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B mpuGnukeHun KBa3HONTHKHM JUIs 3BYKOBOTO IydyKa C Y3KHUM YIJIOBBIM
CIIEKTPOM, CO37aBaeMOr0 B OJHOPOIHOW O€3TUCIIEPCHOHHON cpene chepudecKu
BBIMYKJIBIM ~ W3JIy4aTeJleM C paBHOMEDHBIM  DPAclIpeAciCHUEM  aMILIUTYIB,
paccMOTpeHbl 0COOEHHOCTH COBMECTHOTO BIUSHUS TU(PAKIUU U T€OMETPUUECKON
pacXoAMMOCTH BOJIHBI Ha IPOCTPAHCTBEHHYKO JUHAMHMKY JIHUCHEPCHOHHOTO
napameTpa 1 ()a30BOro MHBapUaHTA TPEXUYACTOTHON BOJIHBI.

KiroueBble cioBa: reoMmerpudeckas AuUcHepcHsi, KpUBH3HA (ha30BOro (poHra,
BOJIHOBBIC ITyYKH, AU(PPaKIHsl, TEOMETPHUECKasi paCXOIUMOCTh, 30HbI DpeHers.

BBE/JIEHUE

[Ton reomeTpuyeckoil aucrepcueil BOJHOBBIX IYYKOB TIOHUMAETCS 4acTOTHAs
3aBUCUMOCTH ()a30BOM CKOPOCTH MOHOXPOMATHYECKOM BOJHBI, PACIPOCTPaHSIONIEHCS B BUIE
IOPOCTPAHCTBEHHO  JIOKAJIM30BAaHHOTO  BOJIHOBOIO  BO3MYULICHHS B OJHOPOJTHOMU
OezmucniepcuonHoi cpexe [1, 2]. He Oynyun cBsi3aHHOW ¢ (PM3MYECKHMHU CBOWCTBAMHU CPEIIbI
HAJIMYMEM HEOJHOPOJHOCTEW WM BHEIIHUX TPAHUI], €€ MPOSBICHHE B paccMaTpUBAaEMOM
cirydae 00yCIIOBIEHO TU(pakiueil 1 3aBUCUT UCKIIOUUTEIBHO OT UCXOAHBIX T€OMETPUYECKIX
XapaKTePUCTHK BOJIHBI, U3Ty4aeMOi HCTOYHUKOM OIpPaHHMUYEHHBIX Pa3MEPOB.

B otnnume ot onTHKH, T1e U3-3a OO0JBIION pa3HUIIBI MEXKAY HONEPEYHBIM pa3MEPOM ITydKa
W JUIMHOM BOJIHBI (4acTtoTa KojeOaHMi (o/ 21 ~10% I'n) audpaxkiHOHHBIE MPOIECCHI
IPOSIBJIAIOTCS HAa OOJNBIINX PACCTOSHHUIX M BO MHOTHX 3a7ladyaX UX MOXHO HE MPUHUMATH BO
BHUMAHHME, B aKyCTHKE M3-3a MCIIONb30BAHUSA CYLIECTBEHHO MeHbIHX yacToT (<107 T') o1o
COOTHOILIEHHE HE CTOJIb BEJHKO. Takoe MOJOXKEeHHEe COXpaHsIeTcs, HECMOTPSl Ha MMeEIoIIeecs
pa3nuure B 3HAUEHHUSIX CKOPOCTH AJIEKTPOMArHUTHBIX M aKyCTHYeCKUX BOJIH. [loaTomy B
3BYKOBBIX IIyYKax JHUCHEPCHUOHHBIC TMPOSBICHUSA JIU(PPAKIUM HAYMHAIOT MPOSBIATHCA
NPaKTUYECKU CPa3y B MPOLIECCE pACIPOCTPAHEHHsI BOJIHBI, YTO JIelaeT HEOOXOIUMBIM YUET UX

BIUAHHUA C MaJIbIX y,IIaJIeHI/Iﬁ OT U3JIYUaTCJId JaKC Ha BBICOKUX (I[J'ISI aKYCTI/IKI/I) qaCToTax.
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1. OCOBEHHOCTHU 'EOMETPUYECKOM JUCITEPCUH ITYUYKOB

Yacto mpu OOCYXKIAEHHUH T€OMETPHUECKOW AHUCHEPCHUH IYYKOB BO3HHMKAET BOIPOC O
PaBOMEPHOCTH U I1€TIECOO0PA3HOCTH YBSI3bIBAHUS MOHATUN NTUGPAKIUN U JUCIIEPCUU BOJIH,
MIOCKOJIbKY CYIIECTBYIOT MCTOPUYECKH CIIOXMBIIMECS U (POPMaJIbHO HECBS3aHHBIC MEXKIY
co0oii mpeacTaBiaeHus 00 3TUX Mporeccax. B cBs3u ¢ 3TUM OTMETHM, YTO HaOIIOlaeMble B
NpUPOZE BOJHOBBIE IPOLECCH 00s3aHBI CBOMM MHOT000pa3sMeM BeCbMa OTrPaHMYCHHOMY
gyuciny dakropoB [1, 3]. Cpeau HHX BBIIETUM, C OJHOH CTOPOHBI, BHYTPCHHHE CBOWCTBA
cpeabl (mucriepcusi, IUCCUNIALUS, HEIMHEHHOCTB), a C JPYyroi — TIeOMETPHYCCKHE
XapaKTEPUCTHKH CaMO# BOJIHBI. MPOCTPAaHCTBEHHAs JIOKAIM3AlMs BO3MYIICHHS, HayalbHAs
dopma da3oBoro (QpoHTa, pacmpenereHUE aAMIUIUTYAbl BAodb (poHTa. OOBIYHO
JIMCTICPCHOHHBIE CBOWCTBAa OE3rpaHUYHON CpENbl CBA3BIBAIOT C CYIIECTBYIOIIUM IOHATHEM
¢usnueckoit aucnepcun [1], oHa 00yciIOBICHA HATMYHEM BPEMEHHBIX M IMPOCTPAHCTBEHHBIX
MacmrTaboB,  OTPAXalOMIUX  BHYTPEHHHE  TIPOLECCHl,  BpeMs  MPOTCKaHUS WU
IPOCTPAHCTBEHHAS POTSHKEHHOCTh KOTOPBIX COM3MEPUMBI C MEPUOJIOM WM JUTMHOW BOJIHBI.
BpemeHHass ¥ TpOCTpPaHCTBEHHAs HEJIOKAIbHOCTh MEXIy BHEUIHUM BO3ACHCTBHEM U
peakiueil cpebl 00s13aHbI CBOMM TIPOSBICHHEM Pa3HOTO poJia PeIaKCallHOHHBIM IpOIeccaM
Y HAIMYHUIO Y CPe/ibl BHYTPEHHEH MUKPOCTPYKTYPHI.

B of0mem ciydae mposiBIIEHHE YacCTOTHOW AMCIEPCHU CKOPOCTH HE OTPaHMYHMBACTCS
BHYTPCHHHMH Tpolieccamu B cpeze [1]. XapakrepHblie mapamMeTpbl ¢ pa3MEepPHOCTBIO JJTHHBI U
BPEMEHH, ONPEACISAIONINEe OCOOCHHOCTH PACHPOCTPAHEHUS BOJH, MOTYT OBITH CBSI3aHBI C
TE€OMETPUYECKUMH XapaKTEePUCTUKAMH BOJHBI M TPOCTPAHCTBEHHBIMH YCJIOBUSIMU €€
pacnpocTpaHeHusi. HarisimHeIM NPUMEpOM CITy’)KUT T'€OMETpUYecKas IUCIIEepPCUs BOJH B
BOJTHOBOJ2X [1, 4], rae B kauecTBe XapaKTepHOro Maciitaba BhICTYIAeT pa3Mep MOMePEeYHOro
ceueHust BoiHoBoja. Crojja MOXeT OBbITh OTHECEHAa W AMCIEPCUst MPU PaclpOCTPaHEHUU
HEOJIHOMEPHOW BOJIHBI, OTPAaHMYCHHOW B NPOCTPAHCTBE B BUAE IU(PPArUpyrONIETo ITydKa,
COOTBETCTBYIOILIMM ITaPaMETPOM KOTOPOTO SIBIISIETCSI BOJIHOBOM pa3Mep HU3IydaTes.

dopManbHBIM TTOATBEPKICHUEM TPABOMEPHOCTH IMPEACTABISATh PE3yIbTaThl MPOSIBICHUS
T(PaKIMOHHBIX MPOIECCOB B TEPMHHAX HUCIEPCUH SBISIETCS B3aHMMOCBSA3b MEXIY

Iu(paknOHHBIM HaberoM ¢assl ¢, (Z, (o) MOHOXPOMAaTHUYECKOM BOJIHBI B ITyYKE U BEITMUMHOU
ee (ha30BOi CKOPOCTH C(Z, oo), cleyrommas U3 IByX CIIOCOOOB 3aIHMCH €€ IMOTHOU (a3bl
0(z,0)= ot - z/c,)+,(z,0) ;
0(z,0)= 0ft — z/c(z,0)] .
[Tocne muddepernupoBanms Mo KOOPAUHATE MOTYIAEM
~06(z,w)/0z = w/c, — 9, (z,®)/0z;
) z 6C(Z, co) . o 1)

0
—Ee(z,m)= c(z,®) - (o) a | czo)

[TpubamKeHHOE PABEHCTBO BO BTOPOM BhIpaxkeHUH (1) BBIMOIHACTCS MPH MAJIbIX H3MEHEHHUSIX
CKOPOCTH, C(Z,co) >> Z@C(Z,co)/ O0Z, 4YTO CHpaBeUIMBO I JUGPAKIIMOHHBIX IPOIECCOB.

