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IMPOJOJIBHBIE BOJIHbBI
B OKCITOHEHIIMAJIBHO-HEOHOPOAHbBIX
TPAHCBEPCAJIBHO-U3OTPOIIHbBIX HUJINH/IPAX
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[omydeHsl W wcclieOBaHBl JUCTIEPCHOHHBIE COOTHOILICHHMS, ONMCHIBAIONINE CIIEKTPHl OEryIIMX OCECHMMETPHYHBIX
HOpPMAJIBHBIX TIPOJOJBHBIX BOJIH B MPOTSDKEHHBIX SKCIOHEHIMAJIbHO-HEOJAHOPOIHBIX TPAHCBEPCATbHO-M30TPOIHBIX
LHIINHAPaX CO CBOOOJHON MM XECTKO 3aKPEIUICHHOW TPaHMYHOI MOBEpXHOCTHIO. OXapaKTepU30BAHO BIHUSHHE
apaMeTpoB HEOJHOPOAHOCTH M MEXAaHHYECKOH aHU30TPONUM HAa TOMOJOTHI0 AHCHEPCHUOHHBIX CHEKTPOB,
pacripeaeneHus (Ha3oBbIX CKOPOCTEil U KWHEMATHYECKUE XapaKTEPUCTHUKU OErylX HOPMaJIbHBIX BOJH BapbHUpPyeMOMH
JUIMHBI U3 HU3IINX MOJ CIIEKTPOB.

Kniouegvie cnoea: mpanceepcanbno-usomponHuill  YuruHOPUHECKU  B0IHOB00, IKCHOHEHYUANbHAS PAOUATbHAA
HEOOHOPOOHOCHb,  CBO0DOOHAS  SPAHUYHASL  NOBEPXHOCMb,  JHCECMKO  3AKPENjeHHAs 2PAHUYHAA  NOBEPXHOCHIb,
ocecummempuynvle HOpMAIbHble HPOOOTbHYBIE BOIHbI, OUCHEPCUOHHbIE COOMHOWIEHUS, (PA306a51 CKOPOCMD.

MHO3A0BXHI XBUJII B EKCIITOHEHHIAJIBHO-HEOJHOPITHUX
TPAHCBEPCAJIBHO-I3OTPOITHUX UJIITHAPAX

Moiceenko L. O., k. ¢.-M. H., AOLIEHT

Jloneyvxuu nayionanbHull yHigepcumen,
eyn. Yuieepcumemcoxa, 24, m. oneyvk, 83001, Yxpaina

mian@i.ua

OtpuMaHi i ZOCTIUKEH] TUCTIepCiiiHi CIiBBITHOIIEHHS, IO OMUCYIOTh CIIEKTPH O1KYYNX OCECHMETPHYHUX HOPMAIBHUX
MO3/IOBXKHIX XBWJIb Y BHIOBKEHHX EKCIOHEHIIAIbHO-HEOJHOPIAHUX TPAaHCBEPCAIBHO-130TPOITHUX LMITIHApax 3
BIJIFHOIO 200 KOPCTKO 3aKPIiMJICHOI0 IPaHNYHOIO MTOBepxHEr0. OXapaKkTepHU30BaHO BIUIMB MTapaMeTpiB HEOJHOPIAHOCTI 1
MEXaHIYHOI aHi30TpOIlii Ha TOIOJOTII0 JUCIEPCIHHUX CIEKTPiB, po3nozin (a3oBHX IIBUIKOCTEH 1 KiHEMaTH4Hi
XapaKTEePUCTUKHU ODKYYHX HOPMAJIBHUX XBWIIb BAPIHOBAHOT JOBKUHHU 3 HIHKYMX MO/ CIIEKTPIB.

Knrouosi crnosa: mpanceepcanvho-izomponnutl YyuriHOpUu4HUL Xeunesio, eKCNoOHeHYianbHa padiaibHa HeoOHOPIOHICIY,
BIIbHA 2PAHUYHA NOBEPXHS, HCOPCMKO 3AKPINJEHA SPAHUYHA NOBEPXHS, 0CECUMEMPUYHI HOPMATbHI NO3008MICHI XGUII,
oucnepciiini cniggionoulenHs, Gpaszosa wWeUOKicmo.

Bicnuxk 3anopizbkozo nayionanvhozo ynisepcumemy Me 3, 2015



180

LONGITUDINAL WAVES IN EXPONENTIALLY INHOMOGENEOUS
TRANSVERSELY ISOTROPIC CYLINDERS

Moiseyenko I. A., Ph. D. in Physics and Math, associate professor

Donetsk National University,
Universitetska street, build. 24, Donetsk, 83001, Ukraine

mian@i.ua

Functionally graded materials (FGMs) have outstanding advantages over homogeneous materials and conventional
composite materials, are the new generation of composites and important area of science research. FGMs, originally
applied in thermal-protection systems of aircraft and spacecraft, have been widely developed in many other fields, for
example, construction, electrical, chemical. In recent years the theoretical investigation on FGMs has received
considerable attention in the literatures. Therefore, much attention has been paid to analyze the various aspects of FGMs
to get an in-depth knowledge for potential applications of these materials. Currently relevant is a need summarizing the
classical theories using the improved models, reflecting the behavior of modern materials.

