs 00pa30BaHMs, C LEIbIO MOBBIIIE-
HUS 3PPEKTUBHOCTH 00YUYEHUS, IUPOKOTO TOCTYIIa
K WHTEPaKTHBHBIM Pa3BUBAIOIIUM TEXHOJOTHSIM,
BO3MOKHOCTH COBEPIICHCTBOBAHUS M CaMOpEad-
3anun. CoBpeMeHHOE HHPOPMAILIIOHHOE TPOCTPaH-
CTBO, ONyTaHHOE TIJ00anbHON VHTEpHET ceThlo,
MPEJOCTABISICT Pa3IMYHble KOMMYHHKAIIMOHHBIC
BO3MOXXHOCTH OOIIeHus, 0OMeHa nHpopManuen u
B3aMMOJCHCTBUS POCTPAHCTBEHHO PAa300IICHHBIM
YYaCTHUKAM, ITO3BOJISISL ONIEPATHBHO PearupoBarh u
npuHuMath pemtenus [1]. [lox BupTyanbHO# cpe-
oM 00yudeHHsT OOBIYHO MOJPA3yMEBAIOT COBOKYII-
HOCTh YYEOHBIX WHCTPYMEHTOB, KOTOPBIC IT03BO-
JISIIOT OPraHWU30BaTh 00Pa30BATENbHBIA MPOLECC C
HCTOJb30BaHUEM KOMIBIOTEPHBIX M CETEBBIX TEX-
Hosoruil. Kak npasuiio, pu 3TOM UMEETCSl BBUAY
npouecc B popmare 31EKTPOHHOr0 00y4eHHs, BOC-
MIPOM3BOIAILMI OOBIYHOE KiIacCcHueckoe oOyueHHe
C PaBHOICHHBIM JIOCTYIIOM KO BCEM KOMIIOHEHTaM

00y4yeHHs, TaKUM, KakK JICKHHOHHbBIE H JlabopaTop-
HO-TIPAKTHYECKNE 3aHATHUS, Y4eOHO-METOINIEeCKHIA
KOHTEHT, HTOTOBBIH ¥ IPOMEKYTOUYHBIH KOHTPOIb U
T.J., TIOMEUICHHOE B aBTOMAaTHU3UPOBAaHHOE HH(OP-
MaI[MOHHOE TIpOCTpaHcTBO. JlaHas BHpTyanbHas
cpema noiikHa OBITh OPraHU30BaHA TAKHM 00pa3oM,
4TOOBl OBUIA YIOOHOM, JTOCTYITHOHM, HAJCKHOU H
MTOCTOSTHHO Pa3BHUBATHCS LISl yJIOBJIETBOPEHUS I10-
TpeOHOCTEH CBOMX IOJIB30BATENCH [2].

Hcnonp3oBanue BHUPTyaTbHBIX JIaOOpaTOpHid
U WHTEPAKTUBHBIX TPEHAKEPOB SBISIOTCS OTIINY-
HBIMHU TIpHEMaMHU JUIsi 00y4YeHHUsI CTY/ICHTOB, TaKHue
MOJXO/bl OKA3aJIMCh TOJE3HBIMU JUIsl TOHUMAaHUS
TEXHUYECKUX MPUHITUIIOB BO MHOTHX O0JIACTSIX HAY-
KM ¥ TeXHUKH. B pabore [3] ckoHCTpyHpOBaIn BUp-
TyaJIbHYIO Cpealy, KOTOpas UMUTHPOBaJa peajibHbIe
oTiepalyu, peaan3yemMble B 1a00paTOpUH IS MOITY-
YeHUs dHepruu u3 omomaccel. OTMedaeTcs dhdek-
TUBHOE TIOBBIIICHUE KAauecTBa Y4eOHOTo mporecca
BCJIE/ICTBUE TPUMEHEHUS WHTYUTHBHO ITOHSITHBIX
W TPUBJICKATEIHLHBIX HHTEP(HEHCOB BUPTYaTbHBIX
KOMIIJICKCOB.
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Hens uccnenoanus [4] cocTosuia B TOM, 4TO-
ObI BBISIBUTH U3MECHEHUSI B BOCIIPUSITHH, BBI3BAHHBIX
BUpTyaHu3anueil 00pa3zoBaTeNbHBIX MPOCTPAHCTB U
ajanTaunuel UCTIBITYEeMBIX K IH(POBBIM y4eOHBIM
00BbEKTaM, MOMELICHHBIX B BHUPTYAJIbHYIO CpELy.
OTIpaBHOM TOYKOH SBISTIOCH KYJIBTYPHOE UCCIE0-
BaHKE, OCHOBAaHHOE Ha JIelyKTHUBHOM aHayn3e o0pa-
30BaTENbHBIX SABJICHUMN, C MIUTIOCTpALIUEN Ipolecca
TpaHcHOpPMALIUK BOCIIPUSATHS UPPOBBIX 0OBEKTOB
B pe3yJbTaTe 3JIEKTPOHHOro oO0yuenus. Murep-
HET T03BOJIICT 3HAYUTEIbHO PACLIMPSTH TPAHULIBI
BUPTYaJbHOM peabHOCTH, BOBIIEKas TII0OAIbLHBIC
npoOJIeMbl B MOBCEJHEBHYIO JKU3Hb, YTO MO3BOJIS-
€T Y4MThCS HpoOIeMaTH3aLuK, CTUMYJIHPYIOIIEH
WU3MEHEHHUS] B MPOCTPAHCTBEHHO-BPEMEHHOM Mpak-
tuke. Takum 00pa3om, BUpPTyasibHOE 0Opa3oBaHHE
HPEACTaBIAETCS KAK HHCTPYMEHT, KOTOPBIH IPHUHO-
CHT CTyJICHTaM Pa3UYHbIE BO3ZMOXXHOCTH, TO3BOJISI-
IOIINE TTOBBICUTH 3QPEKTUBHOCTH 00yUeHHS [5].