[pupaBHsB npaBbie yacTH 000X BbIpaxkeHuii (1), moaydaem
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o c, 0p,(z,m
c(z,0)= 0 = ¢, 1+—°-L) =, +Ac(z,w),
1 G 09,(2,0) © o )
) 0z
rae C, — CKOpPOCTh IUIOCKOM BOJHBI, AC << Cg; AC(Z,w) — JMCIIEpCUOHHAs J100aBKa K

¢da30Boii CKOpPOCTH. 3aBHUCUMOCTh (Da30BOM CKOPOCTH HEOAHOMEpPHOW BOJHBI (2) OT
paccTosiHUs SBJSIETCS OJHOM M3 OCOOCHHOCTEH I'€OMETPHUYECKOW IHUCIEPCHU B MydKe. JTO
OTJIMYAET PACCMATPUBACMBIH CIIy4ail OT OJJHOMEPHBIX BOJIHOBOJOB (MEJIKOE MOpE, CTEPIKHH,
IUVIACTHHBI U Jp.), AUCIEPCHOHHBIC CBOICTBA KOTOPHIX HEU3MCHHBI BJIOJb HAIMPABICHUS
pacnpocTpaHeHus BOJHBL [l03TOMY CylecTByromue NoaX0Abl K UCCIEIOBAHUIO TUCIIEPCHH,
UCIIONIB3YIOLIME aOCOMIOTHBIE U OTHOCUTENIbHBIE M3MEPEHHsI CKOPOCTH, 3/1€Ch OKa3bIBaIOTCSA
HEMPUMEHHUMBI, 4TO TpeOyeT pa3paboTKH CreUaIbHbIX METOI0OB ¢€ peructpammu [2, 5-7].

PaccMoTpenne IUCHEpCHOHHBIX CBOMCTB Iy4KOB IMIPEACTABISET HHTEpeC M psana
oOmacTeil npuUMEHEHHs yibTpa3Byka. OTMeTHM Oe€3yCHemIHble TIOTBITKH H3MEPEHUs
¢usznyeckoil  aucnepcMud B UYMCTOM  BOJAE U AOMYJBCUSIX C€  MCHOJIb30BAaHUEM
BBICOKOYYBCTBUTEIIBHOTO MOAYJSAIMOHHOTO Metona [8]. Hawmbosee BeposTHON NpUYHMHON,
MOMEIIABUIEN TMOJIYyYEHHUIO pe3yJbTaToB, CIEAyeT INPU3HATH MPUCYTCTBUE HEYUYTEHHOMN
T€OMETPUYECKON TUCTIEPCHH, BKJIAX KOTOPOH TNpH TNPOBEACHHH W3MEPEHUH B OJIIDKHEH
o0JIacTH TMydYKka MHOTOKPATHO TMPEBBINIACT BEJIMYMHY (U3MUeCcKOl aucnepcun [2].
JlocTarouHo OBLIO TMEPEHECTH HM3MEPEHHS TUCIIEPCHH Ha TOHKYIO MPOBOJIOKY, TJE H3-3a
MaJIOCTH MONEPEYHOro pa3Mepa AUPPaKIMOHHBIA MEXAHU3M JIUCIIEPCUU OTCYTCTBYET, UTOObI
MOJIYJISILUOHHBII METOJI 1aJl OJIOKUTEIbHBIC pe3ynbTatsl [9, 10].

[TonobHas cutyanus nposiBUIach B U3MEPEHUSAX HETMHEHHON qucnepcuu, o0yClIOBICHHON
(a303aBUCHMBIMU HEITMHEHHBIMU IPOIIECCAMU B TPEXYacCTOTHOM BOJHOBOM makere [11].
[IpoBeneHHOE B peKMME MaJIOr0 CUrHajla UCCIIEJOBAaHUE T€OMETPUUECKON TUCIEpCUr MyyKa
[12] mo3Bommio ompenenuts 00NACTh MPOCTPAHCTBA, INIE €€ BIUSHHUE HE CKa3bIBACTCS Ha
pe3ynbTatax U3MEpPEeHH, U pa3enuTh BKIaabl ABYX (PU3HUECKU pa3HbIX siBieHui. Kak u npu
UCCIICIOBAaHUN AMYJIbCHUH, BETMYMHA T€OMETPUYECKON JUCHEPCUH M3-32 AU(PaKIUK ITydKa
IPEBBIIIAET HEIMHEWHYIO AucIepcHio Oosiee yeM Ha mopsiaok. Iloaromy HeyueT ee MoxkeT
0Ka3aTbCsl IPUYUHON HEBEPHBIX PE3YJIbTATOB U3MEPEHUS HEIMHENHON COCTABIISIFOLIEH.

JlucriepcnoHHOE TIPOSIBICHUE TUQPPAKIUHU MPEICTABISET CAaMOCTOSATENLHBIA HHTEPEC IS
MHOTOUYMCJIEHHBIX TEOPETHUUYECKUX M JKCHEPUMEHTAIbHBIX HCCIEIOBAaHUM HEIMHEWHON
AKyCTHKH OTPAaHMYEHHBIX ITyYKOB, TOCKOJBbKY CBSI3aHO C €€ BJIMSHUEM Ha NPOTEKaHUE
HenmuHeHHbIX mporeccoB [13-15]. CoBmectHOoe paeiicTBue AUdpaKIUKH W HEIUHEHHOCTH
CONPOBOXKIACTCS SIBICHUSMH, HE CBOHMCTBEHHBIMH OJHOMEPHBIM BOJHaM (acHMMETpUs
UCKQKEHUI BPEMEHHOTO NpPOQMIsS MNEPBOHAYAILHO TapMOHHYECKOW BOJHBI, A(PQPEKTHI
CaMOBO3/ICUCTBHS, BKIIOYAIONIHE caMO(OKYyCHPOBKY, CaMOJIOKAIHU3aIHI0, Ae(POKYyCHPOBKY
BOJH U Jp.). CoueTaHne HEIMHEWHOCTH ¥ T€OMETPUYECKON TUCTIEPCUH CO3aeT PU3MICCKUE
NPEINOCHUIKH Tl (JOPMHUPOBAHUS B TPAJUIIMOHHO OE3IMCIIEPCUOHHON aKyCTHKE M3BECTHBIX
B ONTHUKE JIOKAIM30BAHHBIX M KOMIIAKTHBIX CTPYKTYp (COJMTOH, KOMIIAKTOH), B OCHOBE

KOTOPBIX JIGKHT OanaHc 3THX 3(h(eKToB.
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HaOnromaemslil B mociegHee BpeMsl BCIJIECK MHTEpECa K MCIOJIb30BAHUIO HCKYCCTBEHHO
cozmaBaemoii [16, 17] u ectectBenHoi mucrepcun (BoaHoBombI) [18, 19] cBs3an ¢ 3amaueii
BPEMEHHOH KOMIIPECCUHU [UIMHHBIX HMIIYJIbCOB C LEJBIO YBEIMUYEHHUsS WX aMIUIUTYyAbl U
YKOpOUeHHUs IIUTeIbHOCTH. Ee pemenue BocTpeOOBaHO B 001acTsaX, TE€ HEOOXOIUMO
HOJIY4YUTh OOJIBIIYI0 aMIUINTYJy 3OHIMPYIOIIEr0 HUMIIyJbCa, WCKIIOYUB HEraTUBHOE
NPOSIBJICHUE HEJIMHEHHOIro 3aTyXaHWs, B M3MEPHUTEIbHBIX M JUATHOCTHYECKUX CHCTEMax
BBICOKOT'O MPOCTPAHCTBEHHOI'O pa3pellieHus. B oTanuue oT ONTHKY B aKyCTHYECKUX 3aJadax
PENKO ynaeTcs BOCHOJb30BATHCS E€CTECTBEHHO CYIIECTBYIOUIEH OUCIEepCHed, Torza Kak
CO3JIaHHE YCIIOBHM IS €€ TPOSIBIICHHS 3a9aCTyIO TPYAHO BBIIOJHIMO TEXHHUYECKH. B CBsI3M €
3THM BCTAaET BOIPOC 00 MCIOIH30BAHUU T€OMETPHUECKON TUCTIEPCHH BOJTHOBBIX ITYyYKOB, UTO
TpEeIoaraeT ee JeTajJbHOEe HCCIIeJOBAHUE.