With the advent of FGMs, the wave mechanics problems of FGMs also have received much attention in recent years.
The study of elastic wave propagation through FGMs has diverse important applications in fields such as medical
composite transducer design, fiber optics, signal processing, and nondestructive testing. Since most piezoelectric
devices operate in a dynamic mode, the dynamic responses (including wave propagation) of piezoelectric rods or
cylinders have attracted much attention.

Three-dimensional analyses based on mathematically strict and complete equations of dynamics even of homogeneous
media are usually only applicable to wave propagation in infinitely long rods or free vibration of rods. Due to the non-
homogeneous nature of FGMs, the analysis of the wave propagation in FGMs becomes more complex. That is why
numerical methods have played an increasingly important role in modeling of dynamic processes in waveguides from
the FGMs. They are versatile and can easily deal with such object with inhomogeneity or irregular domain. However,
no significant insights into the physics of object of study with different geometric and material properties can be
obtained due to the lack of simple analytical expressions which relate directly the objects properties.

In an ideal FGM, the material properties should vary smoothly along the thickness direction. In this paper, we intend to
employ the three-dimensional analyses based on mathematically strict and complete equations of dynamics for ideal
FGMs with the aim of study the effect of radial inhomogeneity on the on the topology of the dispersion spectrums,
distribution of the phase velocities and kinematic characteristics of normal traveling waves.

The introduction section of the article contains an overview of previous researches.

Fundamental equations of axisymmetric dynamic deformation of long exponentially inhomogeneous transversely
isotropic cylinders are described in the first section.

Solution of the system of differential equations describing the propagation of axisymmetric normal longitudinal
traveling waves in long exponentially inhomogeneous transversely isotropic cylinders in the form of absolutely and
uniformly convergent power series is obtained the second section. Recurrence relations for the coefficients of the
expansions are defined explicitly. Dispersion relations for describing the spectrum of axisymmetric normal longitudinal
traveling waves in long exponentially inhomogeneous transversely isotropic cylinders with free or rigidly fixed
boundary surfaces are obtained. For the homogeneous materials, the satisfactory agreement with the solutions in
previous literatures shows the validity of the present approach.

Characteristics of the influence of the parameters of heterogeneity and mechanical anisotropy on the topology of the
dispersion spectrums, distribution of the phase velocities and kinematic characteristics of normal traveling waves
varying lengths from lower modes of spectra are presented and investigated in the third section. Numerical experiment
was conducted with four materials with different physical and mechanical characteristics and alternative values of
parameter wave anisotropy. Normalized forms of wave motions to normal waves for the different modes of the
spectrum are constructed, effects of the parameter inhomogeneity on kinematic characteristics are illustrated.
Conclusions and prospects for the future research are represented in the last section.

Key words: Transversely isotropic cylindrical waveguide, exponential radial inhomogeneity, free boundary surface,
rigidly fixed boundary surface, axisymmetric normal longitudinal wave, dispersion relations, phase velocity.

BBEJEHUE

B nccnenoBaHusX 3aKOHOMEPHOCTEW MPOILIECCOB PacIpOCTPaHEHHs] HOPMAJIBHBIX YIPYTHX BOJH B
TPaHCBEPCATBbHO-U30TPONHBIX HMJIMHIPAX KPYrOBOIO CEYEHHUsI, IPEACTABICHHBIX U 00OOIIEHHBIX B
pabotax [2, 9-12, 14], ucnonp3yercss MOAEIb OAHOPOAHOTO MO (PU3MKO-MEXaHUYECKUM CBOHCTBAM
MaTtepuana. JocTaTouHO HIMPOKO HCCIEAOBAaHbl TAaKXKe BOJHOBBIE IPOLIECCHl ISl KYyCOYHO-
OJTHOPOJHBIX B paJMaJbHOM HANpaBICHUM MHOTOCIOWHBIX TPaHCBEPCAIBbHO-M30TPOIHBIX
nunuHapoB [13]. BMecre ¢ TeM, Kak ¢ MO3UNui yriyoseHus (GpyHIaMEHTaIbHBIX HCCIICIOBAHUM,
TaK M C YYETOM XapakKTepa HM3MEHEHUU CBOWCTB MATEPHAIIOB KOHCTPYKIUMWA NpPU NPUMEHEHUU
Pa3NUYHBIX TEXHOJIOTUH O0O0pabOTKH, aKTyaJIIbHBIMU SBISIOTCS MpPOOJEMBbl aHalIM3a CIEKTPOB U
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CBOMCTB HOPMAJIbHBIX YOPYTHX BOJH BJOJb HENPEPHIBHO-HEOJAHOPOIHBIX IO paguaibHOU
KOOpJAMHATE aHU30TPOMHBIX HUIMHAPOB, B TOM YKCJIE TPAHCBEPCATBbHO-U30TPONHBIX IIWIMHAPOB C
AKCIIOHCHIIMAJIBHON pauaibHOM HEOTHOPOIHOCTHIO (PU3HKO-MEXaHMYECKUX CBOMCTB [3-8]. B aroit
CBSI3H, IO HACTOAIICH pa0bOTHI SBISETCS MOJTYYCHHE W aHAIHW3 JUCIICPCHOHHBIX 3aBUCHUMOCTEH
JUISL OJIHOTO U3 KJIACCOB BOJHOBBIX IMPOLIECCOB B MPOTSKEHHBIX AKCIOHEHIINAIbHO-HEOJHOPOIHBIX
TPaHCBEPCATbHO-U30TPONHBIX ~ LMIUHApPAX, a HMMEHHO  TMPOILECCOB  PacCIpOCTPAHEHUS
OCECHMMMETPHYHBIX IMPOJOJBHBIX BOJH B IHJIUHAPAX CO CBOOOIHON WM KECTKO 3aKpeIICHHON
IPaHUYHON TOBEPXHOCTBIO.