Konnenmumsa o00IayHBIX BBIYMCICHUN 3HAYH-
TEJIbHO W3MEHHJIA TPaJUIMOHHBIA TOAXOJ K JIO-
CTaBKe, YNPaBJICHUIO ¥ MHTETPALUHN MPUIIOKCHUH.
CyTh KOHIICTIITUU OOJIAYHBIX BBIYMCICHHUNA 3aKITIO-
YaeTcsl B MPEJAOCTABIICHNH KOHEYHBIM TIOJIb30BaTe-
JSIM yJTAJIGHHOTO TUHAMHUYECKOTO J0CTYyINa K YCIIy-
ram, BBIYMCIMTEIIBHBIM PECYPCaM U HPHIIOKEHHUSIM
(BKITIOUAs OTIepaIlMOHHbBIE CUCTEMBI U HHPpaACTPYK-
Typy) 4epe3 UHTEpHET. [ JaBHeHIMM mpeuMyiie-
CTBOM NPUMEHEHHS 00JIAKOB SBIISIETCS OTCYTCTBHE
HEOOXOJUMOCTH UMETh MOIITHYIO CHCTEMY Y KOHEY-
HOT'O TIOJIb30BATENIs, YTO OJHO3HAYHO BEJIET K BECO-
MOMY CHIDKCHMIO 3aTpaT Ul IOJIb30Bareis. JTo,
BEPOSITHO, OKAXKET 3HAYUTEIHbHOE BIHMSHUE HA 00-
pa3oBarenbHy0 cpeay B OymymeM [6]. OOnavHbIe
BBIYHMCIICHUS SIBJISIIOTCS OTJIIMYHOM ajJbTepHATHUBON
Ul y4eOHBIX 3aBEJCHUI, KOTOphIe NPU HEXBATKE
Oromxera JuIst 3 PEKTHBHOM PadOTH CBOMX HHPOP-
MAalMOHHBIX CHUCTEM, MOTYT COKOHOMUTh Ha 00CIy-
JKUBAHUU KOMITBIOTEPOB U CETEBBIX YCTPOHCTB, CO-
YeTasi X C BBICOKMM YPOBHEM JIOCTYITHOCTH YCIIYT.
[Ipenmonaraercsi, uro B Ommxkaiimem OymaymieMm,
TEXHOJIOTHSI OOJIAYHBIX BBIUMCIICHHN OyIeT UMETh
3HAYUTENBHOE BIHMSHUE Ha 00pa3oBaTEbHYIO H
y4eOHYI0 cpeay, CO3/aHhe YCIOBHW JUII HX COO-
CTBEHHBIX IT0JIb30BaTeNel (To ecTh, 00yJaromumxcs,
npenojaBaresneid ¥ aAMUHUCTPATOPOB), YTOOBI 3(h-
(EKTUBHO BBIIOJHATH CBOU 3aJaydl C MEHBIIUMH
3aTpaTaMH 3a CUET UCIIOJIb30BAHUS UMEIOIIUXCS 00-
JaYHBIX TPWIOKEHHUH, MpelaraéMblX MOCTaBIIH-
KaM{ 00JavHBIX yCuyT [7].

CoBpeMeHHOE pa3BUTHE HWH(POPMAIIMOHHBIX
TEXHOJIOTHH M, B YaCTHOCTH, TeXHOJIOTHH Internet/
Intranet, npuBOOUT K HEOOXOAUMOCTH 3aILUTHI HH-
dopmanum, nepegaBaeMoil B paMKax pacrpe/ieneH-
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HOW KOPIIOPAaTHBHOHM CETH, HCIIOJB3YIOIEH ceTn
OTKPBITOTO AOCTyMa. Bompocsl mHpOpMamoHHON
0€30IacCHOCTH CHCTEM W CETeBOW 0e30MacHOCTH
BO3HHUKAIOT IPHU HCIOJNB30BAaHUU CHEUU(PUUIECKUX
BUPTYaJIbHBIX HMHCTPYMEHTOB, TpPEOyeMbIX JUIs
aJIeKBATHOTO OOYYCHMsI CIEIHAIMCTOB B Jiabopa-
TOPHBIX CpeJiax, B KOTOPBIX MOT'YT OBITh paCCMOTpE-
HBI MIPAKTUYECKUE ACTEKThl HUCIHMIUTAHBL [8]. [Tpn
pa3paboTtke online yueOHBIX 1IaThopM, odecmeun-
BAIOLIMX JIOCTYIl W BO3MOXKHOCTH JAWCTaHIMOHHO
YIPaBIIsATH HAOOPOM ANMAPATHBIX U MPOTPAMMHBIX
pecypcoB, HEOOXOAUMO TIPEIYyCMOTPETh YAOOHBIC
CEepBUCHI 7151 KOHEYHOTo Nonb3oBatesst. C 3Toil ue-
TB10, B paboTe [9] ObUTH pacCMOTPEHBI TEXHUICCKHE
pelleHH s, Jarollue BO3MOXKHOCTh CTYJICHTaM yJia-
JICHHO Y4acTBOBaTh B JlabopaTopHOil ceccuu. Dd-
(DEKTHUBHOCTh TAKUX 3aHITUH ONPENENSCTCS YPOB-
HEM KOMMYHUKAIMH, BUPTYaJH3alld U CTCIICHBIO
pa3paboTku 0a3 JaHHBIX.

Oxpyskaroniasi cpeia BOKPYT Hac JIaeT OTPOM-
HOE KoyimdecTBO wuHpopmauuu. [louemy OBl He
MOJIBECTH €€ TPAKTHUCCKH K HANIeMy DKpaHy U
B3aUMOJICCTBOBAaTh C HeH? B pamkax mpoekra
[10] peanbHBIE CIIEHBI, CO3IaHHBIE C TOMOIIBIO
KOMIIBIOTEPHBIX TMPOrpaMM, Jai0T BO3MOXKHOCTB
MPOCMATPUBATh BUPTYaJIbHYIO CpEIy, IO3BOJISS
YIPaBISTH €10 M MOJIYyYaTh MPAKTUYECKUE HABBIKH.
Hosele pa3pabotku B 001acTu HHOOPMAMOHHBIX U
KOMMYHHKAIIMOHHBIX TEXHOJOTHI M HENPEepPbIBHbIC
U3MEHEHUs] 00pa3oBaTeNbHBIX U HAayYHO-HCCIIE0-
BaTENILCKUX TEXHOJIOTUH BBI3BAIM HOBBIE CIIOCOOBI
B3aUMOJICHCTBUSI MEKIY TPEOAABATEIIIMU U CTY-
JICHTAMH, MEXJIy UCCIIEIOBATEISIMU U MX MPOCKTa-
Mu. Peub uner 06 untepdepeHunn (coraacoBaHHO-
CTH) MEXIy JBYMSI THUIIAMH CBSI3H, TIOJATOTOBKH U
00yYeHUs: TPAAUIIMOHHBIX, IPOBOAUMBIX B Pealib-
HOM MUDpE, B 00BIYHOM akajieMudecko cdepe, U co-
BPEMEHHBIX, IEPEMEIICHHBIX B BUPTYaIbHYIO CPEAY
[11]. B cTarbe mpeanpuHATa MOMBITKA OMPEAETUTh
U OmHcaTh, KaKUM 00pa3oM HOBBIC TEXHOJIOTHH B
00pa3oBaHMH, TaKUX KaK JJIEKTPOHHOE OOydeHHe,
uQpoBoe TeIeBHUCHNE, BUPTYAIbHBIA KIlacc, BHU-
JICOKOH(EPEHIINN, MOTYT PACHIMPATh Y3KHHA KPYT
WHTEPECOB 3HAHUN U KOMMYHHKAIUH, a TAaKXKE pa3-
pyuath Gapbepsl H COIMKATH PACCTOSHHUS JIJIsI TOTO,
YTOOBI MHUIMMPOBATH W PA3BHBATH OTHONICHUS
MEX]y Pa3IMIHbIMU KYJIbTypaMH, YUPEHKICHUSIMU
U JobMH. 111 TOrO 4TOOBI OBITH COBPEMEHHBIM,
BBICOKOTIPO(GECCUOHATBHBIM U MPUBJICKATEIBHBIM
00pa3oBaTeIbHBIM YUPEHKJACHUEM, JIISI CO3JaHUS U
pacnpocTpaHeHUs EPENOBbIX UACH, KOHLIENIUN U
3HAaHUH, YHUBEPCUTET JOJDKEH MOCTOSHHO YUUTh-
Csl peaJIM30BBIBATh CaMble TIOCIICAHAE WHHOBAIUU
B 00jacTu UHGPOPMAIIMOHHO-KOMMYHHUKAIIMOHHBIX
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TEXHOJIOTHH, coueTast KaK TpaJUIMOHHBIC TaK U CO-
BPEMEHHBIC METOIbI.