MHoroo0pa3ue MpUMEHSIEMBIX Ha MPAKTHKE BOJHOBBIX ITyYKOB M BO3MOXHBIX CIIOCOOOB
UCTIOJIB30BaHUSl TE€OMETPUYECKOW JHUCIEPCHUU BBIBOAWT BOIPOC €€ H3YYCHHUS 3a pPaMKU
KaKoro-mu0o 4YacTHOro ciydas. OIHOBpPEMEHHO BO3HHMKAET HEOOXOJMMOCTH PACCMOTPEHUS
3aa4l O JOCTYHHBIX Croco0ax ‘“ympaBiieHHs” €€ BEIMYMHOW W IMPOCTPAHCTBCHHBIM
pacmpenenenuemM. Jist KOHKPETHOM Cpebl XapaKTep MPOCTPAHCTBEHHON CTPYKTYpHI Iy4Ka, a
BMECTE C HEI0 M JUCHEPCHUOHHBIC TMPOSBICHUSA NU(PPAKINNA HEOJTHOMEPHOH BOJHBI, MOTYT
3a/1aBaThCsl MapaMeTpaMu rpaHudHoro ycnosust (Z=0) mis ucxomHoro BosmyineHus. K
TaKUM [apaMeTpaM OTHOCSATCS KOH(UTrypamus M pa3sMepbl H3IIydalouled MOBEPXHOCTH,
4acTOTa TAPMOHMUYECKOT0 BO3MYIIEHHS, HadanbHas (opma (Pa3oBOro (ppoHTa M MOMEPEUHOE
pacrpeneneHue aMIUIUTY JIbl.

B paborax [2, 20] skcnepuMEHTaIbHO M TEOPETHUYSCKH HMCCICAYIOTCS IMCIIEPCUOHHBIC
CBOWCTBA BOJIHBI, OIPAaHUYEHHOH B MPOCTPAHCTBE B BHUJE OCECUMMETPHUHBIX ITyYKOB C
rayCCOBBbIM, MOJMHOMHAIBHBIM U PAaBHOMEPHBIM HAauyalbHBIM PACHpEeICHUEM aMILTUTYIbI.
Ha npumepe nucnepcroHHOro napamerpa u ($pa3oBOro MHBApHaHTA TPEXYACTOTHOM BOJIHBI B
paMKax KBa3HONTHYECKOro (MaJoyrJIOBOr0) MPUOIIDKEHUS MPOCICKEHBI XapaKTepPHbIC
0COOEHHOCTH MPOSBICHHUS T€OMETPUUYECKON AUCHEPCUH ISl IIOCKUX HM3IIydaTeneil Kpyrion
¢dopmbl. K TakoBBIM OTHOCSTCS JIOKaJdH3alMs AMCIEPCUU B Ipenenax obiactu Iudpakuuu
@peHensi, cuibHAas 3aBHCUMOCTh €€ TPOCTPAHCTBEHHOH CTPYKTYphl OT aMIUIMTYIHOTO
pacrpeneneHus BAOIb U3Ty4arolieil MOBEpXHOCTH, HAIMYKUE MPOCTPAHCTBEHHBIX OCLMIIISAIUIA
JMCTIEPCUOHHOTO MapaMeTpa, COMPOBOMKAAIOLINXCS Pe3KMMU U3MEHEHUSMHU €0 BEIMYUHBI U
3HAaKa, 4TO MOJYUYHUIIO MOATBEPIKACHUE B dKCIiepuMeHTe [2].

Hapsiny ¢ aMmumiTyIHBIM pacripeieIeHHeM HCXOJHOTO BO3MYILIEHHS JPYTHM JIOCTYITHBIM
CHocoOOM BJIMATH HAa BEIMYMHY M HPOCTPAHCTBEHHYIO CTPYKTYPY IUCIEPCHH SIBISETCS
UCIIOJIb30BaHUE TaKOTo (akTopa, Kak HauaiabHas popma ¢azosoro ¢pponra. Hanbonee npocto
TAaKOW TMOAXOJ peamu3yercss IMOCPEeICTBOM (OPMHUPOBAaHUS C(HEPUUYECKH pPaCXOAsIIeHCs
(cxopmseiics) BOJNHBI C OTPaHUYEHHOHW MPOTSHKEHHOCTHIO (ppoHTA. DH3MYECKO MOAEITBIO
paccMaTprUBaeMoOl 3aJaud MOXET CIYyXHTb cepudeckas BOJHA, MPOIIEAIIas OTBEPCTHE B
HEMpO3payHOM JKpaHe, PaguyC KpPUBU3HBI (POHTA KOTOPOH OMNpEAETseTCs PaCCTOSTHHUEM
MEXy TOUEYHBIM HUCTOYHMKOM M 3KpaHoM. Ha mpakTuke orpaHMYeHHbIE BOJHOBBIE ITyUYKHU C
chepuyecku pacxoisamuMmcs (pa3oBbIM  (PPOHTOM MOIYHAIOT, UCHONB3Ys CHEpUUEcKU
BBINYKJIbIE W3y4yaTead WIM COOTBETCTBYIoLIee (ha30BO€ paclpeieieHue BAOJb aHTEHHOU
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pemetku. J[o HaAcTOsIIEro BpEMEHHM HMHTEpEC K HUM ObUT OOYCIIOBJIEH HEOOXOIUMOCTHIO
PaBHOMEPHOTO O3BYYHMBAHHUS OOJBIIIOTO 0O0bEMa Cpeabl W COKpAICHHUS BpEeMEHH 0030pa
OPOCTPAHCTBA B 3ajJayax JIMAarHOCTUKH, OOHApyXeHHsT M CIeXEeHHs 3a OBICTPO
nepeMenaronuMucss OOBEeKTaMH, CTA0WIM3allMd aKyCTHYECKOTO KOHTaKTa C OOBEKTOM
HaOJI0/IEHUs, B YJIbTPA3BYKOBOM TEXHOJIOTUH U JIP.

C 1enpi0 BBUICHEHHS POJM HavyaabHOW KpuBH3HBI (hazoBoro ¢poHtra B [21] mposeaen
TEOPETUUECKHI aHaTu3 TUCIEPCUOHHBIX CBOWCTB C(EpUUECKH PaCXOJSIIErocsl rayccOBOrO
MyykKa C PAa3IUYHBIM COOTHOIIEHHEM [apaMETPOB, XapaKTepu3yoluX IUGpakmuio u
pacxoauMOCTh BOJHBL. B pamkax pemieHuss mapaboIu4eckoro YpaBHEHHS TUPPAKIUU
IPOCIICKEHBI OCOOCHHOCTH COBMECTHOTO TMPOSIBICHUS OSTHX IPOIECCOB, KadeCTBEHHO
pasnuyaromuecs: JUIsl MajblX W OONBIIMX 3HAYEHUH KpWBW3HBI n3mydarens. OJHako, B
aKyCTHUKE TayCcCOB IyYOK HMHTEPECEH JIHIIb B KauecTBe (DU3NYECKOH MOJIENN HCCIIETYyEeMOTro
nporiecca, KoTopasi MOXKET OBITh ONKMCAaHA MPOCTHIMH AHATMTHYECKUMH BBIpaXeHHUsMHU. Ha
NpaKkTUKe, KaK TPaBUIIO, HCIOIB3YIOT HM3JIyYaTeId C PaBHOMEPHBIM BO30YXICHUEM, UYTO
00yCIIOBIICHO PSAZOM IPUYHH, BKIIIOUYAs IIPOCTOTY TEXHUYECKON peasin3aiium.

B cBsi3u ¢ 3TUM, 11€71b10 TaHHOM paboThI ABISETCS PACCMOTPEHUE AUCIIEPCUOHHBIX CBOMCTB
OCECHMMETPHUUYHBIX Iy4YKOB, CO3/1aBa€MbIX B OJHOPOJHON O€3AMCIIEPCHOHHON cpene
chepruveckn BBIMYKIBIMA HM3Iy4aTeNIsIMH C PAaBHOMEPHBIM pacIpe/ieIieHUEM aMIUTUTYIbl U
pa3MYHON KPWBU3HOW MOBEPXHOCTH, CPaBHEHHE WX C paHEe PACCMOTPEHHBIM CIIydaeM
IUIOCKOTO M3JTydaTessl B aHaJIOrMYHbIX ycioBusix [20].

2. HUCIOJIb3YEMBIN IMOJAXO0 K PACCMOTPEHUIO JIUCIIEPCUU TTYUKA

B ocHOBy aHanmm3a JUCHEPCHOHHBIX XapaKTEPUCTUK C(EepUdecKkr pacxosierocs
yJIBTPa3BYKOBOTO MyYKa C Y3KUM YTJIOBBIM CIIEKTPOM MOJOXKUM pelIeHHe MapaboaniecKoro
ypaBHeHus: mudpakiuu [1] ¥ OpUHIMIBL, JIeKalue B OCHOBE MOAYJIAIMOHHOTO METOAa
usmepenus aucnepcun B. A. 3Bepesa [9, 10]. B ocecuMMeTpu4HOM MydYKe C PaBHOMEPHBIM
BO30Y>KJICHHEM BJIOJIb MOBEPXHOCTH HM3JIy4aTessl BhIPAXKEHHE JJISI KOMIUIEKCHON aMIUIUTY bl

MOHOXPOMAaTHYECKOM BOJIHBI, HOPMUPOBAaHHON Ha HA4YaJIbHYIO BEJIMYHMHY BO3MYyLICHUS A,

(z=0), B mpou3BOJILHOI TOYKE MPOCTPAHCTBA UMEET BUJ [22]:

Pn(rn,zn):ﬂexp _in Jl'exp —ir? (L+8,2,) J 2oy rodr., . (3)
zZ, Z, )% . zZ,

3nech

z, =2/, =2z/ka*; r =r/a; &,=I,/R, =ka?/2R,; P,(r,,z,)="P(r,z)/A,, (4)

rae I 1 Z — monepevHas u mponoibHas (oceBast) KOOpAMHATH Toyis; R, n 2a — paanyc

KPUBM3HBI M pasMep anepTyphl usnmydarens; K=w/c,; |, =ka’ / 2 — TPOTSHKEHHOCTh

obnactu mudpakimun Ppenens (OukHel o0nacTn); 8, — HadallbHAs KPUBH3HA BOJIHOBOT'O

¢ponra (z, =0), oTHeceHHas K TU(PAKIMOHHOHN UTHHE ITydKa.