INHOCTAHOBKA 3AJIAYA

PaccmaTpuBaercs OECKOHEUHO MPOTSIKEHHBIA TpPAaHCBEPCATbHO-U30TPOIHBIM YIPYruil IHJIUHID
KpYroBOro ceueHusi paauyca R co cBOOOJHOI MO0 3aKperieHHON OOKOBOM MOBEPXHOCTHIO, OCh
KOTOPOT'0 NEPHEHAMKYJIIPHA IUNIOCKOCTH U30TPOIIMU MaTepraia. B MpuBeIeHHON HUIMHIPUYECKON
cucreMe KoopauHar Oréz, nuHENHbIE KOOPAVHATHBIE IIEPEMEHHBIE KOTOPOM OTHECEHBI K
HOpMHpYIolleMy mapamerpy R.=R, yka3aHHbld HWIMHIpP WUMEET €IWHUYHBINA TPUBEICHHBIN
0e3pa3MepHBIi pamuyc u 3aHUMAaeT B MIPOCTPAHCTBE o0JacTh
V= {r €[0,1];0<6 <27, z e(—oo, oo)} Junamuueckoe 1ehOpPMUPOBAHKE LMIMHIPA ONUCHIBAETCS

cucteMoi TudpepeHInaTbHBIX YPABHCHUN JTBUKCHHUS

10 160'9 oo O 2 azu

2 (r += r rz Qoo R* C. r=o’

rar( %) r o0 oz r PR/ ot?

10 160, 00, o, , . 0,

——(ro,, )+— " — pRI/C. =0,

o) g o AR e
10 100, Oo , 0%
——(ro, )+=—2+—2-pRijc.—+=0, 1
e U L @)

rae U, U,, U, — KOMIIOHEHTBI OTHECEHHOIO K HOpMHpYyOHeMy napamerpy R. 6e3pazmepHOro

z
BEKTOpa IMHAMUYECKHX YIPYTUX [EPEMCIICHUN; o, (a, p=r,0, Z) — KOMITOHEHTEI OTHECEHHOTIO
K HOPMHUPYIOLIEMY MapaMmeTrpy C. TEH30pa [IWHAMHYECKUX HANpSIKEHUW; L — IUIOTHOCTh
Marepuana HwiMHiapa; t — BpeMs. B uccienyeMom ciydae OCECMMMETPUYHBIX JUHAMHYECKUX
neopMaliii, XapaKTepU3yeMoM T0JIeM BOJHOBBIX nepemernenui U, (r,z,t), u,(r,z,t), u,=0 u
MOoJIEM JMHAMHUYECKUX  HaAIpPSKEHUU a,r(r,z,t), G,Z(I’,Z,t), agg(r,z,t), GZZ(I’,Z,t),

o,, =0, =0 cinencrBuem u3 cuctemsl (1) sABiseTca cUCTeMa ypaBHEHUI

%g(ran)+ 886; - pRY . a;ﬂr _o0,
2
%g(razr)+a;“ - pR?/c. aat”; =0, )
a pacCMaTpUBaeMbI€ TPAHUYHBIE YCIOBUS UMEIOT AIbTEPHATUBHBIN BUJ]
(), =(u,),, =0, (3)
00
(), =(00),,=0. @)

[Tonaraercs, 4TO TpaHCBEPCATLHO-U30TPOIHBIA MaTepHUAl LIWJIMHAPA SBIAETCS SKCIOHEHIHAIBHO-
HEOJIHOPOJHBIM B PaJIMaIbHOM HAlpaBJICHUH 10 BCEM CBOUM (DHU3MKO-MEXaHUYECKHM CBOMCTBAM, a
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ero IUVIOTHOCT O W OTHECCHHBIC K C. HOPMHPOBAHHBIC MOAYIH YIPYrOCTH C; ONHMCHIBAIOTCS
npeacCTaBJICHUAMUA
_ O )
p=pexp(4r), c;=c;”exp(Ar), (5)

B KOTOpPBIX A — JEHCTBUTEIBHO3HAYHBIN INPUBEICHHBIN IIapaMeTp HEOJHOPOAHOCTH. IIpu sToM
XApaKTEPUCTHKKM TEH30pa JWHAMMYECKUX HANpsHKeHUWH o, ., O, , O,,, O,, B I0JE NPOJOIbHBIX

rr? 2z rz

BOJIH UMECIOT 3aBUCUMOCTH OT U, U U, CICAYIOLICTO BUIA:

0 1 0
o, = exp(ﬂr)((cﬁ’) §+cl(§) Fjur +c Euzj,
0 1 0
o =exp(r){ (8 2 l? o L |
o 1 0
=exp(Ar)-| ¢V =+=|u +c¥ =u |,
O-zz p( ) [CB (ar r) r 33 az z

or
MNOJYYEHHUE JUCINHEPCUOHHBIX COOTHOIIEHUA

o, =exp(Ar)-c) (;Ur +guz]. (6)
z

JInst KOMIIEKCHBIX (DYHKIMH BOJIHOBBIX YNPYIMX IepeMemieHuii U,, U, ¥ JUHAMHYECKHX

HaHpH)KeHI/Iﬁ O Opr O O, B HCCIICAYEMBIX HOPMAJIbHbIX BOJIHAX C prr0130171 JacTOTOM @ H

r? 7z

HOPMHPOBAHHBIM BOJTHOBBIM YHCJIOM K BBOSTCS IPEICTABIICHUS
u, (r,z,t) =0, (r)exp(-i(at—kz)),
u, (r.z,t)=id, (r)exp(-i(at—kz)),
o (r.z,t)=exp(ar)&; (r)exp(-i(at-kz)) (j=r.6.2),
o, (r.2,t)=iexp(Ar)é, (r)exp(-i(wt—kz)), @)
C YHETOM KOTOPBIX H COOTHOMICHH (5), (6) CHCTeMa ypaBHEHHi (2) IPHBOIHTCA K BHIY:

(cr202 +c) (Ar +1)rd, +c (@7 —k?)r? +.c'ar —9 ), (r) -
k() + )0, +cP2)a, (r)=o0,
kr ((cfg) +c ) ro, +ci (Ar+1)+ cig))ﬁr (r)+

+(c§i)rzaf i (Ar +1)ra, + (el ik r? )UZ (r)=0, (8)

o4 g o pOR _
"odr’ cic,

Pemenue cuctems! muddepeHnanbHbIX ypaBHEHHH (8) OThICKHBaeTCs B (hOpMe CTENIEHHBIX PSJIOB

o0
Gr (I’) — Z am rm+1+oz ,
m=0

rIe
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00

a,(r)=>b,r™ (a,-h, #0), 9)

m=0

[I0/ICTAHOBKA KOTOPBIX B (§) MPUBOAUT K PEKYPPEHTHOM cHCTEME COOTHOLIEHUM

a((cl(3 +cl )kb (a+2)a0) 0,

(10)
a’cdb, = 0;
a, = a5 (a7)a, , + i, , +o5a, , +alib, , +a%a, ),
bn = p(()O;) ( pl(,an)bn—l + pg,o;)an—z + pgi“n)bn—Z + p£(1,0:1)an—3)
(n=12,..). (11)

3necy momaraeM, 4to a,=a, =b, =0. CoorHomenune (10) ompenenser NOIMyCTUMOE 3HAYCHUE
mapamerpa o =0 ¥ 3aKiIafblBacT HPOM3BOJ BHIOOpPAa HAYaNBHBIX 3HA4eHWH a8, =P, by, =(Q

( p-q# 0). C yuetom 3Toro ucrnonp3oBanHbie B (11) 0003HaYeHNsI IPUHUMAIOT BU/!
-1
0 (0
4= (- (1+2)6%e) ", 6 =i (nct? ),
)= kel (-1 —cl?). a2 =n(cl (e 268 )" )

) = k(e e ) (e —ef 7). ) - ke (e +f),

-1
(W) P =—(n-1) el pl5 =-nk(c) +cl?).

St L R

p(O)

a npencTasieHus (9) npeoOpa3yroTcs K BULy KOMOMHAIMH Oa3UCHBIX YaCTHBIX PELICHUN

a, (r) =d, o (r)+d2(pp2’qz (r) ,
0,(r)=dy, . (r)+dw, . (r) (pa,—p,q #0), (12)

rIe

Vo (r)= ibr(np’q)rm ’ (a(()p'q) = p, b = Q) )

i
o

d; (j = 1,2) MIPOM3BOJIbHBIE TOCTOSHHBIE KOA((UIIMEHThI. AKTyallbHbIE JJIS1 TPAHUYHBIX YCIOBHIM

(4) mpencrapiienust (6) 3aMUCHIBAIOTCS B aHAJIOTUYHOM BH/JIC
G (r)=dy 2,4 (r)+d; 7, (1),
ON_TZ (r) = d1¢p1xq ( )+ d2¢pz G2 ( ) (13)

rIe

Zp,q(r): > (((m+1) 11)+C1(2))ar(np‘q)_kcl(g) br(np'q))rm,

m=0
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00

B (r)=cib® +cly Z( +(m+2)bls) )r'“*l.

m=0

BriOupas 11s onpeeieHHOCTH ( P ql) = (1, 1) 1 ( pz,qz) = (1, —1) , UCIoJIB3ys npeacraBicHus (12)

u (13) mpu hopmMyaupoBKe TPaHUYHBIX YCIOBUH COOTBETCTBEHHO (3) M (4) moiydaeM B HTOTE
JUCTICPCUOHHBIE COOTHOIICHHUS JUISI )KECTKO 3aKPEIUICHHOW TPaHUYHON TTOBEPXHOCTH BHU/IA