Bce Gonblnie yueOHbIe 3aBeIeHUsT BCEX YPOBHEH
(HauanbHOM, cpefHEel HIKOJIBI, KOJIEAXKA, YHUBEP-
CUTETA) HaYaJId O (PPOBBIBATH COACPIKUMOE CBOUX
JEKIWH U KypcoB, MOJpa3yMeBasi TakuM 00pazom,
YTO OHU «BUPTYAIM3HPYIOT» HX COJECpPKAHUE WIN
JaKe Jydllle, «BUPTYAIM3HUPYIOT» HMX 00pa3oBa-
TenpHBIC cuieHapuu [12]. [l 3Tux 1eneil onu wuc-
MOJIB3YIOT KOMIBIOTEPHBIE MIaTHOPMBI, KakK crioco0
IOBBIILICHHUS KayecTBa MNPENoAaBaHust U 00yUCHHUS.
Heo0OxoaumMo HaxoauTh METOJOJIOTHYECKHE TIO-
X0Abpl K HMH(OPMAIMOHHO-KOMMYHHKAIMOHHBIM
TEXHOJOTUsAM B OOpa30BaHHMH, OCHOBAHHBIC Ha
COOCTBEHHBIX MOJIEJIAX MOBENEHUsS CyOBheKTa (KOM-
MYHUKaIlM) B CETH, MPHU3HABAsI Pa3IMIle MEKIY
HCIOJIb30BaHUEM BHUPTYaJIbHBIX HHCTPYMEHTOB B
paMKax U BHE Mporiecca 00yUueHuUsL.

B pabore [13] mpencraBiensl oOpa3oBaTelb-
HBIE MEPOIIPUATHS, pa3pabOoTaHHbIC B paMKaXx pas-
JIMYHBIX WHHOBAIMOHHBIX MPOEKTOB, MPOBOIUMBIX
B KOJUIE/KE HHKCHEPUN YHHUBEPCUTETa AJIbMEPHUN
(Ucnanus) B TeUeHHWE TOCIEAHUX TATH JeT. Kak
CIIEJICTBHE pean3aliy MPOEKTOB, COBEPIIIEH Iepe-
X0l OT TPaJAULUOHHOTO JIEKIIMOHHOTO IMOAX0Ja K
cpene oOyueHMs, OPUEHTUPOBAHHOW Ha JIMYHOCT-
HO-OPUEHTHUPOBAHHBII METOJ, C HCIOJb30BaHHEM
YaCTUYHOW BUPTYalIH3alUM CyOBEKTOB M JPYTHX
NHGOPMALMOHHO-KOMMYHHUKAILMOHHBIX  TEXHOJIO-
ruil. Komnerorep ¢ nocrynom B IHTEpHET U cnaiin-
MIPOEKTOP JTOCTYMHBI I BCEX CEAHCOB B AyAMTO-
puM, IO3BOJSIOT KOMOMHHUPOBATh BHJEO, ClAiin
— Mpe3eHTalMd ¥ WHPOpPMAUK ¢ BeO-CTpaHUIIL.
Bupryanuzauus 3HaYMTEIBHO MOBBIMIAET 00pazo-
BaTeNIbHBIN pecypc, ylydias MOOMIbHOCT U aKTH-
BU3UPYSI IpoIiecc 00YUEHUs MPH CPAaBHUTEIHHO He-
Oospiux 3aTpatax [ 14]. Kommerorepusanus BMecTe
C TeM I03BOJISIET YJIYUIIUTh IPENOoJaBaHue Ha pas-
JUYHBIX KypcaxX, B YaCTHOCTH, B o0yacT nHpopMma-
LUOHHBIX TEXHOJIOTHH, CIIOCOOCTBYS 0Oojiee JEerKo-
My JOCTYIy K IIPOrpaMMHBIM CPEACTBaM, a TaKKe
IyTeM MPEIOCTaBICHNUS PA3INYHBIX BHIYUCIUTEIb-
HBIX cpex ¢ OoraTbiM HaOOpoM (YHKUUH, TaKUM
o0pa3zoM yiyumiasi JOCTaBKy KYpPCOB M pacLIMpsis
0XBaT YHMBEPCUTETCKUX pecypcoB. Bupryanuzanus
MOJKET TaKKe YIY4IIUTh 00y4eHHUE IMyTeM IMpeo-
CTaBJICHUS MHCTPYKTOPOB C [OIOJHHUTEIbHBIMU
BUPTYaJIbHBIMA MHCTPYMEHTaMH, YJIydllas yIpas-
JeHue cucTeMoi. TeXHONOrHs BUPTYaIU3aluH Mo-
3BOJIIET HECKOJIBKMM OIIEPAllMOHHBIM CHCTEMaM
paboTaTh OAHOBPEMEHHO Ha OJHOM KOMIIBIOTEpE.
Kaxnas ycraHoBiieHHass OnepalMOHHAs CUCTEMa
MOJKET UMETh YAAJICHHBIN IOCTYII, pa3Aeisisl, TAKUM
00pazom, o0IIIre pecypchl KOMITBIOTEpa.

ITocTaHoBKA 3a7a44 U METOAbI HCCJICA0OBAHUSA

B mocnegane roapl MPOU3ONIIITH U MTPOUCXOMIST
KOPEHHBIC Tpeo0pa3oBaHUs B CUCTEME BBICIICTO
obpaszoBanus Kazaxcrana. TpanuimonHas yueOHO-
TUCIIUIUTAHAPHAS JKeCTKas MOJeNlb 0Opa3oBaHU
CMEHHJIACH 00Jiee CBOOOTHON KPETUTHON CHCTEMOM
00y4eHus1, B paMKaxX KOTOPOU 00yJatONUIiCs MOKET
IIBUTATKLCS IO CBOCH COOCTBEHHOM OpOWTE, NCITOTb-
3ysl IPaBoO BBIOOPA M PABHONPABHO COTPYJIHHUYAS C
negarorom. B cucreme oOpa3zoBaHus MHOTUX CTPaH
BOKHON COCTaBIIIONICH COBPEMEHHOTO YUYeOHO-
ro TMpollecca CTaio MOBCEMECTHOE MCIIOJIb30BaHNE
WHHOBAIIMOHHBIX TIOJIX0/I0B HA OCHOBE KOMITBIOTEP-
HBIX TeXHOJoTHH [15].