Jnst y3komosnocHoro currana (o, >>Q), crexrp xoroporo (Aw~Q) cocpenorodeH B
OKPECTHOCTH YacTOTHl ® = ®,, JIOKAIbHOE ITOBEJCHUE 3aKOHA IHCIICPCHU MOXKET OBITh
Ipe/ICTaBICHO B BUje psaaa [1]:

A. M. l'aspusnos
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k() = k() +(dk/dw), (- ,)+05(d%k/de?), (@—wpf + .., (5)
rae k(w,)=w,/Cq ; Co — (hasoBas ckOPOCTH BOTHBI ¢ wacToTOl ®,; (dk/ doo);i =C, —
IPYIIIOBasi ~ CKOPOCTh  BOJIHOBOIO  IIaKETa; (d 2k/dw? )wo = (dcgl / dm)w =D —

JMCTICPCUOHHBIA  TIapaMeTp, XapaKTePU3YIOIIUH YacTOTHYIO 3aBHCHMOCTh T'PYIIIOBOM
ckopoctu. [lepsoie aBa uineHa (5) COOTBETCTBYIOT IMHECHHOMY MPHOIMKEHUIO (DYHKITUH k(co)
U OTMHUCHIBAIOT HEMCKAXKEHHOE PACIPOCTPAHEHHE BOJIHOBOTO MAKeTa C TPYIIOBOM CKOPOCTHIO

¢, . JucriepcronHble MCKaXEHHUs, MPOSBIAIONIMECS B HM3MEHEHMH (OpMBI Orubarouei

BOJIHOBOT'O IIaK€Ta H (I)aBOBOﬁ MOAYJSINUU  €TO0  BBICOKOYACTOTHOI'O  3aIllOJIHCHUA,
YUYUTBIBAOTCA  KBAAPATHYHBIM H  IOCICAYIOIIUMUA YJICHAMU. HpI/I PACCMOTPCHHUN

pacIpoCTpaHeHUsT Y3KOIMOJOCHBIX CHTHAIOB (@, >>()) JOCTaTOYHO BOCIHOJIB30BATHCS

BTOPBIM MPUOIMKEHUEM TEOPUH JUCTIEPCUH, T.€. TPETBUM CIIaraeMbIM.

Jucnepcuonnsiit mapamerp D Haiinem mocpeAcTBOM peructpaiuy HapyuieHui (ha3oBoro
CHUHXpOHM3Ma Mexay Pypbe-KOMIOHEHTaMH MHOI04acTOTHOM BosiHbL. Hanbosee npocto 310
peanusyercss B paMKax MOIYJISALHOHHOrO MeTona wu3Mepenus mucnepcud [9, 10] mpum

HCIIOJIb30BAaHUU TPEXUYACTOTHOH BOIHBI C CHMMETPUYHBIM CIEKTPOM (®,, ©y 5 = 0y F Q):
p(t,r,z)=P,(r,z)cos[w,t — K,z + @4 (r, 2)+ ¢, |+

+ P, (r,z)cos|m,t—k,z+ @, (r,2)+ @]+ Ps(r, z)cos[mgt —kgz + @5 (r,2)+ 0o | = (6)
= P(t,r, z)cos[w,t — K,z + @lt,r, 2)+ @, |,

rue Po(r,z), P, (I’,Z), PB(I’,Z) u (po(r,z), oy (r,z), (pB(I’,Z) — mudpakIMOHHBIE U3MEHEHUS
aMIUTUTY X U (a3 TApMOHUK; @, O, ,, g, — HavaubHble (Z =0) (a3sl KOMIOHEHT; P(t) u
(p(t) OIMMCBIBAIOT aMILTUTYAHYIO U (ha3oByro Moayssiiuio [2]. Torma

D(mo,r'z):dzk(mo,r,Z) _ZB(r:Z);Boz_ZAB(r,z), { 2 }

do? - zQ (0% M- pao

()

rie By =[(@no +Pg )/2 @, ] — HauamsHoe (z =0) 3Hauenue dasosoro uuBapuanta (PU)
TPEXYaCTOTHOIO CUTHAIA, B(r, Z) = [((pH (r, Z)+ og(r, Z))/Z —@,(r, Z)] — @MU B 1poU3BOJIBHOU
Touke HaOmoaeHus. [l HaX0KAeHUs IPOCTPAHCTBEHHOIO PACIIPeIeNIeH s JUCIIEPCHOHHOTO
napaMeTpa JOCTaTOYHO ONpeneNiuTh audpakimoHHbii Haber (paccrpoiiky) ®U AB(r, Z).
JucniepcuoHHble HcKkaxeHHs oTcyTcTByloT (D =0), ecnu B mpouecce pacrpocTpaHeHHs
MeXIy TapMOHHKaMH (®, , ®,, M) coxpaHseTcs (a30BbIil CHHXPOHH3M, T.C. AB(I‘, Z): 0.

B 0e3aucriepCcHOHHBIX Cpellax 9Ta CHTYaIHs BO3MOXKHA TOJIIBKO Y OJHOMEPHBIX BOJTH.
B o6mem ciydae mudpakionHas pacctpoiika (azoBoro naBapuanta AP B (7) HaxomuTcs

u3 (3) yepe3 3HAYCHUS apryMEHTa KOMIUIEKCHOHM aMIUTUTY bl Ha YaCTOTaxX ®, , ®, ¥ O

AB(rn ! Zno) = O’S[arg PnH (rn’ Zn0)+ arg PnB (rn' ZnO )]_ arg Pno(rn ! Zno) (8)

C Y4ETOM 4acTOTHOro mapamerpa @ = ,/Q B Ge3pa3MepHbIX BeNUUnHAX Z, 1 O, (4):

A. M. l'aspusnos
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0=0,. Z,=Zyo> 80(0)=80;
O=0y: Loy = Znoq)/(q) -1); Bow = 8o(® 1)/ 9)
0= Zp = 200@/(@ +1); 8y = 5p(@ +1)/D,
rie ., =2/l, =2z/k,a’; kK, =w,/c,. C yuerom (9) Bmipawenmms P,, P, u P,
3aIHIIY TCS
2i ir? )\ | L, (1+8,2,) 2r, 1, .
Pno(rn’ Zno)z_EXp - _[eXp — Il Jo Fodrog
ZnO ZnO 0 ZnO ZnO
i H 1 I T
b (. 2.0)= 2i(@ —1)exp{_ ir? (o —1)} Jexp| ir2 (L+82,0 @ -1)|
Znoq) ZnOCD 0 L ZnOCD a
10
o, (0 -1 2,00 o
H 2 1 I ]
P (r.2.0)= 2i(® +l)exp{— ir? (o +1)} jexp iz (1+8,2,, @ +1) y
Znoq) ZnO(D 0 L ZnO(D _

x 3o (206 (@ +1)/2,,®)r,,dr, -

n0'n

I[J'I}I HaXOXACHUA OUCIICPCHUOHHOI'O IIapaMeTpa Irydka Ha YacCTOTC HGO6XO,Z[I/IMO B

BeipaxeHu (8) ¢ yuerom (10) B3sTh ipesien npu @ — oo
Dn (rn ! ZnO )030 = wglao D(rn ! ZnO )mo = _(Z/Zno )CLILQ@ [(DZAB(rn ! ZnO ! CI))], (pa()) (11)

O4eBUIHO, YTO BBIMOJHEHHUE YCIOBUSI @ — co MPHUBENET K TOMY, YTO paccTpoiika (a3oBOro
uHBapuanTa (8) OyZer paBHa HYJIIO BO BCEX TOYKax Mol [IpM KOHEYHBIX 3HAYCHHSIX
YaCTOTHOTO napamerpa BbipakeHHe (11) mo3BoJISET HAWTH YCPEIHEHHYIO B IOJIOCE YacTOT
U3MEpUTEIBHOTrO cHrHana (Am = 2Q)) BEeNMYMHY TUCIEPCUHOHHOTO MapaMeTpa B OKPECTHOCTH

HJaCTOThI O .