F. (Q’ k, ﬁ“) =P (1) Vi (1) L (1) Vi (1) =0,

U JI7Is1 CBOOOIHOM rPaHUYHOM MOBEPXHOCTH BU/IA
F (Q’k’l):%,l(l)@ ( ) X, 1( )¢11( ):

Bce psaapl B mpencTtaBieHHSX (pp’q(r), x//pyq(r), ;(pyq(r) H ¢pyq(r) SIBJITFOTCSI  @0COJIIOTHO U

PaBHOMEPHO CXOJAILIMMUCH.
BBIYMCJIUTEJbHBIA SKCIIEPUMEHT

C uenblo ucciefoBaHUs (akTOPOB BIMSIHUSA IapaMeTpa paauaibHON HEOJAHOPOIHOCTH A U
CTEIIEHN MEXaHWYECKOM aHM30TPONMM MaTepHalla HUJIUH]PA Ha TOIOJIOTUYECKYIO0 KapTHHY CIIEKTpa

A
OerymMx OCEeCHMMETPUYHBIX HOPMAJIBHBIX TPOJOJIBHBIX  BOJH ol )(k), pacrpeneneHus

(2-0) _

e

B paJMaJIbHO OJHOPOJHOM (2,20) IUIUHAPE UX (a30BBIX CKOPOCTEH Véﬂ)(k) U paaualibHBIC

OTHECEHHBIX K CKOPOCTH 0€3AMCIIEPCHOM 0CECMMMETPUYHOM BOJIHBI KpydeHHs V,

pacipeaciICHuA HOPpMUPOBAHHBIX BCJIMYHNH
U,(r)=u,(r,0,0) rE[()l](\u (r.00)) (i=r.2),

XapPaKTCPUIYIOIUX (1)OpMI>I AMIUIMTYAHBIX COCTABJIAIOIIUX JUHAMHUYCCKUX HCpCMeIIICHI/Iﬁ JJIA
MOMCHTOB BPEMCHH, COOTBCTCTBYIOIINX HaYaA]ly MCPUOJa BOJIHOBBIX KOJ'IC6aHI/II7I, IIpu 9YUCJICHHOM

JKCIIEPUMEHTE B KauecTBe 0a30BbIX pPaJualbHO OAHOPOIHBIX (/1 = 0) ObUTH BbIOpaHbl KOHKPETHbIE

TPAHCBEPCAIIbHO-U30TPOITHBIC MAaTCpHAJIbl, BOJIHOBOJIHBLIC CBOMCTBaA KOTOPBIX XapaKTCPU3YIOTCA
Pa3jIMUHbIMU  AJIbTCPHATUBHBIMHU BCJIIMYMHAMU BBCIACHHOI'O B [1] MPUBCACHHOTIO IapaMeTpa
BOJIHOBOH AHU30TPOIINU A. U3 Tpyniibl MaTepuaioB € OTPHULATCIBHBIMH 3HAYCHUSAMHU ISTOTO

rapaMmeTrpa B3sTbl Znt*=) (A = —10.24) u Cd* (A = —1.04) , @ U3 TPYNIBI C MOJIOKUTEIBHBIM

snauennem — CdS"™ (A=0.37) u Co*~ (A=0.64). Jins ananusa MONyYEHHBIX CIIEKTPOB

HCITIOJIB30BaJIaCh TaKXKC q)yHKHI/ISI CpaBHCHHA MAPHBIX 11O HOMEPY B COOTBETCTBYIOIIEM CIICKTPE MO
AQ(K) =0 (k)-Q'? (k).

Haubonee xapakTepHble pe3ylbTaThl MPOBEICHHBIX HMCCIEIOBAHUN I KECTKO 3aKPErJIEHHOTO

A1=0
OAJUHApA TIpeAcTaBieHsl Ha puc. 1-8. JIng mwmHmpa wu3 Zn' ), XapAKTEPUYOIIETOCA
HauOOJbIIe BOJHOBOW AaHHW3OTPOMHENW B pacCMATPUBAEMON TpyMIe MaTepuajoB, BCE MOIBI

2
CIIEKTpa Q' )(k) B HCCJEIOBAHHOM JMala3oHe BOJHOBOIO Tmapamerpa K Jexar BbIlIe
-2
COOTBETCTBYIOIIMX IMAPHBIX MOJ CIEKTpa O )(k) (puc. 1), B TOo Bpems, Kak JUisl HWJIMHApPA U3
Co= 0% (k) B 06
0 TPEThbsl M 1IecTas MOABI CIIEKTpa B 00JIaCTH JUIMHHBIX U CBEPXJJIMHHBIX BOJIH