Camu 1o ce0Oc KOMIBIOTEPHBIE TEXHOJIOTUU —
3TO HMHCTPYMEHT, IMO3BOJISIONIUI pacUIMPUTh Tpa-
HUIIBI 00YYEeHMsI, pa3HOOOPpa3UTh (POPMBI © METOJIBI
npenojasanus. Eciu korjma-to mpenojaBarenb Mc-
TMOJIL30BAJ TOJIBKO JIOCKY U MEJ, CTaBUJI MPOOIIeMy
W pa3peman ee B ayJIWTOPHH, MOT TIOKa3aTh OIBIT
WM TIPOJIEMOHCTPUPOBATh ()ParMeHTHl KHHO W BH-
Jieo (PUITBMOB, TO TENEPh OH MOXET BOCITIOJIb30BaTh-
Cs WHTEPHETOM, BECTH 3aHATHS B online pexume
[16]. Bonee Toro, cefiyac W CTYJICHTBI MOTYT 00-
y4aThCsl JUCTAHIIMOHHO, TPUCTYIATh K M3YYCHHIO
IUCIUTIINH B yIOOHOE I ceOst BpeMs B yI00HOU
(dopmMe, oTyyasi 3aJJaHusI U UHTEPAKTUBHO O0IIAsICh
C TIpero/IaBaTelieM.

W3ydenne ecTecTBEHHOHAYYHBIX IVCIUTUINH
SIBJIICTCSI HEOOXOAMMOMN Y4acThi0 00pa30BaTEIIbHOM
MOJITOTOBKU MPAKTUYECKH I BCEX HAIpPaBICHHIA
CpemHero W BBICIIET0 oOpa3oBaHus B mupe. Kak
0JTHA U3 COCTABIISIIONINX YaCTel CUCTEMbI 00pa3oBa-
HUSl, BBICIIAS IIIKOJIA C HEKOTOPBIM 3aria3/IbIBaHHEeM
IO BPEMEHH MCTIBITHIBAET TPYIHOCTH, HCTOKH KOTO-
PBIX 3aJI0KEHBI elmé B mporecce o0ydeHus aeTei B
cpeaHei 1Koe.

B By3ax ceifyac NpaKTUKYIOTCS HECKOIBKO
(dopM 00yYCHHUsS: TpPaJMIIMOHHAS, C TIperoJaBaTe-
JIEM M CTYyZIeHTaMH, O0YYarolIUMHUCS CTaIllHOHAPHO
0 PacIMCaHMIo, AUCTAHIIMOHHAS (pOpMa, C UCTIONb-
30BaHUEM HHTEPHET — TEXHOJIOTUH, a TaKKe CMe-
IIAaHHASL C CECCHSIMHM M KOHCYJIBTAIMSIMH TIPETIOfa-
Bareneit [17].

Onnoli w3 HauboJiee JAOCTYITHBIX JIJISI BUPTYya-
JU3aIuu cpelioil oOpa3oBaHms sBIsieTCs (pu3MKa,
KOMIIBIOTEPHBIE MOAENTH (U3NYECKUX SBICHUH H
OTIBITOB OPraHNM4YHO BCTPAMBAIOTCA B COBPECMCHHBIC
TexHonoruu odydenus. Tem Ooisiee 4TO Jayieko He
KOKIBIH (PU3UIECKUi SKCTIEPUMEHT MOYKHO TIPOBE-
CTH MOJIHOMACIITa0HO, 0COOCHHO B yUSOHBIX IIETISIX.
OTH OTpaHHYECHUs OIPENESISIOTCS Pa3TUIHBIMH
¢daxTopamu [18].
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— OrpaHnyeHHs, BOSHUKAKOIIUE U3-32 TPOMaJI-
HBIX Pa3MepOB OOBEKTOB — HAIPUMEp, IBUKCHHE
TUTAHET 10 COJHEYHOU CHCTEeMe, I'eOJOTHYeCKUe U
rinoOanbpHbIe SIBJICHUS U T.4. B 3TOM citydae ncmnosns-
30BaHNE HATYPHBIX IKCTIEPUMEHTOB HEBO3MOIKHO.

— OrpaHuyeHHs, BO3SHHKAIOIIUE H3-32 MHUKPO-
CKOTIMYECKUX pa3MepoB, HAIIPUMEP, aTOMBI HMEIOT
pasMep mnopsika aecsaToi gonu Hanomerpa. [loaro-
My, 9YTOObI MaHUITYJIMPOBATh HEOONBIIMM KOJINYe-
CTBOM aTOMOB, WJIH JIa)K€ OTJACIHHBIMH aTOMaMH,
HEOOXOAMMBI MPHOOPHI, Pa3TUYAIONINE OOBEKTHI
pa3MepaMy MopsaKa HAHOMETpa, WU JaKe JOoJei
HaHoMeTpa. Takue mpuOOpsI, paboTAIOIIIE HAa KBaH-
TOBBIX () (eKTax, MO3BOJIMIH PeliaTh COBEPIICHHO
HOBBIE TEXHUYECKHE 33Jla4d U OOBEAMHSIOTCS O]
MMEHEM HaHOTeXHoJoTuH. [lepBbIM prOOpoM, KO-
TOPBIA TIO3BOJIHII MPUOIN3UTHCS K HAHOMETPOBOMY
JMara3oHy MPOCTPaHCTBEHHBIX Pa3MepPOB, ObLI CKa-
HUPYIOUIMHA TYHHEIBHBINH MUKpOCKoT [19].

— DHepreTudyeckue (HaKTOpbl — BBICOKOIHEP-
TeTUYeCKUe XapaKTePUCTHUKH MOTYT CHelaTh 3KC-
MEPUMEHT TPAKTUYECKH HEOoCyIIecTBUMBbIM. Ha-
npuMep, HeoOXOIUMOCTh Pa3rOHa dJIEMEHTaPHBIX
YaCTHII 10 CKOPOCTEH, ONM3KUX K CKOPOCTH CBETa,
TpeOyeT co3aHusi THIAHTCKOTO YCKOPUTEIsl, Harlo-
nobue Gorpimoro aaponHoro komaiinepa (bBAK),
YTO MOTYT ce0€ IMO3BOJHTH UMb OOBEIUHEHHS
KpYIHEHIINX rocyJapcTB. B cTpoUTENbCTBE U UC-
cinenoBanusax bAKa ywacTBoBaJiM M y4acCTBYIOT
Oomnee 10 ThicsY y4€HBIX M HMHXKEHEPOB U3 Oosee
4yeM cTa cTpaH. bosbIoil ajpoHHbIN KoJIIaiaep mno-
3BOJISIET MPOBECTU IKCIEPUMEHTHI, KOTOPEIE paHee
OBUIM HEBO3MOXKHBI M, BEPOSITHO, OATBEPAAT WIN
OTIPOBEPTHYT YacTh C(OPMYIHPOBAHHBIX (DH3H-
YEeCKMX MOJEJICH B 00JIACTH SIJICPHBIX B3aUMO/ICH-
ctBuii [20].