3. PACIIPEJEJIEHU ®A30BOI'O MHBAPUAHTA 1 IMCITEPCUOHHOI'O
I[TAPAMETPA B BJIMDKHEN OBJIACTU I1OJIA

PesynbraThl pacueTa TMONEPEUYHOTO paclpelesieHUus] TUPPAKUUOHHOW pPacCTPOUKH

¢$a30BOro MHBapHaHTa TPEXYaCTOTHON BOJHBI AB(rn) BOMM3K m3nmyvarens (z,, =0,1) mwis
® =10 moxazansl Ha puc.l. BrusHHe KpUBH3HBI U3Tydarens, BEIUYMHA KOTOPOH
U3MEHSIACh B UHTEpBaie O, = (0...9), Haubosee CHUIILHO MPOSBISETCS B IPUOCEBOM 0OIACTH.
OtmeruM, 4TO Ha ocH Mmydka A} MOXET MPUHUMAThH OJTHO U3 TPEX BO3MOXKHBIX 3HaueHuil: 0
u *+7/2. JlanHas OCOGEHHOCTH CBOMCTBEHHA ITy4KaM, CO3/ABAEMBIM H3IydaTENsIMU C

PaBHOMEPHBIM pacHpeeiICHHEM aMIUTUTYIbI BHE 3aBUCUMOCTH OT 3HAUCHHS WX KPHUBH3HEI.
OO0ycCIIOBIIEHO 3TO PAaBEHCTBOM BKJIAJ[0B, BHOCUMBIX B (JOPMHUPYEMOE Ha OCH TOJIE COCETHIUMH
sonamu Openens [20], puc. 2-a.

Bre ocu 3aBucumocTh AP(F ) sBIAeTCSs HeNmpephIBHOM OCLMILIMpYIOmIei (yHKIHMeH,

pa3max koTopoii pu 8, > 0 cnagaer mo Mepe NpuOIMKEHUs K KpasM mydka. C yBennueHueM

paccTosHus Z, OOIIMH XapakTep U3MEHEeHuH nonepeynoro pacnpeneneHus GV kagecTBeHHO

A. M. l'aspusnos
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MOBTOPSIET MPOCTPAHCTBEHHYIO JUHAMMKY 3TOTO MapaMmeTpa B M0Jji€ MOPIIHEBOIO U3JIydaTess

(6,=0), puc.2-6. OcCHOBHOW TEHIEHIMEH OSTUX M3MEHEHUH SBISCTCS MOCTEIICHHOE

CMEIICHNEe OCIIUTSIIANA Ha TIepudepuro mydka B IMPOIECCEe paCPOCTPAHCHHUS BOJIHEI.

90 90 F .
’ T AP, epao. 2 5 =7

T

45

0

- N :,,u=0.1 _ | :.'HII:O.]
B : ®=10 ® 47 ®=10

-0 ! i L -9 l | L
-1 -0.5 0 0,5 | -5 0 0,5
a) 0)

Puc. 1. [onepeunsie pacnpeneneHus pacctpoiiku ®U BOmM3M u3mydarens

AP, apaa. ] 15 | AR, apao.
0 T O | 123,820 14 .:,,..=0.25
ik " 1.8=0 | 10f 456.8=1 2> Zm=03
45k ~o 3 2.8p=1 2
3.6=4
Fp=10
=10
—_45
I ] ¥
—90 Zun P
| I ~10 | ] | | |
0.1 1 -1 0,5 0 0.5 |
a) 0)

Puc. 2. OceBbie 1 noniepeunsie pacnpenencans @Y B OmvxHEH 00J1aCTH OIS

CsoiictBenHas kpyriiomy nopiiaio [20] ctynendatast hopma oceBoro pacmpeaeiecHust AP
COXpPAaHsETCA NPU U3MECHCHUM KPUBU3HBI M3IIy4aIOIEH MOBEPXHOCTU B HIMPOKUX IPEIENax,
puc. 2-a. Bmecte ¢ 3TUM pocT §, CONPOBOKAAETCS M3MEHEHUSIMH OCEBOTO paclpeeleHUs
O B OmmkHEH 00MacTH MO, MPUBOAA K YHAAJCHHUIO OT M3JIydaTellss MMEIOUINXCS Ha HEM
CTYNEHYaThIX Yy4acTKoB. KoopauHaTel OHWIOJSPHBIX pPAa3pbIBOB MEXIY CTYyNEHYaTbIMU

y4acTKaMu (DYHKITIH AB(I’n =0, Zno) paBHBI

Zo =Y(2jn-8,), (j=1 2..) (12)

U COBIAAAOT C IIOJIOXKCHHUEM Pa3pbIBOB Ha OCCBBLIX PACHPCACIICHHUAX TIJIABHOI'O 3HAYCHUA

A. M. l'aspusnos
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¢a3pl BonHBI ¢ "actotoit ®, [22]. Toukam c¢ koopamHaTamu (12) COOTBETCTBYET YeTHOE

yrcio (a3oBBIX 30H Ha HM3IIydaTelie, BKJIAAbl KOTOPHIX HAa OCH B3aMMHO KOMIIEHCHUPYIOTCS,

pUBO/Is K (GOPMUPOBAHUIO 3/1€Ch JIOKATBHBIX YUYACTKOB IOJISl C HYJIEBOW aMIUTUTY/IOH.
Ilonepeunble  pacnpeneneHuss  JIUCIIEPCHOHHOTO  MapaMerpa,  COOTBETCTBYIOIIHE

NPUBEJCHHBIM BBIIIE 3aBUCUMOCTSM (pa30BOro MHBapuaHTa, MmokazaHbsl Ha puc. 3. [lo mepe

yIOQJICHUsT OT W3JydaTedss Ha OOIIeM BHJE 3aBHCUMOCTEH Dn(rn) A UX MOBEICHHUU

IIPOCIIEKUBAIOTCS TE€ K€ KAYECTBEHHBIC U3MEHEHHs], YTO ¥ HA AaHAJIOTMYHBIX PACIPEIEICHUAX
O®U. Hapymenune (a30BOro CHHXpOHM3MAa MeEXIy Pypbe-TapMOHUKAMH TPEXYaCTOTHOTO
CUTHAJIA, TOPOKIAEMOE I'€OMETPUYECKON TUCIEPCUEHN, IPUBOAUT K IOSIBJICHUIO KOHEYHBIX
3HaYeHUil paccrpoviku DU, 3HaK KOTOPOM NIPOTHUBOIIOJIOKEH 3HAKY JAMCIIEPCHOHHOTO

napamerpa. Pasmiune B 3Hakax D, n AP HemocpencTBEeHHO cienyeT u3 cootHomeHui (7) n

(11). TIlpoctpaHCTBEeHHass HEOIHOPOAHOCTh JUCIIEPCHOHHBIX CBOMCTB MPEMSTCTBYET
HAKOIUJICHUIO (Da30BBIX MCKaKEHUM TPEeX4yacTOTHOW BOJIHOW B OnmkHed oOmactu mydka. B
pe3yJibTaTe UCKAXEHUSI «BBITECHSIOTCS» U3 MPHUOCEBOM 00JIacTH Ha MEepUQepuro Mmyyka, Irae
JMCTIEPCUOHHBIN MapaMeTp UMeeT O0JblIe aOCOIIOTHBIE 3HAUCHUSI.

T D, pad. :l;‘-_‘l 1. 80=0 T D, pac. =10
-' 2.80=2
2000 3 3 80=3 100 12,3.8,=0

0F

. Zw =025
— 100 { L Zm = 0.5

— 2000

3,().{ Zp=1
3. - TOYKH

Fn

| | | | |
-1 -0,5 0 05 — = 1 -1 -035 0 05 — 1

a) 6)
Puc. 3. [lonepeunsle pacnpeaeneHus JUCIIEPCUOHHOTO NMapaMeTpa

4. OCEBBIE PACIIPEAEJIEHUSA ®A30BOI'O UHBAPUAHTA 1
JUCIHEPCMOHHOI'O ITAPAMETPA

Pemenwue (3) mwis ocu myuka (r, = 0) npuHEMaeT mpocToii BUA

P.(0.2,)= (/1 + 8,2, )1 -exp(-i(1+3,2,)/2, )],

OTKyZa ISl IEUCTBUTEIHHON aMIUTUTY b U (pa3bl OTYYaeM CIIEYIOUIHE BEIPAKECHUS:

P(0.2,) = (2, finll+ 5,2, ) 22, [0+8,2,) 22, 13
0:(0.2,)= =25 1 |2 —sign sin[1+502n = 94(0.2,)+9,(0.2,). 19

A. M. l'aspusnos
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ITepsoe cnaraemoe B (14) ¢4 (O, Zn) onuchIBaeT MupakIuoHHbI Haler (as3wl BIOIL OCH,
TOrJ]a KaK BTOPOE (paz(O, Zn), coJiepikaliee CTYNMeHYaTyI0 eAMHHYHYIO (DYHKIIHIO, OTpakaeT

uHTepepeHmio BKIagoB 30H Dpenens. C yderoM [BYX MEXaHU3MOB (OPMHPOBAHUS
(ha30BOI CTPYKTYPHI MOJIs1 paccTpoiika (a3oBoro nHBapuanTa (8) 3amuiiercs: B BUIE CyMMbI

AB(0,2,0) = AB,(0,2,0)+ AB,(0,2,,), (15)