-2
OKa3aJIUChb HMKE COOTBETCTBYIOLIUX IIAPHBIX MOJ CIIEKTpa Q' )(k) U TOJIBKO HAauMHAs C
HEKOTOpPOro K. UIst 3THX MO HAOII0aeTCs XapaKTepHash TCHIACHIIUS Ma)KOpI/IPOBaHI/ISI CBEpXY MOJ

criekrpa Q) (k) Hax cOOTBETCTBYIOLIMME NIAPHBIMH MOJIAMH CIIEKTPa b ( ) (puc. 4).
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0 0.25 050 0.75 1 0 0.25 050 0.75 1
r r
[++h=-2 =—Ai=2, (m=1)] l+e'h=-2 =——i=2(m=6)]
Cd (3akperuieHHbIN LJINHAP) Cd (3akpernJieHHbIN LUINHAP)
Puc. 7 Puc. 8

CpaBHHUTENBHBI aHAJM3  PACIpENeNieHUus] OTHOCUTENBHBIX  (PAa30BBIX CKOpPOCTEH  MOKazaml
HUJEHTUYHOCTh B ACHUMITOTHYECKOM IIOBEICHMM BCEX MOJ PACIPOCTPAHSIOMIMXCS HOPMAJIBHBIX
IPOAOJIBHBIX BOJH B BBICOKOYACTOTHOM KOPOTKOBOJIHOBOM JIMAama3oHE IpPH JIOOBIX 3HAYEHUSIX

> A
MoKa3aTessl HEOJHOPOAHOCTH A — MPUOIMKEHUE OTHOCUTEIBHBIX (Pa30BBIX CKOPOCTEH Vs )(k)K

KPUTHYECKOMY 3HAYCHHIO V; (V; ~0.4998 nna CdS(izo)) cBepxy (puc. 5, 6). B kauecte

HEMOCPEJCTBEHHOTO CIIEICTBHSI JAaHHOTO (aKTa CTAJI0 YCTOHYMBOE CTPEMIIEHHE 3HAaUeHUs! (PYHKLIUU
AQ(k) B BBICOKOYACTOTHOM KOPOTKOBOJHOBOM JHama3oHe K (UKCHPOBAHHBIM 3HAYCHUSM,

CTeneHb OJIM30CTH K HYIIO KOTOPBIX OKAa3ajach CYIIIECTBEHHO OOJbIIEH st ¢1ab0 aHU30TPOMHBIX
=0 2=0

MaTepuaoB cds™ u Cco*? (puc. 3,4) 1O CpPaBHCHUIO C CYHIECTBCHHO AHHU30TPOMHBIMH
=0 2=0

MaTepralaMu Zn*=0 y cd*) (puc. 1, 2).

Ha ygacToTax, 6IM3KHMX K 4acTOTaM 3alUpaHus (k = 0.001) , OBLT IPOBEJICH CPABHUTENbHBIN aHAIN3

KMHEMaTH4Yeckux (opM YIpYrux KojaeOaTeNbHbIX MEepEeMEIIeHUH B HMCCIEIYyEeMbIX BOJIHAX IS
LMJIUHAPOB M3 YKA3aHHBIX MAaTEpUaOB C PA3IMYHBIMU II0OKA3aTEIsIMU DKCIOHEHIUAIbHOU
HEOAHOPOJHOCTU. bbUIM INpoaHAIM3UPOBAaHBI PACHpPEIEICHUS OTHOCHTEIBHBIX WHTEHCHBHOCTEU

JTMHAMUYECKUX TMEepEeMENICHUI Uj (r) (j =r,z) B CEUCHUHU BOJHOBOJA NpPHU aJIbTEPHATHUBHBIX

MIOKA3aTeIsIX paguaJbHOM HEOMHOPOAHOCTH A=-2 u A=2. XapakTepHble pe3yJbTaThl
UCCIIeIOBaHUM TpHBeJIeHbl Ha pHcC. /-8 (mapameTrp M ompenenseT HoMep BOHbI). B kauecTBe
YCTOMYMBOW TEHJCHUUU MWCCIECJOBAHHBIX pPACHpPENEICHUN CIEAyeT OTMETUTh: CMEIICHHE
JIOKAJIM3alMK 00JIacTel MOBBIIIEHHON MHTEHCUBHOCTH BOJHOBBIX KOJI€OAHUM K rpaHUIle [UINHIPA
IIPM YMEHBUICHUM 3HAY€HUs NapaMmeTrpa HEOJHOPOJHOCTH A ; OTCYTCTBHE NPSMON 3aBUCHMOCTH
pa3nuuMii B MHTEHCHBHOCTH BOJIHOBBIX KOJIEOAHMH Ha TMapHBIX MOJAaX OT paszIuuuii B
TOIIOJIOTMYECKUX KAPTUHAX pPacHpeleleHusl JIeMCTBUTENBHBIX BETBEH CHEKTPOB [UIS BCEX
PacCMOTPEHHBIX MaTEpUATIOB — MPU HAOIIOAAEMbIX MAaKCHMAJbHBIX Pa3IHUYUAX B CHEKTpax Ui
nepBoil MOJBl Ha dYacToTax, OJMM3KMX K YacToTaM 3allMpaHus W YCTOMYMBOW TEHACHIUH K
YMEHBIIIEHUIO 3TUX pa3IMuuil ¢ POCTOM HOMEpa BOJHBI, pPa3iMuus B KHHEMaTHYECKHX (opmax
YIPYrUX KOJNEOATENbHBIX IMEpPEeMEIIeHU s MepBOM BOJHBI B OOJACTH KPUTUYECKOM YacTOTHI
OKa3aJINCh HAaWMEHBIIMMH. B 3TOH CBSA3M MOXHO YyKa3aTb Ha POCT KOJIMYECTBEHHOW MeEpbI
yKa3aHHbIX 3()(EKTOB ¢ yBETMUEHHEM HOMEPA MO/JIbl pacCCMAaTPUBAEMBIX BOJIH.