— DKoJoTn4ecKue orpaHuueHus — Jro0ble Mac-
mrTabHble DKCHEPUMEHTBl CO cpeliod OOWTaHuUs
CIIelyeT CYUTATh OMACHBIMH WM HEKeJIaTeITbHBIMHU.
B wacTHOCTH, OTKa3 MHOTHX TOCyJIapcTB OT IpoO-
BEJICHHSI SKCIIEPIMEHTOB TI0 HEYTIPABISIEMOMY Tep-
MOSIIEpHOMY CHHTE3Yy OOYCIIOBJICH, B TOM YHCIIE, U
>tiM (hakTopom [21].

— (DuHAHCOBBIE OIpaHUYCHUS — BBICOKAs CTO-
MMOCTh MOYKET BOCHPEMSATCTBOBATH IPOBEICHHUIO
SKCTIEPUMEHTA.

— ComuanbHble (MOTUTHYECKHUE, PEIUTHO3HBIC,
MOpaNbHBIC, ITHYCCKHE W T.N.) (PAKTOPHI TaKKe
MOTYT BOCIIPEISITCTBOBATh MOCTAHOBKE PEabHOTO
JKcriepuMenTa. Hampumep, ycunusMu HapoJIHOTO
AHTHSIIEPHOTO JIBIKEHUSI OBLITH MTPEKPAICHBI sIIep-
HbIE UCITBITAHUS Ha Ka3aXCTaHCKOM 3emie [22].

Y4eOHbIe SKCIIEPUMEHTHI HAXOMATCS B ere 00-
JIee JKECTKMX OTPAaHMYUTEIBHBIX PaMKax, MMO3TOMY
KOMITbIOTEPU30BAHHbIC IKCIIEPUMEHTBI M SIBJICHUS,
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Jal0OT HECOMHEHHBIA TOJIOKHUTEIBHBIH (P EKT.
Crnenmyer mog4epKHYTb, YTO BHPTyaJbHBIE PAaOOTHI
HE TIOJIMEHSIOT, a JIOTIOJHSIOT pealibHbIe JKCIIepH-
MCHTHI. Ha6opaTopHme 3aHATUA ABJIAIOTCA OAHUM
W3 BUAOB MPAKTHYECKOH CaMOCTOSITETILHON pabOTHI
CTYA€HTOB, Ha KOTOPBIX IyT€M MPOBEJICHHS OINBITOB
MIPOUCXOHT YIITyOJieHHEe 1 3aKpeTIeHHe TeopeTHYe-
CKUX 3HAHUU U MPAKTUUYECKUX HABBIKOB B UHTEPECAX
npodeccnoHabHOM TIOATOTOBKH 00y4aeMbIx [23].

Pe3yabTaThl M 00cy:KIeHHE

CoBpemeHHas cuctemMa 00pa3oBaHMs MPU BCEX
(dhopmax oO0ydeHUs MpEaIoiaracT COOTBETCTBYIO-
i KOHTeHT. KOHTEHT TOIKEeH BKIIFOYATh B CeOS
y4eOHO-METOANYECKUH KOMILIEKC CIeHUATBbHOCTH,
coJiep KaIliii THITOBOM IIJIaH CTICIHAIEHOCTH, pado-
yuii yuyeOHBIN TJIaH Ha BCe roJbl 00y4eHusi, pado-
YU IJTaH 10 BCEM CEMECTPaM, KaTalloT JJICKTHBHBIX
JICIHMILINH, Y4eOHO-METOIUYECKHI KOMILJIEKC JTUC-
[UIJIHH, COCTOSIIMN U3 THIIOBBIX IPOrPaMM JIUCIIN-
IUTHH, pabo4nXx y4eOHBIX MPOTrpaMM — CHIIIA0YCOB,
JICKIIMOHHOTO MaTepHaia, J1ad0paTopHOro MpaKTH-
KyMa, TeM TPAaKTHIECKUX U CEMHUHAPCKUX 3aHSATHH,
3aJaHui 7151 CAMOCTOSTENIbHON paboThl, KOHTPOJIb-
HO-U3MEPUTEIBHBIX CPEJICTB M JHUTEpaTyphl. Bech
MaTepuan CO3/aeTcsl IMpernojaBaTeieM, BeAyIIHM
o0y4yeHre W TpEAToiaracT JIEMEHTAPHbIC HABBIKU
BIIQ/ICHUSI KOMITBIOTEPOM, KaK Me1aroroM, Tak u 00-
yuatomumcst (puc. 1).

ITo mucrummae ¢Gu3nKa OBUTH pa3padOTaHbI
AJIEKTPOHHBIE Y4eOHO-METOMYECKAE KOMILIEKCHI,
BKJIFOUCHHBIE B KOHTEHT, CO3/JaHbl CIIPABOYHHUKH,
MTO3BOJISAIONINE WMETh JOCTYN K JIEKIHSIM TPETio-
JlaBatess, KOMIBIOTEpPHbIE 00y4Yalonue U KOHTPO-
JTUPYIOIIHE TPOTPaMMBI, TTO3BOJISIONIIE IIPOBOIUTH
TECTUPOBAHHUE CaMOCTOSITENIbHO cTyaeHTaM. Cry-
JICHTBI, M3y4aromue (pU3MKy, UCIIONIB30BAIU BUP-
TyallbHbIe (pr3uueckue 1a00paTOPUH, TTO3BOJISO-
IMe IPOJIENbIBATE J1a00paTOpHbIE PAOOTHI IO BCEM
pazaenaM TUCIUILTUHBLI MEXaHHUKe, MOJIEKYJIIIPHOI
¢u3uKe W TEpPMOJUHAMHUKE, DICKTPOMAarHEeTH3MY,
OTTHKE, aTOMHOHN (m3uke [24]. «BupryanpHas na-
Oopatopus 1o oOwiel (U3UKe» NPenCTaBIsSeT CO-
0011 COOPHHUK KOMITBIOTEPHBIX JIAOOPATOPHBIX PadoT
— TpeHax&époB 1o pusuke (puc. 2).