TAC Ipr JIOOBIX 3HAYEHUSIX YACTOTHOT'O napameTpa ) CIIpaBCAJINBO PaBCHCTBO

1+ 602n0X®—1)+ (14852, P +1) | 148,27,

AP, (0, =— =0.
P(0:2:0) 2 22,,® 22,,® 22, (16)
Bripaxenue (15) ¢ yuetom (16) npuHuMaet Bua
AB(O' Zno ) =AB, (0' Zno ) =T {0'5[Sign[5in((1+ 89Zpg )((I) _1)/22n0q))] T 17)
17

+signlsin(L+8,2,0 @ +1)/22,,®)]|-sign[(sin(L+ 8,2, )/22,0 )]}
OceBble pacrpesielieHusi pacCTpOMKU (a30BOro MHBAapUAHTA, PACCUMTAHHBIEC JJIS Pa3sHbIX
3HaYeHUH KPHUBHU3HBI M3JIydarTess, MpHUBEICHbI Ha puc. 2-a u puc. 4. Cpeau ocoOeHHOCTEH

byHKINN AB(O, ZnO) ClIelyeT OTMETUTH ITIOBTOPSIEMOCTb OCHOBHBIX €€ 3aKOHOMEPHOCTEH IS
psiia 3HauYeHUH J,, OTIMYAIOIIMXCA MeXIy coOoi Ha 2m. B kauecTBe mpumepa MOKa3aHb
IBa ceMelcTBa oceBblx 3aBucumocteil DU, cooTBercTBYHOIUX O, = (O, 27, 4Tt) u
d, =(TE, 371), puc. 4. KpuBbsle B KaKIOM M3 3TUX CEMEHCTB OTIUYAIOTCS JIMIIL LITUPUHON

CTYNEHYATBIX YYaCTKOB, KOTOpas MPOMOPIMOHAIbHA KPUBU3HE H3iIydatess. Habmromaemoe
COBIaJIEHHE KOOPAMHAT OWITOJISIPHBIX Pa3phIBOB MEKIY CTYIEHYATHIMH YYACTKAMH y Pa3HbIX
KPUBBIX CJIEAyeT W3 [OBEACHHS OCEBBIX pACHpeeiIeHUH TJaBHOTO 3Ha4YeHHs (a3bl
MoHoxpomaTrueckoi BosiHbl (14). Panee [22] ObU10 mOKa3aHO, YTO IS OTMEUYCHHBIX CIy4acB

3aBUCHUMOCTH D, O, z NPAaKTHYCCKHU HE OTIMYAIOTCA MK/ c000Ii.
0 n

AP, 2pad. r,=0 AP, epad.
90 ~ O =10 90 1 1: ra=0
Al 1 ®=10
1.8,=0 i . -] :
45 - 2.8p=2n a0 . . ‘3
3.8 4n 1| REE <
0 n 0F- %
5 1.8,=0
—45 3. 2 — 45+ . 2.0p=m
\\- . 3.8,=3n
—oppF o4 A e - 90 — = IJ L :
' | L Zniy | | Znd
0,1 1 0.1 1
a) 6)

Puc. 4. Ocessle pacupenenenus ¢asoBoro uaBapuanrta it 8, =ml, (1=0, 1, 2,...)
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XapakTepHOll OCOOEHHOCTBIO OCEBBIX paclpeaeIeHui AB(O, Zno) npu 9, =(27'C, 415,...)
SIBIISICTCS TIOSIBJICHUE B JalIbHEH obnacti monst (Z,, >1) KOHEYHOro 3Ha4YeHHs PACCTPONKH

®U AB=-m/2. Crons 3HaYMTENbHBIE (A3OBBIE HCKAKEHUS CIIOCOOHBI CYNIECTBEHHO
HOBJIMSITE HAa BHJ MOIYJISALUUH [2] M3Iy4aeMoro BOJHOBOIO ITaKkeTa, HAalpUMep, U3MEHHTH
aMIUIMTYJHYI0 MOAYJISAIMIO Ha (a3oBy0 mwin Haobopor. Ecnm y mmockoro msmywarens 3a
npenenamu OmmxHer odmactu AB =0, T.e. MOIYIMpPOBaHHAS BOJHA BOCCTAHABIHMBAET CBOIO
MCXOIHYIO (ha30BYIO CTPYKTYPY, TO 3[€Ch MCKaXKEHUs B BUIE AP =—T/2 COXpaHSIOTCS U HA
OOJIBIINX PACCTOSHUAX, HECMOTPS Ha 3aBEepIICHHE TU(PPAKIIMOHHBIX IporeccoB. DopMabHO
JAaHHYI0 CHUTyallMl0 MOXXHO OOBSICHUTH IOMEIIEHHEM B OECKOHEYHOCTh KOOPIUHATHI
HauOoJiee yJaJIeHHOrO OT M3JIydareis OUIONSPHOrO pa3pbiBa (PYHKLIUU AB(O, Zno), KaK 3TO
cienyetr u3 (12). B kauecTBe WIUTIOCTpPALMKM ATOrO IpOIEcca HA PHC. 5 MOKa3aHbI OCEBBIC
pacnpenenenust pacctpoilku ®@U mjisi HECKOJIBKUX 3HAYEHH KPHUBU3HBI B OKPECTHOCTHU

8, = 2n. OTMeUYeHHast 0COOEHHOCTb OCEBOI0 paclpeeIeHus AB(O, Zno) npu o, = (271, 415,...)

o0ycioBjieHa CrenupUUecKoil CTPYKTypOd Mojst, (OPMHPYEMOW YETHBIM YHCJIOM 30H
Dpenens [22].

AP, epao.
0 r I - 90 1.8,=21 (®=10)
I | . 1.81=4 2.8 =8 (d=10)
I I 2.8p=6 3.6,=8 (d=350
= / U . Oy J:]
45 : : 1 3. 8;=2r 45
| 1ol 2
I Il
(} | JI l _____________
III i | : 0
|: I : . .
1 | 3 .
! P v ry=0 - i
_ 45k I " _ . _
45 I.i : : ® - 10 45 \ ry =10
:I : I
1 !
— 90 - - —_a ——— s s s s s s s s 90 4 el e,
| | =l | | |:Jrl'l
0,1 1 10— 0,1 I 10—
a) 6)

Puc. 5. Jlunamuka oceBbIX pacipezeneHuil ¢pazoBoro nHBapuanra Bonmsu 8, = 21

BnusiHue yactoTHOro mapaMerpa Ha paccMaTpUBaeMble 3aBUCUMOCTH BUJIHO Ha IpUMeEpe
kpuBblX 2 U 3, puc. 5-0. Ilockonbky yBenndeHne @ paBHOCHIBHO CYKEHHUIO CIEKTpa
TPEXYaCTOTHOM BOJHBI M BBIPABHHBAHUIO BOJHOBBIX Pa3MEpOB Iyyka, M3-3a OCJIAOJICHMS

pazian4uii [UGPaKIHOHHBIX IPOLECCOB Ul KaXIOoW M3 4acToT (o, , ®,, ®g) B Ipeaene
® — oo mUpUHA CTYNEHYATHIX yYaCTKOB CTPEMHTCS K HYIO, T.e. AR — 0 Ha Bceii ocu.

Hns cinydaeB O, = (271, 475,...) poct @ compoBOXKHAaETCA CMEUICHHEM KOOPIUHATHI
Haubosee yAaleHHOro OTpHLATENbHOro ckauka Al B oOsacts Oonbmux Z,,. B ciydae

BOJIHOBOTO TIIaK€Ta € HCHOPEPBIBHBIM CIHEKTPOM, JIOKAJIU30BAHHBIM B OKPECTHOCTU g,

npouecc  GopmupoBaHus  (a3z0BOM  CTPYKTYypbl  OKa3bIBa€TCS  pacIlpelesieHHbIM B
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npocrpancTse. [Ipu ero pacnpocrpaneHunn pacctpoiika AP =—1/2 nossisercs BHAYajue y
HauOoJiee yJAJIEHHBIX OT CPEIHEH 4YacTOThl M, CHUMMETPUYHO pacHojokeHHbIX Dypne-
KOMIIOHEHT (0, M ®g, a [0 Mepe IPOABHKEHMs BOJIHBI 3TOT IIPOLIECC OXBAaThIBAeT Oosee
OJIM3KHE K , Mapbl CIIEKTPAJIbHBIX KOMIIOHEHT.

[Tpu mpousBosibHOM 3HaucHHH @ AMCIIEPCHOHHBIN MapaMeTp Ha OcH mydka ¢ yuetom (17)
ONMUCBIBAETCS BBIPAKEHUEM

242

ABQ(O!Zno (1+802n0)(q)_1) +
no Zno 22,,P (18)

+sign[sin((L +8,2,, @ +1)/22,,® )] - sign[(sin((1 + 8,2, )/22,0 )]} -

Ocesbie pacnpenenenuss D, , paccumransbie mist @ =10 u pasHbIX 3HAUEHHH KPUBU3HBI

): ZTC(DZ 1

D,(0,2,5) =~ =| sign| sin

u3inydarenst J,, MokKa3aHbl Ha puc. 6. 3aBucumoctu D, (0, Zno) UMEIOT (OpPMY CTYNEHUYATHIX
yHkumit ¢ orubarommeit Buga D, ~1/z,, . B MecTax OHIIOISPHBIX Pa3pbIBOB COOIIONAIOTCS TE
XK€ OCOOCHHOCTH, KOTOpPbIE OTMEUAIMCh Ha OCEBBIX pacmpeneieHusx AP aias 3HaueHH
KPUBH3HBI O,, pa3HeceHHBIX Ha 27l. 3a mpexenamu GikHei obmactu nons (Z,, >1) npu
d, # 2nl Bemmumna D, paBHa Hymo (puc. 6-a), MO0 MOHOTOHHO YOBIBAaCT C PACCTOSIHUEM

npu 8, = 2nl (xpussie 2 u 3 Ha puc. 6-0).