Haubonee xapakTepHble pe3ylbTaThl MPOBEACHHBIX YUCICHHBIX HCCIEAOBAHUN JUJISI CBOOOIHOTO
IWIAHJIpA MpejacTaBieHbl Ha puc. 9-12. CpaBHUTENBHBIN aHATN3 CIICKTPOB BBISIBHIJI KAYeCTBEHHBIC
Y KOJTMYECTBEHHBIE OTJINYMS B TIOBEICHUHU MEPBOM MOJBI CIIEKTpa OT ocTanbHbIX (puc. 9, 10). Ecnu
JUIsL  aJIbTEPHATUBHBIX [OKa3aTeled paauanbHOM HEOJHOPOJHOCTH A=—-2 U A=2 B
JUTMHHOBOJTHOBOM JIMANa30HE HAWOOIBIINE pPA3JIW4YUs BBISIBICHBI M HU3IIUX MOJ CIEKTpa,
HauyMHAasi CO BTOPOM, TO B BHICOKOYACTOTHOM KOPOTKOBOJIHOBOM JHAIla30HE JJIsi BCEX MaTEpUaoOB
JTOMUHUPYIOIIEE OTIMYME HAOII0MaIoCh JJIS MEPBOM MOJBI MPH YCTOMYHMBOM aCHMIITOTHYECKOM
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CTpEeMJICHUH 3HAaYeHUS (PyHKUIUU AQ(k) Ui Hee K (PMKCHUPOBAaHHOMY OTPUIATENIbHOMY 3HAUEHHUIO

(~—1.152 ns Zn(lzo), ~-0.522 nna CdS(AZO)).
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CdS, A=-2, CBOOOAHBIIN LIMWTMHJIP CdS, A=2, CBOOOAHBIN LMJIMHAP
Puc. 11 Puc. 12

JlaHHas 3aKOHOMEPHOCTh HAIUIa OTPAKEHUE M B KapTUHE pACHPENEIICHUS OTHOCHUTEIBHBIX
(dazoBbIx ckopocredt. Ilpu HMAEHTMYHOCTH AaCHMOTOTUYECKOTO TOBEIEHUS BCEX MO CIEKTpa,
HayuHas CO BTOPOW, B BHICOKOYACTOTHOM KOPOTKOBOJIHOBOM JHAmNa3oHE Jisi JIFOOBIX 3HAYCHUI
MOKa3aTeNsl HEOAHOPOJHOCTH A, BBIABUBIICHCS B MPUOMDKEHUM OTHOCUTEIBHBIX (ha30BBIX

o A * o o
cxopocteit VY (k) k V. crepx IUIS TEepBOM MOALI HPU JIOOBIX 3HAYEHHH ITOKa3aTens
P p ’

HCOAHOPOJHOCTH A ACUMIITOTUKY OIPECACIIIECT OTHOCUTEIIbHAA CKOPOCTH HOBerHOCTHOﬁ BOJIHBI

(2=0) _ y y
poneesckoro tnma Vi~ B oxsopoxsHom (A =0) mnomympoctpanctBe, ¢ 0OweH TeHmeHIMeH

TMPUOTHKECHUS Vélzo) (k) K aCUMITOTUYECKOMY 3HAUYCHUIO (VRM:O) ~0.4724 nns CdS(E:O)) CHU3Y
(puc. 11, 12).

BbBIBO/IbI

B pesynbrare mpoBeneHHBIX HCCIEIOBaHUN B (GopMe abCONIOTHO U PABHOMEPHO CXOASIIUXCS
CTETIEHHBIX PAJIOB C OMNpENENIeMbIMH U3 PEKYPPEHTHBIX COOTHOIIEHUN Ko3(pduuneHTaMmu
MOJIyYeHO pEeLICHHE CUCTEMBbl TU(PEepeHINaTbHbBIX YPaBHEHUH, ONUCHIBAIOIIEE PACIPOCTPaHEHHE
OCECUMMETPUYHBIX HOPMAJIBHBIX MPOJIOJIBHBIX BOJIH B OECKOHEUHO MPOTSHKEHHOM TPaHCBEpCAbHO-
U30TPOITHOM  DKCIIOHEHIIMAJIIBHO-HEOAHOPOJHOM B PaJAMAIbHOM  HANPAaBICHUM  LUJIMHIPE.
IlocTpoeHHOE  pelieHHMe  WCIOJAb30BAaHO Ul IIOJIYYEHMS  JUCIIEPCUOHHBIX  YPaBHEHWI,
ONPENENIAIONMX CHEKTP YKa3aHHBIX BOJH JUId LWIMHAPOB CO CBOOOJHOW WM KECTKO
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3aKpEeIUIEHHOM TpaHWYHOM MOBEpXHOCThIO. [ Habopa MarepuaioB C pa3IHMYHBIMU (HU3UKO-
MEXaHUYECKUMH XapaKTePUCTUKAMU IIPOAHAIU3UPOBAHA 3aBUCUMOCTD TOIOJIOTHH PaCIpeNeICHUN
JEUCTBUTENBHBIX BETBEH CIEKTPOB M (Da30BBIX CKOPOCTEH OErymux HOPMaJIbHBIX BOJH OT
napameTpa HeoJHOpoAHOCTH. Ha ocHOBe pacueTra HOPMUPOBAHHBIX ()OPM BOITHOBBIX TMEPEMELICHUN
HIPOMLTIOCTPUPOBAHbI APPEKTHl BIUSHHS IOKa3aTeNs 3KCIOHEHLUAIbHOW HEOJAHOPOJHOCTH Ha
KMHEMAaTUYECKUE XAPAKTEPUCTUKHU MCCIEAYEMBIX HOPMAJIbHBIX BOJIH M3 Pa3IMYHBIX MOJ CIEKTpA.
OOnacTsiMu  HCIONB30BAHUS  PE3yJAbTATOB  IPEACTABIEHHOTO  MCCIEJOBAHUS  SIBIISIOTCS
IIPOYHOCTHBIE pacyeTbl JCTaNed MAaIlWH, TEXHOJOTMU YJIbTPAaKyCTUYECKOW JMarHOCTUKH,
aKyCTODJIEKTPOHHKA.
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YK 539.3