[IpenogaBareny, WCHONB3YIOMINE BHUPTYallb-
HYIO JIa0OpaTOpUIO B YUYEOHBIX IEJSAX, OTMEUYAIOT
cnenyromue ocooeHHocTu [25]. BupryanbHble na-
0opaTopuy peaNn3yroT ydeOHbIe NMpOrpaMMbl IpU
00y4YeHUH NUCTaHIIMOHHO, 3a0YHO, HA AOMY H T.H.
Jiist oO1IeHus ¢ mpenoaBaTesisiMU CTYACHTB MOTYT
WCIIONIB30BaTh ONOT-TIaT(OpMy, T/Ie KaXAblil mpe-
MoJjaBaTe’lb MOXKET CO3aTh ONpEICIICHHBIE TEMBbI
IUIst o0Ccy)kaeHus (puc. 3).
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Pucynoxk 1 — Online 3ansitie co cTyaeHTaMH, 00yJaroIUMICS 110 AUCTAaHIIMOHHON Gopme
B KATVY nm. C. Ceiidpymmnna

Pucynoxk 2 — CTyneHTH Ha 3aHATHSX B BUPTYAILHOM J1aO0OpaTOpHH 110 (hHI3HKe

IIpumeHeHne MHTEPAKTUBHOM JIOCKH IpEHo-
CTaBJIACT IUPOKHUN CHEKTP (YHKIIMOHAIBHBIX BO3-
MOXXHOCTEH W MPOTPAMMHOTO OOecIeueHus. DTO
BO3MOXKHOCTh JIEMOHCTPAIIMM TOYHCUIIIUX CXEM,
PUCYHKOB, OIIBITOB, NMPUYEM B KUBOM LIBETE, B
3BYKOBOM COTPOBOKICHHWH, C BO3MOYXKHOCTBIO 00-
paTHOTO X0/1a, C IEJIbI0 UCCICAOBAHUS TOHUANIITIX

HIOAHCOB. DTO BO3MOXHOCThH BBIXO/Ia B MHTEpHET,
MOJKITIOUCHHS K APYTHM IOJIb30BATEISIM, BO3MOX-
HOCTb BEJICHUS 3aHATUN B OH-JIaH pexxume. Hamu
ObUTH pa3paboTaHbl HECKOJIBKO JICKIMW 1O pasjie-
naM (U3UKU ¢ TIOMOLIBIO MPOTPaMMHOI0 obecre-
YeHUST MHTEpAaKTHBHOW mocku Interwrite™ Board
(msiTast U cebMasi BEPCUN).
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Pucynok 3 — O6men nadopmanueil B 4aTe ¢ HCIONB30BaHUEM TpadHIecKOil TOCKH

WurepaktuBHas nocka Interwrite™ Board co-
BMECTHO C MYJIbTUMEIUIHBIM IPOEKTOPOM U KOM-
MBIOTEPOM IPENOCTABISAET MPENOAABATENIO HINPO-
KM€ BO3MOKHOCTH JUIS MOJIOTOBKH M IPOBEIACHUS
3aHATUN. B wactHOCTH!

— pabora ¢ «kKOHCIIEKTOM» 3aHSTHUS KaK Ha Tpa-
JUIHOHHOM JOCKE,

— 3alyCK Ha KOMIbIOTEpE Pa3lIM4YHBIX MPUIIO-
JKEHUH (IIporpaMM) U IMOJIHOE YIPABJICHUE UMH C
ITOBEPXHOCTH JIOCKH,

— pabora ¢ rpaduyecKUMHU U BHUIEO-MaTepua-
JaMH,

— BBIXOJ B MHTEpHET W MPOCMOTP MHTEPHET-
CaiToB,

— HaHeceHHEe KOMMEHTapueB IOBEpX OToOpa-
JKaeMBIX Ha JOCKE MaTepuasoB (IIPH ITOM Bce clie-
JIaHHBIE 3alMCH COXPAHSIOTCS B MaMAITH KOMIIbIO-
Tepa, U CYIECTBYET BO3MOKHOCTb BO3BPAIATHCSA K
MHTEPECYIOIIEMY MECTY B KOHCIIEKTE CTOJIBKO pas,
CKOJIBKO 3TO HEOOX0ANMO),

— IpeaBapUTeibHAs IOATOTOBKA HE00XOau-
MBIX JIJISl 3aHATHS MaTepuaoB (BMECTO TpaThl Ha
3aHSATHN BPEMEHU Ha CTHUPAHUE C JIOCKHU MpeabIay-
IIero MaTrepualia 1 HalucaHue HOBOTO),

— U3MEHEHHE U JOINOJHEHHUE NIOAIOTOBIEHHBIX
MaTepHaJIOB B IIPOLIECCE TPOBENCHUS 3aHATHS,

— IPOTOKOJUPOBAHUE (COXpAaHEHHWE B BHJE
¢aiina paboT yyaruxcs y J0CKH),

— HHTEPaKTHBHOE B3aWMOJICHCTBUE C 00BEKTa-
MU, 0TOOpaKaeMbIMHU Ha JI0CKeE,

— 3aIuCh XOJa YpOKa B BUJIEO (aii.

st paboTHl C MHTEPAKTUBHOM TOCKOI HCIOIb-
3yeTcs ClielUajbHOE MPOrpaMMHOE oOecIieueHHe,
KOTOPOE IOCTABJISIETCS HA JUCKE BMECTE C JOCKOW U
YCTaHABIIMBAETCS HA KOMIBIOTEP, K KOTOPOMY O/~
kiroueHa nocka (puc. 4). Ilocie ycranoBku mpo-
TPaMMHOTO OOECTIeYeHHs] MHTEPAKTUBHOW JTOCKH

ISSN 1563-0315

Ha TIaHEJ 33/1a4 KOMITBIOTEpa TOSBISIETCS 3HAYOK
Interwrite /Tucnieruep ycTponcTB .

Jucnerdep yCTpOMCTB MO3BOJSIET HE TOJIBKO
YHPaBIATH TOJKIIOYEHNEM yCTpOorcTB Interwrite™
(MHTEpaKkTHBHAas JOCKA, UHTEPAKTHUBHAs [TaHEINb, pa-
JMO-IUTAaHIIET M CHCTEMa ONEpPaTUBHOIO KOHTPOJIS
3HAaHWH), HO W 3aIlyCKaTh pa3jIMYHbIC PEKUMBI pa-
00Tbl. PaboTa ¢ MHTEPaKTHBHOM JTIOCKOH BO3MOXKHA
B JIBYX peXUMaXx:

— WHTEPAKTUBHBIN PEXKUM;

— pexum Office.

Jist Toro 4TOOBI BBIIOJHUTH KaKOE-HUOYIb
JercTBre (Ul yIpaBICHUS YCTPOUCTBAMHE WITH W3-
MEHEHUS peKuMa paboThl), clelyeT HIeIKHYTh Jie-
BOI KHOINKOW MbIIIM 110 3HauUKy Hi. Ha sxpane no-
SIBUTCSL MEHIO JMCIIeTYepa ycTpoicTs Interwrite™ |
LIETIKHYB M0 HEMY JICBOH KHOIMKOW MBIIIH, BHIOHpa-
10T B MOSIBUBLIEMCSI MEHIO MHTEPECYIOIINH ITyHKT.
PaGora B pexume Office He npencraBnsier ocoboi
TPYZAHOCTH B IUIaHE MOATOTOBKU MaTepHaa Jiis Jie-
MOHCTpAIMH, TaK KaK MO3BOJISET UCIOIb30BATh pe-
CYpChI rpadMUeCKUX MPOrPaMM U MPEKHIE HABBIKU
paboThI ¢ MOAOOHBIMU OGUCHBIMU IPOTPAMMAaMHU.