T D, pad. T D, pao.
‘-\ =0 \ o1 o =0
®=10 @ =10
4000 4000
3
= L
0 : -
I.ﬁr_]:O |.'dl.=0
2.!3[]='JT 2. (lju.=2ﬂ'
— 4000 — ) 3. 8,=3n _ 4000 - 3. 6,=4n
f
| Znn | Zno
0.1 I — 0.1 1 —
a) 0)
Puc. 6. OceBble pacnpeneneHust AUCIEPCHOHHOTO mapamerpa it §, ==l , | = (0, 1 2)

HpI/I HaXOXJACHUHN OCCBOI'0 paCIpCACIICHUSA AUCICPCHOHHOTO IIapaMeTpa Ha YaCTOTEC O

B3srie mpexena ot (18) mpm @ — oo mpuBomMT K Heompeaenensoctd Tima (0-00).
PackpeiTe ee mnpenanonaraer auddepeHurpoBaHNE CTyNneH4YaToil (QYHKIMH, IS Yero
Bocronb3yemcsi cootromenuem [3] d/dx {sign[ f (x)]} = 8[f (x)]- f', (x), rae 8(x) — dymxums

Hupaxa. B pe3ynbraTte noiaydaem

A. M. l'aspusnos
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D, (0,2,) = —M{S{sin(@* 8oz P ‘1)j] . Cos[(“ 8Zu0 @ —1)} _

472, 22,,® 2z,,®
~3,(sin((L+8,2,, D +1)/22,,D))- cos|(L+ 8,2, \D +1)/22,,D]],

N3-3a coxpausiomeiics B (19) HeompemeieHHOCTH (O-oo) MOBTOPHOE HCIIOJIb30BAaHHE

(19)

npasuia Jlonurans caenaeM 1nocie HeClI0XKHbBIX IpeoOpa30BaHuii:

D (rn'zno) 2 |:(81 _82)'CDCOS£1+SOZHOjcos(l+802n0J+
4Zn0 2

Z.o 22,,D
| (20)
+(81+82)(1+802n0)sin 1+8,2,, \Sin((1+8,2,,)/22,,D) |
ZnO 22”0 (1+602n0)/22n0q)

C Y4€TOM HAKJIaAbIBACMOI'0 YCJIIOBUA d > B (20) MO>KHO IIPOBECTH OUYCBUIHBIC 3aMCHBI.

S{Sm((u 82y @ —1)D ' ( £(1+ 892y )@ +1)D . 28(3in£1+ 802y J]
22,,D 22,,D O > o0 22,
sin((1+8,2,,)/22,,®) -1 cod 1802 -1
(1+8,2,0)/22,,® |®— 22,,® @ — o

[Mpuxumas Bo Buumanue (21), Beipaxkenue (20) MOXKHO Tiepenucarh:

Dn(O’ZnO):_ n2 81—82COS 1+8,z,, 1+802n08 1+8,z,, sin 1+6,2,, @)
4ZnO l/(D 22nO ZnO 22n0 22nO

31ech OT 4aCTOTHOTO MapaMeTpa 3aBHCUT JIUIIb MHOXKUTEIb (81 —82)/(l/CI)), K KOTOpOMY

(21)

npuMeHUM npaBuiio Jlonurans, ucnons3ys npasuia AuddepeHurpoBanus O -QpyHKIUH:

8, (x)==8(x)/x; & [F(x)]=-F" (x)3[f(x)} f(x).

B pesynbrate u3 (22) mosydyaeM mpocToe BHIPAKCHHE

D, (0,2,0) = —(n/22% )- [x/sin(x)]- S[sin(x)], rae X =(L+8,2,0)/2200 . (23)

KOTOpOE MOXHO MpeoOpa3oBarh, HCHONB3YS MPEACTABICHUE O -QYHKIUH OT CJIOKHOTO
aprymeHnTa B Buje psaja [3]

8 f (x)]=2_8(x = x )/, (x ), (24)
k

rae X, — KOpPHU ypaBHEHUS f(x):O. 3neck f(x)= f(z,,)=sin[(1+8,z,,)/22,,]. Kopuu

HaliIeM U3 ypaBHEHHS (1+ 8020 )/22no =kn,tne k=0, 1, 2,...:

Zow =421k -5,), k=0,1 2,.. (25)

[TpousBoHas | f' (Xkl B BbIpaxkeHuH (24) paBHa

| d . (1+8,2,, 1 148,20, 1
sin >—|cos =—. (26)
‘dzno 22nO 7 ZnOk 22nOk 22nOk
[Mocne noacranoBku (24) — (26) B BeIpakeHHE (23) MoJy4aeM
n‘k 1
D,(0,z,,) zZ, wo———|- 27
° nz sin(m o) nz sin( nk [ ° 2nk —SOJ @)
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Coruacuo (27) mucriepCHOHHBII TapaMeTp Ha OCH My4Ka paBeH HYJIO Be3/e, UCKITI0Yask TOUKH

C KOOpAMHATaMH Z., , TAe (QyHKUus He omnpefeneHa. Pa3pblBel B 3TUX TOUKax SBISIIOTCS
YCTPaHUMBIMH, MOCKOJIBKY QyHKIMA D, (O, Zno) BOKpYT HMX OIpejiereHa U paBHa Hymo. Kak u B

cllyyae Kpyrjoro mopiuHs, npu @ — oo JIUCIIEpCHOHHBIN MapameTp Ha Ocu chepuuecku
BBIITKJIOTO M3JIy4yaTeisi C pPABHOMEPHBIM PACIPEAEIIEHUEM aMILIUTY/ bl PABEH HYJIIO.

T D, pao. AP, 2pad. 2
72 =0 180 . o
50=8 H
4000 |
1 I.d=10 90 i
2.0 =50

0 - . 0 ! '

1.D,

L 2 D.lr 20 - 90 E E

— 4000 - > 2,3, — nunus E

4, 5. — TOUKH o

oo | - 180 g

I " I I | —=
0.1 - 1 -5 0 3 Fu
Puc. 7. Ocessle pacnpeaenenus D, Puc. 8. [Tonepeunsie pacnpenenenus GpazoBoro

mpu ® =10 u ® =50 uHBapuaHTa 114 o, = nl u z,, =10

Jnst kpuBusnel o, =27l (I =1, 2,...) xoopaunara z,, cormacHo (25) ycrpemisiercs: B

Oecxoneunocts mnpu | =k . IlocremeHHoe mpeoOpa3oBaHME CTYNCHYATBIX YYacTKOB B

TOUYECYHBIE Pa3pbIBbI, PACHOJIOKECHHBIE HA PACCTOSHUAX Z., = Z,, , II0Ka3aHO Ha IpHUMEpe

OCEBBIX pacrnpeneneHuii aucrnepcuonHoro mapamerpa ¢ @ =10 u ® =50, puc. 7. Ilpu
yBenuueHud @ OJHOBPEMEHHO C COKpAIEHHEM NPOTSHIKEHHOCTH CTYINEHYATBHIX yYacCTKOB

IPOUCXOIUT POCT aOCOIIOTHBIX 3HauUeHui D .

5. PACIIPEJIEJIEHWS ®A30BOI'O MHBAPMAHTA 1 TUCITIEPCUOHHOI'O
ITAPAMETPA B IAJIBHEU OBJIACTU I10JIA

Ha puc. 8 mokasansl nonepednsie pacupezaeneaus ®U 3a npenenamu OIvbkHEH 00J1acTH
nonst (z,, =10) ans 3Ha4eHWH KPHUBU3HBI O, =(27c, 41[) u J, = (TE, 315), NPUBOSIIMNX K
KaueCTBEHHO OTJIMYalolleiics CTpykType nons. Tak, [uid mepBoil rpynmnsl BEIMYMH O, B

puoceBOil obmactu mydka GOpMUPYETCS MUHUMYM aMIUIMTY/Ibl BOJIHBI, BO BTOPOM CiIy4yae

nao6opor, Makcumym [22]. 3asucumoctu AP(r,) y mopmms (5,=0) u BBITyKIOTO
m3nydarenst ¢ kpuBm3Hod O, =2ml (=1 2,..) coBmamaroT 3a HCKIIOYEHHEM YyYacTKOB,

NPUJIETalOIIMX K pa3pblBaM B IONEPEYHBIX PACHPEIENICHUSAX TJABHOTO 3Ha4YeHHs (asbl

MOHOXpOM&TH‘IGCKOﬁ BOJHBI C YacTOTOH ®,, pHC. 9-a. HpI/I 9TOM BHJ M[TOHICPCUYHBIX

pacrpe/iesieHuit aMIUTUTY bl U Pa3bl y 9THX u3nydareneit pasnuueH [20, 22].