PACHPEJEJEHUE HANPSI)KEHUHA B OBJJACTU YUETBIPEX CKATBIX
CO®EPOUJAJIBHBIX BKJIIOUEHUMI B YIIPYTOM IIPOCTPAHCTBE

Hukomnaes A. I'., Tanuuk E. A.

Hayuonanvnoui aspokocmuueckuul ynugepcumem um. H.E. 2Kykosckozco « XAH»,
2. Xapvxos, Ykpauna

eug.tanchik@yandex.ru

HccenoBaHbl HANPSDKEHUsI B 00J1aCTH YETHIPEX CHKATHIX ChepOonaalbHBIX BKIKOYECHHH B yIpyroM mpoctpaHcTee. s
UX OINpEACNICHUS] pEIleHAa HEOCeCHMMETPHYHAs KpaeBas 3ajada JUisl ypaBHeHHs JlaMe B TIpOCTpPaHCTBE CO
cheponianbHBIME BKIIIOUEHHSIMH, LEHTPbl KOTOPBIX HAaXOITCs B BeplIMHax kBaiapata. Ilpeamosaraercs, 4ro Ha
0ECKOHEUHOCTH MPUJIOKEHA OJHOPOJIHAS MMOCTOSIHHASL HArpy3Ka, a ceponaaibHble BKIIOYSHHUSI HAXOMASATCS B YCIOBHSX
UJICUTHHOTO KOHTaKTa C YIPYTHM MpocTpancTBoM. OOIIee peleHue 3a1aqu CTpOUTes 0000eHHBIM MeTogoM Dypbe,
KOTOPBIH MO3BOJISIET TOYHO YJIOBJIETBOPUTH I'PAHUYHBIM YCJIOBHUSM. [IpMBElleH YMCICHHBIA aHAM3 pacIpelesieHHs
HaINpsDKEHUH Ha JIMHUHM MEX/1y HEHTPAMH COCETHUX BKIFOUEHHH B 3aBUCHMOCTH OT X T€OMETPUUECKHX [TapaMeTPOB.
Kniouesgvie cnosa: meopemul cnoscenus, basuchvle pewienus ypasuenus Jlame, cocamvie cghepoudanvuvle BKIIOUEHUS,
2PAHUYHbBIe YCNI08US, HANPSAICEHHO-0ehOPMUPOSanHOe COCmosHue, 0000uennblli Memod Dypve, Memoo pedyKyuu.

PO3NOAII HATIPYKEHDB B OBJIACTI HOTUPBOX CTUCHYTHUX
CO®EPOIJIAJIBHUX BKJIIOYEHB Y IPYKHOMY ITPOCTOPI

Hikomaes O. I'., Tanuik €. A.

Hayionanonuii aepoxocmiunuti ynieepcumem im. M.€. JKykoecvkozco « XAly,
m. Xapkie, Ykpaina

eug.tanchik@yandex.ru

JlocmipkeHo Hanpy>KeHHsI B 00JIacTi YOTUPBOX CTHCHYTHX c(epoilalbHUX BKIIOUCHb y NMPYKHOMY mpocTopi. Jis ix
BU3HAYCHHS PO3B’s3aHa HEOCECHMETPHUYHA KpaiioBa 3ajmauya Juisd piBHsHHS Jlame B mpoctopi 31 cdepoinansHUMuU
BKJIIOUCHHSIMM, LEHTPU SKUX 3HAXOJAThCS B BeplIMHAaxX KBaapary. llependadaerscsi, 1m0 Ha HECKIHYEHHOCTI
NIPUKIIaJCHO OJHOPIIHE TOCTIHHE HABAaHTAXEHHS, a c(epoigaibHI BKIIOUYEHHS 3HAXOAATHCS B yYMOBaxX i1€abHOTO
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