Bosiee ocHOBaTebHAs OATOTOBKA HEOOXOIMMA
JUIst pabOThI ¥ IOATOTOBKH METOIMYECKOTO 1 HILITIO-
CTpaTHBHOTO o0ecrieueHusi padoTa B MHTEPAKTUB-
HOM pEXHME.

OpHako, ecTh U MUHYCHI TIPY HCTIOJIB30BAHUN
3JIEKTPOHHOM JOCKH, 3aKjIoyarouieiics B TOM, UTO
IJI0XO BOCIIPUHMMAETCS] TEKCTOBBIM MaTepual, Ha-
npumep, (GopMyJbl, JIydIle HCIOIb30BATh MEPCO-
HaJbHBIE IUCIJIEH, KOTOPbIE YCTAHOBIIEHBI Tepej
KaXIbIM cTyaeHToM. KpoMe Toro, neperpyska rpa-
¢ugeckumu o0bekTaMH ¥ (HOpPMYJIaAMH, YTO HEOO-
XOAMMO TIPU M3JI0KEHUH Kypca (QU3UKH, BHI3bIBACT
JUINTEIIbHYIO 3arpy3Ky, 4To He Bceraa yJoOHO Ha
3aHATUH [IPU N10JIB30BAHUU UHTEPAKTUBHOMN JOCKOM.
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PucyHnok 4 — Vcrnonb30BaHue 3IEKTPOHHONW MHTEPAKTUBHO JOCKH Ha JISKIINH 10 (u3mke

Hcnonb30BaHue TOMOTHUTEIBHBIX HCTOYHUKOB
nHpOopMaIuu (Kak WHTEPHET) TO OJAWH W3 IyTei
paspelieHus] CUTyaluu, KOraa MOJKI0Yaeilb BCIO
HUMEIOILYI0Cs HHPOPMALIUIO TI0 TeME, CTPEMSICh aTh
HOBBIH CTYCTOK CBeZieHUH. TakuM 00pa3oM, CTyIeHT
y4acTByeT B COBMECTHOM BOCCTAaHOBJIGHHHM TOTO,
YTO OH 3HAET 10 JaHHOW TeMaTHKe. DTO 3aCTaBIsIET
ero aHaJM3HPOBAaTh COOCTBEHHBIC 3HAHUS M HAUH-
HaTh IyMaTh O TOH TeMe, KoTopasi OyJeT mpeame-
TOM U3y4eHHs. SHAHUE CTAHOBUTCS MIPOYHBIM, €CIIH
OHO TIproOpeTaeTCs B KOHTEKCTE TOTO, YTO YEIOBEK
yKe 3HaeT ¥ oHuMaeT. Ele varie KoMIbloTepHbIe
TEXHOJIOTMU UCHONB3YIOTCS IPH KOHTPOJIC 3HAHUM,
OLICHKE HABBIKOB M YMEHHMH, KOTOPbIE MOKHO BMe-
CTHTB B TECTOBYIO 0007104KYy. Oco0eHHO 3P PeKTHB-
Ha Takas (opMa KOHTpPOJIS, €CJIM OHA OOJlaueHa B
UTPOBYIO (hopMy, BEI3BIBAET MHTEPEC M 3aCTABIIACT
CTY/ZICHTOB TOBBIIIATh YPOBCHb 3HAHHI, KOMAasCh
B JIUTEpaType WIN B «KJIAaJOBBIX» MHTepHeTa. On-
HAKo, KaK MPaBWJIO, CO3/1aBaTh TaKHe IPOTPAMMBI
MoJi CHJIy KOMaHjae NpodeccHoHanoB, C IMpUBJIE-
YEHUEM CIICLHAIMCTOB 110 MPOQHII0 H3ydaeMbIX
IUCIMIUIMH U 9KcrepToB. [lostomy, oOywaromme
MIPOTPaMMBbI, HCIOJIb3yeMble B y4eOHOM Mpolecce
0OBIYHO «OEAHBIe» 10 COACPKAHUIO U HHTEP(dEHCY,
MO3BOJISIIOT TPEHHPOBATh HEOOJBIIOE KOJIMIECTBO
HaBBIKOB M YMEHHH, OBICTPO HaJl0CJal0T CTYACHTY
1 Maso3(PEKTUBHBI.

Ha mepBBIX mopax 3aHATHS C HCIOIb30BAaHUEM
KOMITBIOTEPHBIX TEXHOJIOTHI BBI3BIBAIN HHTEPEC Y
CTYAEHTOB, OTHAKO €CJIN HE OBUIO MOCTOSIHHOTO KOH-
TPOJISI ¥ CTUMYJIOB B BUZIE TIPOMEKYTOUHON OLIEHKH
pe3yIbTATOB, y4alecs Tepsuld MHTepec K o0yue-
nuto. Kpome Toro, pasHbie CTYACHTHI MIO-Pa3HOMY
BBIOMPAIOT OpOUTY M3YUCHHS, OJHU OBICTPO CXBa-
TBIBAIOT CYTh W UM HEUHTEPECHBI MOAPOOHOCTH,
OHU CTapaloTCsl CKOpee JOCTUTHYTH pe3yJbTara.
Jlpyrue MexajeHHee BHHMKAIOT B pELICHHE 3a/adH,
UM HE00XOJIMMO HECKOIIbKO pa3 MPOKPYTHUTH ajro-

PHUTM, IPEXJE YEeM OHHM MOMMYT XOJ pEeLICHUs 3a-
naun. [IpuMeHeHHe TEeXHOJOTUH KOMITBIOTEPHOTO
00y4YeHHs Ha TPAKTHYECKHUX 3aHATHIX MMOKa3all, YTO
TaKue MPOrpaMMbl HYXKHO COYETATh C OOBIYHBIMU
TPaIUIIMOHHBIMHI CTIOCO0aMH 00yUEHUS, UCTIONB3YS
UX CKOpee KaK TPEHaKEePHI, sl OTpabOTKH HEKOTO-
PBIX HAaBBIKOB M IPUEMOB PEILCHUS 3a7ad.