A. M. l'aspusnos
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B nanpHelt obmactu mosisi 3aBUCUMOCTH ToriepedHoro pacnpeaesnenus OU oT KpuBU3HBI

u3llydarenss Haubosiee CHIBHO BBIpa)XEHAa BONMM3M 3HaueHHH O, =27ml, 4To moKa3zaHO Ha
npumepe O, < 2n u §, > 2w, puc. 9-6. Hecmotps Ha TO, 4TO (hopMa KpHBOi AB(rn) MOXKET
IIO/I BIMSIHUEM O, MEHSTHCS B LIMPOKHX Hpenenax, Ha ocu mydka (r, =0) Bemuumna AP

IPMHUMAET TOJBKO OJIHO M3 Tpex 3HaveHumii (+7/2; 0). DTa 0COGEHHOCTh OTMEYANACH BBIIIE
Ipu a”Hann3e oceBbIx pacnpeneneHnii @M. B mmpokom HWHTEpBalle 3HAYEHHWM KPHUBHU3HBI,
npuieraromux Kk 6, =0 u 9, =(2I —1)n, s O cnipaBeyIuBO paBEHCTBO AB(rn)=0,

KpuBble 1 u 7.

(Pa, 2o, s 10
180 Zgn= 10

D =10

. — JIHHHA
. — TOUKH

90 F

0

—90

— 180

Puc. 9. [lonepeunsie pacnpenenenus qudpakiponHoro Hadera ¢asel st §, = 7l (a)

¥ paccTpoiiku Ga3oBOro HHBapUaHTa pu 8, < 21 u J, > 271 (0)

[lpn paccMorpenuu panmbHed  oOmact  (z, >>1) BOCHONB3yeMCsl  YIVIOBBIMH

3aBUCHMOCTsIMH TlapameTtpoB mois. [lepexon B (3) k yrioBoit koopaunate O npowusBeneM

I0CPECTBOM IpeobpasoBanust I, /z, = Atg0:

2i ¢ -, (143
I:)n(e’zn)zz_I J-eXp—IFHZO@ ‘]O(ZrnOAtge)rnOdrnO' (28)
n o0

n

rne A=ka/2. Ilpu ycnosuu z, >>1/5, u3 (28) cnenyer

-1
P0,2)= 2 [expl-iB,rs) 342, A0y
0

Pacuer paCCTpOﬁKH (1)8.30B01"0 HWHBAapUaHTa NpOBCACM C UCIIOJIB30BAHUCM BbIPAKCHUA
AB(O' ZnO ! q)) = O’S[arg I:)nH (e' Zn0)+ arg I:)nB (9, ZnO)]_ arg I:)nO (9, ZnO)’ (29)
rae

2i § .
PnO(G,Zno):Z— J-eXp(_lsornZo) ‘]o(zrnvo tg 6)rnodrno ;
0 o

n
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. 1
P (0.2) =202 o —ioyrs L2 0, 2r,8, 2 tigo e
no 0
2i(d +1) ¢ . D +1 D +1
PnB(e’ZnO):% J.EXD(_@ornonj Jo(zrnvo @ tgejrnodrnol
no0 0

smecs Ay =k,a/2=wm,a/2c,. IIpOCTPaHCTBEHHOE pACIPEACICHHE JHUCIECPCHOHHOIO
napameTpa HaxoUM MOJICTaHOBKOM (29) B BhIpakeHHE
2
Dn (e’ ZnO ’ (I)) = _(Z/Zno)q) AB(G’ ZnO ' CD)
Ha puc. 10 nmpuBenens! yrioBele pacrpeneneHuss @M U aucnepcMOHHOTO THapamerpa,

paccuntammbie ami A, =100 m ® =10. 3asucumoctn AB(B) coxpamsorT ocoGeHHOCTH

MOBEJICHUS TMoNepedHbIX pactpeneicHuii @M va puc. 8 u puc. 9-6. D10 BUIHO Ha TIpUMEpe

U3MEeHeHHH (OpMBbI KPUBOM B NMPHOCEBOM 001acTH mydka it 8, < 2m U O, = 21, a TaKxKe

COBIAJICHUsI B TMpeleNnax yTIJioB TJaBHOTrO Jienectka amrmutyaHoi XH kpuBeix 3 u 4,

oTHOCSIUXCS K O, =21 u O, = 4n, puc. 10-a. OnHako, ¢ yBenudeHueM yriaa 0 pazmuuus y

3TUX KPUBBIX HApPaCTAIOT.

B S o

D, pao.

AR, 2pao.

180 -~ 1P, (0)]

2,0= 100
=10
Ar_]z 100

Tt
41 (rovKM)

=
I

H =

o]

[
I
T
. i
90 s :
I

I

[

0

-90F L 2858 8
= 3.8,=6 ?-OOZBI
- ; 4.8,=2n 8. [Py (8)/P, (0)]
| 1 | 0, 2pao. 1 I 1 I |O‘ 2pao.
-4 -2 0 2 4 -1 - 0,5 0 0,5 1 =
a) 0)

Puc. 10. YrioBsie 3aBucuMocTs (ha30BOro MHBapUAHTA U IUCIIEPCHOHHOTO TTapamMeTpa

JluHamuKa yTJIOBBIX paclpeleseHUi IHUCIEPCUOHHOrO TMapaMeTpa Mpu H3MEHEHUU

KPUBU3HBI BOIU3M O, = 21 nokas3aHa Ha puc. 10-0. Kpusas 8 cooTBeTCTByeT XapaKTepUCTUKE
HaIPaBJICHHOCTH TOPIIHS |Pn (6)/ P, (O)| ¢ BoiaHOBbIM mapamerpoM A, =100. HaubGonee
3HaunMble m3MeHenns D, (0) B 3aBMCMMOCTH OT 8, NMPOMCXONAT B LEHTPATLHON dYaCTH
nyuka. [To mepe Toro, kak 3HaueHue O, ygansercs oT O, = 27l , qUCIepCHOHHBIN TapaMeTp
CTPEMHTCS K HyJIIO JUIS BCEX YIIIOB 0, 4TO MMeeT MecTo B ciydae nopuHs (5, = 0) [20].

Cnenuduka reoMeTpU4yeckol AUCHEPCHUH BBIMYKIONO M3JIydaTels MpOsBISETCS B
BO3MOXHOCTH HCHOJIB30BAHUS €ro KPUBU3HBI Ui TNOJIY4YEHHUsS KOHEUHBIX 3HAYeHUH
JUCIIEPCUOHHOTO IapamMeTpa 3a mpenenamu obnactu gudppakuuun dpenens. HeOGombiuoii
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HepeCTPOﬁKOﬁ KPpHUBU3HBI OTHOCHUTCJIIBHO 80 =2ml JOCTUTaCTCA HU3MCHCHUC a0COJIFOTHOT'O

3HA4YeHMs, a TAaKKEe CMEHA 3HaKa IHCIIEPCHOHHOTO MapaMeTpa M (OPMBI €ro yrioBOTO

pacnpeneneHus. beICTpeli pocT abCoMOTHBIX 3HaueHuit D, npu yBenuuenun @ mpoucxonut

Ha (poHE yCHITMBAIOMICHCS JIOKAM3AINH YTIIOBOTO paclpeieieHus] B IPUOCEBOW 00I1aCTH.

BbIBO/IbI

Ha ocHOBe pemeHuss mapaboOIMYecKoro ypaBHEHUs JU(GPAKIMHA  PAaCCMOTPEHBI
AUCIICPCHOHHBIC CBOMCTBA BBICOKOYACTOTHBIX pacxogdamuxcsa  IMy4YKOB, CO3daBaCMbIX
Cq)CpPI‘-ICCKI/I BBIITYKJIBIMU H3J1y4aTCJIIsIMU C PABHOMCPHBLIM pPaCOpCACIICHUCM aMIUIUTY IbIL.
[IpocnexeHo CcOBMECTHOE BIMAHWE AUMPAKIMM W TEOMETPUYECKOH pPacXOoAWMOCTH Ha
IPOCTPAHCTBEHHbIE PACIPENENICHUs AUCIEPCHOHHOTO ITapaMeTpa M pacCTporku (a3oBOro
MHBapHaHTa TPEXYaCTOTHOM BOJHBI B OJMXKHEW M panpHed obOsactsax mnonst. OTMedeHbl
0co0ble NPOSBICHUS T'€OMETPUYECKONW TUCIEPCUU NPU 3HAYEHUSX KPUBM3HBI M3ITydarolei
HOBEPXHOCTH, KpaTHOM 2m. Iloka3aHbl BO3MOXHOCTb M YCIIOBHMS MOJYYEHHS KOHEUHBIX
3HaYeHUH IUCIIEPCHOHHOTO MapameTpa 3a IpejenaMu o0jacTu JUdpakuuu. YCTaHOBJICHA
B3aUMOCBSI3b MEXIY YaCTOTHBIMH COOTHOLICHUSIMH B CIHEKTpE BOJHOBOIO IIakeTa |
IPOCTPAHCTBEHHBIMU PACTIPENICIICHUSMH TUCTIEPCHOHHOTO MapamMeTpa.
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