[Tporpamma, ncrionb3yemast Ut U3y9eHUs JIeK-
TPUYECKHX CXEM, TMPEJCTaBISCT COOOH AIIEKTPOH-
HBII KOHCTPYKTOP, NO3BOJISIIOLIMN UMUTHPOBATH Ha
HKpaHe MOHHUTOPA MPOIIECCH COOPKH SIEKTPHIESCKIX
CXeM, HCCIIeI0BaTh OCOOCHHOCTH UX padOThI, TPOBO-
JUTh U3MEPEHHS DJIEKTPUUCCKUX BEIMYMH TaK, KaK
3TO JENAeTCs B peaTbHOM (H3MYECKOM SKCHEpH-
MenTe. C MOMOIIBIO TAKOTO KOHCTPYKTOPA, MOKHO
03HAKOMUTBCS € TMIPUHIMIIAMU TIPOBEICHUS U3MeEpe-
HHI TOKA W HANpPSHKEHHS B DJIEKTPHUYECKHX CXeMax.
[MpumeHsisi coBpeMEHHbBIE H3MEpUTEIbHBIE MpPUOO-
pbl (MyJIBTUMETpP, JABYXKaHAJbHBIA ocuumiorpad),
MO>KHO HaOJIFO/IaTh BUBI IEPEMEHHOTO TOKa Ha OT-
JIETBHBIX ICTAJISIX, CIIBHT (ha3 MEXKITy TOKOM M HaTIpsi-
JKEHHEM B LIEMAX HNEPEeMEHHOI0 TOKa, MCCIEeI0BaTh
SBJICHHE PE30HAHCA B LETSX C IOCIIEIOBATEIIBHBIM
W TapayieTbHBIM KOJeOaTebHbBIM KOHTYPOM, HC-
CJICI0BATh NPHHLMIIBI MOCTPOCHUS DICKTPUIECKUX
(GUIBTPOB I TIeTIel TePeMEHHOTO TOKa.

BupryanbHble 1a00paTOpHH TTO3BOJISIOT MAKCH-
MaJIBHO OJIM3KO K PEaJIbHOCTH BBIMOJHSATH YKCIIEPH-
MEHTBI, BMECTE C TeM 3KOHOMS PacXOIHBIN MaTepH-
aJl ¥ PeaKkTUBBI, KOTOPbIE HEOOXOUMBI ObUTH OBbI B
peanbHOM onbiTe. KoMmbloTepHble J1abopaTOpHbIE
paboTHI BBIMIAAAT 3CTETHYHO, HE HM3HAIIMBAIOTCA,
BCETJIa TOTOBBI K paboTe M HE MAYKaI0T O/ICKILy yda-
muxca. BHenpenue BUpTyanbHOM 1a00paTOpUy 1O
(H3HKe MO3BOIMIIO 3aBEPIINTH IPOIECC TTOATOTOB-
K{ IO AUCTaHIUOHHOH (GopMe 00ydYeHHUsS! B HAIIeM
BY3€, T.K. KAMHEM MPETKHOBEHUS 10 CHUX IIOP CTOSUI
BOITPOC O HEBO3MOKHOCTH BBITIOJTHEHHMS J1a00paTop-
HBIX pa0OT JUCTAHIIMOHHO.
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B nenax n3ydeHus BIHMAHUS BUPTYaJIbHOU cpe-
IIbl Ha 00y4aroKXCs, Ha MPOTSHDKEHUH HECKOIBKUX
net, B ctyaeHueckux rpynnax KATY um. C. Ceii-
¢ynnuHa ObUIM TPOBEICHBI HccieaoBaHus [20],
KaK BJIMSET KOMIIBIOTEPH3ALUsl I103HABATEIbHON
JIeSITeIbHOCTH Ha ()OPMUPOBAHKE YPOBHS YCBOCHHMS
M3y4yaeMoi TUCHUIUIMHBI 00y4aeMBbIMHU. DKCIIEpH-
MEHTBI IPOBOJIMIINCH B paMKaX yuyeOHO-HCCIIe10Ba-
TEJILCKUX paboT, BO BpeMsl BBITIOJTHEHUS J1a00paTop-
HO-TIPAKTHUYECKUX 3aHATHH. CTyIEHTHI JeTUINCh Ha
«KOHTPOJIbHYIO TPYIILY», B KOTOPOH pPabOThI BBI-
MOJHSJIMCH B TPAAMIIMOHHON T1a00paToOpuu U «IKC-
MEPUMEHTANIBHYIO TPYIITY», WIH K€ «CMEIIaHHYIO
IpymIty», B KOTOPOH CTYIEHTHI 4acTh padoT BBIIOJ-
HSUIW TPaJUIMOHHBIM 00pa3oM, a 4acTh MOTPY3HB-
IIMCh B BUPTYAJIbHYIO CPEAY.

MOHUTOPUHI KadecTBa OOpa30BaHMs IPEl-
nojaraet pa3pabdoTKy KPUTEPHEB OLEHKH 3HAHUN
[utst roboro stana o0yuenus. OIHUM U3 TIOAXO0/0B
K DTOW TpoOiieMe MOKeT OBITh pacdyeT pEeUTHHTa
ycrneBaeMOCTH oO0yuwaromuxcsi. OLIEHUTh ypOBEHb
BBIXO/IHBIX 3HaHUH C TIOMOIIBIO PEUTHHTA yCIieBae-
MOCTH CTYZI€HTOB, MOXKHO C IIOMOLIbIO 3JICKTPOHHO-
ro )KypHaJa, KOTOpbIi (DYHKIIMOHUPYET B aBTOMa-

TU3UpoBaHHOW MH(popMannonHoi cucteme (AUC),
BHepeHHOM B By3e ¢ 2009 roza.

3akiouyenne

[To pesynbraram ucciemoBanusi ObLT CHETaH
BBIBOJ, UTO BUPTYalbHasl cpela MO3BOJSIET MHIM-
BU/IyaJIM3UPOBATh OOY4YEHHE HE TOJBKO IO TEMITY
U3yUYeHHs] MaTepuala, HO U IO JIOTHKE U THITy BOC-
MPUATHS YYalUXcsl, pa3peliaeT OpraHU30BLIBATH
JMCTAHIIMOHHOE OOYy4YeHHE W Ul CTYIICHTOB, IPO-
MYCKAIOMIUX 3aHSTUS 10 OOJIE3HH WIIH JIPYTOil yBa-
KUTENBHOW INpu4yMHE. Bupryanusanus oOpasoBa-
TEILHOTO IPOCTPAHCTBA MPEIOCTABISAET CTYACHTaM
BO3MOXKHOCTh CaMOCTOSITEIbHOTO HCCIIeI0BATEIb-
CKOTO IIOMCKa MaTepHajoB, OMYOJINKOBAHHBIX B
Internete 11 MOATOTOBKM JOKIAIOB M pedepaTos,
NpeA0CTaBIISIET MOMOIIb B TOUCKAX OTBETOB Ha MPO-
OneMHbIE BONPOCH.. MHOTOKPaTHO IOBBILIAIOTCS
CKOPOCTb M TOYHOCTH cOopa M 00paboTKH MHGOP-
Maluu 00 yCIEeIHOCTH 00y4eHusl, Oaroaapsi KoM-
MBIOTEPHOMY TECTUPOBAHMIO U KOHTPOJIIO 3HAHHM,
MOYKHO BBECTH IKCTPEHHYIO KOPPEKIIUIO COOpaHHO-
r'0 aHAJIMTUYECKOTO MaTepHana.
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